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Abstract

The principal aim of this research project has been the utilisation of various proteomic
techniques in the investigation of the Alzheimer’s disease amyloid precursor protein
(APP) isoforms, namely APPg¢s, APP;5; and APP7;. One of the most noticeable
pathological characteristics of Alzheimer’s disease is the presence of neuritic plaques in
brain tissue. The chief protein constituent of neuritic plaques is the beta amyloid peptide.
This peptide is proteolytically cleaved from APP, as such the interest in APP isoforms is
great and a rapid detection method for the presence of each isoform would be a huge
advantage to the research effort with regards to the determination and concentration in
both diseased and non-diseased states. Two-dimensional gel electrophoresis and peptide
mass fingerprinting are two of the most important techniques in the proteomics arena and
both are investigated fully in this work. Retinoic acid induced Ntera 2 cells, derived from
a human teratocarcinoma cell line, were the in vitro source of APP. Initial isolation of
APP was performed by immunoprecipitation, using a monoclonal antibody raised to
amino acids 1-17 of the B-amyloid peptide sequence, which is present in all three alpha
secretase cleaved isoforms of interest. The next step was to separate whole APP into its
isoform components by two-dimensional gel electrophoresis. The resulting protein spots
were then subjected to peptide mass fingerprinting employing the different digest
reagents, trypsin, endoproteinase Asp-N and formic acid. Initial distinction between the
APP isoforms could be seen upon examination of theoretical in silica digests using the
various digest reagents mentioned. The in silica digests revealed peptides unique to each

isoform that in theory could be used as indicators of isoform presence.
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Proteomic techniques are utilised in this research for the investigation of the
Alzheimer’s disease amyloid precursor protein (APP) isoforms, namely the three
isoforms implicated with Alzheimer’s disease; APPg¢os, APP75; and APPy7. This
chapter provides a brief review of Alzheimer’s disease giving the reader an overall
view of the history, clinical and pathological characteristics, aetiology, treatment and -
research into Alzheimer’s disease. This is followed by an introduction into proteomics |
covering the main techniques utilised in this science and finally the application of

proteomics to Alzheimer’s disease research.

1.1 Alzheimer’s Disease

Alzheimer’s disease was first described in 1906' by Alois Alzheimer, an Austrian
physician. Whilst working on staining techniques for the\cerebral cortex Alzheimer
observed nerve cell loss, plaques and tangles in tissue derived from a 51-year-old

sufferer of presenile dementia.

Alzheimer’s disease (AD) is the most common single cause of dementia in the
elderly. The number of afflicted individuals doubles every five years after the age of
60. It is seen in ~1% of 60 year olds, rising to a prevalence of >40% in 85 year olds>.
The disease typically begins in middle to late adult life and is noticeable from a series
of clinical features, such as impairment of cognitive function (beginning with general
forgetfulness and loss of recent or .immediate recall), progressing to remote recall. It
is a progressive, irreversible, neurodegenerative disorder, causing intellectual
impairment, disorientation and eventually death. Sufferers show an inability to
perform new and previously learned tasks that involve intellectual thinking and have

impaired judgement and slowed responses. Mood swings are common, ranging from



euphoria to depression and anxiety and ending in a sullen vegetative state. Behaviour
is uncharacteristic, often antisocial and disorientated. The disease gradually
deteriorates over a period of five to fifieen years rendering patients bedridden and
ending in death, either from organ failure or more commonly from complications
arising from their bedridden state, such as bed sores and bladder infections. Whilst
there are numerous pharmaceuticals accessible for the treatment of AD’ no cure is

currently available®.

The pathological characteristics of AD include a profound loss of brain tissue, visible
as valleys and troughs, rather than the clefts and fissures associated with healthy
tissue. At a miqroscopic level an accumulation of fibrous proteins can be seen inside
the cytoplasm of nerve cells within the cortex of the brain, forming dense
neurofibrillary tangles. The cytoplasmic tangles are bundles of paired, helically
wound, 10nm filaments (PHFs), combined with straight filaments® (figure 1)5.
Tangles are present mainly in the entorhinal cortex, hippocampus, amygdala,
associated cortexes of the frontal, temporal and parietal lobes and subcortical nuclei
that project into these regions. The principal protein subunit of PHFs is a
hyperphosphorylated version of a protein known as tau,” (figure 2a)®, whose normal
physiological role is the assembly of the microtubule skeleton and cellular transport, a
function that is abolished by hyperphosphorylation’. Normally occurring tau is highly
soluble but hyperphosphorylation renders it insoluble Causing it to aggregate in

tangles, often complexed with ubiquitin. Ubiquitinated tangles are also a feature of
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other neuronal disorders, such as Parkinson’s and Lewy body disease. It is thought
that the presence of ubiquitin may be an attempt to degrade the tangles by action of
the proteosome, if this is the case, however, it is largely unsuccessful.- The other
pathological representation of AD most Currently and enthusiastically researched is
the presence of senile or neuritic plaques (figure 2b), seen as an aggregation of fibrous
proteins within the extracellular space. The major protein constituent of these plaques
is an insoiuble, highly aggregating, 4kDa (39 to 43 amino acids) peptide, known as
| the beta amyloid (AP) peptide, first isolated and characterised by Glenner and Wong,
1984'°. AP plaque formation is mainly within the cerebral and limbic cortices,
deposits are also found on the walls of meningeal and cerebral blood vessels''.

Plaques are present in two forms, fibrillar and non-fibrillar.

The non-fibrillar plaques present in AD brain are termed ‘diffuse’ and occur as
insoluble clumps (8-10nm), granular in appearance and intermingled almost
exclusively with non-fibrillar, 42-residue amyloidogenic AB peptide (AB42)"%. Diffuse
plaques appear within regions of the AD brain, not generally concerned with the
disease and also in healthy aged brains. The fibrillar forms of plaques are termed
‘neuritic’ plaques and exist solely within disease regions. These plaques are made up
of a mixture of both the non-amyloidogenic AB4 and the amyloidogenic A4, yet
strangely enough it is the non-amyloidogenic version of the peptide that predominates

here (~90%).

Although primarily associated with the elderly the aetiology of AD is still unknown.
There are ever increasing reports of early onset (EOAD) ', familial (FAD)' and links

to Down’s syndrome'® suggesting a genetic aetiology, however, several other risk

5



factors are also apparent such as, metabolic disturbances, environmental origins, high
blood pressure, bacterial/viral infections and head trauma, with genetic factors only
accounting for around 5% of all cases’. One of the aspects that AD researgh has
uncovered is the sheer complexity and multifactorial nature of this disease. The
possibility cannot be ruled out, therefore, that genetics are more frequently involved
than first thought, perhaps as an initial switch turned on, for example by the more
obvious environmental, metabolic or bacterial factors. There are at least four genes
implicated in the development of AD; the amyloid precursor protein (APP) gene,
ApoE4 gene and the presinilin 1 (PS1) and 2 (PS2) genes, a list that is, however, by
no means definitive’®'”. Individuals exhibiting two copies of the ApoE4 gene have
been shown to be at a greater risk of developing late onset AD'® and both FAD and
EOAD are strongly linked with mutations in the APP, PS1 and PS2 genes'®. There are
also chromosomal links as opposed to just the gene loci themselves, the most
prominent example being the association with Down’s syndrome®. A single gene on
the long arm of chromosome 21 (21q21) codes APP and was cloned in 1987 by Tanzi

et al’!

. This area is duplicated in Down’s syndrome and studies have shown this to be
true in cases of AD*, providing evidence for the ‘gene dosage’ hypothesis, where it is
thought that over expression due to duplication of the genes is causative of the

disease, yet several other studies have shown this phenomenon to be unrepeatable™?*.

In 1987 Kang et al” isolated and sequenced a 695 residue protein, using a probe
designed from the N-terminus of the AP peptide. Initially termed the precursor of AP
peptide, later referred to as the amyloid precursor protein (APP). APP is part of a
large family of transmembrane and secreted proteins, whose constitutive expression

and evolutional conservation is seen in many cell types. The heterogeneity of APP



arises from both alternative splicing and post-translational processing, including the
addition of N- and O- linked sugars, phosphates and sulphates. The mammalian APP
family has three members; APP and APP-like proteins, APLP1 and APLP2%, APP
exists in both secreted and membrane bound forms. Membrane bound APP is a type I
integral membrane protein, whose primary structure strongly resembles a cell surface
receptor with a signal sequence, a single transmembrane domain and a small
cytoplasmic tail. The gene has 19 exons”, of which exons 7, 8 and 15 can be
alternatively spliced producing at least 10 protein isoforms (table 1)*. The three most
relevant isoforms with respect to AD are APPgos restricted to the central nervous
system (CNS), APP;s; and APP77 both expressed in peripheral and CNS tissues
(figure 3). All three contain the full length A pepﬁde and therefore have the ability to
be processed into the potentially amyloidogenic AP peptide. APPy is the full length
protein, APP7s; lacks exon 8 that codes for a 19 residue domain with homology to the
MRC OX-2 antigen found on the membrane of neurons and thymocyteszg. APPgos
lacks both exon 8 and exon 7, the latter coding for a 57-residue domain bearing
homology to a serine protease inhibitor of the Kunitz type (KPI)*’. The serine
protease inhibitory quality of the KPI containing isoforms, APP;s; and APPyy
uncovers the function of these isoforms present in platelets, where they are involved
in the inhibition of factors of the coagulation cascade. Splice variaﬁts lacking exon 15
along with various combinations of exons 7 and 8 are referred to as leukocyte derived
APP’s (L-APP’s) because of their initial identification from peripheral lymphocytes®,
however, expression has since been observed in almost all tissues®>. Exon 15 codes
for an 18 residue domain proximal to the AP peptide region, excision of this exon
results in a chondroitin-sulphate-glycosaminoglycan attachment site. Attachment of

this moiety results in a high molecular mass APP called appican®® involved in the
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endosomal system and degradation®. The a-secretase cleavage site 1s within the AP
domain and as such precludes the formation of the AP peptide. It was originally
“thought that the AP peptides were only formed as a result of aberrant processing®’ but
it is now known that they are part of normal APP metabolism®. Formation of AP
peptides involves cleavage by B and y secretase. B-secretase cleavage occurs within
the ER and as with o-secretase acts only upon the membrane bound molecule,
yielding the Ap N-terminus and releasing the truncated form of soluble APP (APPs-f3)
from the cell. The C-terminus of AP is formed by cleavage with y secretase and
results in APj.40, non-amyloidogenic peptide or APB;42, amyloidogenic peptide. It is
uncertain whether production of the peptides arises from two independent y-secretase
eﬁzymes, as it is believed that A4, is generated in the ER and intermediate Golgi

and AP in the trans-Golgi®.

The proteolytic mechanism of a-secretase may have helped to uncover its true
identity. APP processing involves both constitutive and regulated components with
activation by either protein kinase C (PKC) or other second messenger ;ascades.
Research into the ADAM (A Disintegrin And _M_etalloprétease) enzymes uncovered
three family members as strong candidates; ADAM 10,0, ADAM 9*! and ADAM 17
also known as tumour necrosis factor-converting enzyme (TACE)*. TACE knockout
mice showed deficits in APP secretion and cotransfection of ADAM 9 and 10 with
APP resulted in increased secretion of soluble a cleaved APP. Positive identification
of B-secretase came in 1999 with the simultaneous publications from four independent
groups43 444546 Using separate approaches all four groups revealed B-secretase to be

a novel aspartic protease termed BACE (beta site APP cleaving
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signals from the extracellular matrix to the interior of the cell. Secreted APP is
thought to exert neuronal survival by lowering intracellular calcium levels™ the site of
neuroprotection localised to residues 666-687 (APP77p numbering). This domain is
present within APPs-a but not APPs-f and as such suggests a possible reason for the
different pro’cessing events. Other functional sub-domains identified are the RERMS
sequence possibly involved in growth promotion®® and two heparin binding sites,
HBDI1°’ and HBD2*® at residues 96-110 and 316-337 respectively. Heparin is a
member of the glycosaminoglycan family involved in cytokine action, cell-adhesion,
enzyme catalysis and regulating the structure and function of basement membranes.

Williamson et al®

showed how the binding of heparin-like molecules, such as
glypican and perlecan modulated APP induced neurite outgrowth. The highly
conserved zinc (IT) binding domain between residues 181-200% has been shown to
modulate heparin binding. This along with the findings of abnormal zinc (II)
metabolism in AD and Downs }syndromea and the presence of perlecan in amyloid
plaques®? may be relevant in the pathology of AD and the early stages of plaque
formation. Other metal binding sites at,residues 135—1.55 bind Cu (II) and reduce it to
Cu(I), with the subsequent oxidation of cysteine residues at 144 and 158, resulting in-
the formation of new intramolecular disulphide bridges®. This is believed to play an
important role in anti-oxidant defence, disparities in which could have causative
effects for late onset AD, where aging coupled with environmental effects exacerbate
AR peptide formation. The best understood APP domain with respect to both structure
and function is the KPI site present in APP779, APP;s; and APLP2 also termed APPxp;

isoforms. Involved in-the coagulation cascade within platelets this serine protease

inhibitor domain inhibits factors IXa, X and Xla. Johnson ef al 1990%* showed that the

APP751/APPgos ratio was increased in the hippocampal and neocortical tissues during
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Alzheimer’s disease, suggesting a prevalence of alternatively spliced mRNAs during
neurodegeneration and that the KPI domain itself is somehow involved in amyloid

plaque build up.

The generation of AB pei)tides was initially thought to be involved in AD pathology
but is now knoWn to be physiologically normal. Both AB;40 and A4 are lipophilic
metal chelators with the capacity to reduce Cu(I) and Fe(IIl), ABi42 being the most
effective and binding to lipoproteins, apoliprotein E and J and high density lipoprotein
inhibiting their metal catalysed oxidation. A4 has also been shown to be involved
in phagocyte activation within the brain®, eliciting inflammatory responses as well as
being active in tau aggregation and phosphorylation, of which both activities could be

instrumental in the disease cascade.

It is well understood that AB plaques are a significant marker in AD, however, there
are several angles from which the aetiology of AD may be approached, yet the -
collection and succession of proteins involved is so widespread and complicated that a
simple cascade covering every eventuality will probably never be found. Are the A3
plaques a cause or consequence of some other genetic or metabolic disturbance? Is an
alteration or increase in APP processing the key to AD? Or is it a deviation in the
cleavage pathway? It was essentially thought that APPgos was the most important
isoform in AD, relative to APP7s; and APP77, due to its abundance within the CNS,
however, further studies show that this may not be the case. Research continues in
.order to find a cure for this debilitating disease but as might be expected with such a
complex and multifactorial condition the list of therapeutic targets is extremely

- diverse. As AP peptides are a principal feature of AD they are a natural goal.
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Inhibition or‘ modulation of the proteases involved in AP formation, namely B and y
secretase being obvious approaches. Although the three-dimensional structure of B-
secretase has been determined in complex with its substraté, APP (figure 82)% and
APP derived substrates (figure 8b) this only demonstrated further the difficulties in
finding an inhibitor. The relatively big active site with two active aspartate residues
currently only has large substrate inhibitors developed (figure 9)” thus limiting their
ability to penetrate the blood brain barrier. This, however, is not the case for 'y-
secretase and inhibitors capable of passing through the membrane are more readily
available (figure 10) due to the hydrophobicity of the active site. Cleavage of APP by
'y-secretase is within the transmembrane domain and as such its active site needs to be
hydrophobic a quality that aids passage across membranes and that inhibitors also
possess. Clinical testing of inhibitors, however, is hindered by possible side effects on
signal proteins such as the Notch receptor® showing the fundamental need of high

specificity.

Extensive research into the inflammatory aspects of AD has uncovered the effect of
non-steroidal anti-inflammatory drugs (NSAIDs) upon fy-secretase specificity
increasing its propensity towards AP formation®, the non-amyloidogenic peptide.
NSAIDs have no observed effect on Notch activity and are already known to be safe

in humans prompting their passage into clinical trials.
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Figure 9%. B-secretase inhibitors. All three compounds are transition state mimics that contain a
hydroxyl group which co-ordinates with the two active site aspartates of f§-secretase.

Figure 104, y-secretase inhibitors. These include transition state mimics (1 and 2); benzodiazepines
(3); sulphonamides (4); dipeptides (5); and benzocaprolactams (6).
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Considering that the amount of APP cleaved from the membrane is divided between
and [-secretase pathways, it is not unreasonable to state that stimulation of one route
will decrease APP availability for the other. AP peptides are not produced from API"s-
o so stimulation of this route will decrease the peptide formation. Muscarinic
agonists’’ are able to stimulate a-secretase by activation of PKC, however, side
effects involving the over activation of muscarinic receptors may prove problematic.
Enhanced AP clearance from the cerebral cortex or prevention of oligomerisation
have been reported’’* by active immunisation with AP and passive immunisation
with AP antibodies. Results were promising showing a redistribution of AP peptides
into the periphery, loss of plaques and other AD neuropathological changes. Early
clinical trials for active immunisation, however, uncovered an unacceptable
inflammatory reaction of the CNS in a low percentage ‘of subjects but the use of
passive immunisation is still a possibility. Another clearance strategy targets a protein
involved in plaque protection, serum amyloid P (SAP). Reduction of SAP using
analogues of proline dimers showed a marked decrease in the serum levels of plaques

in both mice and humans’>.

The genetic link of the ApoE4 gene, which codes for a protein involved in lipid.
binding, indicates a possible connection between high cholesterol levels and late onset
AD™. It has been observed that sufferers of high cholesterol administered with
cholesterol biosynthesis inhibitors such as statins have a lower incidence of AD”° and
decreased AP production. This was also reported both in vitro and in vivo’® and
conversely the administration of high cholesterol diets to rabbits increased AB
production’’. Cholesterol lowering drﬁgs are well tolerated and as such clinical trials

are ongoing, as are trials for metal chelators like clioquinol’®. AP peptides are
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lipophilic metal ion chelators. Both Cu(II) and Zn(II) are known to be involved in Ap
aggregation and as such sequestration of these ions may help to prevent AB deposits.
Other therapeutic strategies involve interactions upstream of AP formation, for
example the inhibition of APP expression’”, modulation of tau phésphorylation and
the use of antioxidants, neuroprotectants and neurotrophic agents. The current status
of functional curative therapeutics with the ability to slow conjugative decline is non-
existent, the only validated treatments being those for AD symptoms such as
acetylcholinesterase inhibitors, serotonin antagonists, benzodiazepines and non-

prescription medicines, such as vitamin E and melatonin.
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1.2 Proteomics®®

The 20" century has seen remarkable advances in biomedical research, leading to the
prevention and cure of many previously incurable diseases. Certain conditions,
however, such as autoimmune deficiency syndrome (AIDS), tuberculosis, malaria,
multiple sclerosis and Alzheimer’s still remain problematic. One of the reasons for
this is the inability of researchers to unravel the elaborate interactions of proteins aﬁd
gehes at the genomic level. A major step towards reaching this goal was the recent
publication of the human genome sequence®, and the sequences for many infectious
organisms. Proteomics is a relatively new area of research allowing a more detailed
and complete understanding of disease by systematica]ly. studying the proteins
expressed by a cell. It has been driven by the dramatic increase in technology,
creating rapid advances in protein identification with respect to speed and sensitivity.
Structural conformation, abundance, modifications and involvement in multi-protein

complexes are all studied by this science.

A protein’s role is reflected by its interaction with other molecules, thus the
identification of a protein with respect to its cellular environment is critical to its
understanding. Alternative splice events and post-translational modifications can lead
to multiple protein forms. The estimated 35000-80000 genes predicted in the human
genome, therefore, could easily produce at least several hundred thousand proteins.
Since proteins perform most cellular functions, proteomics can give a more complete
picture of the organism and as such it is more advantageous to study gene function by

proteomics rather than studying protein function from genomic and transcriptive data.
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The techniques in proteomics embrace, séparation science for the purification of
proteins and peptides, analytical science for their subsequent identification and
quantitation and bioinformatics for data management and analysis of results.' The
fundamental strategy involves separation of protein mixtures by either one-
dimensional sodium dodecylsulphate polyacrylamide gel electrophoresis (1D-SDS-
PAGE) or two-dimensional electrophoresis (2DE). Two-dimensional electrophoresis
is the principal technique in proteomics, due to its unrivalled resolving power
enabling the separation of isoforms and modified proteins, quite often when referring
to 2DE, proteomics is often the term used instead. Excision ‘of the protein bands or
spots from 1D-SDS-PAGE or 2DE followed by proteolytic digestion of the intact
proteins using specific cleavage reagents is the next step. The cleavage pattern of
these reagents is specific to the protein and yields a collection of peptide masses
known as the ‘fingerprint’ of that particular protein. These masses can then be
detected by mass spectrometry and the measured values identified by comparisbn with
the theoretical values available in protein databases. The new breed of mass
spectrometric techniques, namely matrix assisted laser desorption ionisation-mass
- spectrometry (MALDI-MS) and electrospray ionisation-mass spectrometry (ESI-MS),
play a vital role in the proteomics scenario, offering sensitivity, resolution, accuracy
and automation thus permitting speed of identification. Sample preparation prior to
mass spectrometry is also of paramount importance and ﬁkeWise advances in sample
clean up and separation techniques have occurred. These advances have had an
increasing impact on the understanding of cellulgr processes and discovery of disease
markers. This is obviously a simpl_iﬁed illustration of proteomics, which in reality

encompasses many wide ranging techniques, such as chromatography, capillary
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electrophoresis, antibody technology and isotopic or radio-labelling for quantitative

purposes.

1.21 Protein separation
1.211 Sodium dodecylsulphate polyacrylamide electrophoresis

Electrophoresis is the process by which charged molecules are moﬁed by application
of an electric field, inoving according to their charge, shape and size. Sodium
dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) utilises thjs in the
sei)aration of proteins according to their molecular weight. SDS is an’ anionic
detergent that denatures proteins, producing flexible protein rods with a net negative
charge. Molecular weight is a linear function of peptide chain length, therefore, in
sieving gels the proteins are separated by molecular weight as opposed to charge or
shape. There are two types of buffer system utilised in SDS-PAGE, continuous and
discontinuous. Continuous is the simplest, using only one buffer for both the tank and
gel. The discontinuous system has a stacking gel and a resolving or separating gel,
both gels and tank incorporating different buffers. Although set-up procedures for this
type of gel are more laborious resolution is greater and it is less affected by sample
precipitation and aggregation. In 1970 Laemmli** devised a discontinuous, denaturing
buffer system in which treated proteins are concentrated in a stacking gel before
entering the separating gel. The Laemmli method is now the most common system

utilised in SDS-PAGE.
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Two-dimensional electrophoresis (2DE)® is an extension of SDS-PAGE, allowing the
separation of complex protein mixtures, extracted from cells, tissues and other
biological samples. It involves two discrete steps: isoelectric focussing (IEF) and
SDS-PAGE. The first step, IEF separates proteins according to their isoelectric point
(pD), the second step, as previously explained separates By molecular weight. Proteins
aré amphoteric, carrying a positive, negative or zero charge dependent upon the pH of
their environment. The net protein charge is the sum of all the negative and positive
charges present on its amino acid side chains and carboxyl terminus. The isoelectric
point (pl) is the specific pH at which the protein charge is zero. The presence of a pH
gradient is critical to IEF; this is achieved by the use of immobilised pH gradients in a
gel format known as a dry strip. In a pH gradient under the influence -of an electric
field a protein will migrate to where its charge is zero. A protein with a net positive
charge will move towards the cathode, becoming progre;sively less positive as it
reaches its pl. Likewise, a protein that is negatively charged will move towards the
anode, becoming less negative as it reaches its pl. If diffusion from the pI occurs the
pH immediately causes a regain of charge and the protein will then return to its pl.
This focussing effect concentrates proteins at their pl, allowing separation on the basis
of very smal] differences in pl. 2DE offers unrivalled sensitivity and resolution in the
separation of protein mixtures but in the same instance it is time consuming and
requires manual dexterity in order to achieve reproducibility. The SDS-PAGE step
resolves proteins further, allowing separation of individual proteins, splice variants

and proteins differing due to post-translational modifications.

25



Separated proteins are then visualised by various means, dependihg upon
concentration. Quite often cellular proteins are low in concentration and as such the
necessity for more sensitive staining methods has arisen. Traditionally colloidal
Coomassie blue and silvér staining were the methods of choice but quite often
Coomassié was not sensitive enough and silver staining although sensitive involves
many steps and is not fully compatible with mass spectrometry. The development of
imaging systems has allowed ﬂuofescent detection to come to the fore with a new
generation of fluorescent stains such as Sypro orange, Sypro red® and Sypro ruby®,
which have proven themselves to be comparably senéitive to silver staining yet
affording ease and speed of application and compatibility with mass spectrometry.
The disadvantages of 2DE are its incompatibility with hydrophobic and low
abundance proteins, it is time consuming, limited by the dynamic range of the staining
procedure and only semi-quantitative. Scanning densitometry®® can measure and
compare 2DE spots but the data obtained is questionable due to reproducibility

problems.

1.212 Western blotting

Blotting was first introduced in 1975 by Southern® in the tr;msfer of DNA to
membranes termed “Southern blotting”. Consistency of nomenclature followed with
the transfer of RNA being called ‘“Northern blotting” and “Western blotting”
describing the transfer of proteins to membranes. Western blotting has established
itself as a highly sensitive technique for the detection and identification of proteins
using antibodies (figure 11). Protein mixtures separated by SDS-PAGE are transferred

from the gel onto a thin membrane support. The membrane binds and immobilises
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proteins in the same configuration as the gel. Nitrocellulose or polyvinylidene
difluoride (PVDF) membranes are the most common but there are several different
types available all offering distinct properties®™. Nitrocellulose affords good
sensitivity, resolution and low background noise but is mechanically fragile. PVDF,
however, is a more robust membrane with a high protein binding capacity. Transfer
onto the membrane is either electrophoretically, by applying an electric field in a
suitable buffered environment or by simple diffusion, using weights and a suitable
buffer system (figure 12). The latter is ideal for the transfer of proteins directly from
IEF dry strips®. The membrane blot is then exposed to a solution of antibodies
specific to the protein in question. Once bound the antibodies themselves are detected.
Detection quite often involves a species-specific enzyme-linked secondary antibody
with an appropriate chromogenic subsﬁate, offering a detectable colour change upon
reaction. This method is simple to perform but the chemicals involved may sometimes
be hazardous and fading of the initial result occurs with time. An alternative approach
is the use of chemiluminescence detection (ECL), which is more sensitive, affording
reliable quantitation, fast processing, repeated film exposures and the capacity of blot
stripping allowing reprocessing for different antigens. Although Western blotting adds
another step of protein purification after SDS-PAGE, electrophoretic transfer is
almost quantitative with very little sample loss occurring and proteins are transferred
free of buffers and other contaminants such as SDS. It has, the;efore, been exploited
as a means of sample clean-up prior to MALDI-MS enabling protein extraction,
proteolytic digestion of excised membrane bands and provides a robust sample
support”™™! found to be particularly compatible with ionisation by IR laser

desorption®.
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1.22 In-gel digestion

The technique of peptide mass mapping (PMM) or fingerprinting was introduced in
1993°4%%97 1t involves cleavage of the intact protein, using specific reagents,
followed by mass determination of the generated peptides and subsequent
identification of the perein by matching the measured peptide masses with calculated
masses of a theoretiéal digést based on protein sequence databases. Protein
determination and structure analysis is less complex and more accurate when
performed upon peptides derived from the larger protein. There are many cleavage
reagents available, including chemicals such as formic acid and cyanogen bromide
(CNB;'), however, the most common reagents used are endoprotease enzymes, due to
their inherent specificity, safety and ease of use. Endoproteases create peptides from
intact proteins by cleaving particular peptide bonds with varying degrees of
specificity’. The specificity of the most frequently used reagents (table 3) is well
established®. Proteins of known sequence can, therefore, be digested using the most
convenient protease. The complexity and number of peptides created is proportional

to the number of targeted peptide bonds present and size of the intact protein.

Much research has been aimed towards achieving complete digestions w1th full
sequence coverage. Peptide peak intensities vary significantly, however, and 40% to
60% coverage is typical as cleavage is often hampered or prevented. Problems
encountered include insolubility of the enzyme or substrate and substrate resistance to
cleavage. These issues can be overcome by solvent variation and denaturation of the
protein substrate, which allows ease of enzyme entry to the active sites. There are

several methods of denaturing proteins including SDS, urea, and reducing agents such
29



! %
( " # *
! B > T % (
4 % ( 4
% " ( 8
| 9( % %
Lo %
6 % % %
6 4 (! !
8 6 #
* 8
%*5 # *
(' (% 23)3232
1 , x
>3 3'3N323
? # *
Sk 11 I
> % 3#
2( * L
% ?2323. N3 3>
(% L38
+ I 6
%% - &7

6

%

%

%

%



weNH- ClH—IC—NHw

G
S IS
C'HZ I.IQCH HCIOI.l
aoeNH-— CH~C—NHow + R
'(') HS-CHz  HpC-SH
Cysteine residues joined by disulphide bond Dithiothreitol
SH ISH
I ;
CH CHz
~NH-CH-C—NHow o NH-CH-C-NHe
/ 2 cysteine residues
Cysteine lodoacetic acid
lSH ¥ Ii
C|H2 -CHp— C-OH
NH- CH—ﬁ—NHW
0
Ii
'ISH- CH2—C-OH
i
NH- CH—E—- NHwwe

S-carboxymethylated cysteine
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Proteolysis is most often done at 37°C but generally most enzymes work well
between 20°C and 50°C. Optimal pH, on the other hand, is usually within a narrow
range and should be adhered to. Reactions times range from 2 to 24 hours depending
upon the protease used and whether the substrate is in solution or gel. Longer
incubation times are necessary for in-gel digeéts in order to facilitate protease entry
into the pores of the gel. Prolonging incubation times, however, provides no
advantage whatsoever and generally if a reaction has not worked in the specified time
it is due to incorrect enzyme to substrate ratio or experimental errors. On the whole
in-gel digests have a much better recovery of peptides compared to digests performed

upon membranes'®.

Trypsin is often the protease of choice in peptide mass mapping due to its cost,
reliability and specificity, although it is known to suffer from autolysis. The presence
of autolysis peaks (appendix 2, table 1) can be problematic, particularly in low level
samples as they can overshadow the analyte peaks. Using the correct enzyme to
substrate ratio to ensure no excess enzyme or using a higher-grade modified porcine
trypsin can reduce autolysis. Alternative proteases may be used which do not exhibit
the same degree of autolysis, such as Lys-C or Asp-N but these have their own
problems such as expense and missed cleavages. Other notable contaminants are
keratin digest peaks (appendix 2, table 2). Keratin is ubiquit(;us and as such methods
to prevent contamination are often necessary. These include the use of gloves and a

191" Another critical parameter is

laminar flow hood for all experimental manipulations
the absorption of peptides to the sample tubes and other surfaces this again can be

particularly difficult when working in the femtomole range. Sample loss can be
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prevented, somewhat by careful quantitative handling, use of silanised tubes and
addition of organic solvents to the digestion buffer to aid solubility. In the MALDI-
MS of un-separated peptides altering the composition and acidity of matrix solvents

or the matrix itself has also been known to improve results.

1.23 Protein detection
1.231 Mass spectrometry

Mass spectrometry (MS) was traditionally a technique for thé structural
characterisation of sh1a11, volatile molecules (<500Da). Biopolymers such as proteins,
polysacchaﬁdes and nucleic acids, were either too large and involatile or suffered
from thermal decomposition during the harsh ionisation process. The invention and
development over the last 20 years of so called ‘soft’ ionisation techniques, such as
secondary iqn mass spectrometry (SIMS), fast atom bombardmenf-mass spectrometry
(FAB-MS)m, plasma desorption-mass spectrometry (PDMS)'®'™ and the natural
-progression of MS research towards the analysis of biological molecules, led to the
development in the late 1980s of electrospray ionisation—fnass spectrometry (ESI-
MS)'® and matrix assisted laser desorption ionisation-mass spectrometry (MALDI-
MS)'%, Both of these techniques show accuracy and sensitivity for the mass and
structural analysis of high molecular weight compounds such as peptides, proteins,

glycoconjugates and synthetic polymers.
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1.2311 Matrix assisted laser desorption ionization mass spectrometry

The MALDI-MS technique resulted from years of research into the use of lasers for
biomolecule jonisation. In 1988 Karas and Hillenkamp described the ultraviolet laser
desorption (UVLD) of biomolecules over 10,000 Daltons, following the lead of

Tanaka et al'”’

, who reported the desorption of proteins up to 34,000 Daltons and
oligomers of lysozyme containing up to seven monomers, using a pulsed N; laser and
a matrix of fine metal powder dispersed in glyceroi. Karas and Hillenkamp
demonstrated by co-crystallising analyte molecules with a large molar excess of a UV
absorbing material, how large proteins could be ionised. They expanded the
previously achieved molecular weight range up to 67,000 Daltons using an ultraviolet

laser, operating at a wavelength of 266nm and an aqueous solution of nicotinic acid as

the matrix. The obvious advantage of this technique created great interest and

108 109,110.

refinement was rapid, utilising different laser wavelengths ™~ and new matrices
Within two years Karas, Bahr and Hillenkamp'!! were routinely analyzing proteins

within the 100,000 Dalton range with subpicomole sensitivity.

The key to ionisation in this technique is the incorporation of the sample with an
excess of matrix that absorbs within the wavelength of the laser. The sample does not
need to have a matchjng absorption peak because the matrix material absorbs the laser
radiation, some of which is passed onto the sample. When the laser radiation strikes
the matrix crystals, sublimétion occurs, expanding both the matrix and sample into the
gaseous phase, where photo-ionisation is thought to cause ionisation of the sample by
gas phase photon reactions (figure 14). Typically nitrogen lasers are used in

commercial instruments operating at the UV wavelength of 337nm, however, infrared
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Once the desired matrix and solvent system are decided upon, a large molar excess of
matrix solution is combined with the analyte. The optimum volume ratio of matrix to
analyte should be in the range of about 10 to 10* in the final deposit. Normally 0.5 to
1.0ul is applied to the sample target, which is usually made of stainless steel but may
be coated with gold or a non-conducting surfaoe;. Aﬁer evaporaﬁon of the solvent the

target can then be introduced into the MALDI source.

The MALDI technique is relatively tolerant of contaminants such as salts and buffers,
Which quite often remain in biological samples. This is partially due to the ‘self
cleaning’ process encountered during crystallisation of the sample/analyte lattice.
Improvements in spectral quality can be achieved, however, if contaminants remain
problematic. Clean up procedures include cold water washes of the analyte/matrix
crystals or analyte clean-up techniques using chrométographic material polymerised
into pipette tips (ZipTips, Millipore). The ion species formed by MALDI are
principally singly charged, intact molecules providing ease of structural

determination.

Following ionisation the molecules go on to the xhass spectrometer, which in effect
organises the masses prior to detection (ﬁgure 15). The most common type of mass
spectrometer coupled with MALDI is the time-of-flight (TOF) instrument''®. These
are ideally suited for use in systems generating a pulsed ion beam, in this case caused
* by a laser shot. Another advantage of TOF analysers is their lack of upper mass limits,

117

allowing the detection of molecules in excess of 300,000Da "’, a parameter necessaryb
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in MALDI due to the creation of mainly singly charged molecules. TOF analysers
measure the time it takes for the ions to pass through a field free drift tube at constant

118 They operate on the principle that ions of the same kinetic

acceleration voltage
energy will move with different velocities depending on their m/z values. This can be

expressed mathematically as: -

E = ¥ mv* Equation 1
Where: E = kigetic energy of ion
m = mass of ion
\ = velocity of ion

Equation 1 can also be rearranged to give velocity in terms of kinetic energy and m/z:-
v .= (2E/m)** Equation 2

If the distance from the point of ion formation to the detector at some fixed point is

dp, then the time-of-flight (TOF) will be given as follows: -

TOF = di/v=di/(2E/m)*® Equation 3

Thus ions of a greater mass will travel slower than lighter ones, therefore, reaching

the detector later.
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delayed ion extraction, reflectron TOF analysers, orthogonal MALDI and tandem

mass spectrometry.

Delayed extraction introduced in 1995 | by Brown and Lennon'”*'® reduces the
number énd energy of collisions in the expanding plume, dramatically increasing
resolution. It was based on the idea of ‘time lag focussing’, first described in 1955 by
Wiley and McLaren'?*. Tons generated in the extraction field are delayed or ‘switched
off’, this delay allows the ions to spread out into the extraction gap according to their
own velocity. Upon acceleration the ions spread out in space gaining different total
kinetic energies, cdmpensating for initial ion velocity distribution and therefore
resolution. Previous laser designs operated with a short laser pulse, typically 1-5 ns,
producing discrete ion packets in the ion source, which were then continuously
extracted by application of a large static electric potential of around 25-30kV. The
incorporation of pulsed ion extraction, (initially increasing pulse times to around 20
ns) with high accelerating potentials (up to 30kV), vastly enhanced mass resolution
for both small and large molecules. Delayed extraction corrects for the energy spread
of ions prior to the analyser, whereas the reflectron corrects this phenomenon within

the analyser.

There are two types of TOF analyser, the linear TOF (figure 16a) and the reflectron
TOF (figure 16b). The basic linear instrument consists of an ion source, flight tube
and detector, all of which, with the exception of the laser are under vacuum pressures
of 10~ to 10® Torr. Tons follow a straight field free path between the ion source and
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the detector. Limitations of this instrument are poor mass accuracy and low
resolution, operating at a resolving power of ~ 450-600 for peptides and 50-400 for
proteins. This means that the isotopic envelope of a peptide or peptides that only
differ in mass by a few Daltons cannot be resolved The resolving power (R) of a TOF

instrument can be simply defined as: -

R = mass of peak - Equation 4

width of peak at ¥ height

Reflectron based TOF instruments include an ion mirror within the flight path, which

helps to improve resolution and mass accuracy'>.

Despite the MALDI pulsed ion beam providing a well-defined start- for TOF
measurement, the quality of pulsation affects both resolution and accuracy and
although delayed extraction improved upon beam pulsing to a certain extent problems
were still seen, including complex calibration routines, detector saturation after each
laser shot and problems controlling the laser fluence'”®. In 1998 Krutchinsky and
colleagues'?’ achieved a higher level of decoupling, converting the pﬁlsed MALDI
ion beam into a quasi-continuous beam allowing orthogonal injection into the TOF
analyser. Previously several groups'?®'?’ had developed this technique in the
combination of ESI with reflectron TOF analysers. In contrast to scanning

instruments, nearly all the ions formed were detected and the small energy spread of
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ions afforded mass resolution in excess of 10,000. Orthogonal MALDI with
collisional cooling created a continuous beam by decreasing the time lapse between
the laser pulses to nanoseconds, such that jon packets continuoﬁsly flowed due to the
rapidity of laser pulse. The quasi-continuous MALDI ion beam was comparable to the
continuous ESI ion beam with regards to space and velocity distributions, thus giving -
orthogonal MALDI high resolution throughout an entire spectrum and comparable

mass accuracy to that seen in ESI orthogonal TOF mass spectra.

Decomposition of the sample is often seen with MALDI. Ions with sufficient internal
energy may fragment, either in the ion source, referred to as ‘prompt fragmentation’
or after the ion source, known as metastable or post source decay (PSD)"*°. PSD is the
most abundant and quite often results in poor resolution in linear instruments. The
origin of PSD peak broadening lies in the energetics of fragmentation. In order to
fragment the ions must have sufficient internal or activation energy for the reaction.
The fragment ions will be at a lower energy than the transition state for the reaction,
leaving some excess energy within the system. Following the laws of dynamics, this
energy must be dissipated, so it is passed onto the fragments, slightly altering their
velocities and in turn their arrival time at the detector. The reflectron acts as an ion-
focussing device, correcting for the kinetic energy variation of the fragments. When
ions hit the reflectron they are slowed down until they stop, turned around and
accelerated towards a second detector. Ions of greater energy reach the detector first
and penetrate into the reflectron, ions of a lesser energy, however, reach the detector
later but do not penetrate the reflectron as deeply, allowing them to ‘catch up’ and
creating focussed packets of ions rather than an unresolved spread. The reflectron
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TOF can differentiate fragment ions from their precursors or parent ions. Although
both are the same velocity they have different kinetic energy values. Equation 5 gives

the kinetic energy value of a fragment (E¢) with respect to its parent ion"".

E¢ = Eym (fommg/mp) Equation 5

Where: E, = kinetic energy of precursor ion
mg = mass of the fragment ion

mp = mass of the precursor ion

Thus if the parent ion arrives at the detector at time t,, the arrival of the fragment t,
can be made equal to t, by lowering the potential of the reflectron to a value of t¢/t,. So -
by scanning reflectron potentials it is ﬁossible to determine the m/z of the fragment
ions by noting at which potential the fragment ion flight time is equal to that of the

parent.
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