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Two mutants isolated from a tagging library of Synechocystis sp. strain PCC 6803 were sensitive to high light and had a tag in sll1471
encoding CpcG2, a linker protein for photosystem I (PSI)-specific antenna. Both mutants demonstrated strongly impaired NDH-1-
dependent cyclic electron transport. Blue native-polyacrylamide gel electrophoresis followed by immunoblotting and mass
spectrometry analyses of the wild type and a mutant containing CpcG2 fused with yellow fluorescent protein-histidine6
indicated the presence of a novel NDH-1L-CpcG2-PSI supercomplex, which was absent in the cpcG2 deletion mutant, the PSI-
less mutant, and several other strains deficient in NDH-1L and/or NDH-1M. Coimmunoprecipitation and pull-down analyses on
CpcG2-yellow fluorescent protein-histidine6, using antibody against green fluorescent protein and nickel column chromatography,
confirmed the association of CpcG2 with the supercomplex. Conversely, the use of antibodies against NdhH or NdhK after blue
native-polyacrylamide gel electrophoresis and in coimmunoprecipitation experiments verified the necessity of CpcG2 in stabilizing
the supercomplex. Furthermore, deletion of CpcG2 destabilized NDH-1L as well as its degradation product NDH-IM and
significantly decreased the number of functional PSI centers, consistent with the involvement of CpcG2 in NDH-1-dependent
cyclic electron transport. The CpcG2 deletion, however, had no effect on respiration. Thus, we propose that the formation of an

NDH-1L-CpcG2-PSI supercomplex in cyanobacteria facilitates PSI cyclic electron transport via NDH-1L.

Cyclic electron transport (CET) around PSI is an im-
portant process for oxygenic photosynthetic organisms.
In cooperation with linear electron transport, CET con-
tributes to the formation of a proton gradient across the
thylakoid membrane, which increases the production
of ATP in relation to NADPH and consequently opti-
mizes the ATP/NADPH ratio. In addition, CET plays an

! This work was supported by the National Natural Science Foun-
dation of China (grant nos. 31370270 and 31570235 to W.M.), the
Shanghai Natural Science Foundation (grant no. 14ZR1430000 to
W.M.), the Academy of Finland (project no. 273870 and Center of
Excellence project no. 271832 to E.-M.A.), and the People Program
(Marie Curie Actions) of the European Union’s Seventh Framework
Program FP7/2007-2013/ (Research Executive Agency grant no.
317184, PHOTO.COMM, to E.-M.A.).

2 These authors contributed equally to the article.

* Address correspondence to wma@shnu.edu.cn.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Weimin Ma (wma@shnu.edu.cn).

W.M. designed and supervised the experiments; F.G. performed the
biochemical experiments; J.Z. performed the molecular and physiolog-
ical experiments; L.C. performed the mutant isolation experiments;
F.G. and ZR. performed the protein-protein interaction experiments;
FG., ]Z,LC, and ZR. analyzed the data; N.B., E-M.A., T.O., and
W.M. analyzed and interpreted data; N.B., E-M.A., T.O., and W.M.
wrote the article.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.00585

important role in protecting photosynthesis against various
environmental stresses, such as high light (Battchikova
etal, 2011a; Dai et al., 2013; Zhang et al., 2014; Zhao et al.,
2014, 2015; Wang et al., 2016).

In cyanobacteria, the main route for CET involves
NDH-1 complexes, which belong to the complex I family
(for review, see Friedrich et al., 1995; Yagi et al., 1998;
Friedrich and Scheide, 2000; Brandt et al., 2003). On the
basis of sequence similarity analysis, the complex I family
was suggested to originate from a common ancestor, a
group 4 membrane-bound [NiFe] hydrogenase that pos-
sesses a proton-transporting hydrogen:ferredoxin (Fd) ox-
idoreductase activity (Bohm et al, 1990; Friedrich and
Weiss, 1997; Friedrich and Scheide, 2000; Efremov and
Sazanov, 2012). During evolution, however, respiratory
NDH-1 and photosynthetic NDH-1 developed differ-
ent catalytic activities (for review, see Peltier et al., 2016).
The former has become equipped with a new NADH-
oxidizing module consisting of three subunits and ca-
pable of oxidizing NADH (Efremov and Sazanov, 2012),
and the latter, as was suggested recently, has retained an
original electron input module that accepts electrons
from Fd (Battchikova et al.,, 2011a; Yamamoto et al,,
2011). Structurally, respiratory NDH-1 and photosyn-
thetic NDH-1 contain a conserved L-shaped skeleton
(Friedrich et al., 1995; Friedrich and Scheide, 2000;
Arteni et al., 2006; Kouril et al., 2014), but numerous
oxygenic photosynthesis-specific subunits were added
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to the photosynthetic NDH-1 (for review, see Battchikova
et al., 2011b; Ifuku et al., 2011; Peng et al., 2011a). Among
them, the NdhS subunit can bind reduced Fd, which
provides a functional link to the PSI complex that per-
mits NDH-1-dependent cyclic electron transport (NDH-
CET; Battchikova et al., 2011a; Yamamoto et al., 2011;
Yamamoto and Shikanai, 2013; He et al., 2015).

In cyanobacteria, NDH-1 exists in multiple forms with
multiple functions (for review, see Battchikova and Aro,
2007, Ogawa and Mi, 2007; Battchikova et al.,, 2011b).
Among them, a large NDH-1 complex (NDH-1L) was
shown to be involved in NDH-CET and respiration (Zhang
et al., 2004; Bernat et al., 2011). Cyanobacterial NDH-1L
was suggested to be an ancestor of chloroplast NDH-1 be-
cause they possess similarities in L-shaped skeleton and
physiological function (for review, see Battchikova et al.,
2011b; Ifuku et al., 2011; Peng et al., 2011a).

It is now well established that, in higher plants,
the chloroplast NDH-1 together with PSI form an
NDH-1-PSI supercomplex (Peng et al., 2008, 2009; Kouiil
etal., 2014). It was demonstrated that two minor proteins
of the light-harvesting complex I (LHCI), Lhca5 and
Lhca6, are necessary for the supercomplex formation
(Peng et al., 2009). A similar NDH-1-PSI supercomplex
has been found in Physcomitrella patens that harbors the
LHCI protein related to Lhca5 (Alboresi et al., 2008;
Neilson and Durnford, 2010) but not in Marchantia poly-
morpha, which lacks analogs of Lhca5 or Lhca6 protein
(Ueda et al., 2012). It was suggested earlier that the
NDH-1 complex also associates with PSI in cyanobac-
teria (Kubota et al., 2010; Battchikova et al., 2011a). This
hypothesis was supported by the results of copurifica-
tion: some hydrophilic subunits of the NDH-1 complex,
including NdhH to NdhK, NdhN, and NdhO, were
copurified with PSI in Synechocystis sp. strain PCC 6803
(hereafter Synechocystis 6803; Kubota et al., 2010), and
several PSI subunits, PsaB to PsaD and PsaF, were co-
purified with NDH-1 (Battchikova et al., 2011a). Despite
these copurified results and the evolutionary relationship
of cyanobacterial NDH-1L with chloroplast NDH-1,
an NDH-1L-PSI supercomplex still remains uniden-
tified in cyanobacteria.

In this study, we demonstrate the existence of an
NDH-1L-PSI supercomplex, with a molecular mass of
more than 1,000 kD, in the cyanobacterium Synechocystis
6803. Furthermore, we demonstrate that the CpcG2 protein
associates with the supercomplex and is required to sta-
bilize the supercomplex; this protein was earlier charac-
terized as a component of the PSI-specific antenna (Kondo
et al., 2007) associated with PSI (Watanabe et al., 2014).
In Synechocystis 6803, the NDH-1L-PSI supercomplex is
shown to be essential for NDH-CET but not for respiration.

RESULTS
Isolation of NDH-CET-Defective Mutants

Under high-light conditions, the growth of NDH-CET-
defective mutants, such as AndhS, is markedly slower in
comparison with the wild type despite similar growth
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under moderate light irradiation (Battchikova et al., 2011a;
Dai et al, 2013; Zhang et al.,, 2014; Zhao et al, 2014,
2015; Wang et al., 2016). To screen for NDH-CET-
defective mutants, we transformed wild-type cells with a
transposon-bearing library, thus tagging and inactivating
many genes randomly, and then cultured the mutant cells
under high-light conditions. We isolated two mutants,
which grew slowly on plates under high light but similarly
to the wild type under growth light (Fig. 1A).

To test whether the high-light-sensitive growth pheno-
type of the two mutants resulted from defective NDH-
CET, we monitored the postillumination rise in chlorophyll
(Chl) fluorescence, which has been used extensively to
evaluate the NDH-CET activity in cyanobacteria (Mi et al.,
1995; Deng et al., 2003a; Ma and Mi, 2005; Battchikova
etal, 2011a; Dai et al., 2013; Zhang et al., 2014; Zhao et al.,
2014, 2015; Wang et al., 2016) and higher plants (Burrows
et al., 1998; Shikanai et al., 1998; Hashimoto et al., 2003;
Wang et al., 2006; Peng et al., 2009, 2011b, 2012; Sirpi0 et al.,
2009; Yamamoto et al., 2011; Armbruster et al., 2013). In
this method, the NDH-CET activity is manifested by a
transient rise of Chl fluorescence after actinic light (AL) is
turned off (the corresponding phase is shown by the red
rectangle in Fig. 1B). The activity, assessed as the amplitude
of the fluorescence rise, was markedly lower in both mu-
tants than in the wild type (Fig. 1B).

To identify the genes inactivated by the transposon
tagging, we analyzed the insertion sites of transposons in
both mutants. Sequencing analysis of the kanamycin
resistance marker (Kam®) insertion region revealed that
both mutants were tagged in the same gene, sll1471
(cpcG2; Fig. 1C), at position 3,403,918 of the Synechocystis
6803 genome (National Center for Biotechnology Infor-
mation gi: 16332194; Kaneko et al., 1996). Therefore, it
seems likely that CpcG2, a linker protein for the PSI-
specific peripheral antenna CpcG2-phycobilisome (PBS;
Kondo et al., 2005, 2007, 2009), is involved in NDH-CET.

Inactivation of cpcG2 Impairs NDH-CET Activity

To elucidate the role of CpcG2 in NDH-CET, we con-
structed a cpcG2 deletion mutant (AcpcGZ%{by replacing the
entire cpcG2 coding region with a Kam"™ (Fig. 2A). PCR
analysis of the cpcG2 locus confirmed complete segregation
of the AcpcG2 mutant allele (Fig. 2B). Transcript analysis
using a specific primer pair for the cpcG2-encoding gene
(Supplemental Table S1) demonstrated the absence of gene
product in the mutant (Fig. 2C). As expected, the activity of
NDH-CET, as measured by the postillumination rise in Chl
fluorescence, was lower in AcpcG2 than in the wild type
(Fig. 2D). It is worthy of note that the NDH-CET activity
was higher than that in the NdhB-deficient mutant (M55),
which lacks all functional NDH-1 complexes. The signifi-
cant decrease of the NDH-CET activity in the AcpcG2
mutant compared with the wild type was corroborated
with two other methods. Cells were illuminated by AL
(800 wmol photons m 2 s~ ') supplemented with far-red
light (FR) to store electrons in the stromal pool. After
the termination of AL, P700" was reduced transiently
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Figure 1. Growth, NDH-CET activity, and transposon insertion sites of
high-light-sensitive mutants of Synechocystis 6803. A, Growth of wild-type
(WT) and mutant strains under normal light (40 wmol photons m~2s ) and
high light (300 wmol photons m~ s™"). B, Monitoring of NDH-CET activity
by Chl fluorescence analysis. The top curve shows a typical trace of Chl
fluorescence in wild-type Synechocystis 6803. The Chl a concentration
was adjusted to 10 ug mL™" before measurement. Cells were exposed
to AL (620 nm, 45 umol photons m~2s™") for 30 s. AL was turned off,
and the subsequent change in the Chl fluorescence level was monitored
as an indicator of NDH-CET activity. C, The arrow schematically indi-
cates the transposon insertion site in mutants 1 and 2 probed by PCR
analysis using the primers listed in Supplemental Table S1.

by electrons from the plastoquinone pool; P700 is
reoxidized by the background FR. Operation of the
NDH-1 complex, which transfers electrons from the
reduced cytoplasmic pool to plastoquinone, hinders
the reoxidation of P700 (Shikanai et al., 1998; Battchikova
etal, 2011a; Dai et al., 2013; Zhang et al., 2014; Zhao et al.,
2014, 2015; Wang et al., 2016). Figure 2E shows that the
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NDH-1L-CpcG2-PBS-PSI Supercomplex

reoxidation of P700 was much faster in AcpcG2 than in
the wild type. Furthermore, the rereduction rate of
P700" was monitored in darkness after the illumination
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)-
treated cells with FR. The rereduction of P700" was
much slower in AcpcG2 than in the wild type (Fig. 2F),
providing evidence of the scarcity of CET from reduced
Fd via NDH-1 back to P700" in darkness. Therefore, the
slow growth of AcpcG2 under high-light conditions
(Supplemental Fig. S1) could be attributed to the low
NDH-CET activity.

A Novel Supercomplex Involving CpcG2, NDH-1L,
and PSI

The above results suggested the presence of a super-
complex composed of NDH-1, CpcG2, and PSI (NDH-1-
CpcG2-PBS-PSI; hereafter referred to as the NDH-1-PSI
supercomplex). To explore this possibility, we performed
blue native (BN)-PAGE of thylakoid membranes iso-
lated from the wild-type and AcpcG2 strains. The results
revealed that one of the Chl-containing bands with a high
molecular mass (above 1,000 kD) present in the wild type
was absent in the AcpcG2 mutant (Fig. 3A, band I shown
by the pink arrows). Band I also was absent in M55
and PSI-less mutants (Fig. 3B), which lack functional
NDH-1 and PSI complexes, respectively. Thus, it seemed
highly likely that band I is the NDH-1-PSI supercomplex
dependent on the presence of CpcG2.

To verify the presence of the NDH-1-PSI supercomplex
in Synechocystis 6803, we constructed a wild-type-CpcG2-
yellow fluorescent protein (YFP)-His6 strain (hereafter
referred to as WT-CpcG2-YH) by adding the YFP-His6
tag on the C terminus of CpcG2 in the wild-type back-
ground (Supplemental Fig. S2A). PCR analysis indicated
complete segregation of the tagged gene (Supplemental
Fig. 52B). Western-blot analysis of the thylakoid mem-
brane from the tagged strain and confocal analysis of
the tagged cells indicated the expression of CpcG2-YH
(Supplemental Fig. S2, C and D). The tagging did not
affect the NDH-CET activity (Supplemental Fig. S2, E-G).

Furthermore, we carried out BN-PAGE of thylakoid
membranes isolated from the WT-CpcG2-YH strain.
Band I and four other bands (II-V) were excised from
the BN gel (Fig. 3B) and subjected to western-blot
analysis using antibodies against NdhA, NdhH, Ndhl,
NdhK, and NdhM (NDH-1 complex), GFP and His
(CpcG2-PBS antenna), PsaA and PsaD (PSI complex),
D1 (PSII complex), and cytochrome (Cyt) f (Cyt b, f
complex). Immunoblots demonstrated that band I con-
tained subunits of NDH-1 and PSI complexes together
with YH-tagged CpcG2 (Fig. 3C), consistent with the
absence of band I in the mutants lacking its subcompo-
nents (Fig. 3, A and B). The presence of NDH-1, CpcG2,
and PSI proteins in band I was confirmed by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) analysis (Table I; Supplemental Data Set S1). It is
worthy of note that components of PSII and Cyt b, f
complexes, D1 and Cyt f, respectively, were not detected
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Figure 2. Deletion of cpcG2 and its effect on NDH-CET. A, Construction of the plasmid used to generate the cpcG2 deletion
mutant (AcpcG2). B, PCR segregation analysis of the AcpcG2 mutant using the cpcG2-G and cpcG2-H primer sequences
(Supplemental Table S1). C, Transcript levels of cpcG2 in the wild-type (WT) and AcpcG2 strains. The transcript level of 16 S rRNA
in each sample is shown as a control. The absence of DNA contamination was confirmed by PCR without reverse transcriptase
reaction. D, Monitoring of NDH-CET activity by Chl fluorescence. For details, see the legend to Figure 1B. a.u., Arbitrary units. E,
Redox kinetics of P700 after the termination of AL illumination (800 umol photons m~? s for 30 s) under a background of FR.
The cells were illuminated by AL supplemented with FR, and then AL was turned off. P700* was reduced transiently by electrons
from the plastoquinone pool and then reoxidized by background FR. The P700" levels were standardized by their maximum levels
attained by exposure to FR. F, Kinetics of the P700" rereduction in darkness after turning off FR with a maximum at 720 nm. Wild-
type, AcpcG2, and M55 cells were suspended in BG-11 medium containing 10 um DCMU at the Chl a concentration of 20 ug mL™

before measurement. Curves are normalized to the maximal signal.

in the band I. Bands II to V were PSI trimer, PSII dimer,
NDH-1L, and NDH-1IM (overlapped by PSI monomer)
complexes, respectively, and immunoblots indicated that
NDH-1L and its degradation product NDH-1M retained
CpcG2, as deduced from the signal of its tagging (Fig. 3C).
Next, we observed on the BN-PAGE gel that the
NDH-1-PSI supercomplex (band I) was absent in the
thylakoid membrane of the AndhDI1/ndhD2 mutant
(Fig. 3D), where the NDH-1M complex is formed in-
stead of NDH-1L due to the absence of NdhD1 (and
NdhD2) subunits (Zhang et al., 2004, 2014). In accor-
dance with this result, NDH-1L-specific subunits,
NdhD1 and NdhF1, were detected in band I that
originated from the wild type (Table I; Supplemental
Data Set S1). Thus, we suggest that an NDH-1L-
CpcG2-PBS-PSI supercomplex is present in Synecho-
cystis 6803. Nevertheless, the supercomplex appeared
to be rather unstable and mostly decomposed during
isolation and n-dodecyl 8-p-maltoside (DM) treatment
of the thylakoid membrane (see “Discussion”).
Finally, we performed a coimmunoprecipitation of
CpcG2 from the WT-CpcG2-YH strain using a protein
A-Sepharose resin with polyclonal anti-GFP antibodies.
Wild-type cells were used as a control to monitor the
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specificity of the assay. Immunoblot analysis demonstrated
the presence of subunits of both the NDH-1 and PSI
complexes in the preparation recovered from the
WT-CpcG2-YH strain but not from the wild-type
strain (Fig. 4A). The D1 protein of PSII was not re-
covered from either strain (Fig. 4A). A pull-down
analysis using Ni** affinity chromatography gave a
similar result (Fig. 4B). Taking all these results together,
we conclude that an NDH-1L-PSI supercomplex is pre-
sent in Synechocystis 6803.

Yet another experiment was performed to corroborate
the dependence of the NDH-1-PSI supercomplex on the
presence of CpcG2. Coimmunoprecipitation experi-
ments of NDH-1, using anti-NdhH and anti-NdhK poly-
clonal antibodies, were performed with the wild-type
and AcpcG2 strains using a protein A-Sepharose resin.
Subsequent western-blot analysis showed the presence
of the PsaD subunit of PSI in the preparation recovered
from the wild-type strain but not from the AcpcG2 strain
(Fig. 5, A and B). The D1 protein of PSII was not recov-
ered from either strain (Fig. 5, A and B). In addition,
immunoblot analysis of all the PSI green bands sepa-
rated by BN-PAGE indicated that, in the wild-type
strain, NDH-1 associated only with PSI in band I (red

Plant Physiol. Vol. 172, 2016
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Figure 3. Identification of the NDH-1-PSI super-
complex. A, BN-PAGE and Coomassie Brilliant Blue
(CBB) staining profiles of the thylakoid membranes
of wild-type (WT) and AcpcG2 strains. Band | is
shown by pink arrows. B, BN-PAGE and Coomassie
Brilliant Blue staining profiles of the thylakoid
membranes of WT-CpcG2-YH, M55, and PSl-less
mutants. The positions of bands I to V are shown by
the arrows. C, Immunodetection of subunits of
NDH-1, PSI, PSll, and Cyt b,f complexes and the
GFP-His tag in bands | to V excised from the gel
after BN-PAGE of the thylakoid membranes of
WT-CpcG2-YH (see B) and in the WT-CpcG2-YH,
M55, and PSl-less strains of Synechocystis 6803. D,
Analysis of band | in the wild-type and AndhD1/
ndhD2 (AD1/D2) strains.
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arrow in the PSI supercomplex cluster; Fig. 5C), re-
gardless of the presence of an overlap band of NDH-1M
with PSI monomer in the strain (Fig. 5C). In contrast,
such an association was absent in the AcpcG2 strain (Fig.
5D). Thus, CpcG2 is important in stabilization of the
NDH-1-PSI supercomplex in Synechocystis 6803 and,
thereby, is essential for the function of NDH-CET (Fig. 2).

Deletion of CpcG2 Has Consequences for the Function
of PSI

To obtain insights into the effects of CpcG2 on the
function of PSI, we compared the fractions of functional
PSI between the wild type and AcpcG2. The results indi-
cated that deletion of CpcG2 significantly reduced the
fraction of functional PSI (40%-50% reduction) under
growth conditions, as deduced from the maximal P700
change (P,) levels in DCMU-treated intact cells (Fig. 6A).
The remaining functional fraction of PSI in AcpcG2 was
still higher than that in M55, with about 90% reduction in
the P, level (Fig. 6A). In comparison, the deletion of
CpcG2 did not decrease the fraction of functional PSII but
rather increased it slightly under growth conditions, as
deduced from the maximal fluorescence yield (F,) values
in intact cells (Fig. 6A). Taken together, these results
suggest that the CpcG2 protein has a profound and direct
effect on the function of PSI as an intrinsic component of
the NDH-1-PSI supercomplex.

Plant Physiol. Vol. 172, 2016

Either impaired activity of PSI CET and/or an impair-
ment of the functionality of PSI itself would explain the
reduced fraction of functional PSI in DCMU-treated
AcpcG2 intact cells. Deletion of CpcG2 impaired PSI CET
(Fig. 2, D-F) and, consequently, in the presence of DCMU
decreased the production of ATP and suppressed the
Calvin-Benson cycle. Thus, it appears that the reduced
fraction of functional PSI in AcpcG2 probably resulted
from the charge recombination because of overreduction
of PSI acceptor side. To test alternative possibilities, we
purified the PSI complexes from the wild type and AcpcG2
and determined their fractions of functional PSI in the
presence of exogenous PSI electron donor and acceptor
(see “Materials and Methods”). In these circumstances, the
P, value reflects the functionality of PSlitself. As shown in
Figure 6B, the deletion of CpcG2 did not alter the P, value
of isolated PSI complexes, consistent with the fact that the
deletion did not affect the accumulation of the PSI com-
plex in the thylakoid membrane (Fig. 3). Thus, it appears
plausible that, in the absence of CpcG2, the impaired PSI
CET but not the functionality of PSI as such decreases the
fraction of functional PSI under growth conditions.

CpcG2 Is Essential to Stabilize NDH-1L and NDH-
1M Complexes

To investigate the effects of CpcG2 on the stabilization
of NDH-1, we compared the accumulation and assembly
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Table I. Summary of the NDH-1, CpcG2-PBS, and PSI components identified from Q-Exactive mass

analysis of the NDH-1-PSI supercomplex (band 1)

The complete list of proteins identified in band | can be found in Supplemental Data Set S1.

Component Open Reading Frame Protein Name Mascot Score Protein Match  Coverage (%)
NDH-1 complex sll0519 NdhA 40.5 4 13.2
sl0223 NdhB 24.8 1 1.9
slr0331 NdhD1 43.0 1 3.4
slr0844 NdhF1 41.4 1 1.6
slo521 NdhG 31.0 1 6.1
slr0261 NdhH 64.3 11 27.9
sll0520 Ndhl 53.0 6 29.5
slr1281 NdhJ 51.1 5 30.7
slr1280 NdhK 69.3 7 27.4
slr1623 NdhM 41.4 3 36.4
sll1262 NdhN 74.7 2 18.6
ssl1690 NdhO 96.8 3 52.8
CpcG2-PBS antenna sl1471 CpcG2 67.5 11 35.3
sll1578 CpcA 47.6 2 14.8
sll1577 CpcB 100.5 6 41.9
sll1580 CpcC1 98.0 9 40.6
sll1579 CpcC2 95.3 15 52.8
PSI complex slr1834 PsaA 95.6 20 21.6
slr1835 PsaB 83.2 18 20.4
ssl0563 PsaC 78.7 8 85.2
slr0737 PsaD 100.2 13 66.0
ssr2831 Psak 90.5 5 94.6
sl0819 PsaF 93.2 14 57.6
sml0008 Psa) 20.3 1 22.5
ssr0390 PsaK1 28.4 1 19.8
sll0629 Psak2 40.4 3 14.4
slr1655 Psal 87.6 6 45.2
smr0005 PsaM 37.4 1 22.6

of NDH-1L and NDH-IM complexes in wild-type,
AcpcG2, and M55 strains. Deletion of cpcG2 significantly
decreased the amount of NDH-1 subunits in the thyla-
koid membrane (Fig. 7A). Immunoblotting with anti-
bodies specific to the NdhH, NdhK, Ndhl, and NdhM
subunits showed that the abundance of NDH-1L in the
AcpcG2 mutant was about one-third of that in the wild
type and that its degradation product NDH-1M had

Figure 4. Interaction of CpcG2 with
NDH-1 and PSI complexes. A, Coimmu-
noprecipitation assay of the interaction of
CpcG2 with NDH-1 and PSI complexes.
Membrane proteins from the WT-CpcG2-YH A
and wild-type (WT) strains were incubated
with protein A-Sepharose-coupled anti-GFP

Anti-GFP
Q&

disappeared (Fig. 7, B and C). This indicated that the
CpcG2 protein is essential to stabilize the majority of the
NDH-1L complex, another component of the NDH-1-PSI
supercomplex, corroborating its effect on NDH-CET
(Fig. 2). Based on the above results, we conclude that
the formation of the NDH-1L-PSI supercomplex is
very important for the performance of NDH-1L and
PSI in NDH-CET.

Input IP: GFP Input Pull-down

- - + o+ - - + +

®

’

antiserum.Theimmunoprecipitates(IP) were
probed with specific antibodies, as indicated
on the left. B, Pull-down analysis of the in-

teraction of CpcG2 with NDH-1 and PSI
complexes. Membrane proteins isolated
from the WT-CpcG2-YH and wild-type strains
were purified using Ni** affinity chromatog-

O’]/
o
&<

-

raphy. The purified samples were immuno-
blotted with antibodies against the subunits D1 P--
of the major photosynthetic membrane pro-
tein complexes. TM, Thylakoid membrane.
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Figure 5. The presence of CpcG2 is neces-
sary for the stabilization of the NDH-1-PSI
supercomplex. A and B, Coimmunoprecipi-
tation assay of the interaction of NDH-1 with
PSI. Membrane proteins from the wild-type
(WT) and AcpcG2 strains were incubated
with protein A-Sepharose-coupled antiserum
of anti-NdhH (A) or anti-NdhK (B). The im-
munoprecipitates (IP) were probed with spe-
cific antibodies, as indicated on the left. TM,
Thylakoid membrane. C and D, Freshly iso-
lated thylakoid membranes from wild-type
(C) and AcpcG2 (D) strains were solubilized
in 1.5% DM at a Chl a concentration of 0.25
ug uL™', and the protein sample was sepa-
rated by 5% to 12.5% BN-PAGE. Furthermore,
thylakoid membrane complexes separated by
BN-PAGE were subjected to 12% SDS-PAGE,
and the proteins were immunodetected with
specific antibodies against NdhH and NdhK,
respectively. Red arrows in the PSI (s) cluster
represents band 1. PSI (s), PSI supercomplex;
PSI (t), PSI trimer; PSI (d), PSI dimer; PSI (m),
PSI monomer.

Respiration Was Unaffected in the AcpcG2 Mutant unconnected to the supercomplex may be responsi-

In addition to NDH-CET, NDH-1L also is involved
in respiration (Zhang et al., 2004; Bernét et al., 2011).
Hence, we examined the effect of cpcG2 deletion on

ble for respiration.

respiration. The results indicated that deletion of DISCUSSION
cpcG2 influenced neither the respiration activity The NDH-1L-PSI Supercomplex Is Formed in

(Fig. 8A) nor the growth on plates with or without
Glc and DCMU (Fig. 8B). This indicated that the

Synechocystis 6803

NDH-1L in the NDH-1-PSI supercomplex is involved Recently, the NDH-1-PSI supercomplex was identi-
mainly in NDH-CET and suggests that the NDH-1L fied and characterized in angiosperms (Peng et al., 2008,
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Figure 6. Functional fractions of PSI and PSII in the wild type (WT), AcpcG2, and M55. Cells were grown under 2% CO, at

40 wmol photons m ™2

s~ " and were collected during their logarithmic growth phase. The Chl a concentration of intact cells (A) or

purified PSI samples (B) in the medium was adjusted to 20 ug mL™". Prior to the P, measurements, DCMU (10 um final con-
centration; the same below) was added to the medium containing intact cells or to the medium containing purified PSI, 200 um
2,6-dichlorophenol-indophenol, 5 mm sodium ascorbate, and 1 mm methyl viologen. The functionality of PSI and PSII reaction
centers was determined by the P and F,, parameters, respectively, expressed as a percentage of the wild type (100%). Values are

means * sb (n = 5). PSs, Photosystems.
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NdhK
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PsaD

NDH-1L »
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Figure 7. Accumulation and assembly of NDH-1 complexes. A, Immu-
nodetection of Ndh subunits in the thylakoid membranes from the wild type
(WT; including the indicated serial dilutions) and AcpcG2 and M55 mutants.
Protein blotting was performed with antibodies against several hydrophilic
Ndh subunits (NdhH, Ndhl, NdhK, and NdhM). Lanes were loaded with
thylakoid membrane proteins corresponding to 1 ug of Chl a (100%). PsaD
was used as a loading control. B, BN-PAGE profiles of the wild type and
mutants used in A. Thylakoid membrane extract corresponding to 9 ug of
Chl a was loaded on each lane. Red and blue arrows indicate the positions
of NDH-1L and NDH-1M complexes, respectively. C, Western-blot analysis
of the BN gel in B with antibodies against specific Ndh subunits, showing a
cross-reaction with the NDH-1L and NDH-1M complexes.

2009; Kouiil et al., 2014). Stable formation of the super-
complex additionally needs two LHCI proteins, Lhca5 and
Lhca6, which link the PSI complex to NDH-1 (Peng et al.,
2009). Although cyanobacteria lack the homologs of Lhca5
and Lhca6 (Peng et al., 2009), we discovered an NDH-1L-
PSI supercomplex in the thylakoid membrane of Synecho-
cystis 6803 as a high-molecular-mass protein complex
(more than 1,000 kD) by BN-PAGE (see band I in Fig. 3).
Instead of the Lhca5 and Lhca6 proteins, the Synechocystis
6803 NDH-1L-PSI is shown to require the presence of
the CpcG2 protein, which belongs to PBS, the main light-
harvesting antenna in cyanobacteria. Synechocystis 6803 has
two distinct types of PBS that are assembled with two
different CpcG copies (Kondo et al., 2005). The conven-
tional PBS consists of peripheral rods and a central tricy-
lindrical core with CpcG1. This antenna is not involved in
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the formation of the NDH-1L-PSI supercomplex, since
deletion of CpcG1 and ApcD, its specific components,
did not affect the intensity of band I (Supplemental
Figs. S3-55). Another type of PBS, comprising CpcG2,
retains phycocyanin rods but is devoid of the typical
allophycocyanin-containing central core (Kondo et al,,
2005, Watanabe and Ikeuchi, 2013). CpcG2-PBS was
characterized recently as the PSI-specific antenna (Kondo
et al., 2007) capable of forming a CpcG2-PBS-PSI complex
in cyanobacteria (Watanabe et al., 2014). Here, we dem-
onstrate that CpcG2-PBS-PSI forms a supercomplex with
NDH-1L in Synechocystis 6803.

The identity of the NDH-1-PSI supercomplex, repre-
sented by band I in Figure 3, was established by BN-PAGE
of thylakoid membrane preparations obtained from wild-
type and several mutant strains, followed by western blot
(Fig. 3C) and LC-MS/MS (Table I; Supplemental Data Set
S1). The NDH-1-PSI supercomplex was present in the
wild type and WT-CpcG2-YH, while it was absent from
the M55, AcpcG2, and PSl-less mutants (Fig. 3, A and B),
confirming the necessity of all three components, NDH-1,
CpcG2, and PSI. Furthermore, NdhD1 and NdhF1,
the specific subunits of NDH-1L, were present in the
NDH-1-PSI supercomplex of the wild-type strain (Table I;
Supplemental Data Set S1). In line with this result, the
AD1/D2 mutant lacked the band I corresponding to the
NDH-1-PSI supercomplex (Fig. 3D), providing evidence
that the NDH-1L complex is capable of forming the
supercomplex in Synechocystis 6803.

Attempts to purify an intact NDH-1L-PSI supercom-
plex by Suc density gradient centrifugation were not
successful. The supercomplex could not be separated
from PSI by this method (Supplemental Figs. S6 and S7).
Furthermore, amounts of the diagnostic NdhH or NdhK
subunit in the PSI-containing heavy fractions were at
most 6% of total NDH-1 in the cells, indicating that the
supercomplex was not stable and mostly decomposed
during isolation and DM treatment of thylakoid
membranes. Nonetheless, the existence of NDH-1-PSI
in Synechocystis 6803 was confirmed by coimmuno-
precipitation (Fig. 4A) and pull-down assay (Fig. 4B).
Regardless of the different parts of the CpcG2-YH
protein employed as anchors, these two approaches
produced similar results: subunits of both NDH-1 and
PSI complexes were recovered from the WT-CpcG2-YH
strain but not from the wild-type strain. It is important to
note that the D1 subunit of PSII was not recovered from
either strain, in agreement with the earlier observation
that CpcG2 is a component of the PSI-specific antenna
(Kondo et al., 2007; Watanabe and Ikeuchi, 2013). The
high specificity of these two methods corroborates the
fact that the NDH-1-PSI supercomplex is formed in
Synechocystis 6803.

CpcG2-PBS Affects the Stabilization of NDH-1L
and NDH-1IM

The fragility of the NDH-1L-PSI supercomplex was
evidently influenced by the instability of NDH-1L in the
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Figure 8. Respiration of wild-type (WT) and mutant cells. A, Rate of oxygen uptake in the dark at 30°C of wild-type, AcpcG2, and
AndhQ cells grown under 2% (v/v) CO,. The Chl a concentration was adjusted to 10 ug mL™" before measurement. Error bars indicate
st (n=5). B, Growth of wild-type, AcpcG2, and AndhQ cells on agar plates in the absence (left) and presence (right) of Glc (5 mm) and
DCMU (10 um). Three microliters of cell suspensions with densities corresponding to A5, values of 0.1 (top rows), 0.01 (middle rows),
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and 0.001 (bottom rows) was spotted on agar plates and incubated under 2% (v/v) CO, in air for 6 d at 40 wmol photons m™ s™".

supercomplex. Indeed, the majority of NDH-1L was
detected in its free form (Fig. 5C). The results of this
study further showed that deletion of the CpcG2 pro-
tein significantly reduced the amounts of both NDH-1L
and NDH-1M compared with the wild type (Fig. 7). The
amount of NDH-1L was diminished to about one-third
of the wild-type level, and NDH-1M disappeared
(Fig. 7, B and C). In the PSl-less strain, however, the
amount of NDH-1 subunits was similar to that in the
WT-CpcG2-tagged strain (Fig. 3C), which is in a good
agreement with previously published data reporting
that NDH-1L remains stable in the PSI-less strain,
generating only a small amount of NDH-1IM (Zhang
etal., 2004). CpcG2-PBS, in turn, has been characterized
as the PSI-specific antenna (Kondo et al., 2007), local-
ized mostly at the surface of the PSI complex and being
capable of forming a CpcG2-PBS-PSI complex in cya-
nobacteria (Watanabe et al., 2014). Thus, the drastic
effect of CpcG2 deletion on NDH-1L and NDH-1M
appears to be indirect (Fig. 9).

CpcG2-PBS

Linker

(?)

\

NDH-1L-PSI supercomplex
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The reason for the instability of NDH-1L and NDH-1M
in the absence of CpcG2 still remains unclear. It appears
plausible that the CpcG2-PBS antenna interacts directly
with a still unidentified linker between NDH-1L and PSI
(question mark in Fig. 9), which is assumed to be neces-
sary to stabilize the NDH-1L complex. Thus, we anticipate
that, in the absence of CpcG2-PBS, an unknown linker
would become exposed to an abnormal environment,
resulting in the breakdown of the NDH-1L complex.

Model of the Cyanobacterial NDH-1L-PSI Supercomplex

The results described above, including patterns of
NDH-1L-PSI degradation observed in various mutants,
give some insights into the arrangement of components
in the cyanobacterial NDH-1L-PSI supercomplex. At
least three modules, NDH-1L, PSI, and the CpcG2-PBS
antenna, form the supercomplex; the presence of pro-
teins forming phycocyanin rods in the supercomplex

Figure 9. Schematic model of the NDH-1L-
PSI supercomplex in cyanobacteria. CpcG2-
PBS-PSI interacts with NDH-1L to form the
NDH-1L-PSI supercomplex via an unidenti-
fied linker between NDH-1L and PSI. T™,
Thylakoid membrane.

Cytoplasm
™

Lumen
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was confirmed by mass spectrometry analysis (Table I;
Supplemental Table S2; Supplemental Data Set S1),
immunodetection (Supplemental Fig. S8A), and absorp-
tion spectrum (Supplemental Fig. S8B). Elimination of any
of these three components abolished the supercomplex.
Furthermore, the absence of the NDH-1L complex did not
affect the stability of the PSI complex, and vice versa
(Fig. 3, B and D). In contrast, the elimination of CpcG2
resulted in major losses of NDH-1L and NDH-1M com-
plexes (Fig. 7, B and C). Taking all these results together, it
appears that the NDH-IM domain interacts with the
CpcG2-PBS antenna but not with PSI. However, the in-
teraction may be mostly indirect, since the CpcG2-PBS
antenna was recently assumed to be localized at the sur-
face of the PSI complex to form a CpcG2-PBS-PSI complex
(Watanabe et al., 2014). Based on the above analyses, we
suggest that the CpcG2-PBS-PSI complex associates with
NDH-1L to form an NDH-1L-PSI supercomplex, possibly
via an unidentified linker between NDH-1L and PSI, as
presented schematically in Figure 9.

Role of the NDH-1L-PSI Supercomplex in NDH-CET

In higher plants, the formation of the NDH-1-PSI
supercomplex is not connected directly to NDH-1 activ-
ity, although its formation stabilizes the chloroplast
NDH-1 complex, in particular under high-light condi-
tions (Peng and Shikanai, 2011). We show here that, in
Synechocystis 6803, in contrast to higher plant chloro-
plasts, the formation of the NDH-1L-PSI supercomplex
is likely connected directly to the activity of NDH-CET
(Figs. 1 and 2). This possibility is supported by the fact
that the deletion of ndhlL (M9 mutant) that impairs
NDH-CET activity (Mi et al., 1992) abolishes the NDH-
1L-PSI supercomplex but does not affect the assembly
of NDH-1L and NDH-1M complexes even under high-
light conditions (Supplemental Fig. 59).

The chloroplast NDH-1 complex was proposed to
accept electrons from Fd, and NdhS was suggested to
be the Fd-binding subunit based on the overall spatial
homology of NdhS and the PsaE subunit of the PSI
complex (Yamamoto et al., 2011, Yamamoto and
Shikanai, 2013). Cyanobacterial NdhS is homologous to
its counterpart in chloroplasts, and the interaction of
NdhS with Fd has been demonstrated in the cyano-
bacterium Thermosynechococcus elongatus (He et al.,
2015). Thus, Fd is likely to be an electron donor to
cyanobacterial NDH-1 complexes, at least to NDH-1L.
We propose that CpcG2-PBS has multiple roles in the
process of electron donation from Fd to NDH-1L.: first,
it stabilizes the NDH-1M part of the NDH-1L complex,
possibly via an unidentified linker (question mark in
Fig. 9); second, it helps to position PSI in proximity to
NDH-1L so that Fd reduced at PSI can be captured ef-
ficiently by NdhS, strongly facilitating NDH-CET; and
third, it optimizes the PSI function, which is essential to
NDH-CET.

Besides NdhS, NdhV was suggested recently to be a
member of the Fd-binding domain structure (Gao et al.,
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2016). Deletion of NdhS or NdhV significantly impairs
NDH-CET but has only little effect on respiration and
the growth of cells under air at acidic pH (Battchikova
et al., 2011a; Ma and Ogawa, 2015; Gao et al., 2016),
similar to the results obtained with the AcpcG2 mutant
(Figs. 1, 2, and 8; Supplemental Fig. 510). Similar prop-
erties of these three mutants lacking CpcG2 or com-
ponents of the Fd-binding domain structure strongly
suggest that formation of the NDH-1L-PSI supercomplex
is important to stabilize the structure of the Fd-binding
domain in the Synechocystis 6803 thylakoid membrane.

In addition to Fd, NADPH has been suggested as an
alternative electron donor to NDH-1 in cyanobacteria (Mi
et al., 1995; Matsuo et al., 1998; Deng et al., 2003a, 2003b;
Ma et al., 2006; Ma and M;i, 2008; Hu et al., 2013; Ma and
Ogawa, 2015). Electron donation from reduced Fd to
NDH-1 may contribute principally to NDH-CET, while
NADPH may contribute mainly to CO, uptake and res-
piration, since deletion of NdhS or NdhV greatly im-
paired NDH-CET but did not affect CO, uptake and
respiration (Battchikova et al.,, 2011a; Ma and Ogawa,
2015; Gao et al., 2016). However, this hypothesis requires
further investigation.

MATERIALS AND METHODS
Culture Conditions

A Glc-tolerant strain of wild-type Synechocystis sp. strain PCC 6803 and its
mutants, AcpcG1, AcpcG2, AapcD, AndhB (M55; Ogawa, 1991a), AndhD1/ndhD2
(AD1/D2; Ohkawa et al., 2000), AndhD3/ndhD4 (AD3/D4; Ohkawa et al., 2000),
AndhL (M9; Ogawa, 1991b, 1992), and WT-CpcG2-YH, were cultured at 30°C in
BG-11 medium (Allen, 1968) buffered with Tris-HCI (5 mm; pH 8) by bubbling
with 2% (v/v) CO, in air. Solid medium was BG-11 supplemented with 1.5%
agar. Continuous illumination was provided by fluorescent lamps at 40 wmol
photons m 2 s~ %. The PSI-less mutant (Shen et al., 1993) was grown in BG-11
medium supplemented with 5 mm Glc at 30°C at 5 umol photons m s~ ". The
mutant strains were grown in the presence of appropriate antibiotics.

Isolation and Construction of Mutants

A cosmid library of the Synechocystis 6803 genome was constructed. The
library, which contained 10° clones with inserts of 35 to 38.5 kb, was subjected to
in vitro transposon mutagenesis using the EZ-Tn5 < KAN-2 > Insertion Kit
(Epicentre Biotechnologies) and then used to transform wild-type cells of
Synechocystis 6803. Following transformation, cells were spread on 1.5% BG-11
agar plates supplemented with 5 ug mL ™" kanamycin, and Kam® mutants that
grew slowly under high light but normally under growth light were isolated.
Genomic DNA isolated from each mutant was digested with Hhal and, after
self-ligation, was used as a template for inverse PCR with primers (Supplemental
Table S1) complementary to the N- and C-terminal regions of the Kam® cassette.
The exact position of the cassette in the mutant genome was determined by se-
quencing the PCR product.

The AcpcG2 mutant was constructed as follows. The upstream and down-
stream regions of sll1471 (cpcG2) were amplified by PCR, creating appropriate
restriction sites. A DNA fragment encoding a Kam® cassette also was amplified
by PCR, creating Kpnl and Xbal sites using appropriate PCR primers, cpcG2-C
and cpcG2-D (Supplemental Table S1). These three PCR products were ligated
into the multiple cloning site of pUC19 (Fig. 2A) and used to transform the wild-
type cells of Synechocystis 6803 to generate the AcpcG2 mutant. The trans-
formants were spread on agar plates containing BG-11 medium and kanamycin
(10 ug mL ") buffered at pH 8, and the plates were incubated in 2% (v/v) CO, in
air under illumination by fluorescent lamps at 40 umol photons m > s ". The
mutated cpcG2 in the transformants was segregated to homogeneity (by suc-
cessive streak purification) as determined by PCR amplification and reverse
transcription (RT)-PCR analysis (Fig. 2, B and C).
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The WT-CpcG2-YH mutant was constructed as follows. A DNA fragment
containing cpcG2 and its upstream region was amplified by PCR, creating Sall and
Kpnl sites on both ends, and was ligated to the Sall and KpnI sites in the multiple
cloning site of the pEYFP-His6-Sp® plasmid (Birungi et al.,, 2010). A fragment
containing the downstream region of cpcG2 also was amplified by PCR, creating
EcoRI and Spel sites, and was ligated to the downstream region of the Sp® gene
(Supplemental Fig. S2A). The vector thus constructed was used to transform the
wild-type cells of Synechocystis 6803 to generate the WT-CpcG2-YH mutant
strain. The transformation was performed as described previously (Williams and
Szalay, 1983; Long et al., 2011). The yfp and his6 region in the transformants was
segregated to homogeneity (by successive streak purification) as determined by
PCR amplification (Supplemental Fig. S2B).

RNA Extraction and RT-PCR Analysis

Total RNA was isolated and analyzed as described previously (McGinn et al.,
2003). RT-PCR was performed using the Access RT-PCR system (Promega) to
generate products corresponding to cpcG1, cpcG2, apcD, and 16 S rRNA, with
0.5 ug of DNase-treated total RNA as starting material. RT-PCR conditions were
95°C for 5 min followed by cycles of 95°C, 62°C, and 72°C for 30 s each. The re-
actions were stopped after 25 cycles for 16 S rRNA and after 35 cycles for cpcG1,
cpcG2, and apcD. The primers used are summarized in Supplemental Table S1.

Chl Fluorescence and P700 Analysis

The transient rise in Chl fluorescence after AL had been turned off was mon-
itored as described (Ma and Mi, 2005). The redox kinetics of P700 was measured
according to previously described methods (Battchikova et al., 2011a; Dai et al.,
2013; Zhang et al., 2014; Zhao et al., 2014, 2015). The rereduction of P700" in
darkness was measured with a Dual-PAM-100 (Walz) with an emitter-detector
unit (ED-101US/MD) by monitoring absorbance changes at 830 nm and using
875 nm as a reference. Cells were kept in the dark for 2 min, and 10 um DCMU was
added to the cultures prior to the measurement. The P700 was oxidized by far-red
light with a maximum at 720 nm from a light-emitting diode lamp for 30 s, and the
subsequent rereduction of P700" in the dark was monitored.

The amounts of functional PSIand PSII reaction centers were estimated by the
P, and F, parameters, respectively. The Chla concentration of intact cells or PSI
isolated by Suc density gradient (Supplemental Figs. S6 and S7) in the medium
was adjusted to 20 ug mL . Prior to the P, measurements, DCMU (10 um final
concentration; the same below) was added to the medium containing intact cells
or to the medium containing PSI, 200 um 2,6-dichlorophenol-indophenol, 5 mm
sodium ascorbate, and 1 mm methyl viologen. The P, values were determined
using a saturation pulse (100 ms; 10,000 umol photons m~? s~*) under an FR
background (720 nm; about 0.3 umol photons m2s71) as described previously
(Kliighammer and Schreiber, 2008).

Isolation of Crude Thylakoid Membranes

The cell cultures (800 mL) were harvested at the logarithmic phase and
washed twice by suspending in 50 mL of fresh BG-11 medium, and the thy-
lakoid 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 MgCl,, 10 mm
NaCl, and 25% [v/v] glycerol) were supplemented by zirconia/silica beads
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¢ for 5 min to remove the glass beads and unbroken cells. By further
centrifugation at 20,000 for 30 min, we obtained crude thylakoid membranes
from the precipitation.

Electrophoresis and Immunoblotting

BN-PAGE of Synechocystis 6803 membranes was performed as described
previously (Kiigler et al., 1997) with slight modifications (Battchikova et al., 2011a;
Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014, 2015). Isolated membranes
were prepared for BN-PAGE as follows. Membranes were washed with 330 mm
sorbitol, 50 mm Bis-Tris, pH 7, and 0.5 mm phenylmethylsulfonyl fluoride (PMSF;
Sigma) and resuspended in 20% (w/v) glycerol, 25 mm Bis-Tris, pH 7, 10 mm
MgCl,, 0.1 units of RNase-free DNase RQ1 (Promega) at a Chl a concentration of
0.25mg mL™!, and 0.5 mm PMSF. The samples were incubated on ice for 10 min,
and an equal volume of 3% DM was added. Solubilization was performed for
40 min on ice. Insoluble components were removed by centrifugation at
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18,000¢ for 15 min. The collected supernatant was mixed with one-tenth
volume of sample buffer, 5% Serva Blue G, 100 mm Bis-Tris, pH 7, 30% (w/v)
Suc, 500 mm g-amino-n-caproic acid, and 10 mm EDTA. Solubilized membranes
were then applied to a 0.75-mm-thick, 5% to 12.5% 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.

For electrophoresis in the second dimension, several lanes of the BN gel were
cut out and incubated in Laemmli SDS sample buffer containing 5%
B-mercaptoethanol and 6 m urea for 1 h at 25°C. The lanes were then laid onto a
1-mm-thick 12% polyacrylamide gel with 6 M urea (Laemmli, 1970). After elec-
trophoresis, the proteins were visualized by Coomassie Brilliant Blue staining.

Forimmunoblotting, the proteins were electrotransferred 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 NdhA and NdhN proteins of Synechocystis 6803
were raised in our laboratory. Primer sequences used to amplify the nucleotide
sequences encoding amino acids 54 to 93 of NdhA and the entire NdhN are
listed in Supplemental Table S1. The PCR products were ligated into the pGEX-
5X-1 and pET32a vectors, respectively, and the constructs were amplified in
Escherichia coli DH-5a.. The plasmids were used to transform E. coli strain BL21
(DE3) pLysS for protein expression. The expression products from E. coli were
purified and used as antigens to immunize rabbits to produce polyclonal
antibodies. Antibodies against NdhH, NdhI, NdhK, and NdhM were raised
previously in our laboratory (Ma and Mi, 2005; Zhao et al., 2014). Antibody
against His was purchased from Shanghai Immune Biotech, and antibodies
against GFP, PSI subunits (PsaA, PsaB, and PsaD), a PSII subunit (D1), and
a Cyt b¢f subunit (Cyt f) were purchased from Agrisera.

Peptide Preparation for Tandem Mass
Spectrometry Analysis

Thylakoid membrane complexes isolated from the wild-type strain were
solubilized and subjected to BN-PAGE. Coomassie Brilliant Blue-stained
band I from the wild type (pink arrows in Fig. 3A) was excised from the
BN gel. Peptide preparation and liquid chromatography-electrospray ionization-
tandem mass spectrometry analyses were performed as described previously
(Battchikova et al., 2011a). The excised bands were treated twice with 50 mm
ammonium bicarbonate in 30% (v/v) acetonitrile for 10 min and 100% (v/v)
acetonitrile for 15 min and then dried in a vacuum concentrator. The dried gel
pieces were treated with 0.01 mg mL ™" trypsin (sequence grade; Promega) and
50 mmM ammonium bicarbonate and incubated at 37°C for 20 h. The digested
peptides in the gel pieces were recovered twice with 20 uL of 5% (v/v) formic
acid and 50% (v/v) acetonitrile. The extracted peptides were combined and
then dried in a vacuum concentrator.

Mass Spectrometry Analysis and Database Searching

LC-MS/MS analyses were performed on a Q-Exactive mass spectrometer
(Thermo Finnigan) coupled with an Easy-nLC1000 HPLC system (Thermo
Fisher Scientific). Trypsin-digested peptides were dissolved in 12 uL of 2%
formic acid, loaded onto a C,4 reverse-phase column (10 cm X 75 um i.d.) in
buffer A (2% acetonitrile and 0.1% formic acid), and separated by a linear
gradient of buffer B (80% acetonitrile and 0.1% formic acid) at a flow rate of
250 nL min~! controlled by IntelliFlow technology over 90 min. Mass spec-
trometry data were acquired using a data-dependent top-10 method dynami-
cally choosing the most abundant precursor ions from the survey scan (300—
1,800 mass-to-charge ratio [m/z]) for high-energy collisional dissociation frag-
mentation. Survey scans were acquired at a resolution of 70,000 at m/z 200, and
the resolution for high-energy collisional dissociation spectra was set to 17,500
at m/z 200. The raw data were processed with Protein Discoverer software
version 1.1 (Thermo Fisher Scientific) using default parameters to generate
concatenated Mascot generic files. Database searches were performed using an
in-house Mascot server (version 2.2) against a UniProt database of Synechocystis
6803 proteins. The search criteria allowed for one missed cleavage of trypsin,
oxidation of Met, and 6-ppm and 0.1-D mass accuracies for mass spectrometry
and tandem mass spectrometry modes, respectively.

Suc Density Gradient Analysis

Freshly isolated thylakoid membranes were washed twice with buffer
containing 5 mm sodium phosphate, 10 mm MgCl,, 10 mm NaCl, 0.15 m Suc,
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10 mm HEPES-NaOH (pH 7.5), and 1 mm PMSF and then solubilized in the same
buffer containing 1% DM at a Chl concentration of 1 mg mL ™' and 1 mm PMSF
for 20 min on ice. After centrifugation at 20,000g for 10 min at 4°C, the cleared
supernatant (200 uL) was loaded on top of an 11-mL linear Suc gradient (5%—
40%) prepared with buffer containing 5 mm sodium phosphate, 10 mm
MgCl,, 10 mm NaCl, 0.02% DM, and 10 mm HEPES-NaOH (pH 7.5). Thyla-
koid membrane protein complexes were separated by ultracentrifuge for 8 h
at 110,000g at 4°C in a P40ST rotor (Hitachi). The gradients were then frac-
tionated from top to bottom into 36 fractions by a microliter syringe, and
equal amounts of fractions were used for further immunoblot analysis.

Coimmunoprecipitation

The coimmunoprecipitation assay was performed as described previously
(Komenda et al., 2005) with some modifications. Two milligrams of thylakoid
membrane protein isolated from WT-CpcG2-YH or the wild-type strain in
500 uL of TNE buffer (50 mwm Tris-HCI, pH 7.5, 150 mm NaCl, 2 mm EDTA, and
1 mm PMSF) was solubilized with 0.05% (w/w) DM for 30 min at 4°C. After
centrifugation at 20,000¢ for 10 min at 4°C, the supernatant was incubated with
20 uL of anti-GFP serum overnight at 4°C with gentle rotation. The solution was
then incubated with an equal amount of protein A-Sepharose (GE Healthcare)
for 2h at 4°C. The protein A-Sepharose 4B with bound protein immunoglobulin
complexes was subsequently sedimented and washed twice with 1 mL of TNE
bulffer containing 0.05% (w/w) DM and twice with TNE buffer. The beads were
then suspended in 30 uL of 1X SDS (2%) loading buffer and then boiled for
5 min. After centrifugation, the supernatant was collected and subjected to
immunoblot analysis.

Affinity Chromatography

Purification of protein complexes containing the His6 tag was performed
using a nickel-nitrilotriacetic His-Bind resin column (Novagen). Chromatog-
raphy buffers contained 20 mm HEPES-KOH, pH 7.5, 10% (w/v) glycerol, and
100 mm NaCl supplemented with 10, 20, and 250 mm imidazole for binding,
washing, and elution of the protein complexes, respectively.

Growth Curve

The cell density of wild-type and AcpcG2 cells cultured at growth light and
high light was determined every 12 and 6 h, respectively, and that of wild-type,
AcpcG2, and AD3/ D4 cells cultured under pH 6.5 and 2% (v/v) CO, in air or air
was determined every 12 h, by measuring the A5, using a spectrophotometer
(UV3000; Shimadzu).

Wild-type, AcpcG2, and AD3/D4 cells (1.5 mL) were collected by centrif-
ugation, and pigments in the pellet were extracted by 1.5 mL of methy] al-
cohol. Chl a in the extract was determined using a spectrophotometer
(UV3000; Shimadzu) according to the formula Chl a (ug mL™") = 13.9 X Ay
(Arnon, 1949).

Dark Respiration

Oxygen uptake was measured at 30°C (Hansatech) with a Clark-type oxygen
electrode according to the method of Ma and Mi (2005). Cells were suspended
in fresh BG-11 medium at a Chl a concentration of 10 ug mL ™.

Confocal Laser Scanning Microscopy

Cell imaging was performed using a laser scanning confocal microscope
(FV1000; Olympus) with a 100X /1.4 plan apochromat oil-immersion objective
and with an 80-um confocal pinhole. The argon laser line, 515 nm, and the
helium laser line, 543 nm, were used for the excitation of YFP and auto-
fluorescence, respectively. YFP fluorescence emission was selected with a
515-nm dichroic mirror and a band-pass filter of 535 to 590 nm. Auto-
fluorescence was collected through a 545-nm dichroic mirror and a long-pass
filter of 560 nm.

Accession Numbers

Sequence data from this article can be found in the International Nucleotide
Sequence Database Collaboration under the following accession numbers:
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CpcG1, NP_440438.2; CpcG2, NP_442922.1; NdhB, NP_441103.1; PsaA,
NP_440757.1; and PsaB, NP_440758.1.
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Supplemental Figure S1. Growth curve of wild-type and AcpcG2 cells un-
der different light intensities.
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WT-CpcG2-YH strain.

Supplemental Figure S3. Construction and analysis of the cpcG1 deletion
mutant.

Supplemental Figure S4. Construction and analysis of the apcD deletion
mutant.

Supplemental Figure S5. Analysis of band I in the wild-type, AcpcG1, and
AapcD strains.

Supplemental Figure S6. Suc density gradient analysis of NDH-1 com-
plexes isolated from the WT-CpcG2-YH strain.

Supplemental Figure S7. Suc density gradient analysis of thylakoid mem-
brane protein complexes isolated from the WT-CpcG2-YH and AcpcG2
strains.

Supplemental Figure S8. Identification of phycobilisome components in
the NDH-1L-PSI supercomplex.

Supplemental Figure S9. Analysis of NDH-1L-PSI, NDH-1L, and NDH-
1M in wild-type and M9 strains.

Supplemental Figure S10. Growth curve of wild-type, AcpcG2, and AD3/
D4 cells under different CO, concentrations at pH 6.5.

Supplemental Table S1. Primers used in this study.
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