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Abstract

The study of ancient proteins preserved in a range of archaeological, cultural heritage, and
palaeontological materials is increasingly contributing to our understanding of human evolution and
archaeological research questions. Many of the specimens studied have been excavated and stored
for a significant duration prior to their proteomic analysis. Human handling and storage environments
therefore provide ample opportunities for protein contamination onto and into specimens of interest to
palaeoproteomic studies. As such, modern protein contamination limits access to endogenous
proteomes. Here, we compare five approaches of bone protein decontamination applied to a
Pleistocene Equus sp. bone fragment contaminated with a modern dog salivary proteome. We find that
all tested methods reduce the protein contamination, but with different efficiencies. We find that a brief
bleach wash is the most effective approach in removing modern protein contamination, and that no
additional damage is caused to the endogenous proteome by this treatment. Next, we apply this
approach to a hominin tooth found at Khudji, a Late Pleistocene archaeological site in Tajikistan. We
demonstrate that a brief bleach wash removes almost all human skin protein contamination while
retaining the endogenous hominin dentine proteome. Subsequent phylogenetic analysis of the Khudiji
dentine proteome allowed determination that the specimen is likely not a Denisovan, but still leaves
ambiguity between an assignment to either modern humans or Neanderthals.
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1. Introduction

Palaeoproteomics is a fast-growing field within the archaeological sciences, heritage studies, and
palaeoanthropology, with applications such as phylogenetic studies of extinct taxa (Cappellini et al.,
2019; Welker et al., 2019), human evolution (Chen et al., 2019; Welker et al., 2020), human subsistence
behavior (Le Meillour et al., 2020; Sinet-Mathiot et al., 2019), and health and disease (Fotakis et al.,
2020; Warinner et al., 2014), among others. As proteins have been found to preserve in a diverse range
of archaeological substrates, and can preserve for millions of years (Demarchi et al., 2022; Madupe et
al.,, 2023), new areas of archaeological studies continue to be opened up as new data types are
generated. However, the study of ancient proteins is not straightforward, as the proteome is significantly
altered through time. Over time proteins are fragmented into increasingly shorter peptides, resulting in
some proteins being completely lost (Welker, 2018). Simultaneously, the fragmented but surviving
protein sequences contain amino acids with increasing levels of damage, in different forms (Hendy,
Welker, et al., 2018; Warinner et al., 2022). Additionally, contaminating proteins are added to the ancient
proteome, deriving from sources such as the burial environment, excavation, storage and subsequent
handling in curatorial facilities, and potentially in laboratory and mass spectrometry environments as
well (Hendy, Welker, et al., 2018). If not removed or identified, these contaminating proteins risk
negatively impacting downstream analyses by i) masking endogenous proteins due to their abundance
and more intact state, and ii) facilitating the unwanted incorporation of modern protein sequence
variation into reconstructed ancient protein sequences.

Significant efforts have been dedicated to the introduction of extraction and injection blanks
during palaeoproteomic laboratory workflows. Extraction blanks within the laboratory environment serve
to control for the introduction of any protein residues during the extraction process, while injection blanks
on protein mass spectrometry equipment are meant to control for the introduction or carryover of
peptides within the mass spectrometer (Demarchi et al., 2022; Hendy, Welker, et al., 2018). Although
these are necessary, neither of these controls can, however, provide assessment of the endogenous
or contaminant origin of proteins and peptides deposited onto a palaeoproteomics study object prior to
protein extraction.

Additional research on the separation of contaminants and endogenous peptides and proteins
has focused on the bioinformatic analysis of diagenetic modifications at the amino acid or peptide level,
under the assumption that some of these will show different quantitative or qualitative properties
between peptides originating from contaminating proteins compared to endogenous ones. Examples of
these include the quantification of the extent of asparagine (N) and glutamine (Q) deamidation,
guantification of the extent of various oxidative amino acid modifications, the calculation of peptide
length distributions, and analysis of peptide terminus states (Cappellini et al., 2019; Chen et al., 2019;
Mackie et al., 2018; Orlando et al., 2013; Ramsge et al., 2020). Often, metrics derived from these
measurements are averaged across the full proteomes identified, while in some cases sufficient
amounts of data is available to perform these assessments per protein group (Chen et al., 2019;
Ramsge et al., 2021; Welker et al., 2020). These bioinformatics approaches are useful and necessary
when studying ancient skeletal proteomes, but are not without problems. They generally require a
sufficiently large number of PSMs per protein group, which may not be available for most protein groups.
They rely on some quantifying metric, which at times might be difficult to establish confidently.
Furthermore, extraction methods themselves might introduce modifications to the extracted
contaminating proteins, mimicking the effect of diagenesis. Finally, none of these approaches resolve
the effect of abundant modern proteins masking the identification of degraded and low-abundance
proteins from ancient skeletal specimens.

In parallel to the development of bioinformatics approaches to characterise the diagenetic
modification of proteins in palaeoproteomics contexts, a number of studies therefore mention
approaches to decontaminate an archaeological sample prior to protein extraction. Such claimed
methods include mechanical surface removal (Kontopoulos et al., 2020; Sawafuji et al., 2017; Wasinger
et al., 2019), washing with bleach (sodium hypochlorite) (Froment et al., 2020; Sakalauskaite et al.,
2020; Trolle Jensen et al., 2020), washing with ethylenediaminetetraacetic acid (EDTA) (Fagernas et
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98  al., 2020; Hendy, Colonese, et al., 2018; Sawafuji et al., 2017), washing with hydrochloric acid (HCI)

99 (Gasparini et al., 2022; Palmer et al., 2021; Wasinger et al., 2019), washing with water (Gasparini et
100  al., 2022; Spengler et al., 2022), and UV irradiation (Fagernas et al., 2020; Froment et al., 2020).
101  Although a wide range of published protocols therefore include some kind of decontamination step,
102  there is no consensus on which decontamination method should be used. In fact, there are no
103 comparisons of the efficiency of the above-mentioned approaches in removing protein contamination,
104 nor has their impact on the endogenous proteome been studied.
105 Here, we compare five decontamination methods for the palaeoproteomic analysis of an
106 artificially contaminated Pleistocene Equus sp. bone specimen; washing with bleach, HCI, EDTA or
107  water, and UV irradiation. These methods were chosen based on their frequent application in
108 palaeoproteomic studies, regardless of proven or theoretical efficiency. After determining that a mild
109 bleach treatment is, of the compared approaches, the most suited for removing modern protein
110 contamination, we then apply this approach to dentine from a Pleistocene hominin tooth from Khudiji,
111 Tajikistan, which was found to be heavily contaminated with proteins deriving from human skin. Bleach
112 treatment removed nearly all contaminating proteins, without damaging the endogenous hominin
113  proteins present.

114

115 2. Material and methods
116

117 2.1.  Samples
118

119 A Pleistocene faunal bone fragment from the Dutch North Sea shore was used to compare different
120 decontamination methods. Previous palaeoproteomic analysis had shown that this fragment stems from
121 an Equus sp. A sample was removed from the bone specimen by drilling after manual contamination
122 by contact with saliva and skin of a dog (Figure S1). Specifically, saliva was manually transferred from
123 the dog’s mouth using a nitrile glove, and smeared over the bone, whereafter the bone was rubbed on
124  the dog’s back. The contamination was not performed in a clean laboratory environment but instead in
125 an office environment, potentially introducing both human and dog proteins. This is not unlike
126 experimental data that suggests the consistent recovery of skin, hair, and salivary proteins from
127 archaeological skeletal specimens, and which are generally regarded as representing modern protein
128 contamination. The dog had not eaten recently prior to the contamination and had no known oral
129  disease.

130 The most promising decontamination method was applied to a hominin tooth from the
131 archaeological site of Khudji, Tajikistan (Figure 6A; Supplementary Information A), which showed a
132 large amount of human skin contamination during initial analyses. This is a deciduous incisor, excavated
133 in 1997, from a layer radiocarbon dated to approximately 40,000 years before present. The specimen
134 has an unknown taxonomic identity within the genus Homo based on morphological analyses (Trinkaus
135 etal, 2000).

136

137 2.2. Laboratory methods

138

139 All laboratory work was conducted in dedicated facilities for the processing of ancient biomolecules at
140 the Globe Institute, University of Copenhagen, Denmark. Extraction blanks were carried alongside
141  samples to monitor laboratory contamination.

142

143 Equus sp. sample: The part of the contaminated bone piece with highest visible amount of
144  contamination (Figure S1) was powdered to a homogenous powder using a mortar and pestle, and
145 divided among the different decontamination approaches (Figure 1A). Additionally, a sample was taken
146  from the original uncontaminated bone fragment, and powdered with a mortar and pestle
147 (Supplementary Data 1).

148 Five different decontamination methods were tested: Washing with bleach (sodium
149  hypochlorite), HCI (hydrochloric acid), EDTA (ethylenediaminetetraacetic acid), molecular grade water,
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150 and UV irradiation (Figure 1; Table 1). These methods were selected as they are commonly used for
151  decontamination in palaeoproteomics literature. They do not represent a complete list of all possible
152  decontamination methods, nor were they selected for their likely effectiveness. Mechanical surface
153 removal, although commonly utilized, was not included as it requires destruction of a higher amount of
154  sample, which is not desirable for archaeological materials. For all the methods including washes, 1 ml
155 of the reagent was added to the sample, vortexed for 5 s, and centrifuged for 1 min at 13 krpm,
156  whereafter the reagent was removed. After the washes with bleach and HCI, the bone pellet was
157  washed twice with 0.5 ml molecular grade water, in order to avoid the reagents interfering with
158  downstream analyses. UV irradiation was conducted in a crosslinker (UVP Crosslinker, Analytik Jena)
159  with the bone powder in an open 2 ml Eppendorf tube. After 30 s of irradiation, the tube was shaken,
160 and the irradiation continued for an additional 30 s. Additionally, a contaminated sample was included
161 with no decontamination performed, as well as a non-contaminated (“original’) sample. All methods
162  outlined above were conducted in triplicate, in order to account for between-extract variation. Proteins
163 were extracted from the bone powder using a standard palaeoproteomic protocol (Lanigan et al., 2020)
164 and peptides were cleaned on in-house made StageTips (Supplementary Information A).

of *

Contamination

|< Original), Bleach (0.5%)

EDTA (0.5M)
HCI (5%)

UV irradiation

166

167 Figure 1. Schematic of the laboratory workflow.

168

169 Table 1. Decontamination methods included in the current study. Details shown include the
170 concentration of the used reagent (when applicable), the duration of decontamination, and whether a
171 wash with molecular grade water was conducted afterwards or not.

Method Concentration Duration Wash
Bleach (sodium hypochlorite) 0.5% (active chlorine) | Vortex 5 s, removal | Yes
Hydrochloric acid (HCI) 5% Vortex 5 s, removal | Yes
Ethylenediaminetetraacetic acid (EDTA) | 0.5 M Vortex 5 s, removal | No
Water - Vortex 5 s, removal | No
UV irradiation — 2x30s No
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172

173 Homo sp. sample: A small fragment was removed from the root of the Khudji hominin incisor through
174  driling, and subsampled for different extractions (Supplementary Information A). Proteins were
175 extracted using a protocol adapted for highly degraded samples (Jensen et al., 2023). For the second
176 subsample, a bleach decontamination step was added prior to demineralization as described above.
177

178 2.3.  Mass spectrometry

179

180 For all samples, LC-MS/MS was conducted at the Centre for Protein Research (University of
181 Copenhagen) (see details in Supplementary Information A). An EASYnLC 1200 system was utilised for
182  liguid chromatography (Thermo Fisher Scientific, Waltham, MA, USA) and mass spectrometric analysis
183  was conducted using an Exploris 480 (Thermo Fisher Scientific, Waltham, MA, USA).

184

185 2.4. Data analysis

186

187  The Equus sp. raw data was analyzed using MaxQuant v.2.1.3.0 (Cox & Mann, 2008) with the dog
188 (Canis lupus familiaris) and horse (Equus caballus) reference proteomes, as well as the internal
189 MaxQuant contaminant database (see details in Supplementary Information A). A semi-specific search
190 was conducted, with Oxidation (M), Deamidation (NQ), GIn/Glu->pyro-Glu, Carbamidomethylation and
191  Hydroxyproline as variable modifications, and adding Oxidation (WH) and Dioxidation (WH) when
192 investigating UV-damage. The Homo sp. data was analyzed using the human reference proteome with
193  a semi-specific search and Oxidation (M), Deamidation (NQ), GIn/Glu->pyro-Glu and Hydroxyproline
194  as variable modifications.

195 The Homo sp. proteome was reconstructed for proteins with more than 5 peptides based on a
196 PEAKS v.7.0 (Zhang et al., 2012) search against a database of the modern human proteome with added
197 archaic variation (see details in Supplementary Information A). A majority consensus was called for
198 each amino acid position, and any identified SAPs were manually verified. Thereafter, a consensus was
199 created from the two reconstructions, leading to three reconstructed proteomes in total: “Original”,
200 “Bleach”, and “Consensus” (Table S1). Phylogenetic analysis was conducted using both a maximum
201 likelihood method through RAXML (Stamatakis, 2006) and a Bayesian approach using MrBayes
202  (Ronquist et al., 2012)

203

204 3. Results

205

206 3.1. Decontamination method comparison
207

208 Although previous palaeoproteomic studies have mentioned that modern protein contamination is
209 occurring and is being identified, there is no evidence of the impact contamination has on an
210 endogenous skeletal proteome. We therefore analyzed a Pleistocene Equus sp. bone that had been
211 contaminated by modern dog saliva and skin (Figure 1). This combination was chosen to have protein
212 contamination that is easily recognizable both taxonomically and in terms of proteome composition.
213  Additionally, the salivary proteome is a complex and comparatively large proteome (Torres et al., 2018)
214  that absorbs into the bone specimen, thereby mimicking a realistic contamination scenario. Human
215 proteins might also be present due to prior handling of the specimen in curatorial contexts, as well as
216  having been added during the dog protein contamination event.

217 We first analyzed the extracted proteomes from the contaminated, non-decontaminated
218  samples (n=3) together with the original, uncontaminated samples (n=3) against the Equus caballus
219 (horse) proteome (including the MaxQuant contaminant database). Our results show that the horse
220 proteome identified is different when comparing these two conditions, with the conditions clearly
221  separated in PCA space (Figure 2A). The original samples have 25.0+3.0 (mean + standard deviation)
222 Equus proteins and 1,439.3+97.8 PSMs identified, whereas the contaminated samples have 64.0+5.3
223  proteins and 1,019.3+74.7 PSMs. The contaminated proteome that is reconstructed thereby has a
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224 larger number of proteins, but with fewer PSMs, and includes salivary proteins that are assigned as
225  horse since a dog database is not included.

226 The number of acquired MS2 spectra is 25,931+148 for the original samples and 23,756+203
227  for the contaminated samples, with significant differences between the sample groups (ANOVA,
228  F=225.3, p<0.001). Additionally, the percentage of identified MS2 spectra differs significantly between
229  the original and contaminated samples (ANOVA, F=9.24, p=0.038), with a higher percentage of MS2
230 spectra being identified in the original samples (5.10+0.46%) than the contaminated samples
231 (4.13+£0.31%). Together, this indicates that the presence of contaminants is significantly reducing the
232 amount of endogenous spectra that can be acquired and identified. We therefore conclude that protein
233 contamination has a relevant impact on the composition of reconstructed endogenous skeletal
234 proteomes, even when the protein contamination is not considered or identified.

235
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237 Figure 2. Contaminating and decontaminating a Pleistocene bone proteome. A) A PCA based on protein
238 guantification shows separation of contaminated and non-contaminated (original) skeletal proteomes.
239 Both conditions were searched together against a horse protein database, without entries for dog
240 proteins present, and without subsequent filtering of identified proteins. B) A PCA of protein intensities
241 based on a database search using both dog and horse proteomes as reference. In both PCAs, gene
242 names of proteins contributing most to the variation along each axis are shown; S100All1=protein
243  S100A11, APP=amyloid-beta  precursor protein, = SLC4A4=anion exchange protein,
244 HIPK4=homeodomain-interacting protein kinase 4, PPL=periplakin, S100A8=protein S100A8,
245 CA6=carbonic anhydrase 6.

246

247 Next, we searched all extracts from the five decontamination methods, the non-decontaminated
248 condition and the original samples against a database containing the complete dog and horse
249 proteomes (including the MaxQuant contaminant database). For the non-decontaminated samples,
250  154.0+9.7 proteins and 1,481+104.9 PSMs were identified, whereas for the original sample, 43.0+3.5
251  proteins and 1,364+135.7 PSMs were identified. A PCA shows that the original and non-
252 decontaminated extracts are clearly separated along PC1 (Figure 2B), and that the decontamination
253  method significantly affects proteome composition (PERMANOVA, R2=0.72, p=0.001). PC1,
254  accounting for 59.09% of variation in the dataset, separates bleached and original proteomes from the
255 uncleaned extracts, with all other decontamination approaches placed close to the latter. The extracts
256  resulting from UV irradiation, HCI wash, EDTA wash and molecular grade water wash fall on a cline
257  together with the uncleaned extracts, with separation between decontamination approaches along PC2,
258 accounting for 6.97% of variation in the dataset. The proteins driving separation of the original and
259 bleached samples from all other conditions along PC1 are expressed in saliva (CA6; carbonic
260 anhydrase 6), skin (PPL; periplakin), and are involved in inflammatory processes (S100A8).

261
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264 Figure 3. Species-specific protein recovery, in terms of A) Number of protein groups and B) Number of
265 peptide spectral matches (PSMs). Bars show the mean of the three replicates = 1 SD.

266

267 After excluding taxonomically unspecific identifications, we observe that the dog proteome size,
268 i.e. the number of dog proteins identified, is larger than the horse proteome size in our contaminated
269  but uncleaned extracts (the ratio of dog:horse proteins being 3.29+0.30; Figure 3A), further
270 demonstrating the successful contamination of the horse bone proteome with dog proteins. The ratio of
271 dog:horse proteins is significantly dependent on the decontamination method (ANOVA, F=31.2,
272 p<0.001), with bleaching and original samples having a significantly lower ratio of dog:horse proteins
273  than every other condition (Tukey’s HSD, p<0.001 in each case), but not significantly differing from each
274 other. The other decontamination approaches have variable impacts on the removal of protein
275 contamination. These findings are mirrored when looking at the number of peptide-spectrum-matches
276  (PSMs), where we observe that the decontamination methods also significantly affect the ratio of
277 dog:horse PSMs (ANOVA, F=29.51, p<0.001; Figure 3B), with bleach (0.39+0.02) being similar to the
278  original samples (0.36+0.03), and both of them significantly lower than all other methods (Tukey’s HSD,
279  p<0.001 in each case). In the uncontaminated extracts, a small number of proteins are identified as
280 stemming from a dog. These proteins are mainly represented by 1-2 peptides each; the ones with a
281 higher abundance are bone proteins, and thereby likely horse proteins misidentified as stemming from
282 a dog. The increased number of horse proteins identified in all conditions except for bleach do not
283 represent bone proteins; the number of bone-derived proteins stay constant across all conditions. There
284 is no significant difference in the total intensity of horse-derived proteins (normalized by weight of input
285  material) between the decontamination methods (ANOVA, F=1.57, p=0.23).

286 As an example of the effectiveness of the decontamination treatments, we examined the protein
287 lactotransferrin (LTF, also known as lactoferrin or LF) closer. LTF is a common component of secretory
288  fluids including saliva, and is one of most abundant dog contaminants in our dataset, but absent from
289  the original samples. The different decontamination treatments have varying impacts on LTF
290 abundance in terms of peptide counts or the sequence coverage obtained (Figure 4A-B). While an HCI
291  wash has very little impact on LTF abundance, bleaching completely removes all LTF peptides from our
292  identified dataset.

293 Since human contamination of the Equus bone is also possible, e.g. during excavation or
294 handling of the specimen as well as during the dog protein contamination event, we investigated the
295 presence of human proteins identified through the contaminant database included in the MaxQuant
296  search. All identified human proteins are keratins. The largest number of human protein groups and
297  peptides were identified in the EDTA-treated extracts (10.0+0.00 proteins, 37.7+1.15 peptides). None
298  were identified in the original sample or after bleach-decontamination. The most common human
299  protein, keratin type Il cytoskeletal 5 (KRT5), is present at a maximum of 17.6+2.08 peptides and a
300 sequence coverage of 24.4+1.33% in the EDTA treated extracts, whereas is is absent in the original
301 and bleached extracts (Figure 4C-D). As no keratins are identified in the original samples, the human


https://doi.org/10.1101/2024.06.13.598810
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.13.598810; this version posted September 24, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

302  contamination likely occurred during the dog contamination, as it did not take place in a clean laboratory
303  environment.
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306 Figure 4. Abundance of contaminants through different decontamination methods. A) Number of dog
307 lactotransferrin (LTF) peptides, B) Sequence coverage percentage of dog LTF, C) Number of human
308 keratin type Il cytoskeletal 5 (KRT5) peptides, and D) Sequence coverage percentage of human KRT5.
309 Bars show a mean of the triplicate extractions, and error bars show + 1 SD.

310

311 In addition to the removal of contaminating proteins, it is equally important to know if and how
312 the decontamination methods affect endogenous proteins and peptides, to ensure that the ancient
313  proteins are not damaged further. We find that coverage across a highly abundant protein (collagen
314  alpha-2(l) chain; COL1A2) and a common non-collagenous protein (chondroadherin; CHAD) are not
315 systematically affected by any decontamination approach (Figure 5A-B), indicating that the
316 decontamination methods do not hinder the recovery of endogenous proteins. Some regions of COL1A2
317 are, however, only accessible through decontamination. The number of recovered amino acid positions
318 of COL1A2 is affected by decontamination method (ANOVA, F=7.40, p=0.001), with significant
319 differences detected between UV and bleach, EDTA, HCI, water and no decontamination, as well as
320 between no decontamination and water (Tukey’s HSD, p<0.05 in each case). Overall, UV treatment
321 leads to the lowest number of recovered amino acid positions (526+2.89) and a water wash to the
322  highest (611+9.85). Furthermore, when comparing the non-decontaminated extracts for CHAD with the
323 different decontamination methods, it is apparent that decontamination increases the recovery of this
324 low-abundance protein. The highest number of recovered amino acid positions of CHAD is from the
325 original samples (128+8.02) and the lowest through the non-decontaminated samples (92.0+1.73). The
326 number of recovered amino acid positions depends on the method (ANOVA, F=3.47, p=0.026) with
327  significant differences between no decontamination and the original as well as HCl-treated samples
328 (Tukey’s HSD, p=0.039 in both cases). Lower-abundance proteins or protein regions may therefore only
329  be accessible after decontamination.

330
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331
332  Figure 5. Coverage of horse bone proteins after the different decontamination methods. Coverage is

333  shown as log2 of the summed LFQ intensity per amino acid position, averaged across the triplicate
334  extracts, for A) COL1A2 (collagen alpha-2(l) chain) and B) CHAD (chondroadherin).

335

336 Endogenous peptide length is significantly affected by the decontamination methods (ANOVA,
337 F=3.08, p=0.039; Figure S2A), however, the only significant difference between treatments is between
338 UV irradiation and no decontamination (Tukey’s HSD, p=0.022), while none of the decontamination
339 methods show significant differences in comparison to the original sample. The post-translational
340 modifications (PTMs) that were explored, including hydroxyproline, deamidation and UV-specific
341 modifications, are not affected by the decontamination methods tested either (ANOVA, p>0.05 for all;
342  Figure S2B-E). It can therefore be concluded that even the most efficient decontamination methods do
343 not damage the ancient endogenous proteome by any of the metrics examined here.

344 From this we conclude that all decontamination approaches tested have some positive impact
345  on the removal of contaminating proteins, but to various extents and with bleach being the only
346 approach that results in the recovery of a skeletal proteome highly similar to the endogenous,
347  uncontaminated proteome of the original bone specimen.

348

349 3.2. Application of the most promising method to a contaminated hominin proteome

350

351 Artificial contamination of a bone fragment was used to determine the most efficient decontamination
352  method; however, this is only an approximation of actual contamination of an archaeological object over
353 time. During initial analysis of the dentine proteome of a Pleistocene hominin tooth from Khudiji,
354  Tajikistan (Figure 6A), we noted that the proteome was heavily contaminated with proteins originating
355  from human skin. Bone and dentine are quite similar in terms of compaosition, both consisting mainly of
356 the biomineral hydroxyapatite and having similar ratios of organic to inorganic material, although dentine
357 has lower porosity than bone (Kendall et al., 2018). The same decontamination protocol should thus be
358 applicable to dentine. The bleach decontamination protocol was therefore applied to a second dentine
359 fragment from the tooth. Of the 34 protein groups recovered from the initial dentine proteome analysis,
360 we classified six of these as endogenous dentine proteins based on the PhyloBone database
361 (Fontcuberta-Rigo et al., 2023) (Figure 6B). Of the remaining protein groups, 21 derived from skin, and
362  seven from other tissues (including proteins that are present in several tissues). In contrast, after bleach
363 treatment, eight protein groups originating from dentine were recovered, and only one each from skin
364  and other tissues. A smaller total number of peptides were recovered after bleach treatment, but the
365  vast majority of them originate from dentine proteins. Although there is a difference in peptide numbers
366 identified, it should be noted that the bleached and untreated extracts derive from different dental
367  fragments, different sample weights, and have different numbers of acquired MS2 spectra. As a result,
368  we cannot directly compare the extracts based on absolute numbers, but only describe their proteomic
369 composition in relative terms. The pattern is, however, the same as observed for the controlled
370 contamination-decontamination experiment outlined above, where bleach treatment significantly
371 lowered the ratio of contaminant:endogenous proteins. In the untreated Khudji extract, the ratio of
372  contaminant to endogenous (skin:dentine) proteins is 3.50, while in the bleached extract it is 0.13. The
373  same pattern is present on the peptide level, with a ratio of 0.27 for the untreated extract, and 0.01 for
374  the bleached extract. Decontamination by bleaching thereby significantly lowers the proportion of the
375 reconstructed proteome that stems from contamination, and allows for reconstruction of an authentic
376  ancient dentine proteome.
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377 Similar to the decontamination experiment, we quantified the extent of various protein
378 alterations to document whether bleach treatment has a negative impact on the endogenous proteome
379 of the Khudji dentine sample. The peptide length distribution is similar between the full bleached and
380 unbleached proteomes (linear model, weighted by intensity; F=0.03, p=0.86; Figure S3A), but the
381 dentine-fraction of the bleached proteome has a higher weighted mean peptide length compared to the
382 unbleached dentine proteome (linear model, weighted by intensity; F=22.91, p<0.001). The peptides in
383  the unbleached sample have higher hydrophobicity than in the bleached sample (linear model, weighted
384 by intensity; F=14.07, p<0.001; Figure S3B), but hydrophobicity of the peptides does not differ between
385  the dentine-derived protein fractions of the two treatments (linear model, weighted by intensity; F=0.72,
386  p=0.39). Deamidation of both N and Q is higher in the bleached extract for the full proteome, indicating
387 a higher proportion of ancient, endogenous peptides (Figure 6D). Together, this shows that also when
388  applied to a Pleistocene human proteome, the bleach decontamination protocol is highly efficient at
389  removing modern contaminants, without damaging the endogenous human proteome.

390 The Khudji tooth was previously morphologically identified as stemming from either a modern
391 human or a Neanderthal (Trinkaus et al., 2000). The taxonomic identity of the Khudji specimen has
392 been subject of discussion since then, with the subsequent discovery of Denisovans adding a third
393 possibility. In order to achieve a molecular taxonomic identification, protein sequences were
394 reconstructed from both the bleached and untreated extracts of the Khudji hominin tooth, for all proteins
395  with more than five peptides (S| Table 1; Supplementary Data 2). For the untreated extract, this led to
396 nine proteins being reconstructed, with a coverage of 2.2-66.5%, whereas for the bleached extract, six
397  proteins with a coverage of 2.5-53.3% were reconstructed. For phylogenetic analysis, the two
398 reconstructions were combined, to form a consensus protein sequence reconstruction for the Khudji
399  individual with the maximal amount of information included. This led to the phylogenetic analysis being
400 based on 12 proteins, with a total coverage of 3,041 identified amino acid positions. The Khudiji
401 individual does not have coverage of any Neanderthal-specific single amino acid polymorphisms
402  (SAPs), but lacks a Denisovan-derived SAP at COL1A2 R996K (Chen et al., 2019) (the position is R
403 modern humans and Neanderthals, and K in Denisovans). For this position, the Khudji individual
404 retained the ancestral R (Figure 6C). We therefore determine that, among the reference protein
405  sequences currently available, and within the constraints of the protein sequence coverage obtained,
406  the Khudiji tooth is likely not a Denisovan, but further taxonomic determination is not possible at present.
407
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409 Figure 6. The Khudji hominin dentine proteome. A) Location of Khudji (indicated by star) and photo of
410 the specimen. B) Proteome composition, with the fraction of proteins and peptides originating from
411 dentine, skin, or other tissues. Numbers show counts of proteins and peptides, respectively. C)
412 Representative MS2 spectrum covering the COL1A2 R996K position for the Khudji hominin. D)
413  Deamidation of N and Q, with error bars showing + 1 standard deviation. Here, 0% indicates no
414  deamidation while 100% indicates complete deamidation of the respective amino acid.

415

416 4.  Discussion

417

418  Previous palaeoproteomic studies have either assumed that decontamination is not necessary, or they
419 have applied a decontamination method without estimating its efficiency at removing contaminating
420 proteins, nor assessing its impact on endogenous proteins. We show here that protein contamination
421 can significantly impact downstream palaeoproteomic analyses, even when the contaminating proteins
422  stem from a different tissue and a different species. The reconstructed horse skeletal proteome, which
423  was contaminated with dog saliva and skin, has a different composition to the original skeletal proteome,
424  even when the potential of dog proteins being present in the dataset is not considered (Figure 2A).
425 Further, we show that endogenous, low-abundance proteins and protein regions may not be detected
426 in contaminated samples, likely due to the higher abundance of contaminant proteins. As the impact of
427 protein contamination is clear even between distantly related taxa, it is increasingly important to
428 consider the impact that human contamination may have on analysis of archaeological hominin
429  samples.

430 We evaluate a range of commonly used decontamination methods, both in terms of
431 contaminant removal and their impact on the endogenous proteome. These methods were selected
432 based on being commonly used in the palaeoproteomics field, without taking into account their
433  theoretical efficiency in protein contaminant removal. Many of the methods do remove protein
434  contamination to some degree, especially when focusing on protein abundance, rather than
435 presence/absence of contaminant proteins. However, only a single one of the tested methods
436  seemingly returns the proteome to its original state - washing with a 0.5% solution of bleach (sodium
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437  hypochlorite). Bleach is commonly used as a disinfectant, due to its ability to disrupt cells and degrade
438  biomolecules (Ersoy et al., 2019; Fukuzaki, 2006). A brief wash with HCI or EDTA will, on the other
439  hand, demineralize the surface layer of the bone, thereby releasing exogenous proteins bound to the
440 mineral surface. The UV irradiation method commonly used in published palaeoproteomics literature
441 may have been inefficient due to the short duration of the irradiation, combined with the fact that the
442 saliva had dried and absorbed to the bone (Moore et al., 2011; Sagripanti & Lytle, 2011). Finally, the
443  water wash likely only removes particles that are not bound to the mineral surface.

444 Subsequent to bleach treatment, the reconstructed proteomes closely resemble those of
445  uncontaminated samples. However, it is also important to investigate the damage caused by
446 decontamination protocols. A harsh decontamination method may remove all contaminating proteins,
447 but could also damage the already fragmented and modified ancient proteins. Of the methods tested
448 and preservation parameters considered here, none cause significant damage to the endogenous
449  proteins. This indicates that even though a bleach wash removes surface contamination, it is not able
450  to access the endogenous proteins in the bone.

451 Although the artificial contamination method chosen for this study - modern dog saliva and skin
452 - is unconventional, it appears to have been successful. Given that the contamination is not removed
453 by a water wash, it has absorbed well enough to the bone to mimic long-term contamination from
454 handling. A large number of dog proteins are identified, with the most common ones being typical for
455  saliva or keratins. Given that the protein extraction protocol employed in this study is adapted to
456 archaeological materials, and thereby does not contain steps such as cell lysis to release proteins, the
457 abundance of recovered dog-derived proteins may be reduced compared to what was introduced to the
458  bone during contamination. However, as this situation mimics actual contamination and processing of
459 an archaeological bone, through e.g. contact with human skin followed by extraction of ancient proteins,
460 the results approximate authentic contamination and decontamination scenarios in palaeoproteomic
461  studies.

462 Application of the most promising decontamination method, a brief bleach wash, to a
463 Pleistocene hominin tooth showed that bleach treatment is also successful in a non-artificial
464 contamination context. The extracted proteome initially consisted of a large amount of skin-derived
465 proteins, likely stemming from handling since excavation of the specimen in 1997 (Trinkaus et al., 2000).
466  After bleach treatment, a proteome consisting almost solely of dentine-derived proteins was
467  reconstructed. Further, the endogenous ancient hominin proteome appeared to not have been
468 damaged by the bleach treatment. Analysis of the reconstructed protein sequences from both extracts
469  from this tooth showed that it likely does not stem from a Denisovan, but further taxonomic resolution
470 cannot be obtained from the data currently available. In the geographic region around Khudiji,
471  Neanderthal fossils have been conclusively identified at Teshik-Tash (Krause et al., 2007) and Obi-
472 Rakhmat (Bailey et al., 2008), with further possible Neanderthal fossils recovered from Sel'Ungur and
473  Anghilak (M. Glantz et al., 2008; Krivoshapkin et al., 2020). In addition, the Mousterian lithic technology
474 recovered from Khudiji is represented at other archaeological sites in the region (M. M. Glantz, 2011;
475  Khujageldiev & Kunitake, 2023; Krivoshapkin et al., 2020; Ranov & Amosova, 1984; Ranov &
476 Khujageldiev, 2014). Given the complex occupational histories recovered from the southern Altai,
477  further east, where across the Late Pleistocene the presence of Neanderthals, Denisovans, and modern
478  humans is attested (Kuzmin et al., 2022; Skov et al., 2022; Zavala et al., 2021), a similarly complex
479  scenario might exist for Central Asia.

480 Given the impact of protein contamination on downstream palaeoproteomic analysis of
481 archaeological tissues, and the success of bleach decontamination identified in the present study, we
482 recommend that researchers studying ancient proteins in other types of archaeological tissues conduct
483  similar tests. As different archaeological tissues, such as enamel, dental calculus, or ceramic food
484  crusts, have different compositions of both organic and inorganic components, they may require other
485  types of decontamination approaches for optimal results. Finally, by applying this approach to a
486 Pleistocene hominin tooth containing abundant human skin protein contaminants, we demonstrate that
487 brief bleaching opens up the analysis of Pleistocene hominin specimens otherwise inaccessible to
488  palaeoproteomic analysis.
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489

490 5.  Conclusions

491

492  The existence of modern protein contamination is a recognised issue in the field of palaeoproteomics,
493 but to-date no comparative studies have explored the consequence of this modern protein
494  contamination, nor tested the efficiency of published decontamination procedures in both removing
495 protein contamination and retaining endogenous proteomic information. Firstly, we demonstrate that
496 the presence of protein contamination has an impact on the identification of endogenous peptides.
497  Secondly, we provide evidence that a brief bleach wash removes protein contamination without further
498 damaging the endogenous peptides in a controlled experimental setting. Subsequently, we
499  demonstrate that this approach can also be applied to a Pleistocene hominin tooth. Since protein
500 contamination is a recurring but understudied aspect in palaeoproteomic studies, we believe that our
501 approach paves the way for the study of archaeological specimens that are heavily contaminated with
502 modern (human) proteins, for example through long-term and extensive handling in curatorial facilities.
503

504  Data availability
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