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ABSTRACT: The crystal structure of photosystem II (PSII) at 3.0-Å resolution suggests that titratable residues
on the lumenal side of D1/D2 and PsbO form a polar channel, which might serve as a proton exit pathway
associated with water oxidation on the Mn-cluster. With full account of protein environment, we calculated
the pKa of these residues by solving the linearized Poisson-Boltzmann equation. Along the prospective
proton channel, the calculated pKa of titratable residues (namely via D1-Asp61, D1-Glu65, D2-Glu312,
D2-Lys317 D1-Asp59, D1-Arg64, PsbO-Arg152, and PsbO-Asp224) monotonically increase from the
Mn-cluster to the lumenal bulk side. We suggest that these residues form the exit pathway guiding protons,
which are released at the Mn-cluster as a product of water oxidation, in an exergonic process out of PSII.
Upon the S2 to S3 transition, CP43-Arg357 showed a dramatic deprotonation of ca. one H+, suggesting
that this residue is coupled to the redox states of the Mn-cluster and the tyrosine YZ. The calculated pKa

values of 4.2-4.4 for D2-Glu312 and those of∼8-10.9 for D1-Asp59 and D1-Arg64 are indicative of
the experimentally determined pKa values for inhibition of S-state transitions. Upon removal of the atomic
coordinates of PsbO, the pKa of these residues are dramatically affected, indicating a significant role of
PsbO in tuning the pKa of those residues in the proton exit pathway.

Atmospheric oxygen is generated by water oxidation at
the Mn-cluster of the photosynthetic protein-pigment com-
plex, photosystem II (PSII) located in the thylakoid mem-
brane of cyanobacteria, green algae, and plants. The photo-
synthetic reaction in PSII is initialized by light absorption,
resulting in electronic excitation that is ultimately converted
to chemical potential by a charge separation process at the
P680 chlorophylla (Chla)1 of the PSII reaction center.
Charge separation leads to formation of an oxidized posi-
tively charged radical, P680+. In intact PSII, P680+ is
rereduced by the redox-active tyrosine D1-Tyr161 (YZ),
which is subsequently reduced by an electron from the Mn-
cluster close to the lumenal (pepriplasmic) side of the
membrane. Sequential excitations of P680 drive the redox
state of the Mn-cluster from the lowest S0 to the highest
oxidized state S4. The resulting accumulation of positive
charge is expected to have a dramatic impact on the

protonation pattern close to the Mn-cluster. As a product of
water oxidation, molecular oxygen (O2) evolves during the
S3 to S0 transition i.e., in the transient S4 state, which has
not been resolved in spectroscopic studies (reviewed in ref
1). As a hydrogen bond (H-bond) partner, YZ has D1-His190,
while the symmetrical counterpart D2-Tyr160 (YD) has D2-
His189. The apparent proximity of YZ to the Mn-cluster
(edge-to-edge distance between Mn-cluster and YZ is 5 Å
(2)) and its redox activity indicates its significant role in water
oxidation at the Mn-cluster.

A number of mechanisms have been proposed for the
redox reaction between P680 and the Mn-cluster. It is a
matter of debate whether the role of YZ in water oxidation
is to function as a hydrogen abstractor (3, 4) or electrostatic
promoter (5). The existence of an exit pathway of protons
released upon water oxidation without involving YZ and D1-
His190 (proton exit pathway) was first suggested by Hau-
mann and Junge (6). Connected to the Mn-cluster, a channel
of polar residues starts at D1-Asp61 and precedes about 15
Å toward the docking site of PsbO on the lumenal surface,
as suggested by Barber, Iwata, and co-workers (7-10)
(Figure 1). PsbO has a cylindricalâ-barrel shape, but its
interior is filled by hydrophobic residues, including seven
bulky phenylalanines. Therefore, this protein is unlikely to
function as a tube that channels water or protons (9, 10).
Instead, a cluster of hydrophilic residues from the D1/D2
proteins located at the entrance of the PsbO tube seems to
function as a proton exit pathway with an overall length of
about 35 Å consisting of D1-Asp61, D1-Glu65, D2-Glu312,
D2-Lys317 (7, 8), PsbO-Asp158, PsbO-Asp222, PsbO-
Asp223, PsbO-Asp224, PsbO-His228, and PsbO-Glu229 (9,
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10), without involving YZ and D1-His190. This channel may
not only provide the proton exit pathway but also facilitate
a supply of water to the catalytic center (9). Due to the
proximity of D1-Asp61 with one Mn ion of the Mn-cluster
(Mn4 in ref7), this residue was proposed to stabilize a water
ligand to Mn (9). From a series of mutations, Chu et al. (11)
suggested that D1-Asp61 and D1-Glu65 could influence the
properties of the Mn-cluster without significantly affecting
its structural features. Clausen et al. (12) suggested the
importance of D1-Asp61, because the mutation of D1-Asp61
to Asn delayed the half-rise time of O2 release significantly.
These results agree with the position of D1-Asp61 that was
found in the neighborhood of the Mn-cluster (2, 7). On the
basis of the significant role of CP43-Arg357 in water
oxidation (13), McEvoy and Brudvig (14) further proposed
that the proton moving along the exit pathway via D1-Asp61
might be abstracted from a water molecule by CP43-Arg357.

Currently, except for a few of these residues, only limited
experimental information on this proton exit pathway is
available. To elucidate details of the pathway and its possible
role for water oxidation in PSII, we calculated the pKa for
residues along the proposed proton exit pathway by solving
the linearized Poisson-Boltzmann (LPB) equation for the
whole PSII complex based on the PSII crystal structure at
3.0 Å resolution (2), taking into account the atomic coor-
dinates of all amino acid residues and bound cofactors. Here,
we focus on the energetics of residues in the proposed proton

exit pathway and perform computations under the same
conditions and with the same parametrizations as in previous
studies (for instance, refs15, 16).

MATERIALS AND METHODS

Atomic Coordinates.In our computations, all atomic
coordinates were taken from the crystal structure of PSII from
the thermophilic cyanobacteriumThermosynechococcus elon-
gatus(T. elongatus) at 3.0 Å-resolution (3.0-Å structure, PDB
ID 2AXT) (2). For comparison, the crystal structure at 3.5-Å
resolution (3.5-Å structure, PDB ID 1S5L) (7) was also used
and, these results are mainly presented in Supporting
Information. Hydrogen atom positions were energetically
optimized with CHARMM (17). During this procedure,
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) protonated. Simultaneously, Chla, pheophytin
a (Pheoa), and plastoquinone (QA/B) were kept in their neutral
charge redox states. His that coordinate Chla were treated
as nontitratable with neutral total charge.

Atomic Partial Charges.Atomic partial charges of amino
acids were adopted from the all-atom CHARMM22 (18)
parameter set. To account implicitly for the presence of a
proton, the charges of acidic oxygens were both increased
symmetrically by+0.5 unit charges. Similarly, instead of
removing a proton in the deprotonated state, all hydrogen

FIGURE 1: (a) Hydrophilic channels at the lumenal side of PSII based on the 3.0-Å structure (2), with the lumenal side of the membrane
on top. Proton exit channel indicated schematically as a large wedge and the water entry channel as a small wedge, respectively. Residues
whose involvements in the proton exit pathway are highly probable based on the calculated pKa in the present study are labeled blue. PsbO
is depicted as a red ribbon. The blue lines mark the regimes of the proton exit pathway. For the sake of clarity, the other extrinsic proteins
PsbU and PsbV are not shown. (b) Calculated pKa values in the S4 state (colored in either blue or black) and in the S0 state (colored in
red). The latter pKa values are shown only for those residues that show significant differences (by more than 2) between the S0 and the S4
state.
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charges of the basic groups of Arg and Lys were diminished
symmetrically by one unit charge in total. For residues whose
protonation states are not available in the CHARMM22
parameter set, appropriate charges were taken from ref19.

The exact configuration of the Mn-cluster is still a matter
of debate. A Cl- ion is a potential ligand to the Mn-cluster,
although no Cl- ion was found in the present crystal
structures. For the Mn-cluster, we used essentially the same
charge model as in previous computations, where we used
the former crystal structure at 3.2-Å resolution (PDB ID
1W5C) (20) (charges are listed in ref21). The latest PSII
crystal structure at 3.0-Å resolution (2) and the structure at
3.5-Å resolution (7) possess an additional Ca2+ ion as a part
of the Mn-cluster. In our former computations based on the
crystal structure at 3.2-Å resolution (but not the crystal
structure at 3.5-Å resolution) (21), we considered the
influence from the Ca2+ ion implicitly by increasing the
charges of the four Mn ions evenly by 0.5 unit charges. In
the present study, we assigned a charge of+2 to the Ca2+

ion and lowered the charges of the Mn ions evenly, resulting
in the same net charge of the Mn-cluster as in ref21. The
atomic charges of other redox active cofactors are listed in
refs 15, 16, and22-24.

Computation of Protonation Pattern and pKa. The com-
putation of the energetics of the protonation pattern is based
on the electrostatic continuum model by solving the LPB
equation with program MEAD from Bashford and Karplus
(25). To obtain absolute pKa values of residues in the protein,
we calculated the electrostatic energy difference of titratable
residues in protein environment and in a suitable reference
model system with known experimental pKa. Cytochrome
b559 and cytochromec550 were kept in the reduced state.
Specifically, unless titrated, YZ and YD were kept in the
neutral charge state.

To sample the ensemble of protonation patterns by a
Monte Carlo (MC) method, we used our own program
Karlsberg (26). For the first 3000 MC scans, random
protonation changes were applied for all individual titratable
residues. For the remaining 7000 MC scans, titratable
residues whose protonation probability deviated by less than
10-6 from zero or unity were fixed at the corresponding pure
protonation state. The dielectric constant was set toεP ) 4
inside the protein andεW ) 80 for water. All computations
were performed at 300 K with pH 7.0 and an ionic strength
of 100 mM. The LPB equation was solved using a three-
step grid-focusing procedure with a starting, intermediate,
and final grid resolution of 2.5, 1.0, and 0.3 Å, respectively.
MC sampling yields the probabilities [A-] and [AH] of the
deprotonated and protonated state of the titratable residue
A, respectively. With the Henderson-Hasselbalch equation
(eq 1),

the pKa can be calculated as the pH where the concentration
of [A-] and [AH] are equal. The procedures to obtain the
pKa of titratable residues are equivalent to those of the redox
potential for redox-active groups, although in the latter case
the Nernst equation is applied instead of eq 1 (27). Therefore,
the accuracy of the present pKa computations is directly
comparable to that obtained for our recent computations on

redox-active cofactors. From the analogy, the numerical error
of the pKa computation can be estimated to be about 0.2 pH
units. Systematic errors typically relate to specific conforma-
tions that may differ from the given crystal structures and
can sometimes be considerably larger. For further information
about computational procedure and error estimates, see our
previous work for pKa computation (15, 28, 29).

RESULTS AND DISCUSSION

Proton Exit Pathway OVerView. Barber, Iwata, and co-
workers proposed a cluster of titratable residues in PSII, D1-
Asp61, D1-Glu65, D2-Glu312, D2-Lys317 (7, 8) PsbO-
Asp158, PsbO-Asp222, PsbO-Asp223, PsbO-Asp224, PsbO-
His228, and PsbO-Glu229 (9, 10), to participate in the exit
pathway of protons generated during water oxidation. The
four residues in D1/D2 are fully conserved. Among the
residues in PsbO, Asp158 is fully conserved in all known
PsbO sequences. Asp222 and Asp224 are fully conserved,
except in PsbO of the ancient cyanobacteriumGloeobacter
Violaceus(30). The other PsbO residues, Asp223, His228,
and Glu229, are specific for PSII fromT. elongatus, the
cyanobacterium for which the current crystal structures were
determined. They are replaced by other polar or titratable
residues in PSII from most of the other species (reviewed in
ref 10). In the present study, we focus on residues that are
fully or highly conserved from cyanobacteria to higher plants,
as summarized in Figure 1.

Our computations indicate a monotonic increase in pKa

of residues along the proton exit pathway from the Mn-cluster
in D1/D2 to the lumenal surface in PsbO, except for PsbO-
Asp158, which has a very low pKa value (Table 1).
According to these computations we suggest that in addition
to the residues proposed by Barber, Iwata, and co-workers

pH ) pKa + log
[A-]

[HA]
(1)

Table 1: Calculated pKa of Residues in the Hydrophilic Channel for
Native, PsbO-Deleted (∆PsbO), PsbU-Deleted (∆PsbU), and
PsbV-Deleted (∆PsbV) PSII Based on the 3.0-Å structure (2)

residues
native

S0
native

S4 ∆(PsbO) ∆(PsbU) ∆(PsbV)

D2 to PsbO
D2-Lys317a 9.6c 1.5 1.4 1.2 1.7
D2-Glu312a 4.4 4.2 5.2 4.0 4.3
D1-Glu65a 1.8 2.1 3.7 1.8 2.2
PsbO-Arg152 12.6 12.3 12.3 12.3
PsbO-Asp224a 9.1 9.0 9.0 9.0
D1 to CP43
D1-Asp61a 1.1 -6.4 -7.4 -6.7 -6.1
D1-Asp59 9.3 7.1 10.2 6.8 7.3
D1-Arg64 10.9 9.7 12.4 9.5 9.8
CP43-Arg343 15.9 15.6 13.1 15.6 15.6
CP43
CP43-Arg357 15.5 -1.7 -2.1 -1.9 -1.2
CP43-Asp360 4.6 4.3 3.8 4.3 4.4
D1-His92 (Nδ)b 8.4 8.0 8.5 8.1 8.1
CP43-Glu221 5.2 5.1 4.6 5.1 5.1
others
CP43-Glu348 2.0 1.8 3.6 1.9 1.9
PsbO-Asp158 -1.6 -1.8 -1.9 -1.8

a Residues proposed to be involved in the proton exit pathway
according to refs9, 10. b Due the H-bond between Nε(D1-His92) and
OD(CP43-Asp360) (N-O distance 3.1 Å in the 3.0-Å structure (2)),
Nε is permanently protonated. Therefore, we titrated the Nδ site of
D1-His92 in the pKa computation while Nε was kept protonated.c pKa

values that shifted by more than 2.0 units between the S0 and S4 states
are in bold font.
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(7-10) also D1-Asp59, D1-Arg64, and PsbO-Arg152 may
participate in the proton exit pathway. These three residues
can form the chain of titratable residues with monotonic
increase in pKa, which are located along the proposed proton
exit pathway (Table 1, Figure 1). The energetically downhill
slope in pKa along the proton exit pathway is more
pronounced in the S4 state than that in the S0 state. In
particular, the pKa of D2-Lys317 at the entrance of the proton
exit pathway is downshifted drastically by 8 units (Table 1)
upon transition of S0 to S4 state due to the increase of 4
unit charges on the Mn-cluster. For the same reason, the
calculated pKa values for D1-Asp61 and CP43-Arg357 are
unusually low in the S4 state, while in the S0 state those
pKa are close to the standard values in aqueous solution.
Production of an O2 molecule from two water molecules at
the Mn-cluster in PSII requires 3.2 eV, an enormous amount
of energy (reviewed in ref9). This energy is provided as
oxidation power by the highly accumulated positive charge
in the S4 state of the Mn-cluster, which occurs transiently
and has not been resolved in spectroscopic studies (reviewed
in ref 1). Therefore, it is not surprising that the residues in
the neighborhood of the Mn-cluster possess unusually low
pKa values in the S4 state. Notably, such unusual pKa shifts
were computed only for residues in the immediate vicinity
of the Mn-cluster (Table 1, see also Figure 1). On the other
hand, the majority of other residues that are likely to
participate in the proton exit channel belong to a polar region
in PSII such that the influence of the positive charge of the
Mn-cluster will be shielded.

The energetics of the titratable residues D1-Asp61, D1-
Glu65, D2-Glu312, D2-Lys317, PsbO-Asp158, PsbO-
Asp222, and PsbO-Asp224 as well as the three residues D1-
Asp59, D1-Arg64, and PsbO-Arg152 suggested in the present
study yield a downhill energy proton-transfer pathway
starting from D1-Asp61 at the Mn-cluster and terminating
at the lumenal surface of PSII independent of the redox state
of the Mn-cluster (see Figure 1b). Note that the same proton
exit pathway results from the computed pKa values for the
3.5-Å structure (see supporting Table S1).

There are experimental indications that D1-Asp59, D1-
Arg64, and PsbO-Arg152 are associated with water oxidation
in PSII. (i) D1-Asp59: Mutational studies of PSII from
Synechocystissp. PCC 6803 suggested that D1-Asp59
influences the properties of the Mn-cluster as well as D1-
Asp61 and D1-Glu65, without significantly affecting the
structural stability of the Mn-cluster. In these studies, the
D(D1-59)N mutant showed lower light-saturated rates of
oxygen evolution, implying that the rate of O2 release was
decreased (11). Furthermore, the reduced O2 release in the
D(D1-59)N mutant coincides with a decrease in overall PSII
turnover during the S3-[S4]-S0 transitions, suggesting the
importance of D1-Asp59 to modulate the redox properties
of the higher S-states (31). (ii) D1-Arg64: The R(D1-64)E
mutant of PSII fromSynechocystissp. PCC 6803 showed a
retarded appearance of O2 and a pronounced tendency to lose
O2 evolution activity in the dark (32). (iii) PsbO-Arg152:
Mutations of PsbO-Arg152 to Lys in PSII fromT. elongatus
resulted in a significant decrease of the binding affinity of
PsbO to the PSII complex and decreased O2 evolution ability,
comparable to mutations of PsbO-Asp158 (33). However,
mutation of PsbO-Asp158 to Glu, a residue with the same
unit charge as Asp, did not affect the PsbO binding affinity

to PSII. In contrast, the mutation of PsbO-Arg152 to Lys
resulted in a significant decrease in PsbO binding affinity
regardless of charge conservation at this residue, indicating
the specific requirement of arginine at position PsbO-152
(33). The retarded water oxidation and the associated
processes for mutations at D1-Asp59, D1-Arg64, and PsbO-
Arg152 may be associated with the interruption of the
connectivity of the proton exit pathway and indicate the
involvement of these three residues in the proton exit
pathway.

An AlternatiVe Channel and the Cd2+ Binding Site.In the
PSII crystal structure (2), CP43-Asp360 forms an H bond
with D1-His92 (OD-NεHis distance 3.1 Å) and both of the
two residues are exposed to the lumenal bulk surface. D1-
His92 is known to influence the catalytic efficiency of the
Mn-cluster without significantly affecting the structural
stability of the Mn-cluster (11), although D1-His92 is 17 Å
away from Ca2+ in the current crystal structure (2). Consid-
ering the above-mentioned experimental results and the
calculated pKa values, we propose that another chain of
residues CP43-Arg357-CP43-Asp360/D1-His92 may also
function as either proton exit pathway for the Mn-cluster or
as water intake channel from the bulk. Indeed, there is a
relatively large cavity between CP43-Arg357 and CP43-
Asp360/D1-His92 at the binding interface between D1 and
CP43 (Figure 1). Unlike the interior of the PsbOâ-barrel,
which is filled by a number of bulky hydrophobic residues
(2, 7), this channel is free of bulky hydrophobic residues.

The presence of D1-His92 at the entrance of this channel
(Figure 2) is interesting, because His residues are frequently
located at the entry point of a proton transport channel (34-
36). A metal ion binding to His of such a channel entry point
generally inhibits the physiological function of that channel.
These His residues are found at the metal binding sites of

FIGURE 2: Putative water transport channel at the lumenal side,
indicated schematically by a small wedge in Figure 1a. Only the
side chains of D1-His92 (cyan), CP43-Glu221 (green), CP43-
Arg357 (blue), and CP43-Asp360 (yellow) or the component of
the Mn-cluster [Mn (pink) and Ca (gray)] are shown with stick or
spacefill models. (a) Side view. (b) Top view. Proteins are uniformly
depicted with a spacefill model, except for PsbO with a ribbon
model.
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bRC (34), cytochromebc1 complex (35), and cytochromec
oxidase (36). Thus, in many different enzymes, transport
channels employ His residues as entry points due to the
proximity of its pKa with the physiological pH of 7 (reviewed
in ref 37). These structural analogies and similarities let us
speculate that the pair of residues CP43-Asp360/D1-His92
form the entry point of the water transport channel at the
lumenal side of the PSII complex (Figure 2). The titratable
residue closest to CP43-Asp360/D1-His92 is CP43-Glu221,
which might be suitable to form the hexagonally coordinated
Cd2+-protein complex at the entry point with the other two
residues. However, a direct involvement of CP43-Glu221
may be questionable, since CP43-Glu221 is at 8.5 Å from
D1-His92 (Figure 2a).

It is known that Cd2+ binds to PSII at the electron donor
side (O2 evolving site) (38-40) and at the electron acceptor
side (QA/B site) (39). In connection with the proposed water
channel at the donor side, two mechanisms could be
considered. One possibility is that metal ions such as Cd2+

bind to PSII at the channel entry point, as found in the other
photosynthetic proteins. On the basis of Cd2+ affinity studies,
it was suggested that, among several possible Cd2+ binding
sites in PSII, a low-affinity site might involve a proton
channel or H-bond chain from the catalytic site of water
oxidation to the lumenal side of PSII (39). Hereby, it is
possible that a modified proton release in water oxidation
upon Cd2+ binding could change the turnover of the redox
reactions involving YZ and the Mn-cluster (38, 39). If so,
then the residues CP43-Asp360/D1-His92 may be the ligands
for this Cd2+ binding site.

Another possibility is that Cd2+ binds competitively to the
essential Ca2+ site at the Mn-cluster (38-40). The Mn-cluster
is relatively easy to access from the lumenal surface through
this alternative channel (Figure 2b). If the pair CP43-Asp360/
D1-His92 does not function as Cd2+ binding site, the putative
water channel may alternatively function as Ca2+ intake
channel to bind Ca2+ at the Mn-cluster. It has been suggested
that the lumenal membrane-extrinsic proteins play a role in
optimizing the availability of Ca2+ and Cl- for the Mn-cluster
(reviewed in ref41). Indeed, this channel is located in the
vicinity of PsbO (Figure 2). Therefore, it may also be
possible that along this channel Ca2+ provided by PsbO
competes with Cd2+ in binding at the Mn-cluster.

Proton Release from Residues during S-State Transitions.
The net reaction of water oxidation 2H2O f O2 + 4H+ +
4e- indicates that 4H+ and O2 are released from two substrate
waters. With higher Mn-cluster oxidation states, the Mn-
cluster carries more positive charges. Experimental studies
indicate that these positive charges that accumulated at the
Mn-cluster during the S-state cycle are partially compensated
by proton release (42). These protons originate not only from
(1) substrate water or its intermediates but also from titratable
residues (2) in direct contact (i.e. ligands) with the Mn-cluster
or (3) near the Mn-cluster (43, 44) (see discussion in ref
45). Although a number of reaction schemes and structural
models of the Mn-cluster have been proposed, a detailed
model based on the crystal structure of the Mn-cluster is yet
unavailable. Thus, in the present study, we investigate the
protonation pattern of titratable residues in PSII based on
each S-state charge model, without evaluating the amount
of proton release directly from substrate water in each S state;
i.e., we focus on the issue of compensation of the positive

charge accumulated at the Mn-cluster (42) by the protein
environment of PSII. Computation of proton release from
PSII would most sensitively depend on subtle details of the
S-states charge models. Therefore, it should be noted that
the calculated proton release in the present study involves
uncertainties that relate to the incomplete atomic coordinates
of the Mn-cluster. Because of these uncertainties, we prefer
not to provide further details of the pH-dependence of proton
release now, although it has been well established that the
proton release upon S1 to S2, and S3 to S0 transitions appears
to be pH-dependent (42, 46-48). This issue can be taken
up again once the Mn-cluster and its ligands are known in
more detail.

The net-charge compensation in PSII, especially upon the
S2 to S3 transition, has been attributed to the expel of a
proton from the Mn-cluster (44). On the basis of our S-state
charge model, we observed for the transition from S2 to S3
a dramatic deprotonation of 0.87 H+ at CP43-Arg357 (and
a small deprotonation of 0.06 H+ at D2-Glu312 and of 0.09
H+ at D2-Lys317), resulting in a complete compensation of
the unit positive charge appearing at the Mn-cluster by
deprotonation of the nearby titratable residues.

On the basis of the PSII crystal structure, CP43-Arg357
has been proposed to be a possible reaction site for the
substrate water molecule in the neighborhood of Ca2+ (7-
9). Indeed, mutation of CP43-Arg357 to Ser resulted in a
PSII with severely inhibited O2-evolution (13). It was further
proposed that the proton moving along the exit pathway via
D1-Asp61 might be abstracted from the water molecule by
CP43-Arg357 (14). The change in protonation state for
CP43-Arg357 upon S-state transition was proposed to play
an important role in water oxidation (14). In agreement with
a previous proposal of McEvoy and Brudvig (14), this residue
is fully protonated in the S0 state but fully deprotonated in
the higher S states (Table 1).

Upon the S1 to S2 transition we observed deprotonation
of 0.81 H+ at D2-Lys317. The stoichiometry of proton
release in this transition (0-0.8 H+) is known to be smaller
than in the S2 to S3 transition (ca. one H+) (42, 46-48).
Accordingly, our computation results in pKa ) 6.0 for D2-
Lys317, which is lower than 7.8 for CP43-Arg357 in the S2
state. On the other hand, in the higher S-state transition S3
to S4, the largest deprotonation event occurs at D1-Asp59
(by 0.39 H+) in the present computation. The significant role
of D1-Asp59 in O2 release has been demonstrated in
mutational studies (for details, seeProton Exit Pathway
OVerView) (11, 31). This significant deprotonation at D1-
Asp59 at higher S states implies its involvement in the proton
exit pathway not only geometrically but also electrostatically
(for another important aspect of this residue, see the next
section). In summary, the present study suggests that
deprotonation of CP43-Arg357, D2-Lys317, and D1-Asp59
can play a charge-compensating role in the S-state transitions
of PSII.

Two pKa Values Found with Inhibition of S-State Transi-
tions. It has been well established that the observation of
inhibition of S-state transitions goes along with two char-
acteristic pKa values, the lower one of∼4-4.5 (for the S2
to S3, S3 to S0, and S0 to S1 transitions) and the higher one
of ∼8-10 (for the S2 to S3, and S3 to S0 transitions) (45,
46, 49). FTIR studies suggested that the lower pKa value is
not attributable to acidic residues that are strongly coupled
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to the Mn-cluster (50, 51). In recent FTIR studies it was
concluded that this lower pKa value for the inhibition of the
S-state transitions can primarily be related to inhibition of
proton release from substrate water and only secondarily be
connected to residues participating in the proton exit pathway
(45). In the present study, D2-Glu312 is the only residue
that possesses the pKa value of 4.2-4.4 throughout the S-state
cycle (Table 1) and is not a direct component of the Mn-
cluster (Figure 1). Since we did not observe deprotonation
of this residue upon S-state transitions, a possible inhibition
mechanism of the S-state transitions involving D2-Glu312
would be that its protonation at lower pH energetically blocks
the exit pathway for released proton from substrate water.

The observation of the higher pKa value of ∼8-10
connected with inhibition of the S-state transitions seems to
be slightly dependent also on species or preparation condi-
tions (discussed in ref45). In PSII-enriched membranes from
spinach, inhibition of the S2 to S3 and the S3 to S0 transitions
has been suggested to be connected with a pKa of ∼8-9.4
and was previously assumed to relate to inhibition in electron
transfer (ET) from the Mn-cluster to YZ due to a decrease
of ET-driving energy by downshift of the YZ redox potential
(Em) (49). On the other hand, in PSII fromT. elongatus, only
the S2 to S3 transition was slightly inhibited, which is
connected with a pKa value of 10.2( 1.0 (45). From these
results, it was proposed that theEm of the Mn-cluster in PSII
from T. elongatuswas sufficiently lower thanEm(YZ) such
that the downshift of theEm(YZ) was less crucial to the net
driving energy of the ET from the Mn-cluster to YZ (45). In
the present study, two neighboring residues D1-Asp59 and
D1-Arg64 share similar pKa values of∼8-10.9, which is
quite close to the experimentally observed higher pKa value
of ∼8-10 connected with inhibition of the S-state transitions
(Table 1; note, the calculated pKa for D1-Asp59 remains∼8
except for the S4 state).

In PSII fromSynechocystissp. PCC6803, the reduced O2

release in the D(D1-59)N mutant suggests the importance
of D1-Asp59 to modulate the redox properties of the higher
S states (31). A similar tendency was also observed upon
mutation of the neighbor residue D1-Asp61 to Glu (31) or
to Asn (52) (see also Figure 1). Hereby, it is quite notable
that mutation of D1-Asp61 to Asn slowed the S1 to S2 and
S2 to S3 transitions without affecting the ET from YZ to
P680+ (52). Thus, it is not a change in theEm(YZ) value
that is responsible for the observed retardation of S-state
transitions. Instead, blocking the proton exit pathway with a
mutation of D1-Asp61 can be the origin of the S-state cycle
slow-down. Due to the proximity of D1-Asp59 and D1-
Asp61 (see Figure 1), it is highly possible that mutation of
D1-Asp61 shifts the pKa of D1-Asp59. Considering these
experimental results, we propose that the higher pKa value
of ∼8-10 connected with inhibition of the higher S states
is likely to involve deprotonation of a cluster of titratable
residues consisting of D1-Asp59 and D1-Arg64, thus render-
ing the proton exit pathway inefficient.

On the other hand, in the present study D1-Asp61 is
always deprotonated, regardless of the S state. Its very low
computed pKa (less than∼1, Table 1) suggests that this
residue can be excluded to directly participate with the higher
pKa value of∼8-10 connected with inhibition of the higher
S states. Nevertheless, due to the proximity of D1-Asp61
with D1-Asp59 (see Figure 1), the protonation states of D1-

Asp61 and D1-Asp59 are strongly coupled, probably forming
a cluster of interacting residues together with D1-Arg64.
Hence, such a cluster of strongly interacting titratable
residues hinders a clear assignment of apparent pKa values
to a specific residue, as demonstrated for Glu-L212 and Asp-
L213 in bacterial photosynthetic reaction centers from
Rhodobacter sphaeroides(28, 53-57). Thus, we attribute
the origin of the higher pKa value of∼8-10 connected with
inhibition of the higher S states mainly to D1-Asp59 and
D1-Arg64, without excluding a secondary contribution from
D1-Asp61.

Influence of the Membrane-Extrinsic Proteins on the
Energetics of the Proton Exit Pathway.At the lumenal side,
at least three proteins are attached to the D1/D2 complex of
PSII. One of them, PsbO (33 kDa protein), is conserved in
all PSII, showing a moderate primary sequence similarity
of 40-50% between cyanobacteria and higher plants. The
other two proteins are PsbU/PsbV in cyanobacteria and PsbQ/
PsbP in green algae and plants. Regardless of the similarity
in association and function, these pairs of proteins differ
considerably in their amino acid sequences and structures
(see the structures of PsbU in refs2, 7; PsbV in refs58, 59;
PsbP in ref60; and PsbQ in ref61). The membrane-extrinsic
proteins PsbO, PsbU, and PsbV have been suggested to
optimize the availability of Ca2+ and Cl- for the Mn-cluster.
PsbO is also thought to contribute to the structural stability
of the Mn-cluster (reviewed in refs41, 62). Thus, these
membrane-extrinsic proteins at the lumenal side are closely
related to the water oxidation reaction at the Mn-cluster. To
investigate the influence of these membrane-extrinsic proteins
on the energetics of the proton exit pathway, we calculated
the pKa shifts for these residues after deletion of PsbO, PsbU,
or PsbV from the set of atomic coordinates of the PSII crystal
structure (2, 7).

The deletion of PsbO dramatically affected the pKa of these
residues, some of which are considered to participate in the
proton exit pathway. D2-Glu312 and D1-Glu65 shifted their
pKa by ∼1 unit, and D1-Asp59, D1-Arg64, CP43-Arg343,
and CP43-Glu348 by more than∼2 units (see column∆PsbO
in Table 1). The same level of pKa shifts is calculated also
in the 3.5-Å structure (Table S1 of the Supporting Informa-
tion). The significant decrease in pKa of residues in CP43
upon deletion of PsbO may be related to the importance of
CP43 in the assembly of the PSII complex, which was
suggested to be a prerequisite for PsbO binding to PSII (63).

Upon deletion of PsbO, most of these residues, except for
D1-Asp59, have more standard pKa values in contrast to the
unusual pKa values in the presence of PsbO. Indeed, all these
residues that change their pKa upon deletion of PsbO are
located at the binding interface of the PSII complex with
PsbO, suggesting a strong interference of PsbO binding with
the pKa of those residues involved in the proton exit pathway.
Regardless of the significant pKa shift of the residues, the
monotonic increase of pKa along the proton exit pathway
from the Mn-cluster to the lumenal surface is essentially
maintained (Table 1). This may suggest that PsbO is not an
absolute prerequisite for the energetics of the proton exit
pathway, but its presence is necessary to guarantee normal
proton exit events. In contrast to PsbO, deletions of PsbU
or PsbV do not affect the pKa of these residues (see column
∆PsbU or ∆PsbV in Table 1). The weak electrostatic
influences of PsbU/PsbV on these residues are mainly due
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to the large distances of more than 15/18 Å from the nearest
residues of the proton exit channel, D1-Glu65/D1-Asp61,
respectively.

The significant impact of PsbO binding on the proton exit
pathway relative to the small influence of PsbU and PsbV
is consistent with the conservation of PsbO in all PSII
species. Indeed, among the lumenal membrane-extrinsic
proteins of PSII, PsbO seems to be the most crucial to PSII.
Enami et al. (64) revealed that PsbO isolated from cyano-
bacteria, red algae, and higher plants is functionally inter-
changeable, indicating its universal role that is necessary for
PSII function. In addition, PSII of the green oxyphotobac-
terium Prochlorococcus marinuspossesses thepsbOgene
but lacks genes encoding PsbU and PsbV. On the basis of
this finding, De Las Rivas et al. (62) suggested that PsbO
might be the minimal equipment of membrane-extrinsic
proteins required for adequate functioning of water oxidation
in PSII. The present study sheds light on the significance of
PsbO in its functional role for the energetics of water
oxidation in PSII, i.e., tuning the pKa of residues in the proton
exit pathway along D1/D2/CP43/PsbO to foster the reaction
efficiently.

SUMMARY

(i) The pKa computations in the present study suggest that
the proton exit pathway for water oxidation in PSII involves
a channel formed by D1-Asp61, D1-Glu65, D2-Glu312, D2-
Lys317, and PsbO-Asp224.

(ii) In addition, D1-Asp59, D1-Arg64, and PsbO-Arg152
may also participate in the proton-transfer pathway.

(iii) A second channel originates at CP43-Arg357 and
terminates at a pair of residues CP43-Asp360/D1-His92 on
the lumenal surface. This channel, which putatively functions
as either proton exit or water intake channel, may be
associated with the Cd2+ binding site of PSII.

(iv) Upon transition from S2 to S3, CP43-Arg357 showed
a dramatic deprotonation of approximately one H+.

(v) The calculated pKa values of 4.2-4.4 for D2-Glu312
and those of∼8-10.9 for D1-Asp59 and D1-Arg64 may
refer to the experimentally determined pKa values for
inhibition of the S-state transitions.

(vi) Among the lumenal extrinsic proteins, PsbO has a
significant impact on the pKa of residues in the proton exit
pathway. Hence, a new role of PsbO is suggested: PsbO
may also tune the pKa of the residues in the proton exit
pathway, thereby contributing to the efficiency of water
oxidation in PSII.
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