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Abstract

Relative to ferredoxin:NADP� reductase (FNR) from chloroplasts, the comparable enzyme in cyanobacteria contains an
additional 9 kDa domain at its amino-terminus. The domain is homologous to the phycocyanin associated linker polypeptide
CpcD of the light harvesting phycobilisome antennae. The phenotypic consequences of the genetic removal of this domain
from the petH gene, which encodes FNR, have been studied in Synechocystis PCC 6803. The in frame deletion of 75 residues
at the amino-terminus, rendered chloroplast length FNR enzyme with normal functionality in linear photosynthetic electron
transfer. Salt shock correlated with increased abundance of petH mRNA in the wild-type and mutant alike. The truncation
stopped salt stress-inducible increase of Photosystem I-dependent cyclic electron flow. Both photoacoustic determination of
the storage of energy from Photosystem I specific far-red light, and the re-reduction kinetics of P700�, suggest lack of
function of the truncated FNR in the plastoquinone^cytochrome b6f complex reductase step of the PS I-dependent cyclic
electron transfer chain. Independent gold-immunodecoration studies and analysis of FNR distribution through activity
staining after native polyacrylamide gelelectrophoresis showed that association of FNR with the thylakoid membranes of
Synechocystis PCC 6803 requires the presence of the extended amino-terminal domain of the enzyme. The truncated vpetH
gene was also transformed into a NAD(P)H dehydrogenase (NDH1) deficient mutant of Synechocystis PCC 6803 (strain
M55) (T. Ogawa, Proc. Natl. Acad. Sci. USA 88 (1991) 4275^4279). Phenotypic characterisation of the double mutant
supported our conclusion that both the NAD(P)H dehydrogenase complex and FNR contribute independently to the
quinone cytochrome b6f reductase step in PS I-dependent cyclic electron transfer. The distribution, binding properties and
function of FNR in the model cyanobacterium Synechocystis PCC 6803 will be discussed. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Cyanobacteria are prokaryotic organisms that pri-
marily perform oxygenic photosynthesis. Transfer of
electrons from water to NADP� involves Photosys-
tem II (PS II), Photosystem I (PS I) and an electron
transfer chain that interconnects these two photosyn-
thetic reaction centres in a linear fashion. Like green
plants and eukaryotic algae, cyanobacteria also per-
form photosynthetic electron transfer, which is cyclic
in nature and (light-) driven by PS I only. In the
mode of cyclic operation, electrons are transferred
from the lumen to the stroma across the thylakoid
membrane by PS I photochemistry and return from
the stromal side to the lumenal side of PS I via a
chain of electron transfer carriers (for a recent review
see [1]). It has been demonstrated that ferredoxin, the
plastoquinone pool, the cytochrome b6f complex,
and the lumenal electron carriers (plastocyanin and/
or cytochrome c6) are used in common between lin-
ear and cyclic electron transfer [1]. These compo-
nents (with the exception of ferredoxin and plasto-
cyanin) also take part in thylakoid membrane-based
dark respiratory electron transfer, which is accom-
plished in cyanobacteria as well (for a review see
[2]). In£ux of electrons from stromal donors into
the respiratory chain is mediated by a bacterial
NDH1 complex in the thylakoid membrane [2].
The particular complex also supplies electrons for
PS 1 driven cyclic electron transfer in addition to
the ferredoxin mediated plastoquinone reduction
pathway [1].

During linear electron transfer the turnover rates
for PS I in cyanobacteria range from 35 to 140 s31

[3]. This number stems from measurement of the rate
of re-reduction of the PS1 centre P700� in the dark
period, which follows upon full P700 oxidation in
actinic white light. It was noted that the P700� re-
reduction rates, after selective illumination and full
oxidation of PS I with far-red light (s 710 nm) were
much slower ( þ 4 s31) for cyanobacteria and green
algae in [3]. Those slower kinetics in far-red light
likely re£ect the di¡erences in the mechanism of re-
duction of the plastoquinone-pool and/or the cyto-

chrome b6f complex. This occurs relatively fast if
electrons are supplied from PS II in white light,
and slow if supply is from the stroma as occurs in
far-red PS I light or in white light in presence of the
PS II inhibitor DCMU. In subsequent electron trans-
fer, the rates of steps involved in the reduction of
P700� from plastoquinone were determined directly
in vivo for a thermophilic Synechococcus species [4].
The slowest rate was the reduction of the Rieske
protein by plastoquinone (V500 s31). All subsequent
reactions were observed to proceed at faster rates [4].
It is thus concluded that electron donation from the
stroma to the plastoquinone pool or cytochrome b6f
complex is by far the slowest and has the highest
control on the £ux of cyclic electron transfer in
vivo. An independent and basically di¡erent assay
method, photo-acoustic monitoring of the e¤ciency
of light energy transformation, supported these ob-
servations. The photo-acoustic method monitors the
quantum e¤ciency during steady state turnover of
electrons, in contrast to the non-steady state P700�

re-reduction assay. Nevertheless, both techniques
have been demonstrated to record the `e¤ciency' of
PS I-dependent cyclic electron £ow and its rate lim-
itation in a compatible fashion [5,6].

In chloroplasts, the NDH1 complex has recently
been implicated in the reduction of plastoquinone
[7,8]. The rates of NAD(P)H oxidation, are not as
high as the, earlier documented, ferredoxin-depen-
dent cyclic electron transfer rates [1].

However, in Synechocystis PCC 6803 reduction of
the plastoquinone-pool and the cytochrome b6f com-
plex in the dark is predominantly taking place by
oxidation of NADPH, which is mediated by a bac-
terial NDH1 complex in the thylakoid membrane [9].
A mutant of Synechocystis PCC 6803 lacking NdhB
(designated M55), and therefore lacking functional
NAD(P)H dehydrogenase, was found to show a dra-
matically decreased rate of dark respiration and of
P700� re-reduction (after prior oxidation with far-
red light). It was therefore concluded that the stro-
mal oxidation of NADPH constitutes the largest
contribution to PS I-dependent cyclic electron trans-
fer and respiratory activity [9^11]. This mutant was
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also defective in uptake of inorganic carbon, when
present at low concentration [9]. It was recently
shown that salt-induced increased capacity of PS I-
dependent cyclic electron transfer coincides with re-
covery of the ability for this mutant to grow in media
containing a low concentration of inorganic carbon
(0.03% (v/v) CO2 in air) [12]. It appeared that even in
the absence of the NDH1 complex, salt stress induces
PS I-dependent cyclic electron transfer [12]. Salt
stress induces over-expression of quite some proteins
in Synechocystis PCC6803 [13], of these proteins
£avodoxin may play a role in the inducible increase
of PS 1 cyclic electron £ow capacity [14]. Over-
expression of FNR in Synechocystis PCC6803 has
also been established as a consequence of salt stress
[15].

In chloroplasts, participation of FNR in PS I-de-
pendent cyclic electron transport has been suggested
by the inhibitory e¡ect of sulfhydryl-modifying
agents (that are known to inhibit the interaction be-
tween ferredoxin and FNR) [6,16], and heparin [17].
Though still controversial, FNR may contribute to
ferredoxin:quinone-oxidoreductase activity (FQR),
by catalysis of `reverse' electron transfer from
NADPH to ferredoxin, or £avodoxin, with NADPH
as electron donor, in which case high NADPH:
NADP� and Fd(ox):Fd(red) ratios are needed [1].
A NADPH:plastoquinone reductase function, essen-
tially equivalent to the reaction catalysed by the
NDH1 complex, has been proposed for FNR in veg-
etative cells and heterocysts of the cyanobacterium
Anabaena sp. [18,19].

Here we provide evidence, based on molecular,
genetic and physiological analysis that a part of the
FNR pool is directly involved in the rate-limiting
step of PS I cyclic electron transfer. FNR does so
in addition to the earlier documented contributions
of ferredoxin and NADPH dehydrogenase. An essen-
tial role for the amino-terminal extension of FNR
which as till now is uniquely present in all out of
four tested cyanobacteria is proposed from the
work presented. It became evident that only the par-
ticular FNR function in PS I cyclic electron transfer
requires the extended N-terminal domain. It is sug-
gested that the function in PS I cyclic electron trans-
fer likely goes hand in hand with the association
between FNR and the thylakoid membranes. The
presence of FNR in physically separated pools with

di¡erent function in Synechocystis will be discussed.
The traditionally accepted function of FNR
(NADP� reduction in linear photosynthetic electron
transport) earlier proved to remain una¡ected by the
truncation [20].

2. Materials and methods

2.1. Media and culture conditions

Wild-type Synechocystis PCC6803 and mutant
strains derived thereof were cultured in BG-11 me-
dium at 34³C, under continuous illumination using
two TL tubes, which provided an average light in-
tensity of 70 WE m32 s31 [21]. Transformations were
performed as described previously [22]. Mutant M55
was grown in medium supplemented with 50 Wg/ml
kanamycin and 10 mM NaHCO3 [9]. Transformants
were selected on BG-11 medium containing 1.5%
(w/v) agar (Difco) plates, supplemented with 10 mM
NaHCO3, 10 mM N-Tris[hydroxymethyl]-2-amino-
ethanesulfonic acid (TES)/KOH (pH 8.2), 0.3% so-
dium thiosulfate and either 10 Wg/ml streptomycin or
50 Wg/ml kanamycin, depending on the antibiotic re-
sistance cassette that was used. A salt-stressed culture
was obtained by the addition of NaCl to a ¢nal
concentration of 0.55 M to a photoautotrophically
growing culture [15]. For the analysis of salt-adapted
cultures, cells were harvested 12^16 h after the addi-
tion of NaCl.

2.2. RNA and DNA analysis

For the isolation of total RNA from Synechocystis
6803 suitable for Northern analysis, the RNeasy spin
column protocol (Qiagen) was adapted. Cells (10^20
ml of OD750 = 1) were collected by centrifugation and
resuspended in 600 Wl lysis-bu¡er containing 1%
L-mercaptoethanol (Qiagen). Alternatively, this bu¡-
er could be substituted by 4.5 M guanidinium iso-
thiocyanate (Fluka), 2% (w/v) sodium-N-laurylsarco-
sine (Sigma), 1% (v/v) L-mercaptoethanol and 50 mM
Tris^HCl (pH 7.5). There was no need for additional
homogenization when this protocol was used. 600 Wl
of phenol/chloroform (1:1) (equilibrated with Tris^
HCl, pH 7.5) was added, mixed and incubated at
65³C for 5 min. The sample was centrifuged, and
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the aqueous phase was extracted with chloroform.
Next, 600 Wl of 70% ethanol was added to the sam-
ple, and the RNA was isolated according to the
speci¢ed protocol (Qiagen). Typical yields were 50^
200 Wg RNA. Northern hybridisation with a Syne-
chocystis petH probe was performed as described
previously [15].

DNA was isolated by adapting a glass-milk kit
(Pharmacia). Utilising the speci¢c DNA binding
properties of silica-gel particles, DNA was puri¢ed
from peptidoglycan contaminations. A cell suspen-
sion was lysed with lysozyme and digested with
RNAse and Proteinase K, and was extracted with
phenol twice. Subsequently, 2 volumes of a bu¡er
containing 6 M NaI and 50 mM Tris^HCl (pH 8.0)
was added (gel-solubilisation bu¡er; Pharmacia),
and DNA was puri¢ed by gentle handling of the
glass-milk particles, with elution of the DNA at
50³C.

2.3. Construction of the 5P-truncated petH gene

The Synechocystis PCC 6803 petH gene was cloned
on a 2.9 kbp BamHI/HindIII fragment, resulting in
pSP35-9 [15]. The truncation of 75 amino acid resi-
dues of the N-terminus of PetH required the in-frame
deletion of 225 bp. This was achieved with a loop-
out mutagenesis strategy, combined with negative se-
lection against the non-mutagenised, uracil-contain-
ing, complementary strand produced by the dut ung
Escherichia coli strain CJ236 [23]. To this end, a
830 bp EcoRI/SmaI fragment from pSP35-9 was
cloned in M13mp19. U-DNA from this construct
was isolated from E. coli CJ236. The loop-out oligo-
nucleotide SPETTRUNC (5P-GGAGCAATTAAC-
CCATGGAGGGAGATTCGCCTT-3P) was phos-
phorylated and annealed to the template. Subsequent
second-strand synthesis and transformation yielded
clones with the correctly reduced size of the EcoRI/
SmaI insert. The 605 bp insert was sequenced and
cloned into the 5.5 kbp EcoRI/SmaI fragment from
pSP35-9, resulting in construct pSP35-9v. The 6 cas-
sette, encoding streptomycin and spectinomycin re-
sistance, was cloned as a 2.0 kbp BamHI fragment
from pHP456 [24] in the BamHI site of pSP35-9v,
producing pSP35-9v6. A fragment encoding the
CpcD-homologous N-terminal domain of PetH and
213 bp untranslated region of pSP35-9 was cloned as

a 437 bp XbaI/SpeI fragment from pSP35-9 into the
unique XbaI site of pSP35-9v6. An orientation of
this cloned fragment equal to the truncated petH
gene on the construct was selected. The resulting
construct was linearised with NotI before subsequent
transformation.

2.4. Genetic construction of petH-gfp transcriptional
and translational fusions

A fusion was made between the coding region
of the N-terminal domain of petH with the Aequo-
rea victoria gfp gene, encoding the Green Fluo-
rescent Protein (GFP), resulting in a translational
fusion construct. Likewise, a fusion was made of
the petH promoter/operator (P/O) region to the gfp
gene, resulting in a transcriptional reporter con-
struct.

A 1.6 kbp EcoRI/SalI fragment from pKOK6 [25]
containing the nptII gene, encoding kanamycin resis-
tance, and the phage fd bidirectional transcription
terminator, was cloned into pBluescript SK+, and
digested with EcoRI and SalI. The resulting vector
was digested with EcoRI and BamHI, and ligated
with the 0.8 kbp EcoRI/XbaI fragment from pGFPuv
(Clontech) containing the gfp-uv gene, together with
the 0.85 kbp XbaI/BamHI fragment from pSP35-9
[15], encoding the petH P/O region and the N-termi-
nal region of the petH gene. This allowed the in-
frame fusion between the PetH N-terminal 75 resi-
dues, comprising the CpcD homologous domain [14],
in frame with GFP, by ligation of the XbaI site
present at the desired position in the petH gene,
with the XbaI site present at the 5P end of the gfp-
uv gene. For the construction of the transcriptional
fusion construct, the same fragments were ligated
except for the 0.85 kbp XbaI/BamHI fragment from
pSP35-9, which was replaced by a 0.6 kbp XbaI/Bam-
HI digested PCR product generated with the
M13REVERSE (5P-CAGGAAACAGCTATGAC-
3P) and XBAPETPR (5P-GCTCTAGATACATGG-
GTTAATTGCTCCCTACTC-3P) oligonucleotides,
with pSP35-9 as a template. This ligation allowed a
fusion, directly downstream of the petH initiation
codon with gfp, by use of the engineered XbaI site,
resulting in a transcriptional fusion of gfp with the
petH P/O region and Shine^Dalgarno sequence. Both
constructs were transformed as circular DNA. Trans-
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formants were selected as kanamycin resistant colo-
nies.

It was noted that transformation of similar DNA
constructs, based on the wild-type Aequorea victoria
gfp gene, did repeatedly result in kanamycin resistant
transformants with normal frequencies. However,
those transformants could not be grown further
than colonies or small-scale liquid cultures. Presum-
ably, cytoplasmic wild-type GFP is toxic for Syne-
chocystis cells, and segregation of the engineered ge-
notype caused the arrest of growth.

Western blot analysis was performed with a
mouse-K-GFP monoclonal antibody (Clontech) at
1:10,000 dilution. Detection was with chemilumines-
cent reagent SuperSignal (Pierce).

2.5. In vivo assays of PS I-dependent cyclic electron
transport: P700� re-reduction kinetics and
photo-acoustic energy storage measurements

Synechocystis cells (about 10 Wg chlorophyll a)
were deposited on a nitrocellulose membrane and
illuminated with light speci¢c for PS I (e.g., Vs 715
nm; far-red light). The formation of P700� was de-
tected by the pulse-modulated measurement of the
increase in absorbance at 820 nm [6]. The kinetics
of the subsequent P700� re-reduction in the dark
was taken as a measure for the capacity of PS I-de-
pendent cyclic electron transport. Under these con-
ditions electron donation by PS II did not signi¢-
cantly contribute to the rates obtained, since the
addition of 5 WM DCMU did not in£uence the mea-
surements. The rate of P700� re-reduction is usually
given as the reaction half-time. However, we ob-
served that this half-time is largely independent of
the concentration of P700� that is accumulated dur-
ing actinic illumination. This reaction can therefore
mathematically be described as a (pseudo-) ¢rst-or-
der reaction. Its rate constant k (s31) equals ln2/t1=2.

The photo-acoustic measurement of PS I-depen-
dent cyclic electron transport capacity also depends
on the use of far-red light [5,6]. Cells (about 30 Wg
chlorophyll a) were packed on a Millipore nitrocel-
lulose membrane with 3 Wm pore size and a diameter
of 12 mm by ¢ltration and placed in the photo-
acoustic chamber. The sample was illuminated with
8 W m32 far-red light, modulated at a frequency of
20 Hz. The photo-acoustic signal was measured with

a lock-in ampli¢er. PS I reaction centres were closed
by illumination with 3000 Wmol photons s31 m32

white light. Under these conditions, the pulse-modu-
lated measurement of heat release, produced by ab-
sorption of far-red light, was taken as 100% (i.e., the
energy storage was 0%). Including DCMU at a con-
centration of 5 WM did not in£uence the measure-
ments, demonstrating the speci¢c excitation of PS I
by far-red light. The photo-acoustic chamber was
£ushed with nitrogen to ensure that the terminal oxi-
dase activity and photochemical side-reactions, such
as reduction of oxygen, did not a¡ect the level of the
determination.

2.6. Biological preparations, native PAGE and assays

Cell-free extracts were prepared with a French
Press (Aminco Corp, USA), operated at 20 000 psi
(0³C) in a bu¡er containing 50 mM Tricine (pH 7.9),
10 mM NaCl, 5 mM MgCl2 and 0.5 mM PMSF.
Whole cells and cell debris were subsequently re-
moved by centrifugation. Membranes were prepared
by precipitation and collected by centrifugation after
the addition of 1% (w/v) streptomycin sulfate. After
two subsequent precipitations, membranes no longer
contained detectable amounts of phycobilisomes.
Cell-free extracts, thylakoid membranes and cyto-
plasmic fractions were loaded on native 12.5% acryl-
amide gels, containing 500 mM Tris/glycine (pH 8.8)
and 0.05% Triton X-100. Phycobilisomes were pre-
pared according to [26]. NADPH-dependent dia-
phorase activity was detected after electrophoresis
by incubating the gel in a bu¡er containing 0.2 mg/
ml nitrotetrazolium blue (NBT), 0.5 mM NADPH,
25 Wg/ml glucose-6-P dehydrogenase, 5 mM glucose-
6-P and 50 mM Tris^HCl, pH 8.0. Recombinant 47
kDa wild-type FNR and 38 kDa truncated FNR,
lacking 75 N-terminal residues, were prepared as de-
scribed previously [20].

Diaphorase assays for the quanti¢cation of FNR
in subcellular fractions were performed essentially as
in [15], with the exception of the pH of the TAPS (N-
tris[hydroxymethyl]methyl-3-amino-propanesulfonic
acid) bu¡er, which was 9.5, and the addition of
0.025% (v/v) Triton-X100 (Sigma), which destroys
the diaphorase activity of the NAD(P)H dehydro-
genase complex as it does in native gels. At pH 9.0
no in£uence on the diaphorase activity due to thyla-
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koid association was observed, in accordance with
previous observations with the chloroplast FNR
[27,28].

Cell-free extracts and thylakoid membranes for
Western analysis after sodium dodecyl sulfate^poly-
acrylamide gel electrophoresis (SDS^PAGE) were
prepared using the same procedures. GFPuv and
GFPuv fusion proteins were detected with a mouse-
K-GFP monoclonal antibody (Clontech) at 1:10,000
dilution.

Chlorophyll a concentration was determined after
extraction with methanol at room temperature of
either a cell pellet, or of a concentrated thylakoid
membrane preparation, according to [29].

2.7. Electron microscopy

Cells of Synechocystis PCC 6803 were ¢xed with
3% (w/v) glutaraldehyde in phosphate bu¡ered sa-
line, pH 7.5 (PBS), dehydrated in a graded ethanol
series and embedded in Unicryl (BioCell). Ultra-thin
cryo-sections were labelled with a 1:1000 dilution of
a polyclonal rabbit-K-GFP antibody (Molecular
Probes). The secondary antibody was a goat-K-rabbit
15 nm gold-labelled antibody (Amersham). The thin
sections were negatively stained with 1% (w/v) uranyl
acetate and examined with a Philips CM10 electron
microscope. The primary antibody was incubated
with a preparation of thylakoid membranes from
wild-type Synechocystis PCC 6803 in order to reduce
background labelling of the thylakoids.

3. Results and discussion

3.1. Induction of PS I-dependent cyclic electron
transfer in Synechocystis PCC6803 after a salt
shock is preceded by over-expression of
petH mRNA

Changes in cyclic electron transfer capacity by the
P700� re-reduction assay and the photo-acoustic en-
ergy storage assay have been recorded in conjunction
with estimation of the expression level of petH. The
adaptation after the addition of 0.55 M NaCl is com-
pleted in almost 8 h (Fig. 1). The increase in the
energy storage capacity and the decrease in P700�

re-reduction rate show identical kinetics. This sup-

Fig. 1. Adaptation of Synechocystis PCC 6803 to a salt shock
of 0.55 M NaCl. At time 0 h, NaCl was added at a concentra-
tion of 0.55 M. The capacity for cyclic electron transfer was
regularly assayed during 25 h both by photoacoustic far-red
light energy storage determinations and P700� re-reduction
measurements. The accumulation of petH mRNA, encoding fer-
redoxin:NADP� reductase, was assayed at similar time inter-
vals by Northern hybridisation. The relative transcript abun-
dance was determined from the relative density of the
hybridising bands, which was corrected for the total amount of
RNA from ethidium bromide-stained gels.

BBABIO 44831 7-4-00

J.J. van Thor et al. / Biochimica et Biophysica Acta 1457 (2000) 129^144134



ports our conclusion that both techniques monitor
the same physiological rate limitation. Quantitative
Northern blot analysis of the petH transcript shows
that its over-expression precedes the increase in ca-
pacity of PS I cyclic electron transfer by approxi-
mately 2 h (Fig. 1). This might indicate a causal
relation between the petH over-expression and mat-
uration of the protein and the increase in capacity of
the PS I cyclic electron transfer route.

3.2. Mutagenesis of petH: truncation of the
N-terminal CpcD homologous domain

It was previously shown that a deletion of petH
did not segregate [15]. Modi¢cation of the enzyme
via deletion of the non-catalytic part of the protein
was achieved through truncation of the N-terminal

domain. That part of the FNR protein is homolo-
gous with the phycobilisome linker polypeptide
CpcD. The procedure of integration of the construct
is shown in Fig. 2. Double homologous recombina-
tion resulted in stable and fully segregated mutants
with truncated petH. As a result the prk^petH inter-
genic region was duplicated. However, recombina-
tion at this site will lead to the loss of the only
copy of the petH N-terminal coding sequence that
was left in the mutant genome (Fig. 2). Complete
segregation of the mutant genotype did not require
selective growth conditions. The petH promoter re-
gion was characterised previously. Expression of
petH showed regulation by light, and over-expression
when cells were challenged with high salt [15]. For a
correct study of the e¡ect of the truncation of petH
on cyclic electron transport, these transcriptional re-

Fig. 2. Strategy and Southern analysis of replacement mutagenesis resulting in the 5P in-frame deletion of 225 nucleotides from the
open reading frame of petH. The gene organisation around petH is shown for the wild type. Restriction sites are indicated (B, Bam-
HI; EI, EcoRI; Sp, SpeI; X, XbaI; Sm, SmaI; EV, EcoRV; H, HindIII). The construct shown was linearised before transformation.
Southern hybridisation analysis with the entire petH gene as a probe, is shown for EcoRI/EcoRV double digestions of genomic DNA
and the controls, plasmids pSP35-9 and pSP35-9v trunc, containing the wild-type petH and the truncated vpetH gene. The `Type A'
genotype resulted from integration of the marker via a recombination event upstream of the FNR N-terminal coding region. Replace-
ment of the wild-type petH gene by the truncated vpetH gene via recombination downstream of the deletion resulted in the mutant
`Type B' genotype.
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sponses had to be conserved. To test the con¢ne-
ment, 0.55 M NaCl was added to a growing culture
of a mutant carrying the vpetH gene, designated
`SM8'. The expression level of the truncated petH
transcript was followed, during the subsequent
hours, by Northern hybridisation. Over-expression
in the mutant was observed already after 1 h. The
increase in mobility of the 225 nucleotides truncated
transcript is apparent (Fig. 3). Thus, salt stress medi-
ated transcriptional regulation of the truncated gene
is conserved in the mutant genotype. In addition,
diaphorase activities determined in cell-free extracts
of the wild type and the mutant, grown under stand-
ard conditions, were comparable.

3.3. Truncated FNR binds neither to thylakoid
membranes nor to phycobilisomes

Wild-type and truncated FNR proteins were sepa-
rated by native PAGE at pH 8.8. Relative rates of
migration into the gel were detected by staining from
catalytic activity after the electrophoresis (Fig. 4).
Fractionation of the cell-free extract showed distri-
bution of wild-type FNR over di¡erent pools, cyto-
plasm, membranes and phycobilisomes. As a result
of the removal of the thylakoids the wild-type pro-
tein is no longer retarded in the gel and appears in
the cytoplasm. This may suggest that the majority of
the FNR molecules are associated with the mem-
branes in suspension, even when Triton X-100 is
present.

In the cell-free extract of the truncated mutant
(SM8 lanes) FNR shows a high mobility (the faint

one but lowest bands). The lowest band is related to
PEST processed FNR, as is discussed below.

The stained bands at about one-third of the bot-
tom of the frame are likely not related to FNR ac-
tivity, since mobility is not a¡ected by the truncation.
In addition, these bands selectively disappear after
one freeze^thaw cycle, which FNR withstands (data
not shown). The drgA gene (slr1719 Cyanobase iden-
ti¢er) shows sequence homology to a nitroreductase,
a NADH dehydrogenase, and a NAD(P)H-£avin
oxidoreductase [30]. The drgA gene-product was re-
cently identi¢ed in cell-free extracts of Synechocystis
PCC 6803 to possess NADPH-dependent diaphorase
activity, which can also be demonstrated in native
gels [30], which makes the drgA gene product a likely
candidate to cause the aspeci¢c signal in Fig. 4. Ac-
tivity of the NAD(P)H dehydrogenase complex was
not detected in our gel system, presumably due to
the presence of Triton X-100 in the gels. This con-
clusion was supported by the fact that cell-free ex-
tracts and thylakoid membranes from the NDH1
de¢cient mutant M55 produced the same bands as
the wild type after activity staining of native gels
(data not shown).

For comparison, the mobility pro¢les of the puri-
¢ed wild-type and the truncated recombinant pro-
teins are also shown (right-hand-side frame). The
mobility of both recombinant proteins is in agree-
ment with the predicted pI and molecular masses.
The calculated pI of the 47 kDa wild-type protein,
based on the amino acid sequence, is 5.62, whereas
the lowering to 4.99 for the 38 kDa truncated pro-
tein, is the result of the loss of the positively charged
N-terminal domain. At pH 8.8 the charges are calcu-
lated to be 312.3 and 318.1, respectively. Fig. 4
shows that the truncated protein has a mobility
that is 1.7 times faster than that of the wild-type
protein, by consequence of both an increased charge
and a decreased molecular mass of the truncated
FNR.

The FNR concentration in cell-free extracts was
estimated by measuring of the diaphorase activity
at pH 9.5, in an assay with Triton X-100 included.
The activity was calibrated by comparison with the
activity of known quantities of the puri¢ed 47 kDa
recombinant wild-type protein. The concentration
was estimated to amount to 6.9 pmol FNR (Wg Chl
a)31, which corresponds to approximately 0.9 FNR

Fig. 3. Northern analysis of wild-type petH and accumulation
after salt shock of vpetH mRNA. Northern analysis of RNA
from wild-type and SM8 `vpetH' cells was performed with a
petH DNA probe identical to the one used for Southern analy-
sis (Fig. 2).
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per PS I. When thylakoids were precipitated with 1%
(w/v) streptomycin sulfate twice, phycobilisome free
membrane preparations were obtained. Only in wild-
type membranes some FNR was retained after this
treatment (Fig. 4). Quanti¢cation of the remaining
thylakoid-bound FNR indicated presence of 0.9
pmol FNR (Wg Chl a)31, which corresponds to an
estimate of at least 0.12 FNR:PS I to be membrane
associated in an amino-terminal extension requiring
manner.

Preparations of phycobilisomes from wild-type
Synechocystis PCC 6803 contain FNR, which is
bound via the N-terminal CpcD-homologous domain
[31,32]. It is calculated from the enzymatic activity
present in such preparations that each phycobilisome
complex contains approximately 2.4 copies of FNR.
The native gel technique data in Fig. 4 demonstrate

that FNR is no longer present in the gel lane with
phycobilisomes of the SM8 mutant, since the phyco-
bilisome-binding domain is removed from this pro-
tein.

The amount of FNR bound to isolated phycobili-
somes relative to the concentration of FNR in cell-
free extracts, allows to estimate that about 74% of
the total pool of FNR molecules is bound to the
phycobilisomes. The extinction coe¤cient at 625
nm for wild-type Synechocystis PCC 6803 phycobili-
some complexes was determined to be approximately
29 500 mM31 cm31, based on deconvoluted absorp-
tion spectra for phycocyanin chromophores [33] and
the structural characterisation of the wild-type com-
plexes [34]. Using this molar extinction coe¤cient,
and assuming a Chl a :P700 ratio of 150:1, a phyco-
bilisome:PS I ratio of 0.3:1 is determined from ab-

Fig. 4. Native gel electrophoresis and NADPH-NBT reductase activity staining. Native gel electrophoresis at pH 8.8 of cell fractions
(for details see Section 2). Frames 1 to 4 show, from left to right, FNR activity for samples from wild-type and vpetH truncation mu-
tant SM8, in: frame 1, broken cell preparation; frame 2, cytoplasm after precipitation of membranes with streptomycin sulfate; frame
3, precipitated membranes; frame 4, isolated phycobilisomes; and frame 5, right, recombinant 47 kDa wild-type FNR and 38 kDa
truncated FNR. 3 Wg Chl a was loaded in the case of the cell-free extract and thylakoid preparations. The cytoplasmic fractions
loaded were the equivalent of cell-free extracts (3 Wg Chl a), after removal of the thylakoids by streptomycin sulfate precipitation.
Five Wg protein was loaded in the case of phycobilisome preparations, and approximately 100 ng protein was loaded in the case of
the recombinant proteins. * Denotes aspeci¢c stain development from the drgA gene product (see text).
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sorption spectra of whole cells. This is in reasonable
agreement with the measured value of Ashby and
Mullineaux [35]. The 2.4 copies of FNR per phyco-
bilisome complex then correspond to 0.7 FNR:PS I.
Thus, two independent types of calculation arrive at
the conclusion that most of the FNR copies are
bound to the phycobilisomes.

Both wild-type and recombinant proteins contain
a highly mobile FNR fraction, which is most prob-
ably the result of proteolytic degradation (Fig. 4,
bands with highest mobility). This band is present
in wild-type and SM8 cell-free extracts and cyto-
plasm fractions and in preparations of recombinant
proteins. Therefore, it is probably the result of N-
terminal cleavage, yielding the same product in the
case of both the wild-type and the truncated pro-
teins. A potential cleavage site was found upon ex-
amination of the deduced amino acid sequence of
PetH: a `PEST-site' was detected at position 91^
110 in the wild-type protein. This sequence
(PSQSEGSGSEAVANPAPESN) is rich in proline,
glutamic acid, serine and threonine residues. In addi-
tion, it is not too hydrophobic, and is £anked by
(positively charged) lysine residues at both sides.
These features are diagnostic for a PEST site. This
particular site scored 7.33 with the algorithm of Rog-
ers et al. [36], which is considered to be signi¢cant.
This site is also present in the truncated protein,
which lacks 75 N-terminal residues, at position 16^
35. It cannot be predicted what the site of cleavage is
based on the sequence only. However, the wild-type
protein would probably gain most mobility after
cleavage, since it would lose the positively charged
N-terminal region. Note that in the original cell-free
extract and in the cytoplasm fraction wild-type Syne-
chocystis FNR, the contribution of PEST processed
product is much less than in SM8. However, pro-
longed incubation at 0³C of the extract converted a
signi¢cant fraction of the wild-type protein into the
`PEST-processed' species (data not shown). Others
likely have detected exclusively proteolytically de-
graded FNR in extracts of Synechocystis PCC 6803
[30]. These authors determined the N-terminal se-
quence `MTTTPKEK' (position 114^121 in the
open reading frame). This N-terminus would result
from cleavage at one residue on the C-terminal side
of the positively charged lysine residue at position
112, that is part of the `PEST' signature. We there-

fore suggest that the protein that was characterised
in their study is identical to the `PEST-processed'
species that was observed in our native gels. A mo-
lecular mass of 34 kDa, a pI of 5.22, and a charge of
314 at pH 8.8 were calculated for this polypeptide.

Both the recombinant truncated protein and the
protein present in the SM8 cell extracts are detected
as a triplet. The band with the highest mobility has
been assigned as a `PEST-processed' species. The re-
maining doublet is assigned to truncated FNR. The
nature of the di¡erence in mobility between the two
bands is not known.

3.4. Green £uorescent protein attaches to thylakoid
membranes and phycobilisomes only when fused
to the N-terminal domain of FNR

Fusions were made between the Aequorea victoria
gfp-uv gene and both the promoter region of petH
and the N-terminal 75 codons of petH, resulting in a
transcriptional and a translational fusion construct,
respectively. Both constructs were transformed to the
wild-type Synechocystis PCC 6803 and the vpetH
truncation mutant `SM8'. Transformants were se-
lected for their kanamycin resistance.

Western blot analysis showed that both GFP itself
and the 38 kDa PetHP^GFP fusion proteins were
expressed in the kanamycin resistant transformants
(Fig. 5A). Puri¢ed recombinant GFP was used as a
marker for quanti¢cation (Fig. 5A, lane 1). Both in
the wild-type and in the SM8 mutant background it
was found that the PetHP^GFP fusion was more
abundant in transformants than the corresponding,
transcriptionally fused GFP. Additionally, it ap-
peared that the abundance of both GFP and the
fusion protein in SM8, was lower than in the wild-
type background. Fluorescence of neither GFP nor
the GFP fusion protein was observed by £uorescence
spectroscopy, neither in cell suspensions nor in cell-
free extracts. Since Western blot analysis of non-de-
natured samples showed that most GFP was present
as the auto-oxidised species (data not shown), it was
concluded that £uorescence was quenched in whole
cells and in cell-free preparations.

When (phycobilisome-free) thylakoid membranes
were prepared by two subsequent streptomycin sul-
fate precipitations, only the PetHP^GFP fusion pro-
tein was detected with the monoclonal antibody,
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both in the case of the wild type and in the SM8
background (Fig. 5B). GFP from the WT-GFP and
SM8-GFP transcriptionally fused strains do not co-
purify with the thylakoids (Fig. 5B). This demon-
strates independently of the properties of the do-
mains common in wild-type and truncated FNR pro-
teins, that the N-terminal domain of PetH is essential

for the binding a¤nity of wild-type FNR onto the
thylakoid membranes. Most PetHP^GFP fusion pro-
tein binds to thylakoid membranes: about 5.3 pmol
(Wg Chl a)31 (equivalent to approximately 0.7 GFP/
PS I) in the case of the wild-type background. This is
comparable to the amount of wild-type FNR present
in thylakoid membranes. It is noted that most, or all,

Fig. 5. Western detection of GFP and PetHP^GFP fusion proteins in recombinant Synechocystis strains. (A) GFP and GFP fusion
proteins in cell-free extracts. Cell-free extracts (1.5 Wg Chl a) were loaded per lane. 120 ng (3.75 pmol) recombinant puri¢ed GFPuv
was loaded as a reference. Lane 2, wild type; lane 3, WT-GFPlat (translational GFP-fusion in wild-type background); lane 4, WT-
GFPcript (transcriptional GFP-fusion in wild-type background); lane 5, SM8-GFPlat (translational GFP-fusion in SM8 background);
lane 6, SM8-GFPcript (transcriptional GFP-fusion in SM8 background). (B) GFP and GFP fusion proteins in thylakoids. Phycobili-
some-free thylakoid preparations (3 Wg Chl a) were loaded per lane. 120 ng (3.75 pmol) recombinant puri¢ed GFPuv was loaded as a
reference. Lane 2, wild type; lane 3, WT-GFPlat; lane 4, WT-GFPcript; lane 5, SM8-GFPlat; lane 6, SM8-GFPcript.
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fusion protein is recovered in the thylakoid mem-
brane fraction. This is the case for both the wild-
type and the SM8 mutant background. This suggests
that there is no detectable competition for binding
sites between FNR and the PetHP^GFP fusion pro-
tein. As expected, some fusion protein also co-puri-
¢es with the phycobilisome complexes, rendering
proof for the phycobilisome-binding properties of
the N-terminal domain as well [32].

Cells from the WT-GFP translational fusion strain
were studied by immuno-gold labelling and subse-
quent analysis by electron microscopy. This rendered
`visible' evidence for the sub-cellular localisation of

the PetHP^GFP fusion protein (Fig. 6). Using a poly-
clonal K-GFP antibody con¢rmed the speci¢c label-
ling of the thylakoid membranes. However, some
labelling of the thylakoid membranes in cells of
wild-type Synechocystis PCC 6803, naturally without
GFP protein, was also observed (data not shown).
Western blot analysis identi¢ed an unknown compo-
nent in the thylakoid membranes with a molecular
mass of approximately 90 kDa. This rendered an
explanation for the aspeci¢c binding. Pre-incubation
of the primary antibody with isolated thylakoid
membranes from the wild-type strain increased the
labelling speci¢city of the IGG. The average number
of gold particles per cell in the wild type decreased to
approximately 20^30% relative to the number of gold
particles per cell of the WT-GFP translational fusion
strain (data not shown). Hardly any labelling of the
cytoplasm was observed, in accordance with Western
blots that con¢rmed absence of GFP in cleared cell
fractions of the recombinant strains with expression
of PetHP^GFP fusion protein. From both of these in
situ labelling- and cell-fractionation experiments we
conclude that most of the fusion protein is attached
to the thylakoid membranes, regardless of the pres-
ence of wild-type FNR. It was calculated that ap-
proximately 10% of the GFP fusion protein binds
onto the phycobilisomes in the WT-GFP translation-
al fusion strain. It is concluded that most of the
molecules of the GFP fusion proteins are associated
with the thylakoids via binding sites other than the
phycobilisome complexes.

3.5. Photo-acoustic- and P700� re-reduction
measurements show that the N-terminal domain
of PetH is required for salt-shock-inducible
Photosystem I-dependent cyclic electron transfer
capacity

Adaptation to salt stress conditions results in an
increase in the rate of PS I-dependent cyclic electron
transfer. This inducible increase is largely independ-
ent of the NDH1 complex activity, as the phenom-
enon was observed in both the wild type and mutant
M55 (Table 1; [12]). As di¡erent from the wild type
and M55, mutant SM8, adapted to high salt, largely
lacked the induction of cyclic electron £ow capacity.
It became concluded that even in the presence of
functional NAD(P)H dehydrogenase complex, the

Fig. 6. In situ localisation of the GFP-fusion protein. Immuno-
gold (15 nm) labelling of a thin section of glutaraldehyde ¢xed
cells of the WT-GFPlat strain. An K-GFP polyclonal antibody
was used at a 1:1000 dilution. The thin section was negatively
stained with uranyl acetate. Bar = 0.5 Wm.
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adaptation to 0.55 M NaCl mostly depends on a
function of the N-terminal domain of FNR.

A phycocyanin de¢cient mutant `4R' [37] was also
tested for its capacity of cyclic electron transport,
and was found to closely resemble the wild type
both with and without salt stress. Since preparations
of the allophycocyanin core from this mutant lack
substantial amounts of FNR, most probably no
complex between FNR and the phycobilisome exists
in vivo in this mutant, just as in mutant SM8. Since
induction of cyclic electron transport due to salt
stress is observed in mutant 4R, the fraction of the
FNR molecules that is bound to the phycobilisomes
is not responsible for the inducible function in in-
creased cyclic electron transfer capacity.

The double mutant DM4 (carrying the M55 as
well as SM8 mutation) did not grow under salt stress
conditions, indicating that both NDH1 complex ac-
tivity and wild-type FNR activity independently de-
liver an essential contribution to cyclic electron
transport under salt stress conditions. After pro-
longed growth of the double mutant DM4 under
standard photoautotrophic growth conditions, that
is in the absence of added salt, it was found that
suppressors arose that gained the ability to grow
under salt stress conditions. A revertant of DM4
was tested for energy storage and P700� re-reduction
kinetics. It was found that the energy storage in this
revertant under standard conditions was higher than
in the original double mutant. After cultivation of
the revertant in high salt medium the energy storage

capacity did not increase above the level obtained in
the revertant culture without salt. The level of energy
storage in the revertant was signi¢cantly lower than
the level determined for the M55 single mutant (Ta-
ble 1). The P700� re-reduction kinetics were compa-
rable under standard conditions for M55 and the
revertant of double mutant DM4, whereas the dou-
ble mutant in high salt cultures showed signi¢cantly
decreased rates of electron transport (Table 1). Pre-
sumably an additional route of plastoquinone reduc-
tion was induced in reverted DM4, that allowed
growth under salt stress conditions. However, since
this route was not induced under salt stress condi-
tions, it did not involve the function of the salt
stress-inducible wild-type FNR.

Photoautotrophic growth of mutant SM8 was
comparable to that of wild-type cells, both in normal
and salt stress conditions (Table 1), indicating that
the PS I-dependent cyclic electron transport that is
catalysed by FNR does not contribute signi¢cantly
to growth when the NDH1 complex is present. An
e¡ect of the FNR truncation on growth could only
be observed in the DM4 double mutant (no growth),
if cells were challenged with salt.

4. General discussion

Previous studies have indicated that the N-termi-
nal domain of Synechocystis FNR plays no role in
linear photosynthetic electron transfer [20]. In addi-

Table 1
Growth characteristics and PS I-dependent cyclic electron transfer measurements of wild-type, FNR-truncation mutant (SM8), NdhB-
de¢cient (M55), and double mutant (FNR-truncated and NdhB-de¢cient mutant DM4) Synechocystis PCC6803 cultures in Normal
and Salt added (0.55 M NaCl ¢nal) growth conditions

Wild-type SM8 (vpetH) M55 (ndhB3) DM4 (vpetH+ ndhB3)

Normal
growth

Salt-added
growth

Normal
growth

Salt-added
growth

Normal
growth

Salt-added
growth

Normal
growth

Salt-added
growtha

Growth rate (h) 5.5 þ 0.5 8.5 þ 0.5 5.5 þ 1 8.5 þ 1 6.5 þ 0.5 10.5 þ 0.5 6.5 þ 1 ^
Energy storage (%) 18 þ 1.2 24 þ 1.7 16.5 þ 1.7 16.5 þ 1.7 7 þ 0.6 11 þ 1 3 þ 0.3 3 þ 0.3
P700� reduction (s31) 2.31 þ 0.3 3.85 þ 0.3 2.24 þ 0.3 2.20 þ 0.3 0.71 þ 0.04 1.20 þ 0.06 0.69 þ 0.07 0.46 þ 0.05

Growth is given as the time (hrs) required for cell division under photoautotrophic growth conditions at 34³C, with continuous bub-
bling of 3% CO2 in air. The capacity of PS I-dependent energy storage is the percentage of absorbed far-red light provided at 8 W
m32 that is converted into photochemical products. Rates of dark re-reduction of P700�, acquired in 8 W m32 far-red light, are given
as pseudo-¢rst-order reaction constants. Data for wild-type and mutant M55 cells were taken from [12], with permission.
aMeasurements of P700� re-reduction and far-red light energy storage for salt-stressed cells of mutant DM4 were measured with a
salt-adapted revertant of DM4; for details see text.
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tion, the binding of FNR to the phycobilisomes via
this domain does not enhance the energy transfer
capacity of those light harvesting complexes to nei-
ther the PS II nor the PS I reaction centres [32]. In
contrast to the two former studies the present work
has disclosed an actual function for the N-terminal
domain. We have shown correlation between the
binding of FNR to the thylakoid membranes via its
N-terminal domain and increased capacity for PS I-
dependent cyclic electron transfer.

The distribution of FNR in Synechocystis PCC
6803 is in three pools. Three quarters of the total
pool is present in the phycobilisomes. Under condi-
tions of salt stress the FNR level increases, and the
additional molecules are associated with `reverse'
electron transfer to plastoquinone, a quinone/cyto-
chrome-b6f reductase function, which is a basic
requisite for PS I cyclic electron transfer. It was
found that a speci¢c interaction of the N-terminal
domain with the thylakoid membrane directs the
copies that are not bound to the phycobilisomes to
the thylakoid membrane. In agreement with these
results it was shown by analysis of isolated subcellu-
lar fractions, and in situ localisation experiments,
that a fusion protein of GFP with the N-terminal
domain of FNR, also binds to the thylakoid mem-
branes.

Two modes of interaction, that are only detected
for the 47 kDa wild-type protein with the thylakoid
membrane, seem apparent from the native gel experi-
ments and accomplished FNR quanti¢cation. One
mode is tight interaction that allows co-puri¢cation
of FNR with the membrane fraction, when using a
streptomycin sulfate precipitation protocol. These
copies represent a small fraction of the FNR pool.
The other mode of interaction is an association with
unknown thylakoid components that can exist in the
presence of Triton X-100, but is broken during pre-
cipitation of the membranes with streptomycin sul-
fate, and presumably relies on a modi¢cation of the
N-terminal domain. In wild-type cells, most of the
FNR is present as the 47 kDa full-length species,
although cleavage at a `PEST' site yields small
amounts of a processed species that lacks the N-ter-
minal CpcD homologous domain. Interestingly, a
PEST site can also be detected in the deduced amino
acid sequence of the Synechococcus sp. PCC 7002
FNR [31].

The M55 mutant lacking the NDH1 complex and
a PsaE-de¢cient mutant have been examined for this
interaction, and were found to show wild-type FNR-
thylakoid interactions (data not shown). These con-
trols indicate binding of FNR to the thylakoid mem-
branes independent of the NDH1 and PsaE proteins.
The conclusion is that the N-terminal CpcD homol-
ogous domain constitutes a thylakoid binding do-
main, as well as a phycobilisome binding domain.
When cell-free extracts of the wild type are prepared
in low ionic strength bu¡ers, phycobilisome-associ-
ated FNR is released and shows a¤nity for the thy-
lakoid, in contrast to the truncated protein. Copies
of FNR that are not associated to the phycobilisome
complexes are ¢rmly bound to the thylakoid mem-
branes via the N-terminal CpcD homologous do-
main, and are recovered in the membrane fraction,
whereas the bulk of the FNR protein is not. An
additional experiment showed that membranes iso-
lated from a sucrose step-gradient after ultracentri-
fugation [38] contain about 70% of the enzymatic
(diaphorase) activity that is present in membranes
from a cell-free extract. This contrasts with lack of
FNR association to thylakoids from mutant SM8,
the membranes of which otherwise demonstrate af-
¢nity for binding of wild-type FNR (data not
shown).

Measurements of far-red light energy storage ca-
pacity and assays of P700� re-reduction indicate that
in the SM8 mutant induction of cyclic electron £ow
capacity by salt shock is absent. This inducible £ux
of cyclic electron transfer correlated with over-ex-
pression of FNR in the wild-type strain [15]. As a
result of salt shock the FNR concentration increases
above the level that is normally present in the phy-
cobilisomes, providing a clue towards a possible
mechanism for control of the pool size that can en-
gage either in `linear' or in `cyclic' electron £ow.
Ferredoxin:NADP� oxidoreductase activity in the
sense of NADPH synthesis is associated with linear
photosynthetic electron transfer, FNR:plastoquinone
oxidoreductase activity is instrumental in PS I driven
cyclic photosynthetic electron £ow. The binding of
FNR to the phycobilisome might in prospect simply
constitute a mechanism that prevents the binding of
FNR to the thylakoids and participation in plasto-
quinone/cytochrome-b6f reductase activity. Since the
FNR:phycobilisome and the phycobilisome:PS I ra-
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tios are relatively constant, this could ensure that
enough copies are present to catalyse linear electron
transport. Accumulation of FNR, above the ¢xed
level of presence in the phycobilisomes, is presum-
ably the result of a speci¢c transcriptional induction
of the petH promoter [15]. This could in retrospect
regulate the number of molecules that are available
for PS I cyclic electron £ow. The precise mechanism
through which FNR contributes to PS I cyclic elec-
tron £ow still awaits to be disclosed. During cyclic
electron transfer, in vivo FNR could most probably
catalyse ferredoxin-dependent (and/or £avodoxin-de-
pendent) plastoquinone reduction. NADPH:plasto-
quinone oxidoreductase activity of FNR in PS I cy-
clic electron transfer through which FNR essentially
is rendering NADP�, is the reverse of its function in
linear photosynthetic electron transfer. Whether fer-
redoxin or £avodoxin are intermediates, or whether
the plastoquinone-cytochrome b6f part of the cyclic
electron £ow is directly reduced by FNR remains to
be answered. Note however, that the free energy dif-
ference between the ferredoxin (£avodoxin)/plasto-
quinone couple (3500 and 3450 mV, respectively)
is higher than between the NADPH/plastoquinone
couple (3420 mV). Such electron donation to the
plastoquinone may also be functional in dark oxida-
tive respiration. In agreement with the original ob-
servation in [9] it was noted that the respiratory oxy-
gen consumption rate of mutant M55 in the dark
was signi¢cantly lower than that of the wild-type
control. However, some 20^30% of the electron
transfer rate remained present. This is pointing to
the presence of mechanisms of plastoquinone reduc-
tion in intact cells of Synechocystis that proceed in
another way than through the NDH1 NAD(P)H de-
hydrogenase complex activity.

The double mutant DM4, lacking both the NDH1
complex and the N-terminal domain of FNR,
showed both the decreased capacity for cyclic elec-
tron transport (which is also observed for mutant
M55) and the absence of induction of PS I cyclic
after salt shock, by consequence of the truncation
of FNR. Initially this double mutant strain did not
grow in high salt media. However, revertants were
selected under normal photoautotrophic conditions.
A possible candidate for the alternative electron
transfer pathway is NDH2, for which three putative
genes have been identi¢ed in the genome sequence of

Synechocystis PCC 6803: slr1743, slr0851 and sll1484
[39]. However, it was recently shown that these gene-
products do not signi¢cantly contribute to plastoqui-
none reduction [40]. Instead, it is proposed that the
succinate dehydrogenase complex contributes to the
reduction of the plastoquinone b6f domain of Syne-
chocystis in the DM4 revertants.

This is the ¢rst report that demonstrates the in-
volvement of FNR in PS I-dependent cyclic electron
£ow without use of inhibitors or modifying agents as
was the case in other studies with chloroplasts or
cyanobacteria [16,17,41,42]. Instead the work pre-
sented is based on the characterisation of the pheno-
type of a mutant that was genetically engineered. In
addition, this phenotype revealed tight association of
FNR to the thylakoid membrane, via its CpcD-ho-
mologous N-terminal domain. Since the mechanism
of thylakoid interaction is fundamentally di¡erent in
the case of chloroplast FNR, in which a binding
protein has been proposed [28,43], our results may
not directly relate to PS I cyclic electron transfer
operation in plants.
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