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SUMMARY

In this study, I found several pieces of evidence that respiration influences
photosynthesis. First, I monitored the reduction rate of plastoquinone pool by
chlorophyll fluorescence in the presence of KCN. Secondly, I developed a new
parameter (Nguk, 1.€. non-photochemical quenching in the dark, and gqNgcn, i.e.
non-photochemical quenching in the presence of ImM KCN in the dark. Finally, I
found that low respiration mutant such as ndhB mutant had decreased level of
chlorophyll a and phycocyanin content. These results suggest that change in respiration

influences photosynthesis in cyanobacteria.



INTRODUCTION

Photosynthetic organisms possess two major systems for energy metabolism,
1.e. photosynthesis and aerobic respiration. Photosynthesis is the process to convert light
energy into chemical energy through the electron transport chain and carbon fixation.
Respiration is the process to make biochemical energy through glycolytic pathway, TCA
cycle and oxidative phosphorylation. The oxidative phosphorylation is the process to
produce ATP through proton motive force formed by electron transport chain. In
contrast to other heterotrophic organism, substrates for respiration are primarily
provided from photosynthesis in the autotrophic organisms. Since light conditions
fluctuate rapidly in nature, respiration in photosynthetic organisms is supposed to be
influenced by photosynthesis. There must be some mechanisms to regulate
photosynthesis and respiration for the survival under the changing environments in
photosynthetic organisms.

In higher plants, carbohydrates produced by photosynthesis (photosynthate)
are the main substrates for respiration in mitochondria. In general, the maximal
respiration rate is only 10% of the maximal photosynthetic rate. Thus, it has been
considered that respiration does not play a central role in energy metabolism in
photosynthetic organisms. As mentioned above, the condition of photosynthesis
inevitably influences the rate of respiration. In plant cells, photosynthetic activity in

chloroplasts and oxidative metabolism in mitochondria interact with each other. The



function of photosynthesis in chloroplast is optimized by the complementary nature of
mitochondrial respiration in multiple ways: facilitation of export of excess reduced
equivalents from chloroplasts, shortening of photosynthetic induction, maintenance of
photorespiratory activity. Furthermore, the mitochondrial oxidative electron transport
and phosphorylation also protects chloroplasts against photoinhibition (Padmasree et al.
2002).

In the case of cyanobacteria Synechocystis sp. PCC 6803, which are
prokaryotes, photosynthesis and respiration are not separated in organelles and both
systems exist on the same thylakoid membranes (Fig. 1). Furthermore, respiratory
electron transport chain shares some components with photosynthetic electron transport,
i.e. plastoquinone pool, cytochrome b¢/f complexes and cytochrome cs. Thus, the
changes in the activity of photosynthesis directly influence the redox state of respiratory
electron transport chain. The two energy metabolisms in cyanobacteria seem to be
tightly coupled and co-regulated with each others. Interaction between photosynthesis
and respiration is not limited in metabolic level in cyanobacteria.

Recently, evidence that the regulation of photosynthesis could be influenced
by the condition of respiration are provided (Nomura et al. 2007). They reported that a
mutant of the ctaDI, which is subunit of cytochrome ¢ oxidase (terminal oxidase of
respiratory electron transport chain) grown under high light condition has reduced
amount of photosystem II in Synechococcus sp. PCC 7002. Since cytochrome ¢ oxidase

locates on the downstream of plastoquinone pool in electron transport chain, mutation
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on ctaDI would lead to the over-reduction of plastoquinone pool, leading to the
down-regulation of photosystem II content. Similar phenotype was also observed in the
mutants of CtaCl and CtaEI subunits of cytochrome ¢ oxidase in the cyanobacterium
Synechocystis sp. PCC 6803 (Ozaki et al. 2007). These results support the idea that the
relationship between photosynthesis and respiration is the mutuall one. Although it has
been generally considered that the point of regulatory interaction between
photosynthesis and respiration is at the redox state of plastoquinone pool, no direct
evidence has been given so far.

The above mentioned cytochrome ¢ oxidase mutants of ctaCI or ctaEl were
identified in the screening procedure through the comparison of induction kinetics of
chlorophyll fluorescence emitted from intact cells. Furthermore, it have been found that
the mutant of s/r0645, a gene of unknown function, showed very similar chlorophyll
fluorescence kinetics to those of CtaCl and CtaEI mutants (Ozaki et al. 2007). Therefore,
the s/r0645 might be also involved in respiration.

Cyanobacteria possess functionally distinct multiple NADPH dehydrogenase
(NDH-1) complexes that are essential to respiration, cyclic electron flow and CO,
uptake in upstream of plastoquinone pool. It play a central role in influx electron to
plastopuinone pool from respiratory substrate. NDH-1 complexes are the large
complexes containing 10-20 subunits (Fig. 3). NdhB is a component of NDH
dehydrogenase that plays a major role of respiratory chain at the upstream of

plastoquinone pool (Ogawa et al. 2007). NdhF3 is another component of NDH
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dehydrogenase that is involved in CO, uptake (Ohkawa et al. 2000). Because of the
slow growth observed in the ndhB mutant (Ohkawa et al. 2000), it has been speculated
that influx of electrons to plastopuinon pool is somehow important for cyanobacteria.
The aim of this study is to elucidate how respiration influences the
photosynthesis. For this purpose, I investigated five strains, cytochrome ¢ oxidase ctaCl
mutant, the s/r0645 mutant , ndhB mutant and ndhF'3 mutant together with the wild type
strain (Fig. 2). I compared these strains under low light condition as well as under high
light condition to elucidate the regulatory interaction between respiration and
photosynthesis. In the process of this study, I developed method to estimate the

alteration in respiration by chlorophyll fluorescence.
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RESULT

Rate of respiration

Cell of the cyanobacterium, Synechocystis sp. PCC6803 was grown under low
light (20 pmol m™ s™) or high light (200 pmol m™ s™) for 24 hours, and respiration of
the intact cells were determined by oxygen electrode. Fig. 6 shows a typical chart of the
measurements. The intact cells absorbed oxygen mainly due to respiration (rate 1). The
rate of oxygen consumption was enhanced by the addition of 5 mM glucose, a substrate
of respiration (rate 2). When cells were illuminated, rapid increase of the oxygen
concentration due to photosynthesis was observed (rate 3). After the light was turned off,
rapid decrease of the oxygen concentration was observed (rate 4), and this rate is higher
than that observed before illumination, possibly due to the accumulation of intracellular
photosynthetic product that works as a substrate for respiration. Addition of KCN, an
inhibitor of terminal oxidase, suppressed the rate of oxygen consumption (rate 5). The
residual decrease of oxygen concentration could be ascribed to the oxygen consumption
by the electrode itself. Hereafter, (rate 4 - rate 5) is regarded as rate of respiration, while
(rate 3 - rate 4) is regarded as rate of photosynthesis.

When the rate was calculated by per cell basis, there was no significant
difference in respiration rate between the cells grown under low light or high light
(compare WT of Fig. 7B and 7D). When the rate was calculated based on chlorophyll

content, however, the cells grown under low light showed approximately 2.5 times
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higher respiration than the cells grown under high light (compare WT of Fig. 7A and
7C). These results suggest that the rate of respiration is constant under different light
regimes while chlorophyll (photosynthesis) decreases under high light to avoid
excessive light absorption.

I picked up several mutants to characterize the components possibly affects
the rate of respiration, i.e CtaCl, a component of cytochrome ¢ oxidase (terminal
oxidase in respiratory chain), NdhB, an essential component of NDH complex, NdhF3,
a component of NDH complex working for CO, concentrating mechanism, and Slr0645
that was implied to be working in respiration in a previous study (Ozaki et al. 2007).
Respiration rates of ndhB mutant were markedly decreased in both high light and low
light growth condition. The result suggests that the flux through NDH complex limits
the rate of respiration. On the other hand, the czaCI mutant, the ndhF3 mutant, and the
slr0645 mutant exhibited relatively normal respiratory rate compared to wild type.
ctaCl and ndhF3 are the genes present redundantly in the genome, so that other ctaC
genes or ndhF genes might be compensating the role of ctaCl and ndhF3. As for the
slr0645, no concrete role of the gene was reported, and it is hard to conclude anything at

this stage.

Measurements of the redox state of plastoquinone pool in the dark
Chlorophyll fluorescence is a good way to non-destructively explore the

condition of intact cell. I observed that the level of chlorophyll fluorescence in the dark
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increased upon addition of KCN (Fig. 8). The level of chlorophyll fluorescence is
known to decrease by the oxidation of plastoquinone pool (photochemical quenching),
or by the state transition (sate 1 to state 2) caused by the reduction of plastoquinone
pool (non-photochemical quenching). The scheme of state transition is described at Fig.
4. Direct effect of KCN would be the reduction of plastoquinone pool through the
inhibition of the terminal oxidase, which could be regarded as an "exit" of the electrons
from plastoquinone pool. Thus, it is reasonable to assume that the increase of
chlorophyll fluorescence is due to the reduction of plastoquinone pool by the electrons
from NDH complexes.

In Fig. 8B, the ctaCl, the slr0645, the ndhF3 mutants grown under low light
showed similar reduction kinetics as wild type. These results suggest that the electron
influx from the upstream of plastoquinone pool was not much affected by the mutations.
Meanwhile, addition of glucose to wild type cells induced faster reduction, indicating
that electron influx from NDH complexes was increased by glucose. On the contrary,
the ndhB mutant showed no reduction upon addition of KCN. In the case of cells grown
under high light, ctaClI, slr0645, ndhF'3 mutants and wild type with or without glucose
all showed similar reduction kinetics (Fig. 8F). ndhB mutant showed no reduction upon
addition of KCN also in this case.

Adding DCMU, an inhibitor of electron transfer from Q4 to Qg in PSII, under
illumination induced rapid increase of the fluorescence to maximal level (Fig. 8).

DCMU makes the cells in state 2 as well as oxidize Qa, so that both photochemical
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quenching and non-photochemical quenching was diminished to reach Fm level of
chlorophyll fluorescence. Both in low light grown cells and high light grown cells, the
ctaCl mutant and the slr0645 mutant and wild type with or without glucose showed
similar rate of fluorescence increase (Fig. 8C, 8F). The ndhB mutant showed slower
oxidation than wild type in low light grown cells as well as in high light grown cells.
The ndhF mutant showed slower oxidation than wild type only in high light grown cells.
This result suggesting that efflux of PSI got lower by deletion in NdhF which function
related to CO; uptake. It is noteworthy that the additions of KCN itself largely affect the
fluorescence increase upon addition of DCMU under illumination (Fig. 8). Addition of

KCN apparently slowed the rate of plastoquinone pool oxidation.

Development of new parameters: qN 4k and ¢ Ngcn

To monitor the sate transition in the dark, which reflects the redox state of
plastoquinone pool, I developed a new parameter qNgsx as non-photochemical
quenching in dark and qNkcn as non-photochemical quenching in presence of 1mM
KCN in dark. The definition of the two parameters is shown in Fig. 10B ( qNgark or
KeN= 1 -(FMgark or ken-Fo)/(Fm-F,) )
. Since these parameters would be expected to represent the redox sate of plastoquinone
pool, I thought these parameters could be used to evaluate the rate of respiration in the
dark. In the ctaCl, slr0645 and ndhF3 mutants, values of qNg.x Were higher than wild

type under both low light and high light grown cells (Fig. 10C, 10D). These results
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suggesting that their plastoquinone pool were more reduced in the dark in those mutants.
In addition, there was slight increase of the parameter when SmM glucose was added to
the high light grown cells. On the other hand, the ndhB mutant showed low qNg,k in
both low light and high light grown cells, suggesting the lack of electron flow from
NDH complexes in this mutant.

Values of qNgcn were higher that qNg.« in all strains irrespective of the
growth light condition. This may reflect the state transition induced by the addition of
KCN in each strain. One exception is the ctaCl mutant, which showed no significant

diffference between qNgark and qNgen under low light grown cells.

Measurements of chlorophyll fluorescence emission spectra at liquid nitrogen
temperature

Chlorophyll fluorescence spectra were determined at 77 K either in state 1
(induced by DCMU and light), state 2 (induced by dark adaptation) or in the presence of
KCN in the dark (Fig. 11). State transition from state 1 to state 2 could be monitored by
the relative PSI fluorescence around 725 nm in the spectra. In all the mutants, the
spectra determined with KCN are quite close to that determined after dark adaptation. In
some cases, the relative PSI fluorescence is higher in KCN, possibly due to the

plastoquinone reduction induced by KCN.
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Photosynthetic characteristics monitored by pulse amplitude modulated (PAM)
fluorometer

Photosynthetic parameters of the wild type, the ctaCI mutant, the slr0645
mutant, the ndhB mutant and ndhF'3 mutant are shown in Fig. 12 and Fig 13. Under the
light at 200 pmol m™ s™', there seem to be not so much difference in all the strains. In
ctaCI mutant, some decrease in Fv'/Fm' as well as some increase in qN, NPQ and qP
was observed. Steady state measurements under light may not be a good way to monitor

the condition of respiration in intact cells.

Growth under normal light, very weak light and continuous high light

Respiration pathway is very important to produce energy even in
photosynthetic organisms. The growth of the mutants is not much different from the
wild type, except for the ndhB mutant (Table. 1). Slow growth of the ndhB mutant
seems to correspond to the lowest rate of respiration in this mutant.

Since slr0645 is the gene with no identified function, growth of this mutant
was checked for two other conditions. It was reported that some mutants only show the
growth defect under continuous high light. I determined the growth of the slr0645
mutant uder high light (200 pumol m™ s™) for 3days, but no difference was observed (Fig.

8). I also consider that effect of the defect in respiration pathway might become more
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clear under very weak light (i.e. less contribution from photosynthesis). The growth of
the ctaCI and slr0645 mutants under 5 pmol m™ s in the presence of 5 mM glucose is
somewhat slower compared with the wild type (Fig. 16). The result indicates that the
mutation in the cfaCI may affect the growth under light-limiting condition, and SIr0645

may also have some role in respiratory chain.

Measurements of pigment by absorption spectra

Absorption spectra of all strains were measured to characterize photosynthetic
pigments. Upon high light acclimation, the concentration of chlorophyll a and
phycocyanin per cell decreased in half in all strains (Fig. 14). In the ndhB and ndhF3
mutants, concentration of chlorophyll @ and phycosyanin were lower than those of wild
type both in low light grown cells and high light grown cells. No difference from the

wild type was observed for ctaCI and slr0645 mutants.
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DISCUSSION

Respiration influences photosynthesis

In this study, I found several pieces of evidence that respiration influences
photosynthesis. First, I monitored the reduction rate of plastoquinone pool by
chlorophyll fluorescence in the presence of KCN (Fig. 8 and Fig. 9). Secondly, I
developed a new parameter qNgak as non-photochemical quenching in the dark and
gNkcen as non-photochemical quenching in the presence of ImM KCN in the dark (Fig.
10). Finally, I found that low respiration mutant such as ndhB mutant had decreased
level of chlorophyll a and phycocyanin content (Fig. 14). These results suggest that
change in respiration influences photosynthesis in cyanobacteria. In cyanobacteria,
respiration and CO; uptake are important pathways for carbon assimilation as well as
nitrogen assimilation. Intermediary metabolites in these assimilations are also important
as starting materials to synthesize chlorophyll and phycobilin (Chew et al. 2007, Brown
et al. 1990). It would be reasonable that a mutant, which has deletion in respiration and
CO; uptake such as ndhB mutant, had decreased ability to synthesize chlorophyll and
phycobilin (Fig. 14).

Although CtaClI is a component of cytochrome ¢ oxidase that plays a major
role in respiratory chain at the downstream of plastoquinone pool, there observed no
decrease in the rate of respiration in cfaCl mutant (Fig. 7). This result suggests that

other components might complement the defect in the function of CtaCIl. The
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cyanobacterium Synechocystis sp. PCC 6803 possess alternative respiratory terminal
oxidase called Ctall in plasma membrane and cytochrome bd oxidase (quinol oxidase)
called Cyd that receives electron directory from plastoquinone pool (Fig. 5, Hart et al.
2005). It has been reported that in Mao et al. 1994, the respiratory activity of the strain
that lacked cytochrome ¢ oxidase is similar to that of wild type strain. The authors
discussed that the strain should contain at least one alternative terminal oxidase (Cyd).
While branched respiratory chain are common in prokaryotes, so far no direct evidence
has been obtained for cyanobacteria. It would be interesting to observe the change in
photosynthesis in double the mutant of czaCI and cyd in future. Although no decrease in
the rate of respiration was observed in the ctaCIl mutant, it showed decreased contents
of PSII under high light condition, resulting in a phenotype of high PSI/PSII ratio
(Ozaki et al. 2007). It seems that effect on photosynthesis could be more sensitive way

to detect the change in respiration in some cases.

Measurements of plastoquinone pool redox by using values of gN juri and gNgcn

In cyanobacteria, redox state of photosynthetic electron transfer chain is
influenced directly by respiration. In the dark, plastoquinone pool is reduced by
respiratory electron transfer. In other words, activity of NDH complex should be higher
than terminal oxidase. Reduction of plastoquinone pool leads to the induction of state
transition, leading to the quenching of chlorophyll fluorescence through the energy

transfer from phycobilisome to PSI. The level of state transition could be quantified as a
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fluorescence parameter, qN. In the dark, N shows high value because of the electron
influx from NDH complex. When photon flux density becomes higher, plastoquinone
pool will be oxidized and qN value would decrease to the level that is determined by the
valance between PSI and PSII. Upon further increase in photon flux density, however,
gN value will increase again, due to the reduction of plastoquinone pool by the
limitation at the cytochrome b¢/f complex. Thus, qN value would be lowest around
growth photon flux density.

To monitor respiration, I developed a new parameter qNg,x and qNken (Fig.
10). I established that the values of qNgak as well as qNgen reflect the redox change in
plastoquinone pool through the the change in state transition. Use of Clark-type oxygen
electrode is a general way to determine the rate of respiration. As compared with this
measurement, measuring redox condition of plastoquinone pool by using the values of
gNdark and qNken seems to have more sensitivity to detect the changes in respiration at
least in some cases. The difference in the rate of respiration between the ctaCI mutant
and wild type cells was not possible by using a Clark-type electrode, but was possible
by monitoring qNgakx and qNgen. Although NdhF3 is component of NDH
dehydrogenase that involved in CO, uptake, oxidation of plastoquinone pool cannot be
detected by monitoring qNg.x and qNgcn. Measurement of qNgark and qNgen might be

not a good way to detect the change in the factors upstream of plastoquinone pool.
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slr0645 may be a factor involved in respiration

The slr0645 mutant showed similar phenotype as the cfaCI mutant such as
dNaak value (Fig. 10), photosynthetic characteristics (Table 1), growth under
light-limiting condition (Fig. 16), chlorophyll fluorescence kinetics (Ozaki et al. 2007)
and F7,5/Fgo6 (PSI/PSI) ratio (Ozaki et al. 2007). I speculate that SIr0645 has some kind
of relation to respiration based on these results. In the cyanbacterium Synechocystis sp.
strain PCC 6803, there are two terminal oxidases, i.e. cytochrome ¢ oxidase and
cytochrome bd oxidase, at the downstream of plastoquinone pool. SIr0645 itself
encodes a hypothetical protein with a von Willebrand factor type A (vWA) domain
(http://www.ncbi.nlm.nih.gov) and could not be an oxidase. The vWA domain
comprises approximately 200 amino acid residues folded into a classic a/b
para-rossmann type of fold. In most cases, some ligand would bind to adhesion site
termed as the MIDAS motif that is the characteristic feature of the most of the vWA
domain. The binding of ligand is usually mediated by metal ion. The majority of
VWAcontaining proteins are extracellular, the most ancient ones, present in all
eukaryotes, are all intracellular proteins involved in functions such as transcription,
DNA repair, ribosomal and membrane transport, and the proteasome. A common feature
seems to be involvement in multiprotein complexes (Whittaker et al. 2002).

Taken together, Slr0645 has some kind of relation to respiration and Slr0645
itself encodes a hypothetical protein with VWA domain. It could be assumed that

SIr0645 is transcriptional factor or post-transcriptional regulation factor of terminal
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oxidases in respiratory chain.
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MATERIALS AND METHODS

Strains and growth conditions

Wild type and mutant cells of Synechocystis sp. PCC 6803 were grown in
BG-11 medium  (Rippka et al. 1979) supplied with 10 mM
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH (pH 8.0). Cells
were grown under continuous illumination at 30°C. Liquid cultures were bubbled with
air in 50-ml glass tubes. Solid medium was supplemented with 1.5% (w/v) agar and
0.3% (w/v) sodiumthiosulfate. To support growth under light-limiting condition, 5 mM
of glucose was added. Photon flux density at 20 and 200 umol m™ s™' was regarded as
low and high light, respectively. For creating site directed mutants, wild-type strain was
transformed by the mutated cosmid (Ozaki et al. 2007), and chloramphenicol-resistant
or kanamycin-resistant clones were selected on solid media. Resistant colonies were
serially re-streaked at least five times on BG-11 agar plates supplemented with
antibiotics to promote the segregation of the mutant genomes. Site-direced mutants

were maintained with 20 pg/ml chloramphenicol or kanamycin.

Measurement of respiration rates
Respiration rates were determined using a Clark-type oxygen electrode (Rank
Brothers). Cells were harvested and concentrated by centrifugation (3000 rpm, 10 min)

at room temperature. The precipitated cells were re-suspended in 7 ml of BG-11. Four
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ml were taken from prepared cells and rate of oxygen consumption was measured by
oxygen electrode. The rest of cell suspension was used for the measurement of cell
density and chlorophyll a content. Five min after initiating the respiration measurement,
5 mM glucose were added to the medium. After glucose addition, light were irradiated
at 2000 pmol m™ s™' to obtain the rate of photosynthesis. Immediately after 5 min of
light exposure, the light was turned off and respiration rate were measured again.

During the measurement, temperature of the electrode chamber was maintained at 25°C.

Measurement of the redox state of plastoquinone pool in the dark

Reduction of the plastoquinone pool was measured after 5 min of dark
adaptation using pulse-amplitude modulation chlorophyll fluorometer (PAM
101/102/103, Heinz Waltz, Germany). Strains were grown under low or high light
condition for 24 hours. During the measurement, fluorescence levels with fully reduced
Qa (Fmgyy or Fmgen) were obtained by applying multiple turnover flashes (XMT103,
Heinz Waltz Germany) in the dark. One mM KCN was added to inhibit terminal oxidase
in respiration. Then, 10 pM DCMU was added and light (200 umol m™ s™) was

irradiated to measure maximum value of fluorescence (Fm).

Measurement of fluorescence emission spectra at liquid nitrogen temperature
Low temperature fluorescence emission spectra at liquid nitrogen temperature

(77K) were recorded using a custom-made apparatus (Sonoike and Terashima, 1994).
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Cell suspension at a chlorophyll concentration of 5 pg/ml in BG-11 medium was
injected into brazen sample holders and frozen by immersing them into liquid nitrogen.
The cell suspensions were excited by blue light passing through a broad band-pass filter
(CS 4-96, Corning Inc., USA). Before the measurement, cells were incubated in
darkness for 10 min at room temperature to equilibrate the redox state in photosynthetic
electron transfer chain. Under this condition, the intensity ratio of PSI fluorescence at
725 nm and PSII fluorescence at 695 nm gives information on the relative ratio of

photosystem contents (photosystem stoichiometry).

Analysis of chlorophyll fluorescence by PAM fluorometer

Chlorophyll fluorescence was measured with a pulse-amplitude modulation
chlorophyll fluorometer (PAM 101/102/103, Heinz Waltz, Germany) with a high
sensitivity emitter-detector unit (ED-101US, Heinz Waltz, Germany) as described by
Sonoike et al. (2001). Cell were dark-adapted for 5 min, and then the measuring light
was turned on to obtain the minimal fluorescence level (Fo). The steady state level of
fluorescence (Fs) was determined during the exposure of cells to actinic light from a
light source (KL 1500, Wiesbaden, Germany) with photon flux density at 200 pmol m™
s'. The fluorescence level with fully reduced Q4 (Fm’) was obtained by applying
multiple turnover flashes (XMT103, Heinz Waltz Germany). Far red light was applied
just after turning off the actinic light to obtain quenched level of Fo (Fo’). The

maximum fluorescence (Fm) was obtained by adding 10 uM DCMU to the sample

27



under actinic light. Photochemical quenching (qP) and non-photochemical quenching
(NPQ) were calculated as (Fm’ - Fs)/(Fm’ - Fo’) and 1 - [(Fm’ - Fo’)/(Fm - Fo)],
respectively. Actual quantum yield of electron transport in the light-acclimated state

(®II) was calculated as (Fm’-Fs)/Fm’.
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FIGURES

Fig. 1. Model of photosynthesis and respiration electron transport chains in
cyanobacteria.

Photosynthesis electron transport chain (blue) and respiration electron transport chain (red)
sharing PQ: plast quinone pool, NDH: NADH dehydrogenase, Cta:Cytocrome ¢ Oxidase Each
arrows represent a direction of the electron flow, PSII: photosystem I1, PSI: photosystem 1.
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AndhB

AndhF3

Fig. 2. Model of deletion mutants how influence the photosynthesis and respiration
electron transport chains in cyanobacteria.

Arrow reprisents photosynthesis electron transport chain (blue) and respiration electron
transport chain (red). The width of arrow reprisenting volume of electron flow. The size
of plastoquinone pool reprisents redox state. PQ: plast quinone pool, NDH: NADH
dehydrogenase, Cta:Cytocrome ¢ Oxidase. Width of arrow represents volume of
electrion flow.
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NDH-1MS

Thylakoid membrane Thylakoid membrane

Respiration
Cyclic electron flow CO2 uptake

Fig. 3. The scheme of cyanobacterial NADPH dehidorogenase NDH-1 complex.
NDH-1L participate in respiration and cyclic electron flow around PSI, while NDH-1MS
1s involve in CO, uptake. The position of NdhB and NdhF3 are indicate in the figure.
NdhB plays a cetral role of respiration and CO, uptake. While, NdhF is working for CO,
concetrating mechanism.
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Fig. 4.The scheme of state transition in cyanobacteria.

A and B are regulation of energy distribution between PSII and PSI in cyanobacteria.
When plastoquinone pool is oxidized, the energy absorbed by phycobilisome is
transferred mainly to PSII (state 1). On the countrary, when plastoquinone pool was
reduced , it delibered primarily to PSI (state 2). C is analysis in state transition is
estimaed bu chlorophyll foluorescence emission spectra detremine at 77K
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[ Plasma membrane

Thylacoid membrane

Fig. 5. Localization of terminal oxidases in cyanobacteria.

Cyanobacteria posses three terminal oxidase. Cta II located in plasma membrane. Cta I and
Cyd located in thylaciod membrane. Cta [:Cytocrome ¢ oxidase, Cta II:Cytocrome ¢ oxidase,
Cyd: Quinol oxidase.
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Fig. 6. Chart of mearuring respiration.

Cells which were incubated at 30°C were concentrated by centrifuge. The condensing
cells were prepared at 7 ml. Four ml were taken from prepared cells and measured
respiration rate by oxygen electrode. During the measurement 5 mM glucouse were
added. After addition of glucose, light were irradiated at 2000 pmol m s-1. Then, cells
were prepared into dark and measured the respiration rate (red square).
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Fig. 7. Measurements of respiration rates.

Respiration rates were measured at low light growth (A, B: 20 wmol m™ s*') and high
light growth (C, D: 200 pmol m2 s'1)conditions. A and C are respiration rate that
calculated based on chlorophyll content. Whereas, B and D are respiration rate that
calculated by cell quantity.
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Fig. 8. Measurements of plastoquinone pool redox state by PAM fluorometer
These figures are chart of plastoquinone pool redox state by PAM fluorometer. A, B, C are chart
which cells were grown at low light (20 pmol m= s!'). B and C are close-up figures of A. D, E

and F are chart which cells were grown at high light (200 pmol m s!). E and F are close-up

figures of D.

1 mM KCN was added to inhibit terminal respiration oxidase.10 tM DCMU was added and
light (200 pmol m s*') was irradiated to measure maximum value of fluorescence.
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DCMU +Light

‘ e — Fm

l —_— WT
| —— WT + KCN

Fig. 9. Measurements of dustribution of state transition by PAM fluorometer.
Cells were grown at low light (20 pmol m= s!). F 1s initial fluorescence level. | mM
KCN was added to inhibit terminal respiration oxidase berfore measurment (blue line). 10

UM DCMU was added and light (200 pmol m? s7!) was irradiated to measure maximum
fluorescence (Fm).
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Fig. 10. Non-photochemical quenching fluorescence measurement in dark analyzed by PAM

fluorometer.

(A), chart of photochemical quenching fluorescence. (B), equation to determine qN,,,, and qNg -
(©), N,y and qNg - of low light grown cell. (D), qN, . and qNg - high light grown cell. Bars
indicate the standard deviation of three independent experiments. Cells were grown at low light (20

pumol m2s1) and high light (200 pmol m2s1) for 24h.
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Fig. 11. Effects of KCN on state
transition.

Fluorescence emission spectra at 77K of
WT (A), ctaCI mutant (B), sir0645
mutant (C), ndhB mutant (D) and ndhF3
mutant (E). The spectra were normalized
at 725nm. Cells were grown at 20 pmol
m2sl. ImM KCN were added before
measurements. Bars indicate the standard
deviation of three independent
experiments.



A o7

BWT
.f_j W ActaCl
& M Aslr0645
M AndhB
B AndhF3
Fv/Fm FV'/Fm' gN qP oo NPQ
B
Fv/Fm Fv/Fm' gN qP oI NPQ
Low light grown cells
WT 0.45+0.03 0.33+0.02 0.41+0.02 0.38+0.06 0.12+0.02 0.25%+0.03
ActaCl 0.47+0.05 0.28+0.06 0.55+0.05 0.48+0.03 0.14+0.04 0.31=+0.03
Aslr0645 0.49+0.03 0.33+0.04 048=*0.04 049+0.05 0.16*+=0.02 0.30=+0.03
AndhB 0.46+0.04 0.35*+0.06 0.39*+0.03 0.45%0.05 0.15%=0.01 0.22+0.02
AndhF3 0.49+0.02 0.36*+0.02 0.41+0.05 0.44+0.03 0.16+0.00 0.24+0.03

Fig. 12. Chlorophyll fluorescence of cyanobacteria in strain low light condition by
measurement of the PAM fluorometer .
Actinic light intensity were measured at 200 pmol m s!. Values represent the average
*+S.D. of three independent measurements. Fv/Fm: maximum quantum yield of PS IT in
dark, Fv’/Fm’: effective quantum yield of photosystem II, NPQ and qN: parameters reflecting
any process other than photochemistry that lowers the yield of fluorescence, qP: an indicator
of the redox state of plastoquinone pool, @II: quantum yield of electron transfer through PS

II.
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High light grown cells
WT 051+001 0.36+0.00 052+ 0.01 042+ 0.01 015+=0.00 0.43=+0.01
ActaCl 055+ 001 028+ 0.01 0.69+ 0.00 055+ 0.03 0.15+0.01 0.60+0.01
Aslr0645 056+ 0.00 0.31+0.00 0.66+ 0.01 055+ 0.00 0.17+0.00 0.61+0.02
AndhB 0.38+0.05 0.25+0.03 050+ 0.02 053+ 0.01 0.13+0.02 0.31%+0.05
AndhF3 0.63+0.00 048+ 0.01 046+ 0.01 042* 0.04 0.20x0.02 0.43+0.02

Fig. 13. Chlorophyll fluorescence of cyanobacteria in strain high light condition by
measurement of the PAM fluorometer .

Actinic light intensity were measured at 200 pumol m2 s°1. Values represent the average =S.D. of
three independent measurements. Fv/Fm: maximum quantum yield of PS II in dark, Fv’/Fm’:
effective quantum yield of photosystem II, NPQ and qN: parameters reflecting any process other
than photochemistry that lowers the yield of fluorescence, qP: an indicator of the redox state of
plastoquinone pool, @II: quantum yield of electron transfer through PS IT.
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Fig. 14. The concentration of chlorophyll @ (A) and phycocyanin (B) .

Strains were grown at low light (blue column: 20 pumol m2s™") and high light (red
column: 200 pmol m?s!) condition for 24 hours. These concentrations determined at
absorption and normalized at OD.,. Bar indicate the mean == SD of three
independent experiments.
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Fig. 15. Growth curve of wild type and slr0645 mutant in high light condition

(200 pmol s! m?).

Cell densities were measured at OD-;,. Samples were grown for 72 hours in the
liquid cultuer of BG-11. Every start points were began at OD;, 0.05. Values in the
parenthesis are standard deviation (SD) of three independent experiments.
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Fig. 16. Photoheterotrophic growth of WT ctaCI mutant and
slr0645 mutant at BG-11 plate containing S mM glucose (Glc).
Light intensity was 5 pmol s*! m2. each sample were adjust at OD;,
0.5,0.1, 0.02 and 10 pl were load at 5SmM Gle BG-11 plate. Samples
were grown for 7 days.
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TABLES

A

Oh 24h
Low light grown cells (OD730)
WT 0.05 0.18%+ 0.04
ActaCl 0.05 0.18x 0.04
Aslr0645 0.05 0.17+0.03
AndhB 0.05 0.11=0.03
AndhF3 0.05 0.23%0.04

High light grown cells(OD73p)

WT
ActaCl
Aslr0645
AndhB
AndhF3

Oh 24h
0.05 027 0.07
0.05 0.30%= 0.06
0.05 0.34=%= 0.07
0.05 0.15%= 0.05
0.05 0.33*= 0.09

Table. 1. Growth of wild type and mutants in low light (A, B: 20 pmol s-!

m-2) and high light condition (C, D: 200 pmol s'! m=).
Cell densities were measured at OD.;,. Samples were grown for 24 hours.
Start points were began at OD,;, 0.05. Values in the parenthesis are standard

deviation (SD) of three independent experiments.
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