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Abstract—To study the function of soluble NAD(P)H:quinone oxidoreductase of the cyanobacterium Syrnechocystis sp. PCC
6803 encoded by drgA gene, recombinant DrgA protein carrying 12 histidine residues on the C-terminal end was expressed
in Escherichia coli and purified. Recombinant DrgA is a flavoprotein that exhibits quinone reductase and nitroreductase
activities with NAD(P)H as the electron donor. Using EPR spectroscopy, it was demonstrated that addition of recombinant
DrgA protein and NADPH to DCMU-treated isolated thylakoid membranes of the cyanobacterium increased the dark re-
reduction rate of the photosystem I reaction center (P700"). Thus, DrgA can participate in electron transfer from NADPH
to the electron transport chain of the Synechocystis sp. PCC 6803 thylakoid membrane.
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EPR spectroscopy

The thylakoid membrane of cyanobacteria contains
both the photosynthetic electron transport chain (ETC)
including two photosystems (PSI and PSII), plasto-
quinone (PQ) pool, cytochromes b f complex, a number
of soluble electron carriers, and the whole respiratory
ETC including the NDH-1 complex, succinate dehydro-
genase, and cytochrome and quinol oxidases. The PQ
pool, cytochromes bqf complex, and soluble electron
transporters are a common part of the photosynthetic and

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea; DCPIP, 2,6-dichlorophenol indophenol; decylplasto-
quinone, 2,3-dimethyl-6-decyl-1,4-benzoquinone; dinoseb, 2-
sec-butyl-4,6-dinitrophenol; duroquinone, tetramethyl-1,4-
benzoquinone; ETC, electron transport chain; Fd, ferredoxin;
FMN, flavin mononucleotide; FNR, ferredoxin:NADP*-oxi-
doreductase; IPTG, isopropyl-B-D-thiogalactopyranoside;
PCR, polymerase chain reaction; PMSF, phenylmethylsulfonyl
fluoride; PQ, plastoquinone; PS, photosystem; Q,, 2,3-
dimethoxy-5-methyl-1,4-benzoquinone (ubiquinone Q);
SOD, superoxide dismutase.

* To whom correspondence should be addressed.

respiratory ETC [1]. Electrons can move to the PQ pool
from both PSII and cytoplasm substrates, and transfer
from plastoquinol to both PSI and terminal oxidases,
depending on which acceptor is the most oxidized under
certain conditions of cell growth [2].

The NDH-1 complex, which is a proton-translocat-
ing NADPH:quinone oxidoreductase, takes part in both
respiration and photosynthetic cyclic PSI-dependent
transport of electrons [3]. The subunit composition of
cyanobacterial complex significantly resembles that of the
E. coli NDH-1 complex, but it lacks three subunits corre-
sponding to the NuoE, F, and G subunits of the E. coli
NDH-1 complex. These subunits of NDH-1 bacterial
complexes contain NAD(P)H and FMN (flavin
mononucleotide) binding sites as well as a number of Fe-
S clusters essential for catalytic activity of the complex
[4].

The nature of the catalytic domain of the cyanobac-
terial NDH-1 complex is still unclear. A number of pro-
teins (or protein complexes) with NAD(P)H dehydroge-
nase activity including ferredoxin:NADP™ oxidoreduc-
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tase (FNR) and the 23 kDa protein encoded by the drgA
gene was found in a membrane fraction of the cyanobac-
terium Synechocystis sp. PCC 6803 (further Synechocystis
6803) [5]. The drgA gene was first cloned as a gene
responsible for resistance to the nitrophenolic herbicide
dinoseb (2-sec-butyl-4,6-dinitrophenol) (dinoseb resist-
ance gene) [6, 7]. The gene encodes soluble NAD(P)H:
quinone oxidoreductase [8], which also has nitroreduc-
tase activity [7, 9]. According to the Pfam (http://
pfam.sanger.ac.uk/family/) and InterPro (http://
www.ebi.ac.uk/interpro/) databases, the DrgA protein
belongs to the nitroreductase family (PF00881,
IPR000415) of enzymes able to reduce the NO, group of
nitroaromatic compounds. Nitroreductase activity is typ-
ical for oxygen-insensitive NAD(P)H nitroreductases
(EC 1.6.99.7), for a number of NADH dehydrogenases
(EC 1.6.99.3), and several oxidoreductases (e.g. DT-
diaphorase; EC 1.6.99.2). DrgA reduces quinones and
nitroaromatic compounds (e.g. dinoseb) by a two-elec-
tron mechanism using NADPH and, with lower efficien-
cy, NADH as the electron donor [7-10].

As we demonstrated earlier, the drgAd gene product
influences electron transport in thylakoid membranes of
cyanobacteria. In the presence of DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea), which inhibits
transport of electrons from PSII, the re-reduction rate of
the light-oxidized PSI reaction center (P700%) was signif-
icantly lower in the drgd mutant cells than in wild type
cells. These data suggest that the DrgA may participate in
regulation of electron transport in thylakoid membranes
of cyanobacteria, transferring electrons from NADPH to
the PQ pool [11].

Model experiments with purified protein are essen-
tial for proving that DrgA does participate in photosyn-
thetic or respiratory electron transport in Synechocystis
6803. For this goal, the drgA4 gene was expressed in E. coli
using the pTrc99A plasmid, and recombinant DrgA pro-
tein carrying 12 histidine residues on the C-terminal end
was purified. The influence of the purified protein on the
dark re-reduction rate of the PSI reaction center (P700")
after its oxidation with a white light pulse was studied in
isolated Synechocystis 6803 thylakoid membranes.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Strains E.
coli DH5a (F~ gyrA96 (Nal") recAl relAl endAl thi-1
hsdR17 (rymy) glnV44 deoRA (lacZYA argF) U169 [$80d
A(lacZ) M15]) and BL21(DE3) (F~, ompT, hsdSs,
(rgmg), gal, dem (DE3)) (Novagen, USA) and wild type
strain and the drg4 mutant (Ins2) [6] of the cyanobacteri-
um Synechocystis sp. PCC 6803 taken from the collection
of the Department of Genetics of Moscow State
University were used. Escherichia coli cells were cultivat-
ed for 15-18 h at 37°C in LB medium [12]. Bacteriologi-
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cally pure cultures of the cyanobacteria were incubated
for 5 days at 30°C and 40 pE-m2sec! of continuous
lighting in BG-11 liquid mineral medium [13]. The Ins2
mutant cells were cultivated in the presence of kanamycin
(100 pg/ml). Clones of the E. coli transformants were cul-
tivated in LB medium containing ampicillin (100 pg/ml).
The pTrc99A plasmid was used as a vector for cloning and
expression of the drgA gene [14].

Genetic engineering. Plasmid DNA was purified
using a QIAprep Spin Miniprep Plasmid Kit (Qiagen,
USA). Molecular cloning, determinations of the
nucleotide sequences and PCR (polymerase chain reac-
tion) were carried out by standard methods [12]. The
PCR products were separated in 1% agarose gel.
Escherichia coli cells were transformed using plasmid
DNA by a standard method [14]. Chromosome DNA was
extracted from the wild type Synechocystis 6803 by a
method described earlier [15].

Construction of pTrc-DrgA12His recombinant plas-
mid. A fragment of the chromosomal DNA of the wild
type Synechocystis 6803 carrying the drgA (slr1719) gene
was amplified by PCR using the following primers: Fwl
(5'-CCA CCC ATG GAC ACC TTT GAC GCT ATT
TAC C-3') and Revl (5-CCA CTC GAG GGC AAA
GGA GTT TTC CCA GAC C-3'). The Fwl primer was
used for insertion of the Ncol site before the drgd tem-
plate, and the Revl primer was used for insertion of the
Xhol site after the drgA4 gene. A 620-bp PCR product was
separated from gel and purified using the QIAquick Gel
Extraction Kit (Qiagen).

Synthetic oligonucleotide duplex encoding 12 histi-
dine residues was joined to the 3'-end of the drgA gene at
the first stage of the cloning. For this goal, the purified
PCR fragment was cleaved by the BamHI and Xhol
endonucleases. The reaction products were separated in
agarose gel, 448 bp band of the drgAd 3'-end region was
separated from the gel and ligated with the pTrc99A plas-
mid DNA treated with BamHI and Hindlll together with
the synthetic oligonucleotide 12HisF—12HisR duplex
(12HisF: 5'-TCG AGC ATC ACC ATC ACC ATC ACC
ATC ACC ATC ACC ATC ACT AAA-3'; 12HisR: 5'-
AGC TTT TAG TGA TGG TGA TGG TGA TGG TGA
TGG TGA TGG TGA TGC-3') carrying Xhol and
HindllI sites. The resulting recombinant plasmids were
amplified in E. coli DH5a and the insertion was
sequenced.

To separate the drgA 5'-end region, the PCR frag-
ment carrying the drgA gene was cleaved by Ncol and
BamHI endonucleases. The reaction products were sepa-
rated in agarose gel and a 155 bp band was eluted. Since
the drgA 3'-end region contains two supplementary Ncol
sites, insertion of the 5'-end Ncol/BamHI fragment of the
drgA was carried out in two stages. One DNA portion of
the pTrc99A recombinant plasmid carrying the drgA 3'-
end region and the 12HisF—12HisR duplex was cleaved
by Ncol and Miul, and a 1036 bp fragment (not carrying
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Neol Xhol
NCOI BamI-H Nceol PCR
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Fig. 1. Construction of pTrc-DrgA12His recombinant plasmid. P, promoter; Trc term, transcription terminator; 12His, synthetic oligonu-
cleotide duplex encoding 12 histidine residues.
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supplementary sites for Ncol) was eluted; another portion
was cleaved by unique Mlul and BamHI sites, and a
3770 bp fragment was eluted from the gel. Both fragments
were ligated with the 5'-end Ncol/BamHI fragment of
drgA. The resulting recombinant plasmids were amplified
in E. coli DH5a, and the insertion was sequenced.
Construction of pTrc-DrgA12His recombinant plasmid is
demonstrated in Fig. 1.

Heterologous expression and purification of recombi-
nant DrgA protein. For preparative protein purification
competent cells of E. coli BL21(DE3) were transformed
with the sequenced plasmid. Single colonies of the trans-
formants were cultivated in LB medium (5 ml) containing
ampicillin. After overnight cultivation, the cells were
transferred into 250 ml of fresh medium and incubated at
37°C until the optical absorption reached Asy = 0.8.
Expression was induced adding 0.2 mM IPTG (iso-
propyl-B-D-thiogalactopyranoside). After 16 h incuba-
tion with IPTG, the cells were collected by centrifugation
and frozen at —70°C.

The recombinant DrgA protein was purified by metal
chelate chromatography. The frozen cells were thawed in
an ice bath, resuspended in cold buffer I (20 mM Tris-
HCI, pH 8.0, 50 mM NacCl, 0.001% phenylmethylsul-
fonyl fluoride (PMSF)) adding 10 ml of buffer I per gram
of cells, and incubated on ice for 15 min. The cells were
centrifuged for 10 min at 8000g, and then supernatant cell
debris was centrifuged at 15,000g for 15 min. For purifi-
cation under native conditions, supernatant containing
DrgA protein labeled with 12 histidine residues was incu-
bated for 1 h at 25°C with Ni-Sepharose. Sepharose
together with bound protein were transferred onto a col-
umn (Bio-Rad, USA) and flushed with two volumes of
buffer I and with two volumes of the buffer containing
50 mM NaH,PO, (pH 7.5), 50 mM NaCl, 20 mM imida-
zole, and 0.001% PMSE. The protein was eluted with four
volumes of the buffer containing 50 mM NaH,PO,
(pH 7.5), 50 mM NacCl, 300 mM imidazole, and 0.001%
PMSEF. Fractions of 0.5 ml were collected, and protein
content was analyzed by SDS-PAGE [16]. After the
analysis, the fractions containing DrgA protein were dia-
lyzed from buffer containing 50 mM NaH,PO, (pH 7.5),
50 mM NacCl, and 0.001% PMSF and concentrated by
ultrafiltration using Amicon PMI10 membranes
(Millipore, USA). The purified protein was kept at
-70°C.

Synechocystis 6803 membrane fraction was isolated
by a method described earlier [11].

Enzyme activity measurements. NAD(P)H oxidase
activities of recombinant DrgA protein were measured at
30°C estimated by NAD(P)H decrease in medium con-
taining 0.1 mM NAD(P)H, 20 mM Tris-HCI, pH 7.5,
40 nM of the DrgA protein, and electron acceptors—
0.1 mM Q, (2,3-dimethoxy-5-methyl-1,4-benzoquinone
(ubiquinone 0)), 0.1 mM duroquinone (tetramethyl-1,4-
benzoquinone), 0.05 mM decylplastoquinone (2,3-
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dimethyl-6-decyl-1,4-benzoquinone), 0.05 mM nitrofu-
razon, or 0.1 mM potassium ferricyanide (spectrophoto-
metric detection at 340 nm, g,y = 6.2 mMlcm™).
NAD(P)H.dinoseb reductase activity was measured in the
same medium containing 0.05 mM dinoseb estimated by
optical absorption increase (spectrophotometric detec-
tion at 470 nm, e,y = 6.9 mM cm™). NAD(P)H:
cytochrome c reductase activity was measured in the same
medium containing 0.05 mM cytochrome c in the pres-
ence and in the absence of superoxide dismutase (SOD;
3 U/ml) estimated by optical absorption increase (spec-
trophotometric detection at 550 nm, g,y
20.0 mM~-cm™). The rate of superoxide radical genera-
tion was determined by the difference between total meas-
ured NAD(P)H:cytochrome c¢ reductase activity and
activity in the presence of superoxide dismutase.
NAD(P)H:DCPIP reductase activity was estimated by
optical absorption attenuation in the same medium con-
taining 0.05 mM DCPIP (2,6-dichlorophenol indophe-
nol) (spectrophotometric detection at 600 nm, g, =
20.0 mM~tcm™).

EPR spectroscopy. The method for analyzing P700
redox transformations was described earlier [11]. A
0.035-ml sample of the membrane preparation was
loaded into a 0.1 ml quartz cell at chlorophyll concentra-
tion about 30 pug/ml. EPR signal I was generated by a
white light pulse (2000 pE-m~2sec™!, 80 msec). After the
illumination, the cell was kept in the dark for 11 sec and
then illuminated again. This protocol for P700* signal
registration was repeated, and the final signal was the sum
of 30-50 individual light signals. P700" concentration was
determined by comparison of the signal I amplitude with
the amplitude of the signal of 0.02 mM nitroxide radical
TEMPO (Sigma, USA) [17]. DCMU (20 uM), NADPH
(100 uM), and purified DrgA protein were added to the
cell suspension 5 min before measuring the EPR spectra.
Data averaging and exponential analysis of the dark
attenuation curves of the EPR signal were performed
using OriginPro 7.5 software.

Spectra of absorption and fluorescence were regis-
tered at room temperature using modified spectropho-
tometers Hitachi-557 and Hitachi-850 (Hitachi, Japan),
respectively. The spectral width of the absorption spec-
trophotometer was 4 nm and that of the fluorimeter was
5 nm for both excitation and emission.

Internet resources. For amino acid sequence analy-
sis, CyanoBase (http://genome.kazusa.or.jp/cyanobase),
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi/), Pfam
(http://pfam.sanger.ac.uk/family/), and InterPro
(http://www.ebi.ac.uk/interpro/) databases were used.

RESULTS

Cloning and expression of Synechocystis 6803 drgA
gene in E. coli cells. To study function, the drgA gene was
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25 kDa

Fig. 2. SDS-PAGE analysis of recombinant DrgA protein purified
by metal chelate chromatography: 7) marker of protein molecular
mass (SM0431; Fermentas, Lithuania); 2) recombinant DrgA pro-
tein.

expressed in F. coli cells. A chromosomal DNA fragment
of the cyanobacterium carrying the whole drgA gene was
cloned in pTrc99A expression vector. For the subsequent
purification of expressed protein, the sequence encoding
12 histidine residues was ligated to the 3'-end of the drg4
gene (see “Materials and Methods” and Fig. 1).

The cyanobacterial protein was expressed in different
F. coli strains; the expression maximum was reached after
induction by 0.1 mM or higher concentrations of IPTG
(data not shown). Recombinant DrgA protein carrying 12
histidine residues on the C-terminal end was obtained
after purification by nickel affinity chromatography (Fig.
2).

Properties of recombinant DrgA protein. The absorp-
tion spectrum of purified DrgA protein showed wide
absorption bands typical for flavoproteins in the near UV
and visible regions of the spectrum near 350 and 460 nm
(Fig. 3a). The spectra of fluorescence (Fig. 3b) and fluo-
rescent excitation (Fig. 3c) of the DrgA protein are also
similar to those measured in flavoprotein solutions [18,
19]. It was shown earlier by HPLC analysis that the DrgA
isolated from Synechocystis 6803 contains FMN as a
prosthetic group [9]. Recombinant DrgA expressed in E.
coli as well as native DrgA seems to contain FMN.

Recombinant DrgA shows similarity in substrate
specificity to both endogenous DrgA and recombinant

ELANSKAYA et al.

DrgA(6His) described earlier [8, 9]. The protein uses
NADPH and NADH as electron donors, showing higher
activity with NADPH. Quinones are preferred electron
acceptors. Moreover, recombinant DrgA as well as the
endogenous protein [9] is able to reduce nitroaromatic
compounds (dinoseb, nitrofurazon) as well as ferri-
cyanide and DCPIP (Table 1). The enzyme also catalyzes
the formation of superoxide radical at a rate of
0.2 umol/min per mg (Table 1, determined by the differ-
ence between cytochrome ¢ reduction rates in the pres-
ence and in the absence of SOD).

Maximal activity of DrgA (A4,.) and Michaelis
constants (K,,) for NADH and NADPH were deter-
mined in the NAD(P)H:Q,-reductase reaction at
100 uM Q, (saturating concentrations). Using NADH
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Table 1. Specificity of recombinant DrgA toward electron
acceptors

Activity, pmol/min
Acceptor per mg protein*®
NADH NADPH
(100 pM) (100 uM)
Decylplastoquinone, 50 uM 7.2 12.8
Ubiquinone Q,, 100 uM 7.4 10.6
Duroquinone, 100 uM 7.0 10.3
DCPIP, 50 uM 1.4 0.4
Cytochrome ¢, 50 uM 0.4 0.4
Cytochrome ¢, 50 uM, 0.2 0.2
in the presence of SOD**
Dinoseb, 50 uM 1.3 3.0
Nitrofurazon, 50 uM 8.4 6.2
Ferricyanide, 100 uM 1.9 2.0

* Activities were determined as described in “Materials and Methods”.
** SOD concentration in measuring medium was 3 U/ml.

and NADPH as electron donors, A,,,, magnitudes were
17 and 63 pmol/min per mg DrgA protein, respectively.
K, values for NADH and NADPH were about 60 pM.

Influence of recombinant DrgA on dark re-reduction
rate of PSI reaction center (P700%) after its oxidation with
a white light pulse in isolated thylakoid membranes of
Synechocystis 6803. Purified DrgA was used in experi-
ments studying light-induced redox transformations of
P700 in isolated thylakoid membranes of Synechocystis
6803 by EPR spectroscopy. To remove an influence of
endogenous DrgA, membrane fraction was isolated from
Ins2 mutant cells with defective drgA gene [6].

Time-dependent redox transformations of the P700
induced by white light pulses in isolated membranes of
Synechocystis 6803 are represented at Fig. 4. Rapid
increase of the P700" signal amplitude was observed on
illumination, indicating P700 photooxidation. The P700*
concentration (signal I amplitude compared with ampli-
tude of TEMPO nitroxyl radical) was 0.5 uM. Due to the
P700" dark reduction by electron transfer from the PQ
pool to PSI, the P700" signal is progressively attenuating
after turning off the light. The reduction of P700* after
illumination in isolated Synechocystis 6803 thylakoid
membranes was well described by a sum of two exponen-
tially decreasing curves with time constants of 60 msec
(1)) and 1.5 sec (t,) (Fig. 4, curve 7). The relative contri-
butions of the amplitudes of the rapid (A4,) and slow (4,)
phases of the reduction were 57 and 43%, respectively
(Table 2).

BIOCHEMISTRY (Moscow) Vol. 74 No. 10 2009

1085

In the presence of DCMU, blocking electron trans-
fer from the PSII to the PQ pool, the rates of both the
rapid and slow phases of the P700" signal decay signifi-
cantly decreased (t; > 0.1 sec, 1, > 6 sec) and the contri-
bution of the rapid phase in total amplitude decreased
(Fig. 4, curve 2). Addition of DrgA or NADPH to thy-
lakoid membranes treated with DCMU did not increase
the rate of the P700" reduction after its light-induced for-

I

1
2

[2]

=

C

=}

a

@ 3

P

=

o

—

@

o

°

>

2

a

= 4

@

©

c

2

7]

.

o

o

I~

o
5
6

0.8 1.0 1.2

00 02 04 06

Time, sec

Fig. 4. Time-dependent redox transformations of P700 induced by
white light pulses in isolated membranes of Ins2 mutant: 7) with-
out DCMU; 2) 20 uM DCMU; 3) 20 uM DCMU, 5 uM DrgA;
4) 20 yM DCMU, 100 uM NADPH; 5) 20 uM DCMU, 100 pM
NADPH, 2.5 uM DrgA; 6) 20 uM DCMU, 100 uM NADPH,
5 uM DrgA. EPR signal 1 was generated by white light
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Table 2. Influence of DCMU, NADPH, and DrgA on amplitude (4) and time (t) of P700" signal attenuation after
illumination in isolated thylakoid membranes of Synechocystis 6803 (estimated by the results of averaging and biexpo-
nential fitting of the signal attenuation curves after illumination from Fig. 4 using OriginPro 7.5 software)*

Experiment type A,, arbitrary units Ty, SEC A,, arbitrary units T,, SEC
Control 0.57 £ 0.02 0.06 £0.003 0.43 +0.01 1.48 £ 0.08
DCMU 0.50 = 0.05 0.12+0.03 0.50 £ 0.06 62X 1.6
DCMU, DrgA (5 uM) 0.42 +£0.04 0.1 £0.02 0.58 = 0.03 6.3+3.1
DCMU, NADPH 0.42 +0.01 0.31+0.03 0.58 = 0.01 >6
DCMU, NADPH, DrgA (2.5 uM) 0.52 £ 0.02 0.09 = 0.005 0.48 = 0.01 1.23 £ 0.07
DCMU, NADPH, DrgA (5 uM) 0.67 £ 0.01 0.08 = 0.004 0.33 £ 0.01 1.1 £0.08

* Curves of P700" signal attenuation after illumination shown in Fig. 4 are represented as a sum of two exponentials where A4, and A4, are the ampli-
tudes of the rapid and slow phases given in relative units (4, + 4, = 1); 1, and 1,, attenuation time (in seconds) of rapid and slow phases of P700*

signal decay, respectively.

mation (Fig. 4, curves 3 and 4). The total amplitude of
the P700" signal in the presence of NADPH, however,
significantly increased, apparently due to the presence of
the complementary electron acceptor NADP* (Fig. 4,
curve 4).

Simultaneous addition of DrgA and NADPH to
membranes treated with DCMU significantly increased
the rates of both phases of the P700" reduction after its
oxidation by light; at the same time the contribution of
the rapid reduction phase in total amplitude of the P700*
signal appreciably increased. The maximal effect was
reached at 5 uM DrgA (Fig. 4 (curves 5 and 6) and Table
2). Further increase in DrgA concentration did not lead
to any change of a rate of the P700™" signal decay after its
photooxidation.

Our data show that recombinant DrgA in the pres-
ence of electron donor NADPH does participate in
reduction of PSI reaction center oxidized by light. Thus,
the properties of the recombinant protein indicate that
NADPH:quinone oxidoreductase encoded by the drgA
gene is able to transfer electrons from NADPH to the PQ
pool of the cyanobacterium thylakoid membrane.

The results of changes in amplitude and time of dark
decay of the P700™ signal, calculated using OriginPro 7.5
software, are summarized in Table 2.

DISCUSSION

In the present work we expressed in E. coli the DrgA
protein of the cyanobacterium Synechocystis 6803 carry-
ing 12 histidine residues on the C-terminal end. In its
properties and substrate specificity, the recombinant
DrgA does not differ from the DrgA protein isolated ear-
lier [9]: it contains flavin as a prosthetic group and has
quinone reductase and nitroreductase activities.

We demonstrated earlier that a mutation in the drgA
gene suppresses the ability of Synechocystis 6803 cells to

oxidize NADPH with concomitant decrease of the P700*
re-reduction rate in the presence of DCMU in intact cells
of the cyanobacterium, as well as decrease in the ability of
the cells to reduce the P700" with electrons from exoge-
nous glucose [11]. These results indicate a significant role
of DrgA in the regulation of NADP*/NADPH ratio in
the cyanobacterial cells and indirectly show the possible
transfer of electrons to the PQ pool of thylakoid mem-
brane by this protein. In the present work, we have
demonstrated that there is a recombinant DrgA-mediated
electron transfer from NADPH to the ETC of isolated
Synechocystis 6803 thylakoid membrane. Thus,
NAD(P)H:quinone oxidoreductase encoded by the drgA
gene can directly participate in respiratory and/or cyclic
photosynthetic electron transport around PSI.

The pathways by which electrons are transferred
from the acceptor part of PSI to the PQ pool of thylakoid
membrane in cyclic transport through PSI are poorly
studied. A pathway that is ferredoxin (Fd)-dependent
and inhibited by antimycin and in which the hypotheti-
cal enzyme ferredoxin:plastoquinone oxidoreductase
(FQR) functions is thought to occur in cyanobacteria
and chloroplasts [20]. The pgr5 mutant, in which Fd-
dependent cyclic electron transport through PSI inhibit-
ed by antimycin is interrupted, was isolated from
Arabidopsis thaliana [21]. A protein with homologous
amino acid sequence encoded by the ssr2016 gene was
found in Synechocystis 6803. The Ssr2016 protein, as well
as PGR3, is supposed to be essential for FQR activity
[22].

The NADPH-dependent pathway of PQ pool reduc-
tion, in which NDH-1 complex participates, is known in
cyanobacteria and chloroplasts along with Fd-dependent
cyclic electron transport through PSI. Respiratory and
cyclic NADPH-dependent electron transport around PSI
are interrupted in the M55 mutant with defective ndhB
gene [3]. Despite significant homology of the NDH-1
complex subunits of cyanobacteria and E. coli, the
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NAD(P)H oxidizing domain of the cyanobacterial com-
plex has not been identified yet. The data obtained so far
suggest that NAD(P)H:quinone oxidoreductase encoded
by the drgA gene, which is able to transfer electrons from
NADPH to the ETC of thylakoid membranes, can func-
tion as the NAD(P)H oxidizing domain in Synechocystis
6803. At the same time, the properties of purified DrgA
protein indicate its ability to transfer electrons independ-
ently to quinone acceptors as well as, by all appearances,
to the PQ pool.

It should be noted that DrgA has nitroreductase
activity and belongs to the nitroreductase family. These
proteins are found in various organisms. A BLAST search
showed that the most homologous to the DrgA proteins
are found in bacteria and archaea. Besides phototrophic
cyanobacteria, these organisms include heterotrophic
bacteria, which, like E. coli, must contain an NADH oxi-
dizing domain in their NDH-1 complexes. The function
of the nitroreductases in these organisms remains unclear.
Thus, the problem of the nature of the NAD(P)H oxidiz-
ing domain of the cyanobacterial NDH-1 complex
remains unsolved.

This work was supported by the Russian Foundation
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48931, 09-04-01119, and 09-04-00505).

REFERENCES

1. Molitor, L. W., Trnka, M., and Peschek, G. A. (1987) Curr.
Microbiol., 14, 263-268.

2. Vermaas, W. E J., Shen, G., and Styring, S. (1994) FEBS
Lert., 337, 103-108.

3. Mi, H., Endo, T., Oqawa, T., and Asada, K. (1995) Plant
Cell Physiol., 36, 661-668.

4. Battchikova, N., and Aro, E.-M. (2007) Physiol. Plant.,
131, 22-32.

5. Howitt, C. A., and Vermaas, W. E J. (1999) J. Bacteriol.,
81, 3994-4003.

BIOCHEMISTRY (Moscow) Vol. 74 No. 10 2009

1087

6. Chesnavichene, E. A., Elanskaya, 1. V., Bartsevich, V. V.,
and Shestakov, S. V. (1994) Doklady RAN, 334, 657-659.

7. Elanskaya, I. V., Chesnavichene, E. A., Vernotte, C., and
Astier, C. (1998) FEBS Lett., 428, 188-192.

8. Matsuo, M., Endo, T., and Asada, K. (1998) Plant Cell
Physiol., 39, 751-755.

9. Takeda, K., lizuka, M., Watanabe, T., Nakagawa, J.,
Kawasaki, S., and Nimura, Y. (2007) FEBS J., 274, 1318-
1327.

10. Elanskaya, I. V., Grivennikova, V. G., Groshev, V. V.,
Kuznetsova, V. G., Semina, M. E., and Timofeev, K. N.
(2004) Biochemistry (Moscow), 69, 137-142.

11. Elanskaya, I. V., Timofeev, K. N., Grivennikova, V. G.,
Kuznetsova, G. V., Davletshina, L. N., Lukashev, E. P.,
and Yaminsky, E. V. (2004) Biochemistry (Moscow), 69, 445-
454,

12. Sambrook, J., Fritsch, E. F, and Maniatis, T. (1989)
Molecular Cloning: a Laboratory Manual, 2nd Edn., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New
York.

13. Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M.,
and Stanier, R. Y. (1979) J. Gen. Microbiol., 111, 1-61.

14. Amann, E., Ochs, B., and Abel, K.-J. (1988) Gene, 69, 301-
315.

15. Grigorieva, G., and Shestakov, S. (1992) FEMS Microbiol.
Lert., 13, 367-370.

16. Laemmli, U. K. (1970) Nature (London), 227, 680-685.

17. Pool, C. P, Jr. (1997) Electron Spin Resonance. A
Comprehensive Treatise on Experimental Techniques, 2nd
Edn., Dover Publication Inc., N. Y., p. 408.

18. Grajek, H., Liwo, A., Wiczk, W., and Zurkowska, G. (2007)
J. Photochem. Photobiol. B: Biol., 86, 193-198.

19. Grajek, H., Zurkowska, G., and Kusba, J. (2005) J.
Photochem. Photobiol. B: Biol., 80, 145-155.

20. Jeanjean, R., van Thor, J. J., Havaux, M., Joset, F, and
Mattijs, H. C. P. (1999) in The Phototrophic Prokaryotes
(Peshek, G. A., et al., eds.) Kluwer/Plenum, New York, pp.
251-258.

21. Munekage, Y., Hojo, M., Meurer, J., Endo, T., Tasaka, M.,
and Shikanai, T. (2002) Cell, 110, 361-371.

22. Yeremenko, N., Jeanjean, R., Prommeenate, P., Krasikov,
V., Nixon, P. J., Vermaas, W. F. J., Havaux, M., and
Matthijs, H. (2005) Plant Cell Physiol., 46, 1433-1436.



