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Abstract
The aging lens is characterised by a variety of physical changes, such as
stiffening of the lens core and the formation of the barrier to diffusion. The lens may be
unique in that proteins formed prior to birth are present for the lifetime of the
individual. As we age increasing amounts of crystallins becoming more insoluble. It is
assumed that changes in protein integrity are caused by the post-translational
modifications of lens crystallins over time decreasing their solubility and resulting in
aggregation.
In this thesis, protein solubility was examined in four regions of the human lens
(outer, barrier, inner and core) and was found to depend on age and region of the lens.
The barrier region displayed a gradual decrease of water soluble protein (WSP). The
core and inner regions differed from the barrier with the majority of soluble protein
decreasing between the age of 40 and 50. By age 50 ca. 50% of protein in the core was
insoluble and increasing amounts of protein appeared to be associated with membranes.
In order to examine the associations of protein with membranes further samples
were examined by sucrose density gradient centrifugation. Distinct protein density
patterns were observed in the barrier and outer, and inner and core regions. With age
progressively more protein was found to sediment at higher densities. Mass
spectrometry was used to examine membrane lipids in each protein interface in the core.
Remarkably by the age of 50 the majority of core lens lipids were associated with high
density protein bands. The barrier region was different, with most aggregation not
associated with lens membranes.
HPLC demonstrated that, prior to the huge protein and membrane density
changes in the lens core, high molecular weight (HMW) protein increased until age 30
and then decreased. This loss of HMW was accompanied by a near total loss of αcrystallin by the age of 40. These results are consistent with α-crystallin acting as a
molecular chaperone. It was only when α-crystallin was lost and HMW protein had
decreased that changes in protein and membrane density were observed. In the barrier
region α-crystallin was found to be present even in relatively old lenses, suggesting that
α-crystallin may hinder the interaction of lens membranes with crystallins.
To understand the molecular basis for changes in protein density, the highest
iv

density bands of lens protein in a sucrose gradient were analysed by iTRAQTM.
Preliminary experiments showed substantial increases in αB, β-crystallins and γcrystallins at the interface between 70 and 80% sucrose (SG1). Oddly αA crystallin did
not change with age which may be because of an initial high amount of this protein in
the most dense band by age 50. At the interface between 60 and 70% sucrose (SG2)
there was a slight decrease of both αA and αB crystallin. Interestingly, cytoskeletal
proteins were found in both SG1 and SG2 further indicating the presence of membranes
at these high density interfaces. The SG2 interface from the barrier, similar to SG1 from
the core, displayed substantial increases in β-crystallins and γ-crystallins.
An important finding from this thesis was that thermal denaturation of lens
crystallins could lead to similar density changes to those observed in the aging human
lens. These age-related changes could be mimicked simply by heating young intact
human lenses at 50 ºC. Indeed, these findings may provide a biochemical reason for the
formation of the lens barrier at middle age. Large scale binding of denatured proteins to
lens membranes after middle age may cause occlusion of integral membrane pores such
as aquaporin and connexons.
The human lens increases in stiffness with age and has been associated with
presbyopia. The loss of α-crystallin coincided with its incorporation into HMW and
insoluble protein at a time when large increases in lens stiffness occurred. Incubation of
porcine lenses at 50 ºC mimicked (reproduced) these changes and suggests that αcrystallin through acting as a molecular chaperone may help maintain lens flexibility.
These results also suggest that presbyopia may be the result of loss of α-crystallin in the
lens centre as a result of thermal denaturation of lens crystallins.

v

Table of Contents
DECLARATION......................................................................................................................................I
ACKNOWLEDGEMENTS .......................................................................................................................II
PUBLICATIONS...................................................................................................................................III
ABSTRACT .........................................................................................................................................IV
TABLE OF CONTENTS..........................................................................................................................VI
TABLE OF FIGURES ..............................................................................................................................X
TABLE OF TABLES...........................................................................................................................XXIII
ABBREVIATIONS ............................................................................................................................XXIV
CHAPTER 1:

GENERAL INTRODUCTION............................................................................................. 1

1.1.
THE COST OF THE AGING EYE .............................................................................................................1
1.2.
ANATOMY OF THE LENS ....................................................................................................................1
1.3.
ACCOMMODATION .........................................................................................................................4
1.4.
LENS PROTEIN COMPOSITION ............................................................................................................5
1.4.1. α‐Crystallin............................................................................................................................5
1.4.2. β‐ and γ‐Crystallin .................................................................................................................6
1.4.3. Enzymes ................................................................................................................................7
1.5.
LENS MEMBRANE COMPOSITION ........................................................................................................7
1.5.1. Phospholipids ........................................................................................................................7
1.5.2. Cholesterol ............................................................................................................................8
1.5.3. Membrane proteins ..............................................................................................................8
1.5.4. Cytoskeletal proteins.......................................................................................................... 11
1.6.
THE AGING LENS .......................................................................................................................... 12
1.6.1. Posttranslational modifications of proteins....................................................................... 12
1.6.2. Deamidation ...................................................................................................................... 12
1.6.3. Phosphorylation ................................................................................................................. 12
1.6.4. Oxidation............................................................................................................................ 13
1.6.5. Truncation.......................................................................................................................... 13
1.6.6. Racemisation...................................................................................................................... 13
1.6.7. Glycosylation...................................................................................................................... 13
1.6.8. UV filters ............................................................................................................................ 14
1.6.9. Protein aggregation........................................................................................................... 14
1.6.10.
Membrane‐protein association..................................................................................... 14
1.6.11.
Decrease in glutathione ................................................................................................ 15
1.6.12.
Lens barrier ................................................................................................................... 15
1.7.
CONDITIONS ASSOCIATED WITH AGING ............................................................................................. 16
1.7.1. Presbyopia.......................................................................................................................... 16
1.7.2. Heat and presbyopia.......................................................................................................... 18
1.7.3. Cataract ............................................................................................................................. 18
1.7.4. Age‐related nuclear cataract ............................................................................................. 19
1.8.
AIMS OF THE PROJECT ................................................................................................................... 20
CHAPTER 2:

MAPPING OF AGE‐RELATED PROTEIN CHANGES IN THE HUMAN LENS......................... 21

2.1.
INTRODUCTION ........................................................................................................................... 21
2.2.
MATERIALS AND METHODS ........................................................................................................... 22
2.2.1. Sectioning of human lenses tissue ..................................................................................... 23
2.2.2. Thermo‐gravimetric analysis lens tissue ............................................................................ 24
2.2.3. Extraction of water soluble and urea soluble protein ........................................................ 24
2.2.4. Size exclusion HPLC separation of water soluble protein................................................... 25
2.3.
RESULTS .................................................................................................................................... 25

vi

2.3.1. Dissection of lens regions ................................................................................................... 25
2.3.2. Reproducibility of dissection............................................................................................... 26
2.3.3. Thermo‐gravimetric analysis of lens regions...................................................................... 27
2.3.4. Effect of extraction pH........................................................................................................ 29
2.3.5. Effect of pH on HMW protein ............................................................................................. 31
2.3.6. Changes in protein solubility in the lens ............................................................................. 32
2.3.7. HPLC analysis of WSP ......................................................................................................... 39
2.3.8. Change in soluble α‐crystallin and HMW protein............................................................... 40
2.4.
DISCUSSION ................................................................................................................................ 45
CHAPTER 3:

Α‐CRYSTALLIN AND THE ONSET OF PRESBYOPIA ......................................................... 48

3.1.
INTRODUCTION............................................................................................................................ 48
3.2.
MATERIAL AND METHODS ............................................................................................................. 49
3.2.1. Measurement of lens stiffness............................................................................................ 49
3.2.2. Incubation of porcine lenses............................................................................................... 50
3.2.3. Rate of temperature change in incubated porcine lens ..................................................... 50
3.2.4. Isolation of water soluble and water insoluble protein from porcine and human lenses... 50
3.2.5. HPLC fractionation of water soluble protein ...................................................................... 51
3.2.6. SDS‐PAGE and tryptic digestion.......................................................................................... 51
3.2.7. MALDI spectrometry........................................................................................................... 52
3.3.
RESULTS ..................................................................................................................................... 52
3.3.1. Human lens stiffness as a function of age .......................................................................... 52
3.3.2. Protein insolubility and loss of α‐crystallin in the lens core................................................ 53
3.3.3. Loss of α‐crystallin in the lens core..................................................................................... 54
3.3.4. Initial porcine lenses incubation experiments .................................................................... 57
3.3.5. Rate of temperature change in incubated porcine lens ..................................................... 58
3.3.6. Dehydration of porcine lenses ............................................................................................ 60
3.3.7. Incubation of porcine lenses at 50ºC .................................................................................. 61
3.3.8. Changes in water soluble protein ....................................................................................... 62
3.3.9. Does heat affect lipid composition? ................................................................................... 65
3.4.
DISCUSSION ................................................................................................................................ 66
CHAPTER 4:

AGE‐RELATED CHANGES TO PROTEIN DENSITY IN THE HUMAN LENS........................... 71

4.1.
INTRODUCTION ............................................................................................................................ 71
4.2.
MATERIALS AND METHODS ............................................................................................................ 71
4.2.1. Dissection of human lenses ................................................................................................ 72
4.2.2. Extraction of water soluble protein .................................................................................... 72
4.2.3. Isolation of membrane fibres ............................................................................................. 72
4.2.4. Sucrose density gradient .................................................................................................... 73
4.2.5. Congo Red .......................................................................................................................... 73
4.2.6. Densitometric analysis of sucrose density gradients.......................................................... 73
4.2.7. HPLC fractionation of water soluble protein ...................................................................... 74
4.3.
RESULTS ..................................................................................................................................... 74
4.3.1. Nomenclature of sucrose gradients.................................................................................... 74
4.3.2. Protein density changes...................................................................................................... 75
4.3.3. Development of a method to visualise protein migration.................................................. 75
4.3.4. Congo Red staining of sucrose density gradients ............................................................... 77
4.3.5. Densitometric analysis of sucrose interfaces...................................................................... 78
4.3.6. Centrifugation of soluble, insoluble and membrane fractions ........................................... 79
4.3.7. Initial experiments on regions of the lens........................................................................... 80
4.3.8. Inner and core: Density changes with age.......................................................................... 82
4.3.9. Inner and core: SG6 ............................................................................................................ 82
4.3.10.
Inner and core: SG4 and SG3 ......................................................................................... 85
4.3.11.
Inner and core: SG1 and SG2 ......................................................................................... 87
4.3.12.
Barrier and outer: Density changes with age ................................................................ 89
4.3.13.
Barrier and outer: SG6 ................................................................................................... 91

vii

4.3.14.
Barrier and outer: SG4 and SG3 .................................................................................... 92
4.3.15.
Barrier and outer: SG2 and SG1 .................................................................................... 94
4.3.16.
SEC HPLC of SG6 ............................................................................................................ 96
4.3.17.
SDS‐PAGE of sucrose density interfaces ........................................................................ 97
4.3.18.
Cataract lenses.............................................................................................................. 98
4.4.
DISCUSSION .............................................................................................................................. 100
CHAPTER 5:

LENS CORE: INTERACTION OF PROTEINS WITH MEMBRANES .................................... 103

5.1.
INTRODUCTION ......................................................................................................................... 103
5.2.
MATERIALS AND METHODS ......................................................................................................... 103
5.2.1. Removal of protein from SG interfaces ............................................................................ 104
5.2.2. Incubation of stripped lens membrane with water soluble protein ................................. 104
5.2.3. Cholesterol and phospholipid extraction of interfaces..................................................... 105
5.2.4. Cholesterol and phospholipid extraction from whole lens tissue..................................... 105
5.2.5. Cholesterol quantification by DI/EI‐MS............................................................................ 106
5.2.6. Direct ESI‐MS of sphingomyelins...................................................................................... 106
5.3.
RESULTS .................................................................................................................................. 107
5.3.1. Examination of protein change at SG5 ............................................................................ 107
5.3.2. Stripping of protein .......................................................................................................... 109
5.3.3. Incubation of membranes with total water soluble protein ............................................ 111
5.3.4. Phospholipid quantification in SG5 from the lens core .................................................... 112
5.3.5. Phospholipid quantification in SG4 to SG1 from the lens core......................................... 114
5.3.6. Comparison of sphingolipid in a whole lens..................................................................... 116
5.3.7. Other possible sources of sphingomyelin......................................................................... 116
5.3.8. Quantification of cholesterol ........................................................................................... 117
5.3.9. Comparison of protein distribution with that of sphingolipid and cholesterol ................ 119
5.3.10.
α‐crystallin and membrane association ...................................................................... 123
5.3.11.
High molecular weight complex and membrane association ..................................... 124
5.4.
DISCUSSION .............................................................................................................................. 125
CHAPTER 6:

LENS BARRIER: INTERACTION OF PROTEINS WITH MEMBRANES ............................... 130

6.1.
INTRODUCTION ......................................................................................................................... 130
6.2.
MATERIALS AND METHODS ......................................................................................................... 130
6.2.1. Removal of protein from SG interfaces ............................................................................ 131
6.2.2. Extraction of Cholesterol and phospholipid from interfaces............................................ 131
6.2.3. Cholesterol and phospholipid extraction from whole lens tissue..................................... 132
6.2.4. Cholesterol quantification by DI/EI‐MS............................................................................ 132
6.2.5. Direct ESI‐MS of Sphingomyelins ..................................................................................... 132
6.3.
RESULTS .................................................................................................................................. 133
6.3.1. Protein changes at the ‘native’ membrane interface (SG5)............................................. 133
6.3.2. Phospholipid quantification in SG5 from the lens barrier ................................................ 134
6.3.3. Sphingolipid quantification in SG4 to SG1 from the lens barrier...................................... 135
6.3.4. Comparison of sphingolipid in a whole lens..................................................................... 138
6.3.5. Quantification of cholesterol ........................................................................................... 138
6.3.6. Comparison of protein distribution with that of sphingolipid and cholesterol ................ 140
6.3.7. SG6 and SG5..................................................................................................................... 142
6.3.8. SG4................................................................................................................................... 142
6.3.9. SG3................................................................................................................................... 144
6.3.10.
SG2 .............................................................................................................................. 145
6.3.11.
SG1 .............................................................................................................................. 145
6.3.12.
α‐Crystallin and membrane association: Barrier......................................................... 146
6.3.13.
HMW complex and membrane association ................................................................ 148
6.4.
DISCUSSION .............................................................................................................................. 149
CHAPTER 7:
7.1.

ITRAQTM : CHANGE IN PROTEIN COMPOSITION IN SG1 AND SG2 ............................... 152
INTRODUCTION ......................................................................................................................... 152

viii

7.2.
MATERIALS AND METHODS .......................................................................................................... 154
7.2.1. Sucrose density gradient: iTRAQTM ................................................................................... 154
7.2.2. iTRAQTM labelling.............................................................................................................. 154
7.2.3. Mass spectrometry........................................................................................................... 155
7.2.4. Data Analysis.................................................................................................................... 156
7.3.
RESULTS ................................................................................................................................... 156
7.3.1. Core SG1 ........................................................................................................................... 157
7.3.2. α‐Crystallin: Core SG1....................................................................................................... 159
7.3.3. β‐crystallins: Core SG1...................................................................................................... 160
7.3.4. γ‐crystallins: Core SG1 ...................................................................................................... 160
7.3.5. Cytoskeletal proteins: Core SG1........................................................................................ 161
7.3.6. Enzymes: Core SG1 ........................................................................................................... 162
7.3.7. Core SG2 ........................................................................................................................... 163
7.3.8. α‐crystallin: Core SG2 ....................................................................................................... 166
7.3.9. β‐ crystallins: Core SG2 ..................................................................................................... 166
7.3.10.
γ‐ crystallins: Core SG2................................................................................................. 167
7.3.11.
Cytoskeletal protein: Core SG2 .................................................................................... 168
7.3.12.
Enzymes: Core SG2....................................................................................................... 169
7.3.13.
Barrier SG2................................................................................................................... 170
7.3.14.
α‐Crystallin: Barrier SG2 .............................................................................................. 172
7.3.15.
β‐ crystallins: Barrier SG2 ............................................................................................ 172
7.3.16.
γ‐ crystallins: Barrier SG2............................................................................................. 173
7.3.17.
Cytoskeletal proteins: Barrier SG2 ............................................................................... 174
7.3.18.
Enzymes: Barrier SG2................................................................................................... 175
7.3.19.
Membrane protein: SG1 and SG2 ................................................................................ 175
7.4.
DISCUSSION .............................................................................................................................. 176
CHAPTER 8:

PROTEIN AGGREGATION AND DENSITY..................................................................... 183

8.1.
INTRODUCTION .......................................................................................................................... 183
8.2.
MATERIALS AND METHODS .......................................................................................................... 184
8.2.1. Separation and purification of bovine lens crystallins...................................................... 184
8.2.2. Incubation of bovine water soluble protein (BWSP)......................................................... 185
8.2.3. Incubation of bovine water soluble protein free, of α‐crystallin....................................... 185
8.2.4. Incubation of bovine water soluble protein HMW complexes.......................................... 185
8.2.5. SEC HPLC of water soluble protein ................................................................................... 186
8.2.6. Incubation of human and porcine lenses.......................................................................... 186
8.3.
RESULTS ................................................................................................................................... 186
8.3.1. Incubation of bovine water soluble protein...................................................................... 186
8.3.2. Incubation of bovine water soluble protein without alpha‐ crystallin.............................. 188
8.3.3. Incubation of beta‐crystallins ........................................................................................... 189
8.3.4. Incubation of bovine HMW complex ................................................................................ 190
8.3.5. Incubation of intact porcine lenses................................................................................... 191
8.3.6. Outer and barrier regions of incubated porcine lenses .................................................... 192
8.3.7. Inner and core regions of incubated porcine lenses ......................................................... 195
8.3.8. Loss of α‐crystallin from the core of incubated porcine lens ............................................ 197
8.3.9. Incubation of human lenses.............................................................................................. 198
8.3.10.
Sphingomyelin and cholesterol analysis of core regions of incubated human lenses . 204
8.3.11.
Sphingomyelin ............................................................................................................. 204
8.3.12.
Cholesterol................................................................................................................... 206
8.4.
DISCUSSION .............................................................................................................................. 208
CHAPTER 9:

CONCLUSIONS .......................................................................................................... 212

REFERENCES ................................................................................................................................... 217

ix

Table of Figures
Figure 1-1 Schematic diagram of a cross section of the human eye 11. ............................ 2
Figure 1-2 The Human Lens. A) A schematic of the lens is shown. The epithelium
monolayer is shown at the front of the lens. At the equatorial region these cells
differentiate into secondary fibre cells 7. The cortex region shows increasing loss of cell
organelles toward the nuclear region of the lens. B) A Scanning Electron Microscope
image highlights the “concentric shells” structure of the human lens that occurs with
elongation of mature lens fibres 13.................................................................................... 3
Figure 1-3 Helmhotlz’s theory of accommodation of the human lens. The top figure
represents the classic theory of accommodation as hypothesised by Helmhotlz (R:
relaxed; A: accommodated) . Below is an MRI image of a lens accommodating (right)
and in a relaxed state (left) 15............................................................................................ 4
Figure 1-4 A representation of aquaporin 0 with major sites of post translational
modification. Purple diamonds represent sites of phosphorylation. Black arrows major
sites of truncation. Green arrows represent lesser sites of truncation. Adapted from Ball
et al. 76 ............................................................................................................................... 9
Figure 1-5 An impediment to metabolite diffusion occurs at middle age.
Autoradiographs of axial sections of A) a 19 year old and B) a 56 year old human lens
after 48 hrs incubation with 35cysteine 159 ...................................................................... 16
Figure 1-6 The change in accommodative power of the eye with age. Four different
studies were examined and correlated 1) Donders (1864), 2) Duane (1912), 3)
Hamasaki (1956), 4) Bruckner (1987)162........................................................................ 17
Figure 1-7 The age of onset of presbyopia plotted as a function of the average ambient
temperature (Modification of data from Miranda (1979) 171). At lower ambient
temperatures the onset of presbyopia is delayed ............................................................ 18
Figure 1-8 Pirie’s classification of cataract lenses, courtesy of George Duncan 186. .... 20
Figure 2-1 The change in protein solubility in the human lens as observed in previous
studies 147,192,193. Data obtained by Li et al. was obtained by extraction with pH 8.0
buffer. .............................................................................................................................. 22
Figure 2-2 The equipment used for the dissection of human lenses. A) Photo of trephine
with Teflon holder and guide used in dissections. B) Cross sectional diagrams of the
trephines. The diagram to the far left shows a holder with a trephine, followed by the
trephines of diameter 8, 6 and 4.5 mm from left to right respectively. ........................... 23
Figure 2-3 Cross section through the visual axis of the lens highlighting the four regions
of the dissected lens. Outer (green), Barrier (red), Inner (yellow) and Core (blue). ..... 26
Figure 2-4 TGA trace of a core region from a 73 year old lens. Solid line: change in
mass with increasing temperature. Broken line: derivative of mass loss. ...................... 28
x

Figure 2-5 Amount of water soluble protein extracted from the barrier, inner and core
regions of a 42 year old lens at pH 7.0 and 8.0. The lens was dissected into three
regions (barrier, inner and core) with protein determination by BCA assay.................30
Figure 2-6 Amount of water soluble protein extracted from the barrier, inner and core
regions of an 81 year old lens at pH 7.0 and 8.0. The lens was dissected into three
regions (barrier, inner and core) with protein determination by BCA assay.................30
Figure 2-7 Amount of HMW complex isolated by SEC HPLC. Water soluble proteins
were extracted from a 42 year old lens core at either pH 7.0 or 8.0..............................31
Figure 2-8 Amount of HMW complex isolated by SEC HPLC. Water soluble proteins
were extracted from an 81 year old lens core at either pH 7.0 or 8.0............................32
Figure 2-9 Core: Change in the solubility of proteins in human lenses as a function of
age. Values for individual lens core regions are shown. Water soluble (y): Insoluble
protein (o) was solubilised in 8 M urea. .........................................................................34
Figure 2-10 Core: Change in the urea solubility of proteins in the core region of human
lenses as a function of age. Water insoluble protein was solubilised in 4 M (o) and 8 M
(y) urea. ..........................................................................................................................35
Figure 2-11 SDS-PAGE of 4 M and 8 M urea fractions from 33, 40 and 72 year old lens
core regions.....................................................................................................................35
Figure 2-12 Inner: Change in the solubility of proteins in human lenses as a function of
age. Values for individual lens inner regions are shown. Water soluble (y): Insoluble
protein (o) was solubilised in 8 M urea. .........................................................................36
Figure 2-13 Inner: Change in the urea solubility of proteins in inner of human lenses as
a function of age water insoluble protein was solubilised in 4 M (o) and 8 M (y) urea.
.........................................................................................................................................37
Figure 2-14 Barrier: Change in the solubility of proteins in human lenses as a function
of age. Values for individual lens barrier regions are shown. Water soluble (y):
Insoluble protein (o) was solubilised in 8 M urea...........................................................38
Figure 2-15 Barrier: Change in the urea solubility of proteins in the barrier region of
human lenses as a function of age Water insoluble protein was solubilised in 4 M (y)
and then 8 M (o) urea......................................................................................................39
Figure 2-16 Representative SEC HPLC profile of the water soluble protein fraction
from a 14 year old lens core. HMW, high molecular weight protein; α, alphacrystallin; βH, beta-crystallin (high); βL, beta-crystallin (low); γ, gamma-crystallin.....40
Figure 2-17 Changes in the content of soluble α-crystallin in the lens core as a function
of age. Individual human lenses were extracted with buffer at pH 7 and an aliquot
separated by gel filtration HPLC....................................................................................41
xi

Figure 2-18 Changes in the content of HMW protein (y) in the lens core as a function of
age. Individual human lenses were extracted with buffer at pH 7 and an aliquot
separated by gel filtration HPLC.................................................................................... 41
Figure 2-19 Changes in the content of soluble alpha-crystallin in the lens inner region
as a function of age. Individual human lenses were extracted with buffer at pH 7 and an
aliquot separated by gel filtration HPLC. ...................................................................... 42
Figure 2-20 Changes in the content of soluble high molecular weight protein in the lens
inner region as a function of age. Individual human lenses were extracted with buffer at
pH 7 and an aliquot separated by gel filtration HPLC................................................... 43
Figure 2-21 Changes in the content of soluble α-crystallin in the lens barrier as a
function of age. Individual human lenses were extracted with buffer at pH 7 and an
aliquot separated by gel filtration HPLC. ...................................................................... 44
Figure 2-22 Changes in the content of soluble HMW protein in the lens barrier as a
function of age. Individual human lenses were extracted with buffer at pH 7 and an
aliquot separated by gel filtration HPLC. ...................................................................... 44
Figure 3-1 Change in human lens stiffness of the nuclear region as a function of age.
Stiffness measurements in the centre of individual fresh lenses were taken using DMA.
Each point is the mean value of 9 separate measurements +/- standard deviation.
Figure 3.1 Inset. The data points plotted in a log format to illustrate the increase in
stiffness prior to age 50 211.............................................................................................. 53
Figure 3-2 Change in the solubility of proteins in human lenses as a function of age.
Values for individual lens nuclear regions are shown. Soluble (y): Insoluble protein (o)
was solubilised in 8M urea. ............................................................................................ 54
Figure 3-3 Representative gel filtration HPLC profiles of the soluble proteins from
human lens nuclear regions extracted at pH 7. a) 25 year old, b) 56 year old. α, αcrystallin; βL, β Low-crystallin; βH, β high-crystallin; γ, γ-crystallin ; HMW, high
molecular weight protein. ............................................................................................... 55
Figure 3-4 Changes in the content of soluble α-crystallin (o) and high molecular weight
protein (y) in the lens nucleus as a function of age. Individual human lenses were
extracted with buffer at pH 7 and an aliquot separated by gel filtration HPLC. ........... 56
Figure 3-5 SDS-PAGE of the HMW protein peak from the nuclear regions of a 25 and
56 year old lens isolated by gel filtration HPLC of the water soluble fraction. 1) αB
crystallin, 2) αA crystallin, 3) αA crystallin (fragment). ................................................ 57
Figure 3-6 Photographs of porcine lenses with cortical tissue removed from the top of
the visual axis. Cortical tissue (~1 mm) was removed by scalpel from the visual axis of
porcine lenses after incubation at 55ºC . ........................................................................ 59
Figure 3-7 Change in tissue temperature in the cortex and nucleus of a porcine lens
incubated at 55ºC. Temperature was measure by insertion of a thermocouple into
xii

cortical and nuclear tissue with readings taken at 1 minute intervals (n=3). ................60
Figure 3-8 Change in porcine lens weight upon incubation expressed as percentage
weight change (n=125). The lenses displayed above were incubated between 8 and 48
hours. The lines on the graph represent 5% tolerance. ..................................................61
Figure 3-9 Photographs of the time course of porcine lenses incubated at 50ºC...........61
Figure 3-10 Change in the solubility of proteins in porcine lenses following incubation
at 50 oC. Values for individual lens nuclear regions (n=3± standard deviation) are
shown. Water soluble protein (y): Urea soluble protein (o) was solubilised in 8 M urea.
.........................................................................................................................................62
Figure 3-11 Representative gel filtration HPLC profiles of the soluble proteins from
porcine lens nuclear regions extracted at pH 7 prior to and after 8 hours of incubation
at 50ºC. Α, α-crystallin; βL, β Low-crystallin; βH, β High-crystallin; G, γ-crystallin ;
HMW, high molecular weight protein.............................................................................63
Figure 3-12 Stiffness in the centre of porcine lenses following incubation at 50oC ().
Stiffness readings were taken in the centre of individual lenses and correlated with
measurements of the α-crystallin (o) and high molecular weight (HMW) (y) contents in
the soluble protein fraction as assessed using peak areas in the gel filtration HPLC
profile. Stiffness changes in control lenses left at 4oC (). Lenses at each time point 3
lenses were taken for measurement of stiffness as for Figure 3.1. Each point is the mean
value of 27 separate measurements ± standard deviation. .............................................64
Figure 3-13 SDS-PAGE of the HMW protein peak from the core region of incubated
porcine lenses isolated by gel filtration HPLC of the water soluble fraction. Total
collected HMW peak was isolated from an initial 1mg of WSP protein was loaded onto
HPLC. A) αB crystallin, B) αA crystallin.......................................................................64
Figure 3-14 Positive ion tandem mass spectra of the precursors of phosphocholine
cation (m/z 184) from porcine lens crude lipid extracts. Porcine lens core regions were
incubated at 50ºC for A) 0 hrs B) 4 hrs C) 12hrs D) 24hrs. Major species were observed
at m/z 706.6 (GPCho 14:0/16:0), m/z 732.6 (GPCho 16:0/16:1), m/z 734.6 (GPCho
16:0/16:0) and m/z 760.6 (GPCho 16:0/18:1). (GPCho: phosphatidylcholine; m/z:
mass-to-charge) ..............................................................................................................65
Figure 4-1 Nomenclature of the sucrose density gradient interfaces. A) A representative
sucrose gradient of a 50 year old lens core region with highlighted nomenclature for
the density interfaces. B) Schematic cross section of a human lens highlighting the
dissected regions used in this study. Green=outer, Red=barrier, Yellow=inner and
Blue=core........................................................................................................................75
Figure 4-2 Visualisation of protein following sucrose density gradient centrifugation.
Core lens tissue from a 69 year old lens pair was divided into three (15.0 mg +/0.2mg). A) Unstained lens tissue B) Water insoluble protein stained with Coomassie C)
Total lens core tissue (i.e. water soluble and insoluble protein) stained with Coomassie
D) SDS-PAGE of the SG6 and SG2 isolated from A) and C). ........................................76
xiii

Figure 4-3 Comparison of two protein stains. Coomassie or Congo Red were added to a
63 year old lens sample prior to protein sedimentation in sucrose density gradients.
Slight differences in banding intensity may be due to the lower concentration of Congo
Red used. ......................................................................................................................... 77
Figure 4-4 A representative densitometry plot of a 49 year old core region. Labelled
peaks correspond to each interface in the sucrose density gradient. The shoulder on
SG6 contained an abundant amount of water soluble protein complexes and was still
considered to be a component of SG6. The area under the curve was used to give
relative quantification of the amount of protein. ............................................................ 78
Figure 4-5 Sedimentation patterns of water soluble (A, D), insoluble (B, E) and
membrane (C, F) proteins from the core region of a 23 year (left panels) and a 52 year
(right panels) old lens. .................................................................................................... 80
Figure 4-6 Comparison of regional protein density changes in an old and young lens. A
34 and 86 year old lens were dissected into outer, barrier, inner and core regions. Lens
tissue 15.3 ± 0.12mg was loaded onto the sucrose gradient........................................... 81
Figure 4-7 Comparison of sucrose density gradients patterns as a function of age in the
lens core. Wet tissue 15.1 ± 0.2mg was loaded onto gradient........................................ 83
Figure 4-8 Comparison of sucrose density gradients patterns as a function of age in the
lens inner region. Wet tissue 15.3 ± 0.2mg was loaded onto gradient. .......................... 83
Figure 4-9 Amount of protein in SG6 as determined by densitometry of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined.. 84
Figure 4-10 Amount of protein in SG6a as determined by densitometry of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined.. 84
Figure 4-11 Amount of protein in SG4 as determined by densitometry of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined.. 85
Figure 4-12 Amount of protein in SG3 as determined by densitometry of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined. 86
Figure 4-13 Combined amount of protein in SG4 and SG3 in the core and inner regions
as a function of lens age. 24 cores and 15 inner regions were examined. ..................... 86
Figure 4-14 Amount of protein in SG2 as determined by densitometry, of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined.. 88
Figure 4-15 Amount of protein in SG1 as determined by densitometry, of the core and
inner region as a function of lens age. 24 cores and 15 inner regions were examined.. 88
Figure 4-16 Combined amount of protein in SG2 and SG1 in the core and inner regions
as a function of lens age. 24 cores and 15 inner regions from human lenses were
examined. ........................................................................................................................ 89
xiv

Figure 4-17 Comparison of sucrose density gradient patterns as a function of age in the
lens barrier region. Wet tissue 15.2 ± 0.2 mg was loaded onto gradient. ......................90
Figure 4-18 Comparison of sucrose density gradient patterns as a function of age in the
lens outer region. Wet tissue 15.2 ± 0.2 mg was loaded onto gradient. .........................90
Figure 4-19 Amount of protein in SG6 as determined by densitometry of the barrier and
outer region as a function of lens age. 24 barrier and 14 outer regions were examined.
.........................................................................................................................................91
Figure 4-20 Amount of protein in SG6a as determined by densitometry of the barrier
and outer region as a function of lens age. 24 barrier and 14 outer regions were
examined. ........................................................................................................................92
Figure 4-21 Amount of protein in SG4 as determined by densitometry of the barrier and
outer regions as a function of lens age. 24 barrier and 15 outer regions were examined.
.........................................................................................................................................93
Figure 4-22 Amount of protein in SG3 as determined by densitometry of the barrier and
outer region as a function of lens age. 24 barrier and 15 outer regions were examined.
.........................................................................................................................................93
Figure 4-23 Combined amount of protein in SG4 and SG3 in the barrier and outer
regions as a function of lens age. 24 barrier and 15 outer regions were examined.......94
Figure 4-24 Amount of protein in SG2 as determined by densitometry of the barrier and
outer region as a function of lens age. 24 barrier and 15 outer regions were examined.
.........................................................................................................................................95
Figure 4-25 Amount of protein in SG1 as determined by densitometry of the barrier and
outer region as a function of lens age. 24 barrier and 15 outer regions were examined.
.........................................................................................................................................95
Figure 4-26 SEC HPLC analysis of water soluble protein in a 46 year old lens core
(left) and a 49 year old core (right). Water soluble protein was analysed in two distinct
fractions: SG6 and HMW fraction. The HMW band was isolated from the shown
gradients and separated by SEC-HPLC. The variation observed in SG6a between the
two lenses is difficult to interpret. The 46 year old core region displayed a HPLC
profile similar to that of SG6, however SG6a from the 49 year old displayed a very
different profile. These differences could possibly reflect individual variation or
variation in the disruption of protein complexes in the two samples due to the change
of ionic strength and pH of the buffer used in SEC HPLC..............................................96
Figure 4-27 SDS-PAGE of the sucrose gradient interfaces (SG6, SG4, SG3, SG2 and
SG1) from a 48 year old lens core. SG4, SG3, SG2 and SG1 were solubilised in 8M
urea prior to SDS-PAGE.................................................................................................97
Figure 4-28 Comparison of sucrose density gradient patterns as a function of age and
severity of cataract. A) 45 year old type II B) 60 Type III C) 75 year old Type IV/V
cataract. Cataracts were classified by colour of cataract. .............................................99
xv

Figure 4-29 Change in SG6 as a function of lens region: the outer, barrier, inner and
core. Values were determined by use of densitometry. The outer, barrier and inner
reigons were fitted with linear regressions, while a sigmonal plot was fitted to the core
region. ........................................................................................................................... 101
Figure 5-1 Sucrose density gradients of two lenses aged 34 and 86 years. Lenses were
dissected into four regions as outlined with wet weights 15.3mg -/+0.12mg loaded onto
each gradient. The band at SG5 is highlighted to show changes in the ‘native’
membrane sedimentation band. .................................................................................... 107
Figure 5-2 The amount of protein detected at the SG5 interface as a function of age.
Protein concentration was determined by densitometry. Representative images of the
density of protein at SG5 are shown on the top panel. ................................................. 108
Figure 5-3 Sucrose density gradients of interfaces at SG5, SG4, SG3, SG2 and SG1 of
an 82 year old lens core after the removal of extrinsic proteins. Interfaces were isolated
from the sucrose gradient shown on the far left panel and stripped by washing pellet
with 8M urea. The resultant pellet was re-run on a sucrose gradient.......................... 110
Figure 5-4 SDS-PAGE of the urea insoluble pellet isolated at sucrose density interfaces
SG5, SG4, SG3, SG2 and SG1 from a 48 year old human lens core. This image has been
converted to greyscale to highlight bands corresponding to the molecular weight of
Aquaporin 0 and its truncated form (25 and 23 kDa). ................................................. 110
Figure 5-5 Lens membranes incubated with water soluble protein at 50 ºC for 15hrs. a)
Isolated membranes from a 49 year lens were incubated with water soluble protein from
the same 49 year old normal lens. b) Isolated membranes from a 49 year old lens
incubated with water soluble protein from a 60 year old cataract lens. Blue bars, 0 hrs
incubation; purple bars, 15 hrs incubation. ................................................................. 111
Figure 5-6 Mass spectra of phospholipids in SG5. The positive ion tandem mass spectra
of precursors of the phosphocholine cation (m/z 184) from a 22 (top) and 72 (bottom)
year old SG5. SM (d18:0/16:0) m/z 705, SM (d18:1/22:0) m/z 787, SM (d18:0/24:1),
m/z 815, SM (d18:0/14:0) m/z 677, SM (d18:1/16:0) m/z 703, SM (d18:1/24:1) m/z 813
used for determination of phospholipid content. Note the internal standard at m/z 649.6
(SM (d18:0/12:0). Original wet tissue weight (15.5mg) and internal standard (193ng)
were equivalent for both samples.................................................................................. 112
Figure 5-7 The amount of sphingolipid detected at SG5 as a function of age in the core
region. The amount of sphingolipid until age 40 was an average of 1.77µg/mg wet
tissue weight. After the age of 50 this decreased to 0.18µg/mg wet tissue weight. ...... 114
Figure 5-8 The amount of sphingolipids detected at SG4 (A), SG3 (B), SG2 (C) and SG1
(D) as a function of age in the core region. .................................................................. 115
Figure 5-9 Comparison of sphingolipid recovered from sucrose gradients A)
Sphingolipid recovered from SG5 (y) and the combined amount of sphingolipid at SG4,
SG3, SG2 and SG1 (o). B) Total sphingolipid recovered from sucrose gradient......... 116
Figure 5-10 A mass spectrum of cholesterol in SG5 from a 50 year old lens. Cholesterol
xvi

m/z 386 was extracted from SG5 with the internal standard, deuterated cholesterol, of
m/z 392. A) Representative mass spectrum of the SG5 extract. B) Selected ion count as
a function of time. The cholesterol (m/z 386) to deuterated cholesterol (m/z 392) were
used for cholesterol quantification. ..............................................................................118
Figure 5-11 The percentage of the total cholesterol recovered in SG5 (y), combined SG4
to SG1 (o) and SG6 and SG4 to SG1 combined ( ). Changes ploted were Sigmoidal(
SG5 r2=0.96, SG4 to SG1 r2 =0.85, SG6 and SG4 to SG1 r2=0.95 ) ...........................118
Figure 5-12 Comparison of protein pattern (as judged by photographs of the centrifuge
tubes) and lipid changes as a function of age in the core region. Membrane
sedimentation was determined by detection of sphingolipids (right side) and cholesterol
(left side). All sphingolipid data are a percentage of total recovered from SG1 to SG5.
All Cholesterol data are a percentage of total recovered from SG1 to SG6. ...............121
Figure 5-13 Amount of sphingolipid in SG5 (y) and water soluble protein (SG6) (o) in
the core of the human lens as a function of age. Changes ploted were Sigmoidal( SG5
r2=0.96, proein SG6/SG6a r2 =0.95) ..........................................................................122
Figure 5-14 Amount of sphingolipid (y) and protein (o) detected in the combined SG4 to
SG1 interfaces from the core region. ............................................................................122
Figure 5-15 Change in the content of soluble α-crystallin (o) in the water soluble
fraction and sphingolipid (y) isolated at SG5 in the lens core as a function of age. αCrystallin compared to the in WSP from individual human lenses was separated from
other lens crystallins by gel filtration HPLC . Changes ploted were Sigmoidal(αCrystallin r2=0.95, SG5 r2=0.95) .................................................................................123
Figure 5-16 Amount of HMW protein in SG6 and sphingolipid in SG5 as a function of
age. ................................................................................................................................124
Figure 5-17 Amount of HMW protein in SG6 and protein at SG5 protein isolated at the
‘native’ membrane interface of SG5.Changes ploted were curvilinear (HMW r2= 0.65,
Protein SG5 r2= 0.79)...................................................................................................125
Figure 6-1 The amount of protein detected at the SG5 interface as a function of age.
Protein concentration was determined by densitometry. Representative images of the
density of protein at SG5 are shown on the top panel. .................................................133
Figure 6-2 Mass spectra of phospholipids in SG5 from the lens barrier. Positive ion
tandem mass spectra of precursors of the phosphocholine cation (m/z 184) from a 22
(top) and 72 (bottom) year old SG5 barrier extraction. SM (d18:0/16:0) m/z 705, SM
(d18:1/22:0) m/z 787, SM (d18:0/24:1) m/z 815, SM (d18:0/14:0) m/z 677, SM
(d18:1/16:0) m/z 703, SM (d18:1/24:1) m/z 813 were used for determination of
phospholipid content. Note the internal standard at m/z 649.6 (SM (d18:0/12:0).
Original wet tissue weight (15.3 mg) and internal standard (193 ng) were equivalent for
both samples..................................................................................................................134
Figure 6-3 The amount of sphingolipids detected at SG5 in the barrier region as a
function of age. The amount of sphingolipid prior to the age 45 was an average of
xvii

3.7µg/mg wet tissue....................................................................................................... 135
Figure 6-4 The amount of sphingolipids detected at SG4(A), SG3 (B), SG2 (C), and SG1
(D) as a function of age in the barrier region............................................................... 137
Figure 6-5 Comparison of sphingolipid recovered from the sucrose gradient. A)
Sphingolipid recovered from SG5 (y) compared to the combined amount of sphingolipid
in SG4, SG3, SG2 and SG1 (o).B) Total recovered sphingolipid recovered from the
sucrose gradient............................................................................................................ 137
Figure 6-6 A mass spectrum of cholesterol in SG5 from a 50 year old lens barrier.
Cholesterol m/z 386 was extracted from SG5 with and internal deuterated cholesterol
standard m/z 392. A) Representative mass spectrum of the SG5 extract. B) Selected ion
count as a function of time. The cholesterol (m/z 386) to deuterated cholesterol (m/z
392) were used for cholesterol quantification. ............................................................. 139
Figure 6-7 The percentage of total cholesterol recovered in SG5 (o) and the combined
SG4 to SG1 (y). ............................................................................................................. 140
Figure 6-8 Comparison of protein pattern (as judged by photographs of the centrifuge
tubes) and lipid changes as a function of age in the barrier region. Membrane
sedimentation was determined by detection of sphingolipids (right side) and cholesterol
(left side). All sphingolipid data are a percentage of total recovered from SG1 to SG5.
All cholesterol data are a percentage of total recovered from SG1 to SG6. ................ 141
Figure 6-9 Amount of sphingolipid in SG5 (y) and water soluble protein (o) in the
barrier of the human lens as a function of age. ............................................................ 143
Figure 6-10 Amount of sphingolipid (y) and protein (o) in SG5 from the barrier of the
human lens as a function of age.................................................................................... 143
Figure 6-11 Amount of sphingolipid (y) and protein (o) in SG4 from the barrier regions
of the human lenses as a function of age. ..................................................................... 144
Figure 6-12 Amount of sphingolipid (y) and protein (o) in SG3 from the barrier of the
human lens as a function of age.................................................................................... 144
Figure 6-13 Amount of sphingolipid (y) and protein (o) in SG2 from the barrier of the
human lens as a function of age.................................................................................... 145
Figure 6-14 Amount of sphingolipid (y) and protein (o) in SG1 from the barrier of the
human lens as a function of age.................................................................................... 146
Figure 6-15 Change in the content of soluble α-crystallin (y) in the water soluble
fraction and sphingolipid (o) isolated in at SG5 in the lens barrier as a function of age.
α-crystallin isolated and separated from other lens crystallins by gel filtration from the
water soluble fraction of individual human lenses. Changes observed were sigimoidal
(α-crystallin r2=0.71, SG5 r2=0.73). ........................................................................... 147
Figure 6-16 Change in the content of soluble α-crystallin (y) in the water soluble
xviii

fraction and sphingolipid (o) isolated from combined SG4, SG3, SG2 and SG1 in the
lens barrier as a function of age. α-Crystallin isolated and separated from other lens
crystallins by gel filtration from the water soluble protein of individual human lenses.
Changes observed were sigimoidal (α-crystallin r2=0.71, SG5 r2=0.82). ..................147
Figure 6-17 Amount of HMW protein as a function of age (y) compared with
sphingolipid (o) isolated at the ‘native’ membrane interface of SG5...........................148
Figure 7-1 Overview of iTRAQTM labelling system. A) iTRAQTM reagent structure B)
iTRAQTM labelling methodology 234. .............................................................................153
Figure 7-2 Diagram showing the experimental workflow of the iTRAQTM experiments.
SG1 (core) was removed from the sucrose gradient from four lenses (aged 49, 50, 71
and 72) with protein solubilised in 1% SDS. After digestion peptides were labelled with
different iTRAQTM reagents. Labelled digests were combined and a cation exchange
cleanup performed. 2D chromatography was coupled with MS/MS in duplicate. .......157
Figure 7-3 Percentage changes in αA and αB crystallin at SG1 of the core between two
age groups. Values are an average of change in peptide ions from two runs ± S.D. ..159
Figure 7-4 Percentage changes in β-crystallin subunits at SG1 from the core between
two age groups. Values are an average of change in peptide ions from two runs ± S.D.
.......................................................................................................................................160
Figure 7-5 Percentage changes in γ-crystallin subunits at SG1 from the core between
two age groups. Values are an average of change in peptide ions from two runs ± S.D.
.......................................................................................................................................161
Figure 7-6 Percentage changes in cytoskeletal proteins at SG1 from the core between
two age groups. Values are an average of change in peptide ions from two runs ± S.D.
.......................................................................................................................................162
Figure 7-7 Percentage changes in enzymes at SG1 from the core between two age
groups. Proteins were labelled as follows BHMT = Betaine-homocysteine Smethyltransferase, CR = Carbonyl reductase, GAP-DH = Glyceraldehyde-3-phosphate
dehydrogenase and RD = Retinal dehydrogenase. Values are an average of change in
peptide ions from two runs ± S.D..................................................................................163
Figure 7-8 Diagram showing the experimental workflow of the iTRAQTM experiments.
SG2 (core) was removed from the sucrose gradient from four lenses (aged 49, 50, 71
and 72) with protein solubilised in 1% SDS. After digestion peptides were labelled with
different iTRAQTM reagents. Labelled digests were combined and a cation exchange
cleanup performed. 2D chromatography was coupled with MS/MS in duplicate. .......164
Figure 7-9 Percentage changes in αA and αB crystallin at SG2 of the core between two
age groups. Values are an average of change in peptide ions from two runs ± S.D. ...166
Figure 7-10 Percentage changes in β-crystallins at SG2 of the core between two age
groups. Values are an average of change in peptide ions from two runs ± S.D...........167
Figure 7-11 Percentage changes in γ-crystallins at SG2 of the core between two age
xix

groups. Values are an average of change in peptide ions from two runs ± S.D........... 168
Figure 7-12 Percentage changes in cytoskeletal proteins at SG2 from the core between
two age groups. Values are an average of change in peptide ions from two runs ± S.D.
....................................................................................................................................... 169
Figure 7-13 Percentage changes in enzymes at SG2 from the core between two age
groups. Proteins were labelled as follows RD = Retinal dehydrogenase, SD = Sorbitol
dehydrogenase, CR = Carbonyl reductase, GAP-DH = Glyceraldehyde-3-phosphate
dehydrogenase. Values are an average of change in peptide ions from two runs ± S.D.
....................................................................................................................................... 169
Figure 7-14 Diagram showing the experimental workflow of the iTRAQTM experiments.
SG2 (barrier) was removed from the sucrose gradient from four lenses (aged 49, 50, 71
and 72) with protein solubilised in 1% SDS. After digestion peptides were labelled with
different iTRAQTM reagents. Labelled digests were combined and a cation exchange
cleanup performed. 2D chromatography was coupled with MS/MS in duplicate. ....... 170
Figure 7-15 Percentage changes in αA and αB crystallin at SG2 of the barrier between
two age groups. Values are an average of change in peptide ions ± S.D..................... 172
Figure 7-16 Percentage changes in β-crystallins at SG2 of the barrier between two age
groups. Values are an average of change in peptide ions ± S.D. ................................. 173
Figure 7-17 Percentage changes in γ-crystallins at SG2 of the barrier between two age
groups. Values are an average of change in peptide ions ± S.D. ................................. 174
Figure 7-18 Percentage changes in cytoskeletal proteins at SG2 from the barrier
between two age groups. Values are an average of change in peptide ions ± S.D. ..... 174
Figure 7-19 Percentage changes in enzymes at SG2 from the barrier between two age
groups. Proteins were labelled as follows RD = Retinal dehydrogenase, SD = Sorbitol
dehydrogenase, CR = Carbonyl reductase, GAP-DH = Glyceraldehyde-3-phosphate
dehydrogenase. Values are an average of change in peptide ions ± S.D. .................... 175
Figure 7-20 Summary of the percentage changes of lens crystallins between the two age
groups at SG1 and SG2 from the core region of a human lens. Values shown represent
an average percentage change in abundance of the protein in older lenses compared to
those of younger lenses. ................................................................................................ 177
Figure 7-21 The relative changes of lens crystallins between the two age groups at SG2
from the barrier region of a human lens. Values are an average deviation of relative
peptide ions from two runs............................................................................................ 179
Figure 8-1 Sucrose protein density patterns of bovine water-soluble protein incubated at
50ºC as a function of time. ............................................................................................ 187
Figure 8-2 Amount of α-crystallin and HMW complex in SG6 as a function of time
incubated at 50ºC.......................................................................................................... 188
xx

Figure 8-3 Sucrose protein density patterns of bovine water soluble protein without αcrystallin at 50 ºC as a function of time. .......................................................................189
Figure 8-4 Sucrose density patterns of beta crystallin from bovine water soluble protein
incubated at 50ºC as a function of time. .......................................................................190
Figure 8-5 Sucrose protein density patterns of HMW complexes from bovine water
soluble protein incubated at 50ºC as a function of time. ..............................................191
Figure 8-6 Sucrose density patterns of porcine lenses incubated at 50oC for 24 hours.
Dissected lens regions weight (mg±SD):Outer (15.4 ±0.14) Barrier (15.5 ±0.14) Inner
(15.5 ±0.2) and Core (15.6 ± 0.10) were loaded onto the density sucrose gradient. ...192
Figure 8-7 Protein density changes from the outer and barrier regions of porcine lenses
incubated at 50 ºC. The graphs are shown in order of increasing density. SG6, SG6a,
SG5, SG4, SG3 and SG2 were determined by Densitometric analysis.........................193
Figure 8-8 Protein density change at SG1 from the outer and barrier regions of porcine
lenses incubated at 50 ºC. .............................................................................................194
Figure 8-9 Protein density changes from the inner and core regions of porcine lenses
incubated at 50 ºC. The graphs are shown in order of increasing density. SG6, SG6a,
SG5, SG4, SG3 and SG2 were determined by densitometric analysis..........................196
Figure 8-10 Protein density change at SG1 from the outer and barrier regions of
porcine lenses incubated at 50 ºC. ................................................................................197
Figure 8-11 Loss of alpha-crystallin and appearance of SG1 and SG2 in the core of
incubated porcine lenses. The amount of alpha-crystallin was determined by SEC
HPLC analysis of SG6. .................................................................................................198
Figure 8-12 Sucrose density gradient pattern of a 31 year old human lens pair.
Unincubated (left) and after at 50ºC for 15 hrs (right) (15.5 ± 0.2 mg for all regions)
.......................................................................................................................................199
Figure 8-13 Densitometric scanning of the sucrose gradients of a 31 year old human
lens prior to (Top panel) and after incubation at 50 ºC for 15 hours (bottom panel).
Prior to incubation the majority of all protein detected is in SG6 and SG5 .After
incubation protein sediments at higher densities..........................................................200
Figure 8-14 Sucrose gradient pattern of a 75 year old human lens pair. Unincubated
(left) and after at 50ºC for 15 hrs (right) (15.4 ± 0.12 mg for all regions)..................201
Figure 8-15 Densitometric scanning of the sucrose gradients of a 75 year old human
lens prior to (Top panel) and after incubation at 50 ºC for 15 hours (bottom panel).
There was little change in protein density after incubation..........................................203
Figure 8-16 Sphingolipid in sucrose interfaces (SG6, SG5, SG4, SG3, SG2 and SG1)
from the core region prior to and after incubation of a 31 year old lens at 50ºC for 15
hours..............................................................................................................................205
xxi

Figure 8-17 Sphingolipid in sucrose interfaces (SG6, SG5, SG4, SG3, SG2 and SG1)
from the core region prior to and after incubation of a 75 year old lens at 50ºC for 15
hours ............................................................................................................................. 205
Figure 8-18 Cholesterol in sucrose interfaces (SG6, SG5, SG4, SG3, SG2 and SG1)
from the core region prior to and after incubation of a 31 year old lens at 50ºC for 15
hours. ............................................................................................................................ 207
Figure 8-19 Cholesterol in sucrose interfaces (SG6, SG5, SG4, SG3, SG2 and SG1)
from the core region prior to and after incubation of a 75 year old lens at 50ºC for 15
hours ............................................................................................................................. 207

xxii

Table of Tables
Table 2.1 Average mass of wet lens tissue per region of lens. The higher standard
deviation in the outer and barrier regions maybe due to growth of the lens with age
(n=120). ..........................................................................................................................27
Table 2.2 TGA analysis of water and protein content in different regions of the human
lens. Lenses were chosen between 69 and 86 (Average 75 ± 3yrs) (n=6). .....................28
Table 2.3 Comparison of the amount of water soluble protein as determined by BCA
assay and amino acid analysis........................................................................................33
Table 3.1 MALDI matched to tryptic digests of the HMW 56 year old lens (Figure 3.5).
MALDI analysis confirmed that the identities of the bands in the 25 year old were the
same as those crystallins in the 56 year old lens. Precision Plus Protein Standards (BioRad) were used as protein markers for SDS-PAGE. ......................................................57
Table 3.2 Change in stiffness of porcine lenses incubated at 43, 50 and 55ºC. Amount
soluble protein and insoluble protein was determined by BCA assay. ...........................58
Table 4.1 Amount of protein in Coomassie stained and unstained interfaces from
insoluble protein from a 69 year old lens core. Protein from each interface was
solubilised in 8M urea and quantified by use of the BCA assay.....................................77
Table 4.2 Comparison of protein amounts determined by densitometry and by BCA
assay. All densitometry and BCA assays were performed in triplicate with the average
values displayed below....................................................................................................79
Table 5.1 The amount of sphingomyelins detected in SG6, the sucrose between the
interfaces, and a methanol wash of the remaining centrifuge tube. All values obtained
are an average of three samples with standard deviation within the specified age range.
.......................................................................................................................................117
Table 6.1 The amount of sphingolipid extracted from whole lens tissue and combined
sucrose gradient interfaces (SG5, SG4, SG3, SG2 and SG1) from same lenses...........138
Table 7.1 Proteins detected by iTRAQTM at SG1 of the core. .......................................158
Table 7.2 Proteins detected by iTRAQTM at SG2 of the core. .......................................165
Table 7.3 Proteins detected by iTRAQTM at SG2 of the barrier....................................171
Table 7.4 ESI matched to tryptic digests of SG2 from the core and barrier ................176

xxiii

Abbreviations
1D

one-dimensional

2D

two-dimensional

APAF

Australian Proteome Analysis Facility

AQP0

aquaporin 0

BHSM

betaine-homocysteine S-methyltransferase

BHT

butylated hydroxytoluene

α –crystallin

alpha-crystallin

β –crystallin

beta-crystallin

γ –crystallin

gamma-crystallin

CR

carbonyl reductase

DMA

Dynamic Mechanical Analysis

DTT

1,5-dithiolthreitol

EDTA

ethylenediaminetetraacetic

EGTA

ethylene glycol tetraacetic acid

ESI-MS

electrospray-ionisation mass spectrometry

FA

formic acid

GAPDH

glyceraldehyde-3-phosphate dehydrogenase

GSH

reduced glutathione

HCl

hydrochloric acid

HMW

high molecular weight

HPLC

high performance liquid chromatography

MALDI

matrix-assisted laser desorption ionisation

MS

mass spectrometry

MS/MS

tandem mass spectrometry

MW

molecular weight

m/z

mass-to-charge ratio

NaCl

sodium chloride

NaOH

sodium hydroxide

NH4HCO3

ammonium Bicarbonate

PMF

peptide mass fingerprinting
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PTMs

post-translational modifications

RD

retinal dehydrogenase

SD

sorbitol dehydrogenase

SDS

sodium dodecyl sulfate

SDS-PAGE

sodium dodecyl sulfate polyethylene glycol

TGA

thermo-gravimetric analysis

TOF

time of flight

Tris-HCl

tris(hydroxymethyl)aminomethane hydrochloride

WSP

water soluble protein

USP

urea soluble protein
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