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Abstract
The oxidation of water to  O2 is catalyzed by the Oxygen Evolving Complex (OEC), a  Mn4CaO5 complex in Photosystem II 
(PSII). The OEC is sequentially oxidized from state  S0 to  S4. The  S2 state,  (MnIII)(MnIV)3, coexists in two redox isomers: 
 S2,g=2, where Mn4 is  MnIV and  S2,g=4.1, where Mn1 is  MnIV. Mn4 has two terminal water ligands, whose proton affinity is 
affected by the Mn oxidation state. The relative energy of the two  S2 redox isomers and the protonation state of the terminal 
water ligands are analyzed using classical multi-conformer continuum electrostatics (MCCE). The Monte Carlo simulations 
are done on QM/MM optimized  S1 and  S2 structures docked back into the complete PSII, keeping the protonation state of 
the protein at equilibrium with the OEC redox and protonation states. Wild-type PSII, chloride-depleted PSII, PSII in the 
presence of oxidized  YZ/protonated D1-H190, and the PSII mutants D2-K317A, D1-D61A, and D1-S169A are studied at pH 
6. The wild-type PSII at pH 8 is also described. In qualitative agreement with experiment, in wild-type PSII, the  S2,g=2 redox 
isomer is the lower energy state; while chloride depletion or pH 8 stabilizes the  S2,g=4.1 state and the mutants D2-K317A, 
D1-D61A, and D1-S169A favor the  S2,g=2 state. The protonation states of D1-E329, D1-E65, D1-H337, D1-D61, and the 
terminal waters on Mn4 (W1 and W2) are affected by the OEC oxidation state. The terminal W2 on Mn4 is a mixture of 
water and hydroxyl in the  S2,g=2 state, indicating the two water protonation states have similar energy, while it remains 
neutral in the  S1 and  S2,g=4.1 states. In wild-type PSII, advancement to  S2 leads to negligible proton loss and so there is an 
accumulation of positive charge. In the analyzed mutations and  Cl− depleted PSII, additional deprotonation is found upon 
formation of  S2 state.

Keywords Grand canonical Monte Carlo simulations · Linear response approximation (LRA) · Oxygen evolving complex 
(OEC) · pKa · Photosystem II · Proton transfer

Introduction

Oxygenic photosynthesis stores solar energy as reduced 
products used to fix carbon as well as in the form of a trans-
membrane electrochemical potential gradient that enables 
synthesis of ATP. Photosystem II (PSII) contains the oxy-
gen evolving complex (OEC) a remarkable catalyst com-
posed of earth abundant Mn and Ca that oxidizes water at 
room temperature and physiological pH (Dau et al. 2012; 
Renger 2012; Cox et al. 2013; Cox and Messinger 2013). 
Thus, PSII uses water, the universal biological solvent, as 
the ultimate metabolic electron source (Yano and Yachandra 
2014; Debus 2015; Vinyard and Brudvig 2017). The result-
ant  O2 is a by-product that sustains aerobic life on Earth. 
The reaction cycle accumulates four oxidizing equivalents 
in the OEC before evolving  O2 in a single redox step, with 
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explicit changes of the cluster structure coupled to cluster 
deprotonation and water addition. Combining computational 
analysis with new atomic structures of the OEC (Suga et al. 
2015; Kern et al. 2018) is providing an emerging picture of 
the mechanism.

The OEC is a Mn4CaO5 cluster in a cubane-like structure 
with three high-valent Mn centers and  CaII connected to a 
fourth, dangler manganese through µ-oxo bridges (Fig. 1) 
(Umena et al. 2011; Kern et al. 2018). Four terminal waters 
are bound to the OEC, two coordinated to Mn4 (W1, W2) 
and two to  CaII (W3, W4). Upon loss of four electrons, the 
OEC oxidizes two waters to  O2 in one step, without gen-
erating high energy, intermediate reactive oxygen species 
(Kok et al. 1970). The OEC thus cycles through five S-states, 
 S0–S4, with  S0 and  S4 the most reduced and most oxidized 
intermediates, respectively.  S1, with one less electron than 
 S0, is the stable dark-adapted state (Joliot 2005). Four pro-
tons are lost through the Kok cycle of S-state transitions as 
the OEC is oxidized (Dau and Haumann 2007; Dau et al. 
2012). In the overall reaction, the protons are lost from the 

substrate water (Siegbahn 2013a). However, during each 
S-state transition, protons can be lost from bridging oxygens 
or terminal water ligands within the OEC or from surround-
ing residues in the protein. Proton loss can make oxidation 
more favorable, since it diminishes the buildup of positive 
charge. One proton is released on the oxidation of  S0 and  S2 
(Rappaport and Lavergne 1991; Lavergne and Junge 1993; 
Suzuki et al. 2009; Dau et al. 2012), but the oxidation of  S1 
to  S2 releases significantly less than one proton to the outside 
of the protein. It is unknown if there is internal protein rear-
rangement on this step.

The  S1 intermediate is the most stable state in the dark 
(Luber et al. 2011; Davis and Pushkar 2015; Kern et al. 
2018),  S2 has two redox isomers with distinctive EPR sig-
nals (Dismukes and Siderer 1981; Casey and Sauer 1984; 
Zimmermann and Rutherford 1984; De Paula and Brudvig 
1985). If the bridging oxygen (O5) completes the coordina-
tion shell of Mn4, then the OEC redox isomer with only 
Mn1 remaining  MnIII  (Mn1IIIMn2IVMn3IVMn4IV denoted 
3444) is formed which shows the characteristic EPR mul-
tiline spectra at g = 2 (denoted  S2,g=2). However, when O5 
moves closer to Mn1 closing the cube, then Mn1 is oxidized 
and the 4443 redox isomer is formed, which has a broad 
EPR signal at g = 4.1  (S2,g=4.1) (Pantazis et al. 2012; Bovi 
et al. 2013; Narzi et al. 2014; Krewald et al. 2015). The 
relative stability of these two isomers is influenced by the 
surrounding environment (Pokhrel and Brudvig 2014). For 
example, higher pH (Boussac et al. 2018) or chloride deple-
tion favors the  S2,g=4.1 isomer (Ono et al. 1986; Amin et al. 
2016), while the D2-K317A (Pokhrel et al. 2013), D1-D61A 
(Debus 2014), and D1-S169A (Askerka et al. 2015a) muta-
tions stabilize the  S2,g=2 isomer. In the  S2 to  S3 transition, the 
addition of a substrate water to either Mn1 (Siegbahn 2013a; 
Cox and Messinger 2013) or Mn4 (Askerka et al. 2015a; 
Wang et al. 2017) is thought to complete the OEC ligation.

We apply the Multi-Conformer Continuum Electrostatics 
(MCCE) methodology (Song et al. 2009) optimized for the 
study of Mn complexes (Amin et al. 2013) to explore the 
protonation state changes of residues around the OEC. While 
MCCE uses a simple, classical electrostatics description, it 
allows sampling of side chain and water positions as well 
as protonation and oxidation states keeping the protein and 
OEC in equilibrium. We use the Linear Response Approxi-
mation (LRA) (Makri 1999) to find the relative midpoint 
potential  (Em) of the two  S2 redox isomers. The simulations 
show that all four terminal water ligands are fully proto-
nated in  S1, while W2 is partially deprotonated in  S2,g=2 with 
 Mn4IV, but remains protonated in  S2,g=4.1 with  Mn4III. The 
small overall proton loss (Suzuki et al. 2009) during the  S1 
to  S2 transition is identified as being due to D1-E329 and 
D1-D61 binding much of the proton released from W2 in 
the ensemble of states obtained by Monte Carlo sampling. 
We analyze how deprotonation is affected by oxidation of 

Fig. 1  Key residues around the  Mn4CaO5 OEC, including D2-K317, 
D1-D61, D1-S169, D1-H190, and  YZ;  Cl1,  Cl2 are represented as 
spheres. Terminal water ligands of Mn4 (W1 and W2) and  CaII (W3 
and W4) are explicitly shown. Mn1 and Mn4 are shown on the front 
face of the OEC with Mn4 on the left, Mn1 on the right, and O5 in 
between them. The OEC is in the optimized  S1(3443) configuration 
as obtained by DFT-QM/MM calculations (Luber et al. 2011), deter-
mined within a 15 Å sphere of residues from the D1, D2, and CP43 
subunits derived from the 3ARC structure (Umena et al. 2011)
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 YZ with concomitant proton transfer to D1-H190, raising the 
pH from 6 to 8, depletion of chloride, and the site-directed 
mutations D2-K317A, D1-D61A, and D1-S169A. The cal-
culated trends for how these perturbations modify the free 
energy difference between the two  S2 redox isomers are 
found to be consistent with experiments.

Methods

Calculations start with coordinates extracted from 3ARC 
(Umena et  al. 2011), the 1.9  Å X-ray crystal structure 
of Thermosynechococcus vulcanus PSII. The QM/MM 
sphere used for optimization consists of the OEC and 
a  sphere with a diameter of ≈  15Å consisting  of resi-
dues centered at the OEC from the D1, D2, and CP43 
subunits (Luber et al. 2011; Askerka et al. 2014, 2015a, 
b, 2016). The residues in the sphere are as follows: D1 
(chain A): (57)-V58-V67-(68), (81)-V82-L91-(92),(107)-
N108-Y112-(113),(155)-A156-I192-(193),(289)-I290-
N298-(299),(323)-A324-A344:C-terminus; CP43 (chain 
C): (290)-W291-(292),(305)-G306-A314-(315),(334)-
T335-L337-(338),(341)-M342-(343),(350)-F351-F358-
(359),(398)-A399-G402-(403),(408)-G409-E413-(414); D2 
(chain D): (311)-E312-L321-(322),(347)-R348-L352:C-
terminus. For the capping residues, in parenthesis, only the 
backbone atoms are considered. The two crystallographic 
chloride ions are included:  Cl1 near D2-K317, and  Cl2 near 
N338 and F339 (Fig. 1).

The DFT-QM/MM methodology was used to optimize 
the OEC in the  S1 (Mn oxidation 3443) (Luber et al. 2011), 
 S2,g=2 (3444), and  S2,g=4.1 (4443) states (Askerka et al. 2014). 
The nomenclature will use a subscript to describe the MCCE 
oxidation state of each Mn and a superscript to describe the 
S-state in which the structure was optimized within QM/
MM.1 The RMSD when comparing the  Mn4CaO5 atoms for 
the  S1 and two  S2 structures as well as surrounding protein 
is very small. Each QM/MM optimized structure was then 
docked back into the 3ARC (Umena et al. 2011) PSII protein 
for classical electrostatic MCCE calculations.

MCCE (Song et al. 2009) and similar programs (Ullmann 
and Knapp 1999; Baker et al. 2001; Wang et al. 2015) use 
continuum electrostatics energies and Monte Carlo sampling 
to estimate the protonation equilibria proteins (Gunner et al. 

2011; Nielsen et al. 2011). MCCE has been tested for the 
analysis of  pKas (Song et al. 2009; Gunner et al. 2011), of 
Mn model complexes (Amin et al. 2013), the OEC in PSII 
(Amin et al. 2015), as well as for anion binding (Song and 
Gunner 2009; Chenal and Gunner 2017). The MCCE calcu-
lations keep the protein in equilibrium with the OEC in each 
state. MCCE has its own limitations. MCCE considers only 
electrostatic and van der Waals interactions and does not 
include any quantum mechanical effects, such as the impor-
tant Jahn–Teller distortions in the coordination sphere of 
 MnIII centers that need to be informed by DFT-QM/MM 
calculations. In addition, the protein backbone and the OEC 
coordinates are kept fixed during MCCE Monte Carlo sam-
pling. The MCCE isosteric sampling (Song et al. 2009) is 
applied as described previously for PSII (Amin et al. 2015). 
C, O, and N side chain positions are fixed, allowing sam-
pling of ionized and neutral protonation states of Asp, Glu, 
Arg, Lys, His, and Tyr. Alternative positions for hydroxyl 
protons, exchanged Asn and Gln terminal O and N, and His 
tautomers are sampled. Crystallographic waters are removed 
from the protein and modeled by implicit solvent. The 166 
explicit waters (including the four water ligands to Mn4 and 
 CaII) within the 15 Å sphere surrounding the OEC that were 
included in the QM/MM optimization are retained. In QM/
MM, each water has a single set of proton positions, while 
in MCCE each input water oxygen samples at least 20 pos-
sible proton positions (including those found in the QM/
MM structure) as well as a conformer where it has been 
moved out of the protein into the bulk solvent. The waters 
ligated to the Mn4 (W1, W2) or  CaII (W3, W4) can be  H2O 
or  OH− with rotating proton positions but must remain 
bound. The ligands directly attached to the OEC, including 
D1-E189, D1-E333, D1-D342, and CP43-E354 are depro-
tonated while D1-H332 is neutral in our calculations (Luber 
et al. 2011).

Parse charges, optimized for continuum electrostatic cal-
culations (Tannor et al. 1994), are used for amino acids, 
including the amino acid ligands, while valence charges 
are used for the OEC (Amin et al. 2015). Cofactors such as 
chlorophyll, pheophytin, heme, non-heme iron, and  Cl− use 
standard MCCE topology files (Amin et al. 2015). All cofac-
tors other than the OEC are kept in their neutral state. TIPS 
(Jorgensen 1981) charges are used for explicit water. Delphi 
Poisson–Boltzmann electrostatic energies are calculated, 
with a dielectric constant ε = 4 for the protein, and ε = 80 
for implicit solvent water. Amber van der Waals parameters 
are used, reduced to 25% of their full value as suggested 
in previous MCCE benchmark calculations (Gunner et al. 
2011). Cavities with a radius ≥ 1.4 Å are filled with a dielec-
tric constant ε = 80. The implicit salt concentration is 0.15 M 
with a 2 Å Stern layer. The default pH = 6. The Boltzmann 
distribution for all degrees of freedom is obtained by Grand 
Canonical Monte Carlo (GCMC) sampling.

1 The subscript refers to the redox state  (S1,  S2,g=2,  S2,g=4.1) while the 
superscript refers to the input S-state structure in which the OEC is 
optimized by QM/MM  (S1,  S2,g=2 and  S2,g=4.1). For example, S2,g=2

1
 

identifies the QM/MM  S2,g=2 structure (with its geometry optimized 
in the open cubane 3444 state as the input structure for the MCCE 
classical analysis of the cluster in the 3443  S1 redox state. The four 
numbers denote the redox state of each Mn. Thus, 3443 indicates the 
OEC state  Mn1IIIMn2IVMn3IVMn4III.
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The relative energies of the  S1 and  S2 isomers are deter-
mined by MCCE calculations as a function of pH and 
 Eh (Mao et al. 2003; Zhu and Gunner 2005; Amin et al. 
2013). The free energy difference obtained from MCCE 
calculations is compared to the DFT-QM/MM free energy 
(Becke 1988) as described in SI Section VII. For chloride-
depleted calculations, both chloride ions are forced into 
solution during Monte Carlo sampling (Song and Gun-
ner 2009; Chenal and Gunner 2017). Site-directed muta-
tions, D2-K317A, D1-D61A, and D1-S169A, are carried 
out within MCCE where these side chains are mutated to 
alanine using the residue completion subroutine, keeping 
the protein backbone fixed. Cavities formed by mutations 
are also filled with implicit water (Song et al. 2009). For 
D2-K317A, different  Cl− positions were generated using 
the translation subroutine of MCCE to determine if chlo-
ride is repositioned by the mutation (Fig. S3) (Song and 
Gunner 2009). The binding affinity of  Cl1, near the OEC, 
is calculated in the  S1 structure at pH 6 by varying the 
 Cl− chemical potential (Song and Gunner 2009; Chenal 
and Gunner 2017). The comparison of calculations in full 
PSII protein and QM/MM sphere at pH 6 is reported in 
Table S2.

Results

MCCE Monte Carlo sampling generates a Boltzmann dis-
tribution of redox states for the four Mn centers of the 
OEC in their III or IV oxidation states, corresponding 
to the  S1,  S2,g=2, and  S2,g=4.1 intermediates in their DFT-
QM/MM optimized  S1,  S2,g=2, and  S2,g=4.1 configurations 
(Luber et al. 2011; Askerka et al. 2014) (see footnote 1 
for a description of the nomenclature). There are twelve 
possible  S1 ((MnIII)2(MnIV)2) states representing the 
distinguishable assignments for two  MnIII and two  MnIV 
over the four Mn sites. The  S1 state found by Monte Carlo 
sampling is 3443, independent of the input structure. Thus, 
less than 0.1% of the accepted microstates have a differ-
ent redox assignment for the individual Mn, indicating 
that the alternative states are at least 180 meV higher in 
energy. There are four possible  S2 (MnIII)1(MnIV)3 states 
and starting with the  S1 or  S2,g=2 structures only the 3444, 
 S2,g=2 redox isomer is found (Table 1). Starting with the 
 S2,g=4.1 structure, the cluster adopts the expected 4443, 
 S2,g=4.1 redox isomer. In the  S2,g=2 input structure, the 
bridging  O52− is closer to Mn4, while it is closer to Mn1 
in the  S2,g=4.1 structure. In MCCE, the electrostatic interac-
tion with  O52− helps in determining whether Mn1 or Mn4 
will be oxidized. The  S1 or  S2 redox isomer selected by 
Monte Carlo sampling is independent of the protonation 
state of waters ligated to Mn4 and  CaII.

Protonation states of water ligands of Mn4 in  S1, 
 S2,g=2 and  S2,g=4.1

The protonation states of all residues and terminal water 
ligands optimized in the  S1 and two  S2 structures were 
docked into the full PSII. Table 2 reports the residues that 
are within ≈ 8 Å of the OEC (the residues in the region for 
QM/MM optimization) that change in S1

1
 , S2,g=2

2,g=2
 , and 

S
2,g=4.1

2,g=4.1
states. Other residues within this region whose pro-

tonation state do not change in any S-state, or with any 
perturbation including raising the pH to 8, are D1-D59, 
R64, R334, E308, E312, R348, which remain ionized, 
while D1-Y112,  YZ161, H190, E413, Y315 remain neutral. 
The changes in protonation probabilities are relatively 
independent of the input structure (Table S1).

The Boltzmann distribution of protonation states of ter-
minal waters are observed in each S-state. While W3 and 
W4 bound to  CaII have the freedom to lose a proton, they 
remain neutral. W1 and W2 ligated to Mn4 are neutral in 
 S1, independent of which input structure is used. In the 
 S2,g=2 redox state, Mn4 is oxidized to  MnIV, which lowers 
the  pKa of W2, leading to a significant fraction of micro-
states having W2 as a hydroxyl. Calculations indicate that 
the probability of water deprotonation is 80%±0.03 in 
S
2,g=2

2,g=2
while it is 94%±0.10 when the calculations use the 

 S1 or  S2,g=4.1 structures with the 3444, S2,g=2 ionization, 
reflecting a modest difference in proton affinity for the 
same Mn oxidation states in the different structures 
(Table S1). Thus, it appears that protonated and deproto-
nated W2 have similar energy in  S2,g=2. This is not well 
described by a W2  pKa near 6, as the protonation states of 
the highly coupled residues near the OEC do not titrate 
according to the Henderson–Hasselbalch equation. In the 
 S2,g=4.1 state, with  Mn4III, the terminal waters are all neu-
tral. Given the uncertainty of the protonation states of 
water, MCCE calculations were carried out with no con-
straints on the water protonation (free). In addition, for the 

Table 1  Lowest energy redox isomers for  S1 and S2 in each QM/MM 
optimized structure

Lowest energy oxidation states III or IV for Mn1, Mn2, Mn3, Mn4. 
The expected redox isomer is in italicis (Dismukes and Siderer 1981; 
De Paula and Brudvig 1985; Krewald et al. 2015)
a Isomers: number of possible ways to assign the oxidation states to 
the four Mn to create  S1 ((MnIII)2(MnIV)2) or  S2 ((MnIII)(MnIV)3)

Structure (MnIII)2(MnIV)2 MnIII(MnIV)3

S1 S2

S1 3443 3444
S2,g=2 3443 3444
S2,g=4.1 3443 4443
Isomersa 12 4
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 S2,g=2 state, W2 was fixed to be neutral to determine how 
this would influence the outcome.

MCCE results indicate that significantly less than 1 pro-
ton is lost during oxidation of  S1 to either form of the two  S2 
redox isomers at pH 6, rather oxidation is accompanied by 
a redistribution of protons near the OEC. As the OEC goes 
from S1

1
 to S2,g=2

2,g=2
 , the average number of protons bound to the 

protein dimishes by 0.56 protons. W2 is hydroxyl in 80% of 
the Boltzmann distribution of microstates. In response, the 
probability of D1-E329 being protonated goes from 29% to 
51%. There is also some proton transfer to D1-D61. While 
the exact probabilities vary with the initial structure, the 
relative importance of the residues involved in the transition 
do not (SI Table S1).

The calculations were also carried out with W2 con-
strained to be water. Here, comparing the number of protons 
bound in S1

1
 relative to S2,g=2

2,g=2
 or S2,g=4.1

2,g=4.1
 shows ≤ 0.3 protons 

are lost, in better agreement with experiment (Suzuki et al. 
2009). Without the hydroxyl W2, the buildup of positive 
charge on the OEC causes D1-E329 to become fully depro-
tonated in the  S2,g=2 state and there is increased probability 
of proton transfer between W1 and D1-D61. Formation of 

S
2,g=4.1

2,g=4.1
 also leads to the release of 0.3 protons, almost 

entirely from D1-E329.

Relative energy of  S2,g=2 and  S2,g=4.1 at pH 6

The measured redox potential for the  Si →  Si+1 transition is 
determined by the free energy necessary to transform the 
structure and change protonation patterns as well as to oxi-
dize the OEC. In the calculations discussed here this would 
represent the free energy change for the reaction S1

1
→ S

2,g=2

2,g=2
 

(SI Fig S1). However, MCCE is limited to calculations with 
a fixed OEC structure, restricting us to free energy calcula-
tions for oxidation of the reduced structure (Em,red for 
S1
1
→ S1

2,g=2
 ) and for the oxidized structure (Em,ox for 

S
2,g=2

1
→ S

2,g=2

2,g=2
 ) (Fig. 2, Table S3). The Linear Response 

Approximation, LRA, Fig. S1 (Makri 1999) uses the average 
of the Em in the (fixed) reduced and (fixed) oxidized struc-
tures to provide an estimate of the Em (denoted Em,LRA) 
(Russo et al. 2012; Zheng and Cui 2017). The MCCE calcu-
lated Em values provide a relative electron affinity. An exter-
nal benchmark value is required to fix the scale so that val-
ues can be reported relative to the standard hydrogen 

Table 2  Protonation states of key residues near the OEC in the wild-type PSII

H190YZ ground states have both residues in their neutral form. W2 constraint: Free indicates that all groups are free to titrate, H2O W2 fixed as 
 H2O (in italics)
Charge (whole protein) is the net charge of the full PSII. Charge (residues near OEC) considers OEC and a 15 Å region centered at the OEC 
from the D1, D2, and CP43 subunits listed in Methods section. Change in  H+ is the difference in total charge relative to that found in S1

1
 with 

neutral  YZ and H190. The standard deviation is for three independent MCCE calculations on the same structure. Values without a standard 
deviation represent a single calculation.  H190+YZ

·:  YZ is oxidized by  P680
+ before S-state advancement. The oxidized  YZ loses its proton to the 

nearby H190 forming  H190+YZ
·. State: There are multiple reaction paths through the table. For example, sub-states 1 → 2 → 3b → 3a → 4c 

move the system from  S1 to  S1H190+YZ
· to  S2,g=2 to  S2,g=4.1 to  S2,g=4.1H190+YZ

· with no proton loss from W2, while 1 → 2 → 3c → 3a → 4c 
allows proton loss from W2 in the  S2,g=2 state. The positive charge on Mn1 in  S2,g=4.1 or on  H190+YZ

∙ does not lead to proton release from W2 
so no constraints on its protonation are applied to these calculations. Ionization in the intermediate region of a titration can be modified by small 
energy changes, while changes in ionization probability < 0.1 or > 0.9 reflect more consequential changes in free energy to significant digites are 
used to retain the latter information

S-state S1 S1 S2 S2 S2 S2 S2 S2

Sstructure
redoxstate S1

1
S1
1 S

2,g=2

2,g=2
S
2,g=2

2,g=2
S
2,g=2

2,g=2
S
2,g=2

2,g=2
S
2,g=4.1

2,g=4.1
S
2,g=4.1

2,g=4.1

Charge assignment 3443 3443 3444 3444 3444 3444 4443 4443
H190YZ Ground state H190+YZ· Ground state Ground state H190+YZ· H190+YZ· Ground state H190+YZ·
W2 constraint Free Free Free H2O Free H2O Free Free
W1 0.00 ± 0.00 0.00 − 0.08 ± 0.03 − 0.26 ± 0.26 − 0.52 − 0.16 − 0.01 ± 0.01 − 0.01
W2 0.00 ± 0.00 0.00 − 0.80 ± 0.03 0.00 ± 0.00 − 0.48 0.00 − 0.01 ± 0.01 − 0.08
D1-D61 − 1.00 ± 0.00 − 1.00 − 0.92 ± 0.03 − 0.74 ± 0.26 − 0.48 − 0.84 − 0.99 ± 0.01 − 0.99
D1-H337 1.00 ± 0.00 1.00 1.00 ± 0.00 1.00 ± 0.00 1.00 1.00 1.00 ± 0.00 1.00
D1-E329 − 0.71 ± 0.04 − 1.00 − 0.48 ± 0.06 − 0.98 ± 0.17 − 0.99 − 1.00 − 1.00 ± 0.00 − 1.00
D1-E65 − 1.00 ± 0.00 − 1.00 − 1.00 ± 0.00 − 1.00 ± 0.00 − 1.00 − 1.00 − 0.99 ± 0.005 − 1.00
D2-K317 1.00 ± 0.00 1.00 1.00 ± 0.00 1.00 ± 0.00 1.00 1.00 1.00 ± 0.00 1.00
Charge (whole protein) − 33.54 ± 0.03 − 33.11 − 34.36 ± 0.08 − 34.25 ± 0.12 − 33.80 − 33.56 − 34.24 ± 0.04 − 33.65
Charge (residues near OEC) − 16.70 ± 0.04 − 17.00 − 17.28 ± 0.05 − 16.99 ± 0.01 − 17.47 − 17.00 − 17.00 ± 0.01 − 17.08
Change in  H+ (From  S1) − 0.30 − 0.58 − 0.28 − 0.47 − 0.30 − 0.30 − 0.38
Sub-State 1 2 3a 3b 4a 4b 3c 4c
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electrode. For ease of discussion, the Em,LRA for  S1 → S2,g=2 
with W2 held neutral is fixed at the experimentally derived 
value of 1120 mV (Rappaport and Diner 2008).

The calculated redox potentials reflect that the lowest 
energy corresponds to the structure in which the system 
is optimized. Thus, the Em to oxidize  S1 to either of the 
 S2 isomers is more positive in the  S1 structure (Em,ox) and 
lower in either of the  S2 structures (Em,red) (Fig. 2). The free 
energy difference between the two  S2 isomers is given by 
the difference in their Em,LRA (Fig. 2, Table S3). At pH 6, 
the Em,LRA for  S1 →  S2,g=2 is lower than for  S1 →  S2,g=4.1 
(Fig. 2), regardless of whether both waters on Mn4 are neu-
tral or W2 partially ionized in  S2,g=2. Thus,  S2,g=2 is ther-
modynamically more favorable than  S2,g=4.1. However, the 
free energy difference between  S2,g=2 and  S2,g=4.1 is larger 
when W2 becomes deprotonated than when W2 is fixed neu-
tral (Fig. 2), as expected since the proton loss from the Mn4 
primary ligand favors its oxidation.

The ∆Em,LRA between  S2 isomers is compared to the ∆Em 
obtained from independent DFT-QM/MM calculations. The 
∆Em,LRA obtained from the classical MCCE model within 
the protein is 158 mV while ∆Em between  S2 isomers for 
the sphere obtained from QM/MM is 154 mV. Both calcu-
lations keep W2 neutral. The level of agreement certainly 
reflects some amount of error cancelation as the two calcula-
tion methods are quite different. For example, MCCE allows 

for proton rearrangement on OEC oxidation, while the QM/
MM has a more realistic model for the electron distribution 
over the cluster. However, the qualitative agreement shows 
convergence of simulations that place the  S2,g=4.1 isomer at 
a similarly higher energy.

Effect of oxidation of  YZ

YZ is oxidized and transfers a proton to D1-H190 to form 
 H190+YZ∙+ prior to each S-state transition. The proton loss 
on formation of  H190+YZ∙+ in the  S1 state is equivalent to 
that found on forming either of the  S2 states. Thus, with 
oxidation of  YZ in the  S1 state, D1-E329 is now fully depro-
tonated, as found in either of the  S2 states (W2 fixed neutral). 
These changes found upon formation of  H190+YZ∙ in the 
 Si state can help prepare the system for oxidation to  Si+1 
(Table 2), and are in agreement with experiments showing 
proton release precedes OEC oxidation (Dau et al. 2012; 
Zaharieva et al. 2016).

pH dependence of  S2 isomer distribution

MCCE calculations compared PSII at pH 6 and pH 8 
(Fig. 2). Overall, the protein has lost 20 protons as the pH is 
raised. However, the residues around the OEC do not loose 
protons, except for D1-E329 which is fully deprotonated 
at pH 8 in the  S1 state (Table S4a). Thus, the local OEC 
environment is quite insensitive to changes of pH. The  Em 
for all states are ≈ 50–100 mV lower at the higher pH. It is 
likely that the  Em for  P680 and  YZ will also be lowered lead-
ing to a smaller change in the overall reaction free energy. 
The ∆Em,LRA between the  S2 isomers decreases, stabilizing 
formation of the  S2,g=4.1 state, consistent with experiment 
(Boussac et al. 2018).

The change in proton loss going from  S1 →  S2 sup-
ports a role of D1-E329 as a buffer since it is predicted to 
be in a mixture of protonated and deprotonated states in  S1 
at pH 6 while fully deprotonated at pH 8 in either  S1 or  S2 
states. When W2 is held neutral at pH 8, D1-E329 no longer 
has a proton to lose so now there is essentially zero proton 
loss moving from  S1 to either of the  S2 redox isomers. When 
W2 is free to deprotonate, the proton release to the lumen 
upon formation of the  S2,g=2 state is more significant than 
at pH 6 since D1-E329 no longer binds a proton. Thus, the 
pH dependence of the reaction, especially at higher pH, can 
provide an experimental measure of the protonation state 
of W2 in  S2.

Effect of chloride depletion

The protonation states of the nearby residues and the dif-
ference in energy between the  S2,g=2 and  S2,g=4.1 states were 
calculated with the two crystallographic  Cl− removed. The 

Fig. 2  Relative Em for oxidation of  S1 to either of the  S2 states. The 
Em,LRA for S1

1
→ S1

2,g=2
 with W2 fixed as water (W2n) is taken as the 

reference state with an Em,LRA of 1120  mV (Rappaport and Diner 
2008). All calculations are at pH 6 unless noted. Red rectangle: Em,ox: 
S1
1
→ S1

2,g=2
 ; Yellow heptagon: Em,ox: S

1
1
→ S1

2,g=4.1
 ; Green rectangle: 

Em,red: S
2,g=2

1
→ S

2,g=2

2,g=2
 ; Purple heptagon: Em,red: S

2,g=4.1

1
→ S

2,g=4.1

2,g=4.1
 ; 

Blue circle: Em,LRA (average Em) for  S1  →  S2,g=2 ; Blue star: Em,LRA 
(average Em) for  S1 →  S2,g=4.1. Vertical line: range of Em with  S1 
titration at the higher, more positive end and  S2 titration at the lower 
end. W2:  S1  →  S2,g=2 with W2 is free; W2n:  S1  →  S2,g=2 with W2 
fixed as  H2O; g41:  S1  →  S2,g=4.1. Free W2 remains neutral in  S1 and 
 S2,g=4.1 states. Additional perturbations:  H190+YZ; calculations at pH 
8. All values are given in SI Table S3
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removal of both chloride ions reduces the ∆Em,LRA between 
 S2 isomers, which allows for the formation of more  S2,g=4.1 
(Fig. S2). This is observed when W2 is free or fixed neutral. 
In the absence of  Cl−, at least one proton is lost from the 
protein moving from  S1 to either of the  S2 states, suggesting 
this reaction will now be more pH dependent (Table S4a). 
 Cl− removal increases the ionization of D1-E329 in  S1, so 
this residue is no longer a buffer for protons. W2 is largely 
hydroxyl upon  S2,g=2 formation. When W2 is fixed neutral, 
D2-K317 becomes fully deprotonated and there is additional 
proton transfer from W1 to D1-D61. In  S2,g=4.1, there is par-
tial proton loss by D1-H337 as well as by W2 and some pro-
ton transfer from D2-K317 to D1-D61, indicating a stronger 
salt bridge between the Lys and Asp in either of the  S2 states 
upon chloride depletion (Rivalta et al. 2011).

Effect of mutagenesis studies on the  S2 isomers

D2‑K317A

MCCE calculations were carried out in a D2-K317A mutant. 
As chloride is near D2-K317, multiple  Cl− positions were 
sampled and the optimal position shifts by ≈ 0.5 Å (Fig. S3). 
The  Cl− binding affinity calculated in S1

1
 is diminished by 

≈ 4 kcal/mol in the mutant (Song and Gunner 2009; Chenal 
and Gunner 2017) in agreement with experiment that shows 
the  Cl− affinity is significantly diminished in this mutated 
PSII (Pokhrel et al. 2013).

With  Cl− present, the loss of the charge due to D2-K317A 
is calculated to be compensated for by an increase in 
the probability that D1-D61 and D1-E65 bind a proton 
(Table S4b). In  S2,g=2 with W2 neutral, the redistribution of 
protons among these groups leads to loss of only 0.4 protons. 
When W2 is free in  S2,g=2 or  S2,g=4.1 there is more proton 
loss. Now with either S2,g=2 or  S2,g=4.1 isomer, a fraction 
of W2, D1-E329, and D1-E65 become deprotonated, while 
D1-D61 becomes more protonated.

D1‑D61A

D1-D61 is in a position to make a hydrogen bond to W1 and 
is close to D2-K317 and the primary  Cl− (Debus 2014). The 
most significant impact of removing D61 is that the proton 
affinity of both W1 and W2 is diminished. Upon formation 
of either of the  S2 redox isomers, W1 or W2 loses, in aggre-
gate, one proton that is not caught by other residues in the 
protein (Table S4b). This indicates the reaction will be more 
pH dependent in this mutant.

D1‑S169A

D1-S169 is part of the narrow channel suggested to partici-
pate in water delivery (Askerka et al. 2015a). However, its 

removal slightly raises the proton affinity of D1-E329 in the 
 S1 state but not in either of the  S2 states. The proton loss is 
relatively unchanged at 0.4 upon mutation (Table S4c).

Equilibrium between  S2,g=2 and  S2,g=4.1 in mutants 
or  Cl− depletion

Chloride depletion leads to an overall lowering of ∆Em,LRA 
between the  S2,g=2 and  S2,g=4.1 isomers, thereby favoring 
the  S2,g=4.1 isomer (Table S4a). In addition, D1-D61A or 
D2-K317A changes the proton distribution in  S1, lowering 
the  Em for oxidation to either of the  S2 states. Therefore, the 
∆Em,LRA between the two redox isomers is little changed, 
continuing to favor  S2,g=2 (Fig. S2). There is little difference 
in either the  Em or the ∆Ems upon D1-S169 mutation.

Discussion

MCCE analysis has been carried out for the  S1 and  S2 states 
of PSII. This uses a Monte Carlo sampling with a classical 
force field. MCCE has the advantage of keeping the protona-
tion states of the whole protein in equilibrium with the redox 
states of the OEC, allowing a more expansive look at the 
interaction between the protein and the OEC. While MCCE 
is routinely used to determine the protonation state of amino 
acids in proteins (Gunner et al. 2011; Nielsen et al. 2011), 
previous benchmark calculations on model oxo-Mn sys-
tems show the classical model is capable of estimating the 
proton affinity of terminal waters and the cluster  Em (Amin 
et al. 2013). The analysis of the water ligands on the OEC 
considers very large interactions between bonded atoms in 
the cluster so is it important to evaluate the sensitivity to 
small changes in structure. The proton distribution for each 
S-state with the geometry optimized in that S-state (Table 2) 
was compared with that obtained when the input structure 
was optimized in another state (SI Table S1). Fixing the 
oxidation state of the four Mn centers leads to essentially 
the same proton distribution, independent of the state in 
which the OEC has been subjected to QM/MM optimization. 
The variation between different structures is more likely to 
result from the random positions generated by MCCE con-
formational degrees of freedom that lead to small changes 
in the energies, which become important when the energy 
difference between protonated and deprotonated states is 
small. Likewise, the similar energy difference between the 
two redox isomers of  S2 with W2 held as water calculated 
by QM/MM and MCCE lends support to the classical  Em 
calculations.

One of the open questions is the protonation states of 
terminal waters as the OEC cycles through different S-states. 
Standard QM/MM calculations have been used to calculate 
the relative energies (Ames et al. 2011) and to compare the 
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optimized structures to high-resolution EXAFS spectros-
copy (Luber et al. 2011; Askerka et al. 2014, 2015a, b, 2016) 
in different protonation states. MCCE results indicate that 
the OEC charge distribution determines the water protona-
tion states, independent of small changes in the underly-
ing OEC structure. Thus, Monte Carlo sampling provides 
the Boltzmann distribution of water and hydroxyl for all 4 
water ligands. They are all water in  S1, which is the proto-
nation states of the input QM/MM calculations (Askerka 
et al. 2014, 2017). The  CaII waters, W3 and W4, are always 
neutral in either of the  S2 states as well. These results are 
consistent with experimental findings (Cox and Messinger 
2013). When Mn1 is oxidized  (S2,g=4.1) the waters bound 
to  Mn4III, W1 and W2, remain protonated. However, when 
Mn4 is oxidized  (S2,g=2), a mixture of states is found with 
W2 having > 50% probability of being deprotonated. Thus, 
water or hydroxyl ligand to  Mn4IV are close in energy, while 
water is favored in the state with  Mn4III. Proton affinities of 
terminal waters in Mn model system can drop by more than 
9 pH units on Mn oxidation (Limburg et al. 1999; Amin et al. 
2013). If the two forms of W2 are this close in energy, it can 
help explain why different simulation techniques come to 
different conclusions about the W2 protonation state (Ames 
et al. 2011; Siegbahn 2013b; Bovi et al. 2013; Pokhrel and 
Brudvig 2014; Amin et al. 2015; Askerka et al. 2017).

The possibility of deprotonation of W2 in the  S2,g=2 state 
has several ramifications. If W2 deprotonates when bound 
to  Mn4IV but not  Mn4III, then W2 is different in  S2,g=2 and 
 S2,g=4.1. This is supported by several experiments. FTIR 
spectroscopy data find more asymmetric hydrogen bonding 
of waters in the  S2,g=2 redox isomer (Noguchi and Sugiura 
2000). In addition, the crystal structure of Ca-PSII (Umena 
et al. 2011) suggests that the distances of W1 and W2 from 
Mn4 are different, which is consistent with one water and 
one hydroxyl bound. In the crystal structure for Sr-PSII 
(Koua et al. 2013) the distances are more similar (Pokhrel 
and Brudvig 2014) consistent with both waters being neutral 
in the S2,g=4.1 redox isomer.

One of the unusual characteristics of the  S1  →  S2 transi-
tion is that little proton release (Suzuki et al. 2009) accom-
panies the oxidation of the OEC. This is in contrast to the 
other S-state transitions (Rappaport and Lavergne 1991; 
Lavergne and Junge 1993). MCCE finds that there is sub-
stoichiometric proton loss on formation of either of the  S2 
redox isomers. With 80% of W2 losing a proton, the prob-
ability of D1-E329 and D1-D61 being protonated increases 
so only 30% of the proteins will lose a proton to solution. If 
W2 remains neutral then D1-E329 is more like to be depro-
tonated again leading to a similar, modest proton loss. Thus, 
the surroundings buffer the system against losing a proton 
on forming  S2 (Table 3).

At pH 6 in wild-type spinach little  S2,g=4.1 is seen, while 
none is seen in cyanobacterial PSII (Pokhrel and Brudvig 

2014; Vinyard et al. 2017; Boussac et al. 2018). It appears 
harder to generate the  S2,g=4.1 signal in cyanobacteria than 
in spinach, indicating  S2,g=2 may be more favored in the 
Thermosynechococcus vulcanus which is the source of the 
structure used here (Pokhrel and Brudvig 2014). The balance 
between the two redox isomers have been shown experimen-
tally to be modulated by changes in solution conditions or by 
mutation (Pokhrel et al. 2013). At higher pH, the stable state 
is exclusively  S2,g=4.1 in Thermosynechococcus elongatus 
cyanobacterial PSII (Boussac et al. 2018). As it has been 
suggested that  S3 is formed via an initial, uphill transition to 
 S2,g=4.1 (Pantazis et al. 2012; Cox and Messinger 2013; Bovi 
et al. 2013; Narzi et al. 2014; Vinyard et al. 2017; Boussac 
et al. 2018), tuning the balance of the two redox isomers 
would affect advancement rates along the S-state cycle.

The calculated ∆G between  S2,g=2 and  S2,g=4.1 is 
≈ 360 meV with free W2 (MCCE) and ≈ 160 meV with W2 
fixed as  H2O (MCCE or QM/MM). Thus, deprotonation 
of W2 stabilizes  S2,g=2, and likely overestimates the ∆G. 
In addition, with W2 fixed as water the ∆G between the 
two redox isomers changes by  ≈ 30–120 meV as a func-
tion of mutation or pH, while with W2 free the ∆G is more 
than  350 meV (Table S3), again highlighting the ability of 
proton to stabilize the oxidized state.

D2-K317, D1-D61, D1-S169, and Cl are close together 
near Mn4. D1-D61 can form hydrogen bond to W1 or 
to D2-K317. The proton distributions among these sur-
rounding residues and W1 and W2 are highly interdepend-
ent and so are calculated to be modified by  Cl− removal 
or mutation of any individual  residue.  Cl− depletions 
stabilized  S2,g=4.1 relative to  S2,g=2 but still blocks the 

Table 3  Relative energies of the  S2,g=2 and  S2,g=4.1 redox isomers

All simulations at pH 6 unless noted. Experimental measure-
ments at pH 6 show only  S2,g=2 indicating there is less than 10% 
 S2,g=4.1 seen so the ∆G is > 60 meV. Favors  S2,g=4.1 indicate there is 
a mixture of both redox isomers seen. The calculated ∆G between 
 S2,g=2 and  S2,g=4.1 is ≈ 360 meV with free W2 and ≈ 160 meV with 
W2 fixed as  H2O. No change indicates the free energy difference 
changes by < 10  meV; slightly favors: difference within 20  meV of 
the unperturbed calculation; favors  S2,g=2 or favors  S2,g=4.1 indicates 
a change > 20 meV. The ∆∆G values can be found in S.I. Table S3 
a(Strickler et al. 2005), b(Ono et al. 1986), c(Dau and Haumann 2007), 
d(Boussac et al. 2018), e(Debus 2014), f (Pokhrel et al. 2013)
ND is not determined

Expt Free W2 W2 as  H2O

pH 6 Only  S2,g=2
a S2,g=2 S2,g=2

Cl removed Favors  S2,g=4.1
b Favors  S2,g=4.1 Favors  S2,g=4.1

H190+YZ∙ Only  S2,g=2
c Slightly favors  S2,g=2 No change

pH 8 Favors  S2,g=4.1
d No change Favors  S2,g=4.1

D1-D61A Only  S2,g=2
e No change Favors  S2,g=2

D2-K317A Only  S2,g=2
f No change Favors  S2,g=2

D1-S169A N.D No change No change
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advancement beyond  S2 (Ono et al. 1986; Yocum 2008). 
Previous calculations (Rivalta et al. 2011; Amin et al. 
2016) have suggested that  Cl− blocks proton release via 
the narrow channel which may be required prior to oxida-
tion to  S3. In contrast, mutation of D1-D61 (Debus 2014) 
or D2-K317 (Pokhrel et al. 2013) to Ala retains the  S2,g=2 
isomer even under conditions, such as  Cl− depletion, that 
enhance  S2,g=4.1 formation in the wild-type PSII. Com-
putational analysis (Rivalta et al. 2011) and subsequent 
experimental studies (Debus 2014) indicate that D1-D61 
participates in the proton egress pathway so  its muta-
tion can decrease the efficiency of water oxidation. Thus, 
there is more than one way to slow the same reaction in 
this complex system. The binding affinity of chloride is 
also calculated to be diminished as a result of the Lys 
mutation, in agreement with the experimental results 
(Pokhrel et al. 2013). The calculations predict signifi-
cantly more proton loss on advancing to  S2 with either Cl 
depletion or D2-K317A mutation.

Prior to each S-state transition,  YZ reduces  P680
+ and 

transfers a proton to the adjacent D1-H190 forming the 
metastable H190+Yz∙. This process initiates changes that 
precede each S-state transition (Dau et al. 2012; Zahari-
eva et al. 2016). MCCE sampling finds that  YZ oxidation 
leads to additional proton release in either of the  S2 redox 
isomers, in preparation for the next S-state (Table 2). 
However, the MCCE calculations see a small stabiliza-
tion of the  S2,g=2 isomer. A more stable  S2,g=4.1 isomer, 
as found in ab-initio DFT calculations (Narzi et al. 2014), 
which do not allow proton rearrangement, would lower 
the barrier conversion to  S3, but is not required.

Conclusions

Simulation can provide insight into the result of experi-
ment. The classical MCCE analysis of the region around 
the OEC in wild-type and mutant PSII explores the rela-
tionship of shifting protonation states to the  S1 to  S2 
transition. The Mn4 terminal ligand, W2, is neutral in 
 S1 and  S2,g=4.1, while it is largely ionized in the  S2,g=2 
redox isomer and so its ionization state effects the favored 
 S2 charge distribution. The partial ionization of W2 
shows the water and hydroxyl forms are close in energy. 
D1-E329 plays a key role at pH 6, reducing the loss to 
solution in the formation of  S2, by catching protons lost 
from W2. The Glu D1-E329 is more likely to be deproto-
nated in the presence of  H190+YZ∙, with proton release 
perhaps able to ease the transition to  S3. Analysis of the 
protonation states in PSII mutants and the effects of 
 Cl− removal shows the complex interactions among W1, 
W2,  Cl−, D1-D61, and D2-K317.

Supporting Information (SI)

Additional information is provided in SI that includes the 
following: MCCE results with different input structures, 
Comparison of calculations in full PSII protein and QM/
MM sphere at pH 6, Midpoint potential for oxidation of  S1 
to  S2,g=2 or  S2g = 4.1,  Em for  S2/S1 for OEC in full PSII (mV), 
Determination of position of chloride ion for D2-K317A 
mutation, Protonation states of 15 Å sphere of residues from 
the D1, D2, and CP43 subunits with different perturbations, 
QM/MM methodology for free energy calculation.
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