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ABSTRACT. The spin-lattice relaxation timesT) of the pheophytin anion radical, Pheoof the PSII
reaction center, were measured between 5 and 80 K by electron spin-echo spectroscopy. TheaPRheo
studied in Mn-depleted PSII reaction centers in which the primary quinopew@s doubly reduced.
The selective conversion of the non-hemé*Hato its low-spin §= 0) state, in CN-treated PSlI, allowed
the measurement of the intrinsig of the Pheo radical. The temperature dependence of the intrinsic
(T1)~*was found to be~T130-1 |n Mn-depleted PSII membranes the high-sBr=2) non-heme iron,
enhances the spifiattice relaxation of Pheo By analyzing the data with a dipolar model, the dipolar
interaction kiq) between the Pheo and the’F¢S = 2) is estimated over the temperature range86 K.
Comparison with the dipolar coupling between the iron and the tyrosipg, $hows that the Pheo is
much closer to the iron than thepY in the PSII reaction center. By scaling the reported™Ferp+
distance by the ratiok[sPhec]/[kiaY '], we estimate the P&é—Pheo distance in PSII to be 2@ 4.2

A. This distance is close to the #e-BPheo distance in the bacterial reaction center, and this result
provides further evidence that the acceptor sides of the reaction centers in PSII and bacteria are homologous.

In the reaction center of photosystem Il (PSHxcitation The midpoint potential of the Phefi*heo couple in PSII,
of the primary electron donor ¢&, leads to its oxidation by  determined by redox titration of the light-induced absorbance
the primary electron acceptor, Pheo, a pheophytinolecule changes at 685 nm, is610 mV (Klimov et al., 1979); this
(Klimov et al., 1977, 1980). Electron transfer proceeds from is close to the midpoint potential of the couple Phi@&heo
Pheo to Qa, a plastoquinone, and then to a second in vitro (—640 mV) (Fujita et al., 1978). At ambient redox

plastoquinone, @ A high-spin non-heme Bé (S= 2) is potentials, photoaccumulation of the Pheo could not be
situated between the two guinones [for a review on PSII see observed; however, under strongly reducing conditids (
Hansson and Wydrzynski (1990)]. < —400mV) photoreduction of the Pheo is observed at

temperatures from 300 to 5 K (Klimov et al., 1977,
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1 Abbreviations: PSII, photosystem II; Pheo, the pheophytin electron [reviewed in Mathis and Rutherford (1987)], and these led

acceptor; @, the primary electron acceptor of the irequinone to suggestions that the two reaction centers were structurally
complex; Tyr o™, tyrosine radical responsible for the continuous wave similar. Amino acid sequence comparisons prompted pro-

EPR signal o, HEPES, 4-(2-hydroxyethyl)-1-piperazineethane- ;
sulfonic acid; MES, 24{-morpholino)ethanesulfonic acid; Tris, tris- posals of folding models for the structure of PSII, based on

(hydroxymethyl)aminomethane; CW EPR, continuous wave electron the crystal structure of the purple bacteria reaction center
paramagnetic resonance. (Trebst, 1986; Michel & Deisenhofer, 1988). Studies on the
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electric fields generated by the electron transfer fraggy P relaxation of Pheo with that of the stable tyrosine radical
to the Pheo and from Phedo Q. were interpreted as Yp' the Phee-Fe distance is estimated.
indicative that the dielectrically weighted distances between
Psso and Pheo and between Pheo andape approximately MATERIALS AND METHODS
equal (Leibl et al., 1989). Linear dichroism data suggest Sample Preparation PSIl membranes were isolated from
that the macrocycle plane of Pheo in PSIl is perpendicular market spinach as described previously (Berthold et al., 1981)
to the thylakoid membrane plane (Ganago et al., 1982) like with the modifications described in Boussac and Rutherford
in the bacterial reaction center (Deisenhofer et al., 1984; (1988). Mn-depletion was performed by incubating these
Allen et al., 1988); more recent reports suggest that Pheo isPSIl membranes (0.5 mg of chlorophyll/mL) in 0.8 M Tris-
somewhat inclined with respect to the membrane plane HCI (pH 8.1), 5 mM NaEDTA for 30 min at 6C under
(Breton, 1990). Resonance Raman and FTIR studies indicateroom light. The Mn-depleted membranes were pelleted and
that, as in the purple bacteria, the 9-keto carbonyl of the washed once in a buffer containing 60 mM HEPES (pH 8.1),
Pheo is hydrogen bonded to a glutamic residue (Glu 130 of 0.4 M sucrose, 10 mM NacCl, and 5 mM MgCind were
D1) (Moénne-Loccoz et al., 1989; Naberdryk et al., 1990). resuspended in the same buffer at 4 mg of chl/mL final
In spite of this amount of information, direct structural concentration. In these PSIl membranes the non-heme iron

information concerning the localization of Pheo in PSIl is Was converted to its low-spin state by incubating the Mn-
scarce. EPR studies provide evidence for the proximity of depleted PSIl membranes with 350 mM KCN at pH 8.1 for
the Pheo to the ironquinone complex, @Fe&* (S= 2), at 3 h at 5°C, according to Sanakis et aI.. (1994). Asa con_trc_;l,
the acceptor side of PSII (Klimov et al., 1980; Zimmermann Trls-\{vashed PSIll membranes were incubated under similar
& Rutherford, 1984). However a recent study of electro- conditions without the KCN. In both types of PSII mem-
chromic shifts in PSII argues for differences in the mutual Pbranes the Pheaadical was induced by a procedure which

arrangement of Pheo andaQn PSII and their bacterial ~ involved incubation of the membranes under reducing
Counterparts (Mu'kldj|anjan et aL’ 1996) conditions Eh = —450+ 20 mV) for 60 min/SOC, in the

dark followed by illumination at 15C for 12 min (Van
Mieghem et al., 1989). No redox mediator was used. The
redox potential was adjusted by sodium dithionite under
anaerobic conditions and was measured in the sample with
a platinum electrode, with a calomel reference electrode
(Russell pH, Auchtermuchty, U.K.) connected to a Tacussel
pH/millivolt meter (Tacussel, Villeurbanne, France). Mea-
sured redox potentials were normalized to the standard
hydrogen electrode, calibrating the electrode using saturated
quinhydrone (potentiak 286 mV, at pH 6.5). Quantitation

of the formation of the Pheoradical was done by compari-

The magnetic interaction of the Phecadical with the
QaFet (S= 2) complex is a sensitive probe of the mag-
netic state of the @ and the non-heme iron. The state
PheoQa~Fet (S = 2) is characterized by a doublet split
signal, assigned to a magnetic interaction between the Pheo
and Q Fe" (S= 2) (Klimov et al., 1980; Rutherford &
Zimmermann 1984). When the,Qs doubly reduced, the
state PheoQa? Fe*™ (S = 2) is characterized by an EPR
signal withg = 2.0034 and\AH = 13G, characteristic of the
Pheo anion radical (Klimov et al., 1980; van Mieghem et

ﬁl" 195.39)' .A similar EPR signal is d_etected when the non- son with the double integral of the CW EPR spectrum of
eme iron is removed from PSII (Klimov et al., 1980). . . . .
o ) _the stable tyrosine radical,pY, in untreated PSII according

The study of the magnetic interaction between a radical 1 Byser et al. (1992); in CN-treated membranes (pH 8.1)
and a metal can result in useful information like a direct the cw EPR signals detected after illumination were
estimation of the interspin distance (Hyde et al., 1979, and pixiures of the EPR signals of of and Q. Since at
references therein). Norris et al. (1980) had shown that in gikajine pH the %+ radical is not stable (Boussac & Etienne,
the bacterial reaction center, the non-hemé*HS = 2) 1982), we have performed the trapping of the*¥in CN-
enhances the spirlattice relaxation of the (BChi); more  reated PSII at pH 6. After the CN treatment, the Mn-
recently several groups have shown that the non-hertie Fe gepleted PSIl membranes were washed and resuspended once
(S= 2) enhances the spin-lattice relaxation of some of the j, 5 puffer containing 60 MM MES (pH 6.3), 0.4 M sucrose,
radicals in PSII, i.e., the stable tyrosine radica*Y(Beck 10 mM NaCl, 5 mM MgC;} followed by illumination at O
etal., 1990; Evelo & Hoff, 1991; Bosch et al., 1991; Hirsh ¢ for 8 min, dark incubation for 30 s and freezing to liquid

et al., 1992; Hirsh & Brudvig, 1993; Un et al., 1994, pjtrogen in the dark; by this protocol we could get CW EPR

Kouk_)ugliotis et al., 1995) the tyrosine radicaL*Y(Kou— signals of Yo" with approximately 10% @ . The contribu-
lougliotis et al., 1995) a chlorophyll radical Ghl (Kou-  tion of Q4 to the spectrum was identified by its character-
lougliotis et al., 1994). istic ESEEM spectrum (Deligiannakis et al., 1995); quanti-

In the present work, we report a study of the magnetic tative estimation was made by comparison with the CW EPR
interaction between the Pheadical and the non-heme iron  spectrum of the @ generated in CN-treated PSII mem-
in PSII; we have performed measurements of the-saittice branes. The sample used in the present work for the
relaxation of the Pheoradical in Mn-depleted PSIl at measurements on pY in CN-treated PSIl membranes
temperatures between 5 and 80 K. We prepared the PSII incontained~10% of Q..
two states: in the first the only paramagnetic center in PSIl  Continuous-wave (CW) EPR spectra were recorded at
is the Pheo radical; the non-heme iron is converted to its liquid helium temperatures with a Bruker ER 200D X-band
low-spin state $ = 0) by treating Mn-depleted PSII with  spectrometer equipped with an Oxford Instruments cryostat.
CN according to Sanakis et al. (1994). In the second The microwave frequency and the magnetic field were
preparation, the PSII contains two paramagnetic species, thaneasured with a microwave frequency counter HP 5350B
Pheo radical and the non-heme #S= 2). Inboth cases and a Bruker ERO35M NMR gaussmeter, respectively.
the primary quinone, Q is doubly reduced (Van Mieghem Spin—lattice relaxation timesl,, were measured by satu-
et al., 1989). From the comparative study of the sphattice ration recovery at 9.6 GHz on a Bruker ESP 380 spectrometer
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with a dielectric resonator, described in Deligiannakis et al. (Calvo et al. 1982) provide evidence that in the present case,
(1995). The saturation recovery was monitored by recording i.e., microwave frequency 9.6 GHz and temperatures below
the two-pulse echo intensitye{2 — 120 ns— s; with t;, = 80 K, Tyris =101 s [NB: it is assumed that th& of the

16 ns) as a function of the time after a saturating pulse Fe is comparable in bacterial reaction centers and in PSlI;
sequence. The magnetic field corresponded to the maximumthis seems justified since Mossbauer studies have shown that
intensity of field swept spectrum; in the case of thg"\Yn the crystal field parameters are similar for the iron in both
CN-treated PSII membranes the field was shifted plus 5 cases (Boso et al., 1981; Petrouleas & Diner, 1982)]. To
Gauss from the maximum intensity value, in order to make the problem tractable we have fitted our experimental

minimize contributions from the £ to the detected echo.
To minimize contributions from spectral diffusion a burst
of N saturating pulses was employed (Dalton et al., 1972;
Beck et al., 1991). The pulse length was= 8 ns
corresponding tél ~ 10G; typicallyN = 30—80 pulses with

an interpulse delay of 0:53.0us were used. The repetition

rate was adjusted in every measurement in order to ensurdions En

complete magnetization recovery.

Analysis of the Relaxation TimeJhe relaxation enhance-
ment of a slowly relaxing spin by a fast relaxing spin was
described by Bloembergen (1949) and for a pairwise point
dipole interaction between two isotropic spins with, Tos
< Tis can be expressed as (Abragam, 1961; Kulikov &
Likhtenstein, 1977)
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where f and s denote the fast and slow relaxing spins,
respectively;ys is the magnetogyric ratio of the slowly
relaxing spiny is the interspin distanceys and ws are the
resonant frequencies, afids the angle between the interspin
vector and the external magnetic field. The observed-spin
lattice relaxation rate ik, = ky; + kig wherek;; = 1/Ty; and

is the intrinsic spir-lattice relaxation rate of the slowly
relaxing spin. The recovery trace is described by the
equation (Hyde et al., 1979; Hirsh et al., 1992)

f(t) =1— N/ 'sing e " do

whereN is a scaling factor.

For the estimation of the interaction distance from the
dipolar enhancement a knowledge of the sgattice
relaxation times of the fast relaxing spin, in our case the
non-heme R (S= 2), enters the problem. The relaxation
times of the non-heme iron in PSII have not been directly
measured; indirect information comes from the relaxation
enhancement of organic radicals in PSIl (i.eptYY,",
Chl,") [Koulougliotis et al., 1994, 1995; see also Evelo and
Hoff (1991)] by the non-heme Fe(S= 2) and for the case
of radicals in the bacterial reaction center (Norris et al., 1980;
Hirsh & Brudvig, 1993). These data in combination with
direct spin lattice relaxation measurements of the kg?*
(S= 2) complex in the bacterial reaction centefTat 4 K

data by using separately tiBeor the C term of eq 1, in the
form kyp = ki(1 — 3 co$ 6)? or kg Sir? 6 co< 0 respectively,
with ki4 as the adjustable parameter.

RESULTS

After strong illumination under strongly reducing condi-
—450 mV) the primary quinone is doubly
reduced and probably protonateda{d) while the pheo-
phytin is singly reduced (Van Mieghem et al., 1989). The
CW EPR signal recorded in Mn-depleted PSIl membranes
with the Q, doubly reduced in this way is displayed in Figure
1A (solid line); the spectrum consists of a structureless
derivative with AHp, = 13.0 &+ 0.5G andg = 2.0034+
0.0003, i.e., the EPR characteristics of the Phesdical
(Klimov et al., 1980). No split EPR signal, indicative of
the state Phe®@a Fe*t (S= 2), is detected in this sample
(data not shown); this indicates that all the detected Pheo
signal arise from PSII centers in the state Phép? Fe?"
(S=2). Thus, under these conditions the only paramagnetic
species expected to be in the Mn-depleted PSII are the Pheo
radical and the non-heme Fe(S = 2). Since the mem-
branes are poised under strongly reducing conditions all the
stable cationic paramagnetic centers of PSk(\YCytysse)

are reduced.

PSII membranes were treated with CN in order to generate
the low-spin §= 0) form of the Fé* (Sanakis et al., 1994).
The efficacy of this treatment was verified by the complete
absence of the QFe" (S= 2) EPR signal and the presence
of the @~ signal atg = 2.0045 in>90% of the centers
[see Sanakis et al. (1994) and Deligiannakis et al. (1995)].
In such samples, generation of the Pheadical was done
as described above and the spectrum is shown in Figure 1A
(dotted line). The signal has the characteristics of the Pheo
radical. This shows that the CN treatment does not impair
the electron donation to Pheo In this sample the Pheo
radical is the only paramagnetic center present since the iron
is in the low-spin § = 0) state.

Comparison of the two spectra in 1A shows that under
non-saturating conditions there is no resolvable difference
in the two EPR spectra. Both spectra consist of a structure-
less derivative withAH,, = 13.0 G andg = 2.0034. We
have carefully examined the line width as a function of the
temperature at non-saturating conditions and within the
experimental accuracy of our measurements no difference
in the line width of the CW EPR spectrum is resolved in the
temperature range 18 T < 80 K. Thus the spin state of
the non-heme iron has no effect on the CW EPR line shape
of the Pheo. However, a study of the progressive micro-
wave saturation properties of the Pheadicals, revealed a
marked relaxation enhancement attributed to the high-spin
Fe#t. This effect is shown in Figure 1B; at 30 K the
PheoFe*t (S= 0) is saturated at lower microwave powers
than the Pheoin the presence of the high spin iron. From
Figure 1B it is seen thaP,, = 89 uW and 690uW for
PheoFet (S= 0) and PheoFe*" (S = 2), respectively.
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Ficure 1: (A) CW X-band EPR spectra of Mn-depleted PSIl membranes (5 mg of chl/mL, pH 8.1) poiEgd=at-450 mV for 60 min

followed by illumination at 15°C for 12 min: CN-treated PSIl, PheQx? Fe" (S = 0) state (dotted line) and PheQa?> Fet (S= 2)

state (solid line). Experimental conditions: temperature, 30 K; microwave frequency, 9.42 GHz; microwave power 200 nW; modulation
frequency 12.5 kHz; modulation amplitude, 2 Gauss. (B) Progressive saturation of the intensity of the first-derivative EPR signal of the
Pheo Qa2 Fe2t (S= 2) (filled circles) and PhetQa2 Fe#" (S= 0) (open circles). The continuous lines are fits using the equétioiil

+ P/Py5)P whereP is the microwave power; for parameter values see text.

To obtain quantitative information concerning this relax- the detected transient traces for the Pheontained frac-
ation enhancement a pulsed EPR study was performed whichional contributions from a second exponential with rates
is presented below. In the case of weak magnetic coupling corresponding to those of .Q in CN-treated PSIlI (Kou-
between the iron and the Phedfast modulation of the  lougliotis et al., 1994); the presence of singly reduced Q
interaction, due for example to the fastof the iron, would was verified by the characteristic ESEEM pattern (Deligian-
result in a more prominent effect on tiigthan onT, of the nakis et al., 1995). We have carefully verified that in the
Pheo. Indeed two-pulse electron spin echo data on the samples used for the data presented in this paper, all of the
Pheo (not shown) are consistent with this idea but because Qa was doubly reduced and therefore the Phisathe only
the T, data are perturbed by deep modulations andlTby radical present.
effects, they cannot be taken as an unambiguous demonstra- Pheo Fe?* (S = 2). A typical echo-detected saturation
tion of this effect. However, the absence of a detectable recovery of the Phed-&** (S= 2) recorded in Mn-depleted
lineshape change on the Phesignal measured by cw EPR  PSil at 17 K is displayed in Figure 3. The recovery is much
is a direct indication that the iron has only a negligible effect faster than in the case of the CN-treate@'R&= 0) sample.
on theT; of the Pheo. Therefore th of the Pheo should  Also in contrast to the Phe&e*t (S= 0) case, the trace is
be a more sensitive probe of the interaction (Hyde et al., not a single exponential. We have analyzed the data by using
1979; Eaton & Eaton 1988a). This possibility was examined the C term of the dipolar model, eq 1, and the least-squares

by measuring the spirlattice relaxation time for Pheée** fit is superimposed on the experimental curve, Figure 3. The

(S= 0) and PheoFe* (S= 2). dipolar rates estimated by the fit at various temperatures are
. . . presented in Figure 4 (open squares).

Spin-Lattice Relaxation of Pheo On the basis of this dipolar enhancement, using eq 1, it

Pheo Fe?t (S=0). The echo-detected EPR spectrum of should in principle be possible to deduce an interspin, Pheo
the Pheo in CN-treated BBY is shown in Figure 2A. The Fe, distance. Because the relaxation time of the non-heme
spin—lattice relaxation of the Pheowas measured by iron of PSIl is unknown, it is not possible to obtain this
monitoring the saturating recovery of the two-pulse echo at distance directly. One approach to overcome this is to
the field position corresponding to the maximum absorption. compare the dipolar effect of the iron on the Pheath its
A typical echo-detected saturation recovery curve of Pheo effect on the %" radical, for which the FeYp™ distance
in CN-treated PSII at 16 K is shown in Figure 2B. The has already been estimated (Koulougliotis et al., 1995). This
recovery is well described by a single exponential; the approach has been used earlier to estimate tjie—¥e
residual from the fit is shown at the bottom of the transient (Koulougliotis et al., 1995) and CHl—Fe (Koulougliotis et
(Figure 2B). The relaxation measurements were extendedal., 1994) distances in PSII.
over the 5-80 K range; the observed spifattice relaxation Yo 'Fe*t (S= 0). We found that the illumination at @C
rates were single exponential over this range. The temper-of the CN-treated PSIl membranes at pH 8.1 results in an
ature dependence of the spilattice relaxation rates deter- EPR signal which is a mixture of the signal of thg™Y(30—
mined in this way are shown in Figure 4 (filled squares). 40%) and that of the £ (60—70%) (data not shown). The

We noticed that in some CN-treated PSIl samples a Qa~ was identified by its ESEEM pattern (Deligiannakis et
biexponential character was detected in the case were theal., 1995). The EPR signal of the;Y generated in the PSII
double reduction of the Qwas not complete. In this case membranes poised at pH 6 after CN treatment, is shown in
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It is known that in Tris-treated PSIl membranes, the s

A) less stable at pH 8 than at pH 6 (Boussac & Etienne, 1982);
' this also seems to be the case in CN-treated PSII. For the

relaxation measurements the magnetic field was set at plus-5

Gauss from the field corresponding to the maximum absorp-

tion signal of the %+, where the contribution of the Q is

minimal.

A representative saturation recovery trace of the Fe**
(S=0) at 16 K is displayed in Figure 5A; the temperature
dependence of the intrinsic spitattice relaxation rat&/Ty;

’ ‘ * determined by a single exponential fit is shown in Figure 4
3440 3460 3480 (filled circles).

H (Gauss) Yo Fe*t (S= 2). Figure 4 (open circles) shows the dipolar
enhancement of the relaxation rates @¢f*Yn Mn-depleted
) PSIl when the iron is in the high-spits & 2) state. The
(B) ’ dipolar rates were estimated by fitting the experimental
transients using th€ term of eq 1; a typical saturation
recovery transient is shown in Figure 5B. The data are
comparable to those of Koulougliotis et al. (1995) and show
the marked relaxation enhancement effect of the iron on the
Yp'.

When the iron is in the low-spin form, the Phemadical
relaxes more slowly that thepY radical (Figure 4); for
AAAAANN VAN AN A e A AN example at 30 K th@y; of the Pheo is ~ 10 times slower
than theTy; of the Yp™. At lower temperatures the difference
is less pronounced while as the temperature increases the
spin—Ilattice relaxation rates of % and Pheo diverge. From

Echo intensity (a.u)

Echo Intensity (a.u)

IR SR U A S T T Y TN N N T S S S T Y N B

0 20 40 0 80 100 120 140 160 180 200 220 Figure 4 it is seen that the temperature dependence of the
t (msec) 1/Ty; of the Pheo (~T%9) is different from that of the ¥*
FIGURE 2: (A) Amplitude of the electron spin echo of Phem [~T2% see also Koulougliotis et al. (1995)].
CN-treated PSII, resulting from a two-pulse sequeng® - 144 Location of the Phea The dipolar rates for the Phelee’"

ns — z, with t, = 16 ns), as a function of the magnetic field. (S=2) are about 2 orders of magnitude higher than for the
Experimental conditions: sample temperature, 35 K; time interval YotFet (S=2). Assuming that the spirattice relaxation
between successive pulse sets, 5 ms; microwave frequency, 9.6. D A 9 .
GHz. (B) Saturation-recovery transient observed for the Pieo ~ Ume of the iron is the same under both experimental
Mn-depleted PSII treated with CN with the exponential fit conditions (see discussion), then the data indicate that the

superimposed; the difference between the experimental and the fittedPheo —Fe** distance in PSIl is much shorter than thg™Y-
curve is shown at the bottom. The two-pulse echo intensit§ ( Fe** distance. Having estimated the dipolar spiattice

— 120 ns— sz, with t,, = 24 ns), was recorded after a sequence ;
of 80 saturating pulses with interpulse separation of 2% relaxation enhancement of the Pheeq 1 can be used for

Experimental conditions: Sample temperature, 16 K; magnetic field the estimation of the interspin distance if thg of the fast
strength, 3457 Gauss; two-pulse repetition time, 480 ms; microwave relaxing spin is known. However thgs for non-heme F&
frequency, 9.69 GHz. (S = 2) which is the source of the dipolar relaxation
S enhancement of the Pheochas not been measured. Nev-
ertheless, an estimate of the?FePheo distance can be
made based on the reported?FeYp* distance. From the
values ofkig which are estimated using tli@term of eq 1,

| the ratioRee—pnedRre-v,, is 0.54+ 0.08; if we consider that
the distanceRee v, is ~37 A (Koulougliotis et al., 1995),
then Ree-pheo= 20 &+ 3 A,

The dipolar rates shown in Figure 3 have been extracted
by using theC term of eq 1. We have analyzed the
experimental data by using tlBeterm also; the dipolar rates
| AN AN A AA AN AN~ estimated in this way were about-3 times slower than

‘ S — those shown in Figure 4 for both the Pheand the Y%*.
0 20 40 60 80 Since the estimate Phe&e distance is based on the ratio
t (msec) of the dipolar rates for the * and the Pheq the distance
FIGURE 3: Saturation-recovery transient observed for the Plieo  obtained by using th€ or the B term is the same.
Mn-depleted PSII. The fit by using th€ term of eq 1 is
superimposed; the difference between the experimental and the fittedy | scusSION
curve is shown at the bottom. Experimental conditions: sample

temperature, 17 K; magnetic field, 3460 Gauss; two-pulse repetition  \y/e have studied the Pheanion radical in Mn-depleted
time, 220 ms; other conditions as in Figure 28. PSII membranes with the Ldoubly reduced, in which the
Figure 5A (inset). The amplitude of the signal of the Q non-heme iron was in either the high-spirfF€S = 2) state
in the center of the spectrum partid 0% of the Yo signal. or in the CN-treated low-spin P& (S = 0) state. For

Echo intenstity (a.u)
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FIGURE 5: (A) Saturation-recovery transient observed for thg' Y
in Mn-depleted PSII treated with CN (i.e., #e(S = 0)). The

high- and low-spin state. No static effect, i.e., line shape
change in Pheq due to its interaction with the non-heme
iron of PSIl was detected by CW EPR. However the
interaction with the rapidly relaxing Fe (S = 2) center
decreases the spin-lattice relaxation time of the Phe&
guantitative estimation of the dipolar interaction between
the two paramagnetic centers provides an estimate of the
distagce between the pheophytin and the iR, pheo= 20

+ 3 A

Location of Pheo in PSIl The Fé"—Pheo distance
estimation, taken as an average center-to-center distance, is
based on the point-dipole approximation for the description
of the magnetic interaction between the pheophytin and the
iron. The spin density of the pheophytin anion is distributed
over the macrocycle of the molecule; taking into account
the dimensions of the pheophytin macrocycle, this would
also introduce an average uncertainty 8 A in the
estimated PheeFe distance. This error from the point
dipole approximation taken with that due to thedetermi-
nation results in a combined error of 4.2 A.

It is of relevance to compare this distance with the
homologous distance from the crystal structure of the
bacterial reaction centers. The homologous distance in the
reaction center is 18.1 A ilRhodopseudomonasairidis
(Deisenhofer & Michel, 1984) and 18.4 A Rhodobacter
sphaeroidegErmler et al.; 1994). Thus the value estimated
here for PSIlI is, within the experimental error, similar to
that in the bacterial reaction center. Models of the PSII
reaction center have frequently taken the positions of the

exponential fit is superimposed; the difference between the electron acceptor side components as being virtually the same

experimental and the fitted curve is shown at the bottom. Inset:

CW EPR spectrum at 22 K. (B) Saturation recovery transient
observed for the ¥ in Mn-depleted PSlII (i.e., P& (S= 2)). The
fit by using theC term of eq 1 is superimposed; the difference

as those in the bacterial reaction center [e.g., Mathis and
Rutherford (1987) and Svensson (1995)]. This is supported
by indications from spectroscopic studies. For the pheo-

between the experimental and the fitted curve is shown at the phytin, its magnetic interaction with the.QFe** (S = 2)

bottom. Experimental conditions: sample temperature, 17 K (A)
and 16 K (B); magnetic field, 3464 Gauss; microwave frequency,

9.65 GHz; other experimental conditions as in Figures 3 and 2B,

respectively.

(Klimov et al., 1980; Rutherford & Zimmermann, 1984) its
ring orientation (Ganago et al., 1982) and interactions with
homologous aminoacids (Moere-Loccoz et al., 1989; Nab-
erdryk et al., 1990) provided support for this view. The

comparison we have performed the same measurements opresent data provide direct evidence in support of such

the Yp* radical in Mn-depleted PSII with the iron in the

models.
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The validity of the distance measurement depends on thetherein]. Moser and Dutton (1992), on the basis of electron
assumption that the Fe(S= 2) is in a comparable position  transport data, have suggested= 1.7 A~! (J in Gauss).
and environment under the conditions used to measure theAccording to this formula, for a distance B~ 18 A, the
magnetic interaction for ¥, —Fe&*" and Pheo—F&*". Re- isotropic exchange interactionds< 1 kHz. The anisotropic
cent Mossbauer and EPR data have shown that the crystabxchange interaction is expected to be of the order of the
field of the iron in PSII is not affected by double reduction isotropic exchange scaled by thganisotropy (Moriya,
of the Q. (Vass et al., 1994). The temperature dependence1963). Thus the anisotropic exchange interaction between
of the dipolar rate is a characteristic of the fast relaxing spin; the pheophytin and the iron in PSIl, is expected to be
in the case of the Phean PSII the observed dipolar rate is  negligible; this is in agreement with analogous reports on
~TL802while in the case of ¥ it is ~T-™0L The latter the bacterial reaction center (Van der Brink et al., 1996).

is similar to that reported by Koulougliotis et al. (1995, and  The effect of an isotropic exchange interaction on the
references therein). The similar temperature dependence iscalarT, of the Pheo would be~JTof(1 + (ws — 0r)?T2P)
indicative that the environment of the iron in PSIl membranes (Abragam, 1961) and its contribution would be detected as
from spinach is comparable in the two cases. It therefore 3 faster scalar rate for Pheo. In the present case the scalar
seems likely that the Pe (S = 2) is unaltered by the (ates of the Phedre?* (S= 2), estimated from the fit to the
treatments given in this work and thus the distance estimateeyperimental data, are similar to the intrinsic rates of the
is reliable. Pheo (data not shown).

Recently, based on elecrochromic difference spectroscopy A possible exchange interaction would modify the spin

it has been suggested that the pigments of PSII, including density distribution on the macrocycle of the Pheo radical.

the @\ and the_Pheo, occupy positions wh_lch dn‘fe_r signifi- We have performed ESEEM and ENDOR experiments on
cantly from their arrangement in the bacterial reaction center ; ; . :
the Pheo in the presence of the high-spin and the low-spin

Mulkidjanian et al., 1996). In contrast, the present data . . ) .
i(ndicateJ that the FePheo ():Iistance is rather si?nilar in the "o the detected hyperfine couplings of the protons and of

. the nitrogens of the tetrapyroles appear identical in the two
bacteria and PSII. cases (Deligiannakis, MacMillan, and Rutherford, manuscript
Intrinsic Relaxation of Phea The measured intrinsic 9 ' ' ' P

spin—lattice relaxation of the Pheads slower than that of n prep'aratlo.n). Acpordlng to these data, the mggnetlc
. . . . interaction with the iron does not measurably modify the
the plastoquinone radical,Q and the tyrosine radicalspY . .
and Y;* (Koulougliotis et al., 1995) of PSII. On the other spin density on the macrocycle of the Pheo. We can
z(Kouloug SR - o conclude that spin density modifications on the Pheo radical
hand the intinsic relaxation rate of the Phésrather similar . X : . )
. . hich might exist due to exchange coupling to the iron are
in magnitude and temperature dependence to that reporte : ; X
PR o elow the resolution of the technique. Given that the
for the Ch}* radical in PSII (Koulougliotis et al. 1994). A i
. : accuracy of ESEEM, these data indicate that the exchange
temperature dependence-of! has been observed in other

. : : : interaction, if present, is smaller than 50 kHz this result is
radlcals_m ph_otosynthetlc systems like (BCPj@)n Rb consistent with the exchange interaction expected based on
sphaeroideqHirsh & Brudvig, 1993) and Cla.* in PSII the Phee-Fe distance (i.eJ < 1 kHz)
treated with CN (Koulougliotis et al.,, 1995). Since the ) TN ) o
pheophytin resonance line is broadened by hyperfine interac- !N @pplying the dipolar model for the description of the
tion (Fuijita & Davis, 1978), we consider that the dominant interaction between the iron and the Phee have supposed
spin-lattice relaxation mechanism is modulation of the thatthe dipolar coupling is the only source of the observed
hyperfine interaction by the lattice vibrations [for a review distribution of the relaxation times. Given the arguments
see Bowman and Kevan (1979) and references therein].considered above, this supposition seems justified.
Various possible mechanisms can result it @ependence The EPR signal of the state Ph&@, Fe&t (S=2) atT
of the spin-lattice relaxation: (a) a direct (one-phonon) < 10 K is a doublet signal (Klimov et al., 1980) with an
process; however it is unlikely that such a process would be apparent dependence on the pH (42 G at pH 6, 50 G at pH
dominant at temperatures higher than a few degrees K. (b)8) (Rutherford & Zimmermann, 1984). An analogous split
The modulation of the electron nuclear interaction by signal is detected in the reaction center @florobium
tunneling of nuclei or molecular groups in the environment zinosumor R. ziridis but not inR. sphaeroidegDutton et
of the radicals or local vibrations has been observed in otheral., 1978; Okamura et al., 1979; see also van der Brink et
systems (Murphy, 1966; Bowman & Kevan, 1979, and al. (1996)]. This type of split signals has been reported in
references therein). Interestingly, a highly rigid environment other systems [see Eaton and Eaton (1988a,b)]. The present
was suggested to be correlated with the observdd data show that in PSII, after double reduction of the Qe
temperature dependence for the aforementioned radicals ininteraction between the Phe@nd the non-heme iron is
bacteria and PSIl (Koulougliotis et al., 1994; Hirsh & weak. This is in striking contrast to the60 Gauss {200
Brudvig, 1993). The estimated F€he distance, taking into  MHz) splitting detected in the state Ph&dy"Fe™ (S= 2).
account the structure of the bacterial reaction center, is The observed modification of the F&heo interaction after
indicative for the location of the Pheo at the center of the double reduction of the Qcould be due to a modification
PSiIl reaction center. In this context the location of the Pheo of the exchange or the dipolar coupling or both. It is clear
in a highly rigid environment could be anticipated in thatthe presence of the semiquinone, which is magnetically
accordance with the observation based on the temperatureoupled to the iron and situated between Fe and Pheo, greatly
dependence of the intrinsic relaxation. influences the distance, and therefore the dipolar coupling,

Exchange Interactian Empirical correlations of the form  between the interacting spin systems. The presenceof Q
J(R) ~ exp(—bR) have been suggested for the relation could also affect the orbital overlap, direct or indirect,
between the isotropic exchange interactiand the interspin ~ between the Fe and the Pheo and thus have an important
distanceR [see Eaton and Eaton (1988a,b) and referenceseffect on the exchange interaction.
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It is tempting to consider that the orbitals of @rm part

Deligiannakis and Rutherford

Hansson, Q & Wydrzynski, T. (1990)Phosynth Res 23, 131.

of an exchange pathway between the Pheo and the iron. Wenirsh, D. J., & Brudvig, G. W. (1993). Phys Chem 97, 13216.
have attempted to study by electron spin echo SPectroscopyirsh, D. J., Beck, W. F., Innes, J. B., & Brudvig, G. W. (1992)

the Pheo in PSII membranes in the state PhéaFe (S

Biochemistry 31532.

= 2); however, even at 4 K no echo is detected indicating Hyde, J. S., Swartz, H. M., & Antholine, W. E. (1979) 8pin

that the phase memory time or the splattice relaxation
time of the Pheo is<200 ns under these conditions. This

Labeling Il: Theory and ApplicationgBerliner, L. J., Ed.) pp
71—-113, Academic Press, New York.

shows that the interaction between the Pheo and the iron isklimov, V. V., Klevanic, A. V., Shuvalov, V. A., & Krasnovsky,

very different in the presence of\Qcompared to @. This

A. A. (1977) FEBS Lett 82, 183.

suggests that the orbitals of the quinone play a crucial role Klimov, V. V., Allekhverdiev, S. I., Demeter, S., & Krasnovsky,
in determining the magnetic coupling between the Pheo and A- A- (1979) Dokl. Akad Nauk USSR 24227.

the iron. In this regard it would be interesting to study the
interaction between the Q and the Pheoin the absence
of the paramagnetic iron.
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