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Abstract

In the field of photosynthetic water oxidation it has been under debate whether Tyrosinez (Tyrz) acts as a hydrogen or an electron acceptor from
water. In the former concept, direct contact of Tyr; with substrate water has been assumed. However, there is no direct evidence for the interaction
between Tyrz and substrate water in active Photosystem II (PSII), instead most experiments have been performed on inhibited PSII. Here, this
problem is tackled in active PSII by combining low temperature EPR measurements and quantum chemistry calculations. EPR measurements
observed that the maximum yield of Tyr; oxidation at cryogenic temperature in the Sy and S, states was around neutral pH and was essentially pH-
independent. The yield of Tyr, oxidation decreased at acidic and alkaline pH, with pKs at 4.7—4.9 and 7.7, respectively. The observed pH-dependent
parts at low and high values of pH can be explained as due to sample inactivation, rather than active PSII. The reduction kinetics of Tyr; in the Sy and
S, states were pH independent at pH range from 4.5 to 8. Therefore, the change of the pH in bulk solution probably has no effect on the Tyr, oxidation
and Tyry reduction at cryogenic temperature in the Sy and S; states of the active PSII. Theoretical calculations indicate that Tyr, becomes more
difficult to oxidize when a H,O molecule interacts directly with it. It is suggested that Tyr is probably located in a hydrophobic environment with no
direct interaction with the substrate H,O in active PSII. These results provide new insights on the function and mechanism of water oxidation in PSII.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthetic oxygen evolution is a unique function of the
Photosystem II (PSII) in cyanobacteria, algae and higher plants,
which sustains most life in this planet. PSII is a multi-subunit
membrane protein complex. The crystal structure of PSII is
beginning to be clarified [1-4]. Upon excitation, the primary
electron donor (Pgg() donates one electron to the primary electron

Abbreviations: Chl, chlorophyll; DFT, density functional theory; DMSO,
dimethyl sulfoxide; EPR, electron paramagnetic resonance; EDTA, ethylene-
diaminetetraacetic acid; HOMO, highest occupied molecular orbital; MES, 4-
morpholine ethanesulfonic acid; MOPS, 3-morpholino propanesulfonic acid;
Pggo, primary electron donor of PSII; Pheo, pheophytin; PPBQ, phenyl-p-
benzoquinone; PSII, photosystem II; Qo and Qp, primary and secondary
quinone electron acceptors, respectively; Tyry, tyrosine 161 of the D; protein;
Tyrp, tyrosine 160 of the D, protein
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acceptor (Pheo) to produce the P¢gy and Pheo * charge pair.
Pheo  then transfers the electron to a quinone—iron complex in
which the primary and secondary quinones (Q4 and Qg) function
in sequence. Meanwhile, Pgg, drives the water oxidation in the
catalytic center of the Mn-cluster containing four Mn ions, one
Ca”" and one or more C1~ ions. The turnover of the Mn-cluster
leading to water oxidation involves five different states (So_4), in
which S, is the most reduced state, and S; is the dark stable state
[5-8]. Dy-Tyr6; (Tyry) is the secondary electron donor located
between Pggo and Mn-cluster in PSII.

An important question is how Tyrz plays the role of tuning the
one-electron photochemical reaction and the four-electron cataly-
tic water oxidation process, thus controlling the water oxidation
efficiently [9,10]. To answer this question, it is important to know
the detailed protein environment of Tyrz and its relationship with
substrate water molecules and the Mn-cluster in active PSIL

Almost decade ago, Babcock and co-workers proposed a
hydrogen—atom abstraction mechanism that Tyrz tuned the
water oxidation through direct interaction with substrate H,O
bound to Mn ions [11,12]. This model has been widely cited, and
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Fig. 1. pH dependence of the formation of the SyTyry (A) and S;Tyr, (B)
signals. Each point is the average of the signal amplitude from three parallel
samples. The amplitude of the SyTyr, was determined by using the difference
absorption between peak and through marked in insert Fig. 1A. The amplitude
of S;Tyr, was determined by taking the absorption of the peak marked in insert
Fig. 1B. Insert figure in A and B are SyTyr; and S, Tyr; EPR signal induced
from 0-flash and 3-flash PSII samples at pH 6.5, respectively. The region around
g=2.00 corresponding to the Tyrp signal is omitted. EPR conditions:
temperature, 5 K; microwave frequency, 9.42 GHz; modulation frequency
100 kHz; microwave power, 25 mW; modulation amplitude, 25 G.

the idea of the direct interaction between Tyrz and substrate H,O
has been incorporated in many other models [13]. However, it
should be pointed out that most evidences for this model were
obtained from experiments on inhibited PSII samples (for exam-
ple, Ca- [14,15], or Mn- [16—18] depleted PSII samples).
Recent PSII crystal structures [2—4] have revealed that Tyr,
forms a hydrogen bond with D1-His190, which is consistent with
most previous biochemistry studies [9,10]. However, the possible
interaction between Tyry and substrate H,O is still far from an
unambiguously demonstrated. Based on the 3.5 A resolution data,
Ferriraetal. [3] suggested that Tyr, interacted directly with a water
molecule bound to Ca** (rather than a Mn ion) through a hydrogen
bond, and that the water molecule further connected with a proton
channel to the lumen. More recently, Yano et al. [19] have found
that the oxidation state and the structure of the Mn-cluster, as well
as, its ligand environments (especially, H,O or OH , 0*") may be
significantly modified due to serious radiation damage rising from
the X-rays during the crystal structure determination. Therefore, it
is fair to say that current structural data provide only limited
information on the possible interaction between Tyr, and substrate
water molecule. On the other hand, spectroscopic studies on Tyry

in active PSII have been always suffered from its fast turnover and
lack of spectroscopic characteristics [9,10]. However, most of our
present knowledge on Tyr, came from investigations on inhibited
PSII. However, it is well known that the properties of Tyrz in
inhibited PSII can be dramatically different from that in active
PSII[9,10]. For example, the Tyr, oxidation rate is thousand times
slower in inhibited PSII than in active PSII [20,21]. It was
suggested that Tyr; was located at a hydrophilic environment, and
exposed to the bulk water in Mn-depletion PSII samples [9,10,22].
Therefore, it is necessary to verify directly if Tyr, does interact
with substrate water in active PSII.

Recently, a relatively high yield oxidation of Tyrz in Sy and
S; states has been reported at cryogenic temperature in active
PSII [23-27]. The magnetic interaction between Tyrz and Sy or
S, states of the Mn-cluster gives rise to two distinctive EPR
signals attributed to SoTyrz and S;Tyry, respectively. The
lifetime of Tyry formed is a few minutes at cryogenic
temperature, which is about 107 times longer than that at
room temperature. These findings [23—-27] provide a new way
to investigate Tyr, in active PSIL

In this paper, possible interactions between Tyrz and substrate
water were explored by studying the pH effect on Tyrz oxidation
and Tyrz reduction at cryogenic temperature in active PSII
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Fig. 2. pH dependence of the decay half-life time of SoTyr; (A) and S,Tyry

(B) signal at dark at 5 K. Inset in A shows the induction and decay kinetics of
the SoTyr; from the 3-flash sample recorded by monitoring the SoTyr; signal
at 3280 G (see inset in Fig. 1A). Inset in B shows the induction and decay
kinetic of the S, Tyr signal from the 0-flash sample recorded by monitoring the
S, Tyry signal at 3300G (see inset in Fig. 1B). EPR conditions: conversion time,
1311 ms; time constant, 655 ms; sweep time, 1342 s; other settings are the same
as Fig. 1. The arrows in the insets indicate when the lamp was turned on (1)
and turned off ().
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with the method developed recently [23—27], as well as DFT
calculations on model systems.

2. Materials and methods

PS II-enriched membranes were prepared from spinach as described in Ref.
[28,29]. PSII membranes were dissolved in a medium containing 400 mM
sucrose, 15 mM NaCl, 50 mM MES/NaOH (pH=6.0), and were frozen into
liquid nitrogen and stored at —80 °C till to use.

PSII with Mn-cluster in different S-states was prepared as following: The
samples were thawed and washed with a buffer containing 400 mM sucrose,
15 mM NaCl, 5 mM MgCl,, 5 mM CaCl,, 2 mM EDTA, and 0.5 mM MES/NaOH
(pH 6.5). Then they were washed once with the same buffer without EDTA. The
samples were finally resuspended in the same buffer without EDTA, and put into
calibrated EPR tubes. The final concentration was about 2.5 mg Chl/ml. To
synchronize all PSII in the Tyrp, S, state, one pre-flash was given to the sample after
1 min incubation at room temperature and followed by 12—15 min dark adaptation
at room temperature. External electron acceptor, PPBQ from a fresh 20 mM
solution in DMSO was added to a final concentration of 1 mM. One minute after
the addition of the external electron acceptor, the samples were exposed to 0 or 3
saturating laser flashes (7 ns, 532 nm, 550 mJ) at 1 Hz provided by an Nd:YAG
laser (Spectra Physics) at room temperature. The pH of solution was adjusted by
adding 15% (v/v) buffer solutions containing 400 mM sucrose, 15 mM NaCl,
5 mM MgCl,, 5 mM CaCl, and 200 mM buffer at various pH immediately after
flashing, and the sample solution was mixed by using a long needle with spiral
shaped tip. The final buffer concentration was 30 mM. (Glutamic acid for pH 4.0—
4.75, MES for pH 5.0-6.5, MOPS for pH 7.0-8.0, Gly—Gly for pH 8.25-9.0).
Thirty seconds after laser flashes, the sample was frozen within 1-2 s, first in dry
ice/ethanol, then cooled in liquid nitrogen.

Low temperature continuous wave EPR spectra and kinetics were recorded
on a Bruker E300/E200 spectrometer equipped with an Oxford-900 liquid
helium cryostat and ITC-503 temperature controller (Oxford Instruments Ltd.).
A Bruker ST4102 standard cavity was used for all the measurements. Before
EPR measurements, all samples were degassed with argon at 200 K.
Tllumination at liquid helium temperature was carried out directly in the EPR
cavity as described in Ref. [24]. Spectrometer settings were given in the figure
legends. After EPR measurements, the pH of each sample was measured at room
temperature.

The calculation models were built up by simplifying Tyr and His with p-cresol
and imidazole, respectively (see Fig. 3). The full geometric optimisation of the
models in gas phase was performed by using (U)B3LYP/6-31G(D) method. The
total energy of the systems were calculated at (U)B3LYP/6-311+G(1d, 1p) level
and corrected by zero-point energies calculated with (U)B3LYP/6-31G(D) method.
Similar method has been used to investigate the function and mechanism of Tyry in
PSII [30,31]. All calculations were carried out by using Gaussian 98 program [32].

3. Results and discussions

The EPR signals indicating oxidation of Tyr; were induced by
continuous visible light illumination at 5 K [23-27]. The light

'\

Fig. 3. Calculation models for Tyr—His (left) and Tyr—His—H,O(right).
(hydrogen in green, oxygen in red, nitrogen in blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Energy comparison between Tyr—His and H,O—Tyr—His models
Tyr—His Tyr-His—H,O Energy
difference
HOMO energy (kcal/mol) -124.93 -132.35 -7.42
Vertical ionization energy (kcal/mol) 169.05  174.79 5.74
Adiabatic ionization energy (kcal/mol)  153.61  153.92 0.31

induced SyTyrz and S;Tyry signals from 3-flash and 0-flash
samples at pH 6.5, respectively, are shown in the inserts of
Fig. 1A and B. Fig. 1A shows the pH effect on the formation of
SoTyrz signals from 3-flash samples at pH range from 4 to 9. A
bell-shaped pH-titration curve is obtained. The maximum
amplitude is observed between pH 5 and 7, which is essentially
unchanged over this pH range. However, the amplitude decreases
at further lower or higher pH values. Two apparent pKs, 4.7+0.1
and 7.7+0.1, at low and high pH, respectively, were obtained
from the curve. The pH effect on the formation of S;Tyr, signal
in 0-flash samples is shown in Fig. 1B. A bell shaped pH titration
curve is obtained with the maximum amplitude around pH 6.0.
The amplitudes decrease successively when the pH increases or
decreases from 6.0. Two pKs, 4.9+0.1 and 7.7+0.1, at low and
high pH range, respectively, were obtained. The pK, values here
(4.7-4.9 and 7.7) are close to those reported for pH effect on
oxygen evolution and the multiline EPR signal of the Mn-cluster
[33,34]. The pK, for acidic pH region is similar to the value
obtained in PSII sample isolated from thermophilic cyanobacter-
um (pK,=4.6) [35], which was interpreted by titration of His190
in intact PSII. However, it was also possible due to release of the
Ca from Mn-cluster as pointed out by the same authors [35,36].
Because the PSII reaction center loses the oxygen evolving
activity at lower or higher pH, the observed pH-dependent part at
low pH and high pH should be assigned to the inactive samples
due to the inhibition at either donor side or acceptor side of PSII,
rather than active PSIL

The above explanation is further supported by measuring the
decay kinetics of above two visible light-induced EPR signals,
as shown in Fig. 2. The decay kinetics of SyTyr; and S;Tyry
signals are similar to our previous reports [23,24] (shown in the
two insets in Fig. 2). Fig. 2A shows the decay lifetime (7;,,) of
the SoTyry signals at SK, which is 210+10 s at the whole pH
range from 4.5 to 8.0. Similarly, lifetime (7,,) of the S;Tyrz
signals at 5 K remains as 225+10 s at the pH range from 4.5 to
8.0 (Fig. 2B). These results clearly indicate that the decay
kinetics of the S| Tyr; and SyTyr; signals are completely pH-
independent at pH rang from 4.5 to 8.0.

It is worth mentioning that other states (e.g., S,, S3) in the
samples do not give rise to comparable EPR signals under the
present experimental conditions [23]. Therefore, contributions
from these two states can be ruled out, this is not the case in
reports using flash photolysis absorption spectroscopic mea-
surement [37,38]. Because the formation and decay of S;Tyrz
and SyTyr; signals correspond to the Tyr, oxidation and Tyry
reduction, respectively [23-27], the present pH effect data
indicate that both Tyr; oxidation and Tyr; reduction may be pH
independent in active PSII samples in the Sy and S, states. This
behaviour is dramatically different to that of Tyr in solution and
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the Tyry in Mn- or Ca-depleted PSII samples, where both
oxidation and reduction of Tyr are strongly pH dependent
[9,10,20,39—-41].

It is generally agreed that Tyr, radical formed after its oxida-
tion is in its neutral state [9,10,38—40]. In Mn-depleted PSII, the
reduced Tyrz is in its protonated form at physiological pH [9,10].
However, information about the protonation state of reduced Tyr,
in active PSII is rather limited. It in principle can exist in two
forms, deprotonated and protonated forms. In order to interpret
the present pH dependence data, we consider both deprotonated
and protonated forms. Firstly, if Tyrz was in its deprotonated form
as proposed by Candeias et al. [42] and Haumann et al. [43], the
oxidation of TyrO  (reaction (1)) should be pH-independent due
to the lack of protons involved in this reaction.

TyrO” < Tyr—O + e~ reaction 1

TyrOH&Tyr—O +H™ + ¢~ reaction 2

This explanation seems fit our data well. However, we notice
that the deprotonation of Tyr, normally requires a strong base
(pK, > 10) nearby, while the histidine (D1-His190, pK, ~ 6-7)
is the only amino acid residue around Tyrz in PSII [3,4].
Therefore, it is less likely to be the case. Secondly, if Tyr; was in
its protonated form, the TyrOH oxidation should be dependent
on its local pH (reaction (2)), which is obviously contradicted to
the pH independent feature reported here. Alternatively, Tyry is
located at a hydrophobic environment, where bulk H,O
molecules and protons (H;O") do not have access, thus the
change of pH in bulk may have no effect on the local pH of Tyr,
in active PSII. This rationalization is consistent with the recent
suggestion of a low barrier hydrogen bond between Tyr; and
D1-His;gg in active PSII [23], since most of the low barrier
hydrogen bonds have been found in hydrophobic environments
[44]. This suggestion is also consistent with the temperature
dependence of Pgg reduction by Tyry as reported by Renger et
al. [45] They found that the activation energies for Tyr,
oxidation was much lower in intact than in Mn-depleted PSII,
and inferred that Tyry was most “dry” and hydrophobic in intact
PSII, but became enriched with water molecules after Mn-
depletion [45]. One may argue that there could be a few
substrate H,O molecules even in the hydrophobic environment
and that changing the pH in the bulk solution would have little
effect on the Tyr, and H,O inside. If this were the case, we
would expect a much slower exchange rate for the substrate
H,O. However, recent time-resolved mass spectroscopy studies
[46] have reported a time constant of faster than 120s ™' for the
substrate exchange rate in Sy and S; states, which implies that if
any substrate water molecule interacted with Tyr, it should be
able to exchange with bulk water in the mixing time in the
experiment (see Materials and methods), and affect the
oxidation and reduction behaviour of Tyrz. Therefore, it is
likely that Tyrz is located in a hydrophobic environment and
does not interact with substrate water in active PSII. This
suggestion fits the proton-rocking model, in which Tyr, forms a
strong hydrogen bond with adjacent His190, and the proton is
located and shuttled between them [20,36,47—49]. This proton-

rocking model is not expected to be pH-dependent and it is
readily reconciled with the published very low kinetic H/D-
isotope effect [36,47,50].

To further investigate if there was direct interaction between
Tyr; and H,O molecules in active PSII, a DFT theoretical
study was carried out following procedures in previous reports
[30,31]. The calculation models were simplified by substitut-
ing Tyr and His with p-cresol and imidazole, respectively (see
Fig. 3). Interestingly, upon adding a H,O molecule to this
model (Fig. 3 right), the HOMO energy level was lowered by
7.42 kcal/mol, and the vertical ionization energy and the
adiabatic ionization energy were increased by 5.74 kcal/mol
and 0.31 kcal/mol, respectively (Table 1). These data clearly
indicate that Tyr becomes more difficult to oxidize when a
H,0 molecule interacts directly with it. Considering that Tyr,
donates an electron to P¢g, more efficiently in active PSII than
in Mn-depleted PSII, it is reasonable to infer that there might
be no water molecules interacting with Tyr, in active PSIIL.
Therefore, in contrast to the situation in Mn-depleted PSII
samples [9,10,22], Tyrz in active PSII is probably located in a
hydrophobic environment, and no water molecules have
interactions with it.

4. Conclusion

In summary, the maximum yield of Tyr; oxidation at cryo-
genic temperature in Sy and S; states was observed at neutral
range (pH 5—7) and it was pH independent in this pH range. The
yield of Tyr, oxidation did however decrease in the acidic and
alkaline pH regions, with two pKs, 4.7-4.9 and 7.7+0.1, re-
spectively. The observed pH-dependencies at low pH and high
pH are more likely to be due to inactive samples rather than
active PSII. The reduction kinetics of Tyr; in the Sy and S;
states were pH independent in the pH range from 4.5 to 8.
Therefore, the change of the pH in bulk solution has no effect on
the Tyr, oxidation and Tyrz reduction at cryogenic temperature
in the Sy and S; states of the active PSII. It is reasonable to infer
that Tyrz is probably located in a hydrophobic environment
without substrate water molecule access in the Sy and S; states
of the active PSII. DFT calculations on model systems point to
exclude also direct interaction between Tyr; and the substrate
H,0 in functional PSII. These results challenge the previous
postulation of direct interaction between Tyrz and the substrate
water during water oxidation. Investigations on the higher ox-
idation states (e.g., Sp, S3 states) are currently underway to
explore whether Tyry interacts with substrate water in these states.
As it has been suggested [5,20,40,51,52] that the function of Tyr,
could be different in S, and S; states with the Sy and S; states,
these studies will provide new insights on the function and
mechanism of Tyry in active PSII.
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