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The dental proteome of Homo antecessor
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Kirsty Penkman6, Eduard Sabidó4,5, Jürgen Cox2, Jesper V. Olsen3, David Lordkipanidze10,17, 
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The phylogenetic relationships between hominins of the Early Pleistocene epoch in 
Eurasia, such as Homo antecessor, and hominins that appear later in the fossil record 
during the Middle Pleistocene epoch, such as Homo sapiens, are highly debated1–5. For 
the oldest remains, the molecular study of these relationships is hindered by the 
degradation of ancient DNA. However, recent research has demonstrated that the 
analysis of ancient proteins can address this challenge6–8. Here we present the dental 
enamel proteomes of H. antecessor from Atapuerca (Spain)9,10 and Homo erectus from 
Dmanisi (Georgia)1, two key fossil assemblages that have a central role in models of 
Pleistocene hominin morphology, dispersal and divergence. We provide evidence 
that H. antecessor is a close sister lineage to subsequent Middle and Late Pleistocene 
hominins, including modern humans, Neanderthals and Denisovans. This placement 
implies that the modern-like face of H. antecessor—that is, similar to that of modern 
humans—may have a considerably deep ancestry in the genus Homo, and that the 
cranial morphology of Neanderthals represents a derived form. By recovering  
AMELY-specific peptide sequences, we also conclude that the H. antecessor molar 
fragment from Atapuerca that we analysed belonged to a male individual. Finally, 
these H. antecessor and H. erectus fossils preserve evidence of enamel proteome 
phosphorylation and proteolytic digestion that occurred in vivo during tooth 
formation. Our results provide important insights into the evolutionary relationships 
between H. antecessor and other hominin groups, and pave the way for future studies 
using enamel proteomes to investigate hominin biology across the existence of the 
genus Homo.

Since 1994, over 170 human fossil remains have been recovered from 
level TD6 of the Gran Dolina site of the Sierra de Atapuerca10 (Burgos, 
Spain) (Extended Data Fig. 1, Supplementary Information). These fos-
sils have been dated to the late Early Pleistocene epoch and exhibit a 
unique combination of cranial, mandibular and dental features9,11. To 
accommodate the variation observed in the human fossils from TD6, a 
new species of the genus Homo—H. antecessor—was proposed in 19979. 
The relationship of this species to earlier or later hominins in Eura-
sia—such as the H. erectus specimens from Dmanisi or Neanderthals, 
Denisovans and modern humans, respectively—have been the subject 
of considerable debate3,4,12,13. These issues remain unresolved owing to 

the fragmentary nature of hominin fossils at other sites, and the failure 
to recover ancient DNA in Eurasia that dates to the Early, and most of 
the Middle, Pleistocene epoch.

By contrast, recent developments in the extraction and tandem mass-
spectrometric analysis of ancient proteins have made it possible to 
retrieve phylogenetically informative protein sequences from Early 
Pleistocene contexts6,8. We therefore applied ancient protein analysis 
to a H. antecessor molar from sublevel TD6.2 of the Gran Dolina site of 
the Sierra de Atapuerca (specimen ATD6-92) (Extended Data Fig. 2a). 
This specimen, identified as an enamel fragment of a permanent lower 
left first or second molar, has been directly dated to 772–949 thousand 
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years ago (ka) using a combination of electron spin resonance and 
U-series dating11. In addition, we sampled dentine and enamel from 
an isolated H. erectus upper first molar (specimen D4163) (Extended 
Data Fig. 2b) from Dmanisi (Georgia) that has been dated to 1.77 mil-
lion years ago (Ma)1,14,15, as amino acid racemization analysis of this 
specimen indicated the presence of an endogenous protein component 
in the intracrystalline enamel fraction of the tooth (Extended Data 
Fig. 3, Supplementary Information). On both specimens, we performed 
digestion-free peptide extraction optimized for the recovery of short, 
degraded protein remains6. Nanoscale liquid chromatography–tandem 
mass spectrometry (nanoLC–MS/MS) acquisition was replicated in two 
independent proteomic laboratories (Extended Data Table 1), imple-
menting common precautions and analytical workflows to minimize 
protein contamination (Methods). We compared the proteomic data-
sets retrieved from the Pleistocene hominin tooth specimens with those 
generated from a positive control, a recent human premolar (Ø1952; 
which is from a male individual and is approximately three centuries 
old), as well as previously published Holocene teeth16 (Methods, Supple-
mentary Information). Finally, to validate our enamel peptide spectrum 
matches, we performed machine-learning-based MS/MS spectrum 
intensity prediction using the wiNNer algorithm17. The results show that 
the wiNNer model retrained for randomly cleaved and heavily modi-
fied peptides provides a predictive performance similar to that of the 
wiNNer model trained on modern, trypsin-digested samples, assuring 
accurate sequence identification for the phylogenetically informative 
peptides (median Pearson correlation coefficients of ≥0.76) (Methods, 
Supplementary Fig. 6, Supplementary Information).

Protein recovery from the Dmanisi dentine sample was limited to 
sporadic collagen type I fragments, and therefore in-depth analysis of 
this material was not further pursued. By contrast, we recovered ancient 
proteomes from both hominin enamel samples. We found that the 
composition of these proteomes is similar to that of the recent human 
specimen that we processed as a positive control, as well as to previ-
ously published proteomes from ancient enamel6,16,18,19 (Extended Data 
Table 2, Supplementary Table 6). The enamel-specific proteins include 
amelogenin (both AMELX and AMELY isoforms), enamelin (ENAM), 
ameloblastin (AMBN), amelotin (AMTN) and the enamel-specific pro-
tease matrix metalloproteinase 20 (MMP20). Serum albumin (ALB) 
and collagens (COL1α1, COL1α2 and COL17α1) are also present. For the 
enamel-specific proteins, the peptide sequences that we retrieved cover 
approximately the same protein regions in all of the specimens that we 
analysed (Extended Data Fig. 4). Although destructive, our sampling of 
Pleistocene hominin teeth resulted in higher protein sequence cover-
age than acid-etching of Holocene enamel surfaces16,20 (Supplemen-
tary Fig. 7). The AMTN-specific peptides largely derive from a single 
sequence region involved in hydroxyapatite precipitation through the 
presence of phosphorylated serines21. Finally, the observation of the 
AMELY-specific peptides (which is coded on the non-recombinant por-
tion of the Y chromosome) demonstrates that the H. antecessor molar 
that we studied belonged to a male individual16 (Extended Data Fig. 5).

Besides proteome composition and sequence coverage, several  
further lines of evidence independently support the endogenous origin 
of the hominin enamel proteomes. Unlike exogenous trypsin, keratins 
and other human-skin contaminants that we identified, the enamel 
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Fig. 1 | Phosphorylation of hominin enamel proteomes. a, Phosphorylation 
sequence motif analysis of H. antecessor specimen ATD6-92.  
b, Phosphorylation sequence motif analysis of H. erectus specimen D4163.  
c, Phosphorylation occupancy comparison, expressed as log2-transformed 
summed intensity ratio of modified and unmodified peptides, for amino acid 
sites for which data are available for at least two specimens. y axis labels 

indicate the position of the phosphorylated amino acids for each protein 
(UniProt accession numbers Q9NP70 (AMBN), Q99217 (AMELX) and Q9NRM1 
(ENAM)). SK339 denotes an archaeological specimen from a modern human, 
which is approximately three centuries old (see ‘Recent human control 
specimens’ in the Methods for details).
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proteins have high deamidation rates (Extended Data Fig. 6)—above 
the rate observed for the recent human specimens (Supplementary 
Fig. 8). Both Pleistocene hominins have average peptide lengths that are 
shorter than those observed for our recent human controls (Extended 
Data Fig. 6d). The average peptide length is shorter in the Dmanisi 
hominin, but longer in the younger Atapuerca hominin (Extended Data 
Fig. 6d). By contrast, we observe that the peptide lengths in enamel from 
the Dmanisi hominin are indistinguishable from those of the faunal 
remains from the same site. Together, our protein data are therefore 
consistent with theoretical and experimental6,22 expectations for sam-
ples of their relative age.

In addition to diagenetic modifications, we observe two kinds of 
in vivo modification in our recent and ancient enamel proteomes. First, 
we detect serine (S) phosphorylation within the S-X-E motif (Fig. 1a, b). 
This motif, as well as the S-X-phosphorylated S motif, is recognized by 
the FAM20C secreted kinase, which is active in the phosphorylation 
of extracellular proteins23,24. The presence of phosphoserine in fos-
sil enamel and its location in the S-X-E and/or S-X-phosphorylated S 
motifs has also previously been observed in other Pleistocene enamel 

proteomes6,25. Phosphorylation occupancy can be computed success-
fully for ancient and recent samples, and reveals differences in the ratios 
of phosphorylated peptides between samples (Fig. 1c, Supplementary 
Table 5). Second, the peptide populations that we retrieve primarily 
cover the ameloblastin, enamelin and amelogenin sequence regions, 
representing cleavage products deriving from in vivo activity of the pro-
teases MMP20 and—subsequently—kallikrein 4 (KLK4) (Extended Data 
Fig. 4, Methods). The peptide populations are also enriched in N and 
C termini that correspond to known MMP20 and KLK4 cleavage sites 
(Extended Data Fig. 7, Supplementary Fig. 9). FAM20C phosphorylation 
and MMP20 and KLK4 proteolysis are the two main processes that occur 
in vivo during enamel biomineralization. Our observation of products 
deriving from both processes opens up the possibility of studying in vivo 
processes of hominin tooth formation across the Pleistocene epoch.

Homo antecessor is known only from the Gran Dolina TD6 assemblage 
in Atapuerca9. Its relationship with other European Middle Pleistocene 
fossils is heavily debated3–5,26,27. It remains contentious as to whether 
H. antecessor represents the last common ancestor of H. sapiens, Nean-
derthals and Denisovans9, or whether it represents a sister lineage to 
the last common ancestor of these species28,29. We address this issue by 
conducting phylogenetic analyses on the basis of our ancient protein 
sequences from H. antecessor (ATD6-92), a panel of present-day great 
ape genomes and protein sequences translated from archaic hominin 
genomes (Methods).

We built several phylogenetic trees using maximum likelihood and 
Bayesian methods (Fig. 2a, Supplementary Figs. 13–16). In these trees, 
the H. antecessor sequence represents a sister taxon that is closely 
related to, but not part of, the group composed of Late Pleistocene 
hominins for which molecular data are available (Fig. 2a, Supplemen-
tary Figs. 13, 15, 16). The enamel protein sequences do not resolve the 
relationships between H. sapiens, Neanderthals and Denisovans owing 
to the low number of informative single amino acid polymorphisms. 
However, pairwise divergence of the amino acid sequences between 
H. antecessor and the clade containing H. sapiens, Neanderthals and 
the Denisovan is larger than the divergence between the members of 
this clade (Fig. 2b, Supplementary Fig. 12, Supplementary Informa-
tion). The concatenated gene tree may be subjected to incomplete 
lineage sorting, and we have too little sequence data to discard this 
possibility at the moment. However, if we use the concatenation of 
available gene trees as a best guess for the population tree, and assume 
that such a population tree is a good descriptor of the relationships 
among ancient hominins, then our results support the placement of  
H. antecessor as a closely related sister taxon of the last common ances-
tor of H. sapiens, Neanderthals and Denisovans. The phylogenetic 
position of H. antecessor agrees with a divergence of the H. sapiens 
and Neanderthal + Denisovan lineages between 550 and 765 ka30,31, as 
ATD6-92 has been dated to 772–949 ka11. This is further supported by 
recent reconsiderations of the morphology of H. antecessor in relation 
to Middle and Late Pleistocene hominins29.

Homo antecessor has tentatively been proposed as the last com-
mon ancestor of Neanderthals and modern humans9. The similarities 
observed between the modern-like mid-facial topography of H. anteces-
sor and H. sapiens—including a modern pattern of coronal orientation 
of the infraorbital surface, the sloping and directionality of this plane, 
as well as the anterior flexion of the maxillary surface and arching of the 
zygomatic-alveolar crest—were key in this proposal9,32. Additional stud-
ies of the face of ATD6-69 have confirmed that H. antecessor exhibits the 
oldest known modern-like face in the fossil record12,13. The phylogenetic 
placement of H. antecessor implies that this modern-like face—as rep-
resented by H. antecessor—must have a considerably deep ancestry in 
the genus Homo. Findings made between 2003 and 2005 have shown 
that the H. antecessor hypodigm includes some features that were previ-
ously considered Neanderthal autapomorphies28. Our results suggest 
that these features appeared in Early Pleistocene hominins, and were 
retained by Neanderthals and lost by modern humans.
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By contrast, the phylogenetic tree built with the H. erectus specimen 
from Dmanisi has only moderate resolution (Extended Data Fig. 8, Sup-
plementary Fig. 11), despite deeper shotgun protein sequencing for this 
specimen (Extended Data Table 1). This partly inconclusive result might 
be due to the shorter average peptide lengths compared to the Atapu-
erca H. antecessor specimen (Extended Data Fig. 6d, Methods) and an 
absence of uniquely segregating single amino acid polymorphisms 
(Supplementary Table 9). Although our H. erectus data from Dmanisi 
demonstrate that ancient hominin proteins can be reliably obtained 
from the Early Pleistocene epoch, they also highlight the current limits 
of ancient protein analysis when applied to the phylogenetic placement 
of Early Pleistocene hominin remains.

Our dataset provides a unique molecular resource of hominin 
biomolecular sequences from Early and Middle Pleistocene homi-
nins, and represents—to our knowledge—the oldest ancient hominin 
proteomes presented to date. Comparison of hominin and fauna 
proteomes from different skeletal tissues reveals that the dental 
enamel proteome outlasts dentine and bone proteome preservation 
(Fig. 3). Here the prolonged survival of hominin enamel proteomes 
is exploited to show that H. antecessor represents a hominin taxon 
closely related to the last common ancestor of H. sapiens, Neander-
thals and Denisovans. In addition, our datasets demonstrate that 
in vivo proteome modifications, such as serine phosphorylation, 
survive over time scales of hundreds of thousands of years. Current 
research therefore suggests that dental enamel, the hardest tissue in 
the mammalian skeleton, is the material of choice for the analysis of 
hominin evolution in deep time.
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Fig. 3 | Skeletal proteome preservation in the Middle and Early Pleistocene 
epoch (0.12–2.6 Ma). For each sample, the presence (green) or absence (blank) 
of endogenous DNA, collagens, non-collagenous proteins (NCPs) or an enamel 
proteome is given. Only samples for which mammalian proteomes are 
published are considered6–8,35–38. Hominin samples are indicated with squares, 
other mammalian samples are indicated with circles. Selected specimens have 
their separate molecular components joined, and are named. Xiahe refers to 
the Xiahe mandible7; the Thistle Creek Equus refers to a horse metapodial from 
the Canadian permafrost38.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Site location and specimen selection
Recent human control specimens. We analysed Ø1952, a human 
premolar recovered in an archaeological excavation in Copenhagen 
(Almindeligt Hospital Kirkegård, excavated in 1952, from kisse ‘2’). The 
tooth is approximately three centuries old, as the cemetery was in use 
from approximately ad 1600 to approximately ad 1800, and originates 
from a male individual. We also re-analysed previously published data16 
related to specimens that are dated to between approximately 5,700 
and 200 years ago; of these specimens, we took SK339 as a recent ex-
ample in our comparative figures (a male individual from Fewston (UK) 
dated to the nineteenth century ad).

Atapuerca. One fragmentary permanent lower left first or second mo-
lar (ATD6-92; field number and museum accession number at CENIEH) 
was used for ancient protein analysis (Extended Data Fig. 2a, Supple-
mentary Information). ATD6-92 originates from sublevel TD6.2 of the 
Gran Dolina cave site. Sublevel TD6.2 contains a large number of faunal 
remains, about 170 hominin fossils and about 830 archaeological arte-
facts. All hominin specimens from sublevel TD6.2, including ATD6-92, 
are attributed to H. antecessor9. ATD6-92 has recently been directly 
dated through electron spin resonance, laser-ablation inductively 
coupled plasma mass spectrometry U-series and bulk U-series dat-
ing11. Together with previous chronological research at the site, these 
analyses constrain the age of ATD6-92 to 772–949 thousand years old11.

Dmanisi. One fragmentary permanent upper first molar (D4163; field 
number and museum accession number at the Georgian National Mu-
seum) was used for ancient protein analysis (Extended Data Fig. 2b, 
Supplementary Information). D4163 derives from layer B1 in excavation 
block M6 (Dmanisi). Layer B1 at Dmanisi contains one of the richest 
palaeontological assemblages attributed to the Eurasian Early Pleisto-
cene epoch, including several hominin crania. Below, we refer to these 
specimens as H. erectus (Dmanisi). They represent the earliest hominin 
fossils outside Africa, and are dated to 1.77 Ma14. Faunal material from 
the site previously demonstrated ancient protein survival for most 
specimens, but a total absence of ancient DNA6 (Fig. 3).

Amino acid racemization
Chiral amino acid analysis was undertaken on one Pleistocene sample 
from the hominin tooth (D4163) to test the endogeneity of the enamel 
protein through its degradation patterns. The tooth chip was separated 
into the enamel and dentine portions, and each was powdered with an 
agate pestle and mortar. All samples were prepared using previously 
published procedures39, modified to be optimized for enamel, using a 
bleach time of 72 h to isolate the intracrystalline protein, demineraliza-
tion in HCl, KOH neutralization and formation of a biphasic solution 
through centrifugation40. Two subsamples were analysed from each 
portion: one fraction was directly demineralized and the free amino 
acids analysed, and the second was treated to release the peptide-bound 
amino acids, thus yielding the total hydrolysable amino acid fraction. 
Samples were analysed in duplicate by reversed-phase high-perfor-
mance liquid chromatography, with standards and blanks analysed 
alongside samples. During preparative hydrolysis, both asparagine 
(Asn) and glutamine (Gln) undergo rapid irreversible deamidation to 
aspartic acid (Asp) and glutamic acid (Glu), respectively41. It is therefore 
not possible to distinguish between the acidic amino acids and their 
derivatives, and they are reported together as Asx and Glx, respectively. 
Additional descriptions of the methods, as well as additional results, 
are given in the Supplementary Information.

Proteomic extraction and nanoLC–MS/MS
Protein extraction. Protein extraction was conducted on enamel sam-
ples (from the Atapuerca H. antecessor, Dmanisi H. erectus and Ø1952) 
and a dentine sample (Dmanisi), using one of three protocols. In brief, 
the first extraction method used HCl for demineralization, but included 
no subsequent reduction, alkylation or digestion. The second extrac-
tion method used a more standard approach, in which the pellet left 
from the demineralization in extraction one was reduced, alkylated 
and digested with LysC and trypsin. The third extraction method used 
TFA for demineralization, and had no subsequent reduction, alkylation 
or digestion. The first and third extraction approaches provided more 
extensive peptide recovery in ancient enamel proteomes6 compared 
to the second extraction approach42. Further details can be found in 
the Supplementary Information and a previous publication6. Ø1952 was 
processed using extraction methods one and three. No proteinase and 
phosphatase inhibitors were used during extraction, as we assumed 
that catalytically active enzymes were not present in our specimens 
and the high acidic conditions during our extraction would have ir-
reversibly denatured any proteases possibly present as contaminants 
in our reagents. Extended Data Table 1 provides a breakdown of the use 
of specific extraction methods, hominin samples and hominin tissues.

NanoLC–MS/MS analysis. Shotgun proteomic data were obtained 
on peptide extracts of both hominins at separate facilities at the Novo 
Nordisk Centre for Protein Research (University of Copenhagen) and 
the Proteomics Unit (Centre for Genomic Regulation, Barcelona Insti-
tute of Science and Technology). Full peptide elutions were injected, in 
some cases across replicate runs in both Copenhagen and Barcelona. 
In brief, samples processed in Copenhagen were suspended in 0.1% 
trifluoroacetic acid, 5% acetonitrile, and analysed on a Q-Exactive HF or 
HF-X mass spectrometer (Thermo Fisher Scientific) coupled to an EASY-
nLC 1200 (Thermo Fisher Scientific). The HF or HF-X mass spectrometer 
was operated in positive ion mode with a nanospray voltage of 2 kV and 
a source temperature of 275 °C. Data-dependent acquisition mode was 
used for all mass spectrometric measurements. Full mass spectrometry 
scans were done at a resolution of 120,000 with a mass range of m/z 
300–1,750 and 350–1,400 for the HF and HF-X mass spectrometers, 
respectively, with detection in the Orbitrap mass analyser. Fragment 
ion spectra were produced at a resolution of 60,000 via high-energy 
collision dissociation (HCD) at a normalized collision energy of 28% 
and acquired in the Orbitrap mass analyser. In addition, test runs for 
the Dmanisi sample were performed at a shorter gradient (Supplemen-
tary Information). In Barcelona, samples were dissolved in 0.1% formic 
acid and analysed on a LTQ-Orbitrap Fusion Lumos mass spectrometer 
(Thermo Fisher Scientific) coupled to an EASY-nLC 1000. The mass 
spectrometer was operated similarly to the parameters stated for the 
HF and HF-X mass spectrometers in Copenhagen, except the nanospray 
voltage was 2.4 kV and full mass spectrometry scans with 1 micro scan 
were used over a mass range of m/z 350–1,500. Further details of the 
LC–MS/MS analysis can be found in the Supplementary Information.

Proteomic data analysis
Protein sequence database construction. We constructed an initial 
Hominidae sequence database containing protein sequences of all 
major and minor enamel proteins derived from all extant great apes, 
a hylobatid (Nomascus leucogenys) and a macaque (Macaca mulatta). 
Additionally, we added protein sequences translated from extinct 
Late Pleistocene hominins30,43, and sequences from Gorilla beringei, 
Pongo pygmaeus and Pongo tapanuliensis44–46. For each protein, we 
reconstructed the protein sequence of ancestral nodes in the Homi-
nidae family through PhyloBot47 to minimize cross-species proteomic 
effects48, and added missing isoform variation on the basis of the iso-
forms present for each protein in the human proteome as given by 
UniProt (Supplementary Information). Furthermore, we downloaded 
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the entire human reference proteome from UniProt (4 September 2018) 
for a single separate search to allow matches to proteins previously not 
encountered in enamel proteomes. To each constructed database, we 
added a set of known or possible laboratory contaminants to allow for 
the identification of possible protein contaminants49.

Proteomic software, settings and false-discovery rate. Raw mass 
spectrometry data were searched for each specimen and tissue sep-
arately in either PEAKS50 (v.7.5) or MaxQuant51 (v.1.5.3.30). No fixed 
modifications were specified in any search. For PEAKS, variable post-
translational modifications were set to include proline hydroxylation, 
glutamine and asparagine deamidation, oxidation (M), phosphoryla-
tion (STY), carbamidomethylation (C) and pyroglutamic acid (from Q 
and E). For MaxQuant, the following variable post-translation modifi-
cations were additionally included: ornithine formation (R), oxidation 
(W), dioxidation (MW), histidine to aspartic acid (H>D), and histidine to 
hydroxyglutamate. Searches were conducted with unspecific digestion. 
For PEAKS, precursor mass tolerance was set to 10 ppm and fragment 
mass tolerance to 0.05 Da, and the false-discovery rate of peptide spec-
trum matches was set to equal ≤1.0%. For MaxQuant, default settings of 
20 ppm for the first search and 4.5 ppm for the final search were used, 
a fragment mass tolerance of 20 ppm, and peptide spectrum match 
(PSM) and protein false-discovery rate was set to 1.0%, with a minimum 
required Andromeda score of 40 for all peptides. Protein matches were 
accepted with a minimum of two unique peptide matches in either the 
PEAKS or MaxQuant search. Proteins that conform to these criteria are 
detailed in Extended Data Table 2. Example MS/MS spectra from the 
MaxQuant search and overlapping sites of phylogenetic interest (single 
amino acid polymorphisms) are included as Supplementary Data 1.

Data search iterations. For both the proteomes of Dmanisi and Ata-
puerca specimens, we conducted two separate initial searches. First, 
we conducted a search in PEAKS against the entire human proteome. 
Only standard enamel proteins were identified in these searches, al-
lowing us to continue with more specific searches. For the Dmanisi 
dentine sample, this first search resulted in a small number of peptides 
matching to collagen type I only. On the basis of the limited amount 
of sequence data, no further analysis of the Dmanisi dentine data was 
therefore conducted. Second, for the enamel data, we conducted a 
search in PEAKS and MaxQuant against the entire enamel proteome 
database of all extant and extinct Hominidae. This search was used to 
observe single amino acid polymorphisms outside the known sequence 
variation in PEAKS and MaxQuant through the de novo, error-tolerant 
and/or dependent peptide approaches implemented in each of these 
search engines. These initial searches indicate overall good protein 
preservation in both samples and the presence of peptide matches to 
Pan- and Homo-derived proteins only.

On the basis of these two initial searches, a novel protein sequence 
database was used that only includes sequences from the genus Pan, 
the genus Homo, their predicted ancestral sequences and novel pro-
tein sequences observed for both the Dmanisi or Atapuerca samples. 
Final searches and subsequent data analysis were conducted against 
this database using the above search and post-translational modifica-
tion settings. Positions supported by insufficient spectral data were 
replaced by ‘X’, in resulting peptide alignments before phylogenetic 
analysis.

Data analysis of Ø1952 and the previously published16 dataset was 
conducted only in MaxQuant against a database restricted to H. sapiens. 
All other search settings and database restrictions were similar between 
these two recent human controls and the ancient hominin proteomes.

Peptide sequence and single amino acid polymorphism validation. 
To validate the PSMs covering single amino acid polymorphisms of 
interest, we performed peptide spectrum intensity prediction and vali-
dation on our dataset using wiNNer17. Data from the ancient specimens 

(Dmanisi H. erectus and Atapuerca H. antecessor) were divided into a 
subset that contained phylogenetically informative peptide sequences 
and a larger subset that did not contained these peptides. A training 
dataset was prepared by taking a subset of the latter peptides, and 
adding a previously published dataset of enamel proteomes from 
Dmanisi fauna6. We built two models, one for HCD +2 spectra and one 
for HCD +3 spectra. We took into account the large number of variable 
modifications observed in our ancient enamel proteomes, and split the 
retained data for each model into subsets for training, validation and 
testing (80:10:10). We then obtained Pearson correlation coefficients 
for the predicted and true fragment intensities in the test dataset and 
the phylogenetically informative spectra. The architecture of wiNNer 
was built using Keras (version 2.0.8; https://keras.io) and Tensorflow 
(version 1.3.0). The wiNNer analysis indicated close correspondence 
between predicted and true fragment ion intensities (Pearson correla-
tion coefficient medians between 0.85 and 0.76 for different subsets 
of the data), indicating adequate peptide sequence identification for 
all our peptides, including phylogenetically informative positions and 
the variable post-translational modifications. The wiNNer model can 
be accessed on GitHub (https://github.com/cox-labs/wiNNer.git). Ad-
ditional methodological details of the wiNNer architecture are given 
in the Supplementary Information.

Protein damage analysis. Ancient proteins can be modified diageneti-
cally in a variety of ways compared to their modern counterparts. We 
quantify glutamine and asparagine deamidation following a previously 
publication42 for MaxQuant output, based on MS1 spectral intensities 
and protein-based bootstrapping (1,000 bootstraps). Further details 
can be found in the previous publication42. We observe that both glu-
tamines and asparagines are almost all deamidated to glutamic acid 
and aspartic acid, respectively (Extended Data Fig. 6a–c). In addition, 
peptide length distributions were obtained for datasets presented here 
and elsewhere6,8, demonstrating a shortening of average peptide length 
and overall peptide length distributions for older samples (Extended 
Data Fig. 6d).

Protein in vivo modification analysis. The existing literature on 
enamel and enamel proteome biomineralization describes three pro-
cesses that are key to the maturation of the enamel proteome: protein 
hydrolysis by MMP20 and KLK452–55, in vivo phosphorylation of serine 
residues6,8,23 and expression of different isoforms of AMELX, AMBN 
and AMTN52,55,56. We sought to explore the presence of both in vivo 
protein hydrolysis and serine phosphorylation modifications in our 
Pleistocene hominin proteomes.

For protein hydrolysis by MMP20 and KLK4, we made use of the Ata-
puerca digestion-free dataset and the described locations of AMBN, 
AMELX and AMELY, and ENAM cleavage by MMP20 and KLK452–55. We 
compared the experimentally observed cleavage sites to a random 
cleavage model of each protein separately and tested whether the cleav-
age sites are present in a larger portion of PSMs in the ancient sample. 
Here we can indeed show an increased presence of PSMs with termini 
at, or close to, known MMP20 and KLK4 cleavage locations (Extended 
Data Fig. 7). This corresponds with our observation that protein regions 
with continuous sequence coverage correspond to known proteolytic 
fragments after MMP20 and KLK4 activity (Extended Data Fig. 4).

Phosphorylation of serines (S), threonines (T) and tyrosines (Y) was 
assessed using Icelogo57 sequence motif analysis. This analysis was 
based on the MaxQuant results, from which only identified phospho-
rylation sites with a localization probability of ≥0.95 were selected. 
STY sites with no phosphorylation or localization probabilities ≤ 0.95 
were taken as the non-phosphorylated background, and a sequence 
motif window of 7 amino acids on either side of the STY was selected. 
Sequence motif analysis indicates a strong preference for the phospho-
rylation of S with a glutamic acid (E) on the +2 position (S-X-E motif) 
(Fig. 1a, b) in both hominin enamel proteomes. This substrate motif 
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and the S-X-phosphorylated S motif are recognized by the kinase 
FAM20C, which is known to be active in vivo on extracellular proteins 
involved in biomineralization23, and has previously been reported for 
ancient, non-hominin enamel proteomes as well6,8.

To compare phosphorylation occupancy between the Dmanisi and 
Atapuerca enamel proteomes, we performed a separate MaxQuant 
database search (Supplementary Information) and restricted our 
analyses to amino acid positions covered by phosphorylated and non-
phosphorylated peptides, observed in both hominins and quantified 
through label-free quantification.

Phylogenetic analysis
Comparison between the ancient protein sequences and modern 
reference proteins. We compared the reconstructed ancient protein 
sequences from the Dmanisi H. erectus and Atapuerca H. antecessor 
with protein sequences from great apes44,46, three Neanderthals31,43,58, 
a Denisovan59 and a panel of present-day humans, including 256 sam-
ples from the Simons Genome Diversity Panel33 and 41 high-coverage 
individuals from the 1000 Genomes Project34. Altogether, our reference 
data represent worldwide human and great ape variation (Supplemen-
tary Tables 7, 8). Additionally, we included protein sequences from 
macaque (M. mulatta) and gibbon (N. leucogenys) to root phylogenetic 
trees. The protein sequences were retrieved from the UniProt database 
or reconstructed from the reference whole-genome sequences as de-
scribed in Supplementary Methods.

The ancient and reference protein sequences were aligned using 
mafft60. We aligned the sequences of each protein separately and 
obtained an alignment for each of the ancient individuals indepen-
dently (Supplementary Table 9). The isobaric amino acids leucine (L) 
and isoleucine (I) cannot be distinguished with the experimental pro-
cedure used for this study. Therefore, we have to take the following 
precautions to avoid unintentional sequence differences. If either I or 
L was present at a specific amino acid position in the reference protein 
sequences, we replaced all corresponding amino acids in the ancient 
protein sequences with the amino acid that is present. Alternatively, 
if both amino acids are present in the reference protein sequence, 
we replace all I to L for all sequences. We used sequence information 
for seven proteins (ALB, AMBN, AMELX, AMELY, COL17α1, ENAM and 
MMP20) for the H. antecessor individual and six proteins for the H. erec-
tus individual (ALB, AMBN, AMELX, COL17α1, ENAM and MMP20) with a 
total of 22.08% and 22.14% non-missing sites, respectively (Supplemen-
tary Table 9). We were able to recover a unique single amino acid poly-
morphism for H. antecessor; however, for H. erectus no unique single 
amino acid polymorphism was detected (Supplementary Tables 9–11, 
Supplementary Figs. 10–12).

Phylogenetic reconstruction. We built phylogenetic trees using our 
protein sequence alignments following three approaches: a maximum 
likelihood approach using PhyML v.361, and two Bayesian approaches 
using mrBayes62 and BEAST63.

For the maximum likelihood approach, we built maximum likelihood 
trees for each protein independently and for a concatenated align-
ment consisting of all of the available protein sequences for each of the 
ancient samples (Supplementary Figs. 13, 14). We used PhyML v.3 and 
the parameters described in the Supplementary Information section 
2.3.5a to build and optimize the tree topologies, branch length and sub-
stitutions rates for each of the alignments. Support for each bipartition 
was obtained based on 100 non-parametric bootstrap replicates. We 
evaluated the effect of significant missingness in the ancient samples 
on the inferred topology. Finally, we looked at the effect of varying 
which of the subset of present-day human samples was included in the 
tree (Supplementary Information section 2.3.5b, c).

For the Bayesian approach using mrBayes, to assess the robustness 
of the maximum likelihood inference results, we performed Bayesian 
phylogenetic inference on the basis of the concatenated alignments 

using mrBayes 3.2 and the parameters described in Supplementary 
Information section 2.3.5d (Extended Data Fig. 8, Supplementary 
Fig. 16). Bayesian inference was performed using the CIPRES Science 
Gateway64.

For the Bayesian approach using BEAST, we used BEAST 2.5 to obtain 
a time calibrated tree for the seven proteins used for H. antecessor. For 
this analysis, we used concatenated alignments including the Nean-
derthals, the Denisovan, seven randomly chosen H. sapiens individu-
als and a single individual per great ape species. The alignment was 
partitioned by gene and a coalescent constant population model was 
used for the tree prior. The dates of the ancient samples included in 
the analysis (Vindija Neanderthal, 52 ka58; Altai Neanderthal, 112 ka31; 
Denisovan, 72 ka59 and H. antecessor, 860.5 ka11) were used as tip dates 
for calibration. For each partition, we used the Jones–Taylor–Thornton 
substitution model with four categories for the gamma parameter, for 
which we allowed the Markov chain Monte Carlo chain to sample the 
shape of the gamma distribution (with an exponentially distributed 
prior) and assigned independent clock models. Additionally, we set a 
prior for the divergence time of great apes to 23.85 ± 2.5 Ma (normally 
distributed)65, and rooted the tree using the macaque (M. mulatta). 
The overall topology of the tree was estimated for the seven partitions 
jointly. The convergence of the algorithm was assessed using Tracer 
v.1.7.066. Finally, we repeated this analysis with 100 alignments, each of 
them consisting of 7 present-day humans chosen randomly. Although 
the topology within the clade consisting of present-day humans, Nean-
derthals and Denisovan was not consistent across the replicates, 99 
of the replicates consistently place the H. antecessor sequence as an 
outgroup to this clade (Fig. 2a).

Further details on phylogenetic analysis and results can be found 
in the Supplementary Information. Example MS/MS spectra from 
the MaxQuant search and overlapping sites of phylogenetic interest  
(single amino acid polymorphisms) for both hominins are included 
as Supplementary Data 1.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Mass spectrometry proteomics data have been deposited in the Pro-
teomeXchange Consortium (http://proteomecentral.proteomex-
change.org) via the PRIDE partner repository with the dataset identifier 
PXD014342. Generated ancient protein consensus sequences used 
for phylogenetic analysis for H. antecessor (Atapuerca) and H. erectus 
(Dmanisi) hominins can be found in the Supplementary Data 2, which 
is formatted as a .fasta file. Full protein sequence alignments used 
during phylogenetic analysis can be accessed via Figshare (https://
doi.org/10.6084/m9.figshare.9927074). Amino acid racemization data 
are available online through the NOAA database. The wiNNer model 
can be accessed on GitHub (https://github.com/cox-labs/wiNNer.git).
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Extended Data Fig. 1 | Location and stratigraphy of the hominin fossils 
studied. a, Geographic location of Gran Dolina and Dmanisi. Base map was 
generated using public domain data from www.naturalearthdata.com.  
b, Summarized stratigraphic profile of Gran Dolina, including the location of 
hominin fossils in layers ‘Pep’ and ‘Jordi’ of sublevel TD6.2.

http://www.naturalearthdata.com
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Extended Data Fig. 2 | Hominin specimens studied. a, ATD6-92 in buccal view. The fragment represents a portion of a permanent lower left first or second molar. 
b, D4163 in occlusal view. The specimen is a fragmented right upper first molar. Scale bar differs between a and b.



Extended Data Fig. 3 | Amino acid racemization of D4163. a, b, The extent of 
intracrystalline racemization in enamel for the free amino acid (FAA) (x axis) 
fraction and the total hydrolysable amino acids (THAA) ( y axis) fraction for 
aspartic acid plus asparagine (here denoted Asx) (a), and glutamic acid plus 
glutamine (here denoted Glx) (b), demonstrates endogenous amino acids 
breaking down within a closed system. The hominin value is displayed in 

relation to values for enamel samples from other fauna from Dmanisi6 (blue 
squares) and a range of previously obtained Pleistocene and Pliocene 
Proboscidea from the UK40 (grey diamonds). Fauna are shown for comparison, 
but different rates in their protein breakdown mean that they will show 
different extents of racemization. The x and y axis are on different scales.
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Extended Data Fig. 4 | Sequence coverage for five enamel-specific proteins 
across Pleistocene samples and recent human controls. For each protein, the 
bars span protein positions covered, with positions remapped to the human 
reference proteome. The top row indicates the position of a selection of known 
MMP20 and KLK4 cleavage products of the enamel-specific proteins AMELX55, 
AMBN52 and ENAM56. Several in vivo proteolytic degradation fragments of 
ENAM share the same N terminus, but have unknown C termini53. Dotted line for 

AMBN indicates a putative cleavage product based on known MMP20 (squares) 
and KLK4 (circles) in vivo cleavage positions. For AMTN, serines (S) at positions 
115 and 116 (indicated by asterisks) are conserved among vertebrates and 
involved in mineral-binding21. Additional cleavage products as well as MMP20 
and KLK4 cleavage sites are known in all enamel-specific proteins. SK33916 and 
Ø1952 are two recent human control samples (Methods). AA, amino acids; 
Steph., Stephanorhinus6; TRAP, tyrosine-rich amelogenin polypeptide.



Extended Data Fig. 5 | Homo antecessor specimen ATD6-92 represents a 
male hominin. a, Mass spectrum of an AMELY-specific peptide from the recent 
human control Ø1952. b, Mass spectrum of the same AMELY-specific peptide 
from H. antecessor. c, Alignment of a selection of AMELY- and AMELX-specific 

peptide fragment ion series deriving from H. antecessor. The alignment 
stretches along human AMELX isoform 1, positions 37 to 52 only (Uniprot 
accession numbers Q99217 (AMELX), Q99218 (AMELY)). See Supplementary 
Fig. 5 for another example of an AMELY-specific MS2 spectrum.
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Extended Data Fig. 6 | Enamel proteome damage. a, b, Glutamine (Q) and 
asparagine (N) deamidation of enamel-specific proteins from H. antecessor 
(Atapuerca) (a), and H. erectus (Dmanisi) (b). Values are based on 1,000 
bootstrap replications of protein deamidation. c, Relationship between mean 
asparagine (N) and glutamine (Q) deamidation for all proteins in both the 
Atapuerca and Dmanisi hominin datasets. Error bars represent 95% confidence 
interval window of 1,000 bootstrap replications of protein deamidation. 
Dashed line is x = y. d, Peptide length distribution of H. antecessor (Atapuerca), 

H. erectus (Dmanisi), four previously published enamel proteomes6,8,16 and one 
additional human Medieval control sample (Ø1952). For a, b and d, the number 
of peptides (n) is given for each violin plot. The box plots within the violin plots 
define the range of the data (whiskers extend to 1.5× the interquartile range), 
outliers (black dots, beyond 1.5× the interquartile range), 25th and 75th 
percentiles (boxes), and medians (centre lines). P values of two-sided t-tests 
conducted between sample pairs are indicated. No independent replication of 
these experiments was performed.



Extended Data Fig. 7 | Survival of in vivo MMP20 and KLK4 cleavage sites in 
the Atapuerca enamel proteome. a, Experimentally observed cleavage 
matrices for ameloblastin (AMBN), enamelin (ENAM) and amelogenin (AMELX 
and AMELY) (Methods). Fold differences are colour-coded by comparing 
observed PSM cleavage frequencies to a random cleavage matrix for each 
protein separately7. b, Fold differences for all observed cleavage pairs per 
protein. Red filled circles represent MMP20, KLK4 and signal peptide cleavage 
sites mentioned in the literature53–56. Red open circles indicate cleavage sites 

located up to two amino acid positions away from such sites. c, PSM coverage 
for each protein. The signal peptide (thick horizontal bar labelled ‘sig’), known 
MMP20 and KLK4 cleavage sites (vertical bars), and O- and N-linked 
glycosylation sites (asterisks) are also indicated. For AMELX, peptide positions 
for all three known isoforms were remapped to the coordinates of isoform 3, 
which represents the longest isoform (UniProt accession Q99217-3). The x and 
y axes differ between the three panels of c.
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Extended Data Fig. 8 | Phylogenetic position of D4163 through Bayesian 
analysis. Nomascus leucogenys and M. mulatta were used as outgroups.



Extended Data Table 1 | Extraction and mass spectrometry details of analyses conducted on both ancient hominin 
specimens

QE-HF, Q Exactive HF (or HF-X) hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). Fusion Lumos, LTQ-Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). 
*Extraction method 1: demineralization in HCl, with no subsequent proteolytic digestion. Extraction method 2: demineralization in HCl, reduction, alkylation and digestion with LysC and trypsin. 
Extraction method 3: demineralization in TFA, with no subsequent proteolytic digestion. See Supplementary Information for further details.
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Extended Data Table 2 | Ancient hominin enamel proteome composition and coverage

Proteins are included only if two or more unique peptides were observed in either the PEAKS or MaxQuant searches. Primary accession refers to the H. sapiens entry in UniProt. Protein sequence 
coverage in the final column indicates the coverage obtained after combining PEAKS and MaxQuant peptide recovery. For ‘coverage (AA)’ columns, numbers in parentheses refer to the number 
of amino acid (AA) positions uniquely identified in PEAKS or MaxQuant searches. For AMELX and AMELY, coverage statistics combine counts for all isoforms present, whereas peptide counts 
refer only to the highest-ranking isoform or database entry. Direct comparisons between PEAKS and MaxQuant are uninformative owing to fundamental differences in spectral identification, 
protein and/or peptide assignment, and peptide counting approaches. 
*Combined coverage calculated against the longest isoforms for each protein.
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Data collection Mass spectrometric data were acquired using the Xcalibur™ Software, controlling the  Thermo Scientific™ LC-MS systems. 

Data analysis Xcalibur™ (version 4.1) 
MaxQuant (version 1.5.3.30) 
PEAKS (version 7.5) 
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Python (version 3.5.4) 
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R, package stringr (version 1.4.0) 
R, package stringi (version 1.2.4) 
Tracer (version 1.7.0) 
BEAST (version 2.5) 
https://github.com/cox-labs/wiNNer.git

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All the mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE 
partner repository with the data set identifier PXD014342 Protein sequences generated as part of this study are provided as supplementary files. 
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Sample size No sample size calculation was required. All available hominin specimens available to us (n=2) were analyzed, one from each hominin 
population of interest (Homo antecessor and Homo erectus).

Data exclusions No data was excluded from the study.

Replication Phylogenetic trees were reproduced using three different algorithms, and found consistent results (see Methods and SI). Proteomic results 
were replicated using repeated LC-MS/MS runs of different extracts for enamel of the same teeth, sometimes based on alternative extraction 
protocols, with extractions performed on different days in different laboratory sessions. Protein extracts were analyzed by LC-MS/MS on 
separate instruments in Copenhagen and Barcelona, with similar results obtained.

Randomization Samples were injected in the LC-MS/MS system in randomised order. 

Blinding Blinding was not relevant to this study, with only two specimens analyzed
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Palaeontology
Specimen provenance Studied specimens derive from Gran Dolina, Atapuerca (Spain) and Dmanisi (Georgia). Export of specimens to the Globe 

Institute, University of Copenhagen was regulated by approval of Prof. J.M Bermudez de Castro (Atapuerca) and Prof. D. 
Lordkipanidze (Dmanisi) who are both co-authors of the current study.

Specimen deposition Specimens are available upon request to E. Cappellini (Globe Institute, University of Copenhagen, Denmark), Prof. Bermudez de 
Castro (CENIEH, Burgos, Spain), or Prof. Lordkipanidze (Georgian National Museum, Georgia).

Dating methods No new dates obtained.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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