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ndary electron donor (TyrZ) and side-path electron donors (Car/ChlZ/Cytb559) can
be oxidized by P680+

U
at cryogenic temperatures. In this paper, the effects of acceptor side, especially the

redox state of the non-heme iron, on the donor side electron transfer induced by visible light at cryogenic
temperatures were studied by EPR spectroscopy. We found that the formation and decay of the S1TyrZU EPR
signal were independent of the treatment of K3Fe(CN)6, whereas formation and decay of the Car+

U
/ChlZ+

U
EPR

signal correlated with the reduction and recovery of the Fe3+ EPR signal of the non-heme iron in K3Fe(CN)6
pre-treated PSII, respectively. Based on the observed correlation between Car/ChlZ oxidation and Fe3+

reduction, the oxidation of non-heme iron by K3Fe(CN)6 at 0 °C was quantified, which showed that around
50–60% fractions of the reaction centers gave rise to the Fe3+ EPR signal. In addition, we found that the
presence of phenyl-p-benzoquinone significantly enhanced the yield of TyrZ oxidation. These results indicate
that the electron transfer at the donor side can be significantly modified by changes at the acceptor side, and
indicate that two types of reaction centers are present in intact PSII, namely, one contains unoxidizable non-
heme iron and another one contains oxidizable non-heme iron. TyrZ oxidation and side-path reaction occur
separately in these two types of reaction centers, instead of competition with each other in the same reaction
centers. In addition, our results show that the non-heme ironhas different properties in active and inactive PSII.
The oxidation of non-heme iron by K3Fe(CN)6 takes place only in inactive PSII, which implies that the Fe3+ state
is probably not the intermediate species for the turnover of quinone reduction.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

PSII is a multi-subunit membrane protein complex that catalyzes
the oxidation of water to oxygen and the reduction of plastoquinone to
plastoquinol using sun light. Its structure has been reported by several
groups at resolutions from 3.8 to 3.0 Å [1–5]. The arrangement of
PSII reaction center cofactors involved in electron transfer is shown
in Fig. 1.

Upon excitation at physiological temperatures, the primary
electron donor (P680) donates one electron to the primary electron
acceptor (Pheo), producing the P680+

U and Pheo−
U
charge pair [6–9].
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acceptors (QA and QB) in sequence at the acceptor side. QB becomes
fully reduced after two turnovers of the primary reaction,which is then
exchanged with oxidized plastoquinone from the PQ pool in thylakoid
membranes. There is a non-heme iron between QA and QB, which may
play roles in regulating the electron transfer between them [10,11].

Meanwhile, P680+
U
is reduced by the secondary electron donor TyrZ

in tens of ns, resulting in a neutral radical, TyrZU. TyrZU then drives the
water oxidation in the catalytic center of the Mn-cluster containing
four Mn ions, one Ca2+ and one or more Cl− ions. The turnover of
theMn-cluster leading towater oxidation involves five different states
(Sn, n= 0, 1, 2, 3, 4), in which S0 is the most reduced state, and S1 is the
dark stable state (see reviews [12–17]). Although TyrZ plays an
important role in tuning the photochemical reaction and the catalytic
water oxidation process, studies on TyrZU in intact PSII have been
limited because of its fast turnover and lack of spectroscopic
characteristics at physiological conditions [18–20]. The detailed
mechanism of catalytic reaction involving TyrZ is still waiting for a
clear answer, although various models have been proposed [21–28].

P680+
U
can also oxidize some accessory cofactors called side-path

electron donors [29–31], which includes two Chla molecules (ChlZD1,
ChlZD2), two Car molecules (CarD1 and CarD2) and one Cytb559, as
shown in Fig. 1. Although these components constitute a significant
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Fig. 1. Arrangement of PSII reaction center cofactors. The Mn-cluster, Chla, Pheo,
quinone, Car and Cytb559 are shown in red, green, blue, purple, yellow, orange,
respectively. For clarity, the tails of Chla, Pheo, QA and QB molecules are omitted. Solid
and dashed arrows indicate the main and side-pathways of electron transfer,
respectively.
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proportion of the cofactors in PSII reaction center, their functions in
intact PSII are still underdebate [29,30]. It was generally suggested that
they play roles in protecting the PSII reaction center from photo-
inhibition and photo-damage; however, studies on these side-path
electron donors are hampered by their slow electron donation rate to
P680+

U
and extremely low quantum yield at physiological conditions

[30].
At cryogenic temperatures, although the water oxidation and QB

reduction processes are blocked [32,33], primary charge separation and
most of the secondaryelectron transfer reactions are still accessible. The
oxidation of side-path electron donors at cryogenic temperatures has
been reported for many years [29,30,34–40], whereas, it was con-
sidered that TyrZ could not be oxidized at cryogenic temperatures. This
opinion has been changed recently by reports on a relatively high yield
(40–50%) of TyrZ oxidation in intact PSII samples inducedbyvisible light
illumination at cryogenic temperatures [41–44]. The magnetic interac-
tion betweenTyrZU and S0 or S1 states of theMn-cluster gives rise to two
distinctive EPR signals attributed to S0TyrZU and S1TyrZU, respectively. At
cryogenic temperatures the life-times of Car+

U
/ChlZ+

U
and TyrZU are

known to be hours and a few minutes, respectively, which are much
longer than those at physiological temperatures. Accordingly, the
investigation of the low temperature electron transfer processes in
intact PSII may shed new light on the function and mechanism of TyrZ,
as well as the side-path electron donors.

It is known that the change of the donor side could significantly
affect the electron transfer at the donor side in PSII (see ref. [45–48] for
example). In this paper, we have investigated the effect of acceptor side
on the electron transfer in intact PSII at cryogenic temperatures with
the method developed recently [42,44]. We have found that the
oxidizability of the non-heme iron by K3Fe(CN)6 and the presence of
oxidized quinone molecule at QB position significantly affect the type
of the electron transfer occurred at the donor side. Our results suggest
that the oxidation of TyrZ and the side-path donors may occur
separately in different PSII reaction centers, and the non-heme Fe3+ is
probably not the intermediate species during the turnover of QB

reduction.
2. Materials and methods

PSII enriched membranes were isolated from spinach as in Ref. [49] with some
modifications. Fresh spinach leaves were ground in a buffer containing 400 mM
Sucrose, 400mMNaCl, 5mMMgCl2,1mMEDTA, 5mM ascorbic acid,1.7 g/l BSA, 25mM
HEPES/NaOH, (pH 7.5). The pelleted chloroplasts were washed with a buffer containing
100 mM NaCl, 8 mM MgCl2, 25 mM MES-NaOH (pH 6.0), then resuspended in a buffer
containing 15 mM NaCl, 10 mM MgCl2, 25 mM MES-NaOH (pH 6.0) and treated with
25mg of Triton X-100/mg of Chl at a concentration of 2mg of Chl/ml for 30min. The PSII
membraneswere subsequently washed with buffer containing 400mM Sucrose,15mM
NaCl, 5 mM MgCl2, 5 mM CaCl2, 25 mM MES-NaOH, (pH 6.5). All procedures were
carried out on ice or 0 °C under dim green light or darkness. The final PSII membranes
were frozen into liquid nitrogen and stored at −80 °C until use. Typical oxygen evolving
rate was 600–800 μmol O2 (mg Chl)−1 h−1, measured with a Clark-type electrode at
25 °C in the presence of 0.3 mM PPBQ.

EPR samples from spinach were prepared as following. PSII enriched membranes
were thawed and washed with a buffer containing 400 mM sucrose, 15 mM NaCl,
5 mM CaCl2, 1 mM EDTA, and 25 mMMES/NaOH pH 6.5. The pellet was dissolved into
the same buffer to a Chl concentration of 1 mg/ml, then exposed to room-light at 0 °C
for 2 min to synchronize all reaction centers to the TyrD

U
S1 state. The samples were

washed once more, resuspended in the same buffer without EDTA, and then filled
into EPR tubes. After two to three hours dark adaptation at 0 °C, PPBQ from a fresh
20 mM solution in DMSO was added to a final concentration of 1 mM as an external
electron acceptor. After addition of PPBQ, the sample was frozen, first in dry ice/
ethanol, then in liquid nitrogen. EPR samples without PPBQ were prepared in
the same way by adding DMSO only. Final Chl concentration of the EPR samples was
10–12 mg Chl/ml.

K3Fe(CN)6 treatment of PSII enriched membranes was performed as described in
ref. [50]. Samples were incubated with 10 mM K3Fe(CN)6 from a freshly prepared
solution on ice for 60 min in the dark, then PPBQ in DMSO was added to a final
concentration of 1 mM. Then the samples were frozen in EPR tube, first in dry ice/
ethanol, then in liquid nitrogen.

PSII core complexes from Thermosynechococcus vulcanus (T. vulcanus) were
purified as described in Ref. [51] and filled into EPR tubes. K3Fe(CN)6 treatment was
performed with the same procedures for spinach PSII membranes as described
above.

Low temperature continuous wave EPR spectra and kinetics were recorded on a
Bruker E500 spectrometer equipped with an Oxford ESR 900 liquid helium cryostat and
ITC-503 temperature controller. A super-high sensitive resonance cavity with an optical
window was used for all of the measurements. Before EPR measurements, all samples
were degassed with nitrogen gas at 200 K. Continuous visible light illumination at
liquid helium temperature was carried out directly in the EPR cavity as described in ref
[44,52]. Most EPR spectra were measured in low microwave power (1 mW) in order to
avoid signal saturation which made the evaluation and quantification of the S1TyrZU

signal more difficult. EPR spectra of Car+
U
/ChlZ+

U
were recordedwith microwave power of

1 μW. Other spectrometer settings are given in the figure legends.

3. Results

Previous studies have demonstrated that TyrZ oxidation at
cryogenic temperatures is strongly dependent on the integrity and
S-states of the Mn-cluster [42,44]. To investigate the acceptor side
effects on the electron transfer in PSII reaction center at cryogenic
temperatures, the Mn-cluster is kept intact and in S1 state in all of the
experiments.

In our experiments, we have modified two components at the
acceptor side. One is the non-heme iron, which is coordinated by four
His residues provided by D1 and D2 proteins and one non-protein
ligand (bicarbonate/carbonate). The other is the QB molecule, which
can be readily removed from its binding site or replaced by other
quinone molecules.

3.1. Non-heme iron effect

Generally, the non-heme iron is in the Fe2+ state, and can be
oxidized to Fe3+ by external oxidants [50,53,54]. It has been well
documented that non-heme iron in PSII can be oxidized by K3Fe(CN)6
at 0 °C [54]. The oxidized non-heme iron, Fe3+, has a distinguished
EPR signal at g=8.0–5.0 range [50,53,54]. The Fe3+ ion can be reduced
by QA

−U rapidly [54], which occurs even at cryogenic temperatures [53–
55]. From the previous reports [42, 44], we know that when the non-
heme iron is in the Fe2+ state, the S1TyrZU EPR signal (g=2.03) decays in
the dark with a life-time of about 5 min due to the charge
recombination between QA

−U and S1TyrZU. One would anticipate a



Fig. 2. (A). S1TyrZU EPR signal induced from PSII enriched membranes by visible light at 7 K.
The spectrum is the difference spectrum obtained by subtracting the spectrum recorded
before illumination from the spectrum recorded during illumination. (a) K3Fe(CN)6-treated
sample (see text for detail); (b) untreated sample. For clarity, TyrDU signal in themiddle of the
spectrum was deleted. EPR conditions: Temperature, 7 K; Microwave power, 1 mW;
Modulation amplitude, 18 G; Modulation frequency, 100 kHz. (B). Induction and decay
kinetics of the S1TyrZU EPR signal from K3Fe(CN)6-treated sample (curve a) and untreated
sample (curve b) monitored at 3295 G as indicated by the arrow in panel A. EPR conditions:
Conversion time,1311ms; Time constant, 655ms; Sweep time,1342 s; other settings are the
sameas inpanelA.Thearrows inpanel B indicatewhen the lightwas turnedon (↑) andoff (↓).

Fig. 3. EPR spectra at the g=2.00 radical region, recorded before visible light
illumination (a) and during illumination (b) in 10 mM K3Fe(CN)6-treated PSII core
complex from T. vulcanus. Spectrum (c) is the difference spectrum obtained by
subtracting the spectrum (a) from (b). EPR condition: Microwave power, 1 μW;
modulation amplitude, 4 G. Other conditions are the same as in Fig. 2A.

Fig. 4. EPR spectra at higher g value region, recorded before visible light illumination
(a) and during illumination (b) in 10 mM K3Fe(CN)6-treated PSII core complex from T.
vulcanus. spectrum (c) obtained by subtracting the spectrum (a) from (b). Insert is the
spectrum recorded in untreated PSII core complex isolated from T. vulcanus, which was
shownas thebackgroundof thespectra (a) and (b). EPR conditionsare thesameas inFig. 2A.
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longer life-time for S1TyrZU if the non-heme iron is in the Fe3+ state in
the same reaction centers.

Fig. 2A shows the EPR spectra induced by visible light at 7 K in K3Fe
(CN)6 treated and untreated samples. The g=2.03 EPR signal is similar
to previous reports [41–43]. It has been demonstrated to be arisen
from the magnetic interaction between TyrZU and Mn-cluster in the S1
state (S1TyrZ

U
). The weak EPR signal around 3450 G (g=1.94) of

spectrum b in Fig. 2A was originated from QA
−UFe2+[44], because this

signal did not decay at 7 K during half an hour in the dark (data not
shown), and it was not observed in the K3Fe(CN)6-treated sample
(spectrum a in Fig. 2A). Thus it should not be correlated with the
oxidation of TyrZ. Surprisingly, the yields of TyrZU obtained in Fig. 2A
are essentially the same in K3Fe(CN)6-treated and untreated samples.
It was estimated that 40% of the reaction centers gave rise to the
S1TyrZU EPR signal in untreated PSII sample [44]. Therefore, we deduce
that a similar population of the reaction centers gives rise to the
S1TyrZU EPR signal in K3Fe(CN)6-treated PSII sample as well. The decay
kinetics of the S1TyrZU signal (g=2.03) from K3Fe(CN)6-treated and
untreated samples are shown in Fig. 2B. Again, no obvious difference is
observed for the decay kinetics of TyrZU in both samples, with the half-
decay time of the S1TyrZU signal of about 5 min. Similar results were
obtained in PSII core complex isolated from T. vulcanus (data not
shown, but see Fig. 5A). The yields and decay kinetics observed here
were well reproducible among different preparations. It should be
pointed out that the rise kinetics of S1TyrZU EPR signal is sensitive to
the experiment conditions (e.g. concentration of Chl and the type of
buffer, light intensity, etc.). The real half rise time for the formation of
S1TyrZU was less than 10 ms as reported by Zhang, et al.[42,44], and it
cannot be resolved in the continuous illumination experiment. Thus,
the rise part in the trace recorded during illumination in Fig. 2B should
not reflect the real properties of the induction kinetic of S1TyrZU.

The similar yield of formation and decay kinetic of S1TyrZU in K3Fe
(CN)6-treated anduntreated sample as shown in Fig. 2 suggested that the
charge pair formed was [S1TyrZU—QA

−UFe2+] in both K3Fe(CN)6-treated
and untreated samples, and there was no sign of [S1TyrZU— QAFe2+]
charge pairs formed under these experimental conditions.

Fig. 3 shows the spectral changes at g=2.00 radical region recorded
in K3Fe(CN)6-treated PSII core complex from T. vulcanus before and after
visible light illumination. The difference spectrum after light



Fig. 6. Kinetic traces of the g=2.03 (curve a), g=8.0 (curve b) and g=2.00 EPR
signals (curve c), recorded in 10 mM K3Fe(CN)6-treated PSII core complex from T.
vulcanus, monitored at magnetic field of 3290 G (a), 800 G (b) and 3347 G (c),
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illumination (curve c) shows a narrow radical EPR signal, which is about
10 Gwide (peak to though) and is stable in the dark for several hours at
cryogenic temperatures. The narrow radical EPR signal has been
assigned to Car/ChlZ radicals [35,40]. Similar results were observed in
untreated spinach PSII enriched membranes as well (data not shown,
but see Ref. [44]).

Fig. 4 shows the EPR spectra at higher g value region obtained with
PSII core complex from T vulcanus. Spectrum (a) and (b) were taken
before and after illumination from K3Fe(CN)6-treated PSII sample. The
observation of the g=8.0 EPR signal indicates the formation of the
oxidized non-heme iron after the K3Fe(CN)6-treatment [50,53,54,56].
Upon illumination, the g=8.0 EPR signal was significantly decreased,
indicating the reduction of Fe3+ [50,53–56]. Spectrum (c) is the
difference obtained by subtracting spectrum (b) from spectrum (a). It is
important to note that the decrease is not completely recovered in
several hours in the dark,which is similar to the stability of Car+

U
/ChlZ+

U

EPR signal as shown in Fig. 3 (c).
Fig. 5A shows the time-dependent spectra of S1TyrZU EPR signal

(g=2.03) after illumination of the K3Fe(CN)6-treated PSII core complex
isolated from T. elongatus. It is clear that the amplitude of S1TyrZU

signal decreased rapidly in the dark. After 24 min, more than 90% of
Fig. 5. Time-dependent spectra of S1TyrZU EPR signal (A) and the reduction of the Fe3+

EPR signal (B) after light illumination on the K3Fe(CN)6-treated PSII core complex from
T. vulcanus. The difference spectra in Fig. A are obtained from the spectra recorded at
different times: (a) during illumination, (b) from 0 to 6min after illumination, (c) from 6
to 12 min after illumination, and (d) from 18 to 24 min after illumination, minus the
spectrum recorded 24min after illumination at 7 K. The g=2.00 region corresponding to
the TyrD

U absorption is omitted. The difference spectra in Fig. B are obtained from the
spectra recorded at the same different times as in Fig. A, minus the spectrum recorded
before illumination at 7 K. EPR conditions are the same as in Fig. 2A.

respectively. The microwave power is 1 mW (a), 1 mW (b) and 1 μW(c), respectively.
The modulation amplitude is 18 G (a), 18 G (b), and 4 G (c), respectively. Other EPR
conditions are the same as in Fig. 2A. For clarity, all three kinetic traces are
normalized to positive 1 and superimposed. Arrows indicate when the illumination
light was turned on (↑) and off (↓).
the S1TyrZU signal disappeared (see Fig. 5A, curve d). This result is
consistent with the observation of the kinetic study of the S1TyrZU in
Figs. 2B and 6 (see below). Fig. 5B shows the time-dependent spectra
of reduction of Fe3+ signal. The light induced decrease of the g=8.0
and 5.6 EPR signals, which is due to the reduction of Fe3+, is shown as
the negative peaks in spectrum a in Fig. 5B. It was found that the
negative peak at g=8.0 position had no obvious change during 24 min
in the dark (see spectra b, c and d), indicating that there was no
obvious re-oxidation of Fe2+ during this time. Thus, the reduced state
of the non-heme iron is rather stable, which is significantly different
from the fast decay of S1TyrZU.

Fig. 6 shows the decay kinetics of S1TyrZU (curve a), Car+
U
/ChlZ+

U

(curve c) and oxidized non-heme iron (Fe3+, curve b) in K3Fe(CN)6-
treated PSII core complex from T. vulcanus. The rise and decay of
S1TyrZU signal correspond to TyrZ oxidation induced by visible light
illumination and TyrZU re-reduction in the dark, respectively. For the
Car+

U
/ChlZ+

U
signal at g=2.00, the original kinetic trace was composed

by an initial decrease followed by a recovery, indicating the oxidation
of Car/ChlZ and re-reduction of Car+

U
/ChlZ+

U
. Similarly, a decrease and

recovery of the g=8.0 EPR signal reflect Fe3+ reduction and Fe2+ re-
oxidation, respectively. For clarity, we normalized all three kinetic
traces to positive 1, and superimposed them in Fig. 6. It is noted that
the rise kinetics of S1TyrZU, Car/ChlZ radical and reduction of Fe3+

during illumination are sensitive to experimental conditions such as
concentration of Chl, the type of buffer and light intensity, etc.; thus
they could not be resolved by the present continuous illumination
protocol. Dramatically different kinetics are observed between S1TyrZU

and the Car+
U
/ChlZ+

U
, Fe2+ re-oxidation signals in the dark. A first-order

exponential fit of the apparent decay part in Fig. 6 gave the time
constant of 6 min for S1TyrZU and 6–7 min for Car+

U
/ChlZ+

U
and Fe3+,

respectively. The S1TyrZU EPR signal decays almost completely in the
20 min time window, and the 6 min of the time constant is consistent
with the previous report [42,44]. However, only 20% of the total
amplitudes of Car+

U
/ChlZ+

U
and Fe3+ signals decaywithin the same time

window. The Car+
U
/ChlZ+

U
EPR signal is known to live for several hours

at liquid helium temperatures (see above and also ref. [42] and [44]).
We observed that the decrease of the g=8.0 Fe3+ EPR signal was not
completely recovered after several hours in the dark (see Fig. 5 also),



1113H. Bao et al. / Biochimica et Biophysica Acta 1777 (2008) 1109–1115
similar to the stability of the Car+
U
/ChlZ+

U
signal. Therefore, the half-

decay time for the Car/ChlZ radical and re-oxidation of Fe2+ are
obviously longer than half an hour, and their full decay kinetics could
not be resolved by present data due to their long life-time at 7 K.
Interestingly, the decay traces for Car+

U
/ChlZ+

U
and Fe3+ signals are

almost identical, and both decay slowly in the dark. Clearly, the
recovery of Fe3+ signal is related to the reduction of Car+

U
/ChlZ+

U
instead

of TyrZU, which indicates that the electron used for the reduction of Fe3+

comes from Car/ChlZ but not TyrZ.
According to the close correlation between the reduction of Fe3+

and Car/ChlZ oxidation observed here (Fig. 6), we were able to
estimate the yield of the g=8.0 EPR signal in Fig. 4 (a) based on the
amount of the Car+

U
/ChlZ+

U
formed. We have estimated the number of

centers in which the Car/ChlZ radical is formed by comparing the
g=2.00 signal (Fig. 3, curve c) with the signal from the stable TyrD

U

(Fig. 3, curve a). The amount of the radical formed can be determined
by comparing the double integration of the TyrDU absorption (Fig. 3,
curve a)with the signal induced by illumination (Fig. 3, curve c). In this
experiment, we found that the yield of Car/ChlZ oxidation is
approximately 20±2%. It is noted that the quantification method
used here has been widely used to quantify the Car/ChlZ radical in
literatures (See ref. [42,44] for example). Since Cytb559 was fully
oxidized in the K3Fe(CN)6-treated sample, it should not be involved in
electron transfer any more. Thus, the proportion of reaction centers
involved in forming the Car/ChlZ radical (Fig. 3, curve c) should be equal
to the proportion of centers occurring on the reduction of Fe3+ as
shown in the curve c of Fig. 4. The total proportion of reaction centers
involved in forming Fe3+ in curve a of Fig. 4 can be estimated by
comparing the amplitude of the Fe3+ signal (g=8.0) formed after K3Fe
(CN)6-treatment in the darkwith that from the reduction of Fe3+ (Fig. 4,
curve c) after illumination at 7 K. This gives us approximately 50–60%
of centers. Namely, the non-heme iron in 50–60% of the reaction
centers is oxidized in our experiments. This value is consistent with
previous reports [50,56], which indicates that the oxidation of non-
heme iron only occurs in some fractions of the reaction centers.
Considering the estimation for TyrZ oxidation of 40% in the same
experimental conditions, we rationale that there exist two types of
reaction centers in intact PSII: one contains oxidizable Fe2+; another
one contains unoxidizable Fe2+. The oxidation of the side-path electron
donor occurs only in the fraction of reaction centers containing
Fig. 7. Effect of PPBQ on the S1TyrZU signal induced by visible light at 7 K. The spectrum is
the difference spectrum obtained by subtracting the spectrum recorded 30 min after
illumination in the dark from the spectrum recorded during illumination on PSII
enriched membranes containing 1 mM PPBQ (a) and 0 mM PPBQ (b), respectively. The
middle range of the spectrum due to TyrDU signal was deleted for clarity. EPR conditions
are the same as in Fig. 2A.
oxidizable non-heme iron; whereas TyrZ oxidation takes place in the
rest of reaction centers containing the unoxidizable Fe2+. Therefore,
TyrZ oxidation is independent of the treatment of K3Fe(CN)6. In other
words, oxidations of TyrZ and Car/ChlZ occur separately in different
reaction centers, and do not compete with each other in the same
reaction center.

3.2. QB effect

In recent studies of TyrZ oxidation at cryogenic temperatures,
either the physiological quinone (PQ) [44] or external quinone (such
as PPBQ) [41–43,52] was present at the position of QB. It is interesting
to verify if the presence of QB is necessary for the electron transfer
reactions in intact PSII at low temperature, especially, TyrZ oxidation,
although the electron transfer from QA

−U to QB is known to be blocked
[32,33]. S1TyrZU EPR signals induced by visible light in the presence (a)
and absence (b) of 1 mM PPBQ in intact PSII at 7 K are shown in Fig. 7.
The amplitude of the S1TyrZU EPR signal in the absence of PPBQ is
decreased to 33% of that in the presence of PPBQ. On the other hand,
the yield of Car/ChlZ oxidation was significantly increased in the
absence of PPBQ (data not shown). Obviously, the presence of PPBQ
significantly enhanced the yield of TyrZ oxidation. One may argue that
the electron transfer could occur between QA and PPBQ at liquid
helium temperatures. If so, we would expect that the decay kinetics of
S1TyrZU was significantly different between the samples with and
without PPBQ. However, we found that the half life-times of the
S1TyrZU EPR signal in both cases were the same (about 5 min in the
dark, data not shown). Therefore, the enhancement of TyrZ oxidation
observed should be not related to the occurrence of the electron
transfer between QA and PPBQ at low temperature.

4. Discussion

4.1. Relationship between the oxidation of TyrZ and side-path electron
donors

Our results show that the properties of the acceptor side have
significant effect on the selectivity of electron transfer reactions in
intact PSII at cryogenic temperatures. TyrZ oxidation and side-path
reaction probably occur separately in different PSII reaction centers at
cryogenic temperatures, namely, TyrZ oxidation occurs exclusively in
the reaction centers containing unoxidizable non-heme iron; while
Car/ChlZ oxidation takes place in reaction centers containing the
oxidizable non-heme iron. In the following, we discuss two possibi-
lities accounting for this observation. One is the electrostatic effect,
and the other one is the structural factors.

In our experiments, although there are different electron donors to
P680+

U
, QA is the sole electron acceptor in the reaction center, because

electron transfer from QA to QB is known to be completely blocked at
cryogenic temperatures. There is no doubt that the more stable QA

−U

would have higher ability to stabilize the charge separation state
between QA and P680+

U
. Because the non-heme iron is known to

interact with QA through a H-bond directly [3,5], any change on Fe2+

would be expected to significantly affect the stability of QA
−U. The non-

heme iron in high potential form should provide higher stabilization
energy on QA

−U due to electrostatic effect than the low potential form
does. Thus, the charge recombination betweenTyrZU andQA

−Uwould be
slower in reaction centers with high potential non-heme iron, which
would contribute to increase the yield of the oxidation of TyrZ by P680+

U
.

On the other hand, the observed PPBQ enhancement on S1TyrZU signal
can also be explained by the electrostatic effect. It has been found that
one proton is released from one residue upon the oxidation of the non-
heme iron revealed by the pH-titration experiment [50]. The residue
was suggested to be D1-His215 [57] or D1-His252 [58]. It is noted that
both of these two residues can interact with QB through H-bond [3,5].
Obviously, the presence of PPBQ at QB position obstructs the release of
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proton from these residues, as a result, the redox potential of the non-
heme iron may be raised [50,58,59].

Besides the electrostatic effect, possible structural factors should
be considered as well. Structural cooperation between the acceptor
side and donor side has been suggested in inhibited PSII [60]. We
anticipate that changes on the non-heme iron and QB at the acceptor
side may cause some changes on components at the donor side, e.g.
P680 and TyrZ, through a long distance mutual structural cooperation
in intact PSII. It has been suggested that TyrZ interacts with D1-His190
through a low-barrier hydrogen bond [27]. If one speculates that the
strength of this hydrogen bond is weakened, for example, due to
changes on non-heme iron, the oxidation of TyrZ would become
difficult at cryogenic temperatures. Accordingly, Car/ChlZ competes to
donate electron to P680+U . On the other hand, it has been found that the
delocalization of the positive charge on P680+· after charge separation
may be different depending on different PSII preparations [61]. If the
structure change results in positive charge density on PD2 Chla over
PD1 Chla of the special pair, one would expect that the oxidation of
TyrZ will become difficult as well.

4.2. Two types of the non-heme iron in intact PSII

Our experiments and previous reports [54,56] on oxidation of non-
heme iron by K3Fe(CN)6-treatment indicate that only some fractions
of reaction centers can be oxidized, and suggest that there probably
exist two types of reaction centers in intact PSII. One contains
unoxidizable Fe2+, and the other one contains oxidizable Fe2+. On the
other hand, it is known that there are two types of Cytb559, the high
potential form and low potential form in normal PSII preparations. The
low potential form Cytb559 exists in an oxidized state; while the high
potential Cytb559 is in a reduced state. Thus it is important to know if
the two type reaction centers reported here are related to the redox
state of Cytb559. In our experiment, we found that the yield and decay
kinetic of TyrZ oxidation was actually the same in both untreated and
K3Fe(CN)6-treated samples (Fig. 2). It is well known that Cytb559 is fully
oxidized after treatment of high concentration of K3Fe(CN)6 (10mM in
our experiments). Therefore, it is clear that the redox state of Cytb559 is
not correlated with the two type reaction centers reported here.

Since oxidation of TyrZ occurs in the reaction centers containing
unoxidizable Fe2+, and oxidation of Car/ChlZ occurs in the reaction
centers containing oxidizable Fe2+, the two types of reaction centers
may be assigned as active and inactive PSII, respectively. Among all
ligands of the non-heme iron, the non-protein ligand (bicarbonate/
carbonate) is known to be sensitive to various treatments. For
example, it can be replaced by small anions and molecules, e.g.
formate, CN−, F−, NO, etc. [11,62–65]. Considering the sensitivity of the
non-protein ligand; we suggest that the ligation of the non-protein
ligand could be different in active and inactive PSII. FTIR studies
[57,66] suggested that the non-protein ligand might act as a bidentate
ligand of the non-heme iron. This binding mode was supported by
recent X-ray [3,5] studies. However, it should be pointed out that all
FTIR studies of non-heme iron were carried out in Mn-depleted,
inactive PSII, whereas the hydrogen atom of bicarbonate cannot be
identified based on the current X-ray structural data. Therefore, the
coordination of the non-protein ligand to non-heme iron in active PSII
is still unclear. Unambiguous answers to the different properties of
non-heme iron described here require further experimental and
theoretical investigations in the active PSII in the future.

Finally, It was suggested that Fe3+ may function as an intermediate
species for the electron transfer between QA and QB in bacteria
reaction centers (see ref. [67–70]) and also in PSII [50,53,58]. Our
results show that formation of Fe3+ due to the oxidation of non-heme
iron by K3Fe(CN)6 can only be observed in the inactive PSII reaction
centers; while the non-heme iron is unoxidizable in the active PSII.
Therefore, it is likely that the Fe3+ state of the non-heme iron is not
involved in normal turnover of QB reduction based on our low
temperature electron transfer studies. It would be interesting to
investigate if the Fe3+ is an intermediate of the electron transfer
between QA and QB at physiological temperatures.

5. Conclusion

We observe that the properties of acceptor side significantly affect
the types of electron transfer reactions occurred at the donor side in
intact PSII at cryogenic temperatures. Our results indicate that there
are two types of reaction centers in intact PSII. One contains
unoxidizable non-heme iron, and the other one contains oxidizable
non-heme iron. Oxidations of TyrZ and side-path electron donors
occur separately in these two types of reaction centers, and do not
compete with each other in the same reaction center. In addition, our
results show that the non-heme iron is different between active and
inactive PSII. The oxidation of non-heme iron takes place only in the
inactive PSII, which implies that the Fe3+ state is probably not the
intermediate species for the normal turnover of QB reduction in active
PSII. These findings provided not only new insights on the electron
transfer processes at cryogenic temperatures, but also clues to
understanding the function of the side-path electron donors and the
non-heme iron in intact PSII.
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