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Summary

Photosystem I particles from spinach were reduced by illumination at 77 K.
Under these conditions the one-electron transfer from P-700 resulted in a
reduction of only one acceptor molecule of the reaction centre. The EPR
signals at g = 2.05, 1.94 and 1.86 were attributed to reduced centre A and the
smaller signals at g = 2.07, 1.92 and 1.89 to reduced centre B. Reduction of
both centres by dithionite in the dark lead to signals at g = 2.05, 1.99, 1.96,
1.94,1.92 and 1.89. Thus, the features at g = 2.07 and 1.86 disappeared and
new signals at g =1.99 and 1.96 were observed. From the spectral changes it
followed that the iron-sulphur centres A and B interact magnetically. Temper-
ature dependent EPR spectra demonstrated a faster electron spin relaxation
of centre A than of centre B.

These conclusions were corroborated using microwave power saturation of
the respective EPR signals. The saturation data of the fully reduced centres A
and B could not be fitted using the saturation equation for a one-electron spin
system. The magnetic interaction between the [4Fe-4S] centres of the electron
acceptors A and B resulted in saturation properties which are similar to those
of the 2[4Fe-4S] ferredoxin from Clostridium pasteurianum.

For centre X a high proportion of homogeneous broadening of the EPR lines
was inferred from the inhomogeneity parameter (b = 1.83). It was, therefore,
concluded that centre X is most probably an anion radical of chlorophyll.
From the low temperature necessary for observing the EPR signal of centre X
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followed that the drastic relaxation enhancement has to be attributed to a
magnetic interaction of the anion radical with iron.

Introduction

In the primary photochemical reaction of Photosystem I of higher plants a
charge separation occurs followed by rapid electron transfer [1]. The electron
donor is P-700, a reaction centre chlorophyll [2]. The photoinduced changes
related to P-700 can readily be monitored by optical {3] and electron para-
magnetic resonance (EPR) [4] spectroscopy. By contrast, the identity of the
electron acceptors proved to be less unequivocal. It was originally thought that
a single membrane-bound ferredoxin may serve as a primary low-potential elec-
tron acceptor [5]. However, it soon became apparent that the EPR spectra
could not be accounted for by only one membrane-bound ferredoxin. From
potentiometric titrations it was concluded that at least three iron-sulphur
centres were present [6]. Alternatively, it was proposed [7] that only two
iron-sulphur centres, A and B, were necessary in order to explain the EPR
properties — a magnetic interaction between centres A and B was assumed.
Centre A and centre B are iron-sulphur centres of low oxidation-reduction
mid-point potentials of —550 mV and —590 mV, respectively [6,7]. An even
lower mid-point potential (approximately —730 mV) was found for a further
electron accepting site, centre X [8]. It is widely thought that centre X can be
regarded as a primary electron acceptor, whereas centres A and B are secondary
acceptor molecules which function as electron traps [9—12]. The terms pri-
mary and secondary reflect the life-time of the states [13]. Furthermore, an
acceptor molecule A, was postulated as intermediary acceptor between P-700
and centre X [14].

In an attempt to characterize further centre A, centre B and centre X, we
studied their electron spin relaxation properties. Emphasis was placed on the
magnetic interaction of centre A and B and on the structural properties of
centre X. A convenient way for probing electron spin relaxation is by observing
the EPR signal as a function of temperature and microwave magnetic field. In
a study on a wide range of soluble iron-sulphur proteins it was found that the
electron spin relaxation rate provides a useful criterion for characterizing the
type of iron-sulphur centre and the presence of magnetic interactions with
other paramagnetic systems [15].

Experimental

Materials

DE-23 DEAE-cellulose was from Whatman (Maidstone, U.K.); 2,5-dichloro-
phenolindophenol, Hepes, Tris and Triton X-100 (octylphenoxypolyethoxy-
ethanol) were from Sigma (London) Chemical Co. (Kingston-upon-Thames,
U.K.); L-ascorbate, methylviologen and sodium dithionite were from BDH Ltd.
(Poole, Dorset, U.K.). All other chemicals were of the highest grade available
commercially. Membranes for ultrafiltration (Diaflo XM 50) were from Amicon
(High Wycombe, U.K.).
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Photosystem I particles from spinach

Spinach (Spinacia oleracia) was obtained from Covent Garden market.
Type E chloroplast fragments [16] were prepared as described by Whatley and
Arnon [17]. Subchloroplast fragments enriched in Photosystem I reaction
centre were prepared by the method of Vernon and Shaw [18] using the non-
ionic detergent Triton X-100. After removal of the Photosystem II particles
by centrifugation, Photosystem I particles were further purified by chromatog-
raphy on a DEAE-cellulose column [19]. The fraction eluted by 0.3 M NaCl
was concentrated by ultrafiltration on a Diaflo XM 50 membrane. The prepara-
tion used in the EPR experiments contained 0.3 M NaCl in 0.02 M Tris-HCl
buffer, pH 8.0. Samples for experiments at high pH-value contained also
0.1 M glycine-NaOH buffer, pH 10.0. Chlorophylls a and b were determined by
the procedure of Arnon [20] and P-700 was measured as described by Bengis
and Nelson [21]. A chlorophyll concentration of 5—7 mg - m1~! was used. The
ratio of chlorophyll a/b in Photosystem I particles was 4.5. The molar ratio of
P-700 to total chlorophyll was between 1:100 and 1 : 150. Photosystem I
activity was assayed as oxygen uptake by using methyl viologen as electron
acceptor and 2,5-dichlorophenolindophenol/ascorbate as electron donor [22].
The assay system contained in a final volume of 2 ml: 50 mM Hepes buffer
(pH 7.6), 330 mM sorbitol, 5 mM MgCl,, 2 mM MnCl,, 2 mM EDTA, 5 mM
NH,Cl, 2 mM NaN;, 0.2 mM methylviologen, 0.005 mM 3-(3,4-dichlorphenyl)-
1,1-dimethylurea, 2 mM sodium ascorbate, 0.005 mM 2,5-dichlorophenolindo-
phenol. The activity of Photosystem I particles following DEAE chromatog-
raphy was 440 uequiv. electrons - mg~! chlorophyll - h™!.

EPR samples were prepared essentially as described by Evans et al. [12].
Illumination of the samples with white light was performed using a tungsten
projector (1 kW) equipped with a heat filter.

EPR spectra

EPR spectra were recorded on a Varian E4 spectrometer (Varian Associates,
Palo Alto, U.S.A.). Low temperature studies were performed using an ESR-9
continuous flow cryostat (Oxford Instruments, Oxford, U.K.). The temper-
ature was measured by a gold/iron chromel thermocouple below the sample
position and was calibrated with a carbon resistor thermometer. The carbon
resistor was placed in a quartz EPR tube containing silicone oil. EPR spectra
were recorded digitally on a Nicolet 1020A digital oscilloscope (Nicolet Instru-
ment Corp., Madison, U.S.A.) interfaced to a HP 9830 calculator (Hewlett
Packard Inc., Palo Alto, U.S.A.). As a check on the microwave power setting,
EPR spectra of rubredoxin were recorded in a temperature range where the
electron spin system was not saturated (see Fig. 1a of Ref. 15). By plotting
log(S/A/P) vs. log P, it was found that the experimental points followed a line
parallel to the abscissa (S, signal amplitude; P, microwave power incident on
the cavity). This indicates that the setting of the microwave power was correct
in the range 0.5 to 200 mW. All spectra were recorded under standardized con-
ditions (identical detector current, same quartz sample holder).

Microwave power saturation data
The experimental data of EPR signal size as a function of incident micro-
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wave power were fitted by a weighted least-squares procedure to the equation

S« +/P[(1+P/Py,)*"? (1)

given by Beinert and Orme-Johnson [23], where b is the so-called inhomo-
geneity parameter and P,,, is the power for half-saturation with microwave
energy. The inhomogeneity parameter reflects most probably the ratio of the
Lorentzian spin packet width to the Gaussian envelope width. It provides a
convenient means for characterizing the broadening mechanism of an EPR line.
The curve fitting programme was devised by Dr. R. Cammack. The value for b
could be specified or treated as free parameter. All EPR spectra observed in this
study were free of rapid- and fast-passage effects. A detailed discussion on the
theoretical aspects of microwave power saturation was given by Rupp et al.
[15]. Calculations were carried out on a HP 9830 calculator and the saturation
data were plotted on a Hewlett-Packard 7202A graphic plotter.

Results and Discussion

1. Changes of the EPR spectra dependent on temperature end microwave
power

Photosystem I particles were incubated in quartz EPR tubes in the presence
of 20 mM ascorbate at pH 8.0 (5 min, dark) and were frozen in liquid nitrogen
in the dark. Illumination at 77 K resulted in a spectrum with strong lines at
£=2.05,1.94 and 1.86 (Fig. 1). Additional features have been observed con-
sistently [5,22,24,25] at approximately g =2.07,1.92 and 1.89. The free-
radical signal I of P-700" indicates that these signals have been reduced by a
photoreaction and are all linked to an electron-accepting site at the reaction
centre. The EPR spectra of Fig. 1 are difference spectra (light minus dark) and
thus, represent paramagnetic centres which became photoreduced in the frozen
state at 77 K. Only functionally intact acceptor molecules are expected to
become detectable under these conditions. As already noted, the temperature
dependence of the signals provides a useful means for studying electron spin
relaxation. In the temperature range 10—20 K the signals at g = 2.05, 1.94 and
1.86 predominate (Fig. 1la,b). The features near g = 2.07,1.92 and 1.89 are
detectable as shoulders. At higher temperatures the g = 1.94 resonance gradu-
ally disappears (Fig. 1c, d) and is hardly detectable at 38.1 K (Fig. 1e). A similar
behaviour was found for g = 2.05 and g = 1.86. By contrast, the resonances at
g2=2.07,1.92 and 1.89 are more pronounced at higher temperatures (Fig.
1c, d). In addition to these signals a feature at g = 2.09 was detected. It can
best be observed below approximately 15 K (Fig. 1a). A contribution from the
Rieske iron-sulphur protein (g = 2.02, 1.90) [26] can be excluded.

Thus, from the temperature dependent EPR spectra three different types
of signals can be distinguished: resonances (a) at g = 2.07, 1.92, 1.89, (b) at
£=2.05,1.94, 1.86 and (c) at g = 2.09. We assign the g = 2.05, 1.94 and 1.86
features to centre A and the g = 2.07, 1.92 and 1.89 features to centre B. Since
the signals following illumination at 77 K were increased by a factor of 9, the
probability is low that in a particular reaction centre both centres A and B are
reduced. (Note, photoreduction by illumination at 77 K results in the transfer
of only one electron from P-700.) The composite spectrum arises, therefore,
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Fig. 1. Temperature dependence of the light-induced EPR signals of Photosystem I particles. Spectra
were recorded of particles kept in the dark (5 min) in the presence of 20 mM ascorbate (pH 8.0), then
spectra were recorded following illumination (77 K, 1 min). The light-induced spectra were obtained
as light minus dark difference spectra using a Nicolet 1020A digital oscilloscope; (a) 10.4 K, (b) 18.3 K,
(c) 25.4 K, (d) 28.8 K, (e) 38.1 K; microwave power 10 mW; modulation amplitude 1 mT: microwave
frequency 9.25 GHz;the receiver gain of spectrum (e) was 2.5 times greater than that of the other spectra.

Fig. 2. Temperature dependence of the EPR signals of Photosystem I particles reduced by 10 mM dithio-
nite in the dark (pH 10.0, 40 min): (a) 10.4 K, (b) 18.3 K, (¢) 25.4 K, (d) 28.8 K, (e) 38.1 K; microwave
power 10 mW; modulation amplitude 1 mT; microwave frequency 9.25 GHz.

from reaction centres which contain either reduced centre A or to a much
lesser extent reduced centre B. Under thermodynamically controlled condi-
tions, a one-electron transfer would not result in a reduction of centre X or
the intermediary acceptor A, [27]. However, in the frozen state at 77 K the
electron transfer would depend also on the mechanisms of electron tunneling.
Obviously, under these conditions a reduction of electron acceptors having
more negative potentials than centres A and B might still be possible. Although
at present we have no strong evidence that the g = 2.09 signal is related to
Photosystem I, we are inclined to relate this resonance with an intermediary
electron acceptor, probably between P-700 and centre X.

Further reduction of the electron acceptors was achieved by incubation of
Photosystem I particles at pH 10.0 with 10 mM dithionite for 40 min in the
dark. Pronounced signals were observed at g = 2.05, 1.99, 1.96, 1.94, 1.92,
1.89 and a small feature at 1.86. Signals characteristic of centre X were not
detected. This indicates that the secondary electron acceptors were not fully
reduced (Fig. 2a). However, in most reaction centre particles both centres A
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and B are reduced and are in the paramagnetic state. In contrast to the spectra
of isolated centres A and B, only small signals were observed at g = 2.07 and
1.86. Signals which were not detected for the isolated centres (Fig. 1) occur
at £=1.99 and g=1.96 (Fig. 2a) [28]. The latter features are hardly detect-
able above 20 K. The g=1.96 component was observed previously using
potentiometric titrations [6] —it was not seen at an oxidation-reduction
potential of —562 mV, but was seen at —612 mV. Thus, also the g =1.99
and 1.96 signals are not related to Rieske’s iron-sulphur protein which has
an oxidation-reduction mid-point potential of +290 mV [26]. The g=1.94
and 1.86 resonances vanish above approximately 30 K (Fig. 2d, e) as in Fig. 1.
Thus, the spectra of Fig. 1e and Fig. 2e are strikingly similar. The g = 1.94 and
1.86 signals broaden out at lower temperatures than the g =1.92 and 1.89
signals. This indicates a faster electron spin relaxation for iron-sulphur centre
A. It is noteworthy that this difference in relaxation properties is maintained
despite the presence of two paramagnetic centres in the Photosystem I reaction
centre.

A way for partially reducing the iron-sulphur centres is by oxidation-reduc-
tion potential titration in the presence of mediators [6,7]. A serious drawback
arising from the presence of oxidation-reduction mediators is a large free-
radical signal which interferes with signals of Photosystem I. Furthermore,
mediators in a paramagnetic form might interact with the electron carriers thus
altering their relaxation behaviour. These complications can be avoided by
reducing the electron acceptors by dithionite using different reaction times.
Representative spectra are shown in Fig. 3b—e. Following reduction with
10 mM dithionite for 2 min in the dark, the EPR signals (Fig. 3b) are similar
to those observed for particles kept dark and then illuminated at 77 K (Fig. 3a).
Longer reduction times (10 min, Fig. 3c; 20 min, Fig. 3d) result in progressive
reduction of both centres A and B. The g = 1.86 feature disappears and in
parallel signals at g = 1.99, 1.96 and 1.89 appear. The g = 1.99 and 1.96 signals
are best seen at high microwave power, where P-700" is strongly saturated. It
should be pointed out that the g=1.99 signal might be obscured by the
trough of the free-radical signal of P-700°. It would be not justified in this
case to use the peak to peak height of the free-radical as a measure for P-700".
Following reduction for 35 min, the g=1.99 and 1.96 signals are further
increased, whereas the g = 1.86 feature has become very small (Fig. 3e).

It is noteworthy that the g = 1.99 and 1.96 signals can be observed although
centre X is oxidized (Fig. 3e). From the appearance of new signals in parallel to
the reduction of both centres A and B in a reaction centre we conclude that the
centres interact magnetically. Depending on the type of interaction (dipolar or
exchange interaction) and the distance between the centres, a splitting or shift
of EPR lines and a change in the electron spin relaxation properties is expected.
Spectral changes are observed for both centres upon interaction. The g = 2.07
signal of centre B vanishes and also the g = 1.86 signal of centre A. It is not
feasible to assign different features of the interaction-type spectrum to a
particular centre. Shifts of resonances due to interaction with other para-
magnetic centres are well established. For the eight-iron bacterial ferredoxins a
low-field resonance is shifted to higher magnetic field upon reduction of the
second iron-sulphur centre [15,29,30] and for the Rieske’s iron-sulphur
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Fig. 3. EPR signals of Photosystem I particles reduced in the dark by 10 mM dithionite (pH 10.0) for
(b) 2 min, (c) 10 min, (d) 20 min, (e) 35 min. Spectra were recorded with 0.5 mW and 200 mW micro-
wave power., For comparison are shown spectra also of (a) iluminated particles (77 K, 1 min) after
being kept in the dark for 5 min (20 mM ascorbate, pH 8.0) and (f) of particles which were illuminated in
the presence of 10 mM dithionite (pH 10.0) for 2 min and were illuminated during freezing in liquid
nitrogen. All spectra were recorded at 10.4 K: modulation amplitude 1 mT; microwave frequency
9.25 GHz; receiver gain 500 (for 0.5 mW microwave power) and 100 (for 200 mW microwave power).

protein in mitochondria the high-field line is also shifted to higher field due to
interaction with cytochrome -562 [31].

The primary electron acceptor was reduced by illumination of Photosystem I
particles in the presence of 10 mM dithionite followed by illumination during
freezing in liquid nitrogen (Fig. 3f). As already noted, the g = 1.99 resonance
cannot be observed in the presence of a large P-700" signal at low microwave
power, but becomes detectable at high microwave power (Fig. 3f). It follows
that centre X does not induce any further line splitting of the interaction-type
spectrum of centres A and B. However, this does not imply a distance greater
than 1.0 nm between centre X and centres A and B.

2. Simulation of microwave power saturation curves

For the EPR spectra reported in Fig. 1 and Fig. 2 a microwave power of
10 mW was used. In order to characterize further the electron spin systems
contributing to the complex spectra, spectra were recorded with microwave
power ranging from 0.5 mW to 200 mW., The saturation data are presented in a
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log(S/A/P) against log P plot, where S is the signal amplitude and P is the micro-
wave power incident on the cavity. In this presentation, a line parallel to the
abscissa indicates that there is no saturation. Increasing saturation results in a
downward slope. A graphical method has been described for obtaining the micro-
wave powers for half-saturation [23]. Alternatively, the experimental satura-
tion data can be fitted by a weighted least-squares procedure to equations for
homogeneously and inhomogeneously broadened lines [15]. In Eqn.1
(S « +/P/(1 +P[P,,,)®'?), b is the inhomogeneity parameter which depends on
the broadening mechanism. It is equal to 4.0 for a homogeneously and equal to
1.0 for an inhomogeneously broadened line {15]. Theoretical microwave power
saturation curves (b = 1.22) for different P,,, values were reported [32].

A deviatior. from theoretical saturation behaviour calculated for a one-
electron spin system is expected for cases where two or more components of
different relaxation behaviour contribute to the EPR properties and where the
individual signals overlap. The extent of deviation depends on the difference
between the P,,, values and on the ratio of the individual components con-
tributing to the overlapped signal. To illustrate this point, saturation data were
calculated using Eqn. 1 and an inhomogeneity parameter of 1.0 (inhomoge-
neously broadened line). It was assumed that two components A and B of
different P,,, values overlap in a varying ratio. In Fig. 4C theoretical saturation
data are given for a component A (P,,, = 1 mW) (Fig. 4Ce) and a component B
(Py,, =10 mW) (Fig. 4Ca). In addition, saturation data are shown for over-
lapped signals, i.e components A and B are mixed in the ratio 0.75 A : 0.25 B
(Fig. 4Cd), 0.5 A : 0.5 B (Fig. 4Cc) and 0.25 A : 0.75 B (Fig. 4Cb). In all cases
the saturation points were fitted by the weighted least-squares procedure to
the saturation Eqn. 1 for a one-electron spin system, P,,, was treated as a free
parameter. It is noteworthy that the data points apparently can be fitted, if the
ratio of P, ,,(B)/P,,,(A) is smaller than approximately 10 (Fig. 4C). At a ratio
of 100 (Fig. 4B) or 1000 (Fig. 4A) a deviation becomes apparent. An interest-
ing feature of the last two cases is that a small contribution (25%) of a fast
relaxing component to a slow relaxing one results in a pronounced deviation
(Fig. 4Bd). By contrast, a similar contribution of a slow relaxing species to a
fast relaxing one is less obvious (Fig. 4Bb).

It was found previously that the saturation data of proteins containing only
one iron-sulphur centre can all be fitted using theoretical saturation curves
[15]. The microwave powers for half-saturation were markedly different for
[2Fe-2S] and [4Fe-4S] centres, thus, providing a diagnostic tool for distin-
guishing the centres. Magnetic interactions with other paramagnetic species
must be absent for this analysis. It should be noted that different EPR lines of
the same iron-sulphur cluster can exhibit slightly different saturation behav-
iour. Thus, for spinach ferredoxin the half-saturation powers were 0.48 mW
(g, =2.05), 1.14 mW (g, =1.96) and 1.59 mW (g, =1.89) at 14.7 K. The
inhomogeneity parameter b was 1.34 for all features. However, there was still
a marked difference in the saturation properties of [2Fe-2S] and [4Fe-4S]
centres.

3. Microwave power saturation of the secondary electron acceptors
From the temperature dependence of the EPR properties it follows that the
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Fig. 4. Theoretical power saturation data for two components A and B which overlap in a varying ratio.
The contribution to the saturation data of each of the species was varied in the following way: (a) 100%
B, no A; (b) 75% B, 25% A: (c) 50% B, 50% A: (d) 25% B, 75% A; (¢) no B, 100% A. The half-saturation
power Py,5 of component A was kept constant (P, = 1 mW) throughout, whereas P;,; for component B
was changed from (Fig. 4C) 10 mW to (Fig. 4B) 100 mW and to (Fig. 4A) 1000 mW. The saturation points
were calculated using Eqn. 1 for an inhomogeneously broadened line (b = 1.0). The data points were
then fitted using a weighted least squares procedure by treating Py, as free parameter assuming a one-
electron spin system.

Fig. 5. Microwave power saturation data of Photosystem I particles which were illuminated at 77 K
(1 min) after being kept dark for 5 min in the presence of 20 mM ascorbate (pH 8.0); (a) 21.8 K, (b)
14.2 K. The signal amplitude of the (C) g = 2.05, (9) g = 1.86 and the (®) & = 1.94 features was used.
The data points of the g = 1.94 signal were fitted by treating P;,, as free parameter (b = 1.0). A higher in-
homogeneity parameter did not result in a better fit,

signals at g =1.94 and 1.86 are not linked to the same site as the signals at
£=1.92 and 1.89. This is in agreement with oxidation-reduction potential
titrations [7]. Microwave power saturation curves for Photosystem I particles
kept in the dark and illuminated at 77 K further substantiate this conclusion.
Both the g=1.94 and 1.86 resonances show similar saturation behaviour
(Fig. 5). An intriguing feature is the small deviation of the data points from
theoretical saturation curves which becomes particularly obvious at low tem-
perature (14.2 K) (Fig. 5b). The g = 2.05 resonance exhibits the greatest devia-
tion from theoretical saturation behaviour of a one-electron spin system. This
suggests contributions arising from species of different relaxation behaviour.
As demonstration in Fig. 4 a deviation from theoretical saturation behaviour
of a one-electron spin system will be apparent when two species of different
saturation behaviour contribute to a particular signal. As already pointed out,
centres A and B have different electron spin relaxation rates. Moreover, the
signals of the isolated centres overlap to a great extent. A deviation from the
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saturation characteristics as calculated for one species is, therefore, expected.

In Fig. 6 are given the saturation data of all EPR features of the electron
acceptors of Photosystem I beside centre X. It is apparent that they cannot be
fitted using Eqn.1 for a one-electron spin system. Although the analysis
becomes then less straightforward, it is still possible to detect changes in the
saturation characteristics. In Fig. 6b, e the saturation data are compared for
Photosystem I particles reduced by dithionite for (a) 5 min and (w) 35 min.
Following reduction for 5 min it is expected that predominantly isolated
centres A and B are present, whereas after 35 min mostly interacting centres
are expected. In the latter case, the signals exhibit a stronger deviation from
theoretical saturation behaviour as calculated for a one-electron spin system.
These changes in the saturation properties clearly support the concept that
centres A and B do interact.

Well characterized examples for a spin coupling between iron-sulphur centres
are the 2[4Fe-4S] ferredoxins from C. pasteurianum and Micrococcus lactily-
ticus [33,34]. For C. pasteurianum ferredoxin the saturation data could also
not be fitted using theoretical curves for a one-electron spin system [15]. The
analogy of the saturation behaviour of the Fe-S centres A and B to C. pasteur-
ianum ferredoxin is striking. Since it has been found that both centres A and B
are [4Fe-4S] centres [19], this might indicate a similar type of interaction
between centres A and B as in C. pasteurianum ferredoxin.

In this respect it is worthwhile to consider some of the implications involved
in an interaction between centres A and B. Firstly, the quantitative determina-
tion of centre B in the presence of reduced centre A by double integration of
the interaction-type EPR spectrum becomes rather ambiguous [35]. Recent
examples are studies [36] on the stoichiometry of centres of S-1 and S-2 of the
mitochondrial succinate dehydrogenase. S-1 can be observed by itself after
reduction with succinate, whereas S-2 can be seen only under conditions when
both centres are reduced. Since the centres are interacting [36—38], it is not
any more permissible to quantify S-2 by subtracting the signal of S-1 from that
of S-1 plus S-2 [36]. A mechanism which involves only a decrease of the
spectral amplitude, but no significant line broadening was described by Leigh
[39]. Secondly, from the existence of such an interaction between centres A
and B a small distance (less than about 1 nm) between the iron-sulphur centres
has to be inferred.

4. Microwave power saturation of the primary electron acceptor

At present, the chemical nature of the primary electron acceptor X is
unknown. Using *’Fe enriched membrane fractions from Chlorogloea fritschii
a line broadening due to unresolved hyperfine splitting was detected for
centre A and centre B as was expected for iron-sulphur centres. However, no
significant increase in the linewidth was observed for the g = 1.76 signal of
centre X [40]. A way of probing the structure of centre X is by comparing
its saturation characteristics with those of well-defined iron-sulphur proteins.
Although the factors contributing to the inhomogeneity parameter b are not
fully understood at present, it proved of considerable diagnostic value. The
saturation data of [2Fe-2S] proteins could be fitted best using b = 1.34 and of
[4Fe-4S] proteins using b = 1.22. For the 1Fe centre of rubredoxin an inhomo-
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Fig. 6. Microwave power saturation data of different spectral features of Photosystem I particles; (a)
£=2.09, (b)g=2.05, (c)g=1.99, (d)g=1.96, (e) g =1.94, (f) g =1.92, (g) g = 1.89, (h) g = 1.86. The
symbols represent different samples: (C) illuminated Photosystem I particles (77 K, 1 min) after being
kept in the dark (5 min, 20 mM ascorbate, pH 8.0): Photosystem I particles reduced by 10 mM dithionite
(pH 10.0) in the dark and frozen after (&) 5 min, (¢) 20 min and (0) 35 min. The filled-in symbols repres-
ent same spectral features which are compared for two different samples. All spectra were recorded at
10.4 K: modulation amplitude 1 mT; microwave frequency 9.25 GHz,

Fig. 7. Microwave power saturation data for the g = 1.76 feature of centre X at (a) 11.7 K, (b) 10.7 K,
(¢) 9.7 K and (d) 8.3 K. Photosystem | particles were illuminated in the presence of 10 mM dithionite
(pH 10.,0) for 2 min and illuminated during freezing. The data points were fitted using a weighted least
squares procedure assuming b = 1.83 and treating Py as free parameter. The inhomogeneity parameter
b =1.83 was obtained for the saturation data at 8.3 K by treating b and P,,; as free parameters. For
the data at 8.3 K are also given saturation curves which basedon (.. .... yb=1.0and (------ ) b =1.34,
P,y was treated as free parameter; modulation amplitude 1 mT: microwave frequency 9.25 GHz.

geneity parameter of 1.63 was found [15]. This shows that the ratio of the
width of the spectral envelope to the width of the spin packet increased from
rubredoxin to [2Fe-28] ferredoxins to [4Fe-4S] ferredoxins.

In Fig. 7 the saturation curves are given for the g = 1.76 signal of centre X
at different temperatures. A striking feature of the saturation data is the high
proportion of homogeneous broadening of the line. Using the weighted least
squares procedure to Eqn. 1 and treating P,,, and the inhomogeneity parameter
as free parameters, b = 1.83 gave the best fit all over the temperature range
studied. For comparison, theoretical curves are shown assuming b =1.0
(Fig. 7d, dotted line) and b = 1.34 (Fig. 7d, broken line) and treating P,,; as a
free parameter. It is obvious that centre X cannot be treated like a [4Fe-4S]
(b =1.22) or [2Fe-28] (b =1.34) protein. It might be argued that membrane-
bound iron-sulphur centres have a drastically altered broadening mechanism.
However, this is not the case, as microwave power saturation studies of iron-
sulphur centres of the mitochondrial membrane have shown [38,41]. We have
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to conclude that centre X is not a typical [2Fe-2S] or [4Fe-4S] centre.

The high degree of homogeneous line broadening can best be explained by
assuming a radical structure for centre X. A prime candidate would be the
anion of chlorophyll [42]. However, the chlorophyll anion radical in dimethyl-
formamide exhibits featureless EPR signals and is strongly saturated at cryo-
genic temperatures [42]. In order to account for the distinct properties of
centre X, we have to conclude that a fast relaxing ion, most probably iron,
interacts with the anion radical. This would explain the high relaxation rate of
centre X, as seen from the low temperature necessary for observing its EPR
signal (below approximately 12 K). Furthermore, the anisotropic spectrum
(g« =2.06, g, =1.86, g, =1.76) could be rationalized by a magnetic coupling
with iron. An interaction of the chlorophyll anion with the iron-sulphur centres
(Ref. 38 in Fujita et al. [42]) of the secondary electron acceptors A and B is
not expected to lead to the high relaxation rate of centre X. Only a metal iron
would be in a position to provide such a strong relaxation enhancement for the
anion radical. (Note, both [4Fe-4S] centres of the electron acceptors A and B
are more saturated than centre X.)

In the bacterial photosystem a quinone-iron complex is involved in the
traditional primary electron acceptor [13,43—45]. Thus, it would be of great
interest to compare centre X of plant chloroplasts with the primary electron
acceptor of the bacterial photosystem with regard to their saturation proper-
ties. This would be a promising way of detecting any structural relationship
between the well characterized quinone-iron complex of photosynthetic
bacteria and the anonymously called acceptor X of plant chloroplasts. It is
attractive to assume that in the primary electron acceptor of bacteria and of
plants the basic structure, i.e. iron interacting with a radical, is maintained.
However, for bacteria a quinone and for plants a chlorophyll would serve as
the acceptor molecules. This might explain the large difference in the oxida-
tion-reduction potentials (—730 mV for green plants and about —200 mV for
bacteria).
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