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Abstract  
 
Cyanobacterial NDH-1 interacts with PSI to form NDH-1–PSI supercomplex. CpcG2, a linker protein for the PSI-specific 
peripheral antenna CpcG2-phycobilisome, is essential for stabilization of the supercomplex. Green light (GL) increased 
the expression of CpcG2 but had little effect, if any, on the expression of NDH-1 and PSI, when compared to the abundance 
of these components under red light (RL). The increased expression of CpcG2 intensified the band of NDH-1–PSI 
supercomplex after blue-native gel electrophoresis of the thylakoid membrane, possibly by stabilizing the supercomplex. 
The activity of NDH-1-dependent cyclic electron transport around PSI increased when cells grown under RL were 
transferred to a low intensity GL but was suppressed when cells were grown under high intensities of GL. The functionality 
of PSI showed the same trend. We thus conclude that GL increases the expression of CpcG2, thereby increasing the 
abundance of the NDH-1–PSI supercomplex and its activity at low GL but not at higher GL.  
 
Additional key words: chlorophyll fluorescence; cyanobacteria; cyclic electron transport around PSI; light-harvesting antenna; light 
quality; P700 analysis.  
 
Introduction  
 
Cyanobacterial NDH-1 is predominantly, if not totally, 
located in the thylakoid membrane (Ohkawa et al. 2001, 
2002, Zhang et al. 2004, Xu et al. 2008, Battchikova et al. 
2011), and participates in a variety of bioenergetic 
reactions, including respiration, cyclic electron transport 
around PSI (NDH-CET), and CO2 uptake (Ogawa, 1991, 
Mi et al. 1992, Ohkawa et al. 2000). Recently, cyano-
bacterial NDH-1 was found to interact with PSI to form 
the NDH-1–PSI supercomplex via CpcG2-phycobilisome 
(PBS; Gao et al. 2016a), a PSI-specific peripheral antenna 
(Kondo et al. 2007). Furthermore, the supercomplex is 
involved in NDH-CET but not in respiration or CO2 uptake 
(Gao et al. 2016a). The NDH-CET allows optimal 
functioning of photosynthesis by increasing the pH 
gradient and supplying extra ATP for CO2 assimilation. 
This function would be particularly important under 
conditions of environmental stresses, such as high light 
(Battchikova et al. 2011, Dai et al. 2013, Zhang et al. 2014, 
Zhao et al. 2014a, Wang et al. 2016) and high temperature 

(Zhao et al. 2015, Gao et al. 2016b), in which the ATP 
demand is increased. However, whether the amount and 
activity of the NDH-1–PSI supercomplex change under 
environmental stresses remains elusive.  

In the last few decades, the effect of GL on photo-
synthesis has been extensively studied in cyanobacteria. 
GL is predominantly absorbed by PBS, a main light-
harvesting antenna in cyanobacteria and red algae. In the 
cyanobacterium Synechocystis sp. strain PCC 6803 
(hereafter Synechocystis 6803), PBS is divided into two 
types, CpcG1–PBS and CpcG2–PBS (Kondo et al. 2005). 
The former is usually linked with PSII (Wang et al. 1977, 
Katoh and Gantt 1979) and is not involved in formation of 
NDH-1–PSI supercomplex (Gao et al. 2016a), while the 
latter is always associated with PSI via the C-terminal 
hydrophobic segment of CpcG2 linker protein (Kondo et 
al. 2007, 2009) and is necessary to form the supercomplex 
(Gao et al. 2016a). GL is absorbed by CpcG1–PBS, a 
conventional peripheral antenna in cyanobacteria,  
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selectively drives PSII (Wang et al. 1977, Katoh and Gantt 
1979), thereby triggering a transition to the state 2 and 
altering the activities of cyclic and respiratory electron 
transport in a short-time acclimation (Ma et al. 2007, Zhao 
et al. 2014b) and decreasing the PSII/PSI ratio (evaluated 
as the activity of both photosystems) in a long-term 
acclimation (Myers et al. 1980, Fujita et al.1985, 
Manodori and Melis 1986, Fujita and Murakami 1987, 
Melis et al. 1989).  

In Synechocystis 6803, GL also induces the change in 
gene expression through the action of GL receptor, CcaS, 
and cpcG2 is one of the target genes that are regulated by 
GL (Hirose et al. 2008). Specifically, illumination of 

Synechocystis 6803 cells with GL induces expression of 
cpcG2, leading to accumulation of CpcG2–PBS in the 
thylakoid membrane (Hirose et al. 2008). This suggested 
that GL may stabilize the NDH-1–PSI supercomplex by 
increasing the CpcG2–PBS (Gao et al. 2016a). We 
demonstrate in this study that GL induces accumulation of 
NDH-1–PSI supercomplex, possibly by stabilizing the 
supercomplex as a result of increased CpcG2. The activity 
of the supercomplex increased in cells grown under low 
intensity GL but decreased in cells grown under high 
intensities of GL. The functional role of NDH-1–PSI 
supercomplex in light stress is discussed based on the 
present results.  

 
Materials and methods 
 
Culture conditions: A glucose-tolerant strain of wild-type 
(WT) Synechocystis 6803 and WT-CpcG2-Yellow fluo-
rescence protein (YFP)-His6 (WT-CpcG2-YH; Gao et al. 
2016a) were cultured at 30°C in BG-11 medium (Allen 
1968) buffered with Tris-HCl (5 mM; pH 8.0) by bubbling 
with 2% (v/v) CO2 in air. The WT-CpcG2-YH strain was 
constructed by adding the YFP-His6 tag on the C terminus 
of CpcG2 in the WT background as described previously 
(Gao et al. 2016a). Cells were irradiated with 20 µmol 
(photon) m−2 s−1 of green light (GL; peak at 520 nm, half 
bandwidth 50 nm) or 15 µmol(photon) m−2 s−1 of red light 
(RL; peak at 660 nm, half bandwidth 20 nm), which was sup-
plied by color fluorescent lamps (FL20S-G or FL20SL-R; 
Panasonic). The mutant strain was grown in the presence 
of 20 µg(spectinomycin) mL–1.  

 
Isolation of crude thylakoid membranes: Cells in 
cultured medium (800 mL) were harvested at the loga-
rithmic phase of growth and washed twice by suspending 
in 50 mL of fresh BG-11 medium; the thylakoid 
membranes were isolated according to Gombos et al. 
(1994) with some modifications as follows. The cells 
suspended in 5 mL of disruption buffer (10 mM HEPES-
NaOH, 5 mM sodium phosphate, pH 7.5, 10 mM MgCl2, 
10 mM NaCl, and 25% [v/v] glycerol) were mixed with 
18 g of 0.5-mm-diameter zirconia/silica beads (Biospec, 
USA) and broken by vortexing 20 times at the highest 
speed for 30 s at 4°C with 5 min of cooling on ice between 
the runs. The crude extract was centrifuged at 5,000 × g 
for 5 min to remove the glass beads and unbroken cells. By 
further centrifugation at 20,000 × g for 30 min, we 
obtained crude thylakoid membranes as precipitates.  

 
Electrophoresis and immunoblotting: Blue-native 
(BN)-PAGE of Synechocystis 6803 membranes was 
performed as described previously (Kügler et al. 1997) 
with slight modifications (Battchikova et al. 2011, Dai et 
al. 2013, Zhang et al. 2014, Zhao et al. 2014a, 2015, Wang 
et al. 2016, Gao et al. 2016a,b). Isolated membranes were 
prepared for BN-PAGE as follows. Membranes were 
washed with 330 mM sorbitol, 50 mM Bis-Tris, pH 7.0, 

and 0.5 mM phenylmethylsulfonyl fluoride (PMSF; 
Sigma) and resuspended in 20% (w/v) glycerol, 25 mM 
Bis-Tris, pH 7.0, 10 mM MgCl2, 0.1 units of RNase-free 
DNase RQ1 (Promega) at a chlorophyll (Chl) a concen-
tration of 0.25 mg mL-1, and 0.5 mM PMSF. The samples 
were incubated on ice for 10 min, and an equal volume of 
3% n-dodecyl-β-D-maltoside was added. Solubilization 
was performed for 40 min on ice. Insoluble components 
were removed by centrifugation at 18,000 × g for 15 min. 
The collected supernatant was mixed with one-tenth 
volume of sample buffer, 5% (w/v) Serva Blue G, 100 mM 
Bis-Tris, pH 7.0, 30% (w/v) sucrose, 500 mM ε-amino-n-
caproic acid, and 10 mM EDTA. Solubilized membranes 
were then applied to a 0.75-mm thick, 5–12.5% (w/v) 
acrylamide gradient gel (Hoefer Mighty Small mini-
vertical unit). Samples were loaded on an equal Chl a basis 
per lane. Electrophoresis was performed at 4°C by 
increasing the voltage gradually from 50 up to 200 V 
during the 5.5-h run. After electrophoresis, the proteins 
were visualized by Coomassie Brilliant Blue staining.  

SDS-PAGE of Synechocystis 6803 crude thylakoid 
membranes was carried out on 12% (w/v) polyacrylamide 
gel with 6 M urea as described earlier (Laemmli 1970).  

For immunoblotting, the proteins were electro-
transferred to a polyvinylidene difluoride membrane 
(Immobilon-P; Millipore) and detected by protein-specific 
antibodies using an ECL assay kit (Amersham) according 
to the manufacturer’s protocol. Antibodies against NdhI 
and NdhK were raised previously in our laboratory (Ma 
and Mi 2005). Antibody against His was purchased from 
Shanghai Immune Biotech., and antibodies against GFP, 
PsaB, and PsaD were purchased from Agrisera.  

 
Chl fluorescence and P700 analysis: The transient rise in 
Chl fluorescence after actinic light (AL) had been turned 
off was monitored as described previously (Ma and 
Mi 2005).  

The functionality of PSI was estimated by the Pm 
parameter. The Chl a concentration of Synechocystis 6803 
cells was adjusted to 20 µg mL−1. Prior to the Pm 
measurements, DCMU (10 µM final concentration) was 
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added. The Pm parameter was measured with a Dual-PAM-
100 (Walz, Germany) with an ED-101US/MD emitter-
detector unit by monitoring absorbance changes at 830 nm 
and using 875 nm as a reference and its value was 

determined using a saturation pulse [100 ms; 10,000 
µmol(photon) m−2 s−1] under a far-red (FR) light back-
ground [720 nm; about 0.3 µmol(photon) m−2 s−1] as 
described previously (Klughammer and Schreiber 2008).  

 
Results  
 
Effect of RL and GL on the amount of CpcG2: The 
content of CpcG2 was dependent on the color of light used 
for growth of cells. As shown in Fig. 1, the amount of 
CpcG2, as deduced from the abundance of its tags, in cells 
grown under GL was much higher than that in cells grown 
under RL. In contrast, light quality had little effect, if any, 
on the amounts of NDH-1 and PSI (Fig. 1), two key 
components of NDH-1–PSI supercomplex (Gao et al. 
2016a). Thus, light quality used for growth of cells 
significantly affects the amount of CpcG2 but has little 

influence on the NDH-1 and PSI contents.  
 

 
 

Fig. 1. Immunodetection of components of NDH-1–PSI super-
complex in cells grown under red light (RL) and green light (GL). 
Coomassie Brilliant Blue (CBB) staining profiles of total 
proteins prepared from cells grown under RL and GL (including 
indicated serial dilutions) and their immunoblotting using the 
antibodies against NdhI, NdhK (NDH-1), PsaB, and PsaD (PSI) 
subunits or GFP and His tags (CpcG2). Total proteins 
corresponding to 1 µg of chlorophyll a (100%) was loaded onto 
each lane.  
 
Effect of GL on the amount and activity of NDH-1–PSI: 
CpcG2–PBS is considered to be located between NDH-1 
and PSI in the NDH-1–PSI supercomplex, which is 
suggested to be closely linked with the amount of CpcG2–
PBS (Gao et al. 2016a). Thus, it appears plausible that the 
rise in CpcG2–PBS content induced by GL illumination 
may increase the amount of NDH-1–PSI supercomplex. 
To test this possibility, we performed BN-PAGE on 
solubilized thylakoid membrane from cells grown under 
RL and GL, respectively, to separate the NDH-1–PSI 
supercomplex. Fig. 2, showing the profiles of BN-PAGE 
before and after CBB staining, indicated that the band of 
NDH-1–PSI supercomplex (pink arrows) is denser in GL-

grown cells than in RL-grown cells. The results support the 
view that the formation of NDH-1–PSI supercomplex is 
limited by the amount of CpcG2–PBS and that the 
enhanced expression of CpcG2–PBS under GL led to the 
increased formation of NDH-1–PSI supercomplex.  

To investigate whether the increased amount of NDH-1–
PSI supercomplex affects the activity of NDH-CET, we 
monitored the postillumination rise in Chl fluorescence, 
which has been used to evaluate the NDH-CET activity in 
cyanobacteria (Mi et al. 1995, Ma and Mi 2005) and higher 
plants (Burrows et al. 1998, Shikanai et al. 1998). 
Unexpectedly, the activity, assessed as the amplitude of 
the fluorescence rise, was lower in GL-grown cells than 
that in RL-grown cells (Fig. 3).  

 

 
 
Fig. 2. Accumulation of NDH-1–PSI supercomplex in cells 
grown under RL and GL. Thylakoid membranes of cells grown 
in RL or GL were subjected to BN-PAGE. The profiles of gel 
before (left) and after stained by Coomassie Brilliant Blue (CBB; 
right) are shown with pink arrows representing the position of 
NDH-1–PSI supercomplex.  
 

 
 

Fig. 3. Activity of NDH-CET of cells grown under RL and GL. 
The top curve shows a typical trace of chlorophyll fluorescence 
in WT Synechocystis 6803. The chlorophyll a concentration was 
adjusted to 10 µg mL–1 before measurement. Cells grown under 
RL or GL were exposed to actinic light [AL; 620 nm, 45 
µmol(photon) m−2 s−1] for 30 s. AL was turned off, and the 
subsequent change in the chlorophyll fluorescence level was 
monitored as an indicator of NDH-CET activity.  
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Fig. 4. Functional fraction of PSI in cells grown under RL and 
GL. Cells were collected during their logarithmic growth phase. 
The chlorophyll a concentration was adjusted to 20 µg mL–1. 
Prior to the Pm measurement, DCMU (10 µM final concentration) 
was added to the cell suspension. The functionality of PSI 
reaction centers was determined by Pm parameter, expressed in 
percentage of the value obtained with RL-grown cells (100%). 
Values are means ± SD (n = 5). Different capital letters represent 
significant differences (p<0.05) between cells grown under 
conditions of RL and GL.  

Effect of GL on the functionality of PSI: To understand 
why the increase of NDH-1–PSI supercomplex reduced 
the activity of NDH-CET, we measured the functional 
fraction of PSI in cells grown under RL and GL. The 
fraction of functional PSI was significantly reduced in GL-
grown cells when compared to that in RL-grown cells (Fig. 
4). It appears plausible that excess intensities of GL 
absorbed by the peripheral antenna PBS, including 
CpcG2-PBS, damaged the function of PSI. This view was 
supported by the following results. When cells grown in 
RL were transferred to various intensities of GL, the 
fractions of functional PSI increased under low GL 
intensity [2 µmol(photon) m−2 s−1] but decreased under 
higher intensities (Fig. 5). Thus, the activity of NDH-CET 
under GL is associated with functional PSI but not always 
with the amount of the supercomplex.  

Discussion  
 
Over the last few decades, a significant achievement has 
been made in identifying the influence of GL on photo-
synthesis in cyanobacteria. GL triggers a transition to the 
state 2, alters the activities of cyclic and respiratory 
electron transport (Ma et al. 2007, Zhao et al. 2014b), 
reduces the PSII/PSI ratio (Myers et al. 1980, Fujita et 
al.1985, Manodori and Melis 1986, Fujita and Murakami 
1987, Melis et al. 1989) and induces the change in gene 
expression via action of GL receptor, CcaS (Hirose et al. 
2008). The results of this study further indicated that GL 

increased the amounts of CpcG2 protein but had little, if 
any, effect on NDH-1 or PSI (Fig. 1) and consequently, 
stabilized the NDH-1–PSI supercomplex (Fig. 2). This 
implies that stabilization of the supercomplex via increas-
ing the CpcG2 contents may be one of important strategies 
on acclimation of cyanobacterial cells to stress conditions 
of GL. The important strategy appears to be specific to 
cyanobacteria and not to higher plants, since higher plants 
lack the homolog of CpcG2 (Kondo et al. 2005).  

 

 
 
Fig. 5. Functional fraction of PSI and NDH-CET activity in cells grown under different intensities of GL. Cells were collected during 
their logarithmic growth phase and functional fraction of PSI (A) and NDH-CET activity (B) were determined. A, prior to the Pm 
measurement, DCMU (10 µM final concentration) was added to the cell suspension. The functionality of PSI reaction centers was 
determined by Pm parameter, expressed as in the legend for Fig. 4. Values are means ± SD (n = 5). Different capital letters represent 
significant differences (p<0.05) in cells grown under different intensities of GL. B, the NDH-CET activity was measured as described 
in the legend for Fig. 3.  
 

In cyanobacteria, the NDH-1–PSI supercomplex is 
involved in NDH-CET but not in respiration or CO2 
acquisition (Gao et al. 2016a). The results of this study 
further indicated that the amount of the supercomplex was 
not always linked to its activity of NDH-CET (Fig. 3); the 

activity decreased under high intensities of GL although 
the amount of the supercomplex increased (Fig. 5). GL can 
be effectively absorbed by the CpcG1–PBS and CpcG2–
PBS peripheral antennae and consequently, excess energy 
transferred from PBS to PSI under relatively high 
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intensities of GL may suppress the functionality of PSI and 
the activity of NDH-1–PSI supercomplex (Figs. 3–5).  

In nature, cyanobacteria are distributed in the deep-
water area (Moisander et al. 2010), where low intensity GL 
may be the major light source because GL is largely 
unused by photosynthetic organism on the surface area 
(Terashima et al. 2009). The results of this study showed 
that low intensity of GL slightly increases the functionality 

of PSI when compared to its functionality in RL-grown 
cells (Fig. 5). Therefore, GL captured by cyanobacteria in 
the deep-water area via the peripheral antenna PBS may 
increase the amount of NDH-1–PSI supercomplex and its 
activity NDH-CET. ATP production linked to NDH-CET 
may be important for cyanobacterial cells to distribute and 
acclimate in the deep-water areas.  

 
References 
 
Allen M.M.: Simple conditions for growth of unicellular blue-

green algae on plates. – J. Phycol. 4: 1-4, 1968. 
Battchikova N., Wei L., Du L. et al.: Identification of novel 

Ssl0352 protein (NdhS), essential for efficient operation of 
cyclic electron transport around photosystem I, in 
NADPH:plastoquinone oxidoreductase (NDH-1) complexes of 
Synechocystis sp. PCC 6803. – J. Biol. Chem. 286: 36992-
37001, 2011. 

Burrows P.A., Sazanov L.A., Svab Z. et al.: Identification of a 
functional respiratory complex in chloroplasts through analysis 
of tobacco mutants containing disrupted plastid ndh genes. – 
EMBO J. 17: 868-876, 1998. 

Dai H., Zhang L., Zhang J. et al.: Identification of a cyano-
bacterial CRR6 protein, Slr1097, required for efficient 
assembly of NDH-1 complexes in Synechocystis sp. PCC 6803. 
– Plant J. 75: 858-866, 2013. 

Fujita Y., Murakami A.: Regulation of electron transport compo-
sition in cyanobacterial photosynthetic system: stoichiometry 
among photosystem I and II complexes and their light 
harvesting antennae and cytochrome b6/f complex. – Plant Cell 
Physiol. 28: 1547-1553, 1987. 

Fujita Y., Ohki K., Murakami A.: Chromatic regulation of photo-
system composition in the photosynthetic system of red and 
blue-green algae. – Plant Cell Physiol. 26: 1541-1548, 1985. 

Gao F., Zhao J., Chen L. et al.: The NDH-1L-PSI supercomplex 
is important for efficient cyclic electron transport in 
cyanobacteria. – Plant Physiol. 172: 1451-1464, 2016a. 

Gao F., Zhao J., Wang X. et al.: NdhV is a subunit of NADPH 
dehydrogenase essential for cyclic electron transport in 
Synechocystis sp. strain PCC 6803. – Plant Physiol. 170: 752-
760, 2016b. 

Gombos Z., Wada H., Murata N.: The recovery of photosynthesis 
from low-temperature photoinhibition is accelerated by the 
unsaturation of membrane lipids: a mechanism of chilling 
tolerance. – P. Natl. Acad. Sci. USA 91: 8787-8791, 1994. 

Hirose Y., Shimada T., Narikawa R. et al.: Cyanobacteriochrome 
CcaS is the green light receptor that induces the expression of 
phycobilisome linker protein. – P. Natl. Acad. Sci. USA 105: 
9528-9533, 2008. 

Katoh T., Gantt E.: Photosynthetic vesicles with bound phyco-
bilisomes from Anabaena variabilis. – BBA-Bioenergetics 
546: 383-393, 1979. 

Klughammer C., Schreiber U.: Saturation pulse method for 
assessment of energy conversion in PSI. – PAM Appl. Notes 1: 
11-14, 2008. 

Kondo K., Geng X.X., Katayama M., Ikeuchi M.: Distinct roles 
of CpcG1 and CpcG2 in phycobilisome assembly in the 
cyanobacterium Synechocystis sp. PCC 6803. – Photosynth. 
Res. 84: 269-273, 2005. 

Kondo K., Ochiai Y., Katayama M., Ikeuchi M.: The membrane 
associated CpcG2-phycobilisome in Synechocystis: a new 
photosystem I antenna. – Plant Physiol. 144: 1200-1210, 2007. 

Kondo K., Mullineaux C.W., Ikeuchi M.: Distinct roles of 
CpcG1-phycobilisome and CpcG2-phycobilisome in state 
transitions in a cyanobacterium Synechocystis sp. PCC 6803. – 
Photosynth. Res. 99: 217-225, 2009. 

Kügler M., Jänsch L., Kruft V. et al.: Analysis of the chloroplast 
protein complexes by blue-native polyacrylamide gel electro-
phoresis (BN-PAGE). – Photosynth. Res. 53: 35-44, 1997. 

Laemmli U.K.: Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. – Nature 227: 680-
685, 1970.  

Ma W., Mi H.: Expression and activity of type 1 NAD(P)H 
dehydrogenase at different growth phases of the cyano-
bacterium, Synechocystis PCC6803. – Physiol. Plantarum 125: 
135-140, 2005. 

Ma W., Ogawa T., Shen Y., Mi H.: Changes in cyclic and 
respiratory electron transport by the movement of phyco-
bilisomes in the cyanobacterium Synechocystis sp. strain PCC 
6803. – BBA-Bioenergetics 1767: 742-749, 2007. 

Manodori A., Melis A.: Cyanobacterial acclimation to photosys-
tem I or photosystem II light. – Plant Physiol. 82: 185-189, 
1986. 

Melis A., Mullineaux C.W., Allen J.F.: Acclimation of the 
photosynthetic apparatus to photosystem I or photosystem II 
light: evidence from quantum yield measurements and fluores-
cence spectroscopy of cyanobacterial cells. – Z. Naturforsch C 
44: 109-118, 1989. 

Mi H., Endo T., Ogawa T., Asada K.: Thylakoid membrane-
bound, NADPH-specific pyridine nucleotide dehydrogenase 
complex mediated cyclic electron transport in the cyano-
bacterium Synechocystis sp. PCC 6803. – Plant Cell Physiol. 
36: 661-668, 1995. 

Mi H., Endo T., Schreiber U., Ogawa T. et al.: Electron donation 
from cyclic and respiratory flows to the photosynthetic inter-
system chain is mediated by pyridine nucleotide dehydro-
genase in the cyanobacterium Synechocystis PCC 6803. – Plant 
Cell Physiol. 33: 1233-1237, 1992. 

Moisander H.P., Beinart R.A., Hewson I. et al.: Unicellular 
cyanobacterial distributions broaden the oceanic N2 fixation 
domain. – Science 327: 1512-1514, 2010. 

Myers J., Graham J.R., Wang R.T.: Light harvesting in Anacystis 
nidulans studied in pigment mutants. – Plant Physiol. 66: 1144-
1149, 1980. 

Ogawa T.: A gene homologous to the subunit-2 gene of NADH 
dehydrogenase is essential to inorganic carbon transport of 
Synechocystis PCC 6803. – P. Natl. Acad. Sci. USA 88: 4275-
4279, 1991. 



GREEN LIGHT AFFECTS NDH-1-PSI SUPERCOMPLEX 

321 

Ohkawa H., Pakrasi H.B., Ogawa T.: Two types of functionally 
distinct NAD(P)H dehydrogenases in Synechocystis sp. strain 
PCC6803. – J. Biol. Chem. 275: 31630-31634, 2000. 

Ohkawa H., Sonoda M., Hagino N. et al.: Functionally distinct 
NAD(P)H dehydrogenases and their membrane localization in 
Synechocystis sp. PCC6803. – Funct. Plant Biol. 29: 195-200, 
2002. 

Ohkawa H., Sonoda M., Shibata M., Ogawa T.: Localization of 
NAD(P)H dehydrogenase in the cyanobacterium Synechocystis 
sp. strain PCC 6803. – J. Bacteriol. 183: 4938-4939, 2001. 

Shikanai T., Endo T., Hashimoto T. et al.: Directed disruption of 
the tobacco ndhB gene impairs cyclic electron flow around 
photosystem I. – P. Natl. Acad. Sci. USA 95: 9705-9709, 1998. 

Terashima I., Fujita T., Inoue T. et al.: Green light drives leaf 
photosynthesis more efficiently than red light in strong white 
light: revisiting the enigmatic question of why leaves are green. 
– Plant Cell Physiol. 50: 684-697, 2009.  

Wang R.T., Stevens C.L.R., Myers J.: Action spectra for photo-
reactions I and II of photosynthesis in the blue-green alga Ana-
cystis nidulans. – Photochem. Photobiol. 25: 103-108, 1977. 

Wang X., Gao F., Zhang J. et al.: A cytoplasmic protein Ssl3829 
is important for NDH-1 hydrophilic arm assembly in 
Synechocystis sp. strain PCC 6803. – Plant Physiol. 171: 864-
877, 2016. 

Xu M., Ogawa T., Pakrasi H.B., Mi H.: Identification and 
localization of the CupB protein involved in constitutive CO2 
uptake in the cyanobacterium, Synechocystis sp. strain PCC 
6803. – Plant Cell Physiol. 49: 994-997, 2008. 

Zhang J., Gao F., Zhao J. et al.: NdhP is an exclusive subunit of 
large complex of NADPH dehydrogenase essential to stabilize 
the complex in Synechocystis sp. strain PCC 6803. – J. Biol. 
Chem. 289: 18770-18781, 2014. 

Zhang P., Battchikova N., Jansen T. et al.: Expression and 
functional roles of the two distinct NDH-1 complexes and the 
carbon acquisition complex NdhD3/NdhF3/CupA/Sll1735 in 
Synechocystis sp PCC 6803. – Plant Cell 16: 3326-3340, 2004. 

Zhao J., Gao F., Zhang J. et al.: NdhO, a subunit of NADPH 
dehydrogenase, destabilizes medium size complex of the 
enzyme in Synechocystis sp. strain PCC 6803. – J. Biol. Chem. 
289: 26669-26676, 2014a. 

Zhao J., Chen L., Gao F. et al.: Identification of biochemical 
association of phycobilisome with photosystems in cyano-
bacterial state transition. – Acta Bioch. Bioph. Sin. 46: 911-
916, 2014b. 

Zhao J., Rong W., Gao F. et al.: Subunit Q is required to stabilize 
the large complex of NADPH dehydrogenase in Synechocystis 
sp. strain PCC 6803. – Plant Physiol. 168: 443-451, 2015.  

 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




