ABSTRACT

CYCLIC ELECTRON TRANSFER PATHWAYS IN SYNECHOCOCCUSSP. PCC
7002 CYANOBACTERIA DURING PHOTOSYNTHESIS AT HIGH LIGHT
INTENSITY

By Anuradha Marathe

With current global warming, there is growing interest in coupling carbon dioxide
(CO,) capture to chemical synthesis via photosynthesis. Cyanobacteria convert up to 10%
of the sun’s energy into biomass compared to 1% by energy crops and 5% by eukaryotic
algae. Cyanobacteria and microalgae can thus potentially produce biofuels in an
economical and environmentally sustainable manner at rates sufficient to replace a
substantial fraction of fossil fuels. To employ cyanobacteria for biofuels, a detailed
knowledge of photosynthetic electron pathways is required. Linear electron flow from
photosystem II (PSII) via the plastoquinone (PQ) pool, cytochrome (Cyt) bf complex, and
photosystem I (PSI) generates ATP and NADPH. Cyclic electron flow around PSI and
the Cyt bf complex generates ATP only, provides the ‘extra’ ATP for efficient CO,
fixation, and is implicated in defenses against photodamage. Cyclic electron flow
mediated by the NAD(P)H dehydrogenase (NDH-1) complex is the major, known cyclic
pathway in cyanobacteria. In plant chloroplasts, a PSI — Cyt bf supercomplex catalyzes
cyclic flow. Such a supercomplex has not been identified in cyanobacteria and the
contributions of linear and cyclic electron flow under different environmental conditions
remain poorly understood. In this thesis, the fast-growing, high-light tolerant, marine
cyanobacterium, S/nechococcus sp. PCC 7002 and two mutants, NdhF (lacking the
NDH-1 complex) and PetB-R214H (impaired electron flow in the Cyt bf complex) were
investigated with respect to cyclic electron transfer pathways under optimal and high,
full-sunlight conditions. PST and Cyt bf kinetics were studied with pump-probe, kinetics
spectrophotometer (Biologic JT-10) that can monitor light-induced redox changes in the
photosynthetic apparatus of living cells. The NDH-I route accounted for most of the
cyclic flow (~10% of the total) under optimal light as observed previously. At high light
intensity, PSI content decreased but cyclic electron flow increased dramatically in both
the wild type and NdhF mutant. Most interestingly, in the NdhF mutant at high light
intensity, cyclic electron flow accounted for 50% or more of total electron flow. These
data suggest that this efficient cyclic electron flow is catalyzed by the formation of a PSI
— Cyt bf supercomplex required for adaptation and growth of S/nechococcus sp. PCC
7002 cyanobacteria at extreme, high-light intensities.
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CHAPTERI

INTRODUCTION

1.0 Photosynthesis and importance of cyanobacteria

The majority of life on earth depends on the oxygen and carbon polymers
produced by photosynthetic organisms. Photosynthesis is the biological process
converting the electromagnetic energy emitted by the sun (in the form of sunlight) into
biochemical energy and thus acting as the direct or indirect energy source for nearly all
life on earth. Photosynthetic organisms such as plants, cyanobacteria and algae convert
carbon dioxide into organic compounds and evolve oxygen through photosynthesis.
These photosynthetic organisms, or photoautotrophs, play an important role as the
primary producers of food in every ecosystem.

The earth’s primitive atmosphere contained no molecular oxygen (O,). As
oxygenic photosynthetic organisms (i.e. the cyanobacteria) evolved over two billion years
ago (Carr et al. 2006), they increased the level of atmospheric oxygen in the primitive
atmosphere through photosynthesis. Among photosynthetic organisms, cyanobacteria are
the most ubiquitous and genetically diverse group, which drastically changed the Earth
by oxygenating the atmosphere. They obtain their name from the bluish green color (cyan
= blue). This bluish green color is because of the bluish green pigment called
phycocyanin. Cyanobacteria account for approximately 25% of the global photosynthetic
activity and some of them are also involved in nitrogen fixation (Olson 2006).

Cyanobacteria are prokaryotic photoautotrophs and are mostly unicellular. Many



cyanobacteria grow in colonies or filaments often surrounded by a mucilaginous or
gelatinous sheath. Some Cyanobacteria also form motile filaments, called hormogonia.
These hormogonia are formed during asexual reproduction and they travel away from the
main biomass to bud and form new colonies elsewhere. Many cyanobacteria also display
circadian rhythms which were once thought to be an attribute exclusive to eukaryotic
cells. In addition to oxygenating the atmosphere, Cyanobacteria played another important
role in evolution. Several lines of evidence indicate that modern day plant chloroplasts

evolved from endosymbiotic cyanobacterial ancestors (McFadden 2001).

2.0 Cyanobacterial Photosynthetic Apparatus

To perform photosynthesis, cyanobacteria possess a highly organized system of
internal thylakoid membranes encompassing components of respiratory as well as
photosynthetic electron transport (Albertsson 2001). The light harvesting antenna
proteins or phycobilisomes are also attached to the thylakoid membranes. Energy from
sunlight is captured by these phycobilisomes and funneled through the chlorophylls to the
two reaction centers of photosynthesis (Blankenship 2002). The reaction center
chlorophyll emits an electron upon excitation and this starts the series of electron transfer
through the photosynthetic apparatus. Figure 1 shows a detailed representation of the
photosynthetic apparatus located within the thylakoid membrane. Photosystem II,
Photosystem I and Cytochrome bf complexes are the major complexes in this
photosynthetic apparatus (DeRuyter and Fromme 2008). Both the photosystems I and II

(hereafter PSI and PSII) have phycobilisomes attached to them (Whitmarsh and



Govindjee 1995). Light captured by these phycobilisomes excites the reaction center
chlorophylls inside the photosystems and causes a flow of electrons between the
photosystems through the plastoquinone-plastoquinol pool (hereafter PQ pool) and

cytochrome bf (hereafter Cyt bf) complex (Ort and Yocum 1996).
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Figure 1. The photosynthetic apparatus of cyanobacterial thylakoid membranes PS
IT and PS I: photosystem II and photosystem I; P680: reaction center of photosystem II;
Qa and Qg: plastoquinone A and plastoquinone B; PQ pool: plastoquinone / plastoquinol
pool; Cyt bf: cytochrome bf complex; Q,: Q, or plastoquinol oxidation site; Q,: Q; or
plastoquinone reduction site; Cyt G;: cytochrome G; P700: reaction center of photosystem
I; Fd: ferredoxin; FNR: Ferredoxin-NADPH oxidoreductase; NDH: NADPH
Dehydrogenase complex; SDH: Sucinate Dehydrogenase complex; COX: Cytochrome ¢
oxidase encoded by Ctal and Ctall genes; QOX: Quinone oxidoreductase; PTOX: Plastid
Terminal oxidoreductase; (?): question mark indicates that there is no evidence for PTOX
in §nechococcus 7002; Flv1/3: Flavoproteins Flv1 and FIv3. p side: positive side of
thylakoid membrane where protons are deposited; n side: negative side of the membrane
from where protons are translocated. Solid single headed bold blue arrows indicate major
electron flow pathways; solid single headed small blue arrows indicate entry of electrons
into the PQ pool through different enzyme complexes. Dotted single headed blue arrows
indicate suggested flow of electrons from Fd and FNR to Cyt bf complex. White arrows
indicate translocation of protons across thylakoid membrane from n side to the p side of
thylakoid membrane; single headed red arrow represents movement of electrons through
the low-potential chain of Cyt bf complex via hemes. Orange arrows indicate metabolic
pathways for production of carbohydrates. (Adapted from Kallas, 2012).



3.0 Linear Electron Flow

The PSII reaction center, a chlorophyll dimer called P680, becomes excited upon
accepting a photon (from sunlight) and leaves its ground state. P680 then transfers the
electron to a pheophytin molecule located within the PSII complex. From pheophytin, the
electron is further transferred to a quinone molecule (Q,), an iron atom, and finally to a
plastoquinone molecule (Qg) located on the cytoplasmic (n) side of the membrane. To
replace the electrons removed from P680, electrons from water are donated by the
oxygen evolving complex (OEC). This oxygen evolving complex consists of a
tetranuclear manganese cluster which has been implicated as the catalytic site for water
oxidation (Roelofs et al. 1995). Water oxidation by this manganese cluster results in the
formation of molecular oxygen as a byproduct of photosynthesis.

During electron transfer, electron acceptors and donors undergo reduction and
oxidation changes. Qg, The terminal electron acceptor within PS II, is reduced after
receiving two electrons. This plastoquinone molecule acquires two protons from the
outer, electronegative (n) surface of the thylakoid membrane and forms a
plastohydroquinone (PQH;) molecule. The PQH, moves to the PQ pool and enters the
quinol oxidase (Qp) site of the Cyt bf complex. The Cyt bf complex is a 220kDa
homodimeric, multi-subunit complex consisting of PetA (32kDa cytochrome f), PetB
(25kDa cytochrome b), PetC (19kDa Reiske iron sulfur protein), PetD (17kDa subunit
IV) along with several subunits (Yan et al. 2008; Kallas 1994; 2012). A bifurcation of
electron flow occurs in the Cyt bf complex. One electron from the plastohydroquinol

(PQH>) passes through the high potential chain and another electron through the low



potential chain. The electron travelling through the low potential chain reaches two b-
type hemes (bp and by) and another ¢c-type heme (G,) and finally to the quinone reductase
(Qn) site of the Cyt bf complex. The bp heme is situated closer to the electropositive side
(p-side) of the thylakoid membrane whereas the by heme is situated closer to the
electronegative side (n-side) of the membrane. After donating one electron through the
high potential chain, PQH; becomes a highly reactive semiquinone (PQHe ) molecule.
The semiquinone molecule is thought to shift from the distal to the proximal position of
the Q, site and passes its second electron to the low potential chain (Kurisu et al. 2003;
Stroebel et al. 2003). Upon release of two protons into the thylakoid lumen, the
semiquinone molecule is converted to a fully oxidized quinone (PQ) and moves to the Q,
site. This quinone (PQ) at the Q, site receives electrons from the low potential chain and
protons from the cytoplasmic (n) side of the membrane and becomes PQH,. This PQH;
can re-enter the PQ pool and cycle back to the Q, site of the Cyt bf complex thus

completing the Q-cycle (Figure 1 and 2).
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Figure 2. Linear electron flow in the cyanobacterial thylakoid membrane. PBS:
phycobilisomes; PE: Phycoerythrin; PC: Phycocyanin; APC: Allo-phycocyanin; PSII and
PSI: photosystem II and photosystem I; P 680: reaction center of photosystem II; Q4 and
Qg: plastoquinone A and plastoquinone B; PQ pool: plastoquinone / plastoquinol pool;
NDH: NADH Dehydrogenase; SDH: Succinate Dehydrogenase; SQR: ; QOX: Quinol
Oxidase; PTOX: Plastid Terminal Oxidase; Cyt bf: cytochrome bf complex; Q,:
plastoquinol oxidation site, also called as Q,; Qn: plastoquinone reduction site, also called
as Q;; Fe-S: Rieske iron-sulfur protein; Cyt f: cytochrome f, b,, b, and G,: hemes by, b,
and G,; Cyt G: cytochrome G; COX Ctal: Cytochrome oxidase encoded by ctal, COX
Ctall: Cytochrome Oxidase encoded by ctall; P 700: reaction center of photosystem I;
Fd: ferredoxin; FNR: Ferredoxin Oxido-reductase; ATP syn: ATP synthase enzyme; p
side: positive side of thylakoid membrane where protons are translocated; n side:
negative side of thylakoid membrane from where protons are translocated; e : electrons;
H' : protons. Passage of electrons via the linear photosynthetic electron transport chain
from PSII to PSI and flow of protons to ATP synthase are indicated by grey highlights.
Bold single-headed black arrows indicate translocation of protons across the membrane.
Double-headed black arrow indicates movement of PBS from PSII to PSI and back
during state transitions. Faded arrows indicate that ATP and NADPH, end products of
linear electron transport, are fed into cellular processes such as the Calvin-Benson cycle
for CO, fixation. (Adapted from original figure by George Weir, Unpublished data)



Electrons travelling through the Cyt bf high-potential chain are carried by the
Rieske iron sulfur protein (ISP). The Rieske ISP undergoes a large domain movement to
transfer the first electron from PQH, oxidation in the Cyt bf quinol-oxidation (Q,) site to
the cytochrome fsubunit (Heimann 2000; Kallas 1994; 2012). From cytochrome f the
electron moves to a soluble copper-containing plastocyanin or a soluble c-type heme
protein, cytochrome cg (Kallas 1994; 2012). Many cyanobacteria use only cytochrome G,
which may be either acidic or basic, whereas plastocyanin occurs in other, rather diverse
members of this group (Baymann et al. 2001). Cytochrome & is present within the
lumenal (p side) space and may be pre-bound to the PSI reaction center resulting in a
rapid transfer of electrons (Baymann et al. 2001). Electrons from the cytochrome ¢ pool
are donated to the PSI reaction center, P700. Sunlight energy excites PSI causing
electrons to flow through a series of carriers, A, (chlorophyll), A; (phylloquinone), Fy-
Fa/Fp (iron-sulfur centers) within the PSI complex (Jordan 2001). The terminal electron
acceptor for PSI is ferredoxin, which is present on the cytoplasmic (n) side of the
membrane. Ferredoxin transfers electrons to NADP™ (in a reaction catalyzed by
Ferredoxin-NADP" oxidoreductase or FNR), generating NADPH, the ultimate and
typical carrier of reducing power in photosynthesis. The protons translocated by the PSII
and Cyt bf complexes generate a transmembrane hydrogen ion (ApH) gradient, which
drives ATP synthesis through the ATP synthase complex in the thylakoid membrane
(White 2002, and refer figure 2). Thus a linear electron flow through PSII, Cyt bf and PSI

leads to production of ATP and NADPH.



In a variant of linear electron flow, molecular oxygen can also act as the terminal
electron acceptor. In place of NADP", oxygen may readily accept electrons from
ferredoxin (or other reduced carriers on the acceptor side of PSI) and is reduced
completely back to water (Asada 2000; Allen 2003). In the cyanobacterium
Synechocystis PCC 6803, dioxygen reduction by electrons from PSI occurs via
NAD(P)H and the flavoproteins Flvl and Flv3 (Helman et al. 2003). This observation
that molecular oxygen can be used as an electron acceptor in photosynthesis was first
noted by the late Alan Mehler, while studying chloroplasts (Mehler 1951). Hence the
reaction was named the Mehler reaction. The underlying electron transport was named
‘pseudocyclic electron transport’ by Daniel Arnon (Arnon 1977). Further studies by Kozi
Asada (Asada 1999; 2000) showed that intact chloroplasts contain ascorbate peroxidase
and high concentrations of ascorbate (AA) instead of catalase. This represented an
alteration of the original Mehler reaction scheme. This altered reaction sequence was
termed the ‘water-water cycle’ (Asada 1999; Heber 2002), which is also used more
generally to describe any reaction where electrons from water oxidation by PSII

ultimately reduce oxygen to water on the acceptor side of PSI

4.0 Need for an ‘Extra’ ATP

The ATP and NADPH produced during linear electron flow are used by several
cellular processes. Among these, a key process is carbon fixation by the Calvin-Benson-
Bassham cycle (hereafter the Calvin cycle). The CO, fixed in this process is the precursor

for biosynthesis of organic compounds. During the Calvin cycle, both NADPH and ATP
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are used to regenerate ribulose-1,5-bisphosphate. For efficient carbon fixation, an
ATP:NADPH ratio of 3:2 is required (Alric et al. 2010). Linear electron flow does not
produce enough ATP to maintain this ratio. Hence, ‘extra’ ATP is required and this can
be produced through several other mechanisms. Reactions such as the Mehler reaction (or
water-water cycles more generally) or plastid terminal oxidase activity can participate
either directly or indirectly, to form a proton-motive force at the level of the thylakoid
membrane, and drive ATP synthesis (Alric et al. 2010). Another way would be synthesis
of ATP in the mitochondria by exporting excess of NADPH towards mitochondria via the
malate valve (Scheibe 1987). However, cyanobacteria do not have mitochondria, and
even in plant cells, these reactions may not be fast enough to compete with linear electron
flow. Hence, it may be more efficient to produce the additional ATP directly at the level

of the thylakoid membrane.

5.0 Cydlic Electron Flow

In 1954, additional electron flow other than linear electron flow occurring in the
thylakoid membranes of higher plants, green algae and cyanobacteria, and producing
ATP was discovered by Arnon and co-workers (Arnon and Chain 1975). Since then,
higher plants as well as cyanobacteria have been studied for occurrence of this additional
electron flow. PSII does not play a role in this cyclic electron flow, which involves PSI
and Cyt bf complex (Arnon and Chain 1975). Cyclic electron flow contributes toward
production of the ‘extra’ ATP which is crucial for the proper balance of NADPH and

ATP. In eukaryotes, external ATP can be obtained from cytosolic and mitochondrial
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sources via chloroplast ATP/ADP translocators (Winkler and Neuhaus 1999). However,
cyanobacteria lack such external sources of ATP; hence cyclic electron flow around PSI
may be an important source of ATP required by these organisms (Thomas et al. 2001). In
non-oxygenic photosynthetic bacteria, a form of cyclic electron flow occurring through a
reaction center functionally analogous to PSI is the primary means by which light energy
is converted to chemical energy (Herbert et al. 1990).

Initially, it was believed that cyclic electron flow around PSI occurred in
cyanobacteria, algae and in bundle sheath cells of C,4 plants but did not show significant
activity in C; plants (Carpentier et al. 1984; Herbert et al. 1990; Maxwell and Biggins
1976). Later, it became clear that in C; plants cyclic electron flow activity is also
significant and is controlled by a redox poise requiring specific conditions (Golding et al.
2004). Accumulation of NADPH can act as a poise and trigger for cyclic electron flow
(Golding et al. 2004). An imbalance of ATP/NADPH curtails CO, assimilation and leads
to excessive accumulation of NADPH in the chloroplast stroma (equivalent to the
cytoplasmic space in cyanobacteria) resulting in its over-reduction. Over-reduction of the
stroma is avoided by cyclic electron flow, which is poised by a regulatory mechanism
provided by the Cyt bf complex upon accumulation of NADPH (Arnon and Chain 1975;
Joét et al. 2002). Pseudocyclic electron flow (the reduction of dioxygen by PSI) is also
suggested to avoid over-reduction of PSI ( Allen 2002; 2003; Heber and Walker 1992).

In some organisms, the redox poising of cyclic electron flow around PSI may be
set by electrons derived from carbohydrate metabolism, a phenomenon known as

chlororespiration (Bennoun 1982; Peltier 2002). In nutrient deprived cells, cyclic electron
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flow may also occur via electrons derived from carbohydrate oxidation. The idea that
respiratory and photosynthetic electron transport chains interact was initially suggested
by Goedheer (1963) on the basis of studies on the green alga Chlorella and the
cyanobacterium S/nechococcus (Fork and Herbert 1993; Goedheer 1963). It has since
become well established that in cyanobacteria the photosynthetic and respiratory electron
transfer chains are linked via the PQ pool and Cyt bf complex (see e.g. Kallas 2012 and
Yan et al. 2008 for reviews--). Thus in cyanobacteria reduced carbon pools could readily
provide electrons for P700 reduction and an apparent cyclic electron transfer pathway
(see Figure 3). In higher plants, chlororespiration seems to be a minor pathway compared
to linear electron transport. However, it might play a role in the regulation of
photosynthesis by modulating the activity of cyclic electron flow around PSI (Casano et
al. 2000; Joet 2002; Ogawa 2007). One of the important enzymes in chlororespiration,
plastid terminal oxidases (PTOX) (Aluru & Rodermel 2004; Kuntz 2004, Quiles 2006)
controls the over-reduction of PQ pool during periods of high light and nutrient
deprivation. (Kallas 2012; Quiles 2006). PTOX enzymes also occur in some but not all
cyanobacteria (Kallas 2012) and apparently not in the S§/nechococcus sp. PCC 7002 used
in this thesis. Another important enzyme in chlororespiration and in cyanobacteria is the
NADH dehydrogenase complex (Quiles 1998; 2000; 2005; Rumeau 2005; Sazanov
1998b). Many studies suggest that it plays a role in the protection against photo-oxidative
stress (Catala et al. 1997; Casano et al. 2001; Endo et al. 1999; Herbert et al. 1995;

Martin et al. 1996; Teicher et al. 2000; and Quiles 2004).
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Cyclic electron flow has been shown to proceed together with linear electron flow
when oxaloacetate serves as electron acceptor for illuminated intact chloroplasts in
addition to oxygen (Ivanov et al. 1998). Oxaloacetate is reduced to malate by NADP-
dependent malate dehydrogenase, which is a light-controlled enzyme that becomes active
at elevated NADPH/NADP ratios (Scheibe 1987; 1990). These observations demonstrate
that cyclic electron transport can occur when oxidized NADP is still present (Heber

2002), at least in chloroplasts.

p side

Figure 3. Cydlic electron flow in the cyanobacterial thylakoid membrane.
Abbreviations are the same as those in Figure 2. Established cyclic electron flow
pathways in cyanobacteria are indicated by bold black arrows with yellow highlights.
Postulated cyclic pathways are indicated by dotted black arrows with yellow highlight.
The main known (NDH) path of cyclic electron flow around PSI and flow of protons to
ATP synthase is indicated by grey highlights. Double-headed black arrow indicates
redistribution of PBS between PSII and PSI during state transitions. PBS located over PS
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IT are faded because PSII does not play a role in cyclic electron flow and cells are
suggested to be in ‘state 2’ (majority of PBS associated with PSI). Faded arrow indicates
that ATP, the end product of cyclic electron flow provides the ‘extra ATP’ to maintain
the ATP:NADPH ratio required for efficient carbon fixation by the Calvin-Benson Cycle.
(Figure adapted from George Weir, Unpublished data.)

6.0 Proposed Pathways of Cyclic Electron Flow

In principle, any pathway that accepts electrons from PSI and donates them to the
PQ pool without the aid of ATP or other high-energy compounds could serve as a cyclic
electron-transport pathway that generates a light-dependent proton gradient across the
membrane (Howitt et al. 2001). Two main pathways have been proposed for cyclic
electron flow around PSI in higher plants, algae and cyanobacteria (Figure 3). One is the
Ferredoxin (Fd)-FQR pathway. In this pathway, the reduced Ferredoxin (Fd;.q) donates
electrons to Ferredoxin-quinone oxidoreductase (hereafter FQR) which deposits electrons
back into the PQ pool and then the Cyt bf complex. Some evidence indicates that the Fd-
FQR pathway is sensitive to Antimycin A (Munekage et al. 2004). This pathway is
thought to operate concurrently with linear electron transfer in higher plants and green
algae. A pgr5 (Proton Gradient Regulator protein) dependent pathway was considered to
be the main pathway in cyclic electron flow in higher plants (Munekage et al. 2004). It
was demonstrated in Arabidopsis thaliana that pgr5, a chloroplast protein is essential for
efficient photosynthesis and to prevent over-reduction of the stroma (Munekage 2004).
However, further analysis revealed a regulatory rather than a catalytic role for this protein
in the cyclic electron flow (Nandha et al. 2007). Cyanobacterial genomes appear to lack

any pgr5homolog. Some studies have suggested that an Antimycin-A sensitive FQR
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enzyme might operate in cyanobacteria (see Kallas 2012 for review), but compelling
evidence is lacking and no FQR enzyme has been isolate. Thus the occurrence and
significance of a Fd-FQR pathway remains unclear in cyanobacteria.

Another cyclic electron flow pathway is the NDH-dependent pathway. In this
pathway, electrons are transferred from ferredoxin to FNR (Ferredoxin-NADP
oxidoreductase) which further transfers the electrons to NAD(P)H which is oxidized by
the NDH-1 complex. This NDH-1complex is a respiratory-type NAD(P)H dehydrogenase
which reduces the PQ pool allowing electrons to cycle back to PSI through the PQ pool
and Cyt bf complex. The NDH-dependent pathway is predominant in cyanobacteria at
least under moderate light conditions (Ye et al., 1993; Mi et al., 1993; Alric, 2010),
perhaps because the photosynthetic and respiratory chains share the same membrane.
Some studies have demonstrated that in cyanobacteria, NDH-1 is the main site of entry of
electrons into the PQ pool in the NDH- dependent cyclic electron flow as well as in
respiratory electron flow (Mi et al 1992, Ogawa and Mi 2007). However, in other studies,
notably those of Cooley et al. (Cooley et al. 2001) with S/nechocystisPCC 6803,
concluded that succinate dehydrogenase (SDH) is the main source for respiratory PQ
pool reduction. The contribution of the NDH-dependent cyclic electron transport pathway
in chloroplasts was considered to be relatively small, and only evident under stress
conditions (Munekage et al. 2004). However, recent studies have demonstrated an
important NDH-1 mediated cyclic activity in higher plants (Livingston et al. 2010).

The PsaE protein was found to have a role in the NDH-mediated cyclic electron

flow pathway in Synechococcus PCC 7002 cyanobacteria (Yu et al. 1993). PsaE is one of
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the polypeptides of the cyanobacterial PSI reaction center. The role of the PsaE protein
was not known initially, but it was shown that the addition of PsaE to PsaE-deficient PSI
complexes in vitro leads to higher rates of Fd and/or flavodoxin reduction (Golbeck
1992b; Strotmann and Weber 1993). Thus PsaE apparently aids in the binding of
ferredoxin to the reducing side of PSI (Rousseau et al. 1993; Sonoike et al. 1993) and the
lack of PsaE has been shown to greatly reduce the lifetime of the PSI/ ferredoxin
complex (Barth et al. 1998). The physiological behavior of a Synechococcus PCC 7002
PsaE mutant suggests that the defect might reside in the cyclic electron flow pathway
around PSI (Huang et al. 1993; Yu et al. 1993). PsaE-mediated cyclic electron flow is
indicated to play a key role in efficient bicarbonate (HCO5") utilization at low inorganic

carbon concentrations in §/nechococcus PCC 7002 (Siltemeyer 1993; Siiltemeyer 1997).

7.0 Role of cyclic electron flow in Protection of the Photosynthetic Apparatus

Apart from maintaining the proper ratio of ATP/NADPH in photosynthetic
organisms, cyclic flow is also considered to protect the photosynthetic apparatus against
photoinhibition. During photosynthetic light-harvesting and electron transport, reactive
oxygen species (ROS) are generated as normal byproducts (Muller 2000). Hence, the
photosynthetic organisms must cope with photooxidative damage to PSII, PSI, and other
components of the photosynthetic system. The most common type of photooxidative
damage 1s caused to PSII and is called photoinhibition. Photoinhibition of PSII is rapidly
repaired by partial disassembly of inactivated PSII complexes, lysis of the damaged D1

protein, de novo synthesis and replacement of D1, reassembly of PSII, and reactivation of
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electron transport through the repaired PSII complex (Kyle 1984; Thomas et al. 2001).
Cyclic electron flow around PSI has been proposed to protect PSII from photoinhibition
(Canaani et al. 1989; Herbert et al. 1995; Thomas et al. 2001). In higher plants, PSI
cyclic electron flow sustains a ApH across the membrane upon photoinhibition. Such a
cyclic electron flow is also important to protect PSI from irreversible photodamage
(Quiles 2006). Reactions such as the Mehler reaction or Water-water cycle can also
maintain the ApH across the thylakoid membranes in higher plants. This ApH enhances
non-photochemical quenching (NPQ) in higher plants and algae (Asada 1999; 2000;
Makino et al. 2002; Osmond et al. 1997). Non-photochemical quenching (hereafter NPQ)
is one of the photoprotective mechanisms employed by higher plants and algae. It refers
to dissipation of excess absorbed energy as heat in the light-harvesting chlorophyll
antenna (LHCII) of PS II. Since cyanobacteria do not have the integral membrane
chlorophyll containing light-harvesting complex, LHCII, it was assumed that the NPQ
mechanism is not exhibited by these organisms. However, studies have shown that an
NPQ mechanism is apparently mediated by the Iron stress-induced A protein (IsiA)
which is induced under iron starvation (Burnap et al. 1993; Laudenbach and Straus 1988)
and other stress conditions (Havaux et al. 2005, Jeanjean 1993; Yousef et al. 2003;).
More recently, a distinct blue light-induced NPQ mechanism that is associated with the
orange carotenoid protein (OCP) and phycobilisomes has been discovered (El Bissati
2004). In the fresh-water cyanobacterium S/nechocystissp. PCC 6803, the Orange

Carotenoid Protein (OCP) is required for this phycobilisomes-associated mechanism and
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this appears to be the fundamental mechanism by which NPQ is triggered in

cyanobacteria (Wilson et al. 2006).

8.0 State Transitions

‘State transitions’ (the re-distribution of light harvesting proteins) represent
another important photoprotective mechanism. Cyanobacteria dynamically exhibit state
transitions, which are both linked to and regulate the operation of cyclic electron flow
around PSI (Herbert et al 1992; Satoh and Fork 1983; Schreiber et al. 1995). ‘State
transitions’ (Bonaventura and Myers 1969) regulate the distribution of absorbed light
energy between PSI and PSII occurring in plants (Allen 2004), algae (Cardol et al. 2009;
Finazzi et al. 2002; Wollman 2001), and cyanobacteria to varying degrees (Joshua and
Mullineaux 2004; McConnell et al. 2002). They are a rapid, dynamic process that adjusts
the relative activities of PSI and PSII by regulating the distribution of excitation energy
between them in response to imbalanced light regimes or other factors that influence the
redox potential of the PQ pool (Huang et al. 2003). In higher plants and green algae,
phosphorylation of the light harvesting complexes (LHCII), in response to PQ pool
reduction, causes reversible transfer of a fraction of the LHCII from PSII to PSI (state 1
to state 2 transition) which is mediated by a stromal kinase associated with the Cyt bf
complex (Allen 1981; Keren and Ohad 1998). Dephosphorylation of LHCII restores state
1. State 1 to state 2 transitions occurs when PSII activity exceeds that of PSI, which

causes over-reduction of the PQ pool. Restoration of state 1 occurs when the PQ pool is
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again oxidized (Allen et al. 1981; Horton and Black 1981; Vener et al. 1998), as in
transitions from darkness to light in cyanobacteria.

In cyanobacteria and red algae, phycobilisomes (PBS) are the major light-
harvesting antennae. The light energy absorbed by PBS can be delivered efficiently to
either PSII or PSI. The regulatory mechanism for PBS-absorbed light energy distribution
between PSI and PSII in these organisms is not fully understood. No apparent state-
transition kinase exists in cyanobacteria; however, it has been proposed that the sensing
site for imbalanced light distribution to the photosystems and the signaling mechanism
involves the Cyt bf complex as indicated by mutational studies (Schneider et al. 2001;
Volkmer et al. 2007) and inhibitor treatments (Brantmier-Kallas, unpublished). Binding
of plastoquinol to the Cyt bf complex could trigger a conformation change in a sensor
protein, leading to the state 2 transition (Huang et al. 2003). It should be noted that state
transitions may strongly influence the relative activities of linear and cyclic electron flow.
In state 2 (PQ pool reduced), more PBS antenna are associated with PSI and thus PSI
activity, potentially including cyclic flow, should be increased. Conversely, in state 1 (PQ
pool oxidized), PBS antenna move to PSII and PSI activity should decrease. In
cyanobacteria in darkness or low light intensity, the PQ pool becomes more reduced
because NAD(P)H dehydrogenase activity exceeds cytochrome oxidase activity (see e.g.
Kallas 2011). At high light intensity, the PQ pool might again become more reduced
because although both PSII and PSI activities should increase, PQH, oxidation by the Cyt
bf complex is the usual rate-limiting step in electron transfer, resulting in PQ pool

reduction.



20

In a photoinhibition study, S/nechocystissp. PCC 6803, wild-type, ndhB and
psaE mutant strains showed similar rates of both photoinhibition damage and
photoinhibition repair. The photoinhibitory treatments induced a high rate of PSI cyclic
electron transport in all strains suggesting that PSI cyclic electron flow protects against
photoinhibition. These results support the hypothesis that both Fd- and NDH-mediated
cyclic electron pathways are present in cyanobacteria and are stimulated by strong light
(Thomas et al. 2001). The ATP generated by cyclic electron flow is also used to drive
active CO, uptake in cyanobacteria. Uptake of CO,, driven by cyclic electron flow,
would tend to protect against photoinhibition by providing a sink for electrons and

supporting high rates of CO, assimilation (Thomas et al. 2001).

9.0 Cydlic electron flow under environmental stress conditions

Active cyclic electron flow around PSI is observed in plants and cyanobacteria
under environmental stress conditions such as excessive light, salt stress, heat stress, iron
stress or low CO; (Jia et al. 2008; Kohzuma et al. 2008; Baker and Ort 1992). This cyclic
electron flow been proposed as a source of ATP for repair of PSII units damaged by
environmental stress, since PSI is typically much less susceptible to damage than PSII
(Canaani et al. 1989; Herbert et al. 1990). Higher PSI cyclic electron flow is observed in
pea leaves exposed to heat stress in the presence of light. This heat-induced stimulation
of cyclic electron transport through PSI is suggested to be an adaptive process, producing

ATP under conditions when PSII activity is severely diminished. This ATP synthesis
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could be important for survival of the plant and necessary for repair of stress-damaged
processes (Havaux et al. 1991; Canaani et al. 1989).

Several studies indicate that application of stress to cyanobacterial cells leads to
an increase in the level of cyclic electron flow. Significant increases in PSI cyclic
electron flow and dark respiration has been demonstrated in the halotolerant
cyanobacterium S/nechocystis sp. PCC 6803 and other strains grown in high salt media
(Hibino et al. 1996; Jeanjean 1993; Joset et al. 1996; Tanaka et al. 1997; Murakami et al.
1997). 1t is hypothesized that flavodoxin, a soluble electron carrier and functional analog
of ferredoxin, might be primarily involved in cyclic electron flow in salt-acclimated
Synechocystissp. PCC 6803 cells (Hagemann et al. 1999). Alternatively, flavodoxins
such as Flvl and Flv3 may offer protection by catalyzing dioxygen reduction by PSI in a
‘water-water’ reaction (Helman et al. 2003) as mentioned above. In S/nechococcus sp.
PCC 7942 grown under iron-stress, linear electron transport is impaired apparently
because of an altered structure and content of cytochrome . Under these iron-stress
conditions, it is hypothesized that growth rate is maintained because of ATP generated
through PSI cyclic electron flow (Ivanov et al. 2000). However, this role of a damaged
cytochrome fprotein in this process is questionable because an active Cyt bf complex is
required for all known cyclic electron flow pathways.

Genetic manipulations of acyl-lipid desaturase genes have demonstrated that
cyanobacteria modulate unsaturation of their membrane lipids to establish tolerance to
low temperature in the presence of excessive light (Gombos et al. 1992; 1994; Tasaka et

al. 1996; Wada et al. 1992). Low-temperature has a synergistic effect with irradiation in
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provoking photoinhibition (Powles 1984). The recovery of photosynthetic activity after
photoinhibition damage by high-intensity illumination at low temperature is reduced
when the saturation level of membrane lipids increases (Gombos et al. 1994). It has been
proposed that membrane lipid desaturation may facilitate the repair of the PSII complex
after photoinhibition at low temperature (Gombos et al. 1992; Gombos et al. 1994;
Tasaka et al. 1996), although no direct experimental evidence has yet been obtained to
suggest a molecular mechanism for this hypothesis (Somerville 1995; Sakamoto and

Bryant 1998).

10.0 Tolerance of High light I ntensity

High light intensity is a stress condition for many photosynthetic organisms.
Absence of appropriate acceptors for electron at high light intensity can increase the
formation of reactive oxygen species (ROS) at specific sites within the photosynthetic
apparatus. ROS production can cause harmful effects such as damage of DNA, lipid
peroxidation, oxidation of amino acids and oxidative de-amination of specific enzymes
(Muller 2000, Horn, Master’s Thesis, UWOshkosh). These effects can lead to irreversible
damage of cellular functions and result in cell death (Herman and D’ Ari 1998).
Photosynthetic organisms have developed mechanisms for adaptation to excess light.
These include photoinhibition, non-photochemical quenching, and state transitions.
Inspite of these mechanisms, very few photosynthetic organisms are able to survive and
grow under high light intensity. One such organism, which grows under extremely high

light intensities, is the marine cyanobacterium Synechococcussp. PCC 7002 (hereafter,
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Synechococcus PCC 7002) (Figure 4 and 5), which was used for the studies presented in

this thesis.
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Figure 4. Growth of Synechococcussp. PCC 7002 under high light intensity.
Exponentially growing wild type cells under standard conditions (250 pmol photons m™
s'l, 1% CO,, 38° C) were diluted to an ODssp of 0.05 and grown at either 250 pmol
photons m™ s™ or 4500 pmol photons m™ s constant illumination. Open circles
represent cells grown under 250 pmol photons m™ s™. Filled circles represent cells grown
under 4500 pmol photons m™~ s™. Standard deviations are indicated as error bars on the
graph (Nomura et al. 2006)

The mechanism of high-light tolerance in S/nechococcus PCC 7002 is not well
understood. Oxygen should be consumed to avoid formation of reactive oxygen species.
Cytochrome oxidases are among the proteins that can consume oxygen and lower cellular
oxygen concentrations (Kelly 1990). Cytochrome oxidases are present in both the
respiratory and photosynthetic electron transport chains in cyanobacteria. Studies indicate
that §/nechococcus PCC 7002 uses cytochrome oxidase as a sink for removing excess
electrons not accounted for by PSI activity (Schubert 1995). Two cytochrome oxidase

operons, Ctal and Ctall have been cloned and characterized from S/nechococcus PCC
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7002. Studies by Nomura et al. (Nomura et al. 2006a; 2006b) demonstrate that both the
Ctal and Ctall oxidases are important for high light tolerance in §/nechococcus PCC
7002. Further, this cyanobacterium has an exceptionally efficient energy transfer from
PBS to PSI that requires the allophycocyanin ApcD protein of the phycobilisome
complex (Dong et al. 2009). The occurrence of this efficient energy transfer to PSI
implies an important role for PSI activity, and quite likely cyclic electron flow, in high

light tolerance.

11.0 M odel organism for thisthesis

As stated previously, cyclic electron flow increases under stress conditions.
Studies have suggested that exposure to high light might increase the rate of cyclic
electron flow (Baker and Ort 1992). The exact role of elevated cyclic electron flow under
high light condition remains incompletely understood. The present study attempts to
examine cyclic electron flow pathways in the marine cyanobacterium Synechococcus sp.
PCC 7002 grown under high light conditions. This cyanobacterium was first isolated in
1961 from mud-flat pens in Magueyes Island, Puerto Rico (Van Baalen 1961).
Synechococcus PCC 7002 is among the fastest growing cyanobacteria with a doubling
time of 3.5 hrs. §nechococcusPCC 7002 is the model organism for this study of cyclic
electron flow under high light intensity because of its tolerance and growth under
extreme high light conditions. This organism can grow well at extremely high light up to
5000 pmol photons m™ s (Figure 4). This light intensity is more than twice that of full-

sunlight on a bright day. S/nechococcus PCC 7002 is a unicellular; rod shaped
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cyanobacterium (Figure 5) and is capable of photoheterotrophic growth on glycerol

(Lambert and Stevens 1986).

Figure 5. Scanning electron micrograph showing rod-shaped Synechococcus PCC
7002 cells. (Courtesy of George Weir, Pers. Comm.)

12.0 Synechococcus sp. PCC 7002 wild type and mutant strains

In the current cyclic electron flow study, experiments were performed on
laboratory grown wild type §/nechococcusPCC 7002 and two mutant strains. The
mutant strains used were NdhF (Schluchter et al. 1993) and PetB-R214H (Nelson et al.
2005). The NdhF mutant has a non-functional NAD(P)H dehydrogenase (NDH) enzyme
complex. As mentioned above, the NDH enzyme plays an important role in cyclic

electron flow, especially in cyanobacteria. Previous studies have demonstrated the
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importance of the NDH-mediated cyclic electron pathway in cyanobacteria (Yu et al.,
1993; Mi et al., 1993). In the present study, experiments were performed with the NdhF
mutant to elucidate the role of the NDH-mediated pathway in cyclic electron flow under
high light conditions. The PetB-R214H mutant has a mutation in the quinone reductase or
Q, site of the Cyt bf complex (Nelson et al. 2005). In this mutant, an arginine (R) in the
cytochrome by (PetB) polypeptide at position 214 near the Q, site is substituted with a
histidine (H). The PetB-R214H mutant has an electron transfer rate through the Cyt bf
complex (Cyt f/c; reduction) ~3 times slower than the wild type and impaired electron
flow through the bhemes to the Q, site. This mutant grows ~3 times slower than the wild
type (under 200 pmol photons m™ s, 3% CO,). The PetB-R214H mutant also
overproduces superoxide radicals and these cause damage, which accounts in part for the
slow growth of this strain (Ouyang et al. 2004; Brantmier, MS thesis, UW Oshkosh).
These studies suggest that superoxide formation may result from a prolonged lifetime
plasto-semiquinone at the Cyt bf Q, site resulting in reduction of dioxygen to superoxide.
In the current research, experiments were designed with the PetB-R214H mutant to
investigate the proposed site of entry for electron flow in a possible direct cyclic pathway

from PSI to the Cyt bf quinone-reductase (Q,) site.

13.0 Electron transfer kinetics and measurements of linear and cyclic electron flow
Electron transfer kinetics were studied using a Joliot-type (Biologic JTS-10)
spectrophotometer. To estimate the total electron flow (linear plus cyclic) through PSI,

the kinetics of P700 re-reduction were measured following P700 oxidation in wild-type
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as well as the mutant cells. To measure cyclic electron flow, two approaches are
commonly used. One approach involves steady state measurements performed by
measuring the fluorescence comparing PSI and PSII turnover across a range of conditions
(Herbert et al. 1990; Golding et al. 2004). But this method does not give an absolute
measure of photosystem turnover and conflicting results have been obtained. In steady
state kinetics measurement studies with chloroplasts, some authors have found substantial
rates of cyclic electron flow (Harbinson and foyer 1991; Golding 2003) whereas others
have found no evidence for the pathway (Sacksteder and Kramer 2000).

Another approach to measure cyclic electron flow is to examine P700 reduction
following its oxidation under conditions that suppress PSII turnover. PSII turnover can be
suppressed in two ways. One, by use of a PSII inhibitor such as 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), which blocks the Qg site of PSII and thus inhibits electron
flow through linear electron transport chain (Golding et al. 2004; Yu et al. 1993). Two,
by use of far-red light for illumination, which exclusively or primarily excites only PSI
(Golding et al. 2004; Herbert et al. 1990). In the study presented here, P700 kinetic and
cyclic electron flow measurements were made with the aid of both of these methods to
suppress PSII turnover. My objectives were 1) to compare cyclic electron flow in
Synechococcus PCC 7002 wild type and the NdhF and PetB-R214H mutants under
optimal and high light growth conditions, and 2) To investigate the role of cyclic electron
flow under high light conditions.

In addition to DCMU, several other inhibitors were used. These include 2,5

Dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), potassium cyanide (KCN),
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MYV (methyl viologen) and 4(1H)-quinolone (4-1HQ). All inhibitors blocked different
sites and served different functions in this cyclic electron transport study as will be
further discussed below. Kinetics experiments were also carried out following pre-
illumination to investigate possible differences in cyclic electron flow in cyanobacteria
pre-adapted under darkness versus photosynthetic illumination. Since the Cyt bf complex
is essential for all known cyclic electron transfer pathways around PSI, Cyt bf kinetics
were also measured together with P700 kinetics under all conditions in the wild-type as
well as mutant cultures. Studies have also shown that ‘state transitions’ (the redistribution
of light harvesting proteins between PSII and PSI) are involved in the switch between
linear and cyclic electron flow (Finazzi et al. 2002). These ‘state transitions’ are triggered
by the redox state of the PQ pool or Cyt bf complex by mechanisms that are not fully
understood, particularly in cyanobacteria (see Kallas, 2012 and references therein).
Measurements of Cyt bf kinetics in the wild type and mutant strains under optimal and
high-light conditions were performed to reveal the activity and contributions of the Cyt bf
complex to cyclic electron flow pathways and their regulation.

Apart from the NAD(P)H dehydrogenase (NDH) complex, another respiratory
enzyme complex has a possible role in cyclic electron flow. Studies on S/nechocystissp.
PCC 6803 have shown that succinate dehydrogease (SDH) is a major source of electrons
for reduction of the PQ pool, especially under darkness (Cooley et al. 2001). Therefore,
inactivation of the sdhB gene, encoding the Fe-S subunit of the SDH enzyme complex in
Synechococcus PCC 7002, and characterization of the SdhB mutant was an important,

initial objective of the thesis research. Unfortunately, all the attempts towards knocking
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out this gene ultimately failed (see Appendix D for a description of the strategy and
progress of this work). Electron transfer kinetics studies of the SdhB mutant were
intended to elucidate the contribution of succinate dehydrogenase to cyclic electron flow

in §nechococcusPCC 7002 under optimal as well as high light conditions.

14.0 Photosystem | — cytochrome bf super complexes

Preliminary data from our laboratory shows that at a high light intensity (1400
umol photons m™ s, or ~3/4 full sunlight) relative to optimal light intensity (~200 pmol
photons m™ s™), cyclic electron flow in Synechococcus PCC 7002 wild type increased
dramatically to ~30% of total electron flow. This was an unexpectedly high percentage of
cyclic electron flow. Under typical laboratory growth conditions (~200 pmol photons m™
s, cyclic electron flow has been reported to play a minor role, only ~5% of total electon
flow in §nechococcusPCC 7002 (Yu et al. 1993 and Hagemann et al. 1998)
cyanobacteria. The apparent, elevated cyclic electron flow in §/nechococcus 7002 at high
light intensity might occur via several different pathways. Alternative cyclic electron
pathways active under high light might involve 1) a direct PSI — Cyt bf pathway mediated
by soluble electron carriers, or 2) a direct PSI — Cyt bf pathway mediated by the
formation of a possible PSI — Cyt bf supercomplex under high light intensity. A variety of
supercomplexes have been found in the photosynthetic apparatus of higher plants, green
algae, as well as cyanobacteria and some of these play specific roles under stress
conditions. For instance, a PSI-CP43" light harvesting supercomplex is found in some

cyanobacteria (Melkozernov et al. 2006). The PSI- CP43" supercomplex increases the
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light-harvesting capacity of the cyanobacteria specifically under low-light and iron-
deficiency. A PSI-LHCI supercomplex is found in green algae and higher plants
(Melkozernov et al. 2006). This PSI-LHCI supercomplex functions in accessory light
harvesting and efficient delivery of the excitation to the PSI core complex before it
dissipates and converts into long lived triplet states giving rise to the deleterious singlet
oxygen species (Melkozernov et al. 2006). Most importantly, a PSI- LHCI-LHCII-FNR-
Cyt bf-PGRLI supercomplex was recently isolated from the green alga, Chlamydomonas
reinhardtii (Iwai et al., 2010). This protein supercomplex consisted of PSI with its own
light-harvesting complex (LHCI), the PSII light-harvesting complex (LHCII), the
Cytochrome bsf complex (Cyt bf), ferredoxin (Fd)-NADPH oxidoreductase (FNR), and
integral membrane protein PGRL1. There is evidence that this supercomplex is involved
in cyclic electron flow and in regulating electron flow and redox balance between two
photosystems.

There has been no previous evidence for a PSI - Cyt bf supercomplex in cyclic
electron flow in cyanobacteria. However, our preliminary data suggests the possible
formation of such supercomplex in §/nechococcus PCC 7002, especially under high light
conditions. This thesis research was undertaken to obtain further evidence for a PSI- Cyt
bf supercomplex or other alternative cyclic electron flow pathways active in

Synechococcus PCC 7002 cyanobacteria under high light conditions.
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15.0 Objectives of the thesisresearch

1. To compare the contributions of cyclic versus linear electron flow in the wild
type, NdhF, SdhB, and PetB-R214H mutants of Synechococccussp. PCC 7002
grown under optimal and high light intensity conditions

2. To investigate the impacts of the NdhF, SdhB, and PetB-R214H mutations on Cyt
bf electron transfer kinetics under optimal and high light intensity conditions.

3. To investigate the occurrence of a direct PSI — Cyt bf cyclic electron flow and
formation of a PST — Cyt bf supercomplex in S/nechococcus sp. PCC 7002

cyanobacteria.

16.0 Expected Outcomes

The NdhF mutant is expected to have a much less active and smaller proportion of
cyclic electron flow, and thus show a slower re-reduction of PSI in presence of DCMU or
far-red illumination than the wild type. This is because the major, known cyclic electron
route in cyanobacteria is mediated by the NDH-1 enzyme complex. Since this complex is
inactive in the NdhF mutant, cyclic electron flow should be impaired in this mutant and
this will lower the rate of entry of electrons into PSI. If an Fd-dependent, direct PSI — Cyt
bf cyclic electron transfer pathway exists in /nechococcus sp. PCC 7002, then this
should be unaffected in the NdhF mutant because this pathway does not require the
NDH-1 complex. Moreover, if a direct PSI — Cyt bf pathway exists, then the PetB-R214H
mutant may show impaired cyclic electron flow because the R214H mutation occurs in

the quinone-reductase (Q,) domain, which is the likely site of electron entry from PSI. In
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Cyt bfkinetics experiments, electron flux through the Cyt bf complex is known to be
slower in the PetB-R214H mutant compared to wild type S/nechococcus PCC 7002
(Nelson et al. 2005). Further, my preliminary results show that electron flow through the
Cyt bf complex is also slower in the NdhF mutant than in the wild type. The reasons for
this are less obvious, but perhaps suggest a more important contribution of NDH-
mediated cyclic flow that previously estimated. Under high light intensity conditions,
faster re-reduction of PSI in the NdhF mutant might indicate either the formation of a PSI
— Cyt bf supercomplex and a direct PSI — Cyt bf electron flow under these conditions or
complete reduction of the acceptor side of PSI. This can be further evaluated by
experiments with methyl viologen (paraquat), which accepts electrons from the acceptor
side of PSI. Overall, this work will contribute for understanding photosynthetic electron
transfer pathways in cyanobacteria and their biological significance. The work will

further be important for developing biofuel production pathways.
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CHAPTER I

CYCLIC ELECTRON FLOW UNDER HIGH LIGHT INTENSITY

1.0 Introduction

Photosynthesis is the biological process converting the electromagnetic energy
emitted by the sun (in the form of sunlight) into biochemical energy and thus acting as
the direct or indirect source of energy for nearly all life on earth. Photosynthetic
organisms convert carbon dioxide into organic compounds, evolve oxygen through
photosynthesis and play an important role as the primary producers of food in every
ecosystem. Cyanobacteria are the ubiquitous and most genetically diverse group of
photosynthetic organisms which drastically changed the Earth by oxygenating the
atmosphere. They account for approximately 25% of the global photosynthetic activity
and some of them are also involved in nitrogen fixation. Other than oxygenating the
atmosphere, cyanobacteria have played one more important role in the evolution. Several
lines of evidence indicate that modern plant chloroplasts evolved from ancestral,
endosymbiotic cyanobacteria (McFadden 2001).

In cyanobacteria, photosynthesis occurs in internal thylakoid membranes
encompassing components of the respiratory as well as photosynthetic electron transport.
The cyanobacterial light harvesting antennae are attached to the thylakoid membranes
and are called phycobilisomes (PBS). Photosystem II (PSII), photosystem I (PSI) and
cytochrome bf (Cyt bf) complexes are the major complexes in this photosynthetic

apparatus. Light energy captured by the PBS is funneled to chlorophyll reaction centers
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in PSII and starts a linear electron flow through PSII, Cyt bfand PSI producing ATP and
NADPH as end products (Whitmarsh and Govindjee 1995). Oxidation of water provides
the electrons for this electron flow. ATP and NADPH produced during the linear electron
flow are used for several cellular reactions. Carbon fixation through the Calvin-Benson-
Bassham cycle (Calvin cycle) is an important step and requires an ATP:NAD(P)H ratio
of 3:2. However, studies show that, in oxygenic photosynthesis, linear electron transfer
from water to NADP", produces ATP and NAD(P)H in a ratio of only 9:7 (Alric et al.
2010). Moreover, many cellular reactions require ATP and this further imbalances the
ATP to NAD(P)H ratio required for carbon fixation. Several mechanisms may be
considered, that produce the ‘extra’ ATP to meet the demands of carbon fixation (Alric et
al. 2010). Reactions such as the Mehler reaction (Mehler 1951) or Plastid Terminal
Oxidase (PTOX) activity (Bennoun 1982) may directly or indirectly participate to form a
thylakoid membrane proton gradient for ATP synthesis. In green plants and algae, ATP
can also be synthesized in mitochondria (Lemaire et al. 1988). However, these reactions
may not be fast enough to compete with linear electron flow. Thus it may be more
efficient, and essential in cyanobacteria, to produce additional ATP directly at the level of
the thylakoid membrane. Several studies have reported that cyclic electron flow around
PSI is involved in production of the additional ATP (Allen 2003). Cyclic electron flow
thus seems to be crucial for the proper balance of NAD(P)H and ATP in photosynthetic
organisms (Alric et al. 2010) and is also thought to protect the photosynthetic apparatus

from photodamage (Shikanai 2007).
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Two primary pathways have been proposed for cyclic electron flow: 1) the
Ferredoxin (Fd)-FQR pathway and 2) The NAD(P)H dehydrogenase (NDH)-dependent

pathway.

In the Ferredoxin (Fd)-FQR pathway, reduced Ferredoxin (Fd,.q) donates
electrons to ferredoxin-quinone oxidoreductase (hereafter FQR) which cycles the
electrons back to the PQ pool through the Cyt bf complex. The electrons cycled back
through this pathway may enter Cyt bf complex through Q, (Quinone reductase) site. In
the NDH-dependent pathway, NDH mediates NAD(P)H oxidation and plastoquinone
(PQ) pool reduction in the same way that complex I (NDH dehydrogenase) does in
mitochondria (Ogawa 1991). According to previous studies, cyclic electron flow
mediated by the NDH-1 complex appears to be the major cyclic electron route in
cyanobacteria (e.g. Yu et al., 1993). The NDH-I (NADH dehydrogenase) complex

oxidizes NAD(P)H and delivers electrons to the PQ pool (Schluchter et al. 1993).

Several studies indicate that application of stress to cyanobacterial cells leads to
an increase in the level of cyclic electron flow. High light intensity is a stress condition
for many photosynthetic organisms. It can increase the formation of reactive oxygen
species (ROS) at specific sites inside the photosynthetic apparatus (Muller 2000). ROS
production can cause harmful effects such as damage of DNA, lipid peroxidation,
oxidation of amino acids and oxidative de-amination of specific enzymes. These effects
can lead to irreversible damage of cellular functions and result in cell death (Herman and

D’Ari 1998). Photosynthetic organisms have developed mechanisms for adaptation to
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excess light such as non-photochemical quenching, and state transitions (Niyogi 1999).
But inspite of these mechanisms, very few photosynthetic microrganisms are able to
survive and grow under high light intensity. One such organism which grows under
extremely high light intensities is the marine cyanobacterium S/nechococcussp. PCC
7002 (hereafter, Synechococcus PCC 7002). Though steady state kinetics measurements
suggest that exposure to high light might increase the rate of cyclic electron flow (
Herbert et al . 1990; 1995; Thomas et al. 2001), the exact role of elevated cyclic electron
flow under high light condition remains poorly understood. The present study attempts to
examine cyclic electron pathways and their role in the marine cyanobacterium

Synechococcus sp. PCC 7002 grown under high light conditions.

In this study, experiments were performed on laboratory-grown, wild type
Synechococcus PCC 7002 strain and two mutant strains, NdhF and PetB-R214H. The
NdhF mutant (Schluchter et al. 1993) has a non-functional NDH-1 (NADH
dehydrogenase) enzyme complex. Previous studies have provided evidence for the
involvement and importance of an NDH-mediated cyclic electron pathway in
cyanobacteria (Yu et al. 1993; Mi et. al., 1993, Ogawa and Mi 2007) In the current study,
experiments with the NdhF mutant were designed to elucidate the role of the NDH-1

complex in cyclic electron flow under high light conditions.

The PetBR-214H mutant has mutation in the quinone reductase, or Q,, site of the
Cyt bf complex (Nelson et al. 2005). In comparison to the wild type, the PetB-R214H

mutant shows ~2.5 times slower electron transfer through the bhemes to the Q, site and a
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~3 fold slower growth rate. Experiments with the PetB-R214H mutant were designed to
investigate the proposed site of entry for electrons into the Cyt bf quinone-reductase (Q,)

site during a possible direct cyclic electron flow pathway from PSI.

Cyclic electron flow was measured by examining PSI P700 re-reduction
following its light-induced oxidation under conditions that prevent PSII turnover. PSII
turnover was inhibited or minimized in two ways. Namely: 1) by use of the PSII inhibitor
3-(3.,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which blocks the Qg site of PSII and
thus inhibits PQ pool reduction by PSII and linear electron flow (Herbert e t al .1990),
and 2) by use of far-red (700 to 740 nm) light for illumination, which primarily excites

only PSI (Joliot and Joliot 2002).

To further investigate cyclic electron flow back to PSI, in relation to possible
alternative electron pathways, experiments were performed using KCN in addition to
DCMU. The cyanide ions from KCN inhibit cytochrome oxidase activity and thus block
electron flow from the Cyt bf complex to cytochrome oxidase and oxidative
phosphorylation (Yu et al. 1993) (refer Figure 1). To cells inhibited with DCMU and
KCN, methyl viologen (also known as paraquat) was also added, as a further test of
cyclic electron flow activity through PSI. The herbicide methyl viologen (Paraquat)
accepts electrons from the acceptor side of PSI, thus intercepting electron flow from PS I
before electrons cycle back into PQ pool or reduce NAD(P)" (Fork and Herbert 1993).
Maximal cyclic electron flow through PSI should thus occur in the presence of DCMU,

KCN, and methyl viologen.
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Since the Cyt bf complex also clearly plays an important role in the cyclic
electron flow around PSI, Cyt bfkinetics were measured along with P700 kinetics under
all conditions in wild type as well as the mutant cultures. Experiments with DBMIB and
4-1HQ were designed to investigate the contribution of electron flow through the Cyt bf
complex and to compare Cyt bf turnover under optimal and high light conditions.
DBMIB is a potent inhibitor of Cyt bf complex, which binds to the Q, (Quinol Oxidase)
site of Cyt bf complex and slows down the Cyt bf turnover (Cramer et al 1991). DBMIB
does not behave as a good inhibitor when it is reduced, hence another inhibitor 4-1HQ
was used in addition to the DBMIB. The 4-1HQ inhibitor also binds to the Q, (Quinol
Oxidase) site of Cyt bf complex and its functioning does not depend on its oxidation

state.

Data presented here showed that the NDH-I route accounted for most of the cyclic
flow (~10% of linear) under optimal light as observed previously. At high light intensity,
PSI content decreased but cyclic electron flow increased markedly in both the wild type
and NdhF mutant. Cyclic flow also increased in the PetB-R214H mutant at high light but
PSI content did not decline, suggesting a defect in Cyt bf — mediated regulation. Most
interestingly, at high light intensity in the NdhF mutant, cyclic electron flow accounted
for 50% or more of linear flow. This active, cyclic flow in the NdhF mutant indicates the
activation of an NDH-independent cyclic pathway. These data suggest that this efficient
cyclic flow is catalyzed by the formation of a Cyt bf — PSI supercomplex that is important

for adaptation and growth of §/nechococcus 7002 at extreme, high-light intensities.
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Further experiments will be needed to define the supercomplex and its implications for

biofuels.

2.0 M aterialsand M ethods
2.1 Cyanobacterial strainsand culture conditions.

S/nechococcus sp. PCC 7002 (formerly known as Agmenellum quadruplicatum
PR-6) is a rod shaped, gram-negative, unicellular marine cyanobacterium originally
cultured by Van Baalen in 1961 (Van Baalen 1961). S/nechococcus cells perform
oxygenic photosynthesis and require vitamin B, for growth. The mutant strains used in
the study were, NdhF mutant (Schluchter et al. 1993) kindly provided by Don Bryant,
Penn State University) and PetB-R214H mutant (Nelson et al. 2005). Table 1 summarizes

the media requirements and antibiotics used during the study.

Synechococcus stock strains were grown in liquid A(D7) medium and/or A"(P1)
medium as well as on agar plates containing A(D7) medium and/or A"(P1) medium
(Appendix A). Agar plates were incubated at 32 °C in a temperature controlled growth
chamber with light intensity of 40 to 80 pmol photons m™ s™ (Percival Scientific,
Perry, IA.). Liquid cultures were grown with shaking (ca. 100-200 rpm) on an Orbital
Shaker located on the floor of the growth chamber. Stock cultures were maintained at
room temperature (RT) at a light intensity of approximately 13 pmol photons m™ s™

under a cool-white fluorescent lamp.
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Table 1: Cyanobacterial strains media requirements and antibiotics

D N Aot
WT A(D7), A"(P1) - +
NdhF A"(P1) Km'® n
PetBR214H A(D7) Sm*’/Sp>° ¥

WT, Wild-type Synechococcus PCC 7002 (UWO strain); NdhF, NdhF mutant (PSU
strain); PetBR214H, PetBR214H mutant (UWO strain); +, requires Vitamin B12 for
growth; -, antibiotic not needed; Km'®, 100pg/ml Kanamycin, Sm>*/Sp>’, 50pg/ml
Streptomycin & 50ug/ml Spectinomycin

2.2 Experimental set-up for spectroscopic measurements.

In order to perform spectroscopic measurements, experimental cultures were
grown in 300ml of medium in sterile Roux flasks with 3% CO,/air bubbled along with
constant stirring at 38°C. For optimal light conditions, cultures were grown under light
intensity of 200 umol photons m™ s™'. For high light conditions, cultures were initially
grown under light intensity of 200 pmol photons m™ s, and were shifted to high light
after they reached an O.D7sy of 0.3. These cultures were then grown under light intensity
of 2000 umol photons m™ s for two hours. The high light intensity of 2000 umol

photons m™ s™ was reached by using a Magna, white-light, LED, light bank.
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All the spectroscopic measurements were done with a Biologic JTS-10, Joliot-
type spectrophotometer (hereafter Joliot JTS-10). This is a pump-probe LED (Light
Emitting Diode) instrument which allows direct measurements of photosynthesis
reactions within living cells by measuring time-resolved, light-induced spectral changes
associated with oxidation or reduction of electron carriers. Turnover of these electron
carriers and thus of photosynthetic electron transfer complexes can be calculated from the
obtained results. For spectroscopic measurements, typically 20 mL samples were
collected from experimental cultures, pelleted by centrifugation, and suspended in SmM
Hepes (at pH7.9), 10mM NaCl and 10mM NaHCOj; buffer to an O.D7sg in the range of 3-

5 (see protocol in Appendix B).

2.3 Photosystem | P700 Reduction Kinetics

For measuring total electron flow (linear + cyclic) through PSI, oxidation and re-
reduction of PSI P700 was observed with the Joliot JTS-10 spectrophotometer (Joliot and
Joliot 2002; 2005). Microsecond flashes or continuous illumination with green actinic
light (530 nm) at 300 pmol photons m™ s were provided to excite both PS I and PS II.
Absorbance changes at 705 and 740 nm (10 nm filter bandwidth) were detected using
705nm and 740nm interference filters with ‘P700’ cutoft filters (6mm thick). The ‘P700°
cutoff filters are 6mm thick filters placed in front of the reference as well as the
measurement photodetectors. These cutoff filters allow signals of a certain wavelength to

enter the photodetectors. The instrument operated with a time constant of 1 ms. An
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illumination period of 10 seconds followed by a dark decay period of 20 seconds
permitted full oxidation and re-reduction of PSI. Cyclic electron flow was measured by
addition of the PS II inhibitor DCMU. 10 uM DCMU was added to 1 ml cell samples to
inhibit electron flow from PS II. P700 reduction kinetics were measured as described

above.

In other experiments, 1 mM KCN (Potassium cyanide) and 100 uM MV (Methyl
Viologen) were added to cells treated with DCMU. After addition of each inhibitor, P700
Reduction Kinetics was measured. Potassium cyanide blocks electron flow to
Cytochrome Oxidase and MV accepts electrons from the electron acceptor side of PSL.
Cells were also treated with 10 uM DBMIB, 10 uM and 20 uM 4-1HQ in separate
experiment to measure electron flow to PSI originating from the Cyt bf complex. DBMIB
and 4-1HQ both act as quinone analogs and bind to the Q, (Quinol Oxidase) site of the

Cyt bf complex.

2.4 Photosystem | P700 M easurements with Far-red | llumination

An alternative way of measuring cyclic electron flow is by using Far-red light for
illumination. The Far-red light (~700 — 740 nm) illumination at 2500 pmol m?s’! light
intensity was typically provided for 10 s. This primarily excites PS I and oxidizes the
P700 reaction center. P700 oxidation-reduction Kinetics were measured on the wild type
and mutants under optimal and high light, with and without the addition of inhibitors, as

described above.
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Most experiments with the Joliot JTS-10 spectrophotometer require harvesting
and concentration of culture samples. The optical density of cell samples is adjusted
before performing experiments. Consequently there is a time gap between sampling and
experimental runs during which the cell samples might sit in the dark. The PQ pool
typically becomes reduced in cyanobacteria during darkness (Cooley et al. 2001).
Therefore to see whether dark conditions and PQ pool reduction influence P700 reduction
kinetics and cyclic electron flow, pre-illumination experiment were performed during
which cell samples were exposed to green actinic light (300 pmol m™ s™) for periods up

to 5 min. P700 reduction kinetics were measured immediately after pre-illumination.

2.5 Cytochrome bf Kinetics

Cytochrome bfkinetics was measured in wild type and mutant cell samples under
optimal and high light intensity, with and without addition of inhibitors, and with and
without pre-illumination with green actinic light. To measure Cyt bfkinetics, cells were
typically exposed to Green actinic light (520 nm) at 300 pmol m™ s™ light for flashes
totaling 9 ms or a 10 s illumination period followed by a 10 s or 20 s dark decay. Light-
induced absorbance changes were recorded via interference filters (6 nm band width) at
546 nm, 554 nm, 563 nm and 573 nm to monitor time-resolved bheme (cytochrome by)
and cytochrome f/G; redox changes. ‘BG39’ (3mm) cut-off filters allowed the reference
and sample photodetectors to detect light only in the 300 — 700 nm wavelength range.

The kinetics data were deconvoluted using a function of the BioLogic JTS-10 operating
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software to obtain individual kinetics traces for cytochrome bs (at 563 nm) and

cytochrome /G (at 554 nm).

2.6 Data Analysis

For PSI P700 kinetics, 740 nm traces were subtracted from 705 nm traces. Half-
times of the final traces were determined by a function in the BioLogic JTS-10 operating
software. From the reaction half-times, the turnover number (electrons per second) of PSI

complexes was calculated was calculated according to the formula:

K (Turnover of PSI in electrons/second) = 0.693/ half time of P700 reduction in seconds.

The turnover of PSI in the presence of DCMU (reflecting cyclic electron flow)
was divided by the turnover of PSI in the absence of DCMU (reflecting total or linear +
cyclic electron flow) to obtain the contribution of cyclic electron flow (expressed as
percentage) relative to total electron flow. Cytochrome bf reaction half-times and
turnover numbers were calculated similarly from deconvoluted b heme and cytochrome

f/cs kinetics data.

3.0 Results

3.1 P700 kinetics in wild type and mutant Synechococcus PCC 7002

The light-induced oxidation and dark re-reduction of PSI P700 reaction centers in

the wild type and NdhF mutant of S/nechococcus PCC 7002 is shown in Figure 6.
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Figure 6. P700 kineticsin Synechococcuswild type and NdhF strains grown under
optimal light. Panel A and B represents P700 kinetics of the wild type and NdhF mutant,
respectively, grown under optimal light. The x-axis shows time in milliseconds (ms) and
the y-axis shows relative absorbance (Al/I) after subtracting the 740 nm traces from 705
nm traces. Pink traces indicate samples without addition of inhibitors. Purple traces
indicate samples upon addition of DCMU. Black traces indicate samples after addition of
DCMU and DBMIB. Green arrows indicate the onset of actinic light and black arrows
indicate the end of the actinic light period. Oxidation (downward deflection) of P700 was
observed when the actinic light was turned on followed by re-reduction (upward
deflection) of P700 when the light was turned off. Green actinic light (~530 nm) was 300
umol photons m™ s™'. Final concentrations of DCMU and DBMIB were 10 pM.

The onset and termination of actinic illumination is indicated by green and black
downward arrows, respectively. P700 becomes oxidized during illumination because
plastoquinol (PQH,) oxidation by the Cyt bf complex is the usual rate limiting step during
photosynthetic electron transfer (Kallas 1994; 2012). Re-reduction (‘dark decay’) occurs

as electrons are resupplied to P700 via the Cyt bf complex and pool of Cyt ¢ proteins
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that carry electrons to PSI. P700 re-reduction kinetics in the absence of inhibitors is a
measure of the total, net electron flow (linear + cyclic) through PSI. Because PQH;
oxidation by the Cyt bf complex is the rate-limiting step, P700 remains oxidized during
illumination, and electron flow during illumination should occur no faster than P700 re-

reduction in darkness.

To measure cyclic electron flow in the wild-type and mutant cultures, 10 pM
DCMU was added to the cell samples. In the presence of DCMU, electrons available for
P700 reduction are expected to be derived predominantly from NADH dehydrogenase
(NDH) via the NDH-mediated cyclic electron flow pathway from PSI (Yu et al. 1993)
and see also Figure 3. In the presence of DCMU, P700 reduction in wild type
Synechococcus PCC 7002 showed a half-time of 260 ms, a rate nearly 7-fold slower than
that in untreated wild-type cells (Table 2 and Figure 6). In the NdhF mutant treated with
DCMU, the half-time of P700 reduction increased dramatically to 1513 ms, or ~24-fold
slower than in untreated NdhF cells (Table 2 and Figure 6). These data indicate that the
NDH complex plays a predominant role in cyclic electron flow under optimal light
conditions as observed previously (Yu et al. 1993; Mi et al. 1993). Moreover, this cyclic
pathway represents a relatively small fraction (at best ~15%) of the total electron flow

(Table 3).
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Figure 7. P700 kinetics in the Synechococcuswild type and PetB-R214H mutant
grown under optimal light. Panels A and B represent P700 kinetics of the wild type and
PetB-R214H mutant, respectively, grown under optimal light. The x- and y-axes show
time (ms) and absorbance changes as in Figure 6. Pink traces indicate samples without
addition of inhibitors. Purple traces indicate samples upon addition of DCMU. Black
traces indicate samples after addition of DCMU and DBMIB. Green arrows indicate
onset of actinic light and the black arrows indicate the end of actinic light illumination.
Downward deflections indicate oxidation of P700 and upward deflections indicate re-
reduction. Green actinic light (~530 nm) was 300 pmol photons m™ s™. Final
concentrations of DCMU and DBMIB were 10 uM.

The untreated WT and PetB-R214H mutant showed 42 ms half-time of P700 re-
reduction (Table 2). Upon addition of DCMU, the PetB-R214H mutant showed a faster

P700 re-reduction (117 ms) compared to the wild type cells (260 ms) (Table 2 and Figure
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7). This mutant showed less than a 3-fold decline in the P700 reduction rate upon
addition of DCMU. These data indicate that, in contrast to the wild type and NdhF
mutant, the PetB-R214H mutant has a very active cyclic electron flow under optimal light

intensity, and that this cyclic flow approaches 35% of the total electron flow (Table 3).

Table 2. P700 reduction kinetics +/- DCMU in Synechococcuswild type, NdhF
and PetB-R214H mutants grown under optimal and high light.

Optimal light High light
Condition ty2 (ms)*® e/sec’ tio (ms)®  e7/sec’
WT 42 16.3 39 17.8
WT + DCMU® 260 2.6 82 8.5
NdhF 65 10.6 64 10.8
NdhF + DCMU*® 1513 0.5 86 8.0
PetB-R214H 42 16.5 35 20.0
PetB-R214H + DCMU* 117 5.9 41 16.8

* Half-times are in milliseconds (ms). ®PSI P700 turnover (electrons per second) is
noted as e/sec. “DCMU was used at a final concentration of 10uM.
Table 2 summarizes the turnover of the PSI complex measured in cells grown
under optimal light (200 pmol photons m?s™)and high light (2000 umol photons m?s?)
conditions. PSI turnover was faster, as expected, in untreated cells than in inhibitor-
treated cells because inhibitors that impede either PSII or the Cyt bf complex slow

electron flow through PSI. All of the untreated samples (whether wild type, NdhF or
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PetB-R214H mutants) showed a higher PSI turnover under both optimal as well as high

light conditions relative to inhibitor-treated samples under the same condition (Table 2).

The half-times of P700 reduction were similar in untreated wild type (control)
(42 ms) and PetB-R214H (42 ms) and slightly faster compared to NdhF (65 ms) (Table
2). These data are from a single, typical experiment. In another experiment, half-times
of P700 reduction were slightly faster in wild type (control) untreated cells (35 ms)

relative to NdhF (62 ms) and PetB-R214H (49 ms).

Table 3. Cyclic electron flow as a percentage of total electron flow in
Synechococcuswild type, NdhF and PetB-R214H mutants grown under
optimal and high light.

Optimal light High light

Strain % Cyclic % Cyclic
WT 15 47
NdhF 4 74
PetB-R214H 35 84

3.2 Electron transfer kinetics under high light conditions

Cultures for high light experiments were shifted to high light (2000 umol photons

m™ s'l) for 2 hours after they had first grown exponentially to ~0.3 OD750nm under
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optimal light intensity (200 pmol photons m™ s™). Both the wild type and mutants
showed either similar or much faster P700 reduction kinetics (Table 2) compared to the
same strain grown under optimal light intensity (200 pmol photons m™ s™). Upon
treatment with DCMU, the half-time of P700 reduction in wild type cells increased to 82
ms relative to the half-time in the untreated wild type (39 ms). This is a 2-fold decrease in
the P700 reduction rate relative to untreated cells. However, this P700 reduction rate (82
ms) in DCMU-treated wild type cells grown under high light was much faster than P700
reduction (260 ms) in DCMU-treated wild type cells grown under optimal light (Table 2).
This represents a 3-fold increase in the P700 reduction rate relative to the cells grown
under optimal light (Table 2 and Figure 8). These data suggest an active cyclic electron

flow in the wild type cells grown under high light intensity.
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Figure 8. P700 kineticsin the Synechococcuswild type grown under optimal and
high light. Panels A and B represent P700 kinetics of the wild type sample grown under
optimal and high light, respectively. The x- and y-axes show time (ms) and absorbance
changes as in Figure 6. Pink traces indicate samples without addition of inhibitors. Purple
traces indicate samples upon addition of DCMU. Black traces indicate samples after
addition of DCMU and DBMIB. Green arrows indicate onset of actinic light and the
black arrows indicate the end of actinic light illumination. Downward deflections indicate
oxidation of P700 and upward deflections indicate re-reduction. Green actinic light (~530
nm) was 300 pmol photons m™ s™. Final concentrations of DCMU and DBMIB were 10
uM.

In the NdhF mutant grown at high light intensity and treated with DCMU, the
half-time of P700 reduction decreased dramatically to 86 ms relative to the half-time

(1513 ms) of NdhF cells grown at optimal light intensity and treated with DCMU. This
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rate in high-light grown NdhF cells in the presence of DCMU is only ~1.5-fold slower
than in untreated NdhF cells grown under high light (64 ms) (Table 2 and Figure 9).
Therefore, surprisingly and interestingly, in contrast to the NdhF mutant grown at optimal
light intensity, NdhF cells under high light conditions showed a remarkably fast cyclic
electron flow. Because the NAD(P)H dehydrogenase complex is inactivated in this
mutant, cyclic electron flow must occur by a pathway other than the NDH pathway (see
Figure 1 for reference). The mostly likely alternative is a direct PSI — Cyt bf pathway
possibly mediated by the formation of a PSI- Cyt bf supercomplex that catalyzes this

active cyclic electron flow under high light conditions.
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Figure 9. P700 kinetics in the Synechococcus NdhF mutant grown under optimal
and high light. Panels A and B represent P700 kinetics of the NdhF mutant grown under
optimal and high light, respectively. The x- and y-axes show time (ms) and absorbance
changes as in Figure 6. Pink traces indicate samples without addition of inhibitors. Purple
traces indicate samples upon addition of DCMU. Black traces indicate samples after
addition of DCMU and DBMIB. Green arrows indicate onset of actinic light and the
black arrows indicate the end of actinic light illumination. Downward deflections indicate
oxidation of P700 and upward deflections indicate re-reduction. Green actinic light (~530
nm) was 300 pmol photons m™ s™'. Final concentrations of DCMU and DBMIB were 10
uM.

In the PetB-R214H mutant grown under high light intensity and treated with
DCMU, the half-time of P700 reduction increased to 41 ms relative to this mutant grown

at optimal light intensity and treated with DCMU. The rate in the high-light, DCMU-
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treated cells, is nearly similar to that of the untreated PetB-R214H cells under high light
(35 ms) (Table 2 and Figure 10). Thus a much faster P700 reduction (41 ms) was
observed in DCMU-treated PetB-R214H cells from high light relative to P700 reduction
(117 ms) in DCMU-treated mutant cells from optimal light (Table 2). This result
indicates that the contribution of cyclic electron flow to total electron flow in this mutant
is higher at high light intensity than at optimal light intensity. However, other
experiments with the PetB-R214H mutant (data not shown) showed a much slower cyclic
electron flow at high light intensity. Therefore the data presented in Table 2 for the PetB-

R214H mutant may not be representative.

All of the §/nechococcus 7002 cultures grown under high light conditions showed
faster P700 reduction rates relative to the same strain and treatment at lower (optimal)
light intensity. Also the PSI content (or quantity) at high light intensity was lower in all
of the strains than at optimal light intensity, at least as indicated by the lower extent of

P700 oxidation upon illumination (Figure 8, 9 and 10).
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Figure 10. P700 kinetics in the Synechococcus PetB-R214H mutant grown under
optimal and high light. Panels A and B represents P700 kinetics of the PetB-R214H
mutant grown under optimal and high light, respectively. The x- and y-axes show time
(ms) and absorbance changes as in Figure 6. Pink traces indicate samples without
addition of inhibitors. Purple traces indicate samples upon addition of DCMU. Black
traces indicate samples after addition of DCMU and DBMIB. Green arrows indicate
onset of actinic light and the black arrows indicate the end of actinic light illumination.
Downward deflections indicate oxidation of P700 and upward deflections indicate re-
reduction. Green actinic light (~530 nm) was 300 pmol photons m™ s™. Final
concentrations of DCMU and DBMIB were 10 uM

3.3 Contribution of cyclic electron flow at optimal and high light intensities

Table 3 summarizes the percentage of cyclic electron flow in Snechococcus PCC

7002 wild type, NdhF and PetB-R214H cells grown under optimal and high light
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conditions. As expected, the contribution of cyclic electron flow was lowest in the NdhF
mutant grown under optimal conditions. In both the wild type and NdhF mutant, the
contribution of cyclic electron flow increased dramatically in cells grown under high light
intensity. According to the data shown in Tables 2 and 3, the PetB-R214H mutant
showed a higher percentage of cyclic electron flow in cells grown under high light
intensity than at optimal light intensity. However, as mentioned above, other data
contradict this. In another experiment, the PetB-R214H mutant showed a higher
percentage of cyclic electron flow in cells grown under optimal light intensity than at
high light intensity (data not shown). Also, the PetB-R214H mutant showed no
corresponding decrease in the PSI content under high light as compared to the wild type
and NdhF mutant. These data from the PetB-R214H mutant suggest that the PetB-R214H
mutation changes the conformation and signaling role of the Cyt bf complex. These data
are further consistent with previous observations that the Cyt bf complex plays a central
role in sensing redox changes in electron transport and signaling that adjusts

photosynthesis (see Kallas 2012 for a review).

Since the Cyt bf complex participates in all known cyclic electron transfer
pathways, it was important to confirm that the observed P700 kinetics data represent
electrons flowing through the Cyt bf complex rather than from some other source. To test
this, I measured electron flow in cells after treatment with DBMIB, a classical inhibitor
of the quinol oxidase (Q,) site of the Cyt bf complex (Cramer et al. 1991). Under both
optimal and high light conditions, all of the experimental cultures showed a significant

decrease in P700 reduction rates (longer half-times) upon addition of DBMIB (Table 4).
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These data confirm that the observed P700 reduction kinetics, and cyclic electron flow
estimations in the presence of DCMU, represent electron flow through the Cyt bf
complex. Note, however, that DBMIB slowed electron flow from the Cyt bf complex to
PSI to a much greater extent under optimal light intensity than under high light intensity
(Table 4). This may be attributed to a higher electron flux and expected greater reduction
of the PQ pool at high light intensity leading to greater reduction of DBMIB. DBMIB in
the reduced state becomes ineffective as an inhibitor (Kramer and Crofts 1994) and this
might explain the faster observed P700 reduction rates in the presence of DBMIB at high
light intensity than at lower, optimal light intensity. This question is discussed further

below.
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Table 4. P700 reduction kinetics +/- DCMU and DBMIB in Synechococcuswild
type, NdhF and PetB-R214H mutants grown under optimal and high light.

Optimal light High light
Inhibitors used ti2 (ms) t12 (ms)
PetB- PetB-
WI NdhF R214H WT NdhF R214H
No inhibitors 42 65 42 39 64 35
DCMU* 260 1513 117 82 86 41
DCMU+DBMIB* 1402 1617 419 354 184 233

*Final concentrations of DCMU and DBMIB were 10 uM.

3.4 Possible alter native pathways of Cyt bf oxidation or PSI reduction?

Electrons from the Cyt bf complex can flow to either PSI or a terminal, Ctal or
Ctall, cytochrome oxidase (Navarro et al., 2005) as illustrated in Figure 1. To investigate
the possible role of a cytochrome oxidase and determine maximum rates of electron flow
through PSI, potassium cyanide (KCN) was used to block electron flow to cytochrome
oxidases (Yu et al. 1993). P700 reduction was measured in the absence of inhibitors, after
the addition of DCMU alone, and after the addition of KCN to the DCMU-treated cells.
Excess electrons not accounted for PSI activity may be removed by the Ctal or Ctall

cytochrome oxidases. Hence, acceleration in P700 reduction would be expected after
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inhibition of cytochrome oxidases by KCN if a significant part of the electron flow from
the Cyt bf complex goes to these oxidases. Both the NdhF and PetB-R214H mutants
showed accelerated P700 reduction rates after addition of KCN to cells treated with
DCMU (Table 5). The half-times for P700 reduction decreased (i.e. the reduction rates
increased) ~2.5-fold (to 154 ms) and ~1.5-fold (to 188 ms) in the NdhF mutant after KCN
addition to cells grown under optimal and high light, respectively. In the PetBR-214H
mutant grown under optimal light, the half-times of P700 reduction decreased ~2-fold (to
123 ms) and ~2.5-fold (to 114 ms) after KCN additions to cultures grown under optimal
and high light, respectively. These data indicate that a significant fraction of the electrons
from the Cyt bf complex flow to the cytochrome oxidases under both optimal and high
light conditions in the NdhF and PetB-R214H mutants. Wild type Synechococcus cells
grown at high light intensity also showed a small ~1.2-fold decrease (to 183 ms) in the
P700 reduction half-time (Table 5) after KCN addition. In contrast, wild-type grown
under optimal light showed a significantly increased P700 reduction half-time (decreased
rate) of almost 3-fold (to 238 ms) after KCN addition (Table 5). This result is not readily
understandable because there is no apparent reason why KCN, which should not inhibit
PSI or the Cyt bf complex, should slow P700 reduction. This experiment was performed

only once and will need to be repeated.
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Table 5. P700 reduction kinetics+/- DCMU, KCN, and MV in Synechococcuswild
type, NdhF and PetB-R214H mutants grown under optimal and high light.

Optimal light High light
Inhibitors used ti2 (ms) t12 (ms)

PetB- PetB-
WT  NdhF R214H WT  NdhF R214H

No inhibitors 30 142 71 73 60 65
DCMU* 82 396 244 221 311 286
DCMU+KCN? 238 154 123 183 188 114
DCMU+KCN+MV? 1576 764 303 1012 437 228

*Final concentrations of inhibitors were 10 uM DCMU, 1 mM KCN, and 100 uM MV.

From the data presented here, I assume that the P700 reduction observed in the
presence of DCMU and KCN reflects a cyclic electron flow that involves electron flow
from PSI either into the PQ pool (e.g. by way of NAD(P)H dehydrogenase), or directly
into the Cyt bf complex, and then back to PSI. A further test of this would be to intercept
electrons from the acceptor side of PSI (Yu et al. 1993), which should then prevent cyclic
electron flow. Hence, the herbicide methyl viologen (paraquat) was used in addition to
DCMU and KCN. Methyl viologen (MV) accepts electrons from the acceptor side of PSI
(Yu et al. 1993). The wild type as well as both mutant strains showed a significant
decrease in the rate of P700 reduction after addition of methyl viologen (Table 5). Wild

type cells treated with MV showed increases of ~6.6-fold (to 1576 ms) and ~5.5-fold (to
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1012 ms) in P700 reduction half-times (thus much slower reduction rates) under optimal
and high light conditions, respectively (Table 5). After the same treatment, the NdhF
mutant showed ~5.0-fold (to 764 ms) and ~2.3-fold (to 437 ms) increases in P700
reduction half-times under optimal and high light growth, respectively. After MV
treatment, the PetB-R214H mutant showed smaller but still significant increases in P700
reduction half-times of ~2.4-fold (to 303 ms) and ~2-fold under optimal and high light
conditions, respectively (Table 5). These results are consistent with an active cyclic
electron flow around PSI in the §/nechococcuswild type and NdhF and PetB-R214H
mutant cultures grown under optimal as well as high light conditions. The kinetics traces

used to derive the data shown in Table 5 are displayed in Appendix E (pg 109).
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Figure 11. P700 reduction kinetics in the Synechococcuswild type, NdhF and PetB-
R214H strains grown under optimal and high light. Panels A and B represent P700 re-
reduction kinetics of the wild type, NdhF and PetB-R214H mutant grown under optimal
and high light, respectively. The x-axes denote time in milliseconds (ms) and y-axes
denote relative absorbance (Al/]) after subtracting the 740 nm traces from 705 nm traces.
Red traces represent wild type samples; Blue traces represent NdhF mutant samples; and
green traces represent PetB-R214H mutant samples. Open circles indicate redox kinetics
of untreated samples. Closed circles indicate redox kinetics of samples treated with
DCMU. Green actinic light (~530 nm) was 300 pmol photons m™ s™'. Final concentration
of DCMU was 10 uM.

Figure 11 shows the reduction phases of P700 kinetics in §/nechococcus wild
type, NdhF and PetB-R214H mutant strains grown under optimal and high light. P700

reduction was slowest in the DCMU-treated NdhF mutant grown under optimal light




63

(1513 ms) (Figure 11, Panel A). These data indicate that the NDH-mediated pathway is
the major pathway for cyclic electron flow in S/nechococcussp. PCC 7002 grown under
optimal light intensity. The high-light grown wild type and NdhF mutant showed faster
P700 reduction rates in the presence of DCMU (Figure 11, Panel B) compared to these
strains grown under optimal light (Figure 11, Panel A). These data indicate a faster cyclic
electron flow in these strains under high light than under optimal light intensity. Since the
NdhF mutant shows a high cyclic electron flow rate under high light, and the NDH
pathway is inactivated in this mutant, these results indicate that another cyclic electron
pathway must have become activated. These findings suggest a direct cyclic electron

flow via a PSI — Cyt bf supercomplex.

Under optimal light conditions, the PetB-R214H mutant showed faster P700
reduction compared to both the wild type and NdhF mutant (Table 2). Faster P700
reduction in the PetB-R214H mutant was also observed in another experiment. Data from
these experiments indicate a faster cyclic electron flow in PetB-R214H mutant than the
wild type or NdhF mutant under these conditions. This faster cyclic electron flow may be
mediated either by the NDH complex or by possible, alternative electron pathways. The
PetB-R214H mutant showed an even faster cyclic electron flow at high light intensity,
which was nearly as fast as the total electron flow (Table 2). Based on these data, the
PetB-R214H mutant exhibited an extremely high percentage of cyclic electron flow
(84%) relative to total electron flow at high light intensity (Table 3). However, further

experiments will be needed to support this conclusion.
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3.5 Far-red illumination and pre-illumination experiments

Another approach to measure cyclic electron flow is to use far-red actinic
illumination, which primarily excites PSI, with little excitation of PSII. For the
experiments reported here, a far-red actinic source was used that emits light in the ~700 —
740 nm range. Thus P700 reduction after far-red illumination specifically reflects cyclic
electron flow activity, with little contribution from PSII-derived linear electron flow.
Figure 12 shows P700 oxidation-reduction traces of experimental cultures after far-red
illumination. Untreated wild type S/nechococcus PCC 7002 cells grown at optimal light
intensity showed very little P700 oxidation upon illumination in contrast to the NdhF
mutant. This is consistent with an active cyclic flow in the wild type that efficiently re-
supplies electrons to P700 during far-red illumination and prevents extensive P700
oxidation. In untreated NdhF cells, P700 becomes oxidized during illumination because
the NAD(P)H dehydrogease (NDH) pathway, the major cyclic electron pathway under
optimal light, is not available. Untreated PetB-R214H cells grown at optimal light
intensity showed only a very small P700 oxidation during far-red illumination, consistent
with an active cyclic electron flow in these cells, as observed from the green light data

(Figure 10).
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Figure 12. P700 kinetics with far-red illumination in the Synechococcuswild type,
NdhF and PetB-R214H strains grown under optimal and high light. Panels A and B
represent P700 kinetics of the wild type, NdhF and PetB-R214H mutant grown under
optimal and high light, respectively. The x-axes denote time in milliseconds (ms) and
y-axes denote relative absorbance (Al/I) as in Figure 11. Pink traces indicate samples
without addition of inhibitors. Purple traces indicate samples upon addition of DCMU.
Black traces indicate samples after addition of DCMU and DBMIB. Downward
deflections indicate oxidation of P700 and upward deflections indicate re-reduction. Far-
red actinic light (~700 — 740 nm) was 2500 pmol photons m™ s™'. Final concentrations of
DCMU and DBMIB were 10 uM.

In far-red illumination experiments with high-light grown PetB-R214H cells, the

addition of DBMIB resulted in a larger oxidation signal relative to untreated or DCMU-
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treated cells, consistent with an active cyclic electron flow in these cells. However, far-
red illumination of high-light grown wild type or NdhF cells, produced very little P700
oxidation, regardless of whether cells were untreated or treated with DCMU or DBMIB
(figure 12). These data may reflect a low content of PSI and very high cyclic electron
flow rates in these cultures. However, the signals are small and thus no clear conclusions
can be drawn. Since reductant pools may be larger in high-light grown cultures, DBMIB
may become reduced when added to these cells. Since DBMIB becomes inactive when
reduced (Kramer and crofts 1994), DBMIB may not have inhibited electron flow from
the Cyt bf complex in the high-light grown cells. If so, we cannot assess the maximum
extent of P700 oxidation (detected when electron flow from the Cyt bf complex is
blocked), and therefore cannot draw conclusions about PSI content nor cyclic electron

flow from these particular far-red illumination experiments.

In preparations for kinetics experiments, there is often a time gap of as much as
several hours between sample preparation and experimental runs and samples may sit in
the dark during this period. Because the plastoquinone pool typically becomes reduced in
cyanobacteria during darkness (Cooley et al 2001), dark incubation may result in
accumulation of reductant pools that may supply electrons for P700 reduction and thus
result in overestimation of cyclic electron flow rates. To determine whether dark
incubations influenced cyclic electron flow data, I did experiments during which cells
were pre-illuminated with green actinic light (300 pmol m™ s™) for different periods of
time prior to kinetics runs. P700 kinetics traces were obtained after pre-illumination of

samples for 0, 1, and 5 min. Table 6 summarizes P700 reduction half-times before and
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after pre-illumination of wild type and NdhF mutant cultures grown under optimal and
high light conditions. The half-times of P700 reduction did increase (and therefore the
reduction rates decreased) by ~60% after 5 min pre-illumination of both wild type and
NdhF cultures grown at optimal light intensity. However, there was no significant
difference in P700 reduction half-times in the optimal light cultures after treatment with
DCMU or in any of the high-light grown cultures. These data indicate that dark
incubations prior to kinetics runs did not significantly alter P700 kinetics results or

conclusions drawn about cyclic electron transfer rates.

Table 6. P700 reduction kinetics after pre-illumination of Synechococcuswild
type and NdhF mutant grown under optimal and high light.

Optimal light High light
Condition ti2 (ms) t2 (ms)
Pre-illumination 0 1 min 5 min 0 1 min 5 min
WT 36 61 57 60 72 58
WT + DCMU? 223 224 260 69 69 64
NdhF 33 45 52 52 65 71
NdhF + DCMU? 625 429 419 51 59 65

“DCMU was used at a final concentration of 10uM.
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3.6 Cytochrome bf Kinetics

To investigate the role of the Cyt bf complex in cyclic electron flow around PSI,
and to analyze the central role it plays in photosynthesis, Cyt bf kinetics were measured
in all of the experimental cultures. Two kinds of experiments were performed, with
actinic illumination of either 9 milliseconds (ms) ms or 10 seconds (s). The 9 ms green
(530 nm) actinic, excitation results in approximately one (or only a few) turnovers of the
Cyt bf complex, and thereby provides an estimation of the maximum rates of electron
transfer reactions in the complex. Longer (e.g. 10 second) actinic illumination results in
complete oxidation of the Cyt G acceptor pool that carries electrons from the Cyt bf
complex to PSI (see Figure 1), and therefore multiple turnovers of the Cyt bf complex are
required to re-fill the Cyt G pool and all of the PSI P700 reaction centers. This results in
much longer reaction half-times (i.e. slower apparent rates) that are good indicators of

steady state turnover and electron flow rates through the Cyt bf complex or PSIL.

At high light intensity, the 9 ms Cyt /¢ oxidation-reduction signals were very
small (data shown in Appendix E, pg 110 ) in the wild type and NdhF mutant making
determination of the reduction rates and estimation of cyclic flow rates difficult. These
small signals suggest a much lower content of the Cyt bf complex at high light intensity,
consistent with a lower PSI content. However, this question is addressed better in the 10
second Cyt bf oxidation-reduction experiments presented below. Figure 13 shows Cyt bf
oxidation-reduction kinetics, during and after 10 s actinic (green light) excitation, in

Synechococcus wild type cultures grown under optimal as well as high light intensities.
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Figures 14 and 15 show Cyt bf oxidation-reduction kinetics, in the NdhF and

PetB-R214H mutants, respectively, grown under optimal and high light intensities.
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Figure 13. Cyt bf kineticsin the Synechococcuswild type grown under optimal and
high light. Panels A and B represent Cyt bf kinetics of the wild type grown under optimal
and high light, conditions. The x-axes denote time in milliseconds (ms) and the y-axes
denotes relative absorbance (AI/I) at 554 nm and 563 nm. Open circles represent b heme
redox changes (563 nm) and closed circles represent Cyt /G redox changes (554 nm).
Red traces indicate samples without addition of inhibitors. Green traces indicate samples
upon addition of DCMU. Black traces indicate samples after addition of DCMU and
DBMIB. Green arrows indicate the onset of actinic light and black arrows indicate the
end of actinic light illumination. Oxidation (downward deflection) of Cyt f/G is observed
when the actinic light is turned on followed by re-reduction (upward deflection) when the
light is turned off. Cells were exposed to green actinic light (~530 nm, 300 pmol photons
m™~s™) for 10 seconds. Final concentrations of DCMU and DBMIB were 10 pM.
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Figure 14. Cyt bf kineticsin the Synechococcus NdhF mutant grown under optimal
and high light. Panels A and B represent Cyt bf kinetics of the NdhF mutant grown
under optimal and high light, respectively. The x-axis denotes time in milliseconds (ms)
and the y-axis denotes relative absorbance (AI/I) at 554 nm and 563 nm. Open circles
represent b heme redox changes (563 nm) and closed circles represent Cyt /G redox
changes (554 nm). Red traces indicate samples without addition of inhibitors. Green
traces indicate samples upon addition of DCMU. Black traces indicate samples after
addition of DCMU and DBMIB. Green arrows indicate the onset of actinic light and
black arrows indicate the end of actinic light illumination. Oxidation (downward
deflection) of Cyt f/ is observed when the actinic light is turned on followed by re-
reduction (upward deflection) when the light is turned off. Cells were exposed to green
actinic light (~530 nm, 300 pmol photons m™ s™"). Final concentrations of DCMU and

DBMIB were 10 uM.
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Figure 15. Cyt bf kineticsin the Synechococcus PetB-R214H mutant grown under
optimal and high light. Panels A and B represent Cyt bf kinetics of the PetB-R214H
mutant grown under optimal and high light, respectively. The x-axis denotes time in
milliseconds (ms) and the y-axis denotes relative absorbance (AI/I) at 554 nm and 563
nm. Open circles represent b heme redox changes (563 nm) and closed circles represent
Cyt f/gs redox changes (554 nm). Red traces indicate samples without addition of
inhibitors. Green traces indicate samples upon addition of DCMU. Black traces indicate
samples after addition of DCMU and DBMIB. Green arrows indicate the onset of actinic
light and black arrows indicate the end of actinic light illumination. Oxidation
(downward deflection) of Cyt f/G; is observed when the actinic light is turned on followed
by re-reduction (upward deflection) when the light is turned off. Cells were exposed to
green actinic light (~530 nm, 300 pmol photons m™ s™). Final concentrations of DCMU
and DBMIB were 10 pM.



72

The half-time of Cyt /G reduction in untreated wild type cells grown under
optimal light was 177 ms. Upon addition of DCMU, Cyt f/G; reduction slowed greatly
(2384 ms). The half-time of Cyt f/G; reduction in untreated NdhF mutant cells from
optimal light was 227 ms. Upon addition of DCMU, Cyt /¢ reduction slowed greatly in
the this mutant (1380 ms) (Table 7). The data from DCMU-treated wild type and NdhF
cells grown at optimal light intensity are consistent with a relatively low rate of cyclic

electron flow through the Cyt bf complex.

Under high light, the Cyt f/G content became lower in both the wild type and
NdhF mutant. (Figures 13 and 14, Panel B). The half-time of Cyt /¢ reduction in
untreated wild type cells grown under high light was 233 ms. Upon addition of DCMU,
Cyt /g reduction slowed to 479 ms in these wild type cells. The half time of Cyt f/c
reduction in untreated NdhF mutant cells grown under high light was 169 ms. Upon
addition of DCMU, Cyt /g reduction in this mutant slowed to 340 ms. The DCMU-
treated wild type and NdhF mutant grown under high light did not show a large decreases
in their Cyt f/G reduction rates compared to the same strains grown under high light and
not treated with DCMU (Table 7). These data from high-light grown cells suggest an
active cyclic electron flow that involves, as expected, the Cyt bf complex. The wild type
and NdhF Cyt bfkinetics data are thus consistent with the PSI kinetics data summarized

in Tables 2 and 3.

In the PetB-R214H mutant grown at high-light intensity, the Cyt /G oxidation signal was

only slightly smaller than in cells grown at optimal light intensity, indicating that the Cyt
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bf content remained relatively unchanged. The Cyt /G reduction rate in the PetB-R214H
mutant from high light (102 ms, prior to DCMU treatment) was ~2-fold faster than in
these cells grown at optimal light intensity (200 ms, prior to DCMU treatment, Table 7).
The Cyt f/c reduction rate in the PetB-R214H mutant grown at high light intensity and
treated with DCMU (133 ms) did not slow significantly relative to the high-light,
untreated cells (102 ms) as it did in these mutant cells grown under optimal light and
treated with DCMU (570 ms relative to 200 ms, Table 7). These data indicate a much
faster and higher proportion of cyclic electron flow in the PetB-R214H mutant grown at
high light intensity and are consistent with the conclusion drawn from the P700 reduction
data (Tables 2 and 3). Note that in the PetB-R214H mutant, the b-hemes (Figure 15, open
circles) generally became more reduced (upward signal deflection) relative to the wild
type and NdhF mutant. This is consistent with a greater reduction of the Cyt bf low-

potential chain in this mutant as originally described (Nelson et al. 2005).
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Table7: Cyt bfkinetics+/- DCMU and DBMI B in Synechococcuswild type,
NdhF and PetB-R214H mutants grown under optimal and high light.

Optimal light High light
Inhibitors used ti2 (ms) t12 (ms)
PetB- PetB-
WIT NdhF R214H WT NdhF R214H
No inhibitors 177 227 200 233 169 102
DCMU* 2384 1380 570 479 340 133
DCMU+DBMIB* 6275 6831 1656 1178 1500 1551

* Data shown represent half times (ms) of Cyt /G reduction after 10 s illumination
with green (530 nm) actinic light (300 pmol m™ s7). Final concentrations of DCMU
and DBMIB were 10 pM.

In the 9 ms and 10 second actinic illumination experiments, the addition of
DBMIB greatly slowed Cyt f/¢; reduction rates in all of the cultures grown at both
optimal and high light intensities. DBMIB is a potent, classical inhibitor of the Cyt bf
complex (Cramer et al. 1991) that binds the quinol oxidation (Q,) site of the bf complex.
DBMIB is expected to slow both Cyt bf and PSI turnover during both linear and cyclic
electron flow because the bf complex is an essential component of both pathways. The
data in Figures 13, 14, and 15 showing DBMIB inhibition of Cyt /¢ reduction in
DCMU-treated cells are consistent with a cyclic electron pathway that relies on electron

flow from the Cyt bf complex. The 9 ms illumination data are shown in Appendix .

Based on the Cyt bf kinetics experiments with 10 second actinic illumination

(Figures 13, 14, and 15), Cyt bf contents were lower at high light intensity in both the
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wild type and NdhF mutant, ~40% and ~60% of the optimal light content, respectively. In
contrast, in the PetB-R214H mutant, the Cyt bf content declined only slightly at high light
intensity (Figure 15, Panel B). Cyclic electron flow rates, measured as Cyt /G reduction
rates in the presence of DCMU, again increased dramatically in the wild type and NdhF
mutant cells grown at high light intensity (Figure 13 and 14, Panel B). These data are
entirely consistent with the rapid cyclic electron flow rates and high proportions of cyclic
flow relative to total electron flow in high-light grown cultures determined from P700
oxidation-reduction kinetics (see Figures 8, 9, and 10). Similarly the PetB-R214H
mutant showed an even faster rate of cyclic electron flow at high light intensity than its
already high rate at optimal light intensity (Figure 15, Panel B). Again these data are

consistent with the P700 kinetics data for this mutant.

An unexpected finding from the PSI kinetics data (Figures 9, 10, and Table 4) was
that DBMIB, which should be a potent inhibitor of the Cyt bf complex, did not greatly
inhibit P700 reduction in all cases in cells grown at high light intensity. This was
particularly evident in the PetB-R214H mutant (Figure 10, Panel B). There are a couple
of possible interpretations. First, the PetB-R214H mutation, or perhaps exposure to high
light more generally, may change the conformation of the Cyt bf complex such that
DBMIB no longer effectively binds to block the Q, (quinol oxidase) site. Second, if
DBMIB still binds and inhibits electron flow through the Cyt bf complex, then these data
suggest an alternative, previously undiscovered electron transfer pathway, for example
one that bypasses the Cyt bf complex. Third, the least interesting, but perhaps the most

likely explanation is (as already mentioned above) that under high-light intensity growth
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conditions the cyanobacteria accumulate reductant pools that effectively reduce DBMIB
rendering it much less effective as an inhibitor. As mentioned, only the oxidized form of

DBMIB is an effective inhibitor of the Cyt bf complex

To further test these possibilities, especially to ensure that DBMIB was still
active, 4-1HQ, another inhibitor of the Cyt bf quinol-oxidase (Q,) site, was tested as an
inhibitor in both P700 and Cyt bfkinetics experiments. 4-1HQ is an analog of NQNO and
has recently been synthesized by Sandra Zulegar, Jason Coplien, and Drs. Brant
Kedrowski and Linfeng Xie (UW Oshkosh Chemistry Department) in collaboration with
the Kallas group. As far as we know, inhibition by 4-1HQ is not dependent on its redox
state. Figures in the appendix (pg 111) show the results of 10 second Cyt bf kinetics
experiments. Table 8 summarizes the half-times of P700 reduction after treatments with
DBMIB and 4-1HQ. In wild type and NdhF cultures grown under optimal light
conditions, 4-1HQ at 20 pM was a more effective inhibitor than DBMIB at 10 uM.
However, at least in the experiments shown in Table 8, for the PetB-R214H mutant
grown either at optimal or high light intensity, and for the wild type and NdhF mutant at

high light intensity, DBMIB was more effective than 4-1HQ.
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Table 8. P700 reduction kinetics +/- DBMIB and 4-1HQ of Synechococcuswild
type, NdhF and PetB-R214H mutants grown under optimal and high light.

Optimal light High light
Inhibitors used ti2 (ms) t12 (ms)

PetB- PetB-
WT  NdbF R214H WT NdhF R214H

No inhibitors 30 140 71 73 60 65
DBMIB? 57 403 390 362 463 414

10uM 4-1HQ* 180 383 142 76 135 91
20 uM 4-1HQ? 314 579 224 107 136 169

“Final concentrations of inhibitors were 10 uM DBMIB and 10 uM or 20 uM 4-1HQ.

In these experiments comparing DBMIB and 4-1HQ, DBMIB inhibited electron
flow through the Cyt bf complex more effectively in high-light grown rather than optimal
light grown cells. Unlike other P700 kinetics experiments where DBMIB was added after
the addition of DCMU, in the experiments shown in Table 8, DBMIB was used alone,
which might explain its better performance. Because of these conflicting results, no
definitive conclusions can be drawn. However, the lack of significant inhibition of P700
reduction in cultures grown at high light intensity and treated with 4-1HQ, might suggest
1) that binding and inhibition by 4-1HQ is also sensitive to the redox state of the inhibitor
or 2) that indeed a conformational change occurs in the quinol-oxidase (Q,) site of the
Cyt bf complex in high-light grown cells such that some inhibitors, such as 4-1HQ and

DBMIB, no longer bind very efficiently.
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4.0 Discussion

In this thesis, I compared the contributions of cyclic versus linear electron flow in
the wild type, NdhF and PetB-R214H mutants of S/nechococcus PCC 7002 grown under
optimal and high light conditions. The very slow P700 reduction rate (1512 ms, Table 2)
in the DCMU-treated NdhF mutant grown under optimal light suggested that the NDH-
mediated cyclic electron pathway (see Figure 1) plays a major role in these cyanobacteria
under optimal light conditions as noted previously (Yu et al. 1993; Mi et al. 1993). The
contribution of cyclic electron flow (Table 3) in the NdhF mutant grown under optimal
light was only 4%. This increased dramatically to as much as 74% in the same mutant
grown under high light intensity (Table 3). In other, similar trials, the contribution of
cyclic electron flow was also very high (50 — 60%) under high light conditions. These
cyclic rates are much higher than previously reported, in which cyclic flow accounted for
only ~5% of the total electron flow (Yu et al. 1993; Hagemann et al. 1999). However,
that previous studies were performed on cyanobacteria grown at optimal light intensities,
~250 pumol photons m~? s in the Yu et al. (1993) work with SynechococcusPCC 7002.
In wild type S/nechococcus 7002 grown under optimal light, I found a cyclic contribution
of ~15%, which is higher than in these previous studies but still quite low relative to total
electron flow. My discovery of apparently, remarkably high cyclic electron flow
activities in §/nechococcusPCC 7002, and especially in the NdhF mutant, grown at high
light intensity has several, possible explanations. 1) An alternative, non-NDH-mediated,
cyclic electron pathway may become active in cells grown under high light intensity. 2)

A possible likely pathway is a direct PSI — Cyt bf mediated by the formation of a PST —
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Cyt bf supercomplex as recently demonstrated by the isolation of such a supercomplex
from Chlamydomonas chloroplasts (Iwai et al. 2010). 3) Alternatively, and less
interestingly, a lower content of PSI observed in §/nechococcuswild type and the NdhF
mutant grown at high light intensity (Figures 8 and 9) would result in more rapid P700
reduction rates as long as the content of Cyt bf complexes and Cyt ¢ electron donors did
not decrease as well. However, The Cyt bf content also decreased in high-light grown
wild type and NdhF cells (Figures 13 and 14). Moreover, P700 reduction rates did not
increase in high-light grown wild type and NdhF cells, relative to optimal-light grown
cells, in linear electron flow measurements (i.e. green actinic illumination without
DCMU treatment, Table 2). These observations suggest that a direct PSI — Cyt bf electron
pathway, perhaps mediated by a PSI — Cyt bf supercomplex, may provide the most likely
explanation for the observed, rapid P700 reduction rates observed in the presence of

DCMU in high-light grown S/nechococcus PCC 7002 cyanobacteria.

Supercomplexes have been found in cyanobacteria, green algae, and higher plants
under stress conditions. Also several studies have reported elevated cyclic electron flow
under stress conditions, such as drought (Jia et al. 2008; Kohzuma et al. 2008), salt-stress
(Hagemann et al. 1999), high light (Baker and Ort 1992) or during the induction of
photosynthesis after prolonged dark adaptation (Joét et al. 2002; Joliot and Joliot 2002).
The data presented here are consistent with these previous studies reporting elevated
cyclic electron flow under stress conditions. Since there is evidence of formation of
supercomplexes under stress conditions, the elevated cyclic electron flow in

Synechococcus sp. PCC 7002 under high light might be the outcome of formation of a
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PSI-Cyt bf supercomplex involved in cyclic electron flow. Such a PSI-Cyt bf
supercomplex has been isolated from green alga Chlamydomonas reinhardtii (Iwai et al.
2010). This supercomplex is not only active in cyclic electron flow, but also plays a role
in regulating the balance of electron flow between the two photosystems.
Supercomplexes active in cyclic electron flow have not yet been found in cyanobacteria.
However, the present study suggests the formation of a possible PSI-Cyt bf supercomplex
active in cyclic electron flow under high light conditions. Further experiments, such as
efforts to isolate a PSI — Cyt bf supercomplex from cultures grown under high light
intensity, will be needed to confirm the formation of such a cyclic electron flow

supercomplex from S/nechococcus PCC 7002 cyanobacteria.

Formation of a supercomplex involved in cyclic electron flow may offer several
advantages to photosynthetic organisms such as cyanobacteria. Cyclic electron flow and
linear electron flow share many redox carriers and they are potentially in competition
with one another (Allen 2003). Formation of a supercomplex active in cyclic electron
flow should compartmentalize cyclic electron flow by localizing mobile electron carriers
(plastoquinone, ferredoxin, and cytochrome f), which would lead to the formation of an
efficient, functional pool of cyclic electron flow components. Formation of a
supercomplex might also enable cyclic electron flow to operate independently of linear
electron flow (Iwai et al. 2010). This would be an advantage, if photodamage to PSII
curbs linear electron flow under high light conditions, cyclic electron flow associated
with the PSI-Cyt bf supercomplex would still operate and provide ATP for maintenance

and repair.
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Although the data presented here primarily point toward a putative PSI-Cyt bf
supercomplex, the possible presence of an alternative cyclic electron flow cannot be
overlooked. It remains possible that electrons are donated by other enzymes such as
succinate dehydrogenase (SDH) to reduce the PQ pool and that these electrons then flow
via the Cyt bf complex to reduce P700 (see Figure 1). There is strong evidence for the
involvement of the SDH enzyme complex in PQ pool reduction in §/nechocystissp. PCC
6803, especially under dark conditions (Cooley et al. 2001). Thus a study should be
conducted to investigate the involvement of the SDH enzyme complex in cyclic electron
flow in §/nechococcussp. PCC 7002. A mutant having a non-functional SDH enzyme
complex in Synechococcus sp. PCC 7002 should be constructed and electron transfer
kinetics observed under optimal as well as high light. It would also be useful to create a
double mutant defective in both NDH and SDH complexes. Studies on such a double
mutant would help reveal the role of any other existing alternative cyclic pathway in

Synechococcus sp. PCC 7002.

The contribution of a Fd-dependent direct PSI-Cyt bf cyclic electron pathway in
cyanobacteria is still unknown. Such a pathway might be mediated either by soluble
electron carriers or the formation of a supercomplex. In a direct PSI-Cyt bf pathway,
electrons are thought to enter the Cyt bf complex via the quinone-reductase (Q,) site (Yan
et al. 2008; Kallas 2012; Kurisu et al. 2003; Stroebel et al. 2003). Kinetics studies were
performed on the PetB-R214H mutant to test this hypothesis. The PetB-R214H mutant
has a mutation in the Q, site, which impairs electron flow through the b hemes to the Q,

site (Nelson et al. 2005). This mutant grows ~3 times slower than the wild type. Kinetics
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experiments with the PetB-R214H mutant might provide insight into possible electron
flow from PSI through the Cyt bf Q, site. The contribution of cyclic electron flow in the
PetBR214H mutant grown under optimal light conditions was 35 — 48 % (Table 3). This
percentage of cyclic flow in the PetB-R214H mutant under optimal light is very high
compared to the wild type (1 — 15%) under the same conditions. These data therefore
suggest either 1) that a Fd-dependent, PSI — Cyt bf cyclic pathway may not be the major
cyclic pathway or 2) that the PetB-R214H mutation in the Cyt bf Q, site might not hinder
electron flow through this site in a Fd-dependent, direct PSI-Cyt bf pathway. Under high
light conditions the contribution of cyclic electron flow in the PetB-R214H mutant
ranged from 25 — 84 % (Table 3). Since the PetB-R214H mutation did not impede cyclic
electron flow, these data do not provide further insight into the role of a possible

Fd-dependent, direct PSI-Cyt bf cyclic electron pathway in S§/nechococcus sp. PCC 7002.

Microarray studies have reported a general increase in the ratio of PSII/PSI gene
expression levels upon a shift to high light in §/nechocystisPCC 6803 cyanobacteria
(Hihara et al. 1998). A lower PSI content would be expected to lower the susceptibility of
the cells to high light damage, particularly under prolonged exposure (Hihara 1998). The
kinetics data from high-light grown Synechococcus 7002 presented here corroborate this.
I found a lower content of PSI in all the cultures grown under high light conditions
(Figures 8, 9, and 10). These results are nonetheless somewhat puzzling, as PSI is known
to be much more resistant to photodamage than PSII (Canaani et al. 1989; Fork and
Herbert 1993; Golding et al. 2004). However, PSI is also known to be a major site of

superoxide production (DH MSthesis), and this might explain the advantage of a lower



83

PSI content under high light. It might further be possible that there are two types of PSI
centers: ‘cyclic’ PSI centers and ‘linear’ PSI centers. Decreased linear electron flow
under high light might inactivate or reduce the number of ‘linear’ PSI centers leaving the
‘cyclic’ PSI centers functioning under high light conditions. The ‘cyclic’ PSI centers are
suggested to be present as monomers rather than trimers. Affinity-binding
chromatography can help in finding out the differences in these structures. Fluorescence
kinetics experiments, which can provide information about PSII content and state

transitions, might provide insight into this interesting possibility.

Since electrons from the Cyt bf complex can either enter the PSI complex or a
Ctal, Ctall Cytochrome oxidase (Navarro et al. 2005), electron flow to cytochrome
oxidase should be blocked in order to get an accurate estimate of the number of electrons
entering PSI and thus involved in cyclic flow around PSI. Therefore it would be
interesting to investigate cyclic electron flow by analyzing P700 reduction rates when
cells are inhibited with DCMU and KCN (Yu et al. 1993). KCN prevents electron flow to
cytochrome oxidase (Yu et al. 1993). Hence, P700 reduction in the presence of KCN
should provide a measure of the maximum PSI cyclic electron flow rate. For these
measurements, electron flow from PSII should also be inhibited by the addition of
DCMU. All of the §/nechococcus 7002 strains, except wild-type grown under optimal
conditions, showed faster P700 reduction upon addition of KCN (refer to Table 5). Faster
P700 reduction in the presence of KCN provides evidence that some electrons are
normally diverted to cytochrome oxidases. To further verify whether the electrons that

are not diverted to cytochrome oxidases, enter the PSI complex, methyl viologen (MV)
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was added to the DCMU and KCN treated cells. Methyl viologen efficiently accepts
electrons from the acceptor side of PSI (Yu et al. 1993), thus a slower apparent P700
reduction is expected because electrons are more rapidly removed by MV than can be
returned by any PSI cyclic pathway to re-reduce P700. All of the cultures (except the
PetB-R214H mutant grown under high light and treated with DCMU alone) showed the
expected outcome upon addition of methyl viologen (Table 5). Slower P700 reduction
upon addition of methyl viologen provides evidence that in DCMU treated cells (with
PSII inactivated) the electrons for P700 re-reduction flow via a PSI cyclic pathway that
requires reduction of electron carriers on the acceptor side of PSI. These data provide
further evidence that a cyclic electron flow around PSI is active under optimal and high

light conditions.

The data from far-red illumination experiments are consistent with conclusions
with conclusions drqwn from green actinic light experiments (Figure 12 and Table 3). In
the NdhF mutant grown under optimal light, untreated as well as DCMU and DBMIB-
treated cells showed a deeper P700 oxidation relative to the wild type. Since far-red light
primarily excites PSI, a deep oxidation of P700 in untreated NdhF cells indicates a
minimal cyclic electron flow in this mutant grown under optimal light. In contrast, very
little P700 oxidation was seen in either the wild type or PetB-R214H mutant, in the
absence of DCMU or DBMIB treatments, in cells grown under optimal light. These data
are consistent with an active cyclic electron flow in these cultures. The wild type shows a
deeper oxidation upon addition of DCMU (Figure 12, Panel A). This was unexpected as

it suggests that the far-red actinic illumination also excited PSII to at least a small extent.
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Thus even under far-red illumination, electron flow to P700 apparently slowed down
upon addition of DCMU, thus inhibiting electrons from PSII and resulted in a deeper
oxidation of P700. In both the wild-type and NdhF mutant cultures grown under high
light, the P700 oxidation-reduction signals were very small (Figure 12, Panel B), which
make it difficult to interpret these results. On the other hand, untreated, high-light grown
PetB-R214H showed little P700 oxidation, which hardly changed upon addition of
DCMU (Figure 12, Panel B). These data indicate a highly active cyclic electron flow in
the PetB-R214H mutant grown under high light and are consistent with the conclusions

from experiments with green actinic light illumination (e.g. Table 2).

Because of variations in some of the PetB-R214H kinetics data, some of the
results are difficult to interpret. In some experiments with this mutant, but also with the
wild type and NdhF mutant, particularly in cells grown at high light intensity, the P700
re-reduction kinetics after 10 second green actinic illumination did not slow appreciably
upon addition of DBMIB (Figures 8, 9, and 10). In contrast, the data in Table 4 for these
mutants indicated significant decreases of at least 4-fold in P700 reduction rates after
DBMIB addition. Since DBMIB is a known inhibitor of electron flow through the Cyt bf
complex (Cramer et al. 1991), the absence of a significant inhibition of P700 reduction by
DBMIB, in some experiments, was not expected. If DBMIB still bound the Cyt bf quinol-
oxidation (Q,) site and inhibited electron flow through the bf complex in these
experiments, then these data might indicate an interesting, alternative electron pathway
that bypasses the Cyt bf complex. This possibility may be supported by a study showing

that plastoquinol can directly reduce cytochrome ¢ (Kruk et al. 2003), which could in turn
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reduce P700. Alternatively, these data might indicate that DBMIB was non-functional in
cells grown under high light. Studies have shown that if DBMIB becomes reduced, it
does not bind to the Cyt bf quinol-oxidation (Q,) site (ref). This might have occurred
especially in the PetB-R214H mutant, which has a slower turnover of the Cyt bf complex
(Nelson et al. 2005) and thus a more reduced PQ pool. Moreover, growth at high light
intensity is expected to increase reductant pools, which could in turn over-reduce the PQ
pool leading to DBMIB reduction. Finally, the absence of consistent DBMIB inhibition
in cells grown at high light intensity might reflect a conformational change of the Cyt bf
complex that occurs under these conditions and prevents DBMIB binding. One
interesting possibility could be the formation of the suggested PSI — Cyt bf supercomplex

that impedes access of DBMIB, and perhaps other Q,-site inhibitors.

To further test these possibilities, additional studies were performed with 4-1HQ,
a novel inhibitor of the Cyt bf Q,-site that has recently been synthesized by Sandra
Zulegar, Jason Coplien, and Drs. Brant Kedrowski and Linfeng Xie (UW Oshkosh
Chemistry Department). The results of these experiments are summarized in Table 8 and
kinetics traces are shown in Appendix E pg 111. In these experiments, 4-1HQ was a
better inhibitor than DBMIB of P700 reduction in wild type cells grown at optimal light
intensity. However, DBMIB was a better inhibitor in cells grown at high light intensity,
and in all cases, 4-1HQ was a more effective inhibitor in cells grown in optimal light
intensity than at high light intensity. Some of these data appear to be conflicting.
However, the absence of a significant inhibition by 4-1HQ of P700 reduction in cells

grown at high light intensity may be consistent with a conformational change of the
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Cyt bf complex that occurs in high-light grown cells, again perhaps the result of

supercomplex formation, that prevents the efficient binding of quinol-oxidation inhbitors.

The Cyt bf complex is the major and essential route for PQ pool oxidation in
cyanobacteria, and also plays a central role in sensing the redox potential of electron
transport and signaling adjustments in photosynthesis. Many cyanobacteria, such as
Synechococcus PCC 7002, do not have alternative plastoquinol oxidases (QOX or PTOX)
to help prevent dangerous over-reduction of the PQ pool (Nomura et al. 2006). Thus the
activity of the Cyt bf complex in regulating state transitions and cyclic versus linear
electron fluxes is crucial for maintaining redox balance in the PQ pool (see Kallas, 2012
for a review). Cyt bf kinetics data from S/nechococcusPCC wild type and the NdhF and
PetB-R214H mutants are shown in Figures 13 — 15, respectively, and summarized in
Table 7. Cyt f/; reduction kinetics in the PetB-R214H mutant grown either under
optimal or high light, and treated with DCMU, were quite rapid relative to untreated cells
indicating active cyclic electron flow rates under both conditions (Figure 15 and Table 7).
In addition, and in contrast to the wild type and NdhF mutant, the Cyt bf content in
PetBOR214H declined only slightly at high light intensity (Figure 15, Panel B). These
data suggest that the PetB-R214H mutation changes the conformation of the Cyt bf
complex in ways that alter the signaling role of the complex. Previous studies have
provided evidence for signaling pathways linked to the stromal (or cytoplasmic) quinone-

reductase (Q,) domain of the Cyt bf complex (reviewed by Kallas, 2012).
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Overall, the conclusions from the Cyt bf kinetics data are consistent with the P700
kinetics data. Cyt f/G; reduction kinetics were considerably faster in DCMU-treated NdhF
cells from high light intensity than in comparably-treated NdhF cells from optimal light
intensity. These data from the high light grown NdhF mutant indicate the activation of an
active cyclic electron flow pathway that does not require the NDH complex, which is
inactivated in the NdhF mutant. The dramatically elevated cyclic electron flow in the
high light grown NdhF mutant is consistent with the formation of a possible PSI- Cyt bf
supercomplex that may account for this remarkably active cyclic electron flow. It remains
possible, however, that another cyclic electron flow may become activated under these
high light conditions. The succinate dehydrogenase (SDH) complex is one candidate that
may be involved in an alternative cyclic pathway and has been shown to be important in
PQ pool reduction in the cyanobacterium SynechocystisPCC 6803 (Cooley et al., 2001).
Kinetics experiments with and SDH mutant should be very interesting to investigate the
role of this enzyme complex in cyclic electron flow as well as PQ pool reduction in
SynechococcusPCC 7002. Finally, attempts should be made to isolate an actual PSI-Cyt
bf supercomplex from high light grown S/nechococcus PCC 7002 cells to further
investigate the occurrence of such a complex in a direct PSI — Cyt bf electron flow

pathway in cyanobacteria.
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5.0 Conclusion

Supercomplexes such as the PSI-CP43" supercomplex have been found in the
photosynthetic apparatus of higher plants, green algae as well as cyanobacteria and play
specific roles under stress conditions (Melkozernov et al. 2006). Recently, a protein
supercomplex composed of PSI with its own light-harvesting complex (LHCI), the PSII
light-harvesting complex (LHCII), the Cyt bf complex, ferredoxin (Fd)-NADPH
oxidoreductase (FNR), ferredoxin, and the integral membrane protein PGRL1, was
isolated from the green alga, Chlamydomonas reinhardtii (Iwai et al. 2010). This
supercomplex catalyzes an active cyclic electron flow. A comparable supercomplex
involving the PSI and Cyt bf complexes has not been identified in cyanobacteria. The
current study was conducted to investigate the role of cyclic electron transfer in
adaptation and rapid growth of the cyanobacterium, S/nechococcussp. PCC 7002 at high
light intensity. Data presented here revealed a surprisingly active cyclic electron flow (up
to 74 % of total electron flow) in the NdhF mutant grown under high light (Figure 9 and
Table 3). Under optimal light the NDH pathway is the primary cyclic electron transfer
pathway in cyanobacteria and typically represents only a small fraction of total electron
flow (Yu et al., 1993). Consistent with this, I found only a very small contribution of
cyclic electron flow (4%) in the S/nechococcus 7002 NdhF mutant grown under optimal
light. However, cyclic flow increased dramatically when this mutant was shifted to high
light intensity (Figure 9 and Table 3). Cyt bf kinetics data from the NdhF mutant (Figure
14 and Table 7) support the findings from P700 kinetics data. Together, these data

provide the first compelling evidence for the formation of a possible PSI-Cyt bf
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supercomplex active in cyclic electron flow under high light conditions in cyanobacteria.
The formation of a PSI — Cyt bf supercomplex would provide a direct, efficient pathway
for electron flow from PSI to the Cyt bf complex that would not depend on NAD(P)H
dehydrogenase or other more circuitous routes. Finally, inhibitor studies with DBMIB
and 4-1HQ revealed a surprising absence of inhibition of electron flow through the Cyt bf
complex by these inhibitors. These data might reflect conformational changes occurring
in the Cyt bf complex at high light intensity, perhaps as the result of supercomplex

formation with PSI.
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A] A medium with D7 micronutrients

1. Add following ingredients to ~990 ml ddH,O in a 2000 ml conical flask.

Ingredients Amount Final Concentration

NaCl 1753 g 300 mM
KCl 06¢g 8.0 mM
NaNO3 1.02¢g 12.0 mM
MgSO, .7TH,O 50¢g 20.0 mM
CaCl2 03¢g 2.5 mM
FeEDTA® 1.0 ml 15 uM
10X D7 micronutrients (Tbl. A-2) 1.0 ml 1X

* use 15mM solution of FeEDTA since 0.0062 grams would need to be weighed to reach
the desired final concentration per liter (FEEDTA+2.5H,0: m.w. =412.1. Add 0.62
grams to 100ml ddH»0 and autoclave).

2. Add a teflon coated stir bar to the flask and heat on a hot plate to dissolve salts prior to

autoclaving.

3. Let the medium cool to about 50°C after autoclaving and add these separately
sterilized compounds: 10ml of an 0.83M Tris-HCI solution (pHS8.2), 370ul of a 1.0M
KH,POj solution, and 1.0ml of a 6.0uM (8 mg/l) vitaminB, solution (stored in the dark

at -20°C). Add antibiotics or other supplements that are required and store at 4°C.
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4. To make A(D7) agar plates, add above ingredients to ~500 ml ddH,O to make 2X A

base solution, then add 15g bacto agar/liter, 2 g Na,S,05/liter to 500 ml ddH,O.

5. Autoclave agar and base separately for 40-50 min. Wait to cool down to 50-55°C, then
add Vitamin B,,, appropriate antibiotic(s) and the remaining compounds for A medium
and add agar and medium together. Pour thick plates (1 liter makes approximately 20-25

thick (40ml) 1.4 % agar plates) and let them solidify. Store the solidified plates at 4°C.

B] 10 X D7 Micronutrients: (Aron D7 Trace minerals)

Trace Metals (Dissolve in the following order) Amount (g/L)
H;BO; 2.86 g/l
MnCl, e 4H,O 1.81 g/l
ZnSO, « TH,O 0.22 g/1
Na,MoO4 e 2H,0O 1.26 g/1
CuSO4 e 5H,O 0.079 g/l
NaVO; 0.239 g/l

CoCl, @ 6H,0 0.04 g/l
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C] A+ medium with P1 micronutrients

1. Add following ingredients to appropriate amount of ddH,O in a conical flask.

Ingredients Amount in 1liter Amount in 4 liter
NaCl 18 ¢g 72 g
KCl 0.6¢g 24¢g
NaNO3 10g 40¢g
MgS0,4 . 7H,0 50g 200¢g
KH,PO4 (50g/L) 1.0 ml 4.0 ml
CaC12 (37g/L) 7.2 ml 29 ml
NaEDTA tetra (3g/L) 10.0 ml 40.0 ml
FeCl;.6H, (3.89¢g/1 liter 0.IN HCL) 1.0 ml 4.0 ml

Tris (100g/L, pH 8.2) 1.0 ml 40.0 ml
P1 Metals (1000X) 1.0 ml 4.0 ml
ddH,0 to 1 liter to 4 liters

2. Autoclave and cool down to room temperature, then add 1 ml Vitamin B;, (4mg/L) to

1 liter medium and 4 ml Vitamin B, (4mg/L) to 4 liters.

3. Add appropriate antibiotic(s) and store at 4°C.

4. To make A+ (P1) agar plates, add above ingredients to ~500 ml ddH,O to make 2X

solution, then add 15g bacto agar/liter, 2 g Na,S,Oj/liter to 500 ml ddH,O.
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5. Autoclave agar and medium separately for 40-50 min. Wait to cool down to 50-55°C,
then add Vitamin B, and appropriate antibiotic(s) and add agar and base together. Pour
thick plates (1 liter makes approximately 20-25 thick (40ml) 1.4 % agar plates) and let

them solidify. Store the solidified plates at 4°C.

D] P1 metals (to make 1 liter 1000X stock solution)

Trace Metals (Dissolve in the following order) Amount (g/L)
H;BO; 34.26 g/l
MnCl, e 4H,0 4.32 g/l
ZnCl 0.315g/1
MoO3 (85%) 0.03 g/1
CuSO4  5H,O 0.003 g/1
CoCl, e 6H,O 0.01215 g/1

E] Luria Bertani (L.B.) agar medium (1 liter)

1. Add following ingredients to 500ml dH»O in a 2000ml conical flask.

Ingredients Quantity (g)
Tryptone 10.0
Yeast extract 5.0

NaCl 10.0

Agar 15.0
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2. Adjust the pH to 7.0 using 200ul 5.0M NaOH solution and add 15.0g Bacto agar.
Stir well and bring the final volume to 1000ml.

3. Autoclave the medium for 20 minutes. Pour 25ml of the medium into each sterile
Petri plate. Let the medium in plates cool down to room temperature before

placing lids and store the plates at 4°C.
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A] 5 X TAE (Tris-acetate’EDTA) Buffer

In one liter final volume add 24.2 grams Tris base, 57.1ml glacial acetic acid,

100ml 0.5M EDTA (pH 8.0). Stir until dissolved and store at room temperature.

B] 5 X TBE (Tris-borate/lEDT A) Buffer

Combine 54 grams of Tris base (Tris [hydroxymethyl] aminomethane, FW: 121.1),
27.5 grams boric acid and 20ml EDTA (0.5M, pH 8.0) in one liter of ddH,O. This is
suction filtered through a Whatman #5 or #6 filter for fine crystal retention and diluted
1:5 prior to use. 25ml of 1 X TBE is used in each gel preparation. Occasionally after
prolonged storage a precipitate will form. If bottle was capped tightly so no fluid volume
was lost, the solution can be heated to almost boiling and the crystals will go back into

solution.

C] Antibiotics

Antibiotics were typically formed as 1000 x stock solutions. Kanamycin
(100mg/ml), Streptomycin (50mg/ml) and Spectinomycin (50mg/ml) are dissolved in
sterile ddH,O and filter sterilized through a 2.0cm Acrodisk Syringe Filter with a 0.2-
micron pore size (Gelman Laboratory, HT Tuffryn membrane, Ref: 4192). Erythromycin
stock is prepared as a 20mg/ml solution in 100% EtOH and is filter sterilized. All are

stored at -20°C protected from light (wrapped in aluminum foil).
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D] 10T/0.1E buffer

Add following DEPC treated ingredients to a sterile 50ml conical tube.

Ingredients Quantity (g)
1.0M Tris-HCI, pH 8.2 0.5
0.5M Na,EDTA, pH 8.0 0.01
Nuclease free water 49.49

* While preparing 10T/0.1 E buffer with pH 7.5, use 1.0M Tris with pH adjusted to 7.5

using HCI.

E] 5mM HEPES, 10mM NaCl, 10mM NaHCO; buffer

Add 150 pl of IM HEPES solution, 300 pul of 1M NaCl and 300 pl of 1M
NaHCO;. Add ddH;O to reach 30 ml total volume. While preparing HEPES solution

maintain pH 7.9.
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APPENDIX C

Protocols
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A] P700 reduction Kinetics with and without inhibitors

1.

Grow the wild type, NdhF and PetBR214H cultures to 0.5 O.D7so under optimal
photosynthetic conditions. For measurement of kinetics under high light
conditions, grow the cultures to 0.3 O.D7s¢ and shift them under high light (2000
uM m™ s™) and let them grow for two hours. Harvest 20ml culture volumes using
5mM HEPES, 10mM NaCl and 10mM NaHCOs; buffer, pH 7.9 and adjust the
final O.D75¢t0 3.0 — 5.0.

Using a syringe, load 1ml of the concentrated cultures into cuvette adaptable with
the Biologic’s JTS-10 spectrophotometer without forming any bubbles.

Using the operating software for the spectrophotometer either set or select a
program that involves 115 seconds dark phase for dark adaptation of
cyanobacterial cells followed by continuous actinic light illumination phase for 10
seconds which is followed further by dark phase e.g. 230 seconds. The program
should include exposure of the sample to 200 ms intense pulses of 7900pE m™s™
followed by short detecting pulses of 10 ps. Set the voltage required for detection
of absorption signal between 3 and 4, but preferably close to 4 Volts.

Insert PSI specific ‘P700° (6mm wide) cut off filter in front of the reference
detector and the sample detector. Use 705 nm intereference filter to measure PSI
redox changes and 740 nm intereference filter as reference.

For far-red experiments select the Actinic I (far-red ring, 2500 pE). For pre-
illumination experiments turn Actinic II (green ring, 300 nLE) on. For all other

experiments select Actinic II (green ring, 300 pE). Final trace is obtained by
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subtracting 740 nm trace from 705 nm. Calculate half times of re-reduction for all
of the final PSI traces obtained. Convert the data obtained into Microsoft Excel
format.

For every trace obtained calculate the turnover of PSI by calculating electrons
passing through the complex per second. By comparing, the turnover of PSI in

presence and absence of DCMU, % cyclic electron flow can be calculated.

B] Cyt bf Kinetics with and without inhibitors

1.

Grow the wild type, NdhF and PetBR214H cultures to 0.5 O.D7so under optimal
photosynthetic conditions. For measurement of kinetics under high light
conditions, grow the cultures to 0.3 O.D7so and shift them under high light (2000
uM m™ s™) and let them grow for two hours. Harvest 20ml culture volumes using
SmM HEPES, 10mM NaCl and 10mM NaHCOj; buffer, pH 7.9 and adjust the
final O.D754t0 3.0 —5.0.

Using a syringe, load 1ml of the concentrated cultures into cuvettes adaptable
with the Biologic’s JTS-10 spectrophotometer without forming any bubbles.
Using the operating software for the spectrophotometer either set or select a
program that involves 50 milliseconds dark phase for dark adaptation of
cyanobacterial cells followed by 9 milliseconds continuous illumination phase
and followed further by 180 seconds dark phase. Set the voltage required for

detection of absorption signal between 3 and 4, but preferably close to 4 Volts.
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Insert ‘BG39’ (3mm wide) cut off filters in the light paths, before the reference as
well as sample detectors.

4. For the strains under study; record redox spectra using 546nm, 554nm, 563nm
and 573nm interference filters

5. Using a function of the operating software, deconvolute the spectra obtained with
546, 554, 563 and 573nm to obtain individual spectra for cytochrome f andb

hemes. Convert the data into Microsoft Excel format.
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APPENDIX D

SdhB Gene I nactivation
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Succinate dehydrogenase is an enzyme complex in the photosynthetic electron
transport chain. It has been proposed that this enzyme plays an important role in the
electron transport. Studies also suggest that the enzyme has a major effect on the PQ
redox poise. The succinate dehydrogenase enzyme has two subunits. One is a
flavoprotein subunit and another is the iron-sulfur subunit. The flavoprotein subunit is
encoded by sdhA gene whereas the iron-sulfur subunit is encoded by sdhB gene. We were
interested in studying the role played by succinate dehydrogenase complex in the
photosynthetic electron transfer. For this purpose, we aimed at creating a mutant lacking
the functional succinate dehydrogenase complex. In order to create a mutant which has
inactivated succinate dehydrogenase enzyme we targeted the Fe-S subunit of the enzyme
complex, encoded by sdhB gene. Instead of using the traditional cloning techniques to
create a knockout mutant, we decided to use megaprimer PCR method to create a gene

Inactivation construct.

In megaprimer PCR, primers are designed which amplify upstream region and
some portion of the target gene. This fragment is called as fragment A or forward
fragment. Primers are also designed to amplify downstream region and some portion of
the target gene. This fragment is called as fragment B or reverse fragment. The forward
and reverse primers which amplify the antibiotic resistance gene (in this case it is ermc
gene encoding the Erythromycin gene resistance cassette) are located on the 5’ ends of
the two primers amplifying the upstream and downstream flanking regions. Fragments A
and B are then used as megaprimers to amplify the antibiotic resistance gene. A gene

inactivation construct is obtained at the end of this second PCR reaction. This gene
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inactivation construct should be inserted into the S/nechococcus sp. PCC 7002 cell

through natural transformation.

Primer designing was successful. The primers were highly specific and did not
bind to any other region in the gene. We successfully obtained the gene inactivation
construct; this took us closer to the original goal of achieving the SdhB mutant.
Unfortunately, we lost this gene inactivation construct during further purification steps.
Further attempts at repeating the megaprimer PCR failed; hence we decided to attempt
ligation method. We had a success in individually purifying Fragment A, B and ermc
gene fragment. The ligation of these three fragments was also a success. After obtaining a
gene inactivation product through ligation, we attempted natural transformation of
S/nechococcus PCC 7002 wild-type UWO strain. We achieved transformants able to
grow on A(D7)/ Em® plates, but none of them had the inactivated sohB gene. Hence the

transformation needs to be repeated with the ligation product again.
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APPENDIX E

Supplementary Kinetics Data
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axes denote time in milliseconds (ms) and y-axes denote relative absorbance (AI/I). Open circles: b hemes at 563 nm; closed circles: Cyt f/c6 at 554 nm; red
traces: untreated samples; green circles: DCMU-treated samples; black traces: DCMU+DBMIB treated samples.Green actinic light (~530 nm) was used at

300 umol m? s!. Final concentrations of DCMU and DBMIB were 10 uM.
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