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ABSTRACT: Photosystem II (PSII) catalyzes light-driven water oxidization, releasing O2
into the atmosphere and transferring the electrons for the synthesis of biomass. However,
despite decades of structural and functional studies, the water oxidation mechanism of PSII
has remained puzzling and a major challenge for modern chemical research. Here, we show
that PSII catalyzes redox-triggered proton transfer between its oxygen-evolving Mn4O5Ca
cluster and a nearby cluster of conserved buried ion-pairs, which are connected to the bulk
solvent via a proton pathway. By using multi-scale quantum and classical simulations, we find
that oxidation of a redox-active Tyrz (Tyr161) lowers the reaction barrier for the water-
mediated proton transfer from a Ca2+-bound water molecule (W3) to Asp61 via
conformational changes in a nearby ion-pair (Asp61/Lys317). Deprotonation of this W3
substrate water triggers its migration toward Mn1 to a position identified in recent X-ray
free-electron laser (XFEL) experiments [Ibrahim et al. Proc. Natl. Acad. Sci. USA 2020, 117,
12,624−12,635]. Further oxidation of the Mn4O5Ca cluster lowers the proton transfer barrier through the water ligand sphere of the
Mn4O5Ca cluster to Asp61 via a similar ion-pair dissociation process, while the resulting Mn-bound oxo/oxyl species leads to O2
formation by a radical coupling mechanism. The proposed redox-coupled protonation mechanism shows a striking resemblance to
functional motifs in other enzymes involved in biological energy conversion, with an interplay between hydration changes, ion-pair
dynamics, and electric fields that modulate the catalytic barriers.

■ INTRODUCTION
Photosystem II (PSII) captures the energy of visible-light
photons, powering water oxidization catalysis at the Mn4O5Ca
cluster and reduction of plastoquinone at the QB site (Figure
1A,B).1−3 The photoexcitation of chlorophyll induces a charge
separation (ChlD1

•+/PheoD1
•−) followed by electron transfer

from PD1 to ChlD1
•+, from PheoD1

•− to QA, the first quinone
acceptor, and then from QA

•− to QB, the exchangeable quinone
(Figure 1B). The resulting radical cation, PD1

•+, is one of the
strongest oxidants in biology, with a redox potential of ∼1.25 V
that is capable of extracting electrons from a redox-active
tyrosine, Tyr161 of the D1 subunit (termed Tyrz or Yz),
forming a tyrosyl radical, Tyrz

• (Yz
•), in a reaction linked to

proton transfer to the adjacent His190 (Figure 1C). Tyrz
•

further oxidizes the Mn4O5Ca cluster, the catalytic site for
water oxidation (Figure 1B,C).4 Four sequential photo-
chemical turnovers increase the oxidation state of the active
site from S0Yz to the S4Yz state of the Kok cycle (Figure 1D).

5

Upon formation of the S4Yz state, two water molecules (H2O)
are oxidized into molecular oxygen (O2) while releasing the
protons to the luminal side of the membrane.2,6 The release of
the O2 product during the S4Yz to S0Yz transition occurs with
kinetics that match the decay of the S3Yz

• state; therefore, in
kinetic terms, the S4Yz state is S3Yz

•.
When the full enzyme cycle is complete, each photochemical

charge separation results on average in the release of one
proton into the lumen from water oxidation (2H2O → O2 +

4e− + 4H+
lumen) and the uptake of one proton from the stomal

side coupled with QB reduction (2Q + 4e− + 4H+
stroma→

2QH2). Thus, a proton motive force (pmf) is generated across
the thylakoid membranes, powering ATP synthesis, while the
two electron-reduced and fully protonated QB is released as
plastoquinol (QH2) into the membrane pool and is available to
provide the electrons to cytochrome b6 f and thence down-
stream photosynthetic electron transfer, leading eventually to
CO2 fixation and the formation of biomass.1

Despite recent structural advances,7−13 some molecular
principles of the water oxidation process in PSII remain
elusive, particularly the exact nature of the substrate water
molecules involved in the O−O bond formation. To this end,
most computational and experimental studies support the
overall oxidation and spin states of the Mn4O5Ca cluster,
although it has also been suggested that a low oxidation state
model could explain some structural and spectroscopic features
of the Mn4O5Ca cluster14 (but see ref 15 for thorough
discussion on problems with this model). We have here
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modeled the catalytic cycle according to the strongly supported
consensus high-valent redox scheme.
The Mn4O5Ca center binds four water ligands (W1−W4)

and the five oxo/hydroxo bridges that connect the metal ions
(Figure 1C). The O5 between Mn1 and Mn4 is considered to
be a likely candidate for one of the substrate water molecules
(Figure 1C and Figure S1A).7 Each light pulse triggers
sequential oxidation and proton release from the Mn4O5Ca
cluster, except in the S1Yz → S2Yz transition, which presumably
accumulates the total charge of the cluster (Figure 1D).2,6

Electron paramagnetic resonance (EPR) spectroscopy, struc-
tural, and computational studies7,10,16−23 identified high spin
(HS) and low spin (LS) states18−21,24−26 associated with the
open and closed cubane conformations of the S2Yz state of the
Mn4O5Ca cluster.7,10,22,23 Upon further oxidation of these

states in the S2Yz → S3Yz transition, it was suggested that the
Mn4-bound W1 or W2, or alternatively, the Ca2+-bound
W3,25−27 could deprotonate and function as a substrate water
molecule6,20,28−31 that together with O5 establishes the O−O
bond.11 In this regard, Guidoni and co-workers32,33 observed a
rapid deprotonation of W1/W2 to Asp61 during picosecond
ab initio MD simulations, whereas Pantazis and co-workers34

found that the proton affinity for W1/W2 is lowered during
the S2Yz → S3Yz transition. Ugur et al.

26 suggested that W3-
deprotonation triggers the migration of this water molecule
toward Mn1 (or to Mn4 in the closed cubane form), in a
process that is favored by the oxidation of Tyrz, a finding that
has recently gained indirect support from time-resolved X-ray
free electron laser (XFEL) structures of PSII in the S2Yz →
S3Yz transition23 (but cf. also refs 35 and 36), Fourier
transform infrared (FTIR) spectroscopic studies,37,38 time-
resolved membrane inlet mass spectrometric (TR-MIMS)
experiments,39 and other computational studies.40 Importantly,
water-exchange experiments revealed that all substrate water
molecules are already bound in the S2Yz state

27 and that the
(water/hydroxo/oxo) ligands observed in the refined X-ray
structural models of this state7,9,11,23 are thus likely substrate
water candidates. After deprotonation of the substrate water
molecule(s), the O2 formation could take place by radical
coupling with the O5 oxo-bridge,11,26,41−43 although nucleo-
philic attack-mechanisms have also been proposed44 (but cf. ref
45).
Despite these recent advances, it still remains unclear how

deprotonation of the substrate water molecules is achieved,
including the exact pathway used for transferring the protons
across the membrane.13 Moreover, the discrepancy between
the proposed substrate water candidates still remains unsolved.
Although the involvement of W3 in the O2 formation process26

has recently gained further support,9,11,22,39 it is currently
unclear how Asp61, a residue that could be an important part
in the proton pathway en route to the luminal aqueous
phase,13,46 functions as a proton acceptor for W3, as this
residue is located >10 Å away from W3 on the other side of the
Mn4O5Ca cluster (Figure 1C). Interestingly, in this context,
recent time-resolved XFEL experiments13 revealed conforma-
tional- and hydration changes along the Cl1 water/proton
channel that is close to both Asp61 and Glu65 of subunit D1.
To probe the light-driven water oxidation mechanism in

PSII, we develop here a multi-scale molecular simulation
approach,47 where we combine quantum chemical density
functional theory (DFT) and hybrid quantum/classical (QM/
MM) calculations to study the energetics and dynamics of the
bond-breaking/bond-formation processes, with classical atom-
istic molecular dynamics (MD) simulations, which allows us to
sample the large-scale dynamics of PSII on microsecond
timescales in a biological membrane-water environment
(Figure 1 and Figure S1). To gain insight into the protonation
dynamics, we focus here on the S2Yz → S3Yz and S3Yz → S4/
S0Yz transitions that couple to the oxidation and deprotonation
of the substrate water molecule and formation of the O−O
bond.

■ RESULTS
Redox-Driven Ion-Pair Dynamics Drives Substrate

Water Deprotonation. In order to probe the redox-driven
proton transfer energetics in the S2Yz → S3Yz transition, we
performed quantum chemical DFT calculations of the
Mn4O5Ca center and its nearby conserved environment, built

Figure 1. Structure and function of PSII. (A) Structure of PSII from
T. vulcanus (PDB ID: 3WU2), modeled in a lipid membrane, showing
the setup employed in our molecular simulations. (B) Light-
absorption at the ChlD1 chlorophyll triggers electron transfer along
the D1 branch to QB. The arrow numbers show the order of the
electron transfer events. Four photochemical turnovers couple to the
sequential reduction of two quinones to quinol and the oxidation of
two water molecules to oxygen, releasing the protons to the luminal
side of the membrane. (C) Closeup of the oxygen-evolving Mn4O5Ca
complex, the redox-active Tyrz, and its hydrogen-bonding histidine
(His190), as well as the putative proton acceptor Asp61, forming an
ion-pair with Lys317. (D) The catalytic cycle, where the chlorophyll-
driven photo-oxidation, drives the stepwise oxidation and proton
release from the Mn4O5Ca cluster. After the extraction of four
electrons and four protons from two water molecules, molecular
dioxygen is formed in the S4Yz → S0Yz transition.
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from an experimental high-resolution X-ray structure of PSII
(PDB ID: 3WU2)7. These rather large DFT-models comprised
around 210 atoms with key first and second sphere ligands
described quantum mechanically (Figure 2A,B and Figure
S1B). The energetics is reported here at the B3LYP*-D3 level
(with 15% exact exchange), as this functional has been found
to accurately capture the energetics of the Mn4O5Ca
cluster.31,41 However, we obtain similar energetics of the key
transitions also with other density functionals (Figure S7),
suggesting that the overall results are robust.
We modeled the Mn4O5Ca cluster in both closed (short O5-

Mn1 distance) and open (long O5-Mn1 distance) cubane
structures in the respective high spin (HS) and low spin (LS)
configurations (see Materials and Methods, Figure S1A), as
bo th configura t ions a re acce s s ib l e in the S2Y z
state.16,18−21,25,26,48 We also studied the dynamics of the S2Yz
→ S3Yz transition using hybrid quantum/classical molecular
dynamics (QM/MM MD) simulations, where the active QM
region was polarized by the surrounding PSII structure,
described at the classical force field (MM) level (Figure S1C).
To study the energetics of the proton transfer reactions, we

optimized minimum energy reaction pathways connecting the
optimized states prior and after the proton transfer reactions.
We find that the proton transfer from the Ca2+-bound W3 to
Asp61 takes place via an array of five water molecules, with an
overall reaction barrier of ∼14 kcal mol−1 in the S2Yz state (k =
1.1 ms−1 according to transition state theory (TST), assuming
a standard pre-exponential factor) (Figure 2A,B), whereas

upon formation of the S2Yz
•, we observe a reduction of the

overall proton transfer barrier to ∼11 kcal mol−1 (k = 9 μs−1),
suggesting that the Tyrz oxidation/cationic His190 (HisH+)
formation favors the proton transfer from W3 to Asp61
(Figure 2A and Figure S2). This notion is supported by
removal of the His/Tyrz pair from the QM system that
significantly increases the reaction barrier for the S2Yz

• state
but leaves the barrier for the S2Yz state unchanged (Figure
S2F). The proton is transferred first from W3 to W2 via Wc9
and then via two crystallographic water molecules (Wc109,
Wc121) to Asp61 (Figure 2B and Figure S2). During the initial
deprotonation of W3, the W3-hydroxide ligand migrates to a
location between Mn1 and O5 (in the open cubane structure),
while the empty ligand vacancy at the Ca2+ is immediately
filled by a nearby crystallographically resolved water molecule
(W5) (Figure 2B and Figure S2A), consistent with previous
calculations.26 This process couples to the re-orientation of
another nearby water molecule (W6), forming hydrogen-
bonded contacts between the Mn1-bound W3(OH−) and O5,
as well as subtle conformational changes also in the
surrounding residues Ala344 and Arg357 (Figure S2G). The
resulting geometry of the open/LS form of S3Yz is in overall
good agreement with the refined XFEL models (Figure S9 and
Table S6).
We obtain overall similar reaction profiles and redox-state

dependence also in the closed cubane/HS form, with the
exception that W3 migrates upon deprotonation to a position
between O5 and Mn4 (Figure S2A,D). However, while the

Figure 2. Redox-coupled protonation dynamics in the S2Yz → S3Yz transition. (A) Energetics of proton transfer from W3 to Asp61 in the open
cubane/LS and closed cubane/HS states (see also Figure S2). The calculations were performed in the S2Yz (red), S2Yz

• (blue), and S3Yz (black)
states. All energies were obtained via reaction pathway optimizations using DFT models. The full reaction pathway for S2Yz

• is shown in the
Supporting Information, Movie S1 (for LS) and Movie S2 (fFor HS). See also SI Methods section for detailed description of the steps involved.
(B) Optimized molecular structures of intermediate states along the S2Yz → S3Yz transition using DFT models. Only residues that participate in the
direct reaction are shown (see Figure S1 and Table S1 for the complete model with 212 atoms). The proton is transferred (1) from W3 via Wc9 to
W2 and further along (2) W2 via Wc109-Wc121 to Asp61. (3) Protonation of Asp61 couples to re-reduction of Tyrz

• and deprotonation of His190
(HisH+), forming the S3Yz state. (C) Snapshot from MD simulations of the ion-paired network next to the Mn4O5Ca cluster. (D) Redox-coupled
dynamics from classical MD simulations of the Asp61/Lys317 (dIP1) and Glu65/Arg334 (dIP2) ion-pairs. See Figure S4 for Arg334-Cl− (dCl)
distances. Formation of S2Yz

• and S3Yz states is coupled to a conformational change in the ion-pairs. (E) Top: proton transfer barriers from W3 to
Asp61, obtained from DFT models by varying the Asp61-Lys317 headgroup distances (dIP1). The barrier has a 1/dIP1 dependence, indicative of
electrostatic tuning. Bottom: the proton transfer barrier has a linear dependence on the thermodynamic driving force of the reaction, with a
Brønsted slope of α = 0.7 (E‡ = αΔE + β). (F) Top: formation of putative proton pathways (Cl1 and O4) during the MD simulations with a focus
on the possible proton release tunnels. Bottom: the S2Yz

• state leads to a significant increase in the hydration state of Cl1. See Figure S4F for open
and closed IP1 and IP2 conformations.
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proton transfer barriers are more favorable in the high spin
(HS) state (Figure 2A and Figure S2B−E), our calculations
show that the two spin configurations/conformational states
become nearly isoenergetic in the S2Yz and S2Yz

• states, while
the S3Yz state strongly favors the low spin form (Figure 2A and
Table S2; cf. also refs 24−26 and 48). This indicates that the
proton transfer reaction could additionally couple to a spin
transition in S2Yz → S3Yz (Figure S2A).18,19,26,49 Further
calculations, where we restrained W3 to remain bound to Ca2+,
reveal that the W3 migration strongly favors the proton
transfer toward Asp61 (Figure S2B,C). During the final steps
of this reaction, the ε-proton of His190 (HisH+) moves back
to Tyrz in a process that couples to electron transfer from
Mn1/Mn4 (open/closed cubane), resulting in the formation of
the S3Yz state (Figure 2A,B and Figure S2).
The local dynamics of these states are also supported by our

8−10 ps QM/MM MD simulations (Figure S3): although we
do not observe spontaneous complete proton transfer from W3
to Asp61 on the picosecond QM/MM simulation timescale,
we find that oxidation of Tyrz and formation of HisH+ in the
S2Yz

• state strongly orients the water wire from W3 toward
Asp61, which results in a transient protonation of Asp61 by
W1 (LS/open, Figure S3C), consistent with previous studies.20

The picosecond QM/MM MD timescale allows for sampling
of low barrier transitions but does not account for conforma-
tional changes linked to these transitions that take place on a
longer timescale. However, to partially circumvent the limited
timescale, we initiated simulations from different intermediate
states along the S2Yz → S3Yz transition (see SI Methods and
Models, and Figure S3). These local protonation steps (cf. also
ref 20) could comprise a part of the longer proton pathway
from W3 to Asp61 (see above) and may unify in part the
discrepancies between the W1/W2−20,21,32−34,50 and W3-
mediated21,25,26 pathways.
In the simulations of the S2Yz

• state (HS/closed), the
deprotonated W3 spontaneously coordinates to Mn4 during

the initial 3 ps (Figure S3B), supporting the re-organization
and migration of the ligand water structure (see above),
whereas in the LS QM/MM trajectory, we observe a
spontaneous proton transfer between W1 and W3 (Figure
S3E). Interestingly, upon the water migration, we observe an
uptake of another water molecule from the nearby O1 channel
(Figure S3F, see also ref 13), whereas in the S3Yz state, we
observe a rotation of the W1−W3 water/hydroxo ligands
connected to Mn4 (Figure S3D), suggesting that these water
molecules could interchange, as also proposed based on QM/
MM geometry optimizations.51

Asp61, which functions as an acceptor in the proton transfer
from W3, forms an ion-pair with Lys317 (here called IP1) and
close contacts also with a Cl− ion and a second ion-pair (here
IP2) (Glu65/Arg334, Figure 2C). These findings are
consistent with previous simulations by Batista and co-
workers,52 who found that the Cl− affects the conformation
of the surrounding ion-pairs. To probe how the proton transfer
reaction is linked to the conformational dynamics of this
buried charged cluster, we performed atomistic molecular
dynamics (MD) simulations of the S2Yz → S3Yz transition that
allowed us to sample much longer (∼200 ns) timescales.
Interestingly, in these simulations, the Asp61/Lys317 ion-pair
samples a closed conformation in the S2Yz state (Figure 2C,D),
while oxidation of Tyrz and the coupled protonation of
His190(HisH+) in S2Yz

• strongly favor opening of the ion-pair
(dIP1 in Figure 2D). Protonation of Asp61 in the S3Yz state
further stabilizes the open-ion pair conformations (Figure 2D,
see also Figure S4F for open/closed ion-pair conformations).
Dissociation of this ion-pair reduces the proton transfer

barrier with an electrostatic 1/distance-dependence of the
Asp61-Lys317 headgroup separation (Figure 2E, top), which
linearly correlates with an increase in the driving force of the
reaction/proton affinity of Asp61 (Figure 2E, bottom). The
open ion-pair conformation lowers the proton transfer barriers
along the pathway from W3 to Asp61 (Figure 2E, top; Figure

Figure 3. Redox-coupled protonation dynamics in the S3Yz → S4Yz transition. (A) Energetics of proton transfer from the Mn1-bound W3(OH−) to
Asp61 in the open cubane (LS) configuration. The calculations were performed in the S3Yz (red) and S3Yz

• states (blue). All energies were
obtained via DFT reaction pathway optimizations. See SI Methods and Movie S3, for the visualization of the complete reaction pathway. (B)
Optimized molecular structures of intermediate states occurring in the S3Yz → S4Yz transition. The steps involve proton transfer: 1) from W1 to
Asp61, 2) from W3 via W6 to W2, and 3) from W2 via Wc109 to W1. (C) Dynamics of the Asp61-Lys317 ion-pair in the S3Yz, S3Yz

•, and S4Yz states
obtained from MD simulations. (D) The DFT models show that opening of the Asp61-Lys317 ion-pair lowers the proton transfer barrier from
W3(OH−) to Asp61 similar as occurs in the S2Yz

• state. (E), (F) Energetics of O-O bond formation and optimized molecular structures in the S4Yz
→ S0Yz transition obtained using DFT models, showing an oxyl radical, which precedes the formation of the O-O bond. Spin densities are shown at
the threshold of ±0.02e/Å3 for α (in blue) and β (in red) spin.
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S2), while strongly increasing the thermodynamic driving force
of the reaction (Figure 2E, bottom). Opening of the ion-pair
thus lowers the proton transfer barrier in the S2Yz

• state from
∼11 kcal mol−1 (Figure 2A) to ∼6 kcal mol−1 (Figure 2E).
Further analysis of the MD simulation trajectories show that

this ion-pair opening correlates with the conformational state
of the Glu65/Arg334 ion-pair (IP2), as well as the position of
the Cl− ion relative to Arg334 (Figure 2C,D and Figure S4).52

These redox-triggered conformational changes are also
supported by recent XFEL experiments.13 Although more
challenging to experimentally validate, we suggest that the
correlated dynamics establishes a gate that directs the protons
toward the luminal aqueous phase, preventing back leakage
reactions at high luminal proton concentrations.
As water molecules provide crucial conduits for protons, we

next analyzed the hydration dynamics around the Mn4O5Ca
cluster in the S2Yz → S3Yz transition. Our MD simulations
predict that bulk water molecules flow in the vicinity of the
Mn4O5Ca cluster (Figure 2F and Figure S4). We observe a
bifurcated proton pathway that leads from the bulk solvent to
Asp61 and further all the way to the Ca2+-bound W3. One of
the branching points (the Cl1 tunnel13) passes the Asp61/
Lys317 and Glu65/Arg334 ion-pairs, while the other pathway
connects Asp61 via Asn338 to the bulk solvent (Figure 2F and
Figure S4), resembling key observations in recent time-
resolved XFEL experiments of the S2Yz → S3Yz transition.

13

In MD simulations of the S2Yz
• state, we observe a drastic

increase of the hydration level relative to the S2Yz state (Figure
2F), an effect that is likely to arise from the electric field
originating from the cationic His190 (HisH+). This S2Yz

• state
results in a strong oriented electric field (increase of E up to
∼0.8 VÅ−1 relative to S2Yz) along the pathway between His190
and Asp61, an effect that is further enhanced by opening of the
Asp61-Lys317 ion pair (Figure S5). Interestingly, electrostatic
interactions originating from the Yz

• formation also influence
the magnetic properties of the Mn4O5Ca cluster.48 These
findings suggest that oxidation of the Tyrz induces local
deprotonation of the substrate water molecule and also favors
hydration and proton release to the bulk solvent.

Protonation Dynamics during the S3Yz → S4Yz
Transition and Mechanism of O−O Bond Formation.
To test whether the Mn1-W3(OH−) can undergo a second
deprotonation involving the Asp61 route, we next performed
DFT calculations along the S3Yz → S4Yz transition (Figure
3A,B). Despite the rather convoluted proton pathway from the
Mn1-bound W3 to Asp61 (Figure 3B), we obtain a proton
transfer barrier of 11 kcal mol−1 (in S3Yz

•)/13 kcal mol−1 (in
S3Yz) (k = 8.8 μs−1/0.2 ms−1) along the W3(OH−)-W6-O5-
W2-Wc109-W1-Asp61 pathway (Figure 3A,B and Figure S6).
This proton pathway is both kinetically and thermodynami-
cally favored by the oxidation of Tyrz and formation of the
cationic His190 (HisH+) in S3Yz

•, as well as the dissociation of
the Asp61/Lys317 ion-pair (Figure 3D). The optimized

Figure 4. Proposed redox-driven water splitting mechanism of PSII. Each light-flash leads to the formation of Tyrz
• and a cationic His190 (HisH+)

that opens up the Asp61/Lys317 ion-pair (solid black arrow), inducing an electric field toward Asp61. The electric field (E(r), black dotted line)
drives the proton transfer reaction (solid blue arrow) from W3 and O5 via the Asp61/Lys317 gate. O2 formation between the Mn1-bound W3 and
O5 leads to formation of a new O5 ligand from the Ca2+-bound W5 upon reorganization of the water structure. Deprotonation of the new O5 oxo-
bridges initiates the next photocycle. Only open cubane forms of the cluster are shown for S3/S4/S0, whereas the S2Yz and S2Yz

• states are shown in
both open (LS; transparent) and closed (HS; solid) conformations, consistent with computational and experimental
data.16−21,25,26,31−34,48,49,54−56,69
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minimum energy proton transfer pathway takes place by the
initial protonation of Asp61 by W1 followed by re-protonation
of the resulting (W1) hydroxide by proton transfer from the
Mn1-W3 (Figure 3B and Figure S6). However, the process
involves multiple intermediate micro-states connected by
rather low reaction barriers (Figure S6), suggesting that
other competing reaction pathways could be favored and
affected by temperature effects. Nevertheless, as found for the
S2Yz

• state, the cationic His190 formed by oxidation of Tyrz in
S3Yz

• induces dissociation of the Asp61/Lys317 ion-pair
(Figure 3C), which in turn lowers the proton transfer barrier
(Figure 3D).
Re-reduction of Tyrz by proton-coupled electron transfer

from the hydroxy (W3) ligand on Mn1 results in a radical
species (O•) in the S4Yz state (Figure 3E,F). Consistent with
previous models,26,42,43 we find that this oxyl radical can form
an O−O bond with O5, with a rather low energy barrier
(∼16 kcal mol−1 with a d‡O−O ≈ 1.75 Å; Figure 3E).
Dissociation of the oxygen molecule from the Mn4O5Ca
cluster could lead to the further migration of the Ca2+-bound
W5 or the nearby W6 into the gap between Mn1 and Mn4,
forming a new O5 oxo-ligand upon deprotonation,26 which
again, could take place via the Asp61/Lys317 gate (Figure 3F).
A similar water insertion model was recently supported by
QM/MM calculations.53

■ DISCUSSION

We have studied here the redox-driven deprotonation steps in
the S2Yz → S3Yz and S3Yz → S4/0Yz transitions of the Mn4O5Ca
cluster of PSII. Both transitions involve a light-driven oxidation
of Tyrz, creating a neutral tyrosyl radical (Yz

•) and a cationic
His190 (HisH+), which in turn induces dissociation of a
nearby Asp61/Lys317 ion-pair and hydration of a putative
proton pathway leading to the bulk solvent (Figures 2 and 3).
These redox-coupled changes lower the reaction barrier and
increase the thermodynamic driving force for the proton
transfer from the Mn4O5Ca cluster to Asp61, resulting in
proton release along a pathway recently supported by time-
resolved XFEL experiments.13

We suggest that the origin of this redox-driven protonation
dynamics is electrostatic: Tyrz oxidation and the coupled
His190 protonation induce an oriented electric field along the
proton pathway from the Ca2+-bound W3 to Asp61 (Figure 4).
W3 deprotonation triggers a concerted re-organization of the
water network and the migration of the hydroxide formed to
Mn1, while the ligand sphere of the Ca2+ is filled by a nearby
water molecule (W5 or W6). The S3Yz → S4/0Yz transition
induces via similar proton-coupled electron transfer steps, the
breaking of the Asp61/Lys317 ion-pair, which then drives the
further deprotonation of the Mn1-bound OH−, again initiated
by electric field effects from the Tyrz

•/His190(HisH+) pair
(Figure 4). A water-mediated deprotonation of the Mn1-
bound hydroxide, but involving different water molecules, was
also observed in QM/MM MD (PBE + U/MM) calculations
in the 5/2 and 7/2 states of S3Yz.

50 These transitions form an
oxyl radical intermediate on Mn1, which can undergo radical
coupling with the O5 oxo-ligand, forming a peroxo-
intermediate with the reduction on Mn4 to MnIII, and then
form molecular oxygen by the reduction of Mn1 and Mn3,
consistent with previous findings.11,26,41−43 These terminal
transitions of the PSII photocycle are thus suggested to involve
ion-pair dissociation and electric field modulations that drive

the proton transfer reaction via a coupled re-organization of
the hydrogen-bonded water network.
The catalytic steps studied here are likely to involve changes

in both the conformational (open/closed) and spin states, as
supported by previous computational and experimental
studies,16−21,25,26,31−34,48,49,54−56 as well as our current
findings. The S3Yz→S4Yz transition was modeled here in the
low spin open conformation, which has been suggested to
establish the major form of the S3Yz state.

24,42 However, recent
computational works suggest that the S3Yz state can also have a
manifold of high spin states that could be relevant for the O−
O bond formation process.55,56 We suggest that the Mn1/4-
bound W3 is the prime substrate water candidate following its
Tyrz oxidation-mediated deprotonation. However, we note that
several previous computational studies found that the O−O
bond formation can take place via W2 and O5.32−34,50,57 In
addition to methodological differences, these studies modeled
a Ca2+-bound W3 in the S3Yz state,

25,26 and an additional water
molecule (Wx) bound to Mn1/Mn4. Recent experiments have
further supported W3 as a substrate water molecule,37−39

whereas previous experimental assignment supported W2.27−30

We also note that rotation of the Mn4 ligands, as observed in
the present (Figure S3D) as well as previous QM/MM
simulations,51 could exchange the identity of the water
molecules.
In addition to PSII, other bioenergetically relevant protein

complexes may also employ similar redox-driven protonation
steps via conformational changes in conserved buried ion-pairs,
electrostatically modulating the reaction barriers for the
catalytic steps.47,58 Such conformational changes in ion-pairs
could be responsible for long-range proton transport within the
membrane domain of respiratory complex I,59−61 a gigantic
redox-driven proton pump that initiates cell respiration in the
mitochondria.58,62 Similar effects are also found in cytochrome
c oxidase, where redox-driven dissociation of a propionate-
arginine (Δ-propionate/Arg438 in bovine numbering) ion-pair
modulates the proton transfer barriers across the mem-
brane.63,64 Conformational changes in ion-pairs have also
been suggested to trigger ion-transport and/or catalysis in
bacterial light-driven Na+ pumps,65 molecular chaperones,66

and in artificial designer proteins,67 suggesting that the
described key functional motifs are generally applied also in
other proteins.

■ CONCLUSIONS
We have studied here the molecular principles of light-driven
water oxidation in photosystem II by combining large-scale
quantum and classical molecular simulation approaches. We
found that Tyrz oxidation in the S2Yz → S3Yz and S3Yz →
S4/0Yz transitions lowers the proton transfer barrier from a
Mn4O5Ca cluster-bound water molecule (W3) to Asp61, a
residue located in a proton pathway leading to the luminal bulk
water phase. The barrier modulation takes place by electro-
static tuning,47,68 which leads to conformational changes in a
network of buried ion-pairs and hydration changes in the
proton pathway leading to the bulk solvent. Recent time-
resolved X-ray free electron laser studies13 provide exper-
imental support for some of the key features of the present
model. We also find striking similarities between the redox-
driven protonation dynamics in PSII and other bioenergetically
relevant enzymes, suggesting that the proposed mechanistic
principles may be broadly applicable to energy converting
enzymes.
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■ MATERIALS AND METHODS
Molecular Dynamics Simulations. The crystal structure of

cyanobacterial PSII from T. vulcanus (PDB ID: 3WU2)7 was
embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) membrane and solvated with TIP3P water molecules and
100 mM NaCl. The total system comprised ca. 535,000 atoms.
Parameters for all cofactors were derived based on DFT (B3LYP-D3/
def2-TZVP) calculations, and the remaining system was treated using
the CHARMM36 force field.70 Fifteen independent molecular
dynamics (MD) simulations, each 200 ns (3 μs in total), were
carried out with the Mn4O5Ca cluster modeled in the S2Yz, S2Yz

•, S3Yz
(with both protonated and deprotonated Asp61), S3Yz

•, and S4Yz
states (see Table S4). The MD simulations were performed in an
NPT ensemble at T = 300, 310, or 320 K and p = 1 atm and using a 1
fs integration timestep. The ion-pair opening is enhanced in
simulations at higher temperatures. Long-range electrostatics was
treated using the particle mesh Ewald (PME) method with a 1 Å grid
separation. The system was gradually relaxed for 4 ns with harmonic
restraints of 1 kcal mol−1 Å−1 followed by 20 ns equilibration without
restraints and the 200 ns production runs. All classical MD
simulations were performed using NAMD2.1371 and simulations
were analyzed using VMD.72 All classical simulations are reported in
Table S4.
DFT Models. DFT models were constructed to study the redox-

driven protonation energetics of the Mn4O5Ca cluster. The models
comprised the Mn4O5Ca cluster, its four coordinating water
molecules (W1−W4), Asp61D1, Tyr161D1 (Tyrz), its neighboring
His190D1, and additionally, 13 crystal water molecules found in close
proximity to the cluster, and all amino acids directly coordinating to
the cluster: His332D1, Asp342D1, Ala344D1, Glu333D1, Asp170D1,
Asn181D1, Glu189D1, Glu354CP43, His337D1, Lys317D2, Arg357CP43,
and a Cl− ion (Table S1). His337D1 was modeled in its protonated
state (HisH+). All models were constructed based on the crystal
structure of PSII (PDB ID: 3WU2)7. The Mn4O5Ca cluster was
modeled in low-spin (LS, S = 0 or 1/2) and high spin (HS, S = 5/2 or
6/2) using the broken symmetry spin-flip DFT approach.73,74 The
quantum chemical models comprised 210−212 atoms. Protein
residues were cut between Cβ and Cα atoms, except for glutamate,
lysine, and arginine residues, which were cut between Cγ and Cβ. For
Ala344D1, the backbone was included in the QM region, with C and O
atoms included from the neighboring Leu343D1 (Table S1). Terminal
carbon atoms were saturated with hydrogen atoms, and kept fixed
during geometry optimizations at the B3LYP-D3/def2-SVP/def2-
TZVP (Mn,Ca,Cl) level of theory.75−78 The surroundings was
modeled as a polarizable dielectric medium using the COSMO79

solvation model with ε set to 4. As the models included explicit
functional groups of first and second solvation sphere residues, the
energetics was found to be rather insensitive to the exact choice of the
dielectric constant (Figure S7G), except when the charge moves close
to the edge of the DFT model, when we observed a maximum effect
of 4 kcal mol−1 between ε = 4 and ε = 80 (Figure S7G). Single point
energy calculations were performed at the B3LYP*-D3 (with 15%
exact exchange80)/def2-TZVP/ε = 4 level of theory. Based on our
benchmarking calculations, the overall energetics was found to be
similar with different hybrid functionals,75−78,81−84 suggesting that the
overall results are robust (see Figure S7). All calculations were
performed using TURBOMOLE v. 7.2−7.5,85 with VMD72 used for
analysis. Reaction pathway optimizations were performed using the
woelf ling method,86 which is related to the zero-temperature string
simulation approach. The reported barriers correspond to approx-
imate transition states/saddle points and show an imaginary
frequency along the proton transfer coordinate (Figure S8 and
Table S5). See Table S1 for details of the DFT calculations.
QM/MM Models. Hybrid QM/MM calculations were performed

based on the MD-relaxed structure of PSII (see above), with the same
QM region and theory level as used in the DFT models and 62,767
MM atoms, described at a classical force field level (Figure S1C). Link
atoms were introduced between Cα and Cβ atoms, except for Glu, Lys,
and Arg with link atoms introduced between Cβ and Cγ atoms. The

QM/MM systems were relaxed using the adopted basis Newton−
Raphson algorithm, followed by QM/MM dynamics at T = 310 K
with a 1 fs integration time step. A 12 Å sphere around the QM region
was allowed to fully relax during the QM/MM simulations. QM/MM
calculations were initiated from the S2Yz, S2Yz

• (with both protonated
and deprotonated W3; deprotonated/protonated Asp61), and S3Yz
states, in both HS and LS forms. All QM/MM calculations were
performed using the CHARMM/TURBOMOLE interface.87 See
Table S3 for the list of QM/MM calculations performed.
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