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ABSTRACT: Method development is part of the objectives of astrophysical community for characterizing the organic matter in objects of the Solar System. In this context, we report on the development of an enzyme-catalyzed stereoselective hydrolysis, inspired from the proteomics discipline, which has enabled the indirect detection of peptide sequences in extraterrestrial samples. A proof of concept has been performed on a Murchison extract. We showed that our approach can successfully highlight L-and D-amino acids involved in peptide bonds. While we showed that some D-amino acids must have been involved in peptide bonds, we cannot at this stage conclude on the indigenous or exogenous nature of these biopolymers. However, our strategy constitutes the first step towards the direct UPLC-MS evidence of peptide sequences in extraterrestrial samples. It should thus participate to deepen knowledge on the molecules available in the Solar System, hence providing new clues on their chemical history, especially on Earth.

Many organic molecules present in comets or asteroids may have been delivered to the Earth during the early phases of the planet formation all along the first hundred million years of the Solar System 1 . Molecular identification has become a key challenge in astrobiology in order to understand their potential role in the emergence of life [START_REF] Simoneit | Biomarkers as Tracers for Life on Early Earth and Mars[END_REF][START_REF] Irvine | Extraterrestrial Organic Matter: A Review[END_REF] . Within this framework, numerous building blocks of living systems such as amino acids, sugars and nucleobases have been highlighted in various extraterrestrial environments 4 8 . In contrast, the direct or indirect detection of macromolecules such as peptides, that would represent a major advance for understanding the origin of organized molecular systems on the early Earth, remains challenging.

Until now, gas chromatography coupled to mass spectrometry (GC-MS) represents the technique of choice for amino acids and other water-soluble compounds analysis in extraterrestrial objects [START_REF] Kvenvolden | Evidence for Extraterrestrial Amino-Acids and Hydrocarbons in the Murchison Meteorite[END_REF] . For allowing the detection of these molecules, samples have to undergo several chemical pre-treatments, typically consisting in an acid hydrolysis (usually with hydrochloric acid, HCl) followed by a derivatization reaction to enhance compounds volatility or detectability [START_REF] Botta | Extraterrestrial Organic Compounds in Meteorites[END_REF][START_REF] Koga | A New Family of Extraterrestrial Amino Acids in the Murchison Meteorite[END_REF][START_REF] Glavin | Amino Acid Analyses of Antarctic CM2 Meteorites Using Liquid Chromatography-Time of Flight-Mass Spectrometry[END_REF] . However, such processes impose rather harsh conditions which are likely to degrade organic compounds (fragmentation reactions, oxidation, rearrangements, racemization), hence giving incomplete information on the structure of the molecules present in the native sample. Therefore, the presence of peptide sequences in such extraterrestrial samples cannot be deduced from this analytical procedure.

Here, we present a new strategy designed to highlight, without ambiguity, amino acids involved in peptide bonds within extraterrestrial samples. For this purpose, we transferred a proteomics approach based on the use of aminopeptidase M (APM, EC 3.4.11.2 [START_REF] Wachsmuth | An Aminopeptidase Occurring in Pig Kidney. II. A Study on the Mechanism of the Hydrolysis[END_REF][START_REF] Doucette | Investigation of the Applicability of a Sequential Digestion Protocol Using Trypsin and Leucine Aminopeptidase M for Protein Identification by Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry[END_REF] ) which catalyzes stereoselectively the stepwise removal of L--amino acids from the N-terminal end of peptides [START_REF] Sánchez-Hernández | Enantiomeric Separation of Free L-and d-Amino Acids in Hydrolyzed Protein Fertilizers by Capillary Electrophoresis Tandem Mass Spectrometry[END_REF][START_REF] Ewing | Detecting D-Amino Acid-Containing Neuropeptides Using Selective Enzymatic Digestion[END_REF] . APM stereoselectivity has already been used with success to differentiate neuropeptides containing D-amino acids from those including only L-residues in tissue extracts 15 18 . Very recently, an APM-based protocol has also enabled to indicate L to D-amino acids isomerization in peptides of the central nervous system in animals [START_REF] Mast | Differential Post-Translational Amino Acid Isomerization Found among Neuropeptides in Aplysia Californica[END_REF] . In this work, we propose a variation of this approach with the aim to search for peptide sequences in meteorites. In contrast to HCl hydrolysis which induces the release of amino acids from a wide variety of precursors, peptide sequences can be probed through the generation of free L-amino acids as the result of the stereoselective enzymecatalyzed cleavage of peptide bonds (Figure 1).

After optimization of the standard enzymatic conditions (enzyme/peptides ratio, pH and temperature, Figure S1), we

In these experiments, fourteen proteogenic amino acids and ples in the same ppb concentrations as reported previously [START_REF] Glavin | Amino Acid Analyses of Antarctic CM2 Meteorites Using Liquid Chromatography-Time of Flight-Mass Spectrometry[END_REF][START_REF] Callahan | Amino Acid Analysis in Micrograms of Meteorite Sample by Nanoliquid Chromatography High-Resolution Mass Spectrometry[END_REF] . Whereas proline, histidine and arginine have already been identified in Murchison after HCl hydrolysis [START_REF] Mcgeoch | Polymer Amide in the Allende and Murchison Meteorites[END_REF] , they have been rarely found free in meteorites. Furthermore, in contrast to earlier studies, we noted a rather low amount of glycine and alanine compared to the other amino acids. Such results could be attributed to variability across meteorite samples, the absence of chemical derivatisation in our analytical protocol compared to those described in the literature [START_REF] Song | Precolumn Derivatization LC MS/MS Method for the Determination and Pharmacokinetic Study of Glucosamine in Human Plasma and Urine[END_REF] , and the use of liquid chromatography and electrospray ionisation that could have enhanced the matrix effect of non-derivatised molecules present in complex heterogenous mixtures [START_REF] Nebbioso | Limitations of Electrospray Ionization in the Analysis of a Heterogeneous Mixture of Naturally Occurring Hydrophilic and Hydrophobic Compounds[END_REF][START_REF] Antignac | The Ion Suppression Phenomenon in Liquid Chromatography Mass Spectrometry and Its Consequences in the Field of Residue Analysis[END_REF] However, with such a non-common relative distribution of amino acids as well as the detection of histidine [START_REF] Vázquez-Salazar | Evolutionary Convergence in the Biosyntheses of the Imidazole Moieties of Histidine and Purines[END_REF] , we could have not excluded a terrestrial contamination of the Murchison extract. On the other hand, since the main objective of our study was to demonstrate the suitability of the proteomics-based strategy for peptide bonds detection, a potential contamination appeared not problematic for pursuing our investigations.

We then assessed the amino acids signals in samples incubated in the absence of APM, in the presence of APM and in the presence of HCl (Figure 2). We noticed that after 4 h in the buffer, the signals of all amino acids increased significantly with different rates (Murchison t = 0 h vs Murchison t = 4 h, Figure 2). This indicated the presence of amino acids precursors with water-sensitive chemical bonds in the meteorite extract. We next measured the amount of amino acids after 4 h of incubation with APM. To avoid misinterpretation, we also verified that the increase in amino acids observed with the enzyme was not due to APM auto-hydrolysis (t = 4 h APM, Figure 2). In comparison to the experiments conducted without the enzyme, the quantities of alanine, serine, valine and isomers, threonine, leucine and isomers, aspartic acid, lysine, histidine, phenylalanine and arginine found in Murchison were 1.1 to 1.9-fold higher (Murchison t = 4 h vs Murchison t = 4 h APM in Figure 2). As expected, the exopeptidase had a moderate effect compared to the HCl conditions which generated a significant insine) (Murchison t = 4 h APM vs Murchison HCl hydrolysis in Figure 2). Thus, this assay showed that, except for arginine which was released through APM auto-digestion, the rise in amino acids signals in the presence of APM was the consequence of the enzyme-catalyzed cleavage of peptide bonds. In comparison, in the acidic hydrolyzed meteorite extract, all amino acids precursors, either peptidic or not, were unselectively hydrolyzed.

To get a proof of presence of peptide sequences in the Murchison extract, we then exploited the stereoselectivity of Indeed, although the enzyme exhibits a broad affinity towards most amino acid residues (except proline which resists to hydrolysis) [START_REF] Wachsmuth | An Aminopeptidase Occurring in Pig Kidney. II. A Study on the Mechanism of the Hydrolysis[END_REF][START_REF] Janas | Neutral Endopeptidase Activity Is Not Elevated in Serum in Children with Cholestatic Liver Disease: A Unique Role of Aminopeptidase-M in Sequential Hydrolysis of Peptides[END_REF] , its kinetics of peptide bonds hydrolysis is greatly affected by the absolute configuration of the two residues (Figure S5a). Indeed, we showed that APM preferentially cleaved peptide bonds between two consecutive L-amino acids without any racemization (Figure S6) 14 16,36 . Therefore, the treatment of meteoritic extract with APM should significantly enhance the concentrations of L-amino acids if peptide bonds are present in the sample while the amounts of D-enantiomers should only slightly vary.

To test this hypothesis, we developed a chiral UPLC-MRM MS method based on the work of Konya and colleagues [START_REF] Konya | Mechanistic Study on the High-Selectivity Enantioseparation of Amino Acids Using a Chiral Crown Ether-Bonded Stationary Phase and Acidic, Highly Organic Mobile Phase by Liquid Chromatography/Time-of-Flight Mass Spectrometry[END_REF] to enable the enantiomeric separation of amino acids in a very short time analysis (except proline and histidine) (Figure S8. Thereafter, we confirmed the stereoselectivity of APM for the hydrolysis of L-homochiral peptide bonds with three of the trialanine stereoisomers (L-Ala-L-Ala-L-Ala, D-Ala-D-Ala-D-Ala and L-Ala-D-Ala-L-Ala) used as model peptides. In these experiments, the L-homochiral tri-alanine was indeed totally digested by the exopeptidase within 4 h while the two other isomers were only partially consumed (Figure S5b). Similar results were obtained when L-and D-homochiral penta-alanine were incubated together in isomolar concentration with APM. These outcomes confirmed that APM hydrolyses faster N-terminal L-homochiral peptide bonds. tions (100 °C for 20 h) did not generate neither peptide cleavage nor racemization (Figure S7), the Murchison extract was incubated with or without APM in phosphate buffer for 4 h and the amount of L-and D-amino acids was investigated in each case using our chiral analytical method. The L-and/or D-enantiomers of alanine, serine, valine, threonine, leucine, aspartic acid, glutamic acid, phenylalanine, arginine, lysine, proline and histidine were detected in the sample (Figure S8). Isoleucine, alloisoleucine, and the non-biogenic isovaline were also detected. S4). Note that MS signals were not proportional to amino acids concentrations since it depended on amino acids MS response coefficients. For each amino acid enantiomer, error bar was obtained by multiplying its signal value by its variation coefficient calculated from the injection of the 48/52, 50/50, 52/48 standard solutions.

We next focused our attention on the amino acids for which both enantiomers presented resolved chromatographic peaks (alanine, valine, threonine, leucine, aspartic acid and phenylalanine in Figure S8). Their MS signals obtained under each condition (without APM, with APM or HCl) were deconvoluted (Figure S8). MS signals values were extracted and presented in Figure 3.

For these six amino acids, the signals of both enantiomers increased significantly when Murchison extract was submitted to HCl hydrolysis in comparison to the non-treated sample (2.9fold and 4.2-fold for D-and L-alanine, 1.1-fold and 1.6-fold for D-L-valine, 1.6-fold and 1.8-fold for D-and L-threonine, 2.5-fold and 2.8-fold for D-and L-leucine, 1.5-fold and 1.3-fold for D-and L-aspartic acid, and 4.8-fold and 5.1-fold for D-and L-phenylalanine; Murchison t = 4 h vs Murchison HCl hydrolysis). These data demonstrated that both D-and L-amino acids were indeed present in the form of precursors, peptidic or not. On the other hand, the enzyme generated a rise of the amount of all L-enantiomers (1.4-fold for L-alanine, 1.3-fold for L-valine, 1.3-fold for L-threonine, 2.1-fold for L-leucine, 1.03-fold for L-aspartic acid, and 1.6-fold for L-phenylalanine; Murchison t = 4 h vs Murchison t = 4 h APM). Hence, our results revealed that these six amino acids were involved in peptide bonds present in the meteorite extract prior to their APM-catalyzed hydrolysis. The MS signals of D-alanine, D-valine, D-threonine, and D-aspartic were similar or without APM. On the other hand, increases of D-leucine (1.8-fold) and D-phenylalanine (1.3-fold) amounts were observed in the sample treated with the exopeptidase. While such increases were lower than recorded for their corresponding L-enantiomers, these two D-amino acids must have been included in peptide sequences since their releases were catalyzed by APM. This result constitutes first indirect proof of presence of extra-terrestrial peptide bonds involving non-proteogenic D-amino acids in the Murchison meteorite.

These sets of experiments clearly demonstrated the interest of this proteomics-based strategy for indicating L-and D-amino acids specifically involved in peptide sequences within a meteorite extract. Thus, it opens a new pathway to explore molecules included in minor bodies, for instance through the investigation of other enzymatic systems. Combined with isotope analysis, this chemo-bio analysis could enable the search for extraterrestrial peptides in objects of the Solar System. Applied on peptides containing non terrestrial -amino acids (e.g. isovaline) or with other peptidases, this strategy will then help in deepening the knowledge on the organic matter that may have seeded the early Earth and later triggered the emergence of life.
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 3 Figure 3. Monitoring of amino acid MS signals after HCl and APM hydrolysis. Signals of L-amino acids (a) and D-amino acids (b) in Murchison in the absence of APM (Murchison t = 4 h), in the presence of APM (Murchison t = 4 h APM), and after HCl hydrolysis (Murchison HCl hydrolysis) (data from deconvoluted peaks, Figure S4). Note that MS signals were not proportional to amino acids
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