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PALEOPROTEOMICS STUDIES
OF ANCIENT CAPRINAE: A REVIEW

In the Neolithic era, people began to graze sheep and goats primarily due to easier access to meat,
milk, and fleeces. Thus, in ancient times, Caprinae were the key animals in the development of early
domestication and agriculture. The analysis of ancient proteins of Caprinae from paleontological and
archeological materials reveals new data on their migration, complements research on the diet of ancient
people, their culture, and habits. Here, we discuss paleoproteomics methods, such as matrix-assisted la-
ser desorption/ionization with time-of-flight mass analyzer (MALDI-TOF MS) and liquid chromatography
with tandem mass spectrometry (LC-MS / MS). We will also consider the most important discoveries in
the field of the study of ancient sheep and in which direction the paleoproteomics of Caprinae will de-
velop in the near future. In addition, general recommendations for analyzing data from ancient proteins
are considered, for example, programs and requirements for databases. We will consider the main search
algorithms in proteomics, as well as identify effective ones for identifying peptides and proteins. It also
describes the commonly used ancient protein targets, and the basic principles of working with ancient
samples. In addition, this review describes the main research conducted on ancient Caprinae of ancient
proteins such as collagen, keratin, and milk proteins.

Key words: ancient protein, paleoproteomics, Caprinae.
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Exceari Caprinae nareonpoTeoMAbIK,
3epTTeyAepi: LLOAY

HeoAuT padyipiHAE aAAMAAP KOV MeH eLLKIAepAi aAAbIMEH €T, CYT XKBHe XKYHIe OHal KOA XKeTKizyre
6oAaTbIHAbIKTaH 6aFa 6acTaabl. OcblAaiilla, exkeAri yakbiTta Caprinae epre KOHbICTaHy MEH eriHLLIAIKTiH
AAMYbIHAQFbI  Heri3ri  >kaHyapAapablH  6ipi  6oAFaH. [1aA€OHTOAOTMSIABIK, >KOHE apPXEOAOTMSIAbIK,
MaTepranpap 6oibiHia Caprinae exeAri akybi3AapblH TaAAQy OAAPAbIH KOLLi-KOHbI TYpaAbl >KaHa
MOAIMETTEp allaAbl, eXeAri apaMAAPAbIH TaMaKTaHy PauMOHbl, MOAEHWETI MEH DAETTEPIH 3epTTeyAI
TOABIKTbIpaAbl. BYA Makaaasa maAeonpoTeoMuka 9AICTepPiH TaAKbIAAMMbI3, COHAAM-AK, MATPULLAABIK,
GEeACEHAIPIArEH Aa3epAIK AeCOPOLMSA/yaKblT apaAbIFblHbIH MacC-aHaAM3aTOPbIMeH MoHAaHy (MALDI-
TOF MS) xeHe TaHAEM Macc-CriekTpoMeTpuschbl 6ap cyiblk, xpomaTtorpadums (LC-MS/MS). CoHpait-ak,
€XKeAri KOMAapAbl 3epTTey CaAaCbIHAAFbl MAHbI3AbI XKaHAAbIK TAPAbI KOHe caprinae naAeonpoTeoMmMKachl
JKakblH apaaa KaHaam 6arbiTTa AAMUTbIHBIH KapacTbipambi3. COHbIMEH KaTap, €XKeAri aKybl3AapAblH
AEPEKTEPIH TaAAQYAQFbl XKAAMbI YCbIHbICTAp KAPaCTbIPbIAAAbI, MbICaAbl, 6aFAapAaMarap, aAropuTMAEP
KeHe MaAimeTTep 6asacbiHa KoMblAaTbiH TaAanTap. CoHbIMEH KaTap, MPOTEOMMKAAAFbl HETI3ri i3aey
AATOPUTMAEPIH cunaTTarn, NenTUATEP MeH aKybI3AAPAb! TAAAQY YLLIH OAAPAbIH TMIMAICIH aHbIKTaMbI3.
ByA Makanapa 6i3 ManeonpoTeOMMKaHbIH, SAICTEPIH, €XEAri TapaAfaH akybl3 CyOCTpaTTapbiH >KaHe
€XKEATi YATIAEPMEH XKYMbIC ICTeYAiH HEerisri MpuHUMNTepPiH TaAKblAaiMbI3. COHbIMEH KaTap, OYA LIOAY
KOAAQreH, KepaTuH XXoHe CYT aKybl3Aapbl CUSKTbl exkeAri Caprinae akybl3AapblHbIH HEri3ri 3epTTeyAepiH
cunaTTampbl.

Ty#iH ce3aep: exeAri akybi3pap, naseonporeomuka, Caprinae.
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MaAeonpoTeomMHble UCCAEAOBAHMSE
ApeBHux Caprinae: 0630p

B 3moxy HeoAMTa AIOAM HayaAM MacTW OBEL M KO3, B MEPBYID O4vepeAb, M3-3a OOAee Aerkoro
AOCTYyIa K MSICY, MOAOKY 1 wepcTu. Takm ob6pasom, B ApeBHre BpemeHa Caprinae 6bIAM KAIOHYEBbIMM
>KMBOTHbIMM B PasBMTUM PaHHETO OAOMALLHMBAHWUS U 3eMAEAEAMs. AHaAM3 ApeBHMx 6eakos Capri-
nae ro MaA€oOHTOAOTMYECKMM M apXEOAOrMYECKMM MaTepuanam OTKPbIBAET HOBblE AaHHble 00 MX
MUrpaLymm, AOMOAHSET UCCAEAOBAHUSI PaLMOHA MUTAHUS APEBHUX AIOAENM, UX KYAbTYPbl U MPUBbIYEK.
3AeCb Mbl 06CYXKAQEM METOAbI MAAEONPOTEOMMKM, TakMe KaK MaTPUUHO-aKTMBMPOBAHHAs AasepHast
AECOpPOUMA/MOHM3ALMS C BPEMSITIPOAETHbIM Macc-aHaAnsatopoM (MALDI-TOF MS) 1 kmnakocTHas
XpomaTorpacus ¢ TaHAeMHon Macc-cniekTpomeTtpueint (LC-MS/MS). Takxke paccMOTpuMM BakHerLme
OTKPbITMS B 06AACTMN M3YUYEHUS APEBHMX OBEL, M B KaKOM HarpaBAeHuMM naAseonpoteommnka Caprinae
OyAeT pasBuBaTbCa B OAM>KaNLLee Bpems. AOMOAHUTEABHO PACCMOTPEHbI 00LIME PEKOMEHAALIMN NPU
aHaAM3€e AQHHbIX APEBHMX OEAKOB, HarNpMMep NpPOorpammbl U TpeboBaHKUs K 6a3am AaHHbIX. Kpome Toro,
PACCMOTPMM OCHOBHbIE B NMPOTEOMMKE MOMCKOBbIE AATOPUTMbI, @ Tak)Ke BbIIBUM 3(P(DEKTUBHbIE N3 HUX
AASI MAEHTUDUKALMM NENTUAOB M OEAKOB. Takyke ornmcaHbl ApEBHUE CyOCTpaThl AAS BbIAEAEHNS BeAKa
M OCHOBHbIE MPUHLMIbI paboTbl C ApeBHUMM obpasuamu. B 3Tom 0630pe onmchbiBalOTCS OCHOBHbIE

NCCAEAOBaHUA 6eAKOB APEBHUX Caprinae, TaKMX KaK KOAAAreH, kepatmH 1 MOAOYHbIe 6GeAKu.
KAroueBble cAaoBa: ApeBHME 6e/\|<1/1, NMaAeonpoTeomMmka, Caprinae

Introduction

Research into ancient biomolecules, especially
DNA and proteins, has changed our understanding
of evolutionary history, animal domestication, and
phylogeny. Previously, discoveries were carried
out based on archaeological excavations with the
analysis of living organisms and the observation of
phenotypic features in the fossils. Studies of ancient
biomolecules supplement and open up new knowl-
edge, providing information on phylogeny, ancient
migration, and the evolution of species.

Ancient DNA, as an object of research, has
made a significant contribution to the development
of archeology, complementing phenotypic research.
Despite ongoing analyzes of evolutionary processes
with a high level of confidence, nucleic acids are
fragmented over time into increasingly shorter se-
quences. In this case, proteins and lipids are priori-
tized in studies with older samples in geographic
areas that are less favorable for DNA preservation.
It is worth noting that ancient proteins also undergo
fragmentation over time, but compared to nucleic
acids, they do this more slowly [1, 2].

Over the past two decades, with the advent
of highly sensitive mass spectrometry, paleopro-
teomics has become more and more in demand in
the fields of archeology and evolutionary biology.
Thus, researchers are focusing not only on ancient
DNA but also on ancient proteins. The coverage of
tissues and substrates for protein extraction is quite

wide and includes bones, dentin, enamel, tartar,
horns, eggshells, skin and soft tissues, various food
residues, and ceramics [2]. This difference in objects
in ancient samples is interesting for the analysis of
complex mixtures of proteins produced by an indi-
vidual organism (proteome) or a group of organisms
(metaproteome) [3, 1].

In this review, we describe the main research
methods used to study ancient proteins, substrates
for protein isolation, characterization of ancient pro-
teins, and summarize data processing and data inter-
pretation. Then we will consider the most important
discoveries in the field of the study of ancient sheep,
and in which direction the paleoproteomics of Cap-
rinae will develop soon.

Methods in paleoproteomics

The study of ancient proteins using mass spec-
trometry dates back to 2000 when osteocalcin from
ancient bone was discovered [4]. Until this time, at-
tempts to sequence proteins have been unsuccess-
ful. The Edman sequencing method available at that
time turned out to be unsuitable for ancient proteins
since this method required samples with a high con-
centration, unmodified and purified — such condi-
tions are incompatible with ancient biomolecules
proteins [5].

The application of mass spectrometry in pro-
teomics is quite wide, the principle is that molecules
are ionized and identified by their mass-to-charge
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ratio (m/z). As a result, mass spectra are obtained
in the form of graphs of the relative content of ions
in the sample to their m/z values [6]. Currently, pa-
leoproteomic studies are mainly carried out using
two mass spectrometry methods: matrix-based laser
desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS) and liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS).
These methods are based on the presence and de-
tection of single amino acid polymorphisms (SAP)
between homologous protein sequences of different
genera, species, or populations. Variations in the
protein sequence occur at the genome level from
single nucleotide polymorphisms (SNPs) in the gene
encoding the protein. This SAP becomes the key for
phylogenetic analysis of ancient proteins. Thus, the
relationship between the proteome and the genome
is traced in evolutionary research in the taxonomic
analysis [2].

Figure 1 shows the main differences between the
MALDI-TOF MS and LC-MS/MS methods. Thus,
using MALDI-TOF MS, one can only get an idea of
the total mass of individual peptides in the analyte,
while LC-MS/MS determines the exact amino acid
sequence of the peptides. Both methods have their
limitations and application features, which will be
discussed below [2].

MALDI-TOF MS

The MALDI-TOF MS method is widely used for
peptide mass fingerprinting (PMF), based on spe-
cies identification by comparing the peptide profile
of an unknown sample with the masses of known
peptides. The peptide profile results from enzymatic
cleavage by proteases such as trypsin [7].

The initial application of this approach to ancient
fauna fossils was phylogenetic identification based
on collagen peptide mass fingerprinting (CPMF)
[8]. The method, also called ZooMS (Zooarcheol-
ogy by Mass Spectrometry), aims to identify the
trypsin-digested collagen protein or other proteins,
using MALDI-TOF MS to measure the mass-to-
charge ratio (m/z). This method is generally similar
to DNA fingerprinting, and trypsin, like a restriction
enzyme, cuts molecules into fragments. Therefore,
CPMF is not suitable for examining tissues that do
not contain COL1 or are present in small amounts.
In skin, bones, dentin, and horns, COL1 is a key pro-
tein and can be preserved in fossils about 600,000
years ago. The protein consists of two alpha-1 chains
of type I collagen (COL1al) and one alpha-2 chain

of collagen type I collagen (COL1a2), which twist
on top of each other to form a triple helix [2, 9].
By measuring the m/z of individual COL1 peptides,
certain patterns of fragments can be obtained, which
are used as a comparison, as peptide markers. The
masses of homologous peptide sequences in species
and genera may differ if they contain one, two, or
several SAPs [2, 9].

ZooMS is presented as a simple method for
identifying taxa that are difficult to identify by mor-
phological characteristics. So, using this method,
identification was carried out between goats (Capra
sp.) and sheep (Ovis sp.), which is difficult to accu-
rately determine during archaeological excavations
[10]. It is worth noting that other proteins (keratins,
caseins) have also been studied, which makes it
possible to apply PMF to other ancient tissues that
do not contain collagen. New peptides detected by
MALDI-TOF MS can be confirmed by LC-MS/MS.

LC-MS/MS

Tandem mass spectrometry allows the sequenc-
ing of whole and mixed metaproteomes. Conse-
quently, this approach to the study of paleopro-
teomics is more universal and is used in a wide
range of different tissues of ancient samples. For
this method, one may not know in advance about
the protein sequence, thus it is possible to detect
new amino acid substitutions. However, it should
be kept in mind that ancient proteomes are not nu-
merous and when loading a sample into the device,
only a part is identified, therefore the device settings
should be adapted more towards the sensitivity of
the device [1, 2].

Shotgun proteomics was originally based on the
study of the COL1 protein, but over time the spec-
trum expanded to include whole proteomes. This
method made a significant contribution to the study
of extinct organisms, amino acid sequences were
obtained based on which a phylogenetic reconstruc-
tion of evolutionary relationships with other extinct
and currently existing organisms was carried out
[11,12].

Thus, LC-MS/MS also opens up the possi-
bility of phylogenetic analysis of species whose
DNA has not been preserved, and ancient pro-
teins are available for study. Nowadays, towards
the analysis of the amino acid sequence of ancient
proteomes, shotgun proteomics expands the pos-
sibilities in the study of various modifications of
proteins in vivo [2].
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Figure 1 — Differences between MALDI-TOF MS (PMF) and LC-MS/MS
(shotgun proteomics) workflows applied to study ancient proteins [2]

Types of biomaterial ameloblastin (AMBN), amelotin (AMTN), emelin
(ENAM) and odontogenic ameloblast-associated
Similar to the study of ancient DNA, the main  protein (ODAM), and matrix proteases (MMP20
protein materials in ancient samples are bones and ~ and KLK4). Of particular interest is the protein ame-
teeth. Bone proteome studies have become com-  logenin, whose gene is located on the X- (AMELX)
mon practice in the detection of collagen type 1  and Y-chromosome (AMELY) [17]. Thus, identifi-
(COL1) in the case of fingerprinting of ZooMS  cation of AMELY peptides using proteomic meth-
collagen peptides [1, 2]. In terms of the quali-  ods allows the determination of male sex (XY), and
tative composition of proteins, dentin and bone  the absence of an amino acid sequence may indi-
proteomes are similar, since they have a common  cate that the sample belongs to a female body (XX).
origin from ectomesenchyme [13]. Thus, ancient ~ Such gender identification can be applied not only
dentin and bone samples contain the dominant to archacological people but also to fauna samples,
amount of the COLI protein [14]. A small frac-  which is an alternative to DNA-based sex determi-
tion of their proteome is represented by non-  nation [16].
collagen proteins (NCPs), such as albumin and Recently, paleontological research has relied on
biglycan, difficult to detect in mass spectrometry  alternative sources of protein, such as cultural heri-
experiments. However, they contain more varia-  tage materials or ancient tooth tartar [6, 19]. A large
tions in the SAP sequence compared to collagens,  amount of protein is present in the mummified re-
thus being of phylogenetic interest [2]. mains of humans and animals, as well as garments
To date, few studies of the enamel proteome  made from animal skin [20].
have been carried out; it is worth noting that the
studied archaeological samples are similar in com- Limitations and features of work with an-
position to the enamel of modern samples, thus, it  cient proteins
should be assumed that the enamel is well preserved
over time and possibly protected from diagenetic ef- Due to its high sensitivity, mass spectrometry
fects [15, 16]. The enamel proteome differs signifi-  has become a key method for the analysis of ancient
cantly from bone and dentin, which contains specif-  proteins, despite this, standard methods of protein
ic proteins: amelogenins (AMELX and AMELY),  extraction must be modified and several recommen-
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dations must be followed to effectively preserve the
ancient protein at every stage of preparation [2].

When forming a collection of samples, it should
be borne in mind that some types of biomaterial bet-
ter preserve endogenous proteins; for example, the
mineralized specimens mentioned above (bone, den-
tal plaque, and eggshell). After choosing a sample
for research, it is imperative to conduct trial experi-
ments with a modern representative of an ancient
organism and, if possible, with artificial diagenesis
of the sample or less valuable ancient ones [2]. Ad-
ditionally, MALDI-TOF MS can screen peptides
for the degree of preservation of an ancient protein,
especially before expensive LC-MS/MS analysis.
Since this method is reliable for predicting the sur-
vival of proteins in fossils [21].

Contamination of ancient proteins can occur at
any stage of research from excavation to protein
analysis, it is worth taking measures to reduce the
risks of contamination with modern samples and
cross-contamination between the ancients by analo-
gy with ancient DNA. General guidelines should be
followed, such as isolating work areas and separate
protective clothing in each area, including negative
controls, clean surfaces and equipment, and avoid
reusing consumables. Additionally, when analyzing
LC-MS/MS, it is necessary to rinse the LC column
between each sample, i.e. skip blanks as remain-
ing peptides on the column may contaminate sub-
sequent samples. For the same reason, it is recom-
mended that valuable and older samples should be
injected into the column first, to avoid false-positive
results due to subsequent samples with a higher con-
centration [2].

Ancient proteins are usually fragmented, most
often due to accidental non-enzymatic cleavage of
the peptide backbone at the carboxyl side of as-
paragine (Asn) and glutamine (Gln). Also, in stud-
ies of ancient proteins, deamidation of asparagine
(Asn) and glutamine (Gln) has been observed to
form aspartic acid (Asp) and glutamic acid (Glu),
respectively [1, 22]. Glutamine and asparagine are
abundant in most proteins, and this wide availabil-
ity of both amino acids is key when making com-
parisons of damage between proteins. The study of
deamidation in ancient proteins is available as it can
be quantified using both MALDI-TOF MS and LC-
MS/MS. Thus, Welker et al. in the study of samples
of the late and middle Pleistocene noticed that the
deamidation of glutamine in NCP was significantly
higher, almost 100% than in endogenous collagens
from the same sample [23, 24]. This distinction has
been proposed to be used as a marker between en-
dogenous and contaminating NCPs [2]. This degra-

dation at the amino acid level is a natural biomo-
lecular marker of sample aging and leads to a mass
shift of +0.984 Da [25].

The analysis of the spectra should take into ac-
count that the modification of amino acids leads to a
change in the total mass, which may be equal to the
mass of another amino acid. Such a problem arose
in the study of the beta-lactoglobulin protein, it is
known that the difference between Bovinae (cattle,
yak, and buffalo) and Caprinae (sheep and goats)
lies in the amino acid residue, in bulls — aspartic
acid, in sheep — asparagine and in goats — lysine
[26]. However, deamidation of asparagine results
in its conversion to aspartic acid, so the unmodified
Bovinae residue (D) and the deamidated sheep resi-
due (de. N) in this position will show the same mass.
In this case, the difference in species will be possible
only in the absence of modifications [23, 26].

In addition to deamidation, another diagenetic
damage to ancient proteins has been seen. For exam-
ple, oxidative damage to tryptophan and lysine has
been observed in mammoth bone with the formation
of kynurenine and aminoadipic acid, respectively. In
turn, carbonylation of arginine and lysine prevents
trypsinolysis of the ancient protein into peptides,
which reduces the quality of sample identification
[27]. Interestingly, diagenesis can also have a stabi-
lizing effect on proteins, as ancient mineral-coated
specimens have been shown to retain proteins better
[28].

Thus, knowledge of the factors and conditions
of biomaterial storage helps in the study of ancient
samples and diagenetic modifications of proteins re-
quire more detailed study.

Data analysis

The identification of peptides and proteins with
LC-MS/MS analysis data is carried out using ready-
made search algorithms Mascot or Sequest, which
are the main ones in proteomics. However, the
Byonic and Andromeda, PEAKS programs are more
suitable for paleoproteomics, since their algorithms
allow identifying unknown modifications and high-
ly degraded protein samples [1, 29]. Sequencing
of ancient proteins based on mass spectra should
be based on at least two razor and unique peptides
covering different regions of the sequence. Razor
or shared peptides are peptides that belong to the
group of proteins with the largest number of identi-
fied, shared peptides. Unique or proteotypic peptide
sequences belong to only one protein [30].

Identification algorithms match the masses of
the product ions against spectra from the database.
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When identifying peptides, the choice of databases
should not be limited only to the species of interest,
it is also necessary to include databases of microbes
and possible contaminants. Since, the composition
of the proteome of ancient samples changes over
time, becoming contaminated with a mixture of
various bacteria, fungi and during excavation with
human proteins. Consequently, the protein sequenc-
es of type I collagen and other human proteins,
animal skin proteins are considered contaminants
and should be included in the research database. It
should be noted that the small volume of databas-
es on the number of peptides can lead to incorrect
identification of proteins and taxonomic definition
of the type of organism. For example, the Swiss-
Prot database includes almost complete proteomes
of model organisms such as mice (Mus musculus)
and human (Homo sapiens), but only partially pro-
teomes of other taxa, such as sheep (Ovis aries),
goat (Capra hircus), cow (Bos taurus) and pig (Sus
scrofa). Difficulties can arise when analyzing meta-
proteomes isolated from a heterogeneous material,
for example, the remains of ceramics or dental cal-
culus. Thus, there is a database error when identi-
fying several species from the same sample, and
extensive databases should be consulted to avoid
incorrect taxa [3].

After data generation, several additional analyz-
es are performed to further validate and validate the
results. For example, public code is used to evaluate
deamidation, and contaminating proteins must be
filtered out [31].

Exploring ancient Caprinae through paleo-
proteomics

Studies of ancient biomolecules of Caprinae
have revealed the history of their domestication, mi-
gration routes, and the way of life of ancient people.
To date, in the paleoproteomics of Caprinae, stud-
ies have been carried out on the peptide difference
between sheep and goats, ancient textiles, the diet
of ancient people, and objects of art for the content
of animal raw materials have been studied. Here we
review some of the basic research.

The domestication of animals such as cattle,
sheep, goats, and horses was an important step that
changed the strategy of the ancient people and the
transition from hunting to agriculture. It is known
that the domestication of Caprinae dates back to
11,000-9,000 years ago was carried out in the terri-
tory from eastern Anatolia to the Zagros mountains
in Iran and Iraq [32]. The spread of sheep and goats
from the center of domestication was part of the

Neolithic culture, so livestock was dispersed across
Eurasia and Africa [33]. Initially, livestock was
used for the production of meat, skins, and bones,
and then for wider use, for riding, transporting, or
cultivating the soil, they were also a source of milk
and wool [32, 34].

Methods of paleoproteomics expand the range
of studies of ancient samples, so it can be used to
determine which species the bones belong to, espe-
cially when the remains are highly fragmented or
insufficient for analysis of aDNA. For identifica-
tion, ancient proteins are separated into peptides,
followed by analysis on a mass spectrometer. The
treated peptides have m/z values that form amino
acid sequence fragmentation patterns specific to
each species [35].

Collagen

During archaeological excavations, sheep and
goats are identified as a single whole, however, they,
as well as cattle, did not always migrate together.
There are differences in food and water needs, graz-
ing patterns, travel speeds, all of which point to
the need for an individual story [36]. Thus, to dis-
tinguish between the remains of a domestic sheep
(Ovis aries) and a domestic goat (Capra hircus),
one of the most common methods used in paleo-
proteomics was applied, namely, ZooMS. Anatomi-
cally, it is difficult for archaeologists to distinguish
small artiodactyls from bone remains, but ZooMS
has shown its effectiveness in various parts of the
world [10, 36, 37]. Research has been done using
collagen protein as one of the strongest and most
affordable ancient proteins.

Originally Buckley et al. described the differ-
ences between sheep and goats for one collagen type
1 protein peptide (COL1). The de novo sequenced
peptide consists of 33 amino acids and differs be-
tween species at two positions. Differences in the
amino acid sequence led to unequal m/z of the pep-
tides, for example, in sheep, m/z of the peptide was
3033.340.2, and in goats, m/z was 3093.3+0.1 (Ta-
ble 1). The proposed marker was tested on archae-
ological samples of Caprinae from the Neolithic
settlement Domuztepe in Turkey [10].

Interestingly, in archaeological samples, the
mass of the marker peptide was increased by 1 Da,
which is associated with the PTM deamidation of
Glu (Q). Thus, the m/z for the ancient samples of the
sheep became equal to — 3034 Da, and in the goat,
respectively — 3094 Da (Figure 2). Also, in the dif-
ferentiated peptide was found another PTM known
as hydroxyproline. In total five hydroxylated Pro
(O) residues were observed in both modern and an-
cient peptides [10]. Later, the same research group
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expanded the collagen mass fingerprinting method
by additionally adding modern species of other
animals (deer, gazelle) to domestic animals (sheep,
goats, pigs, and cattle), as well as humans [37]. An-
other group of researchers found another additional

peptide (Table 1) differences between the Caprinae
protein COL1A1, located at positions 921-936. In-
terestingly, this peptide is common and does not dif-
fer in mass for Capra hircus, Bos Taurus, and Homo
sapiens [38].

Table 1 — Amino acid sequences of marker peptides of type I collagen between Caprinae species. The underlined amino acid residues

differ from honey by species [10, 38]

Species Peptide amino acid sequence m/z
Ovis aries GPSGEOGTAGPOGTOGPQGLLGAOGFLGLOGSR 303340, 2
Capra hircus GPSGEOGTAGPOGTOGPQGFLGPOGFLGLOGSR 3093,3+0,1

Ovis aries AGEVGPPGPPGPAGEK 709,3

Capra hircus PGEVGPPGPPGPAGEK 7223

Species confusion when identifying sheep can
arise not only with goats but also with wild species,
such as medium-sized cattle (impala, antelope). In
this case, the use of ZooMS is of great importance,
since the data on the presence of domesticated ani-
mals or wild animals at ancient sites change the
history of the distribution of the Neolithic around
the world with its later appearance in some parts
of the world. In a recent study of the Leopard Cave
in South Africa, previously anatomically defined
samples of the domestication of sheep and goats
turned out to be wild antelope species. The peptide
sequences were compared to 20th-century museum
collectibles of antelope and impala. A total of three
new taxonomic markers in the alpha 2 chain of type
I collagen have been identified to distinguish be-
tween wild antelope and impala. This study showed
that Caprinae appeared in the Leopard Cave 1,500
years later than previously thought [29].

A similar study, but with other species of wild
animals (Sylvicapra grimmia — gray duiker, Pelea
capreolus — gray rhebok, Antidorcas marsupialis
— springbok), anatomically the same size as sheep,
was carried out by the research group Coutu et al.
Using paleoproteomics methods, a marker peptide
was determined that distinguishes wild bovids from
sheep; this peptide m/z 1532 is absent in the colla-
gen sequence COL1A2 position No. 889-906 Ovis
aries. It has also been confirmed that a specimen
dating from about 2000 BC belongs to a species of
domestic sheep, which is the earliest evidence of do-
mesticated animals in southern Africa [31].

Mass spectrometry techniques were applied to art
from the 14th century, as Ovis aries collagen peptides
were found on a mural by Ambrogio Lorenzetti. In
addition, egg whites from chicken, duck, and cow
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glue were also identified, all of which indicate the use
of animal proteins as a conservation product. Thus,
paleoproteomics applies to cultural heritage sites
without destructive action, for a better understanding
of history and the use of materials in antiquity [22].

Keratin

Paleoproteomics also made an important contri-
bution to the study of cultural heritage, which made
it possible to determine the biological origin of
many keratin-containing materials using the exam-
ple of ancient textiles. The main proteins that make
up ancient clothing are keratins. They constitute an
extensive family of fibrillar proteins, which, due to a
large number of disulfide bonds, have high strength.
Keratins are divided into two classes: alpha-keratins
are helical proteins found in mammals, birds, and
reptiles, and lamellar beta-keratins, which are found
only in birds and reptiles [7, 39]. According to the
mammalian nomenclature, keratins are divided into
2 types: type I from K33 to K40 and type II from
K81 to K87 [6, 35].

Ancient people used sheep and goat wool to
create fabrics and fur clothing [6]. As is customary,
the morphological study of ancient tissues is carried
out using microscopic methods, so the families of
animals are determined with high accuracy. How-
ever, these methods are difficult to apply to severely
damaged tissue samples or tissue samples made
from closely related animal species [35]. Keratins
are highly conserved proteins and identification by
mass spectrometry between closely related species
is difficult. However, a keratin marker peptide to
distinguish between sheep and goats has been pro-
posed K33, which differs by only one amino acid
in the sequence. Keratin K33 usually exists in two
isoforms named K33a and K33b [25, 40].
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Thus, keratin-containing archaeological remains
were studied using PMF and MS/MS. One of the
earliest was the study of the ancient clothing of Otzi,
it was found that the outer clothing was made of
sheep, and the shoes were made of cattle, other parts
of the clothing consisted of deer and goat skins [41].

The study of ancient fabrics is mainly focused
on the monuments of the Bronze Age, the [ron Age,
or places of trade routes. Since cattle breeding, the
production of wool and fabric flourished at that time,
as a result, cultural exchange through the Great Silk
Road [25]. One of these ancient sites in China in
the Keriya Valley showed that ancient people pre-
ferred to use more sheep (57.8%) in a herd than
goats (16.5%), while woven products were made
mainly from sheep’s wool, and goats — skin [35].
However, unlike other materials, tissues are sensi-
tive and poorly preserved, degrade faster, and are
prone to deamidation. It is known that the deamida-
tion of glutamine (Q) and asparagine (N) is a marker
of the degradation and aging of ancient proteins. Us-
ing the example of wool sheep wool, 8 alpha-keratin
peptides were found with deamidation indicating
degradation of the samples, of which five are more
stable (m/z 1487.74, 1504.77, 1625.84, 1834.97,
and 2665.30), and three are possibly poorly identi-
fied due to strong degradation. Thus, the study of
textiles using paleoproteomics can provide reliable
and in-depth information about resources, produc-
tion technologies, trade, and the culture of antiquity
over time [25].

The ancient proteins of keratins are also exam-
ined in other organic materials such as horns, hooves,
and hair [7]. Interestingly, they, like wool, consist of
the same type of keratin and have the same amino
acid sequences, but differ in PMF. This may be due
to differences in protein expression. For example, a
peptide with m/z 2519.29 (YSSQLAQMQGLIGN-
VEAQLAEIR) found in the horns of yak, cattle, and
sheep is absent in fibers [40]. Despite this, scientists
were able to find marker peptides for alpha-keratin
to determine the species. Thus, the peptide m/z
2665 is diagnostic for sheep, a similar peptide for
goats with m/z 2692, for a horse — m/z 2563, for a
cow —m/z 2577 [7]. This study shows that PMF can
also be used for keratinized tissues, especially for
remains with severe degradation, when the structure
of the horn is not preserved.

Milk proteins

The study of dairy products of animal husbandry
is significant in the history of the development of
the diet of ancient people. In particular, the identi-
fication of the animal species used for milk produc-
tion allows the tracking of shifts in the exploitation
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of cattle, sheep, and goats. The remains of food in
the tomb M27 at the Subaeisi site in China 500-300
years BC were studied for the presence of dairy
products. Were identified four sequences of peptides
asl-casein (FVVAPFPEVFR, YLGYLEQLLR,
FFVAPFPEVFGK) and B-casein (DMPIQAFLLY-
QEPVLGPVR) belonging to sheep, goats, cattle,
and buffalo [34]. Proteomic approaches based on
mass spectrometry, in particular, have been used
to clearly distinguish between animal species for
milk proteins. In another study, the diet of ancient
people of the Late Bronze Age was studied, the re-
mains of food were found in the form of tartar. The
mass spectrometric analysis identified the peptide
sequences of the asl-casein protein (FVVAPFPE-
VFR, FFVAPFPEVFGK) and the B-lactoglobulin
protein (TPEVD(D/N/K) EALEKFDK), which con-
tains the genus-specific amino acid: D — Bos; N —
Ovis, K — Capra [19].

In a study of the tombs of ancient Egypt, a
dairy product similar to cheese was discovered, this
sample became the oldest hard cheese (3200 years
ago) found during excavations. The MS/MS method
confirmed the presence of milk proteins in the an-
cient sample, a total of nine Bovidae peptides (cow,
sheep, goat, buffalo) were found. Most, that is, six
peptides belonged to casein (asl-, B- and k-), and
the remaining three peptides to lysozyme and serum
albumin [20].

In addition to casein, B-lactoglobulin (BLG) has
been found in ancient dental calculus samples from
British Neolithic sites. All peptides found were at-
tributed to Bovidae, as the authors suggest, the Neo-
lithic settlement used several species of animals
(cows, goats, and sheep) for milk production [42].

Palaeoproteomic studies of milk proteins have
contributed to the nutritional characteristics of an-
cient humans with the identification of the origin of
raw materials, which helps to better understand the
exploitation of domestic animals in the past.

Conclusion

To date, paleoproteomics in combination with
other methods has made it possible to obtain reliable
information about antiquity, since research covers
continents, different eras, and the main groups of
organisms. This was facilitated by the widespread
use of mass spectrometry methods, which are distin-
guished by their high sensitivity, as well as the de-
velopment of data processing algorithms. The main
types of ancient protein substrates, the features of
their isolation and preservation have been described
and studied. Studies of ancient Caprinae proteins
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have added knowledge about the distribution of
the Neolithic around the world, so with the help of
peptide mass fingerprinting, sheep, goats, and wild
representatives of the fauna that are anatomically
similar to them were differentiated. Also studied are
the ancient proteins of keratin contained in cloth-
ing, fabrics at ancient sites. The transition of ancient
people from primary livestock products to second-
ary ones can be traced to the use of dairy products.
The protein composition of food remains was stud-
ied and the domestic animals used by ancient people
for the production of dairy products were identified.

However, today there are limitations for paleopro-
teomic methods such as a requirement for complete
databases of amino acid sequences. Consequently,
the main task in the study of ancient proteins is
the replenishment of the database, especially with
unique ancient proteins.

Financing
This research was funded by the Science Com-

mittee of the Ministry of Education and Science of the
Republic of Kazakhstan (Grant No. AP08955854).

References

1 Cappellini E., Prohaska A., Racimo F., et al. Ancient Biomolecules and Evolutionary Inference // Annual Review Biochem.

—2018. - Vol. 87. —P. 1029-1060.

2 Welker F. Palaeoproteomics for human evolution studies // Quat. Science Rev. —2018. — Vol. 90. — P. 137-147.
3 Hendy J., Welker F., Demarchi B., Speller C., Warinner C., Collins M.J. A guide to ancient protein studies // Nat. Ecol.

Evol. —2018. — Vol. 2, No 5. — P.791-799.

4 Huq N.L., Tseng A., Chapman G.E. Partial amino acid sequence of osteocalcin from an extinct species of ratite bird //

Biochem. Int. — 1990. — Vol.21, No 3. — P. 491-496.

5 Robbins L.L., Muyzer G., Brew K., Macromolecules from living and fossil biominerals. In: Engel, M.H., Macko,
S.A. (Eds.), Organic Geochemistry: Principles and Applications. — 1993. — Vol. 11. — P. 799-816.
6  Solazzo C. Characterizing historical textiles and clothing with proteomics // Conserv. Patrim. — 2019. — Vol. 31. — P. 97-

114.

7  O’Connor S., Solazzo C., Collins M. Advances in identifying archaeological traces of horn and other keratinous hard tis-

sues // Stud. Conserv. —2015. — Vol. 60. — P. 393-417.

8  Buckley M., Matthew Collins M. et al. Species identification by analysis of bone collagen using matrix-assisted laser de-
sorption/ionisation time-of-flight mass spectrometry Michael // Rapid. Commun. Mass Spectrom. —2009. — Vol. 23. — P. 3843-3854.

9  van Doorn N.L., Hollund H., Collins M.J. A novel and non-destructive approach for ZooMS analysis: Ammonium bicar-
bonate buffer extraction // Archaeol. Anthropol. Sci. —2011. — Vol. 3. — P. 281-289.

10 Buckley M., Whitcher Kansa S., Howard S., Campbell S., Thomas-Oates J., Collins M. Distinguishing between archaeo-
logical sheep and goat bones using a single collagen peptide // J. Archaeol. Sci. —2010. — Vol. 37. — P. 13-20.

11  Buckley M., Farifia R.A., Lawless C., Tambusso P.S., Varela L. et al. Collagen Sequence Analysis of the Extinct Giant
Ground Sloths Lestodon and Megatherium // PLOS ONE. — 2015. — Vol. 10. e0144793.

12 Buckley M. Ancient collagen reveals evolutionary history of the endemic South American “ungulates.” // Proc. R. Soc. —

2015.—Vol. 282. - P. 1-9.

13 Salmon C.R., Giorgett A.P.O., Paes Leme A.F., Domingues R.R., Kolli T.N., Foster B.L., Nociti Jr., F.H., Microproteome

of dentoalveolar tissues // Bone. —2017. — Vol. 101. — P. 219-229.

14 Salmon C.R., Tomazela D.M., Ruiz K.G.S., Foster B.L., Paes Leme A.F. et al. Proteomic analysis of human dental cemen-
tum and alveolar bone // J. Proteom. — 2013. — Vol. 91. —P. 544-555.

15 Porto I. M., Laure H.J., Tykot R.H., de Sousa F.B., Rosa J.C., Gerlach R.F. Recovery and identification of mature enamel
proteins in ancient teeth // Eur. J. Oral Sci. —2011. — Vol. 119. — P. 83-87.

16 Castiblanco G.A., Rutishauser D., Ilag, L.L., Martignon S., Castellanos J.E., Mejia W. Identification of proteins from hu-
man permanent erupted enamel // Eur. J. Oral Sci. — 2015. — Vol. 123. — P. 390-395.

17  Stewart N. A., Gerlach R.F., Gowland R.L., Gron K.J., Montgomery J. Sex determination of human remains from peptides

in tooth enamel // PNAS. —2017. — Vol. 114. — P. 13649-13654.

18 Stewart N.A., Molina G.F., Issa J.P.M., Yates N.A., Sosovicka M., Vieira A.R., Line S.R.P., Montgomery J., Gerlach R.F.
The identification of peptides by nanoLC-MS/MS from human surface tooth enamel following a simple acid etch extraction // RSC

Adv. —2016.—Vol. 6. —P. 61673-61679.

19 Jeong C., Wilkin S., Amgalantugs T. et al. Bronze Age population dynamics and the rise of dairy pastoralism on the eastern
Eurasian steppe // Proc. Natl. Acad. Sci. USA. —2018. — Vol. 115. — P. 11248-11255.
20  Greco E., El-Aguizy O., Ali M.F. et al. Proteomic Analyses on an Ancient Egyptian Cheese and Biomolecular Evidence of

Brucellosis // Anal Chem. —2018. — Vol. 90. — P. 9673-9676.

21 Presslee S., Penkman K., Fischer R. et al. Assessment of different screening methods for selecting palacontological bone
samples for peptide sequencing // Journal Proteomics. — 2021. — Vol. 230.- P. 103986.

13



Paleoproteomics studies of ancient Caprinae: a review

22 Mackie M., Riither P., Samodova D., et al. Palacoproteomic Profiling of Conservation Layers on a 14th Century Italian
Wall Painting. // Angew. Chemie. — Int. Ed. — 2018. — Vol. 57. — P. 7369-7374.

23 Welker F., Hajdinjak M., Talamo S., Jaouen K., Dannemann M., David F., Julien M., Meyer M., Kelso J., Barnes 1., Brace
S., Kamminga P., Fischer R., Kessler B.M., Stewart J.R., Paabo S., Collins M.J., Hublin J.-J., Palacoproteomic evidence identifies
archaic hominins associated with the Chatelperronian at the Grotte du Renne // Proc. Natl. Acad. Sci. U. S. A. —2016. — Vol. 113. —
P. 11162-11167.

24 Welker F., Soressi M.A., Roussel M., van Riemsdijk 1., Hublin J.-J., Collins, M.J.. Variations in glutamine deamidation for
a Chatelperronian bone assemblage as measured by peptide mass fingerprinting of collagen // STAR Sci. Technol. Archaeol. —2017.
—Vol. 3. - P. 15-27.

25 Solazzo C., Wilson J., Dyer J.M. et al. Modeling deamidation in sheep a-keratin peptides and application to archeological
wool textiles // Anal. Chem. — 2014. — Vol. 86. — P. 567-575.

26 Warinner C. et al. Direct evidence of milk consumption from ancient human dental calculus // Sci. Rep. — 2014. — Vol. 4.
—P. 7104.

27  Cappellini E., Jensen L.J., Szklarczyk D., Ginolhac A., da Fonseca R.A.R., et al. Proteomic analysis of a Pleistocene mam-
moth femur reveals more than one hundred ancient bone proteins // J. Proteome Res. -2012. — Vol. 11. — P. 917-926

28 Demarchi B., Hall S., Roncal-Herrero T., et al. Protein sequences bound to mineral surfaces persist into deep time // Elife
—2016.—Vol. 5.

29 Le Meillour L., Zirah S., Zazzo A., et al. Palacoproteomics gives new insight into early southern African pastoralism // Sci
Rep. —2020. — Vol. 10. -P 1-14.

30 Tyanova et al. The MaxQuant computational platform for mass-spectrometry-based shotgun proteomics // Nature Proto-
cols. —2016. — Vol. 11. — P. 2301-2319.

31 Coutu A.N., Taurozzi A.J., Mackie M., et al. Palacoproteomics confirm earliest domesticated sheep in southern Africa ca.
2000 BP // Sci Rep. —2021. — Vol. 11. — P. 6631.

32 Zeder M.A. Domestication and early agriculture in the Mediterranean Basin: Origins, diffusion, and impact // Proc. Natl.
Acad. Sci. —2008. — Vol. 105. — P. 11597-11604.

33 Olivieri C., Ermini L., Rizzi E., et al. Phylogenetic position of a copper age sheep (Ovis aries) mitochondrial DNA // PLoS
One. —2012. — Vol. 7(3). —P. €33792.

34 HongC., Jiang H., Lii E. et al. Identification of milk component in ancient food residue by proteomics. PLoS One. — 2012.
—Vol. 7.—P. 1-7.

35 Azémard C., Zazzob A., Mariea A., Lepetzb S., Debaine-Francfortc C., Idrissd SZ. Animal fibre use in the Keriya valley
(Xinjiang, China) during the Bronze and Iron Ages: A proteomic approach // Journal of Archaeological Science. —2019. — Vol. 110.
—P. 104996.

36 Prendergast M.E., Janzen A., Buckley M., Grillo K.M. Sorting the sheep from the goats in the Pastoral Neolithic: morpho-
logical and biomolecular approaches at Luxmanda, Tanzania // Archaeol. Anthropol. Sci. —2019. — Vol. 11. — P. 3047-3062.

37 Buckley M., Kansa S.W. Collagen fingerprinting of archaeological bone and teeth remains from Domuztepe, South Eastern
Turkey // Archaeol. Anthropol. Sci. —2011. — Vol. 3. — P. :271-280.

38 Le Meillour L., Zazzo A., Lesur J., et al. Identification of degraded bone and tooth splinters from arid environments using
palaeoproteomics // Palacogeogr Palacoclimatol Palacoecol. —2018. — Vol. 511. — P. 472-482.

39 McKittrick J., Chen P.Y., Bodde S. G., Yang W., Novitskaya E.E., Meyers M.A. The Structure, Functions, and Mechanical
Properties of Keratin // JOM Journal of the Minerals, Metals and Materials Society. — 2012. — Vol. 64. — P. 449-68.

40 Solazzo C., Wadsley M., Dyer J.M., Clerens S., Collins M.J., Plowman J. Characterisation of novel a-keratin peptide mark-
ers for species identification in keratinous tissues using mass spectrometry // Rapid Commun Mass Spectrom. — 2013. — Vol. 27. —
P. 2685-2698.

41 Hollemeyer K., Altmeyer W., Heinzle E., Pitra, C. Matrix- assisted Laser Desorption/Ionization Time-of-flight Mass Spec-
trometry Combined with Multidimensional Scaling, Binary Hierarchical Cluster Tree and Selected Diagnostic Masses Improves
Species Identification of Neolithic Keratin Sequences from Furs of the Tyrolean Iceman Oetzi / Rapid Communications in Mass
Spectrometry. — 2012. — Vol. 26. — P. 1735-1745.

42 Charlton S., Ramsoe A., Collins M. et al. New insights into Neolithic milk consumption through proteomic analysis of
dental calculus// Archaeol. Anthropol. Sci. —2019. — Vol. 11. — P. 6183-6196.

14



