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ARTICLE INFO ABSTRACT

Keywords: Biofilms are highly tolerant to antimicrobials and host immune defense, enabling pathogens to thrive in hostile
Biofilm environments. The diversity of microbial biofilm infections requires alternative and complex treatment strate-
Natriuretic peptides gies. In a previous work we demonstrated that the human Atrial Natriuretic Peptide (hANP) displays a strong
]?_S;I‘:)(;fén anti-biofilm activity toward Pseudomonas aeruginosa and that the binding of hANP by the AmiC protein supports

this effect. This AmiC sensor has been identified as an analog of the human natriuretic peptide receptor subtype C
(h-NPRQ). In the present study, we evaluated the anti-biofilm activity of the h-NPRC agonist, osteocrin (OSTN), a
hormone that displays a strong affinity for the AmiC sensor at least in vitro. Using molecular docking, we
identified a pocket in the AmiC sensor that OSTN reproducibly docks into, suggesting that OSTN might possess an
anti-biofilm activity as well as hANP. This hypothesis was validated since we observed that OSTN dispersed
established biofilm of P. aeruginosa PAl14 strain at the same concentrations as hANP. However, the OSTN
dispersal effect is less marked than that observed for the hANP (—61% versus —73%). We demonstrated that the
co-exposure of P. aeruginosa preformed biofilm to hANP and OSTN induced a biofilm dispersion with a similar
effect to that observed with hANP alone suggesting a similar mechanism of action of these two peptides. This was
confirmed by the observation that OSTN anti-biofilm activity requires the activation of the complex composed by
the sensor AmiC and the regulator AmiR of the ami pathway. Using a panel of both P. aeruginosa laboratory
reference strains and clinical isolates, we observed that the OSTN capacity to disperse established biofilms is
highly variable from one strain to another. Taken together, these results show that similarly to the hANP hor-
mone, OSTN has a strong potential to be used as a tool to disperse P. aeruginosa biofilms.

Bacterial adaptation
Bacterial sensor

1. Introduction

Biofilms represent major economic and sociological challenges to
human and animal health, in addition to their effects on water in-
stallations [1]. Unlike biofilms found in the environment that can be
treated with varying degrees of success, reducing and especially eradi-
cating a biofilm installed in the tissues of an infected host represents an
enormous challenge [2]. Biofilms adopt a specific architecture with a
complex matrix trapping and protecting bacteria that merges with

human tissues and secretions [3]. Bacteria in a biofilm display high
tolerance to antimicrobials and host immune defense, enabling patho-
gens to survive in hostile environments and to disperse and colonize new
tissues [4,5]. In addition, a small percentage of cells in biofilms adopt
the persister phenotype. These are highly tolerant to antibiotics, favor-
ing the relapse of infections [6-8]. Among bacteria able to establish
biofilms in patient tissue, the opportunistic pathogen Pseudomonas aer-
uginosa is a major cause of cystic fibrosis (CF) mortality [9,10]. During
the infection the bacteria build a biofilm structure embedded in the
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overproduced viscous mucus in the CF lungs [11-13]. Current treatment
strategies include inhalation of enzymes (e.g., Dornase alfa, Pulmo-
zyme®) that reduce the mucus viscosity of CF patients [14]. A very
promising new triple therapy combines three CFTR modulators (elex-
acaftor/tezacaftor/ivacaftor), resulting in a thinner mucus [15,16].
However, this treatment does not eradicate the pathogen responsible for
regular recurrences. In this context, new agents or strategies focused on
the dispersion and/or eradication of established lung biofilms could
improve the overall prognosis.

Over the last 20 years, antimicrobial peptides (AMP) have emerged
as an interesting alternative to antibiotics. The prevailing concept is that
their antibacterial activities are challenging bacteria exposed to these
peptides to deploy resistance mechanisms [17,18]. Therefore, AMP
alone or in association with antibiotics [19] have been proposed as one
anti-biofilm weapon among the numerous strategies developed to
disperse or eradicate biofilm [20]. AMP are classically characterized by
their membranolytic activities, likely provoking a physiological stress
response by the bacteria. Moreover, reaching all bacteria protected by a
biofilm embedded in the middle of the infected host’s secretion is
challenging. Two novel strategies have been recently proposed to
accelerate the discovery of human host produced molecules that act as
antimicrobial or antibiofilm compounds. One approach is to search for
peptide molecules present in human blood or organs that have been
characterized for various metabolic or physiological functions, and that
contain partial or complete signatures of potential antimicrobial activ-
ities [21-24]. The second concept was inspired by microbial endocri-
nology [25], and proposes testing the potential antibacterial or
antibiofilm activity of human communication molecules, such as hor-
mones, neurotransmitters, or cytokines [26-29].

This latter notion of affecting biofilms has the advantage of having a
non-lethal action on bacteria, suggesting a reduction of the risks of
bacteria developing resistance to these molecules, even if this is not an
absolute rule [30,31]. The mode of action of these eukaryotic commu-
nication molecules on bacteria is often similar to their effect on human
cells. The signaling molecules bind to a bacterial sensor/receptor, which
often has another main function in bacteria, to trigger a cascade of
events in the bacteria. This will cause bacterial metabolism and physi-
ology to be disrupted in a manner that does not support continued
infection [26-29,32-35]. Among hormone peptides able to act on
P. aeruginosa, the most studied are the natriuretic peptide family. This
family comprises the atrial natriuretic peptide (ANP), the brain natri-
uretic peptide (BNP) and the c-type natriuretic peptide (CNP). The
P. aeruginosa sensor for natriuretic peptides (NP) has been identified as
AmiC [36-38]. Noticeably, the AmiC bacterial sensor discriminates
between different NPs [36,38], as do the human NP subtype C (hNPR-C)
[39,40]. AmiC therefore acts an hNPR-C receptor analog. It has been
recently shown that the human ANP (hANP) strongly disperses estab-
lished P. aeruginosa biofilm and that this effect is consecutive to binding
to the AmiC sensor [38], whereas BNP and CNP are unable to disperse
P. aeruginosa biofilm. Osteocrin (OSTN) is a peptide that belongs to the
family of NP hormones [41], that is mainly expressed in bone [42] and
skeletal muscle [43]. OSTN possesses a cardioprotective function after
binding to the hNPR-C receptor [44]. Since OSTN is identified as an
hNPR-C subtype receptor agonist [45], we speculate that this peptide
also has the potential to function as an anti-biofilm agent as well as the
hANP [38].

This study aims to investigate the impact of OSTN on P. aeruginosa
biofilm. Using molecular docking, we showed that OSTN binds to the
P. aeruginosa sensor AmiC. We demonstrated that OSTN strongly dis-
perses established P. aeruginosa biofilms and that AmiC and AmiR,
members of the ami operon, are essential to achieve this biofilm
dispersal effect. In addition, we evaluated the biofilm dispersal effect of
OSTN against P. aeruginosa clinical strains, revealing a high heteroge-
neity in the sensitivity of clinical strains to the peptide. Finally, the re-
sults showed that OSTN has no cytotoxicity or cardio toxicity. We
therefore propose this peptide as a potential weapon to disperse
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P. aeruginosa biofilms in chronically infected patients.
2. Material and methods
2.1. Bacterial strains, media, and growth conditions

The bacterial strains used in this study are listed in Supplementary
Table 1. Pseudomonas aeruginosa PA14 strain was obtained from the
Biomerit Research Center (Univ. Cork, Ireland) [46]. The PA14AamiR
mutant contains a clean deletion of the amiR gene following a cross-over
performed with a plasmid carrying the flanking regions of the gene of
interest [38]. The PA14AamiC mutant was obtained by insertion of a
transposon [47]. The complemented strain PA14AamiC-AmiC + harbors
the pBBR-MCS4 plasmid carrying the amiC gene [36]. P. aeruginosa
H103 is a prototroph of the wild-type strain PAO1 [48]. P. aeruginosa
PAK strain is a non-mucoid clinical strain [49]. Strains MUC-N1,
MUC-N2, MUC-P4, MUC-P5 [50] are clinical isolates collected from
sputum of CF patients (Nantes hospital) as well as CF6.14 (CNR
Besancon, France). Finally, the clinical strains PAL 0.1 and PAL 1.1 [51]
were isolated from the respiratory tract of a patient in intensive care unit
(Lille hospital, France).

All bacterial strains were cultivated in Luria Bertani (LB) medium
(10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) at 37 °C with
agitation (180 rpm). For the mutant strains P. aeruginosa PA14AamiC
and PA14AamiC-AmiC+, the LB medium was supplemented with gen-
tamycin (50 pg/mL) and carbenicillin (400 pg/mL), respectively.

2.2. Test substances

Osteocrin  (SFSGFGSPLDRLSAGSVDHKGKQRKVVDHPKRRFGIPM-
DRIGRNRLSNSR-NH2) was synthesized by Fmoc solid phase method-
ology on a liberty microwave assisted automated peptide synthesizer
(CEM, Saclay, France) using the standard manufacturer’s procedure at
0.1 mmol scale on a Rink amide MBHA resin [52]. The pseudoproline
Fmoc-Gly-Ser(¥(Me,Me)Pro)-OH was used for coupling of Gly15 and
Ser!® to minimize aggregation of the peptide during the synthesis. After
completion of the chain assembly, the peptide was deprotected and
cleaved from the resin by adding 10 ml of an ice-cold mixture tri-
fluoroacetic acid (TFA)/phenol/H,0/thioanisole/ethane-dithiol
(82.5:5:5:5:2.5, v/v/v/v/v) for 120 min at room temperature. After
filtration, the crude peptide was washed thrice by precipitation in
tert-butyl methyl ether followed by centrifugation (3,260 g, 15 min). The
synthetic peptide was purified by reversed phase (RP) HPLC on a 2.2 x
25 cm Vydac 218TP1022C;g column (Grace, Epernon, France) using a
linear gradient (20-40% over 45 min) of acetonitrile/TFA (99.9:0.1) at a
flow rate of 10 mL/min. The purified peptide was then characterized by
MALDI-TOF mass spectrometry on an UltrafleXtreme (Bruker, Stras-
bourg, France) in the linear mode using sinapinic acid as a matrix.
Analytical RP-HPLC, performed on a 0.46 x 25 cm Vydac 218TP54C;g
column (Grace), indicated that the purity of the peptide was >99.9%.

The human Atrial Natriuretic Peptide (hANP) was purchased from
Calbiochem Merck (United States). Stock solutions at 1 mg/mL were
prepared in ultrapure water and stored at —20 °C until use.

2.3. Flow cell biofilm assays under dynamic conditions

The flow cell system, which allows continuous bacterial biofilm
formation, was assembled, prepared, and sterilized as described by
Tolker-Nielsen and Sternberg [53]. Bacterial cells from an overnight
bacterial culture, were recovered by centrifugation (10 min, 7500 g) and
washed with sterile physiological water (0.9% w/v NaCl). Each channel
of the flow cell (1 mm x 4 mm x 40 mm Bio centrum, DTU, Denmark)
was inoculated with 300 pL of bacterial suspension prepared at an ODsg,
value of 0.1. Bacterial adhesion was performed without any flow for 2 h
at 37 °C. After 2 h of adhesion, LB medium was pumped with a flow rate
of 2.5 mL/h at 37 °C for 24 h. After 24 h, the different treatments with
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the compounds of interest were injected onto the formed biofilms using
ultra-pure water for the control. The treatment was performed for 2 h at
37 °C and then the bacterial cells were stained with SYTO9
green-fluorescent dye (Invitrogen, Carlsbad, CA) and observed with
confocal microscopy.

2.4. Confocal laser scanning microscopy (CLSM)

The CLSM observations of biofilms were performed using a Zeiss
LSM710 microscope (Carl Zeiss Microscopy, Oberkochen, Germany)
using a x40 oil immersion objective. Bacteria into the biofilm were
stained with 5 pM of SYTO9 green-fluorescent dye (Invitrogen, Carlsbad,
CA). Images were taken every micrometre throughout the whole biofilm
depth. For visualization and processing of three-dimensional (3D)
image, the Zen 2.1 SP1 software (Carl Zeiss Microscopy, Oberkochen,
Germany) was used. Quantitative analyses of images stacks were per-
formed using the COMSTAT software (http://www.imageanalysis.dk/)
[54]. At least three image stacks from at least three independent ex-
periments were used for each analysis.

2.5. Molecular docking

An initial OSTN model was prepared using AlphaFold v.2.2.0 [55],
running on a local server using the 2022-03-03 database. This model was
docked to the AmiC dimer (PDB ID: 1PEA) using the HADDOCK v.
2.4-2022.08 web server (https://wenmr.science.uu.nl/haddock2.4/)
[56,57] and AutoDock Vina v. 1.2.0 [58]. AutoDock Vina was run using
the largest box size of 120 and exhaustiveness of 80. The Phyre2 web
server [59] was used to predict another fold of the OSTN peptide from
the amino acid sequence. The output structures were analyzed using
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PyMOL v. 2.5.2 (Schrodinger) and LigPlot™ v.2.2 [60]. Surface elec-
trostatics were calculated using the APBS [61] PyMOL plugin.

2.6. Statistical analyses

Statistical analyses were performed using Prism GraphPad software
version 9.0. The data were statistically analyzed using unpaired (two
samples) two-tailed t-test, or ordinary one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test to calculate p
values. Experiments were performed with at least three biological in-
dependent replicates and results were displayed as means + SEMs
(standard error of the means).

3. Results

3.1. OSTN likely forms a complex with a dimer of the P. aeruginosa
sensor protein AmiC

Using microscale thermophoresis, we previously observed that
osteocrin (OSTN), like other natriuteric peptide hormones, interacts
with AmiC [36]. We therefore evaluated the OSTN-AmiC interaction in
silico. As there is no experimental structure of OSTN, we prepared an
AlphaFold2 model [55]. The model showed an extended conformation
(Supplementary Fig. 1), and AlphaFold could not predict a complex
between AmiC and OSTN. We then docked the AlphaFold model into
AmiC using HADDOCK [62] and AutoDock Vina [58]. We docked into
the AmiC dimer as this is the biologically relevant free AmiC form [63].
Both programs consistently docked OSTN into one pocket at the inter-
face of the AmiC dimer (Fig. 1A/B, Supplementary Fig. 2). OSTN binds
to its physiological receptor NPR-1 through two oligopeptides (NM1 and

Fig. 1. Osteocrin (OSTN) likely binds to a hydro-
phobic pocket in the AmiC dimer. (A) Docking of
OSTN to AmiC with AutoDock Vina consistently tar-
gets one pocket. AmiC is shown as a gray surface; the
top five OSTN poses are shown as a surface repre-
sentation in shades of green. The core interaction
with AmiC is consistent with the folding of OSTN
around this core differing. Right: the AmiC dimer
surface colored by charge (red: negative charge; blue:
positive charge). OSTN binds to a largely hydropho-
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bic pocket with limited charge density, whilst the
positively charged ANP binds to a highly negatively
charged pocket on the opposite face of AmiC. (B)
Highlight of the highest energy predicted OSTN pose.
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cartoon. The conserved elements of the NM1 and
NM2 regions are shown in orange and yellow
respectively. Conserved residues interacting with
AmiC are shown with dashed outlines (right). (C)
OSTN binding causes a flex of the AmiC dimer. The
OSTN-bound AmiC is shown in gray, with the acet-
amide bound AmiC shown in cyan (protomer super-
imposed with OSTN bound structure) and magenta.
OSTN binding draws the two AmiC protomers to-
wards OSTN. This interaction is antithetical to the
AmiC movement required to accommodate AmiR
binding (Supplementary Fig. 5). (For interpretation of
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NM2) with similar sequences to the binding regions of ANP, BNP, and
CNP [41,64] (Supplementary Fig. 3). HADDOCK showed the NM2 re-
gion forming a core hydrophobic interaction with AmiC, whilst the
highest energy AutoDock solution showed interactions of both regions
with AmiC. AutoDock performed molecular dynamics to optimize the
protein-ligand interaction. This produced a series of solutions with
similar energy (Fig. 1A, Supplementary Fig. 2; Supplementary Table 2),
as expected given the extended native conformation of OSTN. The in-
teractions between and OSTN and AmiC are similar in all the solutions
(example shown in Supplementary Fig. 4).

The optimized OSTN-AmiC complex requires a flexing in the AmiC
dimer (Fig. 1C). The extensive OSTN-AmiC interaction is likely to sta-
bilize this AmiC conformation. This conformation would prevent the
opening of the AmiC dimer that is required for AmiR binding [65]. The
flexing of the AmiC dimer would also likely prevent the interaction of
hANP with AmiC, as hANP is predicted to bind to a negatively charged
pocket on AmiC that is disrupted in the optimized AmiC-OSTN complex
(Fig. 1A, right).
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3.2. OSTN disperses P. aeruginosa pre-formed biofilms

In a previous work, we showed that the AmiC-binding peptide hANP
can strongly disperse established P. aeruginosa biofilms [38]. We
therefore evaluated the potential biofilm dispersal activity of OSTN.
Biofilms of P. aeruginosa PA14 strain formed over 24 h were exposed to
OSTN at 10 nM for 2 h. As a control condition, we used established
biofilms exposed to pure water which was used as a solvent to dilute
OSTN. The results indicated that the exposure to OSTN induced a sig-
nificant dispersion of established biofilms of P. aeruginosa notably with a
loss of mushroom-like structures (Fig. 2A). COMSTAT analyses of CLSM
images revealed a significant reduction (59.2 + 4.5%) of the biofilm
biovolume after exposure to OSTN as compared to the control condition
(Fig. 2B). Since the in silico molecular docking predicted that the binding
of OSTN and hANP to P. aeruginosa AmiC is mutually exclusive, we
exposed established biofilms of P. aeruginosa to a mix of OSTN and hANP
(10 nM each peptide) (Fig. 2C). The biofilm dispersal was only 64.9 +
5.0% upon exposure to the OSTN-hANP cocktail, whereas in the same
conditions OSTN alone and hANP alone resulted in 61.7 + 2.4% and

Fig. 2. Effect of osteocrin (OSTN) on established
biofilm of P. aeruginosa. (A) 3D-shadow representa-
tions of 24 h pre-formed P. aeruginosa PA14 biofilm in
control condition (upper part) and 24 h pre-formed
P. aeruginosa PA14 biofilm exposed to OSTN (10
nM) for 2 h at 37 °C (lower part). (B) COMSTAT
image analyses of biofilms structures of P. aeruginosa
PA14 control or exposed to OSTN (10 nM). Data are
the result of the analysis of nineteen views from five
independent biological experiments (control) and
® sixteen measurements from five independent experi-
ments (OSTN 10 nM). (C) 3D-shadow representations
of 24 h pre-formed P. aeruginosa PA14 biofilm struc-
tures untreated (control condition) or exposed to a
cocktail of OSTN (10 nM) and hANP (10 nM) for 2 h
at 37 °C. (D) COMSTAT image analyses of biofilms
structures of P. aeruginosa PA14 control or exposed to
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72.4 + 1.7% dispersion of preformed biofilm, respectively, showing no
significant difference (ns) in the antibiofilm effect when biofilms were
exposed to these three conditions (Fig. 2D). These data demonstrated
that there is no additional or synergistic effect of the cocktail
OSTN-hANP compared with the two natriuretic peptides when used
independently, suggesting a common mechanism of action for these two
hormone peptides to disperse established biofilms.

3.3. Effect of OSTN on various P. aeruginosa clinical isolates pre-formed
biofilms

Next, we investigated whether the dispersal effect of OSTN is specific
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to PA14 strain. The impact of OSTN on established biofilms was first
assessed on two other laboratory reference strains (H103 and PAK). The
results showed that the biofilm established by H103 strain (a prototroph
derivative of PAO1) has the same sensitivity as the PA14 strain to OSTN
exposure (10 nM) displaying a reduction of biofilm biovolume of 56.7 +
4.7% (H103 and OSTN) (Fig. 3A-B) and 59.2 + 4.5% (PA14 and OSTN),
respectively (Fig. 2B). In contrast, the biofilm formed by the PAK strain
is less sensitive since OSTN exposure triggers 32.7 + 5.7% reduction of
the biofilm biovolume (Fig. 3C-D). To further evaluate the sensitivity of
different P. aeruginosa biofilms to OSTN we tested its dispersal activity
on various clinical isolates that formed different type of biofilms in term
of global architecture and matrix organization. The results showed
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Fig. 3. Effect of osteocrin (OSTN) on established biofilm of both P. aeruginosa lab strains and clinical isolates. (A) 3D-shadow representations of 24 h pre-formed
P. aeruginosa H103 biofilm in control condition (top image) and 24 h pre-formed P. aeruginosa H103 biofilm exposed to OSTN (10 nM) for 2 h at 37 °C (bottom
image). (B) COMSTAT image analyses of biofilms structures of P. aeruginosa H103 control or exposed to OSTN (10 nM). Data are the result of the analysis of thirteen
views from three independent biological experiments (control) and nine measurements from three independent experiments (exposed to OSTN 10 nM). (C) 3D-
shadow representations of 24 h pre-formed P. aeruginosa PAK biofilm in control condition (top image) and 24 h pre-formed P. aeruginosa PAK biofilm exposed to
OSTN (10 nM) for 2 h at 37 °C (bottom image). (D) COMSTAT image analyses of biofilms structures of P. aeruginosa PAK control or exposed to OSTN (10 nM). Data
are the result of the analysis of nine views from three independent biological experiments (control condition and exposed to OSTN 10 nM condition). (E) Effect of
osteocrin (OSTN) on established biofilm from a couple of P. aeruginosa clinical isolate. The results of the COMSTAT image analyses of biofilms structures of
P. aeruginosa strain, in control condition, are shown in left bar chart whereas the results of the COMSTAT image analyses of biofilms of the same strain, exposed to
OSTN (10 nM; 2 h) are presented in the right bar chart right next to it control condition. For CF6.14 strain, PAL 0.1 strain, PAL 1.1 strain, P4 strain and PS5 strain, data
are the result of the analysis of nine views from three independent biological experiments (both in control condition and exposed to OSTN 10 nM condition). For N1
strain data are the result of the analysis of eleven views from three independent biological experiments (control condition) and nine views from three independent
biological experiments (OSTN exposed condition). For N2 strain data are the result of the analysis of ten views from three independent biological experiments
(control condition) and nine views from three independent biological experiments (OSTN exposed condition). (F) COMSTAT image analyses of biofilms structures of
P. aeruginosa CF6.14 strain control or exposed to OSTN (10 nM). Data are the result of the analysis of ten views from three independent biological experiments and
nine views from three independent biological experiments for respectively control condition and exposed to OSTN 10 nM condition. Statistics were achieved using
unpaired (two samples) two-tailed t-test. Asterisks indicate values that are significantly different as follows: **, p < 0.01; ***, p < 0.001; **** p < 0.0001.
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substantial heterogeneity of the clinical isolates response to OSTN.
Interestingly, the CF 6.14 clinical strain collected from a CF patient
appeared to be significantly sensitive to 10 nM of OSTN (69.0 + 4.2% of
biofilm dispersion) (Fig. 3E). The clinical isolates MUC-P4, MUC-P5, and
PAL 0.1 showed a moderate sensitivity to OSTN with a biofilm disper-
sion of approximatively 40% (Fig. 3E). In contrast, PAL 1.1 clinical
isolate showed weak sensitivity to OSTN (11.7 + 8.5% of biofilm
dispersion), and MUC-N1 and MUC-N2 were totally insensitive (Fig. 3E).
Taken together, these results indicate that the dispersal effect of OSTN
on established biofilms is not restricted to laboratory reference strains,
however, OSTN showed an heterogenous dispersal effect on clinical
isolates.
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3.4. OSTN biofilm dispersal mechanism of action: involvement of the ami
operon

Our in silico data (Fig. 1) and our previous work [36] strongly suggest
that the P. aeruginosa ami operon could be involved in the OSTN biofilm
dispersion activity. The primary ami operon function is to allow hy-
drolysis of short-chain aliphatic amides to their corresponding organic
acids through the final product of the operon, the aliphatic amidase
AmiE. The genomic organization of the ami operon differs among
P. aeruginosa strain. In strain PA14, the ami operon consists of four genes
whereas in PAO1, the operon comprises six genes (www.pseudomonas.
com) (Supplementary Fig. 6). The role of the three main proteins

encoded by this operon (i.e., AmiC, AmiR and AmiE) is well defined. The
AmiC sensor protein is the negative regulator that sequesters AmiR.
After binding of acetamide or other agonists to the AmiC sensor, the
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Fig. 4. Impact of OSTN (10 nM) on biofilm established by PA14-AamiC and PA14-AamiR strains. (A) 3D-shadow representations of the 24 h-old biofilm structures of
the mutant strain PA14-AamiC control (above image) or exposed to OSTN (2 h; 10 nM; bottom image). (B) 3D-shadow representations of the 24 h-old biofilm
structures of the complemented strain PA14-AamiC Comp AmiC (top image) or exposed to OSTN (2 h; 10 nM; above image). (C) COMSTAT image analyses of the
biofilm structures of P. aeruginosa PA14-AamiC and PA14-AamiC Comp AmiC strains in control conditions or exposed to OSTN (10 nM) for 2 h at 37 °C. Data are the
result of the analysis of ten views from three independent biological experiments (PA14-AamiC control condition), nine measurements from three independent
biological experiments (PA14-AamiC + OSTN 10 nM), nine measurements from three independent biological experiments (PA14-AamiC Comp AmiC control) and
nine measurements from three independent biological experiments (PA14-AamiC Comp AmiC + OSTN 10 nM). (D) 3D-shadow representations of the 24 h-old biofilm
structures of the mutant strain PA14-AamiR control (top image) or exposed to OSTN (2 h; 10 nM; above image). (E) COMSTAT image analyses of the biofilm
structures of P. aeruginosa PA14-AamiR in control conditions or exposed to OSTN (10 nM) for 2 h at 37 °C. Data are the result of the analysis of nine views from three
independent biological experiments (PA14-AamiR control condition and PA14-AamiR exposed to OSTN). Statistics were achieved by ordinary one-way ANOVA
followed by Dunnett’s multiple-comparison test. Statistics were achieved using unpaired (two samples) two-tailed t-test, or ordinary one-way ANOVA followed by
Dunnett’s multiple-comparison test. Asterisks indicate values that are significantly different as follows: *, p < 0.05.
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AmiR regulator is released. This antiterminator regulator binds to ami
mRNA sequences allowing the transcription of the full ami operon,
including the amidase enzyme AmiE. Notably, despite the differential
genomic architecture of the ami operon, the AmiC sensor amino-acid
sequence is 100% identical between PAO1 and PA14 strains. The
AmiR protein sequences show 98% identity between PAO1 and PA14
strains (4 mismatches among the 196 amino-acids constituting AmiR),
strongly suggesting that the AmiC-AmiR pathway is activated similarly
across P. aeruginosa strains.

Since OSTN binds to AmiC (Fig. 1), and the dispersal effect of hAANP is
relayed by the complex AmiC-AmiR of the ami pathway [38], we used
PA14AamiC and PA14AamiR mutant strains to decipher the mechanism
of action underlying OSTN biofilm dispersal activity. The results showed
that PA144AamiC is totally unaffected when treated with OSTN (2 h; 10
nM) (Fig. 4A and C). The PA14AamiC-AmiC + complemented with the
amiC gene partially recovered sensitivity to OSTN treatment (2 h; 10
nM) (Fig. 4B and C). In parallel, we observed that the biofilm formed by
a strain lacking the AmiR regulator (PA14AamiR deletion mutant) was
also insensitive to OSTN exposure (Fig. 4D and E). However, OSTN
treatment resulted in a modification of the global architecture of the
biofilm formed by the PA14AamiR mutant strain as compared to the
control condition (Fig. 4D).

4. Discussion

Chronic P. aeruginosa infections result in the long-term establishment
of a bacterial colonization of the respiratory tract, which is critical in
numerous lung chronic disease such as bronchiectasis, chronic
obstructive pulmonary disease (COPD) and in CF patients. Indeed, the
ability of P. aeruginosa to form persistent biofilms in which the bacteria
are embedded in a matrix, trapped in the mucus overproduced by CF
patients, is a major obstacle to the eradication of these chronic infections
and requires significant antibiotic treatments in terms of concentration
and duration [66]. The repeated treatments trigger the emergence of
bacterial resistant strains that necessitate urgent alternative and inno-
vative therapeutics. In this general context emerged the idea of
searching for anti-biofilm molecules targeting either the bacteria or the
biofilm matrix to allow the dispersion of the biofilm [67], thus favoring
the bactericidal action of antibiotics that can then be used at lower
concentrations. In a previous study, we showed that hANP is capable of
dispersing P. aeruginosa biofilms at very low concentrations [38],
opening interesting therapeutic perspectives for NP molecules. In the
present study, the impact of the host peptide hormone OSTN on estab-
lished biofilms of P. aeruginosa was evaluated and its mechanism of
action on P. aeruginosa was investigated.

We modelled the interaction between OSTN and AmiC using a suite
of docking tools. These revealed that OSTN likely interacts with a hy-
drophobic pocket on the reverse side of the AmiC dimer to AmiR binding
(Fig. 1A). Although OSTN adopts an extended, largely disorder structure
in solution, we predicted that it forms a more compact structure in
complex with AmiC. This structure interestingly reflects the structure
predicted by the Phyre2 threading server (Supplementary Fig. 1A). The
predicted AmiC-OSTN complex shows a subtle flexing of the AmiC dimer
interface (Fig. 1C). The large stable interface between AmiC and OSTN
likely explains the high apparent affinity of OSTN for AmiC and will
prevent binding of both AmiR and hANP to AmiC [38,65]. This may
explain why hANP and OSTN showed no additive effect when applied to
P. aeruginosa. There is sufficient uncertainty in this modelling that it
should be considered preliminary until an experimental AmiC-OSTN
structure has been determined, which we are currently pursuing.
However, using microscale thermophoresis, we previously observed that
OSTN binds AmiC with a Kp value lower than the detection limit of 100
nM [36].

Given that the biophysically determined interaction between OSTN
and AmiC is structurally reasonable, we validated that OSTN disperses
established biofilm of P. aeruginosa PA14 strain at the same
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concentration as was required for hANP (10 nM). This effect is likely to
result from a modification of the biofilm organization since OSTN does
not alter P. aeruginosa growth (Supplementary Fig. 7). A reduction of
59% of biofilm biovolume was observed upon exposure to OSTN,
compared to the 73% biofilm dispersal found with hANP for the same
bacterial strain and peptide concentration [38]. We observed no addi-
tive effect when 10 nM of both hANP and OSTN were added to the
biofilm. Here, 65% of the biofilm was dispersed, representing a slight,
but non-significative, reduction of the effect provoked by hANP alone
(73% versus 65% of inhibition). These physiological data suggest that
OSTN and hANP both bind AmiC in a mutually exclusive fashion. This is
consistent with our docking of these peptides to AmiC, which suggested
that the AmiC-OSTN interaction causes a small AmiC conformational
change that occludes the proposed hANP binding site (Fig. 1C).

To verify whether the different proposed binding modes of OSTN and
ANP to AmiC might reflect a difference in the OSTN mechanism of ac-
tion, we tested OSTN in a mutant strain that did not express the AmiC
sensor. This experiment confirmed unequivocally that AmiC is necessary
for the dispersal effect of OSTN on P. aeruginosa PA14 biofilm, since
PA14AamiC mutant strain is totally insensitive to OSTN.

It is well known that AmiC acts as a repressor of the ami operon
activation since in the basal condition AmiC sequesters AmiR preventing
the transcription of the whole ami operon [68,69]. The agonist (e.g.,
acetamide) binding to AmiC results in AmiR release and the transcrip-
tion of the whole ami operon [65,69]. Following this, the final gene
product of this operon, the amidase enzyme AmiE, is synthesized. OSTN
binding to AmiC seems to prevent the formation of the AmiC-AmiR
complex (Fig. 1C) [65]. This logically suggests that exposure of
P. aeruginosa to OSTN would enhance the quantity of free AmiR
anti-terminator. In this context, AmiR would be the relay of the OSTN
effect on biofilm dispersion. We validated by showing that a mutant
strain which did not express the AmiR protein (AamiR) is also totally
insensitive to OSTN.

The ami operon gene architecture is not identical in different
P. aeruginosa strains, especially between PAO1 and PA14. Thus, in
P. aeruginosa PA14 strain the ami operon consists of four genes, coding
for the AmiE enzyme, the chaperone PA14_20570, the AmiC sensor and
the AmiR regulator (www.pseudomonas.com) [70]. In contrast, in
P. aeruginosa PAO1 strain, six genes belong to the ami operon: the
PA3362 gene (amiS), amiR, amiC, PA3365 gene (coding for the chap-
erone AmiB), amiE and amil (a non-coding RNA sequence) (www.
pseudomonas.com) [69,70] (Supplementary Fig. 6). To verify if this
organization could impact the strain sensitivity to OSTN, we evaluated
the impact of OSTN on PAO1 H103 and PAK strains. First, we observed
that PAO1 H103 strain is sensitive to OSTN in the same range as PA14
strain, suggesting that the difference of the whole products of the ami
operon between PAO1 and PA14 does not alter the sensitivity to OSTN.
Since the AmiC sensor is crucial to observe the antibiofilm activity of
natriuretic peptides (this study and [38], the fact that the amino-acid
sequences of AmiC sensor is strictly identical in PAO1 and PA14 ex-
plains the absence of difference in sensitivity to OSTN. Secondly, we
have noted that the PAK strain is less sensitive to OSTN than both H103
and PA14. The analysis of the AmiC of amino-acid sequence produced by
PAK strain (annotated Y880_RS14905 in www.pseudomonas.com)
revealed 99.2% of identity with the PA14 AmiC protein including three
mismatches.

An alternative hypothesis is that the architecture of the biofilm,
rather than the organization of the ami operon, may explain the strain
specific differences in OSTN susceptibility. Indeed, characterization of
the clinical strains selected in the panel demonstrated that they form
biofilms with significant differences in biofilm spatial organization and
matrix composition [50,71]. Moreover, it was recently observed that
P. aeruginosa PA14 exposed to hANP modifies the exopolysaccharides
composition of the biofilm matrix [38]. The fact that there is no dif-
ference in AmiC sequence between PAO1 and PA14 is consistent with
this hypothesis, although we cannot exclude that AmiC-AmiR partners
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encoded by the other genes of the ami operon could play a role. This
question is currently under investigation in our laboratory. The OSTN
sensitivity of biofilm established by clinical isolates revealed a great
heterogeneity and in addition show an important difference when
compared with the hANP biofilm sensitivity [38]. First, we observed
that the MUC-N1 and MUC-N2 clinical strains are totally insensitive to
both OSTN and ANP exposure, confirming that OSTN and ANP anti-
biofilm activity is triggered by the same mechanism. However, the
biofilm formed by the strain MUC-P4 that was highly sensitive to 10 nM
ANP (92% biofilm dispersion) [38], is reduced by only 32.9% by OSTN
(10 nM). Conversely, the biofilm of the MUC-P5 isolate is more sensitive
to OSTN (39% dispersion) than to ANP (22% dispersion) [38]. Lastly,
concerning clinical isolates recovered from sputum of CF patient, the
biofilm of the strain CF 6.14 is highly sensitive to both OSTN (69%
dispersion) and hANP (61% dispersion) (personal data). In parallel, we
evaluated the impact of OSTN on biofilm formed by two other
P. aeruginosa clinical strains (PAL 0.1 and PAL 1.1) collected from
non-CF patients [51]. The biofilm of the PAL 1.1 (PA14 clade) isolate
was poorly sensitive to OSTN at 10 nM (11.7% dispersion), whereas this
biofilm is clearly more sensitive to hANP (47% dispersion) [38]. Con-
cerning the PAL 0.1 (PAOL1 clade) biofilm, we observed that exposure to
10 nM OSTN reduced 37% of the biomass, a biofilm that was also more
sensitive to 10 nM ANP (52% dispersion) [38]. Taken together, these
data show that strains that are sensitive to hANP are also sensitive to
OSTN, with minor differences in effect of the two peptides between
strains. This suggests that the precise binding of NPs to AmiC may
differentially release AmiR and thus modulate the bacterial response to
this exposure. Moreover, the key role of the anti-terminator regulator
AmiR on biofilm regulation is currently under investigation.

5. Conclusions

The present study shows that the natriuretic peptide OSTN disperses
established biofilms of P. aeruginosa laboratory strains and clinical iso-
lates. The biofilm dispersal effect of OSTN seems to require the activa-
tion of the complex AmiC-AmiR of the ami pathway. In support of the
development of OSTN as a treatment of P. aeruginosa chronic respiratory
infections, OSTN is neither cytotoxic towards cultured lung cells nor
cardiotoxic (Supplementary Fig. 8). Overall, our data highlight the po-
tential use of OSTN as a potential antibiofilm agent since it meets several
key criteria of a good candidate for therapeutic development.
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