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Two major complexes of NADPH dehydrogenase (NDH-1) have been identified in cyanobacteria. A large complex (NDH-1L)
contains NdhD1, NdhF1, and NdhP, which are absent in a medium size complex (NDH-1M). They play important roles in
respiration, NDH-1-dependent cyclic electron transport around photosystem I, and CO2 uptake. Two mutants sensitive to high
light for growth and impaired in cyclic electron transport around photosystem I were isolated from the cyanobacterium
Synechocystis sp. strain PCC 6803 transformed with a transposon-bearing library. Both mutants had a tag in an open reading
frame encoding a product highly homologous to NdhQ, a single-transmembrane small subunit of the NDH-1L complex, identified
in Thermosynechococcus elongatus by proteomics strategy. Deletion of ndhQ disassembled about one-half of the NDH-1L to NDH-1M
and consequently impaired respiration, but not CO2 uptake. During prolonged incubation of the thylakoid membrane with
n-dodecyl-b-D-maltoside at room temperature, the rest of the NDH-1L in DndhQ was disassembled completely to NDH-1M and
was much faster than in the wild type. In the ndhP-deletion mutant (DndhP) background, absence of NdhQ almost completely
disassembled the NDH-1L to NDH-1M, similar to the results observed in the DndhD1/DndhD2mutant. We therefore conclude that
both NdhQ and NdhP are essential to stabilize the NDH-1L complex.

Cyanobacterial NADPH dehydrogenase (NDH-1)
complexes are localized in the thylakoid membrane
(Ohkawa et al., 2001, 2002; Zhang et al., 2004; Xu et al.,
2008; Battchikova et al., 2011a) and participate in a
variety of bioenergetic reactions, such as respiration, cyclic
electron transport around PSI, and CO2 uptake (Ogawa,
1991; Mi et al., 1992; Ohkawa et al., 2000). Structurally, the
cyanobacterial NDH-1 complexes closely resemble
energy-converting complex I in eubacteria and the mi-
tochondrial respiratory chain, regardless of the absence
of homologs of three subunits in cyanobacterial ge-
nomes that constitute the catalytically active core of
complex I (Friedrich et al., 1995; Friedrich and Scheide,
2000; Arteni et al., 2006). Over the past few years,
significant achievements have been made in resolving

the subunit compositions and functions of the multiple
NDH-1 complexes in several cyanobacterial strains (for
review, see Battchikova and Aro, 2007; Ogawa and Mi,
2007; Ma, 2009; Battchikova et al., 2011b; Ma and
Ogawa, 2015). Four types of NDH-1 have been identi-
fied in the cyanobacterium Synechocystis sp. strain PCC
6803 (hereafter, Synechocystis 6803), and all four types of
NDH-1 are involved in NDH-1-dependent cyclic elec-
tron transport (CET) around PSI (NDH-CET; Bernát
et al., 2011). The NDH-CET plays an important role in
coping with various environmental stresses, regardless
of its elusive mechanism. For example, this function can
greatly alleviate high light-sensitive growth phenotypes
(Endo et al., 1999; Battchikova et al., 2011a; Dai et al.,
2013; Zhang et al., 2014; Zhao et al., 2014). Therefore,
high light strategy can help in identifying the proteins
essential to NDH-CET.

Proteomics studies revealed the presence of three major
NDH-1 complexes in cyanobacteria: a large complex
(NDH-1L), a medium size complex (NDH-1M), and a
small complex (NDH-1S) with molecular masses of about
460, 350, and 200 kD, respectively (Herranen et al., 2004).
NDH-1M consists of 14 subunits (i.e. NdhA–NdhC, NdhE,
NdhG–NdhO, and NdhS). In addition to these subunits,
the NDH-1L complex contains NdhD1, NdhF1, NdhP, and
NdhQ (Prommeenate et al., 2004; Battchikova et al.,
2005, 2011b; Zhang et al., 2005, 2014; Nowaczyk et al.,
2011; Wulfhorst et al., 2014; Ma and Ogawa, 2015) and
is involved in respiration (Zhang et al., 2004). NDH-1S
is composed of NdhD3, NdhF3, CO2 uptake A (CupA),
and CupS (Ogawa and Mi, 2007) and is considered to
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be associated with NDH-1M in the cells as a functional
complex NDH-1MS (Zhang et al., 2004, 2005) partici-
pating in CO2 uptake. Among the several copies of ndhD
and ndhF genes found in cyanobacterial genomes, ndhD1
and ndhF1 show the highest homology to chloroplast
ndhD and ndhF genes, respectively, and CupA and CupS
subunits of the cyanobacteria have no counterparts in
higher plants. These facts suggest that the structure
and composition of NDH-1L, but not the NDH-1MS
complex, are similar to those of the chloroplast NDH-1
complex (Battchikova and Aro, 2007; Ogawa and
Mi, 2007; Shikanai, 2007; Ma, 2009; Suorsa et al.,
2009; Battchikova et al., 2011b; Ifuku et al., 2011;
Peng et al., 2011a; Ma and Ogawa, 2015). Despite their
similarity, a large number of subunits that constitute
the chloroplast NDH-1 complex, including ferredoxin-
binding subcomplex subunits NdhT and NdhU and
all the subunits of subcomplex B and lumen subcomplex,
are absent in the cyanobacterial NDH-1L complex
(Battchikova et al., 2011b; Ifuku et al., 2011; Peng et al.,
2011a). This implies that the stabilization strategies for
the cyanobacterial NDH-1L complex and chloroplastic
NDH-1 complex might be significantly different.

Recently, a new oxygenic photosynthesis-specific
small subunit NdhQ was identified in the NDH-1L
complex purified by Ni2+ affinity chromatography from
Thermosynechococcus elongatus (Nowaczyk et al., 2011).
NdhQ is extensively present in cyanobacteria, but its
homolog is absent in higher plants (Nowaczyk et al.,
2011). In this study, we demonstrate that deletion of
NdhQ disassembled the NDH-1L into NDH-1M, but
not NDH-1MS, in Synechocystis 6803 and consequently
impaired respiration, but not CO2 uptake. NdhQ and
NdhP stabilize the NDH-1L complex. Thus, the stabili-
zation strategy of cyanobacterial NDH-1L is distinctly
different from that of the chloroplastic NDH-1 complex.

RESULTS

Isolation of NDH-CET-Defective Mutants

The NDH-CET has a protective role against high
light stress in cyanobacteria (Battchikova et al., 2011a;
Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014)
and higher plants (Endo et al., 1999). Under high light
conditions, therefore, the growth of NDH-CET-defective
mutants is markedly retarded compared with the wild
type, despite similar growth under moderate light ir-
radiation. 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 twomutants, whichwere
unable to grow on the plate under high light but grew
similarly to the wild type under growth light (Fig. 1A).

To investigate whether the high light-sensitive growth
phenotype of the two mutants resulted from defective
NDH-CET, we monitored the postillumination rise in
Chl a fluorescence. This approach has been extensively
used to monitor NDH-CET activity in cyanobacteria

(Mi et al., 1995; Deng et al., 2003; Ma and Mi, 2005;
Battchikova et al., 2011a; Dai et al., 2013; Zhang et al.,
2014; Zhao et al., 2014) 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; Sirpiö
et al., 2009; Yamamoto et al., 2011; Armbruster et al.,
2013). As shown in Figure 1B, the NDH-CET activity in
both mutants was lower than that in the wild type as
judged by the height and relative rate of postillumination
increase in Chl fluorescence. The results indicate that
NDH-CET is affected in mutants 1 and 2.

To identify the genes inactivated by transposon
tagging, we analyzed the sites of transposon insertion

Figure 1. Use of high light condition to screen for NDH-CET-defective
mutant in transposon-tagged mutant populations of Synechocystis
6803. A, Growth of the wild type (WT) and mutants under normal light
(40 mmol photons m22 s21) and high light (200 mmol photons m22 s21).
B, Monitoring of NDH-CET activity using Chl fluorescence analysis.
The top curve shows a typical trace of Chl fluorescence in the wild-
type Synechocystis 6803. Cells were exposed to AL (620 nm; 45 mmol
photons m22 s21) for 30 s. AL was turned off, and the subsequent
change in the Chl fluorescence level was monitored as an indication of
NDH-CET activity. C, The arrow schematically indicates the transpo-
son insertion site in mutants 1 and 2 probed by PCR analysis using the
primers listed in Supplemental Table S1.

444 Plant Physiol. Vol. 168, 2015

Zhao et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.00503/DC1


in both mutants. As shown by the PCR results (Fig. 1C),
both mutants were tagged in an open reading frame
identified between sll1373 and sll1374. The open reading
frame encodes a protein of 46 amino acids having a
single-transmembrane helix (Supplemental Fig. S1),
which was highly homologous to NdhQ (Supplemental
Fig. S1) identified in theNDH-1L complex from T. elongatus
using proteomics approach (Nowaczyk et al., 2011). The
transposon insertion occurred at position 1842830 of the
Synechocystis 6803 genome (Kaneko et al., 1996). This
implies that inactivation of ndhQ impairs NDH-CET
activity.

Deletion of ndhQ Impairs NDH-CET Activity

To confirm that inactivation of ndhQ impairs NDH-CET
activity, we replaced the entire ndhQ coding region with a
spectinomycin resistance marker (SpR; Fig. 2A). PCR
analysis of the ndhQ locus confirmed a complete seg-
regation of the ΔndhQmutant allele (Fig. 2B). Transcript
analysis using a specific primer pair for the ndhQ en-
coding gene (see Supplemental Table S1) demonstrated
the absence of gene product in the mutant (Fig. 2C). As
expected, the NDH-CET activity, as measured by the

postillumination increase in Chl fluorescence, was
lower in ΔndhQ than in the wild type. However, the
activity remained relatively high compared with the
M55 mutant (Fig. 2D). A similar result was obtained by
measuring the oxidation of P700 by far-red light (FR)
after actinic light (AL) illumination. When AL was turned
off after 30-s illumination by AL (800 mmol photons
m22 s21) supplemented with FR, P700+ was transiently
reduced by electrons from the plastoquinone pool, and
subsequently P700 was reoxidized by background FR.
Operation of the NDH-1 complexes, which transfer
electrons from the reduced cytoplasmic pool to plasto-
quinone, hinders the reoxidation of P700 (Shikanai et al.,
1998; Battchikova et al., 2011a; Dai et al., 2013; Zhang
et al., 2014; Zhao et al., 2014). The reoxidation of P700
was evidently faster in ΔndhQ compared with the wild
type but was much slower than in M55 (Fig. 2E). We also
measured the NDH-CET by monitoring the reduction
rate of P700+ in darkness after illumination of cells with
FR light. The rereduction of P700+ was markedly slower
in ΔndhQ compared with that in the wild type, although
it was still faster than in M55 (Fig. 2F). Furthermore, the
growth of ΔndhQ under high light intensities was
evidently slower than the wild type, despite similar
growth under growth light (Supplemental Fig. S2).

Figure 2. ndhQ gene deletion mutation and its effect on NDH-CET. A, Construction of the plasmid used to generate the ndhQ-deletion
mutant (ΔndhQ). B, PCR segregation analysis of the ΔndhQ mutant using the ndhQ-G and ndhQ-H primers (Supplemental Table S1).
C, The transcript levels of ndhQ in the wild-type (WT) and ΔndhQ strains. The transcript level of 16 S ribosomal RNA (rRNA) in each
sample is shown as a control. The absence of contamination of DNA was confirmed by PCR without reverse transcriptase reaction.
D, Monitoring of NDH-CETactivity by Chl fluorescence. Experimental procedure as in Fig. 1. a.u., Arbitrary units. E, Redox kinetics of
P700 after termination of AL illumination (800 mmol photons m22 s21 for 30 s) under a background of FR. The cells were illuminated by
AL supplemented with FR light to store electrons in the cytoplasmic pool. After termination of AL illumination, P700+ was transiently
reduced by electrons from the plastoquinone pool; thereafter, P700 was reoxidized by background FR. The redox kinetics of P700 were
recorded. The P700+ levels were standardized by their maximum levels attained by exposure to FR light. F, Kinetics of the P700+

rereduction in darkness after turning off FR in the presence of 10 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). The Chl a
concentration was adjusted to 20 mg mL21 before measurement, and curves are normalized to the maximal signal.
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Taking these results together, we conclude that dele-
tion of ndhQ impairs the NDH-CET activity.

NdhQ Is Required for Stabilization of NDH-1L Complex

To reveal how deletion of ndhQ impairs NDH-CET
activity, we separated NDH-1L and NDH-1M complexes
from thylakoid membranes of the wild type, ΔndhQ, and
M55 strains and deduced the amount of these complexes
from the density of NdhH, NdhI, NdhK, and NdhM
bands visualized by the western analyses. Deletion of
ndhQ did not influence the abundance of total NDH-1
in the thylakoid membranes (Fig. 3A), but evidently
decreased the amount of NDH-1L complex and in-
creased that of NDH-1M complex (Fig. 3, B and C).

The results indicated that treatment of the thylakoid
membrane of the ΔndhQ mutant by n-dodecyl-b-D-
maltoside (DM) on ice disassembled the NDH-1L complex
to form the NDH-1M complex, possibly by removing
NdhD1, NdhF1, and NdhP, or it was already dis-
assembled in the cells. When the treatment was con-
tinued at room temperature for 10 min, the remaining
NDH-1L was almost completely disassembled into
NDH-1M (Fig. 4, D–F). The thermal collapse of NDH-1L
into NDH-1M was much faster in the ΔndhQ mutant
than in the wild type (Fig. 4). These results strongly
suggested that NdhQ is present only in the NDH-1L
complex, although we could not analyze the comigration
of NdhQ with NDH-1 complexes because the NdhQ-
yellow fluorescent protein (YFP)-His6 protein influenced
the assembly and activity of the complexes (data not
shown). Taken together, we may conclude that absence
of NdhQ destabilizes the NDH-1L complex, thereby
impairing the NDH-CET activity.

Deletion of ndhQ Suppresses Respiration

In addition to NDH-CET, NDH-1L is also involved
in respiration, but not CO2 uptake (Zhang et al., 2004).
To consolidate this conclusion that absence of NdhQ
destabilized the NDH-1L complex, we examined the
effects of deletion of NdhQ on the activities of respi-
ration and CO2 uptake. The rate of O2 uptake in the
dark in the wild type was 23.66 1.8 mmol O2 mg21 Chl
a h21, which was reduced to 14.1 6 1.5 mmol O2 mg21

Chl a h21 in the DndhQ. Consequently, the DndhQ
mutant grew slowly on the plate in the presence of Glc
plus DCMU but, similar to the wild type in their ab-
sence (Fig. 5) and state 2 transition, was impaired in
the mutant after the transfer of cells from light to dark
(Fig. 6, A–D). Light-to-dark transition causes the reduc-
tion of plastoquinone pool by respiration, which triggers
the cells into state 2 transition (Fork and Satoh, 1983;
Mullineaux and Allen, 1986, 1990; Dominy and Williams,
1987). In the DndhQ mutant, inhibition of plastoquinone
pool reduction in the dark impedes the cells entering state
2 transition (Fig. 6, A–D), as observed in M55 (Fig. 6, E
and F) and in the previous studies (Schreiber et al., 1995;
Huang et al., 2003; Ogawa et al., 2013). Deletion of ndhQ
did not influence the CO2 uptake activity as deduced
from the growth characteristics of DndhQ, very similar to
that of the wild type under either high CO2 or air
level of CO2 at pH 6.5 (Supplemental Fig. S3). This
finding was reinforced by the results showing that de-
letion of ndhQ did not collapse the complex of either
NDH-1M (Fig. 3, B and C) or NDH-1S (Supplemental
Fig. S4). Based on the aforementioned results, we con-
clude that deletion of ndhQ impaired respiration but
not CO2 uptake, which consolidates the conclusion
that NdhQ stabilizes the NDH-1L complex.

NdhQ and NdhP Jointly Stabilize the NDH-1L Complex

Recently, Zhang et al. (2014) indicated that NdhP is
also required to stabilize the NDH-1L complex. To test

Figure 3. Western analyses of NDH-1L and NDH-1M complexes from
the wild-type (WT), ΔndhQ, and M55 strains. A, Immunodetection of Ndh
subunits in thylakoid membranes from the wild-type (including indicated
serial dilutions), ΔndhQ, and M55 mutants. Immunoblotting was per-
formed using antibodies against hydrophilic Ndh subunits (NdhH, NdhI,
NdhK, and NdhM). Lanes were loaded with thylakoid membrane proteins
corresponding to 1 mg of Chl a. In the lowest lane, ATPb was used as a
loading control. B, Thylakoid protein complexes isolated from the wild
type and mutants were separated by blue native (BN)-PAGE. Thylakoid
membrane extract corresponding to 9 mg of Chl a was loaded onto each
lane. The positions of the NDH-1L and NDH-1M complexes are indicated
by red and blue arrows, respectively. C, Protein complexes were elec-
troblotted to a polyvinylidene difluoride membrane, and the membrane
was cross reacted with anti-NdhH, NdhI, NdhK, and NdhM to probe the
assembly of the NDH-1L and NDH-1M complexes.
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whether NdhQ and NdhP jointly stabilize the NDH-1L
complex, we constructed a DndhP/DndhQ (DP/Q) double
mutant strain (Supplemental Fig. S5). As deduced from
the density of NdhI and NdhM bands visualized by
western analyses, the NDH-1L complex was almost
completely disassembled to the NDH-1M complex in
the DP/Qmutant (Fig. 7), which was very similar to the
results observed in theDndhD1/DndhD2 (DD1/D2) mutant
(Fig. 7) and such disassembly in the double mutant
DP/Q was much more evident than that in its re-
spective single mutants DndhP (Zhang et al., 2014) and
DndhQ (Fig. 3, B and C). We therefore conclude that
NdhQ and NdhP jointly stabilize the NDH-1L com-
plex in Synechocystis 6803.

DISCUSSION

Over the past decade, a significant achievement has
been made in identifying the composition and function
of oxygenic photosynthesis-specific subunits from the
NDH-1 complexes in cyanobacteria (for review, see
Battchikova and Aro, 2007; Ogawa and Mi, 2007; Ma,
2009; Battchikova et al., 2011b; Ma and Ogawa, 2015)
and higher plants (for review, see Suorsa et al., 2009;
Ifuku et al., 2011; Peng et al., 2011a). Recently, a new
oxygenic photosynthesis-specific subunit, NdhQ, was
identified in the NDH-1L complex purified by Ni2+

affinity chromatography from T. elongatus (Nowaczyk
et al., 2011). We found in this study that deletion of
NdhQ disassembled the NDH-1L into NDH-1M and
possibly NdhD1/NdhF1/NdhP, but not NDH-1MS, in
the cells of Synechocystis 6803. The deletion impaired

respiration but not CO2 uptake, being consistent with
the aforementioned result. Therefore, NdhQ appears
to be present only in the NDH-1L complex.

In this study, the deletion of NdhQ disassembled
about one-half of the NDH-1L to NDH-1M on ice, and
the rest was completely disassembled to NDH-1M during
prolonged incubation of the thylakoid membrane with
DM at room temperature. By contrast, the deletion of
NdhP, which is suggested to be located between NdhD1
and NdhF1 (Zhang et al., 2014), also disassembled about
one-half of the NDH-1L into NDH-1M, but the rest was
decomposed into small pieces without forming NDH-1M
during the incubation at room temperature (Zhang et al.,

Figure 4. Effect of temperature and incuba-
tion time on the stability of NDH-1L and
NDH-1M complexes from the wild-type (WT)
and ΔndhQ strains. A and D, Profiles of BN-
PAGE of the thylakoid membranes isolated
from the wild-type and DndhQ strains. The
membranes were incubated with 1.5% (w/v)
DM on ice for 60 min (at 25˚C for 0 min) or at
25˚C for 10, 20, 30, and 60 min. Western
analyses of NDH-1L (red arrows) and NDH-
1M (blue arrows) of the wild type (B and C)
and DndhQ (E and F) isolated in A and D,
using antibodies against NdhH and NdhM.

Figure 5. Photoheterotrophic growth of wild-type (WT), ΔndhQ, and M55
cells on agar plates. Three microliters of cell suspensions with densities cor-
responding to A730 nm values of 0.1 (top row), 0.01 (middle row), and 0.001
(bottom row) was spotted on agar plates. Five millimolars of Glc and 10 mM

DCMUwere added to the plates for photoheterotrophic growth (right side) or
were not added for photoautotrophic growth (left side). The plates were in-
cubated under 2% (v/v) CO2 in air for 6 d at 40 mmol photons m22 s21.
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2014). In addition, deletion of both NdhD1 and NdhD2
completely disassembled the NDH-1L into NDH-1M, as
deduced from the results of western analyses of this
study and previous studies (Zhang et al., 2004, 2014).
Thus, the disassembling property of NDH-1L in DndhQ is
different from that in DndhP but similar to that in DD1/D2.
This implies that NdhQ is localized between NdhB and
NdhD1, as schematically represented in Figure 8.

Our results indicated that in cyanobacteria, NdhP
and NdhQ jointly stabilize the NDH-1L complex, as
schematically represented in Figure 8. In contrast, in

higher plants, NdhP (i.e. NDH-1-dependent flow6) is
a component of subcomplex B (Ishikawa et al., 2008;
Yabuta et al., 2010; Peng et al., 2011a), an exclusive
NDH-1 subcomplex in higher plants (Peng et al., 2009,
2011a; Ifuku et al., 2011), and NdhQ is absent in higher
plants (Nowaczyk et al., 2011). Therefore, this stabilization
strategy of both NdhP and NdhQ on the NDH-1L com-
plex is specific to cyanobacterial cells.

NDH-1M is considered to be associated with NDH-1S
in the cells as a functional NDH-1MS complex, which
is easily dissociated into NDH-1M and NDH-1S during
solubilization of the membranes with DM, even on ice
(Zhang et al., 2004, 2005). Such instability of the NDH-1MS
is consistent with the absence of NdhP and NdhQ in this
complex.

Figure 6. The 77K fluorescence emission and difference spectra in
wild-type (WT), ΔndhQ, and M55 cells. Fluorescence emission spectra
recorded at 77K for intact wild type (A), ΔndhQ (C), and M55 (E) il-
luminated under growth light (red line) and incubated in the dark for
10 min (black line). Difference spectra for wild-type, ΔndhQ, and M55
cells are calculated as light minus dark (B, D, and F). Each spectrum is
a mean of six spectra of the same sample in different tubes by exciting
phycobilins at 580 nm and normalizing at 707 nm.

Figure 7. Western analyses of NDH-1L and NDH-1M complexes from
the wild-type (WT), ΔP/Q, and ΔD1/D2 strains. A, Thylakoid protein
complexes isolated from the wild type and mutants were separated by
BN-PAGE. Thylakoid membrane extract corresponding to 9 mg of Chl a
was loaded onto each lane. The positions of the NDH-1L and NDH-
1M complexes are indicated by red and blue arrows, respectively.
B, Protein complexes were electroblotted to a polyvinylidene difluoride
membrane, and the membrane was cross reacted with anti-NdhI and
NdhM to probe assembly of the NDH-1L and NDH-1M complexes.

Figure 8. A model schematically represents the localization of NdhQ
in the NDH-1L complex. NdhQ, which was suggested to be located
between NdhB and NdhD1, together with NdhP jointly stabilize the
NDH-1L complex. NdhP and NdhQ are two oxygenic photosynthesis-
specific small single transmembrane subunits and are indicated by
green. TM, Thylakoid membrane.
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MATERIALS AND METHODS

Culture Conditions

A Glc-tolerant strain of wild-type Synechocystis 6803 and its mutants, ΔndhP
(Zhang et al., 2014), ΔndhQ, ΔP/Q, ΔndhB (M55; Ogawa, 1991), ΔD1/D2
(Ohkawa et al., 2000), and wild type-NdhQ-YFP-His6, were cultured at 30°C
in blue green (BG)-11 medium (Allen, 1968) buffered with Tris-HCl (5 mM, pH
8.0) and bubbled with 2% (v/v) CO2 in air. Solid medium was BG-11 sup-
plemented with 1.5% (w/v) agar. The mutant strains were grown in the pres-
ence of appropriate antibiotics under illumination by fluorescence lamps at
40 mmol photons m22 s21.

Isolation and Construction of Mutants

A cosmid library of Synechocystis 6803 genomewas constructed. The library that
contained 105 clones with inserts of 35 to 38.5 kb was subjected to in vitro trans-
poson mutagenesis using a EZ-Tn5 , KAN-2 . Insertion Kit (Epicentre Biotech-
nologies) and then used to transform the wild-type cells of Synechocystis 6803.
Following transformation, cells were spread on 1.5% (w/v) BG-11 agar plates
supplemented with 5 mg mL21 kanamycin, and kanamycin resistance mutants that
grew slowly under high light but normally under growth light were isolated.
Genomic DNA isolated from each mutant was digested with HhaI 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 kanamycin resistance cassette. The exact position of the cassette in
the mutant genome was determined by sequencing the PCR product.

The upstream and downstream regions of ndhQ were amplified by PCR,
creating appropriate restriction sites. A DNA fragment encoding an SpR cas-
sette was also amplified by PCR, creating BamHI and SacI sites using PCR
primers ndhQ-C and ndhQ-D (Supplemental Table S1). These three PCR pro-
ducts were ligated into the multiple cloning site of pUC19 (Fig. 2A) and were
used to transform the wild type and DndhP (Zhang et al., 2014) cells to gen-
erate the ΔndhQ and ΔP/Q mutant strains. The transformants were spread on
agar plates containing BG-11 medium and spectinomycin (10 mg mL21)
buffered at pH 8.0, and the plates were incubated in 2% (v/v) CO2 in air under
illumination by fluorescent lamps at 40 mmol photons m22 s21. The mutated
ndhQ in the transformants was segregated to homogeneity (by successive-
streak purification) as determined by PCR amplification and reverse tran-
scription (RT)-PCR analysis (Fig. 2, B and C; Supplemental Fig. S5).

A DNA fragment containing ndhQ and its upstream region was amplified
by PCR, creating SalI and KpnI sites on both ends, and was ligated to the SalI
and KpnI sites in multiple cloning site of the pEYFP-His6-SpR plasmid (Birungi
et al., 2010). A fragment containing the downstream region of ndhQ was also
amplified by PCR, creating EcoRI and SpeI sites, and was ligated to the
downstream of the SpR gene. The vector thus constructed was used to trans-
form the wild-type cells of Synechocystis 6803 to generate the wild type-NdhQ-
YFP-His6 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 (data not shown).

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 ndhQ and 16 S rRNA, with
0.5 mg 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 reactions were stopped after 25 cycles for 16 S rRNA and after 35 cycles for
ndhQ. The primers used are summarized in Supplemental Table S1.

Chl Fluorescence and P700 Analysis

The transient increase in Chl fluorescence after AL had been turned off was
monitored as described (Ma and Mi, 2005). The redox kinetics of a special Chl pair
in the PSI reaction center (P700) was measured according to previously described
methods (Battchikova et al., 2011a; Dai et al., 2013; Zhang et al., 2014; Zhao et al.,
2014). 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 mM DCMUwas added to the cultures prior to the measurement. The

P700 was oxidized by FR 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.

Isolation of Crude Thylakoid Membranes

The cell cultures (5 L) were harvested at the logarithmic phase (A730 = 0.6–0.8)
and washed twice by 50 mL of fresh BG-11 medium, and then thylakoid
membranes were isolated according to Gombos et al. (1994), with some modi-
fications as follows. Cells were 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), and after adding zirconia/silica beads, they were 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 5,000g for 5 min to
remove the glass beads and unbroken cells. By further centrifugation at 20,000g
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 (Kügler et al., 1997), with slight modifications (Battchikova et al.,
2011a; Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014). Isolated membranes
were prepared for BN-PAGE as follows. Membranes were washed with 330 mM

sorbitol, 50 mM BisTris, pH 7.0, and 0.5 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich), and resuspended in 20% (w/v) glycerol, 25 mM BisTris, pH 7.0,
10 mM MgCl2, 0.1 units of RNase-free DNase RQ1 (Promega) at a Chl a con-
centration of 0.3 mg mL21, and 0.5 mM phenylmethylsulfonyl fluoride. The
samples were incubated on ice for 10 min, and an equal volume of 3% (w/v) DM
was added. Solubilization was performed for 40 min on ice. Insoluble compo-
nents were removed by centrifugation at 18,000g for 15 min. The collected su-
pernatant was mixed with one-tenth volume of sample buffer, 5% (w/v) Serva
Blue G, 100 mM BisTris, pH 7.0, 30% (w/v) Suc, 500 mM «-amino-n-caproic acid,
and 10 mM EDTA. Solubilized membranes were then applied to a 0.75-mm-
thick, 5% to 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 V to 200 V during the 5.5-h run.

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

For immunoblotting, the proteins were electrotransferred to a polyvinylidene
difluoride membrane (Immobilon-P; Millipore) and detected by protein-specific
antibodies using an ECL assay kit (Amersham Pharmacia) according to the
manufacturer’s protocol. Antibodies against NdhH, NdhI, NdhK, NdhM, and
ATPb proteins of Synechocystis 6803 were previously raised in our laboratory
(Ma and Mi, 2005; Zhao et al., 2014). Antibodies against NdhD3 and CupA were
provided by Eva-Mari Aro (Department of Biochemistry, University of Turku)
and Hualing Mi (Institute of Plant Physiology and Ecology, Chinese Academy of
Sciences), respectively. Antibodies against His and GFP were purchased from
Shanghai Immune Biotech Co., Ltd and Agrisera Co., respectively.

77K Fluorescence Emission Spectra

Fluorescence emission spectra at 77K of intact wild-type, ΔndhQ, and M55
cells were measured using a F4500 spectrofluorimeter (Hitachi) at an excita-
tion wavelength of 580 nm. Two-day-old cultures (A730 = 0.6–0.8) were har-
vested by centrifugation (5,000g for 5 min at 25°C), washed, and then
resuspended in fresh BG-11 medium buffered with Tris-HCl (5 mM, pH 8.0) at
a Chl a concentration of 5 mg mL21. The resuspended cultures were acclimated
under the same growth conditions for 20 min. The cells were rapidly frozen in
liquid nitrogen directly from either the growth light or dark adaptation for 10
min. The fluorescence spectrum was obtained by averaging six scans for each
sample in different tubes. The excitation and emission slit widths were set at
5 nm, and the same capture was used in all experiments.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence comparison between an open reading
frame product (Synechocystis sp. strain PCC 6803) and NdhQ (T. elongatus).

Supplemental Figure S2. Growth of wild-type and ΔndhQ cells on the agar
plates under different light intensities.
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Supplemental Figure S3. Growth curve of wild-type, ΔndhQ, and ΔD3/D4
cells.

Supplemental Figure S4. Western analyses of the NDH-1S complex from
the air-grown wild-type and ΔndhQ cells.

Supplemental Figure S5. Identification of the ΔP/Q double mutant.

Supplemental Table S1. Primers used in this study.
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