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DIGE fluorescence difference gel electrophoresis
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Abstract

The consideration of possible future clean-fuel (H,), biodegradable plastic and potential anti-
cancer drug has made the fresh-water unicellular cyanobacterium, Synechocystis sp. PCC 6803
one of the most attractive cyanobacteria strains to commercial and industrial markets. To fully
exploit the potential of these natural products, it is essential to understand the cellular response
of this organism toward environmental stimulations. In this study, Synechocystis sp. was
subjected to qualitative ‘shotgun’-based proteomic analysis, and a total of 776 unique proteins;
covered 24% of the entire proteome, were successfully identified. The use of Synechocystis sp.
as a model of organism also revealed the potential of gel-based prefractionation over more
classical chromatography approaches. The reliability of the iTRAQ-mediated quantitative
proteomic approach was also assessed using Synechocystis sp., Sulfolobus solfataricus (an
Archaea) and Saccharomyces cerevisiae (an Eukaryotes). Based on multiple replicate analyses,
biological variation was found to have the greatest impact on results, and thus biological
replicates were recommended for inclusion in all future iTRAQ experiments. This investigation
also revealed at least £50% variation is necessary for significant protein expression to have
occurred. The functional proteomic approaches in this thesis covered two main fundamental
ideas: firstly to investigate the basic cellular response of this organism toward photoperiod (i.e.
light-dark cycle); secondly, to examine the cellular stress response as a consequence of macro-
nutrient deficiency, specifically phosphate starvation. The cellular response as a result of
circadian influence was also studied via combining results from both transcriptomic and
proteomic approaches; and possible interactions (€.g. post-translational modification) between

mRNA and protein were also discussed.
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Chapter 1

Introduction to the Thesis
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1.1 Introduction

In this thesis, Synechocystis sp. PCC 6803 is used as a model organism. This cyanobacterium is
known for its capacity in biological hydrogen gas (H,) production [1-3], cyanophycin [4-6] and
polyhydroxyalkanoate (PHA) [7-9] synthesis, as well as the ability to produce naturally

occurred carotenoid [10-12] and tocopherol [13-15] compounds.

Biological hydrogen gas (H,) production in cyanobacteria has been reported as a real alternative
energy source to substitute for the near-depleted and costly fossil fuels, because this approach is
pollution-free, highly efficient, clean, renewable and environmental friendly [16, 17]. It has
been suggested that the cost of H, produced from a photo-bioreactor (US$25/m’) is significantly
lower than the conventional photovoltaic water-splitting process (US$170/m’) [18]. However to
achieve a complete change-over as the main energy provider, it is essential to focus research and

development on increasing the rate of H, synthesis, as well as the total yield of H, produced

[19].

Besides the energy demand, the increasing pressure on the availability of fossil fuel has also
triggers doubt in petroleum-based polymers which in turn has caused the market to focus
attention on the bio-polymer option, for example cyanophycin and poly-hydroxy butyrate
(PHB) which are found mainly in Bacillus spp. and cyanobacteria [20]. Cyanophycin is a
biopolymer and can be used as a substitute of polyaspartic acid as a biodegradable polymer [21].
Similarly polyhydroxyalkanoate (PHA) is another naturally produced polyester from
cyanobacteria [22]. The 2005 world market for biodegradable polymers was over 110 million

pounds (Ibs), and the projection amount in 2010 is over 200 million lbs [23].

On the other hand, carotenoids and tocopherols are produced in cyanobacteria as an antioxidant
compound, as well as a photo-protective agent during light acclimation (24, 25]. Besides their
primary role during photosynthesis, they are also known to act as food colorants [26, 27],
nutraceuticals, cosmetic ingredients, pharmaceuticals [28, 29], and anti-carcinogens in cancer
treatment [30, 31]. The 2004 world market for carotenoids was estimated at over US$ 880
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million, and the projection figure in 2009 is over US$ 1 billion [32]. Facing the huge potential
market in coming years, little is known about the regulation of the carotenoid and tocopherol
pathways [33, 34]. Understanding the metabolic flux in these pathways would prove valuable to

the metabolic engineering of microbial carotenoid (and tocopherol) production [35].

1.2 Objectives and Aims

The aim of this thesis is to gain a thorough and global understanding of the Synechocystis sp.
PCC 6803 at the ‘Systems Microbiology’ level, by employing qualitative and quantitative
proteomics, together with transcriptomic analysis to examine the cellular response toward
various environmental stimulations. It is hope to gain a deeper understanding at both
transcription and translation levels of these stimuli triggered through the induction of stress
responses, specifically during light and dark acclimation (photoperiod), and phosphate

starvation.

1.3 The Overview

(Chapter 2) This chapter introduces the background of Synechocystis sp. PCC 6803, as well as
its potential biotechnology applications in alternative fuel, bio-degradable polymer and anti-
oxidant compounds. The importance of Proteomics application in ‘Systems Microbiology’ level

is also discussed.

(Chapter 3) One of the primary objectives is to seek (a solution) and develop a qualitative
proteomic approach that will enhance (and increase) the identification percentages of proteins
annotated in the genome. In the meantime it is also aimed to assess the feasibility of
Synechocystis sp. PCC 6803 as a test subject in proteomic investigation. This is achieved
through the employment of various prefractionation workflows, with a combination of gel-
based and gel-free approaches at both the protein and peptide levels [36]. In this study, two tiers
of separation were carried out in protein and peptide levels. A total of 6 protein-peptide

prefractionation workflows were compared, with ID polyacrylamide gel electrophoresis
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(PAGE), weak-anion exchange (WAX) and isoelectric focusing (IEF) separation in protein

level, followed by strong cation exchange (SCX) and IEF separation in peptide level

Background and Introduction (Chapter 2)

Qualitative
Shotgun
Proteomics
~_ (Chapter 3)

D

Quantitative
iITRAQ Validation
(Chapter 4)

Phosphate
Starvation
Response
_ (Chapter 7)

Circadian
Rhythmic Study
(Chapter 6)

Light-Dark
Response
(Chapter 5)

The Future
(Chapter 8)

Figure 1.1. The overview picture of the designated investigations carried out in this thesis. The

relationship between each chapters also illustrated in the diagram.

(Chapter 4) To gain an in-depth understanding of protein expression, iTRAQ-mediated
quantitative proteomic is employed. This technique has the capacity to process up to 4 different
samples simultaneously, using unique amine-reactive isobaric tagging system [37]. In order to

assess the reproducibility of this quantitative approach, experiments were designed such that the
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technical, experimental and biological variations from the samples could be estimated through
replicate analyses [38] and multiple injections [39]. This is accomplished by comparing the
sample variations from three different domains of life: eukaryotes (Saccharomyces cerevisiae),
archaea (Sulfolobus solfataricus) and bacteria (Synechocystis sp.). Therefore, any changes in
protein expression would be a direct consequence of the actual biological change in the

experiment, rather than the small discrepancy caused by sample to sample variation.

(Chapter 5) The cellular response at both proteome and transcriptome levels during light (and
dark) acclimation was investigated using the combined techniques of quantitative real-time PCR
and iTRAQ-mediated quantitative proteomic. A central carbon metabolism reconstruction of
Synechocystis sp. was attempted. This is the first time a global ‘shotgun’ quantitative proteomic
study has been carried out in this organism, and hopefully it would provide further perception

into the cellular behaviour during the photoperiod.

(Chapter 6) Under a 12 hour dark and light cycles, Synechocystis sp. exhibited the classic
circadian profile. This study aims to establish the circadian response at both the transcriptional
and translational levels as a result of alterations in light intensity. This study is designed such
that the gene and protein profiles could be captured across a 24 hour period, with two different
types of time-points, intended to highlight the transient (short-term) and prolonged (long-term)
effects under light and dark regimes. Different circadian responses were noted among the
investigated genes, and they were categorised into different types of circadian profiles. The
circadian influence on protein level was compared to the transcript level. The discrepancy

between these levels is also discussed.

(Chapter7) This chapter aims to investigate the cellular stress response when cells were
subjected to phosphate starvation. This is achieved via the iTRAQ-mediated approach to study
the global proteomic response of phosphate-depleted Synechocystis sp. cells. In total, three

different phosphate-reduced levels were examined, and the proteome response during phosphate



starvation was noted for major metabolic pathways, as well as the phosphate stress-induced

proteins.

(Chapter 8) This chapter summarises the main points and key findings from above. Future

recommendations and suggestions are also included.
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Chapter 2

Synechocystis sp. PCC 6803:

A Fuel, Biopolymer and Drug Factory
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2 Cyanobacteria

Cyanobacteria are believed to be one of the earliest forms of life to have evolved on Earth, and
thought to be responsible for the formation of the biosphere today [40, 41]. The early fossil
record suggests that cyanobacteria can be traced back up to 3.5 billion years ago [40]. The
ability to produce oxygen and carry out photosynthesis, thought to have evolved in these
organisms and then proliferated into higher plants and algae, has made cyanobacteria one of the
most fascinating microbial subjects in this, the post-genomic era [42]. They remain one of the
largest sub-groups of Gram-negative prokaryotes, with 150 genera and well over 1,000 species
having been described [43]. They are found almost in every conceivable habitat, from salt
water, to fresh water, to bare rock, to soil and extreme environments. These organisms exist
unicellular (refer to Figure 2.1), colonial or filamentous forms, and some of them have the

ability to fix nitrogen gas (N,) from the atmosphere [44].

A) B)

Figure 2.1. The unicellular cyanobacterium Synechocystis sp. PCC 6803 under (A) electron

microscope, and (B) light microscope.

The capability of these organisms to produce secondary metabolites, such as cyanotoxins like
Nodularin and Microcystin, has attracted some commercial and industrial interest [45]. At least
one secondary metabolite, cyanovirin, has shown potential anti-HIV activity [46]. However
there remain some noxious species that produce neurotoxins, hepatotoxins, cytotoxins, and
endotoxins, which makes them harmful to humans and animals [47, 48]. In contrast, some

species are available as food, such as Arthrospira platensis (Spirulina), where it has been
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recommended as part of the diet in human food sources to reduce health risk [49, 50]. A more

detailed review of marine natural products from cyanobacteria is covered elsewhere [45].

2.2 Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 is a unicellular, non-nitrogen fixing cyanobacteriium (refer to
Figure 2.1) which possess the physiological characteristics of the gram-negative bacteria, with
the exception that it has a stronger and more rigid peptidoglycan outer layer [43]. Furthermore,
Synechocystis sp. PCC 6803 is the first of its kind to have its entire genome fully sequenced (by
the Kazusa DNA Research Institute, Chiba, Japan) [51]. This genome consists of approximately
3.6 million base pairs, a GC content of 47.7% (Figure 2.2) and an estimated 3,168 protein
encoding genes. When the sequence was first released in 1996, approximately 45% of the
sequences did not have any similarity with genes previously registered through GenBank and
only 4.6% of the genome was found to be identical to reported genes [52]. However this did not

stop researchers from embracing this organism as an ideal type strain for cyanobacterial

research.
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Since the genome sequence was made available in 1998 [53], the total number of research
articles related to both fundamental and applied research into Synechocystis sp. (using keyword
search of ‘Synechocystis’ in the title only) has exceeded more than a thousand publications,
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based on a search of PubMed Central in the NCBI database

(http://www.pubmedcentral.nih.gov/). Before 1996, the number of articles with Synechocystis

sp. in the title was constant at below 50, with an average of 33 articles per year. Since then, a
gradual increase was noted until a proliferation of publications began to appear in 2000 as
indicated in Figure 2.3, where the article number rose to more than 80 per year. The highest
record was in 2005 with nearly 100 articles per year. However, it must be reminded that the
search was only based on the title of the article and restricted to the NCBI database, therefore

the actual number of articles related to Synechocystis sp. is likely to be much higher than this.

Creation of Re-annotation
CyanoBase ‘98 in 2002
120 -
Fully
100 - Sequence
in 1996

No. of articles.
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Year =

Figure 2.3. The number of research articles produced per year, retrieved from NCBI database,

using keyword search of ‘Synechocystis in the title only.

23 Central Metabolic States of Synechocystis sp. PCC 6803

2.3.1 Photoautotrophic — The ‘light’ metabolism

The most obvious feature of photoautotrophic metabolism in Synechocystis sp. PCC 6803
condition is the activation of photosynthetic processes, in particular the Photosystem I [54, 55]
and Photosystem II [56, 57] reaction centres. Photosynthesis consists of two main reaction

types, namely the ‘light reactions’ and the ‘dark reactions’ [58]. Energy from the light in the
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form of photons is converted into ATP and NADPH through the light reactions; whereas the
dark reactions, known as the Calvin cycle, convert CO, into hexose sugars and other organic
compounds. The main fundamental difference between these two reactions is that the dark

reactions do not depend on the presence of the light, whereas the light reactions do [58].

NADP™  NADPH
\ ”
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Figure 2.4 A simplified version of Photosystem I (PSI), Photosystem II (PSII), Cytochrome bgf

and ATP synthase response when exposed to light (adapted and modified from Berg ef al.[59]).

Upon illumination, the chlorophyll and light harvesting antenna in cyanobacteria, known as the
phycobilisome, absorb the light energy [58]. The cells then use energy from the absorbed
photons to generate high-energy electrons in the light reactions of photosynthesis, as
summarised in Figure 2.4. The electrons are derived by splitting two water (H,O) molecules to
produce one O, molecule and four electrons (e"). These electrons are then used to regenerate
NADP+ to NADPH. Similarly, the electrons also channel through an electron-transport chain,
forming/creating a proton-motive force across the membrane. This proton-motive force then
manoeuvres ATP synthesis to form ATP through the ATP synthase [58]. The photosynthesis
process depends on the interaction between two Photosystem reaction centres. The high-energy
electrons generated from the photosynthetic light reaction will first flow through Photosystem

II, then through the membrane bound complex of cytochrome bsf, before flowing through

Photosystem I [58] (Figure 2.4).
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Figure 2.5. A simplified version of Calvin cycle in photosynthetic organisms (modified from

Berg et al. [59)).

After the formation of ATP and NADPH from the light reactions, the cells enter the second
phase of the photosynthesis process, the dark reactions, or the Calvin cycle [58]. The Calvin
cycle can be divided into three stages. These are ‘fixation’, ‘reduction’ and ‘regeneration’ stages
(refer to Figure 2.5). During the fixation stage, CO, is fixed from atmosphere by ribulose 1,5-
bisphosphate to produce 3-phosphoglycerate. Then 3-phosphoglycerate is reduced to produce
hexose sugar via the glycolysis/gluconeogenesis intermediates of glyceraldehyde 3-phosphate
and fructose 6-phosphate during the reduction stage. At the final regeneration stage, ribulose
1,5-bisphosphate is regenerated from fructose 6-phosphate and glyceraldehyde 3-phosphate via
a complex series of reactions, ultimately to maintain the continuation of the Calvin cycle
(Figure 2.5). This cycle depends strongly on the substrate availability of ribulose-1,5-
bisphosphate carboxylase (RuBisCO), the enzyme involved in the reduction stage of the Calvin
cycle [58]. Furthermore this enzyme is highly regulated by light [60]. Some of the reactions in
the Calvin cycle, where hexose sugar forms, are similar to those in the gluconeogenesis pathway
(refer to Figure 2.6); with the exception that glyceraldehyde 3-phosphate dehydrogenase in

chloroplasts is NADPH-specific rather than NADH [58].
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Figure 2.6 The Synechocystis sp. PCC 6803 glycolysis and gluconeogenesis pathways, as

reconstructed from the KEGG (http://www.genome.jp/kegg/) genome annotation.

In a metabolic flux study carried out under mixotrophic (in light with an additional carbon
source) conditions, it was reported that the Calvin cycle was significantly activated, suggesting
that light is the preferred energy source for Synechocystis sp. PCC 6803 despite the presence of
excess carbon sources in the growth environment [61]. However, most of the enzymes involved
in glycoly.sis/gluconeogeneSis metabolism did not show any significant alteration in the
enzymatic activity when compared to the photoautotrophic or heterotrophic conditions [62].

Similarly at the transcript level, most genes involved in central energy metabolism did not show
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any significant changes relative to other nutritional modes [63].

2.3.2

Glycogen is the main energy reserve for cyanobacterial cells, especially during dark conditions.

It can be replaced by glucose because the degradation of glycogen begins with the conversion to

Heterotrophic — The ‘dark’ metabolism




glucose-6-phosphate. It has been widely reported that Synechocystis sp. PCC 6803 is able to
grow under photoautotrophic (with light but without an external carbon source), heterotrophic
(without light but with an external carbon source) and mixotrophic (with light and external
carbon source) conditions [64]. However, it is generally understood that Synechocystis sp. will
not grow in sustained darkness with an externally supplied carbon source, unless a daily pulse

of white light is provided. This condition is normally termed as light-activated heterotrophic

growth (LAHG) [64].

The conversion of glycogen to glucose 6-phosphate and then to pyruvate occurs via the
glycolytic pathway in photosynthetic organisms (Figure 2.6). The main function of glycolysis is
to generate ATP, as well as glyceraldehyde 3-phosphate, the basic building blocks from which
the organism can make a wide variety of compounds, at the expense of glucose. The rate of
glycolysis is governed by several key enzymes, specifically phosphofructokinase (Pfk) and
pyruvate kinase (Pyk) [58)]. The NADH formed in the glycolysis process transfers its electrons
to O, through the electron transport chain, thus regenerating NAD". In a similar manner to
photosynthetic processes, the electrons from NADH also form a proton-motive force, and
indirectly result in the formation of ATP through the ATP synthase. It is worth pointing out that
the source of these high-energy electrons is different from oxidative phosphorylation (from

NADH in the dark) and photosynthesis (from H,O in the light) process [58].

Based on the enzyme assays of many key glycolytic and pentose phosphate pathway (PPP)
enzymes, Knowles et al. reported that the activities of many of the enzymes was unaffected by
growth conditions, except for glucokinase and pyruvate kinase where their activities were
significantly higher in Synechocystis sp. in heterotrophic conditions [62]. In a separate study,
Yang et al. found that the metabolic flux through the oxidative pentose phosphate pathway and
major glycolytic pathways was considerably effected during heterotrophic conditions for
Synechocystis sp. [63]. For example, glucose-6-phosphate dehydrogenase and 6-phosphoglunate
dehydrogenase were highly active for glucose oxidation. In spite of this, the mRNA abundance

levels of gene encoding for many key enzymes in central carbon metabolism were not
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significantly altered by shifts in growth conditions [63]. Nonetheless, it has been well-
documented that the enzymes within central energy metabolism tend to differentially regulate
when the energy source (i.e. the growth condition type) available to the cyanobacteria cells is
fundamentally altered [65-68]. On the other hand, a change to the heterotrophic condition

always results in a deactivation of the photosynthetic pathways. This is observable at both the

transcriptional and protein levels [63, 66, 67].

Glucose & P Shge 1:
2HADEs Oxidative
2 NADPH

Bibuloss 5P

I |

|
Riboee 5 P Yyluloeo 5 P 4 —qu, _ow Fructoce 6 P

1
Ly - |
1 1
¥ ] Siage 2: Nen-
Clyceraldehyde 3-T Sedoheptulose 7-I' sxidative

o e v 2 —— —

} t 1
l
Fructoac 6-P Erythosc 4-P Q—pr Glyceraldohyde 3 P

A

Figure 2.7. A simplified version of oxidative and non-oxidative pentose phosphate pathway

(modified from Berg et al. [59]).

It is worth mentioning that many common enzymes and intermediates are shared between the
Calvin cycle and the pentose phosphate pathway. In fact, the pentose phosphate pathway is the
complete opposite of the Calvin cycle, which is used to break down glucose molecule into CO,
thus to generate NADPH. When the growth condition changes, such as switching from light to
dark, this pathway becomes inevitably important, since NADPH is required for the biosynthesis

of many bio-molecules such as fatty acid and amino acids [58].

The pentose phosphate pathway comprises two stages, known as the ‘oxidative’ and the ‘non-
oxidative’ stages (Figure 2.7) [58]. The generation of NADPH in the oxidative stage involves
oxidation of glucose 6-phosphate to ribulose 5-phosphate, or ribose 5-phosphate. The second

non-oxidative stage, on the other hand, is responsible for the conversion of 5-carbon sugars
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(Figure 2.7). The 5-carbon sugars can be used in the synthesis of RNA, DNA or nucleotide co-
enzymes [58]. The primary control factor in the oxidative stage is the concentration of NADP+
in the cytoplasm. In contrast, the non-oxidative stage is predominantly governed by the
substrate availability [58]. Therefore, cyanobacteria have a very robust central metabolism

between the Calvin cycle and pentose phosphate pathway when subjected to different nutritional

modes [69].

2.4 Synechocystis sp. as a Fuel Factory?

One of the key features of Synechocystis sp., like any other cyanobacteria, is its capability to
photosynthesise, i.e. to photo-convert CO, and H,O into carbohydrates and O,. The primary
photosynthesis reaction is a water-splitting process with the generation of O, and electrons in
the form of reduced NADP (NADPH) [70]. The electrons from NADPH can then be used for
assimilation of CO,, nitrates, sulfates and other nutrients. In the case of high ‘reducing pressure’
in cells, such as under anaerobic conditions, or limitation on electrons acceptors, the reduced
NADP can be utilized via the hydrogenase reaction, involving the bi-directional hydrogenase
[71]. Today, with the increasing demands on the identification of alternative energy sources to
substitute for fossil fuels, hydrogen gas is amongst the top-rated possible source of such energy
[17]. This may make cyanobacteria attractive as source organisms for the new touted hydrogen
economy. The following paragraphs place cyanobacterium hydrogenase work into context and
provide some basis for why Syrnechocystis sp. PCC6803 is an attractive organism for this

Process.

There are a few broad enzymes in cyanobacteria that are involved in hydrogen gas metabolism.
These can be categorised into three groups: (1) the nitrogenases; (2) the uptake hydrogenases,
and (3) the bidirectional or reversible hydrogenases [72]. In general, there are two systems
involved in cell metabolism and operates with H,, specifically a) nitrogenase and uptake
hydrogenase for NO; assimilation; and b) bidirectional hydrogenase for regulation of redox
state. The nitrogenase system (encoded by nif genes) is responsible for the nitrogen gas
assimilation process in all nitrogen-fixing cyanobacteria, by catalysing the reduction of N, to
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ammonia (NH3), and simultaneously producing H, as a by-product. The uptake hydrogenase
system (encoded by the Aup gene), on the other hand, catalyses the consumption of H, produced
from the nitrogenase system. While the bidirectional or reversible hydrogenase system (encoded
by hox gene) has the capability to drive the H, reaction either forward (producing) or backward
(consuming). Specifically, Synechocystis sp. PCC 6803 possesses the (NiFe)-dependent
bidirectional hydrogenase system, which is encoded by 5 hox genes and two unknown open
reading frames [73]. This is interesting, as hydrogen production in this organism is governed by
a single set of genes, the hox operon that contains #oxE, hoxF, hoxH, hoxU and hoxY genes [73,
74], rather than in competition with either the nitrogenase or uptake hydrogenase systems as

occurs in all nitrogen-fixing cyanobacteria.
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The hox operon in Synechocystis sp. has been suggested as being part of the respiration system
[75] and may also be involved in the photosynthesis process, as an electron valve [76].
Furthermore, an association with the fermentation process has also being proposed [77]. Yet, in
fact, the actual functional mechanism for this operon has yet to be determined. A recent study of
the Synechocystis sp. PCC 6803 bidirectional hydrogenase operon has proposed a tentative
regulation mechanism as illustrated in Figure 2.8 [3]. Moreover, hox genes are known to be
transcribed and expressed in both aerobic and anaerobic conditions [72]. Furthermore the hox
operon also depends on O, and NAD(P)H availability, since the reaction is driven forward by

NAD(P)H and repressed by O, [71].

The identification of the /exA promoter as a redox control and transcription regulator located in
the promoter region of hoxE in Synechocystis sp. [78, 79] has sparked an argument regarding to
the actual functional role of this gene. It was thought previously that the lexA repressor in
Synechocystis sp. is similar to the SOS-regulon in Escherichia coli (responsible for DNA
damage repair system [80]) from the sequence annotation [51]. Then it was proven that this
gene does not behave like the SOS-regulon, instead being essential for survival under inorganic
carbon starvation conditions [81]. More recently, there was another suggestion that the LexA
protein in Synechocystis sp. serves as a regulator of redox-responsive crhR (RNA helicase) gene
expression [82]. Although there are many suggestions regarding the possible in situ functional
role of lexA in Synechocystis sp., all researchers now agree that lexA is not involved in DNA
damage repair system, and it is involved in the redox state of reaction, either in controlling

hydrogen metabolism (hox) or in the separation of the double helix (cr4R).

Despite all of these uncertainties, Cournac et al. used a ndhB deletion Synechocystis sp. mutant
(MS5S5), defective in the type I NADPH-dehydrogenase complex, and noticed a longer and more
sustainable production of hydrogen gas, at a rate of 6 pmol of H, (mg of chlorophyll)! h™! when
compared to the wild-type, with negligible hydrogen uptake and minimal amount of O,
produced [71]. This study is the first indication that electron flux can be redirected to the hox
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system using the M55 mutant. The idea of enhancing hydrogen production using metabolic
engineering approaches has been deeply discussed elsewhere [83]. However an optimisation in
hydfogen production does not often complement the natural operating system in the cell, which
might cause some offset in the system, especially noticeable in growth rate retardation.
Alternative methods such as pre-incubation of cells with pure H, [3] or pure methane (CHy) [2]
were also reported as effective in enhancing the hydrogen production rate by 2-fold and 4-fold

respectively compared to the wild-type.

Further improvements in hydrogen production are also noticed when Synechocystis sp. PCC
6803 is grown under nitrate-limited conditions [3, 84]. A rate of 235.5 nmol H, (ug Chl)" hr' is
reported based on the in vivo methyl viologen measurements of Synechocystis sp. under nitrate-
limiting conditions [1], compared to only 6 nmol of H, (ug of Chl)" h in nitrate-rich conditions
[71]. It is not yet understood if Synechocystis sp. exerts similar response to those of nitrogen-
fixing cyanobacteria, since Synechocystis sp. does not fix N, from the atmosphere. Furthermore,
the incremental increase in hydrogen production under nitrate starvation conditions is not a
direct consequence from the increase in transcript level [84], which further raises doubts
regarding the role of nitrate, or the involvement of nitrogen metabolism during hydrogen
production. Similar to nitrate deprivation conditions, sulphur-limitation also appears to enhance
hydrogen production in Syrnechocystis sp. Antal and Lindblad reported that the hydrogen
evolution rate in sulphur-deprived Synechocystis sp. cells is four time higher (measured at 90
nmol H, (mg protein)" hr'') than those supplement with sulphur in normal conditions [2].
Chlamydomonas reinhardtii, an alga, also shows an enhancement in H, production when grown

under sulphur starvation conditions [85].

One common problem amongst all studies carried out so far is the difference in techniques used
to obtain the rate of hydrogen production and hydrogenase activity (either in vivo or in vitro).
This is especially noticeable in their units. It seems the methods vary according to researcher
preference, with measurements normalised against either against total protein concentration (per

mg of protein) or chlorophyll content (per mg of chlorophyll). This variation has made the
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comparison between studies especially difficult, when a comparison of the hydrogenase
production rate is needed, for example, between the sulphur-deprived (90 nmol H, (mg protein)’
"' hr') [2] and the nitrate-limited (235.5 nmol H, (bg Chl)' hr'') [1] condition. Besides this
problem, it is also generally thought that in vitro hydrogen evolution rates as measured through
the reduced methyl viologen method is widely accepted, however there exists several other
techniques such as Clark-type electrode [86] and gas exchange mass spectrometry [71]. Without
taking into account the bias in each instruments or methods, it is difficult to directly compare
values at this time. The progress in this field has been sluggish over the decades, with only

minor advancements.

2.5  Synechocystis sp. as Biopolymer Factory?

2.5.1 Cyanophycin

Cyanophycin (or multi-L-arginyl-poly-L-aspartic acid) is a water-insoluble polymer and a non-
ribosomally produced amino acid polymer in cyanobacteria [87]. The purified form of
cyanophycin can be converted into a polymer with a reduced arginine content [88], and
becomes a substitute of polyaspartic acid as a biodegradable substitute for synthetic polyacrylate
in various industrial processes [21]. With the increasing pressure on the availability of
petroleum-based polymers, bio-based polymers have become of increasing interest to the
biotechnology sector [20]. This biopolymer is synthesized from arginine and aspartate in an
ATP-dependent reaction catalyzed by a single enzyme, cyanophycin synthetase [89] (refer to
Figure 2.9). Synechocystis sp. PCC 6803 contains one cyanophycin synthetase, cphA and one
intracellular cyanophycinase, ¢phB in the genome [51, 90]. It is generally thought that
cyanophycin serves as a temporary nitrogen storage compound during the transition from
exponential to stationary growth phases [91]. Berg et al. carried out a detailed study to
understand the actual mechanism of cyanophycin production, and the specificity of the Cph
enzymes in Synechocystis sp. [92]. They also discovered that the arginine residue can be
replaced by the lysine residue, but at a much lower rate of incorporation. Since then many

studies have been focused on the molecular characterisation of the (Synechocystis sp.)

cyanophycin synthetase (cph) [87, 89, 90, 93, 94].
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Figure 2.9. The proposed mechanism for cyanophycin production catalyzed by the cyanophycin

synthase from Anabaena sp. 29413. This figure is adapted from Stubbe et al. [95].

The production of cyanophycin is reportedly a cellular response towards nutrient-deprivation
(except nitrogen limitation) [96]. Evidence exists that when cells encounter chloramphenicol
stress [97] or light limitation environments [98], the organism reacts by increasing the
cyanophycin content. Interestingly, in Synechocystis sp., cyanophycin is synthesized mainly
from the nitrogen source available in the growth medium, with a slower synthesis rate also
observed from the degradation of cellular proteins [5]. However Kolodny ef al. argued that the
nitrogen incorporation is depended on the source of nitrogen (ammonium or nitrate), and if the

cells are subjected to nitrogen starvation beforehand [99].

Zuther et al. investigated the accumulation of cyanophycin in a salt-sensitive mutant 549 of
Synechocystis sp. PCC 6803 [100]. In mutant 549, a putative glycoprotease (gcp) deletion
mutant was created and subjected to salt stress. In salt stress conditions, the amount of
cyanophycin accumulated in the gcp mutant was approximately 40 times higher (21 mg per mg
of protein) than in mutant 549 alone (0.5 mg per mg of protein). Besides salt-stress
environments, cyanophycin accumulation in Synechocystis sp. is also noted in phosphate
starvation conditions [101]. This study showed that the control mechanism of cyanophycin
production and accumulation is governed by the stoichiometric ratio of arginine to the total
nitrogen content in the cell, and suggested a complex interaction between cyanophycin synthesis
and arginine catabolism in Synechocystis sp. This is in agreement with the suggestion that the

rate of synthesis is depended upon the activation of a key enzyme in arginine biosynthesis, the
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N-acetyl-L-glutamate kinase [102]. The studies so far have been focused on efforts to
understand the governing factors in cyanophycin synthesis. However it still remained unclear if
the presence or absence of the cyanophycin synthetase gene in the cell would cause any
significant changes in the cellular level. This is answered by Li ef al., when they discovered that
cells degrade the phycobilisomes as a nitrogen reserve in cphA and cphB deletion mutants in
Synechocystis sp. [103]. From the observation above, they concluded that cyanophycin 1s not
essential in the non-nitrogen fixing cyanobacterium, Synechocystis sp. compared to nitrogen-

fixing cyanobacteria, since Synechocystis sp. could utilise phycobilisomes in the absence of

cyanophycin.

The first large scale production (500 litre culture volume) of cyanophycin using cphA gene from
Synechocystis sp. PCC 6803 was conducted in the recombinant E. coli strain DHI [4]. A
maximum cyanophycin content of up to 24% of cellular dry matter (CDM) was obtained. The
study has been a success, and immediately provided the benchmark for the large scale
fermentation process in cyanophycin production. Further improvements in cyanophycin
production came in a study conducted by Elbahloul et al., when protamylasse (a residual
compound rich in carbon and nitrogen obtained from the production of starch) was incorporated
into the media, and resulted into a maximum cyanophycin content of up to 28% of CDM [6].
Besides using E. coli as a host strain, Voss et al. also considered Pseudomonas putida,
Ralstonia eutropha, Bacillus megaterium and Corynebacterium. glutamicum as candidate
strains [104]. By using the cph gene from various cyanobacteria such as Anabaena sp. strain
PCC 7120, Synechococcus sp strain MA19, and Synechocystis strain PCC 6308, the highest
amount of enzymatic activity is obtained in E. coli as the host strain. However, despite this
finding, the recommended host strains are P. putida and R. eutropha, because these gram-
negative bacteria are cheaper in overall production cost, albeit they produce reasonable amount
of cyanophycin (up to 20% of CDM) compared to E. coli. An example of cyanophycin

accumulation in the Synechocystis sp. PCC 6803 is illustrated in Figure 2.10.
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Figure 2.10. Electron microscopy image of the cellular structures of Synechocystis sp. during

cyanophycin accumulation. This figure is adapted from Zuther et al. [100] with modifications.

Since then, further developments have been carried out using P. putida and R. eutropha. By
using a polyhydroxyalkanoate (PHA)-deletion mutant with cph genes from Synechocystis sp.
and Anabaena sp., a cyanophycin content of 17.9% of CDM was obtained in 30 litre cultures,
which is claimed as the highest rate among the 30 litre scale [105]. Furthermore the study also
concluded that the rate of synthesis is dependant upon extracellular arginine availability, oxygen
limitation and the absence of PHA accumulation. Additionally, by using a KDPG-aldolase gene
(eda)-dependent addiction system to express cphA from Synechocystis sp. PCC 6803, a
tremendous amount of cyanophycin is seen accumulating in R. eutropha (host strain), with up to
40% of CDM [106]. The integration of the improved cph expression system and the host strain
selection has seen a superb advancement in the process of cyanophycin synthesis, with cph
genes in Synechocystis sp. PCC 6803 among the best available system in the field, and thus set

the benchmark for others to follow.

2.5.2 Polyhydroxyalkanoate (PHA) and Polyhydroxybutyrate (PHB)
Polyhydroxyalkanoate (PHA) is another type of biopolymer that Synechocystis sp. PCC 6803 is

capable of making. The most common form of PHA is polyhydroxybutyrate (PHB) (refer to
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Figure 2.11), and there are over 140 possible ways of producing monomers of PHB from PHA
[22]. The advantages of cheaper production cost and environmental friendly approaches using
cyanobacteria as the main PHA production host have attracted much commercial interest [107,
108]. Furthermore, PHB is a biodegradable polymer derived from the bio-renewable resources.
It can be used to replace million tonnes of plastic wastes generated each year from the fossil
fuel-based polyethylene and polypropylene plastics. Synechocystis sp. contains two PHA
synthase genes, phaC and phaE, identified in 1998 [109], followed by other two PHA family
genes, encoding by a PHA-specific beta-ketothiolase (phaA) and an acetoacetyl-coenzyme A
reductase (phaB), in 2000 [110]. The formation of PHA is found in almost all bacteria, and is
thought to be a cellular response toward non-carbon based, nutrient-limited environments
(similar to cyanophycin production) [111]. It has been suggested that PHA (or PHB) serves as
an extra carbon reserve in the form of intracellular granules t107]. Yet, there have been
observations of widespread variations in the occurrence of PHA synthases amongst
cyanobacteria [112], with PHA accumulation can reach as high as 85% of the cell dry weight
(CDW) [113]. In some gram-negative bacteria, specifically R. eutropha, the intracellular

accumulation of PHA is reported at over 90% of CDW [113].
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Figure 2.11. The proposed PHB synthesis pathway. This figure is adapted from Stubbe et al.

[95].

In one of the earlier studies carried out by Wu et al., the PHB content accumulated in cells 1s
only 4.1% of CDW under nitrogen-starved condition, however it is found that high light favours
the PHB production, whereas the presence of glucose during mixotrophic growth has a negative
effect [7]. Since PHB is a form of carbon storage compound, Wu et al. modified the cellular

carbon partition by creating an ADP-glucose pyrophosphorylase gene (agp) deletion mutant to
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enhance PHB production in Synechocystis sp. [114]. Indeed the PHB accumulation rises to
14.9% of CDW, with an even higher accumulation of 18.6% in the presence of acetate. The
effects of different carbon sources during photoautotrophic growth were further investigated by
Sudesh et al., where the study agrees with previous findings that PHA accumulation is higher in
acetate supplemented medium at 7% of CDW compared to only 3% without acetate
supplementation [8]. The study also concluded that PHA synthase is not the rate limiting step
during production, as only a marginal increment is observed in the Synechocystis sp. mutant
bearing the PHA biosynthetic operon from R. eutropha (11%) against the wild-type (7%). A
very recent study, in July 2006, used pre-adapted Synechocystis sp. cells in glucose-
supplemented medium, and subjected them to phosphate-limited conditions in the presence of
acetate, resulted in a remarkable 6-fold increase in PHB accumulation against the wild-type,
with up to 29% of CDW [9]. Similar effects of phosphate starvation on PHB accumulation has
also been observed in Nostoc muscorum and Spirulina platensis [115]. From a proteomic
analysis of recombinant E. coli producing PHB under phosphate starvation, the results indicated
that the accumulation of PHB under phosphate-limited environment is triggered by a stress
response [116]. The study also further verified that stress environments have a direct and

positive impact on the PHA synthesis process.

The advancement in PHA synthesis (specifically refer to pha system in Synechocystis sp.) has
grown steadily in recent years. A recently developed high-throughput screening technique using
flow cytometry [117] promises to increase the speed and quality of mutant selection and
production monitoring experiments, although progress in this field is still relatively slow when
compared to the cyanophycin synthesis process as mentioned previously. Unfortunately it is still

not possible to accumulate PHA and cyanophycin simultaneously in the same organism [105].

2.6  Synechocystis sp. as Drug Factory?
Synechocystis sp. PCC 6803 has fully functional carotenoid and tocopherol pathways which are
capable of producing many carotenoid compounds, such as B-carotene, zeaxanthine, echinenone

and myxoxanthophyll (refer to Figure 2.12); as well as many other tocopherol (Vitamin E)
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compounds [11, 34, 118, 119] (refer to Figure 2.13). The main functional roles of these
naturally occurred compounds are thought to be in the protection of lipid peroxidation in
cyanobacteria [14]; serving as antioxidants during photosynthesis to prevent cellular damage as
a result of free radical formation [11, 34], and other photosynthesis related processes, for
example, Photosystem assembly, light harvesting, and photo-morphogenesis [120-122]. Besides
the usual role as antioxidants, there is evidence that a-tocopherol is also involved in non-

antioxidant functions [123], especially in regulating photosynthetic activity and macro-nutrient

homeostasis [15].

The brief review here is purely focused on the carotenoid and tocopherol production from
Synechocystis sp. The synthesis process leading to the geranylgeranyl diphosphate (GGDP), the
key substrate in the carotenoid and tocopherol pathways, will not be discussed in depth. A full
review of isoprenoid biosynthesis process is covered elsewhere [124]. Briefly,
isopetenylpyrophosphate (IPP) and dimethylallylpyrophosphate (DMPP) are synthesized
through methylerythritol 4-phosphate (MEP) pathway using glyceraldehyde-3-phosphate and
pyruvate as main substrates. GGDP is then synthesized from IPP and DMPP through crfE
(encoded by slr0739 in Synechocystis sp.). There is another possible route leading to isoprenoid
biosynthesis, explicitly cytosolic mevalonic acid pathway and the plastidic mevalonate-

independent pathway.

Some of the genes involved in these pathways are not essential during normal growth, except
under stress environments, such as high light conditions as reported in a ¢7tO deletion mutant
[118, 125], in s110418 methyltransferase [13], and in both tocopherol intermediates slr1736 and
slr1737 [14, 126]. The presence of zeaxanthine and myxoxanthophyll, however, is essential in
the photosynthetic electron transport and Photosystem II complex [118]. Myxoxanthophyll is
also thought to be crucial in S-layer and thylakoid membranes formation [12]. Much effort has
focused on the molecular characterisation and identification of the genes involved in the

carotenoid and tocopherol biosynthetic pathways in these organisms, and this is summarised in

Table 2.1.
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Table 2.1. An up to date list of carotenoid and tocopherol production genes identified in

Synechocystis sp. PCC 6803. Many do not have EC numbers, and a small number remain

unannotated.
ORF EC no. Gene Gene description Reference
Carotenoid pathway
slr1255  2.5.1.32 crtB, pys  phytoene synthase [127,128]
slr1254  1.3.99.- crtP, pds  phytoene desaturase [128, 129]
slr0940  1.14.99.30 c¢rtQ, zds  zeta-carotene desaturase [130]
sll1468  1.14.13.- crtR, bhy  beta-carotene hydroxylase [131]
slr0088 - crtO beta-carotene ketolase [125]
sl10254 - criL e lycopene cyclise and dioxygenase [132]
slr1293 - crtD C-3'4" desaturase [133]
sl10033 - crtH cis-to-trans carotene isomerase [134, 135]
Tocopherol pathway
slr0090  1.13.11.27 ppd 4-hydroxyphenylpyruvate dioxygenase [136]
(126, 137,
slr1736  2.5.1.- - homogentisate phytyltransferase (HPT) 138]
0418 - ) 2-methyl-6-phytylbenzoquinone (MPBQ) [139]
methyltransferase
sle1737 - - tocopherol cyclase, VTE] ortholog [140, 141]
slr0089  2.1.1.95 ergb, sed6 tocopherol O-methyltransferase [142]
slr1652 - - Phytol kinases [143]

In 2004, Ryu et al. demonstrated that the expression of crfB, crtP, crtQ and crR are light-
dependent, activated in the dark through glucose induction, and controlled by cytosolic pH
rather than a redox or glucose sensing mechanisms [144]. This was further illustrated when crtP
and crtQ were found to be involved in psaAB phylloquinones of the Photosystem I electron
transport chain [145]. Lagarde et al. used genetic engineering approaches to alter crt expression
in Synechocystis sp., attempting to obtain an optimum yield of zeaxanthine [146]. At least a
50% increase in zeaxanthine yield was noticed in the mutant strain compared to the wild-type,
when crtP and crfB genes were over-expressed. At the same time, a 2.5-fold increment was also

noted in over-expression of crfR. While Qi et al. introduced the nirA promoter from
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Synechococcus sp. PCC 7942 into the tocopherol system of Synechocystis sp. PCC 6803, and

observed an increase in tocotrienols by up to 5-fold (which comprised at least 20% of the total

tocopherol content) [147].
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Figure 2.12. The simplified carotenoid biosynthetic pathway in Synechocystis sp. PCC 6803.

This figure is modified from Lagarde et al. [146].

Unlike the progress in cyanophycin and PHB biosynthesis in Synechocystis sp., development in

the carotenoid and tocopherol area is still in its infancy, with new genes/intermediates still being

discovered daily. The proposed mechanism of these pathway are available (refer to Figure 2.12

and 2.13), however relatively fewer studies have been focused on the possibility of enhancing

the production of the desired tocopherol or carotenoid compounds. The rates of limiting step(s),

controlling enzyme(s), as well as the influence of physiological parameter(s) are still largely

unknown.
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Figure 2.13. The proposed a-tocopherol biosynthetic pathway. This figure is adapted from

Sakuragi et al. [15].

2.7 All ‘Factories’ Are Triggered By Stress.

In nature, all living organisms on the planet adapt to the environment by constantly amending
their molecular function and structure through certain forms of control mechanism. This form of
control can exist in the form of post-transcriptional modifications [148], post-translational
modifications [149, 150], or other types of functional machinery. One particular scenario that

would trigger a cellular response is stress induction [151].

2.7.1 Environmental stress (light, heat and salt)
The most common stress exerted on cyanobacteria is light stress. Light energy is absorbed and

processed through the Photosystem I and II complex located at the thylakoid membrane of the
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cell [58]. The transcript level of these photosynthetic genes accumulate in light [152], and are
reportedly controlled by the oxygen-dependent acceleration of electron transfer from
Photosystem I to NADP" due to activation of the Calvin cycle, as well as the retardation of
electron flow between two Photosystems governed by a trans-membrane proton gradient [153].
However, excessive exposure to high light conditions (reported at more than 1000 uE m? s™)
can cause a total destabilisation in the D1 reaction centre of the Photosystem II complex, which
ultimately leads to cell death [154, 155]. The cell is constantly changing its photosynthetic
content upon high light acclimation, and it has been suggested that this is carried out by
modulating the Photosystem I and II content stoichiometrically [54, 156]. The Photosystem
stoichiometry adjustment is thought to be modulated through the down-regulation of electron
transfer, rather than maintaining photosynthesis efficiency [157]. A more detailed review of

cyanobacteria response toward light is described elsewhere [158].

At least 25% of Synechocystis sp. genes exhibit some form of response toward the light, and as
a result of this work, a 30 min intervals are recommended to accurately capture their
transcription profile [66]. Yet, changes in transcript is reported to occur as fast as 15 min after
exposure in genes involved in light absorption and phptochemical reactions [65]. Different
colours of light also trigger different response from the system. According to Hubschmann et
al., red light enhances the gene expression of those genes involved in transcription, translation,
and photosynthesis, whereas far red light induces the stress-related genes [159]. On the other
hand, blue light stimulates the cAMP in photo-signal transduction in cyanobacteria [160, 161].
The use of very strong UV light, however, is characterised as harmful to Synechocystis sp., as
the UV inhibits the repair process of the Photosystem complex [162, 163]. A more detailed
study to understand the global transcription response under UV light was conducted by Huang
et al., and apparently the induction of D1 protein recycling and coupling are synchronised

between a decrease in phycobilisome biosynthesis and an increase in phycobilisome degradation

[164].
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The high thermal energy from high light environments is dissipated through the membrane-
bound chlorophyll antenna of Photosystem II, the phycobilisome [122, 165]. Further recently,
the water soluble orange carotenoid protein, encoding slr1963 in Synechocystis sp., was also
identified as being involved in this high energy dissipation process by mediating the amount of
light energy from phycobilisome to the Photosystem complex [166]. Under light stress, the
Photosystem repair system is mediated through FtsH (cell division protein) complexes [167,
168], with the isiAB op‘eron (iron-stress induced chlorophyll-binding protein) acting as the
photo-protective agents [169]. The FtsH proteases also reportly plays a key role during heat
stress [170]. Among many stress-related genes, groEL, groES, dnaK2, dnal3, cIpB1 and clpP1,
are reported as light-dependent as seen in their enhanced transcript level upon exposure to high
light [171]. Cyanobacteria, generally, are well-equipped with many cellular defence systems
that help to avoid any serious damage as a result of stress induction. One particular example has
been demonstrated previously, the ‘detoxification’ process carried out by the tocopherol and
carotenoid pathways [11, 14, 33]. The expression of superoxide dismutase SodB 1is also reported
as light-dependent [172], and is useful in scavenging the free radical as a result of oxidative
stress [173]. Other anti-oxidative stress system includes the type II and 1-Cys peroxiredoxins

[174].

Interestingly, light is also reported as a medium in modulating the heat shock proteins during a
heat shock response [175]. It is unsurprising since multiple chaperonins play multiple
physiological roles under stress conditions [176, 177). They are important during heat stress,
sﬁeciﬁcally to prevent irreversible protein aggregation and to facilitate protein renaturation
[178, 179]. Some common genes show enhanced transcript levels are groESL1, groEL2, hpG,
hspA, and clpB1 [180]. Heat induction is commonly ‘sensed’ through the thylakoid membrane
before the heat shock proteins can be activated [181]. It is necessary for the heat shock proteins
to disassemble before releasing their substrates, in order to achieve oligomeric stability for
cellular function [182]. Besides heat response, Asp17 is thought to be involved in stabilizing the
physical state of the lipid membrane [183-185]. Similarly, hsp16.6 can be induced by exposure
to salt, sorbitol, hydrogen peroxide, and high light [186]. It is thought some of the heat shock
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genes might be regulated through Hik34 (a part of two-component sensor histidine kinase)
[187]. This is further verified by Slabas et al. where a hik34 deletion mutant has caused an
elevation in levels of heat shock proteins under both non-heat and heat related shock conditions
[188]. SigB, SigE (both are RNA polymerase group 2 sigma factor) and HrcA (heat-inducible
transcriptional repressor) are also reported as transcription regulators for a variety of heat shock

proteins to various degrees [189].

Salt stress has a distinctive signature in Synechocystis sp., with a set of unique genes that are
‘attached’ to it [190]. When cells are subjected to high salt content, the accumulation of
glucosylglycerol [191-194] and sucrose [195, 196] are essential in protecting the cells from
excessive osmosis stress. Furthermore, unsaturated fatty acids in the membrane lipids are also
suggested as being involved in the tolerance of the photosynthetic machinery to salt stress [197-
199]. High salt prevents the de novo synthesis of Photosystem II proteins [200, 201]. Apparently
iron metabolism is also affected by the high salt concentration, as seen in the over-expression of
the isiAB operon [202]. Induced mutation of the gcp gene, which encodes a putative
glycoprotease, has been seen to cause a reduction in salt tolerance of Synechocystis sp. PCC
6803, however, this stress also resulted in the accumulation of cyanophycin and carotenoid
compounds [100]. That is just another example of substrates induction by environmental stress.
Many salt-induced genes/proteins have unknown function, and they tend to appear as either
periplasmic proteins [203] or hypothetical proteins [204]. Interestingly, in another study, all
periplasmic proteins identified contain a signal peptide, with majority of them with a Sec-
dependent signal peptide [205]. Marin et al. discovered some of the histidine kinases, Hik16,
Hik33, Hik34, and Hik41 are involved in the perception of salt stress as well as the over-
expression of some heat shock genes [206, 207]. Among the heat-shock genes, AspA, groEL2,
and dnaK2 are reportedly salt-induced [208]. In a large-scale proteomic investigation on soluble
proteins, Fulda er al. compared the short and long term effects of salt acclimation in
- Synechocystis sp., and suggested the possibility of some form of post-transcriptional
modification involved in the salt-induced genes/proteins [209]. A similar proteomic study was
also conducted based on the plasma membrane of Synechocystis sp. [210].
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2.7.2  Nutrient depletion stress (N, S, Fe, P)

In many cases, gradual nutrient depletion in the growth medium has been used to encourage the
target substrate(s) to produce the desired product(s), with some degree of enhancement, but
without compromising other parameters required for the cell growth as seen in many examples
before (Section 2.4, 2.5 and 2.6). This approach, sometimes, also can be used to investigate the
cellular responses toward the depletion environment, when the researchers do not have specific
targets in their experiments [211-213]. However, it can, sometimes, produce a negative result.
For example, when cells are subjected to Na stress, the oxygen evolving site present in the ion
transfer channel, as well as the reaction centre of Photosystem II, are affected and damaged

[214].

Furthermore, nitrate and bicarbonate uptake appears to be regulated by the cytoplasmic
substrate-binding proteins NrtC and CmpC [215], whereas the control of the global nitrogen
regulator, ntcA and other nitrogen-related genes (such as nrt) are governed by multiple group 2
and group 1 sigma factors [216-218]. It has been suggested that the cell regulates nitrogen
metabolism by sensing intracellular 2-oxoglutarate levels [219]. In a separate study, the deletion
mutant of pamA (a PII-binding protein in Synechocystis sp. PCC 6803) affected the transcript
level (down-regulation) of the nitrogen-related genes, including nrtABCD [220]. Interestingly,
the glycolysis genes, such as gapl, zwf, and gnd also consequently decreased their expression in
the pamA deletion mutant. There have been suggestions that inorganic carbon and nitrogen
metabolisms are co-regulated by the phosphorylation of PII proteins, triggered through the
redox state of the cells [221, 222]. During nitrogen starvation, the degradation of pigment
proteins (the ‘bleaching’ effect) is noticeable, specifically the phycocyanin and allophycocyanin
subunit [223, 224]. Furthermore, it is believed that cyanobacteria utilise the phycobilisome
when a nitrogen source is not readily available [103]. Besides phycobilisome, ribulose-1,5-
bisphosphate carboxylase (Rubisco) has been reported as a nitrogen storage compound that 1s
activated during nitrogen starvation [225]. Similarly, two of the glutamine synthetase genes
(ginA and ginN) [226-228] and the NADP-isocitrate dehydrogenase gene (icd) [229] are also
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reportedly regulated in response to nitrogen-limited conditions. The effect of nitrogen depletion

on the hydrogenase (hox) system [84] and cyanophycin production [99, 103] have been

discussed in Sections 2.4 and 2.5.

These ‘bleaching’ effects on the phycobilisome proteins, however, does not occur under the
sulphur-deprivation process [230]. The main sulphur transport system in Synechocystis sp. is
encoded by the suf operon, which is composed of sufB, sufC, sufD, and sufS [231], with sufR as
the transcriptional repressor [232]. Despite the existence of the suf operon in the genome,
relatively little is known about their functional regulation [232]. Furthermore, the transcript
level of nbIA (for phycobiliproteins degradation) and sbpA (sulfate binding periplasmic protein)
in Synechocystis sp. have been shown to accumulate in response to nitrogen and sulfate
limitation [233, 234]. Additionally, sulphur deprivation also has been reported to increase the
biological hydrogen production in Synechocystis sp. [2]. The correlation between iron and
sulphur has been well described in the iron-sulphur centre of the Photosystem I [235-237]. The
iron-sulphur protein has been an essential element during cyclic electron flow around

Photosystem I, and during photo-heterotrophic growth [238].

Iron-depleted conditions can be measured by the induction of iron stress-induced protein (IsiA)
[202, 239, 240], as well as the delayed rate of biogenesis in Photosystem II [241], together with
the impairment to photosynthesis apparatus [242]. Interestingly, it has been suggested that isiB,
which encodes flavodoxin, is not essential during iron limitation [243]. Further, it seems that
iron uptake in Synechocystis sp. is governed by the (ABC)-type ferric iron transporter, encoded
by futAl, futA2, furB, and futC genes [244]. Apparently the natural iron source in the fut system
is not ferric citrate, as the high level of citrate actually inhibits iron uptake rate [245], which is
contradicting to previous findings that suggested otherwise [246]. As much as 50% of the
cellular iron content is stored in the bacterioferritin proteins (Brf), and these proteins play an
important role in iron homeostasis [247]. Singh et al. carried out a genome-wide microarray
study of iron-starved Synechocystis sp. cells, and found 85 genes with significant regulation
under iron stress conditions [213]. Amongst the common iron-dependent genes, the expression
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of ¢pcG, psbC, psbO, psaA, apcABC, and cpcBAC1C2D increased, while that of isiA, idiA,
nblA, psbA, and slr0374 decreased [248]. On the other hand, a psaFJ deletion mutant is reported
to exhibit similar behaviour as those seen during iron deprivation conditions, and suggests that
oxidative stress created by the Photosystem I mutant triggers the induction of iron-dependent

gene expression, specifically seen in the isiAB operon [249].

There have been relatively fewer investigations focused on the phosphate starvation response in
Synechocystis sp. PCC 6803. The phosphate sensing system in Synechocystis sp. is modulated
by the phoR (s110337) and phoB (slr0081) regulon [250]. Inactivation of phoU, one of the
phosphate transport system regulatory proteins, has proven to cause disruption in both inorganic
phosphate (Pi) uptake and removal rates [251]. Under phosphate starvation conditions,
significant over-expression is also observed in ppa and ppx genes, which are involved in the
hydrolysis of Pi [252]. Suzuki et al. carried out one of the most comprehensive studies to date,
based on microarray analysis, of the phosphate starvation response in Synechocystis sp. [253].
In that study, pst1 and psr2 genes (which encode the ABC-type phosphate transporter), as well
as the alkaline phosphatase (phoA) and extracellular nucleus (nucH) were significantly over-
expressed. Indeed one of the most common features during phosphate limitation is the up-
regulation of pho genes, as seen in Bacillus subtilis [254, 255) and E. coli [256, 257]. There has
been suggestion that high light also triggers the expression of the pho regulon, since light
accelerates phosphate assimilation yet there is limited cell capacity to perform the task [258].
The phosphate starvation response in cyanophycin accumulation has been reported in Section

2.5 and elsewhere [101].

2.8 Proteomic Analysis of Synechocystis sp. PCC 6803

2.8.1 2-Dimensional electrophoresis (2DE)

Soon after the complete sequencing efforts of 1996 [51], the first 2-dimensional electrophoresis
(2DE) gel was carried out in the Kazusa DNA Research Institute, with a total of 130 proteins
successfully identified via this technique when coupled with MALDI-TOF peptide mass

fingerprint techniques [259]. 2DE has been described as a powerful whole-cell proteomics tool,
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used to visualise protein spot on the gel, based on both isoelectric focusing point (p/) and
molecular weight (Mw) [260-262]. One of the advantages of 2DE is the ability to detect post-
translational modifications [263), for example, phosphorylation [264, 265] and methylation
[266]. However there are limitations with this technique. Proteins with extreme size (i.e. less
than 10 kDa or bigger than 300 kDa), extreme pI (less than pl of 3 or more than 10), and
extreme solubility (specifically membrane and high hydrophobicity proteins) create problems
for 2DE [267, 268]. Despite many criticisms, most of the proteomic studies in Synechocystis sp.

have to date been carried out using this technique.

The continuing efforts of the Kazusa DNA Research Institute saw the total number of proteins
identified via 2DE increases to 227 from 234 gel spots [269] (refer to Figure 2.14). Although
the study also focused on the soluble, insoluble, thylakoid membrane, and secreted protein
fractions, relatively fewer proteins were identified from thylakoid membrane. Focusing on the
soluble fraction, Simon ez al. employed narrow-range zoom gels, and successfully identified
105 proteins with 37 novel proteins not previously found using 2DE [270]. On the other hand,
Wang ef al. concentrated the 2DE approach purely on thylakoid membranes, and found 51
previously unknown proteins [271]. Herranen et al. also attempted 2DE on membrane
complexes, however only 20 proteins were discovered [272]. A combination of sucrose gradient
and two-phase partitioning extraction protocols, developed by Norling et al. [273], has seen an
improvement in the isolation of outer membrane [274] and plasma membrane proteins [275]
from Synechocystis sp., with 49 and 57 proteins found respectively. Srivastava et al. also used
the same protocol (sucrose gradient) to extract thylakoid membrane proteins, and successfully
identified 76 proteins [276]. Similar efforts also resulted in the discovery of periplasmic
proteins in Synechocystis sp., while Fulda et al. applied 2DE to investigate the proteomic profile
of Synechocystis sp. under different salt concentrations [205]. Many other studies also
concentrate their proteomic approach on using the 2DE technique, such investigations shed light
on the proteome response of Synechocystis sp. PCC 6803 to acid-stress [277], heat-stress (180,

188], salt-stress [209, 210] and light-dark cycles [67, 278].
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Figure 2.14. The 227 protein spots identified from Synechocystis sp. This gel image is extracted

from Cyano2Dbase [269].

2.8.2 Non-gel based “shotgun” proteomic

In recent years, there has been an increasing interest in proteomics methods that avoid 2D gel
electrophoresis for protein separation, with the goals of improving detection of the more
difficult to detect acidic, basic, and hydrophobic proteins, and in order to increase
reproducibility and throughput [267, 279-283]. These gel-free (“shotgun™) approaches rely on
the simplification of a protein or peptide mixture before it is analyzed in a mass spectrometer,
with separation on a C18 reverse-phase (RP) liquid chromatography column being typical. To
date, a variety of methods have been used in multidimensional separation schemes to fractionate
peptides prior to this step. Reported peptide separation methods include strong cation exchange
(SCX) chromatography [284, 285], slab-gel isoelectric focusing [286], capillary isoelectric
focusing [287], liquid phase isoelectric focusing [288] and capillary electrophoresis [289, 290].
A possible advantage of choosing SCX separation is that it may be implemented in an on-line

manner with RP as long as a washing step is used to remove salts.
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Although these dual peptide fractionation schemes are effective in simplifying samples before
MS analysis, whole-cell protein extracts are complex enough that an additional separation step
can significantly increase the number of identified proteins. Rather than performing this
separation at the peptide level, researchers have experimented with fractionating proteins prior
to digestion with a protease [291, 292]. Towards this end, separations by size exclusion
chromatography (SEC) [293-296], hydrophobic interaction chromatography (HIC) [297], RP
chromatography [298, 299], Weak (WAX) and Strong (SAX) anion exchange chromatography
[300-303], liquid- and gel-phase isoelectric focusing [304-306], and 1-D PAGE [307, 308] have
been reported. Use of these multi-level separation schemes can result in the identification of
many proteins (e.g., more than 1100 unique proteins identified from a total of 2071 peptides, in
the case of human serum [309]); however, there have been few studies [310] in which these
various options for protein and peptide separation have been compared. More separation steps
have the potential to yield simpler peptide mixtures at the MS inlet, allowing for the
deconvolution of ‘flying’ peptides through the flow streams in masé spectrometers, but also

increase workload and sample loss.

As will be discussed later in this thesis (see chapter 3), the only ‘shotgun’ proteomic study
available to date specifically on Synechocystis sp. PCC 6803 was conducted by Gan et al. in
2005 [36]. In this study, a total of 6 protein and peptide pre-fractionation workflows were
compared, with different fractionation techniques compared at each level. SCX and iso-electric
focussing (IEF) were used for peptide fractionation, whereas 1D gel, WAX and IEF were
employed at the protein level. In all, 776 unique proteins were confidently identified out of
1000+ candidate proteins. The study also concluded that the gel-based fractionation workflow,
i.e. IEF and 1D gel, produced a better separation and resolution profile compared to the various

chromatography methods investigated. However the processing time (in gel-based techniques)

was significantly longer.
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2.8.3 Quantitative proteomics

The information derived from qualitative proteomic approaches is considerable, yet limited to
knowledge of presence or absence of the proteins of interest [311]. While the processing time
spent on qualitative approaches is almost identical in the quantitative experiments, there is no
doubt that the gain from protein quantification has significant advantages over the protein
identification a;lone. Together with advancements in mass spectrometry, there are various
emerging techniques introduced to quantifying proteins, such as stable isotope labelling of
amino acid in cell cultures (SILAC) [312-315], isotope-coded affinity tags (ICAT) [315-319],
metabolic labelling (N or °C) [320, 321], mass-coded abundance tagging (MCAT) [322], and

the use of CyDyes in a two-dimensional electrophoresis (2-DE) methodology [323-325].

One of the most exciting inventions in quantitative proteomics is the introduction of isobaric
tags for relative and absolute quantitation (iTRAQ) in 2004 [37]. The principle of iTRAQ focus
on the use of amine-reactive isobaric reagents, by tagging them onto the N-terminal and lysine
side chains of digested peptides. The iTRAQ reagent is comprised of three main sections, the
reporter ion (ranging from 114 to 117 m/z), the balance group (ranging from 28-31 m/z), and
the amine specific reactive peptides (refer to Figure 2.15). The tag always has a nominal mass of
145 (from the combination of reporter ion and the balance group), and is thus isobaric. For the
reader’s information, a detailed review of the shotgun proteomics approaches using iTRAQ is
covered elsewhere [326]. The complementary nature of the iTRAQ workflows with cancer
[327], neuroscience [328], Alzheimer's disease [329], and in post-translational modification
studies [330], has also been discussed elsewhere. Briefly, the protein samples are reduced,
alkylated and digested (with trypsin) separately, prior to labelling with iTRAQ reagents. In
total, up to 4 (and soon 8) phenotypes can be processed simultaneously. The labelled samples
are then subjected to SCX fractionation, before being analysed in the mass spectrometer. When
the peptide, which is attached onto the amine specific reactive peptides, enters the collision cell,
fragmentation causes the reporter ion to uncouple from the peptide, together with the neutral
loss of the balance group. The reporter ion is then used to provide the peptide quantitation ratio,
whereas the peptide sequence undergoes peptide identification as illustrated in Figure 2.15.
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Figure 2.15. One of the MS/MS spectrum examples of iTRAQ sample. This peptide bearing the
sequence of GMVLAKPGSITPHTEFEGEVUVLIJJ, belongs to the elongation factor TufA

protein (s111099). The figure on the top left hand corner is adapted from Ross ez al. [37].

This iTRAQ-mediated quantitative proteomic approach has been widely applied to many
studies, such as in clinical investigation of pancreatic acinar cells [331], aging systems [332],
liver system (kuppfer cells) [333], hematopoietic stem cells [334], lung cancer cells [335],
neurodegeneration system (mouse model of cerebellar dysfunction) [336], neural precursor cells
(NPCs) [337], proteomics of cerebrospinal fluid (CSF) [338], human bone marrow stromal cell
[339], stem cell-like cell line (FDCP-mix) [340], liver peroxisomes [341], cancer markers from
endometrial tissues [342], and human parotid saliva [343]. Furthermore, iTRAQ has been the

key technique employed in the environmental microbial systems, such as the study of the
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centrosomal proteome of Dictyostelium discoideum [344], the metabolically engineered E. coli
used in cis-1,2-dichloroethylene (cis-DCE) degradation [345], nitrate stress in Desulfovibrio
vulgaris Hildenborough [212], and E. coli cells expressing rhsA elements [346]. Similar
application are also seen in plants, such as chloroplast biogenesis in Arabidopsis thaliana [347],
the phosphoproteome of 4. thaliana [348], and the mapping organelles proteome of Arabidopsis
[349]; and common eukaryote systems, for examples, the investigation of the Snflp kinase
complex in Candida albicans [350] and ethanol fermentation in Saccharomyces cerevisiae
[351). It is also worth mentioning that post-translational modification studies have also
successfully been carried out using iTRAQ approaches, specifically in the identification and

quantification of protein phosphorylation [352-354].

Since there is a amount of data generated through this approach, and a complex ratio
comparison required for a reliable quantitative result, it is necessary to have a powerful
bioinformatics software/tool to perform this. So far, the commercial software available to
process iTRAQ data is ProQuant, introduced by Applied Biosystems. However, this program is
not compatible with more widely used search engines such as SEQUEST and Mascot, which
makes cross-data analysis more complicated. There has been some development in this area
such as the introduction of the i-Tracker software [355], a program that easily integrates with
other search engines by extracting the reporter ions to a readable format (i.e. from .dta and .mgf
files). ProGroup is another programme from Applied Biosystems that allows further analysis of
output from ProQuant by reducing the proteins’ redundancy based on Occam’s razor principle.
The recently developed software Multi-Q, is one of the most robust iTRAQ software tools
available [356]. This software claims it can accommodate various types of input data formats, as
well as carry out multiple tasks such as peak detection, background subtraction, isotope

correction, normalization, and finally the calculation of peptide ratios.

The complementary nature of the iTRAQ approach with gel-based experiments has been
reported in B. subtilis, while gel-free methods provide a higher degree of protein resolution

[357]. The evaluation of a non-gel based method using ICAT was reported to produce a median
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coefficient of variation (CV) of 18.6% from 4 independent ICAT experiments using E. coli as
model organism [319]. A recent study by Wu ef al. which compared three different protein
quantitative methods: cleavable isotope-coded affinity tag (cICAT), iTRAQ and fluorescence
difference gel electrophoresis (DIGE), found that iTRAQ is more sensitive to quantitation, but
more susceptible to errors in precursor ion isolation [358]. This suggests that possible mass
spectrometer interference could hinder the iTRAQ reliability issue. Previously, the implication
of multiple injections on iTRAQ reproducibility was carried out by Chong ef al., and a high
compatibility was established with an average CV of 9% across the triplicate analyses [39]. By
applying three LC-MS/MS injections, it was possible to reduce the existing MS variation.
Another study used Grubb’s and Rosner’s statistical outlier tests to improve the consistency of
the quantitation data and demonstrated protein expression using iTRAQ had a CV of less than

0.24 [359].

Most of the studies carried out employing iTRAQ reagents assume the standard deviation
measured from the real-time quantitation window covered the variation caused by either
structural or random nuisance effects, however the actual effect of the variation from either
technical or biological sources has yet to be established and identified. Gan et al. attempted to
understand the effects of random technical, experimental and biological variations by applying
replicate analysis on 10 different iTRAQ experiments [38]. The study revealed that the
percentage of proteins falling within an average variation calculated through replicate analysis
does not reflect the true confidence of the protein regulation, instead a higher cut-off point at +

50% is recommended. This last piece of work also forms the basis for Chapter 4.

2.9 Summary

The use of Synechocystis sp. PCC 6803 as a major ‘cell factory’ is evident from the potential of
H, fuel to anti-carcinogen production in cancer treatment. Researchers have been exploring this
organism from different perspectives, with one common goal, that is to achieve a functional
organism capable of unleashing its aptitude to the full. The most common approaches to study a

cellular response are through established transcriptomic techniques, such as cDNA microarrays,
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northern blotting and quantitative PCR analysis. On the other hand, proteomics based
investigation has started to gain ground, with some research groups, such as Norling’s in
Sweden, Slabas’s in (Durham) England, Aro’s in Finland, Lindahl’s in Spain and Wright’s in
(Sheffield) England, have been pioneering the proteomics field using Synechocystis sp. PCC
6803 as a model organism. The focus of these researches (using proteomics technique) so far

has concentrated on gel-based approach specifically 2-DE analysis. However there are

limitations in this approach.

The deployment of gel-free proteomic ‘shotgun’ analysis, in contrast, has been anticipated as
being high throughput, with a higher reproducibility factors compared to gel-based method.
Furthermore, quantitation can be easily achieved through this method, for examples, cICAT,
iTRAQ and SILAC analysis, without the hassles of gels handling and processing. In order to
fully exploit the potential of Synechocystis sp. as a ‘cell factory’, it is necessary to advance and
develop new research methodologies (especially the ‘shotgun’-based procedures), in order to

achieve a ‘Systems Microbiology’ understanding in this organism.

Cellular stress response is thought to be responsible for the production of H,, cyanophycin,
PHA/PHB and carotenoid compounds (as illustrated before in Section 2.4, 2.5. and 2.6). The
author believes that an understanding at the cellular level (in this case refer to the proteome
level) is crucial in optimising the workflow for the production of these natural products. It must
not be forgotten many of the physiological biological processes are most commonly carried out
by proteins, which serve as enzymes responsible for catalysing the myriad of metabolic
reactions present in the organism. However it is also important not to overlook the power of
transcriptomics, because a change in gene expression is as equally important as a change in

protein abundance.

To understand an organism, it is vital to recognize the most fundamental process within, in this
case, light (and dark) acclimation. At different light alteration (photoperiod), different sets of
genes/proteins take over, as well as the changes from photosynthesis to respiration, and vice
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versa. The cell must be robust, yet sensitive in order to perform such complex process. In fact,
light has been proven to play a key role in many of these naturally produced compounds (refer
to Section 2.3, 2.4, 2.5 and 2.6). Similarly, depletion in macro-nutrition (such as phosphate
starvation) would trigger a cellular response that might be linked to the accumulation of these
natural products. With all these basic yet fundamental ideas in mind, they form the principle

foundation for the entire investigation framework in this research work.
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Chapter 3

‘Shotgun’ Proteomic Analysis of

Synechocystis sp. PCC 6803 ™

" The content of this chapter has been published in Proteomics (June 2005), volume 5, issue 9,
page 2468-78.
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3.1 Abstract

Protein or peptide analysis by gel-free (‘shotgun’) proteomics relies on the simplification of a
peptide mixture before it is analyzed via mass spectrometer. While separation on a reverse-
phase (RP) liquid chromatographic column is widely employed, a variety of other methods have
been used to fractionate both proteins and peptides before this step. A total of six different
protein and peptide fractionation workflows were compared, using Synechocystis sp. PCC 6803,
a useful model cyanobacterium for potential exploitation to improve its production of hydrogen
and other secondary metabolites. Pre-digestion protein separation was performed by strip-based
isoelectric focusing (IEF), 1-D PAGE, or weak anion exchange (WAX) chromatography, while
pre-RP peptide separation was accomplished by IEF or strong cation exchange (SCX). Peptides
were identified using electrospray ionization quadrupole time-of-flight tandem mass
spectrometry (qQ-Tof). MS and MS-MS spectra were analyzed using ProlD software
employing both the Synechocystis sp. PCC 6803 and the entire NCBI non-redundant database,
and a total of 776 proteins being identified using a stringent set of selection criteria. Method
compérisons were made on the basis of the results obtained (number and types of proteins
identified), as well as ease of use and other practical aspects. IEF-IEF protein and peptide

fractionation prior to RP exhibited the best overall performance.
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3.2 Introduction

There has been an increasing interest in proteomics field to develop alternative high throughput
protein (and peptide) separation methods that 2D gel electrophoresis cannot achieve, especially
for the detection of acidic (pI > 3), basic (pI >10), and hydrophobic proteins [267, 279-283].
These gel-free (“shotgun”) approaches rely on the simplification of a protein or peptide mixture
before it is analyzed in a mass spectrometer, with separation on a C18 reverse-phase (RP) liquid
chromatography column being employed. Among the common techniques used during protein
separation are by size exclusion chromatography (SEC) [293-296], hydrophobic interaction
chromatography (HIC) [297], RP chromatography [298, 299], weak (WAX) and Strong (SAX)
anion exchange chromatography [300-303], liquid- and gel-phase isoelectric focusing [304-
306], and 1-D PAGE [307, 308]. On the other hand, peptide level separation methods include
strong cation exchange (SCX) chromatography [284, 285], slab-gel isoelectric focusing [286],
capillary isoelectric focusing [287], liquid phase isoelectric focusing [288] and capillary
electrophoresis [289, 290]. The combination of these multi-level (protein then peptide)
fractionation approaches has been successful and resulting in the identification of many proteins
[309]. Each separation technique has its own advantages and disadvantages, yet relatively few

studies have compared these various options for protein and peptide separation.

The goal of the research presented here was to compare different multidimensional protein and
peptide fractionation methodé, including various combinations of IEF (proteins and peptides), 1-
D PAGE (proteins), WAX (proteins), and SCX (peptides), all in combination with RP
chromatography and ESI-MS/MS analysis (Figure 3.1, Tables 3.1 and 3.2). These shotgun
mefhods were also compared with standard 2-D PAGE and mass spectrometric proteomic
reports from the literature [205, 259, 269-272, 274, 275). The organism used for this study was
the cyanobacterium Synechocystis sp. PCC 6803, a useful model photosynthetic prokaryote of
interest for its potential to produce hydrogen [1], and for coupling carbon dioxide fixation to

production of polyhydroxyalkanoic acids [109, 360, 361], as detailed in Chapter 2.
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Synechocystis sp. PCC 6803
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Figure 3.1. Summary representation of the six sample workflows compared in this study.

(=) Whole cell digested peptide from extracted protein. ( ) Cut made to 1D and IEF

strips. (=) Peptide after tryptic digestion from protein separation.

One of the challenges of cyanobacterial proteomics is the presence of several phycobiliproteins
(e.g., phycocyanin and allophycocyanin), which comprise up to 50% of the soluble protein
content of Synechocystis sp. and other cyanobacteria [362]. These proteins are normally
assembled in phycobilisomes, the cyanobacterial light-harvesting apparatus. Although these
proteins are important, their abundance can overwhelm a separation scheme and make detection

of other proteins difficult. In this sense, cyanobacterial proteomics faces the same challenge as
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is found in the proteomics of serum and other protein mixtures dominated by a few high
abundance proteins [363-366]. For this reason, an additional factor evaluated here is the ability
of the protein/peptide separation schemes to isolate the high-abundance proteins, allowing a

greater number of other proteins to be detected.

3.3 Materials and Methods

This study compares six different shotgun approaches to determine the proteome of
Synechocystis sp. PCC 6803. The approaches include four that involve protein pre-fractionation
and two that use peptide separation methods only. In all cases, the samples are introduced to the
mass spectrometer following nano-flow LC employing RP peptide separation. The workflows
are summarised in Table 3.1 and Figure 3.1. A separate sample was used for each of the

workflows described below.

3.3.1 Sample preparation

Synechocystis sp. PCC 6803 was grown in BG-11 medium in a 2 litre (with 1 litre working
volume) Braun BioStat B” fermentor (Sartorius BBI, Melsungen Germany) at 26°C on a 12
hour light-dark cycle with a light intensity of approximately 90 pEinstein/m’s with continuous
stirring at 200 rpm, and bubbling with pre-humidified (from a humidifier filled with sterile
water) 0.2 um filtered air at 1.0 litre/min. The light intensity was measured using a QSL-2100
Scalar PAR Irradiance Light Sensor (Biospherical Instrument Inc, San Diego, CA). Cells were
harvested at mid-exponential phase (0D, of 3.0) by centrifugation at 5,000xg for 15 min at
4°C. Cells were re-suspended in Tris buffer [367], consisting of 40 mM Tris-HCI (pH 8.7), 1
mM ascorbic acid, 5 mM MgCl,, 1%w/v polyvinylpyrrolidone (PVPP), 1 mM DTT, 0.2% Bio-
Lyte pH 3-10 (Bio-Rad, Hertfordshire, UK) and 5% Protease Inhibitor Cocktail (Sigma, Cat no.
P8465). The suspended cells were incubated for at least 30 min at room temperature prior to

protein extraction. Unless noted all chemicals were obtained from Sigma-Aldrich (Gillingham,

Dorset, UK).
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Table 3.1 Summary of protein-peptide and peptide only separation techniques (all followed by

RP nano-flow LC).

Separation
method/ IEF-IEF | IEF-SCX slgx wax-scx | S¢X\ [gF only
designation only
Initial Protein 2 mg for each method
Concentration
Protein IPG Strips pH 3-10NL,2 | I-D PolyWAX None.
Separation strips with 1 mg each PAGE | LP™
strip. System | Column
Protein cuts Cut into 5 pieces according to the 45 fractions | None.
1D or 2D gel image (see Fig 3.1 for | collected, but
an example). some fraction
combined
with other to
bring total
fraction to 5
only.
Protein clean-up | None. Centricon None.
YM-3
Ultrafiltration
Cartridge
Tryptic In-gel digestion. Whole cell digestion.
digestion
Peptide clean-up | None. Discovery® | None. Discovery® DSC-18
DSC-18 SPE column
SPE
column
Peptide IPG Strips | PolySULFOETHYL™ A Column IPG Strips pH
separation pH 3-10L, 3-10L,2
2 strips strips with 1
with 1 mg mg each strip.
each strip.
Fractions Each cutto | 45 fractions collected for each cut, but some | Cutto 25
collected 5 pieces fractions combined with others to bring total | pieces with
with each fraction to 5 only. Total fractions 25. each piece
piece ca. approximately
3.4 cmto 0.7cm.
produce a
total of 25
fractions.
Final clean-up Discovery® | None. Discovery®
DSC-18 DSC-18 SPE
SPE column
column
Prior to mass Dried in a vacuum concentrator.
spectrometry.
On-line nano 85 minute LC-MS/MS run using LC Packings Ultimate nano-flow LC (with
1L.C and MS/MS | RP final peptide separations on PepMAP™ 100 C18 column) coupled to

Applied Biosystems QStar XL ESI hybrid quadrupole TOF MS/MS.
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Tris-HCl was used as a pH buffer. DTT was a reducing agent to reduce protein disulfide bonds.
Bio-Lyte was included as an ampholyte during IEF. It was believed that MgCl, is able to extract
peptidoglycan associated proteins [368]; whereas ascorbic acid was used to increase the amount
of acidic proteins [369]. PVPP had been used to extract phenolic compounds as to encourage

the total protein identification [370]. The protease inhibitor was added to reduce the possibility

of proteins degradation.

3.3.2 Protein extraction

Proteins were extracted using liquid nitrogen combined with mechanical cracking via mortar
and pestle. Liquid nitrogen was poured into a mortar before pipetting suspended cells into the
liquid nitrogen. The sample was ground into powder using a pestle. The extraction process was
repeated twice before recovering the extracted protein in a micro-centrifuge tube. The recovered
proteins were centrifuged at 21,000xg for 30 min at 4°C to separate the supernatant proteins
dissolved in Tris buffer from the insoluble pellet. The supernatant, which consisted of the
dissolved proteins in Tris buffer, was transferred to a new micro-centrifuge tube and stored at -
20°C until further use. The pellet, on the other hand, was discarded. The protein concentration

in the supernatant was measured using the Bio-Rad RC DC protein assay.

3.3.3 Protein and peptide separation methods

A number of different off-line® separation techniques were compared in this study, with both
protein and peptide separations being examined. Workflows starting with protein separation
used IEF, 1-D PAGE or WAX prior to peptide separation. Peptide. separation steps were carried
out using SCX chromatography or IEF. These workflows, each of which began with 2 mg of
soluble protein, are summarised in Table 3.1. In all cases, these separations were followed by
nano-flow RP chromatography carried out on-line to the mass spectrometer. Details of all

sepération and analytical methods are provided below.

° with regard to the mass spectrometer
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The IEF-IEF and IEF-SCX workflows used IEF as the protein pre-fractionation technique,
while 1D-SCX employed a 1-D PAGE approach; in both cases, in-gel tryptic digestion was
performed. In the IEF-SCX workflow, it was necessary to remove urea prior to SCX separation.
To accomplish this, the digested protein fractions from IEF were cleaned using Discovery®
DSC-18 SPE cartridges (100 mg capacity, Supelco, Sigma). In this SPE step, the cartridge was
first conditioned with methanol and equilibrated with 0.1% TFA in water according to the
manufacturer’s instructions. The sample was then loaded on the cartridge, which was then
washed with 0.1% aqueous TFA. Finally, peptides were eluted using 0.1% TFA in 80%
acetonitrile. Cleaning was not required for the IEF-IEF and 1D-SCX approaches. WAX-SCX
used weak-anion-exchange (WAX) chromatography for protein separation. WAX protein
fractions were clganed and concentrated using Centricon YM-3 Ultrafiltration Cartridges
(Amicon, Milipore, Watford, UK). The treated fractions were then digested with trypsin prior to

SCX peptide separation.

The IEF-only and IEF-IEF workflows used IEF as the means for peptide separation, while the
others (1D-SCX, IEF-SCX, WAX-SCX and SCX-only) used SCX chromatography. IEF- and
SCX-only did not involve any protein prefractionation methods. Whole-cell lysate samples for
the IEF-only and SCX-only methods were digested with trypsin and cleaned as described above
using Discovery® DSC-18 SPE cartridges before peptide separation. After peptide separation,
peptide fractions from IEF-IEF and IEF-only were cleaned using Discovery® DSC-18 SPE
cartridges prior to MS analysis. Cleaning of peptide fractions was not needed in the 1D-SCX,

WAX-SCX, I[EF-SCX and SCX-only workflows.

3.3.4 Solution-phase tryptic digestion

For the methods that did not use a gel-based protein fractionation step (IEF-only, SCX-only,
and WAX-SCX), a standard solution-phase tryptic digestion procedure was used. Reduction and
alkylation of the proteins was carried out prior to tryptic digestion. To accomplish this, the
sample was reduced with a final concentration of 10 mM DTT and 50 mM ammonium
bicarbonate for 1 hour at 56°C, followed by alkylation with a final concentration of 55 mM
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iodoacetamide and 50 mM ammonium bicarbonate for 30 min in the dark at 37°C. Sequencing
grade trypsin (Promega, Southampton, UK) was prepared according to the manufacturer’s
protocol. Trypsin was added to the protein mixture in a 1:50 mass ratio. In the case of the WAX
protein separation, the mass of protein in each fraction was determined using the Bio-Rad RC
DC protein assay. The sample was incubated overnight at 37°C. The following day, the same
amount of trypsin was added again and incubated at 37°C for at least another 5 hours. Trypsin

activity was inactivated by lowering the pH of solution to below 4 with TFA.

3.3.5 In-gel digestion

In-gel digestion was used for the 1D-SCX, IEF-IEF and IEF-SCX methods. Gel pieces (or IEF
strips) were cut into small pieces as described in Table 3.1. Gel pieces were destained twice
with 200 mM ammonium bicarbonate in 40% acetonitrile. Subsequently, the gel pieces were
dehydrated using acetonitrile for approximately 15 min at 37°C; the liquid phase was then
removed and samples were placed in a vacuum concentrator for another 15 min to completely
dry the gel pieces. Reduction and alkylation were carried out as previously described above.
After alkylation, gel pieces were dehydrated using acetonitrile for 15 min at 37°C. Gel pieces
were then conditioned with 50 mM ammonium bicarbonate for 15 min at 37°C prior to a final
dehydration using same volume of acetonitrile for 15 min at 37°C. Gel pieces were completely
dried in a vacuum concentrator prior adding trypsin in a 1:50 mass ratio. The mass of protein in
each IEF or 1-D PAGE fraction was estimated from the distribution of spot intensities in the
corresponding dimension of a 2-D PAGE gel (refer to Figure 3.1). To increase the activity of
the trypsin, acetonitrile was added to the sample to a final concentration of 10%-40%v/v [371].
Gel pieces were incubated overnight at 37°C. No next-day trypsin was added during the in-gel
digestion process. After overnight digestion, the liquid phase was transferred to a new tube.
Peptides were extracted by one change of 5% formic acid, two changes of 50% acetonitrile in
59, formic acid and one change of 100% acetonitrile incubating at 37°C for 15 min for each

change. All liquid phases were combined and dried in a vacuum concentrator.
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3.3.6 IEF for protein separation

Cup loading (Bio-Rad) was employed during protein IEF. Broad range (pH 3-10NL) IPG strips
17cm  (Bio-Rad) were rehydrated with Destreak Rehydration Buffer (GE Healthcare,
Buckinghamshire, UK) overnight at room temperature. Protein was precipitated using 0.1%
TCA and 2 mM tributyl phospine (TBP) in acetone overnight. The next day, the sample was
washed with 2 mM TBP in acetone. The protein pellet was then dissolved in Destreak
Rehydration Buffer (GE Healthcare) and 0.5% pharmalyte pH 3-10. The protein solution was
then loaded into the cup and run using a Protean II IEF Cell (Bio-Rad) for 18.5 hours. The
programme was 50 V for 9 hours, 200 V for 1 hour, 1,000 V for 1 hour, 10,000 V for 6 hours

and a final 15,000 volt-hours. Total volt-hours were approximately 45,000.

3.3.7 IEF for peptide separation

Cup loading was also used for peptide IEF. Broad range (pH 3-10L) 17cm IPG Strips (Bio-Rad)
were rehydrated with 8 M urea overnight at room temperature. Tryptically digested, SPE-
cleaned peptides were vacuum dried. The dried pellet was re-dissolved in 8 M urea with 0.5%
pharmalyte pH 3-10. To ensure maximum recovery, the sample was sonicated for 10 min prior
to cup loading. The IEF program was the same as described for protein IEF. After IEF,
acetonitrile was added to the strips to shrink the gel side. Peptides were then extracted as

described above.

3.3.8 1-DPAGE

Protein was dried in a vacuum concentrator and re-dissolved in Sample Buffer/Laemmli Buffer
(Bio-Rad), to at least 2 volumes of the original sample. The composition of 1D gels (size: 7 ¢cm
long x 7 cm width x 0.75 mm thick) was 12.5% for the stacking gel and 4% for the resolving
gel. The sample was loaded into the well, and ran in the mini-Protean III electrophoresis system
(Bio-Rad) at 50 V for 5 hours. Subsequently, gels were washed with deionised water 3 x 5
minutes. Bio-safe Coomassie Blue (Bio-Rad) was then used to stain the gels for 1 hour. with

gels destained overnight with deionised water at room temperature.
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3.3.9 SCX separation

Separation was carried out using a PolySULFOETHYL™ A Column (PolyLC, Columbia, MD,
USA) 5 um particle size of 100 mm length x 2.1 mm id, 200 A pore size, on a BioLC HPLC
unit (Dionex, Surrey, UK). Buffer A was composed of 10 mM KH,PO, and 20% acetonitrile,
pH 2.97, whereas buffer B was composed of 10 mM KH,PO,, 20% acetonitrile and 1 M KCl,
pH 2.97. The gradient used was 0% B for 5 min, 7.5%-20% B for 25 min, 20%-50% B for 5
min, 50% B for 5 min and 0% B for 5 min, total of 45 min. Injection volume was 200 uL. The
flow rate was maintained at 0.2 ml/min. Separated fractions were collected every minute for 45
min using a Foxy Jr. Fraction Collector (Dionex), whilst the chromatogram was monitored
through a UV Detector UVD170U set at 214 nm and Chromeleon Software, version 6.50
(Dionex/LC Packings, The Netherlands). Fractions were later pooled according to the UV/Vis

signal at 214 nm (Table 3.1).

3.3.10 WAX separation

Separation was carried out using a PolyWAX LP™ Column (PolyLC) 5 pm particle size of 100
mm length x 4.6 mm id, 1000 A pore size, on a BioLC HPLC unit (Dionex). Buffer A was
composed of 10 mM KH,PO, and 20% acetonitrile, pH 7.20, whereas buffer B was composed
of 10 mM KH,PO,, 20% acetonitrile and 1 M NaCl, pH 7.20. The gradient was 0% B for 5 min,
0%-5% B for 5 min, 5%-50% B for 25 min, 50% B for 5 min and 0% B for 5 min, total of 45
min. Injection volume was 200 pL. Flow rate was maintained at 0.8 ml/min. Fraction collection

and pooling were carried out as described for the SCX separation.

3.3.11 Nano-LC ESI-MS/MS

Prior to mass spectrometric analysis, all samples were dried and re-dissolved in a buffer
consisting of 0.1% formic acid and 3% acetonitrile. All analysis was undertaken using a QStar
XL Hybrid ESI Quadrupole time-of-flight tandem mass spectrometer, ESI-qQ-TOF-MS/MS
(Applied Biosystems, Framingham, MA, USA; MDS-Sciex, Concord, Ontario, Canada),
coupled with a nano-LC system comprising a combination of a LC Packings Ultimate Pump,

Switchos Column and Famos Autosampler (Dionex/LC Packings). The Switchos Column had a
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p-Precolumn™ Cartridge 5 pm particle size of 300 pm id x 5 mm length for desalting and
filtering purposes before the actual C18 capillary column 3 pum particle size of 75 um id x 15
cm length. Both columns consisted of the RP material PepMAP™ 100 C18 silica-based, 100 A

pore size (Dionex/LC Packings).

The buffers used in the gradient were Ultimate Buffer A, consisting of 0.1% formic acid in 5%
acetonitrile and Ultimate Buffer B, consisting of 0.1% formic acid in 95% acetonitrile. The
nano-LC gradient was 85 min in length With the first 15 min comprised of 5% B, followed by
57 min ramping from 5% to 40% B, then 8 min of 40% B before a final 5 min of 5% B. The
flow rate of the gradient was 300 nl./min. The ESI-MS detector mass range was set at 300-2000
m/z. The MS data acquisition was performed in the positive ion mode. During the scan, peptides

with a +2 or +3 charge state were selected for fragmentation.

3.3.12 Database searching and data interpretation

MS/MS data were analysed using ProID software (Applied Biosystems, MDS-Sciex) for protein
identification. A total of two databases were used for the search. These were the entire NCBI
non-redundant (NR) database (July 2004) and the Synechocystis sp. PCC6803 (SYN) single-
organism database at NCBI (March 2004). Within ProlD, the peptide tolerance was set to 2.0
Da and the MS/MS tolerance was set to 0.8 Da. The quality filter of 80% confidence and score

of 10 were used as recommended by Applied Biosystems.

34 Results and Discussion

3.4.1 Methods comparison

The results of the six different protein/peptide separation methods used to determine the
Synechocystis sp. PCC 6803 proteome during the mid-light phenotype are summarised in Table
3.2. Greater proteome coverage was achieved with pre-digestion protein fractionation prior to
the shotgun proteomics analysis. If neither protein not peptide fractionation was performed prior
to RP-LC-MS/MS, then only seven proteins were identified using the Synechocystis sp. PCC

6803 database and required matching of > 2 peptides (row 7 in Table 3.2), compared to the
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identification of hundreds of proteins when any of the fractionation workflows were used (rows
1 to 6 in Table 3.2). The introduction of fractionation greatly reduced the complexity of
protein/peptide sample. This improved the ability of the MS to detect low abundance

peptides/proteins, since ion-suppression effects caused by overlapping signals from high and

low abundance ions was reduced [372].

In this study, two different peptide separations approaches, IEF-only and SCX-only, were
employed before the final reverse-phase (RP) HPLC separation and MS/MS analysis. The
combination of SCX and RP form the most common MDLC method [284], while peptide-level
separation using IEF is not as commonly practiced [286, 373]. A total of 11 additional (with > 2
peptide using SYN database) proteins were identified using IEF-only compared to SCX-only
peptide separation. During IEF, peptides were retained on the IPG strip, thus minimizing the
possibilities of contamination and protein loss. This may contribute to the slight increase in the

number of total proteins found.

Use of pre-digestion protein fractionation increased the total number of proteins identified, as
detailed in Table 3.2 (row 3 to 6). Considering only proteins with > 2 peptides found in the
Synechocystis sp. PCC 6803 database, the total number of proteins identified in 1D-SCX and
IEF-IEF is approximately double that compared to IEF- or SCX-only peptide separation alone.
One of the weaknesses in chromatographic separation found in this study is the recovery rate
and separation efficiency. WAX-SCX performed the worst of all the methods, in that it allowed
for identification of the lowest number of proteins. More than 80% of the protein was lost
during the WAX separation, as determined by a total protein assay. High sample losses during
chromatography have also been reported elsewhere [292, 297, 374]. A comparison of the
methods tested here suggests that conventional 1-D PAGE and IEF were the best approaches for
protein-level separation. Some proteins did not diffuse and focus completely in the strips during
IEF. Evidence of this was apparent in the IEF-SCX separation, where fewer proteins were
identified than in the 1D-SCX approach. For peptide separation, IEF peptide separation was
more effective (compare IEF-only vs. SCX-only and IEF-IEF vs. IEF-SCX in Table 3.2).
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Table 3.2 Total unique proteins achieved using different protein-peptide separation methods. Rows 1 to 6: IEF peptides, SCX peptides, 1D-SCX, WAX-SCX, IEF-

SCX and IEF-IEF separation. Rows 7 to 8: whole cell digested protein with no additional protein or peptide separation, and SCX peptides separation (40 fractions).

NCBI Non-Redundant Database | Synechocystis sp. PCC6803 Database
Protein No of Peptide No of Total Total MS | Total unique Total unique Total unique Total unique
separation | fractions | separation | fractions | Processing | samples peptides Proteins peptides Proteins
Time (a) >1 2223 >1 [ 22 [ 23
1 no - IEF 25 3 days 25 232 120 | 53 | 20 634 321 [ 171 | 53
2 no - SCX 25 2 days 25 176 99 | 34 | 18 612 335 | 160 | 49
3 1D 5 SCX 5 per 4.5 days 25 497 2111 99 | 63 1321 394 | 308 | 205
4 WAX 5 SCX 5 per 3 days 25 104 41 [ 19 | 10 406 216 | 99 | 32
5 IEF 5 SCX 5 per 4 days 25 336 1631 74 | 35 788 299 | 204 | 101
6 IEF 5 IEF 5 per 6 days 25 507 217 |1 106 | 64 1405 467 | 344 | 191
Total unique proteins/peptides in all methods 1122 397 | 176 | 106 3700 1107 | 711 | 357
7 no - no - 1 day 1 23 10 6 4 36 15 7 6
8 no - SCX 40 2 days 40 995 390 | 221 | 135 1900 571 | 453 | 362

(a) Excluding MS time, which is 25 fractions x 90 min MS time = 1.5 days for each method with 25 fractions.
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Depending upon the type of information available for the proteins of interest, different

techniques might be chosen for the protein separation process. In this study, 1-D PAGE and IEF

separation proved to be the more powerful pre-digestion protein fractionation methods. Proteins

that are deposited in-gel avoid the problems of protein solubilisation and low protein recovery

rate during chromatographic separation. The IEF-SCX, 1D-SCX, and IEF-IEF separation

methods yielded the identification of more than 200 unique proteins (more than 300 in the case

of the latter two methods). No particular bias in observed proteins when using the IEF, 1-D or

WAX method for protein separation. Almost all the proteins were within the p/ region of 3 to 10

(Figure 3.2). The theoretical Mw and p/ from Figure 3.2 were predicted using online JVirGel

program [375] (http://www.jvirgel.de/).
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Figure 3.2. 2-D gel plot of unique proteins (with > 1 peptide in NR database) identified in IEF-

IEF, 1D-SCX and WAX-SCX separation methods.
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In peptide separation, the number of proteins found corresponds to the number of fractions
collected. A comparison of the number of fractions obtained using the SCX peptide separation
method (row 2 and 8 in Table 3.2) shows that an increase from 25 to 40 fractions increased the
total number of proteins identified by 2.8 fold (Table 3.2). While increased fractionation might
be appealing, the choice of the number of fractions should be made not only with the ambition
of getting the highest number of the total proteins, but also with consideration of the time

needed for sample processing and MS analysis.

One of the factor§ that influenced the outcome of separations in this study was the abundance of
several phycobiliproteins (e.g., phycocyanin, allophycocyanin) within the protein mixtures. The
top ten hits for the SCX-only, IEF-only and WAX-SCX proteins, respectively (against the SYN
database) shared the same set of phycobiliprotein identification, which were (the following
numbers in parentheses refer to ORF designations in the Synechocystis sp. PCC 6803 genome)
phycobilisome core-membrane linker polypeptide (slr0335), phycocyanin alpha subunit
(s111578), phycocyanin beta subunit (sl11577), phycobilisome rod linker polypeptide (sl11579),
allophycocyanin alpha subunit (s1r2067), phycobilisome rod linker polypeptide (sll1580),
allophycocyanin beta subunit (slr1986) and phycobilisome rod-core linker polypeptide
(sIr2051). These are all phycobiliproteins. Comparatively, only two or three phycobiliproteins
appeared in the top ten hits of the IEF-SCX, IEE-IEF and 1D-SCX separations. The failure of
the WAX-SCX method to separate the phycobiliproteins from the rest of the proteins in the
lysate may be one of the reasons why this approach produced relatively few protein
identifications. Due to the similarity of the isoelectric point (p), the molecular mass and
hydrophobicity index of the phycobiliproteins, it is not an easy task to isolate them from each
other [299]. However, IEF-IEF and 1D-SCX performed the best at isolating these proteins from
the rest, as these methods produced greater numbers of identifications (i.e. the extra proteins
were not obscured). The gel-based methods were better than the LC methods. in this regard, as

it was very clear where these phycobiliproteins were because it could be visualized and

separated out fractions accordingly (Figure 3.1).
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Interestingly, although membrane proteins were not the main focus here, a total of 123 proteins
were found with at least 1 transmembrane helix (TMH), using the TMHMM program from the
Centre of Biological Sequence Analysis, Denmark Technical University [376]. Amongst the
123 TMH proteins, more than 70% (89 proteins) were exclusive TMH proteins, i.e. unique
proteins only found exclusively in one workflow only (refer to Table 3.3). It is worth
mentioning that the high resolving power of gel-based workflows, such as 1D-SCX and IEF-
IEF, produced the highest number of TMH proteins, with 43 and 40 proteins respectively.
Comparatively, the LC-based methods utilising WAX-SCX and SCX-only only yielded 14 and
26 proteins respectively (Table 3.3). However the question remained: Why were there so many
TMH proteins identified? Polyvihylpyrrolidone (PVP) is a water-soluble polymer made from
the monomer N-vinyl pyrrolidone. Polyvinylpolypyrrolidone (PVPP), on the other hand, is a

cross-linked form of PVP, used to bind impurities from the solutions.

Table 3.3 The total number of proteins found with at least 1 transmembrane helix (TMH) from
each workflow. Exclusive TMH proteins are defined as unique proteins with TMHs found

exclusively in one method and not appearing in results from any other methods.

Exclusive Total

TMH proteins TMH proteins
Workflows in each workflow in each workflow
SCX-only 12 26
IEF-only 16 31
1D-SCX 20 43
WAX-SCX 8 14
IEF-SCX 10 26
IEF-IEF 23 40
Total exclusive TMH proteins 89 -
Total TMH proteins found in all workflows 123

The speculation is that PVPP made the extracted supernatant protein more viscous, or denser.
Therefore when the sample was subjected to centrifugation at 21,000xg for 30 minutes, the light

membrane vesicles that were formed during liquid nitrogen extraction did not go to the
insoluble pellet, but instead were suspended in the supernatant. Protein in these light membrane

vesicle then became possible to be identified in the different workflows described here.

78



Similarly Charmont et al. also suggested that PVPP trapped the phenolic compounds as to
prevent their unspecific binding with other proteins thus to increase the number of total

identified peptides per protein [370]. Further details of each TMH protein, such as the number

of predicted helices etc, are available in Appendix A.

In addition to the total number of proteins identified, consideration of practical issues such as
the total processing time of the samples and the complexity of sample preparation is also
important. Cutting IEF strips for peptide analysis took more than 10 min and may have allowed
significant peptide diffusion [373]. This would be less of a problem for protein-1EF since
proteins have larger sizes compared to peptides, with subsequently lower diffusion in the gel.
This diffusion issue was relatively important as the choice of IEF cuts was made to allow for
isolation of the highly abundant phycobiliproteins into certain fractions. This would also impact
on lower abundance proteins/peptides near the cut margins. Among all the separation
workflows, the total sample processing time for SCX-only peptides was the fastest (2 days),
followed by IEF-only peptide and WAX-SCX (3 days each). The longest processing time was
for IEF-IEF (6 days) and 1D-SCX (4.5 days); although these were the methods that yielded the
highest number of proteins found (refer to Table 3.2). The total MS time for each (25 fractions)
method was 1.5 days. Chromatographic separations have the advantage of higher capacity and
easier operation, which greatly reduce the level of method complexity. In common with the
experiences of other researchers, gels (IEF or 1D method) still lag behind in terms of the labour
time required, yet these options are the most economical, most effective separation method (in

the terms that the most proteins were identified) and produce high quality visualization results.

Multiple injections of the same sample into the MS resulted in different proteins being
identified, due to chance auto-selection of peptides for MS/MS analysis [377]. Schaefer et al.
[378] suggested that five or more injections for sample analysis are required to ensure
reproducibility and reliability of the results. One of the samples in the IEF-IEF separation
method (fraction 19) was injected twice into the MS, as a test case. Based on the SYN database

with proteins > 2 peptides, the first injection found one protein whilst the second injection
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recovered the same protein with an additional three unique proteins (Table 3.4). The reason for
this difference may be the variation in the peptide ion peaks chosen for automatic MS/MS
analysis. For better protein coverage (and number) in a sample, multiple injections of the same
sample are thus recommended. The reason for this difference may be the variation in the peptide
ion peaks chosen for MS/MS analysis. For better protein coverage (and number) in a sample,
multiple injections of the same sample are thus recommended (see also, for example, [379] for

improved proteome coverage when applying replicate injections). However, this aspect was not

the focus of this study, as this is well accepted.

Table 3.4 Total number of unique proteins for multiple repeated injections of the same sample.
One of the IEF-IEF separation method samples (Fraction 19) was injected twice and proteins

were identified using the Synechocystis sp. PCC 6803 database.

Total unigue proteins
Peptide no. . G
1* injection 2™ injection
>1 15 37
>2 1 4
>3 0 1

3.4.2 Data analysis

To investigate the reliability of protein identity (ID), all of the MS data files were analysed
using two different databases, the entire NCBI non-redundant (NR) and Synechocystis sp. PCC
6803 (SYN) amino acids databases (Table 3.2). Both databases were downloaded from the

NCBI ftp folder (fip://ftp.ncbi.nih.gov/). Approximately 1100 and 3700 unique Synechocystis

sp. PCC 6803 peptides were found using the NCBI non-redundant and Synechocystis sp.

PCC6803 amino acids databases, respectively.

The NR database consists of fully or partially sequenced genomes/genes of more than 130,000
organisms, and thus to find a unique Synechocystis sp. protein is more akin to ‘looking for a
needle in a haystack’. Thus, with such a large choice, if one obtains a hit against a Synechocystis

sp. PCC 6803 protein, then this is likely to be credible. Even with a single peptide from a
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protein identified, the probability of a false positive is greatly minimised. Therefore, in this
study, any protein with more than one peptide, regardless of number of MS/MS hits, was

considered as a reliable count when using the NR database.

The use of two databases provided the opportunity to examine the consistency of results from a
single genome database, in this case Synechocystis sp. PCC6803, versus a considerably larger
one (i.e. the NR). Due to the limited number of only 3168 proteins within this database, a hit in
this single genome database is more likely, and harder to assign as a false positive. For
increased reliability, at least two or more peptides matches are required to validate
identifications from the SYN database. The possibility of achieving a true positive identification

for a protein on the basis of a single peptide is still unknown and unpredictable.
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the criteria peptides found in
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64%

Figure 3.3. Distribution of proteins with different peptide number in the total number proteins
found using the SYN database. Proteins with single peptides must be identified in both
databases (SYN and NR), and appeared in the same method and same fraction to meet the

criteria. A total of 1107 proteins with > 1 peptide were detected using the SYN database.

According to Zhu et al. [283], an example of a quality matching criterion is to decide that all
proteins must have at least two peptides identified with the exception of two MS/MS hits for
single peptide. However, this criterion is very time consuming for studies like this, in which a

total of more than 1000 proteins were found, of which 40% were single peptide hits. Without
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proper aids from the Database Search Engine, it may be impractical to check the number of

MS/MS hits in each of the 400 single peptide proteins.

When the proteins identified on the basis of a single peptide matches to the SYN database were
matched with the NR database, 56 out of 396 were identified in both databases, suggesting the
strong possibility of those 56 being correctly identified. The 396 proteins were determined by
subtraction of 711 proteins with > 2 peptides and 1107 proteins with > 1 peptide using the SYN
database (Table 3.2). However, a positive cross-match was only counted for those protein IDs
that were found in both databases, with the proviso that IDs appeared in the same method and
within the same fraction. With this more stringent criteria, this reduced the number to 46, and
finally to 23. This figure corresponds to 2% of the total number of proteins found using the

SYN database (Figure 3.3).

3(a) 3(b)

68% 32% Red circle represents 1107 52% 48% Green circle represents 734
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found using the SYN 711) and = 1 pepthe, 23) those
database. matched with the criteria found

N using the SYN database.
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o
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unique proteins (> 1 peptide)
found using the NR database.

Figure 3.4. (a) Total number of proteins identified in both databases (NR and SYN) before
applying the criteria, and (b) reliable proteins after matching with criteria. 89% of the proteins

found in NR database can be found in SYN database.

Using the SYN database, 1107 proteins with > 1 peptide were found and using the NR database,
397 proteins were found with > 1 peptide. Among them, 355 were found in both databases

(Figure 3.4). Hence, using what is believe to be a conservative identification criteria, the final
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total number of unique proteins found in this study is 711 containing > 2 peptides (Table 3.2)
from the SYN database, 42 proteins with > 1 peptide from the NR database (Figure 3.4), and the
23 that were identified in both databases, appearing in the same fraction of a method. This then

represents a total of 776 unique Synechocystis sp. PCC 6803 proteins (Figure 3.4).

A master list of all proteins for the unicellular cyanobacterium, Synechocystis sp. PCC6803 was
created. From other ihvestigations in the literature (all 2DE-based) [205, 259, 269-272, 274,
275], a total of 344 unique proteins have been identified. Of these, 162 were also found in this
study, along with 614 additional unique proteins. Thus, this study has contributed 64% of the
total number of unique proteins found in proteomic studies for this organism to date, or
approximately 19% of the 3168  predicted genes from CyanoBase

(http:// www.kazusa.or.ip/cvanO/Sy’nec'h(_)cystiso. The master list of proteins is available online at

http://wrightlab.group.shef.ac.uk/wrightlab/projects/ and in Appendices A-C.

Table 3.5. Exclusive proteins only found in each method. Exclusive proteins are defined as

unique proteins found exclusively in one method and not appearing in results from any other

methods.
NCBI Non-Redundant Synechocystis sp.
Database PCC6803 Database
Separation method Exclusive proteins Exclusive proteins
>1 >2 >3 >1 >2 >3
1 | IEF peptide only 23 7 3 93 46 15
2 | SCX peptide only 13 4 1 126 56 19
3| 1D protein - SCX peptide 51 17 20 108 97 84
4 | WAX protein - SCX peptide 8 3 0 63 34 9
5| IEF protein - SCX peptide 32 10 6 69 50 17
6 | IEF protein - [EF peptide 59 28 24 150 132 79
Total exclusive proteins 186 69 54 609 415 223
Total unique proteins in all methods 397 176 106 1107 1 357
(from Table 3.2)
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Further interpretation of the data identified “exclusive” proteins. “Exclusive” is defined as those
proteins only identified in a particular method. Using proteins matched from the SYN database
with > 2 peptides, 58% are “exclusive” proteins (Table 3.5). This table suggests that a whole
proteome study is necessarily limited if only one separation method is used. At least two pre-
fractionation methods, prior to nano-flow LC RP separation and MS/MS,; are recommended for
a more diverse proteome study on this bacterium. This is in agreement with results on human
cilla proteomics [310], for example. Method selection should be based on different
protein/peptide characteristics, such as pl, size, hydrophobicity etc. Of course this study
necessarily represents a snapshot of what can be identified per method. Other factors such as use
of multiple injections into the MS of the same sample will alter (and increase) the proteins

identified as well ([379], and Table 3.4).

3.5 Conclusion

In the present study, using the stringent identification selection criteria, a total of 776 unique
Synechocystis sp. PCC 6803 proteins were found. Unsurprisingly, as the number of fractions
was increased prior to mass spectrometric analysis, so too did the number of proteins that was
identified. In comparison of six protein/peptide separation and pre-fractionation workflows
(each with a total of 25 fractions) it was found that 1D and IEF methods are recommended for
protein-level separation to obtain the highest number of confident identifications. IEF was found
to work well for peptide separation. Furthermore, it was, surprisingly, possible to identify a
large number of integral membrane proteins, among the abundant soluble proteins. Therefore
this is a very positive finding, since it should allow identification (using some of these work-
flows) of most of the integral membrane proteins starting with purified membranes , which are

depleted of phycobilisomes, ribosomal proteins, elongation factors and other abundant soluble

proteins.

With regard to database interrogation, the criterion used when searching a single genome
database (in this case Synechocystis Sp. PCC 6803) was that a protein with more than two
peptides identified was considered to be a confident hit; single peptide protein identifications
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could be considered confident only if the proteins were matched in more diverse databases, such
as NR, with both identifications appearing within the same method and same fraction. Future
work should investigate the 1D-IEF separation approach, since both strategies utilise in-gel
separation. As in a number of other studies [378, 379] the use of multiple repeated injections
resulted in different proteins being identified, and led to a substantial increase in the total
number of proteins identified. Although the actual number of peptides and proteins identified
might vary with replicate performances of each workflow, the overall trends can be expected to
remain the same. Optimisation of the MS analysis, such as cycle (gradient) times, gas phase
fractionation and multiple injections, was not considered in detail here and may become the

subject of future work.
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Chapter 4

Technical, Experimental and Biological

Variations in Isobaric Tags for Relative and

Absolute Quantitation 1ITRAQ) «

Q The content of this chapter has been published in Journal of Proteome Research (February
2007), volume 6, issue 2, page 821-827. This publication is led by CS Gan (the author) with the
collaboration of PK Chong (for Sulfolobus solfataricus iTRAQ sets) and TK Pham (for
Saccharomyces cerevisiae KAY446 iTRAQ set).
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4.1 Abstract

In this study, the reliability of isobaric-tags for relative and absolute quantitation (iTRAQ) was
assessed, based on different types of replicate analyses taking into account technical,
experimental and biological variations. In total, 10 iTRAQ experiments were analysed across
three domains of life involving Saccharomyces cerevisiae KAY446, Sulfolobus solfataricus P2
and Synechocystis sp. PCC 6803. The confidence of protein expression of iTRAQ analysis
increased as the variation tolerance increased. In brief, 88% of proteins would fall within a cut-
off point of 50% variation (£0.50) in quantification based on an analysis of biological replicates.
Technical replicate analysis produced a higher coverage level of 95% at a lower cut-off point of
30% variation. Experimental or iTRAQ variations exhibited similar behaviour as biological
variations, which suggested that most of the measurable deviations came from biological
variations. These findings underline the importance of replicate analysis as a validation tool and
benchmarking technique in protein expression analysis. By employing multiple injections, the
total number of proteins identified increased by 50% from three LC-MS/MS analyses compared
to only one analysis. Furthermore the iTRAQ quantification values were found to be highly
reproducible across the injections, with an average coefficient of variation (CV) of 0.09
(scattering from 0.14 to 0.04) calculated based on log mean average ratio for all three

organisms.

87



4.2 Introduction

The introduction of iTRAQ reagents has caught the attention of the proteomics community,
with the ability to perform relative (or absolute) quantification for up to four phenotypes (and
soon eight phenotypes) using an isobaric mass tagging technique [37]. iTRAQ-based
proteomics has been widely applied on different systems, ranging from an understanding of
micro-organism stress responses [212, 345-347] to evaluating mammalian organelle systems
[331, 332, 341, 343, 353]. The hundreds of thousands of spectra generated from this technique
contain peptide sequences ranging from false positives to outlier peptides, and most data
requires stringent manual checking. Nevertheless, these are relatively costly reagents used to

derivatize peptides, a chemical reaction which could, in principle, be a source of variability

[380].

The source of variation differs from one experiment to another, and it is a function of time,
manpower, instrument, subject, subject condition, and preparation process etc. These sources of
variation (measured experimentally or technically) must be minimized or identified. By
definition, the variation is a measure of its dispersion, indicating how its possible values are
spread around the expected value. In the biological sciences, this can be measured as three
different forms: technical, experimental and biological. Typically, a technical replicate assesses
the extent to which the measurements of a test subject remain consistent over repeated tests of
the same subject under identical conditions. It eliminates the possible errors contributed from
the sample preparation, which are also normally known as the sample variance. To assess the
biological variability associated with the test subject, it is commonly measured as a biological
replicate, by repeating the creation of the test subject under the same conditions, so that the
inconsistency/variability related within can be estimated. Experimental replicates are not
commonly compared to technical and biological replicates. In fact, there is no experimental
variation in the 2-DE system, because the technical replicate is the experimental replicate.
Hence in this context, the experimental variation also refers as the iTRAQ variation, i.e. the

repetition of an identical iTRAQ experiment.
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Extensive studies on protein expression validation have focused on the 2-DE workflow, where
cDNA microarray-like normalisation methods were introduced to estimate the biases from
different dyes [381]; the development of a partial least squares-discriminant analysis (PLS-DA)
for identification of differentially expressed protein spots [382]; comparison between various 2-
DE software packages to estimate the staining efficiency [383]; and the consideration of the

impact of different replicate types during protein expression experiments [384].

In this study, the idea of validation in the form of replicate analysis into the iTRAQ experiments
has been incorporated. Replicate analysis is common in 2-DE [384], and is used to estimate the
variation between different phenotypes by the presence or absence or the intensity of the spots.
This is the first time a large scale investigation has been carried out on iTRAQ reliability and
reproducibility in terms of technical, experimental and biological replicate on the 3 domains of
life: eucarya (Saccharomyces cerevisiae KAY446), archaea (Sulfolobus solfataricus P2) and
bacteria (Synechocystis sp. PCC 6803). The aim of this study is to emphasize the importance of
validation in iTRAQ analyses; with the anticipation to form a basic benchmarking foundation

stone that can be widely applied in other quantitative proteomics applications.

iTRAQ set 1 iTRAQ set 2
114 115 ‘ 116 117 114 115 116 117
v m""NTTTT7 v S 2 T A
Al Al B1 X ' Al B1 A2 Y
H
-------------- 1 r--—\\-------—-‘ J
Technical Experimental Biological
replicate replicate replicate

Figure 4.1. Illustration of the relationship between technical, experimental and biological
replicates in iTRAQ experiments. A technical replicate has two identical samples from the same
biological source in an iTRAQ set; whereas a biological replicate has two distinct biological
samples from same condition in an iTRAQ set. An experimental replicate compares the

variation of an identical sample in two different iTRAQ sets.
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Table 4.1. The list of experiments and their designated role in replicates analysis, adapted from
Chong et al. [39]. In total, there are 10 experiments with 5 technical replicates (**), 3 biological

replicates () and 3 experimental replicates ().

' iTRAQ reagents :
Species Exp 114 115 116 117
Yeast

S cerevisiae 1 12% w/\g1 12% w/\g 21% wiv 30% w/v
glucose glucose glucose Glucose
Archaeon
Glucose + Glucose +
S. solfataricus 2 Glucose ° Glucose ° 1.0% v/v 0.5% v/v
ethanol Acetone
0.1% v/v 0.5% v/v 1.0% v/v
3 s
Glucose ethanol ethanol ethanol'
1.0% v/v 1.0% v/v 1.0% v/v
4 .
Glucose ethanol '8 ethanol °f ethanol “¢
5 Glucose 0.2% v/v . 0.2% vl/v . 0.5% v/v
n-propanol n-propanol n-propanol
Cyanobacterium
Synechocystis sp. 6 24hr dark* 24hr dark 24hr light © 24hr light ©
7 24hr dark 0.5hr dark 1hr dark’ 1.5hr dark
8 24hr dark 1hr dark’ 6hr dark 11hr dark
9 24nhr dark 12.5hr light 13hr light * 13.5hr light
10 24hr dark 13hr light k 18hr light 23hr light

4.3 Materials and Methods

4.3.1 Experimental design.

Ten iTRAQ experiments generated from S. cerevisiae, S. solfataricus and Synechocystis sp.
yielded 5 technical replicates (1 set of S. cerevisiae; 2 sets of Synechocystis sp.; 2 sets of S.
solfataricus), 3 experimental replicates (2 sets of Synechocystis sp.; 1 set of S. solfataricus) and
3 biological replicates (all from S. solfataricus) as depicted in Table 4.1. The biological purpose
of these experiments was to investigate the alcohol metabolism of S. cerevisiae under high
gravity fermentation; the alcohol metabolism of S. solfataricus using different types of alcohols
and ketones; and the proteome response of Synechocystis sp. to changes in the 12hr light-dark
cycle (Chapter 5 and 6). The technical replicates are exp 1 (115:114), exp 2 (1 15:114), exp 4
(116:117), exp 6 (115:114) and exp 6 (116:117). The experimental replicates are exp 3

(117:114) and exp 4 (115:1 14); exp 7 (116:114) and exp 8 (115:114); exp 9 (116:114) and exp
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10 (115:114). The biological replicates are exp 4 (116:115), exp 4 (117:115) and exp 5

(116:115). The definition of these replicates is further illustrated in Figure 4.1.

4.3.2 Sample preparation.

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) unless otherwise
stated. S. cerevisiae was grown at 30°C with continuous stirring at 120rpm in a medium
consisting of 5g/L. yeast extract, 3g/L peptone, 5g/L. KH,PO,, 1.5g/L NH,4Cl, 0.7g/L MgSO,,

1.7g/L KCl, 5.8g/LL casamino acids, 7.2g/L. fresh yeast autolysate [385]; and different

concentrations of glucose, as shown in Table 4.1. The system was set up to maximise ethanol
production in S. cerevisiae by altering the glucose concentration. Cells were harvested at the

late-exponential phase by centrifugation at 3,000xg for 5 minutes at room temperature.

S. solfataricus was grown at 80°C in pH 4.0 basal medium [386] supplemented with 25ul of
Wolfe’s vitamins stock [387]. The culture was grown with various concentrations of alcohols
and ketones, either with or without 4.0g/L of glucose (Table 4.1) to investigate the ability of S.
solfataricus in alcohols or ketones conversion. S. solfataricus was harvested at the mid-

exponential phase by centrifugation at 5,000xg for 15 minutes at room temperature.

Synechocystis sp. was grown in BG-11 medium at 30°C on a 12 hour light-dark cycle with a
light intensity of approximately 120 uEinstein/mzs with continuous stirring at 200 rpm, and
bubbling with air (with 3% CO,) at 1.0 litre/min, for the study of cellular response in light-dark
cycle (Chapter 5 and 6). Cells were harvested at the mid-exponential phase at different time
points (Table 4.1) by centrifugation at 5,000xg for 5 minutes at 4°C (Detailed experimental

workflow is available in Chapter 6).

43.3 Protein preparation.

The harvested S. cerevisiae cell pellet was washed twice with deionised water, and twice with

yeast medium buffer consisting of 50mM 2-Morpholinoethanesulfonic acid (MES), 10mM
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EDTA, and 10mM MgCl, at pH 4.5 [388]. The pellet was then re-suspended in two volumes of
a solution consisting of yeast medium buffer and 5% v/v of a protease inhibitor cocktail.
Proteins were extracted using one volume of glass beads (425-600 um) coupled with vigorous
vortexing for 9 minutes, with each cycle alternating between 45 seconds vortex and 45 seconds
in an ice bath. The disrupted cells were centrifuged at 13,000xg for 5 minutes at room
temperature, and the supernatant containing soluble proteins was recovered. After protein
quantification (see below), 100ug of protein was precipitated using ice-cold acetone overnight
at -20°C, followed by centrifugation at 21,000xg for 5 minutes at 4°C. The washed pellet was

then re-suspended in 20uL of 500mM TEAB at pH 8.0, giving a final concentration of 5 pg/pL.

Cells harvested from Synechocystis sp. and S. solfataricus was re-suspended in 500mM TEAB
buffer. Synechocystis sp. and S. solfataricus proteins were extracted using liquid nitrogen
coupled with mechanical cracking [36, 389]. Proteins were recovered from the supernatant by
centrifugation at 21,000xg for 30 minutes at 4°C. The total protein concentration from all cell
extracts was measured using the RC DC Protein Quantification Assay (Bio-Rad, Hertfordshire,
UK) .according to the manufacturer’s protocol. The extraction buffer used here (500mM TEAB)
was different compared to a previous study (Chapter 3), due to the complementary nature of
TEAB buffer with the rest of the iTRAQ workflow. TEAB buffer was the “Dissolution Buffer”
in the iTRAQ kit, and was recommended by the Applied Biosystems. Furthermore, the previous
extraction buffer contained Tris, DTT, Bio-Lyte and a protease inhibitor cocktail which would

interfere with the iTRAQ reagent as well as the labelling procedures.

4.3.4 Isobaric peptide labelling.

100pg of protein in 20puL of 500mM TEAB from each phenotype was reduced, alkylated,
digested and labelled with iTRAQ reagents according to the manufacturer’s (Applied
Biosystems) protocol with some modifications. These included a two-day tryptic digestion and
two volumes of ethanol used during labelling. All samples were labelled as shown in Table 4.1.

After a two-hour incubation period, labelled samples were then combined and dried in vacuum

concentrator.
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4.3.5 Strong cation exchange (SCX) fractionation.

Due to the complementary nature of SCX separation with the iTRAQ workflow, SCX was
chosen ahead of other workflows described in Chapter 3. Furthermore, the labelling step
occurred at the peptide level, not the protein level, therefore workflows with protein pre-
fractionation, such as 1D-IEF and IEF-IEF, are not compatible. When comparing SCX-only and
IEF-only, the total number of proteins identified in these two workflows were about the same
(refer to Row 1 and 2 in Table 3.2). If the number of SCX fractions were to increase to 40, the
total number of protein identified was the highest (as depicted in Row 8, Table 3.2). Dried
peptides re-suspended in 200uL of Buffer A were fractioned using a PolySULFOETHYL™ A
Column (PolyLC, Columbia, MD, USA) 5 pum particle size of 100 mm length x 2.1 mm id, 200
A pore size, on a BioLC HPLC unit (Dionex, Surrey, UK) with a constant flow rate of
0.2ml/min and an injection volume of 200pl. Buffer A consisted of 10mM KH,PO, and 25%
acetonitrile, pH 3.0 and Buffer B consisted of 10mM KH,PO,, 25% acetonitrile and 500mM
KCl, pH 3.0. The 60-minute gradient consisted of 100% A for 5 minutes, 5% to 30% B for 40
minutes, 30% to 100% B for 5 minutes, 100% B for 5 minutes and finally 100% A for 5
minutes. The chromatogram was monitored through a UV Detector UVD170U and Chromeleon
Software, version 6.50 (Dionex/LC Packings, The Netherlands). Fractions were collected every
minute using a Foxy Jr. Fraction Collector (Dionex), and later were pooled together according
to manual manipulation of the chromatogram profile based on the peak intensity. The total
pooled fractions for each experiment are shown in Table 4.1. These fractions were dried in

vacuum concentrator, and stored at -20°C prior to mass spectrometric analysis.

4.3.6 Mass spectrometric analysis.

Each dried SCX peptide fraction was re-dissolved in 100uL of Switchos buffer (0.1% formic
acid and 3% acetonitrile) and then 20uL of sample was injected to the nano-LC-ESI-MS/MS
system for each analysis. Mass spectrometry was performed using a QStar XL Hybrid ESI
Quadrupole time-of-flight tandem mass spectrometer, ESI-qQ-TOF-MS/MS (Applied
Biosystems, Framingham, MA, USA; MDS-Sciex, Concord, Ontario, Canada) coupled with an
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online capillary liquid chromatégraphy system (Famos, Switchos and Ultimate from Dionex/LC
Packings, Amsterdam, The Netherlands) as described in a previous study [36]. The peptide
mixture was separated on a PepMap C-18 RP capillary column (LC Packings) with a constant
flow rate of 0.3uL/min. The LC gradient started with 3% Buffer B (0.1% formic acid in 97%
acetonitrile) and 97% Buffer A (0.1% formic acid in 3% acetonitrile) for 3 minutes, followed by
3% to 25% or 30% Buffer B for either 60, 90, 120 or 127 minutes, then 90% Buffer B for 7
minutes, and finally 3% Buffer B for 8 minutes. Triplicate independent LC-MS/MS injections
were made for all samples. The mass spectrometer was set to perform data acquisition in the
positive ion mode, with a selected mass range of 300 — 2000 m/z. Peptides with +2 to +4 charge
states were selected for tandem mass spectrometry and the time of summation of MS/MS events
was set to be 3 seconds. The two most abundant charged peptides above a 5 count threshold
were selected for MS/MS and dynamically excluded for 60 seconds with +50mmu mass

tolerance.

4.3.7 Data analysis.

Peptide identification and quantification was carried out using ProQuant software v1.1 (Applied
Biosystems; MDS-Sciex). The search was performed against the Mixed Genome Database
consisting of S. cerevisiae (6298 ORFs), S. solfataricus (2995 ORFs), Synechocystis sp. (3264
ORFs), Escherichia coli K12 (4237 ORFs) and 222 keratins extracted from human and mouse
[39]. The search parameters allowed for peptide and MS/MS tolerance up to 0.15 Daand 0.1 Da
respectively; one missed cleavage of trypsin; oxidation of methionine and cysteine modification
of MMTS. Only peptides above a 70% confidence were saved for identification and
quantification. ProGroup Viewer software v1.0.6 (Applied Biosystems, MDS-Sciex) was used
to group and identify proteins with at least 95% confidence. The peptide list obtained from
ProGroup Viewer was exported to Microsoft Excel for further analysis. Shared peptides;
proteins with 1 MS/MS; alien proteins (proteins identified from organisms other than the test
subject itself) and peptides without quantitation were further removed from the peptide list. All
peptide ratios were converted to logjo space, and average protein expression was estimated

using the following equation adapted from the ProQuant software tutorial:
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Where w; is 1/(%Error of the peptide); and x; is the log;, (peptide ratio). The % Error was
calculated by the ProGoup Viewer, representing an estimate of the error in the quantitation that

is determined for each ratio. The weighted standard deviation (SD,,) was estimated using the

following equations also adapted from the ProQuant software tutorial:

Weighted standard deviation, SD,, = S—D 2
bO.S ( )
v 2
Where SD is unweighted standard deviation and b= ~=L_ 7 (3)
2
w,

i

N
i=1
44  Results and Discussion

4.4.1 Quality of the data.

The data used in this study was carefully interpreted and filtered to ensure the accuracy of the
measurements in replicate analysis. The use of the Mixed Genome Database has been
demonstrated previously on this dataset to be very efficient in eliminating false positive
identifications down to less than 3%, and even to below 1% in some organisms (Synechocystis
sp. and S. solfataricus) [39]. The peak area under the reporter ion, which gives the relative (or
absolute) protein expression, was limited to those with a peptide confidence of 70% and above,
not to mention other criteria pre-set in the ProQuant software, such as the peak area being
greater than or equal to 40. Peptides with no quantification value, or having values of 9999 or 0
(the absence of one of the reporter ions during quantification) were removed. Each case was
subjected to manual inspection to ensure the loss of one of the reporter ions is not from an
intrinsic biological effect. So far no cases support or provide sufficient evidence that a peptide
could show an expression value of 9999 or 0. Shared peptides among proteins are common,
which sometimes confuses the type of regulation exhibited by their parental proteins. To avoid

this scenario, any quantitation contributed by the shared peptide is not considered. In order to

95



comply with the Paris Consensus, the general guideline for proteomics data publication, detailed
in the Molecular and Cellular Proteomics Journal (available on the website,

http://www.mcponline.org/), single MS/MS identification was not taken into account. However,

peptides found repeatedly in different LC-MS/MS injections which contribute to the overall
peptide count of more than 1 MS/MS experiment were considered in identification and
quantification. Full details regarding the implication of multiple injections was recently reported
in previous study [39]. The full list of data in each experiment can be found on the website at

http://wrightlab.group.shef.ac.uk/projects/, or in the Appendix D.

The problem of working in linear space during quantitation is the uneven peak distribution at
the range of the standard deviation. Hence all peptide ratios obtained were converted into logyo
space before compiling them into the calculation for the overall protein ratio, and the estimation
of the standard deviation. In fact, the estimated standard deviation of each ratio is an
independent assessment of the MS variation. The average of all standard deviations calculated
from each protein was then used to determine the MS variance as depicted in Table 4.2. The
protein expression ratio was normalised against the percentage error under the peak as shown in
equation 1, to remove bias caused by the difference in each label. Detailed calculation steps to
derive the relative iTRAQ protein ratio from its corresponding peptide are illustrated in

Appendix E.

In total, more than 300 valid proteins quantifications were recorded for S. cerevisiae and S.
solfataricus as shown in Table 4.2. The number of proteins used in this study for Synechocystis
sp. was significantly less, at approximately 200. This is due to the abundance problem in
pigment proteins, where it have previously shown in a qualitative study that only 776 protein
identifications were obtained for Synechocystis sp. from 6 different shotgun pre-fractionation
techniques [36]; unlike its counter-part S. solfataricus which does not have the abundance
problem, where a total of 1399 proteins identifications were reported with only 2 different

shotgun methods [389]. The challenge in protein abundance for cyanobacteria is yet to be
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addressed fully. Only proteins found in both sets of experiments in iTRAQ replicates were used

for analysis (Table 4.2).

Table 4.2. Summary of the number of proteins used in this analysis, MS variance of individual
experiments and the percentage of variation for technical, experimental and biological
replicates. For iTRAQ replicates, only proteins found in both sets of experiments were used.

Technical replicates

No. of MS %

Label proteins  variance variation

Expl 115:114 316 9.0x10™ 104
Exp2 115:114 444  14x10% 128
Exp4 116:117 329 12x10® 124
Exp6 115:114 196  1.1x10% 109
Exp6 116:117 200 5.8x10% 7.2

Average 1.0x10% 107

Experimental (iTRAQ) replicates
No. of MS %
Label  proteins variance variation

Exp3 117:114 2.4 x 107
Exp4 115:114 22 g3.qem 272
Exp7 116:114 2.1 x 10
Exp8 115:114 O 6xign 234
Exp9 116:114 7.8 x 10
Exp 10 115:114 T gsx10® 196

Average 2.0x 107 23.4

Biological replicates
No. of MS %
Label  proteins variance variation
Exp4 116:115 325 1.7x10%® 237
Exp4 117:115 325 14x10%® 231
Exp5 116:115 257 3.6x10% 289
Average 22x10" 252

4.4.2 Principle of replicate analysis.

The purpose of replication is to get as precise an estimate as possible of the effect of interest. It
seems impossible for a scientist to perform a perfect experiment. The existence of random
variations measured from the start, during, after the experiment, either contributed directly from
the test subject itself, or indirectly from the method or instrument variance, always poses a
threat to the quality of the information obtained. During experimental design, the variation
within the layout often over-looked. By simply assuming the variation is small, or negligible,

can sometimes cause fatal consequences to the experimental outcome. In this study, some
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possible sources of variation in an iTRAQ experiment were identified, measured in terms of
technical, experimental and biological variations. The use of technical replicates is important to
establish the significance in protein expression level, especially under tightly-regulated
environments. The experimental replicate is the actual iTRAQ replicate, the repetition of the
same samples in two or more experimental sets, and they must have the same reference point or

control. Biological replicates are used to examine the variation of random biological effects.

iTRAQ2 1.0

|
Tl

08 g

0.6

" y=10.8753x - 0.0093
R?=0.8129

0.4 0.6 0.8 1.0
iTRAQ 1

Figure 4.2. The theoretical relationship between an experimental replicate (y = x; dotted line)
against the best-fit line (y = 0.8753x — 0.0093; solid line) generated from the experimental data.
The slope of the best-fit line should have a value as close to unity as possible, whereas the

intercept should cross at 0.

Since replicate analysis involves the use of the same biological sample, either from the same or
a different sample pool. Their theoretical relationship should be X =Y, i.e. the slope of the
graph should be unity (slope of 1) or in another words, the division between these values should
be equal to one. For experimental replicates, the protein expression ratio in both iTRAQ
experiments should be similar, or ideally the same (Figure 4.2) whereas for technical and
biological replicates, the ratio of protein expression in the iTRAQ experiment should be 1.0.

Any variations deviating from unity would allow us to measure the random or structural
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nuisance effects from different types of replicates. This assumption holds true provided the test
subject comes from the same condition, however the effect from random conditions has yet to
be studied, before drawing any conclusions on the influence of replicate variations. Nonetheless,

one could assume the variations measured in this study would be indicative of those iTRAQ

experiments with random or different phenotypes.

The actual protein expression level is normally hidden by many existing variations. Let us
consider the following simple relationships:
Y proteint = Xirue + Buarl + Lettt T Poonct + Laevi + Maign + Tyant 4)
Yprotein2 = Xirue + Bvarz + Ler + Poonca + Lievz + Main + Tar2 ()
Where Y rorin'i is the observed protein expression; X, is the true protein expression; B, is the
biological variation of individual sample; L. is the labelling bias; P, is the bias in initial
protein concentration; 4, is the MS injection deviation; Mg is the difference in measurement
method, technique or instrument; and T, is the technical variations within a replicate. Subscript
-1 and 2 represent duplicate samples 1 and 2. L.y and P, are structural biases that can easily be
removed or normalised using bioinformatics tools, however this depends on the experimental
design and bioinformatics tools available, since ProQuant is designed to include these biases by
taking into considerations of L.y (and indirectly Pconc). lsev can be minimised by multiple
injections [39]. This leads us to the remaining variations of Bya, Maigr and Ty, before X, the
actual protein expression can be assessed, as seen in equations 6 and 7.
Y proteint = Xetrue T Bvart + Maimn + Tvari (6)
Y proteinz = Xirue T Bvaz + Maite + Tvar (7
For the study of technical replicates, the same sample from the same culture pool was used,
which eliminates the technical variation T, but the protein expression is still hindered by the
biological (Bys) and experimental (M) differences (equation 8).
Y protein = Xtue T Bvar T Maier (8)

An experimental replicate reduces the effect of My, and using biological replicates, By, is
reduced. In this study, the estimated experimental (iTRAQ) variation has a smaller observation
than the biological variation (Figure 4.4). Therefore it is possible to assume:
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Buar > Mgigr - 9
Hence, equation 6 and 7 can be simplified to the following form:

Y protein = Xirue + Byar (10)
This argument is true, provided the variation from the same sample in different iTRAQ
experiments exhibits a smaller divergence from the real value as the random biological effect in
an iTRAQ experiment. It is not known yet what the combination effects of the biological
replicate in two or more set of iTRAQ experiments is, instead of using same sample in different

experiments as illustrated for the experimental replicate.

4.43 Technical variation.

This variation ranges from protein extraction and protein quantification through to tryptic
digestion. One would assume the variations through these steps would be minor, if carried out
carefully. Using iTRAQ as the study subject, an average of *11% variation in protein
expression at the technical level was detected, as shown in Table 4.2. This is in agreement with
the findings from Redding ez al., where the internal error (technical replicate in an iTRAQ
experiment) was found to be £0.12 [212]. A similar technical replicate application employed in
an iTRAQ study of lung cancer cells [335] and FDCP-Mix cells [340] also reported a high
consistency between the labels. A separate iTRAQ study of human fibroblast revealed a
standard deviation in log space ranging from 0.039 to 0.067 [332]. In order to accurately
measure the variation at this level, MS variance in each experiment was recorded, and the
variance was reported at an average of 0.1% (Table 4.2), which suggests the MS performance
measured by triplicate injections does not have significant role in this replicate analysis. Aside
from S. cerevisiae, each organism contributes an equal amount of data, with S. solfataricus

exhibiting a slightly higher level of average variation at +12.6% compared to the rest.

An average of £11% variation across all three organisms does not indicate the accuracy of the
measurement. It only reveals the average dispersion caused by the technical variations. To be
able to measure the accuracy and the percentage of data expression that will fall within the

acceptable error range, each iTRAQ result is categorised into groups of variation ranging from
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10% to 100%. At £10% variation, 63% of the expression values fall within this range. In other
words, 63% of the proteins identified and quantified had a variation of expression of £10%. In
general, the number of proteins covered increases as the allowed variation increases. The
coverage level saturated at approximately £50% variation where more than 99% coverage of the
identified proteins occurred (Figure 4.3). In this instance, it is recommended a cut-off point of

+30% variation for a 95% coverage in protein expression, which is well above the average

variation of £11%.
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Figure 4.3. The percentage coverage at different variation levels for technical replicates. A total
of 5 replicates were used with 2 each from Synechocystis sp. and S. solfataricus respectively,

and 1 set from S. cerevisiae.

A similar concept of assessing the associated variations (from sample preparation to image
analysis) in a gel-based experiment (2-DE) was also reported by Choe and Lee [390]. In the
investigation, at least 95% spots presented in three out of four replicate gels had a cut off CV of
0.52. Furthermore, another study was conducted using the DIGE system, where two identical
gels (where an identical protein sample is utilised across the multi-gel experiments) were used
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