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Abstract  
 

Preservation of our cultural heritage is vital as it keeps alive the past that determines who we are, where we 

came from, and the human path's achievements over the years. Material culture, defined as every physical 

object, resource, and space that defines our culture, is powerful and appealing because it is probably more 

stable than human identity and social communities. Its preservation includes both cultural and economic 

processes [1,2]. 

Chemistry has a very active role and contributes significantly to the preservation of our cultural heritage, 

helping to transmit this wealth to the next generations [3]. The molecular characterization 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 the years. The 

answers to these questions are what determine how it will be kept alive in the future. However, chemistry is 

called upon to face immense challenges concerning the micro-invasiveness of the chemical approach, the 

high heterogeneity of the material encountered, and the tiny amount of samples in some of the cases. As a 

result, there is a demand for sensitive, versatile, and minimally invasive analytical approaches that can shed 

light on the origin of the material and its conservation state without provoking further deterioration. Mass 

spectrometry is an analytical tool that gained more and more attention in the last years because it includes 

fast analytical techniques of high sensitivity and accuracy that are micro destructive.  

Over the last 20 years, protein and mass spectrometry have been successfully adapted to the analysis of 

cultural heritage samples, actively contributing to the understanding of their origin and their preservation, a 

new scientific field known as palaeoproteomics [4]ς[14]. Proteins consist of a great target because of their 

high resistance over the years , giving us the possibility to recover information further back in time than 

previously thought possible [15]. Palaeoproteomics is complementary to a variety of analytical techniques 

(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 degradation 

state. The combination of these and proteomic approaches have obtained remarkable results in the field of 

cultural heritage, interpreting data related to the inorganic and organic material record of human cultural 

history[16][17].  

This Ph.D. project focused on developing proteomic analytical strategies with the use of mass spectrometry 

in archaeological objects and works of art. These strategies were used as such or combined with data 
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obtained by other analytical approaches for a more in-depth insight of material origin and use and the 

chemical degradation mechanisms taking place over the years. After a brief introduction of 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. thesis and organizes the projects 

on the basis 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 strategies for the characterization of collagen-based materials ranging from archaeological bones 

to animal glues. Chapter 4 describes the development of novel micro-invasive techniques for the molecular 

characterization of proteins in archaeological objects and works of art. Chapter 5 reports the 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 materials in archaeological remains such as amphorae, historical paintings, and wooden coffins.All 

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

published, under submission, or in preparation manuscripts. 
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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 well as archaeological sites. Nevertheless, the cultural heritage is not 

exclusively referred to material objects but also consisted of immaterial elements such as traditions, rituals, 

etc. For this reason, the term of cultural heritage is expressed either as tangible or intangible [1][2] 

The conservation of cultural heritage is essential for the conservation of our history and its transmission 

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 Nations Educational, Scientific and 

Cultural Organization), founded in 1954, has adopted international conventions on the protection of cultural 

heritage. 

Briefly, the conservation of cultural heritage applies simple ethical guidelines [3][4]: 

¶ Minimal intervention; 

¶ Appropriate materials and reversible methods; 

¶ Full documentation of all work undertaken. 

1.2 Chemistry and cultural heritage  

When we visit a museum or an art gallery, we easily forget that much chemistry lies behind the exhibits. For 

instance, in the case of historical painting, chemistry provides innumerable information regarding the 

chemical composition referring to proteinaceaous binders, colors, varnishes, and inorganic materials used by 

the artist. This information is essential not only for restoration purposes but also provides important 

historical background about the pictorial style of that period. Chemistry and cultural heritage are strictly 

connected since the former reveals information that might have been lost through the years, basically due to 

the chemical damage that the archaeological samples have undergone. Briefly, the questions that chemistry 

is usually called upon to answer in cultural heritage studies are, among others: 

¶ Chemical composition of archaeological remains in amphoraes, utensils etc for a deeper 

understanding of their use thereof, revealing food and cultural habits of the past.  

¶ Decoration techniques of archaeological objects and important archaeological sites.  
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¶ Identification of organic residues in works of art, such as paintings, helps to shed light on the used 

painting techniques, to attribute unknown artworks, and even more helps to an effective restoration 

intervention. 

¶ Molecular characterization of ancient skeletal tissues (human, animal) for archaeological, 

paleontological, phylogenetic, and taxonomic studies. 

¶ Investigation 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 techniques that require the use of the minimum amount of 

sample and which can reduce the invasiveness 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 techniques and approaches with the ultimate goal of answering several archaeological 

questions 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 their use to their production and finally their 

deposition 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 addressed our 

attention on the great potentialities of mass spectrometry, with a special focus on gas chromatographic 

separation coupled to mass spectrometric analysis (GC-MS). The analytical methodology requires in a first 

instance the extraction of organic molecules, which is one of the most difficult and challenging issues. We 

should remember that organic waste has been deposited in ancient objects for centuries or even thousands 

of years and has degraded over the time. The extracted polar and non-polar molecules are then chemically 

derivatized to become volatile and thus easily ionized and analyzed by mass spectrometry. Some of the 

biggest challenges can be summarized in: 

ω Difficulties that are related to sampling. 

ω9nvironmental and human contamination of the samples (also modern contamination). 

ω Chemical modification 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 molecules in the material under investigation. 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 the presence of contaminants due to 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 

obviously be very variable in type and 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 the type of soil, on humidity and on 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 soil [5][6]. The type of organic 

residues analyzed by archaeometric techniques are references in the next 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 advances in mass spectrometry have allowed 

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 provides an overview of the organic materials found in archaeological and artistic 

materials. 

1.4.1 Works of art  

Organic substances have been employed in the production of various works of arts, such as paintings, 

textiles, books, archaeological objects, adhesive for gilding, additives for plaster, mortars, and paint grounds. 

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

¶ Proteins: Egg, milk, animal glue, silk, wool, plant proteins, human and animal tissues [7] 

¶ Lipids: Animal fats, vegetable & drying oils [8] 

¶ Waxes: Beeswax, paraffin, vegetable and animal waxes [9,10] 

¶ Resins: Pine resins, plant resins such as styrax, animal resins and resins coming from the thermal 

degradation of wood [11] 

¶ Carbohydrates or polysaccharides: Starch, cellulose, plant gums (Arabic gum, tragacanth, ghatti, 

guar, locust bean, fruit tree gum) [12] 
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¶  Dyes: Cochineal, madder, kermes, saffron, purple, indigo, synthetic [12] 

1.4.2 Human and ani mal remains  

Bones are one of the most well-preserved remains in the fossil record. In the past, they were used for 

practical, hunting, symbolic, artistic, and ornamental reasons. Moreover, an enormous amount of 

information is stored in human bones and in animal remains and in teeth. Evidence of disease or illness is 

often embedded in bones or in teeth; thus, the analysis of archaeological bones reveals important 

information about the diseases of the past. It is often possible to determine the age at death, cause of death, 

sex, occupation, movement, and nutritional status. The reason why the scientific community focused on 

bone and teeth analysis is its resistance, that is due to its peculiar composition. Bones are constituted for up 

to 30% of organic material, mostly collagen proteins; teeth are usually constituted of enamel and dentine, 

both containing proteins. Bone and enamel, in particular, thanks to their high mineral content, are known to 

provide protein preservation for a long 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 often consist of more than 40% of the molecules identified in an archaeological sample[15] . 

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 organic molecules from 

archaeological remains such as amphoraes, contaminants come from the soil in the environments (natural 

compounds, bacteria, fungi, all irrelative to the ŀƳǇƘƻǊŀŜΩǎ ŎƻƴǘŜƴǘ ŀƴŘ ǳǎŜ ƛƴ ǘƘŜ Ǉŀǎǘύ ƻǊ ŦǊƻƳ ƘǳƳŀƴ 

presence during excavation and sample collection or later on in the laboratory. 

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

skin contamination is widespread because of some handling of the objects without gloves, a practice very 

diffused in the past in conservation science environments. Sometimes identification of the molecules 

becomes quite tricky such as because of the huge presence of contaminating keratins impairing confidence 

attribution.  Therefore, a series of precautions in the excavation process and subsequent processing of 

ancient remains are welcome and required. When unavoidable contaminants have to be considered, 

creation of contamination lists, inserted in the analytical 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 most used modern analytical techniques for the identification, 

characterization, and quantification of a big variety of molecules, ranging from small to big m/z. 

The most important characteristics of mass spectrometry are reproducibility, sensitivity, resolution, and 

accuracy. In particular, mass spectrometry is based on the determination of the molecular mass to charge 

ratio. Its unique capabilities and the ability to analyze molecules even when in complex mixtures, make this 

methodology suitable for the characterization of cultural heritage material and works of art [14].  

Major issues in a cultural heritage study are the degree of invasiveness and destructiveness, where 

invasiveness refers to the sampling method, while destructiveness refers to the actual analysis of that 

sample. The intrinsic heterogeneity and complexity of cultural heritage samples and the necessity to use a 

small quantity of samples, in order to preserve the entire heritage, makes vital to apply techniques that are 

barely invasive and very sensitive [14]. Mass spectrometry covers all of the aforementioned issues, as being 

sensitive since it requires a minimal amount of sample and being accurate since it gives reliable and high-

resolution results. 

The chemical analysis of a cultural heritage object can be divided into the analysis of the organic molecules 

(proteinaceaous materials, sugars, lipids) and the analysis of the inorganic ones. The first can be approached 

with mass spectrometry techniques (LC-MS, LC-MS\MS, GC-MS), while the inorganic part is commonly 

approached by spectroscopic techniques (Raman, FT-IR, etc.) 

1.5.1.1 Basic Principles of Mass spectrometry  

A mass spectrometer is an instrument that generates ions in the gas phase and separates them according to 

their mass-to-charge ratio (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, that reveals the ions separated by the mass analyzer and 

generates a quantifiable impulse which can be translated into a mass spectrum by the data system (Figure 

1). 
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Figure 1: - General scheme of a mass spectrometer (http://www.premierbiosoft.com/). 

Generally, mass 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, sensitivity, and resolution 

of an instrument [16]. All mass spectrometers operate at low pressure (from 10-5 to 10-9) as in case of high 

pressure, ion collisions can be provoked during the flight from the ion source to the mass detector. The 

stages of any mass spectrometric analysis are ion generation, ion acceleration, the direction of ions to the 

mass analyzer, and ion detection. Ionization 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 choice is based on the chemical-physical properties of the molecule, such as molecular 

weight, polarity, thermal stability, etc. However, only ions either positively or negatively charged are 

analyzed, although the most used ionization mode is the positive one, performed at low 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 simplest way is the 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 time as this would provoke ion saturation, leading to a 

superimposed mass spectrum. 

This coupling is generally on-line, and it allows the combination of complementary features: high sensitivity, 

selectivity, and specificity offered by MS with high performance in separation. 

The term ΨǎƻŦǘΩ or ΨƘŀǊŘΩ ƛƻƴƛȊŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ ŘŜǇƻǎƛǘŜŘ ƻƴǘƻ ǘƘŜ 

molecule during the ionization process. In hard ionization techniques, among which electron ionization (EI) is 

the most common, the use of high energies results in an abundant ion fragmentation. In soft ionization 

methods, the excess energy deposited onto the ionized molecule is very small, and stable even-electron ions 
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are formed. Soft ionization methods can be classified into three different groups: (a) gas-phase soft 

ionization; (b) spray ionization techniques; (c) desorption ionization techniques [17]. 

In this Ph.D., the ionization techniques that were mostly used are electrospray ionization (ESI) as spray 

ionization technique and matrix-Assisted Laser Desorption Ionization (MALDI) as desorption ionization 

technique. 

Electrospray Ionization (ESI)  

In ESI, ions are formed from peptides and proteins by spraying a dilute solution of these analytes at 

atmospheric pressure from the capillary, due to the potential that is generated between capillary and inlet to 

a mix of charged droplets [18]. As the droplets evaporate, the peptide and protein molecules in the droplets 

pick up one, two, or more protons from the solvent to form singly or, more frequently, multiply charged (e.g., 

[M+H]+, [M+2H]2+) ions. The number of charges acquired by a molecule depends on the molecule 

characteristics and charges follow a Gaussian distribution. As the droplets continue to shrink, the charge 

density on the surface of each droplet increases to the point where charge repulsion overcomes the forces 

ƘƻƭŘƛƴƎ ǘƘŜ ŘǊƻǇƭŜǘ ŀƴŘ ǘƘŜ ǎƻƭǾŀǘŜŘ ƛƻƴǎ ŎƻƴǘŀƛƴŜŘ ǿƛǘƘƛƴ ƛǘ ǘƻƎŜǘƘŜǊΦ Lƻƴǎ ŀǊŜ ǘƘŜƴ ΨŜƳƛǘǘŜŘΩ ƻǊ 

ΨŜǾŀǇƻǊŀǘŜŘΩ ŦǊƻƳ ǘƘŜ ŘǊƻǇƭŜǘ ǎǳǊŦŀŎŜ Ǿƛŀ Ŏƻulombic repulsion. The ions are sampled into the high-vacuum 

region of the mass spectrometer for mass analysis and detection (Figure 2). The typical solvent for peptides 

and proteins is a mixture of water and an organic modifier such as CH3CN, and up to a few percent by 

volume of trifluoroacetic acid, formic, or another volatile acid to enhance ionization of sample constituents 

[19]. A significant improvement in ESI technology consists of the development of nanospray ionization. The 

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

time available for analysis [20]. 

 

Figure 2: A scheme of ESI ionization technique (www.macscientists.com) 
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Desorption Ionization Techniques  

Matrix-Assisted Laser Desorption Ionization (MALDI) 

Lƴ ǘƘƛǎ ƳŜǘƘƻŘΣ ǘƘŜ ŀƴŀƭȅǘŜ ǎƘƻǳƭŘ ōŜ ƳƛȄŜŘ ǿƛǘƘ ŀ ƭŀǊƎŜ ŜȄŎŜǎǎ ƻŦ ŀƴ ŀǊƻƳŀǘƛŎ ΨƳatriȄ ŎƻƳǇƻǳƴŘΩ ǘƘŀǘ Ƙŀǎ ŀ 

strong absorption at the wavelength of the laser used to excite the molecules. For instance, the matrix 

compound a-cyano-4-hydroxycinnamic acid can absorb the energy from a nitrogen UV laser (337 nm).  The 

addition of the matrix compound 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 avoided [21]. 

The analyte and matrix are dissolved in an organic solvent and then spotted on a metallic target. Later, the 

solvent evaporates, leaving the matrix and analyte co-crystallized. The target is placed in the vacuum 

chamber of the mass spectrometer, and a high voltage is applied. At the same time, the crystals are 

bombarded with a short laser pulse (1ς20 ns), which causes the sample and matrix to be volatilized. The 

formation of ions occurs by an acid-base reaction between the ionized matrix molecules and the analyte 

molecules. Desorption ionization 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. 

 

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

Ions formed in the ions source are then accelerated to the mass analyzer, where they are separated 

according to their m/z ratio. The mass analyzer plays an essential role as it defines the performance of the 

instrument, including accuracy, resolution, sensitivity, and MS/MS capability. The main  types of mass 

analyzers are :Analyzers are classified according on ion separation mode. Quadrupole (Q), Time Of Flight 

(TOF), as also the magnetic and electrostatic double sector mass analyzers , separate in space , while 

Orbitrap, ion traps, and Fourier circular ion transformation (FTICR) analyzers, separate the ions in time [17]. 

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. Ions oscillate in 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. Constant oscillations are achieved 

only with ions given m/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/z into focus on the detector and thus build up a mass spectrum. 

 

Figure 4: A scheme of quadrupole mass analyzer (http://www.chm.bris.ac.uk/ © Paul. J gates 2014)  

  

http://www.chm.bris.ac.uk/
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Time of Flight Analyzer 

In Time-of-flight mass spectrometry (TOF-MS) an ion's mass-to-charge ratio is calculated after a time of flight 

measurement. In particular, ions are accelerated in an electric field, and those that are charged have gained 

kinetic energy.  

The time the ions take to travel to the detector depends on the mass-to-charge ratio (the lower the m/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 mass-to-charge ratio [23]. 

Many improvements have been made through the years, the most important being the introduction of 

άǊŜŦƭŜŎǘƻǊέ ƛƴ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ƻŦ ¢hC ŀƴŀƭȅȊŜǊΣ ǘƘŀǘ ŀƭƭƻǿ ŀƭƭ ƛƻƴǎ ǿƛǘƘ ǘƘŜ ǎŀƳŜ m/z values but different 

kinetic energy to arrive at the same time to the detector, resulting in narrow peaks and higher resolution 

(Figure 5). 

 

Figure 5:- A scheme of TOF analyzer with reflector [24].  

One of the significant advantages of the TOF analyzer is that it has no restriction on the m/z range, which 

enables it to analyze ions with m/z values ranging from a few hundred to 500000 and higher. This is an 

essential characteristic for its coupling with MALDI in the study of large molecules. In fact, as ions produced 

by MALDI are generally singly charged species, their m/z values can be very high. Due to its high resolution 

and mass accuracy capabilities, TOF is currently coupled with all ionization techniques.  
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Orbitrap Analyzer  

In Orbitrap, ions are trapped in an electrostatic field produced by two electrodes: a central spindle-shaped 

and an outer barrel-like electrode (Figure 6). Ions move in harmonic, complex spiral-like motions around the 

central electrode while moving back and forth over its longitudinal axis in harmonic oscillation with a 

frequency that depends only on their values m/z [25]. The oscillating ions create an electric current in the 

outer electrode, and the mass spectrum is obtained by a Fourier transform of the recorded current. The 

longer the current recording period, the better is the resolution [26]. 

 

Figure 6:- A scheme of Orbitrap. Ions enter Orbitrap through the opening in the outer electrode. Under the 

influence of an electric field, they start to move around and along the central electrode creating concentric 

rings. The motion of ions induces an image current in the outer electrode, which is recorded and used for the 

determination of m/z ratios of ions by Fourier transform (www.creative-proteomics.com) 

1.5.1.2 Tandem Mass Spectrometry  

Tandem mass spectrometry is used to produce structural information about a compound by fragmenting 

specific analytes inside the mass spectrometer and analyzing the fragment ions. Tandem mass spectrometry 

also enables the identification of specific compounds in complex mixtures because of their specific 

fragmentation patterns.MS/MS is based on two stages of mass analysis, one to select a precursor (or parent 

ion) and the second to analyze fragment (or daughter ions). Instruments for tandem mass spectrometry can 

be classified as a tandem in space or tandem in time [27]. Tandem in space means that ion selection, ion 

fragmentation, and fragments analysis are events that occur in three different regions of the spectrometer; 

instruments of this type are, for example, the triple quadrupole (QqQ) and hybrid instruments such as QqTof 

or TOFTOF. In tandem in time instruments, those three steps of analysis occur in the same region of the 

spectrometer but at different times; QIT and LIT are instruments classified as a tandem in time.  
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Figure 7: Scheme of tandem in space and in a triple quadrupole mass spectrometer 

(www.biologie.hu-berlin.de). 

In tandem in the space mass spectrometer, the first mass analyzer is used to selectively pass an ion into a 

reaction region, while the second mass analyzer is used to record the m/z values of the dissociation 

products. Generally, the 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 Dissociation (CID) [23]. Inelastic collisions between the precursor ion with high translational 

energy and a neutral target gas convert part of ion translational energy into internal energy, leading, 

therefore, to its decomposition. All CID processes can be separated into two categories based on the energy 

of the precursor ion. Low-energy collisions are common in triple quadruples (QqQ), hybrid devices, such as 

QqTof [28], and trapping devices, such as ion traps (IT). They occur in the 1ς100 eV range of collision energy, 

while high-energy collisions, as in the sector and TOF/TOF instruments are in the keV collision energy range. 

The precursor ion beam, having a kinetic energy of a few keV, can enter the collision cell, usually causing 

single collisions before mass analysis of the product ions. Moreover, high-energy CID spectra usually show 

increased side-chain fragmentation. 

Peptide precursor ions, dissociated by the most usual low-energy collision conditions, fragment along the 

backbone at the amide bonds, forming structurally informative sequence ions and less useful non-sequence 

ions by losing small neutral molecules like water, ammonia, etc. The amino acid backbone has three different 

types of bonds (NH- C-H, C-H-CO, and CO-NH), 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 spectrometer. At each amino acid 

residue, there are six possible fragment ions: the a, b, and c ions that are charged on the N-terminal 
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fragment, and the x, y, and z ions that are charged on the C-terminal fragment (Figure 8). The most common 

cleavage sites are at the CONH bonds, which give rise to the b and/or y ions [20,29].  

 

Figure 8: Peptide ion fragmentation nomenclature. The charge on the C-terminus designs a y-ion, whereas 

charging on the N-terminus designs a b-ion. The other additional types of fragmentation are also 

indicated[30]. 

The Mass Spectrum 

The mass spectrum is a two-dimensional plot that reports the m/z ratio of ions and their relative intensity. This 

means that the most abundant ions are assigned as 100%. The appearance of the mass spectrum is 

determined by the amount of energy deposited on the molecule during the ionization. If it is high, the mass 

spectrum is characterized by molecular and fragment ions. However, in the case of soft ionization 

techniques, due to the low energy, the mass spectrum reports only the protonated/deprotonated molecule 

and a few adduct ions but not fragment ions [22]. 

Database Searching and Interpretations  

Once a mass spectrum has been obtained, protein identification can be performed with the use of several 

bioinformatics tools [12].  In particular, MS data are compared to peptide mass values contained in the 

selected primary sequence database and that have been subjected to virtual hydrolysis. Software that are 

based on scoring algorithms return a list of proteins, each of which is associated with a probability index 

(score), calculated as - 10*Log P, where P is the probability that the observed event of matching is random. 

Typically, the research is carried out with sequences that are present in NCBI and SwissProt databases and 

Chordata (Vertebrates and Relatives)/ All Entries as taxonomic restrictions. There are several bioinformatic 

tools in the literature to identify proteins, such as MASCOT [31], PEAKS [32], pfind [33], MaxQuant [34]. The 

choice of the search ŜƴƎƛƴŜ ǎƘƻǳƭŘ ōŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǳǎŜǊΩǎ ǎǇŜŎƛŦƛŎ ŀƛƳ ǎƛƴŎŜ ǾŜǊȅ ƻŦǘŜƴ ǘƘŜȅ Řƻ ƴƻǘ Ŏƻƴǘŀƛƴ 

the same features. This is particularly true in case of the discovery of protein chemical modifications. 

[35][36].   
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1.5.1.3 GC-MS 

The GC-MS technique combines the separation capacity of gas chromatography (GC) with the potential of 

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

The advantages of this technique are: 

¶ DǊŜŀǘŜǊ ǎŜƴǎƛǘƛǾƛǘȅ ǘƘŀƴ ŘŜǘŜŎǘƻǊǎ ŎƻƳƳƻƴƭȅ ŎƻǳǇƭŜŘ ǘƻ D/ όƭƛƪŜ ǘƘŜ ŦƭŀƳŜ ŘŜǘŜŎǘƻǊ Ҧ CL5ύ 

¶ They offer more possibilities to identify the analyzed substances by comparison in databases of the 

mass spectra of each analyte. 

To separate the different species that are present in a mixture, the GC uses their chemical properties for 

separation. Once the individual compounds of the mixture have been separated, they pass inside the MS, 

where they are subjected to ionization and consequent fragmentation (Figure 9). 

 

Figure 9: Simplified schematic diagram of a gas chromatograph (http://diydiagram.accademia-archi.it/).  

The mixture to be analyzed is introduced into the gas-chromatograph injection system and vaporized inside a 

high-temperature chamber so as to obtain a gaseous mixture which passes through a capillary column, which 

allows the separation of the components taking advantage of the different attitudes that each molecule or 

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

The mobile phase, called "carrier," is an inert gas (He2) that flows through the column in which it is located. 

The stationary phase is generally constituted by a capillary column of variable length between 30 and 60 

ƳŜǘŜǊǎ ŀƴŘ ŀ ŘƛŀƳŜǘŜǊ ōŜǘǿŜŜƴ м ŀƴŘ лΦнр˃ƳΦ 
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The capillary column is contained within an adjustable thermal system; in practice, the temperature 

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 point has been reached, 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 GC-MS is the electronic ionization source that allows the formation of ions 

through the impact of the analytes with a high energy electron beam (about 70eV) produced by an 

incandescent tungsten filament. When these electrons touch the electronic sphere of a molecule, the 

phenomenon of electronic impact occurs. The energy supplied by the electron beam also produces a 

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

The ions pass into a quadrupole that can operate in two modes: SIM, where a constant voltage is applied on 

the quadrupole bars, and therefore only some ions will be allowed to transit with a given m/z ratio; SCAN, 

where a whole mass range is scanned. 

Finally, ions are detected by the energy of collision of ions on the detector surface; when a change in current 

is observed, the peak is recorded. The obtained chromatogram shows the ionic current (TIC) as a function of 

the retention time; in addition, we also get the spectrum of fragmentation that allows us to identify the 

substance under investigation. The spectra are acquired, stored, and presented; the identification is 

performed by comparing the spectra produced with known spectra contained in the database.[37,38] 

To be able to analyze a mixture, compounds must be derivatized to become more volatile. There are several 

ways to derivatize: 

¶ Silylation,  

¶ Acylation,  

¶ Cyclic derivatives formation, 

¶  Alkylation, 

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

triglyceride, and to form the methyl-ester by reaction 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 inorganic and organic materials. It gives both structural and chemical information. 

It is a spectroscopic technique based upon the Raman effect, or scattering, discovered in 1928 by C.V. 

Raman [39,40], an Indian physician Nobel laureate in 1931.Raman scattering, or Raman Effect [40], is an 

inelastic scattering of light: incident light can interact with atoms and molecules in different ways such as 

absorption, and both elastic and inelastic scattering: 

¶ In the first case, the light incident is completely absorbed, and the system is transferred to an 

excitation state from which it can reach various lower levels. Decay to lower energy states comes with 

energy emission whose form is related with resonance lifetime length: most common decay mechanisms 

come with heat emission while resonance lifetime from 10-9 to 10-7 seconds order are typically related to 

fluorescent emission consisting in ligƘǘ ŜƳƛǎǎƛƻƴ ŀǘ ŀ ƘƛƎƘŜǊ ǿŀǾŜƭŜƴƎǘƘ ό˂eҔi˂) then incident radiation; 

longer decay times ( 10-3 to 10-2 seconds) are associated to phosphorescence emission which differs from 

fluorescence just for decay time. Other decay paths include induced resonance or an important 

biochemical process involved in photosynthesis, known as photo-oxidation. 

¶   Elastic scattering, also known as Rayleigh scattering, is the elastic scattering of electromagnetic 

radiations by particles smaller than the wavelength of light itself (Figure 10). This common phenomenon is 

responsible, for example, for the blue and light blue coloration of the sky. Scattered photons present the 

same wavelength and frequency as incident photons resulting in no energy loss. 

¶    In that case, a small fraction of the light is scattered following the Raman Effect mechanism 

(inelastic scattering), and the frequency among the photons and incident photons to be different (Figure 

10). 

Describing this phenomenon in terms of energy exchanges, a photon at a fixed freqǳŜƴŎȅ ό˄0), from a laser 

source, with an energy content described by hv0, interacting with a molecule brings this latter from its 

fundamental state (a ground state in image) to an exciting virtual energy level. In the case of elastic 

scattering, decay brings to the emission of a photon with ve=v0, and the molecule returns to its actual 

state; in Raman Stokes scattering cases, instead, decay does not bring the molecule to its ground level but 

to a different vibration energy state (Figure 10): emitted photon will have Stoke frequency defined as: 

0˄  ς ˄ e  Ґ ˄st 
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If the starting condition of the sample molecule is an energized state and, after excitation, decay brings it to 

ground level, we talk about Raman anti-Stokes scattering (Figure 2.2.1). In anti-Stokes energy, content is 

defined as: 

0˄ Ҍe˄ = ˄ ast 

These differences between the incident and emitted frequencies are referred to as Raman Shift that in 

spectroscopic and microscopic Raman applications are usually expressed in terms of wavenumber (cm-1): 

ɲ c̟m-1 Ґ ό˄0 ς ˄ st)/c 

Where c represents the speed of light. Raman spectroscopy is widely used in chemistry since vibration 

information is specific to the chemical bonds and symmetry of the molecules. 

 

Figure 10: the different possibilities of visual light scattering: Rayleigh scattering, Stokes scattering, and 

anti-Stokes scattering (the atom or molecule loses energy; the emitted photon has more energy than the 

absorbed photon)[41].   
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Stokes bands are more intense than anti-Stokes bands and hence are measured in conventional Raman 

spectroscopy, while anti-Stokes bands are measured with fluorescing samples because fluorescence causes 

interference with Stokes bands [20]. 

1.5.2.2 FT-IR 

Infrared spectroscopy is the analysis of the interaction of the material with electromagnetic fields in the IR 

region. In this region, a molecule can be excited to a higher vibrational state by absorbing IR radiation. The 

probability of a particular IR frequency being absorbed depends on the actual interaction between the 

electromagnetic radiation at these frequencies and the specific molecule. The frequencies of the 

ŀōǎƻǊǇǘƛƻƴ ōŀƴŘǎ ǾΣ ŀǎ ǊŜǇƻǊǘŜŘ ƛƴ .ƻƘǊΩǎ law, are proportional, through Plank's constant (h), to the energy 

difference between the vibrational ground and excited state (E) [42] 

9 Ґ Ƙˎ 

FT-IR microscopy is an almost universal vibration technique, susceptible 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 function of the wavenumber in cm-1.Transmittance (T) is defined as: 

T = I/I0 

Where I is the radiation intensity transmitted and I0 is the intensity of radiation incident. is expressed as the 

reciprocal of transmittance by the following equation 

A=log (1/T)=log(I0/I)  

The general scheme of the FT-IR spectrometer is as follows: 

 

Figure 11: Diagram of an FT-IR spectrometer with Michelson interferometer[41].  
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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 the second 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 a collimated 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 recombine interfere. The recombined IR 

beam passes the sample (or the reference) and reaches the detector. The mathematical procedure, which 

is employed to convert the IR interferogram (intensity versus time, also called time domain) to an IR 

spectrum (intensity versus frequency, also called frequency domain), is called Fourier transformation [42] 

The main limitation of the FT-IR technique is the onset of strong IR bands due to water, which overlaps with 

important regions that 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 Optical microscopy 

The petrographic microscope provides one of the 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 

optical properties. 

Optical microscopy allows to study and observe two-dimensional or three-dimensional samples. Especially 

in the two-ŘƛƳŜƴǎƛƻƴŀƭ ƳƛŎǊƻǎŎƻǇȅ ƛǎ ōŀǎŜŘ ƻƴ ƳŀǘŜǊƛŀƭǎΩ ǘƘƛƴ ǎŜŎǘƛƻƴ ƻōǎŜǊvation which optical properties 

are bound to structural, chemical traits. Petrological microscope takes advantage of polarizŜŘ ƭƛƎƘǘΩǎ 

properties and its interactions with materials. In general, we can do observation in-plane light and crossed 

polarizers to investigate the optical phenomenon, such as Pleochroism, extinction, and color 

interference.[43,44] 

The 3D observations allow morphological and textural characterizations, observation, and study of physical 

properties (growth effect, luster, color, fracture, inclusion, etc.). These observations can be realized on 

minerals and, of course, rocks, gems, cultural heritage objects, films, polymers, etc. 
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1.6 Palaeoproteomic: A window into the past  

The advent of high-sensitivity mass spectrometry (MS) has allowed palaeoproteomics to become increasingly 

relevant in the fields of archaeology and evolutionary biology[45]. For instance, in the study of ancient bones 

and teeth, many MS-based techniques have been implemented to allow protein identification, species 

distinction, investigation of protein degradation pathways, and post-translational and taphonomic 

modifications. Given that nucleic acids are much less stable than proteins, the potentiality of recovering 

information from ancient proteins has intrigued scientists for over half a century. Ancient proteins are likely 

to suffer diagenetic alterations, and recent research has therefore largely focused on bottom-up, peptide-

based proteomics also to characterize the molecular effects of aging and degradation. Soft ionization 

techniques such as ESI and MALDI have, therefore, been extensively used for the analysis of ancient proteins 

[46ς48]. MS screening of species-specific peptides in specific proteins (mainly collagen) has recently been 

used as a low-cost, rapid alternative to DNA sequencing for taxonomic attribution of morphologically 

unidentifiable small bone fragments and teeth from diverse archaeological remains [49,50]. 

Amongst the techniques to approach the analysis of ancient objects, mass spectrometry (MS) has gained 

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

Palaeoproteomics aim to protein identification and to the characterization of post-translational 

modifications occurred either in vivo or during ageing. There are two proteomic approaches known as 

bottom-up and top-down. In bottom-up, proteins, or complex protein mixtures, are subjected to enzymatic 

hydrolysis with the use of a proteolytic enzyme (most frequently trypsin) and the peptide mixture is analyzed 

by MS. In top-down proteomics, intact proteins or large protein fragments are directly analysed and 

fragmented for MS analysis [51]. Post-translational modifications (PTMs) or diagenetically induced chemical 

modifications of ancient proteins are part of what makes palaeoproteomics so much challenging. Chemical 

modifications include both those derived from biological and diagenetic pathways. Biological PTMs (i.e., 

methylation, di-methylation, alkylation, hydroxylation, fucosylation, phosphorylation, to name a few) are 

related to physiology of the specific organism and might reveal evolutionary adaptations of the organism. On 

the other hand, diagenetically derived modifications (i.e., deamidation, oxidation, carboxymethylation) are 

the result of post-mortem decay and indicate how proteins degrade over geological time. The information 

that can be obtained in the study of protein chemical modifications 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 degradation that can be precious for palaeoenvironmental studies or 

characterizing protein diagenetic alteration over time, including a possible (relative) quantification to 

discriminate potential contaminating from endogenous proteins. 

Among the specific modifications of collagen, a high number of hydroxyproline and hydroxylysine are 

observed in fibrillar collagens. Most importantly, more confident identifications are commonly obtained for 

these proteins by taking into account these extensive post-translational modifications when collagen is 

present [52]. Biochemical analysis has indicated that the extent of lysine hydroxylation of collagen is highly 

variable in comparison with proline hydroxylation[53][54]. Approximately 50% of proline residues in collagen 

are hydroxylated in various genetic types of collagen in different tissues, and it does not significantly change 

under physiological conditions. The extent of lysine hydroxylation, however, can vary from 15 to 90%, 

depending on the collagen types. In addition, within type I collagen, it varies significantly from tissue to 

tissue and under the physiological/pathological condition of the tissue [53][55], highlighting the variability at 

which hydroxylation occurs within living tissues. Hydroxylation is restricted to collagens in 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, proteome-wide phosphorylation. This regular 

PTM receives significant attention in clinical proteome studies of modern proteomes and has recently been 

observed across enamel proteomes of 2 million years old [56]. There is, therefore, an opportunity to study 

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

The most frequently observed chemical modification is the oxidation of methionine (mass shift of +16 Da) 

that can occur both in vivo and in vitro as well as during sample manipulation and is often checked during 

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

has been described as a molecular clock that regulates the timing of in vivo processes. Deamidation is a 

spontaneous chemical modification that plays a vital role in protein degradation [57]. It occurs at Asn, and 

Gln amino acids resulting, respectively, in aspaǊǘƛŎκƛǎƻŀǎǇŀǊǘƛŎ ŀŎƛŘ ŀƴŘ ƎƭǳǘŀƳƛŎκʴ-glutamic acid, and it 

represents a potential aging marker (Figure 12)[20]. Conversions of Asn and Gln to aspartic and glutamic 

acids can be detected by MS techniques and MS/MS methods, despite the fact that the modification 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 characterization of aging in proteins from fossils to works of art [58ς62].  
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Figure 12: Schematic representation of deamidation of Asn and Gln [63,64] 
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2. Aim of the thesis  

This Ph.D., was part of the EU funded European training network Tempera and was focused on the 

development and application of proteomic strategies for the molecular characterization of archaeological 

objects and works of art with the use of mass spectrometry. Moreover, this works was also focused on the 

study of the degradation processes that the proteins have undergone over the years in an attempt to 

discover molecular signatures of their conservation state. Taking as a starting point the study of collagen, 

one of the most persistent bone proteins in the fossil record, proteomic bottom-up approaches regarding 

protein extraction and discovery of chemical modifications with the use of several bioinformatics tools were 

developed. Once the proteomic protocols had been established, we complemented our knowledge in search 

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 perspectives, leading to more integrated results.  

Chapter 3 describes the development of proteomic strategies for the characterization of collagen-based 

materials. Initially, as a small introduction to the chapter, a chemical review on primary collagen sources 

such as bones and teeth reports the potentiality of ancient skeletal tissues for palaeoproteomic studies. 

Subchapter 3.1 deals with the analysis of ancient human bones from the excavation sites in the Vesuvius 

area. In particular, a bottom-up proteomic approach was applied, and screening of the obtained MS data 

was performed in search for molecular signatures 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 peptides that 

can be used for a quantification of deamidation (Asn, Gln) and oxidation (Met). Furthermore, at the end of 

this chapter, a wide-broad protocol for the extraction of lipids, sugars, and proteins was applied for 

molecular characterization of animal glues used for restoration purposes. The analytical methodology 

includes the use of gas and liquid chromatography-mass spectrometry.  

Chapter 4 was focused on the development of micro-invasive techniques for the characterization of proteins 

in archaeological objects and works of art. More specifically, innovative micro-invasive kits (subchapters 4.1 

& 4.2) were developed with the immobilization of trypsin taking advantage of the adhesive properties of a 

specific type of hydrophobins,  known as Vmh2. The kits have already been applied to several types of 

archaeological objects, and the obtained results have been published. Subchapter 4.3 reports some 

improvements and future perspectives in the development of other kits by using a different type of polymer-

based materials.  
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In Chapter 5, a combination of mass spectrometric with microscopic and spectroscopic techniques was used 

for a more in-depth characterization of archaeological amphoraes and historical paintings.  More specifically, 

in-depth characterization of the pigments in the surface layer or in the several layers of the archaeological 

paintings was performed with the use of microscopy or Raman spectroscopy. The use of organic binders such 

as natural gums waxes and oils or proteinaceaous binders such as collagen, egg etc was confirmed with the 

use of mass spectrometric approaches. In this way, a more 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 content and their possible use. 

Also, important information regarding the degradation processes undergone over the years was 

demonstrated too. A summary of all projects performed in this Ph.D. is reported below based on the 

scientific approach. Also, a list of the publications as outcome of the single projects is also reported.  

Palaeoproteomic projects performed during this PhD  

3. Proteomic strategies for the characterization of collagen-based materials 

3.1. Chemical review on Paleoproteomic analysis of bones and teeth 

3.2. Written in bone proteins: molecular signatures in the 79 AD skeletal remains from Herculaneum and 

Pompeii. 

3.3. Selection of peptide biomarkers in human bone collagen for the evaluation of deamidation (N, Q and 

oxidation (M), by targeted proteomics. 

3.4. Molecular characterization of animal glues for restoration purposes 

4. Development of micro-invasive techniques for protein identification and characterization in the field of 

cultural heritage  

4.1 Minimally Invasive and Portable Method for the identification of Proteins in Ancient Paintings 

4.2 A versatile and user-friendly approach for the analysis of proteins in ancient and historical objects. 

4.3 Development and future perspective for a micro-invasive tool for the analysis of proteins in historical 

objects.  
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5.Combination 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 earliest organic binding medium in 

Aegean wall paintings from Tel Kabri, 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 Hera in Paestum shed lights 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 and teeth, 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 bone proteins: molecular signatures in the 79 AD skeletal remains from Herculaneum and 

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

3.3. Selection of peptide biomarkers in human bone collagen for the evaluation of deamidation (N, Q and 

oxidation (M), by targeted proteomics; Ntasi G, Palomo I, R, De Chiaro A, Marino G, Petrone P.P, Birolo L 

,under submission 

3.4. Molecular Characterization of animal glues for restoration purposes;. Ntasi G; Bonaduce I, Sbriglia S, 

Marino G, Birolo L, under submission 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Marino%20G%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
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Chapter 4 

4.1. Minimally Invasive and Portable Method for the Identification of Proteins in Ancient Paintings, Ntasi G, 

Cicatiello P, Rossi M, Marino G, Giardina P, Birolo L,  Anal. Chem. 90 (2018) 10128ς10133. 

https://doi.org/10.1021/acs.analchem.8b01718. 

4.2. A versatile and user-friendly approach for the analysis of ancient proteins. Ntasi G, Kirby D, Stanzione I, 

Carpentieri A, Somma P, Cicatiello P, Marino G, Giardina P, Birolo L. J. Proteomics. 231 (2021). 

https://doi.org/10.1016/j.jprot.2020.104039. 

Chapter 5 

5.1. Evolved Gas Analysis-Mass Spectrometry to Identify the Earliest Organic Binder in Aegean Style Wall 

Paintings. (Linn R, Bonaduce I, Ntasi G, Birolo L, Yasur-Landau A, Cline EH, Nevin A, Lluveras-Tenorio A) 

Angew Chem Int Ed Engl. Oct Ed. 57 (2018) 13257ς13260. https://doi.org/10.1002/anie.201806520. 

5.2. A multidisciplinary assessment to investigate an XXII dynasty wooden coffin, Melchiorre C, Ioio L, Ntasi 

G, Birolo L, Trojsi G, Cennamo P, Barone MR, Fatigati G, Amoresano A, Carpentieri A, International journal of 

conservation science, Volume 11, Issue 1, January-March 2020: 25-38. ISSN:2067-533X 

5.3. Organic remains in amphorae from the temple of Hera in Paestum shed some light on solemn 

ceremonies; Vergara A, Ntasi G P, Birolo L, manuscript in preparation. 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ntasi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cicatiello%20P%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rossi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marino%20G%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giardina%20P%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Birolo%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30063323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Linn%20R%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bonaduce%20I%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ntasi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Birolo%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yasur-Landau%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cline%20EH%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nevin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lluveras-Tenorio%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30095860
https://www.ncbi.nlm.nih.gov/pubmed/30095860
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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 fossil record due to its mechanical, structural and 

chemical properties. Its longevity lies on the Gly-X-Y repetitive sequence and a uniquely high content of Pro 

and Hyp that make it quite stable [1,2]. For this reason, most of the paleoproteomic studies are based on 

collagen identification and characterization of its diagenetic alteration over the years. Collagen identification 

in archeological bones and teeth has contributed significantly in the fields of evolutionary biology explaining  

phylogenetic relationships of human and animal species [3ς10]. Animal glues consist of another collagen 

source that was used in the past as proteinaceaous binders in paintings [11] and therefore its 

characterization has contributed both to the history of the artworks as also in the restoration processes 

regarding their preservation to the next generations [12ς17] . Due to the natural or diagenetic alteration 

over the years the characterization of collagen chemical modifications is crucial. In this respect, deamidation 

can constitute an important modification to start with, since it is now widely accepted as an important 

biomolecular marker of the deterioration and natural aging of proteins in artistic and archaeological 

materials [18ς20]. 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 discovery of other potential biomarkers to be searched for in ancient samples. 

Aim of the study  

The results have been reported in the chapter of a book on palaeoproteomics and three manuscripts, 

currently in preparations. 

Book chapter:   

Chemical review on Palaeoproteomic analysis of bones and teeth. Georgia 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, Francesco Sirano, Enrico Cappellini, Leila 

Birolo, and Pierpaolo Petrone. Manuscript 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 proteomics. Georgia Ntasi, Ismael Rodriguez Palomo, Addolorata De Chiaro, 

Gennaro Marino, Paolo Petrone and Leila Birolo. Manuscript in preparation. 

- Molecular characterization of animal glues for restoration purposes. Georgia Ntasi, Sara Sbriglia, Rosanna 

Pitocchi ,Chiara Melchiorre, Laura dello Ioio, Giancarlo Fatigati, Ilaria Bonaduce, Andrea Carpentieri, Gennaro 

Marino and Leila Birolo. Manuscript in preparation 
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3.1 Manuscript 1:  Chemical review on Palaeoproteomic analysis of bones and 

teeth  

Georgia Ntasi, Frido Welker 

Abstract  

The high-sensitivity of current mass spectrometry instruments has permitted palaeoproteomics to become 

relevant in the fields of archaeology and evolutionary biology. Taking advantage of the continuous 

development of MS techniques, it is now possible to extract ancient skeletal proteins, characterize the 

preserved proteome, and discover diagenetic or biological derived modifications. This information, by itself, 

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

to paleopathology and phylogenetic and taxonomic studies. Here we illustrate the potential of ancient 

skeletal tissues for palaeoproteomic studies. We explore the differences in the protein survival, define the 

difference between in vivo and in vitro protein chemical modifications, which occur either because of protein 

diagenetic alteration over time or during the life of the organism. Finally, we will indicate some future 

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

Protein survival in ancient bones and dentine 

Bones consist of 70% inorganic material, predominantly hydroxyapatite. The remaining 30% is organic 

material, of which the protein component is largely composed of collagenous proteins (85-90%, primarily 

collagen type I) and 10-15% of non-collagenous proteins (NCPs). The last category includes serum proteins, 

proteoglycans, glycosylated proteins (including small integrin-binding ligand, N-linked glycoprotein, so-called 

SIBLINGS), glycosylated proteins with potential cell-ŀǘǘŀŎƘƳŜƴǘ ŀŎǘƛǾƛǘƛŜǎΣ ŀƴŘ ŀ ǾŀǊƛŜǘȅ ƻŦ ʴ-carboxylated 

(gla) proteins such as MGP[1]. 

The inorganic phase of bone gives resistance to compression forces and is composed of hydroxyapatite 

crystals with a formula often generalized as Ca10(PO4)6(OH)2. Bone collagen is composed largely from 

collagen type I (COL1). COL1 is a triple helix composed ouǘ ƻŦ ǘƘǊŜŜ ʰ-ŎƘŀƛƴǎΥ ǘǿƻ ƛŘŜƴǘƛŎŀƭ ʰм όLύ ŎƘŀƛƴǎ ŀƴŘ 

ƻƴŜ ƎŜƴŜǘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ʰн όLύ ŎƘŀƛƴ[2]. All fibrillar collagens are synthesized in the form of soluble precursor 

molecules, called procollagens, with large N- and C-terminal propeptide domains. The C-propeptides are 

removed during subsequent stages of biosynthesis, leaving the short C-telopeptides. The extent of N-

terminal processing depends on the collagen type. For procollagens I, II and III the N-propeptides are 

completely removed, leaving short N-telopeptides, typically about 20 residues in length at both the N- and C-
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termini. In contrast, N-terminal processing of procollagens V and XI leaves large N-terminal domains, which 

help to modulate fibril formation. The mature triple helical region, characteristic of collagens, is located 

between these mature telopeptides. For COL1, the mature helical region of the alpha chains contain 338 

triplets of amino acids constructed from repeating Gly-Xaa-Aaa triplets, where Aaa and Yaa can be any amino 

acid but are frequently the amino acids proline and hydroxyproline, respectively[3]. The glycine (Gly) at every 

third position of each chain is a prerequisite for the folding of the three chains into a tight triple helix. In 

addition to collagen type I, several other forms of collagen are frequently present in bone as well, like the 

above-mentioned collagens II, III, V and XI. 

 

Figure 1: Collagen fibril formation. After transcription and translation, the processing of the N- and C-termini 

of procollagen lead to spontaneous assembly of collagen fibrils. These are subsequently stabilized by the 

formation of covalent cross-links. 

The bone and dentine proteomes are not solely composed of collagens, however. A minor but highly diverse 

proteome component is composed of a variety of non-collagenous proteins (NCPs). 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 (leucine rich-repeat), some regulate collagen fibril diameter (decorin, osteonectin), 

some are related to matrix organization (aggrecan, versican), and others, such as biglycan, interact with 

collagen type II and type I. Furthermore, SIBLING proteins (osteopontin, bone sialoprotein) are responsible 

for bone mineralization and remodeling. Glycoproteins with arginylglycylaspartic acid-containing (RGD) cell 
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attachments motifs are also frequently present (thrombospondin, fibronectin, vitronectin, fibrillin). FinaƭƭȅΣ ʴ-

carboxylated (gla) proteins (matrix Gla protein , osteocalcin, protein S) may inhibit mineralization through 

the regulation of osteoclasts. Bone and dentine proteomes are similar, consisting primarily of type I collagen 

and NCPs. The NCPs are less abundant 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 sialoprotein (DSP). 

However, just a few studies have focused on the analysis of dentine [4]. This 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 on collagen sequences have given a deeper 

insight into the evolutionary relationships of several species [5ς7]. 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 mass spectrometry since 

the exploitation of protein and genome databases allows the taxonomic characterization of the species. A 

classical bone extraction protocol starts with homogenization, sometimes in tandem with sample clean up. 

Subsequently, a demineralization or 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 used. Afterwards, 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 quaternary, tertiary structure, and secondary protein structures. There are 

different mechanisms that explain the protein unfolding but the 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 proteolysis. This is 

usually performed with the use of trypsin since it is a specific enzyme that digests the C-terminal of lysine 

and arginine. Finally, before enzymatic hydrolysis, a pre-digestion step is sometimes performed, for example 

by using rLysC [9,10], to enhance trypsin digestion. The last step of each proteomic protocol is peptide clean 

up where desalting and protein purification 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. 

https://en.wikipedia.org/wiki/Quaternary_structure
https://en.wikipedia.org/wiki/Tertiary_structure
https://en.wikipedia.org/wiki/Secondary_structure
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Table 1: Summary of some proteomic bone collagen extraction protocols . All these examples use trypsin as 

protease. 

Step Treatment Duration Temperature 

Demineralization EDTA 2-10 days 4-28 °C 

HCl 1-24 hours 25 °C 

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

TCEP & CAA 2-4 hours >60 °C 

Denaturation GuHCl 30 minutes 25 °C 

Urea 30 minutes 25 °C 

Buffer (mix of Ura, Thiourea, CHAPS, GuHCl) 30 minutes 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), Iodoacetamide (IAM), 

tris(2-carboxyethyl)phosphine (TCEP), Chloroacetaldehyde (CAA), Guanidine Hydrochloride (GuHCL), 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS).References: [12ς17]. 
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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 biological formation. Enamel originates from the ectoderm of the embryo whereas the 

dentin originates from the ectomesenchyme (Richard Scott and Turner 2000). The ameloblasts (enamel-

forming cells) are differentiated from their precursor cells before the odontoblasts (dentin-forming cells) do. 

The ameloblasts die after the formation of enamel and before eruption of the tooth is completed. Enamel is 

therefore an a cellular tissue for most of its existence, and 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 (enamel-specific proteins), and 1% water. Dentin, on the other hand, is 70% inorganic with the 

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 contains non-collagenous proteins, DNA, 

and lipids[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, albeit with higher diagenetic 

modifications[20ς22]. Furthermore amelogenin, one of the major proteins in enamel, allows for proteomic 

sex identification. The amelogenin gene is located on the X-chromosome (AMELX) and on the Y-chromosome 

(AMELY). Both copies have acquired a different amino acid sequence over time due to non-recombination of 

the Y chromosome. 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 creates a potential for 

animal and human sex identification studies in ancient samples in the future [23,24].  

 Palaeoproteomics and phylogeny  

The evidence for the evolutionary relationships between extinct and extant species is nearly always 

incomplete, as the vast majority of species that have ever lived are extinct and relatively few of their remains 

have been preserved in the fossil record. In addition, evolutionary processes shaping the skeletal skeleton, 

such as convergence and size-induced allometry, have the potential to mask true phylogenetic relationships. 

Therefore, in the past decades genetic analysis of extant and extinct species through DNA analysis has 

rewritten significant parts of the animal tree of life. 

 Ancient DNA analysis of ancient remains is currently able to sequence complete genomes ς allowing 

the vast, unbiased recovery of evolutionary information present in such genomes. This has led the 

https://paperpile.com/c/LtXSOS/PDV0
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chromosome
https://www.britannica.com/science/extinction-biology
https://www.britannica.com/science/fossil-record
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reconstruction of the evolutionary relationship of extinct species such as mammoths[25], flightless birds 

[26], or extinct lemurs [27] in comparison to their modern counterparts. They have even led to the 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ά5ŜƴƛǎƻǾŀƴǎέΣ ŀƴ ƻǘƘŜǊǿƛǎŜ ǳƴƪƴƻǿƴ ƎǊƻǳǇ ƻŦ ƘƻƳƛƴƛƴǎ Ƴore closely related to 

Neanderthals than to modern humans. In addition, as these analyses are not restricted to the maternally-

inherited mitochondrial genome only, they are able to detect subtle but significant signatures of ancient 

introgression between closely related species. For example, all humans outside of Africa contain a small 

percentage (usually 2-3%) of DNA deriving from Neanderthals [28]. In other words, somewhere during the 

migration of humans out of Africa, they interacted with Neanderthals, interbred, and this genetic exchange is 

now identifiable in all non-African humans. 

 However, due to the intrinsic instability of ancient DNA, the preservation of ancient DNA is both 

temporally and geographically biased. Ancient DNA studies generally focus on specimens younger than 

100,000 years, and in most cases a lot younger than that. In addition, ancient DNA preservation 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 not accessible in the majority of cases through ancient DNA analysis. Recent studies have 

indicated that ancient proteins survive for time periods longer than DNA, however [29,30] . Ancient 

proteomes can be phylogenetically informative even in cases where there is no ancient DNA preservation, 

implying that ancient protein analysis is able to recover evolutionary information beyond the preservation 

horizon of ancient DNA [31,32]. 

 This has led a number of studies to explore the phylogenetic analysis of ancient proteins derived 

from now-extinct species [33] collagen type I sequences from Plesioycteropus. Plesiorycteropus is an extinct 

mammal from Madagascar, a highly unfavourable environment for ancient DNA preservation. The phylogeny 

ǇǊŜǎŜƴǘŜŘ ǊŜǎƻƭǾŜǎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ άaŀƭŀƎŀǎȅ ŀŀǊŘǾŀǊƪέ ŀǎ ƳƻǊŜ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǘƻ ŜȄǘŀƴǘ ǘŜƴǊŜŎǎ ǘƘŀƴ 

extant aardvarks (Orycteropus), demonstrating that the skeletal similarity between the Plesiorycteropus and 

Orycteropus is due to convergence. Similar analyses focused on the recovery of collagen type I sequences, 

the dominant bone protein, have subsequently analyzed extinct ground sloths[34], South American 

ungulates (Figure 10.2; [35]), and an extinct giant beaver [36]. In each case, ancient DNA was either not 

present, unlikely to be present, or highly contaminated with modern DNA. Subsequently, a number of other 

studies focused on the recovery of entire ancient proteomes for similar purposes. Such larger proteomes are 

more informative, and therefore able to analyze more complex speciation patterns or species divergences 

that occurred close in time (i.e., there was little time available to accumulate sufficient, observable, changes 

in the protein sequence). They have been applied to the rhino genus Stephanorhinus [22,37], helped revise 

https://paperpile.com/c/LtXSOS/zWwB
https://paperpile.com/c/LtXSOS/5mBb
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the taxonomic identity of a syntype of the Asian elephant as an African elephant [38], and even elucidated 

the evolutionary placement of a now-extinct great ape [39]. 

 Similarly, the ability to recover phylogenetically informative protein sequences from ancient skeletal 

tissues can also be applied to human and hominin tissues. For example, ancient genomes are available for 

Neanderthals, Denisovans, modern humans, and all great ape species. Together, these provide a catalogue 

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 Neanderthals and Denisovans [40,41]. Combined with the longevity of ancient 

protein survival compared to ancient DNA survival, this suggests that proteins represent a biomolecule able 

to provide molecular insights into the evolutionary processes shaping human evolution during the Early and 

Middle Pleistocene ς time periods without regular ancient DNA survival, but a key period in the formation of 

the human lineage.  

https://paperpile.com/c/LtXSOS/7deM+mxjm
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Figure 2: The phylogenetic analysis of ancient proteomes. a Partial protein sequence alignment of 

Macrauchenia and Toxodon COL1a1. Although the ancient protein sequences are incomplete, they contain 

phylogenetically-relevant positions (SAPs). Amino acid positions identical to the consensus are indicated by 

ǘƘŜ άΦέΦ b Phylogenetic analysis of a larger alignment of mammalian collagen type I sequences, indicating that 

Macrauchenia and Toxodon are distant relatives of extant odd-toed 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 concentrated on the analysis of bones, 

teeth, and dental calculus since they are potential reservoirs of ancient biomolecules. Especially for the 

latter, teeth are coated with a bio-film known as dental plaque, that is made up out of microbes, proteins, 
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DNA, lipids, and other micro-residues that at some point entered the oral cavity. Over time, minerals 

deposited in plaque hardens to form tartar, or dental calculus, trapping its organic and non-organic 

components. The formed dental calculus can therefore provide valuable 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, hygiene and diseases of 

ǇŜƻǇƭŜΩǎ ǇŀǎǘΦ ¢ǊŀŘƛǘƛƻƴŀƭƭȅ ǘƘŜ ƳƛŎǊƻōiome is studied with techniques such as DNA sequencing. Warinner 

and colleagues demonstrated that protein mass spectrometry characterization of human dental plaque is 

possible. Subsequently, Jersie-Christensen and colleagues illustrated its potential to investigate the 

interactions between the host and the pathogenic species in a quantitative manner for ancient samples 

based on ancient proteins alone [42] . 

Additionally, apart from diseases in the past, dental plaque has been studied for the investigation of dietary 

habits. For instance, animal milk as a food resource has been identified to samples dating back to at least the 

Bronze Age (ca. 3000 BCE), directly from individuals and their dairy livestock and not from the survival of 

milk residues or milk bacteria in pottery fragments [43]. The identifiŎŀǘƛƻƴ ƻŦ ǘƘŜ ǿƘŜȅ ǇǊƻǘŜƛƴ ʲ-

lactoglobulin (BLG) with the use of tandem mass spectrometry has demonstrated its use as a milk biomarker 

of dairy consumption. In addition, the BLG protein has a different amino acid sequence between cattle, 

sheep, and goat species. 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 different 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 calculus. The identification of BLG 

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 within 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 milk-derived proteins [44]. The potential 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 long-term reservoir of proteins, its contents are influenced by a combination of in vivo 

mechanisms and post-depositional degradation processes that can be expected to act differently between 

individuals [45]. High inter-individual 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 better interpretation 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 tissues with various potentials in 

the palaeoproteomic field. Rich of remaining proteins, skeletal proteomes can address phylogenetic 

questions and assist in species identification. Depending on the tissue of origin, there are marked differences 

in proteome composition between 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 habits, hygiene and diseases affecting past 

populations. In addition, the characterization of diagenetic and in vivo protein modifications further 

highlights the potential of bone, dentine, and enamel in providing access to past molecular processes 

occurring within 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, Enrico Cappellini, Leila 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-

MS/MS. Human bones from Scalandrone Bay (II 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, already published archaeological 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 

quite robust for samples 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 I revealed that some zones are more susceptible to deamidation than others. Backbone 

cleavage analysis confirmed that some zones apart from deamidation are more susceptible to spontaneous 

hydrolysis too. Analysis of post-translational modifications showed higher advanced glycation products of 

lysine and arginines 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 hydroxyproline were detected 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 Pompeii and 

Herculaneum underwent different degradation processes. 

Introduction  

Ancient protein analysis provides clues to human life and diseases from ancient times. Proteins represents 

promising means for identifying and characterizing archaeological and fossil samples, either human 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 post-mortem decay arising from a unique combination 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 years [1]. The application of 

proteomics to the study of ancient bones holds great potential for increasing our understanding of many 

ŀǎǇŜŎǘǎ ƻŦ άǇŀƭŜƻōƛƻƭƻƎȅέ ǎǳŎƘ ŀǎ ǘƘŜ ŜǾƻƭǳǘƛƻƴΣ ǘƘŜ Ƙŀōƛǘǎ ŀƴŘ ǘƘŜ ŜŎƻƭƻƎȅ ƻŦ ŀƴŎƛŜƴǘ ƻǊƎŀƴƛǎƳǎ [2-6].  

Diagenesis of bones, however, the process by which skeletal tissues are transformed post-mortem, is quite 

complex and depends upon several factors [7,8]. Central to the extreme preservation is the close interplay 

between the organic and the inorganic constituents, while the diagenetic destiny is closely linked to the 

nature of the depositional environment [7]. Bone is a composite material made up by inorganic material, 

namely bioapatite, carbonate-substituted hydroxyapatite, and organic portion, of which about 90% is Type I 

collagen, the remaining 10% comprising the so-called non-collagenous proteins (NCPs), lipoproteins and 

mucopolysaccharides [7]. Collagens are unique and the dominant proteins in most eukaryotes, well 

preserved and highly conserved throughout the evolution of species due to their essential biological function 

as well as their peculiar sequence, made of one third of glycine, and characterized by the repetitious 

sequence Gly-Xaa-Yaa, where the Xaa and Yaa positions are typically found to be proline and hydroxyproline, 

respectively, the latter being a peculiar and abundant post-translation modification contributing to collagen 

stability via hydrogen bridges. Despite the quite simple amino acid sequence of collagen chains, collagen 

experiences a wide and heterogeneous array of post-translational modifications (PTMs), ranging from 

hydroxylation (on P and L), glycosylation, and crosslinking. Mass spectrometry-based techniques have been 

widely applied to characterize collagen and its PTMs [9] (and references therein), and are expected to 

provide interesting clues also in chemical modifications induced by post-mortem protein degradation. So far, 

analysis of ancient bone proteins highlighted expected modifications such as deamidation of asparagine and 

glutamine Gln [10-13] and methionine  oxidation [14]. Actually some extent of deamidation is now 

considered so unavoidable for aged collagen [15] to be taken into account as forensic marker in the 

evaluation of post-mortem decay of bones [16]. A few further diagenetically induced modifications were 

observed: some aminoadipic acid formation from lysine and tryptophan oxidation products [14], advanced 

glycation end-product (AGEs) [14,17,18], backbone cleavage [17,18], and some reactions occurring on 

prolines have been only hypothesized [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 chemical degradation of collagen influenced 

by several factors. Definitively, temperature 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 of study, because of the peculiar destiny, state of preservation [19] and, above 

all, because all individuals experienced analogous environmental burial 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 produced by the eruption of Vesuvius in AD 79, that killed everyone who had 

not been evacuated or managed to flee [20].  

Here we searched for molecular signatures imprinted in the survived protein component performed on 

bones collected from a significant group of victims from the ancient beach of Herculaneum [21], and also 

from Pompeii [19]. The skeletons were in an extraordinarily good state of preservation as a result of the 

unusual death and burial conditions 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 vaporization of soft 

tissues and replacement by the volcanic ash [19].  

At Herculaneum  the ash bed deposit was permanently saturated by groundwater [15], therefore the anoxic 

burial environment of the skeletons was most likely able to inhibit microbial attack and related diagenetic 

processes [22]. This is testified by the microscopic examination of ground cross sections of the juvenile and 

adult long bones from both sexes, which did not show evidence of structural diagenetic change by 

microorganism activity [21]. A sole osteoalteration consisted of widespread micro cracking, due to exposure 

ƻŦ ǘƘŜ ǾƛŎǘƛƳǎΩ ŎƻǊǇǎŜǎ ǘƻ ǘƘŜ ǇȅǊƻŎƭŀǎǘƛŎ ǎǳǊƎŜ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ [23,24]. Being a unique cross section of the 

entire living population, the Herculaneum skeletons are particularly suited to paleobiological investigation. 

Several bone samples were also taken from the Pompeii plaster casts [25].  

In Pompeii, the temperature of 250-300 °C experienced by the victims was sufficient to kill people instantly, 

but it was not high enough to vaporize the 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 be filled with plaster of Paris in order 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 population from the Campanian region were considered (Baia, Scalandrone site, 

II sec. AD, wƻƳŀƴ ƛƳǇŜǊƛŀƭ ŀƎŜΣ tǳǘŜƻƭƛΣ bŀǇƭŜǎΣ LǘŀƭȅύΦ LǘΩǎ ƛƴǘŜǊŜǎǘƛƴƎ ǘƻ ƴƻǘƛŎŜ ǘƘŀǘ ǎƻƳŜ ŦŀƳƛƭȅ ƎǊƻǳǇǎ 

belonging to gentes from Pompeii and Herculaneum migrated to Puteoli after the eruption of Vesuvius [19]. 

Bones can be considered time capsules, like the 79 AD ǾƛŎǘƛƳǎΩ ŎƻǊǇǎŜǎ ŀǎ ǿŜƭƭ ώмфϐΣ ǎƛƴŎŜ ƛƴŘƛǾƛŘǳŀƭ ŘŜǎǘƛƴȅ 

can be imprinted on their molecules [12]. The observed chemical modifications are all signatures of the 
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oxidative environment to which the bodies were exposed, and data herein reported testify the exceptional 

preservation of proteins. In particular, bone collagen survives even the harshest conditions of temperature 

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

Results 

Proteome of human bones.  

A shotgun proteomics approach by LC-MS/MS (Figure S2) was applied to skeletal samples excavated from 

Pompeii (7 samples) and Herculaneum (5 samples) archaeological sites (79 AD victims of Vesuvius eruption). 

Samples collected from three individuals from Roman Imperial Age (II 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. All specimens are illustrated in the table S1 and figure S1.  Moreover, raw data from proteomic 

analyses of archaeological bones from a completely independent excavation site were also used for 

comparative evaluation of the results: samples H-162, H-142 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 were used: only peptides with score higher than 70 were 

considered and 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 Baia Scalandrone varied 

among individuals from 2 to 27 and included collagenous and non-collagenous 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 collagen alpha-1 (I) and collagen alpha-2 (I), were confidently identified in 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 Baia Scalandrone) while samples from Herculaneum 

exhibited a quite wider protein content (13 proteins on average, ± 7). Bone proteome complexity is affected 

by several factors, including burial age [26], but, in this case, since bones from Pompeii and Herculaneum are 

exactly coeval, death/burial environmental conditions have done the difference in protein survival in the two 

different sets of samples [16]. Raw data of Control samples were processed with the same constraints as the 

samples herein prepared, and a large number of proteins, (38 ± 0) were identified, as already reported [15].  

Despite a general big variability among the individuals within the different groups (Figure S3), samples can be 

grouped in function of the excavation site in respect to NCP content. We definitely observed that samples 

from Herculaneum conserved more NCPs than samples from Pompei. Venn diagram using the ensembles of 
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the proteins identified in each sample group shows that the proteins identified in Pompei are common to all 

the groups, and that Herculaneum and Scalandrone Bay shared several proteins (Figure S4, table S4).  

The types of non-collagenous proteins identified in this study agree with those expected for an 

archaeological bone [27, 28]. Although the abundant collagen might be masking the presence of some other 

low-abundance NCPs, most of the identified NCPs proteins are small leucine-rich proteoglycans (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 pigment epithelium-

derived factor). Moreover, alpha-2-HS-glycoprotein, also known as fetuin-A 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, prothrombin and antithrombin III, and Protein Z-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 of  methionine, deamidation of asparagine and glutamine, as 

well as the backbone cleavage, are all degradation phenomena commonly observed and routinely searched 

for in ancient/aged proteins [14, 29]. 

Deamidation. Firstly, deamidation of asparagine (N) and glutamine (Q) residues, among the most common 

and most informative diagenetically derived modifications in proteins [30, 13, 12], was examined. While the 

occurrence of extensive deamidation technically complicates 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 the sample under consideration [31]. Deamidation (N,Q) is indeed 

ŎƻƴǎƛŘŜǊŜŘ ŀƴ ƛƴŘƛŎŀǘƛƻƴ ƻŦ άŀǳǘƘŜƴǘƛŎŀƭ ŀƎŜέΣ ŀƴŘ ƛǘ Ƙŀǎ ǊŜŎŜƴǘƭȅ ōŜŜƴ ǎystematically measured in an 

extensive set of archaeological and paleontological bones as well as other archaeological remains [30]. We 

evaluated deamidation occurrence in this set of samples, keeping in mind the suggestion 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 factors. As expected, proteins in 

our samples are extensively 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 and, in agreement to what already reported by [18], peptides from non-collagenous 

proteins showed very high to complete deamidation in comparison to peptides derived from collagenous 
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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 Control samples are significantly younger than samples from Vesuvius area 

(Control samples date 1657ς1683 AD [15]), and are definitively less deamidated than Pompeii and 

Herculaneum samples. Variations were observed from individual to individual in the three groups from the 

Neapolitan volcanic area (Figure S6-S7). As a general trend, we can confidently assess that the lower the 

number of surviving proteins the higher the deamidation level, and, it can be worth observing that the few 

NCPs identified in samples from Pompei are almost completely deamidated. Apparently, other factors rather 

than temperature might have played the biggest role in deamidation, since we can see that samples from 

Scalandrone bay, that were not exposed to the high temperatures of the volcanic eruption, but had been 

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 almost comparable deamidation level as samples from Herculaneum and 

Pompeii.  

 

A 
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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 control (H-162, H-

142) from [15]). Error bars 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 I chains, to explore 

the possibility of hot spots for deamidation rather than an average distribution. Figure S8 illustrates the 

deamidation values at single deamidation sites along collagen alpha-1 (I) and alpha-2 (I) chains. The label size 

indicates the relative intensity of 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, conceivably 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 giving the sense that deamidation profile is quite robust for samples with a similar age and 

similar burial soil and suggesting that three-dimensional arrangement might affect the local deamidation 

level. 

Oxidation of methionines: With the same approach the oxidation of methionines (M) was evaluated. Figures 

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

from the zero values of control samples, all the proteins in all groups are almost totally oxidized (100%), 

B 



 

68  

demonstrating that methionine oxidation follows another pattern than deamidation. Furthermore, we 

investigate the oxidation values at single oxidation sites along collagen alpha-1 (I) and alpha-2 (I) chains. 

Almost all oxidation values are either 1 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 protein sequence coverage. 

Backbone cleavage. Backbone cleavage of the polypeptide chain is also expected as a degradation feature in 

ancient proteins [32, 18, 33], and can be evaluated since, upon trypsin hydrolysis, semi-tryptic peptides will 

be generated, with trypsin cleavage site only at one end. Search for semi-tryptic peptides was carried out on 

collagen type I chains only for comparative purposes, since they are the only polypeptide chains shared 

among all the samples. The frequency of semitryptic peptides was evaluated as  the percentage of 

semitryptic peptides over the total number of identified peptides for each chain, on the basis of spectrum 

matches (PSMs).  

Fig. 2 reports the relative abundance of peptide-spectrum matches (PSMs) of semitryptic peptides over the 

total number of peptides of collagen alpha-1 (I) and alpha-2 (I) chains in all the samples considered. The 

frequency of backbone cleavages is generally high. However, no clear-cut difference was observed among 

the samples from the volcanic area or with the control sample.  
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Figure 2: Occurrence of backbone cleavages evaluated as percentage of PSMs of semytriptic peptides in the 

single samples. The number of peptide-spectrum matches (PSMs) of semitryptic peptides over the total 

number of peptide-spectrum matches (tryptic plus semitryptic peptides) is reported for collagen alpha 1(I) 

and collagen alpha 2 (I) for each sample.  

¢ƘŜ ǇŜǇǘƛŘŜǎ ǎƘƻǿŜŘ ŀ ǾŜǊȅ ŘŜƎǊŀŘŜŘ ǇŀǘǘŜǊƴ ǎƛƳƛƭŀǊ ǘƻ ŀ άǇŀŎƳŀƴέ ǇŀǘǘŜǊƴ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ ƻōǎŜǊǾŜŘ 

peptides are the result of cleavages occurring in regions of the collagen chains rather than in specific peptide 

bonds (Figure S12), differing in one amino acid. 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 cleavages are spread along the sequences while 

in the samples of Pompeii, Herculaneum and Scalandrone Bay are localized in some regions of the protein 

sequences. These hot spots are between 266-286, 481-511, 772-796 and 1051-1118 sites of COL1A1 with a 

window of ± 2 amino acids, and in COL1A2 between 154-167, 232-250, 320-340, 425-438, 499-517, 681-708, 

965-1006 and 1042-1066 with a window of ± 2 amino acids (Figure S13).  
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The cleavage frequency was then re-evaluated considering the regions rather than the single peptide bonds, 

by calculating 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 hydrolyzed in samples of Pompeii, Herculaneum and Scalandrone Bay. The higher 

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

Other non-enzymatic modifications. The data-depended peptide algorithm of MaxQuant [34][35] was used 

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

occurrence within the dataset. The modifications were chosen after filtering with localization probabilities of 

җул҈ ŦƻǊ ƳƻŘƛŦƛŜŘ ǇŜǇǘƛŘŜǎ ŀƴŘ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ŘŜǘŜŎǘƛƻƴ ƻŦ 5t /ƭǳǎǘŜǊ aŀǎǎҗ рǘƛƳŜǎ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ όǎŜŜ 

figure 3). As expected, hydroxylation of prolines is fairly abundant, actually overwhelming most of the other 

modifications, as well as deamidation at asparagines and glutamines. 

 

Figure 3: bǳƳōŜǊ ƻŦ ƛŘŜƴǘƛŦƛŜŘ t{aǎ ƻŦ άŘŜǇŜƴŘŜƴǘ ǇŜǇǘƛŘŜǎέ ǿƛǘƘ Ƴŀǎǎ ǎƘƛŦǘǎ ŦƻǊ ŎƻƭƭŀƎŜƴ ŎƘŀƛƴǎ ƛƴ ǘƘŜ 

groups of Pompeii, Herculaneum, Scalandrone bay and the control samples (H-142, H-162) [15]. Mass shifts 

ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŀŦǘŜǊ ŦƛƭǘŜǊƛƴƎ ǿƛǘƘ ƭƻŎŀƭƛȊŀǘƛƻƴ ǇǊƻōŀōƛƭƛǘƛŜǎ ƻŦ җул҈ ŦƻǊ ƳƻŘƛŦƛŜŘ ǇŜǇǘƛŘŜǎ ŀƴŘ ƻŎŎǳǊǊŜƴŎŜ ƻŦ 

ŘŜǘŜŎǘƛƻƴ ƻŦ 5t /ƭǳǎǘŜǊ aŀǎǎҗ 5 times for each sample. Reported data only include mass shifts 

corresponding to known oxidative modifications 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 modifications in standard MaxQuant searches, 

by setting the modifications as variable in separate runs, for each group separately, as detailed in table S2. 

To confirm peptide assignment, we manually inspected MS/MS spectra (and some examples are reported in 

the supplementary information) thus also allowing us to confidently assess the site localization of the 

selected chemical modifications.  

The frequency of modified residues in respect to the amino acid detection is reported in the tables S4. It is 

worth mentioning that each position was considered only once in this calculation, even when the position 

was present in overlapping peptides. 

Furthermore, the frequency of chemical modifications at a specific primary structure position was semi 

quantitatively evaluated using the MaxQuant calculation of mod/base ratio as reported in [36].  

Interestingly, a high occurrence of mass shifts on lysine (K) and arginine (R) (Figure 4 and 5) was observed, 

that were interpreted as glycation products, with a high incidence in the samples group of Pompeii. Protein 

glycation involves the binding of reducing sugar carbonyl groups to protein amino groups, or the reaction of 

-hdicarbonyls such as glyoxal or methylglyoxal, that are continuously formed during oxidative degradation of 

sugars, with lysine and arginine residues, leading to a series of molecular reactions collectively called 

Maillard reaction that generate a variety of complex compounds called advanced glycation end products 

(AGEs) [37-40]. Among lysine-derived AGEs, Nʶ-(carboxymethyl)lysine (CML) and Nʶ-(carboxyethyl)lysine 

(CEL) are the most studied representatives and were significatively observed in the samples from the 

eruptive area (Figure 4). Formylation at lysine side chains, oxidative deamination of lysine to aminoadipic 

acid, another marker of protein carbonyl oxidation [41] that can be associated to decomposition after death 

[14], and carbamylation, that has been reported as a hallmark of protein aging [42], were all also observed in 

collagen from samples from Herculaneum and Pompeii. Among arginine-related AGEs we detected the 

hydroimidazolones MG-H1 and G-H1 formed by reaction of arginine side chain with the oxoaldehydes 

methylglyoxal and glyoxal [43], respectively, and a substantial formation of ornithine (Fig S16 and 

fragmentation spectra at fig S26) [44], 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 bones from Pompeii (Figure 4 and 5). 
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Figure 4: Extent of modified lysine residues, reported as percentage of modified over detected (modified 

plus unmodified) ones.  

 

Figure 5: Extent of modified arginine residues, reported as percentage of modified over detected (modified 

plus unmodified) ones.  
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Histidine is one of the targets of oxidative modifications [29], generating 2-oxohistidine and dioxohistidine 

that can evolve 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 histidine residues in Pompeii and Herculaneum have been found modified (tableS3d).  

 

Figure 6: Extent of modified histidine residues, reported as percentage of modified over detected (modified 

plus unmodified) ones.  

aŀǎǎ ǎƘƛŦǘǎ ǘƘŀǘ ŀǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ /ʰ-/  ̡bond cleavage of the side chains of serine and threonine, 

which result in the formation of glycine (G) (-30.011 Da and -44.026 Da, respectively) were observed (Fig. 7, 

Fig S17, Fig S27). This modification resembles what recently reported on histidine residues [29] and generally 

postulated as a result of radical transfer to backbone following oxidation reactions [46-48], although it has 

never been reported so far for serine and threonine residues. However, this modification is not a prerogative 

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

samples.   
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Figure 7Υ 9ȄǘŜƴǘ ƻŦ /ʰ-/ʲ ōƻƴŘ ŎƭŜŀvage at serine and threonine reported as percentage of modified over 

detected (modified plus unmodified) residues.  

Proline is a rather complex and often neglected target of chemical modification. The abundance of this 

residue in collagen, exceeding 20% of the total amino acids in human type I 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 challenging (see figure S14 for the occupancy 

of hydroxylation of proline along the sequences of COL1A1 and COL1A2). It has already been suggested that 

an increased level of hydroxylated prolines might result from a non-enzymatic oxidation[49]. The peculiar 

cyclic structure of proline results in an oxidative fate different from that of other aliphatic side chain [50]. 

Unfortunately, some oxidation products, such as glutamic semialdehyde are isobaric with hydroxylation [50, 

51], impairing their unequivocal identification. Nevertheless, consistent formation of pyroglutamic acid from 

ǇǊƻƭƛƴŜ όɲa ҌмоΦфул 5ŀύ ŀƴŘ Řƛ ŀƴŘ ǘǊƛ-oxidation products όɲa ҌомΦфуф 5ŀ ŀƴŘ ҌптΦфуо 5ŀ ǊŜǎǇŜŎǘƛǾŜƭȅύΣ 

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 post-translational 

modification) (Fig S21-S24). Most interestingly, ŀ Ƴŀǎǎ ǎƘƛŦǘ ƻŦ ɲa -2.001 Da, consistent with the loss of 2 

hydrogens, was repeatedly detected and only in the samples of Pompeii and Herculaneum (Fig. 8). We 

suggest (fig S15 and fig S25) that this mass shift is attributed to 3,4 dehydro-proline, which is the only stable 

form of the five possible isomers of olefinic proline [52], and could arise from dehydration of 4-
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hydroxyproline or 3-hydroxyproline. From now it will be called Dhp, with a mass shift of -18.001 Da from 

hydroxyprƻƭƛƴŜ ŀƴŘ ɲa -2.001 Da from proline.  

 

Figure 8: Extent of modified proline residues, reported as percentage of modified over detected (modified 

plus unmodified) ones.  

We also explored the occupancy of the non-enzymatic identified modifications along the sequence of 

COL1A1 and COL1A2. In general, the distribution of modifications is uneven, with residues with high 

modification occupancy and sites with low occupancy (Figures S18-S20). However, as far as the glycation 

products, that are the most striking peculiarity of Pompeii samples, rather interestingly, the G-H1 and MG-H1 

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 (Figure S18). Conversely, in agreement 

with the observation of a higher average modification of lysines (according to Table S4a), glycation products 

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

mentioning that almost all of the lysine 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 modifications along the sequence of 

COL1A1 and 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 sequences and follow the general trend 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 

Herculaneum (Table S4C), in turn more modified than Baia Scalandrone and Control samples. Position 592 

seems to be a hotspot in all the cases.  

Discussion 

The diagenesis of organic matter in archaeological bone is a complex phenomenon [8]. Lack of cellular 

proteins, extensive deamidation, backbone cleavage, oxidative 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 Herculaneum, molecularly imprinting 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 slowly if compared with the 

Herculaneum 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 well preserved [20]. 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 were hit by the first surge. As 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 likely produced different effects on the 

bones.  

Extensive investigations at the macroscopic level have been 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 level. We analysed by a proteomic 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 generally white and grey, to be compared 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 comparison to those from Herculaneum, 

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, with proteins normally degrading principally via a combination of two parallel as well as 

interplaying mechanisms: digestion by microbes and chemical modification/degradation [53], with 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, 

carbonates, and phosphates increases the solubility of hydroxyapatite thus leading more quickly to bone loss 

[54]. Proteome complexity is generally considered an hallmark of bone degradation, inversely proportional 

to age, with most of the samples older than 20,000 years containing predominantly and almost exclusively 

the collagen proteins that benefit from the interaction with the bioapatite cage that protects them from 

degradation [26]. We can observe that in five out of tƘŜ ǎŜǾŜƴ tƻƳǇŜƛƛ άŎƻƻƪŜŘέ ōƻƴŜ samples, only 

collagen was detected, and in the other two samples, beside collagen, only chondroadherin and biglycan 

were identified. Moreover, the lower NCPs content, the higher deamidation level and, in general, the higher 

extent of modification of collagen in the bones from Pompeii, all point towards a more degraded state 

despite the slower consumption of the body flesh. 

Despite the higher temperature that the bodies in Herculaneum 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 samples include Alpha-2-HS-glycoprotein, biglycan, chondroadherin, pigment epithelium 

derived factor (PEDF), lumican, and prothrombin, in good agreement to proteins identified in ancient bones 

[53, 55], all proteins that are known to bind collagen or calcium ions. Moreover, it was recently observed 

that fetuin-A (herein reported as Alpha-2-HS-glycoprotein), a glycoprotein present in the serum, is relatively 

stable after death [16]. Here we observe that this protein, that prevents mineral precipitation during 

mineralization process by stabilizing supersaturated mineral solutions upon formation of soluble colloidal 

nanospheres [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 an abundant multifunctional 

glycoprotein found in serum, the extracellular matrix, and bone, and is involved in various physiological 

processes such as cell attachment, spreading, and migration,  interacting, among others, also with collagen 

type I [56]. 

Only proteins stabilized by the binding to collagen or to the inorganic component of bones survived in 

Herculaneum, while all other proteins probably decayed rapidly due to the intense heat of the ash deposit. It 

is worth 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 approach in rat model bones [58]. 

However, NCPs were absent in samples from Pompeii. It might be hypothesized that, in the case of bones 

ŦǊƻƳ tƻƳǇŜƛƛΣ ǿƘŜǊŜ ǘƘŜ ŦƭŜǎƘ ǎǳǊǾƛǾŜŘ ƭƻƴƎŜǊ ǘƘŀƴ ƛƴ IŜǊŎǳƭŀƴŜǳƳΣ ǇǊƻǘŜƛƴǎ ǳƴŘŜǊǿŜƴǘ ŀ ƳƻǊŜ άƴƻǊƳŀƭέ 

degradation process, initially speeded up by the temperature, so that it eventually results as the set of 

samples with the fewest proteins 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 question on a molecular basis [46]. Diagenetic increase of AGEs 

correlates with oxidative conditions [59] and extensive glycation products were observed in the samples 

from the volcanic area, always more pronounced in samples from Pompeii, likely originating from reactions 

with the sugars originally present in the extracellular matrix.  

Several oxidative processes have been postulated to occur on prolines and hydroxyprolines upon heating 

[60], according to chemical pathway depicted by Hellwig [46], who predicts hydroperoxides formation from 

addition of oxygen to radical at the aliphatic side-chain of prolines, as stable intermediates in protein 

oxidation.  

The high incidence of prolines in collagen allowed to highlight the occurrence of oxidative modifications on 

this peculiar side chain, some of which possibly explained as modifications originating from hydroxyproline 

όǎǳŎƘ ŀǎ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ɲa -2.001 Da when considering proline as the unmodified amino acid). 

Histidine was herein confirmed as oxidative target among the amino acids and formation of radicals at C-ʰ 

backbone can also eventually lead to backbone fragmentation [58], 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 observe that 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 behavior of the 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 strong three-dimensional effect in directing 

chemical modification 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 can be seen as a 

ǇŜǊǎǇŜŎǘƛǾŜ ƻƴ ǘƘŜ ŎƘŜƳƛǎǘΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ǊŜŀŘ ǘƘǊƻǳƎƘ ǘƘŜ ǇǊƻŎŜǎǎŜǎ ǘƘŀǘ ŀƭǘŜǊ ǇǊƻǘŜƛƴǎ ƛƴ ōƻƴŜ ŘǳǊƛƴƎ 

ōǳǊƛŀƭΣ ǘƘŜ ƘƛǎǘƻǊȅ ǿǊƛǘǘŜƴ ƛƴ ǘƘŜ ƳƻƭŜŎǳƭŜǎΣ ŀ ƪƛƴŘ ƻŦ άŎƘŜƳƛŎŀƭ ƭƛŦŜ ƘƛǎǘƻǊȅ ǘǊŀŎŜǊέΦ 5ŜǎǇƛǘŜ ǘƘŜ ƛƴǘǊŀ-samples 

variability observed, paleoproteomic 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 flesh was immediately 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 considered as a major actor in biological deterioration of bones [8], 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 the total άŘŀƳŀƎŜ ǎƛƎƴŀǘǳǊŜǎέ ƛƴ /h[м!м ŀƴŘ /h[м!н ƻŦ ŀƭƭ ƎǊƻǳǇǎΦ /ƻƴǘǊƻƭ Υ 

H162-142 [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 primary structure 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. Table 1 reports each specimen and related information. 

Table S1: Specimens analysed. 

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 Ribs 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 II sec AD  Scalandrone Bay 

BSC182 Ribs II sec AD  Scalandrone Bay 

BSC183 Ribs II sec AD Scalandrone Bay 
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Figure S1: Schematic representation of the bones fragments.  
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Experimental procedures 

Protein extraction and digestion 

Samples were prepared as reported in [1] with slight modifications. Figure S2 represents the whole 

procedure.  

Briefly, in order to prevent contamination, surfaces were removed from bone samples with sandpaper. 

Samples (30ςрл ƳƎύ were wrapped in clean aluminum foil and fragmented into powder using a conventional 

hammer. The hammer was cleaned with bleach and ethanoƭΣ ǊŜǇŜŀǘŜŘƭȅΦ олл ˃ƭ ƻŦ лΦр a 95¢! όǇI уΦлύ ǿŀǎ 

ŀŘŘŜŘ ǘƻ ǘƘŜ ǇƻǿŘŜǊŜŘ ōƻƴŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŎǳōŀǘƛƻƴ ŀǘ п ϲ/ ŦƻǊ нпς48h with agitation. Every 24h fresh 

EDTA was added after the samples had been spun down and the supernatants were separated from the 

pellet ό95¢! ŦǊŀŎǘƛƻƴύΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ǇŜƭƭŜǘǎ ǿŜǊŜ ǿŀǎƘŜŘ ǘƘǊŜŜ ǘƛƳŜǎ ǿƛǘƘ млл ˃ƭ лΦм a ¢Ǌƛǎ όǇI уΦлύ ŀƴŘ ǘƘŜ 

supernatants (Tris fraction) were combined to the previous fraction (EDTA fraction). The EDTA and Tris 

fraction were concentrated on an Amicon 3000 Da MWCO spin column, the flow through was discarded, and 

the retained sample was washed with 3ml of guanidinium hydrochloride (GuHCl) 2M extraction solution, 

0.5M Tris (2-ŎŀǊōƻȄȅŜǘƘȅƭύ ǇƘƻǎǇƘƛƴŜΣ лΦрa ŎƘƭƻǊƻŀŎŜǘŀƳƛŘŜ Σмлл Ƴa ¢Ǌƛǎ όǇI уΦлύ ŀƴŘ ǿŀǘŜǊΦ CƛƴŀƭƭȅΣ ǘhe 

ƳŜƳōǊŀƴŜ ǿŀǎ ǿŀǎƘŜŘ ǿƛǘƘ олл ˃ƭ ƻŦ DǳI/ƭ нa ŜȄǘraction solution that was added to the protein pellet. 

The pH was adjusted to 8.0 and the mixture of proteins was heated at 80°C for 3 hours under agitation and 

cooled to room temperature. Without separating supernatants and the residual bone powder, samples were 

ƘŜŀǘŜŘ ŀǘ ул ϲ/ ŦƻǊ н ƘΣ ŀƴŘ ŎƻƻƭŜŘ ǘƻ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ [ȅǎ/-Trypsin mix, 1/100 by amount of protein, was 

ŀŘŘŜŘ ǘƻ ǘƘŜ ǎŀƳǇƭŜǎ ŦƻǊ ǇǊƻǘŜƛƴ ŘƛƎŜǎǘƛƻƴΦ aƛȄŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ нр ϲ/ ŦƻǊ ол Ƴƛƴ then diluted 

ǘƻ н a DǳI/ƭ ǿƛǘƘ нр Ƴa ¢Ǌƛǎ όǇI уΦлύΣ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŎǳōŀǘƛƻƴ ŀǘ от ϲ/ ƻǾŜǊƴƛƎƘǘ ǳƴŘŜǊ ŀƎƛǘŀǘƛƻƴΦ 5ƛƎŜǎǘion 

ǿŀǎ ǘŜǊƳƛƴŀǘŜŘ ǿƛǘƘ мл҈ ǘǊƛŦƭǳƻǊƻŀŎŜǘƛŎ ŀŎƛŘ ǘƻ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ м҈Φ !ŦǘŜǊ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ мп ллл Ǝ 

ŦƻǊ мл ƳƛƴΣ ǘƘŜ ǘǊȅǇǘƛŎ peptides in the supernatant were immobilized on C18 stage tips as previously 

described [2]. 



 

88  

 

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

samples. 

nLC-MSMS 

{ŀƳǇƭŜǎ ǿŜǊŜ ŜƭǳǘŜŘ ŦǊƻƳ ǘƘŜ ǎǘŀƎŜ ǘƛǇǎ ǳǎƛƴƎ нл ˃[ пл҈ !/b ŀƴŘ ǘƘŜƴ мл ˃[ сл҈ !/b ƛƴǘƻ ŀ фс ǿŜƭƭ a{ 

plate. Samples were concentrated under ǾŀŎǳǳƳ ŀǘ плȏ/ ǳǇ ǘƻ ŀǇǇǊƻȄƛƳŀǘŜƭȅ о ˃[ ŀƴŘ ǘƘŜƴ р ˃[ ƻŦ лΦм҈ 

TFA, 5% ACN were added. 

Samples were then separated on ŀ мр ŎƳ ŎƻƭǳƳƴ όтр ˃Ƴ ƛƴƴŜǊ ŘƛŀƳŜǘŜǊύ ƛƴ-house laser pulled and packed 

ǿƛǘƘ мΦф ˃Ƴ /му ōŜŀŘǎ ό5ǊΦ aŀƛǎŎƘΣ DŜǊƳŀƴȅύ ƻƴ ŀƴ 9!{¸-Nlc 1000 (Proxeon, Odense, Denmark) connected 

to a Q-Exactive HF (Thermo Scientific, Bremen, Germany) on a 77 min gradient. Buffer A was 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, 30% to 45% in 10 min, 45% to 80% in 2 min, held at 80% for 5 min before dropping back down 

to 5% in 5 min and held for 5 min. Flow rate was 250 nL/min. The column temperature was maintained at 

40°C using an integrated column oven. A wash-blank method using 0.1% TFA, 5% ACN was run in between 

each sample to hinder cross contamination. 

The Q-Exactive HF was operated in data dependent top 10 mode. Spray voltage was 2 kV, S-lens RF level at 

50, and heated capillary at 275°C. Full scan mass spectra were recorded at a resolution of 120,000 at m/z 200 

over the m/z range 350ς1400 with a target value of 3e6 and a maximum injection time 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 recorded at a resolution of 60,000. Normalized collision energy was set at 28% and the 

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

Data analysis 

The resulting raw files (EvoG_sample name, in total 15 files) were searched and analysed using the 

MaxQuant (MQ) software [3] against a UniProt database (759,512 sequences, 37,179,137 residues) with 

Homo sapiens as taxonomic restriction (20199 sequences, 928,813 residues). Initially standard searches (1-3, 

table S2) were performed, tolerances were those preset for Orbitrap, using a tryptic search with up to two 

missed cleavages. Minimum peptide length was set to 7. Carbamidomethylation was set as a fixed 

modification, while methionine oxidation, hydroxylation of proline, Gln-pyro Glu-pyro-Glu- were set as 

variable modifications, up to a maximum of 5 modifications per peptide. Protein identifications were 

supported by a false discovery rate (FDR) of 0.01 applied (same FDR for dependent peptides when applied) 

and manually filtered by at least 2 different non overlapping peptides above 70 ion score threshold. 

Contaminant proteins were assessed using the contamination.fasta provided by MQ which includes common 

laboratory contaminants [3] (see MaxQuant Downloads -contaminants.fasta,) can be found under 

http://www.coxdocs.org/doku.php?id=maxquant:start_downloads.htm, n.d. These protein hits were 

excluded from further analysis.MQ searches were also carried out on raw data from two archaeological 

Japanese bones samples that had been processed as herein samples from Pompeii and Herculaneum [1] 

(original work reference: samples H-142 and H-162, in the work by Sawafuji et al. [1]), but completely 

unrelated to the bones from Vesuvius area and much younger (Hitotsubashi site AD 1657-1683) to compare 

and assess diagenetically induced chemical modifications in our samples. 

In search of non-ŜƴȊȅƳŀǘƛŎ ŎƘŜƳƛŎŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǿŜ ǳǘƛƭƛȊŜŘ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ άŘŜǇŜƴŘŜƴǘ ǇŜǇǘƛŘŜǎέ ŦƻǊ 

unbiased, comprehensive analysis of diagenetically induced chemical modifications in collagen proteins. The 

άŘŜǇŜƴŘŜƴǘ ǇŜǇǘƛŘŜǎέ ŀǊŜ ƳƻŘƛŦƛŜŘ ǇŜǇǘƛŘŜǎ ƛŘŜƴtified in an unrestricted database search against a library of 

previously identified non-ƳƻŘƛŦƛŜŘ άōŀǎŜ ǇŜǇǘƛŘŜǎέΣ ŀ ǇŜǇǘƛŘŜ ǎŜŀǊŎƘ ŦŜŀǘǳǊŜ ƛƴǘŜƎǊŀǘŜŘ ƛƴ aŀȄvǳŀƴǘ ǿƛǘƘ 

statistical analysis for validation of modified peptides [4][5]. This strategy was already demonstrated 

successful with painting samples [6] and in vitro metal ion induced oxidation [7]. In a separate run (run 4, 

table S2) all samples including the control samples (original work reference: samples H-142 and H-162, in the 

work by Sawafuji et al. [1]) were re-analyzed and mass shifts were ranked by their occurrence within the 

dataset and grouped on the amino acid on which occurred.  The modifications were firstly chosen after 

ŦƛƭǘŜǊƛƴƎ ǿƛǘƘ ƭƻŎŀƭƛȊŀǘƛƻƴ ǇǊƻōŀōƛƭƛǘƛŜǎ ƻŦ җул҈ ŦƻǊ ƳƻŘƛŦƛŜŘ ǇŜǇǘƛŘes and occurrence of detection of DP 
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/ƭǳǎǘŜǊ aŀǎǎҗ рǘƛƳŜǎ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜΦ !ŦǘŜǊǿŀǊŘǎΣ ŀƭƭŜƎŜŘ ǎǘŀǘistically relevant modifications for which a 

plausible chemical interpretation ǿŀǎ ƎƛǾŜƴ όά¦bLah5Σ ǇǊƻǘŜƛƴ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ŦƻǊ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅέ 

http://www.un imod.org/modifications_list.php) were subsequently searched in separate runs , as group 

datasets (runs 5-24, table S2) as variable modifications in order to map selected PTMs on all identified as 

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

protein sequences, i.e. type I collagen chains, namely Collagen alpha-1(I) chain and Collagen alpha-2(I), which 

are, as expected, largely overrepresented, with more than 58% of the total assigned spectra on average. 

aƻǊŜƻǾŜǊΣ ǘȅǇŜ L ŎƻƭƭŀƎŜƴ ŎƘŀƛƴǎ ʰм ŀƴŘ ʰн ŀǊŜ ǘƘŜ ǘǿƻ ǇƻƭȅǇŜǇǘƛŘŜ ŎƘŀƛƴǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ŀƭl the samples. 

Backbone cleavage was searched against all groups in separate runs (25-28), inserting the standard 

parameters of the runs 1-3 and semitrypsin as the enzyme in the MQ searches.  

Table S2: Details of the Different MaxQuant (MQ) search runs and data analysis performed in this study.  

MQ 
search 

Details on specific Parameters Aim 

   

1-3 Standard search in the UniProt human protein database 
(759,512 sequences, 37,179,137 residues) with Homo 
sapiens as taxonomic restriction (20199 sequences, 
928,813 residues) to identify proteins in Pompeii, 

Herculaneum and Scalandrone bay samples in separate 
runs (run 1-3). Hydroxylation of proline and lysine, 

deamidation of glutamine and asparagine, oxidation of 
methionine, glutamine and glutamic acid to 
pyroglutamate were considered as variable 

modifications, carbamidomethylation of cysteine was 
ǎŜǘ ŀǎ ŦƛȄŜŘ ƳƻŘƛŦƛŎŀǘƛƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ 

unmodified and modified peptides, 

dependent peptides search 

1- Initial discovery of any 
common proteins found in 

human bones 

2- Untargeted discovery of 
AA substitutions and 

chemical modifications 

3- Evaluation of the PTMs 
frequency of detection 

4 Addition of the two control archaeological bone samples 
(Control) in a separate run (run 4) in the UniProt human 

protein database (759,512 sequences, 37,179,137 
residues). with Homo sapiens as taxonomic restriction 
(20199 sequences, 928,813 residues). Hydroxylation of 

proline and lysine, deamidation of glutamine and 
asparagine, oxidation of methionine glutamine and 
glutamic acid to pyroglutamate were considered as 

variable modifications, carbamidomethylation of cysteine 
was set as fixed modification; ion score cut off җ тл ŦƻǊ 

unmodified and modified peptides. 

dependent peptides search 

Comparison of PTMs among 
Pompeii, Herculaneum and 
Scalandrone Bay with the 

control samples 

5-8 Analysis of all archaeological bone samples, including 
controls with a database of the confidently identified 

Homo sapiens collagen proteins(163 sequences 176,326 

Discovery of (K) AGEs 
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residues)  in separate runs (run 6-10). Hydroxylation of 
proline, deamidation of glutamine and asparagine, 

carbamylation, formylation, carboxyethylation, 
carboxymethylation of lysine, and conversion of lysine to 

aminoadipic acid were considered as variable 
modifications, carbamidomethylation of cysteine  was set 

as fixed modification; ion score cuǘ ƻŦŦ җ тл ŦƻǊ 
unmodified and modified peptides. Maximum 4 

modifications per peptide. 

9-12 Analysis of all archaeological bone samples, including 
controls with a database of the confidently identified 

Homo sapiens collagen proteins (163 sequences 176,326 
residues) in separate runs (run 11-15). Hydroxylation of 

proline, deamidation of glutamine and asparagine, 
formation of glyoxal, methylglyoxal at arginine, and 

conversion of arginine to ornithine were considered as 
variable modifications, carbamidomethylation of cysteine  
ǿŀǎ ǎŜǘ ŀǎ ŦƛȄŜŘ ƳƻŘƛŦƛŎŀǘƛƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ 

unmodified and modified peptides. Maximum 4 
modifications per peptide 

Discovery of (R) AGEs 

13-16 Analysis of all archaeological bone samples, including 
controls with a database of the confidently identified 

Homo sapiens collagen proteins (163 sequences 176,326 
residues) in separate runs (run 11-15). Hydroxylation of 

proline, deamidation of glutamine and asparagine, 
mono-oxidation  and bi-oxidation of histidine, and 

conversion of histidine to aspartic acid were considered 
as variable modifications, carbamidomethylation of 

ŎȅǎǘŜƛƴŜ ǿŀǎ ǎŜǘ ŀǎ ŦƛȄŜŘ ƳƻŘƛŦƛŎŀǘƛƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ 
70 for unmodified and modified peptides. Maximum 4 

modifications per peptide 

 

 

 

Discovery of (H) 
modifications 

 

 

 

 

 

 

Discovery of (P) 
modifications 

17-20 Analysis of all archaeological bone samples, including 
controls with a database of the confidently identified 

Homo sapiens collagen proteins (163 sequences 176,326 
residues) in separate runs (run 16-20). Hydroxylation of 

proline, deamidation of glutamine and asparagine, 
proline oxidation to pyroglutamic acid, proline di-

oxidation, tri-oxidation and dehydration of 
hydroxyproline (Dhp) were considered as variable 

modifications, carbamidomethylation was set as fixed 
ƳƻŘƛŦƛŎŀǘƛƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ ǳƴƳodified and 

modified peptides. Maximum 4 modifications per 
peptide. 
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21-24 Analysis of all archaeological bone samples, including 
controls with a database of the confidently identified 

Homo sapiens collagen proteins (163 sequences 176,326 
residues) in separate runs (run 11-15). Hydroxylation of 

proline, deamidation of glutamine and asparagine, 
oxidation of methionine and conversion of serine and  

threonine to glycine were considered as variable 
modifications, carbamidomethylation  was set as fixed 
ƳƻŘƛŦƛŎŀǘƛƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ ǳƴƳƻdified and 

modified peptides. Maximum 4 modifications per 
peptide 

 

 

 

Discovery of (ST) 
modifications 

25-27 Back bone cleavage (Semitryptic analysis) search in the 
UniProt human protein database (759,512 sequences, 
37,179,137 residues) with Homo sapiens as taxonomic 

restriction (20199 sequences, 928,813 residues) to 
identify proteins in Pompeii, Herculaneum and 

Scalandrone bay samples in separate runs (run 25-27). 
Hydroxylation of proline 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 modification; 
ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ ǳƴƳƻŘƛŦƛŜŘ ŀƴŘ ƳƻŘƛŦƛŜŘ 

peptides, 

 

 

 

Back bone cleavage  search 

28 Back bone cleavage (semitryptic analysis) search of the 
two control archaeological bone samples (Control) in a 

separate run (run 28) in the UniProt human protein 
database (759,512 sequences, 37,179,137 residues) with 

Homo sapiens as taxonomic restriction (20199 
sequences, 928,813 residues). Hydroxylation of proline 
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 
modificatiƻƴΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ unmodified and 

modified peptides. 

 
 
 
 
 

Back bone cleavage  search 

 

Evaluation of diagenetically induced chemical modifications. 

Deamidation of asparagine (N) and glutamine (Q), oxidation of methionine (M), and hydroxylation of proline 

(P) and lysine (K) were evaluated as variable modifications in standard MaxQuant searches. Additionally, 

aŀȄvǳŀƴǘΩǎ άŜǾƛŘŜƴŎŜΦǘȄǘέ ŦƛƭŜ ǿŀǎ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǎŜǇŀǊŀǘŜ ŘŜŀƳƛŘŀǘƛƻƴ ǊŀǘŜǎ ŦƻǊ b ŀƴŘ v ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ 

samples with a code that is freely available on GitHub (https://github.com/dblyon/deamidation). Also using 

ōƻǘƘ άŜǾƛŘŜƴŎŜΦǘȄǘέ ŀƴŘ άǇŜǇŜǘƛŘŜǎΦǘȄǘέΣ Ǉƻǎƛǘƛƻƴŀƭ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜƭŀǘƛǾŜ ŘŜŀƳƛŘŀǘƛƻƴ όbΣ vύ ŀƴŘ 

oxidation (M) was performed using code available on https://github.com/ismaRP/MSMSdeamidation. 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 assessed in all samples (runs 25-28, 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 I chains only, since they are the only polypeptide 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 percentage of semitryptic peptides over the total number of identified peptides for each 

chain, counting peptide to spectrum matches (PSMs) from the peptides.txt files of MQ [2, 7]. Subsequently, 

manual alignment of all the semitryptic peptides in the five different groups of collagen type I sequences was 

performed in search of collagen regions that are most frequently hydrolyzed.  The cleavage frequency was 

then  re-evaluated considering the regions rather than the single peptide bonds (window of ±2 AA) by 

calculating 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. 

Non-enzymatic chemical modifications were initially evaluated by manual inspection of all MS/MS spectra, 

thus also allowing to confidently assess the 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 average of the modified 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 excluding potential false positives without 

an unmodified counterpart and excluding overlap (each primary structure position was considered once) 

although the number of the unmodified positions from the evidence.txt files. On the other hand, the 

modification occupancy at a specific primary structure position  for each modification was calculated from 

the mod/base values extracted from the modification(X)site.txt files of MaxQuant [8]. Ratios of the modified: 

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 control samples. Finally, in order to have a total vision of collagen 

άŘŀƳŀƎŜέ ŀƳƻƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƎǊƻǳǇǎ ǘƘŜ ǎǳƳƳŀǊȅ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ Ǌŀǘƛƻǎ  ƳƻŘƛŦƛŜŘκǳƴƳƻŘƛŦƛŜŘ όYΣwΣtΣ{Σ¢ύ 

was calculated along the sequence of COL1A1 & COL1A2 . 
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Results 

Protein Identification 

Table S3: Proteins identified 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) with Homo sapiens as taxonomic restriction (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 consƛŘŜǊŜŘ ŀǎ ǾŀǊƛŀōƭŜ ƳƻŘƛŦƛŎŀǘƛƻƴǎΤ ƛƻƴ ǎŎƻǊŜ Ŏǳǘ ƻŦŦ җ тл ŦƻǊ ǳƴƳƻŘƛŦƛŜŘ ŀƴŘ ƳƻŘƛŦƛŜŘ 

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

Sample Protein 
UniProt 

entry 
Gene name 

Razor 

+ 

Unique 

peptides 

Unique 

peptides 

Sequence 

coverage 

(%) 

Sequence 

length 

PC203 

 

Collagen alpha-

1(I) chain 
P02452 COL1A1 58 57 47.6 1464 

Collagen alpha-

2(I) chain 
P08123 COL1A2 57 57 52.2 1364 

PC204 

 

Collagen alpha-

1(I) chain 
P02452 COL1A1 80 78 53.7 1464 

Collagen alpha-

2(I) chain 
P08123 COL1A2 65 65 57.5 1364 

PC205 

 

Collagen alpha-

1(I) chain 
P02452 COL1A1 61 59 43.2 1464 

Collagen alpha-

2(I) chain 
P08123 COL1A2 58 58 53.6 1364 

PC206 

Collagen alpha-

2(I) chain 
P08123 COL1A2 37 37 41.3 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 39 38 37.4 1464 

Collagen alpha-

1(II) chain 
P02458 COL2A1 2 2 3.5 1418 
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PC207 

Collagen alpha-

2(I) chain 
P08123 COL1A2 62 62 53.4 1364 

Chondroadherin O15335 CHAD 3 3 11.4 359 

Collagen alpha-

1(I) chain 
P02452 COL1A1 89 88 55.5 1464 

Biglycan P21810 PGS1 3 3 10.9 368 

PC193 

Collagen alpha-

2(I) chain 
P08123 COL1A2 93 93 65.5 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 114 112 59.9 1464 

Chondroadherin O15335 CHAD 5 5 17.8 359 

Collagen alpha-

2(V) chain 
P05997 COL5A2 6 6 7.4 1499 

Collagen alpha-

1(II) chain 
P02458 COL2A1 3 3 4.2 1418 

PC195 

Collagen alpha-

2(I) chain 
P08123 COL1A2 30 30 36.7 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 31 30 30.5 1464 

ECC106 

Collagen alpha-

1(I) chain 
P08123 COL1A2 16 16 19.4 1464 

Collagen alpha-

2(I) chain 
P02452 COL1A1 11 11 17.1 1364 

Hemoglobin 

subunit beta 
P68871 HBB 2 1 25.6 90 

Pigment 

epithelium-

derived factor 

P36995 SERPINF1 2 2 5.3 418 

https://www.uniprot.org/uniprot/P05997
https://www.uniprot.org/uniprot/P68871
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Prothrombin P00734 F2 2 2 1.9 583 

ECC108 

Collagen alpha-

2(I) chain 
P08123 COL1A2 82 82 58.7 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 106 103 58 1464 

Pigment 

epithelium-

derived factor 

P36995 SERPINF1 19 19 53.1 418 

Chondroadherin O15335 CHAD 16 16 44.6 359 

Biglycan P21810 BGN 15 15 41.6 368 

Alpha-2-HS-

glycoprotein 
P02765 AHSG 5 5 25.8 368 

Prothrombin P00734 F2 11 11 20.8 583 

Vitronectin P04004 VTNC 7 7 16.3 478 

Lumican P51884 LUM 4 4 15.1 338 

Antithrombin-III P01008 SERPINC1 3 3 14.7 464 

Decorin P07585 DCN 5 5 14.2 359 

Periostin Q15063 POSTN 4 4 11.4 808 

Osteomodulin Q99983 OMD 3 3 9.7 421 

Protein Z-

dependent 

protease 

Q9UK55 SERPINA10 2 2 9.5 484 

https://www.uniprot.org/uniprot/Q15063
https://www.uniprot.org/uniprot/Q9UK55
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inhibitor 

Kininogen-1 P01042 KNG1 3 3 7.3 427 

Collagen alpha-

2(V) chain 
P05997 COL5A2 3 3 6.5 1112 

Olfactomedin-

like protein 3 
Q9NRN5 OLFML3 2 2 6.2 406 

Collagen alpha-

1(II) chain 
P02458 COL2A1 2 2 4.5 1418 

Coagulation 

factor IX 
P00740 F9 2 2 3.5 423 

Collagen alpha-

1(XXII) chain 
Q8NFW1 COL22A1 3 3 3 1319 

Collagen alpha-

1(XII) chain 
Q99715 COL12A1 6 6 2.5 3062 

Collagen alpha-

1(III) chain 
P02461 COL3A1 2 2 2.3 1466 

NHS-like protein 

2 
Q5HYW2 NHSL2 2 2 0.8 950 

Basement 

membrane-

specific heparan 

sulfate 

proteoglycan 

core protein 

P98160 HSPG2 2 2 0.8 4391 

ECC109 

Collagen alpha-

2(I) chain 
P08123 COL1A2 77 77 61.8 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 98 96 57.2 1464 

Chondroadherin O15335 CHAD 5 5 22.3 359 

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
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Biglycan P21810 BGN 4 4 13 368 

Collagen alpha-

2(V) chain 
P05997 COL5A2 3 3 5.8 1112 

Vitronectin P04004 VTNC 2 2 4.8 478 

ECC117 

Collagen alpha-

1(I) chain 
P02452 COL1A1 94 92 58 1464 

Collagen alpha-

2(I) chain 
P08123 COL1A2 63 63 51.5 1364 

Chondroadherin O15335 CHAD 15 15 42.6 359 

Pigment 

epithelium-

derived factor 

P36995 SERPINF1 10 10 33.5 418 

Biglycan P21810 PGS1 13 13 28.5 368 

Alpha-2-HS-

glycoprotein 
P02765 AHSG 3 3 21.2 368 

Osteocalcin P02818 BGLAP 2 2 20 100 

Protein Z-

dependent 

protease 

inhibitor 

Q9UK55 SERPINA10 6 6 16.9 484 

Prothrombin P00734 F2 9 9 16.3 583 

Vitronectin P04004 VTNC 7 7 16.3 478 

Lumican P51884 LUM 4 4 15.1 338 

https://www.uniprot.org/uniprot/P05997
https://www.uniprot.org/uniprot/P02818
https://www.uniprot.org/uniprot/Q9UK55
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Antithrombin-III P01008 SERPINC1 3 3 14.7 464 

Osteomodulin Q99983 OMD 3 3 8.1 421 

Olfactomedin-

like protein 3 
Q9NRN5 OLFL3 2 2 6.2 406 

Kininogen-1 P01042 KNG1 2 2 4.9 427 

Coagulation 

factor IX 
P00740 F9 3 3 4.7 423 

Collagen alpha-

1(XXII) chain 
Q8NFW1 COL22A1 2 2 2 1319 

ECC118 

Collagen alpha-

2(I) chain 
P08123 COL1A2 78 78 61.4 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 98 97 56 1464 

Chondroadherin O15335 CHAD 14 14 41.5 359 

Pigment 

epithelium-

derived factor 

P36995 SERPINF1 9 9 29.2 418 

Biglycan P21810 PGS1 9 9 25.5 368 

Alpha-2-HS-

glycoprotein 
P02765 AHSG 4 4 23.9 368 

Lumican P51884 LUM 4 4 15.1 338 

Antithrombin-III P01008 SERPINC1 3 3 14.7 464 

Vitronectin P04004 VTNC 6 6 12.6 478 

https://www.uniprot.org/uniprot/Q9NRN5
https://www.uniprot.org/uniprot/P01042
https://www.uniprot.org/uniprot/Q8NFW1
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Decorin P07585 DCN 4 4 10.9 359 

Prothrombin P00734 F2 4 4 7.9 583 

Collagen alpha-

2(V) chain 
P05997 COL5A2 4 4 7.7 1112 

Osteomodulin Q99983 OMD 2 2 7.4 421 

BSC180 

Collagen alpha-

2(I) chain 
P08123 COL1A2 47 47 51.5 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 56 56 45.4 1464 

BSC182 

Collagen alpha-

2(I) chain 
P08123 COL1A2 67 67 56.7 1364 

Collagen alpha-

1(I) chain 
P02452 COL1A1 88 87 52.7 1464 

Vitronectin P04004 VTNC 2 2 3.8 478 

BSC183 

Collagen alpha-

1(I) chain 
P02452 COL1A1 77 76 55.7 1464 

Collagen alpha-

2(I) chain 
P08123 COL1A2 67 67 53.1 1364 

Chondroadherin O15335 CHAD 17 17 48.2 359 

Biglycan P21810 PGS1 14 14 42.7 368 

Alpha-2-HS-

glycoprotein 
P02765 AHSG 6 6 28.8 368 

Pigment 

epithelium-

derived factor 

P36995 SERPINF1 10 10 26.6 418 

https://www.uniprot.org/uniprot/P05997
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Protein Z-

dependent 

protease 

inhibitor 

Q9UK55 SERPINA10 6 6 19.6 484 

Vitronectin P04004 VTNC 12 12 19.5 478 

Coagulation 

factor VII 
P08709 F7 4 4 16.8 382 

Antithrombin-III P01008 SERPINC1 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 alpha-

1(II) chain 
P02458 COL2A1 11 11 12.6 1418 

Kininogen-1 P01044 PNG1 3 3 10.5 427 

Collagen alpha-

1(IX) chain 
P20849 COL9A1 2 2 9.5 328 

Osteomodulin Q99983 OMD 2 2 7.4 421 

Collagen alpha-

2(XI) chain 
P13942 COL11A2 9 9 6.7 1623 

Fibronectin P02751 FN1 8 8 6.6 2031 

Cartilage 

oligomeric 

matrix protein 

P49747 COMP 4 4 6.1 724 

https://www.uniprot.org/uniprot/Q9UK55
https://www.uniprot.org/uniprot/P02751
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Matrilin-3 O15232 MATN3 3 3 5.4 444 

Coagulation 

factor IX 
P00740 F9 3 3 4.7 423 

Collagen alpha-

1(X) chain 
Q03692 COL10A1 3 3 3.7 680 

Collagen alpha-

1(XI) chain 
P12107 COL11A1 3 3 2.8 1690 

Collagen alpha-

1(XII) chain 
Q99715 COL12A1 4 4 2.1 3062 

Collagen alpha-

1(XXII) chain 
Q8NFW1 COL22A1 2 2 2 1319 

Basement 

membrane-

specific heparan 

sulfate 

proteoglycan 

core protein 

P98160 HSPG2 6 6 1.9 4391 

 

  

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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Figure S3: A) Number of independent peptides of collagenous (blue) and non-collagenous (red) proteins in 

each single samples. B) Grouping samples with respect to collagenous and non collagenous protein content 

for each group.   

B 

A 
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Figure S4: Venn diagram of proteins that are shared among the groups of Pompeii, Herculaneum , 

Scalandrone Bay and control (H-162, H-142 from [1]) (http://www.interactivenn.net/).  

Table S4: Unique and shared proteins between the different sample groups. 

Group Number 
of 

Proteins 

Unique proteins 

Herculaneum 5 Hemoglobin subunit beta, Periostin,Collagen alpha1(III) chain, NHSlike 
protein 2, Osteocalcin 

Scalandrone Bay 7 Collagen alpha-1(IX) chain, Collagen alpha-2(XI) chain, Fibronectin, 
Cartilage oligomeric matrix protein, Matrilin-3, Collagen alpha-1(X) 

chain, Collagen alpha-1(XI) chain 

Control 17 Collagen alpha-3(VI) chain, Apolipoprotein E, Coagulation factor X, 
Insulin-like growth factor II, Cathepsin G, Matrix Gla protein, Eosinophil 

peroxidase, Bone marrow proteoglycan, Collagen alpha-1(V) chain, 
Insulin-like growth factor-binding protein 5, Neutrophil defensin 3, 
Sushi repeat-containing protein SRPX, Collagen alpha-1(VII) chain, 

Dermatopontin 
 

Groups Number 
of 

Proteins 

Proteins in common 

Herculaneum 
Pompeii 

Scalandrone Bay 
Control 

5 Collagen alpha-2(I) chain, Chondroadherin, Collagen alpha-1(I) chain, 
Collagen alpha-1(II) chain, Biglycan 

http://www.interactivenn.net/
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Herculaneum 
Scalandrone Bay 

20 Alpha-2-HS-glycoprotein, Antithrombin-III, Basement membrane-
specific heparan sulfate proteoglycan core protein, Biglycan, 

Chondroadherin, Coagulation factor IX, Collagen alpha-1(I), Collagen 
alpha-1(II), Collagen alpha-1(XII), Collagen alpha-1(XXII), Collagen 
alpha-2(I), Collagen alpha-2(V), Decorin, Kininogen-1, Lumican, 
Osteomodulin, Pigment epithelium-derived factor, Protein Z-

dependent protease inhibitor, Prothrombin, Vitronectin 

Herculaneum 
Pompeii 

6 Collagen alpha-1(I), Collagen alpha-2(I), Collagen alpha-1(II), 
Chondroadherin, Biglycan, Collagen alpha-2(V) 

Herculaneum   
Control 

20 Alpha-2-HS-glycoprotein, Basement membrane-specific heparan sulfate 
proteoglycan core protein, Biglycan, Chondroadherin, Coagulation 

factor IX, Collagen alpha1(I) chain, Collagen alpha1(II) chain, Collagen 
alpha1(XII) chain, Collagen alpha1(XXII) chain, Collagen alpha2(I) chain, 
Collagen alpha2(V) chain, Decorin, Kininogen, Lumican, Olfactomedin 

like protein 3, Osteomodulin, Pigment epithelium derived factor, 
Protein Z dependent protease inhibitor, Prothrombin, Vitronectin 

Scalandrone Bay 
Control 

20 Alpha-2-HS-glycoprotein, Basement membrane-specific heparan sulfate 
proteoglycan core protein, Biglycan, Chondroadherin, Coagulation 

factor IX, Coagulation factor VII, Collagen alpha-1(I), Collagen alpha-
1(II), Collagen alpha-1(XII), Collagen alpha-1(XXII), Collagen alpha-2(I), 
Decorin, Kininogen-1, Lumican, Osteomodulin, Pigment epithelium-

derived factor, Protein Z-dependent protease inhibitor, Prothrombin, 
Vitronectin, Coagulation factor-VII 
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Abbreviation Protein Name 

POSTN Periostin 

VTN Vitronectin 

HBB Hemoglobin subunit beta 

BGLAP Osteocalcin 

BGN Biglycan 

SERPINC1 Antithrombin-III 

DCN Decorin 

SERPINF1 Pigment epithelium-derived factor 

COL1A1 Collagen alpha-1(I) chain 

COL1A2 Collagen alpha-2(I) chain 

COL3A1 Collagen alpha-1(III) chain 

COL2A1 Collagen alpha-1(II) chain 
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CHAD Chondroadherin 

COL22A1 Collagen alpha-1(XXII) chain 

COL5A2 Collagen alpha-2(V) chain 

OMD Osteomodulin 

COL12A1 Collagen alpha-1(XII) chain 

KNG1 Kininogen-1 

LUM Lumican 

F2 Prothrombin 

HSPG2 Basement membrane-specific heparan sulfate proteoglycan core protein 

AHSG Alpha-2-HS-glycoprotein 

F9 Coagulation factor IX 

ITGB1 Integrin beta-1 

OLFML3 Olfactomedin-like protein 3 

NHSL2 NHS-like protein 2 

SERPINA10 Protein Z-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://string-db.org/ ).  
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Deamidation (N,Q) 

 

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

Herculaneum and Scalandrone bay versus control (H-162-H-142) single samples[1]. Error bars represent 

standard deviation and numbers above each bar represent the number of peptides the data is based on. 

 

Figure S7: Percentage of deamidation (N,Q) of non-collagenous proteins in the single samples of Pompeii, 

Herculaneum and Scalandrone bay versus control (H-162-H-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 S8: Visualization of deamidation level (N,Q) along the sequence of collagen alpha-1 (I) (upper panel) 

and alpha-2 (I) chains (lower panel), in the groups of Pompeii, Herculaneum, Scalandrone bay, Control (H-

162, H-142) from [1]. 
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Oxidation (M) 

 

 

Figure S9: Percentage of oxidation (M) of collagenous proteins in the single samples of Pompeii, 

Herculaneum and Scalandrone bay versus control (H-162-H-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 S10: Percentage of oxidation (M) of non-collagenous proteins in the single samples of Pompeii, 

Herculaneum and Scalandrone bay versus control (H-162-H-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 S11: Visualization of oxidation level (M) along the sequence of collagen alpha-1 (I) (upper panel) and 

alpha-2 (I) chains (lower panel), in the groups of Pompeii, Herculaneum, Scalandrone bay, Control (H-162, H-

142 from [1]). 

Backbone cleavage 

 

 

 

 

 

 

Figure S12: 9ȄŀƳǇƭŜ ƻŦ ǘƘŜ άǇŀŎƳŀƴέ ŜŦŦŜŎǘ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǎŜŀǊŎƘ ŦƻǊ ǘƘŜ ǎŜƳƛǘǊȅǇǘƛŎ ǇŜǇǘƛŘŜǎ ƛƴ ƻǊŘŜǊ ǘƻ 

visualize spontaneous backbone cleavages.  

GSDGSVGPVGPA 

GSDGSVGPVGPAG 

GSDGSVGPVGPAGPIG 

GSDGSVGPVGPAGPIGSA 

GSDGSVGPVGPAGPIGSAG 

GSDGSVGPVGPAGPIGSAGP 

GSDGSVGPVGPAGPIGSAGPP 

GSDGSVGPVGPAGPIGSAGPPG 
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Figure S13: Semi-quantitative evaluation of the backbone cleavage along the sequence of COL1A1 and 

COL1A2  chains detected as semitryptic peptides.   
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Non-enzymatic chemical modifications 

Table s4a-e: Frequency of chemical modification occurrence within the dataset of the sample groups of 

Pompeii, Herculaneum, Scalandrone Bay and Control (H162-142) from [1] . 

A- Lysine 
Modification ɲa Pompeii Herculaneum 

Scalandrone 
Bay 

Control  
 

 
K positions (mod/detected/theoretical number in the sequence of COL1A1  

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 
Modification 

ɲa Pompeii Herculaneum 
Scalandrone 

Bay 
Control 

 

 
R positions (mod/detected/theoretical number in the sequence of 

COL1A1  and COL1A2) 

MG-H1 54.011 9/87/108 8/88/108 3/91/108 4/103/108 

G-H1 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 
Modification 

ɲa Pompeii Herculaneum 
Scalandrone 

Bay 
Control 

 

 
P positions (mod/detected/theoretical 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 
Modification 

ɲa Pompeii Herculaneum 
Scalandrone 

Bay 
Control 

 

 
H positions (mod/detected/theoretical number in the sequence of COL1A1  

and COL1A2) 

His->Asp -22.031 
2/7/15 3/8/15 2/7/15 0/13/15 

Di-Oxidation 31.989 
2/7/15 3/8/15 0/7/15 1//13/15 

Oxidation 15.995 2/7/15 2/8/15 1/7/15 2//13/15 

 

E- Serine and 
Threonine 

Modification 
ɲa Pompeii Herculaneum 

Scalandrone 
Bay 

Control 

  
S and T positions (mod/detected/theoretical number in the sequence of 

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 S14: Example of primary structure hydroxylation occupancy on proline residues along the sequence of 

COL1A1 (left) and COL1A2 (right) of control samples [1]. The modification occupancy at a specific primary 

structure position arises from the average ratio modified/non modified values extracted from the 

HydroxyprolineSites.txt files of MQ. [8].   
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Figure S15: Possible proline oxidation products.  

 

Figure S16: Conversion of Arginine to Ornithine. 
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Figure S17: hȄƛŘŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ŀǘ ǘƘŜ ǎƛŘŜ ŎƘŀƛƴ ƻŦ ǘƘǊŜƻƴƛƴŜ ό¢ύ ŀƴŘ ǎŜǊƛƴŜ ό{ύΣ ƭŜŀŘƛƴƎ ǘƻ /ʰ-/ʲ ōƻƴŘ 

cleavage to Glycine (G).  
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Figure S18: Primary structure modification occupancy on arginine residues along the sequence of COL1A1 

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

quantitatively calculated from the average modified/non modified values, extracted from the 

modificationSites.txt files of MQ[8]. Methylglyoxal (MGH-1) and glyoxal (GH-1) derived hydroimidazolones, 

and conversion of arginine to ornithine (Orn).  
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Figure S19: Primary structure modification occupancy on lysine residues along the sequence of COL1A1 (left) 

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

quantitatively calculated from the average modified/non modified values, extracted from the 

modificationSites.txt files of MQ[8]. 



 

121  

 

Figure S20: Primary structure modification occupancy on histidine residues along the sequence of COL1A1 (a 

single His was detected) and COL1A2. The modification occupancy at a specific primary structure position 

was semi-quantitatively calculated from the average modified/non modified values, extracted from the 

modificationSites.txt files of MQ[8]. 
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Figure S21: Primary structure modification occupancy on proline residues along the sequence of COL1A1 

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

quantitatively calculated from the average modified/non modified values, extracted from the 

modificationSites.txt files of MQ[8].  
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Selected MS/MS spectra to assess occurrence of modifications 

 

 

Figure S22a-b: MS/MS Spectra of COL1A1 GDAGPPGPAGPAGPPGPIGNVGAPGAK peptide . The underlined 

proline is detected as hydroxylated in the upper spectrum and di-oxidized όɲa омΦфуфύ ƛƴ ǘƘŜ ƭƻǿŜǊ 

spectrum.  
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Figure S23a-b: MS/MS Spectra of COL1A2 GPAGPSGPAGKDGR peptide. The underlined proline is detected as 

ƴƻƴ ƳƻŘƛŦƛŜŘ ƛƴ ǘƘŜ ǳǇǇŜǊ ǎǇŜŎǘǊǳƳ ŀƴŘ ŀǎ ƻȄƛŘƛȊŜŘ ǘƻ ǇȅǊƻƎƭǳǘŀƳƛŎ ŀŎƛŘ όɲa моΦфтфύ ƛƴ ǘƘŜ ƭƻǿŜǊ 

spectrum.  
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Figure S24a-b: MS/MS Spectra of COL1A2 GIPGPVGAAGATGAR peptide. The underlined proline is detected 

as hydroxylated in the upper spectra and as tri-ƻȄƛŘƛȊŜŘ όɲa птΦфурύ ƛƴ ǘƘŜ ƭƻǿŜǊ ǎǇŜŎǘǊǳƳΦ  
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Figure S25a-b: MS/MS Spectra of COL1A1 GLTGSPGSPGPDGK peptide. The underlined proline is detected in 

the upper spectra where hydroxylation (P) was set as variable modification with a mass shift of -2.016DA. 

When hydroxylation (P) was set as fixed modification (lower spectra), the underlined P was detected with a 

mass shift of -18.010 Da.  
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Figure S26: MS/MS Spectra of COL1A2 SGDRGETGPAGPAAGPVGPVGAR peptide. The underlined arginine is 

ŘŜǘŜŎǘŜŘ ŀǎ ƻǊƴƛǘƘƛƴŜ όɲa - 42.022). 
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Figure S27a-bΥ a{κa{ {ǇŜŎǘǊŀ ƻŦ /h[м!м D{!DttD!¢DCtD!!Dw ǇŜǇǘƛŘŜΦ ¢ƘŜ ǎǇŜŎǘǊŀ ŘŜƳƻƴǎǘǊŀǘŜ ŀ ¢ƘǊ Ҧ 

Dƭȅ όɲa -олΦлмлύ ŀƴŘ ŀ {ŜǊ Ҧ Dƭȅ όɲa -44.026) substitution, respectively. The peptide with standard Ser and 

Thr was also identified.  
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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, Addolorata De Chiaro, Gennaro Marino, Paolo Petrone and 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 modifications. The accurate 

quantitation of these modifications is vital in proteomic studies ,revealng important information regarding 

'protein's function, activity, and stability. One of the most frequent modifications is the deamidation of Asn 

and Gln. The transformation of asparagine to aspartic and/or iso-aspartic acid as also the transformation 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 Herculaneum, Pompeii, Baia Scalandrone, Oplonti, and 

S.Paolo Belsito. A shotgun proteomic approach was applied to the samples, and collagen type I chains have 

always been identified with good scores and confidence. Screening of all the mass spectrometric data was 

performed in search of the most frequently detected and/or deamidated peptides, 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 further validated by the analysis of deamidation (Asn, Gln) and 

oxidation (Met) in archaeological bones of published datasets, collected with different analytical procedures 

and by different mass spectrometry instrumentation, illustrating that this set of peptides can be used in any 

archaeological studies on human bone collagen.  

Intro duction  

Deamidation is a spontaneous chemical modification that plays an essential role in protein degradation in 

vivo, so that has been proposed to represent a molecular clock [1ς3]. It has been recently adopted as one of 

the signatures of authentical age in archaeological and paleontological bones as well as other archaeological 

remains or artistic objects [4ς7]. It occurs on asparagine (Asn) and glutamine (Gln) amino acids resulting in 

ŀǎǇŀǊǘƛŎκƛǎƻŀǎǇŀǊǘƛŎ ŀŎƛŘ ό!ǎǇύ ŀƴŘ ʰ-ƎƭǳǘŀƳƛŎκʴ-glutamic acid (Glu), respectively. Bones are one of the most 

abundant mineralized tissues in the fossil record. Due to their structural, mechanical, and chemical 

properties, they resist over the years [1,2]. 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 frequently focused on 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 science to estimate the post-mortem interval of unknown skeletal 

remains [8]. The conversion of asparagine and glutamine to aspartic and glutamic acids provokes a small 

mass shift of just +0.984 Da that, although detectable with MS-applied techniques, consists of a quite tricky 

target for quantification [5,9]. Most of the scientific approaches to quantify deamidation are, therefore, 

qualitative or semi-quantitative ones. [7,8,10ς13] Targeted analyses such as multiple-reaction-monitoring 

(MRM) are alternative mass spectrometric approaches that allow a more rigorous quantitation [14] and have 

also been applied to the cultural heritage field, although seldomly [15], but its potentialities in determining 

deamidation already proved successful although challenging [15] [16]. Targeted approaches are invariably 

linked to the selection of adequate peptides. Herein we searched for peptide-candidates that can be used for 

deamidation (Asn, Gln) and oxidation (Met) quantitation studies in bone collagen. Using an extraordinary 

dataset of human bones from the archaeological sites of Pompeii, Herculaneum, and Oplontis, related to the 

same Vesuvius eruption of 79 DC, and a small number of bones from the pre-historical volcanic site of San 

Paolo Belsito, we analyzed LC-MS/MS data of tryptic digest of the collagen extracted in search for 

deamidation and oxidation spots that are always detectable, to be used as potential biomarkers. Some bone 

samples from coeval skeletal remains from the Campania archaeological site of Baia Scalandrone (II sec. AD, 

Roman imperial age, Puteoli, Naples, Italy) were also considered in an attempt to explore diagenetic factors 

that can affect collagen deamidation.  

Materials and methods  

Samples description 

Fifty-six bone samples were collected from individuals unearthed in Pompeii (11), Herculaneum (22), Baia 

Scalandrone (12), Oplonti (8), and San Paolo Belsito (3) have been analyzed. Table 1 reports each 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 Eruption 

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 Ilium 81 AD Herculaneum Vesuvius Eruption 

ECC105 Ribs 82 AD Herculaneum Vesuvius Eruption 

ECC184 Ribs 83 AD Herculaneum Vesuvius Eruption 

EFPC106 Foot phalanx 79 AD Herculaneum Vesuvius Eruption 

EFMC107 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

ECC107 Ribs 79 AD Herculaneum Vesuvius Eruption 

EFMC108 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

ECC108 Ribs 79 AD Herculaneum Vesuvius Eruption 

EFMC109 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

ECC109 Ribs 79 AD Herculaneum Vesuvius Eruption 

EFMC110 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

EFMC111 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

ECC111 Ribs 79 AD Herculaneum Vesuvius Eruption 

EFMC112 Hand plalanx 79 AD Herculaneum Vesuvius Eruption 

ECC112 Ribs 79 AD Herculaneum Vesuvius 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 II sec AD Scalandrone Bay Normal death 

BSFMC180 Hand phalanx II sec AD Scalandrone Bay Normal death 

BSC182 Ribs II sec AD Scalandrone Bay Normal death 

BSRC182 Radio II sec AD Scalandrone Bay Normal death 

BSC183 Ribs II sec AD Scalandrone Bay Normal death 
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BSFMC183 Hand phalanx II sec AD Scalandrone Bay Normal death 

BSC184 Ribs II sec AD Scalandrone Bay Normal death 

BSFMC184 Hand phalanx II sec AD Scalandrone Bay Normal death 

BSC186 Ribs II sec AD Scalandrone Bay Normal death 

BSFMC186 Hand phalanx II sec AD Scalandrone Bay Normal death 

BSFMC187 Hand phalanx II sec AD Scalandrone Bay Normal death 

BSCC187 Ribs II sec AD Scalandrone Bay Normal death 

OPC213 Ribs 79 AD Oplontis Vesuvius Eruption 

OPC214 Long bone 79 AD Oplontis Vesuvius Eruption 

OPC215 Ribs 79 AD Oplontis Vesuvius Eruption 

OPC216 Long bones 79 AD Oplontis Vesuvius Eruption 

OPC217 Ribs 79 AD Oplontis Vesuvius Eruption 

OPC218 Ilium 79 AD Oplontis Vesuvius Eruption 

OPC226 Ribs 79 AD Oplontis Vesuvius Eruption 

OPC228 Femoral 79 AD Oplontis Vesuvius Eruption 

SPBC212OP Long Bone 20 sec 
BC 

San Paolo Bel 
Sito 

Avellino pre-historical eruption 

SPBC212OL Flat bone of the shoulder 20 sec 
BC 

San Paolo Bel 
Sito 

Avellino pre-historical eruption 

SPBC211 Tibia 20 sec 
BC 

San Paolo Bel 
Sito 

Avellino pre-historical eruption 

Experimental procedures 

Protein extraction and digestion  

млл ˃[ ƻŦ ŀ ǎƻƭǳǘƛƻƴ ƻŦ лΦр a 95¢! ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ōƻƴŜ ŦǊŀƎƳŜƴǘǎ όŎŀ оллς800 ˃ Ǝύ ŦƻǊ мл Řŀȅǎ ŀǘ w¢Σ 

refreshing the solution every 2 days. After centrifugation for 2 min at 10,000 rpm in a benchtop microfuge, 

ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘΣ ŀƴŘ мл ˃[ ƻŦ a solution of 6 M Urea was added to the pellet and incubated 

for 10 min at RT, followed by sonication for 20 min. Urea was then 6-fold diluted with water. Finally, 

enzymatic digestion was carried out as in the minimally invasive proteomic analytical procedure described by 

Leo et al. [17]Φ .ǊƛŜŦƭȅΣ ǘǊȅǇǎƛƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мл ƴƎκ˃[ ǘƻ ƳƛŎǊƻ-samples (ca 300ς800 

˃Ǝύ ŀǎ ŘƛǊŜŎǘƭȅ ǎǳǎǇŜƴŘŜŘ ƛƴ рл ˃[ ƻŦ !ƳōƛŎ мл ƳaΦ !ŦǘŜǊ ƛƴŎǳōŀǘƛƻƴ ŀǘ от ϲ/ ŦƻǊ мс ƘΣ ǘƘŜ ǎǳpernatants were 

recovered by centrifugation at 10,000 rpm, and the peptide mixtǳǊŜ ǿŀǎ ŦƛƭǘŜǊŜŘ ƻƴ лΦнн ˃Ƴ t±5C 

membrane (Millipore), concentrated and purified using a reverse-phase C18 Zip Tip pipette tip as previously 

described [18]. 
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LC-MS/MS and data analysis. 

tŜǇǘƛŘŜǎ ǿŜǊŜ ŜƭǳǘŜŘ ǿƛǘƘ нл ˃[ ƻŦ ŀ ǎƻƭǳǘƛƻƴ ƳŀŘŜ ƻŦ рл҈ !ŎŜǘƻƴƛǘǊƛƭŜΣ рл҈ CƻǊƳƛŎ ŀŎƛŘ лΦ1% in Milli-Q 

water, and analysed by LC-MS/MS. LC-MS/MS analyses were carried out on a 6520 Accurate-Mass Q-Tof 

LC/MS System (Agilent Technologies, Palo Alto, CA, USA) equipped with a 1200 HPLC System and a chip cube 

(Agilent Technologies). After loading, the peptide mixture was first concentrated and washed on a 40 nL 

enrichment column (Agilent Technologies chip), with 0.1% formic acid in 2% acetonitrile as eluent. The 

sample was then fractionated on a C18 reverse-phase capillary column (Agilent Technologies chip) at a flow 

rate of 400 nL/min, with a linear gradient of eluent B (0.1% formic 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 the data-dependent 

acquisition of one MS scan (mass range from 300 to 2000 m/z) followed by MS/MS scans of the three most 

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 were preferably isolated and fragmented. 

Data handling 

The acquired MS/MS spectra were transformed 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 

restriction. A licensed version of Mascot software (www.matrixscience.com) version 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 inserted, but possible oxidation 

of methionines, deamidation at asparagines and glutamines, and hydroxylation on lysine and proline were 

considered as variable modifications. Only proteins presenting two or more peptides were considered as 

positively identified. Individual 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 most frequently detected N, Q, and M in collagen chains type I. 

Manual inspection of MS/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 

characterized in the selected samples as NF Not detected (Not Found), X: Detected only as unmodified, D: 

Detected only as modified, and XD: Detected both as modified and unmodified. To be considered for 

statistical analysis, we manually inspected the software assignment of the N or Q position under 

consideration in the fragmentation spectra in order to exclude any false positive matching or localization. To 

simplify the statistical analysis then we set 0 the NF characterization; thus, the non detected and as 1 the 

http://www.matrixscience.com/
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modified positions (X, D, and XD characterization). Results were analysed on a statistical basis in order to 

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

Evaluation of the deamidation N, Q, and oxidation (M) levels in collagen type I chains. 

The acquired MS/MS spectra were re-analyzed in standard MaxQuant searches in a UniProt database 

(759,512 sequences, 37,179,137 residues) with Homo sapiens as the taxonomic restriction (20199 

sequences, 928,813 residues). Samples have been analyzed as group datasets (5) based on the 

archaeological site. Deamidation of asparagine and glutamine residues (Asn, Gln), oxidation of methionine 

residues (Met), and hydroxylation of proline and lysine residues (Pro, Lys) were set as variable modifications. 

!ŘŘƛǘƛƻƴŀƭƭȅΣ aŀȄvǳŀƴǘΩǎ άŜǾƛŘŜƴŎŜΦǘȄǘέ ŦƛƭŜ ǿŀǎ ǳǎŜd for a positional evaluation of the relative deamidation 

and oxidation, using an in-house code available at https://github.com/ismaRP/MSMSdeamidation. For each 

asparagine, glutamine, and methionine position, the values are calculated by dividing the sum of intensities 

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

Only peptides with high probability modification site assignments (>30) were considered.  In this way, it was 

possible to evaluate whether the most frequently detected as deamidated (N, Q) and oxidized (M) positions 

of the previous step were also significantly modified.  

Selection of the human collagen type I sequences to be used as biomarkers for deamidation and 

methionine oxidation.  

Screening of mass data was performed in the 33 filtered bone samples, and the identified peptides 

containing the most frequently detected deamidation and methionine oxidation sites were listed.  A 

systematic analysis was carried out in search of standard peptides 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. The most observed m/z and ms/ms masses were listed for the common peptides that also have 

the same combination of modifications. In some cases, with a peptide containing more than one N, Q sites, 

specific m/z could discriminate deamidation position, but, in several cases, the same m/z was observed for 

both of the deamidation sites.  
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Final list of the peptide candidates as biomarkers for deamidation (N, Q) and methionine oxidation (M) in 

collagen chains type I. 

There are several other aspects that were taken into consideration in the selection of peptides-candidates. 

Table 2 shows all the criteria that we used to filter the most frequently further detected peptides to lead 

finally to the set of the best candidates that can be used as target peptides in quantitation analysis such as 

MRM analysis.  

Table 2: Selection criteria for deamidation (N, Q) and methionine oxidation (M) target peptides along with 

the sequences of COL1A1 and COL1A2 in the screening of the filtered samples (Protein sequence coverage 

>20). 

Criteria Description 

Uniqueness Peptides must be unique both for the protein sequence (Collagen) and for the 

taxonomy (Homo sapiens) 

Peptide lenght 7-20 AA 

Reliability Exclusion of false positives , consideration of good fragmentation spectra  with 

score above 25. 

Number of N, Q Preferably only one Gln or Asn position in each peptide 

Hydrophobicity We calculated the hydrophobicity based on the SSR Calc code 

http://hs2.proteome.ca/SSRCalc/Slope and we considered peptides in the range 10-

30 

Reactive residues We tried to avoid the simultaneous presence of residues such as H, W,D, C that are 

susceptible to modifications during sample preparation 

 

Validation of the peptide candidates in other datasets. 

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

four independent already published datasets, where collagen type I have been identified. The tests were 

carried out on samples of different age, unrelated to the Vesuvius eruption, and that have been processed 

with different collagen extraction protocols and analysed with different instrumentation. Specifically, 

peptides were tested in the samples: H-162, H-142 (dated between 1657-1683 AD) reported in [13], 

44HE950-RADFORD, 7NCE98A-WOODVILLE (dated between 1790-1850 AD) from [19], FWLeakey_1554 

(dated between 40-70 ka BP) from [20] and the sample AR-30_A (dated between 40-50 ka BP) from [8].  The 

raw files of the ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ŘƻǿƴƭƻŀŘŜŘ ŦǊƻƳ ŜŀŎƘ ŦǊŜŜ ǇǳōƭƛŎŀǘƛƻƴΩǎ ŘŜǇƻǎƛǘƛƻƴ platform 

and were analyzed in separate MaxQuant runs in a UniProt database (759,512 sequences, 37,179,137 



 

137  

residues) with Homo sapiens as the taxonomic restriction (20199 sequences, 928,813 residues). Deamidation 

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

of proline and lysine residues (Pro, Lys) were set as variable modifications, and carbamidomethylation of 

cysteine was set as a fixed modification. Protein identifications were supported by a false 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 non-overlapping peptides above 70 ion score threshold. Contaminant 

proteins were assessed using the 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_downloads.htm, n.d. These protein hits were 

excluded from further analysis. Only peptides with score higher than 40 were considered and manual 

inspection of ms/ms spectra was performed as further validation. The selected N,Q and M sites were 

classified in each of the sample as: XD: when the selected peptides was detected both in the modified 

(deamidated/oxidized) and non modified form; D: when the selected peptides was detected only in the 

modified form, X: when the selected peptides was detected only as unmodified; and NF: when the peptide 

was not found at all. Finally, the selected peptides were used for a semi quantitative evaluation of the 

modification level using an in-house script available at https://github.com/ismaRP/MSMSdeamidation. For 

each asparagine, glutamine and methionine position, the values are calculated by dividing the sum of 

intensities of the signals corresponding to the modified peptide by the total intensity of all the peptides 

containing that position.  
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Results & Discussion 

A shotgun proteomics approach by LC-MS/MS was applied to skeletal samples excavated from Pompeii (11), 

Herculaneum (22), Baia Scalandrone (12), Oplontis (8), and San Paolo Bel Sito (3) archaeological sites. Very 

stringent criteria for protein identification were used: only peptides with scores higher than 25 were 

considered and proteins were considered as identified only when two or more peptides have been detected. 

Type I collagen was identified in all samples, and the sequence coverage was used as the first qualitative 

criteria of whether the specific sample could be used in the following statistical evaluation of deamidation 

(Asn, Gln). Individuals with collagen sequence coverages below 20 were rejected (figure S1). Thirty-three 

samples were finally selected, and manual inspection of MS/MS data was performed on peptides containing 

asparagine, glutamine, and methionine. Figure 1 represents the frequency of asparagine and glutamine sites 

detection along the chains of collagen type I. Surprisingly, despite the extremely high variability of the 

samples (different parts of the body, different 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 all the groups. 

This means that some collagen regions are easily accessible and/or detectable, and, conversely, all the 

positions that are less detected belong to the same regions. For instance, Asn at position 229 and Gln 250, 

639, 643, and 661 are all in two poorly covered regions in COL1A1. Also, from a statistical analysis 

perspective, it results that COL1A1 is a better candidate since many Asn and Gln of COL1A2 are poorly 

detected. This might also be due to the stoichiometric double concentration of COL1A1 in respect to COL1A2 

ǎƛƴŎŜ ǘȅǇŜ L ŎƻƭƭŀƎŜƴ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ƛŘŜƴǘƛŎŀƭ ʰм όLύ ŎƘŀƛƴǎ ŀƴŘ ƻƴŜ ƎŜƴŜǘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ʰн όLύ ŎƘŀƛƴ [22]. 

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 and others 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" collagen regions.  
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Figure 1: Bar chart of the average levels of Asn, Gln positions detection (regardless deamidation or any other 

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

lower panel) in the 33 samples of 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 type I collagen (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 Gln deamidation 

and Met oxidation, and the results are reported in tables S1-S12.  Moreover, we evaluated whether the Asn, 

Gln, 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 sequence and same combination of modifications (we have 

to keep in mind the high level of hydroxyproline peculiar of collagen). The most frequently observed m/z and 

ms/ms sequences of COL1A1 and COL1A2 are reported in tables S13-S14. In the case of Met oxidation, 

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 all peptides 

(http://hs2.proteome.ca/SSRCalc/Slope), as it significantly affects the 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. Actually, the non-linearity results from a different absorption to the hydrophobic surface in the ESI 

droplet that leads to unstable responses [14, 16]. Intending to plan a quantitative study of deamidation, we 

take into account that ultimate peptides should be not too hydrophobic, should ideally contain only one Gln 

or Asn (preferably Gln since deamidation at Gln are slower [9] and defined concurrent post-translational 

modifications (in case of collagen, defined hydroxylation of prolines state). Based on the criteria above, 

tables 3 and 4 present the ultimate list of the best candidate peptides that can be used for deamidation (Asn, 

Gln) quantitation studies. Subsequently, a positional evaluation of deamidation (Asn, Gln) and oxidation 

(Met) was performed by using an in-house script (see materials 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 and non-modified forms. As figures 

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

deamidation (Asn, Gln) and oxidation (Met).  
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Table 3: List of the best peptide candidates that can be used as biomarkers of deamidation in human COL1A1 

(P02452) 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 form can be calculated with the addition of 

0.984 Da in the  M value of the unmodified peptide. 

Protein N,Q 

Position 

Peptide Z PL H Calculated 

M (Da) 

Observed 

m/z 

 

367 Q R.GSEGPQGVR.G 2 10 8.09 885.416 443.7139 

 
 

400 N K.GANGAPGIAGAPGFPGAR.G + 3 

Hydroxylation(P) 

3 19 23.93 1584.751 529.2607 

 

421 Q R.GPSGPQGPGGPPGPK.G + 

Hydroxylation(P) 

2 16 12.19 1301.622 651.8212 

C
O

L
1

A
1

 (
P

0
2

4
5

2
)

 

457 Q K.GEPGPVGVQGPPGPAGEEGK.R + 

2Hydroxylation(P) 

3 21 21.04 2002.957 668.6648 

 

561Q K.TGPPGPAGQDGRPGPPGPPGAR.G 

+ + 4Hydroxylation(P) 

3 23 14.39 2055.958 686.3318 
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576 Q R.GQAGVMGFPGPK.G + 

Hydroxylation(P) 

2 13 22.11 11160.55 581.73 
  

619 Q K.DGEAGAQGPPGPAGPAGER.G + 

Hydroxylation(P) 

2 20 15.14 1705.752 853.8904 

  

688 Q R.GVQGPPGPAGPR.G+ 

Hydroxylation(P) 

2 13 11.52 1104.554 553.2881 

  

891N R.VGPPGPSGNAGPPGPPGPAGK.E + 

3 Hydroxylation(P) 

2 22 17.33 1811.866 906.9444 

  

966 Q R.GVVGLPGQR.G + 

Hydroxylation(P) 

2 10 17.58 897.489 449.7549 

  

1156 N K.DGLNGLPGPIGPPGPR.G+ 3 

Hydroxylation(P) 

2 17 30.44 1560.776 781.3994 
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C
O

L
1

A
2

 (
P

08
1
2
3
) 

272 N K.GEIGAVGNAGPAGPAGPR.G 2 19 20.83 1546.771 774.3924 

384 N R.GPNGEAGSAGPPGPPGLR.G + 2 

Hydroxylation(P) 

2 20 20.99 1618.756 810.3844 

458 N R.GLPGSPGNIGPAGK.E +2 

Hydroxylation(P) 

2 15 17.68 1252.627 627.3252 

491 N R.GEPGNIGFPGPK.G+  2 

Hydroxylation(P) 

2 13 22.45 1200.563 601.2912 

918 N R.GPPGAVGSPGVNGAPGEAGR.D +  

3 Hydroxylation(P) 

2 21 18.91 1750.81 876.4174 
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Table 4 List of the most frequently detected Met containing peptides in human COL1A1 (P02452) and 

COL1A2 (P08123), according to a statistical evaluation of 33 bone samples of Pompeii, Herculaneum, Baia 

Scalandrone, Oplontis, and San Paolo Bel Sito. The most frequently detected (>90%) masses are reported 

with and without deamidation. Z: Charge; PL: Peptide Length; H: Hydrophobicity. The mass of the 

corresponding oxidized form can be calculated with the addition of 15.998 Da in the M+ value of the 

unmodified peptide. 

Collagen 

chain 

M Position Peptide Z PL H Calculated 

M (Da) 

Observed 

m/z 

C
O

L
1

A
1

 (
P

0
2

4
5

2
)

 

580 M R.GQAGVMGFPGPK.G+Deamidation(N,Q) 

+ Hydroxylation(P) 

2 13 22.11 1161.546 581.7713 

 

1000 M R.GPPGPMGPPGLAGPPGESGR.G + 2 

Hydroxylation(P) 

2 21 24.91 1815.854 908.9252 

C
O

L
1

A
2

 (
P

0
8

1
2

3
)

 

417 M R.AGVMGPPGSR.G  + Hydroxylation(P) 2 11 13.21 943.451 472.7182 

447 M R.GPNGDAGRPGEPGLMGPR.G + 

Deamidation(N,Q)  + Hydroxylation(P) 

3 19 18.87 1766.798 884.393 

785 M R.GDGGPPGMTGFPGAAGR.G + 2 

Hydroxylation(P) 

2 18 21.7 1532.665 767.3355 
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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 analyzed by different 

instrumentation. In particular, four to six archaeological bones are much younger than the samples from the 

Campania region, dated to 18-19th century AD (reference numbers: H-162, H-142 from [13], and 44HE950-

RADFORD, 7NCE98A-WOODVILLE from [19] while the other two dates back between 40.-70ka BC attributed 

to Homo neanderthalensis (reference numbers: AR-30A from [8] and FWLeakey_1554, from [20]. All samples 

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 (AR-30 and FWLeakey_1554), all the peptides were 

detected both in the modified and non-modified form. Very interestingly, in the younger samples (18-19th 

century AD), some peptides were even not deamidated (Asn, Gln) or oxidized (Met), and in some cases, the 

Asn, Gln positions were detected with intense signal even in positions not covered in older samples (AR-30A 

from [8] and FWLeakey_1554, from [20]. In order to have a more quantitative evaluation of deamidation 

(Asn, Gln) and oxidation (M) levels of test bones, the selected peptides were used to calculate deamidation 

and oxidation at single sites along collagen alpha-1 (I) and alpha-2 (I) chains, using the in-house script 

described above. As figure S4 demonstrates, the level of deamidation varies among the samples with the 

younger bones (reference numbers: H-162, H-142 from [13], and 44HE950-RADFORD, 7NCE98A-WOODVILLE 

from [19] to be less deamidated in comparison to the older ones (reference numbers: AR-30A from [8]  and 

FWLeakey_1554, 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 collagen degradation over 

the years. Moreover, figure S5 reports the samples' oxidation levels using the selected peptides. Also, in this 

case, the older samples (reference numbers: AR-30A from [8] and FWLeakey_1554, from [20] 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 methionine 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 archaeological bones. X 

indicates that the peptide was detected as unmodified (deamidation (Asn, Gln) or oxidation (Met)) ;D 

indicates that the peptide was detected as deamidated or oxidize; X-D indicates that both modified 

(deamidated or oxidized, respectively) and unmodified forms were detected; NF. indicates that the peptide 

was not identified at all. 

Protein N, Q 
Position 

Peptide H-142 H-162 44HE950-
RADFORD 

7NCE98A-
WOODVILLE 

FWLeakey
_1554 

AR-30 

C
O

L
1

A
1

 (
P

0
2

4
5

2
)

 

367 Q R.GSEGPQGVR.G X NF NF X XD XD 

421 Q R.GPSGPQGPGGP
PGPK.G  + 

Hydroxylation(P) 

X X X X XD XD 

457 Q K.GEPGPVGVQGP
PGPAGEEGK.R  + 

2Hydroxylation(P) 

NF XD X X XD XD 

561Q K.TGPPGPAGQDG
RPGPPGPPGAR.G  

+ 
4Hydroxylation(P) 

XD XD X X XD D 

576 Q R.GQAGVMGFPGP
K.G  + 

Hydroxylation(P) 

XD XD XD XD XD XD 

580 M R.GQAGVMGFPGP
K.G  

+Deamidation(N,
Q) + 

Hydroxylation(P) 

X XD D D XD XD 

619 Q K.DGEAGAQGPPG
PAGPAGER.G 

+Deamidation(N,
Q) + 

Hydroxylation(P) 

NF X X X XD XD 

688 Q R.GVQGPPGPAGP
R.G + 

Hydroxylation(P) 

XD XD X X XD XD 

891N R.VGPPGPSGNAG
PPGPPGPAGK.E + 

3 
Hydroxylation(P) 

XD XD X X XD XD 

966 Q R.GVVGLPGQR.G + 
Hydroxylation(P) 

D XD XD XD XD XD 

1000 M R.GPPGPMGPPGL
AGPPGESGR.G  + 

X NF XD XD XD XD 
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2 
Hydroxylation(P) 

1156 N K.DGLNGLPGPIGP
PGPR.G + 3 

Hydroxylation(P) 

X XD D D XD XD 

Conclusions 

Asn and Gln deamidation 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 bottom-up proteomic approach. During 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 temperature [23,24]. Also, human 

bones related to a pre-historical eruption 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, II 

sec. AD, Roman imperial age, Puteoli, Naples, Italy). Despite the incredibly high temperatures during the 

eruption and the post-mortem 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 sequence coverages more than 20 % were used for statistical analysis, and manual 

interpretation of collagen chains type I was performed for an accurate evaluation of deamidation (Asn, Gln) 

and oxidation (Met). In a statistical analysis perspective, in some collagen zones, Asn, Gln, and 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, the statistically most detected Asn, Gln, 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, Gln) and oxidation (Met) values at single sites along the 

collagen alpha-1 (I) and alpha-2 (I) chains, discovering that indeed the most frequently detected sites were 

also significantly modified. For this purpose, an in-house script based on peptides' intensities was used. 

Subsequently, we investigated 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 peptides, and the most observed ms and ms/ms masses were 

listed. A series of criteria were applied for the selection of the final peptide-candidates that were eventually 

tested on already published archaeological bones. Interestingly, in the older samples (< 40ka BC), all of the 

peptides were identified both in the modified and unmodified form, and in the younger samples (18th 
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century), that are generally less deamidated, not all of the selected peptides were deamidated, observing in 

some cases that deamidated Asn, Gln belongs to longer peptides. Afterwards, the selected peptides were 

used for the calculation of deamidation (Asn, Gln) and oxidation (Met) using the in-house script described 

above. According to the fig S4 and S5 the samples demonstrate different modification levels that 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 in this work results from a mass screening on experimental data. Usually, the literature's 

quantitation methods use peptides based on theoretical parameters regarding peptide ionization [25ς27]. 

Therefore, we propose that this list of peptides can be used for quantitation studies, although the validation 

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

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

(M) level. 

 

 

Figure S1: Schematic representation of the protein sequence coverages of COL1A1 (upper panel) and 

COL1A2 (lower panel) in 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 S1: Deamidation sites along the sequence of collagen alpha-1(I) 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 form. X-D indicates that both 

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

Position AA PC188 PC189 PC193 PC196 PC200 PC204 

Collagen Sequence Coverage 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 

295 N X X N X XD N 

300 Q XD X N X XD N 

324 N 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 N 

421 Q D XD XD X XD D 

432 N N N N N XD N 

457 Q 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 

705 N 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 S2: Deamidation sites along the sequence of collagen alpha-1(II) 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 in the deamidated form. X-D indicates that both deamidated and non 

deamidated forms were detected. N are the not detected peptides. 

Position AA PC188 PC189 PC193 PC196 PC200 PC204 

Protein score 1124 2451 2441 1244 2841 1252 

Collagen Sequence Coverage 22% 44% 44% 38% 53% 32% 

111 Q N N N X N N 

114 Q N N N D N N 

125 Q 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 

303 N 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 

723 N 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 

977 N N XD D D XD N 

1002 Q N N D N XD N 

 

Table S3: Deamidation sites along the sequence of collagen alpha-1(I) in Herculaneum 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 form. X-D indicates that both 

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

Position AA ECC10
7 

EFMC1
07 

ECC108 ECC109 ECC111 ECC112 EFMC11
2 

ECC113 EFPC11
4 

Protein score 1791 535 761 592 1184 1314 1451 545 476 

Collagen Sequence 
Coverage 

41% 22% 26% 22% 30% 35% 40% 23% 21% 

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 

295 N 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 

393 Q X N N X X XD XD N X 

400 N D X X XD XD XD XD D N 
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421 Q XD N N N D N XD N N 

432 N N N N N N N N N N 

457 Q X N N N N X N N N 

561 Q N N N N N N N N N 

576 Q XD N N N X XD X N N 

619 Q XD X XD N XD XD X N N 

634 Q N N X N N N N X N 

643 Q N N X N N N N X N 

661 Q N N X N N N N X N 

688 Q N N N N N N N N N 

700 N N XD XD XD N XD XD N XD 

705 N N XD D XD N XD XD N XD 

721 Q X X XD XD X XD XD N X 

727 Q X XD XD XD X XD XD N XD 

822 Q X N X XD XD XD XD N D 

855N X X XD X XD XD D XD X 

891N D D N N N N XD N N 

952 Q X X XD XD XD XD X X X 

957 Q XD X XD XD XD XD X X XD 

966 Q D N N N N N N N N 

985 Q N X N X D N N N N 

1090 Q X N N N N N N N N 

1102 Q N N N N N N N N N 

1117 Q X X XD X XD XD XD XD X 

1129 Q XD XD XD XD XD XD XD XD XD 

1156 N XD N N N XD XD D XD X 
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Table S4: Deamidation sites along the sequence of collagen alpha-1(II) in Herculaneum 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 form. X-D indicates that both 

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

Position AA ECC1
07 

EFMC1
07 

ECC10
8 

ECC10
9 

EFMC1
09 

ECC11
1 

ECC11
2 

EFMC1
12 

ECC11
3 

EFPC1
14 

Protein score 1670 675 711 627 449 1358 1430 1422 1056 971 

Collagen Sequence 
Coverage 

34% 22% 21% 20% 16% 33% 36% 37% 26% 27% 

111 Q N N N N N X X D N N 

114 Q N N N N N X X X N N 

125 Q 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 

272 N D D XD D N XD XD XD X X 

299 N X N XD X X X XD XD XD XD 

303 N 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 

723 N 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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825 Q 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 

977 N D N N N N N N N N N 

1002 Q N N N N N N N N N N 

 

Table S5: Deamidation sites along the sequence of collagen alpha-1(I) in Scalandrone Bay 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 form. X-D indicates 

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

Position AA BSC182 BSRC182 BSC183 BSFMC1
83 

BSC184 BSFMC1
84 

BSC186 BSC187 

Protein score 1071 1193 1326 967 1448 775 445 3242 

Collagen Sequence 
Coverage 

31% 29% 34% 25% 36% 23% 21% 55% 

199 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 

295 N 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 

393 Q 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 

705 N X N N XD D N N X 

721 Q 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 XD 

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 S6: Deamidation sites along the sequence of collagen alpha-1(II) in Scalandrone Bay 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 form. X-D indicates 

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

Position AA BSC182 BSRC182 BSC183 BSFMC183 BSC184 BSFMC184 BSC186 BSC187 

Protein score 1069 1353 1482 878 1301 866 768 3157 

Collagen Sequence 
Coverage 

28% 31% 36% 27% 33% 21% 23% 54% 

111 Q N N N N X N N N 

114 Q N N N N X N N N 

125 Q 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 

212 Q N N N N N D D D 

272 N XD D D XD XD X X XD 

299 N N X X N XD X X XD 

303 N N D D N D D D XD 

359 N N N X N X X X X 
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369 Q N N X N D X X X 

384 N N X X N X X X XD 

435 N N N N N N N N D 

458 N XD XD XD X XD N N X 

491 N XD XD XD XD XD N N X 

507 N N N N N N N N D 

527 N N N N N N N N XD 

528 N N N N N N N N X 

531 Q N N N N N N N XD 

537 Q N N N N N N N XD 

540 Q N N N N N N N X 

546 Q N N N N N N N N 

555 Q N N N N N N N N 

620 N D X XD XD XD X X X 

668 N N N N N N N N N 

723 N XD X XD X XD XD XD XD 

734 Q XD XD XD X XD XD XD X 

750 N D D X N D XD XD XD 

768 N X XD XD N XD XD XD XD 

825 Q N N N N N N N N 

864 Q D N XD XD X XD XD XD 

918 N XD XD X X XD N N XD 

929 N N N N N XD N N XD 

932 N N N N N D N N XD 

941 Q N N N N N N N N 

953 N N N N N N N N X 

977 N N N N N N N N XD 

1002 Q X X X X N N N X 
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Table S7: Deamidation sites along the sequence of collagen alpha-1(I) in Oplontis 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 form. X-D indicates 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 
Coverage 

43% 45% 49% 49% 45% 40% 36% 

199 Q N X X XD X X N 

202 Q N X X D D X N 

229 N N N N N N N N 

250 Q N N N N N N N 

295 N 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 

387 N 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 

705 N 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 
































































































































































































































































































































































































































































