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ABSTRACT: A mutant of SynechocystisPCC 6803, deficient inpsaE, assembles photosystem I reaction
centers without the PsaE subunit. Under conditions of acceptor-side rate-limited photoreduction assays in
vitro (with 15 µM plastocyanin included), using 100 nM ferredoxin:NADP+ reductase (FNR) and either
Synechocystisflavodoxin or spinach ferredoxin, lower rates of NADP+ photoreduction were measured
when PsaE-deficient membranes were used, as compared to the wild type. This effect of thepsaEmutation
proved to be due to a decrease of the apparent affinity of the photoreduction assay system for the reductase.
In the psaEmutant, the relativepetH (encoding FNR) expression level was found to be significantly
increased, providing a possible explanation for the lack of a phenotype (i.e., a decrease in growth rate)
that was expected from the lower rate of linear electron transport in the mutant. A kinetic model was
constructed in order to simulate the electron transfer from reduced plastocyanin to NADP+, and test for
possible causes for the observed change in affinity for FNR. The numerical simulations predict that the
altered reduction kinetics of ferredoxin, determined for thepsaE mutant [Barth, P., et al., (1998)
Biochemistry 37, 16233-16241], do not significantly influence the rate of linear electron transport to
NADP+. Rather, a change in the dissociation constant of ferredoxin for FNR does affect the saturation
profile for FNR. We therefore propose that the PsaE-dependent transient ternary complex PSI/ferredoxin/
FNR is formed during linear electron transport. Using the yeast two-hybrid system, however, no direct
interaction could be demonstrated in vivo between FNR and PsaE fusion proteins.

The primary photochemical reaction in photosystem I
(PSI)1 is the transmembrane transport of an electron from a
chlorophyll a dimer to stromal acceptors, after which the
chlorophyll dimer cation is rereduced by either plastocyanin
or cytochromec. The cyanobacterial photosystem I consists
of at least 14 subunits and resembles the core of the more
complex chloroplast PSI reaction center (1, 2). The het-
erodimeric core is formed by PsaA and PsaB, and is believed
to bind approximately 100 chlorophylla molecules, that form
the reaction center’s light harvesting antenna. Excitation
energy is transferred via red-shifted chlorophylla species
to the primary donor P700. Its excited state then leads to a
charge separation, leaving a positive charge on P700, and
transferring an electron to the primary acceptor A0, which

is thought to be a chlorophylla monomer with an ap-
proximate midpoint potential for reduction of-1050 mV
(3). The electron is subsequently transferred to a transient
intermediate, A1, that has been identified as a phylloquinone
[vitamin K1, Em: -800 mV; (4, 5)]. The next intermediate
acceptor is the [4Fe-4S] cluster FX (Em: -750 mV). PsaC
is a stroma-exposed, 9 kDa ferredoxin-like subunit of PSI
that carries two [4Fe-4S] clusters, FA and FB [Em: -540 and
-590 mV, respectively; (6)], functioning as electron carriers
between FX and ferredoxin.

The crystal structure ofSynechococcusphotosystem I was
solved at 6 Å (and recently at 4 Å) resolution (1, 7, 8).
Although it is not known which cluster is FA or FB, two [4Fe-
4S] clusters were assigned with respective distances of 15
and 22 Å to FX. In the 6 Å structure, the stroma-exposed
subunits PsaC, PsaD, and PsaE were not unambiguously
assigned. Rather, electron microscopy of mutant photosystem
I particles has led to the localization of these subunits in
trimeric PSI particles ofSynechocystisPCC 6803 (9). PsaC
is positioned centrally on the PsaAB heterodimer. PsaE is
positioned toward the edge of the particle, in close proximity
to PsaC. PsaD is positioned opposite of PsaC, oriented more
toward the center of the trimeric particle. This topological
model was confirmed by protease accessibility studies, using
the same set of mutants (10). The combination of these data
allowed discrimination between PsaA and PsaB in the
structure, which was not possible from the 4 Å crystal
structure. It was found that PsaE mainly covers the PsaA
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subunit, whereas PsaD covers PsaB. Moreover, chemical
cross-linking studies confirm this arrangement; PsaC has
been shown to cross-link to both PsaD and PsaE (11).

Ferredoxin has been shown to cross-link to the PsaD
subunit of photosystem I (12). Analysis of electron micro-
graphs of a covalently cross-linked complex of ferredoxin
andSynechocystisPCC 6803 trimeric photosystem I particles
revealed its binding site (13). Ferredoxin was found to cross-
link to a site in direct contact with the ridge that is made up
by PsaE, -C, and -D, distal to the 3-fold axis of the PSI
trimer, covering PsaB. A similar experiment was performed
with a cross-linked complex betweenSynechococcus7002
PSI trimers and flavodoxin, showing that ferredoxin and
flavodoxin bind approximately the same site (14). The
solution structure of the recombinant PsaE subunit was
determined by NMR, and found to consist mainly of
â-strands (15). Recently, the Psa subunits C, D, and E were
also identified in the 4 Å crystal structure ofSynechococcus
elongatus PSI (1). In combination, the results of the
crystallographic, electron microscopic, chemical cross-link-
ing, and NMR studies now provide a clear picture of the
organization of the stromal subunits of PSI.

ThepsaEgene has been deleted both inSynechocystisPCC
6803 (16, 17) and in SynechococcusPCC 7002 (18).
Surprisingly, no effect of this mutation on the growth rate
of these mutants was observed under conditions of photo-
autotrophic growth (16, 18). Photoheterotrophic growth,
however, is abolished in theSynechococcusmutant (18) and
is slightly slower in theSynechocystismutant (19). This
impairment has been attributed to a deficiency in the
photosystem I dependent route of cyclic electron transfer
(18). The unperturbed photoautotrophic growth of the mutant,
nevertheless, suggests that linear electron transport mediated
by photosystem I is largely unaffected by the mutation.
However, in vitro assays suggest that ferredoxin reduction
by PsaE-less photosystem I may be deficient to some extent
(17, 20, 21). Recently, it was determined that the most
notable effect of thepsaE mutation on photosystem I of
SynechocystisPCC 6803 is a 100-fold increase of the
dissociation constant for (SynechocystisPCC 6803) ferre-
doxin, which is mainly due to an increased off-rate of the
complex (22).

The PsaE subunit has been found to cross-link to ferre-
doxin:NADP+ reductase in photosystem I reaction centers
of barley, isolated according to a specific protocol that yields
highly active preparations containing approximately 0.4
molar equiv of FNR relative to P700 (23). Falzone et al.
(15) note that in higher plants the positively charged
N-terminal region of PsaE is exposed, whereas both its N-
and its C-terminal regions were shown to be buried in
SynechocystisPCC 6803 PSI (17). Falzone et al. (15) propose
that the N-terminal region interacts with acidic residues of
FNR, and explain the apparent absence of interaction in the
cyanobacterial system (no FNR is copurified with PSI) in
these terms.

Here we report on the detailed analysis of PSI-mediated
linear electron transfer from reduced plastocyanin to NADP+,
in thylakoid membranes of wild type and apsaEmutant of
SynechocystisPCC 6803. The experimental data obtained
suggest the existence of a transient ternary complex com-
posed of PSI, ferredoxin, and FNR, that is affected by the
presence of the PsaE subunit of photosystem I. The stability

of this complex may be smaller than in the case of barley
PSI. However, a direct interaction between FNR and PsaE
could not be demonstrated with the yeast two-hybrid system.

MATERIALS AND METHODS

Strains and Growth Conditions. Wild-type Synechocystis
PCC 6803 and thepsaEmutant (17) were cultured at 34°C
in BG11 medium (24) with continuous illumination of white
fluorescent light (Philips TL 32), at an intensity of 70
µE‚m-2‚s-1. Kanamycin (50µg/mL) was supplemented for
culturing of thepsaE mutant. Agitation was provided by
continuous bubbling with air. Cultures grown for the isolation
of membranes were harvested at high optical density,
corresponding to a chlorophylla concentration of about 10
µg/mL (approximately 108 cells/mL).

Analytical Procedures. Chlorophyll a concentration was
determined after extraction with methanol at room temper-
ature of either a cell pellet or a concentrated suspension of
thylakoid membranes. The extinction coefficient at 665 nm
divided by 76 yields the chlorophylla concentration in
milligrams per milliliter (25). The molar extinction coef-
ficients used for ferredoxin:NADP+ reductase were 10 700
cm-1 [at 458 nm; (26)], for flavodoxin 9500 cm-1 [at 466
nm; (27)], and for plastocyanin 4500 cm-1 [at 597 nm; (28)].

Cloning Procedures. The SynechocystisPCC 6803petH
gene (29) was amplified by PCR with Pwo polymerase
(Boehringer), using the oligonucleotides ‘SPETWTNDE’ and
‘SPETCTHIN’, and cloned directionally into the polylinker
of pET22B (Novagen) as a 1240 bpNdeI/HindIII restriction
fragment. A truncated version of thepetH gene (∆petH),
with a deletion of the first 225 coding nucleotides, was
amplified with the oligonucleotides ‘SPETTRNDE’ and
‘SPETCTHIN’, and cloned into pET22B, as with the wild-
type gene. TheSynechocystisPCC 6803isiB gene (510 bp),
encoding flavodoxin [sll0248; (30)], was amplified with the
oligonucleotides ‘FLANTNDE’ and ‘FLACTHIN’, and
cloned into pET22B, as with thepetH gene.

A truncated version of thepetE gene, encoding plasto-
cyanin (31) lacking the original transit peptide, was amplified
with ‘PLANTNCO’ and ‘PLACTECO’, and cloned as a 300
bp NcoI/EcoRI fragment in pET22B. With this construct,
translocation of plastocyanin across the plasma membrane
of Escherichia coliis mediated by theErwinia carotoVora
pelB(32) leader peptide. Cleavage by signal peptidase occurs
between residues A22 and A23 in pectate lyase, when
expressed inE. coli (32). Therefore, cleavage of the
translocated recombinant plastocyanin fusion protein is
predicted to occur between A22 and M23, yielding the
N-terminal sequence MANATVK. Cleavage of the transit
peptide of native plastocyanin inSynechocystisPCC 6803
is proposed to yield the N-terminal sequence NATVK (31).
Recombinant plasmids were propagated inE. coli XLI-Blue
and sequenced.

All plasmids, except for the expression construct carrying
the wild-type petH gene, proved to be unstable in the
expression strainE. coli BL21[DE3] (Novagen) during
induction of the T7 promoter with IPTG. Presumably,
excretion ofâ-lactamase into the culture medium allows a
large fraction of the cells in the culture to survive ampicillin
concentrations as high as 200µg/mL without carrying the
expression construct. This problem was overcome by intro-
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ducing kanamycin resistance into the constructs. The 1.3 kbp
nptII cassette from pUC4K (Pharmacia), encoding kanamycin
resistance, was inserted in the uniquePstI site in the
â-lactamase gene of pET22B in all plasmids except for the
wild-type petH expression construct. For the expression
construct carrying thepetE gene, expression levels were
approximately 1000-fold increased by this marker exchange.

The Yeast Gal4-Based Two-Hybrid System. The MATCH-
MAKER Gal4 Two-Hybrid System (Clontech) was used to
directly test for interaction between PsaE and PetH. ThepsaE
gene was amplified by PCR with the oligonucleotides
‘NPSAEXHONDE’ and ‘CPSAEECOBAM’. ThepetHgene
was amplified with the oligonucleotides ‘NPETXHONDE’
and ‘CPETECOBAM’. The PCR products were both di-
gested withXhoI andEcoRI for cloning into vector pGAD10
(Clontech), and withNdeI andBamHI for cloning into vector
pAS2 (Clontech), and sequenced. Co-transformants inSac-
charomyces cereVisiaereporter host strain Y190 (Clontech)
were selected on minimal media lacking leucine and tryp-
tophan and histidine, with the addition of 10 mM 3-AT as a
competitive inhibitor of theHIS3reporter. Co-transformants
were sceened forâ-galactosidase activity with a colony-lift
protocol and X-Gal as the substrate (Clontech).

Oligonucleotides. Oligonucleotide sequences are given
from 5′ to 3′. Restriction sites are underlined: ‘SPETWT-
NDE’ (forward 5′-GCAATTAACATATGTACAGTCCCG-
GTAC-3′); ‘SPETCTHIN’ (backward 5′-CCGCCAAGCT-
TAGTAGGTTTCCACGTGCCAGC-3′); ‘SPETTRNDE’
(forward 5′-GCAATTACCATATGCTAGAGGGAGATTCG-
3′); ‘FLANTNDE’ (forward 5′-GCCCACACATATGA-
CAAAAATTGGACTT-3′); ‘FLACTHIN’ (backward 5′-
CGGAAGCTTCTAGGATTGCAAAATTGG-3′); ‘PLANT-
NCO’ (forward 5′-CTTCCCGCCATGGCCAATGCAA-
CAGTGAA-3′); ‘PLACTECO’ (backward 5′-CGACACAC-
GAATTCGGCTGGCTGATTACTC-3′); ‘NPSAEXHONDE’
(forward 5′-CGCCCTCGAGTTCATATGGCCTTAAATCG-
TGAC-3′); ‘CPSAEECOBAM’ (backward 5′-CCGCGGATC-
CGAATTCCTATTTTGCCGCCGCTTGCAC-3′); ‘NPETX-
HONDE’ (forward 5′-CCGCCTCGAGTTCATATGTA-
CAGTCCCGGTTAC-3′); ‘CPETECOBAM’ (backward 5′-
CCGCGGATCCGAATTCCTAGTAGGTTTCCACGTGCCAG-3′).

Expression and Purification of Recombinant Proteins. The
recombinant BL21[DE3]E. coli strain, carrying the plasto-
cyanin overexpression plasmid, was cultured at 37°C in a
10 L fermentor with Evans minimal medium (33), with 2%
(w/v) glucose as a carbon source. Kanamycin (50µg/mL)
and CuSO4 (5 µM) were added to the medium. PetE
expression was induced with 1 mM IPTG at an optical
density of 2 at 600 nm, and monitored by measuring the
absorption at 597 nm of the culture supernatant. To the cell-
free culture supernatant were added 20 mM Tris-HCl, pH
8.0, 10µM K3Fe(CN)6, and a saturating amount of (NH4)2-
SO4. After 1 h incubation at 4°C, the precipitated recom-
binant plastocyanin was pelleted by centrifugation, and
desalted either by gel filtration using Sepahadex G-50 or by
dialysis against 20 mM Tris-HCl, pH 8.0.

The strains expressing flavodoxin and wild-type or trun-
cated FNR were cultured in a 2 L fermentor, using a
phosphate-buffered complex medium, containing 16 g/L
tryptone, 10 g/L yeast extract, 5 g/L NaCl, 2.31 g/L KH2-
PO4, and 12.54 g/L K2HPO4, with either 50µg/mL kana-
mycin (∆petHandisiB) or 200µg/mL ampicillin (wt-petH).

Expression of the heterologous proteins was induced at OD600

) 2 with 0.4 mM IPTG. Cells were resuspended in buffer
containing 20 mM Tris, pH 8.0, and 0.5 mM PMSF (0°C),
and broken by two passages through a French press (Aminco
Corp., USA) at 20 000 psi. The lysate was brought to 1%
(NH4)2SO4 saturation and centrifuged to remove membrane
particles and remaining cell debris. Flavodoxin was recon-
stituted by incubation of the cell-free extract for 2 h with 50
µM FMN (Sigma) (34). Proteins were concentrated by
precipitation after the addition of saturated (NH4)2SO4, and
purified on a Sephadex G-100 FPLC column, equilibrated
with a buffer containing 20 mM Tris-HCl, pH 8.0, and 150
mM NaCl. NaCl was subsequently removed, either by
dialysis against 20 mM Tris-HCl, pH 8.0, or by gel filtration
using Sephadex G-50.

Isolation of Photosynthetic Membranes. Membranes from
wild-typeSynechocystisPCC 6803 and thepsaEmutant were
isolated from cultures grown to high optical density. Cells
(2 g wet-weight in 5 mL) were broken in 50 mM Tricine/
NaOH, pH 8.0, plus 10 mM NaCl and 0.5 mM PMSF, by
three passages through the French press at 20 000 psi (0°C).
The lysate was diluted 5-fold in the same buffer and
centrifuged for 15 min at 3000g at 4 °C. Membranes were
pelleted from the supernatant by ultracentrifugation for 1 h
at 41 000 rpm in a Kontron ultracentrifuge (TST4114 rotor;
129000-301500g) at 4 °C. The resulting supernatant was
discarded, and the pellet was resuspended in the same buffer
and recentrifuged in the ultracentrifuge for 1 h. The
membranes were finally resuspended in the same buffer at
a concentration of approximately 0.5 mg of Chla/mL.
Samples used for isolation of PsaE-deficient membranes were
also analyzed for complete segregation of thepsaEdeletion
by Southern hybridization analysis, as described previously
(17).

Photoreduction Measurements. Assays of PSI-dependent
photoreduction, that are rate-limited at the donor side, were
performed in 50 mM Tricine, pH 8.0, 10 mM MgCl2, 0.05%
(w/v) n-dodecylâ-maltoside, 10µM DCMU, and photosyn-
thetic membranes (5µg/mL Chla) (35). Methyl viologen (2
mM) was added as the electron acceptor, and 6 mM ascorbic
acid together with plastocyanin (1-15 µM) as the electron
donor. Oxygen consumption was measured with a Hansatech-
type oxygen electrode at 25°C, with illumination from a
150 W xenon light source, after passing the light through a
350-450 nm band-pass filter. The light intensity was
increased until saturation was reached.

Acceptor-side-limited photoreduction assays were per-
formed in 50 mM Tricine, pH 8.0, plus 10 mM MgCl2,
0.05% (w/v) n-dodecylâ-maltoside, photosynthetic mem-
branes (5µg/mL Chla), 6 mM ascorbic acid, 15µM
recombinant plastocyanin, and recombinant FNR (10 nM-1
µM). RecombinantSynechocystisPCC 6803 flavodoxin and
spinach ferredoxin (Sigma) were used at concentrations of
15 and 5 µM, respectively. NADP+ was added at a
concentration of 1 mM. Light from a 150 W xenon lamp
was passed through a 650 nm high-pass filter, and used at
saturating intensity. NADPH formation was assayed from
the increase in absorbance at 340 nm during illumination,
using a Model HP 8453 Hewlett-Packard diode array
spectrophotometer (Portland, OR).

Kinetic Simulations. A kinetic model was constructed in
order to simulate light-driven electron transport from reduced
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plastocyanin to NADP+ with the Gepasi Bio/chemical
Kinetics Simulator software package version 3.1 (36). All
reaction constants were introduced as reversible bimolecular
second-order rate constants, or reversible first-order rate
constants, taken from the literature and from this work.
Moiety conserved relations were calculated using the Gepasi
package. Response coefficients (R) were calculated from the
enzyme concentration (E) dependent change in flux (J)
according to:RE

J ) (δJ/J)/(δE/E).

RESULTS

Production and Purification of Recombinant Electron
Transport Proteins. The sequence of the genes encoding
SynechocystisPCC 6803 flavodoxin, plastocyanin, and FNR
has been published (29-31), allowing the design of oligo-
nucleotides to be used for amplification of these genes, for
in-frame insertion into the overexpression plasmid pET22B.
Heterologous expression of the completepetE gene inE.
coli leads to the accumulation of the PetE protein in the
periplasm (28). However, replacing the endogenous transit
peptide of plastocyanin with theErwinia carotoVora pelB
leader peptide resulted in the accumulation of the recombi-
nant electron carrier in the culture supernatant at levels as
high as 40 mg/L, coloring the culture supernatant distinctly
blue-green. Cytoplasmic expression of wild-type and trun-
cated FNR, and of flavodoxin, yielded recombinant products
that were accumulated at levels of 20-50% of soluble
cytoplasmic protein.

Recombinant Plastocyanin Is the Superior Electron Donor
to Photosystem I. To study electron transport at the acceptor
side of PSI, it is necessary to make the acceptor-side reactions
rate-limiting for the overall reaction of electron transfer from
ascorbic acid to NADP+. This is achieved by supplying a
relatively high concentration of reduced electron carriers that
reduce the P700+ cation at a faster rate than FB

- can be
oxidized. Donor-side-limited photoreduction assays in the
presence of methyl viologen show that artificial electron
donors do not meet this requirement, whereas recombinant
plastocyanin catalyzes high rates of electron transport (Table
1).

Plastocyanin was therefore titrated between 1 and 15µM
concentration in these assays, to determine theKm for
plastocyanin in this reaction. With a fixed concentration of
PSI reaction centers, Michaelis-Menten kinetics were
observed with aKm value of 7.0 µM and a Vmax of
approximately 3531µmol of O2‚(mg of Chla)-1‚h-1, corre-
sponding to a calculated turnover number of 132 e-‚PSI-1‚s-1.
From the slope of the double-reciprocal plot of the rate versus

the plastocyanin concentration, a second-order rate constant
is estimated of 1.88× 107 M-1‚s-1, with a corresponding
off-rate of 132 s-1 for the plastocyanin/PSI complex. This
value is in reasonable agreement with the experimentally
determined value at pH 7.5 and low ionic strength for
SynechocystisPCC 6803 plastocyanin and PSI, i.e., 8.6×
106 M-1‚s-1 (37). It has been proposed that the reaction
betweenSynechocystisplastocyanin and PSI does not involve
the formation of an intermediate complex, as is the case for
spinach plastocyanin and PSI, but follows a ‘simple oriented
collisional mechanism’, resulting in a monophasic reduction
of P700 (38).

Acceptor-Side-Limited Photoreduction Rates Are De-
creased in PsaE-Deficient Thylakoids of Synechocystis PCC
6803. We observed that PsaE-deficient thylakoids displayed
activity in donor-side-limited photoreduction assays almost
equal to wild-type membranes [2571µmol of O2‚(mg of
Chla)-1‚h-1 versus 2702µmol of O2‚(mg of Chla)-1‚h-1 for
the wild type], when using 15µM plastocyanin (Table 2).
Fluorescence emission spectra obtained with 440 nm excita-
tion, taken at 77 K, of these thylakoids indicate a slightly
decreased PSI/PSII ratio for the mutant membranes, provid-
ing a possible explanation for the somewhat decreased
activity of the PsaE-deficient thylakoid membranes (not
shown).

In acceptor-side-limited photoreduction assays, using fixed
concentrations of electron carriers, a decreased activity was
measured with PsaE-deficient thylakoids compared to wild-
type thylakoids (Table 2). Possibly a somewhat higher
activity was observed when truncated 38 kDa FNR was used
at a concentration of 100 nM, when compared to assays
including wild-type 47 kDa FNR (Table 2). This was tested
to determine if the positively charged N-terminal domain of
wild-type FNR, that is homologous to the 9 kDa CpcD
phycobilisome linker polypeptide, influences the photore-
duction kinetics. However, a small deviation from the
quantified FNR concentration can result in the observed
difference in photoreduction activities. Therefore, within the
accuracy of the obtained data, no possible contribution of
the N-terminal domain was apparent in the wild type, nor in
the psaEmutant. In addition, no significant difference for
both wild-type- and PsaE-deficient membranes was observed
when spinach ferredoxin (5µM) was replaced bySyn-
echocystisPCC 6803 flavodoxin (15µM) either (not shown).

FNR Still Has Control oVer the Rate of NADP+ Photore-
duction at 750 nM Concentration in the Case of PsaE-

Table 1: Light-Driven PSI-Mediated Electron-Transport Rates with
Various Electron Donorsa

electron donor
(concn)

O2 consumption rate
[µmol of O2‚(mg of

Chla)-1‚h-1]
calcd turnover no.

(e-‚PSI-1‚s-1)b

DCPIP (0.1 mM) 380 14.1
DAD (0.1 mM) 127 4.8
TMPD (0.1 mM) 271 10.2
horse heart cytc (50 µM) 304 11.1
rec. plastocyanin (15µM) 2702 100.7

a Rates are determined by O2 uptake measurements, mediated by
FB-reduced methyl viologen.b A Chla:P700 ratio of 150:1 is assumed
for thylakoid membranes.

Table 2: Photoreduction Activites of Wild-Type- and
PsaE-Deficient Photosynthetic Membranesa

acceptor-side-limited ratec

PC (15µM) f NADP+

thylakoids
donor-side-limited rateb

PC (15µM) f MV
WT FNR
(100 nM)

trunc. FNR
(100 nM)

WT 2702 387( 26 462( 27
PsaE- 2571 148( 25 242( 40

a Light-dependent, methyl viologen mediated, O2 uptake activities
and NADP+ photoreduction activities were measured using 15µM
plastocyanin. This concentration catalyzed near-maximal turnover
numbers of PSI. Spinach ferredoxin (included at 5µM) was used in
combination with either recombinant wild type or truncated FNR (100
nM) for the NADP+ photoreduction measurements.b Micromoles of
O2 per milligram of Chla per hour.c Micromoles of NADPH per
milligram of Chla per hour.
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Deficient Thylakoids, in Contrast to Wild-Type Thylakoids.
The concentrations of ferredoxin (5µM) and flavodoxin (15
µM) used in the acceptor-side-limited photoreduction assays
were found to be saturating for the observed rates. Titrations
of wild-type 47 kDa FNR in these assays revealed saturation
behavior for the FNR-dependent rate of electron transport
(Figure 1).

At a concentration of 100 nM FNR, the NADP+ photore-
duction activity of PsaE-deficient membranes was signifi-
cantly lower than rates obtained with wild-type PSI. This
was observed both with ferredoxin and flavodoxin, and with
wild-type as well as truncated FNR (Table 2). In contrast to
the observed rates with wild-type membranes, NADP+

photoreduction rates increased with increasing concentrations
of FNR above 500 nM when PsaE-deficient membranes were
used (Figure 1). At a concentration of 500 nM, the NADP+

photoreduction rate with wild-type membranes was 49
((6)% of the donor-side-limited rate, comparable to the rate
with 1 µM FNR. In contrast, the rate with PsaE-deficient
membranes increased from 30 ((4)% of the donor-side-
limited rate at 500 nM FNR to 44 ((6)% at 1µM FNR.

Thus, at 1µM concentration of FNR, the rates of NADP+

photoreduction were no longer significantly different between
wild-type- and PsaE-deficient membranes. For both the wild-
type- and the PsaE-deficient membranes, the maximal
extrapolated rates of NADP+ photoreduction were ap-
proximately 60% of the donor-side-limited rates (using either
exponential or Michaelis-Menten kinetics to fit the data).
Figure 1B presents a double reciprocal plot of the data,
indicating that most likely a change in the affinity for FNR
of the reconstituted photoreduction system is the origin of
the reduced activities observed in acceptor-side-limited assays
with relatively low concentrations of FNR. However, from
these data, it cannot be judged if the kinetics follow
Michaelis-Menten saturation behavior. In the case of wild-
type PSI, about 105 nM wild-type FNR catalyzes 50% of
the maximal rate, whereas 397 nM FNR is required to
catalyze approximately 50% of the maximal rate in the case
of PsaE-deficient PSI.

Thus, the deficiency in the linear electron transport
capacity of the psaE mutant can be compensated by
increasing the concentration of FNR in the in vitro assays.
This is in line with the experimental observation that the
yield of ferredoxin reduction by PsaE-deficient PSI is equal
to that of the wild type (17), implying that the maximal rate
of electron transport through plastocyanin, PSI, and ferre-
doxin should be the same.

Expression of petH Is Increased in the psaE Mutant. It
has been reported earlier that the growth rate under photo-
autotrophic conditions of theSynechocystisPCC 6803psaE
mutant is not significantly different from that of the wild
type (16). The same was observed in the comparison of the
SynechococcusPCC 7002psaEmutant with the wild-type
strain (39). This suggests that oxygenic linear electron
transport, involving both PSII and PSI, in thepsaEmutant
proceeds with an efficiency close to the wild-type level. We
therefore assayed the mRNA level ofpetH, encoding
ferredoxin-NADP+ reductase, in the wild-type and in the
psaEmutant in standard autotrophic growth conditions (at a
light intensity of 70µE‚m-2‚s-1), as well as in a salt-stressed
culture. During salt stress (applied via the addition of 0.5 M
NaCl to the growth medium) of a culture ofSynechocystis
PCC 6803, increased abundance of thepetH mRNA was
observed earlier (29). The Northern blot shown in Figure 2

FIGURE 1: NADP+ photoreduction rates of wild-type- and PsaE-
deficient membranes with varying concentrations of wild-type 47
kDa FNR (A) Activities of NADP+ photoreduction were deter-
mined. Concentrations of plastocyanin, Chla, ferredoxin, and
NADP+ were the same as in Table 2. Error bars represent the
standard deviations for the measurements. Filled diamonds ([)
present the measurements with wild-type thylakoid membranes;
open circles (O) present the measurements with PsaE-deficient
membranes. (B) Double reciprocal plot of the NADP+ photore-
duction activities.

FIGURE 2: Expression levels ofpetHmRNA in the wild-type and
psaEmutant. Lane 1, wild-type cells grown photoautotrophically.
Lane 2, wild-type cells upon salt stress. Lane 3,psaEmutant cells
grown photoautotrophically. Lane 4,psaEmutant cells upon salt
stress. For details, see Materials and Methods.

The PsaE-Dependent Ternary Complex PSI/Fd/FNR Biochemistry, Vol. 38, No. 39, 199912739



demonstrates that thepetH expression level in thepsaE
mutant is elevated, relative to the expression level in the wild
type, when cells are grown under standard photoautotrophic
conditions, whereas in salt-stressed cultures thepetHmRNA
levels are comparable in the wild type and the mutant.
Presumably, the increase in the accumulated level of mRNA
results from induction of the stress promoter that regulates
petHexpression (29). Higher concentrations ofpetHmRNA
were accompanied by an increase in the enzyme activity that
was subsequently determined in cell-free extracts (29). This
was also confirmed in the case of thepsaE mutant: the
enzyme activity is approximately twice as high in the mutant
as in the wild type, when expressed on the basis of the
amount of Chla (not shown). It is proposed that the increased
level of FNR in the psaE mutant compensates for the
decreased rate of linear electron transport, as in the in vitro
assays.

A Kinetic Model of Light-DriVen, PSI-Dependent Linear
Electron Transport from Reduced Plastocyanin to NADP+.
The observation that deletion of subunit PsaE from PSI
results in an altered FNR saturation profile for the NADP+

photoreduction assays is not easily understood in terms of
ferredoxin photoreduction kinetics. PsaE-deficient PSI reac-
tion centers are partially deficient in ferredoxin reduction
(22). To predict wether the mutationally induced changes
will affect the linear electron-transfer capacity of the reaction
centers, and, if so, how, a kinetic model was constructed
that incorporates all partial reactions from reduced plasto-
cyanin to NADP+. All reaction rate constants were intro-
duced as reversible first-order and bimolecular second-order
rate constants that were taken either from the literature or
from this work (Figure 3).

First, electron donation by plastocyanin to PSI was
modeled and tested for turnover numbers at relevant con-
centrations of the reactants. Then, ferredoxin reduction was
added to the model, using the reaction constants published
for SynechocystisPCC 6803 PSI and spinach ferredoxin.
Separately, reduction of NADP+ by FNR in the presence of
reduced ferredoxin was modeled, and tested for turnover
numbers and, specifically, inhibition by oxidized ferredoxin.
Finally, all reaction rate constants were used to model the
complete set of reactions for electron transfer from reduced
plastocyanin to NADP+, and tested for the pre-steady-state
kinetics, overall turnover numers, and concentration of
intermediates that accumulate in the steady state.

The NADP+ photoreduction assay consists of several
electron-transfer steps, which require the formation of several
transient complexes. First, P700+ is rereduced by plastocya-
nin. Since this reaction inSynechocystisis believed to follow
a collisional reaction scheme (38), it can be described in
terms of a second-order rate constant and an off-rate that is
calculated from the apparentKm in acceptor-side rate-limited
photoreduction assays. This approach uses the assumption
that at the concentration of reactants used, the rate of the
overall reaction is limited by the second-order rate constant,
instead of the first-order electron-transfer kinetics. When this
holds, theKm value determined for this system can be taken
as the value forKd. The complete set of reactions on which
the photoreduction assay is based is given in Figure 3.

Assuming the same affinity for reduced as for oxidized
plastocyanin, it was necessary to implement a somewhat
higher second-order rate constant (1.88× 107 M-1‚s-1, with

a Kd of 7.0µM) than determined previously (37) (Figure 3).
Note that the turnover of PSI at high concentrations of
plastocyanin becomes limited by, and is therefore equal to,
the concentration-independent off-rate for the plastocyanin/
PSI complex. This part of the model, together with the
introduction of an artificial electron sink, to simulate the
effect of illumination, was sufficient to accurately simulate
the Michaelis-Menten-like plastocyanin saturation kinetics
that were determined experimentally. In particular, the
simulated turnover number of PSI with 15µM plastocyanin
is identical (not shown) to the measured value (Table 1).

With the introduction of a fixed concentration of 5µM
oxidized ferredoxin, the initial PSI turnover numbers are
almost equal to turnover numbers in the donor-side-limited
assays, due to the very high second-order rate constant for
ferredoxin and PSI (Figure 3). For the model, a simplification
is introduced by assuming the same binding kinetics for
oxidized as for reduced ferredoxin. The second-order rate
constant andKd for SynechocystisPSI and spinach ferredoxin
were taken from (40).

The catalytic activity of FNR, presumably, is limited by
the dissociation of oxidized ferredoxin under conditions
where the maximal turnover is measured (41). FNR is
reduced by ferredoxin twice, to yield the semiquinone [FNR-
(sq)] and the fully reduced [FNR(red)] species, respectively,
before NADP+ is reduced to NADPH (41). NADP+ is bound
by FNR in the oxidized state, so that a ternary complex,
NADP+/FNR/ferredoxin, is formed, intermediate in the
catalytic cycle. Indeed, formation of the FNR/NADP+

complex was found to be too fast to determine with stopped-
flow experiments (42). The kinetic model is therefore
simplified by neglecting the binding and dissociation of the
oxidized and reduced nucleotide, respectively, by FNR, and
accounts only for the interactions of FNR with ferredoxin.
Competitive inhibition of binding of reduced ferredoxin to
FNR, by oxidized ferredoxin, however, is explicitly included
(Figure 3).

The model for ferredoxin:NADP+ oxidoreductase was
tested for the turnover numbers that would be obtained. For
the Spirulina platensisferredoxin and FNR, it was found
experimentally that in the presence of NADP+ and with a
high Fd(red):Fd(ox) ratio [i.e., in the absence of competitive
inhibition by Fd(ox)], a steady-state turnover number of 729
e- s-1 could be reached at 20°C (43). The kinetic model
predicts a maximal turnover number of 103 (NADPH) s-1

(206 e- s-1) in the absence of oxidized ferredoxin. Clearly,
the kinetics during turnover are faster than what is calculated
from theKd values and the second-order rate constants. In
particular, the off-rates are expected to be higher than the
predicted values. For instance, when the off-rate for oxidized
ferredoxin is increased to 1000 s-1, a maximal turnover of
170 (NADPH) s-1 (340 e- s-1) is calculated. Increasing the
second-order rate constant for both oxidized and reduced
ferredoxin to 5× 108 M-1‚s-1, and using an off-rate of 1100
s-1 (Kd value unchanged), increases the maximal turnover
to 470 (NADPH) s-1 (940 e- s-1). These examples indicate
that during turnover of the catalytic cycle of FNR the off-
rates for oxidized ferredoxin must be higher than the off-
rates that are calculated from the dissociation constants and
the second-order rate constants for the oxidized and reduced
species of ferredoxin and FNR. This would explain the high
turnover number that is observed in vitro (43).
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However, the turnover number of FNR during PSI-
dependent linear electron transport from plastocyanin to
NADP+ is lower than the maximal rates that were determined

by Masaki et al. (43) and Batie and Kamin (41). The
simulations predict that there is no influence of the off-rate
within the range from 220 to 1100 s-1 on the maximal (with

FIGURE 3: Reaction constants involved in PSI-dependent linear electron transport from plastocyanin to NADP+. (1) The second-order rate
constant for the reaction between recombinantSynechocystisplastocyanin andSynechocystisPSI was determined in this study, and is
comparable to the value determined previously (37). The off-rate is calculated from the dissociation constant (7.0µM), as experimentally
determined for this system. (2) The fastest phase of P700+ reduction, reflectingket, was determined with at1/2 of 14µs for spinach plastocyanin
and PSI (44). The rate of the backward reaction is calculated using the Nernst equation, considering the midpoint potential that was determined
for SynechocystisPCC 6803 plastocyanin specifically (45). (3) Assuming the same dissociation constant for reduced as for oxidized
plastocyanin. (4) Both FA and FB are reduced by FX in approximately 200 ns after excitation of P700. The back-reaction from FB to FX
proceeds with a time constant of approximately 80 ms (46). Although it is not known if either FAor FB or both FA and FB act as electron
donor to ferredoxin, recent studies implicate FB as the direct donor (46, 47). The kinetics of the fast electron-transfer steps in the reaction
center are neglected and considered to be reversible, including the charge separation event. (5) Laser flash induced ferredoxin reduction at
high protein concentration allowed the determination of the second-order reaction constant for theSynechocystisPCC 6803 photosystem
I/spinach ferredoxin couple, due to the relatively highKd (5 µM) (40). In the case of thepsaEmutant, these values are replaced by 2.8×
108 M-1‚s-1 andKd ) 500µM; koff ) 1.4× 105 s-1, according to Barth et al. (22) (see Results). (6) Several first-order phases of ferredoxin
reduction are observed at high protein concentrations. In the case of theSynechocystisPCC 6803 photosystem I/spinach ferredoxin couple,
two phases were measured, with half-lives of 1 and 5µs (40). The rate of the back-reaction was calculated using the Nerst equation,
considering only the midpoint potential of FB. (7) Assuming the same dissociation constant for reduced as for oxidized ferredoxin. In case
of the psaEmutant, see also step (5). (8) The second-order reaction constant for reduced ferredoxin and FNR was determined for several
systems (48-50). The binding constants are strongly dependent upon salt concentration. Contributions of hydrophobic interactions at high
ionic strength (100 mM) and electrostatic interactions at low ionic strength (12 mM) are implicated (50). At low ionic strength, ferredoxin-
mediated reduction is independent of the presence of the CpcD-homologous N-terminal domain ofSynechocystisPCC 6803 FNR (Table
2), andAnabaenaPCC 7119 FNR (51). A dissociation constant for reduced Fd of 2.2µM and a second-order rate constant of 1× 108

M-1‚s-1 are taken from theAnabaenaPCC 7119 Fd and native FNR (50). Reduced Fd binds FNR, forming a ternary complex together
with NADP+ (41). (9) At low ionic strength, a [Fd(ox)FNR(ox)] complex is formed within the ‘dead-time’ of a stopped-flow experiment
[second-order rate constant>1 × 108 M-1‚s-1 andKd < 0.1µM (in the absence of NADP+) for spinach Fd and FNR; (52)]. Thus, oxidized
ferredoxin is a competitive inhibitor during forward electron transport. AKi of 2.2 µM was calculated for oxidized Fd in a steady-state
experiment involvingSpirulina platensisFd and FNR (in the presence of NADP+) (43). For AnabaenaPCC 7119 Fd and FNR, aKd for
Fd(ox) of<1 µM was estimated from the inhibitory effect of a [Fd(ox)FNR(ox)] complex in flash photolysis studies of FNR reduction by
photoreduction of Fd with EDTA/5-deazariboflavin (50, 53). TheKi determined forSpirulina platensisFd(ox) and FNR(ox) (43) is taken
as a value forKd, since it is determined during steady-state electron transport in the presence of NADP+. In addition,SpirulinaFNR shows
the highest homology of all known sequences to theSynechocystisPCC 6803 FNR (29). (10) With the use of flash photolysis studies, the
first-order rate constant reflecting forward electron transport fromAnabaenaPCC 7119 Fd to FNR was 6200 s-1 (54). The calculated rate
for the back-reaction, assuming a potential for Fd-bound FNR(sq) of-291 mV (54) and the potential of spinach Fd shifted to-450 mV
due to FNR binding (55), would become 0.08 s-1. However, the experimentally determined value was 2.36 s-1 (56). (11) Assuming the
same binding kinetics of Fd(ox) for FNR(ox) and FNR(sq). (12) Assuming the same rate of reduction for FNR(sq) as for FNR(ox) by
Fd(red). The calculated rate for the back-reaction, assuming a potential of-300 mV for the FNR(sq)/FNR(red) couple, is 0.06 s-1. (13)
Assuming the same binding kinetics of Fd(ox) for FNR(ox) as with the ternary complex together with NADP+.
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saturating FNR concentration) overall flux through the
system. The saturation characteristics for FNR are altered
only when the off-rate decreases below 50-80 s-1, but
remain sensitive to the second-order rate constant between
ferredoxin and FNR.

Using the kinetic constants given in Figure 3, a strong
dependence of the concentration of FNR on the rate of
NADPH formation is predicted by the model at nanomolar
concentrations of FNR (Figure 4A). The simulations show
that the saturation kinetics of FNR for the overall rate are
not Michaelis-Menten kinetics. In particular, a deviation

from Michaelis-Menten kinetics is observed at higher
concentrations of FNR (Figure 4A). At low concentrations
of FNR, the saturation kinetics more resemble Michaelis-
Menten kinetics. A trueKm (Michaelis-Menten) value is
therefore not extracted from the model; rather a value is taken
from theV/[FNR] curves, representing the concentration of
FNR that catalyzes 50% of the maximal rate. Using the
second-order rate constants for ferredoxin and FNR as shown
in Figure 3, it is simulated that 20 nM FNR catalyzes 50%
of the maximal rate. At high concentrations of FNR (>1
µM), inhibition of the flux is observed. This is due to
complexation of oxidized ferredoxin by FNR when the
former is added in excess over ferredoxin: it was predicted
that the steady-state overall flux through the system is
dependent on the concentration of free oxidized ferredoxin.
At low concentration, the control of FNR over the total flux
is very high (a response coefficient ofR ) 0.98 was
estimated at 5 nM concentration; derived from the ‘WT’
dataset presented in Figure 4A), but this control becomes
lower at higher concentrations (response coefficient ofR )
0.02 at 500 nM). Due to inhibition by depletion of free
oxidized ferredoxin, at high concentrations the control of
FNR even becomes negative (response coefficient ofR )
-0.04 at 5µM).

The kinetic simulation predicts that at 500 nM FNR the
flux through the system reaches a steady state after ap-
proximately 1200 ms, whereas the oxidized and semiquinone
species of FNR reach steady-state levels in 400 ms (Figure
4B). All free and complexed species of the oxidized and
semiquinone states of FNR were summed for these calcula-
tions. Therefore, all states that are spectroscopically visible
are accounted for. During turnover, it was experimentally
determined for spinach ferredoxin and FNR that approxi-
mately 50% of the fully oxidized state and approximately
40% of the semiquinone state accumulate (41). This observa-
tion was actually used as an argument that dissociation of
oxidized ferredoxin is important as a rate-liming step in the
catalytic cycle. The time it takes for these species of FNR
to accumulate to steady-state levels is a function of the FNR:
PSI ratio. Both the concentration of FNR and the apparent
turnover number of FNR will determine the time that is
required for steady-state formation.

Given a fixed concentration of PSI reaction centers, the
oxidized and semiquinone species of FNR accumulate to
50% levels much faster, at low concentrations of FNR,
whereas the steady state for NADPH formation is reached
later. At low concentrations, when FNR has a high control,
the simulated turnover number in steady state is relatively
high (148 e- s-1 at 5 nM), although still not high enough to
expect an effect of modifications of the affinities of FNR
for reduced and oxidized ferredoxin, as presented in Figure
3. At 500 nM, the calculated turnover number has become
10.7 e- s-1, and it has dropped to 1.06 e- s-1 at 5 µM.

The kinetic simulations predict that the highest NADP+

photoreduction activity that is reached with a saturating
concentration of FNR is close to 970µmol of NADPH‚(mg
of Chla)-1‚h-1 (72% of donor-side-limited rate). In fact, at
high concentrations of FNR, electron donation to P700+ gains
control over the flux. The highest rates that were determined
experimentally [up to 650µmol of NADPH‚(mg of
Chla)-1‚h-1; Figure 1] still do not reach this value. Since
the affinity of the SynechocystisPCC 6803 FNR/spinach

FIGURE 4: Simulation of PSI-dependent linear electron transport.
(A) Double reciprocal plot of the FNR-dependent rates of NADPH
formation reached in steady state. (2) ‘Wildtype’ series, calculated
using the kinetic data given in Figure 3, whereas the (O) ‘PsaE’
dataset represents the simulated results obtained with the modified
ferredoxin reduction kinetics obtained for thepsaEmutant [2.8×
108 M-1‚s-1 andKd ) 500 µM; koff ) 1.4 × 105 s-1; (22)]. The
(9) ‘Complex’ series (referring to the ternary complex PSI/Fd/FNR)
refers to the case with an increased second-order rate constant for
both oxidized and reduced ferredoxin and FNR (5× 108 M-1‚s-1).
Plastocyanin is included at 15µM concentration, and PSI at 75
nM concentration (10µg of Chl a/mL). (B) Simulated transient
concentrations of NADPH, FNR(ox), and FNR(sq) and rate of
NADP+ photoreduction (micromolar NADPH formed per second
with given concentrations of reactants). FNR is initially included
at 500 nM concentration in the oxidized state. Kinetic constants
and concentrations were as in Figures 3 and 4A (WT). The steady-
state accumulation of the oxidized and semiquinone species of FNR
represents the fastest proces in the simulation with the given
concentrations of reactants.
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ferredoxin couple is not known, it is difficult to predict the
concentration of FNR that catalyzes the maximum rate, and
the concentration where inhibition due to complexation of
oxidized ferredoxin becomes significant. In addition, direct
reduction of oxygen by the reduced Fe-S clusters of PSI and/
or ferredoxin may be a competing side-reaction that occurs
during in vitro NADP+ photoreduction assays, when these
are performed under aerobic conditions. The rate at which
this reaction occurred has not been determined experimen-
tally, and may have decreased the maximal rate of NADP+

reduction. It should also be mentioned that it is inherent to
this system that the concentration of FNR that catalyzes 50%
of the maximal rate is influenced by the rate at wich P700+

is maximally reduced by electron donors: decreasing the
second-order rate constant for plastocyanin and PSI to 6.4
× 106 M-1‚s-1 (with the sameKd ) 7.0 µM) shifts this
calculated concentration from 20 to 8 nM FNR. Including
near-saturating concentrations of plastocyanin in our assays
has therefore ensured that the highest value possible was
measured experimentally. On the other hand, it explains why
low concentrations of FNR can be saturating if artificial
electron donors such as DCPIP are used, that show much
lower rates of reduction of P700+ (Table 1).

The Reduced Affinity of PsaE-Deficient PSI for Ferredoxin
Is Predicted Not To Influence the Linear Electron-Transport
Capacity. It was previously indicated that deletion of PsaE
results in partially deficient ferredoxin reduction (17). An
important observation was that a high yield of ferredoxin
reduction was determined, for PsaE-deficient reaction centers,
by measuring the P700+FB

- recombination rate in the
presence and in the absence of ferredoxin, indicating that
under conditions where electron donation to PSI is fast the
deficiency at the acceptor side of the mutant is compensated
in terms of turnover rates (17). The influence of the mutation
on the kinetics of ferredoxin reduction was accurately
determined recently (22). It appears that forSynechocystis
PCC 6803 ferredoxin and PSI a relatively small decrease of
the second-order rate constant for ferredoxin and PSI (factor
of 2), but a large increase in the dissociation constant (factor
of 100), results from the absence of the stromal subunit PsaE
(22).

These numbers were determined for wild type and PsaE-

SynechocystisPSI and ferredoxin [Kds 0.5 and 52µM,
respectively; (22)]. These observations were implemented
into the model, assuming that with spinach, instead of
Synechocystis, ferredoxin the same increase in the dissocia-
tion constant for the PSI/ferredoxin complex results from
the deletion ofpsaE. A model for theSynechocystisPCC
6803 PsaE-deficient PSI and spinach ferredoxin was tested,
using a second-order rate constant of 2.8× 108 M-1‚s-1 and
a koff value of 1.4× 105 s-1 for both oxidized and reduced
ferredoxin and PSI (Kd ) 500 µM). The resulting turnover
number of the system is predicted not to be affected by these
changes. In addition, the calculated saturation profile for FNR
is almost identical, when these numbers are used (Figure
4A). The rate of dissociation of the PSI/Fd complex is in
the range where it can compete with the rate of ferredoxin
reduction (Figure 3). However, the forward electron-transport
rate exceeds the rate of complex dissociation approximately
5-fold, explaining the lack of effect on the overall electron-
transport kinetics (Figure 4A). That this is also the case
during experimental conditions is reflected by the maximal

rate that was determined for PsaE-deficient membranes, in
addition to the high ferredoxin reduction yield (17). These
calculations indicate that the effects of thepsaEmutation
on the ferredoxin reduction kinetics do not explain the
observed effects on the FNR saturation profile (Figure 1).

The Ternary Complex PSI/Ferredoxin/FNR Must Be As-
sumed in Order To Simulate a Decrease of the Concentration
of FNR That Catalyzes Half the Maximal Rate of NADP+

Photoreduction. The affinity of FNR for ferredoxin is
important for the saturation kinetics of the system. Changing
the affinity of FNR for ferredoxin results in altered values
for the concentration of FNR that catalyzes 50% of the
maximal rate, according to the simulations. In particular, the
second-order rate constant for FNR and ferredoxin deter-
mines the shape of theV/[FNR] saturation curve. The
maximal rate that is reached is not a function of this
parameter within the limits that were tested with the model
(1 × 105 M-1‚s-1-5 × 108 M-1‚s-1). The off-rate for the
ferredoxin/FNR complex does not greatly influence the shape
of the saturation curve, as long as it does not decrease below
50-80 s-1, which is not expected from the literature data
(Figure 2). An increase in the second-order rate constant (for
both reduced and oxidized ferredoxin) was found to simulate
a decrease in the apparent affinity the photoreduction system
for FNR. When a value of 5× 108 M-1‚s-1 was tested, the
maximal rate through the system was not affected, but the
concentration of FNR that catalyzed 50% of the maximal
rate was 13 nM (Figure 4A; ‘Complex’ series).

Thus, the kinetic behavior that is the result of a mutation
of PSI is most likely explained by assuming a modification
of the affinity of FNR for ferredoxin. The most straightfor-
ward explanation for the experimental results is to assume
the formation of a PsaE-dependent transient ternary complex,
PSI/ferredoxin/FNR (Figure 5). Such a transient complex can
be modeled by increasing the affinity of FNR for ferredoxin,
by increasing the corresponding second-order rate constant.
This would explain why a mutation in PSI can influence the
apparent affinity of FNR for ferredoxin. The observed
saturation profile of the PsaE-deficient photosynthetic mem-
branes could be simulated using a second-order rate constant
of 1.5 × 106 M-1‚s-1, whereas the saturation profile of the
wild-type could be simulated using a value of 6.8× 106

M-1‚s-1. The postulated ternary complex therefore increases
the affinity by a factor of approximately 4.5. The resulting
Kd values (taking the minimal value for the off-rate of 50
s-1) then become 33 and 7µM, respectively. Certainly, these
values are higher than the measured constants for ‘homolo-
gous’ systems (such as spinach ferredoxin/FNR; Figure 3).
Probably a low affinity in these experiments is due to the
non-native couple spinach ferredoxin andSynechocystisPCC
6803 FNR. The association between these two electron
carriers is strongly dependent on ionic strength, and is
perhaps not optimal under our experimental conditions.

In fact, native systems seem to behave as predicted by
the simulations based on the numbers shown in Figure 3.
Using spinach chloroplasts, 40 nM spinach FNR was found
to catalyze 50% of the maximal rate of NADP+ photore-
duction (57). NADP+ photoreduction rates forAnabaena
Variabilis 7120 PSI and ferredoxin can give high activities
at low concentrations: the turnover number determined for
FNR in the NADP+ photoreduction assay at 8.2 nM
concentration was already 101 s-1 (recombinant full-length
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AnabaenaFNR) or 77 s-1 (native 36 kDaAnabaenaFNR)
(51). The low FNR concentration that was used in these
assays demonstrated the high affinity between FNR and
ferredoxin for these native couples. The high turnover
numbers are probably due to a high ratio of reduced vs
oxidized ferredoxin in steady-state conditions, since PSI was
added at high concentrations. This effect can be simulated
with our kinetic model as well.

In this respect, it is interesting to note the NADP+

photoreduction activities ofn-decyl-â-D-maltopyranoside-
extracted PSI reaction centers from barley (23). At saturating
FNR concentrations, a turnover number for PSI of 73.5 e-

s-1 was obtained. However, these reaction centers contain
approximately 0.4 molecule of FNR per P700, and show a
turnover of 11 s-1 (for PSI) and 29 s-1 (for PSI-bound FNR)
with NADP+ photoreduction assays, when no additional FNR
is included (23). These measurements demonstrate that the
binding of FNR to PSI reaction centers (probably resulting
in a ternary complex, PSI/Fd/FNR) results in the catalysis
of relatively high rates of NADP+ photoreduction at low
(absolute) FNR concentrations.

Moreover, these authors have shown that the copurified
FNR can be cross-linked to PsaE with the zero-length cross-
linker N-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC)
as well as with 3,3′-dithiobis(sulfosuccinimidyl propionate)
(DTSSP) (23). n-Decyl-â-D-maltopyranoside-extractedSyn-
echocystisPSI does not contain copurified FNR. The mode
of interaction with PSI is therefore probably different in
barley, as compared toSynechocystis,PCC 6803, the former
being more stable in vitro than the latter.

InVestigation of Direct Interaction of FNR and PsaE with
the Yeast Two-Hybrid System. Since the kinetic model

predicts the formation of a transient photosystem I/ferredoxin:
NADP+ reductase/ferredoxin ternary complex during linear
electron transport, that is dependent on the presence of PsaE,
an assay designed to detect protein-protein interaction
between FNR and PsaE was carried out. TheSaccharomyces
cereVisiaeGal4-based MATCHMAKER Two-Hybrid system
can be used in vivo to detect interactions between proteins,
when they are translationally fused to the Gal4 activation
domain and the Gal4 DNA-binding domain, respectively
(58). The fusion proteins are targeted to the nucleus where,
if protein-protein interactions induce the formation of a
complex that is competent in activation of transcription, a
reporter gene is transcribed. ThepetH and thepsaEgenes
were amplified by PCR and cloned into the constructs
pGAD10 (fusion with activation domain) and pAS2 (fusion
with DNA-binding domain), i.e., with either gene as the bait.
Co-transformations were performed with all possible com-
binations of the constructs, testing for background with clone/
vector combinations and for dimerization of AD-PetH/DNA-
BD-PetH and AD-PsaE/DNA-BD-PsaE fusions. All co-
transformants tested were negative with respect toâ-galacto-
sidase activity.

DISCUSSION

NADP+ photoreduction rates of PSI reaction centers are
the result of a complex set of kinetic parameters. Several
transient complexes have to be formed, and a two-electron
acceptor has to be reduced by two one-electron carriers. Not
all parameters for complex formation and subsequent electron-
transfer steps are known. Therefore, after assembling all
available kinetic rate constants, a ‘simplified’ kinetic model
was constructed that simulates light-driven electron transport
from reduced plastocyanin to NADP+. The overall electron-
transfer characteristics were tested and found to simulate the
experimentally determined activities reasonably well. Using
this model, the behavior of the overall electron-transfer rate
was studied as a function of the FNR concentration in the
assay. It was found that the affinity of FNR for ferredoxin
determines the FNR saturation profile in this assay. Since
the experimental observation was an increase in the con-
centration of FNR that catalyzed 50% of the maximal rate
of NADP+ photoreduction in assays with the PsaE-deficient
PSI reaction centers, the formation of the ternary complex
PSI/Fd/FNR was postulated. This observation was made with
the wild-type 47 kDa FNR, that contains the positively
charged N-terminal domain. From the observed rates at 100
nM concentration of this wild-type and a truncated form,
lacking the N-terminal domain, it is suggested that this
domain is not involved in the formation of the ternary
complex.

One other possible scenario may explain the altered FNR
saturation profile of PsaE-deficient PSI. If an additional ‘loss’
reaction would take place in the case of mutant reaction
centers, higher concentrations of FNR may effectively
overcome the flux through such a side-reaction. Possibly
PsaE-deficient PSI particles are more active in the reduction
of molecular oxygen. However, the maximal rate of NADP+

photoreduction would be affected, rather than the affinity
of the system for FNR, if this reaction took place at the
reaction center itself. If this reaction would involve reduction
of oxygen by ferredoxin, the changed saturation profile might
be explained. It is unlikely, however, that removal of the

FIGURE 5: Model for the formation of a PsaE-dependent transient
ternary complex between PSI, ferredoxin, and FNR wild-type PSI
recruits both ferredoxin and FNR in a transient fashion, and electron
transport proceeds within the lifetime of the complex. In the case
of PsaE-minus PSI, ferredoxin is bound and reduced by PSI,
dissociates, and complexes with FNR. The thick arrow indicates
the increased off-rate for the ferredoxin/PSI complex [according
to Barth et al. (22)].
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stromal PsaE subunit would increase the ferredoxin-depend-
ent rate of oxygen reduction.

Using theSaccharomyces cereVisiaeTwo-Hybrid system,
it was not possible to demonstrate a direct interaction
between PsaE and FNR. The solubility and the level of
expression of the fusion proteins were not tested, however.
Heterologous expression of PsaE inE. coli leads to ac-
cumulation of the protein in inclusion bodies (15). Therefore,
heterologous expression of PsaE or fusion proteins of PsaE
in S. cereVisiae does not necessarily result in soluble
products. In addition, translocation to the nucleus may have
been unsuccessful. Interaction between FNR and PsaE
remains a probable mechanism to direct the formation of
the ternary complex PSI/Fd/FNR. Other techniques should
be employed in order to detect this postulated ternary
complex.

Given the possibility that a ternary complex of PSI, Fd,
and FNR is transiently formed, the question arises what the
conformation of the proteins is in the complex. It is known
that a chemically cross-linked complex of PSI and ferredoxin
is not competent in NADP+ photoreduction in the presence
of FNR (12). It was found that the same residues of spinach
ferredoxin, the acidic cluster Glu92-Glu93-Glu94, cross-link
to the PsaD subunit of PSI (59), as well as to FNR (60),
although in the case of the Fd/FNR complex it seems that a
highly localized region of ferredoxin is involved in the
specific interaction. A mutation of Glu94 (for theAnabaena
protein; equivalent to Glu93 of the spinach electron carrier)
showed dramatic effects on the kinetics, whereas a mutation
of Glu95 (equivalent to Glu94 of the spinach Fd) shows
almost no effect on electron transfer (61). However, it is
unlikely that a possible ternary complex is static in its
conformation: more likely ferredoxin is mobile within the
complex, and the ‘high local concentration’ of FNR affects
a maximal rate of NADP+ reduction at a relatively low
concentration of FNR. It should be mentioned that in
cyanobacteria a fraction of FNR is bound to the phycobili-
somes (62) and is therefore already ‘concentrated’ near the
thylakoid.

The existence of a ternary complex has been postulated
by others, based on the observation that the rotational
correlation time of eosin-labeled FNR, reconstituted into the
chloroplast thylakoid membrane, shows a dramatic increase
upon the addition of ferredoxin (63). However, a possible
interpretation of these results would be that the conformation
of the ternary complex PSI/ferredoxin/FNR is such that
ferredoxin simultaneously binds PSI as well as FNR. In
addition, these experiments are complicated by the fact that
a ferredoxin binding site exists in the chloroplast thylakoid
membrane that is associated with PSI-dependent cyclic
electron transport (64).
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NOTE ADDED IN PROOF

Recently an improved X-ray structural model was obtained
for Synechococcussp. PSI, including the structure of the PsaE

subunit. In contrast to the results obtained with protease
accessibility studies, suggesting that the N- and C-termini
of theSynechocystisPCC 6803 PsaE subunit are buried, both
the C- and N-termini turn out to be highly surface-exposed
in the improved PSI structure (65). This site with excess
positive charge could well constitute the binding site for
FNR. If this is indeed the binding site, it could also explain
the negative results obtained using the two-hybrid method,
since PsaE is translationally fused at the N-terminus to the
Gal4 DNA binding domain and the Gal4 activation domain
in this system.
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