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Abstract

Photosynthetic water oxidation is catalyzed by the Mn,CaOj5 oxygen-evolving complex
(OEC) of photosystem II (PSII), where hydrogen-bonding and ion-binding networks regu-
late proton transfer, substrate-water delivery, and S-state advancement. Acetate binding
inhibits oxygen evolution, competes with chloride, and stabilizes the S = 5/2 spin isomer
of the S, state, but its donor-side binding site remains unresolved. Here, we combine EPR
spectroscopy, pH-dependent oxygen-evolution measurements, mutagenesis, and QM /MM
calculations to support a donor-side acetate-binding model and determine how acetate per-
turbs the OEC environment. Acetate increases the ratio of the g = 4.1 to g = 2 Sy-state EPR
signals in spinach PSII membranes and cyanobacterial PSII core complexes, with stronger
stabilization persisting to higher pH in spinach PSII. The D1-N87A Synechocystis PSII vari-
ant exhibits spinach-like acetate sensitivity and pH-dependent oxygen-evolution behavior,
with an effective acidic pK, of approximately 5.3, versus 4.2 for wild-type cyanobacterial
PSII, implicating long-range perturbations of the narrow-channel hydrogen-bonding net-
work. QM /MM calculations support acetate binding near the D1-D61/W1 region, where
the acetate-bound S = 5/2 isomer is only 1.0 kcal mol~! higher in free energy than the
S = 1/2 isomer, consistent with the observed spin-isomer equilibrium shift. These results
reveal how acetate perturbs proton-transfer and chloride-binding processes in PSII.

Keywords: photosystem II; oxygen-evolving complex; water oxidation; acetate binding;
electron paramagnetic resonance

1. Introduction

Photosynthetic water oxidation in cyanobacteria, algae, and green plants leads to
oxygen evolution, which is essential for sustaining aerobic life. This process occurs in
the transmembrane protein—pigment complex photosystem II (PSII), located within the
thylakoid membrane of photosynthetic organisms [1,2]. Embedded within the core of
PSIT is the Mn,CaO5 oxygen-evolving complex (OEC), which is the site of water oxidation
catalysis [3,4]. Beyond its central role in biology, understanding photosynthetic water
oxidation is important for the development of clean-energy technologies, as the OEC
provides a natural model for coupling light-driven charge separation to water oxidation
and the generation of energy-rich products.
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Water oxidation is initiated by photoinduced charge separation at P680, a chlorophyll
a pigment cluster that functions as the primary electron donor in PSIIL. Excited electrons are
transferred to the acceptor side of PSII via pheophytin and the quinone electron acceptors
Q4 and Qp [2,4]. Reduced Qp forms plastoquinol, which exchanges with an oxidized
quinone from the quinone pool to complete the catalytic cycle. On the donor side, electrons
are replenished through water oxidation. A redox-active tyrosine, Y, (D1-Y161), is oxidized
by P680", generating the tyrosyl radical Y,. This radical drives sequential one-electron
oxidations of the OEC, resulting in progression through the five S-states (Sp—S4) of the
so-called “Kok cycle” and ultimately leading to oxygen evolution [5]. The donor and
acceptor sides of PSII, including the OEC, Y, P680, pheophytin, Q 4, and Qp, are shown
in Figure 1a.
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Figure 1. (a) Donor and acceptor sides of photosystem II, including the Mn,CaOg OEC, Y, P680,
pheophytin, Q4, and Qp. Mn ions are shown in purple, O in red, Ca in green, Fe in orange,
and selected residues are colored for clarity. Structure shown from 3WU?2 [3]. (b) Representative OEC
isomers associated with the ¢ = 2 and g = 4.1 S, state EPR signals.

Progression through the Kok cycle requires coordinated electron transfer, proton
transfer, substrate-water delivery, and rearrangement of the OEC hydrogen-bonding
network [6-8]. The OEC is embedded within an extended hydrogen-bonding network
composed of water molecules, amino acid residues, and inorganic ions such as C1~. This
network connects the catalytic cluster to the lumen through three structured water-filled
channels, often referred to as the narrow (O4) channel, the broad (Cl1) channel, and the
large (O1) channel. The narrow and broad channels begin near Mn4, whereas the large
channel is located closer to the Ca®* ion. The narrow and broad channels contain residues
and ions that are critical for proton transfer and regulation of the OEC ligand environment,
and both channels have been proposed as sites of substrate-water delivery [9-15].

EPR spectroscopy has proven especially valuable for characterizing the electronic
structure of Kok-cycle intermediates. The S; state is paramagnetic and displays a character-
istic multiline ¢ = 2 signal corresponding to the S = 1/2 state. Several broad, featureless
EPR signals have also been observed in the range of g = 4.1 to 4.7, indicating that high-spin
structural isomers of the 5, state exist in equilibrium with the low-spin conformer [16-19].
The S = 1/2 isomer corresponds to a state in which the oxidation states of Mn1 to Mn4
are III, IV, IV, and IV, whereas the proposed structure for the S = 5/2 spin isomer has
oxidation states IV, IV, IV, III. Representative structures of these two isomers are shown
in Figure 1b. Because the relative intensities of the § = 2 and ¢ = 4.1 signals report on
the relative stability of these two electronic configurations, the S, state provides a sensi-
tive handle for determining how changes in the protein environment perturb the OEC.
Species-dependent differences in S, state behavior, including differences between spinach
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and cyanobacterial PSII, further suggest that the surrounding hydrogen-bonding networks
can tune the electronic structure of the OEC.

Small-molecule inhibitors have been employed as one approach for probing the mech-
anistic roles of specific regions within PSII [20-22]. Acetate binds to both the acceptor and
donor sides of PSII, producing distinct inhibitory effects. On the acceptor side, acetate bind-
ing is chloride-independent, with an inhibition constant of K; = 130 4= 40 mM, and has been
attributed to inhibition of electron transfer from Q 4~ to Qp, likely through competition
with bicarbonate [23]. Donor-side acetate inhibition is chloride-dependent and occurs with
K =16 £ 5 mM [23]. Donor-side acetate binding has been associated with stabilization of
the S = 5/2 spin isomer of the S, state, inhibition of the S;-to-Ss transition, and formation
of the characteristic S,Y, EPR “split signal”. The split signal arises from magnetic coupling
between the S = 1/2 S; state and Y,, and its decay at 200 K produces the g = 4.1 signal
associated with the S = 5/2 isomer [23-26]. Previous experimental and computational
studies have identified a broad putative acetate-binding region on the donor side of PSII;
however, the exact binding site remains unresolved, limiting mechanistic interpretation of
the observed acetate-induced effects [27,28].

The higher-plant system examined in this study consists of PSII-enriched membranes
prepared from spinach (Spinacia oleracea), whereas the cyanobacterial system consists of
purified PSII core complexes from wild-type and D1-N87A Synechocystis PCC 6803. The D1-
N87A variant provides a useful strategy for examining species-dependent differences in
water oxidation chemistry and small-molecule binding [29,30]. In most cyanobacteria,
D1-87 is an asparagine located in the narrow channel, whereas higher plants typically
contain alanine at this position [31]. Substitution of D1-Asn87 with alanine alters chloride
binding and perturbs the surrounding hydrogen-bonding network, providing a way to test
whether species-dependent acetate effects arise from long-range changes in the channel
network. More broadly, mutagenesis and chloride-depletion studies demonstrate that
the hydrogen-bonding and ion-binding networks surrounding the OEC regulate proton
transfer and water oxidation. D1-D61 and D2-K317 are particularly relevant to the present
study because they participate in proton-transfer pathways associated with Mn4 and the
Cl1 site [32-37].

In this study, we combine experimental and computational approaches to determine
the donor-side binding site of acetate in the OEC and to understand how acetate inhibition
perturbs water oxidation chemistry. We investigate the effects of acetate and pH on the
g = 4.1 EPR signal associated with the S = 5/2 spin isomer of the S, state in spinach
PSII membranes and wild-type and D1-N87A Synechocystis PSII core complexes. We then
use pH-dependent oxygen-evolution measurements to determine whether the D1-N87A
mutation influences proton-transfer behavior. Finally, computational QM /MM modeling
is used to evaluate the proposed acetate-binding site and provide molecular insight into
the observed stabilization of the S = 5/2 spin isomer and competitive binding with C1~.
Together, these results clarify how acetate-induced perturbations report on the hydrogen-
bonding and ion-binding networks that regulate photosynthetic water oxidation.

2. Materials and Methods

2.1. Protein Isolation and Purification

The His-tagged wild-type and D1-N87A Synechocystis PCC 6803 strains were con-
structed as described previously [38]. Single colonies were selected for their ability to grow
on solid media containing 5 ng/mL kanamycin monosulfate and 20 ng/mL gentamycin
sulfate [38]. The cells were propagated mixotrophically in three 10 L carboys containing

2 o1

5 mM glucose under warm-white fluorescent illumination at 80 pmol photons m™= s

and were bubbled with 5% CO; in air, as described previously [39]. The PSII extraction
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and purification were done under dim light conditions at 4 °C using a Ni-NTA super flow
affinity resin (Qiagen, Valencia, CA, USA) as described previously [40]. The purified PSII
core complexes were concentrated to ~1 mg of Chl/mL and stored in a buffer solution con-
taining 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl,, 5 mM
MgCl,, 50 mM histidine, 1 mM EDTA, and 0.03% (w/v) n-dodecyl B-D-maltoside at —80 °C.
Spinach (Spinacia oleracea) PSII membranes were prepared as described previously [41,42]
and suspended to final chlorophyll concentrations of 5.0-7.0 mg/mL in 20 mM MES-NaOH
(pH 6.0), 15 mM NaCl and 30% (w/v) ethylene glycol.

2.2. Steady-State Oxygen Assay

Oxygen evolution was monitored with a Clark-type electrode, and the oxygen-assay
chamber was maintained at 25 °C using a temperature-controlled water bath. Samples
were illuminated with an Oriel 1000 W tungsten-halogen lamp. A concentration of 250 uM
PPBQ with 1 mM K;FeCNg was used as the electron acceptor and 5 pug of Chl was used in
each assay.

To study the effect of pH on the oxygen-evolution activity, D1-N87A PSII core com-
plexes were equilibrated by stirring in a buffer containing 20 mM PIPBS, 20 mM MES,
1 M sucrose, 50 mM CaCl, and 10 mM NaCl with the pH ranging from 3 to 8, and then
illuminated. The pH dependence of the steady-state activities was then fit to the equation:

A
y= (1 + 10vKa—pH 1 10PH-PKnn)

1)

where A is a constant, pK,; is the effective acidic pK,;, and pKj; is the effective basic
pKp1. For each sample type, the reported N = 3 values represent technical replicate
measurements performed on the same sample preparation.

2.3. EPR Measurements

To study the effect of acetate on the structure of the OEC, we prepared EPR samples of
spinach PSII membranes and Synechocystis PSII core complexes in 0.5 M acetate, 50 mM MES-
NaOH (pH 6.5), 10% (v/v) glycerol, 1.2 M betaine, 20 mM CaCl,, 5 mM MgCl,, and 1 mM
EDTA. The samples were then concentrated to 1 mg of Chl/mL using Amicon centrifugal
cells having a 100 kDa cutoff. The S state was generated by illuminating the sample with
a Xe lamp for 4 min in a 200 K acetone/dry-ice bath, following a previously described
procedure [43]. We performed the measurements on a Bruker ELEXSYS E500 spectrometer
(Billerica, MA, USA) using an SHQ resonator and an Oxford ESR-900 continuous flow
cryostat (Oxford, UK) at 7.5 K. The following EPR parameters were used for recording
the spectra: microwave frequency, 9.38 GHz; modulation frequency, 100 kHz; modulation
amplitude, 19.95 G; microwave power, 5 mW; sweep time, 84 s; conversion time, 41 ms; time
constant, 82 ms. Each spectrum was the average of two scans. EPR spectral subtractions
used to generate the S;-minus-S; difference spectra were performed using OriginPro
version 9.1.

2.4. QM/MM Modeling

QM/MM models were built from the PSII crystal structure reported by Umena et al.
(PDB ID: 3WU2), following previously established protocols [3,44,45]. The system com-
prised approximately 2500 atoms, including all residues with Ca atoms located within
15 A of the OEC. N-terminal acetyl and C-terminal N-methylamide capping groups were
applied at the system boundary and held fixed during geometry optimization. The
~140-atom quantum mechanical region included the OEC and its direct water ligands
(W1-W4), the acetate molecule, and a selected set of 12 relevant second-shell waters and
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the side chains of 11 amino acid residues (D1-D61, D1-D170, D1-D342, D1-E189, D1-E333,
D1-A344, CP43-E354, D1-H332, D1-H337, CP43-R357, D2-K317).

All QM /MM optimizations were performed using the ONIOM method as imple-
mented in Gaussian16 [46,47] (Wallingford, CT, USA). The QM layer was treated using
density functional theory (DFT) with the B3LYP exchange—correlation functional [48-51],
employing LanL.2DZ effective core potentials for Mn and Ca atoms [52,53]. The 6-31G(d)
basis set was used for O and Cl, and 6-31G was used for H, C, and N atoms [54-56].
The relative spin configuration of the four Mn atoms was defined with broken-symmetry
DFT [57,58]. The MM layer was modeled using the AMBER force field [59]. Structure
visualization and analysis were performed using GaussView 6.

The QM/MM energy was obtained using the following equation: EQM/MM
= EMMX+Y _ pMMX 4 FOMX \where X denotes the QM layer and X + Y denotes the
entire ~15 A region included in the model. All states were optimized to local min-
ima. After geometry optimization, a frequency calculation was performed to obtain a
thermal correction to the Gibbs free energy, including entropic contributions, such that
GOM/MM — pQM/MM 4 Georr - A summary of all models considered is available in Table S1.

3. Results and Discussion

3.1. Acetate Binding Stabilizes the S = 5/2 Sy State Spin Isomer in a Species- and
pH-Dependent Manner

We analyzed EPR spectra of acetate-treated PSII in cyanobacterial PSII core com-
plexes at pH 5.5. Representative EPR spectra of the acetate-treated S; state are shown in
Figure S2. Data for acetate-treated spinach PSII membranes and untreated cyanobacterial
PSII core complexes were obtained from previous studies [23,60]. Figure 2a shows the
ratio of the intensities of the ¢ = 4.1 and g = 2 signals, defined as Rj, as a function of
acetate concentration.

® Cyanobacteria PSIl core complexes

a) e Spinach PSIl membranes b) c) gvaluo
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Figure 2. (a) Dependence of the ratio of the ¢ = 4.1 and g = 2 S, state EPR signal intensities
(Ry) on acetate concentration in spinach PSII membranes (red), cyanobacterial PSII core complexes
(blue), and D1-N87A PSII samples (yellow) at pH 5.5. (b) pH dependence of R in acetate-treated
cyanobacterial PSII core complexes in the presence of 500 mM acetate. Representative spectra are
shown in Figure S1. Samples were suspended in 50 mM MES-NaOH buffer, 10% (v/v) glycerol, 1.2 M
betaine, 20 mM CaCl,, 5 mM MgCl,, and 1 mM EDTA. (c) S, minus S; EPR difference spectra of
acetate-treated D1-N87A PSII core complexes in the presence of 500 mM acetate at pH 5.5.

In both cyanobacterial and spinach PSII, R increases with increasing acetate concen-
tration, indicating stabilization of the S = 5/2 spin isomer upon acetate binding. However,
the extent of stabilization differs between the two systems and depends strongly on pH.
Figure 2b shows the pH dependence of acetate binding in cyanobacterial PSII. In cyanobac-
terial PSII core complexes, R; decreases with increasing pH, and the ¢ = 4.1 signal falls
below detection at pH 6.0 (Figure S1). In contrast, the ¢ = 4.1 signal persists in acetate-
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treated spinach PSII membranes up to pH 6.5 [23]. Thus, acetate binding shifts the S, state
spin-isomer equilibrium in both species, but the degree of the shift and pH range over
which the S = 5/2 isomer is stabilized is species dependent.

3.2. The D1-87 Residue Modulates Acetate Binding in PSII

Because D1-87 has been identified as the only major residue that differs near the
OEC between cyanobacteria and spinach PSII (Asn versus Ala, respectively), we analyzed
acetate-treated D1-N87A cyanobacterial PSII core complexes in the S, state to further
investigate the origin of this species difference. Figure 2c shows the corresponding EPR
spectrum at pH 5.5, where both the ¢ = 2 and ¢ = 4.1 signals are observed. The resulting
Rp value is shown in Figure 2a. Unsubtracted S; and S, spectra are shown in Figure S3.
The acetate dependence observed in D1-N87A PSII closely resembles that of spinach PSII
membranes under comparable conditions. These results indicate that the species-dependent
acetate-binding behavior is strongly influenced by residue D1-87 and suggest that acetate
binds at a site that is structurally coupled to the hydrogen-bonding network surrounding
this residue and the OEC.

The D1-N87A substitution has been shown to generate a hydrophobic cavity that
likely alters the narrow-channel hydrogen-bonding network [31,61]. Interestingly, the D1-
N87A variant of Synechocystis PCC 6803 displays S-state cycling efficiency comparable to
wild-type cyanobacterial and spinach PSII, but exhibits altered chloride-binding properties
that more closely resemble spinach PSII. Because the D1-87 residue is separated from the Cl
site by several intervening hydrogen-bonding interactions, these observations indicate that
perturbations introduced at D1-87 can propagate through the narrow-channel network and
modulate the properties of distal sites. The sensitivity of acetate binding to the D1-N87A
substitution therefore suggests that the acetate-binding site is not necessarily located near
D1-87 itself, but is functionally coupled to a similar extended hydrogen-bonding network.

Previous pulsed EPR studies provide additional clues regarding the location of the
acetate-binding site. These experiments showed that acetate binds within approximately
3.5 A of the coupled S,-Y; state [27]. In the original study, changes in the EPR split signal
were interpreted in terms of a distance of approximately 3.1 A between the phenoxyl oxygen
of Y, and the non-exchangeable methyl protons of acetate. However, because the OEC and
Y, are magnetically coupled in this state, the split signal cannot be uniquely assigned to
interactions with either center. The EPR data therefore constrain the acetate-binding site to
lie within approximately 3.5 A of either the OEC or Y.

These constraints substantially narrow the range of plausible donor-side binding sites.
Because acetate is chemically analogous to a protein carboxylate and shifts the equilibrium
between the two S; state spin isomers without dramatically perturbing the electronic
structure of the Mn cluster, it is reasonable to expect that acetate binds by replacing a
nearby Asp, Glu or Ala side chain. Seven residues satisfy this criterion: D1-D61, D1-D170,
D1-E189, D1-D342, D1-E333, D1-A344, and CP43-E354. Among these residues, all except
D1-D61 serve as direct ligands to the OEC. Acetate binding at any of these positions
would therefore require disruption of a Mn—carboxylate coordination bond and substantial
rearrangement of the first coordination sphere of the cluster, which is difficult to reconcile
with the relatively modest spectroscopic changes induced by acetate treatment. In contrast,
D1-D61 is not directly coordinated to the OEC and occupies a strategic position within
the hydrogen-bonding network connecting D1-87, the Cl1 site, and the catalytic center.
Taken together, these considerations identify D1-D61 as the most plausible donor-side
acetate-binding site.

Related precedents are observed in other small-molecule binding studies. Both ammo-
nia and methanol bind in the region near the narrow channel. Studies of ammonia-inhibited
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D1-D61A PSII samples demonstrate that ammonia interacts closely with D1-D61 [62]. Like
acetate, methanol binding shifts the isomeric equilibrium of the S, state, with a more pro-
nounced effect in higher-plant PSII and in D1-N87A PSII than in wild-type cyanobacterial
PSII [30,63]. These differences have been attributed to the role of D1-N87 in regulating the
size, flexibility, and selectivity of the narrow channel, which has been proposed to function
as an important delivery pathway for small molecules while restricting access of larger
molecules to the OEC [29,30,62,64,65]. Thus, the D1-N87A mutation may enhance acetate
binding by making the cyanobacterial narrow channel more plant-like, thereby increasing
small-molecule access to the OEC.

3.3. The D1-N87A Mutation Shifts the Acidic pK, of PSII Toward Spinach-like Behavior

Previous studies have shown that D1-D61 is involved in proton transfer, either as part
of a direct proton-transfer pathway or by indirectly influencing proton-transfer energetics
through modulation of the Mn4 ligand environment [33,34,36,39,44,66]. To further test
whether acetate binding is coupled to the D1-D61/W1 region and whether the D1-N87A
mutation influences this region through long-range interactions, we measured the pH
dependence of oxygen-evolution activity in D1-N87A PSII and compared it with wild-type
cyanobacterial and spinach PSII samples, as shown in Figure 3.
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Figure 3. pH dependence of oxygen-evolution activity in (a) spinach PSII membranes,

(b) wild-type cyanobacterial PSII core complexes, and (¢) D1-N87A Synechocystis PSII core complexes.
Data represent the averages of N = 3 replicate measurements performed on the same sample prepa-
ration for each sample type, with standard errors. Curves were fitted using Equation (1) (Section 2) to
obtain the effective acidic pK,; and effective basic pKj; values. The acidic pK, values are approximately
5.3 for spinach PSII and D1-N87A PSII and approximately 4.2 for wild-type cyanobacterial PSIL.

D1-N87A PSII exhibits pH-dependent oxygen-evolution behavior that closely resem-
bles spinach PSII. Fitting the activity profiles to a single bell-shaped curve yields an acidic
pK, of approximately 5.3 for both spinach PSII and D1-N87A PSII, compared to approx-
imately 4.2 for wild-type cyanobacterial PSII. Together with the acetate-dependent EPR
data, these results support a model in which the D1-N87A mutation induces spinach-like
changes in the narrow-channel hydrogen-bonding network that are transmitted to the
D1-D61/W1 region. This long-range coupling may alter acetate sensitivity and shift the
apparent pK, associated with oxygen evolution. These findings suggest that interactions
among D1-87, D1-D61, and the W1 hydrogen-bonding network tune proton-egress pro-
cesses in a species-dependent manner. Although full modeling of this coupling is beyond
the scope of the present study, these results identify this network as an important target for
future investigation.

3.4. QM/MM Calculations Support Acetate Binding near D1-D61 and W1

Figure 4a shows the QM/MM-optimized structure of the proposed acetate-bound S;
state. Optimization of the model resulted in proton transfer from CH;COOH to D1-D61
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and formation of negatively charged CH;COO™, which accepts four hydrogen bonds from
W1, WN1, W8, and protonated D1-D61. A state in which D1-D61 is deprotonated could
not be optimized and was found to be unstable in a single-point calculation, indicating
that protonation is required to stabilize this local arrangement (Figure S4). This behavior
is consistent with the increased basicity expected upon loss of the strong hydrogen bond
between D1-D61 and W1. These results suggest that acetate may initially bind as neutral
CH3COOH and subsequently transfer its proton to D1-D61 as the hydrogen-bonding
network reorganizes. The resulting CH3;COQO™ species is stabilized by hydrogen bonding
to protonated D1-D61, which may help explain the pH dependence shown in Figure 2b.
At higher pH, deprotonation of D1-Dé61 would destabilize bound acetate, leading to loss of
the g = 4.1 signal.

a) b) s
Mn2V
e
w3
Mn3V
WN1 ‘\ f)j w2
9
> 3 &
CH,CO0™ f CH,COO0™

D2-K317 J/J

D1-Dé1

DZ K317

Figure 4. (a) QM/MM-optimized structure of acetate-bound PSII in the S; state for the g = 2 isomer.
For clarity, only the OEC and selected residues in the QM layer are shown. The oxidation states of
Mn1-Mn4 are III, IV, IV, IV, and the spin states are afaf. Carbon atoms are shown in grey, Mn ions
in purple, oxygen atoms in red, nitrogen atoms in blue, hydrogen atoms in white, and Ca in yellow.
Selected hydrogen-bonding interactions are indicated with dashed lines. (b) QM /MM-optimized
structure of acetate-bound PSII in the S; state for the g = 4.1 isomer. The oxidation states of Mn1-Mn4
are IV, IV, IV, III, and the spin states are aaaf. A summary of relevant bond distances can be found
in Table S2.

The acetate-bound S = 5/2 isomer was also optimized and is shown in Figure 4b. Con-
sistent with the experimentally observed increase in R upon acetate addition, the acetate-
bound S = 5/2 isomer is nearly isoenergetic with the acetate-bound S = 1/2 isomer. In pre-
vious non-acetate-bound QM /MM models, the S = 1/2 isomer is favored by 3.1 kcal mol 1
while the acetate-bound S = 1/2 isomer is favored by only 1.0 kcal mol~!. Previous models
also show that the two non-acetate-bound isomers differ in the protonation state of the
Mn4-bound W1 ligand [44]. For the S = 1/2 isomer, Mn4!V favors W1 = OH™ to balance the
higher-valent metal center, whereas Mn4 in the S = 5/2 isomer favors W1 = H,0. Acetate
binding appears to stabilize the hydrogen-bonding arrangement compatible with W1 as
H,0, thereby shifting the equilibrium toward the Mn4! /S = 5/2 configuration. A related
but opposite perturbation has been observed for glycerol binding in the narrow channel
which shifts the equilibrium toward the S = 1/2 isomer. Hydrogen-bond rearrangements
result in donation of an additional hydrogen bond to D1-D61, decreasing its proton affinity
and favoring the W1 = OH" state [22].

This interpretation is supported by optimization of an alternative S = 1/2 structure
in which the W1 proton resides on acetate rather than W1, shown in Figure S5. This
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protonation state is disfavored by 3.6 kcal mol~! relative to the structure with W1 as H,0,
as summarized in Table 1. Thus, acetate binding disfavors the protonation arrangement
associated with the S = 1/2 isomer and instead stabilizes a configuration more compatible
with the S = 5/2 state. This also suggests a mechanistic explanation for inhibition of the
S,-to-S3 transition. Because D1-D61 and the Mn4-bound W1 ligand are coupled to proton-
transfer chemistry during S-state advancement, acetate binding near W1 may disrupt key
proton-transfer pathways or shift the pK; values of Mn4-bound waters [33,34,36,39,44,66].
The observation that the bound acetate has lower proton affinity than D1-D61 is likely a
result of differences in the local hydrogen-bonding environment. Specifically, the strong
hydrogen bond between the bound acetate and protonated D1-D61 may be responsible for
the decrease in proton affinity.

Finally, the orientation of D2-K317 was examined to provide insight into the compet-
itive relationship between acetate and Cl~. In the acetate-bound model, an alternative
configuration was optimized in which D2-K317 reorients to form a hydrogen bond with
D1-D61, as shown in Figure S6. This configuration is 4.9 kcal mol~! higher in free energy
than the low-spin reference model (Table 1). However, this relative free energy should be
interpreted with caution because D2-K317 lies near the boundary of the QM region. Because
D2-K317 also interacts with C1~ in the broad channel, this rearrangement is expected to
weaken chloride binding. Similar rearrangements have been observed in chloride-depleted
PSII, where D2-K317 reorients toward D1-D61 to stabilize the positive charge on lysine
in the absence of bound chloride [35,36]. The D2-K317-Cl~ interaction has also been pro-
posed to play an important role in the deprotonation process during the S,-to-S3 transition.
Therefore, acetate-induced reorientation of D2-K317 provides another possible mechanism
for both acetate inhibition and the previously reported competitive relationship between
acetate and chloride binding in PSII. By perturbing chloride-associated proton-transfer
pathways, acetate binding may help trap the S;Y, intermediate and prevent normal ad-
vancement to the Sj state.

Table 1. Summary of selected acetate-bound Sy-state QM /MM models for which relative free
energies could be directly compared. Relative free energies are reported with respect to the optimized
acetate-bound low-spin reference model.

AG

Model Spin State W1 Acetate (kcal mol—1)
Low-spin acetate-bound S s=1/2 H,0O CHzCOO” 0.0
High-spin acetate-bound 5, $=5/2 H,0O CH;COO™ 1.0
Alternative W1 protonation §=1/2 OH CHzCOOH 3.6
D2-K317-reoriented model S=1/2 H,0O CH;COO™ 49

4. Conclusions

Together, these results support a model in which acetate binds near the D1-D61/W1
region of the OEC and perturbs the hydrogen-bonding network that controls S-state ad-
vancement. Acetate binding stabilizes the S = 5/2 spin isomer of the S, state in a species-
and pH-dependent manner, with stronger stabilization observed in spinach PSII than in
wild-type cyanobacterial PSII. D1-N87A PSII displays spinach-like acetate sensitivity and
pH-dependent oxygen-evolution behavior, indicating that the residue at D1-87 modulates
long-range structural rearrangements near the OEC. The effective acidic pK, of approx-
imately 5.3 for D1-N87A PSII matches that of spinach PSII and is shifted relative to the
value of approximately 4.2 observed for wild-type cyanobacterial PSII, further supporting
long-range coupling between D1-87 and the proton-transfer network surrounding the
OEC. QM /MM calculations support acetate binding near D1-D61 and W1 and provide
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a molecular basis for stabilization of the S = 5/2 isomer. The acetate-bound S = 5/2
structure is only 1.0 kcal mol~! higher in free energy than the S = 1/2 structure, consistent
with the experimentally observed shift in the spin-isomer equilibrium. This proposed
binding mode also offers a mechanism for inhibition of the S;-to-S3 transition by disrupt-
ing proton-transfer pathways and for competitive binding between acetate and C1™. In
particular, acetate-induced rearrangement of D2-K317 may couple perturbation of the
D1-D61/W1 region to weakened chloride binding and impaired proton transfer during
S-state advancement. Overall, these findings show that acetate inhibition provides a sensi-
tive probe of the proton-transfer and ligand-binding environment of the OEC, revealing
species- and mutation-dependent differences that are directly relevant to the mechanism
of photosynthetic water oxidation. This long-range coupling presents an important av-
enue for future work aimed at understanding how interactions among D1-87, D1-Dé1,
and the W1 hydrogen-bonding network tune proton egress and acetate sensitivity in a
species-dependent manner.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/plants15152291/s1, Figure S1: Acetate-treated Sy-minus-S;
EPR spectra of PSII core complexes at different pH values; Figure S2: Comparison of acetate-treated
PSII core complex and membrane Sy-minus-S; EPR spectra; Figure S3: Acetate-treated D1-N87A PSII
core complex EPR spectrum; Figure S4: Spin-density redistribution upon D1-D61 deprotonation in the
acetate-bound S, state PSII model; Figure S5: Alternative W1 protonation state in the acetate-bound
S, state PSII model; Figure S6: Alternative D2-K317 orientation in the acetate-bound PSII model;
Table S1: Summary of acetate-bound Sy-state QM /MM models; Table S2: Relevant bond distances for
the hydrogen-bonding network of acetate-bound QM /MM models.
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Abbreviations

The following abbreviations are used in this manuscript:

ACE N-terminal acetyl capping group

Chl Chlorophyll

DFT Density functional theory

EDTA Ethylenediaminetetraacetic acid

EPR Electron paramagnetic resonance

FTIR Fourier-transform infrared spectroscopy
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MES 2-(N-morpholino)ethanesulfonic acid

Ni-NTA Nickel-nitrilotriacetic acid

NMA C-terminal N-methylamide capping group
OEC Oxygen-evolving complex

P680 Primary electron donor chlorophyll a pigment cluster in PSII
PCC Pasteur Culture Collection

PDB Protein Data Bank

PIPBS Piperazine-N,N'-bis(2-ethanesulfonic acid)
PPBQ 2-phenyl-1,4-benzoquinone

PSII Photosystem II

QM/MM  Quantum mechanics/molecular mechanics

Qa Primary quinone electron acceptor of PSII

QB Secondary quinone electron acceptor of PSII
WT Wild type

Y, Redox-active tyrosine residue D1-Tyr161 of PSII

References

1. Murray, ].W. Recent advances in the structural biology of photosystem II. Plant J. 2026, 126, €70925. [CrossRef] [PubMed]

2. Shevela, D.; Kern, J.E; Govindjee, G.; Messinger, J. Solar energy conversion by photosystem II: Principles and structures.
Photosyn. Res. 2023, 156, 279-307. [CrossRef] [PubMed]

3. Umena, Y.; Kawakami, K; Shen, J.R.; Kamiya, N. Crystal structure of oxygen-evolving photosystem II at a resolution of 1.9 A.
Nature 2011, 473, 55-60. [CrossRef] [PubMed]

4. Pantazis, D.A. Missing pieces in the puzzle of biological water oxidation. ACS Catal. 2018, 8, 9477-9507. [CrossRef]

5. Kok, B.; Forbush, B.; McGloin, M. Cooperation of charges in photosynthetic O, evolution-I. A linear four step mechanism.
Photochem. Photobiol. 1970, 11, 457-475. [CrossRef] [PubMed]

6. Lubitz, W.; Chrysina, M.; Cox, N. Water oxidation in photosystem II. Photosyn. Res. 2019, 142, 105-125. [CrossRef] [PubMed]

7. Kern,].; Chatterjee, R.; Young, I.D.; Fuller, ED.; Lassalle, L.; Ibrahim, M.; Gul, S.; Fransson, T.; Brewster, A.S.; Alonso-Mori, R.; et al.
Structures of the intermediates of Kok’s photosynthetic water oxidation clock. Nature 2018, 563, 421-425. [CrossRef] [PubMed]

8.  Cox, N.; Retegan, M.; Neese, F,; Pantazis, D.A.; Boussac, A.; Lubitz, W. Electronic structure of the oxygen-evolving complex in
photosystem II prior to O-O bond formation. Science 2014, 345, 804-808. [CrossRef] [PubMed]

9. Gabdulkhakov, A.G.; Kljashtorny, V.G.; Dontsova, M.V. Molecular dynamics studies of pathways of water movement in
cyanobacterial photosystem II. Crystallogr. Rep. 2015, 60, 83-89. [CrossRef]

10. Hussein, R.; Ibrahim, M.; Bhowmick, A.; Simon, P.S.; Chatterjee, R.; Lassalle, L.; Doyle, M.; Bogacz, I.; Kim, 1.S.; Cheah, M.H.; et al.
Structural dynamics in the water and proton channels of photosystem II during the S, to S3 transition. Nat. Commun. 2021,
12, 6531. [CrossRef] [PubMed]

11. Hussein, R.; Ibrahim, M.; Bhowmick, A.; Simon, PS.; Bogacz, I; Doyle, M.D.; Dobbek, H.; Zouni, A.; Messinger, J.;
Yachandra, V.K,; et al. Evolutionary diversity of proton and water channels on the oxidizing side of photosystem II and their
relevance to function. Photosyn. Res. 2023, 158, 91-107. [CrossRef] [PubMed]

12.  Flesher, D.A,; Liu, J.; Wang, J.; Gisriel, C.J.; Yang, K.R; Batista, V.S.; Debus, R.J.; Brudvig, G.W. Mutation-induced shift of the
photosystem II active site reveals insight into conserved water channels. ]. Biol. Chem. 2024, 300, 107475. [CrossRef] [PubMed]

13.  Flesher, D.A.; Debus, R.J.; Brudvig, G.W. Structure of the D1-Val185Asn mutated photosystem II complex with slow O-O bond
formation reveals changes in the Cl1 water channel. Proc. Natl. Acad. Sci. USA 2025, 122, €2522652122. [CrossRef] [PubMed]

14. Suga, M.; Akita, F; Yamashita, K.; Nakajima, Y.; Ueno, G.; Li, H.; Yamane, T.; Hirata, K.; Umena, Y.; Yonekura, S.; et al. An
oxyl/oxo mechanism for oxygen-oxygen coupling in PSII revealed by an x-ray free-electron laser. Science 2019, 366, 334-338.
[CrossRef] [PubMed]

15. Dilbeck, P.L.; Bao, H.; Neveu, C.L.; Burnap, R.L. Perturbing the water cavity surrounding the manganese cluster by mutating the
residue D1-valine 185 has a strong effect on the water oxidation mechanism of photosystem II. Biochemistry 2013, 52, 6824—6833.
[CrossRef] [PubMed]

16. Haddy, A.; Lakshmi, K.V,; Brudvig, G.W.; Frank, H.A. Q-band EPR of the S, state of photosystem II confirms an S = 5/2 origin of
the X-band g = 4.1 signal. Biophys. ]. 2004, 87, 2885-2896. [CrossRef] [PubMed]

17. Pantazis, D.A.; Ames, W.; Cox, N.; Lubitz, W.; Neese, F. Two interconvertible structures that explain the spectroscopic properties

of the oxygen-evolving complex of photosystem II in the S; state. Angew. Chem. Int. Ed. Engl. 2012, 51, 9935-9940. [CrossRef]
[PubMed]

https:/ /doi.org/10.3390/plants15152291


http://dx.doi.org/10.1111/TPJ.70925
http://www.ncbi.nlm.nih.gov/pubmed/42155104
http://dx.doi.org/10.1007/S11120-022-00991-Y
http://www.ncbi.nlm.nih.gov/pubmed/36826741
http://dx.doi.org/10.1038/nature09913
http://www.ncbi.nlm.nih.gov/pubmed/21499260
http://dx.doi.org/10.1021/acscatal.8b01928
http://dx.doi.org/10.1111/j.1751-1097.1970.tb06017.x
http://www.ncbi.nlm.nih.gov/pubmed/5456273
http://dx.doi.org/10.1007/S11120-019-00648-3
http://www.ncbi.nlm.nih.gov/pubmed/31187340
http://dx.doi.org/10.1038/S41586-018-0681-2
http://www.ncbi.nlm.nih.gov/pubmed/30405241
http://dx.doi.org/10.1126/science.1254910
http://www.ncbi.nlm.nih.gov/pubmed/25124437
http://dx.doi.org/10.1134/S1063774515010083
http://dx.doi.org/10.1038/S41467-021-26781-Z
http://www.ncbi.nlm.nih.gov/pubmed/34764256
http://dx.doi.org/10.1007/S11120-023-01018-W
http://www.ncbi.nlm.nih.gov/pubmed/37266800
http://dx.doi.org/10.1016/j.jbc.2024.107475
http://www.ncbi.nlm.nih.gov/pubmed/38879008
http://dx.doi.org/10.1073/pnas.2522652122
http://www.ncbi.nlm.nih.gov/pubmed/41237214
http://dx.doi.org/10.1126/SCIENCE.AAX6998
http://www.ncbi.nlm.nih.gov/pubmed/31624207
http://dx.doi.org/10.1021/BI400930G
http://www.ncbi.nlm.nih.gov/pubmed/24010490
http://dx.doi.org/10.1529/BIOPHYSJ.104.040238
http://www.ncbi.nlm.nih.gov/pubmed/15454478
http://dx.doi.org/10.1002/ANIE.201204705
http://www.ncbi.nlm.nih.gov/pubmed/22907906
https://doi.org/10.3390/plants15152291

Plants 2026, 15, 2291 12 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Krewald, V.; Retegan, M.; Neese, E.; Lubitz, W.; Pantazis, D.A.; Cox, N. Spin state as a marker for the structural evolution of
nature’s water-splitting catalyst. Inorg. Chem. 2016, 55, 488-501. [CrossRef] [PubMed]

Mermigki, M.A.; Drosou, M.; Pantazis, D.A. On the nature of high-spin forms in the S, state of the oxygen-evolving complex.
Chem. Sci. 2025, 16, 4023-4047. [CrossRef] [PubMed]

Beck, W.E; De Paula, ].C.; Brudvig, G.W. Ammonia binds to the manganese site of the oxygen-evolving complex of photosystem
Il in the S, state. . Am. Chem. Soc. 1986, 108, 4018-4022. [CrossRef]

Haddy, A.; Hatchell, J.A.; Kimel, R.A.; Thomas, R. Azide as a competitor of chloride in oxygen evolution by photosystem II.
Biochemistry 1999, 38, 6104-6110. [CrossRef] [PubMed]

Flesher, D.A ; Liu, J.; Wiwczar, ].M.; Reiss, K.; Yang, K.R.; Wang, J.; Askerka, M.; Gisriel, C.J.; Batista, V.S.; Brudvig, G.W. Glycerol
binding at the narrow channel of photosystem II stabilizes the low-spin S; state of the oxygen-evolving complex. Photosyn. Res.
2022, 152, 167. [CrossRef] [PubMed]

Kiihne, H.; Szalai, V.A.; Brudvig, G.W. Competitive binding of acetate and chloride in photosystem II. Biochemistry 1999,
38, 6604-6613. [CrossRef] [PubMed]

Tang, X.S.; Randall, D.W.; Force, D.A.; Diner, B.A.; Britt, R.D. Manganese-tyrosine interaction in the photosystem II oxygen-
evolving complex. J. Am. Chem. Soc. 1996, 118, 7638-7639. [CrossRef]

Szalai, V.A.; Kithne, H.; Lakshmi, K.V,; Brudvig, G.W. Characterization of the interaction between manganese and tyrosine Z in
acetate-inhibited photosystem II. Biochemistry 1998, 37, 13594-13603. [CrossRef] [PubMed]

Lakshmi, K.V.; Eaton, S.S.; Eaton, G.R.; Frank, H.A.; Brudvig, G.W. Analysis of dipolar and exchange interactions between
manganese and tyrosine Z in the S,Y, state of acetate-inhibited photosystem II via EPR spectral simulations at X- and Q-bands.
J. Phys. Chem. B 1998, 102, 8327-8335. [CrossRef]

Force, D.A.; Randall, D.W.; Britt, R.D. Proximity of acetate, manganese, and exchangeable deuterons to tyrosine Y, in acetate-
inhibited photosystem II membranes: Implications for the direct involvement of Y, in water-splitting. Biochemistry 1997,
36, 12062-12070. [CrossRef] [PubMed]

Brahmachari, U.; Gonthier, ].F.; Sherrill, C.D.; Barry, B.A. Water bridges conduct sequential proton transfer in photosynthetic
oxygen evolution. J. Phys. Chem. B 2019, 123, 4487-4496. [CrossRef] [PubMed]

Banerjee, G.; Ghosh, I.; Kim, C.J.; Debus, R.J.; Brudvig, G.W. Substitution of the D1-Asn87 site in photosystem II of cyanobacteria
mimics the chloride-binding characteristics of spinach photosystem II. J. Biol. Chem. 2018, 293, 2487-2497. [CrossRef] [PubMed]
Kalendra, V.; Reiss, K.; Banerjee, G.; Ghosh, 1.; Baldansuren, A.; Batista, V.S.; Brudvig, G.W.; Lakshmi, K.V. Binding of the
substrate analog methanol in the oxygen-evolving complex of photosystem II in the D1-N87A genetic variant of cyanobacteria.
Faraday Discuss. 2022, 234, 195-213. [CrossRef] [PubMed]

Vogt, L.; Vinyard, D.J.; Khan, S.; Brudvig, G.W. Oxygen-evolving complex of photosystem II: An analysis of second-shell residues
and hydrogen-bonding networks. Curr. Opin. Cell Biol. 2015, 25, 152-158. [CrossRef] [PubMed]

Debus, R.J. FTIR studies of metal ligands, networks of hydrogen bonds, and water molecules near the active site MnyCaOs
cluster in photosystem II. Biochim. Biophys. Acta-Bioener. 2015, 1847, 19-34. [CrossRef] [PubMed]

Ishikita, H.; Saenger, W.; Loll, B.; Biesiadka, J.; Knapp, E.W. Energetics of a possible proton exit pathway for water oxidation in
photosystem II. Biochemistry 2006, 45, 2063-2071. [CrossRef] [PubMed]

Dilbeck, P.L.; Hwang, H.J.; Zaharieva, I.; Gerencser, L.; Dau, H.; Burnap, R.L. The D1-D61N mutation in Synechocystis sp. PCC
6803 allows the observation of pH-sensitive intermediates in the formation and release of O, from photosystem II. Biochemistry
2012, 51, 1079-1091. [CrossRef] [PubMed]

Pokhrel, R.; Service, R.].; Debus, R.].; Brudvig, G.W. Mutation of lysine 317 in the D2 subunit of photosystem II alters chloride
binding and proton transport. Biochemistry 2013, 52, 4758-4773. [CrossRef] [PubMed]

Rivalta, I.; Amin, M.; Luber, S.; Vassiliev, S.; Pokhrel, R.; Umena, Y.; Kawakami, K.; Shen, J.R.; Kamiya, N.; Bruce, D.; et al.
Structural/functional role of chloride in photosystem II. Biochemistry 2011, 50, 6312. [CrossRef] [PubMed]

Wincencjusz, H.; Gorkom, H.J.V.; Yocum, C.E. The photosynthetic oxygen evolving complex requires chloride for its redox state
S,—S3 and S3—Sy transitions but not for Sy—S; or S;—S; transitions. Biochemistry 1997, 36, 3663-3670. [CrossRef] [PubMed]
Debus, R.J.; Campbell, K.A.; Gregor, W.; Li, Z.L.; Burnap, R.L.; Britt, R.D. Does histidine 332 of the D1 polypeptide ligate the
manganese cluster in photosystem II? An electron spin echo envelope modulation study. Biochemistry 2001, 40, 3690-3699.
[CrossRef] [PubMed]

Debus, R.J. Evidence from FTIR difference spectroscopy that D1-Asp61 influences the water reactions of the oxygen-evolving
Mn4CaOs cluster of photosystem II. Biochemistry 2014, 53, 2941-2955. [CrossRef] [PubMed]

Strickler, M.A.; Walker, L.M.; Hillier, W.; Debus, R.]. Evidence from biosynthetically incorporated strontium and FTIR difference
spectroscopy that the C-terminus of the D1 polypeptide of photosystem II does not ligate calcium. Biochemistry 2005, 44, 8571-8577.
[CrossRef] [PubMed]

Berthold, D.A.; Babcock, G.T.; Yocum, C.F. A highly resolved, oxygen-evolving photosystem II preparation from spinach thylakoid
membranes. FEBS Lett. 1981, 134, 231-234. [CrossRef]

https:/ /doi.org/10.3390/plants15152291


http://dx.doi.org/10.1021/acs.inorgchem.5b02578
http://www.ncbi.nlm.nih.gov/pubmed/26700960
http://dx.doi.org/10.1039/d4sc07818g
http://www.ncbi.nlm.nih.gov/pubmed/39898302
http://dx.doi.org/10.1021/ja00274a027
http://dx.doi.org/10.1021/BI983075C
http://www.ncbi.nlm.nih.gov/pubmed/10320336
http://dx.doi.org/10.1007/S11120-022-00911-0
http://www.ncbi.nlm.nih.gov/pubmed/35322325
http://dx.doi.org/10.1021/BI990341T
http://www.ncbi.nlm.nih.gov/pubmed/10350479
http://dx.doi.org/10.1021/ja9610592
http://dx.doi.org/10.1021/BI9813025
http://www.ncbi.nlm.nih.gov/pubmed/9753446
http://dx.doi.org/10.1021/JP982140P
http://dx.doi.org/10.1021/BI9712504
http://www.ncbi.nlm.nih.gov/pubmed/9315844
http://dx.doi.org/10.1021/ACS.JPCB.9B01523
http://www.ncbi.nlm.nih.gov/pubmed/31099580
http://dx.doi.org/10.1074/jbc.M117.813170
http://www.ncbi.nlm.nih.gov/pubmed/29263091
http://dx.doi.org/10.1039/D1FD00094B
http://www.ncbi.nlm.nih.gov/pubmed/35147155
http://dx.doi.org/10.1016/j.cbpa.2014.12.040
http://www.ncbi.nlm.nih.gov/pubmed/25621456
http://dx.doi.org/10.1016/j.bbabio.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25038513
http://dx.doi.org/10.1021/BI051615H
http://www.ncbi.nlm.nih.gov/pubmed/16475795
http://dx.doi.org/10.1021/BI201659F
http://www.ncbi.nlm.nih.gov/pubmed/22191538
http://dx.doi.org/10.1021/bi301700u
http://www.ncbi.nlm.nih.gov/pubmed/23786373
http://dx.doi.org/10.1021/BI200685W
http://www.ncbi.nlm.nih.gov/pubmed/21678923
http://dx.doi.org/10.1021/BI9626719
http://www.ncbi.nlm.nih.gov/pubmed/9132019
http://dx.doi.org/10.1021/BI002394C
http://www.ncbi.nlm.nih.gov/pubmed/11297437
http://dx.doi.org/10.1021/BI500309F
http://www.ncbi.nlm.nih.gov/pubmed/24730551
http://dx.doi.org/10.1021/BI050653Y
http://www.ncbi.nlm.nih.gov/pubmed/15952763
http://dx.doi.org/10.1016/0014-5793(81)80608-4
https://doi.org/10.3390/plants15152291

Plants 2026, 15, 2291 13 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Beck, W.E; de Paula, ].C.; Brudvig, G.W. Active and resting states of the oxygen-evolving complex of photosystem II. Biochemistry
2002, 24, 3035-3043. [CrossRef] [PubMed]

Vinyard, D.J.; Khan, S.; Askerka, M.; Batista, V.S.; Brudvig, G.W. Energetics of the S, State Spin Isomers of the Oxygen-Evolving
Complex of Photosystem II. J. Phys. Chem. B 2017, 121, 1020-1025. [CrossRef] [PubMed]

Yang, K.R.; Lakshmi, K.V.; Brudvig, G.W.; Batista, V.S. Is deprotonation of the oxygen-evolving complex of photosystem II
during the S; — S; transitions suppressed by proton quantum delocalization? . Am. Chem. Soc. 2021, 143, 8324-8332. [CrossRef]
[PubMed]

Liu, J.; Yang, K.R,; Long, Z.; Armstrong, W.H.; Brudvig, G.W.; Batista, V.S. Water ligands regulate the redox leveling mechanism
of the oxygen-evolving complex of the photosystem II. J. Am. Chem. Soc. 2024, 146, 15986-15999. [CrossRef] [PubMed]

Frisch, ML].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 Revision C.01; Gaussian Inc.: Wallingford, CT, USA, 2016.

Vreven, T.; Morokuma, K. The ONIOM (our own N-layered integrated molecular orbital + molecular mechanics) method for the
first singlet excited (S;) state photoisomerization path of a retinal protonated Schiff base. ]. Chem. Phys. 2000, 113, 2969-2975.
[CrossRef]

Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648-5652. [CrossRef]
Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Vosko, S.H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid correlation energies for local spin density calculations:
A critical analysis. Can. J. Phys. 1980, 58, 1200-1211. [CrossRef]

Stephens, PJ.; Devlin, EJ.; Chabalowski, C.F.; Frisch, M.]. Ab initio calculation of vibrational absorption and circular dichroism
spectra using density functional force fields. |. Phys. Chem. 1994, 98, 11623-11627. [CrossRef]

Hay, PJ.; Wadt, W.R. Ab initio effective core potentials for molecular calculations. Potentials for K to Au including the outermost
core orbitals. J. Chem. Phys. 1985, 82, 299-310. [CrossRef]

Da Silva Filho, D.A.; Coropceanu, V.; Fichou, D.; Gruhn, N.E.; Bill, T.G.; Gierschner, J.; Cornil, J.; Brédas, J.L. Hole-vibronic
coupling in oligothiophenes: Impact of backbone torsional flexibility on relaxation energies. Philos. Trans. R. Soc. A 2007,
365, 1435-1452. [CrossRef]

Hariharan, P.C.; Pople, J.A. The influence of polarization functions on molecular orbital hydrogenation energies.
Theor. Chim. Acta 1973, 28, 213-222. [CrossRef]

Sproviero, E.M.; Gascén, J.A.; McEvoy, J.P.,; Brudvig, G.W.; Batista, V.S. QM/MM models of the O,-evolving complex of
photosystem II. J. Chem. Theory Comput. 2006, 2, 1119-1134. [CrossRef] [PubMed]

Luo, S.; Rivalta, I; Batista, V.; Truhlar, D.G. Noncollinear spins provide a self-consistent treatment of the low-spin state of a
biomimetic oxomanganese synthetic trimer inspired by the oxygen evolving complex of photosystem IL. |. Phys. Chem. Lett. 2011,
2,2629-2633. [CrossRef]

Beal, N .J.; Corry, T.A.; O'Malley, PJ. Comparison between experimental and broken symmetry density functional theory (BS-DFT)
calculated electron paramagnetic resonance (EPR) parameters of the S, state of the oxygen-evolving complex of photosystem II in
its native (calcium) and strontium-substituted form. J. Phys. Chem. B 2017, 121, 11273-11283. [CrossRef] [PubMed]

Beal, N.J.; Corry, T.A.; O'Malley, PJ. A comparison of experimental and broken symmetry density functional theory (BS-DFT)
calculated electron paramagnetic resonance (EPR) parameters for intermediates involved in the S, to S3 state transition of nature’s
oxygen evolving complex. J. Phys. Chem. B 2018, 122, 1394-1407. [CrossRef] [PubMed]

Cornell, W.D.; Cieplak, P; Bayly, C.I,; Gould, ILR.; Merz, KM.; Ferguson, D.M.; Spellmeyer, D.C.; Fox, T.; Caldwell, JW,;
Kollman, PA. A second generation force field for the simulation of proteins, nucleic acids, and organic molecules. J. Am.
Chem. Soc. 1995, 117, 5179-5197. [CrossRef]

Boussac, A.; Sugiura, M.; Inoue, Y.; Rutherford, A.W. EPR study of the oxygen evolving complex in His-tagged photosystem II
from the cyanobacterium Synechococcus elongatus. Biochemistry 2000, 39, 13788-13799. [CrossRef] [PubMed]

Retegan, M.; Pantazis, D.A. Differences in the active site of water oxidation among photosynthetic organisms. J. Am. Chem. Soc.
2017, 139, 14340-14343. [CrossRef] [PubMed]

Oyala, PH.; Stich, T.A.; Debus, R.J.; Britt, R.D. Ammonia binds to the dangler manganese of the photosystem II oxygen-evolving
complex. J. Am. Chem. Soc. 2015, 137, 8829-8837. [CrossRef] [PubMed]

Retegan, M.; Pantazis, D.A. Interaction of methanol with the oxygen-evolving complex: Atomistic models, channel identification,
species dependence, and mechanistic implications. Chem. Sci. 2016, 7, 6463-6476. [CrossRef] [PubMed]

Ho, EM,; Styring, S. Access channels and methanol binding site to the CaMny cluster in photosystem II based on solvent
accessibility simulations, with implications for substrate water access. Biochim. Biophys. Acta-Bioener. 2008, 1777, 140-153.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/plants15152291


http://dx.doi.org/10.1021/BI00333A035
http://www.ncbi.nlm.nih.gov/pubmed/2990539
http://dx.doi.org/10.1021/acs.jpcb.7b00110
http://www.ncbi.nlm.nih.gov/pubmed/28079373
http://dx.doi.org/10.1021/jacs.1c00633
http://www.ncbi.nlm.nih.gov/pubmed/34029102
http://dx.doi.org/10.1021/jacs.4c02926
http://www.ncbi.nlm.nih.gov/pubmed/38833517
http://dx.doi.org/10.1063/1.1287059
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/physrevb.37.785
http://dx.doi.org/10.1139/p80-159
http://dx.doi.org/10.1021/j100096a001
http://dx.doi.org/10.1063/1.448975
http://dx.doi.org/10.1098/rsta.2007.2025
http://dx.doi.org/10.1007/bf00533485
http://dx.doi.org/10.1021/ct060018l
http://www.ncbi.nlm.nih.gov/pubmed/26633071
http://dx.doi.org/10.1021/jz201077n
http://dx.doi.org/10.1021/acs.jpcb.7b09498
http://www.ncbi.nlm.nih.gov/pubmed/29179554
http://dx.doi.org/10.1021/acs.jpcb.7b10843
http://www.ncbi.nlm.nih.gov/pubmed/29300480
http://dx.doi.org/10.1021/ja00124a002
http://dx.doi.org/10.1021/BI001159R
http://www.ncbi.nlm.nih.gov/pubmed/11076518
http://dx.doi.org/10.1021/JACS.7B06351
http://www.ncbi.nlm.nih.gov/pubmed/28948784
http://dx.doi.org/10.1021/jacs.5b04768
http://www.ncbi.nlm.nih.gov/pubmed/26083545
http://dx.doi.org/10.1039/C6SC02340A
http://www.ncbi.nlm.nih.gov/pubmed/28451104
http://dx.doi.org/10.1016/j.bbabio.2007.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17964532
https://doi.org/10.3390/plants15152291

Plants 2026, 15, 2291 14 of 14

65. Vassiliev, S.; Zaraiskaya, T.; Bruce, D. Exploring the energetics of water permeation in photosystem II by multiple steered
molecular dynamics simulations. Biochim. Biophys. Acta-Bioener. 2012, 1817, 1671-1678. [CrossRef] [PubMed]

66. Liu, J,; Yang, K.R,; Lampert, ].S.; Armstrong, W.H.; Brudvig, G.W,; Batista, V.S. Mechanism of tyrosine-driven deprotonation in
photosystem II revealed by multiscale simulations. J. Am. Chem. Soc. 2026, 148, 9255-9267. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/plants15152291


http://dx.doi.org/10.1016/j.bbabio.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22683291
http://dx.doi.org/10.1021/jacs.5c13000
http://www.ncbi.nlm.nih.gov/pubmed/41730138
https://doi.org/10.3390/plants15152291

	Introduction
	Materials and Methods
	Protein Isolation and Purification
	Steady-State Oxygen Assay
	EPR Measurements
	QM/MM Modeling

	Results and Discussion
	Acetate Binding Stabilizes the S = 5/2 S2 State Spin Isomer in a Species- and pH-Dependent Manner
	The D1-87 Residue Modulates Acetate Binding in PSII
	The D1-N87A Mutation Shifts the Acidic pKa of PSII Toward Spinach-like Behavior
	QM/MM Calculations Support Acetate Binding near D1-D61 and W1

	Conclusions
	References

