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’ INTRODUCTION

The reaction center of photosystem II (PSII) is composed
of the D1/D2 heterodimer, harboring the chlorophyll a (Chla)
pair PD1/PD2, the accessory ChlaChlD1/ChlD2, two pheophytin a
PheoD1/PheoD2, two quinones, and two additional ChlaChlZ(D1)/
ChlZ(D2) as the redox active cofactors (Figure 1). P680, which
absorbs light at a wavelength of 680 nm, is formed among these
Chla molecules. Excitation of P680 leads to the formation of
the ChlD1

•+ PheoD1
•� state,1�3 followed by the [PD1/PD2]

•+

PheoD1
•� state. The resulting [PD1/PD2]

•+ state serves as an
electron abstractor for the oxygen-evolving cluster (OEC). Thus,
water oxidation is ultimately achieved by the high redox potential
for one-electron oxidation (Em) of P680.

So far, the Em(P680) value was not directly measured in
experimental studies. On the other hand, the Em(P680) value can
be estimated mainly frommeasured Em values of other cofactors.
The Em(P680) was first estimated to be 1.1 V by Klimov et al. in
1979 on the basis of the Em(Pheo) value of�0.61 V measured at
pH 114 and was soon supported by Rutherford et al., Em(P680) =
1.1 V.5 In contrast, very low values for Em(P680), 0.8�0.9 V,
were reported by Watanabe, Kobayashi, and co-workers.6�8

After the PSII crystal structure from Thermosynechococcus elon-
gatus was reported at 3.8 Å,9 Rappaport et al. estimated
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ABSTRACT: The reaction center chlorophylls a (Chla) of
photosystem II (PSII) are composed of six Chla molecules
including the special pair ChlaPD1/PD2 harbored by theD1/D2
heterodimer. They serve as the ultimate electron abstractors for
water oxidation in the oxygen-evolvingMn4CaO5 cluster. Using
the PSII crystal structure analyzed at 1.9 Å resolution, the redox
potentials of PD1/PD2 for one-electron oxidation (Em) were
calculated by considering all PSII subunits and the protonation
pattern of all titratable residues. The Em(Chla) values were
calculated to be 1015�1132 mV for PD1 and 1141�1201 mV
for PD2, depending on the protonation state of the Mn4CaO5

cluster. The results showed that Em(PD1) was lower than Em(PD2), favoring localization of the charge of the cationic state more on
PD1. The PD1

•+/PD2
•+ charge ratio determined by the large-scale QM/MM calculations with the explicit PSII protein environment

yielded a PD1
•+/PD2

•+ ratio of ∼80/∼20, which was found to be due to the asymmetry in electrostatic characters of several
conserved D1/D2 residue pairs that cause the Em(PD1)/Em(PD2) difference, e.g., D1-Asn181/D2-Arg180, D1-Asn298/D2-Arg294,
D1-Asp61/D2-His61, D1-Glu189/D2-Phe188, and D1-Asp170/D2-Phe169. The larger PD1

•+ population than PD2
•+ appears to be

an inevitable fate of the intact PSII that possesses water oxidation activity.
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Em(P680) to be 1.26 V10 on the basis of the measured Em(QA)
value (=�30mV by Rutherford, Krieger, and co-workers11,12) in
PSII from Synechocystis PCC 6803 PSII,10 which is higher than
those reported before.4,5 In 2005, Grabolle and Dau reported a
similar value of 1.25 V.13 On the basis of the PSII crystal structure
at 3.0 Å resolution,14 Ishikita et al. reported Em(PD1) and
Em(PD2), i.e., Em for monomer Chla, to be 1.1�1.2 V by solving
the linearized Poisson�Boltzmann equation and considering the
protonation states of all titratable sites.15 Recently, Kato et al.
reported Em(P680) = 1.17�1.21 V from the Em(PheoD1) value
of �0.5 V16 measured at physiological pH (6.5) in PSII from
T. elongatus. From these studies, it appears that Em(P680)
reaches 1.1�1.2 V (reviewed in refs 17�20), a value significantly
higher than the Em of monomeric Chla in organic solvents.

Following the initial charge separation in the reaction center of
PSII, the positive charge is distributed over PD1/PD2, resulting in
a PD1

•+/PD2
•+ state. The PD1

•+/PD2
•+ ratio (or corresponding

spin density distribution) was reported to be 82/18 from
ENDOR studies of spinach PSII21 or 80/20 from flash-induced
spectroscopic studies of Synechocystis PCC 6803 PSII,22 suggest-
ing a preferential localization of the cationic state on PD1 over
PD2 irrespective of the high similarity in the protein sequences
between D1 and D2.23 The reason for the asymmetric distribu-
tion of the cationic state is unknown due to the complexity of the
PSII protein environment. Because of the difficulties in deter-
mining the individual Em(PD1) and Em(PD2) values experimen-
tally owing to the strong coupling between these two Chla
molecules, it is essential to use reliable theoretical treatments to
determine the individual Em(PD1) and Em(PD2) values, to
elucidate the differences between these values, and to clarify
the factors that contribute to these differences.

Em(PD1) and Em(PD2) have been calculated to be ∼1.2 V15

based on the PSII structure reported at 3.214 and 2.9 Å24

resolutions. Even in the first-principle approach, such as ab initio
QM/MM calculations, the computational results largely depend
on the reliability of the atomic coordinates of the protein
structure. Although the previous PSII crystal structures contrib-
uted considerably to the elucidation of the detailed organization
of polypeptide side chains and cofactors, the exact structure of
the OEC moiety was not determined. There were also some
uncertainties in the orientations of some amino acid side chains
as well as some cofactors in the medium resolution structures,
and no water molecules have been assigned in the crystal
structure so far. Recently, the PSII crystal structure was reported
at a resolution of 1.9 Å from Thermosynechococcus vulcanus, which
revealed all of the components of the OEC cluster, giving rise to a
chemical formula ofMn4CaO5.

25 In addition, all of the amino acid

ligands for the OEC cluster were unambiguously assigned, and
the structure and orientations of amino acid side chains and
cofactors were determined at a much higher accuracy than
those in the structures reported previously. This allows us
to calculate Em(PD1) and Em(PD2) more accurately and to
examine the influence of the OEC cluster and each of the amino
acid side chains in the D1/D2 pair subunit on Em(Chla)
precisely. Elucidating the difference between the Em(PD1) and
Em(PD2) values and determining the factors that contribute to
the difference may take us a step closer to answering the
fundamental but not yet solved question of how the PSII protein
environment modulates the Chla cationic state distribution over
the PD1/PD2 pair.

21,22,26,27

To answer the essential question of how the Em level of each
monomer Chla—PD1 and PD2—is situated in PSII, we calculated
Em(PD1) and Em(PD2) values and attempted to clarify how the
PSII protein environment modulates each Em(Chla), by using
the 1.9 Å structure in the presence of the Mn4CaO5 cluster and
by solving the linear Poisson�Boltzmann equation with con-
sideration of the protonation states of all titratable sites in the
entire PSII. By clarifying residues that influence Em(PD1) or
Em(PD2), we will be able to pinpoint the protein components
that are responsible for the measured ratio of ∼80/∼20 for the
PD1

•+/PD2
•+ pair.21,22

Since the Em(PD1) and Em(PD2) values obtained represent
those of monomeric Chla and do not directly account for the
PD1

•+/PD2
•+ ratio for the Chla dimer, we also calculated the

PD1
•+/PD2

•+ ratio for the PD1/PD2 Chla dimer using a large-scale
quantum chemical/molecular mechanical (QM/MM) approach
with the explicit treatment of the complete PSII atomic coordi-
nates, defining the PD1/PD2 dimer as the QM region and the
remaining protein subunits-cofactors as the MM region. The full
consideration of the OEC atoms, protein amino acid side chain
characters, and backbone from all PSII protein subunits, and the
bound water molecules, in the energetics of monomeric PD1 and
PD2 as well as that of the PD1/PD2 Chla dimer pair will shed light
on the mystery behind the energetic asymmetry of the D1/D2
electron transfer chains irrespective of the geometrical symmetry
of the Chla arrangement in the D1/D2 subunits.

’COMPUTATIONAL PROCEDURES

In this article, we employed the following systematic modeling
procedure: First, we constructed a realistic molecular model of the
whole PSII complex using the recent high-resolution crystal structure.
On the basis of this atomistic model, we evaluated the redox potential of
PD1/PD2 by solving the linear Poisson�Boltzmann equation with an
explicit consideration of the protonation states for all titratable residues.
Second, to obtain deeper insight into the electronic structure of the
PD1/PD2 Chla dimer, which is the key molecule of the photosystem II
reaction center, we performed large-scale QM/MM calculations for
the entire PSII complex. Finally, after confirming the validity of the
present computational results through the comparison with available
experimental data, we searched for the atomistic origin that determines
the asymmetric distribution of the cationic state of the PD1/PD2 Chla
dimer. Technical details of each modeling procedure are summarized
as follows.
Coordinates. The atomic coordinates of PSII were taken from the

X-ray structure of the PSII complexes from T. vulcanus at 1.9 Å resolu-
tion (PDB code, 3ARC).25 Hydrogen atoms were generated and
energetically optimized with CHARMM,28 whereas the positions of all
non-hydrogen atoms were fixed and all titratable groups kept in their
standard protonation states; i.e., acidic groups were ionized, and basic

Figure 1. Chla (green) in the D1/D2 heterodimer (red/blue) of PSII.
Residues are represented by the backbone CR atom potions.
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groups were protonated. For the QM/MM calculations, we added
additional counterions to neutralize the whole system.
Atomic Partial Charges.Atomic partial charges of the amino acids

were adopted from the all-atom CHARMM2229 parameter set. The
charges of the protonated acidic O atoms were increased symmetrically
by +0.5 unit charges to implicitly account for the presence of a proton.
Similarly, instead of removing a proton in the deprotonated state, the
charges of all of the protons of the basic groups of Arg and Lys were
diminished symmetrically by a total unit charge. For residues for which
the protonation states were not available in the CHARMM22 parameter
set, appropriate charges were computed.30 The atomic charges of the
OEC cluster, Chla, Pheoa, and quinones were determined by fitting the
electrostatic potential in the neighborhood of these molecules by using
the RESP procedure.31 The electronic wave functions were calculated
after geometry optimization with the DFT module in JAGUAR32

(B3LYP/LACVP*) (Tables S1�4, Supporting Information).
OEC Models. In the S1 state, the valences of the 4 Mn atoms are

most probably (III, III, IV, and IV). The formal charges of the OEC
components were assumed to be as follows: 2 Mn = +3, 2 Mn = +4,
Ca2+ = +2, D1-Asp170, Glu189, Glu333, Asp342, Ala344, and CP43-
Glu354 = �1 (deprotonated), D1-His332 = 0 (neutral), and CP43-
Arg357 = +1 (protonated). The exact valences of the individual Mn atoms
are unclear; however, we found that changing the charge distribution of
each Mn atom from the above distribution did not affect our calculated
results significantly (Table 1). The protonation states of theO atoms (and
thus the net charge of theOEC atoms) in theOEC cluster remain unclear.
Although O1, O2, and O3 are likely to be unprotonated O2� based on
observations of the OEC geometry, the protonation states of O4 linking
Mn4 and Mn3 in the Mn3CaO4-cubane and O5 in one of the corners of
the cubane linking Mn4 and the cubane necessitate more deep investiga-
tion as they might be O2�, protonated OH�, or even H2O. Due to the
uncertainty, we evaluated all possible combinations of the O4 and O5
protonation states (except the stateswhere (O4,O5) are (H2O,H2O) and
(O2�, O2�)) and tentatively used the O4H� O5H� model (Table S1,
Supporting Information). The OEC-depleted PSII was prepared by
removing the Mn4CaO5 inorganic cluster and the two adjacent Cl

� ions,
Cl� 1 and Cl� 2. Residues that were originally ligated to the Mn4CaO5

inorganic cluster were titrated. As a result, they were more protonated due
to the absence of the positively charged Mn4CaO5 inorganic cluster.
Computation of Em(Chla).The present computationwas basedon

the electrostatic continuummodel, wherein we solved the linear Poisson�
Boltzmann equation with the MEAD program.33 To facilitate direct
comparisons with previous computational results, identical computational
conditions and parameters were used (e.g., refs 15 and 34) such as atomic
partial charges and dielectric constants. The redox states of all other
cofactors (e.g., Pheoa and quinones) were kept in their neutral charge
states during the redox titration of each Chla. The ensemble of the
protonation patterns was sampled using theMonte Carlomethodwith the
Karlsberg program35 (Rabenstein, B. Karlsberg online manual, http://
agknapp.chemie.fu-berlin.de/karlsberg/ (1999)). The dielectric constants
were set to εp = 4 inside the protein and εw = 80 for water. All
computations were performed at 300 K, pH 7.0, and an ionic strength
of 100 mM. The linear Poisson�Boltzmann equation was solved using a
three-step grid-focusing procedure at resolutions 2.5, 1.0, and 0.3 Å. The
Monte Carlo sampling for a redox active group yielded the probabilities
[Aox] and [Ared] of the two redox states of the molecule A. Em(Chla) was
evaluated using theNernst equation. A bias potential was applied to obtain
an equal amount of both redox states ([Aox] = [Ared]), yielding the redox
midpoint potential Em as the resulting bias potential. For convenience, the
computed Em was given with millivolts accuracy without implying that the
last digit is significant. In general, a few 10 mV in Em is in a sufficiently
reproducible range of our computational method.

Most recently, Em(Chla) values were reported to be +810 mV in
acetonitrile and +860 mV in dimethylformamide.36 Acetonitrile is

known to ligate metals. A somewhat substantial background current in
the anodic potential range is an inherent property of dimethylforma-
mide, and the usage of other solvents was preferable for studies of Chla
oxidation.6 On the other hand, the Em(Chla) value in CH2Cl2 was
reported to be +800 mV (versus normal hydrogen electrode) with
tetrabutylammonium perchlorate as the electrolyte.37,38

Chlorophylls possess high tendency to form self-aggregates in a
various solvents, and this alters their electrochemical characteristic.
The first oxidation potential of Chla, Em(Chla), in CH2Cl2 was reported
to be +800 mV vs NHE,37 and the most recently reported Em(Chla)
value in acetonitrile was +810mV. Addition of a small amount of THF to
CH2Cl2 or acetonitrile solution prevents the self-aggregation of bacter-
iochlorophyll a (BChla), but the measured Em(BChla) for one-electron
oxidation remains unchanged.39 Addition of a small amount of THF to
butyronitrile solution also prevents the self-aggregation of Chla, and the
Em(Chla) remains almost unchanged, +0.86∼ +0.87 V vsNHE.40 Here,
we used +800 mV vs NHE in CH2Cl2 because we previously considered
the solvation energy difference between CH2Cl2 and water

15 and use the
value of +698 mV as a reference Em(Chla) value in water in this work.
QM/MMCalculations. In all QM/MM calculations reported here,

we employed the so-called electrostatic embedding QM/MM scheme
and used the Qsite41 program code. Electrostatic as well as steric effects
created by complex PSII architecture were explicitly considered in all of
the calculations. Due to the large system size of PSII, the QM region was
limited to the PD1/PD2 Chla dimer for simplicity, while other protein
units, all cofactors, and water molecules were approximated by the MM
force field. Since we have optimized the atomic partial charges for
the OEC cluster, Chla, Pheoa, and quinones, the present QM/MM
partition was accurate enough to describe the electronic structure of the
[PD1/PD2]

•+ Chla dimer. To reliably determine the cationic character of
the [PD1/PD2]

•+ Chla dimer, we employed the unrestricted DFT
method with the B3LYP functional and LACVP* basis sets. The detailed
geometry of the [PD1/PD2]

•+ Chla dimer was refined by the constrained
QM/MM optimizations; the atomistic coordinates of the surrounding
MM region were exactly fixed with the original X-ray coordinates. After
obtaining the stable geometry of the QM fragment, we then determined
the ESP charges for the cationic state of the [PD1/PD2]

•+ Chla dimer
(Table S5, Supporting Information).
Possible Variations of the Calculated Em(PD1) and Em(PD2)

Values. The calculated Em values in the previous15 and current computa-
tional studies are purely results of the interactions that solely originate
from the original atomic coordinates of the PSII crystal structures14,25 by
assuming that the atomic coordinates or assignment of the protein side
chain/cofactor chemical group orientations are appropriate. Since none of
the atomic coordinates of the crystal structures are identical even in the
same protein from the same species, it is reasonable that the calculated Em
values may differ in each crystal structure if the computational method is
sufficiently precise.

Since the new structure had a remarkably higher resolution of 1.9 Å, it
can be considered that the positions and orientations of side chains of
amino acid residues, chemical groups of cofactors, and water molecules
have been determined to a reasonably accuracy, and calculations based
on this structure will provide more reliable values of Em than those based
on lower resolution structures. Although further improvement in the
crystal resolution is possible, it is expected that not much new informa-
tion or differences would be seen in a structure of PSII at an even higher
resolution. Thus, calculation using a higher-resolution structure will
basically yield the same results as obtained here. Nevertheless, possible
variations of the calculated values using future PSII crystal structures
may happen in the following cases: (i) the presence of another protein
conformation near the focusing redox active site. For instance, there are
two different conformations of the backbone atoms in the crystal
structure of the G57T flavodoxin from Clostridium beijerinckii at 1.8 Å
resolution.42 The two protein conformations resulted in the two
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different calculated Em/pKa values of the flavin, only one of the two
being in agreement with the experimentally measured value and
accordingly the conformation being more relevant.43 (ii) H-bond
difference among the crystals. For bRC from Rhodobacter sphaeroides,
there are several crystal structures available, exhibiting variations in
H-bond geometry at the primary quinone QA for His-M219/Thr-M222
with N�O/O�O distances of 4.4/2.8 Å (2.8 Å resolution44), 3.2/3.6 Å
(2.65 Å resolution45), or 2.8/3.6 Å (2.2 Å resolution46), which may be
due to the absence of a strong H-bond, as suggested by FTIR studies.47

Such variations of the H-bond pattern may also vary the calculated
Em(QA) values in each crystal structure. This may, however, not hold
true for PD1 and PD2 as their H-bond partners are not seen in the present
crystal structure.25

’RESULTS AND DISCUSSION

Em(PD1) and Em(PD2).The Em(Chla) values were calculated to
be 1015�1132 mV for PD1 and 1141�1201 mV for PD2
(Table 1), depending on the protonation state of O4 and O5
atoms of the OEC cluster, based on the newly reported high-
resolution structure of PSII.25 These values are slightly lower
than those calculated previously (1206 and 1222 mV for PD1 and
PD2, respectively15) based on the medium resolution PSII
structure14 partially due to the difference in the OEC cluster
models. The Em(PD2) values were higher than the Em(PD1)
values. These results indicate that the positively charged state of
the PD1/PD2 Chla pair is localizedmore in PD1 than in PD2; this is
in agreement with the previous computational result,15 but the
difference between Em(PD1) and Em(PD2) was larger in the
present study than that observed in the previous result irrespec-
tive of the protonation states of O4 and O5 (Table 1). The most
significant difference between the present and the previous
studies15 is the OEC cluster model; OEC was composed of only
fourMn and oneCa atoms, and no explicit O atoms were given in
the previous crystal structure.14 Thus, in the previous computa-
tional study, the influence of these atomic partial charges was
implicitly considered in the constraining of the total charge of
OEC: a charge of +2 was assigned to the Ca atom, and the
remaining part of the total charge of the OEC cluster was divided
by four and assigned to each Mn atom.15 Thus, the calculated Em
values in the previous15 and current computational studies are

results of the interactions that solely originate from the original
atomic coordinates of the PSII crystal structures14,25 by assuming
that the atomic coordinates or assignment of the protein side
chain/cofactor chemical group orientations are appropriate. For
further discussions of possible alteration of the calculated Em
values, see Computational Procedures.
For the present Mn4CaO5 OEC cluster, an increase in the

OEC net charge of 1 upshifts the Em(PD1) value by∼60 mV but
only upshifts the Em(PD2) value by ∼30 mV (Table 1) because
the OEC cluster is located on the D1 side. The Em(PD1) and
Em(PD2) values are not sensitive to the OEC protonation states
unless the OEC net charge differs. In the OEC model where O4
and O5 are OH� (the O4H� O5H� OEC model), the
Mn4CaO5 region including Cl� 1 and 2 is one of the major
components that upshift Em(Chla) significantly (by 174 mV for
PD1 and by 85mV for PD2, Table 2). Among the protein subunits,
D2 and one of the antenna subunits CP47 significantly upshift
Em(PD1) by∼70 mV and Em(PD2) by 90�110 mV (Table 2). In
contrast, the D1 subunit dramatically downshiftsEm(PD1) by 238
and Em(PD2) by 65 mV, demonstrating a striking difference from
that of the D2 subunit, irrespective of the high similarity in their
protein sequences.23 It appears that, to energetically adjust the
positively charged OEC cluster on the D1 side in PSII, there are
more acidic and less basic residues on the D1 side than those on
the D2 side.15 In the following, we focus on the O4H� O5H�

model unless otherwise specified.
Removal of the OEC Cluster. Although removal of the

positively charged OEC cluster downshifted all Em(Chla) values,
the Em(Chla) shifts were relatively small irrespective of the loss
of the net charge of 7�9 (Table 1), implying alterations that had

Table 2. Influence of Protein Subunit Atomic Charges (Side
Chain and Protein Backbone) on Em(Chla) (in mV)a

Em(PD1) Em(PD2) ΔEm

Mn4CaO5 + 2Cl� 174 85 89

cofactors in D1/D2 6 23 �17

D1 �238 �65 �173

D2 67 92 �25

CP47 77 107 �30

CP43 43 22 21

PsbE 2 6 �4

PsbF 3 3 0

PsbH �2 �3 1

PsbI �1 0 �1

PsbJ �14 �10 �4

PsbK �4 �3 �1

PsbL �31 �39 8

PsbM 3 5 �2

PsbO 42 44 �2

PsbT �1 �2 1

PsbU �24 �20 �4

PsbV 49 29 20

PsbX 1 2 �1

Ycf12 (Psb30) 1 1 0

PsbZ 0 �1 1

others 11 �30 41

total 164 246 �82
aΔEm represents Em(PD1) � Em(PD2).

Table 1. Em(Chla) Values for PSII Calculated for Different
Protonation States of OEC (in mV)

net chargea O4 O5 Em(PD1) Em(PD2)

9 OH� H2O 1138 1204

9 H2O OH� 1126 1198

(average) 1132 1201

8 O2� H2O 1089 1176

8 OH� OH� 1065 1166

8 H2O O2� 1054 1160

(average) 1069 1167

7 OH� O2� 1001 1134

7 O2� OH� 1028 1148

(average) 1015 1141

0 (OEC-depleted) �b �b 953 1123
aNet charge of the inorganic component Mn4CaO5 only, although we
included the side chains of the OEC ligand residues in the DFT
calculations of the atomic charges (Table S1, Supporting Information).
b�, not applicable.
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occurred to partially compensate for the loss of the OEC cluster.
The compensation effect is due to protonation at titratable
residues in the D1 subunit, and these residues are mainly (i)
the OEC ligand residues25 D1-Asp170 (proton uptake by
∼1.0 H+), D1-Glu333 (∼0.3 H+), and D1-Asp342 (∼0.9 H+)
and (ii) those proposed to participate in a possible proton exit
pathway or the H-bond network linked with the OEC,48�52

i.e., D1-Asp61 (∼0.6 H+) and D1-Glu65 by ∼0.4 H+. These
residues were essentially ionized in the presence of the OEC
cluster. The observed changes in the protonation states of the
latter residues imply that D1-Asp61 and D1-Glu65 are under
strong influence of the OEC cluster in the intact PSII.
Cationic State Is LocalizedMore inPD1 thanPD2.TheEm(PD1)

and Em(PD2) values were calculated to be 1065 and 1166 mV,
respectively, in the O4H� O5H� OEC model. The Em(PD2) value
was higher than the Em(PD1) value; this is in agreement with the
previous result.15 These results indicate that the positively charged
state of the PD1/PD2 Chla pair is localized more in PD1 than in PD2.
The PD1

•+/PD2
•+ ratio was calculated to be 76.9/23.1 in the

complete PSII based on the 1.9 Å resolution structure (Table 3).
This ratio is lower than that expected from the difference in the
Em values between the two pigments, as a difference of 100mV in
the Em values will result in a PD1

•+/PD2
•+ ratio of 98/2 if we use a

simple consideration of the Boltzmann distribution. However,
this situation does not apply to PD1/PD2 since the two pigments
are electronically coupled. In FTIR studies of T. elongatus
PSII,27,53 70�80% of the cationic state was localized on one of
the PD1/PD2 Chla units, although the assignment of the domi-
nant species to PD1 or PD2 was not possible. Since theT. elongatus
PSII14,24 shares high structural similarities with the T. vulcanus
PSII,25 the PD1

•+/PD2
•+ ratio observed in the FTIR studies27,53

can be assigned to be 70�80/30�20 based on the present study.
The spin density distribution calculated for the wild type was

80.6/19.4 (Table 3), which is close to the experimentally
obtained values of 82/18 from ENDOR studies of spinach
PSII21 or 80/20 from flash-induced spectroscopic studies of
Synechocystis PCC 6803 PSII.22 Note that the calculated spin
density distribution was more asymmetric than that of the charge
distribution, a fact already pointed out previously.53,54

Influence of the Protein Subunits Other than D1/D2 on
the PD1

•+/PD2
•+ Ratio. The PD1/PD2 pair is embedded in the

D1/D2 subunits, which are further surrounded by the antenna
complexes CP43/CP47. The charge influence of the entire
CP43/CP47 subunit pair on Em(Chla) was calculated to be
120 mV for Em(PD1) and 129 mV for Em(PD2) (Table 2),
yielding no significant difference in the Em(PD1)/Em(PD2)
pair. The combination of all of the remaining PSII subunits
except D1/D2 also resulted in no significant differences for the
Em(PD1)/Em(PD2) pair. By contrast, the entire D1/D2 subunit
pair downshifted Em(PD1) by 171 mV but upshifted Em(PD2) by
27 mV, resulting in an Em difference of 198 mV between PD1
and PD2. Thus, a key to understanding the Em(PD1)/Em(PD2)
difference lies predominantly in the D1/D2 environment.
Although the D1 and D2 proteins have high similarity in their
protein sequences (Figure 2),23 we found that there were a
number of residue pairs that produced the Em(PD1)/Em(PD2)
difference (Table 4).
To investigate the influences of protein subunits and cofactors

on the PD1
•+/PD2

•+ ratio, we removed all of the atomic coordi-
nates except for the D1/D2 heterodimer proteins and the
cofactors harbored by these two subunits (D1/D2-PSII). In this
D1/D2-PSII, the PD1

•+/PD2
•+ ratio was calculated to be 71.6/

28.4 (Table 3), which is not altered significantly compared to the
complete PSII. Hence, the PD1

•+/PD2
•+ ratio of∼80/∼20 in the

entire PSII essentially originates from the D1/D2 heterodimer
proteins and the cofactors associated with them. This coincided
with the above results that the D1/D2 heterodimer proteins are
the major regions that induce the Em(PD1)/Em(PD2) difference
due to the differences in the D1/D2 amino acid sequence
(Table 2). Note that the heavy atom positions of the two
subunits and cofactors in the D1/D2-PSII structure are the same
as those in the complete PSII structure.
In contrast, FTIR studies of T. elongatus PSII by Okubo et al.

indicated that the PD1
•+/PD2

•+ ratio was∼50/50 in the PSII that
is comprised of only D1, D2, and cytochrome b559 subunits
(D1/D2/cytb559-PSII).53 The discrepancy of the PD1

•+/PD2
•+

ratio from the present result of D1/D2-PSII (71.6/28.4) implies
that the structure of the isolated D1/D2/cytb559-PSII complex

Table 3. Ratios of Charge/Spin Distribution [%]a

charge spin

PD1
•+ PD2

•+ PD1 PD2

complete PSII (vinylin/vinylout) 76.9 23.1 80.6 19.4

D1/D2 PSII (vinylin/vinylout) 71.6 28.4 75.7 24.3

(a) Δ[Em(PD1)/Em(PD2) difference increasing pairs]
b 28.7 71.3 28.9 71.1

Δ(D1-Asn298/D2-Arg294) 61.7 38.3 65.7 34.3

Δ(D1-Asn181/D2-Arg180) 64.4 35.6 67.3 32.7

(b) Δ[Em(PD1)/Em(PD2) difference decreasing pairs]
c 87.9 12.1 93.6 6.4

Δ(D1-Ala336/D2-Asp333) 75.1 24.9 80.1 19.9

Δ(D1-Met183/D2-Leu182) 74.7 25.3 79.1 20.9

PD1-vinyl replaced by the PD2-vinyl geometry
d (vinylout/vinylout) 74.6 25.4 78.3 21.7

PD2-vinyl replaced by the PD1-vinyl geometry
d (vinylin/vinylin) 70.0 30.0 76.0 24.0

PD1/PD2-vinyl swapped
d (vinylout/vinylin) 72.9 27.1 78.6 21.4

PD1-phytol replaced by the PD2-phytol geometry
d 65.5 34.5 69.7 30.3

phytol deleted PD1/PD2
d 67.1 32.9 70.6 29.4

aΔ stands for deletion of atomic charges. For atomic partial charges of [PD1/PD2]
•+ (unrestricted DFT/B3LYP functional, LACVP*), see Table S5,

Supporting Information. bResidues listed in Table 4a. cResidues listed in Table 4b. d See Figure S1, Supporting Information, for the geometry.
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may be significantly different from the intact PSII structure.
Indeed, Okubo et al. concluded that the structure and the
electronic properties of P680 were considerably modified in
the isolated D1/D2/cytb559-PSII,53 which could explain the
discrepancy from the PD1

•+/PD2
•+ ratio of D1/D2-PSII calcu-

lated in the present study. Hence, the actual removal of the
protein subunits that surround the D1/D2 heterodimer may also
induce conformational changes in the D1/D2 protein.55

D1/D2 Residue Pairs That Contribute to the Larger PD1
•+

Population. (a) Em(PD1)/Em(PD2) Difference. Among the D1/D2
residue pairs, six residue pairs contributed to increase the
Em(PD1)/Em(PD2) difference by more than 20 mV (Table 4a),
whereas five residue pairs contributed to decrease the differ-
ence by more than 20 mV (Table 4b). Furthermore, the
decrease in the Em(PD1)/Em(PD2) difference due to the five
residue pairs was obviously smaller than the increase in the
Em(PD1)/Em(PD2) difference caused by the six residue pairs. A

detailed examination of these residue pairs suggested that, by
providing acidic residues of D1 as ligands to the cationic OEC
cluster as well as harboring basic residues in the corresponding
positions in D2, the entire D1/D2 subunit pair may be
energetically stabilized. The larger Em value for PD2 compared
to that for PD1 might be a consequence of this energetic
balance.
Among the residue pairs that contributed to the difference in the

Em(PD1)/Em(PD2) values, contributions of the following three
residue pairs were notable: D1-Asn181/D2-Arg180, D1-Asn298/
D2-Arg294, and D1-Asp61/D2-His61. The D1-Asn181/D2-
Arg180 pair not only upshiftedEm(PD1) and Em(PD2) significantly
(due to D2-Arg180) but also most strongly contributed to the
Em(PD1)/Em(PD2) difference which reached a value of 49 mV
higher Em for PD2 than PD1 (Table 4a). Another D1-Asn/D2-Arg
pair,D1-Asn298/D2-Arg294, contributed to theEm(PD1)/Em(PD2)
difference by 43 mV (Table 4a), which was comparable with the

Figure 2. Amino acid sequence of the D1 andD2 subunits fromT. vulcanus. D1/D2 residue pairs in each line were generated from the protein sequence
alignment performed with the CLUSTAL program67.
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contribution of the D1-Asn181/D2-Arg180 pair. The third
residue pair that had a large influence on the Em(PD1)/Em(PD2)
difference was D1-Asp61/D2-His61, which contributed a differ-
ence of 40 mV. All of the above three D1/D2 residue pairs were
not OEC ligand residues, and each of them increased the
Em(PD1)/Em(PD2) difference by∼40 mV or more by upshifting
Em(PD2) with respect to Em(PD1).
Some acidic residues on the D1 side serving as the OEC ligand

were also responsible for the difference in the Em(PD1)/Em(PD2)
values by∼20 mV because their counterparts on the D2 side were
uncharged hydrophobic Phe residue; e.g., see the following pairs
D1-Glu189/D2-Phe188 and D1-Asp170/D2-Phe169 (Table 4a).
(b) the PD1

•+/PD2
•+ Ratio. As would be expected, the residues

that are responsible for the Em(PD1)/Em(PD2) difference had
similar effects on the PD1

•+/PD2
•+ ratio. This was demonstrated

by the fact that vanishing the atomic charges of the D1-Asn298/
D2-Arg294 pair resulted in a significant decrease in the occu-
pancy of the PD1

•+ state, resulting in a PD1
•+/PD2

•+ ratio of 61.7/
38.3 (Table 3). Similarly, vanishing the D1-Asn181/D2-Arg180
atomic charges also decreased the PD1

•+ population. The same
tendency was observed for the other residue pairs listed in
Table 4a (data not shown), and vanishing the atomic charges
of all six pairs of “the Em(PD1)/Em(PD2) difference increasing
pairs” (listed in Table 4a) resulted in a PD1

•+/PD2
•+ ratio of 28.7/

71.3, with PD2
•+ being the dominant state (note: we fixed the

protonation states of all titratable residues when vanishing the
atomic charges of the focusing residues). In contrast, vanishing
the atomic charges for “the Em(PD1)/Em(PD2) difference de-
creasing pairs” (listed in Table 4b) resulted in an increase in the
PD1

•+ population (Table 3). Thus, it can be postulated that
residue pairs that affect the Em values of monomeric Chla (i.e., in
the absence of electronic coupling between PD1/PD2) have
essentially the same influence on the PD1

•+/PD2
•+ ratio of the

coupled PD1/PD2 pair, as suggested by ENDOR/TRIPLE reso-
nance spectroscopy.56

Many of the residue pairs that are responsible for the larger
PD1

•+ population than PD2
•+ (Table 4a) may also play important

roles in tuning Em(YZ) or Em(YD). For the D1-Asn181/D2-
Arg180 pair, mutations at the D2-Arg180 residue have been
shown to (i) increase the charge recombination rate between
QA

� and P680•+ and (ii) decrease the EPR signal from YD.
57

The importance of D2-Arg294 for stability and function of
PSII was suggested from random mutagenesis studies of PSII
from Synechocystis PCC 6803.58 PSII with D2-Arg294mutated to
Trp was still capable of O2 evolution but with an initial rate four
times lower than that of wild type and was very sensitive to light,
showing a rapid photoinhibition under illumination.58 Indeed,
the D1-Asn298/D2-Arg294 pair is linked to YZ/YD via the
H-bonded partners D1-His190/D2-His189. The positively
charged D2-Arg294 prevents protonation of the D2-His189
Nδ atom, whereas D1-Asn298 did not prevent D1-His190
protonation, thus differentiating the protonation state of the
His residues, which may contribute to the difference in the
Em(YZ) and Em(YD) values significantly.

59

D1-Asp61 has been proposed to participate in the possible
proton exit pathway that guides protons generated from water
oxidation to the lumenal bulk solution.48,60 Its counterpart, D2-
His61, has been suggested to alter the protonation state in
response to the changes in the PD1/PD2/YD redox states.59 This
residue pair may therefore also contribute to the difference in the
Em(YZ) and Em(YD) values.
D1-Glu189 was suggested to be involved in a H-bond network

with YZ and D1-His190;61,62 mutations of D1-Glu189 yielded
PSII complexes that could neither evolve O2 nor advance the S
state beyond the YZ

•S2 state. This residue was finally confirmed
to ligate the Mn1 atom of OEC in the 1.9 Å structure.25

Table 4. D1/D2 Residue Pairs Responsible for the Em(PD1)/Em(PD2) Difference
a

(a) Key Residue Pairs That Increase the Em(PD1)/Em(PD2) Difference (More than 20 mV)b

influences on the Em values influences on the Em values D1/D2 pair influence

D1 residues Em(PD1) Em(PD2) D2 residues Em(PD1) Em(PD2) Em(PD1) Em(PD2) ΔEm

D1-Asn181 �8 1 D2-Arg180 69 109 61 110 49

D1-Asn298 1 2 D2-Arg294 54 96 55 98 43

D1-Asp61 �64 �41 D2-His61 33 50 �31 9 40

D1-Glu329 �53 �35 D2-Arg326 49 67 �4 32 36

D1-Glu189 �47 �27 D2-Phe188 5 10 �42 �17 25

D1-Asp170 �59 �32 D2-Phe169 �4 �9 �63 �41 22

(b) Key Residue Pairs That Decrease the Em(PD1)/Em(PD2) Difference (More Than 20 mV)c

influences on the Em values influences on the Em values D1/D2 pair influence

D1 residues Em(PD1) Em(PD2) D2 residues Em(PD1) Em(PD2) Em(PD1) Em(PD2) ΔEm

D1-Ala336 2 2 D2-Asp333 �56 �80 �54 �78 �24

D1-Met183 13 10 D2-Leu182 18 �1 31 9 �22

D1-Asn301 4 2 D2-Asp297 �35 �54 �31 �52 �21

D1-Ile320 �2 �1 D2-Lys317 74 52 72 51 �21

D1-His332 64 44 D2-Met329 2 2 66 46 �20
aD1/D2 residue pairs in each line were generated from the protein sequence alignment performed with the CLUSTAL program.67ΔEm represents the
Em(PD1)/Em(PD2) difference due to the D1/D2 residue pair, i.e., Em(PD2) � Em(PD1).

bThese residue pairs are fully conserved in all known D1/D2
sequences. cD2-Leu182 is sometimes replaced with Ile, which resulted in no significant changes in the Em (PD1/PD2) values. Other residue pairs are fully
conserved in all known D1/D2 sequences.
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Taken together, these residue pairs are a prerequisite for not
only the proper functioning of P680 but also the functioning of
YZ/YD. Indeed, these residue pairs are fully conserved in all
known D1/D2 sequences (not shown). Thus, we conclude that
the differences in the energetics of PD1/PD2 as well as YZ/YD
between the D1 and D2 sides were mainly due to the asymmetry
in the electrostatic character of the conserved D1/D2 residue
pairs, e.g., D1-Asn181/D2-Arg180,57 D1-Asn298/D2-Arg294,58,59

D1-Asp61/D2-His61,59 and D1-Glu18961,62/D2-Phe188.
Compensation of the Mn4CaO5 Charge Influence by the

Protein Environment. The low Em(PD1) value with respect
to the Em(PD2) value appears to be in contrast to the fact that
the location of themetal cluster OEC is closer to PD1 than PD2: the
Mn4CaO5 region including Cl� 1 and 2 is responsible for the
Em(PD1) upshift of 174 mV, which is 2-fold greater than the
Em(PD2) upshift of 85 mV (Table 1). Nevertheless, the D1
subunit, in turn, downshifts Em(PD1) predominantly (by 238 mV)
with respect to Em(PD2) (by 65 mV). In fact, the difference in
the upshifts of Em(PD1) and Em(PD2) brought about by the
OEC cluster is perfectly compensated for by the downshift due
to the OEC acidic ligands that are mainly provided by the D1
subunit, e.g., D1-Glu189/D2-Phe188 andD1-Asp170/D2-Phe169
(Table 4a). Thus, the difference in the OEC charge influence on
Em(Chla) is neither a direct (but maybe an indirect) reason for the
Em(PD1)/Em(PD2) difference nor responsible for the asymmetric
distribution of the positive charge over the PD1/PD2 pair.
Influences of the Orientations of the Vinyl and Phytol

Groups on the PD1
•+/PD2

•+ Ratio. If we remove the PSII protein
subunits (isolated PD1/PD2 pair), the PD1

•+/PD2
•+ ratio (in

vacuum) was calculated to be 57.5/42.5 (Table 5). The deloca-
lization of the cationic state among PD1 and PD2 calculated in
vacuum indicates that the electronic coupling is present in PSII.
In agreement with the present result, Noguchi and co-workers
also observed the delocalization of the cationic state among PD1
and PD2 in the absence of the PSII protein environment,55

indicating the presence of the electronic coupling between PD1
and PD2. The significantly lowered ratio of PD1

•+/PD2
•+ calcu-

lated in vacuum compared with that obtained in PSII proteins
suggests that the remarkable asymmetric distribution of the
cationic state among PD1 and PD2 was not due to the geometry
of the two chlorophylls but due to the asymmetric protein
environment provided by PSII. This is in agreement with the
results reported by Okubo et al.53 based on their FTIR measure-
ments. (Note: The electronic couplingmay be weak between PD1
and PD2 but strong between the geometrically corresponding two
BChla in bacterial photosynthetic reaction centers because of
mutual overlap of BChla rings I.)

In vacuum, the PD1
•+ population was dramatically decreased

relative to that in the PSII proteins but is still the major species
(Table 5), implying that the PD1/PD2 Chla geometries are not
identical in the high-resolution structure of PSII.25 It was reported
that the orientation of the acetyl group of the BChla special pair
affects Em in the bacterial photosynthetic reaction centers.63 Inter-
estingly, the corresponding group of Chla—the vinyl group—is
rather in plane for PD1 (vinylin) and out of the plane for PD2
(vinylout) in the high-resolution structure of PSII

25 (Figure 3); this
subtle difference of the vinyl group orientation betweenPD1 andPD2
was revealed for the first time in the present crystal structure at 1.9 Å
resolution.25 In the PSII proteins, adopting the vinylin conformation
for both PD1/PD2 leads to a decrease in the PD1

•+ population,

Table 5. Ratios of Charge/Spin Distribution in Vacuum (i.e., in the Absence of the Protein Environment) [%]a

charge spin

PD1
•+ PD2

•+ PD1 PD2

original geometry (vinylin/vinylout) 57.5 42.5 59.8 40.2

PD1-vinyl replaced by the PD2-vinyl geometry
b (vinylout/vinylout) 61.3 38.7 63.3 36.7

PD2-vinyl replaced by the PD1-vinyl geometry
b (vinylin/vinylin) 57.9 42.1 61.7 38.3

PD1/PD2-vinyl swapped
b (vinylout/vinylin) 61.4 38.6 64.9 35.1

PD1-phytol replaced by the PD2-phytol geometry
b 51.4 48.6 53.6 46.4

phytol deleted PD1/PD2
b 53.4 46.6 55.4 44.6

a For atomic partial charges of [PD1/PD2]
•+ (unrestricted DFT/B3LYP functional, LACVP*), see Table S5, Supporting Information. b See Figure S1,

Supporting Information, for the geometry.

Figure 3. Structure of (a) BChla and (b) Chla with IUPAC numbering
scheme (R = phytol chain). (c) Geometry of PD1/PD2. The yellow and
the cyan sticks indicate carbon atoms of PD1 and PD2, respectively. The red
and green spheres represent the oxygen and magnesium atoms, respec-
tively. In quantum mechanical calculations, we replaced the phytol chain
region (atoms C1�20) with a methyl group.
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promoting the electronic coupling and cation delocalization over
PD1/PD2, resulting in a PD1/PD2 ratio of 70.0/30.0 (see vinylin/
vinylin in Table 3). The influence of the vinyl group orientation of
PD1 in the PD1

•+/PD2
•+ ratio is somewhat larger than that of PD2,

implying a difference in the protein environments or mutual
orientation of the Chla molecules.
Another notable difference in the PD1/PD2 geometry is at the

flipped orientation of the phytol chain with respect to the ester
group in the neighborhood (Figure S1, Supporting Information).
Modeling the PD1 phytol chain orientation as that of PD2 leads to
a remarkable decrease in the PD1

•+ population in vacuum(Table 5)
as implied from computational studies.64 Thus, the larger PD1

•+

population than PD2
•+ for the isolated PD1/PD2 pair in vacuum

partially arose from the difference in the phytol chain orienta-
tions of the two pigments. However, the PD1 phytol chain flip had
less contribution (although still notable) to the asymmetric
distribution of PD1

•+/PD2
•+ in the PSII proteins (65.5/34.5,

Table 3) than in vacuum (51.4/48.6, Table 5). Furthermore,
substitution of the PD1/PD2 phytol chains with �CH3 group
(phytol deleted PD1/PD2) resulted in a PD1

•+/PD2
•+ ratio of

53.4/46.6 in vacuum and of 67.1/32.9 in the PSII protein. Thus,
in contrast to vacuum, the phytol chain orientation is not a
primary factor in determining the PD1

•+/PD2
•+ ratio in the PSII

proteins. The reason that the phytol chain orientation had a
larger effect on the PD1

•+/PD2
•+ ratio in vacuum than in proteins

is that the interaction of the phytol chain with the ester group is
considerably overestimated because the two groups are the only
polarized sites for Chla in vacuum.

’CONCLUDING REMARKS

Using the high-resolution structure of PSII recently reported,
we calculated the Em values of PD1 and PD2, which showed that
Em(PD2) is higher than Em(PD1) by ∼100 mV. This difference
suggests a predominant localization of the cationic state on PD1
over PD2. Indeed, we determined the PD1

•+/PD2
•+ ratio to be

76.9/23.1 (80.6/19.4 for spin density distribution) using large-
scale QM/MM calculations. This ratio was found to be deter-
mined predominantly by the D1/D2 protein environment. This
is consistent with the fact that spin density distribution of the chlo-
rophyll pairs can be altered significantly by mutation of the
interacting residues.56,65 It can be concluded therefore that the
PD1

•+/PD2
•+ ratio of∼80/∼20 is mainly due to the difference in

the D1/D2 heterodimer residue pairs that cause the Em(PD1)/
Em(PD2) difference. Most of these residue pairs (listed in
Table 4a) are fully conserved in all known D1/D2 sequences
and are a prerequisite not only for (i) the proper functioning of
P680 (D1-Asn181/D2-Arg18057) but also for (ii) the function-
ing of YZ/YD (D1-Asn181/D2-Arg180,57 D1-Asn298/D2-
Arg294,58,59 D1-Asp61/D2-His61,59 and D1-Glu18925,62/D2-
Phe188), (iii) the possible proton exit pathway that guides
protons generated from water oxidation to the lumenal bulk
solution (D1-Asp6148,60/D2-His61), and (iv) the OEC ligands
(D1-Glu18961,62/D2-Phe188 and D1-Asp17066/D2-Phe169).
From the significant contributions of these key residue pairs in
terms of the PSII functions, the larger PD1

•+ population than
PD2

•+ appears to be an inevitable fate of the intact PSII that
possesses water oxidation activity.
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