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Abstract
Ancient proteomics is being applied to samples dating further and further back in time, with many palaeontological specimens providing protein sequence data for phylogenetic analysis as well as protein degradation studies. However, fossils are a precious material and proteomic analysis is destructive and costly. In this paper we consider three different techniques (ATR-FTIR, MALDI-ToF MS and chiral AA analysis) to screen fossil material for potential protein preservation, aiming to maximise the proteomic information recovered and saving costly time consuming analyses which may produce low quality results. It was found that splitting factor and C/P indices from ATR-FTIR were not a reliable indicator of protein survival as they are confounded by secondary mineralisation of the fossil material. Both MALDI-ToF MS and chiral AA analysis results were able to successfully identify samples with surviving proteins, and it is therefore suggested that one or both of these analyses be used for screening palaeontological specimens. 

1. [bookmark: _glpgcft3p5qp][bookmark: _pnsami3pfe2o][bookmark: _u1xlygk2m4zb]Introduction
The analysis of proteins from fossils (‘palaeoproteomics’) has been valuable in the phylogenetic analysis of extinct taxa, as well as for understanding protein degradation [1,2,3]. The leading analytical method for palaeoproteomics is soft-ionisation mass spectrometry, particularly liquid chromatography tandem mass spectrometry (LC-MS/MS), which can characterise peptides and ultimately whole proteomes [4,5,6,7,8,9]. However, this is a costly and destructive technique to use on valuable fossil material. Therefore, several techniques have been developed to act as screening methods to select promising fossil samples for proteomic analysis [10, 11, 12, 13, 14]. However, the reliability of these techniques to accurately predict protein survival has yet to be tested.

In this study, bone  samples were tested using 3 commonly used screening methods; attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), chiral amino acid (AA) analysis using reverse phase-high performance liquid chromatography (RP-HPLC), and matrix assisted laser desorption ionisation- time of flight mass spectrometry (MALDI ToF-MS). A selection of these samples were also analysed using LC-MS/MS and the level of proteomic recovery is plotted alongside the individual screening method datasets, helping to determine overall trends and the reliability of these methods. 

The three screening methods chosen for this study were selected because they are relatively inexpensive, rapid in throughput, and provide complementary information on inorganic and organic preservation. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) has been shown to be a fast, minimally destructive technique for assessing archaeological and fossil bones [15]. The presence of organics (such as proteins) can be inferred through the presence of amide peaks [13, 16], and the technique also allows evaluation of the inorganic content via assessment of the infrared splitting factor (IRSF) and carbonate to phosphate ratio (C/P) [17]. Measuring the IRSF of the mineral component of bone provides information about how ordered the crystals are in the matrix. Large, regularly organised crystals and those with fewer impurities (such as carbonate) will have a higher IRSF, while modern bone tends to have a low IRSF [17]. An increase in IRSF in bone shows the sample has undergone alteration and suggests loss of the organic content which would allow space for these new crystals to form. The carbonate to phosphate ratio (C/P) is another criterion that is commonly used to show alteration in the bone mineral and therefore potential organic loss [18]. 

MALDI-ToF MS has become commonly used in archaeological studies to identify peptides that provide taxonomic identification (often referred to as ZOOarchaeology through Mass Spectrometry or ZooMS [19, 20, 21, 22]. This technique is fast, inexpensive, and minimally destructive, requiring only 15-30 mg of bone. It is also advantageous because the remaining sample extraction can be sent directly for LC-MS/MS analysis without further sample preparation. This method has already been used as a screening method for fossil samples [1, 23, 24] and can provide a direct indication of surviving proteins. 

Chiral AA analysis has been used for decades to analyse a wide variety of fossil samples, mainly as a means of relative dating using amino acid racemisation [25, 26, 27, 28, 29, 30, 31], but also to prove authenticity of surviving peptides [2, 32, 33] and investigate protein degradation [34, 35]. It can also be used to investigate possible modern contamination. The D-form of alanine and glutamic acid can be found in certain bacterial cell walls [36]. Therefore, an increase in the D/L values of these amino acids, over other faster racemising amino acids, may imply bacterial infiltration of the bone. If an ancient sample shows low levels of racemisation, this can be indicative of modern contamination [37] as well as an amino acid profile that is not consistent with bone [33]. 

The overall aim of this paper is to verify the use of ATR-FTIR, AA analysis, and MALDI-ToF as a means to accurately predict the level of surviving proteomic information from fossil samples prior to further destructive sampling. Once a reliable non/minimally destructive screening method(s) is established, it is hoped that more palaeontological samples will be able to be proteomically examined, enabling a better understanding of protein survival into deep time. 

2. [bookmark: _dlpp5xjo9h69]Materials and methods
[bookmark: _jn71jd3yuxxc]2.1 Sample information
133 bone samples from various locations (Arctic, North America, Caribbean, South America), covering a wide time span (Holocene-Cretaceous), and 34 collagen extracts left over from radiocarbon dating bone from Rancho La Brea tar pits, were analysed using a combination of ATR-FTIR, AA analysis and MALDI-ToF MS. Cortical bone was selected for these analyses when possible. 18 bone samples and 4 radiocarbon extract samples were also analysed using LC-MS/MS and the level of proteomic recovery was compared to the screening results. The radiocarbon  samples from Rancho La Brea were selected as it has been shown that proteomic information may be retrieved from collagen samples purified for radiocarbon analysis, which would otherwise be discarded [37, 38, 39]. Sample information and the results of each of the analyses can be found in the SI. Fewer samples were tested for FTIR than for the other two methods due to external circumstances and this is taken into account when evaluating the results. 

[bookmark: _wdoskwssm2zi]2.2 Methods
[bookmark: _twgg2u4aw90y]2.2.1 ATR-FTIR
All samples were crushed to a fine powder using a cleaned pestle and mortar before being analysed. The whole bone was chosen to be analysed as this would be the least destructive to the fossil material. Approximately 2-5 mg of the bone powder was analysed using an Alpha Platinum FTIR-ATR spectrometer with a diamond crystal, following the methods of Kontopoulos et al. [41].  In order to ensure good contact between the diamond crystal (used to pass the IR beam into the sample) and the sample itself, the pressure of the applicator was controlled using a pressure control spot.  Both the applicator and the plate were cleaned with ethanol between samples. The resulting spectra were analysed using OPUS 7.5 software and the IRSF, and C/P were calculated using the formulas outlined in Kontopoulos et al. [41]. 

[bookmark: _u0qkzt3nj5kp]2.2.2 Chiral AA analysis
Samples were prepared for amino acid analysis using a modified version of the protocol outlined in [42]. Approximately 1 mg of sample was hydrolysed in 7 M hydrochloric acid (100 µL per mg) in a sterile glass vial under N2 for 18 hours at 110OC. After hydrolysis, the samples were placed into a centrifugal evaporator and spun to dryness before being re-hydrated in 0.01 mM L-homo-arginine (an internal standard). The samples were analysed by RP-HPLC using an Agilent 1100 HPLC following a slightly modified protocol set out by Kaufman and Manley [43]. It must be noted that during hydrolysis both asparagine and glutamine can undergo deamidation to aspartic acid and glutamic acid respectively [44]. Therefore, it is not possible to differentiate between these amino acids, and as such, are referred to as Asx and Glx respectively, in amino acid studies. The chromatograms were analysed using Chemstation, and an in-house VB application.

[bookmark: _ocl0m7bq5164]2.2.3 MALDI-ToF MS
[bookmark: _5o9f23e2r5ne]Bone sample preparation
The samples were prepared using a slightly modified protocol set out by Welker et al. [21]. Between 15-30 mg of bone was demineralised in 0.6 M hydrochloric acid (HCl), washed in 0.01 M sodium hydroxide to remove any potential humic contaminants and three times in 50 mM ammonium bicarbonate (Ambic). The samples were then heated at 65OC for 1 hour to allow any available proteins to solubilise into solution. After heating, the samples were split; 50 µL was pipetted into a clean plastic microcentrifuge vial and stored in the freezer for additional analysis if needed. The other 50 µL was digested overnight using 1 µL of 0.5 µg/µL porcine trypsin in trypsin resuspension buffer (Promega, UK) at 37OC and the digestion was stopped by the addition of trifluoroacetic acid (TFA) at a concentration of 0.5-1% of the total solution. The samples were desalted using C18 zip-tips [44] and eluted using 100 µL of 50% acetonitrile (ACN)/0.1% TFA (v/v). The zip-tipped samples were spotted in triplicate onto a MTP384 Bruker ground steel MALDI target plate. 1 µL of sample was pipetted onto each sample spot before being mixed with 1 µL of α-cyano-4-hydroxycinnamic acid matrix solution (1% in 50% acetonitrile / 0.1% trifluoroacetic acid (v/v/v)). 

[bookmark: _6qc746d4f024]Radiocarbon extract sample preparation
The collagen from these samples had been previously extracted for radiocarbon dating; see Fuller et al. [46] for the detailed protocol and the radiocarbon results. In brief, samples were crushed, sonicated in a mix of toluene and methanol to remove the tar, demineralised, gelatinised, and ultrafiltered twice with the 3-30 kDa fraction being retained for radiocarbon analysis. A subsample (approximately 1 mg each) was taken from each sample of purified freeze-dried collagen. The protocol follows the same steps as the bone preparation from digestion onwards. The final zip-tipped samples were diluted 1:8 to prevent oversaturation, before being spotted on the MALDI plate. 

[bookmark: _qi930up2l9nk]MALDI-ToF MS
The samples were analysed on a Bruker Ultraflex III MALDI-ToF mass spectrometer. The resulting MS spectra were analysed using mMass [47], an Open Source mass spectrometry interpretation tool. The three spectra for each sample were averaged and the averaged spectrum was cropped between 800-3000 m/z and peak picking was carried out using a signal to noise ratio of 6 [48]. As part of the peak-picking, the baseline was corrected, peaks smoothed using the Savitzky-Golay method, and deisotoping was performed all using the predefined parameters set by mMass [47]. Shoulder peaks were also removed. 

[bookmark: _nmi7esiikamt]2.2.4 LC-MS/MS analysis 
The tryptic digest and the left over 50 µL aliquot of the samples that were selected for LC-MS/MS were dried down and the 50 µL aliquot was re-suspended in 50 µL 100 mM tris(hydroxymethyl)aminomethane solution and digested with elastase (Worthington; USA) at the same concentration in 10% tris solution. The elastase digests were zip-tipped as the tryptic digests described above and then dried down for LC-MS/MS. Two different enzymes were used for digestion in order to increase the sequence coverage [2, 21]. 

The samples were analysed at the Discovery Proteomic Facility (DPF) at Oxford, UK, with the exception of Mylodon (Sample ID 16222) and Scelidodon (Sample ID 17480) which were analysed at the Novo Nordisk Foundation Centre for Protein Research (NNFCPR), University of Copenhagen. In general, the MS methods followed those outlined in Presslee et al. [3]. At Oxford, peptides were separated on a Dionex Ultimate 3000 UPLC (Thermo Fisher) using a linear gradient of 2-35% acetonitrile in 0.1% formic acid / 5%DMSO over 60 minutes and a 50 cm Easyspray column (ES803, Thermo Fisher). Peptide detection was achieved with either a Q-Exactive or a Fusion Lumos mass spectrometer, optimized for maximum sensitivity and spectrum quality (both Thermo Fisher). MS resolution was set to 70,000 on the Q-Exactive (120,000 on Fusion Lumos) with an AGC target of 3e6 (4e5). MS/MS resolution was set to 17,500 (30,000) with an AGC target of 1e5 (3E5). The maximum injection time was 128 ms (120ms) using the 15 most abundant precursor per duty cycle (Top Speed, 2 seconds duty cycle). Collision energy was set to 28% (28% ± 5%) and precursors were excluded for 27 seconds (7 seconds).  The Mylodon and Scelidodon samples were analysed in Copenhagen under the following conditions: MS1: 120 k resolution, maximum injection time (IT) 25/45 ms, scan target 3E6. MS2: 60/30 k resolution, top 10 mode, maximum IT 108 ms, minimum scan target 2E5, normalized collision energy of 28, dynamic exclusion 20 s, and isolation window of 1.2 m/z. 

The RAW files were converted to Mascot generic format files (MGFs) using proteowizard [49] and the MGF files were analysed using PEAKS v.7.5 (Bioinformatics Solutions [50]). The samples were searched against a list of common contaminants (common Repository of Adventitious Proteins: http://www.thegpm.org/ crap), a mammal collagens database, and the proteome of the relevant taxa if available on NCBI (i.e. Equid proteome for the horse samples). The following tolerances were used for the searches; mass tolerance of 0.5 Da for the fragment ions and 10 ppm for the precursor ions, a maximum of 3 missed cleavages and 3 PTMs were allowed per peptide. The protein tolerances were set at 0.5% false discovery rate (FDR), >50% average local confidence (ALC; de novo only) and -10lgP score ≥ 20. Various PTMs were allowed for each search including oxidation (MHW) and hydroxylation of proline (both +15.99), deamidation (NQ; +0.98) and pyro-glu from E (-18.01) as well as a fixed PTM of carbamidomethylation (+57.02) which occurs as part of the sample preparation [2, 51].

2.2.5 Evaluation of the screening methods
In order to establish criteria for each of the screening methods to predict levels of proteomic survival, the results of each of the datasets were plotted alongside the samples that had undergone LC-MS/MS (Table 1). Any patterns and relationships between good sequence recovery and the screening results were investigated. 
[bookmark: _r9geyexkg399]3. Results 
All analytical results are recorded in the SI. 

[bookmark: _cinmwfhs634w]3.1 LC-MS/MS results
 The results of the LC-MS/MS analysis are summarised in Table 1. The number of collagen 1 peptides (both A1 and A2 chains) and % coverage of collagen 1 were recorded for each of the sequenced samples. The evaluation of proteins other than collagen (NCPs) was not possible. Non collagenous proteins are less abundant in bone and are also less stable than collagen. Therefore, even when comparison proteomes were available, very few NCPs were identified. 


	Sample ID
	Species
	Age
	Location
	# Col1 Peptides
	% Col1 Coverage
	# NCPs

	14715
	Paramylodon
	Unknown
	Roseburgh, Oregon
	642
	87
	N/A

	14723
	Nothrotheriops shastensis
	Unknown
	Rampart Cave, Arizona
	528
	79
	N/A

	15191
	Doedicurus
	Late Pleistocene
(Lujanian 8.5-128Ka)
	Camet Norte, Argentina
	867
	90
	N/A

	15194
	Glyptodon
	Late Pleistocene
(Lujanian 8.5-128Ka)
	Buenos Aires, Argentina
	731
	84
	N/A

	15202
	Scelidotherium
	Early Pleistocene (Ensenadan 0.4-1.8Ma)
	Unknown
	475
	76
	N/A

	15216
	Glossotherium
	Middle Pleistocene (Bonarean 128-400Ka)
	Unknown
	837
	88
	N/A

	15225
	Megatherium americanum
	Late Pleistocene (18, 000 BP)
	Bariloche, Argentina
	520
	81
	N/A

	15248
	Palaeosphenicus biloculata
	Early Miocene (Burdingalian15.97-20.44Ma)
	Patagonia, Argentina
	3
	2
	0

	15255
	Palaeeudyptes gunnari
	Eocene (Bartonian 37.8-41.1Ma)
	Marambio/Seymour I, Antarctica
	1
	1
	0

	15548
	Neocnus comes
	Unknown
	Trouing de la Scierie, Haiti
	699
	84
	N/A

	15556
	Parocnus serus
	Unknown
	Trouing Marassa, Haiti
	575
	82
	N/A

	15559
	Acratocnus ye
	Unknown
	Trouing Marassa, Haiti
	696
	86
	N/A

	15564
	Megalocnus zile
	Unknown
	Trou Gallery; Haiti
	6
	6
	N/A

	15565
	Acratocnus
	Unknown
	Trouing Marassa, Haiti
	629
	87
	N/A

	15780
	Neocnus comes
	Holocene (4486 +/- 39 BP)
	Trouing Deron, Haiti
	591
	84
	N/A

	15781
	Neocnus Dousman
	Holocene (9867 +/- 65 BP)
	Trouing Marrasa, Haiti
	614
	74
	N/A

	16222
	Mylodon
	Unknown
	Cueva del Medio, Chile
	1371
	96
	N/A

	17480
	Scelidodon
	Pleistocene
	Cueva Rosello, Peru
	1324
	92
	N/A

	15063
	Panthera atrox
	Late Pleistocene (34860+/- 710 BP)
	Rancho La Brea, Project 23 Collection
	788
	89
	1

	15066
	Canis dirus
	Late Pleistocene (33380+/- 800 BP)
	Rancho La Brea, Project 23 Collection
	895
	89
	0

	15078
	Equus occidentalis
	Late Pleistocene (22890+/- 120 BP)
	Rancho La Brea, Hancock Collection
	793
	92
	0

	15092
	Smilodon fatalis
	Late Pleistocene (36050+/- 600 BP)
	Rancho La Brea, Project 23 Collection
	861
	90
	1


Table 1. The LC-MS/MS results. Col1 includes both alpha1 and alpha2 chains. The samples in bold are the radiocarbon extract samples [45]. NCPs: non-collagenous proteins, a protein had to have 2 or peptides in order to be considered present in the sample. Comparison proteomes were not available for the majority of the samples (N/A) limiting the evaluation of protein survival other than collagen.  The radiocarbon dates for samples 15780 and 15781 are from Steadman et al [52]. 

The majority of the sequenced samples produced good protein (collagen) recovery and are classified as good when being used to evaluate the screening method results. The exceptions are Palaeosphenicus biloculata (Sample ID 15248), Palaeeudyptes gunnari (Sample ID 15255) and Megalocnus zile (Sample ID 15564), which showed very low collagen coverage. These three samples are recorded as poor when used to evaluate the screening method data. Sample 15248 dates to the Early Miocene and sample 15255 is even older, dating to the Eocene. Due to the age of these samples it is not surprising that very little protein content is recoverable, and it is important to note that the peptides recovered may be exogenous contamination This is explored further in the discussion below. Sample 15564 is from Haiti and likely dates to the Late Pleistocene or even Holocene [52] and the other Haitian samples all produced good sequence data. The Rancho La Brea (RLB) radiocarbon extracts all date to the Late Pleistocene and resulted in the identification of very few non-collagenous proteins (NCPs) despite good collagen recovery. This is not surprising as the extraction protocol used two filtration steps in order to remove the tar and purify the collagen. Therefore, any surviving NCPs were likely also removed [46]. More sample information and all the results can be found in the SI. 

[bookmark: _fmw6s2h2iut9]3.2 ATR-FTIR results
ATR-FTIR is the most rapid out of all the techniques considered here- taking a matter of minutes to produce and analyse the spectrum. This method also has the advantage of not requiring any prior sample preparation or protein extraction negating any possible extraction method bias. The mineral content of the samples were analysed using the splitting factor (IRSF) and carbonate phosphate ratio (C/P) which has been used in previous archaeological bone studies to predict degradation [53]. All the samples are plotted against IRSF and C/P and the sequenced samples are highlighted (Figure 1a). In general, a higher IRSF is indicative of an increase in homogeneity and crystal size and a decrease in C/P shows the mineral has undergone alteration [54]. 

[image: ]
Figure 1. The ATR-FTIR results. IRSF: infrared splitting factor, C/P: carbonate phosphate ratio. The modern reference sample is taken from Kontopoulos et al. [53]. The results are shown in terms of the LC-MS/MS results (a), the sample location (b) and the age of the sample (c). 

When the mineral content of the samples is compared to the level of proteomic recovery, there is no trend between mineral preservation and surviving collagen, as assessed by LC-MS/MS (Figure 1a), with both good and poorly preserved samples plotting close to the modern reference. Therefore, it was not possible to define a criterion in which to select samples for successful LC-MS/MS analysis. To investigate this lack of correlation between mineral alteration and protein degradation further, the results were also plotted according to location (Figure 1b) and the age of the sample (Figure 1c). No clear trend can be discerned in relation to the FTIR values and the location of the samples (Figure 1b) and this may be due to the smaller dataset for this method. However, the Antarctic samples all show a tightly grouped IRSF which suggests that cold environments may prevent or slow mineral alteration.  The younger samples have signs of diagenetic alterations as expected (i.e. a higher splitting factor and lower C/P), but interestingly, as the age of the fossil increases, the FTIR values become more uniform and fall back in line with modern bone. This is especially evident when looking at the IRSF. These results suggest that FTIR can detect early diagenetic changes to bone mineral, but the complex process of fossilization and secondary mineralisation can affect the bone crystallinity in a way that disrupts the formation of more homogenous crystals and in turn lowers the IRSF. 

Other studies have also shown modern bone values of IRSF and C/P in fossil samples, which they attributed to possible trace element uptake [55]. Therefore, it is likely that IRSF and C/P cannot distinguish between endogenous and exogenous mineralisation in all cases [56], and the addition of other foreign ions such as trace elements [57] which may explain why we are seeing results in line with modern bone. The organic content of the bone was assessed using amide/phosphate (Am/P), which has been successfully used in other studies to predict collagen survival [58, 59, 60]. The predicted % weight of collagen was calculated using the Am/P values and the formula presented in [58]. The results of the sequenced samples are shown in Table 2 (all Am/P values are in the SI). 
	Species
	Am/P
	% weight collagen
	Sequence coverage
	Number of peptides

	Megatherium americanum
	0.215
	26.0
	81
	520

	Paramylodon
	0.184
	22.5
	87
	642

	Nothrotheriops shastensis
	0.180
	22.0
	79
	528

	Glyptodon
	0.093
	12.2
	84
	731

	Parocnus serus
	0.086
	11.4
	82
	575

	Neocnus comes
	0.068
	9.4
	84
	591

	Doedicurus
	0.047
	7.0
	90
	867

	Mylodon
	0.038
	6.0
	96
	1371

	Neocnus comes
	0.029
	5.0
	84
	699

	Acratocnus
	0.025
	4.5
	87
	629

	Acratocnus ye
	0.023
	4.3
	86
	696

	Glossotherium
	0.011
	2.9
	88
	837

	Megalocnus zile
	0.080
	10.7
	6
	6

	Palaeosphenicus biloculata
	0.041
	6.3
	2
	3

	Palaeeudyptes gunnari
	0.021
	4.1
	1
	1


Table 2. The Am/P results of the sequenced samples. The samples that produced poor results are shown in bold. The predicted % weight of collagen was calculated following the formula in [56]. 

The majority of the good samples show a high predicted % weight of collagen (>6%), with a result higher than or near the 0.04 Am/P cut off suggested by Pothier Bouchard et al. [59]. In contrast, two of the poor LC-MS/MS samples (shown in bold in Table 2) were above this threshold but failed to produce meaningful LC-MS/MS results.  However, more critically four of the samples that produced good quality LC-MS/MS data fell below this threshold, but still produced high sequence coverage. 

[bookmark: _a82hqs5swu5v]These results suggest that while ATR-FTIR can be used to distinguish between modern and relatively young archaeological bone [17] using IRSF and C/P, in older palaeontological samples the results can be complicated due to secondary mineralisation, which prevents these parameters being able to predict the level of protein preservation. Am/P is a more reliable indicator of protein preservation, and samples with a clear amide band are usually shown to have good protein recovery. However, samples that showed a more degraded amide peak can still produce good sequence data, so using only this parameter for screening will risk samples containing valuable proteomic information being overlooked
3.3 Chiral AA analysis results
AA analysis requires a longer sample preparation time than ATR-FTIR; overall it takes three days for sample preparation and each sample takes 2 hours to run on the RP-HPLC. However, the data analysis is uncomplicated and a wealth of data is generated: concentration data, racemisation data, and amino acid percentage composition profiles. All of these datasets can provide useful indications of protein preservation; total concentration will show how many amino acids are present in the sample, racemisation data will give an indication of age, as well as possible bacterial and modern contamination [36], and composition data can be used to see if the bone sample contains the expected collagen-like amino acid profile [33]. The concentration data on its own is perhaps the least informative, but samples with low AA concentrations are unlikely to produce meaningful proteomic data, and it is possible that any amino acids present are not endogenous [33, 61]. The percentage composition and D/L values were analysed using PCA (R Studio) (Figure 2). The R script used to perform this analysis is available on request. 

[image: ]
Figure 2. The PCA of the AA composition and D/L values. Grey circles indicate unsequenced samples, green shows the successful MS/MS results and red shows poor MS/MS results. A modern reference is shown in black. Only two poor MS/MS values are shown for the D/L plot as the Palaeeudyptes gunnari sample produced a very low AA total concentration and no D amino acids were detected. 

Most of the LC-MS/MS “good” samples group closely together for both % composition and D/L values. The good samples show in general a low racemisation value, suggesting limited protein breakdown as, for the majority of amino acids, racemisation can only occur once the peptide chain breaks down [2]. The poor samples all show higher D/L values, suggesting more substantial protein degradation and loss. The same grouping of the good samples can be seen in the composition PCA, with a high glycine content as a key parameter. This is not surprising, as glycine is every third amino acid in the collagen molecule and this close grouping would represent the samples sharing a collagen like amino acid profile with minimal variability between the samples. The samples that place outside of this grouping suggest a non-collagen like amino acid composition, which may be suggestive of endogenous protein loss and the possible uptake of other contaminant amino acids.  The one poor sample that groups near to the good samples in the composition PCA was Palaeeudyptes gunnari. This sample has a very low total AA concentration of ~3500 pmol/mg (See SI for details), and although the overall profile did not match that of collagen, it was dominated by glycine. This may be another indication of microbial contamination [33]. Therefore, it is suggested that total concentration should be the initial check alongside comparing D/L and % composition values.  

[bookmark: _aoul39im6fw0]3.4 MALDI-ToF MS results
This screening method is the most time intensive and destructive, with the sample preparation taking a week on average, and the use of data analysis software to analyse the results. However, the major benefit to this method is that once the sample has been prepared, it can be dried down and sent for LC-MS/MS without needing any further extraction. In order to evaluate the MALDI spectra, the total number of peaks and the highest peak intensity were compared (Figure 3). The results of the LC-MS/MS sequenced samples are highlighted in green (good proteomic recovery) or red (poor proteomic preservation). It must be noted that the peak intensity is not a measure of concentration, but rather a mixture of both peptide abundance and how well the peptide can be detected using MS.

[image: ]
Figure 3. The MALDI-ToF MS results. The number of MALDI peaks and the highest observed intensity for each of the samples were compared. The sequenced samples are highlighted; red indicates poor sequence data and green for good sequence data. Note the log scale on both the x and the y axis. 


Overall, the samples that produced poor sequence data also produced poor MALDI-ToF spectra and vice versa. However, one sample (Megalocnus zile 15564) is an exception. The MALDI spectrum of this sample is comparable to the MALDI spectrum of Megatherium americanum (15225), which produced good LC-MS/MS results. The peak lists of both spectra were compared to possible ZooMS collagen peptides [19].  This resulted in 6 potential collagen peaks for both samples (see figure 4). When the spectra were compared to possible contaminants, sample 15564 had matches to both trypsin (due to sample digestion) and keratin, while only tryptic peaks were identified in sample 15225. However, other sequenced samples also contained keratin peaks (albeit with smaller intensities) in their MALDI spectra, so identification of keratin peaks does not always mean low levels of endogenous protein retrieval.    

[image: ]

Figure 4. A comparison between two MALDI spectra. This shows the spectrum of sample 15225 (good sequence coverage) and sample 15564 (poor sequence coverage). The circles show potential collagen peaks, with trypsin peaks marked by T and the keratin peaks marked by K.


[bookmark: _n5muwwl86i8d]4. Discussion
ATR-FTIR is a minimally destructive technique that can provide key information about the early stages of bone mineral diagenesis. However, secondary mineralisation of the bone appears to influence the results, with some palaeontological samples placing near to the modern reference, thereby confounding its practical use for screening all samples. The presence of noise in the IR spectra has also been shown in other studies analysing palaeontological specimens [33], and ATR-FTIR has also been shown to be influenced by other factors; where and how the bone has been sampled [62], the extent to which the sample was ground [41], and other macroscopic effects such as electrostaticity [63]. Overall, these variables and the inability to differentiate between endogenous apatite and secondary mineralisation, makes this technique an unreliable proxy for determining proteomic retrieval in fossil remains. 

The chiral AA analyses produces a wealth of data, including concentration data, extent of racemisation, and an amino acid profile of the sample. Samples with low overall concentration levels of amino acids did not produce meaningful proteomic results. Therefore, it is suggested that concentration data is used as a first check, and this study has shown that samples over 100,000 pmol/mg are likely to be useful for further analysis for proteomic information. Over this threshold, the composition and D/L information provided distinct groupings (Figure 2) where proteomic success was likely, and conversely under the threshold proteomic success was unlikely. The PCA shows samples with low overall racemisation values and a collagen like AA profile dominated by glycine should be selected for further analysis. Once this collagen like amino acid profile is lost, it seems protein degradation can be quite rapid, with increased racemisation. This supports the hypothesis that when the triple helix structure of collagen is lost, the protein becomes more susceptible to breakdown [35]. The strength of the chiral amino acid analysis approach is in the complementary information sources; concentration data should be used as an initial indicator of overall protein survival, while racemisation and amino acid composition data show a strong relationship with good sequence recovery, and therefore is likely to be useful for screening.

Overall, the MALDI-ToF MS results showed a strong correlation with the “good” LC-MS/MS results producing spectra with a high intensity and circa 100 m/z peaks.  There was one false positive, sample 15564 (Megalocnus zile), showed a good MALDI spectrum but produced poor LC-MS/MS results. While these are both mass spectrometric techniques, they use different methods of ionisation and detection, which affects the level of proteomic information retrieved. When the MALDI-ToF and LC-MS/MS data are compared for this sample, only 1 m/z peak was matched to a collagen peptide (Table 2). The majority of the potential collagen peaks were either not detected in the MS/MS analysis, or were a match to contaminant proteins. The presence of one peptide is not enough to conclude any endogenous protein survival and it is likely that this sample has been contaminated. Therefore, in general MALDI-ToF MS results are in agreement with LC-MS/MS data, but caution is needed when analysing samples that are not currently in the ZooMS database (such as xenarthrans) and contain a high number of contaminant peaks. 


	MALDI-ToF marker
	
	LC-MS/MS results

	m/z
	Protein
	Match to LC-MS/MS?
	Mass
	Protein
	Peptide

	1453.7
	Collagen?
	Y
	1452.7
	Collagen
	GLPGEFGLPGPAGPR

	1566.8
	Collagen?
	Y
	1565.8
	Trypsin
	LGEHNIDVLEGNEQ

	1592.8
	Collagen?
	Y
	1591.8
	Keratin
	SMDNNRSLDLDSII

	2131.1
	Collagen?
	N
	
	
	

	2853.4
	Collagen?
	N
	
	
	

	2869.4
	Collagen?
	N
	
	
	

	842.5
	Trypsin
	Y
	841.5
	Trypsin
	VATVSLPR

	1045.5
	Trypsin
	Y
	1044.5
	Trypsin
	LSSPATLNSR

	1469.7
	Trypsin
	N
	
	
	

	1165.6
	Keratin
	Y
	1164.6
	Keratin
	LENEIQTYR

	1179.6
	Keratin
	Y
	1178.6
	Keratin
	YEELQITAGR

	1300.5
	Keratin
	N
	
	
	

	1716.9
	Keratin
	N
	
	
	


Table 2. The MALDI-ToF MS possible collagen and contaminant m/z markers compared to the LC-MS/MS sequence data for sample 15564. When a P is underlined it represents a hydroxylated proline. Contamination (trypsin and keratin) is shown in bold. 

As well as predicting overall protein survival, both these methods can also give an indication of possible contamination. Recent studies have shown the presence of bacterial microbiomes in palaeontological bone specimens [33, 61], and the ability to provide evidence on the endogeneity of any peptides recovered is crucial to validate claims of proteins surviving further and further back in time. MALDI-ToF MS can provide direct identification of possible keratin peaks and chiral AA analysis can be used to identify bacterial contamination using Glx and Ala racemisation. Low racemisation values in samples of known ancient origin could also be an indication of modern contamination (particularly when associated with high AA concentrations), as well as an altered non-collagen like AA profile. 

The two sequenced samples over 1 million years old both produced very few collagen peptides. The MALDI results for these samples were poor with no possible collagen peaks identified, and the AAR results showed signs of contamination with an altered AA profile and sample 15248 showing very low levels of Asx racemisation indicating modern contamination. Therefore, it is likely that the few collagen peptides recovered are exogenous. The Megalocnus zile sample (15564) that produced a good MALDI spectrum but poor LC-MS/MS data, showed very high racemisation of Glx (0.179) which was almost comparable to the Asx result of 0.196, even though Glx racemises at a much slower rate. This provides another line of evidence that the sample was contaminated. 
[bookmark: _w2alb1e6fnhm]5. Conclusion
Over 150 bone samples were analysed using a combination of ATR-FTIR, MALDI-ToF MS and chiral amino acid analysis. Twenty-two of these samples were also analysed using LC-MS/MS and the results of these analyses were used to evaluate the different methods for predicting protein survival (namely collagen). The oldest sample that produced good LC-MS/MS results dated to the Early Pleistocene (location unknown). This sample produced a good MALDI spectrum, had generally low levels of racemisation and a high glycine content, which can be used to help provide further evidence of surviving endogenous proteins. Three of the samples produced poor LC-MS/MS sequence data, with 2 of these samples dated to millions of years old (Palaeosphenicus biloculata and Palaeeudyptes gunnari). The left-over radiocarbon extracts from RLB all produced good sequence data and it is recommended that radiocarbon extracts are utilised in proteomic analysis. 

ATR-FTIR has the benefit of not destroying the sample during analysis, which allows it to be used in conjunction with other analytical methods. Unfortunately, in this study, it has been shown to be unreliable for detecting surviving collagen in palaeontological samples using IRSF and C/P, due to the complex nature of fossilisation altering the bone mineral, and the potential for FTIR results to be affected by noise. Am/P is a more reliable indicator, however samples with a degraded amide peak may still hold valuable proteomic information.  AAR and MALDI-ToF MS requires the loss of sample (albeit in small amounts, 1 mg for AA analysis and 15-30 mg for MALDI-ToF MS), but they give a better indication of protein survival, while being cheap and quick to carry out.  

Based on this dataset, when conducting chiral amino acid analysis, samples that contain the following should be considered for further proteomic analysis:
· A total amino acid concentration over ~100,000 pmol/mg
· An amino acid composition high in glycine (>40%) 
· Low overall racemisation values
· A proportionate D/L value for Glx and Ala in line with the relative racemisation rates of other amino acids, showing minimal bacterial contamination

When conducting MALDI-ToF MS as a screening method, samples with the highest intensity over ~1000 for a peak that is not the matrix used for the analysis, trypsin, or a contaminant (if identification is possible), and the spectrum contains more than 50 peaks should be considered for further proteomic analysis. One “poor” LC-MS/MS sequenced result also grouped with the samples that produced good proteomic recovery within the MALDI-ToF dataset and caution may be needed when screening species that are not within the PMF database. However, there was a clear grouping of the good sequence results which shows that this method will successfully filter out the majority of good samples from those with poor preservation. Proteins other than collagen were not able to be investigated, due to the limited number of NCPs identified.  

Overall, this study has shown that chiral amino acid analysis and MALDI-ToF MS are both good screening methods for predicting endogenous protein survival in fossils. It is therefore recommended that one or both of these methods are used prior to further, more costly, proteomic analysis of palaeontological specimens. 
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