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ABSTRACT. The spin-correlated radical pairffgtA17] gives rise to a characteristic “out-of-phase” electron
spin—echo signal. The electron spiecho envelope modulation (ESEEM) of these signals has been studied

in thylakoids prepared from the wild-type strain @hlamydomonas reinhardtéind in two site-directed
mutants, in which the methionine residue which acts as the axial ligand to the chlorin electron acceptor
Ao has been substituted with a histidine either on the PsaA (PsaA-M684H) or the PsaB (PsaB-M664H)
reaction center subunits. The analysis of the time domain ESEEM provides information about the spin
spin interaction in the [f3s"A1~] radical pair, and the values of the dipoldd)(and the exchangel)
interaction can be extracted. From the distance dependence of the dipolar coupling term, the distance
between the unpaired electron spin density clouds of the primary depgrd®d the phyllosemiquinone

A;~ can be determined. The {i8"A1"] ESEEM spectrum obtained in wild-type thylakoids can be
reconstructed using a linear combination of the spectra measured in the PsaA and JPsaBarts,
demonstrating that electron transfer resulting in charge separation is occurring on both the PsaA and
PsaB branches. The{8"A1s7] distance in the point dipole approximation in the PsaA-M684H mutant

is 24.274 0.02 A, and the [R¢"A1a~] distance in the PsaB-M664H mutant is 25.430.01 A. An
intermediate value of 25.0& 0.02 A is obtained in the wild-type membranes which exhibit both spin-
polarized pairs.

Photosystem | (PS1)is a multisubunit protein complex [4Fe-4S] iron-sulfur centers, which operate in sequence, F
which catalyzes the oxidation of plastocyanin and the Fa, and ks (see refl for recent reviews).

of the psaAand thepsaBgene products that act both as the ptained for PS | from the thermophilic cyanobacterium
inner antenna, coordinating about 100 chloroplyland  synechococcus elongatuim which the electron transfer
about 30f-carotene molecules, and as the reaction center, cofactors and the surrounding protein have been clearly
binding most of the electron transfer cofactors. Electron jqentified @). The crystal structure shows a highly sym-
transfer is initiated by light absorption and charge separation metrical organization of the electron transfer cofactors,
at the level of the primary donor,& which is a special  4round the axis perpendicular to the membrane plane, as
pair of chlorophylls, and the primary electron acceptor, @ previously observed in the structure of the type Il purple
chlorin molecule, named A The electrons are then trans-  pacterial reaction center complexes (e.g., réfand 4).
ferred to a tightly bound quinone,;Aand then to a set of  pegpite the symmetry in the organization of the electron
transfer chains, a large body of evidence has demonstrated
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optical (L1, 12) or electron paramagnetic resonance (EPR) to the relatively large distance between the radicals in
spectroscopyl(3—15). Two characteristic times of electron  photosynthetic reaction centers, the dipolar interaction energy
transfer to the iron-sulfur center k of 5—10 and 156-200 is about 2 orders of magnitude bigger than the exchange
ns have been reported in different PS | preparati@®<8] interaction energy. Therefore, it is tBeterm that dominates
but have been interpreted either as resulting from perturbationthe modulation of the ESEEM spectra. The determination
of the system due to the preparation procedure or in termsof the value oD allows estimation of the distance between
of a “quasi-equilibrium model” of the electron transfer the electron spins in the radical pair. This approach has led
between A and F (6—8). However, Joliot and co-workers  to the successful determination of the distances within spin-
(12) have presented evidence suggesting that the electrorcorrelated radical pairs in photosynthetic systems such as
transfer from A to Fx is biphasic in intact cells of the  [Pgss™Qa~]in the reaction center dRhodobacter sphaeroides
unicellular algaeChlorella sorokinianaa result confirmed  (e.g., ref$29 and30) or [Psgo'Qa~] and [YzTQa"] in the PS
in cells of Chlamydomonas reinhardt{iL2), excluding the I RC of higher plants31, 32). Notably, the distance between
possibility that the two rates might originate from preparation P;o" and the PsaA branch;Ain S. elongatu®S | particles
procedures. Site-directed mutational studies have shown tha(33, 34) and single crystals36) has been determined by the
the faster rate of forward electron transfer from & ESEEM technique to be 254 0.3 A, a value which has
modulated by substitutions in the PsaB phylloquinone been shown to closely match the X-ray structural d@ja (
binding pocket and the slower by corresponding changes in |n this paper we present an analysis of the decay and
the PsaA 12) binding site. Moreover, the A semiquinones  modulation of the out-of-phase electron spetho associated
associated with each branch of the electron transfer can alsayith the radical pair [Fyg"A1 7] in C. reinhardtii thylakoids
be characterized by different sets of hyperfine couplings purified from wild type and two symmetrical site-directed
determined by ENDOR and are shown to be photoaccumu- mutants, PsaA-M684H and PsaB-M664H, in which the axial
lated under different conditiond.4). ligand to the primary electron acceptor, s changed from

At room temperature, the rate of decay of the “out-of- a methionine to a histidine on both reaction center subunits.
phase” electron spinecho (ESE) signal from the geminate  The analysis was carried out under conditions in which

pair [Proo"Aq7] originally reported by Thurnauer et all§  the jron-sulfur acceptor fwas either oxidized or reduced.
17) closely matches the 200 ns rate observed by optical The results indicate that two different ESE signals, character-
spectroscopy for forward electron transport fromta Fx ized by different lifetimes and envelope modulations, can

(16-21). Site-directed mutagenesis of residues in the phyl- e getected in the wild type but are suppressed selectively
loquinone binding pocket on the PsaA subunit showed that jy the point mutations, leading to independent observation
this rate reflects forward electron transfer fromta Fx on of each ESE signal in the mutants. We interpret these findings
the PsaA polypeptide2(, 22). At 100 K forward electron i, the frame of the bidirectional electron transfer model for

transfer from A to Fx is impaired in about 40% of PS | pg | glectron transfer and suggest that the signal observed
centers ), and charge recombination can take place. The gises from the radical pair A1 ~] formed on either the

lifetime for charge recombination betweemo” and A”™,  psaA or the PsaB branch of the PS | reaction center. The
determined by time-resolved optical spectroscopy, Was gistance between the spins in the radical pairs is discussed
originally suggested to be about 20P00us (7, 8). However, in terms of the X-ray crystallographic data.

subsequent measurements suggested thati§ Feduced or
removed, then two phases of decay are observed, i.e., oOn&EXPERIMENTAL PROCEDURES
of 150us and one an order of magnitude faster a&%23,
24). At cryogenic temperatures the charge recombination C. reinhardtiiwas grown heterotrophically, and thylakoids
reactions can also be monitored by time-resolved EPR were prepared as in réb. Thylakoids were resuspended at
because the long-lived {i"A; ] radical pair state gives rise 2 mg/mL Chl in buffer containing 50 mM K-HEPES, pH 8,
to an intense spin-polarized EPR spectrum. The decay of10 mM NaCl, 5 mM MgC}, and 100 mM sorbitol.
the electron spirrecho signal, which is due to a mixture of EPR samples were reduced in the dark at pH 8 under
charge recombination and loss of spin correlation within the anaerobic conditions with 11.5 mM sodium dithionite for
[P706"A17] pair induced by interaction with the protein 30 min prior to freezing in liquid nitrogen and either kept
environment (spirrlattice relaxation), has been reported in dark or illuminated at 205 K for 5 minl16). The dark
the~2—20us interval (L3, 15). In a recent analysis the decay incubation of thylakoids in the presence of the reductant
of the light-induced electron spin polarization signal associ- sodium dithionite &, = —500 mV) results in a partial
ated with the radical pair flgs"A17] at 100 K has also been  reduction of the Fe-S gz clusters but little or no reduction
shown to be biphasic in thylakoid preparations fr@n of Fx, which has an estimated redox midpoint potentzl)(
reinhardtii andSynechocystisp PCC 6803 13). One decay in the —(680-730) mV range 36—38). In photosystem |
rate has been suggested to be associated with the Psasamples with Ry reduced and the ironsulfur centers
electron transfer branch and one with the PsaB brah8h ( oxidized, illumination at 15 K produces an essentially
This interpretation was further confirmed by site-directed irreversible electron transfer fromy@ to Fa. If Fag are
mutations at the level of the primary electron dongr(A5). prereduced, an oxidation off3is seen which is reversible
An intense modulation of the out-of-phase ESE is observed over 2.6-300.0 ms at 15 K. Further reduction ofx F
in two-pulse ESEEM experiments, which, according to a suppresses the light-induceeb# signal at 15 K 86, 37).
large body of theoretical studies on correlated coupled radical The extent of reduction of the irersulfur centers36, 37),
pair models, is not dominated by hyperfine interactions with and eventually of the quinone acceptors (i.e., #9sand
nuclei but by the dipolar) and the exchangd)interaction 40), can be increased by illumination at 205 K. To monitor
between the electron spins in the radical pab<28). Due the reduction state ofy-the ability of the samples to produce
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a Pot radical and reduce the irersulfur clusters gs was the weak interelectron coupling case, after orientational
analyzed by CW-EPR at 15 K. The samples were continu- averaging, the time domain ESEEM spectrum can be
ously illuminated in the cavity, and the light minus dark described by the expression:

difference spectra recorded. The light-induced difference

spectra arising from the reduction of the iresulfur cluster Y7)=He ™" 02«: Jisin@gr) sinododp (1)

Fas and the oxidation of {3, were seen in the dark-adapted,

dithionite-reduced, samples. However, no light-induced dif- whereT is the relaxation time anH is the amplitude of the

ference spectra could be detected follogviem 5 min preil- echo modulation signal and. is defined as
lumination of the sample at 205 K (data not presented). These L
results indicate that electron transfer fromdgRo the iron— w,=2)— 2D(cog 0 — 13) 2

sulfur centers is no longer observed in preilluminated samples
as a consequence of the almost complete reduction ofiron WhereD is the dipolar interaction and is the exchange
sulfur centers (Fsx). A small stable radicalg = 2) is interaction and is the angle between the externally applied
detected following 205 K preillumination which can be magnetic field and the vector connecting the two spins in
identified as arising from photoaccumulateg(89, 40). The the radical pair.
quantitative comparison of the signal with the maximum  The parameters were obtained by a nonlinear least-squares
amount of photooxidab|e7%+’ determined by freezing a fit of the time domain data to eq 1 with a second-order
matching sample under continuous illumination, indicates Polynomial baseline correction. The integral in eq 1 can be
that less than 5% of the Aassociated with a single electron evaluated and written out in terms of Fresnel functions:
transfer chain is reduced after 5 min illumination at 205 K. 302 _T/Tl- 2D + 3

The time-resolved EPR measurements were therefore rung ;) = 27" "He sin( ( )T)Frc(z /@) -
either using dark-adapted samples, in which thésFnainly Jor | 3 7

oxidized, or in samples preilluminated for 5 min at 205 K, 2(D + 3J)t Dz
in which Fx is mainly reduced. COS(T)Fr 24 /;

Time-Resaled Electron Paramagnetic Resonankelsed

EPR spectra, ESEEM spectra, and kinetics were measured N

using a Bruker ESP380 X-band spectrometer with a variable FrC@@ = foCOS(T) du

Q dielectric resonator (Bruker Model 1052 DLQ-H 8907)

fitted with an Oxford Instruments CF935 cryostat cooled with .y

liquid nitrogen. Actinic illumination was supplied by a Nd: FrS@ = ﬁ)sin(T) du (3)
YAG laser (Spectra Physics DCR-11) with 10 ns pulse

duration. The acquisition is triggered by the laser Q-switch A fourth-order polynomial interpolated look-up table of
and the frequency of the laser set to 10 Hz to avoid Fresnel functions was employed to reduce the computation
interference from “spin-polarized” metastable states decayingtime. The approximation accuracy of the look-up table is
with long time constants (i.e., chlorophyll triplet states).  petter than 1.5« 10°6 within the operational interval.

The echo was generated by a standard two-pulse sequence, To obtain a frequency domain spectrum from the data
with az/2 pulse length of 16 ns andrapulse of 32 ns. The  without introducing truncation artifacts, the missing experi-
initial delay between the pulses)(vas 112 ns, and ESEEM  mental points of the echo modulation were reconstructed
was measured with aincrement of 8 ns. The delay from  ysing the theoretical fit. The extrapolated data were then
the laser flash, limited by electronic jitter, was 120 ns. The subjected to sine Fourier transformation. Attempts to obtain
spin—echo amplitude decay for the light-induced charge- a consistent reconstruction using other methods (backward

separated state was recorded by measuring the initial intensityiinear prediction, backward polynomial extrapolation with
of the ESE as a function of the delay between the laser flashthe echo intensity at = 0 constrained to be zero) were

and the first pulse of the sequenckL) unsuccessful.

Because of small imperfections in the phase setting, itis The error bounds for the fit parameters have been
possible that stable radicals building up during the flash estimated by applying the CrameRao lower bounds
experiments can contribute to the out-of-phase ESE. To theorem, as previously described by Fursman and Hi8e (
compensate for this, the dark ESE decay was recorded underrhe error values are consistent with both Monte Carlo
identical conditions except with no laser flash before and calculations and interexperiment statistics, as evaluated by
after the flash experiment and was subsequently subtractedstydent’st-distribution.
from the experimental data. The distanceX between the electron spins in the radical

Data AnalysisThe time decay of the ESE has been fitted pair can be estimated from the value of the dipolar coupling
with a sum of exponential functions, by means of laboratory- parameteiD which is related to interelectron separation:
written software, using the Levenberiylarquardt algorithm
previously described in detait®). The fit function does not D=_ 30¢tatlo _
take into account the finite width of the microwave pulse - 83 B
and the spectrometer dead time, so the first 60 ns of the decay
has not been taken into consideration during the fitting wherege is the g-factor of the free electrong is the Bohr
procedure. magneton, angy is the magnetic permeability of vacuum.

The ESEEM spectrum of a spin-correlated radical pair can D is in millitesla andX in angstroms.
be analytically described in a point dipole approximation It is important to note that the distances and the error
according to the theoretical study of Salikhov et ab)( In bounds reported are obtained in the point dipole approxima-

—2786X °*mT A™® (4)
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Ficure 1: Decay of the spin-correlated radical pairdf?A;~] in C. reinhardtii thylakoids incubated with sodium dithionite at pH 8.
Dash-dotted lines are the experimental results; solid lines are the result of the global fitting analysis. The upper panels show the residuals
of the fit. (A—C) Wild type, PsaA-M684H, and PsaB-M664H, dark adapted-EPWild type, PsaA-M684H, and PsaB-M664H, illuminated
for 5 min at 205 K. Experimental conditions: field, 346.4 mT; MW frequency, 9.75 GHz; temperature, 100 K.

tion and correspond to the distance between the weightedvalues are in close agreement with previous values in wild-
averages of the spatial distributions of the two unpaired type thylakoids fronC. reinhardtii(13, 15) andS. elongatus
electrons rather than the distance between any particular(13). In an attempt to improve the fits, we have applied a

atoms or groups. global analysis procedure, in which the decays measured in
the wild type and the two site-directed mutants, subjected
RESULTS to identical treatments (i.e., oxidized or reducej} Bre fitted

by the same set of lifetimes. The results of this analysis are
reported in Table 1. It can be seen that reducipgécreases
the decay lifetime in all of the samples investigated. This
change is small relative to the difference between the two
rates and may reflect the effects of the additional spin on
the reduced & on A;~ spin relaxation. While the decay
under conditions in which the irersulfur cluster k is either ~ '€éMains monophasic in both the PsaA-M684H and the PsaB-
predominantly oxidized or reduced (see Experimental Pro- M664H mutants, it is biphasic in the wild type, and both
cedures for further details). The signals were recorded onth€ lifetimes and the preexponential factors are influenced
the absorptive maximum spin-polarized spectra, which were by the preillumination treatment at low temperature. When

measured in all of the samples under investigation (data notth® sample is dark adapted x(Foxidized), the 20us
shown). component dominates the decay of the ESE in the wild type.

The decay of the spin-correlated radical pair in the wild- This slow phase accounts for almost 80% of the amplitude,

type thylakoids at 100 K cannot be described by a single leading to an ?S“F“ate of the average Iifetimg,)(qf 16.6
exponential, either when the Fe-S clusters are oxidized or4S- Upon illumination of the thylakoids and reduction of F

when the Fe-S clusters are reduced. The combination of atth€ total amplitude increases, and the amplitudes of the two
least two exponential functions, characterized by lifetimes Phases are almost equally weighted, resulting in an average

of ~2 and~20 us, is required to satisfactorily fit the data. lfetime of 12.2us.

On the other hand, the decay can be described by a single It is also relevant to point out that while the signals

exponential in both the PsaA-M684H and the PsaB-M664H presented in Figure 1 are normalized to the maximum in
mutants, with the first showing only the “fast*2 us order to better compare the kinetic information, a rather large
component and the second only the “slow20 us compo- electron spir-echo can be detected in the dark-adapted
nent (Figure 1) independent of the redox state af Fhese membranes from wild type and the PsaB-M664H mutant,

Analysis of the Decay of the Electron Spicho Associ-
ated with the Radical Pair [Rg¢"A17]. Figure 1 presents the
decay of the out-of-phase electron spactho which origi-
nates from the spin-correlated radical pairofPA;7] in
thylakoids of wild type and two site-directed mutants, PsaA-
M684H and PsaB-M664H, of the green algaereinhardtii
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Table 1: Analysis of the Decay of the 48"A17] Out-of-Phase Electron SpirEchd

A]_ T1 (//tS) Az T2 (MS) Tav (ﬂS)
Dark-Adapted Thylakoids: Oxidized IrerSulfur Center k
wild type 0.24+ 0.1 3.12+ 0.03 0.76+ 0.2 2222+ 0.1 17.60+ 0.2
PsaA-M684H 1 3.12-0.03 3.12+0.3
PsaB-M664H 1 222201 22.22+0.1
205 K llluminated Thylakoids: Reduced Iretsulfur Center k
wild type 0.43+0.2 2.524+0.02 0.57+ 0.2 19.57+ 0.2 12.18+ 0.2
PsaA-M684H 1 2.52-0.02 252+ 0.2
PsaB-M664H 1 19.54 0.2 19.57+£ 0.2

aResults of fitting the decay of the electron spiecho associated with the spin-polarized radical paiso[R:7] in C. reinhardtii thylakoid
membrane from the wild type and the PsaA-M684H and the PsaB-M664H mutants. The samples were either dark adapted for 30 min in the
presence of the reductant sodium dithionite (pH 8) or preilluminated for 5 min at 205 K. In these conditions the iron-sulfurxdergeséntially
oxidized or reduced. The data have been fitted by a linear sum of exponential fungt{tns: 3L, Ae V5. The average decay lifetime is defined

aSTay = ZinzlAiTi/ZinzlAi-

but the signal observed in the PsaA-M684H mutant is ' o |
relatively weak. An increase in the signal amplitude is A
observed in all of the samples after 5 min of illumination at I ]
205 K. In wild type and in the PsaA-M684H dark-adapted

samples, illumination at 100 K or below results in oxidation I e |

of Py and reduction of g, which we would argue is
occurring via the PsaB-bound electron transfer branch. Even
at 100 K the reversal of this electron transfer is slow relative
to the repetition rate used in these experiments. The spin-
polarized signal in the reaction centers in which this electron
transfer occurs (about half in wild type, nearly all in PsaA-
M684H) is not therefore observed in these experiments which
depend on repetitive measurements with a repetition time
much faster than the decay of the charge separation. Even if
conditions were established which allowed repetitive turnover
in these reaction centers, the spin-polarized signal would not
be resolved as the Ao Fx electron transfer on the PsaB
branch is thought to have a lifetime of about 20 ns, while
the resolution of the spectrometer is limited by laser jitter to
~50 ns. Reduction of Fprevents forward electron transfer
on the PsaB electron transfer branch. Therefore, the lifetime

Echo Amplitude (a.u.)

0.0 0.5 1.0 15 2.0

of the [Poo"A17] radical pair on this branch is lengthened,

and a 2us decaying ESP signal can be detected under these © (usec)

conditions. FicUrRe 2: Time dependence of the out-of-phase ESEEM associated
Analysis of the Out-of-Phase Electron Spcho Ene- with the spin-correlated radical pair{ig"A;] in C. reinhardtii

. . . dark-adapted thylakoids incubated with sodium dithionite at pH 8.
lope Modulation (OOP-ESEEMAs previously mentioned  gjack circles are the experimental results; solid lines are the fit

in the introduction and Experimental Procedures sections, according to eq 3. Open circles are the extrapolation=00 (see
modulation of the out-of-phase signal detected in the two- Experimental Procedures for further details). The dashed lines are

pulse echo experiment is not the result of hyperfine interac- g‘e Séeﬁﬂoggiard% b?_s?éine COTE%EE&“”??EHS- _Eg)tyw”d typet; (B)
: : : : saB- . The field-swep of the wild-type spectrum
_tlons W'.th nuclei but of the dlpolar[.?() and exchangeJ . is also shown in the insert in panel A; the arrow indicates the field
interactions between the electrons in the correlated radlcalposition at which the ESEEM time dependence data are recorded.

pair. Accurate values of the distances between the radicalExperimental conditions as in the caption of Figure 1.

pair partners can be obtained by determining the value of

D, which is extremely sensitive to changes in interelectron

distance, exhibiting an inverse third power dependence (seéM684H and the PsaB-M664H strains are significantly

eq 4 and ref25—35 and43). different, with the wild type showing an intermediate
Figure 2 presents the time dependences of the ESEEMModulation frequency compared to the two mutants. We have

for the wild type and the PsaB-M684H mutant, under used fittings in the time domain of the ESEEM specttd)(

conditions where k£ is oxidized. Due to the weakness of Wwhich are shown in Figures 2 and 3 together with the

the signal in the PsaA-M684H mutant, it was not possible experimental results, to evaludiefor each of the prepara-

to record a clear envelope modulation of the electron-spin  tions. The backward extrapolations of data through the

echo under these conditions. instrument dead time, using the fitted model function, are
On the other hand, a clear time dependence of the ESEEMalso shown. Figure 4 shows the sine Fourier transform (SFT)

is observed in all three samples following 5 min illumination of the data together with the time domain fits, which show

at 205 K (Figure 3). The modulation patterns of the out-of- excellent agreement. The parameters used to fit the ESEEM

phase electron spirecho in the wild type and the PsaA- spectra are also reported in Table 2.
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Ficure 3: Time dependence of the out-of-phase ESEEM associated FIGURE 4. Sine Fourier transforms (SFT) of out-of-phase ESEEM
with the spin-correlated radical pair4g"A;7] in C. reinhardtii signals of the spin-correlated radical pairdfA;~] presented in
thylakoids preilluminated for 5 min at 205 K. Black circles are the Figure 3. Black circles are the SFT of the experimental results;
experimental results; solid lines are the fits according to eq 3. Opensolid lines are the SFT of the time domain fit. (A) Wild type; (B)
circles are the extrapolation to= 0. The dashed lines are the PsaA-M684H; (C) PsaB-M664H.
second-order baseline correction functions. (A) Wild type; (B)
PsaA-M684H; (C) PsaB-M664H. Experimental conditions as in the

caption of Figure 1. pair takes into consideration only the spispin interaction

within the radical pair. This is expected to be valid for dark-
adapted membranes, when thedfuster is oxidized and has
unconstrained values of th2 and theJ interactions. Since ~ "© Net magnetic moment on it. When the Eluster is
it has been suggeste@5-35) thatJ is vanishingly small reduced b_y _|IIum|nat|on at low temperature, a thlrd_ “ob-
because of the distance between the electrons in the radicafrver” spin is present, and therefore the model function we
pairs in photosynthetic systems, we also attempted fitting Use to fit the data can be considered only as an approxima-
of the time domain ESEEM signal withconstrained to zero.  tion. Some theoretical studies have been published regarding
While the results of fitting in the time domain were only the effect of an observer spin on the EPR spectrum of the
slightly worse, this constraint led to a failure in reproducing radical pair 44). However, no evidence has been presented
the frequency domain spectra, especially atithedge of for an effect of a third spin on the “out-of-phase” or “in-
the SFT (data not shown). phase” ESEEM modulation frequency. Although possible in
It should be noticed that the theory which describes the principle, the effect of additional spin orxen the frequency
time dependence of the out-of-phase ESEEM for a radical of the ESSEM modulation will be small ifF relaxes very

The fits presented in Figures—2 were obtained for

Table 2: Fit Parameters for the Out-of-Phase ESEEM of the Radical PaitAl? ]2

D (uT) J(uT) T (us) distance (A)
Dark-Adapted Thylakoids: Oxidized IrerSulfur Center k
wild type —171.0£ 0.6 0.6+ 0.1 0.5868+ 0.014 25.35: 0.03
PsaA-M684H nd nd nd nd
PsaB-M664H —169.3+ 1.7 0.5+ 0.2 0.6175+ 0.0067 25.44 0.09
205 K llluminated Thylakoids: Reduced Iretsulfur Center k
wild type —178.18+ 0.41 2.21+0.20 0.3879+ 0.0047 25.0 0.02
PsaA-M684H —194.84+ 0.46 459+ 0.22 0.3618t 0.0049 24.2°# 0.02
PsaB-M664H —171.02+ 0.29 0.80+ 0.12 0.6638t 0.0075 25.35+ 0.01

aResults of fitting the ESEEM associated with the spin-polarized radical pagtf ] in C. reinhardtii thylakoid membranes from the wild

type and the PsaA-M684H and the PsaB-M664H mutants. The samples were either dark adapted for 30 min in the presence of the reductant sodium

dithionite (pH 8) or preilluminated for 5 min at 205 K. In these conditions the-sulfur center k is essentially oxidized or reduced.
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' ' 25.35/25.44 A (k oxidized/reduced) betweendg” and Aa
in the PsaB-M664H mutant are obtained. Values of 25.35

0.8 | and 25.01 A are obtained for the wild-type membranes when

g . Fx is oxidized or reduced, respectively.
£ 06r Figure 5 shows the reconstruction of the ESEEM signal
£ o4 L recorded in the wild-type thylakoids, in conditions of reduced
= L Fx, using a linear combination of the ESEEM time depend-
Z 02} ences of the PsaA-M684H and PsaB-M664H mutants,
§ - measured under the same conditions. It can be seen that the
S 00F simulation agrees well with the experimental results and that
_02'_ the weighting factor applied to the normalized spectra is
“ ] similar to the relative amplitudes derived from the fitting of
4t the echo decay.
0 500 1000 1500 2000

Time (ns) DISCUSSION

EGUV'TIE d5: Reccornsigﬁcfgt’i‘i Orf }nem?gt'ffap&a?ek'ﬁi'f%'\" si"gnnalrof In wild-type C. reinharditiithylakoids poised at a low redox
coembina;?opne of ?he aPsaAFiI\iGEL3I4H aaﬁd P)é:-é)MgM)lanS?EallEM potential with sodium dithionite, under conditions where the

signals. Open circles, experimental results; solid line, reconstruction Fe-S cluster & is mainly Qxidized or entirely reduced, _the
of the ESEEM. Scaling factors: 0.41, PsaAM-684H; 0.59, PsaB- decay of the electron spirecho signal due to the radical
M664H. Also shown are the weighted components: dotted line, pair [Pos" A;7] is described by two components having
PsaAM-684H; dash-dotted line, PsaB-M864H. lifetimes of~2 and~20us, the relative amplitudes of which
. o . are determined by the reduction state gf f the site-
rapidly compared to the strength of the magnetic interaction yjrected mutants of. reinhardtiiin which the methionine

bereen k- a_nd A, thezeffecti\_/e coupling Of.’F_ and A~ axial ligand of the chlorin acceptorpfas been substituted
being approximatelyJe,)°T. Reliable calculations of these by a histidine in either the PsaA or the PsaB reaction center

exchange interactions are notoriously difficult, and to our subunits, the decay of the electron echo is described by a
knowledge there is no clear estimate of fag, while Jer is single exponential function. The reduction of,Fn both

considered to be zerd4—46). The spin-lattice relaxation 555 only induced a relatively small change in the decay
time (T;) of Fx~ has been estimated at aboukd at 8 K jitetime probably due to an increase in magnetic relaxation,

(47), and it is expected to be much faster at the temperatures, < o rasult of the interaction between the spins graird

at which our ESEEM experiments were performed (100 K). a it follows that the biphasic decay observed in the wild

It therefore seems reason_able to assume that this third 5plr1type is not due to heterogeneity in the reduction state of the
on the reduced,cluster will have only a limited effecton g g cjusters but rather is due to contributions from both
the relaxation properties of the4fg"A.] radical pair. electron transfer branches. These results can be interpreted
Furthermore, even if the effective coupling were not small in terms of the bidirectional model of the electron transfer
enough to be neglected, this would not mean that the chain in PS I, suggesting that the lifetime of2 us is
unpaired spin on reducedy Fvould necessarily alter the  associated with a radical pair formed on the PsaB branch
frequency of oscillations in the OOP-ESEEM. In fact, the (mutant PsaA-M684H), while the 20 us lifetime is associ-
reduced iror-sulfur center k manifests a largg-anisotropy,  ated with the PsaA branch (PsaB-M664H). The site-directed
Yo = 1.76-1.78, 0,y = 1.86-1.87, 9., = 2.06-2.08 @6, mutation of the axial ligand to Aresults in a selective
38), and the EPR spectrum is therefore about 20 mT wide, suppression of the ESE signal associated with either the
which is a factor of 20 larger than the bandwidth of the [p,o;*A;147] or the [PogtA1s~] radical pair couples. Ramesh
microwave pulses (081 mT, fwhm) employed in the et al. @8) have recently observed that identical site-directed
ESEEM experiments. Hence the magnetic coupling betweenmutations, on both reaction center subunits, result in the
Fx and A is small for almost all of the reaction center accumulation ofach|or0phy|| b|eaching, assigned toak
Orientations, eXCept the ones in which the EPR frequenCieSan ~100 ps time scale. Lengthening the precursor radical
of Fx~ and A differ less than §ra)?T. Consequently, the  pair lifetime ([Pog"Ao~]) can result in increased singtet
presence of a third spin on the reduceccEnteronly affects  triplet mixing. According to the theory of consecutive radical
the frequency of oscillations in the OOP-ESEEM when F  pair states45, 46, 49), it can result in the severe quenching
(as well as Ry" and A7) experiences the refocusing pulse. or suppression of spin correlation in the subsequent radical
As the EPR spectrum of reduceg B strongly anisotropic,  pair state, [Ry"A;"]. From the analysis of the spin-polarized
it will not be strongly excited by either of the microwave EpR spectrum associated theffPA;14"] radical pair,
pulses, and no effect on the OOP-ESEEM is therefore sajikhov and co-workerss() have estimated that, in a site-
expected or observed. Indeed, it should be noticed that thedirected mutant in which natural methionine axial ligand to
parameters obtained by fitting the data collected from the A, was substituted with an alanine, the lifetime of the
PsaB-M664H mutant did not differ Significantly under [P700+A0(A)_] radical pair was |engthened to about 1 ns,
conditions where the Fe-S clusters were either oxidized (i.e., Compared to several picoseconds in the wild type Similar
no observer spin present) or reduced (Table 2). considerations can be extended to the mutants investigated
From the values of the dipolar coupling parametBrs  in this study 45, 46, 49, 50) and explain the selective
obtained from the fitting procedure, distances of 24.27 A suppression of the spin-polarized electron sgioho on each
between Ryg" and A~ in the PsaA-M684H mutant and  electron transfer branch.
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The ability to independently detect the electron spin-  However, there are small discrepancies between the X-ray
polarized signal arising from each side of the reaction center model and the results obtained by electron sfoho
in the site-directed mutants allows us to measure the ESEEMspectroscopy. It should be emphasized that the distance
spectrum of each [lg"A;7] pair. The analysis of the time  determined by pulsed EPR relies upon a point dipole
and frequency domain ESEEM spectra of the PsaA-M664H approximation and represents a distance between the weighted
and PsaB-M684H mutants, in which either one or the other averages of the electron spin density clouds, which may not
branch of PS | electron transfer is selectively observed, correspond to the geometric centers of the cofactors.
provides information about the exchanggdnd the dipolar Moreover, the X-ray structure is determined in a system in
coupling @) interactions 25—35, 43). The determination  which the phylloquinones are in the neutral form, while it is
of the value ofD is a sensitive tool to estimate the distance the phyllosemiquinone which is monitored by steady-state
between the spins of the spin-correlated radical pair. The and pulsed EPR techniques. A relatively large reorganization
fitting of the ESEEM signals results in values B = energy has been determined for theté\F« forward electron
—169.3/171.0uT, Ja = 0.5/0.8 uT (oxidized/reduced, transport reaction/( 8, 55); therefore, the quinone may move
respectively) andg = —194.8uT, Jg = 4.6 uT which in within its binding pocket as it is reduced to the phyllosemi-
turn allows calculation of the distance ¥f = 25.44/25.35 quinone. It is clear that if this were the case, the differences
A (oxidized/reduced, respectively) between the spin on the between the center-to-center distances estimated from the

primary donor cation f3¢" and the quinone acceptor, &
bound to the PsaA subunit aXg = 24.27 A between "
and the quinone acceptor;gd on the PsaB subunit. The

X-ray structure and the spirspin distance determined by
EPR spectroscopy could easily be reconciled.

spin—spin interaction parameters estimated here for the ACKNOWLEDGMENT

radical pair formed on the A branch of PS | electron transfer
are in close agreement with those determined by Bittl and
Zech @B3) and Dzuba et al.34) in the cyanobacteriuns.
elongatus

Although it is still about 2 orders of magnitude smaller
than the dipolar coupling, a somewhat larger value for the
exchange interaction is observed for the PsaB side bound
quinone (Ag) compared to values often reported in the
literature @9—35). This is the phyllosemiquinone in which
the spin is closer to the primary electron donor cation spin.
Therefore, noting thatl is also sensitive to the spatial
distribution of the unpaired electron density, it is not
surprising that an increased exchange interaction is detected
in this case. Unfortunately, no detailed information about
the electron spin distribution in these phyllosemiquinone
species is currently available; therefore, the increase in the
Jvalue can be treated only qualitatively. Intermediate values
of D= —178.2uT andJ = 2.2 uT are found in wild-type
membranes, whenxHs reduced, while the parameters are
not dissimilar from those found for the PsaB-M664H mutant
in the dark-adapted sample (Table 2). Since the ESEEM
signal in preilluminatedC. reinhardtiiwild-type membranes
can be reasonably well reconstructed by a linear combination
of the spectra obtained in the mutants which selectively block
electron transfer on either the PsaA or PsaB branches, we
suggest that a superposition of two echo envelope modulation
profiles originating from radical pairs populated on both
reaction center branches is being observed in this case.

Assuming a strong charge delocalization on the PsaB half
of the heterodimer constituting the primary donaggdPas
suggested by site-directed mutagenesis in combination with
proton ENDOR spectroscopy ofdg" (51—54), it is possible
to reconcile the distance estimated by ESEEM with the X-ray
structure of the PS | core &. elongatug2). A distance of
24.5 A between the central magnesium of thg&chloro-
phyll and the center of the axis connecting the oxygen
molecules in the A quinone can be estimated from the
structure, which is in close agreement with the valu&ef
= 24.27 A derived from the time dependence of the ESEEM
signals. Similarly, a distance of 26.0 A is determined between
Psoos and Aia While a value ofXay = 25.44 A is determined
from the ESEEM (see also re&3—35).
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