Journal Pre-proof

Mutation-induced shift of the photosystem Il active site reveals insight into conserved
water channels

David A. Flesher, Jinchan Liu, Jimin Wang, Christopher J. Gisriel, Ke R. Yang, Victor
S. Batista, Richard J. Debus, Gary W. Brudvig

PII: S0021-9258(24)01976-8

DOI: https://doi.org/10.1016/j.jbc.2024.107475

Reference: JBC 107475

To appearin:  Journal of Biological Chemistry

Received Date: 27 March 2024
Revised Date: 2 June 2024
Accepted Date: 9 June 2024

Please cite this article as: Flesher DA, Liu J, Wang J, Gisriel CJ, Yang KR, Batista VS, Debus RJ,
Brudvig GW, Mutation-induced shift of the photosystem Il active site reveals insight into conserved water
channels, Journal of Biological Chemistry (2024), doi: https://doi.org/10.1016/].jbc.2024.107475.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and
Molecular Biology.


https://doi.org/10.1016/j.jbc.2024.107475
https://doi.org/10.1016/j.jbc.2024.107475

Mutation-induced shift of the photosystem Il active site reveals insight
into conserved water channels

David A. Flesher?, Jinchan Liu?, Jimin Wang?, Christopher J. Gisriel?, Ke R. Yang®, Victor S.
Batista®, Richard J. Debus®’, and Gary W. Brudvig?>”

aDepartment of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520,
USA.

bDepartment of Chemistry, Yale University, New Haven, CT 06520, USA.

‘Department of Biochemistry, University of California, Riverside, CA 92521, USA.

Corresponding authors

Gary W. Brudvig, gary.brudvig@yale.edu

Richard J. Debus, richard.debus@ucr.edu.

Running title

Structure of the photosystem Il D1-D170E mutation

Keywords

photosynthesis, photosystem Il, oxygen-evolving complex, cryo-EM, mutagenesis, water channel,
hydrogen-bond network, guantum mechanics/molecular mechanics

Abstract

Photosystem Il (PSll) is the water-plastoquinone photo-oxidoreductase central to oxygenic
photosynthesis. PSIl has been extensively studied for its ability to catalyze light-driven water
oxidation at a Mn4CaOs cluster called the oxygen-evolving complex (OEC). Despite these efforts,
the complete reaction mechanism for water oxidation by PSII is still heavily debated. Previous
mutagenesis studies have investigated the roles of conserved amino acids, but these studies have
lacked a direct structural basis that would allow for a more meaningful interpretation. Here, we
report a 2.14-A resolution cryo-EM structure of a PSIl complex containing the substitution
Aspl170Glu on the D1 subunit. This mutation directly perturbs a bridging carboxylate ligand of the
OEC, which alters the spectroscopic properties of the OEC without fully abolishing water oxidation.
The structure reveals that the mutation shifts the position of the OEC within the active site without
markedly distorting the Mn4sCaOs cluster metal-metal geometry, instead shifting the OEC as a rigid
body. This shift disturbs the hydrogen-bonding network of structured waters near the OEC, causing
disorder in the conserved water channels. This mutation-induced disorder appears consistent with
previous FTIR spectroscopic data. We further show using quantum mechanics/molecular
mechanics methods that the mutation-induced structural changes can affect the magnetic
properties of the OEC by altering the axes of the Jahn-Teller distortion of the Mn(lll) ion coordinated
to D1-170. These results offer new perspectives on the conserved water channels, the rigid body
property of the OEC, and the role of D1-Asp170 in the enzymatic water oxidation mechanism.
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Introduction

Photosystem Il (PSII) is the water-splitting enzyme embedded in the thylakoid membrane
of green plants, algae, and cyanobacteria (1-3). It fuels photosynthesis by performing light-driven,
catalytic water oxidation at the enzyme active site: a Mn4sCaOs cluster called the oxygen-evolving
complex (OEC, ref. 4). The OEC is buried in a highly conserved protein environment and is
surrounded by structured water channels that extend to the thylakoid lumen (Fig. 1, refs. 5-7).
While it is understood that the OEC oxidizes water to molecular oxygen in a five-step process,
where redox-intermediates are known as S; states (i = 0-4), many details of the reaction mechanism
remain heavily debated, especially the O—O bond formation steps (8, 9). It is only recently that a
mechanistic role was identified for a specific pair of conserved carboxylate residues in the CI-1
water channel (10).

Site-directed mutagenesis on PSIl has provided key insights into the water oxidation
reaction mechanism, with the vast majority of these studies using the mesophilic cyanobacterium
Synechocystis sp. PCC 6803 (Synechocystis 6803 hereafter, refs. 11-14). The main reason for
this is that Synechocystis 6803, unlike most cyanobacteria, can grow photo-heterotrophically on
glucose while still expressing PSII (15). This unique characteristic has enabled the study of loss-
of-function mutations that probe a perturbed PSII active site. However, accompanying PSII
structures from mutated Synechocystis 6803 PSII have been unavailable, obscuring the connection
between the biophysical data and mutation-induced structural changes. While other high-resolution
PSII structures have been available since 2011 (16-18), those structures are all derived from
thermophilic cyanobacteria that are obligate, photo-autotrophs that cannot grow with PSII
mutations that severely perturb enzyme activity, including most of the previous mutagenesis studies
that specifically target the OEC (19). Furthermore, while the active site is highly conserved between
the thermophilic cyanobacteria and Synechocystis 6803, sequence and structural differences do
exist in the water channels, even as close as 10 A away from the OEC (5, 20). This makes
interpretation of spectroscopic results using the thermophilic cyanobacterial structures potentially
problematic, especially since many of these results indicate changes in the hydrogen-bond
networks surrounding the OEC (21-27). Therefore, a study that compares the structure and
spectroscopy within the same organism is preferable. A recent report resolved several of these
complications by providing a high-resolution cryogenic electron microscopy (cryo-EM) structure of
wild-type PSII core complexes (WT PSII hereafter) from Synechocystis 6803, thus also establishing
a platform to investigate the structural basis for many of the site-directed mutations (20).

In the present study, we selected the Asp170GIlu mutation on the D1 subunit of PSII for
structure-function analysis because it is a relatively conservative Asp to Glu substitution that
displays intriguing phenotypes and has been studied with a number of biophysical and
spectroscopic technigues. Both cells and isolated PSII core complexes with the D1-D170E mutation
evolve Oz at ~50% the rate of wild-type (28-32). This is relatively high activity considering that D1-
D170 is a bridging ligand to the OEC. Other substitutions to OEC ligands have resulted in a larger
decrease of Oz-evolving activity (28, 29). Additionally, recent studies using Fourier transform
infrared (FTIR) spectroscopy showed that D1-D170E PSIl core complexes (D1-D170E PSII
hereafter) have an altered S:—minus—S: difference spectrum compared to WT PSII, notably in the
carboxylate and hydrogen-bonded O-H stretching regions (30). It was hypothesized that the D1-
D170E mutation stabilizes an alternate Jahn-Teller distortion of the Mn(lll) ion coordinated to D1-
170 in the S: state, leading to a high-spin form of the S2 state (30, 33). A high-spin Sz state was
subsequently identified by electron paramagnetic resonance (EPR) spectroscopy of D1-D170E
PSII (34). Previous results for D1-D170E PSII also show reduced O: release kinetics and increased
miss-factor (35). To investigate the molecular basis for how the water-oxidation mechanism is
perturbed by the D1-Asp170Glu substitution, we have solved a 2.14 A global resolution structure
of D1-D170E PSII using cryo-EM and have compared it to the recent WT PSII structure (20).

Results and discussion



Sample preparation and cryo-EM structure

D1-D170E PSIlI was purified from a mutated strain of Synechocystis 6803, as described
previously (30). Recent studies have shown that mutations at OEC ligand sites may result in post-
translational modification/oxidation, as observed in a His substitution at the D1-170 site (36, 37).
To determine whether the D1-D170E mutation was similarly affected, we used liquid
chromatography with tandem mass spectrometry to analyze chymotryptic peptides of D1 subunits
from purified D1-D170E and wild-type PSIl core complexes. Results indicate that the Asp to Glu
mutation is present in D1-D170E PSIl and that there has been no post-translational
modification/oxidation. This is likely because, unlike the His substitution, the carboxylate group
chemistry is conserved. Methods and data are available in the supporting information (Figs. S10-
S11, Table S7).

Isolated D1-D170E PSIl was used for cryo-EM single-particle analysis, yielding a 2.14 A
global resolution map (Figs. S7-S8, Table S5). The structure of D1-D170E PSIl is dimeric with
subunit and cofactor composition nearly identical to WT PSII (Fig. S9, ref. 20). The OEC has a local
resolution of 2.15 A with highly isotropic map signal amplitude at metal positions but poor signal for
oxygen atoms, similar to the WT PSII structure (20, 38). The OEC metal-metal distances for D1-
D170E PSIlI suggest a partially reduced cluster caused by electron radiation damage, as was
likewise reported in the WT PSII structure. Further structural details are discussed in the supporting
information. Most importantly, the D1-D170E PSII structure reveals the local environment around
the OEC at high resolution, allowing for a detailed comparison to the WT PSII structure.

Difference map reveals changes near the OEC

Carefully comparing two cryo-EM structures requires the use of voxel scaling and
resolution filtering to minimize the effects of microscope detector differences and mismatched map
resolutions between the two structures (39). Without such rescaling, difference map comparisons
would create misleading peaks, thus complicating interpretation (39). Using rescaled maps of D1-
D170E and WT PSII, we generated a D1-D170E—minus—WT difference map to highlight structural
changes observed in the mutated PSII structure. The structures were further refined to these
rescaled maps and the OEC atoms were placed at the map signal’s peak maximum without any
restraints (Fig. S3, Table S6; refs. 9, 20). The rescaled maps and structures are used throughout
the manuscript. This is discussed further in the supporting information.

In D1-D170E PSII, one might expect the longer Glu sidechain to notably displace and
distort the OEC relative to the shorter Asp sidechain. However, D1-Glul170 adopts a conformation
that “buckles” at the y-carbon between the OEC and the carbon-backbone (Fig. 2A-B), which is in
contrast to the other Glu OEC ligands (D1-Glu333, D1-Glu189, and CP43-Glu341) that exhibit a
“full-length” conformation (Fig. S6). This somewhat lessens the mutation’s effect on the OEC.
Nevertheless, the observed D1-Glul170 conformation causes the carboxylate oxygen closest to Ca
to notably shift relative to WT PSII (Fig. 1B), inducing a translation and rotation of the OEC
(animated in Fig. S1). Interestingly, despite this shift, measurements of the OEC metal-metal
distances and angles show that the OEC geometry is well maintained relative to WT PSII (Figs.
S4-S5 and Tables S1-S4), indicating that the OEC has behaved as a rigid body rather than
distorting in response to the D1-D170E mutation. As a result of the D1-Glu170 conformation and
the OEC rigid body behavior, the OEC rotates and shifts ~0.37 A averaged among the OEC metals
with Ca experiencing the largest shift of ~0.57 A due to its proximity to the D1-D170E mutation.
These distances are measured between atoms in the rescaled D1-D170E PSIl and WT PSII maps;
additional measurements for metal and ligand atoms are available in Table S3. This unexpected
rigid body behavior may suggest that the OEC is harder to deform than previously thought, possibly
supporting OEC models with rigid structures (40, 41). However, it is currently unclear how the OEC
oxidation state and electron radiation damage may affect these results.

Arg344 of the CP43 subunit, hereafter referred to by the more common nomenclature
CP43-Arg357 based on sequences of PSIlI from thermophilic cyanobacteria, pivots on the
guanidino e-nitrogen to maintain its salt-bridge with the D1-D170E carboxylate group (Fig. 2C). This
increases the distance between the guanidino n*-nitrogen and W19, a structured water in the O4
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water channel, weakening that hydrogen-bonding interaction (42). This may contribute to changes
observed in the CI-1 and O4 water channels, as discussed below.

Changes to structured waters

Previous FTIR spectroscopy results suggested that the hydrogen-bonding network nearby
the OEC is significantly perturbed in D1-D170E PSII relative to WT PSII (30), inviting a careful
study of water molecules around the OEC between the two structures. However, analyzing water
molecules in cryo-EM electrostatic potential (ESP) maps is technically challenging. At very-high
resolutions, the signal from highly structured water molecules will appear as spherically symmetric
ESP peaks. In contrast, water molecules that have high positional heterogeneity will have non-
symmetric ESP peaks, often being elongated in one direction or even becoming completely
invisible, a result of peak broadening to levels below detection limits. These misshapen ESP map
signals make water placements during modeling highly imprecise and thus the coordinates are
unsuitable for detailed analysis. Furthermore, it is currently unclear how electron radiation damage
might affect the water signal anisotropy. For our aim, the best method to investigate perturbed
waters between the rescaled D1-D170E and WT PSII maps is to analyze the ESP map signal
directly, comparing the ESP map signal intensity and degree of anisotropy between the two
rescaled maps. This analysis is possible because of the high resolution achieved and because the
rescaled maps do not suffer from resolution differences, as described above in the Difference Map
Reveals Changes Near the OEC section and in the Experimental Procedures section.

A comparison of ESP map signals from water molecules surrounding the OEC between
the rescaled D1-D170E and WT PSII maps reveal that there are no explicit additions or absences
of new water molecules in any of the water channels nearby the OEC, nor any large positional
shifts. However, several changes consistent with increased disorder of hydrogen-bonding networks
are observed in the CI-1 water channel, the O4 water channel, and the water tetramer, a four-water
structure located between the OEC and D1-Tyr161 (5, 43).

In the O1 water channel, the water channel most distant from the D1-D170E mutation (Fig.
1), water molecule signals and positions appear nearly identically between the rescaled D1-D170E
and WT PSII maps (Fig. 3D-E). This indicates that the O1 channel is not significantly perturbed in
D1-D170E PSII relative to WT PSII and also demonstrates the degree to which conserved water
molecules present similar ESP map signals, thus providing a benchmark for other water molecule
comparisons.

In the CI-1 water channel, two waters near the CI-1 binding site present severely increased
ESP map signal anisotropy. This is most noticeable when compared to the same waters in WT PSII
and to the nearby CI-1 ion in D1-D170E PSII, which appears unperturbed relative to WT PSII (Fig.
3A). Our interpretation of these changes is an increase in heterogeneity within the CI-1 channel.
This likely results in a decrease in hydrogen-bond directionality, limiting the effectiveness of a
Grotthuss-like mechanism for proton egress through the CI-1 channel, as has recently been
demonstrated to occur during Sz to So transition (10, 27). This is also consistent with the previously
observed decrease in oxygen-release kinetics and increased miss-factor for D1-D170E PSII (35).
Similar results were observed in the D2-Lys317Ala mutation, further strengthening the hypothesis
that maintaining the conserved hydrogen-bonding network in the CI-1 channel is crucial for efficient
catalytic turnover, especially during O—O bond formation (44).

In the O4 channel, the waters closest to the OEC appear perturbed in the D1-D170E PSII
structure relative to WT PSII. The water hydrogen-bonded to CP43-Arg357, W19, appears to shift
~0.77 A relative to WT PSII, increasing the distance from CP43-Arg357 and moving towards D1-
Asp61 and W1 (Fig. 3B). Furthermore, the ESP map signal for waters W48 and W49 appear less
spherically symmetric compared to WT PSII. Their relative ESP peak amplitude is also reversed in
that W48 has higher peak amplitude than W49 in D1-D170E PSII, but the opposite is observed in
WT PSII (Fig. 3B). These observations might result from the shift of W19, thus perturbing the
optimal hydrogen-bonding network distances within the O4 channel (45).

In the water tetramer, the geometry of the waters appears altered in D1-D170E PSll relative
to WT PSII. In the original WT PSII structure, it was reported that the ESP map suggested alternate
water positions for water molecules W3 and W4. Indeed, the WT PSIl map is nearly continuous
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between W3 and the nearby water W24 at very low contours (Fig. 3C). In contrast, the D1-D170E
PSIl map shows a distinctly stabilized alternate water position between W3 and W24 (indicated by
an arrow in Fig. 3C). This may be associated with the shifted Ca, causing W3, a ligand to Ca, to
also shift away, thereby increasing the distance between W3 and W24 and creating space for an
alternate water position to be stabilized. While this water molecule is modeled as a new water in
D1-D170E PSII, its relatively low signal amplitude indicates it is most likely an alternate position of
an existing water molecule. These observations may possibly suggest that, during catalytic
turnover, water W3 moves between the water tetramer and W2.

QM/MM calculations deciphering the mechanistic details

In D1-D170E PSII, the altered FTIR and EPR spectra relative to WT PSII were concluded
to result from a change in the orientation of the Jahn-Teller distortion of the D1-170 ligated Mn(lll)
ion in the OEC, which is commonly referred to as Mn4(lll) (30, 34). To investigate whether our
structural observations are consistent with this conclusion, we have performed quantum
mechanics/molecular mechanics (QM/MM) calculations to compare the active site of D1-D170E
PSII against WT PSII. We optimized D1-D170E and WT structures in the S: state based on the
high-oxidation state model of the OEC (46, 47), as described previously (45, 48). These QM/MM
optimized structures allow us to examine the OEC with bond distances consistent with current
understanding of the OEC oxidation states (46, 47) rather than using the bond distances observed
in the current cryo-EM structures, which are most consistent with an OEC reduced by electron
radiation damage (20).

We find that the system is influenced by two distinct and interconvertible hydrogen-bonding
networks, what we call HBN1 and HBN2, that alter the preferred orientation of the Jahn-Teller
distortion of the Mn4(lll) ion. In HBN1, water W19 donates hydrogen bonds to the OEC O4 oxygen
and D1-Asp61 while accepting a hydrogen bond from water W20 (Fig. 4A-B). This configuration
results in a weaker hydrogen bond between W19 and CP43-Arg357, indicated by the longer bond
distance relative to HBN2 (Fig. 4A,C). In HBN2, W19 reorients away from D1-Asp61 to instead
donate a hydrogen bond to a reoriented W20, resulting in a much stronger hydrogen bond between
W19 and CP43-Arg357, relative to HBN1 (Fig. 4A,C). This change in hydrogen bond strength
affects the rest of the system. In HBN1, the weaker hydrogen bond between W19 and CP43-Arg357
results in a stronger salt bridge between CP43-Arg357 and D1-(D/E)170. This weakens the
interaction of D1-(D/E)170 and Mn4(lll), favoring energetically an elongation of the (D/E)170—-Mn4—
E333 Jahn-Teller axis (Fig. 4A-B). In contrast, HBN2 has a weaker salt bridge between CP43-
Arg357 and D1-(D/E)170 and a stronger interaction between D1-(D/E)170 and Mn4(lll), instead
favoring energetically an elongation of the W1-Mn4—05 Jahn-Teller axis (Fig. 4C-D). Therefore,
the W19 and W20 hydrogen bond orientation dictates the hydrogen bond strength of CP43-Arg357
and W19, the strength of the salt bridge between CP43-Arg357 and D1-(D/E)170, the interaction
between D1-(D/E)170 and Mn4(lll), and the energetically favored Mn4(lll) Jahn-Teller elongation
axis.

To further study how the two hydrogen-bonding networks alter the equilibrium between the
two Jahn-Teller distortions of Mn4(lll), we explored the energy landscape along the Mn4-05
distance, the main reaction coordinate of the Jahn-Teller distortion (Fig. 4E-F). In WT PSII, the
calculations show an energy difference of +4.80 kcal/mol between the low energy (D/E)170-Mn4—
E333 Jahn-Teller distortion in HBN1 (Fig. 4A) and the W1-Mn4—-05 Jahn-Teller distortion in HBN2
(Fig. 4C). However, for D1-D170E PSII, the calculations for the same structural configurations show
a reduced energy difference of +1.48 kcal/mol (Fig. 4B,D). In both WT PSIl and D1-D170E PSilI,
we find that HBN2 results in a flatter energy landscape than HBN1. Taken together, the decreased
energy difference between HBN1 and HBN2 in D1-D170E and the relatively flat energy landscape
of HBN2 suggest that the W1-Mn4—-0O5 Jahn-Teller distortion has increased abundance in D1-
D170E PSill relative to WT PSII. Therefore, these computational results appear consistent with the
previous conclusion that D1-D170E PSII has an altered Jahn-Teller distortion of the D1-170 ligated
Mn4(lll) ion. Furthermore, observations in the cryo-EM maps agree with the QM/MM structures.
Both results show a weaker salt bridge between D1-Glu170 and CP43-Arg357 in D1-D170E PSII
(Fig. S4, Table S1). We also observe that the Asp to Glu mutation shifts the carboxylate O1-oxygen
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atom closer to Mn4(lll) in D1-D170E PSII (Fig. S4, Table S1), disfavoring a Jahn-Teller elongation
on the (D/E)170-Mn4-E333 axis in the mutated PSII structure.

Conclusion

We have successfully characterized the D1-D170E PSIl cryo-EM structure from
Synechocystis 6803 to a resolution of 2.14 A and identified several structural changes relative to
WT PSII, thereby providing a molecular basis for previous spectroscopic results. We observe that
the D1-Glu170 side chain adopts a “buckled” conformation and causes a mutation-induced shift of
the OEC by ~0.37 A (Fig. 2A, Fig. S1). Interestingly, this does not cause distortion of the OEC
geometry relative to WT PSII, indicating that the OEC behaves as a rigid body despite its mutation-
induced translation and rotation (Fig. S4, Tables S1-4). Similar rigid body behavior might likewise
occur in other conservative substitutions of OEC ligands (e.g. D1-D342E, refs. 28, 49). Overall, D1-
D170E PSII maintains the WT OEC ligand interactions, but with altered bond distances (Tables
S1-3). This may explain why D1-D170E PSII has higher oxygen-evolution rates compared to some
less conservative mutants that may be more likely to disrupt the OEC ligand environment (12, 28,
29).

In the CI-1 and O4 water channels, we observe increased positional heterogeneity of
waters nearby the OEC relative to WT PSII, causing disorder in the hydrogen-bonding network
(Fig. 3A-C). This resulted in part from the shifted OEC causing CP43-Arg357 to shift and weaken
its interaction with W19 (Fig. 2C). The O1 water channel appears unperturbed (Fig. 3D-E). Notably,
we did not observe any deleted, shifted, or new water molecules in the water channels, other than
the previously mentioned W19. This suggests that the observed hydrogen-bonding network
disorder is the source of the broad positive and negative features observed in the strongly and
weakly hydrogen-bonded O-H stretching regions of the S>—minus—Si1 FTIR difference spectra of
D1-D170E PSII (30). Interestingly, these FTIR features are observed in several mutations (e.g. D1-
D61A, D1-S169A, D1-V185N, and D1-N298A; refs. 23-25, 50), suggesting that these mutants
might similarly have mutation-induced disorder in the hydrogen-bonding network, not rearranged
water channels. This would further emphasize the importance and delicateness of conserved
features in the hydrogen-bonding network and their mechanistic role in water oxidation.

To investigate the hypothesis that the D1-D170E mutation alters the equilibrium between
two Jahn-Teller distortions of the Mn(lll) ion coordinated to D1-170, we performed QM/MM
calculations of the S1 state to evaluate the equilibrium energy landscape. Our QM/MM results agree
with the cryo-EM observations and highlight how the D1-D170E mutation can affect the magnetic
properties of the OEC in ways which are consistent with recent FTIR (30) and EPR spectroscopic
(34) results for D1-D170E PSII.

In conclusion, the D1-D170E PSII structure reveals unexpected mutation-induced
changes, improving our understanding of previous results and the catalytic mechanism of biological
water oxidation. It furthermore demonstrates the feasibility of structurally studying PSII mutants that
perturb the OEC, opening the door for future studies.

Experimental Procedures

Sample purification

Construction of the D1-D170E mutation of Synechocystis sp. PCC 6803 has been
described previously (30). The mutation was constructed in the psbA-2 gene in a host strain that
lacks psbA-1 and psbA-3 and has a hexahistidine tag fused to the C-terminus of CP47. Isolated
PSIl core complexes were purified with a Ni-NTA superflow affinity resin (Qiagen, Inc., Valencia)
under minimal green light at 4 °C as described previously (30). The purified samples were
concentrated to 1 mg of Chl mL™, frozen in liquid nitrogen, and stored at -80 °C in the purification
buffer (1.2 M betaine, 10% [vol/vol] glycerol, 50 mM MES-NaOH [pH 6.0], 20 mM CacClz, 5 mM
MgClz, 50 mM histidine, 1 mM EDTA, and 0.03% [wt/vol] n-dodecyl 3-D-maltoside [3-DDM]). For
cryo-EM analyses, thawed samples were exchanged into cryo-EM buffer (0.5 M betaine, 50 mM
MES-NaOH [pH 6.8], 20 mM CacClz, 5 mM MgClz, and 0.02% [w/v] B-DDM) at 4 °C by passage

6



through Bio-Rad Micro Bio-Spin 6 centrifugal gel filtration columns (Bio-Rad Laboratories,
Hercules) at 50 x g. Samples were then concentrated to ~2 mg of Chl/mL with Amicon Ultra 0.5-
mL 100-kDa centrifugal filter devices (EMD Millipore, Billerica) and kept at ~4 °C until being loaded
onto cryo-EM grids.

Cryo-EM methods

Grid preparation. Holey carbon QUANTIFOIL R 2/1 Cu 300-mesh EM grids (purchased
from Electron Microscopy Sciences) were glow discharged for 30 s at 25 mA. Plunge freezing was
performed under minimal green light using a FEI Vitrobot (Thermo Fisher Scientific) set to 100%
humidity, 4 °C, blot force of 0, and blot time of 3 s. The sample was kept at 4 °C and in complete
darkness until 3 pL was quickly applied to the grid under minimal green light. The grid was blotted,
plunged into liquid ethane, and stored in liquid nitrogen until data collection. Eight grids were
prepared with dilutions in cryo-EM buffer ranging from 0.33 mg of Chl mL™* to 2 mg Chl mL™.

Sample screening and data collection. Sample grids were screened using a Glacios
transmission electron microscope (Thermo Fisher Scientific) at low magnification to assess ice
thickness and sample distribution. One grid square was examined at high resolution to assess
particle homogeneity and this square was excluded from later data collection. Acceptable grids
were recovered under liquid nitrogen and sent to the Laboratory for BioMolecular Structure (LBMS)
at Brookhaven National Laboratory for data collection on a Titan Krios G2 transmission electron
microscope (Thermo Fischer Scientific/FEI) operated at 300 keV with a Gatan K3 direct electron
detector in superresolution mode. Data were collected with the following parameters: defocus range
of -1.0 to -2 pym, a magnification of 105,000x, a pixel size of 0.825 A/pix, GIF slit size of 20 eV, a
total exposure time of 1.72 s, 56 total frames, and a total dose of 38 e A2 A total of 8,635
micrographs were collected.

Data processing and model building. Cryo-EM single particle analysis was performed
using Relion 3.1-beta (51). A complete pipeline with included processing details is shown in Fig.
S7. It is worth noting that micelle subtraction, a method commonly used to exclude the detergent
micelle from data processing to possibly improve resolution, was attempted but did not yield
improved resolution and was therefore omitted. The map resolution was determined using the Gold-
standard Fourier Shell Correlation of 0.143. The FSC curve, map local resolution, and angular
distribution of particles were calculated by Relion.

Using the sharpened and unsharpened maps generated by Relion, model building was
performed using Coot (52) version 0.9.8.1. The WT structure (20) was used as the structural
template. Automated refinement was performed in Phenix (53) version 1.19.2-4158 using
real_space_refine (54) with NQH flips turned off and nonbonded weight set to 1000. Metal ions,
notably those for the OEC, CI-1, and CI-2, were placed at peak centroids as described below. The
placement of oxygen atoms in the OEC is unreliable and included by convention. Local resolution,
angular distribution, and FSC curves are shown in Fig. S8. Analysis confirming C2 symmetry of the
ESP map is shown in Fig. S9.

OEC coordinate placement method. In brief, the OEC metal atoms are directly placed at
the ESP map peak maxima, what we call the centroid method. This is in contrast to a method using
chemical bond restraints that influence the OEC atom positions based on expected bond distances
for a given oxidation state model. Placing the metals at the map maxima is also possible because
each metal has a strong, spherically symmetric ESP peak, allowing for accurate determination of
the atom position. This was done using ChimeraX fitmap commands using the unsharpened map.
Further discussion on the rationale and detailed methods for this approach are available as
supporting text.

Map voxel/resolution scaling and fitting

Rescaled maps of D1-D170E PSIl and WT PSII were used to generate difference maps.
These rescaled maps were calculated as described previously (39). In brief, the unsharpened maps
of D1-D170E PSII and WT PSII were voxel rescaled to maximize map overlap within ChimeraX
(55) using the command fitmap. A ChimeraX script for this is provided in the supplemental GitHub
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repository. Here, the D1-D170E PSII map is compared to the 7RCV map of WT PSII, as opposed
to 7N80O, because it yielded smaller peak amplitude differences (20). The two structures were
Fourier-inverted using the program Phenix (56) and then resolution scaled using the scaleit
program of the CCP4 package (57). After being rescaled and aligned within ChimeraX, the vector-
difference Fourier map for D1-D170E—minus—WT was calculated using fft in CCP4 (39, 57).

The newly voxel and resolution rescaled D1-D170E PSIl and WT PSII maps were then
used to re-refine the D1-D170E PSII and WT PSII coordinates, respectively, using Coot, Phenix
real-space refine, and the previously mentioned centroid method (52, 54). This is necessary
because the model coordinates, particularly those for the transmembrane a-helices, were originally
fit to an expanded/shrunken map and the resulting difference adds up across the membrane.
Without correcting this, the carbon backbone would be poorly fit, increasing error in sidechain
distance measurements. Additional discussion is available as supplementary text. Validation
reports for the re-refined models are provided in Table S6.

QM/MM model and computational details

QM/MM calculations were performed to investigate the equilibrium of the isomers with
different Jahn-Teller axes in the D1-D170E PSIl and WT PSII. We built our QM/MM models and
optimized structures to reflect the D1-D170E PSIl and WT PSII structures from Synechocystis 6803
by modifying our previous models built using coordinates by Umena et al. (2011, PDB 3WU2, ref.
16). We identified HBN1 and HBN2 by exploring the different hydrogen bond directions that the
water molecules can adopt and noticing that the different hydrogen-bonding configurations produce
distinct interactions between CP43-Arg357, D1-(D/E)170, and Mn4(lll). When constructing the
QM/MM maodels, the hydrogen bonding directions were manually oriented in the starting states for
optimizations and then converged to the different local minima found in HBN1 and HBNZ2.

The models include residues whose alpha carbon is within 15 A of the OEC. Acetyl (ACE)
and CHsNH (NME) are used as capping residues for the boundary, with fixed positions during the
optimization. We include the OEC; one CI~ ion; 13 water molecules; the side chains of D1-D61, D1-
N181, D1-E189, D1-H332, D1-E333, D1-H337, D1-D342, D1-A344, CP43-E354, CP43-R357, and
D2-K317; and the whole residue of D1-S169, D1-(D/E)170, and D1-G171 in the QM layer. The
structures were optimized using the ONIOM method (58) in Gaussian16 Rev. CO1 (ref. 59). The
QM layer employed the B3LYP functional (60, 61) with the LanL2DZ pseudopotential and basis set
(62, 63) for Mn and Ca, the 6-31G(d) basis set (64) for O and Cl, the 6-31G for H, C and N. The
MM layer was calculated using the AMBER force field (65). QM/MM coordinate files are provided
in the supplemental GitHub repository.

Data availability

Cryo-EM data, including rescaled maps for D1-D170E PSIl and WT PSII, have been
deposited in the Protein Data Bank (https://www.rcsb.org) under accession code 8TOW and the
Electron Microscopy Data Bank (https://www.ebi.ac.uk/emdb/) under accession code EMD-41460.
Coordinates for computational models, coordinates for the rescaled D1-D170E PSII and rescaled
WT PSII structures, and scripts used for data analysis are available at the GitHub repository
https://github.com/DavidAFlesher/D1-D170E_versus WT_2023.
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Figures and Tables

Figure 1. Water channels in photosystem II. (A) The structure of D1-D170E PSII, colored
according to subunit, is shown with portions of the O1 channel, the CI-1 channel, and the O4
channel being shown in red, green, and blue volumes, respectively. (B) A focused view showing
the location of relevant structures in relation to the OEC.

Figure 2. Difference map peaks show changes near the OEC. Overlays of D1-D170E PSlI,
shown in yellow; WT PSII, shown in grey; and the D1-D170E-minus-WT difference map, shown in
positive green and negative red volumes; (A) the Asp to Glu mutation shifting the OEC metal
positions, (B) the Glu sidechain “buckling,” (C) CP43-R357 pivoting, and (D) individual OEC
metals shifting. The rescaled cryo-EM maps and difference maps are shown as isomesh and
isosurfaces, respectively. Background map features are excluded for clarity; see Tables S8-9 for
details.

Figure 3. Disorder is observed among structured waters. Water molecules in the (A) CI-1
water channel, (B) O4 water channel, (C) water tetramer, and (D-E) O1 water channel are shown
for rescaled D1-D170E PSII (left), rescaled WT PSII (middle), and a merge of rescaled D1-D170E
PSII and WT PSII (right). (C) The stabilized water position in the water tetramer is indicated with a
red arrow in D1-D170E PSIl and WT PSII. (D-E) shows water molecules that are highly
conserved between D1-D170E PSIl and WT PSII. Throughout, D1-D170E PSII is shown in yellow
and WT PSill is shown in grey. The isomesh shows lower map contour while the isosurface shows
higher map contour. Additional atoms are included for spatial reference but map features are
excluded for clarity; see Tables S8-9 for details.

Figure 4. QM/MM calculations show an altered energy landscape for the hydrogen-bonding
network (HBN). QM/MM optimized structures for (A-B) HBN1 and (C-D) HBN2 with labeled
distances (A). (A) and (C) show low energy configurations for WT PSII. (B) and (D) show low energy
configurations for D1-D170E PSII. The relative potential energy landscapes are shown for (E) WT
PSIl and (F) D1-D170E PSII configurations, where the energies corresponding to structures in (A-
D) are annotated.
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