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Liquid chromatography-mass spectrometry (LC-MS) based proteomic methods have 

provided archaeologists with a powerful tool for the discovery and identification of proteins 

within artifacts. Traditionally, discovery-based methods have utilized a non-targeted full mass 

scan method in an attempt to identify all proteins present within a given sample. However, 

increased sensitivity is often needed to target specific proteins in order to test hypotheses. 

Proteins present within archaeological materials present a unique challenge, as they are often 

subjected to a variety of chemical transformations both before and after burial. Any preserved 

proteins will be present within a complex mixture of compounds, and full mass scans often fail 

to detect less abundant proteins of interest. Consistent and reliable targeted methods are 

needed to detect protein biomarkers. Taphonomic experimentation was employed as a means 

to identify the effect of particular processes and conditions on the preservation of mare's milk 

proteins. In addition, three LC-MS methods were evaluated for their efficiency in identifying 

mare's milk-specific peptide biomarkers from experimental pottery samples. The ability to 

reliably detect the presence of these species-specific peptides can help provide evidence about 

past cultural groups, including the origins of dairying and animal domestication. 
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CHAPTER 1  

INTRODUCTION 

In the last decade, Archaeologists have borrowed heavily from the techniques developed 

in the fields of molecular biology and analytical chemistry.  In particular, archaeological chemists 

were quick to recognize the potential in liquid chromatography-mass spectrometry (LC-MS) 

technologies for the identification and characterization of ancient biomolecules within complex 

mixtures (Guasch-Jane, et al. 2004; Solazzo, et al. 2008; McGovern, Mirzoian, and Hall 2009). 

Recent technological improvements have led to a dramatic increase in sensitivity and accuracy 

of this instrumental approach, particularly in its ability to identify unknown proteins at extremely 

low concentrations. As a result, LC-MS has become a popular analytical approach in a variety of 

academic, industrial, and medical settings. In theory, this technology is ideally suited for the study 

of ancient proteins in the archaeological record, as these proteins residues are often present in 

only trace quantities and in highly degraded forms. The application of these technologies to the 

archaeological record is still relatively new, but it offers archaeologists a new way to investigate 

fundamental questions about the origins of the human species such as the rise of agriculture, the 

domestication of animals, and the exploitation of available resources (Buckley, Melton and 

Montgomery 2013; Warinner, et al. 2014).  

 To date, the majority of published research in the field has been claims-based, employing 

non-targeted full mass scan approaches in an attempt to identify all proteins present in a given 

sample. Although there has been significant progress in the field, there are still many challenges 

associated with this type of research due to a lack uniform methodologies as well as a general 

lack of knowledge about taphonomic changes associated with ancient proteins. Despite the 
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growing body of archaeological research employing proteomic techniques, there has been very 

little research published on methodological development and validation studies (Evershed and 

Tuross 1996; Craig and Collins 2002; Stevens et al. 2010; Barker et al. 2015) specific to the field 

of archaeological chemistry. However, method development is routine in other sciences that 

employ proteomic techniques, and archaeologists must follow suit in order to establish validity 

in published results. Additionally, uniform quality control criteria should be adopted. Claims that 

cannot stand up to rigorous questioning and retesting cannot be accepted as scientific truths.  

In a number of early ancient biomolecular studies, chemical methods were applied to 

archaeological material without accounting for the context of the sample or with any 

consideration of the unique challenges associated with ancient, degraded biomolecules. Existing 

analytical chemistry techniques were applied indiscriminately, using methods that were originally 

designed for modern and intact biomolecules.  This resulted in a number of false positives, which 

led to a deep skepticism of ancient residue research in general (Brown and Brown 2011). These 

early studies highlight the importance of method development and validation studies to prevent 

the misinterpretation or misrepresentation of results. While these studies are time consuming 

and far less exciting than claims-based research, they are an essential prerequisite that should 

be employed before analytical techniques are applied to finite archaeological sources. 

Furthermore, current technologies for the extraction of proteins still require the destruction of 

samples, so method development using experimental pottery is a more appropriate approach 

when working with finite cultural artifacts. Although these experimental samples cannot fully 

recreate the age of archaeological samples, valuable information can still be gathered from these 

studies. Once created, these methodologies can be adapted to specific research questions and 
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hypotheses that are of interest to archaeologists. However, this requires an understanding of the 

physiochemical properties of the protein of interest as well as an understanding of the 

boundaries inherent in each analytical approach, including sample extraction, instrumental 

parameters, database searches, and the statistical analysis of ancient proteins.  

 Additionally, little research in the field has employed LC-MS methods to target specific 

proteins of interest. As previously noted, most studies have used full mass scans in order to 

identify unknown proteins within a sample. With this approach, the most abundant proteins are 

identified and the signal from low abundance peptides are frequently overwhelmed, leaving 

them undetected.  This approach is appropriate for discovery-based research but a targeted 

method may be more useful when testing particular research questions or hypotheses. Often 

researchers are only concerned with in a specific subset of proteins in a given sample, particularly 

those that can be used as biomarkers to verify the presence of a particular protein within complex 

mixtures. By selectively monitoring only specific peptides, background signal noise is greatly 

reduced which drastically increases and even low abundance peptides can be identified. 

Furthermore, there is also potential to quantify proteins of interest with targeted methods that 

are not possible with untargeted approaches.  

 Given these realities, the overall goal of this thesis is to build upon previous research to 

create a targeted method that can be adapted to any protein. Two targeted LC-MS methods are 

assessed and compared to a full mass scan approach. The research described here will focus on 

the detection of mare’s milk-specific proteins from ceramic pottery. This research is important 

on two levels. First, this method can be adapted for the study of other proteins and applied to a 

variety of archaeology-specific research questions and hypotheses about past cultures. 
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Additionally, if the targeted method is able to successfully detect and identify milk proteins in an 

archaeological artifact, it could provide a better understanding of the culture that produced the 

artifacts. For example, horses were an important aspect of a number of ancient civilizations. 

Fermented milk products such as kefir, airag, and koumiss were consumed by cultures in Western 

and Central Asia. The detection of mare’s milk-specific peptides in the archaeological record can 

provide insight into how these early cultures exploited natural resources available to them, 

including early animal husbandry and dairying practices. Several protein classes from mare’s milk 

are targeted in this method development study. Some of these proteins include: caseins, 

lactoglobulins, lactalbumin, lactoferrin, and serum albumins.  

 A number of specific questions are investigated in this thesis. (1) Which milk peptides 

would we expect to find in archaeological pottery? (2) How do various processes such as 

desiccation, cooking, dilution, burial, or extraction affect the survivability of milk peptides? (3) Of 

the proteins that survive and are extractable, which peptides can be targeted with certainty? (4) 

Which parameters should be employed for each method and how do these methods compare to 

a non-targeted method?  

Chapter 2 discusses previous biomolecular research in archaeology as well as the 

advantages and limitations of ancient proteins.  In addition, background information on LC-MS 

technology is described, followed by a description of mare’s milk proteins that were relevant to 

this research. Chapter 3 provides a description of methodology chosen for this project, followed 

by results, which are detailed in Chapter 4.  Finally, in Chapter 5, a discussion and summary of 

the entire project is provided, which includes an analysis of additional research that should be 

completed before this work can be used as a template for further targeted studies in archaeology.   
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CHAPTER 2  

BACKGROUND 

Previous Biomolecular Research 

In the past decade, advances in biomolecular technology have enabled the study of 

organic residues within archaeological artifacts through the application of analytical organic 

chemistry techniques. The majority of ancient residue analyses to date have focused on ancient 

DNA and proteins, with the earliest studies focused almost exclusively on DNA. Additionally, a 

number of studies also investigated lipids, carbohydrates, and alkaloids. In the early 1990’s, 

researchers began to borrow new and advanced biomolecular techniques and applied them to 

ancient residues. This led to a wave of publications, claiming the successful extraction of DNA 

from insects, plants, and bacteria trapped in amber (Cano et al. 1993; DeSalle, Barcia, and Wray 

1993; Poinar, Cano, and Poinar 1993) and from dinosaur eggs and bones (Li, An, and Zhu 1995; 

Woodward, Weyand, and Bunnell 1994). Unfortunately, it became apparent that many of these 

early studies were due to modern contamination. For the study of ancient proteins, the most 

common method used in the past has been immunoassays (Marlar, et al. 2000; Yohe, Newman 

and Schneider 1991; Lowenstein, et al. 2006). This method relies on the detection of ancient 

antibody proteins, the most common of which are known as immunoglobulin G (IgG). The use of 

these tests for ancient proteins has been criticized due to the nature of the test itself, which is 

prone to false positives, cross-reactivity, and contamination (Feidel 1996). Recent research by 

Kendall et al. (2016) suggests that IgGs survive poorly in archaeological contexts and that 

previously reported successful IgG extractions are not replicable even when using more advanced 

and reliable methods.  



6 

Unfortunately, the inappropriate application of biomolecular technology to the study of 

archaeology has not been uncommon, and many in the field have begun to question the validity 

of ancient residue research. A lack of rigorous controls, the use of unsuitable analytical chemical 

methods, and inadequate reference databases have led to many false positives (Schweitzer, 

Schroeter et al. 2014). Problems of contamination are either unknown or remain unaccounted 

for, and many of the early success are discovered to have been the result of contamination or 

misinterpretation (Zischler et al. 1995). The field of molecular archaeology has its own unique set 

of challenges and unfortunately, in the past, chemical techniques have been indiscriminately 

applied to archaeological remains without considering these challenges.  This led to a backlash 

against this type of research and subsequent studies were often rigorously questioned and 

viewed with skepticism (Downs 1995; Dongoske, Martin and Ferguson 2000).  

 Despite this rocky start, or perhaps because of it, archaeologists began to build a 

foundation of research and methodologies that addressed specific archaeological concerns 

including difficulties that stem from the degradation of ancient proteins (Collins et al. 1995; 

Wadsworth and Buckley 2014), the preservation of biomolecules (Cattaneo et al. 1995; Schmidt-

Schultz and Schultz 2004; Buckley and Wadsworth 2014), common modifications  (Dobberstein 

et al. 2009; Stephan, 1997), and methodology (Buckley, Collins and Thomas-Oates 2008; 

Cappellini et al. 2012; Jiang et al. 2007; Barker et al. 2012). This research, along with advances in 

technology such as next generation sequencing and LC-MS plus improved methodologies, 

reference libraries, and search algorithms has helped strengthen validity of organic residue 

analyses. Of course some level of skepticism persists among archaeologists and paleontologists, 
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and interpretations of data are frequently challenged, including the recovery of 67 million year 

old Tyrannosaurus rex protein (Asara, et al. 2007; Schweitzer, Wittmeyer, and Horner 2007). 

 Recent successful residue research includes DNA (Brown and Brown 2011; Warinner et 

al. 2014), lipids (Eerkens 2002; Roffet-Salque et al. 2015), and proteins (Buckley and Wadsworth 

2014; van der Werf et al. 2012; Warinner et al. 2014). Biomolecules have been successfully 

retrieved from a variety of materials with bone being the most frequently studied and common 

source and collagen being the main protein of focus (Buckley and Wadsworth 2014). A wide 

variety of biological and non-biological artifacts have been used for residue analyses including 

stone tools, ceramics, and dental calculus (Warinner et al. 2015). 

The Advantages and Challenges of Ancient Proteins.  

 Proteins are particularly suited for residue studies for a number of reasons. Proteins are 

made from sequences of amino acids, which is specified by DNA. This means that the DNA 

specifies the template that is needed for the direct synthesis of protein, which are the actual 

physical product. However, a number of biological processes govern which genes are expressed 

within any cell at any given moment. Subsequently, proteins can be a better indicator of cellular 

conditions, which can possibly provide more information since they are the real targets of natural 

selection(Schweitzer, Schroeter et al. 2014). Also, unlike other biomolecules, some proteins are 

highly source specific. For example, equine milk contains a highly phosphorylated, low molecular 

weight β–casein variant that does not exist in other animal species (Uniacke-Lowe, Huppertz, and 

Fox 2010) that  can be used to source a milk sample. In addition, proteins are far more abundant 

within living organisms than DNA, and a wide variety of proteins can often be found within even 

extremely small archaeological samples. Since proteins are relatively abundant, there is no need 
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for the kinds of artificial amplification often required for ancient DNA research, where 

contamination can easily occur and easily be mistaken as the source material.  

 Most importantly, proteins survive better than the other biomolecules. It is still unknown 

just how long proteins can survive, but past research (Schweitzer, Wittmeyer and Horner 2007; 

Schweitzer et al. 2009) has proven how resistant proteins can be to degradation processes, with 

the oldest known protein dated to 80 million years ago. In comparison, the oldest known 

successful DNA extraction is dated to 700,000 years ago (Orlando et al. 2013). Bone is the most 

commonly studied source of ancient proteins and collagen in particular has been the focus of 

many researchers. Collagen is now known to be highly source specific (Buckley, Collins et al. 2008) 

and past research (Dobberstein et al. 2009) has documented how resistant it is to various 

degradation processes. A number of studies have successfully identified collagen within 

archaeological samples (Buckley and Wadsworth 2014).  Bone and other materials, such as 

ceramics, have been shown to protect proteins from biological and chemical degradation 

(Buckley and Wadsworth 2014; Collins et al. 1995; Craig et al. 2005; Stephan 1997). Due to their 

exceptional preservation, proteins can be used to show evolutionary relationships in the absence 

of surviving DNA (Welker et al. 2015).  

 While there are many advantages to studying ancient proteins, there are also numerous 

challenges that must be addressed. To begin with, LC-MS analyses can be costly, and the 

preparation and cleanup of samples prior can be extensive and time-consuming (Barker et al., 

2012). More importantly, ancient proteins are often found in highly damaged and degraded 

states. A large number of factors influence the preservation of proteins. Soil properties, such as 

pH, sedimentations, groundwater, the availability of oxygen, and the presence of flora and fauna 
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all contribute to the destruction or preservation of buried archaeological samples. Temperature 

and weathering patterns also play a large role in the breakdown of proteins. The inherent 

qualities of an artifact also influence its chance of survival. For example, bones are differentially 

preserved depending on their bone mineral density, size, and shape. Proteins, such as collagen 

and albumin, are also expected to survive better simply due to their relative abundance within 

living organisms (Wadsworth and Buckley 2014).  

Even proteins that are preserved over time may become highly modified. Very little 

research (Cappellini et al. 2012) has been done on modifications and how they complicate 

analyses. Proteins are subjected to an assortment of possible chemical transformations, including 

Maillard reactions, cleavage of peptide bonds, decarboxylation, and enzymatic digestion 

(Barnard and Eerkens 2007). Other modifications associated with proteomic degradation include 

deamination of glutamine or asparagine, methionine oxidation, and proline hydroxylation 

(Cappellini, Collins, and Gilbert 2014). These changes can occur from cooking, diagenetic 

processes, or even from sample preparation. Any of these modifications can lead to peptides 

with different molecular weights than the originals, which can hinder mass spectrometry analysis, 

and prevent proteins from being identified. Some modifications can be accounted for, but many 

are not. This means that many ion spectra from ancient samples are left unassigned. In addition, 

exogenous compounds can be incorporated into artifacts over time. Proteins or compounds 

within the soil, or from microbial decomposition can complicate the identification of proteins 

within a sample. Therefore, even if some protein does survive, exogenous proteins may still 

overwhelm the signal from the protein of interest.  
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Liquid Chromatography Mass Spectrometry 

LC-MS is an extremely sensitive and useful tool for studying small amounts of proteins 

present in ancient artifacts. These methods are relatively new but have great potential for the 

acquisition of data from ancient archaeological artifacts. Although whole proteins can be 

analyzed by LC-MS for determination of molecular structure, the detailed information regarding 

amino acid sequence of the component peptides, requires additional sample preparation steps 

to enable specific protein identification. Prior to an LC-MS run, proteins must be enzymatically 

digested using proteolytic enzymes, such as Trypsin that cleave proteins in characteristic 

locations. The result of this digestion is a series of characteristic peptides that can be easily 

ionized via electrospray, and separated by mass to charge (m/z) via reverse phase liquid 

chromatography.  

During liquid chromatography, analytes pass through a C18 capillary column and are 

separated by their polarity based on the affinity for the C18 (stationary phase) bonded to the 

particles within the column. Different compounds will have differing relative affinities for the 

column stationary phase and for solubility for the solution in the mobile phase (a gradient of 

highly polar water with increasing concentrations of less polar methanol ) and will therefore have 

a characteristic travel time or “retention time” to pass through the column at characteristic 

elution times. Peptides will initially  bind to the stationary phase on the column in the presence 

of a mobile polar mobile phase (e.g. 0.1% formic acid in water) and are then eluted off of the 

column by a more hydrophobic solvent (increasing concentrations of 0.1% methanol) as the 

mobile phase gradient proceeds.. These elution times are important as a means to help identify 

compounds. Peptides are charged (frequently with multiple protons provided by the formic acid 
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amended mobile phase) and are drawn into the vacuum of the mass spectrometer guided by 

electrostatic forces as the solvents are evaporated.  

Figure 1. MS/MS fragmentation of VQIVPDLTR, a peptide found in equine β-lactoglobulin. This 
peptide is fragmented into daughter ions, plotted along the X-axis. Y (7) is the most abundant 
daughter ion, with an m/z value of 813.5. 

 

The mass spectrometer then separates each peptide based on mass-to-charge ratio (m/z) 

followed by fragmentation of residues by collision-induced dissociation (CID) to produce a 

spectrum of positively charged confirming, or “daughter” ions. These ions are useful for 

identification because precursor, or “parent” ions fragment in predictable characteristic ways. 

These data are given in the form of mass spectra produced from all detected ions. Figure 1 shows 

a single spectrum for a β-lactoglobulin (β-LG) peptide detected by MS/MS analysis, with daughter 

ions plotted on the X axis.  

In a form of full mass-scan known as a Data Dependent Acquisition (DDA) mode, the 

strongest m/z or “base peak” is selected from each chromatographic peak corresponding to a 

particular m/z characteristic of a given peptide.  Since more than one peptide may be present in 

a given chromatographic peak (coelution of two or more unique peptides), the DDA software will 
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then select the 2nd and 3rd etc. strongest base peaks for analysis.  All selected base peaks are then 

subjected to CID to produce corresponding daughter or MS/MS spectra that can be used to 

accurately predict the amino acid sequence of all base peaks selected within a given 

chromatographic peak which represent valid peptides.  Each parent/daughter combination of 

CID-induced transition ions is given a “score” based on abundance and quality of these ions. This 

provides researchers with an idea of how relatively abundant each peptide is.  Small subsets of 

the proteins (i.e. the properly identified peptides) are then used for subsequent analyses and 

identification of the whole protein. MS/MS mass spectra are then analyzed by databases such as 

MASCOT (Perkins, Pappin et al. 1999) to determine the identity of the peptides based on a 

probabilistic assessment of how well each parent and daughter ion fits to known or expected 

peptide sequences.  Search parameters include a few possible fixed or variable modifications. 

Some variable modifications include oxidation or deamination, and can be selected if these 

modifications are suspected. Other parameters include MS/MS or peptide tolerance, which can 

increase or decrease desired error windows, as well as peptide charges or allowed missed Trypsin 

cleavages 

Mass spectrometry methods have been used to identify proteins from a number of 

artifacts  (Barker et al. 2015; Solazzo et al. 2008) and bone samples (Buckley and Wadsworth 

2014; Cappellini, Collins, and Gilbert 2014). Other sources of ancient biomolecules include food 

residues (Hong et al. 2012), fossilized coprolites (Warinner et al. 2015; Luciani et al. 2006; 

Santiago-Rodriguez et al. 2015), ceramics (Craig and Collins 2000; Solazzo et al. 2008; Barker et 

al. 2012), and dental pulp and calculus (Tran et al. 2011; Warinner et al. 2014). 
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Targeted Proteomics 

 Archaeological chemists have traditionally used LC-MS in an unfocused, full mass scan 

mode in an attempt to identify all proteins present in a sample as described above. This can be a 

very effective method for the discovery of proteins within an archaeological sample (Barker et al. 

2015). However, these methods are limited in some ways. For example, high abundance proteins 

will be sampled multiple times, which leads to more precision in their measurement, making it 

more likely that they will be identified. In turn, scarce proteins are less likely to be found, because 

their signals are overwhelmed by more abundant proteins. Therefore, targeted methods may be 

needed for some research questions, especially if the protein of interest in not abundant. Of the 

various possible types of targeted LC-MS analysis, two are examined in this study.  These targeted 

analyses involve screening experiments where specific peptides are detected within a complex 

mixture. By selectively monitoring only a small number of peptides, sensitivity is greatly increased 

and low abundance peptides can potentially be identified.  

 Targeted methods have similar analytical steps as non-targeted methods. Proteins are 

trypsin-digested and the resulting peptides are ionized prior to being sorted by their mass/charge 

values. In targeted approaches, pre-specified peptides are the only ones that will be detected 

and processed. This leads to increased sensitivity in comparison to non-targeted approaches 

where low abundance peptides are often left undetected. While there are many methods for 

targeting peptides, two will be discussed in this thesis. The first method involves a modified 

version of DDA mode in which precursor ions are targeted. Sensitivity can be increased further 

with the addition of time windows. The second method is known as Multiple Reaction Monitoring 

(MRM) or Selected Reaction Monitoring (SRM).   The designation MRM will be used herein.  This 
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method is extremely selective for peptides of interest. There are two stages of mass filtering in 

an MRM method. The specified parent ions are pre-selected for fragmentation via collision-

induced dissociation (CID). The fragmented daughter ions are then monitored and analysed. This 

information combined with known chromatographic retention times for the targeted peptides 

permits confident identification/ specificity of the analytes of interest.  

Milk Proteins 

Every targeted assay should be developed specifically to the proteins of interest. This 

requires some a priori knowledge about the expected physiochemical properties of the proteins 

being targeted. Table 1 shows the relative abundance of the main proteins we would expect to 

find in an unprocessed mare’s milk sample. The composition of equine milk is roughly 89% water, 

with only 2.5 % being comprised of proteins (Uniacke-Lowe, Huppertz, and Fox 2010).  There are 

two protein classes; whey and caseins, which make up 1.2% and 1.3% of the total proteins 

respectively. The gross composition of equine milk is considerably different than those of other 

dairying species.  

Different protein content leads to profound differences in the rheological properties (flow 

behaviour) of milk. These differences are likely a result of the distant evolutionary relationship of 

the non-ruminant horse from ruminant species, such as cows, sheep, and goats. In fact, the 

composition of equine milk is more similar to human milk than to that of other dairy species. This 

leads to a decrease in allergic reactions in infants using equine milk as a replacement (Malacarne, 

Martuzzi et al. 2002). This is an important feature that helps explain how mare’s milk has become 

such an important foodstuff for cultures in Central Asia, where the majority of the population is 

lactose intolerant. Fermented milk products, such as airag, koumiss, and kefir have a large part 
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of their lactose converted into lactic acid. The losses of lactose, as well as the lack of immune 

reactions in infants make equine milk a suitable beverage for a number of cultures, including the 

Scythians who were known to have consumed these beverages over 2500 years ago (Puniya 

2016). 

Table 1 
 
Relative Abundance of Equine Milk Proteins 
 

Protein Relative abundance (%) 
Whey  

β-lactoglobulin 30.0 
α-lactalbumin 29.0 

Immunoglobulins 20.0 
Lysozyme 6.6 

Lactoferrin 10.0 
Serum albumin 4.5 

Caseins  
β-casein 45.6 
αs-casein 46.6 
κ-casein 7.7 

 

Caseins 

The most abundant equine milk proteins are β-caseins and αs-caseins. Caseins have a 

higher molecular weight than the other major milk proteins, at roughly twice the size of the major 

whey proteins. These molecules also lack a secondary structure and instead, they form micelles. 

Micelles are an aggregation of molecules that form one large spherical structure when in a liquid 

solution. These properties contribute to the high stability of casein molecules. These proteins 

have high thermal-stability and do not denature with heating (Uniacke-Lowe, Huppertz et al. 

2010). Additionally, caseins are also stable against hydrolysis from many proteases and the 

degradation of equine caseins is especially slow in the digestive system (Malacarne et al. 2002). 
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In equine milk, a low molecular weight β-casein variant exists that is absent from any other 

species. These variants make up approximately 4% of all caseins (Miclo, girardet et al. 2007). 

Caseins may be hydrolysed during fermentation, but only 10% of equine proteins are even 

hydrolysed during the 96-hour fermentation processes (Uniacke-Lowe, Huppertz et al. 2010). 

These properties could be beneficial to archaeologists studying ancient dairying products. Their 

stability and relative abundance makes them ideal candidates for targeted LC-MS analysis. 

Whey 

β-lactoglobulin (β-LG) and α-lactalbumin (α-La) are the two most abundant whey proteins 

of mares milk at roughly 30% each. Both of these molecules are less susceptible to modification 

from heat and pressure than many proteins. β-LG is highly resistant to proteolysis and even 

remains intact through digestion. Both β-LG and α-La are resistant to hydrolysis from 

microorganisms during fermentation. β-LG is considered to be more stable than α-lactalbumin, 

possibly due to the absence of sulfhydryl groups (Uniacke-Lowe, Huppertz et al. 2010). The 

protein does not fully unfold, even at temperatures as high as 85-90 °C. Once the temperature is 

decreased, it would be expected to refold. Other whey proteins, such as Lysozyme are less 

abundant, but their physiochemical characteristics might favor their survival in the archaeological 

record. Lysozyme is also highly resistant to both acid and protease digestion and can survive 

digestion intact. Some whey proteins are only found in modified conditions that should be 

accounted for if they are targeted. Κ-casein and lactoferrin are thought to exist only in the 

glycosylated state. Glycosylation is a set of modifications that can often make identification 

challenging. However, strategies do exist that can help remove sugar moieties to improve 

chances of identification via targeted analysis. The overall stability of many whey proteins also 
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makes them ideal candidates for targeted proteomic methods. Another important feature of β-

LG that is particularly helpful to archaeological chemists is the fact that it is absent in human milk. 

Therfor, when β-LG is found in the archaeological record in association with humans (Warinner, 

Hendy et al. 2014), it provides researchers with evidence of dairying activity. 

The Importance of Taphonomic Experiments 

Proteins that have survived in the archaeological record are exceptionally rare, and often 

exist in only miniscule amounts. However, extraction methods used for the removal and analysis 

of these ancient proteins are inherently destructive. However, targeted approaches require some 

knowledge about the proteins that will be targeted. Proteins may be modified in a variety of 

ways, including through processing and use behaviors of humans. Archaeological chemists must 

be able to observe and record the effects of particular processes and conditions on the 

preservation of their proteins of interest. With only finite archaeological materials available, 

taphonomic experimentation are a useful and essential step for the development of rigorous 

targeted approaches. Only a relatively small number of peptides will be targeted, so these 

experiments can help researchers narrow down proteins that are more likely to survive in 

archaeological contexts. While these experiments cannot fully recreate archaeological 

conditions, they can still yield valuable information that can help validate potential ancient 

protein identifications.  

 To summarize, investigations of ancient proteins have provided archaeologists with an 

abundance of new information about past cultures. Newer and more sophisticated 

instrumentation such as LC-MS has allowed researchers to successfully recover and identify a 

wide range of proteins within the archaeological record. However, the most common methods 
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currently employed are non-targeted scans of samples that are more likely to identify the most 

abundance proteins, while lower abundance proteins may remain undetected. Targeted 

methods could allow archaeological chemist to search for specific proteins to help answer 

research questions, despite their abundance. To develop these targeted methods, experimental 

studies are needed in order to identify and predict the effects of particular processes on the 

preservation of the ancient protein in question. This was the goal of the research presented in 

this thesis. Experimental pottery was created and a number of taphonomic studies were 

conducted to asses which proteins were able to survive and be extracted. Peptides that survived 

and were successfully targeted are peptides that should be targeted in the archaeological 

material.  
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CHAPTER 3  

METHODOLOGY 

Targeted methods are limited in the number of peptides that can be searched for in any 

given scan. Furthermore, proteins that have been preserved in archaeological material are 

scarce, and retrieval is inherently destructive Therefore, peptides that will be targeted in 

archaeological materials should be chosen with care. Thus, experimental pottery was used and 

suitable peptides were chosen based on the results of our taphonomic experiments.  

Sample Collection and the Creation of Experimental Pottery 

Fresh milk was collected from a local thoroughbred mare with a 3-week-old foal that was 

still nursing. The only processing it went through was the sample processing to prepare it for LC-

MS analysis. Additionally, our method development required the creation of an experimental 

sample of cooked mare’s milk. The methodology for the creation of experimental pottery 

followed those previously described by Barker et al (2012). Concentrated mare’s milk powder 

(Equilac-Ecopharma) was used to create the cooked milk mixture. This powdered milk underwent 

commercial processing to remove all water. To create the mixture, powdered milk (42.6 grams) 

was dissolved in Milli-Q water (400ml), a concentration that mimics naturally occurring mare’s 

milk. The solution was placed in a ceramic bowl, previously sterilized at 800 °C, and cooked over 

a six day period with Milli-Q water added daily as the mixture cooked down. After day six, fresh 

residue samples were taken from the cooked mixture itself, as well as the thick blackened residue 

adhering to the sides of the pottery. Ceramic samples were taken from pieces with thick residue 

and well as from pieces that were carefully scraped clean with little to no visible residue. 

Additionally, a burial experiment was performed to show small-scale degradation that would 
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results from short-term burials. Previous burial experiments ay UNT have shown that degradation 

of proteins occurs quickly with protein concentration dropping approximately 70% between one 

month and twelve months. Samples were buried in a backyard in North Texas for approximately 

3 months before they were analyzed.  

Extraction and Cleanup 

Methods used for extraction were developed and optimized at the University of North 

Texas (UNT) Environmental Chemistry Laboratory and are described in Barker et al (2012). 

Currently, the retrieval of trapped biomolecules from a porous structure requires the destruction 

of the original sample. Ceramic samples of approximately two grams each were pulverized using 

sterilized mortal and pestles. Sodium dodecyl sulfate (SDS) (2% w/v) was added to each sample 

in order to lyse any proteins within, and samples were then autoclaved at 108°C for one hour. 

The combination of high temperature and high pressure increases the effectiveness of protein 

extraction. The supernatant was removed and placed in a new vial, and centrifuged (14,000xg for 

5 minutes) in order to remove solids. This step was repeated before the sample was placed in a  

-80 °C freezer for 30 minutes to an hour in order for the precipitation of SDS to occur. Samples 

were centrifuged again before being placed back in the freezer to allow remaining SDS to 

crystalize overnight. If sufficient precipitation occurred, supernatant was then transferred into 

3kD Molecular Weight Cutoff Columns (MWCC) in order to concentrate sample to 100-250uL.  

Clean up, Digestion, and Sample Preparation 

Filter-aided sample preparation (FASP) (Expedeon) was performed in order to clean up 

samples and remove any remaining detergent prior to LC-MS analysis. Dithiothreitol (1M) 

solution was added to each sample to reduce disulfide bonds. 30 uL of each sample was then 
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used with the FASP kit, which prepares proteins for trypsin digestion and subsequent analysis by 

mass spectrometry. This is necessary because while SDS is a very efficient detergent for the 

extraction of proteins from pottery, residual SDS can adversely affect an LC-MS analysis by 

interfering with the ionization process of the instrument or with protein digestion by Trypsin. 

Trypsin, a serine protease, is used to cleave proteins at characteristic points (Arginine and Lysine 

residues), creating peptide fragments that can easily be interpreted from mass spectra. A trypsin 

solution (75 uL) was added to each sample and allowed to incubate at 37°C for 18 hours 

Once the protein digestate eluted, formic acid (10uL 10%) was added to terminate 

digestion. This was followed by reverse phase cleanup using C-18 zip tips (Millipore part number 

ZTC18S096, Billerica, MA, USA), to desalt the samples. Desalting is necessary to prevent charged 

salt ions from interfering with subsequent capillary chromatography and/or mass spectrometry. 

Before samples can be evaluated using LC-MS, they must be vacuum centrifuged to remove 

chemicals used during desalting. Trifluoroacetic acid (30 uL 0.1%) was then added to protonate 

any peptides present. The reconstituted samples were then ready for processing by LC-MS.  

LC-MS Analysis 

Digested samples were evaluated by LC-MS/MS analysis using an Agilent 1100 series 

LC/MSD-SL Ion Trap. Samples were separated on a capillary column under the conditions listed 

in Table 2. A gradient elution of 0-3% Solvent B occurred within the first 10 minutes. By 12 

minutes, solvent B was increased to 15% and by 45 minutes, Solvent B makes up 65%. At 50 

minutes, Solvent B was at 100%, and for the remaining 10 minutes, the percentage of Solvent B 

rapidly decreased back to 3%. Electrospray ionization and positive ion detection were used to 

find peptides within a range of 200-1200 Da. Initially, the mass spectrometer was operated in a 
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non-targeted data dependent mode to obtain full-scan MS spectra of both fresh and powdered 

mare’s milk to evaluate which peptides are present in the original material. In subsequent LC-

MS/MS runs, targeted analytes were detected using a combination of full mass spectrometry as 

well as one or more targeted modes. Samples used to evaluate methods include fresh milk, 

concentrated powdered milk, cooked foodstuff, and proteins extracted from both clean pottery 

and pottery with residue still attached. Bovine serum albumin (BSA) tryptic digest standards were 

run prior to milk samples to verify system performance. In addition, blanks (50:50 MQ-

water/acetonitrile) were run alongside processed samples in order to authenticate that positive 

hits were not a result of contamination or carry over from previous samples. Spectra were 

analyzed with Agilent 1100 Chemstation software. Base peak chromatograms were created to 

visualize and record parent ions and their corresponding properties, such as retention time and 

daughter ions. The resulting mass spectra were then evaluated using MASCOT. 

Table 2 
 
LC-MS Operating Conditions 
 

LC-MS  
Column Zorbax 300SB-C18 Capillary 0.3X100 mm, 3.5um 
Injection volume 8uL 

Mobile Phase A= 0.1% formic acid in Milli-Q H20                 
B= 0.1% formic acid in Methanol 

Flow Rate 4uL per minute 
Ion Source Electrospray ionization (ESI) 

 

Data Analysis 

Raw data files were exported and uploaded to the online MASCOT software program 

(version 2.5.1) and submitted to an Ion MS/MS search. The mass spectra data were compared to 

all peptide sequences available in the SwissProt database with the following search settings:  
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Taxonomy set to “other Mammalia”, one missed Trypsin cleavage is allowed, peptide 
tolerance set as +/- 1.2 Da, peptide charge set to 1+, 2+, and 3+, MS/MS tolerance is as 
0.6 Da and the instrument set as ESI Trap.  
 

These settings were used for initial method development. Search criteria were adjusted as 

targeted methods were optimized. For example, with low resolution instruments like the one 

used for this study, it is often suggested that peptide tolerance should be increased to 2.0 

Da(Edwards 2011). Observed spectra are interpreted and matched to proteins and assigned a 

probability based protein score, with a significance threshold of p < 0.05. This score is the 

probability that the peptides are correctly identified to the proteins within the database. If 

multiple peptides are found that match the same protein, the protein score is increased. A list of 

high scoring peptides and proteins are compile from these results.  

Targeted Method Development 

A summary of the targeted method development workflow is provided in Figure 2. An LC-

MS full mass spectrometry analysis was used to examine a sample of our concentrated mare’s 

milk to evaluate proteins present in the original material. Base peak chromatograms were 

inspected and a peptide library of parent and daughter ions was compiled based on relative 

abundance, intensity, and uniqueness of parent ions. Retention times were also noted. Data were 

sent to MASCOT for confirmation and those parent ions with the highest scores were recorded. 

Figure 2. Workflow for targeted method development. 

Untargeted full 
mass scan

Creation of 
peptide library

Development of 
targeted method

Evaluation of 
effectiveness

Optimization of 
method 

parameters
Validation
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Table 3 shows five peptides from the initial run with the highest relative abundance. 

These full scan experiments were repeated until a large peptide library was complied. An example 

of peptides identified and compiled for β-lactoglobulin is shown in Figure 3.  

Table 3 
 
Peptides Selected for Initial Method Testing 
 

Relative 
Abundance 

Retention 
Time Base Peak 

Confirming 
ion Protein Peptide 

100 37.0 521.2 813.1 B-LG I R.VQIVPDLTR.M 
95 43.9 555.0 272.2 B-Casein R.DTPVQAFLLYQDPR.L 
95 43.8 832.0 678.1 B-Casein R.DTPVQAFLLYQDPR.L 
90 39.1 798.7 955.0 B-Casein K.VAPFPQPVVPYPQR.D 
80 33.4 516.3 734.2 B-Casein K.SPIVPFSER.Q 

 

Figure 3. Peptides from β-lactoglobulin. Arrows indicate the location of cleavage sites by 
Trypsin. 
 

Potential peptides were used in the development and comparison of two targeted methods. Full 

mass scans were also compared to the targeted runs. Our samples had undergone a variety of 
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taphonomic processes, including desiccation and exposure to high heat, slow cooking, burial, 

entrapment within a ceramic matrix and subsequent extraction. These taphonomic experiments 

provide a guideline for which milk peptides are lost with processing. It also provides an initial 

consideration of which peptides one would expect to find in an archaeological context. 

Auto Msn Mode and Multiple Reaction Monitoring Mode 

In contrast to a full mass scan’s discovery oriented approach, a targeted approach begins 

with a list of elements to be probed. Precursor ions of targeted peptides and their corresponding 

retention times are used as a way to eliminate redundancy in the data and to increase sensitivity. 

This allows for the use of LC-MS in robust and quantitative methods suitable for hypothesis-

derived studies.  

The two targeted methods evaluated were programed in Auto MSn mode and MRM. For 

the Auto method, the parent ion masses can be included or excluded for isolation and 

fragmentation during the run. The peptides from our peptide library were added to an inclusion 

list. The advantage of using the Auto MSn mode is that it has the ability to automatically ramp 

collision energies with a feature known as “Smartfrag”. Since collision energies correspond with 

m/z and charge, they can vary greatly for each peptide. When collision energy is increased, more 

of the precursor ion is fragmented. If increased too far, another fragmentation will occur and a 

charge will be lost, resulting in m/z values that do not correspond with the specified parent ions 

(Lange 2008). 

Time segments were also added and expected retention times of parent ions were used 

to limit which peptides would be isolated and fragmented within each window of time. Time 

segments were typically set between 20-55 minutes, at 10-15 minute intervals for each segment. 
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Precursor ions were added to each time segment corresponding to their expected elution time 

and a strict range of masses are monitored based on the highest and lowest expected m/z values 

of daughter ions. This allows the instrument to only scan the specified analytes that elute within 

each time segment while excluding all other transitions. One important feature of the Auto 

method is that it is not limited in the number of precursor ions that can be monitored during any 

given time segment.  

Our second method was programed using the MRM mode. Time segments are also used 

to isolate and fragment only specified peptides. The main differences in the two methods are 

that for the MRM method, collision energies must be pre-selected for the analytes of interest 

and, because the number of precursor ions monitored is limited, mass spectrometer precursor 

dwell time, and hence sensitivity, are increased. This collision energy must be estimated during 

method development and our final collision energy (Amp) was set to 1 with an isolation mass 

width of 4 amu. In addition, the rolling average feature was turned off and the average was set 

to 2. For the instrument used in this research, the MRM method can only monitor ten peptides 

per time segment and the addition of too many time segments decreases the efficiency of 

targeted approaches. For both methods, peptides with elution times close to a time-frame 

boundary were included in both windows because elution times can vary slightly with each run. 

Table 4 provides an example of peptides monitored within each time segment for both AUTO and 

MRM methods. 

 A series of samples were tested simultaneously to compare both targeted methods with 

a full mass scan. Each of the methods was evaluated for its effectiveness at targeting peptides, 

as well as its detection limits. Serial dilutions were performed on our reference material and each 
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method was compared. The results were able to give us insight in two ways. First, the 

effectiveness of each method could be compared on a variety of sample concentrations. Second, 

the samples provide evidence about which peptides can still be detected after processing. These 

peptides would be contenders for targeting in archaeological materials.  

Table 4 
 
Time Segments for Targeted Acquisition 
 

Window 1 Window 2 Window 3 
R.ALQPLPGR.V 
 

K.LVASSQLALA.- 
 

K.LRPTPEDNLEIILR.E 
 R.TQKVDEEVMEK.F K.SPIVPFSER.Q 

 
R.KFPSFALEYINELNR.Q 
 R.VQIVQDPSGGQER.C 

 
R.VQIVPDLTR.M 
 

R.VYVEELRPTPEGNLEIILR.E 
 K.VDEEVMEK.F 

 
K.LQEITVIPK.I 
 

K.WHSVAMAASDISLLDSESAPL
 

 
K.TESPAEFK.I 
 

K.TEYGLFQINNK.M 
 

R.DTPVQAFLLYQDPR.L 
 R.TQMVDEEIMEK.F 

 
R.TQMVDEEIMEK.F 
 

K.NAATPGQSLVCQYLAR.T  
 K.KTVDMESTEVVTEK.T 

 
R.QILNPTNGENLR.L 
 

-.TNIPQTMQDLDLQEVAGK.W   
 K.YVVIPTSK.E 

 
K.VAPFPQPVVPYPQR.D 
 

-.K.INYLDEDTVFALDTDYK.N 
K.YLYEVAR.R K.LLDDNIDDDISCAK.R 

 
 

 K.TEDPAVFTVNYQGER.K  

 Only the peptides that are specified for each window will be monitored 
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CHAPTER 4  

RESULTS 

Protein Loss 

A series of experimental samples were run to evaluate the influence of various 

taphonomic processes on the survival of milk proteins, using both targeted methods and full mass 

scans. These results are summarized in Figure 4. When analyzing fresh mare’s milk, a total of nine 

proteins were identified, including all four caseins and five out of eight known whey proteins. 

These same proteins were also identified in the powdered milk samples. However, the powdered 

milk samples also yielded two additional proteins, for a total of 11 identifications. The two 

additional proteins were Lysozyme and Lactoferrin, both of which are lower abundance proteins, 

making up just 6.6% and 10% of whey proteins respectively. Next, cooked milk samples from our 

experimental stew were studied to determine which proteins could be expected to survive 

cooking over the course of several days and still remain identifiable. When compared to fresh 

milk, cooked milk samples did not yield κ-casein. Additionally, the only whey proteins identified 

were β-lactoglobulin I and β-lactoglobulin II, the most abundant whey protein found in mare’s 

milk. Next, samples from our experimental pottery were considered. Of the caseins, only β–

casein was successfully extracted and identified. These samples also yielded both β-

lactoglobulins as well as lactoferrin. Some experimental pottery samples were then buried for a 

total of three months before they were analyzed. Of these samples, only β–casein and β-

lactoglobulin I were successfully extracted and identified. Finally, our powdered milk sample 

underwent a series of dilutions, with only β–casein and both β-lactoglobulins being identified at 

1000x. The full results of these dilutions can be found in the appendix, Figure A1.  
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Fresh Milk Powdered Milk Cooked Milk Pottery Burial  Pottery Dilution(1000x) 

 
β–casein 
κ-casein 
α-S1 casein  
α-s2 casein  
α-lactalbumin I 
α-lactalbumin II 
β-lactoglobulin I 
β-lactoglobulin 
II 
Serum Albumin 

 
β–casein 
κ-casein 
α-S1 casein 
α-s2 casein 
α-lactalbumin I 
α-lactalbumin II 
β-lactoglobulin I 
β-lactoglobulin 
II 
Serum Albumin 
Lactoferrin 
Lysozyme C 

 
β–casein 
 
α-S1 casein 
α-s2 casein 
 
 
β-lactoglobulin I 
β-lactoglobulin 
II 
 

 
β–casein 
 
 
 
 
 
β-lactoglobulin I 
β-lactoglobulin 
II 
 
Lactoferrin 

 
β–casein 
 
 
 
 
 
β-lactoglobulin I 
 

 
β–casein 
 
 
 
 
 
Β-lactoglobulin I 
β-lactoglobulin 
II 
 

Figure 4. Protein loss through various taphonomic processes. 
 

Peptide Loss 

Each protein was evaluated independently to determine which peptides were lost during 

each taphonomic process. Figure 5 compares which β–lactoglobulin I peptides were lost when 

moving from powdered milk, to pottery, to burial pottery for each method. For the concentrated 

powdered milk samples, shown in Figure 5a, all three methods were able to pick up on a number 

of peptides, with high individual ion score and overall protein scores. In general, the full mass 

scan found more peptides, but with lower protein and peptide scores than either targeted 

method. Peptides recovered from pottery (Figure 5b and 5c) were scarcer. Fewer peptides were 

found overall and they were only detected using targeted methods. The full mass scans did not 

yield any significant hits. In contrast, in the experimental pottery, both of the targeted methods 

were able to identify four peptides, with significantly high protein scores. In the buried 

experimental pottery, the targeted AUTO method had higher protein scores.  

In general, there was a trend of peptide loss and decreased scores as we moved from 

powdered milk, to milk trapped within pottery, and then to milk trapped within pottery followed 
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by burial. This trend was observed in a number of proteins. These data can be found in the 

appendix, Figure A2. 

(a)  FMS AUTO MRM 
Peptide Ion Score as % Identity 

Powdered Milk 

R.ALQPLPGR.V   59% 84% 

R.RALQPLPGR.V 92%     

R.VQIVPDLTR.M 116% 113% 117% 

K.LRPTPEDNLEIILR.E 74% 111% 133% 

-TNIPQTMQDLDLQEVAGR.W 25%     

R.TQMVDEEIMEK.F 101%     

K.WHSVAMAASDISLLDSESAPLR.V 81% 54% 112% 

K.LRPTPEDNLEIILR.E 61% 80%   

-TNIPQTMQDLDLQEVAGR.W 88%     

K.INYLDEDTVFALDTDYK.N   130% 97% 

R.VQIVPDLTR.M 21%     

Protein Score 78 159 183 
          

(b)  FMS AUTO MRM 
Peptide Ion Score as % Identity 

Pottery 

R.VQIVPDLTR.M   88% 79% 

K.LRPTPEDNLEIILR.E   124% 115% 

K.WHSVAMAASDISLLDSESAPLR.V   82% 21% 

K.INYLDEDTVFALDTDYK.N   41% 94% 
Protein Score  87 70 

     
(c)   FMS AUTO MRM 

Peptide Ion Score as % Identity 

Burial Pottery 

R.VQIVPDLTR.M   102% 65% 

K.INYLDEDTVFALDTDYK.N   17%   

K.WHSVAMAASDISLLDSESAPLR.V   54% 5% 

Protein Score  48 22 
 

Figure 5. B-Lactoglobulin peptide loss observed by method. (a) Peptides observed in powdered 
milk by method. (b) Peptides observed in experimental pottery. (c) Peptides observed in 
experimental pottery after a three month burial period. 
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Comparison of AUTO, MRM, and Full Mass Scans 

To compare methods, a series of samples were tested to assess the effectiveness of each. 

Both the AUTO and MRM methods were used to target a total of 29 peptides in fresh milk 

samples. These runs were compared with full mass scans of fresh milk. For the targeted methods, 

runs were repeated four times in succession. The results of these experiments are summarized 

in Figure 6. Shaded regions represent a positive identification of a peptide. The quality of these 

identifications is summarized in Table 5. The full mass scan method had the highest average 

percentage of the 29 peptides represented across runs, at 72%. In comparison, on average, the 

AUTO and MRM methods successfully identified the 29 peptides 59% and 69% of the time 

respectively. 

(a) AUTO 

 

29 
8 26 
9 24 
10 
12 
20 
19 
28 
17 
16 
11 
15 
1 21 
22 
25 
27 
14 
13 
23 
3 2 18 
7 6 5 4 

1                              
2                              
3                              
4                              

 

(b) MRM 

 

17 
19 
12 
13 
9 28 
8 18 
20 
21 
22 
23 
24 
25 
26 
11 
10 
16 
27 
1 14 
4 7 2 3 29 
5 6 15 

1                              
2                              
3                              
4                              

 

(c) FMS 
 29 

17 
3 8 9 10 
11 
12 
28 
16 
1 25 
20 
21 
26 
19 
24 
2 27 
15 
22 
14 
23 
7 13 
6 5 4 18 

1                              
2                              
3                              

 

Figure 6. A comparison of peptide identification across runs by method. Shaded regions 
represent a successful identification of a peptide (a) Peptides identified by the AUTO method 
(b) Peptides identified by the MRM method (c) Peptides identified by the Full Mass Scan 
Method. 
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Table 5 
 
Comparison of Method Quality 
 

 % REPRESENTED AVERAGE PEPTIDE SCORE 
AUTO 59% 86% 
MRM 69% 84% 
FMS 72% 77% 

 

However, the average individual peptide score was highest for the AUTO method, at 86% identity. 

MRM followed closely with an average peptide score of 84% identity. Despite its ability to find 

more of the peptides, the Full Mass Scan method had lower peptide scores overall, at an average 

of 77% identity. A detailed summary of peptide scores can be found in the Appendix, Figure A3. 

Additionally, a Nestedness analysis was conducted using NeD online software (Joint 

Research Center). All three methods displayed Nestedness. A summary of the Nestedness 

measures can be found in Appendix A, Figure A4. The AUTO method was able to match targeted 

peptides a total of 69 times over four runs, filling 59.5% of the matrix (p<0.001, BR= 3.0, Z=-4.389, 

Temperature = 8.889). The MRM method found targeted peptides on 80 occasions, filling 69% of 

the matrix (p <0.001, BR= 3.0, Z= -2.481, Temperature = 18.429). Finally, the Full Mass Scan 

method successfully identified the peptides 63 times over three runs, filling 72.4% of the matrix. 

(p <0.001, BR= 5.0, Z= -3.181, Temperature = 7.557).  

Overall, the full mass scan method was able to recover the largest percentage of milk 

peptides within sample containing fresh or concentrated milk samples. This is likely due to the 

fact that the targeted methods are limited by the number of peptides they can target. However, 

of the peptides that are found by all three methods, individual peptide scores were often higher 
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for both targeted methods. Once the proteins have undergone processing, the full mass scan is 

less effective. No peptides were recovered from any pottery sample when using full mass scan.   
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CHAPTER 5  

SUMMARY AND CONCLUSION 

Results Summary 

 This research attempted to investigate a number of factors that influence the success of 

method development in the field of archaeological protein chemistry. When building a targeted 

method, it is essential that peptides are chosen based on how well they are expected to survive 

various taphonomic processes. The experiments discussed above provide a better understanding 

of which mare’s milk peptides are expected to be encountered in archaeological settings.  

 Surprisingly, commercial processing (using high temperatures and pressure to remove 

water) of mare’s milk did not hinder the identification of known milk proteins. In fact, more 

proteins were identified in the powdered milk than the fresh milk, likely due to the concentrating 

effects of desiccation. With further processing, more and more proteins were lost. In cooked 

milk, lower abundance proteins, such as K-casein, serum albumin, and lysozyme were not 

detected. Additionally, even the high abundance a-lactalbumin was not detected.  

 A limited number of peptides were successfully extracted from pottery, and these 

peptides were only detected by targeted methods. B-casein and B-lactoglobulins were the two 

protein types that were consistently extracted from pottery, with lactoferrin found only 

infrequently. Even fewer peptides survived the short-term burial experiments. Also important is 

the fact that the 1000 fold dilution sample behaved similarly to the pottery samples. Overall, 

there were a few peptides that were especially durable and survived all taphonomic experiments. 

These peptides are good candidates to target for study of archaeological samples.  
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 When comparing our targeted methods with full mass scans, several observations can be 

made. First, when considering unprocessed or highly abundant material, full mass scans are likely 

to be the most effective method for identifying multiple proteins within a sample. The targeted 

methods are limited in both the number of peptides they target, and by the fact that these 

targeted peptides must be known beforehand. While individual peptide scores and protein 

scores are typically higher with the targeted methods, they are unable to reliably detect a large 

number of proteins at once. When directly comparing the identification of specific peptides in 

our Nestedness analysis, there was no statistical difference between the methods in their ability 

to target specific compounds. However, because the protein quantities in our reference samples 

were high, the full mass scan successfully identified more proteins.  

 Secondly, it is clear that full mass scans are not able to detect any milk proteins that were 

trapped in ceramic pottery. These peptides existed in minute quantities and were only detected 

with the increased sensitivity of the targeted methods. Each targeted method was able to find 

peptides that were not detected by the other.  

 Finally, when comparing the two targeted methods, it is notable that the AUTO method 

exhibits a better nestedness. This means that the peptides found in each subsequent run are a 

subset of the peptides found in the previous run. However, the peptide scores decreased quickly 

over the four runs. (Figure A3). This method had the highest scores and coverage in the first run, 

but with each subsequent run, it identified progressively fewer peptides. In comparison, the 

MRM was not as nested, because detection did not decline with subsequent runs. In fact, some 

identification and scores actually improved over the course of the four runs.  
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Future Research 

 Work described in Chapters 3 and 4 was conducted on a low-resolution linear ion trap LC-

MS. Methods were developed specifically for this instrument. There are a number of variants to 

MRM that have been described in the literature, each suited to particular instrumentation. 

Therefore, instruments should have methods that are designed according to their analytical 

boundaries. Access to newer, more sensitive instrumentation should improve the ability to target 

low-abundance proteins. Almost any tandem mass spectrometer can be used for targeted assays; 

triple quadrupoles and quadruple ion traps are the most widely used.  

 Future work will be performed on LTQ Orbitrap and Q Exactive systems, hybrid 

instruments that combine two types of mass spectrometers. Both make use of the Orbitrap mass 

analyser which offers reliable, ultra-high-resolution mass spectrometry. The LTQ Orbitrap system 

combines the mass analyser with a linear ion trap while the Q Exactive combines it with a 

quadrupole mass filter. Many variations of our MRM and AUTO method exist, but they are all 

based on the same concept. Targeted peptides are monitored during the first MS level scan. 

These ions are fragmented again, and depending on the method, the products may be monitored 

or filtered from the MS/MS level scans. In general, linear ions traps will “trap” or isolate precursor 

ions, then they will screen product ions after a collision-induced dissociation. In comparison, 

triple quadrupole Orbitraps do not trap the precursor ions, but instead they are filtered base on 

specified m/z ranges are transferred to a dissociation cell where they are fragmented again and 

then scanned.  

 Several targeted methods have been described for the LTQ Orbitrap system. Sun et al. 

(2013) describes success using Parallel Reaction Monitoring (PRM) for targeted analysis using a 
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LTQ Orbitrap VELOS system. LC-MS instruments with triple quadrupole capabilities have 

traditionally used SRM (also known as MRM) based targeted approaches. Both PRM and MRM 

should be fairly simple methods with which to advance targeted studies of archaeological 

proteins. With the addition of the high-resolution Orbitraps, the previously created targeted 

methods for mare’s milk would be expected to be more accurate. In addition, Sun et al. (2013) 

showed that in untargeted full mass scans, Q Exactive systems outperforms LTQ Orbitrap 

systems.  

Optimization 

 A lack of published methodology can make optimization of experiments difficult. In the 

field of Biomolecular Archaeology, many published papers do not include the specific 

methodology that was employed. Methodology that is listed often varies considerably with 

different laboratories, even with similar instrumentation. Optimized instrument parameters may 

be one of the most important factors in obtaining reliable identification of proteins.  During the 

research described in Chapters 3 and 4, trial and error was often used when choosing the most 

effective settings. Dozens of instrumental parameters can affect the performance of the mass 

scan. For the development of targeted methods, collision energy, threshold intensity, and 

dynamic exclusion settings all influenced the rate of identification.  

 Time should be spent optimizing instrument parameters for the type of sample being 

analysed. For example, mass resolving power (the ability to distinguish two adjacent mass 

spectral peaks) should be adjusted according to the research question being tested. In full mass 

scans, mass resolving power should be increased because it leads to better identification. 

However, increased resolving power also leads to less accurate results, with a decrease in unique 
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peptides that are detected (Kalli et al. 2013). Therefore, in applications where higher accuracy is 

needed such as targeted scans of archaeological material, resolving power should be lowered 

considerably. 

Quality Control 

 While developing the targeted methods, we discovered that two non-polar, high 

molecular weight peptides that would be expected to elute late in run were sticking to the 

column. Despite running control blanks, these peptides did not show up as a significant hit when 

data were searched in MASCOT unless we were looking at samples that had very little protein 

content and no positive identifications. When a sample is devoid of much protein, even a few 

peptides eluting off of the column from a previous sample can lead to a positive hit. These 

peptides would stick to the column when we ran samples that had a large number of unprocessed 

proteins, namely our reference material of fresh and powdered milk. Anytime highly 

concentrated material is run, a manual inspection of non-identified peptides in the MASCOT 

search should be performed as a precaution.  

Sample Preparation 

 A series of experiments were undertaken at the University of North Texas, described in 

Barker et al. (2012). Optimized extraction methods have been applied to our targeted research 

with success. However, a few aspects of the extraction process have room for improvement. SDS 

is an effective surfactant for the removal of proteins from ceramics, but it also interferes with the 

instruments if is not fully removed. A series of cold crashes should help ensure that the SDS is 

precipitated and removed. In addition, tryptic digestion can be optimized for proteins that are 

more resistant to digestion. For example, β-lactoglobulin is resistant to many forms of 
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proteolysis. Research has shown that trypsin digestion is improved when β-lactoglobulin samples 

are exposed to high levels of pressure prior to trypsin digestion.   

Experimental Controls 

 The use of experimental pottery should be continued as archaeologists investigate 

various types of subsistence patterns through study of ancient biomolecules. A series of 

experiments on traditional foodstuffs could help validate any future claims. The research 

presented here provides a general idea of which milk proteins can be expected to survive 

desiccation or cooking. However, as previously discussed, when equine milk was consumed by 

early cultures in central Asia, it was first fermented. The process of fermentation removes much 

of the lactose content in milk, which makes it easier to digest in lactose intolerant populations. 

Fermentation also increases the shelf life of milk. There are many questions that can be 

addressed through these experiments. Many factors complicate the identification of proteins. 

How does the process of fermentation affect our ability to target milk proteins? Which 

modifications should be expected and how can we account for them when targeting peptides? 

Conclusion 

 Robust and reliable methods are needed for the study of ancient proteins in the 

archaeological record. Methods must be reliable and reproducible if results are to be considered 

valid. Full mass-spec scans have increasingly become the method of choice for the identification 

of ancient proteins. Method development and validation of these non-targeted methods is 

difficult and time consuming but are necessary. Ancient proteins can be highly modified, with low 

survivability to begin with. Methods that are not created with this in mind can lead to easily 

misinterpreted results or false positives. However, well-designed methods can account for the 
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unique challenges facing ancient proteins. This means that researchers must have a detailed 

understanding of the analytical methods they employ. Developing these rigorous approaches are 

essential, and new methods can be repeated or adapted to other instruments or other proteins 

in other laboratories. By creating a set of optimized methodologies, archaeological chemists can 

bridge the fields of anthropology and biochemistry. If successful, other researchers will be able 

to more easily adapt the methods to a number of research questions and hypotheses.   
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SUPPLEMENTAL DATA TABLES
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UNDILUTED 

AUTO MRM FMS 
Protein Protein Score Protein Protein Score Protein Protein Score 

β–lactoglobulin I  274 β–lactoglobulin 

  

192 β–lactoglobulin 

  

198 

β–lactoglobulin II 121 β–lactoglobulin 

 

149 β–lactoglobulin 

 

88 

κ-casein 34 κ-casein 23     

α-S1 casein 25     α-S1 casein 29 

α-s2 casein 32     α-s2 casein 76 

    β–casein 190 

    α-lactalbumin I 37 

    α-lactalbumin II 42 

10X 

AUTO MRM FMS 

Protein Protein Score Protein Protein Score Protein Protein Score 

β–lactoglobulin I  202 β–lactoglobulin 

  

184 β–lactoglobulin 

  

205 

β–lactoglobulin II 133 β–lactoglobulin 

 

163 β–lactoglobulin 

 

118 

κ-casein 19 κ-casein 28 κ-casein 52 

α-S1 casein 19     α-S1 casein 70 

    Lactoferrin 19 α-s2 casein 99 

        β–casein 147 

        α-lactalbumin I 45 

100X 

AUTO MRM FMS 

Protein Protein Score Protein Protein Score Protein Protein Score 

β–lactoglobulin I  229 β–lactoglobulin 

  

128 β–lactoglobulin 

  

119 

β–lactoglobulin II 109 β–lactoglobulin 

 

123 β–lactoglobulin 

 

54 

        β–casein 160 

        α-s2 casein 45 

        α-lactalbumin I 53 

1000X 

AUTO MRM FMS 
Protein Protein Score Protein Protein Score Protein Protein Score 

β–lactoglobulin I  145 β–lactoglobulin 

  

60 β–lactoglobulin 

  

93 

    β–lactoglobulin 

 

37     

        β–casein 68 

 

 

 

 

 

 

 

Figure A1. Full dilution series of powdered milk.    
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(a)  FMS AUTO MRM 
                                                    Peptide Peptide Score as % Identity 

Powdered Milk 

R.KVMPFLK.S 34% 80% 45% 
K.SPIVPFSER.Q 79% 98% 79% 

R.QILNPTNGENLR.L 51% 121% 138% 
K.VAPFPQPVVPYPQR.D 116% 97% 129% 

R.LGPTGELDPATQPIVAVHNPVIV.- 76% 70% 122% 
R.LGPTGELDPATQPIVAVHNPVIV.- 55% 63% 57% 

Protein Score 156 157 194 
     

(b)  FMS AUTO MRM 
                                                     Peptide Peptide Score as  % Identity 

Pottery 

K.SPIVPFSER.Q  47% 41% 
R.QILNPTNGENLR.L  85% 55% 

K.VAPFPQPVVPYPQR.D  48%  
R.LGPTGELDPATQPIVAVHNPVIV.-   86% 
R.LGPTGELDPATQPIVAVHNPVIV.-   21% 

Protein Score  61 70 
     

(c)  FMS AUTO MRM 
                                                      Peptide Peptide Score as % Identity 

Burial Pottery 

K.SPIVPFSER.Q  36% 56% 
K.VAPFPQPVVPYPQR.D  33% 43% 
K.VAPFPQPVVPYPQR.D  58% 13 
R.DTPVQAFLLYQDPR.L   29% 

-.MKILILACLVALALARE.E  27%  
Protein Score  38 37 

  

 

 

 

Figure A2. Casein peptide loss observed by method. (a) Peptides observed in powdered milk 
by method. (b) Peptides observed in experimental pottery. (c) Peptides observed in 
experimental pottery after a three month burial period. 
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 # FOUND % REPRESENTED 𝑋𝑋� PEPTIDE SCORE 
AUTO 1 23 79% 93% 
AUTO 2 17 59% 83% 
AUTO 3 15 52% 83% 
AUTO 4 14 48% 85% 
TOTAL 69 59% 86% 

 

29 

8 

26 

9 

24 

10 

12 

20 

19 

28 

17 

16 

11 

15 

1 

21 

22 

25 

27 

14 

13 

23 

3 2 

18 

7 6 5 4 

1 109 59 197 129 132 53 187 138 123 40 74  203 13 71 112 66 169 78 100 87 50 65 73      
2 169 113 78 106 113 100 137 121 100 25 49 16 143  54 35 26  22           
3 200 66 103 132 74 38 73 147 100 47 90 16 70 52 42               
4 180 58 234 103 59 56 50 84 77 57 87 32  32    79            

 # FOUND % REPRESENTED 𝑋𝑋� PEPTIDE SCORE 
MRM 1 18 62% 80% 
MRM 2 21 72% 84% 
MRM 3 21 72% 93% 
MRM 4 20 69% 80% 
TOTAL 80 69% 84% 

 17 

19 

12 

13 

9 

28 

8 

18 

20 

21 

22 

23 

24 

25 

26 

11 

10 

16 

27 

1 

14 

4 7 2 3 

29 

5 6 

15 

1 97 113 131 72 84 52 91 53 117 93 53 131 43 36 71 123 39 47            
2 75 113 183 71 69 33 106 67 132 97 47 106 103 13 100 110 56 42 39  135  58       
3 134 91 193 65 87 23 72 77 147 100 59 91 110 72 97 160 75 35 32 56  71        
4 91 103 131 71 110 40 106 52 112 78 22 41 81 100 66 123  55 68 82  65        

 # FOUND % REPRESENTED 𝑋𝑋� PEPTIDE SCORE 
FMS 1 24 83% 90% 
FMS 2 19 66% 68% 
FMS 3 20 69% 72% 
TOTAL 63 72% 77% 

 29 

17 

3 8 9 10 

11 

12 

28 

16 

1 25 

20 

21 

26 

19 

24 

2 27 

15 

22 

14 

23 

7 13 

6 5 4 18 

1 130 81 84 100 122 71 93 137 50 71 55 119 140 84 52 197 184 100 29 42 6 90  88 27     
2 81 55 42 80 81 68 72 121 29 48 71 81 86 85 44 72   28 45  100        
3 120 46 63 78 65 85 63 100 69 72 55 60 108 77 102 77 85 45   22  57       

(a) AUTO 

(b) MRM 

(c) FMS 

Figure A3. A comparison of the quality of peptide identification across runs 
by method. Individual peptide scores are represented as a % identity (a) 
Peptides identified by the AUTO method (b) Peptides identified by the 
MRM method (c) Peptides identified by the Full Mass Scan Method. 
 



45 

 

 
 
 
 
 
 
  

Nestedness Measures 
Occurrence 63 
Fill 0.724 
Nested Yes 
P <0.001 
Temperature 7.557 
BR 5.0 
Z-score -3.181 
RN -0.705 

Nestedness Measures 
Occurrence 69 
Fill 0.595 
Nested Yes 
P <0.001 
Temperature 8.889 
BR 3.0 
Z-score -4.389 
RN -0.749 

Nestedness Measures 
Occurrence 80 
Fill 0.69 
Nested Yes 
P <0.001 
Temperature 18.429 
BR 3.0 
Z-score -2.481 
RN -0.452 

AUTO 

Figure A4. Comparison of nestedness measures by method 

MRM FMS 
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