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Abstract

Palaeoproteomics is a rapidly growing field of research that involves applying mass
spectrometry to objects of archaeological and palaeontological interest in order to gain
insight into the past. However, due to a lack of clear authentication criteria and
understanding of the biomolecular characteristics of ancient proteins, there are suspicions
about many remarkable results. This is of particular importance, as many samples are
derived from museum collections, which may have been exposed to contamination, or had
contaminants added as part of past conservation treatments. This thesis aims to (a)
investigate the diagenetic forces acting on ancient proteins by quantifying the patterns of
degradation in truly ancient proteins, and (b) use this knowledge in order to develop tools

to authenticate results.

This thesis develops a novel tool, deamiDATE 1.0, for the authentication of ancient proteins
using site-specific deamidation. This is relatively effective in broadly differentiating
between modern and ancient proteins (with a focus on structural (collagen) and dietary
(milk) proteins). Analysis of site-specific deamidation in ancient milk proteins reveals that
although there is a modest trend of increasing deamidation over time, the deamidation of
milk proteomes in the archaeological record is hugely variable. Therefore, other lines of
evidence are recommended in order to assess the authenticity of low abundance proteins.
Lastly, the patterns of collagen degradation in parchment are elucidated, showing that there
is a region of the collagen structure that is a hotspot for hydrolysis. Taken together, the
results of this thesis represent a novel contribution to the understanding of the diagenetic

forces that act on proteins through time, and how to reliably authenticate proteomics data.
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Chapter 1: Research Framework and Aims

1.1 Research Context and Significance

The field of palaeoproteomics provides invaluable insight into the past, with recent studies
shedding light on many facets of archaeology and palaeontology, such as past diets and
diseases. However, as palaeoproteomics is a relatively new field of study, there is no
commonly agreed upon standard for the authentication of results. As a consequence of this,
some studies report remarkable findings which may contradict archaeological
understanding. Therefore, it is of the utmost importance to develop tools and

methodologies that provide authentication of ancient proteomics results.

This can only be achieved through the analysis of ancient and modern proteomes in order
to study the patterns of diagenesis that have affected ancient proteins through time.
Increased understanding of the characteristics of truly ancient proteins can therefore be

used to differentiate between ancient and modern proteomes.

1.2 Aims and objectives

This thesis explores the molecular traces of diagenesis acting on proteins in the

archaeological record, in order to:
1) Understand these diagenetic forces, and
2) Use this knowledge to develop tools and methodologies to authenticate ancient
proteomes

To achieve these aims, this thesis will:

A. Develop and demonstrate the effectiveness of site-specific deamidation tools

(Chapter 3)
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B. Investigate the deamidation in archaeological and modern milk proteomes, and
discuss whether milk can be reliably authenticated using deamidation alone
(Chapter 4).

Analyse the degradation of collagen in parchment (Chapter 5)
D. Discuss the challenges and potentials for using damage patterns to authenticate

ancient proteins (Chapter 6)

1.3 Thesis structure and Outline

This thesis is structured in the form of an introduction (Chapter 2), followed by three
standalone research articles (Chapters 3, 4, and 5), and a discussion section that brings the

thesis strands together (Chapter 6).

1.3.1 Chapter Outlines

Chapter 2: introduces the key elements of the thesis, including an overview of proteins,
with a focus on ancient proteins. It goes on to discuss the methodological approaches and

applications of proteomics in archaeology. Lastly, it describes the challenges the field faces.

Chapter 3: deamiDATE 1.0: Site-specific deamidation as a tool to assess authenticity
of members of ancient proteomes proposes a novel method to authenticate ancient
protein results, by differentiating genuine ancient proteins from novel contaminants using

site-specific deamidation.

Abstract: Contamination is a potential problem in the study of ancient proteins, either from
prior handling of the sample, laboratory consumables, or cross-sample carryover from mass
spectrometers. Recently, deamidation of glutamine has been proposed as a measure for
assessing the degradation of ancient proteins. Here, we present deamiDATE 1.0, a method
for the authentication of ancient proteins using measure of site-specific deamidation rates.
We test this approach on shotgun proteomic data derived from bone collagen from modern,

archaeological and extinct taxa. We further demonstrate how this method may be used to

18



differentiate between modern contaminants and authentic ancient proteins using a case

study from Neolithic dental calculus.

Chapter 4: Milking it? Assessing the degradation of ancient milk proteomes comprises
a comparative analysis of three experimental milk datasets and 274 previously published
samples containing archaeological milk. Its focus is whether milk proteomes can be reliably

authenticated using deamidation alone.

Abstract: The origins, prevalence and nature of dairying have been long debated by
archaeologists. Within the last decade, new advances in high-resolution mass spectrometry
have allowed for the direct detection of milk proteins from archaeological remains,
including ceramics, dental calculus, and preserved dairy products. However, proteins
recovered from archaeological remains are susceptible to pre- and post-excavation and
laboratory contamination, a particular concern for ancient dairying studies as milk proteins
are potential laboratory contaminants. Here, we examine how site-specific rates of
deamidation can be used to elucidate patterns of peptide degradation, and authenticate
ancient milk proteins. First, we characterize site-specific deamidation patterns in modern
milk products and experimental samples, confirming that deamidation occurs primarily at
low half-time sites. We then compare this to previously published ancient proteomic data
from six studies reporting ancient milk peptides. We confirm that the extent of deamidation,
on average, are more advanced in beta-lactoglobulin recovered from ancient dental calculus
and pottery residues. Nevertheless, deamidation displayed a high degree of variability,
making it challenging to authenticate samples with relatively few milk peptides. We
demonstrate that site-specific deamidation is a useful tool for identifying modern
contamination but highlight the need for multiple lines of evidence to authenticate ancient

protein data.

Chapter 5: Collagen type I degradation in limed skins: assesses the degradation of
collagen through a time series of skins that have been subjected to liming; with a focus on

what drives collagen diagenesis.

Abstract: As the primary writing medium in Europe, North America (post-Columbian) and
the Near East for over 1000 years, parchment (processed animal skin) is one of the most
abundant resources available for the study of past societies and cultures. Tens of millions of

parchment skins were manufactured, many of which survive today in archives, libraries and
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private collections. It is therefore important that they are conserved in such a way that the
textual and biological information they record can be preserved. However, the degradation
of collagen in parchment is poorly understood. Here, we elucidate the patterns of
degradation in experimentally limed parchment in order to better understand the
diagenetic process. It is observed that during liming the peptide count, coverage and
deamidation patterns progress at a predictable rate. Furthermore, a hotspot of hydrolytic
activity is discovered, and its mechanisms are explored. Lastly, it is shown that the skin
removed from stillborn lambs is dramatically different from that of flayed older sheep, but
that after liming, there is no detectable difference on the molecular level. This study
represents the most in-depth biomolecular analysis of collagen parchment to date, and

sheds light on the driving forces behind its degradation.
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Chapter 2: Introduction

This chapter introduces the methodological approaches of this thesis and the current state
of palaeoproteomic research. Ancient proteins will first be introduced (2.1), with special
emphasis on the diagenetic forces they undergo - the understanding of which forms the
basis of this PhD. The methods for palaeoproteomics and their development that made this
thesis possible will be introduced in Chapter 2.2 In Chapter 2.3, applications of
palaeoproteomics will be reviewed, with reference to the different archaeological questions
it has the potential to address. Lastly, Chapter 2.4 will discuss the challenges

palaeoproteomics faces.

2.1 Ancient proteins

Proteins are made of one or more polypeptides, which are chains of amino acids that are
bound together with peptide bonds. Amino acids are organic compounds that contain an
amine (NH2) group attached to an alpha-carbon atom next to a carboxyl (COOH) group, and
a side chain (R) that varies between the 20 (DNA encoded) amino acids. Proteins are
organised into several structural levels. Primary structure refers to the sequence of amino
acids in the peptide chain. The secondary structure is the local folded structures within a
polypeptide, determined by the pattern of hydrogen bonds between peptide groups.
Tertiary structures are groups of one or more secondary structures with a polypeptide
backbone. Lastly, quaternary structures are composed of several tertiary subunits. Proteins
carry out a diverse set of functions within organisms, including acting as enzymes,
facilitating cell signaling, transporting other molecules, and providing structure (Murray et

al, 2009).

The study of ancient proteins refers to the retrieval of peptide sequences (chains of amino
acids) that are identified from objects in the archaeological record (Cappellini et al,, 2014).
This section will describe the physical and chemical changes that occur to proteins after

deposition, and then go on to describe the role of different factors on protein survival.
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2.1.1 Protein diagenesis

Although there are many different ways in which proteins degrade over time, this section

will highlight the ones that are most relevant for studies of ancient proteins.

2.1.1.1 Hydrolysis

Hydrolysis refers to the chemical reaction in which a molecule of water breaks a chemical
bond, as shown in Figure 2.1. Hydrolysis can act on the peptide bonds which link amino
acids together. It therefore splits the protein into smaller peptides, and consumes a
molecule of water. This leads to measurable amounts of amino acids that are free - i.e.
unbonded to any other amino acid. As the protein undergoes peptide bond hydrolysis
increasingly smaller peptides become prevalent, and it is thought that the hydrolysis

affecting smaller peptides acts at a different rate than that of the intact protein (Hare 1976).
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Figure 2.1: Peptide bond hydrolysis (Image credit: F. Di Gianvincenzo)

As hydrolysis cleaves peptides into small, unrecognisable fragments, understanding its rate
is key to comprehending sequence survival. The rate of hydrolysis is dependent on several
factors. Firstly, it is by definition dependent on the availability of water, as water is
consumed in the reaction. It also depends on many other factors, such as time, temperature,
and environmental pH (Collins et al., 2002). Studies agree that higher temperatures lead to
an exponential increase in the rate of hydrolysis (Collins et al., 2002; Hare 1976), though it

has been shown that pressure has a differing effect, relative to temperature: below 200-
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220°C the rate of hydrolysis is faster at 265 atm (44.1 KJ/mol) than at water steam pressure

(98.9 KJ/mol), whereas above this temperature the reverse is true (Qian et al., 1993).

In the early diagenetic stages peptide bond hydrolysis is a pseudo-first order reaction,
meaning that the concentration of one of the reactants (water) remains essentially constant
(Kriausakul and Mitterer 1980). However, in the late stages of diagenesis or in closed
system, this slows to a second-order reaction, either due to a lack of water, or because of a
remaining bound fraction of amino acids that are resistant to hydrolysis (Penkman et al,
2008; Demarchi et al, 2013). The effects of temperature on peptide bond hydrolysis is
typically described using the Arrhenius equation (although this was strictly developed to
explore gas phase reactions) (Arrhenius 1889). Hare’s (1976) work on the relative rates of
peptide bond hydrolysis show that there are significant differences in the reaction rates of
the various amino acids, but very few differences in their activation energies (i.e.
temperature dependence), with the exception of valine and isoleucine, whose activation
energies are slightly higher. This concurs with the observation that the rate of hydrolysis
also depends on the neighbouring amino acid residues: peptide bonds adjacent to valine
and isoleucine are known to be much more stable than those next to amino acids such as
glycine and serine (Hill 1965). More recently, Tomiak and co-authors (2013) proposed a
new method for estimating kinetic parameters, using a model free scaling technique that
uses observed rates at different temperatures, and makes no assumption of linearity. They
tested this technique using heating experiments and naturally aged coral, and comparing
conventional methods of determining the activation energies. It was found that their model
free technique was a good predictor of racemisation reaction rates, but overestimated the
activation energy of hydrolysis. It was suggested that this difference could be due to the
denatured proteins in the artificially aged (heated) samples, which implies that such
artificial aging experiments to determine the underlying kinetics of diagenetic reactions

may not be valid.

Crisp et al. (2013) also compared this model free approach to other models in order to
derive the kinetic parameters of racemisation and hydrolysis in ostrich eggshell. They found
good agreement between the models on the activation energies for hydrolysis, with the
exception of asparagine & aspartic acid, and phenylalanine. It was shown that many amino
acids undergo hydrolysis and racemisation at a predictable rate, and that these may be used
to estimate the relative age of ostrich eggshell. However, without independent age

information, a conversion to numerical age necessitates the accurate calculation of the
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Arrhenius parameters, which, in turn, requires further understanding of the underlying

mechanisms.

For example, Cappellini and colleagues (2010) characterised the biomolecular composition
of archaeological grape seeds found in waterlogged environments. Seeds were recovered
from two sites: a 700-800 years CE pit in York, UK, and a 14th to 15th century well in
northern Italy. They were able to detect lignin and cellulose compounds in the York seeds,
and nLC-MS/MS revealed the presence of six proteins based on 30 peptides. Furthermore,
ancient DNA amplification was successful for two of the York samples and one from Italy.
They found that the seed storage proteins were particularly affected by hydrolysis, and that
specific motifs were particularly prone to cleavage - for example between asparagine and
proline (also mentioned by Capasso et al. (1996)), and asparagine and glycine (mentioned
by Bada (1985), and Collins, Walton, and King in “The geochemical fate of proteins” in
Stankiewicz and van Bergen (1998)).

Hydrolysis is both a driving force behind other diagenetic mechanisms (such as
deamidation and racemisation - discussed later in this chapter), and a limiting factor in the
detection of peptides using LC-MS/MS. Therefore further understanding of the mechanisms
behind hydrolysis will shed light on both how proteins decay, and how best to detect them.
In particular, future studies could examine how secondary and higher order structures play

arole in facilitating (or protection from) hydrolysis.
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2.1.1.2 Deamidation

Deamidation refers to the post-translational modification (discussed in Section 2.1.2
Synthesis) that the amino acids asparagine and glutamine undergo in which they become
aspartic acid and glutamic acid respectively. Chemically, this involves the addition of a water

group and the removal of an amino group, which results in a mass shift of +0.98402 Da.
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Figure 2.2: Deamidation of glutamine to glutamic acid through A) a succinimide intermediate

and B) Direct hydrolysis. Figure from Schroeter and Cleland (2016).

The primary pathway involved in the deamidation of asparagine occurs via a succinimide
intermediate: when the C-terminus residue’s backbone nitrogen atom attacks the
asparagine’s side chain amide group carbon atom. This forms an intermediate succinimide
ring, which then undergoes hydrolysis and forms aspartic acid or isoaspartic acid (Jia and
Sun 2017). This process is shown (for glutamine) in Figure 2.2. Asparagine deamidation can

also occur via side-chain hydrolysis (Catak et al, 2009).
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Asparagine deamidation is well studied because it is known to contribute to aging, disease,
and affects the shelf-life of pharmaceuticals (Li et al,, 2010). Glutamine deamidation studies
are more scarce, as glutamine deamidates at a much slower rate (the average asparagine
deamidation half-time is 81.4 days; whereas the mean half-time for glutamine deamidation
is 6,000 days (Robinson and Robinson 2001)), and therefore has little relevance in
biomedical studies. However, this slower deamidation makes glutamine deamidation one of
the most important reactions in the study of ancient proteins, and has been hypothesized to

act as a molecular clock (Robinson and Robinson 2004).

Throughout this thesis, the time it takes for half of a specific amino acid to deamidate will
be referred to as its “half-time”, rather than “half-life”. Although both are used in the
literature, half-time was selected as it is used in the Robinson papers (Robinson and
Robinson 2001; Robinson et al,, 2004) that form the basis for deamiDATE, introduced in
Chapter 3.

Glutamine can also deamidate via an intermediate, though this reaction is much slower as
the formation of the glutarimide intermediate is less favoured than the succinimide
intermediate of asparagine. Because of this, the primary pathway involved in glutamine
deamidation is direct hydrolysis (Li et al, 2010), depicted in Figure 2.2. The rate of
deamidation is influenced by steric hindrance and charged residues near deamidation sites,
and therefore primary (Robinson and Robinson 2001) secondary (Xie and Schowen 1999),
and tertiary (Kossiakoff 1988) structure, temperature (Stratton et al., 2001), and pH (Hao
etal,2011; Wilson et al., 2012).

Glutamine’s slow rate of deamidation implies that it may be able to assign relative ages to
samples, while avoiding further analytic steps (e.g. dating by amino acid racemization or
radiocarbon dating). As such, the palaeoproteomics community has shown great interest in
this possibility. One of the first studies into this was van Doorn and colleagues’ (2012) paper
in which they used ZooMS to quantify the deamidation in 911 different bone collagen
samples from 50 different sites. By comparing the extent of glutamine deamidation per
sample with the thermal age, they showed that the youngest samples had the lowest level
of deamidation, while the (thermally) oldest samples portrayed the greatest extent of
deamidation. The intermediate samples, however, showed a wide range of deamidation.
They propose that glutamine deamidation can act as a litmus test as to whether a sample is

thermally ancient or modern.
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A follow up study from Wilson et al. (2012) used MALDI to assess the extent of glutamine
deamidation in 87 bone samples from different sites, with different ages and archaeological
considerations. They found that some peptides were always found highly deamidated, and
some were almost never detected, irrespective of the sample. Other peptides showed a clear
correlation with thermal age, just as in van Doorn et al. (2012). Moreover, it was shown that
peptides detected in more than one hydroxylation state had deamidation that was highly
correlated with thermal age, which implies that the hydroxylation of proline does not affect
the rate of deamidation. Interestingly, they detected no meaningful differences relative to
the tertiary and higher order structures of the collagen, including between the gap and

overlap regions.

Solazzo and colleagues’ (2014) paper examined deamidation in eight different peptides in
wool textiles using MALDI-TOF-MS. Their dataset included 17 Medieval samples (nine of
which were from England, and the remaining 8 from Iceland), and also modern controls,
subsets of which were dyed, buried, and thermally aged. They found that the Icelandic
samples showed the most deamidation, despite being more recent (also in terms of thermal
age) than the English samples. The authors suggest that this could have been due to the hot
springs near the excavation site subjecting the artefacts to increased temperatures.
Moreover, it was found that five of the eight peptides studied were stable markers, while
the remaining three either deamidated too quickly (and were therefore undetectable), or

too sensitive to processing methods.

However, Schroeter and Cleland (2016) challenged the conclusion that glutamine
deamidation can be used as a rough proxy for relative age. Using data from five previous
palaeoproteomic studies, they showed that the high variability of deamidation precludes its
use as a method of authentication. They suggest that, as the rate and extent of deamidation
is influenced by environmental conditions (a full history of which cannot be known), and
the primary and secondary structures of each protein, it cannot be used as a “one size fits

all” proof of endogeneity. It is instead suggested that it must be used on a case-by-case basis.

Welker’s (2016) study came to similar conclusions as Schroeter and Cleland. They used
Z0ooMS screening to analyse 543 bone and tooth samples from Quingay, France in order to
quantify the spatial and temporal variation in glutamine deamidation in a single site. It was
found that there was low or absent chronological resolution, but spatial variation is high.

This implies that glutamine deamidation cannot successfully be used as a marker for
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archaeological age (and therefore authenticity), but could shed light on specimens that have

undergone different diagenetic histories.

Taken together, these results imply that although deamidation of some peptides may be a
proxy for age, these marker peptides would need to be carefully curated through studies
such as Solazzo’s, as they show a high variability. As Schroeter and Cleland suggest, there is
more than likely no “one size fits all” method for using glutamine deamidation to
authenticate proteins. However, it should also be noted that many of these seminal papers
discussed used MALDI, so they may have suffered from the recently reported bias against
the detection of glutamic-acid containing peptides (Simpson et al., 2019). One of the most
important factors that speaks towards the calculation of relative glutamine deamidation is
that it requires no more analysis than regular workflows - there is no extra sampling, nor
analytical steps needed. However, as discussed above, more refined understanding into the
mechanics of deamidation and the forces that affect it is needed if it is to be used as a cut

and dried measure of authenticity.

2.1.1.3 Oxidation

Oxidative post-translational modifications most commonly involve the addition of one or
more oxygen atoms to an amino acid side chain. Although all amino acids are susceptible to
oxidation (Berlett and Stadtman 1997), methionine, tryptophan, histidine, and cysteine are

the most commonly oxidized (Berrill et al,, 2011).

Oxidation occurs over time, and is especially well researched in the context of museum
studies. Historical artefacts stored in dry, well-lit environments are susceptible to oxidation
(Ahmed and Darwish 2012). For example, Solazzo and colleagues’ (2013) study found a loss
of most amino acids in both historical textiles and artificially aged modern samples, but an
increase in the amount of acidic amino acids and cysteic acid - which results from the
oxidation of cysteine and cystine (Vanden Berghe 2012). This formation of cysteic acid
comes hand in hand with a loss of structural integrity and strength in the textile, as the

disulphide bonds have been cleaved apart.
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Figure 2.3: Oxidation of cysteine to cystine. Figure from Frank et al. (2017).

More studies describing oxidative damage and oxidation are discussed in Section 2.2.2.3.3,
as it revolves around how protein sequences are preserved in oxygen-depleted

environments.

2.1.1.4 Racemization

All amino acids except glycine have one or more chiral carbon centers .Those with one can
exist in two forms of optical isomers: D and L (Demarchi and Collins 2014) . The term
racemization is the term used to refer to the interconversion between the two forms, and
derives from the term ‘racemic’ which describes the equilibrium constitution. The rate of
racemization is affected by many factors, such as the presence of water, temperature, pH
conditions (Liardon and Ledermann 1986), time, and chelation of specific metal ions (Bada
1972). The rate also depends on whether the amino acid is free, at a terminal position, or
within a peptide chain, as the rate of most peptide bound amino acids is less variable, and
has been shown to be over ten times faster than that of free amino acids (Collins and Riley
2000). Penkman and colleagues (2008) suggested that amino acid geochronology is at its
most accurate when analysing just the intra-crystalline fraction of amino acids - as these are

less susceptible to rate affecting factors, contamination, and leaching.
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Figure 2.4: A generic amino acid in the L- and D-isomer form (left and right respectively)

(Wikimedia Commons).

Uses of amino acid racemization (AAR) include paleothermometry and dating. If the age of
a sample is known, the increase in the D-isomer form can be used to make inferences on
paleotemperature (Miller et al,1997; Collins and Riley 2000). An example of such is a study
by Penkman et al, (2011). The authors analysed 740 examples of the operculas from the
gastropod Bithynia, from 74 British sites spanning the Quaternary. Racemization in
glutamine/glutamic acid, asparagine/aspartic acid, serine, alanine, and valine was
quantified, and it was shown that these racemize at different rates, therefore enabling
increased resolution in dating. This approach added resolution to the timings of the
interglacial stages. Lastly, this was combined with data of the occurrence of different types
of tools, which showed that human occupation of Britain occurred in distinct phases, and
provided more evidence to the hypothesis that humans were absent from Britain during the

Last Interglacial.

Conversely, if the age of the samples is not known, the ratio between the L- and D-isomer
form can be used as a relative dating technique. A (2019) paper by Dickinson and colleagues
explores this in tooth enamel, calculating the extent of racemization in fossil and modern
heated enamel. They found that intra-crystalline amino acids exhibiting closed-system

behaviour can be isolated from enamel, and that these follow predictable trends of
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racemization under heat treatment. This has huge implications for the field of archaeology,
as it implies AAR can be used as a relative dating technique for timescales over 2.8 million
years, which far eclipses radiocarbon dating’s 50,000 year limit. However, the authors also
found that different patterns were observed in the fossil enamel, which, as Tomiak and
colleagues also noted (2013), implies that there are different mechanisms dominating at
different temperatures, and that the correct interpretation of heating studies necessitates

comprehensive understanding of the forces of diagenesis.

In this way, AAR is also a method for the authentication of samples, as modern contaminants
are unlikely to have similar D/L values to genuinely ancient proteins (Demarchi and Collins
2014). Additionally, as many amino acids appear to racemize at a predictable rate in closed
systems, measures of AAR are less variable than those of deamidation (another proposed
measure for authenticity and relative age, discussed above). However, a disadvantage is that
AAR cannot discriminate between proteins in complex mixtures. For example, given a single
sample, deamidation can be calculated for each protein group - exogenous and endogenous
to the source - while AAR represents the sample as a whole. Although AAR represents a

useful complementary tool, it has not been focused on in this thesis.

2.1.2 Preserving sequence

Proteins are under a constant barrage from various pathways of degradation. However,
there are also many mechanisms that preserve protein sequences, including protein
structure, surface, and environmental factors. Understanding these is key to understanding

why some proteins are exceptionally preserved in the archaeological record.

2.1.2.1 Role of protein structure

Structure plays a large role in protecting sequences from chemical degradation (Ma et al,
2008). For example, collagen, widely regarded as the ancient protein with the most
longevity in mammals (van Doorn et al, 2012), is uniquely stable, due to its triple-helical
arrangement and intra- and inter-molecular crosslinks (Némethy and Scheraga 1986;
Wojtowicz et al, 1999; San Antonio et al., 2011). This tight structure means that collagen is

less susceptible to damage. For example, in intact collagen glutamine cannot readily
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deamidate via condensation (i.e. via a cyclic intermediate) due to the interatomic distance
required for the heterocycle to form (van Doorn et al., 2012; Kato et al, 2019). However, the
breakdown of the triple-helix structure leads to a catastrophic breakdown of the collagen

chains (Smith et al,, 2007).

Despite its obvious influence in collagen preservation, no studies have as of yet performed
a comprehensive investigation into how secondary and higher order structures affect
protein preservation. This is sorely lacking, as proteins of different structures are highly
likely to be differentially preserved. However, designing such a study would not be simple.
As discussed above, the kinetics acting on proteins in artificial aging (e.g. heating)

experiments are likely to be markedly different to those at low temperature.

2.1.2.2 Role of surface

Proteins that bind to mineral surfaces can exhibit exceptional preservation. The oldest
(widely accepted - see (Asara et al., 2007) and (Buckley et al.,2008)) peptide sequence ever
recovered was from a Tanzanian ostrich egg shell protein discovered by Demarchi and
colleagues (2016) dated to 3.8 million years old. Unlike collagen proteins (described above)
that survive due to their rigid structure, it is thought that this peptide survived due to its

flexibility allowing it to tightly bind to the mineral surface of the egg shell.

Discussed in detail in sections 2.3.1.2.1 Dental Calculus and 2.3.2.1 Pottery respectively,
dental calculus and ceramic vessels also represent mineral substrates commonly used in
palaeoproteomics studies. Both represent well-tapped sources of dietary proteins, yet to

date there has not been a study exploring the way in which proteins bind to these substrates.

2.1.2.3 Role of environment

The immediate environment of the artifact also plays an important role in the preservation
of the proteins associated with it, including the presence of water, oxygen, the temperature,

and the special case of tar pits.
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2.1.2.3.1 Environments that restrict water

Environments that restrict water have been shown to dramatically improve DNA
preservation in bone (Gotherstrom et al, 2002). Arid environments have also been found to
lead to exceptional protein preservation. For example, Solazzo and colleagues’ (2016) study
found bovine collagen and blood proteins, and plant-origin proteins in artefacts and
remains excavated from Nahal Hermar cave in Israel (8200 - 7300 BCE), which is in a semi-
arid desert area. Moreover, small leucine-rich repeat proteoglycans (SLRPs) were identified
in two samples. This is remarkable, as these small proteins (which are inherently less likely
to survive in the archaeological record) have not been detected in samples from many other
well-preserved sites (including in a waterlogged environment (Bleicher et al, 2015), but
were found in permafrost bones (Cappellini et al, 2012; Orlando et al, 2013). Further
examples include the incredibly well preserved Bronze Age mummies in the Tarim Basin in
China, the DNA analysis of which shed light on ancient population movements (Li et al,

2015).

As discussed in Section 2.1.1.1 Hydrolysis, in environments without water, hydrolysis
proceeds as a second-order reaction. As hydrolysis facilitates other diagenetic mechanisms,
it is likely that this is the driving force behind exceptional preservation of proteins in dry
environments. However, it does not follow that samples in wet or waterlogged

environments are not well preserved, as these conditions are anoxic.

2.1.2.3.2 Oxygen

Oxygen is a reagent in many mechanisms of degradation (Hoss et al.,1996). For example,
carbonylation can lead to a reduction in tryptic peptide recovery, as it converts arginine
(and proline) and lysine to glutamic semialdehyde and aminoadipic semialdehyde

respectively, which removes the motif that trypsin recognises (Cappellini et al., 2010).

Cappellini and colleagues (2012) used LC-MS/MS on a 43,000 year old mammoth bone, and
were able to characterise 126 unique proteins. Moreover, they found multiple lines of
evidence of oxidative damage to the bone. Firstly, tryptophan oxidation products, such as

kynurenine, were identified, which have previously been detected in photo-yellowed wool
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(Bringans et al., 2006). Furthermore, they also detected aminoadipic acid from lysine, which
increases in vivo in septicemia as a reaction to the invading microorganisms - its presence
in the mammoth bone could therefore be associated with the decomposition of the
mammoth or its deposition in the soil. Another example of oxidative damage in artefacts is
Mackie and colleagues’ (2018) study of one of the layers of a 14th century Italian wall
painting: Ambrogio Lorenzetti's A Group of Four Poor Clares. Samples from an unknown
proteinaceous layer were analysed with LC-MS/MS, and it was found that half of all the
amino acids had undergone oxidation, including all of the chromophoric (light-
absorbing/reflecting) residues. Additionally, as with the mammoth, evidence of the

oxidation products of tryptophan was found.

Just as oxygen and oxidation reactions can cause damage to proteins, the lack of oxygen can
therefore protect protein sequences. For example, Cappellini and colleagues (2010) paper
on archaeological grape seeds (also discussed in 2.2.1.1 Hydrolysis) found exceptionally
preserved proteins, due, in part, to the anoxic environment of the waterlogged seeds. von
Holstein and colleagues (2016) investigated 83 textile and 59 bone samples in order to
ascertain whether the original isotopic composition is preserved when samples have been
preserved by anoxic waterlogging (and therefore the suspension of aerobic microbial
activity). They found a loss of hydrophilic residues, and an increased identification of
hydrophobic amino acid residues. It was also found that this (and other) degradation caused
by waterlogging did not alter the isotopic composition, nor did it obscure the geographical
origin of the samples. However, wet environments are not always conducive to
preservation. Excavations in the 1950s (Clark 1954) and 1980s (Mellars and Dark 1998) of
the wetland Mesolithic site of Star Carr have uncovered exceptionally preserved organic
finds. However changes in the water table in the 2000s caused fluctuating levels of water in
the previously waterlogged site. This contributed to extensive and rapid deterioration of

organic artefacts at the site (High et al.,, 2015; High et al., 2016).

These combined studies suggest that oxygen and oxidation reactions are a major pathway
of diagenesis in archaeological proteins, and that environments that restrict or exclude
oxygen, either through waterlogging or other mechanisms, can lead to exceptional
preservation of organic material. However, as at the Star Carr site, many of these

environments are under threat due to changes in the use of the surrounding land.
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2.1.2.3.3 Tar pits

An example of a unique environment that both restricts oxygen and water are tar pits. In
particular, the La Brea tar pits in California represent a collection of over a million Late
Pleistocene bones from 231 species (Stock 1930). As well as being anoxic and hydrophobic,
samples buried in tar rich sediments are also protected from the effects of weathering or

scavengers (Gold et al,, 2014).

Although these seem to be exceptional conditions for biomolecular preservation, the
reagents that are typically used to remove the asphalt from the samples have been found to
also hinder the retrieval of DNA (Gold et al, 2014). This has also been reported to be a
problem for proteomic and lipid analyses of the La Brea specimens. A recent study by
Colleary and colleagues (2021), who aimed to detect proteins and lipids in mammoth bones
of varying ages and depositional environments, including one from La Brea. However,
surface mass spectrometry (TOF-SIMS) was hampered by the layer of tar covering the
sample, which was also detected as heavy fluorescence in its Raman spectrum.

Unfortunately, the presence of the tar layer also precluded the possibility of lipid analysis.

However, other recent studies have had slightly more success. A (2021) paper by Perri et al.
attempted to shed light on the evolutionary history of dire wolves, which included the
analysis of samples originating from La Brea. Although they were unable to extract any DNA,
they reported that one sample yielded a collagen sequence. Lastly, and on a more promising
note, 34 purified collagen extracts left over from the radiocarbon dating of bone from La
Brea (and 133 other bone samples), were analysed by Presslee and colleagues (2021). They
found that these collagen extracts, that would normally be discarded, all yielded high quality
collagen sequences. Although analysis of non-collagenous proteins was impossible due to
the purified nature of the extracts, this study shows that the retrieval of biomolecular data

from La Brea (and other tar pits) is possible.
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2.1.2.3.4 Temperature

The lower the temperature an artefact is stored at, the better the preservation of the
proteins. This is because the reaction speed of the mechanisms that are responsible for
diagenesis is lowered. Smith and colleagues (2003) suggest that the “thermal age”
(chronological age corrected to a constant 10°C) of a sample is a useful screening tool for
determining the preservation of any DNA within it. While useful as a generality, this
suggestion may be too simplistic, at least in the case of ancient proteins, as we have seen the

multitude of factors that can contribute to a protein’s degradation or lack thereof.

Nevertheless, it is undeniable that lower temperatures can lead to exceptional biomolecular
preservation. The oldest DNA ever sequenced is was extracted from a 1.1 to 1.65 million
year old mammoth tooth preserved in the eastern Siberian permafrost (van der Walk et al.,
2021). The oldest undisputed collagen sequence also originates from the northern
hemisphere - the 3.5 million year old giant camel found on Ellesmere Island, Nunavut
(Rybczynski et al, 2013). Lastly, ancient RNA has also been recovered from a 14,300 year
old canid from the village of Tumat in Siberia, Russia (Smith et al, 2019).

Mackie and colleagues’ (2017) paper investigated the differences in preservation of
proteins entrapped in dental calculus in three different Roman-period sites - two in England,
and one just outside Rome, Italy. As the Italian samples would have been subject to greater
temperatures over (the same period of) time, one could expect that they would be more
poorly preserved. However, the authors found no systematic trends in protein variability
between sites, as it was outweighed by individual variability. They suggest that their study
did not have a large enough sample size to elucidate differences driven by climatic factors,
and conclude that more systematic studies must be conducted in order to identify the

impact of in vivo mechanisms and post-depositional degradative processes.

This section has introduced the concept of proteins surviving in the archaeological record,
and the main forces of diagenesis behind their decay, including hydrolysis, deamidation,
oxidation, and racemization. It went on to discuss the ways that protein sequences are
preserved, and the role of different factors involved, including structure, surface, and
environment. Understanding the mechanisms behind protein breakdown and survival is

key to understanding the characteristics of truly ancient proteins
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2.2 Methods

This section will discuss the methods involved in studying ancient proteins, from the
inception of the field until now. This will take the form of two main subsections: the methods
that existed before mass spectrometry was applied to ancient proteins, and mass

spectrometry itself.

2.2.1 Analysis of fossil protein prior to mass spectrometry approaches

The first ancient amino acids were isolated by Abelson in 1954, who showed that amino
acids in shells were stable over geological time-scales (Abelson 1954). By the next decade,
Hare and Abelson (1968) were able to detect that amino acids in fossil shells existed in two
isomers: L and D. This formed the basis for the amino acid racemization. Amino acids were
further detected in fossil cephalopods by de Jong et al. (1974), who used immunological
cross-reactivity to identify epitope matches. However, none of these approaches uncovered

protein sequence information.

The first ancient protein sequence was obtained by Huq and colleagues (1990), where they
were able to sequence the first 16 residues of osteocalcin from a well preserved moa bone
using Edman degradation. This is the only ancient protein sequence ever recovered using
Edman degradation, as it required a high concentration of purified and undamaged proteins.
As discussed in the earlier sections of this thesis, ancient proteins exist in low abundance,
in complex mixtures, and in various states of degradation, so the use of Edman degradation

is unfeasible for most samples (Cappellini et al., 2018).

2.2.2 Mass spectrometry

Mass spectrometry, which allows the reliable identification of peptide sequences, was first
applied to ancient proteins in 2000 (Ostrom et al., 2000). In mass spectrometry, peptides

are ionised and can be identified due to differences in their behaviour in a vacuum (Steen

37



and Mann 2004). It is more sensitive than Edman degradation, and more robust, and

therefore more suitable for ancient samples (Cappellini et al., 2014).
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Figure 2.5: Shotgun proteomics workflow. Modified from: (Steen and Mann 2004)

A typical shotgun proteomics workflow is shown in Figure 2.5. Firstly, proteins are
extracted from the sample. Typically these extraction protocols are specialised depending
on the substrate, and there is a considerable amount of work going into optimising
palaeoproteomic sample preparation (Cleland 2018; Le Meillour et al, 2018; Cersoy et al.,
2019; Cleland 2018; Schroeter et al, 2019). As the method of extraction will affect the
amount and type of proteins identified (Schroeter et al., 2016), specific methods must be
chosen based on the type of substrate and end goal. Samples with mineral components must

typically also undergo demineralisation in order to liberate the proteins from the mineral.

Proteins are often then fragmented into peptides in order to allow for more accurate
analysis in the mass spectrometer, as whole proteins do not all behave the same way in
solution due to their secondary, tertiary, and quaternary structure. The most common
method is digestion by trypsin, which cleaves peptides at the carboxy side of arginine and
lysine (Burkhart et al., 2012). This creates peptides that are around 14 amino acids long,
and therefore in the preferred mass range for accurate analysis in the mass spectrometer
(Steen and Mann 2004). However, the digestion step is not used in all workflows. For
example, digestion-free extraction in enamel has been found to result in higher rates of

protein recovery (Cappellini et al.,, 2019; Welker et al., 2019; Welker et al., 2020).

There are three main components to mass spectrometry: ionization, the mass analyser, and
the detector. Purified peptides are separated, and then ionized through a number of
different methods, including matrix assisted laser desorption ionization (MALDI) or
electrospray ionization (ESI). Once the charge fragments reach the mass analyser, they are
separated by size and charge (mass to charge, m/z ratio). There are many different
strategies to achieve this, including calculating the time accelerated ions take to reach the

detector (time-of-flight, TOF), the stability of their trajectories in the electric fields
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generated by four parallel rods (quadrupole), or by trapping ions in orbit around a central
electrode (orbitrap). The detector records the charge of each ion, and the resulting masses

are represented by spectra, where each peak is one m/z ratio.

Peptide mass fingerprinting (PMF) is the technique in which proteins are identified just
from this spectra, which can be matched with a database of known spectra in order to
determine the origin protein. This technique can be used for species identification from
bone collagen (Buckley et al.,, 2009), also known as zooarchaeology by mass spectrometry
(ZooMS). This technique works well as collagen is the main protein in bone, but when
identifying peptides in complex mixtures of less abundant peptides it lacks diagnostic

accuracy (Naihui et al,, 2021).

This is where tandem mass spectrometry, also known as MS/MS comes into play. The
fragment ions - the original spectra - are further fragmented in another mass analyser,
either by collision-induced fragmentation (CID) or electron-transfer dissociation (ETD).
This generates a series of masses (product ions) that reveal the sequence of the peptides

(Steen and Mann 2004).

There are two ways of identifying the peptides from LC-MS/MS based approaches. The first
is similar to peptide mass fingerprinting in that it involves comparison with a reference
database. The reference database is provided by the researcher (after retrieval from
published databases, e.g. UniProt (UniProt Consortium 2015)), and should contain
sequences of all proteins that may feasibly be identified in the sample (though this is a tricky
balance, too large a database needlessly increases search space and can obscure important
results; whereas too small a database can cause spurious matches or mismatches). These
sequences undergo theoretical, or in silico, digestion by the same enzyme used in the real
digestion process. All in silico peptides that match the precursor ion charge (including
possible mass changes caused by post-translational modifications) are then further
fragmented into all possible product ions. These theoretical masses are then compared to
the product ion spectra from the MS/MS, and the most likely match is found (Steen and
Mann 2004).

Sometimes, especially in palaeoproteomics, researchers are interested in identifying
sequences that are not yet known, for example in the study of extinct animals (Welker et al,,
2015). Here, it is possible to choose sequences from modern species that are

phylogenetically related to the target species, but that can introduce errors due to single
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amino acid substitutions (SAPs) between the species. Instead, de novo sequencing
reconstructs the peptide sequence directly from the product ion spectra. By calculating the
mass between the peaks it is possible to match these mass differences to amino acids, and
therefore infer the sequence (Presslee et al, 2019). However, as sometimes spectra are
partial or incomplete, or could theoretically involve too many different post-translational

modifications, sometimes this is intractable (Steen and Mann 2004).

2.3 Applications

This section will discuss the applications of palaeoproteomics, with particular focus on the
different substrates analysed in studies to date, and the conclusions researchers can draw
from them. [ divide this into two main categories: biological remains (2.3.1) and

archaeological artefacts (2.3.2).

2.3.1 Biological Remains

Biological remains, both human and animal, store a wealth of information about the past.
This section will focus on two main subcategories: bones and teeth. Although other
substrates, such as brains (Maixner et al., 2013), have also been studied, mineralised tissues
such as bones and teeth are the most commonly surviving biological material on

archaeological sites (Gilbert et al.,, 2005).

2.3.1.1 Bones

Bones are composed of two main components: the organic (primarily collagen) and
inorganic fractions (primarily the mineral hydroxyapatite) (Collins et al, 2002). The
analysis of archaeological bones by mass spectrometry can provide clarity on the species
the bone originated from. This is often not possible with traditional archaeological analyses
(such as the examination of morphological differences) where the species in question are
too closely related to exhibit measurable differences (Buckley et al., 2010), bones have been
worked and have lost morphological features (Bradfield et al, 2019) or the bones in

question are too fragmented (Buckley and Collins 2011; Welker et al, 2015). This is
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commonly done by the peptide mass fingerprinting method ZooMS, as the differences in the
collagen spectra are often sufficient to identify the species. For example, Buckley and
colleagues’ (2014) study analysed 50 bone samples, spanning 6000 years of history, from
British sites on the Atlantic coast. These bones had all been previously identified as either
cetacean (the infraorder that comprises whales, dolphins, and porpoises) or more generally
as marine mammals. Buckley and colleagues performed ZooMS on the samples and were
able to provide genus and species level resolution for a majority of them. Of the samples
identified as cetacean, one was found to have been originally misidentified, and was actually
a walrus. Of the samples identified as general marine mammals, four of them were actually
bovine. This highlights the importance of biomolecular analyses as a tool to complement
traditional methods, and therefore provide more knowledge about the species in question,
their exploitation (hunting, farming) by people, and the ecological conditions of the region

at the time (Murray 2008).

Another area that the proteomic analysis of bone can provide clarity on is phylogenetic
relationships. Presslee and colleagues’ study (2019) provided clarity on sloth phylogenetic
relationships using MALDI-TOF and LC-MS/MS through the analysis of 120 bone samples
from 24 different taxa within the suborder Folivora. By interrogating the single amino acid
polymorphisms (SAPs) in collagen type 1, researchers were able to uncover the relationship
of and between tree sloths, the composition of two superfamilies (Megatherioidea and
Mylodontidae) and the date of divergence of the major ingroups. This study was validated
by an additional phylogenetic analysis by sequencing the mitochondrial genomes of ten

ancient sloths (Delsuc et al,, 2019).

Lastly, the extraction and analysis of proteins from ancient human bone can provide
information about any disease the person may have suffered from. There are many diseases
that leave physical traces on bones, such as cancer (Binder et al, 2014), tuberculosis
(Masson et al, 2013; Miiller et al, 2016), and arthritis (Entezami et al, 2011). If
palaeoproteomic analysis of samples taken from ancient bone could identify proteins
unique to disease causing agents, such as viruses, bacteria, or parasites, this would provide
evidence that the person suffered from the disease. However, this is not usually possible, as
the organisms in question either would not be located in or on the bone, or would not be
sufficiently preserved (Miiller et al, 2016). Nevertheless, a recent study by Mithlemann and
colleagues’ (2020) confidently identified smallpox DNA in the skeletal and dental remains
of 13 Viking Age individuals - so with the increase in sequencing and analytical power, such

discoveries may become more widespread.
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However, it is seemingly possible to identify proteins in bone that are involved in the
biological response to disease. Sawafuji and colleagues’ study (2017) involved the analysis
of rib bones from eight people who died in 17th century Tokyo. Proteins deriving from
leukocytes (which are involved in mounting immune response) were confidently identified
in many of the individuals, implying that they could have been suffering from disease when
they died. This is in accordance with other archaeological evidence from Tokyo at the time,
namely that it was overcrowded and inhabitants had a low life expectancy (Yamamoto
1989). Additionally, there was known to be an outbreak of parasitic infection in Japan at the

time (Maki et al, 2014).

2.3.1.2 Teeth

Teeth are incredibly important sources of information in the archaeological record. Broadly,
teeth are made up of a hard layer of enamel that cover the surface, below this is dentin which
is softer, and the tissue inside the tooth is known as the dental pulp. Patterns of tooth wear
can indicate diet, including the type and form of food (Mahajan 2019); and whether the
individual used their teeth as tools (Blakely and Beck 1984). Lastly, analysis of teeth is key

to ascertaining the oral health, and therefore general health, of individuals (Smith 2019).

Sex determination in humans is interesting to archaeologists as a tool for reconstructing
past societies in terms of demography, identity, and epidemiology (Stewart et al,2017). Itis
also of interest to determine the sex of animal remains, as this can shed light on ritual
importance of animals, human and animal relationships (Nistelberger et al, 2019), hunting,
husbandry and farming (Davis et al, 2018). Skeletal sex determination methods typically
rely on morphology, but require specific bones to be in tact, and are not reliable for young
individuals. Using palaeoproteomic methods, sex determination of remains can be achieved
through the analysis of the enamel protein amelogenein. Amelogenin exists in two isoforms
- X (AMELX) and Y (AMELY) (Bansal et al, 2012), with AMELX encoded on the X
chromosome and Y on the Y. Therefore, the reliable identification of AMELY is diagnostic for

biological sex.

Luigi and colleagues (2019) analysed teeth from the individuals in the famous grave “Lovers

of Modena”, which are the remains of two adults buried hand-in-hand in Modena, northern
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Italy, 1600 years ago. It was impossible to tell the sex of the remains due to poor
preservation, but the conventional wisdom was that they were a heterosexual couple.
However, Luigi and colleagues analysed the enamel from both individuals with LC-MS/MS
and confidently identified AMELY proteins in both of them, meaning they were, in fact, both

men, leading to a reinterpretation of this presumption.

As with bone, peptides preserved in teeth can also be used to infer phylogeny. One of the
most exciting examples of this is Welker and colleagues’ Gigantopithecus study (2019).
Gigantopithecus blacki is an extinct hominid species that existed in Asia between the Early
Pleistocene and the Late Middle Pleistocene. Welker and team extracted enamel and dentine
proteins from one molar and characterised them using LC-MS/MS. Endogenous proteins
were found in the enamel, which, in itself, represents the most thermally old (i.e. oldest in
terms of thermal age, age corrected to a constant 10°C temperature) mammalian proteins
ever recovered. By comparing the sequence of the proteins to the enamel proteome of
extant apes, Gigantopithecus was found to be an early radiation of pongines, and the absence
of AMELY suggests that the individual in this study was female. However, sexing in this

manner is not conclusive, as it is impossible to prove the absence of a protein.

Lastly, palaeoproteomic analysis of teeth can also provide insight into disease. Barbieri and
colleagues (2017) sampled dental pulp from 16 different individuals that were buried in
two cemetery sites in 18th century France. One of these cemeteries had anthropological and
historical evidence of the plague, and one did not. The samples were analysed with LC-
MS/MS, and four peptides between three samples from the plague site were found to be an
identical match to Y. pestis, the organism that causes the plague. None of the samples from
the non-plague site showed any evidence of the Y. pestis proteome. Although this study only
identified a few peptides (which is below the suggested guideline of two unique peptides
per sample set (Hendy et al, 2018)), and many of the identified Y. pestis peptides share
identity with other bacteria; it represents an interesting first step into the study of

bloodborne pathogens surviving in dental pulp.

2.3.1.2.1 Dental Calculus

While not a component of teeth in itself, dental calculus adhering to teeth has also been

shown to preserve endogenous ancient proteins. Dental calculus is the mineralised biofilm
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that forms on the surfaces of teeth, mostly made up of plaque and saliva, and is almost
ubiquitous in people who lived before modern day dental practice (Warinner et al, 2015).
As dental calculus mineralises, it traps molecules, including dietary proteins (Warinner et
al, 2014), and the oral microbiome (Warinner et al., 2014), including endogenous proteins

and bacteria.

Warinner and colleagues (2014) were the first to publish a detailed analysis of the oral
microbiome in ancient dental calculus using palaeoproteomics. They sampled dental
calculus from four individuals with mild to severe periodontal disease from a German site
from ca. 950 - 1200 CE, and dental calculus from nine modern dental patients. These
samples were analysed with LC-MS/MS. The proteomes of three well known periodontal
pathogens (Tannerella forsythia, Porphyromonas gingivalis, and Treponema denticola) were
recovered in the ancient dental calculus, and were all found in much higher frequency than
in modern healthy controls. Bacteria that cause bacteremia and infective endocarditis
(Aggregatibacter actinomycetemcomitans, Streptococcus mutans, and S. mitis) were
additionally identified, as were the bacteria that cause bacterial meningitis and gonorrhea
(Neisseria meningitidis and N. gonorrhoeae), though there was no other evidence that the

individuals suffered from any of these conditions.

Studying ancient diets provides invaluable insight into past cultures, including hunting and
farming, and therefore the origin of dairying, which has long intrigued archaeologists.
Hendy and colleagues (2018) analysed 100 samples from dental calculus from the Iron Age
up until 19th century England (some of which (n=38) had been previously published
(Warinner et al,,2014)) and 14 samples from modern dental patients with LC-MS/MS. A
total of 59 dietary proteins were identified (31 across the archaeological samples). These
represented beta lactoglobulin(which is a major protein in milk), one non-dairy ruminant
protein; and a suite of plant-origin proteins, including oats (Avena sativa), peas (Pisum

sativum), and cruciferous vegetables (Brassica spp.).

Biological remains offer a wealth of information about the past. Through the analysis of
bones, researchers can find out the species of the sample, clarify phylogenetic relationships,
and even detect evidence of disease and immune response. Teeth also offer an insight into
disease, and expression of different proteins in enamel can be used to sex individuals. Lastly,
dental calculus, formed on teeth in vivo and preserved through time, can also trap

information about diet and disease.

44



2.3.2 Artefacts

This section will address previous palaeoproteomic analyses of archaeological artefacts,
focusing on three main classes: pottery, parchment and skins. Sometimes artefacts are made
from biological remains. For example, projectile points (Knecht 1997) or drinking vessels
(Bello et al., 2011) can be made from bone due the availability of this material, the ease of
manufacture,, or symbolic or status reasons. Additionally, parchment is made from the skins
of sheep, goats, or cows, and has been used throughout history as a writing material (Ryder
1964). As humans have transformed these objects from biological remains into objects of

some use, for the purpose of this section they will be referred to as archaeological artefacts.

2.3.2.1 Pottery

The study of pots is an area of great interest in archaeology, as it can give insights into
technology, social organisation, trade, art, and food (and therefore farming, hunting, and the
history of other species). It can also be used to track the spread of an archaeological culture,
which have often been defined by the presence of particular pottery types. For example, the
Corded Ware Culture, which existed in Bronze Age Europe, was defined by the cord-like
impressions on its pottery (Beckerman 2015). Therefore, finds of this certain pattern of
pottery indicates presence of the Corded Ware Culture at a site, or can be used to date other

artefacts recovered in the same context.

Pottery can also be sampled and subjected to palaeoproteomic analysis in order to shed
light on ancient diets. This was first achieved by Solazzo et al. (2008), who identified
pinniped and cetacean-specific myoglobin from a potsherd fragment from Point Barrow,
Alaska, dating to 1200 - 1400 CE. Hendy and colleagues (2018) sampled ceramic sherds
from the West Mound of Catalh6yiik, which dates back to 6000-5600 cal BC (Orton et al,
2018). Three main types of sherds were analysed with LC-MS/MS - calcified deposits, and
the inner and outer ceramic walls of the pots. The majority of confidently identified dietary
proteins originated from the calcified deposits, and the minority from the inner ceramic
wall. This analysis revealed that the pots used to hold a mix of plants (including cereals and

pulses), dairy (mostly from sheep and goat), and meat proteins (again, mostly from sheep
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and goat). This, combined with complementary studies, elucidates the diet and farming

practices of the people who inhibited Catalhoyiik during this time.

2.3.2.2 Parchment and skins

Animal skins also hold a wealth of archaeological information, whether they remain
unprocessed, or are prepared and used as parchment. They not only have the potential to
uncover information about the animal used, and therefore farming practices, but also give

insights into the technologies used at the time (Brandt et al,, 2014).

Brandt and colleagues’ study (2014) on animal skin garments is a prime example of this.
They retrieved 12 samples from garments found in Danish peat bogs, aging from 920 BCE
to 775 CE. As these samples were waterlogged and physically protected by the peat, it would
follow that they would exhibit exceptional preservation. They analysed the samples with
LC-MS/MS and found proteins unique to bovine, sheep, and goat. Additionally, peptides
unique to bovine haemoglobin subunit beta were found in one sample, which is a protein
that is expressed in the foetus and up to three months after birth. This allows the
researchers to pinpoint the time the animal was slaughtered, and therefore adds new

perspectives to prehistoric animal husbandry.

Palaeoproteomics is also now often applied to the study of parchment. A key example of this
is Teasdale and colleagues’ (2017) study. The York Gospels, thought to have been started
around the 11th century and added to throughout the years, represent one of the only
surviving pre-conquest Gospel books in the UK (Alexander 1986). Teasdale and colleagues
sampled eraser rubbings (discussed in more detail in 2.5.2 Destructive sampling) from each
of the 167 folia, from both the original gospels, and the later additions (14th century). Using
ZooMS, they identified that all but one folia of the original gospels were calf, and all of the
later additions were sheep. This sheds more light on medieval animal management and

parchment making practices.
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2.4 Challenges

This thesis has hitherto focused on many of the important insights palaeoproteomics can
bring; however, the discipline still faces many challenges. This section will outline these

current challenges, and discuss how they may be tackled.

2.4.1 Protein survival

Proteins do not survive forever. As discussed in 2.2., there are lots of mechanisms that
prolong survival, however these just delay the inevitable loss of sequence information. In
terms of biomolecular archaeology in general, the survival age range of proteins is actually
a strength - DNA'’s survival is far more limited. The oldest DNA ever sequenced is sampled
from a mammoth tooth, thought to be around a million years old; whereas the oldest
peptides ever recovered are from Demarchi and colleagues’ 2016 (Demarchi et al., 2016),
dating to 3.8 million years ago. Current estimates (Cappellini et al, 2014) predict that
proteins should survive in the fossil record about ten times longer than DNA does. However,
the relationship between protein survival and successful aDNA amplification is not

straightforward (Wadsworth et al., 2017).

If the oldest DNA that can ever be recovered is at the million year mark, this means that
proteins should be recoverable from around 10 million years ago. If a million years if the
upper limit for DNA survival (which, of course, it may not be), it would follow that it should

be possible to recover proteins of up to ten million years old.

However, this ignores the issue of thermal age (discussed in 2.1.2.3.4 Temperature). The
mammoth tooth that is the source of the oldest DNA was recovered from the Siberian
permafrost - meaning its thermal age would actually be much lower than one million years
old. This is the opposite case for the 3.8 million year old egg-shell proteins - as they originate
from Tanzania, where the average temperature is well above 10°C, their thermal age is
actually much older - 16 million years old (Ma)@10°C. Welker and colleagues’
Gigantopithecus molar is also thermally ancient, at 11.8 million years old (Ma)@10 °C. The
oldest DNA by thermal age was recovered from the Middle Pleistocene site of Sima de los

Huesos, Spain (Meyer et al.,, 2016) - at 250,000 years old (0.25 Ma @10 °C). This is 64 times
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younger than the thermally oldest proteins - so perhaps either there are thermally older
DNA sources yet to be tapped, or the rule of thumb of proteins having ten times more
longevity than DNA breaks down when applied to thermal ages. It is also more than likely

that we are yet to find the oldest peptides.

Lastly, an important question in the hunt for the most ancient proteins is simple - why
bother? There is a diminishing amount of information that can be discovered as peptide
bond hydrolysis occurs. Collagen type 1 is thought to be the protein that can survive the
longest in bone (Wadsworth and Buckley 2014), and in some very ancient samples it would
follow that collagen will be the only sequence identified. Collagen can provide useful
phylogenetic information through analysis of single amino acid polymorphisms (SAPs), so
its importance should not be downplayed. However, it is far from a full suite of
archaeologically informative information (as discussed in 2.4 Applications), and can come

at the cost of the destruction of remains or artefacts.

2.4.2 Destructive sampling

Destructive sampling is defined as “any procedure that causes a permanent change to a
specimen”. It does not always refer to the total destruction of the artefact - although this
could be defined as the far end of the destructive sampling scale, where minimally-

destructive methods are at the other end (Squires et al,, 2019).

Many see traditional archaeologists and biomolecular archaeologists (particularly those in
the field of ancient DNA) as being on opposite sides of the destructive sampling debate.
Some archaeologists and curators would argue that no destructive sampling should ever be
carried out; whereas biomolecular archaeologists argue that by destroying an
infinitesimally small piece of an archaeological artefact, it is possible to learn so much more
about the past (Kemp 2015). However, the truth is not so black and white. As sequencing
(both by mass spectrometry and next generation DNA sequencing) is largely fast, accurate,
and relatively affordable (albeit only possible in a select few centres (Makarewicz et al,
2017)), archaeology is going through somewhat of a rush to analyse samples deemed to be
of high-interest (Colwell 2018). For some, the aim is to sequence as much as possible as fast
as possible, with little regard for the archaeological implications. However, that being said,

the development of non-destructive methods has been the subject of increased focus in
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recent years (Lee et al, 2014; Papadopoulou et al, 2007; Thomsen et al, 2009; Shapiro et
al, 2012; Rohland et al, 2004); and it is increasingly clear that destructive techniques
should only be applied to answer important questions, and when there is a high likelihood

of analytical success (Green and Speller 2017).

There are many palaeoproteomic studies that make exceptional use of minimally-
destructive sample methods. For example, Demarchi and colleagues (2020) extracted
proteins from the surface of an Egyptian mummy using mixed bed chromatographic media
embedded on ethylene vinyl acetate membranes (EVA). The EVA membrane was put in
contact with the mummy’s skin and left for 45 minutes. After it was removed, the skin was
inspected, and no alteration of surface (either by eye or microscope) was detected. Many
keratin and collagen peptides were detected in the sample taken, as were some bacteria -
for example many peptides unique to the family Sphingomonadaceae, some of the members
of which can digest aromatic compounds. Additional analysis by GC-MS found the presence
of plant resin on the mummy, so it follows that Sphingomonadaceae may have been present,
as some members of this family are able to degrade aromatics. This study shows that non-
invasive sampling can detect both high copy number proteins (such as collagen and keratin),

and also metaproteomes.

Another study is Fiddyment and colleagues’ (2015) paper on triboelectric protein
extraction from parchment, which analysed over 500 samples of uterine vellum. Uterine
vellum is tissue thin, and its composition has long been debated - some believe it is the skin
of foetal calves or sheep (Clarkson 1992), whereas others think it is more likely that it is
made from smaller animals, such as rabbits or squirrels (Thompson 1956). The sampling
was done by the conservators at 54 different libraries and archives, and is simply achieved
by gently rubbing the parchment with a polyvinyl chloride (PVC eraser) (which is already a
widely accepted conservation method for removing dirt) - this creates an electrostatic
charge which mobilises the proteins. The samples underwent species identification using
ZooMS. Fiddyment and colleagues found equally strong, if not better, identifications using
eraser rubbings than the destruction of parchment - possibly due to the fact that the eraser
removes contaminants from the parchment, which are then not analysed. They identified
that 68% of the samples were calf, 26% were goat, and 6% were sheep - with no trace of
rabbit or squirrel. This study not only provided an insight into uterine vellum and
parchment production across Europe; but also pioneered this sampling method, which

requires no specialised equipment, knowledge, or sample storage.
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Lastly, McGrath and colleagues (2019) used a similar principle in performing species
identification using the bags in which the objects were stored. The frictional contact
between the plastic bag and the proteins on the artefacts strips the electrons from the
protein and results in charge electrification, allowing loose peptides to be pulled away from
the bone. They analysed 7 bone points and 8 bone artefacts using four different methods:
extracting collagen from the bag the artefact was stored in; extracting collagen from a new
storage bag with the artefact in it; rubbing the artefact with a PVC eraser (as above,
(Fiddyment et al, 2015)), and destructive analysis. They found that most of the time,
analysing the bag alone would produce an identification that agreed with the destructive
analysis, although sometimes only identified as a “probable” match, or at a family level,
whereas the destructive analysis would detect the exact species. Despite not being perfect,
this plastic bag method represents a huge step forward for non-destructive sampling,

especially for artefacts that could not undergo destructive sampling.

2.4.3 Maximising information

Where non destructive methods are not possible, researchers have an obligation to
maximise the data obtained from the sample (Green and Speller 2017). However, this is not
simple - palaeoproteomics is a relatively young field, and as such, researchers have not yet

come to an agreement on how to maximise results.

However, this is an ongoing field of research. Considerable work has gone into determining
the “best” extraction protocol for ancient samples (Schroeter et al, 2016; Jiang et al., 2007;
Le Meillour et al, 2018; Wadsworth and Buckley 2014; Lanigan et al., 2020). For example,
two extraction methods used in this thesis are both based on modern proteomics protocols:
filter-aided sample preparation (FASP) (Cappellini et al, 2014) and gel-aided sample
preparation (GASP) (Fischer and Kessler 2015). A 2018 (Hendy et al., 2018) study was the
first to perform comparisons between GASP and FASP for dental calculus. The authors used
both GASP and FASP to extract proteins from the dental calculus of two modern humans.
They found that GASP led to significantly more peptide identifications than FASP (n=1159,
n=1324 vs n=159, n=112 respectively). Moreover, GASP extractions led to a greater
diversity of recovered proteins, and identified almost all proteins that were identified by

FASP.
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However, there is likely not one single best protocol for palaeoproteomics as a whole, due
to the diversity of substrates. Cleland and colleagues (2018) put forward a new protocol
called single-pot, solid-phase-enhanced sample preparation (SP3), specialised for human
bone. They found that FASP was at a disadvantage as it uses a molecular weight cutoff, which
means potentially missing small peptide fragments. SP3, however, is not molecular weight

dependent, and therefore maximises the number of protein detections in ancient bone.

Maximising information does not only refer to maximising proteomic information. Mackie
and colleagues proposed an extraction protocol for the simultaneous extraction of both DNA
and proteins from dental calculus (Mackie et al,, 2017). A recent study by Fagernas et al,
(2020) proposed another new combined extraction method, and found that although there
was lower DNA recovery, the metagenomic composition of the results was unaffected. There
was no change in the protein recovery, apart from a slight bias towards hydrophobic
proteins. Protocols like these are undoubtedly the way forward, as although they are

destructive, they reduce the overall sampling demand.

Lastly, one of the most important ways of maximising information from a single sample is
open access sharing of both raw and processed data (along with full bioinformatic
workflows) on sites such as ProteomeXchange (Vizcaino et al.,2014). This not only allows
researchers to double-check a study’s veracity using their own systems, but crucially also
invites future analyses with no additional destruction of valuable artefacts or remains

(Hendy et al., 2018c).

2.4.4 Analytical Challenges

Palaeoproteomics suffers from several non-trivial analytical challenges at every stage, from
sampling to data analysis. The type and location of the sample is often dictated by factors
that cannot be controlled (such as selective sampling from objects on display in museums).
However, variations in protein recovery within the same bone, driven only by different
sampling locations, have been shown (Simpson et al, 2016; Procopio et al., 2017). As
mentioned in 2.4.3 Maximizing Information, the extraction protocol should be chosen based
on the substrate and the research question, though there are no conclusive guidelines for
this choice (Hendy et al, 2018c). Demineralisation is typically (though not always, see
(Cleland and Vashishth 2015)) a part of sample preparation, as it separates the organics

from the mineral component in samples such as bones or teeth. However, this process has

51



been found to reduce the diversity of the recovered proteome, and analysis of the
demineralised fraction resulted in richer diversity and coverage per weight of sample
analysed than the soluble fraction (Schroeter et al, 2016). Furthermore, demineralisation
by hydrochloric acid (HCI) has been shown to induce deamidation (Simpson et al.,, 2016),
which is a potential measure of protein authenticity (discussed in detail in sections (2.1.1.2

Deamidation and 2.4.5.1 Authentication).

As the samples typically analysed in proteomic workflows are intrinsically finite and
precious, method development is challenging. As discussed throughout section 2.1 Ancient
proteins, truly ancient proteins have undergone a barrage of different mechanisms of
degradation, which are impossible to unravel. Therefore, developing protocols for ancient
samples based on their modern equivalent is far from ideal, as ancient samples are distinct
down to the molecular level. Some researchers are able to use ancient samples for method
development - an example of which is Lanigan and colleagues’ (2020) study on parallel
proteolysis using combinations of six different proteases on three Pleistocene bones, one of
which was a hominin. The alternative to using “genuine” samples is laboratory induced
aging. An example discussed in 2.1.1.1 Hydrolysis is Tomiak et al.’s (2013) paper on kinetic
parameters, in which they compared the degradation of naturally aged and heated coral.
They concluded that the underlying mechanisms of degradation may be different at high
temperatures. Heating is not the only way to degrade samples, as discussed in section
2.1.2.3.3 Oxygen, High and colleagues (2016) created laboratory microcosms to mimic the

environment of the Star Carr site, showing the rapid degradation of bone and wood.

The final analytical challenges take place in silico - the great advantage of which is that the
analyses can be repeated and fine-tuned with no material cost. As this challenge is one of
the cornerstones in this thesis, it is discussed in depth in section 6.3.2 on challenges. In
short, there are many choices, such as the search software, database selection, modification
choice, and digestion mode that are the driving force behind peptide identification, yet this

process is complicated, again with no best practice guidelines (Hendy et al,, 2018).
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2.4.5 Contamination

Another key challenge of ancient protein analysis is contamination. Contamination - the
addition of proteins not genuinely associated with the sample - can happen at any stage,
from burial to excavation to analysis in the mass spectrometer. For example, many
conservation methods rely on protein-based materials, such as animal collagen-based glues
(Lopez-Polin 2012; Nicholson et al, 2002), plant proteins in natural resins, and insect
proteins in shellac (Hendy et al, 2018). However, these contaminants are often impossible
to avoid if the conservation has already happened. Therefore, the form of contamination
that is easiest to control, and thus most discussed in the palaeoproteomics community is
laboratory contamination, either by humans (McCoy et al.,, 2019; Or6 and Skewes 1965) or
laboratory reagents (Hendy et al., 2018a; Hendy et al.,2018c).

Hendy and colleagues (2018c) proposed a set of best practices in order to avoid laboratory
contamination. They include wearing synthetic clothing, covering exposed skin, the use of a
dedicated clean facility, and the use of blank extractions and injection blanks to monitor
contamination. On the bioinformatics side, it is possible to discard contaminant proteins by
searching against a database that includes common laboratory contaminants (e.g. cRAP
(cRAP protein sequences )), as well as adopting bioinformatic strategies that enable an

assessment of authenticity.

2.4.5.1 Authentication

Authentication of proteomic results is an ongoing topic of discussion in the
palaeoproteomics community (Hendy et al, 2018c). There are three key issues in
authentication: a) proper peptide identification, b) correct peptide assignment, and c)

protein origin.

The first issue, peptide identification, refers to the assignment of the “correct” peptide
sequence to the spectra. This is normally handled by the searching software, which matches
theoretical peptide masses to the results generated by the mass spectrometer (discussed in

2.3.2), common examples of which include MaxQuant (Cox and Mann 2008), PEAKS (Ma et
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al, 2003), Mascot (Hirosawa et al., 1993), and Metamorpheus (Wenger and Coon 2013).
However, failure to adjust parameters accordingly can lead to incorrect results - in the form
of both false negatives and false positives. Database choice (as mentioned briefly in 2.3.2) is
the driving force for peptide identifications - if a protein is not in the database the software
uses to match against, the spectra will either not be associated with a peptide sequence, or
assigned one that is a poor match. Therefore, the smaller the database, the more “forced”
matches. However, searching against a needlessly large database wastes analytical time.
The size of the database is increased by the number of variable modifications searched for
- there is a fine balance between searching for all the modifications likely to occur and
needlessly increasing the search space. Protein sequence identification softwares also
include many measures for assuring good quality matches - for example automatic
searching against a decoy database, false-discovery rate cut-offs, and score assignment.
Using these tools, it is possible to ascertain whether a given peptide genuinely represents

the target spectra.

Correct peptide assignment refers to the question of whether a given peptide genuinely
originates from the specified protein. Because many peptides are not unique, and are either
shared by many proteins, or many species, it is important to ascertain that an identified
peptide is sufficiently unique. This can be done using BLASTp (Altschul et al, 1990), and is
a common criterion used by palaeoproteomic studies (Buckley et al, 2019; Tsutaya et al,

2019).

The last issue is the question of protein origin. The guidelines set out in the previous two
points allow researchers to confidently identify peptide sequences, and therefore proteins,
but there is no guarantee that these proteins genuinely originate from the artefact in
question - i.e. whether they are contaminants. Currently, there is no widely accepted tool to

differentiate between genuine ancient proteins and modern contaminants.

Although it is possible to exclude contaminants bioinformatically, sometimes the proteins
researchers are interested in are also common contaminants. For example in studies of
ancient diet, casein (a milk protein) is also a reagent in western blot analysis; bovine serum
albumin (from blood plasma) is a quantitative standard and a reagent in immunological
assays; and lysozyme and ovalbumin (egg proteins) are used as molecular weight markers
(Hendy et al, 2018a). Therefore, if these proteins were to be excluded, researchers may miss

their genuine presence in artefacts.
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Therefore it is necessary to authenticate proteins, that is, to differentiate between
contaminants proteins and proteins that genuinely originate from the sample in question.
In ancient DNA studies, this is done (in part) by assessing the extent of degradation in
sequenced molecules - with the understanding that only truly ancient DNA will exhibit
specific patterns of damage (Cooper and Poinar 2000; Gilbert et al, 2005; Ginolhac et al,
2011; Jonsson et al., 2013). This logic is also applicable to the study of ancient proteins - as
diagenetic forces (discussed in 2.2.1) act over time. For example, the deamidation of
glutamine has been proposed to act as a molecular clock (Robinson and Robinson 2004),
and is often reported in palaeoproteomic studies, as modern contaminants are unlikely to
portray significantly advanced levels of glutamine deamidation (Welker et al., 2016; Welker
et al, 2017; Mackie et al, 2018; Demarchi et al., 2020). However, as discussed in Section

2.1.1.2, and later in Chapters 3 and 4, this is highly variable.

Another method of authentication, proposed by Bleasdale and colleagues (2021) relies on
the signature of the recovered proteome. Developed for dental calculus, their Oral Signature
Screening Database (OSSD) contains a subset of proteins representing the oral microbiome.
If the sample contains a wide range of proteins in the OSSD, other proteins of interest from
the same sample, e.g. food-origin proteins, are assumed to be endogenous rather than

contaminant.

Authentication can also be achieved through dating of the sample. Methods such as
radiocarbon dating, which measures the amount of 14C in a sample, can be used to assign
relative ages. Discussed in 2.1.1.4 Racemization, the extent of amino acid racemization can
also be used to date samples by comparing the ratio of D- and L- enantiomers (Demarchi et
al, 2011), but also to provide authentication to palaeoproteomic data (Presslee et al,, 2019;
Cappellini et al, 2019; Welker et al, 2019). Both of these methods, however, require
separate analytical steps. Furthermore, dating is not a perfect proxy for authentication.
Take, for example, dietary proteins recovered from dental calculus. Even if the skull or tooth
is dated to the correct time period, individual protein results may still arise from
contamination, as dating methods cannot differentiate between proteins in mixtures.
Another issue is cross contamination with other ancient artefacts or remains, which would

result in a mixture of two or more genuinely ancient proteomes.

The field of ancient DNA handles this case with relative ease, as small sequence differences

between reads at the same region of the genome can elucidate cases of cross contamination
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(Peyrégne and Priifer 2020). However, as proteomes, unlike genomes, are often highly

conserved between individuals, it is impossible to detect a mixture of proteomes in this way.

Lastly, an often overlooked method of authentication is archaeology itself. Proteomic
findings should be interpreted with reference to other lines of evidence from traditional
(and other biomolecular) archaeological methods. For example, findings of milk proteins in
dental calculus could be strengthened by archaeological evidence of pastoralism, animal
burials, or lipids in pottery (Wilkin et al., 2020). Of course, as the aim of biomolecular
archaeology is to gain insights that would not have been possible with traditional methods,

some palaeoproteomic findings may contradict current archaeological wisdom.

2.5 Chapter Summary

This chapter introduced the field of palaeoproteomics, including the various ways proteins
are degraded (2.1.1) and the factors influencing their preservation (2.1.2). It went on to
discuss the development of methodology in the field, with a focus on current mass
spectrometry methods (2.2.2). Subsequently, the applications of mass spectrometry to
archaeology were discussed, with reference to the different substrates and archaeological

questions (2.3). Finally, the challenges the field currently faces were outlined (2.4).
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Abstract: Contamination is a potential problem in the study of ancient proteins, either from prior
handling of the sample, laboratory consumables, or cross-sample carryover from mass
spectrometers. Recently, deamidation of glutamine has been proposed as a measure for assessing
the degradation of ancient proteins. Here, we present deamiDATE 1.0, a method for the
authentication of ancient proteins using measure of site-specific deamidation rates. We test this
approach on shotgun proteomic data derived from bone collagen from modern, archaeological
and extinct taxa. We further demonstrate how this method may be used to differentiate between
modern contaminants and authentic ancient proteins using a case study from Neolithic dental

calculus.
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3.1. Introduction

The study of ancient proteins offers new insights into the past, and is increasingly utilised where
DNA studies will fail, i.e. where the DNA in a given sample will have completely degraded, but the
protein sequences remain somewhat intact (F. Welker et al., 2015; Cappellini et al., 2019; Welker
etal, 2019). Additionally, proteins are tissue specific and can identify more than just the presence
of the organism, e.g. tissue specific proteins in foods such as seeds, meat or milk (Hendy et al,

2018b), or those expressed in particular disease states (Jersie-Christensen et al., 2018).

The long history of ancient DNA research has highlighted the importance of minimising and
identifying modern contamination in analyses of ancient biomolecules. Like ancient DNA, ancient
proteins are also susceptible to modern contamination either from prior handling (including
conservation treatments), or through exposure to modern protein sources within the laboratory.
Prior to the advent of ancient genomics, authentication of ancient data had been conducted
through a variety of criteria, including the use of dedicated ancient DNA workspaces,
reproducibility and replication of results by independent research groups, and the phylogenetic
analysis of the resulting data (Cooper and Poinar, 2000; Gilbert et al., 2005). In particular, Cooper
and Poinar (2000) and Gilbert et al. (2005) both list ‘appropriate molecular behaviour’ as one of
their criteria for authentication of aDNA, with the amplification of long DNA fragments being
treated with caution. Hendy et al. (2018c) argued for the use of a similar logic to assess the
likelihood of claims for ancient proteins, highlighting the need to critically assess the authenticity

of obtained results.

With the advent of next-generation sequencing, authentication measures for ancient genomic
data have focused predominantly on the analysis of sequence length distributions (to
demonstrate DNA fragmentation through hydrolysis) and observations of post-mortem
degradation, particularly the deamination of cytosine at 5’-overhangs. As illustrated in the work
of Wall and Kim (2007) it is possible to discriminate between ancient and modern sequences
based upon DNA fragment length and the probability of cleavage. In the case of damage induced
misincorporations, cytosine deamination is concentrated in regions of DNA most vulnerable to
degradation - single stranded overhangs. Software packages such as mapDamage (Ginolhac et al.,
2011) , mapDamage 2.0 (Jénsson et al, 2013), and bammds (Malaspinas et al, 2014) were

developed to estimate DNA damage and measure cytosine deamination, and the average length

58



of overhangs and nick frequencies. The power of these approaches have been effective for
isolating contaminating DNA from authentic signals (Wall and Kim, 2007; Skoglund et al,, 2014)
and these have been incorporated into standard strategies for ancient DNA authentication (Key

etal, 2017).

In the case of proteomic analysis of modern tissues, researchers already consider potential
sources of contamination (Bell et al., 2009); indeed it is standard to include in the search database
a list of contaminants commonly found in proteomics experiments and, as such, a number
contamination databases already exist e.g. cRAP (the common Repository of Adventitious
Proteins), and the MaxQuant contaminant database (Cox and Mann, 2008). However,
palaeoproteomics is a relatively new discipline, and the best standard measures to avoid protein
contamination or to authenticate the antiquity of identified proteins are still being discussed

within the community (Schroeter et al,, 2017; Hendy et al., 2018c).

3.1.1 Strategies to authenticate ancient proteins

DNA is composed of four nucleotides and studies of DNA damage have primarily focused on the
deamination of cytosine (Lindahl, 1993). However, there are instead 20 amino acids found in
proteins, many of which are subsequently modified after translation, offering a much larger
canvas upon which to explore degradation patterns. In the case of ancient proteins this is
especially important, as damage patterns have been used to argue for or against authenticity. For
example, Buckley et al. (2008) argue against the persistence of dinosaur proteins, in part, based
on the grounds that, unlike the reported Mastodon peptides (Asara et al., 2007), the claimed T.
rex peptides lacked evidence of deamidation, seemingly contra to the antiquity of the sample. A
common rule is that higher levels of deamidation imply older, or at least more damaged, samples,
and therefore bulk deamidation has been used as a tool to assess the relative age of samples (van
Doorn et al, 2012; Wilson, van Doorn and Collins, 2012; Orlando et al, 2013; F. Welker et al,
2015; Hill et al.,, 2015; Welker et al.,, 2017).

Deamidation refers to the loss of an amide group, which converts asparagine to aspartic acid, and
glutamine to glutamic acid, resulting in a +0.98 Da mass shift. There are two chemical pathways
involved in deamidation of asparagine (N, Asn) and glutamine (Q, GIn): condensation to a cyclic
intermediate; and side chain hydrolysis. Rates of deamidation are fairly regular in constant
conditions, and have been hypothesized to act as a molecular clock (Robinson and Robinson,

2004). The rate of deamidation is influenced by steric hindrance and charged residues near
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deamidation sites, and therefore primary (Robinson and Robinson, 2001), secondary (Xie and
Schowen, 1999), and tertiary (Kossiakoff, 1988) structure, temperature (Stratton et al, 2001),
and pH (Hao et al,, 2011; Wilson, van Doorn and Collins, 2012) all affect deamidation rates.

In order to assess the effect of primary structure on the rate of deamidation, Robinson et al,
(2004) used MALDI-TOF to detect deamidation in a series of synthetic peptides. They predicted
the half-time of 52 sets of asparagine (N) and glutamine (Q) containing peptides, based upon the
variation in the flanking residues (i.e. X-N-Y or X-Q-Y), and using this data they then interpolated

the remaining 348 combinations.

It is important to note that asparagine and glutamine deamidate at vastly different rates, with
glutamine being considerably slower. For example, the average asparagine deamidation half-time
is less than 100 days; whereas the mean half-time for glutamine deamidation is estimated to be
more than 60 times longer (Robinson and Robinson, 2001). The differences in the rate of
deamidation is a consequence of a difference in the primary reaction pathway. Asparagine is
primarily deamidated in flexible regions (e.g. a-crystalline) (Kossiakoff, 1988) and denatured
polypeptides such as gelatin by cyclic succinimide (Asu) formation. However, it is argued that this
is suppressed within the rigid collagen backbone (van Duin and Collins, 1998). In contrast,
glutamine deamidation occurs primarily by sidechain hydrolysis (Robinson and Robinson, 2004).
The higher rate of aspartic acid (Asp) deamidation and attendant racemization at flexibile sites
means that the increase in the non biological isomer D-Asp is sufficiently fast for the D/L Asp ratio
in dentine to estimate the age of individuals (Sirin et al, 2018). However, because aspartic acid
and asparagine (together, commonly termed Asx) racemization is so dependent upon higher
order structure it is less useful as a long-term geochronometer. Consequently glutamine
deamidation has become more widely used as a means to assess fossil age (Leo et al.,, 2011; van
Doorn et al, 2012; Wilson, van Doorn and Collins, 2012; Orlando et al, 2013; F. Welker et al,
2015; Hill et al,, 2015). These approaches have either used bulk measurements or from single
peptides. However, the extent of glutamine deamidation has been found to be variable in
macroscopically degraded samples (Simpson et al., 2016) and relatively pristine samples, even
from within the same bone (Simpson 2015), and it has also been proposed to be a measure of
preservational quality, rather than geochronological age due to its variability over time

(Schroeter and Cleland 2016)

Here, we present a novel method to authenticate the antiquity of ancient proteins based upon
relative rates of deamidation of glutamine residues. We test this method against a series of known

age samples, including modern collagen and bone proteomes, as well as paleontological subfossil
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proteomes. Finally, we demonstrate the utility of this approach in distinguishing between
contaminant and authentic ancient proteins within complex metaproteomic samples: Neolithic
dental calculus. As part of a wider investigation into the dental calculus of three Neolithic
skeletons from Whitehawk Camp (2700 BCE), we identify chicken egg proteins alongside proteins
consistent with the oral microbiome. The earliest evidence of chickens in Europe is in the late
Bronze Age (Perry-Gal et al., 2015), consequently the consumption of chicken eggs in the British
Neolithic would be a remarkable discovery. The discovery of the consumption of chicken eggs,
some 3000 years before the earliest zooarchaeological record of chicken bone in Britain (Maltby
et al, 2018) would represent a molecular milestone. It would significantly predate the earliest
report of chicken in Germany, again detected based upon the proteomic investigation of an Iron
Age pot from Heuneburg (an early Iron Age (750-400 BCE) hillfort in southwest Germany)
(Wiktorowicz et al, 2017). In order to examine this case more closely we developed a novel

authentication method based upon relative rates of deamidation of glutamine residues.

3.2. Materials and Methods

3.2.1 Materials

3.2.1.1 Model dataset

In order to evaluate the results of measures of deamidation, we assessed deamidation within a
series of known age samples (Table 3.1) first published by Welker et al. (2015) No experimental

or analytical replicates were performed.
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Sample Age Source Element
Aardvark American  Museum  of
(Orycteropus afer) 'Modern Natural History Not specified
Anteater
(Cyclopes American Museum of
didactylus) Modern Natural History Not specified
Anteater
(Cyclopes American Museum of
didactylus) Modern Natural History Not specified
Hippopotamus Zoological Museum,
(Hippopotamus Natural History
amphibius) Modern Museum of Denmark Bone
South American Zoological Museum,
tapir Natural History
(Tapir terrestris) Modern Museum of Denmark Bone
Toxodon 12,040 CAL Arroyo  Tapalqué , Tibia
YBP Buenos Aires
Toxodon 11,900 CAL Tapalqué, Buenos Aires Mandible
YBP
Macrauchenia Lujanian near Monte Hermoso, Cervical vertebrae
(ca. Buenos Aires
800,000-
11,000
YBP)
Macrauchenia Pleistocene Rio Pilcomayo, Formosa Thoracic vertebrae
(ca.
2,580,000
to 11,700
YBP)
Mylodon darwinii Pleistocene Cueva del Milodon
(ca.
2,580,000
to 11,700
YBP) Not specified

Museum accession
(where available)

AMNH 51910

AMNH 99199

AMNH 99199

MACN Pv 17710

MLP 44-XI1-29-5

MACN Pv 18952

MLP 96-V-10-19

MLP 94-VIII-10-32

Table 3.1: Model dataset used for result comparison. Data previously published by Welker (2015),

and represents a wide timescale. Raw MS/MS and PEAKS search files available on ProteomeXchange

with identifier PXD001411.
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3.2.1.2 Whitehawk Camp dental calculus

Whitehawk Camp is the remains of a Neolithic causewayed enclosure, thought to be inhabited
around 2700 BCE. It was excavated in 1932 by Cecil Curwen, which led to the recovery of three
individuals, currently curated at the Brighton and Hove Museum (Museum accession
R3699/128). Skeleton [ was selected for proteomics analysis of dental calculus. Skeleton I (SK1)
is an adult female, (25-30 years at time of death) with a significant degree of dental wear: the
incisors were badly worn and highly polished. It has therefore been suggested that she might have

used her teeth as tools (Cecil Curwen, 1934).

Figure 3.1: Image of the Whitehawk Camp Skeleton 1. One sample of calculus was sampled from the

upper right 1st molar; note the glue used to hold the teeth into place (indicated by an arrow). Image

credit: Paola Ponce
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3.2.2 Methods

3.2.2.1 Proteomics GASP protocol

The Gel Aided Sample Preparation Protocol (GASP), as described in (Fischer and Kessler, 2015),
was carried out on a portion of the dental calculus of SK1, including a blank extract to act as a

negative control.

Dental calculus was removed from the upper right first molar of SK1 using a sterile pick and 12.4
mg of calculus was placed in a 2.0 mL Surelock Eppendorf tube. To decontaminate the sample, the
dental calculus was rotated in 500 pL of EDTA solution (4% SDS, 0.5 M EDTA) for 5 minutes,
centrifuged (13K rpm) for 1 minute, and the solution discarded. These steps were repeated two
more times. The calculus was then ground with a micro pestle and rotated for three days in 1 mL
of 0.5 M EDTA until fully demineralised. The sample was centrifuged at 13,000 rpm for 2 minutes
and 950 pL of supernatant was removed. Proteins were extracted from the pellet and remaining
supernatant following the Gel-Aided Sample Preparation Protocol (GASP) based on Fischer and
Kessler (2015) and modified for mineralised samples according to Hendy et al. (2018c). Briefly,
the pellet and supernatant were incubated with 5 pL of SDS (20%), 45 uL of B-PER (Bacterial
Protein Extraction Reagent, Thermo Fisher) and 50 pL of DTT (1 M) at room temperature. Proto-
Gel (100 pL at 30%, National Diagnostics) was added with 8 pL of tetramethylethylenediamine
(TEMED), and 8 pL of 10% ammonium persulfate (APS) to polymerize the gel. The polymerized
gel was shredded and the gel pieces were fixed through the addition of methanol/water/acetic
acid solution (50/40/10). A series of washing and drying steps using acetonitrile were then
performed to exchange buffers. Proteins were digested in 200 pL of ammonium bicarbonate (0.05
M) and trypsin (5 pL of 0.5 pg/uL) 37 °C overnight. Digested peptides were extracted from the gel
through a series of washes with acetonitrile and 5% formic acid solution, and desalted using
Millipore Zip-Tips prior to MS/MS analysis. Tryptic peptides were analysed at the Mass
Spectrometry Laboratories of the Target Discovery Institute at the University of Oxford on a Q-
Exactive tandem mass spectrometer according to previously published specifications (C.
Warinner et al, 2014). Q-Exactive analysis was performed after UPLC separation on an EASY-
Spray column (50 cm x 75 pm ID, PepMap RSLC C18, 2 pm) connected to a Dionex Ultimate 3000
nUPLC (all Thermo Scientific).
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3.2.2.2 Data analysis - Dental Calculus SK1

The raw spectral data, generated from the dental calculus of SK1, was converted to Mascot generic
format (mgf) using Proteowizard MSConvert (version 3.0.4743) using the 200 most intense peaks
in each MS/MS spectrum. MS/MS ion database searching was performed on Mascot (Matrix
ScienceTM, version 2.4.01), against UniProt (release 2017_06) and the ancient Human Oral
Microbiome database previously published in Warinner et al. (2014). The settings are as follows:
the peptide tolerance was 10 ppm, MS/MS ion tolerance was 0.07 Da, with a tryptic search
strategy with up to one missed cleavage, and a fixed modification of propionamide (C). Variable
modifications included acetyl (protein N-term), deamidation of asparagine and glutamine,
methionine oxidation, propionamide N-term and lysine propionamide. Searches were performed
against a decoy database to estimate protein false discovery rates, which were adjusted to less
than 5%. Proteins were identified with a minimum of two different peptides and a default
significance threshold of p<0.05. Identification of proteins associated with the oral microbiome,
human host, and putative dietary proteins were undertaken following the methods described in
Hendy et al. (2018). In addition to a suite of proteins associated with oral microbes and human
saliva, this search yielded multiple peptides deriving from putative dietary proteins, including
chicken ovalbumin, lysozyme, and vitellogenin. The LC-MS/MS raw data and Mascot search
results are available in the public database on the MassIVE repository (ID: MSV000084284;
http://massive.ucsd.edu). File description and run order are presented in Supplementary Table

3.1)

Subsequently, the dental calculus raw files were searched using MaxQuant version 1.6.2.6a
against an in-house database of chicken egg proteins and human endogenous proteins commonly
found in dental calculus studies (Appendix A, File 1). In order to ensure high-quality matches, the
minimum score for modified and unmodified peptides was set to 60. The search was semi-tryptic,
with a fixed modification of propionamide (C). Variable modifications included acetyl (protein N-
term), deamidation of asparagine and glutamine, methionine oxidation, propionamide N-term,
lysine propionamide, Gln and Glu to pyro-Glu, and hydroxylation of proline. All other parameters
were set to MaxQuant’s defaults, which included an error tolerance of 4.5 ppm. MaxQuant’s

output, in particular the evidence.txt and peptides.txt files, were used as input for deamiDATE.
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3.2.2.3 Data analysis - Ancient collagen model dataset

Raw files were obtained via ProteomeXchange from Welker (2015). MaxQuant 1.6.2.6a was used
to search against the relevant collagen type 1 sequences for each organism, as found in UniProt.
The search was semi-specific with enzymes relevant to the sample preparation , with a fixed
modification of carbamidomethyl (C). In the original study, all samples apart from the aardvark
were prepared using both trypsin and elastase in order to increase sequence coverage and
improve protein identifications - an approach that was also used to retrieve the oldest peptide
sequence ever recovered (Demarchi et al., 2016). This multi-protease approach was later found
to increase the size of the proteome retrieved from ancient bone (Lanigan et al., 2020). Variable
modifications were set for acetyl (protein N-term), deamidation of asparagine and glutamine,
methionine oxidation, GIn and Glu to pyro-Glu, and hydroxylation of proline. As this search’s
purpose was to identify collagen type 1, a search for contaminants was not performed. The
minimum score for modified and unmodified peptides was set to 60. All other parameters were
set to MaxQuant’s defaults, including an error tolerance of 4.5 ppm. As with the dental calculus

data, the output of MaxQuant was then used as input for the algorithm.

3.2.2.4 deamiDATE 1.0

The deamiDATE program is written in Python 2.7 and is tested on Windows, MacOs, and ubuntu.
For an example evidence file of 2503 lines, and a peptide file of 962 lines, deamiDATE took 0.597
seconds to run to completion (on a computer with an Intel i7-6700 processor running at 3.40 GHz
with 32GB of RAM, running Ubuntu 16.04.5). The source code and running instructions are
available on GitHub https://github.com/abigailramsoe/deamiDATE. As deamiDATE is available
as a stand-alone program, it allows researchers with very little computational knowledge to use
it. This ensures that all have an equal chance to apply such tools to their datasets, and improves
the efficacy of interdisciplinary research. The inputs required are output files from MaxQuant (a
free, open-source software), and the program contains spreadsheets with the half-times of

deamidation reactions from Robinson and Robinson (2004).
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Figure 3.2: A schematic overview demonstrating the deamiDATE 1.0 pipeline. In Step B, R&R refers
to the half-time data reported in Robinson and Robinson (2004). This was downloaded into

spreadsheet form and saved as Asn.csv and GIn.csv
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3.2.2.4.1 Data input

As shown in Figure 3.2, step A, deamiDATE reads the MaxQuant output files evidence.txt and
peptides.txt. Here, it also optionally filters out contaminants (as defined by MaxQuant’s
contamination database) and reverse hits. If a protein list which contains unique protein IDs is
provided, it is at this stage that the results are filtered to use these IDs. This step results in a multi-

level dictionary structure, with data separated by experiment and protein.

3.2.2.4.2 Bulk deamidation

Bulk deamidation is calculated per sample, and per protein in each sample, using the same
approach as presented in Mackie (2018). Each asparagine and glutamine position (for example,
103 Asn) is assigned a relative remaining intensity based on the intensity of the peptides it
appears in in its deamidated form, divided by the total intensity of all peptides it appears in (both
deamidated and not deamidated), as shown as steps C and E in Figure 3.2. The bulk deamidation

results are then plotted, and the results are printed into new .csv files.

3.2.2.4.3 Site-specific deamidation

For each sample and protein, a new dictionary is created that stores each occurance of an
asparagine (N) or glutamine (Q), and its surrounding residues. For example, in the peptide
GLPNGTQAGLP, the two resulting dictionary keys are “PNG” and “TQA”. This is depicted in Figure
3.2, Step B.

For each key, two variables are stored:
1) The sequence-dependent deamidation rate (“half-time”) of the Q or N residue, dependent
on its neighbouring residues, as estimated by Robinson et al. (2004).
2) A list containing the relative intensity of the deamidating residue. However, unlike bulk
deamidation, where the deamidating residue is grouped with residues that appear in the
same protein at the same position, for site-specific deamidation, deamidating residues are

grouped with others that share the same neighboring amino acids.
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Deamidation is then calculated (Figure 3.2, Step D) in the same way as in the bulk deamidation
method, using the summed and averaged intensities. Like the bulk method, deamidation results

are then plotted and saved to .csv format.

This leads to a large dataset where each unique X-N-Y and X-Q-Y combination has a wealth of data
on its relative deamidation, which, when combined with their half-time, can be used to provide a
more in-depth overview of the extent of protein deamidation in a particular molecule, relative to

its age.

3.2.2.5 Statistics

Statistical analyses were performed using the ‘scipy’ package for Python (Jones et al, 2001).
Comparisons of bulk deamidation levels across datasets for both asparagine and glutamine were
made using the Mann Whitney U test. For site-specific deamidation, the Wilcoxon signed rank test
was used, as values for deamidation levels are paired by half-time. As there were so few half-times
shared by both groups in the SK1 deamidation results (n=13), a tolerance was added to allow

comparison between similar half-times (within 5%) (Supplementary Folder 3.1).
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3.3 Results

3.3.1 Model dataset

3.3.1.1 Bulk measures of deamidation

We assessed the total extent of deamidation (i.e., bulk deamidation) in the model dataset, which
has samples of a known age. Figure 3.3 displays the relative amount of deamidation in each of the
two sample groups - modern and ancient - as presented previously (Mackie et al, 2018; Mays et
al, 2018), calculated as above, with no relation to the half-time of the deamidation positions. The
modern samples displayed relatively undamaged proteins. On average 60% of asparagine and
90% of glutamine residues in the modern samples (the aardvark, anteater, hippo and tapir
collagen type 1) were undamaged. In contrast, the extent of deamidation in the ancient samples
(Toxodon, Macrauchenia and Mylodon collagen type 1) were more advanced, with the
Macrauchenia samples showing extremely high levels of deamidation. They display an average of
only 20% undamaged asparagines and 47% undamaged glutamines. Mann Whitney U test
confirmed that both asparagine and glutamine were significantly less likely to be undamaged in
the ancient collagen type 1, compared to modern collagen type 1 (p=1.4065e-15, U=3088.5 and
p=1.6206e-26, U=4498.0 for asparagine and glutamine, respectively).

Although the differences in extent of deamidation between modern and ancient collagens are
statistically significant, there is considerable variability. Most notably, the Mylodon sample seems
to fall within the range of the modern samples. This could be caused by the exceptional
preservation of the Mylodon fossil in the dry, protected Cueva del Milodén; or by contamination

with modern collagen. Deamidation alone cannot differentiate between these two possibilities.
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Bulk deamidation of COL1A1 and COL1A2 in model dataset
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Figure 3.3: The relative bulk level of non-deamidated N and Q per sample in the model dataset. The
y-axis shows the relative “un-deamidated”portion(e.g. 1 would mean no deamidation, 0 is complete
deamidation). The number of N or Q residues identified in collagens in samples is shown below each

bar. The error bars represent standard deviation.

3.3.1.2 Site-specific deamidation

When site-specific deamidation is applied to the known age dataset, as shown in Figure 3.4, it is
clear that the modern samples only show high levels of deamidation at very low half-times, and
sites with high half-time (>5000 days) remain mostly non-deamidated, though the variation is
high. However, most of the ancient samples show high levels of deamidation, even at the highest
half-time sites - the Macrauchenia has almost total deamidation at these sites, and the Toxodon
sample shows similar patterns, with very high levels of deamidation. However, Mylodon results
follow a different trend - there is far less deamidation, and these levels intermingle with those of

the modern samples.
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Site-specific deamidation of model dataset samples
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Figure 3.4: Site-specific deamidation applied to the model dataset. Each point represents a specific
three residue combination containing a deamidating site in the middle. The half-time of each
combination is shown on the x-axis, and the relative proportion of non-deamidated residues is shown
on the y-axis, with 1 representing no deamidation. The size of the point represents that site’s

intensity, relative to the total intensity of all peptides in the same sample.
The Wilcoxon signed rank test on this data was performed by selecting deamidating sites (both

asparagine and glutamine) from ancient and modern samples with the same half-time (n=184).

These groups were shown to be significantly different (Z=761.0 ,p=1.6465e-23)
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3.3.2 Whitehawk Camp calculus

3.3.2.1 Protein identification

A range of human- and chicken-originating proteins were identified from the dental calculus
sampled from SK1 (Whitehawk Camp), as shown in Table 3.2. Seven egg-origin proteins were
identified, with a total of 31 peptides and an average of 9.71% protein coverage. As many of these
peptides were unique to chicken (Appendix A, Figure 1), and none were unique to any other
species, it is highly likely that the egg proteins originate from chicken. Twelve total human

proteins were identified, with an average of 13.88% sequence coverage over 62 total peptides.
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UniProt Sequence Peptide
Protein ID coverage count
Egg
Lysozyme C (Chicken) P00698 25.20% 3
Ovalbumin P01012 16.80% 5
Ovalbumin-related protein Y P01014 3.10% 1
Ovotransferrin P02789 9.20% 5
Vitellogenin-1 P87498 3.20% 4
Vitellogenin-2 P02845 8.20% 12
Vitellogenin-3 Q91025 2.30% 1
Average 9.71%|Total 31
Human
Alpha-1-antitrypsin P01009 8.10% 3
Antithrombin-III P01008 7.10% 3
Cathepsin G P08311 25.10% 8
Lysozyme C (Human) P61626 4.00% 8
Immunoglobulin kappa
constant P01834 15.00% 1
Lactotransferrin P02788 16.20% 9
Myeloperoxidase P05164 24.80% 17
Neutrophil defensin 1 P59665 22.30% 7
Neutrophil elastase P08246 11.20% 3
Protein S100-A8 P05109 11.80% 1
Protein S100-A9 P06702 10.50% 1
Protein S100-A9 P06702 10.50% 1
Average 13.88% Total 62

Table 3.2: All human and egg-origin proteins identified in SK1.




3.3.2.2 Bulk deamidation

The same bulk method for quantifying deamidation was applied to the proteins identified in SK1
from Whitehawk Camp, as shown in Figure 3.5. The egg proteins display very low deamidation,
with an average of just 8% N and 10% Q deamidation. The human proteins show a more advanced
degree of deamidation, with 22% of N, and 25% of Q displaying deamidation. A Mann Whitney U
test was performed on the deamidation of both asparagine and glutamine in egg and human origin
proteins. Both were found to have significantly different levels of deamidation across protein

groups (p=0.0174, U=761.0 and p=0.0011, U=142 for asparagine and glutamine, respectively).

It is not clear why both the chicken and human proteins display a higher level of glutamine
deamidation than asparagine, as, as discussed above, asparagine deamidation takes place at a
faster rate. As the variability is high (as shown by the error bars), this could be due to the presence
of outliers. This also illustrates one of the key weaknesses of bulk deamidation calculations as a

strategy.
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Bulk deamidation of protein groups in SK1
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Figure 3.5: The relative level of non-deamidated N and Q per protein group in SK1. The y-axis shows
the relative “un-deamidated”portion, (eg. 1 would mean no deamidation, 0 is complete
deamidation). The number of N and Q residues in each protein group is shown below the bars.The

error bars represent standard deviation.

3.3.2.3 Site-specific deamidation

Figure 3.6 displays the half-time method of visualising deamidation, as applied to the two protein
groups from SK1. The human endogenous proteins display varying levels of deamidation, with
some partial and total deamidation at high half-time sites. Lastly, the chicken egg proteins for the
most part only display deamidation at very low half-time sites (such as the blue point at ~0.18 on
the y-axis). There are two exceptions to this - tripeptide combinations at 5200 and 6200 days are
both totally deamidated. However, the fact that these are the only sites slower than 61.5 days that
display any deamidation suggests that the egg proteins are of relatively recent origin, rather than

representing ancient proteins.
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Site-specific deamidation of protein groups in SK1
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Figure 3.6: Site-specific deamidation of the two protein groups from SK1. Each point represents a
specific three residue combination containing a deamidating site in the middle. Half-time is shown
on the x-axis, and the relative proportion of non-deamidated residues is shown on the y-axis, with 1
representing no deamidation. The size of the point represents that site’s intensity, relative to the

total intensity of all peptides in the same sample.

A Wilcoxon signed rank test was performed by selecting deamidating sites (both asparagine and
glutamine) from each of the protein groups. In order to allow greater comparison of paired values,
a tolerance of 5% was added so that sites with similar half-time can be treated as pairs. This
analysis showed significant differences between human and egg origin proteins (Z=724.0,

p=7.8119¢-05, n=111).
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3.4. Discussion

Bulk deamidation has been recommended as a method of authentication for ancient proteins
(Hendy et al, 2018c), and indeed, can generally differentiate between the modern and ancient
bone collagen samples as depicted in Figure 3.3. However, when applied to the proteins identified
in the dental calculus of SK1 (Figure 3.5), these bulk measures cannot conclusively differentiate
between true endogenous proteins and potential contaminants. This challenge is overcome by
site-specific measures of deamidation. Figure 3.4 displays the site-specific deamidation method
as applied to the model datasets. It is shown that the modern samples only exhibit full
deamidation at the very low half-time sites, and although higher half-time sites are present in the
sample, they are not completely deamidated. This correlates with Figure 3.3, which shows some
glutamine deamidation, and around 25% asparagine deamidation. The ancient samples,
Macrauchenia and Toxodon, however, display high levels of deamidation even in sites with high
half-time, implying that they are both truly ancient samples. The Mylodon (from Patagonia) has
more intermediate values reflecting its lower thermal age. Such conclusions are, however, only
possible with additional information and analyses on the samples, and it is therefore impossible

to reach this conclusion using deamidation alone.

In regards to chicken being present in Neolithic Britain, Figure 3.6 shows that the deamidation
presentin the chicken egg proteins is almost exclusively contained to low half-time sites, implying
the deamidation was induced by protein extraction procedures, or occurred relatively recently.
In contrast, the endogenous human proteins from the sample show higher levels of deamidation,
even at high half-time sites, showing that the deamidation would have happened over a longer
timescale, and the human proteins are more likely to be endogenous to the SK1 dental calculus.
Considering that proteins entrapped in dental calculus have been proposed as a method for
tracking ancient diet (Hendy et al, 2018a), there is a need for a robust method by which to
differentiate between authentic ancient dietary inclusions and potential contaminants resulting
from handling and curation of skeletal material as well as laboratory contaminants. For example,
bovine caseins are routinely used in western blot analysis and egg-derived proteins such as
lysozyme and ovalbumin are often included in cell lysis buffers or used as molecular weight
markers; both are listed as common laboratory contaminants in modern studies. In the case of
the Whitehawk sample, the absence of ovalbumin and caseins in the blank extracts, alongside the
observation of glue and consolidant materials on the teeth (see Figure 3.1) suggest that the

modern proteins are not derived from laboratory reagents, but from conservational treatment of

78



the skull following excavation in the 1930s. Animal based glues have been used by curators
throughout the last two hundred years in order to preserve the integrity of hard tissue
morphologies. The detection of non-authentic biomolecules derived from glues has been
recognised previously in ancient DNA investigations (Nicholson et al.,, 2002) and is known to be

used by conservators (Lopez-Polin, 2012).

In this study, site-specific deamidation could identify the chicken proteins within the
archaeological dental calculus sample as originating from modern contamination, rather than
from ancient dietary sources. As such, deamiDATE 1.0 provides a useful tool for any
palaeoproteomic analysis that reports ancient egg proteins, or collagen (most commonly type 3
for hide glue, type 1 for bone glue) as they are both common in historic curatorial glues
(Dallongeville et al., 2011; Dooley et al., 2013; Bleicher et al.,, 2015). DeamiDATE 1.0 also presents
a method by which researchers reporting ancient dietary proteins can differentiate between
ancient sources of casein, bovine serum albumin, lysozyme, and ovalbumin and those derived
from common laboratory reagents (Mackie et al, 2017; Hendy et al, 2018a; Mays et al., 2018;
Charlton et al., 2019). This study confirmed that the extent of deamidation is linked to the age of
the sample for collagen derived from animal bone, and for human proteins derived from dental
calculus - as generally only very ancient samples display advanced deamidation in high half-time
sites. Nevertheless, more systematic analysis is required to quantify the extent of deamidation
within other proteomes, and preserved within other substrates. For example, although site-
specific deamidation has not yet been systematically applied to proteins preserved on ancient
ceramics, a recent study of Endmesolithic ceramics from Germany suggests that examining the
extent of glutamine deamidation may be useful for distinguishing between endogenous and
contaminant proteins on ceramic vessels (Shevchenko et al, 2018). Systematic study of other
archaeological substrates, including mummified tissues (Corthals et al., 2012; Hendy et al., 2016),
keratinous products such as baleen, horn or feather (Solazzo et al, 2013), and preserved food
remains (Shevchenko et al, 2014; Colonese et al., 2017; Hendy et al., 2018b), are required to
assess the extent to which deamidation may be used to authenticate ancient proteins preserved

across a range of materials and depositional contexts.

Furthermore, this approach relies on an abundance of peptide identifications - more high quality
spectral matches results in a higher confidence of authenticity. However, in samples with only a
few peptides authenticating a given protein, many of which may not even contain an asparagine

or glutamine residue, levels of deamidation are unlikely to be a powerful measure of authenticity.
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3.5. Conclusion

In this study, we developed a novel software tool, deamiDATE 1.0, to authenticate ancient
proteins using a measure of site-specific deamidation. We demonstrate the effectiveness of this
approach by assessing time-dependent damage in bone collagen from modern, archaeological
and extinct taxa. We further apply this method to identify modern contaminant chicken proteins
in Neolithic dental calculus. Currently, deamiDATE 1.0 is designed to quantify a single type of
post-translational modification: deamidation. Deamidation rates will be influenced not only by
the age of the sample, but by protein structure (primary, secondary, tertiary & quaternary
structures), by environmental factors (pH, hydration, presence of catalysts, etc.), as well as by
pre-depositional human activities (i.e. cooking, excarnation, mummification). In future studies, it
will be useful to attempt to assess the deamidation rates directly from archaeological and fossil
samples. For example, in the case of proteins derived from animal bones, we may hypothesize
that cooking, boiling or roasting may accelerate deamidation rates. Likewise, cooking may also
potentially increase deamidation rates for food proteins adsorbed on to pottery residues, or

entrapped within dental calculus.

Systematic analysis of proteins recovered from a range of archaeological substrates, geographic
areas, archaeological contexts, and temporal periods will be required to elucidate the relationship
between protein origin, structure, human activities, depositional environments and deamidation
rates for ancient proteins. In assessing such samples, other PTMs such as oxidation may also
prove useful in some samples, to assess alternative patterns of protein diagenesis, such as

deterioration of objects in museums and galleries.
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Abstract: The origins, prevalence and nature of dairying have been long debated by
archaeologists. Within the last decade, new advances in high-resolution mass spectrometry have
allowed for the direct detection of milk proteins from archaeological remains, including ceramics,

dental calculus, and preserved dairy products. However, proteins recovered from archaeological

81



remains are susceptible to pre- and post-excavation and laboratory contamination, a particular
concern for ancient dairying studies as milk proteins are potential laboratory contaminants. Here,
we examine how site-specific rates of deamidation can be used to elucidate patterns of peptide
degradation, and authenticate ancient milk proteins. First, we characterize site-specific
deamidation patterns in modern milk products and experimental samples, confirming that
deamidation occurs primarily at low half-time sites. We then compare this to previously
published ancient proteomic data from six studies reporting ancient milk peptides. We confirm
that the extent of deamidation , on average, is more advanced in beta-lactoglobulin recovered
from ancient dental calculus and pottery residues. Nevertheless, deamidation displayed a high
degree of variability, making it challenging to authenticate samples with relatively few milk
peptides. We demonstrate that site-specific deamidation is a useful tool for identifying modern
contamination but highlight the need for multiple lines of evidence to authenticate ancient

protein data.
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4.1 Introduction

The adoption of animal milk into the human diet has long intrigued archaeologists as it represents
a vital source of nutrition for past and contemporary populations (Craig et al., 2000; Dunne et al.,
2012). As well as for food, milk is also utilized as a medium in cultural heritage objects, for
example as a component of mortars and paint binders (Vinciguerra et al., 2019). It is unsurprising,
therefore, that bioarchaeologists have sought out new molecular tools for identifying trace
residues of dairy products preserved on or within material culture or skeletal remains. Whilst
much of the previous work on the biomolecular detection of dairying has focused on the
identification of milk fats (Craig et al, 2005; Evershed et al., 2008; Dunne et al.,, 2012, 2019; Cramp
et al,, 2014; Spiteri et al,, 2016), the detection of ancient milk proteins is a growing approach
(Warinner et al, 2014; Hendy et al, 2018; Jeong et al, 2018; Charlton et al, 2019; Geber et al,
2019). Although the survival of food proteins in archaeological artefacts and human remains is
less well-studied than their lipid counterparts, proteins can often be more taxonomically specific,
enabling the identification of specific taxa utilized and consumed— a zooarchaeology by proxy’
approach. Ancient milk proteins have been detected from a suite of archaeological artefacts,
human remains, and objects of cultural heritage. These include well-preserved whole cheese-like
remains from Early Bronze Age China (Yang et al., 2014), as well as from residues adhering to
archaeological artefacts (Buckley and Melton, 2013; Xie et al, 2016; Hendy et al, 2018). Milk
proteins have also been extracted from ancient dental calculus in Europe (Warinner et al.,, 2014;
Hendy et al.,, 2018; Charlton et al, 2019; Geber et al., 2019) and Central Asia (Jeong et al., 2018),
providing direct evidence of dairy consumption as opposed to the evidence of dairy processing
which is obtained from ceramic residues (Hendy et al., 2018) or well-preserved remains (Yang et
al, 2014). Recently, dog-specific milk proteins were detected in the bones of a neonate dog,
indicating the power of this methodology for detecting milk consumption from skeletal remains
alone (Tsutaya et al, 2019). Milk proteins have also been detected in ancient mortars, binders
and paints (Lluveras-Tenorio et al., 2017) providing valuable insight into past manufacturing and

informing on contemporary conservation practices.

Archaeological artefacts are susceptible to contamination from modern (and ancient) biological
materials and laboratory reagents (Barton, 2007; Wall and Kim, 2007). The challenge of
contamination has been explored thoroughly in ancient DNA studies, where contamination from
modern sources of DNA or PCR-product carry-over has been well documented (Gilbert et al,
2005). Contamination with modern protein sequencers can occur at any point from burial,

excavation and curation through to extraction and analysis by mass spectrometry (Hendy et al.,
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2018c). For example, post-excavation handling or conservation treatments with plasters or glues
that can contain milk or laboratory contamination by milk powders (e.g., blotting agents) can
easily introduce a modern milk proteome to ancient artefacts or skeletal remains. Additionally,
genuinely archaeological milk proteins are often detected at low abundance, which makes it

difficult to differentiate them from sporadic post-excavation contamination.

As proteins degrade over time, damage identified in recovered proteins has been used to argue
for or against their authenticity (Buckley et al, 2008). Recently, the software tool deamiDATE
(Ramsge et al,, 2020) has been developed in order to assess patterns of asparagine and glutamine
deamidation in proteins in relation to the expected rate of the deamidation reaction (Robinson et
al, 2004). The rates calculated by Robinson and Robinson (Robinson and Robinson, 2001) and
used by deamiDATE refer to short artificial peptides under controlled pH and temperature
conditions (37°C, pH 7.4). We note that these conditions are not those typically experienced by
archaeological specimens, but they do provide a baseline for calculations. DeamiDATE is based
on the idea that high levels of deamidation in peptides that are expected to take a long time to
deamidate under these standard conditions should only be seen in genuinely old proteins;
whereas deamidation events that have a theoretical fast rate are less reliable as a measure of
authentication. Here, we use deamiDATE to investigate to what extent the amount of asparagine
and glutamine deamidation can be used as a measure of authenticity for ancient milk proteins.
First, we apply deamiDATE to characterise the extent of deamidation in two modern experimental
datasets: laboratory milk powder and archaeological artefacts that have been intentionally
exposed to potential laboratory contamination, in order to identify deamidation signatures of
potential contaminating sources. Next, we compare these values to those displayed by ancient
proteomic data, specifically 274 samples from previously published studies reporting the
detection of milk proteins (casein, beta lactoglobulin) in archaeological dental calculus (Warinner
et al, 2014; Hendy et al, 2018a; Jeong et al.,, 2018; Mays et al., 2018; Charlton et al, 2019) and
ceramic artefacts (Hendy et al., 2018c). This reveals that deamidation displayed a high degree of
variability, making it challenging to authenticate samples with relatively few milk peptides,
although in general site-specific deamidation is more advanced in beta lactoglobulin recovered

from ancient dental calculus and pottery residues.
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4.2 Materials and methods

4.2.1 Experimental datasets

Two experimental milk datasets were used to characterize deamidation in potential
contamination sources. Firstly, proteins from skim milk powder were extracted and analysed
with the aim of understanding the deamidation patterns in milk-based laboratory reagents. We
then undertook an experiment to intentionally expose archaeological samples to potential
laboratory contamination to examine if patterns of deamidation differed meaningfully from

putative endogenous ancient milk proteins.

4.2.1.1 Skim Milk Powder

We extracted and analyzed proteins from Sigma Aldrich skim milk powder [Cat. no. 70166] to: a)
investigate the damage caused by the evaporation processes and b) to quantify deamidation
patterns of milk powder that is used as a lab reagent, in order to improve our chances of detecting

it as a contaminant in archaeological samples.

The protein extraction was based on the protocol published by Jersie-Christensen et al. (2018)
for ancient dental calculus analysis, without the demineralisation step. Approximately 500 pg of
skim milk powder was suspended in guanidine buffer (2 M guanidine hydrochloride solution, 20
mM chloroacetamide, 10 mM tris (2-carboxyethyl)phosphine) with 100 mM Tris) and ammonium
hydroxide was used to adjust the pH to 7.5-8.5. The sample was heated at 10 min at 99°C to
denature the proteins, and then subsequently cooled for 10 minutes. The sample was then
digested at 37°C for 1 h with 0.2 pg of rLysC (Promega) under agitation. The sample was then
diluted to a final concentration of 0.6 M guanidine hydrochloride using 25 mM Tris in 10%
acetonitrile (ACN). The sample was then digested overnight with 0.8 pg of trypsin (Promega). To
inactivate the trypsin 10% trifluoroacetic acid (TFA) was added until the pH was <2. The peptides
were washed and collected on in-house made C18 StageTips and stored in the freezer until mass
spectrometry analysis. Samples were eluted with 20 uL of 40% ACN followed by 10 pL of 60%
ACN directly into a 96 well plate. Samples were evaporated in a SpeedVac Concentrator (Thermo

Fisher Scientific) until ~3 pL was left and 5 pL of 0.1% TFA, 5% ACN was added.
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The sample was then analysed using an EASY-nLC 1200 system connected to a Q-Exactive HF
(Thermo Scientific) mass spectrometer at the Novo Nordisk Center for Protein Research,

University of Copenhagen, according to previously published parameters (Mackie et al., 2018).

4.2.1.2 Whey Protein Heat Treatment

In the original manuscript, we intended to use a previously published dataset that had
investigated changes in whey proteins during heating (Xiong et al., 2020). However, after
exploring the dataset and finding some very intriguing patterns, it was made clear to us that the
denatured milk proteins were discarded in the original study - resulting in very few deamidated
peptides. This meant that this dataset did not reflect the true variation in damage in heated milk,
and therefore was unsuitable for this study. We would recommend the careful and thorough

examination of third-party datasets before use in meta-analyses such as this chapter.

4.2.1.3 Contamination Experiment

We undertook an experiment to quantify potential milk contamination that can result from
exposure of archaeological samples within a modern laboratory setting, though no specific
methodology was undertaken in order to ensure they became contaminated. We selected five
archaeological samples for shotgun proteomic analysis, including three human dental calculus
samples; one ostrich (Struthio kakesiensis) eggshell and one limescale deposit from an historic
sewer pipe (Table 4.2). These samples were selected since: 1) they represent a range of
archaeological or paleontological substrates previously demonstrated to preserve ancient
proteins; and 2) based on their origin and provenience, the majority are unlikely to preserve
endogenous milk proteins. The dental calculus samples are from individuals buried in Rupert’s
Valley, St. Helena and date to the mid 19th century (Pearson et al., 2011). Previous proteomic
analyses of dental calculus from the same archeological context (and extracted within a dedicated
ancient proteins laboratory) did not produce any evidence of milk proteins (Warinner et al,
2014). The ostrich eggshell was recovered from the Laetoli site in Tanzania and dates to ~3.85 to
4.3 Ma (Harrison & Msuya 2005); as above the eggshell, previously analyzed in Demarchi et al.

(2016), displayed no evidence of milk proteins or analogues. The fifth sample represented a
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limescale deposit on an early 19th century water pipe from Hungate, a ‘slum’ part of York

(Rowntree, 1901), where milk products are unlikely to have been present in large quantities.

Sample Code Weight (mg) | Archaeological site [identifier] Age
Dental Calculus A | 50 Rupert’s Valley, St Helena. SK358 (8786) | Mid-19th
century
Dental Calculus B 81.9 Rupert’s Valley, St Helena. SK520 (8836) | Mid-19th
century
Dental Calculus C 39.8 Rupert’s Valley, St Helena. SK245 (8753) | Mid-19th
century
Limescale 102.1 Hungate, York. Subsampled from S Bend | Early-19th
drain. century
Egg Shell 89.8 Lot 13898, Kakesio 1-6, Lower Laetoli | ~3.85 to 4.3
Beds, Tanzania
Ma
Blank N/A Extraction blank control

Table 4.1: Contamination experiment sample extracted and analyzed in this study

The samples were weighed out as whole pieces and were crushed into powder in a 2.0 ml
Eppendorf tube wusing a sterile micropestle for each sample. 1800 puL of
ethylenediaminetetraacetic acid (EDTA) 0.5 M pH 8.0 was added to each sample. The samples
were then parafilmed and incubated at room temperature on a rotator for 5 days. Protein
extraction was undertaken at the Discovery Proteomics Facility at the Target Discovery Institute
(TDI) in Oxford, within their protein extraction laboratory. The laboratory follows standard
procedures for molecular biology laboratories: protective equipment was worn (i.e., gloves, lab
coats) but other contamination controls recommended for degraded samples were omitted (i.e.,

aerosol resistant pipette tips, or extraction hoods were not used).

Samples were vortexed for 30 seconds and then centrifuged for 5 minutes; proteins were
extracted from the pellet and from 100 pL of supernatant using a gel-aided sample preparation
(GASP) method (Fischer and Kessler, 2015). To each sample, 100 pL of Pierce IP Lysis Buffer
(Thermo Fisher Scientific; Catalogue Number 87787) was added, before the addition of 100 pL of
acrylamide (30%). The samples were vortexed for 30 seconds and left for 5-10 minutes. 2 pL of

TEMED (tetramethylethylenediamine) followed by 2 pL of 10% APS (ammonium persulfate) was
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added to samples, and left for 10-20 minutes until a gel had formed. Once set, the gel was
shredded through a filter membrane and fixed through rotation with 10% acetic acid, 50%
methanol, 40% water. The solution was centrifuged, and the supernatant discarded. 1 mL of
acetonitrile was added to dehydrate the gel pieces. A series of washing and drying steps using
acetonitrile were then performed to exchange buffers, following the method outlined in Hendy et
al. (2018a). Finally, the samples were digested overnight at 37°C in 250 pL of ammonium
bicarbonate (0.05M) and 1 pg trypsin. The next morning, samples were centrifuged for 1 minute.
250 pL of acetonitrile was added and the samples were placed on a shaker for 5 minutes. The
supernatant was removed and retained in a new tube, and 250 pl of 5% formic acid was added to
the gel pieces for 5 minutes. The supernatant was removed and added to the first fraction, and
100 pL of acetonitrile was added to the gel pieces, and shaken for 5 minutes. The supernatant was
taken off and combined with the first and second fractions before being desalted using Millipore

Zip-Tips prior to MS/MS analysis.

All samples were analysed using a Thermo Fisher Scientific n-LC Q-Exactive tandem mass
spectrometer at the Discovery Proteomics Facility, Target Discovery Institute, Oxford according

to previously published specifications (Warinner et al., 2014).

4.2.2 Ancient milk

We re-analyzed six recently published datasets reporting proteomic evidence of ancient milk,
including five dental calculus studies (Warinner et al., 2014; Hendy et al., 2018a; Jeong et al., 2018;
Mays et al., 2018; Charlton et al., 2019) and one proteomic analysis of ceramic vessels (Hendy et
al., 2018). Although a number of publications have recently reported the recovery of milk proteins
from ancient samples (Kuckova et al, 2009; Hong et al, 2012; Buckley and Melton, 2013;
Shevchenko et al,, 2014; Yang et al., 2014; Rao et al., 2015; Villa et al., 2015; Xie et al., 2016; Greco
etal, 2018), few studies to date have made their raw data available for re-analysis through public
databases. These six datasets were selected as they span a wide timescale and geographical area,
and most importantly, raw data and sample identifiers were made publically available through
ProteomeXchange. Where possible, ages were assigned to samples using published radiocarbon
dates. In the absence of direct dating, age was assigned to be in the middle of the reported

archaeological period or date ranges (see Appendix B, Table 1).
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Dataset (Accession) Substrate

Warinner et al, 2014
(PXD001357,
PXD001359,
PXD001360,
PXD001361,
PXD001362)

and

Dental calculus

Mays et al, 2018

(MSV000081706) Dental calculus

Jeongetal, 2018

(PXD008217) Dental calculus

Hendy et al, 2018a

(PXD009603) Dental calculus
Hendy et al, 2018b
(PXD008647) Ceramic vessels

Charlton et al,, 2019

(PXD012893) Dental calculus

Radiocarbon

replicates) 4000 - 2200 YBP Turkey from context

Neolithic

10 4000-2200YBP UK from context

Table 4.2: Archaeological datasets reanalysed in this study

Number of dates
samples Age (range) Site/s available?
UK, Denmark,
Norway,
Germany,
Hungary, Italy,
Switzerland,
Neolithic - Armenia, Russia,
present day St Helena,
122 4000 - 0 YBP Greenland No
12 samples Neolithic -
from 3 Bronze Age
individuals 4000 - 700 YBP UK Yes
12 samples
from 9 Bronze Age
individuals 2600 - 700 YBP Mongolia Yes
Iron Age -UK (USA -
present day modern samples
112 800 -0 YBP only) No
18 samples
from 10
vessels (33
including Neolithic Catalhoytk, Yes - indirectly

Yes - indirectly
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4.2.3 Bioinformatic analysis

4.2.3.1 MaxQuant

Proteomic data analysis followed the same bioinformatic methods for all datasets. Raw files from
all datasets were searched using MaxQuant 1.6.2.6a against a database of caseins (including
alpha-S1-, alpha-S2-, beta-, and kappa-casein) and beta-lactoglobulin (BLG) from horse, goat,
sheep, and cow, using a semi-tryptic search strategy (Appendix B, File 1). The minimum score for
modified and unmodified peptides was set to 60. For previously published archaeological
datasets extracted using a filter-aided sample preparation method (FASP), the fixed modification
was set to carbamidomethyl (C), and the variable modifications hydroxyproline, Glu and GIn to
pyro-Glu, deamidation (NQ), acetyl (N-term) and oxidation (M). For the published datasets, and
archaeological samples extracted with the GASP method, the fixed modification was
propionamide (C), and the variable modifications included all those in the FASP setup, plus
propionamide N-term and propionamide (K). As there is considerable overlap between the
database used and MaxQuant’s contaminant database, the search for contaminants was turned
off. All other parameters were set to MaxQuant’s defaults, including a false discovery rate (FDR)

of 1%.

In order to allow for robust comparison between datasets, the experimental datasets (milk
powder and the contaminated artefacts) were run using the same settings as the FASP-extracted

archaeological data.

4.2.3.2 deamiDATE 1.0

We then ran deamiDATE 1.0 (Ramsge et al, 2020) on the MaxQuant output files in order to
quantify the levels of bulk and site-specific deamidation. Deamidation refers to the process in
which asparagine and glutamine lose an amide group, and thereby are converted into aspartic
acid and glutamic acid, respectively. Due to differences in the pathways involved, glutamine
deamidates at a much slower rate than asparagine (with median half-times of 6100 and 60 days
respectively), and as such, it has been proposed as a method for determining relative

archaeological age (Leo et al, 2011; van Doorn et al., 2012; Wilson, van Doorn and Collins, 2012;

90



Orlando et al, 2013; Hill et al, 2015; Welker et al, 2015). In theory, the higher the extent of
glutamine deamidation, the more degraded (i.e. “older”) the sample. DeamiDATE calculates the
deamidation of proteins within a sample, including site-specific deamidation —i.e., differences in
the extent of deamidation in glutamine and asparagine based on the presence of specific

neighbouring acids (Robinson et al., 2004).

This site-specific approach is more nuanced than reporting the bulk levels of deamidation in a
sample, as it can differentiate between rapid deamidation events (e.g., those that can occur within
days of deposition, or during the protein extraction process —and therefore have low predictive
power as to estimate the age or or authenticity of a sample) and high half-time deamidation
events (e.g, those that occur more slowly and should therefore only be observed in genuinely
ancient proteins). In order to avoid spurious protein identifications, only proteins with a
minimum of two supporting peptides were included in downstream analyses, as per Hendy et al.

(2018¢).

4.3 Results

4.3.1 Modern milk

4.3.1.1 Skim milk powder

As expected, proteins extracted from skim milk powder resulted in a large number of both casein
and BLG peptides (n=295 and n=72, respectively). These results are also in line with the reported
ratio of casein-to-whey in raw and powdered milk of 80:20 (Lara-Villoslada, Olivares and Xaus,
2005). As milk is subjected to extreme heat in the dehydration process, and heating has a
denaturing effect on protein structure, we expected to find increased levels of deamidation. In
contrast to our expectations, for both BLG and caseins, the median values display very low levels
of deamidation (above 95% undamaged peptides in all cases, Figure 4.1; Appendix B, Table 2).
For both proteins, there is slightly more asparagine deamidation than glutamine, consistent with
expectations of facile asparagine deamidation and with the difference in calculated activation
energies (92-100 kJ/mol for Asn and 131 kJ/mol or 134 k]J/mol for either direct hydrolysis of
cyclization-mediated glutamine deamidation (Stratton et al, 2001)). There is also greater

variability in asparagine deamidation in BLG compared to casein (excluding outliers).
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Figure 4.1: Deamidation of casein and BLG proteins in milk powder samples. Numbers at the top of
the bars show the number of asparagine or glutamine represented by this result. The y-axis
represents the relative remaining amount of the deamidating amino acid - therefore high values
mean less deamidation; whereas low values imply higher levels of deamidation. Outliers are shown

as points, while suspected outliers are shown as hollow points.

We also examined patterns of site-specific deamidation in the skim milk powder (Figure 4.2;
Appendix B, Table 3). BLG displays only high-levels of deamidation in low half-time sites, i.e., sites
which take on average a few days (in the standard conditions used for the theoretical rate
calculations) to deamidate. The casein results are very similar, although fewer deamidated low
half-time sites were detected, and surprisingly shows some sites with very high half-time (above
5000 days) that are deamidated. This implies that casein and BLG react differently to heat, and
therefore also possibly to the diagenetic effects of time. It is important to point out that
temperature alters the overall order of occurrence of the various diagenetic reactions, so much
so that high-temperature laboratory experiments are notoriously unable to mimic the combined
effect of time and normal burial temperatures on the diagenesis of proteins (Collins et al., 2000).
The rapid exposure to extreme heat is therefore likely to produce effects that are significantly

different from those observed in archaeological specimens.
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Figure 4.2: Site-specific deamidation of milk powder proteins. The size of the points is relative to the

intensity of the peptide identified. Half-times as estimated by Robinson and Robinson (2001)
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4.3.1.2 Contamination experiment

We extracted proteins from archaeological materials within a modern protein laboratory setting,
first to determine whether traces of milk proteins from the laboratory environment could be
detected through mass spectrometry, and second, to characterize deamidation in any
contaminating milk peptides. Caseins were confidently detected (with two or more unique
peptides) in all five samples in the contamination experiment, as well as the extraction blank
control (five peptides). BLG was detected in two out of the five samples, as well as the extraction
blank control, but only a single peptide was identified in each sample (each representing a

different amino acid sequence).
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Figure 4.3: Number of BLG and casein peptides identified in experimentally contaminated samples

(extracted and analyzed in this study) according to MaxQuant’s ‘razor and unique peptides’ output.

Most of the experimental samples displayed no deamidation within the casein peptides, which is
consistent with expectations of contamination from modern laboratory reagents, such as skim
milk powder (presented above). There is a noteworthy amount of asparagine deamidation in two
of the dental calculus samples, though this could have been a result of laboratory-induced
deamidation (Appendix B, Table 6, see discussion below). The limescale sample exhibits the
highest levels of deamidation, with an average of 20% remaining asparagine and 57% remaining

glutamine, though a wide range of glutamine deamidation.

94



Contamination experiment: Deamidation of caseins
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Figure 4.4: Deamidation in contamination experiment samples. The number of residues involved in
this calculation is shown in each bar. Error bars represent the standard deviation. There were no

casein peptides containing asparagine in the Dental Calculus A and Egg Shell samples.

Figure 4.5 displays the site-specific deamidation of caseins within the contamination experiment,
and indicates that the only casein deamidation events in the dental calculus samples are at very
low half-times, so could likely be a result of sample preparation and processing, and are unlikely
to be a signature of ancient milk. The limescale results are more nuanced. It shows some high half-
time deamidation, which is theoretically indicative of genuine archaeological proteins. However,
these peptides with high half-time deamidation have very low intensity (shown by the size of the
scatter points), and there seem to be an equal amount of high half-time deamidation events in
limescale that show no deamidation, and these points have higher intensity. Lastly, the limescale
casein peptides are either totally deamidated or totally intact (e.g. they are at 0 or 1) - there are
no cases when the same peptide is found in both states, which would lead to a deamidation value
of above 0 and below 1. Limescale deposits have been proposed to provide stable environments
for protein preservation through mineral binding (Hendy et al., 2018), though this would imply
that the casein found in the limescale exhibits deamidation due to its genuine antiquity - which,
due to its provenance, is unlikely. It is also possible that modern laboratory-origin casein bound

to the limescale, and that deamidation was induced in sample preparation.
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Figure 4.5: Site-specific deamidation in contamination experiment

4.3.2 Ancient milk

We characterized deamination patterns in six previously published datasets with putative ancient
milk proteins obtained from dental calculus and ceramic vessels. All datasets contained samples
that produced confident identifications of BLG and/or caseins (i.e., two or more unique peptides).
As shown in Figure 4.6, when data from all samples are grouped, more BLG peptides are detected
compared to caseins. In general, caseins are detected relatively infrequently in ancient dental
calculus; the only samples to produce abundant casein peptides were modern dental calculus
samples (Hendy et al, 2018a) (see Appendix B, Table 6) and ancient ceramic pottery residues
from Catalhoyiik (Hendy et al,2018b).
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Figure 4.6: BLG and casein identifications in reanalysed papers. The average number of unique BLG
and casein peptides is shown per sample for samples that have at least one peptide. The error bars

represent standard deviation.

We characterized levels of glutamine deamidation in each sample, as shown in Figure 4.7 (average
asparagine deamidation is displayed in Appendix B, Figure 1). There is no clear pattern of
increasing glutamine deamidation in samples of increasing age for neither BLG nor casein, and
variability is fairly high. This could indicate a mix of modern and ancient origins of the peptides
recovered or simply the difficulty in tracking the behaviour of multiple amino acids in complex
protein structures embedded in widely different mineral matrices, undergoing degradation in

different environments.
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Figure 4.7: Average glutamine deamidation per sample, A) BLG, B) Caseins

We characterized site-specific deamidation for both BLG and caseins in the ancient samples. We
expected that high levels of high half-time deamidation would be detected in the most ancient
samples — this is not the case, however. Figure 4.8a suggests that BLG deamidation varies greatly,
and does not seem to correlate with the age of the sample. Indeed, at the highest half-times
detected, three peptides show complete deamidation, yet they are all <1000 year old samples
from Hendy et al, (2018a). This highlights how complex post-depositional histories can affect the

reliability of this type of analysis if the data are taken at face value.

Deamidation of caseins, shown in Figure 4.8b demonstrates even more variable patterns.
Identified peptides across all samples seem to either be completely deamidated, or completely
intact. The obvious exception to this is the ceramic vessel residues analysed by Hendy et al,
(2018b), which are the only samples to consistently display more intermediate levels of

deamidation (discussed below).
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4.4 Discussion

This study sought to quantify the degradation of milk proteins in archaeological data, reanalysing
274 archaeological samples from 6 papers; along with two experimental datasets. The main aim
was to explore the degree to which deamidation could reliably differentiate between modern and

ancient milk proteomes.

4.4.1 Modern milk displays limited damage compared to ancient milk

Though the mechanisms involved are complex, and as yet poorly understood, it is clear that
modern milk sources generally display less damage than putative ancient milk proteins. As
expected, asparagine deamidation occurs relatively rapidly in both casein and BLG, as is shown
in the milk powder analysis (Figure 4.1) and the contamination experiment (Figure 4.4). Samples
in all three experiments show higher asparagine deamidation than glutamine, although
asparagine deamidation is still not very advanced. Very little glutamine deamidation is observed
in the experimental samples - even when the sample has undergone extreme heating, such as in
the milk powder. While glutamine deamidation is useful as a crude measure of overall
degradation, we stress that the extent of variability observed in this and other studies (due to the
extreme variability of substrates and environments, as well as the intrinsic nature of the
molecules), would prevent a systematic use of glutamine deamidation alone for authentication

purposes.

Glutamine deamidation of both casein and BLG seems to somewhat increase over time, as shown
in Figure 4.7, however this is far from a clear pattern, and the picture is even fuzzier in the case
of asparagine deamidation (see Appendix B, Figure 1). More accurate dating of the archaeological
samples may result in clearer trends, as 78% of sample ages are inferred based on broad
archaeological periods alone - however, as most of the variation takes place on the y-axis (the
extent of deamidation), this fine-tuning of points along the x-axis is unlikely to be conclusive.
Furthermore, as the degradation of biomolecules is also affected by a sample’s thermal history,
the integration of thermal-ages could further improve the correlation of degradation and age
(Mackie et al., 2017). Thermal ages take the temperature of the depositional environment into
account, and assign a new “age” for a sample, corrected to a constant 10 °C (Demarchi et al., 2016).
Therefore, samples of the same age from cold environments have a “younger” thermal age than

those from hot environments, whose diagenesis would have happened at increased rates due to
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the temperature. An important caveat is that these calculations are affected by a number of errors,
due to both the difficulty in estimating the kinetic parameters of the reactions in archaeological
samples and the uncertainty related to palaeotemperature reconstructions. Furthermore, the
concept of thermal age implies that all other environmental factors affecting diagenesis rates
(microbial attack, pH, effect of metals and solutes) are irrelevant - a condition which is only
verified in very few biomaterials (avian eggshell, dental enamel) and that does not occur in dental
calculus or ceramic containers. However, future studies of open-access palaeoproteomics
datasets from a range of archaeological ages and sites, as well as a better understanding of the

pathways of diagenesis and mechanisms of degradation may help assessing these issues.

4.4.2 Milk proteins are difficult to authenticate

A key concern in palaeoproteomic analyses is differentiating endogenous, ancient proteins from
those originating from post-excavation and/or laboratory sources. Previous publications have
outlined best practices for reducing potential contamination in ancient proteins studies, including
(but not limited to) the use of a dedicated laboratory for ancient protein extractions, sterile
equipment and pure reagents, non-proteinaceous protective equipment (e.g., no latex, silk,
leather, wool), extraction blank controls, experimental replicates, and injection blanks between
samples during LC-MS/MS (Hendy et al, 2018c). Here, we demonstrate the importance of
extracting ancient proteins within a dedicated laboratory, using appropriate controls to limit
contamination from reagents and cross-sample handling. We were able to pick up low levels of
casein and BLG contamination, merely by exposing archaeological substrates to a laboratory
setting in which modern milk products (e.g., skim milk powder, caseins), are routinely used. Both
BLG and caseins were detected in the extraction blank, demonstrating the utility of these controls
in monitoring for and detecting potential contaminants within the extraction process. It is
important to note that the milk contamination detected in this study is unlikely to be the results
of instrument carry-over (due to the lack of milk proteins in the injection blanks), but instead
likely occurred at the extraction stage. Previously, samples from two of the archaeological sites
(i.e., dental calculus samples from St. Helena and the ostrich eggshell from Leatoli) were extracted
in a dedicated ancient proteins laboratory, and analyzed on the same LC-MS/MS platforms at the
Target Discovery Institute; milk proteins were not detected in these samples. The ostrich eggshell
sample was also exposed to high concentration bleach (NaOCl, 12 % w/v) for more than 100
hours - a key step in palaeoproteomics for biomineralised samples, as it ensures the isolation of

endogenous (intracrystalline) proteins (see Demarchi et al, 2016). This experiment further
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reinforces the importance of authenticating ancient proteins that are commonly present in
laboratory reagents, such as milk, blood, and eggs (Hendy et al., 2018a), and the increased burden

of proof to demonstrate their authenticity.

Interestingly, caseins were more common in all of the experimental samples compared with BLG,
and in all cases were identified with two or more peptides. One of the strategies for reducing the
impact of false positive results in mass spectrometry is to only accept protein identifications
based on the presence of two or more distinct peptides (Carr et al, 2004; Wilkins et al., 2006).
According to this criterion, none of the BLG identifications within the experimental samples
would have been deemed confident, as none of the samples displayed more than one peptide
assigned to BLG. In contrast, the casein identifications would have met this ‘two-peptide rule’.
Thus, while multiple distinct peptides may act as one measure of authenticity, it is insufficient to
rule out all potential contaminating sources. Another strategy may be to compare the ratio of BLG
to casein peptides in ancient samples. Previous analyses of archaeological dental calculus have
recovered BLG in higher ratios than caseins (Figure 4.6), and confident casein identifications
were primarily recovered from modern dental calculus samples, or skeletons of relatively recent
antiquity (e.g., post-medieval). Therefore, in dental calculus studies, a relatively high ratio of BLG
compared to caseins, may be further evidence of an endogenous origin; nevertheless, the reasons

for this difference in BLG and casein survival are not currently understood.

4.4.3 Database selection significantly influences peptide identifications

It is important to note that differences in peptide identifications may be due to search strategy.
When performing searches using an extremely specific database (for example, of ten different
milk proteins), there is an increased chance of milk proteins being identified, as the software
attempts to maximise the number of matches. When performing an exploratory search, a well-
established practice is to perform a search across a wide, yet relevant, database, such as Uniprot
(UniProt Consortium, 2015) and/or the Human Oral Microbiome database (HOMD) (Chen et al.)
to reduce the potential for false positive matches. For example, in their analysis of dietary
proteins entrapped in dental calculus, Hendy et al. (2018a) noted that multiple putative ‘dietary’
proteins were identified when searching dental calculus proteomes against Uniprot alone, but
that these were identified as false positives after HOMD was also included within the search
strategy. Once the presence of the proteins of interest has been validated, searches using smaller

databases may be useful for further analyses.
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Furthermore, in order to confirm whether recovered peptides that purport to be from a certain
protein are indeed unique to that sequence, a BLASTp search (Altschul et al, 1990) should be
carried out (see for example the impact of this approach in testing the authenticity of dinosaur
peptides in Buckley et al, 2017). Often peptides are not unique to one protein, and, if searched
against a wider database, would have matched to several proteins. If a protein identification is
made up entirely of peptides that are not unique to that protein, especially if they are shared by

common laboratory contaminants, they should be discarded.

4.4.4 Deamidation - how much is enough?

In this study, we also examine the extent to which site-specific deamidation can act as a measure
of authenticity for ancient milk proteins, specifically BLG and caseins. This meta-analysis of 274
samples ranging in age from the Neolithic to the present day demonstrates that a moderate
overall trend of deamidation is visible in milk proteins over time (Figure 4.7), but the real
question is whether this can translate to individual studies, which will likely have a smaller
number of samples and a limited time-span. Although the rule of thumb that more deamidation
events at high half-time sites imply genuinely ancient proteins is valid for some samples,
conclusions like this become increasingly frail as the sample size and the number of peptides
recovered decreases. Even proteins which meet the ‘two-peptide’ rule may lack sufficient data to
assess deamidation. For example, if two unique casein peptides are detected in a sample, only one
of them may have a glutamine residue. This glutamine residue is either deamidated, or is not. Is a
single deamidated residue sufficient to demonstrate authenticity? Likely not, especially
considering the sporadic deamidation that was identified in modern milk proteins. DeamiDATE’s
site-specific deamidation calculation may provide some nuanced information. However, if the
glutamine residue in question has a very high half-time, and is totally deamidated, it is more likely
the source protein is ancient; and if it has a very low half-time, and is not deamidated, it could be
that the protein is a modern contaminant. This type of sporadic, low-level recovery of milk
proteins is particularly common in dental calculus studies, where on average in the meta-analysis
conducted here, in individuals with any evidence of BLG, on average 3 BLG peptides are recovered
per individual. However, only an even smaller subset of these peptides will contain glutamine or
asparagine. Only by assessing dozens of individual peptides may clear deamidation patterns
emerge. These challenges in authenticating individual peptides and proteins demonstrate the
necessity for relatively large and robust datasets in order to apply deamidation as a measure of

antiquity. However, the generation of such a dataset may not be possible in all ancient protein
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studies due to a lack of surviving peptides. Even when restricting analysis of site-specific
deamidation to samples containing more than ten unique BLG peptides, obvious patterns of older

samples being more deamidated do not appear (Appendix B, Figure 2).

Hendy et al’s (2018b) study on ancient proteins from ceramic residues at Catalhoyiik
demonstrates expected variation of deamidation levels. There are a number of factors which
support the authenticity of recovered proteins in this study. First, the authors followed all the
laboratory guidelines for the analysis of ancient proteins (Hendy et al, 2018c) sampled from
three different parts of the ceramic vessels; the study made use of extraction replicates, which
were analysed at different facilities, and which produced consistent results. Moreover, these
ceramic vessels produced an average of 13 unique casein peptides and 12 unique BLG peptides
per vessel, and 5 different ruminant milk proteins, including whey proteins (BLG), caseins (alpha-
S1, alpha-S2, beta-, kappa-casein) as well as a protein regulating the secretion of milk fat droplets.
In contrast to the dental calculus studies which typically display the sporadic presence of
relatively few BLG peptides, the Catalhdyiik vessels display evidence of a complete milk
proteome. As the vessels were excavated from the West Mound of Catalhdyiik, they are assumed
to have originated from 7100 BC to 5700 BC, and represent the oldest samples in this meta-
analysis. Nevertheless, a large variation of deamidation levels is found in the peptides identified
in all the ceramic vessel samples, ranging from 24% to 100% glutamine deamidation in BLG, and
0% to 67% in caseins. This challenges the expectation that thermally old samples should always

be completely deamidated.

Deamidation rates may also vary based on archaeological substrate. Here, we examined
deamidation levels in previously published datasets from dental calculus (Warinner et al.,, 2014;
Hendy et al., 2018a; Jeong et al., 2018; Mays et al.,, 2018) and ceramic vessels (Hendy et al., 2018b).
Although both substrates display deamidation of milk proteins, they also illuminate clear
evidence of differential preservation. In the case of deamidation of casein (Figure 4.8), the
ceramic vessels (shown in yellow diamonds) are the only samples that display nuanced levels of
deamidation - all other samples have either complete deamidation or none. Although some
caseins detected in archaeological substrates may be spurious, the above evidence points to

preservation of genuinely ancient caseins in at least some ceramic vessel residues.

As mineralised residues adhering to ceramic vessels and calculus represent different binding
substrates, it would follow that the preservation conditions would be different. Furthermore,
ceramic vessels would often have contained whole milk (Bleasdale et al., 2021); while dairy

proteins found in dental calculus would represent the consumption of either processed or raw
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milk - that is, that the input proteins for these two substrates could be different. Further open-
access analysis into ancient milk products, such as cheese and kefir, could shed light on how
processed and raw milk proteins preserve in the absence of a mineralised substrate. This would
allow a much larger abundance of data, and a full range of proteins and peptides, as the milk
proteins would not be competing for sequencing against the environmental or oral microbiome
proteomes. This would allow researchers to investigate further how protein structure and
peptide position influences preservation and diagenesis - including deamidation, other post-

translational modifications, and hydrolysis.

4.4.5 Multiple lines of evidence are necessary

Using characteristic signatures of taphonomic damage to authenticate ancient biomolecular data
is not new, but faces several unique challenges in palaeoproteomics. Many readers will be familiar
with MapDamage (Ginolhac et al.,, 2011; Jénsson et al, 2013), a commonly-implemented software
program designed to quantify damage patterns in ancient DNA data based on the size distribution
of recovered sequencing reads and the frequency of cytosine to thymine (C-to-T)
misincorporations at 5’ ends of sequences. The fundamental principle behind deamiDATE is the
same, namely that we are trying to use molecular damage to authenticate ancient sequences.
Nevertheless, there are notable differences between the two approaches as a consequence of the
different structures of the two biopolymers, and the methods of analyses. Firstly, given that the
extent of diagenetic (natural) hydrolysis is typically unknown in ancient samples, it is common to
enzymatically cleave ancient proteins to obtain shorter sequences, while in aDNA chain scission
is a wholly diagenetic phenomenon. Therefore, tryptic peptide length distributions cannot offer
the same insight into preservation as DNA fragment size distributions. Non-tryptic peptides do
however offer some insights into the extent of molecular fragmentation. Moreover, peptides may
have been exposed on the surface or buried deep within a structure, yet the dielectric constant is
known to impact rates of deamidation (Wakankar and Borchardt 2006). The double helix of DNA
is largely a fixed molecular organization. There are 20 amino acid residues as opposed to four
(five) nucleotide bases and consequently there is a much greater variation in structural
organization of proteins. In ancient DNA there is periodicity in fragment length resulting from the
wrapping of DNA around histones (Kistler et al, 2017). It is known that deamidation rates in
proteins vary as a consequence of entropic effects (e.g., secondary structure (Xie and Schowen,
1999)) and we would envisage deamidation rates will be more difficult to assess and are impacted

by the extent of degradation/denaturation. Finally, position dependent nucleotide
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misincorporation patterns may be assessed in every DNA sequence mapping to the genome of
interest, and thus produce taphonomic data at millions or billions of distinct nucleotide sites. In
contrast, deamidation can only be assessed at two of the 20 amino acid sites, limiting the number

of datapoints available for analysis.

To increase the quantity of peptides available for site-specific analysis, we propose that the
deamidation levels of proteins of interest, such as, in this case, dietary proteins, are compared to
proteins that are likely to be endogenous to the substrate. For example, dietary proteins
originating from dental calculus should be compared to endogenous proteins from the host. The
similarity, or lack thereof, of the diagenetic status between the endogenous host proteins and the
protein of interest could be used as further evidence towards genuinity. This approach has been
informally applied in past analyses (Mackie et al., 2017; Wilkin et al., 2020), but should be adopted

by future ancient protein studies.

Information about protein structure may also provide additional insight into protein
preservation and authentication. For example, in this study, we explored to what extent the
various regions of beta-lactoglobulin were represented in peptides recovered from modern and
ancient milk (Appendix B, Figure 3). Our analysis demonstrated that while the beta-bridge region
was well represented in skim milk powder this region was virtually absent in all of the ancient
dental calculus and ceramic samples (Appendix B, Figure 4). Although the absence of beta-bridge
peptides in ancient calculus and ceramic samples may reflect both differential preservation,
protein aggregation and/or differential mineral binding, it suggests that, with further research,
assessments of protein coverage may provide additional signatures for ancient protein

authentication.

4.5 Conclusion

Some milk proteins discovered in archaeological artefacts show deamidation signatures distinct
from modern milk samples, though this damage is highly variable, and a large sample size is
required to elucidate such patterns. This study reinforces the importance of the use of dedicated
facilities for the extraction of ancient proteins, free from modern contaminants that could
obfuscate results of archaeological importance - such as milk powder. Lastly, site-specific
deamidation represents an additional method to authenticate ancient milk proteins, but damage

patterns may only be robustly assessed through the careful analysis of large-scale data. Thus, it is
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increasingly important that raw data resulting from palaeoproteomics experiments is made open
access, so that more meta-analyses may shed more light on the patterns of degradation in ancient

proteomes and across various archaeological substrates.
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Relevance: This chapter assesses the degradation of collagen through a time series of skins that
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it for submission, most likely to Heritage Science.

Abstract: As the primary writing medium in Europe, North America (post-Columbian) and the
Near East for over 1000 years, parchment (processed animal skin) is one of the most abundant
resources available for the study of past societies and cultures. Tens of millions of parchment
skins were manufactured, many of which survive today in archives, libraries and private
collections. It is therefore important that they are conserved in such a way that the textual and
biological information they record can be preserved. However, the degradation of collagen in
parchment is poorly understood. Here, we elucidate the patterns of degradation in
experimentally limed parchment in order to better understand the diagenetic process. It is
observed that during liming the peptide count, coverage and deamidation patterns progress at a
predictable rate. Furthermore, a hotspot of hydrolytic activity is discovered, and its mechanisms
are explored. Lastly, it is shown that the skin removed from stillborn lambs is dramatically
different from that of flayed older sheep, but that after liming, there is no detectable difference on
the molecular level. This study represents the most in-depth biomolecular analysis of collagen

parchment to date, and sheds light on the driving forces behind its degradation.
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5.1 Introduction

Historical manuscripts represent an important source of information about past societies and
cultures. Though the origins of parchment are under great debate (Johnson, 1970; Reed, 1975);
the first mention of documents written on skins was in the Egyptian 4th Dynasty (c. 2613 to 2494
BCE), and parchment was widely used until the mass production of paper in the 19th century
(Ryder, 1964). Such documents are often easily dated due to direct references in the text, or the
date can be inferred from palaeographical details. The biological study of parchments (termed
‘biocodicology’ Fiddyment et al. 2019)) is a more recent field of study, and can give researchers
insight into parchment production, dietary and husbandry practices, and handling and

conservation of the object (Teasdale et al.,, 2017; Fiddyment et al., 2019; Demarchi et al., 2020).

During parchment production, perishable animal skins (Figure 5.1) - typically sheep, goat, and
cow (Reed, 1972) - are transformed into durable sheets historically used as a writing medium.
Firstly, the skin is removed from the animal and subsequently placed into a highly alkaline lime
solution. This is in order to: break the disulfide bonds in hair and epidermis, making it easier to
remove them (Bienkiewicz, 1983; Covington, 2009); remove cutaneous lipids which makes
parchment white and able to absorb inks (Koppenhoefer, no date); hydrolyse the amide groups
attached to asparagine and glutamine, therefore lowering collagen’s iso-electric point, facilitating
the removal of non-collagenous proteins (Menderes et al, 1999) and in the case of modern
chrome tanned leather offering more sites for interaction with Cr salts. After liming, the skin is
fleshed to remove fats, muscle, and hair follicles, leaving just the collagen-rich dermis layer. The
skin is washed in order to remove lime introduced during the production process, stretched to

prevent it becoming brittle, and lastly dried under tension (Doherty et al., 2021)
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Figure 5.1: Structure of mammalian skin and the layers typically present, and removed, during

parchment manufacture (S. Doherty, Wikimedia Commons)

The primary protein in parchment is collagen, of which the majority is type I, with a further 5-
40% type Il (decreasing with the animal's age and the depth of the dermis) (Axelsson et al.,
2016). Collagens are commonly found in ancient samples (van Doorn et al., 2012) due to their
unique stability caused by the triple-helical arrangement and intra- and inter-molecular
crosslinks (Némethy and Scheraga, 1986; Wojtowicz et al., 1999; San Antonio et al., 2011). All
collagens are composed of three chains. In collagen type I, there are two identical collagen I alpha
1 chains (coded by the gene COL1A1), and one collagen I alpha 2 chain (COL1AZ2). These three
polypeptides coil round each other in a triple helix structure. During synthesis, collagen chains
are assembled as longer procollagens with non-helical propeptides at both the N- and C-terminal
ends. When the procollagens are fully formed and are secreted from the cell, these propeptide
ends are cleaved off, leaving the final protein with an entirely helical structure (Lodish et al,

2000), also known as a tropocollagen.

The structure of collagen is determined by a unique amino acid composition. The presence of a
glycine residue at every third position, gives collagen its characteristic helical structure, as only
the side chain of the glycine is small enough to fit into the center of the helix. Proline and
hydroxyproline (the product of the post-translational modification of proline) also support the
triple helical structure, as their side chains point outwards. These tropocollagens pack

themselves together in groups of fibrils. In collagen type I, these are staggered so that between
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each tropocollagen there is a gap of around 67 nm or 234 residues. Therefore, every unique
position along the tropocollagen fibril is either an “overlap zone”, where there are five molecules,

or a “gap zone”, where there are only four (Piez and Trus, 1977), as shown in Figure 5.2.

(a) Fibril structure from rat tail tendon (PDB 3HR2)
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(b) Consensus sequence for collagen (l), known sequence from all species
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Figure 5.2: The physical structure of collagen I, showing the overlap and gap zones. From Chow et

al. (2018) (Figure 6). The coloured annotations are irrelevant to this study.

Although in-vivo collagen degradation is well-understood, and there is a plethora of research into
archaeological collagen in bone (Collins et al., 1995; Smith et al., 2007; Dobberstein et al,, 2009),
the mechanisms of collagen degradation in parchments are unclear (Kennedy and Wess, 2003).
Understanding the degradation and its causes will allow both the refinement of conservation
techniques and the development of targeted analytical techniques. This chapter aims to better
understand the diagenetic changes skins undergo during parchment production. We used LC-
MS/MS to characterise the content of five experimentally produced parchments at different
stages of the liming process in order to quantify the degradation of collagen and elucidate the

patterns of degradation.
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5.2 Materials and Methods

5.2.1 Experimental parchment production

Fresh skins were obtained from five sheep (Ovis aries), details of which are shown in Table 5.1.
Skins were removed from the animals shortly after death, and subsequently salted and stored at
5°C prior to analysis. The skins were processed into parchment using traditional pre-19th century
European techniques (Saxl, 1954; Ryder, 1964; Reed and Reed, 1972), without the use of
additional chemical depilatory agents (e.g. sodium sulfide) or deliming acids (e.g. formic acid)

(Saxl, 1954; Ryder, 1964; Reed and Reed, 1972).

Skin ID Breed Sex Colour Age Parchmen | LC-MS/MS
t Batch Batch

Skin 06 Shetland Male Fawn 10 months | 2 1

Skin 08 Portland Female White 13 months | 2 1

Skin 11 Shetland Female White Stillborn 2 2

Skin 12 Shetland Female Brown 5 years 2 2

Skin 15 Shetland Female Brown 18 months | 3 1

Table 5.1: Sheep skins used for parchment production

Each skin was washed and rehydrated in water at 8 °C (pH 7.5) for 48 hours. The water was
replenished every 8 hours and any foreign materials adhering to the skins were removed. The
unsplit skins were submerged in a 3.5% calcium hydroxide solution (pH 13.5) in 220 litre high-
density polyethylene (HDPE) drums at room temperature for 6 to 18 days, and agitated three
times per day to ensure an even exposure across the skin. The ability to remove the fibre was
appraised daily, and deemed sufficiently limed when it could be removed at the root by hand with
ease (Covington, 2009). Once de-haired, the epidermis and subcutaneous tissues were removed
with a double-handled knife. The skins were subsequently returned to the lime for a further 12
hours, allowing for a uniform penetration of the solution, which may have been inhibited by hair
or fat. The skin was then mechanically squeezed with the knife to force out as much liquid as
possible (in a process known as ‘scudding’). To neutralise the alkalinity, each skin was washed
vigorously for 30 minutes in running water and then allowed to soak for 48 hours, with the water
replaced every 8 hours. Each skin was then tightly stretched with ropes on a wooden frame, and

allowed to dry under tension. While still wet and then again once dry, each side was shaved with
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a sharp knife to remove further layers of the dermis and produce a clean even surface (Doherty

etal, 2021)

5.2.2 Sampling

Samples were taken from skins prior to liming, and again after 5, 10, and 15 days of liming using
the non-invasive eraser technique of Fiddyment et al., (2015). No replicates were performed.
After cleaning the peptides on C18 ZipTips, the samples were eluted with 50% ACN and dried in

a vacuum centrifuge for transport.

5.2.3 LC-MS/MS analysis

The cleaned and vacuum dried peptides were transferred to the Novo Nordisk Foundation Center
for Protein Research, the University of Copenhagen for LC-MS/MS analysis on an EASY-nL.C 1200
(Proxeon, Odense, Denmark) coupled to a Q-Exactive HF-X (Thermo Scientific, Bremen,
Germany). The samples were resuspended in 50 pL of 80% acetonitrile (ACN) and 0.1% formic
acid (FA), and 10 pL of each sample was placed in separate wells on a new 96-well plate. They
were then vacuum centrifuged until near dry and resuspended with 10 pL of 0.1% TFA 5% ACN,
and 5 pL of sample analysed by LC-MS/MS. Previously published LC-MS/MS parameters for
palaeoproteomic samples were used (Mackie et al, 2018), in short: MS1: 120k resolution,
maximum injection time (IT) 25 ms, scan target 3E6. MS2: 60k resolution, top 10 mode, maximum
IT 118 ms (108 ms in the case of Skin 11 and Skin 12), minimum scan target 3E3, normalised

collision energy of 28, dynamic exclusion 20 s, and isolation window of 1.2 m/z.
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5.2.4 Data analysis

Resulting raw files were searched using MaxQuant 1.6.2.6a (Cox and Mann, 2008) against a
database containing only sheep collagen type 1 alpha-1 and alpha-2 (Appendix C, File 1), using a
non-specific search strategy (i.e. no protease was selected). The variable modifications included
Hydroxyproline, Glu and Gln to pyro-Glu, deamidation (NQ), acetyl (N-term) and oxidation (M).
All other parameters were set to MaxQuant’s defaults, including a false discovery rate (FDR) of
1%. A further search was performed against the sheep proteome (retrieved from UniProt 2020-
08-06) with more stringent search parameters: semi-specific cleavage, a minimum score for
modified and unmodified peptides of 60, and a contaminant search. All other parameters

remained the same.

The hydrolysis of collagen in the quarter stagger structure was visualised with an in-house script

(https://github.com/abigailramsoe/Parchment) written in Python 2.7 (Van Rossum and Drake,
1995), using the packages NumPy (Walt et al,, 2011), and matplotlib (Hunter, 2007). Peptide

profiles were produced with Peptigram (Manguy et al., 2017). Deamidation was calculated and

characterised using deamiDATE 1.0 (Ramsge et al., 2020).
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5.3 Results

5.3.1 Hydrolysis

Figure 5.3 displays the patterns and sites of hydrolysis in all the skins, grouped by time point. The
COL1A1 and COL1AZ2 are arranged by D-period, in a similar fashion to Figure 5.2, in which there
are five main rows, each containing two COL1A1 strands, and one COL1A2 strand, each offset by
one residue. Hydrolysis events are shown as vertical bars, with the height based on the intensity
of the cleavage. Amino acids are coloured using a modified version of the RasMol shapely colour

definitions (Sayle and Milner-White 1995), as shown in Table 5.2.

Alanine Glycine Leucine Serine Valine

Threonine Lysine Asparticacid Isoleucine Asparagine

Glutamic acid Proline Arginine Phenylalanine Glutamine

Tyrosine Histidine Methionine Tryptophan  Cysteine

Table 5.2 Amino acid colour scheme

The samples from skins before liming (Figure 5.3.A) show the least hydrolysis, with most high-
intensity cuts being at arginine and lysine (dark blue). There is also evidence of low-intensity
hydrolysis occurring at residues adjacent to these high-intensity cuts, for example at row-group
3 at around position 140, and row-group 4 and position 181-205 (gene position 1069 - 1093).
After five days of liming (Figure 5.3.B), more “random” (i.e. at non-tryptic sites, and not near any
other hydrolysis sites) hydrolysis occurs, and the low-intensity hydrolysis identified in the fresh
skins grows in intensity. After ten days of liming (Flgure 5.3.C) there are high-intensity hydrolysis
sites fairly evenly distributed across the collagen chain, including a growing amount at the end of
the COL1A2 molecule (row-group 5, positions 1-50), which may indicate further fraying. The
region of high-intensity hydrolysis at row-group 4 around position 181-205 has continued to
hydrolyse, and is clearly the most damaged part of the triple helical structure. After 15 days of
liming (Figure 5.3.D) the hydrolysis in this region is so intense that it has exceeded the maximum

bounds for the plot. Interestingly, the COL1A2 chain adjacent to this (row-group 4, sub-row 3 -
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shown in the green boxes) does not exhibit particularly intense hydrolysis, which seems to

indicate that although the COL1A1 strands are hugely frayed at this point, the triple helical

structure is still intact. Additionally, the region directly above this high-intensity region (row-

group 3, position 175-230) experiences only very limited hydrolysis, even at lysine residues (that

should be cut by trypsin), and after 15 days of liming treatment.
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Figure 5.3: Collagen hydrolysis in all skins before liming (A), and after 5 (B), 10 (C) and 15 (D) days

of liming. In order to preserve the nuances in the lower-intensity hydrolysis sites, for all plots the y-

axis is limited to a maximum of 100,000,000 intensity. The pink box shows the region of high intensity

hydrolysis at gene position 1069 - 1093. The green box below this shows the corresponding region

in COL1A2.

116



5.3.1.1 Hydrolysis of the high-intensity region

This high intensity region (row-group 3, position 175-230 - positions 1069 to 1093 in the gene
numbering system) of COL1A1 in Skin 6 is shown in Figure 5.4. As combining all skins may lead
to patterns that are due to natural variation between skins rather than the liming process, Skin 6
was chosen as it is a representative skin, in the middle of the age range. The high-intensity
cleavage region is bookended by two tryptic residues - lysine (K) at 1069 and arginine (R) at 1091
- and also contains an arginine at residue 1073. Before liming (Figure 5.4.A), all these three have
been cleaved by trypsin and represent the highest intensity cleavages at this time point.
Additionally, there is some “random” (i.e. non-tryptic) cleavage in the middle of this zone before

liming, between 1078 P and 1079 A, and 1079 A and 1080 G.

After five days of liming (Figure 5.4.B), the intensity of the tryptic residues has increased. As also
shown in Figure 5.5.A, many low intensity cleavage events occur near the sites that were already
hydrolysed before liming, for example around 1073 R - the four residues immediately before and
after begin to exhibit hydrolysis after five days. This is indicative of the tryptic cleavage being the
catalyst for more hydrolysis due to structural damage. After ten days of liming (Figure 5.4.C and
Figure 5.5.B) nearly every amino acid in the high-intensity hydrolysis region is hydrolysed, and
after 15 days (Figure 5.4.D and Figure 5.5.C) the intensity of this hydrolysis increases, though no

new peptides are found.

Within this region that experiences this intense hydrolysis, there are five pairs of amino acids that
there is no hydrolysis between, even after 15 days of liming. These are shown in Table 5.3. Of
these, only two pairs are ever found hydrolysed in the other skins. 1070 S- 1071 G and 1081 P -
1082 A are both found hydrolysed in skins 11 and 8. The rest are never hydrolysed in any skin
nor liming stage. This, coupled with the fact that they lie within four residues of each other, points

to a structural or physical reason for their apparent robustness.
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N-terminal side C-terminal side
1070 S 1071 G

1081 P 1082 A

1084 P 10851

10851 1086 G

1087 P 1088V

1088V 1089 G

Table 5.3: Positions in the intense hydrolysis region that never exhibit cleavage in Skin 6.
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Figure 5.4: Intensity of hydrolysis of high-intensity cleavage region in COL1A1 in Skin 6 at each time
point. Bars represent cleavage between the two residues they are between on the x-axis. T represents

hydrolytic events caused by the action of trypsin.
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Figure 5.5: The increase of intensity of hydrolysis of high-intensity cleavage region in COL1A1 in

Skin 6 between each time point. T represents hydrolytic events caused by the action of trypsin.
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5.3.1.1.1 Skin 11 hydrolysis

Although this high-intensity cleavage region is present in all of the analysed skins, the way the
hydrolysis develops can differ. Figure 5.6 shows the differences between Skin 6 and the stillborn
sheep skin, Skin 11. The difference is already apparent before liming (Figure 5.6.A), Skin 11
exhibits lots of low intensity hydrolysis across this region, whereas Skin 6 (and indeed, the other
skins) showed very little random cleavage before liming. After five days of liming (Figure 5.6.B),
there are no non-tryptic cleavage events detected in Skin 11 (that meets the lower bound of the
plot), which is in stark contrast to Skin 6 (n=11) and even Skin 11 before liming (n=13). After 10
days of liming (Figure 5.6.C), the Skin 11 has a similar pattern (though with somewhat lower
intensity) of hydrolysis to Skin 6, and the cleavage between 1070 S and 1071 G is detected. Lastly,
by 15 days of liming (Figure 5.6.D), the two skins exhibit strikingly similar patterns and intensity
of hydrolysis, with the only easily detectable differences the cleavage between 1070 S and 1071
G, and the newly formed cleavage between 1081 P and 1082 A.
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5.3.1.2 Hydrolysis per amino acid

The hydrolysis events per unique residue was investigated in order to determine whether some
amino acids are more likely to be cleaved during liming. Figure 5.7 shows the intensity of
hydrolysis in both COL1A1 (Figure 5.7.A) and COL1A2 (Figure 5.7.B) per time point per amino
acid. In COL1A1, hydrolysis increases in most amino acids fairly uniformly at each time point.
After 15 days of liming, the intensity of hydrolysis of some amino acids seems to increase

dramatically - for example tyrosine and glutamine.

The most common semi-tryptic peptide arising from a cleavage of tyrosine is GISVPGPMGPSGPR,
which starts at 181 in COL1A1 and has a T at position 180. Across skins 6, 8, 12 and 15, this
peptide is never identified before liming, identified six times after five days of liming, 20 after ten
days, and 77 times after 15 days. This reflects the type of exponential growth shown in Figure
5.7.A. As this peptide starts in the propeptide region of COL1A1 and ends in the triple helical
region, it is most likely very susceptible to liming due to its location. Furthermore, as shown in
Figures 5.4 and 5.5, there is a tyrosine in the middle of the high intensity hydrolysis region that

only experiences hydrolysis after five or more days of liming.

For glutamine, there are only two peptides that show substantial hydrolysis. One of which is
GPPGSAGTP*, which starts at 1148 and has a Q at 1147. The G that starts at 1148 gives rise to 11
different “versions' of this peptide. The most common is the semi-tryptic peptide, GPPGSAGTPGK,
which appears at all time points (0=2, 5=11, 10=15), but mostly after 15 days of liming (n=20).
The other versions, of which all except GPPGSAGTP include a missed tryptic cleavage at the lysine,
are only seen in significant quantities after 15 days of liming. Though this peptide is covered 20
times across the non-outlier skins after 15 days of liming, it only makes up 8% of the total

intensity of peptides with a glutamine cleavage.

The peptide (which always ends at a lysine at position 991, and is preceded by a glutamine at
992) that makes up 91% of the total intensity of glutamine cleavage is shown in Table 5.4. The
fully tryptic form of this peptide, shown in row 1, is most common, and the semi-tryptic forms,
especially one with a N-terminal proline (row 3) are mostly found after high duration liming.
However, because this peptide ends with a lysine, it is unlikely its high level of hydrolysis is due
to the presence of the glutamine, rather than the action of trypsin on lysine. This peptide is
notable as it is just 30 residues away from the collagenase cleavage site (and 960 - 961 (Chung et

al., 2004)), so therefore originates from a region of the collagen chain that is likely to be frayed.
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Amino acid

Peptide before 0 days 5 days 10 days 15 days
GFPGLPGPSGEPGK R 14 25 45 55
FPGLPGPSGEPGK G 2 0 0 0
PGLPGPSGEPGK F 0 2 11 22
GLPGPSGEPGK P 0 1 0 1
LPGPSGEPGK G 0 0 0 1
PGPSGEPGK L 0 0 2 6

Table 5.4: The peptide/s responsible for 91% of the glutamine hydrolysis in COL1A1
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Figure 5.7: Hydrolysis per amino acid in COL1A1 and COL1AZ2 in each time point. Amino acids are
ordered by their initial average intensity in COL1A1 before liming. Intensities represent average
intensities for all peptides in a certain skin and time point where the amino acid is at the N- or C-
terminal end and the intensity is not 0, normalised by the starting amino acid composition of each

protein. Skin 11 is not included in this plot.
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Like COL1A1, COL1A2 (Figure 5.7.B) exhibits a general pattern of intensity increasing in most

amino acids as the duration of liming increases.

One of the most noticeable differences is that hydrolysis at serine is far less likely to occur in
COL1A2, despite being the most hydrolysed amino acid in COL1A1 before liming, and both
proteins having comparable amounts of serine (3.75% in COL1A1 and 3.03% in COL1A2). There
are two primary reasons behind this serine hydrolysis: firstly, there is a serine at position 179
which appears in (or directly before or after) three peptides with a cumulative coverage of 134
across the non-outlier skins (excluding Skin 11) after 15 days of liming. Secondly, there is a serine
at 1070 in the region of intense hydrolysis, which is directly preceded by a lysine at position 1069,

which may be responsible for some of this hydrolysis assigned to serine.
However, in COL1A2 there are three occurrences of a serine preceding an arginine. These

peptides are only detected very sporadically (two are detected once in total; one is detected thrice

but in different skins), and are never assigned an intensity value by MaxQuant.
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5.3.1.2.1 Skin 11 hydrolysis per amino acid

Hydrolysis per amino acid in Skin 11 was compared to Skin 6, a representative example, in order
to ascertain whether Skin 11 exhibited different patterns during liming. Surprisingly, the overall
pattern was generally the same, despite Skin 11’s different pattern of hydrolysis in the high-
intensity region in COL1A1.
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Figure 5.8: Hydrolysis per amino acid in Skin 11 (y-axis) versus Skin 6 (x-axis).

5.3.1.2.2 Gap vs overlap hydrolysis per amino acid

The differential hydrolysis was also investigated in the gap and overlap region. As shown in
Figure 5.9, there is substantially higher hydrolysis for some amino acids in the gap region than

the overlap before and after five days of liming.
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Figure 5.9: Hydrolysis in the gap and overlap regions of COL1A1 before liming (blue) and after five

days of liming (purple) in all skins apart from Skin 11. Gap amino acids are shown as hollow points,

while the overlap are represented by filled points.

This pattern continues at ten days of liming (Figure 5.10), though by 15 days there does not

appear to be a substantial difference between the gap and overlap regions. Interestingly, serine

only exhibits hydrolysis in the gap region - most of which is down to a tryptic cleavage of lysine

at position 1069 (with serine at 1070) at the start of the high intensity hydrolysis region.
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Figure 5.10: Hydrolysis in the gap and overlap regions of COL1A1 before liming (blue), after five
(purple), ten (orange), and 15 (yellow) days of liming in all skins apart from Skin 11. Gap amino
acids are shown as hollow points, while the overlap are represented by filled points. The intensity is

represented on a logarithmic scale.

This pattern is less clear in Skin 11 (shown in Figure 5.11). While hydrolysis of the gap and
overlap regions in COL1A1 in all the other skins (Figure 5.10) is generally similar within the same
amino acid, in Skin 11 there is much less correlation. Across all time points, the gap region seems
to exhibit much higher hydrolysis, and many amino acids in the overlap region (particularly
arginine, glycine, and tyrosine) exhibit less hydrolysis in Skin 11 before liming than in the other
skins. Serine hydrolysis in the gap region is still very high, while, unlike the other skins, there is a

single serine residue in the overlap region that undergoes hydrolysis after ten days of liming.
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Figure 5.11: Hydrolysis in the gap and overlap regions of COL1A1 before liming (blue), after five
(purple), ten (orange), and 15 (yellow) days of liming in only Skin 11. Gap amino acids are shown as
hollow points, while the overlap are represented by filled points. The intensity is represented on a

logarithmic scale.

5.3.1.2.3 High intensity hydrolysis region

Lastly, hydrolysis per amino acid was compared in the high intensity hydrolysis region at 1069
to 1093 of COL1A1 versus all other gap positions (Figure 5.12). Most residues fit the pattern that
hydrolysis increases with duration of liming, even in the high intensity hydrolysis region. The
only substantial difference is that serine is highly hydrolysed in the high intensity region, but
exhibits much less hydrolysis in the rest of the gap regions. This is in agreement with the
hypothesis that the hydrolysis between lysine and serine in this region is the driving force behind
serine’s seemingly high hydrolysis. Isoleucine and valine, though found in the high intensity

hydrolysis region, they are not found cleaved in any skin.
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(purple), ten (orange), and 15 (yellow) days of liming in all skins apart from Skin 11. High-intensity
region amino acids are represented by stars, while other gap region residues are filled points. The

intensity is represented on a logarithmic scale.
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5.3.2 Peptide profiles

Peptide profiles in both COL1A1 and COL1A2 were generated by peptigram (Manguy et al., 2017)
for each skin at each time point in order to visualise the coverage and intensity of peptides

recovered.

As shown in Figure 5.13, peptide coverage and intensity in COL1A1 increases fairly evenly across
each skin and the duration of liming increases. Skin 11, the stillborn lamb, shows higher peptide
counts before liming than it does after five days of liming. For all other skins, the width and depth
of coverage increases with liming. The high intensity hydrolyses region identified earlier is easily
visible at position ~1000 in all skins at all time points, as it has a high depth of coverage and
increases in intensity as liming duration increases. The start of the triple helical region is also

visible as a high depth region that increases in intensity, at around position 200.

COL1AZ2, in Figure 5.14, shows a similar trend of growing intensity and depth and width of
coverage with liming. Like in COL1A1, Skin 11 shows an increased peptide count before liming
than after five days. However unlike COL1A1, there does not appear to be regions with
particularly high levels of intensity or depth. The only semi-consistent pattern is that there is
normally high intensity at the start of the helical region at around position 100. This is expected,
as high intensity peptides in COL1A1 are also detected at the start of the helical region. Moreover,
depth does not seem to meaningfully increase with liming as it does in COL1A1. For example, in

Skin 15, five, ten, and 15 days of liming exhibits strikingly similar bar heights.
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Figure 5.13: Peptigram showing coverage and intensity of peptides in COL1A1. For each residue, a
green bar is drawn if the position is covered by at least one peptide. The height of the bar is
proportional to the count of the peptides overlapping the position; while the colour intensity is

proportional to the summed ion intensities of peptides overlapping the position - briefly, the darker

the green, the more intense the peptide.
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5.3.3 Peptide counts

As shown in Figure 5.15, the number of unique peptides increases linearly with days of liming.
This correlation across all skins is moderate, with an R2 of 0.632 and 0.776 for COL1A1 and
COL1AZ2 respectively. Skin 11 can be seen as a clear outlier, with many more peptides before
liming than the other skins. Indeed, with Skin 11 removed, the R2 values for both proteins

indicates a strong correlation: 0.901 for COL1A1 and 0.902 in COL1AZ2.
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Figure 5.15: Unique peptide count (from MaxQuant’s ‘unique + razor protein count’ field versus days

of liming for all skins.
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5.3.3.1 Gap vs overlap peptide count

There is very little difference between the relative peptide counts of the gap and overlap region
as liming progresses (Figure 5.16). Even in Skin 11, where the peptide count does not follow the
same linear trend as the other skins, there is no meaningful difference between the gap and
overlap regions. Without Skin 11, the R2 value for the other skins, in both the gap and overlap
regions in COL1A1 and COL1A2 is very strong, as shown in Table 5.5. However, due to its
abundance of unique peptides before liming, the R2 values for Skin 11 show either no correlation

(COL1A1) or an extremely weak correlation (COL1A2).
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Figure 5.16: Peptide count in the gap and overlap regions during liming. Peptide count is normalised
between regions to correct for the difference in total length of the regions. Skin 11 is shown as a
cross, while all other skins are shown as filled points. For the combined “other” skins, standard

deviation is represented by error bars.
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Gap Overlap

Collal Colla2 Collal Colla2

Skin11  0.087 0.435 0.0131 0.345

Other

Skins 0.988 0992 0971 0.998

Table 5.5: R? values for the unique peptide count in the gap and overlap regions of COL1A1 and
COL1AZ for Skin 11 (row two) and all other skins combined (row three).

5.3.3.2 High intensity hydrolysis region peptide count

As discussed above, and seen in Figures 5.16 and 5.17, the unique peptide count in the gap region
increases linearly with days spent in lime. However, in the high intensity hydrolysis region
(between 1069 and 1093 in COL1A1), this relationship is exponential (R2=0.998). As expected,
Skin 11 does not follow this trend, as it has an extremely high unique peptide count in the high

intensity region even before liming.
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difference in total length of the regions. Skin 11 is shown as a cross, while the average of all other
skins are shown as filled points. Lines of best fit for the high intensity region are exponential, while

the other gap regions are linear.

5.3.4 Depth of coverage

The average depth of coverage across both COL1A1 and COL1A2 was calculated in order to
investigate if there was differential coverage, either across the proteins or between the liming
time points. As shown in Figure 5.18, coverage is very variable across both COL1A1 and COL1A2,
with many regions of high coverage, and some areas of either very low, or no coverage. In general,
the helical region (186 - 1183 in COL1A1 and 87 - 1103 in COL1A2) is well covered, with at least
one peptide covering every position. Surprisingly, there is a fairly large area of no coverage just

after the high intensity region of hydrolysis, spanning 44 residues, from position 1113 to 1147.
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5.3.4.1 Intensity versus coverage

Another unexpected result is that the region of high intensity hydrolysis is not the most covered
part of the protein. Since, as seen in Figure 5.17, it has a much higher unique peptide count than
other gap regions, it would follow that it would be the most covered region. However, this is not

the case, as shown in Figure 5.18.A, there are three “peaks” of higher average depth of coverage.

As seen in Figure 5.19, the relationship between the summed intensity of peptides at a position

and the coverage at the position are not related.
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there is more hydrolysis on the N-terminal side.
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5.3.4.2 Skin 11 coverage

Skin 11 also has a notably different depth of coverage profile to the other skins. Figure 5.20 shows
the depth of coverage of COL1A1 in Skin 11 before liming versus Skin 6. While the most deeply
covered points in Skin 6 reach around 5%, many regions in Skin 11 reach 10x. Indeed, the average
coverage for positions that are covered by at least one peptide in Skin 11 is 9.7%, while this is just

2.3x for Skin 6.
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Figure 5.20: Average depth of coverage for Skin 11 (orange) versus Skin 6(black) in COL1A1 before

liming.

5.3.4.3 Gap vs overlap depth

As with the peptide count (discussed in section 5.3.3) and shown in Figure 5.21, the depth of
coverage increases linearly (R2 values all above 0.970, as seen in Table 5.6) with days of liming in
all skins apart from Skin 11, and there is no clear difference between the coverage of the gap and
the overlap regions. However, due to its higher average depth of coverage before liming, Skin 11
does not have as significant a correlation as the other skins. Nevertheless, it does show a
moderate correlation in COL1A1 (Figure 5.21.B), with R2 values for the gap and overlap regions
of 0.704 and 0.617 respectively. This is due to the coverage before liming being markedly lower
than at the same time point in COL1A1, likely because of the relatively higher abundance of
COL1A1.
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Figure 5.21: Average depth of coverage in the gap and overlap regions during liming. Skin 11 is

shown as a cross, while all other skins are shown as filled points.

Gap Overlap
Collal Colla2 Collal Colla2
Skin 11 0.253 0.704 0.595 0.617
Other Skins 0.999 0.994 0.999 0.971

Table 5.6: RZ values for the average depth of coverage in the gap and overlap regions of COL1A1 and
COL1AZ for Skin 11 (row two) and all other skins combined (row three).
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5.3.4.2 High intensity hydrolysis region coverage in Skin 11

As shown in Figure 5.18.A, although the region of high intensity hydrolysis in COL1A1 does
correspond to a particularly deep portion of the protein, it is not the most deeply covered region
at any time point. Figure 5.22 shows the difference between all skins and Skin 11 in this region. It
is clear that Skin 11 has deeper coverage in this region before liming, with an average of 16x;
compared to an average of 3x across the other skins. Unlike the other skins, the coverage does not
increase substantially after five days of liming. Lastly, at ten and 15 days of liming all skins have

a similar level of total depth of coverage, and increase of coverage in this region.
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5.3.5 Predicted melting point of collagen type 1

Periskov et al (2005) predicted the melting temperature of each sequence position in COL1A1
and COL1A2 from their sequence. The relationship between this melting point and hydrolysis was
investigated to determine whether this could be the reason behind why some regions are more
susceptible to hydrolysis. It could be expected that regions with low melting temperatures would
be the most susceptible to hydrolysis (an example of which is shown by the trend line in Figure
5.23). In both proteins (Figure 5.23), most positions in the helical region have a very similar
melting point, and as such there is not much differential hydrolysis, though in both proteins and
across the range of temperatures it is clear to see that many 15 day liming points have the highest

intensity, while the before liming samples have the lowest.

In COL1A1 (Figure 5.23.A), there seem to be three melting temperatures that only hydrolyse after
ten or (more often) 15 days of liming. These correspond to 184 V, 185 P, and 187 P, which are the
amino acids right at the start of the triple helical region (which starts at 186 G).In COL1A2 (Figure
5.23.B), there is only one point with a clearly lower temperature than the rest, and it seems to
hydrolyse relatively evenly across all time points and skins. This position represents a K at

position 187.
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Figure 5.23: Hydrolysis versus melting temperature of the cleaved amino acid in A) COL1A1 and B)

COL1AZ2.
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5.3.6.1 Regional melting points

The melting points across the different regions of COL1A1 were plotted in Figure 5.24 in order to
ascertain whether there is a substantial difference in melting temperature between the regions.
Most of the temperatures are very similar across the three regions, though the overlap region has
more outliers, due to it encompassing the start and end of the triple helical part of the chain. The
high intensity hydrolysis region has no such outliers, and has a slightly higher mean melting point

than the other regions, though all are within the margin of error.
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Figure 5.24: Box plot of predicted melting temperatures of the gap, overlap, and high intensity
hydrolysis (1069 - 1093) in COL1A1. Outliers are shown as filled points, while suspected outliers are

represented by hollow points.

5.3.6 Degree of conservation

In order to analyse the variability of COL1A1 and COL1A2 we compared the Ovis aries collagen
sequences to that of 118 other mammals and quantified the number of observed variations at
each position. There are positions in COL1A1 that have up to seven different variants (though

only six found hydrolysed in this data) and this is up to eight in COL1A2 (though only up to seven
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found hydrolysed). It could be expected that the most variable - therefore the least conserved -
positions would be most susceptible to hydrolysis. As collagens’ extraordinary strength is
conferred by its amino acid composition (as discussed above), any variation from which might

weaken the secondary structure.

If the number of different amino acids at each position had no effect on the hydrolysis, we would
expect that the intensity of hydrolysis at each number of variations (also known as single amino-
acid polymorphisms, or SAPs) increases fairly evenly with liming. This is largely the case for
COL1A1 in the non-outlier skins (Skins 6, 8, 12, and 15 - shown in Figure 5.25.A). Sometimes, this
is not the case and hydrolysis is higher before liming than after five days. This is the most extreme
at hydrolysis between two and five SAPs, where the intensity before liming is very similar to the
intensity after 15 days. There are only five hydrolytic events in COL1A1 between sites with 2 and
5 SAPs, and four of them are not assigned intensities. The fifth is responsible for this pattern, and
it is the cleavage between 1090 A (5 SAPs) and 1091 R (2 SAPs), which is towards the end of the
region of intense hydrolysis. As shown in Figure 5.4, this bond hydrolyses early but does not grow

in intensity.

Figure 5.26 shows the hydrolytic events between residues with different numbers of SAPs at each
time point. It is clear that most of the hydrolysis is between the conserved sites (one variant - one
SAP), but by 15 days of liming hydrolysis is spread more evenly between positions with between

one and four variants.

COL1AZ2, shown in Figure 5.25.B exhibits generally the same pattern of hydrolysis growing with
liming duration. However, there is never hydrolysis before liming at cleavages between two
positions which both have three or more variants. There are 22 such positions, spanning the
whole COL1A2 chain including the gap and overlap regions, and there does not seem to be any

structural reason for this.
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Figure 5.25: Average hydrolysis in COL1A1 (A and C) and COL1AZ2 (B and D) in Skin 11 (C and D)
and the average of all other skins (A and B) by how many single amino acid polymorphisms exist at
each site. Numbers on the x-axis represent the number of SAPs at the sites directly before and after

the hydrolysis.
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Figure 5.26: Chord diagram of hydrolysis between sites by number of SAPs in all non-outlier skins
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"

(excluding Skin 11) in COL1A1 at all liming durations.

As expected, Skin 11 portrays slightly different patterns. In both COL1A2 (Figure 5.25.C) and
COL1AZ2 (Figure 5.25.D) there are combinations with no intensity after five days of liming, which
fits with Figures 5.13 and 5.14, which show that after five days of liming Skin 11 contains fewer
peptides than before liming. Additionally, in both COL1A1 and COL1A2 Skin 11 only exhibits
hydrolysis after 15 days of liming between residues which both have high variance. For example,
events between two and six variants undergo a high amount of hydrolysis in the other skins
(Figure 5.25.A), but in Skin 11 this is only detected after 15 days of liming. The positions most
responsible for this pattern are 179 S (2 SAPs) and 180 T (6 SAPs), which are in the propeptide

region, and hydrolyse at every time point in the other skins.

149



A) 0 days B) 5 days

-

C) 10 days D) 15 days

-

Figure 5.27: Chord diagram of hydrolysis between sites by number of SAPs in Skin 11 in COL1A1 at

all liming durations.

As shown in Figure 5.27, Skin 11 also experiences most hydrolysis between sites with just one
variant, which then decreases to a more even spread by 15 days of liming. Unlike the other skins
(Figure 5.26), positions with three variants are very rarely seen in Skin 11, even after 15 days of

liming (Figure 5.27.D)
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5.3.6.1 Regional conservedness

In order to investigate whether the gap, overlap, or intense hydrolysis region are more variable,
the number of SAPs in each region was calculated, as shown in Figure 5.28. The overlap and gap
region are very similar, while the region of high intensity hydrolysis has markedly more

variability, which could be the reason behind its high fragility.

SAPs
H

Overlap Gap High intensity
hydrolysis

Figure 5.28: Conservedness of overlap, gap, and high intensity hydrolysis region (1069 - 1093) in
COL1A1. Outliers are shown as filled points, while suspected outliers are represented by hollow

points.
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5.3.7 Conservedness vs melting temperature

As shown in Figure 5.29, there is no clear relationship between the number of variants at a given

position and the predicted melting point at the position.

Conservedness vs melting temperature

45

40

35

30

25

20

15

10

Predicted melting temperature (°C)

O COL1A1
0 COL1A2

R ]

SAPs SAPs

Figure 5.29: Relationship between number of variants at a given position and the predicted melting

temperature. Outliers are shown as filled points, while suspected outliers are represented by hollow

points.
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5.3.8 Hydrophobicity

In order to assess whether there was a clear bias between hydrophobic and hydrophilic amino
acids, the hydrolysis versus the hydropathicity was plotted in Figure 5.30. It would be expected
that there is more (and earlier) hydrolysis between residues that are both hydrophilic (therefore
have alow number on the x-axis). This seems to generally be the case, as, especially before liming,
very hydrophilic positions seem to exhibit a generally higher cleavage intensity. However, this

pattern is very weak.
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Figure 5.30: Average hydrophobicity (Inverse Octanol scale - low value numbers are hydrophilic)

for each amino acid pair and the intensity of the cleavage between them.
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5.3.9 Deamidation

Deamidation was calculated for COL1A1 and COL1A2 using deamiDATE (Ramsge et al., 2020).
Figure 5.31 shows the bulk deamidation of both asparagine and glutamine in all the non-outlier
skins (i.e. excluding Skin 11) at each time point. For glutamine (Figure 5.31.A and B), there is very
little deamidation before liming in both COL1A1 (A) and COL1A2 (B), and deamidation gradually
increases with liming duration. In asparagine (Figure 5.31.C and D) there is more deamidation
before liming in both proteins (particularly apparent in COL1A1), and it too increases, until at 15

days of liming most of the asparagine residues in both proteins are deamidated.

“A) B)

0.8

0.6 r —

Relative remaining asparagine Relative remaining glutamine

COLTAT COL1A2

Figure 5.31: Bulk deamidation of all non-outlier skins (Skins 6, 8, 12, and 15) for glutamine and
asparagine in both COL1A1 (blue) and COL1AZ2 (red). The y-axis represents the relative remaining
deaminating amino acid - that is, at 1 there is no deamidation, and 0 represents total deamidation.
Filled points represent outliers, while hollow points show suspected outliers. A and B show glutamine

deamidation in COL1A1 and COL1AZ respectively, while C and D show asparagine deamidation.
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Figure 5.32: Site-specific deamidation in COL1A1 (A) and COL1AZ2 (B) in Skins 6, 8, 12, and 15 at
each liming time point. The x-axis represents the time it takes for a certain position to deamidate,
while the y-axis shows how deamidated it is (0 remaining N and Q - total deamidation). Size of the

points is scaled by their intensity.
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Figure 5.32 shows the site-specific deamidation in Skins 6, 8, 12, and 15. In COL1A1 (A), it is
shown that at high half-times (>4,000 days), there is no deamidation before liming, and that
deamidation at these half-times increases gradually with liming duration. By 15 days of liming,
all skins show a high level of deamidation in these high half-time positions. COL1A2 (B) is a little
less clear cut - although the same general trend is visible around 5,000 days and 10,000 days half-
time, at 7,400 days. This half-time only occurs at position 26 of the COL1A2 chain and is not
identified at the 10 or 15 day time point. As this is well before the helical region of COL1A2 (which
starts at position 80), it would thus follow that this position is extremely structurally susceptible

to deamidation.

When analysing only sites with 10,000 days half-time, as shown in Figure 5.33, there seems to be
an exponential relationship between this deamidation and days of liming. This correlation is most
accurate in COL1A2, where the non-outlier skins also portray very similar levels of deamidation.
No line of best fit is shown for Skin 11, as in both proteins it is completely deamidated before
liming. However, as also seen in Figure 5.34, after liming it displays similar levels of deamidation

to the other skins.
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Figure 5.33: Deamidation (relative remaining glutamine) at only sites with a half-time of 10,000
days in COL1A1 (A) and COL1AZ (B).
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5.3.9.1 Skin 11 deamidation

Bulk deamidation of just Skin 11 is shown in Figure 4.34, with the median values of the other
skins represented by stars. In both COL1A1 (A) and COL1A2 (B), glutamine is almost totally
deamidated before liming, but after liming displays similar values to the other skins. For
asparagine, this pattern is not apparent - the deamidation before liming is not as extreme, and
especially in the case of COL1A1, the distribution follows the median of the other skins very

closely.
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Figure 5.34: Bulk deamidation of Skin 11 for glutamine and asparagine in both COL1A1 and
COL1AZ2. The y-axis represents the relative remaining deaminating amino acid - that is, at 1 there is
no deamidation, and 0 represents total deamidation. Filled points represent outliers, while hollow
points show suspected outliers. The median value at each point of the non-outlier skins is represented

by a star.
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Figure 5.35: Site-specific deamidation of COL1A1 and COL1AZ in Skin 11.

As in Figure 5.35, there are many sites with over 4,000 day half-time that are almost totally
deamidated in Skin 11 before liming. Converse to expectations, the positions which show the least
deamidation before liming are asparagine positions with less than 100 days half-time, which, in

theory, should be the most susceptible to random and laboratory-induced deamidation.

5.3.9.2 Deamidation in the gap and overlap regions

Figure 5.36 shows the site-specific deamidation of residues in the gap and overlap regions in the
non-outlier skins at each time point. Although both proteins have similar numbers of glutamine
residues in the gap and overlap zones (COL1A1: 15 gap, 12 overlap; COL1A2: 11 gap, 12 overlap),
there seems to be an overrepresentation of gap deamidation after five days of liming (Figure
5.36.B). By 15 days of liming, there is not a clear difference between the gap and the overlap
region, although there is a cluster of overlap residues with 10,000 days half-time that are not
quite as deamidated as the gap, these all originate from one glutamine (detected in multiple

skins).

159



0.8

0.6

0.4

0.2

0.8

0.6

Relative remaining N and Q

0.4

0.2

Figure 5.36: Site-specific deamidation in all non-outlier skins (excluding Skin 11) per time point,

coloured by the region of the deamidating residue.

5.3.9.3 Deamidation near high intensity hydrolysis region

There are no deamidating (asparagine or glutamine) residues in the high intensity hydrolysis
region of COL1A1 (1069 - 1093). However, proximity to this region could cause differences in the

rates of deamidation. We tested this by plotting the deamidation of the four closest deamidating
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residues (four glutamines) - two before and two after, as shown in Table 5.7.

o]

Gag

Overlap

Position Half-time Description

973 7200 Next closest (<1069)
992 650 Closest (<1069)
1097 630 Closest (>1093)
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1109

750

Next closest (>1093)

Table 5.7: The four glutamine residues up- and down-chain from the region of high intensity

hydrolysis

Figure 5.37 shows these four residues compared to other similar glutamines (within 10% of the

same half-time, and also in the gap region). The two residues before the region of high intensity

hydrolysis deamidate very similarly to other similar glutamines (Figure 5.37.A), as does the

closest residue after the region (position 1097). The next closest glutamine at position 1109,

however, seems to deamidate slower than other similar glutamines - with all skins displaying no

deamidation at this position until 15 days of liming.
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Figure 5.37: Deamidation of the four glutamines directly before and after the region of intense

hydrolysis (COL1A1: 1069 - 1093), compared to the average of similar glutamines (within 10% half-

time, and also in the gap region). Error bars represent standard deviation.
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5.4 Discussion

This study sought to characterise the degradation of collagen in skins subjected to the liming
process through the analysis of five experimentally limed sheep and lamb skins, sampled and
characterised at four points in the liming process. We have shown that, for the sheep skins (i.e.
excluding the lamb skin, Skin 11), unique peptide counts, depth, and deamidation increase with
liming duration, and that whether these peptides fall in the gap or overlap region does not affect

this.

Furthermore, through the analysis of hydrolytic sites in the quarter stagger structure (Figure 5.3),
the breakdown of COL1A1 and COL1A2 has been investigated. As expected, the sites that are cut
by trypsin (arginine and lysine) hydrolyse before liming, as trypsin was used in the sample
preparation phase. After five days of liming, residues near these sites of early hydrolysis also
experience cleavage (Figure 5.3.B) and show hydrolysis, which implies that this trypsin
hydrolysis prompts collagen to unwind. In terms of collagen’s quaternary structure, we see that
the sites in the gap regions are more likely to experience hydrolysis before (and after a short
duration of) liming (Figure 5.3 and Figure 5.9), but by day 15 of liming, the overlap regions are
more likely to exhibit the highest levels of hydrolysis (Figure 5.10).

5.4.1 Hot spots of hydrolysis

There are two regions that are particular hot spots of hydrolysis in COL1A1: the start of the helical
region at 186, and the region identified as the high intensity hydrolysis region at 1069 - 1093, as
shown in Figure 5.13. The former is arguably not remarkable, as the propeptide region is cleaved
before collagen fibrils are formed (Miyahara et al, 1984; Kofford et al., 1997). However, the high
intensity hydrolysis region is a novel finding, that to our knowledge has not been reported in
literature. It is an obvious hot spot in all skins at all time points in the peptigram (Figure 5.13),
and is the region with the most hydrolysis before liming (Figure 5.3 and Figure 5.4). This is partly
due to the short region containing three tryptic residues, but even before liming there is “random”
(i.e. non-tryptic) hydrolysis in all skins, and the intensity of these cleavages, and residues directly

up- and down-stream increases with liming duration. There are four pairs of amino acids in this
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region that we do not detect hydrolysis between (Table 5.3 and Figure 4.6), which is unusual, as
we would expect that as the fibrils become more frayed, hydrolysis becomes more likely.
However, it is possible that these positions would hydrolyse giving a longer duration in lime, or
that we simply do not detect the resulting peptides, due to limitations of the mass spectrometer.
While, as discussed above, unique peptide count increases linearly with duration of liming, in this
region it increases exponentially (Figure 5.17). Lastly, proximity to this region does not seem to
affect the rate of deamidation in the four glutamines immediately up- and down-stream to this

region (Figure 5.37).

The reason why this particular region experiences such intense hydrolysis is not clear. It is not a
function of the region’s coverage (Figure 5.19), nor its melting temperature (Figure 5.23 and
Figure 5.24). Figure 5.28 shows that this region is a little more variable than the rest of the
COL1A1 chain, which could indeed confer instability. The region is fairly close to a crosslink site
at 1108 (Dixit et al., 1978), which should increase structural strength (Oxlund et al., 1995; Al-
Ammar, Drummond and Bedran-Russo, 2009). It could perhaps be the case that this is the reason
why we detect these peptides, as even though they are very deteriorated and easily degradable,
they are at a uniquely strong point in the collagen chain, and therefore do not deteriorate beyond
the limits of detection. It is also noteworthy that the collagenase cleavage site is approximately
100 residues downstream (between 960 and 961 (Chung et al., 2004)), and this should have the
opposite effect - conferring instability to the region. Lastly, in human COL1A1 this region is
directly followed by an RGD motif starting at position 1093, which is an integrin binding site
(which facilitates cell adhesion) (Taubenberger et al.,, 2010), however, this is not the case in the

Ovis aries sequence.

Lastly, this pattern is not unique to skins, nor alkaline treatments. As a precursor to this study, 93
bovid samples from a variety of substrates (bone, skin, and glue), locations, and ages were
analysed. This pattern was found in nearly all samples analysed (apart from very modern bones,
or very old samples where only a few peptides recovered). An example of this is shown in Figure

5.38 - a sheep bone from Medieval Portugal.,
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Figure 5.38: Hydrolysis in quarter stagger structure of a Medieval sheep bone from Portugal, with

the high intensity hydrolysis region shown in the pink box.

5.4.2 Skin 11

The region of intense hydrolysis, along with many other characteristics (e.g. breadth of coverage
(Figure 5.13 and Figure 5.14), unique peptide count (Figure 5.15), depth of coverage (Figure
5.21), and deamidation (Figure 5.31 and Figure 5.32)) increases evenly in all skins, apart from

Skin 11, which belongs to a stillborn lamb (Table 5.1).

Before liming, Skin 11 has a much higher intensity and breadth of coverage than after five days of
liming, and than other skins before liming (Figure 5.13 and Figure 5.14). We see that the depth of
coverage before liming is also higher (Figure 5.21), and there are substantially more unique
peptides (Figure 5.15). All of these measurements fall dramatically after five days of liming.
Before liming, Skin 11 shows high hydrolysis in the high intensity hydrolysis region, but after five
days only the tryptic cuts show meaningful hydrolysis (Figure 5.6). Perplexingly, before liming
Skin 11 exhibits almost total deamidation in all high half-time sites (mostly glutamine residues),
however the low half-time sites (mostly asparagine) only display slightly higher deamidation

levels than the other skins (Figure 5.33 and Figure 5.34). This is the opposite of what we would
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expect, as high half-time deamidation has been proposed as a marker of antiquity (Ramsge et al.,

2020), and has never been reported in high levels in combination with low levels of short half-

time deamidation.

This perplexing pattern of deamidation could be suggested to be an anomaly. However, as the
average coverage of COL1A1 in Skin 11 before liming is 9.7x (Figure 5.20), and there are 62
uniquely detected deamidating residues, there is a wealth of evidence supporting this pattern.
Furthermore, this would not explain the relatively normal (within error bounds) asparagine

deamidation, yet almost complete glutamine deamidation.

A further MaxQuant search against the sheep proteome revealed that this pattern is not just in
collagen, but exists in all the proteins identified in Skin 11. There was no significant differential
expression of non-collagenous proteins (NCPs) detected in Skin 11. It does, however, as shown in

Figure 5.39, contain a higher proportion of collagen before liming than the other skins, and

conversely, retains a higher proportion of keratins and NCPs after liming than the other skins.

Collagen [} Keratin [} NCPs

100
75
50

25

% of unique peptides

Skin 11: 5 days
Skin 11: 10 days
Skin 11: 15 days

Skin 12: 5 days
Skin 12: 10 days
Skin 12: 15 days

Skin 15: 5 days
Skin 15: 10 days
Skin 15: 15 days

Skin 6: 5 days
Skin 6: 10 days
Skin 6: 15 days

Skin 8: 5 days
Skin 8: 10 days
Skin 8: 15 days

Skin 11: Before liming

Skin 12: Before liming

Skin 15: Before liming
Skin 6: Before liming
Skin 8: Before liming

Figure 5.39: Percentage of collagen, keratin, and other proteins in each skin at each time point.

Skins of stillborn animals have historically been used to make parchment (in particular, uterine

vellum) (Lee, 1992; Fiddyment et al., 2015), so in all likelihood skins with similar patterns to Skin
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11 would exist in the historical record. The fact that by 15 days of liming, all skins exhibit
remarkably similar properties only reinforces this - although it is likely that Skin 11 would be

thinner, it would be an equally acceptable writing surface.

5.5 Conclusion

Understanding how collagen degrades is essential for informing the conservation of parchment
in historical manuscripts. This study shows that many characteristics of degradation, including
peptide count, coverage, and deamidation, proceed at a predictable rate during the liming
process, and that the gap region is the most susceptible to hydrolysis. We also identify a region of
high intensity hydrolysis, and explore the mechanisms that may cause this pattern. Lastly, the
untreated skin of stillborn animals display dramatically different patterns to that of older
animals; but that after liming all skins are molecularly very similar. This supports the idea that
the skin of stillborn animals was used to make vellum, as molecular similarity likely confers to

structural similarity.
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6. Discussion and Summary

This chapter will briefly summarise the results presented in this thesis (6.1), and then outline
how the original aims of the thesis were met (6.2). It will go on to discuss the challenges faced
during this research (6.3), and the implications of this work to the field as a whole (6.4). The

future work will then be outlined (6.5), and the thesis will be concluded (6.6).

6.1 Summary

This thesis analysed the patterns of degradation in ancient proteomes, and examined how these
characteristics can be used to develop methods to authenticate results. This section will briefly

summarise each of the three main chapters.

6.1.1 Chapter 3: DeamiDATE 1.0: Site-specific deamidation as a tool to

assess authenticity of members of ancient proteomes

Palaeoproteomics suffers from a lack of widely agreed upon criteria for the authentication of
results (Hendy et al, 2018c). Interpreting modern contaminant proteomes as originating from
ancient artefacts can obviously lead researchers to draw the wrong conclusions about the past.
Conversely, discarding truly ancient proteins by labelling them as contaminants can cause

researchers to miss important discoveries. It is imperative that this problem is solved.

Chapter 3 presented the development of a novel software tool, deamiDATE 1.0, that aims to use
the molecular characteristics of the peptides recovered in order to differentiate between modern
and ancient proteins, and thereby authenticate proteomes. It does this using two methods: bulk
and site-specific deamidation. Bulk deamidation calculates the proportion of deamidated and
non-deamidated glutamine and asparagine in all peptides in a given protein, and normalises this
proportion to the intensity of the peptides. That is, for each protein, it outputs two values - the
percentage of remaining glutamine, and the percentage of remaining asparagine. Site-specific
deamidation differs as it takes into account the published rate of deamidation (which depends on

amino acids flanking the deamidating residue) in order to provide more nuanced results. Rather
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than the percentage of glutamine and asparagine, it produces a graph comparing the expected
time of deamidation (derived largely from rates observed in pentapeptides) versus the extent of
deamidation. The rule of thumb is that the slowest sites (i.e. those that take the longest to
deamidate) will only be heavily altered in very old samples; whereas if a protein only exhibits

deamidation at very fast sites, it may not be genuinely ancient.

Chapter 3 demonstrated the utility of this approach through the analysis of two datasets: a model
dataset and a dental calculus sample. The model dataset (all from (Welker et al., 2015)) comprised
five modern samples and five ancient (two of which were dated to ca. 12,000 years old, while the
remaining three were assigned to the Pleistocene (ca. 2,580,000 to 11,700 YBP) or Lujanian (ca.
800,000-11,000 YBP)) of South American ungulates. It was shown that the modern samples
display significantly less asparagine and glutamine bulk deamidation (Figure 3.3), although this
is very variable. Furthermore, only the ancient samples portrayed high levels of deamidation at
high half-time sites (Figure 3.4), and there was a statistically significant difference between the
extent of deamidation from ancient and modern samples at the same half-time. However, the
extent of deamidation both within and between samples was extremely variable - although rough
trends are visible, these are only possible as all samples analysed gave rise to a substantial

amount of proteomic information.

The second dataset, the dental calculus, was extracted from a skeleton excavated from a Neolithic
site near Brighton, UK. Alongside the many endogenous proteins detected, seven different
proteins relating to chicken egg were identified (Table 3.2). This finding would mark the earliest
ever evidence of chickens in the UK. As the chicken egg proteins were not found in the extraction
blank, it was unlikely that the proteins were laboratory contaminants. Moreover, many of the
peptides were specific to chicken, so the egg most likely did not originate from another bird. Using
deamiDATE 1.0, the bulk deamidation of the endogenous human proteins and the chicken
proteins was calculated. The deamidation of the human proteins was significantly higher than
that of the chicken (Figure 3.5). Furthermore, the site-specific deamidation analysis showed that,
while the endogenous human proteins showed some deamidation in high half-time sites, the vast
majority of the chicken proteins showed no slow deamidation (Figure 3.6). From these analyses,
it was concluded that the chicken proteins were most probably not embedded in the dental
calculus during the life of the skeleton. As the remains were excavated in the 1930s, it is possible

they originate from egg-based glue used by conservators at the time.

To summarise, chapter 3 presented deamiDATE 1.0, and showed that it can differentiate between

proteins of various ages, and thereby authenticate results and provide a more nuanced
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understanding of an artefact’s history. It cautioned, however, that deamidation levels are not only
influenced by time, but also by protein structure, environmental factors, and pre-depositional
human activities. Furthermore, the high variation in the extent of deamidation within samples
severely limits the differential power of deamiDATE. It is only with an abundance of data that
these rough, yet varied patterns (such as in Figure 3.4) emerge. This precludes the effective use

of this software for low-abundance data.

6.1.2 Chapter 4: Milking it? Assessing the degradation of ancient milk

proteomes

In many places around the world dairy products represent a significant part of our diet, but that
has not always been the case (Tishkoff et al, 2007). The origins and spread of dairying has long
captivated archaeologists (Craig et al, 2000; Dunne et al, 2012). Now, with biomolecular analysis,
it is possible to detect milk in archaeological artefacts and remains, and therefore piece back
together the complex history of the adoption of animal milk into the human diet (Bleasdale et al,
2021). However, milk proteins are intrinsically hard to authenticate - they are typically present
in very small quantities in archaeological remains, and are also commonly used laboratory

reagents (Hendy et al,, 2018c).

Chapter 4 aimed to assess the deamidation patterns in milk proteomes, in order to ascertain
whether deamidation alone can reliably differentiate between modern and contaminant milk.
Four datasets were analysed in order to accomplish this - two of which were experimental

datasets using modern milk.

Firstly, we quantified the deamidation of skimmed milk powder, which is a common laboratory
reagent. It was shown that, despite being subject to extreme heat in the powdering process, both
BLG and caseins in milk powder did not show advanced levels of deamidation (Figure 4.1), and
did not have meaningful levels of deamidation at high half-time sites (a characteristic of truly
ancient proteins proposed in Chapter 3) as shown in Figure 4.2. In the second experiment, five
archaeological artefacts were contaminated, as the samples were prepared in a non-specialist
(i.e.,, modern proteomic) facility. No BLG was confidently detected in any of the artefacts (using

the two-peptide rule), but all samples, and the extraction blank, contained caseins (Figure 4.3).
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All but one sample displayed no glutamine deamidation (and therefore no high half-time

deamidation), as shown in Figures 4.4 and 4.5.

These two experimental datasets show that modern milk, even when powdered or associated
with archaeological artefacts, displays very limited deamidation, with no substantial deamidation
at high half-time sites. This is promising evidence that deamidation can be used to differentiate

modern and ancient milk proteomes.

The last dataset consisted of 274 samples across six published articles that reported the presence
of ancient milk proteins. The samples came from either pottery or dental calculus, ranged from
the Neolithic to the present day, and originated from many different sites across the world. Many
of the samples were radiocarbon dated, and for the rest the date was inferred from the reported
archaeological period. The deamidation of both BLG and caseins in these samples was calculated,
and it was shown that there is a general trend in BLG that deamidation increases over time

(Figures 4.7 and 4.8). However, in these samples deamidation was extremely variable.

Though this large-scale meta-analysis can elucidate a moderate overall trend in deamidation over
time, this may not translate well to individual studies, with a smaller sample size and temporal
range. Even when adhering to a ‘two-peptide rule’ to identify ancient milk, two peptides is likely
not enough to reliably authenticate the protein using deamidation. Not all peptides will even
contain a deamidating residue, and at the smallest scale, deamidation is either there, or it is not.

More nuanced information can only be obtained with the identification of more peptides.

Potential methods of strengthening the differentiation of ancient milk of different ages were then
discussed. Firstly, a rough measure of authenticity can be made by assessing the portion of the
proteome identified. For example in milk, if both beta-lactoglobulin and multiple types of casein
are identified, this makes it less likely that there are spurious matches to trace amounts of milk.
Secondly, it was advised that BLASTp searches are carried out to ensure that peptides that are
critical to protein or species identification are unique. Lastly, it was proposed that researchers
compared the deamidation of their protein of interest to the deamidation proteins that are highly
likely to be endogenous to the sample, as significant similarities would imply a shared diagenetic

history.
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6.1.3 Chapter 5: Collagen type I degradation in limed skins

Historical manuscripts represent an important source of information about past societies and
cultures at the foundation of medieval scholarship (Ryder, 1964). The biomolecular study of the
parchments themselves has been recently found to provide even more insight into parchment
production, dietary and husbandry practices, and previous handling and conservation practices
(Fiddyment et al, 2019). However, the degradation of the collagen in parchment is not well

understood, and could be used to better inform conservation efforts.

Chapter 5 attempted to shed more light on how collagen in parchment breaks down, through the
exhaustive data analysis of five sheep skins at four different time intervals in the liming process.
It was found that four of the skins exhibited very similar characteristics in all analyses, but there
was one outlier - the skin of a stillborn lamb. The work has broader implications as in almost all
cases in which skin collagen is isolated (e.g. leather tanning, gelatin production), one of the first

steps is dehairing in alkali.

An examination of the patterns of hydrolysis caused by liming revealed that all skins had a region
of high intensity hydrolysis at COL1A1 position 1069 - 1093 in the gap zone (Figure 5.3). This
damage was evident even before liming. This region, characterised by three tryptic residues, was
found to always show non-tryptic cleavage, which spread to the N- and C-terminal sides during
liming (Figure 5.4). Moreover, it was found that hydrolysis seems to affect some amino acids more

than others, and that this differs between the two chains of collagen type I (Figure 5.7).

The number of collagen type I peptides identified in the fresh flayed skins was found to increase
linearly with the duration of liming (Figure 5.15), as did the depth of amino acid coverage (Figure
5.18). This shows liming leads to the degradation of collagen, and, we speculate, the subsequent
unwinding of its quaternary structure. In the high intensity hydrolysis region, the peptide count

increased exponentially with liming (Figure 5.17).

It would be expected that regions of the collagen chain with the lowest melting temperature
would be the first to hydrolyse, yet curiously, it was found that the melting temperature has no
effect on the hydrolysis of that position (Figure 5.23). Similarly, we expected that positions with
the highest number of polymorphisms (i.e. those regions most able to accept substitutions) would
be the most labile and thus be more prone to hydrolysis, because collagen’s structure, and

therefore its strength, is conferred by its unique sequence. However, it was actually found that
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the most conserved positions were more likely to be cleaved (Figure 5.26). Moreover, we found
that the region of high intensity hydrolysis has a similar melting point to the rest of the collagen
chain, and that it is less conserved (Figure 5.24). Lastly, there was no correlation between the

melting point and the extent of conservation of residues (Figure 5.29).

The deamidation of the skins was calculated using deamiDATE 1.0. In the non-outlier skins,
deamidation of both glutamine and asparagine increases during liming, and there was a clear
trend of increasing deamidation at higher half-times during liming. Additionally, the deamidation
of sites with 10,000 days half-time was found to have a very strong exponential correlation with
time. However, as in the previous two chapters, the extent of deamidation still exhibited high

variation.

The stillborn skin was an outlier as it had large amounts of non-tryptic cleavage (Figure 5.6), an
increased peptide count (Figure 5.15), and an increased depth before liming (Figure 5.21), yet
after the first liming time point it displayed similar characteristics to the other skins. As there was
only one stillborn skin, these results must be verified with subsequent replications. This indicates
that the skins of stillborn animals are biologically very different, possibly due to the breakdown
of collagen (and other proteins) during autolysis - the breakdown of cells after death. We
hypothesised that these damaged proteins are washed away in the liming process, which is why
the skin is similar to the other skins after liming. Additionally, this is consistent with the
hypothesis that stillborn skins were used to make uterine vellum (Fiddyment et al., 2015), as after
the liming process the skin is molecularly similar to that of the older sheep. Lastly, before liming
the stillborn skin displayed almost total glutamine deamidation (including high half-time sites),
but very limited asparagine deamidation. This is curious, as (chemical) asparagine deamidation
is a much faster reaction than that of glutamine. We attributed this instead to biological
deamidation, driven by a deamidase enzyme, though no proteomic evidence of this was found.
These deamidated peptides are then thought to be removed in the subsequent liming process,

which explains why they are not detected at other time points.
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6.2 Achievement of aims

This thesis had two main goals:

1) Understand the diagenetic forces acting on proteins through time; and
2) Use this knowledge to develop tools and methodologies to authenticate ancient

proteomes

This thesis has lead to the increased understanding of the diagenetic forces acting on
proteins through time (Aim 1), by characterising the extent of site-specific deamidation in
samples of various ages, and thereby demonstrating its potential to differentiate between modern
and ancient proteins (Chapter 3), by examining milk protein deamidation in a large dataset of
experimental and archeological samples, (Chapter 4), and by characterising the patterns of
hydrolysis, deamidation, and changes in proteome composition in animal skins during liming
(Chapter 5). Furthermore, it has also proposed a novel tool that authenticates ancient proteins
(Aim 2) (Chapter 3), and suggested guidelines for the reliable authentication of milk proteins
(Chapter 4).

6.3 Challenges

6.3.1 Open access data

As curators are becoming increasingly sceptical of requests for destructive sampling, it is
increasingly important to maximise the information gained from destructive analyses (discussed
in 2.5.2 and 2.5.3). One way of achieving this is by depositing published data in online

repositories, to encourage data re-use.

This thesis relied solely on the analysis of existing (both published and previously unpublished)
data. Although, in Chapter 4, large comparisons were possible (with 274 milk samples from six
articles), at the inception of this paper, a total of 15 articles were identified as reporting LC-
MS/MS results from ancient milk proteins. However, of these only six (the six included papers)

had openly shared their raw files, and the remaining nine refused a request to share their data.
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Open access sharing of data allows the independent validation of results, which is commonly
agreed to be a “cornerstone of science” (Moonesinghe, Khoury and Janssens, 2007). As mentioned
throughout this thesis, palaeoproteomics is plagued by seemingly contradictory remarkable
findings - if it was commonplace to publish open data, and therefore to verify other groups’

results, perhaps this would not be the case.

It is important to note that many studies do publish some supporting data. For example, out of
the eight published articles referred to above, five of them did include supplementary information
with peptide identification information. This does allow some rudimentary verification of results,
in that researchers can see how many peptides were found, if post-translational modifications
were reported, and if they are unique to the organism of interest. However, in order to perform

robust analyses that are comparable across datasets, the raw data files are required.

However, the onus to share open access data is not solely on the researchers themselves. The
process of data deposition is often complex and unwieldy, and this undoubtedly does not help to
encourage authors to upload their data. If this workflow was more streamlined by the data
repository, in tandem with journal submittance systems, we would likely see an uptick in open
access sharing. Finally, there would without a doubt be an increased pressure on the researchers

to publish their data if it was a criteria for submission in all journals.

6.3.2 Bioinformatics pipelines

Another challenge of palaeoproteomic data analysis is the choice of bioinformatics pipelines. As
previously mentioned, there exists a wealth of data analysis softwares, each with their strengths
and weaknesses. However, no robust comparative analysis of these has been carried out for
ancient protein data - and it is common that researchers will analyse the same data with different
software in order to maximise results (Schroeter et al., 2017; Mays et al.,, 2018; Cappellini et al.,

2019).
Moreover, once the software (or software combination) is chosen, there are a multitude of

different parameters that can be used to maximise peptide identification. For example, the

variable and fixed modifications, the digestion mode (specific, semi-specific, or unspecific), and
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the application of score filters and/or false-discovery rate cutoffs can undoubtedly affect peptide
identification. Of particular interest is the digestion mode, where the user specifies the “type” of
cleavage expected, which does not only rely on the protease. Specific digestion limits the search
software to only seek out peptides that have been cleaved by the selected protease at both the N-
and C- terminus. However, ancient proteins are expected to be fragmented prior to any protease
involvement, which means that they often do not exhibit specific cleavage patterns. For this
reason, semi-specific digestion is often chosen, which includes peptides that have at least been
cleaved by the protease at the C-terminal side. Lastly, unspecific mode means that no protease is

used in the search (regardless of whether or not it was used in the sample preparation).

That being said, the driving force behind whether or not a protein is detected is the database
selection. Choosing too restricted a database will effectively force the software to identify
proteins incorrectly, as the peptides better matching the spectra were not included. In these
cases, the peptide score will be negatively affected due to the non-perfect match. However, as
there is no commonly agreed upon score cut-off for palaeoproteomics (Hendy et al, 2018c) as
very few spectra-peptide matches are as conclusive as those in modern proteomics. Thus, small
differences in amino acid composition are unlikely to be detected without careful manual

inspection of the spectra.

Conversely, too large a database is also far from ideal. The largest databases will have many
thousands of proteins that are irrelevant to the sample of interest, and as every spectrum needs
to be compared to a theoretical spectrum generated from each possible peptide in the database,
this increases the search space (the time and memory it takes to perform the search)
exponentially. This is especially a problem while using a semi- or unspecific digestion mode, as
with specific digestion assumptions can be made about the N and C termini amino acids.
Additionally, peptides identified this way will be subject to an increased rate of false-positives, as

this is partially calculated by matches to a decoy database.

Furthermore, search algorithms are often not optimised for palaeoproteomic data, which is often
damaged, modified, and exists in low abundance. Focusing instead on modern data, all search
tools will have a bias towards the characteristics of most proteomics data. There is a wealth of
untapped information in every run of the mass spectrometer, as in palaeoproteomic studies, it is
common that just a miniscule fraction of the spectra are matched to a theoretical mass. However,
this is an ongoing area of research, with MaxQuant undergoing optimisation for ancient proteins,

and researchers looking into optimising search algorithms in order to maximise spectral matches.
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In this early stage of the field there can be no concrete guidelines on the “best practice”
parameters, as every sample and protein mixture is different, so the result is often that multiple
data analysis steps required in a “trial and error” approach (e.g. (Schroeter et al, 2017; Mackie et
al, 2018)), where an initial search with a large database, but strict score cutoffs and a specific
digestion mode is carried out in order to inform the general content of a sample. Subsequent
searches with a more restrictive database, yet more inclusive match criteria are then performed
in order to maximise the amount of valid information retrieved. (Froment et al.,, 2020). Because
of this, it is of the utmost importance that previously published raw data is publicly available, as
it allows the reanalysis of irreplaceable data with the latest bioinformatics tools as they are

released.

6.3.3 Authentication of low abundance data

Cooper and Poinar (2000) and Gilbert et al, (2005) both mention ‘appropriate molecular
behaviour’ as one of their criteria for authentication of ancient DNA sequences. That is, that truely
ancient sequences should bear characteristic patterns of damage, the presence of which can be
used to differentiate ancient and modern genomes (Krause et al., 2010; Skoglund et al., 2014).
The most common form of damage used to authenticate DNA is cytosine to thymine (C-to-T)
misincorporations at 5’ ends (Hofreiter et al., 2001; Briggs et al., 2007; Key et al., 2017), which is
caused by the deamination of cytosines to uracils, that are then misread by DNA polymerases as
thymines (Peyrégne and Priifer, 2020). Measures of cytosine deamination at 5’ overhangs are
commonly used to authenticate genomic sequences (Helgason et al., 2007; Skoglund et al., 2014),
and quantify contamination (Renaud et al., 2015; Meyer et al., 2016). Although peptide sequences
are much more complex than that of DNA (as proteins have four times as many “bases”, and the
added problem of a non-uniform structure), we argue that the authentication of proteins could
work in a similar manner - the more damaged a sequence, the less likely it is to be a modern

contaminant.

Even with the development of software tools, such as deamiDATE 1.0, that aim to authenticate
palaeoproteomics data, not all data can be reliably authenticated. The strength of authentication
results from the size of the data set, if it is insufficient, it is inadvisable to draw conclusions as to
the authenticity of the results. For example, taking an analogy from the field of ancient DNA, Smith

and colleagues (2015) reported detecting the earliest ever evidence of wheat in the UK. However,
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the coverage across the genome was not sufficient for the authentication tool mapDamage
(Ginolhac et al, 2011; Jonsson et al, 2013) to provide an estimate of the authenticity of the

sequences.

As these low abundance biomolecules are often of considerable archaeological interest, it is
imperative that they are subject to some criteria of authentication. Even if a protein identification
can be made using two peptides (Hendy et al,, 2018c), it is unlikely that said protein can be
authenticated using deamidation alone. The peptides may not include a deamidating residue, and
even if they both do, two data points is not sufficient. Researchers may be lucky, and have one of
the proteins contain a high half-time residue that is deamidated. This would be the greatest
evidence possible using deamidation alone. However, it is much more likely that they are unlucky,

and there is either no deamidation, or the residue has a low half-time.

In order to combat this, multiple lines of evidence must be taken into account when
authenticating this type of data. For example, whether the deamidation of proteins likely to be
endogenous correlates with the deamidation of the protein of interest, whether the protein of
interest is detected in the laboratory blanks, and whether the presence of the protein of interest
would be easily explained by current archaeological knowledge. Using a combination of these

questions, it should be possible to reliably authenticate low abundance proteins.

6.3.4 Age versus environment

Lastly, one of the biggest challenges this research faces is how to differentiate between genuinely
ancient proteins and exogenously damaged proteins. Schroeter and Cleland (2016) argued that
glutamine deamidation is not an indicator of the age of a sample, but of the sample’s
preservational quality. It is impossible to deny that there are indeed factors other than time that
influence the rate of deamidation - for example environmental factors such as pH and
temperature, discussed in 2.2.1.2. This logic applies to all of the methods of degradation discussed

in 2.2.1.

For this reason, it is difficult to compare the extent of diagenesis in samples with very different
depositional histories. This can be somewhat counteracted through the use of tools such as
thermal age (Smith et al., 2003), which normalise samples’ age to account for the temperature of
a site. However, such tools are not available for every rate influencing factor, and the calculation

of the effect of a multitude of factors would likely be intractable.
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Nevertheless, comparisons between different samples at the same or similar sites are less
affected by these factors, as they share the same environment - therefore less of the variation is
due to external factors. Lastly, perhaps the most robust comparison is between different proteins
in the same artefact (such as egg and human proteins in Chapter 3). Protein groups that come
from the same sample should have an intrinsically shared history. For example, it is often useful
to compare the extent of deamidation in a protein that is expected to be endogenous to a sample
(e.g. collagen in bone), with the deamidation in the protein of interest (e.g. dietary proteins) - if
these are within the same range of deamidation values, they likely originate from the same time.
However, this ignores the fact that different proteins will deamidate at different rates. As such,
more analysis into the kinetics of protein degradation will shed much needed light on this

problem.

6.4 Implications

One of the major products of this thesis is the development of deamiDATE 1.0 - a software tool
for the authentication of proteomics results. The existence of such a tool ought to put more
pressure on researchers to authenticate their data. Moreover, if raw open access data is available,
the existence of deamiDATE means that researchers are able to investigate the authenticity of
previously published datasets. This will lead to more robust interpretation of palaeoproteomics
results, and add another layer of evidence to remarkable findings. Indeed, deamiDATE has
already been used in four studies (Mackie et al., 2017; Mays et al., 2018; Charlton et al.,, 2019;
Wilkin et al, 2020), and is used by researchers on an ad-hoc basis to verify their results.
Additionally, this thesis has also explored cases where deamiDATE alone cannot provide robust
authentication, and suggested guidelines for these cases. Although deamiDATE can generally
discriminate between modern and contaminant proteins of high abundance, it is less suitable for
use on a few, isolated peptides, such as studies aiming to identify dietary or disease-causing
proteins in complex mixtures - for example in the microbiome. As discussed in 6.3.3, these cases
should require multiple lines of evidence to reliably authenticate. As such, deamiDATE is best
applied in the authentication of proteins of natural high abundance (e.g. collagen in bone), or
proteins identified confidently, with many proteins originating from the same species or

proteome (e.g. the milk proteins identified in ceramic vessels by Hendy et al, (2018b)).
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Lastly, this thesis has elucidated some of the patterns of damage in truly ancient proteins, and
discussed some of the mechanisms behind them. This increased knowledge about how proteins
fall apart can a) inform the development of other methods of authentication and b) inform

conservation efforts of museum materials.

6.5 Future work

This thesis represents a step forward in the development of analytical software tools for
palaeoproteomics, an area which has been hitherto somewhat neglected. As discussed in 2.4.3,
there is a considerable amount of work going into optimising wet lab protocols for ancient
samples (Jiang et al., 2007; Wadsworth and Buckley, 2014; Schroeter et al, 2016; Le Meillour et
al, 2018; Lanigan et al.,, 2020); but the dry lab lags behind. Advancement in this area, which can
only be made possible by large-scale analyses of the patterns of degradation, is key for the

progress of the field.

This applies to all stages of proteomic data analysis - from the search algorithm to data
exploration and authentication. For most ancient protein projects (certainly all [ have been a part
of), most of the computational time is used by the search software, rather than the downstream
analysis. This is the inverse to the field of palaesogenomics, where mapping reads to the genome
of interest (roughly equivalent to the database search step in proteomics) is extremely quick
compared to the analytical bioinformatic pipelines. This implies that there is room for
considerable growth in the downstream analyses of proteomics data. For example, as mentioned
in 6.3.2, most current experiments see only a few percent of spectra successfully matched to a
database. Improvements in search algorithms could increase this number, leading to more

successful and reliable identifications, and therefore more archaeological insight.

Furthermore, experiments using artificial aging and closed systems could provide more insight
into protein breakdown. By minimising the number of variables involved, it may be more simple
to fully explore the patterns of diagenesis induced and the mechanisms behind them. Moreover,
as proteins are structurally complex, different proteins will degrade in different ways and at
different rates. For this reason, analysis should focus on proteins of archaeological interest. The

more these strategies improve, the more essential it will be to revisit old datasets.
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Lastly, the name deamiDATE 1.0 strongly implies that it is simply the first step. One of the most
important updates will be to include more post-translational modifications, as they act at
different rates and under different conditions, and are well characterised and detected by their
unique mass-shift. Nevertheless, including more PTMs will increase the search space, and
therefore peptide identifications will become less reliable as the possibility for false positives
increases (Froment et al.,, 2020). Therefore, it is imperative that deamiDATE 2.0 only quantifies
PTMs that would be included in the search step for biological reasons (e.g. oxidation), rather than
just as another line of evidence. One of the characteristics of authenticity used by palaeo
geneticists is sequence length (Wall and Kim, 2007), as DNA sequences fragment due to
hydrolysis over time. However, this is not directly applicable to palaeoproteomics, as sample
preparation commonly (though not always, see (Demarchi et al, 2016; Welker et al, 2019))
includes the use of a protease that cleaves sequences to a shorter length (Lanigan et al., 2020).
Nevertheless, measures of non-tryptic cleavage or the abundance of “pac-man peptides” (those
that exist in increments of one amino acid), could also be added to deamiDATE 2.0. Together,
these changes will provide more nuanced information to the differentiation of ancient and
modern proteomes. However, more modifications will also increase the complexity of the results.
In order to combat this, deamiDATE 2.0 will compare the characteristics of a given protein with
other known-age proteins in a database using machine learning methods, and be able to produce
a similarity score. Thus, proteins are not classified as either modern or ancient, but can be

narrowed down to a more precise date range.
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6.6 Conclusion

This thesis aimed to (a) investigate the diagenetic forces acting on ancient proteins by quantifying
the patterns of degradation in truly ancient proteins, and (b) use this knowledge in order to
develop tools to authenticate results. In the development of deamiDATE 1.0, this study has
introduced a novel tool which can aid the differentiation of ancient and modern proteomes using
deamidation. Furthermore, a large-scale meta-analysis showed that the deamidation of milk
proteins and collagen in the archaeological record is highly variable. Therefore, although it is a
useful tool, deamiDATE alone cannot reliably authenticate such proteomes, and further
guidelines for the authentication of low abundance and common contaminant proteins are
suggested. This study’s last contribution is an exhaustive data analysis of the degradation of
collagen in limed skins, which discovered a hotspot of hydrolysis in the collagen chain. These
results represent a step forward in understanding the diagenetic forces acting on truly ancient
proteins, and thus enable the development of more robust methods of authentication. Although
this research makes a substantial contribution, in future work it is of the utmost importance that
more attention should be given to the development of software specialised to palaeoproteomic
datasets. This can only be driven by the comprehensive analyses of large-scale datasets, which, in

turn, are only possible if researchers deposit their published data in open-access repositories.
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Appendix A, Table 1

The LC-MS/MS raw data produced in this study and Mascot search results are available in the
public database on the MassIVE repository (ID: MSV000084284; http://massive.ucsd.edu).

Supplementary Table 3.1 presents the run order and file names for each sample.

QE781_MSQ1032_ QE781_MSQ1032_201

20170512 _Krista |QE781_MSQ1032_20170 |70512_KristaMcGrath

Extraction McGrath_eBK1_cal |512_KristaMcGrath_eBK1 |_eBK1_calculus_5_F14
Blank eBK culus_5.raw _calculus_5.mgf 9524.mzid

Injection |Preblank_V |QE781_Preblank_ |QE781_Preblank_vvh01_5|QE781_Preblank_vvh

Blank VHO1 vvh01_5.raw .mgf 01_5_F149645.mzid
QE781_MSQ1032_ QE781_MSQ1032_201
20170512 Krista |QE781_MSQ1032_20170 |70512_KristaMcGrath
Whitehawk McGrath_VVHO01_c |512_KristaMcGrath_VVHO _VVHO1_calculus_5_F
SK1 VVHO1 [alculus_5.raw 1_calculus_5.mgf 149525.mzid

Appendix A, Table 1: Tandem mass-spectrometry run order and information on proteomic files

uploaded to the MassIVE repository
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Appendix A, Table 2

Sample
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

Protein

sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1,
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.

>
>

O 0 0 O OO0 OZZ2Z2ZZ2ZZ2ZZ2ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ

Q

RelNonDeam

1
0.5996408806
0.8781611535
0.8860766561

0
0.8861693678
0.7788232723
0.8407217441
0.9107342657
0.7079992001
0.8847352688
0.7508019697
0.3840984356
0.8927951497
0.8601954151

0.602493378
0.5624433829
0.8968080748
0.4858555837
0.5830133574
0.9845976742
0.0688257655

0.77664985

1
0.5498419574

1

1
0.7037545819
0.6322693381
0.9798433751

1
0.6220346919
0.9027375964

0.830767095
0.9210607433

1

0.8382683642

0.855341226
0.8395089545
0.7290597091
0.6294262789
0.5248780701

1

1
0.7648695709

Protein

COL1A1TN
COL1A1N
COL1A1N
COL1A1TN
COL1A1N
COL1A1TN
COL1A1TN
COL1A1N
COL1A1TN
COL1A1N
COL1A1N
COL1A1TN
COL1A1N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A2N
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1 Q
COL1A1 Q
COL1A1 Q
COL1A1 Q
COL1A1Q
COL1A1 Q

Name

Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark N
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

JEE I (U U U U U WS UL U RS U I U I U U U L U . §

sp|COHJN3|CO1,
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN3|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1,
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJN4|CO1.
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|COT,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO1,
sp|COHJP1|CO,
sp|COHJP1|CO1,

OO0 O OO OOV OO O PP ROV OV PL OO PV PLPL DL O OLOL O L PL P L O

9]

N
N
N
N
N
N
N
N
N
N
Q
Q
Q
Q

1
0.609252128
0.7985589563
0.8758019984
0.909527464
0.7762897279
0.7361422535
0.7573264327
0.5733095469
1

0.8332878
0.8525670791
0.8819234035
0.6156022302
0.9517496105
0.8604209263
1
0.9901317545
0.794259878
1
0.7459862909
0.8560210742
1
0.864336977
0.7861847511
0.8019477177
0.6801056538
0.9070000777
0.5000329861
0.9097258973
1
0.6847153147
0.918586105
0.5701218837
0.0428369285
0.151712551
0.1825344114
0.53840222
0.8664272944
0.9183261559
1
0.0672006294
1

1
1
1

COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q

Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Aardvark Q
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater Q
Anteater Q
Anteater Q
Anteater Q
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R I USRS G U (U U UL U UL U UL G I U U U U UL (L U (U U U U U U (UL UL L U UL U G U G U U U UL (L (UL U U G U U U U UL UL L UL U U U I U U I U U §

sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q

0.9034075832
0.985863056
0.9712050676
0.8544104326
1
0.9220096093
1
0.7102151931
0.9411994692
0.6423473351
0.9162210331
0.7733026093
0
0.1802747688
0.9372535765
0.8041095271
1
0.4069653622
1
0.505462476
0.9602784415
0.9397871817
0.0996001358
0.0503074545
0.0718363293
0.9959022415
0.6896981732
0.774379198
0.7358436735
0.1349100325
0.3655060263
1

0
0.436177433
1

0

1

1
0.9154891168
0.3705928113
0.6731963333
0.8231244654
1

1
1
1

COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q

Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
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NN N DN DN DD DNDNDNDNDNDNDDNDDNDNDNDNDNDNDDNDDNDDNDDNDNDNDDNDDNDDNDDNDNDNDNNDDNNDNDNDDDNDMDNDMDNMNDNNMNDNDMDNDNNMDNNMDNMNDNDNDNDASD A A A A

sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1.N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. N
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP1|CO1. Q
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N

0.9749673924
0.9508954462
1
0.7754761101
1
0.8244071332
0.5984130522
0
0.1606622205
0.1666519686
0.9927769083
0.6326243377
0.7696883956
1
0.0910064784
0.9538633628
1
1
0.9143064423
0.9737268754
0.9691084139
0.8469359568
1
0.9286643821
1
1
0.6818124072
0.7691605948
0.9100940633
0.8478432048
0.7636501463
0
0.1344400666
0.9240048704
0.8100868298
1
0.9152186775
0.1461311809
1
0.8612848383
0.9625455613
0.8741570355
0
0.0505591435
0.1841822391
1

COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N

Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

N NN DN DN DN DNDNDNDDNDDNDDNDDNDNDDNDNDNDNDDNDDNDDNDMDNDMDNMNDNDMDNDNDNDDND

sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. N
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJP2|CO1. Q
sp|COHJN5|CO1. N
sp|COHJN5|CO1,
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1,
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1. Q

OO0 O0ODOLOLDOLPODPLPODPOLPODZZZZZZZ

0.6736125116
0.6183325964
0.7623338917
0.1380784971
0.2227079295
1
1
0.4463766398
1
0
1
0.0571489648
0.8921328403
0.8425089426
0.6710426089
0.8378986318
1

[ U U G @b S N

0.8139969906
0.9132635275
0.9461322155
0.9559284119
0

1
0.062225688
0.013971448
0.1300248429
1
0.959530746

(S U U G e G S - ]

0.9857202608
1
0.9602018304
0.993978685
0.9887502807
1

COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2N
COL1A2N
COL1AZN
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q

Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater N
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Anteater Q
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

N R R L R S N S - >N

sp|COHJN5|CO1,
sp|COHJN5|CO1.
sp|COHJN5|CO1,
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1.
sp|COHJN5|CO1,
sp|COHJN5|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNB|CO1.
sp|COHJNG|CO1.
sp|COHJNG|CO1.
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|CO1,
sp|COHJP5|COT,
sp|COHJP5|CO1,

Q

O 0 O OLOLODOVDPLPOLOL PP PLZZ2ZZ2ZZ2ZZZZZZZZZZPOPLPLPOLOLOOOO

Q
N
N
N
N
N
Q
Q
Q
Q

1

1

1
0.9853772572
0.9919567196
0.997183081
1

1
0.8099756931
1

0

1
0.9753481387
1

1

1
0.0873592633
0.0353545119
0.0884828744
0.9691681725
1

0
0.7946855468
1

1
0.9759531439
1

1

1
0.980794374
0.9407558338
0.9930762175

1
1
1
1
1
0
0
0
0
0

0.1873204731

0
0.3261758419
0.1067316032

COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q

Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo N
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo Q
Hippo QSample
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
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sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJPS|CO1. N
sp|COHJPB|CO1, N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJP5|CO1. N
sp|COHJP5|CO1. N
sp|COHJP5|CO1. N
sp|COHJP5|CO1. N
sp|COHJP5|CO1, N
sp|COHJP5|CO1. N
sp|COHJP5|CO1. N
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q

0

0
0.4374772147
0

0
0.083465347
0.1934250036
0.2494266914
0.1434902546
0

0

0
0.0381581054
0.0563082577

0
0
0
0
1

0.1816493897
0

0

0
0.0249709324
0.0813626804
0
0.0341288402
0
0.135405089
1

0
0.1517874902
0.0423571488
0.2845902583
0.2030729488
0.0294329638
0
0.0137319246
0.0635278053
0
0.0774272414
0.0081884953
0.088305944
1
0.022323848
0.1070889984

COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q

Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
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sp|COHJP5|CO1. Q
sp|COHJP5|CO1. Q
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJP6|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1, N
sp|COHJP6|CO1. N
sp|COHJPB|CO1, N
sp|COHJP6B|CO1. N
sp|COHJPB|CO1. N
sp|COHJPB|CO1. N
sp|COHJP6|CO1. N
sp|COHJPB|CO1. N
sp|COHJPBICO1, N
sp|COHJP6|CO1. N
sp|COHJPB|CO1, N
sp|COHJP6B|CO1. N
sp|COHJPB|CO1. N
sp|COHJPS|CO1. N
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJPB|CO1. Q
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. N
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q

O O O o o o

0.031760173
0
0.0243522411
0.0141036994
0.1114056314
0
0.0937935007
0
0.2290198894
0

0

0

0
0.0487222034
0

0
0.0502057171
0
0.2142053745
0.218220795
0.0661347497
0

0
0.0493230554
0
0.879896046
0.4827820661
0.7182704969
0
0.6063379967
0.9251224303
0

0
0.1600653132
0.403036309
0.8592118254
0.9941414075
0.8144088317
0.7754939578
0.2716014898

COL1A1Q
COL1A1 Q
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1A2 Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q

Macrauchenia Q
Macrauchenia Q
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia N
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Macrauchenia Q
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
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Default
Default
Default
Default
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Default
Default
Default
Default
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Default
Default
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Default
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP3|CO1. Q
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1, N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1, N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1, N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1. N
sp|COHJP4|CO1, N
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJP4|CO1. Q
sp|COHJIN7|CO1.N
sp|COHJIN7|CO1. N

0.7356403187
0.6455778358
0.8035037109
0.920993828
0.6839682804
1
0.1056827115
0.2465158128
0.0447350301
0.9897257855
0.8385773105
0.9251224303
1
0.6668745182
0.5973192187
0.5572307507
0.9724700715
0.1177637126
0.635577042
0.6898266624
0.2941211993
0
0.0308738854
0.9714338144
0.3536250957
0.9401321321
0
0.2302714378
0

0

1

1
0.8650782149
0.6707812979
0.8603702279
0.4946306178
0.9719455534
0
0.9343696364
0.9604073487
0.9491216187
1
0.8995008203
0.7196925058
0.8106129799
0

COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A1Q
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A2Q
COL1A1TN
COL1ATN

Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon N
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Mylodon Q
Tapir N

Tapir N
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Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
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Default
Default
Default
Default
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Default
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Default
Default
Default
Default
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Default
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sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJN7|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
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Q

1
0.0860349817
1
0.0467395531
0.8873125752
1
0.9426879553
0
1
1
1
0.9954983403

1
1
1
1
1

0.8947301183
1
1
1
0.9854252495
0.9482220718
0.9842346752
1
1
0.9668266916
1
0.9934651609
1
1
0
0.9412625174
0
0.0971086033
0.7986699348
1
0
0
0.9458608983
0.5693277856
1
0.0543576985
0.9978808859
1
1

COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1ATN
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
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COL1A1Q
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COL1A1Q
COL1A1 Q
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2Q
COL1A2 Q
COL1A2Q

Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir Q
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir N
Tapir Q
Tapir Q
Tapir Q
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Default
Default
Default
Default
Default
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Default
Default
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sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJNS|CO1.
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1.N
sp|COHJP7|CO1. N
sp|COHJP7|CO1.N
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N

O 0 O OO OL O

9]

0.9735778049
0.9520639413
0.9850377126
0.9563306139
1

1

1
0.890380588
0.1599889589
0
0.1637030861
0.1572944643
0.4501448332
0.2978587226
0.1573326118
0.4662005488
0.5440624259
0.7357540608
0.2867856943
0.6417927266
0.366401212
0.5654945055
0.4521661919
0.8404591186
0.1719752057
0.0378151105
0.7148586855
0.3945399918
0.3728620786
0.5611628139
0.2680958346
0.4028134651
0.132234972
1

0
0.4005679797
0.2155836012
0.3011074672
0.2724814074
0

0
0.3196884834
0

0
0.0792547113
0.0941951067

COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1A1TN
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A2N
COL1AZN
COL1A2N
COL1AZ N
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N

Tapir Q

Tapir Q

Tapir Q

Tapir Q

Tapir Q

Tapir Q

Tapir Q

Tapir Q

Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
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N NN N DN DN DNDNDNDNDNDNDNDDNDDNDNDDNDNDNDNDNDNDDNDDNDDNDNDNDMNDNNDNDNDDNDMDNNMDNNMDNNMDNNMNNNNNMNNNMNA2SGD A A A A a A a aa

sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1, N
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N
sp|COHJPS|CO1. Q
sp|COHJP8|CO1. Q
sp|COHJP8|CO1. Q
sp|COHJP8|CO1. Q
sp|COHJPS|CO1. Q
sp|COHJPS|CO1. Q
sp|COHJP8|CO1. Q
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. N
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJP7|CO1. Q
sp|COHJPS|CO1. N
sp|COHJP8|CO1. N
sp|COHJPS|CO1. N

0.4079820867
0
0.1560753682
0.1678956744
0.1569116642
0
0.4037217706
0.3703217403
0.3630671169
1
0.4950917461
0.5091440205
0.3059134933
0.2594013374
0
0.0617951692
0.1082746562
0.6163851579
0.155644337
0.5407783049
0.6040474172
0.7087828438
0.4715772427
0.2372480177
0.5959656141
0.8059515009
0.4453621673
0.5638814898
0.9115287385
0.2676419529
0.0413811085
0.7290276745
1
0.4797117062
0.6608727738
0.4632114704
1

1
0.5488257346
0.2849810423
1
0.5482697649
0
0.3982210512
0
0.3500673397

COL1A2N
COL1AZN
COL1A2N
COL1A2N
COL1AZN
COL1A2N
COL1A2 Q
COL1A2Q
COL1A2Q
COL1A2 Q
COL1A2Q
COL1A2Q
COL1A2 Q
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1TN
COL1ATN
COL1ATN
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A1Q
COL1A1 Q
COL1A1Q
COL1A2N
COL1AZN
COL1A2N

Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon N
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon Q
Toxodon N
Toxodon N
Toxodon N
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2 sp|COHJP8|CO1, N 0.1092162257 COL1A2 N Toxodon N
2 sp|COHJPS8|CO1. N 0.2977952879 COL1A2 N Toxodon N
2 sp|COHJP8|CO1, N 0.1138361182 COL1A2 N Toxodon N
2 sp|COHJP8|CO1. N 0.2011808303 COL1A2 N Toxodon N
2 sp|COHJP8|CO1. N 0.5323249795 COL1A2N Toxodon N
2 sp|COHJP8|CO1. N 0 COL1A2N Toxodon N
2 sp|COHJP8|CO1. N 0 COL1A2N Toxodon N
2 sp|COHJP8|CO1. N 0.0706278488 COL1A2 N Toxodon N
2 sp|COHJP8|CO1, N 0.1138060685 COL1A2 N Toxodon N
2 sp|COHJP8|CO1. N 0.5957603832 COL1A2 N Toxodon N
2 sp|COHJP8|CO1, N 0 COL1A2N Toxodon N
2 sp|COHJP8|CO1, N 0.1170751816 COL1A2 N Toxodon N
2 sp|COHJPS8|CO1. N 0.5366017714 COL1A2 N Toxodon N
2 sp|COHJPS|CO1. N 0.5526433842 COL1A2 N Toxodon N
2 sp|COHJP8|CO1. N 0 COL1A2N Toxodon N
2 sp|COHJP8|CO1. Q 1 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 0.4983758098 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 0.5009029241 COL1A2Q Toxodon Q
2 sp|COHJP8|CO1. Q 0.560487029 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 1 COL1A2Q Toxodon Q
2 sp|COHJP8|CO1. Q 0 COL1A2Q Toxodon Q
2 sp|COHJP8|CO1. Q 0.5918655389 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 0 COL1A2Q Toxodon Q
2 sp|COHJP8|CO1. Q 1 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 0.5518323687 COL1A2 Q Toxodon Q
2 sp|COHJP8|CO1. Q 0 COL1A2Q Toxodon Q

Appendix A, Table 2: Bulk deamidation in model dataset, showing the protein, amino acid,
relative remaining (non-deamidated proportion) and the sample.
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Appendix A, Table 3

Half-time
650
620

630
1.18

0.96
1.26
750
1.14
700
7200
10000
640
4500
1.45

5900
660

7600
224
11.8
48.2
28
211
620
630
1.18
610
800
1.02
1.14
5700
1.08
10000
5900
5900
660
39.8
224
57.8

287
48.2
211

650

RelNonDeam

0.0483131941
0.7206461859
0.8855415691
0.7860995585
0.6636907715
0.9845976742
0
0.7083374178
0.8724233437
0.7508019697
0.909527464
0.8457247341
0.6383104842
0.6156022302
0.7648695709
0
0.8977246013
0.7284071857
1
0.5498419574
0.573028807
0.8750477185
0.885770462
0.8861693678
0.9107342657
0.8404947727
1
0.870524835
0.6418289753
0.9070000777
0.7012863131
0.5856852474
0.6644718844
0.7459862909
0.5810316008
0.5577319901
0.8326053999
0.6847153147
1
0.8968080748
0.0688257655
0.6200382377
1

1
0.9207787029
0.9830256132
1
0.6675307861

Size

102.4594466
115.8345627
142.5722257
130.9638186
110.7015873
105.6409328
114.3368229

132.601785
101.6524923
116.1302049
125.4228802
139.6985671
103.5389452

149.576382
114.4929303
105.7372737
107.4103602
125.1698262
100.5191168
105.6409328
133.5174682
101.7951287
112.4801453
109.7896074
114.3368229
134.4878471
102.4493994
107.1035131
122.2709412
104.4010835
105.3151461

107.188194

104.143363
155.4871622
138.1007382
106.2537383
100.6163165
110.4739046
100.7594847
101.9740338
107.8958826
117.7349196
100.5569695
100.3481457
127.5260549
103.5624367
100.4791456
100.7366393

Protein
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN3|CO1A1_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN3|CO1A1_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJIN4|CO1A2_ORYAF
sp|COHJP1|CO1A1_CYCDI

Sample
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Cyclopes.1

Name

Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Aardvark
Anteater
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0.9480870885
0.7797272034
0
0.151712551
0.9373458794
0.9076420545
0.1825344114
0.9081930213
0.64936286
0.3710449109
0.9708450504
0
0.9134287093
1

1

1

0.53840222
0.9136277371
0.9183261559
0.5660207595
0.8664272944
1
0.8538199146
0.0607744072
1
0.9508954462
0.85579696
0.774379198
0.0996001358
0
0.1349100325
0.7754761101
0.7067164602
0.6731963333
1

1
0.8696739742
0.8778821637
0.4509092329
0.3655060263
0.9959022415
0.7358436735
0.9394059162
0.9371750393
0.9116183149
1
0.9177291681
1

0

113.8897787
119.1799616
107.9599962
130.0794436
109.9372583
104.9369479
119.6302641
152.9631369
106.8052191
104.7058354
117.3772166
109.2184714
118.9924413

101.398756
133.0387844
100.5268034
113.5828982
105.5754457
113.5828982
109.8752711
117.1812369
101.1495363
103.4352165

114.682174

102.187537
109.3616443
105.9165296

102.187537
101.6933161
100.8067932
115.2160444
111.5502189
103.4093606
104.8992124
101.5290523
106.4809304
108.7778753
109.3266049
105.0733886

102.187537
210.4013995
105.4457306
105.4351977
114.9591378
110.0314876
101.8644379
151.3729755
101.5116179
107.9657557

sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI

Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.1
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2

Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
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1
0.8427340328
1
0.9927769083
0.7271614346
0.8128354266
0.9691084139
0.7696883956
0.5984130522
0.1666519686
0.7467513967
0
0.6326243377
0.8825750637
0.1606622205
0
0.7909996893
0.1122778134
0.9132635275
1
0.8444065582
0.6183325964
0

0
0.1380784971
0.8139969906
0.9026981269
0.6710426089
1

1
0.8612848383
0.8728029934
0.563750051
0.2227079295
1
0.7623338917
0.8741570355
1
0.9799159564
0.0353545119
0.0884828744
1

1
0.9013273528
0.9428648557
1
0.0176849041
0.9517785924
0.9753481387

100.6190507
119.9866182
139.8771137
118.7153605
118.4192479
106.0440473
117.0887116
118.7153605

112.620902
119.0187489
106.4370731

112.620902
107.2703418
105.3553041
134.9612161
100.6370238
104.6806416
115.8460266
104.1911662
109.0348861
109.4372559
104.1911662
101.6274797
101.1781911
118.9695882

112.432984
106.7646478
104.6473136
100.6629749
106.1942345

111.615378
108.3160042
104.8759105
104.1911662
190.8782259
105.2998761
104.8305971
115.4024508
195.0500518
141.5633616
132.4395265
137.2718135
122.9517024

135.355318
122.1443138
104.4726698
111.4992224
348.7600023
147.8366221

sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP1|CO1A1_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJP2|CO1A2_CYCDI
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM

Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Cyclopes.2
Default

Default

Default

Default

Default

Default

Default

Default

Default

Default

Default

Default

Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Anteater
Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo

Hippo
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1.03
1
750
800
650
620
10000
1
700
7200
224
630
640
11.8
1.26
4500
1.45
28
5900
610
211
750
7600
10000
7200
224
630
640
211
1.26
1.45
5900
610
1
7600
10000
1.18
224
630
-1

1
287
1.14
1.08
650
10000
7200
224
630

[ U U U G e TN

0.959530746
0.0613637583
1
0.9868883668
0.9559284119
0.988034031
0.9936644339
1
0.1252989032
0.5162653035
0

1
0.9833828653
1
0.9457136942
0.9976919015
1

0
0.0658276114
0
0.0849293546
0.2098475091
0

0

0
0.1067316032
0.1314123074
0

0

0

0
0.0563082577
0.1585793051
0

0
0.0381581054
0

0

0

0
0.0139527775
0.0341288402
0.0658584218

120.3909474
120.3767445
126.7415777
123.8490891
113.5237012
138.5024124
125.7494233
299.4498078
128.2854112
138.4602448
129.6599635

131.699851
212.9171469
100.3632142

176.822931
105.0451031
107.4381431
103.9340354
148.7586219
133.7450433
156.8021243
132.8047061
127.9389519

283.069264
240.2373911
199.2351936
216.7614423
238.1637592
150.9962967
202.6080944
145.6949795
211.9939499
139.9381766
618.0603787

185.192219
294.2829431
212.6501669
217.7637755
277.2727828
680.2178572
134.8048306
171.7871677
209.3715239
221.8240796
106.1881466
125.2199093
118.8556102
133.5115708
119.3437525

sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJINB|CO1A2_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJIN5|CO1A1_HIPAM
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX

Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

N N N N DN D A a a b A a o o a o a

Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Hippo
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
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640
211
660
1.26
4500
1.45
5900
1.14
610

750
7600
620
10000
1.18
1.08
630

57.8
11.8
224
5900
1.02
287
660
28
1.14
5900

800
650
620
630
700
7200
224

10000
640
11.8
1.26
4500
211
28
1.14
610

0.96

0.0681462417
0

1
0.0820182053
0.088305944
0
0.1903663214
0.135405089
0
0.0252792444
0.0774272414
0

0

0
0.0416370809
0.0986481577
0.0569618979
0.0240421488
0

0

0

0
0.0421349947
0.2145814985
0.2142053745
0
0.0314115445
0

0
0.0410746435
0
0.8832961223
0.5781735486
1
0.6429058315
0.5351133472
0.6898266624
0.6496695442
0.0629314318
0
0.4074646877
0.8385773105
0.7182704969
0
0.4827820661
0.8035037109
0.9799806512
0
0.1627915271

145.8895371
124.3798956
111.2832425
133.2350368
102.5089751
103.5946925
125.8654934
103.0201006
114.6081923
323.8165142
105.5583033
131.8139387
104.8559263
121.4485859

122.277266
112.1890173
127.4506275

142.132225
112.3215988
105.7451768
135.6708158
104.4925766
106.0122119
112.1037827
103.3780593
101.5598786
122.7699165

102.650856
118.0599601
108.3272124
101.2870187
128.7368515

136.288288

128.626925
161.2051061
102.8797931
130.6621005
116.9191278
120.9563971
129.5438759
151.2613044
119.5501041
112.7342629
106.4285369
123.1970579
129.8566131
178.2702812
106.4285369
234.5037627

sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJP5|CO1A1_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJPB|CO1A2_MACSX
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA

Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

N N N DN DN DNDNDDNDNDDNDDNDNDDNOODNDNDDNDDNDNDDNDNDDNDDNDDNDDNDNDNMNDNDNDDNDNDDNDNDDNDNDN

Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Macrauchenia
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
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750
7600
620
630
1.18
610
750
800
1.02
1.14

1.08
10000
640
5200
5900
660
224
57.8
211
287
48.2

650
620
10000
5900
7200

224
630
640
211
1.26
4500
1.45
28
1.14
610

750
7600
620
630

1.18
224
10000

0.0308738854
0.7844011499
0.5973192187
0.9511000778
0.6883787625
0
0.9719455534
1
0.8560461919
0.1138503233
0.2941211993
0.9251224303
0.2302714378
0.4946306178
0.9343696364
0.7757353551
0.8819515677
0.9262072998
0.3536250957
0

0
0.9724700715
0.9401321321
0

1
0.9960264477
0.9527504753
0.9822583598
0.9894951063
0.9664153341
0.9420133084
0.9968682904
1
0.8835408234
0.075042904
1

0
0.8106129799
0

1
0.0467395531
0.9792276663
1
0.9850377126
0.9966050646
1

0
0.7986699348
0.9722595903

130.6621005
119.9443362
182.7751371
113.8700083
273.8341799
165.1873114
122.2352385
106.4983274
109.5706138
114.8173007
153.4926563
100.7382996
211.1278171
155.6893399
116.8603029
132.1319043
105.743872
123.474223
251.3901913
105.8056566
105.8056566
228.7600831
135.3036116
101.1653
157.3842898
176.219017
152.4166524
171.2289744
156.0714531
117.658747
141.7727725
158.5090839
333.5770672
166.3540414
149.1575816
109.3963647
109.6160485
106.4491124
109.3963647
119.5148069
281.0762879
183.6179858
127.5736038
111.7895619
145.9355081
125.3094106
116.6860946
118.8660172
112.4616704

sp|COHJP4|CO1A2_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP3|CO1A1_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJP4|CO1A2_MYLDA
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJIN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJN7|CO1A1_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE

Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default
Default

Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Myldodon
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
Tapir
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57.8
5900
1.02
287
48.2
1.14

800
650
620
630
700
7200
224
10000

640
211
1.26

4500
1.45
1.14

5900

750
7600
10000
1.18
1.08
1.45

57.8
660
630

1.02
287

48.2

1.14

800
620
630
700
7200
224
10000

640
211

0.5693277856
0.8223359982
0
0.9307131967
1
0.0971086033
0.0543576985
1

0
0.5163980824
0.5843206013
0.6417927266
0.311395869
0.4501448332
0.1453556131
0.1573326118
0.4293543901
0.1576520408
0.2975716707
1

0

0
0.3563108916
0.1642305945
0.4458995817
0.0378151105
0.3059134933
0.1359478045
0.3011074672
0
0.373108905
0

1
0.4980812483
0
0.1663780234
0.0842967429
0
0.0941951067
0.3630671169
0.7577877804
0.581862357
0.8059515009
0.4143256064
0.6151614247
0.2278770323
0.5407783049
0.5680476266
0.2493232925

107.4595093
107.2889743
109.0805577
121.9485619
117.2990857
112.3919428
106.1063645
110.7377286
102.4711043

104.989938
129.8887497
102.5236737
124.0336356
134.3716892
112.2828393
110.7259973
138.5958445
136.0126976
141.0090303
102.1588046
102.6703102
102.1588046
134.5376756
350.5322162
107.1698018
143.9806142
108.1588597
112.4447511
104.9632467
103.7747589
109.0499075
110.5107719
101.8225576
158.0812943

102.789801
141.9974833
104.3269258
111.5653138
116.7477177
116.3273997
108.1951155
122.7220577

102.994022
121.9868886
143.3503726
116.0657647
105.4530823
146.5451953
133.1297506

sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJINS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJNS|CO1A2_TAPTE
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP

Default
Default
Default
Default
Default
Default
Default
Default

NN W N DN N DN DN DN QO A A a2 a2 a a aa aa a aa

Tapir

Tapir

Tapir

Tapir

Tapir

Tapir

Tapir

Tapir

Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
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660
1.26
4500
1.45
5900
1.14
610
1
750
7600
620
630
1.18
1.08
1.45
-1
57.8
660
5900
1.02
287
10000
48.2
1.14
1
800

Appendix A, Table 3: Site-specific deamidation in model dataset, with the half-time of each detected site and
the relative remaining proportion.

1
0.153990491
1

0
0.437999251
0
0.4426384514
0.0624839252
0.6261008436
0.0413811085
1
0.580419274
0.1056819095
0.1092162257
0
0.4601030314
0

1

0
0.1138361182
0.2639663997
0.5518323687
0.4503622844
0
0.1138060685
0.5529101445

114.4842348
142.6791015
102.1445687
103.2301758
129.5278469
102.1445687
109.2289146
267.6121714
109.5759704
141.5967745

102.492717
139.5360091

116.078838
108.2684206
104.4765922
111.1314998

128.566246
101.7664874

102.492717
102.7691094
133.3020608
113.7631722
105.6637797
115.9201188
113.0865815
115.0062791

sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP7|CO1A1_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP
sp|COHJP8|CO1A2_TOXSP

N N N DN DN DNDDNDNDNDDNDDNDOWDNDNDDNDDNDDNDDNDDNDDNDNDDNDDNDDNDDNDDNDNDN

Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
Toxodon
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Appendix A, Table 4

Sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample

Protein
sp|P01009]A1AT_HUMAN
sp|PO1009]A1AT_HUMAN
sp|P18626|CASA1_CAPHI
sp|P02663|CASA2_BOVIN
sp|P02663|CASA2_BOVIN
sp|P01008|ANT3_HUMAN
sp|P11839|CASB_SHEEP
sp|P11839|CASB_SHEEP
sp|P67975|LACB_OVIMU
sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01834|IGKC_HUMAN
sp|P01834|IGKC_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2| TRFL_HUMAN
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P00698|LYSC_CHICK
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN

Name
Alpha-1-antitrypsin
Alpha-1-antitrypsin
Alpha-S1-casein
Alpha-S2-casein
Alpha-S2-casein
Antithrombin-Il|
Beta-casein
Beta-casein
Beta-lactoglobulin
Cathepsin G
Cathepsin G
Cathepsin G
Cathepsin G
Cathepsin G
Cathepsin G
Complement C3
Complement C3
Complement C3
Complement C3
Complement C3
Complement C3
Complement C3
Complement C3
Immunoglobulin kappa constant
Immunoglobulin kappa constant
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lactotransferrin
Lysozyme C
Lysozyme C
Lysozyme C
Lysozyme C
Lysozyme C
Lysozyme C
Lysozyme C
Lysozyme C
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase

Classification
Human
Human
Milk
Milk
Milk
Human
Milk
Milk
Milk
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human

Human

RelNonDeam

0

0
0.9716493569
1

1

0

1
0.9094294858
0

0
0.9488883051
0.9282140981
0.7971488839
0
0.5217309946
1
0.968129779
0.7713397434
1
0.8996313136
0.990453435
0.3081060351
1

1

1
0.4261987933

[ UL G UL G U G UL G G UL G G U G IR G UL G P G UL G UL G UL G UL G UL G G G Y

0.3760597034
1
0.5634505081
1
0.4078653635
1
0
1
0.9254657977
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sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
postblank

sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P59665|DEF1_HUMAN
sp|P08246|ELNE_HUMAN
sp|P08246|ELNE_HUMAN
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01012|OVAL_CHICK
sp|P01014|OVALY_CHICK
sp|P01014|OVALY_CHICK
sp|P02789|TRFE_CHICK
sp|P02789|TRFE_CHICK
sp|P02789|TRFE_CHICK
sp|P02789|TRFE_CHICK
sp|P05109|S10A8_HUMAN
sp|P06702|S10A9_HUMAN
sp|P06702|S10A9_HUMAN
sp|P06702|S10A9_HUMAN
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P87498|VIT1_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P02845|VIT2_CHICK
sp|P67975|LACB_OVIMU

Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Myeloperoxidase
Neutrophil defensin 1
Neutrophil elastase
Neutrophil elastase
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin
Ovalbumin-related protein Y
Ovalbumin-related protein Y
Ovotransferrin
Ovotransferrin
Ovotransferrin
Ovotransferrin
Protein S100-A8
Protein S100-A9
Protein S100-A9
Protein S100-A9
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-1
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Vitellogenin-2
Beta-lactoglobulin

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Human
Human
Human
Human
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Milk

OO0 O0OOLOLOLOOLDZZ2ZZ2Z2Z2Z2Z2ZZOLPOLPOLOLPOLZZ2ZZ2ZZPOLZZOLPOLZZZZZOOLPLOLPOLZZZZZZOPLOLPLOLOLOLOOLOO

1
0.7106929833
1
1
0.8534342737
1
0.3595079386
0.8277548451
0.7967354427
0.5435243133
0.9474602552
0
1
1
0.1616466701
0.9385041731
0.9780547718
1

0O -~ 0O 4 4 24 a4 aa a0 aaaaaAaaa A A A AaAa A A A OO0 A A A A A A A A A
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postblank sp|P67975|LACB_OVIMU Beta-lactoglobulin Milk N 0
postblank sp|P01024|CO3_HUMAN Complement C3 Human 1
postblank sp|P01024|CO3_HUMAN Complement C3 Human N 0.9024665127

o

Appendix A, Table 4: Bulk deamidation of protein groups in SK1.

206



Appendix A, Table 5

Half-time RelNonDeam Classification Size Sample Protein
104 0 Milk 1000 postblank sp|P67975|LACB_OVIMU
14.5 0.9024665127 Human 111.13941 postblank sp|P01024|CO3_HUMAN
6400 1 Human 111.13941 postblank sp|P01024|CO3_HUMAN
7700 1 Egg 103.1936076 sample sp|P02845|VIT2_CHICK
16.4 0 Egg 103.1936076 sample sp|P02845|VIT2_CHICK
391 1 Egg 103.3246287 sample sp|P02845|VIT2_CHICK
1.53 1 Egg 103.0400062 sample sp|P02845|VIT2_CHICK
83.9 1 Egg 105.8402345 sample sp|P02845|VIT2_CHICK
-1 1 Egg 103.0408425 sample sp|P02845|VIT2_CHICK
5500 1 Egg 103.648 sample sp|P02845|VIT2_CHICK
-1 1 Egg 103.0408425 sample sp|P02845|VIT2_CHICK
287 1 Egg 103.3246287 sample sp|P02845|VIT2_CHICK
41 1 Egg 102.5337629 sample sp|P02845|VIT2_CHICK
6200 0 Egg 101.9564336 sample sp|P02845|VIT2_CHICK
6200 1 Egg 103.0400062 sample sp|P02845|VIT2_CHICK
7900 1 Egg 102.5337629 sample sp|P02845|VIT2_CHICK
18.9 1 Egg 103.5176294 sample sp|P02789|TRFE_CHICK
5200 0 Egg 108.2078143 sample sp|P02789|TRFE_CHICK
366 1 Egg 118.0651567 sample sp|P02789|TRFE_CHICK
76.4 1 Egg 103.5176294 sample sp|P02789|TRFE_CHICK
8300 1 Milk 102.6468425 sample sp|P11839|CASB_SHEEP
6200 0.9094294858 Milk 100.9812275 sample sp|P11839|CASB_SHEEP
22.1 1 Egg 107.9004257 sample sp|P01014|OVALY_CHICK
14.5 1 Egg 119.5807274 sample sp|P00698|LYSC_CHICK
4300 1 Egg 110.168578 sample sp|P00698|LYSC_CHICK
4500 1 Egg 102.3617628 sample sp|P00698|LYSC_CHICK
52.2 1 Egg 110.168578 sample sp|P00698|LYSC_CHICK
6500 1 Egg 119.5807274 sample sp|P00698|LYSC_CHICK
38.1 1 Egg 110.168578 sample sp|P00698|LYSC_CHICK
58.8 1 Egg 110.168578 sample sp|P00698|LYSC_CHICK
14.5 0.9385041731 Egg 131.7163694 sample sp|P01012|OVAL_CHICK
1.04 0.1616466701 Egg 131.7163694 sample sp|P01012|OVAL_CHICK
4300 1 Egg 103.0753169 sample sp|P01012|OVAL_CHICK
5300 1 Egg 183.4364632 sample sp|P01012|OVAL_CHICK
61.5 0.9780547718 Egg 183.4364632 sample sp|P01012|OVAL_CHICK
6400 1 Egg 102.3131642 sample sp|P01012|OVAL_CHICK
58.6 1 Egg 102.3131642 sample sp|P01012|OVAL_CHICK
7100 1 Egg 183.4364632 sample sp|P01012|OVAL_CHICK
5400 1 Egg 131.7163694 sample sp|P01012|OVAL_CHICK
224 1 Egg 102.2359453 sample sp|P87498|VIT1_CHICK
4500 1 Egg 102.2359453 sample sp|P87498|VIT1_CHICK
83.1 1 Egg 101.2377687 sample sp|P87498|VIT1_CHICK
7300 1 Egg 101.2377687 sample sp|P87498|VIT1_CHICK
6200 1 Egg 102.2359453 sample sp|P87498|VIT1_CHICK
-1 1 Egg 107.9004257 sample sp|P01014|OVALY_CHICK
5300 1 Egg 100.1973587 sample sp|P87498|VIT1_CHICK
4300 0.9716493569 Milk 119.0221685 sample sp|P18626|CASA1_CAPHI
14000 1 Human 107.6775968 sample sp|P06702|S10A9_HUMAN
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B e N = R N e e e e e YN

0.4261987933
1
1
1
1
0

0.968129779
0.8996313136
1

1

1
0.3081060351
0.990453435
0.7713397434
1

1

1

0
0.9474602552
1
0.9254657977
0.5634505081
0.4078653635
0.3760597034
1

1
0.7967354427
0
0.8277548451
0.8534342737
1
0.5435243133
0.7106929833
0.9488883051
0

1

0
0.7971488839

Milk

Human
Human
Human
Human
Human
Human
Human
Milk

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Egg

Human
Human

115.6305796
107.6775968
102.1140306
106.4657907
106.4657907
106.2803168
108.7899755
106.4657907
102.4825624
101.0969907
101.0969907
101.0969907
108.3339105
108.7899755
101.4766732
106.9659631
166.0830083
137.4405805
108.3400168
105.5048762
102.0339312
105.5048762
107.5812731
137.4405805
108.3400168
104.3162078
102.7202589
109.2644393
101.0706936

244131355
102.7202589
113.7629245
121.1543632
106.1690511
121.1543632
102.7202589
104.2300684
104.9268267
112.1859318
112.4276859
121.2734786
100.9288934
112.4276859
104.9268267
109.2344385
100.0692554
101.2377687
100.8818744
106.6294092

sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample
sample

sp|P02663|CASA2_BOVIN
sp|P06702|S10A9_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P67975|LACB_OVIMU
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P05164|PERM_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P02788-2|TRFL_HUMAN
sp|P05164|PERM_HUMAN
sp|P05109|S10A8_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01024|CO3_HUMAN
sp|P01008|ANT3_HUMAN
sp|P05164|PERM_HUMAN
sp|P08246|ELNE_HUMAN
sp|P08246|ELNE_HUMAN
sp|P59665|DEF1_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P05164|PERM_HUMAN
sp|P08311|CATG_HUMAN
sp|P01009|A1AT_HUMAN
sp|P87498|VIT1_CHICK
sp|P01009|A1AT_HUMAN
sp|P08311|CATG_HUMAN
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6100
7300
-1
62.4
254
-1

-1

Appendix A, Table 5: Site-specific deamidation of protein groups in SK1.

0
0.5217309946
1
0
0.8669749923
1
1

Human
Human
Egg

Human
Human
Human
Human

104.1946648
109.0690227
101.2377687

102.40841
105.6782391
105.5648114
105.5648114

sample
sample
sample
sample
sample
sample
sample

sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P87498|VIT1_CHICK

sp|P08311|CATG_HUMAN
sp|P08311|CATG_HUMAN
sp|P01834|IGKC_HUMAN
sp|P01834|IGKC_HUMAN
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Appendix A, File 1

>sp|P61626|LYSC HUMAN Lysozyme C OS=Homo sapiens O0X=9606 GN=LYZ

PE=1 sSv=1
MKALIVLGLVLLSVTVQGKVFERCELARTLKRLGMDGYRGISLANWMCLAKWESGYNTRA
TNYNAGDRSTDYGIFQINSRYWCNDGKTPGAVNACHLSCSALLQDNIADAVACAKRVVRD

POGIRAWVAWRNRCONRDVRQYVQGCGV

>sp|P02788 | TRFL_HUMAN Lactotransferrin OS=Homo sapiens 0X=9606

GN=LTF PE=1 SV=6

MKLVFLVLLEFLGALGLCLAGRRRSVQWCAVSQPEATKCEFQWORNMRKVRGPPVSCIKRDS
PIQCIQATIAENRADAVTLDGGFIYEAGLAPYKLRPVAAEVYGTERQPRTHYYAVAVVKKG
GSFQLNELQGLKSCHTGLRRTAGWNVPIGTLRPFLNWTIGPPEPIEAAVARFFSASCVPGA
DKGQFPNLCRLCAGTGENKCAFSSQEPYEFSYSGAFKCLRDGAGDVAFIRESTVFEDLSDE
AERDEYELLCPDNTRKPVDKFKDCHLARVPSHAVVARSVNGKEDATIWNLLRQAQEKFGKD
KSPKFQLEFGSPSGOKDLLEFKDSAIGESRVPPRIDSGLYLGSGYFTAIQNLRKSEEEVAAR
RARVVWCAVGEQELRKCNQWSGLSEGSVTCSSASTTEDCIALVLKGEADAMSLDGGYVYT
AGKCGLVPVLAENYKSQQSSDPDPNCVDRPVEGYLAVAVVRRSDTSLTWNSVKGKKSCHT
AVDRTAGWNIPMGLLENQTGSCKFDEYFSQSCAPGSDPRSNLCALCIGDEQGENKCVPNS
NERYYGYTGAFRCLAENAGDVAFVKDVTVLONTDGNNNEAWAKDLKLADFALLCLDGKRK
PVTEARSCHLAMAPNHAVVSRMDKVERLKQVLLHQOAKFGRNGSDCPDKEFCLEFQSETKNL

LENDNTECLARLHGKTTYEKYLGPQYVAGITNLKKCSTSPLLEACEFLRK

>sp|P02788-2 | TRFL HUMAN Isoform DeltalLf of Lactotransferrin

OS=Homo sapiens 0X=9606 GN=LTF

MRKVRGPPVSCIKRDSPIQCIQATAENRADAVTLDGGFIYEAGLAPYKLRPVAAEVYGTE
ROQPRTHYYAVAVVKKGGSFQLNELQGLKSCHTGLRRTAGWNVPIGTLRPFLNWTGPPEPT
EAAVARFFSASCVPGADKGQFPNLCRLCAGTGENKCAFSSQEPYFSYSGAFKCLRDGAGD
VAFIRESTVFEDLSDEAERDEYELLCPDNTRKPVDKFKDCHLARVPSHAVVARSVNGKED
ATWNLLROQAQEKFGKDKSPKFQLFGSPSGQKDLLFKDSAIGFSRVPPRIDSGLYLGSGYF
TATQNLRKSEEEVAARRARVVWCAVGEQELRKCNQWSGLSEGSVTCSSASTTEDCIALVL
KGEADAMSLDGGYVYTAGKCGLVPVLAENYKSQQSSDPDPNCVDRPVEGYLAVAVVRRSD
TSLTWNSVKGKKSCHTAVDRTAGWNIPMGLLENQTGSCKFDEYFSQSCAPGSDPRSNLCA
LCIGDEQGENKCVPNSNERYYGYTGAFRCLAENAGDVAFVKDVTVLONTDGNNNEAWAKD
LKLADFALLCLDGKRKPVTEARSCHLAMAPNHAVVSRMDKVERLKQVLLHQQAKFGRNGS

DCPDKFCLEQSETKNLLENDNTECLARLHGKTTYEKYLGPQYVAGITNLKKCSTSPLLEA
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CEFLRK

>sp|P01834 | IGKC HUMAN Immunoglobulin kappa constant OS=Homo

sapiens 0X=9606 GN=IGKC PE=1 SV=2
RTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVOQWKVDNALQSGNSQESVTEQD

SKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC

>sp|P08246|ELNE HUMAN Neutrophil elastase OS=Homo sapiens O0X=9606

GN=ELANE PE=1 SvV=1

MTLGRRLACLFLACVLPALLLGGTALASEIVGGRRARPHAWPFMVSLOLRGGHFCGATLT
APNFVMSAAHCVANVNVRAVRVVLGAHNLSRREPTROQVFAVQRIFENGYDPVNLLNDIVI
LOLNGSATINANVQVAQLPAQGRRLGNGVQCLAMGWGLLGRNRGIASVLQELNVTVVTSL
CRRSNVCTLVRGRQAGVCEFGDSGSPLVCNGLIHGIASEFVRGGCASGLYPDAFAPVAQFVN

WIDSITIQRSEDNPCPHPRDPDPASRTH

>sp|PO08311|CATG HUMAN Cathepsin G OS=Homo sapiens 0X=9606 GN=CTSG

PE=1 SV=2
MOPLLLLLAFLLPTGAEAGEIIGGRESRPHSRPYMAYLQTIQSPAGQSRCGGFLVREDEVL
TAAHCWGSNINVTLGAHNIQRRENTQQOHITARRATIRHPQYNQRTIQNDIMLLOLSRRVRR
NRNVNPVALPRAQEGLRPGTLCTVAGWGRVSMRRGTDTLREVQLRVQRDRQCLRIFGSYD
PRROICVGDRRERKAAFKGDSGGPLLCNNVAHGIVSYGKSSGVPPEVETRVSSELPWIRT
TMRSFKLLDOMETPL

>sp|P01008 |ANT3 HUMAN Antithrombin-III OS=Homo sapiens 0X=9606

GN=SERPINC1 PE=1 SV=1

MYSNVIGTVTSGKRKVYLLSLLLIGFWDCVTCHGSPVDICTAKPRDIPMNPMCIYRSPEK
KATEDEGSEQKIPEATNRRVWELSKANSRFATTEYQHLADSKNDNDNIFLSPLSISTAFA
MTKLGACNDTLOOLMEVEFKFDTISEKTSDOIHFFFAKLNCRLYRKANKSSKLVSANRLEG
DKSLTFNETYQODISELVYGAKLQPLDFKENAEQSRAAINKWVSNKTEGRITDVIPSEAIN
ELTVLVLVNTIYFKGLWKSKEFSPENTRKELEFYKADGESCSASMMYQEGKFRYRRVAEGTQ
VLELPFKGDDITMVLILPKPEKSLAKVEKELTPEVLOEWLDELEEMMLVVHMPRFRIEDG
FSLKEQLODMGLVDLEFSPEKSKLPGIVAEGRDDLYVSDAFHKAFLEVNEEGSEAAASTAV

VIAGRSLNPNRVTFKANRPFLVFIREVPLNTITIFMGRVANPCVK

>sp|PO01009|AIAT HUMAN Alpha-l-antitrypsin OS=Homo sapiens 0X=9606

GN=SERPINA1l PE=1 SV=3

MPSSVSWGILLLAGLCCLVPVSLAEDPQGDAAQKTDTSHHDOQDHPTEFNKITPNLAEFAFS
LYRQLAHQSNSTNIFFSPVSIATAFAMLSLGTKADTHDEILEGLNFNLTEIPEAQIHEGE
QELLRTLNQPDSQLOLTTGNGLEFLSEGLKLVDKFLEDVKKLYHSEAFTVNFGDTEEAKKQ

INDYVEKGTQGKIVDLVKELDRDTVFALVNY IFFKGKWERPFEVKDTEEEDFHVDQVTTV
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KVPMMKRLGMEFNIQHCKKLSSWVLLMKYLGNATAIFFLPDEGKLOHLENELTHDITITKFEL
ENEDRRSASLHLPKLSITGTYDLKSVLGQLGITKVESNGADLSGVTEEAPLKLSKAVHKA
VLTIDEKGTEAAGAMFLEATPMSIPPEVKENKPEFVFLMIEQNTKSPLEFMGKVVNPTQK
>sp|P05164 | PERM HUMAN Myeloperoxidase  OS=Homo sapiens 0X=9606
GN=MPO PE=1 SV=1
MGVPFFSSLRCMVDLGPCWAGGLTAEMKLLLALAGLLATILATPQPSEGAAPAVLGEVDTS
LVLSSMEEAKQLVDKAYKERRESTKQRLRSGSASPMELLSYFKQPVAATRTAVRAADYLH
VALDLLERKLRSLWRRPEFNVTDVLTPAQLNVLSKSSGCAYQDVGVTCPEQDKYRTITGMC
NNRRSPTLGASNRAFVRWLPAEYEDGFSLPYGWTPGVKRNGFPVALARAVSNEIVREPTD
QLTPDQERSLMFMOWGQLLDHDLDFTPEPAARASFVTGVNCETSCVQQPPCFPLKIPPND
PRIKNQADCIPFFRSCPACPGSNITIRNQINALTSFVDASMVYGSEEPLARNLRNMSNQL
GLLAVNQRFODNGRALLPFDNLHDDPCLLTNRSARIPCFLAGDTRSSEMPELTSMHTLLL
REHNRLATELKSLNPRWDGERLYQEARKIVGAMVQITITYRDYLPLVLGPTAMRKYLPTYR
SYNDSVDPRIANVEFTNAFRYGHTLTIQPFMFRLDNRYQPMEPNPRVPLSRVEFFASWRVVLE
GGIDPILRGLMATPAKLNRONQIAVDEIRERLFEQVMRIGLDLPALNMQRSRDHGLPGYN
AWRRFCGLPQPETVGQLGTVLRNLKLARKLMEQYGTPNNIDIWMGGVSEPLKRKGRVGPL
LACIIGTQFRKLRDGDRFWWENEGVEFSMQOORQALAQISLPRIICDNTGITTVSKNNIFMS
NSYPRDEFVNCSTLPALNLASWREAS

>sp|P59665|DEF1 HUMAN Neutrophil defensin 1 OS=Homo sapiens
0X=9606 GN=DEFA1l PE=1 SV=1
MRTLATLAAILLVALQAQAEPLQARADEVAAAPEQIAADIPEVVVSLAWDESLAPKHPGS
RKNMACYCRIPACIAGERRYGTCIYQGRLWAFCC

>sp|P06702|S10A9 HUMAN Protein S100-A9 OS=Homo sapiens 0X=9606
GN=S100A9 PE=1 SvV=1
MTCKMSQLERNIETIINTFHQYSVKLGHPDTLNQGEFKELVRKDLONFLKKENKNEKVIE
HIMEDLDTNADKQLSFEEFIMLMARLTWASHEKMHEGDEGPGHHHKPGLGEGTP
>sp|P05109|S10A8 HUMAN Protein S100-A8 OS=Homo sapiens 0X=9606
GN=S100A8 PE=1 SV=1
MLTELEKALNSIIDVYHKYSLIKGNFHAVYRDDLKKLLETECPQYIRKKGADVWFKELDIT
NTDGAVNFQEFLILVIKMGVAAHKKSHEESHKE

>sp|P01024|CO3 HUMAN Complement C3 OS=Homo sapiens O0X=9606 GN=C3
PE=1 SV=2
MGPTSGPSLLLLLLTHLPLALGSPMYSIITPNILRLESEETMVLEAHDAQGDVPVTVTVH
DFPGKKLVLSSEKTVLTPATNHMGNVTFEFTIPANREFKSEKGRNKFVTVQATFGTQVVEKV

VLVSLOSGYLFIQTDKTIYTPGSTVLYRIFTVNHKLLPVGRTVMVNIENPEGIPVKQDSL
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SSONQLGVLPLSWDIPELVNMGOQWKIRAYYENSPOQOVESTEFEVKEYVLPSFEVIVEPTE
KEYYIYNEKGLEVTITARFLYGKKVEGTAFVIFGIQDGEQRISLPESLKRIPIEDGSGEV
VLSRKVLLDGVONPRAEDLVGKSLYVSATVILHSGSDMVOQAERSGIPIVTSPYQIHEFTKT
PKYFKPGMPFDLMVEVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLSINTHPSQKPL
SITVRTKKQELSEAEQATRTMQALPYSTVGNSNNYLHLSVLRTELRPGETLNVNEFLLRMD
RAHEAKIRYYTYLIMNKGRLLKAGRQVREPGOQDLVVLPLSITTDFIPSFRLVAYYTLIGA
SGOREVVADSVWVDVKDSCVGSLVVKSGQSEDRQPVPGOOMTLKIEGDHGARVVLVAVDK
GVEVLNKKNKLTQSKIWDVVEKADIGCTPGSGKDYAGVESDAGLTEFTSSSGOQTAQRAEL
QCPQPAARRRRSVQLTEKRMDKVGKY PKELRKCCEDGMRENPMRESCQORRTREFISLGEAC
KKVFLDCCNYITELRRQHARASHLGLARSNLDEDIIAEENIVSRSEFPESWLWNVEDLKE
PPKNGISTKLMNIFLKDSITTWEILAVSMSDKKGICVADPFEVTVMQDFFIDLRLPYSVV
RNEQVEIRAVLYNYRONQELKVRVELLHNPAFCSLATTKRRHOQQTVTIPPKSSLSVPYVI
VPLKTGLQEVEVKAAVYHHFISDGVRKSLKVVPEGIRMNKTVAVRTLDPERLGREGVQKE
DIPPADLSDQVPDTESETRILLOGTPVAQMTEDAVDAERLKHLIVTPSGCGEQNMIGMTP
TVIAVHYLDETEQWEKEFGLEKRQGALELIKKGYTQQLAFRQPSSAFAAFVKRAPSTWLTA
YVVKVESLAVNLIATDSQVLCGAVKWLILEKQKPDGVFQEDAPVIHQEMIGGLRNNNEKD
MALTAFVLISLQEAKDICEEQVNSLPGSITKAGDFLEANYMNLQRSYTVAIAGYALAQMG
RLKGPLLNKFLTTAKDKNRWEDPGKQLYNVEATSYALLALLOQLKDFDFVPPVVRWLNEQR
YYGGGYGSTQATFMVEFQALAQYQKDAPDHQELNLDVSLOQLPSRSSKITHRIHWESASLLR
SEETKENEGEFTVTAEGKGQGTLSVVTMYHAKAKDQLTCNKFDLKVTIKPAPETEKRPQDA
KNTMILEICTRYRGDQDATMSILDISMMTGFAPDTDDLKQLANGVDRYISKYELDKAFSD
RNTLIIYLDKVSHSEDDCLAFKVHQYFNVELIQPGAVKVYAYYNLEESCTRFYHPEKEDG
KLNKLCRDELCRCAEENCEFIQKSDDKVTLEERLDKACEPGVDYVYKTRLVKVQLSNDFEFDE

YIMATEQTIKSGSDEVQVGQORTFISPIKCREALKLEEKKHYLMWGLSSDEWGEKPNLSY

IIGKDTWVEHWPEEDECQDEENQKQCQODLGAFTESMVVEGCPN>sp | P61626 | LYSC HUMAN

Lysozyme C OS=Homo sapiens 0X=9606 GN=LYZ PE=1 SV=1
MKALIVLGLVLLSVTVQGKVFERCELARTLKRLGMDGYRGISLANWMCLAKWESGYNTRA
TNYNAGDRSTDYGIFQINSRYWCNDGKTPGAVNACHLSCSALLQDNIADAVACAKRVVRD

POGIRAWVAWRNRCONRDVRQYVQGCGV

>sp|P02788 | TRFL HUMAN Lactotransferrin OS=Homo sapiens 0X=9606

GN=LTF PE=1 SV=6

MKLVFLVLLFLGALGLCLAGRRRSVQWCAVSQPEATKCFQWQRNMRKVRGPPVSCIKRDS
PIQCIQATAENRADAVTLDGGFIYEAGLAPYKLRPVAAEVYGTERQPRTHYYAVAVVKKG
GSFOLNELQGLKSCHTGLRRTAGWNVPIGTLRPFLNWTGPPEPIEAAVARFEFSASCVPGA

DKGQFPNLCRLCAGTGENKCAFSSQEPYEFSYSGAFKCLRDGAGDVAFIRESTVFEDLSDE
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AERDEYELLCPDNTRKPVDKFKDCHLARVPSHAVVARSVNGKEDAIWNLLRQAQEKEGKD
KSPKFQLEFGSPSGOKDLLEFKDSAIGESRVPPRIDSGLYLGSGYFTAIQNLRKSEEEVAAR
RARVVWCAVGEQELRKCNQWSGLSEGSVTCSSASTTEDCIALVLKGEADAMSLDGGYVYT
AGKCGLVPVLAENYKSQQSSDPDPNCVDRPVEGYLAVAVVRRSDTSLTWNSVKGKKSCHT
AVDRTAGWNIPMGLLENQTGSCKFDEYFSQSCAPGSDPRSNLCALCIGDEQGENKCVPNS
NERYYGYTGAFRCLAENAGDVAFVKDVTVLONTDGNNNEAWAKDLKLADFALLCLDGKRK
PVTEARSCHLAMAPNHAVVSRMDKVERLKQVLLHQOAKFGRNGSDCPDKEFCLEFQSETKNL

LENDNTECLARLHGKTTYEKYLGPQYVAGITNLKKCSTSPLLEACEFLRK

>sp|P02788-2 | TRFL HUMAN Isoform DeltalLf of Lactotransferrin

OS=Homo sapiens 0X=9606 GN=LTF
MRKVRGPPVSCIKRDSPIQCIQATAENRADAVTLDGGFIYEAGLAPYKLRPVAAEVYGTE
ROPRTHYYAVAVVKKGGSFQLNELQGLKSCHTGLRRTAGWNVPIGTLRPFLNWTGPPEPT
EAAVARFFSASCVPGADKGQFPNLCRLCAGTGENKCAFSSQEPYFSYSGAFKCLRDGAGD
VAFIRESTVFEDLSDEAERDEYELLCPDNTRKPVDKFKDCHLARVPSHAVVARSVNGKED
ATWNLLROQAQEKFGKDKSPKFQLFGSPSGQKDLLFKDSAIGFSRVPPRIDSGLYLGSGYF
TATQNLRKSEEEVAARRARVVWCAVGEQELRKCNQWSGLSEGSVTCSSASTTEDCIALVL
KGEADAMSLDGGYVYTAGKCGLVPVLAENYKSQQSSDPDPNCVDRPVEGYLAVAVVRRSD
TSLTWNSVKGKKSCHTAVDRTAGWNI PMGLLENQTGSCKFDEYFSQSCAPGSDPRSNLCA
LCIGDEQGENKCVPNSNERYYGYTGAFRCLAENAGDVAFVKDVTVLONTDGNNNEAWAKD
LKLADFALLCLDGKRKPVTEARSCHLAMAPNHAVVSRMDKVERLKQVLLHQQAKFGRNGS
DCPDKFCLFQSETKNLLEFNDNTECLARLHGKTTYEKYLGPQYVAGITNLKKCSTSPLLEA
CEFLRK

>sp|P01834 | IGKC HUMAN Immunoglobulin kappa constant OS=Homo

sapiens 0X=9606 GN=IGKC PE=1 SV=2
RTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVOWKVDNALQSGNSQESVTEQD

SKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC

>sp|P08246 | ELNE _HUMAN Neutrophil elastase OS=Homo sapiens 0X=9606

GN=ELANE PE=1 SV=1

MTLGRRLACLFLACVLPALLLGGTALASEIVGGRRARPHAWPFMVSLOLRGGHFCGATLIT
APNEFVMSAAHCVANVNVRAVRVVLGAHNLSRREPTROVFAVORIFENGYDPVNLLNDIVI
LOLNGSATINANVQVAQLPAQGRRLGNGVQCLAMGWGLLGRNRGIASVLQELNVTVVTSL
CRRSNVCTLVRGRQAGVCEGDSGSPLVCNGLIHGIASFVRGGCASGLYPDAFAPVAQFEFVN

WIDSIIQRSEDNPCPHPRDPDPASRTH

>sp|PO08311|CATG HUMAN Cathepsin G OS=Homo sapiens 0X=9606 GN=CTSG

PE=1 SV=2
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MOPLLLLLAFLLPTGAEAGEIIGGRESRPHSRPYMAYLQIQSPAGQSRCGGEFLVREDEVL
TAAHCWGSNINVTLGAHNIQRRENTQOHITARRAIRHPQYNQRTIQONDIMLLOLSRRVRR
NRNVNPVALPRAQEGLRPGTLCTVAGWGRVSMRRGTDTLREVQLRVQRDRQCLRIFGSYD
PRRQICVGDRRERKAAFKGDSGGPLLCNNVAHGIVSYGKSSGVPPEVEFTRVSSEFLPWIRT
TMRSFKLLDOQMETPL

>sp|P01008|ANT3 HUMAN Antithrombin-III OS=Homo sapiens 0X=9606

GN=SERPINC1 PE=1 SV=1

MYSNVIGTVTSGKRKVYLLSLLLIGFWDCVTCHGSPVDICTAKPRDIPMNPMCIYRSPEK
KATEDEGSEQKIPEATNRRVWELSKANSRFATTFYQHLADSKNDNDNIFLSPLSISTAFA
MTKLGACNDTLQQLMEVFKEFDTISEKTSDQIHFFFAKLNCRLYRKANKSSKLVSANRLEG
DKSLTFNETYQDISELVYGAKLQPLDFKENAEQSRAAINKWVSNKTEGRITDVIPSEAIN
ELTVLVLVNTIYFKGLWKSKEFSPENTRKELEYKADGESCSASMMYQEGKERYRRVAEGTQ
VLELPFKGDDITMVLILPKPEKSLAKVEKELTPEVLOEWLDELEEMMLVVHMPRFRIEDG
FSLKEQLODMGLVDLEFSPEKSKLPGIVAEGRDDLYVSDAFHKAFLEVNEEGSEAAASTAV

VIAGRSLNPNRVTFKANRPFLVFIREVPLNTITFMGRVANPCVK

>sp|PO01009|AIAT HUMAN Alpha-l-antitrypsin OS=Homo sapiens O0X=9606

GN=SERPINAl PE=1 SV=3

MPSSVSWGILLLAGLCCLVPVSLAEDPQGDAAQKTDTSHHDODHPTEFNKITPNLAEFAFS
LYROQLAHQSNSTNIFFSPVSIATAFAMLSLGTKADTHDEILEGLNENLTEIPEAQIHEGE
QELLRTLNQPDSQLOLTTGNGLFLSEGLKLVDKFLEDVKKLYHSEAFTVNEGDTEEAKKQ
INDYVEKGTQGKIVDLVKELDRDTVFALVNYIFFKGKWERPFEVKDTEEEDFHVDQVTTV
KVPMMKRLGMENIQHCKKLSSWVLLMKYLGNATAIFFLPDEGKLQHLENELTHDIITKEL
ENEDRRSASLHLPKLSITGTYDLKSVLGOLGITKVEFSNGADLSGVTEEAPLKLSKAVHKA

VLTIDEKGTEAAGAMFLEAIPMSIPPEVKENKPEFVEFLMIEQNTKSPLEFMGKVVNPTQK

>sp|P05164 | PERM HUMAN Myeloperoxidase OS=Homo sapiens 0X=9606

GN=MPO PE=1 SV=1

MGVPFFSSLRCMVDLGPCWAGGLTAEMKLLLALAGLLAILATPQPSEGAAPAVLGEVDTS
LVLSSMEEAKQLVDKAYKERRESIKQRLRSGSASPMELLSYFKQPVAATRTAVRAADYLH
VALDLLERKLRSLWRRPENVTDVLTPAQLNVLSKSSGCAYQDVGVTCPEQDKYRTITGMC
NNRRSPTLGASNRAFVRWLPAEYEDGESLPYGWTPGVKRNGFPVALARAVSNEIVREPTD
QLTPDQERSLMEFMOWGQLLDHDLDFTPEPAARASEFVTIGVNCETSCVQQPPCFPLKIPPND
PRIKNQADCIPFFRSCPACPGSNITIRNQINALTSFVDASMVYGSEEPLARNLRNMSNQL
GLLAVNQRFQDNGRALLPEFDNLHDDPCLLTNRSARIPCFLAGDTRSSEMPELTSMHTLLL
REHNRLATELKSLNPRWDGERLYQEARKIVGAMVQIITYRDYLPLVLGPTAMRKYLPTYR

SYNDSVDPRIANVETNAFRYGHTLIQPFMFRLDNRYQPMEPNPRVPLSRVFFASWRVVLE
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GGIDPILRGLMATPAKLNRONQIAVDEIRERLFEQVMRIGLDLPALNMQRSRDHGLPGYN
AWRRFCGLPQPETVGQLGTVLRNLKLARKLMEQYGTPNNIDIWMGGVSEPLKRKGRVGPL
LACIIGTQFRKLRDGDRFWWENEGVESMOOROALAQISLPRIICDNTGITTVSKNNIFMS
NSYPRDFVNCSTLPALNLASWREAS

>sp|P59665|DEF1 HUMAN Neutrophil defensin 1 OS=Homo sapiens
0X=9606 GN=DEFA1l PE=1 SV=1
MRTLATILAATILLVALQAQAEPLQARADEVAAAPEQIAADIPEVVVSLAWDESLAPKHPGS
RKNMACYCRIPACIAGERRYGTCIYQGRLWAFCC

>sp|P06702|S10A9 HUMAN Protein S100-A9 OS=Homo sapiens 0X=9606
GN=S100A9 PE=1 SV=1
MTCKMSQLERNIETIINTFHQYSVKLGHPDTLNQGEFKELVRKDLONFLKKENKNEKVIE
HIMEDLDTNADKQLSFEEFIMLMARLTWASHEKMHEGDEGPGHHHKPGLGEGTP
>sp|P05109|S10A8 HUMAN Protein S100-A8 OS=Homo sapiens 0X=9606
GN=S100A8 PE=1 SvV=1
MLTELEKALNSITIDVYHKYSLIKGNFHAVYRDDLKKLLETECPQYTIRKKGADVWFKELDI
NTDGAVNFQEFLILVIKMGVAAHKKSHEESHKE

>sp|P01024|CO3 HUMAN Complement C3 OS=Homo sapiens 0X=9606 GN=C3
PE=1 SV=2
MGPTSGPSLLLLLLTHLPLALGSPMYSIITPNILRLESEETMVLEAHDAQGDVPVTVTVH
DFPGKKLVLSSEKTVLTPATNHMGNVTEFTIPANREFKSEKGRNKEVTVQATEFGTQVVEKV
VLVSLOSGYLFIQTDKTIYTPGSTVLYRIFTVNHKLLPVGRTVMVNIENPEGIPVKQDSL
SSONQLGVLPLSWDIPELVNMGOQWKIRAYYENSPQQOQVFSTEFEVKEYVLPSFEVIVEPTE
KEFYYIYNEKGLEVTITARFLYGKKVEGTAFVIFGIQDGEQRISLPESLKRIPIEDGSGEV
VLSRKVLLDGVONPRAEDLVGKSLYVSATVILHSGSDMVQAERSGIPIVTSPYQIHEFTKT
PKYFKPGMPFDLMVEVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLSINTHPSQKPL
SITVRTKKQELSEAEQATRTMQALPYSTVGNSNNYLHLSVLRTELRPGETLNVNFLLRMD
RAHEAKIRYYTYLIMNKGRLLKAGRQVREPGODLVVLPLSITTDFIPSFRLVAYYTLIGA
SGQREVVADSVWVDVKDSCVGSLVVKSGQSEDRQPVPGOQOMTLKIEGDHGARVVLVAVDK
GVEFVLNKKNKLTQSKIWDVVEKADIGCTPGSGKDYAGVEFSDAGLTFTSSSGQQTAQRAEL
QCPOQPAARRRRSVQLTEKRMDKVGKYPKELRKCCEDGMRENPMRFSCOQRRTREFTISLGEAC
KKVFLDCCNYITELRRQHARASHLGLARSNLDEDITAEENIVSRSEFPESWLWNVEDLKE
PPKNGISTKLMNIFLKDSITTWEILAVSMSDKKGICVADPFEVTVMODFFIDLRLPYSVV
RNEQVEIRAVLYNYRONQELKVRVELLHNPAFCSLATTKRRHQQTVTIPPKSSLSVPYVI
VPLKTGLOEVEVKAAVYHHFISDGVRKSLKVVPEGIRMNKTVAVRTLDPERLGREGVQKE

DIPPADLSDQVPDTESETRILLOGTPVAQMTEDAVDAERLKHLIVTPSGCGEQNMIGMTP
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TVIAVHYLDETEQWEKFGLEKRQGALELTKKGYTQQLAFRQPSSAFAAFVKRAPSTWLTA
YVVKVFSLAVNLIATIDSQVLCGAVKWLILEKQKPDGVFQEDAPVIHQEMIGGLRNNNEKD
MALTAFVLISLQEAKDICEEQVNSLPGSITKAGDFLEANYMNLQRSYTVATAGYALAQMG
RLKGPLLNKFLTTAKDKNRWEDPGKQLYNVEATSYALLALLQLKDFDFVPPVVRWLNEQR
YYGGGYGSTQATFMVEFQALAQYQKDAPDHQELNLDVSLQLPSRSSKITHRIHWESASLLR
SEETKENEGFTVTAEGKGQGTLSVVTMYHAKAKDQLTCNKFDLKVTIKPAPETEKRPQDA
KNTMILEICTRYRGDQDATMSILDISMMTGFAPDTDDLKQLANGVDRYISKYELDKAFSD
RNTLIIYLDKVSHSEDDCLAFKVHQYFNVELIQPGAVKVYAYYNLEESCTRFYHPEKEDG
KLNKLCRDELCRCAEENCFIQKSDDKVTLEERLDKACEPGVDYVYKTRLVKVQLSNDFDE
YIMATEQTIKSGSDEVQVGQQRTFISPIKCREALKLEEKKHYLMWGLSSDFWGEKPNLSY
IIGKDTWVEHWPEEDECQDEENQKQCQDLGAFTESMVVFGCPN>sp|P02754ILACB_BOVIN
Beta-lactoglobulin 0OS=Bos taurus 0X=9913 GN=LGB PE=1 SV=3
MKCLLLALALTCGAQALIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
ELKPTPEGDLEILLOQKWENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKYLL
FCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPMHIRLSENPTQLEEQCHT
>sp|P67975|LACB_OVIMU Beta-lactoglobulin 0S=0Ovis aries musimon
0X=9938 GN=LGB PE=1 SV=1
IIVTQTMKGLDIQKVAGTWHSLAMAASDISLLDAQSAPLRVYVEELKPTPEGNLEILLQK
WENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLEFCMENSAEPEQSLACQ
CLVRTPEVDNEALEKFDKALKALPMHIRLAFNPTQLEGQCHV

>sp|P02756| LACB_CAPHI Beta-lactoglobulin OS=Capra hircus 0X=9925
GN=LGB PE=1 3V=2
MKCLLLALGLALACGIQAIIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVY
VEELKPTPEGNLEILLOKWENGECAQKKIIAEKTKIPAVEFKIDALNENKVLVLDTDYKKY
LLFCMENSAEPEQSLACQCLVRTPEVDKEALEKFDKALKALPMHIRLAFNPTQLEGQCHV
>sp|P02758 | LACB1 HORSE Beta-lactoglobulin-1 OS=Equus caballus
0X=9796 GN=LGB1 PE=1 SV=3
MKCLLLALGLALMCGIQATNIPQTMODLDLQEVAGKWHSVAMAASDISLLDSESAPLRVY
IEKLRPTPEDNLEITLREGENKGCAEKKIFAEKTESPAEFKINYLDEDTVFALDTDYKNY
LEFLCMKNAATPGQSLVCQYLARTOMVDEE IMEKFRRALQPLPGRVQIVPDLTRMAERCRI
>sp|P02662|CASAT BOVIN Alpha-Sl-casein 0S=Bos taurus 0X=9913
GN=CSN1S1 PE=1 SV=2
MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNELSKDIG
SESTEDQAMEDIKQMEAESISSSEEIVPNSVEQKHIQKEDVPSERYLGYLEQLLRLKKYK

VPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGVNQELAYFYPELFRQFYQLDAYPSGAWY
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YVPLGTQYTDAPSEFSDIPNPIGSENSEKTTMPLW

>sp|P04653|CASA]l SHEEP Alpha-Sl-casein 0S=0vis aries 0X=9940
GN=CSN1S1l PE=1 SV=3
MKLLILTCLVAVALARPKHPIKHQGLSSEVLNENLLRFVVAPFPEVFRKENINELSKDIG
SESTIEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERYLGYLEQLLRLKKYN
VPQLEIVPKSAEEQLHSMKEGNPAHQKQPMIAVNQELAYFYPQLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSEFSDIPNPIGSENSGKITMPLW

>sp|P18626|CASA1 CAPHI Alpha-Sl-casein 0S=Capra hircus 0X=9925
GN=CSN1S1l PE=1 SV=2
MKLLILTCLVAVALARPKHPINHRGLSPEVPNENLLRFVVAPFPEVFRKENINELSKDIG
SESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERYLGYLEQLLRLKKYN
VPOQLEIVPKSAEEQLHSMKEGNPAHQKQOPMIAVNQELAYEFYPQLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSFSDIPNPIGSENSGKTTMPLW

>sp|P47710-4 | CASA1 HUMAN Isoform 4 of Alpha-Sl-casein OS=Homo
sapiens 0X=9606 GN=CSN1S1l
MRLLILTCLVAVALARPKLPLRYPERLONPSESSEPIPLESREEYMNGMNRRNILREKQT
DEIKDTRNESTQONCVVAEPEKMESSISSSSEEQFCRLNEYNQLQLOAAHAQEQIRRMNEN
SHVQVPFQOLNQLAAYPYAVWYYPQIMQYVPFPPEFSDISNPTAHENYEKNNVMLQOW
>sp|P02663|CASA2 BOVIN Alpha-S2-casein 0OS=Bos taurus 0X=9913
GN=CSN1S2 PE=1 SV=2
MKFFIFTCLLAVALAKNTMEHVSSSEESIISQETYKQEKNMAINPSKENLCSTFCKEVVR
NANEEEYSIGSSSEESAEVATEEVKITVDDKHYQKALNEINQFYQKFPQYLOYLYQGPIV
LNPWDQVKRNAVPITPTLNREQLSTSEENSKKTVDMESTEVFTKKTKLTEEEKNRLNFEFLK
KISQRYQKFALPQYLKTVYQHQKAMKPWIQPKTKVIPYVRYL

>sp|P04654 |CASA2 SHEEP Alpha-S2-casein 0S=0vis aries 0X=9940
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINISQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNADEEEYSIRSSSEESAEVAPEEVKITVDDKHYQKALNEINQFYQKFPQYLQYLYQGPI
VLNPWDQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVFTKKTKLTEEEKNRLNEL
KKISQYYQKFAWPQYLKTVDQHQKAMKPWTQPKTNATIPYVRYL

>sp|P33049|CASA2 CAPHI Alpha-S2-casein 0S=Capra hircus 0X=9925
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINIFQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNANEEEYSTIRSSSEESAEVAPEETIKITVDDKHYQKALNEINQFYQKFPOYLQYPYQGPT

VLNPWDOQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVFTKKTKLTEEEKNRLNEL
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KKISQYYQKFAWPQYLKTVDQHOQKAMKPWTQPKTNAIPYVRYL

>sp|PO00711|LALBA BOVIN Alpha-lactalbumin 0OS=Bos taurus O0X=9913
GN=LALBA PE=1 SV=2
MMSEFVSLLLVGILFHATQAEQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGYDTQAT
VONNDSTEYGLFQINNKIWCKDDONPHSSNICNISCDKEFLDDDLTDDIMCVKKILDKVGI
NYWLAHKALCSEKLDQWLCEKL

>sp|P00709| LALBA HUMAN Alpha-lactalbumin OS=Homo sapiens O0X=9606
GN=LALBA PE=1 SvV=1
MRFFVPLFLVGILFPAILAKQFTKCELSQLLKDIDGYGGIALPELICTMFHTSGYDTQAT
VENNESTEYGLFQISNKLWCKSSQVPOQSRNICDISCDKFLDDDITDDIMCAKKILDIKGI
DYWLAHKALCTEKLEQWLCEKL

>sp|P00712 | LALBA CAPHI Alpha-lactalbumin O0S=Capra hircus 0X=9925
GN=LALBA PE=1 Sv=1
MMSEFVSLLLVGILFHATQAEQLTKCEVFQKLKDLKDYGGVSLPEWVCTAFHTSGYDTQAT
VONNDSTEYGLEFQINNKIWCKDDONPHSRNICNISCDKEFLDDDLTDDIVCAKKILDKVGI
NYWLAHKALCSEKLDQWLCEKL

>sp|P09462 | LALBA SHEEP Alpha-lactalbumin 0S=0vis aries 0X=9940
GN=LALBA PE=1 SV=2
MMSEFVSLLLVGILFHATQAEQLTKCEVFQELKDLKDYGGVSLPEWVCTAFHTSGYDTQAT
VONNDSTEYGLFQINNKIWCKDDONPHSRNICNISCDKEFLDDDLTDDIMCVKKILDKVGI
NYWLAHKALCSEKLDQWLCEKL

>sp|P02666|CASB BOVIN Beta-casein O0S=Bos taurus 0X=9913 GN=CSN2
PE=1 SV=2
MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDEL
QODKIHPFAQTQSLVYPFPGPIPNSLPONIPPLTQTPVVVPPFLOPEVMGVSKVKEAMAPK
HKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLOSWMHQPHQPLPPTVMFPPQSVLSL
SQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPITIV

>sp|P05814|CASB _HUMAN Beta-casein OS=Homo sapiens 0X=9606 GN=CSN2
PE=1 SV=4
MKVLILACLVALALARETIESLSSSEESITEYKQKVEKVKHEDQQQGEDEHQDKIYPSFEQ
POPLIYPFVEPIPYGFLPONILPLAQPAVVLPVPQPETIMEVPKAKDTVYTKGRVMPVLKS
PTIPFFDPQIPKLTDLENLHLPLPLLOPLMQQVPQPTIPOQTLALPPQPLWSVPQPKVLPIP
QQVVPYPQRAVPVQALLLNQELLLNPTHQIYPVTQPLAPVHNPISV

>sp | Q9GKK3 |CASB HORSE Beta-casein OS=Equus caballus 0X=9796
GN=CSN2 PE=1 SV=3
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MKILILACLVALALAREKEELNVSSETVESLSSNEPDSSSEESITHINKEKLQKFKHEGQ
QOREVERQDKISREVQPQPVVYPYAEPVPYAVVPOSILPLAQPPILPFLOQPEIMEVSQAK
ETILPKRKVMPFLKSPIVPFSERQILNPTNGENLRLPVHLIQPFMHQVPQSLLOQTLMLPS
QPVLSPPQSKVAPFPQPVVPYPQRDTPVOAFLLYQDPRLGPTGELDPATQPIVAVHNPVI
\Y

>sp|P11839|CASB _SHEEP Beta-casein 0S=0vis aries 0X=9940 GN=CSN2

PE=1 SV=3

MKVLILACLVALALAREQEELNVVGETVESLSSSEESITHINKKIEKFOSEEQQQOTEDEL
ODKIHPFAQAQSLVYPFTGPIPNSLPONILPLTQTPVVVPPFLOPEIMGVPKVKETMVPK
HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQSWMHQPPQPLPPTVMFPPQSVLSL

SQPKVLPVPOKAVPOQRDMPIQAFLLYQEPVLGPVRGPFPILV

>sp|P01012|OVAL CHICK Ovalbumin 0S=Gallus gallus 0X=9031

GN=SERPINB14 PE=1 SV=2

MGSIGAASMEFCEFDVFKELKVHHANENIFYCPTIAIMSALAMVYLGAKDSTRTQINKVVRE
DKLPGFGDSIEAQCGTSVNVHSSLRDILNQITKPNDVYSFSLASRLYAEERYPILPEYLQ
CVKELYRGGLEPINFQTAADQARELINSWVESQTNGIIRNVLQPSSVDSQTAMVLVNAIV
FKGLWEKAFKDEDTQAMPEFRVTEQESKPVOMMYQIGLFRVASMASEKMKILELPFASGTM
SMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRMKMEEKYNLTSVLMA
MGITDVFSSSANLSGISSAESLKISQAVHAAHAEINEAGREVVGSAEAGVDAASVSEEFR

ADHPFLFCIKHIATNAVLFFGRCVSP

>sp|P01014|OVALY CHICK Ovalbumin-related protein Y 0S=Gallus

gallus 0X=9031 GN=SERPINB14B PE=1 SV=1
MDSISVTNAKFCEDVENEMKVHHVNENILYCPLSILTALAMVYLGARGNTESQMKKVLHFE
DSITGAGSTTDSQCGSSEYVHNLFKELLSEITRPNATYSLEIADKLYVDKTESVLPEYLS
CARKFYTGGVEEVNFKTAAEEARQLINSWVEKETNGQIKDLLVSSSIDEGTTMVEINTIY
FKGIWKIAFNTEDTREMPESMTKEESKPVQMMCMNNSEFNVATLPAEKMKILELPYASGDL
SMLVLLPDEVSGLERIEKTINFDKLREWTSTNAMAKKSMKVYLPRMKIEEKYNLTSILMA
LGMTDLEFSRSANLTGISSVDNLMISDAVHGVFMEVNEEGTEATGSTGAIGNIKHSLELEE
FRADHPFLFFIRYNPTNAILFEFGRYWSP

>sp|P01013|OVALX CHICK Ovalbumin-related protein X (Fragment)

0S=Gallus gallus 0X=9031 GN=SERPINB14C PE=3 SV=1

QIKDLLVSSSTDLDTTLVLVNAIYFKGMWKTAFNAEDTREMPFHVTKQE SKPVQMMCMNN
SENVATLPAEKMKILELPFASGDLSMLVLLPDEVSDLERIEKTINFEKLTEWTNPNTMEK
RRVKVYLPOMKIEEKYNLTSVLMALGMTDLFIPSANLTGISSAESLKISQAVHGAFMELS

EDGIEMAGSTGVIEDIKHSPESEQFRADHPFLEFLIKHNPTNTIVYFGRYWSP
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>sp|P02845|VIT2 CHICK Vitellogenin-2 0S=Gallus gallus 0X=9031

GN=VTG2 PE=1 Sv=1

MRGIILALVLTLVGSQKFDIDPGEFNSRRSYLYNYEGSMLNGLODRSLGKAGVRLSSKLET
SGLPENAYLLKVRSPQVEEYNGVWPRDPFTRSSKITQVISSCFTRLFKFEYSSGRIGNIY
APEDCPDLCVNIVRGILNMFQOMTIKKSONVYELQEAGIGGICHARYVIQEDRKNSRIYVT
RTVDLNNCQEKVQKSIGMAYIYPCPVDVMKERLTKGTTAFSYKLKQSDSGTLITDVSSRQ
VYQISPENEPTGVAVMEARQQLTLVEVRSERGSAPDVPMONYGSLRYREFPAVLPOMPLQL
IKTKNPEQRIVETLOHIVLNNQODFHDDVSYRFLEVVQLCRIANADNLESIWRQVSDKPR
YRRWLLSAVSASGTTETLKFLKNRIRNDDLNYIQTLLTVSLTLHLLOADEHTLPIAADLM
TSSRIQKNPVLQOVACLGYSSVVNRYCSQTSACPKEALQPIHDLADEAISRGREDKMKLA
LKCIGNMGEPASLKRILKFLPISSSSAADIPVHIQIDAITALKKIAWKDPKTVQGYLIQT
LADQSLPPEVRMMACAVIFETRPALALITTIANVAMKESNMQVASEVYSHMKSLSKSRLP
FMYNISSACNIALKLLSPKLDSMSYRYSKVIRADTYEDNYRVGATGEIFVVNSPRTMEPS
AITSKLMANSAGSVADLVEVGIRVEGLADVIMKRNIPFAEYPTYKQIKELGKALOGWKEL
PTETPLVSAYLKILGQEVAFININKELLOQQVMKTVVEPADRNAATIKRIANQIRNSIAGQW
TOPVWMGELRYVVPSCLGLPLEYGSYTTALARAAVSVEGKMTPPLTGDFRLSQLLESTMQ
IRSDLKPSLYVHTVATMGVNTEYFQHAVEIQGEVQTRMPMKFDAKIDVKLKNLKIETNPC
REETEIVVGRHKAFAVSRNIGELGVEKRTSILPEDAPLDVTEEPFQTSERASREHFAMOG
PDSMPRKQOSHSSREDLRRSTGKRAHKRDICLKMHHIGCQLCEFSRRSRDASEFIQNTYLHKL
IGEHEAKIVLMPVHTDADIDKIQLEIQAGSRAAARIITEVNPESEEEDESSPYEDIQAKL
KRILGIDSMFKVANKTRHPKNRPSKKGNTVLAEFGTEPDAKTSSSSSSASSTATSSSSSS
ASSPNRKKPMDEEENDQVKQARNKDASSSSRSSKSSNSSKRSSSKSSNSSKRSSSSSSSS
SSSSRSSSSSSSSSSNSKSSSSSSKSSSSSSRSRSSSKSSSSSSSSSSSSSSKSSSSRSS
SSSSKSSSHHSHSHHSGHLNGSSSSSSSSRSVSHHSHEHHSGHLEDDSSSSSSSSVLSKT
WGRHEIYQYRFRSAHRQEFPKRKLPGDRATSRYSSTRSSHDTSRAASWPKELGDIKTPVL
AAFLHGISNNKKTGGLQLVVYADTDSVRPRVQVEVINLTDSSKWKLCADASVRNAHKAVA
YVKWGWDCRDYKVSTELVTGRFAGHPAAQVKLEWPKVPSNVRSVVEWFYEEFVPGAAEFMLG
FSERMDKNPSRQARMVVALTSPRTCDVVVKLPDIILYQKAVRLPLSLPVGPRIPASELQP
PIWNVFAEAPSAVLENLKARCSVSYNKIKTENEVKENYSMPANCYHILVQDCSSELKFEFLV
MMKSAGEATNLKAINIKIGSHEIDMHPVNGOVKLLVDGAESPTANISLISAGASLWIHNE
NOGFALAAPGHGIDKLYEDGKTITIQVPLWMAGKTCGICGKYDAECEQEYRMPNGYLAKN
AVSFGHSWILEEAPCRGACKLHRSEFVKLEKTVQLAGVDSKCYSTEPVLRCAKGCSATKTT

PVIVGFHCLPADSANSLTDKQOMKYDQKSEDMODTVDAHTTCSCENEECST

>sp|P87498 |VIT1 CHICK Vitellogenin-1 0S=Gallus gallus 0X=9031

GN=VTGl PE=1 SV=1
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MRGLISALVLTLVGSQHLNYQPDFGENKVYTYNYESTILFSGIPEKGLARTGIRIRSEVET
SGIGPKLCLIRIHSIEAAEYNGIWPTSSFSRSLKLTQALTGQLSIPIKFEYSNGHVGNLM
APDSVSDDGLNIYRGILNILELSLKKMQHSYSTIQEAGIGGICNTTYAIQENKKANLVDVT
KSKDLNSCEEKVQVVTGSAYTQPCQTCQORNKNSRATATYNYKIKYTHNEAVITQAEVEE
VHQFTPFHEITGGNAIVEARQKLALTIEVQKQVAEVPPKEFQKRGSLOYQFGSELLQLPVH
LFKIKDVERQIEERLODLVETTYEQLPSDAPAKALKLMHLLRAANEENYESVWKQFSSRP
AYRRYLLDLLPAAASHRSLRFLRHKMERQELTNWETAQTVLVALHSSSPTQEVMEEATLT
VKKHCPRSSSVLRKVCLLSYASLCHKRCSSPYSCSECLQVFHVFAGEALGKSNIEEVLLA
LKALGNVGHPASIKHIKKFLPGYAAGASELPLKVHETAVMALKSIGMRDPOMVQAITLET
FLNHKIHPRIRMLAAVVLLETKPGLPIIMILVDAVLKEPSMQVASFIYSHLRALGRSTAP
DLOMMASACRMAVRALSPKEFDRSGYQFSKVFRFSMFKEFLMSGLAAKYFVLNNAGSLIPT
MAVSQLRTHFLGRVADPIEVGIAAEGLQEMEFVRGYSPDKDWETNYDFREILKKLSDWKAL
PRDKPFASGYLKMFGQELLEFGRLDKDTLONVLOVWYGPDEKIPSTIRRLISSLOTGIGRQOW
TKALLLSEIRCIVPTCVGFPMETSFYYSSVTKVAGNVQAQITPSPRSDFRLTELLNSNVR
LRSKMSLSMAKHMTEVIGINTNMIQAGLEAHTKVNAHVPVNVVATIQOMKEKSIKAETIPPC
KEETNLIIVSSKTFAVTRNIEDLAASKMTPVLLPEAVPDIMKMSFDSDSASGETDNIRDR
QSVEDVSSGNSFSFGHPSSGKEPFIQSMCSNASTFGVQVCIEKKSVHAAFIRNVPLYNAT
GEHALRMSFKPVYSDVPIEKIQVTIQAGDQAPTKMVRLVTFEDPERQESSRKEVMKRVKK
ILDDTDNQATRNSRSSSSSASSISESSESTTSTPSSSDSDNRASQGDPQINLKSRQOSKAN
EKKFYPFGDSSSSGSSSSSSSSSSSSSDSSSSSRSSSSSDSSSSSSSSSSSSSSKSKSSS
RSSKSNRSSSSSNSKDSSSSSSKSNSKGSSSSSSKASGTRQKAKKQSKTTSFPHASAAEG
ERSVHEQKQETQSSSSSSSRASSNSRSTSSSTSSSSESSGVSHRQWKQDREAETKRVKSQ
FNSHSSYDIPNEWETYLPKVYRLRFRSAHTHWHSGHRTSSSSSSSSSESGSSHSNSSSSD
SSSRRSHMSDSSSSSSSHRHGEKAAHSSRRSPTSRAASAHHRPGSSLTRERNFLGDVIPP
GITIVAQAVRSDNRNQGYQATAYVRSDAAKVDVQLVVVQLAETNWKACADAVILPLKAQA
RMRWGKECRDYRIAALATTGOMARKLAVQLKVQWGITIPSWIKKTSTALMRYVPGVALVLG
FSEAHQRNPSRELTIVRAVATSPRSIDTVIKVPGVTLYYQGLRVPFTLALGASSSSYETRD
ITAWNFLPETASQIAQEDQSTCEVSKGDFKTEFDRMSETCSEFNKSCNVVVAQDCTEHPKFI
ITTRKVDHOQSLSREVHINTSSANITICPAADSSLLVTCNKESVLSDSGVSEYEKDNIKIY
KNGKTVIVEAPIHGLKNVNEFDGEILKVTVASWMRGKTCGVCGNNDREKHNELLMPNHKLA
HSCSAFVHSWVLLEETCSGGCKLOQRRYVKLNRNPTIDGEESTCYSVDPVLKCMKDCTPIE
KTSVKVGFHCFPKATAVSLLEWQRSSDKKSASEDVVESVDADIDCTCTGDCS
>sp|Q91025|VIT3 CHICK Vitellogenin-3 (Fragments) 0S=Gallus
0X=9031 GN=VTG3 PE=2 SV=2

MRGFILALVLALVGAQKHDLEPVEFSTGKTYLYDYKGLILHGLPGKGLAAAGLKLTCRLEI

gallus
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SRVSRSDHLLQTIENVFKVANKTRHHKKWIHSRVKAAVTIDLWEEPSATPLSSSSSTDSSAE
GEEPGNKRDKDETIWQFGKKYGADSSSSSSSSSTGSGSSKTCSSSREDSSRDKHCSVDSEY
FNOOQADLPIYQFWFKPADEQDPRRKVONSSISSSSSSSSDEGISTPVSQPMELGDSKPPV
LAAVLRATRRNEQPTGYQLVLYTDRQASRLRVQVEFVSSITESDRWKLCADASVVNSHKAS
GTLKWGKDCQODYQVATQIATGQFAAHPAIQVKLEWSEVPSSVRKTAR
>sp|P00698|LYSC CHICK Lysozyme C 0S=Gallus gallus 0X=9031
PE=1 SvV=1
MRSLLTILVLCFLPLAALGKVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNENTQA
TNRNTDGSTDYGILQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVSDG

NGMNAWVAWRNRCKGTDVQAWIRGCRL

GN=LYZ

>sp|P27042|LYG CHICK Lysozyme g OS=Gallus gallus 0X=9031 PE=2 SV=1

MLGKNDPMCLVLVLLGLTALLGICQGGTGCYGSVSRIDTTGASCRTAKPEGLSYCGVRAS
RTIAERDLGSMNKYKVLIKRVGEALCIEPAVIAGIISRESHAGKILKNGWGDRGNGEGLM
QVDKRYHKIEGTWNGEAHTIROQGTRILIDMVKKIQRKEFPRWTRDOQOLKGGISAYNAGVGNV

RSYERMDIGTLHDDYSNDVVARAQYFKQHGY

>sp|P02789 | TRFE _CHICK Ovotransferrin 0S=Gallus gallus 0X=9031 PE=1

SvV=2

MKLILCTVLSLGIAAVCFAAPPKSVIRWCTISSPEEKKCNNLRDLTQQERISLTCVQKAT
YLDCIKAIANNEADAISLDGGQAFEAGLAPYKLKPIAAEVYEHTEGSTTSYYAVAVVKKG
TEFTVNDLQGKTSCHTGLGRSAGWNIPIGTLLHRGAIEWEGIESGSVEQAVAKFFSASCV
PGATIEQKLCRQCKGDPKTKCARNAPYSGYSGAFHCLKDGKGDVAEVKHTTVNENAPDQK
DEYELLCLDGSRQPVDNYKTCNWARVAAHAVVARDDNKVEDIWSFLSKAQSDFGVDTKSD
FHLFGPPGKKDPVLKDLLEFKDSAIMLKRVPSLMDSQLYLGFEYYSAIQSMRKDQLTPSPR
ENRIQWCAVGKDEKSKCDRWSVVSNGDVECTVVDETKDCIIKIMKGEADAVALDGGLVYT
AGVCGLVPVMAERYDDESQCSKTDERPASYFAVAVARKDSNVNWNNLKGKKSCHTAVGRT
AGWVIPMGLIHNRTGTCNEFDEYFSEGCAPGSPPNSRLCQLCQGSGGIPPEKCVASSHEKY
FGYTGALRCLVEKGDVAFIQHSTVEENTGGKNKADWAKNLOMDDFELLCTDGRRANVMDY
RECNLAEVPTHAVVVRPEKANKIRDLLERQEKRFGVNGSEKSKFMMFESQNKDLLEFKDLT

KCLEFKVREGTTYKEFLGDKEFYTVISSLKTCNPSDILOMCSELEGK

>sp|P01005|IOVO CHICK Ovomucoid 0S=Gallus gallus 0X=9031 PE=1 SV=1

MAMAGVEVLESFVLCGFLPDAAFGAEVDCSREFPNATDKEGKDVLVCNKDLRPICGTDGVT
YTNDCLLCAYSIEFGTNISKEHDGECKETVPMNCSSYANTTSEDGKVMVLCNRAENPVCG
TDGVTYDNECLLCAHKVEQGASVDKRHDGGCRKELAAVSVDCSEYPKPDCTAEDRPLCGS

DNKTYGNKCNECNAVVESNGTLTLSHFGKC
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>tr|[I0J171|I0J171 CHICK OvoglobulinG2 0S=Gallus gallus 0X=9031

GN=G2 PE=2 Sv=1

MGALLALLDPVQPTRAPDCGGILTPLGLSYLAEVSKPHAEVVLRODLMAQRASDLFLGSM
EPSRNRITSVKVADLWLSVIPEAGLRLGIEVELRVAPLHAVPMPVRISIRADLHVDMGPD
GNLQLLTSACRPTVQAQSTREAESKSSRSILDKVVDVDKLCLDVSKLLLFPNEQLMSLTA
LFPVTPNCQLOYLPLAAPVEFSKQGIALSLOQTTFQVAGAVVPVPVSPVPFSMPELASTSTS
HLILALSEHFYTSLYFTLERAGAFNMTIPSMLTTATLAQKITQVGSLYHEDLPITLSAAL
RSSPRVVLEEGRAALKLFLTVHIGAGSPDFQSFLSVSADVTAGLQLSVSDTRMMISTAVI
EDAELSLAASNVGLVRAALLEELFLAPVCQQVPAWMDDVLREGVHLPHLSHFTYTDISVV

VHKDYVLVPCKLKLRSTMA

>sp | FINBLO |[MUC6 CHICK Mucin-6 (Fragment) OS=Gallus gallus 0X=9031

GN=MUC6 PE=1 SV=1

CSTWGGGHEFSTEFDKYQYDEFTGTCNYIFATVCDESSPDENIQFRRGLDKKIARITIELGPS
VIIVEKDSISVRSVGVIKLPYASNGIQIAPYGRSVRLVAKLMEMELVVMWNNEDYLMVLT
EKKYMGKTCGMCGNYDGYELNDFVSEGKLLDTYKFAALQKMDDPSEICLSEEISIPAIPH
KKYAVICSQLLNLVSPTCSVPKDGEFVTRCQLDMQDCSEPGOQKNCTCSTLSEYSRQCAMSH
QVVEFNWRTENFCSVGKCSANQIYEECGSPCIKTCSNPEYSCSSHCTYGCFCPEGTVLDDI
SKNRTCVHLEQCPCTLNGETYAPGDTMKAACRTCKCTMGQWNCKELPCPGRCSLEGGSEV
TTEFDSRSYRFHGVCTYILMKSSSLPHNGTLMAIYEKSGYSHSETSLSATIIYLSTKDKIVI
SONELLTDDDELKRLPYKSGDITIFKQSSMFIQMHTEFGLELVVQTSPVEQAYVKVSAQF
QGRTLGLCGNYNGDTTDDFMTSMDITEGTASLEVDSWRAGNCLPAMERETDPCALSQLNK
ISAETHCSILTKKGTVFETCHAVVNPTPEFYKRCVYQACNYEETFPYICSALGSYARTCSS
MGLILENWRNSMDNCTITCTGNQTFSYNTQACERTCLSLSNPTLECHPTDIPIEGCNCPK
GMYLNHKNECVRKSHCPCYLEDRKYILPDOSTMTGGITCYCVNGRLSCTGKLONPAESCK
APKKYISCSDSLENKYGATCAPTCOMLATGIECIPTKCESGCVCADGLYENLDGRCVPPE
ECPCEYGGLSYGKGEQIQTECEICTCRKGKWKCVQKSRCSSTCNLYGEGHITTFDGQREV
FDGNCEYILAMDGCNVNRPLSSEFKIVTENVICGKSGVTCSRSISIYLGNLTIILRDETYS
ISGKNLQVKYNVKKNALHLMFDIIIPGKYNMTLIWNKHMNFFIKISRETQETICGLCGNY
NGNMKDDFETRSKYVASNELEFVNSWKENPLCGDVYEFVVDPCSKNPYRKAWAEKTCSIIN
SQVEFSACHNKVNRMPYYEACVRDSCGCDIGGDCECMCDAIAVYAMACLDKGICIDWRTPE
FCPVYCEYYNSHRKTGSGGAYSYGSSVNCTWHYRPCNCPNQYYKYVNIEGCYNCSHDEYF

DYEKEKCMPCAMQPTSVTLPTATQPTSPSTSSASTVLTETTNPPV

>sp|Q98UIY9 |MUCSB CHICK Mucin-5B 0S=Gallus gallus OX=9031 GN=MUC5B

PE=1 sv=1

MEIKKERSEFWIFCLIWSFCKGKEPVQIVQVSTVGRSECTTWGNFHFHTEFDHVKETEPGTC
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TYVFASHCNDSYQDENIKIRRSDKNSHLIYEFTVTTDGVILEVKETGITVNGNQIPLPESL
KSILIEDTCAYFQVTSKLGLTLKWNWADTLLLDLEETYKEKICGLCGNYDGNKKNDLILD
GYKMHPROQFGNFHKVEDPSEKCPDVRPDDHTGRHPTEDDNRCSKYKKMCKKLLSREGNCP
KVVAFDDYVATCTEDMCNCVVNSSQSDLVSSCICSTLNQYSRDCVLSKGDPGEWRTKELC
YOECPSNMEYMECGNSCADTCADPERSKICKAPCTDGCEFCPPGTILDDLGGKKCVPRDSC
PCMFQGKVYSSGGTYSTPCONCTCKGGHWSCISLPCSGSCSIDGGFHIKTEFDNKKENFHG
NCHYVLAKNTDDTEVVIGEIIQCGTSKTMTCLKNVLVTLGRTTIKICSCGSIYMNNEIVK
LPVSKDGITIFRPSTFFIKILSSAGVQIRVOMKPVMOLSITVDHSYONRTSGLCGNENNI
QTDDFRTATGAVEDSAAAFGNSWKTRASCFDVEDSFEDPCSNSVDKEKFAQHWCALLSNT
SSTFAACHSVVDPSVYIKRCMYDTCNAEKSEVALCSVLSTYSRDCAAAGMTLKGWRQGIC
DPSEECPETMVYNYSVKYCNQSCRSLDEPDPLCKVQIAPMEGCGCPEGTYLNDEEECVTP
DDCPCYYKGKIVQPGNSFQEDKLLCKCIQGRLDCIGETVLVKDCPAPMYYEFNCSSAGPGA
IGSECQKSCKTODMHCYVTECVSGCMCPDGLVLDGSGGCIPKDQCPCVHGGHEFYKPGET I
RVDCNTCTCNKRQWNCTDNPCKGTCTVYGNGHYMSFDGEKFDFLGDCDYILAQDFCPNNM
DAGTFRIVIQONNACGKSLSICSLKITLIFESSEIRLLEGRIQEIATDPGAEKNYKVDLRG
GYIVIETTQGMSEMWDOQKTTVVVHVTPSFQGKVCGLCGDFDGRSRNDFTTRGQSVEMSIQ
EFGNSWKITSTCSNINMTDLCADQPFKSALGQKHCSIIKSSVFEACHSKVNPIPYYESCV
SDFCGCDSVGDCECFCTSVAAYARSCSTAGVCINWRTPAICPVEFCDYYNPPDKHEWEYKP
CGAPCLKTCRNPQGKCGNILYSLEGCYPECSPDKPYFDEERRECVSLPDCTSCNPEEKLC
TEDSKDCLCCYNGKTYPLNETIYSQTEGTKCGNAFCGPNGMIIETFIPCSTLSVPAQEQL
MQOPVTSAPLLSTEATPCFCTDNGQLIQOMGENVSLPMNISGHCAYSICNASCQIELIWAEC
KVVQTEALETCEPNSEACPPTAAPNATSLVPATALAPMSDCLGLIPPRKEFNESWDEGNCQ
IATCLGEENNIKLSSITCPPOQOLKLCVNGEFPFMKHHDETGCCEVFECQCICSGWGNEHYV
TEDGTYYHFKENCTYVLVELIQPSSEKFWIHIDNYYCGAADGAICSMSLLIFHSNSLVIL
TOQAKEHGKGTNLVLENDKKVVPDISKNGIRITSSGLYIIVEIPELEVYVSYSRLAFYIKL
PFGKYYNNTMGLCGTCTNQKSDDARKRNGEVTDSFKEMALDWKAPVSTNRYCNPGISEPV
KIENYQHCEPSELCKIIWNLTECHRVVPPQPYYEACVASRCSQQHPSTECQSMQTYAALC
GLHGICVDWRGQTNGQCEATCARDQVYKPCGEAKRNTCFSREVIVDTLLSRNNTPVEVEG
CYCPDGNILLNEHDGICVSVCGCTAQDGSVKKPREAWEHDCQYCTCDEETLNISCEFPRPC
AKSPPINCTKEGEFVRKIKPRLDDPCCTETVCECDIKTCIINKTACDLGEFQPVVAISEDGC
CPIFSCIPKGVCVSEGVEFKPGAVVPKSSCEDCVCTDEQDAVTGTNRIQCVPVKCQTTCQ
QGFRYVEKEGQCCSQCQQVACVANFPFGSVTIEVGKSYKAPYDNCTQYTCTESGGQFESLT
STVKVCLPFEESNCVPGTVDVTSDGCCKTCIDLPHKCKRSMKEQYIVHKHCKSAAPVPVP
FCEGTCSTYSVYSFENNEMEHKCICCHEKKSHVEKVELVCSEHKTLKESYVHVDECGCVE

TKCPMRRT
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>sp|P02701|AVID CHICK Avidin 0S=Gallus gallus 0X=9031 GN=AVD PE=1
SvV=3

MVHATSPLLLLLLLSLALVAPGLSARKCSLTGKWTNDLGSNMTIGAVNSRGEFTGTYITA
VITATSNEIKESPLHGTONTINKRTQPTFGEFTVNWKESESTTVFTGQCEFIDRNGKEVLKTM

WLLRSSVNDIGDDWKATRVGINIFTRLRTQKE
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Appendix A, File 2

#!/usr/bin/python

from  future  import division
import numpy as np

import pandas as pd

import scipy.stats

import random

def read bulk df():
""" Reads bulk stat files and returns a DF
bulk df = pd.DataFrame ()
for £ in modern bulk files:

df = pd.read csv((data folder + f))

df ["Group"] = "Modern"

bulk df = bulk df.append(df, ignore index = False)
for £ in ancient bulk files:

df = pd.read csv((data folder + f))

df ["Group"] = "Ancient"

bulk df = bulk df.append(df, ignore index = False)
return bulk df

def read ss df():

""" Reads SS stat files and returns a DF
ss df = pd.DataFrame ()
for £ in modern SS files:

df = pd.read csv((data folder + f))

df ["Group"] = "Modern"

ss df = ss _df.append(df, ignore index = False, sort =

True)

for £ in ancient SS files:
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df = pd.read csv((data folder + f))
df ["Group"] = "Ancient"

ss df = ss df.append(df, ignore index = False, sort =

True)

def

# Remove -1 wvalues
ss df = ss df[ss df["Half-time"] != -1]

return ss_df

read skl bulk():

""" Reads SKI1 bulk stat file and returns a DF

skl bulk df = pd.read csv((data folder + bulk stats file))

skl bulk df = skl bulk df[(skl bulk df["Sample"] == "sample")]

# No blank

def

def

return skl bulk df

read skl ss():

""" Reads SK1 SS stat file and returns a DF

mwiiw

skl ss df = pd.read csv((data folder + ss stats file))
skl ss df = skl ss df[(skl ss df["Sample"] == "sample")]
skl ss df = skl ss df[skl ss df["Half-time"] != -1]

return skl ss df

mann whitney(x, y, desc):

""" performs Mann Whitney U

and prints results

wun

stat, p = scipy.stats.mannwhitneyu(x, V)
print desc

print "Mann Whitney U"

print "P: \t\t\t", p
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def

print "Test statistic: \t", stat
if p > ALPHA:

print "p > %f, fail to reject HO" % (ALPHA)
else:

print "p < %f, reject HO" % (ALPHA)

print ""

bulk (bulk df, col name, grl, gr2, aa):

""" Gets bulk deamidation significance

mman

this df = bulk df[(bulk df['AA']==aa)]

modern df = this df[(this df[col name] == grl)]
ancient df = this df[(this df[col name] == gr2)]

desc = "Bulk deamidation, %s vs %s (%s)" % (grl, gr2, aa)

mann_whitney (modern df ["RelNonDeam"],

ancient df["RelNonDeam"], desc)

def

= x)

pair ss tolerance(ss df, col name, grl, gr2, tolerance=.05):
""" Produces lists of pairs of relative deamidation levels
at the same half-time. If tolerance > 0, use this to compare

deamidation levels at half-times that are within x (tolerance

percent of each other.

mwiww

grl df = ss df[(ss_df[col name] == grl)]
gr2 df = ss df[(ss_df[col name] == gr2)]
half times = ss df["Half-time"].unique ()

pairs list = []

for hl in half times:
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# Add tolerance
low = hl - (hl*tolerance)

high = hl + (hl*tolerance)

# New dfs with only relevant half-times

grl = grl df[(grl df["Half-time"] >= low) ]
grl = grl[(grl["Half-time"] <= high)]
gr2 = gr2 df[(gr2 df["Half-time"] >= low)]
gr2 = gr2[(gr2["Half-time"] <= high)]

# If both dfs are populated

if len(grl.index) > 0 and len(gr2.index) > O0:

# Get mean for later
grl avg = grl.mean(axis = 0) ["RelNonDeam"]

gr2 avg = gr2.mean(axis = 0) ["RelNonDeam"]

while len(grl.index) > 0 and len(gr2.index) > O0:

# If the dfs have more than one row, generated

random row

# to pair, and then drop

Il
o

random grl index

Il
o

random gr2 index

if len(grl.index) > 1:
random grl index =
random.randrange (len (grl.index) -1)
gl row = grl.iloc[random grl index]

grl = grl.drop(grl.index[random grl index])
if len(gr2.index) > 1:

random gr2 index =

random.randrange (len (gr2.index) -1)
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g2 row = gr2.iloc[random gr2 index]

gr2 = gr2.drop(gr2.index[random gr2 index])

# Add to pair

pairs list.append([gl row["RelNonDeam"],

g2 row["RelNonDeam"]])

# Use average vals if one df is bigger than the other

if len(grl.index) > O0:

for i, row in grl.iterrows():

pairs list.append([row["RelNonDeam"],

gr2_avgl)

if len(gr2.index) > O0:

for i, row in gr2.iterrows () :

row["RelNonDeam"]1])

def

return pairs list

wilcoxon (pairs list, desc):
""" Performs Wilcoxon signed rank

and prints results

pairs list = np.array(pairs list)

m pairs list[:,0]

a pairs list[:,1]

stat, p = scipy.stats.wilcoxon (m, a)
print desc

print "Wilcoxon signed rank test"
print "N: ", len(pairs list)

print "P: \t\t\t", p

print "Test statistic: \t", stat

if p > ALPHA:

pairs list.append([grl avg,

print "p > $f, fail to reject HO" %

(ALPHA)
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else:
print "p < %$f, reject HO" $ (ALPHA)

mn

print

data folder = "/home/abby/Documents/1.

DeamiDATE/REVISIONS/STATS datasets/"

ALPHA = .05
### Model
modern bulk files = ["Model Dataset - Aardvark - BULK.csv",
"Model Dataset - Anteater - BULK.csv",

"Model Dataset - Hippo - BULK.csv", "Model Dataset - Tapir -
BULK.csv"]
modern SS files = ["Model Dataset - Aardvark - 8SS.csv", "Model
Dataset - Anteater - SS.csv",

"Model Dataset - Hippo - SS.csv", "Model Dataset - Tapir -
SS.csv"]
ancient bulk files = ["Model Dataset - Macrauchenia - BULK.csv",
"Model Dataset - Mylodon - BULK.csv",

"Model Dataset - Toxodon - BULK.csv"]
ancient SS files = ["Model Dataset - Macrauchenia - SS.csv",
"Model Dataset - Mylodon - SS.csv",

"Model Dataset - Toxodon - SS.csv"]
#Bulk

bulk df = read bulk df()
bulk (bulk df, "Group", "Modern", "Ancient", "N")

bulk (bulk df, "Group", "Modern", "Ancient", "Q")
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# SS
ss_df = read ss df ()

pairs list = pair ss tolerance(ss df, "Group",
"Ancient", tolerance=0)

wilcoxon (pairs list, "Site specific deamidation,
ancient")

##4 SK 1

bulk stats file = "SK1 - Bulk.csv"

ss stats file = "SK1 - SS.csv"

#Bulk

skl bulk df = read skl bulk()

bulk(skl bulk df, "Classification", "Human", "Egg", "N")
bulk(skl bulk df, "Classification", "Human", "Egg", "Q")
#SS

skl ss df = read skl ss{)

pairs list = pair ss tolerance(skl ss df,

"Human", "Egg", tolerance=.05)

wilcoxon (pairs list, "Site specific deamidation,

"Modern",

modern

human vs egg")

VS

"Classification",
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Appendix A, Table 6

In order to ascertain whether or not the chicken peptides were conserved across other bird

species, and could thus originate from wild bird species available in Neolithic Britain, each

peptide was taxonomically identified through NCBI BLASTp (Altschul et al., 1990). In total, 16

peptides identified as being unique to chicken, while 15 matched identically to other relevant

birds too - most commonly Anas platyrhynchos.

Gallus
gallus
P00698 |Lysozyme C 2 166.56 214.00
P01012 [Ovalbumin 4 136.76 91.47
P01014 |Ovalbumin-related protein Y 1 105.52 N/A
P02789 |Ovotransferrin 2 127.55 122.11
P87498 |Vitellogenin-1 0 N/A 89.32
P02845 |Vitellogenin-2 7 91.50 103.29
Q91025 |Vitellogenin-3 0 N/A 61.997

Appendix A, Table 6 Peptide count in proteins unique to Gallus gallus versus those identical in

other relevant birds and their scores.
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Appendix A, Figure 1

Peptide uniqueness to Gallus gallus vs other relevant birds

M Peptides unique to Gallus gallus
B Peptides identical in other relevant birds

No. unique peptides per protein

0

Appendix A, Figure 1: Peptide count in egg endogenous proteins. Peptide count unique to chicken is

shown in blue, while peptides that are identical in other relevant birds are shown in blue.

Appendix A, Figure 2

The frequency of different half-times in the datasets was analysed to investigate whether the
deamidation, or lack thereof, at different half-times is only dependent on the original
distribution of half-times. The distribution of half-times in the model dataset groups is very

similar - this is most likely due to the fact that they both represent only collagen type 1 peptides.
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The egg and human origin proteins from SK1 show a wider variation in reported half-times, with

the human endogenous proteins especially being represented at almost every half-time

Frequency of half-times in modern samples
® Aardvark @ Anteater Hippo @ Tapir % Total
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Frequency of half-times in human and egg origin proteins

12

10

Frequency

® Egg @ Human > Total

WM Kk ko

* e ddolole ke ok ok Kk *
- an Abe oo oo o - - -
2500 5000 7500 10000 12500
Half-time (days at 37°C)

Appendix A, Figure 2: The frequency of the Robinson and Robinson (2004) half-times found in the

SK1 protein groups and the modern and ancient model dataset.
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Appendix B, Table 1

ID Paper Site Age Date Range Mid of range (YI RC date?
3DT21 (CS6) Hendy et al. 2018a UK - Driffield Terrace, York, York Roman 44-410 CE 1723 No
3DT26 (CS5) Hendy et al. 2018a UK - Driffield Terrace, York, York Roman 44-410 CE 1723 No
6DT21 (CS9) Hendy et al. 2018a UK - Driffield Terrace, York, York Roman 44-410 CE 1723 No
6DT3 (CS7) Hendy et al. 2018a UK - Driffield Terrace, York, York Roman 44-410 CE 1723 No
6DT7 (CS8) Hendy et al. 2018a UK - Driffield Terrace, York, York Roman 44-410 CE 1723 No
CS11 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS12 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS18 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS19 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS21 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS31 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS40 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS46 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CS6 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
CSs7 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1485-1872 CE 271.5 No
FAO1 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO10 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval  1485-1872 CE 271.5 No
FAO11 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval  1485-1872 CE 271.5 No
FAO12 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO13 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO14 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO15 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO16 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO17 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO18 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO2 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO3 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO4 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO5 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO6 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval  1485-1872 CE 271.5 No
FAO7 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval  1485-1872 CE 271.5 No
FAO8 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FAO9 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1485-1872 CE 271.5 No
FW192 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411) Post-Medieval 1485-1872 CE 271.5 No
FW217 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411) Post-Medieval 1485-1872 CE 271.5 No
FW268 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval  1485-1872 CE 271.5 No
FW303 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1485-1872 CE 271.5 No
FW331 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411) Post-Medieval 1485-1872 CE 271.5 No
(

FwW435 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1485-1872 CE 271.5 No
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ID
FW450
FW53
FW68
FW88
FW9
FW9o8
ML1032
ML1489
ML1823
ML3890
NBS262
NBS325
NBS410
NEMO093
NEMO099
NEM18
0OX01
0X03
OX04
OX05
OX06
OX09
0OX10
0OX12
RLH 103
RLH 131
RLH 135
RLH 208
RLH 340
RLH 349
RLH 365
RLH 367
RLH 386
RLH 397
RLH 421
RLH 572
SP2182
SP2295
SP2300

Paper

Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.

2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a

Site

UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, UK - Fewston, North Yorkshire (SE 1947 5411)
UK - Melton

UK - Melton

UK - Melton

UK - Melton

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)
UK - Oxford Street, Leicestershire (NGR SK 586038)
UK - Oxford Street, Leicestershire (NGR SK 586038)
UK - Oxford Street, Leicestershire (NGR SK 586038)
UK - Royal London Hospital (RLP05)

UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)
UK - Royal London Hospital (RLP05)

UK - Royal London Hospital (RLP05)

UK - Christ Church, Spitalfields, London
UK - Christ Church, Spitalfields, London
UK - Christ Church, Spitalfields, London

Age
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Iron Age

Iron Age

Iron Age

Iron Age
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Roman
Roman
Roman
Roman
Roman
Roman
Roman
Roman
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval

Date Range
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
800 BCE to 80 C
800 BCE to 80 C
800 BCE to 80 C
800 BCEto 80 C
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
43-410 CE
43-410 CE
43-410 CE
43-410 CE
43-410 CE
43-410 CE
43-410 CE
43-410 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE

Mid of range (Yl RC date?

271.5
271.5
271.5
271.5
271.5
271.5
2310
2310
2310
2310
1245
1245
1245
1245
1245
1245
1723
1723
1723
1723
1723
1723
1723
1723
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5
271.5

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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ID Paper

SP2301 Hendy et al.
SP2369 Hendy et al.
SP2468 Hendy et al.
SP2477 Hendy et al.
SP2484 Hendy et al.
SP2647 Hendy et al.
SP2748 Hendy et al.
SP2860 Hendy et al.
TKAC Hendy et al.
TKDC Hendy et al.
TKEC Hendy et al.
TKFC Hendy et al.
uT103 Hendy et al.
uUT111 Hendy et al.
uUT116 Hendy et al.
UT73 Hendy et al.
WG1082 Hendy et al.
WG1252 Hendy et al.
WG1483 Hendy et al.
WG1561 Hendy et al.
WG1566 Hendy et al.
WG1585 Hendy et al.
Z100 Hendy et al.
Z81 Hendy et al.
782 Hendy et al.
Z83 Hendy et al.
284 Hendy et al.
285 Hendy et al.
286 Hendy et al.
287 Hendy et al.
Z88 Hendy et al.
Z89 Hendy et al.
Z90 Hendy et al.
794 Hendy et al.

CW10 Calcite  Hendy et al.
CW10 Ceramic N Hendy et al.
CW10 Outer cer: Hendy et al.
CW11 Calcite  Hendy et al.
CW18 Calcite  Hendy et al.

2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018b
2018b
2018b
2018b
2018b

Site

UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,
UK - Christ Church, Spitalfields,

UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931
UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931
UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931
UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931
USA - University of Tenneesee Forensic Anthropology Center

USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center

UK - Wig

UK - Wighill (Syningthwaite Priory Farm

UK - Wig

UK - Wighill (Syningthwaite Priory Farm
UK - Wighill (Syningthwaite Priory Farm

USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
USA - Oklahoma Dental Patients
Turkey - Catalhoylk

Turkey - Catalhdylk

Turkey - Catalhdyuk

Turkey - Catalhdyik

Turkey - Catalhdylk

London
London
London
London
London
London
London
London

(Syningthwaite Priory Farm)

(

UK - Wighill (Syningthwaite Priory Farm
(Syningthwaite Priory Farm
(

Age
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Post-Medieval
Medieval
Medieval
Medieval
Medieval
Modern
Modern
Modern
Modern
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic

Date Range
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
1485-1872 CE
410-1484 CE
410-1484 CE
410-1484 CE
410-1484 CE
2018 CE

2018 CE

2018 CE

2018 CE

ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE

2018 CE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE

Mid of range (Yl RC date?

271.5
271.5
271.5
271.5
2715
271.5
271.5
271.5
1003
1003
1003
1003
0

0

0

0

675
675
675
675
675
675

O O ©O ©O O O o o o o o o

7750
7750
7750
7750
7750

No

No

No

No

No

No

No

No

No

No

No

No

No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No

No

No

No

No

No

No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
No - but reliable due to modernity
Yes - indirectly from context

Yes - indirectly from context

Yes - indirectly from context

Yes - indirectly from context

Yes - indirectly from context
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ID

Paper

CW18 Ceramic N Hendy et al. 2018b

CW20 Calcite

Hendy et al. 2018b

CW20 Ceramic N Hendy et al. 2018b
CW20 Outer cer: Hendy et al. 2018b

CW21 Calcite
CW22 Calcite

Hendy et al. 2018b
Hendy et al. 2018b

CW22 Ceramic N Hendy et al. 2018b
CW22 Outer cer: Hendy et al. 2018b

CW23 Calcite
CW24 Calcite

Hendy et al. 2018b
Hendy et al. 2018b

CW24 Ceramic N Hendy et al. 2018b

CW?27 Calcite
CWS8 Calcite
ARS007
ARS008
ARS009
ARS010
ARS013
ARS014
ARS016
ARS017
ARS018
VVH02
VVHO03
VVHO04
3DT21 (CS6)
3DT26 (CS5)
6DT21 (CS9)
6DT3 (CS7)
6DT7 (CS8)
FW435
FW53
JH1
JH1
JH10
JH10
JH11
JH11
JH12

Hendy et al. 2018b
Hendy et al. 2018b
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Jeong et al. 2018
Mays et al. 2018
Mays et al. 2018
Mays et al. 2018
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014
Warinner et al. 2014

Site

Turkey - Catalhdyik
Turkey - Catalhdylk
Turkey - Catalhoylk
Turkey - Catalhoylk
Turkey - Catalhdylk
Turkey - Catalhoyuk
Turkey - Catalhdyik
Turkey - Catalhdylk
Turkey - Catalhdylk
Turkey - Catalhoylk
Turkey - Catalhdylk
Turkey - Catalhdyuk
Turkey - Catalhdyik
Mongolia - Khévsgol
Mongolia - Khévsgol
Mongolia - Khévsgol
Mongolia - Khévsgol
Mongolia - Khévsgdl
Mongolia - Khévsgdl
Mongolia - Khévsgdl
Mongolia - Khévsgol
Mongolia - Khévsgol

UK - West Amesbury Farm
UK - West Amesbury Farm
UK - West Amesbury Farm
UK - Driffield Terrace, York
UK - Driffield Terrace, York
UK - Driffield Terrace, York
UK - Driffield Terrace, York
UK - Driffield Terrace, York
UK - Fewston

UK - Fewston

St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley

Age

Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic

Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Late Bronze Age
Middle Bronze A
Middle Bronze A
Middle Neolithic
Roman

Roman

Roman

Roman

Roman

Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian

Date Range
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
7950-7550 BCE
3235-3076 BCE
3235-3076 BCE
average of other
3028-2879 BCE
3355-3230 BCE
3335-3168 BCE
3455-3350 BCE
3343-3183 BCE
3002-2867 BCE
3346-3431 YBP
3312-3382 YBP
4869-4955 YBP
44-410 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE
1835-1895 CE
1835-1895 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE

Mid of range (YI RC date?

7750
7750
7750
7750
7750
7750
7750
7750
7750
7750
7750
7750
7750

3155.5
3155.5
3176.0625
2953.5
3292.5
3251.5
3402.5
3263
2934.5
3388.5
3347
4912
1723
1723
1723
1723
1723
85

85

94

94

94

94

94

94

94

Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

No

No

No

No

No

No

No
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ID
JH12
JH13
JH13
JH14
JH14
JH15
JH15
JH16
JH16
JH17
JH17
JH18
JH18
JH19
JH19
JH2
JH2
JH20
JH20
JH3
JH3
JH4
JH4
JH5
JH5
JH6
JH6
JH7
JH7
JH8
JH8
JH9
JH9
JHO
ML1032
ML1489
ML1823
ML3890
NBS262

Paper

Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

Site

St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert's Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
St Helena - Rupert’s Valley
UK - Melton

UK - Melton

UK - Melton

UK - Melton

UK - Norton-on-Tees

Age
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Victorian
Iron Age
Iron Age
Iron Age
Iron Age
Anglo-Saxon

Date Range
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
1840-1872 CE
800 BCE to 80 C
800 BCE to 80 C
800 BCEto 80 C
800 BCE to 80 C
ca. 500-910 CE

Mid of range (Yl RC date?
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No
94 No

2310 No
2310 No
2310 No
2310 No
1245 No
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ID
NBS325
NBS410
NEMO093
NEMO099
NEM18
OX01
OX03
OX05
OX09
0OX10
0OX12
OX4
OX6
RISE 432
RISE 460
RISE363
RISE368
RISE387
SCR5070
SCR832
WG1082
WG1252
WG1483
WG1561
WG1566
WG1585
744

745

Z5

Z6

z7

Z8
RISE307
RISE307
RISE417
RISE420
RISE415
RISE414
RISE472

Paper

Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

Site

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

Denmark - Gjerrild

Denmark - @ster Harup

Hungary - Széreg-C (Sziv Utca)
Hungary - Széreg-C (Sziv Utca)

Russia - Bulanovo

Italy - Isola Sacra (Portus Romae)

Italy - Isola Sacra (Portus Romae)

UK - Wighill (Syningthwaite Priory Farm)
UK - Wighill (Syningthwaite Priory Farm)
UK - Wighill (Syningthwaite Priory Farm)
UK - Wighill (Syningthwaite Priory Farm)
UK - Wighill (Syningthwaite Priory Farm)
UK - Wighill (Syningthwaite Priory Farm)
UK - Fewston

UK - Fewston

Switzerland - Zurich

Switzerland - Zurich

Switzerland - Zurich

Switzerland - Zurich

Russia - West Caucasus, Marchenkova Gora
Russia - West Caucasus, Marchenkova Gora
Armenia - Hatsarat

Armenia - Noraduz

Armenia - Nerkin Getashen

Armenia - Noraduz

Germany - Nersingen

Age
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Anglo-Saxon
Roman
Roman
Roman
Roman
Roman
Roman
Roman
Roman
Neolithic
Neolithic
Bronze Age
Bronze Age
Bronze Age
Roman
Roman
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Victorian
Victorian
Modern
Modern
Modern
Modern
Bronze Age
Bronze Age
Bronze Age
Iron Age
Bronze Age
Bronze Age
Bronze Age

Date Range

ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
ca. 500-910 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE
44-410 CE

ca. 3000-1500 B!
ca. 2800-2400 B!
ca. 3000-1500 Bt
ca. 3000-1500 Bt
ca. 3000-1500 B!
50-200 CE
50-200 CE

ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
ca. 1000-1550 C
1835-1895 CE
1835-1895 CE
2011 CE

2011 CE

2011 CE

2011 CE

ca. 3000-2000 Bt
ca. 3000-2000 Bt
ca. 2000 BCE
ca. 700 BCE

ca. 1200-1300 B!
ca. 1200-1300 B!
ca. 3000-1500 B!

Mid of range (Yl RC date?

1245
1245
1245
1245
1245
1723
1723
1723
1723
1723
1723
1723
1723
4200
4550
4200
4200
4200
1825
1825
675
675
675
675
675
675
85
85

3

4450
4450
3950
2650
3200
3200
4200

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

- but reliable due to modernity
- but reliable due to modernity
- but reliable due to modernity
- but reliable due to modernity
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ID
RISE473
Y47-B27
Y48-B40
Y49-B85
B78

G12

B17

B78

B61

Z35

736

Z37

738

Z39

Z40
RISE466
RISE467
ODN19
ODN207
ODN271
ODN361
ODN424
ODN458
ODN98
SCR277
SCR250
SCR264
SCR323
SCR5028
SCR5042
BL13217
BL30912
HH3188
HH3
HH610
HN5037-1
HN7656
HN11456
HN4786

Paper

Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.
Warinner et al.

Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.
Charlton et al.

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2019
2019
2019
2019
2019
2019
2019
2019
2019

Site

Germany - Regensburg-Dechbetten

Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Germany - Dalheim
Greenland - W51 Sandnes
Greenland - W51 Sandnes
Greenland - W51 Sandnes
Greenland - W51 Sandnes
Greenland - @29a Brattahlid
Greenland - @29a Brattahlid
Italy - Italy - Olmo di Nogara
Italy - Italy - Olmo di Nogara
Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - OImo di Nogara

Italy - Isola Sacra (Portus Romae
Italy - Isola Sacra (Portus Romae
Italy - Isola Sacra (Portus Romae

A

A

=m_<-_mo_mmmoﬂm:uo::mmoﬂ:mo

Italy - Isola Sacra (Portus Romae
(

Italy - Isola Sacra (Portus Romae

UK - Banbury Lane

UK - Banbury Lane

UK - Hambledon Hill
UK - Hambledon Hill
UK - Hambledon Hill
UK - Hazleton North
UK - Hazleton North
UK - Hazleton North
UK - Hazleton North

Age
Bronze Age
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Medieval
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Bronze Age
Roman
Roman
Roman
Roman
Roman
Roman
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic
Neolithic

Date Range

ca. 3000-1500 Bt
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 950-1200 CE
ca. 1290-1430 C
ca. 1290-1430 C
ca. 1290-1430 C
ca. 1290-1430 C
ca. 890-1230 CE
ca. 890-1230 CE
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
ca. 2700-1350 B!
50-200 CE
50-200 CE
50-200 CE
50-200 CE
50-200 CE
50-200 CE
3360-3090 BCE
3360-3090 BCE
3650-3370 BCE
3680-3310 BCE
3680-3310 BCE
3800-3620 BCE
3800-3620 BCE
3800-3620 BCE
3800-3620 BCE

4200
875
875
875
875
875
875
875
875
590
590
590
590
890
890

3625

3625

3625

3625

3625

3625

3625

3625

3625

1825

1825

1825

1825

1825

1825

5175

5175

5460

5445

5445

5660

5660

5660

5660

Mid of range (YI RC date?

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context
Yes - indirectly from context

244



ID Paper Site
HN7387 Charlton et al. 2019 UK - Hazleton North

Appendix B, Table 1: Radiocarbon and inferred dates of samples from all archaeological datasets

Age
Neolithic

Date Range
3800-3620 BCE

Mid of range (Yl RC date?
5660 Yes - indirectly from context
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Appendix B, Table 2

ID

Milk Powder

Total

Caseins

Total BLG

Caseins N
Remaining

%

Caseins Q
Remaining

%

BLG N
Remaining

%

BLG Q
Remaining

%

90.83

95.56

62.11

88.27

Appendix B, Table 2: Deamidation and peptide count in milk powder
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Appendix B, Table 3

ID Half-time Remaining AA Size Protein
Milk Powder -1 0.9691052666 104.2223646 BLG
Milk Powder 1.14 0.3606003063 104.5051933 BLG
Milk Powder 10 0 100 BLG
Milk Powder 15.7 0.2844494928 109.9325373 BLG
Milk Powder 48.3 1 100 BLG
Milk Powder 50.2 1 122.7099211 BLG
Milk Powder 75.7 0.9567864389 122.7099211 BLG
Milk Powder 104 1 1000 BLG
Milk Powder 300 0 100 BLG
Milk Powder 800 1 109.020425 BLG
Milk Powder 2100 0.8108389566 104.6366516 BLG
Milk Powder 4000 1 171.1546966 BLG
Milk Powder 5200 0.9000192751 104.3315886 BLG
Milk Powder 5200 1 107.1529474 BLG
Milk Powder 5700 0.9982989777 104.5051933 BLG
Milk Powder 6100 1 1000 BLG
Milk Powder 6100 1 100.2780195 BLG
Milk Powder 6100 1 109.3702632 BLG
Milk Powder 6100 1 106.8427546 BLG
Milk Powder -1 0 100 Casein
Milk Powder -1 0 100 Casein
Milk Powder -1 1 133.0717462 Casein
Milk Powder -1 0.999394259 128.8832862 Casein
Milk Powder -1 0.9965107014 132.1820048 Casein
Milk Powder -1 1 128.5574808 Casein
Milk Powder -1 1 128.5574808 Casein
Milk Powder -1 1 127.3831087 Casein
Milk Powder -1 0.9998621035 128.5574808 Casein
Milk Powder -1 0.7350080699 128.8832862 Casein
Milk Powder -1 1 129.8320684 Casein
Milk Powder -1 0.7994730488 167.2336046 Casein
Milk Powder -1 0.9393384008 109.6784119 Casein
Milk Powder -1 1 167.2336046 Casein
Milk Powder -1 1 101.1732887 Casein
Milk Powder -1 0.983613673 110.9198439 Casein
Milk Powder -1 1 101.1732887 Casein
Milk Powder -1 1 100.5872975 Casein
Milk Powder -1 0.9984034957 111.1428425 Casein
Milk Powder -1 1 108.8576632 Casein
Milk Powder -1 1 173.5291251 Casein
Milk Powder -1 1 162.3269128 Casein
Milk Powder -1 0.9963390309 167.4544558 Casein
Milk Powder 15.7 0.9427376321 103.1472924 Casein
Milk Powder 15.7 0.9439537807 100.5269487 Casein
Milk Powder 18.9 0.9278185369 106.5625141 Casein
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Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder

18.9
225
36.8
45.7
46.3
56.7
59.6
68.3
711
73.9
75.7
75.7
80.9
92.6
116
116
116
226
850
850
4000
4000
4100
4200
4300
4300
4600
4600
5100
5500
5800
5800
5900
6000
6100
6200
6200
6200
6400
6600
6800
7100
7200
7400
7500
7800

1
0.9733653145
1
0.9238611784
1
0.2345581476
1
1
1
0.9313473188
0.9332352967
0.9418921862
0.8520160699
0.9445353347
0.9216917453
0.9997060199
1
1
1
0.9778508195
1
1
0.8450146926

N e e . I N N S . N e e N e . T N N N

0.8892301769
1

1
1
1
1

108.8576632
132.7652459
100.936776
121.1270652
100.4237236
100.183335
100.139765
100.3524708
101.6434975
136.3942803
179.5894436
110.3410569
101.2566905
133.9672061
133.1388014
110.6989911
100.944151
129.6858185
109.7809322
111.4301226
100.5073443
102.7382393
101.9333427
121.0844249
102.9133313
123.9842788
100.1265149
102.2580639
126.1005238
107.7216157
550
106.4523601
200.5892357
105.5949543
100.1854306
121.9652449
739.1277493
172.3787111
106.8296028
109.6784119
110.5185922
100.6810439
100.5119952
100.5073443
155.6266298
100.7057242

Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
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Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder
Milk Powder

7800
8100
8200
8300
8300
8400
9300
10000
10000
10000
10000
11000
12000
12000
16000

0.9976667221
1
0.9931581514
1
0.9989741101
1
0.930644892
1
0.9899527175
1

1

1
0.6949068523
1
0.9978810503

157.9145895

100.936776
120.0394928
307.6258303
178.2993698
100.3502067
101.5849107
128.5574808
140.2524925
112.6709579
106.8385762
103.9083362
144.7247746

110.266809
119.9772883

Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein
Casein

Appendix B, Table 3: Site-specific deamidation of caseins and BLG in milk powder.

249



Appendix B, Table 4

Caseins
Caseins N|Q
Total Total Remainin [Remain BLG Q

ID Caseins |BLG g% ing% [BLG N Remaining % |Remaining %

No N in Not enough unique Not enough
Blank 5 Caseins 100.00 peptides unique peptides
Dental
Calculus A
(8786) 20.00  57.14 No BLG No BLG
Dental
Calculus B Not enough unique Not enough
(8836) 33.33 100.00 peptides unique peptides
Dental
Calculus C
(8756) 15.55 100.00 No BLG No BLG
Egg Shell No N in
(ES001) Caseins 100.00 No BLG No BLG
Limescale Not enough unique Not enough
(11287) 100.00 100.00 peptides unique peptides

Appendix B, Table 4: Deamidation and peptide count in contamination experiment

250



Appendix B, Table 5

ID Half-time Remaining AA Size Protein
Blank 7400.00 0.00 179.12 BLG
Blank 75.70 1.00 100.00 Casein
Blank 116.00 1.00  100.00 Casein
Blank 850.00 1.00 100.00 Casein
Blank 4300.00 1.00 177.24 Casein
Blank 6200.00 1.00  507.74 Casein
Blank 6800.00 1.00  100.00 Casein
Blank 8300.00 1.00 507.74 Casein
Blank 10000.00 1.00 1000.00 Casein
Blank 12000.00 1.00  155.84 Casein
Dental Calculus A (8786) 4300.00 1.00 100.00 Casein
Dental Calculus A (8786) 6400.00 1.00 1000.00 Casein
Dental Calculus B (8836) 10000.00 0.00 1000.00 BLG
Dental Calculus B (8836) 75.70 0.16 198.46 Casein
Dental Calculus B (8836) 116.00 0.16 198.46 Casein
Dental Calculus B (8836) 4300.00 1.00 208.65 Casein
Dental Calculus C (8756) 73.90 1.00 446.35 Casein
Dental Calculus C (8756) 75.70 0.00 100.00 Casein
Dental Calculus C (8756) 75.70 0.00 100.00 Casein
Dental Calculus C (8756) 116.00 0.00 100.00 Casein
Dental Calculus C (8756) 116.00 0.00 100.00 Casein
Dental Calculus C (8756) 4300.00 1.00 1000.00 Casein
Dental Calculus C (8756) 12000.00 1.00 304.20 Casein
Egg Shell (ES001) 10000.00 1.00 1000.00 Casein
Egg Shell (ES001) 12000.00 1.00  100.00 Casein
Limescale (11287) 50.20 1.00 1000.00 BLG

251



Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)
Limescale (11287)

Limescale (11287)

75.70

-1.00

75.70

75.70

116.00

116.00

850.00

4300.00

5400.00

6400.00

6600.00

8900.00

10000.00

0.00

1.00

0.00

0.00

0.00

0.00

1.00

1.00

0.00

0.00

0.00

1.00

1.00

1000.00

151.96

100.00

673.24

100.00

673.24

151.96

100.00

208.29

144.51

151.96

144.51

388.03

BLG

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Casein

Appendix B, Table 5: Site-specific deamidation in contamination experiment
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Appendix B, Table 6

__U Paper Site Age Total Caseins  Total BLG Caseins N % Caseins Q ing % BLG N ining % BLG Q i %

Z40 Warinner et al. 2014 Greenland - @29a Brattal Medieval 7 No Caseins No Caseins 66.67 50.00
OX12 Warinner et al. 2014 UK - Leicester Roman 7 No Caseins No Caseins 83.88 71.15
RISE368 Warinner et al. 2014 Hungary - Széreg-C (Sziv Utca) Bronze Age 7 6 62.37 91.62 80.49 81.72
ox4 Warinner et al. 2014 UK - Leicester Roman [ 6 No Caseins No Caseins 100.00 100.00
Z39 Warinner et al. 2014 Greenland - @29a Brattahlié Medieval 1 5 Not enough unique peptides Not enough unique peptides 50.00 No Qin BLG

NEM18 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon 1 4 Not enough unique peptides  Not enough unique peptides 60.52 100.00
z5 Warinner et al. 2014 Switzerland - Zurich Modern 3 3 0.00 100.00 100.00 100.00
ML1032 Warinner et al. 2014 UK - Melton Iron Age 2 3 No N in Caseins 50.00 No NinBLG No Qin BLG

RISE387 Warinner et al. 2014 Russia - Bulanovo Bronze Age 1 3 Not enough unique peptides Not enough unique peptides 100.00 53.07
WG1082 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 1 3 Not enough unique peptides  Not enough unique peptides  No N in BLG No Qin BLG

ML1823 Warinner et al. 2014 UK - Melton ron Age I 3 No Caseins No Caseins 100.00 100.00
WG1561 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 3 No Caseins No Caseins 50.00 100.00
RISE363 Warinner et al. 2014 Hungary - Széreg-C (Sziv Utca) Bronze Age 4 2 No N in Caseins No Q in Caseins 100.00 100.00
B61 Warinner et al. 2014 Germany - Dalheim Medieval 2 No Caseins No Caseins No N in BLG No Qin BLG

z37 Warinner et al. 2014 Greenland - W51 Sandnes Medieval 2 No Caseins No Caseins No N in BLG No Qin BLG

ODN207 Warinner et al. 2014 Italy - Olmo di Nogara Bronze Age 2 No Caseins No Caseins No N in BLG No Qin BLG

ODN271 Warinner et al. 2014 Italy - Olmo di Nogara Bronze Age 2 No Caseins No Caseins No Nin BLG No Qin BLG

745 Warinner et al. 2014 UK - Fewston Victorian 2 No Caseins No Caseins No N in BLG 100.00
3DT21 (CS6)  Warinner et al. 2014 UK - Driffield Terrace, York Roman 2 No Caseins No Caseins 50.00 No Qin BLG

WG1483 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 2 No Caseins No Caseins No N in BLG #N/A

RISE467 Warinner et al. 2014 Italy - Olmo di Nogara, Italy Bronze Age 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
FW53 Warinner et al. 2014 UK - Fewston Victorian 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
Y48-B40 Warinner et al. 2014 Germany - Dalheim Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
B78 Warinner et al. 2014 Germany - Dalheim Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
B17 Warinner et al. 2014 Germany - Dalheim Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
B78 Warinner et al. 2014 Germany - Dalheim Medieval 1 No Caseins No Caseins Not enough unique peptides Not enough unique peptides
Z36 Warinner et al. 2014 Greenland - W51 Sandnes Medieval 1 No Caseins No Caseins Not enough unique peptides Not enough unique peptides
ODN424 Warinner et al. 2014  Italy - Olmo di Nogara Bronze Age 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
JH5 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
Z44 Warinner et al. 2014 UK - Fewston Victorian 1 No Caseins No Caseins Not enough unique peptides ~ Not enough unique peptides
FW435 Warinner et al. 2014 UK - Fewston Victorian 1 No Caseins No Caseins Not enough unique peptides Not enough unique peptides
NEMO099 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
WG1566 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
WG1585 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
RISE466 Warinner et al. 2014 Italy - Olmo di Nogara, Italy Bronze Age 3 100.00 100.00 No BLG No BLG

Z6 Warinner et al. 2014 Switzerland - Zurich Modern 2 0.00 No Qin Caseins No BLG No BLG

RISE473 Warinner et al. 2014 Germany - Regensburg-Dechbetten Bronze Age 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

SCR264 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

JH19 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

JH8 Warinner et al. 2014 St Helena - Rupert's Valley Victorian 1 Not enough unique peptides Not enough unique peptides No BLG No BLG

OX10 Warinner et al. 2014 UK - Leicester Roman 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

RISE 460 Warinner et al. 2014 Denmark - @ster Harup Neol 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

z8 Warinner et al. 2014 Switzerland - Zurich Modern 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

WG1252 Warinner et al. 2014 UK - Wighill (Syningthwaite Priory Farm) Medieval 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

RISE307 Warinner et al. 2014 Russia - West Caucasus, Marchenkova Gora Bronze Age No Caseins No Caseins No BLG No BLG

RISE307 Warinner et al. 2014 Russia - West Caucasus, Marchenkova Gora Bronze Age No Caseins No Caseins No BLG No BLG

RISE417 Warinner et al. 2014 Armenia - Hatsarat Bronze Age No Caseins No Caseins No BLG No BLG

RISE420 Warinner et al. 2014 Armenia - Noraduz Iron Age No Caseins No Caseins No BLG No BLG

RISE415 Warinner et al. 2014 Armenia - Nerkin Getashen Bronze Age No Caseins No Caseins No BLG No BLG

RISE414 Warinner et al. 2014 Armenia - Noraduz Bronze Age No Caseins No Caseins No BLG No BLG

RISE472 Warinner et al. 2014 Germany - Nersingen Bronze Age No Caseins No Caseins No BLG No BLG

Y47-B27 Warinner et al. 2014 Germany - Dalheim Medieval No Caseins No Caseins No BLG No BLG

Y49-B85 Warinner et al. 2014 Germany - Dalheim Medieval No Caseins No Caseins No BLG No BLG

G12 Warinner et al. 2014 Germany - Dalheim Medieval No Caseins No Caseins No BLG No BLG

Z35 Warinner et al. 2014 Greenland - W51 Sandnes Medieval No Caseins No Caseins No BLG No BLG
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D Paper Site Age
Z38 Warinner et al. 2014 Greenland - W51 Sandnes Medieval
ODN19 Warinner et al. 2014 Italy - Olmo di Nogara Bronze Age
ODN361 Warinner et al. 2014  Italy - Olmo di Nogara Bronze Age
ODN458 Warinner et al. 2014 Italy - Olmo di Nogara Bronze Age
ODN98 Warinner et al. 2014  Italy - Olmo di Nogara Bronze Age
SCR277 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR250 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR323 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR5028 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR5042 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR5070 Warinner et al. 2014 Italy - Isola Sacra (Portus Romae) Roman
SCR832 Warinner et al. 2014 ltaly - Isola Sacra (Portus Romae) Roman
JH1 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH10 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH11 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH12 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH13 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH14 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH15 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH16 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH17 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH18 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH2 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH20 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH3 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH4 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH5 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JHE6 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH7 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH9 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH1 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH10 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH11 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH12 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH13 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH14 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH15 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH16 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH17 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH18 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH19 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH2 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH20 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH3 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH4 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH6 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH7 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH8 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
JH9 Warinner et al. 2014 St Helena - Rupert's Valley Victorian
JH9 Warinner et al. 2014 St Helena - Rupert’s Valley Victorian
0OX01 Warinner et al. 2014 UK - Leicester Roman
0OX03 Warinner et al. 2014 UK - Leicester Roman
0OX05 Warinner et al. 2014 UK - Leicester Roman
OX6 Warinner et al. 2014 UK - Leicester Roman
0OX09 Warinner et al. 2014 UK - Leicester Roman

Total Caseins Total BLG

Caseins N % Tumwom:w Q % BLGN ining % 7!.0 Q %
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
No Caseins No Caseins No BLG No BLG
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__U Paper Site Total Caseins  Total BLG Caseins N ining % Caseins Q ining % BLGN ining % BLG Q ining %

RISE 432 Warinner et al. 2014 Denmark - Gjerrild No Caseins No Caseins No BLG No BLG

z7 Warinner et al. 2014 Switzerland - Zurich Modern No Caseins No Caseins No BLG No BLG

3DT26 (CS5)  Warinner et al. 2014 UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT3 (CS7) Warinner et al. 2014 UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT7 (CS8) Warinner et al. 2014 UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT21 (CS9)  Warinner et al. 2014 UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

ML1489 Warinner et al. 2014 UK - Melton Iron Age No Caseins No Caseins No BLG No BLG

ML3890 Warinner et al. 2014 UK - Melton Iron Age No Caseins No Caseins No BLG No BLG

NEMO093 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS410 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS262 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS325 Warinner et al. 2014 UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

VVHO03 Mays et al. 2018 UK - West Amesbury Farm Middle Bronze Age 3 4 0.00 0.00 94.64 69.97
VVH04 Mays et al. 2018 UK - West Amesbury Farm Middle Neolithic 2 8 No N in Caseins No Q in Caseins 67.17 46.38
VVHO02 Mays et al. 2018 UK - West Amesbury Farm Middle Bronze Age 2 3 No N in Caseins 100.00 81.87 32.93
ARS016 Jeong et al. 2018 Mongolia - Khdvsgol Late Bronze Age 6 53 100.00 100.00 58.61 55.41
ARS018 Jeong et al. 2018 Mongolia - Khévsgol Late Bronze Age 4 10 No N in Caseins No Q in Caseins 100.00 74.35
ARS008 Jeong et al. 2018 Mongolia - Khévsgol Late Bronze Age 2 13 No N in Caseins No Q in Caseins 50.00 50.00
ARS017 Jeong et al. 2018 Mongolia - Khovsgol Late Bronze Age 1 8 Not enough unique peptides  Not enough unique peptides 33.33 50.00
ARS007 Jeong et al. 2018 Mongolia - Khovsgol Late Bronze Age 1 3 Not enough unique peptides  Not enough unique peptides  No N in BLG No Qin BLG

ARS010 Jeong et al. 2018 Mongolia - Khévsgol Late Bronze Age 10 No Caseins No Caseins 33.33 100.00
ARS014 Jeong et al. 2018 Late Bronze Age No Caseins No Caseins No N in BLG No Qin BLG

ARS009 Jeong et al. 2018 Late Bronze Age No Caseins No Caseins No N in BLG No Qin BLG

ARS013 Jeong et al. 2018 Late Bronze Age No Caseins No Caseins No BLG No BLG

CW23 Calcite  Hendy et al. 2018b  Turkey - Catalh6yiik 10.18 63.38 37.76 31.70
CWS8 Calcite Hendy et al. 2018b  Turkey - Catalhdyiik 2.75 65.94 38.42 20.88
CW21 Calcite  Hendy et al. 2018b  Turkey - Catalhdyiik 27.44 86.54 0.00 75.73
CW27 Calcite  Hendy etal. 20180  Turkey - Catalhdyiik BT 20.00 62.93 NoBLG No BLG

CW18 Calcite  Hendy et al. 2018b  Turkey - Catalh6yiik 12 3 42.95 79.46 44.89 0.00
CW20 Calcite  Hendy et al. 2018b  Turkey - Catalhdyiik 9 6 71.43 37.50 66.67 66.67
CW11 Calcite  Hendy et al. 2018b  Turkey - Catalhdyiik 7 4 No N in Caseins 85.07 100.00 66.67
CW10 Calcite  Hendy et al. 2018b  Turkey - Catalhdyuk 7 1 0.00 33.33 Not enough unique peptides  Not enough unique peptides
CW22 Ceramic \ Hendy etal. 20180  Turkey - Catalhdyiik e & 0.00 100.00 5236 34.36
CW24 Calcite  Hendy et al. 2018b  Turkey - Catalh6yiik 4 3 0.00 100.00 40.48 33.33
CW18 Ceramic N Hendy et al. 2018b  Turkey - Catalhdytik 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
CW22 Calcite  Hendy et al. 2018b  Turkey - Catalhdyuk 8 No Caseins No Caseins 33.52 42.66
CW22 Outer cer: Hendy et al. 2018b  Turkey - Catalhdylk 7 No Caseins No Caseins 87.88 57.66
CW10 Outer cer: Hendy et al. 2018b  Turkey - Catalhdyiik No Caseins No Caseins No BLG No BLG

CW20 Outer cer: Hendy et al. 2018b  Turkey - Catalhdyiik No Caseins No Caseins No BLG No BLG

CW10 Ceramic N Hendy et al. 2018b  Turkey - Catalhdytiik No Caseins No Caseins No BLG No BLG

CW20 Ceramic N Hendy et al. 2018b  Turkey - Catalhdyuk No Caseins No Caseins No BLG No BLG

CW24 Ceramic N Hendy et al. 2018b  Turkey - Catalhdylk No Caseins No Caseins No BLG No BLG

SP2300 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 4 3 50.00 100.00 100.00 100.00
UT111 Hendy et al. 2018a  USA - University of Tenneesee Forensic Anthropology Center Modern 3 7 0.00 0.00 100.00 -100.00
FW98 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 3 3 No N in Caseins 100.00 100.00 66.67
FAO18 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 3 1 0.00 No Q in Caseins Not enough unique peptides  Not enough unique peptides
Cs7 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 3 1 0.00 100.00 Not enough unique peptides  Not enough unique peptides
uT73 Hendy et al. 2018a  USA - University of Tenneesee Forensic Anthropology Center Modern 3 1 0.00 100.00 Not enough unique peptides Not enough unique peptides
ML1032 Hendy et al. 2018a UK - Melton Iron Age 2 3 No N in Caseins 50.00 No N in BLG No Qin BLG

FW192 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 2 2 No N in Caseins 66.67 100.00 100.00
FAO11 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 2 0.00 100.00 100.00 66.67
FAO17 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 2 0.00 100.00 100.00 100.00
SP2468 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 2 1 0.00 0.00 Not enough unique peptides Not enough unique peptides
FW53 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 2 1 No N in Caseins No Q in Caseins Not enough unique peptides  Not enough unique peptides
FAO1 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 1 0.00 100.00 Not enough unique peptides  Not enough unique peptides
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D Paper Site Age Total Caseins Total BLG Caseins N ing % Caseins Q ing % BLG N ining % BLG Q ining %

FAO5 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 1 0.00 No Q in Caseins Not enough unique peptides ~ Not enough unique peptides
Cs18 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 2 1 0.00 100.00 Not enough unique peptides  Not enough unique peptides
SP2182 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 2 0.00 No Q in Caseins No BLG No BLG

SP2301 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 2 0.00 100.00 No BLG No BLG

SP2477 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 2 0.00 100.00 No BLG No BLG

FAO14 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 0.00 88.17 No BLG No BLG

FAO2 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 2 0.00 No Qin Caseins No BLG No BLG

Cs19 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 2 0.00 100.00 No BLG No BLG

FW450 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 8 Not enough unique peptides Not enough unique peptides 85.74 71.14
uT116 Hendy et al. 2018a  USA - University of Tenneesee Forensic Anthropology Center Modemn 1 7 Not enough unique peptides  Not enough unique peptides 100.00 -100.00
FW68 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 5 Not enough unique peptides  Not enough unique peptides 100.00 72.02
NEM18 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon 1 4 Not enough unique peptides  Not enough unique peptides 60.52 100.00
FAO4 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 3 Not enough unique peptides  Not enough unique peptides 100.00 77.25
WG1082 Hendy et al. 2018a UK - Wighill (Syningthwaite Priory Farm) Medieval 1 3 Not enough unique peptides  Not enough unique peptides ~ No N in BLG No Qin BLG

FW268 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 2 Not enough unique peptides  Not enough unique peptides 100.00 100.00
FW88 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 2 Not enough unique peptides  Not enough unique peptides 100.00 No Qin BLG

SP2369 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
FAO10 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
FAO12 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
FAO13 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
FAO3 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides  Not enough unique peptides ~ Not enough unique peptides  Not enough unique peptides
FAO7 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
FAO9 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
2100 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
294 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern 1 1 Not enough unique peptides  Not enough unique peptides  Not enough unique peptides  Not enough unique peptides
CS31 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1 1 Not enough unique peptides Not enough unique peptides Not enough unique peptides Not enough unique peptides
SP2295 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

SP2484 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

SP2748 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

SP2860 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 Not enough unique peptides ~ Not enough unique peptides ~ No BLG No BLG

FAO16 Hendy et al. 2018a UK - Lower St Bride's Churchyard, London (FAO90) Post-Medieval 1 Not enough unique peptides  Not enough unique peptides ~ No BLG No BLG

FAO8 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

CS40 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

Cs12 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

RLH 131 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval 1 Not enough unique peptides Not enough unique peptides No BLG No BLG

RLH 397 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval 1 Not enough unique peptides Not enough unique peptides No BLG No BLG

WG1252 Hendy et al. 2018a UK - Wighill (Syningthwaite Priory Farm) Medieval 1 Not enough unique peptides ~ Not enough unique peptides  No BLG No BLG

0X10 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman 1 Not enough unique peptides  Not enough unique peptides  No BLG No BLG

OX12 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman 7 No Caseins No Caseins 83.88 71.15
OX04 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman 6 No Caseins No Caseins 100.00 100.00
ML1823 Hendy et al. 2018a UK - Melton Iron Age 3 No Caseins No Caseins 100.00 100.00
WG1561 Hendy et al. 2018a UK - Wighill (Syningthwaite Priory Farm) Medieval 3 No Caseins No Caseins 50.00 100.00
3DT21 (CS6) Hendy et al. 2018a UK - Driffield Terrace, York Roman 2 No Caseins No Caseins 50.00 No Qin BLG

CS46 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval 2 No Caseins No Caseins 0.00 100.00
TKDC Hendy et al. 2018a UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931) Medieval 2 No Caseins No Caseins No N in BLG 100.00
WG1483 Hendy et al. 2018a UK - Wighill (Syningthwaite Priory Farm) Medieval 2 No Caseins No Caseins No N in BLG No Qin BLG

SP2647 Hendy et al. 2018a UK - Christ Church, Spitalfields, London Post-Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
FW217 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 No Caseins No Caseins Not enough unique peptides Not enough unique peptides
FW303 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
FW331 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 No Caseins No Caseins Not enough unique peptides ~ Not enough unique peptides
FW435 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval 1 No Caseins No Caseins Not enough unique peptides ~ Not enough unique peptides
NEMO099 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon 1 No Caseins No Caseins Not enough unique peptides ~ Not enough unique peptides
TKEC Hendy et al. 2018a UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931) Medieval 1 No Caseins No Caseins Not enough unique peptides ~ Not enough unique peptides
TKFC Hendy et al. 2018a UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931) Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
uT103 Hendy et al. 2018a  USA - University of Tenneesee Forensic Anthropology Center Modern 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
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Appendix B, Table 6: Deamidation and peptide count for BLG and caseins in ancient milk

D Paper ?@o Caseins N ining % Tummo:._w Q ining % BLGN ining % i BLG Q ining %
WG1566 Hendy et al. 2018a (Syningthwaite Priory Farm) Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
WG1585 Hendy et al. 2018a (Syningthwaite Priory Farm) Medieval 1 No Caseins No Caseins Not enough unique peptides  Not enough unique peptides
FW9 Hendy et al. 2018a UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)  Post-Medieval No Caseins No Caseins No BLG No BLG

3DT26 (CS5) Hendy et al. 2018a UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT3 (CS7) Hendy et al. 2018a UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT7 (CS8) Hendy et al. 2018a UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

6DT21 (CS9) Hendy et al. 2018a UK - Driffield Terrace, York Roman No Caseins No Caseins No BLG No BLG

FAO15 Hendy et al. 2018a UK - Lower St Bride’s Churchyard, London (FAO90) Post-Medieval No Caseins No Caseins No BLG No BLG

FAO6 Hendy et al. 2018a UK - Lower St Bride's Churchyard, London (FAO90) Post-Medieval No Caseins No Caseins No BLG No BLG

ML1489 Hendy et al. 2018a UK - Melton Iron Age No Caseins No Caseins No BLG No BLG

ML3890 Hendy et al. 2018a UK - Melton Iron Age No Caseins No Caseins No BLG No BLG

NEMO093 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS410 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS262 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

NBS325 Hendy et al. 2018a UK - Norton-on-Tees Anglo-Saxon No Caseins No Caseins No BLG No BLG

Z90 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

Z84 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

z85 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

786 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modemn No Caseins No Caseins No BLG No BLG

Z81 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

782 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

Z83 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

z87 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modemn No Caseins No Caseins No BLG No BLG

Z88 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

Z89 Hendy et al. 2018a  USA - Oklahoma Dental Patients Modern No Caseins No Caseins No BLG No BLG

Cs11 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval No Caseins No Caseins No BLG No BLG

Cs21 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval No Caseins No Caseins No BLG No BLG

CS6 Hendy et al. 2018a UK - Radcliffe Infirmary, Oxfordshire Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 103 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 135 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 208 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 340 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 349 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 365 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 367 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 386 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 421 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

RLH 572 Hendy et al. 2018a UK - Royal London Hospital (RLP05) Post-Medieval No Caseins No Caseins No BLG No BLG

TKAC Hendy et al. 2018a UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931) Medieval No Caseins No Caseins No BLG No BLG

0OX01 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman No Caseins No Caseins No BLG No BLG

OX03 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman No Caseins No Caseins No BLG No BLG

OX05 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman No Caseins No Caseins No BLG No BLG

OX06 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) Roman No Caseins No Caseins No BLG No BLG

0OX09 Hendy et al. 2018a UK - Oxford Street, Leicestershire (NGR SK 586038) No Caseins No Caseins No BLG No BLG

HH3 Charlton et al. 2019 UK - Hambledon 1 No N in Caseins No Q in Caseins Not enough unique peptides  Not enough unique peptides
HH610 Charlton et al. 2019 UK - Hambledon H 17 Not enough unique peptides  Not enough unique peptides 1.26 0.00
HN7387 Charlton et al. 2019 UK - Hazleton North 12 Not enough unique peptides  Not enough unique peptides 4.64 45.44
HN4786 Charlton et al. 2019 UK - Hazleton North 5 No Caseins No Caseins 0.00 No Qin BLG

HN11456 Charlton et al. 2019 UK - Hazleton North 4 No Caseins No Caseins 0.00 0.00
BL30912 Charlton et al. 2019 UK - Banbury Lane 3 No Caseins No Caseins 0.00 No Qin BLG

HH3188 Charlton et al. 2019 UK - Hambledon H 1 No Caseins No Caseins No N in BLG Not enough unique peptides
HN7656 Charlton et al. 2019 UK - Hazleton North 1 No Caseins No Caseins Not enough unique peptides  No Q in BLG

BL13217 Charlton et al. 2019 UK - Banbury Lane No Caseins No Caseins No BLG No BLG

HN5037-1 Charlton et al. 2019 UK - Hazleton North No Caseins No Caseins No BLG No BLG
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Appendix B, Table 7
ID Paper Half-time Remaining AA Size Site Protein
3DT21 (CS6) Hendy et al. 2018a 75.7 0 550 UK - Driffield Terrace, York BLG
3DT21 (CS6) Hendy et al. 2018a 50.2 1 550 UK - Driffield Terrace, York BLG
CS18 Hendy et al. 2018a 4300 1 162.7892793 UK - Radcliffe Infirmary, Oxfordshire Casein
CS18 Hendy et al. 2018a 116 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
CS18 Hendy et al. 2018a 75.7 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
CS19 Hendy et al. 2018a 4300 1 100 UK - Radcliffe Infirmary, Oxfordshire Casein
CS19 Hendy et al. 2018a 116 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
CS19 Hendy et al. 2018a 75.7 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
CS46 Hendy et al. 2018a 5700 1 100 UK - Radcliffe Infirmary, Oxfordshire BLG
CS46 Hendy et al. 2018a 300 0 100 UK - Radcliffe Infirmary, Oxfordshire BLG
CS7 Hendy et al. 2018a 4300 1 100 UK - Radcliffe Infirmary, Oxfordshire Casein
CS7 Hendy et al. 2018a 116 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
CS7 Hendy et al. 2018a 75.7 0 1000 UK - Radcliffe Infirmary, Oxfordshire Casein
FAO1 Hendy et al. 2018a 4300 1 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO1 Hendy et al. 2018a 116 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO1 Hendy et al. 2018a 75.7 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO11 Hendy et al. 2018a 7400 0 157.5378945 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO11 Hendy et al. 2018a 5200 1 127.5242901 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO11 Hendy et al. 2018a 4300 1 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO11 Hendy et al. 2018a 2100 1 127.5242901 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO11 Hendy et al. 2018a 116 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO11 Hendy et al. 2018a 75.7 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO14 Hendy et al. 2018a 4300 0.8816960391 387.6487163 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO14 Hendy et al. 2018a 116 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO14 Hendy et al. 2018a 75.7 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO17 Hendy et al. 2018a 5200 1 198.0428999 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO17 Hendy et al. 2018a 5200 1 187.2211784 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO17 Hendy et al. 2018a 4300 1 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO17 Hendy et al. 2018a 2100 1 198.0428999 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
FAO17 Hendy et al. 2018a 116 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO17 Hendy et al. 2018a 75.7 0 1000 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO18 Hendy et al. 2018a 116 0 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO18 Hendy et al. 2018a 75.7 0 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO2 Hendy et al. 2018a 116 0 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO2 Hendy et al. 2018a 75.7 0 100 UK - Lower St Bride’s Churchyard, London (FAO90) Casein
FAO4 Hendy et al. 2018a 5200 0.5746758444 357.7184494 UK - Lower St Bride’s Churchyard, London (FAO90) BLG
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ID
FAO4
FAO4
FAO5
FAO5
FW192
FW192
FW192
FW192
FW268
FW268
FW268
FW268
FW450
FW450
FW450
FW450
FW450
FW450
FW450
FW450
FW68
FW68
FW68
FW68
FW68
FwW88
Fws88
FW98
FW98
FW98
FW98
ML1032
ML1032
ML1823
ML1823
ML1823

Paper

Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
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Hendy et al.
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Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.
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Hendy et al.
Hendy et al.
Hendy et al.
Hendy et al.

2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
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2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a
2018a

Half-time
5200
2100
116
75.7
10000
5200
4300
2100
5200
2100
75.7
50.2
6100
5200
5200
2100
800
75.7
50.2
15.7
10000
5200
5200
2100
800
75.7
50.2
10000
5200
4300
2100
5900
5200
5200
75.7
50.2

Remaining AA
0.8824475298
0.8603853988
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1
1
1
0.5137259058
0
0.6774621682
0.9233721704

aAlala|lo|alalala|lo|a|lalala

Size
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100

100

1000
209.7864892
100
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1000

1000
266.3288304
430.0367496
576.4045097
430.0367496
271.4662086
638.3007715
638.3007715
266.3288304
472.0218656
649.1729718
238.5065289
649.1729718
218.9943923
100

100

1000
523.2101892
100
523.2101892
100

1000

100

1000

1000

Site

UK - Lower St Bride’s Churchyard, London (FAO90)
UK - Lower St Bride’s Churchyard, London (FAO90)

UK - Lower St Bride’s Churchyard, London (FAO90)

UK - Lower St Bride’s Churchyard, London (FAO90)

UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
UK - Church of St Michael and St Lawrence, Fewston, North Yorkshire (SE 1947 5411)
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UK - Melton
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104
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5600
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116
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4300
116
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Size

100
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222.2069683
1000

100

1000
111.9812423
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1000
249.0074584
1000
272.0137694
272.0137694
100

100
701.3498399
100
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1000

1000
642.9220869
100

1000

1000

1000

1000

100

1000

1000

100

1000

100

100

1000

100

Site

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Norton-on-Tees

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Oxford Street, Leicestershire (NGR SK 586038)

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Leicester

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - Christ Church, Spitalfields, London

UK - St. Mary’s Church, Tickhill, South Yorkshire (NGR SK 592931)
USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center
USA - University of Tenneesee Forensic Anthropology Center
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ID Paper Half-time Remaining AA Size Site Protein
UT111 Hendy et al. 2018a 75.7 0 100 USA - University of Tenneesee Forensic Anthropology Center Casein
UT111 Hendy et al. 2018a 50.2 1 1000 USA - University of Tenneesee Forensic Anthropology Center BLG

UT116 Hendy et al. 2018a 75.7 1 100 USA - University of Tenneesee Forensic Anthropology Center BLG

UT116 Hendy et al. 2018a 50.2 1 100 USA - University of Tenneesee Forensic Anthropology Center BLG

UT73 Hendy et al. 2018a 4300 1 100 USA - University of Tenneesee Forensic Anthropology Center Casein
UT73 Hendy et al. 2018a 116 0 1000 USA - University of Tenneesee Forensic Anthropology Center Casein
UT73 Hendy et al. 2018a 75.7 0 1000 USA - University of Tenneesee Forensic Anthropology Center Casein
WG1561 Hendy et al. 2018a 5200 1 1000 UK - Wighill (Syningthwaite Priory Farm) BLG

WG1561 Hendy et al. 2018a 75.7 0 100 UK - Wighill (Syningthwaite Priory Farm) BLG

WG1561 Hendy et al. 2018a 50.2 1 100 UK - Wighill (Syningthwaite Priory Farm) BLG

CW10 Calcite  Hendy et al. 2018b 8500 1 118.2513628 Turkey - Catalhdyik Casein
CW10 Calcite  Hendy et al. 2018b 7500 1 116.646505 Turkey - Catalhdyik Casein
CW10 Calcite  Hendy et al. 2018b 6400 0 100 Turkey - Catalhdyik Casein
CW10 Calcite  Hendy et al. 2018b 5500 0 100 Turkey - Catalhdylk Casein
CW10 Calcite  Hendy et al. 2018b 4300 0 1000 Turkey - Catalhdyiik Casein
CW10 Calcite  Hendy et al. 2018b 116 0 391.9458469 Turkey - Catalhdyik Casein
CW10 Calcite  Hendy et al. 2018b 75.7 0 391.9458469 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 13000 1 105.9581509 Turkey - Catalhdyik Casein
CW11 Calcite  Hendy et al. 2018b 10000 0 107.3194116 Turkey - Catalhdyiik BLG

CW11 Calcite  Hendy et al. 2018b 9300 1 101.8413949 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 8300 1 103.4827444 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 6200 1 103.4827444 Turkey - Catalhdyik Casein
CW11 Calcite  Hendy et al. 2018b 5600 1 105.9581509 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 5200 1 1000 Turkey - Catalhdylk BLG

CW11 Calcite  Hendy et al. 2018b 4300 0.8059216108 187.4547804 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 4100 1 101.8413949 Turkey - Catalhdyiik Casein
CW11 Calcite  Hendy et al. 2018b 2100 1 1000 Turkey - Catalhdylk BLG

CW18 Calcite  Hendy et al. 2018b 12000 0.8296602564 462.9791611 Turkey - Catalhdyiik Casein
CW18 Calcite  Hendy et al. 2018b 8100 1 122.2830441 Turkey - Catalhdyik Casein
CW18 Calcite  Hendy et al. 2018b 7200 1 149.2652699 Turkey - Catalhdyiik Casein
CW18 Calcite  Hendy et al. 2018b 5800 1 130.4417184 Turkey - Catalhdylik Casein
CW18 Calcite  Hendy et al. 2018b 5200 0 103.2409099 Turkey - Catalhdyiik BLG

CW18 Calcite  Hendy et al. 2018b 4300 0.7322268869 407.128076 Turkey - Catalhdyuk Casein
CW18 Calcite  Hendy et al. 2018b 116 0.288513747 177.6493682 Turkey - Catalhdyiik Casein
CW18 Calcite  Hendy et al. 2018b 75.7 1 725.6506466 Turkey - Catalhoyuk BLG

CW18 Calcite  Hendy et al. 2018b 75.7 0 177.6493682 Turkey - Catalhdyiik Casein
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ID Paper Half-time Remaining AA Size Site Protein
CW?27 Calcite  Hendy et al. 2018b 75.7 0 183.9067481 Turkey - Catalhdyiik Casein
CW27 Calcite  Hendy et al. 2018b 62.1 0 128.375228 Turkey - Catalhdyuk Casein
CW27 Calcite  Hendy et al. 2018b 221 0 320.4361272 Turkey - Catalhdyik Casein
CWS8 Calcite Hendy et al. 2018b 12000 0.8617403222 180.4917257 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 10000 0 100.404165 Turkey - Catalhdyik BLG
CW38 Calcite Hendy et al. 2018b 10000 1 100.064618 Turkey - Catalhdylk Casein
CWS8 Calcite Hendy et al. 2018b 8300 0.4412243163 101.0612042 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 6400 0 140.8208812 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 6200 1 100.73264 Turkey - Catalhdylk Casein
CW8 Calcite Hendy et al. 2018b 6100 0.2128565525 101.2562828 Turkey - Catalhdyiik BLG
CW8 Calcite Hendy et al. 2018b 5800 1 107.9015403 Turkey - Catalhdyik Casein
CWS8 Calcite Hendy et al. 2018b 5500 1 140.8208812 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 5200 0.1216919288 106.7911699 Turkey - Catalhdylik BLG
CW8 Calcite Hendy et al. 2018b 4300 0.7662544878 249.011089 Turkey - Catalhdyik Casein
CWS8 Calcite Hendy et al. 2018b 4300 0 108.0522868 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 1900 0 101.8858874 Turkey - Catalhdyiik BLG
CWS8 Calcite Hendy et al. 2018b 800 0.7095475598 115.3011948 Turkey - Catalhdyiik BLG
CW8 Calcite Hendy et al. 2018b 116 0.1652385983 111.6118393 Turkey - Catalhdyik Casein
CWS8 Calcite Hendy et al. 2018b 75.7 1 190.2316401 Turkey - Catalhdyiik BLG
CWS8 Calcite Hendy et al. 2018b 75.7 0 111.6118393 Turkey - Catalhdylik Casein
CW8 Calcite Hendy et al. 2018b 62.1 0 108.0522868 Turkey - Catalhdyiik Casein
CWS8 Calcite Hendy et al. 2018b 50.2 0 190.2316401 Turkey - Catalhdyiik BLG
CWS8 Calcite Hendy et al. 2018b 221 0 102.1501474 Turkey - Catalhdyiik Casein
ARS008 Jeong et al. 2018 6100 1 108.3791912 Mongolia - Khovsgol BLG
ARS008 Jeong et al. 2018 5200 0 101.4270588 Mongolia - Khovsgol BLG
ARS008 Jeong et al. 2018 104 1 108.3791912 Mongolia - Khévsgol BLG
ARS008 Jeong et al. 2018 75.7 0 101.1334418 Mongolia - Khévsgol BLG
ARS008 Jeong et al. 2018 50.2 0 101.1334418 Mongolia - Khévsgol BLG
ARS008 Jeong et al. 2018 48.3 1 124.6013189 Mongolia - Khévsgol BLG
ARS010 Jeong et al. 2018 6100 1 111.4332189 Mongolia - Khévsgol BLG
ARS010 Jeong et al. 2018 104 1 111.4332189 Mongolia - Khovsgol BLG
ARS010 Jeong et al. 2018 75.7 0 118.8827149 Mongolia - Khovsgol BLG
ARS010 Jeong et al. 2018 50.2 0 118.8827149 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 16000 1 191.2627789 Mongolia - Khévsgdl Casein
ARS016 Jeong et al. 2018 8200 1 191.2627789 Mongolia - Khovsgol Casein
ARS016 Jeong et al. 2018 6100 1 102.2044955 Mongolia - Khovsgol BLG
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ID Paper Half-time Remaining AA Size Site Protein
ARS016 Jeong et al. 2018 6100 0.1831248447 151.6461751 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 6100 0.2520588783 101.8781351 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 5200 0.525314695 104.9343422 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 5200 0.7007028321 101.2080521 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 5200 0 100.8453067 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 5200 0 102.1159366 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 5200 1 102.4640773 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 5200 0.6891159157 102.0358488 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 5200 0.3638088371 127.8123389 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 5100 1 191.2627789 Mongolia - Khovsgol Casein
ARS016 Jeong et al. 2018 2100 0.6245682361 104.9343422 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 800 1 103.7828726 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 800 1 104.3213745 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 104 1 151.6461751 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 75.7 0.2463425337 107.4608146 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 75.7 0 101.2525783 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 50.2 0.467004838 107.4608146 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 50.2 0 101.2525783 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 48.3 1 1900-5 Mongolia - Khoévsgol BLG
ARS016 Jeong et al. 2018 48.3 1 107.2225234 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 48.3 1 110.1773818 Mongolia - Khovsgol BLG
ARS016 Jeong et al. 2018 31.8 1 191.2627789 Mongolia - Khovsgol Casein
ARS016 Jeong et al. 2018 15.7 0 104.3033525 Mongolia - Khévsgol BLG
ARS016 Jeong et al. 2018 15.7 0 103.4793761 Mongolia - Khovsgol BLG
ARS017 Jeong et al. 2018 6100 1 116.2753796 Mongolia - Khovsgol BLG
ARS017 Jeong et al. 2018 5200 1 120.0349855 Mongolia - Khovsgol BLG
ARS017 Jeong et al. 2018 1900 0 120.0349855 Mongolia - Khévsgol BLG
ARS017 Jeong et al. 2018 1900 0.8665985011 127.8123389 Mongolia - Khovsgol BLG
ARS017 Jeong et al. 2018 104 1 116.2753796 Mongolia - Khovsgol BLG
ARS017 Jeong et al. 2018 75.7 0 180.6658476 Mongolia - Khévsgdl BLG
ARS017 Jeong et al. 2018 50.2 0 180.6658476 Mongolia - Khovsgol BLG
VVHO02 Mays et al. 2018 5200 0.4701959536 517.7518754 UK - West Amesbury Farm, BLG
VVH02 Mays et al. 2018 5200 0.598573089 504.9782245 UK - West Amesbury Farm, BLG
VVH02 Mays et al. 2018 5200 0 403.6515913 UK - West Amesbury Farm, BLG
VVHO02 Mays et al. 2018 4300 1 100 UK - West Amesbury Farm, Casein
VVHO02 Mays et al. 2018 1900 0.3957328274 517.7518754 UK - West Amesbury Farm, BLG
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VVHO02 Mays et al. 2018 1900 0.181955882 504.9782245 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 8100 0 159.4801549 UK - West Amesbury Farm, Casein
VVHO03 Mays et al. 2018 5200 1 130.7637948 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 5200 0.3443128776 404.1862611 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 5200 1 203.7682887 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 2100 1 203.7682887 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 1900 0.5326817349 130.7637948 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 1900 0.3209630468 404.1862611 UK - West Amesbury Farm, BLG
VVHO03 Mays et al. 2018 391 0 159.4801549 UK - West Amesbury Farm, Casein
VVHO03 Mays et al. 2018 94.5 0 1000 UK - West Amesbury Farm, Casein
VVHO04 Mays et al. 2018 6100 1 100 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 5200 0.2578457053 657.6760068 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 5200 0.4139973242 264.2695926 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 5200 0 648.8161869 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 5200 0.2166928082 374.7789602 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 2100 0.4895761813 657.6760068 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 2100 0.3326082883 648.8161869 UK - West Amesbury Farm, BLG
VVHO04 Mays et al. 2018 800 1 100 UK - West Amesbury Farm, BLG
745 Warinner et al. 2014 850 1 100 UK - Fewston BLG
745 Warinner et al. 2014 75.7 0 100 UK - Fewston BLG
RISE363 Warinner et al. 2015 1900 1 100 Hungary - Szoreg-C (Sziv Utca) BLG
RISE363 Warinner et al. 2016 5200 1 100 Hungary - Szoreg-C (Sziv Utca) BLG
Z5 Warinner et al. 2017 2100 1 100 Switzerland - Zurich BLG
Z5 Warinner et al. 2018 5200 1 100 Switzerland - Zurich BLG
RISE387 Warinner et al. 2019 2100 0.563743065 558.7734333 Russia - Bulanovo BLG
RISE387 Warinner et al. 2020 5200 0.4976185491 558.7734333 Russia - Bulanovo BLG
Z39 Warinner et al. 2021 75.7 0 550 Greenland - @29a Brattahlid BLG
Z39 Warinner et al. 2022 50.2 1 550 Greenland - @29a Brattahlid BLG
RISE368 Warinner et al. 2023 2100 0.9610400379 278.2133508 Hungary - Szoreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2024 5200 0.6899290596 278.2133508 Hungary - Széreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2025 1900 0.7490425916 189.4536909 Hungary - Széreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2026 5200 0.746238671 189.4536909 Hungary - Szoreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2027 75.7 0 145.4133303 Hungary - Széreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2028 5200 0.8133373515 445.628656 Hungary - Széreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2029 50.2 1 145.4133303 Hungary - Szoreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2030 2100 1 445.628656 Hungary - Széreg-C (Sziv Utca) BLG
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ID Paper Half-time Remaining AA Size Site Protein
RISE368 Warinner et al. 2031 1900 0.8094754387 211.3971871 Hungary - Szoreg-C (Sziv Utca) BLG
RISE368 Warinner et al. 2032 5200 0.7685353028 211.3971871 Hungary - Szoreg-C (Sziv Utca) BLG
OX4 Warinner et al. 2033 5200 1 1000 UK - Leicester BLG
OXx4 Warinner et al. 2034 5200 1 100 UK - Leicester BLG
OX4 Warinner et al. 2035 75.7 1 111.9812423 UK - Leicester BLG
OX4 Warinner et al. 2036 50.2 1 111.9812423 UK - Leicester BLG
OX4 Warinner et al. 2037 2100 1 1000 UK - Leicester BLG
Z40 Warinner et al. 2038 75.7 0 708.6940106 Greenland - @29a Brattahlid BLG
740 Warinner et al. 2039 5200 0 100 Greenland - @29a Brattahlid BLG
740 Warinner et al. 2040 50.2 1 708.6940106 Greenland - @29a Brattahli® BLG
740 Warinner et al. 2041 2100 1 100 Greenland - @29a Brattahlid BLG
0X12 Warinner et al. 2042 75.7 0.5163849603 272.0137694 UK - Leicester BLG
0OXx12 Warinner et al. 2043 50.2 1 272.0137694 UK - Leicester BLG
0OX12 Warinner et al. 2044 5200 0.4230362036 249.0074584 UK - Leicester BLG
0OX12 Warinner et al. 2045 104 1 1000 UK - Leicester BLG
OX12 Warinner et al. 2046 6100 1 1000 UK - Leicester BLG
RISE368 Warinner et al. 2046 56.7 0.6798085418 120.8057347 Hungary - Sz6reg-C (Sziv Utca) Casein
RISE368 Warinner et al. 2047 4300 1 137.1201863 Hungary - Sz6reg-C (Sziv Utca) Casein
RISE368 Warinner et al. 2048 56.7 0.1912240844 104.4169943 Hungary - Széreg-C (Sziv Utca) Casein
RISE368 Warinner et al. 2049 5800 1 147.303515 Hungary - Széreg-C (Sziv Utca) Casein
RISE368 Warinner et al. 2050 4300 0.748643508 181.11693 Hungary - Szoreg-C (Sziv Utca) Casein
RISE466 Warinner et al. 2051 6100 1 501.7411003 Italy - Olmo di Nogara, Italy Casein
RISE466 Warinner et al. 2052 10000 1 1000 Italy - Olmo di Nogara, Italy Casein
RISE466 Warinner et al. 2053 9300 1 100 lItaly - Olmo di Nogara, ltaly Casein
RISE466 Warinner et al. 2054 4100 1 100 Italy - Olmo di Nogara, Italy Casein
Z5 Warinner et al. 2055 75.7 0 443.872 Switzerland - Zurich Casein
Z5 Warinner et al. 2056 116 0 443.872 Switzerland - Zurich Casein
Z5 Warinner et al. 2057 4300 1 1000 Switzerland - Zurich Casein
Z6 Warinner et al. 2058 75.7 0 100 Switzerland - Zurich Casein
Z6 Warinner et al. 2059 116 0 100 Switzerland - Zurich Casein
BL30912 Charlton et al. 2019 75.7 0 100 UK - Banbury Lane BLG
BL30912 Charlton et al. 2019 50.2 0 100 UK - Banbury Lane BLG
HH3188 Charlton et al. 2019 5200 0 100 UK - Hambledon Hill BLG
HH610 Charlton et al. 2019 75.7 0 290.4856498 UK - Hambledon Hill Casein
HH610 Charlton et al. 2019 116 0 290.4856498 UK - Hambledon Hill Casein
HH610 Charlton et al. 2019 1.14 0 206.4769344 UK - Hambledon Hill BLG
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UK - Hambledon Hill
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UK - Hazleton North
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UK - Hazleton North
UK - Hazleton North
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Appendix B, Table 7: Site-specific deamidation in caseins and BLG in ancient milk
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Appendix B, Figure 1
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Appendix B, Figure 1: Asparagine deamidation of BLG and caseins in archaeological milk
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Appendix B, Figure 2
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Appendix B, Figure 2: Site-specific deamidation of BLG peptides in archaeological milk, where the

sample in question has more than 10 unique BLG peptides.
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Appendix B, Figures 3 and 4

All BLG identifications reported in this study were further investigated in order to examine
whether certain regions of BLG undergo preferential preservation. According to the Protein Data
Bank (Berman, 2000), the regions of BLG are beta bridge, bend, turn, beta strand, 3/10 helix,
and alpha helix. The coverage of each region in each sample was calculated and averaged in

relation to the coverage across the protein as a whole.

BLG identifications per region in milk powder

Turn

5.7%

Beta strand
9.1%

3/10 helix
3.4%

Beta bridge
43.5%

Bend
20.0%

Alpha helix
18.3%

Appendix B, Figure 3: Proportional coverage at each region of BLG in milk powder

Appendix B, Figure 3 shows that the majority of peptides recovered from skim milk powder are
from the beta bridge region, and that bend and alpha helical regions are also well represented.
Beta bridges are also strongly represented at all heating levels in the heated milk dataset
(Appendix B, Figure 4). There looks to be a slight decline in beta bridge as the heating levels
increase towards 75°C, while the coverage of 3/10 helix structures slightly increases. However,
the beta bridge coverage increases again at 80°C, so this pattern may not be representative of

real preferential preservation.
Lastly, Appendix B, Figure 4 also shows the coverage in each region of the BLG identified in the

ancient milk samples. None of the samples, even the modern dental patients, have any coverage

in the beta bridge region, which is in a huge contrast to the modern milk. This implies that
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BLG identifications per region in heated milk

100%

§

neither dental calculus nor ceramic vessels bind this region, and it would not be found in
genuine ancient artefacts where the proteins have bound to the surface. It could be argued that
the coverage of the turn region decreases with time, and that the alpha helical regions increase,

but these patterns are not robust enough to differentiate between genuine and contaminant

milk.

BLG identifications per region in ancient milk

B Tum

B Beta strand

B 3110 helix
Bend

B Alpha helix

B Beta bridge

5 e Sample age (YBP)

Appendix B, Figure 4: Proportional coverage at each region of BLG
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Appendix B, File 1

>sp|P04653|CASA]l SHEEP Alpha-Sl-casein 0S=0vis aries 0X=9940
GN=CSN1S1l PE=1 SV=3
MKLLILTCLVAVALARPKHPIKHQGLSSEVLNENLLREFVVAPFPEVFRKENINELSKDIG
SESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERYLGYLEQLLRLKKYN
VPQLETVPKSAEEQLHSMKEGNPAHOKQPMIAVNQELAYFYPQLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSFSDIPNPIGSENSGKITMPLW

>sp|P02669|CASK SHEEP Kappa-casein O0S=0vis aries 0X=9940 GN=CSN3
PE=1 SV=2
MMKSFFLVVTILALTLPFLGAQEQNQEQRICCEKDERFFDDKIAKYIPIQYVLSRYPSYG
LNYYQQRPVALINNQFLPYPYYAKPVAVRSPAQTLOQWQVLPNAVPAKSCQDQPTAMARHP
HPHLSFMAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEASSESTASAP
ETNTAQVTSTEV

>sp|P11839|CASB _SHEEP Beta-casein 0S=0vis aries 0X=9940 GN=CSN2
PE=1 SV=3
MKVLILACLVALALAREQEELNVVGETVESLSSSEESITHINKKIEKFQSEEQQQTEDEL
QODKIHPFAQAQSLVYPFTGPIPNSLPONILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK
HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQSWMHQPPQPLPPTVMEFPPQSVLSL
SQPKVLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV

>sp|P04654 | CASA2 SHEEP Alpha-S2-casein 0S=0vis aries 0X=9940
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINISQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNADEEEYSTRSSSEESAEVAPEEVKITVDDKHYQKALNEINQFYQKFPOYLOYLYQGPT
VLNPWDQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVEFTKKTKLTEEEKNRLNFEL
KKISQYYQKFAWPQYLKTVDQHOQKAMKPWTQPKTNAIPYVRYL

>sp|P67976 | LACB_SHEEP Beta-lactoglobulin-1/B 0S=0vis aries 0X=9940
PE=1 Sv=1
MKCLLLALGLALACGVQATIIVTQTMKGLDIQKVAGTWHSLAMAASDISLLDAQSAPLRVY
VEELKPTPEGNLEILLQKWENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKY
LLFCMENSAEPEQSLACQCLVRTPEVDNEALEKFDKALKALPMHIRLAFNPTQLEGQCHV
>sp|P02758 | LACB1 HORSE Beta-lactoglobulin-1 OS=Equus caballus
0X=9796 GN=LGB1 PE=1 SV=3
MKCLLLALGLALMCGIQATNIPQTMODLDLOQEVAGKWHSVAMAASDISLLDSESAPLRVY
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IEKLRPTPEDNLEITLREGENKGCAEKKIFAEKTESPAEFKINYLDEDTVFALDTDYKNY
LFLCMKNAATPGQSLVCQYLARTOMVDEE IMEKFRRALOQPLPGRVQIVPDLTRMAERCRI
>sp|P07380 | LACB2 HORSE Beta-lactoglobulin-2 OS=Equus caballus
0X=9796 GN=LGB2 PE=1 SV=3
MKCLLLALGLSLMCGNQATDIPQTMODLDLOQEVAGRWHSVAMVASDISLLDSESVPLRVY
VEELRPTPEGNLEIILREGANHACVERNIVAQKTEDPAVFTVNYQGERKISVLDTDYAHY
MFFCVGPPLPSAEHGMVCQYLARTQKVDEEVMEKFSRALQPLPGRVQIVQDPSGGQERCG

F

>sp | Q9GKK3 |CASB_HORSE Beta-casein OS=Equus caballus 0X=9796
GN=CSN2 PE=1 SV=3
MKILTILACLVALALAREKEELNVSSETVESLSSNEPDSSSEESITHINKEKLOKFKHEGQ
QOREVERQDKISREFVQPQPVVYPYAEPVPYAVVPOSILPLAQPPILPFLOPEIMEVSQAK
ETILPKRKVMPFLKSPIVPFSERQILNPTNGENLRLPVHLIQPFMHQVPQSLLOTLMLPS
QPVLSPPQSKVAPFPOPVVPYPORDTPVQAFLLYQODPRLGPTGELDPATQPIVAVHNPVI

\Y%

>sp|P82187|CASK HORSE Kappa-casein OS=Equus caballus 0X=9796
GN=CSN3 PE=1 SV=2
MKSEFEFLVVNILALTLPFLGAEVONQEQPTCHKNDERFEFDLKTVKYIPIYYVLNSSPRYEP
IYYOHRLALLINNQHMPYQYYARPAAVRPHVQIPQWQVLPNIYPSTVVRHPCPHPSFEFIAT
PPKKLOQEITVIPKINTIATVEPTPIPTPEPTVNNAVIPDASSEFITASTPETTTVPVTSP

VVQKL

>tr|Q8SPR1|Q8SPR1 HORSE Alpha sl casein OS=Equus caballus 0X=9796
PE=2 SV=1
MKLLILTCLVAVALARPKLPHRQPEIIQNEQDSREKVLKERKFPSFALEYINELNRQREL
LKEKQKDEHKEYLIEDPEQQESSSTSSSEEVVPINTEQKRIPREDMLYQHTLEQLRRLSK
YNQLOLQATHAQEQLIRMKENSQRKPMRVVNQEQAYFYLEPFQPSYQLDVYPYAAWEFHPA
QIMQHVAYSPFHDTAKLIASENSEKTDIIPEW

>tr|D2KASO|D2KASO HORSE Alpha-S2-casein variant B OS=Equus
caballus 0X=9796 GN=CSN1S2 PE=2 SvV=1
MKFFIFTCLLAVALAKHNMEHRSSSEDSVNISQEKFKQEKYVVIPTSKESICSTSCEEAT
RNINEMESAKFPTEREEKEVEEKHHLKQLNKINQFYEKLNFLOYLQALRQPRIVLTPWDQ
TKTGDSPFIPIVNTEQLFTSEEIPKKTVDMESTEVVTEKTELTEEEKNYLKLLYYEKFTL
POYFKIVRQHQTTMDPRSHRKTNSYQITPVLRYF

>tr|AOAOCS5DH76|AOAOC5DH76 HORSE Alpha-S2-casein variant A OS=Equus

caballus 0X=9796 GN=CSN1lS2 PE=2 SV=1
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MKFFIFTCLLAVALAKHNMEHRSSSEDSVNISQEKFKQEKYVVIPTSKESICSTSCEEAT
RNINEMESAKFPTEVYSSSSSSEESAKFPTEREEKEVEEKHHLKQLNKINQFYEKLNEFLQ
YLOALRQPRIVLTPWDOQTKTGDSPFIPIVNTEQLFTSEETIPKKTVDMESTEVVTEKTELT
EEEKNYLKLLYYEKFTLPQYFKIVRQHQTTMDPRSHRKTNSYQITIPVLRYF
>sp|P02670|CASK CAPHI Kappa-casein OS=Capra hircus 0X=9925 GN=CSN3
PE=1 SV=2
MMKSFFLVVTILALTLPFLGAQEQNQEQPICCEKDERFEFDDKIAKYIPIQYVLSRYPSYG
LNYYQQRPVALINNQFLPYPYYAKPVAVRSPAQTLOQWQVLPNTVPAKSCQDQPTTLARHP
HPHLSFMATIPPKKDQDKTEVPAINTIASAEPTVHSTPTTEAIVNTVDNPEASSESIASAS
ETNTAQVTSTEV

>sp|P18626|CASAl CAPHI Alpha-Sl-casein 0S=Capra hircus 0X=9925
GN=CSN1S1 PE=1 SV=2
MKLLILTCLVAVALARPKHPINHRGLSPEVPNENLLREFVVAPFPEVFRKENINELSKDIG
SESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYTQKEDVPSERYLGYLEQLLRLKKYN
VPQLETIVPKSAEEQLHSMKEGNPAHQKQPMIAVNQELAYFYPQOLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSFSDIPNPIGSENSGKTTMPLW

>sp|P33049|CASA2 CAPHI Alpha-S2-casein 0S=Capra hircus 0X=9925
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINIFQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNANEEEYSTRSSSEESAEVAPEEIKITVDDKHYQKALNEINQFYQKFPOYLQYPYQGPT
VLNPWDQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVEFTKKTKLTEEEKNRLNFEL
KKISQYYQKFAWPQYLKTVDQHQKAMKPWTQPKTNATIPYVRYL

>sp|P33048 |CASB CAPHI Beta-casein OS=Capra hircus 0X=9925 GN=CSN2
PE=2 SV=1
MKVLILACLVALATAREQEELNVVGETVESLSSSEESITHINKKIEKFQSEEQQQTEDEL
QDKIHPFAQAQSLVYPFTGPIPNSLPONILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK
HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQSWMHQPPQPLSPTVMFPPQSVLSL
SQPKVLPVPQKAVPOQRDMPIQAFLLYQEPVLGPVRGPFPILV

>sp|P02754 | LACB_BOVIN Beta-lactoglobulin 0OS=Bos taurus 0X=9913
GN=LGB PE=1 SV=3
MKCLLLALALTCGAQALIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
ELKPTPEGDLEILLOQKWENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKYLL
FCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPMHIRLSENPTQLEEQCHT
>tr|B2YKY6|B2YKY6 CAPHI Beta-lactoglobulin (Fragment) 0S=Capra

hircus 0X=9925 GN=BLG PE=3 SV=1
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LNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCLVRTPEVDKEALEKFDKALKALPMH
IRLAFNPTQLE

>sp|P02662|CASALT BOVIN Alpha-Sl-casein OS=Bos taurus 0X=9913
GN=CSN1S1 PE=1 SV=2
MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNELSKDIG
SESTEDQAMEDIKQOMEAESISSSEEIVPNSVEQKHTIQKEDVPSERYLGYLEQLLRLKKYK
VPQLETIVPNSAEERLHSMKEGIHAQQOKEPMIGVNQELAYFYPELFRQFYQLDAYPSGAWY
YVPLGTQYTDAPSFSDIPNPIGSENSEKTTMPLW

>sp|P02666|CASB BOVIN Beta-casein O0S=Bos taurus O0X=9913 GN=CSN2
PE=1 SV=2
MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIEKFQOSEEQQQTEDEL
ODKIHPFAQTQOQSLVYPFPGPIPNSLPONIPPLTQTPVVVPPFLOQPEVMGVSKVKEAMAPK
HKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLOQSWMHQPHQPLPPTVMEFPPQSVLSL
SQSKVLPVPQKAVPYPOQRDMPIQAFLLYQEPVLGPVRGPFPITIV

>sp|P02668|CASK BOVIN Kappa-casein O0S=Bos taurus O0X=9913 GN=CSN3
PE=1 SV=1
MMKSFFLVVTILALTLPFLGAQEQNQEQPTIRCEKDERFFSDKIAKYIPIQYVLSRYPSYG
LNYYQQOKPVALINNQFLPYPYYAKPAAVRSPAQILOWQVLSNTVPAKSCQAQPTTMARHP
HPHLSFMAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIESPPET
NTVQVTSTAV

>sp|P02663 | CASA2 BOVIN Alpha-S2-casein OS=Bos taurus 0X=9913
GN=CSN1S2 PE=1 SV=2
MKFFIFTCLLAVALAKNTMEHVSSSEESITISQETYKQEKNMATINPSKENLCSTFCKEVVR
NANEEEYSIGSSSEESAEVATEEVKITVDDKHYQKALNEINQFYQKFPOYLQYLYQGPIV
LNPWDQVKRNAVPITPTLNREQLSTSEENSKKTVDMESTEVFTKKTKLTEEEKNRLNEFLK

KISQRYQKFALPQYLKTVYQHQKAMKPWIQPKTKVIPYVRYL
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Appendix B, File 1

>sp|P04653|CASA]l SHEEP Alpha-Sl-casein 0S=0vis aries 0X=9940
GN=CSN1S1l PE=1 SV=3
MKLLILTCLVAVALARPKHPIKHQGLSSEVLNENLLREFVVAPFPEVFRKENINELSKDIG
SESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYIQKEDVPSERYLGYLEQLLRLKKYN
VPQLETVPKSAEEQLHSMKEGNPAHOKQPMIAVNQELAYFYPQLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSFSDIPNPIGSENSGKITMPLW

>sp|P02669|CASK SHEEP Kappa-casein O0S=0vis aries 0X=9940 GN=CSN3
PE=1 SV=2
MMKSFFLVVTILALTLPFLGAQEQNQEQRICCEKDERFFDDKIAKYIPIQYVLSRYPSYG
LNYYQQRPVALINNQFLPYPYYAKPVAVRSPAQTLOQWQVLPNAVPAKSCQDQPTAMARHP
HPHLSFMAIPPKKDQDKTEIPAINTIASAEPTVHSTPTTEAVVNAVDNPEASSESTASAP
ETNTAQVTSTEV

>sp|P11839|CASB _SHEEP Beta-casein 0S=0vis aries 0X=9940 GN=CSN2
PE=1 SV=3
MKVLILACLVALALAREQEELNVVGETVESLSSSEESITHINKKIEKFQSEEQQQTEDEL
QODKIHPFAQAQSLVYPFTGPIPNSLPONILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK
HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQSWMHQPPQPLPPTVMEFPPQSVLSL
SQPKVLPVPQKAVPQRDMPIQAFLLYQEPVLGPVRGPFPILV

>sp|P04654 | CASA2 SHEEP Alpha-S2-casein 0S=0vis aries 0X=9940
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINISQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNADEEEYSTRSSSEESAEVAPEEVKITVDDKHYQKALNEINQFYQKFPOYLOYLYQGPT
VLNPWDQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVEFTKKTKLTEEEKNRLNFEL
KKISQYYQKFAWPQYLKTVDQHOQKAMKPWTQPKTNAIPYVRYL

>sp|P67976 | LACB_SHEEP Beta-lactoglobulin-1/B 0S=0vis aries 0X=9940
PE=1 Sv=1
MKCLLLALGLALACGVQATIIVTQTMKGLDIQKVAGTWHSLAMAASDISLLDAQSAPLRVY
VEELKPTPEGNLEILLQKWENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKY
LLFCMENSAEPEQSLACQCLVRTPEVDNEALEKFDKALKALPMHIRLAFNPTQLEGQCHV
>sp|P02758 | LACB1 HORSE Beta-lactoglobulin-1 OS=Equus caballus
0X=9796 GN=LGB1 PE=1 SV=3
MKCLLLALGLALMCGIQATNIPQTMODLDLOQEVAGKWHSVAMAASDISLLDSESAPLRVY
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IEKLRPTPEDNLEITLREGENKGCAEKKIFAEKTESPAEFKINYLDEDTVFALDTDYKNY
LFLCMKNAATPGQSLVCQYLARTOMVDEE IMEKFRRALOQPLPGRVQIVPDLTRMAERCRI
>sp|P07380 | LACB2 HORSE Beta-lactoglobulin-2 OS=Equus caballus
0X=9796 GN=LGB2 PE=1 SV=3
MKCLLLALGLSLMCGNQATDIPQTMODLDLOQEVAGRWHSVAMVASDISLLDSESVPLRVY
VEELRPTPEGNLEIILREGANHACVERNIVAQKTEDPAVFTVNYQGERKISVLDTDYAHY
MFFCVGPPLPSAEHGMVCQYLARTQKVDEEVMEKFSRALQPLPGRVQIVQDPSGGQERCG

F

>sp | Q9GKK3 |CASB_HORSE Beta-casein OS=Equus caballus 0X=9796
GN=CSN2 PE=1 SV=3
MKILTILACLVALALAREKEELNVSSETVESLSSNEPDSSSEESITHINKEKLOKFKHEGQ
QOREVERQDKISREFVQPQPVVYPYAEPVPYAVVPOSILPLAQPPILPFLOPEIMEVSQAK
ETILPKRKVMPFLKSPIVPFSERQILNPTNGENLRLPVHLIQPFMHQVPQSLLOTLMLPS
QPVLSPPQSKVAPFPOPVVPYPORDTPVQAFLLYQODPRLGPTGELDPATQPIVAVHNPVI

\Y%

>sp|P82187|CASK HORSE Kappa-casein OS=Equus caballus 0X=9796
GN=CSN3 PE=1 SV=2
MKSEFEFLVVNILALTLPFLGAEVONQEQPTCHKNDERFEFDLKTVKYIPIYYVLNSSPRYEP
IYYOHRLALLINNQHMPYQYYARPAAVRPHVQIPQWQVLPNIYPSTVVRHPCPHPSFEFIAT
PPKKLOQEITVIPKINTIATVEPTPIPTPEPTVNNAVIPDASSEFITASTPETTTVPVTSP

VVQKL

>tr|Q8SPR1|Q8SPR1 HORSE Alpha sl casein OS=Equus caballus 0X=9796
PE=2 SV=1
MKLLILTCLVAVALARPKLPHRQPEIIQNEQDSREKVLKERKFPSFALEYINELNRQREL
LKEKQKDEHKEYLIEDPEQQESSSTSSSEEVVPINTEQKRIPREDMLYQHTLEQLRRLSK
YNQLOLQATHAQEQLIRMKENSQRKPMRVVNQEQAYFYLEPFQPSYQLDVYPYAAWEFHPA
QIMQHVAYSPFHDTAKLIASENSEKTDIIPEW

>tr|D2KASO|D2KASO HORSE Alpha-S2-casein variant B OS=Equus
caballus 0X=9796 GN=CSN1S2 PE=2 SvV=1
MKFFIFTCLLAVALAKHNMEHRSSSEDSVNISQEKFKQEKYVVIPTSKESICSTSCEEAT
RNINEMESAKFPTEREEKEVEEKHHLKQLNKINQFYEKLNFLOYLQALRQPRIVLTPWDQ
TKTGDSPFIPIVNTEQLFTSEEIPKKTVDMESTEVVTEKTELTEEEKNYLKLLYYEKFTL
POYFKIVRQHQTTMDPRSHRKTNSYQITPVLRYF

>tr|AOAOCS5DH76|AOAOC5DH76 HORSE Alpha-S2-casein variant A OS=Equus

caballus 0X=9796 GN=CSN1lS2 PE=2 SV=1
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MKFFIFTCLLAVALAKHNMEHRSSSEDSVNISQEKFKQEKYVVIPTSKESICSTSCEEAT
RNINEMESAKFPTEVYSSSSSSEESAKFPTEREEKEVEEKHHLKQLNKINQFYEKLNEFLQ
YLOALRQPRIVLTPWDOQTKTGDSPFIPIVNTEQLFTSEETIPKKTVDMESTEVVTEKTELT
EEEKNYLKLLYYEKFTLPQYFKIVRQHQTTMDPRSHRKTNSYQITIPVLRYF
>sp|P02670|CASK CAPHI Kappa-casein OS=Capra hircus 0X=9925 GN=CSN3
PE=1 SV=2
MMKSFFLVVTILALTLPFLGAQEQNQEQPICCEKDERFEFDDKIAKYIPIQYVLSRYPSYG
LNYYQQRPVALINNQFLPYPYYAKPVAVRSPAQTLOQWQVLPNTVPAKSCQDQPTTLARHP
HPHLSFMATIPPKKDQDKTEVPAINTIASAEPTVHSTPTTEAIVNTVDNPEASSESIASAS
ETNTAQVTSTEV

>sp|P18626|CASAl CAPHI Alpha-Sl-casein 0S=Capra hircus 0X=9925
GN=CSN1S1 PE=1 SV=2
MKLLILTCLVAVALARPKHPINHRGLSPEVPNENLLREFVVAPFPEVFRKENINELSKDIG
SESTEDQAMEDAKQMKAGSSSSSEEIVPNSAEQKYTQKEDVPSERYLGYLEQLLRLKKYN
VPQLETIVPKSAEEQLHSMKEGNPAHQKQPMIAVNQELAYFYPQOLFRQFYQLDAYPSGAWY
YLPLGTQYTDAPSFSDIPNPIGSENSGKTTMPLW

>sp|P33049|CASA2 CAPHI Alpha-S2-casein 0S=Capra hircus 0X=9925
GN=CSN1S2 PE=2 SV=1
MKFFIFTCLLAVALAKHKMEHVSSSEEPINIFQEIYKQEKNMATHPRKEKLCTTSCEEVV
RNANEEEYSTRSSSEESAEVAPEEIKITVDDKHYQKALNEINQFYQKFPOYLQYPYQGPT
VLNPWDQVKRNAGPFTPTVNREQLSTSEENSKKTIDMESTEVEFTKKTKLTEEEKNRLNFEL
KKISQYYQKFAWPQYLKTVDQHQKAMKPWTQPKTNATIPYVRYL

>sp|P33048 |CASB CAPHI Beta-casein OS=Capra hircus 0X=9925 GN=CSN2
PE=2 SV=1
MKVLILACLVALATAREQEELNVVGETVESLSSSEESITHINKKIEKFQSEEQQQTEDEL
QDKIHPFAQAQSLVYPFTGPIPNSLPONILPLTQTPVVVPPFLQPEIMGVPKVKETMVPK
HKEMPFPKYPVEPFTESQSLTLTDVEKLHLPLPLVQSWMHQPPQPLSPTVMFPPQSVLSL
SQPKVLPVPQKAVPOQRDMPIQAFLLYQEPVLGPVRGPFPILV

>sp|P02754 | LACB_BOVIN Beta-lactoglobulin 0OS=Bos taurus 0X=9913
GN=LGB PE=1 SV=3
MKCLLLALALTCGAQALIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
ELKPTPEGDLEILLOQKWENGECAQKKITAEKTKIPAVFKIDALNENKVLVLDTDYKKYLL
FCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPMHIRLSENPTQLEEQCHT
>tr|B2YKY6|B2YKY6 CAPHI Beta-lactoglobulin (Fragment) 0S=Capra

hircus 0X=9925 GN=BLG PE=3 SV=1
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LNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCLVRTPEVDKEALEKFDKALKALPMH
IRLAFNPTQLE

>sp|P02662|CASALT BOVIN Alpha-Sl-casein OS=Bos taurus 0X=9913
GN=CSN1S1 PE=1 SV=2
MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNELSKDIG
SESTEDQAMEDIKQOMEAESISSSEEIVPNSVEQKHTIQKEDVPSERYLGYLEQLLRLKKYK
VPQLETIVPNSAEERLHSMKEGIHAQQOKEPMIGVNQELAYFYPELFRQFYQLDAYPSGAWY
YVPLGTQYTDAPSFSDIPNPIGSENSEKTTMPLW

>sp|P02666|CASB BOVIN Beta-casein O0S=Bos taurus O0X=9913 GN=CSN2
PE=1 SV=2
MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIEKFQOSEEQQQTEDEL
ODKIHPFAQTQOQSLVYPFPGPIPNSLPONIPPLTQTPVVVPPFLOQPEVMGVSKVKEAMAPK
HKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLOQSWMHQPHQPLPPTVMEFPPQSVLSL
SQSKVLPVPQKAVPYPOQRDMPIQAFLLYQEPVLGPVRGPFPITIV

>sp|P02668|CASK BOVIN Kappa-casein O0S=Bos taurus O0X=9913 GN=CSN3
PE=1 SV=1
MMKSFFLVVTILALTLPFLGAQEQNQEQPTIRCEKDERFFSDKIAKYIPIQYVLSRYPSYG
LNYYQQOKPVALINNQFLPYPYYAKPAAVRSPAQILOWQVLSNTVPAKSCQAQPTTMARHP
HPHLSFMAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIESPPET
NTVQVTSTAV

>sp|P02663 | CASA2 BOVIN Alpha-S2-casein OS=Bos taurus 0X=9913
GN=CSN1S2 PE=1 SV=2
MKFFIFTCLLAVALAKNTMEHVSSSEESITISQETYKQEKNMATINPSKENLCSTFCKEVVR
NANEEEYSIGSSSEESAEVATEEVKITVDDKHYQKALNEINQFYQKFPOYLQYLYQGPIV
LNPWDQVKRNAVPITPTLNREQLSTSEENSKKTVDMESTEVFTKKTKLTEEEKNRLNEFLK

KISQRYQKFALPQYLKTVYQHQKAMKPWIQPKTKVIPYVRYL
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Appendix C, Figure 1

In order to investigate the connection between the proteins identified in all skins, a STRING

analysis (Szklarczyk et al. 2018) was conducted, as shown in Appendix C, Figure 1. It shows the

functional relationships between all proteins that were identified by at least two unique
peptides in all skins before liming. It is clear that there are three main clusters of proteins -
structural proteins, cell motility proteins, and proteins related to heat shock proteins.
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Appendix C, Figure 1: STRING diagram of confidently identified proteins before liming
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Appendix C, File 1

>tr |W5P481|W5P481 SHEEP Uncharacterized ©protein 0S=0vis
0X=9940 GN=COL1Al PE=4 SV=1
MFSFVDLRLLLLLAATALLTHGQEEGQEEGQEEDIPPVTCVQNGLRYHDRDVWKPVPCQI
CVCDNGNVLCDDVICDELKDCPNAKVPTPPRPVSPHPPPPPPPPTTTKQRGGRGGPCPRP
GAHRPSHSPPQGPAGPPGRDGIPGQPGLPGPPGPPGPPGPPGLGGNFAPQLSYGYDEKST
GISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG
EAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPG
ENGAPGQOMGPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKG
EAGPQGPRGSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFEFPG
ARGPSGPOGPSGPPGPKGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGPAGEEGKRGARG
EPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPAGPKGSPGEAGRPGEAG
LPGAKGLTGSPGSPGPDGKTGPPGPAGODGRPGPPGPPGARGQAGVMGFPGPKGAAGEPG
KAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPG
EAGKPGEQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAG
APGAPGSQGAPGLQGMPGERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPG
PAGAPGDKGETGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAG
AKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPGATGFPGAAGRVGPPGPSGNAG
PPGPPGPAGKEGSKGPRGETGPAGRAGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQG
IAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESG
REGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAG
PAGPIGPVGARGPAGPQGPRGDKGETGEQGDRGIKGHRGFSGLOGPPGPPVSMLSPSPAP
SPASSLOGPPGSAGTPGKDGLNGLPGPIGPPGPRGRTGDAGPAVSPPTLSAHGPPALKAP
SPRSRYDLSFLPQPPQEKAHDGGRYYRADDANVVRDRDLEVDTTLKSLSQQIENIRSPEG
SRKNPARTCRDLKMCHPDWKSGEYWIDPNQGCNLDATKVEFCNMETGETCVYPTQPSVPQK
NWYISKNPKDKRHVWYGESMTGGFQVREGGQGSDPADVAIQLTFLRLMSTEASQNITYHC
KNSVAYMDOQOTGNLKKALLLOGSNEIEIRAEGNSRFTYSVTYDGCTSHTGAWGKTVIEYK
TTKTSRLPIIDVAPLDVGAPDQEFGFDIGSVCFEL

aries

>tr |[WONTT7 |WSNTT7 SHEEP Fibrillar collagen NC1 domain-containing

protein 0S=0vis aries 0X=9940 GN=COLlA2 PE=4 SvV=1
MLSFVDTRTLLLLAVTSCLATCQSLOQEATARKGPSGDRGPRGERGPPGPPGRDGDDGIPG
PPGPPGPPGPPGLGGNFAAQFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGE

PGOTGPAGARGPPGPPGKAGEDGHPGKPGRPGERGVVGPQGARGFPGTPGLPGFKGIRGH
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Appendix C, Table 1

Position

0 N O o~ WODN -

W W W W W W W W NDNDNDNDNDDNDDNDNDNDDN-=2 2 A O A a A a A
N O bl WON -2 O O 00N OB WOWDN -2 O © 0oNO g P~ w NN -~ O

Row (QStagger)

Position (QStagger)

DO®WIOXD>—A>MP - ®OO—A>r 00 A<>»r - A2 -40<T 0 ZpA(FromFasta)

DO ®OTORD>A>MO T 0O X XXXXXXXXXXDXXXXDXXXDXXXXAA(FromMQ)

Region

Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide

-—

4

100%
-73%
43%
-85%
100%
54%
31%
50%
31%
-73%
-73%
-73%
-73%
5%
100%
31%
43%
131%
-73%
5%
31%
131%
44%
43%
-73%
44%
-53%
5%
31%
5%
50%
-67%
43%
-10%
43%
43%
54%

4
-100%
-78%
262%
-81%
-46%
-13%
9%
-30%
9%
-78%
-78%
-78%
-78%
-43%
-46%
9%
262%
-95%
-78%
-43%
9%
-95%
-19%
262%
-78%
-19%
-14%
-43%
9%
-43%
-30%
40%
25%
7%
262%
25%
-13%

Hydrophobicity scale value (kcal/mol)-moving towards water

1.25
-0.46
1.71
0.46
-3.64
-0.25
-1.81
-0.25
1.25
1.25
1.25
1.25
-0.5
0.46
-0.25
-0.46
0.02
1.25
-0.5
-0.25
0.02
-0.77
-0.46
1.25
-0.77
-3.63
-0.5
-0.25
-0.5
-1.81
-2.8
-1.15
-0.14
-0.46
-1.15
-3.64

Collision diameter of side chain(A)

Longest Dimension (A)
Side Chain Volume (AA3)

5.7353°7.93174 81.657
5.7075¢5.7170" 72.686
4.226214.8442¢

5.9637:8.4757¢£83.928
5.2987(6.9578¢ 60.07
4.7470¢ 5.6096¢ 55.197
4.9029° 6.2805¢ 51.458
6.4003719.7848¢ 57.551
4.9029° 6.2805¢ 51.458
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07
4.9029° 6.2805¢ 51.458
4.226214.8442¢

4.5475€6.0951¢

5.7075¢5.7170" 72.686
3.9244¢ 3.92457 31.474
4.9029° 6.2805¢ 51.458
4.5475€6.0951¢

5.5148¢7.3776(74.788
4.226214.8442¢

5.7075¢5.7170" 72.686
5.5148¢7.3776(74.788
5.313626.5667(69.742
3.9244¢3.9245:31.474
4.9029° 6.2805¢ 51.458
3.9244¢3.9245:31.474
6.400379.7848¢ 57.551
5.589728.1697(72.811

5.57682 5.6186¢ 80.704
4.226214.8442¢

4.7470¢ 5.6096¢ 55.197

Linear combination of hydrophobicity and collision radius
Linear combination of hydrophobicity and side chain volume

-6.4053 -82.327
-6.9575 -73.936
-3.7662

-7.6737 -85.638
-5.7587 -60.53
-1.1070 -51.557
-4.6529 -51.208
-4.5903 -55.741
-4.6529 -51.208
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-3.4244 -30.974
-5.7587 -60.53
-4.6529 -51.208
-3.7662

-4.5675

-6.9575 -73.936
-3.4244 -30.974
-4.6529 -51.208
-4.5675

-4.7448 -74.018
-3.7662

-6.9575 -73.936
-4.7448 -74.018
-1.6836 -66.112
-3.4244 -30.974
-4.6529 -51.208
-3.4244 -30.974
-4.5903 -55.741
-2.7897 -70.011

-5.4368 -80.564
-3.7662

-1.1070 -51.557

SAPs
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A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

®ZT T IUTOO0O0XOUmTMOor>rMZZ060CEO0UVIUVTEO UV UTO UVTUEO UV IUTO U T OUOUOOU0OXTO U TUTO UV UOUOXOXMEOIXTTUO X

®ZT 0T O ITOOGOXO®OmTMO>»>»TNMZOONOTVTIUTO T ITO T ITEOXXXXXXXXXXITOTUVIUTOTUVIUO XXXV TTOI

Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
N-terminal
N-terminal
N-terminal
N-terminal
N-terminal
N-terminal
N-terminal
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

50%
43%
-10%
50%
43%
-53%
50%
43%
-10%
-10%
43%
-10%
-10%
43%
50%
54%
43%
54%
54%
43%
-51%
-10%
43%
-10%
-10%
43%
-10%
-10%
43%
-10%
-10%
43%
-10%
-10%
43%
-73%
43%
43%
44%
-85%
5%
5%
44%
-85%
54%
43%
-67%
43%
43%
43%
-10%
43%
-10%
-100%
43%

-30%
25%
-7%
-30%
25%
-14%
-30%
25%
-1%
-7%
25%
7%
%
25%
-30%
-13%
25%
-13%
-13%
25%
-7%
1%
25%
-7%
-7%
25%
-7%
-7%
25%
-7%
-7%
25%
-7%
-7%
25%
-78%
25%
25%
-100%
-81%
-43%
-43%
-19%
-81%
-13%
25%
40%
25%
25%
25%
-7%
25%
7%
-100%
25%

-1.81
-1.15
-0.14
-1.81
-1.15
-3.63
-1.81
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15
-1.81
-3.64
-1.15
-3.64
-3.64
-1.15

1.12
-0.14
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15

1.25
-1.15
-1.15
-0.85

1.71

-0.5

-0.5
-0.77

1.71
-3.64
-1.15

-2.8
-1.15
-1.15
-1.15
-0.14
-1.15
-0.14

0.67
-1.15

6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

5.313626.5667(69.742
6.400379.7848¢ 57.551

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

6.400379.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197

4.7470¢ 5.6096¢ 55.197
4.7470¢ 5.6096¢ 55.197

5.8093¢6.29714 75.102
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.5768: 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.7075¢5.7170" 72.686

5.100275.39194 59.477
5.9637:8.4757¢£83.928
3.9244¢3.9245:31.474
3.9244¢ 3.92457 31.474
5.5148¢7.3776( 74.788
5.9637:8.4757¢ 83.928
4.7470¢ 5.6096¢ 55.197

5.589728.1697(72.811

5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.7353°7.93174 81.657

-4.5903 -55.741

-5.4368 -80.564
-4.5903 -55.741

-1.6836 -66.112
-4.5903 -55.741

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-4.5903 -55.741
-1.1070 -51.557

-1.1070 -51.557
-1.1070 -51.557

-6.9293 -76.222
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-6.9575 -73.936

-4.2502 -58.627
-7.6737 -85.638
-3.4244 -30.974
-3.4244 -30.974
-4.7448 -74.018
-7.6737 -85.638
-1.1070 -51.557

-2.7897 -70.011

-5.4368 -80.564

-5.4368 -80.564
-6.4053 -82.327

= AW WA N a2 aN DDA

286



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

N N DN DN DN DNDDNDNDNDNDDNDDNDDNDNDDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDNDNDNDDNDDNDNDNDNDNDNDDNDDNDDNDNDDNDNDDNDDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDDNDDNDNDNDNDN

oo N o

A U IO MmMe>»r A6 UV IUTOUVTIUTOIX>PTO>PPOTO-AOOGTUMEUMEGETUVTITOOTOO ITO T>»O®>»rO VT IUTO X TVT O

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A U I O@oUmMme>» A6 UV TUTOUVTIUTOIX>PO»»POTO-AOOGUMEUUMEUTITOOTOOUTO TGO ®N>»rO TV UUTO X TVTOIZC

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

-73%
-100%
43%
-10%
50%
43%
-10%
-10%
43%
5%
43%
43%
5%
-10%
43%
-10%
44%
43%
-85%
44%
43%
-10%
-10%
43%
-53%
-10%
43%
-53%
-10%
43%
44%
31%
43%
-10%
5%
43%
5%
50%
43%
-10%
-10%
43%
-10%
-10%
43%
-67%
5%
43%
-53%
54%
43%
25%
-10%
43%
-67%

-78%
-100%
25%
-7%
-30%
25%
-7%
-7%
25%
-43%
262%
25%
-43%
7%
25%
-1%
-19%
25%
-81%
-19%
25%
1%
7%
25%
-14%
-7%
25%
-14%
7%
25%
-19%
9%
25%
-7%
-43%
25%
-43%
-30%
25%
-7%
-7%
25%
-7%
-7%
25%
40%
-43%
25%
-14%
-13%
25%
-49%
7%
25%
40%

1.25
0.67
-1.15
-0.14
-1.81
-1.15
-0.14
-0.14
-1.15
-0.5
-0.46
-1.15
-0.5
-0.14
-1.15
-0.14
-0.77
-1.15
1.71
-0.77
-1.15
-0.14
-0.14
-1.15
-3.63
-0.14
-1.15
-3.63
-0.14
-1.15
-0.77
-0.25
-1.15
-0.14
-0.5
-1.15
-0.5
-1.81
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15
-2.8
-0.5
-1.15
-3.63
-3.64
-1.15
-2.33
-0.14
-1.15
-2.8

5.7075¢5.7170" 72.686
5.7353°7.93174 81.657

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
4.226214.8442¢

3.9244¢3.9245:31.474
5.57687 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.5148¢ 7.3776(74.788

5.9637:8.4757¢ 83.928
5.5148¢7.3776( 74.788

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.3136:6.5667(69.742
5.57682 5.6186¢ 80.704

5.3136%6.5667( 69.742
5.57682 5.6186¢ 80.704

5.5148¢7.3776(74.788
4.9029° 6.2805¢ 51.458

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.5768 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.589728.1697(72.811
3.9244¢3.9245:31.474

5.313626.5667(69.742
4.7470¢ 5.6096¢ 55.197

5.7063(7.1763< 80.668
5.57682 5.6186¢ 80.704

5.589728.1697(72.811

-6.9575 -73.936
-6.4053 -82.327

-5.4368 -80.564
-4.5903 -55.741

-5.4368 -80.564
-5.4368 -80.564

-3.4244 -30.974
-3.7662

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-4.7448 -74.018

-7.6737 -85.638
-4.7448 -74.018

-5.4368 -80.564
-5.4368 -80.564

-1.6836 -66.112
-5.4368 -80.564

-1.6836 -66.112
-5.4368 -80.564

-4.7448 -74.018
-4.6529 -51.208

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.5903 -55.741

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-2.7897 -70.011
-3.4244 -30.974

-1.6836 -66.112
-1.1070 -51.557

-3.3763 -78.338
-5.4368 -80.564

-2.7897 -70.011

N = & 44 44 W = A A W - A a4 A N A PN A AN A A A A A A A A WO e DA A AN WA AW A Ul AN A A A A A AN AN

287



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

N N DN DN DN DNDNDNDNDDNDDNDDNDNDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDNDNDNDDNDNDDNDNDDNDNDDNDDNDNDDNDNDDNDDNDDNDNDNDDNDDNDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDDNDDNDNDNDNDN

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

TP O UMOGEX<OIT>»POITOOXATOIUOMNOEZIOINN - OGXTOTITMODEOITAEAHOITITOII?»POOITO<<OIMGO®B T IO T

TP O O0OMOAXA<OTIUT>»PrO 00O OO0ONOEEZIOXN T OXTEO UV OITAHOGTTOIID>P»OOITO<<OEIM®O® T IO T

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

-7%
25%
-30%
7%
25%
-14%
-30%
25%
-46%
-46%
25%
7%
-19%
25%
-43%
-30%
25%
-81%
-7%
25%
9%
1%
25%
-78%
-7%
25%
-81%
40%
25%
-7%
-30%
25%
-49%
-100%
25%
-78%
-13%
25%
-78%
40%
25%
-19%
-7%
25%
-43%
-7%
25%
-46%
40%
25%
-14%
7%
25%
-43%
7%

-0.14
-1.15
-1.81
-0.14
-1.15
-3.63
-1.81
-1.15

0.46

0.46
-1.15
-0.14
-0.77
-1.15

-0.5
-1.81
-1.15

1.71
-0.14
-1.15
-0.25
-0.14
-1.15

1.25
-0.14
-1.15

1.71

-2.8
-1.15

1.12
-1.81
-1.15
-2.33
-0.85
-1.15

1.25
-3.64
-1.15

1.25

-2.8
-1.15
-0.77
-0.14
-1.15

-0.5
-0.14
-1.15

0.46

-2.8
-1.15
-3.63
-0.14
-1.15

-0.5
-0.14

5.57682 5.6186¢ 80.704

6.4003719.7848¢ 57.551
5.57682 5.6186¢ 80.704

5.313626.5667(69.742
6.400379.7848¢ 57.551

5.2987(6.9578¢ 60.07
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
5.5148¢7.3776(74.788

3.9244¢ 3.92457 31.474
6.400379.7848¢ 57.551

5.9637:8.4757% 83.928
5.57682 5.6186¢ 80.704

4.9029° 6.2805¢ 51.458
5.57682 5.6186¢ 80.704

5.7075¢5.7170" 72.686
5.57687 5.6186¢ 80.704

5.9637:8.4757¢ 83.928
5.589728.1697(72.811

5.8093¢6.29714 75.102
6.400379.7848¢ 57.551

5.7063(7.1763< 80.668
5.100275.39194 59.477

5.7075¢5.7170" 72.686
4.7470¢ 5.6096¢ 55.197

5.7075¢5.7170" 72.686
5.56897:8.1697( 72.811

5.5148¢7.3776(74.788
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.576825.6186¢ 80.704

5.2987(6.9578¢ 60.07
5.56897:8.1697(72.811

5.3136%6.5667( 69.742
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

-5.4368 -80.564

-4.5903 -55.741
-5.4368 -80.564

-1.6836 -66.112
-4.5903 -55.741

-5.7587 -60.53
-5.7587 -60.53

-5.4368 -80.564
-4.7448 -74.018

-3.4244 -30.974
-4.5903 -55.741

-7.6737 -85.638
-5.4368 -80.564

-4.6529 -51.208
-5.4368 -80.564

-6.9575 -73.936
-5.4368 -80.564

-7.6737 -85.638
-2.7897 -70.011

-6.9293 -76.222
-4.5903 -55.741

-3.3763 -78.338
-4.2502 -58.627

-6.9575 -73.936
-1.1070 -51.557

-6.9575 -73.936
-2.7897 -70.011

-4.7448 -74.018
-5.4368 -80.564

-3.4244 -30.974
-5.4368 -80.564

-5.7587 -60.53
-2.7897 -70.011

-1.6836 -66.112
-5.4368 -80.564

-3.4244 -30.974
-5.4368 -80.564

A A A A 2 WW AN A AW A AN AaAWW A W AN AN A A A A A A A A A A WN A A A AN AW A

288



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

N N DN DN DN DNDNDNDNDNDDNDDNDDNDNDDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDNDNDNDDNDNDDNDNDNDNDNDNDDNDDNDDNDNDDNDDNDDNDNDNDDNDDNDNDDNDDNDDNDDNDDNDDNDDNDNDDNDDNDDNDDNDDNDNDNDNDN

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

® U TMT®UVTIUTO>»OO - TO>»ITO<ITO<OOO®OOW>»O>» TOIT>»POE<IOEIMEOGITDOI>»O-0607TAHO0ZMGO

® U MO UV IUTO>»POO T OO >POO<KITO<OOIWOD>PO>» T O ITPPPO<KIOTOXXXXXXzoD>»roO-d1060060v"do0zme

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

43%
-53%
44%
43%
31%
-10%
43%
44%
31%
43%
5%
50%
43%
-73%
-10%
43%
-53%
50%
43%
50%
-100%
43%
5%
-10%
43%
-10%
5%
43%
5%
50%
43%
43%
54%
43%
43%
-100%
43%
-10%
-100%
43%
-10%
5%
43%
-10%
-51%
43%
43%
5%
43%
-10%
-10%
43%
-85%
-10%
43%

25%
-14%
-100%
25%
9%
1%
25%
-19%
9%
25%
-43%
-30%
25%
-78%
-7%
25%
-14%
-30%
25%
-30%
-46%
25%
-43%
-7%
25%
-7%
-43%
25%
-43%
-30%
25%
262%
-13%
25%
262%
-46%
25%
7%
-46%
25%
-7%
-43%
25%
7%
7%
25%
262%
-43%
25%
-7%
-7%
25%
-81%
1%
25%

-1.15
-3.63
-0.85
-1.15
-0.25
-0.14
-1.15
-0.77
-0.25
-1.15

-0.5
-1.81
-1.15

1.25
-0.14
-1.15
-3.63
-1.81
-1.15
-1.81

0.46
-1.15

-0.5
-0.14
-1.15
-0.14

-0.5
-1.15

-0.5
-1.81
-1.15
-0.46
-3.64
-1.15
-0.46

0.46
-1.15
-0.14

0.46
-1.15
-0.14

-0.5
-1.15
-0.14

1.12
-1.15
-0.46

-0.5
-1.15
-0.14
-0.14
-1.15

1.71
-0.14
-1.15

5.31366.5667(69.742
5.100275.3919¢ 59.477

4.9029° 6.2805¢ 51.458
5.57682 5.6186¢ 80.704

5.5148¢ 7.3776(74.788
4.9029° 6.2805¢ 51.458

3.9244¢3.9245:31.474
6.4003719.7848¢ 57.551

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

5.313626.5667(69.742
6.400379.7848¢ 57.551

6.400379.7848¢ 57.551
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

4.226214.8442¢
4.7470¢ 5.6096¢ 55.197

4.226214.8442¢
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

5.57687 5.6186¢ 80.704
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
5.8093¢6.29714 75.102

4.226214.8442¢
3.9244¢3.9245:31.474

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.9637:8.4757¢ 83.928
5.57682 5.6186¢ 80.704

-1.6836 -66.112
-4.2502 -58.627

-4.6529 -51.208
-5.4368 -80.564

-4.7448 -74.018
-4.6529 -51.208

-3.4244 -30.974
-4.5903 -55.741

-6.9575 -73.936
-5.4368 -80.564

-1.6836 -66.112
-4.5903 -55.741

-4.5903 -55.741
-5.7587 -60.53

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.5903 -55.741

-3.7662
-1.1070 -51.557

-3.7662
-5.7587 -60.53

-5.4368 -80.564
-5.7587 -60.53

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-6.9293 -76.222

-3.7662
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-7.6737 -85.638
-5.4368 -80.564

A A A A AW A WA A A A AW A AN A A AN A AN~ AN N A A A A A A A A A A A gN A A WA A A A NN A

289



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

N N DN DN DN DNDNDNDNDDNDDNDDNDNDNDDNDDNDDNDDNDDNDDNDNDNDDNDDNDDNDNDNDNDDNDDNDNDDNDNDNDNDDNDDNDDNDNDDNDDNDNDDNDNDNDDNDDNDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDDNDNDNDNDN

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

reo>»>»O0XxX2>»PO 0TI EOEZ>rrOOTVZ2Z0 0 IOTO0<IUTOOrEOEUCOOE<MEOULIUTO>»rTO>»PTOIOTZ60o<TUVToOoMOrMmXTVTO >

reo>»>»O0XxX2>»PO0VTHCEOEZ>»rO0TVZEO0TITOo<TITOOOEOEUOUMCOOE<MOULIUTO>»TVTO>»PrTOITZo<TVToOorMEXTVTO >

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

-43%
-7%
25%
-7%
40%
25%
-14%
-78%
25%
-7%
-46%
25%
-100%
7%
25%
-7%
-43%
25%
-7%
-43%
25%
%
-30%
25%
-14%
-46%
25%
-78%
7%
25%
-78%
262%
25%
-7%
-46%
25%
-7%
7%
25%
-100%
-7%
25%
-43%
-100%
25%
-78%
7%
25%
-43%
40%
25%
-43%
-43%
25%
-78%

-0.5
-0.14
-1.15
-0.14

-2.8
-1.15
-3.63

1.25
-1.15
-0.14

0.46
-1.15
-0.85
-0.14
-1.15
-0.14

-0.5
-1.15
-0.14

-0.5
-1.15
-0.14
-1.81
-1.15
-3.63

0.46
-1.15

1.25
-0.14
-1.15

1.25
-0.46
-1.15
-0.14

0.46
-1.15
-0.14
-0.14
-1.15
-0.85
-0.14
-1.15

-0.5
-0.85
-1.15

1.25
-0.14
-1.15

-0.5

-2.8
-1.15

-0.5

-0.5
-1.15

1.25

3.9244¢ 3.92457 31.474
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.5689728.1697(72.811

5.313626.5667(69.742
5.7075¢5.7170" 72.686

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

5.100275.39194 59.477
5.57682 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

5.313626.5667(69.742
5.2987(6.9578¢ 60.07

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

5.7075¢5.7170" 72.686
4.226214.8442¢

5.57687 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.100275.3919¢ 59.477
5.57687 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.100275.3919¢ 59.477

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

3.9244¢ 3.92457 31.474
5.589728.1697(72.811

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

5.7075¢5.7170" 72.686

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-2.7897 -70.011

-1.6836 -66.112
-6.9575 -73.936

-5.4368 -80.564
-5.7587 -60.53

-4.2502 -58.627
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-4.5903 -55.741

-1.6836 -66.112
-5.7587 -60.53

-6.9575 -73.936
-5.4368 -80.564

-6.9575 -73.936
-3.7662

-5.4368 -80.564
-5.7587 -60.53

-5.4368 -80.564
-5.4368 -80.564

-4.2502 -58.627
-5.4368 -80.564

-3.4244 -30.974
-4.2502 -58.627

-6.9575 -73.936
-5.4368 -80.564

-3.4244 -30.974
-2.7897 -70.011

-3.4244 -30.974
-3.4244 -30.974

-6.9575 -73.936

A A AN 2 OGN A NDAA A A AN~ ANA AN A WNAAO A A A W Aa N~ A DNOlLe D WA W w2 N A AN a4

290



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

g oo o0 oo oo oo oo oo OO OO OO OO DN NDNDNDNDNDNDN

226
227
228
229
230
231
232
233
234
235

o N o o M~ WDN

TOO<»POITMOEXZO0OMmEEXOEE>» T O0MmO<-OEI>»O->»0O>»r2>»rO<TOUIT-OXTITOTITCOIT>»PO>»<OT

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

TOO<POITMOEXZO0OMEXOEE>» T 0MmOa<-OIT>»O->»0O0>»2>»rO<TVTOTUIT-OIXTITOTITCOIT>»PO>»<GOT

Gap

Gap

Gap

Gap

Gap

Gap

Gap

Gap

Gap

Gap

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

-10%
43%
-100%
5%
43%
5%
-10%
43%
-73%
-10%
43%
-10%
50%
43%
-51%
-10%
43%

-7%
25%
-46%
-43%
25%
-43%
-7%
25%
-78%
-7%
25%
7%
-30%
25%
-7%
-7%
25%
7%
-46%
25%
-43%
-43%
25%
-43%
9%
25%
-43%
-30%
25%
-78%
-46%
25%
-14%
-1%
25%
-7%
-43%
25%
262%
40%
25%
-14%
262%
25%
-100%
40%
25%
-14%
-7%
25%
-43%
-46%
25%
-19%
7%

-0.14
-1.15
0.46
-0.5
-1.15
-0.5
-0.14
-1.15
1.25
-0.14
-1.15
-0.14
-1.81
-1.15
1.12
-0.14
-1.15
-0.14
0.46
-1.15
-0.5
-0.5
-1.15
-0.5
-0.25
-1.15
-0.5
-1.81
-1.15
1.25
0.46
-1.15
-3.63
-0.14
-1.15
-0.14
-0.5
-1.15
-0.46
-2.8
-1.15
-3.63
-0.46
-1.15
-0.85
-2.8
-1.15
-3.63
-0.14
-1.15
-0.5
0.46
-1.15
-0.77
-0.14

5.57682 5.6186¢ 80.704

5.2987(6.9578¢ 60.07
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
5.57687 5.6186¢ 80.704

5.7075¢5.7170° 72.686
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

5.8093¢6.2971475.102
5.57682 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

3.9244¢ 3.92457 31.474
4.9029° 6.2805¢ 51.458

3.9244¢3.9245:31.474
6.4003719.7848¢ 57.551

5.7075¢5.7170" 72.686
5.2987(6.9578¢ 60.07

5.313626.5667(69.742
5.5768 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

4.226214.8442¢
5.56897:8.1697(72.811

5.313626.5667(69.742
4.226214.8442¢

5.100275.39194 59.477
5.589728.1697(72.811

5.313626.5667(69.742
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07

5.5148¢7.3776(74.788
5.57687 5.6186¢ 80.704

-5.4368 -80.564

-5.7587 -60.53
-3.4244 -30.974

-3.4244 -30.974
-5.4368 -80.564

-6.9575 -73.936
-5.4368 -80.564

-5.4368 -80.564
-4.5903 -55.741

-6.9293 -76.222
-5.4368 -80.564

-5.4368 -80.564
-5.7587 -60.53

-3.4244 -30.974
-3.4244 -30.974

-3.4244 -30.974
-4.6529 -51.208

-3.4244 -30.974
-4.5903 -55.741

-6.9575 -73.936
-5.7587 -60.53

-1.6836 -66.112
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.7662
-2.7897 -70.011

-1.6836 -66.112
-3.7662

-4.2502 -58.627
-2.7897 -70.011

-1.6836 -66.112
-5.4368 -80.564

-3.4244 -30.974
-5.7587 -60.53

-4.7448 -74.018
-5.4368 -80.564

W N & A4 A A AN A WN- AUl 2 NN A AN WONA-a AN WON -2 DMNWA OO, WNN 2 AN N W

291



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

(6, NG, RIS, NN S, BRI, BRNG, BN, BRI G BRI &) BRI S RS NG, RRNS IS ) BRI &) BRI, RS, RS RENS) BRI S BRI & B4, BRINS) RRNG NN ) BRN &) BRI S ) BRI, RS, RS, BRI S B4 BRI S, B4 BRNG) RRNS RIS ) BRI S ) BRINS ) RS, RN RUNS ) BRI &) BRI & RIS BRNN S RS BRI ) BRI &) BRI S ) BRI NG IR IR &)

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

® XV OO »ITOII<O>»PTOIO0O>FPrOITMNOITO®OEITZOIXNOITITOITITEO>» T - MO-A0OOIXOMMEEO®O®®TO T IO

® XV O >»ITOI<O»ITOIO>»POITMNOEIT®O ITZOICOTIUTEOITITO>»ITO -  MO-TOOITXOMMEO®®TO T IO

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

43%
-10%
-10%

43%
-10%

43%

43%
-53%
-53%

43%
-67%

50%

43%

43%

31%

43%
-53%
-51%

43%
-10%

5%

43%
-10%
-10%

43%
-10%
-10%

43%
-73%

50%

43%

44%
-10%

43%

43%

50%

43%
-73%
-10%

43%

5%

54%

43%

50%

5%
43%
-100%
-100%

43%
-10%

5%

43%

43%

50%

43%

25%
-7%
-7%
25%
-7%
262%
25%
-14%
-14%
25%
40%
-30%
25%
262%
9%
25%
-14%
7%
25%
-7%
-43%
25%
-1%
-7%
25%
-7%
7%
25%
-78%
-30%
25%
-100%
-7%
25%
262%
-30%
25%
-78%
-7%
25%
-43%
-13%
25%
-30%
-43%
25%
-46%
-100%
25%
-7%
-43%
25%
262%
-30%

25%

-1.15
-0.14
-0.14
-1.15
-0.14
-0.46
-1.15
-3.63
-3.63
-1.15

-2.8
-1.81
-1.15
-0.46
-0.25
-1.15
-3.63

1.12
-1.15
-0.14

-0.5
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15

1.25
-1.81
-1.15
-0.85
-0.14
-1.15
-0.46
-1.81
-1.15

1.25
-0.14
-1.15

-0.5
-3.64
-1.15
-1.81

-0.5
-1.15

0.46

0.67
-1.15
-0.14

-0.5
-1.15
-0.46
-1.81
-1.15

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
4.226214.8442¢

5.313626.5667(69.742
5.3136:6.5667(69.742

5.589728.1697(72.811
6.4003719.7848¢ 57.551

4.226214.8442¢
4.9029° 6.2805¢ 51.458

5.313626.5667(69.742
5.8093¢6.29714 75.102

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.7075¢5.7170" 72.686
6.400379.7848¢ 57.551

5.100275.39194 59.477
5.57682 5.6186¢ 80.704

4.226214.8442¢
6.400379.7848¢ 57.551

5.7075¢5.7170" 72.686
5.57687 5.6186¢ 80.704

3.9244¢3.9245:31.474
4.7470¢ 5.6096¢ 55.197

6.400379.7848¢ 57.551
3.9244¢3.9245:31.474

5.2987(6.9578¢ 60.07
5.7353°7.93174 81.657

5.57687 5.6186¢ 80.704
3.9244¢3.9245:31.474

4.226214.8442¢
6.400379.7848¢ 57.551

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-3.7662

-1.6836 -66.112
-1.6836 -66.112

-2.7897 -70.011
-4.5903 -55.741

-3.7662
-4.6529 -51.208

-1.6836 -66.112
-6.9293 -76.222

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-6.9575 -73.936
-4.5903 -55.741

-4.2502 -58.627
-5.4368 -80.564

-3.7662
-4.5903 -55.741

-6.9575 -73.936
-5.4368 -80.564

-3.4244 -30.974
-1.1070 -51.557

-4.5903 -55.741
-3.4244 -30.974

-5.7587 -60.53
-6.4053 -82.327

-5.4368 -80.564
-3.4244 -30.974

-3.7662
-4.5903 -55.741

O W N AN WA DMNA ANA AN~ A A A AaAOga NN WONAaANN-ADMWAAOO A A Lol A A A O WN 2N D D W o

292



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

(6, NG, BN, BN RS, RIS, BRNG) BRNG, BRI BRI &) BRI S RS NG, BRI NN BRI 4 ) BRI, RS, RS RENS ) BRI S BRI & RS, BRNNS) RRN  BRN S ) BRN 4 ) BRI S BRI, RS, RS, BRI S B4 BRI S) BN S) BRI G) RRNS BRI S ) BRI S ) BRINS ) RS, RN RN BRI &) BRI & BRI S ) BRINS ) RRIG  RRI S ) BRI &) BRI S, RIS NG IR BR &)

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

T UXEOU T O U ToOMmXE>»TEO T Z0 0V OE VT TE XN TUTEOEICOO0O0OME U IO WOoOOZT0TOo<O>» TP

T UXEOU T O U ToOMmXE>»TEO T Z0 0V OE T TE XN TUVTEOEICOO0O0TME U IXTOWOoOOZT0TOo<O>» T >

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

5%
31%
43%

-10%

5%

43%

-100%
50%
43%
-10%
44%
43%
54%
43%
43%
50%
-10%
43%
-53%
-10%
43%
-73%
-100%
43%
-10%
50%
43%
-85%
-10%
43%
43%
-10%
43%
44%
-51%
43%
-10%

5%

43%
-67%
-53%

43%
-10%

5%

43%
-73%
-10%

43%
-51%

54%

43%

50%
-10%

43%
-10%

-43%
9%
25%
-7%
-43%
25%
-46%
-30%
25%
-7%
-100%
25%
-13%
262%
25%
-30%
-7%
25%
-14%
-7%
25%
-78%
-100%
25%
-7%
-30%
25%
-81%
%
25%
262%
-7%
25%
-100%
-7%
25%
7%
-43%
25%
40%
-14%
25%
-7%
-43%
25%
-78%
%
25%
-7%
-13%
25%
-30%
7%
25%
7%

-0.5
-0.25
-1.15
-0.14

-0.5
-1.15

0.46
-1.81
-1.15
-0.14
-0.85
-1.15
-3.64
-0.46
-1.15
-1.81
-0.14
-1.15
-3.63
-0.14
-1.15

1.25

0.67
-1.15
-0.14
-1.81
-1.15

1.71
-0.14
-1.15
-0.46
-0.14
-1.15
-0.85

1.12
-1.15
-0.14

-0.5
-1.15

-2.8
-3.63
-1.15
-0.14

-0.5
-1.15

1.25
-0.14
-1.15

1.12
-3.64
-1.15
-1.81
-0.14
-1.15
-0.14

3.9244¢ 3.92457 31.474
4.9029° 6.2805¢ 51.458

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.2987(6.9578¢ 60.07
6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
5.100275.39194 59.477

4.7470¢ 5.6096¢ 55.197
4.226214.8442¢

6.400379.7848¢ 57.551
5.57682 5.6186¢ 80.704

5.3136%6.5667( 69.742
5.57687 5.6186¢ 80.704

5.7075¢5.7170" 72.686
5.7353°7.93174 81.657

5.57682 5.6186¢ 80.704
6.4003719.7848¢ 57.551

5.9637:8.4757¢ 83.928
5.57682 5.6186¢ 80.704

4.226214.8442¢
5.57682 5.6186¢ 80.704

5.100275.39194 59.477
5.809346.2971475.102

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.56897:8.1697(72.811
5.313626.5667(69.742

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

5.8093¢6.2971475.102
4.7470¢ 5.6096¢ 55.197

6.400379.7848¢ 57.551
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704

-3.4244 -30.974
-4.6529 -51.208

-5.4368 -80.564
-3.4244 -30.974

-5.7587 -60.53
-4.5903 -55.741

-5.4368 -80.564
-4.2502 -58.627

-1.1070 -51.557
-3.7662

-4.5903 -55.741
-5.4368 -80.564

-1.6836 -66.112
-5.4368 -80.564

-6.9575 -73.936
-6.4053 -82.327

-5.4368 -80.564
-4.5903 -55.741

-7.6737 -85.638
-5.4368 -80.564

-3.7662
-5.4368 -80.564

-4.2502 -58.627
-6.9293 -76.222

-5.4368 -80.564
-3.4244 -30.974

-2.7897 -70.011
-1.6836 -66.112

-5.4368 -80.564
-3.4244 -30.974

-6.9575 -73.936
-5.4368 -80.564

-6.9293 -76.222
-1.1070 -51.557

-4.5903 -55.741
-5.4368 -80.564

-5.4368 -80.564

A AN O & AW A ON 2 A A A RN A AaAOaoON~2 AN A AW A AN~ NWA AN~ A A AN A AW AN A WA Ao AN

293



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

(6, NG, BN, BN IS, NI, BRNG) BN, BRI G BRI &) BRI S S NG, BRI NN BRI &) BRI, NS, RIS RENG) BRI &) BRI & B4, BRNNS) RRN  BEN ) BRN S ) BRI S ) BRI, RS, NG, BRI S BRI 4 ) B4, BRINS ) BRI G RRNS BRI &) BRI S ) BRIN, RS, RN RRNS) BRI &) BRN & RIS BRSNS RS ) BRI S ) BRI S ) RIS NG RN BR @) ]

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

T OO0 P O®ZZO01TEOIVTrrO[00TE>PCOEP>PIODAMEO>»AOUOVOoOO-C1TOXRTOUTEO T Z00TMOA™U>>O>» 0O

T T OO0 OZZO01TEOIVTrEO0TE>POEP>PIEOAMO>»AO0VTooO-1TTOOXTEOUVUTEO - Z60TMOAU>O>»» T O

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

-51%
43%
-10%
5%
43%
5%
50%
43%
-53%
-10%
43%
44%
-51%
43%
-85%
-10%
43%
-10%
-67%
43%
-10%
31%
43%
54%
-10%
43%
-67%
5%
43%
-53%
-67%
43%
25%
5%
43%
-73%
5%
43%
-10%
50%
43%
5%
-10%
43%
-10%
54%
43%
44%
44%
43%
5%
44%
43%
-10%
-10%

-7%
25%
-7%
-43%
25%
-43%
-30%
25%
-14%
-7%
25%
-100%
7%
25%
-81%
-7%
25%
7%
40%
25%
-7%
9%
25%
-13%
-7%
25%
40%
-43%
25%
-14%
40%
25%
-49%
-43%
25%
-78%
-43%
25%
7%
-30%
25%
-43%
-7%
25%
7%
-13%
25%
-100%
-100%
25%
-43%
-19%
25%
%
7%

1.12
-1.15
-0.14

-0.5
-1.15

-0.5
-1.81
-1.15
-3.63
-0.14
-1.15
-0.85

1.12
-1.15

1.71
-0.14
-1.15
-0.14

-2.8
-1.15
-0.14
-0.25
-1.15
-3.64
-0.14
-1.15

-2.8

-0.5
-1.15
-3.63

-2.8
-1.15
-2.33

-0.5
-1.15

1.25

-0.5
-1.15
-0.14
-1.81
-1.15

-0.5
-0.14
-1.15
-0.14
-3.64
-1.15
-0.85
-0.85
-1.15

-0.5
-0.77
-1.15
-0.14
-0.14

5.8093¢6.2971475.102

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

5.3136:6.5667(69.742
5.57682 5.6186¢ 80.704

5.100275.3919¢ 59.477
5.8093¢6.29714 75.102

5.9637:8.4757¢£ 83.928
5.57682 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
5.5897: 8.1697( 72.811

5.576825.6186¢ 80.704
4.9029° 6.2805¢ 51.458

4.7470¢ 5.6096¢ 55.197
5.57687 5.6186¢ 80.704

5.589728.1697(72.811
3.9244¢ 3.9245: 31.474

5.313626.5667(69.742
5.56897:8.1697( 72.811

5.7063(7.1763< 80.668
3.9244¢3.9245:31.474

5.7075¢5.7170" 72.686
3.9244¢3.9245:31.474

5.57687 5.6186¢ 80.704
6.400379.7848¢ 57.551

3.9244¢ 3.92457 31.474
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
4.7470¢ 5.6096¢ 55.197

5.100275.39194 59.477
5.100275.3919¢ 59.477

3.9244¢3.9245:31.474
5.5148¢7.3776(74.788

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

-6.9293 -76.222

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.5903 -55.741

-1.6836 -66.112
-5.4368 -80.564

-4.2502 -58.627
-6.9293 -76.222

-7.6737 -85.638
-5.4368 -80.564

-5.4368 -80.564
-2.7897 -70.011

-5.4368 -80.564
-4.6529 -51.208

-1.1070 -51.557
-5.4368 -80.564

-2.7897 -70.011
-3.4244 -30.974

-1.6836 -66.112
-2.7897 -70.011

-3.3763 -78.338
-3.4244 -30.974

-6.9575 -73.936
-3.4244 -30.974

-5.4368 -80.564
-4.5903 -55.741

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-1.1070 -51.557

-4.2502 -58.627
-4.2502 -58.627

-3.4244 -30.974
-4.7448 -74.018

-5.4368 -80.564
-5.4368 -80.564

N = A N A N AN AUl 2N W WO, NN 2 ©O© 22 AaAa NN~ BN A AN A A A AaAaN-Aa DN~ A Al A WA A BN~ w

294



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587

O 0 0 00 0 0O 0 0 0 0 0 0 W 0 0 0 0 0 W 0 0 0 W 0 W 0 0 0 0 0 o U1 o1 o1 ;1 1 01 01 O OT O O O O O 01T O 01 01 01 OO O O OO O

212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

0 N o o b~ WDN
® X > O > VO UCOOTMEGU T OOMEEUTXEO2>>ME>» 160 >» T 0T OO0TO T ITEO>» TOOOMOXOOBO<OO™DO®

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

® XV >» O>» VT OUIVTCrOTMEEIT-OIMEOdITXNO>»ME>» - O>»TOTITMCOO0TOUTITO>» TOOMOGXOOO<OO™DO®

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

43%
-73%
44%
43%
-100%
44%
43%
43%
-67%
43%
-53%
44%
43%
-10%
5%
43%
-10%
-10%
43%
-85%
44%
43%
-73%
-10%
43%
-10%
5%
43%
31%
5%
43%
-53%
5%
43%
-67%
-10%
43%
-53%
50%
43%
-51%
-10%
43%
-53%
-85%
43%
-73%
-10%
43%
-10%
5%
43%
5%
50%
43%

25%
-78%
-19%

25%
-46%
-19%

25%

25%

40%

25%
-14%
-19%

25%

7%
-43%
25%
-7%
7%

25%
-81%
-19%

25%
-78%

-7%
25%
-7%
-43%
25%
9%
-43%

25%
-14%
-43%

25%

40%

-7%

25%
-14%
-30%

25%

1%
-7%

25%
-14%
-81%

25%
-78%

-7%
25%
-7%
-43%

25%
-43%
-30%

25%

-1.15

1.25
-0.77
-1.15

0.46
-0.77
-1.15
-1.15

-2.8
-1.15
-3.63
-0.77
-1.15
-0.14

-0.5
-1.15
-0.14
-0.14
-1.15

1.71
-0.77
-1.15

1.25
-0.14
-1.15
-0.14

-0.5
-1.15
-0.25

-0.5
-1.15
-3.63

-0.5
-1.15

-2.8
-0.14
-1.15
-3.63
-1.81
-1.15

1.12
-0.14
-1.15
-3.63

1.71
-1.15

1.25
-0.14
-1.15
-0.14

-0.5
-1.15

-0.5
-1.81
-1.15

5.7075¢5.7170" 72.686
5.5148¢7.3776(74.788

5.2987(6.9578¢ 60.07

5.5148¢7.3776(74.788

5.589728.1697(72.811

5.3136:6.5667(69.742
5.5148¢7.3776(74.788

5.57687 5.6186¢ 80.704
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.9637:8.4757¢ 83.928
5.5148¢7.3776(74.788

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

4.9029° 6.2805¢ 51.458
3.9244¢3.9245:31.474

5.313626.5667(69.742
3.9244¢ 3.92457 31.474

5.5897: 8.1697( 72.811
5.57682 5.6186¢ 80.704

5.3136:26.5667(69.742
6.400379.7848¢ 57.551

5.8093¢6.29714 75.102
5.57682 5.6186¢ 80.704

5.3136%6.5667( 69.742
5.9637:8.4757¢ 83.928

5.7075¢5.7170" 72.686
5.57687 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

-6.9575 -73.936
-4.7448 -74.018

-5.7587 -60.53

-4.7448 -74.018

-2.7897 -70.011

-1.6836 -66.112
-4.7448 -74.018

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-7.6737 -85.638
-4.7448 -74.018

-6.9575 -73.936
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-4.6529 -51.208
-3.4244 -30.974

-1.6836 -66.112
-3.4244 -30.974

-2.7897 -70.011
-5.4368 -80.564

-1.6836 -66.112
-4.5903 -55.741

-6.9293 -76.222
-5.4368 -80.564

-1.6836 -66.112
-7.6737 -85.638

-6.9575 -73.936
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.5903 -55.741

A A A A A WA AN WD AN A AW A A AW AN A A AN AAaNNA A A AN~ AONN A AONNN W AW AW

295



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

O O 00 00 0O 0O O O 00 00 0 O O O 00 0 0O O O O 00 0 O O O 0 00 0 O O O 00 0 0 O O 0 00 0 0 O 0 0 00 0 0 O 0 0 00 0 0 o 0 o

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

ma@@ oroOonw T nw Te >» 40 02> O0<<OUTMOEXZOUTTO IUTITO®ITOITNKO - TO-HITO >»>»O0MmAE®»TT T M

ma@@ oroeon T nw Te >» 410 0T2>rrO0<<OUTMOXZOUTTOIVTITOH®WITOILTNWKO - TO -1 ITO >»>»O0MAEeT T OmM

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap

Gap

Gap

Gap

Gap

Gap

Gap

Gap

-14%
-30%
25%
7%
-7%
25%
-14%
262%
25%
-43%
-43%
25%
%
9%
25%
-7%
-7%
25%
262%
-30%
25%
%
262%
25%
-7%
-7%
25%
-7%
-13%
25%
-100%
40%
25%
-14%
-7%
25%
-46%
-46%
25%
-43%
-7%
25%
9%
-43%
25%
7%
262%
25%
-7%
262%
25%
-78%
7%
25%
-14%

-3.63
-1.81
-1.15
-0.14
-0.14
-1.15
-3.63
-0.46
-1.15

-0.5

-0.5
-1.15
-0.14
-0.25
-1.15
-0.14

1.12
-1.15
-0.46
-1.81
-1.15
-0.14
-0.46
-1.15
-0.14
-0.14
-1.15
-0.14
-3.64
-1.15
-0.85

-2.8
-1.15
-3.63
-0.14
-1.15

0.46

0.46
-1.15

-0.5
-0.14
-1.15
-0.25

-0.5
-1.15
-0.14
-0.46
-1.15
-0.14
-0.46
-1.15

1.25
-0.14
-1.15
-3.63

5.3136:6.5667(69.742
6.400379.7848¢ 57.551

5.57687 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.313626.5667(69.742
4.226274.8442¢

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458

5.57682 5.6186¢ 80.704
5.8093¢6.2971475.102

4.226214.8442¢
6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
4.226214.8442¢

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
4.7470¢ 5.6096¢ 55.197

5.100275.3919¢ 59.477
5.589728.1697(72.811

5.3136:6.5667(69.742
5.57682 5.6186¢ 80.704

5.2987(6.9578¢ 60.07
5.2987(6.9578¢ 60.07

3.9244¢ 3.92457 31.474
5.57687 5.6186¢ 80.704

4.9029° 6.2805¢ 51.458
3.9244¢3.9245:31.474

5.576825.6186¢ 80.704
4.226214.8442¢

5.57682 5.6186¢ 80.704
4.226214.8442¢

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

5.313626.5667(69.742

-1.6836 -66.112
-4.5903 -55.741

-5.4368 -80.564
-5.4368 -80.564

-1.6836 -66.112
-3.7662

-3.4244 -30.974
-3.4244 -30.974

-5.4368 -80.564
-4.6529 -51.208

-5.4368 -80.564
-6.9293 -76.222

-3.7662
-4.5903 -55.741

-5.4368 -80.564
-3.7662

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-1.1070 -51.557

-4.2502 -58.627
-2.7897 -70.011

-1.6836 -66.112
-5.4368 -80.564

-5.7587 -60.53
-5.7587 -60.53

-3.4244 -30.974
-5.4368 -80.564

-4.6529 -51.208
-3.4244 -30.974

-5.4368 -80.564
-3.7662

-5.4368 -80.564
-3.7662

-6.9575 -73.936
-5.4368 -80.564

-1.6836 -66.112

A A DN W A AN WDHA 2 WA A 1l a2 N A A A aapndpiNNh-aAaNW-aNA A AW OOw A Ol A WN 2 A4 W a A MN A A 4 aaom

296



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

O 0 0 00 0O 0O O O 0 00 0 O O O 00 0 0 O O 0 00 0O O O O 0 0 0 0 O 0 00 0 0 O O 0 00 0 0O O O 0 0 0 0 O 0 0 00 0 0 0 0 o

88

89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

> T Q> MO®IVOOGZ>»PO>»TOITP»PO<>»POTIT>»rOHF[N>»OIOITOITWO<KOOIDDOE-AMOEXAXMOXOOTUV~-O>»>» O

> T Q> MO®INVOOGZ2r»PO>»TOIT2P»PPO<>»POIT»rOHI[>»OIOITOITWO<KOOILDOE-AMOEAXMOXOOTUV~-O>»>» O

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

50%
43%
5%
5%
43%
-51%
-10%
43%
43%
-67%
43%
-53%
-67%
43%
-53%
31%
43%
-73%
50%
43%
54%
-100%
43%
43%
-10%
43%
50%
54%
43%
5%
50%
43%
5%
-10%
43%
5%
-100%
43%
5%
-10%
43%
-10%
5%
43%
5%
44%
43%
54%
50%
43%
-53%
5%
43%
-10%
5%

-30%
25%
-43%
-43%
25%
7%
1%
25%
25%
40%
25%
-14%
40%
25%
-14%
9%
25%
-78%
-30%
25%
-13%
-46%
25%
262%
-7%
25%
-30%
-13%
25%
-43%
-30%
25%
-43%
-7%
25%
-43%
-46%
25%
-43%
-7%
25%
-7%
-43%
25%
-43%
-100%
25%
-13%
-30%
25%
-14%
-43%
25%
7%
-43%

-1.81
-1.15

-0.5

-0.5
-1.15

1.12
-0.14
-1.15
-1.15

-2.8
-1.15
-3.63

-2.8
-1.15
-3.63
-0.25
-1.15

1.25
-1.81
-1.15
-3.64

0.46
-1.15
-0.46
-0.14
-1.15
-1.81
-3.64
-1.15

-0.5
-1.81
-1.15

-0.5
-0.14
-1.15

-0.5

0.46
-1.15

-0.5
-0.14
-1.15
-0.14

-0.5
-1.15

-0.5
-0.85
-1.15
-3.64
-1.81
-1.15
-3.63

-0.5
-1.15
-0.14

-0.5

6.400379.7848¢ 57.551

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

5.8093¢6.29714 75.102

5.57682 5.6186¢ 80.704

5.589728.1697(72.811

5.31366.5667( 69.742
5.589728.1697(72.811

5.313626.5667(69.742
4.9029° 6.2805¢ 51.458

5.7075¢5.7170" 72.686
6.4003719.7848¢ 57.551

4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07

4.226214.8442¢
5.57682 5.6186¢ 80.704

6.400379.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

3.9244¢ 3.92457 31.474
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
5.100215.39194 59.477

4.7470¢ 5.6096¢ 55.197
6.400379.7848¢ 57.551

5.3136%6.5667( 69.742
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

-4.5903 -55.741

-3.4244 -30.974
-3.4244 -30.974

-6.9293 -76.222

-5.4368 -80.564

-2.7897 -70.011

-1.6836 -66.112
-2.7897 -70.011

-1.6836 -66.112
-4.6529 -51.208

-6.9575 -73.936
-4.5903 -55.741

-1.1070 -51.557
-5.7587 -60.53

-3.7662
-5.4368 -80.564

-4.5903 -55.741
-1.1070 -51.557

-3.4244 -30.974
-4.5903 -55.741

-3.4244 -30.974
-5.4368 -80.564

-3.4244 -30.974
-5.7587 -60.53

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.2502 -58.627

-1.1070 -51.557
-4.5903 -55.741

-1.6836 -66.112
-3.4244 -30.974

-5.4368 -80.564
-3.4244 -30.974

A O O N W 22 DN WA DA A A AN A WA A A Qg A A A A A A A dNDBD AONNA A A DNMW A AaAaNAaA AN AaA AN QO A A A A A

297



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752

O 0 0 00 0O 0O O O 0 00 0 O O O 00 0 0O O O 0 00 0 O O O 0 0 0 O O O 00 00 0 O O 0 00 0 0O O O 0 00 0 0 O 0 0 0 0 0 0 0 o

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

O< ITOZMOXTITOX-AgodmMmOX>»rOIVTOoOO >»>»O>»VTO>»TNMTEOZTVTEO>» V@< MOILM®B T O®OIITO>» T O>» T O

O< T OZMEEOG X TEOEXXXIOIMEX>»rO® VOO >»>»O>» VT O>»TMOZTEO>» 0OO< MM TVT®®OIITO>» T > T

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

43%
-10%
5%
43%
-10%
5%
43%
-10%
50%
43%
43%
-10%
43%
-53%
50%
43%
-53%
-100%
43%
-10%
5%
43%
-10%
44%
43%
-85%
5%
43%
-10%
5%
43%
5%
5%
43%
44%
-10%
43%
5%
-67%
43%
-53%
50%
43%
31%
-67%
43%
-10%
-67%
43%
-53%
44%
43%
-10%
-100%
43%

25%
7%
-43%
25%
-7%
-43%
25%
-7%
-30%
25%
262%
7%
25%
-14%
-30%
25%
-14%
-46%
25%
-7%
-43%
25%
-7%
-100%
25%
-81%
-43%
25%
-7%
-43%
25%
-43%
-43%
25%
-19%
-7%
25%
-43%
40%
25%
-14%
-30%
25%
9%
40%
25%
7%
40%
25%
-14%
-100%
25%
-7%
-46%
25%

-1.15
-0.14

-0.5
-1.15
-0.14

-0.5
-1.15
-0.14
-1.81
-1.15
-0.46
-0.14
-1.15
-3.63
-1.81
-1.15
-3.63

0.46
-1.15
-0.14

-0.5
-1.15
-0.14
-0.85
-1.15

1.71

-0.5
-1.15
-0.14

-0.5
-1.15

-0.5

-0.5
-1.15
-0.77
-0.14
-1.15

-0.5

-2.8
-1.15
-3.63
-1.81
-1.15
-0.25

-2.8
-1.15
-0.14

-2.8
-1.15
-3.63
-0.85
-1.15
-0.14

0.46
-1.15

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

4.226214.8442¢
5.57682 5.6186¢ 80.704

5.313626.5667(69.742
6.400379.7848¢ 57.551

5.3136:26.5667(69.742
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
5.100275.3919¢ 59.477

5.9637:8.4757£83.928
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
3.9244¢ 3.92457 31.474

5.5148¢7.3776(74.788
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.589728.1697(72.811

5.3136:6.5667(69.742
6.400379.7848¢ 57.551

4.9029° 6.2805¢ 51.458
5.589728.1697(72.811

5.57682 5.6186¢ 80.704
5.589728.1697(72.811

5.3136:26.5667(69.742
5.100275.3919¢ 59.477

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-4.5903 -55.741

-3.7662
-5.4368 -80.564

-1.6836 -66.112
-4.5903 -55.741

-1.6836 -66.112
-5.7587 -60.53

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-4.2502 -58.627

-7.6737 -85.638
-3.4244 -30.974

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-3.4244 -30.974

-4.7448 -74.018
-5.4368 -80.564

-3.4244 -30.974
-2.7897 -70.011

-1.6836 -66.112
-4.5903 -55.741

-4.6529 -51.208
-2.7897 -70.011

-5.4368 -80.564
-2.7897 -70.011

-1.6836 -66.112
-4.2502 -58.627

-5.4368 -80.564
-5.7587 -60.53

A W A A A A AN D AN A A AN AN A A AW AaNNA A A AN~ ANNAA WA A AN A A A AN Aol AW DD AN DA

298



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

© O 0 00 0O 0O O O 00 00 0O O O 0 00 0 O O O 0 0 0 O O 0 00 0 0 O O 0 00 0 0 o 0 o

A A A A A A A A A A A A A A A A
A A A A A A A A A A A A A A A A a0

198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

o N o g~ w N
T U IO T O>»rTVTE VIO 4O > UVTTEO->O 0T IUTOO00O030NOEO>»TEO U UOZ 0O T0TOP»PO<TOTO-HT

1"
12
13
14
15
16
17
18

T U U T O>P»rVTE VIO -4 >P>PEOTVTTEO->O0 T IUTOO00O030NOEO>»TEO U0 UOZ 0O T0TO>»O<UOTO-dT

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

-10%
31%
43%

-10%

-100%
43%
5%
5%
43%

-10%
43%
43%

-10%
44%
43%

-10%

-10%
43%

-10%

5%
43%
43%
50%
43%
54%
43%
43%

-10%

-10%
43%

5%
31%
43%

-85%

-10%
43%

5%
5%
43%
50%
31%
43%

-10%

-10%
43%

-10%

5%
43%

-51%
43%
43%

-10%

-10%
43%

-10%

-7%
9%
25%
7%
-46%
25%
-43%
-43%
25%
-7%
262%
25%
7%
-100%
25%
-7%
-7%
25%
7%
-43%
25%
262%
-30%
25%
-13%
25%
25%
-7%
-T%
25%
-43%
9%
25%
-81%
-7%
25%
-43%
-43%
25%
-30%
9%
25%
-7%
-7%
25%
-7%
-43%
25%
-7%
262%
25%
-7%
7%
25%
7%

-0.14
-0.25
-1.15
-0.14

0.46
-1.15

-0.5

-0.5
-1.15
-0.14
-0.46
-1.15
-0.14
-0.85
-1.15
-0.14
-0.14
-1.15
-0.14

-0.5
-1.15
-0.46
-1.81
-1.15
-3.64
-1.15
-1.15
-0.14
-0.14
-1.15

-0.5
-0.25
-1.15

1.71
-0.14
-1.15

-0.5

-0.5
-1.15
-1.81
-0.25
-1.15
-0.14
-0.14
-1.15
-0.14

-0.5
-1.15

1.12
-0.46
-1.15
-0.14
-0.14
-1.15
-0.14

5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
4.226214.8442¢

5.57682 5.6186¢ 80.704
5.100275.39194 59.477

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

4.226214.8442¢
6.400379.7848¢ 57.551

4.7470¢ 5.6096¢ 55.197

5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704

3.9244¢ 3.92457 31.474
4.9029° 6.2805¢ 51.458

5.9637:8.4757¢ 83.928
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

6.400379.7848¢ 57.551
4.9029° 6.2805¢ 51.458

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.8093¢6.2971475.102
4.226214.8442¢

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57687 5.6186¢ 80.704

-5.4368 -80.564
-4.6529 -51.208

-5.4368 -80.564
-5.7587 -60.53

-3.4244 -30.974
-3.4244 -30.974

-5.4368 -80.564
-3.7662

-5.4368 -80.564
-4.2502 -58.627

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.7662
-4.5903 -55.741

-1.1070 -51.557

-5.4368 -80.564

-5.4368 -80.564

-3.4244 -30.974
-4.6529 -51.208

-7.6737 -85.638
-5.4368 -80.564

-3.4244 -30.974
-3.4244 -30.974

-4.5903 -55.741
-4.6529 -51.208

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-6.9293 -76.222
-3.7662

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564

A A W AN A AW W AN A A AaAa N WS A A AW A A Ul WW W AW A WW s WW NN W,

299



A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

O T O IV T ITO>» 40 T0TMO®TITOXAXMOE<TO TITO>» > O 0mMmeo-d160<TOEOUOI ITOICOMXXGO>» T ®T

O T O IO T ITO>» 40 T0TMO®UTOAMOE<TO T IOTO>» >»O 0mMmeO-d4160<TOOUOIITOICOMXXGO>» T ®T

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

-7%
25%
-7%
-43%
25%
40%
-14%
25%
-78%
-30%
25%
-7%
-30%
25%
-13%
-19%
25%
-7%
-46%
25%
-30%
9%
25%
-14%
-7%
25%
-43%
-43%
25%
-7%
7%
25%
-81%
-46%
25%
-14%
40%
25%
7%
262%
25%
-14%
-7%
25%
9%
-43%
25%
-7%
-7%
25%
9%
-7%
25%
%
-19%

-0.14
-1.15
-0.14
-0.5
-1.15
-2.8
-3.63
-1.15
1.25
-1.81
-1.15
-0.14
-1.81
-1.15
-3.64
-0.77
-1.15
-0.14
0.46
-1.15
-1.81
-0.25
-1.15
-3.63
-0.14
-1.15
-0.5
-0.5
-1.15
-0.14
-0.14
-1.15
1.71
0.46
-1.15
-3.63
-2.8
-1.15
-0.14
-0.46
-1.15
-3.63
-0.14
-1.15
-0.25
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-0.14
-0.14
-1.15
-0.25
-0.14
-1.15
-0.14
-0.77

5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.589728.1697(72.811
5.313626.5667(69.742

5.7075¢5.7170° 72.686
6.4003719.7848¢ 57.551

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

4.7470¢ 5.6096¢ 55.197
5.5148¢7.3776(74.788

5.57687 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

6.400379.7848¢ 57.551
4.9029° 6.2805¢ 51.458

5.313626.5667(69.742
5.57687 5.6186¢ 80.704

3.9244¢3.9245:31.474
3.9244¢ 3.9245: 31.474

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.9637:8.4757¢£83.928
5.2987(6.9578¢ 60.07

5.313626.5667(69.742
5.589728.1697(72.811

5.57682 5.6186¢ 80.704
4.226274.8442¢

5.313626.5667(69.742
5.5768 5.6186¢ 80.704

4.9029° 6.2805¢ 51.458
3.9244¢3.9245:31.474

5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

4.9029° 6.2805¢ 51.458
5.57687 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.5148¢7.3776(74.788

-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-2.7897 -70.011
-1.6836 -66.112

-6.9575 -73.936
-4.5903 -55.741

-5.4368 -80.564
-4.5903 -55.741

-1.1070 -51.557
-4.7448 -74.018

-5.4368 -80.564
-5.7587 -60.53

-4.5903 -55.741
-4.6529 -51.208

-1.6836 -66.112
-5.4368 -80.564

-3.4244 -30.974
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-7.6737 -85.638
-5.7587 -60.53

-1.6836 -66.112
-2.7897 -70.011

-5.4368 -80.564
-3.7662

-1.6836 -66.112
-5.4368 -80.564

-4.6529 -51.208
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-4.6529 -51.208
-5.4368 -80.564

-5.4368 -80.564
-4.7448 -74.018
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44%
43%
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25%
-43%
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25%
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-78%

25%
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25%
262%
-30%

25%
-14%
-30%

25%
-78%

-7%

25%
-46%
-43%

25%
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-46%

25%

-14%
-7%
25%
-7%
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25%
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-43%
25%
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-46%
25%
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-7%

25%
-46%

-100%
25%

-1.15
1.25
1.25

-1.15
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-0.14

-1.15
1.71
1.25

-1.15
1.25

-0.14

-1.15

-0.46

-1.81

-1.15

-3.63

-1.81

-1.15
1.25

-0.14

-1.15
0.46
-0.5

-1.15

-0.46
0.46

-1.15

-3.63

-0.14

-1.15

-0.14
1.25

-1.15
1.12
-0.5

-1.15

-0.14

-0.14

-1.15
-0.5

-1.81

-1.15

-0.14
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-1.15

-0.85
0.46

-1.15

-0.85

-0.14

-1.15
0.46

-0.85

-1.15

5.7075¢5.7170" 72.686
5.7075¢5.7170° 72.686

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

5.9637:8.4757¢£83.928
5.7075¢5.7170" 72.686

5.7075¢5.7170° 72.686
5.57682 5.6186¢ 80.704

4.226214.8442¢
6.400379.7848¢ 57.551

5.313626.5667(69.742
6.400379.7848¢ 57.551

5.7075¢5.7170" 72.686
5.576825.6186¢ 80.704

5.2987(6.9578¢ 60.07
3.9244¢ 3.92457 31.474

4.226214.8442¢
5.2987(6.9578¢ 60.07

5.3136:6.5667(69.742
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.7075¢5.7170" 72.686

5.809346.2971475.102
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.100275.39194 59.477
5.2987(6.9578¢ 60.07

5.100275.39194 59.477
5.57682 5.6186¢ 80.704

5.2987(6.9578¢ 60.07
5.100275.39194 59.477

-6.9575 -73.936
-6.9575 -73.936

-3.4244 -30.974
-5.4368 -80.564

-7.6737 -85.638
-6.9575 -73.936

-6.9575 -73.936
-5.4368 -80.564

-3.7662
-4.5903 -55.741

-1.6836 -66.112
-4.5903 -55.741

-6.9575 -73.936
-5.4368 -80.564

-5.7587 -60.53
-3.4244 -30.974

-3.7662
-5.7587 -60.53

-1.6836 -66.112
-5.4368 -80.564

-5.4368 -80.564
-6.9575 -73.936

-6.9293 -76.222
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-3.4244 -30.974
-4.5903 -55.741

-5.4368 -80.564
-5.4368 -80.564

-4.2502 -58.627
-5.7587 -60.53

-4.2502 -58.627
-5.4368 -80.564

-5.7587 -60.53
-4.2502 -58.627
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43%
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43%
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43%
44%
-10%
43%
44%
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43%
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43%
50%
54%
43%
44%
-10%
43%
25%
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43%
-53%
50%
43%
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43%
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-100%
43%
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43%
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-10%
43%
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44%
43%
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43%
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43%
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-43%
-7%
25%
-14%
-43%
25%
-30%
-13%
25%
-100%
7%
25%
-100%
-13%
25%
-7%
-7%
25%
-30%
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-19%
-7%
25%
-49%
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25%
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-30%
25%
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-7%
25%
-100%
-43%
25%
-7%
-46%
25%
-43%
-43%
25%
-43%
-7%
25%
-7%
-19%
25%
-7%
-46%
25%
-7%
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25%
40%

-0.5
-0.14
-1.15
-3.63

-0.5
-1.15
-1.81
-3.64
-1.15
-0.85
-0.14
-1.15
-0.85
-3.64
-1.15
-0.14
-0.14
-1.15
-1.81
-3.64
-1.15
-0.77
-0.14
-1.15
-2.33

-2.8
-1.15
-3.63
-1.81
-1.15

0.71
-0.14
-1.15
-0.85

-0.5
-1.15
-0.14

0.46
-1.15

-0.5

-0.5
-1.15

-0.5
-0.14
-1.15
-0.14
-0.77
-1.15
-0.14

0.46
-1.15
-0.14
-0.25
-1.15

-2.8

3.9244¢ 3.92457 31.474
5.5768: 5.6186¢ 80.704

5.313626.5667(69.742
3.9244¢3.9245:31.474

6.400379.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197

5.100275.3919¢ 59.477
5.57682 5.6186¢ 80.704

5.100275.39194 59.477
4.7470¢ 5.6096¢ 55.197

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

6.4003719.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197

5.5148¢7.3776(74.788
5.57687 5.6186¢ 80.704

5.7063(7.1763< 80.668
5.589728.1697(72.811

5.3136%6.5667( 69.742
6.400379.7848¢ 57.551

6.1879¢8.0649(91.178
5.57687 5.6186¢ 80.704

5.100275.39194 59.477
3.9244¢3.9245:31.474

5.576825.6186¢ 80.704
5.2987(6.9578¢ 60.07

3.9244¢ 3.92457 31.474
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

5.576875.6186¢ 80.704
5.5148¢ 7.3776(74.788

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458

5.589728.1697(72.811

-3.4244 -30.974
-5.4368 -80.564

-1.6836 -66.112
-3.4244 -30.974

-4.5903 -55.741
-1.1070 -51.557

-4.2502 -58.627
-5.4368 -80.564

-4.2502 -58.627
-1.1070 -51.557

-5.4368 -80.564
-5.4368 -80.564

-4.5903 -55.741
-1.1070 -51.557

-4.7448 -74.018
-5.4368 -80.564

-3.3763 -78.338
-2.7897 -70.011

-1.6836 -66.112
-4.5903 -55.741

-6.8979 -91.888
-5.4368 -80.564

-4.2502 -58.627
-3.4244 -30.974

-5.4368 -80.564
-5.7587 -60.53

-3.4244 -30.974
-3.4244 -30.974

-3.4244 -30.974
-5.4368 -80.564

-5.4368 -80.564
-4.7448 -74.018

-5.4368 -80.564
-5.7587 -60.53

-5.4368 -80.564
-4.6529 -51.208

-2.7897 -70.011
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4.226214.8442¢
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5.57687 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07

5.576825.6186¢ 80.704
6.400379.7848¢ 57.551

5.57682 5.6186¢ 80.704
4.226214.8442¢
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5.5148¢7.3776(74.788
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6.400379.7848¢ 57.551

4.7470¢ 5.6096¢ 55.197
5.589728.1697(72.811
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5.56897:8.1697(72.811

5.7063(7.1763¢ 80.668
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5.7075¢5.7170" 72.686
5.5148¢7.3776(74.788
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-4.5903 -55.741
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-5.4368 -80.564
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-5.4368 -80.564
-4.5903 -55.741

-5.4368 -80.564
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-4.5675

-4.6529 -51.208
-6.4053 -82.327
-1.1070 -51.557
-3.4244 -30.974
-6.9293 -76.222
-2.7897 -70.011
-5.7587 -60.53
-6.8979 -91.888
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A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
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C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal

-56%

43%
-100%
31%
31%
-67%
-53%

-95%
-13%
-81%
262%
9%
25%
-14%
9%
-95%
-7%
-30%
-43%
-19%
7%
-14%
-13%
-7%
7%
-46%
40%
-100%
-79%
53%
-30%
-100%
262%
40%
-43%
40%
40%
-49%
-46%
-79%
-46%
25%
-14%
9%
7%
-100%
25%
25%
9%
-19%
-81%
-14%
53%
-100%
-46%
-14%
25%
-46%
9%
9%
40%
-14%

0.02
-3.64
1.71
-0.46
-0.25
-1.15
-3.63
-0.25
0.02
1.12
-1.81
-0.5
-0.77
-0.14
-3.63
-3.64
1.12
-0.14
0.46
-2.8
-0.85
2.09
0.71
-1.81
-0.85
-0.46
-2.8
-0.5
-2.8
-2.8
-2.33
0.46
2.09
0.46
-1.15
-3.63
-0.25
1.12
-0.85
-1.15
-1.15
-0.25
-0.77
1.71
-3.63
0.71
-0.85
0.46
-3.63
-1.15
0.46
-0.25
-0.25
-2.8
-3.63

4.5475€6.0951¢
4.7470¢ 5.6096¢ 55.197
5.9637:8.4757% 83.928
4.226214.8442¢
4.9029° 6.2805¢ 51.458

5.313626.5667(69.742
4.9029° 6.2805¢ 51.458
4.5475€6.0951¢

5.809346.2971475.102
6.400379.7848¢ 57.551
3.9244¢3.9245:31.474
5.5148¢7.3776(74.788
5.57682 5.6186¢ 80.704
5.313626.5667(69.742
4.7470¢ 5.6096¢ 55.197
5.8093¢6.2971475.102
5.57687 5.6186¢ 80.704
5.2987(6.9578¢ 60.07
5.589728.1697(72.811
5.100215.39194 59.477
6.5054(9.4442( 81.36
6.1879¢ 8.0649(91.178
6.400379.7848¢ 57.551
5.100275.39194 59.477
4.226214.8442¢

5.589728.1697(72.811
3.9244¢3.9245:31.474
5.589728.1697(72.811
5.5689728.1697(72.811
5.7063(7.1763< 80.668
5.2987(6.9578¢ 60.07
6.5054(9.4442( 81.36
5.2987(6.9578¢ 60.07

5.3136:6.5667(69.742
4.9029° 6.2805¢ 51.458
5.8093¢6.29714 75.102
5.100275.39194 59.477

4.9029" 6.2805¢ 51.458
5.5148¢7.3776(74.788
5.9637:8.4757¢ 83.928
5.313626.5667(69.742
6.1879¢ 8.0649(91.178
5.100275.39194 59.477
5.2987(6.9578¢ 60.07
5.3136:26.5667(69.742

5.2987(6.9578¢ 60.07
4.9029° 6.2805¢ 51.458
4.9029° 6.2805¢ 51.458
5.589728.1697(72.811
5.313626.5667(69.742

-4.5675
-1.1070 -51.557
-7.6737 -85.638
-3.7662
-4.6529 -51.208

-1.6836 -66.112
-4.6529 -51.208
-4.5675

-6.9293 -76.222
-4.5903 -55.741
-3.4244 -30.974
-4.7448 -74.018
-5.4368 -80.564
-1.6836 -66.112
-1.1070 -51.557
-6.9293 -76.222
-5.4368 -80.564
-5.7587 -60.53
-2.7897 -70.011
-4.2502 -58.627
-8.5054 -83.45
-6.8979 -91.888
-4.5903 -55.741
-4.2502 -58.627
-3.7662

-2.7897 -70.011
-3.4244 -30.974
-2.7897 -70.011
-2.7897 -70.011
-3.3763 -78.338
-5.7587 -60.53
-8.5954 -83.45
-5.7587 -60.53

-1.6836 -66.112
-4.6529 -51.208
-6.9293 -76.222
-4.2502 -58.627

-4.6529 -51.208
-4.7448 -74.018
-7.6737 -85.638
-1.6836 -66.112
-6.8979 -91.888
-4.2502 -58.627
-5.7587 -60.53
-1.6836 -66.112

-5.7587 -60.53
-4.6529 -51.208
-4.6529 -51.208
-2.7897 -70.011
-1.6836 -66.112
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A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
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C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal

-100%
5%
31%
44%
73%
5%
-85%
-100%
50%
73%
73%
5%
44%
25%
5%
43%
44%
44%
51%
31%
1%
25%
131%
67%
44%
43%
51%
5%
1%
-100%
54%
-53%
-53%
31%
43%
44%
73%
67%
-67%
5%
-100%
51%
73%
44%
43%
43%
44%
54%
-100%
-53%
73%
-100%
5%
-53%
43%

100%
-43%
9%
-19%
-78%
-43%
-81%
100%
-30%
-78%
-78%
-43%
100%
-49%
-43%
262%
-19%
100%
-7%
9%
53%
-49%
-95%
40%
100%
262%
-7%
-43%
53%
100%
-13%
-14%
-14%
9%
25%
100%
-78%
40%
40%
-43%
-46%
-7%
-78%
-19%
25%
262%
100%
-13%
-46%
-14%
-78%
-46%
-43%
-14%
25%

0.67
-0.5
-0.25
-0.77
1.25
-0.5
1.71
0.67
-1.81
1.25
1.25
-0.5
-0.85
-2.33
-0.5
-0.46
-0.77
-0.85
1.12
-0.25
0.71
-2.33
0.02
-2.8
-0.85
-0.46
1.12
-0.5
0.71
0.67
-3.64
-3.63
-3.63
-0.25
-1.15
-0.85
1.25
-2.8
-2.8
-0.5
0.46
1.12
1.25
-0.77
-1.15
-0.46
-0.85
-3.64
0.46
-3.63
1.25
0.46
-0.5
-3.63
-1.15

5.7353°7.93174 81.657
3.9244¢3.9245:31.474
4.9029° 6.2805¢ 51.458
5.5148¢7.3776(74.788
5.7075¢5.7170 72.686
3.9244¢3.9245:31.474
5.9637:8.4757% 83.928
5.7353°7.93174 81.657
6.400379.7848¢ 57.551
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
3.9244¢3.9245:31.474
5.100275.39194 59.477
5.7063(7.1763< 80.668
3.9244¢ 3.92457 31.474
4.226214.8442¢

5.5148¢ 7.3776(74.788
5.100275.39194 59.477
5.809346.2971475.102
4.9029° 6.2805¢ 51.458
6.1879¢ 8.0649(91.178
5.7063(7.17634 80.668
4.5475€6.0951¢

5.589728.1697(72.811
5.100275.39194 59.477
4.226214.8442¢

5.8093¢6.29714 75.102
3.9244¢3.9245:31.474
6.1879¢8.0649(91.178
5.7353°7.93174 81.657
4.7470¢ 5.6096¢ 55.197
5.313626.5667(69.742
5.313626.5667(69.742
4.9029° 6.2805¢ 51.458

5.100275.39194 59.477
5.7075¢5.7170° 72.686
5.589728.1697(72.811
5.589728.1697(72.811
3.9244¢ 3.92457 31.474
5.2987(6.9578¢ 60.07
5.8093¢6.2971475.102
5.7075¢5.7170" 72.686
5.5148¢7.3776(74.788

4.226214.8442¢

5.100275.39194 59.477
4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07
5.313626.5667(69.742
5.7075¢5.7170" 72.686
5.2987(6.9578¢ 60.07
3.9244¢3.9245:31.474
5.313626.5667(69.742

-6.4053 -82.327
-3.4244 -30.974
-4.6529 -51.208
-4.7448 -74.018
-6.9575 -73.936
-3.4244 -30.974
-7.6737 -85.638
-6.4053 -82.327
-4.5903 -55.741
-6.9575 -73.936
-6.9575 -73.936
-3.4244 -30.974
-4.2502 -58.627
-3.3763 -78.338
-3.4244 -30.974
-3.7662

-4.7448 -74.018
-4.2502 -58.627
-6.9293 -76.222
-4.6529 -51.208
-6.8979 -91.888
-3.3763 -78.338
-4.5675

-2.7897 -70.011
-4.2502 -58.627
-3.7662

-6.9293 -76.222
-3.4244 -30.974
-6.8979 -01.888
-6.4053 -82.327
-1.1070 -51.557
-1.6836 -66.112
-1.6836 -66.112
-4.6529 -51.208

-4.2502 -58.627
-6.9575 -73.936
-2.7897 -70.011
-2.7897 -70.011
-3.4244 -30.974
-5.7587 -60.53
-6.9293 -76.222
-6.9575 -73.936
-4.7448 -74.018

-3.7662

-4.2502 -58.627
-1.1070 -51.557
-5.7587 -60.53
-1.6836 -66.112
-6.9575 -73.936
-5.7587 -60.53
-3.4244 -30.974
-1.6836 -66.112
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A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
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C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal
C-terminal

44%
43%
50%
-85%
31%
1%
31%
-100%
-73%
-100%
54%
43%
131%
43%
-67%
-67%
31%
44%
-53%
-56%
-67%
-67%
31%
-51%
-51%
-53%
1%
-67%
31%
44%
-67%
-10%
43%
50%
-73%
-10%
-51%
-73%
54%
-51%
5%
-10%
-73%
54%
-51%
43%
43%
5%
54%
44%
-53%
-51%
50%
-73%
44%

-100%
262%
-30%
-81%
9%
53%
9%
-46%
-78%
-46%
-13%
25%
-95%
262%
40%
40%
9%
-100%
-14%
-79%
40%
40%
9%
-7%
-7%
-14%
53%
40%
9%
-100%
40%
7%
262%
-30%
-78%
-7%
-7%
-78%
-13%
-7%
-43%
-7%
-78%
-13%
7%
25%
25%
-43%
-13%
-19%
-14%
-7%
-30%
-78%
-100%

-0.85
-0.46
-1.81
1.71
-0.25
0.71
-0.25
0.46
1.25
0.46
-3.64
-1.15
0.02
-0.46
-2.8
-2.8
-0.25
-0.85
-3.63
2.09
-2.8
-2.8
-0.25
1.12
1.12
-3.63
0.71
-2.8
-0.25
-0.85
-2.8
-0.14
-0.46
-1.81
1.25
-0.14
1.12
1.25
-3.64
1.12
-0.5
-0.14
1.25
-3.64
1.12
-1.15
-1.15
-0.5
-3.64
-0.77
-3.63
1.12
-1.81
1.25
-0.85

5.100275.39194 59.477
4.226214.8442¢

6.4003719.7848¢ 57.551
5.9637:8.4757¢ 83.928
4.9029° 6.2805¢ 51.458
6.1879¢8.0649(91.178
4.9029° 6.2805¢ 51.458
5.2987(6.9578¢ 60.07
5.7075¢5.7170"° 72.686
5.2987(6.9578¢ 60.07
4.7470¢ 5.6096¢ 55.197

4.5475€6.0951¢

4.226214.8442¢

5.589728.1697(72.811
5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
5.100275.39194 59.477
5.3136%6.5667( 69.742
6.5054(9.4442( 81.36
5.5689728.1697(72.811
5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
5.8093¢6.2971475.102
5.8093¢6.29714 75.102
5.3136%6.5667( 69.742
6.1879¢8.0649(91.178
5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
5.100275.39194 59.477
5.589728.1697(72.811
5.57682 5.6186¢ 80.704
4.226214.8442¢

6.400379.7848¢ 57.551
5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704
5.809346.2971475.102
5.7075¢5.7170" 72.686
4.7470¢ 5.6096¢ 55.197
5.8093¢6.2971475.102
3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704
5.7075¢5.7170" 72.686
4.7470¢ 5.6096¢ 55.197
5.8093¢6.29714 75.102

3.9244¢3.9245:31.474
4.7470¢ 5.6096¢ 55.197
5.5148¢7.3776( 74.788
5.3136%6.5667( 69.742
5.8093¢6.29714 75.102
6.400379.7848¢ 57.551
5.7075¢5.7170" 72.686
5.100275.39194 59.477

-4.2502 -58.627
-3.7662

-4.5903 -55.741
-7.6737 -85.638
-4.6529 -51.208
-6.8979 -01.888
-4.6529 -51.208
-5.7587 -60.53
-6.9575 -73.936
-5.7587 -60.53
-1.1070 -51.557

-4.5675

-3.7662

-2.7897 -70.011
-2.7897 -70.011
-4.6529 -51.208
-4.2502 -58.627
-1.6836 -66.112
-8.5954 -83.45
-2.7897 -70.011
-2.7897 -70.011
-4.6529 -51.208
-6.9293 -76.222
-6.9293 -76.222
-1.6836 -66.112
-6.8979 -91.888
-2.7897 -70.011
-4.6529 -51.208
-4.2502 -58.627
-2.7897 -70.011
-5.4368 -80.564
-3.7662

-4.5903 -55.741
-6.9575 -73.936
-5.4368 -80.564
-6.9293 -76.222
-6.9575 -73.936
-1.1070 -51.557
-6.9293 -76.222
-3.4244 -30.974
-5.4368 -80.564
-6.9575 -73.936
-1.1070 -51.557
-6.9293 -76.222

-3.4244 -30.974
-1.1070 -51.557
-4.7448 -74.018
-1.6836 -66.112
-6.9293 -76.222
-4.5903 -55.741
-6.9575 -73.936
-4.2502 -58.627
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A2
A2
A2
A2
A2
A2
A2
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
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A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

1358
1359
1360
1361
1362
1363
1364
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C-terminal

C-terminal

C-terminal

C-terminal

C-terminal

C-terminal

C-terminal

Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide

0.31
1.31

0.44
0.44
0.43
-0.73
0.5
0.01
0.25

-7%
25%
-7%
-46%
-95%
-81%
40%

-0.81

2.62
-0.81
-0.46
-0.13
-0.78

-0.3
-0.78
-0.78
-0.78
-0.78
-0.78
-0.43
-0.43

0.09
-0.43
-0.78
-0.78

0.09
-0.49

0.25
-0.19
-0.14
-0.14

0.25
-0.19
-0.14
-0.14

0.25
-0.19
-0.14
-0.14
-0.13
-0.07
-0.07
-0.07
-0.46

0.09
-0.95
-0.46
-0.19

0.25
-0.78
-0.3
0.53
-0.49

1.12
-1.15
-0.14

0.46

0.02

1.71

-2.8

0.67

1.71
-0.46

1.71

0.46
-3.64

1.25
-1.81

1.25

1.25

1.25

1.25

1.25

-0.5

-0.5
-0.25

-0.5

1.25

1.25
-0.25
-2.33
-1.15
-0.77
-3.63
-3.63
-1.15
-0.77
-3.63
-3.63
-1.15
-0.77
-3.63
-3.63
-3.64

1.12
-0.14
-0.14

0.46
-0.25

0.02

0.46
-0.77
-0.85
-1.15

1.25
-1.81

0.71
-2.33

5.809346.2971475.102

5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07
4.5475€6.0951¢

5.9637:8.4757¢£83.928
5.589728.1697(72.811
5.7353°7.93174 81.657
5.9637:8.4757¢ 83.928
4.226214.8442¢

5.9637:8.4757¢ 83.928
5.2987(6.9578¢ 60.07
4.7470¢ 5.6096¢ 55.197
5.7075¢5.7170" 72.686
6.400379.7848¢ 57.551
5.7075¢5.7170° 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
3.9244¢3.9245:31.474
3.9244¢3.9245:31.474
4.9029° 6.2805¢ 51.458
3.9244¢ 3.92457 31.474
5.7075¢5.7170° 72.686
5.7075¢5.7170" 72.686
4.9029° 6.2805¢ 51.458
5.7063(7.1763¢ 80.668

5.5148¢7.3776(74.788
5.313626.5667(69.742
5.313626.5667(69.742

5.5148¢7.3776(74.788
5.3136%6.5667( 69.742
5.313626.5667(69.742

5.5148¢7.3776(74.788
5.313626.5667(69.742
5.313626.5667(69.742
4.7470¢ 5.6096¢ 55.197
5.8093¢6.2971475.102
5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07
4.9029° 6.2805¢ 51.458
4.5475€6.0951¢

5.2987(6.9578¢ 60.07
5.5148¢7.3776(74.788
5.100275.39194 59.477

5.7075¢5.7170" 72.686
6.4003719.7848¢ 57.551
6.1879¢8.0649(91.178
5.7063(7.1763< 80.668

-6.9293 -76.222

-5.4368 -80.564
-5.7587 -60.53
-4.5675

-7.6737 -85.638
-2.7897 -70.011
-6.4053 -82.327
-7.6737 -85.638
-3.7662

-7.6737 -85.638
-5.7587 -60.53
-1.1070 -51.557
-6.9575 -73.936
-4.5903 -55.741
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-3.4244 -30.974
-3.4244 -30.974
-4.6529 -51.208
-3.4244 -30.974
-6.9575 -73.936
-6.9575 -73.936
-4.6529 -51.208
-3.3763 -78.338

-4.7448 -74.018
-1.6836 -66.112
-1.6836 -66.112

-4.7448 -74.018
-1.6836 -66.112
-1.6836 -66.112

-4.7448 -74.018
-1.6836 -66.112
-1.6836 -66.112
-1.1070 -51.557
-6.9293 -76.222
-5.4368 -80.564
-5.4368 -80.564
-5.7587 -60.53
-4.6529 -51.208
-4.5675

-5.7587 -60.53
-4.7448 -74.018
-4.2502 -58.627

-6.9575 -73.936
-4.5903 -55.741
-6.8979 -01.888
-3.3763 -78.338
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A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
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69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
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Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide

0.54
0.5
0.54

-0.56
-0.67
-0.1

-0.1
1.31
0.44

-0.51
1.31

-
1.31
0.54
0.44
0.43
0.44

-0.73
1.31
0.54
0.54

-0.51
1.31
0.54

-0.53

-0.73

-0.67
0.54
1.31

-0.1
0.44
0.05

-0.67

-0.1
0.31
-0.1
-0.1

0.5
-0.1

0.43
-0.1
0.25
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1

-3.64
-1.81
-3.64
0.46
2.09
-2.8
-0.14
0.46
-0.14
0.02
-0.77
1.12
0.02
0.46
0.02
-3.64
-0.85
-1.15
-0.85
0.46
1.25
0.02
-3.64
-3.64
0.46
1.12
0.02
-3.64
-3.63
1.25
-2.8
-3.64
0.02
-0.14
-0.85
-0.5
-2.8
0.46
-0.14
-0.25
-0.14
-0.14
-1.81
-0.14
0.46
-0.46
-0.14
-2.33
-0.14
-0.14
-0.14
-0.14
-0.14
-0.14
-0.14

4.7470¢ 5.6096¢ 55.197
6.400379.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07
6.5054(9.4442( 81.36
5.589728.1697(72.811
5.57687 5.6186¢ 80.704
5.2987(6.9578¢ 60.07
5.57682 5.6186¢ 80.704
4.5475€6.0951¢

5.5148¢7.3776(74.788
5.809346.2971475.102
4.5475€6.0951¢

5.2987(6.9578¢ 60.07
4.5475€6.0951¢

4.7470¢ 5.6096¢ 55.197
5.100275.39194 59.477

5.100275.3919¢ 59.477
5.2987(6.9578¢ 60.07
5.7075¢5.7170" 72.686
4.5475€6.0951¢

4.7470¢ 5.6096¢ 55.197
4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07
5.8093¢6.2971475.102
4.5475€6.0951¢

4.7470¢ 5.6096¢ 55.197
5.31366.5667(69.742
5.7075¢5.7170" 72.686
5.589728.1697(72.811
4.7470¢ 5.6096¢ 55.197
4.5475€6.0951¢

5.57687 5.6186¢ 80.704
5.100275.3919¢ 59.477
3.9244¢3.9245:31.474
5.589728.1697(72.811
5.2987(6.9578¢ 60.07
5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458
5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551
5.57682 5.6186¢ 80.704
5.2987(6.9578¢ 60.07
4.226214.8442¢

5.57682 5.6186¢ 80.704
5.7063(7.1763< 80.668
5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

-1.1070 -51.557
-4.5903 -55.741
-1.1070 -51.557
-5.7587 -60.53
-8.5954 -83.45
-2.7897 -70.011
-5.4368 -80.564
-5.7587 -60.53
-5.4368 -80.564
-4.5675

-4.7448 -74.018
-6.9293 -76.222
-4.5675

-5.7587 -60.53
-4.5675

-1.1070 -51.557
-4.2502 -58.627

-4.2502 -58.627
-5.7587 -60.53
-6.9575 -73.936
-4.5675

-1.1070 -51.557
-1.1070 -51.557
-5.7587 -60.53
-6.9293 -76.222
-4.5675

-1.1070 -51.557
-1.6836 -66.112
-6.9575 -73.936
-2.7897 -70.011
-1.1070 -51.557
-4.5675

-5.4368 -80.564
-4.2502 -58.627
-3.4244 -30.974
-2.7897 -70.011
-5.7587 -60.53
-5.4368 -80.564
-4.6529 -51.208
-5.4368 -80.564
-5.4368 -80.564
-4.5903 -55.741
-5.4368 -80.564
-5.7587 -60.53
-3.7662

-5.4368 -80.564
-3.3763 -78.338
-5.4368 -80.564
-5.4368 -80.564
-5.4368 -80.564
-5.4368 -80.564
-5.4368 -80.564
-5.4368 -80.564
-5.4368 -80.564

311



A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
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A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
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Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide

-0.1
0.31
0.31
0.31

-0.67
0.44
0.5
0.43
0.43
0.5
0.43
0.43

-0.1
1.31

-0.1

0.5

-0.1
0.43
0.05
0.25

0.5

-0.1
0.43
0.25
0.43

-0.1

-0.1
0.44
0.43

-0.1
0.05
0.43

-0.1

-0.1
0.43

0.5
0.54
0.43

-0.51

-0.1
0.43
0.44

-0.1
0.43

-0.73

-0.1
0.43

-0.1

-0.1
0.43

-0.1

-0.1
0.43

-0.1

-0.1

-0.07
0.09
0.09
0.09

0.4
-0.19
-0.3
0.25
0.25
-0.3
0.25
0.25

-0.07

-0.95

-0.07

-0.3

-0.07
0.25

-0.43

-0.49

-0.3

-0.07
2.62

-0.49
2.62

-0.07

-0.07

-0.19
0.25

-0.07

-0.43
0.25

-0.07

-0.07
0.25

-0.3

-0.13
0.25

-0.07

-0.07
0.25

-0.19

-0.07
0.25

-0.78

-0.07
0.25

-0.07

-0.07
0.25

-0.07

-0.07
0.25

-0.07

-0.07

-0.14
-0.25
-0.25
-0.25

-2.8
-0.77
-1.81
-1.15
-1.15
-1.81
-1.15
-1.15
-0.14

0.02
-0.14
-1.81
-0.14
-1.15

-0.5
-2.33
-1.81
-0.14
-0.46
-2.33
-0.46
-0.14
-0.14
-0.77
-1.15
-0.14

-0.5
-1.15
-0.14
-0.14
-1.15
-1.81
-3.64
-1.15

1.12
-0.14
-1.15
-0.77
-0.14
-1.15

1.25
-0.14
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14
-1.15
-0.14
-0.14

5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458
4.9029° 6.2805¢ 51.458
4.9029° 6.2805¢ 51.458
5.5689728.1697(72.811
5.5148¢7.3776(74.788
6.400379.7848¢ 57.551

6.4003719.7848¢ 57.551

5.57682 5.6186¢ 80.704
4.5475€6.0951¢

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.7063(7.17634 80.668
6.400379.7848¢ 57.551
5.57682 5.6186¢ 80.704
4.226214.8442¢

5.7063(7.1763< 80.668
4.226214.8442¢

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704
5.5148¢7.3776(74.788

5.576875.6186¢ 80.704
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

6.400379.7848¢ 57.551
4.7470¢ 5.6096¢ 55.197

5.8093¢6.29714 75.102
5.57682 5.6186¢ 80.704

5.5148¢7.3776(74.788
5.57687 5.6186¢ 80.704

5.7075¢5.7170" 72.686
5.576875.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

-5.4368 -80.564
-4.6529 -51.208
-4.6529 -51.208
-4.6529 -51.208
-2.7897 -70.011
-4.7448 -74.018
-4.5903 -55.741

-4.5903 -55.741

-5.4368 -80.564
-4.5675

-5.4368 -80.564
-4.5903 -55.741
-5.4368 -80.564

-3.4244 -30.974
-3.3763 -78.338
-4.5903 -55.741
-5.4368 -80.564
-3.7662

-3.3763 -78.338
-3.7662

-5.4368 -80.564
-5.4368 -80.564
-4.7448 -74.018

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-4.5903 -55.741
-1.1070 -51.557

-6.9293 -76.222
-5.4368 -80.564

-4.7448 -74.018
-5.4368 -80.564

-6.9575 -73.936
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564
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173
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188
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193
194
195
196
197
198
199
200
201
202
203
204
205
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207
208
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211
212
213
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Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
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-0.5
-1.15
-0.14
-0.14
-1.15
-0.14
-0.25
-1.15
-0.14

-0.5
-1.15
-0.14
-0.14
-1.15

1.71
-0.14
-1.15

-0.5

0.46
-1.15

-0.5

-2.8
-1.15
-3.63

-0.5
-1.15
-0.14
-0.77
-1.15
-0.14
-1.81
-1.15
-0.46
-3.63
-1.15
-0.14
-0.77
-1.15

0.46
-1.81
-1.15

5.57687 5.6186¢ 80.704
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

5.100275.39194 59.477
4.7470¢ 5.6096¢ 55.197

3.9244¢3.9245:31.474
4.9029° 6.2805¢ 51.458

3.9244¢3.9245:31.474
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458

5.57682 5.6186¢ 80.704
3.9244¢ 3.92457 31.474

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.9637:8.4757¢ 83.928
5.576825.6186¢ 80.704

3.9244¢3.9245:31.474
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
5.589728.1697(72.811

5.313626.5667(69.742
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
5.5148¢7.3776(74.788

5.57682 5.6186¢ 80.704
6.400379.7848¢ 57.551

4.226214.8442¢
5.313626.5667(69.742

5.57687 5.6186¢ 80.704
5.5148¢7.3776(74.788

5.2987(6.9578¢ 60.07
6.400379.7848¢ 57.551

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-4.5903 -55.741

-4.2502 -58.627
-1.1070 -51.557

-3.4244 -30.974
-4.6529 -51.208

-3.4244 -30.974
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-4.6529 -51.208

-5.4368 -80.564
-3.4244 -30.974

-5.4368 -80.564
-5.4368 -80.564

-7.6737 -85.638
-5.4368 -80.564

-3.4244 -30.974
-5.7587 -60.53

-3.4244 -30.974
-2.7897 -70.011

-1.6836 -66.112
-3.4244 -30.974

-5.4368 -80.564
-4.7448 -74.018

-5.4368 -80.564
-4.5903 -55.741

-3.7662
-1.6836 -66.112

-5.4368 -80.564
-4.7448 -74.018

-5.7587 -60.53
-4.5903 -55.741

A A W A A A A A A A A N A AN - DM A A A A AW A A A A A NN A WA A NN A A A A AN~ BRANANA A A WA AN A

316



A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

W W W W W WwWwWwWwwwwowwowooOoOoo oo o o O O O O O O O O O OO oOoOQoLOOLuOLOOOLOOL OO OOOLO OO OoOOoOOoo o

193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

0 N o o~ WON -~ O

A A A A
w N =~ O ©

TO®»®W U OO TO”TUTEAXPTPEIUVTTEIVTTPEPPTOOVTPOZTPOXANPPO0TOOOrrOUVZO>» VT O P PP O>P» TGOV U O TOTM

TO®”W U OO TOn”TUTEAXPPEUVTTEVTTEPPTOEVPOZPOANTPTOTOOUOrOUVZO>» T O P >POP» TGO UV U O TOTM

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

-0.53
-0.1
0.43
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0.43
0.05
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0.43
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0.43
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0.43
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0.43
0.05
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0.43
-0.1
0.43
0.43
0.1
0.44
0.43
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0.43
0.43
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-0.43
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-0.43
-0.13
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-0.19
-0.07
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-0.43
0.4
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-0.43
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-0.43
-0.07

0.25
-0.07
-0.43

0.25
-0.43
-0.07
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-0.81
-0.07

0.25
-0.43

-0.3

0.25
-0.07

2.62
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-0.07
-0.19

0.25
-0.07
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-0.14
-1.15
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-0.5
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-0.5
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-1.15
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-0.5
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-0.14
-1.15

-0.5
-3.64
-1.15
-0.77
-0.14
-1.15

-0.5

-2.8
-1.15

-0.5
-0.85
-1.15

-0.5
-0.14
-1.15

1.12

-0.5
-1.15

-0.5
-0.14
-1.15

1.71
-0.14
-1.15

-0.5
-1.81
-1.15
-0.14
-0.46
-1.15
-0.14
-0.77
-1.15
-0.14
-0.46
-1.15
-0.14

5.313626.5667(69.742
5.5768 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢ 3.92457 31.474

3.9244¢3.9245:31.474
3.9244¢3.9245:31.474

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.100275.39194 59.477
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
4.7470¢ 5.6096¢ 55.197

5.5148¢7.3776(74.788
5.57687 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.5897: 8.1697( 72.811

3.9244¢3.9245:31.474
5.100275.39194 59.477

3.9244¢ 3.92457 31.474
5.57687 5.6186¢ 80.704

5.8093¢6.29714 75.102
3.9244¢3.9245:31.474

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

5.9637:8.4757¢£83.928
5.57687 5.6186¢ 80.704

3.9244¢3.9245:31.474
6.4003719.7848¢ 57.551

5.576875.6186¢ 80.704
4.226214.8442¢

5.57682 5.6186¢ 80.704
5.5148¢7.3776(74.788

5.57687 5.6186¢ 80.704
4.226214.8442¢

5.57682 5.6186¢ 80.704

-1.6836 -66.112
-5.4368 -80.564

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-3.4244 -30.974
-3.4244 -30.974

-5.4368 -80.564
-3.4244 -30.974

-4.2502 -58.627
-5.4368 -80.564

-3.4244 -30.974
-1.1070 -51.557

-4.7448 -74.018
-5.4368 -80.564

-3.4244 -30.974
-2.7897 -70.011

-3.4244 -30.974
-4.2502 -58.627

-3.4244 -30.974
-5.4368 -80.564

-6.9293 -76.222
-3.4244 -30.974

-3.4244 -30.974
-5.4368 -80.564

-7.6737 -85.638
-5.4368 -80.564

-3.4244 -30.974
-4.5903 -55.741

-5.4368 -80.564
-3.7662

-5.4368 -80.564
-4.7448 -74.018

-5.4368 -80.564
-3.7662

-5.4368 -80.564
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Overlap
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Overlap
Overlap
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0.43
-0.1
-0.67
0.43
0.44
0.43
0.43
-0.53
-0.1
0.43
0.05
-0.1
0.43
0.43
-0.67
0.43
0.54
0.31
0.43
0.05
-0.67
0.43
-0.53
-0.1
0.43
-0.1
0.31
0.43
-0.51
0.44
0.43
-0.1
-0.1
0.43
-0.1
0.05
0.43
-0.53
-0.53
0.43
-0.67
0.5
0.43
0.05
0.5
0.43
-0.53
-0.1
0.43
-0.1
0.05
0.43
-0.73
-0.1

-0.07
0.25
-0.07
0.4
0.25

2.62
0.25
-0.14
-0.07
0.25
-0.43
-0.07
0.25
2.62
0.4
0.25
-0.13
0.09
0.25
-0.43
0.4
0.25
-0.14
-0.07
0.25
-0.07
0.09
0.25
-0.07
-0.19
0.25
-0.07
-0.07
0.25
-0.07
-0.43
0.25
-0.14
-0.14
0.25
0.4
-0.3
0.25
-0.43
-0.3
0.25
-0.14
-0.07
0.25
-0.07
-0.43
0.25
-0.78
-0.07

-0.14
-1.15
-0.14

-2.8
-1.15
-0.85
-0.46
-1.15
-3.63
-0.14
-1.15

-0.5
-0.14
-1.15
-0.46

-2.8
-1.15
-3.64
-0.25
-1.15

-0.5

-2.8
-1.15
-3.63
-0.14
-1.15
-0.14
-0.25
-1.15

1.12
-0.77
-1.15
-0.14
-0.14
-1.15
-0.14

-0.5
-1.15
-3.63
-3.63
-1.15

-2.8
-1.81
-1.15

-0.5
-1.81
-1.15
-3.63
-0.14
-1.15
-0.14

-0.5
-1.15

1.25
-0.14

5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
5.589728.1697(72.811

5.100275.39194 59.477
4.226214.8442¢

5.3136:26.5667(69.742
5.57682 5.6186¢ 80.704

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704

4.226274.8442¢
5.589728.1697(72.811

4.7470¢ 5.6096¢ 55.197
4.9029° 6.2805¢ 51.458

3.9244¢3.9245:31.474
5.589728.1697(72.811

5.313626.5667(69.742
5.57682 5.6186¢ 80.704

5.5768 5.6186¢ 80.704
4.9029° 6.2805¢ 51.458

5.8093¢6.29714 75.102
5.5148¢7.3776(74.788

5.57682 5.6186¢ 80.704
5.57687 5.6186¢ 80.704

5.57687 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.313626.5667(69.742
5.313626.5667(69.742

5.56897:8.1697(72.811
6.400379.7848¢ 57.551

3.9244¢3.9245:31.474
6.400379.7848¢ 57.551

5.313626.5667(69.742
5.57682 5.6186¢ 80.704

5.57682 5.6186¢ 80.704
3.9244¢3.9245:31.474

5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704

-5.4368 -80.564

-5.4368 -80.564
-2.7897 -70.011

-4.2502 -58.627
-3.7662

-1.6836 -66.112
-5.4368 -80.564

-3.4244 -30.974
-5.4368 -80.564

-3.7662
-2.7897 -70.011

-1.1070 -51.557
-4.6529 -51.208

-3.4244 -30.974
-2.7897 -70.011

-1.6836 -66.112
-5.4368 -80.564

-5.4368 -80.564
-4.6529 -51.208

-6.9293 -76.222
-4.7448 -74.018

-5.4368 -80.564
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-1.6836 -66.112
-1.6836 -66.112

-2.7897 -70.011
-4.5903 -55.741

-3.4244 -30.974
-4.5903 -55.741

-1.6836 -66.112
-5.4368 -80.564

-5.4368 -80.564
-3.4244 -30.974

-6.9575 -73.936
-5.4368 -80.564
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5.57682 5.6186¢ 80.704

5.313626.5667(69.742
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4.226214.8442¢
6.4003719.7848¢ 57.551

5.9637:8.4757% 83.928
5.57682 5.6186¢ 80.704
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4.7470¢ 5.6096¢ 55.197

5.2987(6.9578¢ 60.07
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3.9244¢3.9245:31.474
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3.9244¢3.9245:31.474
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C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal

0.43
0.31
-0.53
0.05
0.43
0.44
0.44
-0.51
0.31
0.01
0.25
1.31
-0.67
0.44
0.43
-1
0.05
0.01

0.54
0.44
0.44
0.31
0.43
0.44

0.73

-0.67

-0.67
0.05

073

0.73

0.73
0.44
0.43
0.43
0.44

-0.53

-0.51

-0.53

-0.51

0.5
0.05

-0.53
0.43
0.44
0.43

0.5

-0.85
0.31
0.01
0.43

0.31
0.01
0.54

2.62
0.09
-0.14
-0.43
2.62
-0.19
-1
-0.07
0.09
0.53
-0.49
-0.95
0.4
-1
2.62
-0.46
-0.43
0.53

-0.13
-0.19
-0.19
0.09
0.25

-0.78
0.4
0.4

-0.43

-0.78

-0.78

-0.78

-0.19

0.25
2.62

-0.14
-0.07
-0.14
-0.07

-0.3
-0.43
-0.14

0.25

2.62
-0.3
-0.81
0.09
0.53
2.62
-0.46
0.09
0.53
-0.13

-0.46
-0.25
-3.63
-0.5
-0.46
-0.77
-0.85
1.12
-0.25
0.71
-2.33
0.02
-2.8
-0.85
-0.46
0.46
-0.5
0.71
0.67
-3.64
-0.77
-0.77
-0.25
-1.15
-0.85
1.25
-2.8
-2.8
-0.5
1.25
1.25
1.25
-0.77
-1.15
-0.46
-0.85
-3.63
1.12
-3.63
1.12
-1.81
-0.5
-3.63
-1.15
-0.85
-0.46
-1.81
1.71
-0.25
0.71
-0.46
0.46
-0.25
0.71
-3.64

4.226214.8442¢

4.9029° 6.2805¢ 51.458
5.3136%6.5667( 69.742
3.9244¢3.9245:31.474
4.226214.8442¢

5.5148¢7.3776(74.788
5.100275.39194 59.477
5.8093¢6.2971475.102
4.9029° 6.2805¢ 51.458
6.1879¢ 8.0649(91.178
5.7063(7.1763< 80.668
4.5475€6.0951¢

5.589728.1697(72.811
5.100215.39194 59.477
4.226214.8442¢

5.2987(6.9578¢ 60.07
3.9244¢ 3.92457 31.474
6.1879¢ 8.0649(91.178
5.7353°7.9317< 81.657
4.7470¢ 5.6096¢ 55.197
5.5148¢7.3776(74.788
5.5148¢7.3776(74.788
4.9029° 6.2805¢ 51.458

5.100275.39194 59.477
5.7075¢5.7170" 72.686
5.589728.1697(72.811
5.589728.1697(72.811
3.9244¢3.9245:31.474
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.7075¢5.7170" 72.686
5.5148¢7.3776(74.788

4.226214.8442¢

5.100275.39194 59.477
5.313626.5667(69.742
5.8093¢6.29714 75.102
5.313626.5667(69.742
5.8093¢6.2971475.102
6.400379.7848¢ 57.551
3.9244¢ 3.92457 31.474
5.3136%6.5667(69.742

5.100275.39194 59.477
4.226214.8442¢

6.400379.7848¢ 57.551
5.9637:8.4757% 83.928
4.9029° 6.2805¢ 51.458
6.1879¢ 8.0649(91.178
4.226214.8442¢

5.2987(6.9578¢ 60.07
4.9029° 6.2805¢ 51.458
6.1879¢8.0649(91.178
4.7470¢ 5.6096¢ 55.197

-3.7662

-4.6529 -51.208
-1.6836 -66.112
-3.4244 -30.974
-3.7662

-4.7448 -74.018
-4.2502 -58.627
-6.9293 -76.222
-4.6529 -51.208
-6.8979 -91.888
-3.3763 -78.338
-4.5675

-2.7897 -70.011
-4.2502 -58.627
-3.7662

-5.7587 -60.53
-3.4244 -30.974
-6.8979 -91.888
-6.4053 -82.327
-1.1070 -51.557
-4.7448 -74.018
-4.7448 -74.018
-4.6529 -51.208

-4.2502 -58.627
-6.9575 -73.936
-2.7897 -70.011
-2.7897 -70.011
-3.4244 -30.974
-6.9575 -73.936
-6.9575 -73.936
-6.9575 -73.936
-4.7448 -74.018

-3.7662

-4.2502 -58.627
-1.6836 -66.112
-6.9293 -76.222
-1.6836 -66.112
-6.9293 -76.222
-4.5903 -55.741
-3.4244 -30.974
-1.6836 -66.112

-4.2502 -58.627
-3.7662

-4.5903 -55.741
-7.6737 -85.638
-4.6529 -51.208
-6.8979 -91.888
-3.7662

-5.7587 -60.53
-4.6529 -51.208
-6.8979 -01.888
-1.1070 -51.557

335



A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

rmo<»uoE-TO0oOmMoTmmMmOoUOTVT>»O<0Or Tr»P<0O~- - TrHIX3TNOAXAA4AX<MT<AEAX0O0s>P»PO0-AIo0-A0O0
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C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal
C terminal

0.43
1.31
0.31
0.43
0.25
0.31
0.43
0.05
-0.56
0.43
-0.67
0.31
-1
-0.51
-0.53
0.01
-0.67
0.31
0.31
-0.67
0.31
0.43
0.5
0.73
-0.1
-0.51
-0.51
0.54
-1
0.05
-0.1
0.73
0.54
-1
0.43
0.05
-0.1
0.54
0.44
-0.53
-0.85
0.43
-0.85
0.54
-0.51
0.43
0.43
-1
1.31
-0.85

-0.73

0.25
-0.95
0.09
2.62
-0.49
0.09
0.25
-0.43
-0.79
0.25
0.4
0.09
-0.46
-0.07
-0.14
0.53
0.4
0.09
0.09
0.4
0.09
2.62
-0.3
-0.78
-0.07
-0.07
-0.07
-0.13
-0.46
-0.43
-0.07
-0.78
-0.13
-0.46
0.25
-0.43
-0.07
-0.13
-0.19
-0.14
-0.81
0.25
-0.81
-0.13
-0.07
0.25
2.62
-0.46
-0.95
-0.81
-0.78

-1.15
0.02
-0.25
-0.46
-2.33
-0.25
-1.15
-0.5
2.09
-1.15
-2.8
-0.25
0.46
1.12
-3.63
0.71
-2.8
-0.25
-0.25
-2.8
-0.25
-0.46
-1.81
1.25
-0.14
1.12
1.12
-3.64
0.46
-0.5
-0.14
1.25
-3.64
0.46
-1.15
-0.5
-0.14
-3.64
-0.77
-3.63
1.71
-1.15
1.71
-3.64
1.12
-1.15
-0.46
0.46
0.02
1.71
1.25

Appendix C, Table 1: Sequence information for COL1A1 and COL1A2

4.5475€6.0951¢
4.9029° 6.2805¢ 51.458
4.226214.8442¢
5.7063(7.1763< 80.668
4.9029° 6.2805¢ 51.458

3.9244¢ 3.92457 31.474
6.5054(9.4442( 81.36

5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
5.2987(6.9578¢ 60.07
5.8093¢6.29714 75.102
5.313626.5667(69.742
6.1879¢ 8.0649(91.178
5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
4.9029° 6.2805¢ 51.458
5.589728.1697(72.811
4.9029° 6.2805¢ 51.458
4.226214.8442¢

6.400379.7848¢ 57.551
5.7075¢5.7170" 72.686
5.57682 5.6186¢ 80.704
5.8093¢6.2971475.102
5.8093¢6.29714 75.102
4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07
3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704
5.7075¢5.7170° 72.686
4.7470¢ 5.6096¢ 55.197
5.2987(6.9578¢ 60.07

3.9244¢3.9245:31.474
5.57682 5.6186¢ 80.704
4.7470¢ 5.6096¢ 55.197
5.5148¢7.3776(74.788
5.313626.5667(69.742
5.9637:8.4757% 83.928

5.9637:8.4757¢ 83.928
4.7470¢ 5.6096¢ 55.197
5.8093¢6.29714 75.102

4.226214.8442¢
5.2987(6.9578¢ 60.07
4.5475€6.0951¢
5.9637:8.4757% 83.928
5.7075¢5.7170" 72.686

-4.5675
-4.6529 -51.208
-3.7662
-3.3763 -78.338
-4.6529 -51.208

-3.4244 -30.974
-8.5954 -83.45

-2.7897 -70.011
-4.6529 -51.208
-5.7587 -60.53
-6.9293 -76.222
-1.6836 -66.112
-6.8979 -91.888
-2.7897 -70.011
-4.6529 -51.208
-4.6529 -51.208
-2.7897 -70.011
-4.6529 -51.208
-3.7662

-4.5903 -55.741
-6.9575 -73.936
-5.4368 -80.564
-6.9293 -76.222
-6.9293 -76.222
-1.1070 -51.557
-5.7587 -60.53
-3.4244 -30.974
-5.4368 -80.564
-6.9575 -73.936
-1.1070 -51.557
-5.7587 -60.53

-3.4244 -30.974
-5.4368 -80.564
-1.1070 -51.557
-4.7448 -74.018
-1.6836 -66.112
-7.6737 -85.638

-7.6737 -85.638
-1.1070 -51.557
-6.9293 -76.222

-3.7662
-5.7587 -60.53
-4.5675
-7.6737 -85.638
-6.9575 -73.936
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Appendix C, Table 2

Position

85.5

95.5
127.5
131.5
139.5
145.5
149.5
152.5
159.5
168.5
169.5
178.5
179.5
180.5
181.5
182.5
183.5
184.5
185.5
186.5
192.5
194.5
202.5
204.5
207.5
208.5
209.5
210.5
2115
2125
2135
2145
2155
216.5
217.5
218.5
219.5
227.5

Row (QStagger)

N N N A R R T A
O - A4 a4 a4 a4 a4 a a4 a4 a a4 aa

O O O O O O O O O o o o o o o o o o

Position (QStagger)

16.5
18.5
21.5
22.5
23.5
24.5
25.5
26.5
275
28.5
29.5
30.5
31.5
325
33.5
41.5

T EUMEOEITMETUTVIUEOTOEO>» BEOUTUO®-O-0®XT>»E T TOIDO I T X AABefore

®>»OUTMEGUTMEO® VT ITOOTTITEOITITOIT<O-O-0®OTITOOTOIOO®®I < AAAfter

Region

Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
N-term
N-term
N-term
N-term
N-term
N-term
N-term
N-term
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

0
1
2
3

NonStillborn Avg Time
NonStillborn Avg Time
NonStillborn Avg Time
NonStillborn Avg Time

141784 429545 179549

30088¢ 862952 115107
110270 218287
315425 735417

254677
123257
261900 544332

116017 281225 440043
1299200

171875672672 618070

341825 843425

161235 745915
161235 745915

y

11_0_intensit

y

11_1_intensit:

y

11_2_intensit

_intensity
y

12_0_intensit;

11_3_ini

N
=)
2
b

981321 629496

y

12_1_intensit

y

12_2_intensit

y
y
y
y

intensity
tensity
tensity

12_3_intensit:
15

15_0_intensit:
15_1_intensit:
15_3_intensit

6_0_in
6_1_in

tensity
tensity

6_2_in
6_3_in

tensity

8_0_in

361920 347950 212710 533910 798470 586330

> > >
= = =
[7] [} [}
c c c
[ [} [
2 2 2
£ £ £

| | |
- N e
0 0 ]

450990 313880 337810 276430 321970 269180 846460
923460

192220 786930 399100 119690 125880 117400

7 915110 142330 523480 713550 133980
237180 250270

368040

252440
556640 105670 126170

365660 572750
430289 313880 442994 811266

136730

207120 783660
207120 783660

1340535 135905 110377

127420

162230

1104760 395900
403230 339970

337370

188640 254840 120369
610770 578210

464070 356010 847460

252620 838647 557245

220000
220000




Position

o - N [
- E E E E
g  ® ® @
5 g < 2 2 2|z 2 2 2 2z 2 2 B 2 2 Z Z 3 2 2 2 2 2 2 =
& s & B s £ £ 2 | & E € E E € E E E E £ & &£ 2 & & 2 g &g
g S M Z S & & 3 3 n = = = = = = = = = = = £ £ E £ £ E = =
2 3 o 5 5 5 5 ST N i S ] N i S M I N o <! o o o <! o -
14 o M M 4 z z z z - - - - & & & & 2 2 2 2 © o' o © ' o' o' '
229.5 0 435P P Overlap
2355 0 495K N Overlap
236.5 0 505N G Overlap
237.5 0 515G D Overlap
238.5 0 525D D Overlap
239.5 0 535D G Overlap
2475 0 615R P Overlap 340386
251.5 0 655R G Overlap
252.5 0 665G P Overlap
256.5 0 705P Q Overlap
260.5 0 745R G Overlap
262.5 0 765L P Overlap
2705 0 845G M  Gap
2725 0 85K G  Gap
2745 0 885H R Gap 381220 723125 165010 573460 289250 951420
2755 0 85R G Gap 631200 110552 221225 842249| 110860 515330 148044 123688 0 320310 163414 227871 0 224850 161774 704204 252480 134811 260386 136611 505080 299324 107080
2765 0 905G F Gap 157462 171980 457870
2775 0 915F S Gap
2785 0 9258 G Gap
28645 0 985K G Gap 631200 110059 223406 840424 110860 515330 153231 133895 0 320310 162100 233707 0 223640 167465 706698 252480 134060 259433 136049 0 505080 304628 106080
2855 0 995G D  Gap 284425 113770
286.5 0 105D A  Gap 928925 371570
2875 0 1015A G  Gap
235 0 1075K G Gap 492752 661270 638159 639589 110385 131490 491843 0 121930 724063 2084000 751710 152680 851880 163685 100050
2975 0 11156 s Gap
2985 0 11258 P Gap
3005 0 145G E Gap
3025 0 165N G  Gap
3035 0 11756 A Gap
3115 0 1255R G  Gap
3135 0 1275L P Gap
3165 0 1305 E R Gap
3175 0 135R G  Gap 965650 161337 402920 722940 719700 146400 528270 386260 472050 544110 196720 467330
3185 0 1256 R  Gap
3195 0 1835R P Gap 129307 517230
3205 0 1345P G  Gap
3215 0 13556 A Gap
3265 0 1405A G Gap
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Position

327.5
328.5
3295
331.5
332.5
336.5
337.5
338.5
339.5
340.5
341.5
342.5
343.5
344.5
3455
346.5
3475
348.5
349.5
351.5
352.5
354.5
357.5
359.5
360.5
368.5
369.5
377.5
378.5
384.5
387.5
388.5
389.5
390.5
3915
3925
393.5
394.5

Row (QStagger)

O O O O O O O O O O O O O O O O OO OO0 O OO0 OO0 o000 oo oo oo o o o o o

Position (QStagger)

AA Before

1415 G
1425 A
143.5
145.5
146.5
150.5
151.5
152.5
153.5
154.5
155.5
156.5
157.5
158.5
159.5
160.5
161.5
162.5
163.5
165.5
166.5
168.5
171.5
173.5
174.5
182.5
183.5
191.5
192.5
198.5
201.5
202.5
203.5
204.5
205.5
206.5
207.5
208.5 N

Pl

® > TO>>PPTO0O0600OITOXAOOGMTOIVTE>»VTO-TEOTIUTO>>>6O0Z

TZO>»TE>»P>TMEOOOEME@ > >» T TTVTITE>»TEO- TOTITO>>OU0 O T > AAAfter

ion

Reg

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

o - N [
(] Q [ Q
E E E E
[ [ = =
e 2 g 2
< < < < 2 2 2 2 2 2 2 2 2
c - c c £ £ £ £ £ £ = £ £
] H ] S c c c c c c c c c
F] ] F] 2 2 2 2 2 2 2 2 2 2
= = = = £ £ £ £ £ £ £ £ £
b n n n o - | | o - 2_ o |
S S H H o ll o i el o N o 0
z 2 z z - - - - - - - - -

722940 719700

965650 161337 404213

| 110452 690535 395520 338557} 555170 104080 445700 102560 300090 272240 858610 212010
174980

237227 205466 101451 71141412010 271520 208410 271160 668650 702360 363611 476600 116730
1535650 1128450

126774136413 623682 3216400 645930 167440 163840 168600 368560 430120 277750 265874 116730

y

15_1_intensit

y

>
= = > > > > > > > >
] 7} £ £ £ & £ £ = =
c c ] ] @ [ ] @ [ ]
] 7} c c c c c c c c
= = ] ] I} ] ] 5} ] ]
c c 2 2 2 2 2 2 2 2
N i £ £ £ £ £ £ £ £
L) | | | | | | | |
[ | S - o~ © o - o~ ©
) 0 | | | | | | | |
- - © © © © © o © ©

146400 533442 386260 472050 544110 196720 467330

312460 216680 135360 248990 556919 729870 276440, 0 626840 586480

450700 249220

1694620 398550 275060 629540 143845 143318 595310 122090 156139 966252
479150 1153500

1382160 182349 139700 380550 900269 700345 313870 122090 934550 377280
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Position

o - N [
(] Q [ Q
= E E E E
5 [ [ = =
= B e 2 g 2
3 g < < < < > > > > > > > > > > > >
o = = = = = = = = = = = = = > > > > > > > >
> (2} £ £ c c 7] ] ] 7] @ ) ] » ) ) 7] w = = = = = = = =
] c © o ] o ] c c c c c c c c c c c c o @ @ @ o @ @ o
g ¢ § s 2 2 2 [& & & & & §: : : : £ £ & E E 5 5 5 ;i i i
g S K] £ s & & & & | 2 I 7 il il “ iy il 7 “ E E E E E E E E
= m < = @ ] @ @ o - o~ © 5 - ~ © o - ~ © i I N I T i I i
2 2 > S H s s | I I I I | | I o o o o o - ~ - o - ~ -
4 o M M 4 z z z z - = - = o & & o - - - - © © © © © © © ©
396.5 0 2105 G A Gap
398.5 0 2125 D G Gap
404.5 0 2185 K G Gap
405.5 0 2195 G A Gap
406.5 0 2205 A N Gap
407.5 0 2215 N G Gap
408.5 0 2225 G A Gap
409.5 0 2235 A P Gap
410.5 0 2245 P G Gap
4115 0 2255 G | Gap
4125 0 2265 | A Gap
413.5 0 2275 A G Gap
4145 0 2285 G A Gap
418.5 0 2325 F P Gap
420.5 3 05 G A Overlap
4225 3 25 R G Overlap 826182 276172 479722 7 116671 254316 Fwwuoo 226261 279250 230940 191530 335340 711630 620600 844770 662970 459530
423.5 3 35 G P Overlap
4245 3 45 P S Overlap
4255 3 558 G Overlap
426.5 3 6.5 G P Overlap
428.5 3 85 Q G Overlap
429.5 3 95 G P Overlap
4315 3 1158 G Overlap 641110
433.5 3 135P P Overlap 337125 63052 7 110260 212280 134850 114700 7 137510
435.5 3 155G P Overlap 949750 379900
437.5 3 175K G Overlap 826182 242459 407172 420360 ?wwﬂoo 914110 126560 230940 191530 335340 711630 620600 844770 662970 322020
438.5 3 18.5 G N Overlap
439.5 3 195N S Overlap
4445 3 245G A Overlap
447.5 3 275G S Overlap
449.5 3 295K G Overlap
451.5 3 315D T Overlap
455.5 3 355K G Overlap
457.5 3 375 E P Overlap
458.5 3 385P G Overlap
459.5 3 395G P Overlap
461.5 3 45T G Overlap
462.5 3 425G | Overlap
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Position

463.5
464.5
465.5
466.5
468.5
470.5
471.5
473.5
474.5
475.5
476.5
479.5
480.5
481.5
482.5
483.5
485.5
492.5
494.5
500.5
501.5
502.5
503.5
504.5
506.5
508.5
509.5
512.5
513.5
517.5
518.5
520.5
527.5
528.5
529.5
530.5
531.5
532.5

Row (QStagger)
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Position (QStagger)

435
445
45.5
46.5
48.5
50.5
515
53.5
54.5
55.5
56.5
59.5
60.5
61.5
62.5
63.5
65.5
72.5
74.5
80.5
81.5
82.5
83.5
84.5
86.5
88.5
89.5
92.5
93.5
97.5
98.5
100.5
107.5
108.5
109.5
110.5
111.5
112.5

AA Before
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Region

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

0

NonStillborn Avg Time
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Q [ Q
£ E E
[ = =
g g g
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- c c £ £ £ £ £ £
H ] S c c c c c c
] F] 2 2 2 2 2 2 2
= = = £ £ £ £ £ £
& & & o il & | ] -
S H H o Ml < o py o
2 z z - - - - - -

783200 415989

193090

1978371206000
434550 716400 173820
413350
503975
119560
434550 149960 6138724206000 173820
193090

509878 819812
341745 819812

y

12_2_intensit

> > > > >
= = = = = > > > > > > > >
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c c c c c @ ® 7] @ @ ] ] @
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€ € c c € 2 2 2 2 2 2 2 2
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) o -~ ™ 1 | 1 | | | | |
| | | | | o - o~ ™ o - o~ )
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112530

1286560
165340
201590
478240
1146890 313280 791550 1286560 112530

605810 568650 148800 197893 12226
605810 568650 148800 761170 122260
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Position
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& ¢ & . 2 8 & 8 |g8 & & & & & & & & & & & g g g g g g g ¢
g 5§ £ g < s & |8 |& £E E E E E E E E E E 2 E & & &£ £ & &£ g2 2
= s 2 Z S & & & & { { { { ( { { { { { { { £ £ £ £ £ £ £ £
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5335 3 1135A G Gap
534.5 3 11456 R Gap
535.5 3 1155R P Gap
538.5 3 1185E A Gap
539.5 3 1195A G Gap
540.5 3 12056 L Gap
5415 3 12151 P Gap
5435 3 12356 A Gap
544.5 3 1245A K Gap
545.5 3 1255K G Gap 167175 163310
546.5 3 165G L Gap
547.5 3 1275L T Gap
549.5 3 12956 s Gap
550.5 3 13058 P Gap
557.5 3 1375D G Gap
558.5 3 1385G K  Gap
559.5 3 195K T Gap 602925 223327 163310
560.5 3 1405 T G Gap
561.5 3 1415G6 P Gap
562.5 3 1425 P P Gap
563.5 3 1435P G Gap
564.5 3 1445G P Gap
566.5 3 1465A G Gap
567.5 3 14756 Q  Gap
569.5 3 1495D G Gap
570.5 3 1505G R Gap
5715 3 1515R P Gap 602925 561525
5725 3 1525P G Gap 20847
5735 3 1535G6 P Gap
576.5 3 165G P Gap
5795 3 1595G A Gap
580.5 3 1605A R Gap
5815 3 615R G Gap 320505 718972 11299 644590 231820 262050 557690 443650
582.5 3 625G Q  Gap
583.5 3 1635Q A Gap
593.5 3 735K G Gap 320505 718972 110912 644590 231820 262050 557690 44365
595.5 3 1755A A Gap
605.5 3 185R G Gap

342



Position

606.5

607.5

608.5

609.5

610.5

617.5

618.5

619.5

620.5
621.5
624.5
626.5
627.5
628.5
630.5
633.5
636.5
638.5
641.5
645.5
647.5
652.5
653.5
654.5
658.5
660.5
661.5
664.5
665.5
666.5
667.5
668.5
669.5
670.5
671.5
672.5
673.5
674.5

Row (QStagger)

D OO DO WWWWWWWWWWWWWWWWWWwWwWwwwow

Position (QStagger)

186.5
187.5
188.5
189.5
190.5
197.5
198.5
199.5
200.5
201.5
204.5
206.5
207.5
208.5
210.5
213.5
216.5
218.5
2215
2255
227.5
232.5
233.5
0.5
4.5
6.5
75
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
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Gap
Gap
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Gap
Gap
Gap
Gap
Gap
Gap
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Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
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Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
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(] Q [ Q
E E E E
[ [ = =
e 2 g 2
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= = = = £ £ £ £ £ £ £ £
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204980 858040 19092 291480

843700 365179

146070

507267 208157 462962 119897} 211220 611150 113179 573450 396390 115396 256619 240155

145180

1362950
170570

10509000 278647

699300

279325767270 0 174320 124250 240860

y

15_0_intensit:
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n 0 1) | | | | | | | |
- - - © © © © © ) ) ©

872820 360050

819920 781540 138240

177780 236270

337480

733359 310298 649104 633870 262420 742782 184104 948790 814530 542148 206557

944020

420360

111730 233850

610650

485863 421730 332845 633870 159810 221223 112900 948790 463130 30480 124206
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Position

675.5
683.5
686.5
692.5
693.5
694.5
695.5
696.5
701.5
702.5
704.5
707.5
716.5
717.5
718.5
719.5
720.5
7215
726.5
729.5
730.5
731.5
732.5
740.5
741.5
742.5
743.5
745.5
749.5
751.5
752.5
754.5
758.5
760.5
761.5
766.5
770.5
771.5

Row (QStagger)

[2REo RN RN REo RN R RE RN RN REo R R o RN R RN B oo RN BN R BN BEO RO N R RN R o RN RN B B o BNo BN BN RN e o))

Position (QStagger)

215
295
325
38.5
39.5
40.5
41.5
42.5
47.5
48.5
50.5
53.5
62.5
63.5
64.5
65.5
66.5
67.5
72.5
75.5
76.5
77.5
78.5
86.5
87.5
88.5
89.5
915
95.5
97.5
98.5
100.5
104.5
106.5
107.5
112.5
116.5
117.5
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Overlap
Overlap
Overlap
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Overlap
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Overlap
Overlap
Overlap
Overlap
Overlap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

0
1

NonStillborn Avg Time
NonStillborn Avg Time

2
3

NonStillborn Avg Time
NonStillborn Avg Time

y

11_0_intensit

y

11_1_intensit:

y
tensity

11_2_intensit:

11_3_ini

y

12_0_intensit;

y
y
y

12_1_intensit:

12_2_intensit:
12_3_intensit:

y

15_0_intensit:

> > >
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tensity

8_3_in

526584201410 521697 100700} 145500 691500 128260 537490 787690 620140 263210 267330 133280 507350 443330 909600 115890 171850 106460 182080 735390 644290 315150 103030
104385 744700

107692

207830 0 0 417540
430770

526584201410 523818 1007754 145500 691500 128260 537490 787690 620140 263210 267330 133280 507350 443830 912578 115890 171850 107308 182080 735390 644290 315150 103030

247270 776682

230850 328275 200670

537615
192136

153130

119092

26471C 533382

214435

493350 932000

493350 932000

318570 208370 499880

310673

1923400 131310 421740

181310

251270

318570 208370 525007

116890 148130 271770 165740 665620 689900 461761 893100 697140 530590
197440 155930 157490 342290 455030
268960

923400, 131310 127667

248220

380940

136634 148130 290052 165740 665620 847390 493739 893100 697140 604037

210248
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772.5 6 1185 L T Gap
7745 6 1205 G P Gap
776.5 6 1225 | G Gap
777.5 6 1235 G P Gap
778.5 6 1245 P P Gap
779.5 6 1255 P G Gap
780.5 6 1265 G P Gap 7 568700 227480
781.5 6 1275 P A Gap
782.5 6 1285 A G Gap
783.5 6 1295 G A Gap
784.5 6 1305 A P Gap
785.5 6 1315 P G Gap 138190 156490
786.5 6 1325 G D Gap 438767 671090 957410 293960 214520 539160 118360 143230 272040
787.5 6 1335 D K Gap 142393 164484 152158 155140 937390 751340 782390 114500 863090 317310 104940 487120 193120
788.5 6 1345 K G Gap 688815 3101141250860 299260 202520 275940 206920 847330 537460 140540 593100 149290 179370 871400 413010
789.5 6 1355 G E Gap 976272 340607 174916 283670 249810 810200 143700 297290 298790 345690 417880 263170
790.5 6 136.5 E T Gap 908130 189972 820200 183560 176150 227130 439700 110300 103110 128650 314320 346300 119240
791.5 6 1375 T G Gap 332365 170486 193025 7 586140 176110 225320 507890 265160 182060 546780
792.5 6 1385 G P Gap 132245 533155 404230 359380 601370 7 119210 868020 106080 161860 306140 394660 113980 850430 143920 166340 869970
793.5 6 1395 P S Gap 7 178320 324000
794.5 6 1405 S G Gap 229210 226100 209720 686870
795.5 6 1415 G P Gap 870475 269215 268794] 325940 213690 457770 7 226980 347560 121210 311110 418190
796.5 6 1425 P A Gap
798.5 6 1445 G P Gap
801.5 6 1475 G A Gap 410610
803.5 6 1495 R G Gap 674655 515857 110117 4224331162515 335198 468876 408218 358390 115410 387413 537393 7 108862 627096 285526 847330 648538 171504 758997 149290 210856 167512 591469
806.5 6 1525 P G Gap
808.5 6 1545 D R Gap
809.5 6 1555 R G Gap
812.5 6 1585 P G Gap
813.5 6 1595 G P Gap
816.5 6 1625 G P Gap
818.5 6 164.5 A G Gap
819.5 6 1655 G F Gap
820.5 6 166.5 F A Gap
821.5 6 1675 A G Gap
822.5 6 1685 G P Gap
825.5 6 1715 G A Gap
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Position

826.5
827.5
833.5
834.5
842.5
844.5
845.5
848.5
849.5
850.5
851.5
852.5
853.5
854.5
855.5
856.5
857.5
858.5
859.5
860.5
861.5
862.5
863.5
864.5
865.5
867.5
869.5
872.5
873.5
874.5
875.5
876.5
877.5
878.5
879.5
880.5
881.5
887.5

Row (QStagger)

[2RE RN RN REo R RN RE RN R REo R RE RN R R B oo RN BE o R BN BEO RO N R RN BB RN R e B RN R BN RN e o))

Position (QStagger)

172.5
173.5
179.5
180.5
188.5
190.5
191.5
194.5
195.5
196.5
197.5
198.5
199.5
200.5
201.5
202.5
203.5
204.5
205.5
206.5
207.5
208.5
209.5
210.5
211.5
213.5
215.5
218.5
219.5
220.5
2215
2225
223.5
2245
2255
226.5 A
2275 T
233.5 A
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p
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

Q 9 9 Region

NonStillborn Avg Time 0

NonStillborn Avg Time 1

NonStillborn Avg Time 2
NonStillborn Avg Time 3

563107 100167
126760 100167]

681375 19202

y

11_0_intensit

y

11_1_intensit:

y

11_2_intensit

y

11_3_intensit:

y

12_0_intensit;

y

12_1_intensit

y

12_2_intensit

y

12_3_intensit

y

15_0_intensit:

y

15_1_intensit

y

15_2_intensit:

y

15_3_intensit

y

6_0_intensit:

y

6_1_intensit

y

6_2_intensit:

y

6_3_intensit:

y

8_0_intensit:

y

8_1_intensit

y

8_2_intensit:

y

8_3_intensit:
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888.5 9 05 G R Overlap
889.5 9 15 R \% Overlap 681375 19202
891.5 9 35 G P Overlap
892.5 9 45 P P Overlap
893.5 9 55 P G Overlap
894.5 9 6.5 G P Overlap
896.5 9 85 S G Overlap
897.5 9 95 G N Overlap
898.5 9 10.5 N A Overlap
899.5 9 115 A G Overlap
900.5 9 125G P Overlap
901.5 9 135P P Overlap
903.5 9 155G P Overlap
906.5 9 185G P Overlap
908.5 9 205 A G Overlap
909.5 9 215G K Overlap
910.5 9 225K E Overlap 681050
914.5 9 265K G Overlap
916.5 9 285 P R Overlap 743625
917.5 9 295R G Overlap 646900 54052 478850
925.5 9 375R A Overlap 646900743625 875772 54052 778890 478850
926.5 9 385A G Overlap
927.5 9 395G E Overlap
928.5 9 405 E \% Overlap
930.5 9 425G P Overlap
931.5 9 435P P Overlap
933.5 9 455G P Overlap
934.5 9 465P P Overlap
936.5 9 485G P Overlap
938.5 9 505 A G Overlap
939.5 9 515G E Overlap
940.5 9 525 E K Overlap
941.5 9 535K G Overlap 57654£ 304155 556649 7 106170 637800 530680 642670 144950 395140 163688 177550 726420 380980
945.5 9 575G A Overlap
946.5 9 585A D Overlap
947.5 9 595D G Overlap 855225 273380 844320 230320
948.5 9 605G P Overlap
949.5 9 615P A Overlap
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950.5 9 625A G Overlap 152810
951.5 9 635G A Overlap
952.5 9 645A P Overlap
9535 9 655P G Overlap 786000 314400
954.5 9 665G T Overlap 368970 669257 578690 468140 874600 811160 601280 109720
955.5 9 675T P Overlap 256425 388290 199410 102570 976330
956.5 9 685P G Overlap 317000 163320
957.5 9 695G P Overlap 121247 131425 718640 484990 248410
959.5 9 715Q G Overlap
960.5 9 725G | Overlap
962.5 9 745 A G Overlap
963.5 9 755G Q Overlap
9%55 9 775R G Overap  |576542517402 211448 217777578690 718640 109443 106170 268680 296500 530680 832700 701834 223620] 0 105809 633743 0 177550 726420 114994 617840
966.5 9 785G \% Overlap
967.5 9 795V \% Overlap
968.5 9 85V G  Gap
o745 9 85R G Gap 204900 296500, 448480 2236200 554330 420680 1617840
o775 9 85R G Gap » /358820 708780, 0 596910 397400 285820 1226210 253440 742210{ 0 602520 429160
978.5 9 905G F Gap
9795 9 915F P Gap 742550 128932 245110 297020 270620
980.5 9 ®@5P G  Gap
9815 9 935G L Gap
982.5 9 945L P Gap
984.5 9 9%5G P Gap
986.5 9 985S G Gap
990.5 9 125G K  Gap
9915 9 135K QG 18555 407455 191606 766463 364020 234699 0 111090 125098 101162 0 596910 619470 294307 0 810180 232180 158254 742210 111640 347202 117888
993.5 9 155G P Gap 150012 892980 344820 165930
10015 9 1135R G Gap 258227 103171 742444 1364020 226640, 0 111090 892160 302840 241645 268743 0 810180 123560 156064 0 111640 286950 113735
1002.5 9 145G P Gap
1003.5 9 1155 P P Gap
1004.5 9 1165P G Gap
1005.5 9 175G P Gap
1006.5 9 1185 P M Gap
1007.5 9 1195M G Gap
1008.5 9 12056 P Gap
1009.5 9 1215P P Gap
1010.5 9 1225P G Gap
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g <) o
s 8 5§ @
= = om
82§ 3 3 3
1011.5 9 1235 G L
1012.5 9 1245 L A
1013.5 9 1255 A G
1014.5 9 1265 G P
1017.5 9 1295 G E
1018.5 9 1305 E S
1019.5 9 1315 S G
1020.5 9 1325 G R
1021.5 9 1335 R E
1023.5 9 1355 G A
1024.5 9 136.5 A P
1033.5 9 1455 R D
1040.5 9 1525 K G
1045.5 9 1575 E T
1047.5 9 1595 G P
1049.5 9 1615 A G
1050.5 9 1625 G P
1052.5 9 1645 P G
1053.5 9 1655 G A
1054.5 9 166.5 A P
1055.5 9 1675 P G
1056.5 9 1685 G A
1057.5 9 1695 A P
1058.5 9 1705 P G
1059.5 9 1715 G A
1060.5 9 1725 A P
1062.5 9 1745 G P
1066.5 9 1785 P A
1068.5 9 1805 G K
1069.5 9 1815 K S
1070.5 9 1825 S G
1071.5 9 1835 G D
1072.5 9 1845 D R
1073.5 9 1855 R G
1074.5 9 186.5 G E
1075.5 9 1875 E T
1076.5 9 1885 T G
1077.5 9 1895 G P

ion

Reg

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

tensity

8_0_in

183710

y

tensity
tensity

8_1_in
8_2_intensit
8_3_in

121190

825550
240970
563760
299718 278930
267490
318490

256740

279380 200100f

499190 100090

346528 882087 510980 514490 267076 744622

242200 287050)

349760 362750 163680f

963810 101510

108460 672540 324060
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12934 421580 517360
320325 80616 549750 128130
142212 361755 106507] 39940 131750 568850 617060 107540 829960
357800 161602 499425] 15667 764460 237190 199770 143120 409220
641850
40332¢€ 223414. 386945 962950 118587 146373 371687 300449 926971 375325 294138 103840 422193 295730 103875 110056 284180 546577 123953 108467 945860 667941 12793
45927 691450 415120
444882 185004 114599 89151 206550 221290 635830 210670 946660 479880 114370 155300 210310
414232 143879 39221 232680 662530 386700 217640 994400 376590 350320
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100840 308682 103444 263395650310 246810 218760 252530 174420 144850 244070 283830 350340 990610 413730 200580
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1078.5 9 1905 P A
1079.5 9 1915 A G
1080.5 9 1925 G P
1081.5 9 1935 P A
1082.5 9 1945 A G
1083.5 9 1955 G P
1084.5 9 1965 P I
1085.5 9 19751 G
1086.5 9 1985 G P
1087.5 9 1995 P \"
1088.5 9 2005V G
1089.5 9 2015 G A
1090.5 9 2025 A R
1091.5 9 2035 R G
1092.5 9 2045 G P
1093.5 9 2055 P A
1100.5 9 2125 R G
1101.5 9 2135 G D
1102.5 9 2145 D K
1103.5 9 2155 K G
1105.5 9 2175 E T
11125 9 2245 R G
1147.5 12 255 Q G
1148.5 12 265 G P
1149.5 12 275 P P
11515 12 295 G S
1157.5 12 355 G K
1158.5 12 36.5 K D
1159.5 12 375 D G
1160.5 12 38.5 G L
1161.5 12 395 L N
1162.5 12 405 N G
1163.5 12 415 G L
1164.5 12 425 L P
1165.5 12 435 P G
1166.5 12 445 G P
1169.5 12 475 G P
1172.5 12 50.5 G P

ion

Reg

Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

0
1
2
3

NonStillborn Avg Time
NonStillborn Avg Time
NonStillborn Avg Time
NonStillborn Avg Time

y
y
y
y

tensity

11_0_intensit:

11_1_intensit:
11_2_intensit:
12_0_intensit;

11_3_ini

-
N
s
N
=
o

185002 821111

19519 598460 432610

296062 792342

147670936990 240120 158940 954240
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126200 852470 239340 106930 391080 151290 119280
444820 270800 251680 362750 480970 212300 408020 253750 133700

943422 309968]

175282 320017 165621

405630 240270 104887 462390 7

337502 295955 265301

215587 982275 442080

138580 160580 260452 653870

1935572 263646 6592200 120495978020 360892 265979 O

302260

16814418900

112667 567854

383317 129982

 48033C 218335 505015 943067
106135
208727

/987850
545126 147588 499385

570216 159007 544972
145012

a1

774690 852580 885510 211565 113040 905200 492220

683340 562307 610270 566790 268962

298610 839100 709940 114204 123802 699280

455570 314580 535056/ 0 328672 219020 608775 194970 629860 326016 862290

122738 1828740 120904 160470 494380 179172 49062+

7 559400 583070 348370

170210 101650 144519 820490 195163

593960 408980

593960 408980

217290 619750 7 148160 503970 129600 118490 355210 410860

312370 246606 741078 750090 518922 469492 800187 0 244241 662485 152287 165334 789392 641478 139510
424540

834910

255140 140000
/304840 138140 300330 0 127090 476610 494130 0 630310 399530 469980, 0 248310 129350 100340

/304840 180415 300330, 0 137126 556488 547553 0 630810 438789 535580 0 248310 123550 106672

580050
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Position

Row (QStagger)

Position (QStagger)

AA Before

AA After

Region

NonStillborn Avg Time 0

NonStillborn Avg Time 1

NonStillborn Avg Time 2

NonStillborn Avg Time 3

11_0_intensity

11_1_intensity

11_2_intensity

11_3_intensity

12_0_intensity

12_1_intensity

12_2_intensity

12_3_intensity

15_0_intensity

15_1_intensity

15_2_intensity

15_3_intensity

6_0_intensity

6_1_intensity

6_2_intensity

6_3_intensity

8_0_intensity

8_1_intensity

8_2_intensity

8_3_intensity
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Appendix C, Table 3
g
5 8
g &
§ 8 § ¢ &
g 3 & < g
o (4 o
22.5 -1 -1C Q
23.5 -1 -1.Q S
315 -1 -1 R K
37.5 -1 -1 D R
415 -1 -1 R G
445 -1 -1 R G
52.5 -1 -1 R D
62.5 -1 -1 P G
79.5 -1 -1 A Q
81.5 -1 -1 F D
84.5 -1 -1 K G
85.5 -1 -1 G G
86.5 -1 -1 G G
87.5 2 05 G P
88.5 2 15 P G
89.5 2 25 G P
97.5 2 105R G
110.5 2 235G F
111.5 2 245 F Q
112.5 2 255Q G
113.5 2 265G P
116.5 2 295G E
117.5 2 305E P
118.5 2 315P G
119.5 2 325G E
120.5 2 335E P
1215 2 345P G
130.5 2 435R G
133.5 2 465P G
134.5 2 475G P
138.5 2 515K A
139.5 2 525A G
140.5 2 535G E
141.5 2 545 E D
1425 2 555D G
144.5 2 575H P
149.5 2 625G R
150.5 2 635R P

Region

Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
Telopeptide
N-terminal
N-terminal
N-terminal
N-terminal
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

NonStillborn Avg Time 0
NonStillborn Avg Time 1
NonStillborn Avg Time 2
NonStillborn Avg Time 3

45140C 730305 273665
651522
102832

113772 351962

45140C 177229 243601

160755

1165495 132762 660751
885575 466075

691400

165495 141618 672326

y

11_0_intensit;

y

11_1_intensit

y

11_2_intensit;

tensity

11_3_in

y

12_0_intensit

y

12_1_intensit

1194560

y

12_2_intensit;

y

12_3_intensit;

1254030

y

15_0_intensit

y

y

y

15_1_intensit

15_2_intensit
15_3_intensit;

y

6_0_intensit:

intensity

intensity

y

y

6_3_intensit
8_0_intensi
8_1_intensit;

6_1

7 101120 521280 369750 180560 113160

y

8_2_intensit;

339230

intensity

407000

165923 250088

1601090 153830 933040
1186430

276560

789240 114780

896200

615200

1156540 539380

119790

779680

125570 102060
708540 626890
342730

180044 413289

643020

1252220 128750
1354230

1287643 128750

124830

455000 485180
1669550 829660
180560 362952 311029

189210

352



Position

152.5
154.5
157.5
163.5
165.5
167.5
174.5
175.5
178.5
187.5
192.5
196.5
197.5
198.5
200.5
201.5
203.5
204.5
205.5
206.5
2145
220.5
2225
226.5
227.5
232.5
242.5
2445
245.5
248.5
249.5
250.5
251.5
252.5
254.5
255.5
257.5
262.5

Row (QStagger)

N NN DN DNDNDNDDNDNDNDNDNDDNNMDNNDNDNDNDNDNNMDNDNDNMNDNNDNDNNDDNDNDNNMDNDNNDNDNDNDNDNDNDDNDNDNDNDNDNDDNDNDN

Position (QStagger)

65.5

67.5

70.5

76.5

78.5

80.5

87.5

88.5

91.5
100.5
105.5
109.5
110.5
111.5
113.5
114.5
116.5
117.5
118.5
119.5
127.5
133.5
135.5
139.5
140.5
145.5
155.5
157.5
158.5
161.5
162.5
163.5
164.5
165.5
167.5
168.5
170.5
175.5

XOTMOTO>PONEA@POEIO@UVUIININEZME>»EOMEX>XDTXTEOTI<IT O AABefore

@> T TTITOE>®IEIEIOE<OEOAOZMIT>TMEITOEOOX—T OO O M AAAfter

Region

Overlap
Overlap
Overlap
Overlap
Overlap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

NonStillborn Avg Time 0
NonStillborn Avg Time 1
NonStillborn Avg Time 2
NonStillborn Avg Time 3

533902 768242 126369 812609
533902 768242 126369 812609

668400 932500

668400 932500

1597827 141255 255690

637074 161936 338999
177787

373270

144137 138675 393049

1104016 101567
844950 581962

754500 0 160967

883825 795600 140149

103197 103157 127053

y

11_0_intensit;

y
y

tensity

11_1_intensit
11_2_intensit

11_3_in

y

12_0_intensit

y

12_1_intensit

y

12_2_intensit;

y

12_3_intensit;

1598460 501540 620740 505310 164200 614070 123370
1598460 501540 620740 505310 164200 614070 123370

114600 244760

114600 549962 401102

1204260
1103690 804910
117490 193830

584680
506500

1255540 443990

113060

346550 895490

155570 189665 480621

711150

118550

864190
1343400

1508020

y

15_0_intensit

y

15_1_intensit

y

y

15_2_intensit
15_3_intensit;

1170590 107050 369850
170590 107050 369850

y

6_0_intensit:

intensity

intensity

y

tensity

y

y

intensity

8_1_intensit;

8_0_in
8_2_intensit

6_3_intensit;

6_1

/863770 173700 155400 163030 339100 163320 120320
/863770 173700 155400 163030 339100 163320 120320

159390

175088

576550

337980
301800
1353530

118510 477920

129550 564215

628890
1250550
110400 406270

1143250

870610 544840

641840 359450

1641840 398246 912190 100983 652484

754700 424760
103070
177600
1204150
318240 193280

241910

193790 269760 186380 7 553090

353



Position

263.5
264.5
265.5
266.5
267.5
268.5
269.5
270.5
271.5
2725
280.5
281.5
283.5
287.5
288.5
290.5
293.5
294.5
296.5
297.5
299.5
300.5
301.5
302.5
303.5
307.5
308.5
309.5
310.5
311.5
3125
313.5
314.5
323.5
325.5
326.5
327.5
328.5

Row (QStagger)

O g a N DN DNDNDNDDNDNDNDMDNDNDNDNDNNDNDNNDDNDMDNMDNDNNDNNDDNDNDNDMDNDNDNDNDNDNDDNMNDNDNDDNDNDNDNDNDND

Position (QStagger)

176.5
177.5
178.5
179.5
180.5
181.5
182.5
183.5
184.5
185.5
193.5
194.5
196.5
200.5
201.5
203.5
206.5
207.5
209.5
210.5
212.5
213.5
214.5
2155
216.5
220.5
221.5
222.5
223.5
2245
2255
226.5
227.5
25
4.5
5.5
6.5
7.5

T T OIXTOOITrrNOE»2?2?OXTEOZP»OZOITOOTNO<OIO®IZOS<TOTT MO AABefore

® UV T EOEIUVT<EOEUTMCOO>»P>»EOUTVCEOZPX TV ZTVTTVT T OCDOMEOTEOTZO<TTGOT MAAAfter

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap

© 9 9 Region

NonStillborn Avg Time 0

| 464775

= ~ ™
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£ £ £
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c c c 3

£ £ £

o o ] H

2 28 2 2
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< < < ]
] ] ] -

z z z -

160272 364147
198497

y

11_1_intensit
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260700

207020 129990 160260

101990

846000
760110 129990 113244

1913940 292640 187710 575610 142760
176180 538680 116370 229140 115870
394310 2467800 576290

825574 429723 2166570 556940 110058 853558

221160 371420 407500 521200
1538440 280070 185910 170470 629600
342990

177090
287705 741039 170470 163364 864190

185910

270100 207520

508290 245270
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Position

329.5

330.5

331.5

338.5

340.5

341.5

342.5

352.5

358.5
362.5
364.5
365.5
366.5
368.5
370.5
3715
378.5
379.5
380.5
381.5
382.5
383.5
384.5
385.5
386.5
387.5
388.5
389.5
392.5
395.5
396.5
397.5
398.5
399.5
400.5
403.5
409.5
4115

Row (QStagger)

LS IS IS, G, RS, BN, BRGNS, RS, RN & BRNG, BRNG, BN &) BRI BRGNS, RIS, BRI S BRRG, BRNG, RN 6, BRI S) BRRS L RRNG RIS, IR 6) BRNS) NG, RRNG, IR &) BN &) RENIG RS, RN &) IR &) BRSNS, IS |

Position (QStagger)

8.5

9.5
10.5
17.5
19.5
20.5
21.5
31.5
37.5
415
43.5
44.5
45.5
47.5
49.5
50.5
57.5
58.5
59.5
60.5
61.5
62.5
63.5
64.5
65.5
66.5
67.5
68.5
71.5
745
75.5
76.5
77.5
78.5
79.5
82.5
88.5
90.5

TOXTTZOAICOEOO®> TO - MOA0OIXOIOOO<SOXXATOIO< T O AABefore
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Region

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap

Gap

Gap

o - N ©

Q Q [ [

E E £ £
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< 2 I |z oz oz 2 2 oz oz 2 2 oz Z 2 s smas
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386388 150262 614350] 26286
598675 108793 14042
550800

527023 189498 882069 27576

20241

930975 647850 48785

20241

31792

930975 647850 16992

403950 16220
246890
23535£ 327085 205434

268050 796510 934840
169390

268050 844321 100126

372085

746450 972280 142160 965190 187290 562690
193120 213570 121640
220320

746450 110667 153786 150378 211372 621753

796800
190150 372390 489550
796800
190150 372390 489550
648800
364710 447300 139990 717890

505720 192850 911790
279450 345340

505720 271624 150240

536200

259140 127170

536200

127170

259140

161580

861040 340678

y
y

8_1_intensit;

8_0_intensi
8_2_intensit;

y

8_3_intensit;

123680

S
S
S
o
S

239470 136410

239470 164331

987560
941420 341070

202060

125034

193790

193790

355



Position

412.5

413.5

4215

4225

430.5

431.5

432.5

433.5

434.5
435.5
438.5
441.5
443.5
444.5
448.5
449.5
450.5
452.5
453.5
461.5
462.5
463.5
464.5
466.5
467.5
468.5
469.5
470.5
471.5
4725
473.5
474.5
475.5
476.5
477.5
479.5
481.5
482.5

Row (QStagger)

LS IS IS G, RS BRI BRGNS, RS, RN &) BRNG BRNG, B &) BRI BRGNS, RIS, BRI S BRRG, BRNG, RN &) BRI S) BRIS L RRNG RIS, BN 6) BRI, BURG, NG, B 6) BN &) RENIG ) RS, RN &) IR &) BRGNS, o) |

Position (QStagger)

91.5

92.5
100.5
101.5
109.5
110.5
111.5
112.5
113.5
114.5
117.5
120.5
122.5
123.5
127.5
128.5
129.5
131.5
132.5
140.5
141.5
142.5
143.5
145.5
146.5
147.5
148.5
149.5
150.5
151.5
152.5
153.5
154.5
155.5
156.5
158.5
160.5
161.5

@>POTOEUITUIOEI - O@IrE@POMAXE@®ETME@ITCOMITIOZTOIOI O > AABefore

>0 TV - 0O UTAOGO - @IV COEIUEMXTO I TNMEICTIONOIGOZTO>O < O AAAfter

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

® 9 © Region

o - N ©
o o o [
E E E £
- - - =
g o g o
> > > >
< < < < 2 2 2 2 2 2 2 2 2 2 2 2 > > > >
£ £ £ £ » @ 0 @ ‘D ‘@ ] @ K] i 8 8 £ = £ £
o o o ) c c c c c c c c c c c c 7] 7] 7] [
o o o o Q ) [ 7] [ [ [ [ [ [ [ [ c c c c
7 n 0 »n I - I { | - I { { - | | £ £ £ £
5 5 5 5 M_ ll .“_ H_ M_ o M_ N_ M_ M M_ M_ 0“ 1_ 2" 3"
z z z =z -~ -~ -~ - -~ -~ -~ -~ -~ -~ -~ - © © © ©
38097 147842 27312 152390 135360 591370 364210
34012 132250 370380 215260
470042 124793 421158 409470 465220 646780 764100 213160 110160 135473 174650 273190 357190 171870 595761
164065 216465 27606. 193270 227230 656260 367470 362510
19659C 922493 219081 409470 465220 646780 750558 611710 213160 110160 105717 174650 229116 217200 622934 857660 270650
503675
120985 483940
27928 608150
95415C 275875 151992 22040 148170 322200 291570 703780 110350 137410 493750 381660 303370
25487 48077 101950 192310
841142 91141 162610 115060 353810 378490 175360 174170
10483 219930 211090
344472178075 415288 920910 126990 228040 129250 709370 270490 182850 366540 384830 393770 190400 591513
116442 373497 482620f 21984 220150 108370 586020 465770 440990 266760 661960 142590
246180 26159 460810 633170 889440 517410 461400

y
y
y

8_0_intensi

8_1_intensit;

8_2_intensit;

8_3_intensit;

592940
774850

941420 327990 621522

865860 351550
327990 278315

201470

509000
178990 458510

283540 141040
186270

854870 844230 414320
391040 179220

467310 432710

356



Position

484.5
486.5
493.5
496.5
501.5
504.5
508.5
509.5
511.5
517.5
520.5
523.5
526.5
527.5
529.5
531.5
532.5
541.5
544.5
547.5
551.5
552.5
553.5
554.5
555.5
556.5
557.5
558.5
559.5
567.5
5715
572.5
573.5
574.5
575.5
576.5
577.5
578.5

Row (QStagger)

@ W 0 @ W C o G O o U1 O ;1 ;1 U0 O 1 1 U7 OO O O OO OO O O v OO O O 00 o0 00 O o O

Position (QStagger)

163.5
165.5
172.5
175.5
180.5
183.5
187.5
188.5
190.5
196.5
199.5
202.5
205.5
206.5
208.5
210.5
2115
220.5
223.5
226.5
230.5
231.5
2325
233.5
234.5
235.5
25
3.5
4.5
12.5
16.5
17.5
18.5
19.5
20.5
21.5
225
235

ETME T - OIX>TOEICEOTOE>OXTIVTOEZO0TI>EXXO X T M AABefore

CETME T T E@TOFPITOITCIEOTOONMOTO> ®OOA@OIO>T OO T O AAAfer

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

@ 9 © Region

y

intensity

-

11_2_intensit;

-
-

tensity

11_3_in

> > > >
[} [7] [7) 7]
c c c c
[ [ [} [
2 2 2 2
5 £ £ £

| | I |
S N N b
N N N N
-~ -~ -~ -~

y

15_0_intensit

y
y
y

15_1_intensit

15_2_intensit
15_3_intensit;

> > > > > > >
= = = & = = = =
] ] [ @ ] ] [ 7}
c c c c c c c c
] ] ] I} ] ] ] o
2 2 2 2 2 2 2 2
£ £ £ £ £ £ £ £
© © © © © © © ©

o - o~ el
o o o ©
£ £ £ E
& [ i =
g 2 2 2
< < < < >
£ £ £ £ @
o o o ] H
E] E] 2 2 m
= = = = =
¢ & & a |
o ) o o -
=z =z =z z -~
379501178467 427934 94289
52070
918225

781872 724290 12575
272071412410 478122

182502 593415 179164 30538

454572426162 577650

931950
931950

57255

57255

126990 229741

501310 266650
273150 573940 172310 701760 695870 400040 187920 117980 771100

129250 709370 273405 198176

267260 399240

881850 133540 460280

740380 138250

368109 390183

262840 247860 386190
254140

533886 190400 598619 854870 844230 449528

782230 130060
367290
499090 277340 191373 210470 269040
214110 607130 727480 124960 180570

159030 111470 103240

273150 573940 173693 717780 115615 400040 191332 119761 7711001421870 613470 141859 423870 110631 757933

229020

229020

209760 607220 419880 660990 474220 176140 111270 443500

120170 125136 260131

372780
372780

357



Position

583.5
584.5
585.5
586.5
589.5
590.5
591.5
592.5
593.5
594.5
595.5
596.5
597.5
598.5
599.5
601.5
602.5
603.5
605.5
606.5
607.5
608.5
612.5
614.5
618.5
619.5
620.5
622.5
623.5
624.5
625.5
626.5
627.5
629.5
630.5
631.5
632.5
634.5

Row (QStagger)

© 0 0 O W o 0 W W 0 o O W 0 0 W W 0 o 0 W W 0 0 W W 0 0 W W 0 0 0 W 0 0 o©

Position (QStagger)

28.5
29.5
30.5
315
345
35.5
36.5
37.5
38.5
39.5
40.5
41.5
42.5
43.5
44.5
46.5
475
48.5
50.5
51.5
52.5
53.5
57.5
59.5
63.5
64.5
65.5
67.5
68.5
69.5
70.5
71.5
72.5
74.5
75.5
76.5
775
79.5

OE>A0>PO0<<OTOEXZOITOEINE ITOAO>»>»OOMEeTITOII>QO > AABefore

@ TO>» 4 T>PO0<<OMOEATIIOEION® - TEIO> >0O0OMETI OG> O AAAfer

Region

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

y

y

y

y

tensity

NonStillborn Avg Time 0
NonStillborn Avg Time 1
NonStillborn Avg Time 2

512870

NonStillborn Avg Time 3

229935

556710)

11_0_intensit
11_1_intensit
11_2_intensit

11_3_in

191210 606970

118020

196540

401237

1234395

271320

251612

555820

105697

398225

105796

505680

550000

976132

1204780 885200
9

1047600 635800 468390

0 885200
1685090 308010
0 468390

0

127620

| 347900 514759 158862 337267] 440387 129820 595710 426213

| 34790C 248614 136155
1382800

120490 129820

3543500317340

928000

12_0_intensit

> > > > > > >
[7] [7) 7] [7] [7] [} [7)
c c c c c c c
[ [} [ [5] [ [ [
2 2 2 i 2 2 2
£ £ £ £ £ £ £

| I | | | | I
N N b S = N i
N N N n n n n
-~ ~ -~ -~ -~ -~ -~

1180270 267900 244170
1926830 904780
575850 404030

207590 169320 166830
667150 480530
524650

1128690

178350 160610 232960

y

6_0_intensit:

intensity

intensity

y

6_3_intensit;

6_1

118390

163770 318750
775530

140640

360680 242790 437670 426840

1960660 106734 832724 139160 106100 108787 106633

139160 600840
153120

128640 373920
494610 153000

194510 720320

749216 261682 566681

243140 544620

8_0_intensi

y

y

intensity

8_1_intensit;
8_2_intensit;

240530

372970 299440

766670

173770

125520

720200

681330 143180

152754 158246 592484

1931990

358



Position

635.5
643.5
645.5
652.5
655.5
661.5
662.5
663.5
664.5
669.5
670.5
673.5
680.5
681.5
682.5
683.5
684.5
686.5
687.5
688.5
689.5
690.5
691.5
692.5
693.5
694.5
695.5
696.5
697.5
698.5
701.5
703.5
704.5
706.5
708.5
7125
717.5
7215

Row (QStagger)

© 0 0 W 0 0 W W 0 o 0 W 0 0 W W 0 o 0 W W 0 0 W W 0 0 W W 0 0 0 W 0 0 o©

Position (QStagger)

80.5

88.5

90.5

97.5
100.5
106.5
107.5
108.5
109.5
114.5
115.5
118.5
125.5
126.5
127.5
128.5
129.5
131.5
132.5
133.5
134.5
135.5
136.5
137.5
138.5
139.5
140.5
141.5
142.5
143.5
146.5
148.5
149.5
151.5
153.5
157.5
162.5
166.5

ZITADOIOPOOEPTOE>MEANOIEZ>ETOT>0ONDID<0TOIXXP>T O AABefore

@> 0T OEITO®IITOE> ITO>»MOEIOZ>>» TOI>»OO06O<006G6 >0 T AAAfer

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

® 9 © Region

o - o~ el

Q Q Q [

£ £ £ E

F F S [

g 2 2 2

< < < < >

< < < c @

£ £ £ £

o o o ] H

E] E] 2 2 2
= = = £

7] 7] 7] (7] o

< < < [ |

o o o ) -

z z z z -~

126748

126749

312590 442175

187397 675620
114289

728455

y

11_1_intensit

y

11_2_intensit;

tensity

11_3_in

135740

1289250

y

12_0_intensit

y

12_1_intensit

y

12_2_intensit;

456880

y

12_3_intensit;

176870

711520

253690

y

15_0_intensit

y

y

y
y

15_1_intensit;
15_2_intensit;
15_3_intensit
6_0_intensit

165430 275450

936980

822577

208521) 361633 429760 579680

910720

372750

242113

145650 372750 178840 452110 200530

673980

intensity

6_1

992790 356300

903220 162280 641210

intensity

316240 152670
386000

137620

y

6_3_intensit;

tensity

8_0_in

y

8_1_intensit;

y

8_2_intensit;

793480

intensity

267920 900330

271260

266760

356280 230460 256500 110570 367430

108416

408642

729400

541390

477990

125120

161190

124590

448270

149100

429080

139930

581380

401842

123166

514072

67440
150090

107502 545737 986289 2419631613181 429760 633626 182347 372750 178840 492804 242672

438907 734575

907280 130220

293830

398040
371090

421210

978290

503870 553870

204160

706910

485250

107533 428369 101142 162280 667237 150848 423489 230460 261538 151550 418956

175563

359



Position

722.5
723.5
724.5
7255
728.5
7315
736.5
739.5
742.5
745.5
748.5
749.5
752.5
754.5
755.5
756.5
757.5
758.5
759.5
760.5
761.5
763.5
764.5
766.5
775.5
776.5
777.5
786.5
791.5
792.5
793.5
794.5
795.5
796.5
797.5
798.5
799.5
800.5

Row (QStagger)

© O 0 0 0 O O 0 o 0 W 0 0 0 W 0 0 0 W W 0 0 0 W 0 0 o©

©

Position (QStagger)

167.5
168.5
169.5
170.5
173.5
176.5
181.5
184.5
187.5
190.5
193.5
194.5
197.5
199.5
200.5
201.5
202.5
203.5
204.5
205.5
206.5
208.5
209.5
2115
220.5
221.5
222.5
231.5

25

3.5

4.5

5.5

6.5

7.5

8.5

9.5

105 A

115 G

TEUTITOATOETMOOGIZOEONO>>»O<TO-S00ZXXITXOOO>T O AABefore

T®O>» T EOUVIUTO-EATITOOOO T TE>»>»<TOUTITOOO0O0OO > T O > T AAAfter

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap

@ © O Region

NonStillborn Avg Time 0

NonStillborn Avg Time 1

NonStillborn Avg Time 2
NonStillborn Avg Time 3

276400 734575

y

11_0_intensit;

y

11_1_intensit

y

11_2_intensit;

713990 130220

1193290

y

11_3_intensit

y

12_0_intensit

y

12_1_intensit

y

12_2_intensit;

y

12_3_intensit;

y

15_0_intensit

y

15_1_intensit

y

15_2_intensit

y

15_3_intensit

y

6_0_intensit

y

6_1_intensit

y

6_2_intensit

y

6_3_intensit;

intensity

y

8_1_intensit

intensity

y

8_3_intensit;

360



Position

801.5
806.5
809.5
812.5
813.5
817.5
820.5
828.5
830.5
831.5
833.5
835.5
836.5
840.5
842.5
844.5
8455
851.5
852.5
853.5
854.5
855.5
856.5
857.5
858.5
859.5
860.5
861.5
862.5
863.5
864.5
865.5
866.5
867.5
868.5
869.5
876.5
877.5

Row (QStagger)

1"
1"
11
11
11
11
1"
11
1"
11
11
11
11
1"
1"
11
11
11
11
11
1"
1"
11
11
11
11
11
11
11
11
11
11
11
1"
11
11
11
11

Position (QStagger)

12.5
17.5
20.5
235
24.5
28.5
315
39.5
41.5
425
445
46.5
47.5
51.5
53.5
55.5
56.5
62.5
63.5
64.5
65.5
66.5
67.5
68.5
69.5
70.5
71.5
72.5
73.5
745
75.5
76.5
77.5
78.5
79.5
80.5
87.5
88.5

AA Before

T OEOITVTPPONE OO0 TOUTAHOTITO>» 1060 X6O0TEO>»6O0MEITITIITXOOO

X TOIT>POCEOOTOUTAOTITEOE>»-TOM<TO>»T M-AOOMX T T O AAAfter

Region

Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Overlap
Gap

Gap

Gap

NonStillborn Avg Time 0

NonStillborn Avg Time 1

NonStillborn Avg Time 2

NonStillborn Avg Time 3

y

11_0_intensit;

y

11_1_intensit

y

11_2_intensit;

tensity

11_3_in

858250
858250

910840
910840

y

12_0_intensit

y

12_1_intensit

> >
= =
[ 7]
c c
Q Q
- -
£ £

| |
2_ 3_
N N
-~ -~

106500 143070
106500 143070

y

15_0_intensit

y

15_1_intensit

y
y

15_2_intensit

15_3_intensit

1189580 910090
189580 910090

y

6_0_intensit

intensity

6_1

y

6_2_intensit

y

6_3_intensit;

8_0_intensi

y

8_1_intensit

y

8_2_intensit

y

8_3_intensit;

361



Position

880.5
881.5
882.5
883.5
884.5
885.5
886.5
887.5
888.5
889.5
890.5
891.5
892.5
893.5
894.5
895.5
896.5
897.5
898.5
899.5
900.5
902.5
903.5
904.5
906.5
908.5
909.5
911.5
912.5
913.5
914.5
916.5
924.5
925.5
926.5
927.5
931.5
936.5

Row (QStagger)

1"
1"
11
11
11
11
1"
11
11
11
11
11
11
11
1"
11
11
11
11
11
1"
1"
11
11
11
11
1"
11
1"
11
11
11
11
1"
1"
11
11
11

Position (QStagger)

91.5

92.5

93.5

94.5

95.5

96.5

97.5

98.5

99.5
100.5
101.5
102.5
103.5
104.5
105.5
106.5
107.5
108.5
109.5
110.5
111.5
113.5
114.5
115.5
117.5
119.5
120.5
122.5
123.5
124.5
125.5
127.5
135.5
136.5
137.5
138.5
142.5
147.5

TUZEUAZOEITZEZOITI>PEIOE> " OF TEIMOE<®O>><0 T O D AABefore

UOTZO@UO<OUIUZ<ZITOAI>»TITO> - O@CTOITMOE<O®O>><O0 T O AAAfter

P
p
p
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap
Gap

@ 9 © Region

NonStillborn Avg Time 0

NonStillborn Avg Time 1

NonStillborn Avg Time 2

NonStillborn Avg Time 3

y

11_0_intensit;

y

11_1_intensit

y

11_2_intensit;

y

11_3_intensit

y

12_0_intensit

y

12_1_intensit

y

12_2_intensit;

y

12_3_intensit;

y

15_0_intensit

y

15_1_intensit

y

15_2_intensit

y

15_3_intensit;

y

6_0_intensit:

y

6_1_intensit;

y

6_2_intensit;

y

6_3_intensit;

ity

8_0_intensi

y

8_1_intensit;

y

8_2_intensit;

y

8_3_intensit;

362



Position

943.5
946.5
948.5
949.5
950.5
951.5
952.5
953.5
954.5
955.5
956.5
957.5
958.5
959.5
960.5
961.5
962.5
964.5
965.5
968.5
971.5
972.5
975.5
976.5
977.5
978.5
979.5
980.5
981.5
982.5
983.5
984.5
985.5
986.5
988.5
989.5
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