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Abstract

The analysis and characterization of aging and archaeological proteins are among
the latest challenges in analytical chemistry. In the first part of this dissertation
thesis, aging proteins were studied using LC-MS. The effects of aging on protein
sequences, including amino acid racemization, post-translational modifications,
and protein degradation, were studied. Subsequently, a chiral separation method
was developer to determine the amino acid enantiomer rates. In the second part of
this dissertation thesis, archaeological proteins were studied using nanoLC-MS.
Proteomics, called paleoproteomics in this case, was developed as an alternative
method for osteoarchaeology and genomics. Based on two sex-dependent forms
of amelogenin protein preserved in teeth, both biological sexes were distinguished
by nanoLLC-MS because of differences in their protein sequences. The developed
proteomic approach was designed to be minimally-invasive. This was confirmed
by scanning the teeth before and after amelogenin extraction using both scanning
electron microscope and micro-computer tomography.

Abstrakt

Analyza a charakterizace starnuti a archeologickych proteinii patii mezi
nejnovejsi vyzvy v analytické chemii. V prvni ¢asti této disertacni prace byly
studovany starnouci proteiny pomoci LC-MS. Byly studovany uCinky starnuti na
proteinové sekvence, vcCetné racemizace aminokyselin, posttranslacnich
modifikaci a degradace proteinti. Byla vyvinuta metoda chirdlni separace pro
stanoveni pomérii aminokyselinovych enantiomerti. V druhé casti prace byly
archeologické proteiny studovany pomoci nanoLC-MS. Proteomika, v tomto
piipadé¢ zvana paleoproteomika, byla vyvinuta jako alternativni metoda
k osteoarcheologii a genomice. Na zdkladé¢ dvou forem proteinu amelogenin,
ktery je pohlavné rozdilny, konzerovovanych v zubech, byly obé pohlavi
rozliSeny metodou nanoLC-MS na zdkladé¢ rozdili v sekvencich. Vyvinuty
proteomicky pfistup byl navrZen tak, aby byl minimdlné invazivni. To bylo
potvrzeno skenovanim zubii pfed a po extrakci amelogeninu pomoci skenovaciho
elektronového mikroskopu a mikropocitacové tomografie.
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Chapter 1

Introduction

1.1 Protein structures and functions

1.1.1 Proteins and their structures

Protein structure is described in four levels. The primary structure is defined by the
distinctive amino acid sequence in the polypeptide chain. The secondary structure
is the geometric arrangement of the polypeptide chain between several consecutive
amino acids and is conditioned by the formation of hydrogen bonds between the
amino and carbonyl groups of the peptide bond. The most common secondary
structures include the a-helix and the B-sheet. The tertiary structure refers to the
three-dimensional arrangement of the entire peptide chain. And the quaternary
structure gives information on the arrangement of proteins, which are formed
by two or more polypeptide chains (Figure 1.1). Proteins are classified into three
families regardless of their structure i.e. fibrous as collagen, globular as amelogenin,

and derived proteins.

Primary structure Secondary structure Tertiary structure Quaternary structure
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FIGURE 1.1: Structure of proteins
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1.1.2 Proteins and their functions

Proteins are important biomolecules and can have different biological functions
for proper body functioning. Most of them are contractile or mobile, catalytic,
defense, nutrient, regulatory, storage, structural, transport, and toxin. In vivo, the
protein turnover is unique for each protein. Protein turnover is defined by the in
vivo balance between synthesis and degradation to maintain protein homeostasis.
Due to their unique turnover, proteins have different half-lives, ranging from a
few minutes to a century and can be classified as short-lived proteins (SLPs) or

long-lived proteins (LLPs).

1.1.3 Proteins and their modifications

Post-translational modifications (PTMs) are the main change on the amino acid
side chain and alter protein structure and function. In vivo, two mechanisms for
the formation of PTMs coexist: enzymatic (ePTMs) and non-enzymatic (nPTMs)
post-translational modifications [1]. First, ePTMs are the most abundant and
generally appear after protein biosynthesis. Acetylation and methylation are
among the most studied of them (Figure 1.2). Second, nPTMs can occur when a
nucleophilic or redox-sensitive amino acid side chain spontaneously reacts with
an electrophilic metabolite [1, 2]. Among the most studied, there are deamidation,
formylation, oxidation, and sulfation (Figure 1.2). Finally, some PTMs can be gener-
ated with both processes, such as phosphorylation and hydroxylation, for example
(Figure 1.2). Due to their spontaneity, nPTMs can be reversible or irreversible.
Irreversible nPTMs, like carbonylation, glycation, and succination, can be produced
by excessive oxidative and metabolic stress and are associated with age-related
diseases, cancers, and diabetes [2]. This is also the case for the deamidation of
asparagine and glutamine residues as an important nPTMS, in addition to releases
and causes toxic ammonia accumulation in cells [3], causes the loss of activity and
age-related alterations in proteins [4]. PTMs are also linked to protein turnover. In
fact, the presence or absence of PTMs at global or specific-sites in the proteinogenic
sequence could influence protein half-lives and turnovers [5]. This is the case of
phosphorylation in proline residues and acetylation in proline and lysine (located
in a-helix and B-sheet) residues could slow down the turnover compared to their

non-modified counterparts [5]. In contrast, ubiquitination could accelerate protein
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turnover [5].

Phosphorylation
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FIGURE 1.2: Major post-translational modifications reported
(A) Clustergram indicating the frequency of each PTM on different amino acids (B) Frequency of major PTMs (C) Frequency
of each amino acid that was reported as a modified site. All frequencies are shown in log scale. Last update: October 2020.
Reproduced with permission from [6]
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1.2 Amino acids structures and functions

1.2.1 Amino acids and their structures

Amino acids consist of an amino group, an alpha carbon, and a carbonyl group
for the common skeleton, and a different side chain (R) for each amino acid.
Their stereochemistry is defined by the alpha carbon. The two enantiomers are
identified in their L- and D-forms (Figure 1.3). These enantiomers have the same
physicochemical properties, but their biological functions can be different.

R R

/'\ -

H,N" >CO,H H,N~ > CO,H
L-amino acid D-amino acid

FIGURE 1.3: Structure of amino acid enantiomers

1.2.2 Amino acids and their functions

In nature, there are 20 different unmodified amino acids. Primarily found in their
L-form in recent proteins, they are classed as essential, non-essential, or conditional.
Essential amino acids must be taken in through food, while non-essential amino
acids can be made by the body. Conditional amino acids are beneficial under
certain circumstances, such as stress and illness. D-amino acids, as far as they are
concerned, are not found in recent proteins. However, they can appear during
aging and be implicated in aging dysfunctions and diseases [7]. Additionally,
modified amino acids can also appear in proteins. They are formed by PTMs during
protein synthesis. This is the case with the carboxylation of glutamate [8, 9] and the
hydroxylation of proline and lysine [10, 11], as examples. Other modified amino
acids are not proteinogenic, but play a crucial physiological role i.e. y-aminobutyric
acid as a neurotransmitter [12], and ornithine and citrulline in the urea cycle [13], as

examples.
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1.3 Analysis of ancient materials

1.3.1 Aging materials

The analysis of aging materials is at the interface of chemistry and biology. The
complex structure of native proteins is often studied in molecular and structural
biology, but rarely during the aging process. However, this study would allow us
to better understand the in vivo aging mechanism of proteins and its molecular and
biological consequences. The use of protein structural analysis methods, including
cryogenic-electron microscopy, mass spectrometry, NMR spectroscopy, Raman
spectroscopy, and X-ray crystallography, developed for recent proteins, can be
fully transposed to the analysis of aging proteins. Nonetheless, new challenges
may appear for the analysis of aging proteins, such as the change of solubility, the
degradation of the sequence, and some sequence modifications such as amino acid

racemization and post-translational modifications.

1.3.2 Archaeological materials

The analysis of archaeological materials is at the interface of chemistry, archaeology,
and biology. Archaeological samples are rare and valuable, which is why few of
them are available for biological or chemical analysis, as most of them are destruc-
tive methods. Biological analysis, such as genomics, is the most popular technique
used on ancient samples. However, this analysis requires a large number of sam-
ples due to its degradation. Nevertheless, chemical analysis, such as proteomics, is
an emerging approach and can be a complementary analysis method. The outgo-
ing challenge in paleoproteomics is to be a less sample-consuming method while

providing as much information as possible.



Chapter 2
Aims and objectives

The main aim of this dissertation thesis is the development of promising analytical
techniques for proteomics applied to aging proteomics and paleoproteomics. This

dissertation thesis is divided into four parts.

In the first part, recent advances in the chiral separation of amino acids will
be described for the analysis of proteins and peptides. Knowledge surrounding
the chirality of peptides and proteins during aging is lacking. The development
of new chiral separation methods is essential for the study of the racemization of
proteinogenic amino acids, which is an important effect of aging and is linked to
some aging diseases. In this work, the performance of chromatographic and elec-
trophoretic techniques for amino acid enantioseparation will be summarized. The
different approaches to the derivatization of amino acids will also be summarized.

Then, in the second part, the analysis of aging collagens will be presented. In
this work, the protein hydrolysis method plays a crucial role in determining the
amino acid enantiomer rate in aging collagens. Indeed, protein hydrolysis condi-
tions that do not influence natural amino acid racemization must be developed.
Afterward, the percentage of amino acids in their D-forms, as well as their exact
positions in the collagen sequence, will be able to be elucidated. This new analytical
method will be applied to different organisms at different ages. Nevertheless, some
troubles can be appearing during aging like the change of physiological and physic-
ochemical properties, such as protein solubility, post-translational modifications,
and sequence degradations. Taking into account these changes, this complete study
will help us better understand the effects of aging on collagens.
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Next, in the third part, a comparative review of osteoarchaeology, genomics, and
proteomics approaches for sex estimation of ancient skeletons will be included.
Based on sexual dimorphism, these three approaches can distinguish both sexes.
In osteoarchaeology, morphological differences in the skeleton are determined by
visual and metric methods. In genomics, DNA analysis allows the discriminating
of both forms of the amelogenin gene into the sex chromosomes X and Y. In pro-
teomics, the analysis of both forms of amelogenin protein encoded by both forms
of amelogenin gene allows for determining the sexes according to their different
proteogenic sequences. The efficiency of these three multidisciplinary methods, as
well as their limitations in terms of the exploitability and consumption of samples,
will be evaluated.

Finally, in the last part, a minimally-invasive paleoproteomics method for sex
estimation will be described and applied to recent and ancient materials. Indeed,
due to the rare and valuable aspects of archaeological materials, an efficient and
less sample-consuming analysis method had to be developed. This complementary
method will allow us to obtain a precise sex estimation when it was impossible
by other methods i.e. osteoarchaeology and genomics. The minimally-invasive
character of this method will be evaluated by scanning electron microscope and
micro-computed tomography.



Chapter 3
Recent advances in chiral separation

This part of the dissertation thesis summarizes recent advances in chiral separation
of amino acid enantiomers. Chiral separation is the last and most important
challenge in analytical chemistry. Recent improvements in different separation
techniques now allow precise detection and quantification of D-amino acids in
complex biological materials. In addition, current improvements in derivatization
chemistry contribute to the accurate detection of traces of free and proteinogenic
amino acid enantiomers in different biological matrices. This chapter describes
recent chromatographic and electrophoretic techniques coupled to mass spectrom-
etry, and several derivatization reagents recently used for the enantioseparation of

amino acid enantiomers.

First, liquid chromatography is the most widely used and developed tech-
nique. Indeed, several chiral columns are commercialized. These columns are
composed of different types of chiral selectors, such as crown ethers, cyclodextrins,
cyclofructans, ion exchange, macrocyclic glycopeptides, Pirkle type, polysaccha-
rides, porous organic materials, and proteins [14]. These chiral selectors are linked
to the surface of the stationary phase with a chemical spacer and have a different

affinity with both enantiomers allowing a chiral separation.

Second, gas chromatography is not the most popular technique for the sepa-
ration of amino acid enantiomers to date. As in liquid chromatography, stationary
phases are functionalized with the chiral selector.



Chapter 3. Recent advances in chiral separation 9

Third, capillary electrophoresis is an emerging technique and is orthogonal to
liquid chromatography in terms of its separation mechanism. Indeed, the sepa-
ration by capillary electrophoresis is performed according to the electrophoretic
mobility of the analyte under applied voltage. For amino acid enantioseparation,
different chiral selectors were recently used, such as crown ethers, cyclodextrins,
and ligand exchanges. Two methods can be designed using these chiral selectors.
The first and simplest approach is to add the chiral selector to the background
electrolyte (BGE) as a pseudo-phase. The second and most advanced approach
consists of the use of these chiral selectors as a dual-ligand. Dual-ligand was
created in a combination of an immobilized chiral selector on the capillary surface,
as a capillary coating, and the addition of a free chiral selector in the BGE, as a
pseudo-phase.

Finally, the derivatization reaction allows the alkylation of a pure chiral reagent to
the racemic compounds of interest to form a pair of diastereomers. This technique
facilitates the isolation, separation, and detection of derivative analytes from
biological matrices. The derivatization reaction takes place mainly on the amino
group common to all amino acids, as N-alkylation, which makes it possible to
analyze all of them simultaneously. In this case, particular attention should be paid
to the amino group on the side chain of the lysine residue, which also undergoes
the derivatization reaction. Besides, other functional groups can also be derivatized
for a more selective analysis. In fact, the thiol group of the cysteine residue
can be derivatized by a through S-alkylation. Some derivatization reagents are
commercial; however, others can be synthesized to meet a precise requirement.
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Chapter 4

Analysis of aging proteins

4.1 Aging proteins

Aging can cause different changes in protein sequences, such as loss of proteolytic
capacity [15-17], increased surface hydrophobicity [15], the appearance of post-
translational modifications such as oxidation [15, 18, 19], phosphorylation [18],
methylation [18, 20], deamination [19, 21], and acylation (particularly acetylation
[18], carbonylation [19], carboxymethylation [19]) [15], and racemization of amino
acids [22-27]. These changes can alter the three-dimensional structure, and the

biological activity of proteins, as well as induce dysfunctions and diseases.

4.1.1 Amino acid racemization

In vivo, natural racemization can occur during aging via an enzymatic or non-
enzymatic process. First, via an enzymatic process, the amino acid isomerization is
possible by an amino acid racemase. These racemases are classified into two sub-
families: pyridoxal 5-phosphate-dependent (AlaR, ArgR, AspR, HisR, LysR, and
SerR as examples) and pyridoxal 5’-phosphate-independent (AspR, GluR, and ProR
as examples) [7, 28-31]. These racemases can proceed to free amino acid isomeriza-
tion before or during peptide elongation [32]. Second, via a non-enzymatic process,
the amino acids isomerization is possible by a succinimidyl intermediate to form an
intramolecular cyclization [33]. This racemization appears in proteinogenic amino
acids. Both processes enrich proteins with D-amino acids, and the amount of this
D-enantiomer found in aging proteins in healthy patients is progressive with age.
However, in diseased patients, the percentage of D-amino acids is also progressive,
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but in a higher proportion [23]. The most studied of them is D-aspartic acid in pro-
teins and peptides located in the human body, such as the aorta and skin (elastin),
brain (B-amyloid), and lens (x-crystallin). The presence of D-aspartic acid in these
proteins and peptides is associated with arteriosclerosis, Alzheimer’s disease, and
cataracts. Their exact position in the sequence was recently detailed [7]. Other
D-amino acids were also identified and located in various animals [7]. To determine
the exact percentage of D-amino acids in aging proteins, hydrolysis conditions play
a crucial role. Indeed, in HC1/H»O conditions, a natural racemization of L-amino
acids to their enantiomer can occur. During hydrolysis in a hydrogen environment,
different racemization kinetics were observed according to the nature of the amino
acids [34, 35]. To prevent this amino acids racemization, a DC1/D,0O condition is
privileged [7, 36-38]. Indeed, under deuterated hydrolysis, the hydrogen on the
alpha carbon was exchanged with a deuterium atom, considerably decreasing the
racemization. This is why this hydrolysis method is preferred for age estimation to
significantly reduce the age estimation error based on the percentage of D-amino
acids [36].

4.1.2 Post-translational modifications

Post-translational modifications are biochemical modifications that occur on the side
chain of amino acids. These modifications can be the appearance or disappearance
of hydrophilic and/or hydrophobic groups during aging. Oxidation and dioxida-
tion are the most important hydrophilic post-translational modifications. In vivo,
age-related protein oxidation can occur on the amino acid skeleton by cleaving pep-
tide bonds, and on their side chains [15]. These damages and modifications are per-
formed by reactive oxygen species directly or by sub-products from sugar and lipid
oxidations. Certain amino acids are more favorable to age-related oxidations, such
as arginine, cysteine, glutamic acid, histidine, leucine, lysine, methionine, pheny-
lalanine, proline, threonine, tryptophan, tyrosine, and valine [15]. Another hy-
drophilic post-translational modification commonly found in aging proteins is the
deamidation of asparagine and glutamine. Aging and ancient proteins are partic-
ularly rich in deamidations [19, 21]. Phosphorylation and sulfonation on arginine,
aspartic acid, cysteine, histidine, lysine, serine, threonine, and tyrosine are further
effects of age-related and hydrophilic post-translational modifications. However,
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special attention should be paid to the nature of the sample preparation buffer, such
as phosphate and sulfate buffers, which can influence the amount of phospho and
sulfo post-translational modifications. On the other hand, the number of carbonyl
groups as hydrophobic post-translational modifications on lysine, serine, and thre-
onine, such as acetyl, carbanyl, carboxy, carboxymethyl, carboxyethyl, and formyl,
also increases almost exponentially with age [15]. The addition of these hydrophilic
groups can increase the hydrophobicity of the protein surface.

4.1.3 Protein surface hydrophobicity

The change in protein surface hydrophobicity is correlated with the appearance of
hydrophobic post-translational modifications and the disappearance of hydrophilic
post-translational modifications [15]. The main consequences of this phenomenon
are the reduction of the solubility of proteins in several solvents and their resistance
to enzymatic treatments. Indeed, Miller et al. demonstrate that D-peptides are
minimally or not at all cleaved by different commonly used enzymes, such as
carboxypeptidase A, chymotrypsin, elastase, papain, pepsin, and trypsin [39]. This
last point induces the use of successive enzymatic treatments. However, some

enzymes recognized the D-amino acids, like the D-aspartyl endoproteinase.

4.2 Collagen

To date, 28 different types of collagen have been identified and numbered with
Roman numerals (I - XXVIII) [40]. In animal bodies, including humans, collagen
accounts for more than 25% of the total protein mass and is the main structural

component of the extracellular matrix (ECM) present in tissues and organs [40, 41].



Chapter 4. Analysis of aging proteins 13

4.2.1 General structure of collagen

The three-dimensional structure common to all types of collagen is in the triple-
helix form made up of polypeptide chains «, interspersed with non-triple helical
domains (N- and C-terminal domains). These three a chains can be identical
(homotrimers) or different (heterotrimers) [40]. The most common collagen is
type I with two heterotrimer chains « 1 and 2 (Figure 4.1) that represents 90% of
total collagens [41]. Collagen, as a fibrous protein, is one of the longest proteins
and is useful for tissue formation. For example, the human collagen COL1A1 and
COL1A2 sequences are composed of 1464 and 1366 amino acids, respectively. Due
to this long proteinogenic sequence, collagen protein is composed of a large number
of possible cross-linkings. These cross-linking are divided into two categories,
ie. intramolecular cross-linkings that stabilize the three-dimensional structure
and intermolecular cross-linkings between two collagen proteins while forming
fibers. During aging, the amount of collagen cross-linkings increases, leading to
an increase in protein rigidity and a decrease in fiber tortuosity [42]. In addition,
the presence of D-amino acids in aging collagen [43-46] impacts the design of
the three-dimensional structure of the protein. In fact, D-amino acids reverse the
rotation of the triple-helix which affects the relative orientation of the amino acid
side chain and decreases the helix-helix interactions until the overall destabilization
of the three-dimensional structure [47, 48].

N-terminal C-terminal
domain domain

( A [ 1

Triple helix domain

al
a

FIGURE 4.1: Representation of the collagen type I structure

Created with BioRender.com
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4.2.2 Function of collagen

Collagens play a structural role and contribute to the mechanical properties, orga-
nization, and shape of tissues. They interact with cells via several receptor families
and regulate their differentiation, migration, and proliferation. Some collagen has a

restricted tissue distribution and hence specific biological functions [40].

4.3 Study of aging collagen

This part of the dissertation thesis presents the complete study of chiral and aging
proteomics applied to collagens. Amino acid racemization, protein sequence degra-
dation, and the evolution of post-translational modifications that occur during
aging were studied on bovine and rat collagens. These results have shown for the
first time the exact position of amino acids totally racemized in their D-form and
the exact position of post-translational modifications. Regarding protein sequence
degradation, a fifth of the sequence information was lost during aging. All results
and conclusions are summarized in the following publication.
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Chapter 5

Recent advances in sex estimation

This part of the dissertation thesis summarizes recent advances in the sex estimation
of ancient skeletons for archaeological, anthropological, and forensic research. In
forensic research, the study of head and neck bones, and teeth emerges due to
their resistance to high temperatures [49, 50]. Sex estimation is fundamental for
the characterization of ancient materials, considering that it is the first step in
human identification before determining ancestry, height, and age [51, 52]. This
estimate can be performed using three approaches based on sexual dimorphism:
osteoarchaeology, genomics, and proteomics [53]. Osteoarchaeology and genomics
are the two traditional methods, although they have limitations. Proteomics, which
is called paleoproteomics in this case, presents itself as a new, more reliable, and less
restrictive technique. This chapter describes these different methods for estimating
sex and their advantages and limitations for the analysis of rare and precious

archaeological samples.
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Proteomics analysis is designed to analyze both forms of amelogenin protein
encoded by both forms of the amelogenin gene. These two sexually distinct forms
of the amelogenin protein are named AMELX and AMELY protein, respectively,
from chromosomes X and Y. Like the amelogenin gene, the amelogenin protein
differentiates its two forms with different amino acid sequences and lengths.
Indeed, the AMELX protein (AMELX-2 isoform) is made up of 175 amino acids,
while 192 amino acids for AMELY (AMELY-1 isoform) (Figure 5.1). Their amino
acid sequence homology is 93 %. Major differences are the loss of a part of the pro-
teinogenic sequence from position 19 to 34 in the AMELX-2 protein and the loss of
the methionine residue at position 45. Minor differences appear with the exchange
of 22 amino acid residues by others. Like the amelogenin gene, the encoded protein
has different isoforms reported in (Figure 5.1). In vivo, the amelogenin protein is the
main component of the dental organic enamel matrix. Enamel is one of the most
calcified parts of the skeleton. In fact, the hydroxyapatite crystal represents 95% of
the inorganic enamel matrix [54]. These calcium salts and derivatives are resistant
to aging damage and can protect teeth and the proteins that constitute them for
tens of thousands of years [55-58]. During enamel maturation, a natural proteolytic
process fragments all proteins present in the tooth, such as ameloblastin (AMBN,
5%), amelogenin (AMELX/Y, 90%), enamelin (ENAM, approx. 3%), and matrix
metalloproteinase-20 (MMP-20, approx. 2%), in various peptides (Figure 5.2) [54,
56, 59]. As the amelogenin protein is its main component, the resulting peptides
originate mainly from amelogenin. For this reason, peptides from other proteins do
not interfere with peptide analysis that is intended to estimate sex. In comparison,
some studies applied an additional enzymatic treatment with trypsin to generate
new peptides [55, 60-66]. Nevertheless, under the natural proteolytic activity, the
average length of the peptide decreased with the age of the archeological sample,
and the recovery of the peptide was higher [66]. Furthermore, due to its preponder-
ance, only a small amount of archeological sample i.e. 50 mg, is required. Therefore,
proteomics appears to be the method of choice for estimating sex. NanoLC-MS/MS
with its higher sensitivity for peptide detections and identifications, performs
seems to be the best analytical method [67]. The accuracy of the proteomics method
is absolute, and it allowed us to solve the misclassified adult individuals and
extended to sub-adult skeletal remains [68].
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To conclude, this proteomics method presents the advantage of being the least

sample-consuming method and being not contaminated when extracting. The next

chapter will study the minimally-invasive character of this proteomics method.
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Chapter 6
Analysis of archaeological proteins

The main challenge for the analysis of archaeological proteins is to use a smaller
quantity of samples, as this is possible with a minimum impact on the archaeolog-
ical materials. In this chapter, the minimally-invasive character of the proteomics
method for sex estimation will be described, applied, and evaluated.

6.1 Proteomics minimally-invasive method

The Proteomics method consists of analyzing the amelogenin protein contained in
tooth enamel by nanoLC-MS and distinguishes both forms of AMELX and AMELY.
Each tooth was cleaned with ultrapure water before undergoing chemical treatment
on the tooth crown where the enamel is located (Figure 5.2). Low-concentrated
H>0; (3%, 200 uL, 30 s) was applied to demineralize the tooth surface to remove cal-
cium phosphate salts and thereby prepare the tooth surface for chemical treatment.
The tooth crown was then rinsed with ultrapure H,O before proceeding to two suc-
cessive chemical etching steps using low-concentrated HCI (5%, 200 yL, 2 min). The
first etching allows the removal of enamel containing amelogenin in its protein form.
Only the second etching solution containing amelogenin peptides from matured

enamel was collected, concentrated, and prepared for proteomics analysis.
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6.2 Evaluation of the minimally-invasive method

Previous studies have investigated the effect of highly concentrated HCI etching
(37%, 8h). The results showed that the structure of the tooth surface was progres-
sively and seriously deteriorated until complete dissolution within 8h [69]. Other
strongly acidic conditions (HSOy, 75%) were applied to study the progressive loss
of enamel volume i.e. 0 % at 2h, 33% at 6h, 40% at 24h, and 84% at 96h [70]. Another
study showed that a loss of av. 6.1 ym/min of enamel under phosphoric acid
conditions (50%, 3 min) [71]. However, in the case of this study, low concentrations
of H,O, (3%) and HCI (5%) were used [72]. These concentrations are lower than
the HyO, concentration used in cosmetic tooth whitening (6%) in accordance with

European directives [73].

Although the acid concentration and exposure time used in this study were
much lower than those used in previous studies, their impact on archaeological
samples must be measured. To evaluate the minimally-invasive character of
the method, different tests were carried out: scanning electron microscope and

micro-computed tomography.

6.3 Study of archaeological amelogenin

This minimally-invasive proteomics method was primarily applied to teeth from
two control groups with known age and sex. The first control group was composed
of 30 teeth from the recent adult population, whereas the second group was
composed of 30 teeth from adult individuals autopsied in the past century [74].
The performance of this proteomics method was validated, with absolute accuracy,
on teeth from recent and sub-recent adult individuals of known sex within both
control groups. This method was then applied to archaeological teeth. Fifteen
teeth from adults were selected because of their divergent estimates from previous
studies [75]. In addition, 32 teeth from non-adult individuals were selected because
of the impossibility of sex estimation using traditional morphological methods [76,
77]. Finally, scanning electron microscope and micro-computed tomography were

used to evaluate the minimally-invasive proteomics method.
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Chapter 7
Conclusion and perspectives

This dissertation thesis contributes to the development of promising analytical

techniques for aging proteomics and paleoproteomics.

In the first section, the structural consequences of the natural aging process

on peptide and protein sequences were studied.

Firstly, the main effect of aging on peptides and proteins is the racemization
of amino acids. This racemization can occur via an amino acid racemase (enzymatic
process) or via a succinimidyl intermediate (non-enzymatic process). By the
enzymatic process, the racemization proceeds to free amino acids before or during
peptide elongation, whereas by a non-enzymatic process, racemization proceeds
on proteinogenic amino acids. However, knowledge surrounding amino acid
racemization in terms of abundance, exact position, and detection is lacking. When
protein turnover is low, the accumulation of D-amino acids in human or animal
bodies can cause damage. Indeed, the correlation between free D-amino acids and
D-amino acid-containing peptides and proteins and various age-related diseases
and disorders was reported in this work. The hydrolysis of peptides and proteins
is the first and most crucial step in determining and detecting D-amino acids in the
proteinogenic sequence. Indeed, a deuterium environment is required to preserve
the intact amino acid racemization rate and to limit the natural racemization that
occurs during hydrolysis. Then, the development of a chiral separation method
as the second crucial step is essential for the detection of D-amino acids. In this
dissertation thesis, the performance of the chromatographic and electrophoretic
techniques for amino acid enantioseparation were summarized. In chromatogra-

phy, such as liquid, supercritical fluid, and gas chromatography, a chiral selector is
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linked to the stationary material to create a chiral stationary phase. Conversely, in
capillary electrophoresis, the chiral selector is added to the BGE as a pseudo-phase
or a dual-ligand. In this review of the literature, different types of chiral selectors
were summarized and compared. The results showed that crown ether is the
most efficient chiral selector for separating underivatized amino acid enantiomers
using liquid chromatography, supercritical fluid chromatography, and capillary
electrophoresis. In addition, zwitterionic and macrocycle antibiotics are also among
the most efficient chiral stationary phases in liquid chromatography. For gas
chromatography, cyclofructan was the most efficient chiral selector. However, with
all these enantioseparation techniques, the most challenging task is the separation
of positional isomers: L-Ile, L-Leu, and their D-counterparts. Both Crownpak CR(+)
and CR(-) offered the best enantioseparation. To facilitate the isolation, separation,
and detection of amino acids, a derivatization reaction can be performed as an
alkylation of a pure chiral reagent to form a pair of diastereomers. Traditionally,
the derivatization reaction occurs on the amino group common to all amino acids
by N-alkylation. Most of these derivatization reagents are commercial i.e. (+)- or
(-)-FLEC and (S)-NIFE. Additional synthetic compounds have also been used, such
as (R)- or (S)-BiAc and OTPTHE. The main advantage of the derivatization reaction
on the amino group is the simultaneous analysis of all amino acids. In addition, for
a more selective analysis, other specific derivatization reagents, such as NEM and
NPEM, have been developed to link the thiol function on the cysteine residue by
S-alkylation.

Secondly, aging collagens have been studied at different ages and from differ-
ent organisms. This study has shown that the protein structure undergoes many
changes during aging. The first change, amino acid racemization, occurred progres-
sively with age. However, this racemization is not uniform. Indeed, some amino
acids are more favorable for racemization according to their nature, position on
the protein sequence, and three-dimensional environment. Using the novel chiral
amino acid separation method developed in this study, the % of each D-amino
acid was determined. The results showed a % D-amino acid-age correlation. As
a result of a combination with peptide mapping, the exact positions of totally
racemized D-amino acids in their D-forms were elucidated. Second structural

change, post-translational modifications evolve during the aging process. In fact,
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the number of hydrophilic groups resulting from oxidation, dioxidation, deami-
dation, phosphorylation, and sulfation reactions decreased, whereas the number
of hydrophobic groups resulting from acetylation, carbamylation, carboxylation,
carboxymethylation, carboxyethylation, formylation, and methylation reactions
increased. A combination with peptide mapping made it possible to determine their
exact positions on the sequence. These changes also progress with age and are the
primary theories to explain the reduction of proteolysis and increase the hydropho-
bicity of aging proteins. Indeed, changes in solubility and proteolytic capacity
have been observed in aging collagens. Four successive enzymatic treatments
with pepsin, trypsin, proteinase K, and chymotrypsin were necessary to digest and
solubilize the peptides that arise from aging collagen, whereas only the first two
of them were used for recent collagen. The third change was the proteinogenic
sequence, which degraded over time. With the comparison of peptide mapping at
different ages, the results showed the loss of one-fifth of the information sequence
in aging collagens.

This work is essential for aging proteomics and contributes to a better under-
standing of the effects of in vivo aging mechanisms on protein sequences. For the
first time, complex structural changes in proteins during the aging process were
studied using LC-MS. Next, for future work, all protein characterization methods,
including cryogenic-electron microscopy, mass spectrometry, NMR spectroscopy,
Raman spectroscopy, and X-ray crystallography, should be applied to aging pro-
teins. The complementarity of these methods will confirm the stereochemistry
of amino acids, post-translational modifications, and protein degradations. The
evolution of post-translational modifications and the three-dimensional protein
structures during aging should be added to protein databases. Other tools, such as
AlphaFold using artificial intelligence, can predict the three-dimensional structure
of proteins. It can also be applied to aging proteins to predict more favorable
specific sites for amino acid racemization. Then, this analytical method can be
transposed to all aging proteins and those associated with age-related diseases.
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In the second section, paleoproteomics was used for the sex estimation of ancient
skeletons.

The paleoproteomics analysis presents itself as a complementary method for
sex estimation. The amelogenin protein, encoded by the amelogenin gene, is
more resistant to age-related damage over tens of thousands of years, and is
more conserved than its gene counterpart. In fact, the amelogenin protein is
preserved in teeth and is the main component of enamel. Similar to the gene,
both sex-dependent protein forms were distinguished by nanoLC-MS owing to
differences in their amino acid compositions and sequence lengths. The major
differences were the loss of 16 amino acids from positions 19 to 34 and the me-
thionine residue at position 45 in the AMELX-2 isoform. Other minor differences
appeared with the exchange of 22 amino acid residues with others throughout
the sequence. The combination of these proteinogenic modifications contributes
to a sequence homology of 93%. For the extraction of amelogenin protein from
the tooth, low concentrations of HyO; (3%) were applied to prepare the surface
of the tooth to remove calcium phosphate salts. This concentration was lower
than the concentration present in commercial cosmetics and hygiene products.
Etching of tooth was then performed in two steps using low-concentrated HCl
(5%). The first acidic etch allows the removal of the tooth enamel surface where
the intact amelogenin protein is located. The second etch allows for the collection
of amelogenin peptides in the matured enamel. Enzymatic treatment was not
necessary because of the natural proteolytic process in the matured enamel. As
the amelogenin protein is the main component of enamel, the resulting peptides in
matured enamel are also the majority. Other peptides resulting from ameloblastin,
enamelin, and matrix-metalloproteinase-20 did not interfere with the detection of
amelogenin peptides by nanoLC-MS. The performance of this proteomics method
was validated with 100% accuracy in both control groups consisting of recent
and sub-recent adult individuals of known sex. This method was then applied to
the two groups of archaeological teeth. The first group comprised 15 teeth from
adults, who were selected because of their divergent estimates from previous
studies. The second group consisted of 32 teeth from non-adult individuals who
were selected because of the impossibility of sex estimation using traditional
morphological methods. Sex was successfully estimated for archaeological adult
and juvenile teeth in both unknown groups. The accuracy of the proteomics
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method is absolute, which allowed us to solve misclassified adult individuals and
extend them to sub-adult skeletal remains. To evaluate the minimally-invasive
character of the proteomics method, 20 teeth of recent and sub-recent individuals
were scanned before and after the chemical treatment to observe microscopic
changes using scanning electron microscope and micro-computed tomography.
The results showed a loss of approximately 10% of enamel using a scanning elec-
tron microscope and a loss of only 2% of dentin using micro-computed tomography.

This work is essential in paleoproteomics and contributes to archaeological,
anthropological, and forensic research, with minimal impact on archaeological
material. This proteomics method developed has the advantage of being absolute
for sex estimation and has the least sample consumption without contamination.
The minimally-invasive nature of the proteomics method was evaluated for the first
time. For future work, the sex estimation of adult and juvenile individuals with
complete or fragmented skeletons can be performed using proteomics analysis.
Additionally, all human remains from museum or university collections can benefit
from this sex estimation method and may resolve the misclassification ambiguities.
Since proteins are more resistant than the corresponding genes, this analytical
method can be applied to other proteins encoded by other genes, as an alternative
to aDNA analysis.
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