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ABSTRACT: Water oxidation generating atmospheric oxygen occurs in photosystem II (PSII), a large protein-
pigment complex located in the thylakoid membrane. The recent crystal structures at 3.2 and 3.5 Å
resolutions provide novel details on amino acid side chains, especially in the D1/D2 subunits. We calculated
the redox potentials for one-electron oxidation of the chlorophylla (Chla) molecules in PSII, considering
the protein environment in atomic detail. The calculated redox potentials for the dimer Chla (PD1/D2) and
accessory Chla (ChlD1/D2) were 1.11-1.30 V relative to the normal hydrogen electrode at pH 7, which is
high enough for water oxidation. The D1/D2 proteins and their cofactors contribute approximately 390
mV to the enormous upshift of 470 mV compared to the redox potential of monomeric Chla in
dimethylformamide. The other subunits are responsible for the remaining 80 mV. The high redox potentials
of the two accessory Chla ChlD1/D2 suggests that they also participate in the charge separation process.

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
chlorophylla (Chla) of the reaction center (RC), which form
an oxidized positively charged radical P680+‚, while the
released electron travels along the electron transfer (ET)
chain. The ET chain is located in the D1/D2 RC harboring
two accessory Chla (ChlD1/D2), two pheophytina (PheoD1/D2),
two plastoquinones (QA and QB) from which QB is finally
reduced. After double reduction and protonation, QB is
released from its binding site to the bulk quinone pool
associated with the thylakoidal membrane. P680+‚ is re-
reduced by the redox-active tyrosine D1-Tyr161, which is
subsequently reduced by an electron from the Mn cluster,
the heart of the oxygen-evolving complex. Ultimately, the
oxidation of the Mn cluster is achieved by the high redox
potential of P680 formed by Chla from the RC. However,
efforts to directly measure the redox potential of P680,
Em

ox(P680), for one-electron oxidation by spectroscopic
methods were hampered by the complexity of overlapping
pigment contributions in the PSII absorption spectrum near

680 nm. Therefore, the redox potential of P680 could only
be deduced approximately, yielding a value of+1150 mV
(1). A more recent estimate based on charge recombination
data amounts to+1260 mV (2). Although these redox
potentials are higher than the minimum value of+820 mV
required for the oxidation of water (3), the enormous upshift
of Em(Chla) from P680 in PSII with respect to that from
monomeric Chla in dimethylformamide (DMF) of+830 mV
(4) is a matter of debate. Even less reliable is information
available on the redox potentials of the other Chla in PSII.

The latest crystal structure at 3.2 Å resolution (3.2-Å
structure) (5) and the crystal structure at 3.5 Å resolution
(3.5-Å structure) (6) of PSII isolated from the thermophilic
cyanobacteriumThermosynechococcus elongatusrevealed
details of polypeptide side chains and cofactors. Here, we
provide values for the redox potentials of Chla molecules
PD1/D2 and ChlD1/D2 in the PSII RC, which were calculated
by solving the linearized Poisson-Boltzmann (LPB) equation
accounting for all amino acids, bound redox-active cofactors,
and their different charge states. The electrostatic energy
computations involved titration of all charged residues and
enabled us to pinpoint the direct influence of specific amino
acids and cofactors on redox potential values of the cofactors
in the ET chain. Because we found in our computations that
the redox potentials of Chla in the ET chain depend only
marginally on a change of the Mn-charge state by one unit
charge, i.e., Sn f Sn(1 (see the Experimental Procedures),
the calculated results refer to the most reduced S0 state of
PSII if not otherwise stated.

EXPERIMENTAL PROCEDURES

Coordinates.Atomic coordinates were taken from the
crystal structure of PSII fromThermosynechococcus elon-
gatusat resolutions of 3.2 Å (PDB 1W5C) (5) and 3.5 Å
(PDB 1S5L) (6). In the former structure, a bicarbonate was
added as ligand to the non-heme iron for the computation in
analogy to the glutamate of the bacterial photosynthetic
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reaction center (bRC) fromRhodobacter sphaeroides(PDB
1AIG) (7). The calculatedEm(PD1/D2) was unaffected by the
presence or absence of this bicarbonate in our computation.
In both crystal structures, hydrogen-atom positions were
energetically optimized with CHARMM (8). During this
procedure, the positions of all non-hydrogen atoms were
fixed. All titratable groups were kept in their standard
protonation states (acidic groups ionized and basic groups,
including titratable histidines, protonated), and PD1/D2, ChlD1/D2,
ChlZ, Pheo, and plastoquinone were kept in the neutral-charge
redox states. Histidines that are ligands of Chla were treated
as nontitratable with neutral charge.

Atomic Partial Charges.Atomic partial charges of the
amino acids were adopted from the all-atom CHARMM22
(9) parameter set. The charges of acidic oxygens were both
increased symmetrically by+0.5 unit charges to account
implicitly for the presence of the 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 (10). For
the cofactors, the same atomic charges as in our previous
computation of PSII (11) were used.

Mn Cluster. The Mn cluster is proposed to change its
oxidation state from [Mn4] (II, III, and IV 2) in state S0 to
[Mn4] (III and IV3) in states S2 and S3 (12). In the 3.5-Å
structure, we considered the four explicitly givenµ-oxo-
oxygen atoms as O2-, assigned to each Mn ion and 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. In the 3.2-Å
structure, the Ca2+ ion, all fourµ-oxo-bridging oxygens, and
the bicarbonate are lacking in the Mn cluster. To avoid an
artificial influence on calculated PD1/D2 redox potentials
because of discrepancies in atomic charges of the Mn cluster
with all of its components (Ca, 4O, and bicarbonate) between
the two crystal structures, the same total positive charge of
six elementary units obtained for the S0 state of the Mn4O4-
bicarbonate complex in the 3.5-Å structure was also used
for the Mn cluster in the 3.2-Å structure. Consequently, in
the 3.2-Å structure, each of the four Mn ions was assigned
a positive charge of+1.5 (see Table S1 in the Supporting
Information).

The exact configuration of the Mn cluster is still a matter
of debate. Possibly, two more oxygens than found in the
3.5-Å structure may be ligated at the Mn cluster as suggested
by a recent EXAFS study (13). Furthermore, a Cl- ion is
also a potential ligand to the Mn cluster (1), although no
Cl- ion was found in the present crystal structures. Because
the total charge of the Mn cluster considered to be in the S0

state depends on the exact composition and charge state of
the ligands, which so far is uncertain, we explored the
influence of the charge state of the Mn cluster on the
computedEm

ox(PD1/D2) by changing the total charge of the
four Mn ions evenly by one unit charge to simulate Sn f
Sn(1 state transitions. Increasing the total charge of the Mn
ions by one unit yielded an upshift ofEm(PD1) andEm(PD2)
by 21 and 9 mV in the 3.2-Å structure, respectively. The
corresponding shifts were 25 and 12 mV in the 3.5-Å
structure (11). Decreasing the total charge of the Mn ions

by one unit downshiftedEm(PD1/D2) by the same amount.
Hence, the calculated sensitivity ofEm(PD1/D2) to changes of
the total charge of the Mn cluster is small and similar in the
two crystal structures. This justifies our modeling procedure
of the Mn-cluster charges regardless of differences in the
explicit atomic coordinates and ligands. Thus, all computa-
tions were done in the S0 state of the Mn cluster with the
charge distribution as described above and given in detail
in Table S1 of the Supporting Information.

Computation of Protonation Pattern and Redox Potentials.
Our computation is based on the electrostatic continuum
model by solving the LPB equation with MEAD (14). The
protonation patterns were sampled by a Monte Carlo (MC)
method with our own program Karlsberg (15). The dielectric
constant was set toεP ) 4 inside the protein andεW ) 80
for water as done in previous computations (11, 16-20).
All computations refer to pH 7.0 at 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] of the redox states of compound A. The redox
potentials are calculated from the Nernst equation

whereF is the Faraday constant,E is the solution redox
potential. andE° is the standard redox potential of the redox-
active groupA. To minimize the statistical error in evaluating
the redox potential, 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 redox potential.
For convenience, the computed redox potentials are given
with millivolt accuracy, without implying that the last digit
is significant. For further information about the redox
potential computation and error estimate, see ref20 and the
Supporting Information. To obtain the absolute value of the
redox potential in the protein, we calculated the electrostatic
energy difference between the two redox states of Chla in a
reference model system. The shift of the redox potential in
the protein relative to the reference system was added to the
experimental value. As the reference model system, we used
the Chla redox potential versus NHE (normal hydrogen
electrode) for one-electron oxidation in DMF solution
Em

ox(Chla) ) +830 mV (4). The DMF solution was mod-
eled by a continuum dielectric with constantε ) 37. The
electrolyte and aprotic solvent used in electrochemical
measurements affects the redox potentials. The computational
method used in this study is able to consider the difference
of the solvents in terms of the dielectric constant or the
electrolytes in terms of ionic strength but may be limited to
take all of the electrochemical factors into account. For
instance,Em

ox(Chla) in CH2Cl2 is about 60 mV lower with
the electrolyte chloride-TBAC than with perchlorate-
TBAP. This discrepancy was interpreted in terms of different
ligation activity to Chla+‚ (21). Our computations ignore
these effects, but all of the computational results are directly
comparable, because the same reference model system, i.e.,
Em

ox(Chla) ) +830 mV in DMF is used (4).
Dielectric Volume.The dielectric volume of a protein

complex is the spatial area and shape covered by molecular

E ) E° + RT
F

ln
[Aox]

[Ared]
(1)
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components of the protein that are the polypeptide backbone,
side chains, and cofactors but not water molecules. The redox
potential of a redox-active group embedded in a protein
complex of low dielectric constantε ) 4 depends on its
location in the dielectric volume of the protein complex and
the shape of this complex. If the redox-active group is in
the center of the protein complex, it is strongly shielded from
the outer solvent withε ) 80. As a consequence, redox states
where the redox-active group carries a net total charge are
destabilized and protein charges near the redox-active group
have a larger influence on its redox potential. In a protein
with a low dielectric constant, titratable groups adopt often
nonstandard protonation states (i.e., protonation/deprotonation
of acidic/basic residues), which may diminish the influence
of protein charges on the potential of the redox-active group.
On the other hand, the influence of the protein environment
diminishes considerably if a redox-active group is solvent-
exposed. Hence, it adopts the redox state governed by the
solution value of the redox potential. For the same reason,
titratable groups that are solvent-exposed often adopt the
standard protonation state, i.e., acidic groups are ionized and
basic groups are protonated.

To facilitate a direct comparison with our previous com-
putational results, we use uniformly the same computational
conditions and parameters such as atomic partial charges and
dielectric constants. As a general and uniform strategy, all
of the crystal waters are removed in our computations (16-
19, 22-24) because of the lack of experimental information
for hydrogen-atom positions. Cavities resulting after removal
of crystal water are uniformly filled with a solvent dielectric
of ε ) 80. So far, the two crystal structures of PSII do not
reveal crystal waters because of the low resolution. Crystal
water could have a crucial influence onEm(Chla) when it
constitutes an axial ligand of Chla. This might be the case
for ChlD1/D2 in PSII, because no residues are ligated to these
Chla in contrast to PD1/D2 Chla. The influence of crystal water
onEm(Chla) generally observed in our previous computations
is in the range of 20-30 mV.

Direct and Indirect Contributions to Cofactor Redox
Potentials.Redox potentials of cofactors are influenced by
the protein environment, which is described by the protein
dielectric volume and the charge distribution generated by
the amino acids. The contribution from the charges or
dielectric volume of a particular residue on the shift of a
cofactor redox potential can be probed by setting the residue
atomic charges to zero (while keeping the van der Waals
volume of the corresponding atoms at the low dielectric
constant of the protein) or by deleting the atom volume from
that residue, respectively. Here, we discriminate adirectand
indirect contribution to the redox potential shift. The direct
contribution is the bare effect of interactions between charges
or the dielectric volume of the considered residue and the
redox-active cofactor. The direct contribution disregards
changes in the charge pattern of other titratable residues,
which may occur as a consequence of the vanishing of
charges or changes in the low dielectric volume of the
considered residue. These changes in the charge pattern yield
an additional indirect contribution to the shift in the cofactor
redox potential. The direct contribution to the shift in the
cofactor redox potential because of atomic charges at a
specific residue is obtained if we calculate the redox potential
difference between the presence and absence of charges at

the particular residue, while all other charges remain invari-
ant.

RESULTS AND DISCUSSION

Remarkably High Redox Potentials of PD1/D2 and ChlD1/D2

for One-Electron Oxidation.The computed redox potential
for oxidation is extraordinary high for the dimer Chla,
yielding +1251 mV for PD1 and+1301 mV for PD2 (Figure
1), as compared to the measured value of+830 mV for Chla
dissolved in DMF (4). These values are very close to+1260
mV estimated by Rappaport et al. (2) and large enough to
oxidize YZ and water whose redox potentials were estimated
to be between+950 and +990 mV (25) and +820
mV (3), respectively. It is notable that the same condition
rendersEm

ox (ChlZ(D1/D2)) be +920 and+916 mV, respec-
tively (Figure 1), which reveals the specifically strong upshift
of Em

ox (Chla) for PD1/D2 and ChlD1/D2. The lower value of
+125 mV for Em

ox(PD1) compared to that of+1301 mV for
Em

ox(PD2) agrees with mutation studies of the PD1/D2 axial lig-
ands, suggesting thatEm

ox(PD1) is about 40 mV lower than
Em

ox(PD2) (26). The computed redox potentials for the ac-
cessory Chla Em

ox(ChlD1/D2) (+1212 mV for ChlD1 and
+1118 mV for ChlD2) are also nearly as large as those of
PD1/D2, which may support a multimer rather than a dimer
model for the charge separation mechanism involving not
only PD1/D2 but also ChlD1/D2 (27). This is corroborated by
electrochemical redox titration of PSII, which showed little
oxidation of Chla unless very high potentials are applied (28).

The calculatedEm
ox(ChlD1/D2) values showed an opposite

redox potential pattern in the two crystal structures. Among
the four Chla in the RC, ChlD1 possesses the lowestEm

ox in
the 3.5-Å structure, while ChlD2 possesses the lowest redox
potential in the 3.2-Å structure (Figure 1). One of the most
straightforward interpretations of these calculatedEm

ox might
be the following: after charge separation, the positive charge
is likely to be localized at ChlD1 in the 3.5-Å structure and
at ChlD2 in the 3.2-Å structure. However, according to the
observation from FTIR (29) or absorption spectra of the
PD1/D2 axial ligand mutant (26), the positive charge is

FIGURE 1: Calculated redox potentials of Chla for oxidation in PSII
based on the 3.2-Å structure (solid line) (5). The values in the
bracket refer to the 3.5-Å structure (pale line) (6). Values are given
in millivolts. Because in the 3.2-Å structure the determination of
side-chain coordinates in the ChlZ region is still incomplete, we
refer to the 3.5-Å structure for the redox potentials of the cofactors
ChlZ(D1) and ChlZ(D2).
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delocalized on the PD1/D2 dimer after the charge separation
process. On the other hand, from a number of experimental
studies, it seems likely that the primary donor for the charge
separation process in PSII RC is ChlD1 at least at low
temperatures (30-35). Prokhorenko and Holzwarth (30) and
Dekker and van Grondelle (31) proposed that the electronic
excitation of a multimer of Chla in PSII RC proceeds initially
to the PD1/D2

0ChlD1
+PheoD1

- state. The charge-separated state
in PSII RC is further stabilized by transferring the posi-
tive charge from ChlD1 to PD1/D2 leading to the PD1/D2

+ChlD1
0-

PheoD1
- state with a time constant of∼25 ps (30). At very

low temperatures, the triplet state is predominantly observed
at ChlD1 and not at PD1/D2 (31). Hence, at these temperatures,
there is no transfer of the positive charge from ChlD1 to PD1/D2.
Therefore, the transfer of the positive charge from ChlD1

to PD1/D2 was proposed to be approximately isoenergetic
(31). On the basis of the 3.5-Å structure, we com-
putedEm

ox(ChlD1) to be 64 mV lower, while we computed
Em

ox(ChlD2) to be 18 mV higher thanEm
ox(PD1). Accordingly,

under stationary conditions, the positive charge would be
localized on ChlD1. Again, this is in conflict with recent
reports, which concluded that the positive charge should be
at PD1/D2 (26, 29). However, we should be aware that because
of the limited resolution of the PSII crystal structures
underlying these computations the resulting redox potentials
are subject to uncertainties.

Remarkably, in both crystal structures, ChlD1 has no
hydrogen-bond partner. However, we found that the two
crystal structures clearly differ in the orientation of the ChlD1

ester group whose rotation angle differs by about 180° (5,
6). This difference of the ChlD1 ester group can change the
Em by about 60 mV, as shown in our previous computation
for the accessory BChla in bRC (19). However, it should be
noted that a discrimination between the-O-CH3 anddO
edges of the ester group in the electron-density map is very
difficult at ∼3 Å or lower resolutions. Therefore, on the basis
of the present PSII crystal structures (5, 6), it is yet unclear
which orientation of the ChlD1 ester group, the high- or low-
potential form of ChlD1, corresponding to the 3.2-Å structure
or the 3.5-Å structure, respectively (see Figure 3 in ref19),
is the relevant state for the charge separation process. The
high-potential form of ChlD1 should energetically be more
favorable for a transfer of the positive charge from ChlD1 to
PD1/D2 by decreasing the corresponding free-energy difference
and is capable of electron-density localization in the PD1/D2

+

state. According to mutation studies (26) and the present
computations yieldingEm

ox(PD1) lower than Em
ox(PD2), the

positive charge of the PD1/D2
+ state is localized more on PD1

than on PD2. This promotes the ET between YZ and PD1/D2

required for water oxidation at the Mn cluster. Thus, a
suitable orientation of the ester group at ChlD1/D2 might be
important for the charge separation in PSII RC by affecting
Em

ox(ChlD1/D2) to promote the transfer of the positive charge
from ChlD1 to PD1/D2, which occurs predominantly in the D1
ET branch.

Protein Charges and Dielectric Volume Influencing the
PD1/D2 Redox Potentials.One of the largest unsolved riddles
of PSII is the high value of theEm

ox(P680), which is needed
to oxidize the redox-active D1-Tyr161 and water molecule.
A large upshift ofEm

ox(P680) because of strong hydrogen
bonds was often suggested in analogy to observations in bRC

where the special pair redox potential may increase from
+500 mV in wild-type bRC to more than+800 mV in
specific mutants with hydrogen-bonding numbers enhanced
by up to four bonds (36, 37). This, however, is not the case
for PSII, because the crystal structure clearly shows that PD1,
PD2, and ChlD1 are not involved in any hydrogen bonds.
Although there exists a weak hydrogen bond between ChlD2

and D1-Gln199, our computation yielded only a small direct
influence (see the Experimental Procedures) of 15 mV upshift
in Em

ox(ChlD2) from this residue (Figure 2). After removal of
all protein subunits except D1 and D2, the computed
Em

ox(PD1/D2) remained at very high values (+1166 mV for
PD1 and+1219 mV for PD2) (Table 1). It is remarkable that
these Em

ox(PD1/D2) potentials are still positive enough to
oxidize water even if PSII would consist of only D1/D2 (D1/
D2 core) and that the remaining subunits surrounding this
core enhance the upshift ofEm

ox(PD1/D2) by 80-90 mV
(Table 1). For this reason, we focus below on the D1/D2
core of PSII to clarify the factors contributing to the
remaining upshift ofEm

ox(PD1/D2).
Elimination of all atomic charges of polypeptide chains

and cofactors in the D1/D2 core except for PD1/D2, without
varying the dielectric volume decreasedEm

ox(PD1/D2) by
200-230 mV (Table 1). The remaining shift in PD1/D2 redox
potential can therefore be attributed to the dielectric volume
and shape of the D1/D2 core alone, yielding 140-160 mV.
This contribution is due to the exclusion of water (high
dielectric) from the Chla cofactors, which destabilizes the
oxidized state Chla+ resulting in an upshift ofEm

ox(PD1/D2).
The main contribution to the positive shift ofEm

ox(PD1) in
the D1/D2 core is associated with charges of cofactors, which
yield 182 mV in total (Table 1). From this value, 129 mV is
due to the Mn cluster, which according to our modeling
assumptions (see the Experimental Procedures) carries a total

FIGURE 2: Contribution of individual residues to the redox potentials
for oxidation. Positive values refer to upshifts of Chla redox
potentials in PSII, and negative values refer to downshifts. Values
are given in millivolts. D1-Asn181 and D2-Arg180 are symmetrical
counterparts in D1 and D2. D1-His198 and D2-His197 are axial
ligands of Chla in PD1/D2. The figure is based on atomic corrdinates
from PSII crystal structure at 3.2 Å resolution (5).
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of six positive unit charges in the considered S0 charge state.
The charges of the Mn cluster also influenceEm

ox(PD2),
which is significantly upshifted by 55 mV, although this is
only about half of the contribution computed forEm

ox(PD1).
The protein backbone of the D1/D2 core significantly
upshiftsEm

ox(PD1/D2) by values in the range of 170-200 mV.
We eliminated the atomic charges on backbone carbonyl
groups and amide groups separately and calculated the
resulting shift of Em

ox. Accordingly, this shift can be at-
tributed predominantly to the backbone carbonyl groups but
not to the amide groups. On the other hand, charges of the
amino acid side chains compensate the upshift induced by
the protein backbone and even overcompensate forEm

ox(PD1)
and in part forEm

ox(PD2). Thereby, the protein charges from
backbones and side chains of the D1/D2 core differentiate
the Em

ox(PD1/D2) redox potentials such thatEm
ox(PD2) is up-

shifted by 117 mV relative toEm
ox(PD1). The largest indi-

vidual contribution of this differentiation comes from D2-
Arg180, shiftingEm

ox(PD2) by +95 mV andEm
ox(PD1) by only

+51 mV. On the other hand, the redox potential shift from
the charge neutral residue D1-Asn181, which is the symmetry
counterpart of D2-Arg180 (38, 39), is vanishingly small.
Thus, the subunits D1 and D2 and their bound cofactors
contribute a total upshift of 336 and 389 mV, respectively,
to the high value ofEm

ox(PD1/D2) (see Table 1). In the
calculated absolute values ofEm

ox(PD1/D2) ranging between
1.25 and 1.30 V, all of these contributions to the redox
potential shift are accumulated and added to the+830 mV

of Em
ox(Chla) in DMF.

Side-Chain Charges Influencing the PD1/D2 and ChlD1/D2

Redox Potentials.According to our computation, the higher
value ofEm

ox(PD2) compared toEm
ox(PD1) was induced by the

atomic charges of the protein subunits and cofactors rather
than the dielectric volume and shape of the D1/D2-core part
(Table 1). Here, we show the direct influence from a selec-
tion of residues in D1 and D2 onEm

ox(PD1/D2) (Figure 2).
D2-Arg180, located in the neighborhood of PD2, was
suggested to contribute an upshift of 100-150 mV to
Em

ox(PD1/D2) (38, 39). This estimate correlates with our
computation (51 mV for PD1 and 95 mV for PD2), although
Em

ox(PD2) is more affected thanEm
ox(PD1) (Figure 2). The

small edge/edge distance (∼8 Å) between the guanidinium
head of D2-Arg180 and PD2 might be responsible for the
higher value ofEm

ox(PD2), while its corresponding neutral
counterpart in D1, D1-Asn181, has only a marginal influence
on Em

ox(PD1/D2) (Figure 2). D2-Trp191 is in van der Waals
contact with PD2. Many point mutations of this residue led
to changes of the charge recombination kinetics, suggesting
its influence on Em

ox(PD1/D2) (40). Although D2-Trp191
carries no net charge, we computed an upshift ofEm

ox(PD2)
by 29 mV because of its atomic partial charges (Figure 2).

Comparison of Protein EnVironment at PD1/D2 and ChlZ.
We observed apparent differences of the contribution of the
protein environment toEm

ox(Chla) between the pair of Chla
belonging to PD1/D2 and the pair of ChlZ. These two groups
of Chla are suitable examples to compare the peculiarities

Table 1: Different Contributions to the PD1/D2 Redox Potential for Oxidation in PSIIf

a PSII consisting only of the D1/D2 subunits and the embedded cofactors (PD1/D2, ChlD1/D2, PheoD1/D2, bicarbonate, and non-heme iron).b See ref
4. c Titrated.d Including a negatively charged bicarbonate.e Other cofactors: Chla, Pheoa, and non-heme iron, except for Mn cluster and PD1/D2.
f Calculated PD1/D2 redox potentials, accumulating the contributions from different components (dielectric volume, cofactor charges, ..., all subunits,
except D1/D2) starting from the bottom with the experimental value in DMF. Redox potentials are given in millivolts. Redox potential differences
(shifts) are given in brackets. Accumulated redox potentials of major components (whole PSII, D1/D2 core, and monomeric Chla in DMF) are
given in bold digits and connected by arrows providing the shift in rectangular brackets.
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of the protein environment in PSII. Both groups of Chla
have to be embedded in the same subunits D1/D2 and to
possess one axially ligated histidine. The pure contribution
of the protein dielectric volume inEm

ox(Chla) amounts to
an upshift of only 30 mV for Em

ox(ChlZ(D1/D2)) in the
3.5-Å structure (11). The corresponding contribution in
Em

ox(PD1/D2) resulted, however, in the much larger value of
180 mV, indicating that the low dielectric medium of the
protein is upshiftingEm

ox(Chla) roughly 6 times more for
PD1/D2 than for ChlZ. Atomic partial charges around PD1/D2

yield another upshift ofEm
ox(PD1/D2) by 100 to 190 mV,

indicating a large concentration in positive charges around
PD1/D2. The corresponding upshift ofEm

ox(ChlZ(D1/D2)) was
calculated to be 50-60 mV (11).

The ChlZ(D1/D2) are located at a peripheral position in
contrast to PD1/D2, with the latter being in the center of the
PSII complex. Indeed, the direct influence of the atomic
partial charges of the protein onEm

ox(ChlZ(D1/D2)) is com-
paratively small (11) with respect to that onEm

ox(PD1/D2),
which can be related with a partial solvent exposure of ChlZ.
Thus, one might conclude that the PSII subunits surrounding
the central D1/D2 chains generate an effectively lower
dielectric environment around PD1/D2 as compared to ChlZ.
However, in contrast to the large influence of the central
D1/D2 chains onEm

ox(PD1/D2), the outer PSII subunits con-
tribute only 70-100 mV to the upshift inEm

ox(PD1/D2) in our
computations. Although this contribution from the outer PSII
subunits is not negligible, we obtained the values of+1166/
+1219 mV forEm

ox(PD1/D2) even in the absence of the outer
subunits, which are still much higher than those of+920/
+916 mV for Em

ox(ChlZ(D1/D2)). Thus, the highly packed
protein environment around PD1/D2 giving rise to the signifi-
cant upshift ofEm

ox(PD1/D2) originates predominantly from
the D1/D2 chains.

CONCLUSION

In PSII, the calculated values ofEm
ox(P680) obtained on

the basis of decoupled Chla monomers were astonishingly
high, namely, 1.11-1.30 V. The value ofEm

ox(PD1) is lower
than that of Em

ox(PD2), which is in agreement with the
experiment (26). Our computations ofEm

ox (Chla) in PSII
revealed that the extraordinary high redox potentials for
PD1/D2 are due to the D1/D2 subunits, which contribute an
upshift of about 340-390 mV, while the other subunits
contribute 80-90 mV only. The main contributions from
the D1/D2 subunits that upshiftEm

ox(PD1/D2) and differentiate
between Em

ox(PD1) and Em
ox(PD2) are (i) the polypeptide

(backbone and side-chain) charges upshiftingEm
ox(PD2) by

117 mV relative toEm
ox(PD1), (ii) the cofactors shifting

Em
ox(PD1) andEm

ox(PD2) by 180 and 100 mV from DMF and
(iii) the dielectric volume upshiftingEm

ox(PD1) andEm
ox(PD2)

by 140 and 160 mV from DMF, respectively.

The calculation of theEm
ox (Chla) in PSII demonstrates

the close connections between protein complexity and redox
functions of the embedded cofactors. This knowledge can
serve as a basis for a deeper understanding of the PSII
function and the evolution of photosynthetic proteins.
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