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Silicomolybdate substitutes for the function of a primary electron
acceptor and stabilizes charge separation in the photosystem 11

reaction center complex
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Effects of silicomolybdate on the charge recombination between P680* and the reduced pheophytin were studied by ab-
sorption and electron paramagnetic resonance spectroscopies in the photosystem I1 D1/D2/cytochrome b-359 reaction
center complex. This preparation lacks the primary and secondary quinone acceptors, Q4 and Qg, and exhibits the charge
recombination which produces the triplet state of P680 to a large extent. In the presence of silicomolybdate, the light-
induced triplet signal of P680 was almost completely eliminated at cryogenic temperatures as well as at 4°C. Under these
conditions, twa types of signals, one reversible and the other irreversible, which are ascribable to P680* and the cation
radical of antenna chlorophyll a, respectively, were generated upon illumination at cryogenic temperatures. These results
indicate that silicomolybdate, which is known to be an artificial electron acceptor of Q,, rapidly receives electrons from
the reduced pheophytin even at cryogenic temperatures and thus suppresses the radical pair recombination which occurs
in the time range of nanosecond. P680* formed by flash excitation in the presence of silicomolybdate relaxed mainly
with a long half decay time of 74 ms at 4°C. This indicates that the reduction of P680* by the secondary electron donor,
Z, is significantly decreased.

Photosynthesis; Photosystem IT; Radical pair recombination; Reaction center; Silicomolybdate; Triplet state

1. INTRODUCTION

Light energy absorbed by the PS II reaction
center induces charge separation between the reac-
tion center chlorophyll, P680, and the intermediate
electron acceptor, pheophytin (review [1]). Elec-
trons are transferred from the photoreduced pheo-
phytin to the bound plastoquinone acceptor, Qa,
and then to the secondary quinone, Qg. The photo-
oxidized P680, on the other hand, is reduced by the
electrons from water through the high potential
secondary electron donor, Z, which presumably is
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a tyrosyl residue on the reaction center D1-protein
[2-4]. Comparison of the amino acid sequences of
the polypeptides of the purple bacterial reaction
center with those of PS II reaction center polypep-
tides [5,6] as well as the isolation of the photoactive
PS I1 RC complex [7] led us to conclude that the
heterodimer of D1 and D2 proteins constitutes the
PS II reaction center in a homologous manner to
the L and M subunits forming the purple bacterial
reaction center.

The PSII RC complex consisting of
D1/D2/cytochrome b-559 polypeptides has been
isolated from spinach [7] and pea [8], green algae,
Scenedesmus [9] and cyanobacterium,
Synechocystis [10]. Although these preparations
retain the ability of light-induced charge separation
between P80 and pheophytin [11-13], they are
depleted of Qs and Qg plastoquinone acceptors
and show high probability of charge recombination
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which has a 30-40 ns half time [12,13]. Recently,
artificial electron acceptors such as silicomolybdate
or quinones were reported to be reduced in the
presence of DPC under continuous illumination in
the pea PS 11 RC complex [8,14]. However, the
mechanism and the efficiency of this reaction have
not been clarified.

In the present study, we have examined the ef-
fects of silicomolybdate on the recombination reac-
tion between P680™ and the reduced pheophytin in
the PS II reaction center complex by absorption
and EPR spectroscopies. Addition of silicomolyb-
date fully suppressed the charge recombination and
concomitantly generated two tvpes of chlorophyil
radicals upon illumination. It is concluded that
silicomolybdate efficiently accepts electrons from
photoreduced pheophytin and prevents the radical
pair recombination at cryogenic temperatures as
well as at 4°C,

2. MATERIALS AND METHODS

The PS II RC complex consisting of D1/D2/cytochrome
b-559 polypeptides was purified as described in [7]. This
preparation contains 4-5 molecules of chlorophyll a, 2
molecules of pheophytin @, 1 molecule of S-carotene, but no
plastoquinone 9 [7]. Flash absorption spectroscopy was per-
formed with a split-beam spectrometer (1 as time resolution) us-
ing a laser flash (532 nm, 10 ns of half peak height duration)
from the second harmonic of a Nd-YAG laser (Quanta-Ray
DCR2-10) at 4°C as described in [15]. Intensity of the laser flash
was not saturating. Continuous light-induced absorption spec-
tra at low temperature were detected with a diode array ap-
paratus as described in [16]. The EPR measurement was carried
out with a Bruker EPR-200 X-band spectrometer using a con-
tinuous liquid helium flow cryostat (Oxford Instruments
ESR-900) as described in [17]. The sample was illuminated with
a white light from a tungsten-iodine lamp passed through a cut-
off filter (R60, Toshiba) and a heat absorbing filter (HA 50,
Hoya) by means of a glass fiber light guide.

3. RESULTS

3.1. Effects of silicomolybdate on the flash-
induced absorption kinetics in the PS II RC
complex

Fig.la shows the flash-induced absorption
change at 4°C in the PS II D1/D2/cytochrome

b-559 reaction center complex (PS II RC complex).

As already reported [12,13], flash excitation in-

duces the charge separation between P680 and

pheophytin. The radical pair thus formed, how-
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Fig.1. Effects of silicomolybdate on flash-induced absorption
changes of the PS I1 RC complex at 4°C. (a) No addition. In the
presence of (b) 0.02 mg/ml, {c) 0.1 mg/ml and (d) 0.4 mg/ml
silicomolybdate. The reaction mixture contained 50 mM Tris-
HCI1(pH 7.2) and PS I1 RC complex equivalent to 5 zg chl/ml.
Flash was fired at 1 Hz and 256 signals were averaged.

ever, recombines rapidly with a half decay time of
30-40 ns in this complex due to lack of the quinone
acceptor, Qa [12,13]. The recombination produces
P680T which decays in a microsecond time range
[13]. The decay phase with a half decay time of
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Fig.2. Difference spectra of flash-induced absorption changes

of the PS I1 RC complex in the absence and presence of silico-

molybdate. (@} No addition; (O) in the presence of 0.2 mg/ml
of silicomolybdate.
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20 us in fig.la is, thus, ascribed to the decay of
P680". This is confirmed by the difference spec-
trum (fig.2).

Silicomolybdate is known to accept electrons
directly from Qz in PS II [18]. The PS II RC com-
plex prepared from pea was recently shown to
mediate electron transport from DPC to silico-
molybdate under steady-state illumination [8]. This
suggests that silicomolybdate accepts electrons
from the reduced pheophytin. Effects of silico-
molybdate on the light-induced absorption changes
were analyzed using flash spectroscopy (fig.1b-d).
Addition of silicomolybdate decreased the
amplitude of the 20 4s decay phase of P680" and
increased the slow decay phase with a half decay
time of 74 ms. A small, but distinct fast 10 us
phase was detected in the presence of silicomolyb-
date (traces ¢ and d). Higher concentrations of
silicomolybdate partially decreased the amplitude
of absorption change (fig.1d). This may corres-
pond to the inhibitory effect of a high concentra-
tion of silicomolybdate on PS II activity as
reported in the thylakoid membrane [19].
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The dotted line in fig.2 also shows the difference
spectrum of the absorption change of the slow
decaying phase in the presence of silicomolybdate.
The bandwidth of the bleaching in the blue region
is narrower than that of P680" and showed blue
and red bleaching peaks at 430 and 680 nm, respec-
tively. These features of the difference spectrum
suggest that the absorption changes most probably
reflect that of P680". The rate of the slow decay
phase was accelerated by the addition of artificial
electron donors such as DPC and KI (data not
shown). They are estimated to reduce P680* with
apparent rate constants of 2.4 x 10 M~!.57! and
1.1 x 10 M~ t.571, respectively, These results in-
dicate that silicomolybdate efficiently suppresses
the radical pair recombination and the formation
of P680T by rapidly oxidizing the reduced pheo-
phytin, and thus stabilizes P630™.

3.2. Effects of silicomolybdate an the PS IT
reaction at cryogenic temperatures
Effects of silicomolybdate on the PS II reaction
were also analyzed by measuring the light-induced
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Fig.3. Effects of silicomolybdate on (A) light-induced P680" and (B) g = 2.0 region EPR signals in the PS I1 RC complex at 4 K. (a)

No addition. In the presence of (b) .2 mg/ml and () 2 mg/ml silicomolybdate. Modulation amplitude, (A) 40 G and (B) 2.5 G:

microwave power, 3 mW,; receiver gain, 6.3 x 10°. Reaction mixture contained 40 mM Tris-HCI (pH 7.2), 20% (w/v) glycerol and PS 11
RC complex equivalent to 100 g chl/ml.
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EPR signals at cryogenic temperatures. [llumina-
tion of the PS II RC complex at 4 K in the absence
of silicomolybdate induced the spin polarized
triplet signal of P680 which is produced by the
radical pair recombination between P680" and the
reduced pheophytin (fig.3A,a) as reported in [11].
This signal was significantly decreased and was
almost undetectable in the presence of silicomolyb-
date at the concentration of 0.2 mg/ml and
2 mg/ml, respectively (fig.3A,b and c). The il-
lumination in the presence of silicomolybdate
generated two types of free radicals instead of the
P680T signal; one is a reversible free radical with a
linewidth of 6.8 G and the other is an irreversible
free radical with a linewidth of 8.9 G (fig.3B,b and
¢}. Reversible and irreversible increase of the
radical at g = 1.95 was also detected upon illumina-
tion, which most probably arises from the reduced
silicomolybdate (Mo(V)} formed by the reduction
by the reduced pheophytin {(data not shown). The
6.8 G narrow signal resembles that of P680" [20].
No free radical signal was detected in the dark prior

to the first illumination. The 8.9 G signal was in- -

duced only upon the first illumination and was no
more increased by repeated illuminations (data not
shown). The accumulation of this signal during il-
lumination was slower than that of the 6.8 G
signal. In the absence of silicomolybdate, no signal
was detected in the g = 2.0 region during as well as
before and after the illumination under the same
experimental conditions.

Two types of signals were also detected as light-
induced optical absorption spectra in the presence
of silicomolybdate at low temperatures. An irrever-
sible bleaching (dark after light — dark) had a peak
at 665 nm and a reversible bleaching (light — dark
after light) at 677 nm at 245 K (fig.4). The former
seems to represent the formation of P680* whereas
the latter to represent the oxidation of a mono-
meric chlorophyll ¢. Similar absorption changes
were also detected at 77 K {(not shown).

Fig.5 shows the time courses of the reversible
EPR signal observed in the presence of silico-
molybdate at different temperatures. The relaxa-
tion of the signal was biphasic. Similar decays were
observed at temperatures from 25¢ K to 4 K. The
reversible oxidation and reduction of P680 at cryo-
genic temperatures suggests that silicomolybdate,
or some other component which reacts with silico-
molybdate, can rapidly accept electrons from the
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Fig.4. Difference absorption spectra of the PS I1 RC complex

induced by continuous light in the presence of silicomolybdate

at 245 K. (A) Irreversible change (dark after light — dark). (B)

Reversible change {light — dark after light). Reaction mixture

contained 50 mM Tris-HCI (pH 7.2}, 50% (w/¥) glycerol, silico-

molybdate (0.2 mg/ml) and PS I1 RC complex equivalent to
S xg chl/ml.

reduced pheophytin and slowly reduce P680G™ with
a small activation energy.

4. DISCUSSION

It is clearly demonstrated in the present study
that silicomolybdate fully suppresses the formation
of P680" which is produced by charge recombina-
tion between P680" and the reduced pheophytin at
cryogenic as well as at higher temperatures. Since
the suppression concomitantly induced stabiliza-
tion of P680™, it is concluded that silicomolybdate
inhibits the radical pair recombination. This can-
not be explained by the direct quenching of P680".
These results extend the recent report by Nugent et
al. [21] who showed that silicomolybdate partially
suppresses P680T formation in a PS II RC complex
from pea by EPR measurement under continuous
illumination. Silicomolybdate, whose molecular
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Fig.5. Time courses of the light-induced g = 2.0 free radical
signal in the PS 1I RC complex in the presence of silicomalyb-
date at different temperatures. Experimental conditions were
the same as those in fig.3, except that time constant and modula-
tion amplitude were 160 ms and 2.5 G, respectively. Microwave
power was 10 mW and receiver gain was 6.3 x 10*. Reversible
portion of the signal at 3432 G was shown mainly.

structure is totally different from plastoquinone,
replaces the function of Q,, and can efficiently ac-
cept electrons from the reduced pheophytin,

In the presence of silicomolybdate, two types of
chlorophyll a free radicals were induced upon il-
tumination. One is reversibly induced even at 4 K.
This component gives an EPR signal with a narrow
6.8 G band and has a bleaching peak at 677 nm.,
This signal, therefore, is most probably ascribable
to P680*. A similar reversible optical spectrum,
peaking at 680 nm but with a shoulder at 672 nm,
was reported in the pea PS IT RC complex under
continuous illumination in the presence of silico-
molybdate [22]. The other component is irrever-
sibly induced by the first illumination at low
temperatures. This component gives rise to an EPR
signal with a broad 8.9 G width and has a
bleaching peak at 663 nm. Therefore, this signal
seems to originate from a monomeric chlorophyll a
molecule, which is situated nearby P680 and is ox-
idized by P680", rather than P680* itself. The
shape and characteristics of the 8.9 G irreversible
EPR signal secems to be similar to that previously
assigned to be P680* detected by EPR measure-
ment in the pea PS II RC complex in the presence
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of ferricyanide [23]. The g =2.0024, 10 G width
free radical has been reported in PS II particles
[24,25] or in thylakoid membranes [26] and was
ascribed to the cation radical of chlorophyll 4 [26]
that donates electrons to P680* at cryogenic
temperature in competition with reduced cyto-
chrome 5-559 [25]. Mixing of a small amount of
the 6.8 G P680* signal with this 10 G signal may
¢xplain the 8.9 G signal observed in this study, al-
though further work seems to be required before a
conclusion is made.

Formation of P680* by a flash excitation in the
presence of silicomolybdate indicates that this
component efficiently accepts electrons from the
reduced pheophytin at a rate faster than that of the
charge recombination reaction between P680* and
the reduced pheophytin. Non-heme iron (Qioo),
which interacts with Q. plastoquinone in normal
PS II and seems to remain partially in the RC com-
plex [23], may intermediate electron transfer reac-
tion between the reduced pheophytin and silico-
molybdate. However, turnover of this component
has not been detected yvet [23]. Pathway of elec-
trons in the PS II RC complex may be formulated
as below by summarizing the results,

light
Chl 5%, pggo b, pp Afewns? o
(665nm)  (677—680 nm)
(8.9G) (6.8 G)
z T T Fe?+?

where Chl, Ph and SiMo represent chlorophyll ¢,
pheophytin ¢ and silicomolybdate, respectively.
The secondary electron donor, Z, is expected to
be present in the PS II RC complex since this com-
ponent is presumably a tyrosyl residue on the
D1-protein [2-4,27]. Z is assumed to exist near the
inner surface of the thylakoid membrane in the
vicinity of P680 [28]. When oxygen evolving activi-
ty was inhibited in the thylakoid membranes or
PS II particles, Z is known to donate electrons to
P680* with a half-decay time of 5-7 us at pH 7
[29]. This rate is 10* times faster than the decay rate
of the major slow phase (74 ms) observed in the
PS II RC complex in the presence of silicomolyb-
date (fig.1c and d). The slow dark reduction of
P680% with a half-decay time of 7 ms has been
reported in the PS II preparation (CP2-b) isolated
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from a thermophilic cyanobacterium, Syrechococ-
cis sp. This preparation retains Q,, but lacks func-
tional Z [30]. The major slow reduction phase of
P680" observed in the present work may thus
reflect the modification of protein tertiary struc-
ture on the oxidizing side by detergent and/or
silicomolybdate. A small EPR signal of Z* (5% of
total reaction center) was recentiy reported to be
photo-accumulated in the pea PS TI complex in the
presence of silicomolybdate [21]. Partial turnover
of Z was also suggested in the spinach PS II RC
complex in the presence of 2,5-dibromothymo-
quinone (DBMIB) from the observation that a part
of P680" decayed with a half-decay time of 5 us
[31]. The rapid 10 xs decay phase of P680* observ-
ed in the present study in the presence of silico-
molybdate (fig.1¢ and d), therefore, may reflect the
reduction of P680* by Z in 30-40% of the PS 11
RC complex.
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