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Proteomic Analysis of the Heat Shock and Acclimation Responses in 
Cyanobacteria 

Abstract 

The cyanobacterium Synechocystis sp. PCC 6803 is a model experimental organism 

for proteomic research because its entire genomic sequence is available and 

cyanobacteria have high adaptive potential towards a variety of environmental 

stresses. Heat shock characteristically induces expression of the heat shock proteins 

(Hsps) and photosynthetic organisms have demonstrated the ability to acclimatise 

their photosynthetic apparatus to milder elevated temperatures. In this study the 

proteomic methodology of two dimension gel electrophoresis and peptide mass 

fingerprinting mass spectrometry (PMF MS) was developed for the analysis of 

Synechocystis proteins. High resolution was attained with the application of narrow 

acidic pH range 'zoom' gels and of 192 individual soluble protein spots analysed via 

MALDI ToF, 105 were identified. A 2-D difference gel electrophoresis (2D DIGE) 

based proteomic approach has been applied to characterise the heat shock response in 

the soluble protein fi-action and determine protein factors involved in the thermal 

accUmation of the thylakoid membrane and its associated photosynthetic machinery in 

Synechocystis. These analyses together with PMF MS for protein identification 

characterised 176 and 108 heat shock and heat acclimation responsive protein spots, 

respectively. In both analyses, molecular chaperones displayed the highest heat 

elevated level, demonstrating a dual role in stabilisation and refolding of both soluble 

and membrane-bound proteins. Other proteins identified in the heat shock response 

included those involved in photosynthesis, carbon fixation, translation, amino acid 

biosynthesis and several hypothetical proteins. Proteins involved in heat acclimation 

of the thylakoid membrane included constituents of photosynthesis, respiration, 

hopene biosynthesis and several hypothetical proteins. Furthermore, a candidate heat 

sensor involved in the regulation of heat shock gene expression has been characterised 

through analysis of the heat shock response in a histidine kinase knock out mutant 

strain of Synechocystis, namely Ahik34, which displays increased thermal tolerance. 

The gene product of hik34 has a possible dual role in both the suppression of hsp gene 

expression under normal growth temperature and enhancement under heat shock. 
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General Introduction 
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1.1 Cyanobacteria 

1.1.1 Cyanobacteria - what are they? 

Cyanobacteria are aquatic, photo-autotrophic gram-negative prokaryotes, found in 

both fresh and sah water environments. They are perhaps the largest and most diverse 

group among the entire prokaryote kingdom (Whitton & Carr, 1982) as shown by 

their variation of DNA base composition (Herdman et al, 1979), a diverse 

morphology and the different environments they inhabit (Rippka et al., 1979), They 

are believed to be the first phototrophic organisms, releasing oxygen into the earth's 

atmosphere. In fact the origins of cyanobacteria date back over 3 billion years to 

almost the beginning of life on earth (Schopf, 1993). Today, cyanobacteria are 

abundant throughout the world; found living on a variety of substrates and their phyla 

ranges from unicellular organisms, such as Synechocystis and Synechococcus sp., 

through to complex multicellular filamentous strains, many with specialised 

differentiated cells, such as heterocysts in nitrogen fixing Anabaena and Nostoc sp. 

(Figure 1.1). To date, over 150 genera and over 2000 species have been recorded, 

with many new species still being discovered (Nagarkar, 2002). Fundamental to this 

have been the efforts of M. B. Allen who isolated the first unicellular strain Anacystis 

nidulam (Allen, 1952), C. Van Baalen in the purification of strains from marine 

sources (Van Baalen, 1962), R. W. Castenholz in isolation of thermophilic strains 

(Peary and Castenholz. 1964), and R. Y. Stanier in isolating a variety of pure 

cyanobacterial strains (Stanier et al., 1971, Rippka et al., 1979). 
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10 microns 

Figure 1.1. Species of cyanobacteria 

A, Synechocystis sp., B, Spirulina sp. and C, Nostoc sp. arrow indicates the 
differentiated heterocyst able to perform nitrogen fixation. Images were obtained from 
Cyanosite (http://www-cyanosite.bio.purdue.edu) and clearly show the degree of 
morphological diversity across the numerous cyanobacteria genera. 
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1.1.2 Cyanobacteria - Biological classification and evolution. 

For oxygen-evolving photosynthesis, cyanobacteria possess photosynthetic electron 

transport systems, which are functionally and structurally similar to those of 

chloroplasts in photosynthetic eukaryotes, using water as an electron donor and 

containing the two photopigments chlorophyll a and p-carotene (Stanier and Cohen-

Bazire, 1977). Because of this, cyanobacteria were initially incorrectly classified with 

eukaryotic algae and were designated "blue green algae"; a name so well established 

that it is still in use today. Recognition of their correct classification with bacteria in 

the biological hierarchy was achieved with the onset of electron microscopy, which 

demonstrated the lack a defined nucleus in cyanobacteria, and together with data on 

cell wall composition and ribosomal structure, helped classify cyanobacteria within 

the prokaryotic world (Stanier and Van Niel, 1962; Echlin and Morris, 1965). 

Explanation for the unmistakable similarity between eukaryotic photosynthetic 

organisms and cyanobacteria lies with the theory that ancient cyanobacteria are the 

evolutionary link between bacteria and green plants. This evolutionary theory, 

originally hypothesised by Mereschkowsky (1905), states that plastids arose in plants 

as a result of an endosymbiotic event, wherein a eukaryotic ancestral cell engulfed a 

photosynthetic prokaryote, thus giving rise to the double outer membrane 

characteristic of each member of the plastid family (Fredrick, 1981). 
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1.1.3 Photosynthesis in cyanobacteria 

Cyanobacteria, like chloroplasts, possess four major membrane-associated protein 

complexes which act together to form oxygenic photosynthesis. These are the 

photosystem I and I I reaction centre complexes (with their associated chlorophyll-

proteins), the cytochrome complex and the ATP synthase complex (Sidler, 1994) 

(Figure 1.2). Photosystems I and I I and the cytochrome b(f complex functionally 

interact with each other and with the use of light form O2, NADPH and a proton 

gradient which drives the formation of ATP at the ATP synthase complex. A system 

typically described through the Z scheme (Blankenship and Prince, 1985). Unlike 

eukaryotic plants, some species of cyanobacteria have been shown to have the dual 

capacity for oxygenic photosynthesis and bacterial-type anoxygenic photosynthesis, 

utilising hydrogen sulphide instead of water as an electron donor. This capability 

allows cyanobacteria to occupy an intermediate position unsuitable for solely aerobic 

or anaerobic organisms (Padan and Cohen, 1982). 

Despite the similarities between the cyanobacterial and eukaryotic oxygenic 

photosynthetic machinery, there are two features of the cyanobacterial apparatus 

which distinguish it from the chloroplast of eukaryotic plants. Firstly, the 

cyanobacterial photosynthetic apparatus is located on intracytoplasmic membranes 

(ICM), very similar to the chloroplast thylakoid membranes of higher plants, except 

they permeate throughout the cytoplasm and are not packaged within a distinct 

membrane compartment (Golecki and Drews, 1982; Gantt, 1994) (Figure 1.3). 

Certainly the structure of cyanobacterial thylakoid membranes supports the 

endosymbiotic evolutionary theory of Mereschkowsky (1905). Secondly, 
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Figure 1,2. Schematic diagram of the eyanobacterial photosynthetic apparatus. 

Cyanobacterial photosynthetic membranes, like plants, possess four major protein 
complexes associated with oxygenic photosynthesis. These are photosystem I I (PSII), 
cytochrome Z>/ complex, photosystem I (PSI) and the ATP sythase complex. The PSII 
complex is the most individual to cyanobacteria where light is harvested through a 
multi protein complex, namely the phycobilisome, instead of the chlorophyll-/) 
containing light harvesting protein complex I I (CPU). Phycobilisomes consist of light 
harvesting rod antennae containing phycoerythrin (PE) and phycocyanin (PC) 
phycobiliproteins arranged around a central core of allophycocyanin (AP). Figure 
obtained from KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathways 
(http://www. genome.jp/). 
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200 nm 

Figure 1.3. Localisation of cyanobacterial intracytoplasmic (thylakoid) 
membranes within the cell in relation to other membranous structures. 

Cell wall (CW), cytoplasmic membrane (CM) and intracytoplasmic membranes/ 
thylakoids (ICM). Images are adapted fi^om Golecki and Drews (1982). Thylakoid 
membranes are arranged in parallel and located around the periphery of the cell. 
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cyanobacteria contain very large (several million daltons) light-harvesting multi 

protein complexes known as phycobilisomes (PBs) located on the cytoplasmic surface 

of the thylakoid membranes and are directly attached to PSII (Figure 1.2) (Sidler, 

1994; McColl; 1998). In photosynthetic eukaryotes, these structures are substituted 

for the chlorophyllcontaining light harvesting protein complex (CP II), which is 

located within the photosynthetic membrane, not attached to its surface. 

PBs are composed of several different phycobiliproteins subunits and absorb light 

maximally in 470-660 (yellow-green light) region unlike eukaryotic chlorophyll 

containing light harvesting complexes (Figure 1.4). This is because little blue or red 

light reaches the cyanobacteria living in water at a depth of one meter or more as such 

light is absorbed by water and green plants living above them. The board spectral 

range over which PB absorb light is owed to the different spectral properties of the 

various phycobiliproteins subunits which owe their intense absorption properties to 

the presence of covalently attached open-chain tetrapyrrole chromospheres, 

commonly known as phycobilins or simply bilins (Cohen-Bazire and Bryant, 1982; 

MacColl, 1998). The most commonly occurring phycobilins are phycocyanobilin and 

phycoerythrobilin which maximally absorb at 662.5 nm (Glazer and Fang, 1973) and 

555 tun (Glazer and Hixson, 1975), respectively. Phycobiliproteins containing 

phycocyanobilin and phycoerythrobilin prosthetic groups are known as phycocyanin 

(PC) and phycoerythrin (PE). These proteins are composed of dissimilar a and p 

monomers where the number of bilin prosthetic groups per monomer differs from 1 in 

phycocyanin a subunits to as many as 3 or 4 in phycoerythrin p sunbunits (MacColl, 

1998). 
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Figure 1.4. Different absorption spectra of cyanobacterial and eukaryotic 
chloroplast light harvesting tetrapyrole chromophores. 

Cyanobacterial light harvesting phycobiliproteins phycoerythrin and phycocyanin 
contain tetrapyrole chromophores which absorb maximally at 555 nm 662.5 nm, 
respectively. Eukaryotic chloroplast light harvesting complexes contain chlorophyll a 
and b chromophores which absorb maximally at 418 nm and 435 nm, respectively. 
Image obtained from (http://dwb.unl.edu/Teacher/NSF/ClI/CIILinks/gened.emc. 
maricopa.edu/bio/bio 181/BIOBK/BioBookPS.htmWStages) 
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PB structural organisation differs between cyanobacterial species; however, there are 

basic structural similarities. Phycobilisomes form a hemidiscoidal structure where 

hexamers of phycoerythrin and phycocyanin proteins are coaxially stacked to form six 

individual peripheral rods (Bryant and Cohen-Bazire, 1981). The length of rods and 

ratio of phycoerythrin and phycocyanin in them varies between species and growth 

conditions (Stonier and Cohen-Bazire, 1977). This ability to alter rod composition 

enables cyanobacteria to adapt to changes in the environment, including temperature, 

CO2 concentration, light intensity and wavelength (Grossman et al, 1993, 2001). The 

rods protrude from a central triangular core consisting of twelve trimeric 

allophycocyanin proteins containing phycocyanobilin which link the peripheral rods 

to the photosynthetic lamellae (MacColl, 1998). One of these twelve trimeric proteins 

is allophycocyanin-B, which is involved in energy transfer from allophycocyanin to 

the chlorophyll containing molecules of the PS complex. Al l these protein subunits 

are assembled through specific interactions with polypeptides called linkers (de 

Marsac and Cohen-bazire, 1977). Light energy is absorbed by the phycoerythrin and 

phycocyanin rods and is subsequently transferred to allophyocyanin, which absorb at 

longer wavelengths, and then to the chlorophyll containing photosystem I I D1/D2 

reaction centre (Figure 1.2), an energy transfer which occurs in less than 100 ps and is 

greater than 95% efficient (MacColl, 1998). In conclusion the phycobilisomes are 

sophisticatedly designed harvesting anteimae which enable cyanobacteria to occupy 

habitats which would not support organisms relying solely on chlorophyll for 

sequestering light energy and allow cyanobacteria to adapt to and survive in ever 

changing envirormients. 
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1.1.4 Carbon metabolism in cyanobacteria 

Most cyanobacteria are obligate photoautotrophs and are therefore dependent on light 

as the only energy source for growth. They use light as the driving force for the 

formation of NADPH and ATP, which are required for the assimilation of CO2 and 

other biosynthetic processes. CO2 is fixed through the reactions of the Calvin 

reductive pentose phosphate pathway, the source for all carbon skeletal synthesis in 

photoautotrophic organisms. However, some cyanobacteria can not only grow in a 

light dependent fashion but are also capable of growth on exogenous organic 

compounds. This type of growth is known as heterotrophoic growth, of which there 

are two different types, photoheterotrophic growth, which is growth in light on an 

organic substrate in the absence of CO2 assimilation, and chemoheterotrophic growth, 

which is growth on an organic substrate in the absence of light (Smith, 1982). In 

chemoheterotrophic growth, the organic compound supports both the carbon and 

energy needs of cell, where as in photoheterofrophic growth the organic substrate is 

only a source of carbon, light provides the energy demands of the cell. Another form 

of growth which some cyanobacteria are capable of bacteria is mixotrophic growth; 

here cells simultaneously assimilate both carbon and CO2, the relative amounts of 

which vary depending on the culture conditions. 

The significance of these various different types of growth in nature has been 

questioned. Are they irrelevant only characterised as a result of laboratory conditions, 

or are they fiirther examples of acquired physiological processes enabling 

cyanobacteria to cope with variations in habitat? Although the majority of 

cyanobacteria demonstrate photoautotrophic growth, natural populations of 
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cyanobacteria have been found living in environments where there is little or no light. 

Furthermore, organic compounds which would support heterotrophic and mixotrophic 

growth, such as D-glucose, are abundant in many environments (White, 1974). In 

such specialised environments the majority of, i f not all, growth would be 

heterotrophic. Such observations provide evidence of the need for cyanobacterial 

heterotrophic growth in nature (Smith, 1982). 

1.1.5 Unicellular cyanobacteria - model research organisms 

Unicellular cyanobacteria, such as Synechocystis sp. and Synechococcus sp., are 

model organisms which have been used in a variety of biochemical and molecular 

biological studies and there are several factors which contribute to their appeal as 

research organisms. Firstly, they have simple nutrient requirements for growth; 

therefore cultures can be easily maintained within the laboratory (Allen, 1968). 

Secondly, being unicellular organisms all cells within a culture are homogeneous. 

Consequently, experiments are likely to be more reproducible in comparison to those 

conducted on organisms with cells of different tissue types, each of which would 

differ in their response. Thirdly, being photosynthetic, containing a full set of genes 

for oxygenic photosynthesis, in combination with their simple nature, cyanobacteria 

provide a simple cellular model for the study of photosynthesis not only from a 

physiological, structural and biochemical point of view, but also from an evolutionary 

prospective. Finally, Synechocystis sp. and Synechococcus sp. are readily 

transformable and can been grown heterotrophically or mixotrophically on a medium 

supplemented with glucose (Grigorieva and Shestakov, 1982; Dzelzkalns & Bogorad, 

1986). As a result, mutations can be readily introduced and maintained by growth of 
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cells under non-photosynthetic conditions. A large number of mutant strains have 

been generated, making functional studies on photosynthesis and a variety of other 

cellular systems possible. 

Cyanobacteria are among the most versatile organisms on earth, possessing a 

remarkable capacity to adapt and survive in hostile environments. They occur in 

virtually all known extreme habitats on earth differing in levels of desiccation, 

salinity, temperature, pH, oxygen and carbon dioxide concentration, light intensity, 

humidity, radiation and other conditions (Dvomyk and Nevo, 2003). This makes them 

attractive organisms for investigating adaptive strategies and stress responses of 

photosynthetic organisms. Such investigations to date include research on salt and 

osmotic stress (Bagwhat and Apte, 1989; Hagemaim et al., 1991, 1993; Iyer et al., 

1994; Allakhverdiev et al., 1999, 2000a, 2000b, 2001 and 2002; Huckauf al., 2000; 

Ferjani et ah, 2003), oxidative stress (Nishiyama et al., 2001; Hihara at al., 2003; 

Kobayashi et al., 2004), chilling stress (Wada et al., 1990; Deshnium et al., 1997; Los 

and Murata, 1999; Suzuki et al., 2000b; Dilley et al., 2001), heat shock (Borbely et 

al., 1985; Bagwhat and Apte, 1989; Lehel et al., 1992; Horvath et al., 1998; Tanaka 

and Nakamoto, 1999; Huckauf et al., 2000; Nakamoto et al., 2000; Kovacs et al., 

2001; Rajaram et al., 2003), photo-inhibition (Gombos et al., 1992; Zsiros et al., 

2000; Allakhverdiev et al., 2002, 2003a, 2003b, 2004;), nitrogen and sulphur 

starvation (Duke et al., 1989; Huckauf al., 2000; Luque et al., 2001; MuroPastor et 

al., 2001; Richaud et al., 2001; Baier et al., 2004) and studies in acclimatisation to 

high light (Hihara et al., 1998; Sonoike, et al., 2001; Muramatsu et al., 2003) and high 

temperature (Nishiyama et al., 1993, 1997, 1999; Kimura et al., 2002). Furthermore, 

due to their readily transformable nature of Synechocystis sp. PCC 6803., several two 
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component signal transduction mechanisms (Figure 1.5) consisting of histidine 

kinases (Hiks) and response regulators (Rres) (Saito, 2001) have been characterised 

for a variety of stimuli/stresses in this organism including cold stress (Suzuki et al., 

2000a and 2001; Inaba et al, 2003), salt stress (Marin et al., 2003), high light (Hsiao 

et al., 2004) adaptation to light-dark transitions (Garcia-Dominguez et al., 2000, Park 

et al., 2000) phosphate ion sensing (Hirani et al., 2001, Suzuki et al., 2004) 

manganese ion sensing (Yamaguchi et al., 2002, Ogawa et al., 2002) and 

photoinhibition (Mikami et al., 2003). 

Research using the unicellular cyanobacterium Synechocystis sp. PCC 6803 has 

recently been extended further to functional genomic studies including 

transcriptomics and proteomics. This is because its entire genome has been 

completely sequenced (Kaneko et al, 1995, 1996) and data on all 3168 predicted 

genes is freely available (www.kazusa.or.jp/cyano/cyano.html) (Nakamura et al., 

1998). Secondly, with only 3168 genes Synechocystis has a small complement of 

genes/proteins. Consequently, DNA microarrays containing 95 % of these genes are 

readily accessible for gene expression studies and proteomic investigations are less 

complex in comparison to those conducted in eukaryotic photosynthetic organisms. 

Current DNA micorrary investigations include acclimation to high light (Hihara et al., 

2001), the response to salt and osmotic stress (Kanesaki et al., 2002), the response to 

cold stress (Suzuki et al., 2001) and phosphate sensing (Susuki et al., 2004). Using 

proteomic based approaches proteome maps have been generated for several sub

cellular compartments including the soluble (Sazuka et al., 1997, 1999), thylakoid 

(Wang et al., 2000, Herranen et al., 2004), plasma membrane (Huang et al., 2002) and 

periplasmisc space (Pulda et al., 2000) and investigations analysing the changes in 
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Figure 1.5. Schematic model of a generic two-component signal transduction 
mechanism. 

Most histidine kinases (Hiks) function as homodimers (A). Upon receiving an 
appropriate stimulus the His kinase sensor undergoes a conformational change which 
brings the histidine phosphorylation sites in close proximity to the kinase domain of 
one of the two subunits. The His kinase domain autophosphorylates the substrate 
histidine in an ATP dependant manner. The phosphoryl group on the histidine is 
subsequently transferred to an aspartate residue in the receiver domain of the response 
regulator (Rre), resulting in a conformational change and exposure of the output 
domain activity (B). Most output domains are DNA binding transcriptional regulators, 
others control the activity of other enzymes directly. Figure adapted from Satio 
(2001). 
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protein steady state levels in response to high light (Choi et al., 2000) and salt stress 

(Fulda et al., 2000) have been performed. 

In this thesis I have chosen to investigate the heat shock response and its regulation in 

cyanobacteria and the strategies employed in acclimation of the photosynthetic 

machinery to high temperature. The current knowledge in these fields will now be 

discussed. 

1.2 The heat shock response 

1.2.1 Introduction 

Cells have evolved a number of mechanisms to help them survive in harmful 

envirormients. Often a disruption in homeostasis activates the expression of several 

genes which function to protect the cell from the effects of the stress. One such 

mechanism shared by all cells is the heat-shock response, which is evoked by the 

sudden exposure of cells to unusually high temperatures and causes proteins to 

denature and irreversibly aggregate. The cell responds chiefly by reducing the 

synthesis of normal cellular proteins and at the same time transiently enhancing the 

expression of a group of proteins called heat-shock proteins (Hsps). These induced 

Hsps, predominantly molecular chaperones and ATP-dependant proteases, function to 

control and stabilise the level of denatured protein and restore homeostasis by 

refolding or degrading the non-native proteins respectively (Bukau and Horwich, 

1998). This response to elevated temperature is universal among all living organisms 
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and the induced Hsps are some of the most conserved proteins in nature (Neidhardt et 

al. 1984), suggesting that they play important roles in fundamental cellular processes. 

1.2.2 Heat shock proteins 

Hsps were first discovered in 1962 in Drosophila melanogaster larvae that were 

exposed to temperatures above that optimal for normal growth and development, and 

were described as a set of proteins whose expression is selectively induced by heat 

shock (Ritossa, 1962; Tissieres et al., 1974). Since then, Hsps have been identified in 

every species in which they have been sought and in a variety of subcellular 

compartments, including the cytosol, mitochondria, endoplasmic reticulum, 

chloroplast and nucleus. The genes encoding Hsps {hsps) are highly conserved and 

many have been categorised into families based on their sequence homology, 

molecular weight and function (Georgopoulos and Welch, 1993; Hendrick and Hartl, 

1993) The principal Hsps, range in molecular mass from -10 to 110 kDa and have 

been classified into several families, these being HsplO, small Hsps (sHsps) (15-42 

kDa), Hsp60, Hsp70, Hsp90 and HsplOO (the number corresponding to their 

respective approximate molecular weight i.e. HsplO ~ 10 kDa). 

Over the last 4 decades Hsps have been extensively studied, especially with regard to 

their fiinction and regulation (Welch, 1992; Hartl, 1996; Yura and Nakahigashi, 1999; 

Pirkkala et al., 2001). Early indication of Hsp function came about from the 

observations that, like cells exposed to heat-shock, cells manipulated to accumulate 

levels of non-native proteins also demonstrated increased expression of the Hsps 

(Georgopoulos & Welch 1993). Consequently, this led to the proposed hypothesis that 

- 1 7 -



any stress, resulting in the accumulation of abnormally folded proteins with in the 

cell, leads to an increased expression of Hsps which function to deal with the non-

native proteins. 

Stress-inducible hsps genes respond to a variety of stresses, i f sufficiently intense, 

including extremes of temperature, cellular energy depletion, extremes of ion 

concentration, other osmolytes, gases and various toxic substances. Such stresses all 

result in proteins having non-native conformations (Somero, 1995). Despite their 

inducible gene expression, most Hsps are expressed at significant levels in cells 

grown under normal conditions and are essential for growth at all physiologically 

relevant temperatures (Georgopoulos & Welch 1993). These observations, supported 

by the discovery that not all Hsp homologues are stress-inducible, suggested that Hsps 

have an important role in normal cell growth and development. In various 

experiments, under normal growth conditions Hsps were demonstrated to function as 

molecular chaperones, interacting with and governing the correct folding and 

assembly of newly synthesised proteins. Such a function is paramount because, 

growing polypeptide chains emerging from the ribosomes and even newly synthesised 

proteins not yet correctly folded and translocated to their organellar localisation 

expose hydrophobic surfaces, susceptible to premature interactions with other 

polypeptides. Such interactions lead to protein misfolding and aggregation of non-

native species (Jaenicke, 1991). Molecular chaperones bind and sequester non-native 

proteins and their reactive hydrophobic surfaces of polypeptides. By doing so, they 

minimise inappropriate associations with other reactive surfaces, thus preventing 

aggregation and favouring correct folding. Because under stress conditions, such as 

heat shock, proteins denature and aggregate through hydrophobic interactions, it is 
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understandable that there is an extra requirement for molecular chaperone activity. 

Indicating why the expression of such proteins is elevated in cells exposed to high 

temperatures (Elhs and van der Vies, 1991; Jaenicke 1991). 

Molecular chaperones not only function to sequester non-native proteins and 

minimise their aggregation, they also target non-native or aggregated proteins for 

degradation and removal through proteolytic pathways, maintain non-native proteins 

in a folding-competent state, help re-fold and assemble abnormally folded proteins 

and they are involved in protein organellar localisation, import and export (secretion). 

Chaperone binding and release of non-native proteins is usually dependent upon the 

association with or the hydrolysis of nucleotide triphosphates, where some chaperones 

as oligomers of multiple chaperones and in association with co-chaperones, without 

covalently modifying their polypeptide substrates and without being part of their final 

structure (Ellis and van der Vies, 1991). 

The function of the major Hsps groups will now be discussed, with the main focus 

being in prokaryotes. 

1.2.2.1 Hsp60 Family 

The Hsp60 family of proteins, approximately 60 kDa in size, exist in the prokaryotic 

cytosol and a variety of eukaryotic cellular locations, including the cytosol (Gupta, 

1990), chloroplast and mitochondria (Hemmingsen et al., 1988). Due to their 

chaperone-like fimction they are also known as chaperone 60s (Cpn60s) and both 

stress-inducible and non-inducible (constitutively expressed) members have been 
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found. The Hsp60 homologues in the prokaryotic cytosol, and the eukaryotic 

chloroplast and mitochondria have high sequence homology (Hemmingsen et al, 

1988; Reading et al., 1989), which is substantial similarity since these genes are 

nuclear encoded in their respective organisms. However, very little homology is 

observed between prokaryotic and eukaryotic cytosolic Hsp60 proteins. The 

prokaryotic Hsp60 homologue, GroEL, is one of the most extensively studied 

chaperonins. It was first discovered in Escherichia coli as a host protein required for 

the assembly and morphogenesis of many bacteriophages, including A, (Georgopoulos 

et al., 1973), T4 and T5 (Zeilstra-Ryalls et al., 1991). GroEL also functionally 

operates with a 10 kDa protein, GroES and were both shown to be essential for E. coli 

growth at all temperatures, both physiological and under heat shock (Fayet et al., 

1989). In prokaryotes, the groEL and groES genes are located within a single 

bicistronic operon, groE, so called because mutation blocks bacteriophage % growth 

(gro) and the first X compensatory mutation was in the XE gene. The groE L and S 

suffixes denote small and large gene products (Friedman et al., 1984). The 

mitochondrial Hsp60 was first identified in Tetrahymena (McMullin & Hallberg, 

1987) and was subsequently shown to be involved in protein import (Hartl and 

Neupert, 1990) and oligomeric assembly (Cheng et al., 1989). The chloroplast Hsp60 

chaperone is required for the assembly of ribulose-bisphosphate 

carboxylase/oxygenase (rubisco), justly named the rubisco binding-protein (Gatenby 

et al., 1985; Cannon et al., 1986; Ellis and van der Vies, 1991). The discovery of 

which helped develop the concept of molecular chaperones. Both mitochondrial and 

chloroplast Hsps also functionally operate with a 10 kDa co-chaparonin like GroES. 
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Proteins encoded by the groEL and groES genes are found in the cell as oligomers. 

GroEL assembles into a 14-subunit oligomer to form two stacked rings of 7 subunits 

with a central cavity (Hendrix 1979; Langer et al. 1992b), the native form of GroES is 

a single ring of 7 subunits (Hemmingsen et al., 1988). These two multi oligomeric 

complexes come together to form a functionally active chaperone machine, where one 

GroES heptamer binds to one end of the GroEL cylinder, forming a characteristic 

bullet shape (Langer et al. 1992b). This chaperone complex has been demonstrated to 

assist the complete folding of partially folded polypeptides after their release from the 

ribosome (Ostermaim et al., 1989) and has a low substrate specificity (Ellis, 2000), 

binding to many unfolded proteins. GroEL has been shown to be able to make stable 

complexes with over 50 % of all E. coli proteins (Viitanen et al, 1992) and where 10 -

15 % of all newly synthesised E. coli proteins are present in a complex with the 

GroEL/GroES machine under physiological growth and 30 % under heat shock 

conditions (Ewalt et al., 1997). 

The GroEL cavity acts as a cage in which to sequester non-native proteins, preventing 

inadvertent inter-polypeptide aggregation and providing an ideal environment in 

which a single protein can fold (Ellis, 1996). After binding of the unfolded 

polypeptide to GroEL the binding of GroES and ATP releases the polypeptide inside 

the cage and GroES remains bound to prevent the protein from re-emerging 

(Ostermann et al., 1989; Ellis, 2001). Subsequent ATP hydrolysis allows the re-folded 

protein to be released, however i f hydrophobic domains are still exposed the protein 

wil l be re-intemalised by GroEL (Frydman, 2001). 
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1.2.2.2 Hsp70 family 

The Hsp70 family of proteins have been found to exist in many organisms, in 

prokaryotic and eukaryotic cells (Craig and Gross et al., 1991) where both heat 

inducible and constitutively expressed homologues have been identified. They have 

also been shown to take part in the transport of proteins in to the ER (Sanders et al., 

1992), mitochondria (Hartl and Neupert, 1990; Kang et al., 1990) and chloroplast 

(Yalovsky et al., 1992). The prokaryotic cytosolic Hsp70 homologue, DnaK, thus 

named as is required for DNA replication (Friedman et al., 1984) is present at high 

levels under normal growth and is inducible upon heat treatment. Research has shown 

that DnaK and its corresponding homologues are able to interact with a variety of 

unfolded polypeptides and that they have no strict specificity (Hartl et al., 1992). 

They associate with polypeptide chains as they emerge from the ribosome (Nelson et 

al., 1992) and thus facilitate the exit from the ribosome and prevent premature 

aggregation. The polypeptide release mechanism from DnaK is ATP dependant and 

functions through the interaction with two co-chaperones, DnaJ and GrpE. Where, 

DnaJ and GrpE increase the ATPase activity of DnaK (Liberek, 1991a, 1991b) and 

also GrpE has been shown to act as a DnaK substrate and compete for binding 

(Langere/a/, 1992a). 

1.2.2.3 Hsp90 Family 

Hsp90 proteins exist primarily in the cytosol, but homologues have also been 

discovered in the ER (Buchner, 1999). The bacterial Hsp90, namely HtpG, unlike 

GroEL is dispensable for growth under both normal and heat shock conditions 
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(Bardwell and Craig et al., 1988; Versteeg et al., 1999). This is in contrast to the yeast 

Hsp90 homologue which is essential regardless of the growth temperature (Borkovich 

et al., 1989). Hsp90 is able to recognise non-native proteins and prevent irreversible 

aggregation either during refolding (Wiech et al., 1992) or thermal unfolding (Jakob 

et al., 1995), although, a refolding capacity as seen with GroEL is not observed 

(Yonehara et al., 1996). Instead Hsp90 maintains non-native proteins in a folding 

competent state in preparation for refolding by other chaperones such as by the 

GroEL/GroES and the DnaK/DnaJ/GrpE chaperone machines. 

1.2.2.4 HsplOO family 

The HsplOO proteins, knovra as Clp proteins, constitute a relatively new family of 

molecular chaperones and like Hsp60 and Hsp70 chaperones, both constitutively 

expressed and heat inducible homologues have been identified. Various types of Clp 

protein exists and have been divided into several types based on their structure and 

sequence (Schirmer et al., 1996). A member of the Clp/HsplOO protein family is ClpB 

and has two ATP-binding domains. Two distinct ClpB proteins are present in both 

eukaryotes and prokaryotes. Separate genes encode a cytosolic and a mitochondrial 

(Leonhardt et al., 1993) protein in eukaryotic organisms, whereas in prokaryotes they 

originate from a single gene with two translation initiation sites in the transcript 

(Eriksson and Clarke, 1996). The mitochondrial ClpB protein functions to prevent 

protein denaturisation at high temperatures (Schmitt et al., 1996) where as the 

cytosolic proteins fimction as conamon molecular chaperones with the ability to 

dismantle multi protein aggregates that accumulate at high temperature (Parsell et al.. 
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1994). Cytosolic ClpB can also interact with DnaK to assist re-solubilisation of 

aggregated proteins and promote their refolding (Mogk et al., 1999). 

1.2.2.5 Small Hsp Family 

Small Hsps (sHsps) are a group of proteins having a molecular mass ranging from 15-

42 kDa (Roy et al., 1999, van den Ussel) and have been detected in virtually all 

organisms. The sequence of these proteins is much less conserved between species 

than Hsps of higher molecular mass (i.e. GroEL, DnaK). However, they do all have a 

C-terminal region which is similar to that of the eye lens a-crystallins. sHsps in their 

native state form oligomers of 9-32 subunits or display a variety of variable and 

dynamic quaternary structures (Kim et al., 1998; Haley et al., 2000). Like Hsp90, 

sHsps can bind non-native proteins and prevent their aggregation, holding them in a 

folding competent state for re-folding by the ATPase GroEL and DnaK chaperone 

systems (Veinger et al., 1998; Lee and Vieriing; 2000). 

1.2.3 Regulation of the heat shock response 

Although the induction of the hsp genes is a imiversal response to elevated 

temperature, the regulatory mechanisms controlling Hsp synthesis vary greatly among 

organisms. Regulation of the heat shock genes in eukaryotes generally occurs via heat 

shock transcription factors (HSF) which bind to the heat shock promoters to regulate 

transcription (Morimoto, 1998). In bacteria, regulation occurs by two different 

mechanisms. Firstly, alternative sigma factors positively control the expression of the 

heat shock genes by the targeting of RNA polymerase to specific heat shock 
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promoters. In E.coli three different classes of heat shock proteins have been shown to 

be regulated by different sigma factors, namely o''̂  (also known as RpoH) (Yura and 

Nakahigashi, 1999), o^ (Model et al., 1997) and ô ^ (Missiakas and Raina, 1998) and 

in B. subtilis an alternative sigma factor controls hsp gene expression (Hecker and 

Voelker, 1998). The currently understood mechanism for the control of hsp gene 

expression via â ^ is as follows. Under normal growth the DnaK chaperone sequesters 

the â ^ factor and maintains it in a destabilised state, increasing its affinity for 

degradation via the FtsH protease (Herman et al., 1995; Tomoyasu et al., 1995). An 

increase in temperature leads to a rapid escalation in the level of active ô ^ due to an 

elevation in the synthesis of this protein and also stability via the release from DnaK, 

as this chaperone now focuses on binding misfolded proteins (Tatsuta et al., 1998; 

Tomoyasu et al., 1998). Active â '̂  is now available for the activation of hsp gene 

transcription. 

The alternative mechanism for the regulation of hsp expression in prokaryotes is 

through transcriptional repressors, which function to limit transcription of the heat 

shock genes under physiological conditions (Narberhaus, 1999). There are a 

multiplicity of repressor mechanisms and repressor-controlled regulons; however the 

most common type of negative regulation involves the HrcA repressor protein. This 

mechanism has been shown to exist in both B. subtilis (Mogk et al., 1997) and 

Steptomyces sp. (Servant and Mazodier, 2001) where the active form of the HrcA 

repressor proteins binds to a well conserved 9-bp inverted repeat operator named 

CIRCE (controlling inverted repeat of chaperone expression) to prevent transcription 

of the hsp genes via RNA polymerase. In B. subtilis this mechanism controls the 

expression of dnaK and groE operons and the GroEL/GroES chaperone (GroE) 
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regulates the activity of HrcA in a feedback mechanism (Mogk et al., 1997). Under 

normal growth GroE maintains HrcA in its active form allowing it to bind to the 

CIRCE element and repress hsp gene expression. Under heat shock conditions, GroE 

interacts with denatured proteins removing its association with HrcA. This inactivates 

HrcA and prevents it from binding to the CIRCE element leading to the derepression 

of the two heat shock operons (Zuber and Schumann, 1994; Mogk et al., 1997). Other 

negative regulators of heat shock gene expression include CtsR in B. subtilis which 

controls the expression of the clpC and clpP genes (Derre et al., 1999), HspR in 

Streptomyces sp. which controls the expression of the dnaK operon and the clpB gene 

(Servant and Mazodier, 2001), and RheA also in Streptomyces sp. which regulates the 

expression of the hsp 18 gene (Servant and Mazodier, 2001). 

1.2.4 Heat shock proteins and their regulation in cyanobacteria 

The current understating of the heat shock response in cyanobacteria is not as 

advanced as in other organisms. Studies in cyanobacteria have demonstrated a heat 

shock response similar to that seen in other bacteria (Borbely et al., 1985; Bhagwat 

and Apte, 1989, Lehel et al., 1992). GroEL/GroES (Webb et al., 1990), DnaK 

(Chitnis and Nelson, 1991), HtpG (Tanaka and Nakamoto, 1999), ClpB (Eriksson and 

Clarke, 1996) and small heat shock proteins (Torok et al., 2001; Nakamoto et al., 

2000) have all been shown to be heat inducible in cyanobacteria. In Synechocystis sp. 

PCC 6803, two groEL-like genes have been identified, denoted groEL and cpn60 

(Chitnis and Nelson, 1991; Lehel et al., 1993b), which differ in their relative heat 

induciblity (Kovacs et al., 2001). Disruption of the clpB, htpG and sHsp hspl6.6 gene 

in cyanobacteria have generated temperature sensitive mutants with much more 
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sticking thermo-sensitive phenotypes than those observed in E.coli (Eriksson and 

Clarke, 1996; Lee et al., 1998b; Tanaka and Nakamoto, 1999). This suggests the 

particular importance of these chaperones for thermotolerabce in photosynthetic 

prokaryotes. 

The regulation of cyanobacterial heat shock gene expression remains poorly 

understood (Nakamoto et al., 2001). An E. co/;-like ô ^ heat shock promoter has been 

identified upstream of the transcriptional start site of both the groESL operon in 

Synechococcus sp. PCC 7942 (Webb et al., 1990) and the cpn60 (groEL-2) gene in 

Synechocystis sp. PCC 6803 (Lehel et al., 1993b). However, there is no evidence for 

the presence of ô ^ in cyanobacteria, although analysis of sigma factor gene 

expression under stress conditions has shown that the gene is noticeably induced in 

heat shocked Synechocystis cells (Huckauf et al 2000). Perhaps, other a factors are 

involved in the regulation of hsp gene transcription in cyanobacteria. The nine-

nucleotide inverted repeat CIRCE element has also been identified upstream of 

groESL and dnaK genes in cyanobacteria (Lehel et al., 1993b; Tanaka et al., 1997) 

and a HrcA homolog has been identified in the genome of Synechocystis sp. PCC 

6803 (Kaneko et al., 1996). This suggests that the expression of these two genes is 

under the regulation of HrcA and is supported by the observation that deletion of the 

hrcA gene in Synechocystis revealed substantial increase in the expression of groEL 

(Nakamoto e/a/., 2002). 
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1.2.5 Photosynthetic acclimation to high temperature 

Exposure of plants to temperatures above the normal physiological range can cause 

irreversible inactivation of the photosynthetic apparatus and such inactivation occurs 

at relatively low elevated temperatures unlike those characteristic of heat shock. 

However, some photosynthetic organisms have demonstrated the ability to modify 

their photosynthetic machinery in response to elevated ambient temperatures. By 

doing so, organisms enhance the thermal-stability of their photosynthetic apparatus 

(Berry and Bjorkman 1980) and thus adapt and become acclimatised to high 

temperatures. This acclimation phenomenon has already been seen in several higher 

plants (Armond et ai, 1978; Pearcy, 1978; Raison et al, 1982; Tanaka et al, 1997) 

and cyanobacteria (Fork et al., 1987, Lehel; et al., 1993a; Nishiyama et al., 1993) and 

is referred to as acquired thermotolerance, where the exposure of cells to a mild 

elevated temperature increases the tolerance at subsequent higher temperatures. 

Consequently, it is probable that the thermal stability of photosynthetic activity 

determines cellular thermotolerance in plants. 

Of the several photosynthetic components, the Photosystem I I (PSII) complex is the 

most susceptible to high temperature stress (Berry and Bjorkman, 1980; Thompson et 

al., 1989; Mamedov et al., 1993) and of the several reactions of PSII, the oxygen 

evolving process is particularly sensitive to heat (Yamashita and Butler, 1968; 

Santarius, 1975; Thompson et al., 1989; Mamedov et al., 1993). Oxygen evolution, 

via the oxidation of H2O, is catalysed by a cluster of four manganese ions attached to 

the luminal side of the PSII complex. Heat causes dissociation of two of these four 

manganese atoms from the PSII complex and results in complete inactivation of 
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oxygen evolution (Nash et al, 1985). Such observations spawned the realisation that 

adaptation of the photosynthetic apparatus to high temperature is related to the 

protection of the PSII oxygen-evolving complex. 

Several polypeptides have been discovered to be associated with the oxygen-evolving 

machinery, which vary among organisms that perform oxygenic photosynthesis. In 

higher plants, proteins of 23 kDa, 17 kDa and a 33 kDa manganese stabilising 

polypeptide (MSP) associate with the oxygen-evolving complex (Seidler, 1996) 

whereas in cyanobacteria a 12 kDa protein named PsbU (Nishiyama et al., 1997; Shen 

et al., 1997), a 15 kDa low redox potential c-type monoheme cytochrome, named 

cytochrome c j jo (Cyt C550) (Nishiyama et al., 1994; Shen et al., 1995a, 1995b) and the 

MSP (Shen et al., 1995a; Morgan et al., 1998; Al-Khaldi et al., 2000) are associated. 

Additionally, red algae contain a fourth protein of 20 kDa together with the PsbU, Cyt 

C550 and MSP proteins (Enami et al., 1998). 

Targeted mutagenesis of the genes which encode the MSP, Cyt C550 and PsbU proteins 

in Synechocystis, namelypsbO, psbV,psbU, respectively, revealed that they were not 

essential for growth and oxygen evolution under normal conditions (Kimura et al., 

2002). However, they do function to optimise the oxygen evolving activity under 

physiological temperature. It has been reported that the MSP and Cyt C550 proteins 

maintain the affinity of the manganese cluster for calcium and chloride ions, required 

for maximum oxygen evolving activity (Morgan et al., 1998; Shen et al., 1998), while 

PsbU functions to maintain the normal S-state transitions of the oxygen evolving 

machinery (Shen et al., 1998). Therefore, these intrinsic proteins function to maintain 

the activity and stability of the oxygen-evolving complex. 
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Although the MSP, Cyt csso and PsbU proteins are not essential for growth under 

physiological conditions they are required for the maintenance of thermal stability of 

the oxygen evolving machinery. In the cyanobacterium, Synechococcus sp. FCC 

7002, biochemical studies revealed that Cyt C550 and PsbU stabilised the oxygen 

evolving machinery against thermal inactivation (Nishiyama et ah, 1994, 1997). 

Subsequent targeted mutagenesis of the psbU gene in this organism revealed PsbU is 

required for the enhancement of oxygen evolving thermal stability and for the 

development of acquired thermoltolerance (Nishiyama et al, 1999). Similar 

investigations in Synechocystis revealed the same to be true for the MSP, Cyt C550 and 

PsbU proteins in this organism (Kimura et al., 2002). 

In cyanobacteria, the MSP and Cyt C550 proteins are thought to be closely associated 

with the manganese cluster and function to prevent the dissociation of manganese ions 

caused by high temperatures (Shen et al., 1998). This was demonstrated by deletion of 

the genes encoding these two proteins which resulted in rapid heat inactivation of 

oxygen evolving activity, complete loss of the ability to enhance thermal stability and 

thus develop thermotolerance (Kimura et al., 2002). Furthermore, analysis of the 

nucleotide sequence of both these genes revealed the presence of a transit peptide, 

indicating both proteins to be located on the luminal side of the thylakoid membrane. 

Such an observation was consistent with the prediction that these proteins would 

protect the oxygen evolving machinery, also located on the lumen side of the 

thylakoid membrane. Deletion of the psbU gene, on the other hand, only resulted in 

partial loss of ability to enhance thermal stability and ApsbU mutant cells displayed a 

reduced level of thermotolerance, not a complete loss (Nishiyama et al., 1999). 

Consequently, it was predicted that this protein is not directly associated with the 
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manganese cluster and performs a more subtle function in thermal stabilisation. This 

was supported by the observation that PsbU requires both the presence of MSP and 

Cyt csso to bind to PSII (Shen et a l , 1995a), These results demonstrate that the 

enhancement of thermal stability of the oxygen-evolving machinery provided by the 

MSP, Cyt C550 and PsbU proteins is essential for the development of acquired 

thermotolerance. A schematic diagram demonstrating the association of these proteins 

to the manganese cluster of PSII is shown in Figure 1.6). 

In this thesis proteomics has been implemented as the primary research technique, 

therefore its origins and methodology wil l now be discussed in detail. 

1.3 Post-genomic research 

1.3.1 Introduction 

The first genome sequencing project was completed for a free-living organism in 

1995 (Fleischmarm et al., 1995) and since then the number of complete genome 

sequences has been increasing at an ever accelerating pace. As of September 2004 

there have been 215 published complete genomes, with a further 524 prokaryotic and 

441 eukaryotic projects currently in progress (http;//www. genomesonline.org/) 

(Kyrpides, 1999). Such organisms include Bacillus subtil is (Kunst et al., 1997) 

Arabidopsis thaliana (The Arabidopsis Initiative, 2000), rattus norvegicus 

(Laboratory Rat) (Gibbs et al., 2004) and homo sapien (Lander et al, 2001) which was 

finished earlier this year. Although sequenced genomes provide the sequence of every 
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Figure 1.6. Schematic model of the photosystem II core and oxygen evolving unit 
in cyanobacteria. 

The 43 and 47 kDa transmembrane proteins contain antenna chlorophylls that transfer 
energy to P680. The D l and D2 transmembrane proteins form the dimeric reaction 
centre. P680 is the reaction centre and consists of a pair of chlorophyll molecules. The 
manganese cluster contains for manganese ions and is the site of oxidation of H2O to 
O2. The MSP, PsbU and Cyt C550 proteins are associated with the manganese cluster. 
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gene and potentially every protein encoded by a particular species, on their own they 

reveal little about the biology of an organism (Dove, 1999; Pennington & Dunn, 

2001); however they have and wil l continue to be used as a platform for post-genomic 

research. 

The aim of post-genomic research is to elucidate gene expression and function, and by 

doing so describe the state of the biological system. This research encompasses a wide 

variety of complementary experimental approaches which exploit the availability of 

sequence information. Such investigations quantitatively measure the system 

components downstream of the genomic information, i.e mRNA and proteins. 

Analysis of mRNA expression, termed transcriptomics, has evolved from the use of 

Northern blotting and conventional PGR techniques. With the development of 

techniques such as differential display-PCR (DD-PCR) (Liang and Pardee 1992), 

cDNA microarray and DNA chip technology (Lashkari et al., 1997; Shalon et al., 

1996) and serial analysis of gene expression (SAGE) (Velculescu et al., 1995 and 

1997) it is possible to conduct quantitative analysis of mRNA expression on a genome 

wide scale. The application of cDNA microarrays and DNA chip technology to 

trascriptomics for high throughput analysis of mRNA expression has increased the 

ease and scale of analysis at a high level of sensitivity and allowed the majority of the 

experimentation to be automated. This technology is well established in post-genomic 

research and has been instrumental in investigating gene function (Hughes et al., 

2000; Young, 2000). However, there are disadvantages to analysing mRNA as an 

indication of cellular function which promote the need for investigation at the protein 

level. Firstly, proteins are the biological molecules which carry out cellular function 

and mRNA abundance does not always correlate well with protein abundance 
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(Haynes et al., 1998, Gygi et al., 1999b; Pennington & Dunn 2001). The reasons 

being, transcription and translation are two independently regulated systems and the 

longevity of both mRNA and protein species can also be independently regulated to 

alter their abundance. Secondly, the biological activity of mature proteins is regulated 

beyond their mRNA or protein expression, such as the extent of post-translational 

modification (PTM), of which there are over 400 different types, or the association 

with other molecules, such as DNA, RNA, proteins and organic and inorganic co-

factors (Haynes et al., 1998; Pennington & Dunn 2001). These modifications are 

dynamic and reversible and affect both the activity and subcellular localisation of the 

proteins and thus the activity of the cell. Furthermore, a single gene can generate 

several different protein products with different PTM's. Analysis of gene sequence 

and mRNA abundance does not reveal the types and locations of such modifications 

and how they affect the subcellular distribution of the protein. Therefore, examination 

of the proteins wil l provide the most accurate description of the activity and function 

of the organism or cell/tissue type. Such investigations have given birth to the 

emerging scientific filed of proteomics which intend to bridge the gap between 

genome sequence and cellular function. 

1.3.2 Proteomics 

The term proteomics, coined approximately 8 years ago by Wilkins et al (1996), was 

originally defined as the characterisation of the protein complement expressed by the 

genome at a given time, the proteome. The emergence of proteomics is attributed to 

whole genome sequencing projects; however its success has been dependant on the 

development of large-scale analytical tools such as two-dimensional gel 
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electrophoresis and Isotope coded affinity tags (ICAT) for quantification of protein 

expression, mass spectrometry for protein characterisation and also the integration of 

informatics for data analysis. Several large scale proteome mapping projects have 

already been performed for a variety of organisms and cell types, from simple bacteria 

such as Escherichia coli (VanBogelen, 1997) to single celled eukaryotes like 

Saccharomyces cerevisiae (Hodges, 1998) to tissues as complex as the human brain 

(Pennington et al., 2004). Now regarded as one of the fastest, most sensitive 

techniques for studying complex mixtures of proteins, proteomics has evolved with 

the realisation that such investigations are more complex than originally defined and 

possess greater challenges than sequencing genomes (Dove, 1999, Tyers & Marm, 

2003). Not only aimed at identifying all expressed proteins, proteomics aims to 

characterise all possible protein isoforms and post-translational modifications, the 

interactions of proteins, protein structure and protein organisation within complexes 

(Tyers & Maim, 2003). Furthermore, unlike the genome, the proteome is 

representative of the state of the biological system, such as during cell growth, in 

response to stress and disease, and during stages in cell cycle or differentiation. Thus 

having an almost limitless diversity with tissue, developmental, temporal and 

disease/stress specificity. Although proteomic investigations are by nature extremely 

complex and a comprehensive project does seem a daunting exercise, proteomics 

presents a high throughput approach for studying the function of expressed proteins 

on a global scale, making it easier to discover the many complex interactions between 

mature gene products (Haynes et al., 1998). It is the hope that the combination of 

proteomics with other post-genomic approaches and the application of informatics for 

deconvolutiong complex and interrelated data will contribute to obtaining a full 

understanding of cellular function (Tyers & Mann, 2003). 
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1.3.3 Two-dimensional polyacrylamide gel electrophoresis 

Fundamental to proteomic methodology is the separation of complex protein mixtures 

containing up to several thousand individual polypeptides. Although numerous 

techniques for protein separation exist in proteomic methodology, two-dimensional 

polyacrylamide gel electrophoresis (2-DE) is the most commonly used. The reasons 

being, 2-DE has unrivalled simultaneous separation of several thousand individual 

proteins and a high level of sensitivity, where the resolution of over 10,000 individual 

protein spots in one 2D gel has been reported (Klose, 1999). Also, 2-D gel separations 

can be analysed by computer algorithms for the quantification of protein abundance 

and detection of differentially expressed proteins. Finally, there are well established, 

high sensitive technologies for the identification of 2-DE separated protein spots such 

as Edman sequencing and mass spectrometry based techniques (see section 1.3.8). 

Although, 2-DE does provide the most powerful platform for the separation, 

quantification and analysis of protein expression it is not without its drawbacks. 

Firstly, the system excludes very small, very large, low abundant and very 

hydrophobic proteins; although recent developments have improved the sensitivity of 

2-D gels (see section 1.3.6) and the resolution of hydrophobic proteins (Molloy et al., 

1998; Santoni et ah, 1999, 2000). Secondly, it is difficult to resolve the entire 

proteome of a cell/tissue type as two or more proteins may resolve at the same 

location. Thirdly, it may not be possible to characterise all detectable protein spots on 

a 2-D gel due to their low abundance or lack of MS detectable peptides (see section 

1.3.8.2). 
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2-DE, originally developed by O'Farrell (O'Farrell, 1975), combines the techniques 

of isoelectric focusing (lEF) and sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). This methodology separates proteins by two 

independent physical properties, charge (isoelectric point, pi) and size (relative 

molecular mass, M ) in two discrete steps and has been the basis for the majority of 

developments in 2-DE over the past 30 years. The resolved proteins are subsequently 

visualised at high sensitivity where a plethora of different techniques are applicable 

(see section 1.3.6). 

1.3.4 First Dimension Isoelectric focusing ( lEF) 

Proteins are amphoteric macromolecules i.e. they possess positive, negative and 

neutral net charges. This physical property is reflected by the side chains of the 

amino acid residues (Table 1.1). Certain amino acids like Arginine, Lysine and 

Histidine residues are positively charged in free solution where as Glutamic acid and 

Aspartic acid residues possess a negative charge. The net charge of a particular 

protein is the sum of all positive and negative charges and depending on the pH of 

their environment; proteins are either positively or negatively charged. The isoelectric 

point (pT) of a protein is determined by the pH at which the net charge on their amino 

acid side chains is zero and proteins are positively charged at pH below their pi and 

negatively charged at pH above their pi. When a mixture of proteins with different 

p/'s are applied to a pH gradient they acquire a positive, negative or neutral charge. 

Under electric current proteins will migrate to the pH where their net charge is zero. A 

protein with a positive net charge will migrate towards the cathode and a negatively 
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Amino acid Code Side chain Hydrophilic lonisable 
/phobic (+/-) (pK) 

Residue 
mass 

Immonium 
ion mass 

Alanine Ala (A) Aliphatic + 71 44 
Asparagine Asn (N) Amide + 114 87 
Aspartic acid Asp (D) Acidic + + (4.4) 115 88 
Arginine Arg(R) Basic + + (I2.0) 156 129 

Cysteine Cys(C) Sulphur 
containing 

+ (8.5) 103 76 

Glutamine Gln(Q) Amide + 128 101 
Glutamic acid Glu(E) Acidic + + (4,4) 129 102 
Glycine Gly(G) Aliphatic + 57 30 
Histidine His(H) Basic + + (6.5) 137 110 
Isoleucine He (I) Aliphatic 131 86 
Leucine Leu(L) Aliphatic 131 86 
Lysine Lys(K) Basic + + (10.0) 128 101 

Methionine Met(M) Sulphur 131 104 Methionine Met(M) 
containing 

Phenylalanine Phe (F) Aromatic 147 120 
Proline Pro(P) Aliphatic* + 97 70 

Serine Ser (S) Aliphatic 
Hydroxyl + 87 60 

Threonine Thr(T) Aliphatic 
Hydroxyl 

+ 101 74 

Tryptophan Trp(W) Aromatic 186 159 
Tyrosine Tyr(Y) Aromatic + (10.0) 163 136 
Valine Val (V) Aliphatic 99 70 

Oxidised Mo 147 120 
Methionine 

Mo 147 120 

Acrylocysteine C 174 147 
Carbamido- C* 186 159 
methylcysteine 

186 159 

Table 1.1 Amino acids - their biochemical properties. 

Residue and immonium ion masses were obtained from Jardine (1990) 
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charged protein will migrate towards the anode. This allows a mixture of proteins 

with very small charge differences to be separated via lEF (Figure 1.7). 

O'FarreU's original method for lEF protein separation was performed through 

polyacrylamide cylinders containing synthetic carrier ampholyte (SCA) generated pH 

gradients (O'Farrell, 1975). However, there was considerable variability between 

carrier ampholyte batches, limiting the reproducibility of first dimension separation. 

Moreover, SCA were not fixed within the EEF gels and consequently, due to the 

electroendosmotic flow of water which occurs during lEF, SCA migrated towards the 

cathode. This phenomenon, known as cathodic drift, disrupts the pH gradient resulting 

in the loss of the basic end of the gradient. This problem was later remedied by 

O'Farrell, who developed non-equilibrium pH gradient electrophoresis (NEPHGE) 

specifically for basic proteins (O'Farrell et al 1977). However, gel-to-gel 

reproducibility was again difficult to maintain. 

The greatest advancement in 2-DE technology came with the establishment of 

immobilised pH gradient (IPG) lEF (Bjellqvist et al., 1982). GOrg and co-workers 

later developed the use of IPG lEF specifically for the first dimension separation of 2-

DE (Gorg et al., 1988, 2000). IPGs are prepared using Immobilines (Amersham 

Biosciences), weak acid or base acrylamide derivatives possessing either a carboxyl 

or a tertiary amino group respectively. These IPG gels are fixed to acetate film to 

facilitate the ease of handling and cut to 0.5 mm wide. Immobilised pH gradients have 

several advantages over SCA generated pH gradient; i) they are highly reproducible, 

ii) not subjected to the effects of cathodic drift and iii) allow the separation of proteins 

over liner and nonlinear (Bjellqvist et al., 1993) and also wide and narrow pH 
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gradients (Gorg et al., 1999, 2000). The latter is a very important feature of IPGs for 

several reasons. Firstly, although pH 3-10 is often used for initial analysis of a 

particular sample, the majority of proteins in many samples focus between pH 4-7, 

resulting in poor separation of these proteins (Dunn and Gorg, 2001). This can be 

remedied with the use of nonlinear pH 3-10 gradients, where the pH 4-7 region is 

much broader, allowing increased separation of the acidic proteins while still 

resolving the more basic species (Bjellqvist et al., 1993). Or also through the use of 

pH 4-7 IPG gel strips, providing even greater separation (Gorg et al., 2000). A variety 

of narrow pH range IPG strips are available form commercial sources providing strips 

covering just 1 pH unit. Such strips have been used over the entire pH range to obtain 

powerful resolution of complex protein mixtures (Wildgruber et al., 2000). 

Protein is loaded into IPG gels using one of three available methods, including paper 

bridge (Sabounchi-Schutt, et al., 2000), in-gel rehydration (IGR) (Rabilloud et al., 

1994) and cup loading (Gorg et al., 1988, 2000). The latter two methods are the most 

universally used, where with cup loading protein sample is applied to the IPG gel via 

a plastic cup at either the anode or cathode (depending on the particular sample) 

during lEF, but with IGR the sample is rehydrated into the IPG strip prior to lEF 

(Figure 1.7). Cup loading is more frequently used for low loaded gels where IGR is 

preferred for resolution of high sample loadings. This is because when cup loading 

high protein loads, proteins tend to precipitated at the point of application and cause 

streaking (Rabilloud et al., 1994; Sanchez et al., 1997). 
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1.3.5 Second dimension SDS-PAGE 

Before second dimension separation, IPG gel strips are equilibrated in SDS to ensure 

proteins will migrate correctly during electrophoresis. This equilibration solution also 

contains glycerol and urea to prevent electroendosmotic effects which result in 

reduced protein transfer into the second dimension (Gorg et al., 1988). Two separate 

equilibration solutions are sequentially used, the first contains dithiothreitol (DTT) to 

ensure proteins remain fiiUy reduced, the second contains iodoacetamide to alkylate 

any remaining DTT which can otherwise migrate through the second dimension and 

cause an artefact known as point streaking (Dunn and Gorg, 2001). Alternatively, non 

charged reducing agents such as tributyl phosphine (TBP) can be used instead of DTT 

which do not migrate during SDS-PAGE (Herbert et al., 1998). For second dimension 

SDS-PAGE, equilibrated EPF gels are directly loaded onto a polyacrylamide resolving 

gel. There is no need for a stacking gel, as with one dimension SDS-PAGE, because 

within the IPG gel proteins are already concentrated (Duim and Gorg, 2001). Protein 

samples are most imiversally electrophoresed using the discontinuous buffer system 

of Laemmli (1970) where under an electric current SDS coated proteins migrate with 

a uniform charge to mass ratio. Single acrylamide concentrations are most commonly 

used, or linear/nonlinear polyacrylamide concentration gradients may be employed to 

increase the distance over which proteins of different size can be effectively resolved. 

1.3.6 Protein Mn-gel' detection 

After two-dimensional gel electrophoresis, resolved protein spots can be visualised 

'in-gel' using a variety of different staining techniques including, Coomassie Brilliant 
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Blue, Silver, Negative Zinc-Imidazole and Fluorescent staining. Proteins can also be 

fluorescently labelled or radiolabelled prior to electrophoresis for detection. These 

different techniques wil l now be discussed individually, although it should be noted 

that there are other protein stains used for protein detection not discussed here (for a 

review see Patton, 2001). 

1.3.6.1 Coomassie Brilliant Blue Staining 

Coomassie staining is a simple quantitative method for protein detection and is one of 

the most commonly used methods since its initial application with polyacrylamide 

gels (Meyer & Lamberts, 1965). It stains almost all polypeptides and is compatible 

with mass spectrometry techniques. However, its limitation is sensitivity, with a 

capacity to detect down to only 100 ng/protein spot and a dynamic range of 

approximately a 20-fold concentration range (Neuhoff et al., 1988). A colloidal 

version of the Coomassie stain has been developed which boasts background free 

staining and increased sensitivity of down to 10 ng (Neuhoff et al., 1988). Although 

this method does introduce complications when attempting to identify proteins via 

MS techniques as this it can cause methylation of carboxyl side chain groups on 

glutamic acid residues (Haebel et al., 1998). 

1.3.6.2 Silver staining 

Silver staining was first introduced for detection of proteins resolved through 

polyacrylamide gels in 1979 (Switzer et al., 1979). It is an extremely sensitive method 

for protein staining with an ability to detect below 1 ng, over 100 times more sensitive 
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than Coomassie, and possesses a dynamic range over a 40-fold concentration range 

(Switzer et al, 1979). However, the methodology is tedious involving the preparation 

of solutions which demand quality and numerous separate steps which increase the 

possibility for contamination. Also, silver staining, unlike Coomassie, is not 

quantitative and therefore can not be used for determination of protein abundance. 

Other drawbacks of silver staining include reduced detection of glycoproteins (Jay at 

al., 1990) and the use of glutaraldehyde and formaldehyde which alkylate a- and e-

amino groups, preventing protein identification by Edman-sequencing or mass 

spectrometry techniques (Patton, 2001). However, at the cost of reduced sensitivity 

and increased background, the silver staining method can be altered by removal of 

gluteraldehyde for MS compatibility (Shevchenko et al., 1996b). Although, proteins 

stained in the way have shown reduced sequence coverage in MALDI-TOF peptide 

mass finger printing (PMF) experiments, thought to be a result of formaldehyde 

modification (Scheler et al., 1998). 

1.3.6.3 Negative Zinc—Imidazole 

Zinc-imidazole staining is different from other protein visualisation stains in that it 

stains the polyacrylamide gel and therefore highlighting the resolved proteins as clear 

areas contrasted against an opaque background. The detection limit of this stain is 

approximately 15 ng of protein (Fernandez-Patron et al., 1998) and is compatible with 

MALDI-TOF PMF; however like silver it is not a good quantitative technique. 
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1.3.6.4 Fluorescent staining 

The most commonly used fluorescent stains include SYPRO^"^ Orange and SYPRO™ 

Ruby dyes (Steinberg et al, 1996a, 1996b). These dyes become fluorescent upon 

association with SDS-protein complexes and because the stoichiometry of SDS 

protein binding is relatively constant, SYPRO dyes can be used in quantitative 

proteomic analyses. SYPRO dyes can detect protein down to 2 ng and have a linear 

dynamic range of 10"*; making it the only quantitative commercially available protein 

stain able to match the dynamic range of gene expression levels (Patton, 2001). 

However, resent analysis of SYPRO staining has revealed a specking artefact which 

can compromise protein abundance quantification. 

1.3.6.5 Fluorescent Cyanine Dye (CyDye) labelling 

Propyl-Cy3 and methyl-Cy5 cyanine NHS-ester dyes (Figure 1.8) are available for 

fluorescently labelling two different protein samples, via lysine residues, and allowing 

their co-resolution on the same 2D gel (Unlu et al., 1997). See section 1.3.7.1 for the 

application of this technology in differential analysis of two proteins samples, a 

method known as 2D difference gel electrophoresis (DIGE) (Unlu et al., 1997; Tonge 

et al., 2001). A present Cy labelling protein samples involves labelling 1-2 % of all 

lysine resides. This method allows the detection of 0.25-1 ng of protein, sensitivity 

similar to that of silver, and a dynamic range of four orders of magnitude (Tonge et 

al., 2001). Although proteins of lower abundance are not detectable using this 

method, a DIGE technique is being developed were all cysteine resides are labelled 

and thus increasing the sensitivity, a method known as saturation labelling (Shaw et 
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Figure 1.8. Structures of Cyanine dyes 
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al., 2003). These dyes were demonstrated to have superior sensitivity to that of 

minimal Cy-labelling, silver stain and Sypro Ruby. However, 2-D spot patterns were 

significantly altered from that of unlabelled or minimal-labelled protein (Shaw et al., 

2003). 

1.3.7 Quantification of changes in protein abundance 

The global quantitative measurement of all expressed proteins in a particular cell or 

tissue is one of the chief aims of proteomics (Blackstock and Weir, 1999). Previously, 

to detect differences in protein abundance between two samples using 2-DE 

methodology, samples had to be processed individually on separate 2-D gels and the 

resultant images spot-matched and compared. Unfortunately, due to variations in 

electric fields, thermal fluctuations and the un-homogenous nature of polyacrylamide 

gels (system variation), no two 2-D gels are identical, even when the gels are prepared 

and processed simultaneously. Consequently, spot matching and image comparison is 

difficuh, a problem elevated by the need to be confident that the differences seen are a 

reflection of the biological system studied, something achieved by generating repeat 

2-D gels of each sample type. Although a variety of software algorithms have been 

designed which warp 2-D gel images allowing them to be superimposed and also 

synthesise hypothetical average gels which can be subsequently compared (Pleissner 

et al., 200), image comparison is still complex, especially with samples of distinctly 

different spot patterns or where discrete changes in protein abundance are sought 

after. In order to solve this problem two techniques have been developed, one being a 

2-DE based technique, namely 2D Difference gel electrophoresis (DIGE) (Unlu et al.. 
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1997), the other involving isotope tagging of proteins, namely Isotope coded affinity 

tags(Gygi etal., 1999a). 

1.3.7.1 2D Difference gel electrophoresis (DIGE) 

2D DIGE involves the pre-2-DE labelling of two different protein samples with 

separate fluorescent Cy-Dyes, Cy3 and Cy5 (Figure 1.8), distinct by their different 

fluorescent spectra. Consequently two different protein samples can be co-resolved in 

the same 2-D gel, thus subjecting them to the same environment throughout the 2-DE 

run. Following electrophoresis protein 2-D profiles are visualised by fluorescence 

imaging at a level of sensitivity equal to that of silver staining (Unlu et al, 1997). The 

current 2D DIGE method also involves labelling a third sample with a different Cy-

Dye, namely Cy2 (Figure 1.8) (Alban et al, 2003; Tonge et al., 2001). This sample is 

a pooled mixture of all repeat samples in the experiment and is co-resolved with each 

set of replicate samples. It allows accurate normalisation and thus quantification of 

spot abundance and also better spot matching between replicate gels (Alban et al., 

2003; Tonge et al., 2001). Although each sample is imaged separately, gel images can 

be easily overlaid and spots matched because they originate from the same gel. 

Consequently differences in protein abundance between two samples either due to 

changes in gene expression, protein translation or post translational modification can 

be easily identified. For a diagrammatical description of the 2D DIGE process see 

Figure 1.9). 
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Figure 1.9. Flow diagram of the 2D DIGE experimental process. 

Protein samples are first labelled with the appropriate Cy-Dye, sample A (control) 
with Cy3, sample B (treated) with Cy5, and the pooled sample with Cy2. Equal 
quantities of each sample (i.e. Cy2, Cy3 and Cy5) are mixed together and subjected to 
2-DE. After electrophoresis, samples are visualised using the appropriate excitation 
and emission wavelengths for each Cy fluor. The three images are overlaid and 
analysed for differences in protein abundance between the Cy3 and Cy5 labelled 
samples. For accurate quantification Cy3 and Cy5 samples are normalisation against 
the Cy2 sample. 
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CyDyes carry an NHS ester reactive group which forms a covalent amide bond with 

the epsilon amino group of lysine residues in proteins (Figure 1.9). The dyes have 

different fluorescence properties allowing them to be discriminated, yet they also have 

similar MW and charge properties (Figure 1.8), therefore ensuring the same proteins, 

differentially labelled, migrate to the same position on a 2-D gel. Moreover, Cy-Dye 

labelled proteins are not significantly perturbed in their electrophoretic mobility 

during both lEF and SDS-PAGE. Because lysine residues carry a single positive 

charge at acidic or neutral pH, the CyeDyes also carry a single positive charge, which 

when bound to lysine residues, ensures that the proteins pi is not significantly 

distorted (Unlu et al., 1997; Tonge et al., 2001). Also, using the minimal labelling 

method, on average each protein is only modified on one lysine residue, consequently 

this only adds approximately 500 daltons (Figure 1.8) to the proteins MW, a mass 

shift which does not greatly affect the 2-D pattern (Unlu et al., 1997; Tonge et al., 

2001). This is important when matching Cy labelled analytical gels to separate higher 

loaded unlabelled preparative gels for identification of select proteins via peptide 

mass fingerprinting (PMF). 

2D DIGE technology has been used in a variety of investigations including, analysis 

of human colon cancer where 52 unique proteins were identified and shown to 

demonstrate a cancer specific change in abundance (Friedman et al., 2004) and 

analysis of E. coli after benzoic acid treatment where 179 differentially expressed 

protein spots were identified (Yan et al, 2002). Although there are still limitations 

with sensitivity and identification by subsequent MS techniques, Cy-Dyes present a 

state-of-the-art protein detection technology for 2-DE and through their 
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implementation in 2D DIGE an improved 2-DE method for measuring changes in 

protein abundance. 

1.3.7.2 Isotope coded affinity tags (ICAT) 

ICAT technology makes use of the stable isotope labelling technique (De Leenheer 

and Thienpont 1992) a method which involves the addition of a tag, to the sample 

proteins, composed of three functional groups, (i) a specific chemical reactivity, (ii) 

an isotopically coded linker containing stable heavy isotopes (such as ^H, '^C and 

' ^ ) , and (iii) an affinity tag. Differential profiling of protein abundance between two 

samples from different cell states or conditions is achieved where one sample is 

labelled with the tag containing the heavy isotopes and the other sample is labelled 

with an identical tag containing normal elemental isotopes. The ICAT reagent itself is 

composed of a thiol specific reactive group, an eightfold deuterated linker, and a 

biotin affinity tag (Gygi et al., 1999b). Proteins are labelled on the side chains of 

cysteinyl residues in a reduced state. The proteins from one cell state/condition are 

labelled with the isotopically light form of the ICAT reagent and the proteins from the 

other cell state/condition are labelled v^th the isotopically heavy form. The two 

samples are subsequently mixed and digested generating peptide fragments, those of 

which contain cysteine are tagged. The tagged peptides are purified by avidin affinity 

chromatography and the peptides are separated and analysed by microcapillary liquid 

chromatography tandem mass spectrometry ().iLC-MS/MS). In this last step, both the 

relative quantity and the sequence of the tagged peptides are obtained. This system 

has been currently used to characterise human liver proteins (Yan et al., 2004). 
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As previously mentioned the commonly used 2-DE MS technique is a platform 

technology for global proteome analysis due to the ability to simultaneously separate 

several thousand proteins in a single gel and quantify there abundance (Shevchenko et 

al., 1996a). However, the global capacity of this system is in question due to its 

inability to resolve and detect certain classes of proteins, including very small, very 

large, low abundant and very hydrophobic proteins. This is a particularly important 

consideration to address as certain classes of proteins such as transcription factors and 

proteins kinases are low abundant within the cell. ICAT presents an alternative 

method to 2-DE where protein abundance is not an issue, allowing the quantification 

and identification of low abundant proteins, as long as sufficient material can be 

prepared for analysis via MS (Gygi et al., 1999b). Also, unlike 2-DE, ICAT is not 

selective towards the mass of the protein, where both low and high MW proteins can 

be detected and analysed. However, the analysis of hydrophobic proteins, like 2-DE, 

is still dependant upon solubilisation and extraction strategies and because only 

cysteine residues are tagged, proteins not possessing cysteine in their primary 

structure will be omitted from the investigation. Despite this, ICAT does present a 

broadly applicable alternative approach to 2-DE for the quantification of protein 

expression although neither provide a comprehensive coverage on a proteome-wide 

scale (Patton et al., 2002). 

1.3.8 Protein identification approaches 

The methods described in this section depend upon the purity of the sample for 

successful identification and therefore require that protein separation techniques are 

employed. As mentioned high resolution 2-DE is most commonly used and forms the 
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basis for many proteomic investigations. For a review of non mass spectrometry 

based proteome analyses see Wilkins et al., (1996) and for mass spectrometry based 

methods see Aebersold and Goodlett (2001). 

1.3.8.1 Edman sequencing 

In early proteomic investigations, Edman sequencing was the principal method for 

protein identification as the methodology was well established and automated 

sequencers were readily available (Hewick et al 1981). Also during this time, the 

amount of gene sequence information readily available was limited and therefore 

protein sequence information was required in order to identify the corresponding 

genes. The establishment of electroblotting gel-separated proteins onto polyvinylidine 

difluoride (PVDF) membrane allowed the integration of this technique with 2-DE 

(Aebersold et al., 1986). Blotted proteins are sequenced by sequential chemical 

degradation from the N-terminus and subsequent identification of the liberated amino 

acids by correlation of their retention time against a series of standards, separated by 

reverse phase HPLC. Although Edman sequencing of 2-DE resolved proteins is a well 

established technique, N-terminally blocked proteins are not directly sequencable. 

This problem was later solved through the development of chemical and enzymatic 

digestion methods for low quantities of gel separated proteins, an approach which 

allowed N-terminally blocked proteins to be sequenced from internal peptides 

(Aebersold et al., 1987; Rosenfeld et al., 1992). Internal sequencing also generated 

much more sequence data than N-terminal sequencing. In recent years Edman 

sequencing has been superseded by more sensitive mass spectrometry based methods. 

However, because mass spectrometry based methods are dependant on protein 
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sequence data, usually generated from genome sequencing projects, Edman 

sequencing continues to be an important tool in the identification of proteins from 

organisms with little or no genome sequence data. 

1.3.8.2 Mass Spectrometry in proteomics 

The rapidly growing quantity and availability of large scale genomic and expressed 

sequence tag (EST) sequence databases changed the way in which proteins could be 

identified by their amino acid sequence. However, the development of two methods 

for the ionisation of large, non-volatile analytes, such as polypeptides perhaps had the 

greatest impact in the application of MS to proteomics. These two methods, namely 

matrix-assisted laser desorption/ionisation (MALDI) (Karras and Hillenkamp, 1988) 

and electrospray ionisation (ESI) (Fenn et ah, 1989) allowed the ionisation of such 

molecules with minimal fragmentation and were subsequently referred to as 'soft' 

ionisation methods. The creation of commuter algorithms for the rapid identification 

of proteins by correlation of primary structural data (obtained from the mass 

spectrometer) with predicted sequences (translated from nucleotide sequences) was 

also important, as was the establishment of methods for the digestion of gel-separated 

proteins generating peptide fragments (Rosenfeld et al., 1992; Shevchenko et al., 

1996b). 

The mass of a protein/peptide is an attractive method for identification because it is 

very specific to the particular protein being analysed and it can be determined with 

high accuracy, speed and sensitivity using mass spectrometry. Mass spectrometers 

calculate the mass of an ionisable molecule by measuring its mass-to-charge ratio 
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{mlz). A l l MS instruments consist of three distinct components, these being (i) an 

ionisation source, (ii) a mass analyser and (iii) a detector and although there are 

several different types of mass spectrometer available with different combinations of 

ionisation sources and mass analysers, there are two which are most commonly used 

in proteomics. These are matrix-assisted laser desorption/ionisation time-of-flight 

mass spectrometry (MALDI ToF MS) and electrospray ionisation tandem mass 

spectrometry (ESI MS-MS), each of which wil l be discussed in detail. 

1.3.8.3 MALDI ToF MS 

In proteomics investigations, M A L D I is used primarily in peptide mass fingerprinting 

(PMF). Here the accurate mass measurement of a group of peptides derived from a 

protein by sequence-specific proteolysis (a peptide mass fingerprint, PMF) compared 

to predicted peptide masses from protein sequence data is a highly efficient means of 

identification, with a level of detection between 5-50 pmol (Patterson, 1995a). Several 

methods have been developed for the automation of this process (review by Patterson 

and Aebersold, 1995b) but they generally include the following steps. Firstly, sample 

proteins are digested by a sequence specific protease, e.g. trypsin which cleaves at 

lysine (K) and arginine residues (R). Secondly, peptide masses are accurately 

measured in a mass spectrometer (Figure 1.10). Here, peptides are mixed with a low 

molecular weight matrix, usually a-cyano-4-hydroxy ciimamic acid or 2,5-

dihydroxybenzoic acid, which have absorption maximums at the wavelength of a UV 

laser (Beavis and Chait, 1989). This mixture is applied and dried onto a metal M A L D I 

target grid which causes the peptide to crystallise with the matrix. Peptides are ionised 

with a pulsed UV laser which has a wavelength of 337 imi and are subsequently 
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Figure 1.10. Schematic diagram showing the basic principle of MALDI-ToF. 

Peptides are mixed with a UV absorbing matrix and loaded onto the target plate. A 
UV laser is used to ionise the peptides which are subsequently accelerated down the 
field-free drift tube. The detector measures the time-of-flight for each peptide and 
calculates their mass/charge ratio (m/z). Figure adapted from Patterson et al., 2001). 
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accelerated in an electric field at high voltage towards the field-free drift tube. Time-

of-flight (ToF) through the field-free drift tube is measured for each peptide ion by the 

detector usually in reflectron mode. The velocity of the ions is inversely proportional 

to their mass/charge ratio (m/z) where smaller ions fly faster than larger ones. By 

measuring the time-of flight for each ion their m/z ratio can be calculated and thus 

their peptide mass, which is measured down to a 50 ppm mass accuracy (Patterson et 

al., 2001). Finally, the generated set of measured peptide masses is used to interrogate 

a theoretical tryptic digest database and matches are assigned a molecular weight 

search (MOWSE) score relating to the degree of confidence for the identification 

given (Pappin et al, 1993). The parameters involved in calculating this score include 

the proteins molecular weight range, the cleavage enzyme used and the number of 

matching peptide masses present in the fingerprint. The more peptide masses match 

the greater the MOWSE score and thus confidence in the attained identification. 

Multiple identifications for searched peptide mixtures are often obtained and the 

MOWSE score algorithm ranks the list of positive hits according to their score. The 

highest scoring identification is usually the positive hit. 

Although MA LD I PMF is a highly effective means by which proteins can be 

accurately identified, it is not without its problems. Because it is ultimately dependent 

upon the correlation of several peptide masses with corresponding theoretical data in a 

database, complex protein mixtures can not be analysed nor can EST databases used 

for identification. EST sequence data can not be used because only a small proportion 

of the gene sequence is represented which is probably insufficient to cover the entire 

peptides mass fingerprint. Complex protein mixtures present a problem because it is 

difficult to determine which peptides originate from the same protein. Consequently, 
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this technique is best suited to organisms with completely sequenced genomes and in 

combination with protein separation via 2-DE. Other problems associated with this 

technique include the inability to detect all predicted peptides in a particular protein 

and the detection of peptide masses which are not assigned to the theoretical list of 

masses. The former is due to a number of reasons including, the detection of small 

peptides and selective ionisation. However, because only a low number of peptides 

are required for protein identification this is only an issue when sample quantity is 

low. The latter is a more significant problem and miss identifications can often arise 

as a result. Several reasons can be responsible for the presence of unassigned masses 

including (i) post translation modifications (e.g. phosphorylation) which add 

additional mass to the peptide, (ii) miss peptide cleavages generating longer than 

predicted peptides, (iii) modification of amino acid residues during sample 

preparation including oxidation of methionine or acrylamide modification of cysteine 

(Table 1.1) or (vi) the presence of peptides from other protein species (Jensen et al., 

1997; Eriksson et al., 2000). However, some of these modifications can be accounted 

for in the database search and thus improve search results. 

L3.8.4 ESI Tandem mass spectrometry (MS-MS) 

Peptide amino acid sequence is more constraining for protein identification via 

database interrogation than peptide mass (Zubarev et al., 1996). Tandem mass 

spectrometers have the ability to further fragment peptides ions at the amide bonds 

and record the resultant fragment ion spectra. This is most frequently performed using 

either a triple qudrupole (TQ) (Lee et al., 1998) ion trap (IT) (Davis and Lee, 1997) or 

qudrupole time-of-flight (QTOF) (Borchers et al., 2000) mass spectrometer. These 
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mass spectrometers do this via low energy collision-induced dissociation (CED) and 

are usually used in conjunction with electrospray ionisation (ESI). Although a 

MALDI ionisation source may be used instead. For the ESI TQ MS method (Figure 

1.11), peptide digests are passed through a metal capillary needle for extended periods 

(60 minutes) at high potential. This causes the sample flow to disperse as a fine spray 

of charged droplets, which are directed into the inlet orifice of the mass spectrometer 

held at a lower potential. As the droplets travel from the needle to the inlet orifice they 

are desolvated by the application of heated nitrogen gas, which releases the ions fi-om 

the liquid phase and into the gas phase (Patterson et al, 2001). These ions are then 

directed through the orifice and into the first quadrupole (under vacuimi). 

Quadrupoles consist of four parallel rods and by varying the voltage through opposite 

pairs of rods, this first quadruple can be used as a mass filter allowing only peptide 

ions with a specific m/z ratio through. Also, i f applied voltages are varied over time 

and the numbers of ions exiting the filter quadrupole are recorded as a fimction of the 

m/z ratio, a mass spectrum can be attained for the selected peptide fragment. The 

selected ions are subsequently accelerated into the second quadrupole which functions 

as a collision chamber where peptides are fi-agmented in a sequence specific manner 

along the peptide backbone. Fragmentation is caused by low energy CID in which 

peptides are collided with a heavy inert gas, usually argon or nitrogen. The ionic 

products of the CID reaction are called fragmentation or product ions, the masses of 

which are determined in the third quadrupole via their m/z ratio. 

ESI usually generates multiply charged ions, and i f tryptic peptides are analysed both 

the N-terminal NH2 group and the lysine/arginine NH2 side chain group wil l be 

charged. These ions are referred to as [M + 2H]^ ions and are preferentially selected 
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Figure 1.11. Schematic diagram of E S I MS/MS using a TQ mass spectrometer 
and the principle of fragment ion nomenclature. 

A, Peptides are ejected from a metal needle as a fine spray and the high potential 
causes the droplets to become charged. Charged droplets become desolvated by 
drying with heated N2 gas which generates protonated peptide ions. These ions enter 
the first quadrupole where [M + 2H]^ peptide ions are selected for further 
fragmentation. In the collision cell (second quadrupole) these peptides are fragmented 
by colliding with argon in process known as CID. The mass of the generated 
fragmentation ions are calculated in the third quadrupole. B, three major types of 
fragment ions: y ions result from N-terminal deletions, b ions result for C-terminal 
deletions, a ions result from the loss of carbon monoxide from the b ion. 
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for fragmentation because [ M + H]^ fragmentation ions, which are more readily 

interpreted in comparison to other ion species, can be generated by loss of a residue, 

and thus charge, from either the carboxyl-terminus or amino-terminus and therefore 

provide a greater quantity of sequence data. As a result a nomenclature has been 

generated to differentiate the fragment ions according to the amide bond which 

fragments and also the end of the peptide which retains the charge (Figure 1.11) 

(Biemann, 1990; Roepstorff and Fohlman, 1984). I f the positive charge of the parent 

ion remains on the N-terminus of the fragment ion, the ion is referred to as a 6 ion. 

However, the fragmentation ion is referred to as a;̂  ion i f the positive charge remains 

on the carboxyl-terminus. Therefore b ions represent fragmentation ions with losses at 

the C-terminus and an intact N-terminus and vice versa. Also a subscript numbering is 

used to reflect the number of amino acid residues remaining on the fragment ion, 

counting from the N- or C-terminus depending on the end of the peptide which retains 

the charge. A satellite b ion series is also generated as a result of the fragmentation 

process through the loss of carbon monoxide (Figure 1.11). This ion series is referred 

to as the a ion series and each ion is 28 amu less in mass than it corresponding b ion. 

Other ion species can be present in the fragmentation spectra due intemal 

fragmentation, particularly at proline or aspartic acid residues, where particular ions 

undergo multiple fragmentation events (Loo et al, 1993). This intemal fragmentation 

generates either acyl ions consisting of at least two amino acid residues or immonium 

ions (Table 1.1). The latter represent individual amino acids and provide partial amino 

acid composition of the peptide. 

The fragment ion mass spectra together with the parent ion mass provide extremely 

constraining criteria which can be used for identification. Also, because partial amino 
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acid sequence data is generated the need for complete genomic sequence is not 

essential and consequently translations of EST database can be used. In order to 

automatically interpret the MS-MS data complex algorithms have been developed 

(Mann and Wilm, 1994; Yates et al., 1995). However, the quantity of data does 

complicate the interpretation of the sequence and often it is not immediately apparent 

which ion series a particular ion belongs to, consequently it is sometime necessary to 

manually interpret the data (Pardo et al., 2000). In addition to amino acid sequence 

MS-MS can also be used to identify post translation modifications, of which the 

methodologies for the identification of phosphorylation and glycosylation have been 

most developed (Arman and Carr, 1997; revived by Jensen, 2004). Furthermore, due 

to the sequencing capability of MS-MS it can be used to identify subunits form muhi 

protein complexes. For this MS-MS is often coupled to multi dimensional liquid 

chromatography (LC/LC) (Link et al., 1999) or via the employment of the TAP tag 

purification method (Rigaut et al., 1999). 

In conclusion 2-DE and MS represent an integrated technology by which several 

thousand protein species can be separated, detected and quantified in a single 

operation, and hundreds of the detected proteins can be identified in a highly 

automated fashion by sequential analysis of the peptide mixtures generated by 

digestion of individual gel spots. 
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1.4 Aims of this study 

There were four major aims of this thesis. Firstly, the aim was to establish 2D 

electrophoresis and PMF technology for the analysis of Synechocystis proteins and to 

use this technology to determine the complexity of the Synechocystis proteome and 

identify proteins on 2D maps. Secondly, with limited information on the heat shock 

response and its regulation in cyanobacteria the developed proteomic technology 

would be used to characterise the heat shock induced changes in protein steady state 

levels. Due to the capacity of 2-DE to simultaneously resolve several thousand spots, 

this analysis would provide a wider picture of the cellular response to heat shock than 

currently known and characterise proteins not previously associated with the heat 

shock response. Thirdly, a mutant of Synechocystis, Ahik34, has been demonstrated to 

have an elevated thermotolerant phenotype (unpublished data Iwane Susuki, NIBB, 

Okasaki, Japan - personal communication). It was the aim to compare the proteomes 

of wild type and Ahik34 knockout mutant Synechocystis strains to determine the role 

of Hik34 in the perception and regulation of the heat shock response. It is predicted 

that this protein is active at physiological temperature and suppresses the expression 

of hsp genes, following heat shock this protein is inactive relieving the repression of 

the hsp genes. Consequently, the Ahik34 Synechocystis mutant has high basal levels of 

Hsps and is preconditioned to the effects of heat shock enabling to survive at higher 

temperatures than the wdld type and other hik gene mutants. Fourthly, protein factors 

have been demonstrated to stabilise the photosynthetic machinery in cyanobacteria 

and allow development of acquired thermotolerance. It was the aim to compare the 

thylakoid associated proteins from heat acclimated cells and non-acclimated cells to 
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identify protein factors involved in the thermo stabilisation of the photosynthetic 

machinery and establishment of acquired thermotolerance in cyanobacteria. 
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CHAPTER 2 

Materials and Methods 
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2.1 Materials 

2.1.1 Lab chemicals 

All materials used during the course of this study were, unless stated, obtained from 

Sigma Chemical Company Ltd., Fancy Road, Poole, Dorset, BH17 7NH or BDH 

chemicals Ltd., Merck Ltd., Merck House, Poole, Dorset BH15 ITD. 

2.1.2 Cyanobacterial strains 

Synechocystis sp. PCC 6803 (here after called Synechocystis) wild type strain was 

obtained from the American Type Culture Collection (ATCC no. 27184). 

Synechocystis Glucose tolerant strain was kindly given by Professor Miu-ata, National 

Institute of Basic Biology, Okasaki, Japan, originally obtained from Dr. Williams, 

Dupont Co. Ltd. Synechocystis histidine kinase (Hik) knockout mutant strain Ahik34 

was also kindly given by Professor Murata. This strain was created by the insertion of 

a Spectinomycin resistance (Sp-r) gene (Figure 2.1) (Suzuki et al, 2000a, 2003). 

Sequence of the Sp-r gene is available from Genbank "M60473" and reported by 

Prentki era/(1991). 

- 6 7 -



slrl285 

s 1167 sill 169 

Figure 2.1 Diagram of gene structure and the insertion site of antibiotic-
resistance gene cassette in AHik34 mutant. 
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2.2 Methods 

2.2.1 Cyanobacterial culture methods 

2.2.1.1 Cyanobacterial growth and maintenance 

All cell culture experimentation was performed aseptically within a lamina flow 

cabinet wiped with 80 % (v/v) ethanol. Synechocystis strains were cultured in BG-11 

media (Allen, 1968) (see section 2.2.1.2) which supports growth both in air or in an 

atmosphere slightly enriched with CO2 (Stanier et al., 1971). For routine maintenance, 

Synechocystis strains were grown in air, in liquid media as shaking suspension 

cultures (see section 2.2.1.3) and on solid media as agar plates or slopes (see section 

2.2.1.4). However more rapid growth and higher cell yields are obtained i f suspension 

cultures are continuously aerated with 1 % CO2 in air (Stanier et al., 1971) (see 

section 2.2.1.7). The latter method was used for growing cultures on which 

experiments were conducted, here after are referred to as gassed cultures. 

Synechocystis strains were also reserved as dimethyl sulfoxide (DMSO) stocks stored 

in liquid nitrogen. Every 6 months a fresh DMSO stock was used to initiate a new 

suspension culture fi-om which all future cultures were grown (see section 2.2.1.6). 

DMSO stocks were made when required fi-om freshly initiated suspension cultures 

(see section 2.2.1.5). 

2.2.1.2 BG-11 culture media 

BG-11 media is essentially a mineral media; first devised by M. M. Allen (Allen M. 

1968), its composition is shown in Table 2.1a and 2.1b. Because the majority of 

constituents were required in small quantities (i.e. all those excluding NaNO? and 
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Table 2.1a. Composition of Medium BG-11 

Constituent Amount (ml) or (g) per 
litre 

NaNOs 1.5 g 
K2HPO4 0.04 g 
MgS04-7H20 0.075 g 
CaCl2-2H20 0.036 g 
Citric Acid 0.006 g 
Ferric Ammonium citrate 0.006 g 
EDTA (disodium magnesium salt) 0.001 g 
Na2C03 0.02 g 
HEPES 4.77 g 
Trace Metal Mix A5 (Table lb) 1.0 ml 

l b . Composition of trace metal mix 

Constituent Amount (g) per 
litre 

H3BO3 2.86 
MnCl2-4H20 1.81 
ZnS04-7H20 0.222 
Na2Mo04-2H20 0.36 
CuS04-5H20 0.079 
Co(N03)2-6H20 0.0494 

Table 2.1c. BG-11 constituent stock solution 

Constituent (g) per 
litre X cone. 

Stock 
vol. (ml) 

Stock 
mass (g) 

Vol. for 1 
litre BG-11 

K2HPO4 40 1000 50 2 1 ml 
MgS04-7H20 75 1000 50 3.75 1 ml 
CaCl2-2H20 36 1000 50 1.8 1 ml 
Citric Acid 6 1000 50 0.3 1 ml 
Ferric Ammonium citrate 3 500 50 0.15 0.5 ml 
EDTA 1 1000 50 0.05 1 ml 
Na2C03 20 1000 50 1.0 1 ml 
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HEPES), stock solutions of high concentration were prepared (Table 2. Ic). BG-11 has 

low phosphate content and is consequently poorly buffered; therefore in order 

maintain a neutral pH during 1 % CO2 aeration, BG-11 is buffered with 20 mM 

HEPES-NaOH pH 7.5. After titration with 10 M NaOH to pH 7.5, the media was 

decanted into the desired culture vessels and autoclaved for 20 minutes. Required 

quantities of media were made excluding ferric ammonium citrate due to its tendency 

to precipitate during autoclave sterilisation; it was therefore separately filter sterilised 

and added aseptically at the time of inoculation. 

2.2.1.3 Cyanobacteria I shaking suspension cultures 

Al l Synechocystis strains were maintained as 100 ml cultures in 500ml conical flasks 

shaken at 120 rpm using an orbital shaker at 32°C and illuminated with florescent 

tubes providing 30 ^lE m'^ s ' of photosynthetic active radiation (PAR). Cultures were 

shaken to increase the circulation of air into and within the conical flask, thus 

maintaining the availability of air for gaseous exchange. Shaking suspension cultures 

were inoculated to a starting optical density measured at A730nm of approximately 0.05 

and allowed to grow for 1 month before being re-inoculated into fresh media. 

2.2.1.4 Cyanobacterial growth on solid media 

For the preparation of solid media, the mineral base is supplemented with 1.5 % (w/v) 

agar. Equal volumes of double strength solutions of BG-U media (minus the Ferric 

ammonium citrate) and agar were made and autoclaved separately. These solutions 

were allowed to cool to approximately 50°C (placed in a 50°C water bath) before 

adding the required volume of the 500 x ferric ammonium citrate stock solution. The 

agar solution was added to the BG-11 media and mixed by swirling. This solution was 
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poured into Petri dishes, approximately 25-30 ml in each Petri dish, or pre-autoclaved 

30 ml glass universal bottles, resting at an angle, for slope cultures. The media was 

allowed to solidify and the moisture to evaporate before sealing the Petri dishes and 

universal bottles and storing at 4°C. 

Agar plates and slopes were inoculated from both liquid and agar cultures. Typically, 

100 ^ l aliquots of liquid ciUture were used to inoculate the agar media. Cultures were 

allowed to grow for 1 month before inoculating a new plate/slope. After inoculation, 

Petri dishes were positioned upside down and sealed with Parafilm to prevent the 

media drying-out and universal bottle lids were left slightly ajar to allow gaseous 

exchange. The cultures were grown at 32°C and illuminated with florescent tubes 

providing 30 |jE m"̂  s"' of photosynthetic active radiation (PAR). The Synechocystis 

histine kinase mutant strain Ahik34 was grown on agar media supplemented with the 

antibiotic spectinomycin at a concentration of 20 )j.g/ml. This was added immediately 

prior to pouring the agar media. When growing the Ahik34 mutant strain on agar 

media containing antibiotics, light intensity was reduced to 20 jxE m'^ s V This was 

because in the initial stage of growth cell density is low and will therefore not 

interfere with the light intensity. At this stage, exposure to excess light may cause 

photo-inhibition. 

2.2.1.5 Preparation of cyanobacterial DMSO stocks 

DMSO stocks were made from fresh logarithmic gassed suspension cultures with an 

A730 of approximately 1.0. Prior to harvesting the cells, the cultures were tested for 

contamination on various media types (Table 2.2) and under a light microscope at x 

40 magnification. Cells were pelleted by centrifugation at 3,000 g for 5 minutes at 
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Table 2.2. Contamination test plates 

Media Type Constituent Quantity (g) per litre dd.H20 

NB Nutrient Broth 25 
Agar 10 

PG Glucose 1 
Bacto-peptone 1 
Agar 10 

SST Glucose 10 
Bacto-tryptone 10 
Agar 10 

Y Yeast Extract 5 
Agar 10 
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room temperature and the supernatant discarded. The cell pellet was re-suspended in a 

small volume of sterilised BG-11 media, approximately 1 ml or 1/10* of the original 

culture volume, so that a concentrated cell suspension was attained. A sterilised 70 % 

(v/v) DMSO solution was added to the concentrated cell suspension so that the final 

concentration of DMSO is 7 % (v/v). Small aliquots, 0.5 to 1.0 ml, of the suspension 

were dispensed into 1.5 ml pre-sterilised cryovials and stored in liquid N2. 

2.2.1.6 Initiation of cell suspension cultures from DMSO stocks 

Fresh DMSO stocks were removed from storage in liquid nitrogen and thawed in a 

37°C water bath. After thawing, aliquots of 0.25 ml were plated out onto fresh BG-11 

agar plates, remembering to use those plates containing spectinomycin for the Ahik24 

Synechocystis cells. Cultures were grown at 32°C under 30 pE m"'̂  s"' illumination and 

plates were positioned upside down and sealed with parafilm. After 1-2 weeks the 

majority of bacteria on the plate were scraped off and used to inoculate 100 ml of 

fresh liquid BG-11 media in a 500 ml conical flask. This suspension culture was 

grown at 32°C under 30 fiE m'^ s"' illumination and shaken at 120 rpm. After 1-2 

weeks the A730 of the culture was sufficient to generated new gassed cultures. 

2.2.1.7 Growth of gassed cultures 

Gassed cultures were those on which experiments were conducted and they varied in 

volimie from 50 - 1000 ml, depending on the amount biological material required. 

They were grown using a purpose buih apparatus (see section 3.2.1) in glass flasks of 

varying size and gassed continuously with air containing 1% CO2 for rapid division. 

This gas mix was delivered into the culture via a sterilised glass tube which itself was 

inserted into the culture in sterile conditions and positioned at the very bottom of the 
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flask to allow the CO2 enriched air to circulate through the whole culture. The flow of 

gas was restricted so that only three bubbles were visible on the surface of the culture 

at any one time. Before being introduced into the culture, the gas was moistened by 

bubbling through dd.H20 in order to reduced culture evaporation. Also, a 50 |Lun filter 

and a cotton wool bung in the neck of the glass tube ensured the sterility of the gas 

mix. Lateral illumination was provided via 2 banks of three fluorescent tubes on either 

side of the flask supplying 70 s"̂  of PAR and temperature was maintained at 

34°C through temperature controlled water baths. 

Experimental cultures were inoculated from 50 ml gassed pre-cultures. These were 

grown in the same environment as the experimental culture, but were inoculated from 

a shaking flask culture and were used to equilibrate the cyanobacteria to the change in 

envirormient fi-om a shacking to a gassed flask. Synechocystis has a doubling time of 

approximately 8 hours and therefore pre-cultures were routinely inoculated to a 

starting A730 of either 0.05 or 0.4 and then grown for 2 or 1 days respectively to obtain 

a culture with an A730 of approximately 3.2 in that time. This was then used to 

inoculate an experimental culture, usually 500 ml in volume, to a starting A730 of 

0.125 which would achieve an A730 of approximately 1.0 after 24 hours. 

Exponentially growing cultures v^th an A730 of 0.5 - 1.0 were typically used to 

conduct experiments. 
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2.2.2 Cellular breakage, cellular fractionation and protein extraction 

methods 

2.2.2.1 Glass bead cell breakage 

Synechocystis cells were harvested from gassed suspension cultures by centrifugation 

at 3,000 g for 10 minutes at 4°C and washed with ice cold extraction buffer (20 mM 

Tris-HCl pH 8.0, 2 mM DTT (Melford Laboratories Ltd., Bildeston Road, 

Chelsworth, Ipswich, Suffolk, IP7 7LE, U.K), 1 mM EDTA) to remove any secretory 

proteins. Cells were re-collected by centrifugation as before and re-suspended in ice 

cold extraction buffer to of the original culture volume. This suspension was 

transferred to a pre-chilled glass test tube containing an equal volume of pre washed 

glassed beads, 106 \xm and smaller in diameter. To break the cells this cell/glass bead 

suspension was vortexed in 30 second bursts for a total of 6 minuets, where after each 

vortex burst the suspension was briefly put on ice. 

2.2.2.2 French press cell breakage 

Synechocystis cells were harvested from gassed suspension cultures with volumes 

> 100 ml by centrifugation at 3,000 g for 10 minutes at 4°C and washed with ice cold 

extraction buffer (20 mM Tris-HCl pH 8.0, 2 mM DTT (Melford Laboratories Ltd), 

1 mM EDTA). Cells were re-collected by centrifugation as before and re-suspended in 

ice cold extraction buffer to 1/10* of the original culture volume or a minimum of 10 

ml. To break the cells, this suspension was twice passed through a Basic Z Cell 

Disrupter (Constant Systems Ltd., Low March, Daventry, Northants, UK. N N l 1 4SD) 

at 24.5 KPSI and cooled to 4°C. 
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2.2.2.3 Cellular fractionation 

Broken cell suspensions were immediately centrifuged at 3,000 g for 10 minutes at 

4°C to pellet any unbroken cells and the cell debris and the resultant supematants 

were transferred to fresh vessels on ice. Chlorophyll concentration of these 

supematants was determined spectrophotometrically (see section 2.2.2.4). These 

suspensions were ultracentrifuged using a Beckman Optima^"^ L-70 Ultracentrifuge 

and a Beckman SW28 rotor (Beckman Coulter, Inc., 4300 N. Harbor Boulevard, 

P.O. Box 3100, FuUerton, CA.) at 100,000 g for 1 hour at 4°C to pellet the 

membranes. The resultant supematants were transferred to fresh vessels and the 

soluble protein acetone precipitated (see section 2.2.2.5). Pelleted membranes were 

re-suspended in 100-500 \il of ice cold extraction buffer (20 mM Tris-HCl pH 8.0, 

2 mM DTT (Melford Laboratories Ltd), 1 mM EDTA,) and transferred to fresh 

microfuge tubes before being stored at -80°C. 

2.2.2.4 Determination of Chlorophyll A concentration 

A 20 ^1 aliquot of broken cell suspension (with unbroken cells and cell debris 

separated) was transferred to a fresh 2 ml microfuge tube to which 2 ml of ice cold 

80% (v/v) acetone was added and subsequently incubated on ice for 5 minutes. The 

precipitate was pelleted by centrifugation at 3,000 g for 10 minutes at 4°C and the 

absorbance of the supematant was measured spectrophotometrically at 418 nm using 

an Ultra Spec I I spectrophotometer (Amersham Biosciences, Amersham Place, Little 

Chalfont, Buckinghamshire UK. HP7 9NA). Chlorophyll A (ChlA) concentration was 

determined using the Beer Lambert law with the molar absorption coefficient (G) of 

ChlA at X418 nm = 110743 M"' cm"' (Strain et al., 1963). 
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2.2.2.5 Acetone precipitation of fractionated soluble proteins 

Synechocystis soluble protein fractions were mixed with ice cold acetone to a final 

concentration of 80 % (v/v) acetone and incubated at -20°C for up to 24 hours. The 

precipitated protein was collected by centrifugation at 3,000 g for 10 minutes at 4°C 

and the supernatant discarded. Protein pellets were washed twice with ice cold 80 % 

(v/v) acetone and finally with absolute acetone, where precipitates were harvested by 

centrifugation (as before) after each wash and the supernatant discarded. Pellets were 

re-suspended in absolute acetone and stored at -80°C. These three sequential washing 

steps helped remove any precipitated non-protein compounds, such as salt, which may 

interfere with isoelectric focusing and electrophoresis. 

For electrophoretic analysis, precipitated protein samples stored in absolute acetone at 

-80°C were harvested by being centrifuged at 3,000 g for 5 minutes at 4°C. The 

acetone supernatant was discarded and the resultant pellet air dried for 5 minutes, 

taking care not to over dry which resulted in pellets that were difficult to re-suspend. 

2.2.2.6 Membrane subfractionation methodology 

This methodology was employed to further fractionate Synechocystis membranes, 

removing contaminating soluble proteins and separating both peripheral and integral 

membrane associated proteins. Techniques were adapted from previously reported 

methodologies where NaCl was shown to release phosphatidic acid phosphatase from 

avocado microsomes (Pearce and Slabas, 1998) and Na2C03 was demonstrated to 

convert closed vesicles to open membrane sheets and release peripheral proteins 

(Fujikie^a/., 1982). 
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Fractionated Synechocystis membranes were sequentially washed with extraction 

buffer (20mM Tris pH 8.0, 2mM DTT (Melford Laboratories Ltd), I m M EDTA), 500 

mM NaCl and 100 mM Na2C03 (pH 12.0) at a 1:3 (w/v) ratio of membranes to each 

wash reagent. Al l extractions were conducted using ice cold solutions and involved a 

5 minute homogenisation step, where membranes were homogenised within a thick 

wall polycarbonate ultracentrifuge tube using a tight fitting glass rod (Figure 2.2). For 

fractionation of 100 j^g of membranes 0.5 ml polycarbonate tubes (part no, 343776) 

were used (Beckman Coulter, Inc.) for up to 1 mg 3.0 ml polycarbonate tubes (part 

no. 349622) were used. This was preceded by a 30 minute incubation period on ice 

before the membranes were re-harvested by ultracentriftigation at 100,000 g for 1 

hour at 4°C using a Beckman Optima™ TLX Ultracentrifuge and TLA 120.1 or TLA 

100.3 rotors (Beckman Coulter, Inc.) for 0.5 ml and 3.0 ml tubes, respectively. The 

first buflfer wash step removed any soluble protein contaminants. The following NaCl 

and Na2C03 treatments extracted peripheral proteins situated on the external and 

luminal faces of the Synechocystis microsomes respectively, leaving behind the 

integral membrane proteins in the pellet. 

2.2.2.7 Trichloroacetic acid/acetone precipitation of extracted membrane 

associated proteins. 

The membrane subfi-actionation methodology utilised various compounds to extract 

membrane associated proteins. TCA/acetone protein precipitation was used to purify 

the extracted proteins in preference over acetone precipitation because this method is 

more effective at removing various non-protein contaminants which can interfere v^th 

isoelectric focusing and electrophoresis, such as lipids and salts. 
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Figure 2.2 Apparatus used for homogenisation of Synechocystis membranes in 
membrane sub-fractionation methodology. 
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Membrane associated proteins extracted by washing with extraction buffer, 500 mM 

NaCl and 100 mM NaiCOs were precipitated by addition of ice cold 50 % (w/v) TCA 

in acetone (stored at room temperature) to give a final concentration of 10 % (w/v) in 

solution. Samples were incubated at -20°C for 1 hour before the protein precipitates 

were harvested by centrifiigation at 3,000 g for 15 minutes at 4°C. The supematants 

were discarded and pellets were twice washed with equal volumes ice-cold 80 % (v/v) 

acetone and finally with ice cold absolute acetone. After each wash protein 

precipitates were collected by centrifugation (as before) and the supematant 

discarded. Pellets were allowed to air dry for 5 minutes and care was taken to avoid 

over drying, which resulted in tough pellets that were difficult to re-suspend. 

2.2.3 Protein concentration estimation assays 

2.2.3.1 Bradford protein concentration estimation assay 

First developed by Bradford (Bradford, 1976) this dye-binding assay is based on the 

principal that upon binding to protein the maximum absorbance for an acidic solution 

of Coomassie Brilliant Blue G-250 shift from 465 imi to 595 nm. The dye reagent 

used. Protein Assay Dye Reagent Concentrate, was obtained from Bio-Rad (Bio-Rad 

Laboratories Ltd., Bio-Rad House, Marylands Avenue, Hemel Hempstead, 

Hertfordshire HP2 7TD) and the protein concentration estimation assay was 

performed according to the manufacturer's reconmiendations for the Micro-assay 

procedure. Standard curves were constmcted using a series of BSA standard solutions 

in the range 1-25 jig. 
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2.2.3.2 Modified Bradford protein concentration estimation assay 

Used for the estimation of lysis buffer solubilised protein samples this assay is a 

modified version of the Bradford assay and was first developed by Ramagli and 

Rodriguez (1985). Its development was instigated by the inability to use either the 

Lovsoy or Bradford assays for estimation of protein concentration in lysis buffer 

solubilised samples, due to the presence of carrier ampholytes and thiol containing 

compounds. In this modified Bradford method, protein samples are acidified, 

allowing a stable linear relationship between protein concentration and absorbance to 

be obtained. 

BSA standards and protein samples were prepared as follows and as shown in Table 

2.3. A 2 mg/ml BSA stock solution in lysis buffer (9 M urea, 2 M thiourea, 4% (w/v) 

CHAPS) was prepared, from which a standard BSA series was made ranging from 0-

40 ^g (usually 0, 1, 2, 5, 10, 20 and 40 |i,g). Multiple ahquots (usually 3) of each lysis 

buffer solubilised protein sample were taken, and along with the BSA standards were 

made up to 20 ^1 with lysis buffer. To each sample and BSA standard 10 )LI1 of 0.1 M 

HCl and 70 ^il of dd H2O were added. Finally, 900^1 of 25 % (v/v) Protein Assay Dye 

Reagent Concentrate (Bio-Rad Laboratories Ltd.) was added to each sample and BSA 

standard and mixed before being allowed to stand at room temperature for 10 minutes. 

The absorbance of each solution was measured at 595 nm and the protein 

concentration of each sample calculated from the plotted BSA standard data. 

2.2.3.3 T C A Lowry protein concentration estimation method 

The protein concentration of membrane bound protein samples was estimated using 

an adaptation of Lowry's method (Lowry et al, 1951) as described by Peterson 
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Table 2.3. Preparation of protein standards and samples for modified Bradford 
protein concentration estimation. 

BSA standard BSA (pi) of 2 
mg/ml stock 

Lysis buffer 
(Hi) 

0.1 M HCI 
(lil) 

ddHiO (pi) 

o^g 
1 
2ng 
5 ^g 
10 ng 
20 Hg 
40 ^ig 

0.0 
0.5 
1.0 
2.5 
5.0 
10.0 
20.0 

20.0 
19.5 
19.0 
17.5 
15.0 
10.0 
0.0 

10 
10 
10 
10 
10 
10 
10 

70 
70 
70 
70 
70 
70 
70 

Protein 
sample Volume (pi) * Lysis buffer 

(Hi) 
0.1 M HCI 

(Hi) 
ddHjO (pi) 

A 
B 
C 

2.5 
2.5 
2.5 

15.5 
15.5 
15.5 

10 
10 
10 

70 
70 
70 

* I f protein samples are dilute, larger aliquots can be taken for quantification of 
concentration. 
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(Peterson, 1979). This method incorporates a deoxycholate-trichloroacetic acid 

(DOC-TCA) precipitation step to remove lipid and other potentially interfering 

compounds and is therefore good for analysing membrane bound proteins. The basis 

for the assay is the reduction of molybdic-tungstic mixed acid chromagen (Folin and 

Ciocalteu phenol reagent) by tryptophan and tyrosine aromatic amino acid side 

chains, and the reaction of copper chelates with polar groups and peptide chains. The 

reduction of the chromagen results in an increase in absorbance at 750 rmi which is 

maximal at 20-30 minutes after initiation. 

Protein standards and sample preparation 

A standard BSA series ranging l-80|j,g and two-three replicates of the protein 

sample(s) of interest were made. Volumes of each sample were made up to 1 ml with 

ddHzO 

DOC-TCA precipitation 

To each 1 ml protein sample and standard, 100 ^il of 0.15% (w/v) deoxycholate acid 

was added, vortexed and allowed to stand at room temperature for 10 min. 100 | i l of 

72% (w/v) trichloroacetic acid was added and mixed by further vortexing. Samples 

were cenfrifuged for 10 min in a microcentrifuge at 13,000 rpm and the supematant 

immediately removed. 

The Lowry assay 

Pellets were re-suspended in 1 ml of solution C (Table 2.4), vortexed and left at room 

temperature for 5-10 minutes. 100|xl of freshly prepared solution D (Table 2.4) was 
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added and again vortexed. Samples were incubated for 20-30 minutes at room 

temperature, before measuring the absorbance at 750 nm. 

Table 2.4. TCA Lowry assay reagents 

Solutions Constituents 
Solution A 0.5 % (w/v) CUSO4.5H2O in 1 % (w/v) sodium tartrate 
Solution B 2 % (v/v) Na2C03 in 0. I M NaOH 
Solution C Solution A: Solution B, 1:50 ratio (freshly prepared) 
Solution D ddHjO: Folin-Ciocateu phenol reagent, 1:1 ratio (freshly prepared) 

2.2.4. Mini SDS-Polyacrylamide gel electrophoresis (PAGE) 

SDS-PAGE analysis of protein samples was performed according to the method of 

Laemmli (Laemmli, 1970), using Bio-Rad's Mini Protean I I vertical gel apparatus 

(Bio-Rad Laboratories Ltd.). 

2.2.4.1 SDS Polyacrylamide gel casting 

Gels routinely used were 0.75 mm thick and were composed of a 12 % acrylamide 

resolving gel and a 5 % acrylamide stacking gel. These were cast using the Mini-

Protean I I Cell (Bio-Rad Laboratories Ltd.) and the glass casting plates were wiped 

clean with 70% (v/v) ethanol prior to use. Resolving gel solutions were prepared 

containing 12 % (w/v) acrylamide (acrylamide:bis-acrylamide 37.5:1) (Bio-Rad 

Laboratories Ltd.), 0.375 M Tris-HCl pH 8.8, 0.1 % (w/v) SDS, 0.05 % (w/v) 

ammonium persulphate (Bio-Rad Laboratories Ltd.), and 0.2 % TEMED (Bio-Rad 

Laboratories Ltd.) in a total volume of 10 ml. Stacking gels were similarly prepared 

adjusting acrylamide concentration accordingly and containing 0.125 M Tris-HCl 

pH6.8 as the buffer. Resolving gel solutions were poured into glass cassettes first, 

onto which 250 nl of water saturated Butan-l-ol was layered. This created an even 
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surface onto which the shacking gel could be poured. After polymerisation of the 

resolving gel, the butan-l-ol was rinsed from the glass cassette with dd.H20. Residual 

water was removed from the cassette with blotting paper and the staking gel poured. 

Teflon combs were immediately inserted to create the desired sample wells. Prior to 

protein sample loading, wells were rinsed with dd.H20 to remove any remaining un-

polymerised acrylamide. 

2.2.4.2 Protein sample preparation 

Protein sample preparation for SDS-PAGE analysis ranged from direct loading of 

crude Synechocystis soluble fractions, to re-solubilisation of precipitated protein 

samples using 80 % acetone or TCA/acetone procedures, to direct SDS sample 

loading buffer solubilisation of membrane associated proteins in crude membrane 

isolates. The quantity of sample analysed also varied from 2.5-50 ^ig depending on the 

visualisation method used. Exact sample preparation procedures are included in the 

appropriate resuhs sections. 

Protein samples were solubilised in 5 x SDS sample loading buffer (10 % (w/v) SDS, 

5 % (w/v) DTT (Melford Laboratories Ltd.), 0.05 % (w/v) bromophenol blue, 0.312 

M Tris-HCl pH 6.8, 50 % (v/v) glycerol) to give a final 1 x concentration and up to a 

final volume of 25 |al. Before loading onto SDS PAGE gels, samples were boiled for 2 

minutes followed centrifugation in a microfuge at full speed (13,000 rpm) for 5 

minutes to pellet any insoluble material. 
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2.2.4.3 Electrophoresis 

Samples were electrophoresed using the discontinuous Tris-glycine buffer system of 

Laemmli (Laemmli, 1970) (25 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS, 192 m M 

glycine) kept as a 10 x stock at room temperature. Electrophoresis was conducted at 

60 V until the bromophenol blue dye front left the stacking gel, after which the 

voltage was increased to 120 V until the dye fi-ont had reached the bottom of the gel. 

After electrophoresis, gels were carefully detached from the apparatus and proteins 

visualized by either Coomassie Blue R-250, silver-staining or SYPRO™ Ruby 

staining (see section 2.2.7). 

2.2.5 Mini two-dimensional gel electrophoresis (2-DE) 

Mini two-dimensional electrophoresis (2-DE) was performed using a MultiPhor^M I I 

Electrophoresis Unit with an accompanying Immobiline™ DryStrip kit (Amersham 

Biosciences) for first dimension lEF and a Mini Protean I I vertical gel apparatus (Bio-

Rad Laboratories Ltd.) for second dimension SDS-PAGE. First dimension protein 

resolution via lEF was conducted using 7 cm Immobiline™ Dry strips (Amersham 

Biosciences) with linear pH gradients of 3-10, 4-7 and 6-11. These strips are also 

known as immobilised pH gradient (IPG) strips and the use of specific pH ranges are 

indicated in the appropriate results section. 

2.2.5.1 Protein sample preparation 

Precipitated protein samples were air dried and solubilised in lysis buffer (9M urea, 

2M thiourea, 4% (w/v) CHAPS) by vortexing for 2-24 hours at room temperature. 

Insoluble material was removed by centrifugation in a microfiige at ful l speed (13,000 

rpm) for 10 minutes at room temperature. The supematants were transferred to fresh 
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microfuge tubes and the protein concentration determined via modified Bradford 

assay (see section 2.2.3.2). 

2.2.5.2 In-gel rehydration protein loading 

Dry 7 cm IPG strips (Amersham Biosciences) were rehydrated with 125 |al of 

rehydration solution (9M urea, 2M thiourea, 4% (w/v) CHAPS, 1% (w/v) DTT 

(Melford Laboratories Ltd.), 2% (v/v) IPG Buffer (Pharmalyte), 0.002 % (w/v) 

bromophenol blue) containing the desired quantity of lysis buffer solubilised protein 

sample. DTT, Pharmalytes and protein sample were all added fresh to the rehydration 

solution, immediately prior to rehydration. The pH range of the Pharmalytes used 

corresponded to the pH gradient of the IPG strip being rehydrated. Dry IPG strip 

rehydration was conducted in an Immobiline™ DryStrip Reswelling Tray (Amersham 

Biosciences). Prior to use, the reswelling tray was rinsed thoroughly with detergent 

followed by dd.H20 removing any residual DryStrip cover fluid and blotted dry. Each 

sample was pipetted into a separate grove of the reswelling try and the IPG strip 

placed on top gel-face-down. Care was taken to avoid trapping bubbles undemeath the 

strip which would result in uneven sample uptake. Finally, each strip was covered 

with 2 ml of DryStrip Cover Fluid (Amersham Biosciences) and left over night. 

Various protein quantities were loaded into 7 cm IPG strips depending on the 

indented stain used for visualisation of resolved proteins. For Coomassie Brilliant 

Blue staining 200 |ag of protein was routinely loaded, where as for silver staining 20 

^g of protein was used and finally for SYPRO™ Ruby staining 50 ^g of protein was 

loaded. These differences in protein quantity reflect the sensitivity of the stain. 
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2.2.5.3 Preparation and running of I''* dimension l E F 

The ceramic cooling plate of the MultiPhor^"^ I I Electrophoresis Unit (Amersham 

Biosciences) was cormected to a Grant thermostatic circulating water bath (Grant 

Instruments Ltd., 29 Station Road, Shepreth, Roysten, Hertfordshire, SG6 6P2, UK). 

This continually circulated water maintained at 20°C through the cooling plate and 

prevented gels from over heating during BEF. The position of the ceramic cooling 

plate was ensured to be level before 3-4 ml of DryStrip cover fluid (Amersham 

Biosciences) was pipetted onto the surface of the cooling plate. Onto this the 

Immobiline™ DryStrip tray (Amersham Biosciences) was placed, where the 

formation of bubbles was avoided. Into the try, 10 ml of DryStrip cover fluid was 

poured, on top of which the DryStip aligner was placed groove-side-up, taking care to 

avoid forming any air bubbles between the tray and aligner. 

The hydrated IPG strips were removed from the reswelling tray and rinsed with 

dd.H20 to wash off any remaining sample which may cause streaking during 

subsequent lEF. Residual fluid was removed from the strip by blotting on damp 3 mm 

blotting paper. It was necessary to use damp blotting paper in order to prevent the gel 

surface from sticking and being damaged. Strips were immediately transferred into 

the prepared DryStrip aligner and positioned gel-side-up and orientated so the acidic 

(pointed) end was at the anode and the basic (flat) end was at the cathode. When 

focusing multiple IPG strips simultaneously, strips were aligned so that all anodic 

ends were level. Electrode wicks (Amersham Biosciences) were cut to 110 mm in 

length, soaked with dd.H20 and blotted to remove excess water as this can cause 

streaking. These moistened wicks were placed across each end of the aligned IPG 

strips, where wicks were at least partially in contact with the gel surface of each strip. 
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The anode and cathode electrodes were placed in contact with the corresponding wick 

and strips were completely submerged with DryStrip cover fluid (Amersham 

Biosciences). The length of time which rehydrated strips were not immersed under 

DryStrip cover fluid was kept to a minimum. This was done to avoid formation of 

urea crystals in the gel, which could affect subsequent lEF. 

Isoelectric focusing was performed using a 3-step program, the intricacies of which 

varied for each pH gradient i.e. pH 3-10 (Table 2.5a), pH 4-7 and pH 6-11 (Table 

2.5b). 

2.2.5.4 IPG strip equilibration for SDS PAGE 

Focused IPG strips were removed from the DryStip aligner and rinsed with dd.H20 to 

wash off residual DryStrip cover fluid. Equilibration of these strips for SDS PAGE 

involved sequentially soaking in two solutions of equilibration buffer (6 M urea, 30% 

(v/v) glycerol, 2 % (w/v) SDS, 50 mM Tris-HCl pH 8.8, 0.002 % (w/v) bromophenol 

blue), the first containing 1% (w/v) DTT (Melford Laboratories Ltd.) and second 

containing 4.8% (w/v) iodoacetamide. These two incubations were performed in an 

Immobiline™ DryStrip Reswelling Tray (Amersham Biosciences), where each strip 

was immersed in 2 ml of each solution and was gently agitated using an orbital shaker 

at room temperature for 15 minutes each. 

2.2.5.5 Preparation and running of 2"'' dimension SDS PAGE 

Mini SDS-PAGE gels were prepared as described previously in the mini SDS-PAGE 

protocol (section 2.2.4.1). Equilibrated IPG strips were rinsed with dd.H20 and 

aligned on top of Mini-Protean I I (Bio-Rad Laboratories Ltd.) 12% acrylamide 
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Table 2.5a. Mutiphor™ l E F program for 7 cm pH 3-10 IPG strips. 

Phase Volts (V) Current 
(pA/strip) Power (W) Time" 

(hrs:mins) 
Volt hours 

(Vh) 

1 200 50 5 0:01 1 
2 3,500 50 5 5:00 2,800 
3 3,500 50 5 5:00 3,700 

Total 10:01 6,501 

Table 2.5b. MultiphorTw I E F program for 7 cm pH 4-7 and pH 6-11 I P G strips. 

Phase Volts (V) Current 
(pA/strip) Power (W) Time" 

(hrs:mins) 
Volt hours 

(Vh) 

1 200 50 5 0:01 1 
2 3,500 50 5 5:00 2,800 
3 3,500 50 5 8:00 4,400 

Total 13:01 7,201 

^ Time is not the limiting factor determining the length of the lEF run; therefore it is 
always grossly in excess. Volt hours determine the length of the run. 
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resolving gels. The void volume in the glass cassettes above the resolving gels was 

filled will dd.H20 to facilitate the layering of IPG strips. The water was drained off, 

taking care not to dislodge the IPG strip, and residual fluid was removed by blotting 

with filter paper. The IPG strip was sealed in place by covering with agarose sealing 

solution (1 % (w/v) low melting point agarose, 0.002 % (w/v) bromophenol blue in 

Tris-glycine SDS electrophoresis buffer). Gels were electrophoresed using a Mini 

Protean II vertical gel apparatus (Bio-Rad Laboratories Ltd.) in a Tris-glycine 

electt-ophoresis buffer (25 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS, 192 mM glycine) 

at 60 V for 30 minuets followed by 120 V until the bromophenol blue dye front 

reached the bottom of the gel. Upon completion of the second dimension, SDS gels 

were removed and the resolved spots visualised with either Coomassie Brilliant Blue 

or silver staining (see section 2.2.7). 

2.2.6 Large format two-dimensional gel electrophoresis 

In this thesis, large format 2-DE was performed using two different systems for both 

EF and SDS-PAGE. For first dimension lEF a MultiPhor™ II Electrophoresis Unit 

(Amersham Biosciences) and an Ettan^w IPGphor™ Isoelectric Focusing System 

(Amersham Biosciences) were utilised. For second dimension SDS-PAGE a Hoefer™ 

DALT Large Format Vertical System (Amersham Biosciences) and an Ettan™ 

DALTtwelve Large Format Vertical System (Amersham Biosciences) were employed. 

Both in gel rehydration (IGR) and cup loading methods were used to load protein 

samples into IPG strips for large format 2-DE and 18 cm Immobiline™ Dry strips 

(Amersham Biosciences) with linear pH gradients of 3-10, 4-7 and 4.5-5.5 were used. 

Also both acrylamide and Duracryl (Patton et al., 1991) were utilised at 12 % and 

15 % concentration for second dimension separation. The methodology for these 
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techniques is described below, but the application of these various methods is 

stipulated in the appropriate result sections. 

2.2.6.1 Protein sample preparation 

Protein samples were prepared as previously described in the mini 2-DE protocol 

(section 2.2.4.2). 

2.2.6.2 In-gel rehydration protein loading 

Dry 18 cm IPG strips (Amersham Biosciences) were rehydrated in an Immobiline™ 

DryStrip Reswelling Tray (Amersham Biosciences) with 340 ^il of rehydration 

solution (9M urea, 2M thiourea, 4% (w/v) CHAPS, 1% (w/v) DTT (Melford 

Laboratories Ltd), 2% (v/v) IPG Buffer (Pharmalyte), 0.002 % (w/v) bromophenol 

blue) containing the desired quantity of lysis buffer solubilised protein sample. 

2.2.6.3 Anodic cup sample loading 

Cup sample loading was only performed using an Ettan™ IPGphorTw lEF system 

(Amersham Biosciences). Dry 18 cm IPG strips were rehydrated in an Immobiline^'^ 

DryStrip Reswelling Tray (Amersham Biosciences) with 340 fj,l of rehydration 

solution (9M urea, 2M thiourea, 4% (w/v) CHAPS, 1% (w/v) DTT (Melford 

Laboratories Ltd), 2% (v/v) IPG Buffer (Pharmalyte), 0.002 % (w/v) bromophenol 

blue). DTT and IPG Buffer were added fresh, immediately prior to rehydration. The 

pH range of the IPG Buffer corresponded to the pH gradient of the IPG strip being 

rehydrated. Strips were immersed with 2 ml of DryStrip Cover Fluid (Amersham 

Biosciences) and left over night. 
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Rehydrated IPG strips were removed from the Immobiline'r'̂  DryStrip Reswelling 

Tray (Amersham Biosciences) and individually transferred to separate ceramic 

IPGphor™ Cup Loading Strip Holders (Amersham Biosciences). Strips were 

positioned gel-side-up and with the basic (flat) end flush with the flat end of the strip 

holder. Electrode wicks, 5 mm x 15 mm, soaked with dd.HaO were blotted with filter 

paper to remove excess water (which may cause horizontal streaking) and placed at 

the acidic and basic ends of each strip. Electrodes were clipped firmly onto each 

electrode wick ensuring a good contact. Sample loading cups were positioned at the 

anodic end of each strip, as close to the electrode wick as possible without actually 

touching it. Cups were filled with DryStrip Cover Fluid and the level of fluid 

monitored to identify any leaks between the sample cup and IPG strip. If leaks were 

detected, the DryStrip Cover Fluid was removed and the cup repositioned. Once good 

seals were obtained, strips were immersed in at least 4 ml of DryStrip Cover Fluid, 

ensuring the entire strip was completely submerged. Prepared protein samples 

solubilsed in Rehydration buffer (9M urea, 2M thiourea, 4% (w/v) CHAPS, 1% (w/v) 

DTT (Melford Laboratories Ltd), 2% (v/v) IPG Buffer (Pharmalyte), 0.002 % (w/v) 

bromophenol blue) to a maximum final volume of 100 |al were pipetted into the 

bottom of each sample cup. The clear plastic strip covers were positioned over each 

strip holder and at which point were ready to load on the Ettan̂ *** IPGphor™ lEF unit 

for first dimension lEF. 

2.2.6.4 First dimension l E F using a MultiPhor™ II Electrophoresis unit 

Rehydrated 18 cm IPG strips containing protein sample were prepared for lEF using a 

MultiPhor II Electrophoresis Unit (Amersham Biosciences) as previously described 
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for mini 2D-E (see section 2.2.5.3). Isoelectric focusing was performed using a 3-step 

program (Table 2.6a). 

2.2.6.5 First dimension l E F using an Ettan™ IPCphor™ I E F system 

IPGphor Strip Holders containing the rehydrated IPG strips and samples were 

positioned onto the Ettan IPGphor unit in the correct orientation. Isoelectric focusing 

of protein samples through 18 cm IPG strips using this apparatus was conducted at 50 

^A/strip for 70 kVh at 20°C using a 5-step program (Table 2.6b). 

2.2.6.6 IPG strip equilibration for SDS PAGE 

Focused IPG strips were removed and rinsed with dd.UzO to wash off residual 

DryStrip cover fluid. Equilibration of these strips for SDS-PAGE involved 

sequentially soaking in two solutions of equilibration buffer (6 M urea, 30 % (v/v) 

glycerol, 2 % (w/v) SDS, 50 mM Tris-HCl pH 8.8, 0.002 % (w/v) bromophenol blue), 

the first containing 1% (w/v) DTT (Melford Laboratories Ltd.) and second containing 

4.8% (w/v) iodoacetamide. These two incubations were performed in Equilibration 

tubes (Amersham Biosciences) for 15 minutes each, where each strip was immersed 

in 5 ml of solution and was gently agitated at 100 rpm using an orbital shaker at room 

temperature. 

2.2.6.7 Second dimension SDS PAGE using a HoeferTw DALT system 

Large format SDS PAGE gels were cast the day before their intended use to ensure 

complete polymerisation, using a DALT Multiple gel caster (Amersham Biosciences) 

and DALT glass cassettes 240 x 200 x 1.5 mm (Amersham Biosciences). Before 

casting, glass cassettes were wiped clean with 1 % (v/v) Decon^w, rinsed with 

-95 -



Table 2,6a. Multphor™ n lEF program for 18cm IPG strips. 

Phase Volts (V) Current 
(jiA/strip) Power (W) Time* 

(hrs:mins) 
Volt hours 

(Vh) 
1 500 50 5 0:01 1 

3,500 50 5 5:00 3,000 
3*̂  3,500 50 5 30:00 67,000 

Total 35:01 70,001 

^ Time is not the limiting factor determining the length of the lEF run; therefore it is 
always grossly in excess. Volt hours determine the length of the run. 
^ No difference between phases 1 and 2 except time. The purpose of the two phases is 
to allow the user to monitor the main stage of the lEF run and alter it i f they see fit. 

Table 2.6b. Ettan™ EPGphorTw lEF program for 18cm IPG strips'" 

Step Step Type (gradient 
or step n' hold) Volts (V) Time 

(hrs:mins) 
1 GRADIENT 500 00: 10 
2 GRADIENT 1,000 01:20 
3 GRADIENT 4,000 01:40 
4 Step n' Hold 6,500 10:00 
5 Step n' Hold 1,000 60:00 

" Ettan™ IPGphor^" lEF program was performed over night for at least 70 kVh, 
which equalled -15 hours. 
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dd.H20, soaked in 1 % HCl (v/v) for 1 hour followed by a final rinsing with dd.H20 

and subsequently dried using a lint free tissue. This was done to remove any residual 

polyacrylamide from previous experimentation and ensure glass cassettes were clean. 

Resolving gel solutions, both acrylamide and Duracryl, were prepared as indicated in 

Table 2.7a and Table 2.7b, adjusting the quantity as required and initially omitting 

APS and TEMED from the mix. This solution was degassed by vacuiun suction for a 

minimum of 1 hour to remove air which inhibits the polymerisation process. During 

this time the DALT gel casting apparatus was prepared, inserting the required number 

of cassettes and filling the remaining space with acrylic blocks. The resolving gel 

solution was poured into the DALT casting apparatus at a constant steady pace 

reducing the addition of bubbles into the system until the level reached approximately 

4 cm from the top of the cassette. Displacing solution (375 mM Tris-HCl pH 8.8, 50 

% glycerol, 0.002 % (w/v) bromophenol blue) was then used to force the remaining 

acrylamide solution out of the bottom reservoir and into the glass cassettes until the 

level reach 1cm from the top of the cassette. Finally, 1 ml of water saturated Butan-1-

ol was layered on top of each gel to create an even surface onto which the IPG strip 

could be layered. Gels were allowed to polymerise overnight, after which the butan-1-

ol was rinsed fi-om the glass cassette with dd.H20. 

Equilibrated IPG strips were rinsed with dd.HaO and aligned on top of the cast gels. 

The void volume in the glass cassettes above the resolving gels was filled will dd.H20 

to facilitate the layering of IPG strips. The water was drained off, taking care not to 

dislodge the IPG strip, and residual fluid was removed by blotting with filter paper. 

The IPG strip was sealed in place by covering with agarose sealing solution (1 % 

(w/v) low melting point agarose, 0.002 % (w/v) bromophenol blue in Tris-glycine 
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Figure 2.7a. Composition of large format 12 % and 15 % acrylamide SDS-PAGE 
gels. 

12 % Acrylamide 15 % Acrylamide 
Volume (ml) Final cone. Volume (ml) Final cone. 

10 % (v/v) SDS 10 1 % 10 1 % 
1.5MTris-HCLpH8.8 250 375 mM 250 375 mM 
40 % (v/v) acrylamide* 300 12% 375 15 % 
dd-HjO 434 - 359 
10 % (v/v) APS*' 5 0.01 % 5 0.01 % 
TEMED*' 1 0.001 % 1 0.001 % 
Total 1000 1000 

Figure 2.7b. Composition of large format 12 % Duracryl (Genomic Solutions) 
SDS-PAGE gels. 

Constituent 
12 % Duracryl 

Constituent Volume (ml) Final cone. 
10% (v/v) SDS 10 1 % 
1.5MTris-HCL pH 8.8 250 375 mM 
30 % (v/v) Duracryl" 400 12 % 

334 -
10 % (v/v) APS^ 5 0.01 % 
TEMED'' 1 0.001 % 
Total 1000 

Materials were obtained from BDH Chemicals Ltd. ("), BioRad Laboratories Ltd. 
and Genomic Solutions ( ) . 
" Acrylamide :bis-acrylamide = 37:1 
^ Added immediately prior to casting. 
" Acrylamide:bis-acrylamide = 37.5:1 

98-



SDS electrophoresis buffer). Gels were electrophoresed using a Hoefer̂ "̂  DALT 

Large Format Vertical System (Amersham Biosciences) requiring 20 litres of Tris-

glycine electrophoresis buffer (25 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS, 192 mM 

glycine) at 20 mA per gel for approximately 15 hours until the bromophenol blue dye 

front reached the bottom of the gel. Upon completion of the second dimension, SDS 

gels were removed from the glass cassettes taking care not to tare the gel and the 

resolved spots visualised with either Coomassie Brilliant Blue, silver or SYPRO''̂ '̂  

ruby fluorescence staining (see section 2.2.7). 

2.2.6.8 Second dimension SDS-PAGE using a Ettan^M BAUItwelve system 

Large format SDS-PAGE gels were cast in an Ettan™ DAkLTtwelve gel caster and 

using both Ettan™ DALT glass cassettes and low fluorescence glass cassettes (260 x 

200 mm) 1.5 mm and 1 mm thick, respectively. The 1 mm thick low fluorescence 

cassettes were used to generate analytical fluoresce gels either as DIGE gels or backed 

SYPRO™ Ruby stained gels (see section 2.2.6.9). The 1.5 mm thick cassettes were 

used to generate preparative gels for spot picking, the extra thickness reduced the 

tendency of the gel to tare. 

Gels were cast and IPG strips inserted as described in the Hoefer™ DALT protocol 

above. Electrophoresis was conducted using an Ettan^w DALTtwelve Large Format 

Vertical System (Amersham Biosciences) requiring 7.5 litres of Tris-glycine 

electrophoresis buffer (25 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS, 192 mM glycine) 

in the bottom reservoir of the tank and 2.5 litres of 2 x Tris-glycine electrophoresis 

buffer in the top reservoir of the tank. Gels were electrophoresed at 25°C at 5 W per 

gel for 30 minutes followed by 17 W per gel for 4 hours or until the bromophenol 
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blue dye front reached the bottom of the gel. Usually, 1.5 mm thick gels took longer 

to run than 1 mm gels. Upon completion of the second dimension, DIGE gels were 

imaged directly within the glass cassette (see section 2.2.11.6), backed gels were 

stained attached to the glass plate with SYPRO^M Ruby and 1.5 mm preparative gels 

were removed from the glass cassette and stained with either Coomassie blue, silver 

or SYPRO™ Ruby (see section 2.2.7). 

2.2.6.9 Preparation of backed gels 

Backed gels were generated by smearing 2-4 ml of Bind-silane solution (80 % (v/v) 

ethanol, 0.01 % (v/v) PlusOne Bind-Silane (Amersham Biosciences), 0.2 % (v/v) 

glacial acetic acid) using a CREW® wipers lint free tissue over the entire surface of 

the low fluorescence glass plate without attached 1 mm spacers. The solution was 

subsequently allowed to dry for 1.5 hours underneath a CREW® wipers lint free 

tissue to prevent dust from sticking to the plate. Glass cassettes were prepared and the 

gels cast in the usual way. 

2.2.7 In-gel protein staining methods 

2.2.7.1 Coomassie Brilliant Blue R-250 protein staining 

SDS PAGE gels were treated sequentially with three different Coomassie solutions 

designated Coomassie I , I I , and III (Table 2.8). This sequential staining method 

enhances protein staining by gradually destaining the background and thus is more 

sensitive than conventional Coomassie staining techniques. Solutions were pre-heated 

in a microwave oven on frail power for 2 min, before incubating the gel by gentle 

agitation for 20-30 min. After the third incubation, gels were subjected to a prolonged 
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incubation in the destaining solution (Table 2.8) until all background had diapered. 

The volume of stain used depended of the size of the gel, typically 100 ml and 500 ml 

were used for mini and large format gels, respectively. Coomassie solutions were re

used but fresh solutions were made when separated protein bands/spots were intended 

for mass spectrometry analysis. 

Table 2.8. Coomassie Blue protein staining solutions. 

Ingredient 
Coomassie Solutions 

Ingredient I n m Destain 
Coomassie Stock solution * 2% 0.25% 0.25% -
Propan-2-ol 25% 10% - -
Glacial acetic acid 10% 10% 10% 10% 
Glycerol - - - 10% 

' 1.25% (w/v) Coomassie brilliant blue R-250, 

2.2.7.2 Disruptive silver staining of SDS PAGE separated proteins 

This silver staining method is according to Heukeshoven and Demik (1988), with 

some modifications. Following electrophoresis gels were removed from the apparatus 

and placed in fixing solution (40 % (v/v) ethanol, 10 % (v/v) glacial acetic acid) for a 

minimum of 30 minutes. Fixed gels were transferred to a sensitising solution (30 % 

(v/v) ethanol, 0.13 % (w/v) glutaraldehyde, 6.8 % (w/v) sodium acetate-3H20, 0.2 % 

(w/v) sodium thiosulphate-5H20) and incubated for 30 minutes to over night. Gels 

were washed three times in fresh dd.H20, 5 minutes for each wash, before incubating 

in silver nitrate solution (0.1 % (w/v) silver nitrate, 0.008 % (w/v) formaldehyde) for 

40 minutes. After a brief rinse in dd.HaO, gels were incubated in developing solution 

(2.5 % (w/v) anhydrous sodium carbonate, 0.004 % (w/v) formaldehyde) for up to 15 

minutes. The time required to develop the stained proteins varied, but the reaction was 
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allowed to continue until protein bands/spots were dark without the background 

darkening. The developing reaction was stopped by transferring gels into stop solution 

(1.46 % (w/v) EDTA-Na2-2H20) for 10 minutes. Gels were washed twice in ddH20, 

10 minutes for each wash, before preserving by soaking the gels in 10 % (v/v) 

Glycerol. All solutions were made fresh and all incubations and washes were 

performed with gentle agitation. After staining gels were scanned (see section 

2.2.8.2) and then either dried directly (see section 2.2.7.5) or stored in heat sealed 

polythene bags. 

I f gels were over stained they could be de-stained with Farmer's reducer solution 

(0.15 % (w/v) potassium hexacyanoferrate III , 0.3 % (w/v) sodium thiosulphate and 

0.05 % (w/v) sodium carbonate) and then re-stained by proceeding with the above 

method immediately after the sensitising step. 

2.2.7.3 MS compatible silver staining of PAGE separated proteins 

This protein staining method was performed according to the PlusOne® Silver 

Staining Kit (Amersham Biosciences) and is similar to the modified silver staining 

protocol of Shevchenko (Shevchenko et al., 1996b). Unlike conventional silver 

staining (see section 2.2.7.2) this method is compatible with mass spectrometry 

techniques due to the omission of glutaraldehyde, a peptide cross linking reagent, 

from the sensitising solution. However as a side effect, this reduces the sensitivity of 

the stain. 

Following electrophoresis gels were fixed twice in fresh fixing solutions (40 % (v/v) 

methanol, 10 % (v/v) glacial acetic acid) for 15 minutes each and may be left 
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overnight. Fixed gels were transferred to a sensitising solution, absent of 

glutaraldehyde (30 % (v/v) methanol, 6.8 % (w/v) sodium acetate-3H20, 0.2 % (w/v) 

sodium thiosulphate-5H20) and incubated for 30 minutes. Gels were washed 3 times 

in fresh dd.H20, 10 min for each wash, before incubating in 0.5 % (w/v) silver nitrate 

for 40 minutes. After twice rinsing in dd.H20, 1 minute for each wash, gels were 

incubated in developing solution (2.5 % (w/v) anhydrous sodium carbonate, 0.008 % 

(w/v) formaldehyde) for up to 15 minutes. The time required to develop the separated 

proteins varied, but the reaction was allowed to continue until protein bands/spots 

were dark without the background darkening. The developing reaction was stopped by 

transferring gels into stop solution (1.46 % (w/v) EDTA-Na2 2H2O) for 10 minutes. 

Gels were washed three times in dd.H20, 10 minutes for each wash, before preserving 

by soaking the gels in 10 % (v/v) Glycerol. All solutions were made fresh and all 

incubations and washes were performed with gentle agitation. 

2.2.7.4 SYPROTM Ruby Fluorescent stain for SDS PAGE gels 

SYPRO™ Ruby fluorescent stain (Genomic Solutions) has a level of sensitivity 

greater than Coomassie but less than silver (Steinberg et al., 1996a, 1996b; Patton, 

2001). However; it is compatible this MS techniques and has a wide dynamic range 

for quantification. 

After electrophoresis gels were fixed twice in fresh fixing solutions (40 % (v/v) 

methanol, 10 % (v/v) glacial acetic acid) for 2 hours each. Fixed gels were incubated 

in SYPRQTM Ruby Protein Stain (Genomic Solutions Ltd., 8 Blackstone Road, 

Huntingdon, Cambridgeshire, PE29 6EF, UK) over night in a light minimal 

environment. After removal of SYPRÔ "** Ruby stain, gels were rinsed twice with 
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dd.H20, for 1 minute each, before incubating in destaining solution (10 % (v/v) 

methanol, 6 % (v/v) acetic acid) for 1-2 hours. All solutions were made fresh and all 

incubation and washing steps were performed with constant gentile agitation. Staining 

was performed in polypropylene or polycarbonate trays, as glass interferes with the 

staining process. Gels were imaged directly at 100 nm resolution using a Typhoon 

9200 imager (Amersham Pharmacia Biosciences) or ProXPRESS imager (Genomic 

Solutions) (see section 2.2.8.3) and subsequently stored in the plastic staining trays or 

heat-sealed plastic bags in 2 % (v/v) glycerol. SYPRO™ Ruby stain was reused 

several times, but was filtered beforehand due to the stains tendency to precipitate 

during use. The precipitate can stick to the surface of the gel and interfere with the 

image. After considerable reuse, the stain became less concentrated and was therefore 

supplemented with fresh stain at 5-10 % (v/v) concentration. 

2.2.7.5 Drying of PAGE mini gels 

Gels were held between water soaked sheets of cellophane using an Easy Breeze^M 

drying frame (Hoefer Scientific Instruments, 654 Minnesota Sfreet, San Francisco, 

CA) and dried in a Hoefer Easy Breeze^w Gel Dryer. 

2.2.8 Gel Imaging 

2.2.8.1 Transferring gels into scanning apparatus 

Gels were always handled with gloves as fingerprints can mark the gel and keratin 

proteins in hair can contaminate protein samples intended for MS identification. 

When handling fluorescently labelled gels powder-free gloves were worn as the 

powder used in laboratory gloves can fluoresce and can also cause light scattering, 
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both which can affect image quality. Loose polyacrylamide gels were transferred onto 

the various scarming surfaces using a nylon mesh. This was positioned underneath the 

gel whilst in the staining tub and used to lift the gel out of the tube and place onto the 

desired scanning surface. This method dramatically reduced the possibility of tearing 

gels whilst handling them. 

2.2.8.2 Coomassie and silver stained gels 

Gels stained with Coomassie Brilliant Blue or silver were imaged using either an 

ImageMaster scanner (Amersham Biosciences) with Power Scan software (Non 

Linear Dynamics, Newcastle, UK) or a ProXPRESS Imager (Genomic Solutions) 

with ProFinder software (Genomic Solutions). 

Image Master 

Gels were scanned at 300 dpi using an Image Master flat bed scanner (Amersham 

Biosciences) and Phoretix Power Scan V 3.01b software (Non Linear Dynamics) and 

were saved as 16 bit TIF files. 

ProXPRESS Imager 

Gels were transferred into the scanning glass cassette, imaged on the hollow adaptor 

base plate and orange flat field acrylic sheet with bottom illumination using the 

530/30 emission filter at 100 ^m resolution and typically a 10 second exposure time. 

The resultant gel scans were 16-bit images, i.e. each pixel had a value between 1 and 

65,536. The image exposure time was varied in order to achieve maximal use of this 

16-bit dynamic range and yet avoid pixel saturation (i.e. > 65,536). Images were 

saved as 16-bit TIF files. 
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The ProXPRESS imager illuminates the gel with UV light and therefore when 

scanning Coomassie or silver stained gels a UV to white light conversion plate was 

used. To image gels, the ProXPRESS uses a high resolution camera which 

photographs the gel in sections. As a result uneven illumination occurs across the 

frame in the camera's filed of view. To correct for this, the ProFinder software uses a 

pre-captured image of the empty glass cassette, called a "flat field image", as a base 

line. These 16-bit TIF flat field images were generated at the start of each scanning 

session, using the same parameters as used for scanning the intended gel. The 

exposure time varied to obtain a peak pixel range of 30,000 - 40,000. 

2.2.8.3 SYPRQTM Hyby stained gels 

SYPRO™ Ruby stained polyacrylamide gels were imaged using either a ProXPRESS 

Imager (Genomic Solutions, Huntingdon, UK) with ProFinder software (Genomic 

Solutions) or a Typhoon Variable Mode Imager (Amersham Biosciences). 

ProXPRESS Imager 

A flat field image was generated prior to scaiming the gel (see section 2.2.8.2). Gels 

were transferred to the scanning glass cassette, imaged on the solid base plate and 

green flat field acrylic with top illumination using the 480/30 excitation filter and 

620/30 emission filter at 100 resolution and typically exposed for 10 seconds. 

However, image exposure time was varied in order to achieve maximal use of the 16-

bit dynamic range and yet avoid pixel saturation (i.e. > 65,536). Images were saved as 

16-bit TIF files. 
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Typhoon 9200 Variable Mode Imager - in fluorescence acquisition mode 

Both backed gels and loose gels, stained with SYPRO™ Ruby, were imaged using a 

Typhoon Variable Mode Imager and the specific parameters used to scan these 

different gel types are detailed bellow. In preparation for scanning the Typhoon 

Imager was allowed to warm up for 30 minutes and the glass platen scanning surface 

was wiped using a CREW® wipers lint fi-ee tissue with 70 % (v/v) ethanol to remove 

any particles that may fluoresce. Gels were scanned in fluorescence acquisition mode 

at normal sensitivity and using the scan parameters listed in Table 2.9. Pre-scans at 

1000 ^m pixel resolution were initially performed and subsequently analysed using 

ImageQuant software (Amersham Biosciences) to aid the identification of a suitable 

photon multiplier tube (PMT) voltage. Higher 100 ûn resolution scans with 

maximum pixel values > 60,000 but < 100,000* were subsequently obtained using the 

identified PMT value. These images were ideal for analysis and saved as ".gel" 

modified 16 bit TIF files. 

Scanning of loose SYPRO™ Ruby stained polyacrylamide gels 

After de-staining, gels were transferred onto a low fluorescence glass plate 

(dimensions: 290 x 250 mm), previously v^ped clean using a CREW® wipers lint 

free tissue with 70 % (v/v) ethanol. Any bubbles between the gel and the glass plate 

were removed. This was subsequently transferred onto the glass platen scaiming 

surface of the Typhoon imager. Plastic spacers, 1 mm thick, were positioned at each 

comer between the glass plate and glass platen to set the height of the gel at 3 mm and 

allow for a 3 mm focal plane scan. The scarming area was selected using the user 

select function in the tray selection v̂ dndow and the sample pressing option was 

turned off 
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Table 2.9. Typhoon imaging parameters for visualisation of fluorescently 
labelled proteins. 

Dye/Stain Emission filter (nm) Laser 
Cy2 520 BP 40 Blue 2 (488) 
Cy3 580 BP 30 Green(532) 
Cy5 670 BP 30 Red (633) 
SYPRO Ruby 610 BP 30 Blue 1 (457) 
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Scanning of backed SYPRO™ Ruby stained polyacrylamide gels 

Polyacrylamide gels were backed onto low fluorescence glass plates prior to 

electrophoresis and stained attached to the glass plate. After de-staining, the glass 

plate surface was wiped dry with a CREW® wipers lint free tissue. Gels were 

transferred onto the glass platen of the Typhoon imager glass face down and 

positioned between the gel alignment guides. Gels were scanned using the 3 mm focal 

plane and the predefined single DIGE Ettan DALT tray selection area. 

2.2.9 Radiochemical methods 

2.2.9.1 In vivo L-[''^S] labelling of Synechocystis de novo synthesised proteins 

Preparation of cultures 

Glass test tubes (125 ml) containing 50 ml of sterilised BG-11 media were inoculated 

with Synechocystis cells to a starting A730 of ~ 0.02. These cultures were incubated 

within the Cyanobacterial culture apparatus under normal growth conditions at 34°C, 

illuminated with 70 ^E m"̂  s ' PAR and gassed with 1% CO2 in air. Cultures were 

grown for approximately 2 days until culture turbidity (A730) was ~ 1.0. 

Radiolabelling 

Labelling was conducted in the cyanobacterial growth apparatus within a laboratory 

fume cupboard. The extractor fan of the fume cupboard was used to draw away any 

radioactive gas that may be produced. Redivue™ PRO-MIX™ L-[^^S] in vitro Cell 

Labelling Mix (Amersham Biosciences) was used as the labelling reagent with a 

specific activity > 37 TBq mmol'^ (1000 Ci mmol''). This reagent contains both L-
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[̂ ^S] methionine and L-[^^S] cysteine in a ratio of approximately 70:30. To each 50 

ml gassed Synechocystis culture 125 (4,Ci of Redivue PRO-MIX was added. For heat 

shock experiments, cells were immediately exposed to elevated temperature once 

radioactivity had been added. Aliquots of cells were removed from the labelled 

cultures at set points and transferred to pre-chilled falcon tubes containing 50 ^1 of 

100 mM non-radioactive (cold) L-methionine. Cells were collected by centrifugation 

and 4,500 g for 15 minutes and the supernatant discarded according to correct 

radiochemical disposal procedure. Cells were washed with ice cold extraction buffer, 

re-collected and frozen in liquid nitrogen. Quantities of radioactivity remaining in 

culture media and incorporated into cells and proteins was measured using a 1600 TR 

liquid scintillation analyser (Packard, Brook House, 14 Station Road, Pangboume, 

Berkshire, UK) by analysing 10 |al or 20 ^1 aliquots of sample mixed with 4 ml of 

scintillate compared against a blank control. 

Isolation of radiolabelledproteins 

Cells were broken with glass beads as described in section 2.2.2.1 and broken cells 

were fractionated into soluble and membrane isolates as described in section 2.2.2.3. 

2.2.9.2 Autoradiography 

SDS-PAGE and 2-D gels of radiolabelled Synechocystis proteins were stained with 

Coomassie Brilliant Blue, dried between cellophane sheets (see section 2.2.7.5) and 

exposed to X-ray Hyperfilm™ (Amersham Biosciences) for 2 days. Films were 

developed in a solution of 20 % (v/v) Ilford Phenisol high contrast film developer 

(Ilford, Moberly, Cheshire, UK) and fixed in a solution of Kodak Unifix (Kodak-
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Pathe, 26e rue Villiot, Paris) using a Compact X4 automatic x-ray film processor (X-

ograph Imaging Systems, Malmesbury, Wiltshire SN16 9JS). 

2.2.10 Image analysis 

2.2.10.1 Analysis of I D gels 

Phoretix ID Advance software V 5.00 (Non Linear Dynamics) was used to analyse 16 

bit TIF images of ID (SDS-PAGE) gels. Lanes and protein bands were automatically 

detected and background subtracted using the valley to valley algorithm. 

2.2.10.2 Analysis of 2D gels 

Phoretix Evolution software (Non Linear Dynamics) was used to analyse large format 

2D gels. Spots were automatically detected, background subtracted using the 'mode of 

non-spot' algorithm and volume normalised using the 'total spot volume x 100' 

parameter. Average gels were generated for differential analysis of repeat 

experiments. 

2.2.11 2-D Difference gel electrophoresis (DIGE) 

2-D DIGE technology (Unlu et al., 1997; Tonge et ai, 2001) involves the differential 

labeling of different protein samples allowing their comparison in a singe 2D gel and 

the subsequent detection of changes in proteomes. Protein samples are labeled with 

Cyanine dyes and the methodology for protein labeling, 2-DE of labeled samples, 

fluorescent imaging of DIGE gels and software analysis are described bellow. 
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2.2.11.1 Sample clean up and preparation for CyDye DIGE minimal dye 

labelling 

Lysis buffer (9 M urea, 2 M thiourea, 4 % (w/v) CHAPS) solubilised protein samples 

intended for CyDye DIGE Fluor minimal dye labeling were first cleaned using 

Amersham's 2-D Clean-Up kit (Amersham Biosciences). This precipitates the protein 

removing any compounds that may affect the CyDye labelling process and was 

performed according to the manufactures recommendations. Protein pellets were dried 

in air for 2-5 minutes, taking care not to over dry, and solublised by vortexing for 2 

hours in labelling buffer (9 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 25 mM Tris-

HCL pH 9.5) to a protein concentration between 5-10 mg/ml. Labelling buffer was 

prepared by adding 25 |j,l of a 1 M Tris-HCl pH 9.5 stock solution to 1 ml of lysis 

buffer. The pH of these protein samples was measured by pipetting a small volume, 

typically 1 pi, onto pH indicator strips (pH 7-14) and adjusted, i f necessary, using 1 M 

NaOH to between pH 8.0-9.0. This was essential for optimal CyDye labelling. 

Because the majority of Synechocystis soluble proteins have an acidic p/, the pH of 

these samples containing 100 ^g of total protein was routinely adjusted using 1 ^ l of 1 

M NaOH. Furthermore, Synechocystis soluble protein samples are blue in colour, due 

to the presence of the phycobilisome proteins, which affected pH determination using 

colour pH indicator strips. Therefore, to dilute the colour, 10 fold dilutions of protein 

samples in lysis buffer (not containing 25 mM Tris-HCl pH 9.5) were analysed. 

Finally the protein concentration was quantified by modified Bradford assay. 
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2.2.11.2 Reconstitution of stock CyDye D I G E Fluor minimal dyes in 

dimethylformamide (DMF) 

CyDye DIGE Fluor minimal dyes (Amersham Biosciences) (here after referred to as 

Cy-Dyes) are supplied as solids and are reconstituted in DMF for use. The storage and 

reconstitution of Cy-Dyes is important to the success of sample labelling. I f low 

quality DMF is used or the Cy-Dyes are incorrectly stored, protein labelling will not 

be efficient. High quality DMF (< 0.005% H2O, > 99.8% pure) was used and care was 

taken to ensure it was not contaminated with water. Furthermore, DMF once opened 

wil l start to degrade generating amine compounds. Amines will react with the Cy-

Dyes reducing the concentration of dye available for protein labelling. Therefore a 

new bottle of DMF was used every 3 months. 

Stock solutions 

Cy-Dye vials (Cy™2, Cy3 and Cy5) were removed form the freezer and allowed to 

equilibrate to room temperature for 5-10 minutes. This prevented exposure of the dyes 

to condensation which may have caused hydrolysis. Vials were centrifuged briefly in 

a microcentrifuge at ful l speed (13,000 rmp) to collect the dye powder at the bottom 

before opening. Vial contents were resuspended in N,N-dimethylformamide 

(anhydrous 99.8 %) by vortexing for 30 seconds to prepare a primary stock of 1 

nmol/nl (1 mM). This dye stock was stable for 2 months at -20°C and for storage vials 

were sealed with Parafilm and placed in a heat sealed bag containing desiccant. After 

reconstitution in DMF the Cy-Dyes were deep colours; Cy2-yellow, Cy3-red, Cy5-

blue. 
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Working solutions 

Stock dye solutions were removed form the freezer, allowed to equilibrate to room 

temperature for 5-10 minutes and centrifuged to collect the contents to the bottom. 

Cy-Dye working solutions of 400 pmol/|i.l (0.04 mM) were prepared where typically 2 

|j,l of Cy-Dye was diluted with 3 ^1 of DMF. However, this did vary depending on the 

number of labelling reactions. These working dye solutions were stable for 

approximately 2 weeks at -20°C. 

2.2.11.3 Protein labelling with the CyDye D I G E Fluor minimal dyes 

To comply with the recommended 2-D DIGE experimental design, control samples 

were labelled with Cy3, treated samples were labelled with Cy5 and a pooled internal 

standard was created containing equal quantities of all samples and labelled with Cy2. 

Sufficient internal standard must be prepared to allow enough to be included on every 

gel in the experiment. In the following text I describe the method used for a 5 gel 

experiment where 5 control and 5 treated samples were labelled, however for different 

sample numbers, labelling reaction volumes were adjusted accordingly. For this 

particular 5 gel experiment labelling reactions were routinely performed in 19 ^1 for 

Cy3 and Cy 5 and 95 ^il for Cy2 where the ratio of dye to protein was maintained at 

400 pmol dye;50 ^g protein. 

Volumes of each protein sample equivalent to 50 fig were dispensed into fresh 

microfuge tubes, made up to 18 ^il with labelling buffer, mixed by vortexing and 

placed on ice. To prepare the pooled standard, volumes of each protein sample 

equivalent to 25 |ig were dispensed into the same microfuge tube, made up to 90 |j,l 

with Labelling buffer, mixed by vortexing and placed on ice. To each control sample 
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1 | i l (400 pmol) of Cy3, to each treated sample 1 ^1 of Cy5 and to the polled standard 

5 \i\ of Cy2 working dye solutions were added. Samples were mixed thoroughly by 

vortexing and incubated on ice for 30 min in the dark. After this time, labelling 

reactions were stopped by addition of 10 mM L-lysine, the volume of which was 

identical to the amount of dye added, i.e. 1 |xl for Cy3 and Cy5 labelled samples and 5 

|j,l for the Cy2 labelled sample. Therefore, final sample volumes were 20 ^il for control 

(Cy3) and treated (Cy5) samples and 100 for the pooled standard (Cy2) where the 

protein concentration was 2.5 ^lg/^l\ in each case. Samples were mixed by vortexing 

and left of ice and in the dark for a further 10 minutes, after which they were stored at 

-70 °C in the dark where they were stable for at least 3 months. 

Samples were labelled (by adding the appropriate Cy-Dye) and stopped (by adding 

the appropriate volume of 10 mM L-lysine) sequentially with 1 minute intervals 

between each sample. This was done to ensure each sample was labelled for the 

correct amount of time. 

2.2.11.4 Labelling efficiency quality control 

To check the labelling efficiency, each sample was resolved via SDS-PAGE and 

visualised using a Typhoon 9200 Variable Mode Imager (Amersham Biosciences). 

Because the samples were solubilised in urea (Lysis buffer) which interferers with 

electrophoresis, they were precipitated with 80 % (v/v) acetone and re-dissolved in 1 

X SDS-loading buffer before rurming. 

To a 1 |xl aliquot of each Cy labelled sample containing 2.5 \ig of protein, 50 \i\ of 

dd.H20, 200 III of ice cold acetone and 5 ^il of 1.5 M Tris-HCl pH 8.8 were added. 
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Samples were mixed by briefly vortexing and left on ice for 10-20 minutes. 

Precipitated protein was collected by centrifugation in a microcentrifuge at 13,000 

rpm for 5 minutes. The supematants were discarded and the pellets allowed dried in 

air for 2-5 minutes before being re-solubilised in 1 x SDS sample loading buffer (see 

section 2.2.4.2) and boiled for 2 minutes. Samples were loaded onto 12 % resolving 

gels and electrophoresed as described in section 2.2.4.3. Resolved protein bands were 

visualised using a Typhoon Variable Mode Imager (Amersham Biosciences) directly 

on the glass platen in fluorescence acquisition mode using the Cy-Dye detection 

parameters listed in Table 2.9. 

2.2.11.5 Large format 2-DE of Cy-Dye labelled protein samples 

Equal 12.5 ^ig quantities of control (Cy3 labelled) and treated (Cy5 labelled) samples 

from the same experiment were mixed together with the same quantity (12.5 p,g) of 

pooled internal standard (Cy2 labelled). The protein concentration of all labelled 

samples was 2.5 pg/^1 (see section 2.2.11.3); therefore 12.5 ^g protein quantities 

equated to 5 ii\ sample volumes. Consequently each sample mix contained a total of 

37.5 pg of protein in a total of 15 p.!. To these samples, 1.4 pi of fresh 50 % (w/v) 

DTT (Melford Laboratories Ltd) in Lysis buffer and 1.4 pi of IPG Buffer 

(Ampholytes) were added (final concentrations 1 % (w/v) DTT and 2 % (v/v) 

Ampholytes) and each sample was made up to a final volume of 70 pi with 

rehydration buffer (9M urea, 2M thiourea, 4% (w/v) CHAPS, 0.002 % (w/v) 

bromophenol blue). Samples were mixed by briefly vortexing and centrifuged for 3 

minutes in a microcentriftige at 13,000 rpm to pellet any insoluble material. Samples 

were loaded on to pre-hydrated IPG strips via an anodic sample cup and focused using 

an Ettan™ IPGphor lEF system (Amersham Biosciences) (see section 2.2.6.3). IPG 
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strips were equilibrated and electrophoresed using an Ettan™ DAUTtwelve system 

(Amersham Biosciences) (see section 2.2.6.8) and the fluorescently labelled resolved 

protein spots were detected using a Typhoon variable mode imager (Amersham 

Biosciences) (see section 2.2.11.6). 

2.2.11.6 Imaging of large format 2-D D I G E gels using a Typhoon Variable 

Mode Imager 

In preparation for scanning the Typhoon Variable Mode Imager was allowed to warm 

up for 30 minutes and the glass platen scanning surface was wiped using CREW® 

wipers lint free tissue with 70 % (v/v) ethanol to remove any particles that may 

fluoresce. Immediately after electrophoresis the low fluorescence glass cassettes were 

removed from the Ettan™ DALT electrophoresis unit and rinsed with distilled H2O. 

When handling these cassettes powder free gloves were worn as the powder used in 

laboratory gloves can fluoresce and may also cause light scattering which can affect 

image quality. The Typhoon imager can only scan two DIGE gels simultaneously and 

therefore the reaming gels waiting to be scanned were rapped in Clingfilm™ and 

stored at 4°C in the dark. Before scanning the low fluorescence glass cassettes were 

wiped dry with lint free tissue and positioned onto the glass platen scanning surface 

between the gel alignment guides. DIGE gels were scanned in fluorescence 

acquisition mode using the 3 mm focal plane and the predefined DIGE Ettan™ DALT 

tray selection area specifying the boundaries of each gel. It was necessary to set the 3 

mm focal plane in order to focus the scanning laser onto the gel surface between the 

glass cassettes. Gel cassettes were also pressed while scanning to prevent them from 

shifting and distorting the gel image. 

117-



The three Cy images (Cy™2, Cy3 and Cy5) for each gel were obtained by scaiming at 

normal sensitivity and using the scan parameters listed in Table 2.9. Pre-scans at 1000 

nm pixel resolution were initially performed for each Cy image. These rapid scans 

were not suitable for quantitative analysis, but when analysed using ImageQuant 

software (Amersham Biosciences) gave an approximation of the expected signal 

values. This aided the identification of a suitable photon multiplier tube (PMT) 

voltage which achieved the target maximum pixel value of 50,000 - 60,000. This 

usually equated to a maximum pixel value between 60,000 - 90,000 on subsequent 

higher 100 nm resolution scans. Providing maximum pixel values did not exceed 

100,000 these gel images were acceptable for quantitative analysis using DeCyder™ 

Differential Analysis software (Amersham Biosciences). Once the PMT voltages for 

each Cy image had been optimised for one gel, these settings were used for all other 

gels within the same experiment. However, to enable accurate quantification of spot 

volumes, the maximum pixel values for all Cy images had to be above 60,000 but 

below 100,000. Therefore, i f necessary, different PMT settings were used for different 

gels in the same experiment. 

2.2.11.7 DeCyder™ Differential Analysis 

2-D DIGE gels were saved as data set file formats (.ds files) and cropped using 

ImageQuant Tools software (Amersham Biosciences). Spot detection, matching and 

volume abundance quantification was conducted across multiple 2-D DIGE gels using 

DeCyderT^"^ Batch processor software (Amersham Biosciences). This required 

previous estimation of total spot number obtained from analysis of a single DIGE gel 

via DeCyderTM DIA software (Amersham Biosciences). Quantification of average 

changes in protein abundance between control and treated samples across multiple 
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repeat 2-D DIGE gels was automatically calculated using DeCyder^M software. 

This software also determined the variance of the average data using a statistical 

paired T-test. Spots showing a > 1.10 fold (10 %) change in abundance and a > 95 % 

statistical confidence were selected for identification via MS. 

2.2.12 Excision of proteins from SDS-polyacrylamide gels for peptide mass 

fingerprinting mass spectrometry (PMF-MS) 

2.2.12.1 Staining and handling considerations of polyacrylamide gels intended 

for PMF-MS 

SDS-PAGE gels intended for protein excision were stained vsdth fi"esh solutions in 

polypropylene tubs previously scrubbed clean with 1 % (v/v) Decon and rinsed with 

dd.H20. To reduce the extent of keratin contamination, gels were kept immersed in 

dd.H20 in scalable staining tubes at all times and handling of gels was kept to a 

minimum. When gels were handed it was always with laboratory gloves as protein 

samples can be contaminated with keratin. 

2.2.12.2 Manual excision of protein bands from mini SDS PAGE gels 

Excision of protein bands from min ID gels was performed within a laminar flow 

sterile air cabinet. Acrylamide gels were transferred onto a glass plate previously 

wiped clean with 70% (v/v) ethanol and rinsed with dd.H20 and protein bands were 

excised using a separate fresh razor blade for each band. Any excess acrylamide was 

trimmed off and the gel slices were subsequently transferred into separate un-

autoclaved 0.5 ml microfuge tubes, pre-rinsed with dd.H20 immediately prior to use. 

Gel pieces were submerged with 100 | i l of dd.H20 and stored at 4°C. 
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2.2.12.3 Manual excision of protein spots from large format 2D gels 

Large format 2D gels were transferred from the staining tub on to a low fluorescence 

glass plate (290 x 250 mm) previously wiped clean with 70 % (v/v) ethanol and rinsed 

with dd.HaO. Due to the fragile nature of large format polyacrylamide gels, a sheet of 

nylon mesh was used to transfer the gel from the staining tub onto the glass plate (see 

section 2.2.8.1). Manual excision of protein spots was performed within a lamina flow 

sterile air cabinet and spots were excised using One Touch Plus Spot Picking Pipettes 

(The Gel Company, San Francisco, California, USA) into separate wells of a 96 well 

microtitre plate (Genomic Solutions) where separate fresh picking tips were used for 

each spot. Laboratory gloves were worn at all times to avoid keratin contamination 

and the 2-D gel was periodically spayed wil l dd.H20 to prevent dehydration. 

2.2.12.4 Robot excision of protein spots from large format 2D gels 

Large format 2D gels were transferred from the staining tub using a sheet of nylon 

mesh on to a low fluorescence glass plate (290 x 250 mm) previously wiped clean 

with 70 % (v/v) ethanol and rinsed with dd.HaO. Reference holes in each comer of the 

gel were made and the gel was subsequently imaged using a ProXPRESS imager 

(Genomic solutions). This image was imported into Phoretix Evolution software (Non 

Linear Dynamics, Newcasfle, UK) and spots selected for identification were detected 

on the gel image. Following this, the same gel was imaged using the CCTV camera of 

the ProPick spot picking robot (Genomic Solutions). This image was imported into 

the Phoretix Evolution software and using the triangulation algorithm and reference 

holes spots selected for picking were automatically located on the ProPick image. The 

generated predicted spot boundaries and centres were manually checked before 

exporting the picking list coordinates to the ProPick robot. During picking the gel was 
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periodically spayed with dd.HiO to prevent it from dehydrating and spots were 

excised into separate wells of a 96 well microtitre plate (Genomic solutions). 

2.2.13 Peptide mass fingerprinting mass spectrometry (PMF-MS) 

All mass spectrometry and associated procedures reported in this thesis were 

performed by Dr J. W. Simon (University of Durham, Biological and Biomedical 

Sciences, South Road, Durham). 

2.2.13.1 Automated in-gel tryptic digestion of protein spots excised from 

polyacrylamide gels in preparation for (PMF-MS) 

Microtitre plates containing gel plugs were transferred to a ProGest Workstation 

(Genomic Solutions) for automated tryptic digestion and peptide extraction according 

to the ProGest long trypsin digestion protocol. This involved the following steps. Fist 

gel plugs were equilibrated in 50 ii\ of 50 mM ammonium bicarbonate which 

neutralises the acid from the destain solution. Samples were subsequently reductively 

alkylated with solutions of 10 mM DTT and 100 mM iodoacetamide, followed by 

destain and desiccation with acetonitrile. Gel plugs are re-hydrated with 50 mM 

ammonium bicarbonate containing 6.6 % (w/v) trypsin (Promega, Delta House, 

Chilworth Science Park, Southampton, SO 16 7NS, UK) and digested overnight. 

Following digestion peptides were extracted from the gel plugs with a solution of 

50 % (v/v) acetonitrile, 0.1 % (v/v) TFA into a final volume of 50 ^1 (2 x 25 \il 

extractions) and lyophilised in a vacuum concentrator. Samples were re-suspended in 

10 |xl of 0.1 % formic acid and sonicated in an ultra sonic water bath for 1 minute. In 

this form samples are used direcfly for both MAL DI and MS-MS analyses. 
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I f gel plugs were from silver stained gels an addition de-staining step was introduced 

at the beginning of the above method. This involved incubation in 50 jil of 300 mM 

potassium ferricyanide, 100 mM sodium thiosulfate for 10 minutes followed by twice 

rinsing with dd.H20 to remove the de-staining reagents. 

2.2.13.2 Matrix assisted laser desorption/ionisation time of flight peptide mass 

fingerprinting (MALDI-ToF PMF) 

MALDI-ToF PMF was performed using a Voyager-DE™ STR BioSpectrometry™ 

Workstation (Applied Biosystems, Warrington, Cheshire, UK). M AL DI target plates 

were prepared for sample application using the thin film M A L D I target spotting 

methodology (Vorm et al, 1994). This involved preparing a solution of 2 parts 

nitrocellulose solution (1 g nitrocellulose dissolved in 100 ml of 50 % (v/v) acetone, 

50 % (v/v) isopropanol) and 3 parts saturated a-cyano-4-hydroxy-cinnamic acid 

solution in acetone (thin film mix) and applying approximately 0.3 |j,l of this thin film 

mix onto each MALDI grid position. Following this, 0.5 ^il of each concentrated 

tryptic digest was spotted directly onto separate MALDI grid positions and left to dry 

of 60 minutes. Each spot was subsequently washed with 5 ^1 of ice cold 0.1 % (v/v) 

TFA which acts to remove any salt from the samples. The TFA was subsequently 

removed and samples allowed to dry. 

Spectra were acquired from 480 laser shots using system parameters optimised for the 

mass range 800-3500 amu. Automated peak detection, noise reduction and peak de-

isotoping was subsequently performed on the obtained spectra using Applied 

Biosystems Data Explorer software. Following this the de-isotoped specfra were 

internally calibrated using the trypsin autolysis peaks 842.5100 and 2211.1046 m/z 
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present in the spectra and the resultant calibrated peak list of peptide masses for each 

sample were used in a MASCOT (www.matrixscience.com) database search of all 

entries available in the NCBInr database using a mass accuracy of 50 ppm. 

2.2.13.3 Liquid chromatography electrospray ionisation tandem mass 

spectrometry ( L C ESI MS-MS) sequencing 

Mass spectroscopic peptide separation and sequencing was carried out on a QSTAR 

PULSARi™ quadrupole time of flight mass spectrometer (Applied Biosystems 

coupled to an UltiMate™ nano UPLC workstation (LC Packings, Abberdann 144, 

1046AA Amsterdam, Netherlands). Following digestion 7.0 ^1 of each concentrated 

tryptic peptide digest was loaded into the auto sample which injected 5 |j.l of digest 

dirrectly onto a C18, 5 fxm PepMap™ nano-precolum (LC Packings). This column 

was previously washed of salts with 400 \il of 0.5 % (v/v) acetonitrile, 0.05 % (v/v) 

TFA. Sample was eluted from the 5 \im PepMap™ nano-precolum with a 6 ml linear 

gradient of 5 % (v/v) acetonitrile, 0.05 % (v/v) TFA to 65 % (v/v) acetonitrile, 0.05 % 

(v/v) TFA through a flow splitter and onto a C18, 3 ^m PepMap™ nano-column (LC 

Packings) for direct infusion at 200 nl/min through a nano-spray tip into the mass 

spectrometer. 

TOF mass spectra were collected between the mass range 100-2000 amu throughout 

the gradient elution. Precursor ion selection and product ion spectra were generated 

using Applied Biosystems BioAnalyst^" software's fully automated switching and 

acquisition procedures. Only multiply charge precursor ion species were selected for 

fragmentation and peptide sequencing. For protein identification all Ms-MS product 

ion spectra generated from each sample were used in a MASCOT 
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(www.matrixscience.com) database search of all entries available in the NCBInr 

database. 

2.2.13.4 MASCOT database searches and protein identification 

Protein identification was attained from both MALDI-PMF and LC MS-MS peptide 

mass data using the MASCOT (www.matrixscience.com) mass spectrometry database 

search software to interrogate all available entries in the NCBInr database 

(www.ncbi.nlm.nih.gov). For MALDI-PMF data, MASCOT database searches were 

performed allowing for single miss cleavages, oxidised methionines and 

carboxylmethyl cysteines as potential modifications and data was required to match at 

better than 50 ppm mass accuracy. For LC MS-MS data, the same modifications were 

allowed for and precursor ion masses together with all un-interpreted MS-MS 

fragmentation spectra for peptides eluted during the gradient were used in the search. 

MASCOT reports the results with a probability based score, the MOWSE score 

(Pappin et al., 1993) derived from all the parameters in the data which match the 

search criteria. The number of peptides which match, the number of fragment ions 

which match, the accuracy at which the ions match and a weighting for matching of 

large peptide fi-agments all contribute to this score. The higher the score the more 

significant the identification (hit) and the less likely it is a result of a random event. 

Several hits were obtained for each set of data searched and the highest scoring hit 

was usually considered as the positive hit. 
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CHAPTER 3 

Establishment of Large Scale Growth, Controlled Culture 

Conditions, Cellular Subfractionation and Proteomic 

Analysis of Soluble and Membrane Associated Proteins in 

Synechocystis sp. PCC6803. 
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3.1 Introduction 

All organisms in nature experience continual changes in their immediate environment 

and depending on their geographical location, risk exposure to extremes of 

temperature, chemical and gas concentration, nutrient and water availability, radiation 

and hydrostatic pressure. Animals exposed to such fluctuations in their environment 

have the ability to move or adopt other behaviours enabling them to avoid such stress-

inducing conditions by exploiting temperate microhabitats in otherwise stressful 

environments (Feder and Hoftnann, 1999). Plants on the other hand do not have such 

luxury to change location (other than through seeds or pollen) and are limited in their 

ability to adjust heat exchange with their environment. Therefore, in order to survive 

in ever changing surroundings, photosynthetic organisms have evolved a variety of 

molecular mechanisms to sense and respond to environmental changes. 

Of the many adaptive strategies to changing environmental factors, high temperature 

resistance of plants is of great economic importance and it is commonly accepted that 

photosynthesis is the most heat-sensitive biological activity of green cells (Yordanov 

et al., 1986). Cyanobacteria have a remarkable capacity to adapt to a wide range of 

environmental conditions and this together with their ease of growth and genetic 

manipulation mean that cyanobacteria have been extensively used to study the heat 

shock and heat acclimatisation strategies of photosynthetic organisms. Moreover, 

investigations utilising unicellular cyanobacteria such as Synechocystis and 

Synechococcus species are particularly common due to their ideal characteristics as 

model research systems. Despite this, little progression has been made in 
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understanding the mechanisms of high temperature perception and 

acclimatisation/survival strategies in these organisms. 

A large proportion of the data on heat shock and heat acchmatisation responses of 

photosynthetic organisms has been obtained from genomic and transcriptomic studies. 

However, it is the proteins that perform cellular functions and few studies have been 

conducted into "global" changes at the protein level. It has been shown that there can 

be little correlation between the messenger RNA (mRNA) abundance and protein 

levels in cells (Haynes et al, 1998, Gygi et al, 1999b; Pennington and Dunn, 2001). 

Consequently, studies at the transcriptome level would miss vital cellular changes. 

Furthermore, postranslational modifications, of which there are over 400 different 

possible types, including acylation, phosphorylation, glycosylation and peptide 

cleavage can often alter the fimction and cellular localisation of the modified protein 

(Haynes et al., 1998; Pennington and Dunn, 2001). Consequently, examination of the 

changes in cellular mRNA levels in response to elevated temperature will not 

necessarily reflect the changes in protein diversity, thus requiring examination at the 

protein level. 

The proteomic methodology of two-dimension gel electrophoresis (2-DE) in 

combination with peptide mass fingerprinting (PMF) has been employed in this 

investigation in order to discover and characterise the protein responses to elevated 

temperature. This methodology was chosen for this investigation for two reasons. 

Firstly, the alternative method of protein identification, Edman N-terminal 

sequencing, has many disadvantages compared to peptide mass fingerprinting. It has a 

lower level of sequence coverage and therefore a reduced level of confidence in 
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protein identities, a lower level of sensitivity and there are also inherent problems 

with obtaining sequence data from N-terminally blocked proteins (Brown, 1979; 

Brown and Roberts, 1976). Secondly, 2-DE and peptide mass fingerprinting 

technology was established in the laboratory, providing an ideal environment for this 

study. However, both 2-DE and peptide mass fingerprinting techniques would require 

optimisation for the specific samples under investigation. Development of 2-DE 

methodology was achieved in this study by conducting a series of experiments, testing 

a variety of different techniques to establish gel reproducibility and optimal 

resolution. PMF technology was tested to ascertain the success rate of positive protein 

identifications, to determine the level of sensitivity and to ensure it could be used as a 

high throughput method for obtaining protein identifications in this organism. 

Fundamental to any proteomic investigation is the availability of amino acid sequence 

data for the organism under study, this can be derived from either expressed sequence 

tags (ESTs), whole genome sequencing experiments or protein sequence data. 

Organisms with an incompletely sequenced genome have a limited number of 

proteins that can be positively identified which therefore affects the success of a 

proteomic study. Synechocystis sp. PCC 6803 has a completely sequenced genome 

(Kaneko et al, 1995, 1996) available through the CyanoBase database 

(www.kazusa.or.jp/cyano/ cyano.html) (Nakamura et al., 1998) and therefore it 

should be possible to match each protein to its corresponding gene. Analysis of the 

Synechocystis genome using GeneQuiz (http://jura.ebi.ac.uk:8765/ext-genequiz/) has 

revealed that function has only been assigned to 64 % of the proteins by homology to 

proteins from other organisms (Iliopoulos et al., 2000). The remaining 36 % 

encompasses those proteins with no assigned function, whether they have homology 
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to proteins with no knovm function (18 %) or have no homologues (18 % ) . With a 

third of the proteins assigned as hypothetical, their encounter is highly likely in a 

proteomic investigation. This is obviously a complication when attempting to 

elucidate the cellular response to elevated temperature. However, their expression is 

interesting as they add previously unknown entities to the response being studied and 

data concerning the regulation of their expression contributes to elucidating their 

function. 

In order to perform an extensive proteomic investigation on Synechocystis it was 

essential to grow large scale cultures capable of generating sizable and unlimited 

quantities of biological material relatively quickly. Because it is well documented that 

faster cyanobacterial growth and high cell yields can be obtained i f cultures are 

continually gassed with 1% CO2 in air (Stanier et al., 1971), Synechocystis cells were 

grown in suspension in this way. Without these gassed large scale cultures, sufficient 

biological material would not have been generated quickly and any analysis would 

have been difficult and restricted. It was also important to establish a highly 

reproducible cell culture system, where environmental factors effecting growth, such 

as temperature and light intensity, were stringently controlled, thus maintaining 

biological uniformity between cultures grown on different occasions. Furthermore, an 

investigation into the response to elevated temperature required two separate culture 

locations where temperature was independently controlled but where all other 

environmental factors were maintained constant. This would reduce the amount of 

biological variability between samples in their responses to elevated temperature. 

Such, a culture system has been developed in Japan by Professor Norio Murata 

(NIBB, Okasaki, Japan) and has been extensively used in a variety of experiments on 
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unicellular strains of cyanobacteria, such as Synechocystis sp. and Synechococcus sp. 

Through collaboration with this group, a cyanobacterial cell culture apparatus, 

adapted from Prof Murata's design, was constructed by John Gillroy, School of 

Biological and Biomedical Sciences, University of Durham, UK. 

The first objective of this investigation was to establish growth and maintenance of 

Synechocystis sp. PCC 6803 within the laboratory and to grow reproducible large 

scale gassed cultures within a strictly controlled environment for experimental 

purposes. Other objectives of this chapter were to develop cellular breakage, 

fractionation and protein extraction methodology capable of generating sufficient 

quantities of protein for subsequent proteomic analysis, to analyse the complexity of 

soluble and membrane associated protein fractions via 2-DE, and develop the 

proteomic methodology for the particular samples under study. 
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3.2 Results 

3.2.1 Growth of Synechocystis cultures 

Synechocystis cultures were initiated from frozen DMSO stocks and grown using BG-

11 media (Allen, 1968) (see material and methods). Cells were maintained on agar 

plates or slopes (Figure 3.1a) and as 100 ml shaking suspension cultures in 500 ml 

conical flasks (Figure 3.1b), where it was standard practice to subculture every month 

using the previous suspension culture as the inoculum. Suspension cultures were 

shaken at 120 rpm using an orbital shaker (Figure 3.1c) The culture environment was 

sustained at 32°C within a growth room where a series of fluorescent tubes provided 

constant illumination at approximately 30 m'^ s'\ 

A purpose built cyanobacteria growth apparatus (adapted from Prof Norio Muarta's 

design, NIBB Japan) was constructed to grow large scale Synechocystis suspension 

cultures quickly in a strictly controlled envirormient for experimental purposes 

(Figure 3.2). Temperature and light intensity could be kept constant or adjusted 

accordingly and were maintained at 34°C and 70 fiE m"̂  s'' respectively for normal 

growth. Temperature was maintained through the use of water baths and two 

independently confrollable baths were available for heat shock experimentation. To 

limit evaporation of water from the baths and therefore accurately maintain culture 

temperature, plastic balls were floated on the surface of the water. Illumination was 

provided laterally from a bank of three white fluorescent tubes positioned either side 

of the culture. Intensity could be adjusted by selectively switching lights on or off and 
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Figure 3.1. Maintenance of Synechocystis sp. P C C 6803 cells grown using BG-11 
medium on solid agar and as shaking suspension cultures. 

Synechocystis cells grown on solid BG-11 media supplemented with 1.5 % (w/v) agar 
(A) and in suspension in 500 ml conical flasks containing 100 ml of liquid BG-11 
media (B). A l l cultures were incubated at 32°C under 30 |xE m"̂  s"' light provided by 
white fluorescent tubes where suspension cultures were continually aerated by 
shaking at 120 rpm using an orbital shaker (C). Growth in this fashion was 
maintained by inoculating fresh media once a month. 
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Figure 3.2. Cyanobacterial cell culture system. 

A, schematic diagram of the cyanobacterial culture system illustrating aerial and side 
views. B, Photograph of cyanobacterial culture system. Two water baths were 
available in the cell culture apparatus, each accommodating a total of 4 test tube 
cultures and 2 flask cultures (Figure 3.3). Temperature was maintained in each water 
bath via its ovm variable heater and could be adjusted accordingly. Water was heated 
by a heating coil and circulated throughout the bath by an impeller. The presence of 
two water baths permitted cultures to be grown under normal conditions in one bath 
and then exposed to elevated temperature in the second bath. For normal growth, 
temperature was maintained at 34°C. Cultures were illuminated through the use of 
two banks of three white fluorescent tubes, the intensity from which in the centre of 
the water bath was adjusted to 70 m"̂  s"' of PAR. Cultures were aerated with 
moistened 1 % CO2 in air through a glass delivery tube (Figure 3.3). This gas mix was 
moistened by being bubbled through sterilised dd.H20 in order to reduce evaporation 
from cultures, a side effect of aeration. The gas flow rate could be regulated 
independently for each Synechocystis culture through the use of taps. 
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for normal growth, top and bottom fluorescent tubes on both sides of the culture were 

used. Cultures were grown using 125ml test tubes and 1 litre flasks (Figure 3.3) which 

were held securely in the water baths by plastic grips and were continuously gassed 

through a sterile glass tube (Figure 3.3) with 1% (v/v) CO2 in air for rapid division 

and as a result were named "gassed cultures". This gas mix was moistened before 

being introduced into the culture to reduce the extent of evaporation and sterilised by 

passing through a 50 )j.m filter. Gas flow rate could be regulated independently for 

each Synechocystis culture through the use of taps. As a general rule the correct gas 

flow rate was judged to be when approximately 3 bubbles of gas were seen on the 

surface of the culture at any one time. 

The vessels employed for Synechocystis growth within this growth apparatus were 

also purposely designed (Figure 3.3). Culture volumes of 20 - 100 ml could be 

grown within the 125 ml cultures tubes and large scale 200 ml ~ 1 litre cultures could 

be grown in the 1 litre culture vessels (VWR international Ltd, Merck House, Poole, 

Dorset, BH15 ITD, UK) (Figure 3.3). The latter were adapted by Durham 

University's glass blowing facility to have a curved base and an extended neck. The 

curved base was created to facilitate the circulation of cells within the vessel and thus 

preventing cells from precipitating. The neck of the flask was extended to 

accommodate the porous bung which supported the gas delivery tube and allowed gas 

to escape from the culture flask. 

Cell growth of Synechocystis suspension cultures was monitored by following the 

change in Absorbance Avjonm- Growth of Synechocystis gassed cultures followed a 

classical sigmoid pattern and the exponential growth rate of these cultures 
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Figure 3.3. Synechocystis aerated suspension cultures. 

A , a schematic diagram of the culture vessels and aeration delivery system used to 
grow gassed Synechocystis suspension cultures. B, photograph of the culture vessels 
and aeration system. Synechocystis cells were routinely grown in suspension in 1 litre 
glass flasks and 125 ml glass test tubes typically containing 500 ml and 50 ml of 
sterilised BG-11 media, respectively. These cultures were aerated with 1 % CO2 in air, 
transported through rubber tubing and introduced into the culture through a sterilised 
glass tube. This aeration tube was positioned within the vessel so that gas entered at 
the bottom of the culture which, together with the rounded base of the vessels, 
circulated the culture and prevented cells from precipitating. Before gas entered the 
vessel it passed through a double fiher system, composed of first a 50 \im filter 
positioned into the neck of the aeration tube via a rubber bung and second a bung of 
non-absorbent cotton wool lodged into the aeration tube bulb. The 50 |j.m filters were 
sterilised before use and the cotton wool bung was sterilised in position together with 
the glass aeration tube. The gas bubbled through the culture escaped through a porous 
bung at the neck of the vessel, which was also sterilised in position with the glass 
aeration tube. 
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was far quicker than that of shaking cultures, over 9 times faster (Figure 3.4). 

Furthermore, higher cell yields could be achieved with gassed cultures with A730 

exceeding 10.0, where as shaking suspension cultures reached an A730 of 

approximately 6.0, almost half that of gassed cultures (data not shown). Synechocystis 

gassed cultures, upon subculturing, entered a short lag phase for approximately 24 

hours, after which time the cultures maintained exponential division for about 4 days. 

Following this period, the rate of cell growth decreased and the cultures entered 

stationary growth. In contrast, shaking cultures demonsfrated a lag phase for 

approximately 48 hours, after which they continued to grow exponentially for over 2 

weeks. Both culture types displayed minimal variation between replicates, as 

indicated by the narrow standard error of means. In conclusion, Synechocystis cultures 

demonstrated highly reproducible growth rates. Furthermore, higher cell densities and 

quicker growth rates could be obtained i f cells were grown within the growth 

apparatus where cultures were continually gassed with 1% (v/v) CO2 in air. 

3.2.2 Cellular breakage 

Having established the growth pattern of Synechocystis cells (see section 3.2.1), it was 

important to determine the efficiency and quantity of sample which could be prepared 

from exponentially growing cultures following cellular disruption. Various techniques 

exist for cell breakage (for a comprehensive description see Berkelman and Stenstedt, 

2001) and have to be optimised as certain techniques are far more efficient than 

others. This is significant because quantity of sample ultimately determines the extent 

of the proteomic investigation which can be performed. With a system where sample 
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Figure 3.4. Growth of Synechocystis cells as shaking and gassed cultures. 

Four gassed cultures and four shaking cultures were prepared. Each culture contained 
100 ml of sterilised BG-11 media and was inoculated with Synechocystis cells from a 
previous shaking suspension culture to a starting A730 of ~ 0.001. Shaking cultures 
were incubated in a growth room at 32°C under fluorescent tubes providing ~ 70 ^E 
m"̂  s'' PAR. Gassed cultures were grown in the cyanobacterial growth apparatus at 
32°C where they were continuously gassed with moistened 1% CO2 in air and 
illuminated with fluorescent tubes providing ~ 70 ^E m'^ s ' PAR. Growth of these 
cultures was monitored in terms of turbidity by measuring the absorbance at 730 nm 
at the times indicated. The plots are representative of the average data obtained from 
the four replicate cultures for each growth method and error bars indicate standard 
error of mean. 
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preparation is complicated and quantity is sparse, proteomics experimentation is 

difficult and without scope for improvement or development. 

Synechocystis is a gram negative prokaryote and therefore possesses a complex cell 

wall. The cell wall acts as a rigid barrier and fimctions to provide protection against 

osmotic pressure and cell lysis. Consequently basic cell breakage techniques such as 

freeze-thaw are inefficient when extracting internal cellular components. In order to 

rupture these cells more abrasive methodologies were employed i.e. glass bead and 

French press techniques. To determine the efficiency of Synechocystis cell breakage 

using these two techniques, liberated protein and chlorophyll quantities were 

measured and compared. Synechocystis cells were harvested from an exponentially 

growing (A730 1.130) 500 ml aerated culture generating a wet pellet mass of 2.23 g 

and were re-suspended in 20 ml of ice cold extraction buffer (20 mM Tris-HCl pH 

8.0, 1 mM EDTA, 2 mM DTT). This ice cold extraction buffer functioned to prevent 

protease action during cell lysis. Half of the cells were broken using glass bead 

shearing where 10 ml of the cell suspension was transferred to a pre-chilled 50 ml 

glass test tube containing 10 ml of pre washed glassed beads (106 fun in diameter). 

This cell/glass bead suspension was vortexed in 30 second bursts for a total of 10 

minuets. After each vortex burst the broken cell slurry was put on ice, an aliquot 

removed and analysed for protein and chlorophyll content (Figure 3.5a). Protein 

concentration was determined via Bradford assay and chlorophyll content was 

determined spectrophotometrically (Aug). The remaining half of the cell suspension 

was broken via French press technique using a Basic Z Cell Disrupter (Constant 

Systems Ltd.), where 10 ml of suspended cells in ice cold extraction buffer were twice 

passed through the machine at 24.5 KPSI and the protein content of the 

-139-



+ 450 

4- 350 

+ 300 

+ 150 

+ 100 

3 4 5 6 7 8 9 10 

Time (min) 

Figure 3.5. Liberation of total soluble protein (TSP) from Synechocystis cells via 
glass bead breakage and French press techniques. 

Synechocystis cells from a 500 ml culture with an A730 of 1.13 were harvested via 
centrifugation giving a wet pellet mass of 2.23 g. Half of the cells were broken with 
glass beads (106 pm in diameter) for a total of 10 minuets. In 30 second intervals, 
protein and chlorophyll content was analysed (A). Protein concentration was 
determined via Bradford assay ( • ) and chlorophyll content was determined 
spectrophotometrically (Abs A418) ( • ) . The remaining half of the cell suspension was 
broken using French press, where suspended cells in extraction buffer were twice 
passed through the machine at 24.5 KPSI and the protein content of the resultant 
suspension was determined via Bradford assay (B). 
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resultant suspension determined via Bradford assay (Figure 3.5b). The quantity of 

protein and chlorophyll liberated by the glass bead method increased linearly for 

approximately 6-7 minutes before levelling off, signifying that optimal breakage had 

been achieved after approximately 7 minutes. In comparison, the French press method 

liberated a quantity of protein comparable to that released after 6.5 minuets of glass 

bead shearing, indicating that the French press technique was highly efficient at lysing 

the cells. 

Although the French press technique was quick and efficient, it could only be used 

when breaking cells from large culture volumes. This was because the internal piston 

cavity volume of the Basic Z Cell Disrupter was 10ml and must be filled to avoid 

damaging the system. Standard cell breakage technique involves concentrating the 

harvested cells 10 fold before shearing and therefore only cells from cultures with 

volumes greater than 100 ml could be broken using French press. As a result, cells 

from cultures with volumes less than 100 ml were broken using glass beads and where 

sheared for a total of 6 minutes. Most documented glass bead breakage methods for 

cyanobacteria involve shearing cells for a total of 3 minutes. This amount of time is 

not sufficient to obtain maximum cell breakage as shown by the glass bead breakage 

experiment (Figure 3.5a). 

Quantity and availably of sample is an important issue in any analysis as it can be a 

limiting factor. In this case it is not so as milligram quantities of protein were 

extracted easy and efficiently, as shown by the plots of protein liberation from glass 

bead and French press broken cells (Figure 3.5), and fresh samples could be generated 

in a matter of days. 
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3.2.3 Subcellular fractionation and biological uniformity 

Growth of Synechocystis was discovered to be highly reproducible from one culture to 

the next (3.2.2). However, it was important to establish whether the cells between 

different cultures were in fact uniform at the molecular level. To investigate this, both 

total soluble and membrane fractions were isolated from the cell lysate of multiple 

cell cultures and analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

(Figure. 3.6c). Cells were harvested from four different 50 ml exponentially dividing 

gassed cultures grown on different occasions and broken with glass beads (see 

materials and methods). Broken cells samples were subsequently fractionated using 

ultracentrifugation into soluble and membrane extracts (see materials and methods). 

The protein concentration of the soluble and membrane fractions was determined by 

Bradford (Figure. 3.6a) and TCA Lowry assay (Figure. 3.6b), respectively, and 50 ̂ ig 

of protein from each sample were loaded onto 12 % polyacrylamide resolving gels. 

SDS-PAGE revealed that the soluble and membrane protein fractions have distinct 

profiles and different degrees of complexity, with the membrane fraction appearing to 

have a less complex nature. In addition, both fractions were reproducible between 

different preparations, grown under the same conditions. 
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Figure 3.6. Evaluation of reproducibility and solubility of soluble and membrane 
protein extracts from exponentially growing Synechocystis cells. 

Soluble and membrane fractions were isolated from Synechocystis cells harvested 
from four different 50 ml exponential dividing gassed cultures (A730 ~1.0) grown on 
different occasions. Protein concentration from both soluble and membrane fractions 
was determined via Bradford assay (A) and TCA Lowry assay (B), respectively. 50 
|xg of protein from all soluble and membrane samples were resolved via SDS-PAGE 
using 12 % polyacrylamide gels and the resolved protems bands were visualised by 
staining with Coomassie Blue (C). 
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3.2.4 Two-dimensional gel electrophoresis (2-DE) of Synechocystis soluble 

proteins, analysis of sample complexity and optimisation of 2-DE technique. 

3.2.4.1 Sample preparation for 2-DE 

Having established sample preparation and determined biological uniformity, the next 

requirement was to extract and separate Synechocystis soluble and membrane proteins 

via two-dimensional gel elecfrophoresis (2-DE). The methodology behind 2-DE is 

fundamentally sample dependent and therefore it was important to optimise for each 

sample. The following section describes the experimentation performed for 

optimisation of 2-DE for resolution of the soluble protein fraction. This was attempted 

first as it is well known that soluble proteins resolve far more successfully on 2D gels 

than membrane associated proteins due to there hydrophilic nature. 

2-DE separates a mixture of proteins by two physical factors, pH and molecular 

weight. Before separation, extracted Synechocystis soluble proteins were precipitated 

with 80 % acetone, re-solubilised in a urea based buffer denoted lysis buffer (9M 

urea, 2M thiourea, 4 % (w/v) CHAPS) and their concentration determined via a 

modified Bradford assay (see materials and methods section). The precipitation step 

removes any components from the soluble protein extract that may interfere with 

protein separation, such as salts and nucleic acids. It was therefore important to 

determine whether any proteins were lost as a result of the precipitation and re-

solubilisation steps. To investigate this, the direct soluble lysate and lysis buffer 

solubilised protein profiles were compared via SDS-PAGE (Figure 3.7). This result 

proved that the soluble lysate and lysis buffer solubilised protein profiles were 
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Figure 3.7. Comparison of tlie protein diversity present in the isolated soluble 
fraction from Synechocystis and that soluble by lysis buffer. 

Soluble protein fractionated from broken Synechocystis cells was precipitated with ice 
cold 80 % acetone and solubilised in lysis buffer (9 M urea, 2 M thiourea, 4 % (w/v) 
CHAPS). Any insoluble material was removed by cenfrifligation and the protein 
concentration of the supernatant determined via modified Bradford assay. Lysis buffer 
solubilised protein was re-precipitated with 80 % ice cold acetone and 50 mM and 
Tris-HCL pH 8.8. The precipitated protein was solubilised in 1 x SDS loading buffer 
and aliquots containing 1, 5 and 10 ^g of total protein, calculated from the modified 
Bradford assay, were resolved via SDS PAGE along with 1, 5 and 10 ng aliquots of 
protein from the initial isolated soluble fraction. 
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identical and that no visible protein constituents of the soluble fraction were 

differentially lost as a result of the precipitation and re-solubilisation process. 

3.2.4.2 Analysis of 2D gel reproducibility 

Within the 2-DE methodology, solubilised proteins are initially subjected to iso

electric focusing (lEF), which separates the proteins by pH. In this process, proteins 

are loaded onto an immobilised pH gradient (IPG) strip through which a current is 

passed; this causes the individual proteins to migrate to their intrinsic pH. There are a 

variety of IPG strips available that differ in size and pH range and therefore their use 

can be adjusted for the particular sample under study and for the type of analysis 

conducted. Depending on the size of the IPG strip together with the visualisation stain 

used, different quantities of protein were loaded onto the 2D gels (Table 3.1). In this 

study I have used small (7 cm) and large (18 cm) IPG strips in combination with a 

variety of stains, including Coomassie, Silver Nitrate and SYPRO Ruby. Small (7 cm) 

broad range (pH 3-10) IPG strips with conventional mini 12 % polyacrylamide gels 

were routinely used as an analytical tool for testing sample solubility and 2D gel 

reproducibility (Figure 3.8). These "mini" 2D gels were usually stained with 

disruptive silver and therefore 20 |xg of Synechocystis soluble protein was loaded via 

in-gel rehydration (IGR) into each IPG strip and subjected to mini 2-DE (see material 

and methods). Results demonstrated that 2D gel profiles were reproducible across 

multiple samples whether they were prepared and run on the same day or on different 

days. Such analysis can be completed in a day and was, as a rule, conducted on any 

sample before performing large format 2-DE analysis. This is because; large format 
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Table 3.1. Protein loadings routinely used for different IPG strip sizes with 
different protein visualisation stains. 

2D gel size IPG strip size Staining Method Protein Loading 

Coomassie Brilliant Blue 200 

Mini 7 cm Silver 20 

SYPRO Ruby 50 

Coomassie Brilliant Blue 1000 

Large 18 cm Silver 200 

SYPRO Ruby 200 
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Figure 3.8. 'Mini' pH 3-10 two-dimension gel electrophoresis of Synechocystis 
soluble proteins performed on two different days. 

Soluble protein isolated from 6 different Synechocystis cultures was acetone 
precipitated, re-solubilised in lysis buffer and the protein concentration determined via 
modified Bradford assay. 20 of protein from each culture was loaded via m gel 
rehydration (IGR) into 7 cm pH 3-10 dry immobilised pH gradient (IPG) strips. 
Proteins were resolved in the 1*' dimension (horizontal) via isoelectric focusing (lEF) 
and in the second dimension (vertical) via mmi SDS PAGE using 12 % acrylamide 
resolving gels. The resolved protein spots were visualised with disruptive silver 
staining and imaged. 2-DE and staining of these 6 samples was performed on 2 
different days, Gels A, B and C were electrophoresed and stained together one day 
and gels D, E and F were processed together on a separate day. 
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gels require a significant amount of expensive resources and take a considerable 

amount of time to perform, approximately 3-4 days. 

3.2.4.3 Improving the resolution of Synechocystis soluble proteins by the use of 

narrow pH Isoelectric Focusing (pH 4-7 and pH 4.5-5.5) 

Studying mini 2D gels of Synechocystis soluble proteins revealed that protein 

separation was good and little i f no streaking was evident. However, when examining 

the overall spot profile it was clear that the majority of soluble proteins were acidic 

and resolved within the pH range 4-7. As a result, the majority of protein spots had 

merged together because of the lack of resolving area. This was a major concern, as 

one of the sources of artefacts in protein identification via 2-DE and peptide mass 

fingerprinting is the possibility of two or more proteins migrating to the exact same 

position on the 2D gel. Proteins do this because they share similar isoelectric point 

(pi) and molecular weight (MW) properties. To improve the 2D gel profile and 

minimise the possibility of more than one spot migrating to the same position, narrow 

range IPG strips with pH ranges 4-7 and 4.5-5.5 were employed (Figure 3.9). 200 jig 

of Synechocystis soluble protein was loaded via IGR over night into the 18 cm IPG 

strips and subsequently focused using a MultiPhor™ I I lEF system (Amersham 

Biosciences). Following lEF, IPG strips were equilibrated and layered on top of large 

format 12 % polyacrylamide gels and electrophoresed using a Hoefer DALT system 

(Amersham Biosciences). Resolved spots were stained with SYPRO Ruby fluorescent 

stain (Genomic Solutions) and imaged using a ProXPRESS imager (Genomic 

Solutions). This analysis illustrated the improved resolution obtained when using 

narrow range IPG strips, as spots seen on the pH 3-10 gels were further separated into 
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Figure 3.9. Improving the resolution of Synechocystis soluble proteins by the use 
of zoom 2D gels. 

A, 20ng of protein was loaded via in gel rehydration (IGR) into a 7 cm pH 3-10 dry 
immobilised pH gradient (IPG) strip. Proteins were resolved in the 1'' dimension 
(horizontal) via isoelectric focusing (lEF) and in the second dimension (vertical) mini 
SDS PAGE using mini 12 % acrylamide resolving gels. The resolved protein spots 
were visualised with disruptive silver staining and imaged. B & C, 200 ^g of protein 
was loaded via IGR into separate 18 cm dry IPG strips, pH 4-7 (B) and pH 4.5-5.5 
(C). Proteins were resolved in the T' dimension (horizontal) via isoelectric focusing 
(lEF) and in the second dimension (vertical) via SDS PAGE using large format 12 % 
acrylamide resolving gels. Resolved protein spots were visualised via SYPRO Ruby 
staining and imaged. 
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multiple clearly defined spots on the pH 4-7 and pH 4.5-5.5 gels. Examples of such 

improved resolution have been labelled in Figure 3.9, notably spots 1, 2, 3 and 4 on 

the pH 3-10 gel have been separated into multiple spots on the pH 4.5-5.5 gel. 

3.2.4.4 Different protein loading methods into IPG strips ultimately effects 

protein resolution 

Protein sample can be applied into IPG strips either during rehydration, called in-gel 

rehydration (IGR) (Rabilloud et al, 1994; Sanchez et al., 1997), or by directly 

applying to the rehydrated IPG strip via sample cups, called cup loading (Gorg et al., 

1999, 2000; as used by Sazuka et al., 1997, 2000). In both cases the IPG strips, which 

are purchased in a dehydrated form, are rehydrated over night with rehydration buffer 

(9 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 1 % (w/v) DTT, 2 % (v/v) Pharmalyte, 

0.002 % (w/v) bromophenol blue). With IGR loading the protein sample itself is 

dissolved in the rehydration buffer. Cup loading, on the other hand, involved 

separately rehydrating the IPG strips and then applying the protein sample, also 

solubilised in rehyrdation buffer, into the anodic end of the IPG strips via a small 

plastic cup during lEF. Therefore, it was important to compare these two methods to 

identify which gave the best separation. It is important to note that protein samples 

can also be cup loaded at the cathode; however, because the majority of Synechocystis 

soluble proteins are acidic, anodic loading was preferred. 

Protein loading methods were compared using pH 4-7 18 cm IPG strips focused using 

an IPGphor™ lEF system (Amersham Biosciences) and subjected to SDS-PAGE 

using an Ettan™ DAVY twelve unit (Amersham Biosciences) with large format 12 % 
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polyacrylamide resolving gels. Resolved spots were subsequently visualised with 

silver staining. These gels were chosen as they separated a large number of proteins 

with high quality resolution and sensitivity. Different amounts of protein loaded into 

IPG strips were also compared to identify i f certain loading methods managed better 

with higher protein quantities than others. This was an important question to answer 

for two reasons. Firstly, different gels have different purposes and therefore require 

different quantities of protein. For example, it is only necessary to have small 

quantities of protein on analytical gels, enough to be able to visualise the resolved 

protein spots. In contrast, preparative picking gels require much higher protein loads 

to generate enough material per protein spot for identifying via PMF. Secondly, 

because protein spots responding to a treatment are discovered on analytical gels and 

are subsequently excised from preparative gels for identification, these two separate 

gels must be comparable. This is necessary in order to be confident that the spots 

being excised correspond to those that have been discovered to change in abundance, 

and are therefore correctly identified. 

Results comparing the two protein loading methods (Figure 3.10) showed that the 

resolution achieved with cup loading was far greater than with IGR across all protein 

loading quantities. This is contradictory to previous comparisons (Rabilloud et al, 

1994). Reasons for this may be due to the presence of salts in the protein sample 

which migrate through the entire strip with IGR but not with anodic cup loading, or 

due to the dominance of acidic proteins in the Synechocystis soluble protein fraction 

which therefore do not have to travel as far distances with anodic cup loading. Also, 

low abundant spots were less visible on high loaded gels. This is a problem of silver 

staining, as on higher loaded gels more abundant protein spots will converge the more 

-153-



Figure 3.10, Comparison of the resolution quality of Synechocystis soluble 
proteins achieved by cup and in gel rehydration (IGR) protein loading methods 
into IPG strips. 

Synechocystis soluble protein was loaded into 18 cm pH 4-7 IPG strips via cup 
loading using 200 ^g (A), 400 ^ig (B) and 800 ^ig (C) of protein and in gel rehydration 
(IGR) also using 200 ^g (D), 400 ^g (E) and 800 ^g (F) of protein. Proteins were 
resolved via lEF and large format 12 % SDS-PAGE and visualised via disruptive 
silver staining. 
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the gel is developed. Therefore gels are usually underdeveloped, leaving low abundant 

spots less visible than possible. However, resolution of cup loaded 200 jig and 400 p,g 

of protein were sufficiently comparable allowing their use for analytical and picking 

gels, respectively. Cup loading was therefore obviously the preferred method for 

protein loading as this gave far better resolution. However, this effected the required 

concentrations of protein samples for generation of preparative picking gels as the 

maximum protein sample volimie applied via cup loading was restricted to 

approximately 100 \il (Berkelman and Stenstedt, 2001). Consequently, in order to 

load in excess of 400 jig of protein into an IPG strip using cup loading, a realistic 

quantity of protein required for obtaining successful spot identifications, the 

concentration of the protein sample must be over 4 \ig ixl'V This is not an issue when 

loading via IGR, as rehydration solution volumes for large (18 cm) IPG strips may be 

up to 450 fil, meaning sample concentrations could be as low as 1.8 |xg 

3.2.4.5 Different Acrylamide concentrations utilised in second dimension 

separation affects the resolvable molecular weight range 

Polyacrylamide is the medium through which proteins are separated by MW and due 

its physiochemical properties, the concentration of acrylamide can be adjusted to 

allow the separation of different molecular weight ranges. High concentrations (15-20 

%) increase the area of separation for low MW proteins and low concentrations (10-

12 %) increase the area of separation for high MW proteins. However, by increasing 

the area of separation for one you reduce the area of separation for other. Often, 

increasing acrylamide concentration causes high molecular weight proteins to 
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converge and decreasing the acrylamide concentration causes low molecular weight 

proteins to remain in the dye front. 

I have routinely used 12 % polyacrylamide resolving gels in my analyses for both ID 

(SDS-PAGE) and 2D gels. However, when examining the large format 12 % 

polyacrylamide 2D gels of Synechocystis soluble proteins it was clear that some 

proteins remained in the dye front (Figure 3.11a). Therefore, analysis of 2D protein 

resolution using 15 % polyacrylamide resolving gels was conducted (Figure 3.11b) 

and compared to that achieved using 12 % polyacrylamide resolving gels. In this 

analysis, 200 ^g of Synechocystis isoluble protein was cup loaded into two pre-

hydrated 18 cm pH 4-7 IPG strips, focussed using an IPGphor^" lEF system 

(Amersham Biosciences), subsequently electrophoresed using an Ettan™ 

DALT/we/ve unit (Amersham Biosciences) and resolved proteins were stained with 

disruptive silver. This result revealed that over 50 additional proteins spots were 

resolved above the dye front using 15 % polyacrylamide resolving gels not previously 

seen on 12 % polyacrylamide gels. However, separation of higher MW proteins 

throughout the rest of the gel had been reduced. In conclusion any proteomic 

investigation using 2D gels would require an analysis at both 12 % and 15 % 

acrylamide concentrations. 

3.2.4.6 Testing of Duracryl, a high tensile strength acrylamide alternative 

One of the problems of large format polyacrylamide gels is their tendency to tear due 

to their size and weight, which can cause difficulties when moving, staining and 

picking proteins spots. Consequently, it was important to look for a possible 
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Figure 3.11. Analysis of the resolvable molecular weight range of Synechocystis 
soluble protein using 12% and 15% large format acrylamide gels. 

200 ng of Synechocystis soluble protein was cup loaded into two 18 cm pH 4-7 pre-
hydrated IPG strips and resolved via lEF in the dimension and large format SDS 
PAGE using 12 % (A) and 15 % (B) polyacrylamide gels. Resolved protein spots 
were visualised via disruptive silver staining and imaged. 
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alternative. One such alternative tested in this investigation was Dxaacryl™ (Genomic 

Solutions) (Patton et al., 1991), a high tensile strength acrylamide substitute that is 

easily handled without fear of tearing. Before Duracryl™ was put to use in a real 

experiment, its ability to separate proteins on ID and 2D gel formats was analysed 

and compared to that of conventional acrylamide. Comparison of Synechocystis 

soluble protein resolution via 12 % acrylamide and DuracryF" SDS-PAGE 

demonstrated that the acrylamide and Duracryl™ ID protein profiles are different, 

especially in the high molecular weight range (Figure 3.12). To determine whether or 

not this difference had an effect on the overall 2D profile, 200 fig of Synechocystis 

soluble protein was cup loaded into 18 cm pH 4-7 IPG strips, focused using an 

IPGphor™ unit and subsequently subjected to large format SDS-PAGE performed 

through both 12 % acrylamide (Figure 3.13a) and 12 % Duracryl™ (Figure 3.13b) 

resolving gels using an Ettan™ DkLltwelve system. Resolved spots were stained 

with SYPRO ruby fluorescent stain (Genomic Solutions) and visualised using 

Typhoon imager (Amersham Biosciences) in fluorescence acquisition mode. This 

result showed that although overall protein resolution with Duracryl™ was good, as 

seen wdth conventional acrylamide, high molecular weight proteins resolved as tear 

drop shaped spots rather than spherical shaped spots. When the abundance of 

individual protein spots was high or when spots had similar molecular weights, this 

tear drop artefact caused them to converge. Evidence of this artefact was more 

prominent with increased protein loading (data not shown). Consequently, when 

attempting to attain identification of converged spots there is a possibility of miss-

characterisation due to the presence of contaminating protein. It was therefore 

concluded that DuracryF"^ was an unsuitable solution to the tearing problem of 

polyacrylamide gels in this particular study. 
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Figure 3.12. Comparison of Synechocystis soluble protein separation via SDS 
PAGE using 12% acrylamide and 12% DuracryF** resolving gels. 

Synechocystis soluble protein was separated via SDS PAGE using a 12% acrylamide 
resolving gel (Lanes 1 & 2) and a 12 % Duracryl™ resolving gel (Lanes 3 & 4). 
Each lane containing 5 jig of protein. Separated bands were stained with SYPRO™ 
Ruby and visualised via fluorescence imaging. 
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Figure 3.13. Comparison of the 2D resolution of Synechocystis soluble proteins 
using acrylamide and DuracryF*^ l*"* dimension resolving gels. 

200^g of Synechocystis soluble protein was cup loaded into two pre-hydrated pH 4-7 
IPG strips and resolved via lEF in the first dimension and large format SDS PAGE in 
the second dimension using 12 % acrylamide (A) and 12 % Duracryl™ (B) resolving 
gels. Resolved protein spots were stained via SYPRO™ Ruby and imaged. 
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Although the use of DuracryF"^ as a high tensile strength alternative to acrylamide 

had not been plausible, other solutions were available. One such solution used was to 

fix gels onto low fluorescence glass plates using PlusOne Bind-Silane (Amersham 

Pharmacia Biotech). These "backed" gels, once electrophoresed, were stained with 

SYPRO Ruby and scanned using a Typhoon florescence imager attached to the glass 

plate. This type of scanner is able to scan backed gels as it focuses the excitation laser 

above the plain of the glass plate and onto the surface of the gel itself This solution 

was adequate for analytical gels, but not suitable for preparative gels as excision of 

spots fi-om backed gels using the in house ProPick robot spot picker (Genomic 

Solutions) was not possible at the time of study. This is however now possible. 

Consequently, in order to increase the strength of conventional acrylamide gels 

intended for spot picking, the thickness of the gels were increased from 1 mm to 1.5 

mm. This additional 50 % provided sufficient strength to the gel allowing successfully 

staining, imaging and picking without tearing. However, one draw back of increasing 

the thickness of preparative 2D gels is that you increase the quantity of acrylamide in 

excised spots. The greater the amount of acrylamide in an excised spot the lower the 

efficiency of tryptic digestion and thus the lower the number of tryptic peptides for 

PMF identification. 

3.2.4.7 The presence of series of spots with similar molecular weight but 

different p/ on 2D gels, a result of re-oxidation or real biological isoforms? 

All previous 2-DE analysis of Synechocystis soluble proteins has shown some protein 

spots to resolve in "trains" as a series of spots v^th similar molecular weights but 

different pi's. It was therefore important to determine i f spots within the same train 
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were in fact isoforms of the same protein and, if they were, ascertain the cause of their 

formation. One such known reason for the formation of "trains" is carbamylation of 

proteins by amidated urea in the lysis buffer used to solubilise the protein sample. 

However, it is unlikely that this is the cause as you would expect to see all or most of 

the proteins on a 2D gel suffering from the effects of carbamylation and, in the case of 

Synechocystis soluble proteins, only a select few show multiple isoforms. Another 

cause of their formation may be a result of proteins re-oxidising during the lEF 

dimension as proteins are not reductively alkylated until after lEF. Although DTT is 

present in the IPG strip during lEF to maintain protein reduction, it migrates towards 

the anode away from the proteins due to its charge. This therefore generates an 

environment in which proteins are able to oxidise. A final possibility for their 

presence in the 2D gel profile is that they are in fact real biological isoforms. 

In order to determine whether the protein "trains" were a result of re-oxidation during 

lEF or in fact real biological isoforms, pre-IEF reductively alkylated soluble protein 

was analysed via 2-DE and compared to the 2D profile of post-IEF reductively 

alkylated soluble protein (Figure 3.14). Protein samples were reductively alkylated 

pre-IEF immediately after acetone precipitation by solubilising the protein precipitate 

in lysis buffer containing 100 mM Tri-butylphosphine for 2 hours and then adding 

lysis buffer containing 100 mM iodoacetamide to a final concentration of 50 mM and 

incubating of 30 minutes. Following this, 200|xg of reductively alkylated and non-

modified Synechocystis soluble protein samples were cup loaded into two separate 

pre-hydrated 18 cm pH 4-7 IPG strips and focused using an IPGphor lEF system 

(Amersham Biosciences). Strips were subsequently equilibrated where only the non-

modified sample was reductively alkylated according to standard 2-DE methodology 
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Figure 3.14. Effect of pre- and post-IEF reductive alkylation methods on the 
resolution of Synechocystis soluble protein isoforms. 

A, 200 ^g of Synechocystis soluble protein, cup loaded into an 18 cm pH 4-7 pre-
swelled IPG strip, focused via lEF and subsequently equilibrated in equilibration 
solution with 1 % (w/v) DTT followed by 4.8 % (w/v) iodoacetamide. B, 200 jig of 
Synechocystis soluble protein reductively alkylated with 100 mM Tri butylphosphine 
and 50 mM iodoacetamide, cup loaded into an 18 cm pH 4-7 pre-swelled IPG strip, 
resolved via lEF and equilibrated in equilibration solution only. Both strips were 
electrophoresed using large format 12% acrylamide resolving gels backed to a glass 
plate. Resolved proteins were visualised by staining with SYPRO "̂̂  Ruby and imaged 
using a Typhoon scanner. 
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(see material an methods) and the pre-alkylated sample was incubated in equilibration 

solution (6 M urea, 30 % (v/v) glycerol, 2 % (w/v) SDS, 50 mM Tris-HCl pH 8.8, 

0.002 % (w/v) bromophenol blue) for 30 minutes. Equilibrated strips were loaded 

onto large format 12 % polyacrylamide backed gels and subjected to electrophoresis 

using an Ettan™ DALTtwelve system (Amersham Biosciences). Resolved spots were 

stained with SYPRO Ruby (Genomic Solutions) and visualised using a Typhoon 

fluorescence imager (Amersham Biosciences) attached to the low fluorescence glass 

plate. 

Comparing pre- and post-IEF reductively alkylated soluble protein samples via 2-DE 

showed that there is no difference in the protein spot profiles between the two 

different reductive alkylation techniques. It was therefore concluded that trains of 

multiple protein spots with the same MW but different p/ were in fact intrinsic to the 

biological sample. Consequently conventional reductive alkylation post-IEF remained 

as the method of choice. 

3.2.5 Analysis of Synechocystis membrane associated proteins 

3.2.5.1 Membrane subfractionation 

Proteins are associated with bio-membranes at different locations within the lipid 

bilayer. This can be used to classify a protein as either peripheral or integral. 

Peripheral proteins are usually soluble cytosolic proteins that interact with the surface 

of the membrane of which there are many mechanisms for their attachment. For 

example: (i) via the covalent addition of a fatty acyl or prenyl group (Johnson et al, 
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1994; Clarke, 1992), (ii) through the noncovalent interaction with other membrane 

proteins, or (iii) via a glycosyl phosphatidyl inositol (GPI) anchor (Doering et al, 

1990). Integral membrane proteins on the other hand, contain regions of amino acid 

sequence largely composed of residues with nonpolar side chains which commonly 

form a-helical structures (Engelman et al, 1986; Popot, 1993) or less frequently a 

closed P-sheets (e.g. porins) (Schulz, 1993) as they transverse the lipid bilayer. 

Different integral membrane proteins differ in their topologies. Some transverse the 

lipid bilayer only once where as others, termed mutipass membrane proteins, 

transverse the lipid bilayer several times, some as much as seven times (e.g. 

rhodopsin). The location of a protein vsathin the bilayer usually determines its 

function, for example peripheral proteins function as receptors and adhesins where as 

integral membrane proteins fimction as membrane channels and pores. Also, by their 

nature, membrane proteins are hydrophobic and integral membrane proteins are more 

hydrophobic than peripheral proteins. Therefore it is important to incorporate 

membrane subfractionation methodology to separate these two functionally and 

hydrophobic variant protein classes. In addition to this, subfractionation will allow the 

simplification of gel profiles by enriching for specific subsets of proteins. Enrichment 

is also important where a relatively small number of highly abundant, possibly 

'housekeeping', components account for a significant proportion of total protein. 

Without subfractionation gel loadings determined by estimation of total protein 

content may render some of the more 'interesting' lower abundance proteins 

undetectable. 

To develop the subfractionation methodology, experiments were conducted on a 

micro (100 ng) scale in order to preserve material. Fractionated Synechocystis 
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membranes were sequentially treated with 300 |al of extraction buffer (20mM Tris pH 

8.0, ImM EDTA, 2mM DTT), 300 ^1 of 500 mM NaCl and 300 ^ I of 100 mM 

Na2C03 (pH 12.0). All extractions involved a 5 minute homogenisation step preceded 

by a 30 minute incubation period on ice before re-harvesting the membranes by 

ultracentrifiigation (see material and methods). The first buffer wash step removed 

any soluble protein contaminants. The following 0.5 M NaCl and 100 mM Na2C03 

treatments extracted peripheral proteins situated on the external and luminal faces of 

the Synechocystis microsomes respectively, leaving behind the integral membrane 

proteins in the pellet (Figure 3.15a). Extracted proteins from each treatment were 

precipitated with ice cold 50 % (w/v) TCA in acetone at a final concentration of 10 % 

TCA/20 % acetone. Protein precipitates were harvested by centrifugation and washed 

sequentially twice with 80 % (v/v) acetone and once with absolute acetone. Following 

this, protein precipitates and the remaining membrane pellet were solubilised in 1 X 

SDS loading buffer and subsequently centrifuged to remove any insoluble material. 

These samples along with 50 ^g of total membrane extract were subjected to mini 

SDS-PAGE using a 12 % polyacrylamide resolving gel and resolved bands were 

stained with Coomassie blue (Figure 3.15b). 

This analysis demonstrated that different subsets of proteins were extracted by 

different treatments and that all protein bands present in each fraction could be traced 

back to the original total membrane fraction. However several other observations 

could also be deduced. Firstly, the quantity of proteins removed from the 

Synechocystis total membrane fraction using extraction buffer indicated that the crude 

membrane fraction was contaminated with soluble proteins and therefore it was 

essential that all future membrane preparations were extensively washed before any 
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Figure 3.15. Subfractionation of peripheral and integral Synechocystis 
membrane proteins. 

A, diagram illustrating the sequential removal of locationally different membrane 
proteins by washing with extraction buffer (20mM Tris-HCl pH 8.0, ImM EDTA, 
2mM DTT), 0.5 M NaCl and 100 mM NaiCOs- B, 100 \ig of Synechocystis 
membranes was sequentially washed with extraction buffer, 0.5 M NaCl and 100 mM 
NaaCOa. Total protein fi-om all generated fi-actions was subjected to mini SDS PAGE 
analysis along with 50 jig of total membrane extract at 25 (ig of purified membranes 
using 12 % acrylamide resolving gels. The resolved protein bands were visualised by 
staining with Coomassie brilliant blue and imaged. Lane 1; standards, lane 2; total 
membrane fi^action, lane 3; buffer extracted proteins (soluble contaminants), lane 4; 
purified membrane fi-action after removal of soluble contaminants, lane 5; 0.5 M NaCl 
extracted proteins (extrinsic peripheral proteins), lane 6; 100 mM Na2C03 extracted 
proteins (luminal peripheral proteins), lane 7; remaining membrane pellet after all 
extractions (integral membrane proteins). 
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experimentation. Secondly, because membranes by their nature vesicularise and 

because 0.5 M NaCl and 100 mM Na2C03 treatments both act to remove peripheral 

membrane proteins it was expected that both treatments would extract the same subset 

of proteins. However, it was evident that although the Na2C03 extract contained the 

same protein bands as those seen in the NaCl extract, it did in fact contain a number 

of extra protein bands not present in the NaCl extract. One explanation for the 

presence of these additional proteins seen in the Na2C03 fraction may be that they are 

soluble proteins trapped inside the membrane vesicles which are released by the 

vesicular inversion action of the NaaCOa (Fujiki et al, 1982). Another explanation for 

the presence of these additional proteins in the Na2C03 extract may be because 

Na2C03 actually extracts a different subset of proteins than NaCl. 

These experiments demonstrate the efficient implementation of a reagent-based 

membrane subfractionation technique at a micro-scale level, able to effectively enrich 

for specific subsets of proteins and suitable for transfer to large scale experimentation. 

3.2.5.2 2-DE analysis of fractionated membrane proteins 

Having established successful subfractionation of Synechocystis membrane proteins, it 

was important to determine the solubility and complexity of these fractionated 

proteins on 2D gels. In order to generate sufficient material for 2D analysis, 

subfractionation was conducted on 1 mg of total membranes using 3 ml of each 

extraction reagent (see material and methods). Large format pH 3-10 2-DE was 

performed using 200 jxg of protein from each fraction (i.e. buffer extract, 0.5 M NaCl 

exfract, 100 mM Na2C03 extract and the remaining membrane pellet) where protein 
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samples were IGR into 18 cm IPG strips and focused using a Multiphor™ I I lEF unit 

(Amersham Biosciences). Focused strips were subsequently equilibrated and layered 

onto 12 % polyacrylamide resolving gels and electrophoresed using a Hoefer 

DALT™ system (Amersham Biosciences). The resultant separated proteins were 

visualised with silver staining (Figure 3.16). 

These results demonstrated that a number of membrane associated proteins resolved 

well on 2D gels and confirmed that Synechocystis membranes have been successfully 

fractionated due to the distinct differences in 2D gel profiles. Furthermore, by 

comparing the buffer extracted and NaCl extracted 2D protein profiles, it is evident 

that these two treatments may have extracted some of the same proteins, as several 

spots with a p/ of approximately 4.5 and masses between 45-66 kDa are present in 

both 2D gels. The probable reason for this is that these proteins are soluble 

contaminants and that they have not been completely removed by a single buffer 

washing step. To remove all soluble contaminants, a more realistic method would be 

to buffer wash the membranes at least twice. The majority of proteins removed by the 

NaaCOs extract appear to be specific for this treatment as there are little similarities 

when comparing this to the 2D gel profiles of proteins removed by both the buffer and 

NaCl treatments and also the proteins remaining in the membrane pellet. However, 

there are some protein spots in the NajCOs extract that do match by there location on 

the 2D gel with spots present in the buffer extract sample. This observation supports 

the prediction that soluble proteins are trapped inside the membrane vesicles and they 

are released by the vesicular inversion action of Na2C03 (section 3.2.5.1). 
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Figure 3.16. Large format pH 3-10 2-DE of subfractionated Synechocystis 
membrane proteins. 

Synechocystis membranes containing 1 mg of protein were sequentially washed with 
extraction buffer (20 mM Tris-HCl pH 8.0, 1 mM EDTA, 2 mM DTT), 0.5 M NaCl 
and 100 mM NaCOa. These treatments extracted contaminating soluble proteins (A), 
extrinsic peripheral proteins (B) and luminal peripheral proteins (C), respectively, 
leaving the integral membrane proteins within the membrane pellet (D). 200 |xg of 
protein from each fraction was loaded via IGR into 18 cm pH 3-10 IPG strips. 
Proteins were resolved via lEF in the first dimension and large format SDS PAGE in 
the second dimension using 12 % acrylamide resolving gels. Resolved protein spots 
were visualised via disruptive silver staining. 
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One third of Synechocystis proteins are believed to be membrane associated which, 

with 3168 genes, indicates that there are approximately 1000 membrane associated 

proteins. The number of membrane proteins extracted and visualised via 2-DE (Figure 

3.16) is difficult to determine due to the broad pH 3-10 range used and the fact that 

single gene products are often represented by multiple protein spots. As some 

membrane associated proteins may be lost into the soluble fraction during cell lysis 

and that some cytosolic proteins may be contaminating the membrane protein 2D gels 

this also complicates the prediction. However, it is certain that 1000 gene products are 

not represented on these ID gels. Although, it is important to remember that proteins 

have different abundances within the cell and low abundant proteins will not be 

detectable on 2D gels. Also, not all genes are constitutively expressed within the cell 

all the time and due to their intrinsic hydrophobicity some membrane proteins are not 

resolvable by 2-DE (Wilkins et al., 1998). Recent advancement have improved the 

separation of membrane associated proteins on 2D gels, such as the development of 

zwitterionic detergents (Santoni et al., 1999, 2000), the application of cationic 16-

BAC/SDS-PAGE 2-DE (Hartinger et al., 1996), and organic solvent extraction 

(Seigneurin-Bemy et al., 1999; Ferro et al., 2000). 

3.2.6 Characterisation of 2-DE resolved Synechocystis soluble proteins via 

peptide mass fingerprinting 

Characterisation of resolved proteins via peptide mass fingerprinting is fundamental 

to any proteomic investigation. It was therefore imperative to first establish this 

technology for the specific sample under study and ascertain the level of success for 

identifying proteins of interest. To determine this, 192 protein spots were robotically 
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excised using a ProPick robot (Genomic solutions) from a large format pH 4.5-5.5 

Coomassie stained 2D gel containing 1.5 mg of Synechocystis soluble protein, 

generated using a MultiPhor^M electrophoresis unit (Amersham Biosciences) for lEF 

and a Hoefer^w DALT system (Amersham Biosciences) for large format SDS-PAGE 

(Figure 3.17). The picked protein spots were proteolysed with trypsin and the 

resultant peptide mixtures analysed via MALDI-ToF PMF using a Voyager-DE''^'^ 

STR Biospectrometry workstation (Applied Biosystems, Warrington, Cheshire, UK). 

Generated mass spectra were acquired, peak de-isotoped and calibrated in a fully 

automated mode and the resultant calibrated peak masses were used to interrogate, in 

real time mode, all entries in the NCBInr database (October 2001). First pass searches 

were carried out at 150 ppm mass accuracy and based on the mass errors of the 

identifications (hits) from this search, the data was recalibrated using the INTELICAL 

feature of the PSl (Proteome Systems 1) software (Applied Biosystems) and re

submitted for a second search pass at 50 ppm mass accuracy. Of the 192 analysed 

peptide mixtures, positive identifications with MOWSE scores greater than 10̂  were 

obtained for 105 of the proteins (Appendix 1), a hit rate of 55 %. Of these 105 

proteins, 74 were unique proteins and at the time of analysis 37 were novel, not 

previously mapped via two-dimensional gel electrophoresis (Appendix 1 bold text) 

and thus stating their existence in the soluble proteome of Synechocystis growing 

under non-stressed conditions. Also, of the 74 proteins 19 were hypothetical, assigned 

from predicted ORF analysis of the genomic sequence data, 10 of which were not 

previously mapped via 2-DE and therefore confirming their existence as soluble 

proteins and their location on a 2D gel. BLAST searches were performed using the 

NCBI BLASTP online software program (Altschul et al., 1997) on these 19 

hypothetical proteins to attempt to ascertain their function by sequence homology 
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Figure 3.17. Annotated Coomassie stained zoom gel (pH 4.4-5.5) of 105 MALDI-
PMF characterised Synechocystis soluble proteins. 

1.5 mg of Synechocystis soluble protein IGR into a pH 4.5-5.5 IPG strip was resolved 
via lEF and large format SDS-PAGE at 12 % polyacrylamide concentration. Resolved 
spots were stained with Coomassie blue and 192 were excised for MALDl-PMF 
identification. Annotated spots are the 105 (55%) for which positive identifications 
with MOWSE scores > 10 were obtained (Table 3.2) which represented 74 unique 
proteins. 
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with proteins from other organisms. Of the 19 proteins analysed, matches other than 

hypothetical were obtained for 13 and of these, 6 matches had a > 50 % level of 

identity (Table 3.2). 

The 74 proteins identified included representatives from the majority of cellular 

processes (Table 3.3); in fact there are representatives of 14 ftmctional classes. For 

example, six are involved in amino acid biosynthesis, six in energy metabolism, four 

are involved in protein modification and five in nucleotide biosynthesis. 

Of the 74 characterised proteins, 19 were found to be represented by two or more 

positively identified individual protein spots. Such identifications include the subunits 

of phycocyanin, ATP synthase, chaperones and Rubisco and their position on the 2D 

gel is such that the spots with the same identification share similar MW but different 

pi. As discussed previously in section 3.2.4.7, the presence of these spots is not due to 

sample handling and suggests that gene products are present as isoforms with post 

translational modifications, although, this can only be proved by analysis of amino 

acid sequence. This observation is supported by the findings of other Synechocystis 

proteomic analyses where as high as 23 % of identified proteins were found as 

isoforms with different pi's but similar MW's (Fulda et al, 2000; Sazuka et al, 1999; 

Wang et al, 2000). To examine the effects of PTM on proteins, p/ and MW values 

calculated from the 2D gel using protein standards and apparent p/ and MW values 

predicted by PEDANT (http://pedant.gsf de) (Frishman et al., 2001) from sequence 

data were compared (Appendix 1). This analysis demonstrated that in comparison to 

the theoretical values some proteins displayed a similar MW but reduced p/ on the 2D 

gel (e.g. Rubisco large subunit and Phycobilicome LCM), others showed a similar p/ 
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Table 3.3. Functional categories of identified Synechocystis soluble proteins. 

(A) Photosynthesis and Respiration 

Annotation 
No. 

Gene Product Name Function 

53 

27, 29, 32, 35 

ATP synthase a subunit 

ATP synthase p subunit 
ATP synthase 

80 

8, 9, 11, 13,27 

Phosphoribulokinase 

Ribulose bisphosphate carboxylase large 
subunit 

CO2 fixation 

18 Allophycocyanin a chain 

40, 42, 70, 94, 
95 

Allophycocyanin p chain 

42, 50,51,57, 
77, 84, 98 

Phycocyanin a subunit Phycobilisome 

10, 15,23, 25, 
39, 43 Phycocyanin P subunit 

36, 52 
Phycobilisome LCM core-membrane linker 
polypeptide 

1 Cytochrome C550 Photosystem I I 

(B) Cellular processes 

Annotation 
No. 

Gene Product Name Function 

67 60kD chaperonin 1 

31,33 

12, 14 

60kD chaperonin 2 

DnaK protein 
Chaperones 

7 Heat shock protein GrpE 

97 Methyl accepting chemotaxis protein Chemotaxis 

92 

2 

Sec A 

Trigger Factor 

Protein and 
peptide 
secretion 
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Table 3.3 continued 

(C) Transcription 

Annotation 
No. Gene Product Name Function 

79,83 

20 

63 

Polyribonucleotide nucleotidyltransferase 

RNA polymerase alpha subunit 

RNA polymerase beta prime subunit 

RNA synthesis, 
modification, 
and DNA 
transcription 

(D) Translation 

Annotation 
No. 

Gene Product Name Function 

5,6 30S ribosomal protein SI 

Ribosomal 
proteins: 
synthesis and 
modification 

24 
ATP dependant Clp protease proteolytic 
subunuit Degradation of 

20 

54,60,61,63 

Carboxyl-terminal protease 

ClpB protein 

proteins, 
peptides, and 
glycopeptides 

52, 64 

75,82,87,93 

99 

Elongation factor EF-G 

Protein synthesis elongation factor Tu 

Elongation factor TS 

Protein 
modification 
and translation 
factors 

86 

36 

Aspartyl-tRNA synthase 

Phenylalanyl-tRNA synthase 

Aminoacyl 
tRNA 
synthetases and 
tRNA 
modification 

(E) Biosynthesis of cofactors, prosthetic groups, and carriers 

Annotation 
No. 

Gene Product Name Function 

47,49 Molybdopterin biosynthesis MoeB protein Molybdopterin 

- 183 -



Table 3.3 continued 

(F) Amino acid biosynthesis 

Annotation 
No. 

Gene Product Name Function 

96 2-isoproplylmalate synthase 

6 3-isopropylmalate dehydrogenase 
Branched chain 

81 Dihydroxyacid dehydratase family 

38,48 
Ketol-acid reductoisomerase (acetohydroxy-
acid isomerase) 

78 

53,55 

Argininosuccinate synthase 

Glutamate-ammonia ligase 

Glutamate 
family/Nitrogen 
assimilation 

(G) Purines, pyrimidines, nucleosides, and nucleotides 

Annotation 
No. Gene Product Name Function 

16 
Phosphoribosylformyl glycinamidine 
synthetase I I 

88 

91 

IMP dehydrogenase subimit 

Phosphoribosyl aminoimidazole carboxy 
formyl fomyltransferase 

Purine 
ribonucleotide 
biosynthesis 

101 Adenylate Kinase 

(H) DNA replication, restriction, modification, recombination, and repair 

Annotation 
No. 

Gene Product Name Function 

19 DNA polymerase I I I beta subunit 

58,63,103 DNA mismatch repair protein 

61,62 Primosomal protein N 

92 DNA topoisomerase 

103 DNA helicase 
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Table 3.3 continued 

(I) Energy metabolism 

Annotation 
No. 

Gene Product Name Function 

82 

89 

17 

41 

59,102 

66,73 

69 

62,90 

100,104 

6-phosphogluconate dehydrogenase 

Pentose-5-phosphate-3 -epimerase 

Putative Oxppcycle Protein Opac 

Ribose 5-phosphate isomerse 

Transketolase 

Enolase 

Phosphoglycerate kinase 

Aspartate kinase 

S-adenosylhomocysteine hydrolase 

Pentose 
phosphate 
pathway 

Glycolysis 

Amino acids and 
amines 

(J) Central intermediary metabolism 

Annotation 
No. 

Gene Product Name Function 

62 Glycogen phosphorylase 
Polysaccharides 
& glycoproteins 

(K) Cell envelope 

Annotation „ n j * 
Gene Product Name 

No. 

Function 

105 Soluble lytic transglycosylase 
Murein sacculus 
& peptidoglycan 

(L) Transport and binding proteins 

Annotation „ n j *t».t 
Gene Product Name 

No. 

Function 

68,74,85 Periplasmic iron-binding protein 

185 



Table 3.3 continued 

(M) Regulatory functions 

Annotation 
No. 

Gene Product Name Function 

26 

58 

Regulatory components of sensory transduction 
system 

Sensory transduction histidine kinase (Hik6) 

(N) Other 

Annotation 
No. 

Gene Product Name Function 

37 

56 

65 

72 

Membrane protein 

Rehydrin 

GCPE 

GlpX protein 

Functional categories for identified proteins were obtained from the Cyanobase web 
site 2002 (www.kazusa.or.jp/cyano/cyano.html) (Nakamura et al., 1998). 
Database identifiers for the proteins quoted in this table are available in Appendix 1. 
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but increased MW (e.g. 60 kDa chaperonin 2 and Polyribonucleotide 

nucleotidyltransferase) and finally certain spots had a similar pi but reduced MW (e.g. 

ClpB protein). This supports the evidence for extensive post translational 

modification of proteins and recent advancements in MS have enabled the 

identification of protein PTM sites including 0-glycosylation and phosphorylation 

(Annan and Carr, 1997; Jensen, 2004). 

These results have been obtained in a fully automated mass spec mode, demonstrating 

that identification of a large number of protein samples can be obtained quickly. The 

use of a narrow pH range gel, which allows for the separation of proteins as individual 

spots, has probably aided this process. Further identification of protein spots will 

require other technologies, such as MS-MS sequencing, however; this proteomic 

study has provided an ideal platform for identifying stress responsive changes in the 

proteome of Synechocystis, leading to the characterisation of stress perception and 

signal transduction genes. 
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3.3 Discussion and Conclusion 

3.3.1 Maintenance of Synechocystis cells 

Synechocystis is an ideal experimental organism for proteomic and transcriptomic 

studies due to the simplicity of its genome. It therefore presents an attractive system 

to study the response of photosynthetic organisms to elevated temperature. However, 

before cultures could be used in this way the growth and maintenance of 

Synechocystis was established within the laboratory. Cells were grown and maintained 

as shaking liquid cultures and on solid agar medium within a separate algal growth 

room maintaining temperature and light constant. They were routinely sub-cultured 

every month using the previous culture as the inoculum and initiated every six months 

from frozen DMSO stocks to maintain genetic integrity. 

3.3.2 Establishment of rapid growth and large scale cultures 

In order to exploit the advantages offered by Synechocystis, rapid and reproducible 

growth of Synechocystis had to be established providing a sizeable and unlimited 

source of material. Although shaking suspension cultures could be grown on a 

relatively large scale, as the only limiting factor was the size of the culture flask, 

cultures grew slowly with a doubling time of three days. Furthermore, with the 

intension of performing an investigation into the response of Synechocystis to 

elevated temperatures, two separate growth environments were required, one for 

normal growth and one for growth at elevated temperature. As shaking suspension 

cultures were grown within a communal growth room and a second growth room was 

-188-



unavailable for use, an alternative growth system had to be found. To overcome these 

problems associated with shaking suspension cultures a specialised cyanoabacterial 

growth apparatus was constructed. Its design was adapted from a Japanese design 

(Prof Norio Murata, NIBB, Okasaki, Japan) which allowed rapid reproducible growth 

of large scale cyanobacterial cultures and had been extensively used to generate 

biological material for a variety of stress investigations. This apparatus maintained 

culture temperature through the use of temperature controllable water baths and two 

separate water baths were available, the temperature of which could be independently 

adjusted, ideal for investigating high temperature stress/acclimatisation. Cultures were 

illuminated through fluorescent tubes and light intensity was stringently maintained 

constant for both water baths. Synechocystis suspension cultures grown within this 

apparatus were also continually gassed with moistened 1 % (v/v) CO2 in air. This 

constant CO2 bubbling was responsible for faster growth and higher cell yields 

compared to that of shaking suspension cultures (Stanier et al 1971), where gassed 

cultures displayed an exponential doubling time of approximately 8 hours and 

possible culture densities at A730 of up to 11.0. Exponentially growing cultures for 

experimentation could be generated from freshly inoculated media in 24 hours and 

with volumes of up to 1 litre. This explosive growth and high cell culture volumes 

coupled with optimised glass bead and French press cell breakage methods enabled 

milligram quantities (~ 30 mg from a 500 ml culture) of protein material to be 

generated in short periods of time, making this system ideal for proteomic 

experimentation providing that cultures were reproducible. 
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3.3.3 Uniformity of cell growth and proteome 

To determine the reproducibility of gassed Synechocystis suspension cultures, both 

their growth and protein composition was studied across different cultures. Growth of 

Synechocystis followed a classical sigmoidal growth pattern common to batch 

cultures, in which three distinct phases of growth; lag phase, exponential phase and 

stationary phase were clearly visible. Batch cultures are grown in a closed vessel with 

a single batch of medium, because no fresh medium is provided during growth, 

nutrient concentrations decline and concentration of waste increases, thus slowing the 

growth rate of the cultured cells. Analysis of the growth pattern of three separate 

cultures by measuring density over time provided a good indication that Synechocystis 

growth within gassed suspension cultures was reproducible from one culture to the 

next. This was demonstrated by the narrow variation around the mean average data. 

Proteome uniformity was analysed in two major prokaryote cell compartments, the 

soluble (cytosolic) and total membrane (both plasma and thylakoid) fractions. These 

two fractions were extracted from four independent exponentially growing cultures 

and analysis via mini SDS-PAGE did not provide any evidence of differences in 

protein composition in either soluble or total membrane isolates across all four 

cultures. This, together with the evidence for reproducible growth, demonstrated that 

Synechocystis gassed suspension cultures were suitable for generation of biological 

material for proteomic studies. 
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3.3.4 Preparation of Synechocystis protein samples for 2-DE 

The first requirement for proteomic analysis is the separation of complex mixtures of 

proteins containing as many as several thousand individual species. Although, with 

recent advancements in technology there are several protein separation methods 

employable, such as chip based technologies (Nelson et al., 2000), the use of affinity 

tags such a ICAT and TAP (Gygi et al., 1999a; Rigaut et al., 1999) and the direct 

analysis of protein complexes using MS (Link et al., 1999), two dimension gel 

electrophoresis still remains the platform technology for the majority of proteomic 

investigations. This is due to its unparalleled ability to simultaneously separate several 

thousand proteins, up to 10,000 (Klose et al., 1999), and the relative ease with which 

protein spots can be identified using MS based methods. However, 2-DE is an 

extremely sample dependent technique and methods had to be developed for the 

specific samples under study, especially at the level of protein sample preparation and 

lEF. 

Cell breakage methodology was optimised to extract maximum quantities of protein; 

however it was important to ensure protein isolates were representative of the cell sate 

they were extracted from and had not undergone post cell lysis modification. Such 

modifications usually arise from the action of proteases, which are co-liberated in the 

protein extract and cause great complication to the analysis of 2-DE results. This is 

because their activity, post cellular disruption, is not representative of the biological 

system being studied and can result in artefactual spots. To inhibit the action of 

protease enzymes in this experimentation, cell samples and extracts were always kept 

on ice and tris base and EDTA were included in the extraction buffer (Berkehnan and 
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Stenstedt, 2001), whereas other proteomic investigations have included protease 

inhibitor cocktails in the extraction solution (Granier, 1988). However, protease 

inhibitors modify the proteins upon which they act, which may lead to charge 

artefacts on the 2D gel (Dunn and Gorg, 2001) and some inhibitors are small peptides 

and may therefore appear on the 2D gel. 

Although Synechocystis has only 3168 genes and 2-DE can simultaneously resolve 

several thousand individual proteins, PTM's generating multiple isoforms of the same 

protein and the high dynamic range of proteins expressed in biological systems, as 

many as 9000 different protein moieties could exist. Therefore, total cell lysates were 

fractionated into membrane and soluble protein fractions using ultracentrifugation to 

reduce sample complexity and enrich for low copy number proteins. This also allowed 

the independent development of 2-DE methodology for both soluble and membrane 

protein fractions which differ greatly in their solubility and thus 2D resolution. 

Fractionated cell lysates containing proteins for analysis also contain other biological 

material such as salts, lipids and nucleic acids all which can interfere with the 2-DE 

process (Duim and Gorg, 2001). In order to remove these contaminants Synechocystis 

soluble proteins fractionated from broken cells were precipitated with 80 % (v/v) 

acetone and subsequently resolubilsed in 2D lysis buffer. However, no precipitation 

technique is 100 % efficient and some proteins can be selectively lost as a result of 

refusing to resolubilise following precipitation (Berkelman and Stenstedt, 2001). In 

order to determine i f the precipitation process and subsequent solubilisation in 2D 

lysis buffer greatly altered the Synechocystis soluble protein complement, direct 

soluble extracts and precipitated soluble protein samples solubilised in 2D lysis buffer 
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were compared via SDS-PAGE, which revealed no evidence of differential loss of 

proteins following precipitation and subsequent resolubilisation. 

3.3.5 Optimisation of 2-DE for resolution of Synechocystis soluble proteins 

Due to the relative ease with which soluble proteins are resolvable via 2-DE, the 

methodology was first optimised for the Synechocystis soluble protein fraction. It was 

initially important to establish reproducible two dimensional separation of soluble 

protein samples and analysis of six different samples via mini pH 3-10 2-DE, 

performed on two separate occasions, demonstrated this. However, this analysis also 

showed that the majority of Synechocystis soluble protein spots focused within the pH 

4-7 range. Although wide linear range pH 3-10 lEF gels provide a good initial 

analysis of a new sample type (Gorg et ah, 1999) these 2D gels often suffer from a 

lack of resolution. In other proteomic investigations this has been overcome by using 

nonlinear pH 3.5-10 IPG lEF gels (Bjellqvist et al., 1993) in which the pH 4-7 range 

contains a must broader distance for separation. However, greater resolution has been 

achieved by using narrow range (zoom) IPG lEF gels (Gorg et al., 2000), and in this 

analysis 2-DE employing pH 4-7 and pH 4.5-5.5 zoom gels resulted in far greater 

resolution of Synechocystis soluble protein spots, although this does sacrifice the 

separation of basic proteins. Image analysis of the pH 4-7 and pH 4.5-5.5 zoom gels 

used in this investigation demonstrated that the number of individual resolved spots 

increased from 200 in the min pH 3-10 gels to 400 and 600 resolved by the pH 4-7 

and 4.5-5.5 large format gels, respectively. In some investigations multiple, 

overlapping narrow range lEF gels spanning 1-1.5 pH units have been utilised to 

successfixlly increase the resolution across the entire pH range (Wildgruber et al., 
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2000) or lEF gels with extended separation distances of up to 24 cm (Gorg et al, 

1999, 2000). By increasing the resolution of protein samples you increase the 

separation of proteins as individual spots and thus the probability of obtaining a 

positive identification. 

Development of lEF methodology in this investigation was extended further to test 

protein loading methods into IPG EEF gels. There are currently three different 

methods for this, these being, in-gel rehydration (IGR), cup loading and paper bridge. 

The latter is specifically suited for the separation of basic proteins and high sample 

quantities can be applied promoting its use in preparative gels (Sabounchi-Schiitt, et 

al, 2000). Cup loading and IGR on the other hand are virtually universal, being used 

across all pH ranges and for both analytical and preparative gels, with IGR being a 

simpler method and preferred for generation of preparative gels due to the greater 

capacity for protein loading (Sanchez et al., 1997; Rabilloud et al., 1994). 

Experiments, analysing both cup and IGR loading methods determined that cup 

loaded 2D gels had far greater resolution than IGR loaded gels across a variety of 

protein loadings. This was unexpected as it has been reported that IGR provides better 

resolution than cup loading, due to the tendency for precipitates to occur during EEF at 

the point of application (Rabilloud et al., 1994). Also, a good level of comparability 

was attained between low loaded analytical gels and high loaded preparative gel using 

cup loading, an important consideration for accurate picking spots from preparative 

gels selected for identification on analytical gels. Furthermore, by using cup loading 

the possibility of proteolysis and protein modification during over night IGR is 

removed. 
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Second dimension SDS-PAGE was also optimised during this investigation as the 

lack of resolution of low molecular weight proteins using 12 % polyacrylamide gels 

was evident. Resolution of low MW proteins was dramatically improved using 15 % 

polyacrylamide gels, however this did sacrifice the separation of high MW proteins 

which tended to converge using these gels due to the reduced distance for separation. 

Therefore, it was concluded that both 12 % and 15 % polyacrylamide gels would be 

required for comprehensive proteomic investigations. The use of polyacrylamide 

concentration gradient gels have been employed in other investigations which also 

extend the range over which proteins of different molecular weight are separated 

(reviewed by Dunn, 1987). 

Large format 2D gels have a tendency to tear whilst handling which has great 

repercussions on image analysis and spot picking and several techniques were tried 

and tested to avoid this. One such method was the use of DuracryF"^, a high tensile 

strength alternative to acrylamide (Patton et al, 1991). Although gels were much 

stronger, Duracryl had a marked effect on the resolution of high MW proteins, 

causing closely migrating individual protein spots to merge together. This effect was 

exaggerated with higher loaded gels. Consequently, Duracryl was not applicable to 

this investigation due to the obvious problems of comparability between low loaded 

analytical gels and high loaded preparative gels, and also due to the inability to 

separate proteins as individual spots which would complicate accurate protein 

identification. However, Duracryl, has been used in other investigations to 

successfully resolve different protein samples (Patton et al, 1991). Other methods 

were therefore developed to prevent tearing of large format gels, these being the 

backing of gels to low fluoresce glass plates which allowed staining and subsequent 
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visualisation using SYPRO Ruby florescent stain. Unfortimately, at the time of 

investigation spots could not be excised from backed gels, and therefore only 

analytical gels could be generated using this technique. Therefore, preparative gel 

thickness was increased to 1.5 mm from 1 mm, which improved the strength of the 

gel and also gels were handled using a nylon mesh which helped support the entire gel 

while being lifted out of the staining tray and onto glass plates for imaging and 

picking. Since this time, a compound called Rhinohide™ developed by Molecular 

Probes which can be added to acrylamide gel solutions to increase the rigidity of the 

gel and which does not cause merging of high molecular weight proteins similar to 

that seen in Duracryl™ gels (Schulenberg et al, 2003). 

3.3.6 Subfractionaction of Synechocystis membrane proteins and resolution 

via 2-DE 

A reagent-based subfractionation methodology was successfully employed in this 

investigation able to enrich for specific subsets of membrane proteins, simplify 2D gel 

profiles and increase abundance of low copy number proteins. Other reported methods 

for the subfractionation of membrane proteins include the differential solubilisation in 

varying chloroform/methanol mixtures as a function of their hydrophobisity 

(Seigneurin-Bemy et al., 1999; Ferro et al., 2000) and the sequential extraction on the 

basis of their solubility in a series of detergent based buffers with increasing 

solubilising power (Molloy et al., 1998). Such methods provide a good platform for 

proteomic analysis of Synechocystis membrane proteins. However, the independent 

analysis of thylakoid and plasma membrane protein fractions would generate more 

biologically accurate data and with the development of aqueous polymer two phase 
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partitioning methodology able to prepare pure plasma and thylakoid membranes fi-om 

Synechocystis cells (Norling et al., 1998) such analysis is possible. Several proteomics 

investigations of Synechocystis membrane fractions have already been under taken, 

including total thylakoid membranes extracts (Sazuka et al., 1999), peripheral 

thylakoid proteins (Wang, et al., 2000), and also isolation and identification of 

functional membrane complexes and their subunits using 2-D blue native/SDS-PAGE 

(Herranen et a/., 2004). 

3.3.7 Establishing MALDl-ToF PMF methodology for the identification of 

Synechocystis proteins 

The development of MS based technologies has been fundamental in the formation of 

the field of proteomics as they provide the means by which proteins can be identified 

from predicted sequence data. In this study MALDI-ToF PMF technology has been 

successful appUed in identification of Synechocystis soluble proteins. A rapid 

methodology was established with a relatively high hit rate providing the ideal 

starting point for characterisation of proteins in future proteomic studies although LC 

MS-MS may have to be subsequently employed to generate further identifications. 

The success of protein identification using MALDI-Tof PMF was probably increased 

due to the application of narrow range pH gradient 2D gels, indicating their 

importance in future 2-DE analysis. This analysis also demonstrated that 18 % of the 

Synechocystis proteins identified were represented as multiple spots on the 2D gel, 

indicating that gene products are present as multiple protein isomforms with PTM. 

Analysis of post lEF protein reductive alkylation demonstrated that these isoforms 

were not a result of re-oxidation during lEF and that they were probably real 
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biological isoforms. The data obtained fi-om this proteomic study of Synechocystis 

soluble proteins was subsequently published in Proteomics: (Simon, et al., 2002). 

3.3.8 Concluding remarks 

Synechocystis sp. PCC 6803 has been demonstrated as an ideal model organism for 

proteomic analysis and also for the investigation of stress induced responses, due to 

its ease of growth, the availability of the entire genome sequence (Nakamura et al., 

1998) and the ease of transformation (Dzelzkalns and Bogorad, 1986) generating 

several mutant strains many with mutations in stress responsive and signal perception 

genes. In particular gene knockouts of histidine kinase (hik) (Suzuki et al., 2000a) and 

response regulators (rre) genes, involved in the two-component signal transduction 

mechanisms have been created. Investigations using these strains have identified Hiks 

involved in signal perception and transduction of a variety of stimuli/stresses. These 

include, cold stress (Suzuki et al., 2000a and 2001; Inaba et al., 2003), salt stress 

(Marin et al., 2003), heat shock (Suzuki et al., 2003) high light (Hsiao et al., 2004) 

adaptation to light-dark transitions (Garcia-Dominguez et al., 2000, Park et al., 2000) 

phosphate ion sensing (Hirani et al., 2001, Suzuki et al., 2004) manganese ion sensing 

(Yamaguchi et al., 2002, Ogawa et al., 2003) and photoinhibition (Mikami et al., 

2003). DNA microarrays containing 95 % of the Synechocystis genes have allowed 

stimuli/stress responses to be studied at the level of gene expression in this organism. 

Such investigations to date include the acclimation to high light (Hihara et al., 2001), 

the response to salt and osmotic stress (Kanesaki et al., 2002), the response to cold 

stress (Suzuki et al., 2001) and phosphate sensing (Susuki et al., 2004). 

198-



Although a number of proteomic investigations, aimed at mapping the proteome of 

Synechocystis have been performed at thylakoid (Wang et al., 2000, Herranen et al., 

2004) soluble (Sazuka et al., 1997, 1999) periplasmic (Fulda et al., 2000) and plasma 

membrane (Huang et al., 2002) levels, only two have been performed analysing the 

stress/stimuli responses oi Synechocystis, these being salt stress (Fulda et al., 2000) 

and light induction (Choi et al., 2000). Consequently little is known about the 

adaptive and stress changes in the proteome. With the establishment of large scale 

rapid reproducible growth generating adequate biological material, cellular 

fractionation methodology for enrichment of specific subset of proteins and reduced 

2D complexity, and also high resolution 2-DE coupled to MALDI-ToF PMF mass 

spectrometry, a technology base has been developed geared to identifying time 

specific changes in the proteome o{ Synechocystis following stress treatment. 
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CHAPTER 4 

Characterisation of the Heat Shock Response and 

Identification of an Upstream Heat Sensor in Synechocystis 
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4.1 Introduction 

Upon exposure to elevated temperature all cells respond by transiently inducing the 

expression of the heat shock genes, essentially encoding molecular chaperones and 

proteases, which function to re-fold and degrade denatured and aggregated proteins, 

an effect of the increased ambient temperature (Georgopoulos and Welch, 1994; 

Hendrick and Hartl, 1993; Ellis, 2001). 

Extracellular signals are perceived by and fransduced into cells via signal fransduction 

pathways, the major mechanism of which is reversible protein phosphorylation and is 

catalysed by kinase enzymes (Hunter, 1995). In eukaryotic cells, multiple kinase 

enzymes take part in phorphorylation cascades, where each kinase phosphorylates 

another sequentially. This eventually leads to the activation of transcription factors 

that catalyse the transcription of relevant mRNAs and resuhs in the production of 

stimuli related polypeptides. The most common sites for phosphorylation on proteins 

in eukaryotic cells are serine, threonine and tyrosine amino acid residues. In contrast, 

a much simpler signal transduction system exists in prokaryotes (Appleby at al., 

1996). Referred to as the two-component signal transduction mechanism, proteins are 

phosphorylated on histidine residues (histidine kinases, hiks) and this phosphoryl 

group is subsequently transferred to an aspartyl group on a response regulator (Rre) 

protein which in turn catalyses the transcription of relevant mRNAs (Saito, 2001). 

Two-component signalling mechanisms were once believed to be specific to 

prokaryotic cells, however, recent findings have proved this to be incorrect as hiks 

have been found within the cytosol and plasma membrane of various eukaryotes, 

including yeast (Maeda etal., 1994) and plants (Chang etai, 1993; Kakimoto, 1996). 

-201 -



Analysis of the Synechocystis genome sequence has identified 43 putative genes for 

hiks (Mizuno et al., 1996). Since the protein products of these genes have been 

shown, in many cases, to be sensors or components of signal-transducing mechanisms 

(Appleby at al., 1996; Mizuno et al., 1996) some of the hik genes in Synechocystis 

may also have similar functions. The functions of some 30 hiks have been determined 

in E.coli (Mizuno et al., 1996), however there are no obvious homologues of these 

enzymes in Synechocystis and therefore it is not possible to deduce the function of the 

Synechocystis hik genes by comparing their primary structure. 

Despite numerous studies aimed at investigating how cells perceive and fransduce 

extracellular stress, little is known about the nature of sensors and signal fransduction 

participating in the heat shock response. There are two groups of mechanisms by 

which prokaryotes sense and regulate the heat shock response. One is the positive 

regulation through the action of transcriptional initiation a-factors which have been 

observed in E.coli (Yura and Nakahigashi, 1999), B. subtilis (Hecker and Voelker, 

1998) and S. coeliclor (Kormanec et al., 1999). Aditionally, heat shock genes have 

been shown to undergo negative regulation through the action of a franscriptional 

repressor, such as HrcA in B. subtilis (Mogk et al., 1997) and Streptomyces sp. 

(Servant and Mazodier, 2001) and HspR and RheA also in Streptomyces sp. (Servant 

and Mazodier, 2001). In cyanobacteria less information is knovra. A novel heat shock 

gene repressor has been shown to regulate the expression of the hspA gene (sHsp) in 

Synechococcus vulcanus (Roy et al., 1999). This is a similar mechanism to that 

observed in S. albus where the hsp]8 gene in under the control of the RheA repressor 

(Servant and Mazodier, 2001). Also a positive regulator of the groESL operon was 

identified in Synechococcus sp. PCC 7942 (Nakamoto et al., 2001) and in 
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Synechocystis sp. PCC 6803, a CIRCE element has been identified upstream of the 

groESL operon and mutagenesis of the hrcA gene has demonstrated depression 

(Nakamotoer a/., 2002). 

To attempt to elucidate the functions of the hik genes in Synechocystis and thus their 

role in the perception and transduction of stimuli/stress, systematic gene knockouts of 

all 43 hiks have been created (Suzuki et al,. 2000a). This work was done by members 

of Prof Norio Murata's Lab. Using these mutant strains of Synechocystis, hiks 

involved in sensing and signal transduction of a variety of external stimuli have been 

identified, such as cold stress (Suzuki et al,. 2000a, 2001), manganese sensing 

(Yamaguchi et al,. 2002), osmotic stress (Marin et al., 2003) and phosphate sensing 

(Suzuki et al., 2004). Unpublished work by Iwane Susuki in Prof, Murata's Lab 

(personal communication) has identified a Hik in Synechocystis, Hik34, as a candidate 

heat sensor. This work was done by screening a Synechocystis knockout library of all 

hik genes for expression of heat shock genes via DNA microarray. These results 

showed that under normal growth conditions expression of heat shock genes, such as 

groESL, hspA, htrA and groEL-2, were greatly elevated in Ahik34 cells in comparison 

to wild type cells. Also, the heat inducibility of these heat shock genes was decreased 

in Ahik34 cells. Additional work analysing the survival of hik mutant Synechocystis 

strains at high temperature demonstrated that Ahik34 cells were shown to be more 

heat tolerant than wild type cells and any of the other hik gene knockout mutants. 

Moreover, analysis of the phosphorylation activity of Hik34 in vitro showed that it 

was maximal at normal growth temperature and reduced at higher temperatures, to the 

extent that it was almost completely inactive under heat shock conditions. These 

findings suggested that under normal growth conditions Hik34 is active and fijnctions 
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to repress the expression of heat shock genes. Under heat shock conditions it ceases to 

be active releasing this repression and thereby allowing the expression of heat shock 

inducible genes. This negative regulatory mechanism is very similar to that of the 

HrcA repressor mechanism in B. subtilis (Mogk et al., 1997). 

Despite what is known about the role Hik34 and other prokaryotic gene expression 

regulatory mechanisms in the heat shock response and also about the genes that are 

induced/repressed by heat shock, very little in known about the effects of heat shock 

and the role of transcriptional regulation on protein steady state levels in 

Synechocystis. This is an important consideration as proteins carry out cellular 

function and there is little correlation between protein and mRNA levels has been 

observed (Haynes et al, 1998, Gygi et al, 1999b; Pennington & Dunn 2001). Also, 

the biological activity of a mature protein is regulated at several levels above the 

transcription of its corresponding gene. For example post translational modifications 

(PTMs) can greatly affect the activity and cellular localisation of the protein they 

modify and one gene can give rise to multiple protein products possessing different 

PTMs. Such information is not accessible from analysis at the mRNA level, but 

examination of the proteins will provide a more accurate description of the activity 

and function of the cell under the particular stress being studied. 

The aims of this research were to, firstly, apply a proteomic approach to characterise 

the heat shock response in Synechocystis and, secondly, to quantify and compare the 

heat shocked induced changes in protein steady state levels between wild type and 

Ahik34 Synechocystis cells. The optimised 2D-E method (as described in chapter 3) 

was used to separate individual proteins, and 2D DIGE technology was employed to 
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accurately quantify and compare individual spot abundances between control and heat 

treated samples. This data would be subsequently compared to the changes in gene 

expression studied by Iwane Susuki in Prof. Norio Murata's Lab and to determine the 

extent of correlation between the protein and mRNA data sets. It was the intention 

that this proteomic analysis would give a global picture of the proteins actively 

induced under heat shock conditions and also support the theory that Hik34 functions 

as a negative regulator of the heat shock response. Key to the approach which is being 

used in proteomics is the consideration of biological variation and a rigorous 

statistical analysis of the data. This should allow one to identify changes as small as 

10 % at the 95 % confidence limit and also potentially identify any changes in the 

diversity of post-translational products arising from the initial mRNA translations. 

Furthermore, this analysis will also allow the identification of changes which occur 

not only in the known heat shock proteins but also in the components of other cellular 

processes, such as metabolism. 
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4.2 Results 

4.2.1 Effect of heat shock on soluble protein steady state levels in wild type 

Synechocystis 

The effects of a stress are not immediately noticeable at the protein level following 

application of the stress. Transcription and translation, post translational modification 

and translocation all take time. Therefore, before proceeding into an extensive 

investigation of the heat shock response in Synechocystis and fionction of Hik34, it 

was necessary to establish a suitable time window in which this stress response would 

be studied. To investigate this, a 500 ml exponentially dividing wild type culture (A730 
-1.0) was heat shocked by shifting the growth temperature from 34°C to 44°C, heat 

shock conditions for this organism. Cells were incubated at 44°C for 8 hours, during 

which time 50 ml aliquots of culture were removed at specific time points and 

immediately placed on ice. Cells were collected, broken using glass beads (0 ~ 106 

|xm) and the soluble protein isolated. Aliquots of crude Synechocystis soluble fractions 

from each time point containing 20 ng of protein were analysed via SDS PAGE 

(Figure 4.1). This revealed 5 obvious protein bands that increased in abundance in 

response to heat shock with time. These bands, labelled a-e, had molecular weights of 

70.1, 67.5, 61.0, 47.7 and 16.1 kDa, although the first of these two bands are outside 

the molecular weight range of the standards used, and their increased abundance was 

obvious after 90 minutes. However, because this analysis presented no clear 

indication of the time frame for heat shock induced changes in protein synthesis, the 

more sensitive and specific technique of in vivo protein radiolabelling was employed. 

This investigation would highlight only those proteins de novo synthesised under heat 
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Figure 4.1. SDS PAGE of soluble protein fractionated from wild type 
Synechocystis cells subjected to a time course of heat shock (0-8 hours). 

An exponentially growing Synechocystis culture was exposed to heat shock conditions 
(44°C) and at set time points over an 8 hour period cells were removed. Soluble 
protein was fractionated from these cells, resolved via SDS PAGE (20 ^g per lane) 
and visualised with Coomassie Brilliant Blue. Arrows on the right of the gel indicate 
protein bands that have increased in abundance from steady state levels in response to 
heat shock. 
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shock and also allow a comparison of de novo protein synthesis in cells grown under 

normal conditions and those under heat shock. This would gain further insight into the 

heat shock response and facilitate the identification of an ideal time window in which 

to study the cellular heat shock response at the protein level. 

4.2.2 ""̂S radiolabelling of de novo synthesised Synechocystis proteins 

Before conducting an in vivo radiolabelling experiment during heat shock, the 

efficiency of labelling was investigated and safe radiochemical procedures were 

established. A 50 ml exponentially growing wild type culture was incubated under 

normal growth conditions with 125 nCi of Redivue™ PRO-MIX™ L-['^S] in vitro 

Cell Labelling Mix (Amersham Biosciences). This radiolabelling reagent contains 

both L-[^^S]-methionine and L-[^^S]-cysteine at a ratio of 70:30. The presence of both 

methionine and cysteine compensates for mature polypeptides that may not contain 

one of these amino acids and therefore ensures the majority of de novo synthesised 

proteins are labelled. Cells were labelled for 1 hour after which time they were 

harvested and broken with glass beads ( 0 - 1 0 6 fim). The crude soluble protein 

fraction was precipitated with 80 % acetone (see material and methods) and resolved 

via both mini SDS PAGE and mini 2D-E (Figure 4.2). Total protein was visualised 

with Coomassie Brilliant Blue staining and radiolabelled proteins were detected by 

autoradiography. These results demonstrated that de novo synthesised proteins were 

successfully radiolabelled using this method and could therefore be adopted to analyse 

de novo protein synthesis under heat shock conditions. 
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Figure 4.2. SDS PAGE and mini 2D-E of radiolabelled soluble proteins 
fractionated from exponentially growing Synechocystis cells. 

Synechocystis cells were grown in the presence of L-[^^S]-methionine/cysteine (70:30) 
for 1 hour. Radiolabelled soluble proteins were isolated and 10 îg resolved via SDS 
PAGE (A) and 200 ^g resolved by 2D-E (B). Total protein was visualised by 
Coomassie staining and radiolabelled protein detected by autoradiography. 
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4.2.3 ^̂ S radiolabelling of de novo synthesised Synechocystis proteins under 

heat shock conditions. 

De novo protein synthesis in wild type Synechocystis cells grown under both normal 

(34°C) and heat shock (44°C) conditions was compared using ^̂ S radiolabelling. A 

100 ml Synechocystis gassed culture (A.730 ~ 1.0) was divided equally into two 125 ml 

glass culture tubes. These two 50 ml cultures were allowed to re-equilibrate to normal 

growth conditions for 4 hours before addition of ^̂ S radiolabel (as described in 

section 4.2.2). Following this, one culture was maintained at normal growth 

temperature (34°C), while the second culture was immediately transferred to 44°C. At 

set time points of 20, 40, 60, 120 and 340 minutes, 10 ml aliquots of were removed 

from both cultures and immediately placed on ice. Cells were harvested by 

centrifugation and radioactivity in the resultant culture media supematants quantified 

by measuring 10̂ 1 and 20|xl aliquots via scintillation counting. The loss of 

radioactivity from the culture media over time was plotted as a percentage of the 

original quantity of ^̂ S added (Figure 4.3). This was done to give an indication of the 

amount of radioactivity incorporated into cells as time progressed and to determine if 

incorporation differed between normal (34°C) and heat shock (44°C) cells. The loss 

of radioactivity from the media was similar under both normal and heat shock 

conditions and that during the first 40 minutes of labelling, ~ 30 % of the ^̂ S 

radioactivity was taken up by the cells, however after this time the rate of loss slowed. 

Harvested cells from each time point grown under both control and heat shock 

conditions were broken with glass beads and the soluble protein fractionated. 50 |j,g of 

protein from each sample was subjected to SDS PAGE and resolved bands were 
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Time (mins) 

Figure 4.3. Loss of S radioactivity from Synechocystis culture media during 
cellular growth under normal (34*'C) and heat shock (44<»C) conditions. 

Exponentially dividing Synechocystis cells were incubated with 125 ^Ci of L-[^^S]-
methionine/cysteine under normal (34°C, • ) and heat shock (44°C, • ) temperatures 
for 4 hours. At set time points of 20, 40, 60, 120 and 240 minuets, 10 ml aliquots of 
culture were removed and the cells harvested by centrifugation. Radioactivity in the 
resultant supematants was qxiantified and the loss from the culture media calculated as 
a percentage of the original quantity of radioactivity added. 
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stained with Coomassie Blue. Radiolabelled bands were detected by autoradiography 

and the resultant autroradiogram was scarmed along with the Coomassie gels using an 

Image Master scanner (Amersham Biosciences). The Coomassie stained gel and 

aufroradiogram for both confrol and heat shock time courses are shown in Figure 4.4. 

Individual autoradiogram band volumes were quantified using Phoretix ID Advance 

software (Nonlinear Dynamics, Newcastle) using "valley to valley" background 

subtraction and normalised against the total band volume of the corresponding lane on 

the Coomassie stained gel to account for any variation in protein loading. These total 

bands volumes were pre-normalised for any variation in background staining by 

dividing the lane pixel volume by the background volume/area. Quantified volumes 

for corresponding protein bands in control and heat shocked samples were compared 

graphically. Figure 4.5a, Figure 4.5b and Figure 4.6 display a selection of protein 

bands with increased (bands & a-g) and decreased (bands u-z) de novo protein 

synthesis rates in response to heat shock, respectively. This analysis showed that an 

increase in the quantity of de novo synthesised protein was responsible for at least 

some if not all of the increased abundance identified for the 5 heat shock responsive 

bands (labelled a-e) highlighted in the initial 8 hour time course (Figure 4.1). 

Moreover, an additional two protein bands displayed increased de novo synthesis 

(labelled f and g) under heat shock conditions. In the majority of cases, with the 

exception of band d, there is a dramatic increase in synthesis over the first 1-2 hours 

of heat shock, after which it levels off and with certain bands synthesis starts to 

decrease, as with bands e and f This levelling off indicates that for those particular 

protein bands, protein turnover is at equilibrium where protein is synthesised and 

degraded at equal rates. Where the level of de novo synthesised protein starts to 

decrease, the rate of degradation has exceeded the rate of synthesis. This analysis has 
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Figure 4.4. Time course of de novo protein synthesis in Synechocystis cells grown 
under normal growth conditions and following a shift in growth temperature to 
44«C. 

De novo synthesised proteins in Synechocystis cells grown under normal (A) and heat 
shock conditions (B) were ^̂ S radiolabelled in vivo for 4 hours. At specific time 
intervals of 20, 40, 60, 120 and 240 min, aliquots of cells were removed from both 
cultures and the soluble protein extracted. Protein was precipitated from an aliquot of 
each crude soluble fraction containing 50 jig of protein and resolved via SDS PAGE. 
Protein bands were visualised with Coomassie staining (C lanes) and rabiolabelled 
proteins were detected by autoradiography (A lanes). Bands marked with blue and red 
arrows are those which display a decreased or increased quantity of de novo synthesis, 
respectively. Bands labelled with a green arrow are those synthesised under normal 
growth temperature but not under heat shock conditions. 
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Figure 4.Sa. Heat shock induced increased quantity of de novo protein synthesis 
for specific protein bands over time in Synechocystis. 

Autoradiogram band volumes (Figure 4.4) were measured and normalised against the 
related lane volimie on the Coomassie Blue stained gel. The values obtained for 
corresponding bands from control ( h ) and heat shock (*) time courses were plotted. 
Graphs labels relate to the band annotations in Figure 4.4. 
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Figure 4.5b. Heat shock induced increased quantity of de novo protein synthesis 
for specific protein bands over time in Synechocystis. 

Autoradiogram band volumes (Figure 4.4) were measured and normalised against the 
related lane volume on the Coomassie Blue stained gel. The values obtained for 
corresponding bands from control (•) and heat shock (•) time courses were plotted. 
Graphs labels relate to the band annotations in Figure 4.4. 
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Figure 4.6. Decreased quantity in de novo protein synthesis over time for specific 
protein bands in Synechocystis following heat shock. 

Autoradiogram band volumes (Figure 4.4) were measured and normalised against the 
related lane volume on the Coomassie Blue stained gel. The values obtained for 
corresponding bands from control (a) and heat shock (©) time courses were plotted. 
Graphs labels relate to the band annotations in Figure 4.4. 
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also demonstrated that 14 proteins bands, labelled with blue arrows in Figure 4.4, are 

synthesised during heat shock but at lower levels when compared to the control. 

Therefore the de novo protein synthesis of these 14 protein bands is reduced under 

heat shock conditions. However, some of these bands, i.e. bands x, y and z, show an 

initial heat shock induced level of synthesis greater than in cells grown under normal 

temperature, which subsequently declines. Bands y and z are the low molecular 

weight constituents of the phycobilisome proteins characteristic in cyanobacterial 

soluble protein preparations. In the later stages of the heat shock time course, de novo 

protein synthesis of these two bands is over two fold less than in cells grown under 

normal conditions. Band x is more noteworthy, as although protein synthesis is 

decreased in latter stages of the time course, after 60 minutes of heat shock it is one of 

the most abundant radiolabelled bands and the level of protein expression is slightly 

greater than in control cells. This indicates that this protein is important to the survival 

of Synechocystis cells under heat shock conditions. Finally, there are a number of 

protein bands synthesised under normal growth conditions that are not synthesised 

during heat shock, these are labelled with green arrows in Figure 4.4, and are 

obviously not essential to the cell for survival under heat shock conditions. 

It is likely that the most important changes to the cells biochemistry and physiology 

will occur early on during the response. Therefore the earliest time window showing 

the widest variety of changes should be chosen for future analysis. When taking a 

broad look at the heat responsive protein bands, it is evident that for all but one band 

the difference in the level of de novo protein synthesis between control and heat shock 

samples is not the same across all time points, the exception being band b. However, 

the majority of bands do display a clear difference in the level of protein synthesis 
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after 1 hour. Consequently the 1 hour heat shock time point was chosen as the 

window in which the response to this stress would be studied. 

4.2.4 Mini 2D-E of 1 hour ^̂ S radiolabelled soluble proteins from wild type 

Synechocystis cells grown under control and heat shock conditions. 

There is no certainty that the compared radiolabelled bands fi-om control and heat 

shock samples are the same protein(s), they may be different proteins with similar 

molecular weights. In order to investigate this, 200 ng of soluble protein isolated from 

1 hour radiolabelled cells grown under both normal and heat shock conditions was 

analysed via mini 2D-E. Both pH 4-7 (Figure 4.7) and pH 6-11 (Figure 4.8) IPG strips 

were used in order to resolve the entire spectrum of proteins. The resolved spots were 

visualised by staining with Coomassie Blue and radiolabelled proteins were detected 

by autoradiography. The 7 protein bands showing an increased level of de novo 

protein synthesis in response to heat shock (a-g), when analysed via ID SDS PAGE 

(Figure 4.4), were again seen to display this response and resolve as multiple spots 

with similar MW but different p7 on the pH 4-7 min 2D gel (Figure 4.7). Moreover, 

band C appears to be composed of 2 different proteins, as 2 separate spot trains are 

clearly visible on this gel (labelled c and h). In addition to this, 5 more protein spots 

were discovered on the pH 4-7 min 2D gel (Figure 4.7), which display heat shock 

induced increased protein synthesis (labelled i-m). Both these observations 

demonstrate the increased resolution achieved by 2D gels in comparison to ID gels. 

Also, it is evident from this analysis that protein "x" is a major constituent of the total 

de novo protein synthesis during heat shock, although its synthesis does not appear to 

be greatly elevated from steady state levels. This was seen on the mini ID gel 
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Control 

1 hr Heat Shock 

Figure 4.7. Mini pH 4-7 two-dimensional gel electrophoresis of de novo 
synthesised proteins during a 1 hour time window in Synechocystis cells grown 
under normal (34°C) and heat shock (44°C) conditions. 

Soluble protein was fractionated from 1 hour radiolabelled Synechocystis cells grown 
under normal and heat shock conditions and 200 of protein from each sample was 
subjected to mini pH 4-7 2D-E. The resultant protein spots were visualised with 
Coomassie Brilliant Blue staining (CBB) and the radiolabelled proteins detected by 
autoradiography (""S). Spots labelled with blue and red arrows are those which 
display decreased and increased de novo synthesis respectively, in response to heat 
shock. Green arrows mdicate those spots synthesised under normal growth 
temperature but not in cells when heat shocked. (PB = phycobilsiome protein 
constituents). 
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Figure 4.8. Mini pH 6-11 two-dimensional gel electrophoresis of de novo 
synthesised proteins during a 1 hour time window in Synechocystis cells grown 
under normal and heat shock (44°C) conditions. 

Soluble protein was fractionated from 1 hour radiolabelled Synechocystis cells grown 
under normal and heat shock conditions and 200 (ig of protein from each sample was 
subjected to mini pH 6-11 2D-E. The resultant protein spots were visualised with 
Coomassie Brilliant Blue staining (CBB) and the radiolabelled proteins detected by 
autoradiography ('*'S). Spots labelled with blue and green arrows are those which 
display decreased or no de novo synthesis in response to heat shock, respectively. 
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(Figure 4.4) and confirms the prediction that this protein is probably an integral part 

of the cells survival mechanism under heat shock. The decreased de novo synthesis of 

phycobilisome constituents is further reinforced in this study (labelled PB on Figure 

4.6). In addition, other protein spots displaying decreased or undetectable levels of 

protein synthesis under heat shock in comparison to levels in cells grovm under 

normal temperature are evident in both pH 4-7 (Figure 4.7) and pH 6-11 (Figure 4.8) 

mini 2D gels. However there are no protein spots that show increased synthesis during 

heat shock on the pH 6-11 gel. For this reason pH 4-7 2D gels were used for all future 

analysis of the effects of heat shock on the soluble protein steady state levels. Finally, 

when comparing the levels of de novo synthesised protein with the abundance on the 

Coomassie stained gel, it is noticeable that ahhough many proteins are reasonably 

abundant, there are many that are barley detectable with Coomassie staining. Because 

it is not possible to characterise very low abundant spots due to the quantity of protein 

available, this is an important issue to consider when the main intension of this study 

is to identify these proteins. 

4.2.5 Large format 2D-E analysis of the effect of heat shock on soluble protein 

steady state levels in Synechocystis. 

Having established a suitable time window in which to study the heat shock response 

in Synechocystis, the next phase of this investigation was to perform a large format 

2D-E based comparison of control and heat shock soluble protein samples. Multiple 

repeats are essential to allow for statistical validation. 
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Four 500 ml exponentially dividing cultures grovm imder normal conditions were heat 

shocked at 44°C for 1 hour. Prior to heat shock half of the cultwe was removed and 

the cells immediately harvested. The remaining culture was shifted to 44°C for 1 hour 

before collecting the cells. Cells were broken with French press (see materials and 

methods for details) and the crude soluble protein fraction isolated. These crude 

extracts were precipitated with acetone and the protein complexities fi^om repeat 

control and heat shock cells were visualised and compared using SDS PAGE (data not 

shown). The repeat protein extracts from both control and heat shocked samples were 

revealed to be highly reproducible and the obvious differences previously detected 

were visible. Aliquots of lysis buffer solubilsed protein from the four repeat control 

and heat shocked samples (totalling 8 samples) containing 200 ng of protein were cup 

loaded onto individual pre-hydrated 18 cm pH 4-7 IPG strips. These strips were 

focused using an Ettan IPGphor lEF System (Amersham Biosciences) for ~ 70 kVh 

and subsequently electrophoresed through SDS 12 % polyacrylamide resolving gels 

(26 X 20 cm), backed onto low fluorescence glass plates, using an Ettan DALTtwelve 

Large Format Vertical Electrophoresis System (Amersham Biosciences). The 

resultant gels were stained attached to the glass plate each with 400 ml of SYPRO 

Ruby stain and visualised using a Typhoon Variable Mode Imager. High resolution 

scans at 100 \im were obtained for quantitative analysis. An example of each control 

and heat shock protein sample analysed in this fashion is displayed in Figure 4.9. The 

lack of detection of the Phycobilisome protein constituents using fluorescence 

imaging was immediately obvious and was deemed to be a result of the conflict 

between the wavelength of their intrinsic fluorescence and the emission wavelength of 

the SYPRO Ruby stain (see section 4.2.6). Protein abundance levels were quantified 

using Phoretix Evolution software (Nonlinear Dynamics). The corresponding ".gel" 
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Figure 4.9. SYPRO™ Ruby stained large format pH 4-7 2D gels of soluble 
protein isolated from Synechocystis cells grown normal (34''C) and heat shock 
(44''C) temperatures. 

Soluble proteins were isolated from Synechocystis cells grown under normal (A) and 
heat shock (B) conditions and 200 ^g from each cell sample were subjected to large 
format pH 4-7 2D-E. Resolved spots were visualised with SYPRO Ruby staining and 
imaging using a Typhoon Variable Mode Imager. Proteins detected by Phoretix 
Evolution analysis which increase in abundance are indicated in red. The area of 
interest (AI), highlighted with a blue square, encircling these proteins is enlarged in 
Figure 4.10. Phycobilisome proteins (PB), highlighted with a green square, are 
masked due to the conflict between the wavelength of their intrinsic fluorescence and 
the SYPRO Ruby emission wavelength. 
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image files for each control and heat shock sample were cropped using ImageQuant 

Tools (Amersham Biosciences) and directly imported into the Evolution software. 

Spots were automatically detected and matched with manual confirmation of the 

matched spots before the background staining was subtracted using the mode of non-

spot algorithm and the quantified spot volumes were normalised against the total spot 

volume. Average gels for each control and heat shock sample set were created which 

contain only those spots that are matched in each sample set (i.e. control and heat 

shock) and the abundance of each spot is averaged across all replicates. Comparison 

of the averaged data generated 18 protein spots (Figure 4.10) which displayed a 

greater than 1.4 fold increase in abundance, 13 of which demonstrated a greater than 

95 % statistical confidence (Table 4.1). These statistics were calculated using a 2 

tailed paired t-test, which was chosen because it is able to measure the variance for 

two related sets of mean data and also take in to account the possibility of 

bidirectionality in the relationship between the two data sets (i.e. in terms of protein 

spot abundance, an increase or decrease). The 18 protein spots were manually excised 

from a SYPRO™ stained un-backed large format 2D gel containing 400 |.ig of protein 

and analysed via peptide mass fingerprinting using MALDI ToF MS performed on a 

Voyager DE-STR Biospectrometry workstation (Applied Biosystems). The obtained 

MS data was used to interrogate all entries in the NCBI database 

(http://www.ncbi.nlm.nih.gov) using Protein Prospector (http://prospector. ucsf edu/) 

(Clauser et al., 1999) and the validity of these identifications were confirmed using 

the MOWSE statistical test (Pappin et al 1993). This test states, that for an 

identification to be considered accurate a certain percentage of the protein sequence 

must be covered. Positive identifications with a MOWSE > 10̂  were attained for 15 

of the 18 picked proteins spots (Table 4.1). These 15 different protein spots equate to 
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Figure 4.10. Protein spots identified via Phoretix Evolution analysis as increasing 
in abundance in response to heat shock. 

Highlighted area of interest (AI) of large format SYPRO Ruby stained pH 4-7 2D gels 
(Figure 4.9) containing 18 protein spots displaying increased abundance in response 
to heat shock. 3D profile extracted directly from Phoretix Evolution software 
(Nonlinear Dynamics) displaying the increased abundance of spots 11-18, Specking 
artefact of SYPRO Ruby staining, which effects accurate quantification of spot 
volumes is also highlighted. 
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6 unique proteins and again it is evident that these 6 proteins are resolving in "trains" 

of multiple protein spots with similar MW put different pi. The identifications of the 3 

unidentified protein spots can therefore be predicted to be the same as the other 

neighbouring identified spots. This is shown in Table 4.1. The six idenfifications 

obtained account to five classical heat shock proteins/chaperones two 60 kDa in size 

and the others 70,90 and 100 kDa in size and an elongation factor. 

A specking artefact of SYPRO Ruby staining, not known to exist at the time of this 

analysis, is clearly evident in these gels (Figure 4.10). This artefact can occur inside a 

protein spot and thus affects the calculated volume, as is shown by the spot 3D 

profile. Consequently the quantitative data obtained in this investigation for spots 

containing these speckles is inaccurate and may also be reason for the lack of heat 

shock responsive protein spots with good statistical values. Furthermore because each 

protein sample has to be resolved via individual 2D gels there is inherent gel to gel 

system variation, adding to the difficulty of obtaining good statistical data. Therefore, 

2D Difference In Gel Electrophoresis (DIGE) technology was employed for further 2-

DE based analysis of the heat shock response. This system has been developed by 

Amersham Biosciences (Tonge et al, 2001) and is based on the differential labelling 

of two different protein samples with separate Cyanine dyes possessing distinct 

fluorescence properties (Unlu et al., 1997; Tonge et al., 2001). This allows both 

control and treated samples for an individual experiment to be co-resolved in the same 

2D gel, thus reducing the extent of system variability. Cyanine Dye labelling is as 

sensitive as SYPRO and doesn't have a speckling problem. This technology also 

incorporates the ability to co-resolve a third protein sample in each gel, usually a 
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mixture of all experimental samples (Alban et al, 2003), this third sample functions 

as an internal standard in each 2D gel, further reducing gel to gel system variability 

and ensuring accurate quantification and matching of resolved spots in later software 

analyses. 

4.2.6 Optimisation of the 2D DIGE technology for Synechocystis soluble 

proteins 

Cyanine dyes used in DIGE technology are expensive, and because of this, the effect 

of reducing the amount of labelled protein loaded into 2D gels on the extent of protein 

detection was investigated. Standard Amersham DIGE protocol suggests subjecting 

50 \ig of each Cy-Dye labelled sample to 2D-E. To test this 100 jxg of Synechocystis 

soluble protein was labelled with Cy5 (see materials and methods) and 12.5^g, 25jig 

and 50^g quantities of Cy5 labelled sample were cup loaded on to independent large 

format pH 4-7 12 % polyacrylamide 2-D gels and visualised (Figure 4.11) using a 

Typhoon 9200 imager (Amersham Biosciences). Although the required intensity of 

excitation (photon multiplier tube value, PMT) increased for lower protein loadings, 

the detection of low abundant protein spots was not compromised. Therefore, 

preceding DIGE experiments were conducted using 12.5 îg of each Cy-Dye labelled 

sample and became standard protocol within the laboratory. 

Synechocystis is a photosynthetic bacterium and contains light harvesting protein 

complexes known as phycobilisomes. The constituents of these complexes dominate 

the soluble protein fraction and are the most abundant proteins seen on a 2D gel. 

These proteins have intrinsic fluorescence and therefore it was predicted that they 

-234-



Figure 4.11. Detection of different quantities of Cy5 labelled Synechocystis 
soluble protein. 

12.5 \ig (A), 25 ng (B) and 50 ^g (C) of Cy5 labelled Synechocystis soluble protein 
was cup loaded into separate pre-hydrated 18 cm pH 4-7 IPG strips and subjected to 
2-D gel electrophoresis. The resolved spots were detected using a Typhoon 9200 
variable mode imager in fluorescence acquisition mode varying the PMT value so 
each gel obtained a maximum pixel intensity between 70,000 and 90,000. 
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would be excited and their emission detectable during visualisation of Cy-Dye 

labelled samples. The excitation and emission wavelengths used to detect the three 

Cy-Dyes are shown in Table 4.2a which are compared to the emission maxima 

wavelength for the various phycobilisome constituents shown in Table 4.2b. In order 

to test this hypothesis 200 p.g of non-Cy labelled Synechocystis soluble protein was 

two dimensionally separated (large format, pH 4-7 and 12% polyacrylamide). The 

resultant gel was imaged directly, without any staining, using a Typhoon 9200 

variable mode imager (Amersham Biosciences) and the recommended excitation and 

emission parameters for all three Cy-Dyes (Figure 4.12). This analysis revealed the 

detectable intrinsic fluoresce of phycobilisome constituents C-phycocyanin, 

allophycocyanin and the core membrane linker (Lcm) (phycobilisome rod linkers do 

not have intrinsic fluorescence), which were previously identified via MALDI-PMF. 

Furthermore, it was evident that other proteins within the soluble protein fraction also 

possessed intrinsic fluorescence (Figure 4.12), one of which was subsequently 

identified by MALDI-PMF as being succinate dehydrogenase flavoprotein. The other 

fluorescent proteins detected were too low abundant to obtain identification but some 

are most likely to be the low MW phycobilisome linkers which also possess intrinsic 

fluorescence. 

This data is important to the DIGE investigation because the detected intrinsic 

fluorescence of these proteins may be additive to the intensity of their Cy-Dye signal 

and also therefore to their abundance. Consequently abundance quantification for 

proteins with intrinsic fluorescence will be calculated erroneously and as a result these 

proteins have been omitted from further DIGE analysis. 
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Cy-dye Excitation X, Emission man X Bandwidth 

Cy2 488 rnn 520 nm 40 
Cy3 532 nm 580 nm 30 
Cy5 622 nm 670 nm 30 

Table 4.2a. Cyanine dye optimal detection parameters. 

PBS subunits - protein (gene name) Emission Size kDa* pi* 

C-Phycocyanin (cpcA & cpcB) 640 nm 17.6/18,1 5.3/5.0 

Allophycocyanin (apcA & apcB) 660 nm 17.4/17.2 4.9/5.4 

AUophycocyanin-B (apcD) 670 nm 18.0 5.4 

Core membrane linker (apcE) 670-680 nm 100.3 9.2 

Table 4.2b. Fluorescence emission maxima for phycobilisome constituents 
excited at 570 nm. 

*Molecular weights and p^s are taken directly from the PEDANT database 
(http://pedant.gsf.de/) (Frishman et al, 2001, 2003) and are theoretically predicted 
from sequence information. Fluorescence emission maxima obtained from Sidler 
(1994). Note: Synechocystis sp. PCC 6803 does not contain a gene for phycoerythrin 
(Kaneko et al., 1996). 
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Figure 4.12. Intrinsic fluorescence of Synechocystis soluble proteins visualised 
using cyanine dye excitation and emission parameters. 

200 ^ig of Synechocystis soluble protein was cup loaded into an 18 cm pH 4-7 IPG 
strip and subjected to large format 2D-E. The resultant gel was directly scanned using 
a Typhoon 9200 variable made imager in fluorescence acquisition mode and all three 
Cy-dye excitation and emission detection parameters (Table 4.2a). 
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4.2.7 Two Dimensional Differential Gel Electrophoresis (2D DIGE) analysis, 

revealing changes in Synechocystis soluble protein steady state levels following 

heat shock for 1 hour. 

Amersham DIGE protocol stresses the importance of biological replicates which 

guarantee the measurement of bona fide biological changes in response to a treatment 

above the inherent background biological variation. A large number of biological 

replicates ensure a greater account for inherent biological variation and thus increases 

the confidence that the results are representative of the genuine biological response. 

Thus, six repeat heat shock experiments were conducted on different days using 500 

ml Synechocystis gassed cultures grown under normal conditions (34°C, 70 )JE m '̂  

s ' ) until reaching an A730 of ~ 1.0. In each experiment half of the culture (250 ml) 

was removed prior to heat shock exposure, generating a control cell sample, while the 

remaining half was transferred to heat shock conditions (44°C) for 1 hour. Cells from 

both control and heat shock populations were harvested by centrifugation and broken 

using French press, from which the soluble protein was fractionated and precipitated 

(see materials and methods). This experimentation generated six control and six 1 

hour heat shock soluble protein extracts and their reproducibility was confirmed via 

both SDS PAGE and mini pH 3-10 2-DE (data not shown). 

Having generated sufficient repeat material for DIGE analyses and established that it 

was reproducible; a proportion (approximately 200 ^g) of each protein sample was 

solubilised in Lysis buffer and prepared for Cy Dye labelling (see material and 

methods). Following this a 50 (xg aliquot from each sample was Cy labelled using the 

minimal dye labelling method with 400 pmol of dye at a protein concentration of 2.5 
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\ig/\i\ and (see materials and methods for details). This method limits the extent of 

labelling to only 1 % of all lysine residues. Al l six confrol samples were Cy3 labelled, 

all six heat shocked samples were Cy5 labelled and 25 |.ig aliquots from each confrol 

and heat shocked sample were pooled together and labelled with Cy2 (generating the 

internal standard). The success of Cy-Dye labelling was confirmed by visualisation of 

2.5\ig of each sample on SDS PAGE (data not shown), which also demonsfrated that 

samples were equally loaded. 

On establishing successful Cy labelling, large format pH 4-7, 12 % polyacrylamide 2-

DE was performed. Here equal 12.5 ng quantities of Cy labelled control and heat 

shocked samples from the same experiment were mixed with the same quantity of 

pooled internal standard. To these six sample mixes, lysis buffer (9 M urea, 2 M 

thiourea, 4 % (w/v) CHAPS), DTT (50 % w/v in lysis buffer) and Pharmalytes (pH 4-

7) were added to a final volume of 70 | i l and a final concenfration of DTT and 

Pharmalyte of 1% (w/v) and 2 % (v/v), respectively. These samples were 

subsequently cup loaded (at the anode) into 18 cm, pH 4-7 IPG sfrips (Amersham 

Biosciences) pre-hydrated over night with reswelling buffer (9 M urea, 2 M thiourea, 

4 % (w/v) CHAPS, 1% (w/v) DTT, 2% (v/v) Pharmalytes (pH 4-7), 0.002 % (w/v) 

bromophenol blue). Strips were focused overnight for 70 kVh using an IPGphor lEF 

system (Amersham Biosciences) (see materials and methods for details) and 

subsequently equilibrated before loading on large format 12 % polyacrylamide gels 

(260 x 200 X 1 mm) cast within Ettan DALT low fluorescence glass cassettes 

(Amersham Biosciences). Gels were elecfrophoresed using the discontinuous buffer 

system of Laemmli (Laemmli, 1970) and an Ettan DALTtwelve Large Format 

Vertical System (Amersham Biosciences) at 5 W/gel for 30 minutes followed by 17 
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W/gel until the dye front had reached the bottom of the gel. Al l six gels were 

immediately visualised via fluorescence imaging using a Typhoon 9200 variable 

mode imager (Amersham Biosciences) detecting all three Cy images, i.e. Cy2, Cy3 

and Cy5, simultaneously and obtaining a maximum pixel intensity above 60,000 but 

bellow 100,000 (saturation) for each image by selecting appropriate photon multiplier 

tube (PMT) values (see materials and methods). Fluorescence images for each DIGE 

gel can be viewed either as individual Cy flours or as a triple overlay image (Figure 

4.13). The triple overlay image of all three Cy flours does give some indication of the 

spots which change in abundance, predominantly red spots decrease in abundance, 

whereas green spots are those showing an increase in abundance. However this kind 

of information is not quantitative as spot abundance has not been normalised at this 

stage. 

Having obtained all the images for all six 2D DIGE gels it was evident that one of the 

gels had not acceptably resolved and was therefore not carried forward for software 

analysis, thus reducing the number of replicate gels to five. Before analysis the images 

from these five gels were cropped, selecting only the area of the gel within which 

proteins had resolved. These cropped images were subsequently imported into 

DeCyder Batch Processor software (Amersham Biosciences) where spots were 

automatically detected and matched and their volume (i.e. their abundance) 

normalised and quantified. The DeCyder Batch Processor software is able to detect all 

resolved protein spots in each gel through the use of a pre-determined number given 

by the user before the process is started. A total estimated spot number of 3,000 was 

given which achieved detection of all resolved spot in all gels, this number was 

determined from previous DeCyder Differential In-gel Analysis (DIA) software 
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Figure 4.13. 2-D DIGE analysis of changes in Synechocystis soluble protein 
abundance following exposure to heat shock conditions for 1 hour. 

Equal 12.5 |xg quantities of control (Cy3 labelled), heat shock (Cy5 labelled) and 
pooled internal standard (Cy2 labelled) samples were co-resolved through large 
format pH 4-7 12 % acrylamide 2-D gels. Labelled proteins were visualised 
immediately after electrophoresis detecting all three labelled samples. Each Cy image, 
i.e. Cy2, Cy3 and Cy5, can be viewed individually (panels A, B and C), or all 3 Cy 
images can be viewed on top of one another as an overlay (D). Using this overlay 
image proteins having an increased or decreased abundance can be seen as green and 
red spots, respectively. Red circle indicates a green coloured spot resolved in the dye 
front. 
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analysis. Al l spot detection and matching was performed using the Cy2 image from 

each DIGE gel, as was normalisation and quantification of spot abundance. The data 

generated from this process was viewed using DeCyder Biological Variation Analysis 

(BVA) software (Amersham Biosciences). This automatically matched all spots 

across all 5 gels, which were manually checked and altered i f necessary. DeCyder 

BVA software was subsequently used to determine the average change in protein 

abundance across all 5 gels for each protein spot between the control (Cy3) and heat 

shocked (Cy5) samples. The software also concurrently calculated the variance for 

each set of average data, expressed through a paired T-test, and was used to determine 

the reproducibility and validity of the replicate data. Protein spots having a greater 

than +/-10 % change in abundance in response to heat shock across all 5 repeat 

experiments and also a statistical confidence above 95 % were manually selected for 

MALDI-TOF PMF identification. The basis for this statistical significance was that an 

event is significant i f it is expected to occur at random with a frequency of less than 

5%. In application of the criteria a total of 210 spots were selected for MS 

characterisation, 169 of which demonstrated an increase in abundance and 41 

displayed a decrease. However, those spots which resolved in the same MW train as a 

spot(s) which displayed a statistically valid change in abundance but themselves did 

not display a statistically valid change were also selected for identification. These 

proteins spots did display a greater than 10 % change in abundance but were slightly 

outside the statistical cut off. This added 5 addition spots to the investigation. 

Therefore in total 215 spots were selected for identification. Of these 215, 22 spots 

displayed a statistically valid change in abundance but only across four of the five 

repeat experiments. These spots were either missing from one of the gels due to slight 

differences in resolution or were so low abundant that they were not detected. 
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Because of this these proteins were still selected for identification as reproducibility 

across 4 repeat experiments is still a valid result. 

Before these proteins spots were identified by PMF, analysis of the heat shock 

response in the Ahik34 mutant cells was conducted and which is described in the 

following section. See section 4.2.10 for characterisation of the 215 selected protein 

spots. 

4.2.8 Comparison of soluble protein extracted from wild type and Ahik34 

Synechocystis cells grown under normal and heat shock conditions. 

One of the main objectives of this chapter was to study the function of the 

Synechocystis histidine kinase, Hik34, in the cellular heat shock response using a 

hik34 gene knockout Synechocystis strain, namely Ahik34. Transcript expression 

analyses via DNA microarray technology and other studies performed by Prof Norio 

Murata's Lab have suggested that Hik34 functions as a heat sensor and a suppressor 

of Hsp expression under normal growth conditions. 

Having established a suitable time window in which to study the effect of heat shock 

on protein steady state levels and also established a suitable technology capable of 

generating quantitative data, the next stage of this investigation was to compare 

protein complements from wild type and Ahik34 cells grown under both normal and 

heat shock conditions using this technology. However, before any extensive 

investigation of repeat heat shock experiments was undertaken, soluble protein 

extracts from 50 ml gassed wild type and Ahik34 cultures grown under both normal 
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(34°C) and heat shock (44°C) conditions were compared via both SDS-PAGE and 

min 2-DE. This was done to see i f there were any obvious differences in soluble 

protein extracts from wild type and Ahik34 mutant cells and to determine i f the heat 

shock responsive proteins likely to be chaperones (seen in Figures 4.1, 4.4 and 4.7) do 

increase in abundance as a result of the hik34 knockout, as indicated by analysis of 

mRNA expression (see infroduction). 

Cells, both wild type and AhikS4, were grown as 50 ml gassed cultures under normal 

conditions (34°C, 70 )iE s'') until they reached an A730 of-1.0. At this point half 

of both cultures were removed, generating the control cell samples, and the remaining 

halves were transferred to heat shock conditions (44°C) for 1 hour. Cells from all four 

samples were harvested by centrifugation, broken using glass beads and the soluble 

protein extracted (see materials and methods for details). This experimentation was 

repeated, thus generating duplicate samples for each sample type. Subsequently, 20 

^g of protein from each sample was subjected to SDS-PAGE using 12 % 

polyacrylamide resolving gels and the resolved bands were visualised with Coomassie 

blue (Figure 4.14). This analysis demonstrated that when comparing wild type and 

Ahik34 mutant Synechocystis cells grown under normal conditions a slight elevation 

in abundance could be detected for some of the high molecular weight heat shock 

responsive bands. Moreover, four of the heat shock responsive bands did show an 

obvious elevation in abundance in the Ahik34 mutant cells growoi under heat shock 

conditions when compared to wild type cells subjected to the same environment. 

These observations support the theory previously demonstrated from mRNA analysis 

that Hik34 functions as a heat sensor and a repressor of Hsp expression (Iwane 

Suzuki, NIBB, Japan - personal communication). 
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Figure 4.14. SDS-PAGE analysis comparing soluble protein extracted from wild 
type and Ahik34 Synechocystis cells grown under normal (34°C) and heat shock 
(44°C) conditions. 

Soluble protein was fractionated from duplicate wild type and Ahik34 Synechocystis 
cells populations grown under normal and 1 hour heat shock conditions. An aliquot of 
each sample containing 20 ^ig was subjected to SDS-PAGE using 12 % acrylamide 
resolving gels and resolved protein bands were visualised via Coomassie blue. Black 
arrows indicate bands showing an increase in abundance as a result of the Ahik34 
knockout mutation in both normal and heat shock samples. Red arrow highlights the 
loss of a protein band in the soluble protein fraction of Ahik34 cells. 
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The SDS-PAGE study also demonstrated that a high molecular weight protein present 

in the soluble protein fraction of wild type Synechocystis cells was reproducibly 

absent in the same protein fraction of Ahik34 mutant cells (Figure 4.14). This protein 

could not be Hik34 due to it size and therefore in order to determine the identity of 

this protein and perhaps help elude to the function of Hik34, 200 ^ig of total soluble 

protein fractionated from both wild type and Ahik34 Synechocystis cells was resolved 

via mini pH 4-7 2-DE. The resolved spots were visualised with Coomassie blue and 

again the absentness of the high molecular weight protein from the Ahik34 soluble 

fraction was evident (Figure 4.15). This protein was manually excised from the gel, 

digested with trypsin and the harvested tryptic peptides were analysed via ESI tandem 

MS. Fragment ion mass spectra was obtained for one peptide (Figure 4.16a) which 

was used together with the mass of its parent ion to interrogate the NCBI non 

redundant database against all organisms using the MASCOT search engine 

(http://www.matrixscience.com) (Perkins et ai, 1999) and a mass accuracy of 50 

ppm. Using this technology the protein was positively identified as a hemolysin-like 

protein (HLP) with a MOWSE score of 75 (Figure 4.16b) and indicates that Hik34 is 

involved in the expression of the hip gene due to its absence from the 

soluble/cytosolic protein fraction of Ahik34 Synechocystis mutant. This protein in E. 

coli (Suttorp et al., 1990) and S. aureus (Song et al, 1996) is a secreted toxin which 

functions to lyse the cells of infected tissues by forming small beta-barrel membrane 

spanning pores through which small molecules and ions can traverse the membrane. 

However, in Synechocystis sp. PCC6803, HLP is exclusively localised at the surface 

layer and lacks hemolytic activity (Nagai et al., 2001). The physiological fimction of 

HLP is currently unknown although a link with cell motility has been proposed 

(BhayaetaL, 1999). 
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Figure 4.15. Mini pH 4-7 2-DE showing the loss of a high molecular weight 
protein from the soluble protein fraction of Ahik34 mutant Synechocystis cells. 

Soluble protein was fractionated from exponentially dividing wild type and Ahik34 
Synechocystis cells. Aliquots from both samples containing 200 fxg of protein were 
subjected to mini pH 4-7 2-DE and the resolved spots were visualised with Coomassie 
blue. Red arrow indicates the high molecular weight protein present in the wild type 
soluble protein sample but absent from the Ahik34 sample. 
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Figure 4.16a. MS-MS spectrum for hemolysin peptide ion. 

Doubly charged peptide ion of 1143.55 m/z was further fragmented in the second 
quadrupole of a Q-TOF MS. Analysis of the generated y and b ions determined the 
sequence of the parent ion to be AVGGDDELVGGR. 
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1 MALSPNVIAA LQIMYTGRGV SASDLNWWAT DGANITYAEA VALFASSPDA 
51 AIKYPFFQAP QTADKRQYVA QVFANLYNID INDTSLVPTE ELDYWINWLS 
101 LSPDNYLDFP NALNNASAAA GLTDRLEALT NKADVSLSYT EALSTAGVNT 
151 FTEAQYAEAA GIIATVDDTN ASVLAAEAQI VEIAASLSVF TIAQAQATPN 
201 LPPAYTISDT ADNLIAGADD PWTGANNVI ANQSPAAPLS VEDANILLAT 
251 ADELAAGVTW DILDTTWVDVL AGGAAVSGAA SVGITDIVDV ATASQLLALG 
301 NFDGVYAIAD TSANIVADPG VSGGATAITL SDPDVPVSVA SATFLQGLGI 
351 PVGPSYIVED TSANILAALS TPAIVNAAEV IVNNTDVPLS VAQAEDLLSL 
401 PNLNAGFTYI lADTLDNLSA APSTLLDGAV SYSLTNTNPD LGVITEAEAV 
451 IVNGATNASD FNFLVADVIL TPQADIRSGN SFLSVAWEG GSIFNTLNSN 
501 DRLTGTGEDP TLSLTWQEAT FGNINTIFPV LDGIETLVAT LIENDLTLVS 
551 NDFDWGQGF ITGLKNVAAS GTKGGDLELI NLQTALETVS VTNYFFGDDV 
601 SFSIADPELA GDNDLLLLTV DQVTEDGPDV TSIKISDFSG NGGYETLGLT 
651 SGVTTSSKGN TNTVDIEGIV AVESIGITGI ENLTLSTSLI GSWKVDATG 
701 SALIPEFEGR EVFTGDLKAF FDDRPGGDIT FLSGSGNDEI SIARDAFTLS 
751 EDLKDVISKG HILDGGAGND ELTITGDAFS DTDAGHTVIG GEGNDSILLT 
801 GVAEGPIAGH VWSFDLINE VGGAGDDDIN ISGDAIGDSA GHWFGGAGE 
851 DDIFIGFDKT LAVSGNGAAL GVDLAGHWF AGDDDDTVRI TGDSFTSDSA 
901 NGSGHSVEGG TGDDLIEISG DALTADPDSE TIANPFFDDS EPSDLDLFIA 
951 ADQPIPTTEE QYQVLLAQLG LPADYNPRNF IRGVAAISGA HTVRGGEGND 
1001 VILFGPIAGE PGNGDGQHLA FGDEGDDFIE MTGIGSVEFN GGAGDDTLVG 
1051 GDGDPILGFG NDILNGDEGN DFLFGGKGND NLQGGEGDDI MSGGEGDDFF 
1101 FVDAGFDVIE DLGDANSETG DQFQVSEDAE AEIRWQDWE ATGLTFNLGI 
1151 ATLTIENPGG GSVDLSASNV PPNTNGYTVI GNIGDDEIIG SRDDDSIFGG 
1201 RGEDSIAGLG GDDIIEGNDD DDFISGDSLL LPLLPLEEIL PFGNDDIDAG 
1251 SGNDVIAGDL LWTGDDIDL NLFNGGKDTI EAGLGSDITV GDWSIGAFGD 
1301 IDLNASLERT AIGGDDTITT KQGDNGIVFP IGQVAIDNFL VGDLAAAVDG 
1351 VGNDIFLTET LTVIGGDDTM TGADGLDVIV GDVGLFGFEF NDSEINLTNF 
1401 KLGQVNGSTV SAGDDSITGE GGNDILVGDL FVGVINNNGI IIDGGKGFQL 
1451 GKDGTTSFIG GDDSISGGDG NDFLAGDFVL VDQLSAPFDP LDPNDWTFVN 
1501 PYATLQGQAG DSKAQAAQAA INLAQLRLEF RAVGGDDELV GGRGNDTFYG 
1551 GLGADTIDIG NDVTVGGVGV NGANEIWYMN GAFENAAVNG ANVDNITGFN 
1601 VNNDKFVFAA GAmFLSGDA TSGLAVQRVL NLQAGNTVFN LNDPILNASA 
1651 NNINDVFLAV NADNSVGASL SFSLLPGLPS LVEMQQINVS SGALAGREFL 
1701 FINNGVAAVS SQDDFLVELT GISGTFGLDL TPNFEVREFY A 

Figure 4.16b. Sequence coverage obtained for the positive identification of 
hemolysin. 

The peptide sequence obtained (Figure 4.16a) was used to search the NCBInr 
database using the MASCOT search engine (http://wvvw.marrixscience.com). A 
positive identification of hemolysin with a MOWSE probability score of 75 was 
obtained. The position of the sequenced peptide is shown in bold. 
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4.2.9 2D DIGE analysis, revealing changes in Synechocystis soluble protein 

steady state levels following heat shock for 1 hour and the role of Hik34 in their 

expression. 

Initial correspondence with Prof. Murata laboratory revealed their primary studies 

investigating the role of Hik;34 in the heat shock response were conducted using a 

different set of growth and heat shock temperatures to those previously used in the 

initial proteomic investigations described in this chapter. The temperatures employed 

for all proteomic analyses were 34°C for normal growth and 44°C for heat shock, 

however mRNA expression analyses were conducted on cells grown at 30°C and heat 

shocked at 42°C. Consequently in order to compare proteomic and transcriptomic data 

accurately a new set of protein samples were generated from both wdld type and 

Ahik34 Synechocystis cells exposed to the same temperature regimes as used in the 

mRNA expression study. Here 500 ml gassed wild type and Ahik34 Synechocystis 

cultures grown under normal conditions (30°C, 70 |4E m'^ s"') until they reach an A730 

of -1.0. At this point half of the cultures were removed, generating the control 

samples, and the remaining halves were transferred to heat shock conditions (42°C, 70 

m"'̂  s'̂ ) for 1 hour (samples were continually gassed under heat shock conditions). 

This experimentation generated 16 samples, 4 of each type, these being wild type 

control, wild type heat shock, Ahik34 control, and Ahik34 heat shock. Cells were 

harvested by centrifugation and broken using French press before the soluble protein 

was fractionated and precipitated with acetone (see materials and methods for details). 

Before proceeding into Cy labelling and 2D DIGE analysis of these samples, the 

reproducibility and solubility of all soluble protein extracts were assessed via SDS 

PAGE and min pH 4-7 2-DE (data not shown). 
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Samples were prepared for Cy labelling and labelled as previously described (see 

section 4.2.7) so that 50 î g aliquots from all 8 control samples and all 8 heat shocked 

samples were Cy3 and Cy5 labelled, respectively. Also, 25 \ig aliquots from each 

control and heat shocked sample were pooled together and labelled with Cy2, 

generating the pooled internal standard. The success of each Cy-dye labelling was 

confirmed by visualisation on SDS PAGE (Figure 4.17). 

Having established successful labelling, the next stage of this investigation was to 

perform large format pH 4-7 2-D DIGE. This was conducted using the same protein 

loadings (12.5 ng per sample) and sample pairing system (i.e. control and heat shock 

samples from the same cell type and heat shock experiment were co-resolved with the 

same quantity pooled standard) as described previously, (see section 4.2.7). 2-DE and 

imaging of the resolved Cy labelled protein spots was also performed as described in 

section 4.2.7 using the same electrophoresis and scanning equipment. As seen in the 

previous heat shock 2-D DIGE investigation there was a protein resolving in the dye 

front which appeared to quite dramatically increase in abundance (see Figure 4.13). A 

protein of similar molecular weight has also been seen in the several ID SDS-PAGE 

analyses (Figures 4.1, 4.4 and 4.14) and also in the mini 2-DE analysis of 

radiolabelled protein (Figure 4.7). As this protein appears to be a significant 

constituent of the heat shock response it is important to include it in the 2-D DIGE 

analysis. Because this protein does not seem to resolve out of the dye front on large 

format gels when using 12 % polyacrylamide, both 12 % and 15 % polyacrylamide 

large format gels have been used in this 2-D DIGE investigation. Figure 4.18 clearly 

shows the resolution of low molecular weight proteins achieved by using 15 % 

polyacrylamide. However, it was still a requirement to also use 12 % polyacrylamide 
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Figure 4.17. Cy labelled soluble protein extracted from wild type and Ahik34 
Synechocystis cells grown under both normal (30°C) and 1 hour heat shock 
(42°C) conditions. 

A 1 |j,l aliquot from each Cy labeled sample containing 2.5 fig protein was subjected 
to SDS-PAGE usmg 12 % acrylamide resolving gels. Following electrophoresis, 
labeled bands were visualised using fluorescence imaging and the corresponding Cy-
dye excitation and emission parameters. 
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Figure 4.18. Application of both 12 % and 15 % acrylamide resolving gels to the 
2-D D I G E analysis of changes in soluble protein steady state levels following 
exposure of wild type and Ahik34 Synechocystis cells to 1 hour heat shock 
conditions. 

Equal 12.5 ^g quantities of control (Cy3 labelled), heat shock (Cy5 labelled) and 
pooled internal standard (Cy2 labelled) samples were co-resolved through large 
format pH 4-7 12 % and 15 % acrylamide 2-D gels. Labelled proteins were visualised 
immediately after electrophoresis detecting all three labelled samples. Cy images, i.e. 
Cy2, Cy3 and Cy5, were overlaid and using this overlay image proteins having an 
increased or decreased abundance can be seen as blue/green and red spots, 
respectively. The extra resolution achieved for the low molecular weight proteins is 
clearly visible. 
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gels, as resolution of high molecular weight proteins is reduced at higher acrylamide 

concentrations. 

Having obtained all the images for all eight 2-D DIGE gels at both 12 % and 15 % 

polyacrylamide concentrations, it was evident that one of the four 12 % acrylamide 

wild type gels had not acceptably resolved and was therefore not carried forward for 

software analysis. This therefore reduced the number of replicate wild type 12 % 

polyacrylamide experiments to three. The remaining 2-D DIGE gels were cropped 

and processed via DeCyder Batch processor software (Amersham Biosciences) as 

previously described in section 4.2.7 where 12 % and 15 % polyacrylamide gels were 

processed separately. Again all spot matching across all gels was manually checked 

and altered i f necessary in DeCyder BVA software (Amersham Biosciences) before 

using this software to automatically determine the average change in protein 

abundance across all replicate gels for each protein spot between all four sample 

types. This was between (i) wild type control and wild type heat shock samples, (ii) 

Ahik34 control and Ahik34 heat shock samples, (iii) wild type control and Ahik34 

control samples, and (iv) wild type heat shock and Ahik34 heat shock samples. As 

before the software also calculated the variance for each set of average data using a 

paired T-test. This type of analysis asks the questions (a) which protein spots change 

in abundance as a result of heat shock, (b) which proteins change in abundance as a 

result of the Ahik34 mutation, and (c) what effect does the mutation have on the heat 

shock responsive proteins. Those protein spots displaying a greater than +/-10 % 

change in abundance in response to heat shock or as a result of the Ahik34 mutation, 

across all repeat experiments and also having a statistical confidence above 95 % were 

selected for MALDI-TOF PMF identification. The total number of spots selected for 
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identification equalled 321,251 of which demonstrated an elevated abimdance and 70 

a decreased abundance. In many cases the same protein spot was selected for 

identification across all four sample comparisons, however in other cases a particiilar 

spot may only have statistically valid data from only one of the sample comparisons. 

Of the 321 spots selected for identification the 15 % polyacrylamide DIGE analysis 

contributed 20 additional spots which met the selection criteria. 

4.2.10 MALDI-TOF PMF identification of Synechocystis soluble proteins which 

display a change in abundance following exposure of Synechocystis cells to heat 

shock conditions and as a result of the Ahik34 gene knockout mutation. 

In each 2-D DIGE analytical gel there were only 37.5 |xg (3 x 12.5 ^g) of total protein 

loaded, this means that i f an average protein mass of 30,000 Da and a total of 3,000 

Synechocystis soluble protein spots are assumed, there is only 0.42 pmoles of protein 

per spot. This is insufficient material to obtain identification via the MALDI-TOF 

PMF technique. Therefore, three higher loaded 2-D gels each containing 400 \ig of 

total soluble protein were generated. The same 2-D methodology that was performed 

to generate the DIGE analytical gels, i.e. pH 4-7 18 cm lEF, anodic cup loading and 

large format electrophoresis, was employed to generate these higher loaded 

preparative picking gels where two of the gels were at 12 % polyacrylamide 

concentration and one was at 15 % concentration. The resolved spots were visualised 

with MS compatible silver staining and scanned using a Proxpress imager (Genomic 

Solutions). Spots selected for identification from all three heat shock 2-D DIGE 

analyses, (including the initial 34°C - 44°C 12 % polyacrylamide analysis and both 

12 % and 15 % polyacrylamide analysis of the 30°C - 42°C heat shock study), were 
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manually matched to the same spots on the silver stained preparative gels. Upon 

examination of the preparative gel it was evident that several of the spots selected for 

identification were very low abundant. Because the likelihood of obtaining 

identification for these low abundant spots is remote and because MALDl-TOF PMF 

is very expensive, these spots were omitted from the analyses. Consequently the most 

abundant 288 spots (3 microtitre plates worth) were manually picked (see materials 

and methods for details) from the gels into 96-well microtitre plate (Genomic 

Solutions) where selected spots from the 12 % DIGE analyses were picked from both 

12 % preparative gels into the same well of the microtitre plate. It was interesting to 

note that the majority of proteins which displayed a low abundance were proteins that 

also demonstrated a decrease from steady state levels following heat shock. The 

picked spots were proteolysed with trypsin using a Progest autodigestion robot 

(Genomic Solutions) and the resultant tryptic peptides were analysed via MALDI-ToF 

MS. The mass spectra generated by the MALDI-ToF were used to interrogate, in 

manual mode, all entries in the NCBI non redundant database using the MASCOT 

search engine (http://www.matrixscience. com) (Perkins et al, 1999). This resulted in 

168 of the 288 spots being positively identified having a MOWSE (MOlecular Weight 

SEarch) score greater that the statistically valid threshold of 64. This score was used 

as the statistically valid threshold because it equated to a greater than 95% confidence 

that the probability of an observed match was not a random event. Furthermore, there 

is also a high degree of confidence in the identifications obtained because of the high 

probability that each protein spot on the 2D gel is a single protein species due to the 

small genome size of Synechocystis. For all identifications listed, a protein from 

Synechocystis PCC 6803 was the highest scoring hit. Other protein identification 

criteria which could have been applied include the University of Washington's 
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SEQUEST algorithm (http://fields.scripps.edu/sequest/index.html). Rockefeller 

University's Profound algorithm (prowl.rockefeller.edu/PROWL/prowl.html) and 

Expasy's Peptldent algorithm (www.expasy.ch/tools/peptident.html). Identifications 

from Synechocystis were generated for a further 8 protein spots which had MOWSE 

scores slightly below the threshold score of 64. However, because a neighbouring 

protein in the same molecular weight train had the same identification, these 

identifications have also been included in the data set and considered accurate. 

Therefore 176 proteins were identified from the original 288 picked, this is a hit rate 

of 61 %. Al l 176 identified proteins are tabulated along with the corresponding DIGE 

data and their location on the silver stained 2-D gel is indicated in Figure 4.19. Table 

4.3 lists all identified proteins seen to change in abundance in response to heat shock 

in both vsdld type and Ahik34 mutant cells. Table 4.4 list all identified proteins seen to 

change in abundance as a result of the Ahik34 knockout mutation. 

In Table 4.3 three protein spots numbered 143, 144 and 145 are of particular interest. 

Al l three spots resolved in the same molecular weight train and all contained the same 

few peptides in their MALDI-Tof mass spectra, but only a low probability 

identification as manganese stabilising polypeptide was attained. To attempt to 

generate a positive identification, the two major peptides in the mass spectra of 

1240.69 amu and 2128.06 amu were sequenced by ESI tandem MS. The mass spectra 

generated were again used to search all entries in the NCBI non redundant database 

using the MASCOT search engine (http://www.matrixscience.com) (Perkins et al., 

1999) and a positive match for manganese stabilising polypeptide was obtained 

(Figure 4.20). 
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Figure 4.19. Annotated silver stained preparative gel of identified Synechocystis 
soluble protein spots which show a change in steady state levels following 
exposure of cells to heat shock conditions or as a result of the Ahik34 knockout 
mutation. 

Synechocystis soluble protein was fractionated from wild type cells grown under heat 
shock conditions for 1 hour. Aliquots containing 400 ng of protein were subjected to 
large format pH 4-7 2-DE using both 12 % and 15 % acrylamide resolving gels and 
the resolved protein spots were stained with MS compatible silver stain. Annotated 
spots are those shown to change in abundance following heat shock or as a result of 
the Ahik34 mutation and have been successfully identified via MALDI-ToF MS or 
ESI tandem MS (see Tables 4.3 & 4.4). Spots labelled with a blue arrow are only 
present in Table 4.4. 
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Figure 4.20. Identification of manganese stabilising polypeptide via MS-MS. 

Doubly charged (A) and a triply charged (B) peptide ions with respective masses of 
1240.69 amu and 2128.06 amu were selected for further fragmentation from the 
tryptic digest of spots 143-145 (Table 4.3) using an ESI Q-TOF MS instrument. 
Fragmentation spectra and the corresponding sequence obtained are shown for both 
peptides ions. The sequence coverage achieved for the manganese stabilising 
polypeptide is also shown (C) MOWSE score = 92. 
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GDFYGRVDTDV 

m/z, amu 

B 
GLYTGYDNAVALPSAADKFR 

•91571 

- r . T , - l r 
TOO x n 

m/z, amu 

C Manganese stabilising polypeptide sequence 
MRFRPSIVALLSVCFGLLTFLYSGSAFAVDKSQLTYDDIVNTGLANVCPEISSFTRGTIE 
VEPNTKYFVSDFCMEPQEYFVKEEPVNKRQKAEYVKGKVLTRQTTSLEQIRGSIAVGADG 
TLTFKEKDGIDFQPITVLLPGGEEVPFFFTVKNFTGTTEPGFTSINSSTDFVGDFNVPSY 
RGAGFLDPKARGLYTGYDNAVALPSAADKFRTNKKETPLGKGTLSLQVTQVDGSTGEIAG 
IFESEQPSDTDLGAKEPLDVKVRGIFYGRVDTDV 
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4.2.11 A dramatic increase in environmental temperature results in elevated 

expression of classical heat shock proteins. 

As expected a variety of molecular chaperones have been identified as increasing in 

abundance from steady state levels in cells exposed to heat shock, including HspA 

(16.6 kDa sHSP), both GroEL proteins (Hsp60-1 and -2), GroES (HsplO), ClpB 

(HsplOO), DnaK-2 (Hsp70) and HtpG (Hsp90). Furthermore, these 7 proteins display 

the greatest increase in abundance of all heat shock inducible proteins, with HspA 

having the highest increase of over 19 fold (spot 172, Table 4.3). 

The two GroEL proteins have been previously shown in Synechocystis to be equally 

abundant under normal growth at 30°C, however upon exposure to heat shock at 42°C 

the level of GroEL-1 was greater then that of GroEL-2 (Glatz et al, 1997; Kovacs et 

ai, 2001), demonstrating the difference in heat induciblility of the two operons. This 

also indicates a different expression mechanism, as previously suggested by Lehel et 

al (1993b). This observation has been supported here, where the highest fold change 

in abundance for GroEL-1 and GroEL-2 protein spots when transferred from 30°C to 

42°C were 5.25 (spot 41, Table 4.3) and 4.00 (spot 43, Table 4.3), respectively. Other 

investigations in cyanobacteria have shown that both GroEL proteins wil l associate 

with the thylakoid membrane upon exposure to heat shock (Kovacs et al., 1994; 

Horvath et al., 1998) and that both weak and strong association have be demonstrated 

via phase-partitioning (Kovacs et al., 1994). This indicates that the GroEL proteins 

may play an important role in stabilisation of the thylakoid membrane upon exposure 

to heat and may be involved in the refolding of denatured membrane associated 

proteins. My proteomic investigation also revealed that GroEL-1 and GroEL-2 
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proteins were represented by more than one protein spot with different pPs and 

molecular weights (Figure 4.21). Further analysis needs to be performed to investigate 

the structural differences between these species, although the lower molecular weight 

proteins were probably truncated forms of the full length proteins and it was the hope 

that analysis of the PMF sequence coverage would support this. However, because 

only a few peptides are required to positively identify a protein and due to low 

sequence coverage attained for the GroE-1 and GroEL-2 proteins this was impossible 

to confirm. The significance of these proteins is not obvious and the presence of more 

than one translation initiation site has not been reported for these groEL gene 

transcripts. Of course, these additional low molecular weight proteins may be a result 

of proteolysis, but whether this has occurred as a response to the elevated temperature 

or is due to sample handling has still to be determined. However, the latter is less 

likely due to the use of EDTA in the cell lysis/protein extraction buffer and the 

maintenance of samples on ice while handling, both fimction to reduce protease 

activity. Also, the lysis buffered used to solubilise protein samples fully denatures 

proteins and thus any protease activity is removed. Perhaps further experimentation 

would have been desirable to determine whether protease activity was responsible for 

these additional protein forms, and i f it was an actual biological response rather than 

protease activity post-cell lysis. Such experiments could include the use of protease 

inhibitor cocktails during cell lysis and sub-cellular fractionation, and the 

implementation of in vitro protease enzyme activity assays of cell lysates from both 

control and heat shocked material. More recently, bioluminescence imaging based 

assays have been developed for the evaluation of protease activity in vivo 

(unpublished work www.biophotonics.ucdavis.edu/events/retreat04/Shindes.ppt), and 

determine i f protease activity is an actual biological event. 
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14.2 — 14.2 

No. No. of spots Protein MW 
(Da)" 

Theoretical 
MW(Da)'' 

Ave. Full length/ 
change' Truncated 

1 
2 

3 
2 

ClpB 
94606.1 
79355.3 

98123.0 
2.46 
2.00 

FL 
T 

3 4 65243.0 4.94 FL 
4 1 47298.8 1.95 T 
5 2 GroEL-1 46011.8 57652.9 1.6 T 
6 1 29588.5 1.42 T 
7 1 24139.6 1.96 T 
8 
9 

2 
2 

GroEL-2 
65243.0 
50895.1 

57774.6 
3.66 
2.41 

FL 
T 

Figure 4.21. 2D gel localisation and physical properties of full length and 
truncated forms of major chaperonins in Synechocystis seen to display an 
increased abundance following exposure of cells to heat shock. 

^ Molecular weights calculated from the relative mobility of proteins with known 
molecular mass. 

Theoretical MW obtained from PEDANT database (http://pedant.gsf de) (Frishman 
etal, 2001,2003). 

Average change in abundance following transfer of cells from normal growth at 
30°C to heat shock at 42°C (see Table 4.3). 
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In Synechococcus sp. PCC 7942 the mRNA levels of the htpG gene have been shown 

to increase over 20 fold when shifting the growth temperature from 30-45°C (Tanaka 

and Nakamoto et at., 1999). In this investigation protein levels increase as much as 

2.76 fold (spot 20, Table 4.3) and 2.42 fold (spot 18, Table 4.3) in the 34-44 °C and 

30-42°C temperature regimes, thus supporting the observation that htpG expression is 

elevated upon exposure to heat shock. The difference in the levels of mRNA and 

protein are obvious and expected. Not only are the temperature regimes slightly 

different, but these are also different cyanobacterial species. Furthermore, mRNA and 

protein levels from the same cell sample have been repeatedly shown to have very 

poor correlation (Gygi et al., 1999b). The fact that they are both elevated under heat 

shock is good evidence that the expression of this gene is elevated under these 

conditions and is required for survival. Further analysis of the htpG gene in 

cyanobacteria demonstrated that a mutation did not effect growth at 30°C or 40°C, but 

at 45 °C the mutant was unable to grow, indicating the importance for HtpG in the 

acquisition of thermotolerance in cyanobacteria (Tanaka and Nakamoto et al., 1999). 

This is something not previously observed in prokaryotic organisms, where in B. 

subtilis for example htpG is not essential for growth at 53°C (Verteeg et al., 1999) 

and suggests the importance for HtpG in the thermal stress management of 

photosynthetic organisms. 

The prokaryotic Hsp70 homolog DnaK-2 was shown to be elevated in heat stressed 

cells by 2.99 fold (spot 29, Table 4.3) and 2.45 fold (spot 30, Table 4.3) in the 34-44 

°C and 30-42 °C heat regimes investigated, respectively. This is the second hsp70 

gene of three dnaK genes in the Synechocystis genome and other experimentation 

indicates that this is the only Hsp70 gene to be transcribed under heat shock 
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conditions (Varvasovszki et al, 2003). Varvasovszki et al also showed that the co-

chaperonins of DnaK, DnaJ and GrpE, were also uninduced at the level of 

transcription in heat shock cells and may explain why these proteins were not seen to 

increase in abundance in the proteomic investigation reported in this thesis. In 

Synechococcus sp. PCC 7942, gene disruptions in all three dnaK genes revealed that 

dnak-1 was not essential for normal growth, where as dnaK-2 and -3 were (Nimura et 

al., 2001). However, only the DnaK-2 protein exhibited an increase in abundance 

following heat shock. DnaK-1 even showed a decrease in abundance. Other analyses 

revealed the DnaK-3 protein to be associated on the cytosolic side of the thylakoid 

membrane surface, suggesting this protein may be involved in the correct folding or 

translocation of thylakoid membrane proteins (Nimura et al., 1996). Together this 

research demonstrates the different properties and possible cellular functions of the 

various DnaK proteins in cyanobacteria. 

In this proteomic investigation the ClpB (HsplOO) protein was shown to increase in 

abundance following heat shock, which is consistent with that observed in 

Synechococcus (Eriksson and Clarke, 1996). However, it is evident that two different 

forms of this protein are present on the 2D gel with molecular weights of 

approximately 94.6 and 79.4 kDa (Figure 4.21). Both of these forms are heat 

inducible, where the 94.6 kDa protein increased in abundance as high as 5.77 and 2.57 

(spot 10, Table 4.3) in the 34-44 °C and 30-42 °C heat regimes, respectively, and the 

79.4 kDa form increased as much as 4.03 and 2.07 (spot 27, Table 4.3) also in the 34-

44 °C and 30-42 °C heat regimes, respectively. Analysis of the sequence coverage 

attained by PMF for these two proteins does show an N-terminal region which is not 

represented in the fingerprint of ClpB-79.4, which is covered in ClpB-94.6 (Figure 
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4.22). These results are consistent with previous investigations in Synechococcus sp. 

PCC 7942, where two isoforms of ClpB have also been found in the cytosolic protein 

fraction, with molecular weights of 93 and 79 kDa (Clarke and Eriksson, 2000). By 

shifting the growth temperature from 37 to 48.5 °C for 45 minutes the relative level of 

ClpB-93 and ClpB-79 increased by 6-7 fold and 2-3 fold, respectively. Therefore the 

ratio of ClpB-93:ClpB-79 abundance under heat shock in Synechococcus is 

approximately 1:3. Clarke and Eriksson also demonstrated that the ClpB-79 protein 

contributed to one third of the total thermotolerance developed by Syenchococcus 

which is consistent with the quantity of this protein synthesised relative to the ClpB-

93 form under heat shock. However; in Synechocystis the ratio is approximately 4:5, 

which may indicate that in this organism the ClpB-79 protein has a greater 

contribution to thermotolerance than in Synechococcus. These two proteins were first 

identified in E. coli (Squires et al., 1991) and actually arise from two separate 

translation initiation sites in the clpB gene transcript, where the ClpB-93 protein is the 

full length form and the ClpB-79 is the shorter form. There are several other 

mechanisms in which short versions of full-length polypeptides can be generated by a 

cell. Once such system is posttranslational proteolysis where terminal parts of a 

peptide are cut to reveal other functional domains. A good example of this is signal 

peptides, used in the import of proteins into various cellular compartments and which 

are removed by protease activity upon protein import. Some peptides targeted to the 

chloroplast or mitochondria have multiple signal peptides to target them to sub-

organellar locations such as the stroma. Another mechanism in eukaryotic organisms 

which generates short peptide forms is alternative gene splicing. Here different intron 

combinations are fused together generating in some cases multiple transcripts of 
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A. ClpB-93 
Number of mass values searched: 49 
Number of mass values matched: 30 
Sequence Coverage: 34% 

1 MQPTDPNKFT EPCAWEAIAKT PEIAKQHRQQ QIETEHLLSA LLEQNGLATS 
51 IFNKAGASIP RVNDQVNSFI AQQPKLSNPS ESIYLGRSLD KLLDNAEIAK 

101 SKYGDDYISI EHLMAAYGQD DRLGKNLYRE IGLTENKLAE IIKQIRGTQK 
151 VTDQNPEGKY ESLEKYGRDL TELAREGKLD PVIGRDEEVR RTIQILSRRT 
201 KNNPVLIGEP GVGKTAIAEG LAQRIINHDV PESLRDRKLI SLDMGALIAG 
251 AKYRGEFEER LKAVLKEVTD SQGQIILFID EIHTWGAGA TQGAMDAGNL 
301 LKPMLARGAL RCIGATTLDE YRKYIEKDAA LERRFQEVLV DEPNVLDTIS 
351 ILRGLKERYE VHHGVKIADS ALVAAAMLSN RYISDRFLPD KAIDLVDEAA 
401 AKLKMEITSK PEELDEVDRK ILQLEMERLS LQRENDSASK ERLEKLEKEL 
451 ADFKEEQSKL NGQWQSEKTV IDQIRTVKET IDQVNLEIQQ AQRDYDYNKA 
501 AELQYGKLTD LQRQVEALET QLAEQQTSGK SLLREEVLES DIAEIISKWT 
551 GIPISKLVES EKEKLLHLED ELHSRVIGQD EAVTAVAEAI QRSRAGLSDP 
601 NRPTASFIFL GPTGVGKTEL AKALAKNLFD TEEALVRIDM SEYMEKHAVS 
651 RLMGAPPGYV GYEEGGQLTE AIRRRPYSVI LFDEIEKAHG DVFNVMLQIL 
701 DDGRLTDAQG HWDFKNTII IMTSNLGSQY ILDVAGDDSR YEEMRSRVMD 
751 VMRENFRPEF LNRVDETIIF HGLQKSELRS IVQIQIQSLA TRLEEQKLTL 
801 KLTDKALDFL AAVGYDPVYG ARPLKRAVQK YLETAIAKGI LRGDYKPGET 
851 IWDETDERL SFTSLRGDLV IV 

B. CIdB-79 
Number of mass values searched: 50 
Number of mass values matched: 24 
Sequence Coverage: 30% 

1 MQPTDPNKFT EICAWEAIAKT PEIAKQHRQQ QIETEHLLSA LLEQNGLATS 
51 IFNKAGASIP RVNDQVNSFI AQQPKLSNPS ESIYLGRSLD KLLDNAEIAK 

101 SKYGDDYISI EHLMAAYGQD DRLGKNLYRE IGLTENKLAE IIKQIRGTQK 
151 VTDQNPEGKY ESLEKYGRDL TELAREGKLD PVIGRDEEVR RTIQILSRRT 
201 KNNPVLIGEP GVGKTAIAEG LAQRIINHDV PESLRDRKLI SLDMGALIAG 
251 AKYRGEFEER LKAVLKEVTD SQGQIILFID EIHTWGAGA TQGAMDAGNL 
301 LKPMLARGAL RCIGATTLDE YRKYIEKDAA LERRFQEVLV DEPNVLDTIS 
351 ILRGLKERYE VHHGVKIADS ALVAAAMLSN RYISDRFLPD KAIDLVDEAA 
401 AKLKMEITSK PEELDEVDRK ILQLEMERLS LQRENDSASK ERLEKLEKEL 
451 ADFKEEQSKL NGQWQSEKTV IDQIRTVKET IDQVNLEIQQ AQRDYDYNKA 
501 AELQYGKLTD LQRQVEALET QLAEQQTSGK SLLREEVLES DIAEIISKWT 
551 GIPISKLVES EKEKLLHLED ELHSRVIGQD EAVTAVAEAI QRSRAGLSDP 
601 NRPTASFIFL GPTGVGKTEL AKALAKNLFD TEEALVRIDM SEYMEKHAVS 
651 RLMGAPPGYV GYEEGGQLTE AIRRRPYSVI LFDEIEKAHG DVFNVMLQIL 
701 DDGRLTDAQG HWDFKNTII IMTSNLGSQY ILDVAGDDSR YEEMRSRVMD 
751 VMRENFRPEF LNRVDETIIF HGLQKSELRS IVQIQIQSLA TRLEEQKLTL 
801 KLTDKALDFL AAVGYDPVYG ARPLKRAVQK YLETAIAKGI LRGDYKPGET 
851 IWDETDERL SFTSLRGDLV IV 

Figure 4.22. Peptide coverage obtained from MALDI-PMF for full length and 
truncated forms of ClpB. 

Amino acid sequence coverage obtained via PMF (Bold) of the ful l length ClpB-93 
(A) and truncated Clp-79 (B) forms of ClpB protein in Synechocystis. 
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varying length. Furthermore, premature termination of translation can generate shorter 

peptide versions and an example of one such system is rho-dependent termination. 

The 16.6 kDa small Hsp, HspA, shows a 19.92 and 21.95 (spot 172, Table 4.3) 

increase in abundance in the 34-44 °C and 30-42 °C heat shock investigations, 

respectively. This is the highest increase in abundance for any of the spots detected 

via 2D-DIGE and therefore this protein may play one of, i f not the most important 

role in the heat shock response and thermal stress management. To support this, the 

HspA protein was barely detectable at normal growth conditions (both 30 °C and 34 

°C), which is unlike both GroEL proteins and the DnaK-2, HtpG and ClpB proteins 

which are all abundant under normal growth. This indicates that HspA has a specific 

heat shock-only role and is not required under normal growth. This observation is 

supported by Roy et al (1999) who used Streptomyces albus as an experimental 

system and demonstrated that although large amounts of the sHsp, hsp 18 mRNA were 

seen under normal growth at 30 °C; the protein was only detectable after exposure of 

cells to heat shock. HspA has been shown to be unable to refold non-native proteins 

but instead serves as a reservoir for unfolded protein substrates and subsequently 

transferring them to the ATP dependent chaperone machines for subsequent refolding 

(T6r6k et al., 2001). Furthermore, HspA demonstrated an involvement in the 

stabilisation of the thylakoid membrane under heat shock conditions in both 

Synechococcus and Synechocystis cells (Nakamoto et al., 2000; TorGk et al., 2001). 

This has been demonstrated through several investigations. Firstly, inactivation of this 

gene greatly reduced the photosynthetic oxygen evolution in heat stressed cells (Lee 

et al., 1998, 2000). Secondly, constitutive expression of the HspA protein in 

Synechococcus sp. PCC 7942 resulted in a faster recovery and higher survival rate 
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when cells were directly shifted from 30°C to a lethal temperature of 50 °C and also 

greater thermal protection of the photosystem I I complex and the light-harvesting 

phycobilisomes (Nakamoto et al., 2000). Thirdly, HspA demonstrated an ability to 

increase membrane stability and protect membranes from heat induced decreased 

physical order (Torok et al., 2001), in which the membranes increase in fluidity, 

become more permeable and proteins are disassociated. This suggests a dual role for 

HspA in the protection and recovery of thermally stressed cells. 

Other proteins expected to display an elevated abundance in response to heat shock 

are proteases. In this proteomic investigation three were identified and shown to 

increase from steady state levels in response to heat shock. These being 

Oligopeptidese A which increased as much as 1.76 fold (spot 24, Table 4.3) and 1.61 

fold (spot 23, Table 4.3), the periplasmic protease HboA which increased by 1.24 fold 

and 1.28 fold (spot 116, Table 4.3) and ClpC the ATPase subunit of the ClpC/ClpP 

protease which increased by 1.46 fold and 1.38 fold (spot 15, Table 4.3) in the 34-44 

°C and 30-42 °C heat shock investigations, respectively. Although no ClpP was found 

to be up regulated in heat stressed cells, several heat shock responsive proteins 

discovered from 2D-DIGE analysis were not identified via MS techniques, suggesting 

ClpP could be responding yet remains to be identified. 

4.2.12 Protein constituents of the oxygenic photosynthetic apparatus increase 

in abundance in response to heat shock. 

This proteomic investigation has demonstrated that the photosystem I I components, 

manganese stabilising polypeptide (PsbO) and PsbW, and the photosystem I 
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component PsaC, increase in abundance following exposure of cells to heat shock. 

The PsbO protein increases by 1.83 (spot 145, Table 4.3) and 1.72 (spot 143, Table 

4.3) in the 34-44 °C and 30-42 °C heat regimes investigated. The PsbW and PsaC 

proteins increase by 2.17 fold (spot 173, Table 4.3) and 1.33 fold (spot 176, Table 

4.3), respectively, in the 30-42 °C heat shock experiment. 

The PSII complex and moreover oxygen evolution has been described as being the 

most heat sensitive component of the photosynthetic machinery (Berry and Bjokman, 

1980, Mamedov et al, 1993). High temperatures cause inactivation of the oxygen 

evolving machinery by disruption of the manganese cluster, the catalytic site for 

oxygen evolution, and subsequent dissociation of the manganese ions (Nash et al., 

1985). However photosynthetic organisms have demonstrated the ability to increase 

the thermal stability of their photosynthetic machinery (Berry and Bjokman, 1980). 

Recently in Synechocystis, the manganese stabilising polypeptide (PsbO) located on 

the thylakoid lumen side of the PSII complex, has been characterised as a protein 

involved in the maintenance of PSII thermal stability and required for the acclimation 

to high temperature (Kimura et al., 2002). These investigations have suggested that 

PsbO is closely associated with the manganese cluster, and prevents dissociation of 

manganese ions (Shen et al., 1998). Other proteins associated with the manganese 

cluster have also been characterised and shown to be required for thermal stability and 

heat acclimation, namely Cyt C550 and PsbU (Nishiyama et al., 1994, 1999). However, 

western blotting analysis of Cyt C550 and PsbU protein abundance following exposure 

of cells to heat has suggested that these proteins are not elevated in abundance under 

heat shock conditions (Nishiyama et al., 1999). Therefore these proteins may not be 

involved in the development of increased thermotolerance and other proteins are 
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responsible. The manganese stabilising polypeptide and the PsbW protein identified 

are likely candidates for this purpose. Little is known about the PsbW protein itself; 

however it is reported to contain a single transmembrane domain and insert itself into 

the thylakoid membrane (Lorkovic et al, 1995) and an investigation using transgenic 

Arabidopsis thaliana displaying low levels of PsbW has suggested its role in the 

stabilisation of the dimeric PSII supracomplex (Shi et al., 2000). 

Much less is known about the effect of heat shock on the stability of PSI than PSII. 

However, this proteomic investigation has indicated that the PsaC protein may be 

involved in the stabilisation of this complex. In cyanobacteria, PsaC is associated on 

the cytosolic side of the thylakoid membrane and contains the penultimate and 

ultimate redox sites (FA and FB) for the transfer of electrons to ferredoxin (Yu et al., 

1997). PsaC is also required for binding of PsaD and PsaE to PSI, which are involved 

in the binding of ferredoxin to PSI (Yu et al., 1995). Perhaps the biding of ferredoxin 

to PSI and the subsequent transfer of electrons is particularly susceptible to heat 

inactivation and therefore requiring protein factors to increase the stability of this 

association, a function which may be achieved by PsaC. 

The a and p subunits of the ATP synthase CF(1) catalytic core complex, located on 

the cytosolic side of the thylakoid membrane in cyanobacteria, are also elevated in 

abundance following exposure to heat shock. The a subunit increases in abundance as 

much as 1.45 fold and 1.59 fold (spot 68, Table 4.3) in the 34-44 °C and 30-40 °C 

growth temperature regimes, respectively. The p subunit increases as much as 1.25 

fold (spot 63, Table 4.3) and 1.34 fold (spot 62, Table 4.3) also in the 34-44 °C and 

30-40 °C growth temperature regimes, respectively. The ATP synthase complex 
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produces ATP in the presence of a proton gradient generated by the flow of electrons 

form PSII through the complex and to PSI. The a subunit of this complex has a 

regulatory function where as the P subunit has a the catalytic function. Perhaps under 

heat shock conditions these proteins increase the quantity of ATP, demanded by the 

extra work load of the ATP dependent chaperone machines, i.e. GroEL/GroES and 

Dnak/DnaJ/GrpE. Or these proteins may f i i l f i l a stabilisation role, like that observed 

for PsbO. The other subunits of the ATP synthase complex, y, 5 and 8 , have not been 

shown to increase in abundance following heat shock. It is likely that because these 

proteins are directly associated with the thylakoid membrane, and are therefore not 

present in the soluble fraction, that they are more hydrophobic and consequently do 

not enter the 2D gel, 

4.2.13 Other proteins showing increased abundance following exposure of 

cells to heat shock. 

A global representation of the cellular functions wath which the identified proteins 

displaying a heat induced elevated abimdance are involved in is shovm in Figure 4.23. 

The most well represented cellular functions include chaperones and protein folding, 

translation, amino acid biosynthesis and energy metabolism. Also a number of 

hypothetical proteins have also been identified. The significance of translation and 

amino acid biosynthesis indicates the extra requirement for de novo protein 

biosynthesis. Proteins within these groups include 4 elongation factors, 2 ribosomal 

proteins, 7 different amino-acyl fRNA sythetase enzymes and 10 enzymes associated 

with amino acid biosynthesis. However, the importance of energy metabolism was 

surprising and a closer examination revealed that the majority of the proteins involved 
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• Chaperones and protein folding 
• Proeolysis 
• Photosynthesis 
• Translation 
• Regulatory functions 
• Amino acid biosynthesis 
Q Energy metabolism 
• Hypotlietical protein 
• Purine/pyrimidine ibonucleotide biosynthesis 
• Antioxidant 
• Biosynthesis of Co-factors 
• DNA replication, recombination, repair 
• Membrane translocation/transport 
H Transcription 
• Cell division 
• Fatty acid biosynthesis 
• Cental intermediatory metabohsm 
• Cell envelope proteins 
• Carbohyrate metabolism 

Figure 4.23. Proteins displaying increased abundance in response to heat shoclt 
organised by cellular function. 

The frequency of representation for each fxmctional category is displayed as a 
percentage. 
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in the Calvin cycle were observed to increase in abundance following exposure of 

cells to heat shock (Figure 4.24). Some of these enzymes are also involved in the 

pentose phosphate pathway and therefore it may be that it is the pentose phosphate 

pathway that is elevated under heat shock, however it is known that 

phosphoribulokinase and sedoheptulose-l,7-bisphosphatase are specific to the Calvin 

cycle. Unfortunately some of the data obtained for the increased expression of these 

proteins does not exceed the statistically valid threshold, due to the low number of 

biological replicates in the 30-42°C heat shock investigation (only 3). However, 

statistically valid data has been obtained for 6 of these proteins which display an 

increased level of abundance following heat shock, which is clear cut evidence for the 

elevation of this system in cyanobacteria under heat shock. To my knowledge there 

are no other reports which have characterised the increased abundance of Calvin cycle 

enzymes following heat shock. A possibility for their elevation under heat shock is 

that these enzymes are not heat stable and therefore newly synthesised protein is 

required to maintain carbon fixation in heat stress cells. 

Other proteins which display a high increase in abundance, above 50 %, include the 

LexA repressor protein which increases as much as 1.45 fold (spot 157, Table 4.3) 

and 1.69 fold (spot 158, Table 4.3) and a probable peptidyl prolyl cis-trans isomerase 

protein which increases as much as 1.59 fold (spot 111, Table 4.3) and 1.61 fold (spot 

110, Table 4.3) in the 34-44 °C and 30-42°C heat shock regimes, respectively. In E. 

coli The LexA repressor functions as part of the SOS regulon along with the RecA 

protein, which incidentally is also shown to be elevated in abundance by 1.18 fold 

(spot 103) in heat shocked cells. This SOS regulon in E. coli functions to repair the 

effects of stress on DNA denaturisation, in other words it is a DNA repair mechanism 
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Figure 4.24. Proteins involved in the Calvin cycle which display a heat shock 
induced change in abundance. 

Enzymes which display a change in abundance following heat shock and those which 
have not been identified as displaying a heat shock induced change are coloured red 
and blue, respectively. Numbers correspond to the level of change following heat 
shock; those in red are below the statistical cut off. 
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(Harmon et al., 1996). However, inactivation of the lexA gene in Synechocystis sp. 

PCC 6803 and subsequent analysis of gene expression via DNA microarry has shown 

that LexA does not operate in a DNA repair mechanism in cyanobacteria, as none of 

the genes seen to change in abundance are not involved in DNA repair. Instead, the 

majority of LexA-responsive genes were involved in carbon assimilation or controlled 

by carbon availability and therefore indicating that LexA is involved in the survival of 

cells to inorganic carbon starvation (Domain et al., 2004). The LexA-depleted strain 

was subsequently found to be strongly dependent on the availability of inorganic 

carbon, supporting this theory (Domain et al., 2004). 

Two proteins with reported antioxidant function have also been demonstrated to 

increase in abundance following exposure of cells to heat shock. These are the water 

soluble carotenoid protein and the AhpC/TSA family protein or Alkyl hydroperoxide 

reductase/Thiol specific antioxidant which belong to the peroxiredoxin family of 

antioxidants. The water soluble carotenoid protein increases as much as 1.48 fold and 

1.44 fold (spot 1.37, Table 4.3) in both the 34-44°C and 30-42°C heat shock 

investigations, respectively. The AhpC/TSA family membrane protein increased 1.3 

fold (spot 163, Table 4.3) following transfer of cells form 30°C to 42°C. It is known 

that photosynthetic organisms generate oxidising molecules under high illumination 

dude to the excess excitation energy in the chlorophyll protein complexes which 

exceeds what can be used in photosynthesis (Kerfeld et al., 2003). Excited states of 

chlorophyll can accumulate and convert to an excited triplet state which can react with 

oxygen to form singlet oxygen. Singlet oxygen has been demonstrated to destroy the 

D l and D2 proteins of the PSII complex through peroxidation reactions (Gotz et al 

1999); however carotenoids, besides their light harvesting capabilities, have been 
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demonstrated to de-excite triplet state chlorophyll preventing it from reacting with 

oxygen (Ort, 2001). Perhaps the generation of reactive oxidising molecules also 

occurs under heat shock conditions, inducing the expression of the antioxidant genes. 

Peptidyl prolyl cis-trans isomerse proteins (PPIases) are chaperone enzymes which 

alter the peptide bond between a given amino acid and a proline residue, changing it 

from the cis to the trans conformation and vice versa. This post translational 

modification can result in dramatic structural modifications which can affect the 

function of targeted proteins. In addition to this functional activity PPIases have also 

been reported to have a chaperone activity, for example the E. coli trigger factor (TF) 

was shown to cooperate with the DnaK chaperone machine (Deuerling et al., 1999; 

Agashe et al., 2004) and in humans the Hsp90 protein was shown to associate wdth 

several PPIases (Pirkl and Buchner, 2001). This chaperone function would explain the 

increased abundance of the cyanobacterial PPIase under heat sock conditions. 

However, recent studies investigating the eukaryotic Pinl PPIase have demonstrated 

that this protein modulates the dephosphorylation of some proteins by allowing trans-

specific phosphatases to recognize their target SerineA'hreonine-Proline motifs afî er 

isomerisation (Smet et al., 2004). This unexpected role might allow regulation of 

protein activity via peptidyl-prolyl isomerase activity. Perhaps this protein is involved 

in the dephosphorylation of Hik34 under heat shock conditions leading to the de

repression of hsp gene transcription. 

Two regulatory proteins, Rrel3 and Rre26 have also shown an elevated abundance 

following heat shock. Rrel3 increased by 1.25 fold and 1.18 fold (spot 147, Table 

4.3) and Rre26 increased by 1.18 fold and 1.24 fold (spot 165, Table 4.3) in the 34-44 
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°C 30-42 °C heat shock investigations, respectively. No function of Rrel3 has yet 

been reported although a knockout rrel3 mutant Synechocystis strain has been 

deposited in the Cyanobase database (http://www.kazusa.or.jp/cyano/cyano.html). 

Rre26 is an OmpR-tj^ie DNA-binding response regulator and has been shown to be 

involved in the regulation of the coupling of phycobilisomes to the photosystem 

reaction centres (Ashby and Mullineaux, 1999). Reduction in the copy number of this 

protein in Synechocystis sp. PCC 6803 displays a decreased efficiency of energy 

transfer from the phycobilsiomes to PSII (Ashby and Mullineaux, 1999). Because 

phycobilisome composition is known to change in response to elevated temperature 

(MacColl, 1998), this protein may be involved in transcription of genes whose protein 

products help adapt and stabilise the phycobilisome complex to elevated temperature. 

Finally, the SecA protein also increases in abundance following heat shock. SecA 

protein increases as much as 1.33 fold and 1.34 fold (spot 1, Table 4.3) in the 34-44°C 

and 30-42°C temperature regimes, respectively. This protein is involved in the 

translocation of proteins across the c5Atoplasmic and thylakoid membranes (Nakai et 

al., 1994), very similar to the Sec61 protein machine in eukaryotic endoplasmic 

reticulum. Because, thylakoid lumenal proteins such as PsbO have been shown to 

increase in abundance following heat shock, it would fit that an increased quantity of 

membrane translocation machinery is required for the insertion of this protein. 

4.2.14 Proteins decreased in abundance in response to beat shock 

The majority of proteins characterised in this investigation were those which 

displayed an increase in abundance following exposure to heat. Although less proteins 
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displaying a decreased abundance were discovered in the 2D DIGE investigation only 

a small fraction were actually identified via PMF. The reason for this was because, the 

majority of proteins which decreased in abundance were low abundant on the 2D gel 

and consequently insufficient material was available for MS analysis. This reflects the 

general response of the cell to heat shock, in which the expression of high abundant 

house keeping proteins required for the normal up keep of the cell are elevated and 

non essential proteins are suppressed. In short, the cell chooses to expresses only the 

essential proteins which will help it survive. 

While the majority of the enzymes involved in carbon fixation are elevated in 

abundance following heat shock, the Rubisco large subunit decreases more than 2 fold 

in abundance (spot 59, Table 4.3). The significance of this observation can only be 

speculated and there are several possible reasons for this. Firstly, the Rubisco large 

subunit is a very abundant protein in the cell and its synthesis is a drain on the internal 

amino acid pool. Consequently, because under heat shock conditions cells synthesise 

several new proteins the synthesis of Rubisco is reduced to allow for this. Secondly, 

Rubisco is known to be present in the cell in active and inactive forms and an enzyme 

Rubisco activase functions maintain Rubisco in its active form. Investigations have 

shown that elevated temperatures decrease the activation state of Rubisco caused by a 

reduced ability of Rubisco activase at maintaining Rubisco catalytically competent 

(Eckardt et al., 1997; Salvucci and Crafts-Brandner et al., 2004). Perhaps, the 

inability of Rubisco activiase to maintain Rubisco in its active form under heat shock, 

promotes the degradation of Rubisco via proteolytic pathways and thus the reduced 

abundance of Rubisco in heat stressed cells. 
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Another protein seen to decrease in abundance following exposure of Synechocystis 

cells to heat shock is the carbon concentrating mechanism protein (CcmM). This 

protein decreases by -1.53 fold (spot 86, Table 4.3) and is involved in the 

concentration of inorganic carbon in the carboxysome for subsequent use by Rubisco 

(Ghoshal and Goyal, 2001). This observation presents another possible reason for the 

reduced abundance of Rubisco in heat shocked cells. Rubisco activity is known to be 

regulated by the availability of CO2, therefore i f the reduced abundance of CcmM in 

the cell results in the reduced availability of CO2, perhaps Rubisco is reduced because 

the cell does not require as much. Also, the possibility of reduced carbon availability 

in heat shock cells as a resuh of reduced inorganic carbon concentration is supported 

by the observation that the LexA protein, previously seen to be elevated in abundance 

in carbon starved cyanobacterial cells (Domain et al., 2004), is also elevated in heat 

shock cells. 

The phycobilisome rod linker polypeptide CpcGl (spot 151, Table 4.3) is also 

reduced in abundance in cells exposed to heat shock. This protein is involved in the 

construction of the phycocyanin billiprotein containing light harvesting rods. Unlike 

the core membrane linker the rod linker proteins do not possess billins and are 

therefore not fluorescent, indicating the detected change in abundance is a real 

response to heat shock. This result is also consistent with the analysis of de novo 

synthesised proteins under heat shock where phycobilisome synthesis was observed to 

be reduced (section 4.2.4). Phycobilisome rod length has been shown to reduce under 

a variety of environmental stresses (MacColl, 1998), it is probable this also occurs 

under heat shock. 
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4.2.15 The role of Hik34 in the response to heat shock and the regulation of 

hsp gene expression. 

The levels of heat induction/suppression for all heat shock responsive proteins in wild 

type and Ahik34 cells is shown in Table 4.3. This comparison was only performed for 

the 30-42°C growth temperature regime. Upon analysis of the data it was apparent 

that in Ahik34 cells, proteins could display either increased or decreased heat 

inducibility in comparison to that observed in wild type cells. For example, ClpB-93 

(full length form), ClpC, oligopeptidase A, ClpB-79 (truncated form) and HspA all 

displayed a higher level of heat inducibily in Ahik34 cells than in wild type cells. 

However, HtpG, DnaK-2, GroEL-1 (native form), GroEL -2, ATP synthase a and p 

subunits, PsbO, 50S ribosomal protein L6, water-soluble carotenoid protein, PsbW, 

GroES and PsaC all demonstrated a decrease in the level of heat inducibility. This 

indicates that Hik34 may be involved in the positive expression of the latter group of 

proteins under heat shock conditions, but not for the induced expression of ClpB, 

ClpC, oligopeptidase A and HspA proteins. HspA is of particular interest because 

under heat shock conditions this protein is elevated over 19 fold (spot 172, Table 4.3) 

in both wild type and Ahik34 cells, however, the hik34 mutation only results in an 

increase in abundance of 1.58 fold and 1.85 fold under normal and heat shock 

conditions, respectively (Table 4.4). This indicates that expression of this protein is 

not greatly repressed by Hik34 which is different to that observed for other Hsp which 

show a nearer equal level of expression following heat shock as with that as a result of 

the hik34 mutation. This also shows that transcription or translation or both is not high 

under normal growth conditions, however upon exposure to heat shock cells rapidly 
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synthesis this proteins. Comparison of the mRNA and protein levels will determine 

whether the level of regulation is either at transcription or translation. 

The comparison of the levels of protein in wild type and Ahik34 cells grown under 

both normal (30 °C) and heat shock conditions (42 °C) is shown is Table 4.4. Proteins 

which show an elevated level under both normal and heat shock conditions in Ahik34 

cells in comparison to that in wild type cells include ClpB-93, HtpG, oligopeptidase 

A, ClpB-79, DnaK-2, GroEL-2, GroEL-1, ATPase p subunit, water-soluble 

carotenoid protein, 508 ribosomal protein L6, HspA, PsbW and GroES. This indicates 

that Hik34 functions as a suppressor of these heat inducible proteins under normal 

growth conditions. Furthermore, for all these proteins except ClpB, ClpC 

oligopeptidase A and HspA, Hik34 functions to both suppress their expression under 

normal growth but also increase their expression under heat shock, as the level of their 

heat inducibility is reduced in Ahik34 cells when compared to that in wild type cells 

(see Table 4.3). The later role may not be a direct function of Hik34, but instead acts 

through a mechanism in which deactivation of Hik34 upon exposure to heat shock 

results in the activation of a positive regulator of Hsp expression factor which in turn 

elevates the expression of the heat shock proteins. Evidence for the presence of a 

positive regulator is supported through the observation that for all heat shock 

inducible proteins mentioned, although the loss of Hik34 results in an increase in 

abundance, the levels of proteins increase further upon exposure of the Ahik34 cells to 

heat shock. This indicates that the positive regulator of Hsp expression may be able to 

act without activation from Hik34 but the activation is faster through this mechanism, 

or that a second positive regulator is present totally independent of Hik34. 
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The 50S ribosomal protein L6 (spots 166-167, Table 4.3) and the water-soluble 

carotenoid protein (spots 136-137, Table 4.3) characterised with in this group of heat 

inducible proteins are of particular interest. These two proteins although they do show 

an increase in abundance in response to heat shock, this increase is rather minimal 

compared to other heat shock responsive proteins. However, their expression is 

greatly elevated in the Ahik34 cells grown under normal conditions (Table 4.4), higher 

than that seen for the elevation under heat shock. This indicates that these proteins are 

heavily suppressed by Hik34 xmder normal growth, the opposite to that seen for 

HspA. 

Some of the Calvin cycle proteins appear to be down regulated as a result of the hik34 

gene mutation. Unfortunately some of this data for these proteins is not above the 

statistically valid threshold; due to the low number of replicates in the 30-42 °C heat 

shock investigation. However, this does provide an indication that the expression of 

these proteins may be under the control of Hik34. Only further analysis and an 

increase of the number of biological replicates will clarify this. 
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4.3. Discussion 

4.3.1 Analysis of the heat shock response - selection of a 1 hour time window 

and using pH 4-7 2D gels. 

Selection of a time window in which to study the heat shock response was an 

important consideration. Firstly, because transcription, translation and protein 

translocation all take time and secondly, because responses are not sustained at the 

same level the entire time a stimulus is present. The latter was previously shown for 

the heat shock response in Synechococcus sp. PCC 6301 (Borbely et al., 1985) and 

the salt shock response in Synechocystis sp. PCC 6803 (Hagemann et al., 1991) where 

different shock induced protein bands had different rates of synthesis. Consequently it 

was important to select a time window which would allow the study of the majority of 

heat induced proteins and also the highest level possible of their heat shock induced 

response. Radiolabelling and subsequent analysis via SDS-PAGE of the relative 

amounts of radioactivity incorporated into specific heat shock induced protein bands 

over time revealed that heat shock for 1 hour provided a global representation of the 

heart shock induced proteins with the majority of proteins at their highest rate of 

synthesis. Furthermore, analysis via 2D-E demonstrated that all the 1 hour heat 

induced proteins were present within the pH gradient 4-7. This pH range was 

therefore adopted throughout the entire heat shock investigation and although 

narrower pH gradients would have provided greater resolution, as shown in chapter 3, 

some of the heat shock inducible proteins would have been lost from the analysis. 
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4.3.2 2D DIGE - analysis of multiple repeat experiments 

2D DIGE has been successfully employed in this investigation to allow the analysis of 

repeat heat shock experiments. The ability to co-resolve two separate samples in the 

same 2D gel and the integration of an internal standard through which all spots are 

quantified has enabled the discovery of statistically valid changes in protein 

abundance. Without this system very few statistically valid changes would have been 

identified due to the large amount of system variation incorporated when each protein 

sample is analysed on a separate 2D gel. As demonstrated by the SYPRO Ruby 

analysis of the heat shock response. However, the intrinsic fluorescence of certain 

proteins in cyanobacteria has prevented DIGE analysis of these proteins due to the 

possibility of increased fluoresce signal and thus incorrect abundance quantification. 

4.3.3 The heat shock response 

The heat shock response has been characterised in all organisms by the induction of 

the Hsps, predominantly molecular chaperones and proteases, for the stabilisation, re

folding and removal of heat denatured proteins. This analysis has clearly 

demonstrated that this same response occurs in Synechocystis where the proteins 

which show the highest level of heat induction are a variety of molecular chaperones 

and proteases. Some of these molecular chaperones, i.e. GroEL and HspA, have been 

previously reported to have a possible dual function in cells under heat shock 

conditions, providing stabilisation and refolding of both soluble and membrane bound 

proteins (Kovacs et al, 1994; Nakamoto et al., 2000). Other proteins which increase 

in abundance in response to heat shock and function to protect against protein 
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denaturation include a peptidyl prolyl cis-trans isomerse which has been reported to 

have a protein refolding function (Deuerling et al., 1999; Agashe et al, 2004) and two 

antioxidants which function to remove reactive oxidative species (Kerfeld et al., 

2003). 

In addition to the classical Hsps, proteins from a variety of other cellular processes 

have been identified in this investigation as being involved in the cyanobacterial heat 

shock response. These include several proteins of the photosynthetic machinery such 

as the manganese stabilising polypeptide, previously shown to be involved in the 

thermal stability of the oxygen evolving machinery of PSII (Kimura et al., 2002), but 

not previously shown to increase in abundance following heat shock. This supports 

current research indicating its role in the acquisition of thermal tolerance of PSII in 

cyanobacteria (Kimura et al., 2002). The PsbW protein of the PSII complex and PsaC 

protein of the PSI complex have also been shown to be involved in the heat shock 

response. To my knowledge this is the fist time these proteins have been associated 

with such a response in cyanobacteria and suggests a role in the thermal stabilisation 

of their respective complexes. The light harvesting phycobilisome proteins were 

observed to decrease in the level of de novo synthesis under heat shock conditions as 

were some of the linker components. This suggests a rearrangement of the light 

harvesting complex under heat shock similar to that observed under high light 

(MacColl, 1998) and was supported by the observation that a DNA-binding response 

regulator (Rre26), involved in the regulation of the coupling of phycobilisomes to the 

photosystem reaction centres (Ashby and Mullineaux, 1999), was seen to be elevated 

in heat shocked cells. Other cellular process shown to be represented by proteins 

involved in the heat shock response include carbon fixation, although the exact role of 
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this is unknown, and transcription, translation and amino acid biosynthesis, probably 

required for the increased rate of Hsp synthesis. Also, a change in abundance was 

observed for the large Rubisco subunit (decrease), CcmM (decrease) and LexA 

protein (increase) and these responses may be linked through the availability of CO2. 

Recently, DNA microarray analysis of the genes induced by exposure to high light 

was performed (Hihara et al., 2001). Comparison of the high light induced changes 

with those identified in this proteomic analysis of the heat shock response has 

revealed that several of the induced genes/proteins are the same in both stresses. For 

example the a and P ATP synthase genes, the clpB, htpG, dnaK-2, GroEL-1, GroEL-2 

and hspA genes and the elongation factor TS gene are all induced, and the 

phycocyanin and allophycocyanin genes are repressed. Also, analysis of light induced 

proteins revealed that the Glyceraldehyde 3-phosphate dehydrogenase. Fructose 1,6-

bisphosphatase aldolase, manganese stabilising polypeptide and the alkyl 

hydroperoxide reductase/thiol specific antioxidant were also shown to increase in 

abundance (Choi et al., 2000) . Furthermore, in the proteomic investigation reported 

in this thesis a protein characterised as being light-repressed was shown to decrease in 

abundance following heat shock (spot 155, Table 4.3). These observations may 

indicate that some of the regulatory mechanisms which control gene expression under 

high light and heat shock conditions are the same and that the cell possibly perceives 

the heat shock and high light stresses as similar. 
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4.3.4 Hik34 - possible regulation of the heat shock response 

At physiological temperature, the Ahik34 mutant Synechocystis strain displayed 

increased abundance of all the chaperones and other heat shock induced proteins 

including oligopeptidase A, ATPase p subunit, water-soluble carotenoid protein, 50S 

ribosomal protein L6 and PsbW. This observation may explain the increased thermal 

tolerance of the Ahik34 strain (unpublished data Iwane Suzuki, NIBB, Okasaki, Japan 

- personal communication) and indicates that the Ahik34 mutation causes derepression 

of the hsp genes. Therefore, Hik34 functions to repress the expression of the hsp 

genes under normal growth similar to the function of HrcA in B. sub til is (Mogk et al, 

1997) and Streptomyces sp. (Servant and Mazodier, 2001). However, Hik34 may also 

function to activate the expression of certain genes under heat shock conditions as a 

reduced level of heat shock induced abundance was seen for several of the 

chaperones. 

Comparison of the proteins which respond to heat shock with those under other 

environmental stresses demonstrates that similar genes are expressed under different 

environmental conditions. For example, DNA microarry analysis of cyanobacterial 

acclimation to high light (Hihara et al., 2001) and the response to salt shock 

(Kanesaki et a/., 2002) demonstrated that these stresses, like heat shock, induced the 

expression of the molecular chaperones in Synechocystis. Furthermore, the Ahik34 

mutant Synechocystis strain was shown to display a reduced level of heat shock gene 

expression under salt shock conditions (Marin et al., 2003). This result supports the 

observations for chaperonin expression under heat shock and suggests that Hik34 is a 

generic sensory histidine kinase involved in the regulation of hsp gene expression. 
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The hsp genes are some of the most conserved genes in nature yet the mechanism of 

their induction between organisms is very different even across prokaryotes. In E. coli 

a-factors positively control the expression of hsp genes, where as in B. subtilis and 

Streptomyces sp. hsp expression is controlled through suppressors of gene 

transcription such HrcA (Mogk et al., 1997; Servant and Mazodier, 2001). In 

Synechocystis the histidine kinase Hik34 appears to play a role in expression of hsp 

expression. A HrcA homology has also been identified and Synechocystis and its 

deletion demonstrated elevated expression of hsp genes (Nakamoto et al., 2002). The 

difference in regulatory mechanisms but high conservation of hsp genes between 

prokaryotes suggests the hsp genes were establishment in the bacterial progenitor but 

the development of gene expression systems was post phylogentic divergence. 

Finally, Hik34 appears to be involved in the positive expression of the hemolysin-like 

protein (HLP) in Synechocystis, as observed by the loss of this protein from the 

soluble protein fraction. However, HLP has not been identified as a protein involved 

in the heat shock response and therefore, Hik34 may be involved in the regulation of 

other genes. This is supported by the observations for the ribosomal L6 protein which 

is only slightly elevated under heat shock conditions yet is greatly elevated in 

abundance in Ahik34 cells grown under normal conditions. This also supports the 

prediction that Hik34 functions as both a positive and negative regulator of gene 

expression. 
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4.3.5 Concluding Remarks 

The data generated in this chapter has provided a comprehensive view of the heat 

shock response in cyanobacteria and offered evidence for a possible mechanism for 

the regulation of this response in these organisms. These results are also a platform 

for future research on the heat shock response in cyanobacteria, where the analysis of 

enzyme activity and concentration of metabolites could be investigated to test the 

hypotheses with regard to the elevation of some of the Calvin cycle enzymes and 

decline of Rubisco under heat shock. Furthermore, mutants can be constructed to 

identify the roles of the heat shock induced proteins not currently understood and 

further divulge the mechanism of heat perception and signal transduction, of which 

Rrel3, shown to increase in abundance under heat shock, presents an ideal target. 

In collaboration with Prof Murata's Lab we intend to compare the proteomic data 

generated in this chapter with the data fi^om DNA microarry analysis of the heat shock 

response, performed by Iwane Suzuki. It is predicted that although similarities will 

exist between the two data sets several differences in protein synthesis and gene 

expression will be detected. This is due to the different regulatory mechanisms at the 

level of transcription and translation and also the extent of post-translational 

processing. It is already evident from the 2D gels that there may be extensive PTM of 

proteins involved in the heat shock response, due to the number of different protein 

spots with varying p/'s and MW's which represent single genes and the difference in 

their heat inducibility (Figure 4.19 and Table 4.3). The sequence of these individual 

spots needs to be analysed further via tandem mass spectrometry, to determine the 
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dilTerence in these various protein forms and thus help deduce their function in the 

biological system. 
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CHAPTER 5 

Investigating the mechanisms involved in acclimation of the 

photosynthetic apparatus to high temperatures in 

Synechocystis 
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5.1 Introduction 

Photosynthetic organisms have the ability to acclimatise to high temperatures where 

their photosynthetic machinery displays an enhanced thermal-stability (Berry and 

Bjorkman 1980). The enhancement of photosynthetic stability is related to the 

protection of the PSII oxygen evolving machinery as this protein complex has been 

shown to be highly susceptible to heat inactivation (Yamashita and Butler, 1968; 

Santarius, 1975; Thompson a/., 1989; Mamedove/a/., 1993). 

Several efforts have been made to characterise factors involved in thermal 

stabilisation of the oxygen evolving complex. The photosynthetic apparatus is situated 

within the thylakoid membranes and because of this physical association it was 

hypothesised that the glycerolipids of the thylakoid membrane may contribute to the 

thermal stability of photosynthesis (Webb and Green 1991). Experimentation has 

shown that cells exposed to elevated growth temperatures demonstrate an increased 

level of saturated membrane lipids (Pearcy, 1978; Raison et al., 1982; Thomas et al., 

1986) suggesting the involvement of fatty acid saturation in thermal adaptation. 

However, studies using mutant and transformant Synechocystis cells defective in 

desaturases have demonstrated that thermal stability is not affected by changes in the 

saturation of membrane lipids (Gombos et al., 1992, 1994; Mamedov et al., 1993; 

Wada et al., 1994). Such observations have indicated that other factors are involved in 

the thermal adaptation process of photosynthesis. 

It has been suggested that heat shock proteins ClpB, GroEL, HtpG and HspA may be 

involved in the thermal protection of the PSII complex against high temperature stress 
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(Lehel et al., 1993a; Eriksson and Clarke, 1996; Heckathom et al., 1998; Tanaka and 

Nakamoto, 1999; Tdrdk et al., 2001). However, western blot analysis of Hsp 

abundance in Clamydomonas reinhardtii have shown that at moderately high 

temperatures, where cells display increased thermal stability of oxygen evolution, the 

levels of Hsp chloroplast homologues Hsp60 Hsp70 and Hsp22 did not increase 

(Tanaka et al., 2000). To support this data no Hsps have been found in the lumen of 

the thylakoid membrane, the site of oxygen evolution (Waters, 1995). Therefore it has 

been postulated that Hsps are not involved in the enhancement of thermal stability of 

the oxygen evolving machinery. Other factors such as carotenoids (Kerfeld et al., 

2003) and isoprene (Sharkey and Singsass, 1995) have also been linked to the 

mechanism of PSII thermal protection; however, it is unclear whether they are 

involved in the enhancement of thermal stability of the oxygen evolving machinery. 

To elucidate the factors involved in the thermal adaptation process, Nishiyama and 

co-workers have extracted proteins from purified cyanobacterial membranes using 

Triton X-100 and analysed the heat stability of the detergent treated membranes by 

measuring oxygen evolution. Results showed that Triton X-100 treatment markedly 

reduced the heat stability of the oxygen-evolving apparatus and furthermore heat 

stability was recovered upon reconstitution of the membranes with the Triton 

extracted components (Nishiyama et al., 1994). This indicated the involvement of the 

extracted components in heat stability of oxygen evolving activity. Chromatographic 

purification of the membrane extracted proteins and biochemical analysis revealed 

two components involved in thermal stabilisation of the oxygen evolving machinery, 

these being a low redox potential c-type monoheme cytochrome. Cytochrome (Cyt) 

C550 with a Mr of 15 kDa (Nishiyama et al., 1994) and PsbU a 13 kDa protein 
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(Nishiyama et al., 1997). Furthermore, Nishiyama demonstrated that purified Cyt C550 

and PsbU were individually able to restore a proportion of the thermal stability of the 

oxygen evolving machinery, but together they had a greater restorative effect 

(Nishiyama et al., 1997) Although this evidence suggests the involvement of PsbU 

and C550 in the stabilisation of the oxygen evolving machinery against heat 

inactivation further analysis has shown that these proteins do not change in abundance 

or become modified during acclimation to high temperature and are therefore likely 

constitutively expressed (Nishiyama et al., 1997; 1999). This indicates that these 

proteins constitutively stabilise the oxygen evolving machinery but do not directly 

modify the heat stability of the oxygen evolving machinery during acclimation to high 

temperature. It was subsequently demonstrated using targeted mutagenesis that 

inactivation of the pshU, Cyt C550 ipshV) and another gene, pshO, encoding the 

manganese stabilising polypeptide in Synechocystis prevented cells increasing the 

stability of their oxygen evolving machinery during thermal adaptation (Kimura et al., 

2002). This observation indicated that although these proteins may not be directly 

involved in the enhancement of thermal stability, they may be involved in the 

mechanism, perhaps as a binding site for other, as not yet identified proteins, which 

them selves function to enhance the thermal stability of the oxygen evolving 

machinery. 

In an attempt to discover these 'other' factors involved in the thermal adaptation 

process Nishiyama demonstrated that a thylakoid Triton extract from already heat 

acclimatised cells would promote acquired thermotolerance in non-acclimatised 

thylakoid membranes (Figure 5.1). This investigation demonstrated that protein 

factors must be present in the thylakoid extracts from acclimated cells which increase 
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Figure 5.1. Heat inactivation profiles of the oxygen-evolving machinery in Triton 
X-100 treated thylakoid membranes from Synechocystis cells grown under 
normal conditions (25°C) and exposed to heat acclimation (38**C) for 1 hour. 

Thylakoid membranes fi-om cells grown under normal (25°C) and 1 hour heat 
acclimation (38°C) conditions were treated with 0.1 % Triton X-100 and subsequently 
both reconstituted with the concentrated Triton X-100 membrane extract fi-om the heat 
acclimated membranes, o, Thylakoid membranes with no treatment; A, thylakoid 
membranes after treatment with Triton X-100; Thylakoid membranes reconstituted 
with the Triton X-100 extract fi"om heat acclimated cells. The numbers within the 
squares signify temperatures for 50 % inactivation of oxygen evolution. TM = 
thylakoid membrane. Figure kindly provided by Yoshitaka Nishiyama (Satellite 
Venture Business Laboratory, Ehime University, Matsuyama, Japan) 
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the stability of the photosynthetic machinery against heat inactivation. In 

collaboration with Dr. Nishiyama, using 2-D DIGE technology and MS based protein 

identification techniques, thylakoid Triton extracts from heat acclimatised cells and 

non-acclimated cells will be compared in an attempt to discover and identify protein 

factors responsible for the acquisition of cellular thermotolerance. 
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5.2 Results 

5.2.1 Pre-analysis of Synechocystis thylakoid Triton extracts. 

Triton extracted membrane proteins from both control and heat acclimated 

Synechocystis cells, prepared by Nishiyama group (Ehime University, Matsuyama, 

Japan), were generated as previously described (Nishiyama et al., 1994). In order to 

test the reproducibility of the thermal adaptation response, membrane proteins were 

extracted from 5 repeat experiments. The reduced thermal stability of the thylakoid 

membranes and the ability of the Triton extract to restore thermal stability was 

analysed for each sample by measuring oxygen evolution and through the 

implementation of a reconstitution assay, by Nishiyama group and as previously 

described (Nishiyama et al., 1994). This was performed to confirm the successful 

isolation of components responsible for the thermal stabilisation of the oxygen 

evolving machinery. These Triton extracts were subsequently acetone precipitated (as 

described in the materials and method section) and transported to Durham University 

in absolute acetone and on solid CO2. 

Before proceeding into a comprehensive 2-D DIGE analysis to highlight proteins that 

may be involved in the thermal acclimation process, the precipitated thylakoid Triton 

extracts were visualised by SDS-PAGE (Figure 5.2) and mini pH 3-10 2-DE (Figure 

5.3). The aim of this experimentation was to identify any obvious differences between 

normal and heat acclimated samples and to test sample reproducibility and also to 

determine the solubility of the samples and the lEF pH gradient which would provide 

the optimum resolution. This was accomplished by first removing any excess 
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Figure 5.2. SDS-PAGE analysis of Triton X-100 membrane extracts from 
duplicate Synechocystis ceil cultures grown under control (25°C) and 1 hour heat 
acclimation (38*̂ C) conditions. 

Aliquots of Triton X-100 membrane extracts containing 10 |.ig of protein were 
subjected to SDS-PAGE using 12 % acrylamide resolving gels and the resolved 
protein bands were stained with Coomassie blue. Black arrows indicate those bands 
increasing in abundance in response to the elevated temperature; red arrow indicates a 
protein band decreasing m abundance. 
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Figure 5.3. Mini pH 3-10 2-DE of Triton X-100 membrane extracts from 
Synechocystis cells grown under normal (25°C) and 1 hour heat acclimation 
(38''C) conditions. 

An aliquot of each Triton X-100 membrane extract containing 20 ^g of protein was 
loaded via IGR into separate 7 cm pH 3-10 IPG strips. Proteins were resolved via lEF 
followed by mini SDS PAGE using 12 % acrylamide resolving gels and the resolved 
spots were visualised via disruptive silver staining. 
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acetone from the protein precipitates and then allowing them to air dry before 

solubilising in lysis buffer and determining their protein concentration via modified 

Bradford assay. For SDS-PAGE an aliquot containing 10 |xg of protein was then 

removed from each sample and precipitated with 80 % acetone (see materials and 

method section for procedure) to remove any urea that may interfere with the 

electrophoresis. Following this, protein precipitates were again allowed to air dry 

before being re-solubilised in 1 x SDS sample loading buffer, boiled for 2 minutes 

and loaded onto mini 12 % SDS polyacrylamide gels. Samples were electrophoresed 

and the resultant protein bands were visualised with Coomassie blue staining. This 

revealed that there were three membrane protein bands which displayed a distinct 

change in abundance following heat acclimation of cells (Figure 5.2). Al l samples 

were processed in this way and all displayed this same pattern (data not shown). 

For mini 2-DE, 20 fig of each lysis buffer solubilised sample was in gel re-hydrated 

into separate 7 cm pH 3-10 IPG strips (Amersham Biosciences). IPG strips were 

focused and electrophoresed (as described in the materials and methods) and the 

resultant gels were stained with silver staining (Figure 5.3). This method of protein 

spot visualisation was used because sample quantity was minimal and it is the most 

sensitive technique for protein visualisation. Mini 2-DE revealed that samples were 

soluble and that several hundred individual membrane associated protein species were 

adequately resolved. This analysis also showed that like the Synechocystis soluble 

protein sample, although some basic proteins are present in the sample, the majority 

of proteins focused within the pH range 4-7. Using pH 3-10 lEF strips resulted in 

inadequate focusing of these acidic proteins and consequently all further analyses on 

this sample were conducted using pH 4-7 IPG strips. 
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5.2.2 Two Dimensional Differential In Gel Electrophoresis (2D DIGE) of 

Triton Xioo thylakoid membrane extracts from exponential dividing Wt 

Synechocystis cultures grown under normal and 1 hour heat acclimation 

conditions. 

Having established the reproducibility of all 5 control and 5 heat acclimated samples, 

the next phase of this investigation was to perform 2-D DIGE analysis. Protein 

samples were prepared for Cy labelling (see materials and methods) before 50 yig of 

each sample was labelled so that all 5 control samples were Cy3 labelled and all 5 

heat shocked samples were Cy5 labelled. Also aliquots containing 12.5 ^g of protein 

from each control and heat acclimated sample were pooled together and labelled with 

Cy2. Al l labeling reactions were performed at a protein concentration of 2.5 ng/|il and 

using 400 pmol of Cy dye per 50 )j,g of protein (see table 5.1 and material and 

methods section for details). The success of the Cy-Dye labelling reactions was 

confirmed by resolution of 2.5 |i,g of each sample on 12 % mini SDS polyacrylamide 

gels and visualisation of the labelled protein bands using a Typhoon 9200 variable 

mode scanner (Amersham Biosciences) (Figure 5.4). This analysis revealed that all 

samples had been successfully Cy labelled and that they were equally loaded. 

Large format pH 4-7, 12 % polyacrylamide 2-D DIGE was performed using the same 

sample pairing system as was adopted for the heat shock investigation, i.e. the control 

and treated samples from each heat acclimation experiment were co-resolved in the 

same 2D gel. Therefore, 12.5 ^g of control and heat acclimated samples from the 

same experiment were mixed together along with 12.5 ^g of the pooled standard, 

generating 5 sample mixes. The remaining Cy labelled samples were stored at -20°C 
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Cy3 
Control (25°C) 

Cy5 
Acclimatised (38°C) 

Cy2 
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Figure 5.4. Cy labelled Triton X-100 membrane protein extracts from 
Synechocystis cells grown under both normal (ZS'̂ C) and 1 heat acclimation 
(38°C) conditions. 

A 1 | i l aliquot from each Cy labeled sample containing 2.5 pg protein was subjected 
to SDS-PAGE using 12 % acrylamide resolving gels. Following electrophoresis, 
labelled bands were visualised using fluorescence imaging and the corresponding Cy-
dye excitation and emission parameters. 
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until required. These 5 sample mixes were anodic cup loaded onto separate pre-

hydrated 18 cm pH 4-7 IPG strips and focused using an Ettan™ IPGphor lEF system 

(Amersham Bioscience) for 70 kVh (see materials and methods section for details). 

Focused strips were equilibrated before loading onto individual large format SDS 

12% polyacrylamide gels (260 x 200 x 1 mm) and cast within Ettan DALT low 

fluorescence glass cassettes (Amersham Biosciences). Gels were electrophoresed 

using the discontinuous buffer system of Laemmli (Laemmli, 1970) and an Ettan™ 

DALTtwelve Large Format Vertical System (Amersham Biosciences) at 5 W/gel for 

30 minutes followed by 17 W/gel until the dye front had reached the bottom. The 

resultant five replicate DIGE gels were visualised immediately using a Typhoon 9200 

variable mode imager (Amersham Biosciences) and the designated excitation and 

emission parameters for each Cy-Dye (see materials and methods). The three Cy 

images within each DIGE gel were obtained simultaneously, and thus all three images 

can be viewed overlaid on top of each other (Figure 5.5). This way of viewing the gels 

presents some indication of protein spots which increase or decrease in abundance in 

response to the condition being studied. In Figure 5.4, an overlaid image of one of the 

five DIGE gels is shown, several green and red spots can be seen which represent 

proteins showing an increase and decrease in abundance, respectively. However, this 

must be in no way interpreted as being accurate as variations in protein loadings and 

scanning intensities have not yet been taken into consideration. 

Al l five 2-D DIGE gels resolved well and displayed similar protein expression 

patterns as is seen in Figure 5.5. Therefore, the obtained images were cropped using 

Image Quant Tools (Amersham Biosciences), processed via DeCyder Batch Processor 

(Amersham Biosciences) and analysed using DeCyder BVA software (Amersham 
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420.1 

414.2 

Figure 5.5. 2-D D I G E analysis of Synechocystis Triton X-100 membrane extract 
discovering changes in protein abundance following acclimatisation to high 
temperature (SS^'C) for 1 hour. 

Equal 12.5 ng quantities of control (Cy3 labelled), heat acclimated (Cy5 labelled) and 
pooled internal standard (Cy2 labelled) samples were co-resolved through large 
format pH 4-7 12 % acrylamide 2-D gels. Labelled proteins were visualised 
immediately after electrophoresis detecting all three Cy-labelled samples. A l l 3 Cy 
images are viewed on top of one another as an overlay. Using this overlay image 
proteins havmg an increased or decreased abundance can be seen as green and red 
spots, respectively. 
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Biosciences). The BVA software automatically performed spot detection, matching 

and abxmdance quantification and also calculated the average change in abundance 

between the two conditions and executed a statistical t-test on this average data. All 

automatic spot detection and matching performed by the BVA software was manually 

confirmed and ahered i f necessary before selecting those spots having a > 1.2 fold 

average increase/decrease in abundance and a > 95 % statistical confidence. Protein 

spots with these criteria were beheved to be biologically important and representative 

of the heat acclimation response. Using these criteria a total of 187 spots were 

selected for picking, 91 of which displayed an increase in abundance following heat 

acclimation and 96 a decrease in abundance. Also a further 19 spots that were seen to 

change in abundance > +/- 20 % and resolve in the same MW spot trains as other 

selected spots but were just below the statistical cut off, were also selected for 

identification. It was important to determine i f these spot were the same as the 

statistically valid spots and consequently 206 spots were selected in total. 

Having isolated the proteins of interest, the next stage of this investigation was to 

generate a preparative gel containing a higher quantity of protein from which spots 

could be picked for identification (Note: DIGE gels only contain a total of 37.5 ^g of 

protein, this is an insufficient amount of protein per spot in order to obtain 

identification). To achieve this 200 \ig and 800 ^g of unlabelled Triton extracted 

membrane protein was loaded via Cup and IGR, respectively, into separate pH 4-7 18 

cm IPG strips and focused as before for 70 kVh using an Ettan^" IPGphor lEF system 

(Amersham Biosciences). IGR method for sample loading was used because sample 

volume was high and large quantities could not be loaded via an anodic cup. A lower 

cup loaded 2D gel was generated in order to aid the comparison of the IGR loaded 
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picking gel to the cup loaded DIGE analytical gels. Precipitation and subsequent re-

solubilisation could have been employed to concentrate the sample but the probability 

of selective loss of certain constituents was too high to risk. The focused strips were 

equilibrated before being loaded onto 1.5 mm thick large format 12 % polyacrylamide 

gels. The gels were electrophoresed in the same fashion as was undertaken for the 

DIGE gels and the resolved spots were visualised with MS compatible silver stain. 

Gels were imaged using a ProXPRESS imager (Genomic Solutions) and matched to 

the DIGE analytical gel images using Phoretix 2D evolution software (Nonlinear 

Dynamics). However, it was evident that some of the spots selected for identification 

were very low abundance on the preparative gel and therefore these spots were 

removed from the picking list due to the low probability of being able to attain 

identification. Consequently 192 (two ful l microtitre plates worth) were selected for 

identification. 

Selected spots were manually picked (see materials and methods for details) into 

separate wells of a microtitre plate (Genomic Solutions) and digested overnight with 

trypsin using a Progest automated digestion robot (Genomic Solutions). The tryptic 

peptides were harvested and analysed via MALDI-ToF MS. The mass spectra given 

were used to search all entries in the NCBI non redundant database using the 

MASCOT search engine (http://www.matrixscience.com) (Perkins et ai, 1999). Of 

the 192 selected spots for identification 91 were positively identified having a 

MOWSE score greater than the probability threshold of 64. This is a hit rate of 47 %. 

As an example, the mass spectra and sequence coverage obtained for spot 23 (Table 

5.2) identified as GroEL-1 60 kDa chaperonin is shown i f Figure 5.6. A fiirther 6 

spots gave MALDI-PMF identification slightly lower than the probability threshold 
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B GroEL-1 sequence coverage 
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251 
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351 
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451 
501 

MAKSIIYNDE 
DGITIAKEIE 
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LKRIAENAGQ 
RSALQNAASI 

ARRALERGMD 
LEDHVENTGV 
NPISLKRGID 
lANAMDKVGQ 
EAVLEDPRIL 
LWNRLRGVL 
ATVDSLGSAR 
EKLQERIiAKL 
PGGGTTLAHL 
NGAVISERVK 
AGMVLTTECI 

ILAEAVAVTL 
SLIRQAASKT 
KATDFLVARI 
EGVISLEEGK 
ITDKKINLVQ 
NVAAVKAPGF 
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KKFGSPQIIN 
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KAIAQVGAIS 
GMRFDKGYIS 
RQGKPLLIIA 
lATLTGGQVI 
KSRCEQIRRQ 
KLRLEDAINA 
LIVARALPAP 
AGIVDPAKVT 
Y 

Figure 5.6. GroEL-1 60 kDa chaperonin identified via MALDI PMF. 

A, MALD I ToF peptide ion spectrum of spot 23 (Table 5.2) identified as GroEL-l 60 
kDa chaperonin with a MOWSE score of 174. B. MAL DI ToF peptide coverage for 
the identified protein is highlighted (bold). 
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but were considered likely to be the particular identification attained. Also an 

additional 8 spots were identified via ESI MS-MS. In total 105 proteins were 

identified, this is a final percentage identification of 55 %. However, three spots not 

positively identified did show peptides within their MALDI-ToF mass spectra which 

matched peptides from mass spectra of identified proteins in neighbouring spots. This 

demonstrates that these proteins are probably the same identification as the 

neighbouring spot. Al l identified proteins are tabulated in Table 5.2 and their location 

on the silver stained preparative gels is shown in Figure 5.7a and 5.7b. 
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67 
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^ 62 ^ 
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-^20.1 

14.2 

Figure 5.7a. Annotated silver stained preparative gel of identified Synechocystis 
Triton X-100 extracted membrane protein spots which show a change in steady 
state levels following acclimatisation of cells to heat conditions for 1 hour. 

An aliquot of Synechocystis Triton X-100 extracted membrane protein containing 400 
pg of protein was subjected to large format pH 4-7 2-DE using a 12 % acrylamide 
resolving gel and the resolved protein spots were visualised with MS compatible 
silver stain. Aimotated spots are those shown to change in abundance following 
acclimation of cells to high temperature and which have been successfiiUy identified 
via MALDI-ToF MS or ESI tandem MS. Spots labelled with red and blue arrows are 
those which display and increase or decrease in abundance, respectively. 
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^ \ ' \ ' \ 77, 

. .jMit 

108 

kDa. 

66 

45 

-136 

29 

24 

-120.1 

Figure 5.7b. Annotated silver stained preparative gel of identified Synechocystis 
Triton X-100 extracted membrane protein spots which show a change in steady 
state levels following acclimatisation of cells to heat conditions for 1 hour. 

An aliquot of Synechocystis Triton X-100 extracted membrane protein containing 800 
^ig of protein was subjected to large format pH 4-7 2-DE using a 12 % acrylamide 
resolving gel and the resolved protein spots were visualised with MS compatible 
silver stain. Annotated spots are those successfiilly identified via PMF and show a 
change in abundance following acclimation of cells to heat and which were not 
detectable from the lower loaded gel. Spots labelled with red and blue arrows are 
those which display and increase or decrease in abundance, respectively. 
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5.2.3 Classical heat shock proteins are the most highly induced proteins 

from steady state levels present in the thylakoid membrane following acclimation 

of cells to high temperature. 

The thylakoid associated proteins which increase in abundance by the greatest amount 

following acclimation of Synechocystis to high temperature are the GroEL-1 and 

GroEL-2 Hsps. GroEL-1 increases as much as 4.38 fold (spot 20) and GroEL-2 as 

much as 3.80 fold (spot 17). The GroEL proteins of Synechocystis have been 

previously reported to attach to the thylakoid membrane upon exposure of cells heat 

shock (Kovacs et al, 1994). This investigation also showed that both weak and strong 

associations of GroEL proteins with the thylakoid membrane were identifiable. Strong 

associations were only removed by detergent and contained both GroEL-1 and 

GroEL-2 proteins in a ratio of approximately 1:1, where as only GroEL-1 was present 

in the NaCl extracted pool of weakly associated proteins. GroEL-1 and -2 proteins 

have been thought to be able to form homo- and hetero-oligiomers (Kovacs et al., 

2001). Therefore the strongly thylakoid associated GroEL-1 and GroEL-2 proteins 

may form hetero-oligomers where as the weakly associated GroEL-1 may be present 

as a homo-oligomer. The greater quantity of GroEL-1 than GroEL-2 seen to associate 

with the thylakoid in this proteomic investigation supports this hypothesis. 

Another classical Hsp also observed to increase in the amount of association to the 

thylakoid membrane following acclimation of cells to high temperature was the 

DnaK-2 protein. This was seen to increase in abundance as much as 2.5 fold (spot 4). 

Investigation into the cyanobacterium Synechococcus pc PCC 7942 revealed that the 

DnaK-3 protein was associated on the cytosolic side of the thylakoid membrane 
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surface (Nimura et al., 1996). This observation that chaperonins associate with the 

membrane has been observed in many other organisms both eukaryotic and 

prokaryotic (Bochkareva et al., 1998). 

5.2.4 Increased abundance of the thylakoid associated squalene-hopene 

cyclase protein may promote the stabilisation of heat-fluidised membranes. 

The squalene-hopene cyclase protein increases as high as 1.50 fold (spot 13) in 

abundance following heat acclimation. This protein is involved in the synthesis of 

pentacyclic hopanoids from squalene, a class of eubacterial lipids which are very 

similar in structure to sterols. Because of this they share similar properties. Just as 

sterols, such as cholesterol, are involved in the condensation and thus stabilisation of 

membranes in higher organisms, so are hopanoids in bacterial membranes. Two recent 

investigations have expanded the biological fimction of hopanoids. In Streptomyces 

sp. hopanoids abundant in the membranes of aerial mycelium possibly alleviate stress 

by diminishing water permeability across the membrane (Poralla et al., 2000). In 

addition, the symbiotic nitrogen fixing Frankia bacteria contain special vesicles made 

primarily of hopanoids which enclose the highly oxygen-sensitive nitrogenase 

enzyme. These hopanoid membranes prevent oxygen diffusion and take part in an 

oxygen protection mechanism of the nitrogenase enzyme (Dobritsa et al., 2001). 

These observations indicate that hopanoids increase the rigidity and decrease the 

permeability of membranes and due to the proposed theory that elevated temperatures 

increase membrane fluidity and permeability (Vigh et al., 1998) explains why their 

abundance may be elevated in the membranes of cells acclimated to high 

temperatures. Although there is no direct data that supports this statement, the 
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discovery that the primary enzyme involved in the biosynthesis of hopanoids from 

squalene is elevated in abundance in the membranes of cells acclimated to high 

temperature is concrete evidence that this occurring. 

5.2.5 Thylakoid membranes from heat acclimated cells display an increased 

level of certain protein constituents involved in photosynthesis and respiration. 

The most frequently represented cellular process seen to be up regulated in 

Synechocystis thylakoid membranes following acclimation to high temperature is 

photosynthesis and respiration. Here, three constituents of the phycobilisome, namely 

the core membrane linker (ApcE), rod linker (CpcC2) and phycocyanin P-subunit 

(CpcB), increase as much as 2.74 fold (spot 1), 2.13 fold (spot 44) and 1.86 fold (spot 

70), respectively. Both the core membrane linker and phycocyanin are known to 

contain covalently linked phycobilin chromophores (Ajlani and Vemotte, 1998) and 

because of this their intrinsic fluorescence has been shown to be detectable when 

using the Cy-Dye excitation and emission detection parameters of the Typhoon 

(Amersham Biosciences) fluorescence imager (see Chapter 4). Consequently, these 

proteins were removed from DIGE analysis in Chapter 4 because of the interference 

of their intrinsic fluorescence in correct quantification of protein abundance. 

Unfortunately, no analysis of intrinsic fluorescence in the membrane protein fraction 

was performed due to limited sample quantity and therefore the presence of intrinsic 

fluorescence in these protein spots cannot be confirmed. However, looking back at the 

initial SDS-PAGE analysis (Figure 5.2), a low molecular weight protein band of 

approximately 21 kDa is immediately identifiable as increasing in abundance 

following accUmation of cells to high temperature. The protein spots identified as 
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phycocyanin P-subunit (spots 68-71) also resolved at this MW, with no other proteins 

resolving in the same location and therefore it is probable that although quantification 

may be inaccurate this protein is elevated in abundance in the membranes of heat 

acclimated Synechocystis cells. Rod linkers in Synechocystis do not have any intrinsic 

fluorescence, although in red algae they do. This suggests the detected elevated 

abundance for the phycocyanin rod linker protein (CpcC2) is a real biological 

response and therefore this may indicate that the same response may occur for other 

phycobilisome linkers. Perhaps then the elevation of core membrane linker abundance 

in the thylakoid membrane is a real biological response despite the interference from 

its intrinsic fluorescence. 

Another protein shown to increase in abundance following acclimation to high 

temperature and yet known to have intrinsic fluorescence (previously demonstrated in 

Chapter 4 to be detectable using a Typhoon fluorescence imager) is the succinate 

dehydrogenase flavoprotein (spots 8-11). Because there is no additional evidence 

which indicates that this protein may be elevated following exposure of cells to 

elevated temperature, this resuh can not be considered definitive and requires further 

investigation. 

Other elevated components of the photosynthetic and respiratory machinery in heat 

acclimated Synechocystis thylakoid membranes include the apocytochrome f, a 

constituent of the photosynthetic cytochrome 6/complex seen to increase as much as 

2.06 fold (spot 46), two subunits of the NAD(P)H dehydrogenase complex (type I) 

(NDH-1), namely NdhI and NdhH which increase as much as 1.72 fold (spot 36) and 

1.82 fold (spot 63), respectively, and the a and P ATP synthase subunits which 
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increase by 3.03 fold (spot 26) 2.31 fold (spot 30), respectively. Just to clarify, 

although the localisation of the photosynthetic machinery is well known to exist in the 

thylakoid membrane, the localisation of the respiratory machinery has been reported 

to be situated on both the plasma and thylakoid membrane (Berger et ai, 1991; 

Dzelzkalns et al, 1994). However in Synechocystis recent evidence has demonstrated 

the NAD(P)H dehydrogenase complex of the respiratory machinery to be largely, i f 

not exclusively, confined to the thylakoid membrane (Ohkawa et al., 2001). The 

cytochrome b(/ complex and NAD(P)H dehydrogenase complex both function to 

generate a proton gradient across the membrane via the transfer electrons. 

Apocytochrome f transfers electrons fi-om PSII to PSI where it receives electrons from 

the Rieske iron-sulphur protein and passes them to plastocyanin. The NAD(P)H 

dehydrogenase complex shuttles electrons from NAD(P)H, via flavin mononucleotide 

(FMN) and iron-sulphur (Fe-S) centres, to quinones in the respiratory chain. The 

generated proton gradient across the membrane subsequently drives ATP synthesis at 

the ATP synthase complex where the regulatory and catalytic subunits of this reaction 

are the a and P subunits, respectively. This evidence indicates that the maintenance of 

a protein gradient via shuttling of electrons in both respiration and photosynthesis and 

the subsequent synthesis of ATP is integral to the cells acclimation to high 

temperature. Perhaps this increases the amount of fi-eely available ATP for the action 

of ATP dependent proteases and chaperones which function to stabilise the membrane 

against the effects of thermal stress. 

There is little evidence in current the literature base to support this hypothesis, 

however, recent studied investigating the effect of CO2 concentration on NAD(P)H 

activity also in Synechocystis have demonstrated that the NdhI and NdhH subunits are 
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elevated in cells grown under low CO2 concentration, thus increasing the activity of 

the NAD(P)H complex (Deng et al., 2003). This indicates that this system functions 

to acclimatise cyanobacterial cells to low CO2 levels. It is therefore possible the same 

system operates for acclimation to high temperature. This is further evidence which 

supports the observations made in Chapter 4 that cells exposed to high temperatures 

display a phenotype similar to that observed in cells starved of carbon. To recap under 

heat shock the Rubisco protein, known to be regulated by the availability of CO2, was 

seen to decrease in abxmdance. Rubisco is also seen to decrease in abundance in heat 

acclimated thylakoid membranes (spot 72). Furthermore, the CcmM protein involved 

in carbon concentration was seen to decrease in abundance following exposure of 

cells to heat shock and the LexA protein known to increase in abundance under 

carbon limiting conditions also increases in abundance in heat shocked cells. 

5.2.6 Other thylakoid associated proteins which increase in abundance 

following acclimation of cells to high temperature. 

An overview of the various cellular functions which are represented by thylakoid 

proteins displaying an induced level of expression following acclimation of cells to 

high temperature is shown in Figure 5.8a. As already discussed, chaperonins and 

photosynthesis/respiration are the most represented cellular functions and show the 

largest increases in abundance from steady state levels. Other proteins which do 

increase in abundance, but not as high, include the water soluble carotenoid protein 

which increases as much as 1.29 fold (spot 38) and the protein synthesis elongation 

factor Tu which increases by 1.37 fold (spot 32). Both of these proteins have been 

previously shown to increase in abundance in the soluble protein fraction following 
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exposure of cells to heat shock (see Chapter 4), however, because these proteins are 

soluble, their presence at the thylakoid membrane is unexpected. Explanation for this 

can be described through one of two possibilities; (i) the prepared thylakoid 

membrane extracts are not pure and contain soluble contaminants, or (ii) these 

proteins like chaperones attach to the membrane. 

As previously discussed in Chapter 4, the water soluble carotenoid protein contains 

the 3-hydroxyechinenone carotenoid pigment and has several photoprotection 

functions including protection against light-induced damage by quenching singlet 

oxygen, superoxide anion radicals, or triplet-state chlorophyll (Kerfeld et al., 2003). 

However, a transport function of the carotenoid protein has been proposed in 

cyanobacteria where by it translocates carotenoids from their site of synthesis in the 

thylakoid membrane to the plasma or outer membrane where they form a 

photoprotective barrier (Jurgens and Weckesser, 1985). Perhaps this barrier is also 

heat protective and may explain the location of this protein at the thylakoid 

membrane. Furthermore i f this protein is inserted into the membrane, perhaps the 

parallel packing increases the rigidity of the membrane in response to heat induced 

fluidisation (Vigh et al., 1998). 

The presence of the translational elongation factor Tu (EF-Tu) at the thylakoid 

membrane is less easily explained. This protein promotes the GTP-dependent binding 

of aminoacyl-tRNA to the A-site of ribosomes during protein biosynthesis. As 

previously mentioned EF-Tu has been seen to increase in abundance following 

exposure of cells to heat shock along with several other translational elongation 
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factors (see Chapter 4). However, perhaps this protein has a secondary function which 

is performed at the thylakoid membrane. 

Another protein seen to increase in abundance at the thylakoid membrane following 

acclimation to high temperature is the ABC transporter ATP-binding protein which 

accumulates as much as 1,95 fold (spot 42) from basal levels. Little is known about 

the function of this protein; however, upon analysis of the repressed proteins in 

acclimated thylakoid membranes (Table 5.2) four transporter binding proteins 

demonstrate a decrease in abundance. The elevation of the ATP-binding protein is 

therefore inconsistent with this trend. However, remembering that ATP synthesis is 

probably elevated in heat acclimatised cells, as shown by the increase in ATP 

synthase subunits and proteins involved the generation of a proton gradient, perhaps 

the translocation of ATP is required into the thylakoid lumen for the action of ATP 

dependant proteins such as the ATPase chaperones, although no thylakoid lumenal 

chaperone has been reported (Waters, 1995). 

5.2.7 Thylakoid associated proteins which decrease in abundance following 

acclimation of cells to high temperature. 

A global view of the various cellular functions which are represented by thylakoid 

proteins displaying a decreased level of expression following acclimation of cells to 

high temperature is shown in Figure 5.8b. Of these cellular functions, transporter 

substrate-binding proteins (Sbp's) are the most frequent of proteins to be repressed 

following heat acclimation. These proteins are involved in the acquisition of 

compounds for subsequent transport through integral membrane channels which 
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operate through systems known as ABC-type transporters and those demonstrated to 

be suppressed include the urea, nitrate/nitrite, phosphate and iron binding proteins. 

The urea Sbp is suppressed as much as -2.4 fold (spot 88, 89), the phosphate Sbp by 

-3.14 fold (spot 96), the nitrate/nitrite Sbp as high as -2.11 fold (spot 93) and the iron 

Sbp as much as -2.07 fold (spot 100). The significance of their suppression is difficult 

to predict as the only currently reported data concerning the regulation of their 

expression is related to the deprivation of the compound they are involved in 

transporting. Such data has been reported in cyanobacteria for phosphate (Scanlan et 

al, 1993) iron (Katoh et a/., 2001) and urea (Valladares et al, 2002) ABC 

transporters where starvation of the related compound resulted in induced expression 

of the transporter components. However, in keeping with the knowledge that elevated 

temperature results in increased membrane permeability and loss of protein 

constituents, perhaps the binding proteins of ABC transporters are dissociated 

following exposure to elevated temperature. Furthermore, because these proteins play 

no role in acclimation to heat they are not replaced until the cell is returned to normal 

physiological conditions. 

A number of proteins which are involved in the biosynthesis of chromophores in light 

harvesting proteins are suppressed in the thylakoid membranes of Synechocystis 

following acclimation to high temperature. These include the geranylgeranyl 

hydrogenase, involved in ChlA biosynthesis (Addlesee et al., 1996), ferrochelatase 

(HemH) which is involved in the biosynthesis of photoheme from photoporphyrin and 

which is subsequently used to synthesise phycobilin chromophores in 

phycobiliproteins, and P-carotene ketolase involved in the biosynthesis of echinenone 

from p-carotene, suggested to be closely associated to the reaction centres in 
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thylakoid membranes (Fernandez-Gonzalez et al, 1997). It seems contradictory to 

previous observations that although the phycobillin and echinenone containing light 

harvesting phycocyanin and water soluble carotenoid proteins increase in abundance 

in the thylakoid membranes of heat acclimated cells, the en2ymes involved in the 

synthesis of their corresponding pigment containing prosthetic groups are suppressed. 

Explanation of this observation will require further analysis. However, the 

Synechocystis ferrochelatase protein has been shown to contain a chlorophyll a 

binding (Cab) domain and disruption of the gene resulted in increased tolerance to 

high light intensity in Synechocystis with a reduced PSI content (Funk and Vermaas, 

1999) Perhaps, loss of this protein from the thylakoid membrane increases the 

tolerance of photosynthesis to high temperature. 

Also observed to decrease in abundance is the Type II NADH dehydrogenase (NDH-

2) NdbB, which does so by -1.35 fold (spot 95). Unlike NDH-1, which is a multi-

subunit complex, NDH-2 consists of a single subunit and does not contain iron-sulfur 

clusters or appear to translocate protons across the membrane even though the 

complex is membrane associated and has FAD as the prosthetic group. Consequently 

it has been proposed that NDH-2 s do not have a catalytic role in respiration and 

instead, perform a regulatory function. This was predicted from the observation that 

disruption of the NDH-2 genes in cyanobacterial strains with reduced PSI content 

displayed increased light tolerance (Howitt et al., 1999). Perhaps, this is also true for 

elevated temperature. 

The observations that disruption of the ferrochelatase and NDH-2 genes in 

cyanobacteria increases the tolerance to high light is consistent with data obtained 
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from analysis of the heat shock response reported in chapter 4 of this thesis. These 

results demonstrated that the same proteins change in abundance, both up and down, 

in the response to both heat shock and high light and consequently it was predicted 

that the cell may perceive the high light and heat signals through a similar mechanism. 

The glutathione S-transferase (GST) protein was also shown to decrease in abundance 

in the thylakoid membranes of cells acclimated to elevated temperature. GSTs are 

involved in a variety of cellular processes including detoxification of herbicides, cell 

signalling pathways and regulation of apoptosis, and have been characterised in many 

organisms, both prokaryotic and eukaryotic (Dixon et al, 2002). Although the roles of 

GSTs have not been demonstrated in cyanobacteria, there is the possibility of the 

involvement in cell signalling pathways where both positive and negative regulation 

of signalling pathways via GSTs have been demonstrated in other organisms (Loyall 

et al., 2000; Ryoo et al, 2004). 

Finally, the peptidyl prolyl cis-trans isomerse (PPIase) previously shown to be 

elevated in the soluble fraction of cells exposed to heat shock (chapter 4), was also 

identified as changing in abundance at the thylakoid membrane following acclimation 

of cells to high temperature. However, this protein decreased in abundance in the 

membranes of cells acclimatised to heat. PPIases have been shown to be involved in 

regulatory mechanisms by modifying serine/threonine phosphorylation sites (Smet et 

al., 2004) and therefore it is possible that in response to elevated temperature this 

protein translocates fi-om the membrane due to increased membrane fluidity to the 

cytosol where it functions to regulate the phosphorylation of a two component signal 
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transduction pathway, activating the expression of genes involved in the response to 

high temperature. Perhaps this enzyme is the upstream regulator of Hik34 activity. 
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5.3 Discussion 

The PSII oxygen-evolving machinery is the most susceptible component of the 

photosynthetic apparatus to high temperature inactivation (Berry and BjOrkman, 1980; 

Mamedov et al., 1993). However, photosynthetic organisms can enhance the thermal 

stability of their oxygen-evolving machinery in response to elevated environmental 

temperature (Berry and Bjorkman, 1980; Nishiyama et al., 1993; Tanaka et al., 2000). 

Components in Synechocystis previously reported to be involved in the thermal 

stabilisation of the photosynthetic machinery include the PsbU, MSP (PsbO) and Cyt 

C550 protiens. These proteins are attached to the PSII manganese cluster, the catalytic 

site for oxygen evolution, and deletion of the genes encoding these proteins results in 

absolute loss of ability to enhance the thermal stability of oxygen evolution (Kimura 

et al., 2002). However, PsbU, Cytsso and PsbO proteins were reported to be 

constitutively expressed regardless of growth temperature (Nishiyama et al., 1999) 

and therefore it has been proposed that other protein factors are involved in the 

enhancement of PSII thermal stability. Although, in the previous chapter PsbO, 

localised in the soluble cell fraction, was shown to increase in abundance following 

exposure of Synechocystis cells to heat shock, suggesting this prediction is incorrect 

and that PsbO is elevated to enhance the thermal stability of the oxygen evolving 

machinery. This protein was localised in the soluble fraction because it is weakly 

associated to the thylakoid membrane and is dissociated following cell breakage and 

fractionation procedures. 

In this proteomic investigation comparing thylakoid membrane extracts from normal 

and heat acclimatised cells, no PSII specific proteins have been identified as 
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candidates for direct thermal stabilisation of the oxygen evolving machinery. Instead a 

variety of other proteins have been identified which may function to stabilise the 

photosynthetic machinery through other pathways. 

5.3.1 Stabilisation of heat fluidised membranes by chaperone association and 

insertion of sterol-like hopenes. 

GroEL-1, GroEL-2 and DnaK-2 chaperonins have been demonstrated to be 

specifically translocated to, and associate with the thylakoid membrane in heat 

acclimated cells. It has been proposed that membrane bound Hsps might act like their 

soluble counterparts and function to prevent denaturisation of membrane bound 

enzymes (Patriarca and Maresca 1990; Torok et al., 1997). Furthermore, in keeping 

with the theory that heat shock decreases membrane stability and increases membrane 

fluidity/permeability, resulting in a loss of associated proteins (Revathi et al., 1994; 

Mejia et al., 1995), the accumulation of specific Hsps in or at the membrane may 

promote rigidification of the heat-fluidised membrane. This returns the membrane to 

its original state prior to heat shock and thus preserving structural and fimctional 

integrity, such as oxygen evolution (Torok et al., 1997). This ability of chaperones to 

directly amend membrane structure presents a temporary and rapid response 

mechanism for thermal adaptation. This fimction has been demonstrated for the 

sHspA chaperonin which was shown to be involved in stabilisation of oxygen 

evolution, as inactivation of the gene encoding this protein greatly reduced the rate of 

oxygen evolution in heat sti-essed cells (Lee et al., 2000). Subsequent analysis 

revealed that this protein functions as a membrane stabilising factor and re-establishes 

membrane order (T6r6k et al., 2001). Therefore chaperones have dual roles in the 
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recovery and protection of thermally injured cells, as members of the multi chaperone 

network and also in the stabilisation of heat-fluidised membranes. 

A second mechanism by which heat-fluidised membranes may be stabilised is by the 

insertion of hopenoids into the membrane bilayer. The squalene hopene cyclase 

protein, responsible for the biosynthesis of these sterol-like compounds, is situated at 

the membrane and the increased quantity of this enzyme indicates increased 

biosynthesis and thus insertion of hopenoids in to the thylakoid membrane. A direct 

analysis of hopene content in heat acclimated membranes will clarify this theory. 

5.3.2 Elevated phycobilisome constituents are involved in acclimation to high 

temperature 

The phycocyanin p subunit and the corresponding linker polypeptide were shown to 

be elevated in abundance in heat acclimated thylakoid membranes. This was an 

unexpected result as heat shock has previously shown to disassemble phycobilisomes 

(Mao et al., 2003), which was also demonstrated in chapter 4 of this thesis. It is 

possible that the explanation of this response comes from the observations that 

cyanobacteria are known to respond to a variety of stresses by varying their 

phycobilisome rod content (reviewed by Cohen-Bazire and Bryant, 1982; MacCoU, 

1998). For example the content of phycoerythrin and phycocyanin biliproteins vary 

depending on the wavelength of light available for growth. In predominantly green 

light conditions (in deep waters) the content of phycoerythrin increases which better 

absorbs light at this wavelength, whereas when grown in predominantly red light 

environments the content of phycocyanin increases. This is also true for the rod linker 
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polypeptides in which specific proteins are required for the different biliprotein links 

(i.e PE-PC and PC-PC and PE-PE) (reviewed by MacColl, 1998). Synechocystis sp. 

PCC 6803 does not contain any phycoerythrin, but perhaps under elevated 

temperature it increases the size its phycobiliosme rod antennae and therefore 

requiring a greater quantity of phycocyanin and the corresponding linker 

polypeptides. This theory is supported by the observations that thermophilic species 

of cyanobacteria have exceptionally large temperature-resistant rods which are stable 

at a variety of temperatures form 10-80°C (Edwards et al., 1997). Perhaps by 

increasing the size of the rod, the stability under high temperature is greater. 

5.3.3 Other membrane proteins involved in the acclimation of 

photosynthesis to high temperature 

Subunits of the cytochrome b(f complex, the Type I NADH dehydrogenase and the 

ATP synthase complex have been shown to display increased abundance in heat 

acclimated Synechocystis membranes. It has been predicted that these proteins 

contribute to the thermal stabilisation of the functional complexes they make up and 

therefore allowing photosynthesis and respiration to continue to operate. However, to 

my knowledge there is no report of increased thermal stability of these complexes via 

their integral components following exposure to mild elevated temperatures. It is also 

possible that these elevated processes function to increase the output of ATP in the 

cell, for which the demand is likely to be higher under elevated temperatures due to 

the increased action of the ATP dependant proteases and chaperones. 
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5.3.4 Loss of thylakoid protein constituents displays selective replacement 

Fifteen unique membrane proteins were observed to display a decreased abundance 

following acclimation of cells to high temperature. It is possible that these proteins are 

displaced from the membrane as a result of heat induced fluidisation and they are not 

replaced by newly synthesised and franslocated proteins. This suggests that these 

proteins are probably not essential for the acclimation of photosynthesis to high 

temperature. 

5.3.5 Concluding Remarks 

A variety of mechanisms appear to be employed by cyanobacteria in order to 

acclimatise their photosynthetic machinery to high temperature. These include, i) the 

association of specific protein constituents which function to protect their target 

binding sites against heat inactivation, ii) the insertion of hopenes to increase the 

rigidity of the heat-fluidised membranes, iii) the association of cytosolic chaperones 

to help refold denatured membrane localised enzymes and restore membrane rigidity 

and physical order, and iv) the association of photprotective carotenoid proteins. This 

diverse range of adaptive mechanisms reflects the ability of cyanobacteria to survive 

in many different extreme environments. Elucidation of the exact function of the 

elevated proteins in the acclimation mechanism will require fiirther analysis using 

gene knockout mutants, however an ideal biological system and assay have been 

established which will aid the fiirther characterisation of these proteins. 
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Further analysis of the heat acclimation response is required at the low molecular 

weight protein level as several low molecular weight photosynthetic components have 

been predicted to be involved in acclimation of photosynthesis to high temperature. 

These include the Cytsso and PsbU proteins associated to the PSII manganese cluster 

and the PsbW and PsaC proteins shown to increase in abundance in cells exposed to 

heat shock (see chapter 4). Also, as seen in the soluble protein fraction, several 

proteins involved in heat acclimation of the thylakoid membrane are represented by 

multiple spots with different p^s and which vary in the extend of the change in 

abundance. Therefore there is a requirement to analyse the difference in the structures 

of these protein forms and determine if they have any role in the biological response 

to heat acclimation. 
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CHAPTER 6 

General Discussion 
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Synechocystis sp. PCC 6803 is a model experimental organism and has been exploited 

in this thesis for an in-depth investigation of the heat shock and acclimation responses 

of cyanobacteria. Its ease of large scale growth and rapid division, in an envirormient 

continually aerated with 1 % CO2, together with the application of optimised cell 

breakage methods for the liberation of protein has provided ample biological material 

for analysis. Furthermore, the availability of the entire genome sequence has enabled 

the application of proteomic techniques. Cyanobacteria are ideal organisms for 

investigating stress responses and survival mechanisms employed by photosynthetic 

organisms due to their remarkable ability to survive in a variety of hostile 

environments. 

The initial objective of this thesis was to establish 2D elecfrophoresis and peptide 

mass fingerprint (PMF) technology for the analysis of Synechocystis proteins and to 

use this technology to determine the complexity of the Synechocystis proteome and 

identify proteins spots resolved on 2D gels. The Synechocystis proteins were best 

resolved via cup loaded 2-DE using acidic pH gradients where high resolution of 

proteins spots was achieved with the application of a narrow range 'zoom' IPG 

gradient sparming a single pH unit. MALDI PMF analysis of 192 protein spots 

excised from a large format Coomassie stained zoom 2D gel generated 105 positive 

identifications which represented 74 unique proteins. Identified proteins included 

representatives of photosynthesis, molecular chaperones, transcription, translation, 

amino acid biosynthesis, energy metabolism, and others. In total, members of 14 

different functional classes were identified along with 10 hypothetical proteins not 

previously mapped on 2D gels, demonstrating their existence in the soluble protein 

fraction and location on the 2D gel. The presence of multiple protein spots for 
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individual gene transcripts was immediately apparent, previously supported by other 

proteomic mapping exercises (Sazuka et al., 1999; Wang et al., 2000). 

2-DE and PMF technology was successfully applied for the analysis of Synechocystis 

proteome and was established as a high throughput method. Therefore, this 

technology was applied to analyse the response to heat shock and its regulation in 

cyanobacteria. The initial analysis of de novo protein synthesis under heat shock via 

radiolabelling allowed the detection of a suitable time frame over which to study the 

heat shock response. One hour of heat shock demonstrated the highest level of 

synthesis for most soluble proteins synthesised under heat shock conditions, an 

observation supported by Borbely et al (1985). Multiple repeat control and I hour 

heat shocked samples were resolved on separate SYPRO™ Ruby stained 2D gels and 

their subsequent comparison generated 18 heat shock responsive proteins increasing 

in abundance. 14 of these were statistically valid changes and were characterised as 

being the 60, 70, 90 and 100 kDa Hsps. This quantity of data is a marked difference in 

the large number of genes transcripts known to change in abundance in response to 

heat shock (Iwane Suzuki, NIBB - personal communication) and also those known to 

change in response to other stresses such as, salt (Kanesaki et al., 2002), high light 

(Hihara et al., 2001) and chilling (Suzuki et al., 2001). This was believed to be due to 

the inherent system variation between 2D gels and the specking arefact of SYPRO^'^ 

staining. Consequently, 2D DIGE technology was subsequently employed in the 

comparison of soluble proteomes from cells grown under normal and 1 hour heat 

shock conditions due to its ability to accurately identify changes as small as 10 % at 

the 95 % confidence limit (Tonge et al., 2001). This analysis detected proteins with 

elevated or suppressed changes in abundance and generated 210 and 321 heat shock 
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responsive protein spots in the 34-44 °C and 30-42°C heat shock regimes 

investigated, respectively. Changes in abundance as high as over 19 fold and as low as 

10 % were detected. This quantity and quality of data was a marked improvement 

from that identified via SYPRO analysis and illustrating the dynamic range and 

improved accuracy and sensitivity of the 2D DIGE technique. Of these heat shock 

responsive proteins spots detected via 2D DIGE, 288 were processed via PMF MS 

and 175 were characterised. The majority of identified proteins were those increasing 

in abundance following exposure to heat shock and were shown to represent over 18 

different function classes. Several hypothetical proteins were also characterised in the 

response to heat shock, thus adding to assignment of their function. Of the identified 

proteins, the classical Hsps were seen to change by the greatest amounts, all of which 

have been previously characterised in the response to elevated temperature and other 

environmental stresses. However, perhaps the most interesting proteins seen to 

increase in abundance in response to heat were constituents of the photosynthetic 

machinery, proteins involved in the carbon fixation Calvin cycle and proteins with 

probable regulatory functions such as the PPIase and response regulators. 

Furthermore, there are several proteins changing in abundance, both increased and 

decreased, which have been previously characterised in response to other stresses, 

such as the Rubisco, LexA and CcmM proteins seen respond to carbon availability, 

and the phycobilisome constituents and response regulator 26 in response to high 

light. This evidence suggests that similar mechanisms are involved in the response to 

these stresses. Whether in heat shock they are all involved in the primary response or 

in secondary knock-on effects has yet to be determined. 
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This analysis has provided a global view of the responses to heat shock in the soluble 

proteins of Synechocystis, to my knowledge the first report in a cyanobacterium. It has 

demonstrated that the response to heat is not just to elevate the expression of the 

molecular chaperones and proteases, but also many other cellular processes respond 

such as photosynthesis, energy metabolism, transcription and translation and are 

possibly involved in the survival under heat shock. Changes in the photosynthetic 

PSII complex in response to heat have been characterised, where changes in 

phycobilisome structure have been mentioned (Cohen-Bazire and Bryant, 1982; 

MacColl, 1998; Mao et al., 2003) and protection of the oxygen evolution machinery 

against heat inactivation has been well documented (Berry and Bjorkman, 1980; 

Mamedov et al., 1993; Nishiyama et al., 1993; Shen et al., 1997; Tanaka et al., 2000). 

This analysis has added to the knowledge concerning changes in the photosynthetic 

machinery under heat shock, presenting other proteins possibly involved in the 

thermal stabilisation and adaptation of the phycobilisome, PSII, PSI, and ATP 

synthase complexes. However, changes in energy metabolism, 

transcription/translation, amino acid biosynthesis, response mechanisms and other 

cellular processes are less well researched. This analysis has demonstrated that the 

molecular organisation of these cellular process are altered in response to heat and 

provides an ideal platform for further research into their function under heat shock. 

In this thesis the role of the histidine kinase Hik34 in the heat shock response has been 

investigated through the utilisation of the AhikS4 gene knockout strain of 

Synechocystis. It has been theorised that this protein is involved in the suppression of 

hsp gene expression under normal growth due to the elevated heat tolerant phenotype 

of the Ahik34 strain and indication that hsp gene tianscripts are elevated under normal 
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growth (Iwane Suzuki, NIBB - personal communication). A comparison of the 

soluble proteome in wild type and Ahik34 cells under normal growth, reported in this 

thesis, has confirmed the observation that Hik34 is involved in the expression of hsp 

genes, as the Ahik34 knockout mutant demonstrated derepression of hsp genes. 

However, a positive expression role of Hik34 was also demonstrated in this thesis, 

through the observed inability of the Ahik34 strain to express the hemolysin protein in 

the soluble fraction and also through the reduced heat shock induced Hsp level in this 

strain. This is supported by a previously reported positive regulation role of Hik34 in 

hsp expression in response of Synechocystis to salt shock (Marin et al., 2003). 

Furthermore Hik34 appears to be involved in the regulation of genes not involved in 

the heat shock response. These results describe a novel heat shock response regulator 

in cyanobacteria, where the only other previously reported regulator of hsp gene 

expression in cyanobacteria in the B. subtilis-like HrcA repressor (Nakamoto et al., 

2002). Furthermore, no positive regulation of gene expression under heat shock has 

been previously reported in cyanobacteria. 

The final objective of this thesis was to apply the established 2D DIGE proteomic 

technology to an investigation into the heat acclimation of the photosynthetic 

apparatus and more specifically the oxygen evolving machinery. Previous research 

demonstrated the role of the manganese stabilising polypeptide (MSP), PsbU and Cyt 

C550 proteins in this stabilisation of the oxygen evolving machinery (Kimura et al., 

2002), but not a direct role in increased thermotolerance. Thylakoid associated 

proteins from 1 hour heat acclimated cells and non-acclimated cells were compared 

via 2D DIGE which revealed 206 spots to change in abundance, 105 of which were 

positively identified. Of these characterised proteins the GroEL-1, GroEL-2 and 
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DnaK chaperones increased in abundance by the greatest amount following heat 

acclimation. These proteins have been previously shown to associate with the 

membrane (Kovacs et al, 2001, Nimura et al., 1996) and potential roles in membrane 

stabilisation and membrane protein refolding have been reported for chaperones in 

cells under heat shock (Vigh et al., 1998, TorGk et al., 1997). Another protein seen to 

increase in abundance which has had a previously reported role in membrane 

stabilisation is squalene holpene cyclase (Poralla et al., 2000). These results have 

suggested that the membrane is destabilised under heat shock and that chaperonins 

and hopenes function to restore membrane order. This has been supported by the 

observations o f increase membrane fluidity fol lowing heat shock (Revathi et al., 

1994; Mejia et al., 1995). Components o f the photosynthetic and respiratory 

machinery may also be involved in acclimatisation to high temperature, including 

phycocyanin and the associated rod linker polypeptides and subunits o f the ATP 

synthase, cytochrome complex and the type I NAD(P)H dehydrogenase 

complexes. These results suggest that these proteins are involved in the heat 

stabilisation o f the complexes they are associated with and also they may be involved 

in the increased production o f ATP for subsequent use by ATP dependent molecular 

chaperone and proteases. Additional to these proteins, which are elevated imder heat 

acclimation conditions, several others were seen to decrease in abundance f rom the 

membrane, such as substrate binding proteins. It appears that these proteins are lost 

f rom the membrane due to the reported heat induced membrane fluidisation (Revathi 

et al., 1994; Mejia et al., 1995) and are not replaced by newly synthesised proteins. 

Finally, there is further evidence in this analysis o f the heat acclimation response 

which supports an observation made from analysis o f the heat shock response in 

chapter 4, that similar responses to carbon starvation and high light are detected in the 
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response to high temperature. These proteins include NAD(P)H dehydrogenase 

subunits which have been seen to respond to carbon starvation (Deng et al, 2003) and 

also the N A D H type I I and ferrochelatase seen to respond under high light (Howatt et 

al., 1999; Funk and Vermass, 1999). 

This analysis has characterised several proteins that possibly promote stabilisation o f 

the thylakoid membrane and its associated complexes under high temperature, which 

together function to acclimate the cell and develop thermotolerance. No evidence has 

been generated which indicates specific protein factors that promote the direct 

stabilisation o f the PSII oxygen evolving machinery, as observed under the acquired 

thermotolerance. However, it is predicted that future analysis o f the low molecular 

weight proteins, not visualised in the 12 % polyacrylamide gels, may provide 

candidate proteins for this, as already shown in the 15 % acrylamide analysis o f the 

heat shock response. 

The work described in this thesis can not be said to have provided a complete answer 

to the mechanisms employed by cyanobacteria to survive under heat shock conditions, 

sense heat and regulate gene expression and also acclimatise to high temperature. 

However, it does provide an excellent basis for future work. The analysis o f enzyme 

activity and concentration o f metabolites w i l l establish whether the Calvin cycle is 

elevated under heat shock and whether the electron transport and proton translocation 

across the thylakoid membrane is elevated to increase ATP synthesis. Furthermore, 

numerous genes have been highlighted for mutagenesis to decipher their role in 

cellular survival under heat shock, heat induced gene expression and acclimatisation 

to high temperature. Several hypothetical proteins have also been shown to be 
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involved in the heat acclimation and shock responses. Mutagenesis o f the genes 

encoding these proteins w i l l help elucidate their function in cyanobacteria. Other 

future work w i l l involve the application o f interactomic technology, such as TAP 

tagging for the analysis protein-protein interactions under heat acclimation conditions 

to help elucidate the roles o f membrane associated chaperonins. Also, the analysis o f 

Synechocystis response regulator (rre) gene knockout strains w i l l allow the 

identification o f a DNA-binding hsp gene transcriptional regulator, o f which Hik34 

controls the activity through a two-component signal transduction mechanism. 

The potential o f proteomics to decipher the cellular state has been demonstrated in 

this thesis where the successful application o f 2D DIGE technology has been the most 

striking. However, due to the limitations o f 2D-E with respect to low abundant 

proteins, several proteins involved in the heat shock and acclimation responses have 

been unidentified. The application o f ICAT for the characterisation o f these proteins is 

a possible approach due to the ability, i f sample quaintly is not l imiting, to analyse 

low abimdant protein species. It is also the intention to compare the proteomic data 

f rom both the heat shock and acclimation investigations wi th the global analysis o f 

mRNA expression under the same experimental conditions via D N A microarray. As 

little correlation between transcript and protein levels has been previously shown 

(Gygi et al., 1999), i t is predicted that this comparison w i l l demonstrate that not all 

proteins seen to change in abundance w i l l correlate wi th a change in the mRNA level. 

This is due to differences in regulation at the level o f transcription and translation and 

also post translational processing. 
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Cyanobacteria are amongst the most resistant organisms to environmental stress. 

Analysis o f the genes expressed, the proteins synthesised/modified and the protein-

protein interactions under conditions such as high temperature, high light, drought and 

cold w i l l allow scientists to better understand the mechanisms employed by these 

organisms to survive and inhabit such environments. 
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Appendix 1 

List of MALDI PMF identified Synechocystis sp. PCC 6803 

soluble proteins. 
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