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C O N S P E C T U S

Water oxidation, forming O2 from water and sunlight, is a fundamental process
for life on earth. In nature, the enzyme photosystem II (PSII) catalyzes this reac-

tion. The oxygen evolving complex (OEC), the complex within PSII that catalyzes the
actual formation of the O-O bond, contains four manganese atoms and one calcium
atom connected by oxo bonds. Seven amino acid side chains in the structure, mostly
carboxylates, are ligated to the metal atoms. In the study of many enzyme mecha-
nisms, theoretical modeling using density functional theory has served as an indispen-
sable tool. This Account summarizes theoretical research to elucidate the mechanism
for water oxidation in photosynthesis, including the most recent findings.

The development of successively larger models, ranging from 50 atoms in the
active site up to the present model size of 170 atoms, has revealed the mecha-
nism of O2 formation with increasing detail. The X-ray crystal structures of PSII have
provided a framework for optimizing the theoretical models. By constraint of the
backbone atoms to be at the same positions as those in the X-ray structures, the
theoretical structures are in good agreement with both the measured electron density and extended X-ray absorp-
tion fine structure (EXAFS) interpretations. By following the structural and energetic changes in those structures through
the different steps in the catalytic process, we have modeled the oxidation of the catalytic complex, the binding of
the two substrate water molecules, and the subsequent deprotonations of those substrate molecules.

In these models, the OEC forms a basin into which the water molecules naturally fit. These findings demonstrate that the bind-
ing of the second water molecule causes a reconstruction, results that are consistent with earlier EXAFS measurements. Most impor-
tantly, this Account describes a low-barrier mechanism for formation of the O-O bond, involving an oxygen radical that reacts
with a µ-oxo ligand of the OEC. Further research revealed that the oxygen radical is bound in the Mn3Ca cube rather than to the
outside manganese. This Account provides detailed diagrams of the energetics of the different S-transitions both without and with
a membrane gradient. An interesting detail of these reactions concerns the role of the tyrosine (TyrZ), which appears as an inter-
mediate radical in the oxidation of the OEC. By simple electrostatic arguments, these results show that the initial oxidation of TyrZ

is downhill for the first two transitions but uphill for the final ones. In these later transitions, the oxidation of the OEC is coupled
to deprotonations of water.

I. Introduction

Light-driven hydrogen production from water by

biomimetic methods is a promising approach to

address the growing problems of the green-house

effect and the energy crisis. In nature, photosys-

tem II (PSII) is the only enzyme that can oxidize

water with the help of sunlight. For this reason

and since dioxygen formation from water is one

of the most fundamental reactions for the evolu-

tion of life on earth, it has for decades been a

high-priority scientific goal to understand this pro-

cess. Until rather recently, experimental tech-

niques were the only means to proceed. However,

since water oxidation is a very complicated pro-

cess involving a large number of transition states

and at least a dozen intermediates, many of them
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short-lived, it has now been realized that it is not possible to

understand this process without detailed model calculations.

In this Account, the most recent efforts to understand water

oxidation in PSII using the cluster model approach1 will be

described. After the event of the first X-ray structures of PSII,2,3

realistic models of the active site could begin to be used. In

previous reviews,4-10 results for models with gradually

increasing cluster size have been described. Many of the early

findings have been confirmed in the later studies, like O-O

bond formation involving an oxygen radical11,12 and an

endergonic formation of this radical,13 but new findings have

also completed the picture of the entire process. One of the

major findings in a recent study was an origin for the recon-

struction observed by extended X-ray absorption fine struc-

ture (EXAFS)14,15 for the S2 to S3 transition. In this Account, a

modification of this reconstruction, leading to a slightly differ-

ent transition state for O-O bond formation, will be described.

A new aspect is also that energy diagrams including TyrZ oxi-

dation by P680
+ are given, as well as diagrams with and with-

out a membrane gradient. Most results given here refer to

models with about 170 atoms.

II. Methods and Models

The density functional theory (DFT) calculations discussed here

were made using the hybrid functional B3LYP*, which is a

modification of the original B3LYP functional16 with a reduc-

tion of the exact exchange to 15%.17 Procedures used were

very similar to those in previous studies,8,9 with polarized

basis sets for the geometries (lacvp*), large basis sets for ener-

gies (cc-pvtz(-f )), and a surrounding dielectric medium with

dielectric constant equal to 6.0 (basis lacvp*). The performance

of the B3LYP functional for the present type of problems has

recently been reviewed,18 indicating a typical accuracy within

3-5 kcal/mol, normally overestimating barriers. A different

procedure than that used by other workers for obtaining redox

potentials and pKa values is a key feature of the present

approach.4,6-9,13 Using experimental information about the

driving force and a single adjustable parameter, one can

determine accurate values for these properties without explic-

itly describing the enzyme surrounding the active site. The

results are essentially independent of the choice of dielectric

constant. The calculations were performed with the programs

Jaguar19 and Gaussian03.20

The chemical models used here are built on the X-ray

structures,2,3 schematically shown in Figure 1. These struc-

tures were obtained at a rather low resolution of 3.0-3.5 Å,

and the exact ligation to the metal atoms therefore had to be

partly assumed. In the London X-ray structure,2 the binding of

the carboxylate amino acid ligands (aspartates and

glutamates) was assumed to be mostly monodentate to one

metal. In contrast, in the Berlin X-ray structure,3 most of these

ligands were assumed to be bridging between two different

metals. Possibilities between these two types of ligations are

also possible. This means that a ligation pattern has to be

assumed as a starting point for the computational model stud-

ies. In the more recent studies, a ligand pattern close to the

one from the Berlin structure was adopted as being more

chemically reasonable. It should be added that, in principle,

the optimal ligation pattern could be obtained by direct min-

imization, but the possibilities are so many that this is in prac-

tice not possible.

A chemical model of the type used in most of the calcula-

tions discussed here is shown in Figure 2. Eleven amino acids

were included in the model with three of their atoms, the

R-carbon and two hydrogens along the backbone, held fixed

from the X-ray structure in the geometry optimizations. The

ligands that directly bind to the manganese atoms are

Asp170, Glu189, His332, Glu333, Asp342, Ala344, and

Glu354. These ligands were included in the previous studies

FIGURE 1. Simplified picture of the structure of the oxygen-
evolving complex, suggested by X-ray crystallography.2 In the more
recent structure,3 the manganese outside the cube is further out.

FIGURE 2. The model used for most of the results presented here,
taken from a fully optimized structure of an S4-state. The reacting
oxygen radical is marked with O-rad, and an arrow marks the
second oxygen.
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of the same type,8,9 where the second shell charged ligand

Arg357 was also included. The main difference in the present

study is that Gln165, His337, and Asp61 were included as

well. Since the manganese atoms are coordinated to each

other by µ-oxo bonds, only one water-derived ligand (a

hydroxide) had to be added to the manganese outside the

cube to fill up the full coordinations of all the manganese

atoms. For calcium, two water ligands were added as ligands

and one hydroxide connecting it to the manganese outside

the cube. Finally, the same second shell water as in the pre-

vious studies was added, hydrogen bonded to one oxo ligand

of the cube and to Arg357. The nomenclature for the S-states

used in the discussion below is the same as that in previous

studies. Sn
m means that n is the number of the S-state and m

is the charge of the complex (only including direct ligands to

the OEC).

III. S-State Transitions and O-O Bond
Formation
Water oxidation in PSII proceeds in a sequence of four S-tran-

sitions from S0 to S4, in which the oxygen-evolving complex

(OEC) is oxidized four times. Parallel to these oxidations, two

substrate water molecules are deprotonated. At the final

S4-state, the O-O bond is formed and O2 is released. To

understand water oxidation therefore means understanding all

the S-state transitions involved and finally the mechanism for

the O-O bond formation. Ideally, the starting point for the cal-

culations would have been a high-resolution X-ray structure

for at least one of these S-states. Since the only available X-ray

structures have rather low resolution of 3.0-3.5 Å and the

structures furthermore could be affected by X-ray damage,21

other approaches to this problem are needed. The approach

and the results of the most recent investigations8,9 will first be

summarized before the new results are presented.

The earliest attempts to model water oxidation all led to a

situation where an oxygen radical precedes O-O bond for-

mation. An important step toward a low-barrier mechanism for

O-O bond formation was taken when essentially all possibil-

ities to form the O-O bond with the oxygen radical were

investigated for the best available S4-state.5 Rather surpris-

ingly, the lowest barrier by far was found for a reaction

between the oxygen radical and a bridging oxo-group. Until

then, the lowest barrier found was always one where the oxy-

gen radical is attacked by an outside water,11 but the barrier

for that mechanism was already known to be far too high.

What was even more surprising in the new mechanism was a

spin-requirement for a low barrier. This requirement means

that all spins on the four most directly interacting atoms have

to be alternant. The two oxygens have to have opposite spins

to form a bond, and the manganeses binding these atoms

have to have opposite spins to the respective oxygens. The

reasons for the requirements on the manganese spins are in

one case a formation of the reduced Mn(III) in a high-spin state

and in the other case to allow O-O bond formation without

crossing to another spin-surface.

Even though a rather clear picture of the O-O bond for-

mation started to emerge, the connection of this mechanism

to structural findings by X-ray and EXAFS techniques was rel-

atively weak. Until then, rather crude models of the structure

roughly following the X-ray suggestions had been used. To

improve this situation, models were designed that followed

the X-ray structures as closely as possible.8 Since the X-ray

structures have rather low resolution, the strategy to proceed

is not obvious. One approach used has been to build a model

of the entire enzyme and use a QM/MM technique to opti-

mize the structure.22 Still, an assumption of the general struc-

ture had to be made, and the strategy employed was to

search for a minimum close to the London structure includ-

ing the ligand pattern assumed in that structure. The results

obtained from the QM/MM calculations have later been shown

to match, besides the X-ray density, also results from polar-

ized EXAFS experiments,23 when the structure is allowed to

distort slightly.24 However, the available experimental infor-

mation is probably not well enough defined to permit ruling

out other structures. In the present approach, another strat-

egy has been employed, by requiring that the structure should

allow the low-barrier O-O bond formation in the S4-state

described above. With this starting point, a cluster model was

built as described in section II and shown in Figure 2. By addi-

tion of electrons and protons to the S4-state, structures for the

lower S-states were eventually reached that could be com-

pared with available experiments.8 The following main con-

clusions were drawn. First, the structure obtained matches the

London X-ray density very well. Second, a short Mn-Mn dis-

tance to the outer manganese was obtained, with two µ-oxo

bonds, in line with EXAFS interpretations14,15 but in disagree-

ment with the X-ray structures and the QM/MM structure.

Third, a reconstruction of the OEC was found in the S2 to

S3 transition, also in agreement with suggestions from

EXAFS.14,15 This reconstruction is caused by a binding of a

water molecule, which opens up the OEC from the rather com-

pact structure found for the lower S-states.

A mechanism for water oxidation has thus been achieved

that both has a low barrier for O-O bond formation and is in

basic structural agreement with experiments. However, fur-

Structures and Energetics for O2 Formation in PSII Siegbahn

Vol. 42, No. 12 December 2009 1871-1880 ACCOUNTS OF CHEMICAL RESEARCH 1873



ther computational model investigations complicated the pic-

ture. The main problem was that a new structure was found

for the S2-state that is 6 kcal/mol lower in energy than the pre-

vious one. The origin of the improved energy is a bidentate

binding of Ala344 between a manganese and calcium, which

in turn causes a rather big displacement of 0.8 Å for the

hydroxyl group bridging between calcium and the outside

manganese. The metal atoms do not move significantly. The

corresponding change of the S3-state did not lead to any

improvement in energy. Since the S3-state was already con-

cluded to be too high in energy compared with the S2-state by

at least 3 kcal/mol in the previous study, the finding of the

new S2-state implies that an S3-state has to be found nearly 10

kcal/mol lower in energy than before. A discrepancy of 3 kcal/

mol is a tolerable difference using the present approach, but

10 kcal/mol is too much.

Improvements of the present results can be obtained in two

ways. First, the models can be extended. Provided that the cal-

culations are correct, which becomes more and more diffi-

cult for larger systems,1 and that the same method is used, a

larger model should be superior to a smaller one. However,

the most recent extensions of the model have shown that the

results are quite stable with respect to the size of the model.

The second way to improve the results is to find a structure,

within the same model, that is lower in energy. If a structure

more than 5 kcal/mol lower in energy is found, the earlier one

can be ruled out. In this way, gradually better structures with

time can be guaranteed. Still, it can never be guaranteed that

an even better structure does not exist that is lower in energy

than the one found. However, with time and continued inves-

tigations, the likelihood of finding better structures will

decrease. Convergence of the results can, of course, also be

judged by comparisons to experiments.

There are two primary differences between the S2 and S3

states. First, the final manganese is oxidized in S3 from Mn(III)

to Mn(IV). Second, the reconstruction mentioned above occurs

in this transition, caused by the binding of the second sub-

strate water. After a large number of investigations improv-

ing both, these points finally led to a better S3-state.

The first point addressed to improve the S3-state was to

investigate possibilities for other reconstructions in the S2 to

S3 transition. The reconstruction found in the previous study8

is given at the top in Figure 3. A water molecule (H2Ob) first

binds to the outer manganese (Mn4) and simultaneously loses

a proton to the bulk. Since this manganese was already six-

coordinated, the binding between Mn4 and Oa is lost. Oa

instead binds to Mn2, which was originally five-coordinated

with oxidation state III but is oxidized to Mn(IV) in this transi-

tion and therefore needs to become six-coordinated. In order

to find an alternative to this process, attempts were made to

directly bind the outside water to Mn2. Even though the struc-

ture is somewhat crowded it turns out that this is indeed pos-

sible if, again, a proton is lost from the water to the bulk in the

binding process. A possible energetic advantage in the new

scheme is that the reconstruction is significantly smaller than

in the previous scheme. The largest effect is that Mn2 moves

by 0.4 Å going from S2
-1 to S2

-2 (for nomenclature, see sec-

tion II). The other metal atoms move less than 0.2 Å. The rea-

son for this distortion is partly a crowding as water is added

but also a change of direction of the Jahn-Teller axis on Mn2

in the Mn(III) oxidation state. The axis changes from pointing

toward the empty site on Mn2 to pointing toward His332. The

size of the new reconstruction can be compared with the

much larger one in the previous scheme, where the outer

manganese moves 1.4 Å and calcium 1.0 Å.

Even though the new reconstruction in Figure 3 appears to

be less demanding than the previous one, there is quite sur-

prisingly no energy advantage to it compared with the previ-

ous one.9 On the contrary, it gave a higher energy of the S3

state by 3 kcal/mol. However, an improvement was achieved

if the new reconstruction was combined with another new

effect. This effect was obtained when the second point

addressed above, the one concerned with the ease of oxida-

tion of Mn2, was studied. A very tedious investigation was

performed, where quite different structures were considered

(see below) including radical states, structures with chloride

and bicarbonate, etc., but no improvement of the energy for

the S3-state was obtained. Finally, a major effect was found.

It turned out that the exact ligation of Glu189 is very impor-

tant for Mn2 oxidation. In the original positioning, Glu189 was

bridging between Mn2 and calcium. By releasing the Glu189

FIGURE 3. The previous and the new mechanism for water
insertion, leading to the reconstruction in the S2 to S3 transition.
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bond to calcium, and instead forming a hydrogen bond to a

water molecule added on calcium, more of the negative

charge on Glu189 is moved closer to Mn2, making it easier

to oxidize. Even though it could have been expected that this

might lead to an improvement, the size of the effect was much

larger than expected, about 13 kcal/mol. After that finding, the

energy of the S3-state is now in the range it should be.

Before the detailed discussion of the S-state transitions, a

few comments about the new structures should be made. First,

the new structure of the S1-state also fits the density from the

X-ray experiments quite well. However, for the comparison to

the density from the Berlin experiments, see Figure 4, it can

be noted that the outer manganese is closer to the Mn3Ca

cluster than the corresponding density is. A short bond to the

outer manganese, as obtained here, is instead in agreement

with interpretations of EXAFS experiments.14,15 It can be sug-

gested that the longer distance obtained in the Berlin X-ray

study could be due to X-ray reduction,21 which should have

the largest effect on this distance. The Mn-Mn distances with

three short (2.7-2.8 Å) and one long (3.2 Å) distance are also

in good agreement with EXAFS interpretations. Even though

the positions of the present structure fit the density of the Ber-

lin structure reasonably well, there are rather large differences

in the metal positions obtained, see Figure 5. The metal posi-

tions differ by between 0.5 and 1.4 Å.

In the search for a better S3-state described above, many

quite different structures were investigated. Some of these

were the ones suggested by polarized EXAFS results.23 In par-

ticular, attempts to find structures close to the IIa-structure

were made. The metal atoms were first frozen in the relative

positions suggested by EXAFS. It was not possible to fill all

the coordinations of the metals in those positions if the back-

bone positions were taken from the X-ray studies. A few water

molecules therefore had to be added, as in the London struc-

ture. When the metal positions in IIa were released, there was

a substantial energy improvement. Still, the energy was even

after relaxation far worse than the one obtained for the best

structures described above. The conclusion is that the metal

positions in the IIa-structure are not consistent with the back-

bone positions obtained in the X-ray studies nor with the elec-

tron density of the OEC complex.

One consequence of the new reconstruction in Figure 3 is

that the mechanism for O-O bond formation has to be

slightly modified. When the proton is removed in the S3 to S4

transition from HOb in the structure at the bottom right in the

figure, the oxygen radical will be formed on Ob bound to Mn2.

In the previous mechanism, the oxygen radical was bound to

Mn4. However, a very similar O-O bond formation mecha-

nism as before is obtained, see Figure 6. In the new mecha-

nism, the Ob radical will react with the oxo-group Oa, which

means that the transition state structure will be very similar

and the barrier as well. A difference is that now Mn4 will be

reduced to Mn(III) as the O-O bond is formed, instead of Mn2

as before. The spin requirements are also very similar. If the

Ob radical has down-spin (�), it will form a bond with the Oa-

oxo atom with up-spin (R). The manganese being reduced,

Mn4 in this case, must then have its d-electrons with down-

spin, while the manganese (Mn2) initially holding the oxy-

gen radical should have up-spin.

Another new aspect of the present mechanism is a differ-

ent S3
-2-state than before. This state has a Mn2(IV)dO bond,

with a spin on oxygen that is quite high, +0.40. This state is

almost as low in energy as the S3
-1-state, where there is a

Mn2(IV)-OH bond, with the usual low-spin population on oxy-

gen of 0.04. The interesting aspect of these results is that the

nature of the S2 to S3 transition has been strongly debated.

Most experiments seem to indicate a manganese-centered

oxidation,25 while some EXAFS experiments have been inter-

preted as a ligand-centered oxidation.26 Even though a

Mn2(IV)dO state in S3 should still formally be interpreted as

a manganese oxidation, the high spin on oxygen could be

taken as a sign of a strongly delocalized oxidation. Since the

S3
-1- and S3

-2-states are so close in energy, it could depend

on the conditions of the experiments which state is observed.

The S-transitions obtained from the present model (see sec-

tion II) are shown schematically in Figure 7. The structures are

taken from the optimizations but with all amino acids

removed from the figure for clarity. The starting point, S0′, is

a state where O2 has just been removed in the previous cycle.

When O2 is removed, there is a relatively large opening in the

middle of the OEC where the first water substrate can be

FIGURE 4. The DFT optimized S1
-2-structure placed into the X-ray

density from the Berlin X-ray measurements.
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bound. It binds with a simultaneous loss of a proton to the

bulk. The product is shown as S0, where an arrow indicates

the position of the substrate OH. In the S0 to S1 transition, an

electron is removed from Mn4 (an / marks the oxidation in S1)

and a proton is released to the bulk. The proton is taken from

the substrate OH. In the S1 to S2 transition, only an electron is

removed in agreement with experiments.27-29 The electron is

taken from Mn1. In the S2 to S3 transition, the next substrate

water binds leading to the reconstruction illustrated at the bot-

tom of Figure 3. The reconstruction occurs partly because

there is not quite enough space for this water. A proton is

simultaneously removed from the substrate water, exactly as

in the formation of S0, and an electron is taken from Mn2. In

the S3-state, all manganese are Mn(IV). In the final transition

from S3 to S4, a proton is taken from the substrate OH and an

electron from the substrate oxygen. Finally, the O-O bond is

formed between the oxygen radical and the oxo-group

remaining from the first substrate water (see Figure 6), O2 is

released, and the cycle starts all over again. The structures

FIGURE 5. DFT structure superimposed on the Berlin X-ray structure. The X-ray atoms are marked with a B. The DFT atoms are connected
with a thin line.

FIGURE 6. Schematic drawing of the previous and the new low-
barrier mechanism for O-O bond formation discussed in the text. R
and � denote spin directions.

FIGURE 7. Schematic picture of the different S-transitions. The
structures have been optimized, but only the most important atoms
are shown. An / marks the atom that has been oxidized in that
transition.
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show that the OEC forms a basin where the two substrate

waters can naturally fit and be deprotonated, without much

occurring in the rest of the complex.

With the calculated energies from the structures described

above, it is possible to set up an energy diagram for the entire

water oxidation process. To do this, the methods described in

section II for obtaining pKa and redox potentials are used. The

resulting diagrams are shown in Figure 8, both in the absence

and in the presence of a membrane pH gradient. The pH gra-

dient is taken to be 3 pH units, implying an additional cost of

4.1 kcal/mol for every proton that is released to the lumenal

side. The driving force for the catalytic cycle is obtained as

41.5 kcal/mol, by using the redox potential for P680
+ of 1.25

V30,31 and for oxygen of 0.80 V. The value of 41.5 kcal/mol

is slightly different from that used before, where the oxida-

tion of TyrZ was included as a an additional cost. The oxida-

tion of TyrZ is here instead discussed separately. Three more

comments should be given before the energies are discussed.

First, the positionings of the backbone atoms for Asp170 are

at present quite uncertain from the X-ray studies. This resi-

due was therefore left without the backbone constraints in the

most critical stage as the O-O bond is formed. Second, a spin-

correction of -2.8 kcal/mol was added for the S4-state struc-

tures. This correction was obtained from using a Heisenberg

spin-Hamiltonian formalism32 for the S4
-1 oxygen radical

state. Third, the hydrogen bonding for Asp61 is lost for the

final peroxide state. This means that this residue will instead

bind to something outside the model. A H-binding energy of

-4.2 kcal/mol, the same as that found for Asp61 at the TS, is

therefore added to the energy of the S4
-1-O2 state.

A general comment can first be made about the diagrams,

and this is that the protons and electrons are removed in an

alternating fashion. This has been the case also in all the pre-

vious investigations where energy diagrams were given; see,

for example, ref 13. This preserves the charge of the catalyst

as much as possible, which has been found to be an ener-

getic advantage in enzyme mechanisms in general.4 More

recently, the model with alternating removal of charges has

been used experimentally to analyze water oxidation in PSII

and has been found to explain a large body of experimental

results.33

The energy diagram without membrane potential in Fig-

ure 8 is similar in shape to the one obtained previously8 but

differs in detail. The first two S-transitions are quite exergonic.

The third one from S2 to S3 was previously endergonic by 3.3

kcal/mol but is now slightly exergonic by 0.7 kcal/mol. The

reasons for this change have been described in detail above.

The formation of the oxygen radical in S4 is endergonic as

before but now by only 5.2 kcal/mol, compared with 11.9

kcal/mol before. The local O-O formation barrier is 5.5 kcal/

mol compared with 6.5 kcal/mol before. This means that the

total barrier for O-O bond formation is now 10.7 kcal/mol,

substantially lower than the one before of 18.4 kcal/mol. The

new barrier is therefore consistent with a process that takes

milliseconds. The transition from S3 to S0 was previously found

to be only slightly exergonic by 3.7 kcal/mol but is now exer-

gonic by 11.3 kcal/mol. This means that the present values

are no longer consistent with the experimental suggestion of

a reversible O-O bond cleavage from S0.34

Three additional amino acids were included in the present

model compared with the previous one, Gln165, His337, and

Asp61. To find an optimal position for Gln165 turned out to

be quite difficult. By adding another water on calcium, the best

position for Gln165 was finally found with a binding directly

to calcium. This was the case for all S-states except S0 where

a position further out from calcium was found optimal. After

the positioning of Gln165 was determined, the difference of

having this ligand in the model compared with just having a

FIGURE 8. Energy diagrams for dioxygen formation in PSII, with
and without membrane gradient. The charge of the OEC alternates
between -1 and -2.
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water on calcium, as in the previous study, is almost negligi-

ble. The energy diagrams look essentially the same. In con-

trast, the optimal position for His337 with a hydrogen bond

to one of the oxo groups was very easy to find, and this

position does not change in the S-transitions. Since the charge

of the OEC cluster varies between -2 and -1, attempts were

made to put another proton on the histidine, but the energy

was very poor. His337 has an interesting effect on the S-tran-

sitions. The ionization potentials (related to redox potentials)

of Mn2 and Mn3 are increased by about 5 kcal/mol, but there

is no effect on Mn1 or the oxygen that becomes the oxygen

radical. Therefore, even though only relative energies are used

to construct the energy diagram, His337 will have a non-neg-

ligible energetic effect on the S-transitions. This effect is partly

compensated by a corresponding, but smaller, effect on the

proton affinities (pKa values). Finally, Asp61 was added since

it is generally believed to be part of the proton transfer path-

way. The calculations show that this residue is protonated.

This can to some extent be understood by the negative charge

on the OEC, but it is surprising that it is significantly better

energetically to protonate Asp61 than His337. The energetic

effects on the diagram of adding Asp61 are very small. With

the protonation states found, the entire model will vary

between a charge of 0 and -1, with the OEC itself varying

between -1 and -2.

The barrier obtained for the case with a membrane gradi-

ent is 18.2 kcal/mol (with respect to the S2-state), which is

somewhat too large compared with what can be expected

from experiments. However, with respect to the S3 state, the

barrier is only 14.8 kcal/mol. The low energy for the S2

state must be regarded as an error, since this state should not

be lower than the S3-state even with a membrane gradient.

The error of a few kcal/mol is tolerable with respect to errors

that have to be expected with the present methods. However,

this error could also be an indication of a minor remaining

problem with the chemical model used. For example, as noted

above, the positioning of Asp170 is uncertain, and further

investigations are needed to safely position this residue. An

interesting aspect of the energy diagrams is that as much as

25 kcal/mol is wasted as heat for every O2 molecule produced

even with a maximal gradient. This is more than half of the

energy available after the charge separation in the reaction

center. The reason so much energy is lost is, of course, to

increase the rate of the process.

TyrZ oxidation is an intermediate step in the oxidation of

the OEC by P680
+ . So far in the analysis, this step has not been

considered, partly because TyrZ is outside the chemical model

used. However, by simple electrostatic arguments, approxi-

mate diagrams can be drawn including TyrZ oxidation in the

different S-transitions, see Figure 9. These diagrams were con-

structed with two assumptions. First, the electrostatic effect of

a charge on His190 (a proton) has to be estimated. The dis-

tances from the ε-nitrogen on His190 and the Mn-atoms are

in the range 8-9 Å. With a dielectric constant of 4, as used

in previous studies, this would lead to an average effect of

about 9 kcal/mol. This is considered as a too large effect, and

in the present study, ε ) 6 was therefore used instead, which

leads to an effect of about 6 kcal/mol on the OEC. The effect

on the diagrams in Figure 8 is negligible by this change, since

only relative values are used in their construction. A second

assumption has to be made on the energy loss, when TyrZ is

oxidized by P680
+ in the S1 to S2 transition. Since oxidized TyrZ

is observed as an intermediate in this transition, its redox

potential has to be smaller than the one of P680
+ . The assump-

tion is that 2 kcal/mol is lost in this transition. This leads to an

estimated redox potential for TyrZ of 1.16 V in S1.

With the above two assumptions, the diagrams for the first

two transitions in Figure 9 are easily constructed. The same

energies as in the diagrams in Figure 8 are used. The results

for the third and fourth transition are more interesting. Since

only an electron is released in the S1 to S2 transition, there is

a proton remaining on the OEC in S2 at the stage when TyrZ

is oxidized. With a repulsive effect from this proton, the oxi-

dation of TyrZ will now be uphill by 4 kcal/mol, instead of

FIGURE 9. Energy diagrams for the different S-transitions, including
TyrZ oxidation.
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downhill by 2 kcal/mol as in the previous transitions. It is

important to note that, unlike the earlier transitions, there will

not be any loss of energy as TyrZ is oxidized. With the pres-

ence of the plus charge on TyrZ
+, it will be easier to remove

a proton from the OEC. Instead of an uphill process of 1.4

kcal/mol, as in the diagram in Figure 8, there is now a down-

hill process of 4.6 kcal/mol (a difference of 6.0 kcal/mol, as

assumed). To reach the same S3
-1-level as in Figure 8, the

electron removal from OEC becomes exergonic by 0.1 kcal/

mol. The diagram for the next transition is constructed simi-

larly. It can be noted that the diagrams are consistent with the

experimental observation that the OEC becomes deprotonated

as TyrZ is oxidized in the S3 to S4 transition.35 They are also

consistent with fast TyrZ oxidations in S0 to S1 and S1 to S2 and

with a slow, proton-coupled S2 to S3 transition.36

The details of proton transfer within the model shown in

Figure 2 have recently been described, as well as oxygen

release.37 The suggested pathway for proton release in the S1

to S2 transition involves key roles of an outside water and the

motion of Asp170. An electron transfer between manganese

centra during the proton release was also found to be impor-

tant. For releasing dioxygen in the S4-state, entropy plays a

major role.

IV. Summary

Recent hybrid DFT calculations using models with up to 170

atoms have confirmed but also slightly modified previous find-

ings for the mechanism of water oxidation in PSII. The best

O-O bond formation mechanism found remains one with a

reaction between an oxygen radical and a µ-oxo ligand, but

the oxygen radical is now found to bind to a different man-

ganese center. A previously found reconstruction in the S2 to

S3 transition is energetically improved by binding the water

molecule to a manganese in the Mn3Ca-cube instead of to the

outer manganese. A model for substrate water binding has

also been described where the OEC forms a basin where the

two substrate waters can naturally fit and be deprotonated,

see Figure 7. The new calculations lead to improved energy

diagrams in comparison to experiments.

I am very grateful to Dr James Murray for making Figure 4.
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