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Abstract

This project focused on the Photosystem II (PS II) extrinsic proteins Psb28 and Psb28-2
and reports, for the first time, results using a mutant deficient in Psb28-2. The psb28 and
psb28-2 genes were interrupted with antibiotic-resistance cassettes both singularly and in
combination together. The resulting strains: psb28, Psb28-2 and psb28:Psb28-2
along with a wild-type control strain were physiologically tested to determine
photoautotrophic growth rates; oxygen evolution rates; vulnerability to, and ability to
recover from, photoinhibition; relative quantities of PS II; fluorescence characteristics at
liquid nitrogen temperatures; and the expression of psb28 and psb28-2. The two single
mutants (psb28 and Psb28-2) were found to grow slightly slower than wild type and
the double mutant (psb28:Psb28-2) was found to grow slower again. No substantial
differences were found in oxygen evolution rates, ability to recover from and
susceptibility to photoinhibition or the relative quantities of PS II between mutants and
wild type. The use of 77 K fluorescence was developed during this project and was
subsequently used to demonstrate that the mutants lacking Psb28-2 have deficient energy
transfer between the phycobilisomes and the photosystems, thus providing the first
indication of separate functions of the Psb28 and Psb28-2 proteins. This project has laid
the groundwork for further research into Psb28 and Psb28-2, and the psb28, Psb28-2
and psb28:Psb28-2 strains created in this project will provide the tools for further
research into these proteins.
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Ax nm

Absorbance at wavelength x in nm

bp

Base pairs
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N-cyclohexyl-3-aminopropanesulfonic acid

cDNA

complementary DNA

DCMU

3-(3,4-dichlorophenyl)-1,1-dimethylurea

dCTP [-32P] Deoxycytidine triphosphate radiolabeled with 32P at the position
ddH2O

Distilled deionised water

DEPC

Diethylpyrocarbonate

EDTA

Ethylenediaminetetraacetic acid

g (force)

Standard gravity or G-force, as a unit of force where 1 g = 9.8 N.Kg-1

g (mass)

Grams, the standard SI unit for mass

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Kb

Kilobase pairs (1,000 bp)

μE

microEinstein (1.0 μE = 1.0 μmol photons)

MOPS

3-(N-morpholino)propanesulfonic acid

ODx nm

Optical density at wavelength x in nm

OEC

Oxygen evolving complex

PCR

Polymerase chain reaction

PEG-8000

Polyethylene glycol with an average molecular weight of 8000

PSI

Photosystem I

PSII

Photosystem II
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psi

Pounds per square inch

RT-PCR

Reverse transcriptase polymerase chain reaction

RuBisCO

Ribulose-1,5-bisphosphate carboxylase oxygenase

Tris

tris(hydroxymethyl)aminomethane

Nomenclature for Genes, Proteins, and Strains

Throughout this thesis; a standard nomenclature has been used to describe proteins and
genes in Synechocystis sp. PCC 6803, furthermore, this standard has been extended to
describe mutant strains of Synechocystis sp. PCC 6803. The names of genes have been
written in italics and beginning with a lower case letter, such as the psb28 gene,
conversely the names of the corresponding proteins are given in regular typeface (not
italic) and beginning with an uppercase letter, such as the Psb28 protein. This standard
has been continued with the naming of the Synechocystis sp. PCC 6803 mutant strains
created in this project. As such null mutant of the Psb28 protein was created by deleting a
portion of the gene itself and replacing the deleted genetic material with a resistance
cassette, and as such has been called the psb28 strain. However, the null mutant of the
Psb28-2 protein was created by simply interrupting the gene with a resistance cassette,
leaving the entire gene present but non-functional, and as such has been called the
Psb28-2 strain.
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Chapter 1:

Introduction

1.1 The Origin of Photosystem II
About two and a half billion years ago, an enzyme evolved capable of catalysing the
most thermodynamically and chemically difficult reaction of all biology (Barber,
2002; Barber 2003). This enzyme was capable of capturing the energy from sunlight
and using it to split water into its constituent parts: hydrogen, electrons and oxygen.
This simple, yet challenging, reaction provided two ingredients that would change the
Earth. Directly it provided reducing equivalents in virtually unlimited supply –
thereby allowing biology to convert carbon dioxide into organic molecules useful to
life, freeing biology from the need to use hydrogen sulphide, ammonia, or organic
acids as hydrogen/electron donors – all of which were, when compared to water at
least, in limited supply (Barber, 2003). Furthermore molecular oxygen, released from
the water-splitting reaction as a by-product, would build up and have far reaching
consequences for the planet (Barber, 2002). After saturating the oceans and mineral
deposits, the evolved O2 converted the atmosphere from anaerobic to aerobic,
allowing life to dramatically increase the efficiency of metabolism with use of aerobic
pathways (Buick, 2008). Secondly the build-up of oxygen in the atmosphere of Earth
caused the formation of the ozone layer; protecting the surface of the planet from
damaging ultraviolet radiation emitted from the sun. The combination of this increase
in metabolic efficiency coupled with a protected surface allowed large body plan
organisms to evolve and venture out of the seas to colonise the land. In a nutshell,
Earth became teeming with life, fundamentally supported both energetically and
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environmentally by the action of the light-driven enzyme now known as Photosystem
II (PS II).

1.2 Cyanobacteria
Cyanobacteria are a phylum of bacteria that are capable of photosynthesis and
possibly best known as the precursor organism to the chloroplast through
endosymbiosis (Mereschkowsky, 1905; Martin and Kowallik, 1999). Cyanobacteria
are a diverse group of bacteria that have proven themselves capable to inhabit a
diverse range of environments – habitats and morphologies are equally varied in
cyanobacteria. Leptolyngbya antarctica exists in microbial mats in frozen lakes in the
Antarctic (Jungblut et al., 2009), to the other extreme in Yellowstone National Park
Synechococcus strains inhabit waters of temperatures up to 72°C while other
cyanobacteria dominate progressively cooler waters producing dramatic bandings of
colour around the edge of the springs (Boomer et al., 2009). In the open oceans the
single celled Prochlorococcus genus accounts for greater than half the photosynthetic
activity, while at the sea’s edge Nostoc pruniforme forms beaded gelatinous colonies
commonly known as Mare’s eggs. In fresh water too, cyanobacteria have come to
dominate, the cyanobacterium Synechocystis sp. PCC 6803 that has been used in this
study is an example of a freshwater, mesotrophic cyanobacteria.

Synechocystis sp. PCC 6803 has been used as a model organism in this project in
order to study the process of photosynthesis. The William’s strain (Williams, 1988)
was specifically developed to allow research into photosynthesis, as this strain, unlike
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the wild type is glucose tolerant. This allows mutations of the photosynthetic
machinery to be studied even if those mutations prevent photosynthesis from being
performed by providing the cells with glucose for respiration. Furthermore
Synechocystis sp. PCC 6803 is naturally transformable through double homologous
recombination (Eaton-Rye, 2004; Eaton-Rye, 2011), allowing mutagenic studies to be
undertaken with relative ease.

1.3 Photosynthesis

1.3.1 Light-dependent reactions
Almost all energy used by biological organisms is derived either directly or indirectly
from photosynthesis by plants, algae, and cyanobacteria. The pathways of
photosynthesis begin with the splitting of water. Chlorophyll molecules in the antenna
structure of PS II absorb a photon of light and pass the photon’s energy to a special
group of “reaction centre” chlorophyll molecules known as P680. The P680 reaction
centre uses the energy to transfer an “excited” electron to pheophytin (Pheo) a
“chlorophyll” molecule lacking the central magnesium. The “hole” left behind creates
P680+ which is then reduced back to P680 with an electron derived from tyrosine Z,
which in turn obtains an electron from the oxygen-evolving complex (OEC)
responsible for water splitting. Pheophytin passes the electron onto a bound quinone
QA and then onto a transiently associated quinone from the plastoquinone pool in the
QB site of PS II.
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The electron continues to cascade down the photosynthetic electron transport chain
passing from the plastoquinone pool to the cytochrome b6f complex and plastocyanin
before reaching Photosystem I (PS I). Electron transport through the electron transport
chain is coupled with the translocation of protons from the stroma (plants) or cytosol
(cyanobacteria) to the lumen, across the thylakoid membrane, providing the proton
motive force needed to produce ATP by ATPase (Nelson and Yocum, 2006).

Once the electron reaches PS I it is re-excited by the absorbed light energy that has
been passed to the PS I reaction centre chlorophylls known as P700; this occurs in
much the same way as with PS II with light energy being first captured in the antenna
and then used to excite an electron to a higher energy state in P700. The re-excited
electron is passed to the primary acceptor A0 (also a chlorophyll molecule) before
being oxidised by A1 (i.e., phylloquinone or vitamin K) and in turn the electron is
passed between three iron sulfur complexes. Finally the electron is passed to
ferredoxin which is used as a substrate for ferredoxin-NADP+ reductase (FNR) to
produce NADPH from NADP+ providing reducing power for the cell. Alternatively,
ferredoxin can reduce the plastoquinone pool to allow for cyclic electron transport to
take place, thereby producing a larger proton gradient and therefore increasing ATP
production through ATPase. This process is summarised in Figure 1.1.
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Figure 1.1: Photosynthetic electron transport in cyanobacteria. Light is absorbed
by phycobilins within the Phycobilisome (Phy), the subsequent energy is channelled
through the core antenna to the special group of “reaction centre” chlorophyll
molecules (P680) thereby beginning charge separation. Water acts as the electron
donor being oxidised at the manganese cluster (4Mn), and electron transport continues
from P680 through pheophytin (Pheo), the QA and QB sites before reduction of the
plastoquinone pool (PQ) by PS II. Electron transport continues through the
cytochrome b6f complex (Cyt b6f), plastocyanin (PC) and through PS I to generate
NADPH by the enzyme ferredoxin-NADP+ reductase (FNR). Protons pumped across
the membrane in this process are used by ATPase to generate ATP. Not all steps have
been shown, and note this diagram focuses on electron transport through PS II.

1.3.2 Light-independent reactions
The ATP and NADPH produced in the light reactions detailed above are used in the
light-independent reactions or carbon fixation, in order to produce carbohydrate, as an
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energy store for the organism. The details of carbon fixation are beyond the scope of
this work; however, it is worth noting that there are many subtly different ways in
which carbon fixation is achieved in photosynthetic organisms. Most plants for
example use the well-known Calvin-Benson cycle to fix CO2 in a simple C3
configuration (where the first stable intermediate is a three carbon compound);
however, there are also C4 plants that first store the carbon dioxide as
phosphoenolpyruvic acid to avoid the problem of “photorespiration” by RuBisCO
(ribulose bisphosphate carboxylase oxygenase, the enzyme that catalyses the first step
of the Calvin-Benson cycle). RuBisCo has a high affinity for O2 as well as CO2 and
can therefore undergo a potentially wasteful reaction where oxygen is fixed at the
expense of carbon dioxide (Bower and Leegood, 1997). In some bacteria on the other
hand the reverse Krebs cycle is used to fix carbon, this pathway simply being the
citric acid cycle run in reverse to generate carbohydrate (Buchanan and Arnon, 1990).

1.4 Photosystem II
Responsible for the first stages of photosynthesis is the multi-subunit membranebound complex, PS II. Mature PS II is arranged as a dimer in the thylakoid
membrane, with each monomer containing at its centre an OEC (Barber, 2003; Nixon
et al., 2010). Energy to drive the enzymatic oxidation of water and reduction of
plastoquinone is derived from the sun, captured by chlorophyll molecules in the
antenna and eventually passed to the special chlorophyll molecules of P680 where the
energy is used to drive the photochemistry of PS II. The remarkable water-splitting
reaction itself is carried out at the OEC, this catalytic centre sequentially removes two
electrons from each of two molecules of water (four electrons in total), thereby
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generating molecular oxygen. As the four electrons are removed from the water, the
OEC progresses through five intermediate S states (S0, S1, S2, S3 and S4; Figure 1.2)
elucidated by Joliot et al. (1969) and Kok et al. (1970). Beginning in the dark stable
S1 state photons of light excite P680 causing it to acquire an electron from the
Mn4CaO4 cluster, this converts the system from S1 to S2. This is repeated to bring S2
to S3 and S3 to S4 at which point oxygen is released and the S0 state is achieved. Four
photons can then progress the system through S1, S2, S3 and S4 to continue the cycle.

Figure 1.2: S-state cycle of the oxygen-evolving complex. When PS II is exposed to
single turnover flashes of light, oxygen evolution occurs after a period of four flashes.
During each of these flashes the OEC proceeds through the five S-states (S0, S1, S2, S3
and S4) culminating in the oxidation of two molecules of water and release of the
corresponding O2 molecule.
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The mature form of PS II consists of a functional dimer with each monomer having
approximately 20 protein subunits depending of the species in question (Hankamer et
al., 2001; Kashino et al., 2002). Along with the protein subunits PS II contains a large
number of cofactors including but not limited to: chlorophylls, pheophytins,
plastoquinones, manganese, calcium, chlorine, bicarbonate, hemes and a non-heme
iron (Roose et al., 2007). As one can imagine, the biogenesis of this structure is
immensely complicated, and indeed much remains to be discovered regarding the
biogenesis of PS II (Nixon et al., 2010).

Photosystem II biogenesis is divided up into stages (Rokka et al., 2005). The first
major production of PS II is the PSII-RC (D1, D2, PsbI and Cyt b559) followed by the
addition of CP47 to form CP47-RC. The inactive CP43-less monomer (the first stage
seen on a BN-PAGE (Blue Native-Polyacrylamide Gel Electrophoresis)) gel is
formed with the addition of PsbH, PsbM, PsbT and in plants PsbR, this monomer
contains the other core proteins but lacks CP43 and a few other subunits and is not
capable of evolving oxygen and splitting water. The second major population of PS II
is the active monomer, fully assembled and containing the CP43 subunit this
monomer is capable of photochemistry, and will evolve oxygen and split water when
exposed to light. Finally the native dimeric form of PS II consisting of two active
monomers bound together is assembled and forms a supercomplex with the lightharvesting apparatus (Phycobilisomes in cyanobacteria) (Rokka et al., 2005).
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Crystal structures of PS II have been studied at depth. Recently four of such structures
have provided a detailed view of the PS II dimer from Thermosynechococcus
elongatus. The first of these recent structures was from Ferreira et al. (2004) at a
resolution of 3.5 Å and the second from Loll et al. (2005) at 3.0 Å resolution, and a
recent structure at 2.9 Å resolution by Guskov et al., (2009) (but also see Guskov et
al., 2010). Finally and most recently, Umena and colleagues published a 1.9 Å
solution (Umena et al. 2011). These crystal structures have been, and will
undoubtedly continue to be, an invaluable source of information to research in the
field; however, many proteins are only transiently associated with PS II, such as
FtsH2 protease that processes the D1 protein, Psb27 that is involved in biogenesis and
repair on the lumenal face, and Psb28 from the cytosolic side of the thylakoid
membrane (Nixon et al., 2010).

1.5 The Psb28 Protein Family

1.5.1 The Psb28 and Psb28-2 Proteins
In Synechocystis sp. PCC 6803 just as in many other (but not all) cyanobacteria there
are two copies of the psb28 gene. These copies are defined as psb28 encoding the
Psb28 protein and psb28-2 encoding the Psb28-like protein or Psb28-2. Open reading
frames sll1398 and slr1739 correspond to psb28 and psb28-2, respectively. Psb28 is
an approximately 13 kDa extrinsic protein associated with the cytosolic (or stromal in
plants) side of the thylakoid membrane (Figure 1.3) (Ikeuchi et al., 1995; Roose et al.,
2007), and is 112 amino acids in length. Psb28-2 is slightly longer at 122 amino acids,
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and is correspondingly slightly heavier at approximately 14 kDa. Sequence
alignments of the Psb28 and Psb28-2 proteins reveals the extra residues of Psb28-2 to
predominantly form two defined insertions (Figure 1.4). By the presence or absence
of these two insertions a Psb28 protein can be defined into one of the two groups,
Psb28 or Psb28-2. An example of this is in Microcystis aeruginosa NIES-843, where
there are two ORFs annotated to encode Psb28, in this case the ORF MAE54390
encodes Psb28 and the ORF MAE25430 encodes Psb28-2. Further study of a multiple
sequence alignments preformed in this study reveal three regions which are absolutely
conserved between Psb28 and Psb28-2 (Figure 1.4). These regions are presumably
very important for the function of the protein in vivo. Here I define these regions as
the R..RF and D.EG motifs (employing the single letter amino acid code) and the
conserved glutamic acid.

1.5.2 Early Work
Psb28 was first identified by Ikeuchi et al. (1995), who referred to Psb28 as PsbW, a
13 kDa extrinsic protein of PS II. Ikeuchi and co-workers identified the protein as
located on the cytosolic side of the thylakoid membrane through a basic column
separation method. Research on Psb28 was not pursued for several years until
Kashino et al. (2002) found Psb28 and its sister protein Psb28-2 (the Psb28-like
protein) in purified PS II preparations from Synechocystis sp. PCC 6803. Kashino and
colleagues used a strain with His-tagged CP47 and nickel affinity chromatography to
extract the PS II complexes, keep in mind Dobáková and colleagues (2009) argue that
this method is unable to separate the active and inactive monomers of PS II. Kashino
and colleagues renamed the proteins Psb28 and Psb28-2, as in the years since the
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initial discovery another PS II protein found in higher plants but absent in
cyanobacteria had been named PsbW (Granvogl et al., 2008; Dobáková et al., 2009).
Indeed some cyanobacteria psb28 genes are still exclusively and incorrectly named
psbW such as the open reading frame Ava_0593 in Anabaena variabilis ATCC 29413
identified as psbW as opposed to correctly as psb28. It is worth noting that the gene
psb28 has been referred to as psb28, psbW, ycf79 and psb13 in various publications
since its first discovery in 1995. Following on from Kashino and co-workers,
overwhelming evidence has been raised in support of an association of Psb28 with PS
II (Nixon et al., 2010).

1.5.3 Association with small CAB like proteins
Small CAB-like proteins of cyanobacteria resemble the transmembrane regions of
light-harvesting proteins of higher plants; however, cyanobacterial small CAB-like
proteins consist of only one (thought to be membrane spaning) helix. The function of
small CAB-like proteins is not fully understood; however, they are generally
expressed as a response to stress (Kufryk et al., 2008). It has been speculated that the
small CAB-like proteins play a role in binding chlorophyll in the membrane during
biogenesis and repair of the photosystems thereby protecting the cell from toxic
radicals associated with free chlorophyll (Funk and Vermaas, 1999, but see also Wu
and Vermaas, 1995). Using His-tagged ScpD (one of the most prominent Small CABlike proteins) Yao et al. (2007) found Psb28 to interact with ScpD by using MALDITOF mass spectrometry. An interaction between ScpD and CP47, and a weaker
interaction between ScpD and CP43 was found in addition to interacting with Psb28
when investigating the possible nearest neighbour of ScpD using relatively high
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concentrations of β-dodecyl maltoside to solubilise the extracted complexes (Yao et
al., 2007). This research can be used to provide indirect evidence of Psb28 interacting
with the core of PS II.

1.5.4 Recent Work
Sakurai and colleagues, in two closely related papers, found Psb28 was accumulated
in purified PS II monomers in Synechocystis sp. PCC 6803 mutants lacking pgsA
(Sakurai et al., 2007a), and also in Synechocystis sp. PCC 6803 mutants lacking dgdA
(Sakurai et al., 2007b). Removing the pgsA gene results in the inability to produce the
lipid phosphatidylglycerol and removal of dgdA results in the inability to produce the
lipid digalactosyldiacylglycerol. The 3.0 Å crystal structure of the PS II complex
assigned one phosphatidylglycerol molecule and four digalactosyldiacylglycerol per
PS II monomer (Loll et al., 2005); however, phosphatidylglycerol is known to be
present as the most abundant lipid in PS II suggesting potentially more may be
discovered with even higher resolution (Sakurai et al., 2006). This lead the authors to
the assumption that both lipids are important to the photosynthetic machinery and thus
pursued knock out studies. Although there are different sub sets of PSII monomers,
the active and inactive monomers, the method employed by Sakurai and colleagues
(Sakurai et al., 2007a and b) to separate monomers and dimers with ultracentrifuging
through a glycerol density gradient was unable to differentiate between the different
types of PS II monomers. Even so, the detection of Psb28 in monomers in preference
to dimers can be used to support the hypothesis of a Psb28 function related to the
assembly of PS II. Although the authors note Psb28 accumulation in both their strains,
in contrast to the extrinsic proteins which bind to the lumenal side of PSII (PsbO,
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PsbU, PsbV, PsbQ and Psb27), they offer no explanation for this observation; and
indeed their results can provide little evidence towards a hypothesis, they do,
however, voice the assumption that Psb28 is involved in assembly of PSII subunits,
and call for further research.

Figure 1.3: Putative location of Psb28 depicted attached to the cytosolic face of
PS II. Psb28 is depicted bound to a PS II monomer attaching to the cytosolic face of
PS II. Current evidence suggests that Psb28 binds to CP47 in both the active and
inactive monomers (Yao et al., 2007; Dobáková et al., 2009). With the absorbance of
light providing energy, water is oxidised at the manganese cluster (4Mn) in the
oxygen-evolving centre, energy is passed through a tyrosine (Yz) to a cluster of 4
chlorophyll molecules (P680), exciting P680 to P680*. A pheophytin (Pheo) molecule
is reduced by P680* and in turn oxidises a bound quinone (QA). Electrons are passed
from the PS II complex to the plastoquinone pool through plastoquinone molecules
reversibly binding to a pocket (QB) and acquiring electrons from QA.
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Dobáková et al. (2009) conducted extensive research on Psb28 in Synechocystis sp.
PCC 6803. The group showed that Psb28 was associated with PS II on the cytosolic
side of the thylakoid membrane and most probably interacting with CP47, apparently
predominantly in the inactive monomer stage of biogenesis. This was indicated by
screening membrane and soluble fractions of a whole cell extract preparation from
Synechocystis sp. PCC 6803. Psb28 was detected in the extracted membrane fraction
with an antibody specific to Psb28, albeit loosely bound to the membrane as indicated
by the removal of more than 90% of the protein with 1 M CaCl2. Secondly Psb28 was
mostly removed with use of trypsin, which acts on the cytosolic side of the
preparation (Komenda et al., 2002), agreeing with previous knowledge on the location
of Psb28. Blue Native PAGE results suggested that the majority of Psb28 was not
attached to the PS II complexes in vivo and was accordingly found at the bottom of
the gel; however, a small amount was detected with the inactive CP43-less monomer
using mutants that accumulate CP43-less monomers. For a sub stochiometric (when
compared to D1) protein having a high proportion of the protein unbound was not
surprising, as a sub stochiometric protein is very likely to have a transient role in
biogenesis and repair of PS II.

Using strains that accumulate the inactive PS II monomer Dobáková et al. (2009)
confirmed the relationship of Psb28 with the inactive CP43-less monomer repeating
the experiments from above, they also demonstrated a lesser association with the
active monomer, they immediately suggested this to be a transient association. Three
separate strains that accumulate the inactive PS II monomers were employed for these
experiments: the phycobiliprotein-free mutant (Ajlan and Vernotte, 2008), the D1-
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Asn-359 site-directed mutant (Kuviková et al., 2005), and the ΔPsbC/Δslr0228 double
mutant lacking CP43 (PsbC) (Komenda et al., 2006). Through this series of
experiments Dobáková and co-workers robustly show an important association of
Psb28 with the inactive CP43-less monomer.

To accompany their proteomic research Dobáková and colleagues also produced a
ΔPsb28 mutant. This mutant demonstrated slightly slower than normal growth under
photoautotrophic conditions. Dobáková et al. (2009) also reported the absence of
Psb28 reduced the abundance of PS I present in the cells. This reduction was detected
using a semiquantitative western blot and also supported with 77K measurements on
an Optical Density (cell turbidity) basis which showed a relative increase in PS II in
the ΔPsb28 mutant. Pulse chase experiments indicated a slight increase in D1 turnover
and photoinhibition studies showed the ΔPsb28 strain to equally sensitive to lightinduced photoinactivation; however, the authors state the repair of PS II seems to be
slightly more efficient in the mutant (see also Aro et al., 1993; Adir et al., 2003).
When this experiment was done in the presence of protein synthesis inhibitors no
difference in outcome was reported.

The absence of Psb28 under extreme light conditions (2000 μE.m-2.s-1) was reported
by Dobáková and colleagues to cause degradation of the PS II proteins; in the pulsechase experiment used, this is particularly apparent for D1, and notably not observed
for CP47. Thermoluminescence characteristics (monitoring the stability of
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intermediate redox states of the PS II complex following absorption of light) were
unchanged in the ΔPsb28 mutant.

Dobáková and colleagues showed through radio-labelling experiments on the ΔPsb28
mutant that Psb28 is needed for the efficient synthesis of CP47. The group also
reported that the absence of Psb28 also negatively affected the synthesis of PsaA and
PsaB from the PS I complex. CP47, PsaA and PsaB are all chlorophyll-binding
proteins and chlorophyll levels in the mutant cells were apparently reduced, and this
could explain the association with the PS I proteins; however, the synthesis of other
major chlorophyll-binding proteins (D1, CP43) was unaffected. Several precursors to
chlorophyll were found in higher quantities in the ΔPsb28 mutant, in particular
photoporphyrin IX.

Overall Dobáková et al. (2009) argue that Psb28 is required for the biogenesis of
CP47 and is also important in the synthesis of other chlorophyll-binding proteins
(PsaA and PsaB). The group also present an alternative (although not a mutually
exclusive alternative as both could be correct) where Psb28 is also important for
chlorophyll synthesis. They demonstrated that Psb28 is not important for the
functional properties of PS II and is more likely involved in the biogenesis and repair
cycles of PS II.
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1.6 Structure of Psb28
Recently the structure of Psb28 from Synechocystis sp. PCC 6803 was solved using
NMR (Yang et al., 2011; Figure 1.4. Yang et al. (2011) found Psb28 to be
predominantly composed of β strands with seven β strands arranged into two antiparallel β sheets. The protein also had three α helix regions, two very short and one
long α helix were clearly defined: nine loop regions connected these elements. Nine
solvent accessible cavities were defined, ranging from 418.1 Å2 to 35.5 Å2 in surface
area. The authors draw attention to two of these cavities (cavities four and nine using
their nomenclature) as likely to be of evolutionary significance due to the fact that
these two cavities had the highest levels of highly conserved residues with 5/7 and 4/6
highly conserved residues, respectively. However, this structure has not led to any
significant insight into the function of the protein in upon itself, it does however
provide insight into what residues and cavities are likely to be functional and
therefore targeted for further research.
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Psb28
----MAEIQFSKGVAETVV-PEVRLSKSKNGQSGMAKFYFLEPTILAKESTDDITG-MYL
Psb28-2 MMTLTPTIEFFADLPEELSNVSLRRNSTTGARTVVMTFERLQAIEKFQSFTQRFNGHLRL
Psb28
IDDEGEIITREVKGKFING-----RPTAIEATVILNSQPEWDRFMRFMERYGAENGLGFS
Psb28-2 ADEEGAMEIEPSSVKFIFGGDEGDELRGAQCSFDLVKNDHWERFIRFMERYAEANGMGYQ
Psb28
KSE
Psb28-2 DR-
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Figure 1.4: A cartoon representation the secondary structure of the Psb28
protein as resolved by Yang et al. (2011). Highlighted are the highly conserved
regions (further details and discussion are presented in section 4.2 on the conserved
motifs). The R..RF motif is highlighted in red, the D.EG motif in orange and the
conserved glutamic acid is shown in yellow. The remainder of the Psb28 protein is
shown in blue and the six histidine tag added by Yang et al. (2011) wheat. (Drawn
using the PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.,
http://www.pymol.org/). Below a sequence alignment of Psb28 and Psb28-2 from
Synechocystis sp. PCC 6803 with the conserved motifs residues in red, and secondary
structure indicated in Psb28 with blue highlighting representing α-helix and yellow
highlighting indicating β sheet.

1.7 Project Objectives
In this study the cyanobacterium Synechocystis sp. PCC 6803 was used to study the
role of Psb28 and Psb28-2 in PS II. The specific aims of this project were to produce
mutants lacking the Psb28 and Psb28-2 proteins, both separately and in combination,
and to use the three corresponding mutant strains to establish if there are independent
roles for the two Psb28 proteins or if they act together in a synergistic way.
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Chapter Two:

Materials and Methods

2.1 Materials

2.1.1 Chemicals
All reagents used were acquired from either, AJAX chemicals (Sydney, NSW,
Australia), AppliChem (Gatersleben, Germany), BioRad (Hercules, CA, USA), DBH
Chemicals Ltd. (Poole, England, UK), ChemService (West Chester, PA, USA), Roche
(Penzberg, Germany), Scharlau Chemie (Barcelona, Spain), Global Science and
Technology (Auckland, New Zealand), Serva (Heidelberg, Germany), or SigmaAldrich Inc. (St. Louis, MO, USA). All chemicals were of analytical grade.

2.1.2 Liquid Nitrogen
Liquid nitrogen was supplied by BOC Group plc (Guildford, England, UK).

2.1.3 Oligonucleotides
Synthetic oligonucleotides used in this study were purchased from Sigma-Aldrich
(Australia) and listed in table 2.1.

2.1.4 Escherichia coli
The DH5 strain: endA1 hsdR17 (rk-,mk-) supE44 thi-1 recA1 gyrA rel A1
80lacZM15 (lacZYAargF) U169 was obtained from Invitrogen,.(CA, USA) E.
coli was grown in either liquid LB or on LB agar plates at 37C with appropriate
antibiotics, and was stored either on plate at 4C for short term storage or at -80C in
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the presence of 40% glycerol (v/v).

2.1.5 Synechocystis sp. PCC 6803
The wild-type isolate of the Synechocystis sp. PCC 6803 strain used in this study was
described by Williams (1988). All mutant strains used in this project were made
during this study. Synechocystis sp. PCC 6803 strains were maintained on BG-11 agar
plates containing 5 mM glucose, 20 M atrazine and appropriate antibiotics. In liquid
cultures (using BG-11) atrazine was not present and flasks were aerated using filtered
air from aquarium pumps. Cyanobacteria were grown under constant illumination (30
E.m-2.s-1) and at 30C.

2.1.6 Growth Media

2.1.6.1 Lysogeny Broth
Lysogeny broth (LB media) contained, 16 g.L-1 bactotryptone, 10 g.L-1 yeast extract,
and 5 g.L-1 NaCl. In addition 15 g.L-1 Bacto-agar was added for plates.

Antibiotics were added to the media after autoclaving and cooling to 65C where
appropriate. Ampicillin was added to either 50 g.mL-1 or 100 g.mL-1, kanamycin
was added to 50 g.mL-1, and chloramphenicol was added to 30 g.mL-1.

2.1.6.2 Super Optimal Broth
Super Optimal Broth (SOB media) was made to give final concentrations of: 20 g.L-1
bactotryptone, 5 g.L-1 yeast extract, 0.586 g.L-1 NaCl and 0.186 g.L-1 KCl. After
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autoclaving at 15 psi for 20 min in a bench top autoclave, 10 mL of sterile 1 M MgCl 2
and 10 mL of sterile 1 M MgSO4 was added to each litre of media.

2.1.6.3 Super Optimal Broth with Catabolite Repression
Super Optimal Broth with Catabolite Repression (SOC media) is identical to SOB
media except it contains a very slightly reduced amount of NaCl (0.584 g.L-1) and the
addition of 20 mL sterilised 1 M glucose after autoclaving to each litre of media.

2.1.6.4 BG-11 Media
BG-11 media used in this study contained: 1.496 g.L-1 NaNO3; 74.9 mg.L-1
MgSO4.7H2O; 36 mg.L-1 CaCl2.2H2O; 6 mg.L-1 citric acid; 2.86 mg.L-1 H3BO3; 1.81
mg.L-1 MnCl2.4H2O; 222 g.L-1 ZnSO4.7H2O; 79 g.L-1 CuSO4.5H2O; 49.4 g.L-1
Co(NO3)2.6H2O; 6 mg.L-1 ferric ammonium citrate; 20 mg.L-1 Na2CO3; 30.5 mg.L-1
K2HPO4, and 0.25 M NaEDTA (pH 8). When used in plates, 3 g.L-1 sodium
thiosulfate, 10 mM TES (N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid)
/NaOH (pH 8.2) and 15 g.L-1 Bacto-agar was added.

Glucose and antibiotics were added where appropriate, and after autoclaved media
was cooled to 55C, to give final concentrations of: 5 mM glucose, 25 g.mL-1
kanamycin and chloramphenicol; for solid media only, 20 M atrazine was added.

Buffered BG-11 was used at pH 7.5 and pH 10, this was made by the addition of 25
mM HEPES (3-[4-(2-hydroxyethyl)-1-piperazinyl]propanesulfonic acid)/NaOH pH
7.5 or the addition of 25 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic
acid)/NaOH pH 10 to liquid media prior to autoclaving.
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2.1.7 Buffers and Solutions

2.1.7.1 Sodium Boric Acid Buffer
Sodium boric acid buffer (SB Buffer) (Brody and Kern, 2004) was used for gel
electrophoresis of DNA samples. A twenty times SB stock was produced containing
200 mM NaOH adjusted to pH 8 with boric acid. This stock was stored at room
temperature.

2.1.7.2 Inoue Transformation Buffer
Inoue transformation buffer was used in the making of competent E. coli cells. The
buffer contained 55 mM MnCl2.4H2O, 15 mM CaCl2.2H2O, 250 mM KCl and 10 mM
HEPES pH 6.7. The solution was filter sterilised and stored at 4°C until use.

2.1.7.3 Alkaline Lysis Solutions
Solutions used in Alkaline lysis plasmid isolation:
Solution one contained 50 mM glucose, 25 mM Tris pH 8 and 10 mM EDTA
Solution two contained 0.2 M NaOH and 1% SDS.
Solution three contained 3 M potassium acetate, and 11.5% acetic acid.
All three solutions were stored at room temperature.

2.1.7.4 TE Buffer
Tris EDTA buffer (TE Buffer) contained 10 mM Tris/HCl pH 8 and 1 mM EDTA.
This solution was sterilised by autoclaving and stored at room temperature.
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2.1.7.5 DEPC Treated Water
One millilitre diethylpyrocarbonate (DEPC) was added to 1 L mili-Q water and mixed
with a magnetic stirrer overnight. The water was incubated for 8 h at 37ºC ensuring
the DEPC water mix made contact with the lip of each bottle by placing the bottles
upside down. This was followed by autoclaving in a stovetop autoclave at 15 psi for
20 min.

2.1.7.6 MOPS Buffer
A 10 times MOPS (3-(N-morpholino)propanesulfonic acid) buffer stock was made to
give final concentrations of: 0.2 M MOPS, 0.05 M sodium acetate (pH 5), 0.01 M
EDTA (pH 8), and buffered to pH 7 with NaOH. This buffer was stored in a dark glass
bottle at room temperature.

2.1.7.8 RNA Loading Buffer
A two times RNA loading buffer was created by combining 500 µL formamide, 160
µL 37% formaldehyde, 100 µL 10X MOPS, 100 µL glycerol, 105 µL sterile DEPCtreated water, 25 µL 10 mg.mL-1 bromophenol blue (in ethanol), and 10 µL 10
mg.mL-1 ethidium bromide in a 1.5 mL microcentrifuge tube free from RNase
contamination. This was stored at -20ºC.

2.1.7.8 Saline-Sodium Citrate
A twenty times stock of Saline-Sodium Citrate (SSC) was made to contain 135 g.L-1
NaCl, 88.2 g.L-1 tri-sodium citrate dihydrate adjusted to pH 7.0 with HCl.
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2.2 Methods

2.2.1 Standard Practice
Throughout this study standard microbiological techniques were used, making use of
laminar flow cabinets whenever necessary to maintain a sterile working environment.
All solutions were made from distilled deionised water (ddH2O) and where necessary
this was sterilised either by autoclaving, for 20 min at 15 psi and 250ºC, or with
sterile filters (Millipore, MA, USA).

2.2.2 Polymerase Chain Reaction

2.2.2.1 Polymerase Chain Reaction for General Purposes
Polymerase Chain Reaction (PCR) was used in cloning of genomic DNA fragments
from Synechocystis sp. PCC 6803. A standard 100 L PCR mix was made with sterile
ddH2O containing 1X PCR buffer (Expand High Fidelity PCR System, Roche,
Penzberg, Germany) with 1.5 mM MgCl2, 200 M dNTPs, 0.5 M forward and
reverse primers, 800 ng DNA template and 0.02 U Expand Taq Polymerase (Expand
High Fidelity PCR System, Roche, Penzberg, Germany). This 100 L mix was
divided into four 25 L aliquots and used in an annealing temperature gradient in an
Eppendorf Mastercycler (Eppendorf, Hamburg, Germany). Initial denaturing was at
94ºC for 3 min, followed by 28 cycles of 30 s denaturing at 94ºC, 3 min 45 s
annealing at 42-58ºC, and 2 min 20 s extension at 71ºC. The reaction was completed
with 4.5 min at 72ºC and 5 min at 25ºC. Product amplification was confirmed by gel
electrophoresis and products were cloned into pGEM-T Easy or used in other
downstream protocols.
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2.2.2.2 Colony PCR with Cyanobacteria
Colony PCR was used to verify that transformed DNA had segregated through all
copies of the Synechocystis sp. PCC 6803 genome. A 100 L PCR mix was made as
in Section 2.2.2.1 except 3% Tween 20 (Polysorbate 20) was added, genomic DNA
removed, 1 M forward and reverse primers were used and 5 U Platinum Taq
Polymerase (Invitrogen, CA, USA) was used as the polymerase. This 100 L mix was
divided into four aliquots and a small amount of Synechocystis sp. PCC 6803 cells
scraped from a plate was resuspended in each aliquot. An Eppendorf Mastercycler
(Eppendorf, Hamburg, Germany) was used for the reaction. Initial denaturing was for
10 min at 94ºC and was followed by 26 cycles of 35 s denaturing at 94ºC, 1 min
annealing at 57ºC, and 5 min extension at 71ºC. The cycle was completed with 4.5
min at 72ºC and 5 min at 25ºC, before being held at 4ºC until examined by gel
electrophoresis.

2.2.2.3 Fusion PCR
Fusion PCR was used to fuse two PCR derived DNA fragments together, producing a
hybrid larger product (Wang et al., 2002; Roose and Pakrasi, 2008). The method is
essentially the same as in section 2.2.2.1; however, 2.5 M forward and reverse
primers were used, genomic DNA was replaced by three PCR products that were to be
fused (2 L of each of the previous 10 L); these PCR products had 20 bp
complementary overhangs present at the ends to be fused. One enzyme unit of Expand
Taq Polymerase (Expand High Fidelity PCR System, Roche, Penzberg, Germany) was
used. Denaturing, annealing and extension times were increased to 1 min, 2 min and 7
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min, respectively. Forty cycles of PCR were performed.

2.2.2.4 Reverse Transcriptase PCR
Reverse Transcriptase PCR was performed in 10 L PCR reactions containing 1X
PCR buffer (Expand High Fidelity PCR System, Roche, Penzberg, Germany), 1.5
mM MgCl2, 200 M dNTPs, 0.66 M forward and reverse primers, 1/3 U Platinum
Taq Polymerase (Invitrogen, CA, USA) and 2 L cDNA product (see Section 2.2.19).
An Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) was used for RT-PCR
reactions. Initial denaturing was for 5 min at 94ºC and was followed by 35 cycles of
30 s denaturing at 94ºC, 1 min annealing at 57ºC, and 1 min extension at 71ºC. The
cycle was completed with 4.5 min at 72ºC and 5 min at 25ºC, before being held at
10ºC until examined by gel electrophoresis.

2.2.3 Gel Electrophoresis for Separation of DNA Samples
DNA samples were separated by loading onto a 25 mL, 0.8% agarose gel using SB
buffer both as the running buffer and the gel buffer. The Horizon 58 horizontal gel
system (Life Technologies, Inc., MD, USA) was used to run 25 mL gels.
Electrophoresis was conducted for 20 min at 200 V, followed by staining by soaking
in 1 mg.mL-1 ethidium bromide for 10 min. Gels were visualised with the Bio-Rad
Gel Doc EQ system.

2.2.4 Purification of DNA after Gel Electrophoresis
After running agarose gels and staining with ethidium bromide the banding was
visualised under UV light and the bands of interest were excised with a scalpel. The
excised band was purified using the PureLink Quick Gel Extraction Kit (Invitrogen,
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CA, USA) as described in the manufacturer’s instructions.

2.2.5 DNA Blunt Ending
After DNA digestion and gel extraction where necessary protruding, 5’ termini were
removed with 1-2 U T4 DNA polymerase in the presence of 0.2 mM dNTPs and a
restriction enzyme buffer (1X). The samples were incubated at 12ºC for 15 min and
the enzyme heat inactivated at 75ºC for 10 min.

2.2.6 DNA Ligation
The pGEM-T Easy vector system was used in this project, this vector allowed for TA
cloning to be used to ligate PCR products directly into the pGEM-T Easy vector.
Ligations of this type were performed in 10 L reactions containing 1 L of the PCR
product to be cloned and 25 ng of pGEM-T Easy vector in the presence of 66 mM
Tris-HCl pH 7.5, 5 mM MgCl2, 1 mM dithiothreitol, 1 mM ATP with 0.3 U T4 DNA
Ligase. DNA Ligations of blunt ends were also performed. Blunt ligations were
performed in 20 L reactions containing 9 L of insert fragment and 3 L of vector
plasmid in the presence of 66 mM Tris-HCl pH 7.5, 5 mM MgCl2, 1 mM
dithiothreitol, 1 mM ATP, 5% PEG-8000 with 1 U T4 DNA Ligase. All ligations were
performed overnight at 22ºC and transformed into competent E. coli cells.

2.2.7 Competent E. coli Cells

2.2.7.1 Preparation
A modified method of the protocol used by Inoue and colleagues (Inoue et al., 1990)
was used to give E. coli cells competence. A single E. coli DH5

was used to
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inoculate a small overnight culture grown in LB media at 37ºC on a shaker. This
culture was used to inoculate 25 mL LB media and grown for a further 6 – 8 h with
vigorous shaking. Three 1 L flasks were set up containing 250 mL of sterile SOB
media. These three flasks were inoculated with 10 mL, 4 mL, and 2 mL of starter
culture; all three flasks were then incubated overnight at 17ºC with moderate shaking.
The OD600 nm of these flasks were monitored until one of the flasks reached an OD600
nm

of 0.55, at this point the remaining two flasks were discarded and the chosen flask

was held on ice for 10 min. Cells were harvested by centrifugation at 2500 g for 10
min at 4ºC (Beckman Avanti J-25 centrifuge, JA-17 rotor). The supernatant was
discarded and the centrifuge bottles were allowed to dry upside down on paper towels
for 2 min. The cells were resuspended in 80 mL ice-cold Inoue transformation buffer
by swirling followed by harvesting at 2500 g for 5 min at 4ºC. Again the supernatant
was discarded and the centrifuge bottles allowed to dry. Cells were resuspended in 20
mL ice-cold Inoue transformation buffer and 1.5 mL DMSO was added drop by drop.
The bacterial suspension was mixed by swirling for 10 min. Cells were dispensed into
aliquots of 300 L in sterile micro centrifuge tubes held in ethanol containing dry ice
to immediately snap-freeze the cells. The cells were stored at -80ºC until use.

2.2.7.2 Transformation
Competent E. coli cells were allowed to thaw on ice. The entire ligation mixture or 1
g of closed plasmid was added to 100 L of competent cells and mixed by gentle
flicking of the tube. The tubes were left on ice for 30 min before being heat shocked
at 42ºC for 45 s followed by 1–2 min on ice. To each tube 800 L SOC media was
added and the cells were incubated on a wheel at 37ºC for 45 min. Cells were
concentrated by centrifugation at 12000 g for 10-20 s and resuspended in 200 L LB

30

Materials and Methods

media. Bacteria were plated onto LB agar plates containing appropriate antibiotics
and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) where necessary.
Plates were grown overnight at 37°C.

2.2.8 Alkaline Lysis Plasmid Isolation from E. coli
An overnight mini-culture of E. coli carrying the desired plasmid was grown in LB
media. Cells were harvested at 12000 g for 30 s (IEC Micromax bench-top
microcentrifuge) and the pellet resuspended in 100 L Solution one and left at room
temperature for 5 min followed by ice for 5 min. To the preparation, 200 L Solution
two was added and the samples were mixed thoroughly. The samples were held on ice
for 5 min before 150 L Solution three was added. Again the samples were mixed
thoroughly before being incubated on ice for 5 min followed by centrifugation at
12000 g for 5 min. Chloroform extractions (using 100 L chloroform containing 1:24
isoamylalcohol) were performed on 350 L of the supernatant until the interface was
clear. To the upper phase 180 L isopropanol was added and the DNA was allowed to
precipitate for 10 min. DNA was collected by centrifugation at 12000 g for 10 min.
The supernatant was removed by vacuum aspirator and the DNA pellet dried at 37°C.
The extracted plasmid was resuspended in 50 L TE buffer with added RNase A (2
L 10 mg.mL-1 RNase A was added to 1 mL TE buffer) and the samples used
immediately for downstream purposes or stored at -20°C.

2.2.9 DNA Sequencing
DNA sequencing was performed at the Allan Wilson Center for Molecular Ecology
and Evolution (AWCMEE) at Massey University, 400 ng of plasmid DNA and 3.2
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pmol of sequencing primers were diluted in 15 L of ddH2O. When M13 primers
were used; these were provided by AWCMEE.

2.2.10 Transformation of Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803 is a naturally transformable cyanobacteria, this was
exploited during this study. A fresh liquid culture of the background strain of
Synechocystis sp. PCC 6803 was grown for 2-3 days. Cells were harvested at 2760 g
at room temperature (IEC Centra MP4R) in a sterile Falcon tube. The pellet was
resuspended in 2 mL BG-11 media. In a sterile test tube, dilution of the cyanobacteria
was performed resulting in an OD730 nm of 2.5 in a total volume of 0.5 mL BG-11. Ten
microlitres of the transforming plasmid or the entire fusion PCR reaction was added
to the cyanobacteria and the cells were left overnight under standard growing
conditions. This entire transformation was plated onto a filter (Whatman Nuclepore
polycarbonate membrane circles, Whatman, UK) overlaid onto a BG-11 agar plate
containing glucose and atrazine. The cells were allowed to grow for another 15 h
before the filter was transferred to a fresh plate containing selective antibiotics
appropriate for the strain being created. Visible colonies usually appeared after two
weeks, at which point single colonies were picked and maintained for several weeks
on plate to allow for segregation of the transgenic material through all copies of the
Synechocystis sp. PCC 6803 genome. Complete segregation was confirmed by colony
PCR (Section 2.2.2.2).

2.2.11 Determination of Chlorophyll a Concentration in Cyanobacteria
After thorough resuspension of Synechocystis sp. PCC 6803 cells; 10 µL of cells were
mixed thoroughly with 1 mL of 100% methanol. This solution was centrifuged at
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12000 g for 5 min (IEC Centra MP4R) and the A663

nm

of the supernatant was

measured. The chlorophyll a concentration was calculated on the basis that a 1
mg.mL-1 chlorophyll a sample has an A663 nm of 82.
2.2.12 Measurement of Photoautotrophic Growth in Cyanobacteria
To measure photoautotrophic growth starter cultures of Synechocystis sp. PCC 6803
strains were grown in the presence of glucose and appropriate antibiotics to an OD730
nm

of 0.8. Cells were harvested in 50 mL Falcon tubes at 2760 g at 25°C (IEC Centra

MP4R). In order to remove the glucose from the cultures, cells were resuspended in
50 mL BG-11 with a vortex and centrifuged at 2760 g at 25°C, this was repeated a
further two times. After the last centrifugation the cells were resuspended in 5 mL
BG-11 and the OD730 nm determined. This sample was used to inoculate cyanobacterial
flasks containing 150 mL BG-11 with appropriate antibiotics but lacking glucose to
give an OD730

nm

0.05. The cyanobacteria were then grown for five days, taking

measurements of the OD730 nm every 24 h.

2.2.13 Measurement of Oxygen Evolution in Cyanobacteria
A Clark-type oxygen electrode (Hansatech, UK) was used to measure the oxygen
evolution by Synechocystis sp. PCC 6803 whole cells. Liquid cultures of
cyanobacteria were grown mixotrophically to give an OD730

nm

of 0.8-1.0. The

cultures were harvested in sterile 50 mL Falcon tubes at 2760 g (IEC Centra MP4R)
and washed twice with BG-11 pH 7.5. After the cells were resuspended using a
vortex, the cells were diluted to give a chlorophyll a concentration of 10 g.mL-1 in
BG-11 pH 7.5, and incubated under normal growth temperature and light intensity for
45 min in a small beaker mixed with a magnetic stirrer. At this point oxygen electrode
measurements could be taken or a photodamage experiment undertaken (Section
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2.2.14). The true zero line of oxygen was determined by adding sodium dithionite to
water in the electrode chamber and adjusting the electrode to zero, air saturated water
was then measured in the electrode chamber. One millilitre of the cell suspension was
placed in the oxygen electrode chamber and potassium ferricyanide and 2,5-dimethylp-benzoquinone were added to give concentrations of 1 mM and 0.2 mM,
respectively. Baseline evolution was measured for 1 min before saturating actinic light
of 2 mE.m2.s-1 was applied (FLS1 light source, Hansatech, UK), this light was passed
through a Melles Griot OG 590 sharp cut-off glass filter. Oxygen evolution was
measured under saturating light for 3 min followed by an additional 1 min without
saturating light. The initial slope of the trace was used to calculate the rate of oxygen
evolution where µmoles O2.mg Chl-1.h-1 was obtained from the following equation:
((0.235 µmoles O2.mL-1 x 1 mL x 60 min.h-1)/(calibration voltage mV x 0.01 µg
Chl.mL-1)) x initial slope

2.2.14 Measurement of Photoinhibition and Recovery
Measurement of oxygen evolution was used to study photoinhibition in vivo. Cells
were prepared and tested as in Section 2.2.13. In a small beaker, cells mixed with a
magnetic stirrer were subjected to 45 min of high intensity white light (2000 µE.m-2.s1

) from a Kodak Ektalite 1000 slide projector. The cells were then allowed to recover

under normal light conditions. Oxygen evolution measurements were taken every 15
min for a total of 120 min.

2.2.15 Herbicide Binding Assay
In order to determine the relative quantities of PS II reaction centers, DCMU was
used to compete for PS II reaction center QB sites with
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14

C labeled atrazine in a
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herbicide-binding assay (Vermaas et al., 1990a and Summerfield et al., 2005). Two
litres of Synechocystis sp. PCC 6803 culture was grown to an OD730 nm of 1.0. Cells
were harvested by centrifugation at 5000 g for 5 min. The cells were washed once
with 25 mM HEPES/NaOH pH 7 and resuspended in 25 mM HEPES/NaOH pH 7 and
diluted to give a chlorophyll a concentration of 100 µg.mL-1. Half millilitre
cyanobacteria aliquots were dispensed into a series of microcentrifuge tubes and

14

C

labelled atrazine was added to final concentrations of: 1000, 500, 333, 250, 200, 167,
143, 125, 100, 83 nM, in the presence and absence of 5 µM DCMU. Samples were
mixed by inversion and incubated in the dark for 30 min. Cells were pelleted by
centrifugation at 12000 g for 5 min and 800 µL of the supernatant was used for
scintillation counting. Bound atrazine was calculated by the subtraction of the amount
of atrazine bound in the presence of DCMU from amount of atrazine bound in the
absence of DCMU. Free atrazine concentrations were graphed against bound atrazine
concentrations on the basis of chlorophyll a on a reciprocal plot. The y intercept is
indicative of the chlorophyll a:PSII ratio and the x intercept is the inverse of the
atrazine dissociation constant.
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2.2.16 Fluorescence Spectra at 77 Kelvin

2.2.16.1 Collection of Spectra
Fluorescence spectra of Synechocystis sp. PCC 6803 were collected at liquid nitrogen
temperatures (77 K spectra) using a Perkin-Elmer Fluorescence Spectrophotometer
MPF-3L retrofitted with adaptations to hold a custom made silver plated glass dewar,
and with a 9 V battery operated potentiometer installed to provide a digital readout of
the emission wavelength.

Cyanobacterial cultures were grown to an OD730 nm of approximately 0.6. Cells were
harvested at 2760 g and resuspended to a chlorophyll a concentration of 1 g.mL-1 for
phycocyanin excitation or 3 g.mL-1 in the case of chlorophyll excitation in BG-11
media. Six hundred microlitres of this suspension were transferred to a glass EPR
(electron paramagnetic resonance) tube and frozen with liquid nitrogen by repeatedly
dipping the EPR tube briefly in liquid nitrogen until the contents of the tube were
completely solid, the tubes were then held in liquid nitrogen until spectra were
measured.

Ensuring that both shutters were closed and a lid placed over the EPR tube access
point the lamp of the spectrophotometer was allowed to warm up for 30 min before
experimentation began. The glass dewar was carefully filled with liquid nitrogen and
inserted into the spectrophotometer sample chamber. The excitation wavelength was
set to the appropriate wavelength for the pigment being excited, 440 nm when
exciting chlorophyll and 580 nm when exciting phycocyanin. The emission slit was
set to 4 nm and the excitation slit was set to 10 nm. The spectrophotometer was
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calibrated by setting the reference sensitivity to direct and adjusting the sample
sensitivity to give a reading of zero, followed by setting the sample sensitivity to 100
and adjusting the dark current to give a reading of zero.

An EPR tube containing frozen cyanobacteria was inserted into the spectrophotometer
dewar and a lid placed over the EPR tube access point. The shutters were opened and
three emission spectra from 500 nm through to 800 nm were collected for each
sample with a scan speed of setting number 4.

2.2.16.2 Analysis of 77 K Data
The three emission spectra from each sample were averaged in order to remove noise.
Using the extreme red and blue ends of the spectra as a guide (approximately ranges
of 500 nm – 630 nm and 775 nm – 800 nm) a curve was fitted of the function y=ae-bx
where a and b are variables specific to each averaged trace, e is Euler's number
(approximately 2.71828183), x is the excitation wavelength and y is the observed
fluorescence emission. This curve was removed from the trace by subtraction in order
to remove light scatter caused largely by imperfections in the freezing process. As this
measurement is a relative measurement of fluorescence, traces were normalised to an
appropriate peak, 725 nm for excitation at 440 nm and 650 nm for excitation at 580
nm.

2.2.17 RNA extraction from Cyanobacteria
Approximately 300 mL of cyanobacteria were grown photoheterotrophically in the
presence of appropriate antibiotics. Cells were harvested at an optical density of 0.50.6 at 730 nm by centrifugation at 2760 g. Pelleted cells were frozen in liquid nitrogen
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and stored at -80ºC until further use.

Cells were thawed on ice and refrozen in liquid nitrogen. Following 2 freeze thaw
cycles the pellet was resuspended in 2 mL phenol (pH 8.0) at 65ºC and 2 mL NAES
solution (50 mM sodium acetate, 10 mM EDTA, 1% SDS, pH 5.1). Aliquots were
placed into bead-beating tubes and topped with 0.1 mm Zirconia/Silica beads
(BioSpec Products, Inc., USA). Three cycles of bead beating were performed at 5000
rpm for 20 s using a mini-Bead beater (BioSpec Products, Inc., USA), tubes were held
on ice a minimum of 5 min between each cycle. Working in a 4ºC environment,
samples were clarified by centrifugation at 13000 g for 10 min and the supernatant
was transferred into a 1.5 mL microcentrifuge tube. The samples were washed twice
with phenol/chloroform (1:1) and once with chloroform, and then the aqueous phase
was collected by centrifugation at 13000 g for 10 min. Nucleic acids were precipitated
with 1/10 volume 3 M sodium acetate (pH 6.0) and 2 volumes ice cold ethanol and
pelleted by centrifugation at 13000 g for 10 min. Pellets were resuspended in 250 µL
of DEPC-treated water and overlaid onto a 0.5 mL cesium chloride cushion (5.7 M
CsCl, 100 mM EDTA, pH 7.0) and RNA was pelleted by centrifugation at 290000 g
for 90 min at 10ºC. The RNA pellet was resuspended in 200 µL of DEPC-treated
water and transferred to a 1.5 mL microcentrifuge tube and washed with an equal
volume chloroform to remove any insolubles as above. RNA was then precipitated
with ethanol and resuspended in 200 µL DEPC-treated water. Samples were stored at
-80ºC until further use.

The RNA concentration was determined spectrophotometrically. All solutions were
made using DEPC-treated water and all glassware was baked at 250ºC for a minimum
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of 5 h before use to inactivate any RNase present. All plasticware used was certified
free from RNase activity by the manufacture and surfaces were cleaned with 0.1 M
sodium hydroxide made with DEPC-treated water prior to undertaking the extraction
protocol.

2.2.18 Gel Electrophoresis for Separation of RNA Samples
An agarose/formaldehyde gel was used to separate RNA samples. One times MOPS
buffer was used for RNA gel electrophoresis containing 1.5% agarose. After the
agarose was dissolved and the gel cooled to approximately 60ºC, 1.4 mL 37%
formaldehyde was added to each gel before pouring. The Horizon 58 horizontal gel
system (Life Technologies, Inc., MD, USA) was used to run 25 mL gels. The gel was
equilibrated prior to loading samples by running electrophoresis at 100 V for 10 min.
Ten to forty micrograms of total RNA was mixed with an equal volume of 2X RNA
Loading Buffer and denatured at 65ºC for 10 min before immediately loading onto the
gel for electrophoresis at 70 V for 70 min. Gels were visualised with the Bio-Rad Gel
Doc EQ system.

2.2.19 cDNA Synthesis

2.2.19.1 DNase treatment of RNA sample
In a 200 µL PCR tube, 1.5 µg of total RNA isolated from Synechocystis sp. PCC 6803
was treated with 1 U DNase I (Invitrogen, Carlbad, CA, USA) in the presence of 20
mM Tris-HCl (pH 8.4), 2 mM MgCl2, and 50 mM KCl in a total volume of 10 µL at
room temperature for 15 min. One microliter 25 mM EDTA was added to the sample
before inactivation of DNase I by heat inactivation at 65ºC for 10 min.
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2.2.19.2 Synthesis of cDNA Strand
The total reaction of DNase treated RNA was used for cDNA synthesis. The
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlbad, CA,
USA) was used. To each tube 1 µL 10 mM dNTPs and 1 µL 50 ng.µL-1 Random
Hexamers were added followed by 5 min incubation at 65ºC and 2 min incubation on
ice. To each tube 10 µL of “cDNA synthesis mix” was added; this mix contained: 40
mM Tris-HCl (pH 8.4), 100 mM KCl, 10 mM MgCl2, 20 mM DTT, 4 U.µL-1 RNase
OUT, and 20 U.µL-1 SuperScript III reverse transcriptase. The reaction was mixed and
briefly spun in an IEC Micromax bench top centrifuge to ensure the contents were
settled at the bottom of each tube. Samples were incubated at 25ºC for 10 min, 50ºC
for 50 min, 85ºC for 5 min and finally cooled on ice for at least 5 min. Removal of the
RNA complement strand was achieved by addition of 2 U RNase H followed by
incubation at 37ºC for 20 min. The samples were stored at -20ºC until further use.

2.2.20 Northern Blot Analysis
Total RNA was separated by gel electrophoresis as described in Section 2.2.18. The
gel was rinsed in DEPC-treated water for 15 min, followed by rinsing in 10X SSC for
15 min. A capillary blot was set up according to the standard protocol. Nucleic acids
were transferred to a Hybond-XL nylon membrane (Amersham Biosciences, NJ,
USA) overnight using 10X SSC. The membrane was rinsed in 2X SSC to remove
trace agarose and allowed to dry for 5 min. The RNA was fixed by backing at 80°C
for 2 h, and the membrane stored at 4°C until use.
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PCR products were used as probes and were radiolabelled with dCTP [-32P] using
the Radprime DNA labeling system (Invitrogen, CA, USA) as described in the
manufacturer’s instructions.

The membrane was soaked in 10 mL pre-hybridisation solution in a pre-hyb bottle at
37°C for at least 6 h. To the radiolabelled probe 1 µL of 10 mg.mL-1 salmon sperm
DNA was added and the probe was denatured at 100°C for 10 min followed by being
cooled on ice for 5 min. The probe was then added to the pre-hyb bottle and incubated
at 37°C overnight. The membrane was washed twice with 2X SSC for 5 min at room
temperature, rinsing with 2X SSC and this was followed by washing twice with 2X
SSC + 0.2% SDS for 30 min at 65°C, rinsing with 2X SSC. The final two washes
were with 0.1X SSC for 10 min at room temperature, rinsing with 0.1X SSC. The
membrane was then dried under a lamp and exposed to X-ray film (Kodak BioMax
XAR Film, Eastman Kodak, NY, USA) and developed in a film-developing machine.

2.2.21 Multiple Sequence Alignment
Protein sequences of Psb28 proteins were obtained from Cyanobase (Hirosawa et al.,
1995; Nakao et al., 2010) in the case of cyanobacterial sequences or SwissProt in the
case of algae or plant sequences. Sequences were aligned with ClustalW 2.0.12
(Larkin et al., 2007).
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Chapter Three:

Results

3.1 Creation of Cyanobacteria lacking Psb28 and Psb28-2

3.1.1 Construction of the psb28 mutant by Fusion PCR
A fusion PCR protocol was used to replace the sll1398 ORF, representing the psb28
gene, with a kanamycin-resistance cassette (Figure 3.1). A kanamycin-resistance
cassette was amplified by PCR (Section 2.2.2.1) using forward primer I and reverse
primer J listed in Table 2.1, this 1236 bp fragment corresponded to the entire
kanamycin-resistance cassette. Simultaneously PCR was used to amplify two regions
of the Synechocystis sp. PCC 6803 genome. Using primer E and primer F (Table 2.1)
a 535 bp fragment beginning 506 bp upstream of sll1398 ORF was amplified and
using primer G and primer H (Table 2.1) a 415 bp fragment beginning immediately
after the termination codon of psb28 was amplified. Two of these primers, primer F
and primer G, (Table 2.1) contain 20 bp extensions that correspond to each end of the
kanamycin-resistance cassette to allow for the fragments to be fused by further PCR
reactions.

All three PCR fragments were used as template in a single fusion PCR reaction. The
three PCR products (upstream, downstream and kanamycin-resistance cassette
fragments) were used in a PCR reaction with primer E and primer H (Table 2.1) also
present (Section 2.2.2.3). The result of this PCR; although not showing a clear band
was used to transform wild-type Synechocystis sp. PCC 6803 directly, yielding mutant
colonies. As the PCR products obtained by this reaction were below the level
detectable by gel electrophoresis, refer to the colony PCR (Figure 3.4) for
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confirmation of the strain.

3.1.2 Construction of the Psb28-2 mutant by Molecular Cloning
The open reading frame slr1739 encoding the protein Psb28-2 from Synechocystis sp.
PCC 6803 was amplified in two parts by PCR introducing a synthetic SacI restriction
enzyme site into the slr1739 open reading frame. This amplification was achieved by
PCR (Section 2.2.2.1) using primer E and primer F (Table 2.1) to amplify a 784 bp
region beginning 719 bp upstream of the initiation codon (the upstream fragment) and
primer G and primer H (Table 2.1) to amplify a 910 bp region beginning 36 bp
downstream of the initiation codon (the downstream fragment). Both of these
fragments were ligated into the pGEM-T Easy Vector (section 2.2.6) and cloned into
E. coli (Section 2.2.7) producing plasmid’s designated pGEM:psb28-2US and
pGEM:psb28-2DS, respectively.

The pGEM-T Easy vector contains a native SacI site located in the plasmids multiple
cloning site. As SacI was to be used as the site to insert an antibiotic-resistance
cassette into a pGEM-T Easy-based plasmid a modified pGEM-T Easy was created by
digesting circular pGEM-T Easy without an insert with SacI, followed by removing
the protruding 3’ overhangs with T4 DNA polymerase (Section 2.2.5) and performing
a blunt ligation (Section 2.2.6) to re-circularise the plasmid and produce a plasmid
with a 4 bp deletion from 107-110; thus removing the SacI site. This plasmid was
designated pGEM(SacI).
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to produce the final product that was transformed directly into Synechocystis sp. PCC 6803 to produce the psb28 knockout strain.

PCR reactions. These fragments as well as a kanamycin-resistance cassette also produced through PCR were used together in one PCR reaction

Figure 3.1: Construction of psb28 mutant by Fusion PCR. Upstream and downstream fragments (flanking regions) were amplified by initial

E

Initial PCR

E
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The plasmids pGEM:psb28DS and pGEM(SacI) were digested with SphI and PstI and the
resulting insert from pGEM:psb28DS was ligated into pGEM(SacI) by sticky end ligation
(Section 2.2.6) producing pGEM(SacI):psb28DS. The insert derived from digesting
pGEM:psb28US with SacI and SphI was ligated into pGEM(SacI):psb28DS digested with the
same enzymes. This produced pGEM(SacI):psb28(SacI). Finally pGEM(SacI):psb28(SacI)
was digested with SacI and a chloramphenicol-resistance cassette derived from the plasmid
pBR325 ligated into the plasmid producing the pPsb28-2 construct. This cloning process is
summarised in Figure 3.2.

The plasmid pPsb28-2 was checked by restriction enzyme digest (Figure 3.3) and by
sequencing before being used to transform both wild type and the psb28 mutant (Section
2.2.10), yielding mutant colonies.
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Figure 3.2: Construction of pPsb28-2 plasmid. Upstream and downstream PCR fragments
derived from Synechocystis sp. PCC 6803 were cloned into pGEM-T Easy. The downstream
fragment was transferred to a pGEM-T Easy vector with SacI removed from the multiple cloning
site (MCS) before the insert from the upstream clone was transferred. Finally a chloramphenicolresistance cassette was inserted into the synthetic SacI site.

1

2

3

4

5
NotI 43 EcoRI 52

2 kb
pPsb28-2

1 kb

EcoRI
1359

NotI 2690 EcoRI 2683

Figure 3.3: Restriction digests of pPsb28-2. Lane 1 shows 1 kb ladder, lane 2 is pGEM-T
Easy digested with EcoRI, lane 3 pGEM-T Easy digested with NotI, lane 4 pPsb28-2 digested
with EcoRI, and lane 5 is pPsb28-2 digested with NotI. On the right a diagram of the
correpsonding plasmid is shown to assist with interpretation.
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3.1.4 Verification of Segregation
Following transformation, mutant Synechocystis sp. PCC 6803 colonies were picked and
maintained on plates with appropriate antibiotic selection for several weeks to allow for the
mutated copy of the gene to fully segregate through all copies of the Synechocystis sp. PCC 6803
genome. The segregation of the strains was tested through colony PCR (Section 2.2.2.2)
confirming all copies of the genome contained the interrupted or deleted gene (Figure 3.4). These
strains were designated psb28, Psb28-2, and psb28:Psb28-2.

psb28
KanR
psb28-2
ChlR
1 kb

1
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3

4
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8
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10

2 kb
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Figure 3.4: Colony PCR confirming the segregation of Synechocystis sp. PCC 6803, wild
type, psb28, Psb28-2, and psb28:Psb28-2 strains. Lanes 1 and 6 show 1 Kb plus ladder,
lane 2 shows colony PCR probing segregation of psb28 in wild-type cells, lane 3 psb28 in
psb28, lane 4 psb28 in Psb28-2, lane 5 psb28 in psb28:Psb28-2, lane 7 psb28-2 in wild
type, lane 8 psb28-2 in psb28, lane 9 psb28-2 in Psb28-2, lane 10 psb28-2 in psb28:Psb282. Above the gels is a diagram to assist with interpretation of the gels, with psb28 (lime green)
and psb28-2 (yellow) as present in both wild type and mutants of each gene interrupted with
kanamycin (blue) and chloramphenicol (bright green) resistance cassettes respectively.

3.2 Growth of Cyanobacteria Mutants
The four Synechocystis sp. PCC 6803 strains, wild type, psb28, Psb28-2, and psb28:Psb282 were grown under photoautotrophic conditions for five days under normal light intensities (30
E.m-2.s-1) or moderately high light conditions (70 µE.m-2.s-1) (Section 2.2.12). Growth was
monitored by measuring the culture OD730 nm every 12 h. Wild-type cells grew as expected with a
10 h doubling time under 30 µE.m-2.s-1 of light. Both single mutants have growth rates reduced
to approximately 70% of that of wild type (approximately 14 h) the double mutant’s growth was
reduced further to 45% that of wild type (about 22 h). Increased growth was observed under light
intensities of 70 µE.m-2.s-1 – however, the relative changes in growth were no different to that
observed under lower levels of light (Figures 3.5 and 3.6). (Figures 3.5 and 3.6).
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Figure 3.5: Photoautotropic growth of Synechocystis sp. PCC 6803 strains monitored by
optical density. Wild type (●), psb28 (■),Psb28-2 (▲), and psb28:Psb28-2 (▼) cells
were grown photoautotropiclly under light intensities of 30 E.m-2.s-1 (panel A) or 70 E.m-2.s-1
(panel B) for 120 min. The growth curve was repeated 3 times with similar results.

Figure 3.6: Modified Erlenmeyer flask used to culture Synechocystis sp. PCC 6803 cells
based on an original design described by John G. K. Williams (Williams, 1988). Cultures of
wild type (i), psb28 (ii), Psb28-2 (iii), and psb28:Psb28-2 (iv) are shown after 96 h of
photoautotrophic growth under 30 E.m-2.s-1 continuous light. The slower growth of the
psb28:Psb28-2 strain can be observed by the lighter colour of flask (iv).
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3.3 Herbicide-Binding Experiment
The herbicide-binding assay (Section 2.2.15) was performed on the wild type, psb28, Psb282, and psb28:Psb28-2 strains in order to determine the relative amount of assembled PS II
centres expressed on a chlorophyll a basis and assuming one herbicide-binding site per one
assembled PS II (Figure 3.7). The atrazine dissociation constant observed in the experiment was
250 nM for all four strains. In addition, working with an approximate molecular weight of
chlorophyll of 900, similar numbers of chlorophylls bound per PS II were observed for all four
strains, approximately 440 per PS II was observed in each case and a similar dissociation
constant for herbicide binding. These were calculated from the y and x axis intercepts
respectively, giving a KD of 250 nM and approximately 440 per PSII was observed for all strains
studied
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[atrazine]free µM

Figure 3.7: Herbicide-binding assay plotted on a reciprocal plot. The symbols are: wild type
(●), psb28 (■), Psb28-2 (▲), and psb28:Psb28-2 (▼). This was repeated in triplicate,
producing similar results.

3.4 Oxygen Evolution from Cyanobacteria Strains
A Clark-type oxygen electrode (Section 2.2.13) was used to measure oxygen evolution in vivo.
Oxygen evolution rates of 300 – 350 mol O2.mg-1.chl-1.h-1 were routinely observed in all four
strains (wild type, psb28, Psb28-2, and psb28:Psb28-2). Oxygen concentration traces are
shown in Figure 3.8.
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5 nmol.ml-1

1 min

Figure 3.8: Oxygen evolution traces of the wild type and mutant strains. Wild type (blue),
psb28 (green), Psb28-2 (black), and psb28:Psb28-2 (magenta). Traces were obtained under
saturating light at a chlorophyll concentration of 10 µg.mL-1 chlorophyll a. Additional details are
given in the Materials and Methods. The experiment was repeated 3 times with similar results.

3.5 Photoinhibition and Recovery
In order to study photoinhibition and recovery from photoinhibition (Section 2.2.14) in
Synechocystis sp. PCC 6803 strains, samples of wild type and the psb28, Psb28-2, and
psb28:Psb28-2 mutants were exposed to high light intensities (2000 µE.m-2.s-1) for 45 min
before being allowed to recover in normal light intensities (30 µE.m-2.s-1) for a further 75 min.
Photosystem II activity was monitored via oxygen evolution (Section 2.2.13), with samples
being taken every 15 min. Photoinhibition was inferred through these measurements of oxygen
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evolution and displayed relative to the oxygen evolution rate at the zero time point (before high
light treatment). In all strains tested, a decrease in oxygen evolution rate from 100% at the
beginning of experimentation to around 60% after 45 min exposure to high light intensity, after
15 min recovery under standard light intensity oxygen evolution rates of about 120% compared
to time zero were observed. Therefore no discernable difference between wild type and any of
the Psb28 or Psb28-2 knock out mutants was observed.
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Figure 3.9: Photoinhibition and recovery of wild type and mutant strains. Cell suspensions
at 10 µg chlorophyll per ml, wild type (●), psb28 (■), Psb28-2 (▲), and psb28:Psb28-2 (♦)
were exposed to high intensity white light (2000 µE.m-2.s-1) for 45 min before being allowed to
recover in low intensity light (30 µE.m-2.s-1). The data are an average of three independent
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measurements with error bars indicating the standard error.

3.6 Chlorophyll a Fluorescence Emission at 77 Kelvin
To measure 77 K fluorescence emission spectra from an in-house 77 K instrument constructed
during the duration of this project it was first necessary to develop a reliable method for these
measurements using the wild type strain. Two parameters were initially tested: these were
designed to optimise the correct chlorophyll concentration for these measurements and the
appropriate use of cryoprotectant which has in the past involved the addition of glycerol to the
sample (see Shen et al., 1993).

During the pilot studies using wild type Synechocystis sp. PCC 6803 to optimise the 77 K
protocol it became apparent that the addition of glycerol lead to physiological effects. The
addition of glycerol caused the addition of two additional peaks at approximately 650 nm and
665 nm corresponding to emission from the phycobilisomes (Figure 3.10). Using 60% glycerol
did, however, produce a trace that contained significantly less noise than that of not using any
cryoprotection, and more importantly an increase in scatter was observed without glycerol.
Scatter can be demonstrated in the trace by the presence of an exponential baseline that must be
subtracted from the trace to leave only biologically significant data (Figure 3.11). The removal of
this artefact is a trivial task. Using the extreme regions of the curve (below approximately 660
nm and above about 775 nm) an exponential function was fitted mathematically, and by simple
subtraction this was removed to produce a final spectra. The increased noise in the no glycerol
method was overcome by simply taking additional measurements and averaging the raw traces
before removing the curve.
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Fluorescence spectra were taken at liquid nitrogen temperatures to determine the relative
amounts of the photosystems present in Synechocystis sp. PCC 6803 strains, samples of wild
type, psb28, Psb28-2, and psb28:Psb28-2 cells were frozen with liquid nitrogen in EPR
tubes and fluorescence emission spectra were taken at 77 K. Exciting the samples at 440 nm
presented no observable difference between the four strains (Figure 3.12). However when the
samples were excited at 580 nm the peak at 690 nm was observed to be reduced in both strains
lacking Psb28-2 (Figure 3.12).
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Figure 3.10: The use of glycerol as a cryoprotectant in 77 K. Three examples of primary data
for 77 K chlorophyll a fluorescence emission spectra are presented, exciting at 440 nm, using
60% glycerol (Panel A) and without the use of glycerol (Panel B).
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Figure 3.11: Application of the correction for scattering in the primary data of the 77 K
chlorophyll a fluorescence emission spectra. Averaged 77 K chlorophyll a fluorescence
emission spectra obtained in Figure 3.11 data for wild type excited at 440 nm in the absence of
glycerol (blue trace). Highlighted in red are regions of the curve that were used to fit a curve
representing scatter (black curve). This empirically fitted curve, in this case y=84.443e-0.0082x,
where y is the emission fluorescence and x is the emission wavelength, is removed by
subtraction from the curve to produce a “flattened” final curve containing only biologically
significant peaks.
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Figure 3.12: Corrected fluorescence emission spectra collected at 77 K. 77 K spectra were
collected from wild type (blue), psb28 (green), Psb28-2 (black), and psb28:Psb28-2
(magenta) cells with an excitation wavelength of 440 nm (panel A) and 580 nm (panel B). Cells
were prepared to a concentration of 10 µg.mL-1 chlorophyll a in the absence of glycerol. Traces
are an average of five measurements.

3.7 Northern Blot Analysis
In an attempt to determine the level of expression of the psb28 and psb28-2 genes a northern blot
analysis was performed using
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P labelled DNA probes (Section 2.2.20) derived from PCR

products (Section 2.2.2.1). The primer pair of primer S and primer T was used as forward and
reverse primers, respectively to PCR a probe for psb28 and primer U and primer V were used as
forward and reverse primers, respectively, for production of a probe for psb28-2 (Table 2.1).
Data were collected at pH 7.5 and pH 10.0 values because the psb28-2 mRNA has been
suggested to be up-regulated at pH 10 relative to pH 7.5 in microarray studies (Tina
Summerfield, unpublished observations). However, a clear band corresponding to each gene was
not observed, instead the probes annealed to all RNA present on the nitrocellulose membrane in
a nonspecific manner – the developed film showed a similar pattern to the ethidium bromide
stained gels used to blot the membranes with clear 30S, 23S and even the small 5S RNAs seem
well defined (Figure 3.13). A control with a PCR derived probe for psbB encoding CP47 was
performed, this produced a band with a minor shadow; however, the distinct location of the band
prevents this corresponding to ribosomal RNA. The result with the psb28 and psb28-2 probes
may therefore be evidence of low expression of the psb28 and psb28-2 genes; and given that
both Psb28 and Psb28 are present as sub stoichiometric subunits relative to D1 this would not be
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surprising (Komenda et al., 2002). In addition a known shortfall of the northern blot method is
its relatively low power of detection (Streit et al., 2008). The northern blot result is discussed in
more detail in Section 4.3; however, the expression of psb28 and psb28-2 was further examined
through RT-PCR (Reverse transcriptase PCR) – the strengths of this technique being in its
simplicity (and therefore comparative ease of optimisation of the protocol) and relative capability
of detecting target sequences at lower abundance (Streit et al., 2008).
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Figure 3.13 Northern blots probing psb28 and psb28-2 expression under unbuffered, and
buffered (pH 7.5 and pH 10) conditions. Lanes 1 – 3 show probing for the psb28 gene, and
lanes 4 – 6 show probing for the psb28-2 gene. Lanes 1 and 4 were loaded with RNA extracted
from cells grown in unbuffered media, lanes 2 and 5 from cells grown in media buffered to pH
7.5, and lanes 3 and 6 from cells grown in media buffered to pH 10. The upper frames show the
northern blot and the lower frames show the corresponding gels stained with ethidium bromide.
Lane 7 shows a control gel and film probing psbB. The regions of the genes covered by the
probes are shown in the diagram below the northern blots with psb28 in green and psb28-2
shown in yellow.

3.8 Reverse Transcriptase PCR
Due to the apparent low abundance of the psb28 and psb28-2 transcripts, a RT-PCR approach
was used to probe the expression of these genes (Section 2.2.19). Wild type grown under
standard mixotropic conditions and grown mixotropiclly in media buffered to pH 7.5 and pH 10
along with the psb28, Psb28-2, and psb28:Psb28-2 strains grown under standard
mixotropic conditions were examined (Figure 3.14). RNA was extracted as in section 2.2.17 and
cDNA was synthesised as in section 2.2.19. A polymerase chain reaction was performed to
amplify transcripts corresponding to psb28 and psb28-2 (Section 2.2.2.4). To probe psb28,
primer O and primer P (Table 2.1) were used as forward and reverse primers, respectively, and
primer Q and primer R (Table 2.1) were used as forward and reverse primers, respectively, for
probing expression in psb28-2. This approach confirmed that the psb28 and psb28-2 genes were
both expressed under normal growth conditions and also under pH 7.5 and pH 10 conditions in
wild-type Synechocystis sp. PCC 6803. No difference in the expression levels of either gene was
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detected; however, it is worth noting that RT-PCR is at best semi-quantitive and therefore a
change in expression cannot be ruled out. As a method of validating the strains performance, the
gene expression was also tested in psb28, Psb28-2, and psb28:Psb28-2 strains. As
expected psb28 was not detected in the psb28 and psb28:Psb28-2 strains and psb28-2
expression was absent from the Psb28-2, and psb28:Psb28-2 strains while the remaining
copy was expressed.
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Figure 3.14: Reverse transcriptase PCR, probing expression of psb28 and psb28-2. Lanes 1,
8 and 15 contain 1 kb plus ladder. Lanes 2-7 probe psb28 in wild type (2), wild type grown under
pH 7.5 (3) and pH 10 (4), psb28 (5), Psb28-2 (6) and psb28:Psb28-2 (7). Lanes 9-14 probe
psb28-2 in wild type (9), wild type grown under pH 7.5 (10) and pH 10 (11), psb28 (12),
Psb28-2 (13) and psb28:Psb28-2 (14). Finally lanes 16-21 show negative controls (-RT,
with psb28 primers) in wild type (16), wild type grown under pH 7.5 (17) and pH 10 (18),
psb28 (19), Psb28-2 (20) and psb28:Psb28-2 (21).
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3.9 Multiple Sequence Alignment
A multiple sequence alignment was performed on protein sequences accessed from Cyanobase
(Hirosawa et al., 1995; Nakao et al., 2010) or SwissProt and were aligned ClustalW 2.0.12
(Larkin et al., 2007) accessed from the EMBL website (http://www.embl.org/). The multiple
sequence alignment reveals two key results; firstly, that the additional weight of Psb28-2 is
predominantly located in two defined insertions and the presence of these insertions is
characteristic of Psb28-2 type proteins; and secondly, three highly conserved regions are present
in all Psb28 and Psb28-2 proteins. One of these conserved sites consists of only one residue and
so has been referred to here as the conserved glutamic acid. The remaining two conserved
regions have been named by making use of the single letter amino acid code as the R..RF and
D.EG motifs.
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Figure 3.15: Multiple sequence alignment of a selection of proteins from the Psb28 family.
Species included are the cyanobacteria, Synechocystis sp. PCC 6803 (Psb28 and Psb28-2),
Microcystis aeruginosa NIES-843 (two genes with the Psb28 gene symbol), Prochlorococcus
marinus SS120, P. marinus MED4, P. marinus MIT9313, P. marinus MIT9312, Synechococcus
elongatus PCC 6301(Psb28 and Psb28-2), Synechococcus sp. WH8102, Synechococcus sp.
CC9605, Synechococcus sp. CC9902, and Gloeobacter violaceus PCC 7421 (Psb28 and Psb282). These are accompanied by sequences from Arabidopsis thaliana (Mouse-ear cress,
dicotyledonous plant), Oryza sativa subsp. japonica (Rice, monocotyledonous plant), Cyanidium
caldarium (red algae), Cyanidioschyzon merolae (red algae) and Odontella sinensis (marine
centric diatom)
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Chapter Four:

Discussion

4.1 Overview
In this project I have created null mutants of psb28 and psb28-2 in Synechocystis sp. PCC 6803
by interrupting each gene with antibiotic-resistance cassettes conferring resistance to kanamycin
and chloramphenicol, respectively. The strains produced (psb28Psb28-2, and the double
mutant,psb28Psb28-2) were studied using molecular biological and physiological
techniques. Growth of the mutants was studied under photoautotrophic conditions, along with the
oxygen-evolving capabilities, resistance to photoinhibition, and fluorescence characteristics at
liquid nitrogen temperature. The herbicide-binding assay was performed to determine the
binding characteristics of atrazine thereby inferring the quantity of herbicide-binding sites
(atrazine binds to the QB site of PS II) and therefore providing an estimate of the relative number
of assembled PSII centers in the different strains. The gene expression profile was also studied in
both the mutant strains produced in this study and also wild-type cells. I confirmed for the first
time that both the psb28 and psb28-2 genes are expressed under usual unbuffered conditions, as
well as when Synechocystis sp. PCC 6803 is grown at pH 7.5 and pH 10. In addition, RNA
transcripts corresponding to psb28 and psb28-2 were not found when the corresponding gene
was interrupted by antibiotic-resistance cassettes, providing further validation of the genotype of
the strains created in the project.
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4.2 Structure of Psb28
During the course of this project the structure of Psb28 from Synechocystis sp. PCC 6803 was
solved using NMR (Yang et al., 2011). My multiple sequence alignment of Psb28 and Psb28-2
identified three fully conserved groups of amino acids (Figure 3.15), the NMR structure reveals
the locations of these completely conserved motifs. The R..RF motif is located in the large α
helix, and the D.EG motif is located on one of the loops. The R..RF and D.EG motifs are both
found exposed on the surface of the protein, and interestingly in the structure are brought
together, seemingly forming bonds between residues in each motif (Figure 4.1). This would
provide evidence that both these motifs are important for the function and evolution of proteins
in the Psb28 family. The conserved glutamic acid that is also completely conserved among
members of the Psb28 family, however, is found buried within the protein in the solution
structure; this implies that this residue may serve in an intramolecular structural role (Figure 4.1).

A
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Figure 4.1: NMR solution structure of Psb28 from Yang et al. (2011). Panel A shows the
secondary structure of the Psb28 protein; the conserved R..RF motif is highlighted in red, the
conserved D.EG motif is highlighted in orange, the conserved glutamic acid is shown in yellow,
and the remainder of the Psb28 protein is shown in blue with the six histidine tag shown in wheat
colour. Panel B shows the surface of the Psb28 protein in the same colours as in Panel A, the
R..RF and D.EG motifs are apparent on the surface of the protein while the conserved glutamic
acid is buried within the protein. Panel C shows electrostatic potential diagram from the same
orientation as the previous two panels. Figure drawn with PyMOL (The PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrödinger, LLC, http://www.pymol.org/)

4.3 The Psb28 Mutant Strains as Tools for Biochemical and Biophysical Studies
One of the major aims of this project was to produce mutants lacking Psb28 and Psb28-2 both as
single mutants and in combination together, indeed the construction of these mutants occupied a
significant portion of the time and resources invested in the project. The psb28Psb28-2, and
psb28Psb28-2 mutants produced in this project are now available to researchers in the
Eaton-Rye laboratory to study and combine with other mutations to the PS II photosynthetic
machinery. Further mutations combined with the ∆Psb28 and ∆Psb28-2 backgrounds will
undoubtedly provide detailed information on the function of these and other subunits of PS II.

The psb28 construct was created using a fusion PCR reaction. This construct when transformed
into Synechocystis sp. PCC 6803 removes much of the psb28 gene, in fact 306 nucleotides are
removed leaving only 33 nucleotides of the psb28 gene remaining. This removed region was
replaced by a kanamycin-resistance cassette to allow for antibiotic selection. Fusion PCR is an
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exceptionally efficient method for constructing gene knockouts in Synechocystis sp. PCC 6803;
however, this method can be difficult to optimise. As such, the Psb28-2 plasmid was
constructed using conventional genetic cloning techniques, which are, when compared to fusion
PCRs at least, robust. This construct made use of a synthetic SacI site introduced into the psb282 gene, this site was used to interrupt the gene with a chloramphenicol-resistance cassette
thereby preventing functional transcripts from being produced.

These constructs remove the gene concerned, either as an intragenic deletion or via interruption
of the ORF. However they do not allow for mutations to be introduced that requires a mutagenic
system consisting of two plasmids (Eaton-Rye, 2004; Eaton-Rye 2011, but see Vermaas et al.
1990b, Eaton-Rye and Vermaas 1991, and Luo and Eaton-Rye 2008 for examples of such
studies). For future studies of this type it is useful to consider the gene topology surrounding
psb28 and psb28-2 (Figure 4.2). The ORF corresponding to psb28 is surrounded by ORFs; most
of these are defined as hypothetical proteins. Only twenty-five base pairs separate psb28 from
sll1399 and only 15 base pairs separate psb28 from slr1495; both of these are hypothetical
proteins. The ORF corresponding to psb28-2 presents different challenges. The distances
between psb28-2 and the nearest ORFs are larger than that of psb28, with 254 base pairs
upstream (to sll1620) and 119 base pairs downstream (to slr1740) of intergenic space
surrounding the gene. However slr1740 is an ORF corresponding to the appA gene (an
oligopeptide binding protein of an ABC transporter) and as such could be a complicating factor
when designing a mutagenic system as all efforts will need to be made to preserve this gene in
the final strain. The gene topology is certainly not the most difficult in Synechocystis sp. PCC
6803; and with due consideration mutagenic systems could be created. There are several targets

76

Discussion

for mutagenic study in either psb28 or psb28-2, including the R..RF and D.EG motifs identified
in the Results (detailed in section 3.11). It would also be interesting to target regions that are
different between the two proteins, particularly if a robust physiological assay was established,
such as the 77 K experiments observed in this study (see section 4.5.4 for more details). In these
experiments a difference in response between mutants lacking Psb28 and Psb28-2 was observed
(Psb28-2 strains showed a difference to wild type). The most striking difference between the
two proteins is the presence of two insertions in the Psb28-2 type proteins (or possibly the
presence of two deletions in Psb28 type proteins). Using mutagenesis these insertions could be
removed from Psb28-2 and perhaps would result in a similar phenotype to the Psb28-2 strains.
Conversely, in the reverse experiment, these insertions could be added to the Psb28 proteins
through mutagenesis. In this case, if the insertions were in fact the defining difference between
the two proteins, which may be unlikely on its own but can serve as a good example in any case,
editing Psb28 to look like Psb28-2 in this way could effectively convert a Psb28-2 strain to a
Psb28 strain.
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Figure 4.2: Gene topology surrounding psb28 (A) and psb28-2 (B). The photosynthetic genes,
psb28 and psb28-2 (green) are surrounded by many ORFs, most of which correspond to
hypothetical proteins (grey) but also include a putative transposase (black), Fur family
transcription factor (orange), oligopeptide binding protein of an ABC transporter (blue), and a
tRNA-Asp(GTC) (red). These ORFs will need to be considered in any efforts to produce a
mutagenesis system for these genes.

4.4 The Expression of the psb28 and psb28-2 genes in Synechocystis sp. PCC 6803
The expression of the psb28 and psb28-2 genes was studied by use of northern blots and RTPCR. The northern blot analysis indicated that the level of transcription may be below the level
of detection of the protocol, resulting in developed film that resembled the agarose gel used to
separate the RNA prior to transfer to the nitrocellulose membrane. This could have been due to
insufficient target mRNA present on the membrane, this would be indicative of both the psb28
and psb28-2 gene transcripts being present in very low abundance, resulting in the DNA probe
binding to any RNA on the membrane. As Psb28 and Psb28-2 are sub-stoichiometric
components of PS II it is almost certain that the RNA transcripts from their respective genes be
present in very low abundance. In principle, any RNA-DNA interaction occurring between noncomplementary sequences, as the above interpretation suggests, should be weak enough to be
washed away in the washing steps done at 65C in the presence of detergent (Streit et al., 2008),
causing the film to develop blank as opposed to the distinctive RNA gel like pattern observed.
However non-specific binding to the ribosome subunits is a common problem experienced with
northern blots (Lu and Hanson, 1996), and so the possibility of non-specific binding eclipsing the
true and very weak signal cannot be ruled out given the current data. I do however, expect the
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transcripts of psb28 and psb28-2 to be present in low abundance, and the northern result certainly
supports this notion; but, I think that further experiment would be required to ultimately answer
this question once and for all.

Following on from the northern blot results, the decision was made to pursue the gene expression
of psb28 and psb28-2 using RT-PCR. A PCR based technique provides more sensitivity for the
detection of low abundance transcripts and thus would confirm whether these genes were
expressed (Dean et al., 2002), the methodology used was, however, limited by not using a
housekeeping gene and the resulting gels were only of average quality. Despite these limitations,
the results clearly demonstrate that the genes are in fact expressed under all conditions tested,
and also confirm that the mutants with psb28 and psb28-2 interrupted do not express the
corresponding genes, providing further validation on top of the colony PCR reaction performed
to confirm segregation of the introduced mutations. These results firmly establish that the strains
produced do in fact knock out the expression of the required genes. Hence the Psb28 protein is
not essential to growth under either the photoautotrophic or photoheterotrophic conditions
examined in this project.

In microarray experiments working with the PsbO:PsbU strain at elevated pH levels, Dr Tina
Summerfield observed altered expression in psb28 and psb28-2 at different pH levels. Namely,
psb28 was observed down regulated 1.6 fold in wild-type cells at pH 10 opposed to pH 7.5, and
unchanged in the PsbO:PsbU mutant; and psb28-2 was observed up regulated at alkaline
conditions 3.2 fold in wild-type cells while only 2.4 fold in the PsbO:PsbU mutant (Dr Tina
Summerfield, personal communication). As a consequence of this in addition to the standard
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unbuffered growing conditions, it was suggested the gene expression of wild-type Synechocystis
sp. PCC 6803 grown at both pH 7.5 and pH 10 be tested. These experiments were performed and
my data confirms the expression of both psb28 and psb28-2 under both pH 10 and pH 7.5 growth
conditions, unfortunately due to the large number of PCR cycles required to consistently produce
a repeatable result (most probably due to the low abundance of transcripts observed in the
northern analysis) the PCR reactions in general appeared to have gone to completion (i.e. all
reagents appeared to have been consumed). Therefore my experiments are not able to establish if
the apparent differential expression of psb28 and psb28-2 is verifiable using RT-PCR as a
separate technique. Further experiments using qPCR appear to be required to elucidate this
further. Future expression experiments on these genes, whether making use of RT-PCR or qPCR,
should ideally compare the expression of psb28 and psb28-2 to an internal standard (such as
psbO for example); this would allow for changes in expression between the genes in different
strains (for example psb28 expression in wild type and ∆Psb28-2) to be detected.

4.5 The Physiological Response to the Removal of Psb28 and Psb28-2 in Synechocystis sp.
PCC 6803

4.5.1 Photoautotrophic Growth Experiments
The photoautotrophic experiments (Section 3.7) performed in this study showed a slight decrease
in growth rate of both the psb28 and the Psb28-2 mutants, furthermore when these two
knockouts were combined in the psb28Psb28-2 mutant a further decrease in growth rate was
observed. This provides an indication that both Psb28 and Psb28-2 are in fact functional as both
single mutant strains showed decreased growth rates. It also indicates that the two genes are not
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fully complementary, as if the Psb28 and Psb28-2 genes were fully complementary only the
double mutant would have shown a phenotype and no phenotype would have been observed in
the single mutants, this was obviously not the case. The fact that the double psb28Psb28-2
mutant showed a further decrease in growth rate indicates that these two genes are not acting
together in the same process, a situation where the removal of one would cause the other to be
ineffective therefore the proteins are unlikely to interact. The possibility exists, however, that
Psb28 and Psb28-2 can partially compensate for the lack of the other, and only with the loss of
both does the cellular process the proteins perform completely stop.

4.5.2 Herbicide Binding
The herbicide binding assays preformed on the psb28Psb28-2, and psb28Psb28-2 strains
indicated that there was no difference in the affinity of atrazine or on the number of herbicide
binding sites (indicative of PS II reaction centers), at least on the basis of chlorophyll
concentration. A drop in PS II levels may be masked by, for example, an adjustment in PS I
levels; however, for this to be true the PS I levels would also need to drop accordingly, and the
relative stoichiometry of PS I to PS II was confirmed to stay the same in the 440 nm 77 K
emission spectra (Section 4.5.4).

4.5.3 Oxygen Evolution and Photoinhibition Studies
Oxygen evolution rates on the basis of chlorophyll concentration were not affected by the
removal of Psb28 or Psb28-2 either singularly or combined together, in whole cells on the basis
of chlorophyll concentration. The photoinhibition assay was performed on each strain revealing
no differences in the psb28Psb28-2, and psb28Psb28-2 strains. All three strains were
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inhibited to approximately 60% activity after 15 min of high light treatment, following this an
over-recovery was observed where the activity was seen to reach higher oxygen evolution rates
of, in the most extreme case, up to 120% of the original rate. This over-recovery was followed by
a period of acclimatization where the rate steadily dropped back until reaching 100% of the
original oxygen evolution rate. The explanation for this over-recovery is not known but has been
observed before (Luo and Eaton-Rye, 2008). However, a role for Psb28 in the overshoot can be
ruled out from my experiments.

4.5.4 Fluorescence at 77 Kelvin
During this study the protocol for chlorophyll fluorescence emission spectra taken at 77 K was
optimised. After several pilot experiments it was decided that the most biologically significant
results were obtained from samples without the addition of glycerol commonly added as a
cryoprotectant. This observation was due to the addition of glycerol causing the phycobilisomes
to detach from PS II (Shen et al., 1993). Using the optimised protocol chlorophyll a fluorescence
emission spectra were collected at 77 K. When exciting chlorophyll directly at 440 nm no
differences were seen between the psb28Psb28-2, and psb28Psb28-2 strains; however,
when the samples were excited at 580 nm, corresponding to excitation of phycobilin, the peak at
690 nm was observed to be slightly reduced in both strains lacking Psb28-2. This suggests that
although no difference was observed in the mature PS II in upon itself, as seen by the excitation
of chlorophyll at 440 nm producing no differences between wild type and mutant strains in 77 K
emission spectra experiments, in the strains lacking Psb28-2 (but not Psb28) energy transfer
between the phycobilisome and PSII appeared to be limited.
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4.6 Comparison with Published Literature
During the course of this project Dobáková et al. (2009) published a paper studying the role of
Psb28 in PS II. Three experiments performed by Dobáková et al. (2009) were independently
carried out in this project. Dobáková and co-workers only did work with Psb28 and left Psb28-2
untouched. To my knowledge this is the first study of Psb28-2, and no major studies of Psb28-2
have been published to date; literature comparison can only be made with regards to Psb28.

The first of these experiments was the simple photoautotrophic growth curve on the Psb28
mutant. Both Dobáková et al. (2009) and myself saw a slight decrease in photoautotrophic
growth rate upon removing Psb28. Dobáková and colleagues only state this in text form and as
such direct comparison of the curves has not been done. It does seem, however, that in this
experiment my psb28 mutant and the mutant constructed by Dobáková and co-workers
preformed in a similar manner.

Chlorophyll a emission spectra at 77 K were also performed by Dobáková et al. (2009) on their
Psb28 mutant, this however led to conflicting results with the results obtained in this project.
Dobáková et al. (2009) saw when Psb28 was removed a lower PS I level in their 77 K spectra,
while I saw no significant change in the level of PS I in my mutant. There are some slight
differences in the technique used by myself and Dobáková et al. (2009). Firstly; the Czech group
used a commercial luminescence spectrometer, while I used a home retrofitted machine – this
should be inconsequential; however, is worth noting. Dobáková and co-workers used rhodamine
as an internal standard (Dobáková et al., 2009; Sobotka et al., 2008), normalising to the
rhodamine peak to normalise results, giving a quantitative assessment of the photosystems. On
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the other hand, I normalised to the PS II peak giving a relative measure of PS I to PS II. This
again should not have an effect on the results as Dobáková and colleagues reported no change in
the PS II peak and as such the PS II peaks in their data overlap as if they had used PS II as the
normalisation peak. Finally while I used the same concentration of chlorophyll in each of my
samples, electing to grow the cultures to the same optical density, Dobáková and co-workers
used the same number of cells (optical density) in each sample. This may have had an effect on
the results in one of two ways. The more unlikely of the ways in which this could cause a
deviation in results would occur if Dobáková and co-workers did not keep their cells at very
similar optical densities when growing, in my experience large changes in the ratio of the
photosystems can be observed as the cells grow. This would occur because of changes in the
ratio of energy and reducing power required by the cell; where cells with a lower requirement for
reducing power would be seen to produce more PS I and undertake more cyclic electron
transport to increase the ratio of ATP to NADPH. A more likely scenario, however, is that the
removal of Psb28 caused alterations to the distribution or biosynthesis of chlorophyll in the
Psb28 null mutant, this hypothesis is well supported by the results presented by Dobáková et al.
(2009). In any case, it would be interesting to repeat the 77 K experiments using a standard
optical density as opposed to chlorophyll concentration in each sample with my psb28 mutant
to attempt to replicate Dobáková et al. (2009). In my 77 K experiments glycerol seemed to play a
critical role regarding the outcome of the experiment, it is therefore unfortunate that Dobáková et
al. (2009) do not specify their use of a cryoprotectant. In any case, their corresponding figure
does not demonstrate decoupling of the phycobilisome, and so regardless of whether they indeed
used glycerol as a cryoprotectant the conditions employed did not uncouple the phycobilsomes.
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Finally, Dobáková et al. (2009) performed a photoinhibition and recovery assay with their
Psb28 mutant, as did I. As with the 77 K experiments, my data conflicts with that of Dobáková
et al. (2009). The Czech group saw increased recovery in their Psb28 mutant while I saw no
discernible difference to that of wild type in any of my mutant strains. There is no obvious
answer to where this difference arises from; however, it is worth noting that in addition to
differences observed with each groups psb28 strain, wild type also behaved differently in each
experiment. My wild type Synechocystis sp. PCC 6803 demonstrated over recovery where after
the high light treatment was removed oxygen evolution rates increased to exceed that of the
initial rate observed before the high light treatment was applied. This observation is not unusual
and has been demonstrated in the Eaton-Rye laboratory earlier (Bentley et al., 2008; Luo and
Eaton-Rye, 2008). Dobáková and co-workers, however, produce data that shows wild-type cells
do not over recover after removal of the high light treatment, where oxygen evolution rates only
reached approximately 80% of that of wild type. The group that preformed these experiments
have also previously demonstrated this result earlier (Komenda and Barber, 1995). This
difference leads me to conclude that each group performs the experiment in a slightly different
way or with slightly differing materials leading to this consistent difference in observed results.
It would be worth investigation if acclimatising cells to moderately high light intensities, at a
non-photoinhibitory level, could increase oxygen evolution rates at the beginning of the
experiment resulting in a higher oxygen rates at the time zero. This might lead to the increase in
oxygen evolution rates not being observed later in the experiment.
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4.7 Future Directions
As with any scientific endeavour there is never really a satisfactory end to a project; and due to
time constants many interesting experiments must be left for a future research project. This
project is no different and results presented here, along with associated literature, suggest that the
obvious next step will be the testing of my Psb28 and Psb28-2 mutants for their ability to
grow under day night cycle conditions. Unfortunately due to time constants, these experiments
could not be performed within this project; however, a day night cycle would further challenge
the system and if, as seems likely, Psb28 and Psb28-2 are involved in the biogenesis of the PS II
complex this experiment may yield enlightening results.

In addition the gene expression studies could be further developed by the use of qPCR to
quantitatively examine the expression of each gene. Time constants again dictated that these
experiments could not be done; however, they would both confirm the RT-PCR preformed in
this study and provide further details through the quantitative nature of qPCR, when compared to
RT-PCR, that at best is semi-quantitative.
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4.8 Summary
This project has produced useful knock out strains for the study of Psb28 and Psb28-2 in
Synechocystis sp. PCC 6803. These strains were used to study the physiological role of the Psb28
and Psb28-2 proteins in Synechocystis sp. PCC 6803. The expression of the two genes was
confirmed through RT-PCR – a result that was not considered surprising considering that both
were found at the protein level by Kashino et al. (2002). Strains lacking Psb28 and Psb28-2 both
showed a slightly reduced capability of growth, in the case of Psb28 concurring with published
data by Dobáková et al. (2009); however, as to my knowledge this is the first study of a Psb28-2
knockout, no published data exists to make any comparison. Furthermore, in this study, an
additional reduction in growth was observed when both Psb28 and Psb28-2 were removed. The
fact that a reduction in growth was observed in the single mutants suggests that the two proteins
are not entirely complementary, but have independent roles.

Strains of Synechocystis sp. PCC 6803 lacking Psb28-2 were found to have altered energy
transfer properties between the phycobilisomes and PS II as indicated by low temperature
chlorophyll a fluorescence emission spectra. This was not observed in strains lacking Psb28,
suggesting a difference in function between the two proteins, however further research will be
required to conclusively demonstrate this difference and elucidate any difference on a functional
level.

In this project I have produced strains lacking both Psb28 and Psb28-2, both genes confirmed to
be expressed in the model organism Synechocystis sp. PCC 6803. These strains were used to
probe the functions of these two proteins finding that these proteins were not required for growth

87

but lacking them does impede growth slightly. In addition, the removal of Psb28-2 was seen
through 77 K emission spectra to affect energy transfer between the phycobilisomes and PS II.
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