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ABSTRACT. The spin-lattice relaxation time ;) of the phyllosemiquinone anion radical A of the
photosystem | (PSI) reaction center, were measured between 4.5 and 85 K by electreachpin
spectroscopy. The selective removal of the isulfur centers, k, Fg, and K, from PSI allowed the
measurement of the intrinsit, of the A;~ radical. The temperature dependence of the intrinEix{

for A;~ was found to be- T1-30-1 The spin-lattice relaxation of the reduced form of iresulfur center

Fx was also measured at low temperatures, AfFg-depleted PSI membranes. It was found that the
fast-relaxing k center enhances the spilattice relaxation of the phyllosemiquinone due to dipolar
coupling. The effect of the reduced forms @fs on theT; of the phyllosemiquinone was minor compared
to the effect of k. By analyzing the data with a dipolar model in the light of limitations imposed by
other information present in the literature, the distance between the phyllosemiquinong iang3t is
estimated to be 14.8 4 A.

Photosystem | (PSl)is a large multi-subunit pigment (reviewed in refs 2 and 3). However, the location of the
protein complex of approximately 300 kDa embedded in the phylloquinone has not yet been determined in the structural
photosynthetic membranes of plant algae and cyanobacteriamodel obtained from X-ray diffraction studies of PSI crystals
It comprises at least eleven different subunits and about 100(4).
chlorophyll molecules (reviewed in ref 1). The redox  The study of the magnetic interaction between an organic
components involved in the first steps of photoinduced radical and a metal can provide a direct estimation of the
electron transfer are located in the reaction center coreinterspin distance (see refs 5 and 6 and references therein).
complex, which is largely hydrophobic and comprises two In photosystem Il, by using pulse EPR methods, several
homologous and probably pseudosymmetrical subunits PsaAgroups have estimated the distance between the fast relaxing
and PsaB. Upon light excitation the primary electron donor, metal centers and a range of organic free radicals involved
a pair of chlorophylla molecules known as P700, forms a in photosynthetic electron transfef{15). In the present
highly reducing singlet state which initiates charge separation work we have used this approach to study the magnetic inter-
between P700* and the proposed primary acceptor chloro-actions between the phyllosemiquinone radical and the-iron
phyll a (Ao). Electrons are then transferred to a molecule sulfur centers k, Fs, and Fx in PSI. From the spinlattice
of phylloquinone, known as Aand subsequently through a relaxation of the phyllosemiquinone radical in the presence
series of three ironsulfur centers before reaching soluble and absence of the irersulfur centers, the distances between
ferredoxin. The first iror-sulfur center reduced, x is the radical and the ironsulfur center k, the dominant
located at the interface between the PsaA and PsaB subunitselaxer, was estimated.
at the stromal side of the complex. The other two ion
sulfur centers are within a peripheral subunit, PsaC, that is MATERIALS AND METHODS
bound to the outer surface of the PsaA/PsaB complex
(reviewed in refs 1 and 2).

The phylloquinone, A functions as a one-electron carrier

Liquid cultures of wild-typeSynechocysti$803 were
grown in BG11 medium 16) to an OD (720 nm) of
} . . approximately 1.5 and were then harvested by centrifugation.
?Zt)a 'T’ﬁfgr:}lneﬂstsgltl ISIoevjtlrgtaetﬁgatlomtfkcla?;ﬁirstzzvn?oo?;\t of The cells were broken by French press, and the cell debris
' y P P was removed by further centrifugation. The isolated mem-

particular interest and it has been the focus of much researcfbraneS were washed four times with ice-cold 20 mM Tricine

T Supported by Human Capital & Mobility Grant, Contract 5 mM EDTA, pH 7.8. After the fln.al wash, they. were
ERB0049GI1901, and a Human Frontiers Science Program Grant RG-Fesuspended to 2 mg/mL chlorophyll in 20 mM Tricine, pH
349/94. _ 8.0, and frozen in liquid nitrogen.

* Corresponding author. A modified version of the method inly) was used to

1 Abbreviations: PSI, photosystem IpAprimary electron acceptor . . .
chlorophylla; A;, the PSI phylloquinone secondary electron acceptor; remove the irorrsulfur centers Fand Fs, without removing

cw EPR, continuous wave electron paramagnetic resonance; ESEEMFx. The membrane preparation was incubated at@an
electron spir-echo envelope modulatior3-DM, n-dodecyl -b- darkness in 7 M urea, 5 mM EDTA, 0.0586mercaptoeth-
maltoside; &, Fs, and K, the three [4Fe-4S] centers of PSI, HEPES, - 50 (y/v), 20 mM Tricine, pH 7.6, under a constant stream
N-2-hydroxyethylpiperaziné¥-2-ethanesulfonic acid; PsaA, -B, -C... ! . ! e .
are the polypeptides coded by the geps#), -B, -C..., respectively; of argon. After 30 min of incubation the sample was diluted

Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine. 5-fold in 20 mM Tricine, pH 7.8, and the PSI membranes
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were isolated by ultracentrifugation. To obtain material
lacking all three of the ironsulfur centers (k, Fs, and K), 1A 1B
the same procedure was used ex¢eptercaptoethanol was X1
omitted and 1.5 mM HgGlwas present during the incubation
with urea.

The semiquinone radical was generated using a procedure
based on that ofl8) using modifications described iA9).
Briefly samples were illuminated (2 min at 200 K) in the
presence of 25 mM sodium dithionite and 200 mM glycine, X 10
pH 10.0. This procedure results in the formation of
approximately 30% of the phyllosemiquinone. This low
yield was used in order to minimize the possibility of o~ X 10
contamination from other radical§9).

X-band EPR spectra were recorded at liquid helium -———————t—2—- x s '
temperatures with a Bruker ER 300 X-band spectrometer 3330 33&“8;360 373 3200 é:ﬂ(ls 4000
equipped with an Oxford Instruments cryostat. Pulsed EPR

was performed with a Bruker ESP 380 spectrometer with a T/6URE 1. EPR spectra of reduced electron acceptors in PSI. (A)
The phyllosemiquinone, &. Upper trace: A~ in the presence of

diglect_ric resonator, described iaqQj. Spin—.lattice relax- reduced k-, Fa-, and Fs-. Middle trace: A- in the presence of
ation times,T;, were measured by saturatierecovery at reduced k. Lower trace: A~ in the absence of the irersulfur

9.6 GHz. The saturation recovery was monitored by centers. EPR conditions: temperature 26 K; microwave power, 6.34
recording the two-pulse echo intensity2—120 ns-zr; with uW; 2G modulation amplitude. (B) Ironsulfur spectra corre-

_ ; : : sponding to the samples in (A) above. EPR conditions: temperature,
t-2 = 16 ns) as a function of the time after a saturating pulse g K: microwave power, 20 mW: 20G modulation amplitude.

sequencedl, 22) in order to minimize contributions from  samples were reduced by sodium dithionite and by illumination at
spectral diffusion as described it5). The pulse lengthwas 200 K as described in the methods.

t, = 8 ns corresponding to +~ 10G; typically N = 40

pu|SeS with interpu'se de'ayq(Awere used. The repetition For the estimation of the interaction distance from the
rate was adjusted in every measurement to ensure completélipolar enhancement, knowledge of the relaxation times of
magnetization recovery. the fast relaxing spin, in our case the iresulfur center k,

The relaxation enhancement of a slowly relaxing spin by IS required. In comparable earlier work on PSIIL( 13-
a fast relaxing spin was described by Bloember@@)and 15 and bacterial reaction center85( 12, the relaxation
for a pairwise point-dipole interaction between two isotropic  times of the fast relaxing spin (i.e., the acceptor-side nonheme

spins with Ty, Tor << Tis can be expressed a24( 5 iron) was not directly measured. However, in the present
case therl; of the fast-relaxing ironsulfur center k was

measured directly, and this is used explicitly in the data
2(1_3 cod 9)2+ analysis for est?mating tha, a_nd thereby the interspin
distance (for a discussion on this point see als@6fThe
approach used to estimalg is explained in detail in the
Results. For analysis of the data, we consider that, at the
Ty . low temperatures of our experiments, the effective spin state
3———sinf 6 cos 6 + of Fx is S= Y, (27).
1+ o Ty For the extraction of the dipolar rates from the data we
Cterm need to know the orientation of the interspin vecter-R
relative to the principal axis system of thetensor. In this
Ty case thay is the tensor of kand this orientation is unknown.
21+ 0.+ o )ZT However, the effect of thg anisotropy can be assessed so
s 7 ret that reasonable approximations can be made and the range
E term of possible distances evaluated. The approach used is given
in detail in the Results (also see refs-Z8D).

2 2
K — Vst |1 Ty

Y 4 %1+ (s — @) Ty
B term

3

4
5>sinef (1)

where “f” and “s” denote the fast and slow relaxing spins,
respectively;ys is the magnetogyric ratio of the slowly RESULTS
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 external
magnetic field is taken as parallel to theaxis of the

Figure 1A shows the X-band EPR spectra of the phyl-
losemiquinone, A", from PSI preparations in the following
states: (1) A in the presence of the reduced form of F

o - Fa, and R, designated £, Fa~, and i~ (Figure 1A upper
laboratory frame. The observed spilattice relaxation rate A o _°, .
is ki = kyi + kig, Whereky; = 1/Ty; and is the intrinsic spin trace); (2) A" in the presence of,F (Figure 1A, middle

lattice relaxation rate of the slowly relaxing spin. The trace); and (3) A& in the absence of the irersulfur proteins

- ; ; Figure 1A, lower trace). The corresponding spectra from
t th t (Fig: SPEC
recovery trace is described by the equatiéniy the iron—sulfur centers themselves are shown in Figure 1B.

_ it The phyllosemiquinone EPR spectrum is characterized in
f)=1—N f; sin6 e do each case by = 2.0043+ 0.0002 andH = 9.8+ 0.3 G
with partially resolved hyperfine structure. These charac-
whereN is a scaling factor. teristics are typical of the phyllosemiquinone radical in PSI
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AJ FIGURE 3: Saturatior-recovery transient observed for thg Ain
B s antas b : Fa~Fg~ and K~ -depleted PSI. The exponential fit is superimposed.
3000 3500 4000 The difference between the experimental and the fitted curve is
L shown at the bottom. Experimental conditions: sample temperature,
Magnetic Field (Gauss) 4.5 K; magnetic field, 3457 gauss; two-pulse repetition time, 400

Ficure 2: Field-swept echo spectra of reduced electron acceptors ms.

in PSI. The spectra represent the amplitude of the electror-spin
echo resulting from a two-pulse sequene#2(-144 ns-x, with

t.» = 16 ns) as a function of the magnetic field. (A)Ain the 10° ¢
absence of the ironsulfur centers; (B) A~ and K (C) A, E u
Fa~Fg~, and K~ . Experimental conditions: sample temperature, 10° L n H
8.2 K (A), 4.3 K (B), and 8.3 K (C); time interval between ~ 8 u
successive pulse sets, 40 ms; microwave frequency, 9.66 GHz. 3 [ g W 0
Sy e @
< E
(18). It is important to note that the poorly resolved S 10° _ a
hyperfine structure was present in all preparations, indicating = o
no change to the local environment induced by the different =~ , jﬂﬂm ot
biochemical preparations. 0
The spectra from the irensulfur centers in Figure 1B i
(upper trace) show typical features expected from PSI when 100 =i ' bt
all three iron-sulfurs were reduced (see ref 1 for a review). 10 100
When F~ was present withoutgand ks (Figure 1B, middle Temperature (K)

trac_e), _its specirum was broadened somewhat, as r.eporte(lj-lGURE 4: Temperature dependence of the intrinsic sipattice
earlier in comparable materi&8l). The residual contamina-  rejaxation rate (1) for A;~ (®) in Fa/Fe/Fx-depleted and for &
tion of FA~ and ks~ in this preparation was less than 5%. in Fa/Fg-depleted PSIM). The scalar relaxation rare for the A
The lower trace in Figure 1b shows the almost complete in the presence of;F is also shown®). Temperature dependence

absence of irorsulfur centers €5% Fx~ ) in this prepara-  Of the dipolar enhancement rates for the A~ (0) estimated by
using theB term of eq 1. The solid line is a fit of the functionTi/

tion.
. . ~ TL301tg the data for thél; of A;~.
Electron spir-echo-detected spectra and splattice te

relaxation measurements were done an And the iron-
sulfur signals in the states shown in Figure 1. The echo- The broad k~ signal was detectable only at temperatures

detected EPR spectrum ofAin the absence of the iren <10K and was broad even at 4.2K. In the field-swept spec-
sulfur centers is shown in Figure 2A. In accordance with trum of Fx (Figure 2B), its broad low-field features were
the cw EPR spectra, essentially no echo from the-isurifur better resolved than in the first-derivative cw EPR spectrum

centers was present (compare Figure 2C). The-dpitice (Figure 1).
relaxation of the A~ was measured by monitoring the TheT; of the K~ (see below) was isotropic (within 10%)
saturation recovery of the two-pulse echo at the field position across the spectrum. In addition the phase-memoryTine
H = 3457 gauss corresponding to the maximum absorption (i.e., the two-pulse echo decay) across the spectrum was
of A;~. A typical echo-detected saturation recovery curve measured for £, and it was found to be essentially isotropic
of A;~ at 4.5 Kis shown in Figure 3. The recovery is well across the spectrum (data not shown); a typical valu&for
described by a single exponential with = 62 ms. The was about 0.8us at 4.6 K. In ESEEM measurements
residual from the fit is shown at the bottom of the transient performed across thecF spectrum, we detected essentially
(Figure 3). The relaxation measurements were extended oveno nuclear modulations (data not shown). We conclude that
the 4.5-85 K range; the observed spifattice relaxation the line shape of theF presented in Figure 2B is only
rates were single exponential throughout this range. The minimally affected by the factors which potentially can
temperature dependence of the sgmttice relaxation rates  distort the field-swept echo-detected EPR spectra, i.e.,
determined in this way (Th; ~ T+*01) is shown in Figure =~ ESEEM or relaxation anisotropys?®).
4 (filled circles). Typical echo-detected saturation recoveries recorded across
The echo-detected EPR spectrum fqr fin the absence  the EPR spectrum of (Figure 2B) are presented in Figure
of the iron—sulfur centers kand ks is shown in Figure 3B. 5. Panels bd in Figure 5 show saturation recoveries at
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FiGure 5: Saturation-recovery transient observed ina/Feg-
depleted PSI at magnetic fields of 3720 G (b), 3440 G (c), and
3490 G (d). The exponential fit is superimposed. (a) Saturation
recovery transient observed fonAat H = 3457 G. The fit by
using theB term of eq 1 is superimposed; the difference between
the experimental and the fitted curve is shown at the bottom.
Experimental conditions: sample temperature, 4.7 K; microwave
frequency, 9.65 GHz; other experimental conditions as in Figure
2.

magnetic fields where only thexF spins contribute to the
detected echo (i.e., outside of thg Aignal). The recoveries

Deligiannakis et al.

within the experimental error of our measurements, similar
in samples with and without FFg~ (not shown). This
indicates that i is the dominant relaxer. However, because
the echo recovery from the underlyingFand s~ occurred

in the time range of the enhanced Arecovery, a detailed
study and calculation was done onArelaxation in the
presence of £ alone.

The dipolar interaction betweenxF and A~ can be
described by eq 1, and given the relaxation times of the F
that we measure here, tleterm in eq 1 dominates. Thus
we analyzed the data by using tBeterm of the dipolar
model (eq 1), and the least-squares fit is superimposed on
the experimental curve, Figure 5a. The dipolar rdtes
estimated by the fit at various temperatures are presented in
Figure 4 (open squares). The scalar relaxation rates for the
A;~ extracted from the fits are also shown in Figure 4 (open
circles). At temperatures above 10 K the dipolar rates
increase due to the increase of the relaxation ratexof F
and this continues up to about 25 K where it appears to start
to slow. On the basis of estimates of fheof Fx~ from cw
EPR line width data 27), it is expected that at this
temperature thd; of Fx~ becomes very fast and starts to
decouple from A~ (see eq 1).

Based on the dipolar enhancement of the relaxatign A
by K~ , using theB term of eq 1, it is possible to deduce
the distance between,Aand K~ . In theBterm of eq 1,
the T, of Fx~ (T) enters the calculation. We have estimated
T, by using the following approach: (a) Above 10 K the
line width of the Kk~ signal is determined by it3; as
demonstrated in ref 27. This means tiat= T, at these
temperatures. This is verified by the experimental observa-
tion that the relaxation enhancement af Aoughly parallels
the temperature dependence of thefor Fx. (b) As the
temperature is lowered, thg slows down and becomes
slower thanT,. Since under these conditions thg is no
longer determined byT,;, the Ty becomes temperature
independent. From thterm of eq 1, the dipolar-enhanced
relaxation rate of A~ should now follow theT, trend. And

were about 2 orders of magnitude faster than at the field indeed experimentally it is seen that at temperatures below

position where the & spins are on resonance (i.&l,=
3457 gauss, see Figure 5a). The Fecho was detectable
from 4.2 K up to about 10 K. At higher temperatures the
phase-memory time precluded any Fecho detection.
Throughout this temperature range, the recovery for the F
was single-exponential. The average sgattice relaxation
rate, 1M, for Fx estimated by a single-exponential fit is
shown in Figure 4 (filled squares).

The echo-detected EPR spectrum for FFa~, and B~

10 K the dipolar-enhanced relaxation rate of Aecomes
independent of temperature. Thgof Fx~ below 10 K has
not been measured directly, however; at the crossover point
of 10 K, it must be comparable to that ®f; and since it is
independent of temperature, thig value applies to lower
temperatures also. Thus thg of Fx~ at 10 K and below
can be taken as being equal to fheof Fx~ at 10 K (i.e.,
1.2+ 0.3 us).

A further estimation for thdy is provided by the analysis

is shown in Figure 2C. Echo-detected saturation recoveriesof the line width. In the analysis of Bertrant et &7}, the

were not studied in detail because it became clear that F
was the dominant relaxer for;A (see below). For example,
the T, for FA~ and R~ at 6.7 K were estimated to be 7.4
ms, a value that is significantly slower than fog F(<1
ms) at this temperature.

The saturation recovery for,A in the presence of &
was faster than for A alone and was not single-exponential
in contrast to the situation for A alone (e.g., at 4.5 K the
dipolar enhancement rate forAin the presence of,F was
ks = 106 Hz). This is attributed to a dipolar interaction
between k~and A~. When R~Fg~ are present, after taking
into acount the contribution of their intrinsinc relaxation to
the A; echo recovery, the dipolar enhancement gf #vas,

T, is estimated to be-10.5 us, a range that overlaps our
estimate. To illustrate the influence of shorervalues,
we calculated the effect of using the faster limit of this
approximation ofT, (0.5 us) in plot like that of Figure 6
(see below), and we found that although all the distance
values increased, the increase is on the order of 1.4 A. We
consider, then, that at 10 K and below, our distance values
are likely to be somewhat underestimated compared to the
values obtained at higher temperatures whErés deter-
mined byT; (see below).

To extract the distance parameter from the data, using the
relationw = gfH/h, the B term in eq 1 can be written as
(yul6ro)gsTd[g + ogs — g4)°T2A1(1 — 3 cos ),
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A. Itis also clear that with the exception of the narrow range
of values around) = 2, the vast majority of otheg values
would give distances which fall within 2620 A. Now, the
rhombicg tensor for [k has principal values ofx = 2.14,
gy = 1.84, andg, = 1.76. In theg tensor principal axes
system, a value afs = 2 occurs only in a narrow range of
polar angles between 47 and°51From the expression of
the B term, it can be seen that the dipolar enhancement is
significant only for@ angles close to 90 or°Owhile it is
minimized for@ = 54.7. By simple geometric arguments,
one can see that the polar angles-%7° match the optimal
6 angles (90 or 0°) for only a very limited range of Euler
angles @, w, v), i.e., when theg, axis of F is close to 44
relative to the k—A; vector. This greatly limits the
1.8 1.9 2 21 22 probability that the k—A; vector will be oriented relative
g-value to Fx in such a way that itgs is 2. Furthermore, even in

Ficure 6: Plot of the effect ofy; on the calculated distance in the the_) exceptional case Where tQBZ 2, the Calculatl_ons t_)y
B term of eq 1 expressed &s) = ki(1—3 cog 0)2 with ky as using the complete anisotropic tensor, as described in the

defined in the text, when fitted to the data taken at 12 K. The previous paragraph, show that contributions from otfper
value used was As (see text). values will effectively shorten the calculated distance.

Therefore the longer values for the+A; distance are
where g is the anisotropicgs tensor expressed in the considered to be unlikely.
laboratory frame.g'y is calculated by standard procedures,  Qverall the calculations and fits show that the distance
i.e., by using rotation matrixegt = R*(u,wp) g7t R(u,wp), estimations using an isotropig, (1.91), in which the dipolar
whereg® is theg: tensor in its principal axes system and  ratek is the only fitting parameter, give distances that are
w, v are the appropriate Euler angles relating the two-axis in agreement with the distances calculated by using an
systems (see refs 280). However, the orientation of the  anisotropicg; tensor. It is therefore reasonable to simplify
g axes of k™ relative to the k—A vector is unknown, so  some of the data treatment by using the This simplifica-
the appropriatg's is also unknown. To assess the effect of tion has proved valid and useful in previous studies, (L2.
the anisotropy of thes tensor, we have fitted our data using By using theB term of eq 1 and thga, as explained above,
the B term, having the £ —A;~ interspin distance as the we have estimated an ;AFyx distance at a range of
only adjustable parameter. We have performed these ﬁtstemperatures using the appropri@tevalues. Examples of
for a range of orientations, covering 30 representative setsinea yvalues obtained were the following: (a) at 10 K, 1.4
of angles ¢, w,v). With the exception of a small subset of 5 5 A: (b) above 10 K, 14.9 2.3 A; and (c) below 10 K,
angles, the x—A; distances obtained fell between 10 and 1454 22 A, Overall the distance information calculated
20A. The small subset oti( w, v) values correspond 0 & fqr 5 series of temperatures provided a mean distance of 14.8
gr tensor oriented with itg, axis making an angle of 40 Afor A;"—Fx~ . When the errors from the approximations
45° with the interspin vector and give significantly longer ade for theg orientation described above were taken into

interspin distances (2€29 A). This situation corresponds  5ccount, we arrived at anAFy distance estimate of 14.8
to a very small fraction of the possible orientations, and 4 o A

therefore such longer distances are improbable.
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In earlier studies involving a relaxer witlp anisotropy, DISCUSSION
the g.y was used and thB term was used in the fortky, = . ) . ] .
ka(1 — 3 cog 0)2 with kg = (y2us26r8)g2T[g2 + ws(gs — The spin-lattice relaxation properties of phyllosemi-

0)2T22] (11, 1. In this expression they is taken to be guinone anion radical (&) and the reduced irensulfur
angle-independent, which for an anisotropic relaxer is not center ik (Fx™ ) in PSI have been investigated. By removal
the case. The calculations in the previous paragraph showedf the iron—sulfur centers it was possible to study the
empirically that for the present system the us@ot gay is relaxation of ik~ alone and the relaxation of;A alone or
a valid simplification, notwithstanding the small subset of in the presence ofF .
(u, w,v) values giving significantly longer interspin distances. ~ The T, of Fx™ is short as expected from its cw EPR
In what follows, we reiterate this argument in the context of properties which showed it to be a much faster relaxing
the B term in the formk;y = ky(1 — 3 cog 6)2 addressing  species than £ and k™. The 1M shows a steep
the effect of theg: value directly. temperature dependence which is weakly anisotropic across
To illustrate the effect of the; value we have used the the spectrum. This weak anisotropy is consistent with an
full range of possibley values for k and have calculated ~ Orbach process3#), and such a process has already been
their influence on the calculated interspin distance. Typical Shown to be the dominant process for relaxation,of 7).
results for this series of calculations are shown in Figure 6 Analogous weakly anisotropic relaxation due to an Orbach
for T= 12 K. The figure shows how the distance for-F process has been observed earlier in, for example, the-iron
A1 is influenced byg: over the range relevant toxRg = sulfur center of the ferredoxin &. maxima(35).
1.76-2.14). ltis then clear that if thexmA; vector were The measured intrinsic spiriattice relaxation of the &
oriented relative to thg axes of k in such a way that the  (i.e., in the absence of the irersulfur proteins) is slower
or were 2, the calculated distance would be longer than 20 than that of the plastoquinone radical Qand the tyrosine
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radicals ¥%° and Yz° (14) of PSIl. On the other hand the
intrinsic relaxation rate of the A is rather similar in
magnitude and in terms of its temperature dependence to
those observed for other radicals in photosynthetic systems
such as the cation radical of the bacteriochlorophyll special
pair in Rhodobacter sphaeroid€$2), a chlorophyll mono-
mer cation in PSIl 14) and the pheophytin anion in PSII
(15). Since the A™ resonance line is broadened by hyperfine
interaction (see e.g. Figure 2), we consider that the dominant
spin—lattice relaxation mechanism is the modulation of the
hyperfine interaction by the lattice vibrations (for a review,
see ref 36 and references therein).

The A;~ signal was studied in the presence of the #on
sulfur centers. Although the magnetic interaction between
the rapidly relaxing k= and A~ could not be detected as a
change in the line shape of the cw EPR spectrum of the
radical, it was found to decrease the spiattice relaxation

time of the A~. A quantitative estimation of the dipolar Pioo

mterac_tlon between Ehe tVyO 'paramagnetlc. centers prOVIdeSFIGURE 7: Scheme of the position of;An PSI. The A—Fx distance

an estimate of the,F—A;" distance as being 148 4.0 14.8 A is from the present work, the value of 14.2 Afor this vector.

A. The 11 A from theC2 axis is obtained from the P76@, distance
The additional presence ofyF and R~ did not signifi- 25 A (43), the Cangle between the €0 axis and the P700A;

cantly alter the relaxation properties of the"Acompared vector @4), and the 63tilt of the O—0 axis versus the membrane
to the effect of k= alone on theT,; of A;~. However, (19).
measurements of thg of Fa~ and s~ showed that thd; . .
.. the presence of an exchange interaction of a few gauss. If
values of these centers were slow enough to contaminate

. L ) s0, then the exchange interaction could be significant in terms
relaxation kinetics measured for A Therefore the detailed .
. ; of the electron-transfer reaction between these components.
temperature study and the calculation of the distance were

only done on material lackingsF and F-. The estimate of 14.8 4.0 A for the distance betweern; A
The validity of the &~ to A,~ distance measurement and K seems reasonable in the light of other estimates of

depends on the assumption thaiAproperties are not this distance in the literature. From a kinetic study of

modified by the biochemical treatments used for the removal €/€ctron transfer from Ato F and by application of model
of the iron-sulfur centers in PSI. There are several ©f Moser et al. 89) for electron transfer, Setif and Brettel

indications that A~ is unperturbed by the treatments used. (40) estimat;d the edge to edge distance betweeand K
(1) The hyperfine structure of the cw EPR spectrum of A to be 10.7 A. Given the estimates made for the effective

is present in all samples (see Figure 2). (2) The electron radii of Fx (4.86 A) and A (2.84 A), the center to center
spin—echo envelope modulation (ESEEM) of,;Awas distance based on electron-transfer then becomes 18.4 A.

identical in PSI where the irersulfur centers were removed This value is considered to be an overestimation and should

(data not shown) and in the control PSI sam3@)( (3) be considered as an upper lim&0j. In a separate study,
The similar temperature dependence of the -sttice an edge to edge distancé DA (center to center 14.7 A)

relaxation of A~ before and after the removal of the iren WS obtained also based on the kinetics efolit using a
sulfur centers shows that the treatment for the selective différent electron-transfer model; see also Brettel) for
removal of the iror-sulfur centers does not alter the coupling & discussion of these estimates). Both of these two estimates
of the A~ spin with the lattice phonons. Overall, it seems fit with the distance deduced from the dipolar coupling

clear that A~ and its immediate environment are unaltered re_ported here since it is considered to be a center to center

by the treatments given in this work and therefore that the distance.

distance estimate is reliable. Photovoltage measurements in PSI suggested that electron
The estimated A-Fx distance obtained from the dipolar transfer from A to Fx constituted 22% of the voltage

magnetic interaction is close to the limit where exchange generated from P700 toxH42). This translates to trans-

interactions are considered to be resolvable by EPR (see refMembrane separatiori 8 A (based on a P700 tolistance

38) and references therein) and indeeg; Ras no static ~ of 32 A from the crystal structure4)). This seems

interaction on the A signal detected by cw EPR. On the compatible with the k—A; distance of 14.8 A, given the

other hand, an effect of an exchange interaction on the scalafateral displacement of approximately 11 A relative to the

T, of the A, would be~ JTyx /(1 + (ws — wy)?T2?) (24) C2 axis of the reaction center as indicated from other

and its contribution would be detected as a faster scalar ratemeasurements (see below).

for Ai~. In the present case the scalar rates of the A The position of A was recently estimated by combining

estimated from the fit to the experimental data (open circles three recent spectroscopic measuremef®. ( (1) The

in see Figure 5) are similar to the intrinsic rates of the A distance from P700 to Awas estimated to be 25 A, on the

although a small acceleration in the rate is observed at nearlybasis of a study of the spin-polarized P78Q" radical pair

all the temperature points studied. Because of the small size(43). (2) The P706-A; vector was found to be ap-

of this effect, we are unable to affirm that this shift is proximately parallel to the oxygen axis of the quinone, again

significant; however, at face value the data could indicate on the basis of simulations of the polarized radical pédj.(
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(3) The oxygen-oxygen axis of A was found to be tilted
at 63 relative to the membranel9). When these values
are taken together with the information from the crystal
structure that g (32 A) is from P700 on the reaction center

C2 axis that runs perpendicular to the membrafje then

geometric constraints place;fat approximately 14.2 A
relative to the k. This is in agreement with the value

measured in the present work.

From comparative and evolutionary arguments, it was
suggested that foccupied a position comparable to that of

Qa in the bacterial reaction center and in PSibY The

crystallographic studies show that thg-FHP700 distance is
32 A (4) compared to 28 A46) for the Fe-P860 distance

in the bacterial reaction center; this suggests thaideupies
a position similar to the Fe but displaceg 4 A toward the

stromal side of the membrane. If we pursue the model of

PSI based on the bacterial reaction cendér 4), by moving

A; from the “Qu positior 3 A toward P700 in order to

comply with the distance of 25 A for the P70Q-distance

(43), then the A—Fx distance becomes approximately 14

A, consistent with the distance measured here.
Overall these observations allow a model in whichig\
found in a position that is equivalent to that of @ the

bacterial reaction center except for a small shift toward P700.
We have recently suggested that this displacement may
achieved while maintaining the ring-plane orientation close
to perpendicular to the membrane plane (as found ih Q
but allowing the oxygeroxygen axis of the quinone to
swing into the membrane until it reached an angle of 4t 63
to the membrane planel9). Figure 7 summarizes the
structural model deduced from recent spectroscopic stéélies.
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2 While this paper was in preparation, an article appeared reporting
spin—lattice relaxation studies of a range of PSI components including
A1~ and K~ (47). As with the present work, the authors found that
Fx~ dominated the relaxation of:A. However, in that work the distance

between these components was calculated to b&8ad, a value quite

different from that reported here and one which fits poorly with other
estimations in the literature. Because the relevant cw EPR spectra and
kinetic traces for A~ were not provided, it is not possible to judge the
biochemical integrity of the preparations, the quality of the data, or
the goodness of the kinetic fits. Nevertheless there are two important
differences between that and the present work with regard to the
relaxation study of A". First, Berry et al. 47) studied the relaxation

of A~ enhanced by £ in the presence of reduced Fand ~, while

in the present work we found thagFand Rz~ could contaminate the
A1~ kinetics, therefore our calculation was based on data from PSI

lacking i and Fs. Second and more importantly, Berry et &7) do

not seem to have addressed the question df tfedue of the fast relaxer
(Fx~ ) which is required in the equation used to calculate the distance.

From the data and the calculated distance gived T, (ve have back-
calculated theg value used for £~ as approximatelyg = 2. As

explained in the text this is likely to be incorrect and introduces a
significant increase in the calculated distance. We specifically addressed
the influence ofy value experimentally and in our data treatment (see
Materials and Methods). It seems that these two factors are sufficient

to account for the discrepancy.

3 While this paper was under review, an article appeared in which

the Fx to A; distance was estimated indirectly as—116 A (48). The

value obtained is in excellent agreement with the present work and

with the estimate obtained from our orientation studie.(In addition,

the position of A within the PSI reaction center suggested in ref 48 is

agreement with that proposed here and in ref 19.
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