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Introduction: Long-lived proteins, including those found in the lens, undergo numerous
modifications as a result of prolonged exposure to physiological conditions, however the
details of several of these reactions remain to be elucidated. These age-related
modifications contribute to deterioration in health and fitness. One such major modification is
racemisation, although the mechanism is not well understood.

Methods: Peptides were exposed to prolonged incubation at 37°C, as well as to elevated
temperatures, at pH 7 and the products characterised using MALDI mass spectrometry, ESI
mass spectrometry and NMR spectroscopy. One peptide examined, PFHSPS, is based on a
sequence known to be modified in human aB-crystallin. All peptides had a C-Terminal Tyr
added to aid detection by HPLC.

Results: Incubation of peptides PFHSPSY, PAHSPSY, PEHSPSY, PKHSPSY, resulted in
facile racemisation of the N-terminal amino acid. Typically between 15 and 40%
racemisation was observed after 2 weeks at 60°C.Incubating PFHSPSY under physiological
conditions (37°C) resulted in ~5% racemisation after 8 weeks. AFHSPSY showed less N-
terminal racemisation. Other modifications, for example, truncation of the peptides by loss of
amino acid residues from the N-terminus were also observed.

Conclusions: Some reactions of long-lived proteins can be mimicked using exposure of
peptides to elevated temperatures. The ramifications of N-terminal racemisation for protein
structure and function are as yet unknown, although its impact will probably vary depending
on the particular protein. In terms of susceptibility to enzymatic proteolysis, it is likely that
having a D-amino acid at the N-terminus will inhibit cleavage of long-lived proteins by
exopeptidases.
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Abstract

The human lens contains the highest protein concentration of any tissue in the body, yet there is no
protein turnover. As a result, proteins found in the centre of the lens (the nucleus) are present for a
lifetime. This tissue can therefore be used to examine major posttranslational events that take place
in long-lived proteins. Age-dependent deterioration of long-lived proteins in humans may have wide-
ranging effects on health, fitness and diseases of the elderly [1]. To a large extent, denaturation of
old proteins appears to result from the intrinsic instability of certain amino acids, however these

reactions are incompletely understood.

In this thesis, to understand more about these reactions, the breakdown of peptides was studied
under controlled conditions, typically at physiologically relevant pHs and with elevated temperatures
used to promote the reaction. Significant truncation of long-lived proteins has been shown to occur
in the aged human lens. In the case of a-crystallin, one notable feature of the sequences of two of
the most abundant truncations (aA 67-80 and aB 1-18) was that sites of cleavage were adjacent to
Ser residues. While the truncation of proteins at Asp/Asn residues via the formation of a succinimide
ring has been well characterised, our understanding of the processes that enable truncation at Ser is
incomplete. The first part of this thesis aimed at understanding the mechanisms behind this
truncation. A secondary aim was to understand the mechanism behind the age-related racemisation
of Ser residues seen in the lens, and determine if it occurs via a mechanism analogous to that seen

with Asp residues.

Model peptides based on the sequence of known Ser truncation sites in human a-crystallin were
exposed to elevated temperatures at physiological pH. Non-enzymatic truncation at the N-terminus
of Ser, similar to that seen in the aged-lens was demonstrated. A range of additional factors were
also examined for their ability to promote truncation. The role of the Ser hydroxyl group was
investigated and found to play an important role in truncation at Ser. Interestingly Ser racemisation

was also observed under these conditions, and it occurred regardless of the presence of a free or
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blocked Ser hydroxyl group. This was at odds with our initial hypothesis that both racemisation of
Ser and truncation the N-terminal side of Ser might be a linked process, occurring via formation of a

cyclic tetrahedral intermediate.

Another possible source of Ser racemisation was investigated by examining the potential of
phosphoser (pSer) residues to form dehydroalanine (DHA) via beta elimination. While DHA was
generated from a model peptide at physiological pH, the results in this thesis did not find any
evidence of water adding to the double bond, thus ruling it out as a possible explanation for Ser
racemisation in the lens. However the observed formation of DHA at physiological pH does provide a

potential explanation for the extensive non-covalent cross linking seen in aged lens proteins.

The second part of this thesis examined a range of modifications that can occur at a peptide N-
terminus. Approximately 70% of soluble proteins in eukaryotic cells have an acetylated a amino
group. One proposed role of this is that it protects the protein from a range of N-terminal
modifications. However following age-related internal truncations, such as those observed at the N-
terminus of Ser and other known truncations, the resulting protein fragments (with free amino

groups) could then be subject to N-terminal degradation.

Using model peptides based on human lens crystallin sequences, facile racemisation of N-terminal
residues incubated under physiological conditions was demonstrated. It was shown to occur across a
range of N-terminal residues, buffers and temperatures. Unexpectedly the racemisation rate of L-
residues was almost twice that of D-residues but the reasons for this are as yet unclear. A novel
mechanism to explain these findings, involving the formation of a Schiff base has been proposed.
Racemisation of the N-terminal residue was also shown to render the peptides resistant to amino

peptidase degradation, suggesting a protective role could be provided by this modification.

The prevalence of this modification in the humans lens was then demonstrated using the integral

membrane protein Aquaporin 0 (AQPO0). By the age of 68, 13% of the N-terminal Met residue of
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AQPO had racemised in the cortex, increasing to 28% in the nucleus which is the oldest part of the

lens.

Other N-terminal modifications studied included the degradation of model peptides via sequential
loss of their N-terminal residues. Again it was shown to occur at physiological conditions using model
peptides based on crystallin sequences, however further investigation revealed that it was more
prominent in phosphate buffer. One potential mechanism involves phosphate buffer acting as a
nucleophile. It is worth noting that phosphate buffer is present in the human lens and that this may
still be a biologically relevant degradation process. Aged proteins demonstrating sequential loss of

amino acid residues or “laddering” have been described in the literature [2].

The potential for proteins to degrade via loss of two amino acids at a time through a cyclic
diketopiperazine (dkp) from the N-terminus was also investigated. A range of factors were
considered and it was shown to be another potential degradation pathway for long-lived proteins
which have a free amino termini. Peptides that have a penultimate Pro residue were particularly
prone, with significant dkp formation occurring even at physiological temperatures. For peptides
without a penultimate Pro, dkp formation was still observed for a range of peptides, but elevated

temperatures were required.

The final part of this thesis detailed the isolation and characterisation of a novel UV filter found in
the lens of the thirteen-lined ground squirrel. The structure of this UV filter is of interest due to the
lens of the thirteen-ground squirrel having a similar UV filter profile to that of the human lens.
Characterisation by mass spectrometry and NMR spectroscopy revealed the likely structure to be an
N-acetylated 30H Kynurenine adduct with the incorporation of a proline. A potential structure has
been proposed involving the formation of an imine bond between the proline and the 30H

Kynurenine.

viii



Table of Contents

L ZT 2 L= Lo T [ Lo i
ACKNOWICAGEMENLS .......eeeeeeeereeeeeerreeeeseererueseerereassessensssessssssssessensssesssnsssessenssssssennsssessennes ii
PUBIICALIONS .......uueeeiiiicscss s s sssssssses iii
CoNference PreSENLALIONS ............ceeveriieeeveusssssiiisinmmsssssssiissssssmsssssssssssssssssssssssssssssssssssssnns iv
Y oL 1 o of SRR vi
Y o =T 1o o XN xii
1 ChapPter 1: INTrOQUCLION. .........cceeeeeeeeeeeeereereeneeeeerereasessenssssessenssssesssnsssessesssssesssnsssssssennes 1
1.1 OVEBIVIBW ..ttt ettt et s e e st e e st e e s n et e e s r et e e e s r e e e s e nre e e s annneeesaaneneeeanreneeen oe 1
1.2 Implications of @ye hEalth........coociiiii e 1
1.3 ANGLOMY OF TNE BY B it e e e et r e e e e tae e e s atbeeeenaaeeean 2
1.4 ANAtoMY OF the IENS ... e e e e e e e e e e s btaa e e e e e e eeanees 4
15 (=T T Tololo] 0 g1 g Yo - 14 o] o SRR 5
1.6 Lens protein COMPOSITION .....uuuuuuuiiiiiiiiiiiiiiiiiiiiirrrrrrerere e reeeeeeetereeeseeeeeteeeteeeteeeeeeaeeeeeeeeeeees 6
1.7 Lens Membrane COMPOSITION ....iiiiciiiiiiee e et e e e e e e e re e e e e e e e s anrraaeeeeeas 10
1.8 LA 1T PSPPSR 15
1.9 Age-related modifications in [€NS ProteiNS........ceeieiiiiiiiciiie e e 16
1.10 Eye conditions associated With @gIiNg ........coovcciiiiii i 22
00 R Y7o o LS T T U T T T T T PPRRPIR 25
2 Chapter 2: Materials and MEtROAS .............ceeeeueeereeeeneereerenreereeresseereenssessenssseessensssoees 27
2.1 IMEEEITAIS ettt sttt r e e nae e saree s 27
2.2 General Methods (Chapters 410 8) ...ccuiecieecciieeeiee ettt ettt e e sare e s reeereeens 27
2.3 Isolation of AQPO from human lens and analysis (Chapter 7) .....ccccceeceeeicvieeiccieee e 41
2.4 UV filter isolation and characterisation (Chapter 10) .......ccccoueeeeeiiieeeciiiee e 44
3 Chapter 3: Section-A Overview (Reactions Of S€r) .......cccccccvvvvvviiissiisisssssssssssssssssssssssns 47
31 INEFOAUCTION .ottt ettt st s an e sttt neenees 47
4  Chapter 4: Chemical reACLIONS Of S@I.....uuuuueeeeeeeeeereeeueerreruersereenasseesernsssessenssssessenssssees 50
4.1 LAY 12 o TP P PP PT T OPPTUPPPORPPP 50
4.2 Model peptides based on known sites of Ser truncation in the lens ........c.cccceevecvveeeicinenns 50
4.3 Model peptides based on the aB-crystallin sequence (60 °C).....cccceeeecieeeeciieeeecieee e 52
4.4 Model peptides based on the aB-crystallin sequence (85 °C)....cccueeeeeeieeeeciieeeeiieee e, 54



4.5 Y Ta0Y o] (=l e Te [ o T=Y o 4o [T TSR 61
4.6 N-a-acetyl peptides based on a known site of truncation site at Ser.........cccccecveeeecrveeenee. 72
4.7 YA Yol o [ ol ofo] s o 11 4 o] o PP PRR 76
4.8 BaSIC FESIAUES ...ttt ettt e s b s sae e san e s n e s bt et n e e s 79
4.9 IMEETAI TONS ettt e sttt e s e s et e e e san e s ar e e s re e e neeesaree s 79
4.10 Phosphorylation as a potential contributor to Ser racemisation ........cccccceeeveeiiiiieeeecieeennns 80
4,11  Investigations at PH 7.4 ..ottt raa e 88
A.12  CONCIUSIONS «.eeeiiniieeiitee ettt ettt ettt e st e et e e st e s bt e sbe e e sateesabeeeabe e e beeesabeesabeeeaneeeanseesareesneeesanes 92
5 Chapter 5: Section-B Overview (N-terminal modifications) ...........ccccceeeevvvviviirsesssnnnann 94
51 INEFOAUCTION .ttt sb e st st s st sttt e e e enees 94
6 Chapter 6: Diketopiperazine (dkp) fOrmation..............eeeeeeeeeeneeeereenereereenenserreensssereenns 96
6.1 INEFOAUCTION ..ot et s e st e e sme e sab e e s b e e sareeesnneesareean 96
6.2 AN Lttt et et et et et et e e e e e e e e e e e e e e e e e e e e aeaeaaaeaaaeaaaeaaaeaaaaaaaaaaaaaaaaaaaa s seranen 97
6.3 (D] 4o I oY 4 11T 14 o] o SRR 97
6.4 Effect of sequence on the rate of dkp formation ..., 105
6.5 Effect of peptide length on dkp formation .........cccuveeeiiiiiiii e 107
6.6 Effect of buffers on dkp fOrmation ..........ccoccuiiiiiiie e 109
6.7 Dkp formation at physiological temperature .........cccceeieeciiiiie e 111
6.8 Investigation into the potential for SY to spontaneously form a dkp......cccceeveveevcieeennnen. 113
6.9 CONCIUSIONS ..t sttt et s e s b e smr e e s e e e sareeenmeeesareens 117
7 Chapter 7: Racemisation at the N-terminus ..............ccceeeeuvereeeeenierieeensisseenessosssnnssens 119
7.1 Ta] oo [T ot o] o SRSt 119
7.2 AlIM L e s e s s a e raeee s 120
7.3 N-terminal racemisation of a model Peptide ......ccceeeveiieciiiiiie e 120
7.4 Effect of amino acid sequence on N-terminal racemisation (1’ Position) .........cccccccveeuee. 131
7.5 Effect of amino acid sequence on N-terminal racemisation (2’ Position) ........ccccccueeeenneen. 135
7.6 Effect of amino acid sequence on N-terminal racemisation (3’ Position) ..........cccceeenneee. 138
7.7 The effect of amino acid stereochemistry on the rate of racemisation .........ccccceevenneenn. 140
7.8 Effect of buffer on racemisation ..........ccoceeieiirieiee e 144
7.9 Effect of pH on N-terminal racemisation ..........cccuviieiiii i 146
7.10 Incubation at physiological temperature.......cccccueeiiiiieiiiciiie e e 148
7.11 N-terminal racemisation of a human [ens protein.........cccccueeeeeiiieicciiee e 149



2% A Y 1Yo o =T a1 Y3 DTS PP PP PROPRUPRRPROt 158
28 R B (o] o Tol (V1Y [ o[- PO P PSP PSP 162
8 Chapter 8: Truncation at the N-TerminuS...............ceeeerrireveennessecsssssneessmessssssssssssnnes 166
8.1 Ta] oo [T o1 o] o RPNt 166
8.2 AN e et e s e e s e e s a e e s re e aeee s 166
8.3 Characterisation of N-terminal truncation ..........cccoceeeiiiiiii i 167
8.4 Effect of amino acid sequence on N-terminal truncation (1’ Position) ........cccceeeecveeeenneen. 169
8.5 Effect of amino acid sequence on N-terminal truncation (2’ Position) ........cccceeeecuveeeennneen. 174
8.6 Effect of amino acid sequence on N-terminal truncation (3’ Position) ........ccccceeecuveeeennneen. 177
8.7 Effect of amino acid stereochemistry on truncation rate........cccccoveeeeciieeeccieee e, 179
8.8 Effect of buffer type on N-terminal truncation rate. .......cccccceeeeeciiee e 183
8.9 Effect of metal ions on N-terminal truncation.........ccoccueeriiiiiiiiii e 186
8.10 Effect of buffer pH on N-terminal truncation ........cccccveeiiiiiee e 187
8.11 Incubation at physiological temMPerature.......cccccoovecciiiiee i 189
<3 A 0o o Tol [T ] o PRSP 190
9 Chapter 9: Section-C OVErvVieW (UV filter) ...........uuueeeeeeeeeeeeeeueeseeeeeeeeeennensssssseessesennns 192
9.1 Ta i a oY [V 4T ] o TP PSPPSR 192
9.2 LAY 12 o TSP PP PPPPTOUPRTPPRRNE 192
10 ChaPLer 10: UV filter ........ccovvvvvevvveuueciiiinininnnsenssssssisssinsssssmnsssssssssssssssssssssssssssssens 193
10.1  Mass SPECtrOMELIY @NalYSiS...c.uuiiiiciiieeciiee et et e et e e e e ere e e e saa e e e e sataeeeenraee s 194
O T Y T o 1YL SR 202
10.3  Acid hydrolysis OFf UV-X ......ccouciiiiiiiiie ittt sttt et e s e e s saae e e ssaaa e e e sssaeessnsaeee s 217
10.4  AsSemMbIING the SErUCTUIE ...cciceiiee et eeaa e e e e e e e e e aaaee s 218
10.5  INCUDALION SEUAIES ..c..ueieiiiiiiie ettt sttt sa e s e sbe e e smee e sareesaree s 220
10.6  Conclusions and fULUIE WOTK .......cocueieriiiriiiiiee ettt 222
11 Chapter 11: CONCIUSIONS .........ceeeeneereeeenreeeernnseeneennsseneesnnssesessesssssesnssssssennsssssssnnsnnns 224
REf@IEINCES: .....ceveeeereereenuereereennsereenussesrersassessenmsssesesnssssssssssssesssnsssessssssssssssnsssssssnnssnessennes 230

Xi



Abbreviations

The following abbreviations are used throughout the text:

1D

2D
3-OHKyn
ACN
Amu
AQPO
COsY
Da
DHA
Dkp
EDTA
ESI-MS
GSH
HCI
HEPES
HMBC
HPLC
HSQC
Kyn
LAP
LC-MS
m/z
MALDI
MES
MS
MS/MS
MW
NaOH
NMR
NOESY
PE
ppm
pSer
PTMs
ROESY
RT

TES
TOCSY
TOF
a-crystallin

One-dimensional

Two-dimensional

3-Hydroxykynurenine

Acetonitrile

Atomic mass unit

Aquaporin-0

Correlation spectroscopy

Dalton

Dehydroalanine

Diketopiperazine
Ethylenediaminetetraacetic acid
Electrospray-ionisation mass spectrometry
Reduced glutathione

Hydrochloric acid
[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
Heteronuclear multiple bond coherence
High pressure liquid chromatography
Heteronuclear single quantum correlation
Kynurenine

Leucine amino peptidase

Liquid chromatography mass spectrometry
Mass-to-charge ratio

Matrix-assisted laser desorption ionisation
2-(N-morpholino)ethanesulfonic acid

Mass spectrometry

Tandem mass spectrometry

Molecular weight

Sodium hydroxide

Nuclear magnetic spectroscopy

Nuclear overhauser effect spectroscopy
Phenylethylamine

Parts per million

Phosphorylated Ser

Post-translational modifications
Rotational nuclear overhauser effect spectroscopy
Retention time

2[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]Jamino]ethanesulfonic acid

Total correlated spectroscopy
Time of flight
Alpha crystallin

xii



B-crystallin Beta crystallin
y-crystallin Gamma crystallin
6 Chemical shift

xiii



1 Chapter 1: Introduction

1.1 Overview

The human lens contains the highest protein concentration of any tissue in the human body, yet
there is no protein turnover [1]. This means that the protein found in the centre of the lens (nucleus)
is present for an entire lifetime. As a result, it is subject to numerous age-related modifications.
Many of these modifications have been documented and studied, however it is likely many more
remain to be elucidated. Additionally, the mechanisms behind some of these age-related
modifications (such as truncation at the N-terminus of Ser) are not yet understood. The broad aim of
this thesis was to use model peptides based on human lens protein sequences to investigate some of
these modifications in an attempt to be better understand the mechanisms behind them. Potential
new age-related modifications were also examined. This literature review section summarises some
of the major components of the human lens as well as the age-related degradations that are known

to occur that enable the findings outlined in this thesis to be put in context.

1.2 Implications of eye health

It was estimated that in 2012 there were 733 million people living with low vision or blindness
worldwide, costing close to $3 trillion (US) dollars per year when all associated costs are included [3].
In Australia, the total health care cost of treating vision related disease was $2.58 billion (Aus)
dollars in 2009, with over half a million people suffering from vision loss [4]. These costs are
predicted to rise significantly by 2020 due to the increased ageing of the population [3, 4].
Numerous diseases can affect vision, including macular degeneration, retinopathy, glaucoma and
cataract. Of these, cataract is the most common cause of blindness [5, 6] with an estimated 45

million people suffering from the disease globally. A study in 2005 by the Australian Institute of



Health and Welfare stated that in 2004 almost 1.5 million Australians aged 55 or over suffered from

an untreated cataract [7].

Cataract is a cloudiness or opacification of the lens of the eye that can diminish visual acuity and
visual function [8]. The most common form of cataract is age-related nuclear cataract (ARNC), which
is responsible for 48% of world blindness [6, 9]. Surgical removal of the lens via phacoemulsification
and intraocular lens implantation remains the only proven treatment for cataract [10], but this

relatively costly procedure is beyond the means of many in the developing world [11, 12].

As people in the world live longer, the number of people with cataract is growing [3, 13]. Cataract
and other vision diseases are placing a large financial strain on health budgets around the world, at a
time when they can least afford them. It has been estimated that delaying cataract development by
10 years would decrease the need for cataract surgery by 45% [14]. Research into the fundamental
causes of these age-related conditions is essential so that eventually non-surgical, cost effective

treatment options can be developed.

1.3 Anatomy of the eye

The human eye (Figure 1-1) is the organ of sight. Covering its outermost layer is the cornea and the
sclera. The cornea is a transparent viscoelastic tissue at the front of the eye. It contributes to the
image-forming process by refracting light entering the eye. Covering the remainder of the outside of
the eye is a tough white sheath called the sclera. The pupil is the opening in the iris through which
light enters the eye. It can contract and expand, moderating the amount of light that enters the
retina. The iris sits in front of the pupil and is a thin circular colored structure, which is responsible

for adjusting the size of the pupil and preventing light scattering.



Figure 1-1: Diagram of the Human Eye. Adapted from [15].

The lens is a transparent tissue situated behind the iris and the pupil, and is held in place by zonular
fibres attached to the ciliary body (Figure 1-2). Surrounding the iris and lens is the aqueous humour
and behind the lens is the vitreous humour. The aqueous humour maintains intraocular pressure
and provides nutrients, while the vitreous humour provides growth factors and also acts as a shock
absorber. The retina is located at the back of the eye. It contains photosensitive elements (rods and

cones) that convert light into nerve impulses that are then sent to the brain along the optic nerve.
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Figure 1-2: Detailed side view of the Human Eye. Adapted from [16].

1.4 Anatomy of the lens

The human lens is a biconvex avascular organ that is transparent and highly refractive (Figure 1-2). It
is situated at the front of the eye between the anterior and vitreous body, suspended by zonular
fibres. Oxygen and other nutrient requirements diffuse through the lens capsule from the
surrounding fluids [17]. The lens is enclosed by a thin transparent, elastic and semi-permeable

membrane known as the lens capsule [18]. A diagram of the lens is shown Figure 1-3.
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Figure 1-3: Diagram of human lens. Adapted from [19]

The lens is composed of a single layer of epithelial cells located at the anterior surface and a mass of
elongated fibre cells that extend from the anterior to posterior poles. It continues to grow
throughout life with fibre cells continuously laid down layer upon layer. At birth there are
approximately 1.6 million fibre cells, whereas by age 80 there are almost 3.5 millions cells [20]. The
terminal differentiation and aging of lens fibre cells are marked by dramatic morphological changes
[21]. As new cells arise on the outside of the lens, older cells lose their organelles and fuse to form a
syncytium [20, 22]. A consequence of this growth pattern is that in the differentiated fibre cells
there is no protein turnover [23, 24]. Given that proteins do not diffuse between fibre cells, the
centre of a human lens (nucleus) contains the original proteins that were synthesised during

embryogenesis [18].

1.5 Lens accommodation

Accommodation refers to the ability of the lens to change shape in order to bring objects into focus
[25]. Helmholtz elucidated the basic principles in 1855 [26]. He stated that contraction of the ciliary
muscle causes a reduction in zonular tension that allows the lens to increase its curvature. This
decreases the lens equatorial diameter while increasing its thickness, enabling it to focus. Strenk et

al. [27] have confirmed this using high resolution Magnetic Resonance Imaging (MRI) to



demonstrate that if the pull of the zonule is relaxed for near vision, the equatorial diameter of the
lens diminishes (Figure 1-4). This results in the lens becoming thicker in the middle with both

surfaces becoming more curved.

(a)

(b)

Figure 1-4: The original drawing by Helmholtz demonstrating his theory of accommodation is shown in (a), where the
left half shows relaxed accommodation and the right half shows the increase in lens thickness and the decrease in the
equatorial diameter after ciliary muscle contraction. A composite of 2 MRI scans illustrating the same thing is shown in
(b). Diagram b adapted from Strenk et al. [27].

1.6 Lens protein composition

The human lens contains approximately 65% water and 35% protein by weight [28, 29]. Crystallins
are the predominant protein in the lens and account for over 90% of total protein content [30, 31].
These crystallins are present in the lens at a concentration of approximately 400 mg/ml [28, 32].
They are water soluble proteins that can form relatively stable and durable structures. [33]. In
healthy lenses they are uniformly packed, due to the short range interactions between lens
crystallins [33, 34], and maintain the transparency of the lens. Their high protein concentration
allows the necessary refractive index to be achieved [34, 35]. Crystallins are divided into 2 major

families: a-crystallins and By-crystallins.



1.6.1 a-Crystallins

a-Crystallins are the most abundant protein family in the human lens, accounting for approximately
40% of all lens proteins [36]. They are high molecular weight proteins that exist as aggregates of
about 800 kDa [37]. a-Crystallins consist of two related subunits oA (acidic) and aB (basic), which
have a 57% sequence homology [38]. The 3-dimensional (3D) reconstruction of aB-crystallin by

electron microscopy is shown in Figure 1-5 .It reveals a sphere-like structure with large openings to

e
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the interior of the protein.

Figure 1-5: 3D reconstruction of the surface representation of aB-crystallin by electron microscopy (A). Superposition of
the ribbon representation of the dimeric a-crystallin domain of Hsp16.5 from M. Jannaschii (B). The a crystallin domain
is conserved in aB crystallin and Hsp16.5. Adapted from Peschek et al. [39].

The ratio of aA- to aB-crystallin varies with age and region of the lens. In a foetal lens it is
approximately 2:1, but it changes to 3:1 by middle age [40, 41]. aA-Crystallin is found mainly in the
lens, although trace amounts have been found in other tissue [42]. aB-Crystallin is considered a
more ubiquitous protein, occurring in the lens, heart, brain and other tissues [43, 44]. In addition to
being structural and refractive proteins, both aA- and aB-crystallins are members of the small heat
shock protein super family [45], containing a consensus sequence of 80 — 100 residues that is
common to all the heat shock proteins. In this role, they function as molecular chaperones by
binding and stabilising denatured and unfolded proteins [46, 47]. Due to the polydispersive size

distribution of both the natural and recombinant a-crystallins, crystallisation of the entire vertebrate



a-crystallin has to date been unsuccessful [30]. However, the partial crystal structure of human aB-

crystallin has recently been determined [48, 49] and is shown in Figure 1-6.

Figure 1-6: The a-crystallin domain of human aB (plum ribbon) with the sequence equivalent of B2 strand in green, the
B5 and B6 + B7 strands in gray and the intervening residues (construct residues 42-49) in plum. Adapted from [49].

1.6.2 - and y- crystallins

B- and y-crystallins are the two other major structural proteins in the lens [30]. They are closely
related and are often referred to as the B/y super family. B/y-Crystallins are genetically distinct from
a-crystallins, and their expression suggests an evolutionary divergence between the two families
[50]. They are built from four homologous Greek key motifs organised into two domains [51]. The
crystal structure of dimeric truncated pB1-crystallin, highlighting the subunits intramolecular domain

pairing, is shown in Figure 1-7.



Figure 1-7: Crystal structure of dimeric truncated B1-crystallin. Adapted from [52].

The main sequence difference between B- and y-crystallins is that B-crystallins have N-terminal
extensions compared with y-crystallins which do not. The basic B-crystallins also have an additional
C-terminal extension [30]. B-Crystallins also exist as aggregates of between 40,000 and 200,000
whereas y-crystallin is a monomer [47, 53]. The [-crystallins consist of basic (3B1, B2, BB3) and
acidic (BA1, BA2, BA3 and BA4) polypeptides [40]. BB1 and BB3 are primarily found in the lens
nucleus in early fibre development, while BB2 is found in all regions of the human lens [40]. The
basic B-crystallin genes are fibre cell specific, however the acidic B-crystallin genes are found in both
the nucleus and the cortex of the lens [40, 54]. The y-crystallin family is comprised of seven proteins
(vA, yB, yC, yD, VE, VF, yS). YA-F are very similar, having a high degree of sequence homology,
whereas yS differs significantly both in sequence and time of expression [55]. Only yC-, yD- and yS-

crystallins have been detected in the human lens [56].

1.6.3 Lens enzymes

While crystallins make up over 90% of all lens proteins, lenses also contain a wide variety of enzymes
including superoxide dismutase (SOD), glyceraldehyde 3-phosphate dehydrogenase and glucose-6-

phosphate dehydrogenase. Studies have shown however, that as we age only inactive versions of



these enzymes exist in the centre of the adult lens [57-59]. In contrast, it has been shown that in the
outer region of the lens there is no measurable age-dependent decline in the capacity of enzymes to

synthesise lactate or glutathione across a wide age range from youth to old age [60].

1.7 Lens membrane composition

Membranes of the adult human lens are some of the most saturated, ordered membranes in the
human body. Unlike most bio-membranes, lens membranes contain a high proportion of lipids
associated with proteins such as a-crystallin and aquaporin-0 (AQPO), which reduces their mobility
[61]. Figure 1-8 highlights the major structural differences between a typical membrane and a lens
membrane. Additionally the age-related membrane changes observed appear to be greater than for

any other membrane [61, 62].

Typical Membrane Lens Membrane

Figure 1-8: Comparison of a typical membrane (left) with lens membrane (right). In the lens membrane most of the
lipids are associated with proteins such as a-crystallin and AQPO, which restrict their mobility. Adapted from Borchman
etal [61].

1.7.1 Phospholipids

The major phospholipid in the human lens is dihydrosphingomyelin, accounting for 60% of lipid
content [61, 63, 64]. It has been suggested that this may confer resistance to oxidation, allowing
membranes to stay clear for longer [65]. In contrast to the typical Singer fluid mosaic membrane

model [66], most lens lipids are associated with proteins, which limits their mobility. Unlike most
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other major organs, the lenses of different species have very different phospholipid content [67-69].
A correlation between the relative growth rate of the lens and the amount of phosphatidylcholine
has been demonstrated with a high growth rate being associated with a high level of
phosphatidylcholine [67]. The other major phospholipids found in the human lens are

sphingomyelins, phosphatidylcholines, phosphatidylethanolamine and phosphatidylserines [69].

The amount of some phosphoplipids in the lens has been shown to vary with age. In the first four
decades of life, glycerophospholipids (with the exception of lysophosphatidylethanolamines) decline
rapidly, such that by age 40, their content became negligible [62]. The concentration of

sphingomyelins and dihydrosphingomyelins remain unchanged over the whole life span [62].

1.7.2 Membrane proteins

The fibre cells of the lens are interconnected through extensive gap junctions. These membrane
junctions allow fluxes of small solutes and water to move between inner cells and peripheral cells,
where the majority of transmembrane transport takes place. The other major lens membrane
proteins include AQPO, membrane intrinsic protein (P-20) and the lens integral membrane protein 2

(LIM2).

1.7.2.1 Aquaporin-0

Aquaporin-0 (AQPO) is a 28 kDa protein with six transmembrane domains. It is the most abundant
integral membrane protein in the lens and accounts for over 50% of all membrane protein [70, 71].
One function of AQPO is to facilitate flow of water across the membrane in response to osmotic
gradients [72]. Figure 1-9 illustrates how AQPO may aid Connexin-50 (CX50) in the formation of gap
junctions by functioning as an adhesion molecule and pulling the plasma membranes of apposing
cells closer. Possibly as a result of this, more CX50 connexins on the cell surface are able to dock with

their apposing counterparts from neighbouring cells to form functional gap junction channels.
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Figure 1-9: Schematic model illustrating the enhancement of CX50-mediated intercellular communication by AQPO in
the lens fibres. Connexins oligomerise to form half-intercellular channels, called connexons which form the intercellular
channels [73]. The top section shows a lens membrane with no AQPO and the bottom shows it with AQP0. Adapted from
Liu [74].

AQPO has widespread distribution throughout lens fibres, but is absent in lens epithelial cells. It has
approximately 40 times lower water permeability than other aquaporins such as AQP1 [75, 76] and
as a result it has been suggested that AQPO might be involved in regulating the resistance of the
paracellular pathway, rather than in cell membrane water permeability [77, 78]. Recent studies,
however, have demonstrated that AQPO water conductance can double under mildly acidic
conditions, similar to those found in the core of the lens [77, 79, 80]. The factors that prompt AQPO

to form membrane junctions are still under investigation [80].

Mutated AQPO has been associated with hereditary cataract in humans [81], however, the
mechanism linking the loss of AQPO function and cataract are not yet understood. Some proposed
mechanisms include the loss of AQPO facilitated fibre-fibre adherence [82] and impaired fibre cell
dehydration [83]. AQPO is also subject to extensive age-related truncation [84, 85], deamidation [84,

86] and phosphorylation [84].
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1.7.2.2 Lens Integral membrane protein 2

Lens integral membrane protein 2 (LIM2) is the second most abundant protein in lens fibre cell
membranes. Although the post-translational glycosylation pattern supports the view that LIM2 has
four transmembrane domains [87], alternative non-tetraspan topologies have also been proposed
[88, 89]. While its exact purpose is unknown, the suggested roles for LIM2 include cell junction

formation [90], fibre cell adhesion [91] and occlusion of extracellular space between fibres [92].

1.7.2.3 Connexins

Connexins are a family of intercellular gap junction channels used to transport metabolites, ions and
water in the lens [93]. Connexins oligomerise to form half-intercellular channels, called connexons
which interact across a narrow extracellular space (“gap”) to form the complete intercellular
channels [73]. They have four trans-membrane domains with three intracellular regions (the N
terminus, a cytoplasmic loop and the C-terminus) and two extracellular loops (E1 and E2) [94]. The
lens connexin family contains at least three different proteins (CX43, CX46 and CX50). CX43 is mainly
expressed in lens epithelial cells [95]. A structural diagram of CX50 is shown in Figure 1-10. CX46 is
expressed in the lens fibre cells and is essential for lens transparency [96]. CX50 is found in both
epithelial and fibre cells and is important for both cell growth and transparency [97]. The diverse gap
junction channels formed by CX46 and CX50 are important for the differentiation, elongation and

maturation of lens fibre cells [98].
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Figure 1-10: Diagram of CX50: The trans-membrane domains of CX50 are labelled TM1-4. The extracellular loops are
labelled E1 and E2. Adapted from Fleisham et al. [99].

1.7.3 Cytoskeletal proteins

The lens cytoskeleton is comprised of actin-containing microfilaments, microtubules and at least two
different intermediate filament (IF) protein networks [100]. One of these networks is based on an IF
protein, vimentin, and the other is based on a beaded filament co-polymer of filensin and phakinin.
Actin is predominantly seen along the fibre plasma membrane, whereas vimentin is present in both
the undifferentiated lens epithelium as well as the differentiating fibre cells [101, 102]. Their exact
roles are still being investigated. A role in accommodation has been suggested by Kibbelaar et al.
[103] and Ramaekers et al. [104] have suggested they may play a role in fibre cell elongation.
Filensin and phakinin are unique to differentiated lens fibre cells and mutations of these proteins

have been linked to cataract formation [100, 105].
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1.8 UV filters

The human lens contains a family of tryptophan-derived UV filter compounds, that improve vision by
absorbing shorter light wavelengths and preventing them from reaching the retina [106]. UV filters
are continuously biosynthesised in the lens from L-tryptophan (Trp) via the kynurenine pathway
[107, 108]. The major UV filter compound found in the human lens is L-3-hydroxykynurenine O--D-
glucoside (30HKG), followed by 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid O-B-D-glucoside
(AHBG), L-kynurenine (Kyn) and L-3-hydroxykynurenine (30HKyn) [109-113]. The structures of some

of the major UV filters found in the human lens are shown in Figure 1-11.

o) NH, o) R
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R = OH; 30HKyn R =H; AHBG

Figure 1-11: Structure of some of the major UV filters found in the human lens

Due to their rapid fluorescent decay, UV filters are capable of processing UV light via a non-
destructive pathway [114, 115]. Following light absorption, UV filters are promoted to an electronic
excited state, which undergoes a rapid and efficient physical quenching process within picoseconds
[116]. This results in the regeneration of the original ground-state formation without the generation

of reactive oxygen species. 30HKG, Kyn and 30HKyn have been shown to be unstable under
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physiological conditions and can undergo a number of age-related degradations that are discussed

later in this chapter.

1.9 Age-related modifications in lens proteins

A summary of some of the modifications discussed here can be seen in Figure 11-1.

1.9.1 Racemisation

Age-related racemisation has been shown to occur in long lived proteins such as those found in the
human lens [117-119] and this may lead to loss of biological integrity [118, 120, 121]. Asp is the most
easily racemised amino acid, with Asp151 in human aA crystallin as well as Asp36 and Asp62 in
human aB crystallin showing extensive age-related racemisation in the lens [122]. Glu, Ser and Thr
residues have also been shown to racemise with age in the human lens [117]. While the process of
Asp racemisation is relatively well understood and occurs via a succinimide ring (Figure 1-13)
formation [123-125], the mechanism of racemisation of other amino acids remains to be elucidated.
One potential mechanism which occurs via base catalysed alpha proton loss and re-addition is

outlined in Figure 1-12.
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Figure 1-12: Amino acid racemisation via base catalysed alpha proton loss and re-addition. (R represents the amino acid
side chain. R’ and R” represent the rest of the protein).




1.9.2 Truncation

Recent publications [126-128] have described the presence of shortened forms of crystallins in aged
lenses and it is estimated that in the human lens approximately ~45-55% of all a-crystallin is
truncated by old age [129]. As the centre of the lens is almost completely devoid of active enzymes
[58-60, 130], these abundant truncations are likely the result of non-enzymatic processes [131].
Truncation from the C-terminal region of a-crystallin has been hypothesised to be a causative
mechanism in the formation of increased amounts of high molecular weight aggregates found in
mature and cataractous lenses [129]. Truncated a-crystallins have been shown to have reduced
chaperone activity [37, 132, 133]. Additionally truncated B-crystallins have decreased solubility,

which may also be associated with cataract formation [134].

oA-Crystallin undergoes major age-related truncations [37] with Asp / Asn (oA 1-101, 1-151) and Ser
(aA 1-168, 1-169, 1-172) being the most commonly truncated residues in human lens proteins [135-
137]. Truncation at Asn is generally accepted to occur non-enzymatically via an imide ring formation

[125], but the mechanisms by which Ser and other amino acids truncate is unknown [138].

1.9.3 Deamidation

Deamidation of Asp is a common non-enzymatic post translational modification in aging proteins
[132, 139, 140]. Due to the change in local charge that results, it could affect both the structural and
functional integrity of a protein[132]. The deamidation occurs via the formation of the same
succinimide mechanism [125] responsible for the racemisation of Asn (Figure 1-13). In vivo age-
dependent deamidations have been shown to occur in several crystallins e.g. Asn101 in human aA-

crystallin [125].
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Figure 1-13: Spontaneous formation of peptide succinimides and racemised products from aspartyl and asparaginyl

residues. (R’ and R” = rest of protein).

1.9.4 Phosphorylation

Phosphorylation involves the addition of a phosphate group to a Ser or less commonly to a Thr or
Tyr. This leads to structural changes that could affect the function and stability of the protein

Phosphorylation at Ser19, Ser45 and Ser59 of aB-crystallin and Ser122 of aA-crystallin has been
detected in lens samples of various ages including from young adults [141]

The effect of phosphorylation is still being investigated and conflicting reports exist. One study by
Kamei et al. found that just one phosphorylation site reduced the chaperone-like activity of aB-

crystallin by about 30% [142], whereas an in vivo study by Martinus [143] et al. showed that the
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phosphorylated forms of aA- and aB-crystallins had better chaperone-like ability than their

respective non phosphorylated forms (Figure 1-14).

| Beta-crystallin B1
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® Alpha-crystallin B
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Figure 1-14: (a) Ratio of amino acids phosphorylated in normal lens proteins, (b) proportions of the identified proteins
with phosphorylation. Adapted from Huang et al. [144].

1.9.5 Oxidation / reduction in glutathione levels

Glutathione (GSH) is the major antioxidant in the lens. It functions by scavenging reactive oxygen
species such as hydrogen peroxide [145] thus helping to maintain lens transparency [145, 146]. GSH
also promotes the antioxidant properties of vitamin C and vitamin E by maintaining these nutrients
in a reduced state [147, 148]. It is synthesised in the lens epithelium and outer cortex by the
enzymes y-glutamylcysteine synthetase and glutathione synthetase from the amino acids glutamic
acid, cysteine and glycine [145]. The concentration of GSH has been demonstrated to decrease with
age [149], with levels in the cortex decreasing by 7% per decade and those in the nucleus decreasing

by 10% per decade.

Oxidative stress in lenses typically leads to the loss of protein sulfhydryl groups, and oxidation of
methionine residues. The concentration of proteins damaged by oxidative processes is significantly
higher in cataractous lenses compared to normal transparent lenses [150]. This increase in oxidised

proteins is now widely accepted as a hallmark of age-related nuclear cataract (ARNC) [151, 152],
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with in excess of 90% of sulfhydryl groups and approximately 50% of methionine residues oxidised in

advanced ARNC [153, 154].

1.9.6 Glycosylation

Age-related glycosylation of lens proteins can occur via the Maillard reaction. Arginine or lysine
residues react with sugars such as glucose to form cross-linked proteins that contain a high
concentration of yellow chromophores and UVA fluorophores [155]. These advanced glycation
endproducts (AGEs) have been linked to protein aggregation and cataract formation [156, 157]. It

should be noted that reactive products can arise from breakdown of ascorbate.

1.9.7 Protein aggregation

While lens proteins are relatively durable, the combination of age and the many post translational
modifications detailed above eventually leads to aggregation and precipitation [158]. This can lead
to impairment of lens light refraction, and ultimately to loss of sight as a result of cataract formation
[151, 159]. In younger lenses, a-crystallins, as a member of the small heat shock protein (sHSP)
family, bind to partially folding proteins preventing their precipitation [46]. However, as there is no
protein turnover in the lens, it contains a finite amount of a-crystallin and once it is all used

aggregation increases rapidly [160, 37].

1.9.8 UV filter modification

UV filters are intrinsically unstable under physiological conditions and undergo extensive changes
with age. The levels of the free UV filters 30HKyn , Kyn and 30HKG decrease in the human lens by
approximately 12% per decade from the ages of 20 to 80 years [107]. The human lens becomes
increasingly colored and fluorescent [107, 161] and this results, in part, from the covalent
attachment of these UV filters to lens proteins[106]. The way in which this occurs is detailed in

Figure 1-15. The UV filters undergo spontaneous non-enzymatic deamination to yield a,B-
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unsaturated carbonyl compounds which can then react with nucleophilic species in the lens through
Michael addition [107, 162]. Reaction with protein side chains is particularly favored because the
lens has the highest protein concentration of any human tissue. 30HKG has been shown to bind
covalently to crystallins in vivo [106] and 30HKyn can react with crystallins in vitro forming cross-

linked products with features characteristic of those observed in age-related nuclear cataract lenses

[163-165].
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Figure 1-15: Age-related modification of UV filters.

Interestingly the UV filters present in the lens of the thirteen- lined ground squirrel have an N-acetyl
group attached to the amino group [166]. This stabilises the UV filters, preventing the deamination

outlined in Figure 1-15 [166] and preventing the formation of protein cross links via this pathway.
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1.10 Eye conditions associated with aging

1.10.1 Presbyopia

Presbyopia is the inability to focus on objects that are close to the eye. Accommodative loss begins
during childhood and is a gradual process that occurs over decades, with presbyopia affecting almost
everyone by middle age [167]. While several theories exist, the exact mechanisms behind presbyopia
are still not fully understood [168]. Continuous growth of the lens within a fixed eye volume has
been proposed as a cause by Strenk et al. [25]. Harocopos et al. have suggested that age-dependent
liguefaction of the vitreous may be the cause [169]. A study by Heys et al. [170] described a 1000-
fold difference in the lens nuclear stiffness from youth to old age, which would have significant
implications for lens accommodation. This agrees with work published by Glasser et al. who noted
that intact lenses extracted from donor eyes aged 50 or greater were unable to change shape when

forces similar to those found in the eye were applied [171].

Studies by Koretz and Bron et al. have described how it is the oldest part of the lens, the nucleus,
that predominantly changes shape when the eye focuses [31, 172]. Given that presbyopia occurs at
middle age, it is likely that the mechanisms that protect the lens prior to this point are no longer
occurring. It has been shown by age 40 no free a-crystallin can be detected in the centre of the lens
[173]. This depletion of free a-crystallin by around middle age, and therefore minimal molecular
chaperone ability available to prevent protein denaturation in the lens, has been proposed as a
reason why presbyopia becomes evident at this time [168]. Recent studies by Sheppard et al [174]
have reported that while age-related morphological changes do occur in the human ciliary muscle,
these changes do not appear to compromise ciliary muscle contraction during accommodation, even

in presbyopes.

Heat has also been suggested as an important factor in presbyopia. Studies by Schwartz have shown

that the lens temperature is sensitive to ambient temperature [175]. Miranda et al. performed an
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epidemiological study comparing the average ambient temperature with the onset of presbyopia

and determined that presbyopia developed at a later age at lower ambient temperatures [176].

1.10.2 Barrier formation

As the lens is avascular, the transport of metabolites is dependent on diffusion. However, at middle
age a barrier forms (Figure 1-16) at the nucleus / cortex interface with the resulting lack of
antioxidants in the centre of the lens causing an increase in the amount of post translational
modification [131, 177, 178]. It also explains why high levels of protein oxidation can be present in

the lens nucleus of cataract lenses despite normal GSH levels in the cortical tissue.

Figure 1-16: An autoradiograph of axial sections of (a) 19 year old lens and (b) 56 year old lens, both having been
incubated with radio labelled cysteine which shows the barrier to diffusion that develops with age. Adapted from
Sweeney et al. [177].

1.10.3 Cataract

Cataracts are typically classified into three main types depending on their location. Cortical
cataracts, which are the most common cataract in younger people, are defined by an opacity
confined to the outer lens shell. The most common cataract in people over 65 is age-related nuclear
cataract (ARNC) where the opacity first appears in the centre of the lens [179]. The least commonly

observed cataract is a posterior subcapsular cataract, which can be found in the outermost layers of
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the cortex at the posterior pole. A system devised by Pirie is often used to classify cataract (Figure
1-17). Types |l to V are nuclear cataracts of increasing severity with type 1 referring to a cortical
cataract. Cortical cataracts have an opacity in the outer region of the lens and nuclear cataracts have
an opacity in the inner region of the lens [17]. Many cataracts contain a mixture of both types.
Additional cataract classifications methods include the Lens Opacities Classification System IIl (LOCS

[11)[180] and the Oxford Clinical Cataract Classification [181].
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Figure 1-17: Pirie classification of cataracts. Adapted from Pirie et al. [182].

Aging is by far the greatest risk factor for ARNC [183, 184]. Other factors include diabetes, UV light,
smoking and alcohol consumption [183, 185]. Surgical removal of the lens via phacoemulsification
and intraocular lens implantation is the modern treatment for cataract [10]. The procedure involves
the use of an ultrasonic probe, which emulsifies the lens while leaving most of the lens capsule
intact, enabling it to be removed without the need for a large incision. It has largely superseded
intracapsular extraction (ICCE) which is still a cataract removal procedure sometimes used in less

developed countries [186].
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1.11 Aims

The research presented in this thesis was divided into three sections (A, B and C) each with specific

aims.

Section A:

As already described, long-lived proteins in the human lens undergo numerous changes as a result of
prolonged exposure to physiological conditions, with truncation being a common modification in
aged lenses. Since enzyme activity is absent in the nuclei of adult human lenses [57-60], many
cleavages appear to be non-enzymatic (i.e. spontaneous), however little is known about the specific
processes involved. With regards to truncation of a-crystallins, one notable feature of the
sequences of two of the most abundant peptides (oA 67-80 and aB 1-18) in the lens is that sites of
cleavage are on the N-terminal side of Ser residues [128, 187]. It is likely these truncations are

therefore a result of non-enzymatic reactions involving Ser.

Aims:

(1) To use model peptides that mimic cleaved regions of a-crystallins, to replicate truncation at
the N-terminal side of Ser.

(2) To propose a mechanism for truncation on the N-terminal side of Ser residues

Section B:

While investigating model peptides for Section A, a number of side reactions were observed. Most of
these involved modification at the peptide N-termini. This section deals with the characterisation of
these modifications as well as investigating if they could be potential degradation pathways for long-

lived proteins such as those found in the human lens.

The majority of long-lived proteins in the human lens have an N-terminal acetyl group. This protects

them from a range of N-terminal degradations. For this reason the model peptides used in Section A
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contained an N-terminal acetyl group to prevent these modifications and enable focus on truncation
at internal Ser residues. However in the lens, following N-terminal Ser truncation (Section A), and
other documented age-related truncations such as at Asn residues, the resulting peptide fragments
all have free amino terminals and could be subject to further degradation via some of the

modifications outlined in this section.

Aim:

To use model peptides derived from human crystallin sequences, with free amino terminal groups to

investigate the spontaneous N-terminal modifications which were observed in Section-A

Section C:

Animals commonly used for scientific research such as the rat and the mouse are considered poor
models for lens research because they are short-lived and can see UV light [188]. In addition, their
crystallins and lens structures are significantly different from that of humans and other primates
[151]. The thirteen-lined ground squirrel was previously found by the Giblin research group to
contain similar Trp-derived UV filters found in the human lens and has been proposed as a more
appropriate animal model [166]. In addition to the UV filters found in humans, the squirrel lens
contains a major UV filter that is unidentified. This section focused on the characterisation of this

novel UV filter.

Aim

To purify the unknown UV filter using semi-preparative HPLC and determine its structure using a

variety of spectroscopic and analytical techniques.
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2 Chapter 2: Materials and Methods

2.1 Materials

This section covers the Materials used in all chapters.

2.1.1 Chemicals

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A)

- NaH,PO,

- HEPES [4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

- TES 2[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-ylJamino]ethanesulfonic acid
- MES 2-(N-morpholino)ethanesulfonic acid

- Marfeys regent (Ny-(2,4-dinitro-5-fluorophenyl)-L-alaninamide)

- TFA (Chromosolv HPLC grade)

- NaOH pellets

- HCI(37% - reagent grade)

Na,HPO, was purchased from Amresco (Solon, OH, U.S.A) and acetonitrile (HPLC grade) was

purchased from Merck (Whitehouse station, NJ, U.S.A)

2.1.2 Custom peptides

All peptides were synthesised by GL Biochem (Shanghai) Ltd at 95% purity. Prior to dispatch they

were analysed by HPLC and ESI Mass spectrometry and shown to be within specification.

2.2 General Methods (Chapters 4 to 8)

Most of the experiments in this thesis involved the use of a number of standard procedures and

rather than repeat them in each chapter they are described here. A typical experiment involved:

(1) Incubating model peptides under various conditions (Section 2.21)
(2) Purification of the products (Section 2.22)

(3) Characterisation of the products (Section 2.23)

(4) Quantification of the products (Section 2.24)

(5) Data analysis (Section 2.25)
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Any modification to these procedures will be referred to in the relevant chapters.

2.2.1 Peptide incubations

For incubating peptides three temperatures were typically used.

(1) 37 °Cto replicate physiological temperature (Incubation-A)
(2) 60 °C to accelerate the reaction rate (Incubation-B)
(3) 85 °C for peptides that were stable at 60 °C (Incubation-C)

“All peptides were incubated in triplicate (1 mg/ml) using one of the following three protocols unless
otherwise stated. As custom peptides are expensive a concentration of 1mg / ml was chosen as it
enabled approximately 10 time points to be taken while still leaving enough for purification and
subsequent analysis of the products formed. Phosphate buffer was chosen for most incubations as it

suitably mimics intercellular conditions [189] ”.

Incubation-A (37 °C)

Incubations were carried out in a Labshop MC-20AIC Incusafe® incubator (set to 37 °C) and 2 ml
Eppendorf Safe Lock ® tubes were used to prevent evaporation. Peptides were incubated in
triplicate (1 mg/ml) in 100 mM phosphate buffer pH 7.4. Aliquots (20 pl) were taken at T=0, week 1,
week 2, week 5 and week 11 and analysed by HPLC (Section 2.24: Method-C). The degradation
products were purified by semi-preparative HPLC (Section 2.22: Method-A) and characterised using
HPLC standards, ESI Mass Spectrometry and NMR spectroscopy, as detailed in Section 2.23. In all

cases the temperature was checked with a thermometer at regular intervals to ensure accuracy.

Incubation-B (60 °C)

Incubations were carried out in an SEM oven (set to 60 °C) and 2ml Eppendorf Safe Lock ® tubes
were used to prevent evaporation. Peptides were incubated in triplicate (1 mg/ml) in 100 mM
phosphate buffer pH 7.4. Aliquots (20 ul) were taken at T=0, day-2, day-7 and day 14 and analysed

by HPLC (Section 2.24: Method-C). The degradation products were purified by semi-preparative
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HPLC (Section 2.22: Method-A) and characterised using HPLC standards, ESI Mass Spectrometry and
NMR spectroscopy, as detailed in Section 2.23. In all cases the temperature was checked with a

thermometer at regular intervals to ensure accuracy.

Incubation-C (85 °C)

Incubations were carried out in a Polaron oven (set to 85 °C) and 2 ml glass screw-top vials specially
designed to withstand high temperatures were used. Peptides were incubated in triplicate (1 mg/ml)
in 100 mM phosphate buffer pH 7.4. Aliquots (20 ul) were taken at T=0, day-2, day-7 and day-14 and
analysed by HPLC (Section 2.24: Method-C). The degradation products were purified by semi-
preparative HPLC (Section 2.22: Method-A) and characterised using HPLC standards, ESI Mass
Spectrometry and NMR spectroscopy, as detailed in Section 2.23. In all cases the temperature was

checked with a thermometer at regular intervals to ensure accuracy.

Buffers

To maintain a constant pH, all incubations were carried out in buffered solutions made using 18 Q
Millipore grade water. All buffers used in this thesis are detailed below. Unless otherwise stated, 100

mM phosphate buffer pH 7.4 was used.

Phosphate Buffer

200 mM stock solutions of Na,HPO, (28.39 g/L) and NaH,PO, (23.96 g/L) were prepared. To make
100 ml of 100 mM phosphate buffer (pH 7.4) 40.5 ml of the 200 mM Na,HPQ, solution and 9.5 ml of
the 200 mM NaH,PO, solution were combined and the pH was checked using a calibrated pH meter.
If necessary, the pH was adjusted using 1 M NaOH or 1 M HCI and the buffer was then made up to

100 ml using Millipore water.
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HEPES Buffer
To make 100 mM HEPES buffer (pH 7.4) 2.38 g of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid was dissolved in 50 ml Millipore water. The pH was adjusted to 7.4 using 1 M NaOH and the

solution was made up to 100 ml.

TES Buffer
To make 100 mM TES buffer (pH 7.4) 2.29 g of 2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-
yllamino]ethanesulfonic acid was dissolved in 50 ml Millipore water. The pH was adjusted to 7.4

using 1 M NaOH and the solution was made up to 100 ml.

MES buffer
To make 100 mM MES buffer (pH 5.4) 1.95 g of 2-(N-morpholino)ethanesulfonic acid was dissolved
in 50 ml Millipore water. The pH was adjusted to 5.4 using 1 M NaOH and the solution was made up

to 100 ml.

Tris buffer
To make 50 mM Tris buffer (pH 8.5) 0.605 g of 2-amino-2-hydroxymethyl-propane-1,3-diol was

dissolved in 50 ml water. The pH was adjusted to 8.5 using 0.1 M HCl and made up to 100 ml

Boric Acid buffer

To make 100 mM boric acid buffer (pH 9.9) 0.618 g of boric acid was dissolved in 50 ml water. The

pH was adjusted to 9.9 using 0.1 M NaOH and made up to 100 ml.

2.2.2 Purification of Incubation products

Following incubation of a peptide, isolation of the products was usually required. This was done

using semi-preparative HPLC as follows:
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HPLC Settings

A Shimadzu prominence HPLC system controlled by Shimadzu Class VP software equipped with a UV-
Vis detector (SPD-20A) and a fraction collector (FRC-10a) was used. Purification of the peptides was
achieved using a Phenomonex Kinetex (100 mm x 4.6 mm 1.D) 2.6 um 100 A C-18 column at ambient

temperature and eluents were monitored at 280 nm and 216 nm.

HPLC Method: (Method-A)

The gradient was 0% B (0.1% TFA) to 60% B (0.1% TFA in acetonitrile) over 110 minutes followed by
10 minutes equilibrating back to starting conditions (0% B). The fraction collector was set to collect

all peaks of interest.

R
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0000

Figure 2-1: A typical HPLC trace of sample purification by semi-preparative HPLC (280 nm). The alternating colours
reflect the fractions that were collected.

2.2.3 Characterisation of Incubation products

Following purification by semi-preparative HPLC, the isolated peptides were lyophilised and then

analysed using a number of analytical techniques.

(1) MALDI mass spectrometry

(2) ESI Mass spectrometry
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(3) Chiral amino acid HPLC analysis

(4) NMR spectroscopy

(1) MALDI Mass spectrometry

MALDI-MS analysis was performed using a Shimadzu (Nakagyo-ku, Kyoto, Japan) Axima TOF® mass
spectrometer used in reflection positive ion mode. Peptides were prepared in a-cyano-4-

hydroxycinnamic acid (8 mg/mL) in 80% (v/v) acetonitrile, 0.1% (v/v) TFA.

2) ESI Mass spectrometry

Peptides with a molecular weight below ~500 dalton are difficult to analyse by MALDI due to
saturation by matrix ions signals in this mass region [190]. These peptides were analysed by ESI Mass
spectrometry as follows. Samples were re-suspended in 50% (v/v) acetonitrile, 0.5% (v/v) formic acid
and analysed in positive ion mode using a Micromass Q-TOF2 equipped with a nanospray
source. For MS/MS analysis, ions were subjected to a range of collision energies (typically between

10-25 eV).

3) Chiral HPLC amino acid analysis (Method B)

Chiral HPLC analysis was based on a modified version of that described by Goodlett et al. [191] which
enables resolution of many D- and L- amino acids by reversed phase HPLC. It was used to check the

peptide incubations for evidence of amino acid racemisation.

Sample derivatisation for chiral HPLC

Peptides were first hydrolysed in 6 M HCI at 110 °C for 6 hours and then lyophilised. They were then
dissolved in 100 pl of 1 M sodium carbonate (pH 8) and 5 pl of Marfey’s reagent (N4-(2,4-Dinitro-5-

fluorophenyl)-L-alaninamide) in acetone) was added. The sample was incubated for 1 hour at 40 °C
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and quenched by adding 50 pul of 2 M HCI. Between 1 pul and 10 pl of this mixture was analysed by
HPLC as detailed below. A small amount of racemisation did occur as a result of the acid hydrolysis,

consistent with the findings of Hooi et al [117].

A Shimadzu prominence HPLC system controlled by Shimadzu Class VP software equipped with a UV-
Vis detector (SPD-20A) was used. Separation of the amino acids was achieved using a Kinetex (100
mm x 4.6 mm 1.D) 2.6 um C-18 HPLC column at 60 °C and was monitored at 340 nm. The gradient
was 0% B (0.1% TFA) to 45% B (0.1% TFA in acetonitrile) over 50 minutes followed 10 minutes at
100%B to wash the column and 10 minutes at 0%B to equilibrate the column to starting conditions.
Amino acid standards (D and L) were incubated in Marfeys’s reagent (as above) and analysed to
determine the retention times of each amino acid stereoisomer complex, and these were compared
to those found in the peptide samples. A sample chromatogram showing part of the resolution of D-

and L- amino acids is shown in Figure 2-2.

p-Tyr

LT,
Y LGl

Time (minutes)

Figure 2-2: Sample HPLC trace (340nm) for three amino acids demonstrating resolution between D and L stereoisomers.
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4) NMR spectroscopy

NMR spectroscopy was used to determine the structure of selected purified peptides.

Methods

Samples were made up in 50 mM Phosphate buffer pH 7.4 containing 1 mM DSS(4,4-dimethyl-4-
silapentane-1-sulfonic acid) as an internal reference and 10% D,0. Spectra were acquired at 25 °C on
a Bruker Avance Il 800-MHz narrow-bore NMR spectrometer equipped with a high-resolution
cryogenic TCl probe-head. All experiments were carried out at 298 K. Water suppression was
achieved using pulsed-field gradients and the WATERGATE sequence [192].A reduced volume
Shigemi D,0 matched NMR tube (100 pl) was used. The following NMR experiments were acquired
using standard Bruker pulse sequences: 1D 'H, 2D *H-TOCSY, 2D *H-ROESY, 2D C-'H HSQC and “*C-

'H HMBC.

2.2.4 Quantification of incubation products

Once an unknown degradation product had been characterised the next step was to quantify how
much of it formed during the incubation. To do this a standard of each of the newly characterised
peptide was obtained. A standard curve (generated as detailed below) was then used to convert the

HPLC peak area of each peptide to the number of moles present.

Standard curve

An accurately weighed standard of each peptide was made up (1 mg/ml). Varying amounts were
injected in duplicate into the HPLC using Method-C (Section 2.24). For peptides containing a Tyr
residue, the absorbance at 280 nm was recorded. For all other peptides the absorbance at 216 nm

was used. The results of each replicate were then averaged and the number of moles represented by
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each absorbance unit was then calculated. A sample calculation for the peptide SFHSPSY is shown in

Table 2-1.

Table 2-1: SFHSPSY standard curve data.

Amount injected 2ug 5ug 10 ug 20 ug
Peak Area Abs Rep-1 (280 nm) 133.15 333.85 666.01 1338.44
Peak Area Abs Rep-2 (280 nm) 132.55 332.6 666.22 1337.51
Average 132.85 333.25 666.11 1337.97
Peak Area Abs (280 nm) /1 ug 66.42 66.64 66.61 66.89

It was calculated that:

1 ug of SFHSPSY had an absorbance (280 nm) of 66.64 milli absorbance units per second (mAU*S).

1 pg of SFHSPSY = 1.21308E-09 moles.

1 Abs unit of SFHSPSY at 280nm corresponded to 1.8133E-11 moles.

This value was then used to calculate the number of moles of SFHSPSY in any incubation. A graph of
the above data demonstrating linearity across the range of concentrations is shown in Figure 2-3.

Similar standard curves were generated for all peptides used in this thesis.
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Figure 2-3: Standard curve of SFHSPSY relating peak area at 280 nm to amount injected (pug).

HPLC quantification

HPLC quantification was used to calculate the peak area of each peptide present in an incubation at
a given time. Incubations were typically done in triplicate and the average peak area of each
triplicate was used. The standard deviation of the average was plotted as error bars. Based on the
results from the standard curves the number of moles of each peptide could then be calculated.
Depending on the level of separation required, one of two HPLC methods (Method-C or Method-D)

was used to quantify the various peptide incubations.

METHOD-C

An Agilent 1100 HPLC system controlled using Chemstation software and equipped with a photo
diode array (PDA) detector was used. Incubations were monitored at 280 nm and 216 nm.
Separation of the peptides was achieved using a Jupiter Proteo 4 pm 90 A column (150 mm x 4.6 mm

I.D) at 40 °C. The gradient was 0% B (0.1% TFA) to 60% B (0.1% TFA in acetonitrile) over 25 minutes
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followed by 2 minutes at 60% B with a flow rate of 1ml/min Figure 2-4. The column was equilibrated

at 0% B for 10 minutes at the end of each run.

Set up Pump : Instrument 1 x
Control Solvents Pressure Limits
Eioe 1000 mimin | A0 1000%  Jater (IXTFA

B [ 0.0 Z finile (1% TFA 200 bar
StopTime: 37.00 = min
:I C: z ::I Millipore 95% % Min:
PostTime:  0ff  Hmin % 2| [FAPLE grade 1s 0 bar
Timetable
% of Galvent A (Millipore Water (.1% TFA) ¥ Legend
% of Golvent B (Aoetonitrile (1% TFA)
100
80
0
%
a0
20
@ Display:
0 5 10 15 20 25 30 min
OK Cancel Help ‘

Figure 2-4: HPLC parameters for Method-C.

Method-D (Extended Gradient)

For incubations where Method-C did not provide sufficient separation of all analytes, an extended 2-
hour method (Method D) was used. The gradient was 0% B (0.1% TFA) to 25% B (0.1% TFA in
acetonitrile) over 100 minutes, increasing to 60% B over another 5 minutes and then held at 60% for
a further 5 minutes. The column was equilibrated back to starting conditions (0% B) for 10 minutes

at the end of the run (Figure 2-5). All other parameters were as in Method-C.
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Control Solvents Pressure Limits
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Figure 2-5: HPLC parameters for Method-D.




2.2.5 Data Analysis

There were 2 main types of graph used in this thesis.

(1) Comparison of the appearance of one peptide(moles) and the disappearance of

another(moles)

(2) Percentage of each peptide that had undergone a specific modification.

(1) Appearance of one peptide and disappearance of another

Figure 2-6 shows a HPLC chromatogram from day-x of sample peptide incubation. It shows Peptide-A
has partially degraded to Peptide-B. Standard curve data was used to convert the peak area of each
peptide to moles. This enabled calculation of the number of moles of each peptide present at each
time point. Where incubations were carried out in duplicate or triplicate, the number of moles of
each was averaged and the standard deviation expressed with error bars. A sample graph showing

the disappearance of Peptide-A and the appearance of Peptide-B is shown in Figure 2-7.
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Figure 2-6: HPLC trace (216 nm) of a sample peptide incubation at the day-x time point.
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Figure 2-7: Sample graph with error bars showing the appearance of Peptide-A and disappearance of Peptide-B (u
moles).

(2) Percentage of an intact peptide that has degraded to another peptide

Consider two peptides (Peptide-A and Peptide-B) which are incubated separately and degrade to
Peptide-C. In order to compare the rate of formation of Peptide-C in each peptide the following

calculations are performed:

(1) Using a standard curve and the peak area at T=0, the total number of moles present in each
incubation was calculated (Figure 2-8).

(2) The number of moles of Peptide-C present at each time point is then calculated in a similar
manner

(3) The percentage conversion of each peptide to FHSPSY is calculated as:
Moles of Peptide-C at day-x

X100
Moles of Peptide (A or B) at T=0

(4) The percentage of Peptide-C at each time point is then plotted in Figure 2-9.
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Figure 2-8 : HPLC traces (280 nm) showing the degradation of PFHSPSY and SFHSPSY to FHSPSY.
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Figure 2-9: Comparison of the percentage of Peptide-A and Peptide-B that formed Peptide-C with respect to time.
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2.3 Isolation of AQPO from human lens and analysis (Chapter 7)

Isolation of AQPO from human lens and digestion with trypsin

The N-terminal tryptic peptide of AQPO was purified using methods based on those of Schey et al.
[86]. Briefly, five lens pairs (age range 67-69 years) which had been stored at -80 °C were dissected
into two regions (Nucleus) and (Cortex) using a 6 mm trephine. Each was homogenised in 6 M
guanidine HCI in Tris pH 8.0 to dissolve the water soluble and water insoluble proteins. Following
homogenisation the tubes were centrifuged at 16,000 G and the supernatant was removed. This
process was repeated a further four times. Then the pellets were homogenised with water and
centrifuged. This process was also repeated four more times and then the pellets were freeze dried.
The resulting cell membrane was dissolved in 50 mM ammonium carbonate buffer pH 8 and 20 ug
trypsin was added. The tubes were incubated at 37 °C for 16 hours and then freeze dried. Prior to
digestion it is important to note that the cell membrane was deliberately not delipidated. This meant
that only the N-terminal of AQPO, which protrudes from the membrane, should be cleaved rather
than the whole of AQPO as well as other intrinsic membrane proteins, which would complicate the

sample.

Purification of AQPO tryptic peptides by HPLC

Synthetic standards of MWELR and (D-Met)WELR were run by HPLC using Method-B (Section 2.2.2).
The retention time of MWELR was 47.7 minutes and the retention time of (D-Met)WELR was 50.9

minutes (Figure 2-10).
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Figure 2-10: Separation of MWELR and (D-Met)WELR by HPLC.

A sample of the tryptic digest of the lens membrane was then injected into the HPLC using the same
method as the synthetic standards. The fractions corresponding to the retention times of MWELR
and (D-Met)WELR were collected and lyophilised. To add a second level of purification the
lyophilized samples were then re-injected into the HPLC which was this time setup with methanol as
solvent B instead of acetonitrile. Methanol was chosen to enable better purification of the desired
AQPO peptides as the peptides present in the fractions collected from the acetonitrile HPLC run
would have very different elution profiles in methanol . With Methanol as solvent B the retention
time of MWELR was 72.05 minutes and the retention time of (D-Met)WELR was 76.89 minutes. The

fractions corresponding to the retention times of MWELR and (D-Met)WELR were collected.

Analysis by MALDI MS/MS mass spectrometry

MALDI-MS analysis was performed using a Shimadzu (Nakagyo-ku, Kyoto, Japan) Axima TOF2 mass
spectrometer used in reflection positive ion mode. Peptides were prepared in a-cyano-4-

hydroxycinnamic acid (8 mg/ml) in 80% (v/v) acetonitrile, 0.1% (v/v) TFA.

Analysis by ESI MS/MS mass spectrometry

High voltage (1800 V) was applied to a low volume tee (Upchurch Scientific) and the column tip
positioned ~ 0.5 cm from the heated capillary (T=250 °C) of a LTQ FT Ultra (Thermo Electron,
Bremen, Germany) mass spectrometer. Positive ions were generated by electrospray and the LTQ
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FT Ultra operated in data dependent acquisition mode (DDA). A survey scan m/z 350-1750 was
acquired in the FT ICR cell (resolution = 100,000 at m/z 400, with an accumulation target value of
1,000,000 ions). Up to the 6 most abundant ions (>3,000 counts) with charge states > +2 were
sequentially isolated and fragmented within the linear ion trap using collisionally induced
dissociation with an activation g = 0.25 and activation time of 30 ms at a target value of 30,000 ions.

m/z ratios selected for MS/MS were dynamically excluded for 30 seconds.

Analysis by ESI LC- MS/MS mass spectrometry.

Nano-Liquid chromatography (nano-LC) was performed using an Ultimate 3000 HPLC and
autosampler system (Dionex, Amsterdam, Netherlands). Samples were injected into a fritless nanolLC
column (75 p x ~10 cm) containing C-18 media (3 p, 200 A Magic, Michrom]. Peptides were eluted
using a linear gradient according to the conditions in the Table 2-2, over 50 min, at a flow rate of
0.25 pL /min. Mobile phase A consisted of 0.1% formic acid in H,O, while mobile phase B consisted

of acetonitrile : H,O (8:2) with 0.1% formic acid.

Table 2-2: LC-MS Gradient.

Time (min) %B
0.0 2.0
4.0 5.0
34.0 45.0
35.0 90.0
36.0 90.0
37.0 2.0
50.0 2.0

Standards of MWELR and (D-Met)WELR were run to determine the retention time of each peptide.
Then the tryptic digests of AQPO isolated from the human lens samples were injected and the

relative response factor of each peptide was determined by MS / MS as per above.
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Degradation with Leucine amino peptidase

(L-Met)WELR and (D-Met)WELR were incubated with 1 pg leucine amino peptidase (LAP) in 50 mM
Tris pH 8.5 at 30 °C (100 pg / 100 pl). Aliquots (20 ul) were taken at regular intervals and analysed by
HPLC (Section 2.24 Method-C). The percentage of each peptide remaining with respect to time was

plotted.

Chemical degradation

(L-Met)WELR and (D-Met)WELR were incubated (1 mg/ml) in 100 mM phosphate buffer pH 7.4 at 60
°C. Aliquots (20 pl) were taken at regular intervals and analysed by HPLC (Section 2.24 Method-C).

The percentage of each peptide remaining with respect to time was plotted.

2.4 UV filter isolation and characterisation (Chapter 10)

Extraction of the UV filters from lenses of the thirteen-lined ground squirrel was done by members of

the Giblin research group as follows:

Adult thirteen-lined ground squirrel s were obtained from TLS Research (Bloomington, IL,USA) with
ethical approval from the Oakland University Institutional Animal Care and Use Committee, protocol
#04081. The gender of the animals was not determined. Since the animals were wild-trapped, their
exact ages were not known. The supplier has estimated ages of 1-3 years. Following euthanasia of
the animals, lenses (27 mg wet wt. each) and retinas were removed from the eyes (the retinas were
used in a separate study by another investigator). UV filters were extracted by homogenising each
lens in 0.3 ml of 100% (v/v) ethanol, leaving at room temperature for 1 h, centrifuging for 10 min at
12 000 xg and re-extracting two times in 0.3 ml 80% (v/v) ethanol and treated as above. The
supernatant was observed to be pale yellow in colour, and the precipitated protein was white. The

supernatants were pooled and lyophilised. The dried extracts were then couriered to Australia.
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HPLC purification

Combined extracts from 18 thirteen-lined ground squirrel lenses were dissolved in 0.1% TFA in
Millipore water and UV-X was purified using semi-preparative HPLC (Method-A) as outlined in

Section 2.2.2. The HPLC trace was monitored at 360 nm.

High resolution MS and MS/MS mass spectrometry

High-mass-accuracy analysis and MS/MS fragmentation was performed using an LTQXL Orbitrap
Fourier Transform mass spectrometer operating in positive (electrospray) mode. Prior to analysis the

system was calibrated and shown to be within an error of 2 ppm.

NMR analysis

NMR analysis was done as per Section 2.23

Hydrolysis of UV-X with HCI

UV-X was dissolved in 100 pl 6N HCl and incubated in a sealed glass vial at 100 °C. Samples (20 pl)
were taken at T=0 and T= 2.5 hours and lyophilized. Samples were dissolved in 100 ul water,

lyophillised again and analysed by HPLC as per Method-B (Section 2.2.4).

Synthesis of N-acetyl 30H Kyn

N-acetyl 30HKyn was generated as per the literature [166]. Briefly, acetic anhydride was added in a
two-fold molar excess over 30HKyn in 400 mM sodium phosphate buffer, pH 7.4 and it was
incubated for 30 min at 37 °C. Both mono- and di-acetylated products were obtained and the
correct mono acetylated adduct was purified by HPLC using the retention time of the N-acetyl

30HKyn isolated from the thirteen-lined ground squirrel as a reference.
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Synthesis of proposed novel UV filter structure (UV-X)

N-Acetyl 30HKyn was incubated in 100 mM phosphate buffer pH 7.4 in the presence of excess (20
equiv) L-Pro to determine if an imine could be formed between the L-Pro amine and the ketone
carbonyl of N-Acetyl 30HKyn. A control which did not contain any L-Pro was also incubated. The
incubation was then monitored by HPLC for the presence of an adduct that matched the retention

time of UV-X.
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3 Chapter 3: Section-A Overview (Reactions of Ser)

3.1 Introduction

Long-lived proteins such as the crystallins in the lens undergo numerous changes as a result of
prolonged exposure to physiological conditions. Major modifications to such long-lived proteins
include racemisation [117-119], deamidation [123, 132, 141, 193-195] and truncation [126, 127, 196-
198]. Because the centre of the adult human lens contains no active enzymes [58, 59], it is likely that

many of these processes are non-enzymatic in nature.

3.1.1 Serine truncation

In the case of a-crystallin, one notable feature of the sequences of two of the most abundant
peptides (aA 67-80 and aB 1-18) is that sites of cleavage are adjacent to the N-terminal of Ser
residues [128, 187]. Since enzyme activity is absent in the nuclei of adult human lenses [58-60, 198,
199], it is likely such cleavages result from spontaneous reactions involving Ser. While the truncation
of peptides at the N-terminal of Asn residues via the formation of a succinimide ring [200] has been
well characterised, our understanding of the processes that enable truncation at Ser is incomplete.
One possible mechanism involves an N-O-acyl shift analogous to that seen in intein formation [201],

followed by ester hydrolysis (Figure 3-1).

(0] (0] (0] (o]
N-O-acyl shift )J\ Ester Hydrolysis
HO R' R (6] R' HO R' R-COOH
k /l\‘lH NH, NH,
R (0]

Figure 3-1: Potential mechanism to explain truncation on the N-terminal side of Ser residues. (R and R’ represent the
rest of the protein).
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3.1.2 Serine Racemisation

Ser residues in human lens proteins have also been shown to racemise with age [117]. With the
exception of Asp / Asn residues, which primarily racemise via an internal succinimide ring formation
[202], racemisation of all other amino acids is thought to occur via a carbanion intermediate [203].
This involves the base catalysed removal of the hydrogen atom attached to the a-carbon resulting in
a negatively charged planar carbanion intermediate being formed. Re-addition of a proton then

occurs on either side of the carbanion to form the D- and L- enantiomer.

o) 0 o)
H /\UJ\
R' @ R R’
HO H/ == 0 H/ = Ho . H/
HN R HNTR HE\H/R
o) 0 o)
L-Serine D-Serine

Figure 3-2: Racemisation of amino acids (using Ser as an example) via base catalysed alpha proton loss and re-addition.
(R and R’ represent the rest of the protein). Removal of alpha proton typically requires use of a strong base but under
some conditions in the cell it could occur at physiological pH.

In relation to racemisation of Ser, another mechanism similar to the Asp / Asn one, involving the
nucleophilic attack of the Ser hydroxyl on the neighboring amide bond via formation of a cyclic

tetrahedral intermediate could be envisaged (Figure 4-3).
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Figure 3-3: Possible mechanism for racemisation of peptide-bound Ser racemisation involving the nucleophillic attack of
the Ser hydroxyl on the neighboring peptide bond and formation of a cyclic tetrahedral intermediate. (R and R’
represent the rest of the protein).

3.1.3 Use of model peptides

Most of the experiments in this thesis use model peptides based on human lens protein sequences
where age-related modifications are known to occur. It should be noted that in the lens secondary
structure may influence the prevalence of these modifications but this is outside the scope of this
thesis. Additionally while both inter-protein modifications such as cross-linking [2, 204] and intra
protein modifications such as truncation[128], racemisation[205] etc have been shown to occur in

the human lens with age, this thesis will only focus on intra-protein reactions.
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4 Chapter 4: Chemical reactions of Ser

4.1 Aim

The aim of this chapter was to see if it were possible to replicate truncation at N-terminal of Ser
using peptides incubated under physiological conditions. A secondary aim was to determine if Ser

racemisation and truncation at the N-terminal side of Ser occur via a linked mechanism.

4.2 Model peptides based on known sites of Ser truncation in the lens

A notable feature of the sequence of one of the most abundant truncated peptides (aB-crystallin 1-
18) found in the aged human lens, is that it is formed via cleavage on the N-terminal side of a Ser
residue [128, 187]. A peptide PFHSPSY based on this sequence (aB 16-21) was therefore synthesised.
The location of this sequence in a 3D model of bovine aB crystallin is shown in Figure 4-1. In the
aged lens this truncation occurs on the N-terminal side of Ser 19 (equivalent to Ser 4 in the model

peptide) [128, 187].

N7y ‘v Yk

Figure 4-1: 3D model of Bovine aB crystallin modified to show the location of PFHSPS. Adapted from Braun et al [206]
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PFHAPAY is a control peptide where both Ser residues have been replaced with Ala. Both peptides

were incubated in triplicate at 60 °C pH 7.4 and characterised as per Incubation-B (Section 2.2.1).

4.2.1 Results and Discussion

A HPLC trace of the PFHSPSY incubation day-3 time point is shown in Figure 4-2.

™A PFHSPSY

80+
60

40

20- Peptide-X
Peptide-Y

T T T T T T T T T T r T i v T T i v T T
6 8 10 12 14 mir|

Figure 4-2: A HPLC trace (280 nm) showing the presence of Peptide-X and Peptide-Y, following incubation of PFHSPSY for
3 days at 60 °C. PFHSPSY was incubated in 100 mM phosphate buffer pH 7.4. At T=0 only a peak for PFHSPSY was
observed.

The unexpected major products (Peptide-X and Peptide-Y) were modifications unrelated to
truncation at the N-terminal of Ser. Similar peptides were also observed for PFHAPAY (Figure 4-3).
Their characterisation (using a range of analytical techniques) as modifications occurring at the
peptide N-terminus is discussed at length in Chapter 7 and Chapter 8. However due to the

degradation of PFHSPSY and PFHAPAY, these model peptides proved unsuitable for their intended

purpose of examining Ser cleavage and other options were investigated.
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Figure 4-3: A HPLC trace (280 nm) showing the presence of Peptide-A and Peptide-B, following incubation of PFHAPAY
for 3 days at 60 °C. PFHAPAY was incubated in 100 mM phosphate buffer pH 7.4. At T=0 only a peak for PFHAPAY was
observed.

4.3 Model peptides based on the aB-crystallin sequence (60 °C)

To investigate if an N-terminal acetyl group could prevent the modifications observed in Section 4.2,
a shorter model peptide Ac-SPSY was examined. A peptide where the Ser residues was replaced with
Ala (Ac-APAY) was used as a control. Both peptides were incubated in triplicate (1 mg/ ml) at 60 °C

pH 7.4 as per Incubation-B (Section 2.2.1).

4.3.1 Results and Discussion

HPLC traces showing the effects of incubating Ac-SPSY and Ac-APAY for 3 weeks at 60 °C is shown in

Figure 4-4 and Figure 4-5 respectively.
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Figure 4-4: HPLC trace (280 nm) comparing Ac-SPSY at (a) T=0 and (b) 3 weeks.

53



] Ac-APAY
mAU? (a )

200
150
100

s

———— ey
8 10 12 14 16 18 mi|

mAU_: Ac-APAY (b)

200
150
100

50+

T T T T T T T T T T
8 10 12 14 16 18 mi

Figure 4-5: HPLC trace (280 nm) comparing Ac-APAY at (a) T=0 and (b) 3 weeks.

As can be seen in Figure 4-3 and Figure 4-5 there is no evidence of any major modification occurring,
including the modifications seen in Section 4.1. So while it appears that an N-terminal acetyl group
does prevent these modifications, it is also apparent that these model peptides do not show
evidence of truncation at the N-terminal of Ser under these conditions. Repeating the experiment at

a higher temperature was deemed necessary (Section 4.4).

4.4 Model peptides based on the aB-crystallin sequence (85 °C)

4.4.1 Method

Ac-SPSY and Ac-APAY were incubated at a higher temperature of 85 °C, pH 7.4 and products

characterised as per Incubation-C (Section 2.2.1).
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4.4.2 Results and Discussion

Figure 4-6 shows HPLC traces of the day-14 time points of each incubation.
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100+

50

Ac-APAY

L

Figure 4-6: HPLC traces (280 nm) of day-14 time point following incubation of (a) Ac-SPSY and (b) Ac-APAY at 85 °C.
Peptides were incubated in 100 mM phosphate buffer pH 7.4.

As can be seen above, after 14 days incubation at 85 °C Ac-APAY was relatively stable (~*95% intact

based on peak area) whereas Ac-SPSY showed significant degradation (~50% intact).

percentage of each peptide remaining with respect to time is shown in (Figure 4-7).
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Figure 4-7: Percentage of Ac-SPSY and Ac-APAY remaining with respect to time. Peptides were incubated in 100 mM

phosphate buffer pH 7.4 at 85 °C. Percentage values were calculated as the amount (moles) of each peptide present with
respect to time compared to the amount of each peptide present at T=0.

A semi-preparative HPLC trace showing the isolation of the degradation products formed following

incubation of Ac-SPSY at 85 °C is shown in Figure 4-8.

2 Ac-SPSY

&
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2 Peptide-A
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Figure 4-8: HPLC trace (280 nm) showing the purification by semi-preparative HPLC of the Ac-SPSY incubation. The

alternating colours represent the fractions collected. Ac-SPSY was incubated in 100 mM phosphate buffer pH 7.4 at 85 °C
for 2 weeks.
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Truncation at the N-terminus of Ser

If truncation at the N-terminus of Ser similar to that seen in aged lens protein was occurring then

two truncated peptides should be observed:

Ac-SPSY =———> Ac-SP + SY

The use of HPLC standards confirmed the presence of SY indicating that truncation at the N-terminal
of Ser occurred in Ac-SPSY. However incubation of SY under similar conditions (Section 6.8) found it
spontaneously formed a diketopiperazine and, as a consequence of further breakdown, racemised
and sequence inverted peptides. These processes are discussed in more detail in Chapter 6 but this
made it unsuitable to use for quantifying the amount of N-terminal Ser truncation. A peptide with a
retention corresponding to Ac-SP was also detected, but analysis of this peak by photo diode array
(PDA) detection revealed that in addition to absorbing at the expected 216 nm it also absorbed at
280 nm. The most likely explanation of this is that another degradation peptide co-eluted with Ac-SP

and this made it unsuitable to use for quantifying the amount of N-terminal Ser truncation.

Racemisation of a Ser residue

Analysis by MALDI mass spectrometry revealed the most abundant product, Peptide-A (Figure 4-9)

had the same molecular weight as Ac-SPSY despite a different HPLC retention time (Table 4-1).
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Figure 4-9: HPLC trace (280 nm) of the day-14 time point showing the major product (Peptide-A) formed following
incubation of Ac-SPSY at 85 °C. Ac-SPSY was incubated in 100 mM phosphate buffer pH 7.4.The molecular weights (mw)
of (a) Peptide-A and (b) Ac-SPSY, calculated my MALDI mass spectrometry are shown as inserts.

Table 4-1: Summary of MALDI mass spectrometry results.

Peptide Mw Retention time
Ac-SPSY 517.27 [M+Na]** | 11.95
Peptide-A 517.25 [M+Na]** | 11.34

Racemisation of one of more of amino acid residues is one possibility that could explain this. To test

for racemisation, Ac-SPSY and Peptide-A were hydrolysed with HCl and subjected to chiral amino

acid analysis using Marfey’s reagent as per Section 2.23. This revealed that Peptide-A contained

~50% L-Ser and ~50% D-Ser, indicating that one of the Ser residues had racemised (Figure 4-10a).

The results showed no evidence of racemisation of any other residues in either peptide.

D-Ser
L-Ser

(a)

P

Py

P P’ P w7 Y

Py

0

L-Ser

(b)

Figure 4-10: Chiral HPLC analysis of the hydrolysis products of (a) Ac-SPSY and the major (b) Peptide-A.
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A standard of Ac-SP(D-Ser)Y was synthesised and compared to Peptide-A. While it was shown to
have the same HPLC retention time as Peptide-A (Figure 4-11) indicating racemisation of Ser 3, the

possibility that it was Ser 1 which racemised cannot be ruled out.

N Ac-SPSY
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Figure 4-11: (a) HPLC analysis (280 nm) of Ac-SPSY day-14 time point showing the unknown peptide (Peptide-A) and (b)
the same time point spiked with a standard of Ac-SPS(D-Ser)Y.

Standard curves for Ac-SPSY and Ac-SP(D-Ser)Y were generated as detailed in the Materials and
Methods Chapter and these were used in combination with the HPLC time point data to calculate
the number of moles of Ac-SPSY that underwent racemisation at Ser. An example of the standard

curve for Ac-SPSY is shown in Figure 4-12.
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Figure 4-12: Standard curve for Ac-SPSY relating peak area at 280 nm to peptide amount (ug).

The number of moles of Ac-SPSY that underwent racemisation at Ser is shown in Figure 4-13.

3.0

® Ac-SPSY

T O  Ac-SP(D-SenY
2.5 1

2.0 1

1.5 1

1.0 1

Peptide amount (p moles)

0.5 ~

s S

0 5 10 15 20

Time (days)

Figure 4-13: Time course showing (a) loss of Ac-SPSY and appearance of probable Ac-SP(D-Ser)Y. Ac-SPSY was incubated
in 100 mM phosphate pH 7.4 at 85 °C.
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As can be seen in Figure 4-14, approximately 14% of a Ser residue (assumed to be Ser 3) in Ac-SPSY

was shown to racemise following incubation for 3 weeks at 85 °C. No racemisation of any residue in

the control was observed.

18

Racemisation of Ser (%)

® Ac-SP(D-Ser)Y

0 ‘ T T T T
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Time (days)

Figure 4-14: Percentage of Ser that racemised when Ac-SPSY was incubated at 85 °C. Ac-SPSY was incubated in 100 mM

phosphate buffer pH 7.4. Percentage values were calculated as the amount (moles) of Ac-SP(D-Ser)Y present with
respect to time compared to the amount of Ac-SPSY present at T=0.

4.5 Simple model peptides

Section 4.4 demonstrated that a peptide containing a Ser residue, degraded faster and racemised
faster than a non-Ser containing control peptide. However due to the instability of SY and the co-
elution of other modified peptides with Ac-SP it was not possible to accurately determine if the

degradation was due to truncation at the N-terminal of Ser.

To investigate this, the following two simple model peptides were compared.

(1) Ac-FSY

(2) Ac-FS(O-Me)Y
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Both incorporate an N-terminal acetyl group to prevent the N-terminal degradations that will be
discussed in Section-B of this thesis. Aromatic residues with differing UV absorbance profiles were
chosen at the N- and C- terminals to aid with characterisation of any degradation products. The key
difference between the two peptides is that Ac-FS(O-Me)Y contains a blocked Ser alcohol (OH) group
as highlighted in Figure 4-15. The purpose of this was to examine if the Ser alcohol group plays a role
in either racemisation or peptide degradation via truncation at the N-terminal side of Ser residues.
Both peptides were incubated in triplicate (1 mg/ml) at 85 °C pH 7.4 and characterised as per

Incubation-C (Section 2.2.1).

(b) Ac-FS(O-Me)Y g

HO, OH /
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NH 2,
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Figure 4-15: Structure of (a) Ac-FSY and (b) Ac-FS(O-Me)Y.

4.5.1 Results and Discussion

Characterisation

An example of the manner in which the degradation products of the Ac-FSY incubation were purified
by semi-preparative HPLC is shown in Figure 4-16.This process was repeated to characterise the

products of the Ac-FS(O-Me)Y incubation.
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Figure 4-16: HPLC trace (257 nm) showing the semi-preparative purification of the major degradation products formed
when Ac-FSY was incubated at 85 °C. Ac-FSY was incubated in 100 mM phosphate buffer pH 7.4 for 2 weeks.

Truncation at the N-terminus of Ser

If truncation at the N-terminus of Ser was occurring then the peptides detailed in Table 4-2 should

be observed.

Table 4-2: Peptide truncation products.

Peptide Ser truncation products
Ac-FSY Ac-F +SY
Ac-FS(O-Me)Y Ac-F + S(O-Me)Y

The use of synthetic HPLC standards suggested the presence of SY and other SY degradation
products in the incubation of Ac-FSY and of S(O-Me)Y and its corresponding degradation products in
the incubation of Ac-FS(O-Me)Y (Figure 4-17). This provided an indication that truncation at the N-
terminal of Ser had occurred. Separate incubation of SY and S(O-Me) confirmed that they rapidly
degrade via diketopiperazine formation resulting in racemised and sequence inverted peptides.
These degradations are discussed in more detail in Chapter 6 but this made them unsuitable for
monitoring the rate of truncation at the N-terminal side of Ser. For this reason the rate of formation

of Ac-F was used to compare the rate of N-terminal Ser truncation.
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Figure 4-17: Ac-FSY day-14 HPLC spectra (280 nm).

The formation of Ac-F in both incubations was suggested by the appearance of a peak at 46 minutes
that had an absorbance at 257 nm but not at 280 nm. The lack of absorbance at 280 nm is evidence

that this peptide does not contain a Tyr residue (Figure 4-18).
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Figure 4-18: PDA analysis of (a) Ac-F and (b) Ac-FSY. Peptides with a Tyr residue (Ac-FSY) absorb strongly at 280 nm
whereas Ac-F, which has a Phe residue but no Tyr, has a peak absorbance of 257 nm.

Further evidence supporting the assignment of Ac-F as a product of the incubations was obtained by
spiking time point samples of Ac-FSY and Ac-FS(O-Me)Y with a standard of Ac-F and showing that it
co-eluted. An example of the HPLC trace (257 nm) of Ac-FSY day 14 time point spiked with Ac-F is

shown in Figure 4-19.
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Figure 4-19: HPLC trace (257 nm) of (a) Ac-FSY day-14 incubation time point, (b) Ac-FSY day-14 incubation time point
spiked with a standard of Ac-F.

Quantification

Standard curves for each peptide were generated as detailed in the Materials and Methods Chapter
and these were used to calculate the number of moles of each peptide that truncated at the N-

terminal of Ser forming Ac-F. An example of the standard curve for Ac-FSY is shown in Figure 4-20.
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Figure 4-20: Standard curve of Ac-F relating peak area at 257 nm to peptide amount (pg).

The time course of truncation at the N-terminal of Ser (amount of Ac-F formed) in each incubation is

shown in Figure 4-21.
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Figure 4-21: Time course showing (a) Loss of Ac-FSY and appearance of Ac-F, (b) Loss of Ac-FS(O-Me)Y and appearance of
Ac-F. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 85 °C.

To compare the rate of N-terminal Ser truncation between the two peptides, the percentage

conversion of each peptide to Ac-F was calculated (Figure 4-22).
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Figure 4-22 : Percentage of Ac-FSY and Ac-FS(O-Me)Y that truncated forming Ac-F. Peptides were incubated in 100 mM
phosphate buffer pH 7.4 at 85 °C. Percentage values were calculated as the amount (moles) of each peptide which
formed Ac-F with respect to time compared to the amount of each peptide present at T=0.

The data shows that Ac-FSY truncated at approximately double the rate of Ac-FS(O-Me)Y indicating

that the presence of a free Ser OH group increased the rate peptide bond cleavage.

Racemisation at Serine

The Ser truncation products discussed above were not the major modification products observed in
these incubations (Figure 4-19a). Analysis by MALDI mass spectrometry revealed the major product
of both incubations had the same molecular weight as their respective intact peptides but a

different retention time by HPLC (Table 4-3).

Table 4-3: Comparison of the molecular weight and HPLC retetion times of the major degradation products and intact
peptides from each incubation.

Peptide Mw Retention time
Ac-FSY 480.30 [M+Na] ™ | 64.9
Major degradation product 480.26 [M+Na] ™" | 69.8

Peptide Mw Retention time
Ac-FS(O-Me)Y 494.22 [M+Na] 66.3
Major degradation product 494.26 [M+Na] 71.5
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Figure 4-23 highlights this using a HPLC trace (280nm) of the Ac-FSY incubation showing that

Peptide-B has a different retention time but the same molecular weight as Ac-FSY. A similar peptide

was the major product formed in the Ac-FS(O-Me)Y incubation.
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Figure 4-23: HPLC trace (280 nm) showing the formation of an unknown degradation product (Peptide-B) formed
following the incubation of Ac-FSY at 85 °C. The molecular weight (mw) of Peptide-B calculated by MALDI mass

spectrometry is shown in the insert and matched that of Ac-FSY.

This suggested racemisation of one or more of the amino acids was occurring. Chiral HPLC amino

acid analysis of the hydrolysis products of Ac-FSY (Figure 4-24a) using Marfey’s reagent (Section

2.2.3) revealed no evidence of D-Ser or other D-amino acids. Conversely analysis of Peptide-B (Figure

4-24b) showed it contained predominantly D-Ser.
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Figure 4-24: Chiral HPLC amino acid analysis of hydrolysis products of (a) Ac-FSY and (b) Peptide-B.

Similar results were obtained for Ac-FS (O-Me)Y and its suspected racemised peptide. No evidence

of racemisation of Phe or Tyr was detected in any of the peptides analysed.
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Standards of Ac-F(D-Ser)Y and Ac-F(D-Ser-O-Me)Y were synthesised and it was confirmed they had
the same HPLC retention times as the putative racemised peptides. An example of a HPLC trace of
the Ac-FSY day-14 time point spiked with Ac-F(D-Ser)Y is shown in Figure 4-25. The UV absorbance

profile of each peptide is also overlaid.
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Figure 4-25: (a) Ac-FSY day-14 HPLC spectra (280 nm) and (b) Ac-FSY day-14 HPLC spectra (280 nm) spiked with a
standard of Ac-F(D-Ser)Y. The UV absorbance profile of Ac-FSY and Peptide-B is also overlaid.

An expanded region (250 nm to 300 nm) of the UV absorbance profile of Ac-FSY and Peptide-B is

shown in Figure 4-26.
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Figure 4-26: Expanded region (250 nm to 300 nm) of the UV absorbance profile of (a) Ac-FSY and (b) Peptide-B

Standard curves for each peptide were generated as detailed in the Materials and Methods Chapter

and these were used to calculate the number of moles of each peptide that racemised at the Ser

residue. The rate of disappearance of the intact peptide and appearance of the Ser racemised

peptide for both incubations was plotted in Figure 4-27. The observed plateau in the rate of

formation of the racemised peptides is likely due to degradation via other processes.
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Figure 4-27: Time course showing (a) Loss of Ac-FSY and appearance of Ac-F(D-Ser)Y, (b) Loss of Ac-FS(O-Me)Y and
appearance of Ac-F(D-Ser-O-Me)Y. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 85 °C.

To compare the rate of Ser racemisation in Ac-FSY and Ac-FS(O-Me)Y the percentage of each peptide

that racemised with respect to time was plotted in Figure 4-28.
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Figure 4-28: Percentage of Ser racemisation when Ac-FSY and Ac-FS(O-Me)Y were incubated at 85 °C. Peptides were
incubated in 100 mM phosphate buffer pH 7.4 at 85 °C. Percentage values were calculated as the amount (moles) of
each peptide which formed D-Ser with respect to time compared to the amount of each peptide present at T=0.

Surprisingly Ser racemised faster in Ac-FS(O-Me)Y, which has a blocked Ser OH, than in Ac-FSY which
has a free OH. However, Figure 4-22 demonstrated that due to the presence of a free Ser OH, Ac-FSY
truncates faster than Ac-FS(O-Me)Y at the N-terminal of Ser. Further evidence for this is also
observed in Figure 4-28 where the racemised product of Ac-FSY rises initially at a similar rate to Ac-
FS(O-Me)Y but then begins to fall. This is likely the result of truncation at the N-terminal side of Ser

as per Figure 4-22. These observations may help to explain the apparently slower rate of Ser

racemisation seen in Ac-FSY than in Ac-FS(O-Me)Y.

An important thing to note is that a free Ser alcohol group increased the rate of truncation at the N-
terminal of Ser, but did appear to influence the rate of Ser racemisation. If both racemisation and
truncation were occurring via a common mechanism then Ac-FS(O-Me)Y should have shown little
racemisation. The O-Me derivative cannot form the cyclic tetrahedral intermediate. These results
suggest that under the conditions outlined above, truncation at the N-terminus of Ser and
racemisation are separate, i.e. not linked processes. So while a free OH group may be important for
the N-terminal truncation of Ser it seems apparent that a different process e.g. direct abstraction of

the a proton is responsible for Ser racemisation under these conditions.
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4.6 N-a-acetyl peptides based on a known site of truncation site at Ser

Having demonstrated that Ser truncation and Ser racemisation can occur at physiological pH using
simple tripeptides, the next step was to see if a known Ser truncation site in a lens crystallin could
also be reproduced. Ac-PFHSPSY is based on the aB-crystallin sequence (16-21). In the aged human
lens it has been shown to truncate at Ser 19 (i.e. Ser 4 in the model peptide) [128, 187]. Ac-PFHAPAY
was synthesised as a control peptide where both Ser residues were replaced with Ala. Both
incorporate an N-terminal acetyl group to prevent the degradations that will be discussed in this
thesis in Section B. Tyr was added at the C-terminal to aid HPLC detection. Both peptides were

incubated at 85 °C and characterised as per Incubation-C (Section 2.2.1).

4.6.1 Results and Discussion

The time-course of the degradation of Ac-PFHSPSY and Ac-PFHAPAY is shown in Figure 4-29. As can
be seen from the graph, Ac-PFHSPSY is less stable than the control (Ac-PFHAPAY) under these
conditions. However this does not necessarily mean this is the result of truncation at either Ser

residue.
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Figure 4-29: Time course of degradation of Ac-PFHSPSY and Ac-PFHAPAY when incubated in 100 mM phosphate buffer
pH 7.4 at 85 °C. Percentage values were calculated as the amount (moles) of each peptide which remained with respect
to time compared to the amount of each peptide present at T=0.

If truncation on the N-terminal side of Ser were occurring similar to that seen in the lens, then Ac-
PFH and SPSY should be formed. Chapter-6 will demonstrate that SPSY is unstable due to a
penultimate Pro residue rendering it highly susceptible to further degradation via diketopiperazine
formation. For this reason the amount of Ac-PFH formed was used to calculate the amount of
truncation at the N-terminal of Ser following incubation of Ac-PFHSPSY. Analysis of the degradation

products present in each incubation by HPLC and MALDI mass spectrometry confirmed the presence

of Ac-PFH in the Ac-PFHSPSY incubation but not in the Ac-PFHAPAY incubation (Figure 4-30).
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Figure 4-30: HPLC traces (257 nm) of the day-7 time points following incubation of (a) Ac-PFHSPSY and (b) Ac-PFHAPAY
at 85 °C. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 85 °C.

To calculate the number of moles of Ac-PFH that formed, standard curves of each peptide were
generated as detailed in the Materials and Method chapter. An example of the standard curve for
Ac-PFHSPSY is shown in Figure 4-31. It should be noted that while the peak area of Ac-PFH (257 nm)
in Figure 4-30 appears small compared to the other degradation products this is due the fact that
most other degradations contain a Tyr residue and this absorbs more strongly than Phe at this

wavelength.
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Figure 4-31: Standard curve for Ac-PFHSPSY relating peak area at 280 nm to peptide amount injected (pug).

The time course of the disappearance of Ac-PFHSPSY and appearance of Ac-PFH is shown in Figure

4-32 (a). Figure 4-32 (b) shows that while some degradation of Ac-PFHAPAY occurred no Ac-PFH was

detected.

1.4

12 8

1.0 4

0.8 4

06 4

Peptide (4 moles)

0.4 4

024

00

Figure 4-32: Time course graphs showing (a) loss of Ac-PFHSPSY and appearance of Ac-PFH, (b) loss of Ac-PFHAPAY and
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Ac-PFH formed. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 85 °C.
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Figure 4-33 highlights that after 14 days incubation at 85 °C, approximately 50% of the Ac-PFHSPSY
truncated at Ser forming Ac-PFH whereas there was no evidence of the analogous truncation in the

control (Ac-PFHAPAY).
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Figure 4-33: Percentage of each peptide (Ac-PFHSPSY, Ac-PFHAPAY) that truncated at the N-terminal of Ser forming Ac-
PFH. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 85 °C. Percentage values were calculated as the
amount (moles) of each peptide which truncated to Ac-PFH with respect to time compared to the amount of each
peptide present at T=0.

These results indicated that Ac-PFHSPSY degraded at a faster rate than the Ser-free peptide (Ac-
PFHAPAY). The formation of Ac-PFH as the major degradation product is evidence that truncation at
the N-terminal side of Ser, at the analogous point seen in the aged human lens, can be replicated
using a model peptide. It could be argued that Ac-PFH may be generated via other processes, such
as sequential C-terminal degradation but the fact that Ac-PFHAPAY did not form any Ac-PFH suggests
this is not the case. It is also important to note that Ser-related truncation is certainly not the only

degradation occurring as indicated by the significant loss of both peptides over time.

4.7 Acidic conditions

While truncation at the N-terminus of Ser and racemisation of Ser were both observed in previous

sections, incubation at relatively high temperatures (85 °C) for extended periods was required. This
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experiment aimed to investigate if racemisation or truncation could be observed under less extreme
conditions by using an acidic pH. Acidic conditions should promote an N-O- acyl shift [207],
potentially leading to increased truncation at the N-terminal of Ser via the mechanism outlined in
Section 3-1 if this mechanism is valid. Ac-PFHSPSY and Ac-PFHAPAY were incubated at pH 7.4 and pH
5.4 both at 60 °C and characterised as per Incubation-B (Section 2.2.1). pH 5.4 approximates that
found inside the cell Iysosome which is a membrane-bound organelle containing

acid hydrolase enzymes that break down waste materials and cellular debris [208, 209].

The characterisation of the degradation products formed in each incubation was carried out in a
similar manner to Section 4.6. Figure 4-34 shows that Ac-PFH was present in the Ac-PFHSPSY (pH
5.4) incubation suggesting truncation on the N-terminal side of Ser is occurring. There was no
evidence of any Ac-PFH forming in the Ac-PFHSPSY (pH 7.4) incubation or in the Ac-PFHAPAY control
incubation at pH 5.4 or pH 7.4. This is in agreement with previous experiments done in Section 4.2
where no truncation of Ac-SPSY was seen at 60 °C. These results suggest that acidic conditions
increased the rate of truncation at the N-terminal side of Ser, possibly due to an increased rate of N-

O-acyl shift at this pH, as demonstrated by Johansson et al [207].

As per Section 4.6 it should be noted that while the peak area of Ac-PFH (257 nm) in Figure 4-34(a)
appears small compared to the other degradation products, this is due the fact that most other
degradation products contain a Tyr residue and this absorbs more strongly than Phe at this
wavelength. A standard curve of Ac-PFH was used to relate its absorbance at 257 nm to the amount
formed in the incubation. The time course of the percentage of each peptide that truncated to Ac-

PFH is shown in Figure 4-35.
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Figure 4-34: HPLC traces (257 nm) of day-35 time point from incubation of (a) Ac-PFHSPSY and (b) Ac-PFHAPAY in MES
buffer pH 5.4 at 60 °C. Both peptides remained completely intact when incubated at pH 7.4 at 60 °C.
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Figure 4-35: Percentage of each peptide (Ac-PFHSPSY, Ac-PFHAPAY that truncated at the N-terminal side of Ser forming
Ac-PFH following incubation at pH 7.4 and pH 5.4. Peptides were incubated in 100 mM MES buffer (pH 5.4) and 100 mM
phosphate buffer (pH 7.4) at 60 °C. Both peptides remained completely intact when incubated at pH 7.4 at 60 °C.
Percentage values were calculated as the amount (moles) of each peptide which truncated to Ac-PFH with respect to
time compared to the amount of each peptide present at T=0.
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4.8 Basicresidues

Another possible way to increase the rate of truncation at the N-terminal of Ser may be to increase
the nucleophilicity of the Ser OH group, thus promoting the N-O-acyl shift proposed to be involved in
the truncation. It was proposed that incubating model peptides in a buffer containing an excess of
guanidine HCI, which is a base, that this may increase the nucleophilicity of the Ser OH resulting in
increased truncation at the N-terminal side of Ser. To test this, a peptide (Ac-FSY) known to be stable
at pH 7.4 and 60 °C was incubated (in triplicate) in the presence of a high concentration of guanidine
HCI and characterised as per Incubation-B (Section 2.2.1). A control containing no guanidine HCI was

also incubated.

4.8.1 Results and Discussion

A HPLC trace overlaying the day-14 time points from both incubations is shown in Figure 4-36. As can

be seen by the fact that both traces are identical, the guanidine HCI did not have any effect.

200

175

150

128

100

35 N

£ 10 12 14 185 18 20 22

Figure 4-36: Overlay of day-14 time-point HPLC trace (280 nm) of Ac-FSY with and without addition guanidine HCI.

4.9 Metal Ions

A study by Reddy et al. [210] demonstrated a marked increase in the rate of racemisation of free and
bound Ala in the presence of metal complexes. Metals are known to be present in the human lens
[211] and as a result could be involved in the age-related racemisation of Ser residues seen in long-
lived lens proteins. A model peptide (Ac-FSY) previously shown to be stable at 60 °C pH 7.4 was

incubated in triplicate with 1 mM CuSO, to investigate if the presence of the metal ions would
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promote racemisation of the Ser residues. A control of Ac-FSY, which did not contain any CuSO, was

also incubated.

4.9.1 Results

A HPLC trace of Ac-FSY day-21 time-point and Ac-FSY + 1 mM CuSO4 day-21 time point is shown in
Figure 4-37. In both incubations the peptide is almost completely intact with no evidence of Ser

racemisation or any other degradation.

(b)

Figure 4-37: HPLC trace (280 nm) of (a) Ac-FSY day-21 time point and (b) Ac-FSY + 1mM CuSO, day-21 time point.

4.10 Phosphorylation as a potential contributor to Ser racemisation

Phosphorylation plays a major role in the regulation of various bio-signalling pathways that control
metabolic processes and cellular functions [144]. Phosphoserine can undergo B-elimination leading
to the formation of dehydroalanine (DHA) [212, 213]. Recent studies have speculated this DHA
adduct is subject to further modification such as the addition of the lens oxidant glutathione[213].

Analysis of both cataractous and normal human lenses, has shown the accumulation of DHA
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crosslinks in both the water-soluble and the water-insoluble proteins with histidinoalanine (HAL) and

lanthionine(LAN) as the major adducts [204, 214].
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Figure 4-38: Proposed mechanism for Ser racemisation based on a dehydroalanine intermediate. (R and R’ represent the
rest of the protein).

In the case of phosphoserine residues (designated as pSer), should DHA form, it could also
potentially revert to a Ser residue by addition of water across the double bond, resulting in an equal
chance of D or L Ser being formed (Figure 4-38).This may be another mechanism to explain the age-
related racemisation of Ser residues seen in long-lived lens proteins. Another implication of DHA

residues is their potential ability to react with thiol groups such as cysteine and glutathione [213].
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There is also the possibility for amino groups of proteins containing for example, Lys or His residues

to react, forming cross links between two proteins (Figure 4-39).

X——NH, X—N

HN HN
\R' \R'

Figure 4-39: One mechanism of formation of cross links involving DHA. (R and R’ represent the rest of the Peptide-1, X =
amino group of a peptide or protein eg Lys).

Previous studies, under alkaline conditions have demonstrated that the loss of a phosphate group
from Ser residues could proceed via B-elimination, resulting in the formation of a DHA intermediate
[215]. The aim of this section was to investigate if this could be replicated at physiological pH and
hence be applicable in the human lens. Prior to this it was deemed important to first demonstrate
that it could occur under the high pH conditions outlined in the literature. Proteins can be
phosphorylated by several proline-directed kinases [216], and the peptide (Ac-YAPSW) used for this
study is based on a lens crystallin sequence (aB 57-60) known to contain a pSer residue [141, 217]. It
is also the major phosphorylation site in aB-crystallin in the brains of patients with Alexander's
disease[218]. A DHA residue, should it form, is a Michael acceptor and would be prone to
nucleophillic addition [219]. Phenylethyalmine (PE) has been previously used as a nucleophillie to

react with DHA residues [220], and it was chosen for a similar role in this study (Figure 4-40).
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Figure 4-40: Addition of phenylethylamine to dehydroalanine results in the formation of two isomers in a 1:1 ratio. (R
and R’ represent the rest of the peptide)

Formation of this adduct would provide evidence of a DHA residue which may otherwise prove too
unstable / reactive to isolate and characterise. Based on the condition used by Byford et al. [215]
,the peptides Ac-YAPSW and Ac-YAP(pSer)W were incubated in 100mM NaOH at room temperature

in the presence of 10 equiv of PE. Controls without any PE were also incubated.

4.10.1 Results and Discussion

Figure 4-41 compares the HPLC trace of pH 13 incubation of Ac-YAP(pSer)W with and without PE.
Analysis of the modified peptides, which occurred by MALDI mass spectrometry, revealed that both
incubations formed a peptide with a molecular weight that corresponded to Ac-YAPSW — 18 Da. One
possibility that explains this change in molecular weight is the B elimination of a phosphate group
from Ser resulting in the formation of a DHA residue.
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Figure 4-41: HPLC traces (280 nm) of the day-4 time point following incubation of (a) Ac-YAP(pSer)W and (b) Ac-
YAP(pSer)W + 10 equiv PE at 30 °C in 100mM NaOH. Peptides were assigned based on the combination of analysis by
MALDI mass spectrometry and HPLC retention times.

The incubation containing PE also contained significantly less of the “DHA peptide” compared to the
incubation without PE, supporting the notion that DHA had reacted with PE. Should PE add to the
DHA residue, it should form a D- and L- substituted product in the ratio of 1:1, which appears to be
the case as indicated by the two peaks (Figure 4-41). Due to its double bond, DHA residues have an
increased absorbance band in the 241 nm region. Detection at this wavelength has therefore in
previous studies to quantify the amount of DHA formed [215]. Figure 4-42 compares the HPLC traces
of the day-1 time point of Ac-YAP(pSer)W at 241 nm and 280 nm. The relative peak area of the
assumed “DHA peptide” compared to the Ac-YAPSW peak area was observed to increase at 241 nm
compared to 280 nm. Given that the only residues present in Ac-YAPSW that should absorb at either
280 nm or 241 nm are Trp and Tyr, and that these are also present in both peptides, a reasonable

explanation of the increase peak ratio is the formation of a DHA residue.
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Figure 4-42: HPLC traces of the day-1 time point showing that the relative peak area of the assumed “DHA peptide”
compared to the Ac-YAP(pSer)W peak area was observed to increase at 241 nm compared to 280 nm

The assumed “Ac-YAP(DHA)W peptide” and “Ac-YAPSW-PE peptide” were isolated by semi-
preparative HPLC and analysed by MALDI Mass spectrometry (not shown) and NMR spectroscopy.
Figure 4-43 compares a selected region of the 'H NMR spectra from synthetic standards of Ac-
YAPSW and Ac-YAP(pSer)W to the isolated Ac-YAP(DHA)W peptide. While they are all similar, there
are two key differences which distinguish them. The DHA peptide contains two singlets at 5.66ppm
and 5.63ppm (DHA in Figure 4-43) which corresponds to the expected literature chemical shift of a
DHA residue [221]. Additionally the NH (* in Figure 4-43) which presumably corresponds to the
peptide bond NH of the Ser / pSer / DHA residue is seen to shift while all others remained essentially

the same.
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Figure 4-43: Selected region of 'H NMR spectra of (a) Synthetic standard of Ac-YAPSW, (b) synthetic standard of Ac-
YAP(pSer)W and (c) Ac-YAP(DHA)W isolated from incubation. (*) = NH corresponding to Ser / pSer / DHA residue. (DHA)

= Characteristic peaks for a DHA residue.

Figure 4-44 compares a selected region of the 'H NMR spectra from the above three peptides (Ac-

YAPSW, Ac-YAP(pSer)W and Ac-YAP(DHA)W) with that of one of the two isolated Ac-YAPSW-PE

adducts. The peaks indicated by (*) correspond to additional aromatic protons, presumably due to

the PE adduct. Additionally the two singlets at 5.66ppm and 5.63ppm which correspond to the

expected literature chemical shift of a DHA residue are not present in the Ac-YAPSW-PE adduct.

These results strongly indicate that the adducts isolated from the above incubations are Ac-

YAP(DHA)W and Ac-YAPSW-PE adducts.
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Figure 4-44: Selected region of 'H NMR spectra of (a) Ac-YAPSW-PE adduct, (b) Ac-YAPSW, (c) Ac-YAP(pSer)W and (d) Ac-
YAP(DHA)W. (*) = Additional aromatic protons present in PE adduct.

Figure 4-45 compares the HPLC trace of the incubation of Ac-YAPSW with and without the addition
of PE. Analysis of the modified peptides that formed revealed that in both incubations a modified
form of the peptide with a molecular weight and HPLC retention time corresponding to DHA
formation was produced. Additionally, the incubation containing the PE formed two peptides, each
matching the molecular weight of a PE having added to the DHA residue. Significantly, less Ac-
YAP(DHA)W formed from Ser than from pSer, which is as expected from the literature
[215].Interestingly the retention time of Peptide-X matched that of Ac-YAP(D-Ser)W, indicating
racemisation of Ser may be occurring. As there was no corresponding peak formed from Ac-
YAP(pSer)W, which forms much greater amounts of DHA, it is assumed that this is due to base

catalysed racemisation of Ser rather than due to addition of water to the DHA residue.

In summary, under alkaline conditions, both Ac-YAPSW and Ac-YAP(pSer)W were shown to form a
DHA peptide that readily reacted with PE (when present) forming diastereomeric modified peptides

ina 1:1 ratio.
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Figure 4-45: HPLC traces (280 nm) of the day-4 time point following incubation of (a) Ac-YAPSW and (b) Ac-YAPSW + 10
equiv PE at at 30 °C in 100mM NaOH. Peptides were assigned based on the combination of analysis by MALDI mass
spectrometry and HPLC retention times.

4.11 Investigations at pH 7.4

While DHA was readily formed in the previous experiment, the use of an alkaline pH was required. In
order to determine if the formation of DHA could play a role in the age-related racemisation of Ser
residues, the previous experiment was repeated at physiological pH. Ac-YAPSW and Ac-YAP(pSer)W
were incubated in duplicate (1 mg/ml) in the presence of 0.1 equiv of PE, at 60 °C and physiological
pH (7.4) as per Table 4-4. Controls that did not contain any PE were also incubated and used as a
comparison. Due to the basicity of PE and its potential effect on buffer pH, significantly less PE had

to be added to these incubations.
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Table 4-4: Peptide incubations.

. Ac-YAPSW pH7.41!
Serine
Ac-YAPSW + PE (0.1 Equiv) pH7.4"
. Ac-YAP(pSer)W H7.4"
Phosphoserine (pSer) P
Ac-YAP(pSer)W + PE (0.1 Equiv) | pH 7.4 "

1 = Phosphate buffer (100 mM)
2 = Boric acid buffer (100 mM)

4.11.1 Results and Discussion

Figure 4-46 shows the HPLC traces from the day-15 incubation of Ac-YAPSW and Ac-YAP(pSer)W at
physiological pH. As can be seen, Ac-YAPSW was stable under these conditions, but Ac-YAP(pSer)W
formed two products. Isolation and analysis of these products by MALDI mass spectrometry revealed
molecular weights corresponding to Ac-YAPSW (indicating loss of the Ser phosphate group and
reformation of the Ser alcohol) and Ac-YAPSW — 18 Da (indicating the loss of the Ser phosphate
group plus an additional loss of 18 Da, which suggests the formation of a DHA peptide). Comparison
of each of the proposed DHA and Ac-YAPSW peptides formed in the incubation, with standards of
the DHA peptide (obtained from Section 4.10) and Ac-YASPW (synthetic standard) revealed

matching retention times and PDA absorbance profiles. Due to the small amount of the DHA peptide

produced, analysis by NMR spectroscopy was not possible.
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Figure 4-46: HPLC traces (280 nm) of the day-15 time point following incubation of (a) Ac-YAPSW and (b) Ac-YAP(pSer)W

at 60 °C in 100mM phosphate buffer.

If Ac-YAP(pSer)W were forming Ac-YAPSW via addition of a water molecule across the DHA double
bond then it would be expected that Ac-YAPSW and Ac-YAP(D-Ser)W would form in equal amounts,
as seen for the addition of PE in Section 4.10. A synthetic standard of Ac-YAP(D-Ser)W was spiked
into an Ac-YAP(pSer)W incubation time point and analysed by HPLC. As can been seen in (Figure

4-47) it is possible to resolve Ac-YAPSW from Ac-YAP(D-Ser)W by HPLC suggesting that if it was

forming in the above incubation it should be seen by HPLC.
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Figure 4-47: HPLC trace (280 nm) of the day-15 time point of Ac-YAP(pSer)W spiked with a synthetic standard of Ac-

YAPS(D-Ser)W.
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Unlike the incubations at pH 13, incubation of Ac-YAPSW and Ac-YAP(pSer)W at pH 7.4 with PE
showed essentially the same results as the incubations that did not contain PE, i.e. no PE adduct was
formed. There are a number of possibilities to explain this. The most likely one is the reduced
amount of DHA formed at this pH, combined with the reduced amount of PE present. Another
possibility is that the addition of the PE amino group to the DHA residue does not occur readily at

this pH. Further work on this matter is planned.

In summary, at physiological pH, Ser residues did not show evidence of DHA formation where as
pSer residues did. At the start of this section it was proposed that addition of a water molecule to
DHA could be one explanation for racemisation of Ser residues. The results of these experiments
suggest that this is not the case. While pSer residues did lose a phosphate group when incubated at
physiological pH, there was no evidence of any D-Ser formation, which rules out addition of water to

DHA as the cause.

As DHA was shown to form from pSer residues at physiological pH this open up the possibility of it
occurring in long-lived proteins. Studies have shown that the prevalence of pSer groups in dentin
phosphoproteins , which are long lived proteins found in teeth, decreases significantly with age [222,
223]. Additionally the location of phosphorylated residues in some of the major long lived lens
proteins has recently been characterised [224, 225]. Should the loss of phosphate groups from these
proteins proceed in a similar manner to the model peptide studied in this experiment, then it is
certainly conceivable that significant amount of DHA residues could result. Reaction of these DHA

residues with thiols and amines could then lead to protein cross linking as per [204, 214].
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4.12 Conclusions

In this chapter, peptides based on human lens aB-crystallin sequences known to truncate on the N-
terminus side of Ser were examined. Incubation at 60 °C and physiological pH did not result in
significant degradation. However when the temperature was raised to 85 °C both truncation of
internal Ser residues at the N-terminus of Ser and racemisation of Ser was observed. While 85 °Ciis a
relatively high temperature to expose peptides to, it is worth considering that some long-lived

proteins (such as those at the centre of the human lens) are exposed to 37 °C for an entire life-time.

The role of the Ser hydroxyl group was investigated and found to play an important role in
truncation. Interestingly Ser racemisation occurred regardless of the presence or absence of a free
Ser hydroxyl group. This finding was inconsistent with our initial hypothesis that both racemisation
of Ser and truncation the N-terminal side of Ser might be linked processes, occurring via formation
of a cyclic tetrahedral intermediate. It now appears likely that they occur by separate processes. As
the Ser hydroxyl group does not appear to play a role in racemisation it is likely that it is the result of

simple a proton abstraction and re-addition.

A range of other factors were investigated to see if truncation at the N-terminal of Ser could be
promoted at lower temperatures. Despite some literature precedence the use of a base such as
guanidine HCl or a metal ion such as Cu, did not have a significant effect. Acidic pH (5.4) was the only
condition under which truncation at the N-terminal of Ser could be observed at 60 °C. This still has

biological relevance as a comparable pH (~5) is found in the cell lysosome [208].

The use of phosphorylated Ser residues was also examined as a potential source of D-Ser. Incubation
of peptides containing Ser or pSer residues, at room temperature (pH 13) showed the formation of
DHA, which is consistent with other studies in the literature. More importantly, the formation of
DHA from a pSer residue was demonstrated at physiological pH. While the use of elevated

temperature (60 °C) was required, given the decades that pSer residues would be exposed to
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physiological pH in the human lens, it is certainly conceivable that significant amounts of DHA could
form. There was also no evidence of any addition of a water molecule to DHA residues, suggesting
that it is not a rational explanation for Ser racemisation. However due to the ability of DHA residues
to react with amino or thiol groups it is certainly a potential source of protein cross links within long-

lived proteins.
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5 Chapter 5: Section-B Overview (N-terminal modifications)

In this section of the thesis, three reactions involving the N-terminus of peptides that occurred while

investigating model peptides for Section A will be discussed in separate chapters, as detailed below.

- Diketopiperazine formation (Chapter-6)
- N-Terminal racemisation (Chapter -7)

- N-Terminal truncation (Chapter-8)

5.1 Introduction

Long-lived proteins are found at many sites in the human body including the brain [226, 227], the
heart [228], and the lens[1, 30]. As a result of prolonged exposure to physiological conditions these
proteins undergo numerous age-related changes. Major modifications to such long-lived proteins
include racemisation [118, 119, 226, 229, 230], deamidation [123, 141, 193-195] and truncation
[126, 127, 196, 197]. In the human lens crystallins are the predominant protein family accounting for
over 90% of total protein [30, 31]. Because the centre of the adult human lens contains no active

enzymes [59, 231], it is likely that many of these processes are non-enzymatic in nature.

Numerous studies have demonstrated that significant crystallin truncation occurs with age [37, 135-
137]. It is estimated that 45-55% of a-crystallin is truncated by old age [129] and extensive
fragmentation of several subunits including aA, aB and BB1 have been found even in young lenses
[40, 232, 233]. The proposed mechanism behind one such truncation (that next to Ser) has already
been investigated in Section A. While the exact implications of these truncations are still under
investigation, fragments of a-crystallin isolated from the human lens have been shown to promote
crystallin aggregation rather than the preventative role of the precursor [128]. Additionally N-

terminally truncated BB1 has been shown to behave differently from native BB1 crystallin [132].
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Major lens proteins, a- and B-crystallin, are N-terminally acetylated [234]. It has been suggested that
N-acetylation of proteins in higher organisms is an evolutionary process to protect against
degradation of proteins via the N-terminal [235]. However, the y-crystallins and other lens proteins
such as aquaporin-0 are not N-terminally acetylated and could be subject to N-terminal
degradations. Additionally, age-related protein truncation results in generation of new peptides that
have unprotected a amino groups (Figure 5-1), and these could therefore be subject to N-terminal

modifications.

MH2
MH-Acetyl MH-Acetyl K
——
MH2 NH2

Figure 5-1: Schematic diagram showing crystallin truncation leading to new peptide fragments with free amino terminal
groups.

The general approach of Chapters 6 to 8 was to incubate peptides at physiological pH, characterise
the products, then examine some of the factors that promote these modifications and determine if
they could potentially occur in long-lived proteins. The challenge in studying these N-terminal
modifications is that they are often competing reactions and are difficult to study in isolation. The
rate of each process is also sequence dependent and the products themselves are unstable. These
multiple degradation products can significantly complicates accurate quantification. For example, a
peptide that undergoes N-terminal racemisation is often subject to degradation via DKP as well as
truncation of the N-terminal amino acid, making accurate quantification of the racemised peptide a

challenge.
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6 Chapter 6: Diketopiperazine (dkp) formation

6.1 Introduction

Incubation of model peptides (Chapter 4) resulted in a number of side reactions occurring. One such
process was the loss of a cyclic diketopiperazine (dkp) from the N-termini of the peptides. While the
use of model peptides incorporating an N-terminal acetyl group was successful in preventing this
modification, it was deemed of interest to investigate some of the factors involved in dkp formation
and its potential relevance to long-lived proteins. Dkp formation from peptides (Figure 6-1) involves
nucleophilic attack of a peptide N-terminal amino group on the amide carbonyl between the second
and third amino acid residues, resulting in the formation of a cyclic lactam and a truncated peptide
[236]. This intramolecular aminolysis reaction occurs in aqueous solution [237, 238] with peptides
having Pro as the penultimate N-terminal residue being particularly prone to degradation via this
pathway [236]. This is due to high propensity of Pro to form a cis peptide bond with the preceding

residue, which promotes the cyclisation reaction [239].

Peptide containing YP at N-Terminus YP Diketopiperazine + truncated peptide
O
— N — N
HN + NHzR
HO
I~ 0
HN OH
R

R = Rest of peptide

Figure 6-1: Mechanism of dkp formation.
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Although the formation of a dkp has been shown to be a side reaction in peptide synthesis [240,
241], to our knowledge it has been little studied as a decomposition pathway of peptides at pH 7 and
has not been studied as a degradation pathway of long-lived proteins. Dkp formation has gained
renewed interest of late with reports by several groups highlighting issues with storage of protein
pharmaceuticals including human growth hormone (HGH) which were degraded via dkp formation
[242-244]. Given that long-lived proteins such as those in the lens are exposed to physiological
conditions for decades, it is reasonable to propose that some might also be subject to degradation

via dkp formation.

In the lens most proteins (e.g. crystallins) have an N-terminal acetyl group which protects them from
dkp formation. However, due to the extensive age-related truncation of lens protein [128, 163, 245],
many peptide fragments are formed in the aged lens that have a free amino termini. One premise of
this chapter is that these peptide fragments could be subject to further degradation via sequential
dkp formation. Model peptides were used to investigate factors that could influence the formation

of dkp.

6.2 Aim:

The aim of this chapter was to investigate the factors which influence the formation of a dkp and to

demonstrate if it could potentially occur in long-lived proteins such as those found in the lens.

6.3 DKkp formation

Many sites of truncation have been observed in aged lens protein [128, 163, 245]. One of the most
abundant is at Ser 19 in aB-crystallin [128]. Unlike most crystallins, which have an N-terminal acetyl
group and hence cannot degrade via dkp formation, the resulting truncated peptides have free

amino termini (Figure 6-2) and are subject to further N-terminal degradation.
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SPSY, a model peptide based on the sequence of the remaining truncated peptide from aB-crystallin
(19-21) was used to investigate if this sequence could be prone to further degradation via dkp
formation. A C-terminal Tyr was added to aid HPLC detection at 280 nm. Due to the inability of N-
terminally acetylated peptides to form a dkp, Ac-SPSY was used as a control. Peptides (Ac-SPSY and

SPSY) were incubated (in triplicate) at 60 °C pH 7.4 and characterised as per Incubation-B (Section

2.2.1).
10 l:[:u 30 10 50 &0
MDIATHHPWI RRPFFPFHSP SELFDQFFGE HLLESDLFPT STSLSPFYLR PPSFLRAPSW
70 80 90 100 110 120

FDTGLSEMRL EKDRFSVNLD VEHFSPEELK VKVLGDVIEV HGHHEERQDE HGFISREFHR

130 140 150 160 170

KYRIPADVDP LTITSSLSSD GVLTVNGPRE QVSGPERTIP ITREEKPAVT RRPKK

Figure 6-2: Sequence of human aB-crystallin. The site of cleavage in older human lenses is shown with an arrow and the
peptide region examined in this investigation is underlined.

If degradation via dkp formation was occurred then the peptides in Table 6-1 should be observed.

The loss of SP (dkp) from SPSY is also shown mechanistically in Figure 6-3.

Table 6-1: Degradation products of Ac-SPSY and SPSY.

Peptide Proposed degradation products
Ac-SPSY Dkp formation not possible
SPSY SP(dkp) + SY
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SPSY

OH
(e} N 0
HO
/—\ ¥ 4
S\ HN
NH, o
HO
9 OH
HO N +
HN o
o)
SP (dkp)

OH

HN

HO

SY

OH

Figure 6-3: Mechanism showing the formation of SP (dkp) and SY from SPSY.

6.3.1 Results and Discussion

Characterisation

A sample HPLC trace of SPSY after 3 days incubation at 60 °C is shown in Figure 6-4.
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AU Peptide-Y

800

Lrszeti g

8007 Peptide-X Peptide-X Peptide-Y
400+

SPSY

200+

Peptide-A

Figure 6-4: HPLC trace (216 nm) of SPSY day 3 time point showing the multiple products formed following incubation at

60 °C. The UV absorbance profile of Peptide-X and Peptide-Y are included as inserts. Peptides were incubated in 100 mM
phosphate buffer pH 7.4.

Peptide-X (Figure 6-4) did not absorb at 280 nm indicating the loss of the Tyr residue. Analysis by ESI
mass spectrometry (Figure 6-5) revealed a molecular weight of SP — 18 amu, which suggested

formation of SP(dkp). The retention time of Peptide-X (Figure 6-6 ) matched that of synthetic SP(dkp)

and it was therefore assigned as SP(dkp).

1+
1004 185 [185] = [M+H] of SP dkp
%_
182

171

J 163 186
[ B0 A A m-JLm-...-h I O N

T T T T T T T T T T T T T T T T T T T T T T T mfz
170 172 174 176 178 180 182 184 186 188 190 192 194

Figure 6-5: ESI Mass spectrum of Peptide-X isolated from incubation of SPSY in 100 mM phosphate buffer pH 7.4 at 60 °C
for 3 days.
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SP Diketopiperazine

(a)

SP Diketopiperazine?

———T —— ——— —— ———— — —T
4 5 6 7 8 9 10_min)

:HUZZ_' SP Diketopiperazine (b)
800{
BOO{
400—:
200{
P S S ST S T Y

Figure 6-6: HPLC traces (216 nm) of (a) SPSY day-3 incubation time point, (b) Standard of SP dkp.

Peptide-Y did absorb at 280 nm, indicating the Tyr residue was still present. Analysis by ESI mass
spectrometry revealed a molecular weight matching that of the dipeptide SY (Figure 6-7). It was
compared to a synthetic HPLC standard of SY and revealed a matching retention time. Peptide-Y was

assigned as SY.
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269 [269] = [M+H]"" of SY
100+

[291] = [M+Na]** of SY
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Figure 6-7: ESI Mass spectrum of Peptide-Y isolated from incubation of SPSY at 60 °C. The peptide was incubated in 100
mM phosphate buffer pH 7.4 for 3 days.

Interestingly, analyses by ESI mass spectrometry (Figure 6-8) revealed that in addition to the
expected SP dkp and SY, another major degradation product was observed (Peptide-A). The
molecular weight of this unknown product (Figure 6-8) matched that of SY =18 amu which would be
consistent with the formation of SY dkp. As C-terminal loss of a dkp is not possible, it was suspected
that SY spontaneously formed a dkp from SY under these conditions. This was investigated in Section

6.8.

[251] = [M+H]"* of SY dkp - o

[273] = [M+Na]** of SY dkp

[289] = [M+K]"" of SY dkp

233
309
251
227
274
=74 e
237 | 241 269 310

182 ooq 213 L2 (252 ‘ | I | > 331 273
b Sl O AT IO P (| e L [ N
) 1 N 1 1

T 1 T T T T 1 1 1
180 200 220 240 260 280 300 320 340 360 380 400

Figure 6-8: ESI Mass spectrum Peptide-A isolated by semi-preparative HPLC from incubation of SPSY at 60 °C. Peptide
was incubated in 100 mM phosphate buffer pH 7.4 for 3 days.
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Quantification

Figure 6-9 shows the percentage of each peptide remaining at each time point. After 3 days
incubation at 60 °C, approximately 75% of SPSY had been degraded and it was completely degraded

after 14 days. By contrast, Ac-SPSY remained almost completely intact.

100 { o—=< & © —

80 A
<
= 604
% ® SPSY
"g_ O Ac-SPSY
&

40 A

20 A

0 T T T T T T T ,_
0 2 4 6 8 10 12 14
Time (days)

Figure 6-9: Degradation of SPSY and Ac-SPSY when incubated at 60 °C. Peptides were incubated in 100 mM phosphate
buffer pH 7.4 for 2 weeks. Percentage values were calculated as the amount (moles) of each peptide remaining with
respect to time compared to the amount of each peptide present at T=0.

While Figure 6-9 showed that SPSY degraded much faster than Ac-SPSY, it does not show how much
was due to formation of a dkp. This was calculated by determining the amount of SP dkp present at

each time point. A standard curve of SP dkp is shown in Figure 6-10. This was used to calculate the

number of moles of each peptide (SPSY and Ac-SPSY) that degraded via dkp formation (Figure 6-11).
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Figure 6-10: Standard curve for SP dkp relating peak area at 216 nm to peptide amount (pug).

Figure 6-11(a) shows that the number of moles of SP dkp present at day-14 is approximately equal to
the number of moles of SPSY present at the beginning of the incubation (T=0). Therefore it can be
concluded that SPSY almost exclusively degrades via dkp formation. In marked contrast, Figure
6-11(b) shows that Ac-SPSY did not form any SP dkp, or indeed any other degradation products at 60

°C.

30

e SPSY (a) 120 4 (b) ® Ac-SPSY
O SP Diketopiperazine ©  SP Diketopiperazine

Py

254

20
80 4

60 1

Peptide ( p moles)
o
Peptide (p moles)

40

05 20 1

0.0 T T T T T T
0 2 4 3 ] 2 4 6
Time (days) Time (days)

Figure 6-11: Time course showing (a) the number of moles of SPSY and SP dkp at each time point, (b) the number of
moles of Ac-SPSY and SP dkp at each time point. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.
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6.4 Effect of sequence on the rate of dkp formation

The previous experiment (Section 6.3), demonstrated that a peptide based on the aB-crystallin
sequence could potentially be subject to further degradation via loss of a dkp. However, the model
peptide (SPSY) used contained a penultimate Pro residue, which is associated with an increased rate
of dkp formation [236]. In this section one aim was to compare a model peptide without a
penultimate Pro (SASY). Peptides (SPSY and SASY) were incubated (in triplicate) at 60 °C pH 7.4 and

characterised as per Incubation-B (Section 2.2.1).

6.4.1 Results and Discussion

Figure 6-12 shows the amount of each peptide which had degraded at each time point. As per
Section 6.2, 100% of SPSY was degraded by day-14, but only ~30% of SASY was degraded over the

same time-frame.
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Figure 6-12: Percentage of SPSY and SPAY that degraded when incubated at 60 °C. Peptides were incubated in 100 mM
phosphate buffer pH 7.4 for 1 week. Percentage values were calculated as the amount (moles) of each peptide
remaining with respect to time compared to the amount of each peptide present at T=0.
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The standard curves generated for SP dkp and SA dkp are shown in Figure 6-13.
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Figure 6-13: Standard curves for SP (dkp) and SA (dkp). These were used to relate the HPLC peak area at 216 nm to the
number of moles present in the incubation.

These were used to calculate the number of moles of dkp that formed in each incubation (Figure

6-14).
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Figure 6-14: Time course showing (a) Loss of SPSY and appearance of SP dkp, (b) loss of SASY and appearance of SA dkp.
Peptides were incubate in 100 mM phosphate buffer pH 7.4 at 60 °C.

Figure 6-15 shows the percentage of each peptide that degraded via formation of a dkp. Comparing
it to Figure 6-12 reveals that while ~50% of SASY degraded by day-7, only ~15% had degraded via
dkp formation. In contrast, ~100% of SPSY degraded via dkp formation. Further analysis revealed

that the major modification of SASY was the formation of (D-Ser) ASY, indicating racemisation of the
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N-terminal Ser residue. This will be discussed further in Chapter 7. It is proposed that for SPSY, the

dkp reaction is favoured and as a result no N-terminal racemisation is observed.
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Figure 6-15: Percentage of SPSY and SPAY that degraded via formation of a dkp. Percentage values were calculated as
the amount (moles) of each peptide which degraded via dkp formation with respect to time compared to the amount of
each peptide present at T=0.

In conclusion, SASY does degrade via dkp formation, but unlike SPSY which has a penultimate Pro

residue, dkp was not the major modification.

6.5 Effect of peptide length on dkp formation

To examine if these reactions could occur in proteins as well as peptides the effect of peptide length
on dkp formation the model peptides YASAP, YASAAP and YASAAAP were incubated (in triplicate) at

60 °C pH 7.4 and characterised as per Incubation-B (Section 2.2.1).
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6.5.1 Results and Discussion

The rate of YA (dkp) formation of each peptide was plotted with respect to time and is shown in

Figure 6-16.
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Figure 6-16: Time course showing (a) Loss of YASAP and appearance of YA dkp, (b) Loss of YASAAP and appearance of YA
dkp and (c) Loss of YASAAAP and appearance of YA dkp. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at
60 °C.
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Figure 6-17: Percentage of each peptide that degraded via loss of a dkp. Peptides (YASAP, YASAAP and YASAAAP) were
incubated at 60 °C in 100 mM phosphate buffer pH 7.4. Percentage values were calculated as the amount (moles) of
each peptide which degraded via dkp formation with respect to time compared to the amount of each peptide present
at T=0.

As can be seen from Figure 6-17, the length of the peptide chain had virtually no effect on the rate of

dkp formation. YASAP, YASAAP and YASAAAP all formed a cyclic YA (dkp) at comparable rates.

6.6 Effect of buffers on dkp formation

Phosphate buffer has been shown to act as a nucleophile [246, 247] and it is possible that this
affected the rate of dkp formation. To investigate the effect of buffers on the rate of dkp formation,
peptide incubations were a carried out in a range of buffers, all at pH 7.4. The Good’s buffers HEPES
and TES were chosen for comparison. Good’s buffers are characterised by low nucleophilicity and
are generally regarded as being biologically inert [248].Peptides (SPSY and SASY) were incubated (in
triplicate) at 60 °C pH 7.4 in each buffer (phosphate, HEPES, TES) and characterised as per

Incubation-B (Section 2.2.1).
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6.6.1 Results and Discussion

Figure 6-18 and Figure 6-19 show that dkp formation occurred fastest in phosphate buffer but was
observed in all buffers. Unsurprisingly given their structural similarity, the rate of dkp formation in

TES and HEPES was very similar.
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Figure 6-18: Percentage of SASY that degraded via formation of a dkp in HEPES, TES and Phosphate buffers. All buffers
were 100 mM pH 7.4 and incubations were at 60 °C. Percentage values were calculated as the amount (moles) of each
peptide which degraded via dkp formation as a function of time compared to the amount of each peptide present at
T=0.
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Figure 6-19: Percentage of SPSY that degraded via formation of a dkp in HEPES, TES and Phosphate buffers. All buffers
were 100 mM pH 7.4 and incubations were at 60 °C. Percentage values were calculated as the amount (moles) of each
peptide which degraded via dkp formation with respect to time compared to the amount of each peptide present at
T=0.
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The difference in rate of dkp formation between phosphate buffer and HEPES / TES buffers could be
explained by a number of factors including phosphate buffer acting as a general acid and base
catalyst [246]. lon pair formation between the sulfonic acid groups of MES and TES could also
potentially limit the formation of a dkp. Further work is needed but the important point is that
degradation via dkp occurred across a range of buffers implying that long-lived lens proteins with a

free amino terminal may be susceptible.

6.7 DKp formation at physiological temperature

As the degradations being modelled in this thesis are proposed to occur over many decades to long-
lived proteins in the human body [1], it was also considered important to show that these processes
could occur at physiological temperature. To do this, three model peptides were chosen. SPSY was
chosen based on it being a fragment of aB-crystallin (19-21) and that it has a Pro at the penultimate
(2’) position. SASY was chosen as a control which lacked a Pro in position 2. YPAATIPY was chosen as
a longer peptide that also has a Pro in the penultimate position. Peptides (SPSY, SASY and YPAATIPY)

were incubated (in triplicate) at 37 °C pH 7.4 and characterised as per Incubation-A (Section 2.2.1).

6.7.1 Results and Discussion

The standard curves generated for Section 6.5 were again used to calculate the number of moles of
each peptide that degraded via dkp formation (Figure 6-20). As can be seen, both SPSY and
YPAATIPY did degrade via dkp formation but SASY did not show measurable dkp production over the

timeframe employed.
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Figure 6-20: Time course showing (a) Loss of SPSY and appearance of SP dkp, (b) Loss of YPAATIPY and appearance of YP
dkp and (c) Loss of SASY but no formation of any SA dkp. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at
37 °C.

Figure 6-21 compares the percentage of each peptide that degraded via dkp formation.

70
® SPSY

— 60 A O SASY
é v YPAATIPY E
o
O 50 A
=
©
£
.
S 40
£ ¢
°
© 30 E
S
°
S 20
g
D
@
a 1041

0 A\ U O

0 2 4 6 8 10 12 14

Time (days)

Figure 6-21: Comparison of the percentage of each peptide that degraded via formation of a dkp at 37 °C. Percentage
values were calculated as the amount (moles) of each peptide which degraded via dkp formation with respect to time
compared to the amount of each peptide present at T=0.
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After 2 weeks incubation at 37 °C, ~50% of SPSY and ~20% of YPERTIPY has degraded via dkp
formation. However SASY, which does not have a penultimate Pro residue, did not show evidence of
degradation via dkp formation. Many known truncation sites in long-lived lens proteins generate a
shortened protein terminating in a penultimate Pro such as aB (45-57), yS (167-178) and yS (158-
173) [128, 187]. These data show that such truncated fragments should be prone to further

degradation via loss of a dkp.

6.8 Investigation into the potential for SY to spontaneously form a dkp

Following incubation of SPSY at physiological pH (60 °C) for Section 6.3 of this thesis the expected
products of SP dkp and SY were detected. However it was speculated that additional peptides which
formed were the result of SY spontaneously forming a dkp, which lead to the formation of other
racemised and possibly sequence-inverted peptides. This has been shown to occur in the literature
by Bada et al. [249, 250]. To test this SY and (D-Ser)Y were incubated separately as per Section 6.3

and characterised as per Incubation-B (Section 2.2.1).

6.8.1 Results and Discussion

As can be seen in Figure 6-22 both incubations resulted in the formation of a number of modified
peptides. Synthetic standards of SY dkp and (D-Ser)Y dkp were analysed by HPLC and found to co-

elute with peaks formed in both incubations.
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Figure 6-22: Comparison of T=0 and day-14 incubation time points of (a) SY incubation and (b) (D-Ser)Y incubation. Peaks
indicated by (*) have not been assigned.

Samples of the peaks proposed to be SY dkp and (D-Ser)Y dkp were isolated and analysed by *H NMR
spectroscopy (Figure 6-23). Upon formation of a dkp, an additional peptide bond NH is formed. I.e
the di-peptide SY contains one NH peptide bond whereas SY dkp contains two. This can be seen in
Figure 6-24. The occurrence of an additional NH signal in the 'H spectra of the peaks proposed to be

SY dkp and (D-Ser)Y dkp (indicated by * in Figure 6-23) supports the assignment of a dkp.
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Figure 6-23: 'H NMR spectrum of (a) proposed SY dkp isolated from incubation, (b) proposed (D-Ser)Y dkp isolated from
incubation, SY standard (c). (*) Indicates a peak corresponding to an NH.

While both incubations formed both D- and L- forms of the dkp, the ratios varied, with SY forming a
greater amount of the L- form and (D-Ser)Y forming a greater amount of the D- form. However both
incubations contained both D- and L- forms of the dkp indicating that racemisation is occurring. The
unidentified peaks in (indicated by * in Figure 6-22a) are speculated to be the result of sequence
inversion. Interestingly the total amount of dkp formed (based on peak area) in each incubation (i.e.
“SY dkp + (D-Ser)Y dkp”), varied significantly, with SY forming approximately twice as much as (D-
Ser)Y. This is possibly due to steric factors, with the L-form potentially being more favourable to
formation of the dkp ring. A mechanism outlining how these processes could occur is shown in

Figure 6-24.
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Figure 6-24: Mechanism which describes both racemisation and sequence inversion via formation of diketopiperazine.
The formation of an additional peptide bond (NH) upon conversion to a dkp is highlighted.

The results of this simple experiment demonstrate the complexity of characterising the products of

an incubation where the formation of a dkp is possible. Even with the simple dipeptide SY, the

formation of 12 peptides detailed in Table 6-2 is potentially possible.
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Table 6-2: Potential products which could form from SY via dkp formation

Potential products
SY

(D-Ser)Y
S(D-Tyr)

YS

(D-Tyr)s
Y(D-Ser)

SY dkp

YS dkp
(D-Ser)Y dkp
S(D-Tyr) dkp
Y(D-Ser) dkp
(D-Tyr)S dkp

This may explain the multiple products that are often seen by HPLC throughout this thesis.

6.9 Conclusions

This chapter explored the potential for peptides and long-lived proteins to degrade via the loss of an
cyclic dkp from the N-terminus. Model peptides were incubated at physiological pH and elevated
temperatures were used to simulate the extended periods that long lived proteins are exposed to. In
the lens many known truncation sites in a-crystallin generate a shortened protein terminating in SP
[128, 187] and as demonstrated in this chapter peptides with a penultimate Pro residue are
particularly prone to degradation via dkp formation [249]. A model peptide (SPSY), based on one
such truncation point (Ser 19 in aB-crystallin) was shown to be susceptible to further degradation
via dkp formation, indicating this could be occur in the aged-lens. To examine the potential for
peptides lacking a penultimate Pro to form a dkp, the peptide SASY was incubated under identical

conditions and it formed a dkp at a rate approximately three times slower than SPSY.

Dkp formation was shown to occur in a range of buffers. The difference in rate between the three

buffers (TES, HEPES and phosphate) is speculated to be the result of a number of factors, including
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phosphate buffer as a general acid and base catalyst [246]. The key message though is that in all

buffers, dkp formation did occur and this suggests its potential to occur in the aged lens.

It was conceivable that only short peptides may readily form diketopiperazines and to test this, the
effect of lengthening the peptide was examined. The results indicated that peptide length up to 7
amino acids in length did not have any effect on the rate of dkp formation suggesting that it could

also potentially occur in long-lived proteins

Crucially for peptides with a penultimate Pro residue, N-terminal truncation was also shown to occur
under physiological conditions (pH 7.4 and 37 °C). Peptides without a penultimate Pro residue did
not show any evidence of dkp formation, but it is possible that it could still occur in the lens over
many decades. While it is likely that proteins may degrade at a slower rate than peptides [251], this
data is still strong evidence that for truncated fragments with a penultimate Pro, further degradation

via dkp formation is possible in biological systems.
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7 Chapter 7: Racemisation at the N-terminus

7.1 Introduction

This chapter describes the investigation of an unexpected modification that was observed when
model peptides were incubated at physiological pH (Section-4.3). Following incubation of PFHSPSY in
100 mM phosphate buffer pH 7.4 at 60 °C a major degradation product was observed. The
characterisation of this modification, and its assignment as (D-Pro)FHSPSY is detailed in this chapter.

Other factors in relation to this novel modification were then examined.

With the exception of Asp/Asn residues and to a lesser extent GIn/Glu, which racemise via an
internal succinimide ring, racemisation of all other amino acids is thought to occur via a carbanion
intermediate [203]. This is often base-catalysed. Removal of the hydrogen atom attached to the a
carbon results in a negatively-charged planar carbanion intermediate being formed (Figure 7-1). Re-
addition of a hydrogen ion to the carbanion results in an equal probability of either the D or the L

enantiomer being formed.

(eleley (elele} coo"
| — _ + H+ |
\\‘C C /C y
RW T~ R ONNH H MR
3
NH,* NH;"*

Figure 7-1: Base catalysed racemisation mechanism. Adapted from [252].

Factors known to increase the rate of racemisation include pH, temperature and, for free amino
acids, enzymes that use pyridoxal phosphate [253-255]. An example of this can be seen in the food
industry where protein containing foods are commonly treated with alkali in the course of preparing
protein concentrates, or for destroying microorganisms, and this has been shown to lead to

extensive amino acid racemisation [256, 257].
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7.2 Aim

The aim of this chapter was to investigate the structure of a novel peak formed during the
incubation of peptides for Section 4.3. A long-lived lens protein was also examined for evidence of

this novel modification and a mechanism was proposed to explain how it occurs.

7.3 N-terminal racemisation of a model peptide

In Chapter 4 (Section 4.3), a novel product was observed when PFHSPSY (aB 16-21) was incubated at
60 °C and physiological pH. This section describes the incubation studies and subsequent spectral

analysis leading to the eventual assignment of (D-Pro)FHSPSY as the major product.

7.3.1 Results and Discussion

HLPC Analysis and purification

Figure 7-2 shows a HPLC trace (280 nm) of the day-3 time point indicating formation of a major

degradation product (Peptide-X).

mAU
PFHSPSY

80 —
60

40

20 Peptide-X

Figure 7-2: HPLC trace (280 nm) showing the formation of Peptide-X following incubation of PFHSPSY for 3 days at 60 °C.
Incubation was carried out in 100 mM phosphate buffer pH 7.4.
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Re-incubation of Peptide-X

Peptide-X was collected, lyophilised and incubated under identical conditions. Analysis of the
products of this incubation by HPLC PDA detection and MALDI mass spectrometry revealed Peptide-

X partially converted back to PFHSPSY (Figure 7-3).

Tera: 20,0018 Miratez - Arpltuada: 0 OI038 \6hz

014

! Peptide-X T= Day-3
PFHSPSY |

: I N

) Peptide-X I=0

0.0z 004

040

1900 1435 1450 1475 1500 1525 1550 1575 1800 1635 1850 1875 700 1735  7AD  7a5 1800 1875 1 1875 1900 1095  wAD 1975
binuses

Figure 7-3: HPLC trace (280 nm) showing the formation of PFHSPSY following the re-incubation of Peptide-X. Peptide
was incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.

MALDI mass spectrometry

Subsequent analysis of Peptide-X by MALDI mass spectrometry (Figure 7-4) revealed that it had the
same molecular weight as PFHSPSY and a matching MS/MS fragmentation pattern. It was therefore

assumed to be a cis Pro variant of PFHSPSY.
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Figure 7-4: MALDI analysis of (a) PFHSPSY and (b) Peptide-X formed during incubation in 100 mM phosphate buffer pH
7.4 at 60 °C

Cis Pro

Peptides containing Pro are unique in terms of their capacity to form peptide bond conformers
[258]. Peptide bonds involving Pro residues can adopt two different conformations (cis and
trans), which can be simultaneously present in solution because of the low energy barriers of
rotation about the peptidyl-Pro imide bond [259, 260]. This is unlike other amino acids where the

enegy barrier is much greater and cis bonds are rarely observed.

(a) Trans (b) Cis

Figure 7-5: Cis and trans Pro bond configuration. Adapted from Lu et al.[261].
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1H NMR spectroscopy

A comparison of the 'H NMR spectra (1-4 ppm) of PFHSPSY and Peptide-X is shown in Figure 7-6 .It
revealed that despite having the same molecular weight, there are differences between the two

peptides, most notable the shift of the multiplet at 1.6 ppm.

(a)
MM A S A

(b)

LIS INL N L [ [ [ [ Y F  [
3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 20 1.8 1.6

'H chemical shift (ppm)

Figure 7-6: 'H Proton NMR spectrum of (a) PFHSPSY and (b) Peptide-X. Samples were made up in 50 mM phosphate
buffer pH 7.4 containing 1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) and 10% D,0.

2D ROESY spectroscopy

The spectroscopic identification of a cis-Pro peptide bond by NMR traditionally relies upon
observation of a strong 'H* -'H* NOE correlation (Figure 7-7a) between the two sequential residues
[262]. Due to its different orientation, a trans-Pro peptide bond is expected to have a 1Ha -*H® NOE

correlation (Figure 7-7b) between the two sequential residues.
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a) Cis-proline bond (b) Trans-proline bond

HyN

HO

Figure 7-7: Expected NOE correlations for (a) cis-proline bond and (b) trans-Proline bond.

If Peptide-X was a cis-Pro isomer of PFHSPSY then there should be a H* -'H* NOE correlation
between the Ser 4 and the internal Pro residue (Pro 5). Analysis by 2D ROESY (Figure 7-8) did not

reveal any such correlation, indicating it was unlikely that a cis Pro bond was present.

A |
Iy "]

2] Pro 5 Ha
£ C SCLLILITITITTIPTrrS @
21 Ser4 Ha
"] @ *

\ 4 1
E"|"'\"'|"'\“'|"'|"‘\"'|"'\"'|
ppm 4.7 4 65 4.6 455 45 4.45 4.4 4.35 4.3 4.25

< 1H >

Figure 7-8: Selected region of the 2D ROESY spectrum of Peptide-X. Should a cis Pro bond be present then there should
be cross peaks present between the Pro 5 H" and the Ser 4 H® (Indicated by *). As there were no cross peaks in this area
it suggests that a cis-bond is not present in Peptide-X.
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13C HSQC NMR spectroscopy

It is known that NOE correlations are prone to chemical shift degeneration and artefacts originating
from insufficient water suppression [263], so a >C HSQC spectrum was also obtained. Improvements

in modern *C NMR sensitivity has allowed for *C HSQC spectra to provide clear Pro bond

characterisation with Pro Cg and C, 13C HSQC resonances shifting up-field by 2-3 ppm as the form

alters from trans to cis [264]. As can be seen from Figure 7-9, while there are distinct changes in the

'H chemical shift (indicated by the horizontal shift of the signals) there is almost no change in the Cp

and C, B¢ chemical shift (vertical axis). This also suggests that Peptide-X is unlikely to be a cis Pro

variant of PFHSPSY.
M BUFF (PFHSPSY cis HSAC) (HSAC 1HA 5C)
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Figure 7-9: Overlay of a partial HSQC spectrum from PFHSPSY (blue) and Peptide-X (grey).

The 2D NMR signals corresponding to each amino acid residue in PFHSPSY and in Peptide-X were

assigned. An example of the annotated *H TOCSY spectra of Peptide-X is shown in Figure 7-10.
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Figure 7-10: Partial TOCSY spectrum of Peptide-X showing the assignment of each signal to a corresponding amino acid
residue.

Figure 7-11 highlights the region of the TOCSY NMR spectrum where the signals corresponding to
the Pro residues in Peptide-X and PFHSPSY are located. The chemical shift values corresponding to
the N-terminal Pro (Pro 1) in PFHSPSY and Peptide-X differed significantly, whereas the signals
corresponding to Pro 5 in both peptides remained essentially the same. This suggested that Pro 1
was in a different chemical environment in the two samples and is thus likely to have undergone
modification. However, the fact that the change in chemical shifts was relatively small in magnitude
and that neighbouring residues were little affected suggested the modification was localised. The
most likely explanation of these results was that the N-terminal of Peptide-X had undergone

racemisation.
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Figure 7-11: Overlay of a region of the TOCSY spectrum of PFHSPSY (Blue) and Peptide-X (Grey). The signals
corresponding to the N-terminal Pro (Pro 1) vary considerably between PFHSPSY and Peptide-X where as the signals
corresponding to the internal Pro (Pro 5) in both peptides remain the same.

Chiral HPLC Amino Acid Analysis

To test for racemisation, Peptide-X and PFHSPSY were hydrolysed with HCl and subjected to chiral
amino acid analysis using Marfey’s reagent (Figure 7-12). This revealed that Peptide-X contained
~50% L-Pro and ~50% D-Pro, indicating that one of the Pro residues had racemised. There was no

evidence of racemisation of any amino acid in PFHSPSY, or any other amino acid in Peptide-X.
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Figure 7-12: Partial spectrum from chiral HPLC analysis (340 nm), comparing the acid hydrolysis products of (a) PFHSPSY
and (b) Peptide-X to a DL-Pro standard.

7.3.1.1 HPLC comparison of Peptide-X to a standard of (D-Pro)FHSPSY

Figure 7-13 shows the comparison of Peptide-X with a standard of (D-Pro)FHSPSY by HPLC. It was

found to have the same retention time and also co-eluted when a sample of Peptide-X was spiked

with (D-Pro)FHSPSY.
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Figure 7-13: HPLC traces(280 nm) of (a) PFHSPSY day-21 time point, (b) the PFHSPSY day-21 time point spiked with (D-
Pro)FHSPSY, (c) Standard of (D-Pro)FHSPSY.

NMR comparison of Peptide-X to a standard of (D-Pro)FHSPSY

Figure 7-14 shows a comparison of 'H proton spectra of Peptide-X and (D-Pro)FHSPSY. As can be
seen they are essentially identical. The *C HSQC spectra of both peptides were also overlaid (Figure

7-15) and shown to be identical, thus confirming the assignment of Peptide-X as (D-Pro)FHSPSY.
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Figure 7-14: 'H NMR spectrum of (a) (D-Pro)FHSPSY standard and (b) Peptide-X. Samples were made up in 50 mM
phosphate buffer pH 7.4 containing 1 mM TSS and 10% D,0.
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Figure 7-15: Overlay of the partial HSQC spectrum of PFHSPSY (Blue) and Peptide-X (Grey). Samples were made up in 50
mM phosphate buffer pH 7.4 containing 1 mM TSS and 10% D,0.

7.4 Effect of amino acid sequence on N-terminal racemisation (1’ Position)

In the aged human lens, truncated crystallin peptides are present that contain a variety of N-
terminal residues [84, 85, 126, 128]. As demonstrated in Section 7.3, a crystallin sequence-related
peptide containing an N-terminal Pro can be subject to N-terminal racemisation. This section aims to
expand on this finding and investigate the potential for other N-terminal residues to racemise. Three
peptides (SFHSPS, PFHSPS and AFHSPS) based on aB-crystallin (aB 16-21), but with different N-

terminal residues were selected. A C-terminal Tyr was added to each peptide to aid with HPLC UV
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detection. An N-terminal Ser was chosen as it has been identified as a major crystallin truncation
point, e.g. (A 1-168, 1-169, 1-172) in aged lens proteins [128, 187]. A peptide containing an N-
terminal Ala peptide was included as an example of the smallest amino acid that can racemise.
Peptides (SFHSPSY, PFHSPSY and AFHSPSY) were incubated (in triplicate) at 60 °C in 100 mM

phosphate buffer pH 7.4 as per Incubation-B (Section 2.2.1).

7.4.1 Results and Discussion

The major degradation products of each peptide were identified using methods similar to those
described in Section 7.3. A sample HPLC trace of day-14 showing the formation of (D-Ala)FHSPSY

from AFHSPSY is shown in Figure 7-16.
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Figure 7-16: HPLC trace (280 nm) of AFHSPSY day-14 time point showing the formation of (D-Ala)FHSPSY following
incubation at 60 °C. Degradation via other processes are shown with (*). Incubation was carried out in 100 mM
phosphate buffer pH 7.4.

Standard curves for each peptide were generated and these were used in combination with the

HPLC time point data to calculate the number of moles of each peptide that underwent N-terminal

racemisation over time. An example of the standard curve for SFHSPSY is shown in Figure 7-17.
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Figure 7-17: An example of a standard curve for SFHSPSY relating peak area at 280 nm to peptide amount (pg) injected
onto the HPLC column.

At each time point, the results of triplicates were averaged and the rate of disappearance of the

intact peptide and appearance of its N-terminal racemised adduct was plotted (Figure 7-18)
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Figure 7-18: Comparison of rate of Pro, Ser and Ala N-terminal racemisation. (a) Loss of PFHSPSY and appearance of (D-
Pro)FHSPSY, (b) loss of AFHSPSY and appearance of (D-Ala)FHSPSY and (c) loss of SFHSPSY and appearance of (D-
Ser)FHSPSY. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.

A comparison of the percentage conversion of each peptide to its N-terminally racemised form is
shown in Figure 7-19. A substantial difference between the rates was observed. After 14 days ~38%
of the N-terminal residue of PFHSPSY had racemised, compared to ~25% of the N-terminal residue of

SFHSPSY and only ~5% of the N-terminal residue of AFHSPSY peptide.
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Figure 7-19: Percentage of each peptide (PFHSPSY, SFHSPSY and AFHSPSY) that underwent N-terminal racemisation.
Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount
(moles) of each peptide which racemised at the N-terminal residue with respect to time compared to the amount of
each peptide present at T=0.

These results show that N-terminal racemisation can occur at physiological pH, under relatively mild
conditions and that the rate of racemisation varies significantly depending on the N-terminal amino

acid residue.
7.5 Effect of amino acid sequence on N-terminal racemisation (2’ Position)

To investigate the effect of the penultimate amino acid (denoted as 2’) on the rate of N-terminal
racemisation, four related peptides (Table 7-1) were examined. In each case only the residue in the
2’ position was varied. The peptides (PFHSPSY, PAHSPSY, PEHSPSY and PKHSPSY) were incubated (in

triplicate) at 60 °C in 100 mM phosphate buffer pH 7.4 as per Incubation-B (Section 2.2.1).
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Table 7-1: Four related peptides with different penultimate residues (underlined).

Peptide Penultimate residue
PEHSPSY Aromatic

PAHSPSY Neutral

PEHSPSY Acidic

PKHSPSY Basic

7.5.1 Results and Discussion

In each case the major products were identified using similar methods to those outlined in Section
7.3. A sample HPLC trace of PAHSPSY day-7 time point indicating N-terminal racemisation as the

major degradation product is shown in Figure 7-20.
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Figure 7-20: HPLC trace (280 nm) of PAHSPSY day-7 time point showing the formation of (D-Pro)AHSPSY following
incubation in 100 mM phosphate buffer pH 7.4 at 60 °C. Other peptide products are shown with (*)

Standard curves for each peptide were generated and these were used in combination with the
HPLC time point data to calculate the number of moles of each peptide that underwent N-terminal
racemisation as a function of time. At each time point the triplicate results were averaged and the
rate of disappearance of the original peptide and appearance of its N-terminal racemised product

was plotted (Figure 7-21).
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Figure 7-21: Time course of N-terminal racemisation showing (a) Loss of PEHSPSY and appearance of (D-Pro)EHSPSY, (b)
loss of PAHSPSY and appearance of (D-Pro)AHSPSY, (c) loss of PKHSPSY and appearance of (D-Pro)KHSPSY and (d) loss of
PFHSPSY and appearance of (D-Pro)FHSPSY. Peptides were incubated in 100mM phosphate buffer pH 7.4 at 60 °C

A comparison of the percentage conversion of each peptide to its N-terminally racemised adduct is

shown in Figure 7-22. From the data it is apparent that that the penultimate amino acid has an effect

on the rate of N-terminal racemisation.
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Figure 7-22: Percentage of each peptide (PAHSPSY, PEHSPSY, PKHSPSY and PFHSPSY) that underwent N-terminal
racemisation following incubation in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the
amount (moles) of each peptide which racemised at the N-terminal residue with respect to time compared to the
amount of each peptide present at T=0.

7.6 Effect of amino acid sequence on N-terminal racemisation (3’
Position)

Up until now all the peptides investigated in Sections 7.3 to 7.5 were based on a-crystallin (16-21)
and therefore had a His at the 3’ position. It was considered necessary to investigate whether this
was having an effect on the N-terminal racemisation rate. PFHSPSY and a control (PFASPSY) were
incubated (in triplicate) at 60 °C in 100 mM phosphate buffer pH 7.4 as per Incubation-B (Section

2.2.1).

7.6.1 Results and Discussion

Standard curves were generated and used in combination with the HPLC time point data to plot the

rate of racemisation of the N-terminal Pro in each case. At each time point the triplicate results were
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averaged and the rate of disappearance of the intact peptide and appearance of its N-terminal

racemised adduct was plotted (Figure 7-23).
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Figure 7-23: Time course of N-terminal racemisation showing (a) loss of PFASPSY and appearance of (D-Pro)FASPSY, and
(b) the loss of PFHSPSY and appearance of (D-Pro)FHSPSY. Peptides were incubated in 100 mM phosphate buffer pH 7.4
at 60 °C.

A comparison of the percentage racemisation of the N-terminal Pro residue of each peptide is shown

in Figure 7-24. The rate was found to be almost identical for both peptides indicating that at least for

this one example having a His at the 3’ position does not appear to have a significant effect on the N-

terminal racemisation rate and may be ruled out as having a major effect on racemisation of the N-

terminal amino acid.
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Figure 7-24: Time course of N-terminal racemisation showing the percentage of each peptide (PFHSPSY and PFASPSY)
that underwent N-terminal racemisation as a function of time. Peptides were incubated in 100 mM phosphate buffer pH
7.4 at 60 °C. Percentage values were calculated as the amount (moles) of each peptide which racemised at the N-
terminal residue with respect to time compared to the amount of each peptide present at T=0.

7.7 The effect of amino acid stereochemistry on the rate of racemisation

In order to investigate the effect of the enantiomeric form of the N-terminal amino acid residue on
the rate of N-terminal racemisation, two sets of peptides (Table 7-2), each differing only in the
stereochemistry of their N-terminal amino acids were compared. If N-terminal racemisation were
being caused by simple loss and re-addition of the a proton then the rate of the forward and back
reactions should be similar. The peptides were incubated (in triplicate) at 60 °C in 100 mM

phosphate buffer pH 7.4 as per Incubation-B (Section 2.2.1).

Table 7-2: List of two pairs of peptides each differing only by the stereochemistry of their N-terminal residues.

Pair #1 Pair #2
(L-Pro)FHSPSY (L-Pro)FHS(D-Pro)SY
(D-Pro)FHSPSY (D-Pro)FHS(D-Pro)SY
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7.7.1 Results and Discussion

As can be seen in Figure 7-25 the rate of racemisation of the N-terminal Pro residue in PFHSPSY

compared (D-Pro)FHSPSY is significantly different.
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Figure 7-25: HPLC trace (280 nm) of (a) PFHSPSY day-7 time point and (b) (D-Pro)FHSPSY day-7 time point. (Peptide-Y is
an additional modification whose characterisation is discussed in Chapter 8).

At each time point the triplicate results were averaged and the rate of disappearance of the intact

peptide and appearance of its N-terminal racemised adduct was plotted (Figure 7-26).
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Figure 7-26: Time course of N-terminal racemisation showing (a) loss of PFHSPSY and appearance of (D-Pro)FHSPSY, (b)
loss of (D-Pro)FHSPSY and appearance of PFHSPSY, (c) loss of (D-Pro)FHS(D-Pro)SY and appearance of PFHS(D-Pro)SY
and (d) loss of PFHS(D-Pro)SY and appearance of (D-Pro)FHS(D-Pro)SY. Peptides were incubated in 100 mM phosphate
buffer pH 7.4 at 60 °C.

A comparison of the percentage of each peptide that underwent N-terminal racemisation with
respect to time was plotted in Figure 7-27 and Figure 7-28. It is apparent that both the L N-terminal
amino acids peptides racemised at a significantly faster rate than the corresponding D N-terminal
amino acid peptides. It seems unlikely this difference could be explained if N-terminal racemisation
was occurring only via the simple loss / re-addition of the alpha proton. A mechanism, whereby the
orientation of a D amino acid could make it less susceptible to forming a ring and hence affect the

rate of racemisation is more likely and this will be discussed in more detail in Section 7.12.
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Figure 7-27: Percentage of PFHSPSY and (D-Pro)FHSPSY that underwent N-terminal racemisation. Peptides were
incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount (moles) of
each peptide which racemised at the N-terminal residue with respect to time compared to the amount of each peptide
present at T=0.

35

30

25 A

20 A

15 1

10 A

N-Terminal Racemisation (%)

5 ® PFHS(D-Pro)SY
O (D-Pro)FHSP(D-Pro)SY

0 o T T T T T T T
0 2 4 6 8 10 12 14

Time (days)

Figure 7-28: Percentage of PFHS(D-Pro)SY and (D-Pro)FHS(D-Pro)SY that underwent N-terminal racemisation. Peptides
were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount (moles)
of each peptide which racemised at the N-terminal residue with respect to time compared to the amount of each
peptide present at T=0.
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7.8 Effect of buffer on racemisation

To examine the effect of the type of buffer on the rate of N-terminal racemisation, incubations were
carried out in other buffers, all 100mM at pH 7.4. In addition to phosphate buffer, the Good’s buffers
HEPES and TES buffers were employed. Good’s buffers are characterised by low nucleophilicity and
are generally regarded as being biologically inert [248]. PFHSPSY was incubated (in triplicate) at 60 °C

pH 7.4 in each buffer (phosphate, HEPES, TES) as per Incubation-B (Section 2.2.1).

7.8.1 Results and Discussion

As can be seen in Figure 7-29, racemisation of the N-terminal amino acid residue appears to be the
major modification in each of the three buffers. This suggests that racemisation of the N-terminal
amino acid is not markedly affected by the type of buffer. The rates of racemisation of the N-
Terminal Pro residue in each buffer was plotted in Figure 7-30. It shows that the rate of racemisation
of the N-terminal is initially relatively similar in all three buffers. However, by day-11 some
differences were observed. The rate of N-terminal racemisation in phosphate buffer appears to slow
compared to HEPES and TES. This is most likely because the rate of degradation of PFHSPSY via other
processes is more significant in phosphate buffer and this skews the data. Evidence of this can be
seen in Figure 7-29 where the phosphate buffer trace shows more evidence of earlier eluting HPLC

peaks than for other buffers. This is discussed in more detail in Chapter 8.
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Figure 7-29: HPLC trace (280 nm) of day-11 time points following incubation of PFHSPSY in (a) phosphate buffer, (b)
HEPES buffer, and (c) TES buffer at 60 °C. All buffers were 100 mM pH 7.4.
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Figure 7-30: Percentage of PFHSPSY that underwent N-terminal racemisation following incubation in (a)100 mM
phosphate buffer pH 7.4, (b) 100 mM TES pH 7.4 and (c) 100 mM HEPES pH 7.4 all at 60 °C. Percentage values were
calculated as the amount (moles) of each peptide which racemised at the N-terminal residue with respect to time
compared to the amount of each peptide present at T=0.

7.9 Effect of pH on N-terminal racemisation

In most cells, protein degradation occurs at an acidic pH in the lysosome. While N-terminal
racemisation has been shown in the previous section to occur readily at neutral pH, the aim of this
experiment was to investigate the effect of acidic pH on the rate of N-terminal racemisation. This
may also give further insight into the mechanism. The peptide PFHSPSY was incubated (in triplicate)
at 60 °C in MES buffer pH 5.4, compared to phosphate buffer pH 7.4, and characterised as per

Section 2.2.2.

7.9.1 Results and Discussion

A standard curve was generated as detailed in the Materials and Methods Chapter and this was used
in combination with the HPLC time point data to calculate the number of moles of each peptide that
underwent N-terminal racemisation. At each time point the triplicate results were averaged and the
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rate of disappearance of the intact peptide and appearance of its N-terminal racemised adduct was

plotted (Figure 7-31).
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Figure 7-31: Effect of pH. Time course of N-terminal racemisation showing the loss of PFHSPSY and appearance of (D-
Pro)FHSPSY following incubation in (a) 100 mM phosphate buffer pH 7.4 and (b) 100 mM MES buffer pH 5.4.

As can be seen in Figure 7-32 while N-terminal racemisation does occur at pH 5.4, the rate is
markedly reduced compared to pH 7.4. The implications of this in relation to the potential

mechanism of N-terminal racemisation is discussed in Section 7.12.
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Figure 7-32: Percentage of PFHSPSY that underwent N-terminal racemisation following incubation at (a) pH 7.4 and (b)
pH 5.4. Peptides were incubated in 100 mM phosphate buffer (pH 7.4) and 100 mM MES buffer (pH 5.4) at 60 °C.
Percentage values were calculated as the amount (moles) of each peptide which racemised at the N-terminal residue
with respect to time compared to the amount of each peptide present at T=0.
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7.10 Incubation at physiological temperature

As the degradations being modelled in this thesis are proposed to occur over many decades in the
lens, the use of elevated temperatures to study these processes was deemed necessary. However it
also was considered important to show that these processes can occur at physiologically relevant
temperatures. The model peptide PFHSPSY was incubated (in triplicate) at 37 °C in 100 mM

phosphate buffer pH 7.4 and characterised as per Incubation-A (Section 2.2.1).

7.10.1 Results and Discussion

A HPLC trace showing the degradation products formed after incubation at 37 °C for 11 weeks is

shown in Figure 7-33.
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Figure 7-33: Degradation of PFHSPSY at 37 °C. A HPLC trace (280 nm) of the week-11 time point is shown. PFHSPSY was
incubated in 100 mM phosphate buffer pH 7.4. Peptide-Y is characterised in Chapter-8.
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The percentage of PFHSPSY that was modified via racemisation of its N-terminal amino acid residue

is shown in Figure 7-34.

N-Terminal Racemisation (%)

® PFHSPSY

0‘ T T T T T
0 2 4 6 8 10

Time (weeks)
Figure 7-34: Percentage of PFHSPSY that underwent N-terminal racemisation. PFHSPSY was incubated in 100 mM
phosphate buffer pH 7.4 at 37 °C. Percentage values were calculated as the amount (moles) of PFHSPSY which racemised
at the N-terminal residue with respect to time compared to the amount of PFHSPSY present at T=0.
After 11 weeks at 37 °C, ~5% of PFHSPSY had racemised at the N-terminus forming (D-Pro)FHSPSY.
The rate is approximately 20 times slower than at 60 °C. However, based on these results, and given
that proteins in the human lens and other tissues exists for decades, it is expected that a significant

amount of N-terminal racemisation of proteins with free amino terminal amino acids would occur

with age.

7.11 N-terminal racemisation of a human lens protein

Having established that N-terminal racemisation of peptides can occur under physiological
conditions, it was of interest to examine a known long-lived protein to determine if racemisation

could be observed. Aquaporin 0 (AQPO), an abundant integral membrane protein in the lens [78, 84]
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was chosen as a suitable long-lived protein to examine if age-related N-terminal racemisation could
be detected. AQPO has an N-terminal Met residue that is located within the cytosol. The sequence of

AQPO highlighting the N-terminal tryptic peptide is shown diagrammatically in Figure 7-35.
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259

Figure 7-35: Sequence of AQPO. The N-terminal tryptic peptide is highlighted. Adapted from Schey et al. [86].

The aims of this experiment were to:

(1) To determine if a tryptic peptide corresponding to the N-terminus of AQPO could racemise
(2) To purify AQPO from an aged human lenses and isolate (L-Met)WELR and (D-Met)WELR (if
present) using digestion with trypsin and purification via semi-preparative HPLC to

determine if age-related N-terminal racemisation occurs in the lens.

N-terminal tryptic peptide of AQPO

The N-terminal peptide expected from the tryptic digestion of AQPO is MWELR (Figure 7-35). To
confirm that racemisation of the N-terminal residue could occur, a synthetic peptide corresponding

to this sequence (MWELR) and its D-Met analogue (D-Met)WELR were incubated (in triplicate) at
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60 °C in 100mM phosphate buffer pH 7.4 and characterised as per Incubation-B (Section 2.2.1). Cell
membranes containing AQPO were then isolated from five human lens pairs (age range 67-69 years)
which were dissected into nucleus / cortex regions. These were then digested with trypsin and

characterised by ESI MS/MS and MALDI MS/MS mass spectrometry.

Results

Sample HPLC traces (280 nm) of the day-21 time-point from the incubation of MWELR and (D-
Met)WELR are shown in Figure 7-36 and Figure 7-37. In each case, racemisation of the N-terminal

amino acid residue was the major modification.
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Figure 7-36: Incubation of MWELR at 60 °C. A HPLC trace (280 nm) of the day-21 time point is shown. MWELR was
incubated in 100 mM phosphate buffer at pH 7.4.
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Figure 7-37: Incubation of (D-Met)WELR at 60 °C. A HPLC trace (280 nm) of the day-21 time point is shown. (D-Met)WELR
was incubated in 100 mM phosphate buffer at pH 7.4.

151



Standard curves for each peptide were generated and used in combination with the time course
data to calculate the number of moles of each peptide that underwent N-terminal racemisation

(Figure 7-37).
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Figure 7-37: The above graphs show the (a) loss of MWELR and appearance of (D-Met)WELR and (b) loss of (D-Met)WELR
and appearance of MWELR following incubation in 100 mM phosphate buffer pH 7.4 at 60 °C.

At each time point the triplicate results were averaged. The percentage of each peptide that
racemised at the N-terminal residue is shown in Figure 7-38. As per Section 7.7, the L-stereoisomer

again racemised faster than the D-stereoisomer.
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Figure 7-38: Percentage of MWELR and (D-Met)WELR that underwent N-terminal racemisation. Peptides were
incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount (moles) of
each peptide which racemised at the N-terminal residue with respect to time compared to the amount of each peptide
present at T=0.
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Figure 7-39 shows that (D-Met)WELR was also more stable to degradation following exposure to

elevated temperature.
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Figure 7-39: Percentage of (L-Met)WELR and (D-Met)WELR remaining with respect to time when, peptides were
incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount (moles) of
each peptide remaining with respect to time compared to the amount of each peptide present at T=0.

Following isolation of AQPO from the human lens samples, digestion with trypsin and purification by
semi-preparative HPLC, the following four fractions were obtained:

(1) Cortex MWELR

(2) Cortex (D-Met)WELR

(3) Nucleus MWELR
(4) Nucleus (D-Met)WELR

Analysis by MALDI mass spectrometry revealed each fraction contained an ion of 734 Da, which

could correspond to MWELR / (D-Met)WELR. A sample MALDI spectrum of the Nucleus (D-

Met)WELR fraction is shown in Figure 7-40.
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Figure 7-40: MALDI spectrum (D-Met)WELR fraction from the nucleus.

However, the presence of an ion at 734.3 Da is insufficient to prove the existence of the AQPO N-
terminal peptide. For confirmation, each fraction was analysed by MALDI MS/MS and compared to a
standard of MWELR. The predicted fragmentation ions of MWELR are detailed in Figure 7-41. An
example showing that the MS/MS fragmentation of the Cortex MWELR fraction, the Nucleus (D-

Met)WELR fraction and a standard of MWELR are essentially identical is presented in Figure 7-42.

Amino acid | Immoniumion | Bion Bion—-H.0 Y ion Y-H,0
M 104.05 734.37 716.35
W 159.09 318.13 603.32 585.31
E 102.06 447.17 429.16 417.25 399.23
L 86.10 560.25 542.24 288.2
R 129.11 175.12

Figure 7-41: Predicted fragmentation ions of MWELR.
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Figure 7-42: MALDI MS/MS spectra of the 734 Da ion from (A) the cortex (L-Met)WELR fraction, (B) the nucleus (D-
Met)WELR fraction and (C) a standard of MWELR. Sequence ions are labelled according to Biemann’s
nomenclature[265]. The immonium ions for each amino acid were also detected (data not shown).

Additional information was also obtained by ESI MS/MS fragmentation of the 4 fractions at the
Bioanalytical Mass Spectrometry Facility (BMSF) at the University of New South Wales, followed by
positive MASCOT database assignment. An example of the MS/MS fragmentation of (D-Met)WELR

from the nuclear fraction is shown in Figure 7-43.
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Figure 7-43: ESI MS/MS analysis of (D-Met)WELR from the nucleus. The major ions detected match those seen in the
MALDI MS/MS spectrum.

Semi-quantitative analysis of the un-purified tryptic digests by ESI LC-MS/MS, and comparison with
standards of MWERL and (D-Met)WELR revealed ~28% of the N-terminal of AQPO in the nucleus of
the lens was found to have racemised by age 68 (Figure 7-44) .Conversely in the cortex, which is the

newer part of the lens ~13% was found to have racemised (Table 7-3).

Table 7-3: Relative racemisation of AQPO in human lens cortex and nucleus. Lenses were aged 68 +/- 1 year.

Sample MWELR response D-MWELR response L/D ratio
Nucleus 7228902 2011073 3.59
Cortex 108698515 14423522 7.54
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Figure 7-44: SIM [368 M+2H]2+ taken from the ESI LC-MS of (a) Mixture of MWELR and (D-Met)WELR synthetic
standards, (b) Nucleus fraction, (c) Cortex fraction. Each ion corresponding to MWELR / (D-Met)WELR in the above
samples was subjected to MS/MS fragmentation and confirmed to match the fragmentation of the standards.

In terms of susceptibility to enzymatic proteolysis, it is very likely that having a D-amino acid at the
N-terminus will inhibit cleavage of a long-lived protein by exopeptidases, since they are generally
inactive on the D-isomers [266]. To investigate this, the stability of (L-Met)WELR and (D-Met)WELR
to enzymatic degradation by leucine amino peptidase (LAP), a common lens enzyme [267] was
examined. Figure 7-45 shows that (D-Met)WELR was resistant to degradation by the enzyme leucine

amino peptidase (LAP) where as MWELR was completely degraded.
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Figure 7-45: Percentage of (L-Met)WELR and (D-Met)WELR remaining with respect to time. Peptides were incubated
(1mg/ml) with 1 pug leucine amino peptidase (1:1000, enzyme: substrate) in 100mM Tris buffer pH 8.5 at 30 °C.
Percentage values were calculated as the amount (moles) of each peptide remaining with respect to time compared to
the amount of each peptide present at T=0.

7.12 Mechanism

In this section an effort was made to propose a mechanism that could explain all of the findings

observed in this chapter. Such a mechanism needs to account for the fact that:

(1) The N-terminal and penultimate residues have a significant effect on the rate of

racemisation.
(2) L N-Terminal residues racemise faster than their D counterparts.

(3) N-Terminal racemisation rate is slower at pH 5.4.

For these reasons a mechanism involving a cyclic intermediate rather than simple loss / re-addition of the alpha proton
of the alpha proton was proposed (

Figure 7-46).
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To investigate this mechanism, a peptide with a penultimate iso-Asp residue was examined. It is
proposed that due to the structure of the iso-Asp residue it be much less likely to form the Schiff
base described in Figure 7-47 and as a result should be less susceptible to N-terminal racemisation
via this process. The reason for this is outlined in Figure 7-47. To test this, PFHSPSY and P(lso-
Asp)HSPSY were incubated (in triplicate) at 60 °C pH 7.4 in 100 mM phosphate buffer and

characterised.
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Figure 7-47: Mechanism demonstrating how a penultimate isoAsp would be less likely to participate in a ring mechanism
detailed Error! Reference source not found., preventing/slowing N-terminal racemisation.

7.12.1 Results and Discussion
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7.12.1 Results and Discussion

As can be seen in Figure 7-48, and in contrast to the incubation of PFHSPSY, there was no evidence

of N-terminal racemisation following incubation of P(iso-Asp)HSPSY for 7 days at 60 °C.
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Figure 7-48: HPLC trace (280 nm) showing the degradation products formed following incubation of (a) P(Iso-Asp)HSPSY
and (b) PFHSPSY in 100 mM phosphate buffer pH 7.4 at 60 °C for 7 days. The characterisation of Peptide-Y is discussed in

Chapter 8. (*) represents the elution time of (D-Pro)(iso-Asp)HSPSY

The major degradation product of P(iso-Asp)HSPSY had a molecular weight of 18 amu less than

P(iso-Asp)HSPSY, which may indicate the formation of the ring described in Figure 7-47. Crucially it

appears that substituting the penultimate residue with iso-Asp (an amino acid that is less likely to

form a ring with the N-terminal residue), has prevented, or at least significantly reduced N-terminal

racemisation, strongly supporting the ring mechanism detailed in Figure 7-47 as the cause of N-
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terminal racemisation. This is likely the formation of a succinimide type ring but due to time

constraints the formation of a -18 Da ring will be investigated in future work.

7.13 Conclusions

This chapter investigated a novel modification where peptides were found to undergo facile
racemisation of their N-terminal residues when incubated at physiological pH. It is proposed that
many long lived proteins in the human body that have a free amino terminal could be subject to a
similar modification. However, most long-lived proteins (e.g. crystallins) in the lens have acetylated
N-termini [2] and as a result would not be subject to N-terminal racemisation. Other major lens
proteins including the connexins and gamma crystallin have N-terminal Gly meaning they are also
not subject to N-terminal racemisation since Gly is the only amino acid that does not exist in D and L
forms [268]. However, extensive age-related truncation of lens proteins [126, 127, 196, 197] has
been documented and the premise of this chapter is that following truncation, all of the resulting

peptide fragments would be also subject to modifications such as N-terminal racemisation.

The results in this chapter suggest that an N-terminal Pro residue is susceptible to age-related
racemisation when exposed to physiological conditions. In the case of long-lived proteins, due to the
difficulties breaking down both N-terminal Pro residues and D-amino acid residues, this could lead to
the accumulation of peptide fragments. It has also been shown in the literature that a substantial
amount of crystallin truncation occurs at the N-terminal of Ser [128, 187]. Given the potential for N-
terminal Ser residues to racemise at a comparable rate to Pro residues, there is also the potential for

build up of peptide fragments with an N-terminal D-Ser residue.

While an exhaustive study was not carried out, it is apparent that amino acid residues in the
penultimate position (2’) had an effect on the rate of N-terminal racemisation. More importantly, it
occur across a range of penultimate residues suggesting that an N-terminal residue prone to

racemisation could racemise regardless of its adjoining residue. The role of the amino acid in the 3’
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position does not appear be as significant. It was also demonstrated that N-terminal racemisation
could occur in a range of buffers commonly used to imitate physiological conditions as well as at

physiological temperatures.

Interestingly, there appears to be a clear difference between the rates of N-terminal racemisation of
D residues compared to their corresponding L-residue. In all examples studied, the L stereoisomer
racemised at a faster rate and this suggests that racemisation may be occurring via a more complex
mechanism than simple loss and regain of the a proton, which should not be affected by the
stereochemistry of the residue. Incubation of a model peptide with an iso-Asp residue in the
penultimate position prevented N-terminal racemisation. This supports the theory that N-terminal
racemisation is being caused by a ring mechanism. Further studies will be required to confirm this. A
ring mechanism similar to that observed but by Sepetov et al [250], but involving the formation of a
Schiff base, has been proposed. Racemisation of N-terminal residues has previously been described

in the literature [250] and proposed to occur via the mechanism in Figure 7-49.
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2™ residues. X = rest of peptide.

In this mechanism, the tetrahedral intermediate, which contains a secondary amino group derived
from the amide bond between the second and third amino acid residue, can potentially form a
bicyclic structure by transannular attack of the newly formed hydroxyl group on the carbonyl group
in the diketopiperazine like ring which could also lead to racemisation of the N-terminal residue.
Previous studies have also shown that N-terminal residues are known to racemise faster due to the

free amino group stabilising the carbanion [269, 270].

To investigate if N-terminal racemisation was occurring in the aged lens, the membrane protein

AQPO was examined. Evidence of N-terminal racemisation was found in both the cortex and the
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nucleus of the lens. To our knowledge, this represents the first example of age-related N-terminal
racemisation in the lens. The amount of N-terminal racemisation was quantified and revealed that in
the nucleus, ~28% of AQPO had undergone racemisation. Conversely only 13% of the cortex (which is
the newer part of the lens) was found to have racemised. While the full consequences of this remain
to be understood initial studies suggest that it may have a stabilising effect on the protein reducing

its susceptibility to enzymatic and chemical degradation.

The exact consequences for proteins with D N-terminal amino acids remains to be seen, but it is
known that enzymes by their nature are substrate-specific. Studies have shown that substitution of
an L- amino acid with a D- amino acid in the substrate results in increased peptide stability due to
resistance to enzymatic degradation [271-273]. Specific enzymes are also required to degrade
peptides containing D-amino acid residues [271, 274]. In the lens, protein degradation is carried out
by two major proteolytic systems, the proteasome and the lysosome [275]. Proteasomes are located
in both the nucleus and the cytoplasm and their main function is to degrade unneeded or
damaged proteins by proteolysis [276]. Lysosomes are a single membrane compartment containing

hydrolases that perform a similar function but with enzymes optimised for an acidic pH [208].

These proteolytic enzymes can be broadly classified based on their mechanism of degradation.
Endopeptidases cleave internal peptide bonds, whereas exopeptidases cleave terminal residues. An
aminopeptidase is an exopeptidase that catalyses the stepwise cleavage of a single amino acid from
the amino terminus of a peptide. Due to its unique structure and imide peptide bond, Pro residues
are often resistant to the action of peptidases and specific Pro peptidases are required [277]. These
Pro peptidases are restricted in their action in that the Pro residue must exist in a particular position
in the peptide substrate before hydrolysis will take place. For example, proline iminopeptidase,
requires a Pro residue at the N-terminus of a peptide while aminopeptidase P requires a Pro residue

in the N-terminal penultimate position [277-279].

165



8 Chapter 8: Truncation at the N-Terminus

8.1 Introduction

This chapter investigated another unexpected degradation that was observed when peptides were
incubated in Chapter-4. The major degradation product formed following incubation of PFHSPSY in
100 mM phosphate buffer pH 7.4 at 60 °C was N-terminally racemised (D-Pro) FHSPSY. Another
degradation product of that incubation (Peptide-Y) which was not discussed in Chapter 7 was
truncation of the N-terminal Pro residue (Figure 8-1). This chapter describes the characterisation of
this modification and investigated if the loss of N-terminal Pro is a unique degradation, or if other
amino acid residues could be subject to a similar truncation. Some factors were also investigated to

see if N-terminal truncation could potentially occur in the aged human lens.

e PFHSPSY

80

60 -
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20- Peptide-X

Peptide-Y
ol
T T

Figure 8-1: HPLC trace (280 nm) showing the formation of Peptide-Y following incubation of PFHSPSY at 60 °C. Peptide
was incubated in 100 mM Phosphate buffer pH 7.4 (1 mg/ml) for 3 days.

8.2 Aim

The aim of this chapter was to examine factors which lead to truncation of a peptide at the N-

terminal.
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8.3 Characterisation of N-terminal truncation

PFHSPSY was incubated (in triplicate) in 100 mM phosphate buffer pH 7.4 at 60 °C and characterised

as per Incubation-B (Section 2.2.1).

8.3.1 Results and Discussion

Figure 8-2 shows that two of the major products of PFHSPSY, after incubation at 60 °C, were

resolved by semi-preparative HPLC.

Teme: 18,0298 Mirats - Arglitude: 0000778 s

PFHSPSY

003

Peptide-X

Peptide-Y

000

Figure 8-2: Semi preparative HPLC trace (280 nm) showing purification of Peptide-Y formed from incubation of PFHSPSY.
PFHSPSY was incubated in 100 mM phosphate buffer pH 7.4 for 3 weeks at 60 °C. The alternating colours indicate the
fractions which were collected.

Peptide-X was characterised and discussed in Section 7.2. Analysis of Peptide-Y by MALDI mass
spectrometry (Figure 8-3) revealed a molecular ion [M+H]" of 737 Da which corresponds with the

molecular weight of FHSPSY suggesting the loss of the N-terminal Pro residue.
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Figure 8-3: MALDI spectrum of Peptide-Y isolated from incubation of PFHSPSY in 100 mM phosphate buffer pH 7.4 at
60 °C.

Peptide-Y was also shown to have the same retention time as FHSPSY by HPLC (Figure 8-4).
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Figure 8-4: (a) HPLC trace (280 nm) of day-3 time point following incubation of PFHSPSY, (b) the same day-3 time point
spiked with a commercial standard of FHSPSY.
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For final confirmation, Peptide-Y was subjected to MALDI MS/MS fragmentation and compared to a
standard of FHSPSY. The predicted fragmentation ions of FHSPSY are shown in Figure 8-5. As can be
seen in Figure 8-6, the MS/MS fragmentation of Peptide-Y matched that of a standard of FHSPSY.
This confirmed the assignment of Peptide-Y as FHSPSY, resulting from the truncation of the N-

terminal Pro residue.

Seq. | # | Immon b | bH20 | v | yH20
F 1 [12019 737.78 | 719.77
H | 2 572.59
S | 3 372.40] 3439 [45347] 43545
P 4 469,51 451.50 348.38
S 5 [ 6009 26927 251.26
Y B 13619 182.20

Figure 8-5: Predicted fragmentation ions of FHSPSY. The major ions present in Figure 8-6 are highlighted.

(a)

I lk - NI JLJ\ l N

(b)

T T T T T T T T T T T T
a0 100 150 200 240 300 350 400 450 500 550 600

Figure 8-6: MALDI MS/MS spectra of the 737 Da ion from (a) Peptide-Y and (b) FHSPSY standard.

8.4 Effect of amino acid sequence on N-terminal truncation (1’ Position)

In Section 8.3 the truncation of an N-terminal Pro residue following incubation at physiological pH
and 60 °C was characterised. This section aimed to investigate if other residues were subject to a

similar truncation, or if it is unique to Pro. Three peptides (SFHSPS, PFHSPS and AFHSPS) with
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different N-terminal amino acids were selected. A Tyr was added to the C-terminus of each peptide
to aid HPLC detection. PFHSPSY, SFHSPSY and AFHSPSY were incubated (in triplicate) at 60 °C pH 7.4

and characterised as per Incubation-B (Section 2.2.1).

8.4.1 Results and Discussion

Following truncation of the N-terminal residue, each of the peptides would form FHSPSY and this
was used to compare the rates of truncation. A sample HPLC trace (280 nm) of a day-14 time point

showing the formation of FHSPSY from PFHSPSY is shown in Figure 8-7.

PFHSPSY (D-Pro)FSPSY
mAU 3

60-
50-
4-
30-

20 FHSPSY

6 8 10 12 14 16 min

Figure 8-7: HPLC trace (280 nm) of day-7 time point showing the formation of FHSPSY following incubation of SFHSPSY.
Peptide was incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.

Standard curves for each peptide were generated as detailed in the Materials and Methods Chapter
(Section 2.24) and these were used in combination with the HPLC time point data to calculate the
number of moles of each peptide that underwent N-terminal truncation. The standard curve for

FHSPSY is shown in Figure 8-8.
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Figure 8-8: Standard curve for FHSPSY relating peak area at 280 nm to peptide amount (ug).

The HPLC results from the analysis of each incubation triplicate were averaged, points plotted +/-
the SD and the rate of disappearance of the intact peptide and appearance of its truncated adduct

was plotted (Figure 8-9).
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Figure 8-9: N-terminal Pro, Ala and Ser (a) Loss of PFHSPSY and appearance of FHSPSY, (b) loss of AFHSPSY and
appearance of FHSPSY, (c) loss of SFHSPSY and appearance of FHSPSY. Peptides were incubated in 100 mM phosphate

buffer pH 7.4 at 60 °C.

The percentage of each peptide which truncated via loss of the N-terminal residue to form FHSPSY is

shown in Figure 8-10.
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Figure 8-10: Percentage conversion of PFHSPSY, AFHSPSY and SFHSPSY to FHSPSY (truncation of N-terminal residue).
Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated as the amount
(moles) of each peptide which modified via truncation of its N-terminal residue with respect to time compared to the
amount of each intact peptide present at T=0.

The results indicate that while truncation of the N-terminal residue is not unique to Pro, there
appears to be a wide range in the rate. After 2 weeks incubation at 60 °C, only ~2% of N-terminal Ser
had been lost compared to ~6% of N-terminal Ala and ~14% of N-terminal Pro. One potential reason
for the difference in rate is shown in Figure 8-11. SFHSPSY forms a much greater amount of HSPSY
than PFHSPSY. This is likely due to the loss of an SF diketopiperazine as discussed in Chapter-6. One
of the main challenges of these studies has been the fact that it is difficult to study each degradation
process in isolation, but the important point is that the loss of an N-terminal residue was observed at

physiological pH in each of the three peptides studied suggesting it could potentially occur in the

lens.
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Figure 8-11: HPLC trace (280 nm) of day-7 time point showing the formation of FHSPSY following incubation of SFHSPSY.
Peptide was incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.

8.5 Effect of amino acid sequence on N-terminal truncation (2’ Position)

To investigate the effect of the penultimate amino acid (denoted as 2’) on the rate of loss of the N-

terminal amino acid four related peptides were examined (Table 8-1). In each case only the residue

in the penultimate position was varied. The peptides (PFHSPSY, PAHSPSY, PEHSPSY and PKHSPSY)

were incubated (in triplicate) at 60°C pH 7.4 as per Incubation-B (Section 2.2.1).

Table 8-1: Four related peptides with different penultimate residues (underlined).

Peptide Penultimate residue
PEHSPSY Aromatic

PAHSPSY Neutral

PEHSPSY Acidic

PKHSPSY Basic
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8.5.1 Results and Discussion

In each case the major degradation products were identified using similar methods to those
discussed in Section 8.3. A sample HPLC trace (280 nm) of a day-7 incubation time point showing the
formation of AHSPSY from PAHSPSY is shown in Figure 8-12. As indicated by (*), the loss of the N-

terminal residue is not the only degradation occurring in each incubation.

AU PAHSPSY

100+
80—
60

(D-Pro)AHSPSY

40

AHSPSY

Figure 8-12: HPLC trace (280 nm) day-7 time point showing the formation of AHSPSY following incubation of PAHSPSY.
Peptide was incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Degradation via other processes is shown by (*).

Standard curves for each peptide were generated as detailed in the Materials and Methods Chapter
(Section 2.24) and these were used in combination with the HPLC data to calculate the number of
moles of each peptide that underwent N-terminal truncation. At each time point the triplicate
results were averaged and the rate of disappearance of the intact peptide and appearance of its N-

terminally truncated adduct was plotted +/- SD (Figure 8-13).
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Figure 8-13: Effect of penultimate amino acid on rate of truncation of N-terminal residue. (a) Loss of PKHSPSY and
appearance of KHSPSY, (b) loss of PAHSPSY and appearance of AHSPSY, (c) loss of PEHSPSY and appearance of EHSPSY
and (d) loss of PFHSPSY and appearance of FHSPSY. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60

°C.

Figure 8-14 compares the percentage of each peptide that truncated at the N-terminal Pro residue.
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Figure 8-14: Percentage of the original peptide (PAHSPSY, PEHSPSY, PKHSPSY and PFHSPSY) that underwent truncation
of its N-terminal Pro residue compared to amount present at T=0. Percentage values were calculated as the amount
(moles) of each peptide which modified via truncation of its N-terminal residue with respect to time compared to the
amount of each intact peptide present at T=0.
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From the above data is appears the penultimate amino acid does affect the rate of loss of the N-
terminal Pro although it is not as pronounced as the effect on the rate of the N-terminal
racemisation discussed in Chapter 7. In summary, following two weeks of incubation at 60 °C (pH
7.4) the N-terminal Pro residues, regardless of the identity of the penultimate residues, were subject

to a minimum of 10% truncation.

8.6 Effect of amino acid sequence on N-terminal truncation (3’ Position)

As most of the peptides being investigated in Sections 8.2 and 8.4 were based on a-crystallin (16-21),
and therefore had a His at the 3’ position, it was necessary to investigate whether this had an effect
on the loss of the N-terminal amino acid. PFHSPSY and a control peptide where His was replaced by
Ala (PFHAPSY) were incubated (in triplicate) at 60 °C pH 7.4 and characterised as per Incubation-B

(Section 2.2.1).

8.6.1 Results

Standard curves for each peptide and degradation product were generated as detailed in the
Materials and Methods Chapter and these were used in combination with the HPLC time point data
to calculate the number of moles of each peptide that underwent N-terminal truncation. At each
time point the triplicate results were averaged and the rate of disappearance of the intact peptide

and appearance of its N-terminally truncated adduct was plotted (Figure 8-15).
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Figure 8-15: (a) Loss of PFHSPSY and appearance of FHSPSY, (b) loss of PFASPSY and appearance of FASPSY. Peptides
were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C.

Figure 8-16 compares the percentage of each peptide that truncated at the N-terminal Pro residue.
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Figure 8-16: Percentage of each peptide which degraded via loss of the N-terminal Pro residue. Percentage values were
calculated as the amount (moles) of each peptide which modified via truncation of its N-terminal residue with respect to
time compared to the amount of each intact peptide present at T=0.
As can be seen from Figure 8-16 having a His at the 3’ position appears to significantly increase the

rate of N-terminal truncation. PFASPSY which does not have the basic His residue truncates at a

much slower rate than PFHSPSY. This is in contrast to the minimal effect it had on the rate of N-
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terminal racemisation. While this may give some indication as to the mechanism of truncation it
should be noted that this difference in rate may be due to a difference in stability between the
newly formed FHSPSY and FASPSY. This was investigated by separately incubating FASPSY and
FHSPSY under the conditions outlined above. FASPSY degraded at approximately 3 times the rate of
FHSPSY thus partially explaining the above result. One of the main challenges of these studies has
been the fact that it is difficult to study each degradation process in isolation. This is due to the

degradation products also being unstable under the incubation conditions.

8.7 Effect of amino acid stereochemistry on truncation rate

In Section 7.7 N-terminal stereoisomers of Pro were shown to racemise at different rates. To
investigate if the same was true for N-terminal truncation, the four peptides in Table 8-2 were

incubated (in triplicate) at 60 °C pH 7.4 and characterised as per Incubation-B in (Section 2.2.1).

Table 8-2: List of the two peptide pairs to be examined. Each pair differs only by the stereochemistry of their N-terminal
residue.

Pair #1 Pair #2
(L-Pro)FHSPSY (L-Pro)FHS(D-Pro)SY
(D-Pro)FHSPSY (D-Pro)FHS(D-Pro)SY

8.7.1 Results and Discussion

As can be seen in Figure 8-17, the rate of truncation of the N-terminal Pro residue in PFHSPSY

compared (D-Pro)FHSPSY is markedly different.
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Figure 8-17: HPLC trace (280 nm) of (a) PFHSPSY day-7 time point and (b) (D-Pro)FHSPSY day-7 time point. (Peptide-Y is
an additional modification whose characterisation is discussed in Chapter-8).

At each time point the triplicate results were averaged and the rate of disappearance of the intact

peptide and appearance of its N-terminally truncated adduct was plotted (Figure 8-18).
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Figure 8-18: (a) Loss of PFHSPSY and appearance of FHSPSY, (b) loss of (D-Pro)FHSPSY and appearance of FHSPSY, (c) loss
of PFHS(D-Pro)SY and appearance of FHS(D-Pro)SY and (d) loss of (D-Pro)FHS(D-Pro)SY and appearance of FHS(D-Pro)SY.
Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C the above graphs show.

A comparison of the percentage of N-terminal truncation of PFHSPSY and (D-Pro)FHSPSY was plotted

in Figure 8-19 and the percentage rate of N-terminal truncation of PFHS(D-Pro)SY and (D-Pro)FHS(D-

Pro)Y was plotted in Figure 8-20.
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Figure 8-19: Percentage of PFHSPSY and (D-Pro)FHSPSY which degraded via loss of an N-terminal
Pro residue. Percentage values were calculated as the amount (moles) of each peptide which modified via truncation of
its N-terminal residue with respect to time compared to the amount of each intact peptide present at T=0.
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Figure 8-20: Percentage of PFHS(D-Pro)SY and (D-Pro)FHS(D-Pro)Y which degraded via loss of an N-terminal
Pro residue. Percentage values were calculated as the amount (moles) of each peptide which modified via truncation of
its N-terminal residue with respect to time compared to the amount of each intact peptide present at T=0.
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As can be seen in the above figures there is a significant difference in the rate of N-terminal
truncation between D-Pro and L-Pro. In PFHSPSY vs (D-Pro)FHSPSY the L-form of Pro truncates at a
faster rate than the D-form. Similar results are seen in comparing PFHS(D-Pro)SY and (D-Pro)FHS(D-

Pro)Y. The reasons for this are as yet unclear.

8.8 Effect of buffer type on N-terminal truncation rate.

Phosphate buffer has been shown to act as a nucleophile [246, 247] and it is possible that this may
be causing truncation of the N-terminal residue. To examine this, peptide incubations were a carried
out in other buffers, at pH 7.4. The Good’s buffers HEPES and TES were chosen for comparison.
Good’s buffers are characterised by low nucleophilicity and are generally regarded as being
biologically inert [248]. PFHSPSY was incubated (in triplicate) at 60 °C pH 7.4 in each buffer

(phosphate, HEPES, TES) and characterised as per Incubation-B (Section 2.2.1).

8.8.1 Results and Discussion

A sample HPLC trace (280 nm) of the day-11 time-point from each incubation is shown in Figure

8-21.
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Figure 8-21: HPLC trace (280 nm) of the day-11 time-point from the incubation of PFHSPSY in (a) phosphate buffer, (b)
HEPES buffer and (c) TES buffer. Peptides were incubated at 60 °C and all buffers were pH 7.4.

The standard curves generated for Section 8.3 were used in combination with the HPLC time point
data to plot the rate of truncation of the N-terminal Pro in each buffer. The percentage truncation

of the N-Terminal Pro in each buffer was plotted in Figure 8-22.
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Figure 8-22: Percentage of PFHSPSY which degraded via loss of a N-terminal Pro residue when incubated in (a)
phosphate buffer, (b) HEPES buffer and (c) TES buffer. All peptides were incubated at 60 °C and all buffers were 100 mM
pH 7.4. Percentage values were calculated as the amount (moles) of each peptide which modified via truncation of its N-
terminal residue with respect to time compared to the amount of each intact peptide present at T=0.

As can be seen above there is a significant difference in the rate of N-terminal truncation between
the three buffers. Both of the Goods buffers showed relatively little N-terminal truncation compared
to the phosphate buffer. These results suggest that one factor contributing to loss of the N-terminal
residue may be the nucleophilicity of phosphate buffer [246, 247]. It is also possible that trace metal

ions in the phosphate buffer could be involved in the N-terminal truncation and this was examined

in Section 8.8.

The decrease in the apparent amount of N-terminal truncation (FHSPSY) seen in the phosphate
buffer towards the later time points is due to further degradation of the N-terminally truncated
product FHSPSY. Figure 8-23 shows that when FHSPSY was separately incubated under the same

conditions it was subject to further degradation.
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Figure 8-23: Degradation of FHSPSY when incubated separately under the same conditions (100 mM phosphate buffer
pH 7.4, 60 °C).

8.9 Effect of metal ions on N-terminal truncation

As N-terminal truncation occurred at a reduced rate in HEPES and TES buffers compared to
phosphate, it was proposed that trace metal ions could be involved. This is because it is well known
that phosphate contains significant levels of trace metal ions [280]. To investigate this, incubations
were carried out in phosphate buffer in the presence of EDTA which is a known metal chelator.
PFHSPSY and PFHSPSY containing 1 mM EDTA were incubated (in triplicate) at 60 °C pH 7.4 and

characterised as per Incubation-B (Section 2.2.1).

8.9.1 Results and Discussion

The standard curves generated for Section 8.3 were used in combination with the HPLC time point
data to plot the rate of truncation of the N-terminal Pro in each buffer. The percentage truncation of

the N-Terminal Pro in each buffer was plotted in Figure 8-24.
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Figure 8-24: Percentage of PFHSPSY which degraded via loss of a N-terminal Pro residue when incubated with, and
without, EDTA. Peptides were incubated in 100 mM phosphate buffer pH 7.4 at 60 °C. Percentage values were calculated
as the amount (moles) of each peptide which modified via truncation of its N-terminal residue with respect to time
compared to the amount of each intact peptide present at T=0.

The data show that there was a decrease in the rate and extent of N-terminal truncation in the EDTA

incubation which implies one of two possibilities:

(1) The N-terminal truncation is being caused / catalysed by trace metals present in buffer.

(2) EDTA s interfering with other processes involved in the N-terminal racemisation.

Further investigation into this matter is required.

8.10 Effect of buffer pH on N-terminal truncation

While N-terminal truncation has been shown to occur at neutral pH it was the aim of this experiment
to investigate the effect of acidic pH on the rate of N-terminal truncation. PFHSPSY was incubated (in

triplicate) at 60 °C in MES buffer pH 5.4 and characterised as per Incubation-B (Section 2.2.1).
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8.10.1 Results and Discussion

The standard curve for PFHSPSY generated for Section 8.3 was used in combination with the HPLC
time point data to calculate the percentage of PFHSPSY that underwent N-terminal truncation. At
each time point the triplicate results were averaged and the rate of disappearance of the intact

peptide and appearance of its N-terminally truncated adduct was plotted (Figure 8-25).
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Figure 8-25: Loss of PFHSPSY and appearance of FHSPSY when incubated in (a) phosphate buffer pH 7.4, (b) MES buffer
pH 5.4. All buffers were 100 mM and all peptides were incubated at 60 °C.

As can be seen in Figure 8-26 the rate of N-terminal truncation was markedly reduced in MES buffer
(pH 5.4) compared to phosphate buffer (pH 7.4). However combining these results with those
obtained in Section 8.7 shows that minimal N-terminal truncation occurs in TES buffer (pH 7.4) and
in MES buffer (pH 5.4). This suggests that truncation of an N-terminal amino acid residue may be

increased by the nucleophilicity of phosphate buffer [246, 247].
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Figure 8-26: Percentage of PFHSPSY which degraded via loss of a N-terminal Pro residue when incubated in (a) MES
buffer pH 5.4, TES buffer pH 7.4 and (c) phosphate buffer pH 7.4. All buffers were 100 mM and all peptides were
incubated at 60 °C. Percentage values were calculated as the amount (moles) of each peptide which modified via
truncation of its N-terminal residue with respect to time compared to the amount of each intact peptide present at T=0.

8.11 Incubation at physiological temperature

As the degradations being studied in this thesis are expected to occur slowly over many years the
use of elevated temperatures to study these processes was deemed necessary. However, as with N-
terminal racemisation it was considered important to show that N-terminal truncation could occur at

physiological temperature. PFHSPSY was incubated (in triplicate) at 37 °C pH 7.4 and characterised

as per Incubation-A (Section 2.2.1).

8.11.1 Results and Discussion

The percentage of PFHSPSY that underwent N-terminal truncation at physiological temperature was
calculated as per Section 8.3. As can be seen from Figure 8-27, N-terminal truncation does occur at

physiological temperature. Interestingly although it occurs at a lower rate, it occurs approximately
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three times faster than N-terminal racemisation which is in contrast to the results at 60 °C where N-

terminal racemisation is the faster reaction. The reasons for this are as yet unknown.
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Figure 8-27: Incubation at physiological temperature. Percentage of PFHSPSY which degraded via loss of a N-terminal
Pro residue. PFHSPSY was incubated in 100 mM phosphate buffer pH 7.4 at 37 °C . Percentage values were calculated as
the amount (moles) of PFHSPSY which modified via truncation of its N-terminal residue with respect to time compared
to the amount of PFHSPSY present at T=0.

8.12 Conclusions

This chapter investigated the potential for peptides to degrade via truncation of their N-terminal
residue. While an exhaustive study was not carried out, it was revealed that different amino acids
truncate at substantially different rates. N-terminal Pro truncated at almost twice the rate of N-
terminal Ser and about four times the rate of an N-terminal Ala. The effect of the penultimate amino
acid residue was also studied and while a difference was noted it was less pronounced in truncation

than its effect on the rate of N-terminal racemisation.

When the effect of the amino acid in the 3’ position was examined, having a His in the 3’ position
compared to an Ala appeared to increase the rate of N-terminal truncation, but this finding turned

out to be mainly due to the differing degradation rates of the resulting peptides. A consistent
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feature was that N-terminal truncation was shown to occur with a range of N-terminal and

penultimate amino acid residues.

pH affected the rate of N-terminal truncation. While it occurred readily in phosphate buffer at pH
7.4, minimal N-terminal truncation was found to occur in MES buffer pH 5.4. In contrast to N-
terminal racemisation where the choice of buffer had a minimal effect, the rate of N-terminal
truncation was also greatly affected by the choice of buffer. The rate was significantly reduced when
buffers other than phosphate were used. Studies have shown that phosphate can act as a

nucleophile [246, 247] and this may be the most likely explanation of these results.

Impurities in the phosphate buffer such as trace metal ions may contribute and this was investigated
by comparing incubations with and without a metal chelator (EDTA). The rate of N-terminal
truncation was reduced when EDTA was present indicating that metals may play a role in the
truncation mechanism. It is also possible that EDTA interfered with whatever mechanism is causing

the N-terminal truncation.

As was found with N-terminal racemisation (Chapter-7) there also appears to be a difference
between the rate of N-terminal truncation of a peptide with a D-Pro residue compared to its
corresponding L-Pro residue. N-terminal L residues truncated at a faster rate than N-terminal D
residues. The reasons for this are not yet understood and further investigation is warranted. If this
holds true for proteins then racemisation of the N-terminal residue of a long lived protein would

delay its degradation by other non-enzymatic processes.

Crucially N-terminal truncation was also shown to occur under physiological conditions (pH 7.4 and
37 °C) and given the presence of both phosphate buffer and metal ions [281] in the cytosol of the
lens it seems possible that sequential truncation of the N-terminal residue could occur in aged lens
protein which have free amino terminals. Recent publications by Su et al [187] have described the

accumulation of low molecular weight crystallin fragments in the lens. Many of these exhibit a
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“laddering” type effect with the loss of sequential amino acid residues from the N-terminal, similar

to that observed with the model peptides studied in this chapter.

9 Chapter 9: Section-C Overview (UV filter)

9.1 Introduction

The lenses of humans and other primates contain low molecular weight compounds that act as
filters by absorbing UV light in the 300—-400 nm region [282, 283]. These tryptophan based
metabolites prevent UV-induced photo damage to the retina [284]. Commonly used animal models
such as rats and mice appear to be poor choices for the study of UV filters. In addition to seeing UV
light and lacking UV filter compounds, their lenses are also unlike human lenses in many other
respects [151]. Due to the similarity of the UV filters present in the thirteen-lined ground squirrel
[166] to those found in man, this species has been proposed as a suitable animal model for
investigating the effects of UV radiation on cataract, and other ocular diseases, thought to involve

exposure to light.

Work published by other members of the Truscott group [166] showed that N-acetly 3-hydroxy-
kynurenine and N-acetyl-kynurenine were the major UV filters found in the lens of the thirteen-lined
ground squirrel. However an additional UV filter which is not found in the human lens and whose
structure remains to be elucidated was also isolated. It was of interest to determine the structure of

this unknown UV filter.

9.2 Aim:

(1) Elucidate the structure of this unknown UV filter (UV-X) by utilizing a range of analytical

techniques including mass spectrometry, and NMR spectroscopy.
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10 Chapter 10: UV filter

Work published by other members of the Truscott group in collaboration with Giblin’s group [166]
showed that N-acetly 3-hydroxy-kynurenine and N-acetyl-kynurenine are the major UV filters found
in the lens of the thirteen-lined ground squirrel (Figure 10-1). However, an additional UV filter that is
not found in the human lens and whose structure remains to be elucidated was also isolated (UV-X).
The structure of this compound, designated UV-X, was of interest due to the similarity of the squirrel
lens UV filter content, to that found in the human lens. Another unknown UV filter, (Peak-2 in Figure
10-1) was shown to have the same molecular weight and MS/MS fragmentation as UV-X. While
Peak-2 has been speculated to be a stereoisomer of UV-X, due to its low relative concentration, at

this stage only UV-X was examined.
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Figure 10-1: HPLC trace of UV-absorbing compounds present in the lens of the thirteen-lined ground squirrel. Lenses
were extracted in ethanol prior to analysis. Peak identity is as follows: (1) 30HKyn, (2) Unknown A, (3) UV-X, (4) N-
acetyl-30HKyn; (5) N-acetyl-Kyn. Adapted from [166].

The squirrel lenses were extracted [166], purified by semi preparative HPLC and analysed by mass

spectrometry and NMR spectroscopy as per the Materials and Methods Chapter (Section 2.27).
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10.1 Mass spectrometry analysis

Results

The exact molecular ion of UV-X was initially determined as 346.1391 [M+H]*" using high resolution
mass spectrometry. Excalibur software (Thermo Fisher Scientific) was then used to calculate the
closest empirical formula to this molecular weight. It revealed C;;H,005N3 as the closest match and
the only possibility within the 2 ppm margin of error. However at this stage a number of potential

empirical formulas outside of the 2 ppm range were not ruled out.
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Figure 10-2: High resolution mass spectrometry analysis of UV-X revealed the most likely empirical formula as
c17H2005N3'

Analysis by high resolution MS/MS showed (Figure 10-3) that the 346.14 [M+H]"* ion fragmented to
an ion m/z 287.1 with the neutral loss of C,HsNO. This is very likely represents loss of H,NCOCH;

from an acetyl group [285].
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Figure 10-3: High resolution MS/MS fragmentation of UV-X 346.14 [M+H]1+ ion.

Fragmentation of the m/z 287.10 ion (Figure 10-4) revealed further neutral losses of CO, (OHe + CO)

and CsHsNO.
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Figure 10-4: High resolution fragmentation of UV-X m/z 287.10 ion.

The spontaneous loss of a CO molecule, indicated by the direct fragmentation of m/z 287.1 ion to
m/z 259.1 was difficult to explain mechanistically based on a typical Kynurenine based UV filter
structure (Figure 10-5). Carboxylic acids fragment via loss of a CO molecule, but this must be

preceded by the loss of an OH radical [286].
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Figure 10-5: (a) Mechanism showing a-cleavage of the carboxylic acid by MS/MS spectrometry from a typical UV filter
leading to loss of a CO molecule, which is preceded by loss of an OH radical. (b) Spontaneous loss of a CO molecule
without the loss preceding loss of and OH radical or other group is very unlikely to occur in a typical UV filter. Ac = Acetyl
group, R = H (for Kyn) and R=0H (for 30H Kyn).
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In addition to the apparent “spontaneous” loss of a CO molecule there an example of a typical
carboxylic fragmentation pattern present in UV-X. This is seen in Figure 10-4 where the m/z 287.1
ion at fragments to m/z 241.1, first via the expected loss of OHe and then via the loss of a CO

molecule, suggesting that UV-X likely contains at least one carboxylic acid.

Functional groups that can spontaneously lose a CO molecule following MS/MS fragmentation
include phenols [287] and some lactones [288, 289]. However fragmentation of N-acetyl 30HKyn
[166] does not show evidence of a neutral loss of CO from the phenol ring, thus suggesting that it
should not occur in UV-X should it contain a similar phenol group. The fact that a spontaneous loss
of a CO molecule was occurring as readily as the fragmentation of a carboxylic acid from UV-X
suggested that the molecular ion may be incorrect. Examining the mass spectrum of the crude UV-X
sample once again, revealed the presence of an ion at m/z 364.1. High resolution MS analysis of this
ion determined it differed from the ion at m/z 346.1 by a water molecule (i.e. H,0) with an empirical

formula of Cy7H,,06Ns.
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Figure 10-6: High resolution MS analysis of UV-X highlighting the additional ion at 364.1 [M+H]"" as the correct molecular
ion.

This ion was initially thought to be an additional impurity present in UV-X [166], but it now appears
more likely that it is the true molecular ion of UV-X. The molecular ion of a carboxylic acid is usually

observed, but often in low abundance due to facile loss of a water molecule [290, 291]. Additional
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evidence came from the analysis of Peak-2 in Figure 10-1 by mass spectrometry. Due to its different
retention time by HPLC but identical MS/MS fragmentation pattern, it is proposed to be a
stereoisomer of UV-X. If the m/z 364.1 ion was from an impurity in UV-X, then it was very unlikely
Peak-2 would contain a similar impurity. Analysis of the high resolution mass spectrum of Peak-2
(Figure 10-7) showed it also contained an m/z 364.1 ion. Based on this, it was proposed that the
apparent “spontaneous” loss of a CO molecule was actually a combined loss of two moieties (OHe +

CO) suggesting the presence of a second carboxylic acid group in UV-X.
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Figure 10-7: High resolution MS analysis of Peptide-2 highlighting the presence of an m/z 364.1 ion.

Fragmentation of the m/z 259.08 ion (Figure 10-8) formed an ion at m/z 242, which is a loss of an OH
radical. Looking back at Figure 10-4, this confirmed that the m/z 241.10 ion was formed directly from
the m/z 287.10 ion and not as a result of further fragmentation of the m/z 259.08 ion. There were

also losses of CsHsON and (OHe + CO).
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Figure 10-8: Fragmentation of UV-X m/z 259.08 ion.
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Figure 10-9: Fragmentation of UV-X m/z 241.08 ion.

A summary of the major fragmentation pathways of UV-X is shown in Figure 10-10.
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Figure 10-10: Summary of major fragmentation pathways of UV-X.
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The facile neutral loss of a C,HsON suggests the presence of an NH-acetyl group

of (H,0 + CO) was indicative of a carboxylic acid (Figure 10-11).

HN

R

NH-acetyl

. Additionally the loss

OH

0]

Carboxylic acid

Figure 10-11: Functional groups of UV-X consistent with a UV filter such as N-acetyl 30HKyn. (R # H).

Both of these are also major fragmentation pathways of N-acetyl 30H Kyn and N-acetyl Kyn [166,

292].The structural similarities of UV-X with N-acetyl 30H Kyn suggested by MS/MS mass

spectrometry are highlighted in blue in Figure 10-12.

OH

NH,

HN

OH

Figure 10-12: Structure of N-Acetyl 30H Kyn. The similarities with UV-X are highlighted in blue.

The loss of a second carboxylic acid (OHe and CO), C4HsN and CsHsNO are not consistent with a

typical UV filter and were assigned part of the “modified” portion of the structure (Figure 10-13).
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Figure 10-13: Functional groups of UV-X not consistent with a UV filter such as Acetyl 30H Kyn. Structures are indicative
only. Isomers of above structures are possible.

10.2 NMR analysis

NMR analysis was used to gain further structural information. 1D *H, 2D "H-TOCSY **C-'H HSQC and
13C HMBC scans were performed as detailed in the Materials and Methods Chapter. The NMR data is
shown in Figures 1-11 to 1-16. The amount of sample available for analysis (< 100 pg) was right at
the detection limits for 2D and *C carbon NMR spectroscopy and even using reduced volume 100 pl

shigemi tubes to enhance the sample concentration, it still presented challenges.
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Figure 10-14: Integrated '"H NMR spectrum of UV-X showing assignment of each peak as either UV-X(x) or the impurity
.

202



U

8 ppm

10 ppm 9 ppm
A B o LA L A o o B
10.2 10 9.8 96 9.4 9.2 £ 8.8 86 8.4 8.2 8 78 rl] 74
Figure 10-15: 'H NMR spectrum (10.5 ppm to 7.3 ppm).
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Figure 10-16: "H NMR spectrum (8.5 ppm to 7.3 ppm).
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Figure 10-17: "H NMR spectrum (4 ppm to 1.7 ppm).
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Figure 10-18: COSY spectrum (1 ppm to 9 ppm).
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Figure 10-19: COSY spectrum (1.7 ppm to 4 ppm).
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Figure 10-20: HSQC spectrum.

Upon examining the NMR data one thing that became apparent was that while UV-X eluted as one
peak by HPLC, it actually contained two compounds in the ratio of 1: 1.3. This was determined by the
relative integration of the various proton peaks (Figure 10-14). Analysis by ultra pressure liquid
performance chromatography (UPLC) was then done to see if the two compounds could be resolved.
Figure 10-21 shows the UPLC trace (219 nm) indicating that two compounds (Peak-A and Peak-B)
were resolved (the peak at 0.2 minutes is part of the solvent front and not considered). 219 nm was

chosen as both compounds absorbed in this region.
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Figure 10-21: UPLC trace (219 nm) showing the resolution of two compounds.

An evaporative light scattering detector (ELSD) was also used to obtain an accurate ratio of the
amount of Peak-A compared to Peak-B. It revealed that Peak-A and Peak-B were present in the ratio

of 1: 1.3, which was comparable to the NMR data.
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Figure 10-22: ELSD trace showing Peak-A and Peak-B present in the ratio of 1: 1.3.

The UV absorbance profiles of Peak-A and Peak-B are shown in Figure 10-23.
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Figure 10-23: UV absorbance profile of (a) Peak-A and (b) Peak-B.

Peak B absorbed strongly in the ~340 nm range which is slightly lower than a typical UV filter such as
Kyn and 30HKyn which have an absorbance maximum of approximately 365 nm [282].This suggests
some modification of the chromophoric structure of UV-X compared to a typical UV filter. Based on
its UV absorbance profile, Peak-A was likely not a UV filter and its structure was therefore not
further investigated. Unfortunately, it was not possible to purify the two compounds using the UPLC,

so the NMR data was processed using the mixture.

The next step was to assign the NMR data to the empirical formula (C;7H,:06N3) calculated from the
mass spectrometric analysis of UV-X. While a range of 2D NMR experiments were obtained it was
difficult to decipher the structural detail from each experiment in isolation. Instead the focus was to
use the data to generate structures of various fragments of UV-X and then try and piece them
together. For reasons that will be explained in more detail throughout the chapter, UV-X was
considered as 3 fragments. The first fragment being the portion that has major similarities to a
typical Kyn UV filter. The second fragment being the “aromatic” portion of the molecule and the
third fragment being the “modified” portion of the UV filter, which was regarded as likely the

addition of some other molecule to a known UV filter.
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10.2.1 Fragment-1

As shown previously in

Figure 10-3 and Figure 10-4, the MS/MS data revealed part of the structure of UV-X had similarities
with N-acetyl 30HKyn. This fragment of the molecule was chosen as a good starting point and the
NMR data was used to determine if other functional groups present in N-acetyl 30H Kyn could be
accounted for in UV-X. Analysis of the HSQC spectra (Figure 10-20) revealed two proton signals at
3.55 ppm (dd) and 3.75 ppm (dd) that correlated to a carbon at 38 ppm, strongly suggesting a
methylene (CH,) with two diastereotopic protons. In addition, a proton signal at 4.41 ppm correlated
by HSQC to a carbon at 51.8 ppm, indicating a methine (CH). The methine at 4.41 ppm also had a
COSY correlation (Figure 10-18) to the methylene. These correlations are indicated diagrammatically

in Figure 10-24 and Figure 10-25.

N

’/-\ /‘\
3.55 ppm H H 3.75 ppm H 441 ppm
R 38 ppm 51.8 ppm
R

Figure 10-24: COSY correlations. (R #H) .

3.55 ppm H H 3.75 ppm H 441 ppm

38 ppm 51.8 ppm

Figure 10-25: HSQC correlations. (R # H).
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The methine at 4.41 ppm also had a COSY (Figure 10-26) correlation with a proton signal at 8.09
ppm. The proton at 8.09 ppm did not have a HSQC signal (Figure 10-27), meaning it was not attached
to a carbon atom. The methine at 4.41 ppm had a HMBC correlation to a carbon at 173 ppm,
consistent with a carbonyl of an amide. Based on the fact that the mass spectra showed the loss of
an N-acetyl group and the fact that the major UV lens filter found in the squirrel lens also had an N-

acetyl, this group was assigned as the most likely option.

3.55 ppm H H 3.75 ppm H 441 ppm
R 38 ppm 51.8 ppm R
H N
8.09 ppm
173 ppm
o/\
Figure 10-26: COSY correlation to NH. (R £ H).
3.55ppm H H 3.75 ppm H 441 ppm
R 38 ppm 51.8 ppm R
H N
8.09 ppm
Npm
(@)

Figure 10-27: HMBC correlation to carbonyl group from N-acetyl.
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The mass spectral fragmentation data revealed the presence of two carboxylic acids in UV-X. The
methylene protons (3.55/3.75 ppm) had a HMBC correlation to a carbonyl at 176 ppm, which is
within the expected range for a carboxylic acid. Given the similarity of this part of the structure to a

typical UV filter, the following connectivity (Figure 10-28) was proposed.

3.55ppm H H 3.75 ppm H 4.41 ppm
OH
= 176
R 38 ppm 51.8 ppm <ppln
O
H N
8.09 ppm

O

Figure 10-28: HMBC correlation to carboxylic acid.

Figure 10-29 shows the structural fragments confirmed by MS/MS and NMR in blue and the
additional information provided by NMR alone in red. However, expected HMBC correlation
between the methylene (3.55/3.75 ppm) and the methine (4.41 ppm) protons with a carbonyl at
~200 ppm (black arrows in Figure 10-29) were not observed. Standards of 30HKyn were analysed by
NMR using the same experimental conditions and showed that this correlation is readily detected
should the carbonyl be present. Clearly the first major difference between UV-X and a conventional

Kyn-based UV filter is the lack or modification of this carbonyl group in UV-X.
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Figure 10-29: Similarities of UV-X to N-acetyl 30H Kyn. The structure confirmed by MS/MS and NMR is shown in blue
and the additional information provided by NMR alone is shown in red. The expected HMBC correlations shown with
arrows were not observed.

10.2.2 Fragment-2

Due to its UV absorbance profile and its similarity to other UV filters it was deemed likely that UV-X
contained an aromatic ring of some kind. Figure 10-30 shows a magnified section of the HSQC

spectrum highlighting the aromatic region.

;E — f
120 ppm E; '
13C E

130 ppm §m | ' :

7.8 ppm —— 1H — »7.2 ppm

Figure 10-30: Aromatic region of UV-X from HSQC spectrum.
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The presence of two 'H peaks in this region (with an integration of 3), and the corresponding three
13C signals seen in Figure 10-30, suggested three aromatic protons present in UV-X. Given the other
structural similarities to UV filters seen in Fragment-1, the most likely scenario is a tri-substituted
aromatic six membered ring. For this to be true, 3 additional carbon atoms must be observed in the
HMBC spectrum, since a peak in a HMBC spectrum that is not present in the HSQC spectrum

represents a carbon atom that does not have a hydrogen atom attached.

Figure 10-31 shows an overlay of the HSQC and HMBC spectra where the pink correlations represent
the HSQC signals and the blue represent the HMBC signals. Only five unique aromatic carbons (*) in

total were observed.

- | RIODORTT TTH]
115 ppm |37
E
“ W OLD HSQC D20 Water (HSQC THASC)
M bl090624 2 (HMBC THAM3C)
@
(@ o
13¢ i
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150 ppm ppm 7‘9 7!6 7|7 7‘5 7'5 7'4 7‘3 7.‘2
8ppm < H » 7ppm

Figure 10-31: Overlay of HMBC and HSQC spectrum of aromatic region of UV-X. Unique carbon atoms are indicated by
(*).

Four of the aromatic carbons had a chemical shift in the region of 120 — 128 ppm, with the
remaining carbon having a chemical shift of 148 ppm, indicating that it may be attached to a
nitrogen or oxygen [293]. At this point it was speculated that the sixth carbon signal was too weak to
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be seen due to the limited amount of sample that was available for analysis. A potential structure for

fragment-2 is shown in Figure 10-32.

Figure 10-32: Aromatic ring of UV-X. (R # H).

Given the abundance of N-acetyl 30HKyn in the squirrel lens, a possible structure of the aromatic

ring is shown in Figure 10-33.

OH

Figure 10-33: Possible aromatic ring of UV-X. R = rest of UV filter.

However there are a number of inconsistencies with the NMR spectra of UV-X that suggest the ring
structure may be more complex (Figure 10-34). The coupling of the three protons in 30H Kyn adopt
the expected (d, dd, d) splitting pattern, but while UV-X also contains a tri-substituted ring, it is
markedly different to that of 30H Kyn. This may be due to the coincidental overlapping of two of the

three protons in UV-X.
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Figure 10-34: 'H NMR spectra of the aromatic region of (a) UV-X and (b) 30H Kyn showing the splitting patterns. (d) =
doublet, (dd) = doublet of doublets.

Of the six aromatic carbons in 30HKyn, four carbons had chemical shift in the 116 to 126 ppm
region, which accounted for the three aromatic methine carbons and the quaternary carbon that
links the aromatic ring to the rest of the UV filter (R in Figure 10-34). The carbons attached to the OH
(phenolic) and amino group had chemical shifts in the 140 to 144 ppm region. Conversely UV-X
showed four carbon signals n the ~ 116 to 126 ppm region and only one carbon signal with a
chemical shift of 148 ppm, consistent with attachment to the OH or amino group. No other carbon
signal was observed in the aromatic region. This suggested either the amino or phenolic group was

missing, or modified, or simply overlaid with the other signal.

A phenolic group can be observed by '*H NMR but due to chemical exchange it is often too broad to
distinguish, so the fact that a broad peak was not observed in the proton spectra of UV-X was not
sufficient evidence to rule out its presence. Additionally, should an amino group be present, its
typical chemical shift would be in the ~5 ppm region, which would be swamped by the water

suppression peak, so again it was not able to be ruled out at this stage.
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10.2.3 Fragment-3

Fragment-3 was the most crucial piece of the puzzle. With Fragment- 1 and Fragment-2 bearing
reasonable similarities to other UV filters, it was Fragment-3 that would define the unique structure
of UV-X. Initial indications from the MS/MS fragmentation showing the neutral loss of C;HsN and
CsHsNO suggested a 5 or 6 membered nitrogen containing ring. It is known from the mass
spectrometry data that Fragment-3 also contained a carboxylic acid. The connectivity was assembled
by mapping out the COSY and HMBC correlations indicated in Figure 10-35 and Figure 10-36. As can
be seen, the structure proposed is a five membered nitrogen containing ring that connects to the

rest of UV-X at two points indicated by R and R’.

4.51 ppm R

H /
/ 65 ppm N
Rl

26 ppm

2.25 ppm(1) H \‘
H
H ‘/‘ 2.25(2) ppm
\4 H
2.81 ppm

2.38 ppm

Figure 10-35: COSY correlations of UV-X fragment 3. (Rand R’ # H).
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Figure 10-36: Major HMBC correlations of UV-X fragment 3. (R and R’ #H).

10.3 Acid hydrolysis of UV-X

To help in the structural elucidation, it was decided to subject UV-X to acid hydrolysis (as per Section

2.4) to see if it was a hydrolysable compound and able to form characterisable fragments.

10.3.1 Results

Figure 10-37 show a HPLC trace of the products formed following incubation of UV-X in
HCl at 100 °C for 2.5 hours. Two new products that absorbed at 360 nm were detected.
Unfortunately analysis of these products by ESI mass spectrometry was not successful. This may

have been due to salt contamination.
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Figure 10-37: HPLC trace
6M HCl at 100 °C for 2.5 hours.
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10.4 Assembling the structure
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With the basic structures of the 3 fragments assigned, the final challenge was to connect them

together in way that agreed with the NMR and MS/MS observations.
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Figure 10-38: Diagram showing the assembly of the three fragments of UV-X. (R # H). The three fragments above plus
and additional C,0, make up UV-X (C;7H,,0¢N3).wa

The key structural information used to assemble the pieces of UV-X are:

(1) The carbonyl connecting Fragment-1 and the aromatic ring (Fragment-2) in a typical UV filter

was missing or modified.

(2) Each of the three fragments had a HMBC correlation with a carbon at 176 ppm, which must

be the carbon that connects the fragments.
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(3) Fragment-3 had a HMBC correlation with a carbon at 167 ppm that was most likely a
carboxylic acid given the mass spectrometry data revealed the presence of a second

carboxylic acid.

In consultation with Professor Peter Karuso of Macquarie University the following has been

proposed as the most likely UV-X structure.

Chemical Formula: C47H,1N30¢
Exact Mass: 363.14

Figure 10-39: Proposed structure of UV-X.

10.5 Incubation studies

Due to time constraints it was not possible to attempt the synthesis of UV-X but it was speculated
that it may potentially form from the direct addition of Pro to N-acetyl 30H Kyn. While no data on
the free amino acid content in the lens of the thirteen-lined ground squirrel is available, Pro is the
most abundant free amino acid in the human and bovine lens [294]. Additionally, while the pK.y
value of Pro is comparable to that of Ala, its nucleophilic reactivity has been shown to be greater

than that of all other amino acids, with the exception of cysteine, by several orders of magnitude
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[295]. For this reason it was speculated that it may be possible to form UV-X by directly incubating
N-acetyl 30H Kyn with Pro at physiological pH as detailed in the Materials and Methods Chapter

(Section 2.24).

10.5.1 Results

As can be seen in Figure 10-40, incubation of N-acetyl 30HKyn either with or without Pro in 100mM
phosphate buffer pH 7.4 did not show any evidence of forming an adduct matching the retention
time of UV-X. Interestingly though, incubation of N-acetyl 30HKyn in the presence of Pro appeared
to make N-acetyl 30HKyn more stable than when it was incubated in buffer alone. The reasons for

this are as yet unknown and due to time constraints this will have to be investigated in future work.
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Figure 10-40: HPLC spectra (360 nm) of day-5 time point from (a) Ac- 30HKyn incubation and (b) Ac-30HKyn incubated
with 10 equiv of Pro. Incubations were in 100 mM phosphate buffer pH 7.4 at 60 °C. An overlay showing the expected
retention time of UV-X is shown with a blue dotted line.

10.6 Conclusions and future work

The proposed structure of UV-X correlated with all aspects of the MS and MS/MS data. It also
correlated with the vast majority of the NMR data and given the small amounts available for
analysis, inconsistencies were not surprising. While it was not possible to absolutely confirm the
structure of UV-X, a number of key experiments are planned for future work that will hopefully
provide the necessary additional proof. The first proposed experiment will involve the reduction of

UV-X. One proposed method (based on Palmieri et al [296]) was used to reduce a similar molecule to
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UV-X (Figure 10-41) with NaBH,4. NaBH, is a reducing agent and it should lead to the reduction of an
imine bond should it be present in UV-X. This would then be easily detected by a difference of +2 Da
following analysis by mass spectrometry, thus confirming the presence of an imine. In addition the

UV spectrum should change substantially.

Ph

OH N Me
| NaBH, /AcOH/THF

Figure 10-41: Reduction of imine bond using NaBH,. Adapted from Palmieri et al [296].

The second proposed experiment will involve the incubation of N-acetyl 30HKyn and Pro under
conditions which promote the formation of an imine bond. One example by Yang et al uses
microwave energy to directly form an imine via the reaction of a ketone and amine under solvent
free conditions [297]. Another possibility involves the use of a Lewis acid catalyst in an apolar

solvent, that should promote the formation of an imine bond [298].
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11 Chapter 11: Conclusions

The age-dependent degradation of long-lived proteins in human lenses has been implicated in a
range of ocular conditions including presbyopia and age-related nuclear cataract (ARNC) [299].
Denaturation of old proteins appears to result from the intrinsic instability of certain amino acids,
and while some of these modifications have been documented, it is likely more remain to be
elucidated. Research into the fundamental causes of these age-related conditions is essential so that
non-surgical, cost effective treatment options can be developed. Understanding this process is also
important for other age-related diseases [1]. The aim of this thesis was to investigate some of these
degenerative reactions by incubating model peptides under physiologically relevant pHs, while using
elevated temperatures to simulate the extended periods that long-lived lens proteins are exposed

to.

The aim of Section-A of this thesis was to investigate the mechanism behind the apparent
spontaneous truncation of long-lived lens proteins at the N-terminus of Ser residues. As age-related
racemisation of Ser residues is also observed in the lens, it was proposed that these two
modifications may be the result of a linked mechanism analogous to that of Asn. Model peptides
based on lens aB-crystallin sequences were incubated at physiological pH and non-enzymatic

truncation at the N-terminal of Ser, analogous to that seen in the lens, was demonstrated.

Additionally racemisation of internal Ser residues was shown to occur under the same conditions.
However, exposure to elevated temperatures for extended periods was required to induce these
modifications. While further studies are necessary, the results in this thesis suggest that these two
modifications do not occur via a linked mechanism. The strongest evidence for this was that when
the Ser OH group was blocked, truncation at the N-terminal of Ser was reduced but significant

racemisation still occurred.
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Another explanation of Ser racemisation was investigated by examining the potential for phosphoser
(pSer) residues to form dehydroalanine (DHA) via beta elimination. It was proposed that addition of
a water molecule to DHA could result in the formation of D- Ser. However, the results in this thesis
suggest that this does not occur. While DHA was demonstrated to form at physiological pH, its
stability, combined with the lack of any D-Ser formation, ruled out the addition of water to DHA as a

cause of Ser racemisation.

The generation of DHA residues from pSer peptides at physiological pH does support the possibility
of it occurring in long-lived proteins. Studies have shown that the prevalence of pSer groups in
dentin phosphoproteins, which are long lived proteins found in teeth, decreases linearly with age
[222, 223]. Additionally the location of pSer residues in some of the major long lived lens proteins
has recently been characterised [224, 225]. Should the loss of phosphate groups from these proteins
proceed in a similar manner to the model peptide studied in this thesis, then it is certainly
conceivable that a significant amount of DHA could result. Reaction of these DHA residues with
thiols and amines side chains may explain some of the non disulfide cross linking known to occur in

aged lens protein [204, 214].

Section-B of this thesis examined a range of modifications at the N-termini of peptides, which were
initially observed as side reactions that occurred when model peptides were incubated for Section-A.
Diketopiperazine (dkp) formation involves the cleavage of a cyclic lactam from the N-terminus of a
peptide. While the formation of a dkp has been shown to be a side reaction in peptide synthesis, to
our knowledge it has been little studied in any detail as a degradation pathway of long-lived
proteins. To address this, the potential for truncated lens crystallin fragments to further degrade via

this process was examined.

For peptides with a penultimate Pro residue, degradation via dkp formation was shown to readily
proceed, even at physiological temperatures. A number of other peptides that did not have a

penultimate Pro residue were shown to degrade in a similar manner, although elevated temperature
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was required. Based on the results in this thesis it is certainly conceivable that long-lived proteins,

with a free amino terminus would be susceptible to degradation via dkp formation.

The second modification examined in this section was the novel racemisation of the N-terminal
amino acid. This was shown to readily occur under physiological conditions and with several amino
acid residues. An interesting finding in relation to this was that L-amino acids consistently racemised
faster than their D- amino acid counterparts. As this and other findings could not be explained by
simple loss and re-addition of the alpha proton, a novel mechanism involving the formation of a

cyclic Schiff base was proposed.

This concept was then expanded to determine if long-lived proteins could be susceptible to similar
modifications. It was found that 28% of the N-terminal Met residue of AQPO, isolated from the
nucleus of five lens pairs (ages 67-69) had racemised. Conversely only 13% of the cortex (which is the
newer part of the lens) N-terminal residue was found to have racemised. These results may have
significant implications for other long-lived proteins found in the lens and also for those in other
tissues e.g. the brain and heart. While the exact consequences are yet to be investigated,
preliminary analysis confirmed that a D- amino acid at the N-terminus is less susceptible to

enzymatic degradation, thus potentially playing a protective role.

The final modification examined in Section-B was the loss of the N-terminal amino acid residue.
While this was also demonstrated to occur under physiological conditions across a range of N-
terminal amino acids, the data does suggest that it may be accelerated by phosphate buffer.
Phosphate buffer has been shown to behave as a nucleophile and incubation of peptides in buffers
other than phosphate resulted in a significant reduction (or elimination) of this modification.
However it is important to note that the lens contains sodium phosphate and it is still possible that

this could occur in long-lived proteins.
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Recent publications have described the accumulation of low molecular weight crystallin fragments in
the lens. Many of these exhibit a “laddering” type effect with the loss of sequential amino acid
residues from the N-terminal, similar to that observed with the model peptides studied in this

chapter.

Section-C of this thesis involved the purification and characterisation of a new UV filter found in the
lens of the thirteen-lined ground squirrel. Its structure was of interest due to the lens of the
thirteen-lined ground squirrel having a similar UV filter composition to that found in the human lens.
As mentioned in the introduction chapter of this thesis, UV filters are subject to age-related
modifications e.g. oxidation or deamination. An interesting feature of the major UV filters found in
the lens of the thirteen-lined ground squirrel is that they contain an acetyl group on the non
aromatic amine. This prevents deamination from occurring, thus preventing the UV filter from

binding to lens proteins through its side chain.

Due to the small quantities available for analysis, this study proved extremely challenging. Despite
this, a potential structure that agrees with the majority of the analytical data has been proposed.
Attempts were made to synthesise the compound but due to time constraints this will need to done
at a later stage. The structure of the unknown UV filter is described as a proline adduct of N-acetyl
30H Kynurenine, produced via the formation of an imine between the proline nitrogen and the
carbonyl of the UV filter. Future work will involve synthesis of the proposed UV filter to assess if it is

the correct structure.

The major challenge with many of the experiments detailed in this thesis was that it was usually not
possible to study each modification in isolation. Often the modifications were competing reactions
and this made accurate quantification difficult. It is important to note that one aim of this thesis was
to demonstrate the potential for these modifications to occur under physiological conditions rather
than to provide an accurate account of the rates. Another challenge was that while the use of

elevated temperatures has often been used to simulate the effects ageing, it could be argued that
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some of these modifications may not occur at 37 °C. Where possible this was examined by using
physiological temperature, but due to the decades that long-lived proteins exist before displaying
many age-related modifications, this was often not practical. It should also be recognised that
conditions in the test tube are not the same as those in the cell. In cells proteins, membranes and

other metabolites are present that may facilitate some reactions.

The modifications studied in this thesis may have implications for a wide range of long-lived proteins
[1] . In addition to the lens, long-lived proteins are found at many other sites in the human body e.g.
the brain, the heart. This thesis suggests that analysis of other long-lived proteins for evidence of
age-related N-terminal racemisation and other modifications is certainly warranted. Further analysis
into the potential of DHA residues to form protein cross links is also of interest. An overview of the
modifications studied in this thesis and their relationship to each other is shown in Figure 11-1. It is
likely that rather than one specific modification, many of the age-related conditions are the result of
a combination of these and other modifications. Understanding more about these processes is
crucial to our understanding of the aging process, and may be an important step towards finding a

solution to the many age-related conditions.
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Reactions of aged proteins as documented in this thesis
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