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ABSTRACT: The solar water-splitting protein complex, photo-
system II, catalyzes one of the most energetically demanding reactions
in Nature by using light energy to drive the catalytic oxidation of
water. Photosystem II contains two symmetrically placed tyrosine
residues, YD and YZ, one on each subunit of the heterodimeric core.
The YZ residue is kinetically competent and is proposed to be directly
involved in the proton-coupled electron transfer reactions of water
oxidation. In contrast, the YD proton-coupled electron transfer redox
poises the catalytic tetranuclear manganese cluster and may
electrostatically tune the adjacent monomeric redox-active chlorophyll
and β-carotene in the secondary electron transfer pathway of
photosystem II. In this study, we apply pulsed high-frequency
electron paramagnetic resonance (EPR) and electron nuclear double-
resonance (ENDOR) spectroscopy to study the photochemical proton-coupled electron transfer (PCET) intermediates of YD.
We detect the “unrelaxed” and “relaxed” photoinduced PCET intermediates of YD using high-frequency EPR spectroscopy and
observe an increase of the g anisotropy upon temperature-induced relaxation of the unrelaxed intermediate to the relaxed state as
previously observed by Faller et al. [(2002) Biochemistry 41, 12914−12920; (2003) Proc. Natl. Acad. Sci. U.S.A. 100, 8732−8735].
This observation suggests the presence of structural differences between the two intermediates. We probe the possible structural
differences by performing high-frequency 2H ENDOR spectroscopy experiments. On the basis of numerical simulations of the
experimental 2H ENDOR spectra, we confirm that (i) there is a significant change in the H-bond length of the tyrosyl radical in
the unrelaxed (1.49 Å) and relaxed (1.75 Å) PCET intermediates. This observation suggests that the D2-His189 residue is
deprotonated prior to electron transfer at the YD residue and (ii) there are negligible changes in the conformation of the tyrosyl
ring in the unrelaxed and relaxed PCET intermediates of YD.

The versatility of charge transfer processes in biological
energy transduction is demonstrated by the photo-

synthetic reaction centers (RCs) that are present in plants
and bacteria.1 In particular, light-induced proton-coupled
electron transfer (PCET) reactions are of central importance
in the energetics of photosynthetic type II RCs.2 PCET
reactions are also known to participate in small-molecule
activation, redox-driven proton pumps, and hydrogen atom
abstraction in a variety of proteins.3

PCET reactions are vital for the solar water oxidation
reaction of photosystem II (PSII).1 PSII catalyzes one of the
most energetically demanding reactions in Nature by using light
energy to drive a catalyst capable of oxidizing water.4−9 In PSII,
PCET reactions diminish the large energetic penalty for the
multielectron (4e) transfers that are required for the oxidation
of water to dioxygen by the coupling of proton (PT) and

electron transfer (ET) processes. Thus, PCET greatly enhances
the electrochemical driving force of the water oxidation
reaction of PSII.10,11 This is important as PCET reactions
hold a great deal of potential for the design of bioinspired
systems for solar fuel production. The major challenges at
present are in attaining the high efficiency of the early charge
transfer steps and understanding the role of PCET reactions in
natural photosynthesis. However, the mechanistic details of
PCET are lacking because of the inability of current methods to
directly probe these reactions in natural photosynthetic
systems.
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The solar water oxidation reaction of PSII results from PCET
reactions at the redox-active tyrosine and quinone cofactors.12

These cofactors have the remarkable ability to control and
modulate ET and PT chemistry in PSII. It is thought that the
location of the cofactor, the geometry of its binding site, the
redox potential, and dynamics from the surrounding protein
environment greatly influence the unrivaled efficiency of PCET
reactions in the photochemical reactions of PSII. To under-
stand the mechanisms and the versatility of PCET reactions, we
need to understand the factors that control the functional
tuning of these cofactors. The recent 1.9−3.8 Å resolution X-
ray crystal structures reveal atomic-level information about the
dark state of PSII.13−19 The preliminary information available
from the X-ray crystal structures sets the stage for the
development and application of state-of-the-art magnetic
resonance spectroscopy methods for interrogating the molec-
ular basis of the light-driven PCET reactions of PSII.
PSII contains two symmetrically placed tyrosine residues, YD

and YZ, on each subunit of the heterodimeric polypeptide
core.12,20 The function of the symmetry-related tyrosine
residues is quite distinct as the protein environment greatly
influences tyrosine function in PSII. It is proposed that the
PCET redox at YD poises the catalytic Mn4Ca cluster

21 and may
electrostatically tune the adjacent monomeric redox-active
chlorophyll and β-carotene in the secondary ET pathway of
PSII.22,23 In contrast, YZ is kinetically competent and directly
involved in the PCET reactions of the water oxidation reaction
of PSII.24,25 The redox-active tyrosine residues of PSII are
especially attractive as an experimental system because (a) YZ
and YD have distinct properties, including time scales and
specificity of redox activity, and (b) the PCET reactions at YZ
and YD can be studied at cryogenic temperatures.26,27

Electron paramagnetic resonance (EPR) and electron nuclear
double-resonance (ENDOR) spectroscopy are powerful tools
for the study of the structure and dynamics of paramagnetic
centers in photosynthetic RCs.28−30 In ENDOR spectroscopy,
the nuclear resonance frequencies are monitored indirectly
through EPR transitions. Typically, the nuclear transitions
detected in an ENDOR spectroscopy experiment have
sensitivities higher than those of conventional nuclear magnetic
resonance (NMR) detection and higher selectivity because of
detection through the electron spin. In addition, the application
of high-frequency (HF) EPR spectroscopy methods provides
enhanced sensitivity and g tensor resolution. The application of
ENDOR spectroscopy at high frequency facilitates the
detection of weak electron−nuclear interactions and affords
orientation selection that can remove interactions from
overlapping signals. This provides accurate information about
the interaction of the radical with the surrounding protein
environment.31

Previous studies have used EPR spectroscopy to illustrate the
presence of photoinduced intermediates of the YD residue of
PSII.26,27,32−35 It was demonstrated that photo-oxidation of YD
at 7 K results in the formation of the low-temperature early
“unrelaxed” PCET intermediate of YD

● where the proton and
protein motion are limited. The illumination of PSII at a higher
temperature (240 K) allows for unrestricted proton movement
and possibly the relaxation of the protein environment that
leads to the formation of the late “relaxed” PCET intermediate
of YD

●.26,27 These studies identified changes in the g tensor of
the unrelaxed and relaxed intermediates that were suggested to
arise from a change in the hydrogen bond distance of the YD

●

radical. However, it was not possible to disentangle the

hydrogen bond changes and possible conformational effects of
YD in the unrelaxed and relaxed intermediate of the YD

● radical.
In this study, we demonstrate the application of pulsed HF

EPR and HF 2H ENDOR spectroscopy to obtain structural
details of the unrelaxed and relaxed photoinduced PCET
intermediates of the YD residue of PSII. A combination of
electron transfer, proton movement, and local conformational
effects of YD

● can result in PCET reactions in the oxygen-
evolving complex (OEC) of PSII. We report pulsed HF 2H
ENDOR measurements of the hydrogen (H)-bonded deuteron
of YD

●, which provides quantitative knowledge of the H-bond
strength and proton movement in the respective PCET
intermediates.36 We also report HF 2H ENDOR measurements
of deuterons at the 2, 6 ring and β-methylene positions of YD

●

that yield information about the relative geometry of the
tyrosine ring in the PCET intermediates.
In this study, we observe changes in the H-bond strength

from possible conformational effects during photoinduced
PCET at the tyrosine-D residue of PSII that cannot be
discerned by other structural methods. The results provide
important insight into the mechanism of PCET at the tyrosine-
D residue of photosystem II.

■ MATERIALS AND METHODS
Preparation of Photosystem II. Preparation of Deu-

terated Photosystem II from Synechococcus lividus. The S.
lividus cells were grown at 43 °C in deuterated Ac medium.37

The photosystem II (PSII) core complexes were isolated from
the deuterated cells using the procedure of Tang and Diner38

with minor modifications.37 The cell extract containing
deuterated PSII was loaded onto a diethylaminoethyl
(DEAE) cellulose ion-exchange column (Tosoh Biosciences,
King of Prussia, PA) in the absence of magnesium sulfate
(MgSO4), and the PSII was eluted with a 1 L gradient from 0 to
50 mM MgSO4 in buffer containing 50 mM 2-(N-morpholino)-
ethanesulfonic acid (MES-NaOH), 20 mM calcium chloride
(CaCl2), and 5 mM magnesium chloride (MgCl2) at pH 6.0
with 25% (w/v) glycerol and 0.03% (w/v) dodecyl β-D-
maltoside (β-DM).37 The deuterated PSII fractions were
collected and concentrated to a volume of 2 mL. The
concentrated eluent was desalted using an EconoPac 10 D6
desalting column (Bio-Rad, Hercules, CA). Following this, the
deuterated PSII was resuspended in buffer containing 50 mM
MES-NaOH, 20 mM CaCl2, and 5 mM MgCl2 at pH 6.0 with
25% (w/v) glycerol and 0.03% (w/v) β-DM. The purified
deuterated PSII was characterized using 12% sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE)
analysis. The isolation and purification of deuterated PSII
were performed in the dark at 4 °C, and the samples were
stored at −80 °C in the dark until further use.

Preparation of Histidine-Tagged (HT) Photosystem II from
the PsbB Variant of Synechocystis PCC 6803. The PsbB
variant of Synechocystis PCC 6803 cells that was previously
developed by Brudvig, Lakshmi, and co-workers was
propagated on BG-11-glucose agar plates.39,40 The cells were
grown in 18 L cultures under constant illumination at ∼30 °C
using BG-11 medium with 5 mM 2-[tris(hydroxymethyl)-
methylamino]-1-ethanesulfonic acid/potassium hydroxide
(TES-KOH) and 5 mM glucose (pH 8.2). The cells were
harvested in buffer containing 50 mM MES-NaOH, 5 mM
CaCl2, and 5 mM MgCl2 (pH 6.0) with 25% (w/v) glycerol.
Upon being harvested, the cells were broken using a bead
beater (BioSpec, Bartlesville, OK) and processed in the dark to
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prepare a detergent-solubilized extract of thylakoid proteins.
The extract was suspended in buffer containing 50 mM MES-
NaOH, 20 mM CaCl2, and 5 mM MgCl2 (pH 6.0) with 25%
(w/v) glycerol and 0.03% (w/v) β-DM in the dark and was
subjected to purification on a Ni2+-NTA metal-affinity column
(QIAgen, Valencia, CA). The Ni2+-NTA column was washed
with a solution of 25% (w/v) glycerol, 5 mM MgCl2, 20 mM
CaCl2, 50 mM MES-NaOH (pH 6.0), and 0.03% (w/v) β-DM
with 5 mM imidazole. The HT-PSII was eluted with a buffer
containing 25% (w/v) glycerol, 5 mM MgCl2, 20 mM CaCl2,
50 mM MES-NaOH (pH 6.0), and 0.03% (w/v) β-DM with
250 mM imidazole.40 The HT-PSII was desalted using an
EconoPac 10 D6 desalting column (Bio-Rad). The isolation
and purification of HT-PSII were performed in the dark at 4
°C. The purified HT-PSII was characterized using 12% SDS−
PAGE analysis, optical assays, and oxygen evolution measure-
ments. Following this, the HT-PSII was stored in buffer
containing 50 mM MES-NaOH, 20 mM CaCl2, and 5 mM
MgCl2 (pH 6.0) with 25% (w/v) glycerol and 0.03% (w/v) β-
DM at −80 °C in the dark.
Manganese Depletion and Cyanide Treatment of Photo-

system II. The purified deuterated PSII and HT-PSII from S.
lividus and the PsbB variant of Synechocystis PCC 6803,
respectively, were depleted of manganese (Mn) using a buffer
containing 50 mM MES-NaOH, 20 mM CaCl2, and 5 mM
MgCl2 (pH 6.0) with 25% (w/v) glycerol, 0.03% (w/v) β-DM,
10 mM hydroxylamine hydrochloride (NH2OH·HCl), and 10
mM sodium ethylenediaminetetraacetic acid (EDTA).37,41 The
addition of NH2OH·HCl results in the disassembly of the
Mn4Ca−oxo cluster of PSII. The Mn-depleted PSII complexes
were repeatedly washed in a buffer containing 50 mM MES-
NaOH, 20 mM CaCl2, and 5 mM MgCl2 (pH 6.0) with 25%
(w/v) glycerol, 0.03% (w/v) β-DM, and 5 mM EDTA.
The high-spin (electron spin S = 2) non-heme iron center,

Fe(II), in Mn-depleted deuterated PSII and Mn-depleted HT-
PSII was converted to its low-spin (electron spin S = 0) state by
incubation with 350 mM potassium cyanide (KCN) at pH 6.0
for 3.5 h in the dark at 4 °C.42 Although manganese depletion
and cyanide (CN) treatment are not required for the
observation of the PCET intermediates of YD

●, these protocols
were applied as the deuterated PSII preparation was also used
for HF ENDOR spectroscopy experiments with the primary
semiquinone, QA

−.
The Mn-depleted, CN-treated deuterated PSII was sus-

pended in tricine buffer or “protonated” buffer at pH 8.7. The
Mn-depleted, CN-treated HT-PSII was suspended in tricine
buffer in D2O or “deuterated” buffer at pH 8.7.
Photochemical Trapping of the Proton-Coupled Electron

Transfer Intermediates of the YD Residue of Photosystem II.
The early unrelaxed PCET intermediate of YD was trapped by
illuminating the Mn-depleted, CN-treated deuterated PSII and
Mn-depleted, CN-treated HT-PSII from S. lividus and the PsbB
variant of Synechocystis PCC 6803, respectively, at pH 8.7 and 7
K for 2 min using 550 nm laser pulses (∼1 mJ/pulse) with a
flash frequency of 10 Hz. The late relaxed PCET intermediate
of YD was trapped by illuminating Mn-depleted, CN-treated
deuterated PSII and Mn-depleted, CN-treated HT-PSII at pH
8.7 for 2 min at 240 K, which allows for temperature-induced
relaxation. The experimental HF EPR and HF 2H ENDOR
spectra of the unrelaxed and relaxed PCET intermediate of YD
were recorded at 20 K.
Pulsed High-Frequency EPR and ENDOR Spectrosco-

py. The high-frequency (HF) EPR spectra were obtained on a

home-built D-band (130 GHz, 4.5 T) continuous wave (cw)/
pulsed spectrometer.37,43,44 The pulsed HF ENDOR spectra
were recorded using a Mims sequence31 of microwave (MW)
and radiofrequency (RF) pulses (π/2MW−τ−π/2MW−πRF−π/
2MW) by monitoring the electron-spin−echo intensity as a
function of the frequency of the RF pulse. The RF pulses were
generated by an Agilent RF signal generator (model E4400B)
and amplified by a 1 kW pulsed amplifier (CPC, model
5T1000). For the HF 2H ENDOR experiment, the duration of
the MW pulses was 60 ns and that of the RF π-pulse was 170
μs. The light excitation of the sample was achieved with an
optical parametric oscillator (Opotek, Carlsbad, CA) pumped
by a Nd:YAG laser (Quantel, Bozeman, MT), the output of
which was coupled to an optical fiber. The optical fiber allows
delivery of up to 1 mJ/pulse to the sample. The PSII samples
were held in quartz tubes (inside diameter of 0.5 mm and
outside diameter of 0.6 mm) and placed in the MW resonator.
The resonator was held in an Oxford flow cryostat (Oxford
Instruments, Oxford, U.K.). The samples were frozen in the
dark in the resonator/cryostat, and the temperature was
controlled with an ITC Oxford temperature control system
(Oxford Instruments).

Spin−Echo-Detected Magnetic Field-Sweep EPR
Spectra of the Relaxed and Unrelaxed PCET Intermedi-
ates of YD

●. The spin−echo-detected magnetic field-sweep
EPR spectra of the relaxed and unrelaxed intermediates of the
YD residue are represented by solid black lines in Figure 1. We
used the “pepper” function of the EasySpin software package
for numerical simulations of the experimental spectra.45 In the
numerical simulations, we neglected the hyperfine interactions
and used an orientation-dependent line broadening parameter
“HStrain”. For the relaxed intermediate, we reproduce the
experimental spectra assuming contributions from three
species: the tyrosyl radical, YD

●, primary semiquinone anion
radical, QA

−, and a species with much smaller g anisotropy
corresponding to the monomeric chlorophyll (ChlZ

+) and/or
β-carotene (Car+) radical of PSII.37,46 For the unrelaxed
intermediate, a small additional contribution from the relaxed
state was added to the simulated spectrum. The principal
components of the g tensor of all of the species are presented in
Table 1.

Numerical Simulation of the HF 2H ENDOR Spectra.
The numerical simulations of the HF 2H ENDOR spectra were
performed with the “salt” function of the EasySpin software
package.45 Orientation selection was achieved by using the g
tensor determined from the numerical simulations of the spin−
echo-detected magnetic field-sweep EPR spectra described
above and assuming microwave excitation corresponding to a

Table 1. Relative g Tensor of the Unrelaxed and Relaxed
PCET Intermediates of YD

●, QA
−, and ChlZ

+/Car+ Residues
in Mn-Depleted, CN-Treated Deuterated PSII That Were
Obtained from the Spectral Simulation of the HF EPR
Spectraa

cofactor gx gy gz

YD
• (unrelaxed) 2.00673 2.00453 2.00232

YD
• (relaxed) 2.00774 2.00447 2.00232

QA
− 2.0067 2.0052 2.00232

ChlZ
+/Car+ 2.0031 2.0027 2.00232

aThe gz component of the g tensor is normalized to the g value of a
free electron.
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rectangular-shaped microwave pulse length of 60 ns. To
simulate the experimental spectra of the intrinsic deuterons
on the tyrosine residue, we used the data available in the
literature as an initial estimate.47,48 The orientation of the
electron−nuclear hyperfine tensors has been described in
previously published reports.47,48 The orientation of the nuclear
quadrupole tensor is assumed to be collinear with the
electron−nuclear hyperfine tensor.
Determination of the Hydrogen Bond Distance. For

the numerical simulations of the hydrogen (H)-bonded
deuteron in the relaxed and unrelaxed states, we assumed the
H-bond to be in the plane containing the tyrosyl ring of YD

●.
This is in agreement with the recently determined high-
resolution crystal structure of PSII,18 in which the τ-nitrogen of
D2-His189 is in plane with the tyrosyl ring of YD. To reduce
the number of variables, we calculated the hyperfine tensor
using the McConnell equations that suggest that the unpaired
electron is located in the 2p Slater orbital of the oxygen atom:49
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where ρ is the spin density on the oxygen atom and a = (ZR)/
(2a0), where Z is the effective charge of oxygen for the 2p
orbital and a0 is the Bohr radius. The electron spin density on
the oxygen atom varies from ∼0.24 to 0.34 in tyrosyl radicals,
and such changes are most likely due to the presence of a H-
bond that can lower the electron spin density.33,50,51 In this
study, a value of 0.28 was selected for the electron spin density
on the oxygen atom of YD

● in both the unrelaxed and relaxed
intermediates. The effective charge, Z, was assumed to be
4.45.52,53 The electron−nuclear interspin distance, R, the angle
of the H-bond in the plane of the tyrosyl ring, and the
quadrupole tensor were treated as variables in the numerical
simulations of the experimental HF 2H ENDOR spectra.

■ RESULTS AND DISCUSSION
In Situ Observation of the PCET Intermediates of YD

●.
This study is focused on understanding the mechanism of the
photoinduced PCET reaction that leads to the formation of the
redox-active tyrosyl radical, YD

●, of PSII. It has been
demonstrated that it is possible to photo-oxidize YD at 7 K
where both the proton and protein motions are limited.26,27

This leads to the formation of the low-temperature early
unrelaxed PCET intermediate of YD

●. However, illumination of
PSII at a higher temperature (240 K) allows for unrestricted
proton movement and possibly the relaxation of the protein
environment.26,27 This results in the formation of the late
relaxed PCET intermediate of YD

●. Here, we trap the unrelaxed
and relaxed PCET intermediates of YD

● of wild-type Mn-

depleted, CN-treated deuterated PSII and Mn-depleted, CN-
treated HT-PSII from S. lividus and the PsbB variant of
Synechocystis PCC 6803, respectively. We utilize the enhanced
resolution and sensitivity of HF EPR and HF 2H ENDOR
spectroscopy37 to elucidate the structure of the unrelaxed and
relaxed PCET intermediates and, hence, the sequence of events
during the light-induced PCET reaction at the YD residue of
PSII.
At high frequencies, the line shape of an EPR spectrum is

typically determined by the anisotropy of the Zeeman
interaction of the paramagnetic center in the presence of an
external magnetic field. This results in an EPR spectrum with
three characteristic features corresponding to the direction of
the canonical axes of the g tensor with respect to the external
magnetic field. As one can see in panels A and B of Figure 1,

the HF EPR spectra of the unrelaxed and relaxed PCET
intermediates of YD exhibit multiple spectral features. The HF
EPR spectra are dominated by features arising from the well-
resolved g tensor of YD

● (these are marked by arrows in Figure
1A,B). Also observed are minor additional spectral contribu-
tions from other radicals, such as the primary semiquinone
(QA

−), β-carotene (Car+), and monomeric chlorophyll (ChlZ
+)

radical of PSII that are easily identified by their characteristic
principal g values (Table 1).37,46,54,55

Further examination of the EPR spectra of the unrelaxed and
relaxed intermediates in panels A and B of Figure 1 and the
corresponding g tensors presented in Table 1 reveals that the
value of the gx component of YD

● in the unrelaxed intermediate
is 2.00673. However, in the case of the relaxed intermediate of
YD

●, the spectral feature corresponding to the gx component
shifts to a lower magnetic field with a value of 2.00774. Thus,
there is a significant shift of the gx component of the YD

●

radical in the unrelaxed and relaxed PCET intermediates. In
contrast, numerical simulations indicate that the values of the gy
and gz components of YD

● remain identical, within the accuracy
of the experiment, in both the unrelaxed and relaxed PCET
intermediates. These results confirm an earlier study performed
by Faller et al. in which two YD

● intermediates were reported
for the first time.26,27

Figure 1. HF 130 GHz spin−echo-detected magnetic field-sweep EPR
spectra of Mn-depleted, CN-treated deuterated PSII in protonated
buffer in the (A) unrelaxed and (B) relaxed PCET intermediate states.
The experimental spectra are shown as solid black traces, and the
simulated spectra are shown as dashed red traces. The gx, gy, and gz
components of YD

● are marked by arrows in panels A and B.

Biochemistry Article

dx.doi.org/10.1021/bi3012093 | Biochemistry 2013, 52, 4781−47904784



In the case of organic radicals, the anisotropy of the g tensor
is mostly determined by the spin−orbit coupling interaction at
the heavy atom, namely, the oxygen atom in the case of a
tyrosyl radical. The spin−orbit coupling interaction arises
because of relativistic effects that are significant in heavier
atoms. The observed shift of the gx value in the spin−echo-
detected magnetic field-sweep EPR spectra of the unrelaxed
and relaxed intermediate shown in panels A and B of Figure 1
reflects significant reduction of the electron spin density at the
oxygen atom of the YD

● radical. Such a change in the electron
spin density can be induced by either a change in the H-bond
strength at the carbonyl oxygen atom or conformational
changes of the YD

● radical. It is thought that the tyrosine-D
residue (D2-Tyr160), YD, has a single H-bond with the
neighboring D2-His189 residue of PSII.56 An increase in the
anisotropy of the g tensor upon relaxation of the intermediate
at a higher temperature could reflect weakening of the H-bond
with the τ-nitrogen of the D2-His189 residue. Recently,
Svistunenko et al.47 analyzed hyperfine parameters that were
obtained in previous HF ENDOR spectroscopy studies of
tyrosyl radicals of different proteins. This study estimated the
rotation angle of the tyrosyl ring of the YD

● radical to be ∼50°
in PSII.47 In principle, a significant change in the rotation angle
of the tyrosyl ring could also affect the electron spin density
distribution of the YD

● radical. This could result in the changes
that are observed in the g anisotropy of the unrelaxed and
relaxed PCET intermediate of the YD residue of PSII. To
directly probe the strength of the H-bond and the rotational
conformation of the tyrosyl ring of YD

●, we performed HF 2H
ENDOR spectroscopy on the unrelaxed and relaxed PCET
intermediates of YD

●.
Proton Movement in the PCET Intermediates of YD

●.
To characterize the hydrogen bonding interaction of the
unrelaxed and relaxed PCET intermediates of YD

●, we
performed HF 2H ENDOR spectroscopy of protonated Mn-
depleted, CN-treated HT-PSII from the PsbB variant of
Synechocystis PCC 6803 that is exchanged in deuterated buffer
(where the buffer is prepared in D2O). The exchange of
protonated Mn-depleted, CN-treated HT-PSII in deuterated
buffer results in the replacement of the H-bonded proton with a
deuteron57−61 that facilitates exclusive detection of the
electron−nuclear hyperfine interaction of the H-bonded
deuteron by HF 2H ENDOR spectroscopy. To obtain
quantitative information about the principal components and
canonical orientation of the hyperfine tensor in the molecular
frame, we conduct HF 2H ENDOR measurements at multiple
spectral positions that correspond to different orientations of
the g tensor with respect to the external magnetic field. In the
case of a tyrosyl radical, the HF 2H ENDOR measurements are
orientation selective as the microwave excitation bandwidth is
much smaller than the g anisotropy (and spectral width) of the
HF EPR spectrum.
The experimental HF 2H ENDOR spectra of the unrelaxed

and relaxed PCET intermediate of YD
● are shown in panels A−

C of Figure 2. As can be seen in panels A and B, the HF 2H
ENDOR spectra that are measured at a magnetic field position
corresponding to the gx component of the g tensor display a
single well-resolved splitting arising from the electron−nuclear
hyperfine interaction of the electron spin with the H-bonded
deuteron. In this case, the nuclear quadrupole interaction is
much weaker and contributes to the shape of the individual
peaks of the doublet in panels A and B of Figure 2. A qualitative
comparison of the HF 2H ENDOR spectra at the magnetic field

position corresponding to the gx component of the g tensor
indicates that the hyperfine splitting that is observed in the
unrelaxed intermediate (Figure 2A) is larger than the splitting
that is observed in the relaxed intermediate (Figure 2B). In
contrast with the single well-defined hyperfine splitting that is
observed in the HF 2H ENDOR spectra at the magnetic field
position corresponding to the gx component of the g tensor
(Figure 2A,B), the spectrum that is measured at a magnetic
field position corresponding to the gy component of the g
tensor of the relaxed intermediate (Figure 2C) is more
complex. The spectral complexity arises from the contribution
of multiple molecular orientations to the gy component with
respect to the magnetic field.
We performed numerical simulations of the experimental HF

2H ENDOR spectra to obtain quantitative information about
the hyperfine components of the H-bonded deuteron in the
unrelaxed and relaxed PCET intermediates. To reduce the
number of variables in the numerical simulations, we calculated
the electron−nuclear hyperfine tensor using McConnell
equations (see Materials and Methods).49 The distance
between the carbonyl oxygen and H-bonded proton, the
angle of the H-bond in the plane of the tyrosyl ring, the
principal components, and the orientation (determined by the
Euler angles) of the quadrupole tensor were varied to obtain
the best fit with the experimental spectra. The numerical
simulations of the experimental HF 2H ENDOR spectra for the
unrelaxed and relaxed intermediate are shown as red traces in
Figure 2A−C. The principal components of the electron−
nuclear hyperfine tensor (Ax, Ay, and Az), the quadrupole tensor
(Qx, Qy, and Qz), and the relative orientation of both tensors in
the frame of the g tensor are listed in Table 2. To facilitate
comparison with previous studies, the values of the principal
components of the hyperfine tensor, Ax, Ay, and Az, have been
rescaled for protons, and the proton hyperfine parameters are
provided in parentheses. The value of the hyperfine tensor of
the H-bonded proton of the relaxed PCET intermediate is in
agreement with previous reports on single crystals58 and frozen
solutions of PSII.57 The hydrogen bonding distance of the
relaxed PCET intermediate of YD

● is in qualitative agreement
with the recent high-resolution X-ray crystal structure of PSII.18

A quantitative comparison is not possible as the high-resolution

Figure 2. Mims HF 2H ENDOR spectrum of Mn-depleted, CN-
treated HT-PSII in deuterated buffer in the (A) gx orientation of the
unrelaxed intermediate and (B) gx orientation of the relaxed
intermediate. (C) Mims HF 2H ENDOR spectrum of Mn-depleted,
CN-treated HT-PSII in deuterated buffer in the gy orientation of the
relaxed PCET intermediate. The experimental spectra are depicted as
black traces and the simulations as red traces.
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X-ray crystal structure of PSII does not include coordinates for
protons.
We observe a significant decrease in the H-bond distance in

the unrelaxed PCET intermediate (1.49 Å) in comparison with
that of the relaxed PCET intermediate (1.75 Å) of YD

●. The
change in the interspin distance of the H-bonded deuteron in
the unrelaxed and relaxed PCET intermediates of YD

● that is
observed in this study can be reviewed in the context of the two
PCET models that were previously proposed by Faller et al.26,27

By measuring the pH dependence of tyrosine oxidation rates,
we proposed that ET at the YD residue is coupled to
deprotonation with a pKa value of ∼7.7. The pH dependences
of the rates of ET were explained by two possible PCET
pathways for the photoinduced oxidation of the YD residue that
is thought to occur in concert with a conjugate base, D2-
His189. In the first pathway, abstraction of a proton from the
carbonyl oxygen by the D2-His189 residue is proposed occur
prior to ET from the YD residue. In this case, a strong
interaction between the carbonyl oxygen atom and the H-
bonded proton (at a distance estimate of 1.58 Å) has been
predicted in the initial unrelaxed His-Tyr● intermediate.
Subsequent temperature-induced thermal relaxation by the
motion of the histidine residue is predicted to increase the
distance between the carbonyl oxygen atom and the H-bonded
proton to 1.93 Å in the relaxed intermediate. In the second
pathway, abstraction of a proton by the D2-His189 residue is
proposed to either follow or occur simultaneously with ET
from the YD residue. The distance between the carbonyl oxygen
atom and the H-bonded proton has been predicted to be 1.85
Å in the unrelaxed His-Tyr● intermediate. In this case, upon
temperature-induced thermal relaxation of the histidine residue,
the H-bond length is proposed to increase only slightly from
1.85 to ∼1.93 Å. The significant difference in the H-bond
distances in these two possible pathways originates from the
fact that the τ-nitrogen atom of the deprotonated D2-His189
residue is expected to be <2.60 Å from the carbonyl oxygen of
the YD residue in comparison with the distance in the
protonated D2-His189 residue (2.82 Å).
The results of this study do not support the second pathway,

in which proton abstraction by D2-His189 is proposed to
accompany ET from the YD residue. The change in distance of
0.26 Å that is observed in the HF ENDOR experiments is too
large in comparison with the predicted change of 0.08 Å in the
theoretical model. The larger change in distance of 0.35 Å that
is predicted for the first pathway is in reasonable agreement
with the experimental observations in this study. The smaller
value obtained experimentally could be due to increased
electron spin density on the oxygen atom of the carbonyl group
in the relaxed state. However, in the numerical calculations, we
assumed a fixed value of the electron spin density in both the
unrelaxed and relaxed intermediate. An increase in the value of
the electron spin density would result in an underestimation of

the H-bond length in the relaxed intermediate in comparison
with that in the unrelaxed intermediate.
A recent study by Hienerwadel et al. has suggested that YD

remains protonated in the pH range of 6.0−10.0 and the
protonation state of the D2-His189 residue remains unchanged
at these pH values.62 Thus, the first pathway that suggested
deprotonation of YD prior to electron transfer is in disagree-
ment with the results of the FTIR study. However, the second
pathway that suggested that the oxidation of YD is promoted at
higher pH values by the deprotonation of the D2-His189
residue is also in disagreement with the FTIR study.
The short distance that is observed between the proton and

carbonyl oxygen of YD
● in the unrelaxed state (1.49 Å) in this

study indicates the proximity of the hydrogen bonding partner
at pH 8.7. This observation is in agreement with the FTIR
study that suggested the involvement of YD in very strong
hydrogen bonding interaction at pH >7.5.62 The contradictions
between the theoretical models and FTIR spectroscopy data
could arise from the fact that additional amino acid residues
impact the structure and function of the YD−D2-His189 couple
in vivo. Thus, it remains unclear whether the formation of the
unrelaxed intermediate is preceded by a tyrosinate moiety at
pH >7.5, D2-His189 remains as the H-bonding partner of YD,
or another residue is involved in the formation of the very
strong bond. These questions will be further addressed in
future investigations.
For the relaxed PCET intermediate of YD

●, the numerical
simulations yield an angle of 120 ± 10° between the H-bond
and C−O bond of the carbonyl group. This is reasonable
because the sp2-hybridized oxygen has a lone pair orbital that is
in the ring plane and makes an angle of 120° with respect to the
C−O axis. For carbonyl radicals, there is a noticeable
preference for the H-bond to be in the direction of the lone
pair at an angle of ∼120°.63 Thus, in the case of a carbonyl
group, the orientation of the H-bonded proton is expected to
be close to this angle. In a recent theoretical study, Brynda et
al.64 calculated the angle of the optimized Tyr-His structure to
be 124°, which is in excellent agreement with our finding.
Similarly, from numerical simulations, the H-bond angle for the
unrelaxed YD

● intermediate is estimated to be 108 ± 20°. This
suggests that there is negligible change in the angle between the
H-bond and C−O bond of the carbonyl group in the relaxed
and unrelaxed intermediates. The orientation of the H-bond of
the relaxed YD

● intermediate that is determined in this study is
in excellent agreement with the recent high-resolution X-ray
crystal structure of PSII.18

Conformation of the Tyrosyl Ring in the PCET
Intermediates of YD

●. To probe the conformation of the
tyrosyl ring in the unrelaxed and relaxed intermediate of the YD
residue, we perform HF 2H ENDOR spectroscopy on Mn-
depleted CN-treated deuterated PSII from S. lividus in
protonated buffer (where the buffer is prepared in H2O). In
this case, the hyperfine interactions with the intrinsic deuterons

Table 2. Magnetic Parameters Obtained from Numerical Simulations of the Mims HF 2H ENDOR Spectra of Mn-Depleted,
CN-Treated HT-PSII in Deuterated Buffer at the gx Orientation

a

Ax (MHz) Ay (MHz) Az (MHz) [α, β, γ]b (deg)
Qx

(MHz)
Qy

(MHz)
Qz

(MHz) [α, β, γ]b (deg)

exchanged deuterons (unrelaxed) 1.59 (10.34) −0.91 (−5.93) −0.68 (−4.41) [108, 0, 0] 0.14 −0.066 −0.074 [126, 0, 0]
exchanged deuterons (relaxed) 1.06 (6.88) −0.58 (−3.79) −0.48 (−3.10) [120, 0, 0] 0.11 −0.04 −0.07 [142, 0, 0]
aThe hyperfine parameters rescaled for the proton gyromagnetic ratio are provided in parentheses. bThe Euler rotation angles are defined with
respect to the principal axis frame of the g tensor.
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of the tyrosyl radical, YD
●, contribute to the experimental HF

2H ENDOR spectra. As shown in Figure 3A−D, the HF 2H

ENDOR spectra for the unrelaxed and relaxed intermediate are
measured at magnetic field positions that correspond to the gx
and gy components of the g tensor, respectively. We observe
that the spectral line shapes are determined by the hyperfine
interaction of the unpaired electron with the four deuterons on
the ring and the β-methylene deuterons of the tyrosyl radical
(Figure 4A,B). To obtain quantitative information about the
hyperfine interactions with the deuterons, we perform
numerical simulations of the HF 2H ENDOR spectra. The
hyperfine parameters of the numerical simulations were
adjusted to obtain the best fit with the experimental spectra.

An initial estimate of the simulation parameters and assignment
of the observed spectral features were obtained from the
literature on the hyperfine tensors of the intrinsic protons of
the relaxed intermediate.47,48 In this analysis, we assume that
the pairs of deuterons at positions 2 and 6 and positions 3 and
5 of the tyrosyl ring have identical hyperfine components
within the pair. Although a recent single-crystal EPR spectros-
copy study suggests that this is not the case,65 the differences
between the hyperfine components are too small to be resolved
in powder samples of a frozen solution.
The spectral features that are observed in the HF 2H

ENDOR spectra shown in Figure 3A−D arise from hyperfine
interactions with the deuterons at positions 2 and 6 of the
tyrosyl ring and one deuteron at the β-methylene position, β1.
The ring deuterons at positions 3 and 5 of the tyrosyl ring have
negligible contributions to the HF 2H ENDOR spectra. This is
due to the large anisotropy of the hyperfine tensor that
precludes detection under the experimental conditions of the
HF 2H ENDOR experiment. Similarly, a contribution from the
second β-methylene proton, β2, is not observed in the HF 2H
ENDOR spectra because the hyperfine interaction of β2 with
the unpaired electron is too strong to be detected under these
experimental conditions. The hyperfine parameters, the
electron−nuclear hyperfine tensor (Ax, Ay, Az), and the nuclear
quadrupole tensor (Qx, Qy, Qz) that are obtained from the
numerical simulations are listed in Table 3. The values of
principal hyperfine components, Ax, Ay, and Az, have been
rescaled for the proton gyromagnetic ratio, and the proton
hyperfine parameters are provided in parentheses.
It is important to note here that contributions from the

intrinsic protons of the primary semiquinone (QA
−), β-carotene

(Car+), or monomeric chlorophyll (ChlZ
+) radical are not

detected in the HF 2H ENDOR spectra shown in Figure 3A−
D. This confirms our earlier assumption that the observed HF
2H ENDOR features in Figure 2A−C are entirely due to the
YD

● radical and possible contributions from other unwanted
radicals is negligible.
To relate the obtained parameters to a certain conformation

of the radical, we utilize the McConnell equation that expresses
the isotropic component of the hyperfine tensor of a β-
methylene proton via the unpaired electron spin density at C1
(Figure 4A) and the dihedral angle, θ, the angle between the
plane perpendicular to the tyrosyl ring and the plane containing
C1, Cβ, and Hβ1, as shown in Figure 4B.66

ρ θ= ′ + ″βA B B( cos )iso C
21

1 (4)

where Aiso
β1 is the isotropic hyperfine constant of the

corresponding β-methylene proton, ρC1
is the spin density on

atom C1, and B′ and B″ are constants. B′ is neglected in
practical applications, and B″ is known to be 58 G.67 The angle
of the second β-methylene proton can be easily evaluated
taking into account that its dihedral angle is shifted by 120°
(Figure 4B). The electron spin density, ρC1

, on atom C1 has
been estimated to be 0.37.68 Although eq 4 was derived for
protons, it can be used for deuterons by simply using a scaling
factor of 6.51 for the corresponding hyperfine components.
Using the isotropic hyperfine component value of 9.2 MHz that
is obtained from the numerical simulations, eq 2 yields a
dihedral angle of 67.0° for the β1-methylene deuteron in the
relaxed intermediate. This value is in excellent agreement with
previous studies of the relaxed state.47,69 The dihedral angle of
the β-methylene deuteron for the relaxed intermediate of YD

Figure 3. Mims HF 2H ENDOR spectrum of Mn-depleted, CN-
treated deuterated PSII in protonated buffer in the (A) gx orientation
of the unrelaxed intermediate, (B) gx orientation of the relaxed
intermediate, (C) gy orientation of the unrelaxed intermediate, and
(D) gy orientation of the relaxed intermediate. The experimental
spectra are depicted as black traces and the simulations as red traces.

Figure 4. (A) Schematic depicting the definition of the rotation angle,
θ, of the tyrosine ring plane as defined in this study. (B) View where
the angle, θ, for proton β1 increases when it is measured clockwise
from the perpendicular to the ring plane when the Cβ−R bond is
below the horizontally oriented ring plane.
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that is determined in this study is also in excellent agreement
with the recent high-resolution X-ray crystal structure of PSII.18

The value of the dihedral angle for the unrelaxed intermediate
is calculated to be 66.6°. Because the dihedral angles for the
unrelaxed and relaxed PCET intermediate are virtually
identical, we can conclude that the conformation of the tyrosyl
ring is similar in both of the intermediates. This suggests that
there is no change in the conformation of the tyrosyl ring upon
temperature-induced relaxation from the unrelaxed PCET
intermediate to the relaxed state. This conclusion confirms
the argument made in a recent study by Faller et al., who
suggest no conformational changes based on observation of the
largest hyperfine component of a β-methylene proton.27

■ CONCLUSIONS

In this study, we trap two light-induced intermediate states of
the YD residue of PSII, namely, the unrelaxed and relaxed
PCET intermediate.27 We observe an increase in the g
anisotropy upon temperature-induced relaxation of the
unrelaxed intermediate to the relaxed state as reported by
Faller et al.26,27 This observation indicates the presence of
possible structural differences between the two intermediates.
We probe the differences by performing HF 2H ENDOR
spectroscopy experiments. On the basis of numerical
simulations of the experimental HF 2H ENDOR spectra, we
observe a significant change in the H-bond length of the tyrosyl
radical in the unrelaxed and relaxed PCET intermediates. The
distance between carbonyl oxygen and the H-bonded proton is
estimated to be 1.49 Å in the unrelaxed intermediate. Such a
short distance indicates the presence of a very strong H-
bonding interaction of the YD residue during its oxidation. The
measurement of the hyperfine parameters of the β-methylene
protons indicates that there are negligible changes in the
conformation of the tyrosyl ring in the unrelaxed and relaxed
PCET intermediates of YD

●. The presence of a strong H-
bonding interaction of the YD residue during its oxidation and
the thermal relaxation of the conjugate base provide direct
experimental insight into individual events that accompany
light-induced PCET at the YD residue at cryogenic temper-
atures. Importantly, the parameters determined in this study
facilitate the prediction of theoretical models for the PCET
reactions at the YD residue.
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