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ABSTRACT: In photosystem II (PSII), the redox properties of the non-heme iron complex (Fe complex)
are sensitive to the redox state of quinones (QA/B), which may relate to the electron/proton transfer. We
calculated the redox potentials for one-electron oxidation of the Fe complex in PSII [Em(Fe)] based on
the reference valueEm(Fe)) +400 mV at pH 7 in the QA0QB

0 state, considering the protein environment
in atomic detail and the associated changes in protonation pattern. Our model yields the pH dependence
of Em(Fe) with -60 mV/pH as observed in experimental redox titration. We observed significant
deprotonation at D1-Glu244 in the hydrophilic loop region upon Fe complex oxidation. The calculated
pKa value for D1-Glu244 depends on the Fe complex redox state, yielding a pKa of 7.5 and 5.5 for Fe2+

and Fe3+, respectively. To account for the pH dependence ofEm(Fe), a model involving not only D1-
Glu244 but also the other titratable residues (five Glu in the D-de loops and six basic residues near the
Fe complex) seems to be needed, implying the existence of a network of residues serving as an internal
proton reservoir. Reduction of QA/B yields+302 mV and+268 mV forEm(Fe) in the QA

-QB
0 and QA

0QB
-

states, respectively. Upon formation of the QA
0QB

- state, D1-His252 becomes protonated. Forming
Fe3+QBH2 by a proton-coupled electron transfer process from the initial state Fe2+QB

- results in
deprotonation of D1-His252. The two EPR signals observed atg ) 1.82 andg ) 1.9 in the Fe2+QA

- state
of PSII may be attributed to D1-His252 with variable and fixed protonation, respectively.

The photosynthetic reaction in photosystem II (PSII)1 is
initialized by light absorption. The resulting electronic
excitation energy is ultimately converted to chemical poten-
tial starting with a charge separation process at the P680
Chla of the D1/D2 proteins. These Chla form an oxidized
positively charged P680+, while the released electron travels
along the electron transfer (ET) chain. ET is terminated by
the two plastoquinones, QA and QB, at the stromal side. QB
is released from its binding site to the bulk quinone pool
associated with the thylakoidal membrane after double
reduction and protonation. A non-heme iron complex (Fe
complex) is situated equidistantly from both QA and QB

(Figure 1). Two symmetrical pairs of histidines, D1-His215/
D2-His214 and D1-His272/D2-His268, are ligands of the Fe
complex, and the two histidines of the former pair form an
H bond with QB/QA, respectively. In addition, the Fe complex
has one bicarbonate as a nonprotein ligand. Despite a large
degree of structural similarity between PSII and bacterial
photosynthetic reaction centers (bRC) (1), the bicarbonate
is absent in the latter. Instead, in bRC Glu is ligated to the
Fe complex. The replacement of Fe2+ with Zn2+ did not
prevent ET between QA and QB in bRC, and it was formerly
suggested that the Fe complex is not a functional redox group
(2). On the other hand, recent FTIR studies suggested the
presence of a yet unknown electron donor to QB instead of
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1 Abbreviations: BBY-PSII samples, thylakoid fragments of PSII
from spinach prepared by detergent treatment according to Berthold et
al. (16); bicarbonate-in(ex) model, Fe complex model with bicarbonate
as the internal component (external titratable group); bRC, bacterial
photosynthetic reaction center; Chla, chlorophyll a; DCMU, 3-(3,4-
dichlorophenyl)-1,1-dimethylurea; DINOSEB, 2-(1-methylpropyl)-4,6-
dinitrophenol; D-de loop, hydrophilic loop in D1/D2 that connects
transmembrane helix D with parallel helixde; Esolv, solvent redox
potential;Em(Fe), (midpoint) redox potential of the Fe complex for
one-electron oxidation (Fe2+/Fe3+); ET, electron transfer; Fe complex,
the non-heme iron complex in PSII; LPB equation, linearized Poisson-
Boltzmann equation; Mn cluster, oxygen-evolving complex with Mn
ions; NHE, normal hydrogen electrode; P680, Chla of PSII related to
absorption at 680 nm; pKa(bias), pKa calculated as a function of the
bias energy at a fixed pH; pKa(effective), pKa calculated from the
protonation pattern of all titratable residues as a function of solvent
pH for a large pH range; PSII, photosystem II; QA(B), plastoquinone in
A(B) branch.

FIGURE 1: Residues in the neighborhood of the Fe complex in PSII.
D1, D2, and PsbT are colored in cyan, pink, and green, respectively.
For clarity, D2-Lys264 is colored in yellow. The two histidine
ligands D1-His272 and D2-His268 above and below the drawing
plane are not shown.
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QA
-, which might be the Fe complex (3). Indeed, a reaction

mechanism involving the Fe complex in the ET from QA
-

to QB was proposed earlier by Petrouleas and Diner for PSII
(4).

The role of the bicarbonate at the Fe complex in PSII is
a matter of debate. Formerly, a number of research groups
proposed that the bicarbonate may be directly involved in
the proton transfer event coupled to ET from QA to QB (5,
6). On the other hand, kinetic studies of Koulougliotis et al.
(7) revealed no change in the ET rate displacing the
bicarbonate by cyanide, suggesting its more indirect role.
With redox titration, the redox potential of the Fe complex
for one-electron oxidation [Em(Fe)] was determined to be
+400 mV versus NHE at pH 7.0 (8, 9). Despite its redox
activity, the Fe complex is unlikely to be relevant in the
functional ET process in PSII, sinceEm(Fe) is too high with
respect toEm(QA/B) (reviewed in ref 10). It was also
demonstrated in EPR studies (11, 12) that, only after
replacement of native QB with a high-potential quinone, the
Fe complex can be oxidized by QB. Nevertheless, the
sensitivity of the Fe complex on EPR signals enables this
complex to serve as a probe for the QA/B redox state, which
elucidated many details of related reactions. The pH depen-
dence ofEm(Fe) with-60 mV/pH is a strong indication that
titratable groups in the neighborhood of the Fe complex
deprotonate upon oxidation of the Fe complex (4, 8, 9). The
bicarbonate might be a factor responsible for this pH
dependence, but FTIR studies suggested that the bicarbonate
ligand does not deprotonate upon oxidation of the Fe
complex (13). Alternatively, the bicarbonate may influence
the pKa of nearby titratable residues, and these induced
changes in the protonation pattern of PSII may affect the
redox properties of the Fe complex (14).

The crystal structure of PSII isolated from the thermophilic
cyanobacteriumThermosynechococcus elongatus(T. elon-
gatus) revealed details of the protein environment of the Fe
complex and the bicarbonate binding site (15). A discrepancy
of EPR signals for the Fe complex was reported between
the standard PSII from cyanobacteria and BBY-PSII samples
[thylakoid fragments of PSII from spinach prepared by
detergent treatment according to Berthold et al. (16)], which
is possibly due to the higher QB binding affinity in standard
PSII (12, 17). On the other hand, recent FTIR difference
spectra for QA/B showed close similarities among the PSII
core complex fromT. elongatus, SynechocystisPCC6803,
and BBY-PSII (i.e., from spinach), implying their structural
similarities (18). Thus, the PSII crystal structure fromT.
elongatus is, currently, an appropriate model system to
investigate the interaction of the redox states of QA/B and of
the Fe complex in PSII.

In the present study, we titrate the Fe complex and
titratable residues in the whole PSII complex. By solving
the linearized Poisson-Boltzmann (LPB) equation, we
consider all amino acids, redox-active cofactors, and their
different charge states. As suggested previously from the
crystal structure of bRC (19), the specific position of the Fe
complex in the vicinity of the hydrophilic loops that connect
the transmembrane helix D with helixde(D-deloop) parallel
to the membrane plane in the D1/D2 proteins is of great
interest. In the light-induced degradation process of the D1
protein, the D-de loop was proposed to be the first target
for cleavage of the D1 protein under strong illumination (20).

The corresponding loop is absent in bRC. The D-de loop in
PSII is rich in titratable and polar residues. Such a cluster
of strongly interacting titratable residues often hinders exact
assignment of an apparent pKa to a specific residue (for
instance, those in the proton transfer pathways of bRC;
discussed in refs21 and22). In the present computational
study, it is possible to focus on an individual titratable residue
separately, even for a strongly coupled cluster of residues.
Thus, our computational analysis of this region of the D1
protein may provide a clue to understanding deprotonation
of titratable residues upon oxidation of the Fe complex in
PSII.

COMPUTATIONAL PROCEDURES

Coordinates.In our computations, atomic coordinates were
taken from the crystal structure of PSII from thermophilic
cyanobacteriumT. elongatusat 3.5 Å resolution (PDB code
1S5L) (15). Hydrogen atoms were generated and energeti-
cally optimized with CHARMM (23), while the positions
of all non-hydrogen atoms were fixed and all titratable groups
were kept in their standard protonation states, i.e., acidic
groups ionized and basic groups (including titratable his-
tidines) protonated. Simultaneously, Chla, Pheoa, and QA/B

were kept in the neutral charge redox states, and the Fe
complex was kept in the reduced state with Fe2+. Histidines
that are ligands of Chla were treated as nontitratable with
neutral total charge.

Atomic Partial Charges.Atomic partial charges of the
amino acids were adopted from the all-atom CHARMM22
(24) parameter set. The charges of protonated acidic oxygens
were both increased symmetrically by+0.5 unit charges to
account implicitly for the presence of a proton. Similarly,
instead of removing a proton in the deprotonated state, the
charges of all protons of the basic groups of arginine and
lysine were diminished symmetrically by a total unit charge.
For residues whose protonation states are not available in
the CHARMM22 parameter set, appropriate charges were
computed (25). For the cofactors, the same atomic charges
as in the previous computation of PSII (26-28) were used.
The atomic charges of the high-spin Fe complex (non-heme
iron, one bicarbonate, and protein residues D1-His215/D2-
His214 and D1-His272/D2-His268) were determined from
the electronic wave functions by fitting the resulting elec-
trostatic potential in the neighborhood of these molecules
by the RESP procedure (Supporting Information, Table S1)
(29). The electronic wave functions were calculated with the
DFT module in JAGUAR (30) using the B3LYP functional
with LACVP basis set (6-31G with effective core potentials
on heavy atoms).

Mn Cluster. The Mn cluster is proposed to change its
oxidation state from [Mn4] (II, III, IV 2) in state S0 via [Mn4]
(III 2, IV2) in S1 to [Mn4] (III, IV 3) in states S2 and S3 (31).
All computations were done in the S0 state of the Mn cluster.
On the basis of the 3.5 Å crystal structure (15), we considered
the four explicitly given µ-oxo oxygen atoms as O2-,
assigned to each Mn ion a charge of+3.25 corresponding
to the S0 state, and included the Ca2+ ion and a bicarbonate
that is attached to the Mn cluster, resulting in a total positive
charge of+6; i.e., the structural model of the Mn cluster is
based on ref15 and the used charges are given in ref26.

Computation of Protonation Pattern and Redox Potentials.
Our computation is based on the electrostatic continuum
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model by solving the LPB equation with the program MEAD
(32). The protonation patterns were sampled by a Monte
Carlo (MC) method with our own program Karlsberg (33).
The dielectric constant was set toεP ) 4 inside the protein
and εW ) 80 for water as done in previous computations
(26-28). All computations refer to 300 K and an ionic
strength of 100 mM. The LPB equation was solved using a
three-step grid-focusing procedure with 2.5, 1.0, and 0.3 Å
resolution. The MC sampling yields the probabilities [Aox]
and [Ared] for the redox states (or [Aprotonated] and [Adeprotonated]
for the protonation states) of compound A. TheEm(Fe) are
calculated from the Nernst equation. To minimize the
statistical error in evaluating theEm, a bias potential is applied
to obtain an equal amount of both redox states ([Aox] )
[Ared]), yielding the value of the bias potential as the resulting
Em. For convenience, the computedEm are given with
millivolt accuracy, without implying that the last digit is
significant.

We calculated pKa values for titratable residues using two
different pKa definitions. A straightforward approach is that
a titratable residue is biased by an individual energy term to
be 50% protonated, while the protonation states of the other
titratable residues are fully relaxed at a fixed pH (pH 7 in
the present study). This bias energy can be used to define
the pKa of this residue [pKa(bias)]. This pKa describes how
much energy is needed to change the protonation state of
this residue in its protein environment where the protonation
pattern changes locally by equilibration due to the charge
change of this residue without involving changes of solvent
pH. This pKa definition can be useful to describe the
energetics of proton transfer processes between different
titratable groups. The protonation dependence of the con-
sidered titratable residue obeys the Henderson-Hasselbalch
equation (equivalent to the Nernst equation for a redox-active
group) as a function of the bias energy.

Another approach to determine pKa values is to calculate
it from the protonation pattern of all titratable residues as a
function of solvent pH for a large pH interval. Here, the pKa

of the titratable residue under consideration can be defined
as the pH value where this residue is to 50% protonated
[pKa(effective)]. This is a more common pKa definition and
corresponds to the conditions where pKa values of titratable
groups in proteins can be determined experimentally. When
the molecular system contains only a single titratable group
or several noninteracting titratable groups, the same pKa

values are computed for both definitions, the same pKa

value is computed for both definitions with [pKa(bias)] and
[pKa(effective)]. For further information about computational
procedures and error estimate, see previous work forEm (26)
and pKa (34).

Influence of Ionic Strength on Em(Fe).We uniformly used
the ionic strength of 100 mM for computations of PSII as
done for other systems. The ionic strength has a tendency
to screen the influence of atomic charges on the protein
surface. Large ionic strength diminishes the influence of
surface atomic charges. To evaluate thedirect influence of
the ionic strength, we calculatedEm(Fe) with the ionic
strength of 0 and 100 mM, fixing the protonation state of
the titratable residues to standard protonation (i.e., deproto-
nated acidic and protonated basic residues). As a conse-
quence, the ionic strength of 100 mM downshiftsEm(Fe) by
78 mV relative to 0 mM (based on the bicarbonate-in model,

described later), indicating that the ionic strength stabilizes
the oxidized state of the Fe complex. However, when we
consider the equilibrium protonation pattern of all titratable
groups in PSII, the increase in ionic strength from 0 to 100
mM results in a difference of only 4 mV in the calculated
Em(Fe). The resulting tiny difference inEm(Fe) is due to
compensation effects by small changes in protonation of
several residues in response to the change in ionic strength,
implying a buffering effect of titratable residues. Therefore,
unless the redox-active group is on the protein surface and
simultaneously isolated from other titratable residues, itsEm

remains essentially unchanged in the presence of a sufficient
amount of titratable residues.

RESULTS

Reference Model System for the Fe Complex in PSII.As
a reference model system, we consider a complex with a
non-heme iron ligated by a bicarbonate and protein residues,
D1-His215/D2-His214 and D1-His272/D2-His268 (bicarbon-
ate-in model). This complex can be modeled as a tetraimi-
dazole iron with a carboxylic acid. However, theEm for such
a model compound is unknown so far. Thus, we tentatively
calculatedEm(Fe) in the protein environment of PSII for the
QA

0QB
0 redox state with the LPB equation at pH 7.0 and

fitted the obtained value to the measured value of+400 mV
(8, 9) for Em(Fe) in PSII at pH 7.0. Alternatively, another
complex that lacks the bicarbonate may be considered as a
reference model system, i.e., a complex with a non-heme
iron ligated only by the protein residues D1-His215/D2-
His214 and D1-His272/D2-His268 (bicarbonate-ex model).
In this case, the bicarbonate ligated to the non-heme iron is
treated as an external titratable group separated from the Fe
complex.

Both reference models yield similar pH dependences of
the calculatedEm(Fe) in PSII above pH∼6.5. A deviation
is observed below this pH; the slope remained at-59 mV/
pH for Em(Fe) in the bicarbonate-in model but changed to
-45 mV/pH forEm(Fe) in the bicarbonate-ex model (Figure
2). This discrepancy originates from the latter model due to
its less dependent behavior of the bicarbonate from the Fe
complex during the titration, which is consistent with its pKa

FIGURE 2: Calculated pH dependence ofEm(Fe) in PSII. Bicarbon-
ate-in model (bicarbonate is treated as an integral part of the Fe
complex): (9) QA

0QB
0; (2) QA

-QB
0; (b) QA

0QB
-. Bicarbonate-ex

model (bicarbonate is treated as a molecular group independent
from the Fe complex): (0) QA

0QB
0.
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value of 6.4. Remarkably, even in the bicarbonate-ex model,
the bicarbonate remains ionized over the whole range of the
pH investigated. Thus, the discrepancy in theEm(Fe) pH
dependence between the two models cannot be related to a
change in bicarbonate protonation but is due to pKa shifts
of other residues nearby that are invoked by the difference
in the two models. We found that below pH 6.5 the two
models provide different protonation states for D1-Glu244.
For instance, at pH 5.5 D1-Glu244 is protonated by 0.53
H+ in the bicarbonate-in model but protonated by 0.89 H+

in the bicarbonate-ex model. Indeed, D1-Glu244 is the acidic
residue that is most proximal to the bicarbonate binding site
in the PSII crystal structure (Obicarbonate-OGlu distance of 5.4
Å) (15). Only one residue, D1-Tyr246, placed between the
bicarbonate and D1-Glu244 (Obicarbonate-OTyr distance of 3.2
Å and OTyr-OGlu distance of 6.9 Å) is closer to the
bicarbonate/Fe complex.

From experimental redox titration, it has been established
that the pH dependence ofEm(Fe) in PSII exhibits a slope
of -60 mV/pH in the pH range of 5.5-8.5 (4, 8, 9). In the
present study, the same pH dependence is seen for the
bicarbonate-in model but not for the bicarbonate-ex model.
In addition, if the bicarbonate or the reconstituted carboxylate
anions ligate to the Fe complex, their charge distribution and
protonation state should vary with the Fe complex redox
state. A change of their protonation state decoupled from
the redox state of the Fe complex is, for energetic reasons,
very unlikely. Since in the bicarbonate-in model the atomic
partial charges of the Fe complex were calculated with the
bicarbonate, our description of the Fe complex with the
bicarbonate-in model seems to be more realistic than the one
with the bicarbonate-ex model. Indeed, experimental redox
titrations revealed that there is little correlation between the
pKa of these reconstituted carboxylate anions and the
concomitant pH dependence ofEm(Fe) (35). Hence, changes
in Em(Fe) and their pH dependence resulting from bicarbon-
ate replacement are more likely the consequence of altered
pKa of nearby titratable residues (summarized in ref36).
Therefore, in the following part, we focus on the computa-
tional results using the bicarbonate-in model.

pH Dependence of the Protonation Pattern for QA
0QB

0.
To compare the pH dependence of the calculatedEm(Fe),
we determined the protonation states of titratable residues
in PSII for the redox equilibrium of the Fe complex, i.e.,
[Fe2+] ) [Fe3+]. In the QA

0QB
0 redox state, D1-Glu244 is

protonated by 0.4-0.6 H+ in the wide pH range of 4.5-8.0
with a remarkably weak pH dependence (Figure 3a), indicat-
ing that the pKa(effective) value for D1-Glu244 is around
4.5-8.0. This is essentially consistent with a pKa(bias) of
7.5 (5.5) in the Fe2+ (Fe3+) state calculated for D1-Glu244
in the present study. Under the same conditions, D1-His252
is protonated by 0.5 H+ at pH ∼5.5, corresponding to a
pKa(effective) of ∼5.5. At higher pH values the titration
curves for these residues are more complicated. At pH∼8,
protonation states of four residues (D1-Glu243, D1-Glu244,
D2-Arg265, and PsbT-Arg24) near the Fe complex are
simultaneously nearly 0.5 H+ (Figure 3a). However, a direct
influence of D2-Arg265 and PsbT-Arg24 on the oxidation
of the Fe complex can be excluded, because the two residues
do not change their protonation state at pH∼8 upon
oxidation of the Fe complex (Figure 4a). Instead, a significant
proton release is observed from D1-Glu-244 in the wide pH

range, partially from D1-His252 at lower pH of 5-6, while
proton uptake is observed partially by D1-Glu243 at a higher
pH of 7-8 (Figure 4a). Therefore, in the stoichiometry of
the protons released, D1-Glu244 is responsible for a proton
release by 0.6-0.8 H+ at pH 5-8.5 in the QA

0QB
0 redox

state.
The same conclusion is obtained also from computational

redox titration to determine theEm(Fe) by changing the

FIGURE 3: pH dependence of PSII protonation states from selected
residues with [Fe2+] ) [Fe3+]: (a) QA

0QB
0, (b) QA

-QB
0, and (c)

QA
0QB

- redox states. Curves: D1-Glu243 (4 in red), D1-Glu244
(2 in red), D1-His252 (+ in green), D2-Lys264 (× in purple), D2-
Arg265 (0 in blue), and PsbT-Arg265 (9 in blue).
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solvent redox potential (Esolv). To compare directly with the
experimental results of Petrouleas and Diner (4, 35), we
performed the redox titration at pH 6.0 (Figure 5a,c,e) and
pH 7.5 (Figure 5b,d,f) for different QA/B redox states. In the
QA

0QB
0 redox state, oxidation of the Fe complex is ac-

companied by deprotonation of D1-Glu244 and partial
deprotonation of D1-His252 at lower pH (6.0) (Figure 5a),

while it is accompanied by deprotonation of D1-Glu244 and
partial protonation of D1-Glu243 at higher pH (7.5) (Figure
5b).

pH Dependence of the Protonation Pattern in the QA
-QB

0

State.Under the redox equilibrium of the Fe complex in the
QA

-QB
0 redox state, the protonation states for D2-Lys264,

PsbT-Arg24, and D1-Glu244 shift significantly with respect

FIGURE 4: pH dependence of PSII proton release upon oxidation of the Fe complex (Fe2+ f Fe3+). The individual influence from dominant
titratable residues is shown. Panels: (a) with QA

0QB
0, (b) with QA

-QB
0, (c) with QA

0QB
-, (d) for the transition Fe2+QA

- f Fe3+QA
0, and

(e) for the transition Fe2+QB
- f Fe3+QB

uncharged. QB
unchargedshould represent QB0, QBH0, and QBH2

0, although the computations were done
for the QB

0 state only. Curves: D1-Glu243 (4 in red), D1-Glu244 (2 in red), D1-His252 (+ in green), D2-Lys264 (× in purple), D2-
Arg265 (0 in blue), and PsbT-Arg265 (9 in blue).
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FIGURE 5: Redox titration of the Fe complex in PSII by varying the solvent redox potentialEsolv. The protonation states for selected
titratable residues are displayed as a function ofEsolv for different charge states of the quinones. Panels: QA

0QB
0 at (a) pH 6.0 and (b) pH

7.5, QA
-QB

0 at (c) pH 6.0 and (d) pH 7.5, and QA
0QB

- at (e) pH 6.0 and (f) pH 7.5. Curves: (9) redox titration of the Fe complex. The
meaning of symbols and colors is the same as in Figures 3 and 4.

Redox Potential of the Fe Complex in PSII Biochemistry, Vol. 44, No. 45, 200514777



to those in the QA0QB
0 redox state (Figure 3b). Hereby, the

pKa(effective) values can be assigned to be 4-5.5 for D2-
Lys264, 10 for PsbT-24, and 9.5-10 for D1-Glu244. At
lower pH, proton release occurs mainly from D2-Lys264
(more than 0.7 H+ below pH 6) upon formation of the
Fe3+QA

- state (Figure 4b), which is in contrast to the proton
release mainly from D1-Glu244 in the QA

0QB
0 redox state

(Figure 4a). On the other hand, at higher pH, we observed
proton release mainly from both D2-Lys264 and D1-Glu244
(by 0.2-0.3 H+ at pH 8-9) and proton uptake of PsbT-
Arg24 (by 0.5 H+ at pH 8-9) (Figure 4a). The protonation
state of D2-Lys264 is directly coupled to the redox state of
the Fe complex at both low (Figure 5c) and high pH (Figure
5d). The protonation states of D1-His252 or D1-Glu244 are
less strongly coupled to the redox state of the Fe complex
at low pH or both low and high pH, respectively. However,
despite the significant proton uptake of PsbT-Arg24 upon
formation of the Fe3+QA

- state (Figure 4b), the protonation
state of this residue remains unchanged in solvent redox
titration (Esolv change) (Figure 5c,d), suggesting that proton
uptake of PsbT-Arg24 is coupled with reduction of QA rather
than with oxidation of the Fe complex.

pH Dependence of the Protonation Pattern for QA
0QB

-.
The pH dependence of the protonation pattern for the QA

0QB
-

redox state (Figure 3c) resembles those for the QA
0QB

0 redox
state (Figure 3a) considerably, except for the pKa(effective)
increase of D1-His252 by∼2 units. This behavior is
consistent with a significant proton uptake of D1-His252 by
more than 0.4 H+ at pH 5.5-7.5 upon formation of the
Fe3+QB

- state (Figure 4c), which is not observed in the other
QA/B redox states. However, the protonation state of D1-
His252 is not directly coupled to the redox state of the Fe
complex at pH 6.0 (Figure 5e) and only weakly at pH 7.5
(Figure 5f), indicating that its higher pKa(effective) value
and its significant proton uptake in the QA

0QB
- redox state

are due to QB reduction rather than Fe complex oxidation.

DISCUSSION

Deprotonation of D1-Glu244 upon Oxidation of the Fe
Complex.Upon oxidation of the Fe complex at pH 7 in the
QA

0QB
0 redox state, we observed deprotonation of 0.7 H+

for D1-Glu244 and a small amount of protonation of 0.1
H+ for D1-Glu243 (Figure 4a). The stronger coupling of D1-
Glu244 to the Fe complex may be related to the distances
of these residues from the Fe complex (Fe-OGlu distance of
9 Å for D1-Glu244 and 14 Å for D1-Glu243) (Figure 1).
Other residues are not significantly affected. Therefore, in
the QA

0QB
0 redox state D1-Glu243 and especially D1-Glu244

are the most important residues for the redox reaction of the
Fe complex in PSII.

The D-de loop of the D1/D2 proteins is located in the
region between the Fe complex and the stromal PSII surface
(19). The corresponding section of the protein sequence is
an insertion specific to PSII that is absent in bRC. Both D1-
Glu243 and D1-Glu244 are components of the highly
conserved five Glu residues (D1-242 to D1-244 and D2-
241 to D2-242) in the D-de loops (Figure 1). The QEEET
motif between D1-241 and D1-245 has, particularly,
physiological importance as being the predominant motive
for cleavage of the D1 protein. The exact mechanism
invoking D1 degradation is unclear, but it becomes necessary

under strong illumination with light (20), which leads to
triplet state accumulation at the Chla in D1 resulting
ultimately in harmful singlet oxygen.

Wraight (9) observed a pH dependence ofEm(Fe) with a
slope of-60 mV/pH and an apparent pKa value of 8 or 5.3
depending on the Fe complex redox state Fe2+ or Fe3+. In
the present study, we calculated the pKa values for titratable
residues using the two pKa definitions, pKa(bias) and
pKa(effective), introduced in the Computational Procedures
section. In the QA0QB

0 redox state, the calculated pKa(bias)
for D1-Glu244 is dramatically shifted by varying the Fe
complex redox state, yielding 7.5 in the Fe2+ state and 5.5
in the Fe3+ state. This behavior is essentially consistent with
a protonation of D1-Glu244 by 0.4-0.6 H+ in a wide pH
range of 4.5-8.0, which is equivalent to pKa(effective)
(Figure 3a). With replacement of the bicarbonate by other
small carboxylate anions, Deligiannakis et al. (35, 36)
observed changes inEm(Fe) and its pH dependence and
interpreted these alteredEm(Fe) properties as a consequence
of pKa shifts of protein titratable groups by bicarbonate
replacement. They also suggested that the same groups were
likely responsible for the pH dependence ofEm(Fe).

It is unlikely that the pKa of the bicarbonate or reconsti-
tuted carboxylate anions determines properties ofEm(Fe)
directly, since upon replacement of the bicarbonate with
carboxylate anions the measuredEm(Fe) and its pH depen-
dence exhibited only small correlations with the pKa of the
reconstituted carboxylate anions (35). Even if the reconsti-
tuted carboxylate anions have a similar level of pKa values,
their individual molecular structures may require different
structural rearrangements of nearby titratable side chains to
allow ligation at the Fe complex. Presumably, the pKa of
these residues are shifted due to these structural rearrange-
ments caused by binding of carboxylate anions. In this
context, the present computation suggests that D1-Glu244
is likely to be one of those whose pKa will be significantly
affected by bicarbonate replacement with other carboxylate
anions, and thus it influencesEm(Fe). Therefore, D1-Glu244
may be the titratable residue discussed by Wraight (9) and
Deligiannakis et al. (35, 36) (but see discussion later).

Protonation State of D1-Glu243.The protonation change
of D1-Glu243 upon oxidation of the Fe complex is small.
However, we obtain a pKa(bias) of 7.6 (7.9) in the Fe2+ (Fe3+)
state with the QA0QB

0 redox state. These values are remark-
ably high with respect to that of 4.4 for glutamic acid in
aqueous solution. This is indicative for a negatively charged
environment in the neighborhood of D1-Glu243, which is
surrounded by D1-Glu242 and D1-Glu244. Astonishingly,
D1-Glu243 is solvent exposed, but the proximity of the D2-
Pro237 backbone carbonyl oxygen (OGlu-OPro distance of
4.1 Å) seems to favor the neutral charge state of D1-Glu243.
Although mutation of D1-Glu243 to Gln resulted in acceler-
ated D1 protein degradation, the rate of ET from QA to QB

in this mutant did not differ from that of the wild type (37).
The high pKa(bias) value for D1-Glu243 in the present study
implies that this acidic residue is likely protonated at pH 7,
which agrees with the mutational study of Glu243 to Gln
(37).

The small pKa(bias) difference for D1-Glu243 in response
to the change of the Fe redox state implies that this residue
does not relate to the redox properties of the Fe complex
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unlike D1-Glu244. Indeed, when the protonation state of D1-
Glu243 is constrained (either to ionized or protonated), the
pH dependence ofEm(Fe) remains unchanged (for further
discussion, see the next section). Furthermore, if the proto-
nation state of D1-Glu243 would be directly coupled to the
Fe redox state, it should lead to deprotonation rather than
protonation of D1-Glu243. Therefore, the small protonation
of D1-Glu243 by 0.1 H+ upon oxidation of the Fe complex
can be attributed to a partial compensation of the induced
ionization of D1-Glu244 rather than to a direct influence from
the redox change of the Fe complex. Such a coupling of the
D1-Glu243 and D1-Glu244 protonation states points to the
existence of a network of titratable residues in the neighbor-
hood of the Fe complex (see the next section).

Residues Responsible for the pH Dependence of Em(Fe).
According to former studies on PSII, the pH dependence of
Em(Fe) had a slope of-60 mV/pH, which is indicative for
deprotonation events that couple with the oxidation of the
Fe complex (4, 8, 9). Our computation also shows this pH
dependence in the QA0QB

0 redox state (Figure 2). From
discussion in the previous section, D1-Glu244 is a candidate
that significantly contributes to the pH dependence ofEm-
(Fe). To elucidate the origin of this pH dependence in more
detail, in the present study we consider a more simplified
system, in which only the D1/D2 proteins are titratable and
the other PSII subunits are kept invariant in the standard
protonation state.

In this model computation, we obtained a pH dependence
of Em(Fe) with a slope of-50 mV/pH in the pH range of
5-9, suggesting that most of the pH dependence originates
from titratable residues in the D1/D2 complex. When the
protonation state of D1-Glu244 is constrained (either to
ionized or protonated) in the same model system, the pH
dependence ofEm(Fe) becomes considerably smaller, ex-
hibiting a slope of only-26 mV/pH. This implies that D1-
Glu244 is significantly responsible for the pH dependence
of Em(Fe) but is not alone responsible. To suppress the pH
dependence ofEm(Fe) in PSII completely, we had to increase
the number of titratable residues whose protonation states
are constrained and finally reached a conclusion that a cluster
of titratable residues, not a single residue, is responsible for
the pH dependence ofEm(Fe). These important residues are
delocalized around the Fe complex in the D1/D2 unit. We
obtain a relatively small pH dependence ofEm(Fe) with a
slope of-17 mV/pH only when we constrain the protonation
states of the following residues whose importance in the PSII
protein complex was suggested formerly: five Glu residues
(D1-242-244 and D2-241-242) in the D-de loop (20, 38)
and six basic residues [D2-Arg233, D2-Arg251 (39), D1-
His252 (40), D2-Lys264, D2-Arg265 (35, 41), and D1-
Arg269 (42, 43)] (Figure 1). In the present study, we assign
the stoichiometric proton release upon oxidation of the Fe
complex largely to a few key residues, namely, (i) D1-
Glu244, D1-His252, and D1-Glu243 in the QA

0QB
0 redox

state (Figure 4a), (ii) D2-Lys264, PsbT-Arg24, D1-Glu244,
and D1-His252 in the QA-QB

0 redox state (Figure 4b), and
(iii) D1-Glu244, D1-His252, and D1-Glu243 in the QA

0QB
-

redox state (Figure 4c). Nevertheless, these residues are not
always coupled to the redox state of the Fe complex directly.
In some cases, proton release (or uptake) is a consequence
of reduction of QA or QB rather than oxidation of the Fe
complex (see Figure 5).

The necessity of several titratable residues in accounting
for the pH dependence ofEm(Fe) is in line with the
conclusion of Berthomieu and Hienerwadel (44). They
suggested that modeling the changes ofEm(Fe) upon
bicarbonate replacement by other carboxylate anions requires
a delocalized network of titratable residues (44). Indeed,
forcing D1-Glu244 to be deprotonated invoked D1-Glu243
to be protonated as a consequence of charge compensation.
Furthermore, simultaneous enforced deprotonation of both
D1-Glu243 and D1-Glu244 results in protonation of D2-
Glu242. These strong interactions among a cluster of Glu
residues in the D-de loop imply that they serve as a proton
network and internal proton reservoir for the Fe complex.
This delocalized network of titratable residues could explain
the mutant studies of Ma¨enpää et al. (45) where a single
mutation of D1-Glu243 to Lys did not alter the phenotype
of PSII but modulation of the ET process from QA

- to QB

resulted from the deletion of three Glu (D1-242, D1-243,
and D1-244). Hence, the relatively large influence of D1-
Glu244 on the pH dependence ofEm(Fe) can be understood
only within the frame of the proton network consisting of
the residues mentioned above.

pH Dependence of Em(Fe) in Experiment and Computa-
tion. In the experimental redox titration, the pH dependence
of Em(Fe) in PSII exhibited a slope of-60 mV/pH in the
pH range of 5.5-8.5 (4, 8, 9). In the present study, the pH
dependence ofEm(Fe) in the QA

0QB
0 redox state is-59 mV/

pH at pH 5-7, which is consistent with the experimental
redox titration. We obtain essentially the same pH depen-
dence of-56 mV/pH in the QA

0QB
- redox state (Figure 2).

In contrast, in the QA-QB
0 redox state the pH dependence

of Em(Fe) is -38 mV at pH 5-7 (Figure 2). Since the
experimental pH dependence ofEm(Fe) in PSII exhibits a
slope of-60 mV/pH in the pH range of 5.5-8.5 (4, 8, 9),
our results suggest that a completely reduced QA is not
relevant. In turn, this may not exclude a possibility that the
QA

- state is more functional at pH values outside of the 5.5-
8.5 interval.

In comparison of experimental and computed data, the
following factors need to be considered. We calculatedEm-
(Fe) in the fixed redox states of QA

0QB
0, QA

-QB
0, and

QA
0QB

-. To computeEm(Fe) as the “midpoint potential” of
the Fe complex, we generate an equal amount of oxidized
and reduced states of the Fe complex and apply the Nernst
equation. However, this idealized condition may not always
hold for experimental redox titration, where the redox change
of the Fe complex can be accompanied also with a change
in the redox state of QA/B. A separation of these different
influences is not easy (for instance, see refs11, 35, and46).
Furthermore, heterogeneity in the oxidation event of the Fe
complex has been indicated (41). EPR studies showed that
PSII samples in the Fe2+QA

- state consist of conformers with
g ) 1.82 (g ) 1.84 in ref12) andg ) 1.9 (47). Among a
number of BBY-PSII preparations with enrichment of theg
) 1.82 conformer, oxidation of the Fe complex by ferricya-
nide was more difficult, even at pH 7 (12) (see also later
discussion).

Another factor is the structural change of a protein
associated with changes of pH or solvent redox potential.
Specifically, the Fe complex of PSII is in the vicinity of the
hydrophilic D-de loop, which is rich in titratable residues
(Figure 1). In the PSII crystal structure (15), the Fe complex
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is likely to refer to the reduced state, which is energetically
more stable. As shown in the present study, the protonation
states of titratable residues near the Fe complex are sensitive
to solvent pH and the redox state of the Fe complex (and
also the redox state of QA/B). Therefore, oxidation of the Fe
complex may be accompanied by structural changes of
nearby residues as a consequence of electrostatic interactions
with the negatively charged acidic residues as discussed in
ref 9. If this is the case, this could result in discrepancies
between experimental and computational results, especially
for the titration at pH distant from pH 7. Thus, the
discrepancy in the slope of theEm(Fe) pH dependence in
low- and high-pH regions may have two possible reasons:
(i) difficulties of the experimental approach to identify the
Em(Fe) to strong coupling with different QA/B redox states
and (ii) inability of our approach to consider possible
structural changes of PSII accompanied with changes in pH
and protonation states of titratable residues in the D-de loop.

Influence of the QA/QB Redox State on Em(Fe). We
obtainedEm(Fe)) +302 mV for the QA

-QB
0 state and+268

mV for the QA
0QB

- state at pH 7 relative toEm(Fe)) +400
mV for the QA

0QB
0 state. These results suggest that the QB

-

state stabilizes the oxidized state of the Fe complex more
effectively than the QA- state. Apparently, the location of
QA and QB is symmetric with respect to the Fe complex and
bicarbonate (15). Therefore, the different influence of the
two quinones onEm(Fe) should be attributed to different
arrangements of titratable residues at the QA/QB side or
differences in the protonation pattern upon formation of QA

-/
QB

-. For each redox state QA
0QB

0, QA
-QB

0, and QA
0QB

-,
we calculated the protonation pattern of titratable residues
in the whole PSII complex (Figure 3). The formation of
negatively charged QA- results in increased protonation by
0.4 H+ at D1-Glu244 and by 0.3 H+ at PsbT-Arg24 (Table
1). The latter is a residue outside of the D1/D2 proteins but
relatively close to QA (OQA-NArg distance of 6.6 Å) (Figure
1). Protonation states of these two residues remain unaffected
by formation of QB

-; i.e., D1-Glu244 remains deprotonated
and PsbT-Arg24 partially deprotonated. On the other hand,
D1-His252 becomes more protonated by 0.5 H+ (Table 1)
upon formation of QB-. This resembles a proton uptake
ability of Glu-L212 in bRC fromRhodobacter sphaeroides
observed in previous computations (48-50) (for further
details, see the next section).

Since D1-Glu244 is the acidic residue that is closest to
the bicarbonate (∼5 Å) and the Fe complex (∼9 Å from
Fe) (15), obviously, the protonation state of D1-Glu244 has

a direct impact on the redox behavior of the Fe complex
and vice versa. According to the crystal structure (15), QB

is via D1-Ser264 involved in an H-bond network with D1-
His252 (Figure 1). This QB H-bond network facilitates
protonation of the remote, solvent-exposed D1-His252 upon
formation of QB

- as a consequence of charge compensation.
In this case, D1-Glu244 does not have to protonate. The
solvent exposure of D1-His252 and its relatively large
distance from the Fe complex (∼14 Å from Fe) diminish its
direct electrostatic influence onEm(Fe). On the other hand,
such an H-bond network extending over∼14 Å is absent in
the QA side of PSII. Therefore, to compensate the negative
charge on QA-, PSII has only the possibility to react with
protonation of D1-Glu244. Due to the proximity of D1-
Glu244 to the Fe complex (∼9 Å from Fe), protonation at
D1-Glu244 upshiftsEm(Fe) considerably as compared to a
protonation of the more distant D1-His252.

Light-Induced Oxidation of the Fe Complex by Exogenous
QB. Zimmermann and Rutherford (11) found that, after
reconstituting high-potential exogenous quinone at the QB

site (for instance, by phenyl-p-benzoquinone), light-induced
oxidation of the Fe complex could be observed without
support of ferricyanide. Later, Petrouleas and Diner also
observed reversible oxidation of the Fe complex by similar
exogenous QB (12, 17). It also has been established that
inhibition of ET from QA

- to QB by DCMU, a herbicide,
results in inhibition of Fe complex oxidation by ferricyanide
(4). On the basis of these facts, Petrouleas and Diner
proposed the following sequential reactions (12); (i) in the
first flash, ET from QA

- to QB occurs in the Fe2+ state and
leads to the formation of the QA0Fe2+QB

- state. The ET from
Fe2+ to QB

- coupled to net protonation of QB by two H+

results in QA
0Fe3+QBH2; (ii) in the second flash, ET from

QA
- to Fe3+ completes the QA0Fe2+QBH2 state (12).

Indeed, theEm(Q-/QH2) of +573 mV for phenyl-p-
benzoquinone (11) would be high enough to reduce the
oxidized Fe complex (in step ii). However, the value ofEm-
(Q-/QH2) cannot fully explain the efficiency to form
Fe3+QBH2 with respect to theEm(Q-/QH2) for other exo-
genous quinones, implying involvement of other factors (11).
From this viewpoint, one may argue about differences in
binding affinity of these exogenous quinones in the QB

binding site (17). In addition, in previous computations for
bRC (51, 52) it was also demonstrated that formation of
QBH2 proceeds energetically more favorably via QBH and
QBH- rather than via the direct double protonation of QB

-.
Therefore, we assume that formation of Fe3+QBH2 in PSII
occurs via the intermediate states of QBH and QBH-. The
involvement of these intermediate states in the net reaction
does not change the stoichiometry of the net reaction of one
electron and two protons, in which the net pH dependence
for Fe3+QBH2 formation remains-60 mV/pH.

We consider that, to enable this ET from Fe2+ to QB,
besides a high-potential quinone protonation of D1-His252
is probably important to upshift theEm(QB), making QB

energetically more suitable as an electron acceptor. The lack
of such an H-bond network in the QA side makes it more
difficult for PSII to recruit other distant titratable residues
besides D1-Glu244 to stabilize the negatively charged QA

-.
Here we propose that proton release from D1-His252 is
related to the efficiency of the Fe complex oxidation. Upon

Table 1: Protonation States (H+) of Residues for Different QA/B

Redox States with an Equal Amount of [Fe2+] and [Fe3+] States of
the Fe Complexa at pH 7

protonation statesb

residues QA0QB
0 QA

-QB
0 QA

0QB
-

D1-Glu244 0.39 0.77 0.48
D1-His252 0.07 0.07 0.61
PsbT-Arg24 0.69 0.96 0.71

a For the main purpose of investigating the influence of the
protonation pattern onEm(Fe), all of the protonation states were
calculated in the presence of an equal amount of [Fe2+] and [Fe3+]
states, asEm(Fe) is defined.b Fully protonated or deprotonated states
were defined as protonation states with 1.0 H+ or 0.0 H+, respectively.
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the Fe2+QB
- f Fe3+QB

unchargedreaction, we observe signifi-
cant proton release from D1-His252 at pH 5-8 (Figure 4e).
Note that QB

unchargedstands for the states QB
0, QBH0, and

QBH2
0. Zimmermann and Rutherford observed that at pH

5.5 light-induced oxidation of the Fe complex by exogenous
QB

- was drastically decreased to a yield of 20% (11). In
this connection, Wraight reported the occurrence of an
apparent pKFe(oxidized)at 5.3 and the absence of proton release
below pH 5 (9). Consistent with these experimental findings,
we observed in our computations a significant decrease of
proton release from D1-His252 below pH 5 (Figure 4e)
where D1-His252 is strongly protonated for the reduced and
oxidized Fe complex. Furthermore, we obtain maximum
proton release from D1-His252 at pH 6-7 (Figure 4e).
Indeed, Petrouleas and Diner obtained maximum efficiency
of the formation of Fe3+QBH2 in the same pH range of 6-7
(12), which is considered as the typical physiological pKa

for His.
D1-His252 is a residue near the QB binding site (Figure

1). Proton uptake (Table 1) and release (Figure 4e) at D1-
His252 resemble a proton uptake ability of Glu-L212 in bRC
from Rhodobacter sphaeroidesobserved in previous com-
putations (48-50). According to sequence alignment [based
on analysis with CLUSTAL (53)], Glu-L212 in bRC is
replaced by Ala in PSII, but the next residue Asp-L213 in
bRC corresponds to D1-His252 in PSII. Since the protonation
state of Asp-L213 directly affects the H-bond pattern for QB

(50, 52, 54, 55), proton uptake of D1-His252 in PSII could
be interpreted in analogy to protonation of Glu-L212/Asp-
L213 in bRC. In bRC, the proton needed to form QBH from
QB

- is transferred via Ser-L223 to the distal carbonyl oxygen
of QB (reviewed in refs22 and 51). Ser-L223 in bRC
corresponds to D1-Ser264 in PSII (Figure 1). D1-His252 is
in H-bond distance to D1-Ser264. Hence, loss of proton
release from D1-His252 at low pH may result in inefficient
QB

- protonation. Neutralization of the negatively charged
QB

- by proton release from D1-His252 should be coupled
to or even be a prerequisite for efficient Fe complex
oxidation. Otherwise, Fe2+ should be oxidized to Fe3+

simultaneously with electron donation to the negatively
charged QB- [i.e., corresponding toEm(QB

-/QB
2-)], which

is energetically very unfavorable.
EPR Signals at g) 1.82 and g) 1.9 Relate to the Ability

of D1-His252 To Deprotonate or Not.EPR studies showed
that PSII samples in the Fe2+QA

- state consist of conformers
with g ) 1.82 (1.84 in ref12) or g ) 1.9 (47). Rutherford
and Zimmermann proposed that the two forms of the
Fe2+QA

- state (g ) 1.82 andg ) 1.9 conformers) reflect
different protonation states of a titratable residue near the
Fe complex or QA/B, since (i) lowering the pH resulted in a
population increase of the PSII conformer withg ) 1.82 at
the expense of that withg ) 1.9 and (ii) an apparent pKa of
7-8 obtained from the ratio of the two conformers excluded
a direct protonation event of QB (47).

Petrouleas and Diner demonstrated that it was more
difficult to oxidize the Fe complex of PSII in theg ) 1.82
conformer than in theg ) 1.9 conformer (12). As discussed
in the present study (see also Figure 4e), proton release from
D1-His252 could be necessary for efficient Fe3+QBH2

formation. At low pH, D1-His252 is not able to release a
proton due to its persistent protonation for the reduced and
oxidized Fe complex. Due to a number of remarkable features

consistent with experimental results, the protonation behavior
of D1-His252 observed in the present study is an indication
that the EPR signals atg ) 1.82 andg ) 1.9 can be attributed
to two different D1-His252 populations, the former being
capable of releasing a proton and the latter not. Indeed,
addition of the phenolic herbicide DINOSEB at pH 8.5
resulted in an increased population of theg ) 1.82
conformer, indicating that the titratable residue responsible
for the g ) 1.82 andg ) 1.9 conformers should be a key
residue associated with ET between QA and QB (47).
Therefore, Rutherford and Zimmermann proposed that this
titratable residue is the same residue that is responsible for
proton uptake upon formation of the QB

- state (47), which
is in agreement with our assignment of D1-His252 to the
origin of theg ) 1.82 andg ) 1.9 conformers.

The involvement of a His residue near QB in oxidation of
the Fe complex was also suggested by FTIR studies of
Berthomieu and Hienerwadel (13, 44). They observed a
stoichiometric one-proton release from a His residue upon
oxidation of the Fe complex by ferricyanide. Although their
measurements did not refer to PSII samples reconstituted
with high-potential exogenous quinones, we assume that D1-
His252 could also contribute to proton release under these
conditions as observed in the FTIR studies.

In the previous part, we referred to D1-Glu244 as one of
the titratable residues responsible for variation of the pKa

with the Fe complex redox state, discussed by Wraight (9)
or Deligiannakis et al. (35, 36). However, an uncertainty
remains in the interpretation of experimental redox titrations,
because the redox change of the Fe complex is accompanied
with that of QA/B (11, 35, 46) (see discussion in previous
part). This may include the case where the oxidation of the
Fe complex is coupled to the QB redox state discussed here.
In this case, D1-His252 can also be the titratable residue.

On the other hand, D1-His252 is obviously more distant
from the bicarbonate binding site than D1-Glu244 (Figure
1). As discussed in the present study, both D1-Glu244 and
D1-His252 are in the same network of residues serving as
an internal proton reservoir. Therefore, we assume that both
of the two residues are, more or less, related to the titratable
residue discussed by Wraight (9) or Deligiannakis et al. (35,
36). It might well be that the residue of Wraight (9) and
that of Deligiannakis et al. (35, 36) are identical. Neverthe-
less, it should again be noted that the titratable residue
discussed by Deligiannakis et al. (35, 36) refers to the one
whose pKa was affected by the bicarbonate replacement. This
background of their original suggestion can be indicative of
a residue, not necessarily but preferentially, located close to
the bicarbonate binding site. At this point, we consider that
D1-Glu244 is more likely the titratable residue proposed by
Deligiannakis et al. (35, 36), possibly together with other
titratable residues in the D-de loop.

Protonation State of the PsbT Protein in Response to QA/
Fe Redox Change.The change in protonation of PsbT-Arg24
with a change of the Fe complex redox state observed in
the present study is somewhat unexpected, since this residue
is at a distance of∼17 Å from the iron of the Fe complex.
On the other hand, PsbT-Arg24 is relatively close to QA. Its
basic guanidinium group is at a distance of only 6.6 Å from
the QA carbonyl oxygen (Figure 1). Therefore, this basic
residue, which is highly conserved in the PsbT protein,
changes its protonation also with the redox state of QA.
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It was suggested that the PsbT protein might not be
essential for stability and function of PSII (56), since the
psbTlacking mutant inChlamydomonas reinhardtiiresulted
in only slightly impaired PSII activity with respect to the
wild-type PSII. On the other hand, recent studies suggested
that under strong illumination PSII activity was reduced in
thepsbTlacking mutant more significantly than that in wild-
type PSII (57). It was therefore concluded that PsbT may
not be relevant for photoprotection but important for an
efficient recovery of photodamaged PSII (57). Thus, proxim-
ity and protonation state coupling of PsbT-Arg24 with the
QA redox state have a potential importance for the mechanism
of recovering photoinhibited PSII. Although our present data
do not provide further information on this issue except for
protonation at PsbT-Arg24 upon formation of QA

-, it may
be speculative that PsbT-Arg24 is responsible for a proton
uptake event related to QA, for instance, removing protons
from protonated QA, a possible product of photoinhibited
PSII.

CONCLUDING REMARKS

In the QA
0QB

0 redox state, the protonation state of D1-
Glu244 is significantly coupled to the oxidation state of the
Fe complex. However, to account for the pH dependence of
the calculatedEm(Fe), other residues, at least D1-Glu243,
D1-His252, D2-Lys264, D2-Arg265, and PsbT-Arg24, need
to be considered. The coupling of these residues to the redox
state of the Fe complex varies significantly in the different
QA/B redox states and at different pH, implying the existence
of a network of residues in the D-de loop serving as an
internal proton reservoir. Upon formation of the QA

-QB
0 or

QA
-QB

0 redox states,Em(Fe) is downshifted significantly.
Especially, protonation of D1-His252 in the QA

0QB
- redox

state, presumably via an H-bond network involving D1-
Ser264, plays an important role in stabilizing the oxidized
state of the Fe complex, resulting in downshift ofEm(Fe).
Upon the Fe2+QB

- f Fe3+QB
unchargedET reaction, which was

suggested to occur photochemically in PSII after the
reconstitution of native QB with high-potential exogenous
quinone, we observed significant proton release from D1-
His252. The degree of proton release from D1-His252 going
along with this redox reaction relates to the oxidation
efficiency of the Fe complex observed in experimental
studies. We conclude that neutralization of the negatively
charged QB- by a proton released from D1-His252 should
be coupled to or even a prerequisite for efficient oxidation
of the Fe complex. Thus, it is likely that EPR signals for the
Fe2+QA

- state atg ) 1.82 andg ) 1.9 can be attributed to
two different protonation states of D1-His252, the former
being capable of releasing a proton and the latter not.
Therefore, the titratable residue discussed by Wraight (9)
can be D1-His252, especially when the oxidation of the Fe
complex is associated with a redox change of QB. On the
other hand, Deligiannakis et al. (35, 36) suggested that a
residue whose pKa is affected by bicarbonate replacement
should directly influence the redox behavior of the Fe
complex. We suggest that D1-Glu244 could play this role,
possibly together with other titratable residues in the D-de
loop.
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