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The correlation between the reduction of Q4 and the oxidation of Tyr; or Car/Chlz/Cytpssg in spinach PSII
enriched membranes induced by visible light at 10 K is studied by using electron paramagnetic resonance
spectroscopy. Similar g=1.95-1.86 Q4 EPR signals are observed in both Mn-depleted and intact samples,
and both signals are long lived at low temperatures. The presence of PPBQ significantly diminished the light
induced EPR signals from Q4°, Car*"/Chl*" and oxidized Cytysse, While enhancing the amplitude of the
Keywords: SqTyrz" EPR signal in the intact PSII sample. The quantification and stability of the g=1.95-1.86 EPR signal
Photosystem 11 and signals arising from the oxidized Tyr; and the side-path electron donors, respectively, indicate that the
Qa EPR-detectable g=1.95-1.86 Q4" signal is only correlated to reaction centers undergoing oxidation of the
Tyr; side-path electron donors (Car/Chlz/Cytyssg), but not of Tyrz. These results imply that two types of Qa”
Side-path electron donor probably exist in the intact PSII sample. The structural difference and possible function of the two types of Qa

Electron transfer are discussed.
EPR
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1. Introduction

Photosystem II (PSII) is a multi-subunit membrane protein
complex that catalyzes the oxidation of water to oxygen and the
reduction of plastoquinone (PQ) to plastoquinol (PQH;) using
sunlight [1-3]. The crystal structure of PSII has been reported recently
[4-9], and the scheme for the arrangement of the redox cofactors in
the PSII reaction center is shown in Fig. 1.

At physiological temperatures, upon light excitation, one electron
is released from the primary electron donor (Pegp) to the primary
electron acceptor (Pheo), producing the Pggg'* and Pheo™ charge pair
[10-14]. Pheo™ then delivers the electron to the primary quinone
(Qa) and the secondary quinone acceptor (Qg) sequentially [15,16].
Meanwhile, Pggg"" obtains an electron from Tyrpi.1¢1 (Tyrz) resulting
in a neutral radical, Tyr;'[17,18], which subsequently drives water
oxidation in the Mn-cluster which contains four Mn ions and one Ca?*
ion [1,13,19-24].

Abbreviations: Chl, chlorophyll; Chlz, side-path redox active Chl; Car, redox active
-carotene; Cytysse, cytochrome b559; D1, D2, reaction center core proteins; DMSO,
dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic
resonance; MES, 4-morpholine ethanesulfonic acid; Pggo, primary electron donor of
PSII; Ppy, Ppy, two monomeric Chls of Pggg associated with D, and D5, respectively; Pheo,
pheophytin; PPBQ, phenyl-p-benzoquinone; PSII, photosystem II; PQ, plastoquinone;
PQH,, plastoquinol; Q4 and Qg, primary and secondary quinone electron acceptors,
respectively; Tyrp, tyrosine 161 of the D; protein; Tyrz, tyrosine 160 of the D, protein
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At liquid helium temperatures (below 77 K), initial charge
separation to form Pggo™" and Pheo™ still takes place [10,13,25,26],
while electron transfer from Q4 to Qg is completely blocked [27-29].
Psgo™" can drive the oxidation of the side-path electron donors (Car/
Chlz/Cytyssg) [30-36] in most PSII preparations, and it can also drive
the oxidation of Tyrz found recently in intact PSII [37-45]. It was
reported recently that the redox properties of non-heme iron and the
existence of Qg significantly affected these secondary electron donors
in intact samples [46]. However, the selection mechanism for the
oxidation of these secondary electron donors is still unknown. As Q4 is
the common electron acceptor for the oxidation of these secondary
electron donors, characterization of the formation and stability of the
Qa" signal would be essential to understand the electron transfer
reactions in intact PSII at low temperatures.

Electron paramagnetic resonance (EPR) spectroscopy is one of the
most powerful techniques available to characterize the Q4" interme-
diate species [15]. There are different EPR signals reported for Q4" in
the literature [15,29,47-53]. The Q4" EPR signal is usually very weak
and broad, and thus difficult to detect and quantify due to the magnetic
interaction between Q4* and the non-heme iron, Fe?™ nearby [15].
Moreover, the g value, spectral shape and the amplitude of the Q4 EPR
signals are all sensitive to the presence of some anions and/or small
molecules (such as, HCO3, CN°, OH-, NO, PQ, etc.)[15,29,48-51].
Notably, most of the reported Q4" EPR signals were obtained from
samples without oxygen-evolving activity, where the low-tempera-
ture Tyrz oxidation was blocked. So far, the Q4" EPR signal
corresponding to Tyrz oxidation at liquid helium temperatures has
only been reported in cyanobacteria PSII core complexes containing
the PQ™ at the Qg position, in which the appearance of the g=1.66 EPR
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Fig. 1. Scheme for the redox cofactors in the PSII reaction center.

signal arising from Q4 Fe?"Qg~ was found to correlate to the Tyr;
oxidation [40]. In spinach PSII, the g = 1.66 Q4 "Fe? Qg™ EPR signal was
not observable due to the lack of PQ molecule at the Qg position. It was
also reported that a g=1.87 EPR signal correlated with Tyrz as well
[40]. However, we notice that the assignment of the g=1.87 signal to
QaFe?™ suffered from overlap with the EPR signals of the S;Tyr7, and
the co-existence of some fraction of SoTyrz induced at liquid helium
temperatures. Therefore, correlation of Q4 reduction to the oxidation
of the secondary electron transfers at low temperature in intact PSII,
especially, in the widely used spinach PSII samples, is still an open
question.

Here, we use EPR spectroscopy to monitor the reduction of Qa
and the oxidation of Tyrz or the side-path electron donors (Car/Chlz/
Cytpsse), respectively, from spinach PSII induced by visible light at
liquid helium temperatures. Our results indicate that two types of Qa~
probably exist in intact spinach PSII, which determines the oxidation
of the secondary electron donors at low temperatures.

2. Materials and methods

PSII enriched membranes were isolated from spinach following
the method of Berthold et al. [54] with modifications as described
in ref [46]. The final PSII membranes were suspended in a buffer
containing 400 mM sucrose, 15 mM NaCl, 5 mM MgCl,, 5 mM CaCly,
25 mM MES/NaOH, (pH=6.5), and were frozen in liquid nitrogen
and stored at —80 °C until use. Typical oxygen evolving rates were
600 ~ 800 umol O, (mg Chl)™' h™!', measured with a Clark-type
electrode at 25 °C in the presence of 0.3 mM PPBQ.

Mn-depleted PSII was obtained by using NH,OH and EDTA
treatment as described in ref [32]. Mn ions and NH,OH were removed
by washing with a buffer containing 400 mM sucrose, 15 mM NaCl,
5 mM MgCl,, 2 mM EDTA, 25 mM MES/NaOH (pH = 6.5) five times,
then washed with the same buffer with 0.5 mM EDTA. The final Mn-
depleted samples were frozen in liquid nitrogen and stored at —80 °C
until use.

EPR samples for PSII enriched membranes were prepared accord-
ing to ref [46]. Briefly, PSII enriched membranes were thawed and
washed with a buffer containing 400 mM sucrose, 15 mM NaCl,
10 mM CaCl,, 1 mM EDTA, and 25 mM MES/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. The samples
were washed once more, and re-suspended into the same buffer
without EDTA, then the sample was transferred into EPR tubes. After
to h of dark adaptation at 0 °C, PPBQ from a fresh 20 mM solution in
DMSO or methanol was added to a final concentration of 1 mM. After
addition of PPBQ, the sample was frozen, first in dry ice/ethanol, then

in liquid nitrogen. The final Chl concentration of the EPR samples was
about 10 mg Chl/ml.

EPR samples for Mn-depleted PSII were prepared as follows. The
Mn-depleted samples were diluted with a buffer containing 400 mM
sucrose, 15 mM NaCl, 25 mM MES/NaOH, (pH=6.5) to an 0.5 mg/mL
of Chl concentration, and exposed to room light for 1 min at 0 °Cin the
presence of 0.5 mM KsFe(CN)g. The sample was washed with a buffer
containing 400 mM sucrose, 15 mM NaCl, 5 mM MgCl,, 25 mM MES/
NaOH, (pH=6.5) twice, and resuspended into the same buffer, and
transferred into EPR tubes. PPBQ from a fresh 20 mM solution in
DMSO was added to a final concentration of 1 mM. After addition of
PPBQ, the sample was frozen, first in dry ice/ethanol, then in liquid
nitrogen. The final Chl concentration of the EPR samples was about
10 mg Chl/ml.

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 sensitivity resonance cavity (4122SHQE) with a rectangu-
lar window was used for all measurements. Before EPR measurements,
all samples were degassed with nitrogen gas at 200 K as described in a
previous report [55]. Continuous visible light illumination at liquid
helium temperature was carried out directly in the EPR cavity as
described in ref [46,55,56]. EPR spectrometer settings are given in the
figure legends.

3. Results

The Q4" EPR signal from PSII is usually broad and weak due to
magnetic interaction with the non-heme Fe?*[15], and thus difficult
to detect. In most previous reports, the Q4" EPR signals were observed
at very low temperatures (4-5 K) and high microwave power (20—
100 mW). Under these conditions, the different microwave power
saturation behaviors of other paramagnetic species (such as, the Mn-
cluster, Cytysso, etc.) make the Qn~ signal less observable and
unquantifiable. In our experiment, a super-high sensitivity resonance
cavity was used to obtain a much higher signal-to-noise ratio than the
standard resonance cavity used in most previous reports to measure
the Q4" EPR signals. Therefore, we observed Q4" EPR signals at
relatively higher temperature (10 K) and lower microwave power
(1 mW).

3.1 Formation of Q4" and Car ™" /Chl; EPR signals in Mn-depleted
samples

Fig. 2A shows the EPR spectrum induced by visible light
illumination on the Mn-depleted sample at 10 K. A g=1.95-1.86
EPR signal is clearly resolved, which has been assigned to the Q4" EPR
signals [39,46,49]. Corresponding to the formation of Q" at the
acceptor site, there should be oxidation of electron donors at the
donor site. In PSII, the possible candidate electron donors include Tyr,
Tyrp, Cytysse and Car/Chlz. However, the oxidation of TyrBzg is known
to be completely blocked in Mn-depleted PSII [38,57,58], and Tyrp is
fully oxidized in the Mn-depleted sample. Cytys59 was also fully pre-
oxidized by KzFe(CN)g in our experiment (see Materials and methods
for details). Accordingly, the contribution to the Q4" EPR signal in
Fig. 2A from Tyrz, Tyrp and Cytyssg can be safely ruled out. The sole
possible electron donor is Car/Chl. Fig. 2B shows a narrow (10 G,
g=2.00) EPR signal formed simultaneously with the Q" signal
during light illumination. This signal is well known to be assigned to
Car™/Chlz " [34].

Fig. 2C shows decay kinetics of Q4" (curve a) and Car*"/Chl;*"
(curve b) signals at 10 K in the dark. Decay kinetics of the Q4" (curve
a) and Car*"/Chl;"" (curve b) EPR signals are essentially the
same, with only a decrease of 20% of the amplitude after 30 min
of darkness. Therefore, the fraction of reaction centers undergoing
Qa reduction to give the g=1.95-1.86 signal (Fig. 2A) should be equal
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Fig. 2. EPR spectra of Q4 (A) and Car*-/Chl#- (B) induced by visible light from Mn-
depleted samples at 10 K. The spectrum was obtained by subtracting the spectrum
recorded before illumination from that recorded during illumination. EPR conditions for
spectrum in panel A: temperature, 10 K; microwave power, 1 mW; modulation
amplitude, 18 G; modulation frequency, 100 kH. EPR conditions for spectrum in panel
B: microwave power, 5 pW; modulation amplitude, 4 G; other conditions were the
same as in panel A. (C) Time-dependency of Q4 * (curve a, black) and Car*+/Chl; - (curve
b, red) EPR signals in the dark at 10 K. For clarity, the maximum amplitudes for both
signals are normalized to 100%.

to that of Car/Chl; oxidation (Fig. 2B). Quantification of the latter
can be performed by comparing the double-integrated area of the
Car™"/Chl;"" EPR signal (Fig. 2B) to the full Tyrp EPR signal (data
not shown). We estimate that the g=1.95-1.86 Q4" EPR signal in

Fig. 2A arises from about 25% of the reaction centers in the Mn-
depleted sample.

3.2 Oxidation of Tyr,, Car/Chl; and Cytyssg in intact PSII

The spectra in Fig. 3A-C show the oxidations of Tyrz and the side-
path electron donors induced by visible light illumination at 10 K in
intact PSII. The spectrum presented as a solid line in Fig. 3A shows a
g=2.03 EPR signal from the sample containing PPBQ. This signal
was assigned to S;Tyrz" [38-41,46], which decays quickly in the dark
with a half-life time of about 3 min (see below Fig. 4 curve a). In
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Fig. 3. EPR signals of S;Tyr;" (A), Car*-/Chl} (B) and g, of Cytysse (C) in intact PSII
samples at 10 K, with PPBQ present (solid line) and without PPBQ (dashed line). EPR
conditions for panel (A) and (C) were the same as in Fig. 2 A; EPR conditions for panel
(B) were the same as in Fig. 2B. The spectra in panel A were obtained by subtracting the
spectrum recorded 30 min after illumination in the dark from the spectrum recorded
during illumination. The spectra in panels B and C were obtained by subtracting the
spectrum recorded before illumination from the spectrum recorded immediately after
illumination in the dark. For clarity, the Tyrp signal in the middle of the spectrum in
panel A was deleted.
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Fig. 4. Time-dependency of S;Tyr;" (curve a, black), Car**/Chl" (curve b, red) and
Cytysso(ox) (curve ¢, blue) and Qa (curve d, green) EPR signals after visible light
illumination recorded in intact PSII samples in the presence of PPBQ at 10 K in the dark.
The data points were taken by using the amplitude at g = 2.03 for S;Tyr;" EPR signal (Fig.
3A), at 3337 G position for Car*/Chly - signal, the g, = 3.08 for oxidized Cytyssg signal
(Fig.3C), the g=1.9 for Q4 " signal with different time delays. Curve d was obtained from
the sample containing 6% methanol; curves a, b and ¢ were obtained from the samples
without methanol. For clarity, the amplitudes for all signals were normalized to 100%.

addition, due to the high signal-to-noise ratio of the super-high
sensitivity resonance cavity used, the satellite peaks of the S;Tyr;
signal at g=2.18 and 1.85 is clearly observable [55]. The spectrum
presented as a dashed line in Fig. 3A shows the S;Tyr; signal induced
from the sample without PPBQ. The amplitude of the g=2.03 signal in
the sample without PPBQ (spectrum in dashed line) is decrease to 45%
of that in the sample with PPBQ (spectrum in solid line). According to
the method of the quantification of Tyrz oxidation in previous report
[46], we could infer that the fraction of reaction centers undertaking
the Tyrz oxidation increases about 25% upon the addition of PPBQ at
10K.

The oxidations of the side-path electron donors (Car/Chl; and
Cytpsse) in the dark-adapted sample containing PPBQ are shown
as the solid lines in Fig. 3B and C. The Car™/Chl;™ narrow signal
(g=2.00) in Fig. 3B shown as a solid line is quantified by using a
method similar to that described above in the Mn-depleted sample,
and we estimate that the signal arises from 20%-25% of the total
reaction centers. The g signal of Cytyssg in Fig. 3C (solid line) is also
quantified by comparing the signal with that in Mn-depleted sample
in which all Cytpssg was in the oxidized state. The signal in Fig. 3C
arises from 30%-35% reaction centers in the sample. Accordingly, the
total fraction of reaction centers undergoing the side-pathway is
about 50-60%, and the remaining 40-50% should correspond to the
fraction of reaction centers undergoing the Tyr; oxidation. It should be
pointed out that the yield for the oxidation of both the side-path
electron donors and Tyr; found here are consistent with previous
reports [40,46].

The light induced Car**/Chl, ™ and oxidized Cytysse signals from
intact sample without PPBQ are shown as the spectra in dashed lines
in Fig. 3B and C. Interestingly, the amplitudes of both the Car**/Chl, ™
and the g signal of Cytysso induced by light from the intact sample
without PPBQ are significantly higher than those in the samples with
PPBQ, which implies that the presence of PPBQ suppresses the side-
pathway reactions. The PPBQ effect on the oxidation of the side-path
electron donors (Fig. 3B and C) is in sharp contrast to the enhancement
effect on Tyr; oxidation (in Fig. 3A and ref [46]). The opposite PPBQ
dependence of the two types of reactions indicates that the reaction
centers participating in the oxidation of the side-path electron donors
may be converted into reaction centers conducting Tyrz oxidation
upon the addition of external quinone in intact PSIL.

The stabilities of the light induced Car*"/Chl,™ and oxidized
Cytpsso signal are shown in Fig. 4 curve b and c, respectively. In
contrast to the fast decay of the S;Tyr;" signal (Fig. 4, curve a), both the
oxidized Cyty,ss9 and Car™/Chl, " signals induced by visible light are
very stable at 10 K. There is no any observable decay in 30 min of
darkness for the former (Fig. 4, curve c), and only about 25% of
the total amplitude of the Car™*/Chl;"" signal diminishes after half
an hour in the dark (see Fig. 4 curve b). It should be pointed out that
the decay fraction of Car*"/Chl," signal in 30 min of darkness
corresponds to only about 5% of the total reaction centers in the
sample.

3.3. Reduction of Qq in intact PSI

It is known that most Qs° EPR signals have absorption in the
g=2.0-1.8 range, which obviously overlaps with the S;Tyr;
signal. To avoid the contribution of S;Tyr; to the possible Q4" EPR
signal, we measured the Q4" signal in the intact sample containing 6%
methanol because the presence of methanol was reported to remove
the S;Tyrz signal [59,60], but to leave the Q4" EPR signal unchanged
[55]. Indeed, we find that the peaks at g=2.03, 2.18 and 1.85 due to
the S1Tyrz signal (in Fig. 3A) all completely disappeared after addition
of 6% methanol to the sample, while the g=1.95-1.86 Q4" EPR signal is
clearly observed as shown in Fig. 5A. Moreover, this Q4" signal is long
lived as well, and only about 10% of the amplitude decays in half an
hour (as shown in Fig. 4 curve d ), which is clearly different from the
faster decay of the S;Tyrz signal (Fig. 4 curve a). Considering the
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Fig. 5. EPR signals of Q4 " in intact PSII samples induced at 10 K. The spectrum in panel A
was obtained by subtracting the spectrum recorded before illumination from that
recorded immediately after illumination from the sample containing 6% methanol and
1 mM PPBQ. Spectra in panel B were obtained by subtracting the spectrum recorded
before illumination from that recorded 30 min after illumination in the dark from the
sample with PPBQ present (solid line) and without (dashed line). EPR conditions were
the same as in Fig. 2 A.
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similar spectral shape and g value of the Q4" signal in both Mn-
depleted and intact PSII, we have quantified the g=1.95-1.84 EPR
signal in intact sample (Fig. 5A) by comparing the signal with that in
Mn-depleted samples, and estimate that the Q4" signal (Fig. 5A) arises
from 50% to 60% of the reaction centers, and thus the decay fraction of
this signal in half an hour correlates to ~5% of the reaction centers. It is
worth pointing out that the decay fraction of the Q4" signal is nearly
equal to that of the Car™/Chl;"" radical described above, which
strongly implies that the decay fraction of the Q4" signal is probably
correlated to the decay of the Car*"/Chl;*" signal. In addition, the 50—
60% fraction of reaction centers which undergo the side-pathway is
nearly the same as the fraction of reaction centers in the state Qa".
These results indicate that Q4 may only associate with the side-path
reactions, and the decay fraction is related to that of Car™"/Chl;*".
Obviously, the stable fraction of Q" is associated with the stable
oxidized Ctypsso and some stable fraction of Car**/Chl,™". The
similarities in the quantification and dynamics of the Q4" and the
oxidized Car/Chl; and Cytyssg strongly suggest that the observed Qa*
signal may only correlate with the oxidation of the side-path electron
donor.

The Q4 signal described above in the sample containing methanol
was observed also in the sample without methanol as shown in
Fig. 5B. The spectrum shown as a solid line was obtained by
subtracting the spectrum recorded before illumination from the
spectrum recorded 30 min after illumination in the dark. We
emphasize that any contribution from S;Tyr; to this spectrum in
Fig. 5 can be safely ruled out as the S;Tyr, signal decays rapidly, and
completely disappears after 30 min of darkness. Interestingly, the
g=1.95-1.86 EPR signal is significantly increased in the absence of
PPBQ (see Fig. 5B). One may argue that the decrease of the Q4" EPR
signal in the sample with PPBQ could be due to the presence of Fe>™"
formed after the oxidation of non-heme iron by PPBQ™ [61]. The
contribution of Fe** to the decrease in the Q4" EPR signal can be
verified by monitoring the change in the Fe>* signal (g=8.0-5.0) in
the sample during and after illumination at 10 K. We did not observe
any change in the g=8.0-5.0 range during and after 10 K illumination
(data not shown). Thus, the Fe>* species does not contribute to the
decrease of the g=1.95-1.86 signal in the sample containing PPBQ.

In contrast to the enhancement effect on the S;Tyrz signal (in
Fig. 3A), the presence of PPBQ decreases the amplitude of the
£=1.95-1.86 EPR signal (in Fig. 5B), which is similar to the
suppression effect on oxidation of the side-path electron donors
(Fig. 3B and C). The different PPBQ effects on S;Tyr; and Qx" add
further support that the observed g=1.95-1.86 Q4" signal is only
correlated to the oxidation of the side-path electron donors, but not of
Tyrz in intact PSIL

4. Discussion
4.1. Two types of Qg in intact PSII from spinach

Our results on the relationship between Qa reduction and the
oxidation of Tyr; or Car/Chlz/Cytyssg in spinach PSII enriched
membranes indicates that two types of Q4" probably exist in intact
PSIL One is correlated with the reaction centers undergoing the side-
path electron donors oxidation to give rise to the observed g=1.95-
1.86 Q4" EPR signal. The other is correlated with the reaction centers,
where Tyrz oxidation occurs and the corresponding Q" EPR signal
could be too broad to be detected using X-band EPR. It should be
pointed out that these two types of Q4" are observed in intact PSII
with full oxygen-evolving ability (600-800 umol O, (mg Chl)™! h™!).
This differs from various Q4 EPR signals reported previously in the
literature, where the samples had no or very low water oxidation
activity due to various treatment conditions, for example, H, OH",
formate, CN°, NO, etc. To our knowledge, this is the first time to
show that two types of Qa probably exist in the intact PSII samples

with full oxygen-evolving ability. It is noted that two types of Qa has
been also suggested recently in the purple bacteria reaction center
[62]. In addition, the two types of Q in PSII suggested here can
explain the observation of the strong correlation between the effects
on the recombination rate and on thermoluminescence reported
recently [63].

The Q4" EPR signal is known to arise from the magnetic interac-
tion between Q4 and the non-heme iron Fe?*[15,64,65]. In PSII, the
D,-His,14 residue links Q4 and Fe? by forming a hydrogen bond with
Qa and a coordination bond with Fe?*. It is very likely that the
strength of the H-bond could significantly affect the spin-spin
exchange interaction between Q4" and Fe?*, and it can be predicted
that the strong and weak exchange coupling would associate with the
presence of strong and weak hydrogen bonds between Qa and His;14,
respectively. Furthermore, it is known that the width of the EPR signal
is strongly dependent on the exchange coupling between two
paramagnetic spin species, and the EPR signal becomes narrow
when the exchange coupling becomes stronger [65,66]. Since similar
2=1.95-1.86 Q" EPR signals are observed in the reaction centers of
Mn-depleted sample and the fraction undertaking the oxidation of
side-path electron donors in intact PSII samples (Fig. 2A and Fig. 5),
one can deduce that similar exchange interactions between Q5" and
Fe?™ probably are present in these reaction centers. As FTIR studies
[67-69] have shown that the strength of the hydrogen-bond between
Q4" and D,-His, 4 in the Mn-depleted sample is strong, we suggest
that a similar strong hydrogen-bond probably is present in the
reaction centers undergoing oxidation of the side-path electron
donors in intact PSII (see Fig. 6 Type 2). In contrast, the strength of
the hydrogen bond could be weak in the reaction centers undergoing

weak H-bond

& Qa His, 4
/ Trpys;

strong H-bond
””O IIlIIIIIIVM3
Qa His, 4
Trp,s;

@ Pheo Type 2

Fig. 6. Scheme for the interaction between Pheo and Q4 in the two types of reaction
centers.
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Tyr, oxidation (see Fig. 6 Type 1), so that the possible Q4" EPR signal
is probably too broad to be detected due to the weak exchange
narrow effect [66]. It is noted that the hydrogen-bond strength
between Qa and His;14 is still not unambiguously known due to the
low resolution of the structural data and the X-ray radiation damage
observed recently [70-72]. However, the above prediction of two
types of Q4 is also supported by the finding of two midpoint forms
of Qa reported by Johnson et al. [73]. It is expected that the Q4 with
the strong hydrogen bond would have a higher redox potential
than that with the weak hydrogen bond in intact PSII, as higher
stabilization energy would be provided by the strong hydrogen bond
than by the weak one.

4.2. Possible physiological functions of the two configurations of Qa

The PPBQ dependence of the observed Q4" EPR signal (see Fig. 5B)
implies that the configuration of Qa is probably dependent on the
existence of the quinone molecule at the Qg position in the reaction
center. For the two types of Q4" described above, we suggest that
the high potential form of Qa with a strong hydrogen-bond can be
converted to the low potential form with a weak hydrogen-bond after
the recovery of the Qg occupation in intact PSIL. This relationship
between Q, configuration and the occupation of Qg would have
an important physiological function as the occupation of Qg is
changeable in vivo. The Qg position can be either occupied or empty
under physiological condition. When the Qg position is empty, charge
recombination would be ready to take place and lead to the formation
of triplet Chl a at the donor site. The triplet Chl a is able to react with
triplet oxygen to produce aggressive singlet oxygen [74,75]. More-
over, the negative charge on Q, is also ready to react with an oxygen
molecule to form superoxide radical (O,™) at the acceptor site [76].
Both '0, and O, are extremely harmful species to PSII [74,75].
Therefore, it is crucial to stabilize the electron on Qa. The strong
hydrogen-bond between Q,~ and Hisp14 could be a strategy to
stabilize the negative charge and prevent charge recombination,
thus diminishing the possibility of 10, and O,~ formation. On the
other hand, the weak hydrogen-bond between Q4 and His,14 could
contribute to promoting electron transfer between Q4 and Qg when
functional Qg is present.

4.3. Implications for electron transfer at cryogenic temperatures

The oxidation of both Tyr; and the side-path electron donors have
been observed at low temperature in intact PSII recently. The
oxidation reactions of Car/Chl; and Cyt,ss9 only involve electron
transfer, and their oxidations at low temperature have been observed
in both intact and inhibited samples [30,31,33-36,77-81]. In contrast,
the oxidation of Tyrz is accompanied by proton release from the
phenolic oxygen [17,18], and efficient Tyrz oxidation at liquid helium
temperature has only been observed in the Sy and S; states in intact
PSII [21,38,40]. It has been suggested that the oxidation of Tyr; can
only occur when the hydrogen bond between Tyr; and Hisgg is
strong so that proton movement is possible even at liquid helium
temperatures [38,42]. Thus, the static heterogeneity of the Tyrz at the
donor side would certainly affect the low-temperature electron
transfer as discussed in previous reports [38,42,46].

It is noted that, in most previous reports, the reason for the
selection of the low-temperature electron transfer has been only
considered in the aspect of the donor side (see [34,38,42] for
example). We have recently found that the redox potential of
the non-heme iron and the existence of Qg at the acceptor site
significantly affect the oxidation of these secondary electron donors
in intact PSII [46]. In the previous report, we suggested that the
electrostatic effect and/or possible structural cooperation between
the acceptor and donor sites could contribute to oxidation selection of
these secondary electron donors at low temperature. However, as the

non-heme iron and Qg are not directly involved in low-temperature
electron transfer, the unambiguous answer for the mode of selection
of electron transport pathway is still unknown. Our present experi-
ments clearly point to two types of Q4 in intact PSII. One is associated
with the oxidation of the side-path electron donors; the other is
associated with Tyr; oxidation at low temperatures. However,
an unambiguous conclusion on whether the mode of selection of
electron transport pathway for the oxidation of Tyr; or the side-path
electron donors at low temperatures is directly related to any changes
of Qa configuration at the acceptor side, or is due to changes of Tyr;
simultaneously at the donor side as a result of the changes of Q4 at the
acceptor side, are still waiting for further detailed kinetic investiga-
tions at low temperatures and in the same intact PSII samples.
Nevertheless, our results may shed new insight into the understand-
ing of the mode of selection of electron transport pathway for the
oxidation of these secondary electron donors at low temperatures.

5. Conclusion

In this paper, the correlation between the reduction of Q4 and the
oxidation of Tyrz or Car/Chlz/Cytysse induced by visible light at liquid
helium temperatures has been studied using electron paramagnetic
resonance. Our results indicate that two types of Q4 may exist in intact
spinach PSIl. The EPR-detectable g=1.95-1.86 Qa" signal is only
correlated with oxidation of the side-path electron donors (Car/Chl/
Cytpsso), but not of Tyrz. The strength of the hydrogen-bond between
Qa and D,-His,14 bound to the non-heme iron is discussed to explain
the difference of Q4 observed at 10 K. It would be interesting to verify
if different configurations of Qa exist at physiological temperatures.
It is suggested that the conversion of these two types of Q4" may
have an important physiological effect by promoting electron transfer
from Qa to Qg, and preventing the formation of harmful species (10,
and 057") in vivo.
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