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Photosystem II (PSII) is a membrane-bound protein complex that oxidizes water to produce energized protons,
which are used to built up a proton gradient across the thylakoidal membrane in the leafs of plants. This light-
driven reaction is catalyzed by withdrawing electrons from the Mn,CaOs-cluster (Mn-cluster) in four discrete ox-
idation steps [S; — (S4/ So)] characterized in the Kok-cycle. In order to understand in detail the proton release
events and the subsequent translocation of such energized protons, the protonation pattern of the Mn-cluster
Keywords: need to be elucidated. The new high-resolution PSII crystal structure from Umena, Kawakami, Shen, and Kamiya
Psil is an excellent basis to make progress in solving this problem. Following our previous work on oxidation and pro-
tonation states of the Mn-cluster, in this work, quantum chemical/electrostatic calculations were performed in
Protonation of the OEC order to estimate the pKa of different protons of relevant groups and atoms of the Mn-cluster such as W2, 04,
Redox states 05 and His337. In broad agreement with previous experimental and theoretical work, our data suggest that
pKa W2 and His337 are likely to be in hydroxyl and neutral form, respectively, O5 and 04 to be unprotonated. This
article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.

Mn-cluster

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem Il is a membrane-bound multi-subunit protein-
pigment complex found in cyanobacteria, algae and plants that cata-
lyzes the decomposition of water into protons, electrons and molecular
oxygen [1,2]. This light-driven reaction is promoted by the oxygen-
evolving complex (OEC). The investigation of the OEC function in PSII
is a tremendous challenge for the scientific community [1,2]. Under-
standing the mechanism would for instance support the development
of artificial photosynthetic systems, which could produce oxygen and
hydrogen from water with solar power, thus contributing to solve the
current world energy problem.

Crystal structures from three different species are to date available
with increasing resolutions: 3.8 A[3], 3.7 A [4], 3.5 A[5],3.0 A [6], 2.9
A [7] and, recently, 1.9 A [8]. In particular the latter high-resolution
structure revealed crucial details which were not visible in previous
PSII crystal structures. The analysis of the high-resolution PSII crystal
structure suggested, for instance, that the OEC is a cubane-like
Mny4CaOs cluster (Mn cluster), constituted of a Ca atom and three Mn

* This article is part of a Special Issue entitled: Photosynthesis Research for
Sustainability: Keys to Produce Clean Energy.
* Corresponding author. Tel.: +49 3083854387.
E-mail address: knapp@chemie.fu-berlin.de (E.W. Knapp).
" Authors contributed equally.

http://dx.doi.org/10.1016/j.bbabio.2014.03.018
0005-2728/© 2014 Elsevier B.V. All rights reserved.

atoms, bound through four oxygens (01, 02, 03, 05) as well as an exter-
nal Mn (Mn4), bound via O5 and a fifth oxygen atom (04) (Fig. 1).In the
high-resolution crystal structure, all ligands of the Mn cluster were de-
termined, four of which identified as water molecules, W1 and W2
bound to Mn4, W3 and W4 bound to Ca [8].

Although the authors of the most recent crystallographic study of
PSII claimed that the Mn-cluster was in the dark-stable S; state
[Mn(II1, IIL 1V, IV)] [8], strong evidence has emerged that a possible X-
ray photo-reduction of the Mn-cluster may have occurred during the
experiment [9-13]. A recent computational study [13] suggested the
hypothesis that the crystal structure may in fact correspond to a mixture
of different oxidation states. In a recent study [9], we confirmed this hy-
pothesis by performing extensive density functional theory (DFT) calcu-
lations on the most recent high-resolution PSII crystal structure. By
analyzing the structural features of different 78 oxidation and proton-
ation states of the Mn-cluster, we confirmed that the excess of electrons
generated by synchrotron radiation caused radiation damage of the Mn-
cluster.

The protonation pattern of the Mn-cluster is another aspect that is
still far from being clarified [2]. This information is, however, crucial to
provide an atomic-detailed description of the catalytic mechanism of
water oxidation. While 02, 01, and O3 atoms are likely to be
unprotonated in the S; state [14], protonation of water ligands W1
and W2, as well as that of 04 and 05 and His337 is still a matter of de-
bate. Remarkably, spectroscopic studies suggested that O5 may be one
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Fig. 1. Oxygen-evolving complex (OEC), the nomenclature of the Mn4CaOs-cluster
(Mn-cluster).

of the sites for substrate water, indicating that one or more protons may
be present at this position [2,15]. Pace and co-workers [ 16] stated that in
the S-S5 states at least one of either O5 or 04 should be protonated. In
particular, their findings based on DFT calculations indicate that the best
structure (when compared to experimental high-resolution crystal
structure) was obtained when 04 was protonated. They also found
that their best model is compatible with one of the two Mn4 water li-
gands being deprotonated. Based on QM/MM computations combined
with a comparison to EXAFS spectra, Luber et al. [13] have recently sug-
gested that no proton should be attached to neither O5 nor 04 and that
the ligands on Mn4 should be neutral waters, in line with other studies
[2,15,17,18]. Using a similar combined DFT/EXAFS approach, Kusunoki
[19] explored the possibility for the Mn-cluster to exist in two different
isomeric structures in the S, state, finding that one of the two water li-
gands on Mn4 may be in the hydroxyl form. Interestingly, ESEEM and
ENDOR studies [18,20] suggested that either W1 or W2 should be
deprotonated in the S, state. Neese and co-workers confirmed this find-
ing theoretically [15].

In our recent theoretical study [9], the Mn-cluster of PSII in the high-
resolution crystal structure was analyzed with extensive quantum
chemical computations which involved 78 different models with differ-
ent protonation patterns and oxidation states. It was concluded that due
to radiation damage, the Mn-cluster in the PSII crystal structure is in a
highly reduced state, which is most likely S_ 3 with the W2 water ligand
deprotonated, two p-oxo-bridges, namely O4 and O5, protonated as
well as His337. However, there are also other quantum chemical com-
putations favoring the S_; state being populated albeit based on a
smaller number of considered atoms [13]. In the same study, it was sug-
gested that in the oxidation state S; the most likely model of the OEC
may bear one or no protons on the 04 and 05 oxygens, W2 ligand
being charge neutral and His337 protonated. Regarding His337, Pace
et al. [21] have explored the His337°03 H- bond interaction. Although
they excluded that O3 is protonated in the S; state, they suggested
that protonation becomes more likely in more reduced states, in full
agreement with our previous studies [9]. If this is true, an extra proton
on His337 may be the source for a subsequent protonation of O3.

Based on the most suitable structures obtained in our previous study
[9], in this work a series of pKa calculations were performed in order to
explore the protonation of the PSIl Mn-cluster in the S; state. Our results
suggest no protons on the p-oxo bridges, a neutral His337 and W2 li-
gand to be in the hydroxyl form as the most likely protonation pattern.
This work represents the first step to fully determine the protonation
pattern of the Mn-cluster. Further studies are currently being carried
out employing alternative approaches, such as, for instance, QM/MM
calculations and QM/EXAFS calculations.

2. Computational details

To compute the absolute pKa values of the OEC models, a procedure
developed in a previous study was employed [22], which demonstrated
an accuracy of about 0.55 pKa units for a number of organic compounds.
For the deprotonation reaction HA = H™ + A~, the pKa is defined as

AGg
PKa =230 RT M
where AGg is the free energy of deprotonation reaction.

AGg can be determined from the thermodynamic cycle (Scheme 1) as

AGy = AGgzs + Ay (A”) + AGegy, (H' ) = AGyqy, (HA), 2)

where AGgoy (A7), AGsory(HT) and AGs;(HA) are the corresponding
solvation energies and AGg,s is the deprotonation free energy in vacuum:

AGgss = Ggas(A™) + G (H' ) G (HA), 3)

with Ggas(H') = —6.28 kcal/mol [22]. Solvation energy of the proton
AGso(H') was considered to be —265.74 kcal/mol, as suggested in
our previous work [22]. The free energy in vacuum can be calculated as
follows:

Ggas = Eg + ZPE + AGq_,508 ¢ (4)

where Ey is the ground-state electronic energy in vacuum, ZPE the zero-
point vibrational energy and AGg _, »95 k the thermal vibration free ener-
gy at 298 K. Eg, ZPE, and AGy _. 93k were calculated quantum
chemically.

All DFT calculations were performed with Jaguar v7.7 [23,24]. Full
geometry optimizations were carried out using B3LYP [25-28] function-
al together with LACVP [29], an effective core potential for metal atoms
and 6-31G** basis set for other elements. Vibrational frequencies and
electrostatic potentials were calculated from fully optimized structures
on the same level of theory. Single-point electronic energy (Eo) calcula-
tions were performed on the optimized structures using a more refined
approach, including LACV3P [23] effective core potential and 6-
311G+ +** basis set. Due to anti-ferromagnetic coupling between Mn
atoms in the OEC, the total spin S = 0 was used, as determined experi-
mentally for S; state [30]. Optimized geometries, charges and energies
of the studied complexes and reactions are available in the Supporting
Information.

HGgas
AH{gas) —— = Ad(gas) + H'(aq)
aGSDIV(AH) &Gsolv(fﬂ\j ﬂGsulv(H*)
AH{aq) ——— Af{aq) + H(aq)

Scheme 1. Thermodynamic cycle to calculate the free energy of deprotonation.
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In our solvation model, the protein environment was represented
as a dielectric continuum. When the electrostatic behavior of a pro-
tein is solely described by dielectric continuum the dielectric con-
stant ranges typically from 10 to 40, depending on the type of
protein and its environment [31]. For the protein environment of
OEC, the value of ¢ = 20 was used [32,33]. Solvation energies were
calculated by solving Poisson equation using the Solvate module
from MEAD program suite [34]. Atomic partial charges were deter-
mined from the electrostatic potentials using the restraint-
electrostatic-potential (RESP) method as described previously [35].
Van der Waals radii for H, N, O and C were adopted from Ref. [36]
and are (in A) 1.2, 1.4, 1.4 and 2.0, respectively. The values for Mn
(1.48 A) and Ca (1.7 A) were taken from Jaguar's set of atomic radii
[2]. A solvent probe radius of 1.4 A was used.

2.1. Models

The models employed for DFT calculations include the Mn-cluster
with its ligands (Asp170, Glu189, His332, Glu333, Asp342, Ala344,
Glu354, HOH540, HOH541, HOH999, HOH1000) together with those
near residues (Tyr161, His190, His337, Arg357, HOH358, HOH428,
HOH446, HOH538, HOH539, HOH542, HOH543, HOH548, HOH923),
which are involved in H-bonds with OEC or its ligands (our notation:
W1, W2, W3, W4 corresponds to water ligands HOH1000, HOH999,
HOH541 and HOH540, Fig. 1). Amino acids were truncated at specific po-
sitions as described elsewhere [9].

Results of our previous work [9] allowed us to focus in this work on
mostly relevant protonation states based on Models 1, 2 and 3. These are
1,1A,1B,1C, 2, 2B, 2C, 3,3B and 3C (see Tables 1 and 2; selected geomet-
rical parameters are displayed in Table S2, Supporting Information). In
our nomenclature, the number corresponds to OEC-core protonation,
keeping W2 deprotonated (W27) and His337, protonated at N, and
N; (His3371). The letter in the model name corresponds to appropriate
OEC-ligand protonation, according to the following scheme: A
(His337°-W2 ™), B (His337%-W2°), and C (His337"-W2°).

3. Results and discussion

In our previous paper [9], the most likely protonation pattern for the
Mn-cluster was suggested based on a careful analysis of geometries and
energies from a series of 78 complexes generated from the high-
resolution PSII crystal structure through the use of quantum chemical
DFT calculations. Our results suggested that the Mn-cluster should
bear no protons or one on either O4 or O5. The protonation of water
W2 and His337 was also explored. Our data indicated that a hydroxyl
form and a protonated His337 are not unlikely. In this work we explore
further these preliminary findings by calculating pKa values of the fol-
lowing groups W2, 04, 05 and His337, which are the most promising
candidates for alternative protonation pattern found in previous studies

Table 1

List of the Mn-cluster models studied in this work and their protonation pattern.
Model w2 04 05 H337
1 OH™ 0 0 HisH™"
1A OH™ 0 0 His?
1B H,0 0 0 His?
1C H,0 0 0 HisH™"
2 OH™ 0 O-H HisH™
2B H,0 0 O0-H His?
2C H,0 0 O-H HisH™*
3 OH™ O-H 0 HisH™*
3B H,0 0-H 0 His®
3C H,0 O0-H 0 HisH™*

Table 2
pKa values of atomic groups and residues considered in the Mn-cluster models. Two dif-
ferent dielectric constants were used, 80 and 20. Reactions marked in bold are depicted
in Fig. 2.

Reaction Residue pKa (80) pKa (20)
1C— 1B H337 4.0 2.1
1-1A H337 24 1.5
1C—1 W2 7.8 6.3
1B — 1A w2 6.1 5.6
2C - 1C 05 74 4.7
2B — 1B 05 12 —038
2-1 05 5.0 33
2C — 2B H337 103 7.6
2C—2 W2 103 7.7
3C - 1C 04 0.2 —26
3B — 1B 04 —78 —9.8
3-1 04 5.1 34
3C — 3B H337 12.0 9.3
3C—-3 w2 29 0.2

[2,9,14,16]. The Mn-cluster models studied in this work are collected in
Table 1. The computed pKas are displayed in Table 2 and Fig. 2.

For the pKa computations, two different values of the dielectric con-
stant were employed to mimic the effect of the environment around the
models studied in this work. Typically, in electrostatic energy computa-
tions of proteins where atomic charges are explicitly taken into account,
a value of the dielectric constant between 4 and 20 is used, depending
on the model employed for the protein and its application [31]. The
more atomic details of the protein model are considered explicitly, the
smaller can be the value of the dielectric constant. If no details of the
protein are considered except for its volume and shape, an appropriate
value is ¢ = 20 [33]. In this work, protein environment far from the
OEC was not considered in atomic detail, therefore ¢ = 20 was
employed to simulate the protein environment. However, considering
that the Mn-cluster is surrounded by polar, charged residues and several
water molecules, the polarizability in the proximity of the Mn-cluster
may be larger than that described by &€ = 20. For this reason, also calcu-
lations with € = 80 were performed. Based on our experience [37,38],
we estimate the accuracy of the pKa calculations presented in this
work to be about 2 pKa units. Results are collected in Table 2 and Fig. 2.

3.1. Protonation state of water ligand W2

Deprotonation of water W2 was explored in the following reactions:
1C—1,1B — 1A,2C — 2,3C — 3 (Table 2 and Fig. 2). The computed
pKa values with ¢ = 20 are all smaller than 7, except for deprotonation
of W2 in Model 2C, for which pKa(20) = 7.7. According to our data, de-
protonation of W2 is thus likely to happen, the hydroxyl form of W2
being the most probable. The pKa of W2 is relatively independent of
the protonation state of His337. For instance, Model 1B and Model 1C
show a similar pKa for W2, pKa(20) = 5.6 and 6.3. More generally the
pKa of water W2 ranges between 5.6 and 7.7 except for Model 3C
(04 protonated), in which case pKa(20) = 0.2. These results suggest
that a simultaneous protonation of 04 and of His337 can significantly
influence the protonation behavior of W2.

3.2. Protonation state of p-oxo 04

Reactions which feature protonation of O4 are the following: 3C
— 1C, 3B — 1B, 3 — 1 (Table 2 and Fig. 2). Computed pKa values for
04-H range between —9.8 and 3.4 at ¢ = 20, —7.8 and 5.1 ate =
80. For Models 3B and 3C our data clearly show that protonation
of 04 is unlikely, as pKa(20) is close to zero or even negative. Con-
sidering that W2 is very likely to be in the OH™ form, analysis of
Model 3 becomes more relevant. Model 3 bears a proton on 04,
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Fig. 2. Most relevant protonation/deprotonation reactions studied in this work, namely W2 and His337 deprotonation, 04 and 05 protonation. All pKa values displayed in the figure are

calculated with € = 20. The relevant protons are highlighted with a black arrow.

W2 in the OH™ form and a protonated His337. The pKa value calcu-
lated for O4-H is 3.4 and 5.1 at ¢ = 20 and € = 80 respectively.

3.3. Protonation state of p-oxo 05

Protonation of 05 was considered in the following reactions 2C
— 1C, 2B — 1B, 2 — 1 (Table 2 and Fig. 2). The computed pKa values
range between — 0.8 and 4.7 at ¢ = 20, 1.2 and 7.4 at ¢ = 80. Proton-
ation of 05 seems thus to be unlikely for all models, except for Model
2C, which shows a pKa(20) = 4.8 and pKa(80) = 7.4. This in turn
means that if His337 is in its neutral state and W2 is H,0, protonation
of O5 may be possible. Remarkably, experimental studies suggested
that O5 may be one of the sites for substrate water and thus one or
more protons may be present at this position at least transiently |2,
15]. In contrast, many theoretical studies provided evidence that no pro-
tons should be bound to O5 in the S; state [8,13,17,39,40]. In our

previous work, we suggested that if a proton is present on the Mn-
cluster in Sy, 05 is likely the position that allocates it [9].

3.4. Protonation state of His337

Protonation of His337 was explored in the reactions 3C — 3B, 2C
— 2B, 1C — 1B, 1 — 1A. The pKa values of His337 range between 1.5
and 9.3 at € = 20, while they range between 2.4 and 12.0 at € = 80.
There are thus two types of His337 in the Mn-cluster according to our
data. One is represented by Models 3C and 2C, where His337 is likely to
be protonated, the other in Models 1C and 14, in which the His337 pKa
values are smaller than 7. While the pKa values are rather independent
from the protonation state of W2, protonation of 04 and O5 seems to
be crucial for the protonation of His337. When a proton binds either at
04 or 05, the pKa(20) of His337 increases from about 2 to 7.6 and 9.3
for Models 2C and 3G, respectively.
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3.5. OEC model for the S; state and comparison with literature

The data presented in this contribution suggest that the most likely
protonation pattern of the Mn-cluster is that of Model 1A: no protons
on 04/05, W2 ligand is in its OH™ form and His337 is in its neutral
form, interacting with O3 via H-bond (Fig. 3). This model is in good agree-
ment with previous experimental and theoretical studies, in particular for
the protonation pattern of 05/04 and W2, for which an abundance of ex-
perimental and theoretical studies is available [13,15,17,19,39,40]. For in-
stance, Kusunoki proposed that one of the two water ligands on Mn4 is in
fact a hydroxyl [19], in line with ESEEM and ENDOR studies that sug-
gested that in the S, state either W1 or W2 should be deprotonated
[19] and those of Neese [15], who confirmed theoretically this finding.
No proton release is observed in the transition from S; to S, [14], there-
fore it is very likely that the W2 ligand is already deprotonated in the S,
state. Regarding the protonation of 05 and 04, there is a large consensus
that these oxygen atoms should be unprotonated [13,15,17,39,40]. We
would like to remark that regarding the protonation of His337 in the S2
state of the OEC, Pantazis et al. considered a double protonated histidine
in their models, see Supporting Information in Ref. [41].

In our previous paper [9], we stated that 04 and O5 should bear one
proton or no protons at all. While this latter hypothesis agrees with our
present finding, we still believe that due to the inherent uncertainty of
the present pKa computations the possibility that a proton is attached
to either 04 or O5 cannot be ruled out. The largest pKa values for pro-
tonation at these two oxygens are 4.7 and 3.4 with € = 20, 7.4 and 5.1
with € = 80 (Table 2). Since the PSII environment around the Mn-
cluster contains a number of water molecules and charged groups and
is therefore rather polar, the actual pKa values may be closer to those
calculated at € = 80. Furthermore the uncertainty of the computed
pKa values is estimated to be around 2 pKa units. Thus, based on the
present study, we cannot exclude protonation on 04 or 05, the latter
being slightly more likely.

4. Conclusion

Although the recent high-resolution PSII crystal structure revealed
many crucial structural details, protonation of the Mn-cluster is still a
matter of debate. A significant number of experimental and theoretical
studies focused on this topic [1,2]. In this work, the protonation pattern
of the Mn-cluster of PSII was explored by means of pKa calculations car-
ried out at the DFT level combined with continuum electrostatics. In
particular, protonation states of water ligand W2, p-oxo bridges 04
and 05, and of His337 were studied. The studied Mn-cluster structures
were chosen from the most relevant models obtained in our previous
study on protonation pattern and oxidation states of OEC [9]. The data
shown in the present contribution suggested that O4 and O5 are likely

H337

Fig. 3. Model 1A: Most likely Mn-cluster model based on pKa calculations carried out in
this study. W2 = OH™, 05 and 04 unprotonated, His337 in its neutral state.

unprotonated, since with ¢ = 20 the pKa values of 05-H and 04-H
are lower than 7 (Figs. 2 and 3). When no proton is bound to these -
oxo bridges, our pKa calculations indicate that His337 is very likely
deprotonated, i.e. in its charge neutral form (Fig. 3). Moreover, in all
studied Mn-cluster models, except Model 2C, W2 is in its hydroxyl
form rather than H,O (Table 2 and Fig. 2). The Mn-cluster protonation
pattern obtained in this work (Fig. 2) is in broad agreement with
previous findings both based on theoretical and experimental studies
[13,15,17,19,39,40].

Despite the broad agreement of the present results with previous
studies, there are still uncertain points and open questions. To address
these, we are currently carrying out further investigations based on re-
fined pKa calculations (QM/MM and electrostatics) and on a combined
DFT/EXAFS approach with the aim of confirming the protonation model
presented in this work.
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