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Density functional theory calculations have been made to

investigate the stability of the energetics for the oxygen evolv-

ing complex of photosystem II. Results published elsewhere

have given excellent agreement with experiments for both

energetics and structures, where many of the experimental

results were obtained several years after the calculations were

done. The computational results were obtained after a careful

extension from small models to a size of about 200 atoms,

where stability of the results was demonstrated. However,

recently results were published by Isobe et al., suggesting that

very different results could be obtained if the model was

extended from 200 to 340 atoms. The present study aims at

understanding where this difference comes from. VC 2017 The
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Introduction

Water oxidation in photosystem II (PSII) occurs by the use of

sunlight in four steps, with intermediates termed S0 to S4. The

catalyst is an Mn4Ca complex, termed the oxygen evolving

complex (OEC), where the metals are bridged by oxo bonds.

During the past decade, continuous efforts have been made

trying to model water oxidation in PSII using theoretical mod-

els. Computational modeling without a starting X-ray structure

is very difficult and only qualitative results could be obtained

before 2004. The initial quantitative modeling of water oxida-

tion started from low-resolution X-ray structures with rather

large uncertainties.[1,2] Nevertheless, in 2006 a mechanism was

suggested in which the OAO bond of O2 is formed in S4

between an oxygen radical (oxyl) group and a bridging oxo

group.[3] That type of mechanism was found to be much supe-

rior to all other mechanisms investigated, for example, to a

water attack on an oxo- (or oxyl-) ligand, a finding confirmed

also quite recently.[4] Two years later, an improved structure of

the OEC was also suggested.[5] This structure was confirmed

by high-resolution X-ray spectroscopy in 2011.[6] Details of

the structures of the S1 to S3 intermediates, have during

2011–2014 been confirmed in detail by spectroscopy.[7]

During the past decade, models of different sizes have been

used for modeling the mechanism, the largest one being com-

posed of around 200 atoms.[8] Good convergence of the ener-

getics with model size were obtained. Therefore, it came as a big

surprise when quite different energetic results were obtained

recently by Isobe et al. using a much larger model with 340

atoms.[9] Different electronic states of the S3 intermediate were

modeled. In particular, they found that an S3 state with an oxy-

gen radical had a very low energy compared to the ground state

found earlier. In that structure, the proton was moved to the OH-

group on the outer manganese (Mn4), from the OH group on

Mn1, see Figure 1. Importantly, the two states have the same

charge. Using the same computational level as the one used ear-

lier in the previous study with 200 atoms, they found the oxygen

radical state to be the ground state by 20.4 kcal/mol. Using the

previous model, the oxygen radical state was here found to be

at 121.3 kcal/mol. The difference to the old results was claimed

to be due to the use of a larger model with, for example, a large

number of water molecules not included before, with positions

taken from the high-resolution X-ray structure. In the present

study, the convergence of this energy difference has been

investigated using models of different sizes between 202 and

340 atoms.

Methods and Models

The density functional theory (DFT) calculations discussed here

were performed in essentially the same way as described in

detail previously.[8] The hybrid functional B3LYP*[10,11] was used

with polarized basis sets for the geometries (lacvp*), large basis

sets for energies (cc-pvtz(-f )/lacv3p1), and a surrounding dielec-

tric medium with dielectric constant equal to 6.0 (basis lacvp*).

Dispersion effects were added using the empirical D2 formula of

Grimme.[12] Full geometry optimizations (except for fixed back-

bone atoms) were made for all structures. For the 202 atom

model, the same back-bone atoms were fixed as in the previous

study.[8] This means fixing the alpha-carbon and the two
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neighboring hydrogen atoms placed along the X-ray backbone.

For the larger cluster, the added atoms were placed in the fol-

lowing way to simplify the incorporation of them, while keeping

the same atoms fixed for the 202 atom part of the cluster. The

metal atoms of the OEC were first overlapped with the ones of

the 340 atom structure of Isobe et al. as well as possible. The

added atoms were after that taken directly from that 340 atom

structure.[9] For these atoms, only the alpha-carbons were fixed

in most cases. For Val185, an additional hydrogen was fixed, and

also for Asn298. For all structures, it was visually checked that no

major distortions were found during the geometry optimiza-

tions. It should be added that experience has shown that the

exact positions of the fixed atoms are not important for relative

energies as long as the fixing is identical for the structures that

are compared. When this is fulfilled even rather large changes in

their positions have only very small effects on relative ener-

gies.[13] The coordinates and the fixing of the atoms are shown

in the Supporting Information. The calculations were performed

with the Jaguar and Gaussian programs.[14,15]

Results

In the present study, the convergence of a certain energy

difference for the OEC is investigated starting from the cluster

model used in our previous study of 202 atoms,[8] and ending

at a model size of 340 atoms used by Isobe et al.[9] This

energy difference concerns the one between the ground state

for the S3 state of the OEC and another state of S3 with an

oxygen radical instead of an OH group bound to Mn1. The

core structures of the two states are sketched in Figure 1. For

the 202 atom model, the energy difference is 121.3 kcal/mol

if the model is used in exactly the same form as previously,

entry 202(a) in Table 1. The energy difference reported by

Isobe et al. for the 340 atom model is very different with 20.4

kcal/mol. This dramatic change of an energy difference by

extending the model from 202 to 340 atoms is completely

different from what would have been expected based on the

experience obtained during at least a decade of model tests. It

should be added that the convergence of the cluster that

led to the 202 atom model was tested for other energy

differences than the one studied here. This convergence was

tested by, for example, varying the number of external water

molecules and their positions. Of the two states in Figure 1,

only the hydroxyl state was studied in detail previously. If a

similar convergence study is done here for the 202 atom

model of the oxyl state, by moving the water molecules

around, a better position is obtained for one of the external

waters for that state, reducing the energy difference between

the two states to 15.4 kcal/mol, entry 202(b) in Table 1. If the

previous study would have been concerned with this particular

energy difference, this experience would have been enough to

motivate a larger cluster model than 202 atoms, including the

optimal water positions for both the oxyl and the OH state at

the same time with one model.

The big difference between the results obtained by Isobe

et al. and the previous study, was claimed to be due to the

addition of many external water molecules forming an impor-

tant network. For this reason, the next model studied was

extended from the 202 atom model by including all the 15

additional water molecules placed in the positions as used by

Isobe et al., leading to a model of 247 atoms. However, this

did not change the energy difference very much from the 202

atom model with 15.4 kcal/mol to 16.3 kcal/mol. This was

expected based on previous experience. A notable advantage

with the larger model is that both structures for the S3 states

are well-described by the same arrangement of water molecules.

For the 202 atom model one water had to be moved to a differ-

ent position for the oxyl state. It should be noted that several

orientations of the other water molecules obviously did change

between the two states.

Rather recently, it has been discovered that Val185, situated

a bit outside the OEC, is important for water transport.[16]

Therefore, this group was added in the next model, leading to

Figure 1. The two different S3 states discussed here; above with an OH on

Mn1, below with an oxyl radical on Mn1. The upper structure has been

strongly favored in previous studies, while the recent study by Isobe et al.

place these structures at the same energy.

Table 1. Energy difference (kcal/mol) between the hydroxide and oxyl

radical structures for the S3-state.

Number of atoms Energy difference

202(a) 121.3

202(b) 115.4

247 116.3

261 115.3

304 116.3

309 117.1

340 116.2

A positive value means that the hydroxide state is lower in energy.
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261 atoms. Some of the water molecules in the Val185 region

were then displaced during the optimization. However, the

inclusion of Val185 did not change the energy difference very

much, from 16.3 for the 247 atom model to 15.3 kcal/mol. By

chance, the energy difference is now almost identical to the

one for the 202 atom model. The very small differences

between these first three models are within the uncertainty of

the calculations, so no chemical effect is so far seen.

It is well-known since long, that Tyr161 (TyrZ) is very impor-

tant for the mechanism of water oxidation. The main effect is

that an electron is transferred to P680 in the reaction center,

where the charge separation takes place. In this procees, TyrZ

loses its OH proton to the nearby His191. The positive His191

is stabilized by hydrogen bonding to Asn298 residue. The TyrZ

radical is after this ready to accept an electron from the OEC.

In the next model, these three residues were therefore added

leading to a 304 atom model. As the present modeling is for

the ground state of S3, TyrZ is in its neutral form with an OH

group. The energy difference is still very stable with 16.3 kcal/mol,

see Table 1, which is also an expected result.

Again, it was decided to look at the importance of Val185

by deleting it and instead add Asn181 and the backbone part

of Phe182, just like Isobe et al. did. A problem with this model

is that Phe182, with just one backbone atom frozen from the

X-ray structure, can rotate and obtain a position not allowed

by the rest of the X-ray structure. During the optimization, this

nonallowed rotation was therefore checked carefully, and

found not to occur. The model now contains 309 atoms, as

seen in the table, the energy difference between the two

states is still hardly affected with 17.1 kcal/mol compared to

16.3 kcal/mol for the 304 atom model. With the two different

tests of the importance of Val185, it is now clear that it is of

no significance for the present energy difference.

The final model tested here is the same one as used by

Isobe et al. with 340 atoms. From the 304 atom model,

Gln165, Ser169, and Asn181 were added. The energy differ-

ence is still very stable with 16.2 kcal/mol compared to 16.3

kcal/mol for the 304 atom model.

It would, of course, be desirable to identify exactly where

the present calculations differ from the ones by Isobe et al.

However, for such a large model this is very difficult. Still,

some comments can be made. A likely reason for the discrep-

ancy to the present results is that the structure obtained by

Isobe et al. has become stuck in one of a huge number of

local minima present in such a big model. The same problem

will occur for any large model, also of the QM/MM type, which

therefore normally requires a sampling and averaging proce-

dure. Using the cluster modeling technique, a different way to

obtain stable results is to slowly extend the model as has

been done here. In a first comparison between their structures

and the present ones, it can be noted that the core structures

of the OEC are nearly identical. The core structure includes

Mn4Ca and the bridging oxo groups, as well as the position of

the key OH or oxyl group. An indication of a problem with

local minima in their optimizations, is that they did not obtain

the ground state of TyrZ with an OH group, but instead a

TyrO–anion. There is an energy gain going to the proper TyrZ

state, but it is not big enough to alone explain the discrep-

ancy of their results to the present ones. Furthermore, when

the Isobe et al. structures were optimized using the present

methodology starting with their structures, an energy differ-

ence of 19.8 kcal/mol was obtained compared to 20.4 kcal/

mol in their study. A larger basis set has been used here for

the final energy calculation, and compared to the result with

the smaller basis set used for the geometry optimization, there

is a large effect of nearly 110 kcal/mol. However, Isobe et al.

used a basis set size somewhere in between these two basis

sets, so this is not the full explanation for the discrepancy.

As a final attempt to shed light on the discrepancies of the

two studies, ours and the one by Isobe et al., calculations

were done by deleting atoms from the Isobe 340 atom struc-

ture. Two structures were done, one with 206 atoms and one

with 309 atoms. The 206 atom structure is then similar to the

202(a) structure in Table 1. The result for the energy difference

is 19.8 kcal/mol for the 206 atom model and 14.6 kcal/mol for

the 309 atom model, very similar to the results of our model

and quite different from the results of the Isobe 340 atom

model.

Summary

In the present study, the cluster size convergence for an

energy difference between two S3 states has been investi-

gated. The background is that Isobe et al. recently claimed a

huge energetic effect by extending the model from the previ-

ous size with 202 atoms to 340 atoms. The previous model

with 202 atoms gave an energy difference of 121.3 kcal/mol,

which could here be corrected to 115.4 kcal/mol, see above.

The result by Isobe et al. for their 340 atom model was 20.4

kcal/mol. To investigate this discrepancy, the energy difference

between the two states was here calculated, increasing the

model size from 202 atoms for six models of different sizes, at

the end reaching the same size as the one used by Isobe et al.

of 340 atoms. The results in Table 1 show a remarkable

stability for this energy difference varying only between 115.4

to 117.1 kcal/mol. Based on previous experience a stability

was expected, but an energy variation of a few kcal/mol

could, of course, occur, like that seen in the table. One likely

contributing factor for the large discrepancy to the results of

Isobe et al. is that their geometry optimization has been stuck

in a local minimum. Methodological differences, like the use of

different basis sets, probably also contribute. It can be added

that a very similar discrepancy to results from the Isobe group

as discussed here has also very recently been pointed out for

a biomimetic model of the OEC.[17]

The conclusion from the present work, and from others per-

formed during the past two decades, is that the only way a

result for a large cluster model can be trusted is that some

sort of cluster size convergence test is provided. This is partic-

ularly true when the result differs strongly from previously

published data. For results based on QM/MM modeling, the

same problem as the one pointed out here obviously also

occurs. The strategy developed in that case is to do sampling

and averaging. That procedure requires calculations on a very
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large number of structures and can therefore not yet be adopted

for cluster model calculations.

Keywords: water oxidation � density functional theory � cluster

model � size convergence � accuracy
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