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’ INTRODUCTION

Photosystem II (PSII) catalyzes water oxidation in plants and
cyanobacteria using solar energy, leading to the formation of
molecular oxygen. Within PSII, molecular oxygen is produced
from water by the water-oxidizing complex (WOC), which is
composed of four exchange-coupled manganese (Mn) atoms and
one calcium (Ca) atom. The crystal structure of PSII in two
species of cyanobacterium, Thermosynechococcus elongatus and
Thermosynechococcus vulcanus, has recently been reported.1-3

The unit cell contains four sites related by the P212121 space
group, each of which is composed of a dimer of the PSII core
complex. The individual core complexes are related to each other
by a noncrystallographic C2 symmetry axis parallel to the mem-
brane normal. Each PSII monomer contains two redox-active
tyrosine residues, Tyr 161 (YZ) in the D1 polypeptide and Tyr
160 (YD) in the D2 polypeptide. High-frequency electron para-
magnetic resonance (EPR) studies have provided detailed in-
formation on the electronic and molecular structures of redox-
active molecules in PSII.4-6 The g-tensors and their orientation
relative to the crystal axes have been precisely determined for the
tyrosine radical YD

•5,6 and WOC7 by W-band (94 GHz) EPR
studies on single crystals of PSII.

A number of accounts have addressed mechanistic details of the
oxidization of water by WOC.8-10 It has been suggested that YZ
plays a significant role in water oxidation. YZ serves as an
intermediate in electron transfer from WOC to the primary
chlorophyll donor P680. Oxidation of YZ by P680

þ leads to the

formation of a neutral radical, YZ
•.11 Because the reduced form of

YZ is expected to be protonated, a proton must be transferred
between YZ and a nearby base during YZ oxidation (Figure 1). On
the basis of a number of site-directed mutagenesis studies, it was
suggested that the proton acceptor in oxidized YZ is D1-His190.

12

This was confirmed by a recent crystal structure analysis showing
that YZ is within H-bonding distance of D1-His190. Babcock and
co-workers proposed that YZ participates directly in water oxida-
tion by abstracting hydrogen atoms from water bound to WOC
(H-abstractionmechanism), as shown in Figure 2a.13 In contrast to
this H-abstraction hypothesis, Renger and co-workers suggested
that one proton remains near YZ (Figure 2b), moving only the
small distance between YZ and D1-His190, depending on the
redox state of YZ (proton-rocking mechanism).14-16 To deter-
mine the function of YZ in the catalytic water oxidation process, it is
important to determine the g-anisotropy of YZ, which is very
sensitive to the electrostatic environment.4 In this study, the g-
anisotropy of the tyrosine radical YZ

• in Mn-depleted PSII was
highly resolved by W-band (94.9 GHz) EPR spectroscopy to
discriminate between the twopossiblemechanisms. This is the first
EPR measurement of YZ

• in PSII single crystals. Combined with
density functional theory (DFT) theoretical calculations, the
highly resolved g-anisotropy allowed us to probe the PCET
(proton-coupled electron-ransfer) processes accompanying
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ABSTRACT: The oxidation of a redox-active tyrosine residue YZ in
photosystem II (PSII) is coupled with proton transfer to a hydrogen-
bonded D1-His190 residue. Because of the apparent proximity of YZ to
the water-oxidizing complex and its redox activity, it is believed that YZ
plays a significant role in water oxidation in PSII. We investigated the g-
anisotropy of the tyrosine radical YZ

• to provide insight into the
mechanism of YZ

• proton-coupled electron transfer in Mn-depleted
PSII. The anisotropy was highly resolved by electron paramagnetic
resonance spectroscopy at the W-band (94.9 GHz) using PSII single
crystals. The gX-component along the phenolic C-O bond of YZ

• was
calculated by density functional theory (DFT). It was concluded from the highly resolved g-anisotropy that YZ loses a phenol proton
to D1-His190 upon tyrosine oxidation, and D1-His190 redonates the same proton back to YZ

• upon reduction.
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tyrosine oxidation. In addition, themolecular orientations of YZ
• in

single crystals of PSII were determined precisely through the
principal axis orientation of the g-tensor.

’EXPERIMENTAL METHODS

Sample Preparation.Cells of the thermophilic cyanobacterium T.
vulcanus were grown, and core particles of PSII were isolated as
described previously.17 To remove Mn from WOC, PSII samples were
treated with 2mMNH2OH in a buffer containing 20mMMes (pH 6.0),
10 mM NaCl, and 3 mM CaCl2 at a chlorophyll concentration of 0.5
mg/mL for 30 min on ice in the dark, and then precipitated by
centrifugation and resuspended in the same buffer. This treatment
was repeated, and finally the samples were suspended in the same buffer
without NH2OHbut supplemented with 0.5mMpotassium ferricyanide
and 30% glycerol.

Single crystals of PSII were grown as described previously.17 Well-
defined crystals with an approximate size of 0.4 � 0.2 � 0.6 mm3 were
used formeasurements. The crystals were harvested in themother liquor
supplemented with 2 mM NH2OH, and then dialyzed against a cryo-
protectant solution containing 25% glycerol, 20% polyethylene glycol
1450, and 2mMNH2OH for 4 h at 20 �C. Following dialysis, the crystals
were transferred into a fresh cryo-protectant solution without NH2OH
but supplemented with 0.5 mM potassium ferricyanide, and then
inserted into quartz capillaries with an outer diameter of 0.9 mm. The
remaining solution in the capillary tubes was quickly removed, and the
crystals were then frozen with liquid nitrogen.
EPR Spectroscopy. A pulsed W-band spectrometer was con-

structed by incorporating a pulsed microwave bridge and a laboratory-
made PC control system into a Bruker E600 spectrometer. The bridge is
the so-called “Krymov bridge” that has now been installed in several
laboratories.18,19 The apparatus operated at 94.9 GHz. The sample
temperature inside the EPR cavity was controlled by a helium flow
cryostat (Oxford Instruments ,odel CF935) and a temperature con-
troller (Oxford Instruments model ITC500). To generate the neutral
radical YZ

•, the NH2OH-treated solution and crystal samples were
illuminated for 20 s at 253 K in the cavity with continuous light from
a 150W xenon lamp guided by an optical fiber. The samples were cooled
rapidly under illumination to trap the radicals, and the light was turned
off at 200 K. The temperature was then further decreased to 80 K, where
W-band measurements were performed. For measurement of dark-
annealed spectra, the temperature of the samples in the cavity was
increased to 253 K, and annealing was allowed to take place for 30min in
the dark. Orientation-dependent spectra of YD

• and YZ
• were recorded

by repeatedly rotating single-crystal samples by 15� about the capillary
axis perpendicular to the magnetic field. EPR measurements in two
planes of rotation were obtained by using two single crystals with
different orientations relative to the capillary axis. Field-swept electron
spin echo (ESE) signals were obtained using a two-pulse (π/2-τ-π)
microwave sequence; the values of π/2 and τ were 50 and 250 ns,
respectively.

EPR Spectral Simulation. The g-values and hyperfine coupling
constants of the tyrosine radicals were determined by computer simula-
tion. One of the authors had in previous work determined the hyperfine
coupling constants of YD

• and YZ
• by X-band pulsed electron nuclear

double resonance spectroscopy.20 In this work, the coupling constants
were refined through computer simulation of W-band EPR from single
crystals of PSII (see the Supporting Information). Computer simulation
of EPR spectra was carried out by a modified program based on second-
order perturbation theory,6,21 which was constructed using the MA-
TLAB 6.5 program from The MathWorks, Inc. In this program,
resonance fields and transition intensities were calculated using analy-
tical expressions derived by Iwasaki.22

DFT Calculations. For geometric optimization of YZ
• and g-tensor

calculation, the B3LYP hybrid DFT method, as implemented in the
Gaussian 03 package, was used. The geometries of the isolated YZ

•

radical and the tyrosine-histidine complexes were optimized at the
B3LYP/6-31þþG** level. The EPR-III and 6-311þþG** basis sets
were used to calculate the magnetic properties of the radical species at
the optimized geometries. The g-tensor was calculated by the gauge-
independent atomic orbital method, as implemented in Gaussian 03.
The dependence of the g-tensor upon basis set and density functional
has also been examined (see the Supporting Information). The effect of
the protein environment on the g-tensor was also investigated by
COSMO (conductor-like screening model),23 as implemented in the
Orca 2.8.01 (Frank Neese, University of Bonn) using coupled-perturbed
DFT theory.24 Assuming that the dielectric constant is 2,25 geometry
optimizations and the g-tensor calculations were performed at the
B3LYP/TZVP level and the B3LYP/EPR-II level, respectively.

’RESULTS AND DISCUSSION

DFT Theoretical Investigations of the gX-Component for
YZ

•. The g-tensor of organic π radicals deviates from the free-
electron g-value (2.0023) depending on the spin density in the
out-of-plane 2p orbital of heteroatoms possessing in-plane lone
pairs. A pronounced deviation can be seen when the heteroatoms
are involved in hydrogen bonding.4 Here, the hydrogen-bonding
environment of a radical was investigated through the g-tensor
with the help of DFT calculations.26,27 Figure 3 shows the
orientation of the g-tensor with respect to the molecular frame
of the tyrosine radical: gx is directed along the phenolic C-O
bond, gz is perpendicular to the phenyl ring plane, and gy is
mutually perpendicular to the other two components.28 DFT
calculations were performed to investigate whether the g-anisot-
ropy of YZ

• could clarify the PCET mechanism during photo-
oxidation of the redox-active tyrosine YZ. On the basis of X-ray
crystallographic analysis1 and site-directed mutagenesis,12 it is
very likely that the phenolic hydrogen of the redox-active
tyrosine molecule YZ is involved in hydrogen-bond donation
to the τ-nitrogen of the imidazole group of D1-His190

Figure 1. Schematic representation of photooxidation of the redox-
active tyrosine molecule YZ: (a) reduced form, (b) tyr-imidazolium ion
complex, and (c) tyr-imidazole complex.

Figure 2. Proposed mechanisms for water oxidation: (a) H-atom
abstraction,13 and (b) proton-rocking14-16 pathways.
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(Figure 1a), resulting in the formation of an imidazolium ion in
D1-His190 (tyr-imidazolium ion complex) after photooxida-
tion (Figure 1b). Deprotonation of the π-nitrogen of the
imidazole group leads to a neutral tyrosyl-imidazole complex,
as shown in Figure 1c.
Initially, the tyr-imidazolium ion complex and the tyr-

imidazole complex were optimized geometrically, and then
variations in the g-values accompanying changes in the hydro-
gen-bond length were calculated by the gauge-independent
atomic orbital method in Gaussian 03. The hydrogen-bond
lengths in the optimized structures of the reduced tyrosine-
histidine complex, the tyr-imidazole complex, and the tyr-
imidazolium ion complex are 1.83, 1.92, and 1.60 Å, respectively
(R in Figure 1). The two planes containing the phenoxy and
imidazole rings are almost orthogonal in the neutral complexes
(Figure 1a and c) but are coplanar in the cationic complex
(Figure 1b). The g-tensor of the tyrosine radical was not affected
by the mutual orientation of the histidine molecule and the
radical, as shown in the literature.29 Figure 4a and b shows the
dependence of the calculated gx-value on the hydrogen-bond
length. It was demonstrated from theDFT calculations that the g-
tensor orientations with respect to the molecular frame in the
hydrogen-bonded forms are almost coincident with those of the
isolated neutral radical. It can be clearly seen that the gx-value
increases with increasing hydrogen-bond length, but the gy and
gz-values are essentially unaffected by the hydrogen-bond length
(not shown here). The g-tensor calculation at the optimized
geometry (R = 1.60 Å) for the tyr-imidazolium ion complex
produced a gx-value of 2.0072. However, even for the shortest
hydrogen-bond length of 1.5 Å (strong hydrogen bonding,
Figure 4a), a gx-value of 2.0089 was obtained for the tyr-
imidazole complex.
The effect of the protein environment on the gx-component

was investigated using the COSMO with the dielectric constant
of 2.25 The hydrogen-bond lengths in the optimized structures of
the tyr-imidazole and the tyr-imidazolium ion complexes are
1.92 and 1.66 Å, respectively. The g-tensor calculations at the
optimized geometries produced the gx-values of 2.0084 and
2.0068 for the tyr-imidazole and the tyr-imidazolium ion
complexes, respectively. It was demonstrated that the protein
environment has little effect on the g-tensor. It is worth noting
that the g-tensors of phenoxyl radicals hydrogen-bonded to an
imidazolium group were reproduced in an organic solvent with
sufficient accuracy (100 ppm) using COSMO at the B3LYP/
EPR-II level.29

Babcock and co-workers proposed the intervention of a
H-atom abstraction pathway in water oxidation,13 as shown in

Figure 2a. In this mechanism, deprotonation from the imidazo-
lium ion, that is, the formation of a tyr-imidazole complex, is
required because hydrogen atoms from water molecules must be
delivered to the protein surface via D1-His190. However, in the
proton-rocking mechanism proposed by Renger and co-workers,
the proton in the imidazole group is “rocked” on the imidazole
ring and transferred back to YZ upon rereduction by WOC
(Figure 2b),14-16 which does not require the formation of a tyr-
imidazole complex. DFT investigations of g-anisotropy allow
discrimination between the tyr-imidazolium ion and the tyr-
imidazole complexes.
Resolution of the g-Anisotropy of YZ

•. Orientation-depen-
dent W-band EPR spectra of YZ

• were obtained by repeatedly
rotating a single crystal of Mn-depleted PSII by 15�. EPR
measurements in two planes of rotation were achieved by using
two single crystals with different orientations relative to the
capillary axis of the sample. The experimental spectra, which
correspond to the light minus dark-annealed difference spectra,
are depicted in Figure 5b as black lines at 30� intervals. To ensure
that the light minus dark-annealed difference spectra were
correct, a color center of quartz capillary tubes was employed
as an internal intensity standard with EPR signals at around
3.3888 T (shown by an asterisk in Figure 6a). The g-anisotropy of
YZ

• was determined by computer simulation. The space group of
PSII crystals is P212121,

1-3 with one unit cell composed of four
PSII complexes. Because the PSII complex is a dimer in its
crystalline form, each unit cell includes eight PSII monomers;
consequently, there are eight YZ

• sites in each unit cell. The
experimental spectra were well reproduced by spectral simula-
tion (depicted by red lines in the figures), in which the calculated
spectra were obtained by superimposing the spectra of eight
magnetically inequivalent YZ

•. The colored curves in Figure 5b
show the angular dependence of the effective g values.

Figure 3. Orientation of the g-tensor in tyrosyl radicals as determined
by Fasanella and Gordy.28

Figure 4. Dependence of the gX-value on hydrogen-bond length,
calculated for (a) the tyr-imidazole complex and (b) the tyr-imida-
zolium ion complex. The hydrogen-bond length R is defined in Figure 1.
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Orientation-dependent EPR spectra of YZ
• were also recorded

for a different crystal. The experimental spectra were well
reproduced by spectral simulation, as shown in Figure S4b.
The principal values obtained for the g-tensor are shown in
Table 1; these are in good agreement with those determined
independently for the frozen solution (Figure 6b).
Discrimination between PCET Processes in Water Oxida-

tion. As mentioned above, the H-atom abstraction mechanism
requires the formation of a tyr-imidazole complex. However,
even for the shortest hydrogen-bond length of 1.5 Å (Figure 4a),
the calculated gx-value (∼2.0089) of the tyr-imidazole complex
was significantly higher than the experimental value (2.00705). It
has been demonstrated previously that a lower gx component for a
tyrosine radical is due to the existence of an electropositive
environment near the radical, such as an imidazolium cation.4,30,31

Thus, it was concluded on the basis of W-band EPR spectroscopy
that a tyr-imidazolium ion complex is formed in Mn-depleted
PSII after photooxidation of the redox-active tyrosine YZ, indicat-
ing that the imidazole group of D1-His190 is not deprotonated
after accepting a proton from YZ. This implies that the H-atom
abstraction mechanism is incorrect. Extended X-ray absorption

fine structure data and crystallographic analysis suggested that
Ca2þ forms amixed cluster with fourMn atoms inWOC. YZ is∼5
Å from theCa2þ ion and even further from theMn atoms, with the
nearest Mn atom located at ∼7 Å. Although these are reasonable
distances for electron transfer, they are unreasonable for proton
transfer with a short-range character. The structural information
supported our results; these are in line with the suggested proton-
rocking mechanism,14-16 which does not require deprotonation
from D1-His190. Thus, we can conclude that the proton-transfer
process between YZ and D1-His190 in Mn-depleted PSII involves
a proton-rocking mechanism.

Figure 5. (a) Orientation-dependent W-band EPR spectra of the YD
• radical in single crystals of PSII from T. vulcanus, shown at 30� intervals. Spectra

were obtained at 15� intervals at 80 K as the crystal was rotated approximately about the crystallographic b axis. (b) Light minus dark-annealed difference
spectra corresponding to the EPR of YZ

•. The spectra were recorded in the same orientation as for (a). The black and red lines represent the experimental
spectra and the best-fit simulation, respectively. Dotted and colored curves show the angular dependence of the effective g values, calculated for the eight
symmetric sites within the unit cell.

Figure 6. W-band EPR spectra of (a) YD
• and (b)YZ

• in frozen solution of PSII from T. vulcanus at 80 K. The black and red lines represent the
experimental spectra and the best-fit simulation, respectively. The asterisk denotes a signal from a quartz capillary tube color center, which was employed
as an internal intensity standard to ensure the difference spectra were correct.

Table 1. Principal Values of the g-Tensor of YD
• and YZ

•,
Determined by Analysis of the W-Band Spectra of PSII as
Single Crystals and in Frozen Solution

YD YZ

gX gY gZ gX gY gZ

crystal 2.00750 2.00432 2.00219 2.00705 2.00436 2.00219

solution 2.00750 2.00430 2.00219 2.00714 2.00439 2.00219
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Influence of Mn Depletion on the Molecular Orientation
of YZ

• Relative to the Crystallographic Axes. In the absence of
WOC, YZ can be trapped as the neutral radical YZ

•. To examine
the molecular orientation of YZ

• relative to the crystallographic
axes after Mn depletion, the crystal orientations relative to the
magnetic field were determined. In this work, the crystal orienta-
tions relative to the magnetic field were determined on the basis
of analysis of the orientation-dependent EPR spectra of YD

•. As
fitting parameters, we used the principal values and orientation of
the g-tensor relative to the crystallographic axes together with the
crystal orientation relative to the laboratory frame. Echo-de-
tected field-swept EPR spectra of YD

• were obtained at 80 K
after dark annealing for 30 min at 253 K, with single crystals of
Mn-depleted PSII repeatedly rotated by 15�. The experimental
spectra are shown at 30� intervals as black lines in Figure 5a;
these were well reproduced by spectral simulation, as depicted by
red lines. The colored curves in Figure 5a show the angular
dependence of the effective g values for the eight symmetric
sites within the unit cell. These spectral analyses indicated
that the rotation axis of the magnetic field was approximately
parallel to the crystallographic b-axis. The crystallographic c- and
a-axes are approximately parallel to the direction of the magnetic
field at 60� and 150� rotation (Figure 5a), respectively.
The orientation-dependent spectra of another crystal of YD

•,
for which the rotation axis was approximately parallel to the
crystallographic a-axis, were also well reproduced by spectral
simulation (Figure S4). The determined principal values of the g-
tensor, shown in Table 1, are in good agreement with those
determined independently from the frozen-solution experiment
(Figure 6a). The individual PSII core complexes in the dimer are
related to each other by a noncrystallographic C2 symmetry
axis (dimer axis); the orientations with respect to the crystal-
lographic axes are given as direction cosines in the Supporting
Information.
The molecular orientations of YZ

• relative to the crystal axes
were determined using the crystal orientations with respect to the
magnetic field deduced from the EPR measurements of YD

•. The
EPR-derived molecular orientations of YD

• and YZ
• with respect

to the crystallographic axes are shown in Figure 7. According to
the crystallographic analysis, the cofactors of the electron-trans-
fer chain form two branches, organized symmetrically along a
pseudo-C2 axis, whose direction is depicted as a red arrow in the
figure. It was demonstrated by spectral analysis that the C2 dimer
axis is inclined relative to the pseudo-C2 axis by 7.5�. For the
purpose of comparison with the most recent X-ray structure at

1.9 Å resolution,2b the YD
• and YZ

• orientations from the crystal
structure are shown in pink. Because YZ

• is rapidly reduced in the
presence of WOC, it is expected that the orientation of the
reduced YZ molecule may be determined by X-ray crystallo-
graphic analysis including WOC. It is interesting to note that the
EPR-derived molecular orientations are almost identical to those
obtained from the crystal structure, demonstrating that the
orientation of the redox-active tyrosine molecule YZ is un-
changed during photooxidation. It was concluded that the
pattern of hydrogen bonding around the molecule is not
influenced drastically by the removal of WOC. In the presence
of WOC, intermediates of the S-state transitions can be trapped
at liquid helium temperatures, at which YZ

• interacts magnetically
with WOC.30-33 Further experiments involving intermediates in
the presence of WOC are underway, with the aim of achieving a
more detailed understanding of the mechanism of oxygen
evolution.

’CONCLUSIONS

The g-anisotropy of YZ
• was highly resolved by W-band EPR

spectroscopy using PSII single crystals to discriminate between
two different proposed PCET mechanisms. On the basis of the
DFT theoretical calculations, the g values obtained were con-
sistent with the existence of a tyr-imidazolium ion complex
upon one-electron oxidation of YZ, indicating that the proton
remains on D1-His190 in Mn-depleted PSII. Our experimental
data support the proton-rockingmechanism, in which the proton
of D1-His190 is transferred back to YZ upon rereduction. We
determined for the first time the g-tensor directions for the redox-
active tyrosine radical YZ

• relative to the crystal axes. Precise
determination of molecular orientation in single crystals of Mn-
depleted PSII demonstrated that themolecular orientation of YZ

•

was unchanged by the removal of WOC.
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Figure 7. Relative orientations of YD
•, YZ

•, and the pseudo-C2 axis with
respect to the crystallographic axes, determined from the W-band EPR.
Carbon and oxygen atoms are shown as blue and red circles, respectively.
For simplicity, hydrogen atoms are not shown. The pseudo-C2 axis is
inclined relative to the C2 dimer axis by 7.5�. For the purpose of
comparison, the YD

• and YZ
• orientations from the most recent X-ray

structure at 1.9 Å resolution2b are shown in pink.
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