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ABSTRACT: Reaction centers of photosystem | contain three different [4Fe-4S] clusters nanfed &nd

Fs. The terminal photosystem | acceptors (IFg) are distributed asymmetrically along the membrane
normal, with one of them (for Fg) being reduced fromsFand the other one @or Fa) reducing soluble
ferredoxin. In the present work, kinetics of electron transfer has been measured in PSI from the
cyanobacteriun$ynechocystisp. PCC 6803 after inactivation o By treatment with HgGl Photovoltage
measurements indicate that, in the absencespfdduction of [z by Fx is still faster than the rate ofxF
reduction [(210 ns)Y]. Flash-absorption measurements show that the affinity of ferredoxin for HgCl
treated PSI is only decreased by a factor e43compared to untreated photosystem |. The first-order
rate of ferredoxin reduction bysF, within the photosystem I/ferredoxin complex, has been calculated
from measurements of P70@ecay. Compared to control PSI, this rate is several orders of magnitude
smaller (6 s! versus 16—10° s1). Moreover, it is smaller than the rate of recombination froapt,F
resulting in inefficient ferredoxin reduction (yield of 25%). After reconstitution gf &out half of the
reconstituted photosystem | reaction centers recover fast reduction of ferredoxin with kinetics similar to
that of untreated photosystem |. These results supppasRhe direct partner of ferredoxin and as the
more distal cluster of photosystem | with respect to the thylakoid membrane, in accordance with a linear
electron-transfer pathwayxF— Fa — Fg — ferredoxin.

In oxygenic photosynthetic organisms, the reduction of motifs. The structures of four such bacterial ferredoxins have
soluble ferredoxin (Fd)is catalyzed by photosystem | (PSI) been determinedd(-11).
by means of a multistep charge separation and stabilization The ferredoxin structure oPeptococcus aerogendms
process (for reviews, see refs 1, and 2). Such a process firsheen used to model PsaC into the electron density map of
involves a photoinduced charge separation between thepg (12) and the orientations of the EPRyFand R~
primary donor P700 and the primary acceptey Both being g-tensors were determined3). Assignment of k and Fs
chlorophyll molecules. This initial reaction is followed by g their respective ligands has been derived from directed
electron transfer from_Ato a phylloquinone molecule named  yqgifications of cysteine residuel4-19). Taken together,
Ai and to later reduction of ironsulfur clusters by A”. The )| these data should in principle allow identification of the
terminal acceptorsgand s, which are two [4Fe-4S] clusters respective positions of Fand s, i.e., which cluster is
bound to the stromal PsaC subunit of PSI, are eventually proximal (or distal) to the membrane plane. However, there
reduced most probably byFa third [4Fe-4S] cluster bound g il ambiguity in this assignment due to the lack of atomic
to the heterodimeric core protein PsaA/PsaB of RSiS). resolution and to local pseudosymmetry of subunit P& (
The X-ray structure of PSI, which is presently known at 4 \oreover, directed modifications of cysteine ligands in
{& resolution €), has shown that the axis joining, fand s Synechocystisp. PCC 680318, 19) or with a reconstituted
is tilted out of the membrane plane by an angle of 88. system involving modified PsaCl4—16) did not help in
Subunit PsaC exhibits some sequence homology to baCte”abssigning the positions ofsFand R in the PSI complex.
2[4Fe-4S] ferredoxins, especially in the cysteine binding Thjs was due to the fact that only PsaC containing two [4Fe-
4S] clusters was stably assembled into PSI, leading to the

t This work was supported in part by an institutional grant from the presence of a mixed-ligand cluster in the mutant forms with
European Commission (Human Capital and Mobility program, contract fynctional properties similar to that of the wild-type cluster.
EFiBT%Hv?r%rchc?rr}eggg?déﬁé%_s%)c;uld be addressed By contrast, directed modification of a cysteine ligand in
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iron—sulfur clusters of photosystem I; OGP, ogfb-glucopyranoside; Following initial experiments20), the functional effects

B-DM, B-dodecyl maltoside; DCPIP, 2,6-dichlorophenolindophenol. of the selective destruction ogby HgCL were studied by
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various groupsq1—25). It was found that k disruption of EDTA, pH 8, at a final concentration of 10 mM. Then
inactivates NADP photoreduction, whereas the yield of F  the samples were concentrated with a Centriprep 100 filter
photoreduction was not affected both at room temperature (Amicon) and applied on a P4 gel filtration column (Bio
and low temperature. Moreover, NADPhotoreduction has  Rad) equilibrated with 10 mM Bis-Tris-propane/HCI, pH 8.5,
been successfully restored after reconstitutiongof23, 25), 0.03%p3-DM. Finally, samples were washed and concen-
thus pointing out the indispensable role of iR forward trated with 10 mM Tricine, pH 8, 0.03%6-DM with the
electron transfer to Fd. Together with the larger sensitivity Centriprep system. For OGP membranes, the treatment was
of Fg toward oxidative destruction26), this supports the  performed at pH 9.3 under the same conditions. After
view that ks is the most distal cluster. This is in accordance incubation, 10 mM EDTA was added and the membranes
with a linear electron-transfer pathway fronx Fo Fd were washed twice in 10 mM MES, pH 6.5. To quantify
assuming that the distal cluster is the immediate electronthe fractions of centers with intact or destroyeddnd Fs
donor to Fd, as was recently concluded both from modeling centers, samples were tested by laser flash-induced absorption
of the PSI/Fd complex7) and from a microscopy study of  changes at 820 nm as well as by low-temperature EPR.
a covalent complex2@). However, it cannot be excluded Extraction of R and R from OGP PSI membranes was
that destruction of ihas some structural effects sufficient performed with urea according to ref 37. Reconstitution
for strongly disturbing Fd docking. If one assumes that F  experiments were performed gfDM HgClx-treated samples,

is the cluster which is proximal tod-destruction of E could similarly to ref 38. A solution containing 50 mM Bis-Tris-
lead for example to a considerable decrease in the efficiencypropane/HCL pH 8.5, 20 mM Cagl0.4 M sucrose, and 1

of Fd reduction by k, despite the fact thatsFcan be reduced  mM FeCkp was made oxygen-free by three cycles of
efficiently directly from K. Though rather unlikely, sucha  ajternative vacuum and argon flow. Hg@teated PSI was
possibility would be in line with two recent studies based puyt under anaerobiosis by flushing argon and then added to
on reconstitution experiments involving subunit PsaC, which the first solution with3-DM at final concentrations of 0.2
was modified by mutagenesis. Using in one case a modified mg of chlorophyl/mL and 0.03%, respectively. Then
PsaC |aCking either an internal |00p or 10 reSidUeS of the Cﬂ_mercaptoethano' and b& (from a fresh anaerobic SOIU'
terminus @9) and, in another case, site-directed mutants of tjon) were added to final concentrations of 0.5% and 1 mM,
PsaC with replacement of acidic residudg)( both studies  respectively. The reaction mixture was incubated overnight
favor Fz as the proximal cluster. These uncertainties gnd then exposed to air; 10 mM Tiron was then added to
prompted us to perform a detailed kinetic characterization the reaction mixture. The resulting solution was then washed
of PSI reaction centers from the cyanobacteriymechocys-  seyeral times with 10 mM Tricine, pH 8, 0.038¢DM in a

tis sp. PCC 6803 which have lost clustey &fter treatment  Centriprep 100 filtration cell, concentrated, applied to a Bio

with HgCl, together with experiments involving reaction  Raq p4 gel filtration column equilibrated in the same buffer,
centers with reconstitutedsF We apply both photovoltage  5nd concentrated again.

measurements for recording electron transfer within PSI and
flash-absorption spectroscopy to characterize Fd reduction.
Our data indicate thatgHis the distal cluster and is the direct
partner of Fd in the frame of a linear electron-transfer
pathway.

Photoelectric MeasurementsPhotoinduced changes in
electrogenicity of electrically oriented OGP membranes were
performed as previously describe®9(. Signals were
recorded with a bandwidth of 500 MHz on a digital storage
oscilloscope (TDS 744A, Tektronix). All measurements

were performed at room temperature. All samples were
MATERIALS AND METHODS assayed under the same conditions in 5 mM MES, pH 6.5,

Biological Materials Synechocystisp. PCC6803 was ~and in the presence of 5 mM sodium ascorbate and00
grown in BG 11 liquid media. Cells were harvested in the Phenazine methosulfate.
late logarithmic growth phase. Octgtp-glucopyranoside EPR and FlaskAbsorption SpectroscopiesSpectra were
(OGP) membranes were obtained as previously describedmeasured in a Bruker ESR300D X-band spectrometer
(31). For later use, these preparations were stored 8 equipped with an Oxford Instruments helium cryostat.
°C in the presence of 20% glycerol at a concentration of 2 Spectra of PsaC ironsulfur clusters were recorded at 20
mg of chlorophyll/mL. Fd fronSynechocystis sSPCC 6803 K, using a microwave power of 20 mW (nonsaturating
was isolated and purified according to ref 32. PSI from the conditions) and a modulation amplitude of 10 G at 100 kHz.
same strain was isolated and purified in trimeric states with Calibrated tubes were always used. EPR of fully reduced
the detergenB-dodecyl maltosideA-DM) as described in  iron—sulfur clusters were obtained by preparing an anaerobic
refs33 and34. Chlorophyll concentration was determined solution of PSI at a final concentration of 1 mg of
by acetone extraction, according to @5. P700 content  chlorophyll/mL in 50 mM glycine/NaOH, pH 10, 0.03%
was calculated from photoinduced absorption changes at 8203-DM to which dithionite was added in excess (10 mM final
nm, assuming an absorption coefficient of 6500*\m™* concentration). This solution was frozen at 200 K in the
for P700" (36). EPR tube under illumination. Light-induced spectra were

Chemical TreatmentsChemical core extrusion of center obtained with samples in Tricine, pH 8, 0.03%DM,
Fs was performed according to ref 21 with some modifica- prepared in the presence of 2 mM sodium ascorbate and 50
tions. PSI trimers (0.2 mg of chlorophyll/mL) were incu- uM DCPIP. These samples were incubated in darkness for
bated either in the presence or in the absence (control) of2 min before freezing in darkness and were illuminated at
2.5 mM HgC} in 50 mM Bis-Tris-propane/HCI, pH 8.5, 20 20 K for 1 min. Kinetics of P700decay was monitored at
mM CacCl, 0.4 M sucrose, and 0.03%DM for 30 min at 820 nm. Kinetics of Fd reduction by PSI was recorded and
room temperature. The reaction was stopped by the additionanalyzed as previously describetD(41).



Electron Transfer in the Absence of FB

Biochemistry, Vol. 37, No. 10, 1998431

Table 1: EPR Measurements and Characteristics of Flash-Induced Absorption Changes in Contgelref€tl, and Reconstituted PSI

method of characterization control PSI Hg@eated PSI reconstituted PSI
quantitation of spins by EPR
spin amounts due to gF, Fg™) or Fa~ in 100 37 55
fully reduced samples (percents of control)
amounts of g~ in fully reduced 100 <3 50
samples (percents of control)
amounts of k™ in photoinduced 100 70 60
signals (percents of contrél)
P700 decay at 820 nm bs (15) 5us (15)
halftimes (percents of amplitude) <1ms (1) 75us (3) 75us (4)
900us (12) 90Qus (17)
> 10 ms ¢99) > 10 ms (70) > 10 ms (64)
ferredoxin reduction
halftimes at 480 nm (percents of amplitude) b
< 1us (25) nd <1lus (32)
13-20us (22) 10us (24)
110us (53) 7Qus (25)
dissociation constant 0-D.6uM® 1.6uM© 0.3uM
slow decay of P700in the absence of Fd
Kobs Of slow component 16.63 11.0s? 14.0s?
ke/k: ratio = ratio of amplitudes 0.89 0.07 0.82
(very slow component/slow component)
deduced escape ratg 7.8s? 0.7s? 6.3s?
deduced recombination rake 8.8st 10.3ste 7.7s?
slow decay of P700in the presence of 2M Fd¢
Kobs Of slow component nd 228 19st
(ket+kep)/k ratio = ratio of amplitudes >100 0.25 4.9
(very slow component/slow componént)
deduced rat&e + kp g 4.4s? ph
deduced recombination rate nr 17.6s?t ph
calculated electron-transfer rates
within the PSI/Fd complek
rate of Fd reductiof see above (480 nm) 6.3% see above (480 nm)
recombination rat&compi - 22.1ste -

24 some minor k- signal in the control and reconstituted sampheSrom refs 40 and 41.Deduced from P700decay at 820 nnf One
second full time scalet. Recombination between P70@nd R-. f p, proportion of PSI reaction centers which bind F€annot be determined

from P700 decay."nd: not detectable; nr: no recombination; ph: the rates cannot be calculated due to population heterogeneity (see the text).

RESULTS

Characterization of PSI after Rermmal and Reconstitution
of Fg. Fg was removed by incubation with HgGtom either
-DM or OGP PSI particles isolated frof8ynechocystis
6803. The reaction was performed under different salt and
pH conditions for improving the yield of intactaFelusters.
Noteworthy, HgCl reacts very slowly with the iroasulfur
cluster when added at submillimolar concentrations, possibly
due to a chelating effect of the buffer. Native PSI (traces
a), HgCh-treated (traces b), and reconstituted PSI (traces c)
were characterized by both EPR (Table 1) and flash-
absorption spectroscopy (Figure 1). In both cases, identical
concentrations of PSI were used so that the respective signals
could be directly compared. Low-temperature EPR spectra
of fully reduced samples were recorded under conditions
which allow quantitation of the amount of spins correspond-

ing to FA~ and F~, when present. Whereas native PSI

820 nm
: a
N b
C
100 ps
-3
~ 1 x]|10
a
b
¢
5 ms
—_

Ficure 1: Flash-induced absorption changes measured at 820 nm

exhibit spectral features characteristic of the coupled spinwith PSI trimers: control (a), treated with HgClb), and

system (k~, Fg7), only FA~ is observable in HgGltreated
PSI (not shown): besides its typigglandg, values of 1.94
and 2.05, a slightly shifted) signal is observed at 1.84
(instead of 1.86). A similar shift has been previously
reported after treatment with HgC[22). As observed

reconstituted (c). All kinetics were normalized to a PSI concentra-
tion of 0.23uM (concentration calculated from the initial amplitude
at 820 nm given by a multiexponential fit and an absorption
coefficient of 6500 M* cm™t). Samples were prepared in 20 mM
Tricine, pH 8.0, 30 mM NaCl, 5 mM MgG) 0.03%3-DM, 1.3
mM sodium ascorbate, &M DCPIP. Each trace is the average of

previously, g is completely absent after treatment (less than 8 experiments (1 flash every 15 s). Kinetics are shown on two
3% as estimated from the signal-to-noise ratio of the EPR different time scales: upper part 206 (flash time is indicated by

signal). When normalized to the P700 concentration, the
amount of spins due toF in the HgCl-treated sample
corresponds to 38% of the amount of spins due 0 (Fs™)

a vertical dotted line) and lower part 10 ms.

in the native reaction center, which means that about 75%
of Fa is retained after the treatment. These numbers are
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consistent with photoinduced signals measured at 20 K with no direct electron transfer fromyRo Fd @7).
samples prepared in the presence of ascorbate and frozen Direct Measurement of Fd Reduction by Reconstituted PSI

down to 20 K in darkness: in the Hg&&reated sample, the
photoinduced k- signal corresponds to about 70% of the
photoinduced signal (F + some g~) observed in the
control sample.

Electron transfer from native PSI to Fd was monitored by
following the absorption changes due to Fd reduction at 480
and 580 nm 40, 41). On a 1 mstime scale, only a very
small signal is observed at both wavelengths wittdEpleted

P700 decay can be monitored by measuring flash-induced PSI and 2uM Fd, as is shown for 480 nm in trace b of
absorption changes at 820 nm at room temperature (FigureFigure 2. The same small signal is observed at higher Fd

1). Native PSI exhibits a very slow decay which is hardly
visible on a 10 ms time scale (lower part). This is indicative
of a very slow recombination reaction involving the terminal
acceptors (k, Fs). By contrast, part of the decay is much
faster in the HgGlreated sample. This partial decay can
be satisfactorily fitted with three kinetic componerits, (Of

5, 75, and 90Qus) and accounts for 30% of the initial

concentrations (not shown). It may be ascribed to a very
small change in the absorption properties @fifhen Fd is
bound (see below) which results in such a steplike signal
when the difference between signals with and without Fd is
calculated41). By contrast, a much larger signal is observed
with reconstituted PSI (trace c). The signal amplitude found
in the reconstituted sample corresponds to approximately half

absorption change (Table 1). Experiments made at 820 nmof the amplitude found in the control sample (trace a; see
with a nanosecond time resolution indicate the absence ofbelow). The three signals can be directly compared as they

nanosecond components both in the control and kgCl

were obtained at similar Fd concentrations and identical

treated samples (Brettel and Diaz-Quintana, unpublishedamounts of slowly relaxing P700(containing at least one
observations). This shows that a recombination reaction terminal acceptor fFor Fg). The signal found with recon-

within the primary radical pair (P706-Ao~) does not occur,

stituted PSI exhibits fast kinetics which is completed after a

in line with the presence of at least a secondary acceptor infew hundred microseconds. These kinetics include a fast

all reaction centers. The 5 and @S phases (18% of initial

unresolved component;f < 1 us) observed both at 480

amplitude) can be ascribed to a recombination reactionand 580 nm (32% and 49% of the total amplitudes,

between P700and A~ in reaction centers devoid ofaF
Fg, and K (42, 43). The 900us phase (12% of initial
amplitude) can be assigned to reaction centers withqyt (F
Fs) which undergo a recombination reaction between P700
and K~ (44). These data indicate that, besidgsdestruc-
tion, partial inactivation of k and F has occurred in 30%
of the reaction centers and that 70% of Hg@éated PSI
retain a functional terminal acceptok,iin accordance with
EPR measurements.

Reconstitution of F was carried out by reduction of
cysteines45) in the presence of sulfide and iron, which was
added beforg-mercaptoethanol). After reconstitution,

respectively) and a microsecond component. This compo-
nent can be fitted by a single exponential phase with a
halftime of 34us, but is better fitted with two exponential
phases with halftimes of 10 and 78, respectively (ampli-
tudes in approximately a 1/1 ratio; Table 1). Such a kinetic
behavior is very similar to that observed in untreated PSI,
in which the existence of three phases with halftimes of
approximately 0.5, 15, and 100s has been previously
documented41).

Reduction of Fd in reconstituted samples was also
measured at 580 nm at different Fd concentrations. The
signal amplitudes at 40@s after the flash were measured in

P700 decay is practically unchanged with a slight decrease order to take into account all fast components of Fd reduction

of the slower component (64%,, > 10 ms) indicative of
a little further R destruction during the reconstitution
treatment (Figure 1, 19% of 5 and %S phases and 17% of

and were plotted versus the Fd concentration (Figure 2,
middle part). Data were fitted assuming a simple binding
equilibrium between Fd and PSI. A dissociation constant

900 us phase; Table 1). There is no evidence for any of 0.29uM was thus derived, which is similar to the value
recombination between P70@nd A, similar to the HgGH obtained in untreated PSI (Table 40, 41). Kinetics of
treated sample (Brettel and Diaz-Quintana, unpublished ferredoxin reduction were recorded from 460 to 600 nm with
observations). Despite the slight loss qf &uring recon- the reconstituted sample, thus allowing derivation of the
stitution, a large fraction of &Fwas reconstituted, as can be spectrum of the above process. The amplitudes of the signals
seen from the EPR spectrum, which resembles that of nativewere also measured at 4@8 after the flash, resulting in a
PSI despite a smaller signal size (not shown). Spectral spectrum which is shown in the lower part of Figure 2 (closed
analysis and spin quantification shows that 50% of PSI circles). Absorption decreases are plotted as positive signals
contain both £ and R after reconstitution, while about 40% for easier comparison with earlier published decay-associated
are devoid of both centers. The remaining 10% of PSI spectra. The observed spectrum can be compared to the
exhibit only the K- signal (see also Table 1). When iron calculated spectrum for electron transfer from,(Fg)~ to
was added after reducing the cysteines following previous Fd (open squaresyy) (see legend for calibration of the
studies 24, 45), no significant loss of Fwas observed during  vertical scale and normalization procedures). The high
reconstitution, but only 30% ofg~was reconstituted (data  similarity in spectral shapes clearly shows that the observed
not shown). This observation is in accordance with a spectrum corresponds to electron transfer from a [4Fe-4S]
previous reportZ4). cluster of PSI to the [2Fe-2S] cluster of Fd. However its
In the following, only slowly relaxing P700(with at least amplitude is only 50% of that expected if all slowly relaxing
Fa present) will be considered for estimating the amount of PSI was able to rapidly reduce Fd. This can be partly
PSI reaction centers transferring electrons to Fd. This is ascribed to reaction centers containing ondyalter reconsti-
justified by the fact that the microsecond recombination tution: from the EPR study of reconstituted PSI (see above),
phases are not modified (in amplitude and kinetics) by the such reaction centers correspond to about one-sixth of
addition of Fd and by the previous observation that there is reaction centers with slowly relaxing P700Therefore some
reaction centers containing botih Bnd Fs seem unable to
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480 nm thus emphasizing that, in a significant proportion of PSI
reaction centers, the HgClreatment did not result in
irreversible damaging effects.

Photaoltage Measurements on HgClreated Mem-
branes To test whether reduction ofsHs impaired in the
HgCl-treated samples, photovoltage kinetic profiles were
obtained for native, HgGltreated, and urea-treated (both F
and ks removed) OGP membranes (Figure 3A). For these
measurements, a PSI preparation different from that used in
absorption experiments was used (OGP vergtBM).
Solubilization by OGP leads to large membrane fragments
which can be properly oriented for photovoltage measure-
— ments. As no kinetic difference was observed between the
control and the HgGltreated samples (see below), no
attempt was made to reconstitutgy ih the OGP PSI
preparation. The photovoltage technique can be used to
record the kinetics of electrogenic phases of photoinduced
electron transfer. It can also provide structural information,
0l as the signal amplitudes of the different components reflect

[Fd] uM the dielectrica!ly weight_ed transmembrane distances between

the cofactors involved in electron transfd®). It has been

previously shown that the rising phase, which is observed
RN YL in the control sample with a time constant of 210 ns, reflects
. / 1 electron transfer from the quinong £ (Fa, Fg) (39). This
component follows a much faster rise which is not resolved
in the present experiment and which corresponds to the initial
charge separation between P708nd Ay~ followed by

500 ps

—
<

T T T T T T

W

[ R B SRR |

absorption change at 580 nm (x 10°)

—

(=]

=3

=3
T

W

<
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absorption coefficient (M'lcm'l)

1? i electron transfer from 4 to A,, thus leading to the radical
450 500 550 600 pair (P700—A;") formed within 100 ps§0). It has been
wavelength (nm) also shown that a rising component with similar kinetics (210

FiGURe 2: Upper part: differences between flash-induced absorp- ns) but a smaller amplitude is observ_ed after_destructlon of
tion changes measured at 480 nm in the presence and in the absender and e (urea-treated sample). This was interpreted as
of soluble Fd fromSynechocysti§803. Experimental conditions  electron transfer from A to Fx (lifetime of 210 ns) being
are identical to those of Figure 1. Curve a, control PSI (bR slower than electron transfer fromxFto (Fa, Fg), and an

Fd); curve b, HgGhrreated PSI (2.0uM Fd); and curve c, r val f ns w ntativel for the tim
reconstituted PSI (1.78M Fd). The PSI concentration correspond- upper value of 50 ns was tentatively deduced for the time

ing to slowly relaxing P700is 0.15uM in all cases. Middle part: constant O,f this last step. . .

dependence of the 580 nm flash-induced absorption changes due In principle, a change in the relative transmembrane
to Fd reduction by reconstituted PSI measured 46Qafter the distance betweenyFand the terminal acceptor might be
flash on the Fd concentration. The signal amplitude was measuredgetectable as a change in the relative amplitude of the 210

on difference kinetics similar to curve c of the upper part. The signal ~ :
is negative and absolute values are shown here. The data were fittecp.S phase. In the Hgglreated sample, a component with

considering a simple binding equilibrium between PSI and Fd, Similar kinetics is observed but with an ar_nplitude_reduced
resulting in a dissociation constaky of 0.29 uM. Lower part: by 25% compared to the control (the relative amplitudes of
full circles, spectrum due to Fd reduction measured between 460the 210 ns component, i.e., the amplitude ratios of this

gg%o?og 9? "I\‘;:th fr?:%c;nﬁ_tguteq PSI' (0.8 of 3'3"9‘)’3 “?t'aXitT]g component to the fast unresolved signals, are 0.52, 0.39, and
: 1.73 uM of Fd). The signals measure after the )
flash in kinetics similar to curve c of the upper part have been 0.23 for the control, HgGitreated, and urea-treated samples,

taken into account and were multiplied by (1/0.85). Such a respectively). The loss of amplitude in the Hg@keated
multiplication is justified by the fact that, when assuminggof sample (which shows no detectable amountspinFEPR
0.29uM, only 85% of PSI has Fd bound under the conditions used measurements) can be mainly attributed to 30% of reaction

for measuring the spectrum. The vertical scale is calculated by canters with both Fand K destroyed, as measured from
comparison of the signal amplitudes to that of slowly relaxing !

P7007, which was measured at 820 nm on the same saryale<( ﬂash-at_)sorption Kinetics "?‘t 620 nm. In Figure 3.B are ShO\.Nn
6500 M1 cm1). The calculated spectrum for electron transfer from as vertical bars the relative electrogenic amplitudes which
(Fa, Fs)™ to Fd is also shown (open squaré4). For comparison are expected to be observed for electron transfer fram A
of the spectral shapes, this calculated spectrum was multiplied byto F, in four possible cases after correction for 30%
a factor of 0.51 so that both spectra exhibit similar areas betweendestroyed k. First, the electrogenicity observed in the
460 and 600 nm. . . .
control sample might correspond to reduction of the proximal
reduce rapidly Fd. This subpopulation (about 30% of centers cluster (cluster F left two bars) or the distal cluster (cluster
with slowly relaxing P700) may be devoid of PsaD and Fy; right two bars). These might be considered as extreme
(or) PsaE, as SDSPAGE of reconstituted PSI indicates a cases of the electron being shared betwgeanB F, in the
partial loss of these subunits (not shown). Such reactionintact sample at room temperature due to thermodynamic
centers are not expected to give fast kinetics of Fd reductionequilibrium between the states,(F F) and (k, Fi).
(47, 48). Despite this, our data unambiguously show that Alternatively the transfer F— F, might show little elec-
reconstitution of k restores fast kinetics of Fd reduction, trogenicity (due to a higher effective dielectric constant) or
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Ficure 3: (A) Photovoltage response of PSI membranes in the nanosecond time range: untreated sample (control), afteatrodit
(HgCl-treated), and after treatment to remove &hd ks (urea-treated). For a clearer presentation, an exponential decay due to ionic
relaxations present in the original data was deconvoluted. The traces were normalized to match the relative ampitude of the unresolved fast
rising phase, which is due to electron transfer from P700;toAAkinetic analysis yields an exponential time constant of 2100 ns for

the slow positive phase in all samples with relative amplitudes of 0.52, 0.39, and 0.23, respectively. The abseimcthefHigCl-treated

samples was tested by EPR and by flash-induced absorption changes at 820 nm. According to these data, 80%tev§ kvere destroyed

by this treatment, showing a decay faster than 30 ms, and 5% whE also lost (decay faster than 12%). (B) Comparison of the relative
amplitude of the 210 ns phase as measured in Hg€hted sample (hatched horizontal bar) and the amplitudes expected for different
scenarios (vertical bars). Left two bars, the electrogenicity observed for the 210 ns phase in control samples corresponds to the proximal
Fe—S cluster F right two bars: it corresponds to the distal-® cluster k. For both possibilities the terminal acceptor in Hg€kated

samples, k, can be the proximal or the distal +8 cluster. The loss in Hggtreated samples of 30% ofyfand 5% of Ik has been taken

into account in the calculation of the expected amplitudes. (C) Comparison of the kinetics of the slow phase of photovoltage for control and
HgCly-treated samples. The amplitudes of both phases were normalized to equal size. Both kinetics are well fitted by a single-exponential
phase with a time constant of 219 10 ns (not shown). Also presented are calculated kinetics based on a two-step sequential reaction
scheme with a first phase due to electron transfer fronioA~ (210 ns; relative electrogenicity 36%) and a second phase due to electron
transfer from kg to Fa or g (100 ns, dashed line, or s, dotted line; relative electrogenicity 64%). The relative electrogenicities of the
electron transfer steps are those observed in the present study (urea-treated versus control) and are similar to those found3gjeviously (
(D) schematic drawing of the reaction pathways in control, urea-treated, ang-tigated samples.

occur with kinetics so slow that it cannot be detected on clear effect of the HgGltreatment on the electrogenicity of
this time scale§1). This last possibility appears less likely the 210 ns phase can be deduced.

because Fd can be reduced hyif less than lus (faster However, when the kinetics of the slow photoelectric
phase of reductio0). In both cases mentioned above the phases in control samples and that of HgtBéated samples
terminal acceptor in HgGltreated samples gff might be are compared (Figure 3C) it appears clearly thateffoval

the proximal (R = F) or the distal cluster (£ = Fy). does not significantly alter the reduction kinetics of, F
Neglecting for the moment kinetic arguments, it can be seen, supporting a lifetime of less than 50 ns for this reaction
that three out of four possibilities yield similar relative which, in the absence ofsFis still kinetically controlled by
amplitudes of the 210 ns phase which, within the experi- electron transfer from Ato F. This is demonstrated in
mental error, are compatible with the experimentally deter- Figure 3C by comparing the experimental data with two
mined relative amplitude (hatched horizontal bar). Even the simulated kinetics which are calculated under the assumption
second scenario cannot be excluded as the calculatedbf a 210 ns kinetics of electron transfer fromAto Fx
amplitude assumes an extreme case of complete electrorfollowed by electron transfer fromyF to Fa with either 100
localization on I7(in control) and a dielectric constant similar ns (dashed line) or ks (dotted line; see Figure 3D for a
for both ik — F, and kF — F, steps. Therefore, when taking schematic representation of the reaction sequences in the
into account the partial loss ofyfafter HgC} treatment, no different samples).
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Ficure 4: Flash-induced absorption changes at 820 mad. s
time scale with control (part A), Hg&treated (part B), and
reconstituted PSI (part C) in the absence (traces a) or presenc
(traces b and c) of Fd frorBynechocysti6803. The experimental
conditions are identical to those of Figure 1 (except 1 flash every
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slow phase i%kd(ketk)). Knowing both parameters (ob-
served rate of slow phase, amplitude ratio of the two phases)
therefore allows calculation of the rate constaatandk,
which are given for the three types of PSl in Table 1. As
can be directly inferred from comparison of traces a, the
escape process is rather inefficient in the Hg@ated
sample compared to the control and reconstituted samples.
This is due to a large difference in the escape rates between
the HgCl-treated and the two other samples (0-7\&ersus
6—8 s1). By contrast, the recombination rates are similar
in all three samples (between 7.7 and 10:3).s The
observations of a much less efficient escape process after
destruction of E and a significant recovery of this process
after reconstitution of gindicate that escape occurs mostly
from cluster k.

After addition of Fd, the P700decay is much slower both
in the control and in the reconstituted sample. In the control
sample (trace b, 1.26M Fd), P700 decay is monophasic
and can be completely ascribed to reduction by reduced
DCPIP, in line with a fast and efficient process of ferredoxin
reduction 40, 41). In the reconstituted sample (trace b, 2.01
uM Fd), 83% of P700 decay is very slow (due to reduction
by reduced DCPIP), whereas the slow component (1486;
~ 19 s reflects a recombination process. Increasing the
Fd concentration does not allow the amplitude of the

Secombination process to decrease significantly (16% of

absorption decay with a Fd concentration of 4\2). These

20 s and averages of 16 experiments for each trace). Fd concentraobservations are consistent with the absorption changes

tions: 1.254M for trace b of part A, 0.93 and 4.28M for traces
b and c of part B, respectively, 2.0M for trace b of part C. All

signals correspond to the same concentrations of slowly decaying

reaction centers (0.24M), containing at least one terminal acceptor
Fa or Rs.

Effect of Fd Addition on P700Decay in ControlHgCl,-
Treated and Reconstituted Samplegigure 4 shows the

measured in the visible region after reconstitution, indicating
that fast reduction of ferredoxin is observable in only 50%
of PSI containing a terminal acceptor (see above) and with
the Fd reduction behavior of Hg&ireated PSI (see below).

It has been shown above that 50% of reaction centers with
slowly decaying P700are transferring rapidly (submicro-
second and microsecond time ranges) an electron to Fd. The

laser flash-induced absorption changes at 820 nm ascribedkinetic behavior of this subpopulation should therefore be

to P700 decay in control (part A), HgGltreated (part B),

similar to that of control PSI (trace b), i.e., a very slow decay

and reconstituted (part C) samples in the absence (traces ajlue to reduction by reduced DCPIP. In the other half of

or in the presence of ferredoxin (traces b and c¢). All traces
correspond to the same concentration of slowly decaying
P700 (t12> 1 ms), therefore involving only PSI reaction
centers containing at least one terminal accepiaauid Fg,
when present. In HgGlreated and reconstituted reaction
centers, P700exhibits a much faster initial decatt < 1

ms; see above and Figure 1) which is not resolved in the
present experiment (1 s full time scale) and which is not
further considered below. All traces shown in Figure 4 can

reaction centers, kinetics parameters are difficult to evaluate
due to the heterogeneity of this subpopulation (some reaction
centers containing only & others containing both sFand
Fgs but not able to reduce rapidly Fd; see discussion above).
Fd reduction by the HgGltreated reaction centers (Figure
4B) deserves a more detailed analysis. As in its absence,
kinetics of P700 decay in the presence of Fd can be
satisfactorily fitted by two exponential components. When
compared to trace a (no Fd), addition of Fd (0.93 and 4.23

be satisfactorily fitted with two exponential components. The uM for traces b and c, respectively) increases the amount of
faster of these two components, thereafter called slow phasestable P700 (amplitude of very slow phase) as well as the

corresponds to a recombination process betweenPaigd
Fa~ [or (Fa, Fg)~ when K is present]. The slower of the

rate kops Of the slow component. Both parameters (stable
P700" andkq,9 increase with Fd concentration (Figure 5,

two components, thereafter called very slow phase, is dueparts A and B). These increases can be ascribed to slow

to P700 reduction by reduced 2,6-dichlorophenolindophenal

electron transfer from £to Fd (in tens or hundreds of

(DCPIP) in reaction centers in which electron has escapedmilliseconds). Both dependences saturate at high ferredoxin

from the terminal acceptoraF [or (Fa, Fg) ] to an exogenous
acceptor 48). Concerning the observed rate of P700
recombination (slow phase), it is governed by the decay of

concentrations, as can be seen from the similar kinetic
patterns for Fd concentrations of 2 and M. Such
observations cannot be explained by a diffusion-limited

the reduced terminal acceptor, which disappears with a ratereduction of Fd but rather imply the formation of a complex

bs = ki + ke, with k. and ke being the rate constants of

between HgGHreated PSI and Fd with a dissociation

recombination and escape, respectively. Moreover, theconstant in the micromolar range together with a limiting
amplitude ratio between the very slow and the slow phaseselectron-transfer step. For a quantitative analysis, we assume

of P700" decay is equal teJ/k; (i.e., the percentage of very

that formation and dissociation of such a complex are fast
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S 0 e e ] 25F T 1T e of PS_I/Fd complex at a given Fd concentration._ _The
= . =201 . . following values (Table 1) resulted from such a fitting
s 57 1 2 15te - procedure assuminkiee andk. as fixed values (10.3 and
N 104: T 3 104 . 0.7 s respectively):
= 5T A 7 < 5 B . From the dependence &f, Ky (dissociation constantr
L R — 0 =ttt 1.5uM andkicomplex(recombination rate within the complex)
01 2 3 4 5 0 1 2 3 45 =221¢gl
(] (b (Fd] (M) From the dependence dfe(+ kip), Ks = 1.7 uM and k
20 T e N i s (rate of electron transfer within the complex)6.3 s*.
. o 2 ] Assuming that the second-order rate constant is similar to
DA S o4r ] that of the control43.5 x 108 M~1s71, 40) and withKq =
—Br 1 <t ] 1.6 uM, the rate of Fd binding to PSI and the dissociation
=4 C + T D ] rate Ko = konKg) can be calculated (350 sfor 1 uM Fd
T 1 R ~ 0‘ L] and 560 s?, respectively). These numbers are2lorders
0 1 2 3 4 5 01 2 3 4 5 of magnitude larger than the preceding calculated electron-
[Fd] (M) [Fd] (M) transfer rates, therefore justifying the above assumption of

FIGURE 5: Kinetic parameters in HgGlreated sample. These & fast binding equilibrium between Fd and PSI. Two main
parameters were derived from kinetics as those shown in part B of conclusions must be emphasized from the study of Fd
S'Q{Uf‘a“{ thethk'”?t'ctsg’a 1 St'frt“e ?ﬁf’“?l (”ﬁ; takmgf_{?tg ac'(t‘:lf?utnwt reduction by HgGHreated PSI: first, the electron-transfer
ata during the first 5 ms after the flash) was fitted wi ) e ; -
exponential components. Stable P7@Part A) is measured from rate within th? PSI/Fd complex i very S”.‘a'.' in the absen.ce
the amplitude of the slower component, named “very slow Of Fs (6.3 s%), whereas the Fd dissociation constant is
component” in the textt(, ~ 1.2 s; independent of Fd concentra- reduced only 3-4 times compared to control PSI (see Table
tion) which results from P700reduction by reduced DCPIP. The 1); second, the recombination rate within the complex is
percentage is calculated by reference to the sum of amplitudes offaster than the recombination rate in the absence of ferredoxin

the two exponential componentls, art B) is the rate of the . . .
faster Comgonem’ name% “slowa(()?npongnt“ in the text: both (22.1 st versus 10.39). This can be tentatively ascribed

parameters (stable P70@ndko») Were measured as a function of  t0 an electrostatic effect due to the large number of negative

Fd concentration. For a given ferredoxin concentration, the two charges carried by Fd.

above numbers (amount of stable P70@nd ks of faster

component) were used to derive the recombination and forward p|SCUSSION

electron-transfer rates, nameki™and “(k. + k)", respectively.

I_hzseJ:itres were de“tved f“f)mt tgle fgg%g'?ge'ieﬁt'§>ﬁs+=hke The main purpose of this study concerns the elucidation
p and percentage of stable p p ; ;

+ k) (see the text). The dependenceskofnd k. + kip) versus of the _electron transfe_r pa_thway in the ac_c_eptor side of PSI,

Fd concentrations are shown in parts C and D, respectively, and@SPecially the determination of the specific role played by

were fitted by assuming a fast binding equilibrium between PSI each of the two irorsulfur clusters of the subunit PsaC,

and ferredoxin (continuous lines in parts C and D; see the text). which belongs to the family of 2[4Fe-4S] ferredoxins. It

Rate values obtained without ferredoxin were taken as fixed values h55 peen already recognized that, in the absencg, 6%Fs

during the fitting procedure = 10.3 st andk. = 0.7 s%). : : .
The (?issociatiog gonstamd, ?;]r(éeedectron-tranSferk?aie, and ﬂ)]e reduced at room temperature with a yield close to unity after

recombination rate within the complégompewere free parameters. @ flash excitationZ1, 22, 24). These observations show that
The fitting procedures resulted in the following values: part C, Fa reduction is faster than 1 ms, as it needs to compete
Krcomplex= 22.1 s andKq = 1.5uM; part D, k = 6.3 st andKq efficiently with the recombination reaction fronx F (ty, &
=1.7uM. 1 ms). Our photovoltage measurements extend considerably
processes compared to the observed electron-transfer ratethese observations by allowing derivation of an upper value
(<25 s1). With this assumption, the rate of Fd reduction for the lifetime of Fa reduction in the absence ofF These

will be (kp), k being the first-order rate of electron transfer data show that, in the absence @f Ehe reduction of k is
within the PSHFd complex anc being the proportion of  still kinetically controlled by electron transfer from;Ao

PSI forming a complex with Fd. In line with the above Fx and they support a lifetime of less than 50 ns for electron
paragraphs, the amount of stable P788ould be equal to  transfer from kk to Fa. Considering the present uncertainties
the ratio ke + kp)/(ke + kp + k), whereas the rate of the in the edge-to-edge distances between-rsulfur clusters
faster component isk{ + kp + k) (k. escape ratek, of PSI and by using an empirical formula for electron transfer
recombination rate). This allows derivationlgfand . + (52), it has been calculated that the electron-transfer rate
k) for each ferredoxin concentration (Figure 5, parts C and between k and the distal cluster should be comprised
D). An example of such a calculation is given in Table 1 between 2x 10®and 2x 10° s™* (2, 53). It has been also

for 2 uM Fd. According to what precedeske(+ k) stressed that these rates are overestimated so that the upper
increases with the Fd concentration as the propomiarf value is rather stringent, thus meaning that the time constant
complexes increases. A less expected result is the increaséor direct electron transfer fromyFto the distal cluster is

of k- with the Fd concentration. The recombination rate most certainly larger than 500 ns. Therefore, the fast kinetics
appears to be dependent upon complex formation and mus©f Fa reduction in the absence of Btrongly supports Fas
therefore be written ag = Kiree(1 — P) + Krcomples (Krcomplex the proximal cluster.

andkqee recombination rates in PSI binding and not binding  We also measured for the first time Fd reduction in the
Fd, respectively). The two lower curves of Figure 5 were absence of i Whereas this process is too slow to be
thus fitted assuming a simple binding equilibrium between recorded directly in the visible region, it can be recorded
HgCl-treated PSI and Fd which governs the proporfion  through the P700decay, due to the fact that both processes
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of recombination between P700and R~ and of Fd

reduction occur in the same time range. Our results indicate stroma
that no large structural change is occurring following F

destruction as Fd binding is only weakly impaired in HgCI

treated PSI. Moreover, it was possible to derive the rate of

Fd reduction within the PSI/Fd complex. A value of 6.3 /.
s ! was thus found which is several orders of magnitude ,
slower that the rate measured with intact PSI. As the binding 5
properties of Fd are only weakly affected afteriemoval,

it seems rather unlikely that such a huge change is due to
the fact that Fd binds in a site different from its normal one. @
Therefore, the observed slow rate can be more readily hylakoid &

explained by k& be'”g the cluster proximal to the memt_)rane FIGURE 6: Arrangement of the iroasulfur clusters in PSI and the
plane and thus relatively far from F@8). The Fd reduction  electron-transfer pathway at its acceptor side. According to the
rate is also found to be smaller than the recombination rate present data, Fis the cluster which is proximal todand, according
from Fa~ (22.1 s within the PSI/Fd complex), thus leading 0 tiros{s—"nking exgegmggtilgggrG—Effﬁrgnp;n;gossucgup%tci:] geleFtion
s~ ants (see e. y
to a weak _efflClency_#_ZS%) of electron transfer frOT“/F vrc#ich is t$1e distéjlsclﬂster of PsaC and the immediate electroﬁ donor
to Fd. This poor efficiency appears to be the main factor ;o 4.
leading to a decreased NADPRhotoreduction in the absence
of Fg. In previous reports, NADPphotoreduction by HgG! strongly affected by g-destruction. This contrasts with the
treated PSl is reported to be-33% that of the control23— observation that both clusters of 2[4Fe-4S] bacterial Fds are
25). These values are somewhat smaller than the efficiencyessential for maintaining their structure§4), Such a
of Fd reduction which is observed in the present experiments. structural tolerance towarcsFlestruction may be due to the
These differences may be due to different effects: (a) Fd stabilizing roles of the peripheral subunits PsaD and PsaE
reduction is not only inefficient but is also very slow, so the of PSI. The relative structural integrity offlepleted PSI
inhibition effect may be larger in experiments implying is in line with previous data showing that Fd can be cross-
multiple turnovers which could be kinetically limited by Fd linked to HgCh-treated PSI Z4) and with successful
reduction. However, a simple calculation shows that a reconstitution experiment2% and this report). Although
limiting rate of 6.3 s® for Fd reduction corresponds the present data indicate that, in our hands, reconstitution of
approximately to a rate of NADPphotoreduction of 65  Fg is only partial, in line with a previous reporg4), this
umol/(mg of chlorophylih) for an antenna size of 200 partial reconstitution is largely sufficient for interpreting
chlorophylls per P700 (and twice more for an antenna size conclusively our kinetic data. Taken together, these data
of 100). These values are higher than those previously support a linear scheme of electron transfer involving
observed with HgGHreated PSI preparations. So other sequentially k, Fa, Fg, and Fd, as summarized in Figure 6,
explanations must be sought: (b) the Fd amount may be notwhich is based upon the structural data concerning the
saturating, due to some loss in affinity after treatment (a positions of the three different irersulfur clusters of PSI
factor of 3—4 is found in the present study) and (or) due to (6).
the use of spinach Fd which has been found to bind less Recently, Mannan et al1{) reported that the site-directed
efficiently to PSI than Fd fronSynechocysti6803 @1). (c) mutant C13D in PsaC dknabaendeads to the destruction
The Fd reduction rate in the absence gfi§so small (6.3  of Fg without affecting the steady-state rate of NADP
s 1) that Fd may be partially reoxidized by oxygen before it reduction in the cyanobacterial membrane. However the data
can transfer an electron to ferredoxin-NADReductase. shown by these authors are not internally consistent, which
The kinetic analysis of P700decay in the absence ofF  makes them difficult to interpret: it can be seen from Figure
also suggests that charge recombination between*PatQd 3 of this work that a large part of the P70@ecay can be
Fa~ is accelerated when Fd is bound. Though the pathway ascribed to a recombination reaction. This means that F
of charge recombination between P70nd (R, Fg)~ (or reduction is far from 100% efficient (and probably less than
Fa~ in the HgC}-treated sample) is not yet unambiguously 40%) in the C13D mutant, so NADPphotoreduction should
established3), a direct recombination process seems highly be necessarily affected in the mutant in the absence of a very
unlikely owing to the huge distance separating P7aad efficient donor. Our results contrast with conclusions based
the proximal cluster (more than 45 A). It appears much more on site-directed mutagenesis studies of piseC gene 29,
likely that recombination proceeds more efficiently through 30), from which some residues or regions were claimed to
population of charge-separated states involving primary or be important for the interaction between the core heterodimer
secondary acceptors. Under this assumption, and whateveof PSI and the PsaC subunit. These data were taken as
the precise pathway of recombination is, the recombination support for g being the proximal cluster (see also ref 12).
rate will be governed by the difference in midpoint redox The only available model of the PsaC structure is based on
potential between £ and the acceptor which is reduced sequence alignment with thReptococcus aerogenssluble
during the recombination process. The 2.15 increase inferredoxin of known structure56, 56). However this
recombination rate which is observed between free PSI andsequence alignment is rather poor, except in the regions
the PSI/Fd complex can be translated into a 20 mV decreasecontaining the cysteine ligand motifs and tiihelical parts
in the above redox potential difference. which connect the two cluster@g, 56). These last domains
The overall preservation of the Fd binding properties are the only structural determinants which are involved in
indicates that the structure of the stromal part of PSI is not the relative positioning of the two clusters. This is in line

B S
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with the observations that the relative distances and orienta- 15.

tions of ki and ks are similar to those found in 2[4Fe-4S]
bacterial ferredoxinsg( 7, 12, 57), but this similarity cannot

be

safely extended to other parts of PsaC. All these

uncertainties make rather difficult any straightforward in-
terpretation of site-directed or deletion mutations in the
regions not homologous to bacterial ferredoxins, particularly
those concerning extensions in an internal loop or at the
C-terminus 29, 30). The above restrictions do not apply to
the mutant D9R (a residue close tg)Fof PsaC which is
less efficient than wild type in reconstitution of core PSI

(devoid of stromal subunits)30).

This observation is

difficult to reconcile with our results, and further work is
needed to resolve this discrepancy.
The functional properties of 2[4Fe-4S] ferredoxins are only

poorly understood, despite recent progress. Intramolecular

16.
17.

18.
19.
20.
21.
22.

23.

electron transfer between the two clusters has been character-
ized and can be very different from one ferredoxin to another
(58—62). Moreover, it is not clearly known whether the two
clusters are equivalent in their interactions with redox
partners §3, 64), although they exhibit differential reactivities
toward small electron donors or oxidang®,(66). Thus PSI
constitutes the only case in which both clusters are shown
to be essential for the functionality of the protein. However,
it is still unknown why it is advantageous for PSI to use
two different clusters of similar redox potential as terminal
acceptors. The localization ofyfand ks clusters afforded

by the present study is a prerequisite for clarifying this issue.
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