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Abstract

Presenration ofour cultural heritage is vital as it keeps alive the past that determivies we arewhere we
came from and thehuman path'sachievementover the yearsMaterial culture, defined as evephysical
object, resource, and space that defines our cultusggawerful and appealingpecause it is probably more
stable than human identity and social communiti#is. preservation inclugls both cultural and economic

processe$l,2].

Chemistry has a very active role and contributes significantly to the preservationr afultural heritage,

helping to transmit this wealth to the next generatiof}. The molecular charaateation of archaeological
objects and works of art replies to crucial questions such as: HOW and WHEN a masterpiece has been
created, as also WHICH are the chemical degradation mechanisms that took place through th&lyears.
answers tathesequestions a what determine how it will be kept alive in the future. However, chemistry is
called upon to facemmensechallenges concerngnthe micrainvasiveness of the chemical approach, the

high heterogeneity of the material encountered, and the tiny amountashgles in some of the cases. As a
result, there is a demand for sensitive, versatile, and minimally invasive analytical appdhahean shed

light on the origin of the material and its conservation state without provokimther deterioration. Mass
spectrometry is an analytical tool that gained more and more attention in the last years because it includes

fast analytical techigjues of high sensitivity and accuracy that ariero destructive

Over the last 20 years, protein and mass spectrometry haenlsuccessfully adapted to the analysis of
cultural heritage samples, actively contributing to the understanding of their oaigiltheir preservation, a

new scientific field known as palaeoproteom[d]¢[14]. Proteins consist of a great target because of their
high resistance over the years , giving us the possibility to redat@mation further back in time than
previously thought possibl§l5]. Palaeoproteomics is complemey to a variety of analytical thaiques
(physicochemical, geochemical, dating, microscopic etc.) That investigate components other than proteins in
the archaeological object, aiming to the overall characterization of its origin, provenance and degradatio
state. The combination of thesend proteomic approaches have obtained remarkable results in the field of
cultural heritage, iterpreting data related to the inorganic and organic material record of humdtural
history{16][17].

ThisPhD. project focused on developingroteomic analytical strategiesith the use & mass spectrometry

in archaeologial objects and works of art. These strategies were used as such or combined with data

11



obtained by other analytical approaches for a mored@pth insight of material origin and use and the
chemical degradation mechanisrteking place over the yearéfter a brief introductionof the importance

of cultural heritage, the types of cultural heritage materials and an overview on mass spectrometric
analytical techniques herein used, chapter 2 explains the aim of the Ph.D. éinels@@ganizes the projects

on thebasis of the analytical techniques used in the single case of study. Chapter 3 reports a chemical review
on palaeoproteomic analysis of bone and teeth as sources of collagen. Subsequently, the chapter reports
proteomic stategies for the characterizatioof collagerbased materials ranging from archaeological bones

to animal glues. Chapter 4 describes the development of novel rmeasive techniques for the molecular
characterization of proteins in archaeological objeatsd works of art. Chapter 5 repsrthe results of
multidisciplinary approaches that combine proteomic strategies and mass spectrometry techniques with
other analytical approaches such as microscopy and spectroscopy, with the final aim of characterizing
organic materialsn archaeologicatemainssuch asamphorae,historical paintings, and wooden coffiAdl.

the data obtained from the aforementioned scientific projects have been Iten organized in already

published, under submission, or in preparatimanuscripts.

References

[1] l'd ad {dzZ t Al yS &/ dzf GdzNI £ | SNWNdhh Masshatl Reb. fntellect. S R A |
Prop. Law wvol. 15, p. 604, 2016, Accessed: Sep. 09, 2020. [Onlir&ailable:
https://repository.jmls.edu/cgiiewcontent.cgi?article=1392&context=ripl.

[2] G2 KI G Aa [ dzt { dzNJ f- | dz8 NaAzNB 3 S AY 5S@S
http://www.cultureindevelopment.nl/Cultural_Heritage/What_is_Cultural_Heritage (accessed Sep. 09,
2020).

[3] R2ASaAAY3ISNI YR ad { @dNEIAMING NIHeKi&jpBSERR¢a TR0, T 2 NJ
BioMed Central Ltd., p. 35, Dec. 01, 2015, doi: 10.1186/s404540064z.

[4] GaAyAYlLfte Ly@FraagdS FyR t2NIFof S aisni RaniigsF 2 NI
PubMed-b / . L ®¢ vitindbLa&m¥hih.go@/pubmed/30063323 (accessed Dec. 06, 2019).

[5] E. Cappellnet al> Gt N2PGS2YAO |ylfeara 2F | LI SA&AG20Sy¢
Kdzy RNBR | YOASY(J. Pr@ebBe ReiN@. (11$,Ang.3Z fpp. 91026, Feb. 2012, doi:
10.1021/pr200721u.

[6] ¢td td /ESEFYRYT 9 wd { OKNRSGOSNE YR ad® | & { OK.
Y2RAFAOI A2y A Pkof RYSAd: B B2 Habl.[282Sng. 8808, pp. 26001%20150015, 2015,

doi: 10.1098/rspb.205.0015.

[7] R. C. Hillet al= &t NBASNWSR LINRGIGSAya FTNRBY SEGAYOGH oA
ALISOGNRYSGONBET | @RNRPE&fearysS 3t ed2air N8 Lell Mdeontics O2 Y
vol. 14, no. 7, pp. 1944958, Jul. 2015, d010.1074/mcp.M114.047787.

[8] {® hNBEAYAS ! ® | IRIFI@GY ad S5AtAfft2T [® ! & al52y
Proteins in Paintings Using Bottddp Proteomic Approaches: New Strategies for Rrofigestion and

Lyl f &3&A 3nak @emsol(190,Dié. 11, pp. 6498408, 2018, doi: 10.1021/acs.analchem.8b00281.

[9] G. A. Castiblanco, D. Rutishauser, L. L. llag, S. Martignon, J. E. Castellanos, and W. Mejia,
GLRSYGATAOI GA2YI 2 FLIENRBINWIWE FHEBNGrSRrSH23, NoS6E 3p.£320

12



395, Dec. 2015, doi: 10.1111/e0s.12214.

[10) {® S5Fftf2y3aASPAEE{ST bd DINYASNE /& w2flyR23 |V
Paleontology: From Detection to Identifida2 yCheam. Rey.vol. 116, no. 1, pp. @9, Jan. 2016, doi:
10.1021/acs.chemrev.5b00037.

[11] F. Welkeret alz a! yOASyd LINRGSAya NBaz2t @S GKS Sg@2f dzi
dzy 3 dzf Nafu&d. £22, no. 7554, pp. 884, Jun. 2015, doil0.1038/nature14249.

[12] G. Ntasietal> &! @S N& |frieddly SpprbaghRfor the &halysis of proteins in ancient and

KA &l 2 NRA O Proteproi@/81 (26134 Jark 2021, doi: 10.1016/j.jprot.2020.104039.

[13] ¢ t & / t St | y R Dpraiebmir¥ Wtilizing theyShgkpt) JolBPhaseEnhanced Sample

t NBLI NFGA2y aSiK2R (G2 al EAYAT S J5Rdebn@REswIl. 17NB.AS A v &
pp. 397@3983, 2018, doi: 10.1021/acs.jproteome.8b00637.

[14] M. Mackieet al> & rvatiBréoSthe metaproteome: variability girotein preservation in ancient

RSy dl € O3cif Gdehndia Rrchaeol. Resvol. 3, no. 1, pp. 5F0, Jan. 2017, doi:
10.1080/20548923.2017.1361629.

[15] a® . dzO1f Sex at | fS2LINR G Smalysk 6faNcient Frotding by IS&tRodishii A 2 v
al d3a {LSOGNRYSUGNEZEé {GBINAYIASNE / KIFIYI HamyI LILID oM
[16] R.Linnetaly &9@2f SR DIFIa !ylfearamalaa {LSOGNRYSIN
1 §3SIy {i(&t S Andew.Chenid IAt.yEdvoly SVArD.£40, pp. 132613260, Oct. 208, doi:
10.1002/anie.201806520.

171 t® /SyylY2s ad w2alNAFSE . & [dzYF3IFXT Do CFGATl G
{/L9b/ 9 ! a'[e¢L5L{/Lt[Lb!w, ! {{9{{1app.B%38 R0R0. Lb+9{ ¢L

13



1. Introduction
1.1 What is cultural heritage ,and why is it important?

Cultural heritage is usually considered as mind artifacts (paintings, drawings, prints, mosaics, and sculptures),
historical monuments and buildings, as wal archaeological siteNevertheless, the cultal heritage is not
exclusively referred to mateal objects butalso consisted of immaterial elementsch as traditions, rituals,

etc. For this reason, the term of cultural heritage is expresstter as tangible or intangibld][2]

The conservation of cultural heritage essential for the conservation of our history andti@nsmission

from one generation to the others. Thus, it is essential to respect and safeguard the whole cultural heritage
through national laws and international treaties, and UNESCO (United Ndfducational, Scientific and
Cultural Organization), fouted in 1954, has adopted international conventions on the protection of cultural

heritage.

Briefly, the conservation of cultural heritage applies simple ethical guidgbiis:

i Minimal intervention;
1 Appropriate materials and reversible methods;
] Full documentation of all work undertaken.

1.2 Chemistry and cultural heritage

When we visita museum omn art gallery we easily forget thamuchchemistry lies behind the exhibits. For
instance in the case of historical paintingchemistry provides inmmerable information regarding the
chemical composition referring foroteinaceaousinders, colors, varnisheand inorganic materials usdy

the artist. This information is essential not only farstoration purposes but also provides important
historicd backgroundabout the pictorial style of that period. Chemistry and cultural heritage are strictly
connected since théormer reveals information thamight have been lost through the years, basicatlye to

the chemical damage that the archaeglcal samles have undergom Briefly, the questions that chemistry

is usually called upon to answer in cultural heritage studiesareng others

1 Chemical composition of archaeological remaiims amphoraes, utensilsetc for a deeper
understanding of their use #reof, revealing food and cultural habits of the past.

1 Decoration techniques of archaeological objects angortant archaeological sites.
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1 Identification of organic residues in works of ,atich as paintings,eips to shed light on the used
painting tedniques, to attribute unknown artworksand even more helps to an effective restoration
intervention.

1 Molecular characterization of ancient skeletal tissues (human, animal) for archaeological,
paleontological, phiggenetic and taxonomic studies.

1 Investigaion of the chemical transformations either due to aging or due to human intervention

during restoration processes.

In this context, however, it is necessary to use technigues that require the use of the minimammaof

sample and which can reduce thevasiveness in order to avoid further deterioration.

1.3 Archaeometric analysis

Archaeometric analyses can be considered the link between Natural Sciences and Humanities, including a
series of chemical techniqueshd approaches withhie ultimate goal of aswering several archaeological
guestions and problems. These questions are about how people in the past used materials either for food
processes (i.e., amphorae) or for living needs (i.e., tools), from theitoudeir production and finally their
depostion in the fossil record. There are several chemical techniques that have contributed significantly to
this goal in recent decades, such as radiocarbon dating techniques, but in this dissertation, we addiessed o
attention on the great potentialities ofmass spectrometry, with a special focus on gas chromatographic
separation coupled to mass spectrometric analysis-lM&J. The analytical methodology requires in a first
instance the extraction of organic molecsjewhich is one of the most difficult andhatlenging issues. We
should remembethat organicwaste has been deposited ancient objects for centuries or even thousands

of years and has degraded over the time. The extracted polar anepolan molecules @ then chemically
derivatized to become \vatile and thus easily ionized and analyzed by mass spectrometry. Some of the
biggest challenges can be summarized in:

wDifficulties that are related to sampling.

w Avironmental and human contamination of the spi®s (also modern contamination).

wChemicamodification procedures.

The first problem is intrinsically related to the nature and type of analysis. The creative use of appropriate
procedures, in combination with the technological developments of instruments, makes it possible to
identify the moleales in the material undeinvestigation. The other two questions are connected with the

relationship and interaction of the object under investigation with the environment as well as with
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decomposition processes. It is absolutely necessary to verify theepce of contaminants du the

specific context in which the object has been found and to verify the degree of degradation of the organic
residues present in the ceramic vessel. The presence of contaminant molecules in the surrounding soil can
obviousy be very variable in typand quantity. The collection and analysis of samples of surrounding soil
are, therefore, crucial for the proper evaluation of the results obtained. Moreover, degradation processes
strongly depend on the type of residues, on tlypd of soil, on humidity ashon the temperature . However,

the penetration of organic matter into the ceramic body of the container somehow protects against
decomposition and deterioration caused by time and contact with the [§3j6]. The type of organic

residues analyzed by archaeometric techrigare references in the ne chapter.

1.4 Organic residues in Cultural Heritage

Organic residues can be recovered in archaeological objects, works of art, as well as, of course, in animal,
human, and plant remains. Palaeoproteomics and the recent advanaasss spectrometry havalowed

the analysis of organic residues despite their high degradation state. The analysis of proteins and organic
molecules, in combination or alone, provides essential information about ancient societies, their life, and
their customs. This chapter prales an overview of the organic materials found in archaeological and artistic

materials.

1.4.1 Works of art

Organic substancebave been employed in the production of various works of arts, such as paintings,
textiles, books, athaeological objects, adha for gilding, additivefor plaster, mortars, and paint grounds.

The most frequently found components can be divided into seven main categories

1 Proteins:Egg, milk, amal glue, silk, wool, plargroteins, human and animalsgues[7]
1 Lipids: Animal fats, vegetabgedrying oil§8]

1 Waxes: Beeswax, paraffin, vegetable and animal wix&8]

1 Regns: Pine resins, plant resins such as styrax, animal residsresins coming from the thermal

degradation of wood11]

1 Carbohydrates or polysaccharideStarch, cellulose, plant gums (Aralgum, tragacanth, ghatti,

gua, locust bean, fruit tree gunjL2]
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1 Dyes: Cochineal, maddegrnes, saffron, purple, indigo, synthefit2]

1.4.2 Human and ani mal remains

Bones are one of the most wadtesaved remains in the fossil record. In the past, they were used for
practical, hunting, symbolic, artistic, and ornamental reasoM®oreover, an enormous amount of
information is stored in human bones amdanimal remains and in teeth. Evidence of diseasdIness is
often embedded in bones or in teeththus, the analysis of archaeological bones reveals important
informationabout the diseases of the past.s often possible to determine the age at deatause of death,

sex, occupation, movement, andutnitional status. The reason why the scientific community focused on
bone and teeth analysis is its resistance, that is due to its peculiar composition. &enamstituted for up

to 30% of organic matel, mostly collagen proteins; teeth are usualpnstituted of enamel and dentine,
both containing proteins. Bone and enamel, in particular, thanks to their high mineral content, are known to
provide proteinpreservation for dong time[13,14. A more detailed description of the palaeoproteomic

investigation of bones and teeth is given in the third chapter of the thesis.

1.4.3 Contaminants

Contaminants ofterconsist of more than 40% of the molecules identified in an archaeological sgriple

This makes sense given the antiquity of the samples but also the human intervention. Their provenance
depends on the type of the analyzed material. For instance, in the analysis of the orgatd@cules from
archaeological remains such as amphoraes, contaminants come from the soil in the environments (natural
compounds, bacteria, fungi, all irrelative toeth YLIK2 NI} SQa 02y Syl FyR dza$S A\
presence during excavation andmnsple collection or lar on in the laboratory.

In the studies of skeletal contaminants are prevalently coming from skin and hair in dust paictesver,

skin conamination is widespread because of some handling of the objects without gloves, agaraetiy
diffused in the past in conservation science environments. Sometimes identification of the molecules
becomes quite tricky such as becausdha huge presence focontaminating keratins impairingonfidence
attribution. Therefore, a series of precautions in the excavation process and subsequent processing of
ancient remains are welcome and requirehen unavoidable contaminantsave to be considered,
creation of contamination lists, inserted in the analgél instrument software either before analyses or

during the data processing step can be adopted.
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1.5 Analytical approaches in cultural heritage studies
1.5.1 Mass spectrometry

Mass spectrometry (MS) is the mostsed modern analytical techniques for the emdification,

characterization, and quantification of a big variety of molecules, ranging from smalli@'sbig

The nost important characteristicsof mass spectrometry are reproducibility, sensitivity, resolutiand
accuracy. In particular, mass spectretry is based on the determination of the molecular massharge
ratio. Its unique capabilities antthe ability to analyzemolecules even when icomplex mixturesmake this

methodology suitable for the chagterization of cultural heritage aterial andworks of art[14].

Major issuesin a cultural heritage study are the degree bivasiveness and destructiveness, where
invasiveness refers to the sampling method, while destructiveness refers toathgal analysis of that
sample.Theintrinsic heterogeneity and complexity of cultural heritage samples and the necessity @ use
smal quantity of samples, in order to preservieet entire heritagemakesvital to apply technique that are
barelyinvasive and very sensitifj&4]. Mass spectrometry coverall ofthe aforementioned issues, as being
sensitive since it requires minima amount of sample and being accurate since it gives reliable and high

resolution results.

The chemical analysis of a cultural ib@ge objectcan be divided into the analysis of the organic molecules
(proteinaceaousnaterials, sugars, lipids) and the analysis of the inorgamés The firstcan beapproached
with mass spectrometry techniquet GMS, LEMSMS, GEMS) while the inoganic part iscommonly
approached by spectroscopiechniques(Raman, FIR,etc.)

1.5.1.1 Basic Principles of Mass spectrometry

A mass spectrometer is an instrument that generates iorikdérgas phase and separatdeem according to

their massto-chargeratio (m/z). It consists of four components: the inlet system, for the introduction of the
sample; the ion source, where the ionization of analytes takes place; the mass analyzer, that separates the
ions with different m/z values, and the detector, thaeveals the ions separated by the mass analyzer and
generates a quantifiable impulse which can be translated into a mass spectrum by the data @yigtem

1).
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Figure 1 - General scheme @& massspectrometer (http://www.premierbiosoft.com/).

Generallymass spectrometers can be distinguished both on the type of ionization system and on the type of
analyzer; the latter is an essential component to define the accessible mass range, sensitiviégodurttbn

of an instrument[16]. All mass spectromets operae at low pressure (from 1Bto 10°) as in case of high
pressure, ion collisiacan be provoked during the flight from the ion source to the mass detector. The
stages of any mass spectrometric analysis are ion generation, ion acceleratiatirettiion of ions to the

mass analyzer, and ion detection. lonization occurs in the first part of a mass spectrometer. A single
ionization technique cannot ionize all kinds of molecules, but different ionization techniques are now
available. Their choices ibased onthe chemicabphysical properties of the molecule, such as molecular
weight, polarity, thermal stability, etc. However, onigns either positively or negatively chargede

analyzed, although the most used ionization mode is the positive om&rped atlow pH.

In any MS experiment, the first step is the introduction of the sample into the mass spectrometer that is
performed with an inlet system. There are different ways to introduce the sample, depending on its purity
and properties. The simgst way ighe direct injection of the sample. The direct inlet design depends on the
ionization techniques that will be used in the following step. However, it is essential that the analytes are not
introduced into the mass spectrometer at the same tingethis woud provoke ion saturation, leading to a

superimposed mass spectrum.

This coupling is generally 4¢ine, and it allows the combination of complementary features: high sensitivity,

selectivity, and specificity offered by MS with high performanceejaration.

Theterm W& 20FWK NRQ A2y AT F{iA2y (GSOKyAldzS& | NBE NBTFSNNEBF
molecule during the ionization process. In hard ionizatemshniques amongwhichelectronionization(El)is
the most common,the use ofhigh energes results in an abundant ion fragmentatidm. soft ionization

methods,the excess energy deposited onto the ionized molecule is very small, and stableleggon ions
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are formed.Soft ionization methods can be classified into three differgnoups: (@) gasphase soft

ionization; (b) spray ionization techniques; (c) desorption ionization technigidps

In this Ph.D., thaonization techniques thawere mostly used are electrospray ionization (ESI) as spray
ionization technique and matrAssisted Laser Desorption lonization (MALDI) as desorption ionization

technique

Electrospray lonization (ESI)

In ESI, ions are formedoMm peptides and proteindy spraying a dilute solution of these analytes at
atmospheric pressure from the capillague to the potential that is generated between capillary and inlet to
a mix of charged droplefd 8]. As the droplets evaporate, the peptide and protein molecules in the droplets

pick up one, two, or more protons from tselvent toform singlyor, more frequently, multiply charged(e.g.,

[M+HTH, [M+2H]2*) ions. The numberof chargesacquired by a molecule depends on the molecule
characteristics and charges follow a Gaussian distributiamthe droplets continue to shrink, the charge
density on the surfacef eachdropletincreasedo the point where chargerepulsionovercomesthe forces

K2f RAya (GKS RNRLISG YR (GKS a2t @rGSR Az2ya Oz2yil
WSPIFLR2NFSRQ FTNRY luléndic iepuRicdf Thdiions ateNsBEngp@® the highvacDun

regionof the mass spectrometer for mass analysis and detection (FRuféne typical solvent for peptides

and proteins is a mixture of water and an organiodifier such as GEN, and up to a few percent by
volume oftrifluoroacetic acid formic, oranother volatile acid to enhance ioniz@an of sample constituents

[19]. A significant improvement in ESI technolamnsiss of the developmenbf nanospray ionization. The

low flow rates posible with nanospray ionization reduce the amount of sample consumed and increase the

time available for analys[20].
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Figure2: A scheme of ESI ionization technigquevw.macscientists.com)
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Desorption lonization Techniques

Matrix-Assisted Laser Desorption lonization (MALDI)

Ly GKA& YSUiK2RXZ (GKS Iyl fedsS akKkzdz Rl SO2MESRY B (KK |
strong absorption at the wavelength of tHaser used to excite the molecules. For instance, the matrix
compound acyano4-hydroxycinnamic acidanabsorbthe energyfrom a nitrogen UV laser(337nm). The
addition of the matrixcompound ensures that the the laser pulse energy will be absorbed by the matrix and
transferred to the analyte in the sample. By this way, chemical decomposition of the analyte is §&bjided

The analyte and matrix aresdolved in an organic solvent and then spotted on a metallic target. Later, the
solvent evaporates, leaving the matrix and analytecogstallized. The target is placed in the vacuum
chamber of the mass spectrometer, and a highlitage is applied. At theame time, the crystals are
bombarded with a short laser pulse¢@0 ns), which causes the sample and matrix to be volatilized. The
formation of ions occurs by an adidise reaction between the ionized matrix molecules and thalye
molecules. Desorptiorionization processes form finally singly charged (protonated or deprotonated)
molecules of the analyte with a range of dimensions from a few hundred to several hundred thousand

Daltons[22]. This process is simply illustrated in Figure 3.

Laser

\
Analyte/Matrix
Mixture

Figure 3:A scheme of MALDI ionizatitechnique(nationalmaglab.org).
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The Analyzer

lons formed in the ions source are then accelerated to the mass analyzer, where they are separated
according to theim/z ratio. The mass analyzer plays an essential role as it defines the performance of the
instrument, including accuracy, resolutiogensitivity, and MS/MS capabilityThe main types of mass
analyzers areAnalyzrs are classified according don separation modeQuadrupole (Q), Time Of Flight
(TOF), as also the magnetic and electrostaticbfiowsector mass analyzersseparate in pace , while

Orbitrap, ion traps, and Fourier circular ion transformation (FTé@&Yyzersseparate the ions in timgl7].

Quadrupole Analyzer

The quadrupole mass filter consists of a linear array of four symmetrically arranged rods to which radio
frequency (RF) and DC voltages are supplied. Forces are exerted in a plane normal to the direction (z
direction) in which the ions drift. lons oscillain the x,y-plane and the frequency of oscillations depends on
their m/z values and on the applied potentials. If the oscillations of an ion within this plane are constant, the
ions will continue to drag down the assembly bar and reach the detector. @ons&illations are achieved

only with ions givemim/z value for a given rod assembly, oscillation frequency, RF voltages, and DC voltages.
All other ions do not have a fixed orbit and will never reach the detector. The RF is varied to bring ions of

different m/zinto focus on the detector and thus build up a mass spectrum.

TO
DETECTOR

quadrupole rods

exit slit
(to detector)

ion with a
stable trajectory
(detected)

source slit ion with an

unstable trajectory
(not detected)

Figure 4:A scheme ofjuadrupole mass analyzdrt{p://www.chm.bris.ac.uk/© Paul. J gates 2014)
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Time of Flight Analyzer

In Timeof-flight mass spctrometry (TORMS) an ion's mag®-charge ratio is calculated after a time of flight
measurement. In particular, ions are accelerated in an electric field, and those that aredterge gained
kinetic energy.

The time the ions tiee to travel to the deector depends on the madw-charge ratio (the lower then/z the

faster). The time for each ion to reach a detector at a known distance is measured, a value that strictly

depends on the ion velocity and thus is a measure of its #zasharge ratiq23].

Many improvementshave beenmade through the years,the most important beingthe introduction of
GNBFf SOU2NE Ay GKS AyadNHzySydl A2y m&zValueéshha diffenét t & T S
kinetic energy to arrive at the same time to the detector, resulting in narrow peaks and higher resolution
(Figureb).

—6‘-—\—4-— Reflector
\

~ |\

ToF analyzer —

+— Detector

Figure5:- A scheme of TOd&nalyzer with reflectof24].

One of the significant advantages of the TOF analyzer is thasio restriction on them/z range, which
enables it to analyze ions wittm/z values ranging from a few hundred to 500000 and higher. This is an
essential chracteristic for its coupling witlALDI inthe study of largemolecules.In fact, asions produced
by MALDIare generallysingly charged species, their/z values can be very high. Dteits high resolution

and mass accuracy capabilities, TQfuisently coupled with all ionization techniques
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Orbitrap Analyzer

In Orbitrap, ions are trapped imaelectrostatic field produced by two electrodes: a central spirshaped
and an outer barrelike electrode (Figuré). lons move in harmonic, complapiratlike motions around the
central electrode while moving back and forth over its longitudinal axibarmonic oscillation with a
frequency that depends only on their valuegz [25]. The oscillating ions creatn electric current in the
outer eledrode, and the mass spectrum is obtained &y-ourier transform of the recorded current. The

longer the current recording perigthe better is the resolutiori26].

Figure6:- A schemeof Orbitrap.lons enterOrbitrap through the pening inthe outer electrode. Under the
influence of an electric fieldhey start to move around and along the central electrode creating concentric
rings.The motion of ions induceanimage current in the outer electrogavhich is recorded and used ftre

determination ofm/z ratios of ions by Fourier transformavvw.creativeproteomics.con

1.5.1.2 Tandem Mass Spectrometry

Tandem mass spectrometry is usemgroduce structural information about a compound by fragmenting
specific analytes inside theass spectrometer and analyzing the fragment ions. Tandem mass spectrometry
also enablesthe identification of specific compounddn complex mixtures because ohdr specific
fragmentation patterndMS/MS is based on two stages of mass analysis, onedotseprecursor (oparent

ion) and the second to analyze fragment ¢aughterions) Instruments for tandem mass spectrometry can

be classified aa tandem in pace or tandem intime [27]. Tandem in space meathat ion selection, ion
fragmentation and fragmentsanalysis are events that occur in thrdeferent regions of the spectrometer,
instruments of this type are, for example, the triple quadrupole (QqQ) and hybrid instruments such as QqTof
or TOFTOF. lrandem in time instruments, those three steps of analysis occur in the same region of the

spedrometer butat different times; QIT and LIT are instruments classifiegitandem in time.
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Figure 7: Scheme of tandem in space and in a triple quadrupol®ass spectrometer

(www.biologie.huberlin.de).

In tandemin the space masspectrometer, the first mass analyzer is used to selectively pass an ion into a
reaction region while the second mass analyzer is used to record e values of the dissociation
products. Generallythe reaction region, or collision cell, is the region into which an inert gas (e.g.nitrogen,
argon, helium) is admitted to collide with the selected ions causing the fragmentation. This process is called
Collision Induced Dissociati@@D) [23]. Inelastic collisions between the precursor ion with high translational
energy and a neutral target gaonvert part ofion translational energy into internal energy, leadj
therefore, to ts decomposition. All CID processes can be separated into two categories based on the energy
of the precursor ion. Lovgnergy collisions are common in triple quadruples (QqQribydevices, such as
QqTof[28], and trappingdevices, such as ion traps (IThey occur in the 4100 eV range of collision energy,
while highenergy cdisions,asin the sector and TOF/TOF instrumemte inthe keV collision energy range.

The precursor ion beam, having a kineticergy of a few keV, can enter the collision cell, usually causing
single collisions before mass analysis of the product ibttgeover, highenergy CID spectra usually show

increased sidehain fragmentation.

Peptide precursor ions, dissociated by the most usuatdaergy collision conditions, fragment along the
backbone at the amide bonds, forming structurally informaseguence ionsandlessusefulnon-sequence
ionsby losingsmallneutral moleculesike water, ammonia, etc. The amino acid backbone has three different
types of bonds (NHCH, GH-CO, and CDIH), and each of them can be fragmented, originating different
fragment ions. Each bond breakage leads to the creation of two species, one neutral and one charged.
However, only the charged molecules will be later monitored by the mass spestieo. At each amino acid

residue, there are six possible fragment ions: the aard c ions that are charged on the-tBrminal
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fragment, and the X, y, and z ions that are charged on theri@inal fragment (Figure 8). The most common

cleavage sites are the CONH bonds, which give rise to the b andfong[20,29]
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Figure8: Peptide ion fragmentation nomenclatur&he chage on the Gterminus designs y-ion, whereas
chargng on the Nterminus designsa bion. The other additional types ofrdfgmentation are also
indicated30].

The Mass Spectrum

Themassspectrumisatwo-dimensionaplot that reportsthe m/z ratio of ionsand theirrelativeintensity. This
means that themost abundant ions are assignedas 100%. The appearanceof the mass spectrum is
determined by the amount of energy deposited on the molealieing the ionization. If it is high, the mass
spectrum is characterized by molecular and fragment ions. However, in the afasoft ionization
techniques, due to the low energy, the mass spectrum reports only the protonated/deprotonated molecule

and a fav adduct ions but not fragment iofj22].

Database Searching andtérpretations

Once a mass spectrum has been obtained, protein identification can be performed with the use of several
bicinformatics tools [12]. In particular, MS data are compared to peptide mass values contained in the
selected primary sequence datadgmand that have been subjected to virtual hydrolysis. Software that are
based on scoring algorithms return a list of priot each of which is associated with a probability index
(score), calculated asl0*Log P, where P is the probability that the obh&al event of matching is random.
Typically, the research is carried out with sequences that are present in NCBI and@wiatkbases and
Chordata (Vertebrates and Relatives)/ All Entries as taxonomic restrictions. There are several bioinformatic
toolsin the literature to identify proteins, such as MAS{®1], PEAKE?2], pfind [33], MaxQuan{34]. The

choice of thesarchSy 3Ay S aK2dzZ R 6S oFaSR 2y (KS dzaSNDRa alLls
the same features. This is particularijueé in case of the discovery of protein chemical modifications.
[35][36].
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1.5.1.3 GCMS

The GEMS technique combines the separation capacity of gas chromatographyw@Qhe potential of

mass spectrometry (MS) for the qualitative and quantitative determination of a wide rargéhefances.

The advantages of this technique are:

~ A LA =
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1 They offer more possibilities to identify the analyzed substances by comparison in databases of the

mass spectra adach analyte.

To separate the different specidsat are present in a mixture, the GC uses their chemical properties for
separation. Once théndividual compounds of the mixture have been separated, they pass inside the MS

where they are subjected to iaration and consequent fragmentation (Fig@e
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Figure 9:Simplified schematic diagram of a gas chromatogr@ytp://diydiagram.accademiarchi.it/).

The mixture to be analyzed is introduced into the-gagomatograph injection system and vaporizeddesa
hightemperature chamber so as to obtain asgaus mixture which passes through a capillary column, which
allows the separation of the omponents taking advantage of the different attitudes that each molecule or

ions possess in the distribution inwhases: mobile and stationary phases.

The mobilephase, called "carrigtis an inert gas (&1) that flows through the column in which it iscated.
The stationary phase is generally constituted by a capillary column of variable length between 30 and 60

YSGSNE FYR F RAFYSGSNI 0806SSY M FyR ndup>Yod
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The capillary column is contained within an adjustable thermal system; in prattieetemperatue
gradients are constructed to allow the separation of the analytes on the basis of the boiling points and the
polarity. It is possible to improve the resolution of a chromatogram by optimizing the temperature gradient.
Once the boiling poinhas been reauwed, an analyte detaches from the column and, thanks to the thrust of

the carrier gas, is brought into the source

The ideal interface for the GK&S is the electronic ionization source that allows the formation of ions
through the impact ofthe analytes wh a high energy electron beam (about 70eV) produced by an
incandescent tungsten filament. When these electronsich the electronic sphere of a molecule, the
phenomenon of electronic impact occurs. The energy supplied by the electron beampepduces a

breakdown of the molecules into smaller fragments, which can be positively or negatively charged.

The ions passito a quadrupole that can operate in two modes: SIM, where a constant voltage is applied on
the quadrupole barsand therefore mly some ions Wl be allowed to transit with a givem/z ratio; SCAN,

where a whole mass range is scanned.

Finally, ions are dected by the energy of collision of ions on the detector surface; when a change in current
is observed, the peak is recordedhelobtained chomatogram shows the ionic current (TIC) as a function of
the retention time; in addition, we also get the speatruof fragmentation that allows us to identify the
substanceunder investigation The spectra are acquired, storednd presented the identification is

performed by comparing the spectra produced with known spectra contained in the datf®a88]

To be able to analyze a mixture, compounds must be derivatized to becwreevolatile.There are several

ways to derivatize:

Silylation,

Acylation,

1
1
1 Cyclic derivatives formation,
i Alkylation,

1

Transeaterification. This allows us to identify fatty acids. It allows to carry out hydrolysis of the

triglyceride, and to form thenethylester by eaction with alcohol, in particular with methanol.
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1.5.2 Spectroscopic techniques

1.5.2.1 Raman spectroscopy

Raman spectroscopy is a rapid and effective technique for characterizing materials, giving essentially
unambiguous results for dmganic and orgain materials. It gives both structural and chemical information.

It is a spectroscopic technique based upon th@mBn effect, or scattering, discovered in 1928 by C.V.
Raman[39,40] an Indian physician Neblaureate in 193Raman scatteringor Raman Effecf40], is an
inelastic scattering of light: incident light can interact with atoms amulecules in differat ways such as
absorption, and both elastic and inelastic scattering:

i In the first case, the light incident i®mpletely absorbed, and the system is transferred to an
excitation state from which it can reach various lower levels. Paoaower energy sites comes with

energy emission whose form is related with resonance lifetime lermibist commondecay mechanism

come with heat emission while resonance lifetime fromi° 10/ secondorder are typically related to

fluorescent emssion consisting gk & SYA &&A2Yy | G |eb K thehKnBideht adiafidhf Sy 3 (

longer decaytimes ( 103 to 102 seconds) are associated to phosphorescence emission which diffens
fluorescencejust for decay time. Other decay paths include induced resonance omn important
biochemical process involved in photosynthesis, known as pbwigation.
1 Elastic scattering, also known Bayleigh scatteringis the elastic scattering of electromagnetic
radiations by particles smaller thahd wavelength ofight itsef (Figure 10)This common phenomenon is
responsible, for exampldor the blue and light blue coloration dahe sky. Scattered photons present the
same wavelength and frequenagincident photons resulting in no energy loss
1 In that case, a small fraon of the light is scattered followinghe Raman Effect mechanism
(inelastic scattering)and the frequency amug the photonsand incident photonsto be different (Figure
10).
Describing this phenomenon in terms of energy exchanges, a photon at &rfigedS y QF from a laser
source, with an energy content described by, interacting with a molecule bringsis latter from its
fundamental state (a ground state in image) to an excitingual energy levelln the case of elastic
scattering, decayrings to the emission of a photon witteww0, and the molecule returns to itactual
state; in Raman Stokes saating cases, instead, decay does not bring the molecule to its ground level but
to a different vibration energy state (Figure 10): emitted phowvill haveStokefrequency defineds:

N Gre T stA
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If the starting condition of the sample molecule isarergized state and, after excitation, decay brings it to
ground level, we talk about Raman aftiokes scattering (Figure 2.2.1). In éBttbkes energy, content is

defined as:
N b é=nast
These differences between the incident and emitted frequenciesraferred to asRaman Shiftthat in
spectroscopic and microscopic Raman applications are usually expressed in terms of wavenuﬁjrber (cm
n.cmll 0& Ast)/c

Where c represents the geed of light. Raman spectroscopy is widely used in chensstige vibration

information is specific to the chemical bonds and symmetry of the molecules.
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Figure 10:the different possibilities of visual light scattering: Rayleigh scattering, Stokeersugt and
anti-Stokes scattering (the atom or molecule logg®rgy; the emitted photon has more energy than the
absorbed photorj§1].
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Stokes bands are more intense than adtokes bands and hence are measureddnventional Raman
spectroscopy, while anttokes bands are measured with fluorescing samples because fluorescence causes

interference with Stokes band2().

15.22FT-IR

Infrared spectroscopy is the analysis of the intéi@t of the material with electromagnetic fields in tie
region. In this region, a molecule can be excited to a higher vibrational state by absiéthadation. The
probability of a particular IR frequency being absorbed depends on the actual interdmtiween the
electromagnetic radiation at these frequencies and the specific moleclife frequencies of the
Foa2NLIJiA2y ol YyRa @, ark propditnal thidughFPladk'y constari (Wté the energy
difference between the vibrationgjround and excited state (2]

9 I K.
FFIR microscopy is an almost universal vibration techniguesceptible to the molecular structure and,
therefore, to the chemical composition of the sample. The spectrum is expressed in terms of Transmittance

or Absorbance expressed in functiontbé wavenumber iem L

T=1/0

.Transmittance (T) is defined as:

Where | is the radiation intensity transmitted ar@li$ the intensity of radiatioincident. is expressed as the
reciprocal of transmittance by the following equation
A=log (1/T)=log(@/1)

The general scheme of the R spectrometer is as follows:

Fixed miror

He-Ne laser

1

Moving mimor

IR source
-

Beamsplitter

@ Laser dicde

Sample

Detector

Figue 11:Diagram of an FIR spectrometer with Michelson interferomef{dd].
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The Michelson interferometer contains a beamsplitter and two flat mirrors. One of the mirrors is fixed in
one interferometer arm, whereas the other one is movable in #ezond interferometer arm. Most
common IR beamsplitters are made of KBr with a multilayer coating. The beamsplitter should have a
reflectivity of 50 % and no absorption across its range of use. The functionality of a Michelson
interferometer is based on eollimated IR beam. The latter is directed to the beamsplitter, which divides
the beam into two parts of equal intensity (in the ideal case). The divided beams are reflected, by the fixed
and the movable mirrors, back to the beamsplitter, where they relsim interfere. The recombinetR

beam passes the sample (or the reference) and reaches the detector. The mathematical procedure, which
is employed to convert théR interferogram (intensity versus time, also called time domain) tolRn

spectrum (intensig versus frequency, also called frequency domain), is called Fourier transforrigjon

The main limitation of the FIR technique is the onset of strong IR bands due to water, which overlaps with
important regions hat make up the chemical fingerprint of the sample. In this sense, and by virtue of

different selection rules, the IR microscope is the natural completion of Raman microscopy.

1.5.2.3 Opticamicroscopy

The petrographic microscope provides onetloé primary means of studying both inorganic and organic
materials. It is a specialized instrument that utilizes polarized light to allow the measurement of a variety of

opticalproperties.

Optical microscopy allows to study and obsetwe-dimensional or threadimensional samples. Especially
inthetwoRA YSy aAz2ylf YAONRaO2LR Aa ovatianSvRichdpficaMpropesiesh |- f
are bound to structural, chemicdraits. Petrological microscoptakes advantage fopolariS R A 3 K
propertiesand its interactions with materials. In general, we can do observatigridne light and crossed
polarizers to investigate the optical phenomenon, such as Pleochroism, extinction, and color
interference[43,44]

The 3D observatiorallow morphological and textural characterizations, observation, and study of physical
properties (growth effect, luster, color, fracture, inclusiatc.). These observations can be realized on

minerals and, of coursegcks, gems, cultural heritage objs, films, polymes, etc.
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1.6 Palaeoproteomic: A window into the past

The advent of higisensitivity mass spectrometry (MS) has allowed palaeoproteomics to become increasingly
relevant in the fields of archaeology é&evolutionary biolog5]. For instance, in the study of ancient bones
and teeth, many M®ased techniques have been implemented to allow protein identification, speci
distinction, investigation of mtein degradation pathways, angosttranslational and taphonomic
modifications. Given that nucleic acids are much less stable than proteins, the potentiality of recovering
information from ancient proteins has intriguesttientists for over half a centunjncient proteins are likely

to suffer diagenetic alterations, and recent research has therefore largely focused on bagtopeptide

based proteomics also to characterize the molecular effects of aging and degrad@téinionization
techniques such asSI and MALDI have, therefore, been extensively used for the analysis of ancient proteins
[46¢48]. MS screening of specispecific peptides in specific proteins (imig collagen) has recently been
used as a lowcost, rapid alternative to DNA sequencing for taxonomic attribution of morphologically
unidentifiable small bone fragments and teeth from diverse archaeological rer#irs0]

Amongst the techniques to approach the analysis of anocidsjects, mass spectrometry (MS) hgained

popularity because of its ability to handle the complexities associated with the proteome.

Palaeoproteomics aim toprotein identification and to the characterization of pesanslational
modificationsoccurred either in vivo or during ageinheae are two proteomic approaches known as
bottom-up and topdown. In bottom-up, proteins, or complex protein mixtures, are subjected to enzymatic
hydrolysis with the use of a proteolytic enzyme (nisequently trypsin) and the peptide mixture is analyzed
by MS. In topdown proteomics, intact proteim or large protein fragments are directly analysed and
fragmented for MS analysj51]. Posttranslational modifications (PTMs) or diagenetically induced chemical
modifications of ancient proteins are part of what makes palaeoproteomics so much challenging. Chemical
modifications include @th those derived from biological and diagenetic pathwagmlogical PTMs (i.e.,
methylation, dimethylation, alkylation, hydroxylation, fucosylation, phosphorylation, to naanfew) are
related to physiolog of the specific organism and might reveal enionary adaptations of the organism. On
the other hand, digenetically derived modifications (i.e., deamidation, oxidation, carboxymethylation) are
the result of postmortem decay and indicate how proteins degrade over geological time. The information
that can be obtained in the study of protein chemical modifmas helps, firstly, to obtain a more confident

protein identification, often also increasing the protein sequence coverage. Most importantly, however, it
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provides information regarding protein deadation that can be precious for palaeoenvironmental sadr
characterizing protein diagenetic alteration over time, including a possible (relative) guantification to

discriminate potential contaminating from endogenous proteins.

Among the specific nuifications of collagena high number of hydroxyprolinend hydioxylysine are
observed in fibrillar collagens. Most importantly, more confident identifications are commonly obtained for
these proteins by taking into account these extensive fistslational modifications when collagen is
present[52]. Biochemical analysis has indicated ttiag extent of lysine hydroxylation of collagen is highly
variable in comparison with proline hydroxylat[68][54]. Approximately 50% of proline residues in collagen
are hydroxylated in various genetic types of collagen in different tissuekit @oes not significantly change
under physiological conditions. The extent of lysmalroxylation, however, can vary from 15 to 90%,
depending on the collagen types. In addition, within type | collagen, it varies significantly from tissue to
tissue aml under the physiological/pathological condition of the tis$b@][55], highlighting the variaility at

which hydroxylation occurs within living tissué/droxylation is restrictedbtcollagensn vivo,but given the
longevity of these proteins within bone and dentine, this biological PTM can also be observed and analyzed

over long time periods.

Similarly, enamel proteomes are characterized by extensive, protesitie phosphorylation This regular
PTM receives significant attention in clinical proteome studies of modern proteomes and has recently been
observed across enamel proteomes of 2 milli@ars old[56]. There is, therefore, an opportunity to study

protein modification in a gnificant component of the mammalian skeleton for extended periods of time.

The most fregently observed chemical modification is the oxidation of methionine (mass shift of +16 Da)
that can occur bothin vivoandin vitro as well as during sample maniputat and is often checked during

routine protein identification searches. Moreover, recnta particular focus was given to deamidation that

has been described as a molecular clock that regulates the timimg /o processes. Deamidation is a
spontaneais chemical modification that plays a vital role in protein degradaitdf. It occurs at Asn, and

GIn amino acids resulting, respectively, in aéfiaA Ok A & 2 I & LI NI A Qlutdmio &did, dand/iR 3 f .
represents a pagntial aging marker (Figure I29]. Conversions of Asn and GIn to aspartic and glutamic
acids can be detected by MS techniques and MS/MS methods, despifadhihat the modificdion results

in a small mass shift of only 0.984 Da. Deamidation analysis has, therefore, become an interesting

modification to be looked at in the characterizationagfing in proteins from fossils to works of §8¢62].
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2. Aim of the thesis

This Ph.D.was part of the EU futed European training neork Tempera and was focused on the
development and application of proteomic strategies for the molecular characterization of archaeological
objects and works of amvith the use of mass spectrometry. Moreover, this works was falsased on the

study of the degradation processes that the proteins have undergone over the years in an attempt to
discover molecular signatuseof their conservation statelaking as a startg point the study of collagen,

one of the most persistent bonproteins in the fossilecord, proteomic bottorrup approaches regarding
protein extraction and discovery of chemical modifications with the use of severaldnwiafics tools were
developed.Once the proteomic protocols had been established, we compleateatir knowledge in seah

of other types of organic molecules such as lipids and sugars by mass spectrometry. In this way, we managed

to approach each case of the study by several perspesitieading to more integrated results.

Chapter 3 describes thedevelopment of proteomicstrategies for the characterization of collagbased
materials. Initially, as a small introduction to the chapter, a chemical review on primary collagen sources
suchas bones and teeth reports the potentiality of ancient skelétsdues for palaeoproteunic studies.
Subchapter 3.1 deals with the analysis of ancient human bones from the excavation sites in the Vesuvius
area. In particular, a bottomp proteomic approde was applied, and screening of the obtained MS data
was performel in search for molecutasignatures imprinted in the protein component of bones. Moreover, a
screening of the MS and MS/MS data was performed to select the most frequently detected pepttes

can be used for a quantification of deamidation (Asn, Gha) axidation (Met). Fuhtermore, at the end of

this chapter, a widédroad protocol for the extraction of lipids, sugars, and proteins was applied for
molecular characterization of animal ghiaused for restoration purposes. The analytical methodology
includes the use of gas anidiid chromatographymass spectrometry.

Chapter 4was focused on the development of midgrovasive techniques for the characterization of proteins

in archaeological lgjects and works of art. More specifically, innovative mionesive kits (subchapters. 4

& 4.2) were developed with the immobilization of trypsin taking advantage ofititeesiveproperties of a
specific type of hydrophobins, known as Vmh2. The kiige helready been applied to several types of
archaeological objest and the obtained re$is have been published. Subchapter 4.3 reports some
improvements and future perspectives in the development of other kits by using a different type of pelymer

based naterials.
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In Chapter5, a combination of mass spectrometric witicroscopic and spectszopic techniques was used

for a more indepth characterization of archaeologi@hphoraesand historical paintings. More specifically,
in-depth characterization ofhe pigments in the surface layer or in the several layers ofattthaeological
paintings was performed with the use of microscopy or Raman spectroscopy. The use of organic binders such
as natural gums waxes and oilspyoteinaceaousinders such as calyjen, egeetc was confirmed with the

use of mass spectrometric ppaches. In this way, aore integrated approach revealed important
information regarding the painting techniques in the case of historical paintings, whereas, in the case of
amphoraes spectroscopic and spectrometric techniques demonstrated the contedttaeir possible use.

Also, important information regarding the degradation processes undergone olier years was
demonstrated too.A summary of all projects performed in this Ph.Dreported below based on the

scientific approach. Also, a list of thablications as outcomef the single projects is also reported.

Palaeoproteomic projects performed during this PhD
3. Proteomic strategies for the characterization of collagbased maerials

3.1. Chemical review on Paleoproteomic analysis of bones aitht
3.2. Written in bore proteins: molecular signatures the 79 AD skeletal remairisom Herculaneum and

Pompeii.

3.3 Selection ofpeptide biomarkers in human bone collagen for the evaluatiodedmidation (N, Q and
oxidation (M), bytargeted proteomis.

3.4. Molecular charaterization of animal glues for restoration purposes

4. Development of micranvasive techniques for protein igntification and characterization in the field of

cultural heritage

4.1 Minimally Invasive and Portable Method for thentification of Proteis in Ancient Paintings

4.2 A versatile and usériendly approach for the analysis of proteins in ancient aistionical objects.

4.3 Development and future perspective for a mignvasive tool for the analysis of proteins in histat

objects.

41



5.Combiration of mass spectrometric, spectroscopic and microscopic techniques for the molecular

characterization of archaeological remains and works of art

5.1. Novel use of Evolved Gas Analysis/Mass Spectrometry to identify the earliestoobyading medim in
Aegean wall paintings from Tel Kabiri, Israel, dated to the 18th C. B.C.E

5.2. A multidisciplinary campaign for the characterization of a XXII dynasty wooden Sarcophagus (yellow
coffin).

5.3. Organic remains in amphorae from the temple of Har&aestum lsedlights on solemn ceremonies

5.4. Molecular characterization of wall paintings from Roman Domus in Santa Maria Capua Vetere

5.5. Molecular characterization of protective layers in statues from the monumental staircase in the Royal

Palace of Caserta

List of publications

Chapter 3

3.1 Palaeoproteomic analysis of bone atekth, Ntasi G Welker F,a chapter of the upcoming book:

Proteomic analysis in cultural heritage, chemical review under submission, Springer Nature

3.2 Written in boneproteins: moecular signatures in the 79 AD skeletal remafnem Herculaneum and

Pompeii;Ntasi G, Palomo |, R, Cappellini E, Birolo L, Petrone P.P. under submission

3.3. Selection of peptide biomarkers in human bone collagen for the evaluation of daaarnidN, Q ad
oxidation (M), by targeted proteomicNtasi G, Palomo R,De Chiaro A, Marino ®etrone P.P, Birolo L

,under submission

3.4. Molecular Characterization of animal gluls restoration purposes;Ntasi G; Bonaduce |, Sbriglia S,

Marino G Birolo L, under submission
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Chapter 4

4.1 Minimally Invasive and Portable Method for the Idemtfiion of Proteins in Ancient PaintingstasiG,
Cicatiello PRossi MMarino GGiardina PBirolo L Anal. Chem. 90 (2018)10128;10133.
https://doi.org/10.1021/acs.analchem.8b01718.

4.2. A versatile and usefriendly approach for the analysis of ancient proteiNsasi G, Kirby D, Stanzione I,
Carpentieri A, Somma P, CiclteP, Marino G, Giardina P, Birolo L. Proteomics.231 (2@1).
https://doi.org/10.1016/j.jprot.2020.104039

Chapter 5

5.1. Evolved Gas Analyditass Spectrometry to Identify the Earli€3tganic Binder in Aegean Styi&ll
Paintings(Linn RBonaduce,INtasiG, Birolo L, YasufLandau ACline EHNevin A LluverasTenorio A

Angew Chem Int Ed En@ictEd. 57 (2018) 1326713260. https://doi.org/10.1002/anie.201806520.

5.2. A multidisciplinary assessment to investigateXéXIl dynasty wooden coffin, Melchiorre C, loio L, Ntasi
G,BiroloL, Trojsi G, Cennamo P, Barone MRgRatG, Amoresano A, Carpentieri A, International journal of
conservation science, Volume 11, Issue 1, JanMench 2020: 2838. ISSN:206333X

5.3 Organic remains in amphorae from the temple of Hera in Rmesshed some light on solemn

ceremoniesVergan A, Ntasi G P, Birolorhanuscript in preparation
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3.Proteomics strategies for the characterization of collagen -based materials
Introduction

Collagen is one of the most resistant proteins in the fossibre@ue to its mechanical, structural and
chemical properties. Its longevity lies on the &y repetitive sequence and a uniquely high content of Pro
and Hyp that make it quite stabld,2]. For this reasonmost of the paleoproteomic studies are based o
collagen identification and characteriian of its diagenetic alteration over the yeafSollagen identification

in archeological bones and teeth has contributed significantly in the fields of evolutionary biology explaining
phylogenetic relationshipsf humanand animal specief3¢10]. Animal glues consigif another collagen
source that was used in the past g®woteinaceaousbhinders in paintings[11] and therefore its
characterizationhas contributed both to the history of the artworks as also in the restoration processes
regarding their preservation to the next generatiofi2¢l7] . Due to the natural or diagenetic alteration
over the years the characterization of collagen chemical modifications is ciadiais respect, deamidation

can constitute an important modification to start with, since itnew widely accepted as an important
biomolecular marker of the deterioration and natural aging of proteins in artistic and archaeological
materials[18¢20]. Moreover, the effect of aging, environmental and storage conditions at the molecular
level can be analysed and studied looking at chemical modifications induced in proteins, possibly leading to

the diovery of other potential biomarkers to be searched for in ancient samples.

Aim of the study

The results have been reported in the chapteraobook on palaeoproteomics artthree manuscripts

currently in preparations.

Book chapter:

Chemical review oRdaeoproteomic analysis of bones and tee@eorgia Ntasi, Frido Welker

Manuscripts:

- Written in bone proteins: molecular signatures in the 79 AD skeletal remains from Herculaneum and
Pompeii.Georgia Ntasi, Ismael Rodriguez Palomo, Gennaro Marino,dscan8irano, Enrico Cappellini, Leila

Birolo, and Pierpaolo Petronklanuscript in preparation.
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- Selection of peptide biomarkers in human bone collagen for the evaluation of deamidation (N, Q) and
oxidation (M) by targeted proteomicgseorgia Ntasi, Ismadrodriguez Palomo, Addolorata De Chiaro,

Gennaro Marino, Paolo Petrone and Leila BirManuscript in preparation.

- Molecular characterization of animal glues for restoration purpo§e=orgia Ntasi, Sara Sbriglia, Rosanna
Pitocchi ,Chiara Melchiorre, Liaudello loio, Giancarlo Fatigati, llaria Bonaduce, Andrea Carpentieri, Gennaro

Marino and Leila Biroldvlanuscript h preparation
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3.1 Manuscript 1: Chemical review on Palaeoproteomic analysis of bones and
teeth

Georgia Ntasi, Frido Welker

Abstract

The highsensitivity of current mass spectrometry instruments has permitted palaeoproteomics to become
relevant in the ields of archaeology and evolutionary biology. Taking advantage of the continuous
development of MS techniques, it is now possible taramt ancient skeletal proteins, characterize the
preserved proteome, and discover diagenetic or biological derived finations. This information, by itself,

or combined with other kinds of analysis such as DNA analysis, expands the application girptdaetcs

to paleopathology and phylogenetic and taxonomic studies. Here we illustrate the potential of ancient
skeletd tissues for palaeoproteomic studies. We explore the differences in the protein survival, define the
difference betweernn vivoandin vitro protein chemical modifications, which occur either because of protein
diagenetic alteration over time or during ehlife of the organismFinally, we will indicate some future

challenges for the field of ancient skeletal proteomics that require asking in the coming years.

Protein survival in ancient bones and dentine

Bones consist of 70% inorganic material, predwntly hydroxyapatite. The remaining 30% is organic
material, of which the protein component is largely composed of collagenous pso{8800%, primarily
collagen type ) and 105% of norcollagenous proteins (NCPs). The last category includes sentgaingt
proteoglycans, glycosylated proteins (including small inteliiling ligand, Ninked glycoprotein, sealled
SIBLINGS), glyydated proteins with potential cel G (G I OKY Sy & | O A @A gakbSxylated I Y R
(gla) proteins such adGH1].

The inorganic phase of bone gives resistance to compression forces and is composed of hydroxyapatite
crystals with a formulaoften generalized as @PQ)s(OH)}. Bone collagen is composed largely from
collagen type | (COL1). COL1 is a triple helix composed ct ¥ -OKNE$ay¥ (62 ARSY(GAO!l
2yS ASYSGAOI T &2 R\ fibAl& bfageins arersyntbesired i@ e fdrmy of soluble precursor
molecules, called procollagens, with large &d Gterminal propeptide domains. The-f@@opeptides are
removed during subsequent stages of biosynthesis, leaving the $httopeptides. The extent of N
terminal processing depends on the collagen type. For procollagens |, Il and lllptopdytides are

completely removed, leaving shorttidlopeptides, typically about 20 residues in length at both thehd C
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termini. Incontrast, Nterminal processing of procollagens V and Xl leaves lafigenNnal domains, which
help to modulate fibril formation The mature triple helical region, characteristic of collagens, is located
between these mature telopeptides. For COL1, thaurahelical region of the alpha chains contain 338
triplets of amino acids constructed from repeating -&gaAaa triplets, whee Aaa and Yaa can be any amino
acid but are frequently the amino acids proline and hydroxyproline, resped@yelhe glycine (Gly) at every
third position of each chain is a prerequisite for the fofgliof the three chains into a tight triple helix. In

addition to collagen type |, several other forms of collagen are frequgmttsent in bone as well, like the

abovementioned collagens II, 11l, V and XI.
\\ N-propeptides C-propeptides
procollagen
b 120 0 PSP UAIED. /
P PR glet — = e e e SV g Nt

ADAMTS proteinases

300hm tropocollagen
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hydroxylysine
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Figure 1: Collagen fibril formation. After trzscription and translation, the processing of theadd Gtermini
of procollagen lead to spontaneous assembly of collagen fifhese are subsequently stabilized by the

formation of covalent crosbnks.

The bone and dentine proteomes are not solelynposed of collagens, however. A minor but highly diverse
proteome component is composed of a variety of rmilagenous proteinsNCPs). Serum proteins that
compose 25% of the NCPs are exogenously derived and may be related to matrix mineralization or cell
proliferation during bone growth. The remaining NCPs are largely synthesized from osteoblasts. Among the
glycosylated proteins €licine richrepeat), some regulate collagen fibril diameter (decorin, osteonectin),
some are related to matrix organizationg@ecan, versican), and others, such as biglycan, interact with
collagen type Il and type |. Furthermore, SIBLING proteins (ast¢iop bone sialoprotein) are responsible

for bone mineralization and remodeling. Glycoproteins with arginylglycylaspartiecantaining (RGD) cell
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attachments motifs are also frequently present (thrombospondin, fibronectin, vitronectin lifipriFind f € ~
carboxylated (gla) proteins (matrix Gla proteinsteocalcin, protein S) may inhibit mineralization through
the reguldion of osteoclasts. Bone and dentine proteomes are similar, consisting primarily of type | collagen
and NCPs. The NCPs are lebandant and for this reason most research has focused on collagen
identification. However, dentine contains three unique proteins apparently absent from bone and other
tissue: dentine phosphophoryn (DPP), dentine matrix protein 1 (DMP1) and dentine siaiop{DSP).
However, just a few studies have focused on the analysis of dejdfjn€his might be because bones are the
most abundant mineralized tissue in the fossil record, as well the enhanced morphological identifiability of
(even highly fragmented) teeth.

Furthermore, phylogenetic studies of ancient proteomes based dagmt sequences have given a deeper
insight into the evolutionary relationshipsf several specie§s¢7]. In addition bones have been used to
investigate specific cases such as that of the Vesuvius eruption, where in 79 AD two ancient cities, Pompeii
and Herculaneum were totally destroyed, within several hours killing, almost instantaneously, their
inhabitants[8].

A major focus of ancient bone proteomics is species identification with the use of massoamtcy since

the exploitation of protein and genome databases allows the taxonomic characterization of the species. A
classical bone extraction protocol starts with homogenizatenmetimes in tandem with sample clean up.
Subsequently, a demineralizatioor decalcification step is normally performed, with the primary aim to
remove hydroxyapatite. The rate of demineralization depends mainly on the temperature and concentration
of the chelating (complexes) or organic (base or acid) agents that are usedvafls, extraction of the
released proteins and its denaturation is carried out. Denaturation is a crucial step especially for ancient
proteins in order to unfold the caternary, tertiary structure andsecondary protein structure There are
different mechanisms that explain the protein unfoldingttihe process is mostly based on ionic or polar
interactions between the denaturing agent and the charged part of the protein. Denaturation therefore
allows the unfolded primary amino acid protein to be accessible for subsequent enzymatic proteolgsis. Thi
usually performed with the use of trypsin since it is a specific enzyme that digeststénmiGal of lysine

and arginine. Finally, before enzymatic hydrolysis, adigestion step is sometimgserformed, for example

by using rLys(®,10], to enhance trypsin digestion. The last step of each proteomic protocol is peptide clean
up where desalting and protein purifiton are performed before mass spectrometry analysis. In this step
peptide cleanup pipette tips, normally packed with C18 silica, are used for peptide purification and

concentration[11]. Table 10.1 summarizes some of the most common bone extraction protocols.
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Table T Summary of some proteomic bone collagen extraction protocols . All these examples use trypsin as

protease

Step Treatment Duration Temperature

Demineralizaion EDTA 2-10days 4-28 °C
HCI 1-24 hours 25°C

Reduction & alkylation DTT & IAM 2-4 hours >60 °C
TCEP & CAA 2-4 hours  >60 °C

Denaturation GuHCI 30 minutes 25 °C
Urea 30 minutes 25 °C
Buffer (mix of Ura, Thiourea, CHAPS, Gul 30minutes 25 °C

Pre-digestion rLysC 1-4 hours 37°C

Digestion Enzymatic solution 14-16 hours 37 °C

Chemical abbreviations: Ethylenediaminetetraacetic acid (EDTA), Dithiothreitol (DTT), lodoacetamide (IAM),
tris(2-carboxyethyl)phosphine (TCEP), Chloroacetaldehyde (GApidine Hydrochloride (GUHCL)(3
Cholamidopropyl)dimethylammonidl-propanesulfonate (CHAPS).Referen§&2c17].
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Protein survival in ancient enamel

Bone, dentine and enamel are the main mineralized components of the mammalian skeleton. Of these,
enamel is the densest tissue. Dentine, bone and enamel have many differences that are present from the
beginning of their mlogical formation. Enamel origites from the ectoderm of the embryo whereas the
dentin originates from the ectomesenchynf{Richard Scott and Turner 2000)he ameloblasts (enamel
forming cells) aralifferentiated from their precursocells before the odontoblasts (dentiorming cells) do.

The ameloblasts die after the formation of enamel and before eruption of the tooth is completed. Enamel is
therefore ana cellulartissue for most of its existeng@nd cannot regenerate or remodel. Both of them also
differ in their proteome composition. Enamel is nearly 96% inorganic with the remaining 4% being organic
compounds (enamedpecific proteins), and 1% water. Dentin, ¢re tother hand, is 70% inorganidtivthe
remaining 30% being organic matter (20%) and water (10%). The organic portion in dentin is mostly
composed of collagen fibers (~18% of the 20%) while the remainder contairsoiiagenous proteins, DNA,

and lipid$18,19].

Recent research has demonstrated that enamel proteins survive diagenesis over long time scales. Ancient
enamel proteomes are relatively similar to their modern counterparts, iallgth higher diagenetic
modificationg20¢22]. Furthermore amelogenin, one of the major proteins in enamel, allows forepric

sex identification. The anh@genin gene is located on theckromosome (AMELX) and on thelfomosome
(AMELY). Both copies have acquired a different amino acid sequence over time duerézmmibination of

the Ychromosome Hence, the proteomic detection of AMELY can reliably identify if an individual is male
(XY) and its absence might indicate that an individual is a female (XX). This advantage qetetsah for

animal and humanex identification studies in ancient samples in the fut[#@,24]

Palaeoproteomics and phylogeny

The evidence for the evolutionary relationships between extinct and extant species is nearly always
incomplete,asthe vast majority of species that have evieet areextinctand relatively few of their remains
have been preserved in thessil record In addition, evolutinary processes shaping the skeleskeleton,
such as convergence and sinduced allometry, have the potential to mask true phylogenetiationships.
Therefore, in the past decades genetic analysis of extant and extinct species through DNA anslysis ha
rewritten significant parts othe animal tree of life.

Ancient DNA analysis of ancient remains is currently able to sequence complete genalioegng

the vast, unbiased recovery of evolutionary information present in such genomes. This has led the
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reconstruction of the evolutionaryelationship of extinct species such as mamm{2b§ flightless birds

[26], or extinct lemurs[27] in comparison to thei modern counterparts. They have even led to the
ARSYUGAFAOIGAR2Y 2F a5SyAaz2gdlyaés | yre dosehySrdlaiell aS  dzy
Neanderthals than to modern humans. In addition, as thasalysesare not restricted to the maternally
inherited mitochondrial genome only, they are alile detect subtle but significant signatures of ancient
introgression between losely related species. For example, all humans outside of Africa contain a small
percentage (usually-2%) of DNA deriving from Neantleals [28]. In other words, somewhere during the
migration of humans out of Africa, they interacted with Nearttlals, interbred, and this genetic exchange is

now identifiable in all nosfrican humans.

However, due to the intriris instability of ancient DNA, the preservation of ancient DNA is both
temporally and geographically biased. Ancient DNA studies gindogus on specimens younger than
100,000 years, and in most cases a lot younger than that. In addition, ancient Bd&kvation is generally
good in temperate or permafrost samples, but rarely survives over significant amounts of time in subtropical
or tropical regions. The evolutionary processes happening in the Pleistocene or in hot, humid environments
are therefore no accessible in the majority of cases through ancient DNA analysis. Recent studies have
indicated that ancient proteins survive for tamperiods longer than DNA, howev§9,30] . Ancient
proteomes can be phylogenetically informative even in cases where there is no ancient EdeAvation,
implying that ancient protein analysis is able to recover evolutionary information beyond the preservation
horizon of anciat DNA[31,32]

This has led a number of studies to explore the phylogenetic analysis of ancieninprdegived
from now-extinct specie$33] collagen type | sequences froRiesioycteropusPlesiorycteropugs an extinct
mammal from Madagascar, aghily unfavourable environment for ancient DNA preservation. The phylogeny
LINBaSyiSR NBaz2ft@gSa GKS LkRaiidAazy 2F GKS aGal fF3Fae
extant aardvarks@rycteropuy demonstrating that the skeletal similarityebveen thePlesiorycteropuand
Orycteropuds due to convergence. Similar analyses focused on the recovery of collagen type | sequences,
the dominant bone protein, have subsequently analyzed extinct ground §B#fhsSouth American
ungulates(Figure 10.2{35]), and an extinct giant beav [36]. In each case, ancient DNA was either not
present, unlikely to be present, or highly contaminated with modern DNA.e§ulesitly, a number of other
studies focuse@n the recovery of entire ancient proteomes for similar purpo&sch larger proteomes are
more informative, and therefore able to analyze more complex speciation patterns or species divergences
that occurred abse in time (i.e., there was little time aNable to accumulate sufficient, observable, changes

in the protein sequence)lhey have been applied to the rhino gersiephanorhinu$22,37] helped revise
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the taxonomic identity of a syntype of the Asian elephant as an African elepBdtand even elucidated
the evolutionary placement of a noextinct great apg39].

Similarly, the ability to recover phylogeneticallyamhative protein sequences from ancient skeletal
tissues can also be applied to human and homirgeues. For example, ancient genomes are available for
Neanderthals, Denisovans, modern humans, and all great ape species. Together, these provide acatalogu
of protein amino acid differences between homologous protein sequences. These single amino acid
polymorphisms (SAPs) can be observed through protein mass spectrometry, something that recently has
been demonstrated for Neanderthalsnd Denisovang40,41] Combined with the longevity of ancient
protein survival compared to ancient DNA survival, this suggest proteins represent a biomolecule able
to provide molecular insights into the evolutionaryopesses shaping human evolution during the Early and
Middle Pleistocene time periods without regular ancient DNA survival, but a key period in the foomati

the human lineage.
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Figure 2: The phylogenetic analysis of ancient proteomesPartial proein sequence alignment of
Macraucheniaand Toxodon COLlaRlthough the ancient protein sequences are incomplete, they contain
phylogeneticallyrelevant positions (SAPs). Amino acid positions identical to the consensus are indicated by
i K'S b Bhglégenéic analysis of a larger alignment of mammalian collagee | sequences, indicating that
Macraucheniaand Toxodonare distant relatives of extant odwbed ungulates (Perissodactyla). Data from

[35].
Contribution of palaeoproteomics to study anci ent pathogens

The research field of paleopathology, or the study of the presence and prevalence of diseases in the past,
has a history of more than 150 years. The scientific interest has been ¢osteehon the analysis of bones,
teeth, and dentalcalculus since they are potential reservoirs of ancient biomolecules. Especially for the

latter, teeth are coated with a biilm known as dental plaque, that is made up out of microbes, proteins,
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DNA, lipds, and other micrgesidues that at some point ¢égred the oral cavity. Over time, minerals
deposited in plague hardens to form tartar, or dental calculus, trapping its organic andbrganic
components.The formed dental calculus cémerefore providevaluable information regarding past diet and

oral hygiene.

One the other hand, metagenomic and metaproteomic MS analysis of the oral microbiome of human dental
calculus that is dated to the medieval time can indicate the diet, the environment, hygiendiseabes of

LIS2 LX SQ&a LI a0 d ¢ ibdheRsAsiudied yith frebhdiquésis&h as DN quencing. Warinner
and colleagues demonstrated that protein mass spectrometry characterization of human dental plaque is
possible. Subsequently, Jer&ristsisen and colleagues illustrated its potential tovestigate the
interactions between the host and the pathogenic species in a quantitative manner for ancient samples
based on ancient proteins alofé2] .

Additionally, apart frondiseases in the past, dental plaque has been studied for the investigation of dietary
habits. For instance, animal miks a food resource has been identified to samples dating back to at least the
Bronze Age (ca. 80 BCE), directly from individuals artteir dairy livestock and not from the survival of

milk residues or milk bacteria in pottery fragmeni43]. The identiiDl GA 2y 2F GKS GKS:
lactoglobulin BLG with the use of tandem mass spectrometry has demonstrated its use as a milk biomarker
of dairy consumption. In addition, thBLGprotein has a different amino acid sequence between cattle,
sheep, and goat geies. This allows investigation of cultural, social, and environmental factors affecting past
dairy economies at both a population and an individual level. Other studies have subsequently given insights
into the origins of dairy consumption within diffexe European populations. For instance, the work of
Charlton et al.reveals the earliest direct evidence for the consumption of dairy products in the British
Neolithic period, by applying shotgun proteomics to human dental calcUlbe identification ofBLG
peptides not only illustrates the animal origin of the consumed milk but also creates new research avenues
exploring how Neolithic populations may have been consuming and processing raw milk, including the
potential variability which may have existed it such processes. Moreover, other proteomic studies
illustrate the presence of other dietary proteins, such as those deriving from cereal grains, legumes, and
vegetative crops, alongside milerived proteing[44]. The potemial of dental calculus to provide insights

into food consumption are therefore not limited to a single dietary class. However, even though dental
calculus consists of a lowtigrm reservoir of proteins, its contents are influenced by a combinatioin @fvo
mechanisms and postepositional degradation processes that can be expected to act differently between
individualg[45]. High interindividual variability of dental calculus proteomes might therefore complicate the

synthesis of many datasets across time periods and geographic regions. A better understanding of the
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aforementioned factors will lead to a betténterpretation of the archaeological findings. Such knowledge

should then allow to shed light on past human dietary choices in previously unforeseen ways.

Conclusions

This chapter reveals that bone, dentine and enamel proteomes are dynamic tissueswatts\potentials in

the palaeoproteomic field. Rich of remaining proteins, skeletal proteomes can address phylogenetic
guestions and assist in species identification. Depending on the tissue of origin, there are marked differences
in proteome compositiometween bone and dentine proteomes on the one hand and enamel proteomes on
the other hand. This provides opportunities, but also challenges on data integration for phylogenetic studies.
The presence of pathogenic microorganisms can indicate dietary hhpggne and diseases affecting past
populations. In addition, the characterization of diagenetic dandvivo protein modifications further
highlights the potential of bone, dentine, and enamel in providing access to past molecular processes

occurring withn the skeletal tissues of living individuals.
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3.2 Manuscript 2 : Written in bone proteins: molecular signatures in the 79 AD
skeletal remains from Herculaneum and Pompeii.

Georgia Ntasi, Ismael Rodriguez Palomo, Gennaro Marino, Francesco Sirano, EnricmiChpj@Birolo,

and Pierpaolo Petrone.

Abstract

In search of markers for protein aging, we used an extraordinary test case of human bones from the
excavations sites of Pompei and Herculaneum (79 AD), analyzed by a shotgun proteomic approach using LC
MSMS. Human bones fra Scalandrone Bay (Il sec AD, another volcanic area, yet not related to Vesuvius
eruption were also analysed for the comparison of the PTMs provoked from a volcanic ground to an almost
coeval standard burial condition. In addition, @dy published archasogical bones, approximately 17
centuries younger than the test case, were used as control samples [1]. Deamidation of asparagine and
glutamine was examined as a now widely considered aging molecular marker [2]. Deamidation profile was
guite robust for senples with a similar age whereas the fewer proteins were detected, the more degraded
the sample were found to be. Positional investigation of deamidation in the polypeptide sequence of
collagen type | revealed that some zones are manecsptible 6 deamidition than others. Badione
cleavage analysis confirmed that some zones apart from deamidation are more susceptible to spontaneous
hydrolysis too. Analysis of pesanslational modifications showed higher advanced glycation products of
lysine and argining in the samples of Pompeii and Herculaneum. Furthermore, oxidative products of
methionine, histidine and the conversion of ST to glycine were also detected. Interestingly, multiple
oxidation products of proline and dehydration of hygyproline were deteted for the first time, turning the
scientific interest to this amino acid (P), which is usually ignored due to its natural conversion to
hydroxyproline. As a matter of fact, we can observe that collagen degradation in bones from Panapei

Herculaneum uderwent different degradation processes.

Introduction

Ancient protein analysis provides clues to human life and diseases from atiniest Proteingepresents
promising means for identifying and characterizing archaeological and &assples, either hman and

animal as well as food and goods.

Among archaeological remains, bones are most interesting. Bones, indeed, can be an abundant reservoir of
ancient biomolecules due to natural resistance to pogirtem decay arising from a uniqu®mbination of

mechanical, structural, and chemical properties. The survival of proteins in fossil bones has been of great
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interest for their potential in recovering phylogenetic information for over 30 y¢hfsThe application of
proteomics to the study of ancient bones holds great potential for increasing our understanding of many
FaLSOda 2F aLItS20A2f238é &adzOK | a GKS Sdpef dziAzy >

Diagenesis of bones, however, the procbgswhich skeletatissues are transformed postortem, is quite
complex and depends upon several factpf8]. Central to the extreme preservation is the close interplay
between the orgarg and the inorganic constituents, while the diagenetic destiny is closely linked to the
nature of the depositional environmen7]. Bone isa composite matdal made up by inorganic material,
namely bioapatite, carbonatsubstituted hydroxyapatite, and organic portion, of which about 90% is Type |
collagen, the remaining 10% comprising thecafled noncollagenous proteins (NCPs), lipoprotiand
mucopolysacharides[7]. Collagens are unigue and the dominant proteins in most eukaryotes, well
preserved and highly conserved throughout the eviglntof species deito their essential biological function

as well as their peculiar sequence, made of one third of glycine, and characterized by the repetitious
sequence GhKaaYaa, where the Xaa and Yaa positions are typically found to be proline armmkyyyabline,
respectively, the latter being a peculiar and abundant pwanslation modification contributing to collagen
stability via hydrogen bridges. Despite the quite simple amino acid sequence of collagen chains, collagen
experiences a wide and hetmereous array © posttranslational modifications (PTMs), ranging from
hydroxylation (on P and L), glycosylation, and crosslinking. Mass spectrdmas#g techniques have been
widely applied to characterize collagen and its PT®s(and references therein), and are expected to
provide interesting clues also in chemical modificasiamduced by postortem protein degradation. So far,
analysis of ancient bone proteins highlighted expected modificationk ag deamidation of asparagine and
glutamine GIn [10-13] and methionine oxlation [14]. Actually some extent of deamidation is now
considered so unavoidable for aged collagés] to be taken into account as forensic marker in the
evalation of postmortem decg of bones[16]. A few further diagenetically induced modifications were
observed: some aminalipic acid formation fromysine and tryptphan oxidation product$l4], advanced
glycation endproduct (AGEs]14,17,18], backbone cleavag§l7,18], and some reactions occurring on

prolines have been only hyfitesized[17,14].

After death, bone tissues undergo different stages of modification during which microcrystalline biogenic
apatite and the fibrous collagen matrix stabilise each other, with cbahtiegradation of collagen influenced

by seweral factors. Definitively, tempature is an obviously suggested major factor in affecting collagen loss
in bone, with burial soil conditions such as extreme acidity or alkalinity exacerbating the hydrolysis of

proteins([7].
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In this respect, the skeletal remains from the archaeological sites of Herculaneum and Pompeii represent a
unique and remarkable case olsly, because of the peculiar destiny, stafepoeservation[19] and, above

all, because all individuals exjenced analogous environmentalibal conditions. Herculaneum, Pompeii

and other Roman settlements up to 20 kilometers away from the volcano were suddenly hit and buried by
successive hot pyroclastic flows prazéd by the eruption of Vesuvius in AD 7%ttkilled everyone who had

not been evacuated or managed to fl¢20].

Here we searched for molecular signatures imprinted in the survived protein component perfamed
bones collected from a significant group victims from the ancient beacbf Herculaneum21], and also
from Pompeii[19]. The skeletons were in an extraordiitp good state of preservation as a resuftthe
unusual death and burial editions involved: instant death caused at the emplacement of hot pyroclastic
surge at about 500 °C, [13]. In the case of Herculaneum, death was followed by rapid vaporizatifin of

tissues and replacement by the volcaagh[19].

At Herallaneum the ash bed deposit was permanersgyurated by groundwatefl5], therefore the anoxic

burial enviroment of the skeletons was moskély able to inhibit microbial attack and related diagenetic
processeg22]. This is testified by the microscopic examination of ground cross sectidhe juvenile and

adult long bones from bdt sexes, which did not show evium of structural diagenetic change by
microorganism activity21]. A sole osteoalteration consistef widespread micro cracking, due to exposure
2T GKS OAOGAYAQ O2N1LJASE (2 [2BRAS Beidg AumniGue trassectidh ofdhdzNAE S
entire living population, ta Herculaneum skeletons are padilarly suited to paleobiological investigation.

Several bone samples were also taken from the Pompeii plaster[2&&ts

In Pompeii, the temperature of 25800 °C experienced by the victimasvsufficient to kill people instantly,

but it was not high enough to vaporizbe soft tissues as was the case in Herculaneum, then the corpses
were preserved intact inside the volcanic ash deposit. The cavity formed around the victim's body after the
slow disappearance of the flesh would then biefi with plaster of Paris in oed to obtain plaster casts,
technique adopted for the first time on human victims in 1863 by Giuseppe Fiorelli [19]. For comparison, the
bones from a coeval skeletal populatianr the Campanian region were considered g3&calandrone site,

llsec. ADW2 Yy AYLISNARFE 383 tdziS2fAS bl Li Sas LGFE&0d

belonging togentesfrom Pompeii and Herculaneum migrated to Puteoli after thepéinn of Vesuvius [19].

Bones can be consident time capsules, like the 79 ADA OGAY&a Q O2NlJaSa a ¢Sttt

can be imprinted on their molecules [12]. The observed chemical modifications are all signatures of the
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oxidative environrent to which the bodies were exposed, and adterein reported testify the exptional
preservation of proteins. In particular, bone collagen survives even the harshest conditions of temperature

imposed by the volcano eruption, bearing encoded in the chahmodifications a piece of history.

Results

Proteome of human bones.

A shogun proteomics approach by IMS/MS (Figure S2) was applied to skeletal samples excavated from
Pompeii (7 samples) and Herculaneum (5 samples) archaeological sites (79 ADoYigisisvius eruption).
Samples collected fro three individuals from Roman prarial Age (Il sec. AD) cemetery in Baia Scalandrone
locality were also analyzed to compare results from the victims of the AD 79 eruption with a coeval skeletal
population. Allspecimens are illustrated in the table S1 diglire S1.Moreover, raw datarbm proteomic
analyses of archaeological bones from a completely independent excavation site were also used for
comparative evaluation of the results: sampled62, H142 from[15] were selected because proteins have
been extracted with almost the same protocol and analysed on the same instrument as herein samples; Very
stringent criteria for protein identification we used: only peptidesvith score higher than/0 were
considered ad proteins were considered as identified only when 2 or more peptides have been detected
(Table S2).

The number of identified proteins in the samples from Herculaneum, Pompeii and B&aadscae varied

among indivduals from 2 to Z and includedcollagenous and noscollagenous proteins (NCPs) (see Table
S3). The expected dominance of collagen in bone tissue is reflected by the result that the two chains of type
1 collagen, namely collagetphal (1) and collagen alpka (1), were onfidently identifiedin all the samples.

Of the 15 samples, 5 contained only type 1 collagen chains (four samples out of the seven from Pompeii, 2.8
proteins on average, = 1.12, and one sample from Emalandone) while samples from Herculaneum
exhibited a quite wider proten content (13 proteins on average, + 7). Bone proteome complexity is affected

by several factors, including burial a@é], but, in this case, since bes from Pompeii and Herculaneum are
exactly oeval, death/burial avironmental conditions have done the difference in protein survival in the two
different sets of samplel 6]. Raw databf Control samples were processed with the same condsas the

samples herein prepared, and a large number of proteins, (38 £ 0) were identified, as already régjrted

Despite a geneat big variability among the individuals within the different groups (Figure S3), samples can be
grouped in function of the excavation site in respéo NCP content. We definitelypservedthat samples

from Herculaneum conserved moMCPs than samples froPompei. Venn diagram using the ensembles of

64



the proteins identified in each sample group shows that the proteins identified in Pompei are common to all

the groups, and that Herculaneum aBdalandronday shared several proteins (g S4, table S4).

The types of norcollagenous proteins identified in this study agree with those expected for an
archaeologicabone[27, 28]. Although the abundant collagen might be masking the presence of some other
low-abundance NCPs, most of the identified NGesgins are small leucinrgch proteoglycang¢SLRPS) from

the extracellular matrix (namely chondroadherin, biglycan, decorin, lumican and osteomodulin), all involved
in biomineralisation or interacting with fibrillar collagen, (such as vitronectin and eaigrepitheliunt
derived factor). Moreover, alpa-2-HSglycoprotein,also known as fetui is a bone matrix protein, known

to have a high affinity for apatite. It is worth mentioning that several of the NCPs are related to the
coagulation pathway (namely, rgthrombin and antithrombin 1ll, and ProteiZ-dependent protease

inhibitor), and can be functionally connected in the STRING network (Figure S5).
Diagenetically induced modifications in bone proteins

Modifications of amino acids, such as oxidation ofthianine, deamidation of asparagine and gloime, as
well as thebackbone cleavage, are all degradation phenomena commonly observed and routinely searched

for in ancient/aged protein§l4, 29].

Deamidation Firstly, deamidation of asparagine (N) and glutamine (Q) residues, among the most common
and most informative diagenetically derivedbdificationsin proteins[30, 13, 12], wasexamined. While the
occurrence of extensive deamidation technigadomplicates the analysis of proteins, it also is a general and
relevant glance on the myriad changes that archaeological bone proteins undergo and potentially relates
them to the age and/or preservation of treample under consideratiof81]. Deamidation (N,Q) is indeed
O2y&ARSNBR 'y AYRAOFGAZ2Y 27F al dastinsayically déasured i@ 8¢ = |
extensive set barchaeological and paleontological bones as well as other archaeological rdB8@ing/e
evaluated deamidation occurrence in this set of samples, keeping in mindutdpgestion by[30] that
deamidation should be rather viewed as a global indicator of sample preservational quality, since rates and
levels of deamidation are affected by several chemical and environmental faceexp&cted, proteins in

our samples are extsively deamidated and asparagine sites are much more deamidated than glutamines
[6,30], (Figure 1). Moreover, we split the evaluation of the deamidation levels for collagenous and non
collagenous proteins andp iagreement to what already reported §%8], peptides from norcollagenous

proteins showed very high to complete deamidation in comparison to peptides derived frbagemmous
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proteins (Figure 1). On average, peptides from Pompei samples are the most deamidated (see bulk

deamidation per site, Figure 1).

It is worth mentioning that @ntrol samples are significantly younger than samples from Vesuvius area
(Control sampms date 16571683 AD[15]), and are definitively less deamidated than Pompeii and
Herculaneum samples. \Vations were observed from individual to individual in the three groups from the
Neapoitan volcanic area (Figure 7). As a general trend, we can confidently assess that the lower the
number of surviving proteins the higher the deamidation level, andam be worth observing that the few
NCPs identified in samples from Pompei are alncostpletely deamidated. Apparently, other factors rather
than temperature might have played the biggest role in deamidation, since we can see that samples from
Scalandrae bay, that were not exposed to the high temperatures of the volcanic eruption, litokan

also buried in a soil of volcanic origin (standard burial in agricultural soil, yet still in the rather similar volcanic
area of Campi Flegrei), exhibited almasimparable deamidation level as samples from Herculaneum and

Pompeii.

Control Herculaneum Scalandrone Bay Pompeii

527 579 792 816 436 447 547 502

100-

:I: Amino acid
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: ]: . Glutamine

L Ex i

0

percent deamidation
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Control Scalandrone Bay Herculaneum Pompeii

280 364 152 150 200 %1 13 8 B
100-
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. I

Figure 1 Overall percentage of deamidation for asparagine and glutamine residues of collagenous (A) and
non-collagenous (B) bone proteins from Pompeii, Herculaneum, Scalandrone bay and coiéal, (H
142) from [15]). Errorbars represent standard deviation and numbers above each bar represent the

number of deamidation sites the data is based on.

We analysed the distribution of deamidation level along the sequence of collagen type | chains, te explor
the possibility of hot spots for deamidation rather than an average distribution. Figure S8 illustrates the
deamidation values at single deamidation sites along collagen dlfhaand alph& (1) chains. The label size
indicates the relative intensitgf each position in each sample. The values for Control are always well below
those calculated for samples of the volcanic area, in agreement with the global deamidation level calculated
in figure 1. This difference is even more evident in glutamines,edeainly because glutamine deamidates
more slowly. There is a trend in the deamidation; there are some zones where deamidation is more
pronounced than others. This trend is almost reproducible in the samples of Pompei, Herculaneum and
Scalandrone Bay givitje sense that deamidation profile is quite robust for samples with a similar age and
similar burial soil and suggesting that thrdenensional arrangement might affect the local deamidation

level.

Oxidation of methioninedVith the same approach the oxaton of methionines (M) was evaluated. Figures

S9&S10 illustrate the global oxidation levels of collagenous anetoltegenous proteins in all groups. Apart

from the zero values of control samples, all the proteins in all groups are almost totallyeox(@0%),

67



demonstrating that methionine oxidation follows another pattern than deamidation. Furthermore, we
investigate the oxidation values at single oxidation sites along collagen-algphaand alph& (I) chains.
Almost all oxidation values are eith& or 0, meaning that methionines are either fully oxidized or not
oxidized at all.(Fig S11). However, it is worth saying that several Met were not detected, despite the

generally good prot@ sequence coverage.

Backbone cleavag®ackbone cleavage of tlpolypeptide chain is also expected as a degradation feature in

ancient proteing32, 18, 33], and can be evaluated since, upon trypsin hydrolysis, -tetic peptides will

be generated, with trypsin cleavage site only at one end. Search fortggatic peptides was carried out on
collagen type | chas only for comparatie purposes, since they are the only polypeptide chains shared
among all the samples. The frequency of semitryptic peptides was evaluatedhaspercentage of
semitryptic peptides over the total number of identified peptides for eabhin, on the basis afpectrum

matches (PSMs).

Fig. 2 reports the relative abundance of peptsj@ectrum matches (PSMs) of semitryptic peptides over the
total number of peptides of collagen alptia(l) and alph& (I) chains in all the samples consideré&tie
frequency of bakbone cleavages is generally high. However, no @etdifference was observed among

the samples from the volcanic area or with the control sample.
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Figure2: Occurrence of backbone cleavages evaluatedeasentage of PSMs oémytriptic peptides irthe
single samples. The number of peptisigectrum matches (PSMs) of semitryptic peptides over the total
number of peptidespectrum matches (tryptic plus semitryptic peptides) is reported for collagen alpha 1(1)

and collagen alpha @) for each sample.

¢KS LISLIWIARSa aK2gSR | @SNE RSINIRSR LI GGSNYy airva
peptides are the result of cleavages occurring in regions of the collagen chains rather than in specific peptide
bonds (Figure S12)iffitring in one aminacid. A manual alignment of all the semitryptic peptides in the five
different groups (Pompeii, Herculaneum , Scalandrone bay Control) to COL1A1 and COL1A2 sequences,
however, reveals that while in case of controls the number cleavage spread along theequences while

in the samples of Pompeii, Herculaneum and Scalandrone Bay are localized in some regions of the protein
sequences. These hot spots are between-286, 481511, 772796 and 10541118 sites of COL1Al with a
window of £2 amino acids, and iBOL1A2 between 18467, 232250, 320340, 425438, 499517, 681708,

965-1006 and 1042066 with a window of + 2 amino acids (Figure S13).
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The cleavage frequency was thenaealuated considering the regions rather than the singptjale bonds,

by calclating the number of PSMs with semitryptic cleavages identified in a region divided by the total PSMs
in the same region, including both tryptic and semitryptic matches. As figure S13 reports, the regions listed
above are more hydroked in samples of Porep, Herculaneum and Scalandrone Bay. The higher

occurrence of backbone cleavages suggests a different state of preservation in a volcanic soil.

Other nonenzymatic modificationsThe dta-depended peptide algorithm of MaxQuaf84][35] was used

for an unbiased discovery of chemical modifications (CMs) in the samples. The CMs were ranked by their

occurrence withirthe dataset. The modifations were chosen after filtering with localization probabilities of
Xy > F2NJ Y2RAFASR LISLIWARSE YR 200d2NNByOS 2F RS
figure 3). As expected, hydroxylation of prolines is faidyndant, actually cerwhelming most of the other

modifications, as well as deamidation at asparagines and glutamines.
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groups of Pompeii, HerculaneyrBcalandrone bay artie control samples (42, H162)[15]. Mass shifts

gSNBE aSt SOGSR I FGSNI FAEfGSNRY3 gAGK t20FfATFGARZY L
RSGSOGAZ2Y 2F 55 timésffaziedch Nam@el Repagted data only include mass shifts

corresponding to known oxidative modifitions with matching amino acid targets (Unimod,

http://www.unimod.org/).
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As a second step, the selected CMs were inserted as variable modificatistandard MaxQuant searches,
by setting the modifications as variable in separate runs, for each geparately, as detailed in table S2.
To confirm peptide assignment, we manually inspected MS/MS spectra (and some examples are reported in
the supplememary information) thus also allowing uw confidently assess the site localization of the

selected chental modifications.

The frequency of modified residues in respect to the amino acid detection is reported in the tables S4. It is
worth mentioning thateach position was considered only once in this calculation, even when the position

was present in oveabping peptides.

Furthermore, the frequency of chemical modifications at a specific primary structure positiorsemais

guantitativelyevaluated usingtte MaxQuant calculation of mod/base ratio as reportedi3ia).

Interestingly, a high occurrence of mass shifts on lysine (K) and arginine (R) (Figure 4 and 5) was observed,
that were interpreted as glycation prodts, with a high incidence in the samples group of Pompeii. Protein
glycation involves the binding ofdacing sugar carbonyl groups to protein amino groups, or the reaction of
h-dicarbonyls such as glyoxal or methylglyoxal, that are continuously formmhdoxidative degradation of
sugars, with lysine and arginine residues, leading to a series of maleaaetions collectively called
Maillard reaction that generate a variety of complex compounds called advanced glycation end products
(AGESs)[37-40]. Among lysinalerived AGEs, “Mcarboxymethylysine (CML) and “Ncarboxyethyl)lysine
(CEL) are the most studied representatives and were sigivigtatobserved in the samples from the
eruptive area (Figure 4). Formylation at lysine side chains, oxidative deamination of lysiméntmdipic
acid,another marker of protein carbonyixidation[41] that can be associated to decompositiafter death

[14], and carbamylation, that has been reported as a hallmark of protein §df@jgwere all also observed in
collagen from samples dm Herculaneum ah Pompeii. Among argininelated AGEs we detected the
hydroimidazolones M&I1 and GH1 formed by readdbn of arginine side chain with the oxoaldehydes
methylglyoxal and glyoxal43], respectively, and a substantial formation of ornithine (Fig S16 and
fragmentation spectra at fig S2@34], that was also recently identified in ancient dental enamel proteins
[45].

These modifications are less frequent in the control sample and, within samples from the eruptive area, are

significantly more represented in collagen from bonesrfiPompeii (Figure 4 and 5).
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Figure4: Extent of modified lysine residues, reported as percentage of modified over detected (modified

plus unmodified) ones.

® Ornithine(R) ® G-H1(R) ® MG-H1(R)
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Figure5: Extent of modified arginine residues, reported as percentage of modified over ddtéoiedified

plus unmodified) ones.
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Histidine is one of the targets of oxidative modificatid@9], generating zoxohistidine and dioxohistidine
that canevolve further to break down to aspartic acid. An extensive oxidation of histidine residues in
collagen chains from the bones from the eruptive area was observed (Fig. 6). In fact, more than 65% of

collagenous histidia residues in Pompeii and Herculanebave been found modified (tableS3d).

Oxidation (H) @ Di-Oxidation (H} @ His—>Asp

80%

60%

40%

20%

%Modified/detected (H)

0%

Pompeii Herculaneum Scalandrone Bay Control

Groups

Figure6: Extent of modified histidine residues, reported as percentage of modified over detected (modified

plus unmodified) ones.

alda aKAFTGA GKI G I NBoond gleadagedofi tBeysitle chalng fiseliakdSthrebriine,

which result in the formation of glycine (G3Q.011 Da and44.026 Da, respectively) were observed (Fig. 7,

Fig S17, Fig S27). This modification mades what recently reported on histidine resid@8] and generally
postulated as a result of radical transfer to kbhone following oxidation reactiong6-48], although it has

never keen reported so far for serine and threonine residues. However, this modificatian & prerogative

of samples from volcanic areas, since it has been consistently observed also in the ancient bone control

samples.
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Figure7Y 9 EG Sy i a F yWwa&é 4 seBrle and threonine reported as percentage of modified over

detected (modifed plus unmodified) residues.

Proline is a rather complex and often neglected target of chemical modification. The abundance of this
residue in collagen, exceeding 20%hd total amino acids in human type | collagen, however, increases the
rate of detection of modifications on this peculiar residue, although the abundant and variable incidence of
hydroxylation makes detection of any other modification quite challengieg figure S14 for the occupancy

of hydroxylation of proline along the sequencesGfdL1A1 and COL1A2). It has already been suggested that
an increased level of hydroxylated prolines might result from a-@zymatic oxidatioj#9]. The peculiar
cyclic structure of proline results in an oxidative fate differéom that of other aliphatic side chaif®0].
Unfortunately, someoxidation products, such as glutamic semialdehyde are isobaric with hydroxyfa@ion

51], impairing their unequivocal identification. Nevertheless, consistent formaifguyroglutamic acid from
LINEf AYS oOopa bwmo ©doyidation productsoynfa Rl midypR i 8Kk | YR bnt dg
with di-oxidation that also matches formation of glutamic acid, are eventually suggestive of oxidative
diagenetic modification(double hydroxylation is not reported as a physiological {iestslational
modificaion) (Fig S2B524). Most interestingly, Y| &a & RNOA Da, 2omsistpna with the loss of 2
hydrogens, was repeatedlgletected and only in the samples of PompsaiidaHerculaneum(Fig. 8).We
suggest (fig S15 and fig S25) that this mass shift is attributed to 3,4 debnadiee, which is the only stable

form of the five possible isomers of olefinic proli®2], and could arise from dehydration of- 4
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hydroxyproline or shydroxyproline. From now it will be callddhp, with a mass shift 6.8.001 Da from
hydroxype f A y S -R.G0RDajbm proline.

® Dhp Pyroglu(P) ® Tri-Ox(P) ® Di-Ox(P) + Pro - Glu
50%

0,
8 30%
Q
3
T 20%
=
H
= 10%
2

0%

Pompeii Herculaneum Scalandrone Bay Control

Groups

Figure8: Extent of modified proline residues, reported as percentage of modified over detected (modified

plus unmodified) ones.

We also explored the occupancy of the remzymatic identified modifications along theequence of
COL1A1 andCOL1A2. In general, the distribution of modifications is uneven, with residues with high
modification occupancy and sites with low occupancy (FiguresS3@8 However, as far as the glycation
products, that are the most striking peliarity of Pompeii saples, rather interestingly, the-81 and MGEH1
modifications seem to be localized in some specific arginine positions, namely positions 564, 574, 1014, 1026
and 1034 of COL1A1, and positions 448, 474, 673 and 691 in COL1A2 (Eyut®iSrersely, in agement

with the observation of a higher average modification of lysines (according to Table Sdatjpglproducts

on lysines seemmore spread along the polypeptide chain in Pompeii samples (Figure S19). It is worth

mentioning thatalmost all of the lysi@ and arginine were actually covered.

More than 65% of the detected histidines in the samples from Pompeii and Herculaneum have been found
modified (tableS4d). Figure S20 reports the occupancy of the identified modificationstlaédoeggquence of
COL1Alrd COL1A2 in all the sample groups. Pompeii and Herculaneum samples behave quite similarly, and

histidine 267 in COL1A1 seems to be a rather hot spot for oxidation.
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Proline oxidation products are quite spread along the sequencesfaluv the general tred of samples
from Pompeii more modified than Herculaneum ones (in agreement also to the observation that collectively
8% of prolines have been found to be (differently from hydroxylation) modified in samples of Pompei and
Herculanemn (Table S4C), in turnare modified than Baia Scalandrone and Control samjfesition 592

seems to be a hgpot in all the cases.

Discussion

The diagenesis of organic matter in archaeological bone is a complex phenorfgndmmack of cellular
proteins, extensive deamidion, backbone cleavagexidative chemical modifications, are all markers of
taphonomy and diagenesis of organic matter. All these signatures are present in the proteins extracted from
the sample bones from human skeletons collected in Pompeii and tesuwi, molecularly impnting the

lethal effects of pyroclastic surges.

However, bodies in Pompeii experienced a different fate than in Herculaneum and this is also imprinted
molecularly. The body flesh of victims in Pompeii disappeared quite slowlympared with the
Herculareum ones, whose soft tissues were rapidly consumed, so that plaster casts could be obtained by
filling the cavities identified in the ash, while in Herculaneum only skeletons were found in the ash deposits,
although exceptionally wepreserved20]. The differences detected comparing Herculaneum with Pompeii
samples may arise from the fact that the Pompeii victims were affected by the third and fourth surges, while
at Herculaneum people werhit by the first surgeAs recently showed for the Herculaneum victims [13],
local environmental conditions during the eruption such as the peak of maximum temperature of the ash
cloud and the time needed for the ash deposit to cool would have likelglyzed different effecton the

bones.

Extensive investigatics at the macroscopic level havwmen carried out in recent years to outline the
processes of exposure of bones to heat and fire, but few attempts to characterize the effects at the
molecular leel. We analysed by a peomic approach a set rib bones from skeletons collected in
Herculaneum and Pompeii. As a first glance observations, we observed big differences in color change and
bone fragility (see fig. S1). Bones from Pompeii are generallg w&hd grey, to be compad to the generally

dark color of the Herculaneum bones.

Interestingly, a striking feature of the exactly coeval sets of samples of Herculaneum and Pompeii is the
almost complete absence of NCPs in the bones from Pompeii in c@opan those from Hercaheum,

thus suggesting an incomplete consumption of the organic matter in the samples from Herculaneum.
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The pathway of chemical reactions that break down the proteins within the bioapatite cage appears still
fairly mysterious, withproteins normally degming principally via a combination of two parallel as well as
interplaying mechanisms: digestion by microbes and chemical modification/degrad&sdnwith time,
temperature and burial environment all contributing to influence the kinetics of protein decay. For instance,
the high acidity of the volcanic soil due to the presence of many copper minerals such as sulfates, oxides,
carborates, and phosphates irgases the solubility of hydroxyapatite thus leading more quickly to bone loss
[54]. Proteome complexity is generally considered an hallmark of bone degradation, inversely pragortion

to age, with most of the samples older than 20,000 years containing predominantly and almost exclusively
the collagen proteins that beneffrom the interaction with the bioapatite cage that protects them from
degradation[26]. We can observe that in five out oKtS &S @Sy t 2 Y LIS ssamplésCanlg | SR €
collagen was detected, and in the other two samples, beside gailaonly chondroadherin and biglycan
were identified. Moreover, the lower NCPs content, the higtheamidation level and, in general, the higher
extent of modification of collagen in the bones from Pompeii, all point towards a more degraded state

despitethe slower consumption of the body flesh.

Despite the higher temperature that the bodies in Herolam experienced in comparison to Pompeii, a
good number of NCPS was identified in most of the bones. The most common NCPs identified in the
Herculaneum sanips include Alph&-HSglycoprotein, biglycan, chondroadherin, pigment epithelium
derived factor (EDF), lumican, and prothrombin, in good agreement to proteins identified in ancient bones
[53, 55], all proteins that are known to bind collagen or calciumsioMoreover, it was recently observed

that fetuin-A (herein reported as Alph2-HSglycoprotein), a glycoprotein present in the serum, is relatively
stable after death [16]. Here we observe that this protein, that prevents mineral precipitation during
mineralization processybstabilizing supersaturated mineral solutions upon formation of soluble colloidal

nanosphere$55], is among the NCP survivors to the cooking conditions of Herculaneum.

Interestingly, in our samples, also Vitronectin survived quite well, (it was identified in six out of the seven
samples from Herculaneum, as frequently as Biglycan). Vitronectin is andafit multifunctional
glycoprotein found in serum, the extracellularatrix, and bone, and is involved in various physiological
processes such as cell attachment, spreading, and migration, interacting, among others, also with collagen
type 1[56].

Only proteins stabilized by the binding to collagen or to the inorganic component of bones survived in
Herculaneum, while all other proteins probgldecayed rapidly due to the intense heat of the ash deposit. It

is wath mentioning that none of the NCPs recently detected by immunological methods in calcined bone
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tissue [57] has been identified herein by proteomic approach, while the set of proteins identified is in

agreement with those recently identified by similar proteomic approactairmodel boneg58].

However, NCPs ave absent in samples from Pompeii. It might be hypothesized thahercase of bones
FNRY t2YLISAAZI 6KSNBE (KS FfSakK adz2NDAGSR f2y3ISN GKI
degradation process, initially speeded up by the temperature,had it eventually results as the set of

samples with the fewest protas and most modified.

Oxidative modifications in the sets of volcanic samples are extensive, very close to what expected to occur in
a cooking process, which is still a debated questiora molecular basigl6]. Diagenetic increase of AGEs
correlates with oxidativeconditions[59] and extensive glycation products were observed in the samples
from the volcant area, always more pronounced in samples from Pompeii, likely difggni@om reactions

with the sugars originally present in the extracellular matrix.

Several oxidative processes have been postulated to occur on prolines and hydroxyprolines upag heatin
[60], according to chemical pavay depicted by Hellwif#6], who predicts hydroperoxides formation from
addition of oxygen to radical at the aliphatic sicleain of prolines, as stable intermediates in protein

oxidation.

The hgh incidence of prolines in collagen allowed to highlight the occagef oxidative modifications on

this peculiar side chain, some of which possibly explained as modifications originating from hydroxyproline
6a4dzOK Fa GKIFG O2NRBDavbien/difsigerng pralinelas theaunmodified amino acid).
Histidine washerein confirmed as oxidative target among the amino acids and formation of radicals at C
backbone can also eventually lead to backbone fragmentdfi8j thus suggesting an oxidative origin at the
basis of the extensive backbone cleavage observed rather than hydrolysis in an environment where water

evaporation is expected.

It is also interesting to observbat chemical modifications (although identified throughout the sequence),
appear to be more pronounced in specific regions. See Fig. 9, where diagenetic modifications were
collectively reported along the collagen sequences, highlighting a different lmehafihe samples from the
eruptive area in respect to Baia Scalandrone and control samples, that appear clearly less modified and
modifications are spread along the sequence. This suggest a strongdimeesional effect in directing

chemical modificatio events, that will deserve further investigation.
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These data do not claim to be conclusive of differences between diagenetic processes in bones from victims
in Herculaneum and Pompeii but rather demonstrate that molecular differences exist and canrbassae
LISNRLISOGAGS 2y GKS OKSYAA(GQA | LIINRBFOK G2 NBFR (K
OdzNRA I £ X (GKS KAAG2NER gNRGGSY Ay (GKS Y2f SOd#a®@es I |
variability observed, paleoprotemic analyses revealed that diagenetic processes generated by different
environmental conditions are significantly reflected in the protein survival and modification. Many puzzles
remain. Why proteins survived better in Herculaneum bones, where fleshmagdiately consumed and

why modifications were more evident in Pompeii bones are only two of the several open questions. Post
mortem microbial attack, from both fungi and bacteria, usually taking place within the first few months post
mortem and considereds a major actor in biological deterioration of bor&}, might well have been

altered as well, since also microorganisms experienced the high temperatures of the eruptive disaster and

might have been working only later on.
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Figure 9: Comparative study of thiotald R YI 3S AA 3yl GdzNBa¢ Ay [/ h[m!m |yl
H162142 [9] . The figure represents the summary of all average modified/unmodified values regarding K, R
S,T and proline modifications(except hydroxyproline) at the specific printiargtige positions of COL1A1

and COL1A2.
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Supporting Information

Samples description

Bone samples collected from 15 individuals unearthed in Pompeii (7), Herculaneum (5) and Baia Scalandrone

(3) have been analyzed. Tableeports each specimen and related information.

TableS1:Specimensnalysed

Sample Bone element Age Site

PC203 Ribs 79 AD Pompeii

PC204 Femoral 79 AD Pompeii

PC205 Skull 79 AD Pompeii

PC206 Tibia 79 AD Pompeii

PC207 Scapula 79 AD Pompeii

PC193 Ribs 79 AD Pompeii

PC195 Femoral 79 AD Pompeii

ECC106 Rbs 79 AD Herculaneum
ECC108 Ribs 79 AD Herculaneum
ECC109 Ribs 79 AD Herculaneum
ECC117 Ribs 79 AD Herculaneum
ECC118 Ribs 79 AD Herculaneum
BSC180 Ribs Il sec AD Scalandrone Bay
BSC182 Ribs Il sec AD Scalandrone Bay
BSC183 Ribs Il sec AD Scalandone Bay
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Figure S1Schematic representation of the bones fragments.

Sample Name Bone Description on bone integrity EDTA Fraction
i
o
ECC106 ﬂ Compact inthe outer/Crumbly inside
A
ECC108 m Compact inthe outer/Crumbly inside
ECC109 ‘ Compact inthe outer/Crumbly inside
ECC117 Crumbly &flaky in both parts
-~
ECC118 Crumbly &flzky in both parts
PC193 Friable, crumbly
PC195 Compact in the outer/ frizble inside
-
PC203 - Friable, crumbly
PCc204 Porous & Crumbly
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PC205 ‘ Friable, crumbly

PC206 w Friable, crumbly

pPc2o7 Friable, crumbly

BSC180 = Crumbly, frizble

BSC182 W Compactin the outer, crumbly inside
BSC183 Compact
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Experimental procedures
Protein extraction and digestion

Samples were prepared as reported [if] with slight modifications. Figure S2 represents the whole

procedure.

Briefly, in order to prevent contamination, surfaces were removed from bone samples with sandpaper.
Samples (3p n Wetebwrapped in clean aluminum foil and fragmented into powder using a conventional
hammer. The hammer was cleaned with bleach and ethaBo NB LIS G SRf 8® onn >t 27
FRRSR (G2 GKS LIR26RSNBR 02y Saz ¢4Ba Wwith Agiadfidd. Ededy 24hyr€sdzo | { .
EDTAwas added after the samples hden spun down and the supernatants were separated from the
pellet6 95¢! FTNI OGA2Yy0d {dzoaSljdzSyidtesx LISttSia 6SNB gl 2
supernatants Tris fraction) were combined to the previous fraction (EDTA fraction). The EDTA and Tris
fraction were concentrated on an Amicon 3000 D&/RIO spin column, the flow through was discarded, and
the retained sample was washed with 3ml of guanidinium hydroado(GuHCI) 2M extraction solution,
05M Tris (D Nb2E&@SiKeto LK2ALKAYSS nopa OKE2NRI OBl YAF
YSYONIYS 461 & 61 aKSR 4 Aradtion sofution thet wasdded Bodite /prbteirupelletS E (i
The pH was gdsted to 8.0 and the mixture of proteins was heated at 80°C for 3 hours under agitation and
cooled to room temperature. Without separatirsupernatants and the residual bone powder, samples were
KSIFGSR 4 yn ¢/ F2N v KX ETyhsin @ig, 2/108 By amiciint dfprétein, was Y LIS
FRRSR (2 GKS &l YLX S& F2NJ LINPGSAY RA3ISEthéhyilbteda A E S R
2 H a Ddz2l/f S6AGK Hp Ya ¢NARAaA oLI yon0x F2ffiengSR o
gla GSNXYAYIFGSR 6A0GK mMm> GNRFEAd2NREFOSGAO FOAR G2 |
F2NJ mn YA ypeptideK i thei dipetdatadntOwere immobilized on C18 stage tips as previously
described?2].
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‘ 30-40 mg of bones |

| Clean-up step

| Demineralization (24-48h) ‘

m Supernatant

|Wash (Tris,pH~8 )

‘ Tris supernatants ‘

- i
I DenaturationZh
GuHCI 80°C
 supernatant | II. LysC-Trypsin
Finiti i ; i, — )
initial pellet mix, ?5 (o Stage-tip nLC-MS/MS
Il Dilution
IV. Digestion
37°C,16-18h

= ) Wash ]
(GuHCl 2Mm)
B

Figure S2:Schematic representation of thevorkflow for protein extraction and digestion from the bone

samples.

NnLCMSMS

{FYLX S& 6SNB StdziSR FNBY (GKS adlr3sS GALA dzaAy3a wun
plate. Samples were concentrated und@- OdzdzY | G nnoé/ dz] GI2y R LAKEBEAY | & F
TFA, 5% ACN weeadded.

Samples were then separated bn mp OY 02 f dzYy o6 1 phouselasdr pufies Bdd RakKkedr S (i S
GAOGK mMdp >Y [/ my 0SSl R& 065N (Pksod Odensb, Dafiiark) éonneckey |y
to a Q-Exactive HF (Thermo Scientific, Bremen, Germany) on a 77 min gradient. Bufés milliQ water.

The peptides were separated with increasing buffer B (80% ACN and 0.1% formic acid), going from 5% to
30% in 50 min, @6 to 45% in 10 min, 45% to 80% iniA,rheld at 80% for 5 min before dropping back down

to 5% in 5 min and held fd min. Flow rate was 250 nL/min. The column temperature was maintained at
40°C using an integrated column oven. A whkink method usin®.1% TFA, 5% ACN was run in between

each sample to hinder cross contamination.

The QExactive HF was operated in datependent top 10 mode. Spray voltage was 2 keénS RF level at
50, and heated capillary at 275°C. Full scan mass spectra were reedr@eesolution of 120,000 at m/z 200

over the m/z range 351400 with a target value of 3e6 and a maximum injectiome of 25 ms. HCD
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generated product ions were recorded with a maximum ion injection time set to 108 ms and a target value
set to 2e5 and ecorded at a resolution of 60,000lomalizedcollision energy was set at 28% and the

isolation window was 1.2 m/zitth the dynamic exclusion set to 20 s.

Data analysis

The resulting raw files (EvoG_sample name, in total 15 files) were searched and dnadysg the
MaxQuant (MQ) softwarg3] against a UniProt atabase (759,512 sequences, 37,179,137 residues) with
Homosapiensas taxonont restriction 20199 sequences, 928,813 residudasitially standard searches-gl
table S2) were performed, tolerances were those prdsetOrbitrap, using a tryptic searchitv up to two
missed cleavages. Minimum peptide length was set to 7. Carbanethylation was set as a fixed
modification, while methionine oxidation, hydroxylation of proline, @imo Glupyro-Glu- were set as
variade modifications, up to a maximum of modifications per peptide. Protein identifications were
supported by a falsdiscovery rate (FDR) of 0.01 applied (same FDR for dependent peptides when applied)
and manually filtered by at least 2 different non oveging peptides above 70 ion score thhmld.
Contaminant proteins were assessed using the contamination.fasta ga¥igd MQ which includes common
laboratory contaminants[3] (see MaxQuant Downloadscontaminans.fasta,) can be found under
http://www.coxdocs.org/doku.php?id=maxquant:stadownloads.htm, n.d. These protein hits were
excluded from further analysis.MQ searches were also carried out on raw data from two ardiealolo
Japanese bones samples that haeken processed as herein samples from Pompeii and HerculafiEum
(original work reference: samples-H2 and HL62, in the work bySavafuji et al. [1]), but completely
unrelated to the bones from Vesuvius area and much younger (Hitotsubashi site AD@&EH 0 compare

and assess diagenetically induceeietical modifications in our samples.

In search of noSy T @ YF GAO OKSYAOFf Y2RATAOISWNRWRS yaiS LAKILAGE AAF
unbiased, comprehensive analysis of diagenetically induced chemical modifications in collagen proteins. The
GRSLIS RSSNIGARSAa: | NB ti¥iedl R arfukrésiictedSataliaseR&aich aydnStd library of
previously idetified nonY2 RAFASR aol asS LISLWARS&as: + LISLIWARS as
statistical analysis for validation of modified ptieles [4][5]. This strategy was already demonstmte
successful with painting sampl&] and in vitro metal ion induced oxidatiofi7]. In a separate run (run 4,

table S2) all samples including the control samplegifwal work reference: samplesH2 and HL62, in the

work by Sawafujiet al. [1]) were re-analyzed and mass shifts were ranked by their occurrence within the
dataset and gvuped on the amino acid on which occurred. The modifications were firstigechafter
FAEGSNAY3A gAGK f20FtATFGA2Y deINBdootcorericd of Hefedtion20FDPX Yy /¥’
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/ £dzaGSNJ alaax plidAyYySa 7T2N Sistodly rédvantdgiodfivationstfor S/Ndh la NR &
plausible chemical interpretatioms I & 3JIA PSSy LiNR!GSAayh 582 RAFAOF A2y a T2
http://mwww.un imod.org/modifications_list.php were subsequently searched in separate runs , as group
datasets (uns 524, table S2) as variable modifications in order to map selected PTN# mentified as

further confirmation. To reduce the search space, we regithe database to the most relevant identified

protein sequences, i.e. type | collagen chainsnely Collagen alph&(l) chain and Collagen alp@é), which

are, as expectedlargely overrepresented, with more than 58% of the total assigned spectiaverage.
a2NB20SNE (el)S L 02ttt 3Sy OKFAya hwm | yikesamples. NS
Backbonecleavage was searched against all geup separate uns (2528), inserting the standard

parameters of the runs-B and semitrypsimsthe enzyme in the MQ searches.

Table S2Details of the Different MaxQuant (MQ) search runs and data analysis performed in this study.

MQ Details on specific Paramets Aim
search
1-3 Standard search in the UniProt human protein databas¢ 1- Initial discovery of any
(759,512sequences, 37,179,137 residues) with Homo | common proteins found in
sapiens as taxonomic restriction (20199 sequences, human bones

928,813 residues) to identify proteins in Pompeii,
Herculaneum and Scalandrone ksgmpés in separate
runs (runl-3). Hydroxylation of proline and lysine
deamichtion of glutamine and asparagine, oxidation of
methionine, glutamine and glutamic acid to 3- Evaluation of the PTMs
pyroglutamate were considered as variable frequency of detection
modifications, carbamidomethylation of cyate was
aSt ra FTAESR Y2RATAOI (Af
unmodified and malified peptides,
dependent peptides search

2- Untargeted discovery of
AA substitutions and
chemical modificatioa

4 Addition ofthe two contol archaeological bone samples Comparison of PTMs among
(Control) in a separate run (run 4) in the UniProt humal Pompeii, Herculaneum and
protein database (759,512 sequences, 37,179,137 Scalandrone Bay with the
residues). with Homo sapiens as taxononaistriction control samples
(20199 sequences, 928,813 residues). Hydroxylation (
proline andlysine, deamidation of glutamine and
asparagine, oxidation of methionine glutamine and
glutamic acid to pyroglutamate were considered as
variable modifications, carbamidomethyilan of cysteine
was set as fixed modification; ion score cutgff T n
unmadified and modified peptides.

dependent peptides search

5-8 Analysis of all archaedajical bone samples, including Discovery of (K) AGEs
controls with a database of the confidently idéred
Homo sapiensollagen proteins(163 sequences 176,32¢
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residues) irseparate runs (ru®-10). Hydroxylation of

proline, deamidation of glutamine @nasparagine,
carbamylaton, formylation, carboxyethylation,

carboxymethylation of lysine, and convensiof lysine to
aminoadipic acid were considered as variable

modifications, carbamidomethylation of cysteine was s

as fixed modification; ion scoreéu 2 TF X T

unmodifiedand modified peptidesMaximum 4

modifications per peptide.

9-12

Analysis of all archaeological bone samples, including
controls with a database of the confidently identified
Homo sapiensollagen proteins1(63 sequences 176,326
residues) in separate runs (ruhl-15). Hydroxylation of
proline, deamidation of glutamineral asparagine,
formation of glyoxal, methylglyoxal at arginine, and
conversion of arginine to ornithine were considered as
variable modificatins, carbamidomethylation of cysteine
gl & &S4 & FAESR Y2RATAO
unmodified and mdified peptidesMaximum 4
modifications per peptide

Discovery of (R) AGEs

1316

Analysis of all archaeological bone samples, including
controls with a database of the confidently identified
Homo sapiensollagen proteins (163 sequences 176,32
residues)n separate runs (rud1-15). Hydroxylation of
proline, deamidation of glutamine and asparagine,
mono-oxidation and bbxidation of histidingand
conversion of histidine to aspartic acid were considere
as variable modifications, carbamidomethylation of
OealdSayS sl a asSid +a TAESH
70 for unmodified and modified peptideBlaximum 4
modifications per peptide

17-20

Analysis of all archaeological bone saesplincluding
controls with a database of the confidently identified
Homo sapiensollagen proteins (163 sequences 176,32

residues) in separate runs (r&i%-20). Hydroxylation of
proline, deamidation of glutamineral asparagine,
proline oxidation to pyrolytamic acid, proline di

oxidation, triroxidation and dehydration of

hydroxyproline (Dhp) were considered as variable

modifications, carbamidomethylation was set as fixed

Y2RAFAOIGA2YT A2y auited dB
modified peptidesMaximum 4modifications per

peptide.

Discovery of (H)
modifications

Discovery of (P)
modifications
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21-24 Analysis of all archaeological bone samples, including
controls with a database of the confidently identified
Homo sapiensollagen proteins (163 sequences 176,32

residues) in separate runs (rdri-15). Hydroxylatiorof
proline, deamidation of glutamineral asparagine, Discovery of (ST)

oxidation of methionine and conversion of serine and modifications
threonine to glycine were considered as variable

modifications, carbamidomethylation was set as fixed

Y2RATFTAOIGA2YyT A2y a&ifed &8
modified peptidesMaximum 4modifications per

peptide

2527 Back bone cleavage (Semitryptic analysis) search in th
UniProt human protein database (759,512 sequences,
37,179,137 residues) with Homo sapiens as taxonomiq
restriction (2019%equences928,813 residues) to
Identlfy prOtEinS in Pompeii, Herculaneum and Back bone C|eavage search

Scalandrone basamples in separate runs (r@b-27).
Hydroxylation of proline and lysine, deamidation of
glutamine and asparagine, oxidation of methionine,

glutamine and glutangi acid topyroglutamate were

considered as variable modifications,

carbamidomethylation was set as fixed modification;
A2y &a02NB Odzi 2FF x T4 7
peptides,

28 Back bone cleavagsemitryptic analysis) searcli the
two control archaeological bone samples (Control) in
separate run (run 28) in the UniProt human protein
database (759,512 sequences, 37,179,137 residues) W
Homo sapiens as taxonomic restriction (20199
sequences, 9,813 residues). Hydroxylatiaf proline Back bone cleavage searclh
and lysine, deamidation of glutamine and asparagine,
oxidation of methionine glutamine and glutamic acid to
pyroglutamate were considered as variable
modifications, carbamidomethylation was set as fixed
modificat2 Yy T A 2y & O2 NBmddifled ang ¥
modified peptides.

Evaluation of diagenetically induced chemical modifications.

Deamidation of asparagine (N) and glutamine (Q), oxidation of methionine (Mhyatidxylationof proline
(P) and lysine (K) were evaluated as variable modifications in standard MaxQuant searches. Additionally,
al Evdzr yiQa aSOARSYyOSoilEGlE FAES sl a dzaSR G2 OFf Odz
samples with a cod#hat is freey available on GitHulhttps://github.com/dblyon/deamidatior). Also using
020K aSOARSYOSPIEGE YR GLISLISIARSAPIEGES LIRAAGA?Z2

oxidation (M) was performed using code available on https://giticon/ismaRP/MBISdeamidation. For
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each N or Q position, the values are calculated dividing the sum of intensities of the peptides containing the

modification by the total intensity of the peptides containing that position.

Backbone cleavage was assessedlirsamplesrins 2528, table S2) searching for semitryptic peptides
allowing for one non specific end by setting semitrypsin as enzyme in the MQ searches. Search-for semi
tryptic peptides was carried out on collagen type | chains only, since they arenily polypefide chains

shared among all the samples In terms of accuracy, only the peptides with the MSMS count more than 1 and
one unspecific cleavage site were considered. The frequency of semitryptic peptides was evaluated by
calculating the percentge of semitryfic peptides over the total number of identified peptides for each
chain, counting peptide to spectrum matches (PSMs) from the peptides.txt files d2MQ Subsequently,
manual alignment of all the semitryptic peptides in the five différgroups of ollagen type | sequences was
performed in search of collagen regions that are most frequently hydrolyzed. The cleavage frequency was
then reevaluated considering the regions rather than the single peptide bonds (window of £2 AA) by
calculding the numbe of PSMs with semitryptic cleavages identified in a region divided by the total PSMs in

the same region, including both tryptic and semitryptic matches.

Nonenzymatic chemical modifications were initially evaluated by manual inspection BISAMS specH,

thus also Howing to confidently assesthe site localization of the selected chemical modifications. The
relative abundance of a mass shift associated with a type of amino acid (i.e +31.989(P) ) was calculated for
each group, as an axage of the mdified amino acids normalized for the sum of all the corresponding
detected amino acids in the primary structures of COL1A1 and COL1A2. The number of the modified
positions was extracted from the modificationSites.txt files of MQ excludingnpial falsepositives without

an unmodified counterpart and excluding overlap (each primary structure position was considered once)
although the number of the unmodified positions from the evidence.ixt files. On the other hand, the
modification occupang at a speciti primary structure position for each modification was calculated from

the mod/base values extracted from the modification(X)site.txt files of MaxQ@nRatios of thenodified:
non-modified peptides were determined for each sample and then averaged for each group. These average
ratios were then used to determine the significance of each modification in the volcanic samples in
comparison to the average ratios of the coritsamples. Finallyn order to have a total vision of collagen
GRIEYF3SE FY2y3d GKS RAFFSNBY(d 3INRdzLJA GKS &adzYYl NB =
was calculated along the sequence of COL1A1 & COL1A2 .
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Results
Protein Identification

Table S3:Proteins dentified in the bone samples from Pompeii, Herculaneum and Scalandrone Bay
archeological sites. Proteins were identified by searching by MAxQuant the UniProt protein database
(759,512 sequences, 37,179,137 residues) Wwittmo sapienss taxonomic restridbn (20199 sequences,
928,813 residues. Carbamidomethylation of Cys was set as fixed modification; hydroxylation of proline and
lysine, deamidation of glutamine and asparagine, oxidation of methionine, glutamine and glutamic acid to
pyroglutamate were co’ls RSNBER a4 @I NAIFIofS Y2RATFTAOIGA2YAT A2y a

peptides. Proteins were considered as identified only when 2 or more peptides have been detected.

Razor Sequence
. UniProt + Unique ) Sequence
Sample Protein Gene name . ) coverage
entry Unique peptides (%) length
peptides ’
Collagen glpha P02452 COL1A1 58 57 47.6 1464
1(1) chain
PC203
Collagen alpha | pog193 | coL1az 57 57 52.2 1364
2(I) chain
I |
Collagenalpha | - 01, | coL1at 80 78 53.7 1464
1(1) chain
PC204
Coll Ipha
e7agen ap P08123 | COL1A2 65 65 57.5 1364
2(l) chédn
Collagen alpha | 545 | coLiat 61 59 43.2 1464
1(1) chain
PC205
Collagen glpha P08123 COL1A2 58 58 53.6 1364
2(1) chain
Collagen alpha | - 100153 | coLia2 37 37 41.3 1364
2(1) chain
I |
pcaos | Colagenalpha e | conat 39 38 37.4 1464
1(1) chain
Collagen alpha | - o, 158 | coLzal 2 2 3.5 1418
1(Il) chain
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Collagen alpha

, P08123 | COL1A2 62 62 53.4 1364
2(l) chain
Chondroadherin| 015335 CHAD 3 3 11.4 359
PC207
Collagenaipha | o555 | coLal | 89 88 5.5 1464
1(1) chain
Biglycan P21810 PGS1 3 3 10.9 368
Collagen alpha | - pog193 | coLtaz | 93 93 65.5 1364
2(1) chain
I
Collagen alpha | 1) 15 | coLial 114 112 59.9 1464
1(1) chain
PC193 | Chondroadherin| 015335 CHAD 5 5 17.8 359
Collageralpha | 00097 | coLsa2 6 6 7.4 1499
2(V) chain
I
Collagen alpha | 5458 | coLoat 3 3 4.2 1418
1(11) chain
Collagen alpha | pog193 | coL1az | 30 30 36.7 1364
2(1) chain
PC195
Collagen alpha | 55545 | coL1al 31 30 30.5 1464
1(1) chain
Collagen glpha P08123 COL1A2 16 16 19.4 1464
1(1) chain
Collagen alpha | - py)455 | coL1al 11 11 17.1 1364
2(1) chain
ECC106
Hemoglobin
_ P68871 HBB 2 1 25.6 90
subunit beta
Pigment
epithelium- P36995 | SERPINFI 2 2 5.3 418

derived factor
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https://www.uniprot.org/uniprot/P05997
https://www.uniprot.org/uniprot/P68871

Prothrombin P00734 F2 2 2 1.9 583
Collagen glpha P08123 COL1A2 82 82 58.7 1364
2(l) chain
Collagen alpha | - o152 | coLial 106 103 58 1464
1(1) chain
Pigment
epithelium P36995 SERPINF]] 19 19 53.1 418
derived factor
Chondroadherin| 015335 CHAD 16 16 446 359
Biglycan P21810 BGN 15 15 41.6 368
AIpha2—H$ P02765 AHSG 5 5 25.8 368
glycoprotein
Prothrombin P00734 F2 11 11 20.8 583
ECC108
Vitronectin P04004 VTNC 7 7 16.3 478
Lumican P51884 LUM 4 4 15.1 338
Antithrombin-lIl P01008 SERPINC] 3 3 14.7 464
Decorin P07585 DCN 5 5 14.2 359
Periostin Q15063 POSTN 4 4 114 808
Osteomodulin Q99983 OMD 3 3 9.7 421
Protein 2
dependent Q9UKS55 | SERPINAL( 2 2 9.5 484
protease
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https://www.uniprot.org/uniprot/Q15063
https://www.uniprot.org/uniprot/Q9UK55

inhibitor

Kininogenl P01042 KNG1 3 3 73 427
Coll Ipha
otagen ap P05997 | COL5A2 3 3 65 1112
2(V) chain
Olfactomedi
actomedii | - ~oNRNs | OLmIL3 2 2 6.2 406
like protein 3
Collagen alpha | - e8| coL2al 2 2 45 1418
1(1l) chain
.
Coagulation | 1719 F9 2 2 35 423
factor IX
Collaga alpha
geapha | ~enFwi | coL22al 3 3 3 1319
1(XXII) chain
Collagen alpha
99715 | COL12A1 6 6 25 3062
1(XIl) chain Q
I |
Collagen alpha | -, 161 | coLsal 2 2 23 1466
1(1IN) chain
NHSlike protein
! 2p ™ Q5HYW2 | NHSL2 2 2 0.8 950
Basement
membrane
ific h
spectiicheparan 540160 | HSPG2 2 2 08 4391
sulfate
proteoglycan
core protein
I |
Collagen alpha | 500103 | coL1a2 77 77 61.8 1364
2(1) chain
Eccioe | Ccolagenapha | o) 00 | coLial 98 9% 57.2 1464
1(1) chain
Chondroadherin| 015335 CHAD 5 5 22.3 359
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https://www.uniprot.org/uniprot/P01042
https://www.uniprot.org/uniprot/P05997
https://www.uniprot.org/uniprot/Q9NRN5
https://www.uniprot.org/uniprot/P00740
https://www.uniprot.org/uniprot/Q8NFW1
https://www.uniprot.org/uniprot/Q99715
https://www.uniprot.org/uniprot/P02461

Biglycan P21810 BGN 4 4 13 368
Collagen alpha
gen&p P05997 | COL5A2 3 3 5.8 1112
2(V) chain
Vitronectin P04004 VTNC 2 2 4.8 478
Collagen allpha P02452 COL1A1 94 92 58 1464
1(1) chain
Collagen alpha
gen alp P08123 | COL1A2 63 63 515 1364
2(l) chain
Chondroadherin 015335 CHAD 15 15 42.6 359
Pigment
epithelium P36995 SERPINF1 10 10 33.5 418
derived factor
Biglycan P21810 PGS1 13 13 28.5 368
Alpha2-HS P02765 AHSG 3 3 21.2 368
ECC117 glycoprotein '
Osteocalcin P02818 BGLAP 2 2 20 100
Protein 2
dependent
P Q9UK55 | SERPINAL( 6 6 16.9 484
protease
inhibitor
Prothrombin P00734 F2 9 9 16.3 583
Vitronectin P04004 VTNC 7 7 16.3 478
Lumican P51884 LUM 4 4 15.1 338
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https://www.uniprot.org/uniprot/P05997
https://www.uniprot.org/uniprot/P02818
https://www.uniprot.org/uniprot/Q9UK55

Antithrombirl| P01008 SERPINC1 3 3 14.7 464
Osteomodulin Q99983 oMD 3 3 8.1 421
Ifact i
O. ac omgdm QINRNS OLFL3 2 2 6.2 406
like protein 3
Kininogenl P01042 KNG1 2 2 49 427
Coagulation
P00740 F9 3 3 4.7 423
factor IX
Collagen alpha
8NFW1 | COL22A1 2 2 2 1319
1(XXII) chain Q
Collagen glpha P08123 COL1A2 78 78 61.4 1364
2(l) chain
Collagen a.lpha P02452 COL1A1 98 97 56 1464
1(1) chain
Chondroadherin| 015335 CHAD 14 14 41.5 359
Pigment
epithelium P36995 SERPINF1 9 9 29.2 418
derived factor
ECC118 Biglycan P21810 PGS1 9 9 25.5 368
AIphaZ-H§ P02765 AHSG 4 4 23.9 368
glycoprotein
Lumican P51884 LUM 4 4 15.1 338
Antithrombirl| P01008 SERPINC1 3 3 147 464
Vitronectin P04004 VTNC 6 6 12.6 478
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https://www.uniprot.org/uniprot/Q9NRN5
https://www.uniprot.org/uniprot/P01042
https://www.uniprot.org/uniprot/Q8NFW1

Decorin P0O7585 DCN 4 4 10.9 359
Prothrombin P00734 F2 4 4 7.9 583
Collagen alpha | pocg97 | coLsaz 4 4 7.7 1112
2(V) chain
Osteomodulin Q99983 OMD 2 2 7.4 421
Collagen a.lpha P08123 COL1A2 47 47 515 1364
2(l) chain
BSC180
I
Collagen glpha P02452 COL1A1 56 56 45.4 1464
1(1) chain
Collagen glpha P08123 COL1A2 67 67 56.7 1364
2(l) chain
Bscigz | colagenabha | oo | coLiat 88 87 52.7 1464
1(1) chain
Vitronectin P04004 VTNC 2 2 3.8 478
Collagen a.lpha P02452 COL1A1 77 76 55.7 1464
1(l) chain
Collagen glpha P08123 COL1A2 67 67 53.1 1364
2(1) chain
Chondroadherin| 015335 CHAD 17 17 48.2 359
BSC183
Biglycan P21810 PGS1 14 14 42.7 368
Alpha2-H
pha S P02765 AHSG 6 6 28.8 368
glycopotein
Pigment
epithelium P36995 SERPINFI] 10 10 26.6 418

derived factor
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https://www.uniprot.org/uniprot/P05997

Protein 2

dependent
P Q9UK55 | SERPINAL( 6 6 19.6 484
protease
inhibitor
Vitronectin P04004 VTNC 12 12 195 478
Coagulation | 515269 F7 4 4 16.8 382
factor VII
Antithrombir-lll P01008 SERPINCI] 4 4 16.8 464
Prothrombin P00734 F2 7 7 16.1 583
Lumican P51884 LUM 4 4 15.1 338
Decorin P07585 DCN 4 4 13.6 359
Collagen a!pha P02458 COL2A1 11 11 12.6 1418
1(1l) chain
Kininogenl P01044 PNG1 3 3 10.5 427
Collagen alpha P20849 COL9A1l 2 2 9.5 328
1(1X) chain
Osteomodulin Q99983 OMD 2 2 7.4 421
I |
Collagen a pha P13942 COL11A2 9 9 6.7 1623
2(XI) chain
Fibronectin P02751 FN1 8 8 6.6 2031
Cartilage
oligomeric P49747 COMP 4 4 6.1 724

matrix protein
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https://www.uniprot.org/uniprot/Q9UK55
https://www.uniprot.org/uniprot/P02751

Matrilin-3 015232 MATN3 54 444
C lati
oaguiation 1 554740 F9 47 423
factor IX
Collagen alpa
) 03692 COL10A1 3.7 680
1(X) chain Q
Collagen alpha
g p P12107 COL11A1 2.8 1690
1(XI) chain
Collagen alpha
71 L12A1 2.1 2
1(XIl) chain Q99715 co 306
Collagen alpha
8NFW1 COL22A1 2 1319
1(XXII) chain Q
Basement
membrane
specific heparan  poo160 | HsPG2 1.9 4391
sulfate

proteoglycan
core protein
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https://www.uniprot.org/uniprot/O15232
https://www.uniprot.org/uniprot/Q03692
https://www.uniprot.org/uniprot/Q99715
https://www.uniprot.org/uniprot/Q8NFW1
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Independent peptide sequences
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Figure S3A) Number of indpendent peptides of collagenous (blue) and remilagenous (red) proteins in
each single sample8) Grouping samples with respect to collagenous and non collagenous protein content

for each group.
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Herculaneum
(26)

Scalandrone Bay
(27)

Pompeii

(5)

Control
(35)

Figure S4:Venn diagram of proteins that are shared amg the groups of Pompeii, Herculaneum |,

Scalandrone Bay and control-{i82, H142 from[1]) (http://www.interactivenn.net/).

Table S4Unique and shad proteins between the different sample groups.

Group Number Unique proteins
of
Proteins
Herculaneum 5 Hemoglobin subunit beta, Periostin,Collagen alphal(lll) chain, NH
protein 2, Osteocalcin
Scalandrone Bay 7 Collagen alphd (1X) chain, Collagempha-2(XI) chain, Fibronectin,

Cartilage oligomeric matrix proteiMatrilin-3, Collagen alpha(X)
chain, Collagen alphB(XI) chain
Control 17 Collagen alph&(VI) chain, Apolipoprotein E, Coagulation factor X|
Insulinlike growth factor I, Cathepsin, Glatrix Gla protein, Eosinoph
peroxidase, Bone marrow proteoglygaCollagen alpha (V) chain,
Insulinlike growth factorbinding protein 5, Neutrophil defensin 3,
Sushi repeatontaining protein SRPX, Collagen akt(Mll) chain,

Dermatopontin
Groups Number Proteins in common
of
Proteins
Herculaneum 5 Collagen alph&(l) chain, Chondroadherin, Collagen akil{§ chain,
Pompeii Collagen alphd(ll) chain, Biglycan
Scalandrone Bay
Control
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http://www.interactivenn.net/

Herculaneum
Scalandrone Bay

20

Alpha2-HSglycoprotein, Antithombin-lll, Basement membrane
specific heparasulfate proteoglycan core protein, Biglycan,
Chondroadherin, Coagulation factor X, Collagen ali{ia Collagen
alpha1(ll), Collagen alpha(XIl), Collagen alpkEXXIl), Collagen
alpha2(l), Collagen alpha(V), Decorin, Kininogeh Lumican,
Osteomodlin, Pigment epitheliurderived factor, Protein Z
dependent protease inhibitor, Prothrombin, Vitronectin

Herculaneum
Pompeii

Collagen alph# (1), Collagen alpha(l), Collagen alpha(ll),
Chondroadherin, lycan, Collagen alpH(V)

Herculaneum
Cortrol

20

Alpha2-HSglycoprotein, Basement membrargpecific heparan sulfatg
proteoglycan core protein, Biglycan, Chondroadherin, Coagulatig
factor 1X, Collagen alphal(l) chain, Collagen alphal(ll) chaiag&oll
alphal(XIl) chain, Collagen alphal(XXk)rg Collagen alpha2(l) chair
Collagen alpha2(V) chain, Decorin, Kininogen, Lumican, Olfactom
like protein 3, Osteomodulin, Pigment epithelium derived factor,
Protein Z dependent protease inhibitor, Pmobmbin, Vitronectin

Scalandrone Bay
Control

20

Alpha2-HSglycoprotein, Basement membrargpecific heparan sulfatg
proteoglycan core protein, Biglycan, Chondroadherin, Coagulatig
factor IX, Coagulation factor VII, Collagen alfpfiy Collagen alpha
1(ll), Collagen alph&(Xll), Collagen ptha-1(XXIl), Collagen alpt24l),
Decorin, Kininoged, Lumican, Osteomodulin, Pigment epithelium
derived factor, Protein-Aependent protease inhibitor, Prothrombin,
Vitronectin, Coagulation factevll
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OLFML3
-

— SERPINF1

........ COL1AL -

CHAD

Abbreviation Protein Name
POSTN Periostin
VTN Vitronectin
HBB Hemoglobin subunit beta
BGLAP Osteocalcin
BGN Biglycan
SERPINC1 Antithrombir-iI
DCN Decorin
SERPINF1 Pigment epitheliurrderived factor
COL1Al Collagen alphd. (1) chain
COL1A2 Collagen alph&(l) chain
COL3Al Collagen alphda(lll) chain
COL2A1 Collagen alph& (1) chain
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CHAD Chondroadherin
COL22A1 Collagen alphd (XXII) chain
COL5A2 Collagen alph&(V) chain
OMD Osteomodulin
COL12A1 Collagen alphd (XIl) chain
KNG1 Kininogenl
LUM Lumican
F2 Prothrombin
HSPG2 Basement membranegpecific heparan sulfate proteoglycan core prote
AHSG Alpha2-HSglycoprotein
F9 Coagulation factor 1X
ITGB1 Integrin betal
OLFML3 Olfactomedinlike protein 3
NHSL2 NHSlike protein 2
SERPINA10 ProteinZ-dependent protease inhibitor

Figure S5:STRING interaction pathway of bone proteins. Functional association network of identified

proteins in the archaeological bones of Pompeii, Herculaneum and Scalandrone Bay (https:distoirg ).
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Deamidation(N,Q)

H162 H142 PC207 PC204 PC193 PC203 PC195 PC206 PC205 BSC183 BSC182 BSC180 ECC108 ECC109 ECC117 ECC118 ECC106

;W 1% 28 174 167 155 145 323 301 121 98 38 28 53 42 112 & 173 196 211 185 101 82 249 237 236 218 192 189 222207 17 9
100

Amino acid
50 . Asparagine
. Glutamine

Figure S6 Percentage of deamidation (N,Q) of collagenous proteins in each single sample of Pompeii,

percent deamidation

Herculaneum and Scalandrone bay versus contrel@PH-142) single samples[1]. Error bars represent

standard deviation and numbers abe each bar neresent the number of peptides the data is based on.

H-142 H-162 PC193 FC204 PC207 BSC183 ECC108 ECC117 ECC118 ECC106 ECC109
128 13 12 a2 &
100~

e s s s s "o [Ea 7 0w ou 5w
B |
Amino acid
B . Asparagine
B civtamine
. ‘ﬁ [ I I

Figure S7Percentage of deamidation (N,Q) of roollagenous proteins in the single samples of Pompeii,

percent deamidation
2 ~

o
g

Herculaneum and Scalandrone bay versus contrel@PH-142) single samples[1].rir bars represent

standard deviation and numbers above each bar represent the number of peptides the data is based on.
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Figure S8Visualization of deamidation level (N,Q) along seguence otollagen alphél (I) (upper panel)
and alpha2 (1) chainglower panel),in the groups of Pompeii, Herculaneum, Scalandrone bay, Control (H
162, H142) from[1].
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Oxidation (M)

H-142 H-162

70 100

75-

. Methionine

percent oxidation

25+

PC193 PC195 PC203 PC204 PC205 PC206 PC207 ECC106 ECC108 ECC109 ECC117 ECC118 BSC180 BSC182 B5C183

61 3 17 25 9 8 2 3 58 58 38 54 8 ki U

[

'y ~ 2
8 @

percent oxidation

)
]

Figure S9 Percentage of oxidation (M) o€ollagenous proteinsin the single samples of Pompeii,
Herculaneum and Scalandrone bay versus contral@PH-142) single samples [1]. Error bars represent

standard deviation and numbers above each bar represent the number of peptides the data is based on
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Figure S10Pecentage of oxidation (M) of neoollagenous proteins in the single samples of Pompeii,

El

g
g

percent oxidation

N
&

Herculaneum and Scalandrone bay versus contral@PH-142) single samples [1]. Error bars represent

standard deviation and numbers above each tegresent the numbeof peptides the data is based on.
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Figure S11Visualization of oxidation level (M) along thequence otollagen alphdl (I) (upper panel) and

alpha2 (1) chains (lower panel), in the groups of Pompeii, Herculaneum, Scalandrqriecodnpl (HL62, H
142 from[1]).

Backbone cleavage
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visualize spontaneous backbone cleavages.
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Figure S13:Semiquantitative evaluation of the backbone cleavage along sleguence of

COL1AZhainsdetected as semitryptic peptides.
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Nonenzymatic chemical modifications

Table s4ze: Frequency of chemical modification occurrence within the dataset of the sample groups of

Pompeii, Herculaneum, Scalandrone Bay and 1©b(t1162142) from[1] .

A- Lysine
Modification na Pompeii Herculaneum Scalgg}c;lrone Control
K positions (mod/detected/theoretical number in the sequence of COL1
and COL1A2)
Carboxyethyl 72.022 2/51/69 6/54/69 3/50/69 12/64/69
Aminoadipic 14.964 6/51/69 4/54/69 1/50/69 1//64/69
Carboxymethyl | 58.006 6/51/69 7/54/69 3/50/69 1//64/69
Formyl 27.996 6/51/69 3/54/69 1/50/69 6//64/69
B- Arginine . Scalandrone
Modification na Pompeii Herculaneum Bay Control
R positions (mod/detected/theoretical number in theequence of
COL1A1 and COL1A2)
MG-H1 54.011 9/87/108 8/88/108 3/91/108 4/103/108
GH1 39.995 7/87/108 5/88/108 6/91/108 4//103/108
Ornithine -42.021 8/87/108 14/88/108 6/91/108 5//103/108
C Proline a Pompeii Herculaneum Scalandrone Control
Modification n P Bay
P positions (mod/detectedtheoretical number in the sequence of COL1A1
and COL1A2)
Di-Oxidation | 31.989 30/344/449 42/306/449 28/328/449 21/372/449
Tri-Oxidation | 47.983 10/344/449 19/306/449 8/328/449 10/372/449
PyroGlu 13.980 10/344/449 23/306/449 8/328/449 10/372/449
Dhp -2.001 17/344/449 14/306/449 3/328/449 3/372/449
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D- Histidine

a Pompeii Herculaneum Scalandrone Control
Modification n P Bay
H positions (mod/detected/theoretical number in the sequence GOL1A1
and COL1A2)
His>Asp | -22.031 2/7/15 3/8/15 2/7/15 0/13/15
Di-Oxidation | 31.989 207115 3/8/15 0/7/15 1//13/15
Oxidation | 15.995 207115 2/8/15 1/7/15 2//13/15
E Serine and
. . Scalandrone
Threonine na Pompeii Herculaneum Control
e Bay
Modification
S and T positions (mod/detected/theoretical number in the sequence o
COL1A1 and COL1A2)
S>G -30.010 3/54/71 3/53/71 0/51/71 2/62/71
T>G -44.026 3/29/37 3/30/37 1/32/37 2/32/37
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Figure S14Example of primary structureydroxylation occupancy on proline residues along the sequence of
COL1A1 (left) and COL1AZ2 (right) of control samples [1]. The modification occupancy at a specific primar
structure position arises from the average ratio modified/non modified values exdladrom the

HydroxyprolineSites.txt files of M(8].
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Figure S15Possible proline oxidation products.
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Figure S16Conversion of Arginine to Ornithine
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Figure S18Primary structure modification occupancy on arginine residues along the sequer@®LdfAl

(left) and COL1A2 (right). Theodification occupancy at a specific primary structure position was -semi

extracted from the

guantitatively calculated from the average modified/non modified values,

modificationSites.txt files of M@]. Methylglyoxal (MGH) and glyoxal (GH)) derived hydroimidazolones,

and conversion of arginine to ornithine (Orn).
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Figure S19Primary structure modification occupancy on lysine residues alongabaence oCOL1AL (left)
and COL1A2 (right). @hmodification occupancy at a specific primary structure position was -semi
guantitatively calculated from the average modified/non modified values, extracted from the

modificationSites.txt files of M[3].
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Figure S20Primary structure modification occupancy on histidine residues alongeljeence oCOL1Al (a
single His was detected) and COL1A2. The modification occupancy at a specific primary structure position
was semiquantitatively calculeed from the average modified/non modified values, extracted from the

modificationSites.txt files of M[3].
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Selected MS/MS spectra to assess occurrence of modifications
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Figure S22d#: MS/MS Spectra of COL1A1 GDAGPPGPAGBREMNVGAGAK peptide . The underlined
proline is detected as hydroxylatesh the upper spectrum and éixidizedé pa om®dchy v AY

spectrum.
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3.3 Manuscript 2: Selection of peptide biomarkers in human bone collagen for the

evaluation of deamidation (N, Q) and oxidation (M) by targeted proteomics

Georgia Ntasi, Ismael Rodriguez Palomo, Addtdoe Chiaro, Gennaro Marino, Paolo Petrame Leila

Birolo

Abstract

Mass spectrometry (MS) is a powerful tool to analyze complex mixtures of proteins, discovering new
modifications or characterizing and quantifying already annotated chemical modifisatithe accurate
guantitation of these modifications is vital in protedc studies ,revealng important information regarding
‘protein’s function, activity, and stability. One of the most frequent modifications is the deamidation of Asn
and GIn. The transfmation of asparagine to aspartic and/or iagpartic acid as also ttieansformation of
glutamine to glutamic acid provokes a shift of 0.984 Da, thus rendering its quantification quite tricky. In this
work, we used a dataset of (56) human bones from Hareum, Pompeii, Baia Scalandrone, Oplonti, and
S.Paolo Belsito. A shopin proteomic approach was applied to the samples, and collagen type | chains have
always been identified with good scores and confidence. Screening of all the mass spectrometriaglata w
performed in search of the most frequently detected and/or deamidapeptides, and the results were
analyzed on a statistical basis to select the best peptides to be later used in the quantification of
deamidation. The selected peptides were furthetidated by the analysis of deamidation (Asn, GIn) and
oxidation (Met) h archaeological bones of published datasets, collected with different analytical procedures
and by different mass spectrometry instrumentation, illustrating that this set of peptidase used in any

archaeological studies on human bone collagen.

Intro duction

Deamidation is a spontaneous chemical modification that plays an essential role in protein degramation
vivo,so that has been proposed to represent a molecular c[@cR]. It has been recently adopdeas one of

the signatures of authentical age in archaeological and@dblogical bones as well as other archaeological
remains or artistic objectpl¢7]. It occurs on asparagine (Asn) and glutamine (GIn) amino acids resulting in
F &L NI A OKA &2 alLidaRNAl Ggkdik did (Glu)a redpectivefy RBories are onthefmost
abundant mineralized tissues in the fossil record. Due tortlstiudural, mechanical, and chemical
properties, they resist over the yealk,2]. Collagen is the most abundant protein in bones (and in the whole
body), and therefore the study of bone aging at a molecular level is frequentlysddca collagen

degradation[4,5]. In recent years, a particular focus was given to deamidation in bone collagen, and, as a
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result, it is also considered in forensic swie to estimate the posimortem interval of unknown skeletal
remains[8]. The convesion of asparagine and glutamine to aspartic and glutamic acids provokes a small
mass shift of just +084 Da thatalthough detectable with M@pplied tetiniques, consists of a quitecky

target for quantification[5,9]. Most of the scientific approaches to quantify deamidation areherefore,
qualitative or semnuantitative ones.[7,8,10;13] Targeted analysesuch as multipleeactionrmonitoring
(MRM) are alternative mass spectrometric approactieg allow a more rigorous quantitatioyi4] and have

also been applied to the cultural heritage field, although selddimby, but its potentialities in determining
deamidation already proved successful although cinglileg [15][16]. Targeted approaches are invariably
linkedto the selection of adequate peptides. Herein we searched for pegiihelidates that can be usedrfo
deamidation (Asn, GIn) and oxidation (Met) quantitation studies in bone collagen. Using an extraordinary
dataset of human bones from the archaeologictdsibf Pompeii, Herculaneum, and Oplontis, related to the
same Vesuvius eruption of 79 DC, and albmamber of bones from the prhistorical volcanic site of San
Paolo Belsito, we analyzed -MS/MS data of tryptic digest of the collagen extracted in skafor
deamidation and oxidation spots that are always detectable, to be used as potential biosxé&keare bone
samples from coeval skeletal remains from the Campania archaeological site of Baia Scalandrone (Il sec. AD,
Roman imperial age, Puteoli, Napldé®ly) were also considered in an attempt to explore diagenetic factors

that can affect collagenahmidation.

Materials and methods

Samples description

Fifty-six bone samples were collected from individuals unearthed in Pompeii (11), Herculaneuma{@2), B
Scalandrone (12), Oplonti (8), and San Paolo Belsito (3) have been analyzed.r&épbltsleat specimen

and related information.
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Table 1:Specimens analysed.

Name Type Age Site Death
PC188 Elbow 79 AD Pompeii Vesuvius Eruption
PC189 Patella 79 AD Pompeii Vesuvius Eruption
PC190 Patella 79 AD Pompeii Vesuvius Eruption
PC193 Ribs 79 AD Pompeii Vesuvius Eruption
PC195 Femoral 79 AD Pompeii Vesuvius Eruption
PC196 Long bone 79 AD Pompeii Vesuvius Eruption
PC200 Clavicle 79 AD Pompeii Vesuvius Emption
PC204 Femoral 79 AD Pompeii Vesuvius Eruption
PC205 Skull 79 AD Pompeii Vesuvius Eruption
PC208 Skull 79 AD Pompeii Vesuvius Eruption
PC209 Ulna 79 AD Pompeii Vesuvius Eruption
ECC104 Ribs 80 AD Herculaneum Vesuvius Eruption
EFEC104 llium 81 AD Herculaneum Vesuvius Eruption
ECC105 Ribs 82 AD Herculaneum VesuviuEruption
ECC184 Ribs 83 AD Herculaneum Vesuvius Eruption
EFPC106 Foot phalanx 79 AD Herculaneum Vesuvius Eruption
EFMC107 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
ECC107 Rbs 79 AD Herculaneum Vesuvius Eruption
EFMC108 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
ECQO08 Ribs 79 AD Herculaneum Vesuvius Eruption
EFMC109 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
ECC109 Ribs 79 AD Herculaneum Vesuvius Eruption
EMC110 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
EFMC111 Hand plalanx 79 AD Herculaneum Vesuwviis Eruption
ECC111 Ribs 79 AD Herculaneum Vesuvius Eruption
EFMC112 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
ECC112 Ribs 79 AD Herculaneum Vesuws Eruption
EFPC113 Foot phalanx 79 AD Herculaneum Vesuvius Eruption
ECC113 Ribs 79 AD Herculaneum Vesuvius Eruption
ECC114 Ribs 79 AD Herculaneum Vesuvius Eruption
EFPC114 Foot phalanx 79 AD Herculaneum Vesuvius Eruption
EFMC115 Hand plalanx 79 AD Herculaneum Vesuvius Eruption
ECC115 Ribs 79 AD Herculaneum Vesuvius Eruption
BSCC180 Ribs Il sec AD| Scalandrone Bay Normal death
BSFMC180 Hand phalanx Il sec AD| Scalandrone Bay Normal death
BSC182 Ribs Il sec AD| Scalandrone Bay Normal death
BSRC182 Ralio Il sec AD| Scalandrone Bay Normal death
BSC183 Ribs Il sec AD| Scalandrone Bay Normal death
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BSFM83 Hand phalanx Il sec AD| Scalandrone Bay Normal death
BSC184 Ribs Il sec AD| Scalandrone Bay Normal death
BSFMC184 Hand phalanx Il sec AD| Scalandrone Ba Normaldeath
BSC186 Ribs Il sec AD| Scalandrone Bay Normal death
BSFMC186 Hand phalanx Il sec AD| Salandrone Bay, Normal death
BSFMC187 Hand phalanx Il sec AD| Scalandrone Bay Normal death
BSCC187 Ribs Il sec AD| Scalandrone Bay Normal death
OPC213 Ribs 79 AD Oplontis Vesuvius Eruption
OPC214 Long bone 79 AD Oplontis Vesuvius Eruption
OPC215 Ribs 79AD Oplontis Vesuvius Eruption
OPC216 Long bones 79 AD Oplontis Vesuvius Eruption
OPC217 Ribs 79 AD Oplontis Vesuvius Eruption
OPC218 llium 79 AD Oplontis Vesuvius Eruption
OPC226 Ribs 79 AD Oplontis Vesuvius Eruption
OPC228 Femoral 79 AD Oplontis Veswius Eruption
SPBC2120F Long Bone 20 sec San Paolo Bel Avellino prehistorical eruption
BC Sito
SPBC2120l Flat bone of the shoulde| 20 sec San Paolo & Avellino prehistorical eruption
BC Sito
SPBC211 Tibia 20 sec San Paolo Bel Avellino prehistorical eruption
BC Sito

Experimental procedures
Protein extraction and digestion

man >[ 2F | azftdziAz2y 2F ndp a 95¢800>AI0A TRRRMR RF &
refreshing the solution every 2 days. After centrifugation for 2 min at 10tp00in a benchtop microfuge,

0KS adzLISNY I GFyda ¢S aRlutiorro 6 N Den WasaddedyfoRhe pellet andl incabated

for 10 min at RTfollowed by sonication for 20 min. Urea was thedo@l diluted with water. Finally,
enzymatic digestion was carried out as in the minimally invasive proteomic analytical prectxscribed by
Lleoetal[l7]d . NASFf &z UGNBLAAY ¢l & I RRSR (smdles (€aA3B00 O2y
>30 | & RONMBBYRSR Ay pn >[ 2F ! YOAO wmn pafrm@ntsiwEré S NI A
recovered by centrifugation at 10,000 rpm, and the peptide dikkB 61 & FAf 6SNBR 2y
membrane (Millipore), concentrated and purified using a revgilsase C18 Zip Tip pipette tip as previously
described18].
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LCMS/MS and data analysis.

t SLWAARSa&a 6SNB SftdziSR 6AGK wun >[ 2F | &2 idMNRY Yl
water, and analysed by HES/MS. LEMS/MS analyses were carrieditoon a 6520 Accurat®lass QTof

LC/MS System (Agilent Technologies, Palo Alto, CA, USA) equipped with a 1200 HPLC System and a chip cul
(Agilent Technologies). After loadindpe peptide mixture was first concentrated and washed on a 40 nL
enrichment calmn (Agilent Technologies chip), with 0.1% formic acid in 2% acetonitrile as eluent. The
sample was then fractionated on a C18 revepbase capillary column (Agilent Techno&sgchip) at a flow

rate of 400 nL/min, with a linear gradient of eluent B (Ofb¥mic acid in 95% acetonitrile) in A (0.1% formic

acid in 2% acetonitrile) from 3% to 80% in 50 min. Peptide analysis was performed using tdepiatdent
acquisition of oneMS scan (mass range from 300 to 2000 m/z) followed by MS/MS scans of thertbsee
abundant ions in each MS scan. MS/MS spectra were measured automatically when the MS signal surpassed

the threshold of 50,000 counts. Double and triple charged ions werfem@bly isolated and fragmented.

Data handling

The acquired MS/MS spectra veetransformed in Mascot Generic files (.mgf) format and used to query the
SwissProt database 2015 04 (548,208 sequences; 195,282,524 residues), with Homo sapiens as taxonomy
redriction. A licensed version of Mascot softwamww.matrixscience.coinversion 2.4.0. was used with

trypsin as enzyme; 3, as allowed number of missed cleavage; 10 ppm MS tolerance and 0.6 Da MS/MS
tolerance;peptide charge from +2 to +3. No fixed chemical modification was inserteghdssible oxidation

of methionines, deamidation at asparagines and glutamines, and hydroxylation on lysine and proline were
considered as variable modifications. Only proteimgspnting two or more peptides were considered as
positively identified. Indidual ion score threshold provided by Mascot software to evaluate the quality of

matches in MS/MS data. Spectra with Mascot score below 25 were rejected.

Evaluation of the mostrequently detected N,Q, and M in collagen chains type I.

Manual inspection ofMS/MS data was performed in the samples where collagen protein sequence
coverages exceed 20 % (33/56 samples). AA positions of asparagine, glutamine, and methionine were
characerized in the selected samples B& Not detected (Not Found)X Detected onlyas unmodified D:
Detected only as modified, andD Detected both as modified and unmodified. To be considered for
statistical analysis, we manually inspected the softwareigassent of the N or Q position under
consideration in the fragmentation spectia order to exclude any false positive matchindamalization. To

simplify the statistical analysis then we set 0 the NF characterization; thus, the non detected and as 1 the
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modified positions (X, D, and XD characterization). Results were analysedtatistical basis in order to

identify which are tle most frequently detected as deamidated (N, Q) and oxidized (M) peptides.

Evaluation of the deamidation N, Q, and oxidatigM™) levels in collagen type | chains.

The acquired MS/MS spectra were-apalyed in standard MaxQuant searches in a UniProt dateba
(759,512 sequences, 37,179,137 residues) witbmo sapiensas the taxonomic restriction (20199
sequences, 928,813 residyesSamples have been analyzed as group datasets (5) based on the
archaeologicasite. Deamidation of asparagine and glutamine res&l (Asn, GIn), oxidation of methionine
residues (Met), and hydroxylation of proline and lysine residues (Pro, Lys) were &@tiable modifications.

|l RRAGA2YyIFff&X al Evdz y{ddaaposiichal BValyatbs df the réldtive Bidafitbn & I &
and oxidation, using an4nouse code available at https://github.com/ismaRP/MSMSdeamidation. For each
asparagine, glamine, and methionine position, the values are calculated by dividing the $umeasities

of the peptides containing the modifition by the total intensity of all the peptides containing that position.
Only peptides with high probability modificatiaite assignments (>30) were considered. In this way, it was
possible to evalug whether the most frequently detected as deamiddtéN, Q) and oxidized (M) positions

of the previous step were also significantly modified.

Selection of the human collagerype | sequences to be used as biomarkers for deamidation and

methionine oxidation.

Screening of mass data was performed in the f&red bone samples, and the identified peptides
containing the most frequently detected deamidation and methionine oxistatsites were listed. A
systematic analysis was carried out in search of steshgeptides to be used as markers. First of all, we
considered only fragmentation spectra of good quality in order to avoid false positives by setting a high ion
score of 25. le most observed m/z and ms/ms masses were listed for the common peptidealsioahave

the same combination of modifications. #ome cases, with a peptide containing more than one N, Q sites,
specific m/z could discriminate deamidation position, buts@veral cases, the same m/z was observed for

both of the deamidation sites.

135



Final list of the peptide candidates as biomarkdi® deamidation (N, Q) and methionine oxidation (M) in
collagen chains type I.

There are several other aspects that were taketo consideration in the selection of peptideandidates.
Table 2 shows athe criteria that we used to filter the most frequély further detected peptides to lead
finally to the set of the best candidates that can be used as target peptides inittim analysis such as

MRM analysis.

Table 2: Selectionrieria for deamiddion (N, Q) and methionine oxidation (M) target pejgs along with
the sequences of COL1Al1 and COL1A2 in the screening of énedfitamples (Protein sequenceverage
>20).

Criteria Description
Unigueness Peptides must be unique both for the proteiacgience (Collagen) and for the
taxonomy Homosapien3
Peptide lenght 7-20 AA
Reliability Exclusion of false positives , consideration of good fragmentation spectra w

scoe above 25.

Number of N, Q Preferably only one GIn or Asn position in eachtjoep
Hydrophobicity We calculated thdnydrophobicitybased on the SSR Calc code
http://hs2.proteome.ca/SSRCalc/Slopad we considered peptides in the range 1
30
Reactive reislues We tried to avoid the simultaneous presence of residues such as H, What, &e

susceptible to modificationduring sample preparation

Validation of the peptide candidates in other datasets.

The selected peptides with the listed ms and ms/ms seaswere tested in other archaeological bones of

four independent already pulsihed datasets, where collagen type | have been identified. The tests were
carried out on samples of different age, unreldtes the Vesuvius eruption, and that have been proeeéss

with different collagen extraction protocols and analysed with differenttrimaentation. Specifically,
peptides were tested in the samples-182, H142 (dated between 1651683 AD) reported iH13],
44HE956RADFORD, 7NCE9BMMVILLE (dated between 179850 AD) from[19], FWLeakey 1554

(dated between 4670 ka BP) fronfi20] and the sample ARO_A (dated between 460 ka BPjrom [8]. The

raw filesofthed T2 NBYSYGA2y SR al YL Sa 6SNBE R2g4yft 2IpRerR T NP Y

and were analyzed in separate MaxQuant runs in a UniProt database (759,512 sequences, 37,179,137
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residues) wittHomo sapiens as the taxonomic restriction (20199 sedques) 928,813 residues). Deamidation

of asparagine and glutamine residues (ASIn), oxidation of methionine residues (Met), and hydroxylation

of proline and lysine residues (Pro, Lys) were set ashtarimodifications, and carbamidomethylation of
cysteire was set as a fixed modification. Protein identifications were supported faysa discovery rate
(FDR) of 0.01 applied (same FDR for dependent peptides when applied), and proteins were considered as
identified only with least 2 different neoverlappingpeptides above 70 ion score threshold. Contaminant
proteins were assessed ugithe contamination.fasta provided by MQ which includes common laboratory
contaminants [21] (see MaxQuant Downloads-contaminants.fasta,) and can be found at
http://www.coxdocs.org/doku.php?id=maxquant:start_downlaatitm, n.d. These protein hits were
excluded from furher analysis. Only peptides with score higher than 40 were considered and manua
inspection of ms/ms spectra was performed as further validation. The selected N,Q and M sites were
classified in each ahe sample as: XD: when the selected peptides was alete both in the modified
(deamidated/oxidized) and non modified form; D: whtre selected peptides was detected only in the
modified form, X: when the selected peptides was detected only as unmaodéiedti NF: when the peptide

was not found at all. Finlgl the selected peptides were used for a semi quantitative evaluation of the
modification level using an ihouse script available at https://github.com/ismaRP/MSMSdeamidation. For
each asparagine, gamine and methionine position, the values are caltedaby dividing the sum of
intensities of the signals corresponding to the nfimdl peptide by the total intensity of all the peptides

containing that position.
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Results & Discussion

A shotgun proteomics approach by-MS/MS was applied to skeletal samplexcavated from Pompeii (11),
Herculaneum (22), Baia Scalandrone (12), Odi#), and San Paolo Bel Sito (3) archaeological sites. Very
stringent criteria for protein identificatio were used: only peptides with scores higher than 25 were
considered ad proteins were considered as identified only when two or more peptides hega betected.

Type | collagen was identified in all samples, and the sequence coverage was used &$ thualfiative

criteria of whether the specific sample could be usedhia following statistical evaluation of deamidation
(Asn, GIn). Individuals thi collagen sequence coverages below 20 were rejected (figure S1).-{hinéngy
samples were finally selesd, and manual inspection of MS/MS data was performed on peptidesatong
asparagine, glutamine, and methionine. Figure 1 represents the frequdragparagine and glutamine sites
detection along the chains of collagen type |. Surprisingly, despéeesttremely high variability of the
samples (different parts of the bgddifferent archaeological sites, a different type of death) there are some
positions that are always detected and others that are much less, and this profile is similar for athupe.gr

This means that some collagen regions are easily accessibleratelectable, and, conversely, all the
positions that are less detected belotg the same regions. For instance, Asn at position 229 and GIn 250,
639, 643, and 661 are all in two poprtovered regions in COL1Al. Also, from a statistical analysis
perspecive, it results that COL1Al is a better candidate since many Asn and GIn TAR2ZC&Ek poorly
detected. This might also be due to the stoichiometric double concentration of COL1Apéttréo COL1A2
AAyO0S GeL)S L O2fttl3Sy Bda OBRNAWASRYRT2YB82ISRIWEOOL
Interestingly, we can observe that less frequently detected regions are always followed by some among the
most frequently detected ones, suggesting that there might be a structural explanation, and this-is well
wishing for collagen degradation studies. This pattern is the same in the samples of all analyzed datasets.
The manual evaluation of methionine oxidation led to very similar results, meaning that some Met positions
were not detected in any of the samples anchets always detected, and, most interestingly, always
detected as oxidized (Fig 2). Interestingly, Met oxidation results seem to nicely complement data on

deamidation sites since undetected Met positions of COL1A1 belong to "poorly covered" collages.region
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Figure 1Bar chart of the average levels of Asn, GIn positions detection (regardless deamidation or any other

possible modification within the peptides) in the chains of type | collagen (COL1A1, upper panel, COL1A2,

lower panel) in the 33 sampled Pompeii, Herculaneum, Baia Scalandrone, Oplontis, and San Paolo Bel Sito.
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Figure 2:Bar chart of the average levels of Met positions detection (regardless of oxidation or any other
possible modification within the peptides) in the chains of tymmllagen (COL1A1; upper panel, COL1A2,

lower panel) in the 33 samples of Pompeii, Herculaneum, Baia Scalandrone, Oplontis, and San Paolo Bel Sito.

Subsequently, manual inspection of MS/MS spectra was performed to evaluate Asn and GIn deamidation
and Met «idation, and the results are reported in tables&1I2. Moreover, we evaluated whether the Asn,

GIn, and Met positions detected as most modified are always identified with the same peptide, showing that
only a few of them are identified with the same seqce and same combination of modifications (we have

to keep in mind the high level of hydroxyproline peculiar of collagen). The most frequently obseizadd

ms/ms sequences of COL1A1 and COL1A2 are reported in tableS1813n the case of Met oxida,

almost all the positions were equivalent, always detected with the same peptide, and always detected in the
oxidized form (Table S15). Hydrophobicity was estimated for albeptides
(http://hs2.proteome.ca/SSRCalc/Slopeds it significantly affects & peptide detectability in MRM
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experiments, the most common and sensible targeted analysis. More analytically, long peptides 'display a
linear relationship between signal intensity and peptide amount, often leading to inaccurate quantification
results. Aatially, the nonlinearity results from a different absorption to the hydrophobic surface in the ESI
droplet that leads to unstable responsgst, 16]. Intending to plan a quantitative study of deamidation, we
take into account that ultimate peptides shioube not too hydrophobic, should ideally contain only one GIn

or Asn (preferably GIn since deamidation at GIn are sld@eand defined concurrent podtanslational
modifications (in case of collagen, defined hydroxylation of prolines state). Based on the criteria above,
tables 3 and gresent the ultimate list of the best candidate peptides that can be used for deamidation (Asn,
GIn) quantitation studies. Subsequently, a positional evaluation of deamidation (Asn, GIn) and oxidation
(Met) was performed by using an-louse script (see mterials and methods) to further validate if the
positions detected as most deamidated and oxidated are significantly modified. The script performs a
relative quantification based on peptide intensities among the modified andmodified forms. As figures

S2 and S3 show, some of the above frequency evaluation positions can be considered hot spots of

deamidation (Asn, GIn) and oxidation (Met).
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Table3: List of the best peptide candidates that can be used as biomarkers of deamidation in human COL1A1
(P0242) and COL1A2 (P08123), according to a statistical evaluation of 33 bone samples of Pompeii,
Herculaneum, BaiaScalandrone, Oplontis and San Paolo Bel Sito. Z: Charge; PL: Peptide Length; H

Hydrophobicity. The mass of the corresponding deamidated formbeacalculated with the addition of

0.984 Da in theM value of the unmodified peptide

Protein | N,Q Peptide PL H Calculated| Observed
Position m/z
M (Da)
367 Q R.GSEGPQGVR.G 10 8.09 | 885.416 | 443.7139
400 N K.GANGAPGIAGAPGFPGAR.G 19 23.93 | 1584.751 | 529.2607
Hydroxyation(P)
421 Q R.GPSGPQGPGGPPGPK.G 16 12.19 | 1301.622 | 651.8212
Hydroxylation(P)
457 Q K.GEPGPVGVQGPPGPAGEEG 21 21.04 | 2002.957 | 668.6648
2Hydroxylation(P)
N
Lo
<
N
o
S
—
<
—
I
@]
@)
561Q K.TGPPGPAGQDGRPGPPGPP( 23 14.39 | 2055.958 | 686.3318
+ + 4Hydraylation(P)
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576 Q R.GQAGVMGFPGPK.G + 13 22.11 | 11160.55 | 581.73
Hydroxylation(P)

619 Q K.DGEAGAQGPPGPAGPAGER 20 15.14 | 1705.752 | 853.8904
Hydroxylation(P)

688 Q R.GVQGPPGPAGPR.G+ 13 11.52 | 1104.5% | 553.2881
Hydroxylation(P)

891N R.VGPPGPSGNAGPPGPPGPA( 22 17.33 | 1811.866 | 906.9444

3 Hydroxylation(P)

966 Q R.GVVGLPGQR.G + 10 17.58 | 897.489 | 449.7549
Hydroxylation(P)

1156 N K.DGLNGLPGPIGPPGPR.G+ 17 30.44 | 1560.776 | 781.3994

Hydroxylation(P)
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COL1A2 (RE123)

272N K.GEIGAVGNAGPAGPAGPR| 19 20.83 | 1546.771 | 774.3924

384 N R.GPNGEAGSAGPPGPPGLR.( 20 20.99 | 1618.756 | 810.3844
Hydroxylation(P)

458 N R.GLPGSPGNIGPAGK.E +2 15 17.68 | 1252.627 | 627.3252
Hydroxylation(P)

491 N R.GEPGNIGFPGPK.G+ 2 13 22.45 | 1200.563 | 601.2912
Hydroylation(P)

918 N R.GPPGAVGSPGVNGAPGEAG 21 18.91 | 1750.81 | 876.4174

3 Hydroxylation(P)
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Table 4 List of the most frequently detected Met containing peptides in human COL1Al (P02452) and
COL1A2 (P08123), according tetatistical evaluation of 33 bone samples of Pompeii, Herculaneum, Baia
Scalandrone, Oplontis, and San Paolo Bel Sito. The most fithguietected (>90%) masses are reported
with and without deamidation.Z: Charge; PL: Peptide Length; H: Hydrophobidine mass of the
corresponding oxidized form can be calculated with the addition of 15.998 Da in thealMe of the

unmodified peptide

Collagen | M Position Peptide V4 PL H Calculated | Observed
chain m/z
M (Da)
580 M R.GQAGVMGFPGPKDBami@tion(N,Q)| 2 | 13 22,11 | 1161.546 581.7713
~ + Hydroxylation(P)
L
<
N
o
a
—
<
—
—
8
1000 M R.GPPGPMGPPGLAGPEBRES + 2| 2 (21 24,91 | 1815.854 908.9252
Hydroxylation(P)
417 M R.AGVMGPPGSR.G + Hydroxylation({ 2 11 13.21 943.451 472.7182
& 447 M R.GPNGDAGRPGEPGPRG +[ 3 |19 18.87 | 1766.798 884.393
S Deamidation(N,Q) + Hydroxylation(P)
3
S
AN
<
—
-
O
O
785 M R.GDGGPPGMTGFPGAAGR.G 2| 2 |18 21.7 1532.665 767.3355
Hydroxylation(P)
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Final validation of the selected peptides was performed by evaluating their occurrence in six already
published archaeological bones that have been extracted with different protocols and analyziffiebgnt
instrumentation. In particular, four to six archaeological bones are much younger than the samples from the
Campania region, dated to 48" century AD (reference numbers: 462, H142 from[13], and 44HE950
RADFORD, 7NCE98ODVILLE frofi9] while the other two dates back between 400ka BC attributed

to Homo neanderthalens{seference numbers: ABOA from[8] and FWLeakey_1554, froj20]. Allsamples

were analyzed in separate MaxQuant runs, and the presence of the selected peptides was also manually
checked. As table 5 illustrates in the older samples-3@8FRnd FWLeakey 1554), all the peptides were
detected both in the modified and nemodified form. Very interestingly, in the younger samples-(1#'
century AD), some peptides were even not deamidated (Asn, GIn) or oxidized (Met), and in some cases, the
Asn, GIn positions were detected with intense signal even in positions not covered irsatdples (ARBOA

from [8] and FWLeakey 1554, frof20]. In order to have a more quantitative evaluation of deamidation
(Asn, GIn) and oxidation (M) leveltest bones, the selected peptides were used to calculate deamidation
and oxidation at single sites along collagen alph@l) and alph& (l) chains, using the -smouse script
described above. As figure S4 demonstrates, the level of deamidation varmsgaime samples with the
younger bones (reference numbers:1i82, H142from [13], and 44HE95®ADFOR, 7NCE98%W/OODVILLE

from [19] to be less deamidated in comparison to the older ones (reference number80ARom[8] and
FWLeakeyl554, from [20]. Therefore, the selected peptides can be used to distinguish collagen
deamidation in samples of different ages and be considered in the evaluation of collageaddtion over

the years. Moreover, figure S5 reports the samplediation levels using the selected peptides. Also, in this
case, the older samples (reference numbers:38R from[8] and FWLeakey 1554, frof20] are more
oxidized in comparison to younger ones, confirming that also methionine oxidation is worth considering in
degradation studies since it increases with age in body tissues, due to biological and/or diagenetic aging.
Nevertheless, both deamidation and methina oxidation are sensitive to several environmental factors,

from humidity to the chemical characteristics of the burial soil, as well as to sample manipulation.
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Table 5:Evaluation of the occurrence of the selected biomarkers in test cases of arcgaabloones. X
indicates that the peptide was detected as unmodified (deamidatidan( Glp or oxidation (Met)) ;D
indicates that the peptide was detected as deamidated or oxidiz® Mdicates that both modified
(deamidated or oxidized, respectively)dannmodified forms were detected; NF. indicates that the peptide

was not identified at all.

Protein N, Q Peptide H-142 | H-162 | 44HE950 7NCE98A | FWLeakey| AR30
Position RADFORD| WOODVILLE  _1554

367 Q R.GSEGPQGVR,| X NF NF X XD XD

421 Q R.GPSGR®GGP| X X X X XD XD
PGPK.G +
Hydroxylation(P)
457 Q K.GEPGPVGVQ({ NF XD X X XD XD
PGPAGEEGK.R
2Hydroxylation(P)
5610Q K.TGPPGPAGQL, XD XD X X XD D
RPGPPGPPGAR
+
4Hydroxylation(P)
576 Q | R.GQAGVMGFPG XD XD XD XD XD XD
K.G +
Hydroxylation(P)
580 M R.GQAGVMGFP(G X XD D D XD XD
K.G
+Deamidation(N,
Q)+
Hydroxylation(P)
619 Q K.DGEAGAQGPH NF X X X XD XD
PAGPAGER.G
+Deamidation(N,
Q)+
Hydroxylation(P)

COL1A1 (P02452)

688 Q R.GVQGPPGPA({ XD XD X X XD XD
R.G +
Hydroxylation(P)
891N R.VGPPGPSGNA XD XD X X XD XD
PPGPPGPAGK.E
3
Hydroxylation(P)
966 Q R.GVVGLPGQR.( D XD XD XD XD XD
Hydroxylation(P)
1000 M | R.GPPGPMGPP( X NF XD XD XD XD
AGPPGESGR.G
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2
Hydroxylation(P)
1156 N | K.DGLNGLPGPIG X XD D D XD XD

PGPR.G + 3
Hydroxylation(P)

Conclusions

Asn and GIn deam@tion and Met oxidation can be considered as molecular signatures of protein damage.
We analyzed coeval ancient bone remains from Pompeii, Herculaneum and Oplontis, and bones from Baia
Scalandrone S. Paolo Belsito with a bottamproteonic approach. Dung the Vesuvius eruption in AD 79,
Pompeii and Oplontis were covered by a layer of 6 meters deep consisting of ash and cinder, although
victims from Herculaneum were exposed to the pyroclastic surge high temperf28r24] Also, human

bones related to a préistorical erupion of Avellino Avelino 3800 Myr, Naples, Italy) and human bones
from a coeval skeletal population from the Campanian region were also considered (Baia Scalandrone site, Il
sec. AD, Roman imperial age, Puteoli, Naples, Italy). Despite the incrediblieimigératures dumg the
eruption and the postnortem factors that led to collagen aging, bone collagen was preserved in most of the

samples as demonstrated by the high sequence coverages obtained in the herein presented analyses.

The samples with sequenasoverages morehan 20 % were used for statistical analysis, and manual
interpretation of collagen chains type | was performed for an accurate evaluation of deamidation (Asn, Gin)
and oxidation (Met). In a statistical analysis perspective, in some collagees, Asn, Glrand Met are

better detected than in others. At the same time, it is quite interesting that the poorly detectable zones are
immediately followed by the best detectable ones, suggesting a structural consideration behind.
Subsequently, thestatistically mos detected Asn, GIn, and Met were selected, and a second search was
performed to investigate if these "hot spots" of detection also consist of hot spots of deamidation. In
particular, we calculated the deamidation (Asn, GIn) and oxidafidet) values at imgle sites along the
collagen alphdl (1) and alph& (I) chains, discovering that indeed the most frequently detected sites were
also significantly modified. For this purpose, arh@use script based on peptides' intensities was used.
bsequently, werivestigated whether these positions are always detected with the same peptide and the
same combination of modifications. In up to 90% of the selected samples (33), the most deamidated and
oxidized peptides are detected with the same pepfidand the mosbbserved ms and ms/ms masses were
listed. A series of criteria were applied for the selection of the final peptatelidates that were eventually
tested on already published archaeological bones. Interestingly, in the older samplesa(8@jkall of the

peptides were identified both in the modified and unmodified form, and in the younger samplés (18
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century), that are generally less deamidated, not all of the selected peptides were deamidated, observing in
some cases that deamidated AsGIn belongs tdonger peptides. Afterwards, the selected peptides were
used for the calculation of deamidation (Asn, GIn) and oxidation (Met) using theuse script described
above. According to the fig S4 and S5 the samples demonstrate differenficatidn levelsthat chemical
modification increases from the younger to the older in the age samples. This fact confirms the suitability of
the selected peptides for a more accurate quantitative study. It is worth mentioning that the peptide
selection inthis work resuls from a mass screening on experimental data. Usually, the literature's
guantitation methods use peptides based on theoretical parameters regarding peptide ionif25g2i].
Therefore, we propose that this list of peptides can be used fontjadion studies although the validation

of their occurrence in different bone collagen matrices is still in progress.
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Supp orting Information

Selection of the best samples to be used for evaluation of deamidation (N,Q) and methionine oxidation

(M) level.
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Figure S1:Schematic representation of the protein sequence coverages of COL1Al (upper panel) and

COL1A2 (lower paneh the human bone samples of Pompeii, Herculaneum, Baia Scalandrone, Oplontis and

San Paolo Bel Sito.
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Evaluation of the most frequently detected N,Q and M in collagen chains type I.

Table 3. Deamidation sites along the sequence aaflagen alphdl(l) in Pompeii samples with collagen
protein sequence coverage >20. When the site is labeled as X indicates that the site was detected but is not

deamidated, while D indicates that the site was observed in the deamidated foebnindicates that both

deamidded and non deamidated form were detected. N are the not detected peptides.

Position AA PC188 PC189| PC193 |PC196| PC200[PC204
Collagen Sequence Covera( 34% 48% 46% 32% | 50% |28%
Protein score 1363 2341 2278 | 1206 | 2651 (964
199 Q X X X N N [N
202 Q X X D N N [N
229 N N N N N N N
250 Q N N N N N [N
295N X X N X XD |N
300 Q XD X N X XD |N
324N N XD XD XD X X
358 Q N XD X XD XD |N
367 Q N XD X N XD |N
387 N X XD X X XD |N
393 Q XD XD XD D XD |N
400 N N D XD X X |IN
421 Q D XD XD X XD |D
432 N N N N N XD |N
457Q X XD XD XD XD |D
561 Q D D D D XD |D
576 Q X XD XD XD XD |XD
619 Q XD XD XD X XD |X
634 Q N N X N N [N
643 Q N N X N N [N
661 Q N N D N N [N
688 Q D XD XD X XD |D
700 N XD XD N XD X N
705N D N N XD XD |N
721 Q XD X XD XD XD |XD
727 Q XD X XD XD XD |X
822 Q D XD XD XD N XD
855N X XD XD XD XD |X
891N D D N N XD |D
952 Q X XD XD D XD |X
957 Q X XD XD X XD |X
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966 Q X XD XD X X [X
985 Q X X N X N [N
1090 Q N X X N D |N
1102 Q N N N N X [N
1117 Q X X XD X X |X
1129 Q XD XD XD XD | XD |XD
1156 N XD XD D X XD |XD

Table 2: Deamidation sites along the sequence of collagen aljfid in Pompeii samples. with collagen PSQ
>20. When the site is labeled as X indicates that the site was detected in the unmodified form, while D
indicates that the site was observed time deamidate form. XD indicates that both deamidated and non

deamidated forms were detectedl are the not detected peptides.

Position AA PC188 | PC189 | PC193| PC196| PC200| PC204
Protein score 1124 2451 2441 | 1244 | 2841 | 1252
Collagen Sequence Coveral 22% 44% 44% | 38% | 53% | 32%
111 Q N N N X N N
114 Q N N N D N N
125Q N N N X N N
162 Q N XD X N D N
183 N N N N N N N
191 Q N N N N N N
207 N N N N N XD N
212 Q N N N N D N
272 N X XD XD D XD D
299 N X XD XD X XD XD
303N X XD XD X XD XD
359 N N N D N N N
369 Q N N X N N N
384 N X X XD X XD XD
435 N N XD XD N XD D
458 N X XD D XD XD X
491 N X XD XD XD X XD
507 N N N N D XD N
527 N N N N N N N
528 N N N N N N N
531 Q N N N N N N
537 Q N N N N N N
540 Q N N N N N N
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546 Q N N N N N N
555 Q N N N N N N
620 N D XD XD | XD | XD D
668 N N N N N X N
723N N XD XD D XD X
734 Q N XD XD D XD | XD
750 N D XD XD D XD X
768 N D XD XD N XD X
825 Q N N N N N N
864 Q N XD XD X XD | XD
918 N XD XD XD D XD | XD
929 N D X N D XD X
932 N D X N XD | XD D
941 Q N N N N N N
953 N N N N D X N
977N N XD D D XD N
1002 Q N N D N XD N

Table S: Deamidation sites along the sequence of collagen allftigin Herculaneum samples with collagen
protein sequence coverage >20hen the site is labeled as X indicates tteg site was detected but is not
deamidated, while D indicates that the site was observed in the deamidated feBnindicates that both

deamidated and non deamidated form were detected. N are the not detepégdides.

Position AA ECC1(¢ EFMC1| ECC10d4 ECC109 ECC111 ECC112 EFMC11| ECC113 EFPC11

7 07 2 4

Protein score 1791 535 761 592 1184 1314 1451 545 476

Collagen Sequence| 41% 22% 26% 22% 30% 35% 40% 23% 21%

Coverage

199 Q N N N N N X X N N
202 Q N N N N N X XD N N
229 N N N N N N N N N N
250 Q X N N N N N N N N
295N N N N X D XD XD N N
300 Q N N X X X XD X N N
324 N XD XD X XD XD XD XD XD D
358 Q X XD X D N N XD N N
367 Q XD N N X N XD XD N X
387 N X N N X X XD X N X
393Q X N N X X XD XD N X
400 N D X X XD XD XD XD D N

155



XD
XD

XD

XD

XD

XD

XD
XD
XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD
XD

XD
XD
XD
XD
XD
XD

XD
XD

XD
XD
XD

XD

XD
XD

XD
XD

XD
XD
XD

XD
XD

XD
XD

XD

XD
XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD
XD

XD

XD

XD

XD

XD

XD

XD

XD

421 Q
432N
457 Q
561 Q
576 Q
619 Q
634 Q
643 Q
661 Q
688 Q
700 N
705 N
721Q
727Q
822 Q
855N
891N
952 Q
957 Q
966 Q
985 Q

1090 Q

1102 Q
1117 Q
1129 Q
1156 N
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Table 8: Deamidation sites along the sequence of collagen alliid h Herculaneum samples with collagen
protein sequence coverage >20hen the site is labeled as X indicates that the site was detected but is not
deamidated, while D indicates that the site wdasserved in the deamidated form.-X indicates that both

deamidated and non deamidated form were detected. N are the not detected peptides.

Position AA ECC1| EFMC1| ECC10 ECC1J EFMC1| ECC1]1 ECC11] EFMC1| ECC11 EFPC1
07 07 8 9 09 1 2 12 3 14
Protein score 1670 675 711 627 449 1358 | 1430 | 1422 | 1056 971
Collagen Sequence | 34% 22% 21% | 20% 16% 33% | 36% 37% 26% | 27%
Coverage
111 Q N N N N N X X D N N
114 Q N N N N N X X X N N
125Q N N N N N X X D N N
162 Q D N N N N N N N N N
183 N N N N N N N N N N N
191 Q N N N N N N N N N N
207 N N N N N N N N N N N
212 Q N N N N N N N N N N
272N D D XD D N XD XD XD X X
299 N X N XD X X X XD XD XD XD
303N XD N XD D XD XD XD D XD XD
359 N N N N N N XD X N N N
369 Q N N N N N XD X N N N
384 N XD XD XD XD N N X XD N D
435 N N N N N N N XD N N N
458 N XD N N N N N D X N N
491 N XD N N N N N N XD N N
507 N N N N N N N N N N N
527 N N N N N N N N N N N
528 N N N N N N N N N N N
531 Q N N N N N N N N N N
537 Q N N N N N N N N N N
540 Q N N N N N N N N N N
546 Q N N N N N X N N N N
555 Q N N N N N D N N N N
620 N XD D XD XD XD XD XD XD XD XD
668 N N N N N N N N N N N
723N XD XD XD X XD XD XD XD XD XD
734 Q XD XD XD X X XD XD XD XD XD
750 N D XD D D D XD XD XD XD XD
768 N D X N XD D XD XD XD XD XD
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825Q N N N N N N N N N N
864 Q XD X XD X X XD XD XD XD XD
918 N XD XD X D D XD XD XD N X
929 N X N N N N N N N N D
932 N XD N N N N N N N N D
941 Q N N N N N N N N N N
953 N N N N N N N N N N N
977N D N N N N N N N N N
1002 Q N N N N N N N N N N

Table S: Deamidation sites along the sequence of collagen allfiain Scalandron®ay samples with
collagenprotein sequence coverage >20/hen the site is labeled as X indicates that the site was detected

but is not deamidated, while D indicates that the siteswabserved in the deamidated form-DXindicates

that both deamidated andion deamidated form were detected. N are the not detected peptides.

Position AA BSC182 | BSRC182 BSC183| BSFMC1| BSC184| BSFMC1l| BSC186 BSC187
83 84
Protein score 1071 1193 1326 967 1448 775 445 3242
Collagen Sequenc¢  31% 29% 34% 25% 36% 23% 21% 55%
Coverage
19 Q N N N N N N N D
202 Q N N N N N N N N
229 N N N N N N N N XD
250 Q N N N N N N N XD
295N X N N X X X N XD
300 Q X N N X X X N N
324 N N N X X XD D X N
358 Q N X N X X N D D
367 Q XD X D X N N N N
387 N D N N N X X N X
393Q X N N N D X N D
400 N N XD XD D D XD N X
421 Q XD XD XD XD D N N XD
432 N N N N N N N N XD
457 Q N N X X XD N N XD
561 Q N N N N N N N XD
576 Q XD XD XD XD XD X N XD
619 Q X XD XD N XD XD D XD
634 Q N N N N N N N XD
643 Q N N N N N N N XD
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661 Q N N N N N N N XD
688 Q D X N X D XD N XD
700 N XD N N XD X N X XD
705N X N N XD D N N X
721Q XD X XD XD D N N X
727 Q X X N XD D N N D
822 Q X X X N X X XD X
855N X X XD N X N N XD
891N N N D D XD N N XD
952 Q N X X N X N XD XD
957 Q N XD XD N XD N X XD
966 Q N D X XD N N N XD
985 Q N N N N N N X X
1090 Q X XD X X D X N XD
1102 Q N N N N N N N %D
1117 Q X X XD X X X X XD
1129 Q XD XD XD XD XD X XD X
1156 N D D XD N XD N D X

Table &: Deamidation sites along the sequence of collagen ala in Scalarmdne Bay samples with
collagenprotein sequence coverage >20/hen the site is labeled as X indicates that the site was detected
but is not deamidated, while ihdicates that the site was observed in the deamidated forA Xdicates

that both deamidatedand non deamidated form were detected. N are the not detected peptides.

Position AA BSC182 | BSRC182 BSC183 BSFMC183 BSC184 BSFMC184 BSC18G6 BSC187
Proteinscore 1069 1353 1482 878 1301 866 768 3157
Collagen Sequencq 28% 31% 36% 27% 33% 21% 23% 54%
Coverage
111 Q N N N N X N N N
114 Q N N N N X N N N
125Q N N N N X N N N
162 Q N X N X N N N N
183 N N N N N N N N N
191 Q N N N N N N N N
207 N N N N N N D D X
212Q N N N N N D D D
272N XD D D XD XD X X XD
299 N N X X N XD X X XD
303N N D D N D D D XD
359 N N N X N X X X X
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XD

XD

XD
XD

XD

XD
XD

XD
XD
XD
XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD
XD

XD

XD
XD

XD

XD
XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

369 Q
384 N
435 N
458 N
491 N
507 N
527N
528 N
531 Q
537 Q
540 Q
546 Q
555 Q
620 N
668 N
723N
734 Q
750 N
768 N
825 Q
864 Q
918 N
929 N
932N
941 Q
953 N
977 N

1002 Q
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Table 3: Deamidation sites along the segnce of collagen alph#(l) in Oplontis samples with collagen
protein sequene coverage >20/hen the site is labeled as X indicates that ¢ite was detected but is not
deamidated, while D indicates that the site was observed in the deamidated feBrindicates that both

deamidated and non deamidated form were detected. N are the not detected peptides.

Position AA OPC214| OPC215| OPC216| OPC217| OPC218| OPC226| OPC228
Protein score 1887 2128 2322 2196 1849 1623 1626
Collagen Sequence| 43% 45% 49% 49% 45% 40% 36%
Coverage
199 Q N X X XD X X N
202 Q N X X D D X N
229N N N N N N N N
250 Q N N N N N N N
295N X X X X X X N
300 Q X XD XD XD X X N
324 N XD XD XD XD XD X XD
358 Q XD XD XD XD XD XD N
367 Q D XD D XD XD X D
387N D XD XD XD XD N N
393 Q D XD XD XD XD N XD
400 N XD XD XD XD XD XD XD
421 Q XD XD XD XD XD XD XD
432 N X N N N N N N
457 Q XD XD XD XD XD XD X
561 Q N N D XD X N N
576 Q XD XD XD XD XD XD XD
619 Q N XD XD XD N XD XD
634 Q N N N N N N X
643 Q N N N N N N XD
661 Q N N N N N N XD
688 Q D N XD XD XD D N
700 N XD XD XD XD XD X N
705N XD XD XD XD XD D N
721 Q XD XD XD XD XD XD XD
727 Q XD X XD XD XD X X
822 Q X XD XD XD X XD XD
855N XD XD XD XD X XD XD
891N D XD XD XD XD X N
952 Q X XD XD XD X X XD
957 Q XD XD XD XD X X XD
966 Q D N XD XD XD N X
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