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Abstract

Bone can survive in the burial environment for millions of yearsamg@ovide direct information
aboutindividualsduring their liféime andpost mortem.However it is noturrentlypossible to
directlydate bone material beyond the limits of radiocarbon dating ~50,000 peforse
present(BI. It was suggested by van Doatral, (2012) that deamidation in bone collagen may
be related to thermal age. Howevarnumber obonesinvestigatedrom the same siresulted in
a large range of glutamine deamidatimeasurementsThis thesishereforeexploresin detail the

potential of glutamine deadmidation as a dating tooldones older than 50,000 yeas.BP

The work presentin this thesis investigates a number of potential causes for the observed
variability. It was found that the préreatmert of bone with HCI not only increased levels of
deamidation, but also caused significkevels of swelling and breddwn of the cdlagen fibril
structure.Areas of bone exhibiting localise@croscopicegradationvere shown to be correlated
with an incrase in the levels of glutamideamidation. This indicates that theasurementf
deamidation may based as a method lwhich to investjate the preservation state bbne. The
analysis of synthetic peptide mixtures, containing glutamine or glutamishemigtdthat an
ionisation bias occurs when using MALDI, with product peptide E consistently underestimated.
However, analysis of the same peptide mixturesng ESI showed no ionisation bias betvtben

two peptide products and is therefore preferabbe the measurement of glutamine containing

peptides.

Kinetic heating experimengserformedat high temperatureg80 'C-140 "C) have proven

unsuitable for the measurement of deamidation within the buffer soluble collagen fraction.
Deamidatiorin the buffer soluble collagen fraction waisccessfully measured laiv temperature
(65'C), and resulted in an increase in deamidation over time. However levels of deaniicthon
mineral bound fractiomxtracted from the same bone chips heated af®8id not appear to
undergo deamidationver time;indicatingthat glutamine deamidation ithis fractionis slower

and therefore may beuitable for the analysis of preservation of older bone from the Late
Pleistocene Periodlevels of deamidation in bonasalysed from nine siteanging in age from ~
8000- 30,000 years BP showed a correlation with levels of glnéadeamidation and thermal

age. Howeverusing the currentinethodologyit is not possible to identify the age of the sites
using only the mesured levels of deamidation. An adapted extraction method has been suggested
to further investigate the relationship between deamidation and the thermal age of Boee.

work carried out in this thesiws directly contributed to the broader knowledge oficollagen
degrades in bone over time, and thus has wide reaching implications within the archaeological

scientific community.
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Figure 72Schematic section through the Quaternary sedimentary cycles Chavihef dpercast

lignite mine SchoningghX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 73h-values in collagen, extracted from bone chips from Yukon with radiocarbon ages (Cal

years BP) ranging from ~12,0@P2,000 years BEX X X X X X X X X X X X X X X X X X X X X DX X PP X X M T
Figure 74 h - values obtained from peptid®/z 2705 observed in tryptic digests, of protein

extracted from 13 bone samples, from the Yukon region Canada. These values are plotted against

the radiocarbon ages of the samples (left), and against radiocarbd@aamples > 50,000 years

BP) and dates obtained from the surrounding volcanic ash layers ( samples found to be >50,000

Mn/ @SENRE . t0o 0NRIK IOKEKEIKIKIEKIKIKIKIKIKIKKIKIEKKX XXX XX DX DPDX Mn
Figure 75h - values obtained from peptid®/z 2705 observed in tptic digests, of protein

extracted from 13 bone samples, from the Yukon region, Canada. Four of these samples (QZ

200, QZ10-346, EEL0-50, EE10-17) (left, green points) were siampled and analysed a further

ten times each, in order to investiga€ § NXB LINE R draldes (Aght Agieén p@ni) Xntso

Figure 76! @ S NJvaus flfom the ten replicates of four Yukon samplesl(8200, QZ10-346,

EL1050, EIOMT 0O ® 9ONNRNJ 6 NA &dK2¢g GKS A0l yRIXNGAE RSOAI GAZ2Y
Figure77: h - values obtained from peptides observed in tryptic digests, of protein extracted from

13 Yukon bone samples. Deamidation is shown for four peptide4105 (top left)m/z 3100

(top right),m/z 3665 (bottom left)m/z 2705 (bottom right), and plted against the chronological

3S 20GFAYSR FNBY NIRA2O0FND2Y RFEGISEAXXMEXXXXXXXXXXX:
Figure 78h - values obtained from peptides/z 1105, 3100, 3665 and 2705 observed in tryptic

digests, of protein extracted from 13 bone samples, friir$t | dz]l 2y NB dalgkesgwere/ | y I Rl & h
LX 20 0SR F3FAyald GKS SadAYFrdiSR GKSNYKXXXodmpal t OdzA | G-
Figure 79h - values obtained from peptide m/z 2705 observed in tryptic digests, of protein

extracted from bone. For sites that halates which span a rage of MISguld | 3 S &valuesi KS h

are plotted against the migoint of the estimated chronological age. Nuerdsgdtd has been

LX 20GSR a pS od9muo {0 odzi AG Aa Oly®»st SRASR GKI
Figure 80h - values obtained from peptide m/z 1105 observed in tryptic digests, of protein

extracted from bone. For sites that have dates which span a rage of MiSistb3 S avaluesi K S b

are plotted against the migoint of the estimated chronological age. Nuekdsgord has been

plotted as 5e (~123 ka) but it is acknowledged that it may be older (MIS 7, ~243 ka)(left). The
O2NNBaALRYyRAYI GKSNXYIt 3Sa 6SNB Ffaz2 XMSBGGSR oNRIK
Figure 81Spectrum obtained from a tryptic digest of proteiiracted from a piece of Tanner Row

020AR 02ySed /2tt1 38y gl a SEGNI OGSR x®dOKXKXdmpcYa | YVY:
Figure 82Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint Mitnor

bovid bone. Collagenwas extiiiaB R dzaAy 3 pn Ya | YY2y XKKOXDP@ORmMPY I (S X
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Figure 83A comparison of two spectra obtained from tryptic digests of protein extracted from

bone powder from Ilford. Sample A (left, lIford01B.1) is representative of most of the samples from
lIford in terms of the quality of spectra obtained. Sample B (right) is an example of a slightly better
ALISOGNHzY 200GFAYSR FNRBY al YL S LfF2NRAXDOmY X X
Figure 84h - values obtained from peptide m/z 1105 observed in tryptic dsgefsprotein

SEGNI OGSR FTNRY 02yS TNRY (62 alL{ yBesara (Saz W
plotted against the corresponding SINofthemmn p LIS LIG A RS X X X X X XXXMpXIK X
Figure 85Spectrum obtained from a tryptic digest of protekiracted from a piece of Joint Mitnor

bovid bone. Collagen was extracted using 50 mM ammonium bicarboXatle X X X X P X X X X X M
Figure 86Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint Mitnor
bovid bone. Collagen wastracted using 50 mM ammonium bicarbonatE X X X X X X X X X X ® M
Figure 87Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint Mitnor
bovid bone. Collagen was extracted using 50 mM ammonium bicarboXale X PP X X X X X X X O
Figure 88 Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint

Mitnor bovid bone. Collagen was extracted using 50 mM ammonium bicarboXa¥eX X X X X m ¢ o
Figure 89Spectrum obtained from a tryptic digest of protein extracted from a miedeint Mitnor

bovid bone. Collagen was extracted using 50 mM ammonium bicarboXate X X X X X @D X X X X |
Figure 90 Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint

Mitnor bovid bone. Collagen was extracted using 50 mM amumohicarbonatX X X X X X X X ® M ¢ |
Figure 91 Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint

Mitnor bovid bone. Collagen was extracted using 50 mM ammonium bicarBoRa¥eX X X X X m ¢ ¢
Figure 92Spectrum obtained from a tryptiigest of protein extracted from a piece of Joint Mitnor
bovid bone. Collagen was extracted using 50 mM ammonium bicarboale X X X X X X P X X X M «
Figure 93 Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint

Mitnor bovid bone. @llagen was extracted using 50 mM ammonium bicarboORX X PP X X X O M
Figure 94 Spectrum obtained from a tryptic digest of protein extracted from a piece of Joint

Mitnor bovid bone. Collagen was extracted using 50 mM ammonium bicarboRafeX X X X X d M T |
Figured5: h- values obtained from peptid®/z 1105 observed in tryptic digests of protein

SEGNI OGSR FNRBY 62yS FTNRY (62 al{ -yBesara i1Sasz W
plotted against the corresponding S/N of théz 1105 peptidX X X X X X X X X X X XXOXXIDKMXTXH
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Chapter I Introduction

Thesis road maja brief introduction into the structure a layout of the thesis

Chapter one This thesis uses terminology from multiple scientific disciplines including: Chemistry,
Biology, Archaeology and quaternary science; this chapter aims to introduce the relevant

background in these areas as well as previous work within the field.

Chaper two ¢ A large proportion of this study has included method development and therefore

this chapter describes tHeeymethodologis used.

Chapter threg Investigates the suitability of the method parameters employed by van Bborn
al., (2012) and theieffects on the measurement of glutamine deamidatiopristein extraced

from aRomanbone.

Chapter four, It was identified that in order to test how accurately we can measure levels of
deamidation a reference material is required. In this chapter, epbigles were synthesised, one
containing glutamine and the other containing glutamic acid in order to validate the current
methodology, as well as investigate possible ionisation bias between two different ionisation

methods utilised in Mass Spectrometry.

Chapter five In order to compare levels of deamidation in bones from sites with different thermal
histories, the relationship between temperature and glutamine deamidation in bone collagen is

explored.

Chapter six Looks at possible natural variabitifydeamidation in bone, by measuring sub
samples across the length oRamarbovid metatarsal, as well as the effects of HCl and EDTA pre

treatment on the structure of collagen fibrils.

Chapter seveq This chapter compares levels of deamidatiogorotein extraced from bones of
nine sites, ranging in age from ~ 800 years BP to ~30,000 years BP, in order to investigate the

relationship between glutamine deamidation and thermal age.

Chapter eightThe final chapter is a summary of the conclusions fromvtrk carriedout, and

suggested future work
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1.1 Background information on proteins and amino acids

Amino acid residues join together to form chains of peptides and proteins though a condensation
mechanism with removal of a water molecule. The in vivo psoofamino acid and peptide

synthesis involves the translation of mMRNA using HidAibosomesThese peptide chains can

vary in length and composition. The structure of a protein is directly influenced by the number and
type of residues present; for exple in collagen every third residue is Gly (glycine), and the

repetition of this small residue allows the chain to fold into its helical shape (Shailder2009)

The sequence of amino acids which make up a protein are conventionally labelledarsing

letter code notation from left to right (N to C terminus). The order of residues in the protein chain
is known as the primary structure, further folding of segments within the chain is described as the
secondary structure. The overall folding of thain into a compact thredimensional structure is
called the tertiary structure, sometimes referred to as the native structure because it is this
structure that makes the protein biologically active. Some proteins form a quaternary structure,
whereby thee is an arrangement of different chains within the structure; an example of this would
be haemoglobin (Amit and Béral, 2011). The structure of a protein affects its function within the
body.

All amino acids except Gly have four different groups attaghgd 4§ KS h O Nb2y X I yR
chiral and optically active. This results in each compound being able to exist in different forms (i.e.
mirror images of one another) depending on how the groups are arrambese are known as

enantiomers (Figure 1).

S - aspartic R - aspartic acid

Figurel: Two enantiomers of aspartic acid. The two forms R and S are mirror images of one
another and are therefore nesuperimposable

There are two common ways in which enantiomers are named. Generally in chemistry the Cahn
Inglod-Prelog nomenclature (CIP system) is used. This naming system denotes the isomer as R or S,

this notation comes from the Latin words rectus (right) and sinister (left).
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A second naming system is more commonly used in biology and biochemistry,sathé way in

which the stereochemistry of biological molecules were originally assigned. This system uses the
notation L (laevo) and D (dextro) to name enantiomers. Amino acids are termed D and L on the
basis of their similarity to the structure of glyddednyde. The discovery and naming of

enantiomers of glyceraldehyde was determined by the way in which the molecule rotated plane

polarised light.

Amino acids are in thedonfiguration in most living tissues apart from some forms of bacteria
(Bhattacharys and Banerjee, 1974; Johnson and Miller, 2007). After deathiro acids undergo
conversion to the Borm until a dynamic equilibrium is reached. This type of equilibrium is
described as dynamic as the forward (K1) and backward rate (K2) is constefoy¢hk1/k2 = 1.

The term used to describe the conversion of one enantiomer to another is racemization. Factors
which are known to increase the rate in which amino acids undergo racemization include extremes

in pH, and temperature (Bada, 1972).

Aging ofproteins in living tissue can result in the formation @frantiomers of amino acids

through racemization. This degradation of residues has been linked with various medical conditions
adzOK a ' ft1 KSAYSNNR&a RA&SIAS [llghRR&RIBewitaRl G A 2Y
1996; Flauglet al, 2006).Throughout this thesis amino acid willdegerredto by their full nanes,

one ard three letter codes (Table 1)
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Table2: amino acids and their thremnd one letter codes

Full name three letter code | one letter code
glycine Gly G
alanine Ala A

serine Ser S
proline Pro P
valine Val \Y
threonine Thr T
cysteine Cys C
Leucine Leu L
isoleucine lle I
asparagine Asn N
aspartic acid Asp D
glutamine Glu Q
lysine Lys K
glutamic acid Glu E
methionine Met M
histidine His H
phenylalanine Phe F
arginine Arg R
tyrosine Tyr Y
tryptophan Trp W

1.2 Structure of bone

Due to the complex composition of bone, chemical analysis can be a difficult. It is this complex
structure that gives bone its strength and therefore ensures its preservation within the burial
environment, and its prevalence in archaeological scient#&areh (Collinst al, 1995; Collinst

al.,, 2002; Trueman and Martill, 2002; Turwealker, 2008; Dobberstegt al.,2009) In order to
understand the mechanical properties of this material it is important to consider its component
phases and the struatal relationships between them. Bone can be described as having five

hierarchical structural levels (Rabal, 1998)(Figure)2
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Spongy bone

oney

Bone tissue 1. Macro Structure,
50 cm
cancellous/Trabecular and
cortical bone
Osteons and 2. Micro Structure, 10-500 um
laversian canals h . t t
100 pm (haversian systems, osteons,

singular trabeculae)

3.  Sub-Micro structure, 1— 10 um

) = (lamellae)
Fibre patterns =
50 pm . 4, Nano structure, ~ two hundred
nm to 1 um (fibular collagen and
Fibril arrays the embedded mineral)
10 pm

5.  Sub-Nano structure, below ~ two
hundred nanometres, molecular
structure of mineral, collagen and
non-collagenous proteins

Mineralized collagen
fibrils
1um

Tropocollagen
1um (Rho et al. 1998)

Amino acids ¢ < &
R ¥ ¥ 5

Figure2: Structure of bone, detailing the five hierarchical levels from macro to sub macro
structures. (Reproduced with permission from Ritchie (3011)

ouen

Degradation of bone can be described at various levels within the hierarchical structure. The level
of preservéion of bone can be assessed by studying the overall appearance as well as conducting
histological analysis of the micro structure; however, this does not always relate directly to the
preservation state of the collagen or the DNA (Nicholson, 1998). dteeneany factors other than

age which can contribute to the level of preservation of organic material in bone; these include
conditions of the burial environment such as: temperature, pH and fluctuation of the wiker t
(Gordon and Buikstra, 1981n oder to understand the diagenetic process of collagen,

degradation of the subanostructures of bone needs to be investigated. Living bone material is
mainly composed of; water, organic, and inorganic fractions. The inorganic fraction contains
mineral saltzalled hydroxyapatite (HAP). The organic fraction includes proteins, lipids and water

(Rhoet al, 1998).

Although this project will focus on the degradation of the protein, it is acknowledged that the
inorganic mineral phase plays a vital role in thesg@neation of the organic fraction (G6therstrom
et al, 2002). It is thought that the way in which the mineral and collagen fraction are formed

affects the strength of the bone material (Vig@rrinet al, 2006). Both the tensile strength and
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flexibility of this multiple strand structure has gained attention not only from research areas such
as biology and chemistry but also from the field of mechanics and the built environment ¢Ottani
al., 2001). The importance of bone mineral in the f@reservation of the organfcaction is
highlighted by the correlation between hydroxyapatite preservation and successful DNA recovery
from archaeological bone (Goétherstr@nal, 2002). Kaserat al.(2011) describe the HAP crystals
as being embeddedithin the collagen matrix and plali&e in their morphology. This

mineralisation process is thought to start in the smaller gaps between collagen fibrils, and is
termed primary mineralisation. Secondary mineralisation follows with the filling oflmitiar

spaces. The presence of the hydroxyapatite (mineral) crystals, which embed and protect the
protein, contribute to the stability and preservation of bone over geological timescales {Turner
Walker 2008; Covingtogt al, 2010).The presence of the boneneral hadeerto be correlated to
collagen preservation, with an increased crystallinity in the hydroxyapatite found to correlate
positively with DNA preservation (Go6therstrétal, 2002). The presence of mineral is thought to
have a powerful stabilizy effect, protecting bone against both microbial and chemical
degradationTurnerWalker, 2008).

Collagen makes up approximately 90% of the proteitrix (Marieb and Hoeh2007;Turner

Walker 2008). This fibrous protein is made up of three polypeptigens of similar size. The way

in which these polypeptides can be arranged creates multiple variations of the protein. Type |
collagen is the main protein found in bone material and is heterotrimeric, consisting of two
identical chaingentified ad* amd a third identified a§-2 (ViguetCarrinet al, 2006; Whitford
2008; Shoulderst al, 2009). The peptide sequence of collagen is repetitive, with every third
residue being Gly (Rich and Crick 1961). Other residues in the sequence are degbelred in
relation to Gly. For example residues will be referred to as being in either the X or Y position (Gly
XaaYaa). It is common for x and y positions within collagen to contain high levels of proline (Pro)
and lysine (Lys) (Berisio and Vitagliano, 2008} repeating sequence helps to establish the
topology required to form the triple helix characteristic of collagen, and is seen in many fibrous
proteins found in living tissues (Orgéhl, 2001). Gly, is an important part of the chainis

amino ad is the smallest in size and makes up around a third of the protein, enabling assemblage
of adjacent chains, as well as being essential for the formation of the twist which is needed to
create the helical shape (Vige@arrinet al, 2006). Mutations whes Gly is replaced with another
amino acid are thought to be the most pathologically damaging (Shoatddr2009). Unlike

most helical proteins, collagen can undergo gamtslational modification®lthough it is thought

that these may increase tlsrength of the protein (Burjanadze, 2000), little research has been
carried out on the effects of these modifications on the whole collagen fiticiicstructure. These
modifications can occur through both enzymatic and-eornymatic degradation. Duriegzymatic
degradation, an enzyme called lysyl oxidase forms-tnbssl bonds between the polypeptide

chains (Gorres and Raines, 2010).
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1.2.1 Collagen microfibril structure

The shape and morphology of each bone will vary depending on its role within a givgicddi
system; however the basic chemical structure remains the same, with type | collagen being
ubiquitous throughout the animal kingdom (Orgeél, 2001). Procollagen is the immature form

of the protein; at this stage both the N and C terminal ppbides are still attached at either end

of the triple helix. These propeptides have different roles in collagen fibril formation. The main
roles of the €propeptide is to ensure that the procollagen remains soluble during its trafficking
through the cellwhereas the Noropeptide ultimately influences the shape and diameter of the
fibril (ViguetCarrinet al.2006). In order for the procollagen helices to form the microfibril, the C
and N propeptides are removed enzymatically by procollagen C and N mweteiRave collagen
helices can then begin to fold, align and twist into a microfibril. The way in which these collagen

helices line up is crucial to the formation of the microfibril.

Across the microfibril there are areas where the helices overlap witarmiber, as well as gap
regions. Orgedt al.(2001) calculated the distances of these gaps and overlap regions within
microfibrils using a range of analytical techniques such as XRiy @fffraction) and MIR (multiple
isomorophous replacement) mappirihey describe the positioning of collagen molecules in

relation to one another using both nanometers (nm) and the D period. The D period measures the

stagger of molecules in the axial direction of the fibriLEig).

TEM micrograph of collagen fibril Lateral view
)

:
& ;
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Figure3: The D region spacing within a microfibril figure adapted from (@rgé&l2001)
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Using these measurements it is possible to asses where collagen helices are in relation to one
another in the microfibril, as 67 nm is equal to 234 amino acids (@@jel2001). The overlap
region is 0.46 D and therefore equal to 108 amino acids. The gap region is 0.54 D, equal to 126

amino acids in length.

1.2.2 The effects of hydrogen bonds and tgoxylation of proline on helix

stability
One example of a poestanslatioral modification which frequently occurs in collagen is the
hydroxylation of proline. The degree or probability of proline hydroxylation is denoted by the one
letter code of the amino acid in the sequence; P denotes a proline which has not been observed in
collagen as hydroxyproline (Hyp) and O is always Hyp (dguetet al, 2006). Interactions
within the triple helix are enhanced by the hydrogen bonding between the amide groups and the
hydroxyl group of hydroxyproline (Hyp). An indication of the itapoe of these hydrogen bonds
has been demonstrated thugh heating/melting point experiments (Holmgedral, 1998). These
experiments look at the transition mpbint temperature (Tm), which is the temperature at which
half of the collagen has melted. A series of heating experiments with synthetic peptides has shown
that the hydroxylatiorof proline in the Y pasbn strengthens the helix, with hydrogen bonding to
neighbouring chains resulting in an increase of Tm frohC24 60'C (Holmgreret al, 1998). It
should be noted that these experiments were carried out on short synthetic collagen peptides
which are ot subjected to intermolecular forces of the helix or surrounding chains, and do not

therefore necessarily reflect the effects of increased hydrogen bonding within a biological fibril.

1.2.3 Non-collagenous bone proteins

Although collagen is the main proteirufal in bone (around 90% of the organic fraction), bone

does contain a number of naollagenous biomolecules, with osteocalcin being the second most
abundant bone protein (Collires al.,2002). Other biomolcules found in bone include, blood

proteins, celllar lips and DNA (Coliesal.,2002; Kaserat al.,2011). Although Osteocalcin has

been found to persist in archaeological bone, work in this thesis is focusedroidak#on

occurring in collagen. It is likely that the methods described in this #isgiextract soluble nen
collagenous proteins, however a specific set of peptides have been identified as collagenous using
de-neovosequencing and it is these peptides which are measured throughout the work presented
in this thesis. It is also acknowledghat spectra main contain preparation induced artefacts or
contaminants such as keratin, trypsin and CHCA matrix peaks and this is taken into consideration

when interpreting spectral quality.

26



1.3 Deamidation

Deamidation is one of many pathways of degradation€kab 2011) of asparagine and
glutamine, both of which have been observed in collagen (Buskédy2009; Leet al, 2011).
There are two alternative pathways of deamidation, either via integ@disation or via direct side

chain hydrolysis (Robinson and Robinson, 2004).

1.3.1 Mechanisms of glutamine deamidation

Deamidation of glutamine induces a negative charge followed by removal of ammagian@H
addition of water (KD) resulting in a masscirease of +0.984 Da. This mass change is readily
measurable by mass spectromefbeoet al, 2011; Let al, 2010). Glutamine deamidation has

been found to occur at a slower rate than asparagine in both synthetic polypeptides and in longer
constricted peptide chains (Geiger and Clarke, 1987). Glutamine can undergo deamidation via a 6

membered glutémide intermediate (Figure 4)
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Figured: Glutamine undergoes deamidation via a 6 membered glutarimide intermediate, by which
two isomers can form, glutaic or isoglutamic aciglLiet al.,2010)

Although it is thought that glutamine has gréiicantly longer halife than asparagine, the exact
rate of glutamine deamidation is unknown. Capadsd.(1991) stated that one of the reasons
why glutarimide may undergo cyclization at a slower rate than that asparagine is due to the

difficulty inobtaining a semembered imide ring.
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1.3.2 Mechanisms of asparagine deamidation

Asparagine cadeamidate via a five membersdccinimide intermediate (Figure 5). Asparagine
deamidation has been investigated though the study of synthetic peptides. Geiger and Clarke
(1987) found that asparagine had a Hééf of just 1.4 days at 3TC; the authos concluded that
asparagine redues were found to have rapid deamidation rates in comparison to those measured
in glutamine residues. This would suggest that asparagine would not be an ideal residue choice for
measuring long term collagen degradation. It should be noted that deamidétiesidues in

short synthetic peptides maybe be increased due to increased flexibility, which may not be

comparable to larger intact proteins (Geiger and Clarke 1987).
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Figureb: Asparagin@indergoes deamidation via a 5 membaisuccinimide intermediate, by which
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1.3.3 Previous studie®n deamidation

The measurement of the neenzymatic deamidation, of both glutamine and asparagine in human
tissue las long been associated with cellular and organismal aging and degradation (Mckerrow,
1979; Geiger and Clark, 1987). When looking at deamidation in collagen, the structure of the
microfilbril may be an important factor to consigehen looking at the alify of residues to

undergo deamidation. The position of a residue, not only within the polypeptide but also within the
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microfibril, will in turn influence what steric neighbours it has. For example, residues in the gap

region may be more exposed than thasehe overlap region (due to adjacent collagen helices).

This post translational modification has been the focus of a number of clinical studies, in particular
GK2aS8S Ay@Sadaial i iwsdaliRegd proeir (Takdnmdtg andl Boyld] KOS8igha
etal.,2006). Deamidation in eye protein has been found to reduce the transparency of the eye
lens, resulting in the formation of cataracts (van Kdeed, 1975; Master®t al, 1978; Robinson,

2006; Moreau and King, 2012). As this modificatiorbbaa found to occur over time it has also

been an area of interest to those developing and storing protein based pharmaceutical
formulations (Clelandt al, 1993). Deamidation has also been of interest to those carrying out
shotgun proteomic experimentas the mass shift caused by deamidation can result in
misidentification of peptides (Steveetsal, 2008). The role of deamidation in cancerous cells has
also been investigated. Takehara and Takahashi, (2003) found that deamidation in hepatocellular
caranomas was lower than in surrounding healthy liver tissue, indicating that the suppression of
deamidation may play a role in the regulation of cell death. However, in order to better understand
the impact of deamidation on human diseases the sites of dizdion need to be accurately

identified (Piliangt al, 2011).

Despite the large amount of clinical based research which has linked deamidation with aging,
comparatively few studies have looked at deamidation occurring in proteimuottm. Post

mortem deamidation has been investigated in a range of biological material such as: keratin in
wool (Araki and Moini, 2011), collagen in bone (van Debah, 2012; Hurtado@® h Q/ 2 Yy 2 NE
2012; Wilsoret al, 2012), protein binders in paint (Lebal, 2011),and keratin in mummified skin

0 a A pt@N2D14). However there have been no robust studies which have evaluated

deamidation in a range of dated material. Whilst analysing collagen peptides for the purpose of
species identification, van Doaghal, (2012) reported that there may be a correlation between
deamidation and the thermal age of bone. However large levels of variation were observed in
samplesfrom the same site, with the same thermal age. Araki and Moini (2011) measured the
deamidation of asparagine in wool samples dating from the present to ~400 years BP and found
the levels of deamidation of asparagine correlated with age; however, both oftidgse

reported in this paper (YSCQLNQVQSLIVSVESQLAEIR and SQQQEPLVCPNYQSYFR) also cont:
multiple glutamine residue¥hemethodologiesised in this these are not abledetermine the

origin of deamidadtion isampleswvhich contain bottGIn and Asn siduesp  a %et]alQ(R014)

measured deamidation in samples of bone (rib) and muscle tissue taken from the mummified
remains of the prince of Cangrande, Lord of Verona (2320 AD). They found that up to 92 % of

the measured asparaginyl and glutammegidues were deamidated, and the study concluded that
deamidation is likely to be dependent on both the burial conditions and the thermal history, and

that levels of deamidation cannot be used as a precise molecular clock.
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Few studies have used short gyatic peptides to investigate the kinetics of glutamine

deamidation although the reported hdifes of GIn obtained tbugh kinetic studies is

contradictory. Let al.(2010) found that at a pH of 7.4 at 37, the two peptides studied were

found to haveaverage halfives for GIn deamidation of approximately 663 and 389 days, whereas
Scotchler and Robinson (1974) foundeés for glutamine at similar pH (6.6) of around 1,146
RFedad | dzNIFR2 YR hQ/ 2yy2Nl 6H npmteinextvaded iolaNE R |
bone and found that in three of the 30 tryptic peptides identified, a first order kinetic mechanism

was identified with halfives of the three peptides at ~ 62 ranging from 2000 to 6000 s (pH 7.5).

1.4 Background to the Quaternary; a noten age terminology

The Quaternary spans the late part of the Cenozoic Era, and is used to describe the most recent of
the geological time frames; spanning from the present day16 million years ago (Figure ©he
Quaternary consists of two epochsetHolocene, spanning the last 11.7 ka, and the Pleistocene
(11.7 ka 2.6 Ma) (dates reported by the International Commissions on Stratigraphy, v 2015/1).
The Quaternary has been characterised by its climate change, with glacial (cold) and interglacial
(warm) periods recorded in the oxygen isotope ratios of foraminifera, allowing the development of
the marine oxygen isotope stratigraphy (Emiliani, 1955; Schreve, 2001; Ra&itsdde215).

Glacial and interglacial periods are denoted by a marine oxygfepé stage (MIS) with MIS 1
representing the present day. Within each stage there may also bsiayss; these are now most
commonly denoted by lower case letters, such as those in MIS 5 (warm: a, ¢ and e, and cold: b and
d). There have been some incmtsncies in the nomenclature used in this field, particularly when
defining and naming setages (Railsbeck et.al, 2015), so here the system of Raéslakck

(2015) is followed.
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Figure6: Schematic of the eras, periodsd epochs which span the Quaternary (as reported by the
International Commission on Stratigraphy, 2015) (left). MIS record from present day (MIS 1) to 300
ka BP (MIS 8), data taken from Lisiecki and Raymo (2005) (right)

1.5 Dating methodologies

There are aumber of different strategies for estimating age in the Quaternary. The type of

method used will depend on the type and estimated age of material in question, and each dating
methodology has associated with it varying levels of analytical, statistidaliiuach experimental

error. The level of precision of a particular method is often limited by the available instrumentation
and the understanding of the mechanism of the change being measured. The accuracy of a dating
technique is a measure of how close tlae generated is to the true calendar age of the artefact.
When dating old sites, such as those from the Palaeolithic, it is often beneficial to use a
multidisciplinary approach; this means where possible analysing more than one sample type, and/
or usingmore than one dating technique. The following dating methods are briefly introduced in
this chapter: radiocarbon datingvpod et al, 2015), amino acid racemization (Batlal, 1973,

Collinset al, 2009), uraniunthorium dating (Towe, 1980; Sylatsl., 1995), luminescence dating
(Huntleyet al, 1985) and biostratigraphy (Schreve, 1997).
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1.5.1 Methodologies which have ben applied to the direct dating of bone

1.5.1.1 Radiocarbon dating

Radiocarbon dating is used to directly date bone material. It is a radiom&ting method which
measures the conversion of unstablé to stablé*C over time in organic materidiC is produced

in the atmosphere and is acquired by animals via either the consumption of plants, and/or other
animals. Death of an organism stdips uptake of/C and therefore starts the radiocarbon clock.

The amount of'C remaining in a bone sample is representative of the length of time which has
occurred post mortem. This rate of decay from paréit)(to daughter'{C) isotope is a constant

with a halflife of ~ 5700 years. This means that this technique could theoretically be used to date
material from present day, to ~60 ka BP. In practise however, bone material can only be accurately
dated to ~ 50 ka BP (van der Plicht and Palstra, 2014)of the key problems with dating older
material, near the radiocarbon limit is that there is very lftremaining. This means that the
introduction of modern contamination can greatly affect the calculated age; for exampleétVood

al. (2010) repoted that the addition of 1% modern carbon to a sample which containétCno

would result in an estimated age of 37 ka BP. Advances in sample preparation such as ultrafiltration
techniques (Brockt al, 2007; Ramsey and Higham, 20D@bbersteiret al, 2009; Gruret al,

2010; Woockt al, 2010) have helped to reduce levels of modern contamination.

Although originally it was thought that the levelt in the atmosphere was constant, it was later
found that the levels of'C fluctuate and therefore aection factor is needed to account for this
(Renfrew and Clarke, 1974). This is done through a series of experimentally constructed calibration
curves (Reimeet al, 2013). The database used currently to calibrate radiocarbon ages is INTCAL13

(Reimeret al., 2013).

The ability to determine the age of a bone using radiocarbon dating relies on the assumption that
levels of““C measured in the sample are equal to those in the atmosphere. This assumption is true
for terrestrial animals which feed on flomadafauna supported by carbon in the atmosphere.
However, the source of carbon available to marine animals has a more complicated origin. This is
due to the fact that the exchange 6€ takes place at the water surface. Deeper waters, such as
those that ocur in the polaregions, undergo gaseous exchange as well as cooling. The resultant
increase in density causes the water to sink and therefore contact with the surface is reduced,
which results in depleted levelsdf Ay Y2 NB RSy asS 26A N) SN OO ENRay S yNEBAR SN
the atmosphere, the mixing in oceans is comparatively slow, resulting in both depth and
geographical variations (Ascougtal, 2005). The depletion dfC in marine samples can

therefore result in radiocarbon dates that are olttean the real age of the samples. It has also

been found that the consumption of marine foods such as molluscs can also cause depleted levels

of ¥*C. This depletion is known as the reservoir effect (Fernandes and Bergemann, 2012).
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1.5.1.2 Amino acid racemization

Amino acid racemization (AAR) is a biomolecular method that has been used to estimate the age o
bone material (Badet al.,1973) although it is now widely accepted that this method is not

suitable for bone material. Louis Pasteur first discovered 8préc acid was optically active in

1851 (Robinson and Robinson, 2p@ince then there have been significant advances in the
understanding of the mechanisms by which amino acids undergo racemization, in both synthetic
peptides and structurally constrained chains (Geiger and Clark, 1987), such as those present in the
triple helix of collagen. Progress has been made in deducing and understanding the mechanisms b

which both glutamic acid and aspartic acid can undergo racemization.

It was previously thought that bone material could be dated by fitting a first order regd«isibtic
model to the extent of racemization of aspartic acid in time (Bada and Schroeder, 1975), and
calibrating the data using radiocarbon dated samples collected from the same site location. It is
important that both the unknowsage samples and indepgently-dated bone have been

subjected to the same temperature changes during their deposition, as temperature is known to
directly affect the rate in which racemization occurs (Bada and Protsch, 1973). As temperature
affects the rate of collagen degradatjghe thermal history of a sample is a key influencing factor

on collagen survival (Colliesal.,2002).

The dating of bone material in the early 1970s was one of the initial applications of AAR to
archaeological science. The technique was used tcslatetal remains found at La Jolla
California (Badat al,, 1974), yielding an exceptionally early (40,60,0® years old) date for
hominin remains. It was later discovered that the age estimated for these skeletal remains was
incorrect (Badat al, 1984; Tayloret al.,1985), partly due to inaccuratéC dates obtained from

the reference material used to calibrate the results (Betidd.,1984). These controversial claims

at La Jolla did little to promote the successful application of the methiods@o and Miller, 2007)
and sparked a debate within the scientific community on the suitability of bone material for AAR

analysis.

1.5.1.2.1 Open vs closed systems

In terms of using amino acid racemization for dating purposesarea dbcus has been on the
isste of open and closed systems within biominerals (Towe, 1980;8yed4995). A closed
system is one in which the organic material to be analysed is protected and cannot interact
chemically or physically with the external environment (Penlghah 2008). The only two

variables which will affect the rate of racemization in a closed system are time and temperature
(Collinset al, 1999). Examples of closed system behaviour include theemstalline fractions

within mollusc shells and eggshellstiie species protein is encased within the hoigstalline
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fractions due to the biomineralisationerhanismsand are therefore protected from the effects of
environmental conditions such as fluctuating moisture and pH (Bebals1990; Penkmast al,
2008). Bone and other collagen based skeletal tissues (dentine, antler, ivory) are not closed
systems. They represent a mineralized organic framework of collagen, which is open. As a
consequence there is a slow exchange with the environment, resuliiogs of amino acids and
uptake of contaminants (e.g. humic and fulvic acids) from the burial environment (Brabks
1990; Collingt al, 1999; Maronet al, 2012). This open system of bone also causes problems
when trying to model how collagen dades, and in turn using the degradation to estimate age.
Mollusc shells are pH buffered, secfised systems and are therefore more likely to provide
consistent diagenetic environmer(@yket al, (1995); Penkmaat al.,(2008) Subsequent
research hatended toagreearguing that conformational constraints on aspartic acid racemization
in the collagen triple helix mean that racemization in bone is controlled by both the rates of

denaturation and leaching (Collietsal.,1999; 2009), although this vias/not universal.

1.5.1.3 Uranium series

Uranium series dating looks at the equilibrium betweefi’Eind F** as they decay into a series of
unstable radioactive isotopes, This process continues to eventually forneaudive lead isotopes
(*°*Pb,?°’Pb and®®Pb)(Lowe and Walker, 1997). This decay pattern has been used to provide age
information, and is commonly referred to as uranium series dating. This technique is most accurate
when used to date chemically precipitated calcium carbonate minerals soctaband

speleothem (Schwarcz, 2005). This technigue has been used to date bone material; however, the
measurement of uranium in bone material is less reliable (Schwarcz, 2005) and has been described
as being problematic, associated with large errorsesisdnception (Grun, 2006). This is largely

due to the fact that bone is an open system, meaning that early uptake and leaching of uranium
can occur (Piket al, 2002). In closed system carbonate materials the intermediate isotopes are
described as begin a secular equilibrium, meaning each isotope decays at the same rate at which
it is produced (Hajdast al, 2007). Natural processes result in the fractionation of these elements,
for example in water Th is separated from U due to differeimcsdubility. This results in

precipitated calcite material containing very low levels of Th, with the deé¥y a6 %*° Th

increasing over time. Uranium series dating can been used to date carbonate materials such as
stalagmites and flowstones to 500 ka Birv@dset al, 1987), including a number of cave sites

analysed in Chapter 7.
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1.5.2 Dating methodologies which have lem used to date the context in

which they were buried

1.5.2.1 Luminescence dating

Luminescence measurements are made on mineral grains such as quartz and feldspar. These
mineral grains have acquired energy in the form of trapped electrons though the exposure of light.
Minerals which are able to acquire such energy are known as dosstiBer process works as
electrons are trapped within the crystalline structure and can then be released using light of a
single wavelength. This causes the trapped electrons to re combine within the crystal to produce
energy, which is then measured in floem of the emission of light of a different wavelength to

that used to initially stimulate the grain. This technique is used to look at sedimentary deposits
using quartz. As well as being resistant to chemical weathering quartz is also one of the most
comv2y RSUNARGIE YAYSNrfa G GKS SEFENIKQa adzNFI

Grains of quartz and feldspar produce energy from the natural decay of ytiniomoum and
potassium. It is this energy which is stored as a trapped charge. This tchppgetan be

emptied, and this is degbed as optical bleaching. Two common factors which can cause this are
heat and light (Duller, 2004; Lian and Roberts, 2006). The charge is built up from the time of burial.
This means that the total amount of charge a grain has is directly propottidhallength of time

it has been buried. In order to measure the charge of an object it must be stimulated by light of a
single wavelength; this results in the admittance of a different wavelength of light which is
collected and measured and is termedioglly stimulated luminance (OSL) (Hundesl.,1985).
Because the intensity of the OSL signal is related to amount of trapped charge it can be used to
calculate age (Duller, 2008). OSL ddtagbeen used to date material up to arourtd ka BP

(Dulle, 2008),including sites in Africa dated s up to ~ 151 ka BP (for example éaabki2006).

1.5.2.2 Biostratigraphy

Biostratigraphical evidence from mammalian fossil asseemlaggproven to be a useful tool by

which to investigate the nature of climatic dgas across the Pleistoceperiod in Britain

(Schreve, 1998 The principles behind this technique utilise the extinction and rapid turnover of
mammalian linages which occurred throughout the Pleistocene period, due to the intensely
fluctuating environmetal conditions identified by past interglacial periods. It is therefore thought
that each climatic cycle has with it an associated unique suite of mammals. An example of this
would be the presence of hippopotamus in the last interglacial (Stuart, 19%6hiddtratigrahical
framework is established by gathering information on the mammalian remains present at different
sites which have with them an associated interglacial period. Data from multiple sites can then be

used to reconstruct the inhabitants otérglacial throughout the quaternary (Shreve, 2001). It
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should be noted that the absence of evidence (i.e. the absence of a particular mammal) is not
evidence of absence (Lister, 1992; Currant and Jacobi, 2011). A good example of an established
biostratgraphic framework is that obtained from the Thames Valley sequence, which has been
described in the literature as being the most reliadzdyed long terrestrial sequence in Britain
(Bridgland, 1994; Schreve, 2001).

1.6 Analytical instrumentation

Appropriateanalytical instrumentation is crucial to the successful analysis of modifications in
collagen. Both chromatographic and mass spectrometric techniques have been widely reported in
relation to the study of peptide mixtures, specifically for the measurenfatgamidation in

degraded proteingBuckleyet al, 2009; Araki and Moini, 2011; van Doetral.,2012; Wilsoret

al., 2012; Welkeet al, 2015

1.6.1 Mass spectrometry

Mass spectrometry can be used to analyse a wide range of both organic and incygguands.

The main advantage of the technique is its capability of high mass accuracy measurements, in
samples of very low concentration. This type of instrumentation has been widely applied to a
ydzYO SN 2F W2YA04aQ TASt Rapote@agizopartidular viaitkeSinaygisatR & | Yy R
peptides. Simply put, mass spectrometers are made up of three main components, an ionisation
source, mass analyser and ion detector. The sample analytes are converted into a gas phase ions
(anions or cations,apending on the mode being used) in the ionisation source. The mass analyser
then separates ions based on their mass to charge rati@}. ©epending on the type of

instrument used, the ions can then be paksethe detector; for exampl&hen using dTG~MS)

each time an ion reaches the detector a signal is generated. The type of signal generated is
dependent on the mass analyser. Other types of instrumentation, such-l@&R¥¥) have a

slightly more complex set up, whereby the signal is transposedetaéing presented as a mass
spectrum. Each of the instrument components comes in a range of types, and can be coupled in
different combinations depending on the requirements of the analysis and the chemistry of
analytes being analysed. As well as deteirmg the accurate mass of compounds, coupling of two
mass analysers to perform tandem MS (MS/MS) can provide information about the structure of
molecules (such as peptides), by looking at fragments produced following, most typically, collision

induced disociation and recording of a product ion spectrum.
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1.6.1.1 lonisation sources

In order for analytes to be guided through the mass spectrometer by electrical or magnetic fields
they need to be charged. Samples can be ionised via a number of routes and thefchoice
ionisation source is largely dependent on the sample type and the chemical properties of the
analytes, such as polarity, volatility, or how thermally labile they are. In the work presented in this
thesis, two soft ionisation methods have been used; imassisted laser desorption/ionisation
(MALDI) and electrospray ionisation (ESI). Soft ionisation methods are so called because they

induce minimal fragmentation of the analytes during ionisation.

1.6.1.1.1 Matrix-assisted laser desorption/ionisation

The use blasers to generate ions dates back to the 1960s (Jagtap and Ambre, 2005). Originally one
of the main limitations of laser desorption was that it was not possible to ionise samples with a
mass greater than 2000 Da (Bahal, 1994), because the incredasdaser energy needed to

ionise the larger molecules also induced fragmentation. As well as the fragmentation of analytes
there were ao issues with analyte mixturescomponents with different light absorption
characteristics. These problems were adlwith the introduction of a light absorbing matrix

added to the sample. When preparing samples for MM ®analysis, the sample solution is mixed
with a solution of matrix, either before or after spotting the sample onto the MALDI target plate, to
produce a samplanatrix cocrystal. Different types of target plate formats are available depending
on the amount and type of sample being analysed. There are a number of different matrices
commercially available (Zenobi and Knochenmuss 1999). The sampésisvitiixhe matrix

solution, with the matrix being in excess over the analyte. The mixture is then left to air dry on the
target plate. As the solvent evaporates, the samplergstallises with the matrix. Mixing the

sample with matrix is not only thougtat allow the analytes to be desorbed and ionised

irrespective of their individual light absorbing characteristics (@adlr, 1994), but also to protect

the sample from the intense laser pulses (commonly nitrogen or Nd:Yag lasers) used during
desorption (Karat al,, 1985; 1987), and thus reducing unwanted fragmentation of the analytes.
The laser excites the matrix molecules which causes heating of the crystals. Once excited, the
matrix molecules cause both the sample and matrix to be desorbed fropfatieento an

expanding gas plume (Jagtap and Ambre, 2005). Although there are many theories which explain
how analytes may become charged (Zenobi and Knochenmuss 1998), proton transfer in the gas
phase is the most widely accepted (Cole, 2010). It iggtiidbat the matrix absorbs energy from

the laser and transfers it to the analyte, also acting as a proton donor or acceptor (Figure 7). When
using MALDI often only singly charged ions are formed. The reasons for this are not fully

understood, with the mdsecent explanation put forward by Kaetsal (2000). This theory has

37



5SSy GSNN¥SR GKS Wi dzOledal 2000y Hdpdse iNaDdug MAR Tl KihiyA & ® Y I NI &

efficientionisationoccurs resulting in survival only of singly charged ions.

analyte

matrix / laser

Laser
ablation

Figure7: Schematic showing the ionisation of analytes using rresisted laser/desorption
ionisation. The sample is introduced into the ion source on a steel plate, under vacuum. Intense
laser impulses cause the sample and mat be ablated from the plate. The analyte is then
charged by proton transfer from the matrix in the expanding gas phase. The charged analyte is
then passed to the mass analyser

1.6.1.1.2 Electrospray ionisation

Electrospray ionisation is described as beingitlieNJ A Yy OKAf RQ 2F al f O2fY 52fS 06V
2009). Although Dole did not apply this technology to mass spectrometry, he is noted as first
discovering the possibilities of electrospray as an ionisation source in the 196G @Dpl968).
Interegingly Dole came across this technology by accident while visiting a car manufacturing
company which was using electrospray to paint cars. Dole found that the small droplets of paint
were attracted to the charged metal surface of the car (Kebarle andrik@®@9). One of the

main limitations early on in the field of mass spectrometry was its inability to analyse large
biomolecules, as the energy required to ionise them also caused significant fragmentation (Fenn,
2002). Work carried out by Fenn and Yantashithe 1980s (Yamashita and Fen84)%ddressed

this problem andheir work enabled ESI to be used for large molecules. Today one of the main
benefits of this type of ionisation is that it can be used to analyse large biomolecules. This is due to
the ability to create multiphcharged iong since mass spectrometers measmg, high mass (m)
analytes receiving many charges (z) are ionised without having verg/highlues. The premise

of ESl is that it converts liquid samples into a charged gas sdragde, without fragmenting the
analytes. During ESI a liquid sample is introduced into the source via a needle or a capillary. A
positive charge is applied to the capillary, as the potential gradient increases the sample solution is

forced out of the calary mouth into a condike shape, termed a Taylor cone (Figure 8) (Zeng
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2011). Opposite the capillary is a skimmer cone, to which a negative charge is applied. The
increasing potential gradient causes an increase in repulsion of the positive iotieeuRélleigh

limit is reached, resulting in the formation of a spray of charged droplets. Evaporation of the
solvent from the droplets causes the droplets to become smaller and the charges to repel each
other more. These droplets are guided towards thmsier cone, before being converted into gas
phase ions. There are two proposed routes by which the analytes in the charged droplets can be
converted into gas phase iomsther via the charge residue mechanism, (CRM; @alk 1968),

or via the ion evagration mechanism (IEM; Iribarne and Thomson, 1976).

During the CRM ionisation mechanism, it is hypothesised that the solvent in the charged droplets
evaporates and the droplets become smaller, whilst maintaining the same number of charges. This
continuesuntil enough evaporation occurs that the surface tension of the droplet can no longer
sustain the charge; at this point the droplet breaks into smaller droplets with reduced charge,
eventually resulting in charged gas phase ions. During the IEM mechaisigmgposed that ions

are ejected from the surface of the droplet due to the high concentration of charge on the surface.
Once the gas phase ions have been generated they are introduced into the mass spectrometer via

the skimmer cone.
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Figure8: Schematic of analyte ionisation via ESI in positive ion mode. The sample is introduced as &
liquid in a capillary. A voltage is applied to the capillary and the resulting potential gradient causes
the sample solution to be fordeout of the capillary mouth, this cone shaped formed by the

sample solution is termed the Taylor cone formation. This continues until the Rayleigh limit is
reached, at which point the formation and expulsion of small charged droplets occurs. These
droplets are guided towards the skimmer cone by the increasing potential gradient and are convert
into gas phase ions via either CRM or IEM mechanisms
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1.6.1.2 Mass aalysers
Once the analyte has been ionised it is guided to the mass analyser where ions are separated based
on theirm/z. When choosing a mass analyser it is important to consider the level of mass accuracy

and resolution required of the data.

1.6.1.2.1 Time of flight

Theconcept of the time of flight mass spectrometer was first introduced by William Stephens at
the American Physical Society meeting in Cambridge in 1946 (Stephens 1946). Shortly after this
there were a number of advances in the field, with the first puldistesign of a linear TOF in 1948
(Cameron and Eggers,1948). In 1955 Wiley and McLaren (Wiley and McLaren 1955) published a

linear TOMMS design which was to become the first commercial instrument.

The time of flight mass analyser, as the name sugigesparates ions based on the length of time

they take to travel along a fiefdee drift tube. After the sample is ionised, the ions are accelerated

by a voltage pulse into the flight tube in which they are separated. Because all the ions of the same
chage are accelerated with the same amount of energy, the different mass ions travel at different
velocities. This means the lighter ions travel faster than the heavier ones and thus reach the

detector first (Figure 9).

lons
accelerated
by electrical
pulse

<€—— Field-free region ————>

source

Acceleration

lonisation
Detector

regi

Figure9: Schematic of a time of flight mass analyser separating ions with differéncatios
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design in 1948 there have been many improvements made in ordetam diigher mass accuracy

results; one of these was the introduction of the mass reflectron (Figure 10) in 1973 by Mamyrin

al. (1973). Sometimes ions with the sam& values can have slightly different kinetic energies,

which in turn can alter the tim¢takes for them to travel along the flight tube. In order to correct

for such slight differences in kinetic energy a reflectron can be used. When using a time of flight

instrument coupled with a reflectron to correct for this spread, analytes of the senbut with a
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higher kinetic energy spend longer in the reflectron than those with lower kinetic energy. If
appropriate voltages to apply to the reflectron plates are chosen this results in analytes with higher
kinetic energies having an extended paitigith, and therefore reaching the detector at the same

time as those with lower kinetic energies, so correcting for the initial energy spread. TRISTOF

used in this thesis was the Bruker ultraflex 11l which is fitted with a reflectron. Since the

introdudion of the reflectron there have been a number of other advances in TOF design with the

introduction of the orthogonal TOF (0oaTOF) and TOF/TOF instruments.

(=
S
= o
2L
=
(=]
°a

petector
9O

FigurelO: Schematic showing the use of a reflectron to correct for analytes with thera&anieut
different in kinetic energies. The analyte with the higher kinetic energy penetrates deeper into the
refelectron, thus extending the path length. This results ir&s&d resolution as both analytes

arrive at the detector simultaneously

One of the main instruments used throughout the work presented in this thesis is the Bruker
ultraflex Il TOF/TOF mass spectrometer. This instrument was chosen for a number of itdasons
widely commercially available, has a eisendly interface and the analysis costs are lower than

those for ultrahigh resolution instruments such as alERMS, which makes it moeecessibléo
archaeologists (rather than mass spectrometry gists). The ultraflex is capable of automated

MS and MS/MS analysis and is therefore described as a high throughput instrument. An advantage
of the ultraflex Il analyser is the presence of a lift cell which is located in the flight tube. The lift cell

allows the acquisition of a full fragment ion spectrum with a single set of V settings (Figure 11).
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Figurell: Schematic of the Bruker ultraflex TOF/TOF mass spectrometer

Thisultrflex TOF/TOF instrimehas a fixed MALDI sourde.order for the MALDI TOF/TOF to
overcome the issue of ions with broad KEs ions need to be focused prior to detection. This was
not possible using the classic reflectron dire@Ilyting ionisatiorthere are a number of factors
which can lead to paaesolution. Mt all of the ions are desorbed from the plate and ionised at
the same timein addition the analytes can have differstdrtingvelocities canbe accelerated in
different directions There is also the issue of the anlaytes béingifferent positions within the
sourcewhen the extraction voltage is turned,aven if all of these factors are eliminated

collisions within the field free region of the plume can cause issues as these fragments maintain
the same velocity as the precursor lout have a wide range of KEs. All of these thingsesaritin

a reduced level aksolution. In order to try and correct for this, delayed extraction can be used.
Inside the ion source there are three components which are used during delayed extFigtioa (
12): the first is the target plate on which the analyte is spotted (Figure 12, P1), the second is the
voltage plate with an electrode which sits opposite the sample plate (Figure 12, P2), and the third
component is a grounded acceleration electrddering delayed extraction the laser is fired which
starts the ionisation process and sets the analyte molecules/ions in motion. A potential is pulsed
between P1 to P8enerating an electric field. This electric field causes the ions to move towards
P2. Duing this process the ions with higher energetic energy move more quickly towards P2 and
are therefore exposed to less of an electrical potential than the slowerTibissresultén the

slower ions beingcceleratedand the faster ions moving more slgwI'he voltage potential

between P1 and P2 can be adjusted so that ions with the samebutdgferent starting

velocities will reat the detector at the same tintus improving the resolution.
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Figurel2 Schematic showing the basic components used ddefayedion extraction

To record a product ion spectrum, precursor ions may be selected on the basis wizimatio.

These ions can then be fragmented, and the resulting product ions used to dedwtethical
structure of the precursor. The precursor ion selector contains deflector plates which are arranged
in verticallayers; know as a TI§ate (Timed lonefector gate)Electrodes are coupled to a high
voltage supply with alternating polaritynél'potential difference between the plates results in an
electrostatic field which is perpendicular to the direction of the ion flight path. This electrostatic
filed is used to deflect ion@nce the precursor ions and fragments leave the TIS gate thay ent

the Lift cell.

The lift cell is made up of four electrodbat which form tiree chambers within the celhe lift
chamber, pulsed acceleratiorage and the acceleration stagéectrodes one and two are always
connected and form a cell which shields ions. Precursor and fragment ions formed in the drift
region of the instrument travel with the same velocity though the time of flight tube. The LIFT cell
enables a complete product ion spectrum to be obtained from a single analysis by enabling the
separation of precursor and fragment ions with the same velocity. The LIFT cell dbggdissg

the kinetic energpf the precursor and fragment ions so that the energy difference between the
two does not exceed 30%he reflectron is then able to susstully focus and reflect both the

fragment and the precursor ions.

The ultraflex also has a second deflection unit called the post lift metastable suppressor (PLMS).

This deflection unit is situated betwetre LIFT cell and the reflector and carubedto remove
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fragment ions that have formed after the LIFT procedure so that only those formed between the

source and the LIFT cell are separated and passed to the detector.

1.6.1.2.2 Fouriertransform ion cyclotron resonance

Fouriertransform ion cyclotron resonaaenass spectrometers (FCRMS) separate ions based on

their cyclotron frequency in a constant magnetic field (Marstall, 1998). The technique was

first developed by Comisarow and Marshall in 1974 (Comisarow and Marshall, 1974). TGty FT

MS is vell known for its high resolving power with extremely high mass accuracy. Mod€@R FT

mass analysers have three main components: a super conducting magnet, ICR cell and a high
vacuum system. The ICR cell sits inside the superconducting magnet. Oans taé been

generated by the ionisation source they pass through a series of pumping stages in order to reach
high vacuum. Once at high vacuum the ions enter the cell. There are trapping plates at each end of
the cell to preent the ions leaving (Figui®).When the ions enter the ICR cell, the magnetic field

O2y FAySa GKSY G2 I OANDdz I NI 2NDAGIE Y2GdA2y X LISNLISY!
orbit is the ion cyclotron frequency and is dependent omtiieof the ion. Each individuai/z ion

packet is excited by RF pulses from excitation plates outside the ICR cell. Once excited, the higher
orbits of the ions induce alternating currents in the detector plates, with the frequency of the
induced current the same as the cyclotron frequency. Racket of ions at any givem/z value is

only excited within a narrow RF resonance window. In modern instruments all of the ion packets
can be excited and analysed simultaneously. The cyclotron frequency is measured as the ions pass
detection plates. Foigr transformation of the free induction decay is converted from the time

domain to frequency, which is then converted into a mass spectrum.

Detector

plates Induced alternating
current

Excitation
plates

Trapping
plates

Fnunvnvnvn\ , I| | | > ]

FID Frequency Mass
spectrum spectrum

Magnetic

field

Excitation on

One frequency
excites one m/z

Figurel3: Schematic of a Fourigransform lon cyclone resonance mass analyser
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1.6.2 Liquidchromatography

Mass spectrometry systems are often coupled with chromatography separation. The coupling of
these techniques can aid separation of analytes before they are analysed by MS, as well as helpinc
to identify peaks observed in chromatogram by their mass specirhbenword chromatography

has long been associated with colour, since the 19th century when it was largely associated with
artists and pigments (Abraham, 2004). Chromatography in the analytical sense was pioneered in
the early 1900s by the work of Mikhasiwett, with his early studies which separated a series of
extracted leaf pigments in a column packed with solid particles (Ettre and Sakodynskii, 1993).
Today chromatography is a powerful analytical tool which allows the separation, detection and
gquantification of analytes within complex mixtures. The form of liquid chromatography used most
widely today is high performance liquid chromatography (HPLC), originally termedesigire

liquid chromatographyHPLC systems have five main components: pumpsskrganjector,

column and detetor (Figure 1} The analytes are introduced and carried around the system by a

liquid mobile phase.

Figurel4: Simple schematic of the components of an HPLC system

During HPLC, analytes arpaated based on their relative affinities for both the mobile and
stationary phases (column). The choice of column and mobile phase depends on the chemical
properties of the analytes. In this thesis, reversed phase HPLC was used, whereby the stationary
phase is hydrophobic and the mobile phases are polar aqueous and, or organic solvents. This
results in hydrophobic analytes being retained on the stationary phase of the column for longer
than more hydrophilic analytes, with the hydrophilic compounds eliitstgThe ratio of the
percentage of organic solvent in the mobile phase is adjusted over time (gradient elution) in order

to optimise separation of the analytes.
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1.7 Discussion and thesis aims

Asdiscussedhere, bone material can only be directly datechgsiadiocarbon analysis to ~50 ka BP
(van der Plicht and Palstra, 2014). The secure direct dating of bone samples older than this has
proved challenging. As bone material ages, its major protein, collagen undergoes chemical
diagenesis. Currently bone istm@ suitable sample for many dating techniques due to the open
system nature of its structure. It is hoped that isolating intact protein for the measurement of post
mortem changes, may offer an insight into both the age and the preservation state ofithe b

One of the ways in which collagen can degrade is via deamidation of the amino acid residues
asparagine and glutamine, to aspartic acid and glutamic acid respectively. The comparatively short
half-life observed for asparagine means that it is unliteebe useful when measuring deamidation

in bone material from the Pleistocene Period. It has been suggested by vareDalo(2012) that

glutamine deamidation may lzan ideaimarker of thermal age.

In this thesis, approaches have been developed usasg spectrometry (MS) to measure the
conversion of glutamine to glutamic acid in both synthetic, and tryptic collagen peptides. Two mass
spectrometers that have been used, a Bruker ultraflex Il and solariX. The ultraflex instrument is a
MALDITOFMS, andwas initially chosen for a number of reasons suchisasigh sample

throughput,low cost, user friendly interface and the fact that it is more commercially available to

the archaeological scientific community. The solariX is a high resolHiGRWS. This instrument

can be used with either an ESI or a MALDI source, and was used to investigate possible ionisation
bias of GIn, or Gloontaining peptides, as wels to investigate the accuragf/the genetic

algorithm used to calculate levels of deamidation in data obtained from the MA&IEDI

instrument. In addition to mass spectrometric techniques, chromatography (an Agilent 1100 HPLC.)

was also employed to determine the purity of the peptisiaghesised iChapter 4

The aims of this project are therefore to test whether the extent ofermymatic glutamine
deamidation is a useful diagnostic tool for measuring the diagenetic history of a bone; and
investigate the possible correlation betweglutamine deamidation and time/thermal age, for the
purpose of dating bone across the Pleistoceaedd. In parallel, both high (§6-140 'C) and low

(65 'C) temperature time course (kinetic) experiments have been performBdwancow bone
(~8001000years BP) material to assess the rates of deamidation at different temperatures. With
the data obtained we hope to assess the potential of deamidation as a novel method for dating

Middle and Lower Palaeolithic bone material.
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1.8 Calculating deamidation fronTOF/TOF data

One disadvantage of the TOF ultraflex instrument used in the work presentediiresigss that

it is not able to resolve deamidated and undeamidated peaks. This is due to insufficient resolving
power of the mass analyzer. In order to aklte the extent of deamidation of glutamine, a

program called)2E(taken from Wilsoret al.2012) was use2Euses a genetic algorithm to
deconvolute the overlapping distributions. The deamidation of glutamine results in an overall mass
increase of 0.98 Da, the i peak of the deamidated peptide signal (typically the risntopic

signal) overlaps the (n+1peak of the undeamidated form (typically the signal for the species

containing oneé®C atom) Figure5l

B O 11V PO 1.V O

100 % undeamidted 100 % deamidated Mixture of d?amidated
peptide peptide and undeamidated

peptides

Figurel5: Isotopic distributions of undeamidated and deamidated versions of the same peptide
(blue and red) plus an example of a mixture of the two peptide forms adapted from @fildon
2012

For a peptide containing just one glutamine residue, a value betweemzérone (referred to as

i K Svallie) denotes the proportion of glutamine that is deamidated, and is determined by
optimizing the fit of overlapping theoretical distributions with the experimental distributions. An
h-value of 1 indicates no deamidatiavhile a value of O results from complete deamidation. The
method can be extended to peptides with more than one glutamine residue. Each sample was
analysed in triplicate by MAL®I{ | y Rvaliiekoltained from a weighted average of the three
spectra, whee the weights reflect the signal to noise ratio (S/N) of each peptide. Full details are
given in Wilsort al.(2012). The code used to calculate deamidation levels is available as an R

package from GitHulhitps://github.com/franticspider/q2e.gjt

Each peptide has an isotopic distribution which is dependent on the average terrestrial abundances

of the stable isotopes. The theoretical isotopic distributions of peptides can be calculated using
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their demental composition. In order to calculate these distributions precisely, the product of
polynomials, each representing the naturally occurring isotopes for an element in the peptide can
be used (Yergey, 1983). When assessing the extent of deamid#ioonly considers the terms
related to the first few peaks of the distribution, which simplifies the calculation. With the
theoretical distribution calculated for the undeamidated peptide, the problem is simply to find the
proportion (the alpha value) of ihdistribution and of the overlapping distribution shifted by 1 Da

(at the resolution of the MALDI data) that gives the optimal fit to the observed experimental data.
Various optimisation algorithms could be employed for this purpose, but most wouldepeaovi

single optimal value for alpha. The genetic algorithm used is fast and easy to implement. Improved
solutions are obtained from a population of random starting solutions, in a process that mimics
evolution, until convergence is reached. IntheorySAMB y i G 2 LIGA Y £ ¢ &a2f dziA2y a
so the method can also provide a measure of stability from multiple runs. The mean squared error
between the calculated and experimental distributions is used as the fitness criterion and the
program rejects thasisotope distributions for which the final fithess measure is too low. In
addition, the user can select the minimum level of signal to noise level, providing another criterion
for rejection of poor spectra. In this case the minimum signal to noise lE&s8Ryas set to 3.0. To
calculate a single alpha value the sample is spotted onto the MALDI plate three times, and a
weighted average of these triplicate spectra are used to calculate the alpha value (the triplicate
spectra are weighted according to thdRSlevel of each replicate). An example of the theoretical
distributions of three of the peptides measured in this thesig {105, 2056 and 235, are shown
below in Figures 187 and 18, as well as the distributions observed in three real samplesg&igur
19-23).
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Figurel6: An example of the theoretical distributions of peptid& 1105 in various states of
deamidation, (100%, 0% and 50%)
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Figurel9 Three examples of spectra obtained from the analysis of three triplicate protein extracts
from a piece of Romarovidbone (samples 1a, 1b and 12c)
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Figure20: A close up dfhe isotopicdistributionsobservedor peptidem/z 1105 with a calculated

h-value of 1.00, indicating no deamidation has occurred.
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Figure21: A close up of the isotopic distributions observed for peptide2057, with a calculated
h-value of 0.67, indicating some deamidation has occurred.
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Figure22 A close up of the isotopic distributions observed for peptide2705, with a calculated
h-value of 1.00, indicating no deamidatioss occurred.
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Figure23: A close up of the isotopic distributions observed for peptide3100, with a calculated
h-value of 0.50, indicating that around half of the peptide has demidated.
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Chapter 2 Methods

Introduction

The work presented in this thesis is heavily method development based. The key methodologies
are described here, with further detail in chapters, as and when these methods are deviated from.
The following methods have been usetbtighout this thesis to atyse proteirextracted from

bone, following the work of van Dooenal. (2012) andKoonet al (2012).

2.1 Sample preparation protocol for the extraction and preparation of

protein extracted from bone to be analysed by mass spectrometry.

The sample preparation protodolr analysis of collagen tryptic peptides by mass spectroroatry
be split intofive main sectiongFigure 13)1) bone preparation and cleanimg the bone, 2
extraction of soluble proteins) 8ligesion of proteins intgeptides, 4 purifiation of peptide

mixtures, and pmass measuremermf the peptides by mass spectrometry

2.1.1 Sample preparation and cleaning

Step one, Figure 1Bones werecleanedat room temperature (22 O by soaking iBO mM

ammonium bicarbonate solution (pH 8t@)minimise remove contaminants associated with the
burial environment such as humic acidarge bones were slicading a diamoneadged water

cooled band saw in order to minimigeating ofthe sample, as deaidation may be induced
thermally(van Doorret al, 2012) Slices were then either powdered or chipped. As well as bone
chips, bone powder was also used in some experiments. Bone chips were powdered under liquid
nitrogen using a SPEX freezer ndiicha®logicalor sub fossil samplesvhich were already

powdered or in chip form were cleaned at room temperatu@?(-€) by soaking iB0 mM

ammonium bicarbonate solution (pH 8f0) one hour. The ammonium bicarbonate solution was

then removed and discardéefore performing the protein extraction.

2.1.2 Extraction of proteins using ammonium bicarbonate

Step two, ure 24 50 mMammonium bicarbonatsolution(pH 8) was added to each bone
sample (approximately 10@ per 30 mg of bone). The sample was then warfoedne hour at

65 'C (adaption ofextraction procedures desbed in van Doorat al.(2012).
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Figure24: A schematic of sample preparation protocols. (1) Samples are cleaned in 50 mM

ammonium bicarbonate at room temperatusgernight. The sample is then cut into small pieces

as required; (2) Soluble protein is extracted directly from the mineralised bone by warming in

ammonium bicarbonate solution (at 8) for one hour; (3) A tryptic digestion of the extracted

protein is arried out overnight in ammonium bicarbonate solution afG7 (4) The resulting

peptide mixture is purified using solid phase ZipTips; (5) the peptide mixture is analysed by MALDI

MS (section 2.5); the spectrum is used to estimate the level of deapmidatturring in specific
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value of 1.0 representing no deamidation and 0.0 indicating complete deamidation of glutamine to

glutamic acid

2.1.3 Digestion and puriftation of peptide mixtures

Stepsthree and four Figure 24ach of the 50 pprotein extractavas digested with 1 pL of porcine
trypsin (0.4 ug/uL) overnight at 3C. The digests were purified using 100 pL C18sudise tips
(Millipore ZipTips) and ddgad by washing with 0.1% trifluoroacetic acid (TFA) solution. Peptide

mixtures were eluted in 50 pL of 50:50 (v/v) acetonitrile: water (water puRifi my ®n am0 O2y G+ A YA

0.1% TFA.

2.1.4 Analysis of peptide mixtures using mass spectrometry

Stepfive, Figure 24the proteolytic peptide mixtures, consisting predominantly of teypéiptides,

were analysed usingatrix-assisted laser/desorptidonisationwith either the ultraflex (MALDI
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TOFMS) or the solariX (MALDI or ESIFRMS) instruments. For MALDI sampieparation a

volume of 1 pL of sample solution was spotted on a ground steel MALDI target plate, followed by 1
K [ -2y@ned-hydroxycinnamic acid matrix solution (1% in 50% ACN/0.1% TFA (w/v/v)). The
sample and the matrix solutions were mixed togetirethe plate and allowed to ailry. Each

sample was spotted on to the MALDI target plate in triplicate. For analysis using the ultraflex the
data was acquired urgy HexControl softwee version 3.3Bruker DaltonicsPositiveion MALDI

mass spectra werebtained using a Bruker ultraflex 11l in reflectron mode, equippedanitti: YAG

smart beam laser.p@ctra were acquired over a range of &D0m/z. Final mass spectra were
externally calibrated against an adjacent spot containing 6 peptidegfdeBradykinin, 904.681;
Angiotensin |, 1296.685; GlEibrinopeptide B, 1750.677; ACTH.{lclip), 2093.086; ACTH {38

clip), 2465.198; ACTH-8B clip), 3657.929.). .). Monoisotopic masses were obtained using a SNAP
averagine algorithm (C 4.9384, N 1.35@71..4773, S 0.0417, H 7.7583) and a S/N threshold of 2. .
Fragmentation was performed in LIFT mode without the introduction of a collision gas. The default
calibration was used for MS/MS spectra, which were bassalinacted and smoothed (Savitsky

Golay, width 0.15 m/z, cycles 4); monoisotopic peak detection used a SNAP averagine algorithm (C
49384, N 1.3577, 0 1.4773, S 0.0417, H 7.7583) with a minimum S/N of 6. Bruker flexAnalysis

software (version 3.3) was used to perform spectral processing aikdigegeneration.

Majority of the samples were analysed using an automated run with calibrants spots analysed after
every 8 acquisitiongefore starting the run thiaser intensity was first optimised so that
maximumsignalintensity was obtained, withub compromising the baseline of the spectrum. The
average laser intensity used was around 43%, however this changed depending on the sample
type, withextracts of low concentratiotypically requiring a higher laser intenghgn

concentrated extractsThe optimum number of laser shots was investigated at the beginning of

each sample run with an average of 800 shots used. It was found that when amajsnity of

the samplesthe spectra obtained did not increase above 800 laser shots. The resolusicetia

2. Inaddition,before each runthe plate was aligned so that the laser started in the centre of each

of each spot with the spot movement for each sample set to random.

When using the Bruker solariX instrurhthe same plate was usechéf'sample wereanalysed in
posivemodas A G K | &Yl NIo6oSIFYunu yAGNR3ISY fFasSN) 6oor
solariXcontrol software and processed with DataAnalysis version 4.2 (Bruker Daltonics). The
analysis carried out on the solariX was not automatedla® instrument required only one

calibration (using the same peptide mixture as the ultraflex) at the beginning of the analysis. Each
spot was analysed manually with 800 laser shots used and an average of 8 spectra acquired for
each analysis. Unlike thétraflex the laser was moved manually during acquisition as an

automated method was not available.
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2.2 Determining the level of deamidation in a peptide in data obtained

using the ultraflex (TOF instrument).

The deamidation of glutamine results im@verallmassincrease of 0.984 Da. One disadvantage of
the TORNstrumentationused in this works that due to the insufficient resolving power of the
mass analyseit was not possible to resolve tdeamidated and undeamidated signaltee nth

peak of he deamidated peptide signal (typically the mésatopic signal) overlaps the (n+1)th
peak of the undeamidated form (typically the signal for the species containintCoaem) The
extent of deamidatiof glutamine Q), converting ito glutamic acidE)can be estimated by
deconvolution of the two overlapping distributions as described in Waksain(2012). For a

peptide containing just one glutamine residueatuebetween zero and oné NS F SNNBE R (i 2
value) denotes the proportion of glutae that isdeamidatedand is determined by optimizing

the fit of overlapping theoretical distributions with the experimental distribstibny” -value ofl
indicates no deamidatigmvhile a value oD results froncompletedeamidation. The method can

be extended to peptides with more than one glutamresidue Each samplaasanalysed in
triplicateby MALDMSandii K Svallie obtained frona weighted average of the three spectra,
where the weights reflect the signal to noise ratio (S/N) of each peptidlaletails are given in
Wilsonet al, (2012).The code used to calculate deamidation lexesvailable as an R package

from GitHub(https://github.com/franticspider/q2e.gjt
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Chapter 3 Optimising the extraction of glutamine
containingcollagen peptides from bone

Introduction

Proteincan be extracted from bone in order answer a number @fuestions relating to the past.
Advances in genetics and analytical chemisaye helped t@ain a better understanding of the
structure of collgen and its function as a protess well abuildinglibraries containing the

collagen amino acid sequences of hundreds of animals.

Although the amino acid sequences which make up all collagens are similar, there are localised
variations between specieBrevious studigBuckleyet al.,2008 Buckleyet al.,2009 ; Buckley

and Collins 2011; Kirley al, 2013)have looked at these variations by comparing different tryptic
peptide mass fingerprints. The observed peptide mass fingerprints can be used for species
identification (ZooMS) if the amino acid sequence of collagen from the particular species is known,
or if an authentic sample of collagen from that species is available for compaais@oorret al.
(2012 developed a minimally destructive extraction procedwiesreby collagen is extracted by
warmingthe bonein ammonium bicarbonate solution. The solution is then subjected to an
overnight trypsin digestion. The subsequent collagen peptide mixture is purified on C18 ZipTips,
and analysed using a Time of FligheM&pectrometer (TEWS) to generate a peptide fingerprint.
This minimally destructive ammonium bicarbonate extracgtiethodhas been adapted byan
Doornet al (2012) to extract and analyse levels of glutamine deamidation in collagen peptides.

| dzNJi F R2 | Yy R Ihdye 1Bed ¥ Sinilar ammomniumibicarbonate extraction to measure
deamidation of asparagine (Asn) to aspartic acid (Asp) in collagen BsimgesiTransform lon
Resonance Mass Spectrometer-(BFMS). Originally the protocol by Buckéal.(2009) was
designed to be purely qualitative, with the interpretation of the datkingonly at the absence or
presence of specific peptides. The protocol was designed to extract and recover as many tryptic
peptides as possibleith the expectatiorihat some of thenwould be species speciflo. order to
adaptthis methodto measure the conversion of glutamine (GlIn) to glutamic acid (Glu) accurately,
the method musbe semiquantitative tomeasure theelativeratios of the GIn and Gltontaining
peptideswithout altering them Each step within the method should be investigated to ensure that
minimal deamidation is caused during the sample preparation, and that there is no bias in the
extraction of eitheof the two peptide formgsas this would alter the final measuanent. The

methods employed also aim to maximise the recovery ot@itaining peptides. Lastly in order to
measure deamidation using MS, both the GIn anecGhtiaining peptides need to give the same
mass spectrometric response. This is investigat&tieapter 4 Themethodsused by Bucklegt al.

(2009) andran Doorret al.(2012) can be diged into four main steps (Figure )25
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Step one Step two

Extraction of :
. Tryptic o
protein by digestion of Purification of

Stepthree

Step four
Analysis of the
warming in protein over the peptide | A peptide mixture
ammonium night at mixture using usingMALD#
bicarbonate at solid phase TOFMS
e 37°C extraction

Figure25: Flow diagram of steps4.used extract and analyse glutamountaining peptides in
collagen from bone. The whole process from extraction to obtaining spectra takes approximately
three days

In order to assess the suitabilégpd optimise the methotbr the measurement of glutamine

deamidationthe followingwere investigate@s part of his thesis

(1) The effect of different temperatures (3¢, 65'C, 110'C and 14GC)for the ammonium
bicarbonate extraction ajlutamine deamidation

(2) The effect of trypsin digestion time on deamidation

(3) Comparison of spectra obtained using either standié#d.D) or anchor chip MALDI plates

(4) wS LINR RdzONatuast A G& 2F b

3.1 Investigating the relationship between temperature and

deamidation in collagen peptides.

The effecbf temperature and time oboth glutamineand asparagindeamidation have been
investigated using both natural and synthetic polypept{@estchler and Robinson 19Btratton
etal,2001;l dzNIi I R2 | Yy R RoRihsany2902)Mth studiesofglutamine in

pentapeptdes showing a decreagehalflife with increased temperaturg&cotchler and Robinson
1974) Analysis of glutamine deamidation has been carried out on a wide range of sample types
such as wodJAraki and Mimi 2011)and proteinrbased binders found in painfiseoet al, 2011)
Glutamine deamidation has also been investigated in the crystalline protein within the eye lens
(Flaugret al.2006) One common conclusion from these studies is that deamidapipears to be
temperature dependenthowever at present kinetic data on the rate loftreactions not

consistent and it is difficult to compare the data obtained from differentigeequences using
different kinetic methods. Most of the kinetic studies of GIn and Asn deamidation have been
carried out on short synthetic peptides, and therefore may not be representative of mechanisms of

deamidation within larger, more complex stues such as proteins. Both glutamine and
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asparagine have two alternate deamidation pathways, either vidia icyermediate, or i direct

side chain hydrolysidue to the lack of flexibility necessary tioe protein ackbone to adopt the
appropriateinteratomic distance needed for the formation of the cyclic intermediatas Duin

and Collins 1998; van Doaghal, 2012). Therefore, in proteins such as collagen it is easier to
envisge that deamidation occurs via direct hydrolysis. If this mechanism path is correct it would
mean that, in collagen the two residues are likely to be equally stable; however once in solution,
gelatine- the soluble form of collagemo longer has the sanstructural constrants, with the

protein formingrandom coils. In these conditions at neutral pH asparagine has found to deamidate
rapidly, and therefore differences in levels of deamidation between Gln and Asn are likely to be

preparation induced.

In this study 12 peptides (Table)2vere measured iprotein extracéd from abovine bone

excavated fronTanner Row, YorRhe bone was found in an-stratified context and therefore

the exact age is not known; from archaeological interpretation of the site however it is thought to
be most likely from th&omarperiod. The bone appeared to be well preserved with a waxyofeel

the outer surface.

Temperatures of 37C, 65'C, 110'C and 140C were used to investigate the temperature
dependence of Gldeamidation. The first two temperatures are used in different stegdseof t

sample preparation protocdescribed in Figur24. Although37 'C is relatively low termsof

kinetic studiesthis temperature is used during the tryptic digestion step, during which samples are
incubated aB7 'C, for up to 16 hoursHigher temperature80 'C, 110'C and 140C)have been
routinely wsed to study the kinetic reactions of amino acid racemisation in premkmaret al,
2008;Crisp ¢al., 2013;Demarchet al.2013) As GIn deamidation is thought to be relatively slow

it washypothesisedhat exposure tahe temperatures of 37C ad 65'C would cause no dittle

deamidation.
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Table3: 12 peptides that are observed in MALDI mass spectra, of tryptic digests, of bovine type |
collagen and contain at least one glutamine resitidieere possible the theoretical amino acid
sequence of the peptides has been dentoated by product ion analysisor peptides where this

was not possible, due to poor spectral quality, sequences were taken from published data (Wilson
et al, 2012) and ssigned on the basig i K S LJS LJG A k& dalesl OO dzNI G S

M+ [H] peptide sequence Number of proline Collagen chain position in
hydroxylations collagen chain
836.44 GPAGEGPR* none COLL 1A1 [10841092]
1105.57 GWQGPPGPAGPR* 1 Oxidation COLL 1A1 [685-696]
1690.77 DGEAGBGPPGPAGPAGER none COLL 1A1 [612-630]
1706.77 DGEAGBGPPGPAGPAGER 1 Oxidation COLL 1A1 [612-630]
2056.98 TGPPGPABGRPGPPGPPGAR* 4 x Oxidation COLL 1A2 [552:573]
2073.01 GAPGBEGPAGABTPGRGIAGR 1 x Oxidation COLL 1A1 [934-957]
2089.01 GAPGBGPAGAPGTPGRIAGR 2 x Oxidation COLL 1A1 [934-957]
2689.26 GFSGQRGPPGPPGPSEPSGASGPAGPR 2 x Oxidation COLL 1A1 [1111-1140]
2705.26 GFSGIGPPGPPGSRERSGASGPAGPR* 3 x Oxidation COLL 1A1 [1111-1140]
3001.50 GPSGEPGTAGPPGTBEPGAPGFLGLPGSR 3 x Oxidation COLL 1A2 [845-877]
3100.41 GLPGPPGARGHRGPPGEPGEPGASGPMGPR* 6 x Oxidation COLL 1A1 [187-219]
3665.54 GGRGPAGPPGPPGPPGPPGPSGGGYEFGFDGDI 4 x Oxidation COLL 1A2 [10791116]

* Assignment of sequenaEmonstratedusing product ion spectrum.

3.1.1 Methods

The bone was sliced using a diamond edged water cooled band saw in order to minimise
introduction of heatpowdered using &eezer mill (SPEXhder liquid nitrogen. The resulting

powder was left to aidry for three dys.

Triplicate amples for each time point and temperature were preparedulting in a total of 96
samples (eight time points, at folamperaturesx three replicates For each samplel0 mg

aliquots of bone powder were weigheBamples to be extraatet37 'C ands5 'Cwere prepared

by first transferring the sampte individual plastic polypropylene (PP) microfuge tutiesse

heated at110 'C and 140Cwere transferred to 2 mL glass vials with plastic screw id)spL of

50 mM ammoniunbicarbonate solutioifpH 8.0was added to each sampleamplesieated at37
'C,65 "Cand110 "Cwere heated for 0.5, 1, 2, 4, 6, 7, 8 and 24 hoBesnples heated 440 'C

were heated for 0.25, 0.45, 0.50, 1, 1.5, 2, 2.5 and 3 hAites. heating, 50 L of supernatant

from each sample was transferred to a naslypropylene (PP) microfuge tube. The samples were
digested overnight, theesulting peptide mixtures consisting predominantly of toypgptides

were analysed usingALDITG~MS as described fDhapter 1
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3.1.2 Results

As noreference standard@naterial with known levebf deamidation) werevailable, biological
material (bovine bone) was used. This meiduas values of deamidation present in the sample
prior to heat treatmentareunknown it is therefore not possible to quantify ttabsolutelevels of
deamidation produceffom heating Howevetthe levels ofdeamidation observed at the four
temperatures can be compared. The peptide withmgz value of 1105.57 (QYGPPGPAGPRAs
chosen to compare deamidation at different temperatures. This peptiddeerdescribedas
deamidating slowly, with reported hdife of 640days(van Doorret al, 2012) In this experiment

it was the mosfrequently observed out of the 12 Gdontaining peptides that were measured
(Table 2)"-valuesfor m/z 1105.57 were calculated for each sampé described i@hapter
section 2.2 h-values measured im/z 1105.57were compared across the four teematures, with
h.values plotted against timea@ples heated at 37C showed little or no deamidatiamthe

peptide atm/z 1105.57over 24 hours, with only one sample out of the eight time points showing
deamidation (with ah -valueof 0.99) (Figure 28op lef). Samples heated &6 "C over 24 hours
show lower -values than thoséneatedat 37 'C (Figure 26o0p righ). Heating for 30 minutes at 65
'C yielded a meanvalueof 0.96, andafter24 housi K S | GBINI &S & aluesn dpn &+

calculated for peptides heated at this temperature ranged from 0.92 to 1.00.

1.00 @O0 O OO (@) 1.00 128 “N-)
s 8.8
0.90 4 0.90 -
0.80 - 0.80 -
0.70 - 0.70 -
0.60 4 0.60 -
0.50 T T T T 1 0.50 T T T T 1
o 0 5 10 15 20 25 0 5 10 15 20 25
c Time (hours)
1
& 100 Re
0.90 -
! | O 37°C
0.80 - O 65 °C
0.70 4 O 110 °C
0.60 - © 140 °c
0.50 v T T v ) T T T .
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Figure26: Levels of deamidation observedpirotein extraceéd from powdered bovine metatarsal

02y S® 5SI YARLF (i Avalyés medsurdtiSnlgephidé Gitiz 1005.57h

(GMQGPPGPAGPR). The bone was heated in 100 pL of 50 mM ammonium bicarbonate solution (pl
8 over 24 hours, at either 3T (top left), 65C(top right), or 110C (bottom left). Samples were

also heated at 148C over three hours

63



The averagé -valueat 30 minutes for samples heatedlat0 'C was 0.97, after eight hours this
decreased to 0.83. Peptice/z 110557 was not observed after heatiag110 "Cfor 24 hous. The
range of -valuesobtained at this temperature was 0.77.00.In samples heated 4140 'C,
peptidem/z 110557 was not observed after 2 hours of heating. Thaluesobtained at this
temperature ranged from 0.84 to 1.00. Feach temperature a total of 288 observations was
possible (8 time points, x 3 replicates per time point, x 12 peptides measured in each sample). 65
'C yielded the highest percentage of observations (51.04 %)."&tt8@ percentage of
observations was 463 %. This percentage decreased at T1@ith 31.94 % and 16.67 % for
samples heated at 14 (Figure 27 Overall spectra obtained from samples heated at'Cléand
140"C resulted in poor quality of spectra, with fewer peaks and lower S/N ratiosttbarved at
the lower temperatures of 3¥C and 65C.

O
o 100
e
o
o 80
o
Q
c
o 60
[7p]
Q0
o)
5 40
Q
o
8 20
c
Q
o
[ 0
oo

37°C 65 °C 110 °C 140 °C

Figure27: The percentage of the total possible observations in samples heated at four different
temperatures. Samples heated at €7, 65'C and 110C were heated over Zdburs while samples
at 140"C were heated for up to three hours

3.1.3 Conclusions

Results from thesexperimens demonstrate thaglutamine deamidation in peptida/z 1105.%
increases with temperature. As well as an increase in deamidation, temperatureavasiatsto
decrease the number of peptides observed in spectra. Samples here were heated in solution which
may promote hydrolysis of the peptide bonds (Hill, 1965). Cleavage of the peptide bond would

result in smaller fragments than those ma@esl in thisexperiment (Table)2
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In conclusionit was found that in this sampldeamidation of glutamine in peptiade/z 110557
increasedwith temperature when heated in ammonium bicarbonate solutdrihe lower
temperatures used during sample preparation {8and 65'C) the level of deamidation observed
was very low, even after heating for 24 hours, therefoneagunlikely that these conditions would
induce significant levels of deamidation. However it was observeththgtiality of spectra

obtained from ligh temperature experiments (11@ and 140C) was poor. At these higher
temperatures fewer peaks were observed, and the S/N (signal to noise ratio) of peaks was lower
than those observed in samples heate@afC and 65C. Itwas therefore difficult t@ssess the
levels of deamidation in Glrontaining peptidesther thanm/z 110557, particularly for time

periods longer than 8 hours. Due to this, heating samples in solutid® &€ and 143C would

not be favourable for the extraction and measuremaintollagen peptides. In order to measure
this reaction over longer time periods, lower temperatures and conditions that minimise peptide
hydrolysis would be required. One way of reducing the amount of peptide hydrolysis may be to
heat the samples in samdther than solution. Heating bone samples in sand would also be more
representative of the burial environment from which bones are most commonly excavated. The

use of sand as a medium to heat samples is investigated furtBeajter 5

It may be diffiult to model the way in which glutamine undergoes deamidation in the burial
environment, if the rate observed in higher temperature experiments does not rfieftan
acceleration othe pattern of deamidation observed at lower temperatures. This i€pkarly
important when looking at archaeological samples, as material will have been buried at

temperatures below 65C(Goodfrien et al, 1991)

3.2 Trypsin digestion of peptides

Porcine trypsin is widely used in proteomic studies. The enzyme cleaves etertmén@l side of

arginine and lysine residues unless followed by pr¢eeret al, 2004) Arginineand lysine

make up approximately 10 % of the residues in type one collagen resulting in the average length of
tryptic peptides being ~ 10 amino acids long. Breaking down the extracted collagen into shorter
peptides enables the analysis of specific siifsmthe protein. Previous studiésive used mass
spectrometry to measure deamidation in peptides containing asparagine. In these studies samples
were labelled witH®0in order to measure induced deamidation and wambjected to four hour
(Lietal., 2008) and overnight tryptic digestiqiraki and Moini 2011yvith both digestion times
showingno deamidationAs asparagine is known to be less stable than glutamhres heen

predicted that the overnight tryptic digestion will not induce deamidation in glutafviisonet

al., 2012)
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Theeffect of trypsin digestiotat 37 'C),on GIn deamidation, as well as the S/N of the GIn

containing peakwas investigated. liyuots of the samerotein extract{extracted at 65'C for one

hour),were subjected to digestion foiftering lengths of timeincubated with trypsin for either 2,

4, 6, or 16 hoursSamples were prepared duplicatefor each time point, with each sample

FyFrfte@aSR Ay GNRLI AOFGS® 'y | @SNwauws. 2F SIFOK GNXLIX AOI

3.2.1 Methods

~80 mg of bone powder was transferred to a 2ptastic polypropygne (PPinicrofuge tube. The
bone powered was prepared as describe@limpter 2800 pL of 50 mM ammonium bicarbonate
pH 8.0 was added to the bone powder; this was vortexed for 60 seconds and he&&da fatr

one hour. The supernatant was then transéerto a new 1 mplastic polypropylene (PP)
microfuge tube and eight aliquots of 50 pL were transferred to 0.plastic polypropylene (PP)
microfuge tubesTo each sample 1 uL of porcine trypsin (0.4 ug/uL) was added. Samples were
heated at 37'Cfor 2,4, 6 and 16 hours with two samples used at each time point. The digests
were purified using 100 pL C18 sqilthse tips (Millipore ZipTips) and desalted by washing with
0.1% trifluoroacetic acid (TFA) solution. Peptide mixtures were eluted in 50 phC\BG)
acetonitrile:MilliQ water (0.1% TFA). The resulting peptide mixtures, consisting predominantly of
tryptic peptides, were analysed using (MALDFMS).h -values were measured in 1@In

containing peptides (Tablg.2

3.2.2 Results
Out of the 1X5Incontaining peptidedour (M/z2705.26,m/z2089.01 m/z2073.01 andn/z

2056.98) were found to show increased deamidation with the length of time theyineeitzated

with trypsin (Figure 28Peptide withm/z 2705.26 shows little deamidation in the first six hours of

Ay Odzo I ( AM2IyYTZdzSHEA (K2 NJ G KS T A Ndmliles of 1.GOAaY S hduB A y G a £ KI @A
K26SOSNE 'y AYONBIFaS Ay RSI YARUedf0B4/ Peptidad/z YSI 4 dzZNBR 4.
2089.L andm/z 2073.01 show similar patterns of deamidation to each other, with a slight

increase in deamidation over time. Peptidez 2073.01 is the hydroxylated versiomafz

2089.01with the difference in mass 6f16 Da due to an additional oxygen. Teproducibility of

h-values at the two hour time poifgnot consistent, and so it is difficult to determine the level of

deamidation at this time point. The peptide which showed the strongest correlation of

deamidation with incubation time was/z 2056.8B, again with the highest level of variability

0S06SSy NBLI AOFGS &l YLIX Sa 2alieSiolpeptiRen/z 05608 2 K2 dzZNE ¢ |

range from 0.79 after two hours, to 0.43 at 16 hours.
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Figure28: Protein extracts SNE RA3ISa0GSR T2NJ RAFTFSNBydaluesSy 3 i
are shown for peptidesn/z 2705.26,m/z 2089.01,m/z 2073.01 andn/z 2056.98

Four peptideshowed no correlation between deamidation and the length of digestion iz (
2689.5, m/z 3001.50,m/z 3100.41 andn/z 3665.54. Peptides which did not show an increase

with deamidation across the four digestions times wafe836.44,m/z 1105.57,m/z1690.77 and

m/z 1706.77 (Figure 29As well as measuring the levels of daation ineach peptideTable 2,

the S/N (signal to noise ratiof) the mono isotopic signal was also recorttegceach of the 12

observed Ghtontaining peptides. The results can be split into four groups

Group onecontainstwo peptides with S/N that did not increase after two hours of incubation
with trypsin,m/z1706.77 andn/z 1105.57 (Figur&0).
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m/z 836.44 m/z 1105.57

1004 e o o o 100 4 e o 8
0.90 - ° 0s0 4 °
0.80 - 0.80 -
0.70 - 0.70 -
o 0.60 . . . 0.60 T T T
=) 0 5 10 15 0 > 10 15
©
; m/z 1690.77 m/z 1706.77
1.00 - , 1004 o @ e s
0.90 - ® 090 { °
0804 o ° 8 0.80 -
0.70 - 0.70 -
0.60 . . . 0.60 . : -
0 5 10 15 0 5 10 15

Time (hours)

Figure29: Proteinextraci ¢ SNB RAIS&aGSR T2NJ RATFSNBwilest Sy3aiKa
are shown for peptidesmn/z 836.44,m/z1105.57m/z 1690.77 andn/z 1706.77
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Figure30: The S/N ratio of two peptides/z 1706.77 andn/z 1105.57 in bovin@rotein extracs,

after being incubated with trypsin for eith&; 4, 6 or 16 hours. The S/N of these peptides did not
increase significantly after a digestion time of two hotire error bars show the raam S/N

values obtained between the replicate samples.
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Group two consists of three peptides with a S/N ratio that did not increase after four hours of
incubation with trypsinm/z 836.44,m/z 3001.50 andn/z 3100.41 (Fige 31). The difference in
S/N observed for peptid®/z 3100.41 was particularly high with replicatésamples incubated at
16 hours giving S/N of 56 and 262.

m/z 3100.41 m/z 3001.50
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Figure31: The S/N ratio of three peptides/z 3100.41,m/z 3100.41and m/z836.44,in bovine
protein extracs, after being incubated with trypsin for either: 2, 4y@6 hours. The S/N of these
peptides did not increase significantly after a digestion time of four hblieserror bars show the
range in S/N values obtained between the replicate samples.
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Group threeincludes twqeptides with a $d that did not increase after six hours/fz 1690.77
andm/z 2056.98]Figure32.
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Figure32 The S/N ratio of two peptides/z 1690.77 andn/z 2056.98 in bovinerotein extracs,
after being incubated with trypsin for either: 2, 4, @.6rhours. The S/N of these peptides did not
increase significantly after a digestion time of six hdthre error bars show the ragm S/N

values obtained between the replicate samples.

Group fourincludesfour peptides which showed an increase in S/N after 16 houe2073.01,
m/z 2089.01,m/z 2689.26 andn/z 2705.26), this is particularly evident in peptid& 2705.26
(Figure 33
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Figure33: The S/N ratio of four peptides/z 2073.01,m/z 2089.01,m/z 2689.26 andn/z 2705.26

in bovineprotein extracs, after being incubated with trypsin for either: 2, 4, 6 or 16 hours. The S/N
of these peptides was increased significantly after a digestienairh6hour. The error bars show

the rangein S/N values obtained between the replicate samples.

3.2.3 Conclusions

In was observed that although most of the -Gdmtaining peptidefn Table 2o not

deamidate during overnight tryptic digestion, some do appeahow increasg levels of
deamidation ovetime. This experiment was carried out on one bone and therefore may not

be more broadly representative of bone collagen. The preservation of the collagen may also
play a role in how susceptible it is to deartimfa Further investigations pfrotein extraced

from a range of different bones, of differing ages would help to assess this, as well as triplicate
analysis as some of the duplicate values did not replicateltvigthusimportant that samples

are digestedunderthe same conditions in order to make the results comparéblerder to

make the data obtained in this study comparable to previous studies of GIn deamidation in
collagen, 16 hour tryptic digestion will be used. It is also possible thatrtgth bf time is

needed in order to increase the S/N level at which peptideswitt2073.01,m/z 2089.01,

m/z 2689.26 andn particular peptiden/z 2705.26are observed. There were no consistent
differences between the sequences of the peptides which were easily cleaved after 2 or 16
hours of digestion. It may be that some peptides only undergo deamidation once they are free

and therefore observed levels @éamidation mightiependtheir release rates.
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3.3 Comparison of Glrtontaining peptides observed when analysed

using standard oAnchorChip MALDI target plates.
Previous studies by van Doatal.(2012) andBuckleyet al.(2008)have used standard MALDI

target plates to analyse collagen peptides. One of the main advantagés éth type is that

they are easy to clean. In the protocols used here, these plates are cleaned using a 10 % surfactant
solution (RBS 35, Detergent Concentrate, Thermo Scientific), rinsquuvifithd water and the

polished with a brass polis@nce he polish is removed the plate is rinsed with isopropanol (IPA)

and left to air dry. An alternative plate type which is used in proteomic analysis is the AnchorChip
target plate. In AnchorChip plates, each spot position has a hydrophilic area, surroyrdedall
hydrophobic ring. This hydrophilic anchor draws the sample into a small area, resulting in a more
concentrated spot. A spot on an AnchorChip plate holds half the amount of sample (0.5 pL) and
matrix as a standard MALDI plate (1 pL) and is aske@iby Bruker as being able to increase the
sensitivity by a factor of 10 to 10 is therefore thought to be a preferable plate format for low
concentration samples, where only a small sample volume is available. Another benefit of
AnchorChip plates ev standard MALDI plates, is that due to the smaller area over which the

sample is dried, there is less chance that the laser will miss sample crystals as it scans across the
ALRGT NBRdAzOAY3a GKS ySSR (2 221 FT2tdndd@gSSaG alLrRdaqQ
MALDI plates. One of the main disadvantages of AnchorChip plates is that caution must be taken
when cleaning as the hydrophilic and hydrophobic coatings can be damaged. AnchorChip plates are
thus cleaned using a series of sonication steps iaugsolvents, depending on what the sample is
soluble in, this can be tricky if you have a number of different sample types on one plate, or if a
sample is particularly concentrated. Manufacturers recommend that you do not analyse samples
where calibranthiave been as high concentration samples can be difficult to remove. AnchorChip
plates also have a limited life span as they can only be cleaned a number of times before the
AnchorChip is @arn away. This section will compare these two plate types, withithef

determining which format type would be most suitable for the determination of deamidation in

the 12 Glacontaining peptides measured in this thesis. It should be noted that in this investigation
the standard recommended volumes for samples and rditn each plate type were used (1 pL

for standard MALDI, and 0.5 pL for AnchorChip). Therefore differences in the spectra observed may
be due to concentration, as well as the plate type. It was decided that 1 puL would be used on the
MALDI plate as this more reprsentative of realife use of the plate. Further investigations to

determine only plate differences could be carried out using both 0.5 uL volumes on each plate.

A range oprotein extracs from bison bones of differeMiC ages were used: EBD0 (50,500 yrs
BP), EL1017 (12,365 yrs BP), QZ10346 (34,700 yrs BP) and QZ10220 (52,40GhmiBH)e
noted that although these samples have been radiocarbon dated, some of the dates obtained are

at the limits of radiocarbon dating and therefdrés possible that they are older and belong to the
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associated dated tephra layer of around 80,000 yearBH&Ppjotein extracs from each sample
were analysed using the two plate formats andthe GI& y (i | A Yy A y 3 -\alBdslvekteR Sa |

compared.

3.3.1 Methods
Fromeach of the four bone pieceBI(1050EL1017, QZ10346 and QZ10220)chips were

sampled and labelled-Arespectively. Collagen was extracted by warming in 50 mM ammonium
bicarbonate pH 8.0 for one hour. 50 pL of each extract was then digested, agdiraf porcine

trypsin (0.4 pg/ul)and incubating for 16 houas 37 'C. The digests werthen purified using 100

pL C18 soligphase tips (Millipore ZipTips) and desalted by washing with 0.1% trifluoroacetic acid
(TFA) solution. Peptide mixtures were eluted in 50 L of 50:50 (v/v) acetonitrile:MilliQ water (0.1%
TFA)1 pLof theeach sample, followed by 1 pL of CHCA matrix was spotted on to the standard
MALDI target plate. 0.5 pL of each sample followed by 0.5 uL of CHCA matrix was then spotted
onto the Anchor Chip plate. All samples were spotted in triplicate. Botls plaere left to air dry

and analysed by MAL-IDDFa { ®valbies for the observed Gontaning peptides shown in Table

2 were measured.

3.3.2 Results

For each bone a maximum of 120 observations was possible (10 replicates x 12 peptides). Three
out of the four smples, EL1017, QZ10346 and QZ10220, all had a higher percentage of observed
GIn containing peptides when analysed using a standard MALDI plate over the AnchorChip plate,
0KS LISNOSyiGlFr3ISa 6SNByQli Graifte RAFFREBBYIT K2
containing peptides were observed using a standard MALDI plate, where as 89.17 % were observe

in samples analysed usitige AnchorChip plate (Figure)34
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Figure34: Percentage of peptides observed in four samples (EL.E0A®17, QZ10346 and
QZ10220) when analysed using either a standard or AnchorChip MALDI target plate

Out of the 12GIn containing peptides measurddur (m/z 836.44,m/z 1105.57m/z 2056.98 m/z

2073.01) gave similarvalues regardless of the tgpof MALDI plate used, howevtnee peptides
(Mm/z1690.77m/z1706.77m/z3100.41)LINR RdzOSR O2yaAradSydivaluesit A IKGE & KA:
when analysed using the standard MALDI plate, than those measured using the Apgtiat€h

(Figure 3%
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Figure35: h-values measured in three peptides (m/z 1690.77, m/z 1706.77, m/z 3100.41) across
F2dzNJ oAaz2y o02yS &l YLX SAT m ' v¥%mnHhnvaldesrem I v%mnonc:3
standard MALDI plate are shown in red, and values from AnchorChip plates are shown in blue
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The peptide withm/z 3001.50 showed differerit-values when analysed on the two plate formats,
but did notshow acorrelationwith the type of plate use(Figure 3% This peptide was not
observed in sample EL1017 when analysed on the standard MALDI plate. The réouaining
peptides(m/z 2089.01,m/z 2689.26 andn/z 2705.26)produced similaf -values for both plate

types, in at least three of the four salep analysed.

m/z 3001.50 Standard MALDI plate
1.00 - AnchorChip plate
0.80 -
wn
L 0.60 - I
= I
@ 1 I
= 0.40 ; I
S 0.20 +
0.00 I . . . .
0 1 2 3 4 5

Sample number

Figure36: h-values from peptiden/z 30001.50 measured in four difent samples: 1 = QZ10220,
2=QZ10346, 3 = EL1017 and 4 = EL1050

3.3.3 Conclusions

There are advantagesd disadvantages of both plate forméfable 3)On average, the standard
MALDI plates gave better overall coverage of thec@htaining peptides investigated in this

thesis. Although the AnchorChip may be more suitable for the analysis of low cammentra
samples, especially those looking at measuring hydrophobic peptides, this was not investigated.
From this data there issufficient difference to draw a clear distinctiddecause the #chorChip

did not significantly increase the sensitiyaypd caries a risk of cross contamination it was not

used further A standard MALDI plate was used throughout the rest of the thesis.
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Table4: Advantages and disadvantages of the two plate formats investigated, Standard MALDI and

AnchorChip plates

Advantages of MALDI

plates

Disadvantages of MALD

plates

Advantages of

AnchocChip plates

Disadvantages of

AnchorChip plates

Standard MALDI plates
are deaperthan
AnchorChip plateas
they can be reused

indefinitely.

Due to large spdiize
sometimes there are
areas of the target circle
which do not contain
samplecrystals, lhis can
be missed during

automated analysis

Requires only 0.5 pL of
sample per spot and
therefore uses less
sample, calibration

solution and matrix

Cleaning the plte can be
difficult depending on
the chemistry and naturé

of the samples

Less chance of damagir]
the plate during

cleaning

Not goodfor samples of
low concentration,
multiple spots may be
required for low quality

samples

Good for analysing
hydrophobic

compounds

Possibility of cross
contamination if not

cleaned correctly

Because they can be
cleaned as often as you
like, they can be cleang
between analysis sets
regardless of whether
the whole plate has beel

used or not

Require 1 pL of sample
or calbrant per spot plus

1 pL of matrixsolution

Resulting spot is
concentrated and
therefore more likely to
produce a uniformed,
densely packed circle of]

sample crystals

AnchorCips are more
expensive than standard
MALDI plates and can
only be reused a certain
number of timeglue to
the chemistry of the

chemical anchors

Good for analysing
samples of very low

concentration

34 WSLINRPRdzOAvalle§ A 1eé 27F h

In order to tesi

0 KS NB LINRaRdgs©Btanadfuding the fialised standard preparation

protocol (seeChapter 2)collagen was extracted from some chipRofmarbovine bone. This

Al YLXS ¢6la GKSYy &aLRGGSR I ONR&Aa o AvaluedJehéd samé ONR & a
alLkkia 6SNB GKSy | yI-takies Sckossl12 Ghdhidiging Reptidds ¥dgnpareg. R h
3.4.1 Method

Collagen was extracted from a bone ch§d mg and 100 pL of 50 mM ammonium bicarbonate

pH 8.0 was added. The sample was warmed &C6& one hour. The 50 pL of the supernatant

was removed and digested over night witpiL of porcine trypsin (0.4 pg/pahd incubated for 16

hoursat 37 C. The digsts werethen purified using 100 pL C18 sefilase tips (Millipore ZipTips)
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and desalted by washing with 0.1% trifluoroacetic acid (TFA) solution. Peptide mixtures were
eluted in 50 pL of 50:50 (v/v) acetonitrile:MilliQ water (0.1% THA)of the eachsample,

followed by 1 puL of CHCA matrix was spotted on to the standard MALDI target plate; this was
repeated across 30 spots. The plate was left to air dry and analysed twice byT@/&M3.

3.4.2 Results

An average and the standard deviatadii K S -llaBeg obtained from each of the two sets
analysisvere compared. All but one of the 12 peptides’o n nMm®p n 0  LINR RdzOSR &}
values irboth sets of analysis (Figure)3%3ome peptides produced peptides with a large standard
deviation {n/z 3001.50 andn/z 2689.26) with others showing littter nostandard deviationn{/z
836.44,m/z1105.57 and 1706.77).

analysis A
1.00 1o@m B EE 1] I analysis B
0.80 II [ {

= HFIMRT

0.40 -

0.20 -

Average a values

0.00 T T T T T T T T T T 1
¥

FOHRS TS S S
TS E§ESESSTES
YooY NN N Ny Ny oy o,y ™,

m/z of peptides

Figure37:! @ S NJvaues taken from ten replicates analysed twice. The standaididévA 2y 2 F
values is showfor each peptide analysis.

Peptide with anm/z 1105.% (Figure 38green ats) showed little deamidation and no variability

I ONRaa GKS wHn &-nduésdf 180 ; pdptidesvich shdwied similar br overlapping
levels of deamidation wema/z 836.44,m/z1706.77 andn/zH N T p ®H Cc I @-kaluds ofl @S NI
1.00, 100 and 0.98 respectivety/z 2089.01 (Figure 3®lue dots) is the hydroxylated version of
peptidem/z 2073 (Figure 3&ed dots); both of these peptides showing similar avetagaues of

0.86 and 0.79 respectiveiyyzH np ¢ ®py LINR RdzOSR &vdu of bu? f tBeouir 2 F
peptides shown in Figure 3&ith an average of 0.64. All four of these peptides showed low

standard deviations ranging from 0.§0.05.
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Figue 38: h-values from 20 spots of the same sample for pepti&sl 105.57m/z 836.44,m/z
1706.77 andn/z 2075.26

t SLIIARSA ¢KAOK RAR Y2 ivallles S lthdske withh/z ID33@SM/ANS LINR RdzOA 6 f S
3100.43 andn/z 3001.50(Figure 39, with average alpha values of 0.89, 0.62 0.57 respectively. It

should be noted that peptiden/z 3001.50 was observed in only five out of the 20 samples. It does

appear that the three heaviest peptidas/g 3033.48 m/z 3100.43 andn/z 3001.50)Figure 3%

not only appear more deamidated than the three smalledz (105.57m/z 836.44 andn/z

1706.77), but also show higher levels of variability.
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Figure39: h-values from 20 spots of the same sample for peptm&s3033.48m/z 3100.43, and
m/z 3001.50

3.4.3 Overall conclusions

It appears that within the sample analysed here, some peptiaesl(05.57m/z 836.44,m/z

1706.77 andn/z 2075.26)show very little variatioA y-values; however these peptides have
undergone® (G2 @SNE (AGGES fS@Sta 27F-vauBsoVORItiIGA 2 Y S
therefore not possible to say how variably these peptides might deamidate without looking at
samples in which a larger extent of deamidation has occurred. Thes@é#mties appear to be

the most stable of the 12 Ghontaining peptides observed in this sample, and may be useful when
further evaluating levels of collagen preservation in older bone. Three peptides which had
undergone deamidation in this sample weté 2089.01m/z 2073 andn/z 2056.98 These

peptides showed good levels of reproducibility with standard deviations for the three peptides
being 0.05, 0.05 and 0.04 respectively. Peptid&s3033.48m/z 3100.43 andn/z 3001.50 did

not show good levels oéproducibility and therefore ay not be suitablenarkers of collagen

preservation.

As the actual level of deamidation in this sample is not known, it is not possible to determine how
accurate the measurements of deamidation in these peptides are; howeloasi give some idea

of how precise and reproducible each-Gtmtaining peptide might be. Without knowing the

actual level of deamidation in each sample it is difficult to determine whether the variation
observed in peptides im/z 3033.48 m/z 3100.43 ad m/z3001.50 is due to analytical error, or a

mixture of the same peptides with varying levels of deamidation.
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Chapter 4 Investigating measurements of
glutamine/glutamic acid ratios in synthetic peptides using
mass spectrometry

Introduction

In order to determine the ratios of glutamine to glutamic acid using mass spectrometry, it has
generally been assumed that each of the two forms of the peptide (deamidated and
undeamidated) have equal ionisation efficiencies. If this is correct, the ahtlwes peak areas of
the glutamine/glutamic acid (GIn/Glu; Qffntaining species would be directly proportional to

the concentration ratios of the two peptide forms.

Matrix-assisted laser desorption/ionisation (MALDI) coupled to a time of flightr(ES§)
spectrometer has been routinely used for the analysis of peptide mixtures, and over recent years
for the estimation of levels of deamidation in various sample types. One disadvantage of this
instrumentation is that due to the insufficient resolvingveo of the mass analyser, it was not
possible to resolve the two forms, as tHepeak (typically the morisotopic signal) of the
deamidated peptide signal overlaps the (ff4igak (typically the signal for the species containing
one™*C atom) of the mdeamidated form. In order to calculate the Q/E ratio, a genetic algorithm
has been used to deconvolute the overlapping isotopic distributions of the two peptide forms (van

Doornet al, 2012; Wilsort al, 2012).

In order to investigate how accurate thaigproach is for the estimation of glutamine deamidation

in biological samples such@®tein extraced from archaeological bone, a reference standard is
needed. Consequently, two peptides have been synthesised with the target amino acid sequences
TyrAlayrGlyHypGlyGInValGly and TyrAlaTyrGlyHypGlyGluValGly. The synthesised peptides were
analysed using LS to assess their purity. To investigate the applicability of MALDI for estimating
the ratio of glutamine/glutamic acicbntaining forms of a peptide, drthe accuracy of the

published deconvolution method (van Doetral, 2012; Wilsort al, 2012) the two peptide

forms were mixed in known ratios and analysed using MPOEMS and MALDI and HSHCR

MS. The data were used to examine the ionisagsponses of the two peptide forms using ESI

and MALDI, and to assess the data from the two mass spectrometer types for determining the

relative amounts of Q andd®ntaining peptides.

4.1 Methods

4.1.1 Solid phase peptide synthesis

When designing the peptideg\&ral factors were taken into consideration. The peptides needed

to be larger than 800 Da, so as to not fall in the same region as the CHCA MALDI matrix peaks. The
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length of the peptide is also important, as longer peptides have more chance of secondary
structures developing during synthesis, as well as generally decreasing peptide purity due to an
increase in the number of coupling steps. It was therefore decided that, in order to maximize
peptide purity, the chosen peptide should be no longer than mmea@acids in length. In collagen

type I, a third of the protein is made up of glycine, so in order to make the peptide similar to the
structure of a collagen peptide, a third of the chosen amino acids were glycine. As glycine (G) is the
smallest amino agiwith a residue mass of 57 Da, two tyrosine residues (Y, residue mass of 163 Da)
were included in the peptide to offset the small size of the glycines. The resulting target amino acid
sequences were TyrAlaTyrGlyHypGlyGInValGly (referred to as prodidx g@pind
TyrAlaTyrGlyHypGlyGluValGly (product peptide E), with masses 926 Da and 927 Da respectively.

4.1.1.1 Reagents

The water used in the following protocols was purified using a MilliQ system with the resulting
LJdzZNR FASR 4 (SN KI @ hiyidreferredNdtirdughduk a8 puiiified vaafer. Amjno a m
acids and reagents used were purchased from Sigma Aldrich. These includeakigdeglycine

resin (HGIy2-CITrt resin), Fme¢atOH, Fmolu (tBWOH, Fmod&lyOH, Fmodiyp (tBwOH,
FmocTry (tBuYOH, Fmo&laOH. Fritted polypropylene (PP) tubes (10 mL) were used as vessels
for the solid phase reactions. During the reaction, samples were agitated using a Stuart blood
rotator. Reagents used included: trifluoroacetic acid (TFA), dimethyl formdnhitie,(
dichloromethane (DCM), methanol (MeOH), piperidine (PIP), triisopropylsilane {Gh&yo&H-
benzotriazotl-yl)oxy](dimethylamineN,N-dimethylmethaniminium hexafluorophosphate (HCTU),
diisopropylethylamine (DIPEA), purified water, cold diethgreliquid nitrogen.

4.1.1.2 Coupling reaction

Both the product Q and-éobntaining peptides were prepared at the same time in two separate PP
tubes. To each tube a 100 mg aliquot @bkt2-CITrt resin plus 10 mL of DMF was added, in order
to cause the resito swell. The tubes were rotated on a Stuart rotator for 30 minutes at room
temperature. The DMF was then removed and this process was repeated three more times. Fmoc
VatOH (187 mg) and HCTU (223 mg) were dissolved in 10 mL of DMF, and 203 pL DIPEA was
added. This solution was prepared in duplicate with 10 mL of the solution added to each of the PP
tubes. The tubes were then transferred to the Stuart rotator and left to rotate for one hour. The
solution wasemoved from both tubes and Fmdeprotection wasarried out by adding 10 mL of
piperidine solution (20 % in DMF) to each tube and rotating for two minutes. The piperidine
solution was then removed and this process was repeated a further four times. Once the final
piperidine aliquot had been removed, &l of DMF was added to each tube and the sample was
left to rotate for 2 minutes. The DMF was then removed and this process was repeated a further

four times.
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The coupling reaction was repeated with the same conditions, substituting valine for tivnfipllo
amino acid derivatives and amounts: Fr@&la (tBuOH (234 mg)/ FmeGIn (tBuyOH 234 mg),
FmocGly-OH (163 mg), Fmeddyp (tBWOH (225 mg), FmeaslyOH (163 mg), Fmetyr(tBu}OH
(253 mg), FmoalaOH (171 mg), Fmektyr-(tBu}OH (152 mg). Each amiacid was coupled once,
except for the Gly preceding Hyp in the coupling sequence, for which the coupling step was

performed twice.

4.1.1.3 Cleavage and isolation of the peptides

The resin was isolated by filtration and dried under high vacuum for three hbersle@ve

solution consisted of ¥:TIS: TFA (2.5:2.5:95; v:v:v). 10 mL of cleave solution was added to each
tube containing the resin. The tubes were left to rotate for two hours. The sample solution was
then separated from the resin by filtration. Theinesas then washed twice with 3 mL of TFA. The
two washes were then combined with each of the corresponding sample solutions. 40 mL of
dimethyl ether were transferred into PP falcon tubes and left to chill at ap@’C for 2 hours.

The sample solutianwere each transferred into separate falcon tubes of ice cold diethyl ether, in
which the product precipitated. Each sample was centrifuged for ten minutes (6,000 x g) and the
supernatant removed and discarded. The pellet was then re suspended in ideettoitiether

and the process repeated a further three times. The remaining pellet was dissolved in 2 mL of

water and lyophilised. The resulting powdered samples were stored in the freezer (a2p!6y.

4.1.2 Measuring levels of deamidation using mass sp@metry

This stidy used two mass spectrometéosgenerate data from which to calculate the ratios of the
two product peptides. The first, a Fourtesinsform ion cyclotron resonance mass spectrometer
(FFICRMS) is a high resolution instrument, with b&ALDI and ESI ionisation sources. The
second instrument was a lower resolution timdlight (TOF) mass spectrometeiith a fixed

MALDI source. When using thelERMS to analyse a mixture of peptides Q and E (1:1 ratio), it
was possible to resolthe two peptide forms, as the nth peak of the deamidated peptide signal is
resolved from the (n+1)peak of he undeamidated signal (Figure)4this was not possible using
the TOF instrument. A genetic algorithm was thus used to deconvolute the oveglagmtopic

distributions in the data from the MALDOFMS (Wilsoret al, 2012).
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Figured0: ESI spectrum obtained from the analysis of a mixture of product peptides Q and E (1:1
ratio), using FTCRMS. The peak ah/z 927.419corresponds to M+Hor product peptide Q. The

two peaks am/z 928.403 (M+Hfor peptide E) andh/z 928.422 (oné>C atom in M+Hfor peptide

Q) are fully resolved from one another. The ratio of the peak areas of the peaz27.419 and

m/z 928.403 was used to estimate the radioQ to Econtaining peptides

4.2 Peptide purity analysis by HPHEES and MALDTOFMS

The dried peptides were suspended in water at a concentration of 100 ppm. Each peptide was
analysed using an HRHCTultra PTM Disaary System, fitted with a symmetry C18 3.5 um (4.6 X
7.5 mm) column, using mobile phases of acetonitrile (A) and water (B). The elution was isocratic
with a flow rate of 1 mL/min and a total run time of 9 minutes. A ratdp gradient of A and B

was usedo elute the peptde products (Table;4igure 41
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Tableb: percentage of mobile phase A (acetonitrile) used over a 9 minute gradient

Time %
(minutes)| A
0 95
1 95
6 70
6.1 5
7 5
7.2 95
9 95

100

80

60

40

Percentage of mobile
phase A

20

0 2 4 6 8 10

Time (minutes)

Figure4l: Isocratic elution gradient showing the percentage of mobile phase A (acetonitrile) over
the total run time of 9 minutes

4.2.1 Measuring the ratios of the product Q and E peptides using MALDI

TOF, MALDFFICR and EHTICR

Once tle purity of each peptide (in solution at 100 ppm in 50:50 ACN:H20) was determined the
solutions were mixed in the following Q/E ratios : 100/0, 90/10, 7&3®&0, 30/70, 10/90 and

0/100. This set of seven point calibration standards was then analysedtwsi different mass
spectrometers and two ionisation sources. The two instruments used were the Bruker ultraflex Il
and the Bruker solariX XR. The ultraflex was used with a MALDI source and the solariX with either

an ESI or MALDI source. Both instrureevgre used in positive ion mode.

The resulting peptide mixturegere analysed using mat@ssisted laser desorptianhisation
time of flight mass spectrometry (MAEDDFMS/FTICRMS). A volume of 1 pL of sample solution
was spotted onagroundsteelM 5L G F NBSG LI | (-&anoshgdfoxy@nhadnk o0 &
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acid matrix solution (1 % in 50 % ACN/0.1 % TFA (w/v/v)). The sample and the matrix solutions
were mixed together on the plate and allowed tedry. Each sample was spotted on to the
MALDLkarget plate in triplicate. When using the Bruker ultraflex instrument posativéALDI

mass spectra were obtained using a Bruker ultraflex 11l in reflectron mode, equipped with a Nd:YAG
smartbeam laser. MS spectra were acquired over a range &0B00n/z. Final mass spectra

were externally calibrated against an adjacent spot containing 6 peptide&r@EeBradykinin,

904.681; Angiotensin |, 1296.685; Gkithrinopeptide B, 1750.677; ACTH.{Lclip), 2093.086;

ACTH (189 clip), 2465.198; ACTH38 clip), 3657.929.). Bruker flexAnalysis software (version

3.3) was used to perform spectral processing and peak list generation. The same sample MALDI
plate was analysed using the Bruker solarifCRMS instrument. It was operated in positive

mode, wih a smartbeam nitrogen laser (337 nm) with attenuation setting of 40 %. Each spectrum
was acquired using 200 laser shots, and an average spectra setting of 10. A transient length of
2.5166 seconds was used. The same calibrant spots were used forsttiménts (ultraflex and
solariX). The spectra were obtained using the solariXcontrol software and processed with

DataAnalysis 4.2 software.

4.3 Results

4.3.1 Purity analysis of peptides by EKdS and MALDTOFMS

4.3.1.1 Determination of peptide sequences

MS/MS of the MLDI sample spots prepared with either 100 % product peptide E or product
peptide Q was carried ousing MALBTOFMS. The assignment of the sequence of each of the
peptides was determined using de novo interpretation of ttealpct ion spectrum (Figure24and

43).
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Figure43: Product ion spectrum obtained from the MS/MS analysis of product peptide E
showing the fragmentation of the y and b ion series
The product ion spectrum for product peptide E showed a mixture of both the Qamdaihing
peptides. Harsh acidic treatmmnwvere used to cleave the synthetic peptides from the resin. It is
therefore possible that some of the glutamine in the product peptide Q, may have undergone

some minor deamidation during synthesihéptero).

4.3.1.2 Analysis of the purity of product peptide Q

In order to assess the purity of the two synthesised peptides, each peptide was first analysed
separately by reversed phaseESIMS. UV absorbance (24380 nm) data were also collected.
As expected, similar absorbance patterns were observed for eétoh wio peptides. The UV

chromatogram for product peptide Q contained three peaks. The main peak (peak AjRv@<at
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minutes and had a short tail. Two smaller peakRat.1 (peak B) anR 4.4 (peak’) were also

detected (Figure 44

Peak A
3.9min

407

307

Relative intensity

4.8
Time min

Figure44: Chromatogram obtained from LC analysis of product peptide Q. The main peak is
observed atR 3.9, with two smaller peakst®41 andtR4.4 minutes. Panel two (bottom) is a
focused in on the pd& indicated in panel one (top)

The pectrum generated from the main peakt&3.9 min contained a number of singly and
doubly charged signals (Figure gbak A). The two most intense signal clusters in the spectrum
corresponded to the mass expected for peptide Q, Matih/z 927.4 and [M+RIF* at m/z 464.3.
The signals an/z 949.3 and 971.4 correspond to M+Nad [M+2NeH]' respectively. In addition
to the main peak observed in the chromatogram, there was a second peak obsaRédLahin
(Figure 45, pak B). E9WS analysis of thigeak yielded signals corresponding to peptide E, with
M+H" at m/z 928.3 and [M+2H] at m/z 464.7, along with some lom/z signals that have not been
assigned. A third peak was observetRat.4 minutes. EMIS analysis of this peak yielded a
spectrum cotaining one doubly charged signahatz 422.6 and singigharged signals at/z

448.8 anl m/z806.3 (Figure 43°eak C).
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Figured5: MS data obtained for three peaks present in the UV chromatogram of product peptide
Q. The three spectra shown correspond to the peakR 29 minutes (peak A)R4.1 min (Peak B)
andtR4.4 minutes (Peak C)

On the basis of the pkareas in the UV abimatogram product peptide Q is estimated to be ~

94.81 % pure and to contain 3.76 % of peptide E. This assumes that peak A contains selely the Q
containing product, and that all components give a similar UV response. From this analysis it is not
possibleo distinguish whether the small amount of peptide E in product peptide Q arises from
deamidation during peptide synthesis, or from the presence of glutamic acid with the glutamine

precursor used to make the peptide.

4.3.1.3 Analysis of the purity of prodym¢ptide E
The UV chromatogram obtained from product peptide E contained one main peakRih4a?2

minutes (peak B) and two smaller peak&8.9 peak A)and 4.8 (peak C)(Figuré. 46
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Figure46: UV chromatogram obtained &€ analysis of product peptide E. The main peak is
observed atR4.2 minutes (peak B), with two smaller peakiR&.9 minutes (pak A) and 4.8

minutes (peak C)

ESIMS analysis of the peakt#® 4.2 resulted in signalsratz 464.7 ([M+2H]) andm/z 928.4

(M+H) (Figure 47peak B) for the expecteddéntaining peptide. EMS analysis of the peak with
atRof 3.9 minutes resulted in signalsnatz 927.4 and 464.2, corresponding to M-ad

[M+2HF* for product peptide Q. This conclusion is consistent with the results of MS/MS analysis of
the peptide E product, which was demonstrated to be a mixture of the E and the Q containing
peptides. The peak in the chromatograntR4.2 minutes did not contaipeaks which correspond

to either of the masses expected for the Q &ndontaining peptides (Figure)4&lthough the

main signals are 1 amu higher than those in the equivalent peaks observed in product peptide Q
and are therefore consistent with the uskE rather than Q in the synthesis. Taking into account

the two observed impurities product peptide E was estimated to be ~ 95.40 % pure and contain

2.68 % of product peptide Q.
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Figure47: MS data obtained for three peaks prasen the UV chromatogram of product peptide
E. The three spectra shown correspondR8.9 minutes (peak AiR4.2 (Peak B) arttR4.8 (Peak
C).
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The expected structures of product peptides Q and E are shown with the corresponding amino acid

sequences (Figure %18

YAYGOGQVG

: N O} OH
S _
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Figure48: The expected structures of product peptides Q and E, product peptide Q (top) has the
amino acid sequence YAYGOGQVG and a mass of 926 Da. Product peptide E (bottom) has the
amino acid sequence YBOGEVG with a mass of 927 Da

4.4 Comparison of the ratio of product peptides Q to product peptide E,

measured using different mass spectrometers and ionisation sources.

2.02 mg of product peptide Q and 1.96 mg of product peptide E were transferrestparate
plastic PP microfuge tubes and dissolved in 2 mL of 50:50 (v: v) ACN: purified water. The resulting

1000 ppm stock solutions were diluted to 100 ppm, and dnitxeéhe ratios shown in Table 5
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Table6: Theoretical percetage of product peptides containing Q or E and corrected percentages

taking into account the assigned peptide purities

Theoretical| Theoretical| Corrected Corrected

percentage| percentage| percentage of Q | percentag of E

of Q of E taking into taking into account
account peptide | peptide purity
purity

0 100 251 97.49

10 90 12.20 87.80

30 70 31.35 68.65

50 50 50.22 49.78

70 30 68.81 31.19

90 10 87.13 12.87

100 0 96.19 3.81

In order to investigate possible differences in ionisation efficiency of product peptides, the seven
samples were analysed directly, without chromatographic separation, using b&RIEBMS

and MALBFTFICRMS, on which instrument the mass resolutiesufficient to resolve the
deamidated from thé*C isotopic signals. In addition, the seven samples were also analysed using
MALDITOFMS in order to assess the results of estimating the extent of glutamine deamidation
obtained using this instrument; theslata required use of the deconvolution method described in
Wilsonet al (2012), since the mass resolution is insufficient to resolve the deamidated df@d the
isotopic signals. Use of these two instruments made it possible to compare the quaktglaftiath

from a top of the line instrument (HACR) with a much more routinely available instrument (MALDI
TOF).

4.4.1 FTFICRMS Results

Using a Bruker solariX XRIERMS, two different ionisation sources (MALDI and ESI) were
compared. The seven differemixtures of the two synthét peptides described in Tablergre

analysed. The ESI and MALDI peak areas for the first glutaminglutamic acidontaining

peptide peaks in the isotopic distributions were measured for each mixture. Each peptide mixture
was analysed six times. For each peptide mixture, the average peak areas from each of the produc

peptides Q and E were plotted against their correspondiegretical percentages (Figure)49
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Using ESI (Fig A4eft panel), average peak areas for mixturfegroduct peptides Q and E, ranging
from 0-50 % Q produced peak areas for peptide Q and peptide E that are reasonably similar to
each other, in spite of the excess of peptide E in these mixtures. In contrast, in samples ranging
from 50- 100 % producpeptide Q, peptide Q gave higher peak areas than peptide E, as might
perhaps be expected, since it is present in higher abundance. When the same migteres

analysed using MALDI (Fig Aght panel), peptide Q consistently produced larger peak areas tha
peptide E, regardless of the percentage concentration of the peptide. The errors observed in peak
areas when samples were analysed by MALDI were consistently greater than those observed in

samples analysed using ESI.
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Figure49: Peak areas from Q anecBntaining peptides present in different mixtures of the two
peptides, measured using two different ionisation sources, ESI (left) and MALDI (right). The error
bars show the standard deviation of the measurera@itsix analyti¢aeplicates

The results showin Figure 49vere used to determine the ratios of product peptide Q to product
peptide E in each of the mixtures. The measured peak area ratios were expressed as percentages
and compared to the #poretical percentages (Figus). When using the ESI source, the

percentage of the Q containing peptide was predicted well across the mixture range, with the
average difference between theoretical and measured values being only 1.04 %. The percentage of
peptide Q in the same mixturdetermined using MALDI resulted in a greater difference between
theoretical and measured values, with an average of 14.94 % difference, ranging frem 2.81
29.65%. This offset was greatest in the rangé@@6 Q, with calculated values for percentage Q
oveestimated by 16.80 to 29.65 %. It is evident that during MALDI ionisation in positive ion mode

that ionisation of the less acidieg@ntaining peptide is favoured.
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Figure50: Plots of measured product peptide Q percentage against the theoretical ratios,
determined using ESI (left) and MALDI (right). When using MALDI, there is an underestimation of
product peptide E

4.4.2 TOFMS Results

The peptide mixtures analysed in the previcedions were also analysed using MALOFMS.
The percentage of glutamiremntaining peptide in the seven peptide mixtures was estimated
using the genetic algorithm published\Wisonet al (2012) (Figure 51The differences between
predicted and meased values obtained for the percentage et@ntaining peptide ranged from
2.51-34.78 % with the level of the product peptide E again, as with theFFTeasurements,

consistently underestimated.
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Figureb1: Ratios of Q to Eontaining peptides, measured using MALDI 30&
mass spectrometer. Due to an over estimation-ocb@taining peptide, a
curvilinear relationship is observed
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The percentages of measured product peptide Q using all three technigussnamarised in
Table 6

Table7: The percentage of measured product peptide Q using three techniques: WAEMIS,
MALDIFFICRMS and ESHFICRMS, as well as the theoretical percentages.

Theoretical Percentage Q  Percentage Percentage Q Percentage Percentage Q Percentage difference
percentage  measured using difference mesaured difference measured between theoretical and
of Q MALDITORMS  between using MALDI  between usingESFF measured value using
theoretical and FFICRMS theoretical and ICRMS ESIFFICRMS
measured measured value
value using using MALDI
MALDITORMS FFICRMS
251 0 2.51 5 2.49 1.44 1.08
12.20 25 12.80 29 16.80 9.11 3.09
31.35 65 33.65 61 29.65 31.32 0.03
50.22 85 34.78 76 25.78 51.39 1.16
68.81 97 28.19 87 18.19 68.78 0.03
87.13 100 12.87 96 8.87 88.44 1.31
96.19 100 3.81 99 2.81 95.58 0.60

4.5 Discussion

When deciding which ionisation source is most suitable for the samples in question, it is important
to investigate relative mass spectrometric responses.chiajster investigates how well two

product peptides, (one containing Q and one containing E) ionise in unseparated mixtures, in
various ratios. When looking at ratios of deamidated to undeamidated forms of the same peptide,
the deamidated peptide is 0.98 Daavier in mass with respect to the deamidated form. There are
several factors which have been shown to affect the ionisation of peptides such as the ratio of K:R
(LyssArgNB & A RdzSa | yR GKS LISWLWWARSQa fSy3aiKmeKRY (KS (g2
ratios are the same; however factors such as the aliphatic index (Stapels and Barofsky, 2004)
hydropathy index (Kytend Doolittle, 1982) may be altered by the presence of Q or E. In the study
reported by Kyte and Doolittle (1982) glutamine alutiagnic acid have the same hydropathy index

of - 3.5. Stapels and Barofsky (2004) analysed a number of peptides using both ESI and MALDI. It
was found that there were groups of peptides which were only observed when analysed using

either ESI or MALDI. Frdheir data set they identified that properties such as the isoelectric point

2F GKS LISLIWHARS YIRS tAdGd0fS RAFFSNBYOS Ay GKS LISLII A

However, factors such as the K/R ratio of the peptides were found to be jpd§eimiportant, with
average values for peptides only seen by MALDI having a K/R ratio of 0.61 and peptides ionised by
ESI having an average K/R ratio of 1.84. That study also showed that ESI preferentially ionises

peptides containing amino acids whiclv@dydroxyl or aliphatic side chains, with MALDI favouring
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amino acids with basic or aromatic side chains. Among the peptides analysed by Stapels and
Barofsky (2004), peptides containing seven different amino acids were found to have statistically
signifi@nt differences in ionisation behaviour between ionisation sources and the number of times
they were observed. These amino acids included glutamic acid and tryptophan, with peptides
containing glutamic acid being preferentially ionised by ESI, and thusénawg tryptophan by

MALDI. The product peptides analysed in this chapter also showed ionisation bias when analysed
using MALDI, with product peptide E consistently underestimated. Analysis of the same mixtures
however using ESI showed no ionisation bé&eeen the two peptide products. When using ESI

the full range of product peptide mixtures was measured accurately. This is consistent with the

observations of Stapels and Barofsky (2004).

4.6 Conclusions

Two peptides, differing only in that one containsrdaarnal Q residue, while the other had an E at

this position, were successfully and cleanly synthesised using solid phase synthesis. The synthesis
process did not appear to induce significant levels of deamidation intoat@ning peptide,
consistentwith its reported redtive resistance to deamidatig@eiger and Clarke, 1987). Analysis
using LEESIMS and EHFICRMS estimated that the product peptide Q contained 94.81% of

peptide Q and 4.43% peptide E. From this analysis it is not possiblenioethgr the presence of

small amounts of peptide E in the peptide Q product is due to deamidation or a consequence of

impurity in the amino acid precursors used to synthesis the peptide.

It is clear that, when choosing an ionisation source, ESI may besuoitable than MALDI for

measuring ratios of Q and E containing peptides. It has been suggested in the literature that both
asparagine and aspartic acid containing peptides ionise similarly under the conditions of ESI,
O{UNRB2LE wHAnTT |HdaNdiHOR2 K 2/6RS INJI 20/{Y(RNNE2 LIS H AN T
2012) did not test these assertions. The work carried out in this chapter has shown that when using
MALDI, underepresentation of product peptide E was observed across the full range of different
percertage ratios. The level of underestimation of peptide E varied across the different
percentages, so a constant correction factor is inappropriate. It should be noted that the peptide
mixtures used in these experiments were relatively pure compared to tyyaisal of biological

extracts, with peptide Q estimated to be ~ 94.81 % and peptide E ~ 95.40 % pure. It has been
shown here that even under these experimentally near optimal conditions, using reference

material containing very few peptides, that prefeiahionisation of product peptide Q occurs

when using MALDI. Given this, measurement of the ratios of Q and E containing peptides using
MALDI as an ionisation source, in complex mixtures such as those found tryptic digests of biologica
samples should bendertaken with caution. These findings are somewl@invenient as MALDI

isa high throughput ionisation method, allowing the analysis of ~ 300 samples in ~ two hours,
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resulting in shorter analysis time and lower analysis costs. This type of iorseatics coupled

with TOF is also widely available and user friendly. As the data obtained fromT&LMd show
good nonlinear correlation with the expected theoretical percentage, it may be possible to use
this technique if reference material were aahle in which to create a calibration curve.
Unfortunately when analysing complex biological mixtures, this is usually not théleaskata
presented in this chapter suggests that ESI is a preferable ionisation source for the measurement of
mixtures of Qand Econtaining peptides, although further reseais required to confirm this€s
suggestions in Chapter 8). From the analysis carried out in this chapter it would appear that the
TOF analyser maybe be a suitable, cheaper alternative to the higiticeseT-ICRmMass analyser,
however from the data presented in this chapter it is not possible to validate this aS@QHES

was nhot usedTheadvariages and disadvantages of théa® instrumentsare detailed below in

Table 7.
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Table8: A comparison of the advantages and disadvantages of two mass spectrometry instrument

systems (ESIOFMS and ESTFICRMS).

Advantages of MALDOF Disadvantages of Advantages of FICRMS Disadvantages

MS MALDITORMS of ESIFFICR
MS

User friendly, especially forj TOFMS is not able to| High resolution instrument Increased cost

those not familiar with masq resolve deamidated | and can thereforeseparate in analysis

spectrometry

from undeamidated
peaks and therefore ¢
de-convolution
algorithm is required

out deamidated from
undeamidated peptides. This
allows the calculation of
without a genetic algorithm
and therefore less data
processing required per
sample

compared to
TOF
instruments
not only is the
instrument
more
expensive, but
the sample
analysis time is
longer (around
60 seconds per
sample)

Quick analysis time (a few
seconds per sample) with
space for around 300
samples on one plate

Multiple stages of
data processing is
required in order to
calculate the levedf
deamidation in a
peptide

No observable ionisation bias
between in Q and E containin
peptidemixtures.

Less user
friendly than
the TORMS
and reqlires
more
calibration
stepsto ensure
the accuracy of
the high
resolution
measurements

Not much optimiston
required to gain good

lonisation basis wher
trying to measure

When using ESl it is possible
get doubly charged ions whic|

Larger sample
amount

quality spectra mixtures of Q and-E | can sometimes increase the | required than
containing samples. | coverage of peptides, MADI with
depending on the sticture of | around 50 L
peptides being analysed of sample
needed.
Small sample sizequired1 Once the
ML per sample sample has

been injected
and analysed it
cannot be
analysed again

Once spotted on thMALDI
plate, the dried spot can be
reanalysed a number of
times.

Low cost per sample
compared to higher
resolutioninstruments.
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Chapter & Kinetic experiments carried out on bone
investigating the relationship between temperature and
glutamine deamidation

Introduction

Numerous studies in experimentally degraded biological materials have shown that both glutamine
and asparagine denidation are temperature depende(8inex 1957; Scotchler and Robinson

1974, Strattoret al, 2001; Robinson 2004pwever few studies have investigated the rates of
glutamine deamidatiorRobinsoret al, 1970;Scotchler andRobinson 19745trattonet al, 2001:

Joshi ankirsch 2004Joshkt al., 2005) In order to test whether glutamine deamidation is a proxy

for age of bone material, it is important to understand éffect of temperature on glutamine

deamidation.

This chapter details a number of erpgents that were carried out, initially intended to investigate
the relationship between glutamine deamidatamdtemperature It became clear that optimising

the experimental parameters was essential in order to properly test this relationship; tieetefor
optimisation of the method parameters was investigated. The first three experiments were carried
out to determine the extent of deamidation in samples using different: temperatures, heating
mediums, as well as the use of different extraction methodsolate speific protein fractions

(Table 8.

Tabled: The sample type, heading step and extraction methods used for thethtbatiag
experiments carried out on bone excavated fraanrier Row in this chapter

Sample Heating Heated in Ambic Demineralised Filtered | Ambic
type temp extraction extraction after
before demineralisatio
demineralisation n
Experiment 1| bone 37°c, ammonium heating solution| no no n/a
powder 65'C, bicarbonate analysed
80'C, buffer

110'c solution

and
140"C
Experiment 2 | bone 8o'c, damp sand yes half of chip demineralised yes yes
chip using EDTA method and ha
using HCI method
Experiment 3 | bone 65'C damp sand yes EDTA demineralisation no yes
chips method b
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5.1 Experiment 1¢ Heatingbone powder in solution

Experiment XFigure 52)nvestigated the relationship between temperature and levels of

glutamine deamidation in bone, when heated in solution. Slices of Bameajbovid metatarsal)

were powderedand heated at different temperatas in ammonim bicarbonate solution (Table

8). Ammonium bicarbonate is used by van D@bal., (2012) to extract soluble protein,
(predominantly type | collagen), from mineralised bone. This is done by warming bone chips or
powder in ammonium bicarbot@solution at 65C for one hour. It was therefore assumed that

the experimental heating steps used here would successfully extract the collagen, with no need for
a separate extraction step. Thmtein extracéd during these heating experiments was peed

using mass spectrometry, targeting tryptic collagen peptides. The levels of glutamine deamidation
in collagen peptides was measured as described in ChaptéeZxperimatal steps are shown in
Figure 461nitially heating studies were carried ouffige temperatures (37, 65, 80, 110 and 140

°Q, over 24 hours. Thevo lowesttemperatures vere chosen as theseere used during the

sample preparation methods adapted fr¢gBuckley and Collins 2011; van Daetral, 2012)and

are discussed in ChapterThe three higher temperatures were chosen to as it was hoped the data
could be compared to previous letgrm kinetic studies carried out by amino acid racemisation
researchergPenkmaret al.,2008; Demarchét al, 2013; Crispt al, 2013).
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Figures2 (1) TheRomarbovid metatarsal bone was cleaned overnight in ammonium bicarbonate
solution (pH 8.0) at room temperature ~Z0. (2) The bone was then sliced in to thin sections ~ 3

in width using a diamonddged watefcooled bad saw. After slicing the bone, darker sections in

the top centre of each of thslices were observed (Figure.4lthese darker sections appeared
macroscopically more degraded than the surrounding compact bone and were therefore removed
using pliers. (3)hE remaining macroscopically weteserved slices were then milled under liquid
nitrogen into a fine powder. (4) ~30 mg of powder was transferred to a glass vial, to this 100 pL of
ammonium bicarbonate was added. The vials were sealed with screw topsaied over 24

hours at either 37 'C, 65'C, 80'C, 110'C or 140'C. (5) After being removed from the ovens after
heating, the samples were allowed to cool and vortexed for 60 seconds. 50 pL of the ammonium
bicarbonate solution was transferred to agtic (PP) microfuge tube and the extracted protein

was digested overnight at 3T with trypsin. (6) The sample digests were then purified using
ZipTips. (7) The resulting peptide mixtures were analysed using-VI@ERME and levels of
deamidation for obasrved peptides containing glutamine neecalculated

5.2 Methods

5.2.1 Sample preparation and heating

Six pieces of macroscopically well preserved bone slices prepared and descCiaotén Bvere

milled under liquid nitrogen using a SPEX mill. After millindpotie powder was dried in a fume
hood for one week at room temperature. Each sample was prepared by transferring ~ 30 mg of
bone powder to a sterilised 2 mL glass screwtab/WR International, WHEATON INDUSTRIES
INQ. To each vial 100 pL of 50 mM ammonium bicarbonate (pH 8.0) was added. The vials were
then sealed with screw top lids. Samples were prepared in triplicate for each time point, resulting

in a total of 120 samples. After heating the samples were allowedt@ed vortexed for 60
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seconds. 50 pL of solution was removed and transferred to a 0.5 mL plastic (PP) microfuge tube.
The resultingrotein extract consisting predominantly of type | collagen, was digested using
trypsin overnight at 37C, filtered usingipTips and analysed using mass spectrometry as
described in Chapter. 2- values for the observed peptides containing glutamine were then

calculated as described in Chapter 2.

5.2.2 Results

This thesis has focused on 12 commonly observed glutasuittaining eptides, extracted from

type | collagen. However in this experiment only one peptide 105) was observed across all

KSI SR &l Y LIX-\&l&es forithisc Pehide Snd WM reported (Figure b3t 37°C, this

peptide was detected in all 24 samplagd little to no deamidation observed over 24 hours, with

Ly | QSNItHS 2F mdnnd hyte 2yS 2F GKS wn &l YL
'C peptidem/z 1105 was observed in 22 out of 24 samples, with a slight increase in deamidation to
thatobserved at 37 ® ¢ K S -vald&avdr Z4$oubs was 0.96 with a range of-0.9D

across the 24 samples. At 80m/z 1105 was observed in 22 out of 24 samples heated over 24

K2 dzNEZ ¢ A ( &Kaluk of 0.96@i MIams of 0:810. At 110C the extent of
RSIFYARIFIGAZ2Y aA3IYyAFAOLIYyGfte AyONBlFaSR Ozauel NBR
at 0.5 hours of 0.97, and 0.85 after 8 hours. At T1@eptidem/z 1105 was not visible in 19 out of

24 samples, and undetected after 8 ho2r¥ K S| (1 A y 3 dvaldekrSsanp@shbiited & b
110"C over 24 hours was 0.90, with a range of 0.90. At 140C peptidem/z 1105 was only

observed in 12 out of the 24 samples, with no peptides observed after 2 hours of heating. High

levels of @amidation were observed, with an average alpiae of 0.84 after 2 hours.

1.0 @0 O 0o o 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 37 °C 0.6
0.5 0.5
0 5 10 15 20 25 0 5 10 15 20 25
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=
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Figures53Y -values measured in peptiae/z 1105 in protein extracts froRomarbovidbone
powder. The solutions were heated at different temperatures over 24 hours. Samples he
37 'C showed little deamidation over this time period, with similar levels of deamidation
observed at 65C and 80C. Greater levels of deamidation were abed at 110'C and 140C,
with the peptide undetectable after 8 hours at 1Dand 2 hours at 14
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5.2.3 QGonclusions

lf K2dzZAK GKS &l YLX S84 KSFGSR AYy FYY2yAdzy- 6AOFNbB2Y I G
values for peptiden/z 1105 over time, withncreased temperature; it is difficult to assess the

Fl NA | o A f-valies fordamplés Keated above'ss as this peptide was not always observed

in all three triplicate samples. Equally for samples heated at lower temperatures suciCas 37

% K S NvBlues were obtained in all samples, very little deamidation occurred, with only one

sample showing deamidation. In samples heated 46680'C, and 110C the standard deviation

0 { 5 U-valReE obtained for samples from the same time point increitbe@mperature, with

I SNI 3S {5 @l tdzSa 2F nodnumI-vausswergcaltuiitBdfor dnop NB & LI
G NR LX A Ol G Svaldek Welstrefativelyiic&nSistent. It should be noted however that

(p))
O

measurements were only obtained for one peptide.

There was a large decrease in the number of peptides observed when samples were heated in
solution above 63C, and therefore this method of heating is not suitable for long term kinetic
studies of glutamine deamidation in collagen peptides. This maye® geptide hydrolysis of

the extracted gelatine whilst it is heated in solution. For collagen to be extracted from mineralised
bone using only the gentle buffer extraction method, the collagen is likely to be in gelatine form,
and therefore less structally conserved. It is known that thermal, chemical or physical
degredation of collagen causes the disruption of the tfiyglical structure int@andom coils

(gelatine) (Biget al, 2004).If the soluble buffer soluble collagen is structurally comprediis

may be that this fraction of collagen is more susceptible to heat induced hydrolysis than the
mineratbound protein. The lack of peptides observed in the heated samples may also be due to
peptide adsorption to the glass surface of the vials usedit et al.(2009) found that poor
reproducibility of LBAS analysis of peptide mixtures was largely due to poor recovery of peptides
from the glass sample vialdthough there has been little investigation into optimal heating
conditions for kinetistudies of intact peptides, many studies have investigated the effects of vial
type on peptide recovery, both during sample preparation stages, and for longer term storage of
peptide samples. Nonspecific adsorption of peptides on to solid surfaces usgpsdumple
preparation is a known proble(Btejskaét al, 2013) these solid surfaces include: pitgdips,

plastic microfuge tube&ipTips, and glass autosamybds.Stejskakt al.(2013) reported that the

vial in which the samples were stored dat appear to be as much of a problem as the sample
solution in which the peptides were storédbwever in tle Stejskakt al, study, where glass vials

and plastic microfuge tubes were compared, the glass vials weteepted withpolypropylene
glycol.Krautet al.(2009)carried out a study over 28 days measuring tloevery of peptides from
three vial types (standard glass, standard plastic PP tubes, and low adsorption plastiChelyes).
found that glass tubgsreformed better(in terms of peptideecovery than standard plastic tubes,
GAGK KERNRLIK20AO LISLI wHSusingplEstidralitetlaND@Ppasd y G A £ &8 W 2 &
compared the recovery of peptides from glassadsorbtion plastic tubes and standard plastic

104



tubes. They found that@ss and standard plastic tubes did not perform as well as the low

adsorbtion platic tubes.

Thereforem order to reduce the contact of the sample with glass, and minimise the extraction of
soluble collagen during the heating step, further heating exgerisnwere carried out in damp
sand ExperimentsSections 21). It was hoped that this would help maximise the amouptatkin

extraced from the bone after prolonged heating.

5.3 Experiment 2 Heating of bone chips at 8Cin damp sand,
demineralisation treatments and ultrafiltration of heatreated

collagen

It is inevitable that during heating some protein will be lost from the bone due to leaching, but
when bone samples are heated in solution (e.g. Experiment 1), tlzetétrof soluble collagen
occurs during the heating step. By heating in damp sand, the amount of soluble protein which is
extracted from the bone during heating should be less than when heated in solution. The use of
damp sands also likely tbe more r@resentative of theeneralburial environmentthan liquid
storage such as vials containing water, or buffer solutidowever, other factors need to be

considered:

It may be that after heating for long periods of time the collagen in the buffer sélablion is

broken down, unlike the more structurally conserved mineral bound collagen; if this is true then in
order to extract collagen from heated samples, a demineralisation step will need to be performed.
In Chapter 6 HCI and EDTA demineralisaticgtimods were compared, both in terms of their effect

on levels of deamidation, and on the structure of collagen fibrils. It was found that in unheated
bone, HCI induced more deamidation than EDTA and resulted in more disruption of the collagen
fibril structre. It was also found that collagen in older bone was more susceptibleitaddédd

damage. As heating has been used to artificially age bone, it may be that heated bone is also more
susceptible to H@hduced damage, so HCI may not be suitable fodémeineralisation and

extraction of collagen from heated bone.

After demineralisation it is standard practice to gelatinise and filter samples using an Amicon filter,
(for example when measuring isotope ratios of collagen or prior to radiocarbon datjhgn(i

Jacobi and Ramseyal.2008)). Theoretically the collagen which does not pass through a 30 kDa
filter should be more structurally intact than that which passes through to the filtrate, enabling
isolation of the well preserved collagen fraction frootentially degraded, contaminated collagen

or smaller proteins.
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Therefore in this experiment, four factors were tested:

1 Is damp sand a better medium for heating bone chips, prior to extracting the-buffer
soluble collagen fraction using the ammonibicarbonate extraction method?

1 Is the quality of the data improved by demineralising the heated bone chip using HCI?

1 Is the quality of the data improved by demineralising the heated bone chip using EDTA?

1 Does the level of deamidation differ depending omtWW fraction is collected from the

Amiconfilter after the demineralisation/gelatinisation process?

The experimental steps for tregperiment are shown in Figure.48 order to test if damp sand is

a better medium in which to heat bone chips prioptotein extracion, chips were heated in

damp sand at 80C for up to 21 days. After heating the chips were removed from the sand and an
ammonium licarbonate extraction (describéa Chapter was performed on the bone chips to
analyse the buffesolublecollagen. The chips were then demineralised either using HCI or EDTA.
The demineralised samples were gelatinised and the protein filtered and separated into three
fractions by molecular weight using two different sidediconultra filters (Figure 54 The

resulting protein fractions were digested, purified and analysed by mass spectrometry as described
in Chayter 6 (sections6.1.5.1and6.1.5.9.
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Two chips are heated in damp sand
o
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Ammonium bicarbonate
extraction is performed on
both chips, chips are halved,
one half of each chip was

HCl treat.ed with EDTA
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30 kDa _I 30 kDa ]
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Figures4: Schematic adteps for Experiment 2. First two chips were heated in sealed glass
ampoules containing 2 g of damp sand. The vials were heated@tf801, 24, 48, 168 and 50-
hours. After heating the chips were removed from the glass ampoules and an ammonium
bicarbonae extraction was performed on each chip. Two chips were then taken and broket
half. The first half of each chip was then demineralised using HCI and the second half usir
The demineralised samples were gelatinised overnight & & water adjsted to pH 3.0. Once
gelatinised, each sample was filtered through a 30 kDa Amicon filter. The retentate was cc
YR fFr0StfSR Fa FTNIOGA2Y 2yS O0LISLIWNIARSAE ¢
10 kDa Amicon filter. The retentatasvcollected and labelled as fraction two (peptides with 1
<30 kDa and > 10 kDa). The filtrate was collected and labelled as fraction three (peptide w
<10 kDa. The subsequent protein extractions were then transferred to a plastic (PP) micro
tube and digested overnight at 3C with trypsin. The sample digests were then purified usin
ZipTip and the resulting peptide mixtures were analysed using MAIEMS and levels of
deamidation for observed peptides containing glutamine were calculated

5.3.1 Methods

5.3.1.1 Heating and extraction of protein from bone chips

The sand (play sand purchased from B&Q) and glass am®eitsific Laboratory Supplies)Ltd
were both sterilised overnight by heating at 400 To each glass ampoule ~ 1 g of sand was
adddd, followed by three bone chips weighing ~30 mg each. The chips were then covered with a
further ~ 1 g of sand, and 100 pL of purified water was added. The ampoules were flame sealed
with a blow torchBLOW LAMP, TC2000 WITH CARTRIDGE; TemperatdrésMaZ:Onecall
CAMPINGAZnNd transferred to an oven set at 8. The ampoules were heated for 1, 24, 48, 168

107



and 504 hours. After heating, samples were removed from the oven and allowed to cool. The glass
ampoules werd¢hen broken open and left to dry amfume hood at room temperature for 24 hours

in order to make recovery of the chips from the glass vials easier. The chips were then removed
from the sand and transferred to three 0.5 mL plastic (PP) microfuge tubes. Ammonium
bicarbonate extractions weggerformed on all three chips. Two chips out of the three were then
selected at random (due to cost implications). Each of the two chips were broken in half. The first
half was demineralisadith HClas described i€hapter §section6.1.5.1.The second half of the

chip was demineralised using EDTA as descrili&dbipter 6Gsection6.1.5.2 Ater gelatinisation,

each sample was filtered through a 30 kDa Amicon filter. The retentate was collected (fraction one,
peptides with a mass30 kDa) anthe filtrate wasthen collected, and filtered a second time

though a smaller 10 kDa Amicon filfiEaction two). The retentatesollected contained peptides

with massof < 30 kDa and > 10 kDa. The filtrate was then coll¢itition three, peptides wita
massofk mMn 15F0® !'ff 2F GKS FNIOGA2ya 6SNB FNBSI S RNR

concentration of ~ 2mg/mL in 50 mM ammonium bicarbonate.

Theprotein extracs were then digested overnight at 32 using trypsin, and purified on ZipTips
before keing analysed by MAL-DDFMS. Levels of glutamine deamidation were then measured
I YR NI Ll2valdes & described in Chapger

5.3.2 Results

Ammonium bicarbonate extractions of mineralised chips heated in sand resulted in higher
numbers of detectabl&Incontaining peptides than those heated in ammonium bicarbonate
solution, with 60 % of the 288 possible -Gimtaining peptides observed in samples heated over

21 days at 80C. The differences in levels of deamidation observed between sample extraction
YSGK2Ra Oly 0SS aLXAd Ayld2z2 GKNBS OF § SARNASAaY om0 (K
regardless of the prgeatment/extraction methods applied (exy/z 1105, Figure 55 @ -values h
measured were higher in both the EDTA demineralised arahtineonium bicarbonate extractions

of mineralised samples, than those demineralised with HCh{&@g705 5, Figure 3%6® -6 o0 h
gt dzSa YSI adzZNBR ¢ S NABluekih shiidled in &@rimdbidum dida®chates A G K h
extractions of mineralised bone beinigtrer than those observed in both of the demineralised
sample sets. (e.g. pegem/z 3100, Figure 55 Out of all of the peptides measuredtiis

experiment, peptide witim/z 3100not only showed the highest level of variability, but is also the
only pei A RS gvaluedNdppedred to be lower in fractions two and three than in fraction one

in both HCI and EDTA treated samplédss may indicate this particular peptide is more susceptible

to deamidation once the protein has broken down into smaller piece
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Figurebb: Levels of deamidation measured in collagen tryptic peptides, extracted from bone, |
at 80'C, across four collagen fractions: ammonium bicarbonate extraction of mineralised bon
30 kDa, 1680 kDa, <1@Da), fractions of samples demineralised in either HCI (top) or EDTA (b

5.3.3 (onclusions

Samples heated in damp sand and extracted without demineralisation (using the ammonium
bicarbonate method) resulted in better quality spectra in terms of the numahe S/N of Gin

containing peptides observed, than samples heated over time in ammonium bicarbonate solution.
The use of Amicon filters to separate the protein fractions by MW did not appear to have an effect
on the alpha value, except in peptide m/z331006 KSNBE FNJ OUA2Yy 2y S- LINER
values than those in fractions two and three. The method of demineralisation appears to effect
levels of deamidation in some peptides: peptides withvalues of 2056, 2072, 2088 and 3100 all

4 K2 g SR -Valdeg i§ N@reated samples vs samples either demineralised using EDTA or
ammonium bicarbonate extracts from mineralised bone. Overall the levels of deamidation
measured in samples treated with EDTA appeared similar to those observed in undemineralised

samples extracted with ammonium bicarbonate.

This is consistent with the preliminary investigation of extraction methods carried©djter 6
where HC| was found not only to increase deamidation, but also to disrupt the collagen fibril
structure. Ithas been shown here that although demineralisation may be useful when extracting

protein from heated samples, the use of HCI is not suitable when extracting protein to calculate
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levels of deamidation. When conducting heating experimentsoayus mineralisd protein such

as bone, damp sand appears to be a more suitable heating medium than solutions such as
ammonium bicarbonate. Although the use of filtration using Amicon filters may be preferable for
some methods of collagen analysis, such as the measutewiesotopes (either for dietary
information or radiocarbon dating), it does not appear to make a difference to the level of
deamidation. The use of Amicon filters during sample preparation is time consuming, requiring
multiple washing, and centrifugisteps, on average adding ~ 2 hours to the sample preparation
time per 16 samples. As well as additional time, Amicon filters are also expensive, with a box of 24
filters costing around £70 fromévickMillipore. As filtering samples pedemineralisation isot
advantageous when preparing protein for deamidation measurements, future experiments using
demineralisation methods will substitute this filtration step with washing sggea(aptedEDTA
method Chapter $.

5.4 Experiment 3 Levels of glutamine deardation in samples heated in

damp sand, at 65C over 75 weeks.

Previous experiments in this chapter showed that as the heating temperature of the experiment
increased, fewer peptides were observed. It was also observed that heating in sand was preferable
to heating in solution. Although ammonium bicarbonate extraction of mineralised bone does not
appear to induce deamidation, it is not always successful when extracting protein from aged or
heated bone. It has also been showrChaptel6 that EDTA may besaiitable alternative

extraction methodo HCI In order to further explore the relationship between temperature and
deamidation, a long term (75 week) low temperature Gbexperiment was carried out,

comparing both ammonium bicarbonate extraction afenalised bone t@rotein extracion post

EDTA demineralisation. The EDTA demineralisation method was adapted to remove the filtration
step; this was replaced by a number of washing steps (Descrilyeid faéictiord.3.1.3).Samples

for each time point we prepared in triplicate. After heating, the ammonium bicarbonate

extraction was performed on all of the mineralised chips. A second extraction was then performed
on all chips using the adapted EDTA demineralisation mé8emiion 5.3.1.3Rnd levels of

deamidation from these two extractions compared. The experimental steps are shown in &igure 5
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Figure56: Schematic of experimental steps. (1) Bone chips were heated in sealed glass ampoules
containing 2 g of damp sand. (2 Thals were heated at 6& over 75 weeks. (3) After heating

the chips were removed from the glass ampoules and an ammonium bicarbonate extraction was
performed on each chip. (4) The chips were then transferred to separate microfuge tubes and
EDTA solutivadded (pH 7.4), samples were demineralised, rinsed with ammonium bicarbonate
solution, and the ammonium bicarbonate extraction preformed. (5) 50 yL of the ammonium
bicarbonate solution was transferred to a plastic (PP) microfuge tube and the extrauttd pr

was digested overnight at 3T with trypsin. (6) The sample digests were then purified using
ZipTips. (7) The resulting peptide mixtures were analysed using-VI2EME and levels of
deamidation for observed peptides comiag glutamine were caltated

5.4.1 Methods

5.4.1.1 Heating of samples

To a sterile glass ampoule 1 g of sand was added, and then three bone chips weighing
approximately 30 mg each. The chips were covered with a further 1 g of sand and 100 pL of water
was added. The vials were flame sealsithg a small blow torch before being transferred to the

oven at 65'C for up to ~75 weeks (time in weeks, 28, 32.9, 37.9, 44, 46, 51, 59, 69.9, 75.6).
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5.4.1.2 Protein extraction using ammonium bicarbonate
After heating two ammonium bicarbonate extractions were performed; one pre (as described in
Chapter 2 and onepost-demineralisation (Sectib.3.1.3. The subsequenProtein extract were

digested and analysed as describe@lapter 2

5.4.1.3 Adapted EDTA Deémeralisation Method

The EDTA demineralisation protocol was adapted from &oain(2012). Each chip was placed in

a 1mL poypropylene centrifuge tube and 1 mL of 0.5 M EDTA (pthdded. The samples were

stored at room temperature, and the EDTA dolutvas replaced every three days.efAfipprox.

14 days the samples did not appear to be fully demineralised. In order to try to optimise the
amount of protein extracted, the length of demineralisation was extended. The samples were
transferred to the frezer and stored at-20 for approximately 6 weeks. After 6 weeks the samples
were removed from the freezer and vortexed for 30 seconds. The samples were then spun at x 300
g for 5 minutes and the supernatant removed. The samples were then washed bylacdirof

50 mM ammonium bicarbonate to each tube. The samples were vortexed for 30 seconds and spun
at x 300 g for 5 minutes. This washing step was repeated three times. After the last washing step
the sample was resuspended in 50 pL of 50 mM ammoniunbbitate and warmed at 6% for

one hour. Therotein extracs were then digested and analysed as describ&hapter 2

5.4.2 Results

In protein extraced before the demineralisation step, only 9 % of the possibledaltaining

peptides were observed. In the samples a signal corresponding to peptide mith1105was
observed in at least half of the samples. In samples extractedlpasheralisation, the

percentage of observed peptides increased to 80 %, with four pepitide836.43,m/z 1105.57,

m/z 2705.20 andm/z 3665.80) observed in all samples, five peptidez 1690.77,m/z1706.77,

m/z 2056.94,m/z 2088.95, anan/z 3100.53) observed in at least one of the replicates at each time
point. The remaining three peptides/z 2702.97,m/z 2689.20 andn/z 3001.47) were observed

in at least one of the replicates in eight out of the 9 time points measurgaptidem/z 1105.57
samples extracted using only ammonium bicarbonate (pre EDTA treatment) were founel to hav
increasing levels afeamidation over tira (Figure 57yellow dots), whereas samples extracted

post EDTAreatment showed relatively lower amois of deamidation (Figure 5Blue dots).
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Figures7: h-values calculateoh peptidem/z 1105.57 in collagen digests, extriad from bone,
heated at 65C over 80 weeks, before and after EDTA treatment.

5.5 Discussion

Differences in both peptide coverage and levels of deamidation were observed in samples analysec
pre and post EDFdemineralisation, with peptide coverage and spectra quality greatly improved in
samples treated with EDTA. This is most likely due to thiy lgfficient demineralisation of the

samples which was performed slowly at low temperature. Peptidd 105 was observed in both
sample sets and showed differences in the extent of deamidation between the two sample
treatment methods; samples extractetefEDTA treatment showed increased levels of

deamidation over time. This is most likely due to differences in structure of the protein within the
soluble and mineral bound fractions. It is likely that the bidtduble collagen fraction exists as

random oil or gelatine like structures, whereas the mindralind collagen is likely to be still

highly ordered and helical. When carrying out heating experiments of intact protein, a balance is
needed. The heating experiment needs to be gentle enough so thptdtean remains intact, but

also there needs to be enough of a temperature increase to accelerate the reaction being
measured, in this case glutamine deamidation, over a feasible time scale. Although péptide
1105.57 measured in solulppeotein extracéd predemineralisation does appear to undergo
deamidation over time at 65, this fraction is not easily extracted after heating. This fraction is

also not always successfully extracted from archaeological or sub fossil bone. In addition it should
be nokd that the composition of this soluble fraction is likely to change over time, as the bone
degrades, as well as being susceptible to exchange with the burial environment. For these reasons

it may not be directly representative of the preservation statd@bone as a whole.
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The mineral bound protein which is extracted pasitnineralisation is likely to be more
representative of the overall preservation state of the bone; however deamidation of glutamine in
this collagen fraction occurs very slowly af@5with little deamidation observed even after 80
weeks of heating. In order to further investigate the relationship between time and temperature in
this collagen fraction, experiments using higher temperatures are required, as well as the
measurement othis fraction in dated Pleistocene material. It may be that glutamine in this

collagen fraction is too stable to be used as a proxy for thermal age estimations.

5.6 Overall conclusions

Initially the aim of these experiments was to calculate rates of gluéad@amidation in type |

protein extraced from bone, at different temperatures. After the preliminary investigations, it
became apparent that the effect of heating on the bone and protein was complex, and so the study
focused on optimising the experimehtiesign. A series of experiments were required in order to
optimise the methods used for both the heating step, and the successful removal and analysis of
the subsequent collagen peptides. It was found that heating in solution resulted in the extraction o
very few glutamine containing collagen peptides, especially at temperatures abveTd use

of HCI prereatment also reduced the number of extracted glutamine containing peptides and
increased levels of deamidation. In the experiments conductiikichapter the use of Amicon
FAEGSNE RAR y20 AYLINROGS GKS SEGNF OGA2valudsNE OSaaszx 2 NJ
and it is therefore suggested that the use of Amicon filters is not required when preparing collagen
for deamidation measements. It is recommended that future heating experiments for this type

of analysis are carried out in damp sand, followedbyAEpretreatment (Section 53.1.3 prior to

ammonium bicarbonate extraction.
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Chapter 6 The effects oflemineralisation and sampling
point variability on the measurement of glutamine

deamidation in type | Protein extracted from bone

This chapteis presented as a paper whitdisbeen accepted tthe Journal of Archaeological
ScienceThe section, figure anidble numbers have been renumbered in order maintain the
continuity of the thesig-he contributions of theuthorsare as followsTheExperimental design,
sampleanalysis and data interpretatiamas carried out by P Simpson. The statisticahlgsis was
carried out by Wilson. Samples were provided by B Shapiro. H Koon and Meg starkvitelped
training on the TEM preparation and analyslsThoma®ates gavguidanceon the obtained

mass spectra. K E H Penkman and Matthew Collins offelied add made corrections to the final

version of the paper.

J P SimpsdnK EH Penkmah B Demarchj H Koofy M J Collir's JThomasOates®, B ShapirgM
Stark, Jwilsort?

'Department of Chemistry, University of York, York

“Department of Archaeotyy, University of York, York

*Centre of Excellence in Mass Spectrometry, University of York, York
“Department oBiology University of York, York

*Department of Mathematics, University of York, York

®Department ofArchaeological Sciencdsniversity oBradford, Bradford

"Department of Ecology arglolutionary Biologyniversity of California Santa GrGalifornia

Introduction

Bonecan survive in the burial environment for millions of yg&@sllinset al, 1995)and can
providedirectinformation about the individuals during their l#adpost mortem Bone contains
both organidmainly proteinsand inorgait components, with the most abundant protein being
type | collagen(Rich and Crick, 19@1is fibrous protein consists of three polypeptide chains of
AAYAL I N 8 yAKIKA yoaRdiinfthagfefs a tightiwound triple heliXWhitford
2008;Shoulderst al, 2009; VigueCarrinet al,. 2006). The presence of the hydroxyapatite
(mineral) crystals, which embed and protect the protein, contribute to the stability and

preservation of bone over geological timescales (TuMialker 2008; Covingtaet al, 2010).

The extraordinary preservation of collagen in bone has been exploited by archaeologists and
palaeontologists seeking to address challenges such as species identification éBatkk&09;
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Welkeret. al, (2015)), diet (Ambrose and Npi993) and radiocarbon age (Libby 1960; Re@gher

al,, 2013). Recently, the radiocarbon dating of single amino acids such as hydroxyproline
(McCullagtet al, 2010; Maronet al.,2012) and improved praeatment methods (Brockt al,

2007; Ramsey anddhiam 2007; Broo#t al.,2010) have enabled radiocarbon dating to be applied

to samples as old as ~ 50 ka BP (van der Plicht and Palstra 2014). However, bones recovered from
Middle andLowerPalaeolithic and palaeontological sites must be dated by asencidth other
materials, which can be used as substrates for other absolute dating methods (e.g. luminescence

or U-series). Therefore a method that could date bone material directly would be a valuable tool.

Collagen could be an ideal substrate for dating because it has extraordinary potential to be
preserved in the fossil record. It was predicted that collagen could survive up to 500,000 years in
optimal (i.e. cold) burial conditions (Collgtsal, 1995);it has since been found that, even in
temperate environments (e.g. in Europe), collagen can survive for much longer than this, up to 1.5
million years (Buckley and Collins, 2011). However, the extent of degradation of collagen increases
with thermal age (Bbbersteinet al, 2009; Smitlet al, 2003), which is defined as an estimate of

the equivalent age based upon thermal history, assuming the sample had been held at constant
temperature-10 °C (www.thermeadge.eu). A relationship has been suggested beivtiee

thermal age and the level of glutamine deamidation (derived from composite estimates of
deamidation in several peptides) observed in extracted bone collagen (vaneDabya012;

Wilsonet al.,2012). Given the difficulties of using amino acié@msization dating (AAR) to provide
robust age information on collagen (Bada and Helfman 1975), such a link could provide the key to
age estimation for bone samples beyond the randé®tlating. However, the data reported by

van Doorret al.,(2012) showedhigh variabilityranging from 40% to 90%) the levels of

glutamine deamidatioin peptides extracted and analysed froones of the same age, obtained

from the same site.

Here, we explore the potential causes of this variation, and we test two hgesthl) that
variationmay occudue to natural variability within the biological tiss and 2) that variation may
be induced in the laboratory, during sampieparation. First, we perform a series of experiments
that focus on preservation and decay dfirgle, welpreserved bovine metatarsus Rbmanage.
From this bone & determine the variability ofigtamine deamidation using mass spectrometry

(MS) as a function of:

1 the location within the bone from which the sample was taksection 61);

9 the vigble preservation of the bonecomparing degraded and nalegraded sections
(Section &);

1 demineralisation methodcomparing the effects of two demineralisation methods (using
hydrochloric acid (HCI) and ethylenediaminetetraacetic acid (EDTA)) evelseof

deamidation (Sections 6.3 andlh
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Second, we explore the preservation of collagen fibrils in samples of different ages, when
demineralised using either HCIl or EDTA. This was done using TEM to visualise three bones that
differ considerably in age: modeiRpman(bone used in previous seats), and Pleist@ne

(~80,000 yews old) (Section.b).

Our aim is to improve the understanding of the effects that sample location aitieanment

methods may have on collagen preservation. Thisial not only moreaccuratedetermination

of the extent of deamidation in bone collagen, but also may be useful for other analytical methods
that require the removal of mineral, such as radiocarbon dating, isotopic analysis or species
identification through collagen mass finger grigt(ZooMS). Our results provide data that are key

to the appropriate interpretation and exploitation of teeggestedelationship between

deamidation levels and diagenetic history.
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6.1 Methods

An overall schematic of therocess we have usédr the preparation, extraction and analysis of

collagen by mass spectrometry is shaw Figure 58
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6.1.1 Preparation and leaning ofbone samples

All three bone sample types (modeRymanand Pleistocene) were cleanedrabm temperature
(=22 O by soaking iBO mM ammonium bicarbonate solution (pH,$8epared in purified water,

My @ n)ovarnight. After cleaning, the bones were allowed to dry in a fume hood at room

temperature.
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Figures8: A schematic of sample preparation protocols. (1) Samples are cleaned in 50 mM
ammonium bicarbonate at room temperaguovernight. The sample is then cut into small pieces
as required; (2) For the demineralisation experiments, the bone is demineralised using either HCI
or EDTA, gelatinised, ultrafiltered, freeze dried and the resulting lyophilised collagen is re
suspendd in ammonium bicarbonate solution (3) If step two has not been performed then
collagen is extracted directly from the mineralised bone by warming in ammonium bicarbonate
solution (at 65'C) for one hour; (4) A tryptic digestion of the extracted protaiarised out
overnight in ammonium bicarbonate solution at"87; (5) The resulting peptide mixture is purified
using solid phase ZipTips; (6) the peptide mixture is analysed by-M&IL(Bdction 2.5); the
spectrum is used to estimate the level of deartiaaoccurring in specific peptides (section 2.6).
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no deamidation and 0.0 indicating complete deamidation of glutamine to glutamic acid.
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6.1.2 Tanner Rowbovinebone

The main sample usedtinis analysis was a bovibene (Figure 29) frorhe site of Tanner Row
(23/36). Tanner Row is thought to b&aman site and was excavated in 1984 by York
Archaeological Trust. Excavations revealed a number of organic remains including a large number
of cattle bones thought to date around the lat¥ @entury.A piece of bovid bone (Figure)38m

this site has éen used throughout this thesis for experimental investigations on the effects of
different aspects of the sample preparation procé@$ss bone was sutampled first by slicing into

17 cross sections; some of these cross sections were then furtheaspled by breaking parts of

them into small chips. Becaudeamidation may be induced thermaian Doorret al, 2012)

after cleaning (see Section 2.1), the bone euaisnto 17 sliceé~3 mm in widthlusing a diamond

edged watercooled band saFigure30). Theseparateslices werghen cleaned in 50 mM

ammonium bicarbonate solution and left to dry for one week in a fume hombiat temperature.

After slicing the bone, darker sectidnghe top centre of each of the slicegre observed (Figure
30). These sections of bone were darker than the surrounding areas, with a dark brown
appearance. In additiothe sections classified as degraded also appeared to be more paitius,
small circular holes throughout the thickness of the bone. The remainiagodifgone vere a pale
brown/yellow colour, with no observable surface erosidhese darker sectiorsavetherefore

been classified amacroscopically more degradedaththe surrounding compact borend were
removed uig pliers before further analysiBe remainingieces of each sliagereimmersed in
liquid nitrogenfor 60 seconds and then removed dmdken into small chips using a small
impacting hammerthe chips were then sieved though a 2 um metal sieve and the chips of more
than 2 pumwere rinsal inpurifiedwater andsubjected to a range of differeptotein extracion

procedures (Chapter, Sections 2.2, 2.3 and 2.4).

Figure59: Crosssection of cortical bone from thEanner row site, sliced usingvater cooled band
saw, showing a darkenednpoisarea of bone
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6.1.3 Pleistocene bone

A fragment obison metapodiabone excavated frora permafrost site in th&londikeregion of

I'FyFRFQa ,dzl2y ¢SNNARG2NE g1 & AyQ@SaldACEharBRd ¢KAA 02
Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, California USA, which

provided in a norage estimate (>50,300C years BP; CAMS 157517). This sample was found in

association with a volcanic ash (tephra) layer, Sheefx-Brebat has been dated to ~80,000 years

old (Westgatest al.2008). As the exact age of this saniplenknown, we refer to this sample

throughout this paper as Pleistoceneae.The bone piece was cleaned prior to all analyses as

described in SectioA 1.

6.1.4 Modern bone

A piece of modern bovine tibia obtained from a local butcher (Newcastle) was prepared by Dr C.
Smith(Smithet al, 2005} the periosteum and maow were removed with a scalpel and the bone
was thensawn into chunks and defatted for 24 h in acetone. The chunks wererfragizd under

liquid nitrogen.

6.1.5 Extraction of collagen from mineralised bone using ammonium

bicarbonate

50 mMammonium bicarbonate (pH 8) was addeatzhsample (approximately 10Q.per 30 mg
of bone). The sample was then warmed for one hour aC6&dapting extraction procedures

described irvan Doorret al, 2011).

6.1.5.1 Hydrochloric acid demineralisati®nbtein extragon

For demineralisation in hydrochloric acid (HCI) the standard preparation protocol for stable isotope
analyses of Ambrose (1990as adapted: &h chip was placed inl& mLpolypropylene

centrifuge tubeand 5 mL of 0.6 M HCI (pH 1) added. The samples were at@e® °C and the
HClreplaced every three days. AftEd dayshe samples appeared to be visually deminerajised
andthe acidinsolublefraction ofcollagen was gelatinised im8. of pH 3.0 HCI (purified water
adjusted to pH 3.0 with 0.6 M HCI solutiahB0 'Cfor 24 hours, filtered through 30 kI

centrifugal filter (Amicorand freezedried overnightPrior to MS aalysis he lyophilisatewas

resuspended in 50 mM ammonium bicarbongiel 8.0)at a concentration of 2 mg/mL
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6.1.5.2 EDTA demineralisatidPvotein extragon

TheEDTA demineralisation protocolkidonet al, (2012)was adapteds follows0.5 M EDTA

solution was prepared by dissolving 93.06 g of EDTA disodium salt in 500 mL of purified water, and
the pH was then adjusted to 7.4 using 0.5 M Na&adhbonechip was placed inb mL
polypropylenecentrifuge tubeand 5 mL of 0.5 M EDT@H 74) added. The samples were stored at
room temperature on an electrgamplerocker,andthe EDTA solution was replaced every three

days. AfteR0 days the samples appeared to be visually demineralisedharitinsoluble

fraction of collagen was gelaitsed in 5 mL of pH 3.0 HCI at 80for 24 hours, filtered through a

30 kDa centrifugal filter (Amicon) and freelteed. The resulting lyophilis@dotein was then

resuspendedn 50 mM ammonium bicarbonafpH 8.0) at a concentration of 2 mg/mL

6.1.6 MALDO-MS analysis

The protein extracs suspended in ammonium bicarbonate solution (pH 8t@)concentration of
2mg/mL, weredigestedwith 1 pL of porcine trypsin solution (ug/uL50 mM acetic aciy
overnight at 3PC Digests were purified using 1ADC18 solihhase tips (Millipor&ipTip3.

After loading, the tips wen@ashed with 0.1% trifluoroacetic acid (TFA) solution. Peptide mixtures
werethen eluted in 50 pL of 50:50 (v/v) acetonitrile1% TFA The resulting peptide mixtures
consisting prdominantly of tryptic peptidesyere analysed usingatrix-assisted laser
desorptionionisationtime of flight mass spectromet@ALDITOFMS). A volume of 1 uL of
samplesolutionwas spotted on a ground stedALDI targeplate, followed by 1 pL 6fcyano-4-
hydroxycinnamic acid atrix solution (1% in 50% ACN/0.1% TH#\(y. The sample and the
matrixsolutionswere mixed together on the plate and allowed toedry. Each sample wapotted
on to the MALDargetplate in triplicate. Eacépotwas analged in refectronmode using a
calibrated Utraflex Il (Bruker Daltonics, Bremen, Germany) MAOPIinstrument. Spectra were

analysed using flexAnalysis software version 3ukéBDaltonics).

6.1.7 Determining the level of deamidation in a peptide

Thedeamidation of glutamine results in averallmassincrease of 0.984 Da. One disadvantage of
the TORNstrumentationused in this works that due to the insufficient resolving power of the
mass analyseit was not possible to resolve tdeamidated andindeamidated signalthe nth

peak of the deamidated peptide signal (typically the misntopic signal) overlaps the (n¥peak

of the undeamidated form (typically the signal for the species containinff@reom) The extent

of deamidatiorof glutamine Q), converting ito glutamic acid (Ean be estimated by
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deconvolution of the two overlapping distributions as described in Waksaln(2012). For a

peptide containing just one glutamine residueatuebetween zero and ongeferred to agi K S h
value) denotes the proportion of glutamine thatdieamidatedand is determined by optimizing

the fit of overlapping theoretical distributions with the experimental distribstibny” -velue ofl
indicates no deamidatigmvhile a value oD resuls fromcompletedeamidation. The method can

be extended to peptides with more than one glutaenresidue Each sampleasanalysed in
triplicateby MALDMSandii K Svalle obtained frona weighted average of the three spectra,
where the weights reflect thsignal to noise ratio (S/N) of each peptide. Full details are given in
Wilsonet al.(2012).The code used to calculate deamidation lewetsvailable as an R package

from GitHub(https://github.com/franticspider/q2e.git

6.1.8 Analysis of collagen fibrilsyotransmission electron microscopy
(TEM)

The modernRomarand Pleistocene bovid bone samples were prepared for TEM analysis following
the protocol of Koot al.(2012). Small bone chips around 60 mg in weight from each sample

were treated either with 0.6 M HCl or 0.1 M EDTA. Once demineralisation was complete (approx. 2
weeks) the demineralisation solutions were discarded, each sample was then washed five times,
once with 2 mL of phosphate buffer (PBS) at pH 7, and four times with 2 mL of purified water.
Before discarding the last water wash, the pH was measured to check that it was neutral. 60 mg of
bone chips treated in this way were transferred to a plastimlLpolypropylene tube and 3 mL of

1% wiv solution of phosphotungstic acid (PTA) (adjusted to pH 7.0 with 0.5 M NaOH solution) was
added. The sample was placed in an ice bath and homogenized fosebo®d intervals, with 30
seconds between pulses usiad ellowline DI25 basic homogeniser. The resulting solution was
centrifuged at 3,000 RPM at 4° C for 15 min. The supernatant was discarded and the pellet
resuspended in 1 mL of PTA. The sample was vortexed for 30 s. A drop of sample was then placed
on a c@per grid (with a formvar/carbon support film), 3 mm in diameter, 300 mesh, and left to
settle for 5 minutes. Excess liquid was carefully removed from the grid using filter paper and the
grid was left to aidry. In order to stain the collagen fibrils aqa of filter paper was placed into a

glass Petri dish and dampened with a 50:50% ethanol: purified water solution. A 2% w/v solution of
uranyl acetate was prepared in 50:50 methanol and purified water. A square of dental wax was
placed onto the filter pagr and 500 pL of uranyl acetate solution spotted onto the wax. The dry
sample grid was then floated (sample side down) on top of the uranyl acetate solution. The Petri
dish was covered in tin foil and the sample grid left to stain for 30 min. The gredtheewashed

with 50:50 methanol: purified water and left to-dity before being analysed by TEM. An FEI

Tecnai G2 transmission electron microscope fitted with a CCD camera was used for analysis. The

typical optical settings used were as described imkbal, (2012). Beam setting was 120 kV.
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6.2 Results

The results obtainefbr the Romarboneare describedn terms of the variatiom h -values

calculated from theMALDIMSdatawith respect toa) thesub-sampling location (and localised

areas displayingmacroscopiR SANJI Rl G A2y ¢ 2y proteirSextadoy Baiocd. Yy R 06 (
These results are then linked to the structural propexieserved irprotein extraced from

modern,RomarandPleistocendone, investigated by TE(@ection 3.5)

6.2.1 Variation o GIn deamidation as a function of sampling location

Toinvestigate the variability in levels of glutamine deamidaiidwvaluespetween different

sampling locations within a bonehipswere subsampledfrom parts of macroscopically well
preservedsectians of slices 1 (~3 mm from the right), 2 (at ~ 15 mm) 3 (at ~27 mm), 4 (at ~39 mm)
and 5 (at- 117 mm) were sampled ¢bire 60. Two chips were taken from each slice, and extracts
from each of these two chips were analysed in triplicate by MMISDEachriplicate analysis
ASYSNI (6-BRf a8 -liaku& générated for each chip were then averaged, and the

I @S NIvauSs fdr each slice avehat is representeih Figure 60 Although, initially, twelve

peptides were investigated (Tablé % values are only reported here for the ten collagen peptides

that were observed iprotein extracs from all five slicesiffure 60.
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Tablel0: 12 peptides that are observed in MALDI mass spectra of tryptic digestdrud bype |

collagen and contain at least one glutamine residue. Where possible the theoretical amino acid

sequence of the peptides has been demonstrated by product ion analysis. For peptides where this

was not possible, due to poor spectral quality, sepes were taken from published data (Wilson

etalLHAMHO 0 & vatuésa A &

YR F&aA3ySR 2y

* Assignment of sequence demonstrated using product ion spectrum.

M +
HT'

836.44

1105.57
1690.77
1706.77
2056.98
2073.01
2089.01
2689.26
2705.26
3001.50
3100.41
3665.54

Figure 6(A K 2 ¢ a
LISLIGARSA

Peptide sequence

GPAGEGPR*

G\QGPPGPAGPR*
DGEAGBGPPGPAGPAGER
DGEAGAGPPGPAGPAGER
TGPPGPABGRPGPPGPPGAR*
GAPGBGPAGAPGTPQBIAGR
GAPGBGPAGAPGTPGBIAGR
GFSQDGPPGPPGPSEPSGASGPAGPR
GFSQDGPPGPPGSREPSGASGPAGPR*
GPSGEPGTAGPPGTREPGAPGFLGLPGSR

Collagen
chain

COLL 1A1
COLL 1A1
COLL 1A1
COLL 1A1
COLL 1A2
COLL 1A1
COLL 1A1
COLL 1A1
COLL 1A1
COLL 1A2

GLPGPPGARQGHR)GPPGEPGEPGASGPMGPR* COLL 1A1
GRGIGPAGPPGPPGPPGPPGPSGGGYEFGFI COLL 1A2

2F GKS

Position in
collagen
chain
[1084-1092]
[685-696]
[612-630]
[612-630]
[652-573]
[934-957]
[934-957]
[1111-1140]
[1111-1140]
[845-877]
[187-219]
[1079-1116]

i K Svallie @o&dddh Beptidé from the two chips from each slice. Some
LIN:RaRezCe§ardiess Wi xhe $aniplitig location (for example peptides with

m/z values3100.5, 1105.6, 1706.8, 2705.2), but other peptides (for exarppptides withm/z
values2056.9, 2073.0, 2689.1 and 3665.8 in particular) sheategr variability with sampling

location.
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Figure6(: h -values for 10 peptides, in 10 samples, obtained from two chips from each of the five d
positions (slices 1, 5, 9, 13 and 17) across the length of a Medieval bovine metatarsal bone. The
value for the two chips from each slice is plotted.

Considering each slice as a group, the usual equations for-giithip and betweergroup
variance can be used to calculate the variances within and between slices for each peptide

(Snedecor 1934 Thus, the betweeslice variance is given bguation 1:

Vb = a n(X, - X)*
(S Do 1)
whereS=5 is the number of slices,A & (G KS  yadeies foMleaiFslice (i.e. 2, herd)is
i KS Y-@&lug/or slice s and is the grand mean, taken over all sliaad he within-slice

variance is given Bquation 2:

Y= (N S 2.1.8—‘1 (- %Y @)
whereN=mn A& GKS (-faluésfandy BaaiSKNANR Frontslics. Tablel0 and
Figure 61show thewithin-sliceand betweenslice vaiances for the ten peptides, together with the
p-values obtained for-testscomparinghe two variancesThe variance between slices is shown to
be significantly greater than the variance within slices (at the 95% confidence level) for just two
peptidesthose withm/z values 2073.0 and 2689.2, although witheajfue of 0.038 for both the
evidence against the null hypothesis is not strong. The peptidentatialue 2056.9 has the
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highest level of withislice variation, but is of a similar level to ttagiance between slices. The

remaining peptides also show similar levels of variation within and betsliees.

Tablell ¢ KS @ NMaluésiobtginedifidm 10 peptides measured in tryptic digests of
collagen, extracted fromdme chips of different slices compared with the variation obtained from
replicate chips of the same slice. Thegtues for Rests show that, in general, the betweslice
variance is not significantly greater than the witsline variance. *denotes ststically significant
values (at the 95% confidence level).

m/zof peptide 1105.6 1706.8 2056.9 2073.0 2088.9 2689.2 2705.2 3001.5 3100.5 3665.8
Betweenslice 0.001 0.001 0.012 0.012 0.005 0.006 0.002 0.006 0.001 0.004
variance, Y

Within-slice 0.001 0.001 0.011 0.002 0.004 0.001 0.001 0.002 0.001 0.001
variance V,,

p-value for F 0.486 0.486 0.451 0.038* 0.398 0.038* 0.233 0.13 0.486 0.08
test

0.014 - W Between slice variance

0.012

Within slice variance

0.01 -
0.008 -
0.006 -

0.004

Level of variation

0.002 |

o (e} o o o o o o o (e}
© @ ® © 9§ O « 1 O ©
Te] w (o] [\2 =o] [9)] o] by (] w0
o [} Iy I~ =o] [=e) o o o [de}
— M~ o o (=] w I~ (] — w
— — (o] o™~ [a] (o} (o] o o o
* *
m/z values of peptides

Figurebl: ¢ K S @I NMvaluésioBtainedi\fdm 10 peptides measured in trypsin digests
protein extraced from bone chips of different slices compared with the variation obtained
replicate chips of the same slice. TheaRies for Fests show that, in gemal, the betweerslice
variance is not significantly greater than the witkline variance. *denotes statistically
significant values (at the 95% confidence level)
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6.2.2 Variation due to localised diagenesis

In order to investigate the effect of localisdidgenesis ot -values two chips were taken from the
degraded sections of slices 1, 5, 9, 13, and 17 (Fégute | Y Raludskc@npadred witthose

obtained from chips imacroscopicallyell-preserved areas of theame bone slice. Tlepectra
obtainedfrom chips fromlocally degradedegions containefewer peaks than those frothe
macroscopicallyellpreserved chipswith the heavier peptidesn/z 3001.5 3100.5and3665.9

absent in spectra of samples from degraded regibmthe spectra from vidy degraded chips,

there were a total of 106 observationsthese peptides in comparison to 114 observations in the
spectra from welpreserved chipgout of a possible 120)n most cases, KS | @&iNds3 S b
obtained formacroscopicallgegraded seatins were lowefi.e. the peptides were overall more
deamidated}han those extracted frormacroscopicallyell-preserved areagzigure 4 shows the

I @S NIvauss fdr the two chips in each case. Interestinglyfahepeptides that show least
deamidationin wellpreserved chipsif/z values 1105.6, 1706.7, 2088.9 and 2785.26 A (1 k- Y S|
values of 0.99, 0.96, 0.88 and 0.98 respectively) also show little deamidation in the degraded chips
0 Y S I-whlues of 0.98, 0.99, 0.86 and 0.92 respectively).

A macroscopically degraded B macroscopically well-preserved
m/z va[.ue @ @ Un - deamidated
of peptide
_____ = - = i >
1105.6 - Z-S-C-zZzZ=-= 1 .-"',*”‘“\Q‘~ 1 £<';
L7085 S 08 TS T ®s 08
2056.9 Z
2073.0 0.6 0.6 P
2088.9 0.4 04 £
2689.2 ®
—a70s2  eeceecccccecccccocl 02 geoeececCeCeesees - 02
0 ‘ 0
S » 7 N > W D 7 N > _
deamidated

Position within the bone (mm) from right to left

Figure62/ 2 Y LJ- NJ-@akigs olfaihed!from peptides observed in tryptic digests
protein extraceéd from macroscopically degraded sections of bone (A: left) with thos
macroscopically wefireserved areas of the samesb ¢ . Y NNali&siae only|
plotted for the seven peptides which were observed in all five slices.

Other peptidesrfi/z values 2056.9, 2073.0 and 2689.2) show greater changes betweeisitig
welFLINE & S NIJ S-walues ¥ H.B6y0.85 artd83 respectively) and degradedNB | & 0 Y S| y

values of 0.59, 0.76 and 0.69 respectivéligure 63hows that the variation in deamidation levels
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across the bone is slightly less for the degraded samples than the spread for the well preserved

regionderived samples.

6.2.3 The effects of acid demineralisation on deamidation

The removal of mineral usirdClis common ilmmostbone preparation techniques suchthsse

for isotope analysis and radiocarbon datjegy.Brocket al.2007) An alternative to the use of HCI

for the decalcification of bone is the use of EDTA as a chelating agent. EDTA decalcification is often
used when trying to minimise damage to the surface histology of @onsson, Tarkowski, and
Klareskog1986;Tuross 2012)

HCldemineralisation wasomparedwith theammonium bicarbonatprotein extracton method
developed by van Dooet al.(2011), which does not involve the removal of mineral from the
bone Weassessad the effectsof HCI demineralisation on the overall deamidation usarge chips
from macroscopicly well-preserved areas of slices 1, 5, 9, 13 andlK 7S -values of 12 peptides
produced after HCI treatment were compared witbsedeterminedfrom chips from similarly
well-preserved areas of the same slitewhich collagen was extracted usingdn@monium
bicarbonate extraction method. The 12 peptide=e observed less frequently in spectra from
samples treated witkClthan from those treated witlonlyammonium bicarbonaté~igure 8A)

In the spectra obtained from tHeCltreated samples, only47(of a possible 120) observations of
the peptides were recordedompared withl 14 in spectra frormineralisedorotein extraced

with ammonium bicarbonate (Figu68A). This suggests the HCI treatment affects the peptides
detected in the samples. Fivethé twelve peptidesni/z 1690.8,m/z 1706.8,m/z 2057.0,m/z
2073.0,m/z 2089.0) were observed in less than half of thetrd@ted sampledt should be noted
that each of these peptides has an aspartic acid on #tegrhinal sideof glycine. The remairgn

peptides, observed in at least half of the H€hted samples, did not contain aspartic acid.

Inobserved_JS LJ{ A R S@lues célduiStedfaamples treated with HCl wegenerally lower
than thosefrom sampledreated only with ammonium bicarbonaté~igure 8 B) indicding greater

levels of deamidation in HZeated samples.
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Figure63: (A) A comparison of the number of times the peptides in Table 1 wer
observed in spectra obtained from samples treated with HCI or ammonium
OAOFNb2Y | GS &2t dzi Avaluesiobtairied for thes ¥2Ipkpiitiks:
spectra from macroscopically ivpreserved areas of the Medieval bone (2 each
from slice: 1, 5, 9, 13, and 17) after treatment with ammonium bicarbonate (to
HCI (bottom)

624 9FFSOGaAa 2F RSYAWANBE Adal A2y GAYS
In order to compare the effects bfCI (pH 1) and EDTA (pH @glutaminedeamidation the

remaining unanalysechips from thanacroscopicallyell preserved sections of the 17 slices of

bovine metatarsal were mixed together. A total of 24 chips from this sample set were
demineralised foup to four weeks in eitieHCl| olEDTASee sections 2.3 aritl4). For each
demineralisation method, four chips were remo¥eain the solutions after 2, 3 @ weeksThe

collagen was extracted as described in sections 2.3 and 2.4. The rgsoli@igextracs were

digested and purified as described in section 2.5 and analysed using mass spectrometry.

For each of the samples, levels of glutamine deamidation were calculated (section 2.6), and the
patterns observed can be split into three categorieseplifes (i.em/z2689.3, 2705.2 and
omMmnn®no ¢ KA OKvaldek @esBore déathidaBaN) with increased variability when

treated with HCI than EDTA (Figure.3) peptides (i.em/z 2705.2 and 3100.4) which showed
increased levels of deamidatioffo I OA R (i NB I { Y Syalues#o@2S 0812 iangMidiom & A
0.57¢ 0.87 in HCtreated samples; this peptide shows little or no deamidation in samples treated
with EDTA over the four week period, with values of EDTA treated samyalasing" -values

ranging from 0.92, 1.00. 3) Some of the smaller peptidegz values 836.4 and 1105.6) showed
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