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A B S T R A C T

We used two fossil teeth from South American Pleistocene mammals to obtain subsuperficial acid etching
samples. We employed samples from the species Notiomastodon platensis and Myocastor cf. coypus for the
enamel etchings. The controls included an extant rodent (rat). After the first etching was discarded, a sec-
ond 20-s etching (i.e., subsuperficial) was directly collected with a ZipTip and injected into an LTQ Orbi-
trap Velos for MS analysis. The peptides were identified with different software programs that used Peptide
Spectrum Match (PSM) and de novo sequencing including similarity search strategies. Most of the peptides
that were recovered from the enamel of the fossils belonged to enamel-specific proteins. To our knowledge,
this is the first study that has described the recovery of enamel peptide molecules from extinct South Ameri-
can taxa, indicating that enamel peptide data from late Pleistocene fossils can be employed as an additional
parameter for phylogenetic analysis, and that the sample can be obtained by a very conservative acid etch-
ing, with almost no damage to the fossils.
Significance: This study shows that it is possible to obtain information based on plenty of ancient peptides
recovered from subsuperficial enamel of fossil teeth from South American Pleistocene. The quality of the
data suggests that peptides are likely the best preserved biomolecules under certain harsh environmental
conditions. The recovery procedure only lasted 20 s and was minimally destructive to the fossils. This
opens a myriad of new possibilities for the study of the past.

1. Introduction

Many gaps exist in the knowledge about extinct species and the fos-
sil record of extant species. Depending on the fossilization conditions,
dental enamel is sometimes the only preserved tissue among vertebrate
specimens. The most striking aspects of this tissue are probably hard-
ness and density, which are the highest among vertebrate mineralized
tissues [1,2]. Mature enamel is an acellular tissue, and it changes little
after it is fully developed [3]. Whereas the dental enamel mineral con-
tent by weight is 96%, the bone mineral content by weight is less than
60% (depending on bone type). Therefore, enamel is the best extracellu-

lar matrix for biomolecular preservation for long periods [4–7]. How-
ever, to appreciate the full potential (and also the limitations) of using
enamel as the source of proteins and peptides for fossil studies, some
knowledge on enamel formation, structure, and differences as com-
pared to other mineralized tissues is essential.

Fully mineralized “mature enamel” consists mainly of tightly
packed hydroxyapatite crystals that occupy 89% of its volume. Mature
enamel has lost almost all of its water and protein content (up to ~4%
and < 1%, respectively, by weight) [8] and is the only mineralizing
matrix that is laid down by epithelial cells (ameloblasts) among extant
vertebrates (except for some fish scales). During the early stage of
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enamel synthesis, ameloblasts secrete a distinct set of proteins that dif-
fer from the proteins that are normally expressed by cells from other
mineralized tissues (bone, dentin, and cementum) [9]. The enamel or-
ganic matrix is made up of very specific proteins, 90% of which are
amelogenins. The latter proteins are believed to have originated in the
common vertebrate ancestor at least 450—500 million years ago
[10,11] and are almost exclusively found in developing enamel.

In enamel, the mineral crystals are not deposited “onto” a proteina-
ceous scaffold, which is the case during dentinogenesis and bone and
cementum formation. In dentin, bone, and cementum, the protein scaf-
fold will last for many years, sometimes during the entire animal's life.
This is the reason why connective tissue proteins are expected to be
found during MS studies on fossil bones. On the other hand, enamel
proteins are short-lived. The proteinaceous scaffold of the forming
enamel matrix is believed to serve as a guide for crystal elongation dur-
ing enamel formation (amelogenesis). In this process, enamel pro-
teinases slowly degrade the most abundant proteins (amelogenin,
ameloblastin, and enamelin), which are finally almost completely sub-
stituted with tightly packed hydroxyapatite crystals [12]. Enamel ma-
trix mineralization is known as enamel maturation, and it is a very long
process that happens before the tooth appears in the animal's oral cav-
ity. During enamel maturation, the protein-rich matrix is degraded,
protein products exit the enamel, the enamel water content is reduced,
matrix acidification due to hydroxyapatite crystal precipitation is
buffered, and the mineral content increases significantly (from around
30% to 96% by weight) [13]. In the case of thick enamel, the substitu-
tion process (maturation stage) can take a long time, and the acquisi-
tion of a very high mineral content (~95% by weight) depends on the
enamel-forming cells (ameloblasts) [14].

In recent years, enamel has aroused great interest and inspired in-
creasing confidence as a reliable repository of ancient proteins and pep-
tides [1,2,6,7] because it preserves peptides and proteins and enables
the use of non-destructive superficial enamel etching to obtain enamel
samples for subsuperficial layer analysis. Subsuperficial samples are ob-
tained after the outer enamel first layer is removed with acid, to gener-
ate samples that are not contaminated by peptides from outer sources
[1,2,4,5]. In such studies, no connective tissue proteins are detected in
the samples, which indicates the excellent quality of sample prepara-
tion. Interestingly, investigation of human deciduous subsuperficial
enamel (10–30 μm below outer enamel) by Synchrotron light X-ray flu-
orescence has provided more consistent results regarding the microele-
ment constitution [15], which suggests that a smaller amount of ex-
ogenous ions can reach that far (fewer ions, which are much smaller
than organic molecules, are incorporated, which means that peptides
and molecules this size (between 2 and 3 kDa) cannot diffuse that far,
either). Indeed, in our earlier studies, we hardly found any protein that
was not an enamel-specific protein in the mass spectral data [1,2,6,7].
Regarding fossil teeth, changes in the composition of the different den-
tal enamel depths await investigation.

One very relevant aspect of enamel is still not adequately known
outside the dental field: bacteria or other microorganisms cannot in-
vade normal dental enamel even though they can easily invade bone
and dentin in postmortem specimens. The reason for this difference is
that the latter connective calcified tissues have microscopic pores [16],
whereas dental enamel only contains nanopores, which are three orders
of magnitude smaller than the pores found in bone or dentin. Thus, the
very enamel structure can physically block the passage of any microor-
ganism.

Very recently, the scientific community has welcomed inspiring
work on the enamel proteome indicating that the proteome of enamel
recovered from teeth as old as 1.77 million years can shed new light on
hominin evolution [17]. Therefore, at this point, and bearing the amaz-
ing MS/MS analysis capability and sensitivity in mind, we thought that
a relevant contribution to paleoproteomics would be to propose and to

validate new simple and minimally invasive experimental protocols for
proteomic enamel analysis in fossils.

In this study, we have investigated two fossil teeth from South
American Pleistocene species. The enamel peptides were obtained by
means of a subsuperficial 20-s acid etching. The peptides were identi-
fied by different software; Peptide Spectrum Match (PSM) and de novo
sequencing including similarity search strategies were applied. We ex-
pect that this new and minimally invasive analysis method will help
other researchers in the field of paleoproteomics to start using this
amazing tissue and to employ the pipeline described here.

2. Materials and methods

2.1. Institutional abbreviations

LPRP/USP – Laboratório de Paleontologia de Ribeirão Preto, Uni-
versidade de São Paulo, Ribeirão Preto-SP, Brazil (Laboratory of Pale-
ontology of Ribeirão Preto).

2.2. Fossils used in this study

LPRP/USP 0985 (Fig. 1) - The first sample belongs to a Myocastor
cf. coypus lower incisor. Myocastor coypus is a medium-sized,
caviomorph rodent with semi-aquatic habits; it is presently common in
southern South America. The sample belongs to a large sample of My-
ocastor fossils collected by the LPRP team in the calcareous cave known
as Gruta do Ioiô, in the Chapada Diamantina area, in Bahia, Brazil
[18,19]. Several faunal components of the Gruta do Ioiô have been
dated, and the ages ranged from 30.3 to 8.3 ky BP [15,16], which en-
compasses the “upper” Pleistocene and the Greenlandian (Holocene). In
particular, a Myocastor cf. coypus tooth, but not the one sampled here,
has been dated as 19.9–20.2 ky BP [19].

LPRP/USP 0986 (Fig. 2) - The second sample analyzed herein con-
sisted of a gomphothere tooth fragment with a bucco-lingual width of
~6 cm and enamel width of approximately 0.8 cm (Fig. 2). On the ba-
sis of recent revisions of South American mastodons provided by Mothé
et al., the sample can be assigned to Notiomastodon platensis, [20,21].
Notiomastodon platensis is an extinct, large-sized proboscidean that
was widespread in South America from the Pleistocene to the Holocene.
The specimen was donated to Dr. Sergio R P Line by Guinea Brasil Ca-
margo Cardoso between 2005 and 2008 and is now housed at LPRP. In-
formation from the donor indicates that the material is likely to have
come from Lagoa de Dentro, Puxinanã, PB, Brazil, but no further infor-
mation has been provided. Lagoa de Dentro corresponds to a depression
filled with water during the rainy season, which hosts fossiliferous ma-
terials with outstanding degree of preservation [22]. Kinoshita et al.
[23] dated two gomphothere teeth from the area, to recover a mean
age of 11.6 ky BP (i.e., Pleistocene/Holocene boundary). Yet, because

Fig. 1. Myocastor cf. coypus fossilized incisor tooth. Lateral view.
Bar = 1 cm.
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Fig. 2. Notiomastodon platensis fossil molar fragment. Bar = 1 cm.

these kinds of deposits encompass a large time averaging, this is no
more than a rough age estimate for the material.

2.3. Enamel etching

All the reagents were of analytical grade. The solvents that were
used for nano-Liquid Chromatography tandem mass spectrometry
(nanoLC-MS/MS) were MS grade, and their precise catalog numbers
were: Formic acid (F0507) and Trifluoroacetic acid (TFA)(T6508),
from Sigma Aldrich (St Louis, MO, USA); Methanol (LC-MS ultra chro-
mosolv 14,262), from FLuka Analytical (Buchs, Switzerland); and Ace-
tonitrile (LC-MS ultra chromosolv 34,967), from FLuka Analytical. Hy-
drochloric acid (HCl) was bidistilled in the Chemistry Department in
our campus. The C18 resin-loaded Ziptip that was employed in this
study came ready from the supplier (ZTC18S096; Millipore, Merck,
Sigma Aldrich) and was used in a 0.5- to 10-μL adjustable pipette.
Enamel was rinsed with ultrapure water before its surface was etched
with 10% (vol/vol) HCl for 20 s. A tape (Magic Tape, 3 M Corporation,
Campinas, SP, Brazil) with central perforation was placed on enamel,
to limit spread of the acid that was used for the etching. Fig. 3 shows
one of the teeth with the tape in place. Approximately 10 μL of 10%
HCl (vol/vol) was placed on enamel, within the limits of the perfora-
tion. This acid was the “first biopsy”, and was discarded. A Ziptip was
then quickly conditioned (with eight up and down movements with
methanol) and immediately used to make up and down movements
with 10% HCl on top of the tooth for as long as 20 s (normally eight up
and down movements with the liquid). Next, the volume within the
Ziptip was discarded, and the Ziptip was washed with 0.1% (vol/vol)
TFA eight times; all the washes were discarded. After that, 10 μL of
80% (vol/vol) acetonitrile containing 0.1% formic acid was used for
the elution. The peptides that were bound to the resin were eluted dur-
ing this step, and this peptide mixture was left inside a Class 100 hood

Fig. 3. Myocastor cf. coypus fossilized incisor tooth photographed from the
superficial (buccal) side, showing the plastic tape that was used to limit the
acid attack on the structure. Bar = 1 cm.

that was “on” until acetonitrile had evaporated completely. The tubes
were then closed, parafilm was used to wrap them, and the peptides re-
mained lyophilized until analysis. A procedure flow chart is presented in
Fig. 4, and a video is also available (videolink). Two etchings were con-
ducted in this way. The first etching, designated “superficial” etching,
was not analyzed in any of the samples. The second etching, designated
“subsuperficial” etching, was analyzed for the two fossil samples
(mastodons tooth – sample A2; Myocastor cf. coypus tooth – sample A5)
and the positive control, which was a rat (Rattus norvegicus – sample
A4) upper incisor tooth that was processed exactly as the fossil samples.
This method closely resembled the method that was employed earlier
[6,7], but a shorter etching time was applied (20 s), and the peptides
were directly collected from enamel and not from a solution obtained
by etching. In short, the peptides were allowed to bind to the resin by
mixing the acid solution with up and down movements that were di-
rectly made on enamel with the aid of the pipette through the Ziptip.
With each up and down movement, the peptides were exposed to the
resin.

After the two enamel etchings, the pictures shown in Figs. 5 and 6
were taken; the area that was demineralized by the acid is clearly indi-
cated in these two pictures. In the Myocastor cf. coypus tooth (Fig. 5),
the tape window is clearly seen as a white area after the etching, indi-
cating that the entire superficial layer was removed. This superficial
layer has an orange aspect due to the iron deposit that is characteristic
of rodent teeth [24]. In rats, this superficial layer is present in the outer-
most 5 μm. In the Myocastor cf. coypus tooth, this may also be true, but
so far we have not measured the depths of the removed layers or deter-
mined the iron content of the surface of this rodent fossil (such studies
are underway). (See Fig. 7.)

No previous digestion with trypsin or any other treatment was ap-
plied to the samples. No proteinase or phosphatase inhibitors were used
in the etching solution. All the samples were analyzed twice.

2.4. Nano-LC MS/MS analysis

The peptide mixtures were dissolved in 10 μL of 0.1% formic acid,
and 4 μL of the resulting solution was loaded onto a pre-column (2-cm
length, 200-μm inner diameter, packed in-house with ReproSil-Pur
C18-AQ 5-μm resin), which was followed by fractionation on a New
Objective PicoFrit analytical column (25-cm length, 75-μm inner diam-
eter, packed in-house with ReproSil-Pur C18-AQ 3-μm resin). The sam-
ples were injected in a nano-LC–MS/MS system consisting of an EASY
II-nano LC system (Proxeon Biosystem) coupled to a nanoESI LTQ-
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The pep-
tides were eluted by using a gradient from 95% phase A (0.1% formic
acid) to 40% phase B (0.1% formic acid, 95% acetonitrile) for 47 min,
40–100% phase B for 8 min, and 100% B for 5 min (total of 60 min at a
flow rate of 250 nL/min). After each run, the column was washed with
90% phase B and re-equilibrated with phase A. The m/z spectra were
acquired in the positive mode; survey MS scan and tandem mass spectra
(MS/MS) acquisition were applied. An MS scan (350–2000 m/z) in the
Orbitrap mass analyzer set at a resolution of 60,000 at 400 m/z,
1 × 106 automatic gain control target, and 500-ms maximum ion in-
jection time was followed by MS/MS of the ten most intense multiply
charged ions by HCD at 30,000 signal threshold, 5000 automatic gain
control target, 300-ms maximum ion injection time, 2.0 m/z isolation
width, 30 normalized collision energy, and dynamic exclusion enabled
for 45 s with a repeat count of 1.

2.5. Data analysis and database search (Proteome Discoverer 2.1)

The raw data were inspected in Xcalibur v.2.1 (Thermo Scientific).
Database searches were performed by using the Proteome Discoverer
with Sequest™ algorithm against entries from Elephantidae (27,516
entries) and Rodentia (471,755) taxonomy downloaded from the
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Fig. 4. Peptide recovery protocol Flow Chart.

Fig. 5. Myocastor cf. coypus fossilized incisor tooth photographed from the
superficial (buccal) side at a higher magnification, after removal of the
tape that limited the spread of the acid. Note that the superficial layer con-
taining iron was removed, and the enamel etched area is now shown in
white. Bar = 0.5 cm .

Fig. 6. Notiomastodon platensis fossilized molar tooth after removal of the
tape that had been put in place to limit the etching area (black lines indicate
the corners).

UniProt database in February 2020. Rodentia was chosen because My-
ocastor belongs to this order. Elephantidae was selected because it is the
living group that is phylogenetically the closest to Notiomastodon. Ele-
phantidae has protein sequences of species such as the African and the
Indian elephant, whereas Rodentia has protein sequences of mouse, rat,
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Fig. 7. Peptide modifications identified by using PEAKS PTMs. The number of spectra assigned to peptides with chemical modifications in the Rattus norvegi-
cus (A4), M. cf. coypus (A5), and N. platensis (A1) samples.

golden hamster, and guinea pig, for example. The searches were per-
formed with the following parameters: precursor accuracy of 10 ppm,
fragment accuracy of 0.05 Da, and variable modification of oxidized
methionine and deamidation of glutamine and asparagine. The number
of proteins and protein groups and the number of peptides were esti-
mated by using the Proteome Discoverer cutoff limits, maximum parsi-
mony, false discovery rates <1%, and peptide rank 1.

2.6. De novo sequencing and similarity search (Rapid Novor and
PepExplorer from PatternLab for proteomics)

The raw data were converted to mgf by using the MS Converter
tool from the ProteoWizard platform [25]. The mgf files were submit-
ted to automatic de novo sequencing by employing the Rapid Novor
software (www.rapidnovor.com) with the parameters MS accuracy
10 ppm, MS/MS accuracy 0.05 Da for HCD, and variable modification
of oxidized methionine. The output files were loaded on the PepEx-
plorer module from PatternLab for Proteomics software. The target-
decoy databases were generated by using PatternLab to include a re-
versed version of each sequence that was found in the previously de-
scribed databases plus the versions from 127 common mass spectrome-
try contaminants. The searches were performed with the following pa-
rameters: sequences formed by at least six amino acids, minimal iden-
tity of 0.75, denovo score cutoff equal or superior to 80, FDR < 1%,
and maximum parsimony checked.

2.7. De novo sequencing-assisted database search by using PEAKS

The raw files were analyzed by using PEAKS Studio X (Bioinformat-
ics Solutions Inc., Canada) [26]. The de novo sequencing was first per-
formed without restriction to cleavage specificity; methionine oxida-
tion was used as variable modification, and the mass error tolerances
were set to 10 ppm and 0.02 Da for precursors and product ions, respec-
tively. Next, the PEAKS search engine interrogated canonical and iso-
form protein sequences of Rattus norvegicus (30,198 sequences) Roden-

tia (479,884 sequences) and Elephantidae (27,507 sequences) down-
loaded from UniProt (12/03/2020). PEAKS PTM [27] and SPIDER
[28] were activated for post-translational modification (PTM) profil-
ing and sequence variation analysis (minimal relative intensity of posi-
tion-determining fragment ions in the MS/MS spectra was set to >
1%). The database search results were filtered to keep false discovery
rate (FDR) ≤ 0.01 for peptides and proteins and at least one significant
unique peptide per protein group. The de novo sequences with average
local confidence (ALC) ≥98% and length ≥ 7 were submitted to
BLASTp against the NCBInr Rattus norvegicus (taxid: 10116), Rodentia
(taxid: 9989), and Elephantidae (taxid: 9780) databases.

3. Results & discussion

3.1. MS-based identification of enamel proteins in fossils

The MS-based de novo sequencing and similarity search conducted
with Rapid Novor and PepExplorer from Pattern Lab software, respec-
tively, identified the proteins that are presented in Supplemental Ma-
terial Tables 1, 2, and 3. In sample A1 (Notiomastodon platensis), we
identified the proteins Enamelin, COL17A1, AHSG, NEDD1, Amelo-
genin X, and MMP20. In sample A4 (Rattus norvegicus), we identified
Ameloblastin, FAM171A1, Amelogenin X, and Actb with a higher score.
In sample A5 (Myocastor cf. coypus), we identified Amelogenin, Enam-
elin, and STK11IP. We identified two BSA peptides in sample A1 (Ob-
servation: we calibrated the Instrument with BSA and performed
washout runs, but they might not have been enough).

Data analysis in the PEAKS Studio environment relies on a first
stage of automated de novo sequencing of peptide spectra. The data
that were filtered by the default de novo score threshold ≥50 resulted in
615, 665, and 1835 peptides being identified in samples A4 (Rattus
norvegicus), A5 (Myocastor cf. coypus), and A1 (Notiomastodon platen-
sis), respectively. We then searched the peptide sequences from the de
novo sequencing in the protein databases for confident assignment
(FDR ≤ 1%) to proteins of Rattus norvegicus (A4, 236 PSM to 138 pep-

Table 1
Performance of PEAKS Studio for identification of peptides from fossil samples.

Sa mple Or ganism UniProt taxonomy
sear ched

de novo
peptides

Database sear ch: Peptides
(PSM)

PTM & mutation sear ch: Peptides
(PSM)

De novo only
peptides

A1 Notiomastodon
platensis

Elephantidae 1835 60 (110) 258 (509) 82

A4 Ra ttus no rvegicus Rat 615 138 (236) 394 (639) 1

A5 Myocasto r cf. coypus Rodentia 665 30 (73) 136 (238) 24
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tides), Rodentia (A5, 73 PSM to 30 peptides), and Elephantidae (A1, 110
PSM to 60 peptides) taxon (Table 1). All the results that we obtained by
using PEAKS for samples A1 (N. platensis), A4 (rat), and A5 (M. cf. coy-
pus) are presented in Supplemental Material Tables 4, 5, and 6, re-
spectively.

We found dozens of peptides that are specific to enamel proteins.
Regarding amelogenins, Stewart et al. [6] already described that
mostly peptides corresponding to the N- and C-terminus were detected,
and that not many peptides corresponded to the middle part of the pro-
tein (alignment not shown).

Next, we enabled the PEAKS PTM and SPIDER algorithms to maxi-
mize identification of chemically modified peptides (up to 313) and ho-
mologous sequences by using the spectral data that had not been
matched in the previous database search. This approach resulted in a
2.8- to 4.5-fold increase in the number of detected peptides (Table 1).
Fig. 6 illustrates that, in addition to common methionine oxidation,
deamidation of asparagine and glutamine residues was the most fre-
quent modification in the fossil samples. We detected serine phosphory-
lation in all of the samples, but it was more prominent in rat. Moreover,
we detected O-diisopropylphosphate, pyroglutamic acid (from Q), ly-
sine acetylation, and arginine to ornithine conversion exclusively in N.
platensis proteins. We detected O-diethylphosphate (K/S) uniquely in
M. cf. coypus, whereas we detected biotin (N-term), ammonia loss, me-
thionine sulfone, C-terminal amidation, dihydroxy-proline, and trypto-
phan uniquely in rat proteins. In addition, we detected pyroglutamic
acid (from E) in the N. platensis and rat samples, whilst we observed
threonine dehydration in both rat and M. cf. coypus.

Potential contaminant peptides found are the following: in sample
A1: BSA (two peptides), A4: BSA (five peptides); A5: BSA (four pep-
tides), and streptavidin (one peptide).

Notably, a group of PTMs detected exclusively in fossil samples
might indicate protein degradation of ancient samples. For instance,
arginine to ornithine conversion in early Pleistocene enamel proteins
has been reported in another study [29]. Our data suggest that the
presence of O-diethyl/O-diisopropylphosphate, which we exclusively
detected in the M. coypus and N. platensis samples, respectively, might
have similar meaning. Although pyroglutamic acid (pGlu) formation
from glutamine or glutamic acid occurs in vivo, these modifications can
probably accumulate in fossil samples because they can also take place
spontaneously. In fact, we detected pGlu from Q in N. platensis,
whereas pGly from E was present in both the N. platensis and rat sam-
ples, but with lower frequency in the latter sample. Similarly, when we
look at PTM frequency, deamidation comprised 59% and 46% of all the
modifications that we detected in N. platensis and M. coypus, respec-
tively, whilst they accounted for 16% of the modifications in the rat
sample, thereby corroborating previous work reporting increased
deamidation levels in archaeological samples [30]. On the other hand,
PTM exclusive to the rat sample is more likely to be related to in vivo
modification.

We assigned all the phosphopeptides that we detected in the fossil
samples to amelogenin, whereas we detected amelogenin- and
ameloblastin-derived phosphopeptides in modern rat samples. Notably,
all the phosphosites that we identified in these sequences were con-
strained at serine residues (Fig. 8). Ser-32 phosphorylation is conserved

in human, bovine, porcine, rat, and mouse amelogenin (among others),
so our data revealed that this phosphorylation site was preserved in the
fossils of South American extinct species, under the particular condi-
tions found in this continent. Additionally, we detected two phosphory-
lation sites in the rat ameloblastin, Ser-48 and Ser-241. Welker et al.
[17] found serine phosphorylation, including the same amelogenin and
ameloblastin phosphosites detected in our samples, in homo samples
that are estimated to be 1.77 million years old. Thus, fossil record
shows that posttranslational modifications are maintained under sev-
eral conditions. In our study, we mention Ser-32, which is the same Ser-
ine residue known as Ser-17 and in some species Ser-16 in earlier pro-
tein studies [31].

Next, we explored the sequence features of amelogenin that we
identified in our samples by aligning them with the reference human se-
quences. Most importantly, because the databases that we used had
multiple entries for amelogenin, we assigned the rat, M. cf. coypus, and
N. platensis peptide hits to more than one sequence, which resulted in
the identification of two, five, and two protein groups in these samples,
respectively (Fig. 9). Protein grouping derives the minimal protein list
that is sufficient to account for the observed peptide identifications.
Briefly, if two or more protein sequences match the same set of pep-
tides, they should be reported as a group because the information at the
peptide level is not enough to differentiate between them. Therefore,
this required that each protein group that we identified had at least one
unique peptide to be valid.

Human amelogenin is encoded in sex chromosomes (AMELX and
AMELY), so that sexual dimorphism (Fig. 9, highlighted in red) is trans-
lated into proteoforms. We observed that most of the multiple protein
group matches for Rattus norvegicus and M. cf. coypus were related to
sequence variation, including alternative splicing. In both rat (A4) and
M. cf. coypus (A5), our findings confirmed the co-occurrence of the
“SYEVLTP” and “SYEKSHSXAINXDRTALVLTP” sequences, which re-
sulted from exon 3 skipping and insertion, respectively (Fig. 8). Al-
though we did not achieve the same coverage for exon 3-encoded
amino acids in the N. platensis sample (A1), identification of the
“SYEVLTPLK” peptide (via de novo sequencing) simultaneously with
“AGVLTPLK” might indicate that alternative spliced proteoforms occur
(Fig. 9). In addition to alternative splicing, sequence variation in rat
(A4) amelogenin included simultaneous detection of peptides contain-
ing either Tyr or Ala in position 64, and Pro or Phe in position 65 (using
UniProt P632278 as reference). In M. coypus (A5), sequence variation
included the co-occurrence of Leu and Phe in position 53, and Tyr or
Pro in position 64 (UniProt H0W138_CAVPO as reference). In N. platen-
sis (A1), we observed a single variation at the protein N-terminal as in-
dicated by simultaneous identification of Pro or Lys residues in position
18 (UniProt G3U0C2_LOXAF as reference). It is noteworthy that the
experimental sequence variations highlighted in Fig. 8 (red boxes) en-
compasses only the instances where two distinct sequences covering the
same protein backbone region were identified as co-occurring in the
same sample. The degree of conservation or variation among species is
indicated by the alignment symbols below the sequences.

The quality of the data suggests that peptides are likely the best-
preserved biomolecules under certain harsh environmental conditions.
The recovery procedure lasted only 20 s and was minimally destructive

Fig. 8. Sequence logo of phosphorylation sites in amelogenin and ameloblastin. Phosphopeptides identified via PEAKS PTM. The frequency of each residue
in peptides is proportional to the number of bits (y axis). The phosphorylation site is 0 on the x axis flanked by 3 amino acid residues.
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Fig. 9. Alignment of the sequence of amelogenin identified from our data with the reference human sequences. The colors used for identification are ex-
plained in the upper left side of the figure.

to the fossils. We hope that the precise description of the 20-s enamel
etching and the quality of the data will enable other researchers to use
this extremely conservative way to obtain biological molecules, espe-
cially in samples that are unlikely to have ancient DNA preserved.

Among the proteins that we found in our study, we did not detect
peptides of the major collagen types, particularly collagen type I,
which is the major structural protein of mineralized connective tissues.
This agreed with the different constitution of enamel. The fact that
enamel contains a different set of proteins is a well-known fact, and
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this fundamental observation was made with the ground-setting stud-
ies conducted by a group of biochemists that studied in depth immature
and mature enamel matrixes [32,33]. Furthermore, when fossil enamel
and fossil dentin were analyzed with appropriate care to avoid conta-
mination, no amino acid residues typical of collagen type I were found
in the fossilized enamel [34]. Regarding the finding of collagen XVII,
interestingly we found four peptides for this protein (please see Supple-
mental Material Table 1), and this protein has indeed been described to
be essential for normal enamel formation [35].

Determining the phylogenetic relationship of fossil specimens is one
of the major goals of paleontology. The relatively recent improvement
in the protocols for the recovery of DNA and protein fragments (mainly
collagen I) from fossil material has sparked the interest of researchers in
this area [36–38]. DNA and protein not only confirm previous analysis
based on bone and tooth morphology, but also have the potential to in-
crease the precision of phylogenetic relationships. As mentioned earlier,
the preservation of ancient proteins and DNA recovered from fossilized
bone is limited by the fact that this tissue contains a net of microscopic
canaliculi left by the osteocyte prolongments, which can enhance aero-
bic decomposition and allow bacterial invasion with consequent or-
ganic molecule degradation. The high mineral content and denser
structure of enamel protect its organic content from degradation. Be-
sides phylogenetic relationships, enamel proteome analysis can reveal
the sex of specimens [6], opening the exciting possibility for the analy-
sis of sexually dimorphic characteristics in fossil specimens.

4. Conclusions

Enamel-specific peptides were recovered from South American Pleis-
tocene mammals. The recovery procedure was extremely simple, lasted
only 20 s, and consisted of diluted acid etching followed by direct pep-
tide collection from enamel with Ziptip. The method yielded high-
quality samples, which allowed dozens of peptides from the enamel
proteins to be identified, while contamination by unexpected peptides
was minimal. Therefore, ancient biomolecules that have been stored in
enamel for thousands to millions of years can be obtained with minimal
damage to the fossils.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2021.104187.
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