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The proton transfer pathway for redox active tyrosine D (TyrD) in photosystem II is a hydrogen-bond network that
involves D2-Arg180 and a series of water molecules. Using quantum mechanical/molecular mechanical calculations, the
detailed properties of the energetics and structural geometries were investigated. The potential-energy profile of all
hydrogen bonds along the proton transfer pathway indicates that the overall proton transfer from TyrD is energetically

downhill. D2-Arg180 plays a key role in the proton transfer pathway, providing a driving force for proton transfer,
maintaining the hydrogen-bond network structure, stabilising P680�þ, and thus deprotonating TyrD-OH to TyrD-O�.
A hydrophobic environment near TyrD enhances the electrostatic interactions between TyrD and redox active groups,

e.g. P680 and the catalyticMn4CaO5 cluster: the redox states of those groups are linked with the protonation state of TyrD,
i.e. release of the proton from TyrD. Thus, the proton transfer pathway from TyrD may ultimately contribute to the
conversion of S0 into S1 in the dark in order to stabilise the Mn4CaO5 cluster when the photocycle is interrupted in S0.
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Introduction

In photosystem II (PSII), the chlorophyll dimer P680 is com-
posed of four chlorophyll a molecules, PD1, PD2, ChlD1, and
ChlD2, and it absorbs light at a wavelength of 680 nm, leading to

the formation of a range of charge-separated states with
P680�þ. These states are stabilized by electron transfer to the
first quinone, QA, and by electron donation from a tyrosine
residue, tyrosine Z (TyrZ, D1-Tyr161), to P680�þ (EPD1

�þ).
TyrZ then oxidizes the water-oxidizing Mn4CaO5 cluster.
Oxidation of the Mn4CaO5 cluster occurs in the S0-S1-S2-
S3-S0 transitions (as previously reviewed[1]). To serve as a

redox active cofactor, TyrZ requires the hydrogen-bond partner
D1-His190. Recently determined high-resolution PSII crystal
structures[2] revealed that the phenolic O site of TyrZ forms a

hydrogen bond with the Ne site of D1-His190 with an OTyrZ–
NeD1-His190 length of ,2.5 Å. The significantly shortened
hydrogen-bond distance was not one of the most significant

points about the crystal structure[2a] until Saito et al. demon-
strated that the remarkably short hydrogen-bond distance can
be quantum-chemically reproduced in the presence of the PSII
protein environment.[3] The pKa values of TyrZ and D1-His190

are equal in the PSII protein environment,[3] leading to the
formation of a significantly short, ‘single-well hydrogen
bond’.[4] The proton is localized near the hydrogen-bond donor

moiety in standard hydrogen bonds. In contrast, the proton is
delocalized at the bottom of the nearly barrierless potential in
single-well hydrogen bonds, which appears to be a theoretical

basis for the so-called ‘proton-rocking mechanism’ of TyrZ

(e.g.[3,5]), where the proton that belongs to the Ne site of D1-

His190 is deprotonatable (note: this is energetically possible
because the Nd site donates a hydrogen bond to D1-Asn298 and
is permanently protonated). Thus, the proton-rocking mecha-

nism is possible only when the proton in the hydrogen bond can
belong to both TyrZ and D1-His190 either (i) by having TyrZ
and D1-His190 with similar pKa values in a single-well
hydrogen bond, or (ii) by having the two cases, pKa(TyrZ) $

pKa(D1-His190) and pKa(TyrZ)# pKa(D1-His190), depending
on the TyrZ redox state: this means that the proton-rocking

model requires the deprotonatable H1 at the Ne site of D1-

His190 (Fig. 1a).
In PSII, another redox active tyrosine, tyrosine D (TyrD, D2-

Tyr160), has D2-His189 as a hydrogen-bond partner. Because

TyrD is geometrically isolated from the electron transfer path-
way from the Mn4CaO5 cluster to P680 via TyrZ, it plays no
obligatory role in enzyme function. It was generally thought that

the phenolic proton of TyrDwasmost likely to transfer to the Ne
site of D2-His189 (e.g.[6]), as is the case for the TyrZ–D2-
His190 pair (summarized by Nakamura and Noguchi[7]). How-
ever, this appears to be impossible based on the geometry of the

crystal structures. Ishikita and Knapp found that in contrast to
D1-His190, the putative proton-rocking Ne site of D2-His189
cannot release the proton (unless D2-His189 becomes the

doubly deprotonated anionic form), because the Ne site of

D2-His189 is permanently protonated owing to the Nd site of

D2-His189 being hydrogen bonded by positively charged D2-

Arg294 (Fig. 1b).[8]
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In contrast, the permanently protonatedNe site of D2-His189
forces the -OH group of TyrD-OH to orient out of the TyrD–D2-

His189 bond towards an external water molecule H2OD (Fig. 2)
when TyrD-OH is formed.[9] H2OD has two binding positions,
H2OD(prox) and H2OD(dist),

[2] and it moves between TyrD and

D2-Arg180 in response to changes in the TyrDoxidation state.[9]

Using large-scale quantum mechanical/molecular mechanical
(QM/MM) calculations and the crystal structure,[2a] Saito et al.

demonstrated that in response to oxidation of TyrD-OH to
TyrD-O�, the proton released from TyrD-OH is transferred
along the proton transfer pathway involving D2-Arg180, D2-
His61, and a series of water molecules (i.e. redox-coupled

proton transfer).[9] Intriguingly, the corresponding pathway is
also conserved on the active D1 side, involving TyrZ, water
molecules adjacent to the Mn4CaO5 cluster, a Cl

� ion interact-

ing with D1-Asn181, and D1-Asp61;[9] this implies that in an
ancestral homodimer, there was once an activeMn cluster in the
cavity adjacent to TyrD.[10]

Notably, the proton transfer pathway from TyrD suggested
by Saito et al. has been supported by recent FT-IR spectroscopy
studies by Nakamura and Noguchi, where the release of the
proton to the bulk was observed in response to the oxidation of

TyrD-OH.[7] In the present study, we determined the detailed
properties of energetics and structural geometries of the proton
transfer pathway from TyrD.

Results and Discussion

Geometry and Energy Profile Along the
Proton Transfer Pathway

The proton transfer pathway from TyrD[9] is consistent with a

hydrogen-bond network that has six water molecules conserved

in the 1.9 Å[2a] and the free electron laser structures.[2b] The
hydrogen-bond network is located along the cavity with a length

of,24 Å (Fig. 2a). H2OD, the initial proton acceptor fromTyrD,
is spatially isolated from the other five water molecules by the
D2-Arg180 side chain (Fig. 2b).

Fig. 3a shows the potential-energy profile of all hydrogen
bonds along the proton transfer pathway. The potential-energy
profile indicates that overall proton transfer from TyrD is

energetically downhill (Fig. 3a). The energy levels at the
proton acceptor moieties along the pathway are consistent with
those reported previously.[9] As proton transfer proceeds, the
hydrogen-bond pattern of the entire proton transfer pathway

is altered from the ‘pre-PT’ pattern to the ‘post-PT’ pattern
(Fig. 4a). The downhill proton transfer steps from W480 to
W373 (Fig. 4b) and from W373 to W783 (Fig. 4c) involve

rearrangement of the hydrogen-bond network. The radical state
was fully localized on TyrD-O� in the QM region (Fig. 3b).

Remarkably, the region near the TyrD (D2-Tyr160)/D2-

His189 pair is hydrophobic because of the localization of
several hydrophobic phenylalanine side chains near the TyrD/
D2-His189 pair, e.g. D2-Phe181, D2-Phe184, D2-Phe185, and
CP47-Phe362[8] (Figs 2c and 5), which destabilize the proton

released from TyrD and serve as a driving force for proton
transfer once TyrD-OH is oxidized. The proton transfer from
D2-Arg180 to W373 is significantly downhill (Fig. 3a) because

the acceptor W373 forms a hydrogen bond with negatively
charged D2-Asp333 and provides a driving force for the proton
transfer from the positively charged donor D2-Arg180 (Fig. 5).

Roles of D2-Arg180 in Proton Transfer from TyrD

It appears that D2-Arg180 is a key component that plays a role in

releasing a proton from TyrD-OH and forming TyrD-O�,
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because (i) D2-Arg180 is the only titratable side chain involved
in the proton conducting hydrogen-bond network via TyrD
(Fig. 2) and (ii) in the D2-Arg180 mutants, the electron para-

magnetic resonance (EPR) signals from TyrD (i.e. TyrD-O�)
were small.[11] Considering the energy profile of the TyrD
proton transfer presented here, the following roles of D2-

Arg180 can be postulated:

D2-Arg180, Providing a Driving Force for the
Proton Transfer

As described above, mutation of positively charged D2-
Arg180 (i.e. loss of the positive charge) should result in a

decrease in the driving force for the downhill proton transfer,
specifically from D2-Arg180 to W373 (Fig. 3a), and loss of the
TyrD-O� formation; this may explain why the D2-Arg180

mutation resulted in the decrease of the EPR signal from
TyrD.[11]

D2-Arg180, Maintaining the Hydrogen-Bond
Network Structure

D2-Arg180 is the only titratable side chain involved in the
proton-conducting hydrogen-bond network from TyrD (Fig. 2).
The removal of D2-Arg180 may result in the disorder of the
hydrogen-bond network, leading to an increase in the activation

energy for proton transfer (e.g.[12]).

D2-Arg180, Stabilizing P680�þ and Deprotonating
TyrD-OH

D2-Arg180 also contributes to increasing the PD1
�þ popula-

tion.[13] Indeed, mutations at the D2-Arg180 residue have been
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shown to increase the charge recombination rate between QA
��

and P680�þ (EPD1
�þ), i.e. destabilize P680�þ.[11] Rutherford

et al. proposed that TyrD-O� formation was associated with

localization of the highly oxidizing cation P680�þ to the
chlorophyll nearest to TyrZ (i.e. PD1

�þ) for efficient electron
transfer from the Mn4CaO5 cluster via TyrZ;[14c] this may be

understood by considering the presence of D2-Arg180, which
has an electrostatic link with both TyrD and P680�þ. These
observations may represent a functional link between the
‘formation of PD1

�þ’ and ‘release of the proton from TyrD-

OH (i.e. formation of TyrD-O�)’ mediated by D2-Arg180.

When TyrD Uses the Proton Transfer Pathway: Electron
Transfer via TyrD

A hydrophobic environment of TyrD in comparison with TyrZ
(e.g.[2a,8,9,14c,15]) makes TyrD sensitive to the redox states of the
other redox-active cofactors, e.g. P680 and theMn4CaO5 cluster

(e.g.[14c]). TyrD is involved in the following electron transfer
processes (e.g.[14c]):

Electron Transfer from TyrD-OH to P680�þ (Fig. 6a)

The release of the proton from TyrD-OH was observed even
in the Mn4CaO5-depleted PSII in response to the formation of
P680�þ (e.g.[7,14]). TyrD-OH transfers the electron to highly
oxidizing P680�þ and simultaneously releases the proton. This

occurs on a time scale in the tens of milliseconds.[14b,16]

Electron Transfer from TyrD-OH to S2 (Fig. 6b)

EPR studies demonstrated that S2 can be reduced to S1 by
TyrD-OH in the dark (1–2 s);[14c,17] this is possible because
TyrD-O�/TyrD-O has a redox potential of,0.7V[8,18], which is

lower than ,0.9V for S1/S2.
[18]

Electron Transfer from S0 to TyrD-O� (Fig. 6c)

Once formed, TyrD-O� is very stable for many hours.[14a,14c]

Long dark adaptation of PSII resulted in the oxidation of S0 to
S1 via electron transfer from S0 (S0/S1 ,0.7V[18]) to TyrD-
O�.[14c,17] In pea thylakoids, S0 disappears in ,20min.[17a] In
addition, TyrD oxidizes the over-reduced states of theMn4CaO5

cluster, e.g. S�1 and S�2 (‘photoactivation’
[19]).

Among the three cases, electron transfer from TyrD-OH to
P680�þ [7,14] (Fig. 6a) or electron transfer from TyrD-OH to

S2
[14c,17] (Fig. 6b) requires the release of the proton from TyrD-

OH along the proton transfer pathway, resulting in TyrD-O�.
TyrD-O� is stable for many hours and can oxidize S0 to S1 in the

dark, resulting in a 100% S1 sample.[14a,14c] Since TyrD-O� is
frequently present in PSII samples,[14a,14c] it is possible that the
proton transfer pathway from TyrD[9] functions to facilitate the

formation of TyrD-O�, which is ready for a conversion of S0 into
S1 in the dark,[14c,17] presumably to stabilize the Mn4CaO5

cluster (e.g.[19]). All these redox roles of TyrD[14c] are possible
because of the hydrophobic environment of TyrD,[2a,8,9,14c,15]

where electrostatic interactions are pronounced.
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Concluding Remarks

The proton transfer pathway that proceeds from TyrD towards

the protein bulk surface, originally suggested in QM/MM
studies[9] and further confirmed in recent FT-IR spectroscopy
studies,[7] is present in all recent high-resolution crystal struc-

tures[2] (Table 1). The potential-energy profile of all hydrogen
bonds along the proton transfer pathway indicates that the

overall proton transfer from TyrD is energetically downhill
(Fig. 3). D2-Arg180 plays a key role in the proton-conducting
pathway, providing a driving force for proton transfer, main-

taining the hydrogen-bond network structure as being the only
titratable residue in the pathway (Figs. 2 and 4), stabilizing
P680�þ[11] (in particular by increasing the PD1

�þ population

over the PD2
�þ population[13]), and thus deprotonating TyrD-OH
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to TyrD-O�.[7,14] Deprotonation of D2-Arg180 predominantly

decreases the redox potential of TyrD but not that of TyrZ owing
to the hydrophobic environment, which is formed by phenylal-
anine side chains near the TyrD/D2-His189 pair, e.g. D2-

Phe181, D2-Phe184, D2-Phe185, and CP47-Phe362 as sug-
gested previously.[8] The hydrophobic environment near TyrD
also enhances the electrostatic interaction of TyrD with redox
active cofactors, e.g. P680�þ (Fig. 6a) and the Mn4CaO5 cluster

(Fig. 6b, c). In particular, the conversion of S0 into S1 in the dark
(dark adaptation) is a redox role of TyrD-O�.[14c,17b] It can be
postulated that the proton transfer pathway fromTyrD ultimately

contributes to the conversion of S0 into S1 in the dark to stabilize
the Mn4CaO5 cluster when the photocycle is interrupted in S0.

Computational Procedures

The atomic coordinates of PSII were taken from the X-ray

structure of the PSIImonomer unit designatedmonomerA of the
PSII complexes from Thermosynechococcus vulcanus at a 1.9 Å
resolution (PDB code, 3ARC).[2a] Owing to the large system
size of PSII, we considered residues and cofactors in subunits

D1, D2, CP47, and CP43 only as the protein environment.[9]

Hydrogen atoms were generated and energetically optimized
using CHARMM,[20] whereas the positions of all non-hydrogen

atoms were fixed and all titratable groups were kept in their
standard protonation states. For the QM/MM calculations, we
added additional counter ions to neutralize the entire system.

Atomic partial charges of the amino acids were adopted from the
all-atom CHARMM22[21] parameter set. The atomic charges of
the cofactors were taken from our previous studies of PSII.[9]

We used the Qsite[22] program code as described in previous

studies.[9] We employed the unrestricted density functional
theory method with the B3LYP functional and LACVP**þ
basis sets. The geometries were refined by constrained QM/MM

optimization (see Supplementary Material). Specifically, the
coordinates of the heavy atoms in the surrounding MM region
were fixed to the original X-ray coordinates, whereas those of

the hydrogen atoms in the MM region of the residues within
7.0 Å from the QM region were optimized using the
OPLS2005 force field. All atomic coordinates in the QM

region were fully relaxed (i.e. not fixed) in the QM/MM
calculation. The QM region was defined as: D2-His61, TyrD,
D2-Arg180, D2-His189, D2-Arg294, D2-Asp333, and water
molecules that were within hydrogen-bond distance of these

residues, namely, HOH-(chain D)-1(H2OD), -D354, -D364,

-D366, -D373, -D390, -D480, and -D783. The potential-

energy profile of the hydrogen bond was obtained as follows:
first, we prepared for the QM/MM optimized geometry without
constraints, and we used the resulting geometry as the initial

geometry. The hydrogen atom was then moved from the hydro-
gen-bond donor atom (e.g. Odonor) to the acceptor atom
(e.g. Oacceptor) by 0.05 Å, after which the geometry was opti-
mized by constraining the Odonor–H and H–Oacceptor distances,

and the energy of the resulting geometry was calculated. This
procedure was repeated until the hydrogen atom reached the
Oacceptor atom.

Supplementary Material

The QM/MM optimized geometries are available on the
Journal’s website.
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