Biochemistry2006,45, 7389-7403 7389

Analysis of the Spin-Polarized Electron Spin Echo of the{fA\1"] Radical Pair of
Photosystem | Indicates That Both Reaction Center Subunits Are Competent in
Electron Transfer in Cyanobacteria, Green Algae, and Higher Plants

Stefano Santabarbarg;? Ilya Kuprov!' P. J. Horé!, Antonio Casal,$ Peter Heathcoteand Michael C. W. Evans¥

School of Biological and Chemical Sciences, Queen Maryyéigity of London, Mile End Road,
London E1 4NS, United Kingdom, Department of Biology,J8rsity College London, Gower Street,
London WCL1E 6BT, United Kingdom, and Department of Chemistryydusity of Oxford, Physical and

Theoretical Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ, United Kingdom

Receied February 16, 2006; Résed Manuscript Recegéd April 1, 2006

ABSTRACT. The decay of the light-induced spin-correlated radical pais[R1~] and the associated electron

spin echo envelope modulation (ESEEM) have been studied in either thylakoid membranes, cellular
membranes, or purified photosystem | prepared from the wild-type straBnaichocystisp. PCC 6803,
Chlamydomonas reinhardtiand Spinaceae oleracealhe decay of the spin-correlated radical pair is
described in the wild-type membrane by two exponential components with lifetimes4dtad 16-25

us. The proportions of the two components can be altered by preillumination of the membranes in the
presence of reductant at temperatures lower than 220 K, which leads to the complete reduction of the
iron—sulfur electron acceptorsFrs, and Kk and partial photoaccumulation of the reduced quinone electron
acceptor Aa~. The “out-of-phase” (OOP) ESEEM attributed to thedfPA;17] radical pair has been
investigated in the three species as a function of the preillumination treatment. Values of the @polar (
and the exchangd)interactions were extracted by time-domain fitting of the OOP-ESEEM. The results
obtained in the wild-type systems are compared with two site-directed mutan® ofinhardtii
[Santabarbara et al. (200Bjochemistry 442119-2128], in which the spin-polarized signal on either

the PsaA- or PsaB-bound electron transfer pathway is suppressed so that the radical pair formed on each
electron transfer branch could be monitored selectively. This comparison indicates that when all of the
iron—sulfur centers are oxidized, only the echo modulation associated with the A brapghAR™]

radical pair is observed. The reduction of the @ulfur clusters and the quinone Ay preillumination
treatment induces a shift in the ESEEM frequency. In all of the systems investigated this observation can
be interpreted in terms of different proportions of the signal associated with-44seAka ] and [P A1s7]

radical pairs, suggesting that bidirectionality of electron transfer in photosystem | is a common feature of
all species rather than being confined to green algae.

Photosystem | (PS Y)catalyzes the oxidation of plasto- to medium-high resolution, and the electron transfer cofactors
cyanin on the lumenal side of the thylakoid membrane and have been resolved. The crystal structures show that the
the reduction of ferredoxin on the stromal sidB.(The electron transfer chain is symmetrically arranged with respect
reaction center of PS | is a heterodimer of the PsaA and to the axis perpendicular to the membrane plaéh&). The
PsaB proteins which coordinate about 100 chlorophyll (Chl) structures of the cyanobacterial and higher plant photosys-
a and 30p-carotene molecules and most of the electron tems do not show notable differences in the arrangement of
transfer cofactors. The crystallographic structure of PS | from the cofactors, implying that the electron transfer chain is
both cyanobacterif and higher plants3) has been solved  conserved during evolution. The photochemical reactions in
PS | take place from the first singlet excited state of the
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functionality of both branches in PS | has been presentedpair due to spirlattice relaxation. When the irersulfur
(4—10), and there is general agreement that the PsaA subunitelectron acceptors are oxidized, essentially a single rate of
binds a competent electron transfer cha-17), the decay (~20 us) for this signal is observed,(6, 7, 26—28).
function of the PsaB-bound electron transfer chain in some The electron spin echo decaying at this rate arises from
organisms, particularly cyanobacteria, is still a matter of [PzostA17] formed on the PsaA side of the reaction center
debate {3—17). (4, 6, 7, 26—28). Following reduction of the ironsulfur
The reoxidation kinetics of A forward electron transfer  acceptors this decay becomes biphasic in thylakoids prepared
are biphasic and are described by two lifetimes of about 10 from C. reinhardtii and Synechocystisp. PCC 6803 4, 6,
20 and 156-200 ns 8, 9, 18, 19). The first evidence for  7), showing lifetimes of 24 and 15-20us. It was suggested
two distinct rates of oxidation of A was obtained in isolated  that the 2-4 us recombination rate was associated with the
PS | particles and was originally interpreted as an artifact PsaB electron transfer branch and the-28 us with the
induced by the detergents employed during PS | purification PsaA branch4). The effect of mutation of the methionine
(18, 19). Joliot and co-workers8( 9) have subsequently  Apaxial ligand to histidine irC. reinhardtiithylakoids, which
shown that A~ reoxidation is biphasic in intact cells of allows selective observation of the two components of the
unicellular algae. On the basis of mutagenesis studies of the[Pzos"A1~] decay, supports this propos#, (7).
phylloquinone binding pocket, the slow200 ns component The possibility of selectively monitoring the two compo-
was assigned to the reoxidation rate of the PsaA-boupad A nents of the [Rg"A;7] decay has been exploited to inves-
phyllosemiquinoneg, 9, 1116, 18), while the fast~20 ns tigate the modulation of the out-of-phase (OOP) spin echoes
component was assigned to the reoxidation rate of the PsaB{7), which provides information about the distance between
bound Ag (9). Moreover, in site-directed mutants of the partners within the radical paie%-36). Theoretical
Chlamydomonas reinhardiin which the hydrogen-bonding  studies 29—34) have shown that the OOP-ESEEM is not
residue to A has been targeted on both reaction center dominated by hyperfine interactions, as is typical of in-phase
subunits, the relative amplitudes the two phases of #&e echoes, but by the interelectron dipol&)(and exchange
altered, but the lifetime of the reoxidation phase is unchanged(J) interactions. Because the partners in the radical pai’, P
compared to the wild type20). The observation that the and A, are separated by about 25 A @, 7, 33—36), |D|
amplitude of the fast phase of the phyllosemiquinone is about 2 orders of magnitude larger thdh(e.g., refs37
reoxidation is strongly reduced when thgginding site is and 38). The dipolar term therefore dominates the OOP-
mutated and the slow phase is quenched when the A ESEEM time dependence. Experimental determination of the
binding site is modified provides additional support for the value of D allows accurate determination of the distance
assignment of two reoxidation phases to the electron transferbetween the centers of electron spin density in the radical
reactions taking place on both reaction center subu@s (  pair (33—38).
The reoxidation kinetics of A are also biphasic in whole Investigation of the OOP-ESEEM in wild type and the
cells of Synechocystisp. PCC 6803 mutants with altered PsaA-M684H and PsaB-M664H mutants ©f reinhardtii
carotenoid compositior2() and are characterized by similar has led to the conclusion that two different radical pairs are
lifetime components similar to those measuredCinrein- observed in the mutant3), characterized blp = —194.84
hardtii. Biphasic reoxidation rates were also reported for + 0.46uT, J= 4.594 0.224T andD = —171.02+ 0.29
isolated PS | preparations froBynechocystisp. PCC 6803  uT,J= 0.80+ 0.12u4T for PsaA-M684H and PsaB-M664H,
(22). The authors were able to determine different temper- respectively. This results in distance estimates fagP-
ature dependences for the two phyllosemiquinone reoxidationA;4~ and Pos"—A1s~ which agree with the crystal structures
phases, one which is markedly temperature dependentwhen the asymmetric spin distribution of the primary donor
attributed to the PsaA-bound phylloquinone reactions, and P7os" chlorophyll dimer is considere®9—42). In the wild
one which is essentially temperature independent, attributedtype, a mixed situation is observed which originates under
to the PsaB phylloquinone reactiorz). appropriate conditions from almost equally weighted con-
On the other hand, the effect of the deletion of the PsaF tributions of radical pairs formed on the two reaction center
subunit (3) and of site-directed symmetric mutations of the subunits 6, 7).

Ao axial donor ligand to a leucinel$, 16) on the room It appears that some of the controversy regarding the
temperature spin-polarized EPR (electron paramagneticdirectionality of electron transfer in PS | originates from the
resonance) signal of the radical pairz{?A;7] in Syn- use of different spectroscopic techniques, different organisms,

echocystishas been interpreted in terms of a very asym- and, in some cases, different choices of axial ligand substitu-
metrical electron transfer in favor of the PsaA branch. The tion (4—10, 13—17). To try to address the question of
PsaB subunit is argued to contribute, if at all, a maximum whether different organisms show different proportions of
of 10-15% of the total electron transfer in this organism electron transfer on the two branches, we have recorded and

7). analyzed the decay and the ESEEM of the polarized electron
Below 100 K only about half of the PS | centers are spin echo (ESE) signal associated with the radical pair
capable of forward electron transfer from7to Fx (19, 23). [P700"A17] at 100 K, in wild-type thylakoids or purified PS

In this condition it is possible to monitor the recombination |, from a cyanobacteriumSynechocystisp. PCC 6803), a
reaction of the radical pair, either by optical®( 23—25) or green alga €. reinhardti), and a higher plantSpinaceae
magnetic resonance techniques (réfs6, 7, and 26 and oleraceg. The effect of the reduction of yand partial
references cited therein). The decay lifetime of the electron reduction of A is investigated and compared with the
spin-polarized signal associated with the spin-correlated previously reported effect of site-directed mutation of the
[P700tA17] radical pair reflects contributions from charge A, axial ligand on each of the reaction center subunits of
recombination and from loss of correlation within the radical PS | in C. reinhardtii The results are interpreted in terms
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of two different radical pairs populated on either the PsaA samples at 205 K for 5 min suppresses the irreversible and
or the PsaB subunit of the PS | reaction center in all of the more than 95% of the reversible oxidation chf due to
organisms investigated. This is in agreement with previous Fx reduction (e.g., re#9). However, a small radical signal
results obtained in the green algaereinhardtiiand indicates ~ centered afy 2.00 is observed without illumination in the
that bidirectionality is a general rather than a species-specificresonator. Based on its line shape the signal is attributed to
feature of PS | electron transfer. the Aia~ radical, in agreement with previous results (e.g.,
refs 46, 50, and51). These conditions are chosen as they
result in an almost complete reduction gf But minimize

_ _ A;~ photoaccumulation7). The kinetics of Ax~ photoac-
Cell Growth and Preparation of Thylakoid Membranes. . mulation at pH 8 was followed in the Bruker Elexsys E

C. reinhardtiiwas grown on acetate supplemented medi.um 580 spectrometer, equipped with a super-high Q (SHQ)
(TAP), and thylakoids were prepared as described by Diner ¢ jinqrical resonator. The spectra were acquired at 50 K with
and Wollman ¢3) with minor modifications 7). The  3'fie|q modulation of 0.1 mT and a microwave power of 10
prepared thylakoids were resuspended at a concentration),\y 1o ayoid band-shape distortions. The spin concentration
equivalent to 2 mg mt* Chl in buffer containing 50 mM 55 quantified by double integration of the first-harmonic

KHepes, 10 mM NaCl, 5 mM Mgl and 100 mM sorbitol  gpR spectrum. The data were normalized to the amount of
at pH 8.Synechocystisp PCC 6803 was grown, and cellular  p, -+ jnquced by illumination at 77 K of a matching sodium
membranes were prepared as in44fThylakoid membranes oo pate (20 mM) incubated sample.

from spinach were prepared as previously descridépand Time-Resaled Electron Paramagnetic Resonandée

resuspended in a 100 mM Tricine, 10 mM NaCl, 5 MM egeppm time dependence and the decay of the ESE as a
MgCl (pH 7.8) buffer at a Chl concentration of 2mg ML~ 5¢tion of the delay after laser excitation were measured
A PS | preparation was obtained by the digitonin method as using a Bruker ESP580 X-band spectrometer equipped with
previously described4g) with minor modifications. The 5 \ariaple Q dielectric resonator (Bruker EN4118 X-MD-
thylakoids were suspended in a 100 mM Tricine, 0.1 M 4\\) ‘\which has previously been described in dejil The
sorbitol, 10 mM NaCl, 5 mM MgGl (pH 7.8) buffer and EPR cavity was fitted with an Oxford Instruments CF935

solubilized for 30 min in a 0.5% wiv d'g_'lton'“ solution at a cryostat cooled with liquid nitrogen, with the temperature
Chl concentration equivalent to 508 mL™". The membrane  qrolled by an Oxford Instruments ITC-5 controller. Actinic

fract@on 1440009 pellet resulting from differential centrifuga-  j; mination was supplied by an Nd:YAG laser (Spectra
tion is denoted as PS I. Sodium ascorbate, 20 ¥l @nd  ppysics DCR-11): 10 ns puise duration, 20 mJ energy per
sodium dithionite, 11.5 mM7), reduced samples were | jse and 532 nm wavelength. The acquisition was triggered
prepared as previously described. by the laser Q-switch. Flashes are fired at a frequency of 10
Preillumination Treatments at Cryogenic Temperature. Hz to avoid interference from spin-polarized metastable states
The samples, incubated with 11.5 mM sodium dithionite at (e.g., triplet states and long-lived tertiary radical pairs).
pH 8 (100 mM Tricine, 10 mM NacCl, 5 mM Mggbuffer) The two-pulse echo sequence consisted af2apulse (8
ina 3 mmi.d. quartz EPR tube, at a chlorophyll concentration ns) and a refocusing pulse (16 ns). The ESEEM time
equivalent to 2 mg mt!, were placed in a cylindrical quartz  dependencies were recorded with an initial echo detyy (
Dewar vessel (11 cm diameter) containing ethanol and solid of 112 ns, incremented with 8 ns steps. The light-induced
CQ; in pellets. Photoreduction of the irersulfur center k OOP-ESEEM was recorded by measuring the signal intensity
and photoaccumulation ofAvere performed at 205 K. To  at timet = 7 from the center of the second microwave pulse.
obtain homogeneous illumination of the sample, the ethanol/ The spectrometer time resolution, limited by laser jitter, is
CO, bath was left to equilibrate with the dry ice deposited ~50 ns.
on the bottom of the vessel, and the temperature was Corrections for imperfect receiver phase setting and
monitored by a calibrated K-type thermocouple (Hanna possible contributions from stable radicals generated during
Instruments, model LPK2) Illumination was provided by a the flash-induced ESE experiments were performed as
halogen 1000W projector lamp (Reflecta, model flectalux previously described7j.
GLS1008) placed 11 cm from the center of the Dewar. The  Data AnalysisThe time decay of the ESE signal was fitted
incident white ||ght was filtered thOLIIga 4 cmthick water- with a sum of exponentia| functions using the Levenberg
filled glass container to remove infrared and ultraviolet light. Marquardt algorithm. The data acquired from samples
The photon flux density of the white light irradiation at the  jncubated with sodium ascorbate or sodium dithionite in the
sample level is 365QE n¥ s™* and was measured by a Li-  dark were analyzed by treating the decay lifetimes and the
COR light meter (model Li-250A), equipped with a Li-193sa preexponential amplitudes as free parameters. Data from
quantum sensor. samples reduced by sodium dithionite and preilluminated at
The reduction of the PS | electron acceptors was routinely 205 K and at 220 K were fitted simultaneously, constraining
monitored by continuous wave (CW) EPR either using a the lifetimes to be identical for the two illumination condi-
JEOL RX-1 spectrometer, equipped with a resonator which tions while the amplitudes are allowed to differ. The errors

MATERIALS AND METHODS

allows illumination of the sample in the EPR cavidjrj, or

in a Bruker Elexsys E 580 spectrometer, at X-band (9.5 GHz,
300 mT). Reduction of kg suppresses any irreversible,f
oxidation at 10 K (e.g., refi8). However, reversible &5"
oxidation can still be observed under continuous illumination,
which is due to electron transfer betweegsPand K~ (e.g.,
refs 48 and 49). Preillumination of dithionithe-reduced

were determined by the varianeeovariance matrix method
within a confidence interval of 2

The ESEEM model used in this work relies on the
following assumptions: point-dipole approximation for the
interelectron dipole interaction, fast dephasing/relaxation of
two-electron zero-quantum coherence, weak dipolar and
exchange coupling (i.e., couplings are much smaller than the
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difference in electron Zeeman frequencies of the two
radicals), small hyperfine couplings (such that it is permis-
sible to ignore nuclear modulations in the ESEEM signal),

Santabarbara et al.

whereg(7) is a quadratic baseline correction term an@)S
are described by eq 1 and weighted by the amplitude factors
Ai. Several data sets, recorded under different reduction

and mono-exponential decoherence. A large body of researctconditions, were fitted simultaneously, constraindgand

has indicated the validity of these assumptions for the
systems under investigation (réf and references cited
therein). The expression for the ESEEM signal can then be
obtained analytically:

312y y ,—TIT
o) =2 E [sin(z(D Z 3J)T)Frc(z\/%r) -

cos(—z(D Z SJ)T)Frs(z\/%)

FIC@ = |, cos@u’2) du

FrS@ = [;sin(mu’/2) du (1)
where FrC and FrS are Fresnel cosine and sine functions
respectivelyD is the dipolar interaction] is the exchange
interaction, T is the relaxation timeH is the amplitude of

J to be common to all sets and allowidg, A;, andT to
differ between sets.

RESULTS

Time Decay of the [R¢"A17] Electron Spin Echo as a
Function of the Reduction State of the PS | Electron
Acceptorsin sodium ascorbate incubated samples all of the
iron—sulfur clusters are initially oxidized (re#8, 49, and
52 and references cited therein). Incubation with sodium
dithionite in the dark results in partial reduction of Bnd
Fs except in the cellular membranes purified fraByn-
echocystigdata not presented)xfs largely oxidized under
these conditions because of its negative redox midpoint
potential which is estimated to be in thg690—730) mV
range 63—55). Preillumination of the samples for 5 min at

205 K abolishes any irreversible light minus dark changes

in the CW-EPR spectra, indicating complete reduction of
Fas. Fx is almost completely reduced by the brief preillu-

the echo modulation signal, and angular frequency units aremination at 205 K48, 49), but some reversible;g oxidation

used for all interaction energies. Augmented by a second-
order polynomial baseline correction term, eq 1 fits the
experimental data extremely well.

coupled to a partial reduction ofxHs still observed when
the CW-EPR spectra are recorded under continuous il-
lumination in the spectrometer resonatdB,(49). Further

Equation 1 does not take into account the presence of thePreillumination of the samples at 205 K at pH 8 results in

extra electron spin onAdg/x~ in the reduced samples. As
previously discussedr), such effects are very unlikely to
be significant, either because the spin evolution resulting
from the coupling betweenasx~ and Bog™ and/or A~ is

complete reduction of Fand the accumulation of a radical
species, which can be quantified as reaching one spin per
Pzoo" and has been attributed to the phyllosemiquinone
radical bound to the PsaA reaction center subunit; Ae.g.,

refocused in the spin echo or because it is averaged out byefs 5, 47, 4951, 56, and 57). The same effect can be

rapid spin relaxation of kg/x .
Values of the paramete3, J, andT were extracted by a

obtained by illumination of the samples at 220 K for 10 min,
which results in the loss of both reversible and irreversible

least-squares fit to the experimental data. Where necessaryCW-EPR detectables& oxidation, indicating full reduction

a frequency-domain signal was obtained by reconstructing
the signal during the instrumental dead time using the

of all three Fe-S clusters %, 47, 56, 57).
Figure 1 shows the decay of the OOP electron spin echo

theoretical fit with subsequent sine Fourier transformation. Of [Pzo0"A17]in spinach thylakoids. The echo decay has been
The error bounds on all parameters were obtained using thedetected under conditions in which the terminal C|USthS F

Cramer-Rao lower bounds theoren34).
The distanceX between the electron spins in the radical
pair can be estimated from the value®f(in tesla):

D = —[(304guo)/(87X%)] (2)

wherege is the g-factor of the free electrong is the Bohr
magneton, angl is the vacuum permeability.
The distances obtained in the point-dipole approximation

and ks are initially oxidized (Figure 1A), mainly reduced
(Figure 1B), completely reduced withxFessentially fully
reduced (Figure 1C) and all three ireaulfur clusters kg/x
reduced with Aa partially reduced (Figure 1D). The OOP-
ESE decay was also measured in thylakoids fr@n
reinhardtii, cellular membranes frorBynechocystisand a
digitonin PS | preparation from spinach (Supporting Infor-
mation, Figure S1).

The data recorded for the three different organisms can

are between the weighted averages of the spatial distributionsbe fitted under all conditions by a sum of two exponential

of the two unpaired electrons, which are not identical to the
separations of the physical centers of the two radicals.
However, unless there are significant changes in the spin
density distributions of one or both radicals, the distances
calculated from eq 2 can reliably be used to compare the

functions, in agreement with our previous observations for
C. reinhardtiithylakoids {). The two echo decays obtained
for samples containing oxidizedcFand Aa (panels A and

B in Figure 1) were fitted separately, while the two obtained
for samples in which & and Aa were partially or fully

separations of spin-correlated radicals in the same or differentreduced (panels C and D in Figure 1) were fitted simulta-

species.

Global Fitting Analysis of the OOP-ESEENhe OOP-
ESEEM signals recorded for different reduction states of the
electron acceptors fgix and A) were also fitted using a
linear combination of two OOP-ESEEM functions:

X1) = ASi(7) + AS(7) + 9(2) ®3)

neously (see Materials and Methods and 7dbr further
details). The results of this fitting are shown in Figure 1 and
the parameters reported in Table 1 for the thylakoids purified
from C. reinhardtii, the cellular membranes frorSyn-
echocystisand the PS | preparation from spinach.

We have previously reported that the decay ESE in sodium
ascorbate incubated samples, in whighalRd ks are initially
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Ficure 1: Decay of the two-pulse electron spin echo associated with the radical pgifAP ] in spinach thylakoids under different
reduction states of the electron transfer acceptors of PS I: (A) 20 mM sodium ascorbate, dark-adapted membrane (@ydiz&) EO
mM sodium dithionite, dark-adapted membrane (partially reducgs);HC) 10 mM sodium dithionite, 5 min preillumination at 205 K
(reduced kgix); (D) 10 mM sodium dithionite, 10 min preillumination at 220 K (reducegk, partially photoaccumulated;A). Experimental
conditions: field, 346.4 mT; frequency, 9.75 GHz; temperature, 100 K.

Table 1: Analysis of the Decay of the 4l8"A1~] Out-of-Phase Electron Spin Echo

Aq T1 (,uS) Az T2 (,uS) Tav (/lS)

spinach thylakoids

Asc, dark 0.12- 0.1 1.80+ 0.03 0.86+ 0.2 2412+ 0.1 20.95+ 0.2

Dit, dark 0.20£ 0.1 3.32+ 0.03 0.80+ 0.2 23.33+ 0.1 19.32+ 0.2

Dit, 5 min (205 K) 0.38+ 0.2 2.74+£0.02 0.62+ 0.2 19.87+ 0.2 13.36+ 0.2

Dit, 15 min (220 K) 0.55+ 0.1 2.74+ 0.03 0.45+ 0.2 19.87+ 0.1 10.45+ 0.2
spinach PS | enriched membranes

Asc, dark 0.16t 0.1 1.80+ 0.03 0.90+ 0.2 19.02+ 0.1 17.30+ 0.2

Dit, dark 0.28+ 0.1 2.72+0.03 0.72+£0.2 18.32+: 0.1 13.95+ 0.2

Dit, 5 min (205 K) 0.49+ 0.1 2.524+0.03 0.51+ 0.2 16.32£ 0.1 9.56+ 0.2

Dit, 15 min (220 K) 0.75£ 0.1 2.52+0.03 0.25+ 0.2 16.32+ 0.1 5.97+ 0.2
C. reinhardtiithylakoids

Asc, dark 0.14: 0.1 1.60+ 0.03 0.86+ 0.2 23.12+ 0.1 20.11+ 0.2

Dit, dark 0.24+ 0.1 3.12+ 0.03 0.76+ 0.2 22.22+ 0.1 17.64+ 0.2

Dit, 5 min (205 K) 0.43+ 0.2 2.52+0.02 0.57+ 0.2 19.57+ 0.2 12.24+ 0.2

Dit, 15 min (220 K) 0.64+ 0.1 2.52+0.03 0.33+0.2 19.57+ 0.1 10.42+ 0.2
Synechocystisp. PCC 6803 thylakoids

Asc, dark 0.12- 0.1 1.80+ 0.03 0.88+ 0.2 28.22+ 0.1 25.05+ 0.2

Dit, dark 0.05£ 0.1 4.12+ 0.03 0.95+ 0.2 27.73+0.1 26.55+ 0.2

Dit, 5 min (205 K) 0.28+ 0.1 3.21+ 0.03 0.72+ 0.2 26.84+ 0.1 20.22+ 0.2

Dit, 15 min (220 K) 0.50+ 0.1 3.21+ 0.03 0.50+ 0.2 26.84+ 0.1 15.03£ 0.2

aResults of fitting the decay of the electron spin echo associated with the spin-polarized radicakqa&# [P in isolated thylakoids from
several species with different extents of reduction of the electron acceptors of photosystem |. Abbreviations: Asc, sample incubated in 20 mM
sodium ascorbate buffered solution at pH 8; Dit, sample incubated in 11.5 mM sodium dithionite buffered solution at pH 8. The temperature in
parentheses indicates the preillumination conditions. All of the data were recorded at 100 K. The data were fitted by a linear combination of

exponential functionsy(t) = 3L Ae 4. The average decay lifetime is definedmags= 3 _ AT/Y L A.
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oxidized, is monoexponentiad(6) and is characterized by L L L

a lifetime of ~20—24 us. The improved signal-to-noise ratio

of the data reported here allows us to distinguish a second

component with a lifetime of~1.5us. The precise value of

this lifetime depends on the species (Table 1). T28—24

us contribution accounts for more than 80% of the initial

amplitude and is the component that was detected and

characterized in previous reporé @). It is likely that the

~1.5us phase reflects the decay of the ngkPpolarization

in a fraction of centers that are able to perform forward

electron transfer to the oxidizedak clusters. A decay

component of-1.4us has been previously reported in time-

resolved direct detection EPR studies at room temperature

and attributed to one of the possibledPFeS] radical pairs O

(refs 13, 14, and23 and references cited therein). ®
In the samples in which4and g only have been reduced, 00— : ' : : —

the decay is also biexponential and dominated by~&0 25 [ A A B S

us decay component. However, the second component has

an~2—3 us lifetime in these samples (Table 1), in agreement B

with previous reports4, 6, 7). After complete reduction of

the iron—sulfur centers by preillumination at 205 K, the OOP 201

echo is characterized by two almost equally weighted

exponential components with lifetimes of-3 and 15-18 «Xb
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us. Further preillumination does not modify these lifetimes 15
but does alter their relative weights.

Figure 2 shows the photoaccumulation time dependence
of the initial amplitudes of the components of the ESE signal
decay in the spinach thylakoid ar®ynechocystisellular ¢
membranes at 205 K. The maximum signal amplitude is *
detected, both for spinach and ®ynechocystigreparations
after 5 min of illumination at 205 K, i.e., the conditions that
have been found to maximize the reduction of With ' ' L ' L L ' L
minimal reduction of Aa (7). Prolonged illumination reduces L
the initial amplitude of the 1518 us component, while the Preillumination Time (min)
amplitude of the 2:3 us component is essentially unaltered. g re 2: () Relationship between the photoaccumulation treat-
The dependence of the calculated average lifetime on thement time (in the presence of 11.5 mM sodium dithionite) and the
photoaccumulation length is also presented in Figure 2 andamplitudes of the decay components of the ESE associated with
clearly shows the increasing relative contribution of thet2 thell[deJAtll’]l radicé' pairhin thylakoid membranes from Sgir‘la"h
us component to the initial intensity of the electron spin echo. S:ylz ssgtﬂrgss,)inailtri]al éﬁglitag)éséﬁgiicl:ei,?a?ggligggg%fs%n; scl)o?/\)/'

Figure 3 shows that the amplitude associated with the 16-20 s component of the ESE decay; triangles, amplitude of
“slow” 15—20 us component decreases linearly as the the fast 2-4 us component of the ESE decay. The decay
amount of the photoaccumulatedi/A radical at 205 K components have been normalized to the maximum of the total

(determined by CW-EPR at X-band) increases. Similar initial amplitude to allow simple comparison. (B) Relation between

. . . " . i the photoaccumulation treatment time and the average lifetime of
re§ults were O_bt,am?d 0. relnhardtll thylakqlds and in "," the [PogtA17] ESE. Key: solid diamonds, spinach thylakoids; open
spinach PS | digitonin preparation (Supporting Information, diamonds,Synechocystisp. PCC 6803 thylakoids. Experimental
Figure S2). The suppression of thed5—20 us component  conditions are as in the legend of Figure 1.

appears to be more rapid in spinach &deinhardtiithan

in Synechocystiand is even more rapid in the PS | digitonin  donation of the chemical reducing agent (dithionite) 1P
preparation. These differences in the kinetics ofaA in the different preparations, as it is chemical reduction of
photoaccumulation can be attributed either to different redox the primary donor cation which makes photoaccumulation
properties of the phylloquinone molecule in different species possible. At present we are not able to discriminate between
(i.e., cyanobacteria compared to higher plants and greenthese possibilities. It is possible that both phenomena
algae) or to the purification procedure that might either alter contribute to the differences in photoaccumulation charac-
the redox midpoint potential or make the quinone more teristics between different species and preparations.
accessible to the chemical reductant. The latter would be Analysis of the OOP-ESEEM Associated with thed: ]
consistent with the observation that some detergents (e.g.Radical Pair as a Function of the Reduction State of the
Triton X-100) alter the hyperfine couplings in the photoac- Electron Acceptors in PS IFigure 4 displays the OOP-
cumulated Aa~ (57). It has also been shown that some of ESEEM detected in thylakoids and the digitonin PS |
the minor subunits located close to thesAinding site alter preparation from spinach. The following conditions were
the susceptibility of this quinone to detergentss,(24). studied: ascorbate incubation (initially oxidizedydy,
Another factor which might influence the photoaccumulation dithionite incubation (partially reducedsk), 5 min photo-
kinetics and temperature dependence is the rate of electroraccumulation at 205 K in the presence of dithionite (largely

av
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Ficure 3: (A) Kinetics of Aja~ photoaccumulation in spinach thylakoid membranes incubated with 11.5 mM sodium dithionite at pH 8
and 205 K monitored by CW-EPR. Preillumination time: 5 min (solid line), 15 min (dashed line), 45 min (dotted line), 90 min (dash
dotted line), 120 min (dashdot—dotted line). The insert compares the signal obtained for a matching sample incubated with 20 mM
sodium ascorbate at pH 8, illuminated a 77 K (solid line) attributed;gg"Pwith the spectrum obtained after 120 min of preillumination

at 205 K. Experimental conditions: microwave powerM; field modulation, 0.1 mT; temperature, 45 K. All of the spectra corrected
are plotted on a correct field scale, using an arbitrary frequency of 9.4 GHz. Also shown are the catpuédtes for both radical species.

(B) Correlation between the photoaccumulation of theAradical at 205 K, quantified by double integration of the CW-EPR spectra, and
the decrease in the amplitude of the slow-2® us component of the ESE decay of{f*A;17] in spinach thylakoid membranes monitored

at 100 K.

reduced k), and 15 min photoaccumulation at 220 K in the
presence of dithionite (fully reduced nd partially reduced
A;). The OOP-ESEEM recorded f@r. reinhardtiithylakoid
samples subjected to identical pretreatments are shown in ‘
Figure 5.

In cellular membranes purified frorBynechocystisp.
PCC 6803 the OOP-ESEEM recorded in ascorbate and
dithionite dark-reduced samples are essentially identigal (
= —167.15+ 041 uT, J = 1.03+ 0.20uT andD =
—167.20+ 0.35uT, J = 1.05+ 0.15uT). Nevertheless, 73
brief illumination at 205 K produces a change in the &
modulation of the OOP-ESEEM, which is amplified by &
illumination at 220 K for 15 and 30 min (Figure 6). g

The distance between the two electrons of a spin-correlateds
radical pair can be obtained from the value of the interelec-
tron dipolar interaction energy (eq 2). To obtain this @
parameter, we have fitted eq 1 to the time-domain OOP-
ESEEM data recorded under the different reduction condi-
tions. The resulting fits and their extrapolation into the
spectrometer dead time are presented in Figure®. Ahe
sine Fourier transforms (SFT) of the time-domain ESEEM
and the fits are also presented in Figures 5 and 6. As one
can see, all of the features in the frequency-domain spectra
are correctly described by the transformed fit functions.

€ o

il
L.

Minor discrepancies are due to nuclear modulations which 0 500 1000 1500 2000 O 500 1000 1500 2000
have been neglected in eq 1. The fit parameters are listed in 7 (ns) 7 (ns)
Table 2.

Ficure 4: Time dependence of the out-of-phase ESEEM of the
spin-correlated radical pair {"A17] in spinach thylakoids (A
DISCUSSION D) and PS | enriched membranes—H). Solid circles are the
The results presented here show that progressive reductiorexperimental results; solid lines are the fits according to eq 3; open
of the PS | electron transfer acceptors influences the decaycircles are the extrapolation to= 0. Panels: (A, E) 20 mM sodium
of the [P700+A1’] radical pair ESE, which exhibits biphasic ascorbate, dark-adapted membrane (oxidizgghd}; (B, F) 10 mM

- . ) sodium dithionite, dark-adapted membrane (partially redugegd;F
kinetics after reduction of the bound Fe-S centegg Bnd (C, G) 10 mM sodium dithionite, 5 min preillumination at 205 K

Fx. . Lo . . . (reduced kgix); (D, H) 10 mM sodium dithionite, 15 min
The values of the spinspin interaction energies derived preillumination at 220 K (reducedafz/x, partially photoaccumulated
from the fitting of the time-domain ESEEM also change, A;). Experimental conditions: field, 346.4 mT; mictowave

indicating a dependence on the redox state of the electronfrequency, 9.71 GHz; temperature, 100 K.
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Ficure 5: Time dependence of the out-of-phase ESEEM of the spin-correlated radical paiA[P] in C. reinhardtii thylakoids. Solid
circles are the experimental results; solid lines are the fits according to eq 1; open circles are the extrapalatidh fanels: (A) 20

mM sodium ascorbate, dark-adapted membrane (oxidizeg); (C) 10 mM sodium dithionite, dark-adapted membrane (partially reduced
Fag); (E) 10 mM sodium dithionite, 5 min preillumination at 205 K (reducegf); (G) 10 mM sodium dithionite, 15 min preillumination

at 220 K (reduced kg/x, partially photoaccumulated,A). Panels B, D, F, and H show the sine Fourier transforms (SFT) of the ESEEM

shown in panels A, C, E, and G, respectively. Key: solid circles, SFT of the experimental results; solid lines, SFT of the fit functions. The

dashed vertical lines indicate the positions of the canonical features in the ESEEM spee®@ at 2D/3) and+2(J + D/3) calculated
from the fit parameters reported in Table 2. Experimental conditions are as in the legend of Figure 4.

acceptors of PS I. A general increase in the value of the one on the PsaA branch and the other on the PsaB branch

exchange interactiod occurs, from a value of 0-51 uT in
samples in which the ironsulfur centers are initially
oxidized to a value of 34 4T in samples in which kis
reduced and A has been partially photoaccumulated. A
parallel increase of the absolute value of the dipolar
interaction energy is observed. The maximum value Df
of —(167—169) uT, equivalent to a distance between the
radical pair partners of 25-225.3 A is obtained whengx
are initially oxidized; this shifts to a minimum o0f191.7
uT, equivalent to a distance of 24.4 A, following almost
complete reduction of & in the spinach digitonin PS |
preparation.

Previous OOP-ESEEM studies of the,{f?A;7] radical
pair in site-directed mutants of the axial ligand of the primary
acceptor Ain C. reinhardtiihave led to the proposition that

of the PS | reaction center), The distances obtained from
the OOP-ESEEM fits of [Ro"A1a7] and [Poo"A1s~] have
been shown to be fully consistent with the X-ray structure
(7) when the strong asymmetry of the spin distribution in
Pzoo" toward the PsaB-bound chlorophyll, as indicated by
high-field EPR and ENDOR studies, is taken into account
(39—42). The observation that the OOP-ESEEM recorded
in wild-type C. reinhardtii thylakoids upon reduction of4
can be reconstructed as a linear combination of the OOP-
ESEEM detected in the PsaA-M684H and the PsaB-M664H
mutants, in which the modulation associated with each radical
pair can be selectively monitored, further confirms the
bidirectional electron transfer hypothes®.(

In conditions under which the terminal +& clusters are
initially oxidized, the estimates of the exchange and dipolar

the two decay rates of the ESE are due to two radical pairs,interactions are fully consistent in all of the samples under
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Ficure 6: Time dependence of the out-of-phase ESEEM of the spin-correlated radical pgiA[P] in Synechocystisp. PCC 6803
thylakoids. Solid circles are the experimental results; solid lines are the fits according to eq 1; open circles are the extrapofatidn to
Panels: (A) 20 mM sodium ascorbate, dark-adapted membrane (oxidizgd;HC) 10 mM sodium dithionite, 5 min preillumination at

205 K (reduced Fgx); (E) 10 mM sodium dithionite, 15 min preillumination at 220 K (reduceg/k, partially photoaccumulatedA);

(G) 10 mM sodium dithionite, 30 min preillumination at 220 K (reducegk, partially photoaccumulated,A). Panels B, D, F, and H

show the SFT of the ESEEM shown in panels A, C, E, and G, respectively. Key: solid circles, SFT of the experimental results; solid lines,
SFT of the fit functions. The dashed vertical lines indicate the positions of the canonical features as described in the legend of Figure 5.
Experimental conditions are as in the legend of Figure 4.

investigation (Table 2). The fits yield values &fof 0.5~ and C. reinhardtii thylakoids and somewhat more evident
0.7uT andD of —(167.15-169.32)uT, which in turn allows in the spinach PS | digitonin preparation (Table 2).

a distance determination of 25:25.5 A. These values are After a brief preillumination at 205 K, which leads to a
in full agreement with the original estimates $ynechoc-  complete reduction of the terminal clustergsgFand a
occus elongatu®S | preparations and single crystals, for significant reduction of k, the OOP-ESEEM recorded using

which values ofJ = 1 4T and D = —170 uT were thylakoids and cellular membranes from different species and
determined, from which a distance between the spins in thethe digitonin PS | preparation from spinach yield consistent
radical pair of 25.5 A can be inferre83, 35, 36). Similar results. There is a large increase in the amplitude of the fast

values were obtained for the PsaB-M664H mutantCof decaying component of the ESE signal and a significant
reinhardtii, which shows an electron spin echo signal arising change in the frequency of the OOP-ESEEM. The value of
from [P706"A1a7] Only (7). The partial reduction of £and Jis 1-2 uT andD is in the range—(174—181) 4T, which

Fs by sodium dithionite induces an increase in the initial in turn leads to a distance between the radicals of -24.8
intensity of the OOP-ESE, a small increase in the fast 25.2 A (Table 2).

component in the decay (lifetime2 us), and a parallel shift Progressive preillumination at 205 K (data not presented)
in the ESEEM modulation frequency. The change in the or 220 K (Figures 46, Table 2) results in a systematic
modulation frequency, and therefore in the estimated valueschange in the proportions of the fast and slow phases of the
of D andJ, is rather modest, but still significant, in spinach ESE signal decay and a change in the modulation frequency
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Table 2: Fit Parameters for the Out-of-Phase ESEEM of the Radical Pait Al ]2

D (uT) J(uT) T (us) distance (A)

spinach thylakoids

Asc, dark —168.63+ 0.42 0.31+ 0.20 0.4145+ 0.0054 25.4# 0.02

Dit, dark —169.88+ 0.15 1.61+0.27 0.4043t 0.0020 25414 0.01

Dit, 5 min (205 K) —174.01+ 0.48 1.68+0.25 0.3825t 0.049 25.20+ 0.02

Dit, 15 min (220 K) —186.03+ 0.50 3.20+ 0.23 0.3526+ 0.038 24.65+ 0.02
spinach PS | enriched membranes

Asc, dark —169.24+ 0.58 1.37+0.27 0.4349+ 0.0076 25.44+ 0.03

Dit, dark —172.03+ 0.54 2.36+ 0.26 0.3802t 0.0044 25.3Gt 0.03

Dit, 5 min (205 K) —181.12+ 0.58 2.94- 0.29 0.3197 0.0044 24.8# 0.03

Dit, 15 min (220 K) —191.68+ 0.54 431+ 0.27 0.297% 0.0034 24.40t 0.03
C. reinhardtiithylakoids

Asc, dark —169.32+ 0.60 0.51+ 0.18 0.602%: 0.014 25.43+ 0.03

Dit, dark —170.29+ 0.58 1.28+0.38 0.5872+ 0.014 25.39+ 0.03

Dit, 5 min (205 K) —178.39+ 0.41 2.28+0.20 0.3883t 0.0047 25.0Gt 0.02

Dit, 15 min (220 K) —191.70+ 0.38 4.494+ 0.22 0.3332+ 0.0067 24.40£0.02
Synechocystisp. PCC 6803 thylakoids

Asc, dark —167.15+ 0.41 1.03+0.20 0.4134+ 0.0047 25.54t 0.02

Dit, 5 min (205 K) —172.09+ 0.43 1.65+0.33 0.3928t 0.0052 25.2Gt 0.03

Dit, 15 min (205 K) —175.96+ 0.46 1.99+ 0.22 0.3723t 0.0049 25.16t 0.02

Dit, 30 min (220 K) —177.57+0.29 2.12+0.12 0.3113+ 0.0075 25.03t 0.01

aResults of fitting the ESEEM associated with the spin-polarized radical pajs"/R] in thylakoid membranes from the several different
organisms as a function of the reduction state of electron transfer acceptors in photosystem |. Abbreviations have the same meaning as in the legend
of Table 1.

of the OOP-ESEEM and, therefore, in the value of the-spin  andJ determined in the PsaA-M684H and the PsaB-M664H
spin interaction energies within {@&*A;"]. However, for mutants ofC. reinhardtiihave been used as initial estimates.
equivalent preillumination times at 220 K, different prepara- The results of this analysis for thylakoid preparations from
tions show different changes of the OOP-ESEEM frequency. the different organisms, recorded under conditions whgre F
The PS | digitonin preparation exhibits the most marked is essentially fully reduced, are shown in Figure 7. The
response to the treatment, while t8gnechocystisellular complete set of fit parameters is listed in Table 3. It can be
membranes show the least. The OOP-ESEEM time depend-seen that the fits of the ESEEM data are excellent and that
ences obtained fd@ynechocystiare therefore presented for only a slight change in the valuesBfandJ from the initial
longer illumination times of 15 and 30 min. Spinach ahd estimatesD) = —194.84uT, J= 4.59uT andD = —171.02
reinhardtii thylakoids show a similar intermediate response uT, J = 0.80 uT, derived from the OOP-ESEEM of the
to the preillumination treatment (Table 2). The shift in the PsaA-M684H and the PsaB-M664H mutant€ofeinhardtii
frequency modulation of the OOP-ESEEM parallels the (7)] is needed to describe the experiments. As an example
quenching of the absolute amplitude associated with the we will discuss the case of spinach thylakoids. When the
~15-20us component of the OOP electron spin echo decay. thylakoids are incubated with sodium ascorbate (not shown)
As previously discussed and shown in Figure 3, this is or sodium dithionite in the dark, the OOP-ESEEM signals
associated with the photoaccumulation af Avhich is more are dominated by the modulation characterized by the
readily achieved in the digitonin PS | spinach preparations interactionsD = —168.50uT andJ = 0.31uT which we
than in thylakoids. interpret as arising from the {B"A1a7] radical pair. The

We interpret the experimental observations as showing modulation component with = —194.79uT andJ = 4.24
that, after reduction of £/x, the modulation of the OOP-  uT, associated with [Bs"A1s7], contributes in this case less
ESEEM originates from a superposition of two basic than 30% of the ESEEM signal. As a result of reduction of
modulation frequencies arising from the radical pairs Fx the fractional amplitudes of the two modulations become
[P700"A1a~] and [PostA1s~] populated one on each branch almost identical. Similar results were obtainedGn rein-
of the reaction center. The two species are characterized byhardtii thylakoids, but [Pog"A1s~] becomes predominant in
different sets of spirrspin interaction energies as a result the spinach PS | preparation while it is still a minor
of the asymmetric spin delocalization on the Chl dimer component{35%) inSynechocystisellular membranes. In
constituting Rogt (39—42). Photoaccumulation of the phyl-  samples in which the A~ phyllosemiquinone has been
loguinone on the PsaA subunit {4 leads to a progressive  progressively photoaccumulated, the fractional amplitude of
suppression of the modulation associated with thg[Ria] the modulation associated with7jg*A1s~] increases and
radical pair, so that different proportions of the modulations becomes dominant, in all samples excé&ynechocystis
associated with [RBs"A1a7] and [Poc"A1s7] are observed,  cellular membranes, after 30 min of preillumination at 220
resulting in the detected shift in the ESEEM modulation K. However, also inSynechocystighe modulation withD
frequency in the photoaccumulated samples. = —191.38uT andJ = 3.87uT accounts for about 60% of

If that is the case, the observed OOP-ESEEM signals the total ESEEM amplitude, indicating that the radical pair
should be the sum of two model functions of the form of eq on the PsaB subunit is significantly populated in this
1. We have therefore performed a global fitting analysis of organism as well. Even though there is not a strict numerical
the ESEEM data acquired for different reduction states of correlation, the relative weights associated with the two
the terminal acceptors of PS | using a linear combination of model fit functions, which are interpreted as the relative
fit functions (eq 3). The values of the global variabgs contributions of [Rog"A1a~] and [Pros"A1s~], show a similar
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Ficure 7: Global fitting of the time dependences of the out-of-
phase ESEEM of the spin-correlated radical paipdfA1~] by a
combination of two ESEEM fit functions. Results are shown for
thylakoid membranes incubated in 10 mM sodium dithionite and
after 5 min preillumination at 205 K (reducedfx). Key: open
circles, experimental results; dastiotted lines, graph of each of
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values proposed for the f8"A1a~] and [Proo"A1s7] radical
pairs 68), as originally proposed from the investigation of
site-directed mutants d. reinhardtii

The data obtained here in wild-type samples from different
organisms which are considered as representative models for
evolutionarily divergent phyla (i.e., higher plants, green algae,
and cyanobacteria) are consistent with the original interpreta-
tion of the data obtained i€. reinhardtii (7) and indicate
that bidirectional electron transfer is a general characteristic
of PS | electron transfer in all types of oxygenic photosyn-
thetic organisms. The value of the interspin distance between
Ps;ost and Aia~ has an average value of 25.45 A and a small
variation of 0.2 A among the species investigated (Table 3).
Similarly, the spir-spin distance between,@" and Ag~
is 24.33 A with a dispersion of about 0.1 A. These
observations should be taken as an indication that the
structure of the PS | reaction center is extremely conserved
during evolution, as suggested by structural studies in higher
plants and cyanobacterid, (3).

Our data seem to indicate that, at least at low temperature,
PS | reaction centers are frozen in conformational states
which favor electron transfer either along the PsaA or along
the PsaB subunit. This can be inferred from both the increase
of the ESE amplitude as a result of prereduction and the
reduced amplitude of the ESE following; & photoaccu-
mulation without apparent redistribution toward the PsaB side
electron transfer branch (Figure 2). Heterogeneity of con-
formers in PS | reaction centers has been previously reported
in respect of the primary donor triplet ste#&,,, monitored
by optically detected magnetic resonance, both in purified
PS | particles and in thylakoids and leaves9{62).
However, the molecular details and physiological signifi-
cance of the two conformational bands attributecfRgo
are still to be determined. So far, there is no evidence that
they originate from recombination of radical pairs populated
either on the PsaA or on the PsaB subunits.

Moreover, the measurements presented in this study are
performed at 100 K where charge recombination is observed.
Although at this temperature the system seems to be frozen
in different conformational states, this situation might differ
significantly at room temperature when a larger degree of

the ESSEM time dependences that, as a sum (solid line), describeconformational freedom is present and redistribution of the

the experimental results; dasHotted line, quadratic baseline
correction. The fit function (solid line) is extrapolated #o= 0.
Panels: (A) spinach thylakoids; (B). reinhardtii thylakoids; (C)
Synechocystisp. PCC 6803 thylakoids. Experimental conditions
are as in the legend of Figure 4.

trend and are in general qualitative agreement with the
relative amplitudes of the.2—4 and~15—20us components

of the ESE decay, which are also interpreted as being

associated with the radical pairs on the two PS | reaction

center subunits. The interpretation of the experimental results

is fully consistent with the investigation by high-field/high-
frequency (D-band) EPR of Poluektov et ab8). Two

fraction of electrons transferred between the two electron
transfer branches might occur. The extent to which electron
transfer is directed to each side of the reaction center under
physiological conditions and the factors determining the
control of directionality in individual reaction centers remain
to be determined unambiguously. In a recent st {t

has been reported that symmetrical mutations of the A
binding site led to an apparent redistribution of the two
kinetic phases of A reoxidation at room temperature. The
data were interpreted as suggesting that the effect of the
mutations is to modify the reaction center so as to favor
electron transfer through one or the other electron transfer
branch 20). However, in the experiments by Li et aRQ)

different spin-polarized EPR spectra were recorded in cells gn apsolute quantification of the,Areoxidation rates is not

of Synechococcusiidus (58) under conditions in which the
Fe-S cluster is initially oxidized and after complete photo-
accumulation of Ax~. The analysis of the two radical pairs
is consistent with the geometry and spspin interaction

possible because the experiments are performed in entire
cells. Thus, due to light scattering, sieve, and flattening
effects, it is impossible to quantify the optical bleaching in
terms of absolute extinction coefficients. Thus no absolute
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Table 3: Global Fitting of the Out-of-Phase ESEEM of the Radical Paix{R1] Using a Linear Combination of Two ESEEM Fit Functiéns

distance Dit, dark Dit, 5 min (205 K) Dit, 15 min (220 K) Dit, 30 min (220 K)
DT) J(T) Q) T (us) A T (us) A T (us) A T (us) A
spinach thylakoids
Si(7) —168.50 0.31 25.48 0.480 0.709 0.490 0.596 0.432 0.299 0.413 0.044
+281 +£033 +0.14 £0.008 +0.016 +0.010 +0.020 +0.015 +0.034 +0.012 +0.041
S(7) —194.79 4.24 24.27 0.326 0.291 0.313 0.404 0.309 0.701 0.308 0.956

+342 +042 +0.14 +0.010 £0.012 +£0.007 +0.014 £0.014 +£0.022 +£0.009 +0.032
spinach PS | enriched

membranes
Si(7) —168.28 0.55 25.49 0.507 0.628 0.485 0.318 0.412 0.255 0.403 0.140
+281 +£033 £0.14 +£0.020 £0.025 +0.010 +0.022 +0.013 +0.044 +£0.015 +0.054
Si(7) —193.65 4.18 24.32 0.335 0.371 0.324 0.682 0.300 0.765 0.288 0.950

+229 +061 +£010 +£0.018 +0.024 +0.012 +0.018 +0.009 +0.033 +0.011 +0.043
C. reinhardtiithylakoids

Si(7) —167.68 0.65 25.52 0.602 0.877 0.585 0.616 0.566 0.213 0.546 0.041
+247 +045 +0.13 +£0.025 +0.078 +0.029 +0.079 +0.042 +0.013 +0.032 +0.055

S(7) —193.46 5.44 24.33 0.324 0.123 0.325 0.384 0.318 0.717 0.308 0.959
+207 +061 +0.09 +0.018 +£0.081 +£0.022 +0.061 +£0.032 +£0.024 +0.042 +0.063

SynechocystiBPC 6803
thylakoids

Si(7) —167.97 0.65 25.30 0.444 0.815 0.442 0.735 0.469 0.469 0.395 0.413
+220 +074 +£0.11 +£0.033 £0.051 +£0.029 +0.089 +£0.010 £0.035 +0.016 +0.052

S(7) —-191.38 3.87 24.42 0.298 0.185 0.288 0.265 0.277 0.531 0.264 0.587

+258 +£061 +£011 £0.082 +£0.081 +0.042 +0.061 +£0.023 +0.032 +0.014 +0.065

aResults of global fitting the ESEEM associated with the spin-polarized radical paif AZ"] using a combination of two fit functions in
thylakoid membranes from the several different organisms as a function of the reduction state of electron transfer acceptors in photosystem I. The
data have been fitted using eq 3 with the ESEEM modulation parameters constrained to be the same for all of the acceptor reduction conditions,
while the weighting factorg\ were allowed to change. Abbreviations have the same meaning as in the legend of Table 1.

estimate of electrons transferred through each electron branch The rate of an electron transfer reaction can be expressed
can be unambiguously computed. Moreover, the results ofin terms of the Marcus equation when contributions from
ref 20 can be interpreted in the frame of the reversible charge molecular and solvent (protein) modes are neglected:
separation model, originally proposed by Holzwarth and co-

workers 63—65) and more recently implemented to include 21|V (A + AG°)
the entire set of electron transfer reactions in P&).(It is t W_ N W
generally accepted that the effect of mutations at the level t

of Ao the axial or hydrogen bond donor is to lengthen the \here v, is the electronic coupling matrix elemers, is
lifetime of the [Foo"Ao ] radical pair (0, 15, 16). This is the (total) reorganization energ&G® is the standard Gibbs
probably due to the fact that the redox potential of A free energy difference between the electron donor and
becomes more negative. As a result, the driving force of the acceptorks is the Boltzmann constant, afids the absolute
reaction is reduced and the rate of the back-reaction becomesemperature§7, 68).

competitive with the forward electron transfer rate as the  Charge recombination betweeno® and A~ is bipha-
equilibrium constant is governed by the Boltzmann distribu- sjc: lifetimes of ~10—-20 and ~150-350 us have been
tion. Thus, electron transfer reactions occurring on the reported using transient optical spectroscd825), while
unperturbed electron transfer chain are favored, which is in EPR gives~2—4 and~15—-20 us (Table 1 and refd and
agreement with our previous electron transfer calculations 7). The discrepancy is due to the fact that loss of spin
(66). Neither the electron transfer calculatio®§) nor the coherence in the radical pair state contributes to the decay
results of Li and co-workers2() are in disagreement with  of the spin-polarized [Rs"A;"] EPR signal but not to the

the results reported here measured at cryogenic temperaturesjecays measured in optical experiments. In both cases the
where a large inhomogeneity of reaction center conforma- amplitudes of the “slow” and the “fast” components are in
tions has been observed and analyz2, @3). This is the ratio~2:1. Because the rates of magnetic relaxation are
because at room temperature there is enough thermal energgPout 1 order of magnitude larger than the rates of charge
so that a dynamic distribution exists in which each reaction "€combination, in the following we will initially limit the
center is essentially in thermodynamical equilibrium with discussion to the values reported in transient optical mea-
its possible conformers. On the other hand, in the frozen Surements of the charge recombination reaction.

state, the centers could be trapped in different conformational _ Schlodder et al.23) found that the slow 20@s recom-
states, some of which would favor electron transfer either bination component is essentially temperature independent.

on the PsaA- or on the PsaB-bound cofactor chains. This result is expec_ted in the case tmo. ~ —h. This is
not unreasonable given the redox potential gfP(~470—

Relation between the Recombination Rates and Exchangesoo mV) and that of Ax~ ~ —(600—-700) mV ©6) and a
Coupling Energyln the following we relate the measured reorganization energy of about 1 e¥1j. We have recently
rate of charge recombination to the available structural data,shown that the electron transfer reaction in PS | can be
obtained by X-ray crystallograph,(3), and the spin-spin modeled assuming almost equipotential phylloquinones on
interaction parameters derived in the present study, in thethe two reaction center branchésb). The estimated differ-
framework of nonadiabatic electron transfer theory. ence in redox midpoint potentials is-+@0 mV. Therefore,

(4)
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one would expect the recombination on both electron transfervalues ofJx,/Jx,, the measured electron transfer rate, and
branches to show only modest temperature dependenciesphysical edge-to-edge distances derived from the crystal

Hence the rate of electron transfer would be determined
principally by the electronic couplina, in eq 4.

Although an accurate value fofy, can in principle be
obtained from the crystallographic data, this is notoriously
difficult. Alternative strategies to obtain information about
Vab involve an analysis of electron transfer rates and the
magnitude of the exchange interaction enefgyhich is, to
a first approximation, proportional to the value|9fy|? (69—

71).

The value of the electronic coupling responsible for
electron transfer exhibits an approximately exponential
dependence on the separation of the donor and accepto
molecules:

Val? = IVol” exp(=X* ) (5)
whereV, is the value ofV,, when the donor and acceptor
are in contactX*  is the edge-to-edge separation of the
donor and acceptor, arftiis the tunneling parameter. Dutton
and Moser 72) proposed an “average” value fgrof 1.4
A-1from an analysis of various proteins involved in electron
transfer The edge-to-edge distances between theaChl
which was shown to carry most of the spin density jg6P
(39—42), and the two phylloquinones bound to the PsaA and

the PsaB reaction center subunits are 19.25 and 17.25 A,

respectively. Using the semiempirical relation kﬁ: 15

— 0.6X*,, — 3.1[(AG° + A)%A{, we obtain values for the
two recombination rates of 350 and 22. The ratio of the
two rates is 15, which is close to that obtained experimentally
by optical methods. It should be noted that a similar ratio is
also observed in the decay of the spin-polarizegdfA;1]

structure.

Finally, we will briefly consider the rates measured by
EPR spectroscopy. The measured decay lifetime can be
described asy = (ke + k) 7%, Wherek,, is the rate of charge
recombination and,, is the rate of magnetic relaxation.
From the values of charge recombination kinetiGg,can
be estimated as-25 us™ for the [PootAs7] and 18-23

us™* for the [Poo"A1a7] radical pairs, respectively. These

relaxation rates are 15815 times faster than the recombina-
tion rates, and thus they strongly contribute to the decay rates
of the spin-correlated [igs"A1~] radicals monitored by the
OOP-ESE. The difference in relaxation rates observed in the
two radical pairs is probably related to the interaction of the
phylloquinones with their binding sites, because the local
environment of the Chla’ which carries most of spin
distribution in Pogt (39—42), is shared by both radical pairs.
However, at present, it is not possible quantitatively or
mechanistically to describe the processes which lead to
different rates of relaxation.

CONCLUSION

We conclude that the results presented in this study are
consistent with electron transfer occurring on both branches
of the PS | reaction center subunits in all of the organisms
investigated. The results, however, do not indicate the exact
ratio between the amounts of electron density transferred
along each side of the reaction center at room temperature,
which may vary in different organisms or under different
growth conditions.

SUPPORTING INFORMATION AVAILABLE

radical pair by magnetic resonance techniques, although the Two figures showing decay of the two-pulse electron spin

interpretation is complicated by magnetic relaxation phe-
nomena.

As a first approximation let us assume tldtas the same
distance dependence A4y°>. We can then write

3y 13, = exp(pIX, — X,]) ®)

wherelJy, is the exchange interaction of a radical pair with
separationX;. If we now consider the experimental values
of J and the associated CramdRao lower boundsgx, =
459+ 0.22uT andJx, = 0.5+ 0.2uT, estimated in re?

for the site-directed mutants @hlamydomonagsee also
the global fitting results in Table 3), which were interpreted
as showing modulation arising from two radical pair states
populated on each reaction center subunit selectively, the
ratio Jx,/Jx, lies between 6.8 and 14.5, with an average value
of 9.2, which shows sensible agreement with the experi-
mental values.

The Moser-Dutton correlation between the electronic
coupling and the donetracceptor distance can only be
considered as a first approximation, and the point-dipole
approximation in the derivation of the analytical formula that
describes the ESEEM modulation is also not perfect. There
also is no strong argument to expecto haveexactlythe

same distance dependence as the electronic coupling that
controls the electron transfer. Despite these factors there is
surprisingly good agreement between predicted and observed

echo associated with the radical pairdf?A;~] and the
relationship between photoaccumulation treatment time and
amplitudes of decay components of ESE associated with the
[P700"A17] radical pair. This material is available free of
charge via the Internet at http://pubs.acs.org.
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