VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

Manipulation of the host cell response to infection

with Toxoplasma gondii

Morag M Nelson
BSc

University of
Glasgow

This thesis is submitted for the degree of Doctor of Philosophy

Division of Infection and Immunity
Faculty of Biomedical and Life Sciences

University of Glasgow

June 2006



ProQuest Numler: 10320589

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10390589

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



CLASGO *
UNIYERSFTY
LIBRARY:



il

Abstract
The principal aim of the work presented in this thesis was to investigate the host-pathogen
interaction in Toxoplasma gondii infected cells and to elucidate which protcins and
pathways were involved in the bost response to infection. Toxoplasma gondii is of clinical
importance [or both human and vetevinary disease. There are currently no drugs available
to treat the chronic stage of disease. The transcriptional response of host cells to
Toxoplasma infection has previously been investigated nsing microarrays. Proteins are the
functional molecules in the cell and the protein expression response is likely to differ from
the transcriptional response due Lo gene expression control and post translational
modifications. The advantage of a globa) protcomic cxpression profiling study of
Toxoplasma gondii infected cells is that, in principle, all possible host responses could be
identified without pre-supposing a specific mechanism. Advanced proteomic methods were
developed and used to investigate the host protein response to infection with Yoxoplasma
gondii. A conventional gel-to-gel approach was used in concert with difference gel
electrophoresis (DIGE) to investigate the protein expression in infected cells. This part of
the work concluded that the palterns of protein expression in infected cells showed clear
differences from that of the non-infected cell. I'his resulted in the unambiguous
identification of one hundred and f{ifty seven host proteins which changed in expression
during infection with Toxoplasma gondii. Many proteins not previously implicated in
response to infection were identified. The results from the proteomic studies were
compared with the transcriptional study in order to determine the gene to protcin
correlation in Toxoplasma gondii infected cells. A weakly positive corrclation between
gene and protein expression was determined. To investigate whether the host response is
uniquely tailored to an individual pathogen or whether cells have a common response to
infection, the protein response to a second intracellular parasite, Leishmania major, was
investigated. Far fewer changes were seen in the L.major infected cell proteome, proving
that the host response to inlcetion 1s unique o the pathogen. Phosphorylation is one the
most commaon post-translational modifications therefore the host cell phosphoproteome
was Investigaled alongside the steady state proteome of infected cclls using three
techniques and proteins specifically phosphorylated due to the presence of the parasite
were identified. Functional analysis of the modulated proteins revealed extensive
modulation of many pathways and [unctions within the infected host cell including
glycolytic, milotic and structural proteins. Qver one third of all the modulated proteins
identified were mitochondrial. Overall the [indings detailed in this thesis indicate that the
host cell has a highly specific response to Toxoplasma gondit infection and that many host
cell functions are modulated due to the presence of the parasite and reveal the intimate

molecular relationship between host and parasite. -
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Chapter I Introduction 1

Chapter 1 Introduction

1.1 Imtroduction

In naturc three types of symbiotic relationship exist; (1) mutualism, where the two
associates cannot survive without one another. This association has two-way benefit to the
organisms and causes no detriment to either, (2) commensalism, this involves one way

benefit, but as in the case of mutualism, no harm to either party, and (3) parasitism, an

intimate relationship between two or more species, in which one (the parasite} temporarity

or permanently exploits the resources of the host. tn principle, a parasite can meet its living
requirements exclusively from the connection with a host. The host is however not inactive
against the parasite and via different mechanisins aims to hinder parasite development and

growth. In a host-parasitc relationship, the parasite is melabolically or physiologically

dependent on the host. The parasitc may have lost the genetic abilily to make certain vital

metabolic intermediates and has to rcly on the host genome for provisions.

Parasitism is widesprcad throughout nature and it has been estimated that more than 50%
of all known species are parasitic at some stage of their life cycle. Almost 100% of plants
and animals are themselves parasitized as individuals. The high prevalence of host-parasite

rclationships provides a biologically relevant system to study host-pathogen interactions.

The interaction between host and parasite is fincly balanced; a parasite which stimulates
too strong an immune response, or caunot protect itscll [rom the host, will be destroyed. A
parasite which multiplies rapidly leading to host death will ultimatcly destroy itself. The
host endeavours to eliminate the pathogen while the parasite employs new ways to
maintain the connection with the host. The host can hamper the parasite both mechanically

and chemically e.g. cleaning of skin, peristaltic contraction of the digestive tract, antibody

development and other immune responscs. Parasites respond to these defences by

anchoring themselves with hooks and suckers onto skin, or mucous membranes, by

developing protective defences which lessen the protective capacities of their host or by

hiding from the immune system within host cells.

Pathogens have evolved multiple strategies to avoid host defence mechanisms including host

cell invasion, host mimicry and antigenic variation. Host cell invasion by an intracellular
pathogen requires a complex serics of events. The inlectious organism must be able to

penetrate the protective barriers of the host and then survive the innate and acquired
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inumune defences. It will then need to find an environmental niche suitable for growth
and/or replication within the hosl cell, Upon host-pathogen contact, the host innate immune

response is activated. Pathogens that survive this undergo assault from the adaptive immune

responsc. Through seleclive pressure, many successfil pathogens have evolved mechanisms
to alter and modulate these host immune responses and to evade phagocytosis, thus impeding
the host immune system, Underlying this complex host defence and pathogen survival
interaction are unique proteomic signatures in both the host and pathogen (Zhang ez al.,
2005). Invasion involves physiological changes in both the host cells and invading micro-
organisms. These changes arc relayed by signal transduction systems and are mirrored by
gene and protcin cxpression changes in the host and the pathogen. Analysis of the host cell
transcriptome and proteome during invasion by an intracellular pathogen will give an insight
into the functioning of the cell, and highlight modulation in both gene and protein
expression. This will undoubtedly lead to a better understanding of the host-pathogen
interaction, identification of the host defence strategies and highlight the mechanisms by
which the pathogen modulates the host cell behaviour to its own advantage. Investigating the

host response to several pathogens will help deduce whether the host produces a consistent

broad response to all intracellular pathogens and to what extent the host response is
uniquely tailored to individual pathogens. Comparison of host responscs to different strains
of the same pathogen could highlight differences in pathogenesis or reveal mechanisins of
virulence. Understanding why certain strains of a particular organism arc pathogenic and
under which conditions the pathogen causes disease may help to develop new tools for

disease prevention or management (Kato-Maeda ef «/., 2001).

There are now several large-scale methods available (0 investigate the host response to
infection, and these techniques involve both genomics (the tertn used to describe the study of

the genome, the entire genetic complement of an organism) and proteomics (the study of the

proteome, the entire protein complement of an organism) (Abbott, 1999). [l is now possible
to study the gene expression of hoth the host and pathogen at the whole genome level using
DNA microarrays and chip technologies (discussed later in this chapter) and the
collaborative genome sequencing projects. Large scale gene expression studies give insight

mto an organism’s phenotypic state under any given condition (e.g. age/ disease/ stress).

The transcriptional profile of an organism shows its gene expression at a given time-point.
The complement of all the genes expressed at any one time is termed the transcriptome.
Within the cell genes are translated into proteins and thesc encoded proteins carry out the

host cell functions. To understand how cells function, one must study what proteins are
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preseni, how they interact with each other and what they do. Many drugs act at the cellular

protein level.

Several studics have used microarrays (MA) to investigate the gene expression profile of
human cclls during invasion by an intracellular parasite. To date, there have been no such
investigations into the protein profile. Results [rom the microarray studies looking at various
cell types and pathogens have shown a very wide range ol'modulation of gene expression in
the host cell during invasion. It is not yet clear whether different cell types have a similar
response to an invading pathogen, and also whether one cell type will have a general
response to invasion, or whether the host response is tailored to each individual pathogen

species.

The gene Lo prolein correlation in all organisms remains unclcar due to post-transiational
modifications (PTM), splicing events and translational processes (I'erguson e/ al., 2005).
Therefore it is now recognised that the protein expression must also be investigated
alongside the transcriptome, to gain a true overall picture of the infected cell. Such global
data, in combination with advanced statistical analyses offers the ability to gain new insights
into the interaction between pathogen and host. As delined by Tyvers and Mann in the March
2003 issue of Nature Insight: “The study of the proteome, called Proteomics, now evokes not
only all the proteins in any given cell, but also the set of all protein isoforms and
modifications, the interactions between them, the structural description of proteins and their
higher-order complexes, and for that matler almosl everyihing post-genomic” (Tyers and

Marnmn, 2003).

Genomic and proteonric technologies provide a wealth of data and combining these
datasets through bicinformaltics will yield a comprehensive database of gene and protein
function. This will serve as a powerful reference of the behaviour of the cell during
invasion and will allow researchers to build and test hypotheses. Studying transcriptomic
and proteomic changes associated with the pathogen-host intcraction through protcomics
may reveal unusual mechanisms for exploiting host ccll pathways and diverting host cell
organelle functions. These novel modifications could also be potential targets for new

drugs.
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1.2 Toxoplasma gondii

1.2.1 Life cycle of Toxoplasma gondii

Toxoplasma gondii (T.gondii) is an oblipatc intracelinlar protozoan parasite from the phylum
Apicomplexa (other members of this phylum include Plasmodia sp, the causalive agent of
malaria, Neospora sp. and Cryptosporidium sp.). Apicomplexan parasiles arc so named due
to the presence of a specialised structure, the apical complex, which is involved in host cell
invasion. The parasite actively invades host cells and can infect and replicate within most
nucleated cells. T gondii has evolved a remarkable ability to survive in its host, typically for
long periods of time, with minimal pathogenicity. In hosts with differing levels of immune
competence, infection with 7.gondii results in different outcomes of infection ranging from
flu-like symptoms in an immune healthy host, to death, in an immunocompromised host
(Yap and Sher, 2002). It is onc of the most widespread parasites of wild and domestic
animals and infoction rates in humans are typically 10-30% in mast poputations but can be
much higher (Carruthers, 2002). Approximately one third of the cntirc world population
possess antibodies to Toxoplasma although there is considerable variation between and
cven within countries. The remarkably high infection rate takes 7.gondii a serious threat
fo human health, and for the farming industry, it is a major cause of economic loss through

neonatal mortality, particularly in sheep (Buxton, 1993).

The life cycle of the parasite is shown 1 Figure 1-1. The natural life cycle of the parasite is
hetween felines, which serve as the definitive host, and sheep, pigs, rats and other small
mammals. TTumans can become accidentally infected by ingesting undercooked meat or
infective oocysts passed in the cats facces (Lyons ef al., 2002). Upon entering a new host,
the sporozeites within the oocyst differentiate to the rapidly growing tachyzoite form of the

parasite (Coppens and Joiner, 2001).
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Figure 1-1 The Toxoplasma gondii life-cycle (Coppens and Joiner, 2001). The life-cycle of 7.gondii has a
sexual and an asexual stage. The sexual stage takes place in the definitive host (the cat) in the intestinal
enterocytes where the parasite undergoes several rounds of division and differentiates into micro- and
macrogametocytes. The gametocytes fuse to form an oocyst that is shed into the environment. The oocysts
are ingested by an intermediate host and the sporozoites differentiate into the rapidly dividing tachyzoite
stage which can infect almost all nucleated cells. Tachyzoites can differentiate into a slow-dividing form,
termed the bradyzoite, which can persist as a cyst for the life span of the host. Ingestion of tissue cysts allows
for indefinite nonsexual propagation of 7' gondii.
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Initial infection and acute disease are characterised by the presence of the fast-replicating
tachyzoites, which take approximatcly 15-30 seconds to actively invade a host cell by an
actin-dependent mechanism (Coppens and Joiner, 2001). Once inside the cell the parasite

forms and resides wilhin a parasitophorous vacuole (PV). The parasitophorous vacuolar

membrane (PVM) is formed principally from host cell lipids augmented with the assistance
of products secreted by the parasite’s apical organelles. Pores in the vacuolar membrane
allow the parasite access to the host ccllular nutrients, including ATP and lipids (Coppens
and Joiner, 2001). Toxeplasma gondii relies heavily on scavenging essential compounds
from the nutrient rich soup of the host cell cytoplasm. The PVM has a dual function; Lo
facifitate access to intracellular nufrients and to protect the parasite from the mtracellular
host defences. The restricted size of the porcs of this membrane prevents access of host
proteins to the vacuolar space but allows the diffusion of small molecules. As a bi-
directional channel, the pore also prevents the accumulation of parasite waste metabolites
within the PV, allowing the parasite to remain in the PV for indefinite periods. Toxoplasma
gondii prevents the PV fusing with any compartment in the endocytic cascade, or to
acidify, thereby preventing fusion, acidification and parasite killing (Coppens and Joiner,
2001).

Tachyzoites replicate intracellularly by endodyogeny (internal division into two) with a
generation time of 6-9h in vitro until the cell bursts and the parasites infect neighbouring
cells, usually after accumulating 64-128 parasites per cell (Coppens and Joiner, 2001).
Around 10-14 days post-infection, tachyzoites differentiate into bradyzoites that replicatc
more slowly and form cysts in (issues throughout the body. It is believed that 4 mounted
host immune response 1s responsible for the induction of differentiation {Kim and
Boothroyd, 2005). Tissue cysts can exist for the life span of the host and are not associatcd
with disease, unless the individual is immunocompromised, whereupon the bradyzoites

differentiate back into tachyzoiles due to the waning immune response resulting in discase

reactivation and uncontrolled tachyzoite proliferation (Dzierszinski ef af., 2004; Weiss and
Kim, 2000). As weli as contributing to morbidity in immunocompromised hosts, the
parasite can also cause disease in a second cohorl of patients, pregnant women who are
infected with the parasite for the first time. 1he parasite can cross the placental blood

barrier and cause congenital defects or abortiorn.

The detection of Toxoplasmea specific antibodies 1s the primary diagnostic method to
determine infection with Toxoplasma. Sulfonamides and pyrimethamine (Daraprim) are
two drugs widely used to treat toxoplasmosis in humans. They act synergistically by

blocking the metabolic pathway involving p-aminobenzoic acid and the folic-folinic acid
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cycle, respectively. T'he inability of currently, available treatments to eliminatc tissue cysts

in the chronic stage of infection highlights a continued inadequacy in existing

chemotherapeutic ageats (Lyons e af, 2002).

Several mechanisms exist within the host cell and the immune response that should casure
elimination and destruction of the parasile, including antigen presentation, lysosomal

fusion and apopiosis, yet the parasile can maintain a chronic infection eliciting little

pathogenicity. Ilow this is achieved is not yet fully understood. It has been previously
shown that infection with 7" gondii causes the induction of numerous immune modulators
that effect both the innate and adaptive immune responscs, There is an increased need (o

understand the adaptations that cnable Toxoplasma to invade and survive in host cells. The

adaptive sirategies developed by the parasite may range from passive aveidance
mechanisms {o extremely active modulation of host cell functions (Cummings and Rehman,

2000).

1.2.2 T.gondii genomics

Genetic analyses of T.gondii have revealed a very stable 87 megabase nuclear genome

consisting of cleven chromosomes which show liftle variation across strains, a 6 kilobase

(Kb) mitochondrial genome and a 35Kb plastid-like genome, the apicoplast. Population
studics have demonsirated that the small amount of variation between the three clonal

lineages defines phenotype such as virulence {Ajioka et ¢l., 2001). A collaboration

between TIGR (The Institute for Genomic Research, http://www.tigr.org/tdbl/e2k1/tgal/s)

and the Sanger Centre (http://www sanger.ac.uk/Projects/T gondii/) has resulted in a

complete draft version (10x assembly) of the Yoxoplasma gondii genome. ToxoDB

(ttp//www.toxodb.org/ToxoIH.shtiml) provides access to this draft genome sequence of

7. gondii.

1.2.3 Immunity to 'T.gondii

7.gondii induces a strong type-1 T-cell mediated response to promate a self-limiting
infection and ensure survival of its host. For example, tachyzoite replication is restricted by
interferon gamma {(IFNy) produced by antigen specific T cells. Biochemical studies have
indicated that the cytokine interleukin-12 (IL-12), which induces natural killer (NK) cells
to produce IFN-y, is critical for control of both acute and chronic infection and that T
lymphocytes (Thi cells) producing this lymphokine dominate the response to 7.gondii.

Although early control of 7. gondii infection is clearly mediated by 1L-12 dependent IFN-y
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production, the nature of the infracellular mechanisn(s) responsible for the restriction of
pathogen growth remains pootly understood. The production of nitric axide (NO)
intermcdiates, a pathway involved in the control of other intracellular protozoa and
bacteria, docs not appear to be critical during this peried as mice deficient in the NO
producing enzyme inducible NO synthase survive into the chronic phase (Yap and Sher,

2002).

Chemokines function to recruit immune cells e.g. macrophages, dendritic cells and
neatrophils to sites of infection, and their synthesis has been proposed as an important
component in cell mediated imamunity to Toxoplasma gondii. The cellular source of these
chemokines is unknown but proposed to originate from both infected cells and other cells

recruiled to the site of infection,

In a study by Denney ef af, human Hela epithelium cell and fibroblast monolayers were
infected with 7.gondii which resulted in the marked increase of expression of IL-8 specific
mRNA and secretion of pro-inflammatory and chemoatiractant cytokines interfeukin-8 (IL-
R), GRO1 and MCP-1 (monocyte chemotactic protein 1) (Denney et al., 1999). The authors
suggest that pro-inflammatory cytokine secretion is an important host cell response to

toxoplasmosis.

7.gondii induced alterations of host cell physiology include the inhibition of apoptosis
(Blader et al., 2001). The activity of the key protease caspase-3 was inhibited in infected
fibroblasts and parasite induced inhibition of caspase-3-activation réquired survival-
promoting activily of nuclear factor x[3 (NFxp) in murine fibroblasts (Luder and Seeber,
2001). Another parasite induced putative evasion mechanism in host cells is the down
regulation of MHC class IT expression in macrophages. This was mediated by interference
of the parasite with the cellular tra{ficking of signal transducer and activator of
transcription (STAT1a), thus representing a novel strategy to modulate the host-pathogen

interaction (I.uder and Seeber, 2001).

The mechanisms by which this obligate intracellular parasite manipulates the structures
and pathways of the host cell to aid its own survival and to create a hospitable environment
presents a difficult challenge to analyse in the background of a nucleated host cell using

classical biochemical techniques.
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1.3 Host-pathogen model system

Toxoplasma gondii was chosen 1o investigate the host response (o infection with an
intracellular pathogen as it is a globally ioportant disease and has also recently emerged as
a leading model parasite for other apicomplexans due to the fact it possesscs many general
apicomplexan features. It is rclatively safe (if handled appropriately) and easy to culture in
vitro and can be readily grown in nearly all cultured cells, is amenable to genetic
experimentation and has excellent animal models available (Carruthers, 2002).
Toxoplasma serves as a model system for genetic exploration of parasite biology and host-
parasite interactions. Tuxoplasma provides a highly amenable system for probing basic
mechanisms common to ali apicoraplexan parasites related to the host cell interaction
(Coppens and Joiner, 2001). The molecular genetics of Toxaplusma are exceedingly
powerful and well developed. Understanding the host-parasite interaction may reveal
unusua) mechanisms for exploiting host cell pathways and diverting host organeile
functions. These novel modifications could also be potential targets tor new drugs
(Coppens and Joiner, 2001). The host-purasite relationship can be cxplored using mutant
host cells or mutant parasites. In parallel, using microarray technology, it is possible to

reveal the nature of the host cell genes that are up or down regulated upon infection.
1.3.1 Human foetal foreskin fibroblasts

The host cells used in the model host-pathogen system detailed in this thesis were Human
Foetal Forcskin Fibroblasts (HFF) (uropean Collection of Cell Cultures). This cell type
was selceted as it is a well characterised 7.gondii cell culture model (Blader ef a/., 2001 ; de
Avalas et al., 2002, Roos et al., 1994), therefore the data from the proteomic study will be
comparable (o that of previous experiments investigating the changes in gehe expression in
T.gondii infected HFFs. HFFs are non-transformed and do not require pre-treatment with
differentiation factors, such as growth factors or phorbol esters, which may increase the

variability between cell preparations (Blader ef af, 2001).

Although HEFFs are not considercd a major target for T.gondii in vivo, they do apparently
reflect many features seen in other cell types as well as Lhe infected animal. For example,
many of the cytokine and chemokine genes fnduced in IIFFs are the same as those induced

in monocytes and in vive during mouse infection (Blader et af, 2001).

Human foreskin fibroblasts (HFF cels) offer several advantages for culturing I.gondii (1)

the large, flat morphology of HFF cells provides an extensive plasma membrane,
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permitting multiple cycles of parasite replication within each cell before lysis. (2) HET
cells are strongly contact inhibited, permitting confluent monolayers to be prepared many
weeks in advance and maintained until needed. (3) As primary human celis, HFF cells
provide a host comparable in certain respects to a clinical infection. Disadvantages of
HFFs include their Bmited replicative lifespan, slow growth rate (especially at high
passagce number) and differences between HFF cultures available in different labs (Roos et

al., 1994),

In vitro sludies using cell based host models represent a versatile, inexpensive host-
pathogen interaction model. However, there will be difterences between this type of
analysis and what occurs in an actual biological system (Zhang et ¢l., 2003). Despite this,

in vitro studies can provide valuable information regarding the host-response.

In 2001, the first analyses of the working drafi of the human genome sequence were
published, jointly by Sanger and Celera (Stein, 2004), This presents a valuable resource for
database searching for gene and protein identification, as onc of the final cxperimental

stages in proteomics involves prior knowledge of gene sequence.
1.4 Microarray studies

Until recently, gene or protein studies looked at one molccule at a time using classical
biochemical techniques. In the past decade several new techniques have been developed
that allow for the study of the entitc genome or proteome. Microarrays allows for the

global study of the host cell transcriptome at a single time point.

The underlying principle of all microarray experiments is that two different cDNA samples
{for example, from infected and uninfected cells) arc each labelled with a different
fluorophore and hybridise, with high scnsitivity and specificity, to complementary
scquences immobilised on a solid substrate. The array is scanned at the two wavelengths
correspouding to the excitation optimum of the dyes and the fluorescence volume of each
spot on each of the two scans ol the microarray is measured, relative to background, by
analysis soflwarc and then compared to the data measurement from the same spot on the
opposing scan, Differential transcriptional profiles highlight changes in gene expression
and these genes can be identified and then further verificd for example by Northern
bLlotting or RT-PCR (reverse transcriptase polymerase chain reaction). Microarrays alloyws

for parallel quantitative measurement of differential gene expression of thousands of genes
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at one time. Two major advantages of microarrays are the very small quantity of RNA

needed per experiment and ihe vast amount of data produced per experiment.

Inferring biologically meaningful information from microarray data requires sophisticated
data exploration. Most global gene analyses use some form of clustering algorithm to find
genes co-regulated across the dataset as shared expression often implies shared function.

When a co-regulated class of genes is known, supervised clustering algorithms, which are

trained to recognise known members of the class, can assign uncharacterised genes io that

class (Cummings and Relman, 2000). Clustering of the data may identify groups of genes

involved in activation or repression of key regulatory pathways.

One of the fields in which microarrays have had an increasingly important impact is in
studying host-pathogen interactions. Microarrays have been used to look at the similarities
and differences in gene expression responses of different host cells to diverse infection

stimuli and to investigate fundamental features of innale immunity.

The basic model involves measurement of gene expression of host cells before und afier a
certain event, i.e. parasite invasion. By following the pattern of gene expression at different
titne-points, it is possible to elucidate which host genes arc up or down regulated over the
course of infeclion and to providc a molecular description of the events that follow
infection. Identification of genes that are diffetentially regulated and the characterisation of

their functions provides an insight into understanding pathogen survival,

1.4.1 Transcriptional studies investigating the host cell response to

infection

Global transcriptional responses elicited in mammalian cclls by pathogenic organisms are
predicted to provide a unique signature of that particular interaction (de Avalos, 2002) and
provide an invaluable resource for the functional characterisation of host cell pathways
required to facilitate pathogen survival and for the further understanding of host defence
mechanisms {de Avalos, 2002). The presence of a specific pathogen may also elicit
adaptive changes in the host cell phenotype. These changes will be reflected in modulation

of gene expression.

The development of an intraccllular infection is the result of a serics of molecular changes
occurring in the cell. To evade the host immune response, intraccllular pathogens have

developed differenl strategies to exploil and manipulate host cell functions for infection,




Chapter 1 Introduction 12
growth and survival. Several groups have employed DNA microarrays to analyse the host
response to infection and Table 1-1 lists sume of these studies which used a range of
parasites, bacteria and viruses to investigate the genc expression of host cells when invaded

by an intracctiular pathogen.

Intracellular pathogen Author of paper

. Toxoplasma gondii Blader e ¢, 2001
Trypanosoma cruzi de Avalos, 2002

| Bordetella periussis ) Belcher, 2000
Listeria monocyiogenesis Cohen ef al., 2000
Salmonellg dublin Eckmaun ef g/, 2000
HIV Cummings and Relman, 2000
Humag cytomegalovirus Zhu, 1998

Table 1-1 Studies investigating the gene cxpression of host cells during infection with an intraceilular
pathogen

Genes modulated during infection can be examined to refine hypotheses about their role in
the host-pathogen interaction. This gene response details the degree of the host response to
infection (Kato-Maeda et al, 2001). Comparing the genc expression profiles of host cell
infection by wild type and mutant pathogen strain has also been used to explore the host-

pathogen interaction (Kato-Maeda ef af, 2001).

Zhu et af (1998) used microarrays to investigate the response of human fibroblasts to
cytomegalovivus (CMV) infection (Zhu et al., 1998). Four percent of the genes arrayed
changed in expression by a factor of four or more after the onset of viral replication, as
compared to uninlccted HFF cells. In this study, modulation of mRNAs encoding
components of prostaglandin E2 biosynthetic pathway suggested that CMV induced
synthesis of this pro-inflammalory secondary messenger. Threc potential explanations for
this observation were proposed; (1) this pathway counld be induced by a cellular response
intended to limit spread of infection by promoting the killing of infected cells, (2) viral
regulators could induce prostaglandin B2 production to lure monocytes, which could
subscquently be infected, leading to viral dissemination within the host, (3) and these
genes could be induced secondarily through induction of interleukin-1p since a similar
pattern of regulation was observed in cells treated with that cytokine. Some of the changes,
such as induction of cytoking stress-inducible proteins, and many interferon-inducible
genes, were consistent with induction of cellular immune responses (Cummings and
Relman, 2000). Thesc studies show the potential power of using microarrays to
characterise the host response but also suggest that interpretation of host gene expression

profiles will be challenging as it is often difficult to determine whether the response is
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stimulated by the pathogen to aid its own swrvival, or stimulated by the host as a profective
response. Microarrays can identify interesting cellular events, but because expression

paiterns cannot distinguish between these mechanisms, the need for further investigation is

necessary (Cummings and Relman, 2000).

A similar experimental design to that of Zhu e e/ (1998) examined the global effects of
HIV-1 infection on cultured CD4-positive T cclls. One study concluded that HIV-1
infection resulted in differential expression of 20 of the 1506 human genes monitored and
that most of these changes occurred only after 3 days in culture. In contrast, the
preliminary results of an independent study using a simitar design indicated that substantial
HIV-induced transcription changes began very early alter inoculation. ‘I'he latter study
confirmed activation of nuclear factor —kf (NF-«B) , p68 kinase and RNasc L (Cummings
and Relman, 2000). NF-k is a transcription factor that is well known as a critical
mediator of the common immune response in various cell types because it is activated in
response to many micro-organisms and other stresses {Dichn and Relman, 2001}). These
contradicling results highlight the difficulties olten seen when comparing microarray
datasets as often different MAs or techniques have been uscd to investigate the same

question.

DNA expression arrays have also been uscd to examine the response of host cells to
infection by bacterial pathogens. The results from the various studies have shown both
similarities and differences between the transcriptional profiles of host cells to different
pathogens. Transcriptional profiling of macrophages and epithelial cells infected by
Salmonella confirmed increascd expression of many pro-inflammatory cytokines and
chemokines, signalling molecules and transcription activators and identified genes

previously unrecognised to be regulated by infection (Cummings and Relman, 2000).

One of these studies was by Eckmann ef ¢l who investigated the host cell response of
human colorectal and colonic epithelial cells after infection with Salmonella (Eckmann ef
al., 2000). They found from the gene expression profile that relatively few genes were
mduced upon infection. The authots interpret this as cvidence that the epithelial mMRNA
response to infection is limited but specific. Those that were induced include cytokines,
kinases, transcription factors and HLA class | genes. Over expression of Ix[3 (an inhibitor
of NF-«{3) blocked induction of gene expression for a number of regulated genes,
underscoring the importance of NF-xf3 in the pro-inflammatory response (Diehn and

Relman, 2001).
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Similar results were scen upon infection of human bronchial epithelial cells with
Bordetella pertussis (Belcher et al., 2000). The small number of genes that were induced
(including monocyte chemotactic protein (MCP-1}, tumour-necrosis-factor-cc-inducible
DNA-binding protein A20 (I NFAIP3/A20) and the nuclear factor inhibitor ¢ (NFi[31oc))
included genes encoding pro-inflammatory cytokines with chemoattractant activities,
which may explain the cellular infiltrate seen in patients with pertussis. In addition, the
transcriptional analysis suggested that the physical properties of (he respiratory fract mucus
of the host might be altered by the activity of the pertussis toxin, creating a more

advantageous microenvironment for the pathogen.

While each microarray study stands as a valuable dataset on its own, comparing the
combination of data from different studies can be used to assess the similarity of genome-
wide host genc-expression responses induced by different pathogens under different
circumstances. Tt will be important to identify the central regulators of common immune
responses and the ways in which pathogens can avoid or stimulate this process (Diehn and

Relman, 2001).
1.4.2 Differential gene expression in Toxoplasma gondii infected cells

Microarray studics allow for investigation into the differential gene expression in
Toxoplasma infected host cells, This parasite provides a highly amenable system for
probing basic mechunisms common to all apicomplexan parasites related lo their
interaction with their specific host cells (Coppens and Joiner, 2001). Two published studics
to date have used microarray technology to investigate changes in host cell gene expression

upon infection with T gondii; Blader e/ af., 2001 and Gail ef ¢/, 2001,

The investigation by Blader ef & 1s titled “Microarray analysis reveals previously unknown
changes in Toxoplasma gondii-infected human cells’ (Blader et «l., 2001). This study
mvestigated the gene expression profile of Human Foetal Foreskin Fibroblasts (HFF)
infected with 7° gondii using human cDNA microarrays consisting of about 22,000 known
genes and uncharacterised expressed sequence tags (ESTs). RNA was purified from HFFs
that were mock o1 parasite (7 gondii tachyzoites) infccted for a series of time points and a
microarray experiment carried out to compare cDNA from mock versus infected HFFs,
Following hybridisation, the data were filtered based on spot intensities threc {imes greater
than background and displayed a two-fold change or greater (relative to uninfeeted) in at
least one time point during the experiment. The filtered data were organised into temporal

gene cxpression clusters, Clustering of the time course data indicated that two distinct gene
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expression patterns were present; genes modulated rapidly afier infection (1--2 hpi) and those

modulated later (>6 hpi).

During the [irst 2 hours of infection, 63 genes cxhibited a 2-fold or greater increase in their
abundance and 15 genes exhibited a 2-fold decrease. Many of the induced genes were
previously known to be involved/associated with the immune response and included
chemokines (GRO1, GRO2, LIF and MCP1), cytokines (JL1f3, IL-6), cell matrix and
adhesion proteins (ICAM-1 and matrix metalloproteinase) and apoptolic and transcriptional
regulatory factors (superoxide dismutase 2). This data was confirmed by Northern Blot.
Although the early induced genes were predominantly associated with the immiune response,
they represented a relatively small number of immune response genes spotted on the

microarrays.

Twenty four hours after infection, 567 genes were modulated in expression. Categorising the
genes by function indicated modulation in numerous cellular processes including
carbohydrate and lipid metabolistn, transcription regulation, protein synthesis, targeting and
degradation, cell signaliing, inflammation, cell adhesion and cytoskeleton, nucleotide and
amino acid metabolism, cell cycle and apoptosis. It was however noted that this type of
functional clustering may be misleading, because some genes may be involved in more than

one process but were arbitrarily grouped into a single class.

To imvestigate the role of soluble factors in modulating the transcriptional response, media
from 24 hpi mock and parasite infected HFFs were added to uninfected HFF monolayers.
RNA was harvested at 4,14, and 24 hours from cach conditioncd media-treated monolayer as
well as from the 24 hpi mock and parasite infecied cells [rom which the conditioned media
was obtained. Each microarray was hybridised with labelled cDNA prepared from each time
point, analysed and clustered. Gene clustering indicated that 2 classes of gene were
modulated during infection; (1) those regulaled by both conditioned media and 7" gondii and
(2) those regulated only in the presence of 7.gondii (therefore the transcriptional regulation
of these genes is a direct consequence of intracellular infection and growth.) The mevalonate
metabolic genes shown to be up regulated 24 hpi were confirmed to be regulated only in the

prescnee of 7. gondii, as were many of the glycolytic enzymes.

The host genes modulated during infection could be grouped into one of threee major classes,
(1) pro-host genes that protect the host from infection (e.g. IFN-y and 11.-12), (2) pro-
parasite host genes which are necessary for parasite growth and may include those involved

in inhibiting infected cells from undergoing apoptosis or those involved in metabolic

|
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pathways whose products the parasite scavenges [rom the host cell to satisfy its auxotrophs
and (3) bystander host genes which arc incidentally regulated as a result of the first two
classes. ‘I'hus, microarrays are instrumental in identifving pro-parasite genes and analysis
of time course data sets has identified several candidate pro-parasite genes, including
transcripts that encode anti-apoptotic proteins and glycolytic and mevalonate enzyines

(Spear et al., 2000).

To investigate whether the pro-inflammatory genes induced early during infection in HI'Fs
infected with 7.gondii could be a non-specific response of HFFs to intracellular parasitism
(i.c. independent of the pathogen), the HFI response to a second protozoan intracellular
parasitc, Trypanosoma cruzi, was compared to the .gondii response using replicate
microarrays and the same data analysis methods as for the 7. gondii experiments. Only 4%
(23 of 614) of the genes modulated by 7. gondii 24hpi were also modulated by 7. cruzi
24hpi. Of these 23, only 3 (MCP1, pre-B cell-colony-enhancing-factor and bradykinin
receptor B2) were up regulated 2h post invasion (hpi) with T.gendii. The overall results of
this study indicated that the transcriptional response is unique to individual intracellular
protozoan parasites. A more in-depth study investigating transcriptional changes in gene
expression in host cells after invasion by T.cruzi (de Avalos, 2002) is discussed later in this

chapter.

The study by Gail et al, titled “Transcriptional profile of Toxoplasma gondii-infected
human fibroblasts as revealed by gene-array hybridization’, was similar in design to that of
Blader et @l (2001) although on a smaller scale (Gail ¢/ al., 2001). Transcriptional profiles of
infected and vninfected HEFs were determined by hybridisation to gene arrays representing
about 600 genes. The results of this study revealed up regulation of 17 genes (>5 fold) after
T.gondii infection, including genes encoding immunomodulatory factors; [L-6, macrophage
inflammatory protein 2a (MIP2¢) and ncutrophil activating protein ENA 78, kinascs, cell
surface antigens (including transferrin receptor T{R), proteins involved in DNA synthcsis or
repair, cytokines, proteins involved in apoptosis and chemokine factors. The results were

validated using RT-PCR.

Gail ef af compared the results from the T.gondii infected HFF expression profiles with the
transcriptional profiles of HFFs infected with either Salmonella typhimurivin and Chlamyidic
trachomuatis, to identily gencs specifically induced in 7. gondii infected cells. Most of the up
regulated genes were induced by all three pathogens including several immunomodulatory
factors; IL-6, MIP20 and neutrophil activating protein ENA 78. The genes for the

transferrin receptor and myristoylated alanine-rich C-kinase substrate (MacMARCKS) were
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up-regulated in 7.gondii infocted fibroblasts only and these may be involved in a specific

host-cell interaction. For example, parasite induced TR up regulation might result in

increased iron uptake by the host cell and as a consequence the parasite might benelit from a

better intracellular iron supply. It is possible that the differences in the pathogen-induced
RNA expression by the host cell are related to the differcnt lifestyles of the three

pathogens i.e. T.gondii actively invades and Salmonella and Chlamydia are phagocytosed.

Comparing the MA studies by Blader and Gail, infection of HEFs by T gondii resulied in

increased gene expression of immunomodulatory factors including [L-6, MCP-1, TNFs
and also cell adhesion genes. Many other genes showed differential gene expression but

were not present on the arrays in both of the studies or the groups results differed from

each other.

The results of these studies can be compared with a study by de Avalos ef o/ (2002), titled

‘Immediate/Early response (o T.cruzi infection involves minimal modulation of host cell
transcription’, that investigated differential gene expression in HFI's after invasion by the

intracellular parasite Trypanosoma cruzi to investigate whether the pro-inflammatory

genes induced early during infection in HFFs infected with 7.gondii were a specific or

non-specific response of HEESs to intracellular parasitisni,

Signalling pathways in both parasite and host ccll are known to regulate T.eruzi entry into
mammalian cells and some of these carly signals are thought to regulale downstream host
cell transcriptional events. To facilitate comparisons to existing microarray data
concerning Toxoplasma gondii snd human cylomegalovirus, primary HFFs were used in

this study. The transcriptional response of 7. cruzi infected HI'¥s at several time points post

invasion was investigated. The study found no significant changes of HFF gene expression
to T.cruzi at 2, 4 or 6 hpi. A significant increase in transcript abundance for 106 host cell
genes was observed al 24hipi. Among the most highly induced is a set of mtetfcron (JFN)
stimulated genes (ISG), indicative of a type-1 IFN response to 7.cruzi. No up regulation of
these genes was observed at the earlier time points following infection, suggesting this

response may follow TFN production by infected HFFs, These ISGs are likely to function

as an important modulator of innate host defence mechanisms.

The increased gene expression seen in the T.cruzi infected HFFs at 24hpi showed several
substantial differences from those cvoked in 7 .gondii. Classification of the T cruzi induced
geries into functional categorics revealed the conspicuous absence ol several major groups

of genes (cytokines, carbohydrate metabolism, cell cycle and apoptosis) all of which were
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up regulated in HFFs by T.gondii on similar cDNA arrays. Also, the most highly
represented group of genes induced by Ticruzi, the ISGs, were not induced by T.gondii,
bacterial or [ungal pathogens. Signilicant changes in host cell pro-inflammatory cytokine
gene expression was not seen [rom this microarray experiment. The authors noted this to
be an unusual response, as up regulation of these genes was commonly seen in other

experiments investigating the host response to intracellular parasitism.

The marked delay in 7.cruzi induced host cell transcriptional responscs indicates that
changes in host cell gene expression may correlate with a particular parasite-dependent
event, such as differentiation or replication. Establishment of infection by T.cruzi involves
several events that together take about 24 hours. Using u similar analogy, the rapid and
robust gene expression response initiated in HEFFs to T.gondii infection may correlate with
the fact that parasite differentiation is not required for replication and there appears to be

no lag phase following host cell entry associated with this parasite.
1.4.3 Host-pathogen gene expression conclusion

Microarray studies can provide a “genome wide view” of the host cell gene expression in a
particular situation by use of a whole genome array. A number of studies have been carried
out looking at host cell gene expression in response to a variely of intracellular pathogens.
Intracellular pathogens can induce a variety of host cell modulations to aid their survival,
including subverting the host immune response, allering host cell pathways and organelle
redistribution, One similarity across all of the studies discussed here was some modulation
of genes involved in the hosl immune response. Aside from this, it is very difficulf to
identify any common responses across the microarray studics as different arrays, types of
host cells or methods of data analysis were used. Therefore this means that no overall
conclusions or hypotheses can be generated from the microarray studies about the host cell

response lo infection with an intracellular pathogen.

When comparing datasets such as those above, it is important (o recognise the possibility
that gene expression responses that appear to be induced by a pathogen stimulus may
actually be due to the conditions under which the experiments were performed. Because
the results of pathogen gene expression and of host-pathogen interactions are influenced by
the model syslem used, such results must be interpreted with caution (Kato-Maeda et «l,
2001). Analyses such as these are quite sensitive to the characteristics of the experimental

design and these characteristics can be divided into three groups; (1) DNA microarray
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related experimental issues, (2) infection-related experimental issues and (3) biological

host responsc related issues (Diehn and Retman, 2001).

Rach study provided a valuable datasct of host gene expression in response to a specific

pathogen. As proteins are the [unctional molecules within the cell and the gene to protein

correlation remains unknown it is now necessary to look at the protein expressiorn in lost
cells, and this proteomic data, in combination with the microarray gene expression study
data, will lcad to an overall picture of the functional molecules in the cell and specifically
the genes and proteins whose expression is modulated by the presence of an intracellular

pathogen.
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1.5 Proteomics

Proteomics can be defined as the large scale study of proteins and their propetties such as
post-translational modifications, expression levels and interaction with other molecules to

obtain a global view of cellular proccsses at the protein level (Abbott, 1999).

Although the global analysis of mRNA is exiremely powerful, it has limitations. The ‘onc
gene one protein’ hypothesis is not valid becausc of RNA editing, splicing and post-
translational modifications of proteins (Gravelcy, 2001). Gene expression can be controlled
by various mechanisms in the pathway from DNA o RNA to protein. (1) Transcriptional
control determines when and how ofien a gene is transeribed, (2) RNA processing controf,
how the RNA transcript i1s spliced, (3) RNA transport control, which completed mRNAs

will be exported from the nucleus to the cytoplasm, (4) translational control, determining

which mRNAs in the cytoplasm will be translated by ribosomes, (5) mRNA. degradation
control, selectively destabilising certain tnRINA molecules in the cytoplasm and (6) protein
activity control, sclcctively aclivaling, inactivating or compartmentalising proteins (Alberts
et al., 1999). The study of gene expression using microarrays allows for whole cell
proliling of the transcriptional response to a certain stimulus, Howcver, duc to the
numerous levels of possible gene expression control, the transcriptional profile does not

always provide an accurate representation of the cellular protein expression.

It has been estimated that cach protcin encoded by the human genome can exist in 5 or
more isoforms due to P'I'M and each of these protein 1soforms may have different
biological activities in cellular metabolism (Cash, 2002). Post-translational modification of

proteins is important for biological processes, i.¢. in cellular signalling where the

attachment of a phosphate group to a protein can trigger either activation or inactivation of

a signalling cascadc. Another reason for the poor level of correlation between mRNA and

protein levels (generally lower than 0.5) is that the rates of degradation of individual

mRNAs and proteins differ. Even in the simplest self-replicating organism, Mycoplasma
genitalium, there are 24% more proteins than genes, and in humans there could be at least
three times more (Abbott, 1999). Thus there is an increase in the complexity of human

proteome without an increase in the actual genome size.

1t shouid therefore not be expected that there will be a strict linear relationship between
mRNA levels and the proteome of a cell. Protein analysis mirrors the real protein profile
displaying key regulatory events in cellular mechanism. As most drug targets are proteins,

methods to analyse the protein complement of cclls cificiently should contribute directly to
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drug development. Therefore direct studies at the level of the functional proteins

themselves are required o support mRNA analyses.

Two central technologies in proteomics are two dimensjonal gel electrophoresis (2-DE)
and Mass Spectrometry (MS). 2-DE is used to separate complex protein mixtures into
individual protcins, MS can then be used to identify these proteins. Figure 1-2is a

schematic of a typical gel-based proteomics workflow.

Proteomics plays an important rele in the pharmaceutical industry. The new methods for
the giobal analysis of gene expression, which can analyse large numbers of paranieters
simultaneously, are ideal for accurately establishing drug action, as well as identify
possible toxic side-effects at the molecular level. New techniques offer oppaortunities for
screening gene expression at the mRNA level. However, as discussed above, mRNA
analysis alone fails to provide a comprehensive view of gene expression. Consequently,

proteomics is becoming an important tool in the areas of drug development and toxicology.
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Figure 1-2 Schematic of a typical gel based proteomics workflow. Proteins are extracted from the sample

of interest and separated by 2-DE. The proteins on the gel are visualised by staining and the gel images

compared. Spots which are differentially expressed between samples are excised from the gels and the intact

proteins digested into their component peptides using the enzyme trypsin. The peptides are then analysed

using MS and bioinformatics resulting in protein identification. All data from the study is collated and used

to investigate the overall proteome expression of the sample of interest.
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1,5.1 2-DE

Two-dimensional electrophoresis (2-DI) was first introduced in 1975 by O’Farrell
(Q'Farrell, 1975) and generates image based 2-DE reference maps representing a lypical
protcin expression pattern under specific conditions. 2-DE involves separating proteins
firstly by charge (isoelectric focusing (IEF)) and secondly by molecular mass, using
sodium dodecyl sulphate-polyacrylamide gel clectrophoresis (SDS-PAGE). 2-DE has the
capacity to separate and profile thousands of proteins (Wu ¢t af., 2002). The sampie (e.g.
cells, tissue exiract) is solubilised (either chemically or mechanically) and the proieins
denatured into their polypeptide subunits. The solubilisation method must be compatible
with IEF and should not introduce modifications to proteins that could affect MS
(Chambers et al., 2000). The extract can then be incubated with nucleases to remove DNA
or RNA molecules which can interfere with electrophoresis. This mixture is sepatated by
isoelectric focusing (IEF) based on the proteins isoelectric point (pl). Proteins are
amphoteric molecules, having positive, negative or zero charge depending on the pH of

their surroundings. The pl is the pH at which there is no net electric charge on a protein.

When 2-DE was first infroduced proteins were separated in the first dimension using
polyacrylamidc gels containing a mixture of hundreds of carrier ampholytes (CA) with
differing pls which span a spceific pH range providing a pH gradicot. When a voltage is
applied to the gel, the CA separate according to their pI and produce a continuons pH
gradient. The disadvantage of using CA was that the pH gradients produced were unstable
and proteins could diffuse across the gradient. Most importantly IEF using CA was

difficult to reproduce accurately.

In recent years the introduction of immobiliscd pH gradicnts (IPG) to replace the CA
system has increased the resolution of separation and reproducibility of 2-DE (Gorg et al.,
2000). A pH gradient is generated by co-polymerisation of 6-8 well-defined chemicals (the
immobilines) with the acrylamide matrix. An immobilised pH gradient is produced by
covalently incorporating a gradient of basic and acidic buffering groups (of desived pH
range between 3 and 11) into a polyacryvlamide gel at the time it is cast. IPG strips allow
for increased loading capacity and reproducibility compared to the CA system. IPG strips
are plastic backed and the pH gradient 1s fixed which provides mechanical strength and
does not allow for pH gradient drift. An eleciric field is applied to the gradient and the
charged polypeptide subunits migrate in the polyacrylamide gel strip that contains an
inmobilised pH gradicnt (IPG) to the position cquivalent to the pl. The technique has good

resolving power as the pl of a protein is based on its amino acid sequence. The resolution
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can be adjusted further by changing the range of the pH gradient (e.g. to look specifically
at basic proteins (pH 7-11) or acidic proteins (pH 3-4)). IPGs result in highly reproducible
protein patterns and are capable of much higher protein load (up to 5mg) than CA-1EF.
High protein Joads are essential il lcss abundant proteins components are to be identified
using mass spectrometry (Molloy, 2000). Disadvantages of IPGs include the poor
representation of hydrophobic and membrane proteins in 2-DE gels. There 1s also an
cxclusion of farger proteins when loaded onto the gel, this is thought to be made worse by

in-gel rehydration.

The second step of 2-DE is to scparate proteins based on molecular weight using SDS-
PAGE. The IPG strip is applied to the edge of a polyacrylamide gel and the focused
polypeptides migrate in an electric current into the second dimension gel and are separated
on the basis of molecular size. Individual proteins are then visualised by staining the gel
e.g. with Coomassie blue or silver staining (this will be discussed in further detail in
chapter [1). Several thousand spots may be resolved on a single 2-DT gel and the initial
choice of sample solubilisation conditions and pll range of the gel strip used for the first
dimension will determine which particular subset of proteins from the proteome are

profiled.

The main problem in the visualisation of total cell or tissue extract proteins is the highly
dynamic range and chemical diversity of proleins over a wide range of molccular weights,
pl and solubility and although 2-DT is a very successful techuique to profile thousands of
proteins from one sample, there are several limitations to the technique. These include; (1)
difficulties in gel reproducibility, (2) limited dynamic range i.e. 2-DE often fails to detect
proteins with molecular masses in excess of 100 thousand Daltons and those with pI values
lower than 4 or higher than 9 (Yanagida, 2002), (3) certain proteins stain poorly or not all,
{(4) hydrophobic proteins are under-represented, (5) post-lransiational modifications can
result in the same proteins appearing at multipie positions on a gel and (6) low-abundance
proteins which tend to do the most interesting jobs in cells are drowned out by high-
abundance ‘house-keeping’ proteins which can be present at 10,000 times greater

concentration (Abbott, 1999).

Gel images are analysed with specialised software which allows comparisons of muitiple
gels, therefore it is possible to compare gel images to identify changes in protein
expression between samplcs c.g. healthy versus discased. The proteins of interest can then

be excised from the gel, enzymatically digested into peptides using lrypsin, and ideniified

using MS.
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1.5.2 Mass Spectrometry

Protein identification by MS is a high-throughput method which provides extremely
sensitive measurements of the mass of molecules and this data can be uscd to search
protein and nucleotide databases directly to identify a protein. Mass speclrometers consist
of three essential parts; (1) an ionisation source that converts molecules into gas phase
ions, (2) a mass analyscr which resolves ions based on their mass/charge (m/7) ratio and
(3) an ton detector which detects the ions resolved by the mass analyser. A mass analyser
uses a physical property such as time-of-flight (TOF) to separate ions of a particular n/z
value that then strike the detector. The magnitude of the current that is produced at the
detector as a function of time is used to determine the m/z value of the ton. The peptide or
peptide fragment mass can then be calculated from this value depending on the charge
state. The two most common types of MS are matrix-assisted laser desorption ionisation-
time of flight (MALDI) which is useful for identifying proteins from organisms with
sequenced genomes and electrospray iomsation tandem MS (MS/MS), which can provide

some actual sequence data.

1.5.2.1 MALDI

MALDI is an MS method which is used to determine the mass of peptides (peptide mass
fingerprinting (PMF)). The molecules to be ioniscd are desiceated (n an cnergy absorbing
crystalline matrix and a lascr causcs excitation of the matrix and the cjection of ions o
the gas phase. This method of ionisation is often used in conjunction with TOF detection to
identify proteins by peptide mass fingerprinting. The mass of the peptide is determined and

searched against databases.

MALDI-TOF is a fast and reliable method of protein idenlification which relies on
comparing peplide mass fingerprints from analysis of enzymaiically digested protein
samples to computer generated theoretical fingerprint profiles from protein/EST databases.
Protein matches are ranked according to algorithms that take into account protein
properties such as species of origin and expected mass range, in addition to the percentage
sequence coverage and mass accuracy, to calculate the probability (and confidence level)

of a correct identification.
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1.5.2.2 Tandem MS (MS/MS)

Tandem MS can perform two-stage mass analysis of ions (Wu et /., 2002). ESI-MS/MS
can be coupled to several types of mass analyser including, 1'OF, ion trap and quadrupole.

The samples are introduced to the mass spectroneter in liquid phase. Each peptide

analysed by MS is subjected to further fragmentation to give partial information about the

peptide sequence. Peptide fragmentation is induced in a collision cell and the molecular

masses of the resultant fragment ions are compared with the theoretical masses of
fragments from each protein sequence in the databases. This method is an accurate way ta
identify proteins and is applicable to short sequence data such as thosc of expression
sequence tags (ESTs) (Yanagida, 2002). MS/MS can provide actual sequence data and can

identify large proteins,

A typical MS approach is to analyse all samples mitially by MALDI-TOF MS beeause of
the speed of the technique. Proteins that cannot be identified by this method, perhaps
hecausc they are present in low amounts because several proteins are present in the one
spot or because the protein is ntot present in any of the public domain databases, can then
be subjected to further analysis by tandem MS. Therefore the two types of MS, MALDI

and MS/MS, are complementary technigues.

The identificalion of proteins using mass spectromctry data is simplilied by the use of

specialiscd software algorithms that comparc actual peptide mass fingerprinting data, or

peptide fragmentation data with theoretical patterns generated from databases. Protein

identifications may be obtained by scarching protein/DNA databases.

Comparative non-gel based approaches which use MS/MS include MUDPIT
(multidimensional protein identification technology) and isotope coded affinity tags
{ICAT) (discussed later in this chapter). MUDPIT is a separative protcomic technigue
analogous to 2-DIE which couples 2D liquid chromatography to tandem MS to resolve and
identify peptides from complex mixtures (Wu ef af., 2002). MUDPIT is not quantitative.

ICAT 1s a quantitative approach and is analogous to DIGE (difference gel electrophoresis).

1.5.2.3 Posi-translational modifications

Post-translational modifications (PTM) play a critical role in cellular function therefore
identification is an important goal of proteomics. Proteins can undergo a wide range of

post-translational modifications such as phosphorylation, glycosylation, sulphonation,
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palmitoylation and ADP ribosylation. Such modifications are vital for the correct
functioning of many proteins. Although post-iranslational modifications are determined to

some extent by the proteins amino acids, il is not currcntly possible to predict reliably

which, if’ any, modifications occur for any particular protein (Cash, 2002). MALDI-TOF
can identify when a protein is phosphorylated (Palzkill, 2002) as the expected fragment 3

sizes with and without a phosphate can be calculated. More commonly tandem MS is used

to investigate PTMs with the help of specific database searching against modificd

theorctical databases.
1.5.2.4 Quantitative proteomics

Quantitative proteomics is necessary to determine actual volume differences between
proteins of interest in comparative proteomics. Several quantitative proteomic techniques
exist. (1) Radivaclive lubetling. The proteins are labelled cither in vivo during cell growth
or in vitro within the protein lysate with radioactive amino acids e.g. cel