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ABSTRACT. A mutant of Synechocysti®PCC 6803, deficient ipsaE assembles photosystem | reaction
centers without the PsaE subunit. Under conditions of acceptor-side rate-limited photoreduction assays in
vitro (with 15 4M plastocyanin included), using 100 nM ferredoxin:NADReductase (FNR) and either
Synechocystiflavodoxin or spinach ferredoxin, lower rates of NADPBhotoreduction were measured
when PsaE-deficient membranes were used, as compared to the wild type. This effepsalimitation

proved to be due to a decrease of the apparent affinity of the photoreduction assay system for the reductase.
In the psaE mutant, the relativgpetH (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 toiNARPtest for
possible causes for the observed change in affinity for FNR. The numerical simulations predict that the
altered reduction kinetics of ferredoxin, determined for ffsaE mutant [Barth, P., et al., (1998)
Biochemistry 3716233-16241], 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 PSl/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 |

is thought to be a chlorophyld monomer with an ap-

(PSIY is the transmembrane transport of an electron from a proximate midpoint potential for reduction ef1050 mV

chlorophyll a dimer to stromal acceptors, after which the

(3). The electron is subsequently transferred to a transient

chlorophyll dimer cation is rereduced by either plastocyanin intermediate, A that has been identified as a phylloquinone

or cytochromec. The cyanobacterial photosystem | consists

[vitamin K3, En; —800 mV; @, 5)]. The next intermediate

of at least 14 subunits and resembles the core of the moreacceptor is the [4Fe-4S] clustekx FEn: —750 mV). PsaC

complex chloroplast PSI reaction centdr, ). The het-

is a stroma-exposed, 9 kDa ferredoxin-like subunit of PSI

erodimeric core is formed by PsaA and PsaB, and is believedthat carries two [4Fe-4S] clusters, Bnd s [Em: —540 and

to bind approximately 100 chlorophydlmolecules, that form

—590 mV, respectively;g)], functioning as electron carriers

the reaction center’s light harvesting antenna. Excitation between k and ferredoxin.

energy is transferred via red-shifted chlorophglspecies

The crystal structure dynechococcyshotosystem | was

to the primary donor P700. Its excited state then leads to aggyed a 6 A (and recently at 4 A) resolutionl( 7, 8).
charge separation, leaving a positive charge on P700, andAIthough it is not known which cluster isasFor Fs, two [4Fe-

transferring an electron to the primary accepter which
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of FNR; FNR(red), reduced species of FNR; PSI, photosystem I.

4S] clusters were assigned with respective distances of 15
and 22 A to k. In the 6 A structure, the stroma-exposed
subunits PsaC, PsaD, and PsaE were not unambiguously
assigned. Rather, electron microscopy of mutant photosystem
| particles has led to the localization of these subunits in
trimeric PSI particles oSynechocystiBCC 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 mutant$d). The combination of these data
allowed discrimination between PsaA and PsaB in the

structure, which was not possible frometit A crystal

structure. It was found that PsaE mainly covers the PsaA
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subunit, whereas PsaD covers PsaB. Moreover, chemicalof this complex may be smaller than in the case of barley
cross-linking studies confirm this arrangement; PsaC hasPSI. However, a direct interaction between FNR and PsaE

been shown to cross-link to both PsaD and PsHE. (

Ferredoxin has been shown to cross-link to the PsaD
subunit of photosystem [1@). Analysis of electron micro-
graphs of a covalently cross-linked complex of ferredoxin
andSynechocystiBCC 6803 trimeric photosystem | particles
revealed its binding sitel@). 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 betwe&ynechococcug002
PSI trimers and flavodoxin, showing that ferredoxin and
flavodoxin bind approximately the same sité4). The
solution structure of the recombinant PsaE subunit was
determined by NMR, and found to consist mainly of
p-strands 15). Recently, the Psa subunits C, D, and E were
also identified in tle 4 A crystal structure dBynechococcus
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 bottSynechocystiBCC
6803 (6, 17) and in Synechococcus®CC 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 tHgynechococcusutant (L8) and

is slightly slower in theSynechocystisnutant (L9). This
impairment has been attributed to a deficiency in the
photosystem | dependent route of cyclic electron transfer
(18). The unperturbed photoautotrophic growth of the mutant,

could not be demonstrated with the yeast two-hybrid system.

MATERIALS AND METHODS

Strains and Growth Condition&Vild-type Synechocystis
PCC 6803 and thpsaEmutant (L7) were cultured at 34C
in BG11 medium 24) with continuous illumination of white
fluorescent light (Philips TL 32), at an intensity of 70
uE-m~2-s71, Kanamycin (5Q:g/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 chlorophydl concentration of about 10
ug/mL (approximately 19cells/mL).

Analytical ProceduresChlorophylla 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 vyields the chlorophyla concentration in
milligrams per milliliter 25). The molar extinction coef-
ficients used for ferredoxin:NADPreductase were 10 700
cm ! [at 458 nm; 26)], for flavodoxin 9500 cm? [at 466
nm; (27)], and for plastocyanin 4500 crh[at 597 nm; 28)].

Cloning ProceduresThe Synechocysti®CC 6803petH
gene R9) 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 bjald/Hindlll restriction
fragment. A truncated version of thmetH gene QApetH),
with a deletion of the first 225 coding nucleotides, was

nevertheless, suggests that linear electron transport mediate@mplified with the oligonucleotides ‘SPETTRNDE’ and

by photosystem | is largely unaffected by the mutation.
However, in vitro assays suggest that ferredoxin reduction

‘SPETCTHIN’, and cloned into pET22B, as with the wild-
type gene. Th&ynechocystiBCC 6803siB gene (510 bp),

by PsaE-less photosystem | may be deficient to some extentencoding flavodoxin [sll0248.30)], was amplified with the

(17, 20, 21). Recently, it was determined that the most
notable effect of thggsaE mutation on photosystem | of
SynechocystiPCC 6803 is a 100-fold increase of the
dissociation constant forSfynechocysti®CC 6803) ferre-
doxin, which is mainly due to an increased off-rate of the
complex @2).

oligonucleotides ‘FLANTNDE’' and ‘FLACTHIN’, and
cloned into pET22B, as with theetH gene.

A truncated version of th@etE gene, encoding plasto-
cyanin @1) lacking the original transit peptide, was amplified
with ‘PLANTNCO’ and ‘PLACTECO’, and cloned as a 300
bp Ncd/EcoRlI fragment in pET22B. With this construct,

The PsaE subunit has been found to cross-link to ferre- translocation of plastocyanin across the plasma membrane
doxin:NADP* reductase in photosystem | reaction centers of Escherichia colis mediated by thé&rwinia carotaora
of barley, isolated according to a specific protocol that yields pelB(32) leader peptide. Cleavage by signal peptidase occurs
highly active preparations containing approximately 0.4 between residues A22 and A23 in pectate lyase, when
molar equiv of FNR relative to P70®8). Falzone et al. ~ expressed inE. coli (32). Therefore, cleavage of the
(15 note that in higher plants the positively charged translocated recombinant plastocyanin fusion protein is
N-terminal region of PsaE is exposed, whereas both its N- predicted to occur between A22 and M23, yielding the
and its C-terminal regions were shown to be buried in N-terminal sequence MANATVK. Cleavage of the transit
SynechocystiBCC 6803 PSI17). Falzone et al.i5) propose  Peptide of native plastocyanin Bynechocysti®BCC 6803
that the N-terminal region interacts with acidic residues of is proposed to yield the N-terminal sequence NAT\&)(
FNR, and explain the apparent absence of interaction in theRecombinant plasmids were propagateéircoli XLI-Blue
cyanobacterial system (no FNR is copurified with PSI) in and sequenced.
these terms. All plasmids, except for the expression construct carrying

Here we report on the detailed analysis of PSI-mediated the wild-type petH gene, proved to be unstable in the
linear electron transfer from reduced plastocyanin to NADP  expression strairE. coli BL21[DE3] (Novagen) during
in thylakoid membranes of wild type andpgsaEmutant of induction of the T7 promoter with IPTG. Presumably,
Synechocysti®CC 6803. The experimental data obtained excretion of-lactamase into the culture medium allows a
suggest the existence of a transient ternary complex com-large fraction of the cells in the culture to survive ampicillin
posed of PSI, ferredoxin, and FNR, that is affected by the concentrations as high as 20@/mL without carrying the
presence of the PsaE subunit of photosystem I. The stabilityexpression construct. This problem was overcome by intro-
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ducing kanamycin resistance into the constructs. The 1.3 kbpExpression of the heterologous proteins was induced gD
nptll cassette from pUC4K (Pharmacia), encoding kanamycin = 2 with 0.4 mM IPTG. Cells were resuspended in buffer

resistance, was inserted in the unigBst site in the

containing 20 mM Tris, pH 8.0, and 0.5 mM PMSF10),

f-lactamase gene of pET22B in all plasmids except for the and broken by two passages through a French press (Aminco
wild-type petH expression construct. For the expression Corp., USA) at 20 000 psi. The lysate was brought to 1%
construct carrying theetkE gene, expression levels were (NH,),SO, saturation and centrifuged to remove membrane
approximately 1000-fold increased by this marker exchange. particles and remaining cell debris. Flavodoxin was recon-

The Yeast Gal4-Based Two-Hybrid Systéime MATCH-

stituted by incubation of the cell-free extract @h with 50

MAKER Gal4 Two-Hybrid System (Clontech) was used to «M FMN (Sigma) @4). Proteins were concentrated by

directly test for interaction between PsaE and PetH.ddaE

precipitation after the addition of saturated (N¥$O,, and

gene was amplified by PCR with the oligonucleotides purified on a Sephadex G-100 FPLC column, equilibrated

‘NPSAEXHONDE' and ‘CPSAEECOBAM'. TheetHgene

was amplified with the oligonucleotides ‘NPETXHONDE’
and ‘CPETECOBAM'. The PCR products were both di-

gested withXhd andEcaRl for cloning into vector pGAD10
(Clontech), and witiNdd andBanHl for cloning into vector
pAS2 (Clontech), and sequenced. Co-transformang&airr

charomyces cetgsiaereporter host strain Y190 (Clontech)

with a buffer containing 20 mM Tris-HCI, pH 8.0, and 150
mM NaCl. NaCl was subsequently removed, either by
dialysis against 20 mM Tris-HCI, pH 8.0, or by gel filtration
using Sephadex G-50.

Isolation of Photosynthetic Membranddembranes from
wild-type SynechocystiBCC 6803 and thpsaEmutant were
isolated from cultures grown to high optical density. Cells

were selected on minimal media lacking leucine and tryp- (2 g wet-weight in 5 mL) were broken in 50 mM Tricine/
tophan and histidine, with the addition of 10 mM 3-AT asa NaOH, pH 8.0, plus 10 mM NaCl and 0.5 mM PMSF, by

competitive inhibitor of théHIS3reporter. Co-transformants

three passages through the French press at 20 000 {£3).(0

were sceened fg¥-galactosidase activity with a colony-lift ~ The lysate was diluted 5-fold in the same buffer and

protocol and X-Gal as the substrate (Clontech).

centrifuged for 15 min at 30@Dat 4 °C. Membranes were

Oligonucleotides Oligonucleotide sequences are given pelleted from the supernatant by ultracentrifugation for 1 h

from 5 to 3. Restriction sites are underlined: ‘SPETWT-

NDE’ (forward 5-GCAATTAACATATGTACAGTCCCG-
GTAC-3); ‘SPETCTHIN’ (backward 5CCGCCAAGCT-
TAGTAGGTTTCCACGTGCCAGC-3; ‘SPETTRNDFE’
(forward B-GCAATTACCATATGCTAGAGGGAGATTCG-
3); ‘FLANTNDE’ (forward 5'-GCCCACACATATGA-
CAAAAATTGGACTT-3'); ‘FLACTHIN’ (backward 3-
CGGAAGCTTCTAGGATTGCAAAATTGG-3); ‘PLANT-
NCO’ (forward 3-CTTCCCGCCATGGCCAATGCAA-
CAGTGAA-3); ‘PLACTECO’ (backward 5CGACACAC-
GAATTCGGCTGGCTGATTACTC-3; ‘NPSAEXHONDE’
(forward 8-CGCCCTCGAGTTCATATGGCCTTAAATCG-
TGAC-3); ‘'CPSAEECOBAM'’ (backward 5SCCGCGGATC-
CGAATTCCTATTTTGCCGCCGCTTGCAC-3; ‘NPETX-
HONDE’ (forward 5-CCGCCTCGAGTTCATATGTA-
CAGTCCCGGTTAC-3); ‘CPETECOBAM’ (backward 5
CCGCGGATCCGAATTCCTAGTAGGTTTCCACGTGCCAG)3
Expression and Purification of Recombinant Proteifise
recombinant BL21[DE3E. coli strain, carrying the plasto-
cyanin overexpression plasmid, was cultured af@7n a
10 L fermentor with Evans minimal mediur83), with 2%
(w/v) glucose as a carbon source. Kanamycin £50mL)

and CuSQ (5 uM) were added to the medium. PetE

at 41 000 rpm in a Kontron ultracentrifuge (TST4114 rotor;
1290006-30150@®) 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 @mhL.
Samples used for isolation of PsaE-deficient membranes were
also analyzed for complete segregation ofisaEdeletion

by Southern hybridization analysis, as described previously
7).

Photoreduction Measurementssays of PSI-dependent
photoreduction, that are rate-limited at the donor side, were
performed in 50 mM Tricine, pH 8.0, 10 mM Mg£0.05%
(w/v) n-dodecylp-maltoside, 1«M DCMU, and photosyn-
thetic membranes (Bg/mL Chia) (35). Methyl viologen (2
mM) was added as the electron acceptor, and 6 mM ascorbic
acid together with plastocyanin {15 M) as the electron
donor. Oxygen consumption was measured with a Hansatech-
type oxygen electrode at 28, 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-

expression was induced with 1 mM IPTG at an optical formed in 50 mM Tricine, pH 8.0, plus 10 mM Mgg£l
density of 2 at 600 nm, and monitored by measuring the 0.05% (w/v) n-dodecyl5-maltoside, photosynthetic mem-
absorption at 597 nm of the culture supernatant. To the cell-branes (5ug/mL Chla), 6 mM ascorbic acid, 1%uM
free culture supernatant were added 20 mM Tris-HCI, pH recombinant plastocyanin, and recombinant FNR (16-AM

8.0, 10uM K3Fe(CN}, and a saturating amount of (N
SQ,. After 1 h incubation at £C, the precipitated recom-

uM). RecombinanSynechocystiBCC 6803 flavodoxin and
spinach ferredoxin (Sigma) were used at concentrations of

binant plastocyanin was pelleted by centrifugation, and 15 and 5 uM, respectively. NADP was added at a
desalted either by gel filtration using Sepahadex G-50 or by concentration of 1 mM. Light from a 150 W xenon lamp

dialysis against 20 mM Tris-HCI, pH 8.0.

was passed through a 650 nm high-pass filter, and used at

The strains expressing flavodoxin and wild-type or trun- saturating intensity. NADPH formation was assayed from

cated FNR were culturednia 2 L fermentor, using a

the increase in absorbance at 340 nm during illumination,

phosphate-buffered complex medium, containing 16 g/L using a Model HP 8453 Hewlett-Packard diode array

tryptone, 10 g/L yeast extract, 5 g/L NaCl, 2.31 g/L kH
PO, and 12.54 g/L KHPO,, with either 50ug/mL kana-
mycin (ApetHandisiB) or 200ug/mL ampicillin (wtpetH).

spectrophotometer (Portland, OR).
Kinetic SimulationsA kinetic model was constructed in
order to simulate light-driven electron transport from reduced
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Table 1: Light-Driven PSI-Mediated Electron-Transport Rates with
Various Electron Donofs

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

O, consumption rate

electron donor [umol of O,+(mg of calcd turnover no.

(concn) Chla)=1-h™] (e~-PSrts )b
DCPIP (0.1 mM) 380 14.1
DAD (0.1 mM) 127 4.8
TMPD (0.1 mM) 271 10.2
horse heart cyt (50 uM) 304 111
rec. plastocyanin (16M) 2702 100.7

@ Rates are determined by, @ptake measurements, mediated by

acceptor-side-limited rate
PC (15uM) — NADP*

donor-side-limited rate WT FNR trunc. FNR
thylakoids PC (15uM) — MV (100 nM) (100 nM)
WT 2702 387+ 26 4624 27
PsaE 2571 148+ 25 242+ 40

a Light-dependent, methyl viologen mediated; @ptake activities
and NADP" photoreduction activities were measured usingudb

plastocyanin. This concentration catalyzed near-maximal turnover
numbers of PSI. Spinach ferredoxin (included atNd) was used in
combination with either recombinant wild type or truncated FNR (100
nM) for the NADP" photoreduction measurementdviicromoles of

O, per milligram of Chéa per hour.c Micromoles of NADPH per
milligram of Chla per hour.

Fs-reduced methyl viologer?. A Chla:P700 ratio of 150:1 is assumed
for thylakoid membranes.

plastocyanin to NADP with the Gepasi Bio/chemical
Kinetics Simulator software package version 336)( All
reaction constants were introduced as re\_/er5|ple bimoleculary, plastocyanin concentration, a second-order rate constant
second-order rate constants, or reversible first-order rate;

ken f he qf hi K 1S estimated of 1.88« 10" M~%-s™%, with a corresponding
constants, taken from the literature and from this WOrk. g rate of 132 s1 for the plastocyanin/PSI complex. This

Moiety conserved relations were calculated using the Gepasiy 5 e s in reasonable agreement with the experimentally
package. Response coefficierf®) vere calculated from the determined value at pH 7.5 and low ionic strength for

enzyme conce?trationE][ dependent change in fluxJ) Synechocysti®PCC 6803 plastocyanin and PSI, i.e., &6
according to: Rg = (0JV)/(OE/E). 10° M~1.s71 (37). It has been proposed that the reaction
RESULTS betweerSynechocystiglastocyanin and PSI does not involve
the formation of an intermediate complex, as is the case for
Production and Purification of Recombinant Electron spinach plastocyanin and PSI, but follows a ‘simple oriented
Transport Proteins The sequence of the genes encoding collisional mechanism’, resulting in a monophasic reduction
SynechocystiBCC 6803 flavodoxin, plastocyanin, and FNR of P700 (38).
has been publishe@9—31), allowing the design of oligo- Acceptor-Side-Limited Photoreduction Rates Are De-
nucleotides to be used for amplification of these genes, for creased in PsaE-Deficient Thylakoids of Synechocystis PCC
in-frame insertion into the overexpression plasmid pET22B. 6803 We observed that PsaE-deficient thylakoids displayed
Heterologous expression of the complgietE gene inE. activity in donor-side-limited photoreduction assays almost
coli leads to the accumulation of the PetE protein in the equal to wild-type membranes [25%dmol of O, (mg of
periplasm 28). However, replacing the endogenous transit Chla)~-h~* versus 2702mol of O,*(mg of Chlk)~*-h~ for
peptide of plastocyanin with thErwinia carotaora pelB the wild type], when using 1aM plastocyanin (Table 2).
leader peptide resulted in the accumulation of the recombi- Fluorescence emission spectra obtained with 440 nm excita-
nant electron carrier in the culture supernatant at levels astion, taken at 77 K, of these thylakoids indicate a slightly
high as 40 mg/L, coloring the culture supernatant distinctly decreased PSI/PSII ratio for the mutant membranes, provid-
blue—green. Cytoplasmic expression of wild-type and trun- ing a possible explanation for the somewhat decreased
cated FNR, and of flavodoxin, yielded recombinant products activity of the PsaE-deficient thylakoid membranes (not
that were accumulated at levels of -280% of soluble shown).
cytoplasmic protein. In acceptor-side-limited photoreduction assays, using fixed
Recombinant Plastocyanin Is the Superior Electron Donor concentrations of electron carriers, a decreased activity was
to Photosystem ITo study electron transport at the acceptor measured with PsaE-deficient thylakoids compared to wild-
side of PSI, it is necessary to make the acceptor-side reactiongype thylakoids (Table 2). Possibly a somewhat higher
rate-limiting for the overall reaction of electron transfer from activity was observed when truncated 38 kDa FNR was used
ascorbic acid to NADP. This is achieved by supplying a at a concentration of 100 nM, when compared to assays
relatively high concentration of reduced electron carriers that including wild-type 47 kDa FNR (Table 2). This was tested
reduce the P700cation at a faster rate tharsFcan be to determine if the positively charged N-terminal domain of
oxidized. Donor-side-limited photoreduction assays in the wild-type FNR, that is homologous to the 9 kDa CpcD
presence of methyl viologen show that artificial electron phycobilisome linker polypeptide, influences the photore-
donors do not meet this requirement, whereas recombinantduction kinetics. However, a small deviation from the
plastocyanin catalyzes high rates of electron transport (Tablequantified FNR concentration can result in the observed
1). difference in photoreduction activities. Therefore, within the
Plastocyanin was therefore titrated between 1 andM5 accuracy of the obtained data, no possible contribution of
concentration in these assays, to determine Khefor the N-terminal domain was apparent in the wild type, nor in
plastocyanin in this reaction. With a fixed concentration of the psaEmutant. In addition, no significant difference for
PSI reaction centers, Michaetidlenten kinetics were  both wild-type- and PsaE-deficient membranes was observed
observed with aKn, value of 7.0uM and a Vmax Of when spinach ferredoxin (&M) was replaced bySyn-
approximately 353kmol of O,-(mg of Chk)~'-h~%, corre- echocysti$?CC 6803 flavodoxin (1zM) either (not shown).
sponding to a calculated turnover number of 13P8&I s, FNR Still Has Control @er the Rate of NADP Photore-
From the slope of the double-reciprocal plot of the rate versusduction at 750 nM Concentration in the Case of PsaE-
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= Wildtype psak”
S “ t {’ Salt induced { - + - +
'-'EAD 500 ({) -
ARG } petH =% |
D 3 L.
< 300 @ 5 sty
Z ol ® B
£ , ©
3 100 ‘LQ) A
> < ; + ; ; ; Relative
° 0 200 400 600 800 1000 1200 abundance 1 2.7 23 2.5
[FNR] (nM) FiIGURE 2: Expression levels gietH mRNA in the wild-type and

psaEmutant. Lane 1, wild-type cells grown photoautotrophically.

Lane 2, wild-type cells upon salt stress. Lang&aEmutant cells
0.012 T grown photoautotrophically. Lane psaEmutant cells upon salt
stress. For details, see Materials and Methods.

Thus, at 1uM 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 MichaelisMenten kinetics to fit the data).
Figure 1B presents a double reciprocal plot of the data,
B indicating that most likely a change in the affinity for FNR

1/V (umol NADPH.mg Chl a". h')"

—6é 2 j j " , - of the reconstituted photoreduction system is the origin of
-0.015  -0.005  0.005  0.015 0025 0035 0045 0055 the reduced activities observed in acceptor-side-limited assays
1/[FNR] (nM)" with relatively low concentrations of FNR. However, from

_ _ these data, it cannot be judged if the kinetics follow
Ficure 1: NADP" photoreduction rates of wild-type- and PsaE- : o : . .
deficient membranes with varying concentrations of wild-type 47 Michaelis-Menten saturation behavior. In the case of wild-

kDa FNR (A) Activities of NADP* photoreduction were deter-  type PSI, about 105 nM wild-type FNR catalyzes 50% of
mined. Concentrations of plastocyanin, &hferredoxin, and the maximal rate, whereas 397 nM FNR is required to

NADP™ were the same as in Table 2. Error bars represent the catalyze approximately 50% of the maximal rate in the case
standard deviations for the measurements. Filled diamo®s (  ,f psaE-deficient PSI.

present the measurements with wild-type thylakoid membranes; Th he defici in the li |
open circles ©) present the measurements with PsaE-deficient us, the deficiency In the linear electron transport
membranes. (B) Double reciprocal plot of the NADPhotore- capacity of thepsaE mutant can be compensated by

duction activities. increasing the concentration of FNR in the in vitro assays.
This is in line with the experimental observation that the

Deficient Thylakoids, in Contrast to Wild-Type Thylakoids yield of ferredoxin reduction by PsaE-deficient PSl is equal
The concentrations of ferredoxin (/1) and flavodoxin (15  to that of the wild type 17), implying that the maximal rate
uM) used in the acceptor-side-limited photoreduction assaysof electron transport through plastocyanin, PSI, and ferre-
were found to be saturating for the observed rates. Titrationsdoxin should be the same.
of wild-type 47 kDa FNR in these assays revealed saturation Expression of petH Is Increased in the psaE Mutdnt
behavior for the FNR-dependent rate of electron transport has been reported earlier that the growth rate under photo-
(Figure 1). autotrophic conditions of thBynechocystiBCC 6803saE

At a concentration of 100 nM FNR, the NADRPhotore- mutant is not significantly different from that of the wild
duction activity of PsaE-deficient membranes was signifi- type (16). The same was observed in the comparison of the
cantly lower than rates obtained with wild-type PSI. This SynechococcuBCC 7002psaEmutant with the wild-type
was observed both with ferredoxin and flavodoxin, and with strain @9). This suggests that oxygenic linear electron
wild-type as well as truncated FNR (Table 2). In contrast to transport, involving both PSIl and PSI, in tpheaEmutant
the observed rates with wild-type membranes, NADP proceeds with an efficiency close to the wild-type level. We
photoreduction rates increased with increasing concentrationgherefore assayed the mRNA level @etH encoding
of FNR above 500 nM when PsaE-deficient membranes wereferredoxin-NADP* reductase, in the wild-type and in the
used (Figure 1). At a concentration of 500 nM, the NADP  psaEmutant in standard autotrophic growth conditions (at a
photoreduction rate with wild-type membranes was 49 lightintensity of 70uE-m~2-s7%), as well as in a salt-stressed
(+6)% of the donor-side-limited rate, comparable to the rate culture. During salt stress (applied via the addition of 0.5 M
with 1 «M FNR. In contrast, the rate with PsaE-deficient NaCl to the growth medium) of a culture &ynechocystis
membranes increased from 3&4)% of the donor-side- PCC 6803, increased abundance of getH mRNA was
limited rate at 500 nM FNR to 44+6)% at 1uM FNR. observed earlier29). The Northern blot shown in Figure 2
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demonstrates that thpetH expression level in th@saE aKgy of 7.0uM) than determined previoush8{) (Figure 3).
mutant is elevated, relative to the expression level in the wild Note that the turnover of PSI at high concentrations of
type, when cells are grown under standard photoautotrophicplastocyanin becomes limited by, and is therefore equal to,
conditions, whereas in salt-stressed culturepttelmRNA the concentration-independent off-rate for the plastocyanin/
levels are comparable in the wild type and the mutant. PSI complex. This part of the model, together with the
Presumably, the increase in the accumulated level of mMRNA introduction of an artificial electron sink, to simulate the
results from induction of the stress promoter that regulates effect of illumination, was sufficient to accurately simulate
petHexpressionZ9). Higher concentrations gfetHmRNA the Michaelis-Menten-like plastocyanin saturation kinetics
were accompanied by an increase in the enzyme activity thatthat were determined experimentally. In particular, the
was subsequently determined in cell-free extra28. (This simulated turnover number of PSI with 51 plastocyanin
was also confirmed in the case of tppsaE mutant: the is identical (not shown) to the measured value (Table 1).
enzyme activity is approximately twice as high in the mutant ~ With the introduction of a fixed concentration of/Bvi
as in the wild type, when expressed on the basis of the oxidized ferredoxin, the initial PSI turnover numbers are
amount of Chh (not shown). It is proposed that the increased almost equal to turnover numbers in the donor-side-limited
level of FNR in the psakE mutant compensates for the assays, due to the very high second-order rate constant for
decreased rate of linear electron transport, as in the in vitro ferredoxin and PSI (Figure 3). For the model, a simplification
assays. is introduced by assuming the same binding kinetics for
A Kinetic Model of Light-Drien, PSI-Dependent Linear  oxidized as for reduced ferredoxin. The second-order rate
Electron Transport from Reduced Plastocyanin to NADP  constant and for SynechocystiBSI and spinach ferredoxin
The observation that deletion of subunit PsaE from PSI were taken from40).
results in an altered FNR saturation profile for the NADP The catalytic activity of FNR, presumably, is limited by
photoreduction assays is not easily understood in terms ofthe dissociation of oxidized ferredoxin under conditions
ferredoxin photoreduction kinetics. PsaE-deficient PSI reac- where the maximal turnover is measuretl)( FNR is
tion centers are partially deficient in ferredoxin reduction reduced by ferredoxin twice, to yield the semiquinone [FNR-
(22). To predict wether the mutationally induced changes (sq)] and the fully reduced [FNR(red)] species, respectively,
will affect the linear electron-transfer capacity of the reaction before NADP is reduced to NADPH41). NADP* is bound
centers, and, if so, how, a kinetic model was constructed by FNR in the oxidized state, so that a ternary complex,
that incorporates all partial reactions from reduced plasto- NADP*/FNR/ferredoxin, is formed, intermediate in the
cyanin to NADP. All reaction rate constants were intro- catalytic cycle. Indeed, formation of the FNR/NADP
duced as reversible first-order and bimolecular second-ordercomplex was found to be too fast to determine with stopped-
rate constants that were taken either from the literature orflow experiments 42). The kinetic model is therefore
from this work (Figure 3). simplified by neglecting the binding and dissociation of the
First, electron donation by plastocyanin to PSI was oxidized and reduced nucleotide, respectively, by FNR, and
modeled and tested for turnover numbers at relevant con-accounts only for the interactions of FNR with ferredoxin.
centrations of the reactants. Then, ferredoxin reduction wasCompetitive inhibition of binding of reduced ferredoxin to
added to the model, using the reaction constants published=NR, by oxidized ferredoxin, however, is explicitly included
for Synechocysti®CC 6803 PSI and spinach ferredoxin. (Figure 3).
Separately, reduction of NADPoy FNR in the presence of The model for ferredoxin:NADP oxidoreductase was
reduced ferredoxin was modeled, and tested for turnovertested for the turnover numbers that would be obtained. For
numbers and, specifically, inhibition by oxidized ferredoxin. the Spirulina platensisferredoxin and FNR, it was found
Finally, all reaction rate constants were used to model the experimentally that in the presence of NADBNd with a
complete set of reactions for electron transfer from reduced high Fd(red):Fd(ox) ratio [i.e., in the absence of competitive
plastocyanin to NADP, and tested for the pre-steady-state inhibition by Fd(ox)], a steady-state turnover number of 729
kinetics, overall turnover numers, and concentration of e  s™* could be reached at 2UC (43). The kinetic model
intermediates that accumulate in the steady state. predicts a maximal turnover number of 103 (NADPH} s
The NADP' photoreduction assay consists of several (206 € s™%) in the absence of oxidized ferredoxin. Clearly,
electron-transfer steps, which require the formation of severalthe kinetics during turnover are faster than what is calculated
transient complexes. First, P70% rereduced by plastocya- from the K4 values and the second-order rate constants. In
nin. Since this reaction iBynechocystis believed to follow particular, the off-rates are expected to be higher than the
a collisional reaction schem@&§), it can be described in  predicted values. For instance, when the off-rate for oxidized
terms of a second-order rate constant and an off-rate that isferredoxin is increased to 1000's a maximal turnover of
calculated from the apparekt, in acceptor-side rate-limited 170 (NADPH) s (340 e s™1) is calculated. Increasing the
photoreduction assays. This approach uses the assumptiosecond-order rate constant for both oxidized and reduced
that at the concentration of reactants used, the rate of theferredoxin to 5x 10° M~1-s7%, and using an off-rate of 1100
overall reaction is limited by the second-order rate constant, s (K4 value unchanged), increases the maximal turnover
instead of the first-order electron-transfer kinetics. When this to 470 (NADPH) s (940 e s'). These examples indicate
holds, theK, value determined for this system can be taken that during turnover of the catalytic cycle of FNR the off-
as the value foKy. The complete set of reactions on which rates for oxidized ferredoxin must be higher than the off-
the photoreduction assay is based is given in Figure 3. rates that are calculated from the dissociation constants and
Assuming the same affinity for reduced as for oxidized the second-order rate constants for the oxidized and reduced
plastocyanin, it was necessary to implement a somewhatspecies of ferredoxin and FNR. This would explain the high
higher second-order rate constant (1:880° M~1-s™1, with turnover number that is observed in vitré3j.
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Ficure 3: Reaction constants involved in PSI-dependent linear electron transport from plastocyanin td.NBDFhe second-order rate
constant for the reaction between recombin8ghechocystiplastocyanin andynechocysti®SI was determined in this study, and is
comparable to the value determined previou8ly)( The off-rate is calculated from the dissociation constant £RA), as experimentally
determined for this system. (2) The fastest phase of Pr@duction, reflectindk, was determined with &, of 14 us 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 Synechocysti®CC 6803 plastocyanin specificalldg). (3) Assuming the same dissociation constant for reduced as for oxidized
plastocyanin. (4) Both £and ks are reduced by sFin approximately 200 ns after excitation of P700. The back-reaction frgro
proceeds with a time constant of approximately 80 A®).(Although it is not known if either for F or both Fa and kg act as electron

donor to ferredoxin, recent studies implicateds the direct donog, 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 constantSgnéichocystifCC 6803 photosystem
I/spinach ferredoxin couple, due to the relatively high(5 uM) (40). In the case of thpsaEmutant, these values are replaced by 2.8

1 M~1-standKy = 500uM; ko = 1.4 x 10P s71, according to Barth et al2@) (see Results). (6) Several first-order phases of ferredoxin
reduction are observed at high protein concentrations. In the case $ftleehocystiBCC 6803 photosystem I/spinach ferredoxin couple,

two phases were measured, with half-lives of 1 ands540). The rate of the back-reaction was calculated using the Nerst equation,
considering only the midpoint potential og.H7) 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 impli&@edi low ionic strength, ferredoxin-
mediated reduction is independent of the presence of the CpcD-homologous N-terminal doSwirediocystiPCC 6803 FNR (Table

2), andAnabaenaPCC 7119 FNR&1). A dissociation constant for reduced Fd of 28 and a second-order rate constant ok 110?

M~1-s1 are taken from thénabaenaPCC 7119 Fd and native FNPB®). 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 constantl x 10 M~s™tandKy < 0.1uM (in the absence of NADB for spinach Fd and FNR5Q)]. Thus, oxidized
ferredoxin is a competitive inhibitor during forward electron transporK;ff 2.2 uM was calculated for oxidized Fd in a steady-state
experiment involvingSpirulina platensig=d and FNR (in the presence of NADP(43). For AnabaenaPCC 7119 Fd and FNR, l&q for

Fd(ox) of <1 uM 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-deazariboflavif(; 53). TheK; determined foiSpirulina platensig=d(ox) and FNR(0x)43) is taken

as a value foKgy, since it is determined during steady-state electron transport in the presence of NlAREdition,SpirulinaFNR shows

the highest homology of all known sequences to$yaechocystiPCC 6803 FNRZ9). (10) With the use of flash photolysis studies, the
first-order rate constant reflecting forward electron transport flatabaenaPCC 7119 Fd to FNR was 6200'5(54). The calculated rate

for the back-reaction, assuming a potential for Fd-bound FNR(se)281 mV (4) and the potential of spinach Fd shifted+t@50 mV

due to FNR binding §5), would become 0.0873. However, the experimentally determined value was 2:3§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 potentieaff mV for the FNR(sq)/FNR(red) couple, is 0.06.5(13)
Assuming the same binding kinetics of Fd(ox) for FNR(ox) as with the ternary complex together with NADP

However, the turnover number of FNR during PSI- by Masaki et al. 43) and Batie and Kamin4d). The
dependent linear electron transport from plastocyanin to simulations predict that there is no influence of the off-rate
NADP" is lower than the maximal rates that were determined within the range from 220 to 110050n the maximal (with
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002 7 from Michaelis-Menten kinetics is observed at higher

1A concentrations of FNR (Figure 4A). At low concentrations

of FNR, the saturation kinetics more resemble Michaelis

Menten kinetics. A true&kn, (Michaelis—Menten) value is

P therefore not extracted from the model; rather a value is taken

’ from the v/[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%

0.018
0.016 -
0.014
0.012
0.01

0.008

1/V (umol NADPH.mg Chla".h")"

0.006 of the maximal rate. At high concentrations of FNR(
0,004 | uM), inhibition of the flux is observed. This is due to
1 complexation of oxidized ferredoxin by FNR when the
0002 1 former is added in excess over ferredoxin: it was predicted
o - ' ' ; : ! that the steady-state overall flux through the system is
ol 0 o0z 03 04 05 06 dependent on the concentration of free oxidized ferredoxin.
1/[FNR] (nM)" At low concentration, the control of FNR over the total flux

is very high (a response coefficient &8 = 0.98 was
estimated at 5 nM concentration; derived from the ‘WT’
B Photoreduction dataset presented in Figure 4A), but this control becomes
2 lower at higher concentrations (response coefficierRR ef

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 coefficierR of
—0.04 at 5uM).

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
T 05 4B). All free and complexed species of the oxidized and

semiquinone states of FNR were summed for these calcula-

: . , , 0 tions. Therefore, all states that are spectroscopically visible
0 02 04 06 08 1 12 are accounted for. During turnover, it was experimentally
Time (s) determined for spinach ferredoxin and FNR that approxi-

o -~ j
FiIGURE 4: Simulation of PSI-dependent linear electron transport. m%tely 50% of _the_ fully oxidized state and a_pprOX|mater
(A) Double reciprocal plot of the FNR-dependent rates of NADPH 40% of the semiquinone state accumulat®.(This observa-
formation reached in steady stata) (Wildtype’ series, calculated ~ tion was actually used as an argument that dissociation of
using the kinetic data given in Figure 3, whereas b ‘PsaE’ oxidized ferredoxin is important as a rate-liming step in the

dataset represents the simulated results obtained with the mOdiﬁedcatalytic cycle. The time it takes for these species of FNR

ferredoxin reduction kinetics obtained for theaEmutant [2.8x : : .
1P M-Ls1 andKq = 500 4M; koy = 1.4 x 10° 5%, (22)]. The to accumulate to steady-state levels is a function of the FNR:

(W) ‘Complex’ series (referring to the ternary complex PSI/Fd/FNR) PSI ratio. Both the concentration of FNR and the apparent
refers to the case with an increased second-order rate constant foturnover number of FNR will determine the time that is
both oxidized and reduced ferredoxin and FNRx(30® M~1-s71). required for steady-state formation.

Plastocyanin is included at 18V concentration, and PSI at 75 ; : : ;
nM concentration (1Qug of Chl a/mL). (B) Simulated transient Given a fixed concentration of PSI reaction centers, the

concentrations of NADPH, FNR(ox), and FNR(sq) and rate of oxidized and semiquinone species of FNR _accumulate to
NADP™ photoreduction (micromolar NADPH formed per second 50% levels much faster, at low concentrations of FNR,
with given concentrations of reactants). FNR is initially included whereas the steady state for NADPH formation is reached
at 500 nM concentration in the oxidized state. Kinetic constants |ater. At low concentrations, when FNR has a high control,

and concentrations were as in Figures 3 and 4A (WT). The steady- : : ; :
state accumulation of the oxidized and semiquinone species of FNRthe simulated turnover number in steady state is relatively

represents the fastest proces in the simulation with the given Nigh (148 & s™ at 5 nM), although still not high enough to
concentrations of reactants. expect an effect of modifications of the affinities of FNR

for reduced and oxidized ferredoxin, as presented in Figure
saturating FNR concentration) overall flux through the 3. At 500 nM, the calculated turnover number has become
system. The saturation characteristics for FNR are altered10.7 € s, and it has dropped to 1.06 &™* at 5uM.

251

Concentration (uM)

V (UM NADPH.s")

0.5

FNRGD

only when the off-rate decreases below—8D s?, but The kinetic simulations predict that the highest NADP
remain sensitive to the second-order rate constant betweerphotoreduction activity that is reached with a saturating
ferredoxin and FNR. concentration of FNR is close to 97énol of NADPH-(mg

Using the kinetic constants given in Figure 3, a strong of Chla)~*-h~* (72% of donor-side-limited rate). In fact, at
dependence of the concentration of FNR on the rate of high concentrations of FNR, electron donation to P7§8ins
NADPH formation is predicted by the model at nanomolar control over the flux. The highest rates that were determined
concentrations of FNR (Figure 4A). The simulations show experimentally [up to 650umol of NADPH-(mg of
that the saturation kinetics of FNR for the overall rate are Chla)~*-h™%; Figure 1] still do not reach this value. Since
not Michaelis-Menten kinetics. In particular, a deviation the affinity of the Synechocysti®CC 6803 FNR/spinach
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ferredoxin couple is not known, it is difficult to predict the rate that was determined for PsaE-deficient membranes, in
concentration of FNR that catalyzes the maximum rate, and addition to the high ferredoxin reduction yieldlq). These
the concentration where inhibition due to complexation of calculations indicate that the effects of theaE mutation
oxidized ferredoxin becomes significant. In addition, direct on the ferredoxin reduction kinetics do not explain the
reduction of oxygen by the reduced Fe-S clusters of PSI and/observed effects on the FNR saturation profile (Figure 1).
or ferredoxin may be a competing side-reaction that occurs The Ternary Complex PSI/Ferredoxin/FNR Must Be As-
during in vitro NADP' photoreduction assays, when these sumed in Order To Simulate a Decrease of the Concentration
are performed under aerobic conditions. The rate at which of FNR That Catalyzes Half the Maximal Rate of NADP
this reaction occurred has not been determined experimen-Photoreduction The affinity of FNR for ferredoxin is
tally, and may have decreased the maximal rate of NADP important for the saturation kinetics of the system. Changing
reduction. It should also be mentioned that it is inherent to the affinity of FNR for ferredoxin results in altered values
this system that the concentration of FNR that catalyzes 50%for the concentration of FNR that catalyzes 50% of the
of the maximal rate is influenced by the rate at wich P700 maximal rate, according to the simulations. In particular, the
is maximally reduced by electron donors: decreasing the second-order rate constant for FNR and ferredoxin deter-
second-order rate constant for plastocyanin and PSI to 6.4mines the shape of the/[FNR] saturation curve. The
x 10° M~1s71 (with the sameKy = 7.0 uM) shifts this maximal rate that is reached is not a function of this
calculated concentration from 20 to 8 nM FNR. Including parameter within the limits that were tested with the model
near-saturating concentrations of plastocyanin in our assayg1 x 10° M~*s -5 x 10® M~1:s71). The off-rate for the
has therefore ensured that the highest value possible waderredoxin/FNR complex does not greatly influence the shape
measured experimentally. On the other hand, it explains why of the saturation curve, as long as it does not decrease below
low concentrations of FNR can be saturating if artificial 50—80 s, which is not expected from the literature data
electron donors such as DCPIP are used, that show much(Figure 2). An increase in the second-order rate constant (for
lower rates of reduction of P70QTable 1). both reduced and oxidized ferredoxin) was found to simulate
The Reduced Affinity of PsaE-Deficient PSI for Ferredoxin a decrease in the apparent affinity the photoreduction system
Is Predicted Not To Influence the Linear Electron-Transport for FNR. When a value of & 10® M~1-s™! was tested, the
Capacity It was previously indicated that deletion of PsaE maximal rate through the system was not affected, but the
results in partially deficient ferredoxin reductioh7j. An concentration of FNR that catalyzed 50% of the maximal
important observation was that a high yield of ferredoxin rate was 13 nM (Figure 4A; ‘Complex’ series).
reduction was determined, for PsaE-deficient reaction centers, Thus, the kinetic behavior that is the result of a mutation
by measuring the P708g~ recombination rate in the of PSlis most likely explained by assuming a modification
presence and in the absence of ferredoxin, indicating thatof the affinity of FNR for ferredoxin. The most straightfor-
under conditions where electron donation to PSI is fast the ward explanation for the experimental results is to assume
deficiency at the acceptor side of the mutant is compensatedthe formation of a PsaE-dependent transient ternary complex,
in terms of turnover rated (). The influence of the mutation  PSl/ferredoxin/FNR (Figure 5). Such a transient complex can
on the kinetics of ferredoxin reduction was accurately be modeled by increasing the affinity of FNR for ferredoxin,
determined recently2Q). It appears that foBynechocystis by increasing the corresponding second-order rate constant.
PCC 6803 ferredoxin and PSI a relatively small decrease of This would explain why a mutation in PSI can influence the
the second-order rate constant for ferredoxin and PSI (factorapparent affinity of FNR for ferredoxin. The observed
of 2), but a large increase in the dissociation constant (factor saturation profile of the PsaE-deficient photosynthetic mem-
of 100), results from the absence of the stromal subunit PsaEbranes could be simulated using a second-order rate constant

(22). of 1.5 x 10° M~1-s7%, whereas the saturation profile of the
These numbers were determined for wild type and PsaE wild-type could be simulated using a value of 6810°
Synechocysti$*S| and ferredoxin Kgs 0.5 and 52uM, M~1s™1, The postulated ternary complex therefore increases

respectively; 22)]. These observations were implemented the affinity by a factor of approximately 4.5. The resulting
into the model, assuming that with spinach, instead of K4 values (taking the minimal value for the off-rate of 50
Synechocystigerredoxin the same increase in the dissocia- s™1) then become 33 anduM, respectively. Certainly, these
tion constant for the PSl/ferredoxin complex results from values are higher than the measured constants for ‘homolo-
the deletion ofpsaE A model for theSynechocysti®CC gous’ systems (such as spinach ferredoxin/FNR; Figure 3).
6803 PsaE-deficient PSI and spinach ferredoxin was tested Probably a low affinity in these experiments is due to the
using a second-order rate constant of 2.80° M~*-s 1 and non-native couple spinach ferredoxin éyhechocystiBCC

a ko value of 1.4x 10° s for both oxidized and reduced 6803 FNR. The association between these two electron
ferredoxin and PSIKy = 500 «M). The resulting turnover  carriers is strongly dependent on ionic strength, and is
number of the system is predicted not to be affected by theseperhaps not optimal under our experimental conditions.
changes. In addition, the calculated saturation profile for FNR In fact, native systems seem to behave as predicted by
is almost identical, when these numbers are used (Figurethe simulations based on the numbers shown in Figure 3.
4A). The rate of dissociation of the PSI/Fd complex is in Using spinach chloroplasts, 40 nM spinach FNR was found
the range where it can compete with the rate of ferredoxin to catalyze 50% of the maximal rate of NADPhotore-
reduction (Figure 3). However, the forward electron-transport duction 67). NADP* photoreduction rates foAnabaena
rate exceeds the rate of complex dissociation approximatelyvariabilis 7120 PSI and ferredoxin can give high activities
5-fold, explaining the lack of effect on the overall electron- at low concentrations: the turnover number determined for
transport kinetics (Figure 4A). That this is also the case FNR in the NADP photoreduction assay at 8.2 nM
during experimental conditions is reflected by the maximal concentration was already 101'grecombinant full-length
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Wildtype PSI 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 protgimotein interaction
between FNR and PsaE was carried out. $aecharomyces
cerevisiae Gal4-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. TpetH 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-PsakE fusions. All co-
transformants tested were negative with respegtgalacto-
sidase activity.

Ficure 5: Model for the formation of a PsaE-dependent transient DISCUSSION

ternary complex between PSI, ferredoxin, and FNR wild-type PSI
recruits both ferredoxin and FNR in a transient fashion, and electron  NADP* photoreduction rates of PSI reaction centers are

transport proceeds within the lifetime of the complex. In the case -
of PsaE-minus PSI, ferredoxin is bound and reduced by PSI, the result of a complex set of kinetic parameters. Several

dissociates, and complexes with FNR. The thick arrow indicates fransient complexes have to be formed, and a two-electron
the increased off-rate for the ferredoxin/PSI complex [according acceptor has to be reduced by two one-electron carriers. Not

to Barth et al. 22)]. all parameters for complex formation and subsequent electron-
transfer steps are known. Therefore, after assembling all
AnabaenaFNR) or 77 s (native 36 kDaAnabaenaFNR) available kinetic rate constants, a ‘simplified’ kinetic model

(51). The low FNR concentration that was used in these was constructed that simulates light-driven electron transport
assays demonstrated the high affinity between FNR andfrom reduced plastocyanin to NADPThe overall electron-
ferredoxin for these native couples. The high turnover transfer characteristics were tested and found to simulate the
numbers are probably due to a high ratio of reduced vs experimentally determined activities reasonably well. Using
oxidized ferredoxin in steady-state conditions, since PSI wasthis model, the behavior of the overall electron-transfer rate
added at high concentrations. This effect can be simulatedwas studied as a function of the FNR concentration in the
with our kinetic model as well. assay. It was found that the affinity of FNR for ferredoxin

In this respect, it is interesting to note the NADP  determines the FNR saturation profile in this assay. Since
photoreduction activities ofi-decyl{s-p-maltopyranoside-  the experimental observation was an increase in the con-
extracted PSI reaction centers from barlgg)( At saturating centration of FNR that catalyzed 50% of the maximal rate
FNR concentrations, a turnover number for PSI of 73:5 e of NADP* photoreduction in assays with the PsaE-deficient
s ! was obtained. However, these reaction centers containPSI reaction centers, the formation of the ternary complex
approximately 0.4 molecule of FNR per P700, and show a PSI/Fd/FNR was postulated. This observation was made with
turnover of 11 s* (for PSI) and 29 s' (for PSI-bound FNR)  the wild-type 47 kDa FNR, that contains the positively
with NADP* photoreduction assays, when no additional FNR charged N-terminal domain. From the observed rates at 100
is included R3). These measurements demonstrate that thenM concentration of this wild-type and a truncated form,
binding of FNR to PSI reaction centers (probably resulting lacking the N-terminal domain, it is suggested that this
in a ternary complex, PSI/Fd/FNR) results in the catalysis domain is not involved in the formation of the ternary
of relatively high rates of NADP photoreduction at low  complex.

(absolute) FNR concentrations. One other possible scenario may explain the altered FNR
Moreover, these authors have shown that the copurified saturation profile of PsaE-deficient PSI. If an additional ‘loss’
FNR can be cross-linked to PsaE with the zero-length cross-reaction would take place in the case of mutant reaction
linker N-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC)  centers, higher concentrations of FNR may effectively
as well as with 3,3dithiobis(sulfosuccinimidyl propionate)  overcome the flux through such a side-reaction. Possibly
(DTSSP) 23). n-Decyl-p-maltopyranoside-extractesyn- PsaE-deficient PSI particles are more active in the reduction

echocystifSI does not contain copurified FNR. The mode of molecular oxygen. However, the maximal rate of NADP
of interaction with PSI is therefore probably different in photoreduction would be affected, rather than the affinity
barley, as compared Bynechocysti®CC 6803, the former  of the system for FNR, if this reaction took place at the
being more stable in vitro than the latter. reaction center itself. If this reaction would involve reduction
Investigation of Direct Interaction of FNR and PsaE with of oxygen by ferredoxin, the changed saturation profile might
the Yeast Two-Hybrid SysterSince the kinetic model be explained. It is unlikely, however, that removal of the
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stromal PsaE subunit would increase the ferredoxin-depend-subunit. In contrast to the results obtained with protease
ent rate of oxygen reduction. accessibility studies, suggesting that the N- and C-termini
Using theSaccharomyces carisiae Two-Hybrid system,  of theSynechocystiBCC 6803 PsaE subunit are buried, both
it was not possible to demonstrate a direct interaction the C- and N-termini turn out to be highly surface-exposed
between PsaE and FNR. The solubility and the level of in the improved PSI structurés). This site with excess
expression of the fusion proteins were not tested, however.positive charge could well constitute the binding site for
Heterologous expression of PsaE En coli leads to ac- FNR. If this is indeed the binding site, it could also explain
cumulation of the protein in inclusion bodiets. Therefore,  the negative results obtained using the two-hybrid method,
heterologous expression of PsaE or fusion proteins of PsaEsince PsakE is translationally fused at the N-terminus to the
in S. cereisiae does not necessarily result in soluble Gal4 DNA binding domain and the Gal4 activation domain
products. In addition, translocation to the nucleus may have in this system.
been unsuccessful. Interaction between FNR and PsaE
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