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β-Lactam Exposure Triggers Reactive Oxygen Species Formation in Enterococcus faecalis via the Respiratory Chain Component DMK

Whereas the primary actions of β-lactams are well characterized, their downstream effects are less well understood. Although their targets are extracellular, β-lactams stimulate respiration in Escherichia coli leading to increased intracellular accumulation of reactive oxygen species (ROS). Here we show that β-lactams over a large concentration range trigger a strong increase in ROS production in Enterococcus faecalis under aerobic but not anaerobic conditions. Both 15 amoxicillin, of which the bacterium is susceptible, and cefotaxime, of which E. faecalis is resistant, triggers this response. This stimulation of ROS formation depends mainly on demethylmenaquinone (DMK), a component of the E. faecalis respiratory chain, but in contrast to E. coli is observed only in the absence of respiration. Our results suggest that in E. faecalis, β-lactams increase electron flux through the respiratory chain, thereby stimulating 20 the auto-oxidation of reduced DMK in the absence of respiration, which triggers increased extracellular ROS production.

INTRODUCTION

Beta-lactam antibiotics are bactericidal drugs that block the activity of extracellular enzymes, known as penicillin-binding proteins (PBPs) which catalyze cross-linking of peptidoglycan peptide side chains thereby inhibiting cell wall synthesis [START_REF] Tipper | Mechanism of action of penicillins: a proposal based on their structural similarity to acyl-D-alanyl-D-alanine[END_REF]Wise and Park, 1965). It is generally believed that killing by β-lactams is due to their bacteriolytic activity. However, bacteriolysis cannot fully explain the lethality of these antibiotics. For example, penicillin has been shown to kill pathogens like Streptococcus pyogenes and Enterococcus hirae efficiently without inducing a significant lysis of the cells [START_REF] Daneo-Moore | Antibiotic inhibition of bacterial cell surface assembly and function[END_REF][START_REF] Gutmann | Penicillin-resistant and penicillin-tolerant mutants of group A Streptococci[END_REF][START_REF] Mcdowell | Absence of autolytic activity (peptidoglycan nicking) in penicillin-induced nonlytic death in a group A streptococcus[END_REF]. A more recent study concluded that the killing of Enterococcus faecalis induced by amoxicillin was due to two distinct mechanisms, one involving autolysins and a second action of the drug independent of lysis [START_REF] Dubée | The in vitro contribution of autolysins to bacterial killing elicited by amoxicillin increases with inoculum size in Enterococcus faecalis[END_REF].

In several works, the secondary actions of β-lactams were analyzed. A recent study showed that β-lactams induce a deleterious futile cycle of cell wall synthesis and degradation thereby depleting cellular resources contributing to their killing activity in Escherichia coli [START_REF] Cho | Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis machinery[END_REF]. Other studies showed that β-lactams and other bactericidal antibiotics induce complex toxic metabolic perturbations leading to cell damage [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF][START_REF] Belenky | Bactericidal Antibiotics Induce Toxic Metabolic Perturbations that Lead to Cellular Damage[END_REF][START_REF] Dwyer | Role of reactive oxygen species in antibiotic action and resistance[END_REF]. The authors proposed that these drugs induce an intracellular oxidative stress by increasing respiration and with it the release of reactive oxygen species (ROS) from the respiratory chain overwhelming the cellular antioxidant defenses, leading to DNA damage and finally to cell death [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF][START_REF] Dwyer | Role of reactive oxygen species in antibiotic action and resistance[END_REF]). These studies were mainly conducted with E. coli but numerous follow up studies on different Gram-negative and Gram-positive bacteria were in accordance with the proposed ROS-based model [see [START_REF] Dwyer | Unraveling the physiological complexities of antibiotic lethality[END_REF] for a recent review]. Concerning β-lactams, major results supporting the induction of oxidative stress by these drugs are: (i) amoxicillin strongly induced the expression of the recA gene encoding the major recombinase involved in DNA repair, caused DNA damage and, in the presence of ferric iron, induced the expression of antioxidant activities in Pseudomonas (Yeom et al., .2010); (ii) compared to the wild-type parent strain, Acinetobacter baumannii and E. coli recA mutants were more susceptible to β-lactams [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF][START_REF] Aranda | Acinetobacter baumannii RecA protein in repair of DNA damage, antimicrobial resistance, general stress response, and virulence[END_REF]; (iii) a combination of an iron chelator and a radical scavenger as well as the natural antioxidant glutathione provided protection against oxacillin-mediated killing of Staphylococcus aureus [START_REF] Liu | Inhibitors of Reactive Oxygen Species Accumulation Delay and/or Reduce the Lethality of Several Antistaphylococcal Agents[END_REF]; (iv) reduction of the Fenton reaction by iron chelation by the ferritin-like protein Fri is suggested to be at the basis of β-lactam tolerance of Listeria monocytogenes [START_REF] Krawczyk-Balska | Identification of a ferritin-like protein of Listeria monocytogenes as a mediator of β-lactam tolerance and innate resistance to cephalosporins[END_REF]. Despite these substantial data, the ROS-based killing model was later challenged by other studies persuasively demonstrating that killing by the bactericidal antibiotics used in the former studies was independent from oxidative stress [START_REF] Ezraty | Fe-S cluster biosynthesis controls uptake of aminoglycosides in a ROS-less death pathway[END_REF][START_REF] Keren | Killing by bactericidal antibiotics does not depend on reactive oxygen species[END_REF][START_REF] Liu | Cell death from antibiotics without the involvement of reactive oxygen species[END_REF].

These controversial viewpoints reflect that our mechanistic understanding of the action of bactericidal antibiotics on bacteria remains incomplete. In this report, we use the health care-associated pathogen E. faecalis as a model bacterium to test the proposal that bactericidal antibiotics induce ROS formation. This gram-positive facultative aerobic/anaerobic bacterium is a usual member of the intestinal microbiome of humans and has interesting properties to address this important question of downstream actions of antibiotics. Compared to other gram-positive cocci, enterococci exhibit decreased susceptibility to penicillins and high-level resistance to cephalosporins. We showed previously that this β-lactam tolerance as well as tolerance to vancomycin is linked to the superoxide dismutase SodA in E. faecalis and E. faecium [START_REF] Bizzini | The Enterococcus faecalis superoxide dismutase is essential for its tolerance to vancomycin and penicillin[END_REF][START_REF] Ladjouzi | Analysis of the tolerance of pathogenic enterococci and Staphylococcus aureus to cell wall active antibiotics[END_REF]. Unlike E. coli, enterococci have no tricarboxylic acid cycle, a pathway central in the [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF] model. Furthermore, respiration, responsible for ROS formation in this model, is facultative and only functional in the presence of haematin or fumarate, although respiration by extracellular electron transfer in iron-enriched biofilms has been reported recently for this species [START_REF] Keogh | Extracellular Electron Transfer Powers Enterococcus faecalis Biofilm Metabolism[END_REF]. E. faecalis can produce extracellular superoxide (O2 -) through autoxidation of membraneassociated demethylmenaquinone (DMK) [START_REF] Huycke | Extracellular superoxide production by Enterococcus faecalis requires demethylmenaquinone and is attenuated by functional terminal quinol oxidases[END_REF]. It has been demonstrated that this radical is also produced in the mammalian intestinal tract (Huycke and Moore, 2002;[START_REF] Moore | Effects of iron and phytic acid on production of extracellular radicals by Enterococcus faecalis[END_REF] and responsible for chromosomal instability [START_REF] Wang | Extracellular superoxide production by Enterococcus faecalis promotes chromosomal instability in mammalian cells[END_REF]Wang et al., 2008), inflammation and colorectal cancer (CRC) [START_REF] Balish | Enterococcus faecalis induces inflammatory bowel disease in interleukin-10 knockout mice[END_REF][START_REF] Kim | Variable phenotypes of enterocolitis in interleukin 10-deficient mice monoassociated with two different commensal bacteria[END_REF]. The objective of the present work was to analyze if β-lactam antibiotics increase ROS formation in E. faecalis wild-type cells using drug concentrations potentially encountered by these pathogens during antimicrobial treatment. We show that this is indeed the case and provide a mechanistic explanation for this secondary action of these cell-wall targeting drugs.

RESULTS

Superoxide dismutase-deficient mutant is sensitive to amoxicillin

Amoxicillin is still one of the treatments of choice for enterococcal infections that lack mechanisms for high-level resistance [START_REF] Mercuro | Combatting resistant enterococcal infections: a pharmacotherapy review[END_REF]. Therefore, we first analyzed whether this bactericidal drug induces an oxidative stress in E. faecalis. Since enterococci exhibit a high resistance to oxidants [START_REF] Flahaut | The oxidative stress response in Enterococcus faecalis: relationship between H2O2 tolerance and H2O2 stress proteins[END_REF], we reasoned that the most direct way to explore the proposed role of ROS in amoxicillin mortality would be to use mutants defective either in O2 -or in peroxide defenses as indicators of oxidative stress. E. faecalis harbors a manganese-cofactored superoxide dismutase (MnSod or SodA) and three peroxidases, the NADH peroxidase (Npr), the alkyl hydroperoxide reductase (AhpCF) and a thiol peroxidase (Tpx). In this work, the ΔsodA and ΔnprΔtpxΔahpCF mutants known to be hypersensitive to ROS were used [START_REF] Carbona | Comparative study of the physiological roles of three peroxidases (NADH peroxidase, Alkyl hydroperoxide reductase and Thiol peroxidase) in oxidative stress response, survival inside macrophages and virulence of Enterococcus faecalis[END_REF][START_REF] Verneuil | Implication of (Mn)superoxide dismutase of Enterococcus faecalis in oxidative stress responses and survival inside macrophages[END_REF]. Since under our experimental conditions the minimal inhibition concentration (MIC) of amoxicillin was 0.5 µg/mL for all strains, we tested two different concentrations (0.25 and 0.5 µg/mL). As shown in Figure 1A, in the absence of amoxicillin, growth of the triple peroxidase mutant was comparable to that of the parental strain whereas survival of the ΔsodA mutant decreased slightly between 16 hours and 24 hours of incubation under the used aeration condition. This is likely due to the generation and accumulation of ROS since no decrease in survival of the ΔsodA mutant was observed with cultures grown in anaerobic conditions (Figure S1A). Rapid killing of all strains was observed with 0.5 µg/mL of amoxicillin (Figure 1B). No significant differences in survival between the wild-type and the ΔsodA mutant strain were observed under this condition whereas the triple peroxidase mutant was somewhat more resistant to killing by the antibiotic than the two former strains (Figure 1B). Rapid killing also occurred under anaerobic conditions at this amoxicillin concentration (Figure S1B). We concluded that at 0.5 µg/mL of the antibiotic, lethality of the bacteria was independent of an oxidative stress. At 0.25 µg/mL of amoxicillin (half MIC), the survival of all strains was comparable during the first 16 hours of incubation (Fig. 1C). During this period, killing of the strains was minimal and increased slightly in the case of the wild-type and triple peroxidase mutant after 24 hours of exposition to the antibiotic. In contrast, the killing of the ΔsodA mutant decreased by ~5.7 log10 between 16 and 24 hours (Figure 1C). This impressive mortality of the ΔsodA mutant was not observed under anaerobic conditions (Figure S1C). These results are consistent with a ROS-based killing mode of the MnSod deficient E. faecalis mutant at half MIC amoxicillin. Decrease of survival starts after 16 hours of aerobic amoxicillin treatment suggesting that ROS accumulates until creating some sort of damage that became lethal for the ΔsodA mutant.

Amoxicillin promotes H2O2 generation

O2 -is readily dismuted into H2O2 (2 O2 -↔ H2O2 + O2) [START_REF] Bielski | A study of the superoxide radical chemistry by stopped-flow radiolysis and radiation induced oxygen consumption[END_REF] and therefore we wondered if catalase which catalyses the dismutation of H2O2 to molecular oxygen and water would decrease killing by amoxicillin. As shown in Figure 2A, the survival of the ΔsodA mutant was nearly restored to the wild-type level in the presence of active catalase (but not with heat-inactivated catalase) strongly suggesting that besides O2 -, H2O2 is also generated during amoxicillin treatment and causatively contributes to antibiotic-mediated killing of the ΔsodA mutant. In the next step, we verified this hypothesis by directly quantifying H2O2 accumulation by E. faecalis cultivated with and without amoxicillin. In the absence of the antibiotic, the ΔsodA mutant generated H2O2 reaching a maximum concentration of around 700 µM after 16 hours of incubation and was slightly lower at 24 hours (Figure 2B). No H2O2 was detected in cultures treated with 0.5 µg/mL of amoxicillin, which is likely due to the rapid ROS-independent killing of the cells at this concentration.

However, in the presence of half MIC amoxicillin, cells produced H2O2 continuously over the whole incubation time to reach >2000 µM after 24 hours; that is around 4-times more than in the absence of the drug (Figure 2B). We wondered then if amoxicillin treatments also induce an increased H2O2 production in wild-type cells which are not killed by 0.25 µg/mL of amoxicillin. Relative to the ΔsodA mutant, the H2O2 concentrations measured were globally lower but we found that even in the parental strain the amoxicillin treatment triggered an increased continuous accumulation of H2O2 over the 24 hours incubation period (Figure 2C).

At the end, the H2O2 concentration accumulated was >600 µM in the presence of 0.25 µg/mL of the drug which correspond to 8.4-fold more of this ROS than in the absence of the antibiotic (Figure 2C). We than extended these analyses by testing H2O2 production in the presence of a wider range of amoxicillin concentrations. As expected, no H2O2 accumulation was observed with lethal concentrations (≥ 0.5 µg/mL) of the drug (Figure 2D). However, concentrations of amoxicillin below 0.25 µg/mL seems to trigger more accumulation of H2O2 although the differences were not statistically significant when compared to 0.25 µg/mL (Figure 2D). Of note, H2O2 levels accumulated by the ΔnprΔtpxΔahpCF strain were of the same order of magnitude as those determined with the ΔsodA mutant (Figure 2B). We concluded from the combined results that amoxicillin stimulates H2O2 formation in E.

faecalis.

A recA mutant is as resistant as the wild-type strain to amoxicillin

We wondered if the amoxicillin treatment would also increase intracellular ROS production.

In E. coli, ampicillin induces the SOS response and DNA damage, which has been attributed to the increased formation of hydroxyl radicals by the drug [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF][START_REF] Miller | SOS response induction by beta-lactams and bacterial defense against antibiotic lethality[END_REF]). E. coli and A. baumanii strains deficient in RecA, a protein promoting the central steps in recombination and recombinational DNA repair, are more sensitive to ampicillin, supporting the increased intracellular ROS production and DNA damage in cells exposed to this antibiotic [START_REF] Aranda | Acinetobacter baumannii RecA protein in repair of DNA damage, antimicrobial resistance, general stress response, and virulence[END_REF][START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF]. We used a well defined ΔrecA mutant (Boumghar-Bourtchaï et al., 2009) to analyse if this scenario also hold true in E. faecalis cells treated with amoxicillin. This mutant was highly more susceptible to UV radiation (Figure S2A) but was as resistant as wild-type strain to a treatment with 0.25 µg/mL of amoxicillin (Figure S2B). We concluded that intracellular concentration of oxidants should be low since no RecA-dependent DNA damages are caused by the drug in E. faecalis.

Amoxicillin-induced H2O2 accumulation appears to depend mainly on DMK

Next, we addressed the question about the molecular mechanism(s) of drug-induced ROS formation. The cell death pathway model described in E. coli proposed the involvement of the respiratory chain as the primary source of increased intracellular ROS formation by antibiotics [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF]. E. faecalis is capable of aerobic respiration and the presence of cytochromes and DMK has been identified in its membrane [START_REF] Huycke | Extracellular superoxide production by Enterococcus faecalis requires demethylmenaquinone and is attenuated by functional terminal quinol oxidases[END_REF].

However, since enterococci lack the ability to synthesize heme, their cytochromes are only functional in the presence of a source for this prosthetic group [START_REF] Pritchard | Cytochrome formation, oxygen-induced proton extrusion and respiratory activity in Streptococcus faecalis var. zymogenes grown in the presence of haematin[END_REF][START_REF] Ritchey | Cytochromes in Streptococcus faecalis var. zymogenes grown in a haematin-containing medium[END_REF]. In the absence of heme, aerobic respiration is blocked, and it has been demonstrated that this leads to an increase in extracellular O2 -generation through adventitious autooxidation of membrane-associated reduced DMK (DMKH2) [START_REF] Huycke | Extracellular superoxide production by Enterococcus faecalis requires demethylmenaquinone and is attenuated by functional terminal quinol oxidases[END_REF]. Since a known H2O2-producing pathway in E. faecalis is the spontaneous disproportionation of extracellular O2 - (Huycke et al., 2002), we wondered whether the amoxicillin-induced ROS formation could be a result of the stimulation of autooxidation of DMK. To test this possibility, we measured survival of a ΔsodA menB::tet double mutant in the presence of amoxicillin. The menB gene encodes 1,4-dihydroxy-2-naphthoic acid synthase catalyzing an essential step in the DMK biosynthesis pathway [START_REF] Huycke | Extracellular superoxide production by Enterococcus faecalis requires demethylmenaquinone and is attenuated by functional terminal quinol oxidases[END_REF]. Relative to the ΔsodA single mutant, survival of the ΔsodA menB::tet double mutant increased by >4 log10 (Figure 3A), likely due to reduced ROS production. This was confirmed by measuring H2O2 concentrations in the culture medium of the menB::tet single and the ΔsodA menB::tet double mutants. H2O2 concentration in the former strain was under the detection limit and the latter strain accumulated 6-times and 3-times less H2O2 than the ΔsodA single mutant at 16 hours and 24 hours, respectively (Figure 3B). This strongly suggested DMK as the major source of H2O2 accumulation.

If right, depletion of electrons from the DMKH2 pool should also decrease killing by amoxicillin. This was tested by addition of haematin which induces synthesis of cytochrome bd oxidase allowing aerobic respiration as well as by addition of fumarate which allows anaerobic respiration via a fumarate reductase [START_REF] Huycke | Extracellular superoxide production by Enterococcus faecalis requires demethylmenaquinone and is attenuated by functional terminal quinol oxidases[END_REF]. In the presence of haematin, killing of the ΔsodA mutant (Figure 3C) and accumulation of H2O2 were significantly reduced (Figure 3D). However, it was recently reported that in addition to its respiratory role, cytochrome bd from E. coli displays catalase activity [START_REF] Borisov | Cytochrome bd oxidase from Escherichia coli displays high catalase activity: an additional defense against oxidative stress[END_REF].

If true for the cytochrome bd of E. faecalis, it may reduce amoxicillin-induced H2O2 accumulation. Moreover, E. faecalis also harbors a gene encoding a heme-dependent catalase [START_REF] Frankenberg | Enterococcus faecalis hemedependent catalase[END_REF] and it could not be excluded that it may also contribute to H2O2 degradation in the presence of haematin. Therefore, we performed experiments in presence of amoxicillin and fumarate. E. faecalis expresses fumarate reductase, a membrane-associated enzyme which catalyzes the reduction of fumarate to succinate. Electrons are provided by DMKH2 and this process allows non-oxidative respiration in the absence of haematin [START_REF] Huycke | The Enterococci: Pathogenesis, Molecular Biology, and Antibiotic Resistance[END_REF]. The addition of fumarate improved the survival (Figure 3E) and reduced H2O2 accumulation (Figure 3F) of the ΔsodA mutant. Collectively, these results strongly suggest that amoxicillin-induced H2O2 accumulation depends mainly on autooxidation reactions involving DMK.

Amoxicillin appears to cause an increased electron flow through DMK

Stimulation of the autooxidation reactions involving DMK by amoxicillin suggests an increase in electron flow through the respiratory chain of E. faecalis. We used fumarate respiration to verify this hypothesis. As E. faecalis does not express succinate dehydrogenase activity [START_REF] Aue | Fumarate reductase activity of Streptococcus faecalis[END_REF], an increase in succinate formation in the presence of exogenous fumarate and amoxicillin would reflect an increased electron flux through the respiratory chain. We therefore analyzed succinate levels in the supernatants of wild-type cultures challenged with the antibiotic and found that, relative to untreated control, amoxicillin induced a statistically significant 2-fold increase in succinate production rate (Figure 4A), supporting the hypothesis that amoxicillin causes an increase in electron flow through DMK and fumarate reductase.

In the absence of fumarate and haematin, an increased electron flux through DMK cycle would similarly elevate the rate of O2 -formation, by increasing autooxidation reactions.

Thus, we evaluated the extracellular O2 -production rate of amoxicillin-treated and untreated cells and found that the antibiotic induced a ˃2-fold increase in the formation of O2 -per minutes for 10 9 CFU (Figure 4B). However, the difference between untreated and treated cells seems not statistically significant. Furthermore, it could not be excluded that part of the cells in the culture have been damaged by the antibiotic treatment and consequently are not able to form colonies. These cells might be still metabolically active and produce O2 -which might overestimate the production rate of this radical. Nevertheless, as we observed a similar statistically significant increase in succinate production rate (Figure 4A), we concluded that these results support the hypothesis that amoxicillin causes an increased electron flow through DMK which in absence of fumarate and haematin, promotes the formation of O2 -.

Cefotaxime also increases ROS production in E. faecalis

E. faecalis is intrinsically highly resistant to cephalosporins. Therefore, we wondered whether this β-lactam would also stimulate the generation of ROS. As shown in Figure S3, this is indeed the case. The ΔsodA mutant was ~6.1 log10 more susceptible than the parental strain to treatment with 1 µg/mL cefotaxime, a third-generation cephalosporin (Figure S3A). The antibiotic promoted H2O2 production in both strains (Figures S3B andS3C) and this stimulation was observed over a wide concentration rate of the antibiotic in the wild-type strain (Figure S3D). Cefotaxime treatment also increased, relative to untreated cells, both extracellular O2 -production by ~2-fold (Figure S3E) as well as fumarate respiration (Figure 5 S3F).

DISCUSSION

The present study contributes to an ongoing discussion concerning the secondary mode of actions of antibiotics [START_REF] Liu | Cell death from antibiotics without the involvement of reactive oxygen species[END_REF]. A better understanding of these less well understood downstream effects might pave the way for the development of new treatment strategies [START_REF] Brynildsen | Potentiating antibacterial activity by predictably enhancing endogenous microbial ROS production[END_REF]. Here, we clearly demonstrate that β-lactams increase the production of ROS in E. faecalis, whether in the wild-type strain or the ΔsodA and ΔnprΔtpxΔahpCF mutants. Unexpectedly and unrelated to antibiotic treatment, the ΔsodA mutant, for hitherto unknown reasons, accumulated more H2O2 than the wild-type strain (Figures 2B and2C). Since the mutant deficient of all peroxidases of E. faecalis accumulated comparable high concentrations of H2O2 (Figure 2B), it might be that peroxidases are inactive in the ΔsodA background.

In E. coli, the respiratory chain is suspected to be at the basis of ROS generation under antibiotic treatment [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF]. Our results show that the ROS production appears to depend mainly on DMK, which is consistent with this proposal. However, in contrast to the [START_REF] Kohanski | A common mechanism of cellular death induced by bactericidal antibiotics[END_REF] study, significant ROS production is only observed in our study if electrons are stalled in the DMK pool, which is the case in environments lacking haematin or fumarate. In the presence of β-lactams, the pool of DMKH2 might increase which consequently will stimulate O2 -formation. In the presence of haematin or fumarate, electrons will not accumulate in the DMK pool strongly attenuating the adventitious reaction of molecular oxygen with DMKH2. However, further experimentations are now needed to decipher the detailed molecular changes induced by β-lactam antibiotics leading to the increased generation of ROS in E. faecalis.

It is worth mentioning that in a previous study we analyzed tolerance of E. faecalis to high antibiotic concentration (20xMIC) [START_REF] Bizzini | The Enterococcus faecalis superoxide dismutase is essential for its tolerance to vancomycin and penicillin[END_REF]. We focused in this former study mainly on vancomycin, a glycopeptide inhibiting cell wall synthesis by targeting the pentapeptide precursors. Whereas the wild-type strain was tolerant to 20xMIC of this drug, survival of the ΔsodA mutant decreased by 4log10. In contrast to the present study, this decrease in survival was independent of DMK since the ΔsodA menB::tet double mutant was as sensitive to vancomycin as the ΔsodA single mutant. This difference to the present work is likely due to the different antibiotics and/or concentrations used in the two studies. [START_REF] Albesa | Oxidative stress involved in the antibacterial action of different antibiotics[END_REF] showed that S. aureus, E. coli, and E. faecalis sensitive to ciprofloxacin exhibited oxidative stress when they were incubated with the antibiotic, whereas resistant strains did not. Surprisingly, our results demonstrate that cefotaxime also increase ROS generation in E. faecalis although these bacteria are highly resistant to the drug (MIC ≥256 µg/mL). Cephalosporin resistance of enterococci is not fully understood but one well characterized component is a specialized low-affinity PBP (Pbp5) that remains active in the presence of these drugs. Pbp5 allows therefore to perform cross-linking of peptidoglycan and growth of the bacteria in the presence of the antibiotic [START_REF] Arbeloa | Role of class A penicillin-binding proteins in PBP5-mediated beta-lactam resistance in Enterococcus faecalis[END_REF][START_REF] Signoretto | Cloning, sequencing and expression in Escherichia coli of the low-affinity penicillin binding protein of Enterococcus faecalis[END_REF]. Another key component necessary for intrinsic cephalosporin resistance in E. faecalis is the CroR-CroS two-component signal transduction system [START_REF] Djorić | Oxidative stress enhances cephalosporin resistance of Enterococcus faecalis through activation of a two-component signaling system[END_REF]. The loss of intrinsic resistance to cephalosporins of CroRS mutants remains obscure but it has been reported that oxidative stress enhances intrinsic cephalosporin resistance in E. faecalis and that in a CroR-CroS-dependent manner [START_REF] Djorić | Oxidative stress enhances cephalosporin resistance of Enterococcus faecalis through activation of a two-component signaling system[END_REF]. The authors showed that mutants accumulating more H2O2 than the parental strain or wild-type cultures incubated with extracellular added H2O2 demonstrated increased resistance to ceftriaxone. This increased resistance is specific for cephalosporins since no increase in MICs has been observed with other cell wall targeting drugs including the β-lactam ampicillin. In view of these results it might be suggested that the increased synthesis of O2 -and H2O2 during β-lactam treatment evidenced in our study corresponds to an active adaptive stress response with the aim to better survive the antibiotic challenge.

E. faecalis is suspected to play a role in colorectal carcinogenesis. This procarcinogenic potential seems to be linked with its capacity to generate O2 -by the autooxidation of DMK since tumor formation was observed with wild-type bacteria but not with menB mutants [START_REF] Liu | Inhibitors of Reactive Oxygen Species Accumulation Delay and/or Reduce the Lethality of Several Antistaphylococcal Agents[END_REF]. The results presented in this communication might therefore reveal an important concern on the careful use of β-lactam antibiotics since amoxicillin increases significantly the generation of ROS in E. faecalis which could increase the risk of CRC development. Interestingly, several recent nested case-control studies analyzing large population-based databases demonstrated indeed a higher risk for CRC with increased number of antibiotic courses and exposure intensities, especially with the most frequently prescribed penicillins [START_REF] Cao | Long-term use of antibiotics and risk of colorectal adenoma[END_REF][START_REF] Dik | Frequent Use of Antibiotics Is Associated with Colorectal Cancer Risk: Results of a Nested Case-Control Study[END_REF]. Our results might indicate that E. faecalis could be a prime candidate to provide a mechanistic explanation for the increased incidence of CRC after therapy with β-lactams. This risk might be even amplified in patients treated with broad-spectrum cephalosporins, since enterococci exhibit intrinsic resistance to these antibiotics, enabling them to proliferate and achieve abnormally high densities in the gastrointestinal tract under these conditions [START_REF] Donskey | Effect of antibiotic therapy on the density of vancomycin-resistant enterococci in the stool of colonized patients[END_REF].

In conclusion, our study demonstrates that β-lactam antibiotics, beside of inhibiting their extracellular targets, have clearly off-target intracellular effects in E. faecalis. They seem to modify metabolism leading to an increased production of ROS mainly via DMK autooxidation. On the long run, this could be harmful to patients frequently treated with these drugs. Mechanisms by which β-lactams elicit these metabolic alterations are still poorly understood on the molecular level and their understanding might allow the development of new drugs devoid of these undesired downstream effects. Next steps will be to identify the signaling cascade activated by the drugs action outside the cell and the rearrangements of intracellular metabolism triggered by these signals. See also Figures S1 andS3. See also Figure S3.
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STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Aurélie Budin-Verneuil (aurelie.verneuil@unicaen.fr).

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS Bacterial Strains

The bacterial strains used in this study are listed in Table S1. Strains of E. faecalis were grown in M17 medium [START_REF] Terzaghi | Improved medium for lactic streptococci and their bacteriophages[END_REF] supplemented with 0.3% glucose (GM17) at 37°C (Table S2). E. coli VE14188 was cultivated at 37°C in Luria-Bertani (LB) broth [START_REF] Miller | Experiments in Molecular Genetics[END_REF] with agitation or on LB agar. When appropriate, tetracycline (10 µg/mL for E. faecalis, 12.5 µg/mL for E. coli) was added to the medium.

METHOD DETAILS

Survival

For overnight cultures, a single colony was grown at 37°C in 10 mL of GM17, with tetracycline if necessary, for about 16 hours. For survival in aerobic conditions, the culture was diluted in 100 mL of GM17 in a 1000 mL Erlenmeyer flask to obtain a final OD600nm of 0.01. The bacterial suspension was incubated at 37°C with moderate shaking (60 rpm) for about 3 hours until reaching OD600nm of 0.5 (exponential growth phase). Cells were then collected by centrifugation (10 minutes at 3,000 g) and resuspended in fresh GM17 prewarmed at 37°C. Eight milliliters of culture were then distributed into 100 mL Erlenmeyer flasks and 2 mL of antibiotics [diluted in GM17 to obtain the defined final concentration of amoxicillin or cefotaxime (Panpharma, France), respectively] were added. In the case of the controls without antibiotic, 2 mL of GM17 were added to these flasks. Samples were collected immediately (T0) and after incubation for 8 h, 16 h and 24 h at 37°C with shaking at 60 rpm. All samples were then serially diluted in 0.9% saline, spread onto GM17 plates, and incubated at 37°C for about 48 hours. Survival was determined by counting colonies on plates harboring between 30 and 300 colonies.

For survival in anaerobic conditions, an overnight culture (~16 hours) was diluted in 100 mL of GM17 in a 100 mL sealed bottle to obtain a final OD600nm of 0.01 and incubated at 37°C without agitation for about 3 hours until OD600nm of 0.5. The survival experiments were carried out as previously described except that it was performed in 10 mL sealed tubes containing 10 mL of the above culture and incubated without agitation.

When used, catalase, fumarate, or haematin (Sigma-Aldrich, MO) were diluted to a final concentration of 500 U/mL, 8 mM and 8 µM, respectively. Haematin was prepared as a 20 mM stock solution in 1.4 mM NaOH. Catalase was inactivated by boiling for 5 min.

H2O2 Assay

The concentrations of H2O2 were measured in the supernatants using Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, OR) as described previously [START_REF] Bizzini | The Enterococcus faecalis superoxide dismutase is essential for its tolerance to vancomycin and penicillin[END_REF]. Briefly, supernatants of cultures treated with antibiotics as described above were collected at the indicated time points by centrifugation (10 min at 3,000 g) and diluted 100fold in 50 mM sodium phosphate buffer, pH 7.4. The H2O2 concentrations were determined using 50 µL of these dilutions and 50 µL of a working solution of 100 µM Amplex® Red reagent and 0.2 U/mL HRP. In parallel, H2O2 standard curves (0 to 5 µM) were prepared using GM17 diluted 100-fold in 1X Reaction Buffer. Reactions were incubated at room temperature for 30 minutes. Fluorescence was then measured with a FlexStation 3 reader (Molecular Devices, CA) using excitation at 530 nm and fluorescence detection at 590 nm.

Background fluorescence, determined from no-H2O2 control reactions, has been subtracted for each value.

Construction of the menB::tet Mutant

To construct the menB::tet mutant, we used the recombinant pVE14218 (a pORI derivative plasmid) harboring an internal fragment of menB gene (menB::pVE14218) previously used to construct the ΔsodA menB::tet double mutant [START_REF] Bizzini | The Enterococcus faecalis superoxide dismutase is essential for its tolerance to vancomycin and penicillin[END_REF]. The menB::tet mutant was obtained following a single crossing over insertion mutagenesis based on a two-vector system using the plasmids pGhost3 [START_REF] Maguin | New thermosensitive plasmid for gram-positive bacteria[END_REF], which provides functional RepA Ts , and the conditionally replicating pVE14218 (Tet R ) [START_REF] Rigottier-Gois | Large-Scale Screening of a Targeted Enterococcus faecalis Mutant Library Identifies Envelope Fitness Factors[END_REF].

HPLC Analysis of Succinate Production

Succinate concentrations were determined by HPLC (Waters 600 Controller). As described in "Survival" section, cells were treated with antibiotics in presence of fumarate (20 mM) for 4 hours and collected by centrifugation. The filtrates of supernatants as well as internal standards were separated on an Aminex HPX-87H column (Biorad) maintained at 65°C and eluted for 30 min using a 5 mM H2SO4 mobile phase with a flow rate of 0.6 µl/min. Peak areas of substrates and derivative products were determined with the Borwin chromatography software (JMBS Developments).

Extracellular O2 -Assay

Cells treated with antibiotics as described above were collected after 24 hours by centrifugation (10 min at 3,000 g), washed twice with Washing Buffer (7.5 mM ammonium sulfate, 6 mM sodium chloride, 33 mM potassium dihydrogenphosphate, 60 mM potassium hydrogenphosphate, and 1 mM magnesium chloride, pH 7.3), and resuspended in Washing Buffer supplemented with 0.33% glucose to an approximate OD550nm of 0.2. The extracellular Wang, X., Allen, T.D., May, R.J., Lightfoot, S., Houchen, C.W., and Huycke, M.M. (2008). Enterococcus faecalis induces aneuploidy and tetraploidy in colonic epithelial cells through a bystander effect. Cancer Res. 68, 9909-9917. Wang, X., Yang, Y., Moore, D.R., Nimmo, S.L., Lightfoot, S.A., and Huycke, M.M. (2012). 4-hydroxy-2-nonenal mediates genotoxicity and bystander effects caused by Enterococcus faecalis-infected macrophages. Gastroenterology 142, 543-551.e7.

Wise, E.M. Jr, and Park, J.T. (1965). Penicillin: its basic site of action as an inhibitor of a peptide cross-linking reaction in cell wall mucopeptide synthesis. Proc. Natl. Acad. Sci. U. S. A. 54, 75-81. Yeom, J., Imlay, J.A., and Park, W. (2010). Iron Homeostasis Affects Antibiotic-mediated 

Figure 1 .

 1 Figure 1. The ΔsodA mutant is sensitive to amoxicillin at 0.25 µg/mL

Figure 2 .

 2 Figure 2. Amoxicillin promotes H2O2 generation

Figure 3 .

 3 Figure 3. Amoxicillin-induced H2O2 accumulation appears to depend mainly on DMK

Figure 4 .

 4 Figure 4. Amoxicillin appears to cause an increased electron flow through DMK
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Briefly, after being warmed to room temperature, ferricytochrome c was added to cell suspension in 1 cm-cuvettes to obtain a final concentration of 20 µM, and the reduction of ferricytochrome c was monitored over 10 min at 550 nm in the presence or absence of SOD (25 µg/mL; Sigma-Aldrich, MO) in a SmartSpecTMPlus spectrophotometer (Biorad, CA).

The rate of ferricytochrome c reduction was calculated using linear regression. The rate of reduction in the absence of SOD was corrected from the rate measured in its absence. O2 - production was calculated as described by [START_REF] Huycke | Augmented production of extracellular superoxide by blood isolates of Enterococcus faecalis[END_REF], using an extinction coefficient of 21.5 mM -1 cm -1 for reduced cytochrome c. In contrast to [START_REF] Huycke | Augmented production of extracellular superoxide by blood isolates of Enterococcus faecalis[END_REF], viable counts were determined to normalize the rate of O2 -production (nmol/min) to 10 9 CFU. Statistical analyses were performed in GraphPad Prism 5. No statistical calculations could be done for 24 hour survivals lacking CFU counts (refer to Figure 1, Figure 2, Figure 3 and Figure S3). These results are highlighted in the corresponding figures by "ncd" meaning "no colonies detected". 
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