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1. ANTHROPOLOGICAL BACKGROUND

1.1 Atapuerca

Maria Martindn-Torres, Juan Luis Arsuaga, Eudald Carbonell, José Maria Bermudez de Castro

The Sierra de Atapuerca is placed about 15 km east of the city of Burgos in Northern Spain (3° 41°5922""
W, 42°20°27°° N). It is a small hill with an area of about 25 km? and a maximum altitude of 1082 meters,
placed between the basins of the river Duero to the southwest and the river Ebro to the northeast. The
Sierra de Atapuerca has a strategic position at the end of the so-called Bureba corridor (Fig. S1), a relatively
narrow passage between the Cordillera Cantdbrica range (to the north) and the Sierra de la Demanda-
Iberian range (located towards the south). The Bureba corridor was probably an important passage for
the migrations of different species between Mediterranean areas and the interior of the Iberian Peninsula
during the Pleistocene.

The Sierra de Atapuerca is made of Mesozoic limestone and from a structural point of view belongs to the
Iberian range®®’. The study of the geomorphology revealed that the Sierra de Atapuerca is an NNW-SSE
anticline verging on the NE. This structure forms an anticline ridge made up of Upper Cretaceous
limestone, dolomites, and calcarenites®®. The core of the anticline is made up of Keuper (Upper Triassic)
shales and Triassic-Jurassic dolomites®. The karst system, where the archaeological and paleontological
sites are located, developed in the Upper Cretaceous. Unconformably overlying the Cretaceous limestone
are calcareous conglomerates and red sandstone of Oligocene in age®®’. Additional information on the
geomorphology of the Sierra de Atapuerca can be found in Zazo et al.”®, and Parés and Pérez-Gonzélez’".
Ortega-Martinez’? carried out the main description of the multilevel karst system.

The construction of a railway trench at the southern slope of the Sierra de Atapuerca at the end of the XIX
century, as well as the opening of a quarry during the mid-XX century in the abandoned trench, revealed
the presence of some karstic fillings containing archaeological and paleontological information. From
1978 onwards, a systematic excavation of these fillings has produced rich archaeological and fossil
records. One of the most important cavities is Gran Dolina. This cavity is 28 meters deep and is fully infilled
with Early and Middle Pleistocene sediments. The first description of the Gran Dolina infilling was carried
out by Gil et al.”®. These authors describe eleven main lithostratigraphic levels, TD1 to TD11 (from bottom
to top; Fig. S2). Later, Parés and Pérez-Gonzalez®® and Parés and Pérez- Gonzélez’* published a more
detailed description of the stratigraphy of Gran Dolina. The finding of Early Pleistocene human fossil
remains in level TD6 was very important for the scientific Atapuerca project. This finding, made in 1994
during the excavation of an archaeological pit of less than six square meters’, initiated the systematic
excavation and study of the fossiliferous filling of the Gran Dolina. An exhaustive stratigraphic study of
the TD6 level has been carried out by Campafia et al.”.



Iberian Peninsula

Figure S1. Location of the Sierra de Atapuerca in the Iberian Peninsula. Note that the Sierra de Atapuerca
is located at the end of the Bureba corridor, which connects the basin of the Ebro River with the Castellana

Plateau and the Duero river basin.
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Figure S2. Stratigraphic profile of deposits and levels at the Gran Dolina cave site. A detailed view of the
sublevels of TD6 can be found in Extended Data Figure 1b. This figure has been made by Jordi Rosell.
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1.1.1 Atapuerca TD6.2 sublevel

The TD6 level has been divided in three sublevels: TD6.1, TD6.2, and TD6.37>7¢ (Extended Data Fig. 1). The
human fossils, as well as more than 830 artefacts and several thousands of micro- and macromammal
fossil remains””®1, come from the sublevel TD6.2%97, Parés and Pérez-Gonzéalez®®’* and more recently
Alvarez Posada®> observed a polarity reversal between TD7 and TDS8, interpreted as the
Matuyama/Brunhes boundary, meaning that levels TD8 to TD11 were deposited during the Middle
Pleistocene, whereas levels TD7 to TD1 were deposited during the Early Pleistocene. The combination of
the paleomagnetic data and ESR/U-series ages suggests an age range between 0.78 and 0.86 million years
ago (Ma) for the TD6 level®. Thermoluminiscence (TL) dates on samples taken at the TD7 level, one meter
below the Brunhes/Matuyama boundary, give a weighted mean age of 0.96 + 0.12 million years ago (Ma)
for TD7%4. The ESR dating applied to optically bleached quartz grains from TD6 gives dates between 0.60
+0.09 Ma and 0.95 + 0.09 Ma®®. These authors also obtained dates of 0.73+ 0.13 Ma and 0.85 + 0.14 Ma
for the TD7 level, from samples taken under the Matuyama/Brunhes boundary. Using thermally
transferred OSL (TT-OSL) dating of individual quartz grains, Arnold et al.® obtained a weighted mean age
of 0.84 + 0.06 Ma for the TD6 level. Arnold and Demuro® have undertaken a series of TT-OSL suitability
assessments on known-age samples from TD6. Using this method, they obtained a weighted average age
of 0.85 + 0.04 Ma for TD6.3. The first direct Electron Spin Resonance (ESR) dating study of Homo
antecessor using one hominin tooth has provided an age estimate ranging from 0.72 Ma to 0.95 Mal%.
Finally, a recent paleomagnetic study of the interior facies of TD1 places the TD6.2 hominins between the
Matuyama/Brunhes boundary and the Jaramillo subchron®. Summarizing, and taking into account the
biostratigraphic information from TD677%°, we consider that the TD6 hominins can be assigned to the
Marine Isotope Stage 21 (MIS 21).

1.1.2 ATD6-92

We sampled an isolated lower left first or second molar (ATD6-92). The specimen was excavated from
square F14, sublevel TD6.2, in 2004. The fragment contains both enamel and dentine, although the root
and dentine interior is largely absent. ATD6-92 derives from a stratigraphic unit containing over one
hundred and seventy hominin fossils, all of which have been attributed to Homo antecessor.

The specimen has been uCT scanned previously, as well as directly dated using a combination of Electron
Spin Resonance (ESR), LA-ICP-MS U-series analysis, and bulk U-series dating'!. The dating analysis
constrains the age of the tooth to between 624-949 thousand years ago (ka). As sublevel TD6.2 has
reversed polarity, as indicated by paleomagnetic data, this age range can be shortened to 772-949 ka, and
is in full agreement with other lines of chronological evidence for Gran Dolina TD6!183%6 (see above).

1.2 Dmanisi
Ann Margvelashvili, David Lordkipanidze

The archaeological and paleontological site of Dmanisi, Georgia, is located in the South Caucasus, 55 km
southwest of Thilisi (41°20°10”N and 44°20°38"E). The site is situated on the promontory that overlooks
the confluence of the Mashavera and Pinesauri rivers. Lower Pleistocene deposits are set between the
Medieval ruins and above the 1.85-Ma Mashavera Basalt which originated from the Javakheti volcanic
highland. Hominin fossils attributed to Homo erectus ergaster georgicus (Dmanisi) derive from the layer
B1, which is dated to between 1.78 and 1.76 Ma, based on “°Ar/*Ar dates, paleomagnetism, and
paleontologic constraints4. Besides the uniquely well-preserved and numerous hominin fossils, the site



has produced a rich paleontological assemblage, from some of which the recovery of ancient enamel
proteins was possible. These specimens were discovered in different excavation blocks and/or have
different preservation conditions®.

1.2.1 D4163

The isolated molar D4163 was discovered in M6, an excavation area located about 50 m northwest from
Block Il, where the majority of the hominin bones have been recovered. The excavations of M6 ceased
after 2008, when the section reached the Mashavera basalt. The tooth was found in layer B1. This layer is
dated to 1.77 Ma and correlates with the earliest Upper Matuyama chron, as it displays reversed
polarity!®. B1 ashes of all excavation blocks in Dmanisi have distinctive laminated calcretes — retarded or
arrested water percolations - whereas these calcretes are absent in M6,

D4163 is a right upper first molar. It is poorly preserved, with half of the crown missing and the third root
broken off (Extended Data Fig. 2b). The tooth is worn down (grade 4-5 according to Molnar 1971%). There
is also the clear presence of taphonomic modifications of the dental surfaces. Together, these have
resulted in the obliteration of the cusp shapes of the occlusal surface. Therefore, the fissure morphology
of the occlusal surface is not observable, as the grooves are absent due to wear, taphonomy, and missing
parts of the crown. The occlusal outline is asymmetrical, as far as can be assessed from the preservation
state. The tooth is rather rhomboidal, instead of square. The remnants of a flat wear patch (contact point)
are present on the distal surface of the crown. A more concaved wear patch can be traced on the mesial
surface as well. Only two major cusps are present (paracone and metacone) with a faint buccal groove
running between them. A shallow central fossa is present as well. The paracone is larger than the
metacone, which is different from the other Dmanisi first molars. However, even though half of the crown
is missing, it can be assumed that the bucco-lingual dimensions are larger than the mesio-distal
dimensions. This pattern resembles the pattern observed for the first and second molars of the D4500
cranium?®. Similarity between the D4500 molars and D4163 also include the massive roots present on all
these specimens.

The roots slightly angle distally, and trifurcation is in the cervical third of the root. The roots are set widely
apart from each other. The largest root (lingual/palatinal) is broken off. The bucco-distal root is the
longest, whereas the bucco-mesial root is shorter, more triangular, and compressed mesio-distally.

The molar does not fit to any current Dmanisi individuals or their associated mandibles. It is therefore
likely that D4163 belongs to another Homo erectus (Dmanisi) individual.



2. SUPPLEMENTARY METHODS and RESULTS

2.1 Amino Acid Racemization
Marc R. Dickinson, Kirsty Penkman

2.1.1 Amino acid racemization methods

Chiral amino acid analysis was undertaken on one Pleistocene sample from the hominin tooth from
Dmanisi to test the endogeneity of the enamel protein through its degradation patterns. The current
technique of amino acid analysis developed for geochronological purposes® combines a reverse-phase
high-pressure liquid chromatography (RP-HPLC) method of analysis®® with the isolation of an ‘intra-
crystalline’ fraction of amino acids by bleach treatment®2. This combination of techniques results in the
analysis of D/L values of multiple amino acids from the chemically protected (closed system) protein
fraction within the biomineral, thereby enabling both decreased sample mass and increased reliability of
the analysis.

The tooth chip was separated into the enamel and dentine portions and each powdered with an agate
pestle and mortar. All samples were prepared using modified procedures of Penkman et al.3%, but
optimized for enamel, using a bleach time of 72 hours to isolate the intra-crystalline protein®’. Two
subsamples were analyzed from each portion: one fraction was directly demineralized and the free amino
acids analyzed (referred to as the ‘free’ amino acids, FAA, F), and the second was treated to release the
peptide-bound amino acids, thus yielding the ‘total hydrolysable’ amino acid fraction (THAA, H*). After
demineralization of the enamel, the pH of the solution was raised with KOH and then centrifuged for 5
min at 13,000 rpm, whereupon a biphasic solution formed®’. The supernatant was extracted and dried via
centrifugal evaporation. Samples were analyzed in duplicate by RP-HPLC, with standards and blanks run
alongside samples. During preparative hydrolysis, both asparagine (Asn) and glutamine (GIn) undergo
rapid irreversible deamination to aspartic acid (Asp) and glutamic acid (Glu), respectively®, It is therefore
not possible to distinguish between the acidic amino acids and their derivatives and they are reported
together as Asx and GlIx respectively. The secondary amino acids proline and hydroxyproline are not
detectable in the chiral amino acid analysis used her, and are therefore not reported below.

The DL ratios of aspartic acid/asparagine, glutamic acid/glutamine, phenylalanine and alanine (D/L Asx,
Glx, Phe and Ala) are assessed to provide an overall estimate of intra-crystalline protein decomposition
(IcPD). In a closed system, the amino acid ratios of the FAA and the THAA subsamples should be highly
correlated, enabling the recognition of compromised samples (e.g. Preece & Penkman, 2005%; Dickinson
et al., 2019%). The D/L of all the amino acids will increase with time, but each amino acid racemises at a
different rate, therefore providing different resolution over different timescales.

2.1.2 Amino acid racemization results

The amino acid composition of the hominin enamel differs from dentine, but closely resembles that of
enamel from other taxa from Dmanisi® (e.g. Megacerini; Fig. S3), indicating the amino acids studied are
derived from the same proteins entrapped within the intra-crystalline fraction of enamel.

In a closed system, all of the products of protein degradation should be retained, so the racemization of
the FAA and THAA should be highly correlated over geological time. More labile amino acids, such as those
that are unbound (FAA) are more likely to leach out of an open system, so open system behavior tends to
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result in data points falling away from the general closed system trend. Unfortunately, there is currently
no directly comparative enamel data from the same species, but we have compared the hominin enamel
both to other species from Dmanisi, and to Proboscidea data from the UK, for which there is a larger
dataset (Extended Data Fig. 3).

Whilst taxonomic effects influence the rates of racemization (so different taxa will have a different extent
of racemization, despite being the same age), it is likely that the relative relationship between the
racemization of FAA and THAA is similar enough between taxa to identify if significant
leaching/contamination of the original protein has occurred. The FAA and THAA racemization values from
the hominin enamel plot along the same trajectory as those from Proboscidea enamel, indicating that the
intra-crystalline enamel amino acids from the hominin tooth are endogenous and show closed system
behavior.

The extent of racemization in all four amino acids studied is comparable to other taxa from the Dmanisi
deposits of the same age (Extended Data Fig. 3), but slightly higher, indicating that hominin enamel amino
acids racemise at a faster rate. This fast rate of degradation is also consistent with the high percentage of
FAA, implying higher rates of hydrolysis (Fig. S4). The extent of racemization and hydrolysis in the hominin
enamel indicates a great antiquity, which is consistent with 1.8 Ma amino acids from this region. In
summary, the protein composition, level of peptide bond hydrolysis, and extent of racemization in the
hominin sample is consistent with the isolation of a closed system of endogenous protein from the intra-
crystalline fraction of the enamel.
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Figure S3. THAA amino acid compositions of enamel and dentine from the hominin tooth D4163. A
profile of a Megacerini enamel sample from Dmanisi is shown for comparison (taken from Cappellini et
al., 2019°). The amino acid composition of the hominin enamel closely resembles that of the Megacerini

enamel.
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2.2 Proteomic Analysis

Frido Welker, Petra Gutenbrunner, Shivani Tiwary, Meaghan Mackie, Rosa Rakownikov Jersie-
Christensen, Cristina Chiva, Pere Gelabert, Eduard Sabido, Jurgen Cox, Jesper V. Olsen, Enrico Cappellini

2.2.1 Protein extraction

We attempted protein analysis on enamel fragments from both hominins and our recent human control
(@#1952), and in addition also conducted protein extractions on a dentine sample from the Dmanisi
hominin. Enamel powders might contain traces of dentine, as no dedicated chemical or physical
separation was attempted after drilling. We did not perform subsuperficial acid-etching of exposed
enamel surfaces'®?%%, Three separate protocols were utilized. See Extended Data Table 1 for further
details on the division of extraction approaches across samples.

Extraction method 1.

Approximately 250 mg of enamel was demineralized in 1.2 M HCI at 4°C, changing and saving the HCI
supernatant every 24 hours. The peptides suspended in the HCl demineralization fractions were then
directly cleaned, concentrated and immobilized, skipping reduction, alkylation and digestion steps, using
in house assembled C18 solid-phase extraction Stage-Tips, using previously published methods®.

Extraction method 2.

After the demineralization of the Dmanisi sample from Extraction method 1, there were some remnants
of the sample that did not appear to be mineral, and therefore digestion on this fraction was performed
using a guanidine hydrochloride (GuHCI) solution, in case some protein could be extracted, following
Mackie et al.*°. In short, the sample was reduced and alkylated using 2-Chloroacetamide (CAA) and Tris
(2-carboxyethyl) phosphine (TCEP) within a GuHCI solution and incubated at 80°C. Subsequently, the
sample was digested with the enzymes rLysC and Trypsin (Promega) overnight. Samples were then
acidified to under pH 2 using 10% TFA in ultrapure water. Peptides were collected and cleaned on C18
Stage-Tips, as in method 1.

Extraction method 3.
A single sample of the Dmanisi Homo erectus was demineralized in 10% TFA Peptide clean-up on C18
StageTips followed the details outlined for Extraction method 1.

2.2.2 LC-MS/MS analysis

Protein extractions were analyzed in two independent laboratories. First, extracts were all analyzed at the
Novo Nordisk Centre for Protein Research, University of Copenhagen (Denmark). Second, a significant
subset of extracts were also analyzed at the Proteomics Unit of the Centre for Genomic Regulation,
Pompeu Fabra University (Barcelona, Spain). Several of the extracts were also analyzed multiple times on
the same instrument at the same facility, providing further depth to our proteomic data (Extended Data
Tab. 1). For all analyses, injection blanks preceded and followed sample injections to minimize the risk of
sample carry-over between runs. Furthermore, whenever possible, ancient enamel proteomes were only
injected after extensive cleaning of the MS.

Copenhagen (Denmark)
Samples were analysed using in an EASY-nLC 1200 (Thermo Fisher Scientific (Proxeon), Odense, Denmark)
coupled to either a Q-Exactive HF or HF-X (Thermo Fisher Scientific, Bremen, Germany) orbitrap mass
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spectrometer. The peptides were eluted from the StageTips using 20 puL 40% acetonitrile (ACN) and
subsequently 10 uL 60% ACN into a 96 well plate. For the Atapuerca sample, a quarter of the eluted sample
was dried and sent to Barcelona. In Copenhagen, after elution, all samples were vacuum centrifuged at
40°C until approximately 3 pL was left. The remainder of the Atapuera samples were then rehydrated with
10 pL of 0.1% TFA, 5% ACN. The Dmanisi samples were rehydrated with 9 pL of 0.1% TFA, 5% ACN, 4 uL of
which being saved and sent to Spain. Different LC and MS methods were used in Copenhagen based on
the instrument and column length. In addition, for the Dmanisi runs, a short test run of each sample was
also performed before the main analysis. Columns were either 15 or 50 cm PicoFrit® columns (75 um inner
diameter) in-house packed with 1.9 um C18 beads (Reprosil-AQ Pur, Dr. Maisch). Buffer B consisted of
80% acetonitrile and buffer A of milliQ water, both containing 0.1% TFA. Tables S1-S3 summarise the
different LC and MS methods used in Copenhagen.

Table S1. nLC operation parameters for samples when coupled to a Q-Exactive HF or Q-Exactive HF-X
mass spectrometer (Copenhagen).

Sample set Instrument Column Injection Flow rate | Time Duration (min, | % Buffer
length (cm) volume (ul) (nl/min) (mm:ss) from time) B
Atapuerca Q-Exactive HF 00:00 0 2
110:00 110 25
135:00 25 40
50 5 200 140:00 5 60
145:00 5 60
150:00 5 2
165:00 15 2
Dmanisi Q-Exactive HF test run 00:00 0 20
11:00 11 35
13:00 2 80
15 ! 250 14:00 1 80
16:00 2 5
26:00 10 5
Q-Exactive HF 00:00 0 2
110:00 110 25
135:00 25 40
50 4 200 140:00 5 60
145:00 5 60
150:00 5 2
165:00 15 2
Q-Exactive HF-X 00:00 0 5
50:00 50 30
60:00 10 45
15 5 250 62:00 2 80
67:00 5 80
72:00 5 5
77:00 5 5

Table S2. Mass spectrometer full scan operation parameters for samples on the Q-Exactive HF and Q-
Exactive HF-X (Copenhagen). Resolution is at m/z 200. IT: injection time, ACG: auto gain control target.

11



Sample set Instrument TopN Resolution Mass range ACG Max IT

Atapuerca Q-Exactive HF 10 120,000 300-1750 m/z 3e6 20 ms

Dmanisi Q-Exactive HF testrun | 10 60,000 350-1400 m/z 3e6 20 ms
Q-Exactive HF 10 120,000 300-1750 m/z 3e6 20 ms
Q-Exactive HF-X 10 120,000 350-1400 m/z 3eb 25 ms

Table S3. Mass spectrometer fragment scan operation parameters for samples on the Q-Exactive HF
and Q-Exactive HF-X (Copenhagen). Resolution is at m/z 200. IT: injection time, NCE: normalized collision
energy, ACG: auto gain control target, DE: dynamic exclusion.

Sample set Instrument Resolution Fixed first mass | ACG Max IT NCE Isolation DE
window
Atapuerca Q Exactive HF 60,000 100 m/z 2e5 108 ms 28 1.3m/z 30s
Dmanisi Q Exactive HF test run | 30,000 100 m/z 1le5 45 ms 28 1.3m/z 10s
Q Exactive HF 60,000 — 2e5 108 ms 25 1.3m/z 30s
Q Exactive HF-X 60,000 100 m/z 2e5 108 ms 28 1.2m/z 20s

Barcelona (Spain)

Samples were dissolved in 0.1% formic acid and analyzed by LC-MSMS using a LTQ-Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an EASY-nLC 1000 (Thermo
Fisher Scientific (Proxeon), Odense, Denmark). Peptides were loaded directly onto the analytical column
and separated by reversed-phase chromatography using a 50-cm column with an inner diameter of 75
um, packed with 2 um C18 particles (Thermo Scientific, San Jose, CA, USA). Chromatographic gradients
started at 95% buffer A and 5% buffer B with a flow rate of 300 nl/min for 5 minutes and and gradually
increased to 22% buffer B and 78% A in 105 min and then to 35% buffer B and 65% A in 15 min. After each
analysis, the column was washed for 10 min with 10% buffer A and 90% buffer B. Buffer A: 0.1% formic
acid in water. Buffer B: 0.1% formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at 2.4 kV
and source temperature at 275°C. Ultramark 1621 was used for external calibration of the FT mass
analyzer prior the analyses, and an internal calibration was performed using the background polysiloxane
ion signal at m/z 445.1200. The acquisition was performed in data-dependent acquisition (DDA) mode and
full MS scans with 1 micro scans at resolution of 120,000 were used over a mass range of m/z 350-1500
with detection in the Orbitrap mass analyzer. Auto gain control (AGC) was set to 4E5 and charge state
filtering disqualifying singly charged peptides was activated. In each cycle of data-dependent acquisition
analysis, following each survey scan, the most intense ions above a threshold ion count of 10000 were
selected for fragmentation. The number of selected precursor ions for fragmentation was determined by
the “Top Speed” acquisition algorithm and a dynamic exclusion of 60 seconds. Fragment ion spectra were
produced via high-energy collision dissociation (HCD) at normalized collision energy of 28% and acquired
in the Orbitrap mass analyzer. AGC was set to 3E4, and an isolation window of 1.6 m/z and maximum
injection time of 100 ms were used. All data were acquired with Xcalibur software v4.1.31.9. Several blank
samples were injected before and after each sample to avoid sample carryover.
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Figure S5. Examples of LC-MS/MS spectra of Homo antecessor. a, Ancestral SAP (L179M) in AMELY
present in Homo antecessor. Stagetip number: 1069. Scan number: 31841. b, Homo antecessor-derived
SAP (L1089P) in COL17a1l. Stagetip number: 1069. Scan number: 31158. ¢, Derived SAP (T64N) in ENAM
shared with Homo sapiens, Neanderthals, and Denisovans. Stagetip number: 1069. Scan number: 18166.
d, AMELY-specific peptide. Stagetip number: 1069. Scan number: 9847. Note the presence of deamidation
(de) and oxidation (ox, di) modifications in a, ¢, and d. Informative positions are highlighted (red star).
Spectral acquisition was replicated across multiple extractions and injections for each informative
position.
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2.2.3 Protein sequence database

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 hominins®>*, and sequences from Gorilla beringei, Pongo pygmaeus, and Pongo
tapanuliensis®**3. See §2.3.1 and §2.3.2 for details on the prediction of protein sequences for published
genomes of great apes and extinct hominins. Accession numbers for UniProt or Genbank accessions of
extant great apes and humans can be found in Table S4.

For each protein, we reconstructed the protein sequence of ancestral nodes in the Hominidae family
through PhyloBot* to minimize cross-species proteomic effects*, and added missing isoform variation
based on the isoforms present for each protein in the human proteome as given by UniProt. Ancestral
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Sequence Recontruction (ASR) was conducted across the entire Hominoidea phylogeny using PhyloBot*,
Input sequences were constrained phylogenetically to (Macaca,(Nomascus,((Pongo abelii, Pongo
pygmaeus),Gorilla,(Homo,((Pan paniscus, Pan troglodytes)))))). After obtaining protein sequences of
extant, extinct, and ancestral nodes across Hominoidea, we imputed isoform variation known to exist for
AMELX, AMELY, AMBN, AMTN, KLK4 and TUFT1 as we realized that isoforms for most of these proteins
are not present in all great ape reference sequences available in UniProt. We assumed that alternative
splicing would be placed identically for all great apes, took those protein positions from the human
reference sequences (which does have isoform variation for each of these proteins), and placed them on
the non-human great ape and ASR sequences. These manually created great ape and ASR isoforms were
added to the protein sequence database, with sequence names appended with “Manlso2” and/or
“ Manlso3”. Furthermore, we downloaded the entire human reference proteome from UniProt
(downloaded 04.09.2018) 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 contaminants?.

Supplementary Table S4. Accession numbers of publicly available protein sequences utilized in database
construction and phylogenetic analysis.

Protein Homo Pan paniscus Pan Gorilla gorilla | Pongo abelii Nomascus Macaca
sapiens troglodytes leucogenys Mulatta
COL1lal P02452 XP_003817507 H2QDE6 G3RBN8 H2NVM9 XP_012358721 H9Z595
COL1la2 P08123 XP_003809763 H2QUY2 G3QT197 H2PMW7 G1RZZ2 H9Z2D1
COL17a1 | Q9UMD9 XP_008949124.1 | H2Q2)4 G3QE20 H2NBI5 G1RZC4 (absent)
ALB P02768 XP_003832390 H2RBT1 G35791 Q5NVH5 G1R8T8 Q28522
AMBN QINP70 XP_003809040 H2R148 G3RCU1 H2PDIS G1R841 F7HLX4
AMELY Q99218 (absent) Q861X8 C3uJpP7 (absent) (absent) AOA1D5RDA1
AMELX Q99217 XP_003805726 A5JJS6 G3SDKO H2PUX0 G1RCS3 A5JJS8
ENAM QI9NRM1 B2L7U5 H2QPMO B2L7U8 H2PDI6 G1R843 F7H832
TUFT1 QINNX1 XP_003817293 K7CQG4 G3QY68 H2N5V2 G1RGY4 G7MDK9
KLK4 Q9Y5K2 XP_003813692 XP_009434410 | G3QUS55 AO0A2J8U913 G1R1C5 G7NMD1
MMP20 060882 XP_003828430 H2Q4M8 G3QLAS8 H2NF32 G1R6B1 F7GQW6
AMTN Q6UX39 XP_003809041 H2QPL9 G3RJIV5 H2PDI4 G1R825 FEVNG5
ODAM A1E959 XP_003809049 A1YQ94 G3QY18 H2PDH6 G1R7Z0 A1YQ92
AHSG P02765 XP_008953975 QI9N2DO0 E1U7Q5 H2PC98 G1R4B1 Fevza7

Accession numbers either refer to UniProt or GenBank.
2.2.4 wiNNer peptide sequence and SAP validation

Dataset

The wiNNer model was trained for the prediction of the phylogenetically informative peptide sequences
in the ancient samples (Dmanisi Homo erectus and Atapuerca Homo antecessor). Ancient samples
(Dmanisi Homo erectus and Atapuerca Homo antecessor) were divided into phylogenetically informative
peptide sequences and the subset not containing such phylogenetically informative 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 fauna®. The dataset only has HCD fragmentation, so we build two
models. HCD+2 contains 5,555 unique modification-specific peptides, and HCD+3 contains 692 unique
modification-specific peptides. For each unique modification-specific peptide, the spectrum with the
highest Andromeda score was taken. Spectra with an Andromeda score below 50 were discarded. The
retained data for each model was split into a division of 80:10:10 for training, validation and test sets,
respectively. We kept test data for evaluating the wiNNer model by calculating the Pearson correlation
coefficient (PCC) between true and predicted intensities for each peptide.
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The training data has non-tryptic peptides. In addition, variable modifications such as Oxidation
(M), Deamidation (NQ), GIn->pyro-Glu, Glu->pyro-Glu, Oxidation (P), Carbamidomethyl (C), Dioxidation
(MW), Oxidation (W), His->GIuOH (H), His->Asp (H), Arg Ornithine, Phospho (STY) and Phospho (S) were
added when processed with MaxQuant, and peptide sequences containing these variable modifications
were taken into account.

wiNNer model

The conventional neural network model wiNNer' (window-based neural network being easily re-
trainable) uses sequence windows to compute feature space around the backbone bond for which y- and
b-ion intensities need to be predicted. Amino acids on the N- and C- terminus, the distance of the bond
from the peptide termini, and the length of peptide, were also used as features. Each amino acid residue
and modified amino acid residues were converted to a 38 binary feature by one hot encoding to include
residue specific modification and sliding window extending termini. For example, to include deamidation
(NQ), the modification of two extra residues N(de) and Q(de) were added for one hot encoding. The
missing intensities were set to zero and the intensities of a single peptide was normalized by the maximum
value among y- and b-ions. Then, they were log transformed: log,(1 + Intensity * 10000). We trained
two regression models, one for HCD+2 and one for HCD+3.

The architecture of the wiNNer model is built using Keras (version 2.0.8; https://keras.io/), a high-level
neural network, to train the neural network model. Tensorflow version 1.3.0 was used as backend in
Keras. The architecture of neural network includes 5 dense layers. The input layers contain 991 features
for a window size of 24. The hidden unit is reduced from 600, 400, 200 to 50 in subsequent dense layers,
and the output layer contains 2 units for y- and b-ion peak intensities. Hyper-parameters such as batch
size, dropout, learning rate and number of epochs were optimized separately for different models.

The wiNNer model can be accessed on GitHub (https://github.com/cox-labs/wiNNer.git).

Results

The supplementary Figure S6a shows the PCC of HCD+2 and HCD+3 models were 0.85 and 0.81
respectively, between true and predicted intensities for each peptide in the test sets. These results are
close to the wiNNer model for unmodified sequences, where the PCC is 0.88 for HCD+2 and 0.76 for
HCD+3Y. Figure S6b shows the PCC between true and predicted spectra intensity of all the
phylogenetically informative peptide sequences in the ancient samples. The PCC of All peptides, Oxidation
(M), Deamidation (NQ), Oxidation (P), Dioxidation (MW) and Phospho (S) were 0.77,0.79, 0.76, 0.68, 0.76
and 0.76 respectively. Again, these distributions are similar to the overall test performance of our wiNNer
model, and indicate accurate peptide sequence identification for our phylogenetically informative
spectra.
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Figure S6. Results of wiNNer on ancient enamel proteomes. a, Performance of the wiNNer model for
HCD+2 and HCD+3. The boxplots shows the PCC distribution between true and predicted spectrum
intensity for each peptide sequence in the test data. The boxplots contains 556 unique PSMs for HCD+2
and 70 unique PSMs for HCD+3, respectively. b, PCC distribution of true and predicted intensities in
phylogenetically informative peptides, and for specific classes of variable modifications. Distribution of
PCCs of true and predicted y- and b-ion peak intensities in all the phylogenetically informative peptides
(“All Phylo-Peptides”), and peptides including variable modifications, such as Oxidation (M), Deamidation
(NQ), Oxidation (P), Dioxidation (MW) and Phospho (S). The boxplots contain 359, 125, 278, 22, 47, and
114 unique peptides, respectively. Lower mean PCC correlation for classes of variable modifications are
generally related to smaller number of unique peptides included in wiNNer test and validation. For a and
b, each box extends from the lower to upper quartile values of the data. The line indicates the median.
The whiskers extends up to 1.5 times the interquartile range. Values above and below the interquartile
ranges are plotted in diamonds as outliers.
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2.2.5 Proteomic data analysis

Proteomic data analysis focused on diagenetic degradation (deamidation and peptide bond hydrolysis),
and the survival of in vivo modifications in the two Pleistocene hominin proteomes.

Deamidation analysis

Glutamine and asparagine deamidation has recently been investigated repeatedly in ancient proteome
studies in an effort to understand patterns of protein damage between proteins and/or across time. We
quantified glutamine and asparagine deamidation separately by following Mackie et al.*° for MaxQuant.
In short, protein-based deamidation rates are based on spectral intensities of matching PSMs,
subsequently re-assessed through 1000 bootstraps to derive a 95% confidence interval. See the original
paper for further details.

Peptide length distributions

Our digestion-free extraction approach allows us to explore peptide length distributions across and
between samples. Here, peptide length distributions are based on MaxQuant peptide matches only.
Comparisons are made with enamel proteomes extracted and analyzed in similar manners presented
earlier®®,

MMP20 and KLK4 cleavage patterns

The existing literature on enamel proteomes and enamel proteome biomineralization describes the
processes by which the enamel proteome is shaped through targeted protein hydrolysis by the proteolytic
enzymes MMP20 and KLK4%2, These two enzymes digest the major enamel proteome components
AMBN, AMELX, and ENAM into shorter amino acid chains. The in vivo cleavage locations of MMP20 and
KLK4 on AMBN, AMEL(X/Y), and ENAM have been described in the literature*>2 However, although
various studies have previously obtained proteomic data on fully mineralized enamel samples, including
ancient proteomes, no studies have explored whether in vivo MMP20 and KLK4 cleavage survives in
(ancient) enamel proteomes.

Our digestion-free extraction approach allows us to explore whether our ancient proteome datasets
preserve such in vivo patterns. As the Dmanisi sample contains several extracts either digested or
alkylated, we explore MMP20 and KLK4 cleavage patterns solely using the Atapuerca dataset. In addition,
we only focus on the proteins AMBN, AMEL(X/Y), and ENAM, since for these proteins we have large
numbers of identified peptide-spectrum matches (PSMs), as well as sufficient literature on known MMP20
or KLK4 cleavage sites.

As a background, we calculated for each protein a theoretical matrix (21 x 21) containing the percentage
that each possible amino acid (P1) —amino acid (P1’) pair occurred in the UniProt sequence of that protein
(AMBN_HUMAN, AMELX_HUMAN, AMELY_HUMAN, ENAM_HUMAN). For AMELX, this calculation was
based on the isoform 3 variant, which is the longest of the three AMELX variants present in UniProt.
Similarly, for AMELY, we selected isoform 1, because it is the longest isoform. For AMEL(X/Y), we had to
construct a joined theoretical matrix, as AMELX and AMELY significantly overlap in peptide populations,
while the sampled Homo antecessor individual is a male. We obtained this combined theoretical matrix
by first joining the AMELX and AMELY matrices in a ratio of 9:1, which is close to the experimental
proteomic and tRNA ratios observed in developing enamel®*®®, The protein-derived ratios were then
recalculated to a percentage for each amino acid pair. This theoretical background thereby is a simple
model of protein fragmentation in which each amino acid pair (P1-P1’) has an equal chance of being
cleaved and being observed, regardless of the amino acids involved, their potential PTM modification, or
their placement within the sequence or structure of the protein.
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As for the observed peptide cleavage pairs, we took the C- and N- termini of the peptide-spectrum
matches to each protein and counted the total occurrence of each amino acid pair. This matrix was then
turned into percentages, and divided by the theoretical matrix to obtain a value indicating the fold-
difference between the observed frequency of each hydrolyzed peptide bond (P1-P1’) and random
peptide bond cleavage (P1-P1’) for each possible combination of amino acids in both positions.

The results of this exercise show that, against a general background of peptide bond hydrolysis, there are
amino acid pairs that stand out by very large positive fold-differences in their occurrence (Extended Data
Fig. 7a, b). When mapped to known MMP20 and KLK4 cleavage sites, bonds with high rates of
fragmentation are without exception known cleavage sites of either of those enzymes, or are within 2
amino acids in either C- or N-terminal direction of such a known cleavage site (Extended Data Fig. 7b, c).
This finding provides experimental evidence that in vivo MMP20 and KLK4 protein cleavage survives in
Middle Pleistocene proteomes. In addition, for ENAM we observe a set of cleavage pairs that have highly
enriched fold cleavages located closely together (positions 56-57, 58-59, 65-66, 66-67; accession
ENAM_HUMAN in UniProt), suggesting that extensive hydrolysis, either in vivo or diagenetically, occurs
at or around these positions (Extended Data Fig. 7b).

Furthermore, our data shows an absence of PSMs to known locations of N-linked glycosylation in ENAM
(Extended Data Fig. 7c), as revealed in comparison with such modifications for ENAM included in UniProt.
This might either be due to enhanced molecular diagenesis at such positions or aspects of our extraction
and/or spectral identification approach preventing the recovery of PSMs from such sequence regions.

Phosphorylation occupancy

Phosphorylation occupancy was calculated using MaxQuant (v1.5.3.30) by measuring the intensity ratio
of phosphorylated and non-phosphorylated peptides. The raw mass spectrometry data of both hominins,
SK339 and ¢1952 was analyzed in a combined searched in MaxQuant for occupancy comparison between
the samples. For the database search, the same settings were applied as described in the Methods section.
We modified the used sequence database in such a way that it only contains one protein sequence entry
per species. The removal of AMELX and AMBN isoforms ensures that occupancy is calculated only once
for each site. Additionally, we excluded AMELY protein sequences, since we did not confidently identify
AMELY in the initial database search in the Dmanisi specimen.

In total, we could identify 18 phosphorylation sites. For three sites, ratio calculation was possible, since in
all four specimen the phosphorylated peptides and its non-phosphorylated counterparts were present
and quantified through label-free quantification (Tab. S5, Group 1). For nine sites, it was not possible to
quantify the phosphorylated peptide in at least one out of all 4 specimens (Tab. S5, Group 2). For six sites,
only the phosphorylated peptides were present but not the non-phosphorylated counterpart at least one
out of all four specimens (Tab. S5, Group 3).
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Table S5. Description of all identified phosphorylation sites in both ancient hominins and both modern
human control samples, including their summed intensity rations of phosphorylated and unmodified
peptides. The sites are grouped, depending on the presence of both phosphorylated and non-
phosphorylated peptides (group 1), the sole quantification of unmodified peptides in at least one of the
samples (0, group 2), or the presence of phosphorylated peptides only (e, group 3). #1952 represents
our recent human control. SK339 is an example of a recent control taken from Stewart et al.*.

Group 1: identification of both, phosphorylated and unmodified peptides
AMELX AMBN ENAM
Phosphosite 32_AMELX | 43_AMBN | 191_ENAM
Homo erectus 0.017859 0.23628 0.053114
Homo antecessor 0.36654 0.10561 0.42624
#1952 0.088134 0.073352 0.98228
SK339 0.17361 0.28135 1.7769
Group 2: 0 — quantification of only unmodified peptides
AMELX AMBN
Phosphosite 33_AMELX 42 _AMELX 175_AMELX 181 AMELX 182 AMELX | 34_AMBN 41_AMBN
Homo erectus 0.013984 0.001532 0.0053254 0 0 0.0028724 0.84794
Homo antecessor 0.0033069 0 0.0014622 0 0 0.0027449 0.020293
#1952 0.00016585 0 0 0.010832 0 0.00051682 0
SK339 0 0 0 0 0 0 0.22245
ENAM
Phosphosite 54 _ENAM 216_ENAM
Homo erectus 0 0.025636
Homo antecessor 0.20649 0.01626
#1952 0 0
SK339 0 0
Group 3: oo - identification of only phosphorylated peptides
AMTN AMBN
Phosphosite 115_AMTN  116_AMTN | 101_AMBN 261_AMBN 262 _AMBN  303_AMBN
Homo erectus oo oo oo 17.033 8.7485 oo
Homo antecessor oo oo oo oo oo 0.025266
#1952 oo oo 0 0.19077 0.10544 oo
SK339 o oo oo oo 0.44953 oo

2.2.6 Recent modern human control samples

To contrast our ancient hominin enamel proteomes with modern human data from less diagenetically-
altered environments, we also processed a single Medieval human tooth from Copenhagen (#1952) using
extraction methods 1 and 3 (two injections in total, one based on HCl and one based on TFA; see §2.2.1).
LC-MS/MS set-up was identical as described above (§2.2.2). #1952 represents a male individual, derives
from the former cemetery of the Almindeligt Hospital which was in use from approximately 1600-1800
A.D., and which was excavated in 1952. The specimen is stored and owned by the Laboratory of Biological
Anthropology, Department of Forensic Medicine, University of Copenhagen. Additionally, we processed
published human enamel proteome data from Stewart et al.’. The latter utilizes a 5% HCI acid-etching
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procedure that is minimally invasive, but also only recovers proteins from the outer enamel surface.
Stewart et al. used an extraction method without enzymatic digestion, and is therefore partly comparable
to the workflow used for @1952 and the ancient samples processed using extraction 1 and 3. Their
samples range in chronological age between approximately 5700 and 200 years old. Proteomic data from
Stewart et al. and #1952 was processed using the same MaxQuant as the ancient samples against a
protein sequence database restricted to Homo sapiens. All other search settings where as specified in the
Methods, and are therefore identical between the modern human control samples and the ancient
hominins.

Our analysis of 1952 and the Stewart et al. samples indicate that all these enamel proteome extracts are
composed of the core enamel proteome (ENAM, AMBN, AMELX/Y, MMP20, AMTN) with the addition of
additional collagens (COL1al, COL1a2, COL17al) and plasma proteins (AHSG, ALB) in some cases (Tab.
S6). It is unclear whether the collagens and plasma proteins derive from residual dentine in the @1952
sample. It is likely these proteome components are endogenous to the enamel, however, as the acid-etch
surface extractions performed by Stewart et al. also contains these proteins at low frequency. We confirm
the sex assignment of the Stewart et al. samples by observing an absence of AMELY-unique peptides in
female samples but the presence of AMELY-specific peptides in all male samples. We note that MMP20 is
absent in acid-etching of enamel surfaces. Conversely, ODAM and AMTN are only present the acid-etches
and not in the destructively-sampled ¢#1952.

Analysis of proteome degradation performed on the Homo antecessor and Homo erectus datasets were
contrasted with #1952 and SK339, a male individual of the Stewart et al. dataset. SK339 was chosen as it
represents an approximation of the average protein sequence recovery across the Stewart et al. samples
and is comparatively young in chronological age (19" century AD).

Protein sequence coverage obtained for our human control (¢#1952) and the ancient hominins is
comparable, but on average lower compared to the recent controls generated through subsuperficial
acid-etching of exposed enamel surfaces (Fig. S7). This is likely due to the deep-sequencing of the ancient
samples across multiple LC-MS/MS injections, while data for SK339 is limited to a single LC-MS/MS
injection and data for @1952 is limited to two LC-MS/MS injections. The decision to not employ
subsuperficial acid etching of enamel surfaces, but opt for destructive sampling, is supported by the this
observation of lower protein sequence recovery for the acid-etched datasets (Fig. S7). Still, major
sequence regions for the enamel-specific proteins recovered in the ancient hominins are also present in
the modern human controls, regardless of extraction approach (Extended Data Fig. 4).

We contrasted protein deamidation and peptide lengths of the recent human controls with those of the
ancient hominin samples. We observe that protein deamidation is high for both recent controls, but less
advanced compared with Homo antecessor and Homo erectus (Fig. S8). Interestingly, although the ancient
hominins and @1952 have an expected pattern of more advanced asparagine (N) deamidation compared
to glutamine (Q) deamidation, the SK339 proteome displays the opposite pattern of with more advanced
glutamine deamidation. It is unclear why this would be the case. Enamel-specific proteins are fragmented
in vivo through he combined action of MMP20 and KLK4%%52>3, Nevertheless, we observe that the peptides
recovered from the recent control samples are, on average, longer than those observed in the Homo
antecessor and Homo erectus samples (Extended Data Fig. 6d; #1952 — Homo antecessor: t-test(6.87),
df=1692, p=9.0e*%; #1952 — Homo erectus: t-test(15.93), df=1573, p<2.2e*®). We also observe that the
peptide lengths for SK339 are significantly shorter than those obtained for #1952 (t-test(-6.67), df=570,
p=5.9e!) or a Medieval ovicaprine enamel specimen published previously® (t-test(-8.90), df=487, p<2.2e"
18), These observations are consistent with advanced enamel protein fragmentation in vivo, but also
highlight the potential of significant variation in protein fragmentation between samples or analytical
procedures during protein extraction and LC-MS/MS analysis.

Finally, we compare the amino acid cleavages between our recent controls and the Homo antecessor
dataset. We observe that SK339 and (1952 display highly similar fold differences in cleavage site
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occurrence compared to a random cleavage model for each protein (Fig S9). Large fold-differences in P1-
P1’ occurrence correspond to known MMP20 and/or KLK4 cleavage sites in these proteins. The Homo
antecessor dataset contains a wider range of cleavage sites, compatible with diagenetic hydrolysis of
peptide bonds. This has been observed previously for an ancient proteome as well’. Still, also for the Homo
antecessor dataset, the observed P1-P1’ pairs with a high fold difference compared to a random
fragmentation model correspond to sites of known MMP20 and/or KLK4 activity, or peptide bond
locations located in close proximity to such sites (see Extended Data Fig. 7).

Table S6. Sequence coverage (%) of proteins identified in the modern human enamel proteomes from
Stewart et al. and $1952. For AMTN, AMELX, and AMELY, sequence coverage is calculated for the longest
isoform present. Numbers in brackets indicate unique+razor counts per protein. Unique+razor peptide
counts for AMELX are summed for the three isoforms present in the database — note that a large number
of shared peptides between these three isoforms are therefore not taken into consideration here.
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Figure S7. Comparison of protein sequence coverage between the subsuperficial acid-etches (n=13,

Stewart et al.'®) and destructive sampling (n=3, this study).
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Figure S8. Enamel proteome deamidation of human controls and ancient hominin proteomes. Only
peptides matching to AMELX, AMELY, AMBN, and ENAM are taken into account. Deamidation calculated
following Mackie et al.*® for 1,000 bootstrap replicates. The number of peptides (n) is given for each
vioplot. The boxplots within define the range of the data (whiskers extending to 1.5x the interquartile
range), outliers (black dots, beyond 1.5x the interquartile range), 25th and 75th percentiles (boxes), and
medians (centre lines). The boxplots define the range of the data (whiskers extending to 1.5 the
interquartile range), 25th and 75th percentiles (boxes), and medians (dots).

22



AMBN ENAM AMEL*

0 & 10 15 20 25 30 35 40 45 [} 20 40 60 80 100 120 0 10 20 30 40

Y I e | L1l |1 I -
Y. [ ] [ | - Yy WH NN = Y.
W o - W o - W,
V. + V. - V.
U - - U - u -
§ 7 n EE e E = r &1 =
& 5 I s B 51l g u"™ C &
SK339 % P | ] - P, | | - P E H
3 N N N
z C ] C ]
A | I F M. - [ - M.
o L [ | - L - L ]
I S I
8 ] C ] C ]
S H - H. - - H. -
o (’3: - | W | ‘ - % B l. - g — l.
E | || E. L £ 4
D. | D. + | | - D. A
% ] n mm A ] - A -
.I\III\TII\II\\II\\II\ TTT T T T T T T T T T T T T T T TTT1T
ACDEF.GH.| KLMN.P.QRS.T.UVWY ACDEF.GH I KLMNP.QRS.TUVWY ACDEF.GH.I KLMN.P.QRS.TUVWY
0 5 10 15 20 25 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
L1l L1l L1l
Y. E s Y. | N | - Y.
W. - | | = Ww. = W.
V. ~ V. - V.
u. - - u. - u.
$ 7 . C -
g5 E e E 8]
o1952 ¢ © g - " P2 ¢
s 3 -] C -
o M M. — - M.
S o = t 3 C i
s e 5 F rom S
8 %17 C -] C ]
2 H o ] - H. - - H
o ¢ t—- ' F 6 | m- ¢
E-4 mm | E q - E.
D [ ] -. D. — - D
%] E E EN & 7 - & m .
' ' e B A
ACDEFGH. I KLMNPQRST.UVWY ACDEFGHIKLMNPQRSTUVWY ACDEF.GH.I KLMNPQRSTUVWY
4] 5 10 15 20 25 30 0 5 10 15 20 25 30 35 0 5 10 15 20
Y. = Y Y. =
W, - W, W, ] -
v | | - V. v.{ 1 -
[V - u. U. =
Y 7 C ¥ 71 m = -
g 51 g™ - S. s - -
XE B Sm :
z P - P. Pi—lfr .IIIF
H. antecessor 2N M. N £
o L ll. [ L. L -'--r l.~
BE N e .:. ol
S 51 C : - C
2 H B H. H. -
@ cmm * * H G ¢ ] " o - -
E - E E - E
2 7 l [ ] l. D. g [ ] [ ] E
A, [ ] [ N A A HE EE BN | g
ACDEFGH. KLMNPQRST.UVWY ACDEFGH.I K.LMNPQRSTUVWY ACDEFGH. KLMNPQRS.TUVWY
after cleavage after cleavage after cleavage

Figure S9. Cleavage matrices of SK339, #1952, and the Homo antecessor proteome for AMBN, ENAM,
and AMELX/Y. Values indicate the fold difference between the observed cleavage frequency of each
amino acid pair P1-P1’ and its theoretical expectancy based on a random protein cleavage (PSMs). Counts
based on peptide-spectrum-matches for each protein separately. The bottom row is identical to the top
row in Extended Data Fig. 7. AMEL* contains PSMs matching to both AMELX and AMELY, with the
theoretical matrix of both proteins joined in the ratio 9:1, respectively.
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2.3 Phylogenetic analysis
Jazmin Ramos-Madrigal, Martin Kuhlwilm, Marc de Manuel, Tomas Marques-Bonet, Carles Lalueza-Fox,
Eske Willerslev, Fernando Racimo

2.3.1 Reference data

We combined the new ancient protein sequences from Homo erectus and Homo antecessor with protein
sequences from great apes® >, three Neanderthals®%>, a Denisovan®®, and a panel of present-day
humans, including 256 samples from the Simons Genome Diversity Panel (SGDP, IDs: ERZ312767-
ERZ312784, ERZ312788-ERZ312789, ERZ312791-ERZ312797, ERZ312799-ERZ312848, ERZ324259-
ERZ324404, ERZ324529-ERZ324546, ERZ324867-ERZ324876, ERZ325059, ERZ325062, ERZ329670-
ERZ329671)°” and 41 high-coverage individuals from the 1000 Genomes Project®® (IDs: HG00096,
HG00119, HG00183, HG00268, HG00419, HG00436, HGO0640, HG00759, HG01051, HG01112, HG01136,
HG01500, HG01565, HG01583, HG01595, HG01879, HG02568, HG02922, HG03006, HG03052, HG03642,
HG03742, NA12413, NA12878, NA12891, NA12892, NA18525, NA18562, NA18939, NA18985, NA19017,
NA19238, NA19239, NA19240, NA19625, NA19648, NA19685, NA19700, NA20502, NA20581, NA20845),
representing worldwide populations (Tab. S7). Additionally, we included protein sequences from macaque
(Macaca mulatta) and gibbon (Nomascus leucogenys) to root phylogenetic trees. When available, for
some great apes, we obtained the protein sequences of interest from the UniProt database (Tab. S8), or,
in the case of the Neanderthals and Denisovan, from published data®. For the rest of the samples,
including those from the SGDP and 1000 Genomes, we reconstructed the protein sequences from publicly
available read alignments or genotype calls, as described below.

2.3.2 Reconstructing protein sequences from whole-genome sequencing data

Read alignments were obtained for 41 individuals from Phase3 of the 1000 Genomes Project
(ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/phase3) and 256 individuals from the SGDP (ENA accession
PRIEB9586). For each individual, we downloaded the reads overlapping the regions of interest using
samtools® (v0.1.18) and built a majority-count-based consensus sequence using ANGSD*® (v0.913); reads
with mapping quality lower than 30 and bases with base quality lower than 20 were discarded. For great
apes, VCF files with called diploid genotypes were provided by the authors of the corresponding original
publications®*, In this case, we built FASTA files for each of the five genes of interest, for each sample.
Indels were not considered and a random allele was chosen at heterozygous positions. For each of these
consensus sequences, we identified and removed introns (in silico splicing) from each gene using the
annotation of the reference human genome (h19), as provided by ENSEMBL!?, We then performed a
tblastn search using the human reference protein as the query, and each of the previously 'spliced genes'
as a subject, separately. Finally, protein sequences were obtained from the resulting translated
alignments.
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Table S7. Reference samples for which sequencing data was used to reconstruct the protein sequences.
Inds. = Individuals.

Species Subspecies Inds. [Common name Reference(s)
Gorilla_beringei_beringei 7 Mountain gorilla Xue et al.’
Gorilla beringei Gorilla_beringei_grauer 8 Eastern lowland gorilla Prado-Martinez, et al.** & Xue et al.®’
Gorilla_gorilla_diehli 1 Cross River gorilla Prado-Martinez, et gl
Gorilla gorilla Gorilla_gorilla_gorilla 27 Western lowland gorilla
41 1000 Genomes Project>®
Homo sapiens Homo_sapiens 256 |Present-day human SGDP>7
Pan paniscus Pan_paniscus 10 Bonobo Prado-Martinez, et al.*®
Pan_troglodytes_ellioti 10 Nigerian chimpanzee
Pan_troglodytes_schweinfurthii 19 Eastern chimpanzee
Prado-Martinez, et al.** , de Manuel, et al.*! and
Pan_troglodytes_troglodytes 18 Central chimpanzee Auton, et g, 1o
Pan_troglodytes_verus 12 Western chimpanzee
Pan troglodytes Pan troglodytes verus/troglodytes 1 Chimpanzee hybrid
Pongo pygmaeus Pongo pygmaeus 15 Bornean orangutan
Pongo abelii Pongo abelii 11  |Sumatran orangutan Nater et al.*? and Prado-Martinez, et al.*®
Pongo tapanuliensis  |Pongo tapanuliensis 1 Tapanuli orangutan
Ancient samples Inds Reference(s)
Denisovan 1 Castellano S, et al. %°
Neanderthals 3 Priifer K, et al.3*

Table S8. Accession numbers of reference sequences obtained from the UniProt or Genbank databases.

Protein ALB AMBN ENAM COL17al MMP20 AMELY AMELX

Chromosome (HG37) | 4 4 4 10 11 Y X

Homo sapiens P02768 QI9NP70 Q9NRM1 Q9UMD9 060882 Q99218 Q99217

Pan paniscus XM_00383234 XM_00380899 B2L7U5 XM_00895087 XM_00382838 XM_00380567
2.2 2.1 6.1 2.2 8.1

Pan troglodytes H2RBT1 H2R148 H2QPMO H2Q2J4 H2Q4M8 Q861X8 A5JJS6

Gorilla gorilla gorilla G3S791 G3RCU1 B2L7U8 G3QE20 G3QLA8 C3UJP7 G3SDKO

Pongo abelii Q5NVH5 H2PDI5 H2PDI6 H2NBI5 H2NF32 AOA2J8WA4NS8 H2PUXO0

Nomascus G1R8T8 G1R841 G1R843 G1RzZC4 G1R6B1 G1RCS3

leucogenys

Macaca mulatta Q28522 F7HLX4 F7H832 F7GQW6 AOA1D5RDA A5JJS8
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2.3.3. Protein alignments

We compared the protein sequences retrieved from the ancient samples and samples in the reference
dataset. COL1al and COL1a2 were excluded from phylogenetic analysis, as their deamidation values could
not exclude a contaminating origin of these proteins. AMTN was excluded since the retrieved sequences
overlap a conserved sequence region with no phylogenetic SAPs within Hominidae. For the proteins
considered endogenous and informative (AMBN, AMELX, AMELY, ENAM, MMP20, COL17a1, ALB), we
present aligned fragment ion series and MS/MS spectra in the Supplementary Data 1 file.

For each of these proteins, and for each of the ancient samples (Dmanisi Homo erectus and Atapuerca
Homo antecessor), we generated two multiple sequence alignments using mafft>°: one including all
individuals in Tables S5 and S6 and the corresponding ancient sample (Full alignments), and a second one
including a single individual from each species/group (Single species alignments; Tab. S9). To account for
isobaric amino acids (leucine and isoleucine), which cannot be distinguished with the methods used to
obtain the protein sequences for ancient specimens, we did the following: 1) for positions where the
ancient sample carried either a leucine or an isoleucine, and the reference samples carried only one of
those amino acids, we set the ancient sample to the amino acid found in the reference samples, and 2)
for positions where the ancient sample carried either a leucine or an isoleucine, and both amino acids
were present among the reference samples, we set all individuals to carry a leucine.

Table S9. Description of the protein alignments used to compare the two ancient samples sequenced
and the reference dataset.

. Substitutions
Unique .
Non- . . uniquely
missing amino  acid Polymorphic Polymorphic | shared
Protein T.otal sites in :substltutlons P.olyr?orphlc sites  (not P.olygnorphlc sites  (not | between H.
sites in sites . sites .
Homo singletons) 3 singletons)® | antecessor
Homo
antecessor and any HND
antecessor s
individual.
ALB 609 93 0 53 (10) 16 (2) 67 (13) 22 (4) 0
AMBN 447 169 0 64 (21) 16 (5) 77 (27) 35 (12) 0
AMELX 206 171 0 7 (4) 1(0) 17 (12) 3(2) 0
AMELY 206 141 0 28 (21) 17 (12) 36 (28) 26 (21) 0
COL17a1 1,498 112 1 62 (4) 21 (1) 124 (8) 62 (2) 0
ENAM 1,142 262 0 159 (31) 38 (8) 201 (39) 91 (16) 2
MMP20 483 66 0 32 (10) 8 (3) 50 (14) 21 (5) 1
Substitutions
Non- Unique uniquely
) Total n.ussmg . amln? :‘:lCId el P.olymorphlc R EEnIL P.olymorphlc shared
Protein . sites in | substitutions N sites  (not ) sites  (not | between H.
sites . sites . sites .
Homo in Homo singletons) 3 singletons)® | erectus and
erectus erectus any HND
individual.
ALB 609 245 0 53 (24) 16 (7) 67 (30) 22 (10) 0
AMBN 447 140 0 64 (18) 16 (7) 77 (23) 35 (12) 0
AMELX 206 182 0 7(5) 1(1) 17 (14) 3(3) 0
coL17al 1,498 67 0 61 (2) 21 (1) 123 (3) 62 (1) 0
ENAM 1,142 238 0 159 (26) 38 (4) 200 (37) 90 (12) 0
MMP20 483 99 0 32 (12) 8(3) 50 (17) 21 (5) 0

1Single species alighment: built using a single individual per species/group. 2Full alighment: built using all individuals
in the reference dataset (Tabs. S7, S8). 2 The numbers of sites where the ancient samples are non-missing are
indicated in brackets. HND refers to any individual contained within the clade composed of H. sapiens, Neanderthals,
and Denisovans.
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a. Inspecting the protein alignments for informative amino acid substitutions in the ancient
samples

We found one unique amino acid substitution in Homo antecessor and three substitutions that are
uniquely shared among Homo antecessor and at least one other hominin (Neanderthal, Denisovan or
present-day human; Tab. S9). In contrast, we found no substitutions that are unique to Dmanisi or are
uniquely shared between Dmanisi and at least one other hominin. The unique amino acid substitution
present in Homo antecessor requires one nucleotide change (Alanine (A) to Proline (P); codon GCT, most
likely substituted to CCT; Tab. S10). To evaluate the plausibility of the unique amino acid substitution in
Homo antecessor, we assessed whether the corresponding nucleotide position is segregating in any of the
groups included in the full alignment and in the 1000 Genomes diversity panel. For the 1000 Genomes
diversity panel, we used the Phase3 VCFs. We found that the three nucleotides coding for the amino acid
present in great apes, including humans, are invariant; the A at position 1,089 in the protein COL17a1 is
coded by the GCT codon present in all samples in the alignment (Tab. $10). We further examined the
frequency of this type of amino acid substitution in the set of proteins recovered from Homo antecessor
and present in our protein alignments. We found 12 instances of an A-to-P substitution among the
reference proteins analyzed. Alanine and proline are chemically compatible (they are both non-polar and
hydrophobic), so this makes a plausible change to have occurred in the Homo antecessor lineage.
Finally, to get a sense of how likely it was to find one unique substitution in the Homo antecessor lineage
given the sequences recovered, we estimated the average of unique substitutions in the modern and
archaic hominin lineages. To do so, we counted the number of unique substitutions in each hominin
sample when compared to Homo antecessor, Gorilla, Pan, and Pongo in the alignment comprising the
seven concatenated proteins. In this case, we define an amino acid substitution as 'unique' in a given
sample when present in that sample but not in Homo antecessor, Gorilla, Pan, or Pongo. To account for
missing data in Homo antecessor, we only included the sites where the ancient sample is non-missing. We
observed an average of 1.605 % 0.68 unique substitutions for present-day humans, 2 unique substitutions
for the Altai and Sidron Neanderthals and the Denisovan, and one unique substitution for the Vindija
Neandethal (Fig. S10).

b. Informative amino acid substitutions recovered in both Atapuerca Homo antecessor and
Dmanisi Homo erectus samples

Among the proteins recovered for Dmanisi Homo erectus and Atapuerca Homo antecessor, we obtained
amino acid positions covered in both samples (Extended Data Fig. 4). Most of such positions correspond
to non-segregating amino acids in hominids, or are singletons. These are not particularly informative for
differentiating between groups. There are, however, three positions recovered for both hominins that are
segregating in our alignment: position 281 in MMP20, 648 in ENAM, and 255 in AMBN (Tab. S11). The
amino acid present at position 281 in the MMP20 protein is fixed to a threonine in Pan (n=72), Gorilla
(n=44), and Pongo (n=28), Neanderthals (n=7) and the Denisovan, but it is segregating in present-day
humans (both threonine (T) and glutamine (N) are present; n=302) (Tab. S11; Fig. S11a). In this position,
both Dmanisi and Homo antecessor carry a threonine. Similarly, the amino acid present at position 648 in
ENAM is fixed to a T (threonine) in Pan (n=72; with the exception of a single sample), Gorilla (n=44), and
Pongo (n=28), but it is segregating in present-day humans (both threonine/isoleucine are present; n=302)
and Neanderthals (n=7) and the Denisovan carry the derived amino acid (l). The sequence support of the
single Pan individual carrying an isoleucine is restricted to just three sequence reads, and hence not well
supported. Here, Homo antecessor carries an isoleucine - which is almost exclusively present in present-
day humans, Neanderthals, while the Denisovan and Dmanisi carry a threonine (Tab. S11; Fig. S11b).
Finally, the amino acid present at position 255 in the AMBN protein is fixed to an alanine in Pan (n=72),
Gorilla (n=44), and Pongo (n=28), Neanderthals (n=6) and the Denisovan, but it is segregating in present-
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day humans (both alanine (A) and valine (V) are present; n=302) (Tab. S11; Fig. S11c). In this case, both
the Dmanisi Homo erectus and Atapuerca Homo antecessor carry an alanine.

Table S10. Nucleotide allele frequencies at the codons that translate to the amino acid where Homo
antecessor carries a unique amino acid substitution.

COL17a1-
(chr10:105796813-105796815)
A->p3
Nucleotide A G C
SGDP (n=256) 1.0 1.0 1.0
1000 genomes 1.0 1.0 1.0
(n=41/2,504) !
Neanderthal (n=6)? 1.0 1.0 1.0
Denisovan (n=1) 1.0 1.0 1.0
Pan ssp. (n=43) 1.0 1.0 1.0
Gorilla ssp. (n=70) 1.0 1.0 1.0
Pongo ssp. (n=27) 1.0 1.0 1.0

! None of these genomic sites are present in the 1000 genomes diversity panel. The frequencies of the alleles were
obtained from the read alignments in the 41 high coverage genomes.

2 Allele frequencies for the Neanderthal and Denisovan genomes were obtained from the read alignments in
Castellano, et al.*°, Mevyer, et al.>®, and Hajdinjak, et al.1°% . For samples in Hajdinjak, et al., only the following samples
were non-missing at the sites of interest: Mezmaiskaya_2, Les_Cottes_Z4-1514 and Goyet_Q56-1.

3 This amino acid substitution is only found in Homo antecessor. While all groups presented in the table carry the
codon GCT (AGC, since the protein in coded in the reverse strand) which translates into Alanine (A), Homo antecessor
most likely carries triplet CCT (AGG) that translates into Proline (P).

* H. antecessor
« Neanderthal

* * Denisovan
*
* *
*
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o A ‘ ‘
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Unique amino acid substitutions
Figure S10. Frequency of unique amino acid substitutions among present-day humans. For each present-

day human sample, we counted how many unique amino acid substitutions it carries when compared to
Homo antecessor, Gorilla, Pan, and Pongo. Each bar corresponds to the number of present-day human
samples that carry 0, 1, 2, 3 or 4 unique amino acid substitutions. The number of unique substitutions
present in the archaic samples is indicated as stars in the top of the corresponding bar. This comparison
only includes the sites where Homo antecessor is non-missing and the seven proteins recovered the
ancient sample.
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Table S11. Allele frequencies of the codons that translate to informative amino acid substitutions
recovered for both Dmanisi Homo erectus and Atapuerca Homo antecessor.

ENAM+ MMP20- AMBN+

(chr4:71509085-71509087) (chr11:102477376-102477378) (chr4:71469603-71469605)

T->I T->N A->V
Nucleotide A c/T A A G/T T G c/T C

(rs7671281) (rs1784424) (rs7439186)

SGDP (n=256) 1.0 0.138/0.862 1.0 1.0 0.494/0.506 1.0 1.0 0.896/0.104 1.0
1000 genomes 1.0 0.182/0.818 1.0 1.0 0.580/0.420 1.0 1.0 0.881/0.119 1.0
(n=41/2,504) *
Neanderthal (n=6-7)? 1.0 0.0/1.0 1.0 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0
Denisovan (n=1) 1.0 0.0/1.0 1.0 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0
Pan ssp. (n=72) 1.0 0.977/0.023 1.0 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0
Gorilla ssp. (n=44) 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0
Pongo ssp. (n=28) 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0 1.0 1.0/0.0 1.0

! The allele frequencies at positions chr4:71509086 and chr11:102477377 were obtained from the 1000 Genomes
diversity panel that comprise ~2,500 individuals. The frequencies of the invariant sites, that were not present in the
1000 Genomes VCFs, were obtained from the read alignments in the 41 high coverage genomes also from the 1000
genomes.

2 Allele frequencies for the Neanderthal and Denisovan genomes were obtained from the read alignments in
Castellano, et al.*°, Meyer, et al.>®, and Hajdinjak, et al.1%2. For samples in Hajdinjak, et al., only the following samples
were non-missing at the sites of interest: Spy_94a (only for ENAM and MMP20), Mezmaiskaya_2 (only for MMP20
and AMBN), Les_Cottes_Z4-1514 and Goyet_Q56-1 (only for ENAM and MMP20).
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Figure S11. Allele frequencies in the 1000 Genomes diversity panel, among other great apes and in
archaic hominins, at SNPs that code for three informative amino acids recovered for both Dmanisi Homo
erectus and Atapuerca Homo antecessor samples. a, Genomic site corresponding to the second position
of the codon that translates to a threonine (if G) or an asparagine (if T). This codon corresponds to position
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281 in the MMP20 protein. Both Dmanisi Homo erectus and Atapuerca Homo antecessor samples carry a
threonine at this position. b, Genomic site corresponding to the second nucleotide in the codon that
translates into a threonine (if C) or an isoleucine (if T). This codon corresponds to position 648 of the
ENAM protein. Dmanisi Homo erectus carries a threonine. While we cannot experimentally distinguish
between isobaric amino acids (L/l) for Homo antecessor, it is most likely that the Atapuerca Homo
antecessor carries an isoleucine, since only isoleucine is present among present-day human variation. c,
Genomic site corresponding to the second position of the codon that translate to an alanine (if C) or a
valine (if T). This codon corresponds to position 255 in the AMBN protein. Both Dmanisi Homo erectus and
Atapuerca Homo antecessor samples carry an alanine at this position. The base map was generated using
public domain data from http://www.naturalearthdata.com/.

2.3.4. Pairwise-distance between the ancient and modern samples

We used a distance-based approach to compare the Homo antecessor and Homo erectus protein
sequences with present-day humans, Neanderthals and the Denisovan. The latter three hominin groups
are hereafter collectively referred to as the HND group. We estimated the pairwise distance between the
Atapuerca Homo antecessor or Dmanisi Homo erectus and individuals of the HND group, while considering
all the proteins retrieved for each ancient sample and excluding X and Y chromosome-located proteins
(AMELX and AMELY). Pairwise distances between samples were estimated using the phangorn R
package!®, considering the LG model'® and pairwise-deletions. In this case, we used the full alignment
comprising the complete set of samples in the dataset (multiple individuals per species).

The average distance between Homo antecessor and individuals from the HND group was 0.0036228
(0.0035712 when excluding AMELX and AMELY), whereas the average distance between members of the
HND group is approximately three times smaller (0.0010827, or 0.0011429 when excluding AMELX and
AMELY; Fig S9a, b). The distance between Homo antecessor and the HND group is significantly different
to that between pairs of samples from the HND group (p-value<0.001; Mann-Whitney U Test). This
suggests that the sequence is distantly related to the corresponding sequences in Neanderthals,
Denisovans, and present-day humans.

In the case of Dmanisi Homo erectus individual, we obtained an average pairwise-distance between the
ancient sample and individuals in the HND group of 0.0017148 (0.0020855, when excluding AMELX) and
of 0.0011 (0.0011455 when excluding AMELX) between members of the HND group (Fig. S12c, d). In this
case, we cannot exclude that Dmanisi belongs to the HND group, possibly due to the limited amount of
informative positions retrieved for this sample, and the absence of a Dmanisi-unique SAP.
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Figure S12. Pairwise-distances. a, Distribution of pairwise distances between individuals of the HND group
(Humans, Neanderthals and Denisovan), Homo antecessor, and Pan for the seven proteins (ALB, AMBN,
ENAM, MMP20, COL17al1, AMELX and AMELY), and b, excluding X- and Y-chromosome located proteins
(AMELX and AMELY). ¢, Distribution of pairwise distances between individuals of the HND group, Dmanisi
Homo erectus, and Pan for the six proteins (ALB, AMBN, ENAM, MMP20, COL17a1 and AMELX), and d,
excluding the X-chromosome located protein (AMELX). The distance between pairs of samples is
estimated based on the concatenated alignments and using the phangorn R package via the LG model and
accounting for pairwise-deletions. HND refers to any individual contained within the clade composed of H.
sapiens, Neanderthals, and Denisovans.

2.3.5. Phylogenetic placement of the ancient sequences

We sought to build phylogenetic trees using the aforementioned sequences, by applying two different
approaches: a maximum likelihood and a Bayesian approach.

a. Maximum-likelihood (ML) approach

Using the single species alignments, we built ML trees for each protein and for a concatenated alignment
of all seven of the available protein sequences using PhyML v3, for each of the ancient samples® (Figure
$10 and S11). For each alignment we optimized the tree topologies, branch lengths and substitution rates
(-o tIr) under the JTT model (-m JTT). Additionally, we obtained maximum likelihood estimates for the
gamma distribution shape parameter (-a e) and the proportion of invariable sites (-v e). For each
alignment, we started from three random trees and for each optimization step, we kept the best tree
between those generated through the 'nearest neighbor interchange' and 'subtree prune and regraft'
routines (-s BEST --rand_start --n_rand_starts 3). Support for each bipartition was obtained based on 100
non-parametric bootstrap replicates.

In the case of Homo antecessor (Fig. $13), each of the individual gene trees produced using the individual
proteins provided poor resolution for resolving known species relationships. Four out of the seven gene
trees place Homo antecessor within a hominin-only clade or as the closest outgroup to a hominin-only
clade. The tree based on the concatenated alignment helps to resolve most of the known species
relationships, and places the Homo antecessor sequence as the closest outgroup to Neanderthals,
present-day humans and the Denisovan with 100% bootstrap support.
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For the Homo erectus sample (Fig. S14), none of the individual gene trees produced a reliable topology
for great ape relationships, and most inferred nodes have poor bootstrap support. In the tree based on
the concatenated alignment, the Dmanisi Homo erectus is placed as the closest outgroup to present-day
humans, Neanderthals and the Denisovan. However, the bootstrap support is, again, very poor (54%).
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b. Maximum-likelihood approach including all present-day human samples

In addition to the single-species tree, we estimated a maximum likelihood tree including all present-day
human samples and other great apes present in the dataset for the Atapuerca Homo antecessor individual
(Tab. S75). Note that, to include the AMELY protein recovered for Homo antecessor, we only included
male individuals in the tree. We used the seven-protein concatenated alignment, PhyML v3 and the same
parameters described above. Additionally, when more than one individual was identical across the seven
proteins considered, we kept only one of them. Consistent with the single-species tree, the resulting
phylogeny places Homo antecessor as an outgroup to all individuals in the HND clade (Fig. S15). However,
the support for this bipartition is smaller: 41% of the trees place Homo antecessor as an outgroup to the
HND clade, while in the remaining 59% Homo antecessor is placed within the HND clade.

We then tested, whether using different combinations of present-day human samples in the phylogenetic
inference affects the position of Homo antecessor. We created 1,000 different alignments, each
containing 7 randomly sampled present-day humans from the 305 in our dataset. For each alignment, we
used PhyML v3 and the same parameters described above, and evaluated the position obtained for Homo
antecessor with the respect to the HND clade. In 98.7% of the trees, Homo antecessor is placed as an
outgroup to the HND clade, while in the remaining 1.3% it is placed within Neanderthals, forming a clade
with the Vindija Neanderthal.
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Previous page. Figure S15. Maximume-likelihood tree based on a concatenated alignment of the seven
protein sequences recovered for the Atapuerca Homo antecessor individual. Support values were
estimated through 100 non-parametric bootstrap replicates.

c. Effect of missing data on the phylogenetic inference

To assess the effect of missing data in Homo antecessor, and whether missing data could artificially yield
the phylogenetic result we observe in the ancient sample, we performed a downsampling experiment by
adding missing data to one present-day human sample (ERZ324268) and the Altai Neanderthal. For each
of those samples, we created 100 independent replicates, where each contains a similar amount of
missing data to Homo antecessor, distributed randomly in blocks of similar size as observed in the ancient
sample. For each sample and replicate, we created a concatenated protein alignment consisting of the
given replicate and all samples present in the single-species dataset, excluding the ancient sample. We
then used PhyML (with the parameters described in the section above) to estimate a ML tree for each
replicate and sample, and compared the resulting topologies to the topology obtained using the same
alignment without missing data. For sample ERZ324268, we recover a topology similar to the one obtained
without missing data in 99% of the replicates, while in 1% of the replicates the sample forms a polytomy
with the Denisovan and the Sidron Neanderthal. For the Altai Neanderthal, we recover the topology
obtained without missing data in 43% of the cases, while 57% of the replicates result in a polytomy
involving all hominin samples.

d. Bayesian phylogenetic inference

To assess the robustness of the ML inference results, we also performed Bayesian phylogenetic inference
based on the concatenated alignments using mrBayes®! (v3.2). In this case, we partitioned the alighments
by gene and for each partition we estimated the substitution rates, the shape parameter of a gamma
distribution to model across-site rate variation (exponentially distributed prior), and the proportion of
invariable sites (uniformly distributed prior; unlink Statefreq=(all) Ratemultiplier=(all) Aamodel=(all)
Shape=(all) Pinvar=(all)). The tree topology and branch lengths were inferred for all the partitions jointly.
To obtain posterior probabilities of unknown parameters, we ran a Metropolis-coupled Markov-chain
Monte Carlo (MCMCMOC) algorithm with four chains and a temperature parameter of 0.2 for 5,000,000
cycles sampling every 500 steps, after which we discarded the first 1,250,000 runs as burn-in. Convergence
of the algorithm was evaluated using Tracer® (v.1.7.0). In particular, we required that the effective sample
sizes for each estimated parameter were greater than 200, and that the overall log-likelihood of the run
did not fluctuate substantially. Bayesian inference performed via mrBayes was performed using the
CIPRES Science Gateway®. In agreement with the maximum-likelihood approach, the Atapuerca Homo
antecessor and Dmanisi Homo erectus individuals are placed as an outgroup to the HND clade with a
posterior probability of 1 and 0.613, respectively (Fig. $16; Extended Data Fig. 8).
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Figure S16. Homo antecessor Bayesian phylogenetic tree. Tree obtained using the seven-protein

concatenated alignment and MrBayes. Posterior probabilities are indicated for each bipartition. Macaca
mulatta was used as outgroup.

2.3.6. BEAST analysis

We used the Bayesian approach implemented in BEAST 2.5% to infer sequence divergence times for the
proteins sequenced and between the different groups in the dataset and Homo antecessor. For this
analysis, we used the seven-protein concatenated alignment including the Neanderthals, the Denisovan,
seven randomly chosen Homo sapiens sequences 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 ages of the ancient samples included in the analysis (Vindija Neanderthal: 52 ka*®, Altai
Neanderthal: 112 ka®®, Denisovan: 72 ka®> and Homo antecessor 860.5 ka'!) were used as tip dates for
calibration. For each of the seven partitions we used the JTT substitution model with four categories for
the gamma parameter, for which we allowed the MCMC 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)®, and rooted the tree using the macaque (Macaca mulatta). Note that the overall topology
of the tree was estimated for the seven partitions jointly. We assessed the convergence of the algorithm
using Tracer® v1.7.0. Finally, since including all present-day humans in the analyses led to convergence
problems, we instead repeated the analyses for 100 alignments, each of them consisting of seven different
present-day humans chosen randomly. While the topology within the clade comprising present-day
humans, Neanderthals and Denisovan (HND) was not consistent in all of the 100 alighments, 99 of them
consistently placed Homo antecessor as an outgroup to the HND clade. The one alighment that did not
place Homo antecessor as an outgroup, it placed it as an outgroup to Neanderthals and the Denisovan.
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The inferred tree for one of the 99 replicates is shown in Figure 3a. We note that the estimated tree in
Figure 3a does not place Neanderthals as a monophyletic clade, which is likely due to incomplete lineage
sorting, and the poor phylogenetic resolution afforded by sampling only a few gene trees. We assessed
the proportion of sampled trees from the MCMC chain in which the inferred HND-Homo antecessor
divergence was more ancient than that estimated for the HND clade for each of the 100 replicates. We
found that in 95% of the trees, the divergence of Homo antecessor predated the first divergence within
the HND clade (Fig. 2b).

These estimates rely on gene trees reconstructed from only seven protein sequences for which it was
possible to obtain data for Homo antecessor. We therefore caution that these divergence times only
reflect an approximation to the average genetic divergence time. They are likely an upper boundary for
the population split time between these groups, which is expected to be more recent than the average
genomic divergence. Nevertheless, assuming incomplete lineage sorting is not prevalent in these gene
trees, our results support the placement of Homo antecessor as an outgroup to the HND group.
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