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Introduction

Omics technologies have been applied in a variety of settings such as medicine and ecology.

Moreover, during the last decade, interest in hair analysis has strongly grown, particularly of ancient samples, with a view to deciphering the impact of aging and environment on the human or the animal host. Hair, as a biomaterial, is indeed a powerful biological indicator, whose composition is known to represent the blood composition to a certain extent [START_REF] Kempson | Hair analysis as a biomonitor for toxicology, disease and health status[END_REF][START_REF] Tobin | Hair in Toxicology[END_REF]. During fiber growth, compounds from blood interact with hair molecules, thus enabling time-resolved monitoring along the fiber after the exposition to a specific compound [START_REF] Kamata | Time-Course Mass Spectrometry Imaging for Depicting Drug Incorporation into Hair[END_REF][START_REF] Kumtabtim | Biomonitoring for arsenic, toxic and essential metals in single hair strands by laser ablation inductively coupled plasma mass spectrometry[END_REF].

Hair shaft can be of 15 to 150 µm in diameter, and exhibits three tubular morphological layers: the medulla, the cortex and the cuticle. The medulla is the innermost part of the fiber and is not always observable in human hair, according to the hair type. It consists of a narrow tube filled with air and loose cells that are mostly empty. The cortex enfolds the medulla and represents 80 to 90 % of the hair mass. It is mainly composed of 18 hydrophobic fibrous proteins called keratins, which can be of two types: type I, the acidic forms and type II, the basic forms. They are α-helical proteins that associate one with another into tetrameric cylinder-like filaments called Keratin Intermediate Filaments (KIF).

Assemblies of these KIFs are called macrofibrils and their cohesion is ensured by an amorphous Sulphur-rich matrix made up of Keratin Associated Proteins (KAP). The network of KIFs and KAPs is characterized by the presence of an important number of cysteine residues (Sulphur based amino acid), which contributes to the stability of hair fibers and their high resistance to degradations through the existence of inter-filament, inter-filament-matrix or even inter-matrix disulfide bridges. On the surface, the cuticle constitutes the robust protective outer layer of the hair fiber. It is about 3 to 5 µm thick and made up of several layers of overlaying scales joined one to another by an intercellular lipid-rich substance [START_REF] Barthélémy | Protéomique qualitative et quantitative, une passerelle pour relier l'expression génomique à la construction des édifices biologiques -Application à la compréhension de la structure moléculaire du cheveu humain[END_REF][START_REF] Swift | The chemistry of human hair cuticle -I: A new method for the physical isolation of cuticle[END_REF][START_REF] Wolfram | Human hair: A unique physicochemical composite[END_REF]).

In the last several years, hair has become a major medium for toxicology [START_REF] Kales | Hair in Toxicology -An Important Bio-Monitor[END_REF][START_REF] Kamata | Time-Course Mass Spectrometry Imaging for Depicting Drug Incorporation into Hair[END_REF], environmental [START_REF] Bencko | Hair and Exposure to Environmental Pollutants[END_REF][START_REF] Kintz | Application of Hair Biology to Environmental Assessments. Hair in Forensic Toxicology with a Special Focus on Drug-Facilitated Crimes[END_REF] and forensic studies [START_REF] Haglund | Forensic Taphonomy: The Postmortem Fate of Human Remains[END_REF][START_REF] Kintz | Arsenic speciation of two specimens of Napoleon's hair[END_REF][START_REF] Wilson | Selective biodegradation in hair shafts derived from archaeological, forensic and experimental contexts[END_REF], providing complementary information to urine [START_REF] Hardy | Multi-residue analysis of organic pollutants in hair and urine for matrices comparison[END_REF] and blood [START_REF] Goodrich | Exposure of dental professionnals to elemental mercury and methylmercury[END_REF] analyses, and enabling monitoring on a longer time period than that offered by urine and blood which can be of only a few hours or days [START_REF] Hardy | Multi-residue analysis of organic pollutants in hair and urine for matrices comparison[END_REF].

When it is well preserved thanks to extreme environmental conditions (aridity, extreme coldness or anoxia), ancient hair also represents a material of choice in archaeology [START_REF] Wilson | Hair as a Bioresource in Archaeological Study[END_REF] for dating [START_REF] Richardin | A new protocol for radiocarbon dating of hair and keratin type samples-application to an Andean mummy from the National Museum of Natural History in Paris[END_REF][START_REF] Richardin | Radiocarbon dating of mummified human remains, Application to a series of Coptic mummies from the Louvre Museum[END_REF], dietary [START_REF] Aufderheide | Contributions of Chemical Dietary Reconstruction to the Assessment of Adaptation by Ancient Highland Immigrants (Alto Ramirez) to Coastal Conditions at Pisagua, North Chile[END_REF], health [START_REF] Arriaza | Exploring chronic arsenic poisoning in pre-Columbian Chilean mummies[END_REF][START_REF] Boston | Arseniasis and teratogenic anomalies in the Atacama Desert coast of ancient Chile[END_REF], environmental [START_REF] Arriaza | Arseniasis as an environmental hypothetical explanation for the origin of the oldest artificial mummification practice in the world[END_REF][START_REF] Bartkus | Exploring lead exposure in ancient Chilean mummies using a single strand of hair by laser ablationinductively coupled plasma-mass spectrometry (LA-ICP-MS)[END_REF][START_REF] Byrne | Were Chinchorros exposed to arsenic? Arsenic determination in Chinchorro mummies' hair by laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS)[END_REF][START_REF] Fresnais | Recent advances in the characterization of hair of mummies from the Chilean Andean coast[END_REF][START_REF] Hallégot | Accumulations of Ca/P in the core of hairs from Taklamakan desert mummies[END_REF] and cultural [START_REF] Arriaza | Arseniasis as an environmental hypothetical explanation for the origin of the oldest artificial mummification practice in the world[END_REF] studies. In archaeometry, many research works focus on the study of ancient proteins from collagen-based materials, such as bones [START_REF] Aufderheide | Contributions of Chemical Dietary Reconstruction to the Assessment of Adaptation by Ancient Highland Immigrants (Alto Ramirez) to Coastal Conditions at Pisagua, North Chile[END_REF][START_REF] Buckley | Proteome degradation in ancient bone: Diagenesis and phylogenetic potential[END_REF][START_REF] Collins | Analytical methods to detect ancient proteins. In Bio-and Material Cultures at Qumran[END_REF] or skin [START_REF] Bianucci | A Pre-Hispanic Head[END_REF], and from teeth [START_REF] Buckley | Collagen fingerprinting of archaeological bone and teeth remains from Domuztepe, South Eastern Turkey[END_REF][START_REF] Farell | Bioimaging of trace metals in ancient Chilean mummies and contemporary Egyptian teeth by laser ablationinductively coupled plasma-mass spectrometry (LA-ICP-MS)[END_REF], but hair also represents a good alternative or a complement to these other biological remnants that can be rare or whose sampling can be much more invasive. In that regard, obtaining a maximum of information from the minimum of raw archaeomaterial is a crucial issue.

In archaeometrical studies, characterization of ancient hair is mainly based on elemental (Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry -LA-ICP-MS, X-Ray Fluorescence spectroscopy -XRFand Particle Induced X-ray Emission imaging -PIXE imaging), structural (Fourier Transformed InfraRed spectroscopy -FTIRand X-Ray Diffraction -XRD) and biological analyses [START_REF] Wilson | Selective biodegradation in hair shafts derived from archaeological, forensic and experimental contexts[END_REF][START_REF] Lubec | Structural stability of hair over three thousand years[END_REF][START_REF] Bertrand | The fate of archaeological keratin fibres in a temperate burial context: microtaphonomy study of hairs from Marie de Bretagne (15th c., Orléans, France)[END_REF][START_REF] Bertrand | Microbeam synchrotron imaging of hairs from ancient Egyptian mummies[END_REF] but only few research focus on the molecular study of ancient hair proteins and their conservation state [START_REF] Lubec | Protein Oxidation of a Hair Sample Kept in Alaskan Ice for 800-1000 Years[END_REF] and in such cases, they often apply extraction protocols requiring important amounts of raw hair. Current research focus on the optimization of protocols for sample preparation, but also on developing new analytical techniques in order to reduce the initial amounts of raw archaeomaterial without losing any important information.

Proteomic analysis of modern hair is well described in literature [START_REF] Barthélémy | Protéomique qualitative et quantitative, une passerelle pour relier l'expression génomique à la construction des édifices biologiques -Application à la compréhension de la structure moléculaire du cheveu humain[END_REF][START_REF] Barthélémy | Proteomic tools for the investigation of human hair structural proteins and evidence of weakness sites on hair keratin coil segments[END_REF][START_REF] Lee | Proteome Analysis of Human Hair Shaft From Protein Identification to Posttranslational Modification[END_REF] and has led to the molecular characterization of cortical proteins (mainly keratins and KAPs). Our proteomic approach for the characterization of hair in archaeological context will, of course, be based on these studies but will also use specific protocols, adapted to be robust, reproducible and applicable to small amounts of samples. The aim is to ascertain whether keratins and KAPs can still be identified in ancient hair and in that case, to verify if it is possible to go further in their characterization and to detect the post-translational modifications (PTMs). These aspects are complex and challenging since, to the best of our knowledge, there are only few studies on degradation of ancient hair proteins, and only few references for the search of PTMs specific to ageing in archaeological context.

Material and methods

Material and chemicals

Sinapic acid (SA), ammonium bicarbonate (NH4HCO3) and sodium dodecyl sulfate (SDS) were purchased from Fluka (Buchs, Switzerland). Iodoacetamide (IAM), DLdithiothreitol (DTT), Trizma® hydrochloride (Tris-HCl, buffer solution for proteins), thiourea, sodium deoxycholate (DCO), proteomics grade trypsin, trichloroacetic acid (TCA), trifluoroacetic acid (TFA), formic acid (FA), dichloromethane (DCM), acetonitrile (ACN) and acetone were from Sigma Aldrich (St. Louis, MO, USA). Urea was bought from Acros Organic (Geel, Belgium). Methanol (MeOH) and propan-2-ol (iPrOH) were supplied by Hipersolv CHROMANORM® (VWR Chemical Prolabo®, Radnor, PA, USA). Ethanol was from AnalaR Normapur® (VWR Chemical Prolabo®, Radnor, PA, USA). Ultrapure water was produced with a water purification Purelab® UHQ system (ELGA LabWater VEOLIA Water, Anthony, France). Dialysis cartridges (Slide-A-Lyzer 3.5 kDa, 3-12 mL) were from Thermo Scientific Pierce (Thermo Fisher Scientific Inc., Waltham, MA, USA) and SeP-Pak C18 1cc Solid Phase Extraction cartridges (SPE, 100 mg sorbent, particle size 55-105 µm, pore size 125 Å) were from Waters (Milford, MA, USA).

Modern and archaeological samples

Modern hair samples were taken from a man of European descent (country of origin France) who had not been exposed to any cosmetic or chemical treatment, such as perming, bleaching or dyeing. This sample was used as control for the first steps of the protocol optimization. We focused in the present study on one hair sample belonging to a larger corpus studied in the framework of a project in collaboration between the Laboratory of The mummies of the corpus were recovered from excavations conducted in the 1960's in the north of the Atacama Desert, on the coast of Arica and Parinacota region in Chile, and are conserved at the Museum San Miguel de Azapa of the University of Tarapacá (Arica, northern Chile). Moreover, the mummy bundle studied in this work, PLM7_T119, was found in the Playa Miller 7 archaeological site (Arica valley) by Guillermo Focacci in 1974[START_REF] Focacci | Excavaciones en el cementerio Playa Miller 7, Arica (Chile)[END_REF]. Thanks to radiocarbon dating of its hair [START_REF] Richardin | A new protocol for radiocarbon dating of hair and keratin type samples-application to an Andean mummy from the National Museum of Natural History in Paris[END_REF][START_REF] Richardin | Radiocarbon dating of mummified human remains, Application to a series of Coptic mummies from the Louvre Museum[END_REF], this mummy bundle was dated to 3880 ± 30 years BP -2123-1777 cal. years BCat the transition between Archaic (6500 -1700 years BC) and Formative (1700 years BC -500 years AD) periods.

As stated in the R.1211-49 article of the French Public Health Code, hair is not subject to the CODECOH regulation, which frames the preparation, the conservation, the importation or the exportation of human biological materials. No ethics committee approval was then required for this work in a French laboratory.

Hair cleaning workflow

Hair samples were cut into small sections, immersed in ultrapure water and placed in an ultrasonic bath for a few seconds to remove the solids and mineral surface contaminations (Fig. 1). After water removal, hair samples were then washed with a mixture of DCM/MeOH 1:1 (v/v) to remove organic coating materials, decomposition fluids and eventual varnishes or synthetic resins. The samples were then thoroughly rinsed once with ultrapure water, once with acetone, and three times with ultrapure water.

Protocol 1 for extraction, precipitation and digestion of hair proteins (P1)

Cortical proteins from 15 mg of cleaned hair were extracted following the protocol described by Richardin and co-workers [START_REF] Richardin | A new protocol for radiocarbon dating of hair and keratin type samples-application to an Andean mummy from the National Museum of Natural History in Paris[END_REF][START_REF] Richardin | Radiocarbon dating of mummified human remains, Application to a series of Coptic mummies from the Louvre Museum[END_REF] and this was completed by a digestion protocol adapted from the work of Barthélémy [START_REF] Barthélémy | Protéomique qualitative et quantitative, une passerelle pour relier l'expression génomique à la construction des édifices biologiques -Application à la compréhension de la structure moléculaire du cheveu humain[END_REF] (Fig. 1).

Samples were immersed in 6 mL of a 0.13 M DTT, 0.03 M SDS and 25 mM Tris-HCl solution and left for 2 days at 50°C without agitation. Under these conditions, the only residue was the cuticle emptied of the cortex and medulla. After extraction, the soluble and insoluble materials were separated, and the proteins present in the soluble fraction were purified by precipitation with 50 μL of a 2 % DCO solution and 500 μL of a 100 % TCA solution, forming a pellet. After centrifugation, the pellets were purified using acetone in ice bath, abundantly rinsed with ultrapure water, so that there was no trace of acetone left, and the pad was finally lyophilized overnight. 1 mg of protein extract was then resuspended and reduced at 60°C for 1 hour in a solution at 25 mM NH4HCO3 and 20 mM DTT.

The sample was alkylated with 40 mM IAM during 1 hour at 25°C in the dark and precipitated with 2.5 volumes of EtOH, rinsed with 70 % EtOH and dried with N2. Alkylated proteins were resuspended in 1 mL of 100mM NH4HC03 and 2M urea solution, and digested at 37°C overnight with 1 µg of trypsin. Digestion was quenched with 0.2 % FA and samples were finally desalted using Sep-Pak C18 1 cc SPE cartridges. Digests were rinsed with H2O 0.1 % FA and a mixture of ACN/H2O 0.1 % FA (1:1, v/v) was used for the elution of the peptides. Desalted digests were concentrated to dryness by vacuum centrifugation and stored at -20°C or resuspended in 50 µL ACN/H2O 0.1 % FA (1:1, v/v) for further analyses.

Protocol 2 for extraction of hair proteins (P2)

The extraction protocol was adapted from the experimental procedures given by Lee & al. and Barthélémy (Barthélémy, 2011;[START_REF] Lee | Proteome Analysis of Human Hair Shaft From Protein Identification to Posttranslational Modification[END_REF] dedicated to proteomic studies of modern hair (Fig. 1). After the cleaning step, 15 mg of cleaned hair samples were immersed in 6 mL of the extraction solution containing 7 M urea, 2M thiourea, 50 mM DTT, 50 mM Tris-HCl (buffer solution, pH 7.5) and 0.1 % Triton X-100. Hair was incubated without agitation for 18 hours at 37 °C. After decantation, the soluble (protein extract) and insoluble materials (mostly cuticle) were separated and the protein extract was alkylated with 1 M IAM and 3 M Tris-HCl for 10 minutes in the dark at room temperature. The alkylated extract was then dialyzed in 3500 MWCO Slide-A-Lyzer dialysis cartridges against water (two changes) over 2 days and the extract was lyophilized overnight. Finally, the extract was reduced and digested following the same workflow as for Protocol 1.

Protocol 3 for extraction and digestion of hair proteins (P3)

Initial experiment was led on 1 mg of cleaned hair using a protocol adapted from the work of Solazzo and coworkers dedicated to the study of archaeological keratinized fibers [START_REF] Solazzo | Species identification by peptide mass fingerprinting (PMF) in fibre products preserved by association with copper-alloy artefacts[END_REF] (Fig. 1). Samples were immersed in 1 mL of a solution of 8 M urea and 50 mM DTT in a 100 mM NH4HCO3 pH 9.1 buffer, and incubated with gentle agitation for 4 hours at room temperature. The soluble (protein extract) and insoluble (mostly cuticle) materials were separated and the protein extract was alkylated with 40 mM IAM for 45 minutes in the dark at room temperature. The alkylated extract was then digested at 37°C overnight by adding an equivalent volume of 50 mM NH4HCO3 pH 8.3 buffer and 10 µg of trypsin. Digestion was quenched with 0.2 % FA and samples were finally reduced to 1 mL by vacuum centrifugation and desalted using Sep-Pak C18 1 cc SPE cartridges. Digests were rinsed with water 0.1 % FA and ACN/H2O 0.1 % FA (1:1, v/v) was used for the elution of the peptides. Desalted digests were concentrated to dryness by vacuum centrifugation and stored at -20°C or resuspended in 50 µL ACN/H2O 0.1 % FA (1:1, v/v) for further analyses.

Peptide mass fingerprinting by Matrix Assisted Laser desorption/Ionization -Time of Flight -Mass Spectrometry

The matrix assisted laser desorption-ionization mass spectrometry (MALDI-MS) analyses were conducted on an Autoflex II MALDI -Time of Flight (TOF) -mass spectrometer (Bruker Daltonics, Bremen, Germany). The device was featured with a pulsed nitrogen laser emitting at 337 nm and operated at an extraction voltage of 20 kV. The SPE desalted hair digests were resuspended in 50 µL ACN/H2O 0.1 % FA and deposited on a stainless steel target as dry droplets with a saturated solution of SA, in ACN/H2O 0.1 % TFA (1:1, v/v). Gated suppression was applied in order to prevent any saturation of the detector by matrix ions. 1000 laser shots were averaged for each spectrum and acquisitions were realized in positive linear mode, adapted to compounds between 2 and 30 kDa. Laser power was optimized and kept constant for the different samples. Bruker Protein Calibration Standard I (4000 to 20,000 Da) was used for calibration and spectra were processed with the Flex Analysis 3.4 software (Bruker Daltonics).

Peptide analysis and protein identification by nano Liquid Chromatography -Electrospray Ionization -Tandem Mass Spectrometry

Desalted tryptic digests, resuspended in 50 µL ACN/H2O 0.1 % FA, were separated on an Ultimate 3000 nano-flow liquid chromatography device (Dionex, Thermo Scientific). The solvent system consisted of water with 0.2 % FA (Solvent A) and acetonitrile with 0.2 % FA (Solvent B). Samples were first loaded onto a reversed phase C18 pre-column (PepMap100, 5 µm particles, 100 Å pore size, 300 µm i.d.) at a flow rate of 20 µL/min with 2 % B. They were then transferred on-line to the analytical reversed phase C18 column (75 µm i.d. x 15 cm, 3 µm particle, 100 Å pore size, Acclaim PepMap100 NanoViper from Thermo Fisher) and peptides were separated at a flow rate of 300 nL/min, using a gradient from 2 % B to 55 % B. The column outlet was connected to a microTOF-Q II mass spectrometer (Bruker Daltonics) through a stainless steel nano-spray needle. Acquisition for the detection of precursor ions (MS) and fragmented product ions (MS/MS) was made in positive mode.

Capillary voltage was set to -4.5 kV, nebulizer gas to 0.4 bar, dry gas to 4.0 L/min, source temperature to 180°C and data acquisition for spectra collection was set to 2 Hz. For each MS scan, 3 precursor ions were selected for fragmentation and the total duty cycle was then 2 sec. Mass range for both MS and MS/MS scans was m/z 100 to m/z 3000. MS/MS data were then processed through SwissProt (Sp_20130109_decoy) and Human_Up11-6_decoy databases using the Mascot 2.2.06 search algorithm developed by Matrix Science in Biotools 3.2 and ProteinScape 3.1 softwares (Bruker Daltonics). Trypsin cleavage rules were applied and the mass tolerance for precursor ions was set to ± 30 ppm and to ± 0.5 Da for fragments, allowing a maximum of 3 missed cleavages. N-terminal glutamine cyclization (-17.03 Da), N-terminal acetylation (+42.01 Da), carbamidomethylation of cysteine (+52.02 Da), N-terminal carbamylation (+43.01 Da), deamidation of asparagine and glutamine (+0.98 Da) and methionine and cysteine oxidation (+15.99 Da) were selected as variable modifications.

Research was processed using decoy databases in order to obtain the peptide false discovery rates (FDR) for each sample. A manual validation was made on the identification results by fixing the protein FDR to a maximum of 1 %. Only proteins respecting this fixed FDR value and yielding a Mascot score above 80, as well as at least 2 unique peptides, were accepted as identified. Moreover, peptides were accepted only when they yielded a Mascot score above 20 and p value under 0.05. In order to verify the reproducibility of the workflows and the analysis while preserving the samples, preparation of hair with each protocol was duplicated and each digested sample was analyzed twice by nanoLC-MS/MS. To check the absence of contaminants from the laboratory environment, such as modern keratins, control samples were realized for each set of samples with ultrapure water, using the same protocol and at the same time as hair samples.

Results and Discussion

Three protocols adapted from the literature were applied to cleaned hair samples.

Protocol 1 (P1) was adapted from the workflow for sample preparation for accelerator mass spectrometry (AMS) measurements [START_REF] Richardin | A new protocol for radiocarbon dating of hair and keratin type samples-application to an Andean mummy from the National Museum of Natural History in Paris[END_REF][START_REF] Richardin | Radiocarbon dating of mummified human remains, Application to a series of Coptic mummies from the Louvre Museum[END_REF] on ancient hair. It was designed to selectively extract proteins from archaeological keratinized materials, while removing all traces of exogenous compounds in order to prevent any misleading results for the dating of ancient hair. We also added several steps for protein digestion and peptide digest desalting in order to complete the sample preparation for nanoLC-MS/MS analyses. This workflow presents some key steps with a high risk of material losses, such as protein precipitation and purification, and thus requires important material amounts. Richardin and coworkers indeed mentioned that they recovered about 20 % in mass of proteins with this workflow and this, from more than 30 mg of raw ancient hair. Protocol 2 (P2) was adapted from the work of Lee et al. and Barthélémy (Barthélémy, 2011;[START_REF] Lee | Proteome Analysis of Human Hair Shaft From Protein Identification to Posttranslational Modification[END_REF]. These works were dedicated to the study of important amounts of modern hairtypically between 40 and 100 mgin order to identify a maximum of hair proteins along with their location in the fiber and their molecular modifications. Protocol 3 (P3) was adapted from the work of Solazzo [START_REF] Solazzo | Species identification by peptide mass fingerprinting (PMF) in fibre products preserved by association with copper-alloy artefacts[END_REF] for the protein extraction and digestion, and aimed to analyze ancient proteins in small amounts of keratinized archaeomaterials, typically less than 1 mg.

In the case of P1 and P2, working on too small hair amounts could lead to technical complications and significantly reduce the extraction rate, but due to the preciousness of our samples it is impossible to work on quantities as large as those described in the literature for these two first workflows.

In the scope of this work, the initial amounts of hair were then set to 15 mg for both P1 and P2, while the first experiments with P3 were conducted on 1 mg. This last quantity was not similar to the two others in order to stay in the mass range of the original study but this difference will be taken into account for the result interpretations. Preserving the archaeological samples is a crucial issue regarding their preciousness and thus, optimizations of extraction and digestion protocols, of nanoLC-MS/MS parameters and of MALDI-TOF-MS parameters were done on modern hair. For proper comparison of modern and ancient samples, each type of hair was cleaned and prepared for analyses using the same protocols described in the experimental section. Desalted digests were analyzed by MALDI-TOF-MS in order to visualize the peptide mass fingerprint of the different samples.

Desalted digests were also processed through nanoLC-MS/MS to separate and to analyze the hair peptides. This enabled us to identify the proteins present in the different samples and to study their molecular modifications.

First observations on the three chosen protocols with modern hair

After the cleaning step common to the protocols, P1 and P2 were first applied to 15 mg of modern hair and P3 to 1 mg of hair. During the extraction step of proteins from modern hair, no clear change was visible with any of the three applied protocols. Hair seems to remain almost intact, hair color is quite similar and fibers seem to be a little more flexible but keep the same shape (Supplementary information Fig. S-1). The protein extractsoluble partshows a very light brown coloration almost not visible at first sight. The more obvious observation is the complexity of P1 and P2 in comparison to P3. They require many stages, are time-consumingmore than five daysand poorly reproducible due to their multiple steps of precipitation-rinsing or of dialysis. Important initial amounts of raw hair are thus necessary in order to ensure the recovery of enough digested material to enable protein identification.

Moreover, the use of TCA and acetone can induce protein modifications, such as proteolysis due to the high acidity of TCA or glycine modification due to acetone washing [START_REF] Simpson | Acetone Precipitation of Proteins and the Modification of Peptides[END_REF], and thus leads to misinterpretations on the conservation state of the samples. On the contrary, P3 is much easier, requires little timeless than two days -and shows a good reproducibility. The molecules of interestproteins or peptidesremain solubilized throughout the entire process, from protein extraction to vacuum drying of SPE desalted digests. This highly improves reproducibility, minimizes sample losses and enables to work on small amounts of raw material, such as 1 mg. Given these observations, P3 is very promising in the scope of our project since it is crucial to preserve the integrity of the studied archaeomaterials. However, the compatibility of P3 with nanoLC-MS/MS analysis and the quality of mass results of P3 versus P1 and P2 remain to be verified.

MALDI-TOF-MS and protocol efficiency on modern hair

As mentioned before, MALDI-MS analyses were performed on SPE (C18 cartridges) desalted hair digests to visualize the peptide fingerprint of modern hair and to verify the efficiency of the digestion step for the three different protocols. A first experiment was realized on 1mg of protein extracts from P1 and P2, which were digested as described in Protocol 1 (data not shown). Regarding peptide distributions and intensities, MALDI-MS spectra show highly similar profiles for both hair digests and also for the control sample (ultrapure water processed through the same workflows than hair samples) which exhibits peaks from trypsin autolysis. The most significant differences compared to the control sample are two main peak groups at mass to charge ratios (m/z) 6500 and 8400 and three smaller ones at m/z 6900, 7200 and 9200, but for both protocols, the results are not particularly conclusive.

Digestion in Protocol 1 requires a complex workflow whereas digestion in Protocol 3 is much easier to execute. In addition, it is more relevant to compare MS results from the digests of the three protocols if the digestion workflow is the same for the three protein extracts. 1 mg of P1 and P2 extracts were then prepared using the Protocol 3 digestion workflow as for the entire protein extract recovered from P3. The three peptide profiles are well resolved but quite different one from another and also from the control sample (Fig. 2).

The difference of the hair samples with the control sample comes mostly from the high number of different peptides and from the lower relative intensities of peaks from trypsin autolysis in hair digests. These two points seem to point out the successful and efficient digestion of hair proteins.

NanoLC-MS/MS for identification of modern proteins and molecular degradation

SPE desalted peptide digests from the three protocols were processed through nanoLC-MS/MS analysis in order to identify modern hair proteins and to study the molecular degradation of modern hair, coming either from natural occurrence or induced by the treatment (Fig. 3, Supplementary information Table S-1). With the applied analysis technique -microToF-Q II mass spectrometerno peptide or protein is identified in the control samples, even when searching for other taxonomies than "Homo Sapiens", thus showing the absence of detectable modern contaminants in our hair samples.

In P1 digests from the Protocol 1 digestion, more than 600 spectra were detected and the Mascot algorithm was able to match 15 % of the spectra, from which it was possible to identify and accept 19 different proteins. Among them, 4 hair keratins were found out of the 18 described in literature [START_REF] Szeverenyi | The Human Intermediate Filament Database: comprehensive information on a gene family involved in many human diseases[END_REF]. On the other hand, 1001 spectra were recovered from P1 samples after the Protocol 3 digestion and 41 % of spectra corresponded to database spectra. This enabled to accept 19 proteins, including 9 described human hair keratins. With P2 after the Protocol 1 digestion, 395 spectra were detected and only 9 proteins were identified from 6 % of matched spectra, including only 2 hair keratins. As for P1, 1001 spectra were recovered from P2 samples after the Protocol 3 digestion, but Mascot research yielded only 5 % of matched spectra and 14 identified proteins with 5 described hair keratins. P3 enables to detect about 750 spectra in the analyzed digests and to identify 23 different proteins from 33 % of matched spectra, including 8 keratins out of the 18 expected for human hair.

With this technique, it was also possible to study the molecular modifications of the keratins detected in modern hair and more particularly in digested samples from P1 and P3.

The main modifications observed are induced by the different treatments, such as carbamylation or carbamidomethylation that come from extraction with urea [START_REF] Lippincott | Carbamylation of Cysteine: A Potential Artifact in Peptide Mapping of Hemoglobins in the Presence of Urea[END_REF][START_REF] Preedy | Adhesion Molecules[END_REF] and alkylation with IAM [START_REF] Rombouts | Improved identification of wheat gluten proteins through alkylation of cysteine residues and peptidebased mass spectrometry[END_REF]. It should be noted here that the use of NH4HCO3 buffer is known to inhibit protein carbamylation induced by urea [START_REF] Sun | Inhibition of protein carbamylation in urea solution using ammonium-containing buffers[END_REF], however the applied NH4HCO3 concentrations are too low in this work to completely prevent these modifications that are then still detectable in the different digests. When carbamylations and carbamidomethylations are not taken into account, an average of 15 to 35 % of matched spectra exhibit different post-translational modifications (PTMs) such as deamidation of glutamines and asparaginesless than 30 % of deamidated sites on average, and oxidation of cysteinesless than 35 % of oxidized sites (Fig. 3). Occasional methylation of aspartic and glutamic acids, oxidation of methionines, Nterm cyclization of glutamines and N-term acetylation were also identified.

Percentages of peptides with no, low (1) or high (2 and 3) number of miscleavages were also calculated in order to check the efficiency of the two digestion protocols. Results showed that digestion of Protocol 1 leads to higher number of miscleavages for P1 and P2 protein extracts with less than 60 % of peptides with no miscleavages, 25 to 40 % with only 1, and 19 to 30 % with 2 or 3. On the other hand, P1 and P2 digests from digestion of Protocol 3 exhibit more than 90 % of peptides with no miscleavage, less than 10 % with 1 miscleavage and less than 2 % with 2 or 3 miscleavages. P3 yields also good percentages of peptides with 0 or only 1 miscleavagerespectively 77 % and 19 % -and a low percentage of peptides with 2 or 3 miscleavages -5 % (Fig. 4).

These results once again highlight the very promising behavior of P3 for hair protein analysis. Indeed, regarding the better identification results for expected hair keratins, the higher percentages of matched spectra and the higher rate of low miscleavages (0 or 1 miscleavage), digestion of Protocol 3 yields a much better efficiency than Protocol 1 digestion (Fig. 3, Supplementary Information Table S-1). In addition, 1001 spectra were recovered from both P1 and P2 samples digested as described in Protocol 3, while less than 600 and 400 spectra were respectively obtained for P1 and P2 samples digested as described in Protocol 1. This difference comes very likely from the low reproducibility of the protein precipitation-rinsing step in Protocol 1 digestion. Moreover, despite the small initial amount of raw hair, and in comparison with P1 and P2, P3 enables to easily obtain with a good reproducibility, a quite satisfying identification of the major hair proteins with high sequence coverages between 40 and 80 % (Supplementary information Table S-1). P1 yields better identification results than P3 with higher percentages of matched spectra, more identified proteins with similar or higher sequence coverages but from a 15 times higher amount of raw hair than P3. P2 however shows much poorer results than the two other protocols since less than 6 % of detected spectra could match with the databases. In addition, proteins are not well identified and sequence coverages are lower than 30 %, despite the same amount of raw hair as P1 and a 15 times higher initial amount of hair than P3. In the scope of this project, and regarding the preciousness of archaeological samples, P3 was then selected to be further tested on the archaeological hair samples, while P1 and P2 were set aside for the following of the study.

Analysis of hair from an Andean mummy

After optimization on modern hair, the most promising workflow -P3was applied to 1 mg of hair from a 3500-year-old Andean mummy. Early global observations pointed out the first indicators of the molecular degradation of ancient hair. While no clear change was detectable on modern hair during protein extraction, archaeological fibers were almost completely solubilized during the same extraction time, giving a yellow solution mostly made of cortical proteins, melanins and internal lipids, and a tubular colorless insoluble residue composed by the outer layers of the cuticle (Supplementary information Fig. S-1). Further testing on P3 showed that archaeological sample was almost solubilized after about 1 hour while modern hair could be extracted during 48 hours without any significant change. This difference of behavior between modern and archaeological samples could be explained by molecular modifications, such as the probable alteration of inter-and intramolecular interactions inside hair, thus weakening the cohesion of archaeological fibers and fostering the protein extraction process. In particular, disulfide bridges are an abundant molecular interaction in hair that gives its great robustness to the fiber. They are however very sensitive to oxidation, a frequently occurring modification in archaeological context, that could dramatically reduce the hair resistance to the protein extraction step. MALDI-MS spectra of archaeological hair digests exhibit similar masses in the low mass range to that of modern hair digests. However, peptides from ancient hair seem less abundant and distributed on a narrower mass range at low m/z ratios (Supplementary information Fig. S-2). These observations altogether seem to point out the molecular degradation of ancient samples and the probable fragmentation of protein assemblies.

Finally, as with modern samples, hair from the mummy was analyzed by nanoLC-MS/MS (Fig. 3, Supplementary information Table S-2). 1001 spectra were recovered from P3 and enabled to identify 11 archaeological proteins from 25 % of matched spectra, including 8 described hair keratins. Major hair keratins are still well identified in ancient hair but only few KAPs and other minor hair proteins were detected thus pointing out a probable more advanced degradation (Fig. 3). Among these major identified keratins, 7 were also found in modern hair: KRT31, KRT33a, KRT33b, KRT 34 (Type I), KRT83, KRT85 and KRT86 (Type II). The study of PTMs was then applied to these 7 specific proteins, so that the interpretations and discussions could be more accurate.

As for modern hair, treatment-induced modifications are still present on an important part of peptides from both protocols, but in the case of archaeological samples, they are not the major modifications. When these are not taken into account, more than 75 % of matched spectra on average show the presence of PTMs. More specifically, P3 digest from ancient hair exhibits more than 85 % of modified deamidation sites against less than 30 % in modern hair, and more than 35 % of the identified cysteines are oxidized with 25 % of trioxidated cysteines on average against less than 10 % of trioxidation for modern cysteines (Fig. 3). Despite a good identification of ancient proteins in the hair from the studied mummy, with high sequence coverages for the 6 main keratins in the range 35-75 % (Supplementary information Table S-2), these results seem to highlight an advanced molecular degradation of ancient hair proteins that have now to be studied further.

Minimization of raw hair amounts

In archaeometrical study, preserving the integrity of studied artefact is a crucial concern. It is then primordial to minimize as much as possible the amounts of archaeological samples required for the different analyses without creating new technical difficulties or risks of sample losses. P3, which was first applied to 1 mg of raw ancient hair, was then tested on 500 µg and 200 µg of archaeological hair (Supplementary information -Table S-2). The 500 µg sample gave globally similar MALDI-MS and nanoLC-MS/MS results than for 1 mg of hair without changing the dilution factor. 790 spectra were indeed detected and 22 % of spectra could be matched with database spectra, enabling to identify 7 proteins. Among them, 6 were expected hair keratins, all common to digest from 1 mg of ancient hair and to modern hair digest. On the other hand, workflow was more difficult to apply to 200 µg of hair because of the weighing and cleaning steps on such small samples, and quality of MS and MS/MS results was also poorer due to the lack of material. 700 spectra were detected and 6 hair keratins were identified but only 15 % of matched spectra were obtained and identification results showed lower sequence coverages and Mascot identification scores.

Further considerations

The results presented here gave new insights into the understanding of hair protein alteration processes and could be extended to the study of molecular modifications induced by heavy metals, which were an important environmental pollutant already in ancient times.

This work could also be helpful for the study of modern phenomena, such as the degradation and ageing processes of modern capillary materials or the impact of our environment on our organism. For further validation of this optimized workflow dedicated to the proteomic analysis of archaeological hair, our method can be evaluated further by independent laboratories internationally.

Conclusions

In this report, we described the development of a proteomic approach for a new insight in the characterization of hair from Andean mummies. First, tests and optimizations of the three chosen protocols were done on modern hair and the most promising protocol -P3was selected for further optimization on archaeological hair. With this workflow, it was indeed possible to lower the initial hair amounts to 500 µg while maintaining a good quality of MS/MS data, especially for the 6 main keratins with high sequence coverages and high identification scores in the range 1100-4000. P3 was then selected for the following of this work on hair from Andean mummies with initial hair amounts of 500 µg. This workflow helps not only to successfully identify main proteins from very small amounts of a quite complex material with high identification scores and high sequence coverages, but also to go further in the characterization of this material with the study of PTMs. We were then able to identify main ancient keratins from hair of a prehispanic mummy and to assess for the first time the molecular preservation of ancient hair by a proteomic approach. In terms of methodology, our work enables to apply a proteomic approach to precious and rare samples not only in the context of archaeometrical studies but also for any applications that would require the use of very small amounts of sample.

The results presented here collectively open the way for new insights into the understanding of hair protein alteration processes such as those due to ageing and ecological exposures.
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