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Abstract
The PsbT subunit of photosystem II (PSII) is a single α-helical trans-membrane protein found
at the monomer-monomer interface of PSII dimers. During oxygen evolution by PSII in the
cyanobacterium Synechocystis sp. PCC 6803, efficient electron transport between the primary
and secondary plastoquinone electron acceptors QA and QB is supported by a non-heme iron
coordinated by four protein ligands and a bicarbonate ion. However, in the absence of PsbT,
the coordination of the non-heme ion appears to be impaired by the addition of formate. The
putative bicarbonate ligand to the non-heme iron is proposed to be the target site of formate
inhibition. This is the first observation of a formate-induced inhibition of QA- oxidation in
intact cells at atmospheric concentrations of CO2. Furthermore, this inhibition is reversible by
the addition of bicarbonate. Additionally, the susceptibility to photoinhibition of ∆PsbT cells
was evaluated. An increased affinity for the PSII-specific electron acceptor 2,5-dimethyl-pbenzoquinone at the QA or QB binding sites, revealed through the kinetics of QA- reoxidation,
is proposed to inhibit electron transport and induce a susceptibility of these cells to
photoinhibition. This was further supported by the addition of bicarbonate, which removed
the photoinhibition effect from ∆PsbT and ∆PsbT:∆Psb27 cells. Previous studies have shown
a relationship between PsbT and dimerisation of PSII; however, it is uncertain whether this is
the case in Synechocystis sp. PCC 6803 since ∆PsbT cells exhibited a change of PSII to PSI
stoichiometry leading to an altered PSII:chlorophyll a ratio. Many experiments are dependent
on the PSII:chlorophyll a ratio for quantification of PSII. Therefore the role of PsbT derived
from this study appears to be the stabilisation of the reaction centre structure, facilitating the
efficient electron transport on the acceptor side of PSII.
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Chapter One
Introduction
1.1 Brief overview of photosynthesis
Photosynthesis is an important process that provides photosynthetic organisms the necessary
energy for metabolism and growth, while also enriching the atmosphere with O2 to sustain
aerobic life. This process harnesses the abundant solar energy available, synthesising
carbohydrates and chemical energy from water and CO2. At its most simplistic form, the
overall reaction is:
hv
6CO2 + 6H2O ""
# C6H12O6 + 6O2

Summarised in the above reaction are the two interdependent processes: (1) the light!
dependent oxidation of the Mn4Ca cluster and reduction of redox components catalysed by
captured solar energy and (2) the dark reaction, essentially a carbon-sink, using the energy
equivalents produced in the light reactions to produce carbohydrates (Barber 2003; Barber
2006).
The light reaction takes place within the thylakoid membrane. In cyanobacteria, light energy
is captured primarily by phycobilisomes on the cytosolic side of the thylakoid membrane and
which are in a dynamic association with photosystem II (PSII). An oxidised plastoquinone
(PQ) pool signals the requirement of light energy and phycobilisomes favour an association
with PSII complexes. Captured light energy is transferred to chlorophyll a pigments
associated with the CP43 and CP47 protein complexes which is then transmitted towards the
reaction centre of PSII. The Mn4Ca cluster provides the necessary electrons for the reduction
of NAD(P)+ at the end of the electron transport chain and protons accumulated in the
thylakoid lumen as a result of electron transport convert ADP to ATP via the ATP synthase
complex (Kruse et al. 2005). The production of O2 is a consequence of the Mn4Ca clusters
ability to extract electrons by splitting water.
The Dark reactions or commonly, the Calvin-Benson cycle, is essentially a carbon sink where
fixation of CO2 to carbohydrates is catalysed by ribulose-1,5-bisphosphate carboxylase
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oxygenase (rubisco). The energy equivalents from the light reactions, NADH and ATP are
required to power this process.

1.2 Photosystem II
Photosystem II is the main complex which initiates the Z-scheme which follows the path of
electron flow from the Mn4Ca cluster towards PSI (Blankenship and Prince, 1985). A series
of increasingly high resolution crystal structures with the latest resolved to 2.9 Å have
identified a dimeric PSII complex consisting of two separate identical monomers (Ferreira et
al., 2004; Loll et al., 2005; Müh et al., 2008 and Guskov et al. 2009). To date, each PSII
monomer contains 20 protein subunits, 35 chlorophyll a molecules, 12 carotenoid molecules,
35 lipids and a chloride ion, as shown in Figure 1.1.
Two important intrinsic proteins centralised within each PSII monomer, D1 and D2, form a
heterodimer called the reaction centre. The D1 and D2 proteins form intimate interactions
with cofactors which mediate the transfer of electrons to PQ, the final electron acceptor of
PSII (Barber, 2006). The electron transfer process begins when captured light energy is
directed into the reaction centre by the intrinsic antenna proteins, CP43 and CP47. A cluster
of chlorophyll a molecules (P680) are the first to be oxidised, via an excited state called
P680* (Barber 2006). On a picosecond time scale, P680* reduces pheophytin, thus initiating
the transfer of electrons down the thermodynamic gradient towards PQ (Kruse et al, 2005;
Barber, 2006; Nelson and Yocum, 2006; Kern and Renger 2007). From pheophytin, electrons
are transferred to a tightly bound quinone, QA, associated with the D2 subunit. Following the
next few milliseconds, two photochemical turnovers transfer two electrons to fully reduce PQ
to plastoquinol, PQH2. Additionally, two protons are bound to fully reduced PQ; a
requirement for dissociation from the QB site. A bicarbonate anion that serves as a ligand to
the non-heme iron identified between QA and QB (Müh et al, 2008) is believed to mediate the
electron transfer between the two quinones (van Rensen, 2002).
Reduction of the P680+ cation, requires electrons taken from the manganese cluster on the
donor side of PSII. This is mediated by a redox-reactive tyrosine (Tyr161) residue associated
with the D1 subunit (Kruse et al., 2005; Kern and Renger, 2007). Four photochemical
turnovers reducing 2PQ to 2PQH2 as well as the coupling of the subsequent reductions by PSI
via the cytochrome b6f complex allow the manganese cluster enough oxidising equivalents to
oxidise 2H2O to O2 (Kern and Renger, 2007).
2
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O2, red; Mn ions, magenta and Ca2+, cyan. (Source: Ferreira et al., 2004)

chlorophylls, light blue; pheophytins, blue; chlorophyll of the antenna complex, dark green; both QA and QB, purple. The components of the OEC are:

are: D1, yellow; D2, orange; CP47, red; CP43, green; PsbL, M and T in medium blue; PsbO, blue; PsbU, magenta; PsbV, cyan; D1 and D2 associated

The PSII dimer complex consists of 2 identical monomers, mirrored on a two-fold axis. α-helices of protein subunits are represented as cylinders. Shown

Figure 1.1. The crystal structure of PSII from Thermosynechococcus elongatus at 3.0 Å.

In parallel to the importance of the intrinsic subunits, there are at present, three extrinsic
proteins identified on the lumenal side of monomeric PSII crystal structures; PsbO, PsbU and
PsbV (Loll et al, 2005; Müh et al, 2008). PsbO is a 33 kDa protein found in all oxygenic
photosynthetic organisms (Roose et al, 2007). It plays a key structural component with roles
in stabilising the manganese cluster and modulating oxygen evolution. Additionally in
cyanobacterial species, the subunits PsbU and PsbV, 12 kDa and 17 kDa proteins,
respectively, are assigned with enhancing the structural stability of PSII and shielding of the
Mn4Ca cluster from oxidative damage (Roose et al, 2007).

1.3 Low molecular weight proteins of PSII
To date, 13 intrinsic low-molecular–weight (LMW) subunits have been identified in
monomeric PSII crystal structures ranging in size from 3.5 kDa to 10 kDa, (Guskov et al,
2009). They consist mainly of single trans-membrane α-helices embedded within the
thylakoid membrane, with the exception of PsbZ which has two trans-membrane helices as
shown in Figure 1.2 (For review, see Shi and Schröder, 2004).

Figure 1.2. Top view of the PSII complex showing the monomer-monomer interface reflected by the twofold axis.
On either side of the monomer-monomer interface described as the two-fold axis, the PsbT peptide with PsbL
and PsbM, form a peptide triad, coloured in light blue. Other LMW proteins are coloured in grey and surround
the periphery of PSII monomers. The reaction centre (RC) D1 and D2 subunits, both with 5 TMH helices each
are coloured yellow and orange, respectively. (Source: Ferreira et al., 2004)
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Among the 13, three LMW subunits, PsbL, PsbM and PsbT are localised within the monomer
to monomer interface of PSII dimers (Ferreira et al, 2004; Loll et al, 2005; Guskov et al,
2009). In Synechocystis sp. PCC 6803, the 4.5 kDa PsbL and the 3.9 kDa PsbM subunits
perform roles in the stabilisation of electron transfer within the reaction centre (Müh et al,
2008; Bentley et al, 2008; Luo and Eaton-Rye, 2008). Additionally, PsbM forms the only
protein-protein contact with itself across the monomer-monomer interface of PSII dimers
(Guskov et al, 2009).

1.4 PsbT
PsbT is a plastid-encoded LMW subunit that is also found within PSII of cyanobacteria. It
weighs ~4.5 kDa and is highly conserved in cyanobacteria, algae and higher plants (Figure
1.5) (Bentley et al, 2008). It consists of a single transmembrane helix with its C-terminus
located on the stromal side of thylakoid membranes (Shi and Schröder 2004; Ohnishi et al,
2007; Müh et al, 2008).
The proposed role of PsbT from structural studies suggests it maintains the dimerisation of
two PSII monomers (Barber, 2003; Iwai et al, 2004); however, to date, sufficient evidence has
yet to confirm this. The PsbT and D1 subunits are in close contact with one another and a
more ideal role of PsbT is involved in stabilising the QA site. The PSII structure from
Thermosynechococcus elongatus reveals a Phe10 on PsbT in conjunction with the D1-Phe52
sandwiches the terminal isoprenoid chain of the QA PQ (Figure 1.3 and 1.4) (Guskov et al,
2009). A relative distance of ~4 Å between each phenylalanine residue and the QA PQ
terminus supports this interaction. This Phe10 appears to be a unique trait in the thermophilic
cyanobacteria as this residue is substituted with a generally more conserved Leu10 in
Synechocystis sp. PCC 6803 (Figure 1.5).
Ohnishi and Takahashi (2001) studied the repair of photodamaged PSII in Chlamydomonas
reinhardtii. They found that PsbT played no role in protecting the PSII complex from
photodamage; however, it became apparent it was involved in the post-translational repair
essential for the recovery from photoinactivation. Furthermore, Ohnishi et al. (2007)
determined PsbT was required for the photoreactivation of QA after exposure to strong light.
Additionally, PsbT was found to be not involved with aspects of de novo synthesis of the D1
protein or its integration into the PSII complex in their deletion strain. However, whether it
has these same roles on Synechocystis sp. PCC 6803 is uncertain as it has been generally
5

accepted that psb gene mutants confer greater phenotypic effects in green algae than in
cyanobacteria (Iwai et al, 2004).

Figure 1.3. The PsbT interaction with the PQ at the QA site.
The Phe10 from PsbT subunit (grey) is shown forming a sandwich with Phe52 from D1 (green). Additionally,
the intimate position with PsbL (red) and PsbM (blue) are shown. The non-heme iron (orange ball) sits between
the QA PQ (yellow) and QB PQ (cyan). A probable bicarbonate ligand to the non-heme iron is observed. Figure
was created using the atomic co-ordinates from the structure solved by Guskov et al. (2009), from the Protein
Databank, (http://www.rscb.org); accession number 3BZ1 and constructed using Pymol 0.99rc6, Delano
Scientific, 2006

There has been two accounts of inactivation of psbT in cyanobacteria, involving the two
species: Thermosynechococcus elongatus and Synechocystis sp. PCC 6803. Iwai and coworkers, 2004, inactivated psbT in the thermophile Thermosynechococcus elongatus and
discovered the loss of PSII dimers in mutant cells. This has lead to arguments questioning
whether the real native protein structure of PSII is that of a dimer or monomer and if
experimental variables influence the ratio of PSII monomers to dimers (Watanabe et al, 2009).
As it is believed that in some cyanobacteria, PsbT is involved in dimer formation however
this does not appear to be the case with Synechocystis sp. PCC 6803 (Bentley et al, 2008). The
6

PsbT mutant used by Iwai and colleagues grew photoautotrophically and oxygen evolution of
∆PsbT cells were comparable to wild-type cells, in contrast with deletion mutants of other
LMW proteins which showed lower activities (Iwai et al., 2001). An inactivated ∆PsbT
mutant from Synechocystis sp. PCC 6803 also grew photoautotrophically; however, oxygen
evolution rates were impaired which was thought to relate to a reduction of the transfer of
electrons between QA and QB (Bentley and Eaton-Rye, 2008; Bentley et al., 2008).
Furthermore, ∆psbT mutants were extremely susceptible to inactivation by high light
treatment. Their recovery was observed when cells underwent the transition from high light to
low light and was determined to be protein synthesis dependent (Bentley et al., 2008), which
seemed to contradict the findings made by Iwai and colleagues (Iwai et al., 2004). When both
∆PsbT and normal cells were exposed to chloramphenicol, a protein synthesis inhibitor which
inhibits peptide bond formation, the recovery from photoinactivation was inhibited (Iwai et
al., 2001; Iwai et al., 2004); however, Bentley and Eaton-Rye (2008) discovered no inhibition
occurred in the presence of lincomycin, which inhibits initiation of protein synthesis.

Figure 1.4. Spatial close up of the PsbT and D1 sandwich of the QA PQ terminus.
Phenylalanine residues from PsbT (grey) and D1 (green) confer stability to QA by sandwiching the PQ tail
(yellow). An observed ChlD1 in close proximity to the Q A PQ is shown (cyan). Figure was created using the
atomic co-ordinates of the structure solved by Guskov et al. (2009), from the Protein Databank,
(http://www.rscb.org); accession number 3BZ1 and constructed using Pymol 0.99rc6, Delano Scientific, 2006.
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Bentley and Eaton-Rye (2008) and Bentley et al. (2008) also discovered that the removal of
PsbT disrupted the normal electron flow between QA and QB on the acceptor side of PSII.
This is thought to endorse the role of PsbT in stabilising the QA site on D2 (Ohnishi et al.,
2007, Müh et al., 2008). Established at 2.9Å, a Phe residue from PsbT is shown to sandwich
the terminus isoprenoid tail of QA in conjunction with a Phe residue from the D1 Protein
(Guskov et al. 2009). It is further suggested that PsbT has intimate interactions with the
D1/D2 heterodimer which backs up the reasoning that it plays an important structural role in
maintaining the integrity of the QA site. This would further implicate a functional role in
facilitating the efficient transfer of electrons through the acceptor side of PSII.

Figure 1.5. Comparison of PsbT protein sequences.
An alignment of PsbT sequences from fully sequenced cyanobacterial genomes at time of writing was performed
using ClustalW default parameters (Thompson et al., 1994). The consensus sequence shows both residues
conserved in all sequences (upper case) with other residues representing the majority identity at that position
(lower case). The Synechocystis sp. PCC 6803 PsbT sequence is highlighted in red. The solid black line indicates
the region corresponding to the inter-membrane α-helix domain. An asterisk denotes the residue proposed to
have a stabilisation role of Q A (Guskov et al, 2009). The viridiplantae consensus sequence was generated from
over 100 PsbT sequences obtained from NCBI protein database (http://www.ncbi.nlm.nih.gov/) corresponding to
the viridiplantae taxon.
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1.5 Photoinhibition
The photosynthetic process is dependent on light; however, too much of it can be damaging to
the overall protein complex. Photoinhibition is the light dependent accrued damage of PSII,
which inhibits the efficient transfer of electrons and the subsequent evolution of O2 (Murata et
al., 2007; Tyystjärvi, 2008). This effect also occurs in low light in vivo; however, the repair of
the PSII complex exceeds its rate of impairment (Tyystjärvi et al., 2001). Conversely, under
strong light, the rate of damage on the D1 protein far exceeds the rate of its repair.
Current discussion seems to indicate that photoinhibition occurs at both the acceptor and
donor side of PSII. Within the donor side, direct light-dependent inactivation of the
manganese cluster is thought to occur as observations in PSII mutants lacking an oxygenevolving complex (OEC) failed to exhibit residual electron transfer activity of PSII (Mohanty
et al., 2007; Tyystjärvi, 2008). Furthermore, UV light is more effective at damaging the OEC
compared to other sites within the PSII complex (Zsiros et al., 2006). Acceptor side
photoinhibition is brought about by the complete reduction of the PQ pool resulting in a
sustained reduced form of QA, that can be destabilised by double reduction (Tyystjärvi, 2008).
Further excess illumination results in the dissociation of double-reduced QA giving rise to a
triple reduced state of the primary donor P680.
The appearance of the triple reduced P680 is able to oxidise key residues. It has been
determined that the D1 protein is the target of oxidative damage, triggering its subsequent
degradation. The inactivation of PSII may additionally give rise to reactive oxygen species
(ROS), which were once thought to be the main cause of PSII damage; however, a new role of
ROS in inhibiting the repair process has been suggested (Mohanty et al., 2007; Ohnishi et al.,
2007).
In cyanobacteria, both UV and visible-light-induced photoinhibition cause an increase in the
transcription of the psbA gene encoding the D1 protein (Tyystjärvi, 2008). In Synechocystis
sp,. PCC 6803 cells, de novo synthesis of the D1 protein is reduced in the presence of H2O2
and 1O2 (Nishiyama et al., 2001; 2004; Murata et al., 2007). Other studies have also found
that the translation of psbA is specifically suppressed by H2O2 and 1O2. Likewise, in
Arabidopsis thaliana, the reduction of disulphide bonds by ROS in elongation factors may be
the cause of extended photoinhibition. Interactions with thioredoxin imply activation of
elongation factors require the reduction of their disulphide bonds (Yamazaka et al., 2004;
Murata et al., 2007). Excess ROS have been proposed to oxidise these thiol-containing
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residues therefore arresting the translation of psbA mRNA in Synechocystis sp. PCC 6803
(Tyystjärvi et al., 2001; Allakhverdiev et al., 2004; Murata et al., 2007).
The degradation of the D1 protein occurs after the inhibition of the electron transfer capability
of PSII (Tyystjärvi, 2008). A number of sites on the D1 protein allow for proteolytic cleavage.
D1 degradation releases the extrinsic proteins of the OEC into the lumen. The light-induced
rapid turnover of D1, and the replacement if its constitutive cofactors, are essential for
maintaining PSII activity in all kinds of light conditions (Ohnishi et al., 2007). To date the
mechanism of repair has been proposed to involve either a one step or a multistage process
involving many cofactors; one of these is a 9.1 kDa lipoprotein, Psb27 which plays a role in
the efficient recovery of inactivated PSII (Allakhverdiev et al., 2003).
First identified in 1995 by Ikeuchi and co-workers (Ikeuchi et al., 1995), Psb27 is a highly
conserved protein absent from known PSII crystal structures. However, the solution structure
of Psb27 has recently been published (Cormann et al., 2009; Mabbit et al., 2009). Psb27 is
known to bind exclusively to a Mn4Ca-less inactive monomer of PSII complexes lacking a
functional D1 protein (Nowaczyk et al., 2006). This suggests it forms an intermediate,
blocking the binding of extrinsic proteins such as PsbO, PsbU and PsbV to allow the
processing and inclusion of de novo synthesised D1 protein (Cormann et al., 2009). Increased
expression is observed in Synechocystis sp. PCC 6803 cells lacking the D1 C-terminus
processing protease, CtpA and also a Psb27 mutant in Arabidopsis thaliana exhibited a
delayed recovery from photoinhibition (Roose and Pakrasi, 2004; Chen et al., 2006). This
characterises the important role of Psb27 which facilitates the efficient biogenesis and
recovery of active PSII complexes. However, in light of this, other LMW subunits namely
PsbL and PsbT are believed to also contribute to the efficient assembly of active PSII
complexes (Ohnishi et al., 2001; 2007; 2008; Bentley et al., 2008).

1.6 Chlorophyll a Fluorescence of PSII
Chlorophyll molecules within the PSII reaction centre dissipate absorbed excitation energy in
three possible ways. The two pathways via heat and fluorescence, are non-photochemical and
return chlorophyll to its ground state. The photochemically active pathway transfers an
electron to form QA-. When QA- is present the photochemical pathway is blocked and the yield
of chlorophyll a fluorescence increases (Krause and Weis, 1991). The difference between the
chlorophyll a fluorescence yield when all QA is oxidised and when all QA is reduced is termed
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the variable fluorescence yield (Fv) (Govindjee and van Rensen, 1993). Because the variable
fluorescence yield of PSII is dependent on the amount of QA- present, this parameter can be
used to follow the transfer of an electron from QA- to the next quinone QB. At room
temperature, approximately 90% of emitted fluorescence originates from PSII, therefore the
variable chlorophyll a fluorescence yield has been used as an indispensable, non-invasive tool
to study the flow of electrons during photosynthesis (Govindjee, 1995). Energy lost through
other known factors such as heat dissipation and photochemistry only allow for a relative
fluorescence measurement reflecting the redox state of QA.
At room temperature the fluorescence emission originates from the core antenna proteins
CP43 and CP47 which bind chlorophyll a molecules. This means that when a PSII reaction
centre is closed the energy on the reaction centre chlorophyll is passed back to a core antenna
chlorophyll and it is the core antenna chlorophyll that returns to the ground state emitting the
fluorescence.
Variable chlorophyll a fluorescence (Fm – Fo or Fv) is an indicator of the amount of energy
required for maximum photochemistry and Fv/Fm is indicative of the maximum quantum
efficiency of photochemistry of any given sample (Krause and Weis, 1991; Genty et al.,
1989). Two methods have been developed to measure the fluorescence emitted from PSII and
will be described in the following sections.
1.6.1 QA- reoxidation
The QA- reoxidation experiment utilises flash-induced chlorophyll a fluorescence and its
subsequent relaxation. Dark-adapted samples are treated to a single turn-over saturating flash,
reducing QA to QA- and the subsequent decay in fluorescence emitted is recorded using a
series of weak measuring pulses. This provides a measure of electron transport from QA- over
a µs to s range (Figure 1.6). QA- reoxidation contains three processes or components which
correspond to key events indicative of the loss of chlorophyll a fluorescence yield. The fast
component is representative of the electron transfer between QA- to QB, measured over a 200400 µs time scale. Additionally, this component also reflects the transfer from QA- to the
semireduced secondary quinone acceptor or QB-; however, as a result of dark adaptation, this
affect becomes negligible. The intermediate component represents the QA- reoxidation limited
to the binding of PQ from the PQ pool in the membrane to empty QB pockets. This is
dependent on the time required for PQ to associate with the QB site which occurs over a few
ms. Finally, the slow component occurs over a seconds time scale and is assigned the charge
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recombination of QA- with the PSII donor side and its amplitude represents the equilibrium
constant between QA-QB and QAQB- (Vass et al., 1999).

Figure 1.6. Flash induced QA- reoxidation of Synechocystis sp. PCC 6803.
Measurements were taken in the presence (white circles) and absence (black circles) of DCMU. The data was
normalised by subtracting the initial fluorescence (Fo) and dividing by the variable fluorescence (Fv) and plotted
on a logarithmic time scale.

Analysis of the backward flow of electrons within PSII can also be followed by this technique
if the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU) is present (Figure 1.6).
DCMU binds to the QB site of PSII and inhibits the electron flow downstream of QA. This
allows the analysis of the equilibration of QA- back to the donor side of PSII via P680* charge
recombination. The curve follows two exponential components which are attributed to two
different populations of reaction centres that exhibit different recombination rates and exist
prior to illumination (Fufezan et al., 2007). This is a consequence of the conformational
heterogeneity of PSII, which inherently is also seen in bacterial type II reaction centres
(Rappaport et al., 2005).
1.6.2 Fluorescence Induction
Fluorescence induction is used to show characteristic changes in chlorophyll a variable
fluorescence under steady illumination. It consists of two multiphase stages: one is the fast
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OJIP fluorescence phase (Figure 1.7) which occurs over a few seconds and the other is the
slow PSMT phase which lasts up to a few minutes (Govindjee, 1995). The initial fast phase is
the transition of open reaction centres to closed reaction centres as QA becomes reduced and is
polyphasic. The initial fluorescence (Fo) is represented as ‘O’, for origin. The O to J phase of
the induction curve is representative of the electron transfer from the donor side of PSII
expressing the accumulation of QA-. This is followed by ‘J’, ~30 ms later before approaching
the maximal fluorescence output (Fm) known in this nomenclature as ‘P’, at about 200-400
ms. This latter ‘JIP’ stage is representative of the reduction of QB and the PQ pool by PSII,
followed by the continual oxidation by PSI. The slow PSMT phase reflects a host of global
signals such as lumen acidity and trans-membrane ∆pH and requires intact thylakoid
envelopes in order to maintain the necessary levels of stromal solutes needed to generate the
curve (Krause and Weis, 1991). However, this study is concerned with investigating PSII
activity therefore the PSMT signals that reflect downstream metabolic events will not be
assessed.
Cyanobacteria demonstrate a shallower OJIP inflection when compared to higher plants
therefore the ‘I’ inflection point which is observed in plant fluorescence transients is less
obvious. A much higher Fo measurement has been identified as well and may correlate to a
contribution of the presence of phycobilisomes, QA reduction via respiration or a higher PSI
to PSII ratio. This characteristic may also be influenced by cytochrome oxidase, which was
shown to be capable of oxidising the PQ pool in a PSI-less mutant of Synechocystis sp. PCC
6803 (Vermaas et al., 1994).
Despite the differences when compared to plants, fluorescence induction is a very good
method for investigating the physiological state of PSII in Synechocystis sp. PCC 6803;
providing information on the PQ pool size, as well as being a useful monitor of electron
transfer of both donor and acceptor sides of PSII. For example, acceptor side inhibition will
produce a rapid O-P rise and high fluorescence output for P, while donor side inhibition
displays a slower fluorescence rise and low fluorescence signals.
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Figure 1.7. An example of a Fluorescence Induction curve.
This curve is derived from chlorophyll a fluorescence of a pea leaf, excited with 650 nm light plotted on a
logarithmic time scale. Inflection points JIP are labelled. Fo represents the origin, ‘O’, and T is the terminal
fluorescence and is representative of the steady state reached at the end of the slow phase (PSMT). The S and M
inflections are not visible on this logarithmic plot. Figure taken from Govindjee (1995).

1.7 Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803 is a unicellular, non-nitrogen fixing cyanobacterium that can
undergo oxygenic photosynthesis. It was the first cyanobacterium as well as the first oxygenic
photosynthetic organism to have its circular genome of 3.57 Mb sequenced (Kaneko et al.,
1996). Two main reasons that have popularised Synechocystis sp. PCC 6803 as a model
organism for the study of photosynthesis are that it can be transformed with exogenous DNA
effortlessly, incorporating DNA via double homologous recombination and it grows
heterotrophically at the expense of glucose (Ikeuchi and Tabata, 2001). Additionally, a
genome database for cyanobacteria, Cyanobase, has established itself as a central repository
for information on gene structure and function of many cyanobacterial species that have been
fully sequenced since 1996. With such strong characteristic features and resources,
Synechocystis sp. PCC 6803 is therefore an attractive model organism for photosynthetic
related research.
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1.8 Aims of this study
Very little is known about the role and characteristics of PsbT as a result of there being no
inherent mutations found in nature (Shi and Schröder, 2004). Some work has been performed
in the green alga Chlamydomonas reinhardtii but the organisation of the photosynthetic
apparatus in this organism has routinely revealed different phenotypes when LMW proteins
have been targeted by knockout mutagenesis in comparison to phenotypes observed in
cyanobacteria or higher plants (Iwai et al., 2004). This is interesting since it suggests a certain
plasticity in the role of the LMW proteins in different photosynthetic organisms which in turn
may reflect different organisation of PSII with different antenna systems (e.g.,
phycobilisomes in cyanobacteria and chlorophyll a/b-binding proteins in higher plants).
This study will characterise the effects of a psbT-interruption in the cyanobacterium
Synechocystis sp. PCC 6803. Previous work has suggested impaired electron transport
specific to the acceptor side of PSII (Bentley et al, 2008). Therefore the extent of the
impairment and specific physiological characteristics will be elucidated from whole cell and
thylakoid samples. Additionally, novel observations arising from the consequences of the
removal of PsbT will be evaluated.
Furthermore, a ∆PsbT:∆Psb27 strain will be constructed to evaluate the role of PsbT in
assembly of PSII native complexes as well as identifying novel effects through physiological
characterisation.
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Chapter Two
Methods
2.1 Synechocystis sp. PCC 6803 growth and maintenance
Cells were maintained on BG11 agar plates containing 5 mM glucose, 20 µM atrazine and
appropriate antibiotics (Eaton-Rye, 2004). Liquid cultures were established in 300 mL
Erlenmeyer flasks that have been specifically modified as described in Eaton-Rye (2004).
Cultures containing BG11, 5 mM glucose and appropriate antibiotics were grown
mixotrophically. Both plates and liquid cultures were grown under constant illumination (30
µE.m-2.s-1), at 30°C. Liquid cultures were also provided with filtered aeration supplied by
aquarium pumps.
Trace Minerals: 42.26 mM H3BO3; 8.9 mM MnCl2.4H2O; 0.77 mM ZnSO4.7H2O; 0.32 mM
CuSO4.5H2O; 0.17 mM Co(NO3)2.6H2O
100x BG11 (without Fe, Pi and CO2): 1.76 M NaNO3; 30.4 mM MgSO4.7H2O; 24.5 mM
CaCl2.2H2O; 2.86 mM C6H8O7 (citric acid); 0.22 mM NaEDTA, (pH 8.0); 10% (v/v) trace
minerals
BG11 liquid media: 1x BG11 (without Fe, Pi and CO2); 6 µg/mL ferric ammonium citrate; 20
µg/mL Na2CO2; 30.5 µg/mL K2HPO4
BG11 agar plates: BG11 liquid media supplemented with 10 mM TES-NaOH (pH 8.2); 0.3%
sodium thiosulfate; 1.5% bacteriological agar (Scientific Supplies Ltd, New Zealand)
Table 2.1 Antibiotics required for the selection of Synechocystis sp. PCC 6803 mutants

Antibiotic

Stock

Final

Medium

Concentration Concentration

Storage
Temperature

Spectinomycin

50 mg / mL

25 µg / mL

H2O, filter sterilised

4°C

Kanamycin

50 mg / mL

25 µg / mL

H2O, filter sterilised

4°C

Erythromycin

25 mg / mL

25 µg / mL

Ethanol

4°C

Chloramphenicol 30 mg / mL

15 µg / mL

Ethanol

-20°C
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2.2 Cyanobacterial DNA isolation
Cells were grown in a 300 mL flask to an OD730 nm of 1.2 and then centrifuged for 5 min at
5000g. The cell paste was resuspended in 2 mL saturated NaI for each gram of cell paste then
incubated for 20 min at 30°C before centrifugation for 10 min at 2670g. The pellet was
resuspended in 8 mL TES solution with 1.25 mL lysozyme (50 mg.mL-1) per gram of cells
and incubated at 37°C for 20 min. An equal volume of phenol was added and mixed by gentle
inversion for 45 min. The sample was centrifuged, 10 min at 2760g and treated again with
phenol. The upper aqueous layer was further treated to an equal volume of 1:25
isoamylalcohol to chloroform and mixed by gentle inversion for 30 min. After centrifugation
at 2670g for 10 min, the top phase was collected and a 1:10 volume of 3 M sodium acetate
(pH 5.0) with 2x volume of 100% ethanol added and placed at -20°C for 8 h. The solution
was centrifuged for 10 min at 27000g and excess ethanol removed. The pellet was washed
with cold 70 % ethanol and centrifuged for 5 min at 2670g. The DNA pellet was air dried
then suspended in 300 µL of TE buffer and stored at -20°C.
TES solution: 50 mM Tris-HCl (pH 8.0); 5 mM EDTA (pH 8.0); 50 mM NaCl
TE Buffer: 10 mM Tris-HCl (pH 8.0); 1 mM EDTA

2.3 Polymerase chain reaction
Genomic DNA from Synechocystis sp. PCC 6803 was used as templates for amplification by
PCR. The reactions were performed in 1x Platinum Taq amplification buffer containing 200
µM dNTPs (dATP, dCTP, dGTP and dTTP), 1.5 mM MgCl2, 0.4 mM of each primer and 0.05
units/µL Platinum Taq (Invitrogen, Netherlands). PCR conditions were: (1) initial denaturing
step at 95°C for 5 min; (2) 30 cycles of 94 °C for 30 s, annealing at 64°C for 1 min, extension
at 72°C for 3 min; then (3) final extension at 72°C for 5 min. PCR products were separated by
gel electrophoresis and visualised through staining with ethidium bromide.
Primer Sequencesa (5` to 3`)
psbT:
psb27:
a

F:

CGGTTGAGCATTGACCCGATGGCTG

R:

TTCGTGATGACGGTAACCTCTGCCG

F:

AAGACCCAACTGGAGGACCATGCGG

R:

CAATGCCTCTAGGGCTGCCTGTTTG

F, forward primer; R, reverse primer.
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1x Platinum Taq amplification buffer: 10 mM Tris-HCl (pH 8.3); 50 mM KCl; 0.01% (w/v)
gelatine.
10x DNA Loading Buffer: 0.25% bromophenol blue; 0.25 % xylene cyanolFF; 30% glycerol
TBE: 89 mM Tris-HCl (pH 8.0); 89 mM boric acid; 2 mM EDTA
Gel Electrophoresis: 1% agarose gels with TBE buffer

2.4 Transformation of Synechocystis sp. PCC 6803
Liquid cultures were grown in the presence of glucose to an OD730 nm of approximately 0.6.
Cells were centrifuged at 2760g for 10 min and resuspended in 0.5 mL BG11 media to an
OD730 nm of 2.5 in sterile glass tubes. Approximately 5 µg plasmid DNA was added to the
tubes and incubated at 30°C for 6 h at 30 µE.m-2.s-1 with gentle shaking at 3 h. Negative
controls with no DNA were included. Samples were spread over sterile filter paper on BG11
plates supplemented with glucose and incubated for 12 h. The filters were then transferred to
plates containing appropriate antibiotics. After 2 weeks, single colonies were picked and restreaked three times to ensure complete segregation. DNA extraction and PCR were used to
verify complete segregation.

2.5 Photoautotrophic growth curve
Liquid cultures of Synechocystis sp. PCC 6803 were grown in the presence of 5 mM glucose
to an OD730 nm of 1.0. Cells were centrifuged at 2760g for 10 min at 25°C and washed twice in
BG11. A flask containing 150 mL BG11 was inoculated with washed cells to give a starting
OD730 nm of 0.05. Cultures were maintained under constant temperature (30°C), illumination
(30 µE.m-2.s-1) and aeration. The OD730 nm of each culture was recorded every 12 h over 120
h.

2.6 Chlorophyll determination
Chlorophyll was extracted by mixing 10 µL samples with 90 µL of 80% acetone for
thylakoids or 100% methanol for whole cells and centrifuged at 13400g. The chlorophyll
yield was derived from the absorbance at 663 nm, by multiplying the absorbance with the
dilution factor (100) and dividing by 82, giving a chlorophyll concentration in mg mL-1.
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2.7 Oxygen evolution of whole cells
Synechocystis sp. PCC 6803 cells were grown in liquid BG11 containing 5 mM glucose to an
OD730

nm

of 1.0. Cells were centrifuged at 2760g for 10 min at 25°C and washed twice in

BG11 containing 25 mM Hepes/NaOH, pH 7.5 and diluted to a chlorophyll concentration of
10 µg mL-1. Cells were incubated at 30°C under illumination (30 µE.m-2.s-1) in a 100 mL
beaker on a magnetic stirrer. A Clark-type electrode (Hansatech, UK) was used for
measurements. A volume of 1 mL was transferred into the electrode reaction chamber set at
30°C with constant stirring. Whole cells were illuminated in the presence of 1 mM potassium
ferricyanide (K3Fe(CN)6) with 200 µM 2,5-dimethyl-p-benzoquinone (DMBQ) or 15 mM
sodium bicarbonate. Saturating red light was provided by an FLS1 light source (Hansatech,
UK) passed through a OG 590 sharp cut-off red glass filter (Melles Griot). The initial rate of
O2 evolution was calculated from the slope (mV min-1) of the first minute.

2.8 Photoinhibition and recovery time course assays
Samples were prepared as in Section 2.7. Cells were incubated for 10 min at 30°C with
constant illumination (30 µE.m-2.s-1) in a 100 mL beaker with gentle stirring.
Photoinactivation was achieved by direct application of 2000 µE.m-2.s-1 white light supplied
from a Kodak Ektalite 1000 slide projector for 45 min. Afterwards, the light stress was
removed and cells were allowed to recover in 30 µE.m-2.s-1 for 105 min. Samples were taken
every 15 min during the time course and assayed for oxygen evolution.

2.9 Thylakoid extraction
Cells from liquid cultures were centrifuged for 10 min at 5000g. The pellet was resuspended
in 1.1 mL HMCS + protease inhibitor solution then transferred to 2 mL screw cap tubes,
topped up with glass beads (0.1 mm zirconia/silica beads at -20°C) and incubated on ice for
30 min in the dark. Cells were broken using a Mini-beadbeater (BioSpec Products, Inc.,
Bartlesville, OK) for 20 s at 5000 rpm for 4 rounds with 5 min of ice incubation between
rounds. Beads were removed by centrifugation at 4°C, 900g for 5 min and the supernatant
transferred to 2 mm thick walled polyallomer tubes (Beckman No. 347287) and centrifuged at
200,000g for 30 min at 4°C. The pellets were resuspended in 200 µL HMCS solution and
stored at -80°C.
HMCS solution: 0.5 M Hepes; 0.1 M MgCl2; 50 mM CaCl2; 2 M sucrose
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HMCS solution + Protease Inhibitors: (As above) with 1 mM ε-amino-n-caproic acid; 1 mM
PMSF (in iso-propanol); 2 mM benzamidine (in ethanol)

2.10 DCPIP Reduction
Isolated thylakoid membranes were resuspended in 3 mL of TSCB buffer to give a final
chlorophyll concentration of 10 µg.mL-1. Samples were then placed into a 3 mL quartz
cuvette supplemented with 100 µM 2,6-dichlorophenolindophenol (DCPIP). A sample cuvette
and a reference cuvette were placed into a double beam Cari 118 UV-visible scanning
spectrophotometer, set to a wavelength of 590 nm. The photomultiplier was protected with a
Melles Griot BG-38 filter. Saturating red light required for DCPIP reduction was provided by
a FLS1 light source (Hansatech, UK) passed through a red RG 665 (Melles Griot) optical
filter.
DCPIP reductions in the presence of 2,2-diphenyl-carbonic dihydrazide (DPC), required the
inactivation of the OEC. This was accomplished by incubating thylakoid suspensions at 55°C
for 20 min. Samples were cooled to 25°C and the DCPIP and measured as above. If no rate of
DCPIP was achieved, samples were then supplemented with 500 µM DPC.
TSCB Buffer: 50 mM Tricine / NaOH (pH 7.5); 600 mM sucrose; 30 mM CaCl2; 1 M betaine

2.11 Oxygen evolution of isolated thylakoids
Thylakoids were isolated as in section 2.9 and diluted in TSCB Buffer (pH 7.5) to a
chlorophyll concentration of 10 µg.mL-1. A Clark-type electrode (Hansatech, UK) was used
for measurements. A volume of 1 mL was transferred into the electrode reaction chamber set
at 25°C with constant stirring. Samples were illuminated in the presence of 1 mM K3Fe(CN)6
with 200 µM p-benzoquinone (PBQ) or 200 µM DMBQ. Saturating red light was provided by
an FLS1 light source (Hansatech, UK) passed through a OG 590 sharp cut-off red glass filter
(Melles Griot). The initial rate of O2 evolution was calculated from the slope (mV min-1) of
the first minute.
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2.12 77K fluorescence
Cells were diluted with BG-11 containing HEPES/NaOH, pH 7.5, with or without (v/v) 60%
glycerol to a chlorophyll concentration of 2 µg.mL-1. Cells were then transferred into glass
tubes, frozen in a custom made liquid nitrogen Dewar flask and measured by a fluorescence
spectrometer (Perkin-Elmer, MPF-3L). The emission slit was set to 4 nm for each
measurement. The excitation slit for samples without glycerol was: 12 nm and 10 nm for 440
nm and 580 nm, respectively. The excitation slit for samples containing 60% glycerol was 16
nm and 6 nm for 440 nm and 580 nm, respectively. Traces were normalised to a PSI peak at
725 nm.

2.13 Measurement of QA- reoxidation kinetics
The decay of variable chlorophyll fluorescence yield after a single turnover flash was
measured using a double modulation fluorometer (PS I Instruments, Brno, Czech Republic) in
the 50 µs to 60 s time range. The fluorometer contained only one actinic flash light (455 nm),
capable of providing a single turnover flash, when set at maximum power and two measuring
lights (red, 625 nm; blue, 455 nm) were used to report the fluorescence yield. Fo was
determined by a series of four measurements taken at 200 µs intervals prior to a 30 µs
saturating flash at 1 ms, with the first fluorescence signal recorded 26 µs after the flash. The
saturating flash intensity was always set to 100% for all samples which corresponds to a light
intensity of 5000 µE.m-2.s-1. However, when a red measuring light was used, the measuring
voltage was set to 30% and when a blue measuring light was used, the measuring voltage was
set to 80%.

2.13.1 Sample Preparation
Cells were prepared as described in Section 2.7 and diluted to a chlorophyll concentration of 5
µg.mL-1. Cells were dark adapted for 20 min at 30°C. Measurements were made in a dark
room, using a quartz cuvette containing 2 mL cells. When present the following compounds
were supplemented at the following concentrations: 1 mM K3Fe(CN)6, 200 µM DMBQ, 25
mM sodium formate and/or 15 mM sodium bicarbonate. The back reaction was measured in
the presence of 40 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU).
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2.13.2 Kinetic analysis
Forward electron transfer kinetic analysis between QA and QB was based on Vass et al.
(1999), while satisfactory fits onto the back charge recombination of QA to the manganese
cluster were obtained according to Fufezan et al. (2007). Forward electron transfer kinetics
were assumed to consist of two exponential phases and an end hyperbolic phase:
2

Φ(t) = " Ai • exp (-ki • t) + A3 /(1 + t / k3)
i =1

!

Where:
Φ (t) = the variable fluorescence yield
t = time
A = amplitude of the decay
k = rate constant

A fast (i = 1) component reflects electron transfer from QA- to QB; the intermediate (i = 2)
component largely reflects the binding of PQ molecules to the QB site; the slow (i = 3)
component represents back charge recombination. The half times of components can be
calculated by t½ = ln(2) / k for the exponential components. For the hyperbolic component, t½
= k.

The back electron recombination in the presence of DCMU may be expressed as:
2

Φ(t) = C + " Ai • exp (-ki • t)
i =1

Where:
!
C = offset amplitude (constant)
A = amplitude of the decay component
k = rate constant
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2.14 Fluorescence induction
Cells were prepared as in section 2.7 and diluted to a final chlorophyll concentration of 5 µg
mL-1. The same steps were used as in section 2.13.1 except cells were illuminated under
actinic light over a period of 5 s while a rapid rise in fluorescence was recorded using a blue
or red measuring light. Each measurement was carried out in the presence of one or more of
the following reagents: 1 mM K3Fe(CN)6, 200 µM DMBQ, 25 mM sodium formate, and/or
15 mM sodium bicarbonate. The back reaction was measured in the presence of 40 µM
DCMU. The actinic voltage was set to 50% for all samples; however, for a red measuring
light the measuring voltage was set to 30% and for blue, 80%.

2.15 Blue native page
Blue-native (BN) PAGE was performed according to Schägger (1994) and Rokka et al.
(2005). Thylakoid membranes were washed twice with washing buffer and centrifuged at
13400g for 15 min at 4°C. The pellets were resuspended with 200 µL of Buffer A, solubilised
by adding an equal (v/v) amount of Buffer A containing 2% n-dodecyl β-D-maltoside (DM)
and incubated on ice for 15 min. Insoluble materials were removed by centrifugation at
13400g (4°C for 15 min) and the soluble fraction mixed with 10x BN-PAGE loading buffer.
Thylakoids were loaded into a 5-12% acrylamide gradient gel (dimensions: 16 mm x 16 mm x
1 mm), each well containing 5-10 µg chlorophyll. In the event where the concentration was
too low, thylakoids were concentrated using Microcon, Ultracel YM-30 (Millipore®, Billerica,
MA). Electrophoresis was accomplished using a Protean II cell (Bio-rad Laboratories,
Hercules, CA, U.S.A) at 4°C for 12 h at 10 mA then 6 h at 16 mA.
Washing Buffer: 330 mM sorbitol; 50 mM BisTris-HCl (pH 7.0); 250 µg/ml Pefabloc® SC
(4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride) (Fluka, Switzerland)
Buffer A: 25mM BisTris-HCl (pH 7.0); 20% glycerol; 250 µg/ml Pefabloc
10x BN-Page Loading Buffer: 500 mM ε-amino-n-caproic acid; 100 mM BisTris-HCl (pH
7.0); 30% sucrose; 50 mg/ml Serva blue G
Anode Buffer: 50 mM BisTris-HCl (pH 7.0)
Cathode Buffer: 15 mM BisTris-HCl (pH 7.0); 50 mM Tricine; 0.02% Serva blue G
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2.16 Enhanced chemiluminescence for immunodetection
The Blue Native Gel was destained in MilliQ® H2O then proteins were electro transferred
onto polyvinylidene fluoride (PVDF) membrane (0.2 µm) (BioRad, St Louis, MO, U.S.A)
using a BioRad Mini Trans-Blot® Cell (Hercules, CA, U.S.A). The membrane was destained
twice with 20% methanol; 7% acetic acid for 30 min and rinsed with MilliQ®. The membrane
was blocked with Blot-O for 1 h at 25°C with continuous agitation. The membrane was
washed twice in 10 min intervals with MilliQ then incubated with 1° antibody for 12 h at 4°C
with gentle agitation. The membrane was washed three times with TBS + 0.1% (v/v) Tween
20 (polyoxyethylene sorbitan monolaurate) (Biorad, U.S.A) then incubated with 2° antibody
for 2 h and washed 4 times with TBS + 0.1% (v/v) Tween 20, all at 25°C with continuous
rocking. Finally, the membrane was incubated for 1 min with equal volumes (v/v) of ECL
reagent A and B and visualised using a Fuji imager PS3000, set on chemiluminescence
detection (-30°C).
Electroblot buffer: 25 mM Tris; 192 mM glycine; 20% (v/v) methanol; 0.1 % SDS
Destain: 30% methanol; 7% acetic acid
TBS (pH 7.4): 137 mM NaCl; 25 mM Tris; 5 mM KCl;
Blot-O: 40% bovine serum albumin (Invitrogen, New Zealand); 0.02% sodium azide (Biorad,
U.S.A); made up with TBS (pH 7.4)
2° Antibody, Anti-Rabbit Peroxidase Conjugate: 50 mM Tris-HCl (pH 7.4); 125 mM KCl;
3% bovine serum albumin; and 1:160 000 dilution Anti-Rabbit IgG peroxidise conjugate
ECL Reagent A: 100 mM Tris-HCl (pH 8.8); 0.132 mM p-coumaric acid; 2.5 mM luminol
ECL Reagent B: 100 mM Tris-HCl (pH 8.8); 0.025% H2O2 (Biolab, Australia)

2.17 Calculations
Chlorophyll a determination:
1 mg / mL chlorophyll a = 82 (absorbance at 663 nm)
Calculation for rate of oxygen evolution (µmol O2 / mg chlorophyll / h):
(0.235a,b µmol O2 / mL) (sample volume in reaction chamber) (60 min / h)
(calibration voltagec, mV) (chlorophyll concentration, mg / mL)
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a

µmol of O2 / mL when measuring at 30°C. b For measurements at 25°C, 0.253 µmol of O2 /

mL was used.

c

Voltage corresponding to the saturation of O2 in 1 mL H2O at specified

temperature.
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Chapter Three
Results
3.1 Physiological characterisation of a psbT-interrupted strain of
Synechocystis sp. PCC 6803
Gene knock-out studies are the best way to elucidate the function of an unknown protein. A
psbT interrupted strain (∆PsbT, where upper case is used to indicate the absence of the PsbT
protein as a result of the gene interruption) from Synechocystis sp. PCC 6803 has been
established in the Eaton-Rye lab (Bentley et al., 2008). ∆PsbT cells contain a spectinomycinresistance cassette interrupting the gene via a unique intragenic Nco I restriction site (Figure
3.1, A). The presence of multiple copies of the chromosome in Synechocystis sp. PCC 6803
required that cells are shown to be completely segregated before characterisation. This was
accomplished through successive turnover of generations via iterative rounds of plating and
restreaking on BG11 media, supplemented with spectinomycin to select for the ∆PsbT cell
line. PCR was used to screen for and to ensure complete segregation. The ∆psbT strain was
unable to be screened by colony PCR therefore a DNA extraction was required for PCR. The
reason for this is unknown.
Furthermore, a ∆psbT:∆psb27 mutant was made for this study by incubating ∆PsbT cells with
a ∆psb27 plasmid (Figure 3.1, B). The ∆psb27 plasmid contained a chloramphenicolresistance cassette. Complete segregation was accomplished by plating on BG-11 media
containing both spectinomycin and chloramphenicol. The presence of the psbT interruption
required that genomic DNA be prepared before confirmation of complete segregation by
PCR.
To determine if the introduced gene interruptions had effects on growth rates and electron
transport, mutants were assessed for their ability to grow photoautotrophically and to evolve
oxygen. These measurements were compared with wild-type rates to determine the extent of
any phenotypic effects and to check the viability of the strains. For growth curves, wild type,
as well as ∆PsbT and ∆PsbT:∆Psb27 cells, were initially grown up in the presence of glucose
to an OD730 nm of 0.8 before being transferred to BG11 media without glucose. The absence of
glucose required the activation of photosynthesis to support autotrophic growth. The OD730 nm
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A

B

Figure 3.1. Construction of Synechocystis sp. PCC 6803 mutant strains.
A restriction map of psbT, showing the insertion of a 2.0 kb spectinomycin-resistant cassette into a unique
intragenic Nco I restriction site with its corresponding PCR gel (A). A restriction map of psb27 showing the
insertion of the 2.0 kb chloramphenicol-resistant cassette at a unique intragenic Cla I restriction site with its
corresponding PCR gel (B). A ∆psbT mutant was used to generate the ∆psbT:∆psb27 double mutant. PCR was
used for confirmation of segregation of all mutant strains. Lanes are: M, 1 Kb plus DNA Ladder (Invitrogen); 1,
wild type probed for psbT; 2, ∆PsbT probed for psbT; 3, wild type probed for psb27; 4, ∆Psb27 probed for
psb27; 5, ∆PsbT:∆Psb27 probed for psb27.

Figure 3.2. Photoautotrophic growth of Synechocystis sp. PCC 6803.
Cells were grown in BG-11 media supplemented with antibiotics. The optical density was measured at 730 nm.
The strains shown above are wild type, (black); ∆PsbT, (red); ∆PsbT:∆Psb27, (green).
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was measured at 12 h intervals, to determine the increase of turbidity of the media, reflecting
cellular growth (Figure 3.2).
All strains used in this study were capable of photoautotrophic growth. Rates were calculated
from the early linear phase of growth curves (Figure 3.2). Doubling times of 13 and 14 h were
observed for wild-type and ∆PsbT cells, respectively (Table 3.1). Furthermore, the doubling
time of ∆PsbT:∆Psb27 cells was prolonged to 17 h.

Table 3.1. Photoautotrophic growth and oxygen evolution rates of Synechocystis sp. PCC 6803 cells.
Strain

Doubling Time, h

Oxygen Evolution
PSII-specific electron acceptors

Bicarbonate

Wild type

13

395

371

∆PsbT

14

274

589

17

301

440

∆PsbT:∆Psb27
a

b

a

-2

-1 b

µmol O2.(mg of chlorophyll) .h .

c

Samples were illuminated in the presence of 200 µM DMBQ and 1 mM

c

K3Fe(CN)6. In the presence of 15 mM sodium bicarbonate.

Oxygen evolution was used as a non-invasive probe of electron transport in Synechocystis sp.
PCC 6803. Saturating light was used to catalyse the photochemistry required for the watersplitting reaction. The rate of O2 produced is relative to the amount of electrons donated as
two H2O yields an O2 molecule, 4 protons (H+) and 4 electrons. PSII-specific electron
transport was assessed in the presence of 200 µM DMBQ and 1 mM K3Fe(CN)6. The
lipophilic compound, DMBQ, accepts electrons from the QB site (Satoh et al., 1995; Kashino
et al., 1996). K3Fe(CN)6 was added to maintain the oxidised form of DMBQ. Rates were
calculated from the best gradient observed from the recorded oxygen traces calculated
according to section 2.17. ∆PsbT cells exhibited a lower rate of oxygen evolution compared to
wild-type cells (Table 3.1). Interestingly, ∆PsbT:∆Psb27 exhibited a higher rate of oxygen
evolution compared to ∆PsbT albeit it is still smaller than wild type.
Furthermore, 15 mM sodium bicarbonate (hereafter referred to as bicarbonate) was used to
assess whole chain electron transport. CO2 is in an equilibrium with bicarbonate. The addition
of bicarbonate increases the available CO2 for fixation and the corresponding demand for
ATP and NADPH results in maximum rates of whole chain electron transport. A reduced rate
was calculated for wild-type cells compared to oxygen evolution in the presence of DMBQ
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(Table 3.1). In contrast, both ∆PsbT and ∆PsbT:∆Psb27 exhibited enhanced rates of oxygen
evolution. Additionally, the oxygen traces observed in Figure 3.3 support the calculated rates.
A characteristic delayed response to illumination was observed in oxygen traces containing
bicarbonate and may be attributed to the activation of the Calvin-Benson cycle after a short
period of illumination (Figure 3.3).

Figure 3.3. Normalised oxygen evolution traces of Synechocystis sp. PCC 6803 cells.
Oxygen evolution traces were recorded over a 5 min period with incubation for the first min prior to switching
the light on. Traces were normalised to the initial oxygen output before the 3 min of light treatment. PSIIspecific electron transport in the presence of 200 µM DMBQ and 1 mM K3Fe(CN)6 are shown (A) with whole
chain electron transport in the presence of 15 mM bicarbonate (B). Cells were treated with artificial electron
acceptors for 1 min. Cells were then illuminated for 3 min and traces allowed to continue for 1 min after the light
was turned off. Shown are: wild type, black; ∆PsbT, red; ∆PsbT:∆Psb27, green. Traces represent the average
rates from three independent experiments.

To further assess PSII activity, thylakoids were isolated from wild-type and ∆psbT strains of
Synechocystis sp. PCC 6803 (Table 3.2). Whole chain electron transport was assessed by the
reduction of DCPIP which accepts electrons from PSI (Allen and Holmes, 1986). At pH 7.5, a
higher rate of DCPIP reduction was observed in the ∆PsbT strain which conflicts with whole
cell measurements in the presence of DMBQ. However after heat inactivation, ∆PsbT
thylakoids exhibited a smaller rate of DCPIP reduction compared to wild type.
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The PSII specific oxygen evolution of thylakoids was monitored in the presence of two
electron acceptors, DMBQ and PBQ. PBQ like DMBQ accepts electrons from the QB site.
Although a lower rate was observed in ∆PsbT thylakoids, the difference compared to wild
type is negligible. However a greater rate observed in the presence of PBQ is attributed to a
higher rate of affinity for the QB site (Satoh et al., 1995).

Table 3.2. Rates of electron transfer and oxygen evolution from isolated Synechocystis thylakoids.

Rate of DCPIP reductiona

Strains

a

PSII-specific acceptorsd

H2O to DCPIPb

DPC to DCPIPc

PBQe

DMBQe

Wild type

31 ± 4

17 ± 4

187 ± 7

107 ± 9

∆PsbT

45 ± 3

15 ± 1

164 ± 24

-1

µmol DCPIP reduced.(mg of chlorophyll).h ± standard error of the mean at pH 7.5
c

µM DCPIP. In the presence of 500 µM DPC and 100 µM DCPIP.

d

104 ±2
b

In the presence of 100

µmol O2.(mg of chlorophyll).h-1. e Final

concentrations of 200 µM with 1 mM K3Fe(CN)6

The enhancement of oxygen evolution by the addition of bicarbonate prompted an attempt to
inhibit ∆PsbT cells with sodium formate (hereafter referred to as formate). The bicarbonate
effect has been well documented, where addition of bicarbonate recovered the rate of oxygen
evolution in formate inhibited thylakoids (Govindjee and van Rensen, 1993). This inhibition
can only be achieved after the complete removal of CO2 and the effect is routinely measured
in isolated thylakoid membranes from plants since it is difficult to remove all CO2 in vivo.
Initially, 25 mM formate was added to whole cells; however, normal rates of oxygen
evolution were observed (data not shown). In contrast, the additional presence of 200 µM
DMBQ significantly impaired rates of oxygen evolution in ∆PsbT cells (Figure 3.4, B and
Table 3.3); however, this inhibitory phenomena was not exhibited in wild-type cells.
Furthermore, the addition of 15 mM bicarbonate was able to reverse the inhibition in ∆PsbT
cells and an enhanced rate of oxygen evolution was observed (Figure 3.4, B).
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Table 3.3. A comparison of inhibition by formate of Synechocystis sp. PCC 6803 cells.

Additionsa

% Oxygen evolution

No addition
HCO2-

HCO2 + HCO3
a

-

Wild type

∆PsbT

100%

100 %

96 %

4%

109 %

152 %

In the presence of 200 µM DMBQ and 1 mM K3Fe(CN)6.

Figure 3.4. Formate inhibition of Synechocystis sp. PCC 6803 wild-type and ∆PsbT cells.
All wild type (A) and ∆PsbT (B) oxygen evolution traces depicted were supplemented with 200 µM DMBQ and
1 mM K3Fe(CN)6. Samples were incubated with electron acceptors and inhibitors for 1 min prior to illumination
by saturating light for 3 min. Samples absent of bicarbonate and formate (blue) are compared to samples
containing 25 mM formate (red) and samples containing both 25 mM formate and 15 mM bicarbonate (green).
The average traces from three independent experiments are shown.

A real time recovery of oxygen evolution in ∆PsbT whole cells from the combined inhibitory
effects of formate and DMBQ was further investigated (Figure 3.5). In the presence of 200
µM DMBQ and 25 mM formate no immediate inhibition of oxygen evolution was exhibited
in wild-type cells. The addition of 15 mM bicarbonate contributed an enhanced rate of oxygen
evolution. In contrast, the oxygen evolution of ∆PsbT cells became inhibited by the combined
effects of formate and DMBQ. Additionally, the incorporation of 15 mM bicarbonate was
capable of recovering the oxygen evolution rate.
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Figure 3.5. Bicarbonate recovery of oxygen evolution from formate induced inhibition.
All traces were supplemented with 200 µM DMBQ and 1 mM K3Fe(CN)6. Samples were treated with 25 mM
formate prior to illumination at (a). After 2 min of illumination, 15 mM bicarbonate was added at (b) and the
recovery was observed. A further 2 min of illumination was completed prior to (c). The two strains shown are
wild type (black) and ∆PsbT (red). The averaged results from three independent experiments are shown.

A DMBQ titration assay was prepared to compare the effects of DMBQ on wild-type and
∆PsbT cells (Figure 3.6). Increasing concentrations of DMBQ up to 400 µM enhanced the
rate of oxygen evolution in wild-type cells. In contrast, the presence of DMBQ reduced the
rate of oxygen evolution by ~25 % in ∆PsbT cells. Furthermore, ∆PsbT oxygen evolution rate
remained at a consistent level from 100 µM of DMBQ up to 400 µM albeit at a reduced rate.
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Figure 3.6. Effect of DMBQ concentration on Synechocystis sp. PCC 6803 cells.
DMBQ at increasing concentrations were assayed for by oxygen evolution in wild type (black circles) and
∆PsbT cells (red squares). Rates of oxygen evolution were calculated according to section 2.7. Concentrations of
DMBQ used were: 0 µM, 100 µM, 200 µM and 400 µM. Samples were assayed in the presence of 1 mM
K3Fe(CN)6 to maintain the oxidised state of DMBQ. The average from three independent experiments and the
standard errors are displayed.

The inhibitory phenomena of the combined effects of formate and DMBQ was further
explored in isolated wild-type and ∆PsbT thylakoids (Table 3.4). PBQ was used as a
substitute for DMBQ to determine whether formate inhibition of ∆PsbT strain occurs in the
presence of a different PSII-specific electron acceptor. Calculated oxygen evolution rates for
wild-type thylakoids in the presence of DMBQ were significantly lower when compared to
the same rates in the presence of PBQ. The addition of formate had no effect on the rate of
oxygen evolution in the presence of PBQ; however, the rate of oxygen evolution was
enhanced in the presence of DMBQ. In the presence of DMBQ, ∆PsbT thylakoids exhibited a
similar rate of oxygen evolution to wild-type thylakoids. The addition of formate significantly
reduced the rate of oxygen evolution by 65%. Additionally, 15 mM bicarbonate was able to
recover the rate to a near normal value. This same trend was observed when PBQ was used as
the PSII-specific electron acceptor; however, a much larger rate of oxygen evolution was
observed in ∆PsbT thylakoids compared to when DMBQ was used. Furthermore, the addition
of formate was only able to reduce the rate of oxygen evolution by 30%. Likewise in DMBQ,
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the presence of bicarbonate was able to recover the rate of oxygen evolution to near normal
levels.

Table 3.4. Effects of formate and bicarbonate on isolated thylakoids from Synechocystis sp. PCC 6803
cells.

Additionsb

PSII-specific electron

Synechocystis sp. PCC 6803 Strainsc

acceptorsa
DMBQ

Wild type

∆PsbT

108 ± 9

104 ± 3

131 ± 21

36 ± 11

HCO2- + HCO3-

n.td

99 ± 7

No addition

187

164 ± 24

187

118 ± 0.03

No addition
HCO2

PBQ

-

HCO2-

HCO2 + HCO3
a

-

n.t

d

159 ± 11

b

At 200 µM concentrations. At 15 mM and 25 mM concentrations of sodium bicarbonate and sodium formate,

respectively. c µmol O2.(mg of chlorophyll)-2.h-1. d not tested.

3.2 Photoinhibition of whole cells
Although light is a requirement for oxygenic photosynthesis, excess light beyond the need of
the photosynthetic apparatus can damage the delicate protein structure required for the
efficient transport of electrons through the PSII complex. This effect regarded as
photoinhibition, is instigated by overwhelming damage of the D1 protein resulting in its
excision from the PSII complex. Electron transport cannot proceed in the absence of the D1
protein, reflected by impaired rates of oxygen evolution.
Recovery from photoinhibition is a multi-stage process involving de novo synthesis of the D1
precursor polypeptide, assembly of the PSII complex then followed by processing and
insertion of the mature D1 protein (Mohanty et al., 2007). A photoinhibition assay was carried
out to test the susceptibility of Synechocystis strains to high light (Figure 3.7). Cells were
treated with high intensity light (2000 µE.m-2.s-1, HL) for 45 min and their recovery was
observed in low light conditions 30 µE.m-2.s-1 over 105 min. Oxygen evolution was used as a
measure of electron transport. Rates were normalised; where different time points
corresponded to a percentage of the oxygen evolution pre-light treatment rate (at time 0).
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In the presence of a PSII-specific electron acceptor, wild-type cells were able to acclimate and
prevent further reduction of its rate of oxygen evolution within 30 min of high light treatment
(Figure 3.7, A). The ability to acclimate was absent in both ∆PsbT and ∆PsbT:∆Psb27 cells.
At 45 minutes, rates of oxygen evolution were reduced to 14% and 12% for ∆PsbT and
∆PsbT:∆Psb27 cells, respectively.

Figure 3.7. Photoinhibition of Synechocystis sp. PCC 6803 cells measured in the presence of different
electron acceptors.
Synechocystis sp. PCC 6803 cells of 10 µg(chlorophyll).ml-1 were inactivated for 45 min with high saturating
light at 2.0 mE.m-2.s-1 (HL) and allowed to recover under low light (LL) conditions of 0.03 mE.m-2.s-1.
Photoinhibition was measured in the presence of 200 µM DMBQ with 1 mM K3Fe(CN)6 (A) or in the presence
of 15 mM sodium bicarbonate (B). The traces shown correspond to wild type (black), ∆PsbT (red) or
∆PsbT:∆Psb27 (green) cells. The mean percentage oxygen evolution rate for each time point was normalised to
the strains corresponding time 0 measurement. Error bars are representative of the standard error calculated from
three independent experiments.

The removal of the light treatment enhanced the rate of oxygen evolution beyond pre-light
treatment levels in wild-type cells. A peak was achieved 15 minutes into the recovery stage
(at 60 min). The enhancement required ~105 minutes to revert back to a normal rate of
oxygen evolution. In ∆PsbT cells, the oxygen evolution enhancement peak was delayed by 30
minutes, compared to wild type. A relapse to normal levels of ∆PsbT cells was not observed
within the time constraints of the experiment. In contrast, an enhancement of oxygen
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evolution was not observed for ∆PsbT:∆Psb27 cells. Furthermore, the recovery of oxygen
evolution from photoinhibition was impaired with rates approaching 80% of pre-high light
treatment levels.
In contrast, no significant reduction of oxygen evolution rates were observed in all strains in
the presence of the whole chain electron acceptor, bicarbonate (Figure 3.7, B). Wild-type
oxygen evolution rates were enhanced by 10% after 30 min and continued throughout the
recovery phase. In ∆PsbT cells, the rates of oxygen evolution remained consistent around the
level observed pre-high light treatment. In contrast, a reduced rate of oxygen evolution was
discerned for ∆PsbT:∆Psb27 cells. Furthermore, a slight descending trend in oxygen
evolution rates throughout the LL phase was also observed.

3.3 Visualisation of native PSII assembly
Efficient electron transport is believed to require a native PSII complex arranged as a
homodimer consisting of identical PSII monomers. Analysis of the heterogeneity of PSII was
achieved by separating thylakoid extracts on a blue native gel followed by western transfer
onto PVDF membrane. D1 and CP43 antibodies were used to select for the different
intermediate and fully assembled complexes of PSII, which were then visualised by ECL.
Figure 3.8 shows the detection of different PSII complexes separated by the blue native
PAGE. To investigate the impact of removing the extrinsic PSII proteins in combination with
the PsbT protein, double mutants lacking one of the PsbO, PsbU and PsbV subunits in the
∆PsbT background were also evaluated. The D1 antibody was used to establish the three
distinct bands which correlate to PSII-dimers, active monomers and inactive CP43-less
monomers (Figure 3.8, A). The CP43 antibody was used to confirm the identity of the CP43less monomer of PSII, as well as active PSII intermediates (Figure 3.8, B).
Three distinct bands were observed in the wild-type strain. For ∆PsbT, the three bands
corresponding to the main PSII intermediates were present however a more defined CP43-less
monomer band and a less distinct PSII band was observed. In the double mutant strains, with
the exception of ∆PsbT:∆Psb27, no PSII dimer bands were present, however their associated
CP43-less monomer bands were enhanced. Furthermore the band corresponding to active PSII
monomers was markedly reduced in the ∆PsbT:∆PsbV strain. Three bands were observed for
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the ∆PsbT:∆Psb27 strain however the PSII dimer band was less intense compared to ∆PsbT
and wild-type strains.

Figure 3.8. Immunodetection of native PSII complexes from interrupted strains of Synechocystis sp. PCC
6803.
Solubilised thylakoid suspensions at a chlorophyll concentration of 5 µg.mL-1 were separated by electrophoresis
and transferred onto a PVDF membrane. PSII complexes were screened using a D1 antibody (A) and a CP43
antibody (B) which allowed for the detection of different intermediates of PSII via ECL. Known intermediates of
PSII above are dimers (i), monomers (ii) and CP43-less monomers (iii). Above lanes are: 1, Wild type; 2,
∆PsbT; 3, ∆PsbT:∆PsbO; 4, ∆PsbT:∆PsbU; 5, ∆PsbT:∆PsbV; 6, ∆PsbT:∆Psb27.

3.4 Chlorophyll a Fluorescence
Fluorescence emissions from PSII has been used as a non-invasive way to characterise the
electron transfer chain in PSII under different physiological and environmental conditions
(Krause and Weis, 1984; 1991; Govindjee, 1995). The next few sections focuses on three
distinct methods of collecting fluorescence to determine specific information about PSII in
strains lacking the PsbT subunit. Two methods, QA- reoxidation and fluorescence induction,
offer approaches for measuring electron transfer in PSII. For each of these methods, two types
of measuring light have been used. A red measuring light (625 nm) exciting the
phycobilisome pigments and a blue measuring light (455 nm) directly exciting chlorophyll a
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in the core antenna. Lastly, 77K fluorescence is used to probe the energy transfer between the
phycobilisomes and the core antenna as well as to assess the relative levels of PSII and the
PSII/PSI ratio in wild type and the ∆PsbT strain.

3.4.1 Chlorophyll a fluorescence of whole cells
Chlorophyll a fluorescence or QA- reoxidation was utilised to determine the events during the
initial stage of illumination during the oxygen evolution experiments since the oxygen
electrode response takes a few seconds. At room temperature, a fluorescence rise, emitted by
associated chlorophyll a pigments from PSII is reflective of the reduction of the electron
acceptor, QA. In intact photosystems, the reduction of QA can be influenced by a multitude of
factors therefore the kinetics of this process and the interpretation of the extent of the variable
fluorescence yield provides very useful information about the physiological state of the
photosynthetic electron transport apparatus (Tyystjärvi and Vass, 2004). In a dark-adapted
state, Synechocystis sp. PCC 6803 is assumed to have a completely oxidised QA population.
The basal fluorescence level is denoted by Fo. The accumulation of QA- by a single turnover
flash raises the fluorescence from Fo to a maximal fluorescence level (Fm). Fluorescence
values recorded were normalised by subtracting the Fo and dividing by the variable
fluorescence (Fv or Fm-Fo). This defines a QA- dependent decay curve which displays the
variable fluorescence within the range of 0 and 1, which reflects Fo and Fm, respectively. The
decay of chlorophyll a fluorescence by different pathways within PSII can be separated into
three distinct components (Tyystjärvi and Vass, 2004). The fast component reflects the
immediate forward electron transfer from QA- to QB. An additional possibility is the transfer
of electrons from QA- to a semi-reduced population of QB- bound to the QB site. This may
influence the half-times of this reaction; however, the consequence of dark adaptation
minimises the QB- population and any associated effects become negligible. The intermediate
component has a half-time that reflects the time required for binding of free PQ to empty QB
pockets following a saturating flash. The slow phase is assigned to QA- recombination with
the donor side of PSII, specifically the water-oxidising complex which is also described as the
oxygen-evolving complex or OEC. The amount of QA- is modulated by the charge
equilibrium between the QA-QB and QAQB- states. Hence the rate and amplitude of the slow
component, corresponding to the “back reaction” with the PSII donor side, reflects changes in
the QA-QB and QAQB- equilibrium. The rate also indicates if the reaction is from QA- (~1 s ) or
QB- (~ 10 s).
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Figure 3.9. Chlorophyll a fluorescence decays after a single turnover flash in formate-treated cells probed
with a red measuring light.
Wild type (A) and ∆PsbT (B) chlorophyll a fluorescence decay was recorded and displayed on both a log time
scale (s) and a linear time scale (ms). The actinic flash used to induce a maximal fluorescence yield was 5000
µE.m-2.s-1. The red measuring light was set to a wavelength at 625 nm. Individual traces shown correspond to: no
additions, (black squares); 25 mM formate, (white squares); 15 mM bicarbonate, (black circles); 25 mM formate
and 15 mM bicarbonate, (white circles). Results are representative of three independent experiments. The
standard error is not shown.
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QA- reoxidation was determined by measuring the decay of chlorophyll a variable
fluorescence to asses the effect of removing PsbT on electron transfer. Additionally, different
treatments were used to investigate their effects on electron transfer in ∆PsbT cells and
thylakoids.
Table 3.5. Comparison of average red light measured chlorophyll a fluorescence decay half-times in the
presence of formate.

Strains
Wild type

Fast Component

Intermediate

Slow Component

(t½ = µs) /

Component (t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

Amplitude (%)

No Additions

229 ± 10 / 64 ± 1.6

1.7 ± 0.1 / 33 ± 2

11.2 ± 1.7 / 7 ± 0.2

HCO2-

266 ± 12 / 66 ± 1.8

2.6 ± 0.2 / 27 ± 1.8

3.9 ± 0.6 / 9 ± 0.3

250 ± 12 / 60 ± 2.1

1.7 ± 0.1 / 30 ± 2.1

7.6 ± 0.9 / 13 ± 0.3

210 ± 10 / 63 ± 1.9

1.7 ± 0.1 / 32 ± 2

9.2 ± 1.4 / 8 ± 0.2

No Additions

541 ± 20 / 65 ± 1.3

5.3 ± 0.6 / 19 ± 1.3

4.7 ± 0.4 / 17 ± 0.2

HCO2

-

539 ± 41 / 41 ± 1.9

5.3 ± 0.5 / 30 ± 1.8

1.2 ± 0.1 / 28 ± 0.5

HCO3

-

477 ± 17 / 58 ± 1.3

3.8 ± 0.3 / 26 ± 1.4

5.6 ± 0.3 / 17 ± 1.3

488 ± 20 / 53 ± 1.3

4.1 ± 0.3 / 29 ± 1.4

4.3 ± 0.3 / 18 ± 0.2

Additions

HCO3

-

HCO2 + HCO3
∆PsbT

-

HCO2- + HCO3-

Chlorophyll a fluorescence decay kinetics in wild type with half-times of 229 µs (fast), 1.7 ms
(intermediate) and 11.2 s (slow) reflect the rates of QA- reoxidation measured using a redlight-emitting diode (625 nm) to probe the fluorescence level at room temperature (Table 3.5).
The half-times reported for wild type by the blue measuring light (455 nm) were slightly
slower with the fast and intermediate components being 241 µs and 2.7 ms, respectively;
however, the slow component was 5.7 s (Table 3.6) although the amplitudes for this
component using either red or blue light-emitting diodes, as the measuring light, were similar
(7 and 8%).
In ∆PsbT cells, the half-times for the fast and intermediate components were significantly
slowed (541 µs and 5.3 ms, respectively) compared to wild type with a red measuring light
(Table 3.5). However, when the blue measuring light for ∆PsbT was applied the fast
component was found to be faster (half-time of 349 µs) than when measured with red light
pulses (Table 3.6). The differences observed with the kinetic components obtained with the
different measuring lights was unexpected. However, the blue measuring light excites
chlorophyll a in the core antenna directly while the red pulse excites both phycobilisome
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Figure 3.10. Chlorophyll a fluorescence decays after a single turnover flash in formate-treated cells
probed with a blue measuring light.
Wild type (A) and ∆PsbT (B) chlorophyll a fluorescence decay recorded and displayed on both a log time scale
(s) and its corresponding linear time scale (ms). The linear traces show the initial decay kinetics over the first 5
ms after the saturating actinic flash. The actinic flash that induced the maximal fluorescence yield was 5000 µE
m-2 s-1. The blue measuring light was set to a wavelength of 455 nm. Symbols shown correspond to traces that
contain: no additions, (black squares); 25 mM formate, (white squares); 15 mM bicarbonate, (black circles); 25
mM formate and 15 mM bicarbonate, (white circles). Results are representative of three independent
measurements. Error bars representing the standard error are not shown.
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pigments (and to a much lesser extent chlorophyll a) and thus the red-light-induced
fluorescence is a more complex signal. These results suggest the relationship between the
level of QA- and the variable fluorescence level is not identical when the signal is obtained by
exciting different populations of antenna pigments. Since these unexpected differences were
obtained, data sets were collected using both measuring lights so that the interpretation of the
effect of treatments on QA- oxidation could be assessed by referring to the similar trends in
both data sets.
The addition of formate induced a minor inhibition on QA- reoxidation in wild type which is
more established on the ms time scale (Figure 3.9 and Figure 3.10). The red measuring light
showed formate slowed the fast component half-time in wild-type cells from (229 µs to 266
µs), with no significant change in the amplitude reported (Table 3.5). The blue measuring
light reported the same feature with a slower half-time for the fast component from 241 µs to
256 µs; however, a slight decrease in the fast component amplitude from 69 % to 64 % was
detected (Table 3.6).
In ∆PsbT cells, the addition of formate significantly impaired the fluorescence decay reported
by both red and blue measuring lights (Figure 3.9 and Figure 3.10). Comparisons of the fast
component half-times show little difference (541 µs to 539 µs) when a red measuring light
was used. A similar result was obtained with the blue measuring flash; however, the blue
measuring light reported faster half-times both in the presence and absence of formate when
compared to the data obtained with the red measuring light (e.g., 349 µs to 376 µs,
respectively for the fast component (cf. Tables 3.5 and 3.6)). Additionally, both red and blue
measuring lights reported reduced amplitudes for the fast component (from 65% to 41% in
red and 56% to 42% in blue). Moreover, formate induced a significant shift towards a more
rapid decay of the slow component suggesting an increased population of QA- was present
following the addition of formate – presumably due to impaired forward electron transfer to
QB.
The presence of bicarbonate enhanced wild type fast component half-times detected by the
blue measuring light (241 µs to 211 µs). In contrast a reduced half-time of 250 µs was
reported by the red measuring light. No significant changes were observed on the intermediate
component but an accelerated slow component (half-time 7.6 s) was detected by the red
measuring light. In ∆PsbT cells, the addition of bicarbonate accelerated the fast component
half-times from 541 µs to 477 µs with red probing light and 349 µs to 323 µs with blue light.
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The red measuring light also reported an accelerated intermediate component (half-time
changed from 5.3 ms to 3.8 ms with an increase in amplitude from 19 to 26%). Furthermore, a
minor increase from 5.8 ms to 6.9 ms was shown for the intermediate component half-time
reported by the blue measuring light.

Table 3.6. Comparison of average blue light measured chlorophyll a fluorescence decay half-times in the
presence of formate.

Strains
Wild type

Fast Component

Intermediate

Slow Component

(t½ = µs) /

Component (t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

Amplitude (%)

No Additions

241 ± 11 / 69 ± 1.6

2.7 ± 0.3 / 26 ± 1.7

5.7 ± 1.1 / 8 ± 1.2

HCO2-

256 ± 13 / 64 ± 1.4

3.8 ± 0.4 / 26 ± 1.4

3.2 ± 0.5 / 11 ± 0.4

211 ± 10/ 67 ± 1.6

2.6 ± 0.2 / 28 ± 1.6

6.7 ± 1.4 / 8 ± 0.3

216 ± 11 / 65 ± 1.5

2.8 ± 0.2 / 29 ± 1.6

6.7 ± 1.3 / 9 ± 0.3

No Additions

349 ± 22 / 56 ± 1.7

5.8 ± 0.6 / 28 ± 1.7

4.2 ± 0.5 / 16 ± 0.4

HCO2-

376 ± 29 / 42 ± 1.5

6.9 ± 0.6 / 32 ± 1.6

1.4 ± 0.1 / 25 ± 0.5

323 ± 17 / 58 ± 1.4

6.9 ± 0.6 / 28 ± 1.4

7.3 ± 0.9 / 15 ± 0.3

328 ± 19 / 55 ± 1.5

6.8 ± 0.3 / 30 ± 1.4

5.7 ± 0.7 / 15 ± 0.4

Additions

HCO3-

HCO2 + HCO3
∆PsbT

HCO3

-

-

HCO2 + HCO3

-

The presence of bicarbonate improved the half-times that had been impaired by the presence
of formate in wild-type cells. Red light fast and intermediate half-times were improved from
266 µs to 210 µs and from 2.6 ms to 1.7 ms, respectively. Likewise the blue light half-times
for fast and intermediate components were from 256 µs to 216 µs and from 3.8 ms to 2.8 ms
respectively. In contrast the slow component half-times were increased from 3.9 s to 9.2 s and
from 3.2 s to 6.7 s for red and blue measuring lights, respectively.
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Figure 3.11. Comparison of normalised DMBQ treated chlorophyll a fluorescence decays measured by red
light.
Wild type (A) and ∆PsbT (B) chlorophyll a fluorescence decay was recorded and displayed on both a log time
scale (s) and its corresponding linear time scale (ms). The linear traces determine the events during the initial
stages of QA- reoxidation. The actinic flash that induced a maximal fluorescence yield was 5000 µE m-2 s-1. The
red measuring light was set to 625 nm. Traces shown correspond to: no additions, (black squares); 200 µM
DMBQ, (white squares); 200 µM DMBQ and 25 mM formate, (white circles); 200 µM DMBQ with 25 mM
formate and 15 mM bicarbonate, (black circles). Results are representative of three independent measurements.
Error bars representative of the standard error are not shown.

The addition of bicarbonate introduced a large restorative effect to the half-times impaired by
formate in ∆PsbT cells. Significant enhancements of 539 µs to 488 µs and 376 µs to 328 µs
were reported for fast component half-times by red and blue measuring lights, respectively.
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Likewise, changes in the fast component amplitudes reflected an apparent increased amount
of electron transfer from QA- to QB (Table 3.5 and Table 3.6). Minor changes were detected in
the intermediate component (e.g., half-time accelerated from 5.3 ms to 4.1 ms in the red light
measurement (Table 3.5)). In contrast, a slowing down of half-times for the slow components
from 1.2 s to 4.3 s and 1.4 s to 5.7 s were shown by red and blue measuring lights,
respectively.

Table 3.7. Comparison of DMBQ treatment on chlorophyll a fluorescence decay kinetics measured with
red light.

Strains
Wild type

Fast Component

Intermediate

Slow Component

(t½ = µs) /

Component (t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

Amplitude (%)

No Additions

229 ± 10 / 64 ± 1.6

1.7 ± 0.1 / 33 ± 2

11.2 ± 1.7 / 7 ± 0.2

DMBQ

162 ± 10 / 62 ± 1.5

2.6 ± 0.2 / 29 ± 1.5

5.9 ± 1.0 / 13 ± 0.4

DMBQ + HCO2-

188 ± 10 / 65 ± 1.3

4.2 ± 0.4 / 27 ± 1.2

5.2 ± 0.9 / 12 ± 0.4

168 ± 9 / 66 ± 1.4

3.4 ± 0.3 / 28 ± 1.3

9.4 ± 1.8 / 11 ± 0.3

541 ± 20 / 65 ± 1.3

5.3 ± 0.6 / 1.9 ± 1.3

4.7 ± 0.4 / 17 ± 0.2

506 ± 72 / 35 ± 2.0

18.7 ± 5.0 / 19 ± 2.0

1.4 ± 0.2 / 46 ± 1.6

538 ± 73 / 32 ± 1.8

15.1 ± 2.7 / 24 ± 1.8

1.2 ± 0.1 / 44 ± 1.3

446 ± 35 / 53 ± 1.2

27.4 ± 4.1 / 23 ± 1.1

7.4 ± 1.2 / 24 ± 0.9

Additions

DMBQ + HCO2+ HCO3∆PsbT

No Additions
DMBQ
DMBQ + HCO2

-

DMBQ + HCO2 +
HCO3-

A unique observation was established during the phenotypic characterisation of ∆PsbT cells
where upon the addition of DMBQ, oxygen evolution was slightly inhibited (Figure 3.6).
Furthermore, the addition of formate in the presence of DMBQ completely inhibited oxygen
evolution (Figure 3.4). To investigate this phenomenon, QA- reoxidation was evaluated by
chlorophyll a decay measurements in ∆PsbT cells in the presence of DMBQ by itself and in
addition with formate. The effect of the addition of bicarbonate on inhibition by DMBQ was
also tested.
From Figure 3.11 and Figure 3.12, the addition of DMBQ, regardless of the presence of
formate, significantly impaired chlorophyll a fluorescence relaxation in ∆PsbT cells
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Figure 3.12. Comparison of normalised DMBQ treated chlorophyll a fluorescence decay measured by blue
light.
Wild type (A) and ∆PsbT (B) chlorophyll a fluorescence decays were recorded and displayed on both a log time
scale (s) and its corresponding linear time scale (ms). The linear traces are presumed to determine the events
during the initial stages of QA- reoxidation (Vass et al., 1999). The actinic flash that induced a maximal
fluorescence yield was 5000 µE m-2 s-1. The red measuring light was set to 455 nm. Traces shown correspond to:
no additions, (black squares); 200 µM DMBQ, (white squares); 200 µM DMBQ and 25 mM formate, (white
circles); 200 µM DMBQ with 25 mM formate and 15 mM bicarbonate, (black circles). Results are representative
of three independent measurements. Error bars representative of the standard error are not shown.
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Furthermore, addition of bicarbonate was able to reverse some of the inhibitory effect of
DMBQ with formate; however, the fluorescence decay did not fully revert back to its normal
trace. In contrast, the different additions induced a minor impairment in the chlorophyll a
fluorescence relaxation observed in wild-type cells. Notably, both DMBQ in the presence or
absence of formate also exhibited similar chlorophyll a fluorescence decay traces in wild
type; however the addition of bicarbonate could not remove the effects of DMBQ in the
presence of formate.
Analysis of the half-times show DMBQ significantly accelerated the fast component halftimes of wild-type cells from 241 µs to 190 µs and from 229 µs to 162 µs, reported by red and
blue measuring lights, respectively (Table 3.7 and Table 3.8). The red measuring light
detected no change in the fast component amplitude; however, a difference was detected by
the blue measuring light from 69 to 58%. Likewise, slow component half-times were reduced
to 5.9 s and 3.5 s for red and blue lights, respectively (Tables 3.7 and 3.8). In contrast,
intermediate components half-times were increased to 2.6 and 3.5 ms for red and blue
measuring lights, respectively.

Table 3.8 Comparison of DMBQ on chlorophyll a fluorescence decay half-times measured by blue light.

Strains
Wild type

Fast Component

Intermediate

Slow Component

(t½ = µs) /

Component (t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

Amplitude (%)

241 ± 11 / 69 ± 1.6

2.7 ± 0.3 / 26 ± 1.7

5.7 ± 1.1 / 8 ± 1.2

190 ± 12 / 58 ± 1.5

3.5 ± 0.4 / 28 ± 1.4

3.5 ± 0.5 / 17 ± 0.4

198 ± 11 / 59 ± 1.3

5.4 ± 0.5 / 27 ± 1.1

3.4 ± 0.4 / 17 ± 0.5

164 ± 8 / 63 ± 1.3

4.8 ± 0.4 / 26 ± 1.1

4.8 ± 0.7 / 15 ± 0.4

No Additions

349 ± 22 / 56 ± 1.7

5.8 ± 0.6 / 28 ± 1.7

4.2 ± 0.5 / 16 ± 0.4

DMBQ

327 ± 34 / 37 ± 1.5

9.6 ± 1.3 / 26 ± 1.4

1.6 ± 0.1 / 36 ± 0.8

DMBQ + HCO2-

339 ± 33 / 34 ± 1.3

12 ± 1.3 / 29 ± 1.2

1.5 ± 0.1 / 36 ± 0.8

247 ± 18 / 50 ± 1.4

11 ± 1.2 / 27 ± 1.2

6.2 ± 0.8 / 23 ± 0.6

Additions
No Additions
DMBQ
DMBQ + HCO2

-

DMBQ + HCO2

-

+ HCO3∆PsbT

DMBQ + HCO2+ HCO3-
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Interestingly, the addition of DMBQ induced relatively smaller increases in ∆PsbT fast
component half-times compared to wild type. Reported changes are from 349 µs to 327 µs
and 541 µs to 506 µs for blue and red measuring lights, respectively. In contrast, the changes
in the fast component amplitudes (56 to 37% for blue light and 65 to 35% for red) suggests a
reduced electron transfer from QA to QB despite the increase in half-time. Additionally, the
intermediate component half-times for ∆PsbT cells were drastically impaired with reported
values of 18.7 ms and 9.6 ms for red and blue measuring lights, respectively. Furthermore,
slow component half-times were accelerated and their respective amplitudes were increased in
the presence of DMBQ.
The addition of formate along with DMBQ in wild-type cells increased fast component halftimes compared to those obtained when DMBQ was added alone. These became 188 µs and
198 µs for red and blue measuring lights, respectively. However, very little change was
observed in the corresponding amplitudes. Intermediate component half-time changes for
wild-type cells were from 3.5 ms to 5.4 ms and 2.6 ms to 4.2 ms for red and blue measuring
lights, respectively. Again, no significant changes were detected in the slow component halftimes and amplitudes (Tables 3.7 and 3.8).
The addition of formate and DMBQ together reduced the fast component half-time of ∆PsbT
cells to near ‘no addition’ levels, with reported half-time increases from 506 µs to 538 µs for
red and 327 µs to 339 µs for blue measuring lights, respectively. Associated amplitudes were
further suppressed, from 35 to 32 and 37 to 34 for red and blue measuring lights, respectively.
Additionally, contrasting results were observed in the intermediate component half-times
where the red light reported an accelerated time of 15.1 ms from 18.7 ms while the blue light
reported a impaired 12 ms from 9.6 ms. Amplitude increases were also detected with both
measuring lights. Similar to wild type, the slow component half-times and amplitudes were
largely unaffected by the addition of formate in the presence of DMBQ.
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Figure 3.13. Comparison of normalised chlorophyll a fluorescence decay in the presence of DCMU
measured by red light.
The normalised variable fluorescence for wild type (A) and ∆PsbT (B) cells are displayed above. The red
measuring light was set to 625 nm. Symbols are: no additions, (black squares); 40 µM DCMU, (white squares);
40 µM DCMU with 25 mM formate, (white circles); 40 µM DMBQ with 25 mM formate and 15 mM
bicarbonate, (black circles). Results displayed are representative of three independent experiments. Error bars
representative of the standard error are not shown.

The addition of bicarbonate in the presence of DMBQ and formate appeared to alleviate the
associated inhibition in ∆PsbT cells, reflected by the rapid loss of variable fluorescence
(Figure 3.11, B and Figure 3.12, B). In contrast, this recovery was less noticeable in wild-type
cells (Figure 3.11, A and Figure 3.12, A). Analysis of the halftimes for ∆PsbT have
determined this effect appears to be specific to the fast component and indicates electron
transfer is proceeding at a significantly faster rate (from 339 µs to 247 µs for red and from
538 µs to 446 µs for blue measuring light, respectively) (Table 3.7 and Table 3.8). Associated
amplitudes also correspond to increased electron transference (32 to 53% for red and 34 to 50
for blue measuring light). The intermediate component halftime in ∆PsbT cells reported by
the red measuring light has markedly increased (15.1 ms to 27.4 ms), which might suggest an
impaired association of PQ to the QB site; however, this contrasts with the result reported by
the blue measuring light where such a significant change was not observed (12 ms to 11 ms).
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Table 3.9 Calculated average DCMU treated chlorophyll a fluorescence decay measured by red light.

Strains
Wild type

Additions

Slow Component

(t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

3.2 ± 0.4

167 ± 19 / 30 ± 2.9

1.2 ± 0.07 / 64 ± 2.8

2.9 ± 0.4

171 ± 15 / 37 ± 3

1.2 ± 0.08 / 58 ± 3

2.1 ± 0.4

163 ± 15 / 38 ± 3

1.1 ± 0.07 / 58 ± 3

9.7 ± 0.5

10 ± 3 / 8 ± 0.7

1.2 ± 0.03 / 78 ± 0.7

10.6 ± 0.5

12 ± 3 / 9 ± 0.8

1.2 ± 0.04 / 76 ± 0.8

8.4 ± 0.5

20 ± 5 / 9 ± 0.8

1.1 ± 0.04 / 79 ± 0.8

Constant

DCMU
DCMU + HCO2-

DCMU + HCO2 + HCO3
∆PsbT

Fast Component

DCMU
DCMU + HCO2-

DCMU + HCO2 : HCO3

-

-

Likewise, in wild-type cells, the addition of bicarbonate improved the fast component halftimes subdued by the combined effects of DMBQ and formate from 188 µs to 168 µs and 198
µs to 164 µs in red and blue measuring lights, respectively. Additionally, a minor increase in
the amplitude was observed. Furthermore, the intermediate component half-times were
accelerated; however, not to the drastic levels observed in ∆PsbT cells.
Furthermore, in ∆PsbT cells, the slow component appeared to be restored (or in fact slightly
increased beyond that observed in non-treated samples) with half-time increases from 1.2 s to
7.4 s and 1.5 s to 6.2 s for red and blue measuring lights, respectively. Likewise in wild-type
cells, the slow component half-times are largely restored with values of 9.4 and 4.8 reported
by red and blue measuring lights, respectively.
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Figure 3.14. Comparison of normalised chlorophyll a fluorescence decay in the presence of DCMU
measured by blue light.
The normalised variable fluorescence for wild type (A) and ∆PsbT (B) cells are displayed above. The blue
measuring light was set to 455 nm. Symbols are: no additions, (black squares); 40 µM DCMU, (white squares);
40 µM DCMU with 25 mM formate, (white circles); 40 µM DMBQ with 25 mM formate and 15 mM
bicarbonate, (black circles). Results displayed are representative of three independent experiments. Error bars
representative of the standard error are not shown.

Table 3.10 Calculated average DCMU treated chlorophyll a fluorescence decay measured by blue light.

Strains
Wild type

∆PsbT

Additions

Constant

Fast Component

Slow Component

(t½ = ms) /

(t½ = s) /

Amplitude (%)

Amplitude (%)

DCMU

5 ± 0.7

26 ± 4.6 / 20 ± 1.4

0.9 ± 0.05 / 70 ± 1.5

DCMU + HCO2-

6 ± 0.6

22 ± 3.9 / 18 ± 1.2

0.9 ± 0.04 / 72 ± 1.3

DCMU + HCO2- + HCO3-

5 ± 0.6

18 ± 3.1 / 18 ± 1.2

0.8 ± 0.03 / 72 ± 1.2

DCMU

9 ± 0.7

6 ± 0.9 / 20 ± 1.0

1.3 ± 0.06 / 65 ± 1.0

DCMU + HCO2-

12 ± 0.7

7 ± 1.0 / 20 ± 0.9

1.4 ± 0.07 / 61 ± 1.0

DCMU + HCO2- + HCO3-

10 ± 0.7

7 ± 1.0 / 20 ± 1.0

1.2 ± 0.06 / 62 ± 1.0

To analyse the backward recombination of QA- to the donor side of PSII, DCMU was used to
bind to the QB site and prevent forward electron flow. Traces depicting DCMU inhibition
have been fitted to a fast phase component and a slow phase component. Half-times for the
fast component in wild-type cells were 167 µs and 26 µs, with associated amplitudes of 30
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and 20%, determined by red and blue measuring lights, respectively. The slow component
half-times reported by either light were similar; however, a slightly higher amplitude was
calculated from the blue measuring light (Table 3.10). Further additions of formate and
bicarbonate had no significant effects on the half-times with both measuring lights.

Figure 3.15. Comparison of the average Fo measured from all chlorophyll a fluorescence decays.
Initial fluorescence (Fo) was measured at the start of each chlorophyll a fluorescence decay experiment before
illumination of saturating actinic light at 5000 µE.m-2.s-1. Red light measured Fo from wild-type (black) and
∆PsbT (red) cells are shown with blue light measured Fo from wild-type (blue) and ∆PsbT (green) cells. The
results from three independent experiments and their standard error are shown.

Under a red measuring light, ∆PsbT cells have significantly accelerated fast component halftimes and smaller amplitudes when compared with wild-type values (Table 3.9). Additionally,
a prominent fluorescence quenching event was observed in ∆PsbT cells in the presence of
DCMU measured by a blue light (Figure 3.14, B). The corresponding fast component halftimes were quicker and amplitudes were larger in ∆PsbT cells measured with the blue light
compared to ∆PsbT values measured by the red light. (Table 3.9 and Table 3.10).
Furthermore, the ∆PsbT fast component half-times were significantly smaller compared to
wild-type values when measured by the red light but they were similar when the blue light
was used (Table 3.10).
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Despite the disparity between the red and blue light measurements of the fast component,
slow component half-times were generally consistent, favouring a halftime of ~1 s across the
different strains (Table 3.9 and Table 3.10). The amplitudes, however, differ slightly with the
red measuring light reporting higher amplitudes for ∆PsbT cells, compared to wild type
(Table 3.9). Conversely, the blue measuring light depicted wild-type cells as having larger
amplitudes than ∆PsbT cells (Table 3.10). Nevertheless, the general consensus found was the
addition of formate in the presence or absence of bicarbonate had no effect on the DCMUinduced backward electron transfer.
An interesting correlation was discovered where different sets of additions introduced
variations into the Fo measurements (Figure 3.15). The use of a red measuring light returned
significantly higher Fo fluorescence than with a blue measuring light. The red measuring light
appeared to be substantially influenced by the presence of DMCU, by increases of the Fo. In
contrast, the blue measuring light was less affected. Additionally, the Fo from ∆PsbT cells
were considerably larger compared to wild-type cells. This suggests two things. Firstly red
light at 625 nm is being absorbed by the phycobilisome and some of this energy appears as
fluorescence as it is not being transferred to the PSII reaction centre. This fluorescence
component is therefore not being modulated by QA reduction and thus adds a complication to
the kinetic analysis. Therefore the calculated chlorophyll a fluorescence kinetics obtained
using the blue light is expected to provide the most accurate estimate of the QA- oxidation
kinetics. Secondly, elevated Fo in the ∆PsbT cells with both measuring lights suggests a
reduction in the relative level of assembled PSII in ∆PsbT cells compared to wild type in
agreement with herbicide-binding studies performed by Bentley et al. (2008).

3.4.2 Chlorophyll a fluorescence in isolated thylakoids
Isolated thylakoids from wild-type and ∆PsbT strains were used to investigate the effects
upon the addition of formate, DMBQ and bicarbonate have on an isolated system. The
procedure for isolating thylakoids largely removes the phycobilisome component of the
photosynthetic apparatus therefore only a blue measuring light was used to probe for QAfluorescence relaxation via chlorophyll a pigments associated with the core antenna of PSII.
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The initial indication of wild-type thylakoid chlorophyll a fluorescence relaxation was
determined to be impaired when compared to the corresponding traces for whole cells. This
same observation was concluded for ∆PsbT thylakoid chlorophyll a fluorescence decay.

Figure 3.16. Comparison of chlorophyll a fluorescence decays in the presence of formate in isolated
thylakoids.
Thylakoids from wild-type (A) and ∆PsbT (B) strains were isolated and concentrated to 5 µg/mL. A blue
measuring light at 455 nm was used to recorded the variable fluorescence emitted. Traces above are displayed on
a log (s) time scale (left). The same data were also plotted onto a linear (ms) time scale (right). Symbols are: no
addition, (black squares); 25 mM formate, (white squares); 15 mM bicarbonate, (black circles); 25 mM formate
and 15 mM bicarbonate, (white circles). The results from three independent experiments are shown.
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Figure 3.16 shows the effects observed in the presence of formate on isolated thylakoids. The
addition of formate induced a slightly further impaired fluorescence relaxation. Bicarbonate
additions slightly enhanced the rate of fluorescence decay. Likewise, bicarbonate in the
presence of formate was able to relieve the inhibition induced and facilitated a recovery of the
fluorescence decay to be similar to the bicarbonate enhanced trace (Figure 3.16, A). In
contrast, the addition of formate slightly improved the fluorescence decay in the ∆PsbT strain.
This effect appears to be more significant in the ∆PsbT strain on the ms time scale. The
further addition of bicarbonate further enhanced the fluorescence decay to the same level as
the bicarbonate enhanced fluorescence decay trace of ∆PsbT thylakoids (Figure 3.16, B).
The effect of DMBQ on isolated thylakoids was investigated (Figure 3.17). The addition of
DMBQ had little or no effect on the initial chlorophyll a fluorescence decay on wild-type
thylakoids; however, after ~10-3 seconds, a delay in the fluorescence decay was observed. The
addition of formate enhanced the fluorescence decay up to 1 s after the actinic flash; however,
following this, the rate of fluorescence decay was reduced. Comparatively similar kinetics
were observed when only DMBQ was present. The addition of bicarbonate significantly
enhanced the initial rate of chlorophyll a fluorescence relaxation; however, after 10-3 s, the
rate of fluorescence quenching became impaired, similar to the other traces described
previously. The chlorophyll a fluorescence relaxation of ∆PsbT thylakoids observed the same
traits as in wild-type thylakoids. The exception, however, was an enhanced chlorophyll a
fluorescence decay before 10-2 s in ∆PsbT samples containing DMBQ in the presence and
absence of formate. In addition, the chlorophyll a fluorescence decay plotted on the linear
time scale revealed a significant increase in fluorescence relaxation within the 0-5 ms range.
Furthermore, the addition of bicarbonate improved upon the rate of chlorophyll a fluorescence
decay; however, similarly to the traces in wild-type thylakoids, a reduction of fluorescence
decay was also observed before and following 10-2 s.
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Figure 3.17. Comparison of chlorophyll a fluorescence decays in the presence of DMBQ in isolated
thylakoids.
Chlorophyll a decay traces from wild-type (A) and ∆PsbT (B) cells are displayed on a log (s) time scale (left).
The same data were plotted on a linear (ms) time scale (right). Traces were normalised by the formula, (FFo)/Fv. A blue measuring light (455 nm) was used to detect for variable fluorescence, reflecting the redox state
of QA-. Symbols are: no additions, (black squares); 200 µM DMBQ, (white squares); 200 µM DMBQ and 25
mM formate, (white circles); 200 µM DMBQ with 25 mM formate and 15 mM bicarbonate, (black circles). The
results from three independent experiments are shown

Figure 3.18 investigates the backward recombination of wild-type and ∆PsbT thylakoids in
the presence of DCMU. A noticeable difference between these traces and whole cell traces is
the incomplete fluorescence quenching associated with wild-type and ∆PsbT thylakoids.
Additionally, a fluorescence rise was observed in wild type thylakoids. In contrast, an
enhanced fluorescence decay was shown by ∆PsbT thylakoids. The addition of formate and
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bicarbonate induced no noticeable changes in the fluorescence decay reflected in the two
chlorophyll a fluorescence decay traces.

Figure 3.18. Comparison of DCMU inhibited chlorophyll a decay fluorescence in isolated thylakoids.
Fluorescence relaxation was observed in wild-type (A) and ∆PsbT (B) thylakoids in the absence (black squares)
or presence of 40 µM DCMU (white squares). A blue measuring light (455 nm) was used to detect the variable
fluorescence, reflecting the redox state of QA-. Samples which contained DCMU were also supplemented with 25
mM formate, (white circles) or with 200 µM DMBQ, 25 mM formate and 15 mM bicarbonate, (black circles). A
blue measuring light at 455 nm was used. The results from three independent experiments are shown.

Despite the attempted interpretation of thylakoid chlorophyll a fluorescence decays, a more
meaningful interpretation was not possible as the curve fitting analysis applied to whole cell
traces was ill suited for traces derived from isolated thylakoids. The slowed decays in the
presence of DCMU and the incomplete decay in the presence of DCMU suggest that both the
acceptor and donor sides of PSII were perturbed by the isolation procedure. Additionally, the
Fv/Fm values, which indicate the quantity of photochemical activity of PSII, were
significantly reduced (from 0.6 and 0.52 for wild-type and ∆PsbT whole cells, respectively, to
0.3 and 0.26 for their isolated thylakoid equivalents) also indicating that the thylakoid
extraction procedure modified the thylakoid structure in some way that reduced
photosynthetic activity (cf. Table 3.1 with Table 3.2), which was further confirmed by the
reduction of oxygen evolution rates of intact cells in the presence of DMBQ to 46% and 60 %
in wild-type and ∆PsbT strains, respectively.
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3.4.3 Chlorophyll a fluorescence induction on whole cells
Chlorophyll a fluorescence induction is a method where a continuous light is used to drive the
photosynthetic apparatus, whereby the fluorescence emitted can reveal the dynamic changes
of a sample following specific treatments or experimental conditions. The resultant
fluorescence output is described as an ‘OJIP’ (Figure 3.19) (Papageorgiou et al, 2007). Before
1976, O-P fluorescence was believed to be monophasic; however, contrary to this, advances
in data acquisition equipment allowed the fluorescence obtained to be plotted on a log scale
which depicts certain features ubiquitous to fluorescence induction transients (Figure 3.19)
(Govindjee, 1995). The OJIP transient reflects changes of the redox state of QA and the
different states of the PSII components involved in electron transfer to and from QA
(Papageorgiou et al, 2007). The O-J phase represents the photoreduction of QA to QA- which
usually falls within the first 2 ms. The rise from ‘J’ to ‘I’ and finishing with ‘P’ reflects the
reduction of QB and the subsequent PQ pool. Fluorescence measurements are normalised by
subtracting the Fo from fluorescence values and dividing further by the Fo. This assumes the
data has the same Fo and allows the data to be evaluated from the same origin.

Figure 3.19 Fluorescence induction of Synechocystis sp. PCC 6803.
Synechocystis sp. PCC 6803 cells with a chlorophyll concentration at 10 µg.ml-1 were treated with a continuous
saturating actinic light for 5 s. The fluorescence was probed with a blue measuring light. A normalised
fluorescence induction curve portrayed on a logarithmic time scale shows a defined OJIP curvature
representative of normal photochemistry and electron transport (left). Fluorescence induction on a linear time
scale has a compressed OJIP curvature making interpretation difficult (right).
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Figure 3.20. Fluorescence induction of whole cells supplemented with 25 mM formate.
Normalised fluorescence induction for wild-type (A) and ∆PsbT (B) cells measured with a red light at 625 nm
and wild-type (C) and ∆PsbT (D) cells, measured with a blue light at 455 nm. Recorded fluorescence was
normalised by subtracting and dividing by Fo. The symbols from the traces correspond to: no addition (black
squares); 40 µM DCMU (white squares); 25 mM formate (white circles), and 25 mM formate with 15 mM
bicarbonate (black circles). The results displayed reflect the average from three independent experiments.
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Wild-type and ∆PsbT whole cells were dark adapted prior to illumination for 5 s and the rapid
increase of fluorescence was measured by two different measuring lights. Different treatments
were used to evaluate changes in ∆PsbT cells compared to wild type.
In Figure 3.20, the formate effect on fluorescence induction was investigated. The red
measuring light appears to suppress variable fluorescence from both wild-type and ∆PsbT
cells (Figure 3.20, A and B); however, this effect was not exhibited in the presence of a blue
measuring light (Figure 3.20, C and D). In wild-type cells, the addition of 15 mM formate
induced a slight elevated rise in fluorescence corresponding to the ‘J’ rise (Figure 3.20, A and
C) suggestive of a weak acceptor side inhibition. Interestingly, in ∆PsbT cells, the presence of
formate induced a more prominent ‘J’ fluorescence rise. Furthermore, a peak was established
by a blue measuring light (Figure 3.20, D) which was not present when the red measuring
light was used (Figure 3.20, B). The addition of bicarbonate in the presence of formate was
able to suppress the fluorescence yield of the ‘J’ rise in both wild-type and ∆PsbT cells. In
comparison, the addition of DCMU induced a rapid ‘J’ rise reflective of an impaired electron
transport on the acceptor side.
In Figure 3.21, the effects from the addition of DMBQ on electron transfer were investigated.
Once again, the use of a red measuring light suppresses the variable fluorescence of wild-type
(Figure 3.21, A) and ∆PsbT cells (Figure 3.21, B). The presence of 200 µM DMBQ was able
to increase the fluorescence yield corresponding to the ‘J’ rise reported in both red and blue
measuring lights for wild-type cells (Figure 3.21, A and C). Additionally, an ‘I’ fluorescence
rise was more defined in the presence of DMBQ. Furthermore, the addition of DMBQ appears
to delay the rise to the peak fluorescence beyond the range of which the data is displayed.
In ∆PsbT cells, the addition of DMBQ induced a rapid ‘J’ rise similar to a DCMU inhibited
transient from Figure 3.20, established by both measuring lights. Additionally, a ~3-fold
increase in the variable fluorescence was observed in the presence of DMBQ and DCMU by
the red measuring light when compared to the no addition fluorescence transient (Figure 3.21,
B). Although a similar increase was observed by the blue measuring light (Figure 3.21, D),
the extent of the increase was not as significant as was determined by the red measuring light.
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Figure 3.21. A comparison of fluorescence induction of whole cells in the presence of DMBQ
Normalised fluorescence induction for wild-type (A) and ∆PsbT (B) cells measured with a red light of 625 nm
and wild-type (C) and ∆PsbT (D) cells, measured with a blue light at 455 nm. Recorded fluorescence was
normalised by subtracting and dividing by Fo. The symbols from the traces correspond to: no addition (black
squares); 40 µM DCMU with 200 µM DMBQ (white squares); 200 µM DMBQ (white circles); and 200 µM
DMBQ with 15 mM bicarbonate (black circles). The results displayed reflect the average from three independent
experiments.
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Figure 3.22. A comparison of fluorescence induction in the presence of formate and DMBQ
Fluorescence induction for wild-type (A) and ∆PsbT (B) cells measured with a red light at 625 nm and wild-type
(C) and ∆PsbT (D) cells, measured with a blue light at 455 nm. Recorded fluorescence was normalised by
subtracting and dividing by Fo. Symbols are: no addition (black squares); 40 µM DCMU with 200 µM DMBQ
and 25 mM formate (white squares); 200 µM DMBQ with 25 mM formate (white circles), and 200 µM DMBQ
with 25 mM formate and 15 mM bicarbonate (black circles). The results displayed reflect the average from three
independent experiments
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The addition of bicarbonate in the presence of DMBQ in wild-type cells was unable to
suppress the O-J rise; however, a following rapid J-I-P rise occurred, reported by both red and
blue measuring lights (Figure 3.21, A and C, respectively). In contrast, a distinction between
∆PsbT cells and wild type was found when different measuring lights were used. The addition
of bicarbonate was unable to suppress the rapid fluorescence rise to ‘J’ when a red measuring
light was used (Figure 3.21, B); however, under the blue measuring light, fluorescence was
reduced and the OJIP transient was able to progress similarly to those seen for the wild-type
fluorescence transients in the presence of DMBQ (c.f. Figure 3.22, A and D). Furthermore,
DMBQ was found to increase the variable fluorescence yield in both wild-type and ∆PsbT
strains containing DCMU. This effect was observed in both red and blue measuring lights.

Figure 3.23. Comparison of the average Fo measured from all fluorescence induction experiments.
Initial fluorescence (Fo) was measured at the start of each chlorophyll fluorescence induction experiment. Red
light measured Fo are shown from wild type (black) and ∆PsbT (red) cells. Blue light measured Fo from wildtype (blue) and ∆PsbT (green) cells are also shown above. The results from three independent experiments and
the standard error are shown.
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In Figure 3.22, the effect of DMBQ in the presence of formate was evaluated. Wild-type
under a red measuring light exhibited a steady O-J rise in fluorescence (Figure 3.22, A). The
further addition of bicarbonate lowered the fluorescence of the O-J rise in both red and blue
measuring lights. Additionally, the variable fluorescence detected by the red measuring light
was enhanced. This was not found to be the case when the blue measuring light was used
(Figure 3.22, C).
In ∆PsbT cells, under a red measuring light, a rapid O-J rise in fluorescence was observed in
the presence of DMBQ and formate comparatively similar to the DCMU transient in Figure
3.20 (B). This fluorescence increase was suppressed by the addition of bicarbonate. Likewise,
the fluorescence transient showed a distinct I-P rise approaching 100 s. This distinction was
significantly enhanced by the blue measuring light (Figure 3.22, D). Furthermore, the DCMUspecific rapid rise in fluorescence was further enhanced by the combined effects of formate
and DMBQ. This phenomena was observed with both red and blue measuring lights in wildtype and ∆PsbT cells.
A comparison of Fo fluorescence corresponding to the fluorescence transients can be found in
Figure 3.23. A general trend was observed where the Fo fluorescence emitted from ∆PsbT
cells were significantly higher than Fo detected from wild type. Furthermore, a disparity
between Fo values was observed between red and blue measuring lights, where the latter
reported significantly lower fluorescence in both wild-type and ∆PsbT cells. The presence of
DCMU raised the Fo fluorescence for both the wild-type and ∆PsbT strains detected by a red
light. This phenomena was not observed in blue light measurements; however, the sole
addition of DCMU as well as additions of DMBQ with or without formate did significantly
increase the Fo in the ∆PsbT strain.

3.4.4 Fluorescence induction in isolated thylakoids
The fluorescence induction of intact thylakoids was investigated to visualise the effects of
adding DMBQ, formate and bicarbonate to the PSII-specific electron transport. An isolated
system such as that from isolated thylakoids removes the cellular processes which may
influence fluorescence yields such as carbon fixation and additional quenching mechanisms
that may remove excess excitation energy. Hence fluorescence induction in isolated
thylakoids reflects only PSII electron transport.
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In Figure 3.24, it can be observed that the total fluorescence yield in all traces from wild-type
thylakoids is significantly lower (Figure 3.24, A) when compared to the fluorescence yield
from ∆PsbT thylakoids (Figure 3.24, B). The traces from Figure 3.25 and Figure 3.26 also
agree with these observations. In Figure 3.24, A, the no addition trace for wild-type
thylakoids has a rapid O-J rise in fluorescence; however, the J-I-P rise is less distinct. When
compared to whole cell measurements, the fluorescence peak is less defined in thylakoid
membranes. The addition of formate induces no changes in the O-J rise; however, a
fluorescence peak is more clearly defined at time 100 s. Additionally, this peak appears to be
delayed, reminiscence of the DMBQ effect in whole cell fluorescence induction. The rapid OJ rise in the presence of DCMU exhibited a very small variable fluorescence compared to that
observed in whole cells; however, the plateau coincided with the peak established in the
presence of formate with and without bicarbonate.

Figure 3.24. Comparison of the effect from formate on normalised fluorescence transients in isolated
thylakoids.
Fluorescence induction of isolated thylakoids from wild-type (A) and ∆PsbT (B) thylakoids were measured with
a blue (455 nm) light. Symbols are: no addition (black squares); 40 µM DCMU (white squares); 25 mM formate
(white circles), and 25 mM formate with 15 mM bicarbonate (black circles).

In ∆PsbT thylakoids, a rapid O-J rise is exhibited in all traces (Figure 3.24, B). A shallow J-IP rise suggests an acceptor side impairment; which is in agreement with the same observation
established in wild-type thylakoids. The addition of 25 mM formate induced no significant
changes in the O-J rise; however, a more noticeable peak formed. The addition of bicarbonate
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in the presence of formate appeared to slightly suppress the fluorescence yield of the O-J rise
while the J-I-P rise was similar to that observed with just formate present. The presence of
DCMU induced a rapid O-J rise. Again similar to Figure 3.24. A, the variable fluorescence
peaks from traces containing formate coincide with the plateau from the DCMU trace.
The effect of DMBQ was explored by the fluorescence induction of thylakoids and is plotted
in Figure 3.25. The presence of DMBQ in wild-type thylakoids exhibited a rapid O-J rise. The
fluorescence increase continued, albeit with a shallower rise, through the J-I-P transient. The
addition of bicarbonate appears to suppress the O-J fluorescence rise; however, the data
acquired is quite noisy and defining any associated effects is difficult. No variable
fluorescence enhancement of the DCMU trace was observed in the presence of DMBQ (cf.
Figure 3.24). The same effect of the additions was reflected in the ∆PsbT strain (Figure 3.25,
B).

Figure 3.25. Comparison of the effect from DMBQ on normalised fluorescence transients in isolated
thylakoids.
Fluorescence induction of wild-type (A) and ∆PsbT (B) thylakoids, measured with a blue (455 nm) light are
shown. Symbols are: no addition (black squares); 40 µM DCMU with 200 µM DMBQ (white squares); 200 µM
DMBQ (white circles); 200 µM DMBQ with 15 mM bicarbonate (black circles).

Figure 3.26 explores the combined effects of DMBQ and formate on thylakoid fluorescence
induction. Panel A shows the effects on wild type, where upon the addition of formate and
DMBQ, a rapid O-J fluorescence rise was observed. At 100 seconds, it reaches the maximal
variable fluorescence attained by the DCMU trace. Furthermore, the extra addition of
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bicarbonate suppresses the rapid O-J fluorescence rise and quenches the fluorescence yield
from 10-2 to 100 seconds. In contrast, the combined addition of formate and DMBQ, as well as
the further addition of bicarbonate, induced no significant changes to the rapid O-J
fluorescence rise in ∆PsbT thylakoids (Panel B). Furthermore, in the presence of DCMU,
there appears to be no enhancement to the fluorescence yield when DMBQ and formate are
added for both wild-type and ∆PsbT strains The variable fluorescence of the DCMU-inhibited
trace showed no distinction with the other DCMU traces from Figure 3.24 and Figure 3.25.
This contrasts with the observed changes in variable fluorescence yields upon the addition of
DCMU in conjunction with DMBQ or formate in whole cells (refer to Section 3.4.3).

Figure 3.26. Comparison of the combined effects of formate and DMBQ on normalised fluorescence
transients in isolated thylakoids.
Fluorescence induction for wild-type (A) and ∆PsbT (B) thylakoids were measured with a blue light (455 nm).
Symbols are: no addition, (black squares); 40 µM DCMU with 200 µM DMBQ and 25 mM formate (white
squares); 200 µM DMBQ with 25 mM formate (white circles); 200 µM DMBQ with 25 mM formate and 15 mM
bicarbonate (black circles).

The fluorescence induction results from thylakoids derived from wild-type and ∆PsbT cells
are significantly impaired compared to their intact cell counterparts. The isolation procedure
may impart unknown modifications to the isolated system (see section 3.4.2). As observed,
wild-type variable fluorescence yields were significantly smaller than observed in ∆PsbT
thylakoids. Due to the possible damage to the system by the isolation procedure caution
regarding the interpretation is warranted.
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3.5 77K Fluorescence
77K fluorescence is a useful tool for analysing photosynthetic energy transfer between
pigments and the distribution of energy between the different structures (Weis, 1985). In
contrast to room temperature fluorescence, 77K fluorescence can distinguish the energy
transfer of the phycobiliproteins bound to the photosynthetic machinery, as well as
chlorophyll a fluorescence emissions from PSI and PSII. Two different wavelengths were
used to excite the pigment systems in the wild-type and ∆PsbT strains. A 440 nm excitation

Figure 3.27. Low temperature (77K) fluorescence emission spectra of Synechocystis sp. PCC 6803 cells.
Wild-type (black) and ∆PsbT (red) cells at a chlorophyll concentration of 2 µg.mL-1 were frozen in the absence
or presence of 60% glycerol (where indicated). The 440 nm wavelength was used to excite specifically pigment
process with associated chlorophyll a pigments (panels A and B). The 580 nm wavelength was used to excite the
phycobilisome associated processes (panels C and D). Individual spectra were normalised to the PSI emission
(~725 nm).
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wavelength was used specifically to excite chlorophyll a pigments. Additionally, a 580 nm
excitation wavelength was used to excite the bilin pigments of the phycobilisomes. Samples
in the absence or presence of glycerol were frozen in liquid nitrogen. Glycerol was used as a
cryoprotectant to reduce the number of ice crystals from forming during the freezing
procedure; however, recent evidence suggests it can also dissociate the phycobilisomes from
the thylakoid membrane (Li et al., 2007), hence its effect on fluorescence was investigated.
Figure 3.27, shows the different 77K fluorescence yields from wild type and ∆PsbT cells. All
spectra were normalised to the PSI fluorescence peak at ~725 nm where it was given a
relative fluorescence value of 1. In Panel A, the two peaks at 685 nm and 695 nm correlate to
antenna pigments derived from PSII (Murakami, 1997). Comparison of the fluorescence
spectra determined a higher PSII:PSI ratio in the ∆PsbT strain, compared to wild type.
The emission from chlorophyll a was also measured in the presence of 60% (v/v) glycerol
(Figure 3.27, B). Three distinct peaks at 650 nm, 660 nm and 685 nm corresponds to the
fluorescence emission from phycobiliproteins; phycocyanin (PC), allophycocyanin (APC) and
allophycocyanin-B (APC-B), respectively (Murakami, 1997). A PSII-specific fluorescence
emission was detected, corresponding to the shoulder at 695 nm. Elevated fluorescence
emissions from phycobiliprotein components not observed in panel A suggest a dissociation
of phycobilisomes from the thylakoid membrane occurs in 60% (v/v) glycerol. Furthermore,
an increased APC-B peak suggests the transfer of energy to the chlorophyll a pigments on
PSII is impaired supporting this interpretation.
Additionally, the phycobilisome fluorescence was observed in the absence (Figure 3.27, C)
and presence of 60% (v/v) glycerol (Figure 3.27, D). In wild-type cells, an elevated peak at
650 nm compared to the 660 nm peak suggests an impaired transfer of energy between APC
to APC-B. The same observation was found in ∆PsbT cells. However a major observation
between panels C and D is the significant (~3-fold) increase in phycobiliprotein fluorescence
determined in the presence of 60% glycerol (Panel D). Such a significant increase is presumed
to be a consequence of the uncoupling of the phycobilisomes from the thylakoid membrane
and the associated energy transfer to the reaction centre, in agreement with the observation in
panel B.
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Chapter Four
Discussion
4.1 The physiological role of PsbT in Synechocystis sp. PCC 6803
The aim of this study was to further characterise the role of PsbT based on the previous work
by Bentley et al. (2008), where a prominent impairment of electron transfer was identified
between QA and QB. In support, the spectinomycin-interrupted psbT strain of Synechocystis
sp. PCC 6803 from this study exhibited an oxygen evolution rate of 69% and reduced
photoautotrophic growth compared to wild type (Table 2.1). Additionally, similarly impaired
rates were observed in ∆PsbT deletion mutants from Chlamydomonas reinhardtii (Ohnishi et
al., 2007) and Nicotiana tabacum (Umate et al., 2008). In contrast, a psbT interrupted strain
from Thermosynechococcus elongatus exhibited no characteristic differences in relation to
wild type (Iwai et al., 2004), which suggests differences may arise based on the organism’s
ecological habitat.
The PSII-specific electron transport was found to be impaired in ∆PsbT thylakoids in the
presence of PBQ and DMBQ (Table 3.2); however, differences in the observed rates in
thylakoids was significantly smaller when compared to the differences observed in intact
cells. The interpretation of differences between whole cells and thylakoids is, however,
complicated by the fact that the isolated thylakoid membranes had a reduced Fv/Fm which
indicates that the quantum yield of PSII was reduced in isolated thylakoids which in turn
suggests the isolation procedure damaged PSII. Interestingly, the ∆PsbT H2O to DCPIP
reduction in thylakoid membranes was significantly larger compared to wild type (Table 3.2)
which suggests ∆PsbT cells have an enhanced electron transport to this electron acceptor;
however, in contrast the DPC to DCPIP reaction of heat-inactivated thylakoids determined no
difference between wild-type and ∆PsbT thylakoids. Additionally the fluorescence transients
(Figure 3.24, Figure 3.25 and Figure 3.26) and QA- reoxidation (Figure 3.16, Figure 3.17 and
Figure 3.18) of isolated thylakoids were significantly impaired in both wild type and ∆PsbT
strains. In addition, significantly noisy data was generated by both chlorophyll a fluorescence
decays and fluorescence induction of thylakoid samples This evidence further supports the
conclusion of a compromised photosynthetic electron transport as a result of the isolation
procedure mentioned earlier.
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An impaired electron transfer between QA and QB was determined in Synechocystis sp. PCC
6803 ∆PsbT cells (Bentley at al., 2008). Likewise, this study has identified an impaired
electron transport between QA and QB, supported by significantly prolonged fast component
half-times determined from the ∆PsbT strain. In addition, the inhibition of ∆PsbT cells by
DCMU exhibited near wild type rates of recombination of QA- with the donor side of PSII
(Table 3.9 and Table 3.10). This suggests that the redox potential of the QA-/QA couple may
not have been changed by the removal of PsbT. However, forward electron transfer was
impaired and therefore parameters governing electron transport to QB were altered by the
absence of PsbT.
Although there was no direct evidence for a change in the redox potential of the QA-/QA
couple, impaired electron transport on the acceptor side of PSII in ∆PsbT cells may occur
from a conformational change leading to destabilisation of bound PQ at the QA site. The 2.9 Å
X-ray-derived crystal structure from Thermosynechococcus elongatus shows phenylalanine
residues from PsbT and D1 confer structural properties to QA by sandwiching the tail of the
QA PQ (Guskov et al, 2009). The absence of PsbT is proposed to impose flexibility on the
fixed PQ within the QA site. However, an alignment of PsbT from fully sequenced
cyanobacterial genomes revealed the tenth position phenylalanine residue is not conserved
and is only present in 10% of sequences identified (Figure 1.5). Furthermore, in Synechocystis
sp. PCC 6803, the phenylalanine is substituted by a leucine residue, which is more conserved
across cyanobacterial species. Whether this leucine residue imparts the same interaction
observed in T. elongatus remains to be elucidated.
Additionally, the C-terminal tail of PsbT was found to be in close proximity to a D2 helical
domain above the QA site (Appendix C). A resultant hydrogen bond is capable of forming
between Ser254 from D2 and Arg24 from PsbT which may confer stabilising properties to the
QA site. In addition, these residues are conserved between Thermosynechococcus elongatus
and Synechocystis sp. PCC 6803 (Figure 1.5 and Figure Appendix 1.2). A D2 mutant with a
Ser254Phe substitution from Synechocystis sp. PCC 6803 resulted in an obligate
photoheterotroph and oxygen evolution was significantly impaired (Ermakova-Gerdes et al.,
2001). In contrast, a psbT-deletion in Thermosynechococcus vulcanus which resulted in a
truncated PsbT missing its C-terminal tail, displayed phenotypic characteristics, such as a
reduced ability to evolve oxygen however was able to achieve photoautotrophic growth,
which were similar to the observations made in this study (Henmi et al., 2008).
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The result from previous studies (Bentley et al., 2008; Henmi et al., 2008; Umate et al., 2008)
are in agreement with the results presented in this study and support the conclusion that the
role of PsbT appears to be in stabilising the QA environment in PSII with specific roles
assigned to the both the C-terminal and N-terminal membrane embedded domains. The
observed reduced rates from PSII specific oxygen evolution, QA- reoxidation kinetics and
fluorescence induction of ∆PsbT cells support this conclusion.
A vastly reduced recovery of PSII dimers from chromatographic separation, in addition to the
complete loss of PSII dimer bands on SDS gels was observed in the PsbT deletion mutant of
Thermosynechococcus elongatus (Iwai et al, 2004). In contrast, this study has shown PSII
dimers are present in the absence of PsbT, albeit at a much reduced number in relation to wild
type (Figure 3.8). Furthermore, a reduced dimer population was observed by Bentley et al.,
(2008); however, a PSII dimer intermediate was observed in western blots of ∆PsbT cells
which were not observed in Figure 3.8. However, this may be due to quality of the gel in
Figure 3.8 which does not have the resolution seen in previous studies (e.g., Bentley et al.,
2008).
The reduction of PSII dimers may arise from the association of the PsbT subunit with the
PsbM and PsbL LMW subunits which are also found at the monomer-monomer interface of
PSII (Ferreira et al., 2004; Loll et al., 2005; Guskov et al., 2009). A Synechocystis sp. PCC
6803 psbL-interruption mutant was incapable of forming PSII dimers and had in fact only
assembled very low levels of active PSII monomers (Bentley et al., 2008). Hence, the ∆PsbL
strain was only able to support very limited photoautotrophic growth, a very different effect
from what was observed in ∆PsbT cells. Furthermore, in the same study, a psbM-deletion
mutant was found to more sensitive to high light than wild type and to have reduced levels of
PSII. The combined effects of removing both PsbM and PsbT were also studied and the
double mutant had significantly impaired oxygen evolution. Unlike the single ∆PsbM and
∆PsbT strains, which assembled dimers, the double mutant, ∆PsbM:∆PsbT, only had PSII
monomers when investigated using Blue Native PAGE (Bentley et al., 2008).
Recent published papers have questioned whether dimerisation of PSII may possibly be an
artefact as a consequence of incorporating detergents onto the PSII structure (Watanabe et al.,
2008; Takahashi et al., 2009). PSII dimers are thought to be involved with the efficient
distribution of energy. In the event where light energy is captured by a closed PSII centre, if it
is coupled with an open centre, the energy can be efficiently directed towards it and not be
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released as fluorescence. Two n-dodecyl β-D-maltoside (DM) molecules were confirmed in
the recent structure of PSII from Thermosynechococcus elongatus (Guskov et al., 2009). In
addition, PsbT was shown to interact with DM, lipids and CP47 on the opposing monomer
within the PSII dimer. (Guskov et al., 2009; Watanabe et al., 2009). The absence of PsbT in
∆PsbT cells may induce a different conformation of the lipid content within PSII.
Additionally, the absence of an interaction with CP47 in ∆PsbT cells has been suggested as a
possibility in observing fewer PSII dimers (Umate et al., 2008); however, more evidence is
required to substantiate the role, if there is one, of PsbT in PSII dimer formation.
Furthermore, the stoichiometry of PSII:PSI complexes was observed by 77K fluorescence
(Figure 3.27). Spectra normalised to PSI showed a 1.5 fold increase in the ratio of PSII
complexes to PSI complexes in ∆PsbT cells compared to wild type. Additionally, a greater
phycobilisome emission was observed in 77K spectra of ∆PsbT cells. This is in contrast to an
observed 50% reduction of PSII centres in the Synechocystis sp PCC 6803 ∆PsbT strain
determined by a PSII-specific herbicide-binding assay (Bentley et al., 2008). Whether this
effect is more pronounced in Synechocystis sp. PCC 6803 remains to be elucidated as the
PsbT subunit from Chlamydomonas reinhardtii was determined to be a requirement for the
efficient biogenesis of PSII (Ohnishi et al, 2008).
The normalisation of the fluorescence spectra presented in this study assumed a relatively
similar level of PSI in both wild type and ∆PsbT cells which does not appear to be the case. It
is also possible that PSII levels did in fact decline in ∆PsbT cells but PSI levels also declined
to a greater extent. This suggests, as a result of an absence of PsbT within PSII, the biogenesis
of PSI may have been affected. A multitude of factors may influence the stoichiometry of
PSII to PSI namely the redox state of pool PQ or the impaired electron flow through PSII.
Additionally, influences on photosystem stoichiometry may determine the amount of
phycobilisomes mobile on the thylakoid membrane. This may be tested by interrupting psbT
in a PSI deletion background which should determine whether the phycobilisome content is
directly proportional to the amount of active PSII complexes.

4.2 Susceptibility of ∆PsbT cells to inhibition by an artificial quinone
In this study, PSII-specific electron transport was monitored in the presence of DMBQ, which
accepts electrons from the QB site (Satoh et al., 1995). At increasing concentrations of
DMBQ, wild-type cells exhibited enhanced oxygen evolution rates. In contrast, the rate from
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∆PsbT cells was reduced by ~35% (Figure 3.6). A novel finding of this research was that as a
result of interrupting psbT, DMBQ is able to inhibit the acceptor side of PSII. The absence of
PsbT is proposed to induce a conformational change in the D2 protein which could affect the
properties associated with the QA site of PSII. To support this hypothesis, an increased
mobility of the QA site was observed in a D2 mutant from Synechocystis sp. PCC 6803 which
allowed the electron acceptor 2,6-dichlorobenzoquinone (DCBQ) to displace the PQ at the QA
site (Ermakova-Gerdes and Vermaas, 1998).
Whereas DCBQ completely inhibited electron transport in the D2 mutant (Ermakova-Gerdes
and Vermaas, 1998), the inhibitory effect of DMBQ found in this study is comparatively
smaller due to a 10-fold decreased affinity for PQ binding sites on PSII – at least in the wild
type (Satoh et al., 1995). Thus, a larger proportion of QA sites will be able to retain their PQ
molecule allowing forward electron transport to proceed, albeit at a significantly reduced rate,
as reflected by QA- reoxidation fast component half-times and amplitudes in the presence of
DMBQ (Table 3.7 and Table 3.8). Additionally, DMBQ-mediated oxygen evolution was
measured in the presence of K3Fe(CN)6 which oxidised reduced DMBQ, allowing oxygen
evolution to proceed.
The chlorophyll a fluorescence decay study presented in this research also suggest that the QB
environment is altered in ∆PsbT cells. The intermediate component half-times were
significantly prolonged which suggests PQ binding has been impaired. As a consequence of
the intimate association of the RC heterodimer, it is plausible that the changes to D2 and the
QA site may also confer, indirectly, alterations to the QB site. Additionally, the presence of
DMBQ, which accepts electrons from the QB site, significantly impaired rates of PQ binding,
observed in ∆PsbT cells (Table 3.7 and Table 3.8). Likewise, ∆PsbT fluorescence transients
in the presence of DMBQ were similar to DCMU-inhibited transients. DCMU has a very high
affinity for the QB site and inhibits the forward flow of electron transport in addition to PQ
binding to the QB site. Furthermore this proposed impairment of PQ binding as a result of QB
site alterations may impose a higher affinity for the DMBQ molecule or decreased affinity for
PQ. DMBQ displacing PQ can shift the equilibrium for an electron towards QA which would
be reflected in an increased amplitude of the ~1 s half time back reaction as opposed to the
longer (~10 s ) half time for recombination with the donor side from QB-. In support, the
thermoluminescence data from a psbT deletion mutant from tobacco had an enhanced B band
compared to wild type, which reflects the impaired electron flow towards QB (Umate et al.,
2008).
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Additionally DMBQ was able to increase the variable fluorescence yield from DCMUinhibited fluorescence transients. DMBQ may dissociate bound PQ from QB sites which frees
up more centres for DCMU inhibition. The more centres that have DCMU bound, the greater
the fluorescence yield. This associated effect appears similar in wild-type and ∆PsbT cells
which suggests that the conformation change in the QB site is only DMBQ and PQ specific.

4.3 The susceptibility of ∆PsbT cells to high light
A susceptibility to high light treatment of Synechocystis sp. PCC 6803 ∆PsbT cells was
determined, a phenotype previously described in PsbT mutants (Ohnishi et al., 2007; Bentley
et al., 2008), whereas in wild-type cells, an ability to acclimate was observed. This ability to
acclimate under high light stress has been attributed to de novo synthesis of D1 protein and its
insertion into inactive intermediates of PSII (Tyystjärvi et al., 2001). Reduction in rates of
oxygen evolution arise from photodamage of the D1 subunit impairing PSII-specific electron
transport. As of a result of a high turnover rate of D1, an efficient repair mechanism has
evolved in organisms capable of oxygenic photosynthesis. New D1 protein precursors are
synthesised, processed and inserted into CP43-less monomers reactivating PSII. However, it
appears this is impaired in ∆PsbT cells where a susceptibility to high light treatment in the
presence of DMBQ was determined (Bentley et al., 2008).
The role of PsbT has been determined to be involved with the repair process from
photoinhibition in Chlamydomonas reinhardtii, a green alga (Ohnishi et al., 2001). In this
study, in the ∆PsbT cells, a susceptibility to high light was observed (Figure 3.7). The absence
of PsbT impaired the efficient repair process observed in wild-type cells, which is in
agreement with the observed result from C. reinhardtii (Ohnishi et al., 2007). In the recent
PSII crystal structure, PsbT was found to form direct interactions with lipids which are
proposed to lubricate the insertion of D1 protein into the reaction core and hence its absence
may alter the PSII structure, impairing the efficient insertion of D1. Removal of the high light
source stopped the accelerated damage of D1 and allowed the recovery process to proceed.
During the repair process in low light, an enhanced rate of oxygen evolution was observed in
wild-type cells indicative of the increased protein synthesis occurring during high light stress.
Removal of the high light allowed the synthesis of D1 to recede to normal levels. In ∆PsbT
cells, this enhancement was not observed and the recovery of oxygen evolution was
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significantly delayed. This can be attributed to the delayed repair process involved.
Additionally, the recovery process from high light treatment of ∆PsbT cells from
Synechocystis sp. PCC 6803 was identified to be a slower de novo synthesis pathway (Bentley
et al, 2008) which appears to be what was also observed during the photoinhibition of ∆PsbT
cells in the presence of DMBQ (Figure 3.7).
Furthermore, removal of PsbT may increase the presence of double reduced QAH2 quinol
since the environment of the QA site appears to be perturbed. In normal operation, QA is only
reduced to the semiquinone state and the full quinol is not formed. Removal of the QAH2
quinol may delay the repair process and increase the susceptibility of ∆PsbT to high light. The
removal of QAH2 from PSII also allows the formation of a triple state via the excited P680* of
the reaction centre which has been shown to produce 1O2-, a known inhibitor of D1
polypeptide synthesis (Nishiyama et al., 2004). However, the delay in the recovery exhibited
by ∆PsbT cells appears to be related to the impaired insertion of D1, as inhibited protein
synthesis, achieved by the addition of chloramphenicol, prevents the recovery of oxygen
evolution under low light conditions (Bentley et al, 2008).
In contrast, the presence of bicarbonate appears to play a protective role in preventing
photoinhibition and this will be discussed in Section 4.5.

4.4 The effect of removing Psb27 in the ∆PsbT:∆Psb27 strain.
In agreement with a previous characterisation of the ∆PsbT:∆Psb27 strain of Synechocystis
sp. PCC 6803 (Bentley et al, 2008), rates of photoautotrophic growth and oxygen evolution
were observed to be comparable to wild type. Additionally, in the presence of bicarbonate,
oxygen evolution rates were enhanced, similarly to ∆PsbT cells.
Under high light treatment, ∆PsbT:∆Psb27 cells were found to have an increased
susceptibility to high light stress which is in agreement with the observed results from Bentley
et al. (2008); however, no recovery was observed in low light. In contrast, this study found
that the same ∆PsbT:∆Psb27 strain was capable of recovering ~90% of the total rate of
oxygen evolution (Figure 3.7). This disparity was attributed to a 3-fold increase in the
concentration of DMBQ used in the earlier study (Bentley et al., 2008). As a result, the
inhibited recovery is proposed to be attributed to the inhibitory effect of DMBQ on electron
transport.
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The observed recovery of ∆PsbT:∆Psb27 cells in this study was more impaired than ∆PsbT
recovery rates (Figure 3.7). Psb27 associated PSII complexes were found in the absence of the
Mn4Ca cluster within the OEC (Nowaczyk et al., 2006; Mamedov et al., 2007), which
suggests the role of Psb27 is involved in the biogenesis of PSII. Additionally Psb27 was
found in high concentrations in a Synechocystis sp. PCC 6803 mutant unable to process the Cterminal tail of D1 precursors (Roose and Pakrasi, 2004), which suggests a role of Psb27 in
the efficient insertion of the D1 subunit into inactive PSII complexes. This is evident in this
study where the absence of Psb27 in a ∆PsbT background further impairs the recovery from
photoinactivation.

4.5 The role of bicarbonate on the acceptor side of PSII in Synechocystis sp.
PCC 6803
The bicarbonate effect has long since been established for cyanobacteria and higher plants
(for review see Govindjee and van Rensen, 1993). Bicarbonate enhances the Hill reaction and
in addition, reverses formate-induced inhibition of electron flow from QA- to the PQ pool
(Govindjee and van Rensen, 1993). In addition, formate inhibition typically requires the
complete depletion of CO2 from isolated thylakoids and media. However, contrary to this,
Synechocystis sp. PCC 6803 ∆PsbT cells showed a susceptibility to formate inhibition in the
presence of DMBQ under ambient CO2 levels which was reversible by the addition of
bicarbonate (Figure 3.4). To date, this is the first time observation of formate inhibition of
intact cells at atmospheric concentrations of CO2 and thus provides a direct evidence for a
PSII-specific bicarbonate effect in vivo.
It has been shown that a bicarbonate ligand to the non-heme iron is present between the QA
and QB site of PSII (Ferreira et al., 2004; Loll et al., 2005; Guskov et al., 2009). However
recent evidence has suggested that it is almost certainly a carbonate ligand (Cox et al., 2009).
This ligand to the non-heme iron is the proposed target for the competitive binding between
formate and bicarbonate. Conformational changes within the RC heterodimer as a result of the
absence of PsbT appears to either expose the ligands associated with the non-heme iron or
weaken the ligand binding strength of bicarbonate. Upon the addition of 25 mM formate, the
bicarbonate ligand can be dissociated to allow the binding of formate determined in ∆PsbT
cells by the impaired fluorescence relaxation observed in Figure 3.9 and Figure 3.10. This
appears to be a weak inhibition as oxygen evolution of ∆PsbT cells in the presence of formate
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is able to proceed normally. The addition of bicarbonate was shown to be able to reverse this
inhibition observed by the increased half-times and amplitudes associated with affected
components of QA- reoxidation.
In contrast, when both DMBQ and formate are present, the rate of oxygen evolution was
completely abolished in ∆PsbT cells; an effect not observed in wild type (Figure 3.4).
Furthermore, a greater impairment of QA to QB electron transport was also observed in the
reoxidation of QA- of ∆PsbT cells. As mentioned above, DMBQ appears to have an inhibitory
role on the acceptor side of PSII in ∆PsbT cells. The further addition of formate appears to
increase the ∆PsbT cells susceptibility to DMBQ inhibition. As a consequence of formate
binding to the non-heme iron, the already perturbed QA site may be further altered, increasing
the mobility of the associated PQ. A more perturbed QA site may facilitate dissociation of the
PQ molecule and DMBQ binding, inhibiting the forward electron transport determined by
prolonged intermediate component half-times (Table 3.7 and Table 3.8). Incidentally, the
presence of bicarbonate appears to prevent the binding of formate to the non-heme iron and
from exacerbating the inhibitory effect of DMBQ in ∆PsbT cells; however, the recovery of
oxygen evolution by the addition of bicarbonate, shows a similar trace when compared with
the oxygen evolution trace in the presence of DMBQ, determined by Figure 3.4. Additionally,
this observation was also consistent in isolated thylakoids in the presence of DMBQ and PBQ
(Table 3.4) although the results were not conclusive due to the damaged state of the
membranes.
Observed half-times associated with the intermediate component in the presence of DMBQ
are significantly prolonged, indicative of impaired binding of PQ to the QB site. The addition
of formate or bicarbonate does not appear to effect rates of QB site interactions therefore the
DMBQ effect on the QB site remains largely unaffected by the interactions on the non-heme
iron (Table 3.8).
In the absence of formate, the addition of bicarbonate was able to enhance the rate of oxygen
evolution in ∆PsbT cells but not in wild type. As a result of a inhibitory effect on ∆PsbT cells,
the use of DMBQ to measure the rate of PSII-specific electron transport does not reflect the
true rate in vivo. In contrast, the bicarbonate-affected rate is believed to be the real rate;
however, although care was taken to maintain consistent optical densities of the strains during
growth, differences in their measured optical densities may be a potential reason for the rate
differences observed between wild type and ∆PsbT cells (Table 3.1). Incidentally, no
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significant difference was observed in wild-type and ∆PsbT cells when oxygen evolution was
measured with either DMBQ or bicarbonate (Table 3.2).
The addition of bicarbonate appeared to protect Synechocystis sp. PCC 6803 from
photoinhibition. Additionally, this effect was observed in thylakoids isolated from spinach
(Sundby et al., 1992). To date, the underlying mechanism involved has yet to be elucidated.
However, the bicarbonate ion may donate protons to the QB site therefore speeding up the
protonation required for complete reduction and dissociation of PQH2 (Eaton-Rye and
Govindjee, 1988a; 1988b) Additionally, the presence of bicarbonate may confer increased
stability between the QA and QB sites of PSII facilitating electron transport.

4.6 A comparison of red and blue measuring flashes on fluorescence
measurements
A significant disparity in QA- fluorescence decay kinetics was observed from the use of
different sources of measuring lights in ∆PsbT cells where the red measuring light reported
significantly prolonged half-times compared with the blue measuring light (Table 3.5, Table
3.6, Table 3.7 and Table 3.8). In contrast, half-times associated with wild-type cells were
comparatively similar in the presence of either red or blue measuring lights. The transient
nature of phycobilisome interactions with the photosystems, particularly PSII, suggests it is
plausible to assume that the acceptor side inhibition in the absence of PsbT may confer a
conformational shift in the PSII structure which would partially decouple the phycobilisome
from PSII centres. The disparity in the kinetic analyses may arise from the inefficient transfer
of energy to PSII reaction centres which will maintain a high level of fluorescence derived
from the phycobilisome that may interfere with the observed fluorescence from chlorophyll a
of PSII. In addition, the fluorescence induction in the presence of blue light observed a
significantly healthier variable fluorescence compared to red light transients (Figure 3.20,
Figure 3.21 and Figure 3.22). Furthermore, the blue measuring light circumvents the
phycobilisomal processes and directly excites the chlorophyll a pigments associated with
PSII. Therefore it is plausible to suggests a blue measuring light would convey a more
meaningful probe of the redox state of QA in reoxidation and fluorescence transients.
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4.7 Conclusions and future perspectives
In Synechocystis sp. PCC 6803, the removal of PsbT impaired photoautotrophic growth and
oxygen evolution in the presence of the artificial PSII electron acceptor DMBQ. In addition, a
susceptibility to inhibition by DMBQ and formate was also observed. A proposed alteration
of the QA environment as a result of the missing interactions with PsbT is suggested to be the
cause. Formate has been proposed to displace and replace the bicarbonate ligand to the nonheme iron located between QA and QB. Furthermore, the formate inhibition was reversible by
bicarbonate which supports this interaction. This is the first time observation of a bicarbonatereversible formate inhibition of intact cells at atmospheric concentrations of CO2 that has been
seen.
Additionally, this study found ∆PsbT:∆Psb27 was capable of recovering from
photoinhibition, a contrasting result compared to another study which determined its recovery
was impaired (Bentley et al., 2008). The susceptibility to inhibition by DMBQ is suggested as
the explanation.
The specific role of PsbT can be further studied by mutagenesis of specific residues which
appear to be involved in the structural integrity of the QA site. The identification of specific
residues will undoubtedly reveal the specific role of PsbT. This study has proposed two key
residues which appear to be involved with the specific function pertaining to the role of PsbT
(Phe10 and Arg24); however, whether these residues are critical to PSII acceptor side
function, remains to be resolved.
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Appendix
Appendix A: QA- reoxidation protocol
; QA- Reoxidation
; Version MS 2.1.0.1
MeasuringFlash=4µs
MeasurDelay=3µs
ActinicFlash=35µs
AuxDuration=ActinicFlash
PreFlash=0µs
include default1.inc

;(for blue measuring light. If using red, replace with default.inc)

include detector.inc
M_Voltage=80Num

; Set for blue measuring light. Use M_Voltage=30Num for red)

F_Voltage=100Num
A_Voltage=F_Voltage
;*********************************************************************
; PRE-DEFINED PARAMETERS
first=56.2341325190349µs
second=74.9894209332456µs
stop=60s
;
; TIMING DEFINITION
k=<200µs,400µs..800µs>
i=1ms

; Define Fo measurment

; Actinic Flash

j=i+[first,second..i+stop]

; Reoxidation Kinetics

;
; EXECUTION
<i>=>F1

; Actinic Flash

;
if(PreFlash GR 0) Then
k|j=>mfm1sub
else
k|j=>fm1
end
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Appendix B: Fluorescence induction protocol
; Fluoresence Induction
; Version MS 2.1.0.0
MeasuringFlash=4µs
MeasurDelay=3µs
ActinicFlash=0µs
AuxDuration=4s

; Act. light interval

PreFlash=5µs

; PreFlash

include default1.inc ;(for blue measuring light. If using red, replace with default.inc)
include detector.inc
M_Voltage=80Num

; Set for blue measuring light. Use M_Voltage=30Num for red)

F_Voltage=0
A_Voltage=50Num

; Act. light voltage

;*********************************************************************
first=5.62341325190349E-5s

;

second=7.49894209332456E-5s
stop=5s

;

; Experiment duration

; Fo MEASUREMENT -------h=<200µs,400µs..800µs>
if(PreFlash GR 0) Then
h=>mfm1sub
else
h=>fm1
end
; ACTINIC LIGHT --------i=1ms
<i>=>A1
; INDUCTION KINETICS --j=i+[first,second..stop]
if(PreFlash GR 0)then
j=>mfm1sub
else
j=>fm1
end
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Appendix C: Proposed D2 and PsbT C-terminal interaction from the 2.9 Å
structure of Thermosynechococcus elongatus.

Figure Appendix 1.1 A putative hydrogen bond between PsbT and D2.
Two residues, a D2 Ser254 and a PsbT Arg24 are observed to be in close proximity, indicative of a possible
putative hydrogen bond which is proposed to confer stability to the QA site of PSII complexes. A distance of 3 Å
was measured between D2 Ser254 and PsbT Arg24, indicated by the dotted line. Shown are PsbT (grey), D2
(cyan) and Q A PQ (yellow).
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Appendix D: D2 protein sequence alignment between Synechocystis sp. PCC
6803 and Thermosynechococcus elongatus

Figure Appendix 1.2. Protein sequence alignment of psbD between Synechocystis sp. PCC 6803 and
Thermosynechococcus elongatus. Two sequences from both species are displayed. Ser254 is highlighted cyan
and asterisked.
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