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A B S T R A C T

Photosystem II (PSII) catalyzes water oxidation into electrons, protons and dioxygen at its catalytic center, a 
Mn4CaO5 cluster, utilizing light energy. An amino acid residue D1-V185 in the D1 protein is located close to the 
Mn4CaO5 cluster, and plays a critical role in its catalytic function. In this research we purified PSII dimers from a 
D1-V185T mutant of Thermosynechococcus vestitus and analyzed its structure using low-damage cryo-electron 
microscopy (cryo-EM) at a resolution of 1.88 Å. The results revealed the presence of multi-conformations at the 
mutation site. Unlike the wild-type valine, which does not allow water molecules to be able to form hydrogen- 
bonds with it, both conformations of the mutant formed hydrogen bonds with nearby water molecules, which 
leads to rearrangement of the hydrogen bond networks in the O1 and Cl-1 channels. In conformation-A, the 
mutated Thr residue forms a hydrogen bond with a water molecule W6, which creates a new channel that by
passes the original O1 channel. Due to the hydrophilic OH group of Thr, the side-chain of D1-Glu189 was 
attracted and shifted toward the mutant Thr residue. In conformation-B, it forms a hydrogen bond with a water 
molecule W9 in the Cl-1 channel, bringing W9 closer and thereby disrupting the hydrogen bond network of the 
Cl-1 channel. In addition, multi-conformations of D2-K317, which is a ligand of Cl-1, were found in the mutant. 
These changes alter the environment surrounding the Cl-1 ion and Mn4CaO5, thereby affecting the PSII water- 
oxidation activity.

1. Introduction

Photosystem II (PSII) captures solar energy and uses it to split water 
into protons, electrons, and dioxygen, providing the energy and mo
lecular oxygen required for sustaining almost all life forms in the 
biosphere [1,2]. The reaction of water oxidation to produce molecular 
oxygen proceeds through five states referred to as the Si-states (with i =
0–4), which represent sequential steps of charge accumulation during 
water splitting [3]. During one catalytic cycle, PSII oxidizes two water 
molecules, releasing four protons and four electrons. While electrons are 
released in every step of the S-state transition, protons are released in a 
pattern of 1:0:1:2 during the S0 → S1 → S2 → S3 → (S4) → S0 transitions 
[4,5].

The catalytic center for water oxidation is a Mn4CaO5 cluster bound 

to the lumenal side of PSII, which is coordinated by seven amino acid 
residues from the D1 and CP43 subunits, as well as four water molecules 
(W1–W4) [6,7]. The Mn4CaO5 cluster is associated with three channels 
that are proposed to facilitate the transport of substrate water molecules 
into the reaction site and/or protons out to the lumen. These channels 
are known as the O1 channel, O4 channel and Cl − 1 channel (Fig. 1) 
[8–12]. All these channels are connected by hydrogen bonds among 
amino acid residues and water molecules that are located in the chan
nels, and ultimately exit to the lumenal surface. The O1 and O4 channels 
refer to hydrogen-bond networks that start or terminate at the O1 and 
O4 atoms, two oxo-bridged oxygen atoms forming the Mn4CaO5 cluster, 
respectively. Among them, the O1 channel is thought to serve as a 
pathway for substrate water entry, and the observed flipping of CP43- 
V410 during the S-state cycle may indicate its role as a gate for water 
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molecules to come in through this channel [9,13–15]. The O4 channel 
has been predicted to function as a proton release pathway, with 
movements and disappearance of internal water molecules observed 
during S-state transitions [8,13,16].

On the other hand, the Cl − 1 channel consists of an extended 
hydrogen-bond network from the Mn4CaO5 cluster through the Cl–1 
binding site, to the lumenal surface in two branches. Branch A goes 
through D1-D61 and D1-E65, and branch B goes through D2-K317, 
PsbO-P159 and PsbO-K160 [1,9,13]. This channel has been proposed 
to release protons during the S2-to-S3 and/or S3-to-S0 transitions 
[13–15]. There may be another channel, Cl–2 channel, that is mediated 
by the Cl–2 ion in the vicinity of the Mn4CaO5 cluster [17], but whether 
this channel plays a role in the water/proton transport is not clear at 
present. Given that these channels are all well connected through 
hydrogen-bond networks, they may have overlapping or cooperative 
roles in both proton and water transfer.

Efficient water oxidation and oxygen evolution require not only 
stepwise electron transfer and the accumulation of oxidizing equivalents 
in the Mn4CaO5 cluster [1,2], but also structural dynamics including 
reorganization of the surrounding hydrogen-bond networks to enable 

the coordinated transfer and release of protons and water molecules 
[9,13,15]. Even subtle perturbations in these local structural in
teractions can markedly retard water oxidation or even abolish photo
autotrophic growth [18]. Thus, how PSII maintains and regulates these 
processes remains a central issue in understanding the mechanism of 
photosynthetic water oxidation and oxygen evolution.

D1-V185 is a hydrophobic residue located close to the Mn₄CaO₅ 
cluster [6,7]. It is highly conserved during evolution, and is thought to 
play an important role in maintaining water-oxidation activity [18]. 
Indeed, sequence analysis shows a conservation rate of 98.6% among 
2920 sequences retrieved from the database (see Materials and 
methods). If we consider possible sequence errors and incomplete se
quences, the conservation of this residue should be close to 100%, and 
no other residues have been found in this position in the known, func
tional D1 proteins. Mutation of D1-V185 to Pro, Asp, or Trp in Syn
echocystis sp. PCC 6803 has been shown to abolish the oxygen-evolving 
activity and photoautotrophic growth, although changes to N or T retain 
part of the oxygen-evolving activity and photoautotrophic growth [18]. 
Furthermore, the D1-V185N mutation is shown to perturb the extensive 
network of hydrogen bonds that extends from YZ to D1-D61, and alter 

Fig. 1. An overview of the PSII structure and main channels connecting the Mn4CaO5 cluster to the lumenal surface. (A) The structure of PSII, displayed in a cartoon 
representation with different colors for various subunits and the three channels (O1, O4 and Cl–1 channels) (3WU2) [6]. (B) Water molecules in each channel and 
their numbering (their correspondences to the PDB file numbering are listed in Supplementary Table 5).
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the environment of the water molecule whose bending mode vanishes 
during the S2 to S3 transition [19]. This mutation also affects the ex
change rate of Ws in the S1 and S2 states, as well as both Ws and Wf in the 
S3 state, and results in the disappearance of the split electron para
magnetic resonance (EPR) signal in the S3-state [20]. These results 
suggest that the N185 residue stabilizes the binding of an additional 
water-derived ligand at the Mn1 site of the Mn4CaO5 cluster via 
hydrogen bonding [20]. Very recently, the structure of a D1-V185N 
mutant in Synechocystis sp. PCC 6803 was analyzed by cryo-electron 
microscopy (cryo-EM), which indeed shows perturbations to the Cl-1 
mediated hydrogen-bonding network [21]. In the structure of the 
mutant, N185 orients away from the oxygen-evolving complex (OEC) 
and donates a hydrogen-bond to Cl–1, a conserved chloride ion close to 
OEC [21]. Furthermore, the D2-K317 side chain shows an alternative 
D2-E312-facing conformation in the Cl–1 water channel, which is 
consistent with recent models for proton transfer. These changes may 
retard the proton egress during water oxidation, thereby lowering the 
oxygen-evolving activity.

On the other hand, a V185T mutant was constructed in a thermo
philic cyanobacterium Thermosynechococcus vestitus (formerly 
T. elongatus) and characterized [22]. In this mutant, a high proportion of 
the S2

HS configuration is observed. While a proton is likely released in the 
S1 → S2

HS transition in the wild-type PSII, no proton release is observed in 
this transition in the V185T mutant [22]. The S3 → S0 transition was 
dramatically slowed down in the V185T mutant, which may indicate less 
efficient relaxation of the hydrogen-bond network and/or changes in the 
protein environment [22]. Indeed, it was shown recently that both 
V185T and V185N mutants significantly affect proton release during the 
S3-to-S0 transition, suggesting the disruption of the hydrogen-bonding 
interactions necessary for release of protons from the substrate water 
[23]. The introduction of such non-native hydrogen bonds may perturb 
the normal arrangement of amino acid residues and water molecules in 
the Cl-1 channel, thereby affecting the native hydrogen-bond network in 
this channel. This disruption in proton transfer was correlated with a 
slower water exchange in the S3-state, likely due to non-native hydrogen 
bonds introduced by the Thr or Asn side chains at position 185 [23].

In this study, we determined the structure of PSII purified from the 
D1-V185T mutant from T. vestitus by cryo-EM. Given that electron 
beams used in cryo-EM can damage the PSII structure, we selected only 
the first two frames from the cryo-EM movies to minimize beam-induced 
damage. The use of these frames gives rise to minimization of radiation 
damage and results in an intact PSII structure [24]. Our results showed 
two conformations for the mutated Thr residue, both of which have 
altered interactions with the nearby water molecules in the Cl–1 chan
nel. Among them, at least one conformation may be responsible for the 
impairment in the proton release.

2. Results

2.1. Overall structure

PSII dimers were isolated from the D1-V185T mutant, whose oxygen- 
evolving activity was measured to be 581 ± 44 μmoles O2 (mg Chl)− 1 

h− 1. This activity is only 15% of the PSII dimer isolated from the wild- 
type. The isolated PSII dimer particles were visualized by cryo-EM 
(see Materials and methods). After picking up the particles from 
18,027 movies with CryoSPARC [25] followed by polishing and 3D 
refinement with RELION [26], we obtained a global resolution of 1.75 Å 
for the whole structure of the mutant PSII (Supplementary Fig. 1). 
However, we observed unrealistic distances within the Mn4CaO5 cluster 
and damage to several amino acid residues, similar to those reported by 
Kato et al. [24]. This indicates that the PSII protein structure experi
enced significant electron beam damage when including all frames with 
a total dose of 50 e− /Å2 (Supplementary Table 1), which may potentially 
lead to misinterpretations of the effects of the mutation. To address this 
issue and minimize such damage as much as possible, we employed the 

RELION Polish method [27] to select the first two frames only for 
structural analysis, which gives rise to a dose of around 2 e− /Å2 and a 
map with a resolution of 1.88 Å at FSC = 0.143 [28] (Supplementary 
Figs. 1 and 2). Although the nominal resolution was slightly lower than 
that of the all-frame reconstruction, this low-dose map showed markedly 
reduced radiation damage and provided a more reliable basis for 
structural interpretation of the Mn4CaO5 cluster and its surrounding 
environment.

This resolution theoretically allows for proton modeling with Ser
valCat [29,30]. However, the number of observable protons was limited. 
Consequently, we decided not to calculate hydrogen atom positions. In 
the local resolution map, we observed a resolution of approximately 1.6 
Å near the central OEC region (Fig. 2A, D). This level of detail is suffi
cient to clearly resolve amino acid side chain atoms, positions of water 
molecules, and components of the Mn4CaO5 cluster, with minimal 
electron beam damage (Fig. 2). To minimize the influence of noise 
inherent to cryo-EM maps, the map level that has almost no signals in 
the nearly noise-free outer regions of the protein (σ = 1.7 rmsd) was 
used as a reference for final model building.

Our structural analysis revealed no significant changes in the dis
tances between O5 and the Mn atoms of the Mn4CaO5 cluster 
[5,6,12,31], although slightly elongated distances are still observed for 
some of the bond distances within the Mn4CaO5 cluster (Fig. 2D), which 
may be caused by residual radiation damage. At the D1-V185T mutation 
site, we identified two major, distinct conformations of the D1-185T side 
chain in the same PSII structure (Fig. 2B, C). The first conformation, with 
the side chain of T185 oriented toward a water molecule W6, forms a 
stable hydrogen bond with W6 and is designated conformation-A, which 
appears to stabilize W6 via the hydrogen bond (Fig. 2B). In contrast, the 
second conformation, where the side chain of T185 is oriented toward 
W9, establishes a hydrogen bond with W9 and is called conformation-B 
(Fig. 2C). These two conformations exhibit distinct hydrogen-bonding 
patterns with nearby water molecules, suggesting potential roles in 
modulating the S-state transitions of the OEC and/or the proton transfer 
pathway. We describe the structures of these two conformations in detail 
below.

2.2. Conformation-A

We observed that in conformation-A of the D1-V185T mutant, the 
hydroxyl (OH) group of T185 is located within hydrogen-bonding dis
tances of W6, the backbone carbonyl oxygen atoms of D1-N181 and D1- 
F182, and the backbone amide nitrogen of D1-F186, respectively, sug
gesting possible hydrogen-bonding or polar interactions among these 
groups (Fig. 2B). Among these groups, the distance between D1-185T 
and W6 is especially short (2.54 Å), suggesting a strong hydrogen 
bond between them. Because the positions of hydrogen atoms cannot be 
accurately determined in the present cryo-EM map, we evaluated these 
possible hydrogen bonds based not only on distances but also on heavy- 
atom-based angle measurements. Conversely, in the wild-type there are 
no such hydrogen bonds formed, because the V side chain cannot form 
hydrogen bonds with the surrounding water molecules and hydrophilic 
residues. By comparison, in conformation-B, the OH group of T185 
forms only two weaker hydrogen bonds—with W9 and the backbone 
C––O of D1-N181 (Fig. 2C). Based on both the distances and the number 
of hydrogen bonds to the neighboring residues or water molecules, we 
conclude that conformation-A is more stable than conformation-B in the 
S1 state. However, the occupancy calculations by Phenix based on the 
cryo-EM map showed that conformation-A and conformation-B have 
nearly identical occupancies, contradicting the inference that 
conformation-A is more stable. This discrepancy may indicate that 
certain factors destabilize conformation-A during the S-state cycle. We 
will address this issue in the Discussion section.

Compared with the wild-type structure, the B-factors of the OE1 and 
OE2 atoms of D1-E189 are increased in the mutant (Supplementary 
Table 2), which is more likely attributable to the influence of 
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conformation-A in the mutant structure. In conformation-A, replace
ment of D1-V185 with T alters the local hydrophobic environment 
around D1-E189 (Fig. 3A), which allows D1-E189 to shift toward D1- 
T185. Moreover, the distance of D1-E189-OE2 to O5 is shortened from 
3.4 to 3.5 Å in the X-ray and cryo-EM structures of wild-type PSII to 3.22 
Å in the mutant (Supplementary Table 3). Additionally, we observed the 
formation of a new channel calculated by MoleOnline [32], due to the 
absence of the hydrophobic side chain of D1-V185, which results in al
terations in the water molecule pathway (Fig. 3A). In the wild-type 
structure, the side chain of D1-V185 is hydrophobic and helps direct 

the O1 channel toward Mn4. However, in the D1-T185-A variant, 
rotation of the side chain leads to a loss of a corrective function of this 
side chain, causing the appearance of a new channel which connects the 
O1 channel with the Cl-1 channel (Fig. 4A).

As shown above (Fig. 3B), the T185 OH group forms a hydrogen 
bond with W6 in conformation-A. W6 is connected via hydrogen bonds 
to W5 in the Cl–1 channel and W7, a water molecule connected to YZ. 
These water molecules do not shift their positions significantly in the 
mutant in comparison with the wild-type. The newly formed hydrogen- 
bond network, comprising Ca–W3–W7–W6–T185, includes a strong 

Fig. 2. Local resolution of the cryo-EM map and multi-conformations of PSII D1-V185T. (A) Local resolution map of the mutant PSII generated from frames 1–2, with 
resolution represented as a gradient from 1.6 Å (blue) to 2.6 Å (red). (B) The structure of D1-V185T conformation-A, highlighting its key features. Numbers in white 
in panels A and B represent the Mn ion numbering shown in panel D. (C) The structure of D1-V185T conformation-B, illustrating differences in side-chain orientation 
and interactions compared to conformation-A. (D) The Mn4CaO5 cluster of the mutant PSII superimposed with their densities, where purple represents Mn atoms, red 
represents O atoms, and yellow represents the Ca atom. Cyan dashed lines in panels (B) and (C) depict hydrogen bonds, with the numbers representing interatomic 
distances (Å). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Effects of conformation-A of the D1-V185T mutant on D1-E189 and the involved hydrogen bonds. (A) Hydrophilic attraction of D1-E189 by D1-T185-A. Black 
mesh represents the cryo-EM map at rmsd = 1.7, and the red arrow indicates the movement of the side chain of D1-E189. The transparent, red colored D1-E189 
depicts its structure in the wild-type PSII (PDB ID: 4ub6) [7], whereas the dark yellow one represents its structure in the mutant. The cyan channel represents 
the newly appeared water channel calculated using MoleOnline [31], which is connected to the O1 channel. (B) Involvement of D1-T185 in hydrogen bonding in 
conformation-A, with hydrogen bonds represented as cyan dashed lines. In both panels A and B, the residue of T185 is shown in green, oxygen atoms in red, and 
nitrogen atoms in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hydrogen bond (distance <2.7 Å, between D1-T185 and W6), while the 
distance between W3 and W5 is increased from 2.8 Å in the wild-type to 
3.0 Å in the mutant. The addition of a hydrogen bond between T185 and 
W6 may stabilize the binding of Ca2+, and this rearranged hydrogen- 
bond network may alter the proton transfer efficiency within the Cl–1 
channel, leading to the decrease of the oxygen-evolving activity.

CP43-V410, known as one of the gates for the O1 channel, exhibited 
a flipping motion in the mutant in the dark-adapted S1-state, which 
facilitated the formation of a new water channel in the structure (Fig. 4). 
In the S1 state of the wild-type PSII, the CP43-V410 side chain points 
toward D1-D342 and CP43-L401 [6,7,9,12–14,24]. However, in our 
structure, the CP43-V410 side chain is deflected toward the opposite 
direction, pointing toward D1-E189 (Supplementary Fig. 3). This 
conformational state was previously observed in PSII after two flashes, 
corresponding to the transition from S2 to S3-state, and it has been 
proposed that this structural change is related to the entry of O6 into the 
Mn4CaO5 cluster [9,13].

Through water channel calculations, we observed that in the wild- 
type PSII structure (PDB ID: 7D1U) [24], the O1 channel does not con
nect to the Cl–1 channel, and this configuration is maintained by the 
hydrophobic nature of both D1-V185 and CP43-V410, which stabilize 
the proper pathway. However, the V185T mutant leads to changes in the 
O1 channel, creating a new water channel that connects the O1 and Cl–1 
channels as described above (Fig. 4). This new water channel also passes 
through CP43-V410 due to its flipping in the mutant. Additionally, we 
observed the disappearance of W10 in the O1 channel, whereas a faint 
map density appeared near the O1 site, suggesting the possible forma
tion of an unstable water molecule close to O1 (Fig. 4B). These structural 
changes suggest that alterations in the hydrophobic environment around 
D1-V185 may influence the O1 and Cl–1 channels, thereby affect the 
functioning of PSII.

2.3. Conformation-B

In conformation-B, OH group of D1-T185 is rotated toward the Cl–1 
ion, forming a weaker hydrogen bond with W9 (Figs. 2C and 5). In the 
wild-type, W9 is connected to the Cl–1 channel through hydrogen bonds 
with W2 and W8, which therefore participates in the proton transfer 
through the Cl–1 channel [9,13,14]. The distance between W2 and W9 is 
2.86 Å in the wild-type PSII structure (pdb:3WU2) [6]. However, as 
shown in Fig. 5A and Supplementary Table 4, W9 shifted toward Cl–1 by 
1.40 Å, leading to the elongation of the distance between W2 and W9 to 
3.93 Å in the mutant. This distance indicates breakage of the hydrogen 
bond between them, and thus disruption of the local hydrogen-bond 
network in the Cl–1 channel. As a ligand of the Cl–1 ion, the distance 
between W9 and Cl–1 ion is shortened from 3.57 Å in the wild-type to 
2.47 Å in the mutant (Fig. 5B and Supplementary Table 4), which is an 
unusually short distance as a halogen bond. Such a distance is rarely 
observed, as noted in PDB file conclusion analyses (Fig. 5B) [33]. As the 
density for W9 is well resolved in the mutant, it appears that W9 is 
stabilized by this short distance with Cl-1. This unusually short Cl–1–W9 
distance suggests a strengthened ion–dipole interaction between Cl–1 
and W9, which may stabilize the shifted position of W9 and, at the same 
time, hinder the local water rearrangements required for efficient proton 
transfer.

Furthermore, we observed the disappearance of the W12 water 
molecule near D1-D61 (Fig. 5A). In wild-type, W12 forms hydrogen 
bonds with D1-D61 and W14, the latter further forms hydrogen bonds 
with D1-E65, D1-R334, D2-E312 and D2-K317 (Fig. 5B). W12 thus may 
play an important role in proton transfer along the Cl–1 channel, 
relaying protons from the Mn4CaO5 cluster to the gate region. The 
disappearance of W12 disrupts the hydrogen bond between D1-D61 and 
D1-E65, preventing proton transfer from D1-D61 to the gate [15]. 
Therefore, we propose that the movement of W9, together with the loss 
of W12, substantially perturbs the hydrogen-bond network of the Cl–1 

Fig. 4. Structural changes in the O1 water channel, including CP43-V410 and associated water molecules. (A) The water channels were calculated using MoleOnline 
[31]. The dark blue channel represents the pathway calculated from the wild-type PSII structure (7D1U, 24), while the light-cyan channel corresponds to the pathway 
calculated for the V185T mutant. D1 is shown in yellow, D2 is shown in dark cyan, and CP43 is shown in medium purple. (B) An enlarged view of the boxed area by 
red lines in panel A. Yellow marks the positions of D1-V185 and D1-E189 in the wild-type 7D1U structure; the green residue (D1-T185) denotes the conformation-A of 
the mutant structure, and the orange residue (D1-E189) marks the position of D1-E189 in the D1-V185T mutant. (C) Structure around the CP43-V410 area. The CP43- 
V410 residue in the wild-type structure (7D1U) is shown in yellow, and in the V185T mutant it is shown in medium purple. The maps are displayed as black solid 
meshes. The red water molecules represent those observed in the V185T mutant, and the pink water molecules represent those present in the wild-type structure 
(7D1U). Newly observed water molecules are labeled as “New water”. The presence of an unstable region around W10 is represented by a weak density in black 
mesh. Water molecules newly appeared or became unstable in the V185T mutant are marked with blue arrows. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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channel.
We also observed conformational heterogeneity of D2-K317. When 

only a single conformation of D2-K317 was assumed during model 
refinement, a positive Fo–Fc difference density appeared at this site, 
suggesting the presence of an additional conformation of D2-K317. Such 
conformational heterogeneity of D2-K317 has been reported in the D1- 
V185N mutant of Synechocystis sp. PCC 6803 [21], where the emergence 
of this conformation was proposed to result from disruption of the local 
environment surrounding Cl–1.

Due to the unusually short distance between W9 and Cl–1 (Fig. 5A), 
D2-K317 may have been prevented from forming a stable salt bridge 
with the Cl–1 ion. This altered interaction may facilitate the formation 
and stabilization of a second conformation of D2-K317, which is ori
ented away from the Cl–1 ion and hence does not ligate to the Cl–1 ion. 

Meanwhile, owing to the low electron-dose data acquisition and the 
presence of a new water molecule “New water-2”, D2-E312 and D1-E65 
exhibit more well-defined electron densities. As a result, we are able to 
resolve the density for D1-E65 and D2-E312 clearly and to build reliable 
structural models for these residues. Based on the refined model, the 
second conformation of K317 forms hydrogen bonds with D2-E312 and 
New water-2 with distances of 2.79 Å and 3.02 Å, respectively (Fig. 5C). 
These observations indicate that changes in the ligand environment of 
the Cl–1 ion can remodel the hydrogen bond network involving D1-E65 
and D2-E312.

Disruption of the Cl–1 channel may also impact another potential 
proton transfer pathway, the O4 channel. From the structural analysis, 
we observed that water molecules in the O4 channel underwent 
noticeable rearrangements. The five-water cluster at the outer side of the 

Fig. 5. Cl–1 channel and the Cl–1 ligand environment in conformation-B of the D1-T185 mutant. (A) Structure of the Cl–1 channel region of the mutant PSII, with the 
water molecules from the wild-type structure (4UB6) [7] depicted as pink spheres, and others from the mutant structure. To distinguish from the wild-type 
assignment, W9 and W8 in the D1-V185T mutant are labeled W9* and W8*, respectively. The B-factors of water molecules of the D1-V185T mutant structure 
are represented as a gradient from red (low B-factor) to blue (high B-factor). D1 is shown in orange, D2 is shown in marine, conformation-B of D1-185T is shown in 
green, and the Cl–1 ion is shown as a green sphere, with its ligands connected by solid green lines. The hydrogen bonds are depicted with greenish dashed lines. The 
transparent green arrow indicates the breakage of the hydrogen bond between W2 and W9, and the light blue arrow highlights the continued availability of this 
proton channel. Red cycle indicates the gate area mentioned in the text. (B) Structure of the wild-type PSII (4UB6) in the boxed area in panel A, showing the 
differences in the hydrogen-bond network. (C) Enlarged view of the Cl–1 binding site of the mutant. The solid green lines connect the Cl-1 atom with its surrounding 
ligands, and the cyan dashed line depicts the hydrogen bond between D1-T185 and W9*. The angles between the Cl-1 ion and its ligands are shown in purple 
arrowheads, and the map is visualized as a faded black mesh. The multiple conformations of D2-K317 are shown in reddish and marine, respectively. (D) Super
position of the D2-K317 area with the cryo-EM maps. The black mesh represents Relion map of the V185T mutant, and green density corresponds to the positive 
Fo(2half-map) − Fc(model) map, calculated using Servalcat [25] only for the orange conformation and contoured at a level that minimizes noise. Distances of hydrogen 
bonds are indicated by numbers (in Å) in a yellow background. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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O4 channel has been proposed to facilitate Grotthuss-type proton 
transfer, which is important for proton movement [9,34]. We observed 
the disappearance of W34 in the O4 channel, and a large shift of the 
position of W32. Furthermore, the distance between W31 and W33 is 
decreased from 3.16 Å in the wild-type to 2.53 Å in the mutant, and W31 
became highly unstable and could only be detected under conditions of 
low sigma thresholds [Fig. 6]. This situation resembles the 1F structure 
observed by XFEL [9]. Since no proton release is detected in the S1-S2 
transition in the wild-type PSII, the unusually short distance has been 
interpreted as possibly reflecting proton retention, which is already 
observed in the mutant PSII in the dark.

3. Discussion

In the D1-V185T mutant, the oxygen-evolving activity of purified 
PSII was decreased to approximately 15% of the wild-type PSII despite 
the intact subunit composition. In the present study, several structural 
changes were observed between the mutant and wild-type PSII in the S1 
state. During cryo-EM single-particle analysis, all maps and data repre
sent averaged conformations, with the occupancy calculation suggesting 
that each class of the protein particles corresponds to a single confor
mation [35,36]. We found two conformations of the D1-T185 residue; 
they are named conformation-A and conformation-B, respectively. The 
occupancies of conformation-A and conformation-B are both close to 
50%. However, a detailed examination of the structures showed that 
conformation-A may be more stable than conformation-B, but the oc
cupancies of the two structures are 1:1, suggesting that conformation-B 
may be stabilized by an unknown factor. Conformation-A is character
ized by a hydrogen bond with W6 and the absence of a hydrophobic 
environment near D1-E189. In contrast, conformation-B brings W9 
closer, disrupts the W2-W9 hydrogen bond, and leads to a loss of W12, 
thereby altering the Cl-1 proton channel [9,13,15,37]. We propose that 
in conformation-A, the side chain of Thr introduces a hydroxyl group 
(OH) that interacts with the proton transfer pathway, while in the wild- 
type structure, the methyl group (CH3) at the same position maintains a 
hydrophobic environment. The number of hydrogen bonds is generally 
indicative of the structural stability. However, in conformation-A, D1- 
T185 contains four short polar contacts (Fig. 2B), whereas in 
conformation-B, it contains only two, yet the occupancy of the two 
conformations is similar. This may be because W6 is a water molecule 
within the proton transfer channel, and its connection to D1-T185 sug
gests that a proton may have been transferred to D1-T185, potentially 

inducing a rotation of the more stable conformation-A into conforma
tion-B.

In previous studies, W10 instability and E189 shift were observed in 
the wild-type PSII following the second flash, indicating the entry of O6 
or O6* into the Mn4CaO5 cluster during the S2-to-S3 transition [13]. In 
the S1-state structure of our mutant, we observed W10 instability, E189 
shift, and the opening of CP43-V410 gate similarly, relative to the wild- 
type PSII structure. When O6* enters, it initially binds to Ca, where the 
observed distance between O6* and D1-E189-OE1 is 2.23 Å in the wild- 
type PSII [13]. At this binding state, the distance between D1-E189-OE1 
and the side-chain carbon of D1-V185 is 3.89 Å (PDB code: 8IRF) [13]. 
Based on this, we speculate that in the D1-T185 conformation-A, where 
the side-chain carbon of D1-T185 is absent, the flexibility of D1-E189- 
OE1 will increase (as evidenced by the increase in its B-factor (Supple
mentary Table 2), as conformation-A provides a larger space for its 
movement. This space allows a displacement of approximately 1.48 Å 
for D1-E189-OE2 and OE1. The increased B-factor suggests an increase 
in the mobility and the instability of D1-E189, which we propose may be 
associated with the high-spin state observed in the S2-state.

EPR measurement revealed a higher proportion of a high-spin state 
in S2 of the D1-V185T mutant [22] (Fig. 7A). We hypothesize that the 
high-spin state arises from the D1-V185T-A state, which allows a water 
molecule to enter into the previously described cavity between Mn1 and 
O5 (Fig. 7B), thereby enabling a hydrogen bond to form between the 
water molecule and D1-E189. In the wild-type state, this water molecule 
insertion would be hindered by D1-V185, as their distance would be 
approximately 2.8 Å if a water molecule is to be put in the vicinity of D1- 
V185. Conformation-B of the D1-T185 mutant has a similar distance 
between its side chain CG1 and the proposed water molecule. On the 
other hand, the cavity formed by the rotation of D1-T185 in 
conformation-A provides sufficient space to accommodate OHx 
(Fig. 7B). This may result in an OHx insertion between Mn1 and O5, as 
suggested by prior studies [38]. Among various D1-E189 mutants, only 
D1-E189Q mutant displayed a multiline EPR signal in the S2 state 
[39,40], supporting the idea that the high-spin state requires hydrogen 
bonding between OHx and D1-E189. To accommodate this state, W10 
may become unstable, suggesting that the entering water molecule may 
be W10, which may facilitate the proton release distinct from the low- 
spin state during the S1-to-S2 transition [38].

While no additional changes in the EPR signal were observed beyond 
the S2-state, proton release remained delayed in the D1-V185T mutant 
[22,23]. This delay may be attributed to the significant impact of 

Fig. 6. Movement and disappearance of water molecules in the O4 channel. The water molecules in the O4 channel (A) and an enlarged view of the terminal water 
molecules (B). The red spheres represent water molecules in the D1-T185 mutant, pink spheres represent water molecules in dark-adapted wild-type structure (8IR5) 
[13], cyan lines indicate distances between water molecules in the D1-T185 mutant, and yellow lines indicate distances between water molecules in the wild-type 
structure (8IR5) [13]. The labels shown in blue indicate water molecules. The area circled by a dashed line in panel (A) represents the terminal five water molecules. 
Disappearance and instability of water molecules in panels A and B are labeled in the figure. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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conformation-B on the Cl-1 channel. The hydrophilic group of Thr at
tracts W9, disrupting the hydrogen bond between W9 and W2 and 
shortening the distance between W9 and the Cl-1 ion. This unusual 
proximity restricts Cl-1 ion movement, which may potentially interfere 
with the positive charges on Yz and the OEC during electron transfer.

The disruption of the Cl-1 channel raises uncertainty regarding its 
continued role in proton transfer. We observed the disappearance of 
W12 and the appearance of a new water molecule, New-water-2, in the 
region between D1-D61 and the gate. This suggests a breakdown of the 
Cl-1 proton channel in conformation-B of the mutant. The increased 
distance to 3.45 Å between W2 and W1 (Supplementary Table 4) further 
supports this idea, suggesting that proton transfer may be impeded. 
Consequently, the O4 channel could serve as an alternative pathway for 
proton transfer, compensating for the functional loss of the Cl-1 channel 
in conformation-B (Fig. 6).

Additionally, QM/MM calculations have suggested that oxygen 
migration during S4-to-S0 transition occurs via a cavity formed between 
D1-V185 and D1-H332 [41]. In conformation-B, the OH− group of Thr 
points toward D1-H332, while the absence of the CH3 group in 
conformation-A disrupts the hydrophobic environment in this cavity. 
This disruption might reduce the efficiency of oxygen release and/or 
prevent the proper expulsion of toxic oxygen species.

Finally, the structure of the D1-V185T mutant solved in this study is 
compared with the structure of a D1-V185N mutant solved very recently 
[21]. Both mutants exhibit altered S2 multiline EPR signal. The D1- 
V185T mutant displayed two conformations of the substituted T185 
residue, whereas the recently reported D1-V185N mutant contained 
only one conformation of the substituted N185 residue. Nevertheless, 
both mutants showed conformational heterogeneity of the D2-K317 
residue and altered S2 EPR signals. Due to the differences in the 
lengths and side chains of the Thr and Gln residues, however, there are 
some differences in their exact conformations and structures (Fig. 8), 
although both mutants retain a cavity that may allow accommodation of 
O6/Ox. These observations provide structural insight into why a hy
drophobic residue of D1-V185 is required for proper water oxidation in 
PSII. Substitution of V185 with a polar residue introduces alternative 
hydrogen-bonding interactions with nearby water molecules, thereby 
perturbing the local water network that is critical for OEC function. 
Some differences in the hydrogen-bond networks are observed between 

different mutants introduced (Fig. 8). This may bring structural and 
functional differences observed for the two different mutants. Thus, this 
study provides another structure for a D1-V185 mutant, and may 
contribute to our understanding of the detailed mechanism of water 
oxidation in PSII.

4. Materials and methods

4.1. Mutant construction, cell culture and PSII dimer purification

D1-V185T mutant of the PsbA3-only strain of T. vestitus, in which the 
psbA1 and psbA2 genes were deleted from the genome, was constructed 
as described in ref. 22, and was cultivated in a red-light incubator at 
45 ◦C under a photosynthetically active photon flux density (PPDF) of 10 
μE photons m− 2 s− 1 from a multi-wavelength LED designed for plant 
growth. Cells were grown in a DTN medium [22,23] supplemented with 
0.01 M Na2HCO₃, and bubbled with a 3% (w/v) CO₂-containing air. The 
culture was gently stirred using a magnetic stirrer for even distribution. 
When the culture reached an optical density of OD730 = 1.5, cells were 
harvested by centrifugation at 7500 rpm for 20 min at 20 ◦C, and then 
flash-frozen in liquid nitrogen and stored at − 80 ◦C for further pro
cessing. A small fraction of the cells was used for PCR cloning [22] of the 
psbA3 gene, which was sequenced by Eurofins Genomics Co. (Japan) to 
confirm the correct point mutation.

For large-scale preparation, frozen cells were thawed with chilled 
water at 15 ◦C, and centrifuged at 7500 rpm for 15 min at 4 ◦C to remove 
the supernatant. The pellet was resuspended in buffer-1 (1 M betaine, 
10% glycerol, 40 mM MES, 15 mM MgCl₂, 15 mM CaCl₂, pH 6.5 adjusted 
with NaOH), and centrifuged again at 7500 rpm for 15 min at 4 ◦C to 
wash the cells. Next, the cells were resuspended in buffer-1 supple
mented with 0.2% (w/v) BSA, 1 mM benzamidine, 1 mM ε-aminocaproic 
acid, and ~ 50 μg/mL DNase I to a final concentration of 1.5 mg Chl/mL, 
and disrupted using a French press at 137.9 MPa at 4 ◦C, with three 
cycles of breakage. Unbroken cells were removed by centrifugation at 
3000 g for 5 min at 4 ◦C, and the supernatant was subjected to ultra
centrifugation at 40,000 rpm for 30 min at 4 ◦C twice, while washing the 
pellet with buffer-1 each time.

The final pellet was resuspended with a β-dodecyl maltoside 
(β-DDM)-containing buffer (1 M betaine, 10% glycerol, 40 mM MES, 15 

Fig. 7. S-state transitions and the proposed S2 high-spin form. (A) A schematic illustrating the predicted post-flash S-state conformational transitions for D1-V185T 
mutant. (B) With the exception of the D1-T185 residue, all coordinates are taken from the S2 high-spin state, derived from DFT calculations [37]. The D1-T185 
residue originates from the mutant structure. The final figure was obtained by fitting the S2 high-spin state to the mutant structure. Residues shown in green 
represent the B-conformation of D1-V185T mutant, whereas those in orange represent the A-conformation of the mutant. The transparent orange represents the 
hydrophilic cavity formed by conformation-A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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mM MgCl₂, 15 mM CaCl₂, 0.8% (w/v) n-dodecyl-β-maltoside, 100 mM 
NaCl, pH 6.5) to a concentration of 1.0 mg Chl/mL and gently mixed for 
10 min. The mixture was centrifuged at 40,000 rpm for 20 min at 4 ◦C to 
remove any insoluble components. The supernatant was incubated with 
a pre-equilibrated Ni resin (ProBond resin, Invitrogen, Netherlands) for 
2 h at 4 ◦C, and then loaded into a Bio-Rad econo-column. The flow- 
through of the column was collected, and the column was washed 
with buffer-2 (1 M betaine, 10% glycerol, 40 mM MES, 15 mM MgCl₂, 
15 mM CaCl₂, 100 mM NaCl, 0.03% (w/v) β-DDM, pH 6.5) at a flow rate 
of 0.2 mL/min until the absorbance at 665 nm reached near zero. The 
column was then eluted with a linear gradient of imidazole from 0 to 
500 mM imidazole in buffer-2. The eluted sample was concentrated 
using an Amicon 100 kDa filter by centrifugation at 5000 rpm for 
~30–40 min. The sample was washed 2–3 times with a storage buffer 
(20 mM MES-NaOH (pH 6.5), 5 mM CaCl₂, 0.03% (w/v) β-DDM) to 
remove residual glycerol and betaine.

Further purification was performed using gel filtration chromatog
raphy in a gel filtration buffer (20 mM MES-NaOH (pH 6.5), 50 mM 
NaCl, 5 mM CaCl₂, 0.03% (w/v) β-DDM) to separate PSII dimers and PSII 

monomers. The dimeric PSII sample was collected and washed with 
storage buffer and concentrated to 5 mg Chl a/mL. The sample was 
analyzed by clear-native PAGE (CN-PAGE) for dimer content and SDS- 
PAGE for subunit integrity, and then flash-frozen in liquid nitrogen for 
storage.

4.2. Measurement of oxygen-evolving activity

The oxygen-evolving activity was measured using a Clark-type oxy
gen electrode, with phenyl-p-benzoquinone and sodium ferricyanide 
(FeCN) as electron acceptors at 30 ◦C. The measurement was repeated 
three times, and the average value was calculated as the oxygen- 
evolving activity.

4.3. Cryo-EM grid preparation and data collection

Cryo-EM grids were prepared with the Au 300 mesh grids (UltrA
uFoil R1.2/1.3) in a Vitrobot chamber in the storage buffer. The grids 
were rendered hydrophilic prior to utilization using an auto fine coater 
JEC-3000FC under conditions of 7 Pa, 10 mA for 10 s. The thawed PSII 
samples were diluted to 2.0 mg Chl a/mL, and 3 μL of the sample was 
applied to the grid. The grid was blotted under 100% humidity with a 
blot time of 4 s and blot force of 5, then vitrified in liquid ethane. Cryo- 
EM data were collected by a Krios G4 cryo-EM operated at 300 kV, with 
magnification and imaging parameters listed in Supplementary Table 1.

4.4. Data processing

Movies consisting of the initial 11 frames each were imported into 
CryoSPARC [25], and Patch Motion Correction and Patch CTF estima
tion were performed [42]. A total of 1232 micrographs were used for 
blob picking, followed by manual inspection and extraction of particles 
with a box size of 160 pixels. Clean particles were selected through 2D 
classification, resulting in 18,492 particles. These particles were used as 
templates for template-based picking, yielding 247,924 particles after 
iterative selection and 3 rounds of 2D classification.

The particle coordinates were converted to Relion format with 
CryoSPARC-reoriented Y-axis coordinates and imported into Relion- 
beta-5.0 [26,43]. Particles were extracted with a box size of 640 pixels 
and subjected to 3D classification by Relion to refine rotation angles and 
remove poor-quality particles. Final refinements were performed using 
Refine 3D [26,44]. Postprocessing, iterative CTF-refine and polish [27]
steps were introduced to improve the data quality. Ultimately frames 
1–2 were extracted to construct the map and structure with Relion. 
Reconstruction was conducted using Relion and validated by FSC curve 
calculations. Local refinement focused on the PsbO region was per
formed with CryoSPARC, which further improved the resolution to 2.33 
Å for the PsbO region (Supplementary Figs. 4, 5). The whole processing 
workflow is shown in Supplementary Figs. 1, 4 and 5.

4.5. Model building and refinement

The initial model was built based on PDB 7YQ7 [45] and modified 
using WinCoot-0.9.8.7 [46] at a sigma level of 1.7 rmsd. Regions with 
poor density were excluded. Local refinements were performed with 
ServalCat [29] and Phenix Realspace Refine [47,48]. The final model 
was validated using Phenix validation [49,50] tools, and manual ad
justments were made to resolve structural clashes (Supplementary 
Table 1). The structure was visualized with ChimeraX [51], and water 
channels were analyzed using MoleOnline [32].

4.6. Conservation analysis of the residue D1-V185 across species

Protein sequences of the D1 protein were first retrieved from UniProt 
[52] using the search term “gene_exact:psbA”. Non-D1 sequences, 
including D2 sequences, fragment sequences, and sequences with 

Fig. 8. Structural comparison of the D1-V185T and D1-V185N mutants with 
the wild-type. (A) Comparison of the wild-type and D1-V185T structures. The 
D1 protein is shown in orange, and the D2 protein is shown in marine. For D1- 
T185, the carbon atoms of conformation-A are shown in transparent green, and 
those of conformation-B are shown in light salmon. All water molecules and 
oxygen atoms are shown in red, and nitrogen atoms are shown in blue. The 
wild-type structure with its water molecules shown in transparent pink is from 
PDB 4UB6 [7]. (B) Comparison of the Synechocystis sp. PCC6803 wild-type and 
D1-V185N structures. The D1-V185N mutant structure is from PDB 9PHW [21], 
and the wild-type structure is from PDB 7N8O [56]. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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abnormal lengths, were removed using SeqKit [53], and only sequences 
with lengths between 310 and 360 amino acids were retained. Redun
dant sequences, including identical sequences and duplicate sequences 
from the same species, were subsequently filtered out, and multiple 
sequence alignment was performed using MAFFT [54]. A final dataset 
comprising aligned sequences from 2920 species was obtained, and the 
conservation at the V185 position was examined and analyzed using 
Jalview [55].
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