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EVIDENCE THAT THE LOW-POTENTIAL (—700 mV) ELECTRON ACCEPTOR (X) IN
PHOTOSYSTEM 1 HAS TWO IRON-SULPHUR CENTRES
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The Photosystem I reaction centre contains two groups of iron-sulphur centres: Fe-S, and Fe-Sy with redox
potentials between —510 and —590 mV, and Fe-S, with redox potential about — 700 mV. Spin quantitation
(Heathcote, P., Williams-Smith, D.L. and Evans, M.C.W. (1978) Biochem. J. 170, 373-378) and Mdssbauer
spectroscopy (Evans, E.H., Dickson, D.P.E., Johnson, C.E., Rush, J.D. and Evans, M.C.W. (1981) Eur. J.
Biochem. 118, 81-84) did not show unequivocally whether Fe-S, has one or two centres. Experiments are
described which support the proposal that Fe-S has two centres. Fe-S, can be photoreduced irreversibly by
210 K illumination of dithionite-reduced samples or reversibly by 7.5 K illumination of these samples. The
amplitude of the Fe-S signal reversibly induced by illumination at 7.5 K is never more than 50% of the
amplitude of the signal when Fe-S, is prereduced by room temperature illumination or by 210 K
illumination. Approx. half of the Fe-S,, is rapidly reduced by 210 K illumination, the remainder more slowly.
The extent of reversible Fe-S reduction and P-700 photooxidation is little affected by the fast reduction of
about half of the Fe-S,.. Subsequent reduction of the remaining Fe-S is paralleled by loss of the reversible
photoreaction.

Introduction

Photosystem I (PS I) catalyses the light-induced
transfer of electrons from P-700 to soluble fer-
redoxin. Several bound electron acceptors have
been identified in the PS I reaction centre by
electron paramagnetic resonance and optical spec-
troscopy. In addition to two intermediary accep-
tors A, and A, [1,2], three membrane-bound
iron-sulphur centres have been identified [3,4]. II-
lumination of spinach PS I samples at cryogenic
temperatures results in the photooxidation of the
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primary donor P-700 and transfer of the electron
from P-700 to iron-sulphur centre A:

P-700 FeS, — P-700* FeSy

If centre A is chemically reduced in the dark
before the sample is frozen, low temperature il-

lumination results in the photoreduction of centre
B:

P-700 FeSy FeSy — P-700* FeSy FeS;

In spinach PS I samples that contain glycerol
[5], and in barley [6], Phormidium laminosum [7]
and Dunalliella parva 8] PS 1 samples, centre B
can be photoreduced even when centre A is
oxidised, i.e., the electron is transferred to centre
A in some reaction centres and to centre B in
others. The fact that the redox state P-700* FeSj
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FeS, is stable at low temperature, without transfer
of the electron from centre B to centre A suggests
that these centres function in parallel rather than
in series:

FeSy
P-700 {
FeS,

The transient photooxidation of P-700 that can
be observed following a laser flash when centres A
and B are chemically reduced led to the discovery
of another electron acceptor, termed centre X,
assumed to function before centres A and B [9,10].
The EPR spectrum of centre X is a broad signal
with g-values of 2.08, 1.87 and 1.77; it can be
observed in PS-1 samples frozen under strongly
reducing conditions, or it can be transiently
observed following low-temperature illumination
of PS-I samples which have centres A and B
reduced:

h»
P-700XFeSj FeSy — P-700* X~ FeS; FeS;

Centre X is therefore thought to function in the
photochemical electron-transfer sequence between
the intermediary acceptors and the iron-sulphur
centres A and B:

FeSy
P-700 > A, —» A, > X
FeS,

Although centre X has an unusual EPR spec-
trum in terms of its g-values and temperature-de-
pendence, both its optical [11] and its Mossbauer
[12] spectra are characteristic of a 4Fe4S centre.
Spin quantitation of X has been attempted [13]
but is extremely difficult because of the problems
in obtaining an accurate spectrum of X. We found
that about 1.5 P-700 were oxidised for each X
reduced during illumination at 8 K, but that there
was only 0.75 Centre A per X when X was frozen
in the fully reduced state. We concluded that
accurate measurement was not possible because of
the experimental difficulties, but that the centres
were present in approximately equivalent amounts.
However, it was noted in Ref. 13 that the ampli-
tude of the X~ EPR signal observed on low tem-
perature illumination (when only one electron can

be transferred to the electron acceptors) was con-
sistently smaller than the amplitude of the X~
signal in samples reduced at room tempreature
(when more than one electron can be transferred
to the electron acceptors). It was originally sug-
gested that the smaller X~ signal amplitude ob-
served during low-temperature illumination was
due to the light intensity being non-saturating.
However, it may be that a consistent error in the
simulation of the spectrum of X led us to under-
estimate the amount of X by 30%, and that there
are in fact two X per centre A and that 8§ K
illumination would therefore result in reduction of
half the X present, i.e. 1 per P-700 oxidised. While
the Fe determinations of Golbeck et al. [14] sug-
gest that there are not more than three 4Fe4S
centres per P-700, Mossbauer spectroscopic stud-
ies [12] have suggested that there may be a fourth
low-potential iron-sulphur centre present. Chemi-
cal reduction of centres A and B resulted in reduc-
tion of 50% of the Fe-S centres present while
attempts to reduce X by illumination of the very
dense sample only reduced a further 20% of the
Fe-S centres. If the two centres A and B represent
only half the centres present there may be two
lower potential centres.

We have previously demonstrated that it is pos-
sible to reduce the intermediary acceptors of PS I
samples by illumination at approx. 230 K [2].
Under these conditions, dithionite can rereduce
the P-700* formed on illumination and so result
in more than one electron being transferred to the
acceptor complex. We have now used this tech-
nique to photochemically reduce centre X and
have measured the X and P-700 signal sizes in the
dark and also under continuous illumination dur-
ing the reduction of X. The results suggest that
there may be two X components in the PS I
reaction centre or that the behaviour of PS 1
centres is heterogeneous under these conditions.

Materials and Methods

Chloroplasts were isolated from market spinach
as described in Ref. 15. PS I was isolated from the
chloroplasts using the non-ionic detergent Triton
X-100 as described in Ref. 16. The resulting PS 1
preparations had a P-700 to chlorophyll ratio of
approx. 1:40 and lacked the components of the



PS II reaction centre and the b,-f complex as
determined by EPR and optical spectrometry.

EPR samples with the iron-sulphur centres A
and B reduced were prepared by anaerobic addi-
tion of sodium dithionite (final concentration, 0.1%
w/v) to PS I particles (1 mg chlorophyll/ml) in
0.1 M Tris-HCI (pH 9.0). The samples were frozen
in complete darkness after 10-15 min. dark equi-
libration. No redox mediators were added.

210 or 230 K illumination was carried out in an
unsilvered dewar containing ethanol using a 1000
W projector. The bath was cooled with solid CO,.
The temperature was measured with an alcohol
thermometer and maintained within 1 K of the
required temperature by addition of solid CO,
during illumination. The time-course of illumina-
tion was followed for 50 min, when the reduction
of X was found to be consistently 80% or more of
the signal size in a sample frozen under illumina-
tion. The same projector was used to illuminate
samples inside the EPR cryostat. EPR spectra
were recorded with a Jeol FelX spectrometer at
X-band with 100 kHz field modulation. The sam-
ple temperature was maintained with an Oxford
Instruments liquid helium cryostat. For kinetic
measurements the spectrometer was interfaced to a
Datalab DL920 transient recorder and DL400B
signal averager.

Results

We have earlier reported the use of 230 K
illumination to gradually reduce the intermediary
aceptors of PS 1. Here we have used a lower
temperature, 210 K, to reduce centre X. At 230 K,
X 1s reduced very rapidly and reaches its maxi-
mum signal size in less than 5 min. The rate of this
reaction is slowed down approx. 10-fold by de-
creasing the temperature to 210 K. The lower
temperature required to gradually reduce X is
presumably a consequence of the much slower
back-reaction time from X~ than from the re-
duced intermediary acceptors. Fig. 1 shows EPR
spectra recorded during the course of 210 K il-
lumination of a dithionite-containing PS I sample
frozen with the iron-sulphur centres A and B
reduced. During the course of 210 K illumination,
the g=1.77 and g=1.87 peaks of centre X
(arrowed) gradually appear. The broad g=2.08
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Fig. 1. EPR spectra recorded at intervals during the reduction
of iron-sulphur centre X by 210 K illumination of PS I particles
with iron-sulphur centres A and B reduced before freezing.
EPR conditions: microwave power, 10 mW, modulation ampli-
tude, 10 G, temperature, 7.5 K, frequency, 9.1 GHz. Spectra
were recorded in the dark after (a) 0, (b) 4, (c) 12 and (d) 40
min of illumination at 210 K.

peak of X is obscured by the large g = 2.04 signal
of centres A and B. Fig. 1 also shows that a
g =2.00 radical signal, due to the intermediary
acceptors A, and A,, appears during 210 K il-
lumination.

In Fig. 2 the amplitude of the g=1.77 X~
signal and the g = 2.0 radical signal are plotted as
a function of the duration of 210 K illumination.
It can be seen that the increase in the amplitude of
the g = 1.77 signal due to centre X is biphasic; the
signal size increases rapidly during the first 12 min
of 210 K illumination and then continues to in-
crease, but at a slower rate. The amplitude of the
g = 2.0 radical signal of the intermediary accep-
tors, on the other hand, increases only slowly
during the first 30—40 min of 210 K illumination,
but increases rapidly after that time. Therefore,
while it is not possible to completely separate the
reduction of X from the reduction of the inter-
mediary acceptors, only about 16% of the maxi-
mum g = 2.0 signal appears during the first 12 min
of 210 K illumination; during the same period the
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Fig. 2. Changes in the amplitude of the g=1.77 signal of
iron-sulphur centre X and the g = 2.00 signal of AjA; during
the course of 210 K illumination of a sample of PS I particles
frozen with iron-sulphur centres A and B reduced before freez-
ing. EPR conditions as in Fig. 1. Spectra were recorded in the
dark. a A, Fe-Sy- recorded in the dark; ® o,
Ay Aq recorded in the dark.

g = 1.77 signal reaches 70% of the signal size in a
sample frozen under illumination.

Fig. 3 shows the result of an experiment where,
in addition to the amplitude of the g=1.77 X~
signal, the amplitude of the g = 2.0 radical signal
was measured at 7.5 K, first in the dark and then
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Fig. 3. Changes in the amplitude of the g =1.77 of iron-sulphur
centre X and of the reversible light-induced g = 2.00 signal of
P-700 during the course of 210 K illumination of a sample of
PS 1 particles prepared with iron-sulphur centres A and B
reduced before freezing. Spectra were recorded at 7.5 K as in
Fig. 1. ® ® Fe-Sy-, recorded in the dark; a A
P-700*, light-dark.

under continuous illumination. The reversible
light-minus-dark g=2.0 signal is due to the
oxidised primary donor, P-700%, generated tran-
siently on illumination by reversible transfer of an
electron to centre X:

hy
P-700X — P-700" X~

Since no reversible P-700" signal is observed in
samples that have X completely reduced, the am-
plitude of the light-minus-dark g = 2.0 signal would
be expected to be related to the extent of reduction
of X~ in a ratio of (1 — X 7), reflecting the propor-
tion of X that is oxidised. However, as Fig. 3
shows, the amplitude of the light-minus-dark g =
2.0 signal decreases linearly with the period of 210
K illumination and does not follow the X~ signal
size. During the first 10 min of 210 K illumination,
the X signal size increses rapidly from 0 to 60% of
the signal size in a sample frozen under illumina-
tion; during the same period the light-minus-dark
g = 2.0 radical signal size decreases by only 13%.
This result is not compatible with the view that the
g =1.77 signal is due to a single component that
receives electrons from P-700. It can, however, be
explained by the presence of two centres, both of
which contribute to the g = 1.77 signal. Reduction
of one of these centres would be expected to
increase the amplitude of the g=1.77 signal to
50% of its maximum value without significantly
decreasing the light-minus-dark g=2.0 signal,
since the electron from P-700 could be transferred
to the second g = 1.77 centre.

In a further experiment, centre X was gradually
reduced by 210 K illumination and at successive
intervals during the course of illumination, the
sample was removed from the 210 K ethanol /solid
CO, bath, cooled to 7.5 K and four signal sizes
measured: the g = 2.0 radical signal size and the
g =1.77 X~ signal, each recorded first in the dark
and then under saturating illumination. the signal
sizes were measured at 7.5 K, the temperature
optimum for the X~ signal, so that any heating
effect during illumination should decrease rather
than increase the amplitude of the g = 1.77 signal.
There was no irreversible increase in the amplitude
of either the g = 2.0 radical signal or the g =1.77
X~ signal after illumination of the sample at 7.5
K. The amplitude of the total g=1.77 X~ signal



recorded under illumination increases rapidly dur-
ing the first 10 min of 210 K illumination and then
continues to increase, but at a slower rate. This
again is not the expected result if there is only one
X component. If the amplitude of the g=1.77
signal recorded under continuous saturating il-
lumination represents the total X content, i.e.,
both the stably reduced X in the redox state P-700
X~ and also the reversibly reduced X in the redox
state P-700* X~, no increase in the total ampli-
tude of the signal (recorded under illumination)
would be expected during 210 K illumination if
there were one X per reaction centre. If, however,
there were two X’s, an approximate doubling in
the amplitude of the signal would be expected, and
this is indeed observed. Fig. 4 shows the amplitude
of the reversible, light-minus-dark g =2.0 and g =
1.77 signals. The two signal sizes decrease linearly
and in parallel, indicating that at 7.5 K all the
electrons that leave P-700 on photooxidation are
transferred to the g = 1.77 component(s).

If there are two X centres it is possible that the
back reaction kinetics of P-700" X~ might differ
for the two centres. Fig. 5a shows the kinetics of
the decay of the g =1.77 signal following a laser
flash. the half-time for the decay of the signal was
approx. 250 ms. This decay time did not change
appreciably as the g = 1.77 signal appeared during
210 K illumination (Fig. 5b), although the maxi-

signal size (a.u)

10 20 30 40 50

210K illumination time mins
Fig. 4. Variation in the amplitude of the reversible g =1.77
signal of iron-sulphur centre X and g = 2.00 signal of P-700*
induced by illumination at 7.5 K of PS I particles prepared
with iron-sulphur centres A and B reduced before freezing,
during the course of illumination at 210 K. @---- - - ®, Fe-S
X7 light-dark; a A, P-700 * light-dark.
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Fig. 5. (A) Kinetics of the decay of the g=1.77 signal of
iron-sulphur centre X induced by laser flash (0.6 us) illumina-
tion of PS I particles frozen with iron-sulphur centres A and B
reduced. EPR conditions as in Fig. 1. 256 repetitions were
averaged with a repetition rate of 0.5 Hz. (B) The decay time
(¢) of the flash induced g =1.77 signal of iron-sulphur centre X
in PS T particles frozen with iron-sulphur centres A and B
reduced, as a function of time of illumination of the sample at
210 K and reduction of iron-sulphur centre X.

mum amplitude of the transient signal did de-
crease. There is therefore no evidence for two
kinetically distinct centres.

To ensure that a magnetic interaction between
the intermediary acceptors of PS I and centre X
was not affecting their signal sizes, the g=2.0
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Fig. 6. The signal size of the g =1.77 signal of iron-sulphur
centre X during the reduction of AjA, by 230 K illumination
of PS I particles frozen with iron-sulphur centres A, B and X
reduced. EPR conditions as in Fig, 1.
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intermediary acceptor components were reduced
by 230 K illumination of an A, B and X-reduced
sample. At intervals during 230 K illumination,
the sample was cooled to 7.5 K and the g=2.0
and 1.77 signal sizes measured in the dark. Al-
though such an interaction was reported in Ref.
17, as Fig. 6 shows, no significant change in the
amplitude of the g=1.77 signal was observed
during reduction of the intermediary acceptors.
This result suggests that a magnetic interaction is
not contributing to the increase in the g=1.77
signal size observed in Fig. 4. The discrepancy
between the results obtained here and in Ref. 17
apparently reflects the different sample prepara-
tion conditions, with A_A, reduced at around 200
K or at room temperature. It is not clear why this
should occur unless the reduction of frozen sam-
ples prevents conformational changes in the pro-
tein.

Discussion

The results presented here show that the reduc-
tion of X at low temperature is biphasic, suggest-
ing that two electron-accepting centres contribute
to the spectra at g = 1.77. Alternative explanations
could be proposed, for example that the popula-
tion of PS I is heterogeneous or that X is in
equilibrium with an unidentified component. We
consider that it is unlikely that there is a heteroge-
neous population, as there is no evidence for this
in the reduction of Fe-S, or of A;A,. It is impos-
sible to exclude the possibility of an undetected
intermediate in equilibrim with X. However, we
think this is unlikely in view of the Méssbauer and
spin quantitation experiments which suggest there
may be two X centres, although the presence of
two X centres, Fe-S, and Fe-S; would require
16Fe per P-700, in conflict with published values
of 12. We consider that our results support the
proposal that there are two X centres for three
reasons.

(1) The lack of correlation between the amplitude
of the total g=1.77 X~ signal and the amplitude
of the reversible, light-minus-dark g= 2.0 P-700*
signal. The appearance of 60 % of the maximum
g =1.77 signal during the first 10 min of 210 K
illumination with only a 16% decrease in the am-
plitude of the reversible g = 2.0 signal due to P-

7007 indicates that P-700 photooxidation is virtu-
ally unaffected by reduction of one-half of the X
content of the sample. This suggests that the maxi-
mum g = 1.77 signal represents two components.
If both these components can accept electrons
from P-700, it would then be possible to reduce
one of these components and so induce half the
maximum g = 1.77 signal size without significantly
decreasing the p-700™" signal size:

nog=1.77 X~ signal:

h
P-700 X, X, » P-700* X,X;

half max. g =1.77 X~ signal:

hy
P-700 X X, - P-700" X X3
max. g =1.77 X~ signal:

he
P-700 X" X5 — no P-700" signal observed on illumination.

(2) The fact that the amplitude of the reversible
g =1.77 X~ signal induced by saturating low-tem-
perature illumination is always less than half the
amplitude of the g = 1.77 signal observed either in
samples in which X was reduced at room tempera-
ture and then frozen, or in samples fully reduced
by 210 K illumination. If the g = 1.77 signal were
due to a single component, saturating low temper-
ature illumination would be expected to induce the
maximum, or nearly the maximum signal size. If
however there were two g =1.77 centres, the am-
plitude of the g = 1.77 signal that appears on low
temperature illumination would always be smaller
than the maximum g=1.77 signal, since at low
temperature only one electron is available from
P-700 photooxidation for transfer to the electron
acceptors. In samples reduced at room tempera-
ture or by 210 K illumination more than one
electron can be transferred to the acceptors and
therefore the signal size would be approximately
double that induced by low-temperature illumina-
tion,

During the course of 210 K illumination, the
amplitude of the g=1.77 signal recorded under
illumination at 7.5 K increases to approximately
twice the original signal size. If there were only
one g = 1.77 centre, no increase in the signal size
would be expected.



(3) When a sample with Fe-S, and Fe-Sj reduced
is illuminated at 210 K about half of the X is
reduced with essentially no reduction of AjA;; as
the second fraction of X is reduced A A; becomes
reduced. This result would be compatible with a
model in which two X centres become reduced in
each reaction centre, A A, becoming reduced only
when both Fe-Sy centres are reduced. If the results
reflected heterogeneity in the centres, reduction of
A, A, would be expected to start as soon as any X
was reduced.

Each of these findings suggests that there are
two g=1.77 components. Because the g=2.08,
1.87 and 1.77 peaks attributed to centre X are very
broad and all except the g=1.77 peak are ob-
scured by the strong and sharp signals of the
iron-sulphur centres A and B, it is difficult to
obtain accurate g-values in order to ascertain
whether the two components have different EPR
spectra. The finding that centres A and B appear
to function in parallel [7], suggests that the two
g =177 or X components may also function in
parallel:

X, — FeSy
P-700 » A, — A
X, — FeS,

Alternatively the two components may function
in series with a branchpoint in the electron-trans-
fer sequence occurring after the second X compo-
nent:

FeSg
P-700 - Ay - A, - X~ X, C
FeS,

Kinetic measurements of the forward reaction
would be the only way to distinguish between
these two possibilities.
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