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Abstract

Faculty of Chemical Technology, University of Pardubice
Doctor of Philosophy

Proteomics analysis of aging proteins

by Marine MORVAN

Abstract: The analysis and characterization of aging and archaeological proteins
are among the latest challenges in analytical chemistry. Different techniques have
been developed to analyze recent proteins but have not been fully applied to aging
proteins. This contributes to the lack of knowledge regarding the aging mechanism
of proteins. In addition, the analysis of archaeological proteins, which are much
less studied than ancient DNA but more resistant to degradation processes, is a
promising candidate for archeological as well as forensic research.

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 racem-
ization, post-translational modifications, and protein degradation, were studied.
Collagens from different organisms of different ages were used for this purpose.
To determine the exact rate of amino acid racemization, protein hydrolysis con-
ditions were used in a deuterium environment to exclude natural racemization
during hydrolysis. Subsequently, a chiral separation method was developed to
determine the amino acid enantiomer rates. The results showed that these rates
were progressive in the D-form of amino acids, according to age. The evolution of
post-translational modifications was also progressive with age and is the primary
theory to explain the reduction of proteolysis and increases the hydrophobicity of
aging proteins. Furthermore, peptide mapping comparison of collagens at different
ages showed that natural sequence degradation occurs during aging and causes a
loss of one-fifth of the protein sequence information.
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In the second part of this dissertation thesis, archaeological proteins were studied
using nanoLC-MS. Proteomics, called paleoproteomics in this case, can be applied
to ancient samples for archaeological, anthropological, and forensic research. Sex
estimation is fundamental for the characterization of skeletal remains as it is the first
step in human identification. Osteoarchaeology and genomics are the traditional
methods used for this estimation; however, they have limitations and are not
absolute. In this study, paleoproteomics was developed as an alternative method.
Based on two sex-dependent forms of amelogenin protein preserved in teeth,
both biological sexes were distinguished by nanoLC-MS because of differences
in their proteogenic sequences. This method is more reliable, and less restrictive
than previous methods. As teeth remains as archaeological samples are rare and
valuable, few are available for destructive biological and chemical analyses. 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-computed tomography.

Key-words: aging proteomics, amelogenin, amino acids, chiral separation, collagen,

LC-MS, paleoproteomics, post-translational modifications, protein degradation.
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Abstract

Faculty of Chemical Technology, University of Pardubice
Doctor of Philosophy

Proteomics analysis of aging proteins

by Marine MORVAN

Abstrakt: Analyza a charakterizace stdrnuti a archeologickych proteint patfi
mezi nejnovéjsi vyzvy v analytické chemii. Byly vyvinuty rtizné techniky pro
analyzu soucasnych proteint, ale nebyly plné aplikovany na starnouci proteiny. To
pfispiva k nedostatku znalosti tykajicich se mechanismu starnuti proteinti. Kromé
toho analyza archeologickych proteinti, které jsou mnohem méné studovany
neZ starobyla DNA, ale jsou odolnégjsi vici degradaénim procestim, je slibnym

kandidatem pro archeologicky i forenzni vyzkumu.

V prvni ¢asti této disertacni prace byly studovéany starnouci proteiny pomoci
LC-MS. Byly studovany t¢inky starnuti na proteinové sekvence, v¢etné racemizace
aminokyselin, posttransla¢nich modifikaci a degradace proteinti. K tomuto tcelu
byly pouzity kolageny z rtiznych organismt rtizného stafi. Pro stanoveni pfesné
rychlosti racemizace aminokyselin byly pouZity podminky hydrolyzy proteinu v
prostiedi deuteria k vylouceni pfirozené racemizace béhem hydrolyzy. Nésledné
byla vyvinuta metoda chirdlni separace pro stanoveni pomérti aminokyselinovych
enantiomert. Vysledky ukazaly, Ze tyto poméry byly v zdvislosti na véku progre-
sivni u D-aminokyselin. Vyvoj posttransla¢nich modifikaci byl také progresivni s
vékem a je primarni teorii, ktera vysvétluje redukci proteolyzy a zvySeni hydro-
fobicity starnuti proteinti. Navic srovnani mapovéni peptida kolagent v rtiznych
vékovych vécich ukazalo, Ze pfi stdrnuti dochdzi k degradaci pfirozené sekvence

béhem starnuti a zptisobuje ztrdtu jedné pétiny informaci o proteinové sekvenci.
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Ve druhé ¢ésti této disertacni teze byly archeologické proteiny studovédny pomoci
NanoLC-MS. Proteomika, v tomto piipadé zvand paleoproteomika, mtize byt
aplikovdna na starobylé vzorky pro archeologicky, antropologicky a forenzni
vyzkum. Odhad pohlavi je zdsadni pro charakterizaci kosternich pozistatkd,
protoZe je to prvni krok v lidské identifikaci. Osteoarchaeologie a genomika jsou
tradi¢ni metody pouZivané pro tento odhad, maji vSak omezeni a nejsou absolutni.
V této studii byla paleoproteomika vyvinuta jako alternativni metoda. Na zakladé
dvou forem proteinu amelogenin, ktery je pohlavné rozdilny, konzervovanych
v zubech, byly oba pohlavi rozliSeny metodou nanoLC-MS na zédkladé rozdila v
pfedchozi metody. ProtoZe zuby jsou jako archeologické vzorky vzacné a cenné, jen
maélokdy jsou k dispozici pro destruktivni biologické a chemické analyzy. Vyvinuty
proteomicky pfistup byl navrZen tak, aby byl minimalné invazivni. To bylo
potvrzeno skenovanim zubt pied a po extrakci amelogeninu pomoci skenovaciho

elektronového mikroskopu a mikropo¢itacové tomografie.

Klicova slova: amelogenin, aminokyseliny, chirdlni separace, degradace pro-
teinti, kolagen, LC-MS, paleoproteomika, posttransla¢ni modifikace, proteomika

starnuti.
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Abstract

Faculty of Chemical Technology, University of Pardubice
Doctor of Philosophy

Proteomics analysis of aging proteins

by Marine MORVAN

Résumé: L'analyse et la caractérisation des protéines durant le vieillissement et
archéologiques constituent des défis récents en chimie analytique. Bien que dif-
férentes techniques aient été développées pour analyser les protéines récentes, elles
n‘ont pas encore été completement appliquées aux protéines durant le vieillisse-
ment. Ce manque de recherche contribue a une lacune de connaissances concernant
les mécanismes du vieillissement des protéines. En outre, ’analyse des protéines
archéologiques, bien qu’elles soient moins étudiées que I’ADN ancien, présente un
niveau de conservation supérieur et constitue donc d’excellentes candidates pour
contribuer a la recherche archéologique et médico-légale.

Dans la premiere partie de cette thése de doctorat, une étude des protéines
durant le processus de vieillissement a été réalisée par LC-MS. Les effets du
vieillissement sur la séquence protéique, y compris la racémisation des acides
aminés, les modifications post-traductionnelles et la dégradation des protéines,
ont été examinés. Des échantillons de collagene provenant d’organismes et d’ages
différents ont été utilisés a cette fin. Pour déterminer précisément le taux de racémi-
sation des acides aminés, I’hydrolyse des protéines a été réalisée dans un milieu
deutéré pour empécher la racémisation naturelle pendant le processus d’hydrolyse.
Une méthode de séparation chirale a ensuite été développée pour évaluer les
ratios énantiomériques des acides aminés. Les résultats ont révélé que ces ratios
augmentaient progressivement pour la forme D des acides aminés en fonction de
I’age. L'évolution des modifications post-traductionnelles a également montré une
progression avec 1’age, ce qui pourrait expliquer la réduction de la protéolyse et

I'augmentation de I’hydrophobicité des protéines durant le vieillissement. De plus,
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la comparaison de la cartographie peptidique du collagene a différents dges a révélé
une dégradation naturelle de sa séquence au fil du vieillissement, entrainant une

perte d’environ un cinquiéme de son information.

Dans la deuxiéme partie de cette these de doctorat, une étude a été menée
sur les protéines archéologiques en utilisant la nanoLC-MS. La paléoprotéomique,
une branche de la protéomique adaptée aux échantillons anciens, a été appliquée
dans le contexte de la recherche archéologique, anthropologique et médico-légale.
L’estimation du sexe est d"une importance fondamentale dans la caractérisation des
restes squelettiques, car elle constitue la premiere étape de 1'identification humaine.
Les méthodes traditionnelles telles que 'ostéoarchéologie et la génomique sont
couramment utilisées pour cette estimation, mais elles présentent des limites et
ne sont pas infaillibles. Dans cette étude, la paléoprotéomique a été développée
comme une méthode alternative. Grace a l’analyse par nanoLC-MS, deux formes
de protéines d’amélogénine conservées dans les dents et variant en fonction du
sexe biologique, ont été identifiées en raison de leurs différences au niveau de
leurs séquences protéiques. Cette méthode est plus fiable et moins contraignante
que les méthodes précédentes. FEtant donné que les restes dentaires, en tant
qu’échantillons archéologiques, sont rares et précieux, seuls quelques-uns d’entre
eux sont disponibles pour des analyses biologiques et chimiques destructives.
L’approche protéomique développée dans cette étude a été congue pour étre peu
invasive. Cette caractéristique a été confirmée par 1’analyse des dents avant et apres
I'extraction de I'amélogénine a 'aide d’un microscope électronique a balayage et

d’une microtomographie assistée par ordinateur.

Mots-clés: amélogénine, acides aminés, collagene, dégradation des protéines,
LC-MS, modifications post-traductionnelles, paléoprotéomique, protéomique
durant le vieillissement, séparation chirale.



xi

Acknowledgements

I would like to express my deepest gratitude to my previous supervisor Pr.
Ivan Miksik, from the Laboratory of Translational Metabolism of the Institute of
Physiology of the Czech Academy of Sciences, in Prague, and the Department
of Analytical Chemistry of the University of Pardubice, to accept me as a Ph.D.
Student. Thank you for your wise advice, and for allowing me to participate in

international projects and conferences.

I would like to thank Dr. Petr Cesla, from the Department of Analytical Chemistry
of the University of Pardubice, and Dr. Toméa$ Cajka, from the Laboratory of
Translational Metabolism of the Institute of Physiology of the Czech Academy
of Sciences, in Prague, for becoming my supervisors for the last months of my
doctorate.

I thank Pr. Jaroslav Brazek, from the Department of Anthropology and Hu-
man Genetics of the Charles University, in Prague, and our colleagues for each
enriching interdisciplinary collaboration.

My sincere thanks to Dr. Dusan Koval, from the Institute of Organic Chem-
istry and Biochemistry of the Czech Academy of Sciences, in Prague, and all our
colleagues for having warmly welcomed me in their laboratory as a visiting Ph.D.
Student, and your help and support to complete my experiments.

I would also like to thank Pr. Serge Rudaz, from the Institute of Pharmaceu-
tical Sciences of Western Switzerland of the University of Geneva, for welcoming

me into his laboratory as an international visiting Ph.D. Student.

My sincere thanks to my French chemist colleagues M.Sc. Rémi Coulon (Ph.D.
Student at Palacky University, Olomouc) and M.Sc. Yann Jézéquel (Ph.D. Student
at Masaryk University, Brno) for their support and mutual aid in this Czech doctoral
system, and when the situation in the Czech Republic was difficult for us. I wish
you all the best for the end of your Ph.D. and future projects. To my French biologist
colleague M.Sc. Roman Coupeau (Research Assistant at the Institute of Physiology,
CAS), good luck and take advantage of all the opportunities.



xii

I thank my students from the Lycée frangais de Prague, and their families for allowing
me to teach Physics and Chemistry. Thank you for your trust, your warm welcome,
your scientific curiosity, your keen interest in my thesis, and your support. Congrats
to you on obtaining your baccalauréat with honors, and welcome to the world of

university studies!

Last and most of all, I would like to express my deepest gratitude to my
longtime friends in France for all their love, encouragement, and constant support
throughout my doctorate in a foreign country. Thanks for believing in me. Special
thanks to the French-speaking Ph.D. Student community on Discord, particularly
the (bio)chemistry team, and expat members around the world. Thanks for your
daily support, your expertise in programming and data treatment, and all scientific
and non-scientific discussions. It was my great pleasure to meet you in the Czech

Republic, France, and Switzerland, in personal and professional contexts.

Additionally, it is with growing gratitude that I extend my most sincere thanks to all
those who have actively contributed to struggle the threats and intimidations that
I have suffered during my doctorate. Thank you for the strength and courage you
gave me. The accomplishment of this manuscript would not have been possible
without your daily support and encouragement. We will meet again soon for new

adventures around the world, much better and more benevolent, I wish it for us.



xiii

Scientific valorization
1. Articles in peer-reviewed journals

1.1. As part of the main research project
1.1.1. Published

I. Miksik*, M. Morvan, ]J. BriiZzek, Peptide analysis of tooth enamel - a sex es-

timation tool for archaeological, anthropological, or forensic research, Journal of
Separation Science, 2023, 46, 2300183. - DOI:10.1002/jssc.202300183 - IF = 3.1

M. Morvan*, 1. Miksik, The chiral proteomic analysis applied to aging colla-
gens by LC-MS: Amino acid racemization, post-translational modifications, and
sequence degradations during the aging process, Analytica Chimica Acta, 2023, 1262,
341260. - DOI:10.1016/j.aca.2023.341260 - I[F = 6.2

M. Morvan*, I. Miksik*, Recent Advances in Chiral Analysis of Proteins and
Peptides, Separations, 2021, 8 (8), 112. - DOI:10.3390/separations8080112 - IF = 2.6

1.1.2. Submitted

J. Brazek*, I. Miksik*, A. Pilmann Kotérov4, M. Morvan, J. Daskova, P. Veleminsky,
S. Drtikolova Kaupov4, F. Santos, J. Veleminskd, A. Danielisovd, E. Zazvonilov4, B.

Maureille, Undertaking sex assessment of human remains within cultural heritage:
Applicability of a minimally-invasive methods for the proteomic sex estimation
from enamel peptides, Journal of Cultural Heritage, 2023, in revisions. - Preprint
DOI:10.2139/ssrn.4439221 - [F = 3.1

S. Kaupova*, J. Brtizek, J. Hadrava, I. Miksik, M. Morvan, L. Polacek, L. Pa-
tovd, P. Veleminsky, Early life histories of Great Moravian children carbon and

nitrogen isotopic analysis of dentine serial sections from the Early Medieval popula-
tion of Mikul&ice (9"-10"" centuries AD, Czechia), Archaeological and Anthropological
Sciences, 2022, under review. - Preprint DOI:10.21203 /rs.3.rs-1913554/v1 - IF = 2.2



Xiv
1.1.3. Journal cover page

M. Morvan*, I. Miksik, Determination of Protein and Peptide chirality, Separa-
tions, 2021, 8 (8) -IF = 2.6

1.2. As part of side projects
1.2.1. Published

I. Miksik*, S. Kubinovd, M. Morvan, K. Vyborny, A. Tatar, V. Krédl, K. Zaruba,
D. Sykora, Analysis of chondroitin/dermatan sulphate disaccharides us-

ing high-performance liquid chromatography, Separations, 2020, 7 (3), 49. -
DOI:10.3390/separations7030049 - IF = 2.6

1.3. Other contributions
1.3.1. Published

L. Leclercq, M. Morvan, J. Koch, C. Neusiif, H. Cottet*, Modulation of the
electoosmotic mobility using polyelectrolyte multilayer coatings for protein anal-
ysis by capillary electrophoresis, Analytica Chimica Acta, 2019, 1057, 152-161. -
DOI:10.1016/j.aca.2019.01.008 - IF = 6.2

*corresponding author



XV

2. Oral communications
2.1. As part of the main research project
2.1.1. National conferences

M. Morvan®, 1. Miksik, Chiral and aging proteomics applied to bovine and
rat collagen, PhD meeting — Institute of Physiology CAS, Prague (Czech Republic),
November 152", 2022.

M. Morvan®, I. Miksik, Chiral separations for aging proteomics, PhD meeting
— Institute of Physiology CAS, Prague (Czech Republic), May 16", 2022.

M. Morvan*, I. Miksik, Chiral proteomics analysis applied to aging collagens,
PhD meeting — University of Pardubice, Pardubice (Czech Republic), January 13th,
2022.

2.2. Other contributions
2.2.1. International conferences

L. Leclercq*, S. Bekri, M. Morvan, J. Koch, C. Neusiifs, H. Cottet, Polyelectrolyte
multilayer coatings for the separation of proteins by capillary electrophoresis:
influence of polyelectrolyte nature, ITP 2019 - Toulouse (France), Spetember 15t-4th.
2019.

2.2.2. National conferences
M. Morvan®, L. Leclercq, H. Cottet, Polyelectrolyte multilayer coatings for
protein analysis by capillary electrophoresis, DSBC group scientific meeting -

University of Montpellier, Montpellier (France), December 5, 2016.

*presenting author



Xvi

3. Posters
3.1. As part of the main research project
3.1.1. International conferences

I. Miksik*, J. Brtizek, A. Kotérovd, M. Morvan, ]J. Daskovd, P. Veleminsky, F.
Santos, J. Veleminska, A. Danielisovd, E. Zazvonilovd, B. Maureille, Use of a
minimally-invasive method for the proteomic sex estimation from human tooth
enamel, APCE-CECE-ITP-ITUPAC 2022 - Siem Reap (Cambodia), November 6/-10",
2022.

M. Morvan®, I Miksik, Chiral amino acids analysis and aging proteomics ap-
plied to collagens, Analytics 2022 - Nantes (France), September 5/-8", 2022.

M. Morvan*, I Miksik, Chiral separation for proteomics in aging collagens,
MSB 2022 - Liége (Belgium), July 37-6", 2022.

M. Morvan*, I Miksik, Chiral Amino Acid and Peptide Separations for Pro-
teomics Applied to Aging Collagens, HPLC 2022 - San Diego (USA), June 18"-23™,
2022.

I. Miksik*, J. Brtizek, A. Kotérovd, M. Morvan, J. Daskovd, P. Veleminsky, F.

Santos, J. Veleminska, A. Danielisova, E. Zazvonilova, B. Maureille, Use of Pro-

teomic Analysis for Sex Determination in Human Tooth Enamel, HPLC 2022 - San
Diego (USA), June 18-23", 2022.

3.1.2. National conferences
M. Morvan*, I Miksik, Chiral proteinogenic amino acid analysis applied to

aging collagen, Annual congress of the Institute of Physiology — Nesuchyné (Czech
Republic), November 6-8", 2021.



XVvii

3.3. Other contributions
3.3.1. National conferences

S. Berki, M. Morvan, J. Koch, L. Salzer, C. Neusiifs, L. Leclercq*, H. Cottet*,

Polyelectrolyte multilayer coatings for the separation of proteins and monoclonal

antibodies by capillary electrophoresis, University of Montpellier - Montpellier
(France), February 26", 2020.

*presenting author






Xix

Scientific formations

Proteomics data interpretation
Workshop - June 8", 2023
Proteomic Section of Czech Society for Biochemistry and Molecular Biology, Czech

Republic

Introduction to histology: exploration of the tissues of the human body
Massive Open Online Course - certificate - February 23", 2023
University of Liege, Belgium

Multi-platform metabolomics coverage
Workshop - February 15, 2023
Swiss Metabolomics Society, Switzerland

Journey to the hart of living things with X-rays: the crystallography
Massive Open Online Course - certificate - January 11, 2022

Paris Saclay University, France

Advances mass spectrometry applied to cultural heritage
Summer school - certificate - June 16"-18", 2021

University of Bordeaux, France

Writing for publication in English for Czech academics and researchers in
Chemistry

Workshop - February 4/, 2021

University of Pardubice, Czech Republic






xxi

Contents

Declaration of Authorship iii
Abstract \
Acknowledgements xi
Scientific valorization xiii
Scientific formations xix

1 Introduction

1.1 Protein structures and functions . . . . . ... ... ... ... .....
1.1.1 Proteins and their structures . . . .. ... ... ... .....

1.1.2 Proteins and their functions . . . . . ... ... ... ......

1.1.3 Proteins and their modifications . . . . ... ... .......

1.2 Amino acids structures and functions . . .. ... ... ... .....
1.2.1 Amino acids and their structures . . . . . ... ... ......

1.2.2 Amino acids and their functions . . ... ... ... ......

1.3 Analysis of biological materials . . . . ... ... ... .........
1.3.1 Proteomics. . . . . . . . ...

1.3.2 Chromatographicanalysis . . . . .. ... ... .........
1.3.2.1  Affinity chromatography . . . . . ... ... ... ..

1.3.2.2 Ion-exchange chromatography . . . . . .. ... ...

1.3.2.3 Size-exclusion chromatography . .. ... ... ...

1.3.3 Electrophoreticanalysis . . ... ... ..............
1.3.3.1 Capillary electrophoresis . . . .. ... ........

1.3.3.2 Gelelectrophoresis . .. ... .............

14 Analysis of ancient materials . . . ... ... ... .. ... ..., ..
141 Agingmaterials . . . . ... ... ... ... 0 0 L

0 0 0 NI NN NN O U s RENDN PR R e

142 Archaeological materials . . . . .. ... ... . ... ......



xxii

2 Aims and objectives

3 Recent advances in chiral separation

4 Analysis of aging proteins

4.1 Aging proteins . . .

41.1 Amino acid racemization . .. ... . . . ... ...

4.1.2 DPost-translational modifications . . . . ... . . .. ... ...

413 Protein surface hydrophobicity . . . . ... ... ... .....

42 Collagen ... ...

42.1 General structure of collagen . . . .. .. ... ... ......

422 Functionofcollagen . . ... ... ................

43 Studyofagingcollagen. . . . . ... ... ... . ... ... . ...

5 Recent advances in sex estimation

6 Analysis of archaeological proteins

6.1 Proteomics minimally-invasive method . . . .. ... ... ... ...

6.2 Evaluation of the minimally-invasive method . . . . . . ... ... ..

6.2.1 Scanning electron microscope . . . . .. ... ...

6.2.2 Micro-computed tomography . . . . ... ... ... ... ...

6.3 Study of archaeological amelogenin . . . . ... ... ... ......

7 Conclusion and perspectives

A Biological techniques

A.1 Polymerase chainreaction . . ... ... .. ...............

A.2 Gel electrophoresis

Bibliography

11

47
47
47
48
49
49
50
51
51

63

83
83
84
84
84
85

147

153
154
154

157



List of Figures

1.1
1.2
1.3
1.4

4.1

51
52

53
54

55
5.6

Al
A2

Structure of proteins . . . . ... ... Lo Lo Lo
Major post-translational modifications reported . . . .. .. .. ...
Structure of amino acid enantiomers . . . . . ... ... ... L.

Bottom-up and top-dow proteomics . . ... ... ... ... ...
Representation of the collagen type I structure . . ... ... ... ..

Representation of human skeleton, pelvis and hipbone . . . . . . ..

Metric measurements on the human (A) cranial, (B) pelvis and (C) hip

Representation of human chromosomes . . . . . ... ... ......
Examples of differences in amelogenin gene sequences encoded to
different amelogenin protein sequences . . . . ... ... ... ... ..
Different proteinogenic sequence of AMELX and AMELY isoforms .
Compositionoftooth . . . .. ... ... .. ... ... ...

Representation of PCR principle . . . . ... ..............

Representation of different gel electrophoresis separations . . . . . .

xxiii

U1 k= W =






List of Abbreviations

A.
aDNA
AMBN
AMELX
AMELY
Ala
AlaR
Arg
ArgR
Asn
Asp
AspR
Asx

B.
BGE

C.

CE
COL1A1
COL1A2
Cys

D.
DCl
DFA
DNA
dNTP

Ancient deoxyribonucleic acid
Ameloblastin

X form of amelogenin protein
Y form of amelogenin protein
Alanine

Alanine racemase

Arginine

Arginine racemase
Asparagine

Aspartic acid

Aspartic acid racemase

Asparagine or aspartic acid

Background electrolyte

Capillary electrophoresis
Collagen type I alpha 1
Collagen type I alpha 2
Cysteine

Deuterium chloride
Discriminant function analysis

Deoxyribonucleic acid

Deoxyribonucleotide triphosphate

XXV



XXVvi

D,O

E.
ECM
ENAM
ePTMs

E
(+)-FLEC
(-)-FLEC

G.
GIn
Glu
GIuR
Glx
Gly

H.
HCl
His
HisR
Hyl
Hyp
H,0O,

IEC
Ile

L.
LC
LC-MS
Leu
LLPs

Deuterium oxide

Extracellular matrix
Enamelin

Enzymatic post-translational modifications

(+)-1-(9-fluorenyl)ethyl chloroformate
(-)-1-(9-fluorenyl)ethyl chloroformate

Glutamine

Glutamic acid

Glutamic acid racemase
Glutamine or glutamic acid

Glycine

Hydrochloric acid
Histidine

Histidine racemase
Hydroxylysine
Hydroxyproline
Hydrogen peroxide

Ion-exchange chromatography

Isoleucine

Liquid chromatography
Liquid chromatography coupled to mass spectrometry
Leucine

Long-lived proteins



Lys
LysR

M.

Met
micro-CT
MMP-20
MS
MS/MS

N.
nanoLC-MS
NEM

NMR
NPEM
nPTMs

0.

OTPTHE

P.
PAGE
PCR
pH
Phe
Pro
ProR
PTMs

R.
(R)-BiAc

RP

XXVvii

Lysine

Lysine racemase

Methionine

Micro-computed tomography
Matrix metalloproteinase-20
Mass spectrometry

Tandem mass spectrometry

Nano-liquid chromatography coupled to mass spectrometry
N-ethyl maleimide

Nuclear magnetic resonance

(R)-(+)-N-(1-phenylethyl) maleimide

Non-enzymatic post-translational modifications

N-[1-ox0-5-(triphenylphosphonium)pentyl]-(R)-1,3-thiazolidinyl-4-N-

hydroxysuccinimide ester bromide salt

Polyacrylamide gel electrophoresis
Polymerase chain reaction
Potential hydrogen

Phenylalanine

Proline

Proline racemase

Post-translational modifications

(R)-4-nitrophenyl-N-[2-(diethylamino)-6,6-dimethyl-[1,1-biphenyl]-2-yl1]
carbamate hydrochloride

Reversed phase



XXViii

S.

(S)-BiAc (S)-4-nitrophenyl-N-[2-(diethylamino)-6,6-dimethyl-[1,1-biphenyl]-2-yl1]
carbamate hydrochloride

(S)-NIFE (N)-(4-nitrophenoxycarbonyl)-L-phenylalanine-2-methoxyethyl ester

SDS-PAGE  Sodium dodecylsulfate-polyacrylamide gel electrophoresis

SEC Size-exclusion chromatography
SEM Scanning electron microscope
Ser Serine

SerR Serine racemase

SLPs Short-lived proteins

T.

Thr Threonine
Trp Tryptophan
Tyr Tyrosine

U.

uv Ultraviolet

V.

Val Valine



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

Created with BioRender.com
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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 pB-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].
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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]



4 Chapter 1. Introduction

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

BN

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 biological materials

1.3.1 Proteomics

Proteomics is the analysis of proteins, including their resulting peptides, proteino-
genic amino acids, and their modifications. Liquid chromatography coupled to
mass spectrometry (LC-MS) is the most popular technique used for proteomics. In
LC-MS, two separation modes are possible: normal and reversed phases. Reversed
phase is commonly used for protein and peptide analysis using a chromatographic
column that contains a non-polar stationary phase, such as the octadecyl chains
column (C18). Proteomics is particularly used for the characterization, identifica-
tion, function determination, localization, separation, and quantification of proteins
or complex protein mixtures. The main applications are the discovery of disease
biomarkers at different stages of disease and drug targets. In proteomics, bottom-
up and top-down are the two traditional approaches (Figure 1.4). The bottom-up
approach analyzes cleaved peptides after the enzymatic treatment of purified
proteins or complex protein mixtures. Peptide mass spectra obtained after MS and
MS/MS analyses were compared to the theoretical peptide masses calculated from
proteomic databases. This comparison allowed for the identification of the peptide
sequence and its position in the protein sequence. The top-down approach, which
is less commonly used, allows the analysis of intact protein molecular ions and their
fragments obtained during MS/MS analysis. This analytical method also allowed
us to identify proteins after database comparison. Using both approaches, quantifi-
cation and post-translational modifications (PTMs) mapping can be determined.

-| Bottom-up proteomics

o
Digestion r s Peptide Peptide
¢ » separation analysis
TS e ————— _—

_ Small peptides LC-MS MS2
~ Top-down proteomics
Protein /
sample digssc;ion ' Protein Proteoform
?%7 Y/%? separation analysis
> ———— — Ll

Intact proteins MS1 MS2

FIGURE 1.4: Bottom-up and top-dow proteomics

Created with BioRender.com
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1.3.2 Chromatographic analysis

In chromatography, analytes are separated according to their different affinity for
the stationary phase. Although the reversed phase (RP) mode is the most widely
used in liquid chromatography (LC) for the separation of proteins and peptides,
other different techniques can be used.

1.3.2.1 Affinity chromatography

Affinity chromatography allows for the separation of peptides and proteins based
on their specific interactions with an immobilized ligand. Columns can be function-
alized with different types of ligands [14] and used for different types of proteins
[15].

1.3.2.2 Ion-exchange chromatography

Ion-exchange chromatography (IEC) separates molecules based on their charge. IEC
columns can be functionalized with anions or cations of different natures for protein
separation [16]. The IEC column can also be coupled to the RP column in two-
dimensions for proteomics analysis [17, 18], or in three-dimensions coupled to hy-
drophobic interaction and RP chromatographies [19].

1.3.2.3 Size-exclusion chromatography

Size-exclusion chromatography (SEC) allows the separation of biological materials
according to their overall size. Different columns with pores of a specific size can
be selected based on the molecular size of peptides, proteins [20], and protein ag-
gregates [21]. The association of successive SEC in series can be coupled to RP chro-
matography for proteomic applications. This two-dimensional coupling can achieve
high-resolution separation of proteins in complex mixture [22, 23] and protein ag-
gregates [23].
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1.3.3 Electrophoretic analysis
1.3.3.1 Capillary electrophoresis

In capillary electrophoresis (CE), analytes are separated into fused-silica capillaries
according to their isoelectric point. Because of its orthogonality to LC, CE can
also be used for the analysis of amino acids [24], peptides [25], and proteins [25,
26], and can be coupled to mass spectrometry [27] for peptide mapping [28]. The
advantage of CE over LC is its low buffer and sample consumption, which is useful
for biomarker discovery [29]. However, the main problem encountered when using
a fused-silica capillary for peptide and protein separations is the adsorption of
these analytes on the capillary surface. To prevent adsorption, a capillary coating
was added to the capillary wall. These coatings can be mono- or multilayer [30]
and MS-compatible [31]. Additional advantages of capillary coating are separation
performances including separation efficiency, intra- and inter-capillary repeatability
and reproducibility [32-34].

1.3.3.2 Gel electrophoresis

Gel electrophoresis can also be used to separate proteins. Two mechanisms for pro-
tein separation are possible, according to their isoelectric points or molecular masses
(Figure A.2). In native-PAGE, a pH gradient in the gel was formed using an applied
high electric potential. This pH gradient allows for the separation of proteins ac-
cording to their isoelectric points. In SDS-PAGE, a moderate voltage is sufficient to
separate proteins based on their molecular mass. These two methods can also be

combined to separate proteins into two dimensions.
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1.4 Analysis of ancient materials

1.41 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
tully 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.

1.4.2 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.
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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 [35]. 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.
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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.

Further details and a comparison of enantioseparation and derivatization tech-
niques are gathered in the following publication and highlighted on the journal

cover page.

Recent advances in chiral analysis of proteins and peptides
Marine Morvan, Ivan Miksik
Separations, 2021, 8, 112.
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Abstract: Like many biological compounds, proteins are found primarily in their homochiral form.
However, homochirality is not guaranteed throughout life. Determining their chiral proteinogenic
sequence is a complex analytical challenge. This is because certain D-amino acids contained in proteins
play a role in human health and disease. This is the case, for example, with D-Asp in elastin, B-amyloid
and a-crystallin which, respectively, have an action on arteriosclerosis, Alzheimer's disease and
cataracts. Sequence-dependent and sequence-independent are the two strategies for detecting the
presence and position of D-amino acids in proteins. These methods rely on enzymatic digestion by a
site-specific enzyme and acid hydrolysis in a deuterium or tritium environment to limit the natural
racemization of amino acids. In this review, chromatographic and electrophoretic techniques, such as
LC, SFC, GC and CE, will be recently developed (2018-2020) for the enantioseparation of amino acids
and peptides. For future work, the discovery and development of new chiral stationary phases and
derivatization reagents could increase the resolution of chiral separations.

Keywords: chiral separation; proteins; peptides; D-amino acids

1. Introduction

Homochirality is omnipresent in biological processes and is essential for the development and
maintenance of life. The phenomenon is well known in saccharides when mono-, di-, oligo- and
polysaccharides are found in their D-form. Fructose, galactose and glucose are natural
monosaccharides found in fruits and vegetables. Lactose, maltose and sucrose are natural
disaccharides are made up of galactose and glucose, two glucoses, and glucose and fructose,
respectively. They are found in mammalian milk (lactose), malted grains (maltose) and plants, fruits
and vegetables (sucrose). Each of them plays a role in human health and diseases. Indeed, these sugars
are essential and provide the energy necessary for the proper organ function. Nevertheless, excess
blood sugar can cause metabolic disorders such as diabetes [1,2]. Oligo- and polysaccharides are also
found in vegetables, fruits and grains. These saccharides could offer a promising hypoglycemic
potential, without side effects on the human body [3]. Oligo- and polysaccharides are naturally present
as glycosylation on protein sequences. These post-translational modifications can play a physiological
role in the human body. The change of nature of glycosylation on protein sequences can modulate
inflammatory responses, allow viral immune escape, promotes the onset of cancer cell metastasis and
regulate apoptosis [4]. Natural or synthesized drugs are other important source of chiral compounds



necessary for life. Their (R)- and (S)-enantiomers can be beneficial, neutral or toxic for human life, with
different pharmacology and pharmacokinetics, which is why their enantioseparation is an important
bioanalytical challenge. Several separation techniques can be used, including liquid chromatography,
gas chromatography, supercritical fluid chromatography and capillary electrophoresis [5].

Not so commonly described as chiral, proteins and peptides are found mainly in their L-amino acid
form. Properties of each amino acid in peptides and proteins can play a role in the global properties
and function of the peptides and proteins they form. The L- and D-amino acids have very similar
chemical and physical properties but differ in their optical character. Peptides containing L-amino acids
would be in the a-helical peptide by the left-handed helix rotation, and hypothetically all peptides
containing D-amino acids could be in the a-helical peptide by the right-handed helix rotation [6]. The
spatial architecture of L-peptides and L-proteins allows them to play an important role in enzymatic
specificity and structural interaction. D-peptides and D-proteins are also biostable to proteolytic
enzymes [7]. When a D-amino acid appears in a L-peptide or L-protein sequence, the orientation of the
amino acid side chain is reversed [8]. This inversion can change the peptide or protein properties, such
as affinity for solvents and their interaction with other proteins [9]. However, the reasons for the
elimination of D-amino acids in all living organisms composed mainly of L-amino acids are not well
known [10]. Nevertheless, thanks to recent technological advances, some D-amino acids in peptides
and proteins have been detected in various living organisms, including humans, and they have been
found to be generated by enzymatic or non-enzymatic post-translational isomerization, especially in
elderly patients, diseased tissues and those with innate immune defense [11-16]. Therefore, peptides
and proteins containing D-amino acids which are linked to various diseases can be used as novel disease
biomarkers, but the amount of research and papers is still limited. Among some peptides containing D-
amino acids, the most famous examples are the agatoxins, dermorphin and gramicidin S. Agatoxins are
a class of neurotoxin peptides isolated from the Agelenopsis aperta spider venom. Specifically, the w-
agatoxin IV contains 48 amino acids on its sequence with a D-Ser residue at position 46. Its main
biological action is to block exclusively the P-type calcium channels. It has no activity against T-type, L-
type or N-type calcium channels present on the neuron membranes [17]. Dermorphin is a heptapeptide
found in the skin secretions of two frogs Phyllomedusa rhodei and Phyllomedusa sauvagei and contains
a D-Ala at the second position. Thanks to this D-Ala, dermorphin has an affinity and selectivity for u-
opioid receptors and has biological activity similar to morphine. However, this opioid activity is lost
when the alanine is in its L-form [18]. Gramicidin S is a cyclodecapeptide containing two D-Phe with
antibiotic activity against some bacteria, produced by the Gram-positive bacterium Bacillus brevis, and
is used to treat wound infections [19].

The list of peptides containing D-amino acid discovered to date is summarized in Table 1, including the
position of the D-amino acid. Proteinogenic D-amino acids may also be found in some proteins. Among
the most famous examples, D-Asp has been found in the sequence of several proteins, such as elastin,
myelin and B-amyloid; in the human aorta; and in the skin and brain tissue of patients with
atherosclerosis and Alzheimer's diseases. Moreover, proteinogenic D-Asp, D-isoAsp, D-Asn, D-Glu, D-
isoGlu, D-Ser and D-Thr have been found in the sequence of a- and B-crystallin contained in the human
lens [12,20-23]. The isomerization of these amino acids under physiological conditions may change the
higher-order structure of a protein, which in turn may have a role in age-related disorders such as
cataracts [12]. Recently, Fujii et al. have proposed a relationship between protein aggregation and Asp
isomerization, leading to the cataract formation [24].



Table 1. Position of D-amino acids in protein/peptide sequences.

D-ar.nino Proteins/Peptides Length of Amino Acid  Position on the Ref.
Acids Sequence Sequence
D-Asp Phosphophoryn 1129 undetermined [25]
D-Asp Elastin 786 undetermined  [26,27]
D-Ala Ovalbumin 385 undetermined [28]
D-Asp Ovalbumin 385 undetermined [28]
D-Glu Ovalbumin 385 undetermined [28]
D-Pro Ovalbumin 385 undetermined [28]
D-Ser Ovalbumin 385 undetermined [28]
D-Asp Myelin 304 145 [29]
D-isoAsp Myelin 304 34,145 [29]
D-Asp, D- 8B1-crystallin 252 211 [23]
iSOAsp
D-Asp IgGK light chain 214 151, 170 [15]
D-Asp 6B2-crystallin 205 4 [12]
D-Asp aB-crystallin 175 36, 62, 140,143 [11,30]
D-Ser aB-crystallin 175 59, 66 [23]
D-Asn aB-crystallin 173 undetermined [21]
D-Asp aB-crystallin 173 58, 84, 151 [20,23]
DISGOlélLIJD aB-crystallin 173 83 [23]
D-isoAsp aB-crystallin 173 84 [23]
D-Ser aB-crystallin 173 59, 62 [22]
D-Thr aB-crystallin 173 undetermined [21]
D-Tyr Achatin-like neuropeptide 158 56, 86 [31]
D-Asp Histone H2B 126 25 [32]
D-Asp Osteocalcin 100 undetermined [33]
D-Phe Phenylseptin 67 50 [34]
D-Trp w-agatoxin IV 48 46 [17]
D-Asp B-amyloid 42 1,7,23 [35]
D-Ser B-amyloid 42 8, 26 [36]
D-Asp IgG H5 27 24 [37]
D-Asp IgG L2 24 12 [37]
D-allo-lle Brombinin H4 21 2 [38]
D-Phe Gramicidin S 10 cyclopeptide [39]
D-Asp mAb heavy chainsg;DRZ peptide (51- 9 4 [40]
D-Phe Hyperglycemic hormone 8 3 [41]
D-Trp Contryphan 8 4 [42]
D-Ala Dermorphin 7 2 [18]
D-Ala Deltorphine 7 2 [43]
D-Met Dermenkephalin 7 2 [44]
Type 1 collagen C-terminal
D-Asp telopeptide (1209-1214) 6 3 [451
D-Asn Fulicin peptide 5 2 [46]
D-Phe Achatin | peptide 4 2 [47]

Amino acids can also be found in their free form in the human body and intervene in various diseases.
Lee et al. are recently reported to free D-Ala has been found in the brain (white and gray matter, serum



and cerebrospinal fluid) for patients with Alzheimer’s disease, in the plasma and serum for renal
disease, in the serum for liver cirrhosis and hepatocellular carcinoma, in the urine for short bowel
syndrome and in the nails for diabetes [48]. Free D-Asp and D-Trp are also found in chickens and
mammals including humans and rats. The list of free D-amino acids discovered is summarized in Table
2 by Ayon et al., as well as D-amino acid-containing peptides and proteins, their location and associated
roles [49].

Table 2. List of various D-amino acids in higher organisms, their location and associated roles.
Reproduced with permission from the authors of [49].

D-Amino Proteins/Peptides/Free

A i Di F i Ref.
Acids AR Source ssociated Disease/Function e
D-Asp Elastin Aorta and skin (H) Arteriosclerosis [26,27]
Myelin Brain (H) [50]
B8-amyloid Brain (H) Alzheimer’s disease [51]
Brain (H, R, C) Testis, Neuromodulatory effect 5
Free AA adrenal and pineal it secretion of melatonin 54]
glands (R) Increase testosterone production
D-Asp, D-Asn,
D-Ser and D- a-crystallin Lens (H) Cataract [21]
Thr
1000 times more analgesia than
D-Ala Dermorphin Deltorphine Skin (F) morphine due to presence of D- [18,43]
Ala
D-Met Dermenkephalin Skin (F) Analgesia [44]
i Ganglia and atrium Enhances cardiac activity
D-Phe Achatin | . ) (47]
(S) Excitatory action on muscles
Increase glucose concentration in
Hyperglycemic hormone  Sinus gland (L) 8 [41,55]
response to stress
Phenylseptin Skin (F) Antimicrobial activity [34]
Antimicrobial and antiparasitic
D-allo-lle Brombinin H4 Skin (F) . P [38]
activity
Enhance concentration of penis
D-Asn Fulicin peptide Ganglia (S) P [46]
retractor muscle
D-Trp Contryphan Venom (CS) Paralysis of fish prey by snails  [42]
w-agatoxin Venom (SP) Calcium channel blocker [17]
N-methyl D-aspartate
Free AA Brain (M) vy Brase [52]

(NMDA)/glycine receptor agonist




Notes: H: Human; R: Rat; C: Chicken; F: Frog; S: Snail; L: Lobster; CS: Cone Snail; SP: Spider; M:
Mammals.

Many of these examples come from aging proteins and prove that the homochirality of amino acids in
proteins is not guaranteed throughout life and can cause disorders in the human body as age
progresses. Therefore, it is important to determine the protein sequence, in particular the position of
the supposed D-amino acids.

2. Determination of Chiral Protein Sequences

Due to sequence modification, determining the exact protein sequences can be difficult. These
modifications are caused via an enzymatic or a non-enzymatic process. Among these modifications,
most frequently of them are the isomerization of amino acids and some post-translational
modifications. Amino acid enzymatic isomerization is possible via an amino acid racemase. These
racemases are classed into two families: pyridoxal 5’-phosphate-dependent (alanine racemase AlaR,
arginine racemase ArgR, aspartate racemase AspR, histidine racemase HisR, lysine racemase LysR and
serine racemase SerR), and pyridoxal 5’-phosphate-independent (aspartate racemase AspR, glutamate
racemase GluR and proline racemase ProR) [16,56,57]. These racemases can proceed to free amino
acid isomerization before or during peptide elongation [58]. On the other hand, the natural conversion
of L-amino acid residues to its D-enantiomers in peptides and proteins occurs by non-enzymatic
isomerization via a succinimidyl intermediate under physiological conditions. Figure 1 shows the
spontaneous isomerization of L-Asp and the deamidation of L-Asn to D-Asp residues via an
intramolecular cyclization. This conversion mechanism can also be applied from L-Glu and L-GIn to D-
Glu residues. Certain specific amino acid sites seem more favorable to this isomerization and their
position and steric environment on the sequence can influence this isomerization [20]. Besides, this
non-enzymatic isomerization is associated with aging or disease in general [59]. A kinetic factor can
also influence isomerization during ageing. Indeed, Hooi et al. have shown the percentage of
racemization, under physiological conditions, in healthy and disease patients as a function of their age.
For this study, the racemization of L-Asx, L-Ser, L-Thr, L-Phe, L-Glx and L-Leu was assessed. For healthy
lens samples from 12-year-old patients, the L-amino acid racemization rates were 5.7%, 3.3%, 2.7%,
1.9% and 1.6%, respectively. For 80-year-old patients, these rates were 12.6%, 5.9%, 3.5%, 2.3%, 2.0%
and 1.6%, respectively. Asx and Ser appear to be amino acids with faster isomerization throughout life.
These two amino acids have also been studied in patients with cataracts. At 80 years of age, the
racemization of L-Asx and L-Ser was 16.3% and 6.6%, respectively. Compared with healthy patients,
these levels are significantly higher and confirm the influence of the disease on the increase in the
racemization of amino acids contained in the proteins of the human body [21].



0. intermediate (1)

0,
OH ?—OH
'
HH H 2,0 H
Sy NQ o \N/QWN\
HoJ H

N~ o
Lo-Asp — Da-Asp
M.W.115 5 ~NHY, OH MW.115
L
N il \ N~
N—= N

HR{ o Hp O
L-succinimide D-succinimide
o, [/ 0, o [/
NH NH, ?wNH
H HH 2 H
S SN N e
H H S H
Lp-Asp La-Asn Dp-Asp
M.W.115 M.W.114 MW.115

Figure 1. Possible reaction pathways for spontaneous isomerization of Asp and deamidation of Asn
residues in protein. Reproduced with permission from the authors of [60].

However, in peptides and proteins, the conversion of L/D-amino is not uniform. Thus, it is necessary to
examine each amino acid individually at each specific site susceptible to isomerization. Two strategies,
as shown in Figure 2, can be used for the determination of chiral peptide and protein sequences: a
sequence-dependent strategy and a sequence-independent strategy [14].

(a) Sequence-dependent method

Peptides Enzymatic .| ldentification .| Immunological

Proteins digestion "] of peptides method

| T

Short peptides

A 4

(b) Sequence-independent method

Peptides

.| Degradation

A 4

b
A 4

Chiral analysis 0 h Extrapolation method

Proteins (Acid hydrolysis)

Figure 2. Flow charts for the determination of D-amino acid residues in peptides and proteins using (a)
sequence-dependent and (b) sequence-independent analytical methods. Reproduced with permission
from the authors of [14].

With the sequence-dependent strategy, i.e., peptide analysis, two methods can be applied to identify
the isomerized position of the amino acid on the sequence. The first method consists of digesting the
protein into several peptides by an enzyme. Each enzyme has its specific cleavage sites. Then, these
peptides are separated by a chromatographic method, such as RP-HPLC, which is the most used. The
collected peptide fractions are analyzed by mass spectrometry and their positions on the protein
sequence are identified. These peptides are next hydrolyzed into amino acid residues and all react with
a standard protected amino acid, such as Boc-L-cysteine [13] or Boc-L-Leucine [61]. This peptide



coupling makes it possible to obtain LL- and DL-dipeptides with different retention times and to
distinguishes the L- and D-amino acids of the same mass. Nevertheless, the temperature, pH, metal
ions and buffer can influence the efficiency of the peptide or protein enzymatic hydrolysis.
Furthermore, recent studies have demonstrated the influence of chiral peptide sequence on enzymatic
activity. Indeed, a D-amino acid on the specific cleavage site can prevent its recognition by the enzyme
and block enzymatic activity. Moreover, the distance between a D-amino acid on the sequence and the
specific site can also influence the degree of enzymatic cleavage [62]. The second method consists of
homogenizing the protein in a natural buffer solution. After centrifugation, the water-soluble and
water-insoluble fractions are collected. Both fractions are digested by an enzyme. Liquid
chromatography coupled to mass spectrometry analysis is used for the separation of these digested
peptides and their identification by sequencing coverage. Peptides containing different amino acid
enantiomers have different retention times. Then, the retention time of each peptide is compared to
that of standard synthesized peptides which several possibilities of enantiomer positions. With this
approach, various enzymes or a combination of enzymes with different amino acid enantiomers at
specific cleavage sites can be used. As an example, trypsin in association with endoproteinase Asp-N
(cleavage at N-terminus L-Asp) [63], L-isoaspartyl methyltransferase (PIMT) (methylation of L-isoAsp)
[14,32,35,37,63] and D-aspartyl endoproteinase (DEAP) also named paenidase (cleavage at C-terminus
D-Asp) [64] can recognize only L-a-Asp, L-B-Asp and D-a-Asp residues respectively. Other proteases can
be used to cleave proteins at specific sites, such as glutamyl endoproteinase Glu-C (cleavage at C-
terminus L-Glu) for histone H2B [32] and human immunoglobulin G kappa chain [15] analyses.

The sequence-independent strategy, i.e., analysis of the content of whole amino acids in peptides and
proteins consists of hydrolyze peptides and proteins, under acidic conditions and at high temperatures.
D- and L-amino acids obtained were analyzed by enantioseparation. HCI/H20 conditions were more
frequently used for the hydrolysis of biological material. However, in a hydrogenated environment, the
natural conversion of L-amino acids to its enantiomer can take place. Kaiser et al. have shown the rate
of racemization of free and proteinogenic amino acids by two different hydrolysis processes [65]. In
vapor phase hydrolysis, the average rate of racemization over 11 amino acids for free amino acids was
3.44%, for amino acids of Bovine Serum Albumin (BSA) was 5.77%, and for amino acids of Lysozyme
was 3.87%. The same liquid phase hydrolysis experiment showed that the average rate of racemization
over 11 amino acids for free amino acids was 1.28%, for amino acids of BSA was 2.06%, and for amino
acids of Lysozyme was 2.15%. To limit this natural conversion due to the presence of hydrogen, a
DCI/D20 hydrolysis is frequently used [14,28,31,66]. Manning et al. also used a tritiated hydrochloric
acid to correct for racemization during acid hydrolysis [67]. In a deuterated or tritiated environment,
the hydrogen on the alpha carbon was exchanged with a deuterium or tritium atom and decreases
considerably the racemization (Figure 3).
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Figure 3. Amino acid racemization during protein hydrolysis under HCI/H20 and DCI/D20 conditions.

By combining these two previous strategies, another approach for determining the sequences of chiral
proteins is possible. Indeed, Livnat et al. have reported the presence of two D-Tyr on GYFD and
SYADSKDEESNAALSDFA peptides on achatin-like neuropeptide sequence from Aplysia californica. This
approach takes place over three steps. First, neuropeptide was digested by an aminopeptidase M and
resistant peptides were screening. Second, a DCI/D20 hydrolysis was used to hydrolyze each resistant
peptide. Hydrolyzed amino acids were derivatized with Marfey’s reagent and their chirality was
determined by liquid chromatography coupled to mass spectrometry. Finally, when the presence of a
D-amino acid was confirmed, the retention time of the endogenous peptide was compared to standard
synthetic peptides. A schematic is shown in Figures 4 and 5 [31].
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Figure 4. DAACP discovery funnel is capable of identifying DAACPs in three stages, as illustrated with
GdFFD. In stage 1, MS-based detection of APM digestion is capable of identifying potential DAACPs in
the screening phase of the discovery funnel. Here, GFFD, used as an example, is rapidly degraded after
5 h, whereas its DAACP counterpart, GdFFD, is not degraded after 24 h. Both are shown as a ratio to
NdWF amide, a peptide that is known to resist degradation by APM. In stage 2, chiral analysis utilizes
the MRM mode of MS to detect L- and D-amino acids in a peptide following acid hydrolysis and labeling.
First, microwave-assisted vapor phase hydrolysis is carried out in DCl to break down peptides into their
component amino acids. Importantly, DCl-based acid hydrolysis reduces detection of racemized
residues in peptides. The amino acids are then labeled with Marfey’s reagent, separated and detected
using a triple quadrupole mass spectrometer. The result of this step is outlined using GdFFD, where a
D-Phe is detected. In stage 3, confirmation of DAACPs, peptides are synthesized with the suspected
chirality at each position and then compared to the endogenous peptides. Here, the retention time of
the endogenous peptide matches that of the GdFFD synthetic standard, confirming its presence as a
DAACP. Reproduced with permission from the authors of [31].



A _ x107{Endogenous G{l/d)YFD T 106 vz b3
= 36821
2 100 05 28123
£ 0.6
EOTS | MH-H20
0.50 0.4 48323
bz
025
0,00 | 02 19316 22118 |
: i
13 14 15 1B Time'min] 00755206 250 300 350 400 450 WE
B xicf i x10H v2
2 30 b3
3 | ;i R I ¥
5 :
= 2.0 | 15
MH-H20
1.0 i ;2 az b2 4832
00 | ool19315 32114 )
' 8~ TimeTmin] = 150 200 250 300 350 400 450 miz
108 S
C 215 x19 235;??3 b3
Z 08 368 23
= 1.0
- | 06 MH-HzO
0.5 | 0.4 b 48323
0.2 a 2
. 19319 22120
0.0 13 14 15 16 Time [min] 0.0 150 200 250 300 350 400 450 iz

Figure 5. LC-MS/MS characterization of GAYFD, which is confirmed by comparing to the retention time
of standards. (A) Left, LC-MS (base peak chromatogram) trace of endogenous GYFD after 48 h of APM
digestion, with a retention time of 15.9 min. Right, the MS/MS fragmentation with fragment
assignments is shown. (B) Left, an LC-MS trace of the all-L-amino acid synthetic GYFD, with a retention
time of 14.5 min. Right, the MS/MS fragmentation with fragment assignments. (C) Left, an LC-MS trace
of the synthetic DAACP GdYFD, with a retention time of 15.9 min. Right, MS/MS fragmentation with
fragment assignments is shown. The matching retention time of the synthetic GdYFD standard with the
endogenous GYFD demonstrates that the sequence for the endogenous peptide is in fact GdYFD.
Reproduced with permission from [31].

3. Analysis of Chiral Amino Acids

The presence of D-amino acids is confirmed in several peptides and proteins with important biological
functions. Improvements in chiral analytical methods now allow precise detection and quantification
of these D-amino acids in complex biological materials. Chromatographic and electrophoretic
techniques coupled to mass spectrometry are the most popular platforms, owing to advances in chiral
stationary phase (CSP) and derivatization chemistry. Employing a derivatization reagent contributes to
the accurate detection of trace levels of proteinogenic amino acid enantiomers in different matrices.
The separation of chiral amino acids or even peptides is only possible by a chiral approach which can
be created by two methods: the direct or indirect method, described below.

3.1. Direct Method

The direct method consists of separating the optical isomers using a chiral selector by one of two
following techniques. First, chiral selectors can be attached due to a chemical spacer into the surface
of the stationary phase or the capillary. This chiral selector has a different affinity with both
enantiomers. This selectivity follows the three points Dalgliesh rule: three interaction points between
the chiral selector and enantiomer [68], where all functional groups of the chiral selector, asymmetric
centres and steric repulsion are involved. Second, chiral selectors can be added to the mobile phase or
the background electrolyte, defined as chiral mobile phase additives (CMPA) [69]. In the case of ionic
enantiomers, a chiral compound can add to the formation of pairs of ions with enantiomers. Otherwise,
a stereospecific compound can add to interact with only one of the enantiomers. Many groups of chiral
compounds can be utilized as chiral selectors for the enantioseparation of amino acids or peptides. The
main of them are polysaccharides [70] and cyclodextrins. However, in this review, we will also evaluate



other chiral compounds as chiral selectors for the enantioseparation by liquid chromatography,
supercritical fluid chromatography, gas chromatography and capillary electrophoresis.

The morphology of the chiral compounds used as a chiral selector can form three types of chiral
stationary phase: fully-porous particles (FPP), superficially-porous particles (SPP) and non-porous
particles (NPP) [71]. For the amino acid enantioseparation, the SPP columns appear to allow faster and
more efficient separation than the FPP columns. Some examples will be described in the following
section.

3.1.1. Liquid Chromatography

Enantioseparation by liquid chromatography needs a chiral environment. Several builder companies
have developed commercial chiral columns. Zhao et al. have reported these columns with their target
characteristics according to the type of chiral stationary phases and detailed are included in Table 3
[72].

Table 3. Target characteristics and commercial columns corresponding to chiral stationary phases
(CSPs). Reproduced with permission from the authors of [72].

Types of CSPs Basic Material Target Characteristics Commercial Column

Widely applicable, such as
compounds containing amide

groups, aromatic ring Chiralcel®0OD, Chiralpak®IB,
Polysaccharides Amylose or cellulose  substituents, carbonyl nitro, Lux®Amylose-1, Lux®i-
sulfonyl, cyano, hydroxyl, amino Amylose-1
and other groups, and amino
derivatives

Widely applicable, such as
hydrocarbon compounds,
Cyclodextrins B-cyclodextin sterols, phenol esters and their
derivatives, aromatic amines,

B-DEXTM225, Astec
Cyclobond®, | 2000 RSP,
LiChroCART®250-4,

ChiraDex®
polyheterocycles
Enzymes, plasma Chiralpak®HAS,
Proteins proteins, receptor Water-soluble medicine Resolvosil®BSA,
proteins Chiralpak®AGT

) Amino acids, amino alcohools,  Crownpak®CR(+)/CR(-),
Crown ethers Macrocyclic polyester

primary amines Chirosil®RCA(+)/RAC(-)
Amine, amino alcohol,
. amino acid derivative Widely applicable, CSPs Whelk-01®, ULMO®,
Pirkle type . . :
compounds, anthrone designed by analyzing the target Chirex®

derivatives




N-protected amino acid, N- Chiralpak®QN-AX,

lon exchange Cinchona alkaloids, protected amino group, Chiralpak®QD-AX,
type sulfamic acid sulfamic acid, amino phosphoric Chiralpak®ZWIX(+),
acid, aromatic carbonyl acid Chiralpak®ZWIX(-)

Avomycin, Ristomycin Widely applicable, such as
vomycin, Ristomycl 'aely appil ! Astec® CHIROBIOTIC® V,

M li AV i i id tid -

ygopeptides  Teicoplanonand  steroicl anti-nflammatory ASteC CHIROBIOTIC® R,

glygopep Jeleop Y Astec® CHIROBIOTIC® TAG
Teicoplanon aglycone drugs

Primary amine, acid, secondary

. . . Larihc® CF6-RN
amine, tertiary amine, alcohol

Cyclofructans Cyclic oligosaccharides

Covalent organic
8 Halogenated hydrocarbons,
framework, metal

Porous organic ketones, esters, ethers, organic

. organic framework . . /
materials . ’ acids, alkylene oxides, alcohols
metal organic cage,

o and sulfoxides
mesoporous silica

Here, we will describe different chiral stationary phases, such as polysaccharides, cyclodextrins, crown
ethers, Pirkle type, ion-exchange type and macrocyclic glycopeptides, for the chiral separation of amino
acids and peptides.

3.1.1.1. Polysaccharide-based Chiral Stationary Phases

Chiral stationary phases based on polysaccharides are probably the most used owing to the many
different columns for enantioseparations by liquid chromatography. Commercial cellulose- and
amylose-based columns are most popular, however synthesized columns based on chitosan, xylan,
curdlan, dextran and inulin may also be found [73]. Indeed, Lin et al. have evaluated 17 amylose and
cellulose-based columns, both coated and immobilized, for chiral pharmaceutical analysis [74].
Different types of cellulose and amylose-based chiral selectors and their derivatives, the effect of
substituents and carrier on properties of polysaccharide-based CSPs, and optimizations of the CSP and
the mobile phase for separation of enantiomers by high-performance liquid chromatography (HPLC)
have been summarized by Chankvetadze [75].

3.1.1.2. Cyclodextrin-based Chiral Stationary Phases

Cyclodextrins are frequently used for the separations of chiral compounds, as chiral stationary phases
as well as novel polysaccharides. Many article reviews and book chapters generally describe a-, B-, y-
and modified-cyclodextrins for the separation of enantiomeric compounds by liquid chromatography
[76,77]. More recently, Li et al. have described the synthesis of a triazole-bridged duplex CD-CSP and
its application for the enatioseparation of Dns-Leu and Dns-Phe by HPLC [78]. Shuang et al. synthesized
a new chiral stationary phase based on B-cyclodextrin for the enantioseparation of five derivatized and
three underivatized DL-amino acid enantiomers by high-performance liquid chromatography. The
results obtained with the new ethylenediamine dicarboxyethyl diacetamido-bridged bis(3-CD)-bonded



chiral stationary phase (EBCDP) were compared with those obtained with the native B-CD chiral
stationary phase (CDSP). For each Dns-DL-amino acid enantiomer, the EBCDP has offered a better
separation than the CDSP. The same trend was observed for the enantioseparation of underivatized DL-
amino acids, with the addition of copper ion Cu (Il) into the mobile phase, exhibiting a property of the
chiral ligand exchange chromatography [79].

3.1.1.3. Crown Ether-Based Chiral Stationary Phases

Among the various crown ether-based columns, Crownpak CR-I (+) has been used in all recent studies.
With this column, the retention time of D-amino acid was shorter than their L-amino acid enantiomers
with a primary amino group [80,81]. For the separation of proteinogenic and non-proteinogenic amino
acid enantiomers with the same molecular mass, Nakano et al. [82] have separated L-lle, L-allo-lle, L-
and D-Leu while D-lle and D-allo-lle were co-eluted with the Crownpak CR-I(+) column. Using the
Crownpak CR-I (-) column, D-lle, D-allo-lle and L-Leu were separated while L-lle and L-allo-lle were co-
eluted (Figure 6) [82]. Meanwhile, Yoshikawa et al. have separated DL-lle, DL-allo-lle and DL-Leu with
the Crownpak CR-I (+) column. Similar results were obtained for the enantioseparation of DL-Thr, DL-
allo-Thr and DL-Hse [80]. Nakano et al. have separated L-Thr, L-allo-Thr and L-Hse while D-Thr, D-allo-
Thr and D-Hse were co-eluted with the Crownpak CR-I (+) column. Using the Crownpak CR-I (-) column,
D-Thr, D-allo-Thr and D-Hse were separated while L-Thr, L-allo-Thr and L-Hse were co-eluted (Figure 6)
[82]. Yoshikawa et al., have separated only DL-Thr with the Crownpak CR-I (+) column, DL-allo-Thr and
DL-Hse were not studied [80]. The exchange of columns Crownpak CR-I (+) and CR-I (-) reversed the
elution order for each compound. However, for the secondary amino group, such as DL-Pro, the
Crownpak CR-I (+) column did not offer separation while the Chiralpak ZWIX (-) column did (Figure 6)
[82].
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Figure 6. The chromatograms obtained by Crownpak CR-I (+), CR-I () and Chiralpak ZWIX (-). (A) Partial
chromatograms of targeted compounds with the same molecular weight obtained by LC-MS/MS
analysis using Crownpak CR-I (+). These chromatograms were obtained from a 1 nmol/mL mix standard
solution (Thr, threonine; lle, isoleucine; and Leu, leucine). The same color peaks were detected in the
same MRM transition. Most compounds showed baseline separation while some compounds including
D-allo-Thr, D-Thr, and D-homoserine or D-lle and D-allo-lle co-eluted. (B) Extracted ion chromatograms
using Crownpak CR-I (-). The chromatogram for the MRM transition of m/z 120.1 to 74.0 (molecular
weight: 119.1) and 132.1 to 86.2 (molecular weight: 131.2). The CR-I (-) column reversed the elution



order for each compound from the CR-I (+) column. (C) A part of chromatogram of secondary amines
by using Chiralpak ZWIX (-). The ZWIX column, with zwitterionic molecules that incorporated both
anion and cation-exchange functional groups, enabled the separation of secondary amines including
proline (Pro). Adapted from the work in [82] with permission.

Concerning the enantioseparation of biological and synthesized peptides, the retention times of LXX or
LXXX peptides were shorter than DXX or DXXX peptides using the Crownpak CR-I(+) column, whereas
the migration order was reversed using the Crownpak CR-I(-) and ChiroSil RCA(+) columns. The chirality
of the first amino acid seems to influence the retention time and different interactions and affinity with
the column than its enantiomer [34,81]. In addition, the chirality of the second amino acid contained
in the peptide sequence also influences the retention time. Indeed, peptides with a L-Phe (XLX) at the
second position was more retained than peptide with a D-Phe (XDX). By using this column, the position
of D-Phe in the tripeptide (Phe)3 from the amphibian antimicrobial DL-phenylseptin (Table 4) was
elucidated [34]. The order of migration also changed according to the percentage of acetonitrile
contained in the mobile phase [81]. In those cases, the Crownpak CR-l (+) column offered a better
separation for a complex mixture of different peptide enantiomers.

Table 4. Comparison of peptide separation performances using the ChiroSil RCA (+), Crownpak (+) and
Chrownpak (-) columns.

Column
Samples
ChiroSil RCA(+) Crownpak(+) Crownpak(-) Ref.
Peptides Rs a Rs a Rs a
LLL/DDD-(Phe)s - - - 5.58 - 1.28
LDL/DLD-(Phe)s - - - - . -
(34]
LLD/DDL-(Phe)s - - - - - -
LDD/DLL-(Phe)s - - - - - -
DLDL/LDLD-Tyr-Arg-Phe-Lys-NH; 3.08 1.51 468 148
DDLL/LLDD-Tyr-Arg-Phe-Lys-NH, 4.76 1.92 9.46  2.39
DLLL/LDDD-Tyr-Arg-Phe-Lys-NH, 3.51 1.61 10.62 2.56 [81]
DLDD/LDLL-Tyr-Arg-Phe-Lys-NH, 3.00 1.52 <0.50 1.04
DDLD/LLDL-Tyr-Arg-Phe-Lys-NH, 3.14 1.51 5.75 1.65

Finally, for the enantioseparation of proteinogenic amino acids, the Crownpak CR-I (+) column with 3
um particle size offered a better resolution than the same column with 5 um particle size, especially
for amino acids strongly retained. Indeed, for compounds that are poorly retained, such as DL-His, their
resolutions were 1.2 and 1.5 with 5 um and 3 um particle size columns, respectively, and for DL-Lys
which, was strongly retained, their resolutions were 4.1 and 6.1 with the 5 um and 3 um particle size



columns, respectively. Moreover, the separation time was reduced when the length of the column was
shorter [80].

3.1.1.4. Brush-type or Pirkle-type Chiral Stationary Phases

Neutral synthetic chiral low-molecular-mass molecules are typically covalently linked to a silica support,
which can have monosubstituted or trisubstituted silane groups through a spacer to create Pirkle-type
chiral stationary phases [83,84]. The advantages of this type of column are the compatibility with a
wide range of solvents used as mobile phase and stability against temperature and pressure [85].
Brush-type or Pirkle-type chiral stationary phases are classified into three groups: donors of m-
electron/acceptor of m-electron (such as Whelk-O 1, Whelk-O 2, DACH-DNB and ULMO columns),
acceptors of m-electron (such as Alpha burke 2, Leucine, Phenylglycine, Pirkle 1-J, f-Gem 10), and
donors of m-electron (such as Naphtylleucine). Kohout et al. have studied the influence of the nature
of Brush-types CSP in combination with a 9-O-tert-butylcarbamoylquinidine as a chiral selector. In that
work, three different FPP—Daiso silica (CSP 1, 5 um, 120 A), Kromasil silica (CSP 2, 5 um, 100 A) and
YMC silica (CSP 3, 5 um, 120 A)—were used. The averages of resolutions obtained for the
enantioseparation of eight different analytes were promising (5.24, 4.21 and 4.79 for CSP 1, CSP 2 and
CSP 3, respectively). The study showed the influence of the characteristics (nature, particle diameter
and pore size) of the CSP used on the chromatographic performances [86]. Hsiao et al. have separated
the DL-Phe enantiomers contained in physiological fluids of mammals, including humans, by 2D-HPLC.
The D- and L-Phe was derivatized by 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) and separated by a
reverse phase column for the first dimension and a Pirkle-type column with L-Leucine as a chiral
selector for the second dimension. The same study showed the presence of 0.1% and 3.99% of D-Phe
in the human plasma and urine, respectively. However, the authors planned further studies using this
analytical method on various disease samples [87].

3.1.1.5. lon- and Zwitterion-exchange-based Chiral Stationary Phases

Baurer et al. have demonstrated the chiral chromatography characteristics of Chiralpak ZWIX (+) and
ZWIX (-) columns based on zwitterionic quinine and quinidine carbamate selectors for the
enantioseparation of proteinogenic amino acids by tandem liquid chromatography. For this work,
molecular dynamics simulations, lipophilicity/hydrophilicity measurements of selectors, pH-dependent
{-potential determinations and chromatographic characterization were studied for both columns [88].
Geibel et al. have demonstrated the Chiralpak ZWIX column with superficially-porous particles (SPP)
allowed a better separation performance than a Chiralpak ZWIX column with fully-porous particles
(FPP) [89].

Different anion- and zwitterion-exchange columns such as Chiralpak QN-AX, Chiralpak QD-AX, KSAAAX,
Chiralpak ZWIX(+) and Chiralpak ZWIX(-) have been recently used for the enantioseparation of DL-
amino acids and peptides, and were applied to biological samples in the discovery of new potential
biomarkers for some diseases. Among these columns, Chiralpak QN-AX and Chiralpak ZWIX (+) have
been used more, either alone or in tandem. With these two columns, free derivatized D-amino acids
or D-amino acid-containing peptides at the first position were less retained on the column than their
L-amino acid enantiomers. In contrast, with the Chiralpak QD-AX and Chiralpak ZWIX (-) columns, the
migration order was reversed.

Zhu et al. used the Chiralpak QN-AX column for the enantioseparation of 13 Fmoc-DL-amino acids. The
chromatographic performances (resolution and separation factor a) were compared to those obtained
thanks to new synthesized chiral selectors based on 3,5-dimethylphenyl carbamoylated B-cyclodextrin
connecting quinine (QN) or quinidine (QD) to create two chiral stationary phases (B-CD-QN- and B-CD-
QD-based CSP). The Chiralpak QN-AX column allowed separation of 11 out of 13 Fmoc-DL-amino acids



with a resolution greater than 1.5, including seven Fmoc-DL-amino acids which had the best resolution
(Asn, Thr, lle, Leu, Met, Val and Phe) to compare to these two other experimental columns [90]. Bajtai
et al. have applied this column to the enantioseparation of 20 dipeptide couples, but only seven of
them obtained a good separation (LL/DD-Ala-Phg, LL/DD-Ala-Phe, LL/DD-Ala-Tyr, LL/DD-Ala-4-NO2-
Phe, LL/DD-Ala-Trp, LL/DD-Phe-Ala and LL/DD-Leu-Leu). Nevertheless, 10 dipeptide couples have not
been separated (LL/DD-Ala-Ala, LD/DL-Ala-Ala, LL/DD-Ala-B-Phe, LL/DD-Ala-Phe, LL/DD-Ala-hPhe, B-
Ala-L/D-Phe, Gly-L/D-Phe, LD/DL-Phe-Ala, LL/DD-Lys-Phe and LD/DL-Leu-Leu) [91] (Table 5)

Table 5. Comparison of peptides separation performances using the ion-exchange (QN-AX and QD-AX)
and zwitterionic (ZWIX (+) and ZWIX (-)) columns.

Column
Samples lon-exchange Zwitterionic
QN-AX QD-AX ZWIX(+) ZWIX(-) Ref
Peptides Rs a Rs a Rs a Rs a
LL-Ala-Ala 0 1.00 107 175 0.29 103 124 135
LD-Ala-Ala 0 1.00 O 1.00 097 114 0.21 1.03
LL-Ala-Phg 235 146 244 152 094 113 1.15 117
LL-Ala-B8Phe 0 1.00 O 1.00 090 1.09 0 1.00
LL-Ala-Phe 182 125 243 140 103 1.13 0.80 1.12
LD-Ala-Phe 0 1.00 0 1.00 053 112 129 117
LL-Ala-hPhe 0 1.00 156 1.30 0 1.00 090 1.20
BAla-L-Phe 0 1.00 1.05 115 436 145 250 1.34
LL-Ala-Phe-OMe - - - - 0 1.00 0 1.00
LL-Ala-Phe-NH, - - - - 0 1.00 055 1.12 [91]
LL-Ala-Tyr 236 134 247 148 152 121 130 1.42
LL-Ala-4-NO,-Phe 1.88 125 0.82 1.09 196 1.28 2.00 1.6
LL-Ala-Trp 236 151 235 158 7.09 221 350 1.96
Gly-L-Phe 0 1.00 1.89 1.49 0 1.00 0.53 1.19
L-Phe-Gly 0.63 114 1.52 128 321 133 200 1.26
LL-Phe-Ala 436 152 473 201 255 155 294 1.40
LD-Phe-Ala 0 1.00 0 1.00 271 144 097 117
LL-Lys-Phe 0 1.00 214 171 195 128 094 1.12

LL-Leu-Leu 3.20 219 4.00 237 140 115 0.63 117



LD-Leu-Leu 0 1.00 0 1.00 1.77 124 0.53 1.16

The Chiralpak ZWIX (+) column has been used by several groups for the enantioseparation of
derivatized or underivatized common and uncommon DL-amino acids and dipeptide couples. Indeed,
Horak et al. have compared the separation factor a for the enantioseparation of derivatized or
underivatized common and uncommon DL-amino acids. This study has shown to the Chiralpak ZWIX
(+) column offers a better separation to ACQ-DL-amino acids than underivatized amino acids, except
for DL-Pro [92,93]. For this work, the authors do not study the DL-Cys. Nevertheless, Pucciarini et al.
have developed a method for the separation of standard ACQ-DL-Cys, with a good resolution (Rs: 2.7).
Then, the authors have applied this cysteine analysis method to human lung adenocarcinoma A549
cells (ATCC, CCL-185) samples, and the resolution obtained was similar to cysteine standards. The study
allows showing the presence of D-Cys in biological samples [94]. These results are promising because
it has been shown that D-Cys protects neurons against oxidative stress thanks to its hydrogen sulfide
production properties and promotes dendritic development [95]. For the enantioseparation of
underivatized dipeptides, Bajtai et al. have obtained a similar average separation factor a to the
enantioseparation of underivatized amino acids in the study by Horak’s group describe earlier.
However, for some dipeptide, the authors have obtained good resolutions (B-Ala-L/D-Phe, LL/DD-Ala-
Tyr, LL/DD-Ala-4-NO2-Phe, LL/DD-Ala-Trp, L/D-Phe-Gly, LL/DD-Phe-Ala, LD/DL-Phe-Ala, LL/DD-Lys-Phe
and LD/DL-Leu-Leu) [91] for details see Table 5.

Kimura et al. used these two Chiralpak QN-AX and Chiralpak ZWIX (+) columns by chiral tandem liquid
chromatography. For this study, the authors found the same enantiomer migration order (EMO) with
both columns to one of these columns alone, as in the previous works described above. For amino
acids with a primary amine, ACQ-D-amino acids were a faster elution than their counterpart ACQ-L-
amino acids, except for DL-Pro which is a secondary amine and which has a reverse EMO. The results
of resolution and separation factor a of the simultaneous 24 L-amino acids and trace D-Amino acids,
which includes all proteinogenic amino acids and non-proteinogenic amino acids such as citrulline (Cit)
and ornithine (Orn), contained in the human blood were not described. In this study, the blood of 305
women aged 65 to 80 who passed a Mini-Mental State Examination (MMSE), and classified into three
groups: control, Mind Cognitive Impairment (MCI) and dementia was analyzed. This high sensitivity
analytical method can detect a slight difference in the number of chiral amino acids and be developed
to examine cognitive decline based on the difference detected. Indeed, the blood analysis of patients
in the MCI group showed a higher proportion of D-Pro than the control group. Furthermore, the
combination of D-Pro x D-Ser proportions improved the correlation with early cognitive decline
described by MMSE. Finally, D-Pro and D-Ser were also found in the blood of the dementia group with
a higher proportion than in the MCI group. These amino acids can also be used to monitor dementia.
These results showed that the proportion of D-Pro in the blood was strongly associated with early
cognitive decline and may represent a new index of brain health. This tandem method of analysis, in
less to 40 min, might apply to practical medical evaluations to monitor the early risk of cognitive decline
with high precision [96].

The Chiralpak ZWIX (=) has also been used for the enantioseparation of derivatized or underivatized
DL-amino acids and dipeptide couples. For underivatized DL-amino acids, separation factors a obtained
were better using the Chiralpak ZWIX (-) when compared to the Chiralpak ZWIX (+) column, except for
Trp and Glu [92]. The same group also compared both columns for the enantioseparation of ACQ-DL-
amino acids. Conversely, the Chiralpak ZWIX (+) column allowed to obtain better separation factors a
than the Chiralpak ZWIX (-), except for Pro, aThr, His and Arg [93]. Bajtai et al. have also used Chiralpak
ZWIX (+) to compare both zwitterionic columns for the enantioseparation of 20 dipeptide couples. The



separation factors a and the resolutions have shown that the Chiralpak ZWIX (+) column offered a
better separation [91] see Table 5.

The Chiralpak QD-AX column has only been used by Bajtai et al. to compare the Chiralpak QN-AX
column for enantioseparation of dipeptide couples [91]. The separation factors a and the resolutions
have shown that the Chiralpak QD-AX column offered a better separation significantly (Table 5).

To compare these two zwitterion-exchange columns, the average separation factor a was better with
the Chiralpak ZWIX (+) column for underivatized and ACQ-DL-amino acids (1.21 and 2.33, respectively)
than with the Chiralpak ZWIX (-) column (1.29 and 2.03 respectively). In addition, the Chiralpak ZWIX
(+) also offered a better dipeptide enantioseparation with an average resolution of 1.66 compared to
1.20 with the Chiralpak ZWIX (=) column. For these two anion-exchange columns, the Chiralpak QD-AX
column offered a better separation of dipeptide enantiomers with a resolution average of 2.12
compared to 1.05 with the Chiralpak QN-AX column. Regarding the Fmoc-DL-amino acids
enantioseparation, only the Chiralpak QD-AX column was used and offered an excellent resolution
average of 2.94. Both Chiralpak ZWIX (+) and Chiralpak QD-AX columns are to be preferred for the
derivatized and underivatized amino acids and small peptides enantioseparation.

Concerning the anion-exchange column KSAAAX, Furusho et al. have separated four NBD-DL-amino
acids contained in the plasma of 25 patients with chronic kidney disease (CKD) using a 3D-HPLC system.
Several studies agree on the potential correlation between kidney disease and the presence of D-amino
acids [97]. The 3D-HPLC system equipped with one KSAAAX column in combination with a reversed-
phase and enantioselective columns allows separation of all compounds according to their
hydrophobicity, anionic strength and enantioselectivity, which increases the separation efficiency. For
this study, DL-Ala, DL-Asn, DL-Ser and DL-Pro were selected because their D-forms are candidates for
the biomarkers of CKD. This method shows the presence of 0.4—4.8% for D-Asn, 1.5-16.6% for D-Ser,
0.3-11.6% for D-Ala and 0.3-7.1% for D-Pro, and the correlation between the %D values and the eGFR
values were observed. The eGFR (estimated Glomerular Filtration Rate) is the best test to measure the
level of kidney function and determine the stage of kidney disease. Indeed, these results showed that
the more advanced the stage of the disease, the higher the percentage of amino acids in their D-forms.
The new 3D-HPLC system has proved to show high selectivity for the chiral analysis of amino acids
contained in complex biological matrices as a biomarker for the determination of the disease at
different stages [98].

3.1.1.6. Macrocycle Antibiotic-based Chiral Stationary Phases

The complex structure of macrocyclic antibiotics allows for different types of analyte interaction, such
as hydrophobic, n—n, dipole-dipole, hydrogen bond, electrostatic, ionic and Van der Waals interactions,
due to the high number of stereogenic centres in their structures. Macrocyclic antibiotic-based chiral
stationary phases are classed into four groups: ansamycins, polypeptides, glycopeptides and
aminoglycosides [84,99]. Recently, a new type of macrocycle antibiotic-based chiral stationary phase
was described. Indeed, for this work, two new CSPs, named UHPC-FPP-Titan-Tzwitt and UHPC-SPP-
Halo-Tzwitt, were prepared by covalently bonding the glycopeptide teicoplanin chiral selector on
zwitterionic columns with different particle diameters (fully- and superficially-porous particles), for the
enantioseparation of 31 proteinogenic and non-proteinogenic Fmoc-DL-amino acids by liquid
chromatography. The performance in terms of separation obtained by both zwitterionic-teicoplanin
columns was compared to those obtained from a commercial teicoplanin-based column (Teicoshell)
(Table 6). For 26 pairs, the UHPC-SPP-Halo-Tzwitt column offered higher resolutions of separation
ranging from Rs (DL-Asn-(Ttr)): 1.15 to Rs (DL-Lys-(Boc)): 10.90. Complementarily, the UHPC-FPP-Titan-
Tzwitt column offered the best enantioresolution for Gln and His. Only Cys and Trp-(Boc) enantiomers



were better separated with the traditional Teicoshell column. However, DL-Pro and DL-Asp were not
separated by any of the three columns. These results prove the influence of the zwitterionic column in
combination with a teicoplanin chiral stationary phase. Indeed, both UHPC-FPP-Titan-Tzwitt and UHPC-
SPP-Halo-Tzwitt columns offered significantly better resolutions than a commercial teicoplanin-based
column. The particle diameters also seem to influence the enantioseparation. Indeed, the morphology
differences of fully- and superficially-porous particles (FPP and SPP, respectively) affect the
enantioselectivity and the resolution, in favour of the SPP column [100].

Table 6. Comparison of Fmoc-amino acid separation performances using the UHPC-FPP-Titan-Tzwitt,
UHPC-SPP-Halo-Tzwitt and Teicoshell columns on MeOH-rich mobile-phase condition.

Column
Samples
UHPC-FPP-Titan-Tzwitt UHPC-SPP-Halo-Tzwitt Teicoshell Ref.
Derivatization DL-amino acids Rs o Rs o Rs «a
Ala 8.06 1.69 9.35 2.02 444 -
Arg 4.74 2.09 5.26 2.44 2.01 1.32
Arg-(Pbf) 6.03 1.72 7.47 203 335 -
Asn 241 1.13 2.93 1.17 - -
Asn-(Trt) - - 1.15 1.07 - -
Asp - - - 1.02 - -
Asp-(OtBu) 1.95 1.11 2.09 1.16 - -
Cys 1.14 1.14 1.68 1.16  1.82 -
Cys-(Trt) 1.59 1.10 2.54 1.16 - -
Gln 7.99 1.30 4.71 139 158 -
Fmoc [100]
GIn-(Trt) 3.23 1.22 4.46 132 196 -
Glu 1.42 1.06 2.76 1.11 221 -
Glu-(OtBu) 4.28 1.49 5.99 164 334 -
His 3.21 1.30 3.14 1.36 1.44 1.46
His-(Trt) 4.45 1.35 5.61 153 3.05 -
lle 5.33 1.43 6.43 1.70 218 -
Leu 6.37 1.48 7.83 1.72 278 -
Lys 3.49 1.66 4.26 2.06 298 131
Lys-(Boc) 8.93 1.82 10.90 2.25 455 -

Met 7.33 1.54 8.94 1.82 415 -



Phe 4.56 1.30 5.45 1.43 223 -

Pro - - - - - -
Ser 2.92 1.15 3.92 1.21 221 -
Ser-(tBu) 4.30 1.27 5.54 1.41 235 -
Thr 2.92 1.18 3.74 1.27 165 -
Thr-(tBu) 1.16 1.107 1.75 1.11 - -
Trp 3.07 1.19 3.91 1.29 197 -
Trp-(Boc) - - - - 293 -
Tyr 3.86 1.26 4.63 138 237 -
Tyr-(tBu) 4.78 1.60 7.56 1.82 416 -
Val 4.89 1.33 6.38 152 236 -

3.1.2. Supercritical Fluid Chromatography

One- and two-dimensional supercritical fluid chromatography (SFC) are new techniques developed
which may be applied in chiral separation [101,102]. In this part, we will consider the polysaccharide-
and crown ether-based chiral stationary phases recently used for the chiral separation of amino acids.

3.1.2.1. Polysaccharide-Based Chiral Stationary Phases

Recently, Jakubec et al. used nine different chiral columns based on celluloses and amyloses covalently
immobilized (Chiralpak IB-3, YMC CHIRAL ART Cellulose SB, Chiralpak IA-3 and YMC CHIRAL ART
Amylose SA) or coated (Trefoil CEL-1, Chiralpak OD-3, Lux-CEL1, AMY-1 and Chiralpak AD-3) to study
their enantioseparation efficiency under different separation conditions by supercritical fluid
chromatography. The best performing column was a Chiralpak OD-3 with methanol + 0.1%
trifluoroacetic acid and 0.1% diethylamine combined additive separation conditions. The combination
of alcohol and alkylamine as a co-solvent and a mobile-phase additive seemed beneficial for
enantioseparation [103]. Indeed, Lipka et al. optimized their concentration (20-40% ethanol + 0.3—
3.0% trimethylamine) according to the amino acid enantiomers to be separated using an immobilized
cellulose-based CSP (i-Cellulose-5). This column allowed separating some enantiomers of underivatized
common and uncommon amino acids (DL-Leu, DL-lle, DL-Nle, DL-Phe, DL-Ala, DL-Val, DL-Nva, DL-Ser,
DL-Car and DL-His) with resolutions ranging from 1.51 (DL-Ser) to 2.24 (DL-Val). This study is promising
for pure enantiomers. However, separation conditions could be improved for the separation of a
complex amino acid mixture [104].

3.1.2.2. Crown Ether-Based Chiral Stationary Phases

Miller et al. have developed a method for the separation of DL-amino acids enantiomers with a
Crownpak CR-I (+) column by supercritical fluid chromatography coupled to mass spectrometry. After
optimization of the nature of the mobile phase, this column offered a resolution ranking from Rs (His):
1.99 to Rs (Leu): 9.26 and a short retention times of less than three minutes. With these conditions, all
D-amino acid eluted faster to its L-amino acid enantiomer. This method of analysis makes it possible to



quickly separate the pure standards of DL-amino acids. However, it can be improved to separate a
complex mixture of all of them [105].

3.1.3. Gas Chromatography

Gas chromatography is the most-established separation technique for the enantioseparation of amino
acid enantiomers. Nevertheless, Schurig et al. reported some chiral stationary phases for the
enantioseparation of derivatized a-amino acids [106]. Recently, only the cyclofructan-based chiral
stationary phases was used for the separation of amino acid enantiomers.

3.1.3.1. Cyclofructan-Based Chiral Stationary Phases

Xie et al. have summarised the progress on cyclofructan derivatives-based chiral stationary phases for
enantioseparation by gas chromatography. Five chiral stationary phases were used for the
enantioseparation of DL-amino acids. Two of them—4,6-Di-O-pentyl-3-O-trifluoroacetyl
cycloinulohexaose-based CSP (CF-CSP4) and 4,6-di-O-pentyl-3-O-propionyl cycloinulohexaose-based
CSP (CF-CSP5)—were very promising and allowed resolutions ranging from 1.5 to 2.6 for four commons
and three uncommon DL-amino acids (Ala, lle, Leu, Val, allo-lle, Nle and Nva) to be obtained [107].

3.1.4. Capillary Electrophoresis

During 2017 and 2018, Yu et al. summarized several types of chiral selector used for the
enantioseparation by capillary electrophoresis. In CE, the chiral selector is added to the buffer solution
as a pseudophase, in the same way as the mobile phase in LC. Chiral separation is made possible
through non-covalent interactions between the chiral selector and the enantiomers, such as dipole—
dipole, hydrogen bond, electrostatic and steric interactions. These chiral selectors can be classed into
two categories: low and high molecular mass molecules. Low molecular mass molecules contain ionic
liguids and complexes with a central ion. High molecular mass molecules contain the macromolecules
such as oligosaccharides (cyclodextrins, polysaccharides), amino acids and nucleic acid-based
polymers, and supramolecules such as bile salt micelles. In capillary electrophoresis, chiral selectors
can also use as a dual ligand. Dual ligands were created in a combination of immobilized ligands on the
surface of the capillary, as a coating, and the addition of free ligands in the buffer solution. In this part,
we will further discuss as a chiral selector, two high molecular mass molecules (cyclodextrins and crown
ethers) and one low molecular mass molecule (ligand exchange) used recently [108].

3.1.4.1. Cyclodextrin as a Chiral Selector

Native a, B, y-cyclodextrins are made up of six, seven and eight glucose units, respectively, and their
derivatives can be used as a chiral selector. The hydrophobic cavity dimensions depend on the nature
of the cyclodextrin and can form non-covalent interactions with the chiral analytes [109]. These three
standard cyclodextrins and their neutrally (mono-, di- and trimethylated and hydroxypropylated) and
negatively (sulphated, sulfobutyletherated, succinylated, carboxymethylated, heptakis(6-O-sulfo),
hexakis-, heptakis-, octakis(2,3-di-O-methyl-6-O-sulfo) and hep-takis(2,3-di-O-acetyl-6-O-sulfo)
modifications) charged cyclodextrin derivatives were used for the chiral separation of six LL- and DD-
dipeptide enantiomers. The type of cyclodextrin concerning cavity size and degree of substitution
influenced the enantiomer migration order (EMO). In addition, the composition of the background
electrolyte (BGE) as nature and pH influenced the analysis time. In acidic separation conditions the
analysis time was shorter, and the resolution was worsened. In these two studies, neutrally and
negatively B-CDs were shown to be more effective chiral selectors than the a- and y-CD derivatives for
the enantioseparation of Ala-Phe and the peptide analogs [110,111]. The y-CD was also used in
combination with an ionic liquid (L-Carnitine methyl ester bis(trifluoromethane)sulfonimide, L-



CarCINTf2) as a chiral selector for the enantioseparation of Fmoc-DL-Hcy and Fmoc-DL-Cys.
Enantiomeric resolutions obtained for the separation of these pure enantiomers were 6.1 and 6.4,
respectively. For the simultaneous separation of these four amino acids derivatized, this method
allowed a resolution as high as 4.1 to be obtained for Rs (Hcy): 5.9 and Rs (Cys). This study has not yet
been applied to mixtures of biological or more complex compounds [112].

Microchip electrophoresis (MCE) mode can also be used for the enantioseparation of DL-amino acids.
Recently, Zhang et al. have used a chiral nematic mesoporous silica (CNMS) as the chiral stationary
phase in combination with hydroxypropyl-B-cyclodextrin (HP-B-CD) as the chiral selector for the
separation of 10 DL-amino acid pairs. This combination allowed the enantioresolution to be improved
to a resolution average of 1.13, while with the use of only HP-B-CD, the resolution average for these 10
DL-amino acid enantiomers was 0.68 [113].

3.1.4.2. Crown Ether as a Chiral Selector

The most commonly used crown ethers are [18] crown-6 and its derivatives. Their cavity structure limits
chiral separation to primary amines, including amino acids. However, the separation must be
performed under pure acidic conditions so that these amines are fully protonated and other cationic
species present in the BGE do not interact with the crown ether [109].

Lee et al. have developed a method for the enantioseparation of underivatized free amino acids using
(+)- and (-)-18C6H4 as a chiral selector [114]. This method allows separating all DL-amino acids, except
DL-Pro and DL-Asn, with a resolution ranking from Rs(Cys): 0.5 to Rs(Ser): 21.0. Concerning the
migration order for amino acids, the L-amino acids migrated faster than their analog D-amino acid
counterparts except for Ser, Thr and Met. This method shows promise for the separation of amino acid
enantiomers. However, some improvements can be made for the resolution of separation of DL-Cys
(Rs: 0.5), DL-Ala (Rs: 0.7) and DL-Glu (Rs: 0.8).

3.1.4.3. Ligand Exchange as a Chiral Selector

Chiral ligand exchange capillary electrochromatography (CLE-CEC) using a central ion has been recently
used for enantioseparation of derivatized or underivatized DL-amino acids. First, Zn (Il) was used as a
central ion for the enantioseparation of Dns-DL-amino acid enantiomers. For this amino acid
separation, the authors have used four chiral DL-oligopeptides based on lysine residues as ligands to
form [((Gly)-Lysx) Zn (I1)(AA)] complexes. The migration order of Dns-DL-amino acid analytes has been
influenced by the nature of the chiral ligand employed. Indeed, when the Gly-D-Lys lig-and was used,
the Dns-L-amino acid had a faster retention time than the Dns-D-amino acid analyte. Chiral dipeptide
ligands, Gly-L-Lys and Gly-D-Lys, allow for a better separation of Dns-DL-amino acid enantiomers with
a resolution greater than 2, than other ligands ((L-Lys)2-OH) and ((L-Lys)4-OH) with a resolution below
1. This new method shows the great potential of dipeptides as ligands in the CLE-CEC separation of DL-
amino acid enantiomers and can be developed for the separation of complex biological samples [115].
In another study, Feng et al. used different synthetic copolymer dual ligands as chiral ligands to form
[(P(MAN-St-MAX) Zn (II)(AA)] complexes. The use of the free chiral ligands and immobilized ligands
alone do not allow for separation of the DL-amino acids enantiomers, while the dual ligands have
offered a good separation (Figure 7). With the dual ligand system, resolutions ranged from 1.67 to 3.45
for Ala, Gln, lle, Tyr, Asn, Met and Ser. For other amino acids, including Asp, Trp, Leu, Phe and Thr, their
resolutions were lower and are ranked from 0.55 to 1.19. DL-Pro and DL-Val were not separated. Among
the four synthesized copolymer dual chiral ligands, the best results were obtained with the poly maleic
anhydride-co-styrene-co-N-methacryloyl-L-histidine methyl ester [P(MAn-St-MAH)] [116].
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Figure 7. lllustration of enantioseparation mechanism of CLE-CEC by using (a) free ligand alone, (b)
immobilized ligand alone and (c) dual ligands. Reproduced with permission from the authors of [116].

Cu (ll) was also used as a central ion in complexation with L-His to create the [Cu (ll)-L-His] complex
with B-cyclodextrin (B-CD) as a dual chiral selector for the enantioseparation of DL-Trp, DL-Tyr and DL-
Phe by capillary electrophoresis. For this study, several concentrations of Cu (Il), L-His and B-CD were
tested at different pH and voltages. Each pair of enantiomers was separated in 20 minutes with a
resolution ranging from 3.6 to 6.1. For DL-Phe and DL-Trp, the EMO was similar to the L-enantiomer

and eluted faster than its counterpart. Both peaks from the separation of D- and L-Tyr were not
identified [117].

3.1.4.4. Micellar Electrokinetic Chromatography (MEKC)

Micellar electrokinetic chromatography is another capillary electrophoresis mode using a high
concentration of micelles. Recently, Evans et al. have analyzed 36 primary amines including D- and L-
amino acids derivatized with 2,3-naphthalenedicarboxaldehyde and separated by MEKC using sodium
dodecyl sulfate and sodium deoxycholate as surfactants. Then, the authors applied this method for the
enantioseparation of DL-Ser at low nanomolar concentrations containing in the endocrine portion of
the pancreas, the islets of Langerhans. In the study, the successful separation of D-Ser to its counterpart

has an important interest due to its agonist activity for the ionotropic N-methyl-D-aspartate receptors
[118].

3.1.5. Comparison of Different Techniques

Among chromatographic and electrophoresis techniques previously described, the most efficient of
them, in terms of chiral separation performances (resolution and separation factor), were summarized
in Table 7. The crown ether used as chiral stationary phase or added to BGE was preferably used for
the enantioseparation of complex mixtures of amino acids. Furthermore, in liquid chromatography,
zwitterionic-exchange- and macrocycle antibiotic-based chiral stationary phase also offered an
excellent separation for a similar complex mixture of DL-amino acids. Although gas chromatography is
rarely used for the chiral separation of amino acids, the cyclofructan-based chiral stationary phase (CF-
CSP5) provided sufficient separation performance.



Regarding the enantioseparation of small peptides, the crown-ether (Table 4) ion-exchange and
zwitterionic (Table 5) chiral stationary phases were used in liquid chromatography. The results proved
that the Crownpak CR-I (+) column offered a better average resolution (Rs: 5.12).

Table 7. Summary of the most efficient techniques for enantioseparation of underivatized DL-amino

acids.
Rs and/or a
Techniques csp Columns Analytes / Ref.
average
Rs: 5.12
. Cronwpak CR- 21 DL-amino
Liquid chromatography Crown-ether \(+) acids (min. 1.49, [80]
max. 8.90)
a: 2.33
. . Chiralpak 21 DL-amino
Zwitterrionic ; 93
Wi on! ZWIX(+) acids (min. 1.26, (53]
max. 5.31)
Rs: 5.01
(min. 1.15,
Macrocycle UHPC-SPP- 28 DL-amino Max. 10.90) (100]
antibiotic Halo-Tzwitt acids o 1.52
(min. 1.02,
max. 2.44)
Rs: 5.27
Supercritical fluid Crownpak CR- 18 DL-amino
C -eth ; 105
chromatography rown-ether I(+) acids (min. 1.99, [105]
max. 9.26)
Rs: 1.81
(min. 1.50,
7 DL-ami max. 2.60)
Gas chromatography Cyclofructan CF-CSP5 émmo [107]
acids .
a:1.04
(min. 1.03,
max. 1.06)
Rs: 2.97
(min. 0.70,
Capill BGE containing 18 DL-amino  Max. 21.00)
apillary . Crown-ether containing .ammo (114]
electrophoresis 18C6H4 acids o 1.03
(min. 1.01,

max. 1.22)




3.2. Indirect Method

The indirect method consists of using the derivatization reaction on racemic compounds with a pure
chiral reagent, thus resulting in the formation of a pair of diastereomers which can be separated by a
chiral or achiral column. The derivatization reaction must be at room temperature to avoid
racemization. This method is usually used to facilitate the isolation of the analyte from the biological
matrix. In this review, we will summarize the derivatization reagents used recently for the
enantioseparation of amino acids and newly synthesized derivatization reagents. Among derivatization
reagents that have been used recently, most of them react with the N-terminus of amino acids, and
they were commercial ((+)- or (-)-1-(9-fluorenyl)ethyl chloroformate) ((+)- or (-)-FLEC) and N-(4-
Nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester (S-NIFE)) or synthetic ((R)- or (S)-4-
nitrophenyl-N-[2-(diethylamino)-6,6-dimethyl-[1,1-biphenyl]-2-yl] carbamate hydrochloride ((R)- or
(S)-BiAC) and N-[1-oxo-5-(triphenylphosphonium) pentyl]-(R)-1,3-thiazolidinyl-4-N-hydroxysuccinimide
ester bromide salt (OTPTHE)).

The more popular commercial derivatization reagents were the (+)- and (-)-FLEC. Indeed, Moldovan et
al. used these reagents in their both undifferentiated forms as chiral derivatization reagents for the
enantioseparation of 19 amino acid pair of diastereomers by RP-HPLC coupled to mass spectrometry
with diphenyl and biphenyl stationary phases [119]. The average resolution for each amino acid pairs
was 2.9 and 2.3 for the diphenyl and biphenyl stationary phases respectively, under optimal separation
conditions. Indeed, with diphenyl stationary phase, 14 of 19 amino acid pair of enantiomers (except
Ala, Ser, Pro, Thr and Asp) obtained a good resolution (Rs > 1.5) at pH 4.9, and 13 of 19 amino acid pair
of diatereoisomers (except Ala, Ser, Pro, Thr, Asp and Glu) at pH 4.2. Both columns allow DL-amino acids
to be separated with the same elution order with D-derivative first respectively at pH 4.9 and 4.2.
However, the authors observed a reversal in the elution order with L-form eluted first at pH 2.5 and 7.
These two methods allow separating pure FLEC-DL-amino acid enantiomers in less than 30 minutes.
This short time does not allow separating a complex mixture of amino acids, because the retention
times are very near. Furthermore, (+)-FLEC was used by Pérez-Miguez et al. where a TIMS-TOFMS
method was developed for the analysis of 21 common and uncommon (+)-FLEC-DL-amino acid
enantiomers [120]. With this new method, 17 were separated separately at different voltage ramps.
Then, the enantioseparation of several (+)-FLEC-DL-amino acids in one run was tested. For this work,
three groups of four (+)-FLEC-DL-amino acids were used with one voltage ramp applied per group. The
first group consisted of Orn, Lys, His and Tyr with voltage ramps ranging from 135 to 170 V; Asn, Ser,
Pipe and Gln at 100—130V for the second group; and Met, Phe, SeMet and Arg at 109-135 V for the last
group. For each group, some amino acids have co-migrated. Their distinction was possible thanks to
their respective m/z (Figure 8). This method allowed Ser and Asp separation with a better resolution
than the previous study.
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Figure 8. TIMS-TOFMS of FLEC-AA mixtures using a voltage ramp of (A) 109—135V and (B) 135-170V in
510 ms. Reproduced with permission from the authors of [120].

The commercial S-NIFE derivatized reagent, as far as it is concerned, was used by Danielsen et al. which
have developed a method for the determination of L- and D-amino acid ratios contained in complex
protein matrices using LC-MS/MS analysis. Protein and standard amino acids were hydrolyzed by DCI
following two methods: in glass capillaries and vacuum hydrolysis tubes. In this case, deuterated
hydrolysis has been used to eliminate the L- and D-amino acid racemization ratio due to the natural
conversion. These two hydrolysis methods allow determining the rate of 0.30% and 0.25% D-amino
acids, respectively, contained in a-lactalbumin protein. Their exact positions on the protein sequence
were not determined [66].

Other derivatization reagents can be synthesized to react with the N-terminus of amino acids.
Historically, the axially chiral hydrophobic derivatizing reagent was developed for the analysis of amine
and alcohol diastereoisomers by normal-phase liquid chromatography [121,122]. However, for the axial
derivatization for hydrophilic compounds, such as amino acids, a new derivatization reagent was
necessary to be developed. Recently, Harada et al. have developed biaryl axially derivatives, (R)-4-
nitrophenyl N-[2'-(diethylamino)-6,6'-dimethyl-[1,1'-biphenyl]-2-yl]] carbamate hydrochloride ((R)-
BiAC), as a new axially chiral derivatizing reagent for the enantioseparation of proteinogenic amino
acids by RP-HPLC-MS/MS. This new chiral derivatizing reagent allowed all DL-amino acids to be
separated within 11.5 minutes with a resolution greater than 1.9, except for complex mixtures, such as
threonine mixture (DL-Thr and DL-allo-Thr), and leucine-isoleucine mixture (DL-Leu, DL-lle and DL-allo-
lle) [123]. The same authors applied this new derivatizing reagent ((R)-BiAC) on DL-amino acids in
human urine for their simultaneous determination by liquid chromatography electrospray ionization



tandem mass spectrometry. After optimization of separation conditions, 36 DL-amino acids and glycine
were separated in 20 minutes with good resolution. These results were verified using the opposite
chiral derivatizing reagent (S)-BiAC. Using (S)-BiAC causes the inversion of the migration order of D- and
L-amino acids. The concentration of each amino acid was determined by LC-MS. The (S)-BiAC/(R)-BiAC
ratio of amino acid concentration was higher (>84%), except for D-allo-lle (67%) and for D-Asp, D-Pro,
D-Trp and L-Asp whose peaks were below the limit of quantification (LOQ) with both chiral derivatizing
reagents. This method is promising for simultaneous analysis of DL-amino acids in biological samples
(Figure 9). In this case, the quantification of D-amino acids in human urine can be used as a biomarker
to screen for chronic kidney disease [124].
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Figure 9. Chromatograms of D- and L-amino acids and glycine in human urine sample. Reproduced with
permission from the authors of [124].

Another group has synthesized a new derivatization reagent N-[1-oxo-5-(triphenylphosphonium)
pentyl] -(R)-1,3-thiazolidinyl-4-N-hydroxysuccinimide ester bromide salt (OTPTHE) for the
enantioseparation of DL-Ser from human plasma by liquid chromatography coupled to mass
spectrometry. This reagent first was tested for the separation of 13 DL-amino acids in 22 min, with the
resolution from Rs (Thr): 1.62 to Rs (Pro): 2.51. This derivatization method was applied to analyzed DL-
Ser from the plasma of 10 healthy volunteers with a similar resolution. The authors do not show the
results for the other amino acids contained in the human plasma [125].

Derivatization mainly takes place on the terminal amine of the amino acid, which makes it possible to
study all amino acids simultaneously. However, it is possible to derivatize the amino acid with another
functional group to allow for more selective analysis. Thiols naturally occur in their reduced or oxidized
forms. The tripeptide, glutathione, is found in both of these forms and is primarily studied as a
biomarker for the assessment of oxidative stress. Russo et al. compared two cell-permeable



commercial derivatizing agents—N-ethyl maleimide (NEM) and (R)-(+)-N-(1-phenylethyl) maleimide
(NPEM)—for derivatization of biological thiols using a biphenyl reversed-phase liquid chromatography—
high-resolution mass spectrometry (LCHRMS). Four biological thiols were used for the evaluation:
cysteine (Cys), homocysteine (Hcy), N-acetylcysteine (NAC) and glutathione (GSH). The derivatization
efficiency of Cys and their derivatives by NEM and NPEM was 97% and 100%, respectively. NPEM also
allowed for the enhancement of ESI ionization. However, it was more prone to experience side
reactions, such as derivatization of amines and opening of the cycle, and it is more sensible to pH
variation, compared to NEM. For cell-permeable thiol-protecting reagent used on mild derivatizing
conditions to minimize the impact on the cellular structure and avoid artificial changes in metabolite
concentrations, NEM seems to be better than NPEM [126].

4. Concluding Remarks and Prospects

Homochirality is omnipresent in proteins as much by the D- and L-amino acid enantiomers as by the D-
and L-oligosaccharide enantiomers as post-translational modifications. The natural conversion of L/D-
amino acids in proteins takes place in a nonuniform manner. Thus, it is necessary to examine the
chirality of each amino acid in the proteinogenic sequence. For this determination, sequence-
dependent and sequence-independent strategies are possible. The sequence-dependent strategy can
be applied with two different methods. First, the protein is digested by an enzyme and each peptide
obtained was identified on the protein sequence by mass spectrometry analysis. Then, these peptides
were hydrolyzed on amino acid and then react with a standard protected amino acid, such as Boc-L-
Cys or Boc-L-Leu as an example. This method allows the LL- and DL-dipeptides formed, which have
different retention times, to be distinguished. The second consists of digesting the protein by a specific
enzyme. Various enzymes are enantioselective such as: endoproteinase Asn-N, L-isoaspartyl
methyltransferase, D-aspartyl endoproteinase and glutamyl endoproteinase Glu-C, which recognise
only L-a-Asp, L-B-Asp, D-a-Asp and L-Glu, respectively. The sequence-independent strategy, as far as it
is concerned, consists of hydrolyzing the protein under acidic conditions. The use of deuterated or
tritiated hydrochloric acid in heavy water exchanges the hydrogen on the alpha carbon on free amino
acid with a deuterium or tritium atom and limits the natural racemization. Although liquid
chromatography is widely used for the determination of D-amino acids, other separation techniques
are also used. Some chromatographic and electrophoretic techniques using commercial or synthetic
chiral stationary phases can be used for the enantioseparation of free amino acids and peptides. Among
these chiral stationary phases, the most recently used was based on polysaccharides, cyclodextrins,
crown-ethers, Brush-types, ion- and zwitterion-exchange, macrocycle antibiotics, cyclofructans and
ligand exchange. The comparative study of these different chiral stationary phases showed, in terms of
separation performance, that the Crownpak CR-I (+) column offered the best separation of DL-amino
acid and small peptide enantiomers. Another enantioseparation technique is based on a derivatization
reaction with a pure chiral compound on the free amino acids. Although the majority of commercial
((+)- or (=)-FLEC and S-NIFE) or synthetic ((R)- or (S)-BiAC and OTPTHE) derivatization reagents reaction
on the N-terminus of amino acids, some chiral reagents were developed to react with another amino
acid functional group for more selective analysis, like NEM and NPEM reagents on cysteine thiol
functions. For future work, given the many possibilities, new chiral stationary phases and derivatization
reagents can be developed and applied to different proteins with important biological functions. This
will make it possible to discover other D-amino acids and their position on the proteinogenic sequence
and their occurrence on human health and disease.
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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 [36-38], increased surface hydrophobicity [36], the appearance of post-
translational modifications such as oxidation [36, 39, 40], phosphorylation [39],
methylation [39, 41], deamination [40, 42], and acylation (particularly acetylation
[39], carbonylation [40], carboxymethylation [40]) [36], and racemization of amino
acids [43-48]. These changes can alter the three-dimensional structure, and the
biological activity of proteins, as well as induce dysfunctions and diseases.

41.1 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, 49-52]. These racemases can proceed to free amino acid isomeriza-
tion before or during peptide elongation [53]. Second, via a non-enzymatic process,
the amino acids isomerization is possible by a succinimidyl intermediate to form an
intramolecular cyclization [54]. 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 [44]. 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 (a-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 [55, 56]. To prevent this amino acids racemization, a DCl/D,O condition is
privileged [7, 57-59]. 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 [57].

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 [36]. 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 [36]. 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 [40, 42]. 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 formy]l,
also increases almost exponentially with age [36]. 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 [36]. 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 [60]. 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) [61]. 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 [61, 62].
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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) [61]. The most common collagen is
type I with two heterotrimer chains « 1 and 2 (Figure 4.1) that represents 90% of
total collagens [62]. 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 [63]. In addition,
the presence of D-amino acids in aging collagen [64-67] 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 [68, 69].
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FIGURE 4.1: Representation of the collagen type I structure
Created with BioRender.com



4.3. Study of aging collagen 51

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 [61].

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.

The chiral proteomic analysis applied to aging collagens by LC-MS: Amino
acid racemization, post-translational modifications, and sequence degradations
during the aging process

Marine Morvan, Ivan Miksik

Analytica Chimica Acta, 2023, 1262, 341260.

Supplementary data is available online



Article

The chiral proteomic analysis applied to aging collagens by LC-MS: amino acid
racemization, post-translational modifications, and sequence degradations during the aging
process

Marine Morvan*?”, Ivan Miksik?

! Institute of Physiology of the Czech Academy of Sciences, Videtiska 1083, 142 20 Prague, Czech
Republic

2 Department of Analytical Chemistry, Faculty of Chemical Technology, University of Pardubice,
Studentska 573, 532 10 Pardubice, Czech Republic

* corresponding author: marine.morvan@fgu.cas.cz (M. M.)

Citation: Morvan, M.; Miksik, I., The chiral proteomic analysis applied to aging collagens by LC-
MS: amino acid racemization, post-translational modifications, and sequence degradations during
the aging process, Analytica Chimica Acta 2023, 1262, 341260.
https://doi.org/10.1016/j.aca.2023.341260

Abstract: Collagen is the most abundant protein in the animal and human bodies, and it is not
exempt from this aging phenomenon. Some age-related changes may appear on collagen
sequences, such as increased surface hydrophobicity, the appearance of post-translational
modifications, and amino acids racemization. This study has shown that the protein hydrolysis
under deuterium conditions is privileged to limit the natural racemization during the hydrolysis.
Indeed, under the deuterium condition, the homochirality of recent collagens is preserved whose
amino acids are found in their L-form. However, in aging collagen, a natural amino acid
racemization was observed. These results confirmed that the % D-amino acids are progressive
according to age. The collagen sequence is degraded over time, and a fifth of the sequence
information is lost during aging. Post-translational modifications (PTMs) in aging collagens can
be a hypothesis to explain the modification of the hydrophobicity of the protein with the decrease
of hydrophilic groups and the increase of hydrophobic groups. Finally, the exact positions of D-
amino acids and PTMs have been correlated and elucidated.

Keywords: aging, chiral separation, collagen, D-amino acids, liquid chromatography, mass
spectrometry.



1. Introduction

Aging is a natural and uncontrolled phenomenon that the animal body, including human,
undergoes. In vivo, molecules are not exempt from this aging process. Indeed, some age-related
protein changes may appear like a loss of proteolytic capacity [1]-[3], increased surface
hydrophobicity [1], appearance of post-translational modifications such as oxidation [1], [4], [5],
phosphorylation [4], methylation [4], [6], deamination [5], [7], and acylation (particularly
acetylation [4], carbonylation [5], carboxymethylation [5]) [1], and racemization of amino acids
[8]-[13].

Recent animal and human proteins are found in their L-amino acid forms. However, during the
natural aging process, an amino acid racemization can take place in proteins via amino acids
racemases (enzymatic process) or/and via a succinimidyl intermediate (non-enzymatic process)
[14]. This amino acid racemization affects the three-dimensional protein conformation and can
induce some aggregation [15]-[18], disorder [16], malfunctions [16], misfolding [16], and toxicity
[16]. In addition, the amount of D-amino acids in proteins is progressive according to age. In 1975,
D-Asp enrichment in human tooth enamel proteins via natural racemization was measured as a
content of approximately 0,1 % per year [19]. Furthermore, some D-amino acids were related to
aging human proteins and can be linked to aging diseases. It is the case of D-Asp in elastin linked
to arteriosclerosis [20], [21], D-Asp in B-amyloid linked to Alzheimer’s disease [22], D-Asp, D-
Asn, D-Ser, and D-Thr in a-crystallin linked to cataract [9]. The complete list and the exact
position of these D-amino acids in till now described protein sequences are recently summarized
[14].

D-amino acids are also found in aging and/or ancient proteins and can be used for the age-
estimation. Indeed, different studies used the quantification of D-Asp from bone [23], lens [24],
and tooth [25], [26] for age-estimation, using a HCI/H2O protein hydrolysis. However, in a
hydrogenated environment, a natural racemization of L-amino acids to its enantiomer can take
place. Different kinetics were observed according to the nature of amino acids [27], [28]. To
prevent this amino acids racemization during the acidic hydrolysis, a DCI/D.O condition is
privileged [14], [24], [29], [30]. Indeed, in a deuterium environment, the hydrogen on the alpha
carbon was exchanged with a deuterium atom and decreases considerably the racemization.
Yasunaga et al. compared the racemization of D-Asp for age-estimation under HCI/H.O and
DCI/D20 hydrolysis conditions. Errors in age estimations were decreased by at least one-half
compared with that of the HCI/H20 hydrolysis method [24].

Recently, chiral chromatographic and electrophoretic separation methods for the enantioseparation
of (un-)derivatized D- and L-amino acids were described [14]. Mass spectrometry optimization
can also enhance the discrimination of derivatized D- and L-amino acids, specifically using ion-
mobility mass spectrometry [31], [32].



Collagen is the most abundant protein in animal bodies, including humans, and is the major
structural component of the extracellular matrix present in tissues and organs [33], [34]. To date,
28 different types of collagens were described [33]. However, the most common of them is
collagen type I which is found in 90 % [34]. Its three-dimensional structure is a triple-helix form
made up of polypeptide chains o 1 and 2 (COL1A1 and COL1A2). The appearance of D-amino
acids in the collagen protein reverses the rotation of the triple helix and decreases the helix-helix
interactions until the overall destabilization of the three-dimensional structure [35], [36]. However,
D-amino acids can also be involved in the cross-linking of assembly molecular material. Indeed,
in aging collagen, the presence of D-Ala and D-Glu destabilized the structure while D-Lys
stabilized it [2].

For this work, the amino acids racemization in collagen samples (type | alpha 1 and 2) from
different organisms (bovine and rat) and at different ages (recent, 4-months and 4-years) were
studied. Artificial aging was applied to standard bovine collagens to mimic natural aging. A
comparison of HCI/H.O and DCI/D-0 effects on collagen hydrolysis was studied. The amount of
D-amino acids in bovine collagen after artificial aging was compared to that obtained in rat
collagen all along the natural aging at the same age. After enzymatic treatment, arising peptides at
different ages were compared. Common peptides between recent and aging collagen were
identified as peptides from enzymatic digestions, and non-common peptides come from aging
degradations. The evolution of post-translational modifications on the collagen sequences was also
studied according to age. Finally, the exact position of D-amino acids and amino acids modified
by post-translational modifications were elucidated.

2. Materials and methods
2.1. Chemicals

Acetic acid (AcOH, >99,8%), acetic acid-d4 (DOAc, >99,9 atom %D), acetonitrile (ACN,
>99,9%), ammonium hydrogen carbonate (NHsHCO3, >99%), chloroform (99,8%), o-
chymotrypsin from bovine pancrease, type 11 (>40 units/mg protein), collagen from bovine achilles
tendon, type I (bovine collagens), deuterium chloride solution (DCI, >99,9 atom %D), deuterium
oxide (D20, 99.9 atom %D), dimethyl sulfoxide (DMSO, >99,9%), ethyl acetate (EtOAc,
>99,7%), formic acid (FA, >98%), heptafluorobutyric acid (HFBA, >99,5%), methanol (MeOH),
Na-(2,4-dinitro-5-fluorophenyl)-L-alaninamide (FDAA, Marfey’s reagent, >99%), pepsin from
porcine stomach mucosa (>2,500 units/mg protein (E1%/280)), phosphate buffer solution (1M, pH
7,4), proteinase K from Tritirachium album (>30 units/mg protein), sodium bicarbonate (NaHCOs,
>99,5%), tris(hydroxymethyl)aminomethane (Tris, >99,8%), trypsin from porcine pancreas
(13,000-20,000 BAEE units/mg protein) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Acetone (>99,5%) and sodium chloride (NaCl) were from Penta (Chrudim, Czech



Republic). Ultrapure water was obtained using a Milli-Q system from Millipore (Bedford, MA,
USA)

Hereditary hypertriglyceridemic (HTG) rats were originally selected from Wistar rats as
previously described [37]. HTG rats aged 4-months (bred in the Institute of Physiology, Academy
of Sciences of the Czech Republic, Prague) were studied. Age-matched normotensive Wistar-
derived Lewis rats were used as controls. Rats were housed under controlled conditions
(temperature 23+1 °C, 12 h : 12 h light-dark cycle). They were fed a standard rat chow (Velaz,
ST-I) containing 0.4% sodium chloride. Water and food were available ad libitum.

Amino acid: D-a-alanine (D-Ala, >98%), D-arginine (D-Arg, >98%), L-arginine (L-Arg, >98%),
D-aspartic acid (D-Asp, 99%), D-cysteine hydrochloride monohydrate (D-Cys, >98%), L-cysteine
(L-Cys, 97%), D-glutamic acid (D-Glu, >99%), glycine (Gly, >99%), D-histidine
monohydrochloride monohydrate (D-His, >98%), DL-5-hydroxylysine hydrochloride (DL-Hyl,
>98%), trans-4-hydroxy-D-proline (D-Hyp, 97%), DL-isoleucine (DL-lle, 99%), D-leucine (D-
Leu, 99%), D-lysine (D-Lys, >98%), DL-methionine sulfoxide (DL-Met sulfoxide, >98.5%), L-
methionine sulfoxide (L-Met sulfoxide, >98%), D-phenylalanine (D-Phe, >98%), D-proline (D-
Pro, >99%), L-proline (L-Pro, >99%), DL-serine (DL-Ser, >98%), D-serine (D-Ser, >98%), D-
threonine (D-Thr, >98%), L-threonine (L-Thr, >98%), D-tryptophan (D-Trp, >98%), L-tryptophan
(L-Trp, >98%), D-tyrosine (D-Tyr, 99%), L-tyrosine (L-Tyr, >98%), and D-valine (D-Val, >98%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). DL-a-alanine (DL-Ala), L-glutamic
acid (L-Glu), DL-leucine (DL-Leu), DL-methionine (DL-Met), and DL-B-phenyl-a-alanine (DL-
Phe) were obtained from Reachem (Mississauga, Canada). L-aspartic acid (L-Asp, 98%), L-
histidine (L-His, 98%), L-methionine (L-Met, 98%) and L-valine (L-Val, 98%) were obtained
from Roana (Budapest, Hungary). L-isoleucine (L-lle, allo-isoleucine free), L-lysine
monohydrochloride (L-Lys) were obtained from Calbiochem (San Diego, USA). L-
hydroxyproline NH.CH2.CH(OH).CH2 (L-Hyp, >98,5%) was obtained from BDH (BDH
Chemicals Ltd., Poole, UK).

2.2. Sample preparations
2.2.1. Standard and proteinogenic amino acids preparation
Standard amino acids preparation method: standard amino acids were dissolved in D>O at 50 mM.

Amino acids derivatization method: To standard and proteinogenic amino acid solutions, 100 puL
of NaHCO3 (1 M) in D,O was added, and 200 pL of 38.7 mM Noa-(2,4-dinitro-5-fluorophenyl)-L-
alaninamide (FDAA) in acetone. Solutions were vortexed and incubated at 40°C for 60 min.
Reactions were quenched by the addition of 50 pL of DCI (6 M) in D20. Compounds of interest
are extracted by ethyl acetate (0.5 mL). A saturated sodium chloride solution (300 puL) was added
in the aqueous phase to increase the difference in density between the aqueous and organic phases
and facilitate the extraction. Undesired hydrogen fluoride formed during the derivatization reaction
stays in the aqueous phase and is not injected to limit the HPLC and LC column degradations.



From extracted organic phases, 20 pL of these solutions in 20 uL of DMSO were analyzed by
HPLC at 340 nm or LC-MS.

2.2.2. Recent and aging collagens preparation
2.2.2.1. Artificial aging of bovine collagens

Bovine collagen samples (n=6) in phosphate buffer (100 mM, pH 7,4) at 2 mg.mL™ in glass tubes,
were placed outside under natural meteorological conditions for 4-months and 4-years.

2.2.2.2. Extraction of natural aging HTG rat collagens

Tendons from the tails of HTG rats (n=2) were scraped with a scalpel, then rinsed three times with
1M NaCl solution, each for 24h at 4°C. Extracted collagens were rinsed with ultrapure water and
lyophilized.

2.2.2.3. Enzymatic digestion

Recent and aging bovine and rat collagens type | alpha 1 and 2 were digested successively by
pepsin (0.1 mg.mL™? in 3 % AcOH, 50/1 sample/enzyme, w/w) and trypsin (0.02 mg.mL? in 50
mM NH;HCO3, 50/1 sample/enzyme, w/w). Collagen residues were lyophilized after both
enzymatic treatments. Bovine and rat 4-months aging collagens produce an insoluble material after
these treatments while recent and 4-years aging collagens do not. These insoluble parts were then
digested by proteinase K (0.05 mg.mL™ in 10 mM Tris, 50/1 sample/enzyme, w/w), and resulting
insoluble parts were digested by chymotrypsin (0.04 mg.mL? in 50 mM NHsHCOs, 50/1
sample/enzyme, w/w). The totality of bovine and rat 4-months aging collagens was soluble after
chymotrypsin enzymatic treatment. Each enzymatic digestion was performed overnight at 37°C in
the darkroom.

2.2.2.4. Hydrolysis

Proteins and peptides hydrolysis method: intact proteins and each peptide fraction were
hydrolyzed in individual glass tubes placed into 10-mL Pierce Reacti-vials (Kimble Chase,
Mexico) that had been purged with nitrogen thrice. After 18 h at 130°C in 400 pL 1:1
DCI/(2H4)acetic acid (DCI/DOAC) on the bottom of the vial, 200 uL of D,O was added to the
proteinogenic amino acid solution obtained in each tube. Then, these proteinogenic amino acids
were derivatized following the amino acids derivatization method described in section 2.2.1.

2.3. HPLC parameters
2.3.1. HPL.C for amino acids analysis

Analyses were performed in a HPLC system from Agilent (Agilent Technologies, Santa Clara,
USA). Mobile phase A constituted to 0.1 % of FA in ultrapure water (v/v) and mobile phase B
constituted to 0.1 % of FA in ACN (v/v). The chromatographic column was the Phenomenex Aeris



3.6 um peptide XB-C18, 250 x 2.1 mm (Phenomenex Inc., Torrance, USA). The mobile phase
operated in gradient mode, starting at 2 % mobile phase B and increasing for 30 min to reach 8 %
B, 110 min to reach 40 %, and then increasing to 100 % B at 125 min, remaining for 20 min, and
returning to 2 % B for 10 min maintaining constant until the end of the analysis. The flow rate was
set at 0.250 mL.min%, the column was held at ambient temperature (25 °C), the injection volume
was 5 L, and UV detection was performed at 340 nm.

The Agilent HPLC system was connected to a maXis quadrupole time-of-flight (Q-TOF) mass
spectrometer with ultrahigh resolution (Bruker Daltonics, Bremen, Germany).

2.3.2. HPLC for peptides analysis

Analyses were performed on an HPLC system from Agilent (Agilent Technologies, Santa Clara,
USA) consisting of a degasser, binary pump, autosampler, thermostatted column compartment and
multi-wavelength detector. Mobile phase A constituted to 0.1 % of HFBA in ultrapure water (v/v)
and mobile phase B constituted to 0.1 % of HFBA in ACN (v/v). Elution was achieved using a
linear gradient when separation was started by running the system isocratically for two minutes
with 2 % of mobile phase B, followed by a gradient elution to 35 % B at 40. min, Next gradient
was 10 minutes to 100 % B. Finally, the column was eluted with 100 % B for 10 min. Equilibration
before the next run was achieved by washing with buffer A for 10 min. The chromatographic
column was the Jupiter 4 um Proteo 90A column (250 x 2 mm ID, Phenomenex Inc., Torrance,
USA). The flow-rate was 0.250 mL.min™, the column temperature was held at 25°C and UV
absorbance detection was done at 214 nm, injection volume was 20 pL.

Bovine and rat collagen peptides obtained after enzymatic treatments were separated and collected
in several fractions, e.g. 31 fractions for collagen sample treated by pepsin and trypsin, 41 fractions
after proteinase K treatment, and 37 fractions after chymotrypsin treatment. Chromatograms with
fraction delimitations are presented in supplementary materials (Figures S1, S2, and S3).

2.4. NanoL.C-MS parameters

The nanoHPLC apparatus used for protein digest analysis was a Proxeon Easy-nLC (Proxeon,
Odense, Denmark). It was coupled to an ultrahigh resolution MaXis Q-TOF (quadrupole — time of
flight) mass spectrometer (Bruker Daltonics, Bremen, Germany) by nanoelectrosprayer. The nLC-
MS/MS instruments were controlled with the software packages HyStar 3.2 and micrOTOF-
control 3.0. The data were collected and manipulated with the software packages ProteinScape 3.0
and DataAnalysis 4.0 (Bruker Daltonics).

Five microliters of the peptide mixture were injected into an NS-AC-12dp3-C18 Biosphere C18
column (particle size: 3 um, pore size: 12 nm, length: 200 mm, inner diameter: 75 um) with an
NS-MP-10 Biosphere C18 precolumn (particle size: 5 um, pore size: 12 nm, length: 20 mm, inner
diameter: 100 pum), both manufactured by NanoSeparations (Nieuwkoop, Holland).



The separation of peptides was achieved via a linear gradient between mobile phase A (ultrapure
water) and B (ACN), both containing 0.1 % FA (v/v). Separation was started by running the system
with 5 % mobile phase B, followed by a gradient elution to 7 % B at 5 min, and 30 % B at 180
min. The next step was a gradient elution to 50 % B in 10 min and then a gradient to 100 % B in
10 min. Finally, the column was eluted with 100 % B for 20 min. Equilibration between the runs
was achieved by washing the column with 5 % mobile phase B for 10 min. The flow rate was
0.200 pL.mint and the column was held at ambient temperature (25 °C).

2.5. MS parameters

Online nano-electrospray ionization (easy nano-ESI) was used in positive mode. The ESI voltage
was set to +4.5 kV, scan time: 3 Hz. Operating conditions: drying gas (N2): 4 L.min%; drying gas
temperature: 180 °C; nebulizer pressure: 100 kPa. Experiments were performed by scanning from
50 to 2200 m/z. The reference ion used (internal mass lock, chip cube high mass reference (HP-
1221), Agilent Technologies, Waldbronn, Germany) was a monocharged ion of C24H19F36N306P3
(m/z 1221.9906). Mass spectra corresponding to each signal from the total ion current
chromatogram were averaged, enabling an accurate molecular mass determination. All HPLC-MS
and nanoL.C-MS analyses were done in duplicate.

2.6. Peptide identifications

Peptide data were processed using ProteinScape software (Bruker Daltonics, Bremen, Germany).
Collagen type I alpha 1 and 2 chains were identified by correlating tandem mass spectra to the
NCBI, IPI, and SwissProt databases, using the MASCOT search engine
(http://www.matrixscience.com). The taxonomy was limited to Bos taurus and Rattus norvegius
due to the provenance of the samples. SemiTrypsin was chosen as the enzyme parameter. Three
missed cleavages were allowed, and an initial peptide mass tolerance of +15.0 ppm was used for
MS and £0.03 Da for MS/MS analysis. Arginine, asparagine, and glutamine were assumed to be
deamidated, methionine to be dioxidized, lysine, methionine, and proline to be oxidized, lysine,
serine and threonine to be formylated, lysine to be acetylated, carbamylated, carboxylated and
carboxymethylated, arginine, aspartic acid, cysteine, histidine, lysine, serine, threonine, and
tyrosine were allowed to be phosphorylated. All these possible modifications were set to be
variable. Monoisotopic peptide charge was set at 1+, 2+, and 3+. The Peptide Decoy option was
selected during the data search process to remove false-positive results. Only significant hits
(accepted as identified on ProteinScape) were selected.

3. Results and discussion
3.1. Effect of hydrolysis conditions

Figure 1 shows the amino acid racemization of recent bovine collagens under HCI/H2O (Figure
1A) and DCI/D20 (Figure 1B) hydrolysis conditions. Amino acid racemization takes place only
under HCI/H2O hydrolysis conditions for all amino acids except Ser and Thr which were not



racemized. Methionine, phenylalanine, tryptophan, and tyrosine were not detected. For this work,
a DCI/D20 hydrolysis is privileged to limit the racemization during the hydrolysis and not distort
the results when determining the % D-amino acids.
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Figure 1: Effect of hydrolysis conditions on proteinogenic amino acid racemization from standard bovine collagens. Hydrolysis
conditions: HCI/H20 (A) and DCI/D20 (B). Peak 1 identifies amino acids in their L-form and Peak 2 in their D-form. Exact masses
of derivatized amino acids: 342,104420 (Ala), 427,168420 (Arg), 386,094250 (Asp), 400,109900 (Glu), 408,126220 (His),
384,151370 (lle/Leu), 651,211740 (Lys), 368,120070 (Pro), 358,099340 (Ser), 372,114990 (Thr), 370,135720 (Val) and
384,114990 (Hyp).

3.2. D-amino acids in aging collagens

This chiral analysis method, described in section 2.3.1 and newly developed for this work using
standard amino acids, was then used to confirm the presence of D-amino acids in bovine collagen
after in vitro artificial aging, at different ages. In addition, this analytical method was also used for
the detection of D-amino acids in rat collagen with in vivo natural aging. Preliminary study was



performed to confirm the presence of amino acid only in their L-form in recent bovine collagen
(Table S5). During the aging process, the artificial amino acid racemization, applied to bovine
aging collagens, mimes the natural amino acid racemization. Most of the different amino acids
were racemized over time. It is the case of D-Arg, D-Asp, D-Leu, D-Pro, D-Ser, D-Thr, and D-
Val most frequently racemized in 4-years than in 4-months collagen samples. In addition, the
percentage of Arg, His, Thr, and Val in their D-form was higher in the older sample (Figures 2 and
3, Figures S4 and S5, Table S1 — S5).
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Figure 2: Representation of % D-amino acids in 4-months aging bovine collagen fractions (n=2) after pepsin and trypsin enzymatic
treatment. Percentages of D-amino acids superior to 50 % are indicated on the graph. All percentages of D-amino acids are
summarized in Table S1. The total % RSD of %D-amino acids was 4.37 %.
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Figure 3: Representation of % D-amino acids in 4-years aging bovine collagen fractions (n=3) after pepsin and trypsin enzymatic
treatment. Percentages of D-amino acids superior to 50 % are indicated on the graph. All percentages of D-amino acids are
summarized in Table S2. The total % RSD of %D-amino acids was 10.97 %.

Most interesting amino acid fractions of bovine collagens were selected and compared to the same
amino acid fractions of rat collagens at the same age. The selection of fractions was made based
on the high percentage of amino acid racemization, and the diversity of the nature of amino acids
racemized. The comparison of the percentage of D-amino acids is shown in Figures S6 and S7 and
table S2 and S6. Into selected fractions of soluble part of collagen after pepsin and trypsin
enzymatic treatment, some D-amino acids, e.g. D-Arg, D-lle, D-Leu, D-Phe, D-Pro, and D-Tyr,
were present in bovine collagen after artificial aging and not in rat collagen with natural aging.
Other amino acids were less frequently present in rat collagen with natural aging, such as D-Asp,
D-His, D-Ser, and D-Hyp. Conversely, D-Thr and D-Val were more frequently present in rat
collagen with natural in vivo aging. Concerning the % D-amino acids, D-Glu, D-His, D-Thr, and
D-Val were most racemized in their D-form in rat collagen with natural aging. The same trend was
observed in selected fractions of the insoluble part of bovine and rat collagens after pepsin, trypsin,
and proteinase K enzymatic treatment (Figure 4 and Table S3 and S7). Some D-amino acids, e.g.
D-Arg, D-Lys, D-Phe, and D-Pro, were present in bovine collagen and not in rat collagen. D-Asp,
D-His, D-Ser, and D-Hyp were less frequently present in rats. Conversely, D-Thr was more
frequently present in rat collagen. Concerning the % D-amino acids, D-Glu and D-Thr were most
racemized in their D-form in rat collagen with the natural aging, and D-Val was most racemized
in bovine collagen after the artificial aging.
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Figure 4: Representation of % D-amino acids in selected fractions of bovine and rat aging collagen after pepsin, trypsin, and
proteinase K enzymatic treatment. Percentages of D-amino acids superior to 50 % are indicated on the graph. All percentages of
D-amino acids are summarized in Table S3 and S7. The total % RSD of %D-amino acids from rat collagen was 7.07 %.

3.3. Peptide analysis

Peptides in each fraction from recent and aging collagens were analyzed by nanoLC-MS (sections
2.4 and 2.5) and identified (section 2.6)

3.3.1. Position of D-amino acids

The identification of peptides in each collected fraction (for the method see section 2.6) allowed
us to determine their position on the bovine and rat collagen sequences (type | alpha 1 and 2).
Regrouping the racemization rate of each amino acid in each fraction (section 3.2) and the peptide
identification in these same fractions, the exact position of amino acids totally racemized in their
D-form have been determined on the bovine and rat collagen sequences (Figure 5, 6, S8 and S9,
Table 1 and S8).

In bovine collagens, 21 specific sites of Thr were identified as totally racemized in the D-form for
4-months aging sample and 18 specific sites for 4-years aging sample in the COL1AL collagen
sequence. Their exact positions have shown that 70 % of them were common at both ages. For
COL1A2, 14 and 15 Thr specific sites were found in the 4-months and 4-years aging samples
respectively, and 45 % were common at both ages. These specific sites of D-Thr totally racemized
represent 48 % (4-months) and 41 % (4-years) of total Thr on the bovine COL1A1 sequence. For
bovine COL1A2, these D-Thr specific sites represent 32 % (4-months) and 34 % (4-years) of total
Thr on the protein sequence. D-Val was exclusively totally racemized in 4-months aging collagens
and represent 19 % of total Val on bovine COL1A1 and 4 % on bovine COL1A2 sequences. D-



Arg was entirely racemized in 4-years aging collagens and represented 75 % of total Arg on bovine
COL1A1 and 63 % on bovine COL1A2 sequences.

For amino acids totally racemized in fractions of 4-month aging rat collagens selected according
to most promising bovine fractions at the same age, 12 specific sites for D-Glu (17 %) and 6 for
D-Val (14 %) were identified in COL1A1L. In COL1A2, 10 specific sites for D-Glu (16 %) and 6
for D-Val (12 %) were identified.

Table 1: Exact position of D-amino acids totally racemized in their D-form on the bovine collagen
sequences at different ages.

COL1A1 COL1A1 COL1A2 COL1A2
AA Position  4-months  4-years AA Position  4-months  4-years
R 131 v R 31 v
186 v 38 v
219 v 41 v
239 v 130 v
243 v 154 v
252 v 163 v
267 v 178 v
303 v 232 v
309 v 280 v
311 v 325 v
321 v 340 v
360 v 379 v
369 v 397 v
414 v 411 v
468 v 421 v
471 v 430 v
486 v 438 v
510 v 448 v
527 v 474 v
563 v 484 v
573 v 571 v
597 v 586 v
630 v 607 v
675 v 643 v
684 v 661 v
696 v 669 v
732 v 673 v
744 v 691 v
762 v 706 v
795 v 739 v
801 v 775 v
864 v 792 v
881 v 828 v




917 v 877 v
957 v 904 v
966 v 924 v
969 v 946 v
993 v 976 v
1013 v 994 v
1025 v 1003 v
1035 v 1015 v
1065 v 1051 v
1083 v 1078 v
1092 v 1116 v
1104 v 1203 v
1140 v 1216 v
1167 v

1169 v

1213 v

1435 v

117 v 29 v
327 v v 168 v v
336 v v 207 v
444 v 211 v
453 v v 337 v v
540 v v 382 v v
552 v v 424 v

765 v 561 v

792 v v 601 v v
873 v v 658 v

912 v v 741 v v
947 v v 754 v

1038 v 784 v v
1068 v v 793 v

1097 v 832 v v
1170 v v 852 v v
1232 v v 858 v v
1233 v v 1319 v
1366 v 1325 v
1380 v 1331 v
1430 v v

1431 v v

1433 v v

599 v 156 v

606 v 157 v

686 v

921 v

1056 v




1 MFSFVDLRLL

51  DVWKPVPCQT
101  SPTDQLTTGY
151 GPPGLGGNEA
201 QGPPGEPGED
251  ARGLPGIAGL
301 GPRGLPGERG
351 KGRGGPQGPR
401 APGIAGAPGE
451  GPTGIQGEEG
901  AGPKGPAGCER
551  KIGPPGPAGQ
601 GEEGAVGPAG
651  PGEAGKPGED
701 APGNNGAKGD
751 GADGAPGKDG
801 RGEPGEECPA
851  PIGNVGAPGP
901  GKEGSKGPRG
951  QCLAGQRCVY
1001 PPGLAGPPGE
1051  GAPGPVGPAG
1101  OGDRGLKGHR
1151 KDGLNGLEGP
1201  PQPFQEKAHD
1251  RKNEARTCRD
1301  PTQPSVAQKN
1351 LTFLRLMSTE

TLLLARTALLT
CVCDNGNVLC
EGPKGDTGER
POLSYGYDEK
GASGPMGPRG
PGMKGHRGE'S
RPGAPGPAGA
GSEGPOGVRG
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GAPGPAGPEG
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CFAGPPGADG
KGARGSAGPP
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LEMCHSDWKS
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ASONITYHCK

HGOEEGOERG
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GPRGPAGPPG
STGISVPGEM
PPGPPGENGD
GLDGAKGDAG
RGNDGATGAR
EPGPPGPAGA
GPSGPPGPKG
RCEPCPACLP
SPGEAGRPGE
CGARGQAGVMG
PCPAGPACER
PSGARGERGF
GAPGLOGMPG
PGPAGAPGDK
OPGAKGEPGD
GATGFPGAAG
VEPPGPPGPA
FPCLPCPSGE
GSPGRDGSPEG
AGPAGPIGPV
PPGEPGEQGY
GDAGEARGPPG
NVVRDRDLEW
GEYWIDPNQG
RIVWYCESMT

NSVAYMDOOT

1401 GNERFTYSVT

1451 QLFCIDVGPA

YDGCTSHTGA

CrL
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CPNAEVPTDE
RDGIPGQEGL
GPSGPRGLPG
DGEMGKPGRE
PAGPKGEPGS
GPPGPTGRAG
AGPAGNPGAD
NSGEPGAPGS
CPPGERCCPC
AGLPGAKGLT
FPGPKGAAGE
GEQGPAGSPG
PGERGVQGRP
FRGAAGTFGP
GEAGPSGPAG
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Figure 5: Exact position of D-amino acids totally racemized in their D-form on the bovine collagen COL1A1 sequence at 4-months
(left) and 4-years (right).



1 MFSFVDLRLL LLLAATALLT HGQEEGQEEG QEEDIPPVTC VQNGLRYHDR 50 1 MFSFVDLRLL LLLGATALLT HGQEDIPEVS CIHNGLRVPN GETWKPDVCL 50

51 DVWKPVPCQT CVCDNGNVLC DDVICDELED CPNAKVPTDE CCPVCPEGQE 100 51 [CICHNGTAV CDGVLCKEDL DCPNPQKREG ECCPFCPEEY VSPDAEVIGV 100
101  SPTDQLTTGY EGPKGDTGPR GPRGPAGPPG RDGLPGQPGL PGPPGPPGPP 150 101 EGPKGDPGPQ GPRGPVGPPG QDGIPGQPGL PGPPGPPGPP GPPGLGGNEA 150
151 GPPGLGGNFA PQLSYGYDEK STCISVPGPM CPSCPRCLPC PPGAPGPQGE 200 151 SOMSYGYDEK SAGVSVPGPM GPSGPRGLPG PPGAPGPQGE QGPPGEPGEFR 200
201 QCPPGEPCEP CASGEMCPRG PPCPPCENGD DCEACKPGRE GERCPPGEQGC 250 201 GASGPMGPRG PPGPPGKNGD DGEAGKPGRP C PP )G ARGLE 5L 250
251 ARGTPGTAGT, PGMKGHRGFS GTNGAKGDAG PAGPKGEPGS PGRENGAPGQOM 300 251 PGMKGHRGEF'S GLDGAKGDTG PAGPKGEPGS PGENGAPGOM GPRGLPGERG 300
301 GPRGLPGERG RPGAPGPAGA RGHNDGATGAA GPPGPTGPAG PPGEFPGAVGA 350 301 RPGPPGSAGA RGNDGAVGAA GPPGPTGPTG PPGFPGAAGA KGEAGPQGAR 350
351 KCECGPQGPR GSEGPQUVRG EPCPPCPAGA AGPACNPGAD GQPCAKGANG 100 351 GSEGPQGVRG EPGPPGPAGA AGPAGNPGAD GOPGAKGANG APGIAGAPGF 400
A01 APGIAGAPGF PGARGPSGPD GPSGPPGPKG NSGEPGAPGS KGDTGAKGEP 150 401 PGARGPSGP() GPSGAPGPKG NSGEPGAPGN KGDTGAKGEP GPAGVQGPPG 450
451 GPTGIQGPPG PAGEEGKRGA RGEPGPAGLE GPPGERGGPG SRGFPGADGV 500 451 PAGEEGKRGA RGEPGPSGLE GPPGERGGPG SRGFPGADGV AGPKGPAGER 500
501 AGPKGPAGER GAPGPAGTPEG SPGEAGRPGE AGLPGAKGLT GSPGSPGPOG 550 501 GSPGPAGPKG SPGEAGRPGE AGLPGAKGLT GSPGSPGPDG KTGPPGPAGQ 550
551 KTGPPGPAGQ DGREGPEGPP GARGQAGVMG I'PGPKGARGE PGKAGLRGVE 600 551 DGRPGPAGPP GARGQAGVMG FPGPKGTAGE PGKAGERGVP GPPGAVGPAG 600
601 GPPGAVGPAC KDGEAGAQGP PGPAGPAGLR CLOGPAGSPC TQGLPGPAGP 650 601 KDGEAGAQGA PGPAGPAGER GEQGPAGSPG FQGLPGPAGP PGEAGKPGEQ 650
651 PGEAGKPGRQ GVPGNDTGAPG PSGARGRRGF PGRRGVOGPP GPAGPRGANG 700 651 GVPGDLGAPG PSGARGERGE PGERGVQGPP GPAGPRGNNG APGNDGAKGD 700
701 APGNDGAKGD AGAPGAPGSQ GAPGTOGMPG FRGAAGT PGP KGDRGDAGPK 750 701 TGAPGAPGSQ GAPGLOGMPG ERGAAGLPGP KGDRGDAGPK GADGSPGKDG 750
751 GADGAPGKDG VRGLTGPIGE PGPAGAPGDK GEAGPSGPAG PTGARGAPGD 800 151 VRGLTGPIGF PGPAGAPGDK GETGPSGPAG PTGARGAPGD RGEPGPPGPA 800
BO1 RCEPGPPCPA CFAGPPCADC QPCAKCEPGD AGAKCDAGPP GPACPAGPPC 850 801 GFAGPPGADG QPGAKGEPGD TGVKGDAGPP GPAGPAGPPG PIGNVGAPGP 850
851 PIGNVGAPGP KGARGSAGPP GATGFPGAAGC RVGFPGPSGN AGFPGPPGPA 900 851 KGSRGAAGFPP GATGFPGARG RVGPPGPSGN AGPPGPPGPV GKFEGGKGFRG 900
801 GKEGSKGPRG ETGPAGRPGE VGPPGPPGPA GEKGAPGADG PAGAPGTPGPR 850 901 ETGPAGRPGE VGPPGPPGPA GEKGSPGADG PAGSPGTPGP QGIAGQRGVV 950
951 QGIAGORGVV GLPGQRGERG FPGLPGESGE PGKQGPSGAS GERGPPGPMG 1000 951 GLPGQRGERG FPGLPGPSGE PGKQGPSGAS GERGPPGPMG PPGLAGPPGE 1000
1001 FPPGLACPPGE SCREGAPCAL GSPGRDGSPC AKGDECGLTCE ACFPGAFGAF 1050 100 SGRE iAE GSPGRDGAPG AKGDE GP AGPPGAPGAP GAPGPVGPAG 1050
1051 GAPGPVGPAG KSGDRCETGFP AGPAGPIGPV GARGPAGPQG PRGDKGETGE 1100 1051 KNGDRGETGP AGPAGPIGPA GARGPAGPQG PRGDKG E QGDRGIKGHR 1100
1107 QGNDRGTKGHR GFSGTOGPPG PPGSPGROGP SGASGPAGPR GPPGSAGSPG 1150 1101 GFSGLOGPPG SPGSPGEQGP SGASGPAGPR GPPGSAGSPG KDGLNGLPGP 1150
1151 KDGINGTPGP TGPPGPRGRT GNAGPAGPPG PPGPPGPPGP PSGGYNT.SFI 1200 1151 IGPPGPRGRT GDSGPAGPPG PPGPPGPPGEP PSGGYDFSFL POQPPQEKSQOD 1200
1201  PQPPQEKAHD CGCRYYRADDA NVVRDRDLEV DTTLESLEQQ IENIRSPEGS 1250 1201  GGRYYRADDA NVVRDRDLEV DTTLKSLSQQ IENIRSPEGS RKNPARTCRD 1250
1251 RENPARTCRD LEMCHSDWKS CEYWIDPNQG CNLDAIKVFC NMETCETCVY 1300 251 LEMCHSDWKS GEYWIDPNQG CNLDAIKVYC NMETGQTCWE PTQPSVPQOKN 1300
1301 PTQPSVAQKN WYISKNPKEK RHVWYGESMT GGFQFEYGGQ GSDPADVAIQ 1350 1301 WYISPNPKEK KHVWEFGESMT DGFQFEYGSE GSDFADVAIQ LTFLRLMSTE 1350
1351 LTFLRLMSTE ASQNITYECK NSWAYMDQQT GNLKEALLLY GSNEIETRAE 1400 1351  ASQNITYHCK NSVAYMDQQT GNLEKSLLLQ GSNEIELRGE GNSRFTYSTL 1400
1401 GNERFTYSVT YDGOTEHTGA WGKTVIEYKT TETSELFIID VAPLDVGAPD 1450 401 VI SHTGT WGKTVIEYKT TKTSRLPIID VAPLDIGAPD QEFGMDIGPA 1450
1451  QEFGIDVGPA CTL 1463 451 CFV 1453

Figure 6: Exact position of D-amino acids totally racemized in their D-form on the bovine collagen COL1A1 sequence at 4-months
(left) and on the rat collagen COL1A1 sequence at 4-months (right).

3.3.2. Peptides from enzymatic digestion and aging degradation

After successively enzymatic digestions by pepsin and trypsin, all peptides and residues from
recent and aging bovine collagens (COL1Al and COL1A2) were soluble and identified by
nanoL.C-MS (section 2.4). Peptides from the insoluble part of collagen protein after pepsin and
trypsin treatment at 4-months of aging were not added in the study. Arising peptides in aging
soluble collagen samples common to arising peptides in recent collagen were identified as peptides
from enzymatic digestions. Other peptides were identified as peptides from aging degradation
(Figure 7). For aging bovine collagens type I alpha 1 and 2 (COL1A1 and COL1A2), the number
of peptides from aging degradation is higher than arising peptides from enzymatic digestions.
Indeed at 4-months, 46 % (COL1A1l) and 48 % (COL1A2) of peptides come from aging
degradations for both collagen types, and 55 % (COL1A1) and 46 % (COL1A2) at 4-years. The
total of arising peptides from enzymatic digestion and aging degradation did not reach 100 % for
both collagen chains and at both ages. Approximately, a fifth of the sequence information was lost
during aging.
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Figure 7: Number of arising peptides from enzymatic digestion and aging degradation in recent, 4-month, 4-year bovine artificial
aging collagens.

3.3.3. Post-translational modifications during the aging process

Hydrophilic (e.g. oxidation, dioxidation, deamidation, phospho, sulfo) and hydrophobic (e.g.
acetyl, carbamyl, carboxy, carboxymethyl, carboxyethyl, formyl, methyl) post-translational
modifications were studied on the bovine and rat collagen sequences (COL1A1 and COL1A2).
Differences according to the organism, age, and artificial/natural aging were observed. The number
of modifications and the corresponding percentage according to the total number of possible
modified sites are summarized in Table 2 and S9-11 for each sample at different ages.

Based on previous results (see section 3.3.2), about a fifth of bovine sequence information was
lost during aging. The post-translational modifications studies show that the percentage of
hydrophilic modifications (deamidation, phospho and sulfo) in COL1A1 decreases considerably.
Exception for oxidation modifications on lysines, methionines, and prolines (exact positions in
Figures S10 — S12, Tables S9, and S10), which increase in 4-months samples, before decreasing
in older samples in correlation with the degradation and the loss of sequence information. On the



other hand, the polypeptide chain alpha 2 seems more subject to hydrophobic (acetyl, carbamyl,
carboxymethyl, formyl, and methyl) modifications than the COL1AL, during the aging process.
Exception for oxidation and phospho modifications which increase (Table 2). In sum, the decrease
of hydrophilic groups and the increase of hydrophobic groups during aging may be a hypothesis
to explain the evolution of the insolubility of collagen along life, to add to the protein degradations.
The comparison between artificial (bovine) and natural (rat) aging on post-translational
modifications on collagen sequences is summarized in Table 3. The percentages of modifications
were slightly higher under artificial aging.

Table 2: Total number and percentage of post-translational modifications on bovine collagen COL1A1 and COL1A2 sequences
at different artificial aging.

COL1A1
Modifications Amino acids Recent % 4- % 4- %
(n=3) recovery months recovery years recovery
(n=2) (n=3)
Oxidation KPM 79 22,8% 98 28,2% 65 18,7%
Dioxidation M 0 0% 0 0% 0 0%
Deamidation NQR 5 3,4% 4 2,7% 3 2,0%
Phospho CDKHRSTY 27 8,0% 20 5,9% 9 2,7%
Acetyl K 0 0% 1 1,8% 0 0%
Carbamyl K 0 0% 0 0% 0 0%
Carboxy K 0 0% 0 0% 0 0%
Carboxymethyl K 0 0% 0 0% 0 0%
Carboxyethyl K 0 0% 0 0% 0 0%
Formyl KST 9 5,3% 12 7,1% 9 5,3%
Methyl DE 4 3,0% 3 2,2% 2 1,5%
Sulfo STY 4 3,2% 4 3,2% 1 0,8%
COL1A2
Modifications Amino acids Recent % 4- % 4- %
(n=3) recovery months recovery years recovery
(n=2) (n=3)
Oxidation KPM 40 138% 56 19,4% 40 13,8%
Dioxidation M 0 0% 0 0% 0 0%
Deamidation NQR 4 2,6% 3 1,9% 4 2,6%
Phospho CDKHRSTY 9 2,9% 16 5,2% 17 5,6%
Acetyl K 0 0% 0 0% 1 2,0%
Carbamyl K 0 0% 1 2,0% 0 0%
Carboxy K 0 0% 0 0% 0 0%
Carboxymethyl K 0 0% 0 0% 1 2,0%
Carboxyethyl K 0 0% 0 0% 0 0%
Formyl KST 4 2,5% 6 3,8% 7 4,5%
Methyl DE 2 1,9% 3 2,9% 3 2,9%
Sulfo STY 1 0,8% 1 0,8% 0 0%




Table 3: Number and percentage of post-translational modifications on bovine and rat collagens COL1A1 and COL1A2 sequences

at 4-months after pepsin and trypsin enzymatic treatment.

COL1A1

Modifications Amino acids 4-months % recovery 4-months % recovery

bovine rat (n=2)

(n=2)
Oxidation KPM 89 25,5% 57 16,4%
Dioxidation M 0 0% 0 0%
Deamidation NQR 3 2% 2 1,4%
Phospho CDKHRSTY 18 5,6% 4 1,2%
Acetyl K 1 1,8% 0 0%
Carbamyl K 0 0% 0 0%
Carboxy K 0 0% 0 0%
Carboxymethyl K 0 0% 0 0%
Carboxyethyl K 0 0% 0 0%
Formyl KST 8 5,0% 3 1,8%
Methyl DE 3 2,1% 1 0,7%
Sulfo STY 2 1,7% 0 0%

COL1A2

Modifications Amino acids 4-months % recovery 4-months % recovery

bovine rat (n=2)

(n=2)
Oxidation KPM 39 13,2% 31 10,7%
Dioxidation M 0 0% 0 0%
Deamidation NQR 2 1,3% 2 1,3%
Phospho CDKHRSTY 12 4,0% 5 1,6%
Acetyl K 0 0% 0 0%
Carbamyl K 0 0% 0 0%
Carboxy K 0 0% 0 0%
Carboxymethyl K 0 0% 0 0%
Carboxyethyl K 0 0% 0 0%
Formyl KST 4 2,7% 4 2,5%
Methyl DE 3 2,8% 1 1,0%
Sulfo STY 1 0,9% 1 0,8%

3.3.4. Comparison of exact positions of D-amino acids and posttranslational modifications

Both amino acid racemization and post-translational modifications can appear, simultaneously or
not, during aging. Figures 8 and S14-18 regroup the exact position of D-amino acids totally
racemized and the exact position of post-translational modifications.
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151 GPPGLGGNFA PQLSYGYDEK STGISVPGPM GPSGPRGLPG PPGAPGPQGF 200
201 QGPPGEPGEP GASGPMGPRG PPGPPGKNGD DGEAGKPGRP GERGPPGPQG 250
251 ARGLPGTAGL PGMKGHRGFS GLDGAKGDAG PAGPKGEPGS PGENGAPGQM 300
301 GPRGLPGERG RPGAPGPAGA RGNDGATGAA GPPGPTGPAG PPGFPGAVGA 350
351 KGEGGPQGPR GSEGPQGVRG EPGPPGPAGA AGPAGNPGAD GQPGAKGANG 400
401 APGIAGAPGF PGARGPSGPQ GPSGPPGPKG NSGEPGAPGS KGDTGAKGEP 450
451 GPTGIQGPPG PAGEEGKRGA RGEPGPAGLP GPPGERGGPG SRGFPGADGV 500
501 AGPKGPAGER GAPGPAGPKG SPGEAGRPGE AGLPGAKGLT GSPGSPGPDG 550
551 KTGPPGPAGQ DGRPGPPGPP GARGQAGVMG FPGPKGAAGE PGKAGERGVP 600
€601 GPPGAVGPAG KDGEAGAQGP PGPAGPAGER GEQGPAGSPG FQGLPGPAGP 650
e51 PGEAGKPGEQ GVPGDLGAPG PSGARGERGEF PGERGVQGPP GPAGPRGANG 700
701 APGNDGAKGD AGAPGAPGSQ GAPGLQGMPG ERGAAGLPGP KGDRGDAGPK 750
751 GADGAPGKDG VRGLTGPIGP PGPAGAPGDK GEAGPSGPAG PTGARGAPGD 800
801 RGEPGPPGPA GFAGPPGADG QPGAKGEPGD AGAKGDAGPP GPAGPAGPPG 850
851 PIGNVGAPGP KGARGSAGPP GATGFPGAAG RVGPPGPSGN AGPPGPPGPA 900
901 GKEGSKGPRG ETGPAGRPGE VGPPGPPGPA GEKGAPGADG PAGAPGTPGP 950
951 QGIAGQRGVV GLPGORGERG FPGLPGPSGE PGKQGPSGAS GERGPPGPMG 1000
1001 PPGLAGPPGE SGREGAPGAE GSPGRDGSPG AKGDRGETGP AGPPGAPGAP 1050
1051 GAPGPVGPAG KSGDRGETGP AGPAGPIGPV GARGPAGPQG PRGDKGETGE 1100
1101 QGDRGIKGHR GFSGLQGPPG PPGSPGEQGP SGASGPAGPR GPPGSAGSPG 1150
1151 KDGLNGLPGP IGPPGPRGRT GDAGPAGPPG PPGPPGPPGP PSGGYDLSFL 1200
1201 PQPPQEKAHD GGRYYRADDA NVVRDRDLEV DTTLKSLSQQ IENIRSPEGS 1250
1251 RKNPARTCRD LKMCHSDWKS GEYWIDPNQG CNLDAIKVFC NMETGETCVY 1300
1301 PTOQPSVAQKN WYISKNPKEK RHVWYGESMT GGFQFEYGGQ GSDPADVAIQ 1350
1351 LTFLRLMSTE ASQNITYHCK NSVAYMDQQT GNLKKALLLQ GSNEIEIRAE 1400
1401 GNSRETYSVT YDGCTSHTGA WGKTVIEYKT TKTSRLPIID VAPLDVGAPD 1450

1451 QEFGFDVGPA CFL 1463

Figure 8: 4-years bovine collagen COL1A1 sequence modifications: post-translational modifications (red), amino acids in their D-
form totally racemized (blue), and both modifications on the same amino acid (green).

Conclusion

Artificial aging was successfully applied to standard collagen to mimic the natural aging in
biological samples. Several collagen samples from different organisms (bovine and rat), were
studied at different ages (recent, 4-months, 4-years). DCI/D.O hydrolysis was privileged to
HCI/H20 to limit the natural racemization of amino acids during the protein hydrolysis. This new



chiral analysis method allowed us to determine the percentage of D-amino acids in collagen
according to age. Results presented show a % D-amino acids — age correlation. Peptide analysis
shows that the amount of peptides from aging degradation is higher than arising peptides from
enzymatic digestions. The collagen protein sequence is increasingly degraded over time. The post-
translational modifications study showed a decrease of hydrophilic groups and an increase of
hydrophobic groups during aging. These sequence modifications may be a hypothesis to explain
the evolution of the insolubility of collagen throughout life. The percentage of post-translational
modifications was not significantly different between artificial and natural aging in both
organisms. The combination of these results allowed us to determine the exact positions of D-
amino acids and PTMs.
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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 [70, 71]. 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 [72, 73]. This
estimate can be performed using three approaches based on sexual dimorphism:
osteoarchaeology, genomics, and proteomics [74]. 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.

In anthropology, sexual dimorphism is the morphological differences in bones
between males and females, and is useful for estimating the sex of skeletal remains.
Sex estimation methods, based on sexual dimorphism, are composed of three
different techniques, i.e. visual, metric, and geometric-morphometric methods [75].
However, the full development of sexual dimorphism is present only in adulthood,
which reduces the number of samples eligible for sex estimation. In addition, the
complete adult skeleton is preferred for sex estimation. Indeed, if the skeleton is
fragmented or from a sub-adult, the sex estimation is more difficult and less reliable
than with a complete adult skeleton, and some individuals can be misclassified.
In addition, genetic factors and sex hormones influence the dimorphism of the

skeleton in all populations.
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First, the visual method based on three indicators in the pubic bone (0s pubis),
i.e. the medial aspect of the ischiopubic ramus, the subpubic concavity, and the
ventral arch [76], is a highly subjective method depending on the variability of
sexual dimorphism within and between populations. Only estimates that have a
reference set of multiple populations and are supported by software designed for
sex estimation can provide usable results. With the visual method, the accuracy of
the sex estimation varies from 96% to 100% [77] with an estimation error of < 10%
being acceptable [78].

Second, the metric method consists in measuring the specific sizes and shapes of the
cranial and post-cranial skeleton (Figure 5.1). Cranial analysis regroups 18 different
metric measurements and associated landmarks (examples in Figure 5.2A) [79, 80],
and 10 different angles [81]. On the other hand, the part of the post-cranial skeleton
most studied is the pelvis with the pelvic inlet, the pubic arch, and the sacrum (os
sacrum) concavity discrimination (Figure 5.2B). However, the entire pelvis is often
damaged or missing in archaeological skeletons [82]. That is why, the analysis
of the hip bone (0s coxae), a part of the pelvis (Figure 5.1), is privileged with the
measurement of different variables (Figure 5.2C) [83, 84]. The combination of these
measurements allows estimating sex to achieve a precision of 97% and eliminates
subjectivity from the visual method [85, 86].

Third, the discriminant function analysis (DFA) based on geometric-morphometric
is the most commonly used for sex estimation. The principle of this method is to
apply a discriminant score to males and females according to different discriminant
observable functions. This individual discriminant score cannot be calculated if the
unique discriminant function is missing. A greater alternative is the use of multiple
observable functions to calculate the discriminant score. These scores greater than
the cut-off point fixed to 0,5 seems to correspond to males, and less to females.
The precision of the method varies from 80 to 95%. Indeed, some misclassified
individuals have been reported [87, 88]. These misclassifications are due to the
overlap of the discriminant score between males and females. This overlap area is

called the zone of uncertainty.

To conclude, these osteoarchaeology methods have the advantage of being
non-destructive. The average accuracy of the sex estimation ranges from 80% to
100% but is not absolute. In addition, the estimation of sex is possible only on

adulthood and complete skeletons with a population reference, which reduces
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considerably the number of skeleton candidates for the sex estimation. A comple-
mentary method, such as genomics with DNA analysis, which is more efficient and
less restrictive, must be developed to estimate sex.

]
c
E -
o ~ . -
Male pelvis Hip bone
v |
4 ¢
s H
e
’ H
'
— :-
R (D ~ - 4 R N
(=}
® .
3] Female pelvis
A
w
o
o ',

FIGURE 5.1: Representation of human skeleton, pelvis and hip bone
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FIGURE 5.2: Metric measurements on the human (A) cranial, (B) pelvis
and (C) hip bone
(A) reproduced with permission [80] and (C) reproduced with permission [83]
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Molecular biology is an increasingly alternative method used to estimate the sex
of skeletal remains when traditional anthropometric analyzes do not accurately
estimate sex due to incomplete, fragmented, and/or refer to not adult skeletons
[89-91]. This genomics method consists of analyzing DNA or in this case the ancient
DNA (aDNA), to discriminate the X and Y chromosomes responsible for biological
sex discrimination. For this determination, the combination of two techniques is
required i.e. PCR (Figure A.1) and gel electrophoresis (Figure A.2). In DNA, the
amelogenin gene is present in two sexually distinct forms (AMELX and AMELY
genes) located on X and Y sex chromosomes, respectively (Figure 5.3). When
only the AMELX gene is present, the sample is estimated as a female, and when
both the AMELX and AMELY genes are present, the male sample is estimated.
The homology between the nucleotide sequences of AMELX (528 base pairs) and
AMELY (579 base pairs) is 88.9 % [92]. An AMELX gene isoform, namely AMELX-3,
is composed of 576 base pairs, giving it greater homology with the AMELY gene
(Figure 5.4). The PCR technique allows to amplify both forms of the amelogenin
gene. The separation and identification of both genes can then be performed by
gel electrophoresis on agarose gel. Indeed, according to their nucleotide sequence
differences, their lengths are different (528 and 579 base pairs, respectively) [93, 94].
However, the main problems encountered for the aDNA analysis are the contami-
nation of the samples and their strong long-term degradation. Most contamination
occurs during the extraction of aDNA from biological materials. To limit this risk
and decontaminate the sample, crucial steps deserve special attention, such as
drilling or removing surface material, soaking or rinsing in bleach, UV irradiation
to cross-link surface DNA, and extraction [95]. Furthermore, due to postmortem
decomposition, the aDNA is very damaged. For example, in prehistoric skeletons,
less than 0.5% of aDNA is preserved [96]. For less recent aDNA, a large amount
of sample, i.e. 500 mg from bones or tissues, is necessary for PCR amplification.
Although the accuracy of PCR in recent DNA approaches 100% [97], for aDNA its
precision is 73. 8% when it was only 66.0% with the osteoarchaeology methods on
the same skeletal remains [98].

To conclude, although genomics seems more efficient than the osteoarchaeo-
logical method when the sex estimation is ambiguous, only a small amount of
aDNA is available for analysis, and it is often contaminated and strongly degraded.

A new competitive method, such as proteomics to analyze the protein encoded by
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the amelogenin gene, must be developed that is more efficient and consumes fewer
samples.
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FIGURE 5.4: Examples of differences in amelogenin gene sequences en-

coded to different amelogenin protein sequences

CCDS: 14146.1 (3 AMELX), 14144.1 (3 AMELX-3), 14778.1 (g AMELY)
Created with BioRender.com
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Proteomics analysis is designed to analyze both forms of amelogenin protein
encoded by both forms of the amelogenin gene (Figure 5.4). 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 amel-
ogenin 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 5.5).
Their amino acid sequence homology is 93 %. Major differences are the loss of a
part of the proteinogenic 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 5.5). 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 [99]. 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 [100-103]. 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 5.6) [99, 101, 104]. 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 enzy-
matic treatment with trypsin to generate new peptides [100, 105-111]. 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
[111]. Furthermore, due to its preponderance, 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
[112]. 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 [113].
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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.

AMELX-1 1 MGTWILFACL LGAAFAMPLP PHPGHPGYIN FSYE VL 36
AMELX-2 1 MGTWILFACL LGAAFAMP VL 20
AMELX-3 1 MGTWILFACL LGAAFAMPLP PHPGHPGYIN FSYENSHSQA INVDRTALVL 50
AMELY-1 1 MGTWILFACL VGAAFAMPLP PHPGHPGYIN FSYE VL 36
AMELY-2 1 MGTWILFACL VGAAFAMPLP PHPGHPGYIN FSYENSHSQA INVDRIALVL 50
AMELX-1 37 TPLKWYQS-I RPPYPSYGYE PMGGWLHHQI IPVLSQQHPP THTLQPHHHI 85
AMELX-2 21 TPLKWYQS-I RPPYPSYGYE PMGGWLHHQI IPVLSQQHPP THTLQPHHHI 69
AMELX-3 51 TPLKWYQS-I RPPYPSYGYE PMGGWLHHQI IPVLSQQHPP THTLQPHHHI 99
AMELY-1 37 TPLKWYQSMI RPPYSSYGYE PMGGWLHHQI IPVVSQQHPIL THTLQSHHHI 86
AMELY-2 51 TPLKWYQSMI RPPYSSYGYE PMGGWLHHQI IPVVSQQHPIL THTLQSHHHI 100
AMELX-1 86 PVVPAQQPVI PQOPMMPVPG QHSMTPIQHH QPNLPPPAQQ PYQPQPVQPQ 135
AMELX-2 80 PVVPAQQPVI PQQOPMMPVPG QHSMTPIQHH QPNLPPPAQQ PYQPQPVQPQ 119
AMELX-3 100 PVVPAQQPVI PQQOPMMPVPG QHSMTPIQHH QPNLPPPAQQ PYQPQPVQPQ 149
AMELY-1 87 PVVPAQQPRV RQQALMPVPG QQSMTPTQHH QPNLPLPAQQ PFQPQPVQPQ 136
AMELY-2 101 PVVPAQQPRV RQQALMPVPG QQSMTPTQHH QPNLPLPAQQ PFQPQPVQPQ 150
AMELX-1 136 PHQPMQPQPP VHPMQPLPPQ PPLPPMFPMQ PLPPMLPDLT LEAWPSTDKT 185
AMELX-2 130 PHQPMQPQPP VHPMQPLPPQ PPLPPMFPMQ PLPPMLPDLT LEAWPSTDKT 169
AMELX-3 150 PHQPMQPQPP VHPMQPLPPQ PPLPPMFPMQ PLPPMLPDLT LEAWPSTDKT 199
AMELY-1 137 PHQPMQPQPP VQPMQPLLPQ PPLPPMFPLR PLPPILPDLH LEAWPATDKT 186
AMELY-2 151 PHQPMQPQPP VQPMQPLLPQ PPLPPMFPLR PLPPILPDLH LEAWPATDKT 200
AMELX-1 186 KREEVD 191
AMELX-2 180 KREEVD 175
AMELX-3 200 KREEVD 205
AMELY-1 187 KQEEVD 192
AMELY-2 201 KQEEVD 206

FIGURE 5.5: Different proteinogenic sequence of AMELX and AMELY

isoforms
Uniprot: Q99217-1 (AMELX-1), Q99217-2 (AMELX-2), Q99217-3 (AMELX-3), Q99218-1 (AMELY-1) and Q99218-2 (AMELY-2)
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Abstract: Proteomics has become an attractive method to study human and animal material, biological
profile, and origin as an alternative to DNA analysis. It is limited by DNA amplification in ancient samples
and its contamination, high cost, and limited preservation of nuclear DNA. Currently, three approaches
are available to estimate sex—osteology, genomics, or proteomics, but little is known about the relative
reliability of these methods in applied settings. Proteomics provides a new, seemingly simple, and
relatively non-expensive way of sex estimation without the risk of contamination. Proteins can be
preserved in hard teeth tissue (enamel) for tens of thousands of years. It uses two sexually distinct
forms of the protein amelogenin in tooth enamel detectable by liquid chromatography-mass
spectrometry; the protein amelogenin Y isoform is present in enamel dental tissue only in males, while
amelogenin isoform X can be found in both sexes. From the point of view of archaeological,
anthropological, and forensic research and applications, the reduced destruction of the methods used
is essential, as well as the minimum requirements for sample size.

Keywords: archeology, sex determination, tooth enamel

1. Introduction

The estimation of sex is fundamental to many archaeological, anthropological, and forensic research.
This determination has three possible approaches: osteology, genomics, or proteomics [1]. The first
two approaches are traditional methods, but the proteomic one is a relatively new method with the
increasing attention of scientists. Recently the use of proteomic methods in paleontology (so-called
“Paleoproteomics”) is rapidly growing, and it is expected that these methods can be helpful for many
general applications and connect molecular biology, paleontology, archaeology, paleoecology, and
history. Warinner et al. said about Paleoproteomics: “Growing from a handful of studies in the 1990s
on individual highly abundant ancient proteins, paleoproteomics today is an expanding field with
diverse applications ranging from the taxonomic identification of highly fragmented bones and shells
and the phylogenetic resolution of extinct species to the exploration of past cuisines from dental
calculus and pottery food crusts and the characterization of past diseases." [2]. From this point of view,



the most frequently analyzed protein is collagen type |, which is a stable and rigid protein, as was
demonstrated in a well-known study in 2007 by determining collagen type | at 68-million-year-old
bones of Tyrannosaurus rex [3, 4]. However, at the last years, the ability to detect and identification of
proteins in ancient (but not only) tissue was significantly increased and allows to use of protein not
only for identification in tissue but also for various problems such as interaction with food, interaction
animal-human, environmental exchanges but also (from the view of this review) estimation of sex. Also,
the significance of proteomic research has increased in archaeology [5]. It is important to note the
differences in using the terms sex/gender. The terms sex and gender are often interchanged in
conversation, documentation, and scientific literature, although they are not synonymous, and
confusion in their usage is increasing. The biological concept of sex fundamentally differs from the
social concept of gender, and the two terms are not interchangeable [6]. In this article, we will stick
strictly to using the term sex only.

2. Osteological (morphological) estimation of sex

The existence of sexual dimorphism, that is, of differences in bone variables between males and
females, is an inevitable prerequisite for any anthropological sex estimation method. According to the
approach, the methods are divided into visual, which evaluates the development of characters
according to categories, metric methods, which use the dimensions of bones and their size; and
geometric-morphometric methods, which explore the interplay and differences between shape and
sizes from a metric perspective [7]. Both genetic factors and the action of sex hormones influence the
sexual dimorphism of the skeleton. Its final state is modified by external environmental factors (e.g.,
[8]). Before the development of secondary sexual characteristics, however, there was limited sexual
dimorphism in skeletal features, rendering sexing methods unreliable it is not recommended to use
them [9].

The full development of sexual dimorphism exists only in adulthood. In adults, the accuracy of the
methods is different in every population and age group and depends on which bone is used. The
dimensions of the skeleton show considerable variability. For these reasons, the methods must contain
more variables that are not correlated with each other. In forensic anthropology and bioarchaeology,
most methods for sex estimation rely on statistical models and tools generated through osteometric
data collected from identified populations [10]. The most common method of sex estimation is
discriminant function analysis (DFA). A discrimination score greater than the cut-off point between the
sexes corresponding to a probability of 0.5 indicates a male and a score less than the cut-off point
indicates a female. The accuracy of the methods is not absolute, and we always find a certain number
of misclassified individuals who match the error. The skull and pelvis are still the preferred skeletal
elements for sex estimation, with an accuracy that varies from 80% to 95% [11].

An overview of all possible anthropological methods for determining sex according to the skeleton is
given in recent publications (e.g., [12-14]).

A common misunderstanding of DFA results is that the overall accuracy of sex classification can be
applied to every individual in the sample. Every bone measurement and discriminant score shows an
overlap between female and male distributions. The overlapping area represents the “zone of
uncertainty”, where the skeletal variables of females and males are similar and cannot reliably be
distinguished from one another [15]. This “zone of uncertainty” varies depending on the size difference
between the population where the method was proposed and the population in which we want to use
it. We call this the population specificity of morphological methods, and ignoring it causes a dramatic
decrease in accuracy and an increase in misclassification [16]. Exceptions are methods that use pelvic



bone dimensions, which describe sexual dimorphism as a whole. Such methods have general validity
and can be applied to all anatomically modern people with a high success rate and an error risk of less
than 5% [17]. Unfortunately, in archaeological discoveries, the pelvis is often very damaged or
completely missing [18]. For these reasons, the approach of primary and secondary sex diagnosis was
proposed [19]. Primary sex diagnosis applies reliable methods in individuals with pelvic bone. In the
sample obtained in this way, classification methods specific to the given population are proposed,
which use extra-pelvic dimensions of the skeleton. These methods are applied to individuals with a
missing pelvis [20]. Sex estimation in the “zone of uncertainty”, that is, the overlapping region between
sexes, should be avoided to reduce misclassification. Sex should be assigned only to those individuals
with a posterior probability of being female or male higher than 0.95. Although such an approach limits
the practical applicability of DFAs, because some portion of the individuals remains unclassified, it
allows a high classification accuracy to be maintained at the individual level [15].

Another way to estimate the sex of a skeleton is to use visual methods and assess the degree of trait
development using categories. These are highly subjective, and the variability of sexual dimorphism
within and between populations is considerable. Only methods with a reference set from multiple
populations and designed software for sex estimation can provide usable results [21-23].

3. Genetic estimation of sex

For a long time, hundreds of years, scientists searched for a system of sex-determining pathways.
Aristotle (in 335 BCE) proposed that heat/cold could determine sex. This environmental theory was
popular until about 1900 — when sex chromosomes were discovered. However, Aristotle was partly
right when in some reptiles, the temperature of the nest can determine the sex of the embryo [24].
The discovery of chromosomal sex determination is credited to Nettie M. Stevens in 1905 with the
finding that in most animals’ sex is determined chromosomally, with males producing two types of
gametes (carrying a Y or X chromosome) and thus being heterogametic, while females produce only
one type and they are therefore homogametic [25]. Despite the great variety of sex determination
mechanisms in some lineages, there is a surprising consistency. Amongst eutherian mammals, birds
and some insects rely on heteromorphic sex chromosomes, which differ from each other in size,
morphology, and gene content, to determine the sex of the individual [26].

Molecular biology and genetics can use aDNA at the individual level to identify the biological sex of a
skeleton, make phenotypic inferences from an individual’s genotype, and identify specific pathogens
within an infected individual [27]. Molecular biology techniques are increasingly used to identify the
sex of skeletal remains when traditional anthropometric analyses do not successfully identify the sex
of remains that are incomplete, fragmented, and/or refer to immature individuals [28—30]. As Raff [27]
reports, aDNA research cannot be done in regular molecular biology laboratories. While next-
generation methods have made it much easier to distinguish contamination from endogenous DNA
based on DNA damage patterns, preventing contamination during the extraction process is still
extremely difficult (e.g., [31, 32]). Contamination is such a pervasive problem that the work requires
specialised facilities and workers trained in aDNA protocols. Sample decontamination is essential
before beginning extraction. They will include one or more of the following steps: drilling or removing
surface material, soaking or rinsing in bleach, and UV irradiation to cross-link surface DNA and
extraction [33]. Laboratories investigating aDNA must be positively pressurised, with HEPA-filtered air,
polymerase chain reaction (PCR) enclosures, separation from post-PCR or modern DNA laboratories,
and strict access protocols. They should be staffed by researchers trained in the specialised laboratories
and methods necessary for ancient biomolecules [27].



From the analytical point of view, we can also mention sex estimation by capillary gel electrophoresis
with amelogenin locus as a marker from 1998 [34]. The analysis of ten male and ten female samples
and double peaks verified the male sample, while one peak verified the female sample. As a result, two
peaks were obtained—the first peak was for the X and the second for the Y locus.

The most common method of genetic sex estimation relies on differences in the amelogenin gene (e.g.,
[35,36]). Using cloning techniques, the amelogenin gene was localized to the sex chromosomes. With
the advent of PCR, researchers developed robust and relatively simple amplification techniques for
determining the presence of X and Y chromosome versions of this gene. This technique exploited the
fact that insertion/deletion polymorphisms between the X and Y chromosomes lead to differently sized
amplicons, which can easily be visualised by size separation using gel electrophoresis. These methods
were used in the first commercially available kits [37]. However, the amelogenin-based method can be
problematic due to allelic dropout. It means that if only the copy present on the X chromosome is
retained and not the copy on the Y chromosome, the individual will be falsely identified as female
rather than male. Another problem is modern contamination from a male source, which could mislabel
an ancient individual as male [27]. However, more recent profiling kits include assays for a separate
insertion/deletion polymorphism and a short tandem repeat locus found only on the Y chromosome.
Additionally, analysis of other short tandem repeats, other insertions, deletions, or single nucleotide
polymorphisms on the X or Y chromosome can also be used to determine sex [37—-40].

To overcome the before mentioned shortcomings, high-throughput shotgun sequencing has been
proposed, which represents a more accurate method of sex assignment, as it simultaneously avoids
the problem of allelic dropout by testing many more discriminating loci and allows the detection of
contaminating fragments by assessing DNA damage patterns [41]. Skoglund et al. [42] evaluated the
feasibility of this approach for applications in population-scale aDNA investigations. They found that
approximately 100 000 reads are required for accurate sex estimation so that indexed genomes of up
to 13 individuals could be pooled and simultaneously sequenced at low coverage at an estimated cost
of < $300 per sample. While considerably more expensive than a simple amelogenin size-based
analysis, it does have the advantage of being more accurate. It is likely that as shotgun sequencing costs
continue to decrease, this approach will become much more routinely applied to archaeological
populations [27]. However, this degree of preservation may be problematic for many archaeological
remains, as Mittnik et al. [43] noted. To reduce the required number of mapped human sequences,
Mittnik and colleagues proposed an alternative method of sex estimation using high-throughput
shotgun sequenced DNA. This method relies on the proportion of reads mapped to the human X
chromosome compared to the proportion of reads mapped to each autosomal chromosome. By down-
sampling reads from the same high-quality ancient DNA data sets used in Skoglund et al. [41], the
proposed method could give confident assignments with as few as 1000 human genomes reads [1].

However, both Skoglund’s and Mittnik’s approaches [42, 43] are limited and admit some risk of error
when the confidence interval is within certain parameters [44]. To determine the genetic sex is
compared the ratio for the number of Y-chromosomal 1240k positions with available data relative to
the 1240k position on the X-chromosome. Individuals with a ratio greater than 0.35 were considered
genetic males and individuals with a ratio less than 0.03 were considered genetic females [45]. The
current rapid development of genomics will certainly enable even more sophisticated methods of
genetic sex estimation. Current research is yielding very encouraging results in the field of archeology
that were previously unavailable (i.e., [46—48]).

However, it cannot be neglected that the and extraction process is invasive and generally involves the
destruction of a small (<0.5 g) amount of bone or tissue. The material for extraction should not be used
for osteological research, such as non-pathological ribs. Recently, a petrous bone from the inner ear



has been an excellent source of well-preserved, high-quality aDNA and should therefore represent an
optimal extraction target [49, 50]. However, even petrous bone is an essential element in anthropology
that should not be sacrificed to obtain high-quality aDNA [51]. In addition, petrous also has several
applications for scientific analysis beyond sex estimation from ancient DNA. There is a risk of potential
bias in using the pars petrosa for ancient DNA analysis [52]. Ethical guidelines for petrous bone
sampling need to be expanded further, as the demands for destructive sampling will only increase as
the number of researchers and laboratories conducting aDNA research increases.

However, the genomic method looks like a standard and required method for the estimation of sex;
there is also a developed proteomic method (see next section). One could ask the question: why? One
of the answers is that genetic material is not so resistant to degradation, but what about the precision
of sex estimation? An interesting comparison of the three methods (osteological, genomic, and
proteomic) was made on 55 individuals between 2440 and 100 cal BP [1]. Agreement between all
methods was excellent when DNA shotgun sequencing was about 100 000 total sequences. However,
more than half samples were below this threshold, and the conflict of sex estimation increased. On the
opposite proteomic signal was not decreasing so significantly. It was concluded that proteomic data
could complement osteological and genomic results/data.

4. Proteomics estimation of sex

Nowadays, proteomic methods enable us to determine minor differences in protein composition
(qualitative and quantitative) enabled by many influences such as diet, aging, breeding, and sex [53].
Of course, the gender approach is a popular modern society theme, as visualized by the European
Commission: “Gendered Innovations. How Gender Analysis Contribute to Research”, and thirty years
of research have revealed that sex and gender biases are socially harmful and costly [54].

For archaeological, anthropological, or forensic research, it is necessary to consider tissues resistant to
degradation caused by long-term effects, aggressive decomposition phenomena in the soil, and
external physical and chemical damage. For these purposes, the ideal tissue is teeth enamel. Enamel is
one of the most calcified tissues in mammalian organisms and can protect teeth for tens of thousands
of years [55]. A nanocomposite bioceramic shields teeth against multiple chemical and physical
(mechanical) efforts to disturb them. Protein amelogenins regulate crystallite formation during enamel
development; however, they are specifically degraded during teeth maturation [56]. Amelogenin
genes, in humans, are located on X and Y chromosomes (AMELX and AMELY, respectively). Proteins
encoded by these genes have a different amino acid sequence (see Figure 1). The result of the presence
of these two genes on the X and Y chromosomes is the sex-dependent presence of different proteins:
AMELX for females and AMELX and AMELY for males [57]. During enamel maturation, proteins are
degraded (proteolytic procedure), so mature tooth enamel is rich in various peptide fragments of
constituted proteins [55]. We have to remind that amelogenin is a relatively small molecule highly
concentrated in the extracellular matrix [58]. Because amelogenin is a major enamel protein, these
peptides mainly originated from amelogenin. For this reason, free peptides from sex-dependent
amelogenins (AMELX and AMELY) are a good choice for estimating sex. If we are looking for a universal
sex determination pathway for all mammals, we have to pay attention: AMELX gene on the X
chromosome X and AMELY on the Y chromosome are presented not in all mammalian families; it is
presented in Hominidae, Suidae, and Bovidae, but rodent species have only one AMELX [58]. We must
also mention that the tissue used (teeth enamel) is difficult to cross-contaminate.



Q99217 AMELX MGTWELFACLEGAAFAMPLPPH?GHPGYINFSYE VLTPLKWYQSIIRPPYESYGYEPMGGW
Q99217-3 AMELX MGTWELFACLEGAAFAMPLPPH?GHPGYINFSYENSHSQAINVDR LVLTPLKWYQS IRPPYESYGYEPMGGW
Q99218 AMELY MGTWELFACLEGAAFAMPLPPHPGHPGYINFSYENSHSQAINVDR ALVLTPLKWYQS IRPPYESYGYEFMGGW

Q09217  AMELX LHHQIIPVESQQHPRTHTLQGHHHIPVVPAQQP aImpvrcaffsMTPlaHHQPNLPRPAGAPJaPQPVQPQ
Q99217-3 AMELX LHHQIIPYESQQHPETHTLQREHHHIPVVPAQQP aIimpvreasMTrlQHHQPNLPgPAQQPQPQPVQPQ
Q99218  AMELY LHHallPvjsaaHpPTHTLQGHHHIPVVPAQQPHocMIMPVPcaisMTPYaHHQPNLPIPAQQPFAPQPVQPQ

Q99217  AMELX PHaPmaraprPviIpmarLigparrLPPMFP[EPLPPLPDLLEAWPETDKTK[JEEVD
Q99217-3 AMELX PHQPMQPQPPVPMQPLgPQPPLPPMFPEPLPPILPDLYLEAWPETDKTKEEEVD
Q99218  AMELY PHaPMaPaprpvigPmaPLiParPLPPMFP PLPP [LPDLLEAWPRTOKTKEEEVD

Figure 1. Structure of Amelogenins and their comparison. Data are from UniProtKB reviewed (Swiss-
Prot): Q99217 Amelogenin, X isoform, Q99217-3 Amelogenin, X isoform, Rare isoform 3; Q99218
Amelogenin, Y isoform. Differences in amino acid sequence between X and Y amelogenins are indicated
by white characters highlighted in black.

In 1991 Fincham et al. [59] remark that a diagnosis of differences in human enamel proteins can permit
the distinction of specimens according to the sex of the individual. Porto et al. [60, 61]
discover/describe enamel proteins looking for sex-depending peptides. They used whole-crown
etching, enzymatic (trypsin) treatment, and analysis by MALDI-TOF/TOF. They found the amino-
terminal amelogenin peptides in the ancient sample (Mummy—ad 800-1100). They also found a
peptide (WYQSIRPPYP) specific for the amelogenin X-isoform but no peptide specific for Y isoform.
However, the authors did not specify the sex of the samples [60]. Although the MALDI-TOF/TOF method
is suitable for protein and peptide analysis, nanoLC-MS/MS is a method of choice due to its higher
sensitivity for peptide detection and identification. [62].

Another attempt to analyze human teeth enamel was made by Castiblanco et al. [63] in 2015. They
investigated the protein composition of healthy contemporary pulverized teeth without the digestion
of an enzyme (trypsin). After extraction and cleaning on C18 StageTips, they analyzed peptides/proteins
on nLC/MS-MS using QExactive MS (Thermo Fisher Scientific). Seven proteins were identified when
four were specific for enamel (AMELX/AMELY, enamelin, and ameloblastin). Although eight teeth were
used, the sex was not mentioned, and the method was not used for its detection.

Stewart et al. [64] first published specific etching of single teeth to identify sex-sensitive amelogenins
from enamel in 2016. This procedure (and with some slight modification) is now commonly used for
peptide extraction from enamel (for the scheme, see Figure 2). The method consists of two parts [65]:
etching and extraction. First teeth are mechanically treated (by dental burr) to clean them from all
macroscopic impurities. Cleaning continued by water washing. Next, procedures were continued in the
cap of a separate microcentrifuge tube (leaving a convex meniscus protruding above the lip when the
tooth was lowering into the cap). The tooth’s crown was washed with 3% H202 for 5 min, twice washed
with H20, and etched with 10% (v/v) HCl for 2 min. All these solutions were discarded. A second 2-min
etch was used for analysis. The next stage was extraction. C18 resin-loaded ZipTip (Millipore, MA, USA)
was used for extraction. ZipTip was previously conditioned three times with 100% ACN and then three
times with 0.1% (vol/vol) formic acid (each draw discarded). The peptides were bound to the ZipTip (by
up and down pipetting by 10 times. The ZipTip was washed six times with 0.1% (vol/vol) formic acid
(each wash discarded). Bounded peptides were eluted by 4-ul of 60% ACN/0.1% formic acid. This
fraction was lyophilized and dissolved in 12 ul of 2% formic acid in water and analyzed by reversed-
phase nanoLC/MS (with gradient similarly generally used for peptide separation, when used solvents
were water and ACN with 0.1% TFA). The mass spectrometer was a hybrid linear ion trap orbitrap



(Orbitrap XL, Thermo Scientific). They selected peptides AMELY-(58-64; SM(ox)IRPPY ([M + 2H]2+, m/z
440.2233) peptide and AMELX-(44-52; SIRPPYPSY ([M + 2H]2+, m/z 540.2796) (Figure 3).

Authors [64] also compared the influence of trypsin digestion on protein/peptide identification.
However, trypsin increased the variety of peptides, but no significant differences were observed in
“sex” proteins (enamel specific proteins) when trypsin-treated and untreated samples were compared.

The same approach was used for sex estimation of the Late Antique (probably 4th—6th century) ‘Lovers
of Modena’ [66]. The authors extracted peptides (after etching of teeth) by HyperSep SpinTips (Thermo
Scientific) with C18 phase, and the analytical system was UHPLC-HRMS (Q Exactive MS from Thermo
Scientific). Besides SM(ox)IRPPY (m/z 440.2233) peptide, they used at least two other peptides—
SMIRPPY (m/z 432.2258) and M(ox)IRPPY (m/z 396.7073). All these peptides agreed in the distinction
of specimens according to the sex, i.e. in the determination of AMELY. Surprisingly the ‘Lovers of
Modena’ were males. The same method was successfully used to research sex-related morbidity and
mortality for 30 nonadults from the Early Medieval Italian site from the 7™ century AD [67]. The authors
concluded that this method is used for archaeological (and forensic) research.

— % —— > nLC-MS/MS

Figure 2. Workflow of the sample preparation (etching method) for amelogenin analysis.

This method was also successfully used for sex estimation from deciduous and permanent teeth from
non-adults (incl. perinatal subjects) from archaeological sites in England (1st—2nd centuries AD, and
18th—19th centuries) [68].

Again the same method [66, 67] was used for the sex estimation of the horsemen of the Early Middle
age (7th century AD) [69]. Determination of sex by proteomic (enamel) method was in agreement with
osteological and archaeological determination when in many cases, only proteomic analysis was the
only acceptable method for sex estimation. Authors also used confident identification of AMELY by
triple-peptide approach (m/z 396.7073 for M(ox)IRPPY, m/z 432.2258 for SMIRPY, and m/z 440.2233
for SM(ox)IRPPY).

The above-described etching techniques were studied for optimization using three treatment
procedures by 1.5M HCI: 3-sequential 4-min, 4 min only, and 10 min incubations [55]. Samples were
desalted on SDB-RPS StageTips before analysis on nLC-MS/MS (using Q Exactive Plus Mass
spectrometer) system. From the point of view of sex estimation, AMELX, and AMELY peptides authors
recommend 10-min etching. The method was validated on a set of 23 archaeological teeth in



comparison to two different methods of sex estimation: morphological and archaeological (based
burial rite) methods. All three methods agreed except in one case (when the archaeological method
was opposite to morphological and protein methods) [55]. Besides morphological methods, sex
determination by this method was also described for sex estimation of prepubertal individuals from
Roman ltaly (1st-4th c. CE) and Late Roman Gaul (4th-5th c. CE) era [70].

Osteological, proteomic, and isotopic analyses were used to evaluate a 9000-year-old human burial
from the Andean highland site. These analyses indicate that this early hunter was a young adult female.
This challenge the man-the-hunter hypothesis [71]. For proteomic analysis, a small piece of enamel (20
mg) was cut from teeth, powdered, and demineralized by 1.2 M HCI. After reduction and alkylation,
samples were treated with trypsin. The next step was extraction on SepPak C18. Peptides were
analyzed by nLC-MS/MS (Thermo ScientificQ-Extractive Plus Orbitrap mass spectrometer). Multiple
peptide detection was used for AMELX (and AMELY) identification [71].

Two fast methods (1-3 min) were also developed for sex estimation without the separation step [72].
Both methods are based on the FIA (flow injection analysis) using high-resolution mass spectrometry
(Q Exactive Orbitrap MS from Thermo Scientific) or tandem MS (Xevo TQ-S from Waters, Milford).
Analyzed peptides were again SM(ox)IRPPY and SIRPPYPSY when specific transition ions were selected.
Sample preparation is the same as above. The advantages of these methods are rapid analysis (three,
respectively 1 min per sample) and the possibility to use low-resolution mass spectrometers (MS/MS),
i.e. relatively low-cost instruments, for sex estimation.

There are also described other amelogenin peptides as diagnostic peptides using a nanoLC system
coupled to a Q Exactive orbitrap mass spectrometer [73, 74]. The sample preparation was, in principle,
the same as in the method by Stewart et al. [65], but the AMELY peptide was SM(ox)IRPPYS (m/z
486.7393), and AMELX peptide was YEVLTPLKWYQSIRPPYP (m/z 750.7368) (Figure 4). This method was
successfully applied for the estimation of the sex of a child (5-6-year-old boy) murdered in the Early
Bronze Age from Schleinbach, Austria (c. 1950—1850 BCE) [73] as well as for successful sex classification
of 70 (from 75) children under 12 years at death buried at the Early Bronze Age cemeteries in
Franzhausen |, Austria (c. 2050-1680 BCE). The coincidence between archaeological and peptide-based
results was very high (62 of 63 individuals, 98.4%) when one was of the female sex, based on body
position and orientation [74].



1%€0

14ce
1366
12E6
11E8
1066
€5 44 52 ez | Re |
AMEL X: 8 -IRPPYPSY Y 5402786 miz | 328 min |
ue AMELY: ' SM_IRPPY Y GV 440.2233 mvz | 27.3 min
58 64
TES
T eee
S
4E6 |
€S
=
e
o
15 20 25 0 35 40 45 50 85 &0
Tima (min)
dalenamm M IT6 A v o 20 e AT R A e e
PPN » o N3 Pl e (00001006 201 P PTURE < 0 M P we D08 50 W00 Y
-.:;'N W’f‘!l
- -
-
" ~n

B

E

M wnew

L I
E
£

Ay
& % i
- »
as 00
= ”
-t
'] - - L
-
. .
w - “- - i a“ ) - - w ) w " - “p 0 - -
~ ~r
BN SENE KT JTIT A T WL dmend 0N MK N IR0 AN T ML A
F TN & G Fl o 400 2000t 14 e Oy " F TN W P S0 2RO 0 11 8 00 e .~
- o - Maa
- - wmell 2B B A
- ®|8S |R:P P Y:P:8.¥
iy o I T
! - ‘.
- ¥ %
5 2 i p "
oo
= xn
v
" A agn " s
s N Pt Yise -
. » 0
) A -
™ W o0 XAS T 5 wer
. .
-~ Lt - 20 - - - » o <« ra Lo = - - .

Figure 3. A base peak chromatogram (300-1600 m/z) with two marked peptides of amelogenin: AMELY-
[58-64] and AMELX-[44-52]. The reconstructed ion chromatograms (to 4 ppm) for each are shown in



red and blue; full-scan MS and corresponding MS/MS are shown below. Reprinted [65] with permission.
Copyright 2017 National Academy of Sciences.
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Figure 4. Left: MS/MS fragment spectrum of peptide SM(ox)IRPPYS (m/z 486.7393) (AMELY) and
corresponding mass errors in ppm; Right: MS/MS fragment spectrum of peptide YEVLTPLKWYQSIRPPYP
(m/z 750.7368).(AMELX) and corresponding mass errors in ppm. Reprinted [73] with permission.
Copyright 2020 Springer Nature.

Another approach for analysis of archaeological samples was described for Iron Age individuals (ca.
2000-1000 years B.P.) from the tropical environment (northwest Thailand) [75]. It was possible to
identify 212 proteins. Analyses were done at nLC-MS/MS system (OrbitrapVelos, Thermo Electron,
Bremen, Germany) using the multiple reaction monitoring methods were used for the identification of
two AMELX peptides (TALVLTPLK and WYQSIRPPYPSY(G)), and one AMELY peptide (IALVLTPLK).
Regarding sample preparation, the tooth enamel/dentin was crushed, treated with 0.5MHCI, reduced,
alkylated, and cleaved by trypsin.

Another protein/peptide extraction was used by Froment et al. [76] to analyze 5000-year-old human
teeth. In principle, they powdered whole teeth demineralized in EDTA, and proteins were denatured,
lysed, washed, and alkylated. Finally, proteins were treated with trypsin. For analysis of peptides,
nanolLC coupled to Orbitrap Fusion MS (Thermo Scientific) was used when using the targeted MS
approach and parallel reaction monitoring (PRM). They demonstrated that the PRM method maximizes
the sensitivity and reproducibility of “sex” peptides. The selected “sex” peptides were TALVLTPLK (m/z
478.3130) for AMELX and IALVLTPLK (m/z 474.3325) for AMELY (Figure 5).
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Figure 5. MS/MS spectra of specific peptides: (A) AMELX peptide, TALVLTPLK (precursor m/z 478.3130).
(B) AMELY peptide, IALVLTPLK (precursor m/z 484.3325). (C) AMELX peptide, WYqSIRPPYP (precursor
m/z 654.3259), and (D) AMELY peptide, WYqSmIRPPY (precursor m/z 679.3165). The series of y- and b-
ions are highlighted in blue and red, respectively. q: deamidated glutamine residue; m: oxidized
methionine residue. Reprinted [76] with permission. Copyright 2019 Elsevier B.V.

A similar method for sample preparation, that is, demineralized (by 1.2 M HCI) milled teeth were
alkylated and treated by trypsin, was used to analyze teeth aged up to 7300 years [77]. ZipTip C18 tips
cleaned samples/peptides. These peptides were analyzed by nLC-MS/MS using Q Exactive Plus Orbitrap
MS (Thermo Scientific). The authors used bioinformatic methods for the identification of AMELX and
AMELY proteins. To elute false negative samples, that is, samples with low male signal, authors used a
probability curve of female sex as a function of the logarithm of AMELX using logistic regression.

False female assignments were discussed in this context [77-79]. It is some probability that the method
using AMELX and AMELY could produce inaccurate results due to the presence of low frequency of
AMELY deletion variants in some populations [78]. However, after analysis of many genomic projects,
it was concluded that the probability of false sex estimation is low, and AMELY deletion should not
affect the routine estimation of the biomolecular sex [79].



The oldest dental proteome was probably studied in the Early and Middle Pleistocene hominin (Homo
antecessor) and Homo erectus tooth [80]. For protein/peptide extraction, authors used three methods:
1) demineralization by HCl without alkylation and enzymatic digestion, 2) pellet after demineralization
was reduced, alkylated, and digested by LysC and trypsin, and 3) demineralization by TFA without
alkylation and enzymatic digestion. The first and third extraction gave more extensive peptide recovery
than the second one. Peptides were analyzed by nLC-MS/MS using Q-Exactive HF or HF-X mass
spectrometer (Thermo Fisher Scientific). It was described that an average peptide length decreased
with the age of the enamel sample. Enamel-specific proteins were identified as enamelin, ameloblastin,
MMP20, and amelogenins (both AMELX and AMELY). At the teeth of Homo antecessor, AMELY-specific
peptide sequences (such as SM(ox)IRPPY) were found, and so it was concluded that he was male [80].
We must mention that Homo antecessor is an extinct archaic human species recorded in Spain that
lived between 1.2 and 0.8 million years ago during the early Pleistocene.

In the end, we have to mention that acid etching of teeth is, mainly in comparison to genetic methods,
a limited destructive method, but still is (limited) destructive and not quantitative (the signal cannot
be normalized).

5. Concluding remarks

Sexual diagnosis is often crucial to archaeological, anthropological, and forensic research. Proteomic
methods are relatively young, rapidly growing, and have applications in many scientific areas.
Nowadays, there are used three methods of sex estimation: osteology, genetics, and proteomics. In the
sex estimation method, use protein amelogenin in X- and Y-form (AMELX and AMELY). It was
established as a method that overcomes osteological and genomic methods as a more precious,
sensitive, and relatively simple and rapid method. The crucial advantage is that this method uses teeth
enamel. The enamel is one of the most calcified tissues in the mammalian organism. For this reason, it
is relatively resistant to degradation caused by long-term effects, aggressive decomposition
phenomena in the soil, and external physical and chemical damage. It was proven that proteins
(peptides) in the enamel could be protected for tens or hundreds of thousands of years.

So it can be concluded that the proteomic method for sex estimation using isoforms of amelogenin be
successfully used in archaeological, anthropological, and forensic research and overcome other
previously used methods.
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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 5.6). 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 HCl (5%, 200 uL, 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 [114]. Other
strongly acidic conditions (HySOy4, 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 [115]. An-
other study showed that a loss of av. 6.1 ym/min of enamel under phosphoric acid
conditions (50%, 3 min) [116]. However, in the case of this study, low concentrations
of HyO; (3%) and HCI (5%) were used [117]. These concentrations are lower than
the HyO, concentration used in cosmetic tooth whitening (6%) in accordance with

European directives [118].

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.

6.2.1 Scanning electron microscope

Scanning electron microscope (SEM) is a non-destructive method that uses electrons
instead of light to form an image in one-dimension. Each tooth was scanned before
and after chemical etching, using the same scanning parameters. The comparison
of these scans allowed us to examine the microscopic changes in the enamel surface

that occurred during etching.

6.2.2 Micro-computed tomography

Micro-computed tomography (micro-CT) is another non-destructive method that
uses X-rays. This method involves scanning a tooth in two-dimensions. The rotation
of the tooth for complementary scans allows the creation of digital reconstruction in
three-dimensions. Each tooth was also scanned before and after the chemical etch-
ings with the same scanning parameters. The comparison of these scans allowed us

to calculate enamel volume loss during etching.
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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 com-
posed of 30 teeth from adult individuals autopsied in the past century [119]. 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
[120]. In addition, 32 teeth from non-adult individuals were selected because of the
impossibility of sex estimation using traditional morphological methods [121, 122].
Finally, scanning electron microscope and micro-computed tomography were used

to evaluate the minimally-invasive proteomics method.
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Abstract: Being a part of the cultural heritage, skeletal human remains and grave objects are often the
only evidence of people who lived many years, or even centuries or millennia, ago, and their
preservation for future generations is thus of the utmost importance. The first task in analyzing skeletal
remains is to build a biological profile of the individual, including in particular a sex estimation. Recently
developed proteomic sex analysis, based on the detection of two sex dependent forms of the
amelogenin protein in tooth enamel, could offer a minimally-invasive and reliable approach applicable
to both recent and past populations.

The aims of the present study are: 1) to validate the proteomic sex estimation approach with a delicate,
minimally-destructive protocol using protein etching in recent and sub-recent identified samples of
adult individuals; 2) for the first time, to evaluate the invasiveness of the extraction of amelogenin
protein from teeth for proteomic analysis via scanning electron microscope (SEM) and microcomputed
tomography (micro-CT); 3) to apply the method to an archaeological sample of unknown adult and
juvenile individuals.



An assemblage of 60 teeth (32 males and 28 females) of recent and sub-recent origin was used to
validate the approach. A sub-sample of 20 teeth (10 males and 10 females) was used to assess the
invasiveness of the amelogenin extraction procedure. For the application of the method, samples of 15
adult and 32 juvenile teeth, both originating from medieval populations, were used.

Proteomic sex estimation achieved 100% accuracy in this sample. An SEM and micro-CT comparison of
the dental surfaces before and after chemical treatment showed an approximately 10% loss of enamel
and only 2% loss of dentine. The suitability and minimally-invasive character of the protocol for
proteomic analysis in biological sex estimation was demonstrated, as was its applicability to
archaeological samples.

Keywords: Human skeletal collections, cultural heritage, proteomics, sex estimation, sampling

1. Introduction

Human skeletal remains are an inseparable part of the cultural heritage, and are often the only
information about people living in the past. They are preserved in museum and university collections,
and are used for elaborating biological profiling methods [1]. Unfortunately, there are differences in
legislation between countries [2-5] that affect the handling of skeletons, as well as differences in ethical
standards e.g. [6,7]. The common denominators include some laws, such as the Valletta Treaty (Council
of Europe, ETS No. 143, 1992), according to which all biological remains, artefacts, objects and any
other remains of humankind from past epochs are subsumed under Cultural Heritage and are protected
within the scope of a common European legacy. We must preserve for the future the status of
archaeological human remains as part of the cultural heritage, and as indispensable empirical sources
for the reconstruction of human population history through time and space [8].

The uniqueness of skeletal remains from any period leads conservators to minimize any interference
with their integrity. Knowledge of the methods used and the degree of damage they cause are of
enormous importance, but such damage is not always fully known [9]. Within the field of human
osteology, the debate on ethical issues regarding the sampling, research and display of archaeological
human and animal remains has been ongoing for decades, and has become more vigorous with the
recent increase in ancient biomolecular studies [10,11].

Although the amount of sample needed for analysis can be just a few milligrams of bone or dental
tissue, museums too are being inundated with destructive sampling requests. With respect to
anthropological collections, we must consider the need to reduce or completely eliminate the
mechanical destruction of skeletal remains deemed useful for scientific evaluation.

The preservation of organic molecules in teeth and bones has proven crucial for understanding the
human past [12]. In recent years, proteomics has become an attractive method for studying human,
animal, and biological profiles and origins. It is an alternative to DNA analysis, which is limited by the
DNA amplification that is present in ancient samples, contamination, its high cost, and the limited
preservation of nuclear DNA [13—-15]. Currently, three approaches are available for estimating
biological sex: osteology, genomics, and proteomics [16], but little is known about the relative reliability
of these methods in applied settings [17].

Correct and reliable biological sex estimation of skeletal remains is important in various areas, from
bioarchaeology to forensic science. The varying degree of preservation of skeletal remains limits the
methods that can be used [18]. Morphological methods are based on the existence of sexual
dimorphism in the skeleton, and are subject to population specificity which causes various error rates



[19,20]. The only part of the skeleton that allows a reliable estimate of sex is the pelvis [21]; in
archaeological human skeletal assemblages, however, the pelvis is often heavily damaged or
completely absent [22]. In addition, morphological methods have another major limiting factor: the
inability to reliably or accurately estimate sex from immature elements with any degree of consistency
[23,24]. According to Buonasera et al., biological sex estimation was possible for 100% of an
archaeological sample by proteomics, for 91% by genomics, and for 51% by osteology; the agreement
among the methods was high, but there were conflicts [17].

Proteomics provides a new, seemingly simple and cost-effective way to conduct sex estimation without
the risk of contamination. It uses two sexually distinct forms of the amelogenin protein found in tooth
enamel, detectable by liquid chromatography-tandem mass spectrometry (LCMS/MS); the AMELY
protein (amelogenin Y isoform) is present in enamel dental tissue only in males, while AMELX (isoform
X) can be found in both sexes [13]. Enamel is the most mineralized part of the tooth, with mineral
content making up about 97% of mature enamel; the rest is formed of proteins and other components,
such as water. During enamel formation and maturation the matrix is removed almost completely
through enzymatic degradation by proteases, resulting in its hardening and the extensive deposition of
calcium-based minerals.

Amelogenin is the predominant protein in the developing extracellular enamel matrix [25]. Although
studies estimating biological sex by proteomic analysis of dental enamel use the same principle, they
differ in their levels of sampling and pre-treatment. Some studies use more destructive sampling in the
form of small enamel chunks extracted with a dentist’s drill [26—30]; others offer a less invasive
approach in the form of etching the enamel surface with hydrochloric acid [13,31,32].

1.1. Research aim

In this study, we aimed to (1) validate peptide-based enamel sex identification both in teeth from
individuals of known sex from a recent population and in dissected individuals from the mid-20th
century [33]; (2) assess the effect of protein extraction on the structural integrity of human dental
enamel (damage to the enamel surface) via scanning electron microscope (SEM) and micro-computed
tomography (micro-CT); and (3) to apply the method to an archaeological assemblage of unknown
adult and immature individuals.

2. Material

To obtain and validate a predictor for biological sex based on enamel proteins, we used two different
assemblages:

(1) a validation sample of teeth of individuals of known biological sex to verify the reliability of the
method; a sub-sample of 20 teeth randomly selected from the validation sample served to verify the
effect of protein etching on tooth enamel quality;

(2) an application sample of archaeological teeth from a museum collection, for which sex (in the case
of adult individuals) was originally estimated by a morphological method.

2.1. Validation sample



This contains the identified teeth of adult individuals from two samples of the Czech population (Tab.
1). Group (1a) consists of 30 teeth of adult individuals of known age and sex (15 male and 15 female)
from the recent Prague population, provided by dentists. Extractions were performed for medical
reasons.

Group (1b) originates from the Pachner collection, housed in the Department of Anthropology and
Human Genetics of the Faculty of Science, Charles University, Prague. It too comprises 30 identified
teeth of individuals of known age and sex from the Prague population (17 male and 13 female), but
who were autopsied in the 1940s. This collection dates to the 1930s and consists of individuals of
known sex, age (date of birth and date of autopsy), and status (they represented the lower socio-
economic classes of Bohemia) [33,34].

2.2. Application sample

This contains 15 adult and 32 non-adult teeth from the burial grounds of an Early Medieval population
(9—11th century AD) at the Mikulcice agglomeration in Moravia [35], stored in the Department of
Anthropology of the National Museum, Prague (Tab. 1). We selected adult individuals based on the
conflicting results of morphological sex estimation by osteological methods between those published
in the 1960s [36—38] and the revised sex estimates published in 2020 [39]. We also included non-adult
individuals whose biological sex cannot be assessed by morphological methods [32,40]; they were
selected to study the differences in diet between boys and girls among the early Slavs, which is the
subject of another study [41]. This research was approved by the Institutional Review Board of Charles
University.

Table 1. Composition of validation sample, sub-sample subjected to micro-CT and SEM and application
sample.

Validation sample of identified individuals Application sample (n=47)

(n=60)

E i f

xtra?ctlon or Pachner’s Identified Medieval population (9-11%"

medical ,

Collection century AD)
reasons
F M F and F M F and Total
Adults Non-adults

(n) (n) M) (n) () M(n) (n)
PSE 10 10 20 8 12 20 40 15 32
PSE + micro- not not

1 1 2

CT and SEM > > 0 > > 0 0 performed performed
PSE = proteomic sex estimation; SEM = scanning electron microscope; micro-CT =

microtomodensitometry

3. Methods
3.1. Biological sex estimation

Proteomic estimation of sex was done following the method of Stewart et al. [13], which is based on
the analysis of two dimorphic peptides of amelogenin: AMELY-(58-64) peptide and AMELX-(44-52)



peptide from tooth enamel. The teeth of males contain both peptides (AMELY and AMELX), while
female teeth contain only one (AMELX).

1 step — Sample preparation

The tooth surface was cleaned with water to remove obvious surface contaminants. The tooth crown
was then placed in the cap of a 2-mL Eppendorf tube, washed with 3% H202 (200 uL) for 30 seconds
and then rinsed with ultrapure water. It was then treated with 200 pL of 5% (v/v) HCI. An initial etch
was performed by lowering the tooth onto the HCl and maintaining contact for 2 minutes. This first
etch was discarded. A second 2-minute etch was collected for the analysis.

2 step — Protein etching

For peptide extraction, a C18 resin-loaded ZipTip (ZTC185096; EMD Millipore) was used. This had
previously been conditioned three times with acetonitrile (100%), and three times with formic acid
0.1% (v/v) (each draw discarded). Peptide solution was then pipetted 10 times to maximize binding to
the C18 resin of the ZipTip material. Finally, the ZipTip was washed six times with formic acid 0.1% (v/v)
(each wash discarded). Bonded peptides were eluted by 4-uL of acetonitrile/formic acid (60%/0.1%,
v/v) and the resulting solution was collected into small vials. This fraction was lyophilized and dissolved
in 20 pL of formic acid (2%) in ultrapure water, centrifuged on a benchtop centrifuge for 5 minutes to
remove any particulate matter, and transferred (18 uL) to autosampler vials. This sample was injected
for analysis by reversed-phase nano-liquid chromatography-tandem mass spectrometry (nanolLC-
MS/MS).

3 step — Analysis method

The nanolLC apparatus was a Proxeon Easy-nLC (Proxeon, Odense, Denmark) coupled to a MaXis Q-TOF
(quadrupole — time of flight) mass spectrometer with ultra-high resolution (Bruker Daltonics, Bremen,
Germany) by nanoelectrosprayer. Five microliters of the peptide mixture were injected into a NS-AC-
11 BioSphere C18 column (particle size: 5um, pore size: 12 nm, length: 152 mm, inner diameter: 75
pum), with an NS-MP-10 BioSphere C18 pre-column (particle size: 5 um, pore size: 12 nm, length: 20
mm, inner diameter: 100 um), both obtained from NanoSeparations (Nieuwkoop, Netherlands).

Peptide separation was achieved via a linear gradient between mobile phase A (ultrapure water) and B
(acetonitrile), both containing formic acid 0.1% (v/v). Separation was started with a gradient elution
from 5% to 30% mobile phase B at 70 minutes. The next step was gradient elution to 50% B in 10
minutes, followed by a gradient to 100% B in 10 minutes. Finally, the column was eluted with 100% B
for 30 minutes. Equilibration before the subsequent run was achieved by washing the column with 3 pl
of 5% mobile phase B for 5 minutes. The flow rate was 0.25 pL.min-1, and the column was held at
ambient temperature (25°C). Online nano-electrospray ionization (easy nano-ESI) in the positive mode
was used. The ESI voltage was set at +4.5 kV, spectra rate 3 Hz. Operating conditions: drying gas (N2),
4 L.min-1; drying gas temperature, 180°C; nebulizer pressure, 100 kPa. Experiments were performed
by scanning from 420 to 550 m/z.

Proteomic determination of biological sex was done according to the peak area of EIC (extracted ion
chromatogram) at a retention time of 35 minutes for m/z 440.22 (AMELYpeptide, marked as Y in the
tables) and at a retention time of 43 minutes for m/z 540.28 (AMELX-peptide, marked as X in the
tables).

3.2. Evaluation of the effect of protein etching on dental enamel

The effect of etching on enamel was performed in a subset of 20 teeth of individuals of known sex.



Scanning electron microscope (SEM)

Samples were scanned on a Hitachi S-3700N Scanning Electron Microscope (SEM) at the National
Museum in Prague. The teeth were documented overall, and then two areas on each were selected
and scanned at several resolutions without tooth surface treatment (mechanical or ultrasonic
cleaning). After the protein etching of the teeth, the same samples and the same areas on them were
scanned again so that the changes that had occurred could be evaluated.

Microcomputed tomography (micro-CT)

Each tooth was scanned twice: before and after the application of the protocol of extraction for
proteomic sex estimation with the same scanning parameters. The first scan took place under the same
conditions as the SEM analysis of the surface (without mechanical or ultrasonic cleaning).
Microtomodensitometric (micro-CT) data for these teeth were acquired using the micro-CT platform in
the PACEA (Bordeaux). They were obtained with a “v|tome|x s 240” micro-CT scanner microfocus tube
(GE Sensing and Inspection Technologies Phoenix X ray). A total of 1750 radiographic projections (i.e.
1750 angular increments for 360° rotation) were acquired with the following scan parameters: voltage
100 kV, current 160 pA, exposure 500 ms, voxel size 27.5 um. The micro-CT data were reconstructed
using Phoenix datos|x reconstruction 2 software and then exported as a 16-bit TIFF image stack. VG
studio max software (Volume Graphics, release 2.2, Heidelberg, Germany) was used for the virtual slice
visualization and three-dimensional rendering.

Using Avizo 9.5 (Thermo Fisher Scientific), a semi-automatic threshold-based segmentation was
performed on the reconstructed images with subsequent manual corrections. After segmentation,
volumetric reconstruction and visualisation of the micro-CT slices were performed using Avizo v. 9.5
software. Enamel thickness mapping before and after protein etching was performed with the Surface
Distance module on the Avizo 9.5 software.

4. Results:
4.1. Biological sex estimation via peptides in dental enamel

A biological female determination of the sample is indicated by the detection of only one diagnostic
peptide (AMELX); a biological male determination is indicated by the detection of both diagnostic
peptides derived from each isoform (AMELX-(44-52), or AMELY-(58-64)) of amelogenin proteins. For
the total 60 samples of individuals of known sex, the accuracy of sex estimation was absolute (Tab. 2).

Table 2. Amelogenin-sex estimation in a validation sample of adult teeth of known age and sex from a
Czech population (30 males and 30 females).

Sample Sub- Sex Tooth Age Peak area Proteomic
number sample declared |sampled (yrs) X Y sex
Proteomic sex estimation

8 A F 3sM 23 946,208 Not present | F

13 A F oM 39 1,896,641 | Not present | F




15 A F M 20 1,154,743 | Not present | F
16 A F sM 21 1,527,914 | Not present | F
17 A F 3sM 40 1,805,977 | Not present | F
18 A F 3sM 25 874,56 Not present | F
19 A F p2 64 3,008,422 | Not present | F
20 A F M3 21 1,325,183 | Not present | F
21 A F M;s 55 3,032,252 | Not present | F
22 A F M3 24 673,982 Not present | F
1 A M sM 17 748,564 |550,882 M
2 A M m3 41 1,371,502 (2,604,241 |M
23 A M M 28 973,924 11,296,839 |M
24 A M sM 29 1,033,295 (2,386,597 |M
25 A M M 55 2,330,862 13,339,066 |M
26 A M sM 21 734,265 |820,057 M
27 A M M3 36 1,609,180 (2,396,535 |M
28 A M M 35 1,295,788 (2,389,316 |M
29 A M M 61 1,565,209 | 865,203 M
30 A M sM 30 1,490,656 (2,013,183 |M
37 P F P, 34 2,323,905 | Not present | F
40 P F 2p adult [929,849 |[Not present|F
43 P F M3 51 4,721,920 | Not present | F
50 P F sM 38 2,488,777 | Not present | F
51 P F It adult (258,116 [Not present|F
52 P F Mm? 70 4,448,210 | Not present | F
55 P F 3M 65 2,227,581 | Not present | F
58 P F C adult 2,259,169 | Not present | F
33 P M C adult 1,157,578 | 1,258,985 (M
34 P M pt 43 1,140,553 | 2,664,629 (M
35 P M 2p 38 1,967,799 (3,615,260 |M




36 P M p adult- 1,254,277 12,890,431 |M
38 P M p? 62 2,984,328 14,386,024 (M
39 P M 2p 32 2,070,259 14,178,386 (M
41 P M m? 39 2,536,816 13,926,950 (M
44 P M p adult 903,339 [1,473,504 |M
45 P M pt 32 4,197,536 (7,638,730 |M
56 P M M 78 1,487,187 | 1,250,741 M
57 P M P, 61 3,344,463 (4,761,168 M
60 P M M 35 2,141,434 12,029,143 (M
Proteomic sex estimation with micro-CT and SEM analysis

9 A* F M3 32 1,384,671 | Not present | F
10 A* F sM 25 1,271,997 | Not present | F
11 A* F M3 33 1,322,932 | Not present | F
12 A* F M3 26 1,831,753 | Not present | F
14 A* F M3 26 1,258,762 | Not present | F
3 A* M sM 48 1,366,483 [ 3,291,729 M
4 A* M M3 20 627,076 550,347 M
5 A* M 3sM 22 863,334 [1,037,607 |M
6 A* M M 31 611,035 1,317,945 (M
7 A* M 3sM 24 551,819 1,299,878 (M
31 p* F M 34 2,347,440 | Not present | F
32 p* F 3sM 28 3,000,280 | Not present | F
46 p* F M3 adult |[778,678 [Not present|F
48 p* F M 32 5,039,565 | Not present | F
54 p* F M adult [1,210,069 | Not present | F
42 p* M Mm? 73 1,092,764 | 876,029 M
47 p* M M 33 2,718,667 | 3,445,208 M
49 p* M M adult 12,905,233 1,947,298 |M
53 p* M M 42 3,697,825 12,906,365 (M




|59 p* M 2M 72

| 2,000,080

1,784,672 | M

A = group 1a (teeth from extractions in dental clinics in 2019-2021), P = group 1b (teeth from Pachner’s
Identified collection from the first half of the 20th century), * = sub-sample for the effect of protein
etching on tooth enamel quality. SEM = scanning electron microscope; micro-CT =
microtomodensitometry. Tooth nomenclature: | = incisor, C = canine, P = premolar, M = molar, upper
index = upper jaw, lower index = lower jaw, side of the index indicates side of the tooth (left or right).

After this validation of the proteomic sex estimation method, the method was applied to a sample of
15 teeth of adult individuals of archaeological provenance. For the needs of another study [41], we
also estimated the sex of 32 permanent teeth of juvenile individuals from a medieval population (in
which morphological sex estimation is impossible). Table 3 shows the results of the proteomic sex
estimation of the application sample from the Early Medieval period. In the case of adults, 7 teeth
showed both peptide signals and corresponded to males, while 8 teeth with only AMELX-peptide
belonged to females. In the case of immature individuals, the nanoLC-MS/MS analysis showed that 16
teeth with only an AMELX-peptide signal belonged to female individuals; 16 individuals with the
presence of both AMELXpeptide and AMELY-peptide signals corresponded to males.

Table 3. Amelogenin-sex estimation in an application sample of 15 adult teeth and a sample of 32 non-
adult teeth, both from burial grounds of the Early Medieval (9—11th century AD) population from the
Mikulcice agglomeration in Moravia.

Age-at-death (yrs) Peak area
Skeleton number Tooth class Proteomic sex
(Stloukal 1963, 1964, 1967) X Y
H87 40-50 C 3,496,055 | 3,991,318
H170 50-60 2P 3,745,990 | 4,076,427 M
HO0171 40-59 C 3,209,222 Not present|F
HO0187 50-60 P2 693,47 1,445,756 M
H0292 30-59 P, 835,227 |[Not present [F
H0314(bis) adult P, 4,902,831 | Not present |[F
H0314 30-40 p2 2,952,606 | 3,665,371 M
H0324 30-40 1 7,071,775 | 3,665,371 F
H0352 50-60 p2 4,283,238 | Not present |F
H0363 30-40 P, 1,986,341 2,610,787 M
H0406 40-50 M 2,089,384 [ Not present |F
HO0457 50-60 Py 4,678,292 | Not present |F




H0647 40-50 1P 2,551,808 3,039,339 M
H0718 adult p2 5,232,203 [ Not present |F
H1088 adult p 2,893,400 ( 3,510,927 M
H73-VI 5-6 m* 404,29 408,317 M
H143 6—7 M 985,473 1,057,251 M
H160-VI 6—7 1M 806,03 Not present |F
H207 10-11 M 713,327 1,009,648 |[M
H247 5-6 Mm? 799,429 | Not present |F
H253 4 M1 1,254,321 | Not present |F
H266 9-10 m* 187,41 446,308 M
H296 2 M 770,229 (1,102,988 M
H315 34 1M 1,211,179 | Not present |F
H343 2-3 m?! 1,260,716 | 1,923,015 M
H393 4-5 1M 1,186,517 | Not present |F
H444 15-17 M 799,936 (1,221,249 M
H447 2-3 M 776,379 |644,6 M
H454 6—7 1M 949,155 |Not present |F
H455 2-3 1M 533,605 |[Not present |(F
H462 4-5 M1 1,498,764 | Not present |F
H473 4-5 My 556,056 (702,444 M
H489 9 M 759,236 (1,023,086 M
H496 34 M 560,303 [ Not present |(F
H497 6—7 1M 999,491 (694,996 M
H526 2-3 VR 348,887 |[593,259 M
H538 9 1M 297,597 |[Not present |F
H550 4-5 M 566,669 |[Not present [F
H582 12-14 M 733,286 (1,023,541 M
H751 5-6 1M 388,359 [ Not present |F
H792 5-6 M 1,006,139 1,233,096 M




H878 15-16 M 915,958 (825,651 M
H881 6 1M 949,087 | Not present |F
H1041 6 M1 367,721 |[Not present |F
H1058 5 M1 465,283 | Not present |F
H1154 5 M, 671,2 1,374,627 M
H1171 5-6 1M 640,652 [ Not present |(F
Tooth nomenclature: | = incisor, C = canine, P = premolar, M = molar, upper index = upper jaw, lower

index = lower jaw, side of the index indicates side of the tooth (left or right)

4.2. Tooth enamel changes due to protein etching

From a macroscopic point of view (visual evaluation), protein extraction does not affect the observed
details of the tooth surface. It is only necessary to mention subtle colour changes and the reduction of
the gloss of the enamel surface. SEM analysis was used to examine and compare the surface
morphology of each tooth from the validation group before protein etching and after etching. Figures
1 and 2 show SEM images of the enamel surface of two examples: tooth 42 from the Pachner collection
and tooth 6 from recent extractions in dental clinics. The collected SEM images show that all the
samples showed variable and distinct surface changes. Because the teeth were not treated in any way
before applying the etching protocol, after protein extraction from the enamel all traces of tartar and
other substances present on the enamel surface disappeared.



Fig. 1. Comparison of enamel surface alteration obtained by SEM before (A) and after (B) protein
etching. Upper row — natural size; Middle row — area 1 at 500x magnification; Bottom row — area 2 at
500x magnification. Sample number 42 (from Pachner’s Identified collection, from the first half of the
20th century).
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Fig. 2. Comparison of enamel surface alteration obtained by SEM before (A) and after (B) protein
etching. Upper row — natural size; Middle row — area 1 at 400x magnification; Bottom row — area 1 at
700x magnification. Tooth sample number 6 (tooth from extraction in dental clinics in 2019-2021).

m [

Additionally, most of the images from the SEM showed slight alterations of the surface with the
presence of microporosity, possibly with deepening grooves and defects. The method of sample
preparation for proteomic sex estimation appears to weaken the sample structure, which is also
evident from the micro-CT analysis. We observed microcracks in some teeth before the analysis, which
after protein etching were slightly wider (Figure 3).



Fig. 3. Structural changes in tooth due to protein etching (Tooth sample number 3). Top left: 3D
reconstruction of Tooth 3 before protocol application. Top right: after enamel etching according to the
protocol to obtain protein for sex estimation. The horizontal line shows the plane of the section.

Quantitative changes in enamel thickness using colour maps are shown in Fig. 4. In the given example,
the enamel surface on the occlusal plane shows visible enlargement of a cavity caused by tooth decay,
which is caused by the action of the extraction solution. The enamel thickness is less, and the cavity
after caries has increased due to the action of the extraction solution.
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Fig. 4. Colour map of the enamel thickness on the molar occlusal surface. Red indicates areas of thicker
enamel surface. The white area in the middle corresponds to an opening caused by dental caries. As a
result of the extraction and the action of the acid, the opening became larger (left before etching, right
after etching). Tooth sample number 46.

Another example of quantitative changes in enamel thickness using colour maps is shown in Fig. 5.
After the application of the protein extraction protocol on the tooth enamel, there is a reduction in the
thickness of the enamel, which is manifested by a change in colour from red to blue. This reduction in
enamel thickness affects all of the teeth that have been treated. The colours are always less intense on
the right colour map. Volume changes of both enamel and dentine, as well as of the entire tooth, are
shown in Tab. 4. Due to the application of the extraction protocol, approximately 10% of the enamel is
lost, but we also observed a 2% loss of dentine.
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Fig. 5. Colour map of the tooth showing the enamel thickness before and after protein etching. Red
indicates areas of thicker enamel surface. Tooth sample number 7.

Table 4. Micro-CT of selected teeth before and after protein etching. Absolute and relative values of
tooth volume, enamel and dentine volume.

Enamel volume Dentin  volume Total volume
Sample (mm?) (mm?) (mm?3)
* [ Tooth

numoer class [Before | After lDo/iof)ference Before |After 5)/11‘)ference Before [ After ?;gference
3 sM 248.03|224.25]9.6 475.14 |463.93 |24 723.2 |688.18 (4.8

4 M3 285.381264.5317.3 632.08 (623.11 |1.4 917.5 |887.64 (3.3

5 sM 311.76(287.41(7.8 706.53 [697.15 |1.3 1018.3|984.56 |3.3

6 M 191.38|167.6 |12.4 499.1 (4855 |2.7 690.5 [653.1 |5.4

7 sM 290.16270.04 6.9 738.75 (728.22 |1.4 1028.91998.26 |3.0




9 M3 151.3 (131.57(13.0 403.34 |393.32 |25 554.6 |524.89 |5.4
10 sM 205.221178.91|12.8 390.81 (383.48 |1.9 596.0 |562.39 [5.6
11 M3 191.6 [166.52(13.1 620.17 [603.85 |2.6 811.8 |770.37 [5.1
12 M3 182.37(157.88|13.4 465.99 |453.56 |2.7 648.4 |611.44 (5.7
14 M3 162.68[139.6 |14.2 389.2 372.79 (4.2 551.9 [512.39 (7.2
31 M 155.17[139.7310.0 480.56 |473.3 [1.5 635.7 |613.03 [3.6
32 3sM 177.241160 9.7 476.13 |471.85 |0.9 653.4 (631.85 (3.3
42 m?! 196.09(180.22 (8.1 728.44 1720.29 |1.1 924.5 |900.51 |2.6
46 M3 155.55(141.07 (9.3 531.76 [516.31 |2.9 687.3 |657.38 |4.4
47 m?* 277.28|260.76 | 6.0 936.66 [928.53 |0.9 1213.9]1189.29|2.0
48 M 237.481220.53]7.1 553.83 (547.77 |11 7913 |7683 [2.9
49 M 185.94(166.71(10.3 688.07 [675.21 |1.9 874.0 |841.92 (3.7
53 M 171.391148.34|13.4 798.43 1786.98 |1.4 969.8 1935.32 |3.6
54 m?! 100.7 |91.35 [9.3. 1005.0 [984.73 |2.0 1105.711076.08 | 2.7
59 M 237.44(218.2 (8.1 1197.51(1178.42|1.6 1435.0(1396.62|2.7
Mean 10.10 1.92 4.02
Standard deviation 2.59 0.84 1.36
95% confidence o gg,11.30] [1.53,2.31] 13.38,
interval for the mean 4.65]
*Numbers correspond to the sample number in Table 2
Tooth nomenclature: | = incisor, C = canine, P = premolar, M = molar, upper index = upper jaw, lower

index = lower jaw, side of the index indicates side of the tooth (left or right)

As can be seen in Fig. 6, the percentage of total volume loss depends on the proportion of enamel in
the total volume of the tooth (this proportion is calculated as enamel volume before etching / total
volume before etching). This relationship is of moderate intensity (r = 0.46) and weakly significant (p =

0.042).
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Fig. 6. Relationship between percentage of loss of total volume and the proportion of enamel in total
tooth volume.

5. Discussion
The validity of proteomic sex estimation

Proteomics is an approach with a wide range of applications. The main strength of tandem mass
spectrometry (MS/MS) is its ability to analyse complex protein mixtures [42]. The use of the resulting
MS/MS spectra to determine the sequence of peptides is increasingly common not only in biological
sex estimation [27,29,30,32], but also in art history [43-45] and the material analysis of historical
textiles [46,47]. The use of proteomic methods in palaeontology is also increasing rapidly , and it is
expected that these methods will be helpful for many general applications, connecting molecular
biology, palaeontology, archaeology, palaeoecology, and history [42].

The advantage of proteomics in sex estimation is its high reliability and, compared to DNA analysis, the
low risk of contamination and relative cost-effectiveness [17]; it is also less destructive. The absolute
accuracy of the method used for the extraction and analysis of sexspecific proteins (Tab. 2) proved the
suitability of the method for examining human skeletal remains, which, like cultural artefacts, form an



integral part of the cultural heritage. Reliable estimation of sex in sub-adults (which is impossible to
assess directly from skeletal remains due to the undevelopment of sexually dimorphic traits), so far
uncommon in bioarchaeological practice, significantly increases the explanatory potential of sub-adult
skeletons and helps to avoid interpretation bias resulting from unknown sex ratios in specific age
classes or socioeconomic groups [41]. Therefore, if sex estimation is needed, it is advisable to use
protein extraction methods [13,32] without the need for tooth destruction [26,30]. Other reasons for
its use include the low impact of manipulation on the archaeological skeletal material, which manifests
itself in minimal invasiveness, as also proven in our results.

In addition, the technique employed allows the first two steps (sample preparation and protein etching)
to be carried out in a laboratory with minimal instrumentation and equipment. Only the third and last
stage, the protein analysis itself, must take place at a workplace with the appropriate liquid
chromatography-tandem mass spectrometry equipment.

Invasiveness of the amelogenin protein etching protocol

The issue of the invasiveness of protein etching is a major topic in terms of cultural heritage
preservation efforts. The influence of the various chemicals to which the hard dental tissue, in the case
of proteomics the enamel, is exposed should be known. However, we are not aware of any previous
study evaluating the extent of enamel loss when applying proteomics for sex estimation; to the best of
our knowledge, the effect of protein extraction on the structural integrity of enamel assessed here for
the first time. The protocol used in the present study uses low concentrations of H202 (3%) for 30
seconds for cleaning and demineralization of the tooth surface to remove calcium phosphate salts
(calculus), and HCI (5%) etching for only 2 minutes [13] with immersion of only the dental crown. Such
a concentration of H202 is even lower than the maximum concentration (up to 6% H202) in tooth
whitening products, which a 2011 European directive considered to be cosmetic products according to
Dias et al. [48]. With regard to HCI concentration and time to its exposition, the only possibility for
comparison is offered by studies that deal with the effect of acids on teeth dissolution in a forensic
context. The destructive effect of highly concentrated HCI (37%) on human dentition is indisputable.
Several studies have established that highly concentrated HCI (depending, among other things, on the
type of tooth) cause teeth to completely dissolve after a few hours [49-51]. Concerning the exposure
time, Mazza et al. have reported no visible effect after 5 min of immersion in 37% HCI [49]. Gupta and
Johnson observed morphological and radiographic changes to enamel after 30mins — 1 hour [52]. Jones
et al. 2020 reported almost complete disintegration of enamel after 4 hours and no enamel present
after 12 hours in HCI (37%) [51]. It has been confirmed that the acid concentrations as well as the length
of exposure is important for the final morphological and chemical impact [49,50], and left no traces
behind. In our case, a much lower concentration and a much shorter exposure time were used, which
leave no visible traces. We observed enamel loss of 10% and dentine loss of only 2% using micro-
computed tomography (micro-CT) (see Tab. 4). However, it should be noted that this also involves the
removal of surface dirt and dental calculus, which are included in the volume of dental tissue in the
first scanning and are removed only before the protein etching itself.

Importance for sexing in archaeological assemblages

The application of proteomic sex estimation in an archaeological collection to an individual with
guestionable or contradictory results of biological sex estimation by anthropological methods allows
the obtaining of correct information about biological sex, which can be used to study a whole range of
issues such as demography, diet and burial rites [15,53]. In the present study, adult individuals, for
whom the morphological sex assessments performed by two teams half a century apart showed
differences, were selected for the application sample. Table 5 shows the results of proteomic sex



estimation in 15 adults from the Early Medieval period with biological sex estimate discrepancy. The
proteomic analysis agrees with the first morphological sex estimate by Stloukal in approximately half
of the cases [36—38], while the same ratio of morphological sex agreement occurs in the case of the
second morphological sex estimate by Zazvonilova et al. [39]. Sexing by proteomic analysis was
successful for all individuals, contrary to the morphological sex estimates where some individuals were
not determined or where sex was estimated with uncertainty (in Table 5 indicated by question marks).
Unlike morphological sex estimation, which provides a probability of the estimated sex, in proteomic
analysis sex can be assigned.

Table 5. Contradictory morphological sex estimation in an application sample of 15 adult teeth
performed by Stloukal (1963, 1964, 1967) and by Zazvonilova et al. (2020), in comparison with
amelogenin-sex estimation. Concordance of the anthropological estimation with the proteomic sex
estimation is indicated by an asterisk.

Anthropological sex estimation Proteomic sex estimation

Skeleton

number Stloukal (1963, Zazvonilova et.al. Present study
1964, 1967) (2020)

H87 F? M* M

H170 M* F M

HO171 M F* F

HO187 F? M?* M

H0292 M F* F

HO0314(bis) Not determined M F

HO0314 Not determined M* M

H0324 M F* F

H0352 F* M F

HO0363 M* F M

H0406 F* M F

H0457 Fo* M F

HO0647 M* F M

HO0718 M? F* F

H1088 F? M* M

Regarding the non-adult individuals described in detail elsewhere [41], the current sample of sexed
non-adults with known dietary history helped to reveal that there were no dietary differences between
Great Moravian boys and girls during the first decades of their lives. Proteomics provides a new,
relatively simple, and quite inexpensive method of sex estimation without the risk of contamination.

6. Conclusion

Our results demonstrated the suitability of a protocol that uses protein etching from an intact tooth
and does not require its mechanical destruction, or that of parts of the crown. Results show the
absolute accuracy of biological sex estimation in a sample of 60 individuals of known sex. Based on



micro-CT analysis (n=20), the etching protein process is minimally invasive and does not cause visible
changes to the dental enamel surface. Application to an archaeological sample of non-adult (n=32) and
adult (n=15) individuals proved the suitability of proteomic biological sex estimation. Proteomics
provides a convenient way to estimate sex in juveniles where anthropological methods cannot be
applied. The status of such a procedure allows for wider dissemination of the method, which can thus
become a routine technique in the analysis of archaeological skeletal material.
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Abstract: In order to compare the early life experiences of different population subgroups from the
Early Medieval centre of MikulCice, carbon and nitrogen isotopic values were measured in dentine
serial sections from the first permanent molar of 78 individuals. Age-at-death, sex (estimated in
subadults with the help of proteomics) and socio-economic status were considered as explicative
variables. Average values of both nitrogen and carbon maximal isotopic offset within the isotopic
profile were higher than the recommended range for weaning under healthy circumstances:
3.1+ 0.8%o for ALI5Nmax and 1.6 + 0.8%o for A13Cmax. Individuals who died during the first decade of
life showed earlier ages at the final smoothing of the nitrogen isotopic curve (suggesting complete
weaning) than older individuals. Most individuals (n = 43) showed positive covariance between 615N
and 613C values during the period of breastfeeding. The average 615N values from the post-weaning
period were similar to those of bone, while post-weaning §13C values were significantly higher.

Though an increased A15Nmax suggests a common presence of physiological stress, the intra-
population comparison of early life experiences does not suggest that individuals who died during their
first decade experienced greater levels of environmental stress during infancy.

The predominance of positive covariance between carbon and nitrogen isotopic values during the
breastfeeding period, together with an increased A13Cmax and increased post-weaning 613C, suggest



that millet was either a part of a special diet preferred during lactation or was introduced as a first
dietary supplement.

Keywords: Breastfeeding, physiological stress, diet, stable isotopes, Middle Ages

1. Introduction

Since the pioneering work by Fogel et al. (1989) described the relationship between the hair isotopic
values of mothers and their breastfed babies, the reconstruction of breastfeeding and weaning
behaviour has naturally attracted the attention of bioarchaeologists. The duration of breastfeeding, as
well as the timing of the introduction of complementary food, clearly affect the health and physical
well-being of the child both in the short term (Lamberti et al. 2011, Shamir 2016, Wilson et al. 2006)
and the long term (Berti et al. 2017, Demmelmair et al. 2006, Kendall et al. 2021, Lamberti et al. 2011,
McDade 2005, Palou and Picé 2009). Moreovet, as a bio-socio-cultural phenomenon, infant and young
child feeding practices are influenced by a number of cultural, religious, economic and also
environmental factors (Fildes 2017, Quinlan 2007, Thorvaldsen 2008, Tomori et al. 2017, Yovsi and
Keller 2003).

Last but not least, the duration of breastfeeding has a considerable impact on women’s health and
fertility (Bentley et al. 2001, Jay 2009). For all these reasons, information on this aspect of childcare
helps substantially to understand the population dynamics and living conditions of past populations.

For more than a decade, researchers generally followed a cross-sectional approach, analysing carbon
and nitrogen isotopes in the bone collagen of infants and young children of various ages, and
comparing their values to female population averages (e.g. Fogel et al. 1989, Katzenberg et al. 1996,
Mays 2010, Pearson et al. 2010, Prowse et al. 2008, Schurr 1997), often attempting to link observed
isotopic patterns with the mortality and morbidity profiles of subadults.

Subsequently, however, some hidden pitfalls of this approach were addressed, such as the omission of
the intra-population dietary variation in lactating mothers or potential mortality biases in weaning
interpretations in terms of the osteological paradox (Fuller et al. 2003, Wood et al. 1992). A solution to
these problematic issues was seen in the enforcement of an intra-individual approach, recovering
dietary information from different periods of an individual’s life. Samples were taken from different
mineralized tissues (Herrscher 2013, Howcroft et al. 2012, Kaupova et al. 2014), from different parts of
bone (Waters-Rist et al. 2011), and finally from serial sections of dental tissues, with the number of
serial samples increasing along with development in mass spectrometry reducing the sample size
(Beaumont et al. 2013, Eerkens et al. 2011, Fuller et al. 2003, Howcroft et al. 2012).

Gradually, scientists' attention moved to dentine tissue, which, due to the absence of turnover, retains
the isotopic signal from the period of tooth development throughout life (Balasse et al. 2001, Richards
et al. 2002), and thus allows the inclusion of adult individuals into studies while avoiding the risk of
mortality biases. Sampling horizontal sections of dentine results in an isotopic profile covering the
entire period of the tooth development (Beaumont et al. 2013). However, rather than resolving the
issue of breastfeeding, the more detailed sampling methodology revealed that the dentine isotopic
record results from a complex interaction of a number of dietary and non-dietary factors, among which
physiological stress plays a key role (Beaumont et al. 2013, 2018, Craig-Atkins et al. 2018, King et al.
2018).



Potential sources of isotopic variation in dentine isotopic values
Breastfeeding

The isotopic effect of breastfeeding is a reflection of a phenomenon called the “trophic level effect”
(Ambrose and Norr 1993, DeNiro and Epstein 1978, 1981, Schoeninger and DeNiro 1984), whereby
heavier isotopes are discriminated against at each level of the food chain, resulting in isotopic
enrichment of the consumers' tissues above those of their prey. In bone collagen, enrichment by 3-5
%o was observed with each trophic level for 615N values (direct estimates for human give slightly higher
estimates of 5.5-6 %o, O’Connell et al. 2012) and by 1 %o for §13C values. However, focusing on
breastfeeding, direct observation of mother-infant pairs reported somewhat lower shifts in 615N
values associated with breastfeeding — between 2-3 %o (Fuller et al. 2006, Herrscher et al. 2017).

Prior to birth, the foetus is an integral part of the maternal organism (Fogel et al. 1989). Although a
small offset has been observed in the tissues formed in-utero in mother-offspring pairs (de Luca et al.
2012, but see Herrscher et al. 2017), much larger deviations occur once breastfeeding starts. Due to
the trophic level effect, breastfed infants exhibit an elevation of both the 613C and 615N values above
maternal values. During weaning, both 613C and 615N isotopic values of the newly formed tissues
drops continuously, along with the decreasing dietary proportion of breast milk (Fogel et al. 1989,
Fuller et al. 2006).

Nutritional or physiological stress

As demonstrated by a number of controlled-feeding experiments on different animal species (for
review see e.g. Reitsema 2013), as well as by direct observations of humans with eating disorders,
pregnancy complications, and a number of serious diseases (Fuller et al. 2005, Mekota et al. 2006, Tea
et al. 2021), changes in nitrogen balance under physiological stress are responsible for notable isotopic
shifts. To compensate for protein insufficiency under conditions of negative nitrogen balance, body
tissues are catabolized and recycled. Thus, the fractionating processes of transamination and
deamination are repeated, resulting in enrichment in the 15N of the newly formed tissues (Reitsema
2013). The impact of decreased protein bioavailability on carbon isotopic values is, however, less
unequivocal. In some studies, the above-described shifts in 615N values have been found to be
accompanied by decreased 613C values, this results from the combination of the altered ratio between
routed dietary and endogenously synthesized amino acids and of the mobilization of fat stores, which
are isotopically depleted (Beaumont et al. 2018, Mekota et al. 2006, Neuberger et al. 2013, Schwarcz
2002). Based on these findings, a typical isotopic "stress pattern" has been described, which is
commonly used especially in studies of dentine isotopic profiles, stressing the opposing covariance
between 615N and 613C values during the stress episode (Beaumont et al. 2018, Beaumont and
Montgomery 2016, Craig-Atkins et al. 2018).

An increasing number of studies (Canterbury et al. 2020, D’Ortenzio et al. 2015, Drtikolova Kaupova et
al. 2021, Fuller et al. 2005, Katzenberg and Lovell 1999), however, have found no change in §13C values
during the stress episodes affecting 615N values. There are even studies (Drtikolova Kaupova et al. in
press, Neuberger et al. 2013) reporting positive covariance between §13C and 615N values during such
stress episodes.



Other factors

The next point potentially deconstructing the paradigm of the "typical isotopic stress pattern" is that
there are a number of other factors of both dietary and physiological origin, concerning mother and/or
child, which may evoke isotopic shifts emulating or overriding isotopic reflection of both breastfeeding
and stress. The use of distinct weaning foods is quite common throughout the world (e.g. Sellen 2001),
as are specific dietary rules imposed on pregnant or lactating women (Baumslag 1987). Alternatively,
annual or seasonal variation in the isotopic composition of the mothers’ diets, and therefore of
breastmilk, can never be excluded. This argument is especially important in all the contexts with
documented consumption of C4 plants and/or both marine and freshwater products (King et al. 2018).
Further, although there is limited information on the isotopic composition of breastmilk, it seems that
there are isotopic shifts in breastmilk values over the course of breastfeeding independent of maternal
diet or health (Herrscher et al. 2017), probably linked with changing macronutrient composition over
the course of lactation (Czosnykowska-tukacka et al. 2018). The practice of wet-nursing, well-known in
continental Europe since Antiquity (Fildes 2017), can also affect the isotopic reflection of breastfeeding,
when the isotopic values of the wet-nurse are different from those of the mother (Herrscher 2004).

For all the reasons mentioned above, it is evident that the reduction of isotopic variation in infants and
young children to a simple typology of isotopic curves reflecting "weaning" or "physiological stress"
(e.g. Craig-Atkins et al. 2018) is not viable. In this study, we thus attempt to avoid this descriptive
approach and rather analyse the interplay between 615N and §13C isotope values in early life without
such categorization, to compare the isotopic values and their shifts between biologically and socio-
culturally defined groups and to highlight the multiple potential interpretations of incremental profile
shapes.

For that reason, we have explored the early life experiences of a sufficiently numerous (n = 78)
population sample from the Great Moravian settlement agglomeration of Mikulcice, defining a number
of simple questions: first, do all the individuals exhibit a isotopic peak in the early life period
attributable to breastfeeding? Second, due to the well-described impact of early life experience on
health and physical well-being in a long-term perspective (Demmelmair et al. 2006, McDade 2005,
Palou and Pic6 2009), we searched for the potential differences in isotopic profiles between individuals
who died during M1 formation, those who died after M1 formation but before adulthood (i.e. during
the second decade of the life) and finally individuals who survived to adulthood. To check for different
parental investment in infants of different sexes, which are common in populations with high gender
inequality (Eerkens and Bartelink 2013, Jayachandran and Kuziemko 2011), we explored the potential
differences in isotopic profile between males and females. And finally, we explored the whether the
level of parental effort and/or environmental risk differed between members of Great Moravian elites
vs. common folk.

2. Materials and methods

Great Moravia (9th to beginning of the 10th centuries AD) was the first Slavic proto-state structure in
Central Europe (Figure 1). Along with rapid political consolidation and the introduction of the first
proto-urban centers, Christianisation probably extended into Moravia at the beginning of the 9th
century (Herold 2012, Kalhous 2020, Machacek 2013). The skeletal material analysed in this study



comes from the settlement agglomeration at Mikulcice (Czechia, N 48°48'15.9", E 17°05'08.5", Kuna et
al. 2018), which is believed to be one of the prominent power centres of the Great Moravian Empire
(Polacek 2018). It attained a degree of urbanization unprecedented in the region, with a high
concentration of ecclesiastical buildings. The settlement complex consisted of a fortified acropolis or
“castle” and a bailey, surrounded by unfortified suburbs. Ongoing archaeological research begun in the
1950s has uncovered more 2500 graves both in the suburbs and at the acropolis, including presumably
dynastic graves in the interior of the main churches as well as a number of richly equipped graves,
suggesting the presence of the true elites of Great Moravian society (Polacek 2008). The adult and
peripherally the subadult diets of the MikulCice population have previously been explored (Halffman
and Veleminsky 2015, Jilkova et al. 2019, Kaupova et al. 2018), providing a good framework for
comparison with current results and documenting the notable input of millet in the Great Moravian
diet.

The dataset included 46 adults and 32 subadults, of which 25 died during M1 formation, while 7 died
after the completion of the M1 root. There were 41 males and 37 females. In terms of socio-economic
status, 38 individuals were classified as elite, the rest (n = 40) as non-elite. The age-at death distribution
of the adult dataset was affected by dental wear, so individuals younger than 40 years were strongly
prevalent. In adults, sex estimation was based primarily on the morphology (Brizek 2002, Phenice
1969) and metrics of the innominate bones (Brizek et al. 2017, Murail et al. 2005). Where these were
absent or poorly present, an evaluation of the morphological traits of the skull was used (Walker 2008).
Age-at death estimation was based on the evaluation of senescent changes of the auricular surface
(Schmitt 2005), pubic symphysis (Schmitt 2008) and the acetabulum (Calce 2012). In young adults,
indicators of skeletal maturation of iliac crests and clavicles were used (Scheuer et al. 2008). For
subadults, sex was estimated with the help of sex chromosome-linked isoforms of the peptide
amelogenin from human tooth enamel. The modification of the method by Stewart et al. (2017) was
used, employing a minimally destructive acid etching procedure and subsequent nano liquid
chromatography tandem mass spectrometry. Further details of the method and the sex estimates for
the subadults can be found in the Online Resource 1. The reliable sex estimation in the subadults, still
not common in bio-archaeological practice, greatly increases the testimonial power of the subadult
skeletons and helps to avoid the interpretative biases resulting from unknown sex ratios in particular
age classes or socio-economic groups. Age-at-death for subadults was assessed using dental
development (Smith 1991).

The character of grave goods was used for the categorization of socio-economic status. Elites were
considered to be individuals from well-equipped graves containing gold, luxury jewellery and textiles,
belt strap-ends or cutlery, gilded buttons, metal weapons, spurs, or iron coffin accessories. Individuals
from graves with objects of daily use, such as knives, ceramics, glass buttons or beads, simple jewellery
or from graves lacking any grave goods, were considered to be non-elite.

The criterion for inclusion into the dataset was the preservation of at least one first permanent molar
(M1) and a low degree of dental wear, admitting max. stage E according to Lovejoy (1985). Samples for
stable isotope analysis were taken preferentially from the lower M1, but in cases of absence, damage
(e.g. by dental caries) or notable dental wear, the upper M1 was sampled. After removing adhered dirt,
the M1 was halved along the mesio-distal (lower M1) or vestibulo-palatinal (upper M1) axis, with half
of the tooth preserved for further analyses. Enamel was removed from one half of the M1 using dental
burs and saws. Collagen was extracted using Method 2 described by Beaumont et al. (2013) in the
modification by van der Haas et al. (2018). The demineralized dentine was sectioned into 10 horizontal
sections (in the case of fully formed teeth) reflecting dental developmental stages (Smith 1991). As far
as possible the calculations of the approximate ages for each section considered the distinct rate of



dentine secretion at various stages of tooth development, being calculated separately for each
particular tooth segment (Czermak et al. 2020): the crown (Cri-Crc, divided into 5 slices), the superior
half of the root (Crc-R1/2, divided into 2 slices), the inferior half of the root (R1/2-A1/2, divided into 2
slices) and the closing apex (A1/2-Ac, one slice). According to the Smith (1991) developmental scheme,
the M1 crown forms approximately from birth, with the age at crown completion being 2.2+0.5 years.
The fully formed tooth crowns were cut in 5 horizontal increments, each representing 1/5th of 2.2
years. Analogously, calculations were made for the M1 root.

All the sample preparations were carried out at the Department of Anthropology, National Museum,
Prague, CZ. EA-IMRS (Elemental Analysis — Isotope Ratio Mass Spectrometry) was performed at Iso-
Analytical, Crewe, UK. Stable carbon and nitrogen isotopic compositions were calibrated relative to the
VPDB and AIR scales using IAEA-CH-6 and IAEA-N-1 inter-laboratory comparison standards.
Measurement uncertainty was monitored using in-house standards: IA-R068 (soy protein, §13CV-PDB
=—25.22 %o, 615NAIR = 0.99 %o), IA-R038 (L-alanine, §13CV-PDB = —-24.99 %o, 615NAIR = —0.65 %), IA-
R0O69 (tuna protein, §13CV-PDB =—18.88 %0, 615NAIR = 11.60 %0) and a mixture of IAEA-C7 (oxalic acid,
613CV-PDB = —-14.48 %o) and IA-R046 (ammonium sulphate, §15NAIR = 22.04 %.). Precision was
determined to be + 0.14%o for both 613C and 615N values based on repeated measurements of
calibration standards, check standards, and sample replicates. Accuracy or systematic error was
determined to be + 0.07 for §13C and £ 0.11 for 615N values based on the difference between the
observed and known & values of the check standards and the long-term standard deviations of these
check standards. The total analytical uncertainty as defined by Szpak et al. (2017) was estimated to be
1 0.16 %o for 613C values and £ 0.18 for 615N values.

To describe the carbon and nitrogen isotopic profiles with respect to dietary and physiological changes,
several parameters were chosen: for 615N values, we noted the presence of the initial peak in isotopic
values as primary evidence for breastfeeding. We calculated the maximal isotopic offset (A15Nmax) to
describe the height of this peak and noted the ages at i) the first notable decrease from the peak value
and ii) the smoothing of the isotopic profile to describe its extension (Figure 2A). In both cases 0.4 %o
(a double of the analytical error at two standard deviations) was considered to be a significant isotopic
change. For 613C values, we also calculated the maximal isotopic offset (A13Cmax). We then evaluated
the shape of the carbon isotopic profile in relation to that of nitrogen during the initial peak described
above. Four basic types of carbon isotopic profiles were defined: i: positive covariance between 615N
and 613C values, ii: negative covariance when 613C values are low during the time of peaking 615N
and subsequently increase along with decreasing 615N values, iii: Flat carbon profile, and finally iv:
positive covariance between 615N and §13C values in most of the slices, but with an initial decrease in
613C values preceding the shift in 615N values (Figure 2B).

To describe the isotopic values after the period of breastfeeding, we calculated the average post-
weaning isotopic value (i.e. the average value from all the slices developed after smoothing the
nitrogen isotopic curve as described above). This was to describe childhood diet in the period following
weaning, and to compare it with previously published dietary info from later life periods (Jilkova et al.
2019, Kaupova et al. 2018). For each individual, we also searched for two potential patterns described
in previous isotopic studies of dentine incremental profiles: i) the presence of the so-called 'post-
weaning dip' in nitrogen isotopic values, which is usually linked to the special character of the post-
weaning diet, with low input from animal products (Tsutaya and Yoneda 2015), and ii) cases of notable
shifts in both carbon and nitrogen isotopic values showing a pattern of a negative covariance, usually
attributed to biological stress (Beaumont and Montgomery 2016).

Statistical analyses were examined in R software version 3.3.3 (R Core Team 2017). The effect of age,
sex, and socio-economic status on the values of nitrogen and carbon post-weaning averages, as well as



age at first decrease and age at final smoothing, were modelled using linear models and tested with
ANOVA. The values of age at first decrease and age at final smoothing, which were classified into 3 and
6 levels respectively (i.e. an ordinal scale), were treated as numerical variables in the analyses, because
there were relatively high numbers of levels with only a few observations per level.

As maximal offset of nitrogen, maximal offset of carbon, age of weaning, and age at first decrease
correlated with each other (with a maximal correlation coefficient of 0.31 between the the maximal
offset of nitrogen and maximal offset of carbon), the joint effect of age, sex, survival, and socio-
economic status was modeled with RDA analysis using the library "vegan" (Oksanen et al. 2015). The
effect of the predictors was tested with an ANOVA-like permutation test with the function “anova.cca”.
The incidence of distinct carbon isotopic profiles in particular age-groups was compared by Fisher exact
test.

3. Results

Complete isotopic results are given in full in the Online Resource 2. Several increments (N = 6) did not
yield enough collagen for analysis, this concerns exclusively apical sections including only a small
portion of dentine from dentine horns. All the analysed samples met the criteria for good collagen
preservation. Individuals analysed in this study exhibit highly varied 615N and 613C profiles, which are
shown for each individual in the Online Resource 2.

Nitrogen isotopic profiles

Almost all the individuals show some sort of decrease in 615N values during the earliest life period,
which could be viewed as a reflection of breastfeeding and subsequent weaning. However, notable
variation exists in both the timing and magnitude of these shifts. Based on the study by Fuller et al.
(2006), an isotopic offset of 2-3 %o could be seen as primary evidence of weaning from full
breastfeeding under healthy circumstances. Shifts beyond these margins (in both directions) suggest
the combined impact of the trophic level effect and biological stress, and/or the other factors listed
above. In this study, the average A15Nmax was slightly higher than the recommended range (3.1 £ 0.8
%o). In 37 (of the 78) individuals, A15Nmax was above 3 %o, with a maximum of 5.1 %o. In nine
individuals, A15Nmax was below 2 %o with six of them not showing a typical isotopic curve shape
attributable to weaning: five individuals, (Graves 112-VI, 462, 673, 1058, 1171) show very low 815N in
the earliest dentine slice following by a delayed peak in 615N (Figure 3). No. 207 shows a specific
nitrogen isotopic profile with low 615N in the earliest dentine slice followed by the two subsequent
peaks in 815N of smaller extent (Figure 3).

When comparing the A15N between the defined population subgroups, there were no statistically
significant differences between age classes, sexes or socio-economic groups (Table 1, Figure 4). In the
case of age, the result was close to the 0.05 % level of significance, with non-survivors showing
surprisingly lower nitrogen isotopic offsets that older individuals.

Concerning the start and end points of the above described isotopic shift attributable to weaning, in
most of the individuals (n = 37) 815N values decreased significantly in the second slice, representing
isotopic values at the age of 5-11 months. In 30 individuals the first decrease was observed in the third
slice (representing isotopic values from approx. 11-16 months), while in five individuals, 815N values
did not decrease before 16-21 months (4th slice). In detailed comparison, females showed the first



isotopic decrease at a later age than males (Table 1). Age-at-death and socio-economic status had no

statistically significant relationship to this parameter (Figure 4).

Table 1. Relationship between defined parameters of both carbon and nitrogen isotopic curve and the

explicative variables (p — values?)

615N 613C
Post- Type of Post-
Age at first Age at final . vp .
A15Nmax . weaning the weaning
decrease smoothig i
average profile average
Age 0.064 0.897 0.007 0.222 0.008 0.096
Sex 0.835 0.008 0.411 0.038 X 0.097
Socio-
economic 0.617 0.550 0.030 <0.001 X 0.058
status

2results significant at 0.05 level are in bold

The age at the final smoothing of the isotopic curve showed much higher variation, with the youngest
individuals (n = 7) being 11-16 months old (slice 3). In the majority of individuals the final smoothing
was relatively uniformly dispersed between the age classes of 16-21 months (slice 4, n = 20), 21 months
to 2.2 years (slice 5, n = 25) and 2.2-3.7 years (slice 6, n = 18). Finally, in two individuals the final
smoothing occurred as late as at 3.7-5.3 years. Surprisingly, individuals, who died during the first
decade of life showed an earlier age at final smoothing than older individuals (Table 1). Also, in elites,
the final smoothing occurred on average earlier than in non-elites. The sex of the individual had no
important impact at this parameter (Figure 4).

According to the RDA analysis, which included all four factors (maximal nitrogen and carbon offsets,
age at first decrease, age at final smoothing), the RDA1 axis shows that adults and males display a
higher maximal offset, but non-survivors a higher age at first decrease. RDA1 however explains only 7
% of the variability and this result is not statistically significant (ANOVA-like permutation test, F = 1.45,
p = 0.848).

Carbon isotopic profile and the covariance between carbon and nitrogen isotopic values

The maximal carbon isotopic offset (A13Cmax) ranged between 0.3 and 3.6 %o, with an average value
of 1.6 + 0.8 %o, which is substantially higher than the trophic level effect of exclusive breastfeeding
(Fuller et al. 2006).

Concerning the shape of the carbon isotopic profile and the relationship to nitrogen isotopic values,
most of individuals (n = 43) follow the pattern of positive covariance between 815N and 613C values
at least in the initial portion of the isotopic profile, i.e. in the period of supposed breastfeeding and
weaning (Profile i). Instances where carbon and nitrogen isotope values negatively covary during this
period, with decreasing 615N values along with increasing 613C values, are relatively scarce (n = 7,
Profile ii). A flat carbon profile (Profile iii) occurs in nine cases. Lastly, profile iv, where carbon and
nitrogen isotopic values covary positively for most of the time, but the decrease in §13C values
precedes the decrease in §15N values, occurs in eleven cases. There are eight cases (graves nos. 112/VI,



207, 182,462, 625, 673,727, 1171) in which the carbon isotopic profile does not corresponds with any
of the types described above. In 112/VI and 673 carbon isotopic values covary positively with 615N,
but do not follow the typical weaning scenario (see Figure 3). In 462 and 1171 atypical carbon profiles
occur along with atypical nitrogen profiles, but neither positive nor negative covariance between 615N
and 613C values is present. In 182, 625 and 727, unexpected shifts in 613C values occur along the
nitrogen isotopic peak typical for breastfeeding. Finally, in individual 207 carbon isotopic values covary
negatively with nitrogen isotopic values during both episodes of increased 615N values (Figure 3).

The type of the carbon isotopic curve differed significantly between individuals, who died before M1
completion and others, with a flat carbon isotopic profile being more common in non-survivors (seven
of the nine cases). It was not possible to assess the potential relation to sex or socio-economic status
or to include this variable in the multifactorial analysis due to the dominance of profile |, and the
subsequently low number of cases in some categories.

Post-weaning isotopic values

The average nitrogen isotopic values from all the slices developed after the smoothing of the nitrogen
isotopic curve ranged between 9.1 and 12.5%0 with a mean of 11.2 + 0.8 %o. The average carbon
isotopic values ranged between —19.1 and —16.3 %o with a mean of —17.6 + 0.6 %.. Seven individuals
died too early to identify the point of the final smoothing of the nitrogen isotopic curve and thus were
not included in this analysis. Among adults (n = 44) we were able to compare these "post-weaning
averages" with previously published adult isotopic values from bone collagen (Jilkova et al. 2019,
Kaupova et al. 2018). Childhood nitrogen isotopic values were similar to those from adulthood (mean
=11.0 £ 0.9 %o, p = 0.297), while carbon isotopic values in dentine samples were significantly higher
than those from bone (mean =—18.0 £ 0.5 %o, p < 0.001, Figure 5). In the case of nitrogen, post-weaning
averages differed significantly between socio-economic classes (Table 1, Figure 5), with elites showing
higher 815N values (mean = 11.5 £ 0.6 %o) than non-elites (mean = 10.9 + 0.8%.). Sex too appeared to
have a significant impact on 615N with males (mean = 11.4 + 0.7%o) showing higher 615N values than
females (mean = 11.0 = 0.9 %.). Multifactorial analysis, however, suggests that this probably results
from the distinct distribution of both sexes into socio-economic classes (ANOVA, p = 0.001 for socio-
economic status and 0.139 for sex). Age-at-death had no significant impact on post-weaning 615N.
None of the studied factors show a significant impact on post-weaning carbon isotopic values (Table
1).

Episodes of negative covariance between §15N and 613C values during the post-weaning period were
observed in twelve cases, including two of the evaluated 18 non-survivors. As stated above, the seven
individuals who died too early to identify the exact end point of the isotopic shift associated with
weaning were not included in these counts.

Fisher exact test showed no significant difference in the incidence of negative covariance between
those who died during M1 formation and others (p = 0.490). The number of cases with opposing
covariance was too low to effectuate any deeper statistical comparison concerning differences between
sexes or socio-economic classes.

In a number of individuals, however, we observed a mild increase in 815N in later childhood following
the period of depletion in 15N during the post-weaning period. The presence of this event, known as
the "post-weaning dip" (Tsutaya and Yoneda 2015) was evaluated only in individuals who died after M1
completion, thus presenting a complete isotopic profile. A post-weaning dip was observed in 25 of the
46 individuals. There were no differences in the incidence of post-weaning dip between sexes (Fisher
exact test, p = 0.758) or between socio-economic groups (p = 0.773).



4. Discussions
Nitrogen isotopic values during the period of supposed breastfeeding

In this study, we have considered three potential indicators of physiological stress. Firstly, a peak in
nitrogen isotopic values during the period of infancy higher than 3 %o (Fuller et al. 2006) may suggest
physiological stress during full breastfeeding or around the introduction of the first dietary supplements
(which form a relatively small proportion of the diet and are thus still isotopically invisible). This pattern
was present in 37 individuals (47 %). This percentage is relatively high, taking into account the known
information on the background levels of stress acting on the Mikuléice subadult population. In general,
the expansion of Great Moravia corresponded to a favourable era of mild and stable weather, which,
together with other favourable natural conditions in South Moravia, enabled high productivity on
cultivated land and thus enabled strong population growth (Hladik 2020). On the other hand,
Mikulcice's inhabitants surely had to face the negative aspects of urbanization, such as poor sanitation,
parasitic infestations, an elevated risk of infection, or dependency on food supplies from the hinterland
(Walter and DeWitte 2017). However, the degree of urbanization never exceeded a relatively extensive,
proto-urban formation. Thus, though life in a newly-established centre clearly brought problems and
challenges previously unknown in a rural and tribal community, the level of stress most probably did
not reach that observed in the purely urban formations of the High Middle Ages. This is supported by
the results of osteological analysis, according to which the prevalence of non-specific stress indicators
in Mikulcice infants and young children was comparable to those from the rural hinterland (Kaupova
et al. 2014).

Traditionally, the first introduction of dietary supplementation is viewed as a highly risky period in
respect to infection, as the child's immune system encounters a range of new pathogens (Lamberti et
al. 2011). It has however been proven that the immunological buffering of breastfeeding still acts during
complementary feeding (Kendall et al. 2021).

Moreover, isotopic data from later childhood suggest that the observed pattern could be augmented
by the character of post-weaning food. As a "post-weaning dip" in nitrogen isotopic values was
observed in more than half of the individuals, the lower proportion of animal products consumed
during early childhood may boost the A15Nmax of these individuals above the 3 %o margin.

Secondly, the delayed starting point of the isotopic decrease in 615N values could suggest biological
stress during the early phase of weaning. This parameter, however, has a less precisely defined range
than the previous one. According to current medical recommendations, an insufficiency of breastmilk
to meet an infant's dietary needs in terms of both micronutrients (e.g. iron) and calories may threaten
after just six months of age (Fewtrell et al. 2007, Pérez-Escamilla et al. 2019). Although the portions of
supplementary foods could be negligible at the beginning, it is hardly believable that a child could
prosper under a regime of exclusive breastfeeding after 1 year of age. In our sample, such a delayed
start of the decline in nitrogen isotopic values, with the first decrease observed at 1.3-1.8 years, was
present in five individuals (6 %).

Finally, physiological stress in the later phases of weaning would be expressed by a slower decline and
the delayed final smoothing of the nitrogen isotopic profile. However, due to the extreme variation
reported in the duration of breastfeeding, which could be over 6 years (Dettwyler 2004, Fildes 2017,



Piovanetti 2001), it is not possible identify a point on the nitrogen isotopic curve (before the final
smoothing) beyond which isotopic enrichment cannot be due to partial breastfeeding.

Looking at the data from a dietary point of view, the first decrease in 615N values was observed in most
of the individuals at approx. 5-10 months. This suggest a practice of weaning roughly in accordance
with current medical recommendations (WHO 2009), implying exclusive breastfeeding for 6 months.
Occasionally, infants could have received a notable amount of dietary supplements even earlier, as
suggested by the presence of individuals with maximal nitrogen isotopic offset lower than 2 %o (n = 3),
in these cases, however, other explanations such as change in maternal diet or the use of a wet nurse,
cannot be excluded. Due to the competing impact of physiological stress, the detection of the latest
age for the first dietary supplements is impossible, and won’t be attempted in this paper.

The earliest observed age-at-smoothing of the nitrogen isotopic curve suggests that the first children
could well have been fully weaned before 11 months, which is much earlier than the current medical
recommendation of partial breastfeeding for 2 years (WHO 2009). This was observed in seven
individuals, which is a minor but not negligible proportion of the population. Even if our estimates on
age-at-complete weaning are considered to be rather maximalistic (as the presence of biological stress
could mimic longer breastfeeding), all except two individuals appeared to have been weaned before
2.2 years. This appears to be relatively early in the perspective of historical populations (Dettwyler
2004, Fildes 2017, Thorvaldsen 2008), but it must be kept in mind that minor supplements of breast
milk below 10% of the dietary input would be unobservable isotopically (King et al. 2018). It should
also be mentioned here that, due to the chosen sampling strategy, the sixth slice corresponds to
relatively long period between 2.2 and 3.75 years. This could further help to blur the potential minor
consumption of breastmilk for some time after 2.2 years.

Finally, even with the incremental sampling methods, time averaging inevitably occurs as multiple
incremental boundaries are crossed (Czermak et al. 2020). Also, a new dietary source may be
introduced well in advance of a detectable isotopic shift. Further, there is some intra-individual
variation in teeth development (e.g. Smith 1991). This means that the ages noted in this study as the
periods of notable dietary/or physiological change are only rough estimates and should be used rather
for comparative purposes.

At the individual level, six cases showed a nitrogen isotopic pattern not compatible with the
breastfeeding and weaning scenario. All of these showed low nitrogen isotopic values in the first slice,
which can be interpreted as a failure of breastfeeding. However, these originally low 815N values are
in all cases followed by one or two subsequent peaks in §15N values extending between 0.6 and 3 %o,
which are difficult to interpret. Episodes of physiological stress had to be extremely common in the
case of bottle-fed babies consuming non-sterilized food. Neither experimental studies focused on the
effect of physiological stress (D’Ortenzio et al. 2015, Drtikolova Kaupova et al. 2021, Fuller et al. 2005,
Katzenberg and Lovell 1999, Mekota et al. 2006) nor observations of subadult famine victims
(Beaumont and Montgomery 2016), report isotopic shifts associated with malnutrition and/or disease
higher than 2 %o, but four of these six cases show a nitrogen isotopic peak ranging between 2-3 %o
(see Figure 3, for example). Although an isotopic shift of this extent could well correspond to exclusive
breastfeeding (Fuller et al. 2006), this explanation is highly improbable, as the first slice provides the
dietary information from approx. 5 months of life. Though there could be variation in the growth
pattern of the teeth (Smith 1991), it is extremely unlikely, that an infant could retain the ability to
effectively suckle after several weeks (or more probably months) of artificial feeding. This suggests the
role of some unknown factor (or a combination of several factors) affecting the isotopic values of these



children in early childhood. In one case only (No. 207, age-at-death = 8-10 years, Figure 3) the extent
of the nitrogen isotopic shifts (together with the presence of negative covariance with carbon isotopic
values) offers a typical image of repeated episodes of physiological stress (Beaumont and Montgomery
2016, Craig-Atkins et al. 2018), which however, was the child able to overcome. This, as well as the age
of two of the afore-mentioned individuals (112-VI and 673), who survived till 40-50, and 20-30 years
respectively, contradicts the general view that in the past there was no choice other than breastfeeding
to ensure the survival of the child (Dettwyler 2004).

Intra-population comparison of early life 615N

An intra-population comparison of early life experiences does not suggest that individuals who died
during the first decade of life experienced a greater level of environmental stress during early
childhood. None of the three parameters listed above was higher in non-survivors. In fact, the age at
complete smoothing of the nitrogen isotopic curve was lower in non-survivors, as was the maximal
nitrogen isotopic offset (though here, the difference was on the borderline of statistical significance).
As lower A15Nmax could result from an earlier start to the weaning process (before 5 months), the
observed pattern may theoretically demonstrate lower parental investment (Quinlan 2007), impacting
the life expectancy of a child.

The delayed onset of the nitrogen isotopic decrease observed in females in comparison to males is
probably caused by the higher prevalence of individuals with a first decrease observed as late as in the
fourth slice, with four of the five cases being female. As noted above, such a pattern is probably linked
with physiological stress, but considering the low number of cases, it is unclear whether this can be
seen as a reflection of a higher level of stress during the weaning process, imposed systematically on
female children e.g. by the lower quality of complementary food.

The earlier occurrence of final smoothing observed in elites in comparison to non-elites has at least
two equally valid explanations: the first relates to the higher incidence of stress during the weaning
process in non-elites, the second to the earlier weaning of elite children. The latter may well be linked
to the ongoing Christianization of the Great Moravian population. Although there is no direct written
testimony from the Great Moravian context, certain rules concerning family life and childcare probably
existed (Thorvaldsen 2008): as a unique example, the 9th century document "The Responses of Pope
Nicholas | to the Questions of the Bulgars" recommends sexual abstinence during the entire period of
breastfeeding (Bartorikova et al. 1971). As the pressure to abide by Christian rules was probably higher
in elite groups, this could have led at least some elite women in Mikulcice to shorten the breastfeeding
period. To estimate the strength of this argument, however, is beyond the scope of this paper.

In any case, as RDA analysis including all four explicative factors gave non-significant results, explaining
only a small portion of the data variation, the results of uni-factorial analysis suggesting a relationship
between some parameters and age-at-death, sex or social status must be considered with caution.

Carbon isotopic values during the period of supposed breastfeeding

The presence of negative covariance, usually regarded as an indication of physiological stress, in the
initial part of the isotopic profile was relatively rare in this dataset, being observed in only seven cases.
This however does not necessarily mean that the level of physiological stress during infancy and early
childhood was low. As stated above, the results of experimental studies suggest that the isotopic
changes in a carbon body pool in relation to physiological stress may vary (Canterbury et al. 2020,
D’Ortenzio et al. 2015, Drtikolova Kaupova et al. 2021, Fuller et al. 2005, Neuberger et al. 2013). This
inconsistency can theoretically be caused by intra-individual differences in the amount of body fat and
the phase of malnutrition. At first, a decrease in §13C values may reflect the use of carbon from energy



sources to synthesize non-essential amino acids, but later body protein catabolism may predominate
and cause an increase in 613C values (Drtikolova Kaupova et al. in press, King et al. 2018, Salesse et al.
2019). Moreover, even if we accept negative covariance between carbon and nitrogen isotopic values
as being the primary response of a subadult organism to biological stress, this concept could be valid
only a in purely terrestrial C3 plant-based ecosystem, where isotopically distinct food groups such as
fish (either freshwater or marine) or C4 plants were not accessible in substantial quantities. This was
clearly not the case for the Great Moravian population (Halffman and Veleminsky 2015, Jilkova et al.
2019, Kaupova et al. 2018).

In fact, taking into account both the potential roles of stress and millet consumption, it is quite
surprising that most of the individuals (n = 43) show a positive covariance between carbon and nitrogen
isotopic values, as can be observed during the process of breastfeeding and weaning under healthy
circumstances and with a stable and isotopically analogous diet for both mother and child. This could
mean that millet played a special role in the diet of infants or potentially also their breastfeeding
mothers. As will be explained in detail bellow, carbon isotopic values from the post-weaning period
suggest, that the childhood diet included more millet than that of adults. The persistence of the carbon
isotopic peak in these circumstances is thus quite surprising. If an infant was being weaned onto
resources with a higher millet proportion than those in the maternal diet, we would expect a rise in
613C values, "cancelling out" the trophic level shift due to weaning. The result would be either a flat
carbon isotopic profile (as observed in nine cases in this study) or the occurrence of negative covariance
mimicking the stress pattern described above (King et al. 2018). As this is not true in a majority of the
sample, it means that either millet was part of a special diet preferred for some reason by lactating
women, or was introduced as the very first dietary supplement. Consumed in the form of porridge
(Adamson 2004), millet has the ideal consistency for first dietary supplementation, it is also easily
digestible, and in comparison to other cereals has a higher nutritional value with a high content of
vitamins, minerals and antioxidants (Aurelia et al. 2020, Kulp 2000, Weber and Fuller 2008). While this
information was not known to Great Moravian people, the consumption of millet could have reduced
the risk of both malnutrition and disease in their children during the period of complementary feeding
and — from the immunological point of view — the extremely risky time of the complete cessation of
breastfeeding (Kendall et al. 2021). At the same time, due to a low protein content in comparison to
breastmilk, millet-based dietary supplements have the potential to impact carbon isotopic values (as
carbohydrates could be partially used to build the carbon skeletons of non-essential amino-acids),
while breast milk remains the main source of nitrogen (Fuller et al. 2006). Another point suggesting a
special role for millet impacting the isotopic values from infancy (either directly or indirectly via
maternal diet) is the extent of maximal carbon isotopic offset occurring during the supposed
breastfeeding period, which in the vast majority of individuals (n = 55) surpassed the maximum of 1 %o
which could be attributable to the trophic level effect of breastfeeding (Fuller et al. 2006). In 16
individuals A13Cmax was even higher than 2 %o.

In cases showing profile iv, where carbon and nitrogen covary positively but the decrease in §13C
precedes the decrease in 615N (eleven cases), as well as in eight cases not corresponding with any of
the outlined scenarios, a number of equally plausible explanations may be offered and thus, we will
not attempt any interpretation here.

Incidence of distinct carbon isotopic profiles in particular age groups

The substantially higher prevalence of flat carbon isotopic profiles observed in those who died before
M1 completion has no simple explanation. The absence of breastfeeding as a factor impacting further
survival would be a valid cause (Craig Atkins et al. 2018), but all the non-survivors with a flat carbon
isotopic profile show a nitrogen isotopic peak within or very close to the 2-3 %o range observed in fully



breastfed babies (Fuller et al. 2006). As discussed above, such a high nitrogen isotopic offset is unlikely
to have been caused solely by physiological stress. A dietary explanation might be the weaning of the
child onto resources with a higher millet proportion than in the maternal diet. However this, like other
explanations arising from dietary factors, does not explain, why this scenario was more prevalent in
non-survivors.

Carbon and nitrogen isotopic values in the post-weaning period

The intra-individual comparison of the post-weaning isotopic averages vs bone isotopic values confirms
the earlier results of Jilkova et al. (2019), reporting a higher importance of millet in childhood diet.
While Jilkovd's team focused on the later period of childhood (approx. 8-10 years as a portion of the
M2 root was sampled), this study documents the importance of millet in earlier phases of life. The span
of the post-weaning period actually varies between 1.3-9.4 and 3.75-9.4 years, based at the age on the
final smoothing of the isotopic curve.

On the other hand, the proportion of animal products consumed by individuals included in this study
was stable throughout life, opposing the results from lJilkova et al. (2019), who observed a lower
proportion of animal products in the subadult diet of individuals buried around Mikulcice 6th church.
It needs to be stated, however, that both studies focused on different population subgroups buried
within the MikulCice settlement agglomeration. While the 6th church is located in the suburb of
MikulCice, this study includes mainly individuals buried at the fortified Acropolis i.e. within a supposed
residential area of the highest elites of Great Moravian society (Polacek 2008). Thus, the combined
results of the two studies suggest that while the higher input of millet in a child's diet was a widespread
practice among Mikulcice inhabitants, the access of children to animal products may have differed in
particular parts of Mikulcice.

Intra-population variation in post-weaning isotopic values

The absence of any systemic differences in post-weaning averages between non-survivors vs individuals
who died after M1 completion suggests that the quality of the post-weaning diet did not impact the
chance of survival, and that there was no higher incidence of long-term physiological stress in non-
survivors. However, it must be noted that severe and long-lasting physiological stress would have had
to act to significantly impact the post-weaning values, averaging the isotopic signal from several years.
The distinct nitrogen isotopic values of elite vs non-elite graves attest that the socio-economic
differences in diet documented isotopically in later life periods (Jilkova et al. 2019, Kaupova et al. 2018)
were already present during childhood.

Exploring the latter part of the isotopic profile in greater detail, the episodes of negative covariance,
generally viewed as evidence of physiological stress, had no higher prevalence in non-survivors. Cases
of the so called "post-weaning dipp", i.e. the notable increase in 615N in later childhood, which is
commonly observed in agricultural populations and is generally viewed as testimony to the lower input
of animal products in the period immediately following weaning (Tsutaya and Yoneda 2015), were
much more common than episodes of opposing covariance (in more than half of cases). While this
could also be viewed as a reflection of anabolic activity linked to mid-growth spurt (Kendall et al. 2021),
but the knowledge on the role of growth velocity is still limited, with current experimental studies not
providing convincing evidence of the assertion of this factor on nitrogen isotopic values (Reitsema and
Muir 2015, Waters-Rist and Katzenberg 2010). Further, the presence of the "post-weaning" dip
appeared to be linked to the subsistence strategy (Tsutaya and Yoneda 2015). In a Romano-British
population sample, for which we have written records on the perception of childhood, the timing of
the dip coincides with the change in social status of children (Cocozza et al. 2021). Both of these findings
further enhance the first explanation.



And finally, as emerges from the above discussion on the testimonial power of carbon isotopic values
inrespect to stress, it appears evident that neither can the presence of physiological stress be excluded
in these individuals.

Limitations of the study

The interpretative difficulties due to equifinality (King et al. 2018), unavoidable by current methods,
have been repeatedly stressed over the course of the discussion, so need no recapitulation here.

As a much more important point, we would like to stress the limited knowledge on the action of
physiological stress in the subadult organism. Most of the experimental studies on physiological stress
carried out on humans concern adult individuals only (D’Ortenzio et al. 2015, Drtikolova Kaupova et al.
2021, Fuller et al. 2005, Katzenberg and Lovell 1999, Mekota et al. 2006, Tea et al. 2021). The only
exception is the work by Beaumont and Montgomery (2016), using incremental sampling of dentine
tissue from developing teeth, this study is however based on an archaeological population, albeit from
the well-documented context of a 19th century famine event. Moreover, it has to be kept in mind that
the isotopic reflection of famine, where starvation is the primary cause of death (though it surely acted
in synergy with a number of diseases, e.g. Solomons 2007), may well differ from the less extreme
consequences, where the pathophysiological origin of tissue catabolism may prevail.

Moreover, the limited number of experimental studies based on subadult individuals from different
animal species suggest that a meaningful level of nutritional stress need not necessarily induce an
isotopic response in either 815N or §13C (Ambrose 2002, Kempster et al. 2007, Williams et al. 2007).
This could be due to the potentially competing influence of negative and positive nitrogen balance
(Waters-Rist and Katzenberg 2010). Also, a reduction in growth, rather than tissue catabolism, may be
the primary response of subadults to dietary stress (Ambrose 2002). Thus, more experimental studies
on subadult organisms are greatly needed to confirm that the pattern of negative covariance between
nitrogen and carbon isotopic values is the real response of subadult body to physiological stress.

5. Conclusion

Alhough the current data — mainly maximal nitrogen isotopic offsets commonly increased over 3%. —
suggest that physiological stress might have been relatively common during early childhood, there are
no indications that the occurrence of such physiological stress in this life phase affected life expectancy
in the long term, or that the stress level in early life differed substantially between sexes or socio-
economic classes.

The isotopic data also suggest that in the majority of the studied sample, a notable proportion of
supplementary food was introduced between 5-10 months, i.e. roughly in the interval recommended
by current medical advice. The first children in our dataset were fully weaned before 10 months of age.
The latest age at the final smoothing of the nitrogen isotopic curve suggesting weaning was as late as
3.75-5.3 years, but this was observed in 2 individuals only. All the other individuals showed final
smoothing of the nitrogen isotopic curve at 2.2—3.75 years. With respect to age-at-weaning, this has to
be viewed rather as the upper range of the possible estimate, as the impact of physiological stress
cannot be excluded in these seemingly late weaned children. Also, it has to be kept in mind that minor
supplementation by breastmilk would not be observable by isotopic analysis. Six individuals do not
show the nitrogen isotopic shift attributable to breastfeeding at all.



Carbon isotopic values from infancy and early childhood suggest that millet probably had an important
role at the very beginning of the weaning process, and/or in the diet of lactating women. The isotopic
data from later childhood, together with the data from a previous study (Jilkova et al. 2019), suggest
that a higher input of millet was characteristic of childhood idet during the first decade of life.

Nitrogen isotopic values from the post-weaning period suggest that though a small drop in the dietary
proportion of animal products may occur in the period immediately following weaning, the average
proportion of animal products consumed during childhood is comparable to that consumed in
adulthood. The socio-economically motivated differences in dietary behaviour previously observed in
adults (Kaupova et al. 2018) were already present during childhood.

In future, a comparison of the set of potential indicators of physiological stress listed above with other
population samples with distinct documented levels of environmental stress will be carried out. Such
comparisons may bring more knowledge about the level of environmental stress that the subadult
population of Mikulcice had to face.
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Figure 1. Extent of Great Moravia under the rule of Mojmir I. (836—846), Rostislav (846—870) and
Svatopluk I. (871-894), the location of the Mikulcice settlement agglomeration and other Early
Medieval central places. Modified according to Polacek (2018)
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Figure 2. a: Theoretical weaning model with expected incremental nitrogen isotope data for an
individual being weaned onto a diet similar to that of the mother. Note that 0.4 %owas considered a
cut-off value of significant isotopic change when defining the points marked on the isotopic curve, b:
four categories of incremental carbon isotope data in relation to nitrogen isotopic data present in the
studied dataset: i: positive covariance between 6 15N and 6 13C values, ii: negative covariance when &
13C values are low during the time of peaking & 15N values and subsequently increase along with
decreasing 6 15N values. iii: flat carbon profile and finally iv: positive covariance between & 15N and 6
13C values in most of the slices, but initial decrease in & 13C values preceding the shift in 6 15N values
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Figure 3. Examples of three individuals from the study cohort: Grave 286 shows a positive covariance
between carbon and nitrogen isotopic values, typical for breastfeeding and subsequent weaning. Note
the common patterns in the studied dataset: the presence of a small post-weaning dip in & 15N values
and the A 13Cmax higher than the maximal trophic level effect of exclusive breastfeeding (Fuller et al.
2006), Grave 112_VI shows an unexpected isotopic pattern with low nitrogen isotopic values in the first
slice, suggesting a failure of breastfeeding with a subsequent rise in both carbon and nitrogen isotopic
values of unknown origin, Grave 207 shows an isotopic pattern suggesting failure of breastfeeding with
subsequent episodes of negative covariance between 6 15N and & 13C values showing a typical picture
of physiological stress as described by Beaumont and Montgomery (2016)
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Figure 4. Typical nitrogen isotopic profiles for particular population groups (median values). To illustrate
the shape of the isotopic curve while eliminating the confounding factor of underlying dietary variation
among children and their lactating mothers, isotopic offsets from the highest & 15N value within the
isotopic profile were used to create these graphs. a: divided according to age-at-death, b: divided
according to sex, c: divided according to socio-economic status
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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.

Two methods based on sexual dimorphism, i.e. osteoarchaeology and ge-
nomics, which are commonly used for sex estimation, were reviewed. First, in
osteoarcheology, sex estimation is based on three methods: visual, metric, and
geometric-morphometric. Although these methods have the advantage of being
non-destructive, their estimates are not absolute. Moreover, sex estimation is possi-
ble only in adulthood, and complete skeletons with a population reference, which
considerably reduces the number of skeleton candidates for sex estimation, can
lead to misclassifications. Second, in genomics, owing to the strong contamination
and degradation of aDNA, sex estimation by discrimination of both forms of the
amelogenin gene is not absolute. Additionally, as archaeological remains as rare
and precious samples, few of them are available for biological analysis. aDNA
analysis is not the method of choice to discriminate both sex-dependent genes

because of its destructive and large sample-consuming character.

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
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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
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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Appendix A

Biological techniques
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A.1 Polymerase chain reaction

The polymerase chain reaction (PCR) is used to amplify a small amount of a
particular DNA sequence of interest (gene) based on cycles following three steps.
First, the selected gene is denatured. The denaturation of the DNA double helix is
achieved by breaking the hydrogen bonds between the complementary bases. Then,
the annealing step consists of selecting two different and gene-specific primers
that have an oligonucleotide sequence complementary to the 3" and 5" ends of the
single-stranded gene. Finally, DNA polymerase extends the second complementary
single strand using free deoxyribonucleotide triphosphates (dANTPs). Repeating
this cycle quickly produces millions to billions of copies of this specific gene. After
PCR is performed, the resulting DNA fragments can be analyzed by agarose gel
electrophoresis. The precise temperature at each cycle step is a crucial parameter
(Figure A.1).

A.2 Gel electrophoresis

Gel electrophoresis can be used for the separation of DNA fragments and proteins.
Different types of gel can be used i.e. agarose, polyacrylamide (native PAGE), and
sodium dodecylsulfate-polyacrylamide (SDS-PAGE). Agarose gel electrophoresis is
commonly used for the separation of DNA fragments according to their sequence
length under applied voltage (Figure A.2). This separation technique allows us to
confirm the presence of PCR products with the expected size. Native-PAGE and
SDS-PAGE, as far as they are concerned, are mostly used for protein separations.
In native-PAGE, a pH gradient in the gel is formed using the applied high electric
potential (10 kV). Proteins are separated according to their isoelectric point, in
other words, the pH for which the proteins are in their uncharged form (Figure
A.2). On the other hand, in SDS-PAGE, a moderate voltage (0.2 kV) is suffi-
cient to separate proteins according to their molecular masses (Figure A.2). These

two methods can also be combined for the separation of proteins in two dimensions.
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