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Photosystem Il (PSIl) enables global-scale, light-driven water oxida-
tion. Genetic manipulation of PSIl from the mesophilic cyanobacte-
rium Synechocystis sp. PCC 6803 has provided insights into the
mechanism of water oxidation; however, the lack of a high-
resolution structure of oxygen-evolving PSIl from this organism
has limited the interpretation of biophysical data to models based
on structures of thermophilic cyanobacterial PSIl. Here, we report
the cryo-electron microscopy structure of PSIl from Synechocystis
sp. PCC 6803 at 1.93-A resolution. A number of differences are
observed relative to thermophilic PSIl structures, including the fol-
lowing: the extrinsic subunit PsbQ is maintained, the C terminus of
the D1 subunit is flexible, some waters near the active site are par-
tially occupied, and differences in the PsbV subunit block the Large
(01) water channel. These features strongly influence the struc-
tural picture of PSII, especially as it pertains to the mechanism of
water oxidation.

photosynthesis | photosystem Il | water oxidation | oxygen-evolving
complex | PsbQ

hotosystem II (PSII) is a multisubunit membrane protein
complex found in oxygenic phototrophs. It is the only
global-scale catalyst for solar fuel production (1). Thus, under-
standing its enzymatic function is relevant to a variety of fields
including synthetic photocatalysis, crop optimization, biofuel
production, and evolutionary biology. PSII catalyzes redox pro-
cesses that result in the transfer of electrons from water on the
“donor side” (lumenal side) to lower potential plastoquinone
on the “acceptor side” (stromal side). The active site of PSII
contains an inorganic metallocofactor, a Mn4CaOs cluster
termed the oxygen-evolving complex (OEC) that is coordinated
primarily by one of the core subunits, D1. The mechanism of
water oxidation at the OEC proceeds through a series of five
intermediate storage states, or S-states, Sy through S,, referred
to as the Kok cycle, which have been the subject of extensive
study (2—-4). Various water channels extend away from the OEC
toward the lumen and are involved in substrate water delivery,
proton transfer, and oxygen release (2-5). In cyanobacteria, the
extrinsic subunits bound to the lumenal side, PsbO, PsbQ,
PsbU, and PsbV, play different roles in stabilizing the OEC and
protecting it from reductants that can disrupt water oxidation,
and they also contribute to water channel formation (6, 7). In
plants and algae, analogous but evolutionarily distinct extrinsic
subunits are bound. Despite many years of interdisciplinary
efforts aimed at understanding the details of water oxidation,
many fundamental aspects remain unclear due to the highly
complicated nature of the reaction mechanism.
The ability to perform site-directed mutagenesis has contrib-
uted greatly to our understanding of PSII, especially the mech-
anism of water oxidation. A genetic system was first reported in
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the late 1980s in a mesophilic cyanobacterium, Synechocystis sp.
PCC 6803 (hereafter Synechocystis 6803) (8), which is a conve-
nient model organism to study due to its ability to grow in the
absence of PSII when supplemented with glucose. Given the
ease of genetic transformation (9, 10), many site-directed
mutated PSII complexes have been investigated (11-13). PSII
point mutants have been used in biophysical experiments such
as Fourier transform infrared spectroscopy (FTIR) (14, 195),
electron paramagnetic resonance spectroscopy (16), mass spec-
trometry (17), and more to assess the role of individual amino
acids in PSII function. Equally as informative have been studies
of PSII using structural approaches such as X-ray crystallogra-
phy (4) and more recently cryo-electron microscopy (cryo-EM)
(18), although no structures have yet been solved of PSII with
point mutations.

All active cyanobacterial PSII structures reported to date
have been solved from the thermophiles Thermosynechococcus
vulcanus and Thermosynechococcus elongatus, which are nearly
identical in sequence and structure. Typically, it is assumed that
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the structure and function of PSII are highly conserved
between mesophilic and thermophilic cyanobacteria. As a
result, biophysical data obtained from PSII isolated from meso-
philic cyanobacteria are commonly interpreted using molecular
structures of PSII obtained from thermophilic cyanobacteria.
This approach may be problematic because membrane proteins
from mesophilic and thermophilic organisms are generally
known to exhibit differences in molecular interactions (19), and
there are obvious sequence differences between PSII subunits
from mesophilic and thermophilic cyanobacteria that imply
structural and functional variation (SI Appendix, Fig. S1 and
Table S1). Thus, a glaring roadblock in the study of PSII is the
lack of a molecular structure from the easily transformable
mesophilic cyanobacterium, Synechocystis 6803, that is the
source of so much biochemical and biophysical data.

Here, we present the cryo-EM structure of PSII from Syne-
chocystis 6803 at 1.93-A resolution. This structure is compared
with previously solved structures of PSII, especially a recent
cryo-EM structure from 7. vulcanus (20). The extrinsic subunit
PsbQ that is missing in other cyanobacterial PSII structures is
bound at a site nearly identical to that of PsbQ in higher plants
and algae. The OEC exhibits differences in its coordination by
the C terminus of the D1 subunit and variable positions of
some nearby amino acids and waters are observed. The Large
water channel (also known as the O1 channel) present in PSII
from thermophilic cyanobacteria (21) is blocked in the Syne-
chocystis 6803 PSII structure, owing to differences in the PsbV
subunit. To assess radiation damage to the sample, a low-dose
Synechocystis 6803 PSII cryo-EM structure was determined at
a resolution of 2.01 A, which shows negligible differences com-
pared with the full-dose structure. The high-resolution struc-
ture presented here provides a view of fully assembled PSII
from a mesophilic cyanobacterium. This provides a model
from which past and future biochemical and biophysical data
can be more accurately interpreted and it establishes a method
to solve molecular structures of PSII with single amino
acid substitutions that will address questions regarding PSII
activity.

Results

Cryo-EM and Overall Structure. Highly active PSII core complexes
were isolated from Synechocystis 6803 and used for cryo-EM as

described in Materials and Methods. Data processing and sta-
tistics are reported in SI Appendix, Figs. S2-S4 and Table S2
and led to an electrostatic potential (ESP) map at 1.93-A global
resolution (Fig. 1). The structure of PSII from Synechocystis
6803 is of the dimeric complex, with each monomer containing
21 subunits: the core D1 and D2 subunits, the core antenna
CP47 and CP43 subunits, 13 peripheral transmembrane subu-
nits (PsbE, PsbF, PsbH, Psbl, PsbJ, PsbK, PsbL, PsbM, Psb30,
PsbT, PsbY, PsbX, and PsbZ), and four lumenal extrinsic subu-
nits (PsbO, PsbQ, PsbU, and PsbV). In each PSII monomer,
these subunits coordinate one OEC, one nonheme Fe, one
bicarbonate, two hemes, two Cl ions, two plastoquinones, two
pheophytins, three Ca ions in addition to the Ca ion in the
OEC, 10 carotenoids, 24 lipids, 31 n-dodecyl B-D-maltoside
(B-DM) molecules, 35 chlorophyll (Chl) a molecules, and 618
water molecules.

Comparing the Synechocystis 6803 and T. vulcanus PSII cryo-
EM structures, the cofactors are conserved other than one
carotenoid, BCR101 (SI Appendix, Fig. S5). BCR101 was
recently suggested to play an important role in stabilizing the
dimeric interface in PSII from thermophilic cyanobacteria (22),
which our data do not support for PSII from Synechocystis
6803. C, superpositions of the subunits show that most main-
tain relatively similar structures (SI Appendix, Table S3), except
some peripheral subunits, especially the transmembrane subu-
nits Psb30, PsbT, PsbX, PsbY, and PsbZ, and the extrinsic subunits
PsbO, PsbU, and PsbV. A general view of subunit similarity that
includes the sequence and structure from Synechocystis 6803
PSII compared with T vulcanus PSII can be gleaned by plotting
the ratio of sequence identity to the RMSD of their C, superpo-
sition (SI Appendix, Fig. S6). The results are consistent with the
C, superpositions alone in which a cluster of subunits exhibit
especially low similarity: PsbO, Psb30, PsbT, PsbU, PsbV, PsbX,
PsbY, and PsbZ. In all cases, these subunits are the most
peripheral from the core D1 and D2 subunits. The poor conser-
vation of PsbO, PsbU, and PsbV is somewhat surprising,
because one might expect that water and proton channels,
which are partially formed by these extrinsic subunits and are
important for water oxidation, would be conserved among PSII
structures. The poor conservation of extrinsic subunits is also
exemplified by the unique Ca-binding sites on the lumenal sur-
face of Synechocystis 6803 PSII compared with T. vulcanus PSII
(81 Appendix, Text S1 and Fig. S7).

Fig. 1. Cryo-EM structure of PSIl from Synechocystis 6803 at 1.93-A resolution. (A) The unsharpened map (4c) where ESP map regions assigned to subu-
nits are colored individually. Top shows a lumenal view in which the lumenal domains of CP47 and CP43 and the extrinsic subunits of one monomer are
labeled. Bottom shows a membrane plane view. (B) The structural model derived from the cryo-EM map in the same views as A. In the membrane plane
view, three regions are boxed which correspond to panels C-E from top to bottom. (C) Map and model of Qa and the nonheme Fe coordinated by
D2-His214 and bicarbonate (13c). (D) Map and model of the axial ligation of Pg in Pggo by D2-His197 and the nearby D2-Trp191 (130). (E) Map and model
of the OEC and nearby D1-Asp170 and D1-His332 residues (12¢). In C-E, the sharpened map is shown.
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Fig. 2. Interactions of PsbQ with the cyanobacterial PSIl core and conservation in PsbQ homologs. (A) Membrane plane view of Synechocystis 6803 PSII
highlighting in yellow the location of PsbQ on each monomer. The eye and box show the view in C. (B) Superposition of the D1, D2, CP43, CP47, and
PsbO subunits shown in gray and the PsbQ homologs and Psb27 subunits shown in color. PsbQ from Synechocystis 6803 is blue (mesophilic cyanobacte-
rium), PsbQ from Pisum sativum is dark green (plant, PDB 5XNL) (34), PsbQ from Chlamydomonas reinhardtii is bright green (green algae, PDB 6KAC)
(35), PsbQ’ from Cyanidium caldarium is pink (red algae, PDB 4YUU) (36), and Psb27 from T. vulcanus is orange (thermophilic cyanobacterium, PDB 7CZL)
(32). (C) View near PsbQ (gray) and its interactions with CP43 (magenta) and PsbO (purple). Important interacting residues and the N terminus are
labeled. (D) Amino acid pairs that interact between PsbQ and CP47 or PsbO are listed. Whether the corresponding amino acid in the Synechocystis 6803
sequence is conserved in other organisms is provided, in which Y = full conservation (green), P = partial conservation in which charge is maintained (light
green), and N = no conservation (red). The asterisk (*) denotes the residue in which the backbone carbonyl oxygen atom is involved in the interaction,
therefore the conservation of the sidechain is labeled "N/A" (not applicable).

Binding, Conservation, and Role of Cyanobacterial PshQ. Fig. 2
shows the binding of PsbQ to the Synechocystis 6803 PSII core.
PsbQ is a membrane-tethered, 4-helix bundle extrinsic subunit
of PSII (23) first identified in PSII preparations from Synecho-
cystis 6803 (24) and has been shown to enhance PSII oxygen
evolution (25-27). It is thought to be similar to PsbQ and PsbQ’
from higher plants and algae and also similar to Psb27, a tran-
siently bound subunit involved in PSII assembly (23), all of
which are also 4-helix bundle subunits (28). X-ray diffraction
(XRD) structures of PsbQ isolated from Synechocystis 6803 and
T. elongatus have been reported (29, 30) but not in complex
with PSII. The PsbQ subunit is bound to the Synechocystis 6803
PSII structure on the lumenal domain of CP43 between PsbO
and PsbV (Fig. 24), a site analogous to where PsbQ and PsbQ’
are found in PSII structures from plants and algae and to
where Psb27 is bound in other cyanobacterial PSII structures
(Fig. 2B). This is surprising due to low sequence identity (S
Appendix, Table S4) and somewhat poor C, superposition
RMSDs (SI Appendix, Table S5) between PsbQ homologs.
Mass spectrometry-based cross-linking experiments previously
suggested that in cyanobacteria, PsbQ binds closer to the center
of the PSII dimer, associated with PsbO and CP47 (31), which
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is inconsistent with our observations. However, the authors of
recent cyanobacterial PSII structures containing Psb27 bound
between PsbO and PsbV suggested that PsbQ also binds
between PsbO and PsbV (32, 33), which is consistent with our
observations. Further discussion regarding PsbQ can be found
in SI Appendix, Text S2. Most notably, PsbQ appears to be par-
tially occupied in the cryo-EM map (SI Appendix, Fig. S8).
Docking simulations suggest that its binding is primarily driven
by specific electrostatic interactions (SI Appendix, Table S6 and
Figs. S9 and S10) that are not conserved in thermophilic cyano-
bacteria (Fig. 2), possibly explaining the absence of PsbQ in
XRD and cryo-EM structures of T vulcanus and T. elongatus
PSII. We also see no structural evidence that the binding of
PsbQ to the PSII core induces a significant conformational
change in the protein complex. Thus, it is possible that PsbQ
provides stability to the cyanobacterial PSII complex by increas-
ing the number of molecular interactions needing to be broken
before all the extrinsic subunits dissociate, leaving the OEC
exposed to external reductants.

Unique Characteristics near the OEC. The positions of the OEC

metal ions in the Synechocystis 6803 PSII structure are similar

PNAS | 30f10
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Fig. 3.

D1-Asp170 C terminus of D1

ESP map and structure comparison near the D1 C terminus. (A) View 1 of the Synechocystis 6803 PSII structure within the map showing ambiguity

in the C terminus orientation. (B) View 1 showing the superposition of the Synechocystis 6803 PSII (colored) and T. vulcanus PSII (gray) cryo-EM structures.
(C) View 2 of the Synechocystis 6803 PSII structure within the map showing ambiguity in the C terminus orientation. (D) View 2 showing the superposition
of the Synechocystis 6803 PSII (colored) and T. vulcanus PSII cryo-EM structures (gray). Note that in the high-dose PSII cryo-EM structure from T. vulcanus,
two orientations of the C terminus were modeled that were assigned as high-dose and low-dose orientations (20), which are labeled. Maps are shown at

76. Indicated distances are in units of angstrom.

to other PSII structures, but some of its ligands exhibit variable
positions. The metal-bridging oxygen atoms in the OEC are
also modeled in similar positions; however, the spatial resolu-
tion of negatively charged oxygen atom ligands adjacent to the
positively charged metal ions in the OEC is generally lower
than that of uncharged atoms away from the OEC, rendering
the model positions of metal-bridging oxygen atoms in the
OEC relatively unreliable.

In other PSII structures, the C terminus of D1, D1-Ala344,
has a bridging bidentate coordination to the OEC in which one
of the carboxylate oxygen atoms ligates Mn2 and the other ligates
Ca. In the Synechocystis 6803 PSII structure, however, the map
corresponding to the C-terminal Ala344 is poorly resolved
(Fig. 3), causing its orientation to be ambiguous, and is therefore
modeled with low confidence. The map ambiguity is most likely a
consequence of the C terminus being flexible, found in different
orientations within individual particles used to create the ensem-
ble cryo-EM map. It is unclear whether this flexibility is an intrin-
sic characteristic of Synechocystis 6803 PSII or whether it is a
result of isolation procedures or experimental conditions as dis-
cussed recently (37). Kato et al. recently suggested that electron
radiation damage induces structural changes in the orientation of
the D1 C terminus in thermophilic PSII (20). Our modeled posi-
tion of the D1 C terminus in the Synechocystis 6803 PSII struc-
ture is found between the two orientations modeled by Kato et al.
associated with high-dose and low-dose orientations (Fig. 3D).
Thus, the flexibility observed for the D1 C terminus in the Syne-
chocystis 6803 PSII structure may at least partially be due to a
fraction of radiation-damaged OECs in the ensemble data used
for three-dimensional reconstruction of the ESP map.
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In all PSII structures, the water ligands W3 and W4 ligate
the Ca ion of the OEC and are involved in nearby H-bonding
with water clusters and Yz. W3, W4, and the nearby water clus-
ters are maintained in the Synechocystis 6803 PSII structure,
but some of their associated ESP lack spherical symmetry
and/or have low signal intensity when compared with other
high-confidence waters in the structure, suggesting alternate
positions and decreased occupancy, respectively (Fig. 4). The
primary position of W3 ligates the Ca ion of the OEC, as is
typically observed, and is within H-bonding distance of Y,
a feature that is also found in the cryo-EM structures of
T. vulcanus PSII (20) but not in XRD structures of PSII (S/
Appendix, Fig. S11). W3 is also within H-bonding distance of
an adjacent water in the Broad channel (also known as the
Cl1 channel) as is also typically observed; however, the direc-
tionality of the map asymmetry corresponding to W3 suggests
an alternate position where the ligation to the Ca ion is lost
(it is moved out of H-bonding distance from Yz) and W3
moves toward some Broad channel waters, H-bonding with a
second water molecule (Fig. 4C). Similarly, the map asymme-
try for W4 suggests either coordination to the Ca, and within
H-bonding distance to Yz, or possible alternate positions out
of H-bonding distance with Y and at or near a water in the
Large channel that is incorporated in a “water wheel,” a clus-
ter of five water molecules near O1 previously suggested to
be involved in substrate water delivery (38) (Fig. 4D). Fur-
thermore, the waters closest to the OEC in the water wheel
appear to have decreased signal intensity implying relatively
low occupancy compared with waters in the Narrow channel
(also known as the O4 channel, Fig. 4B), suggesting high
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Fig. 4. Alternate positions of W3 and W4 and low-occupancy waters near
the OEC in Synechocystis 6803 PSII. (A) Alternate positions of W3 and W4.
Both of these waters exhibit primary positions as ligands to the Ca ion of
the OEC, but alternate positions are observed toward each of two water
clusters (orange arrows). (B) First four waters of the Narrow water channel
that exhibit relatively high occupancy and spherical distribution of ESP,
suggesting low mobility. (C) The primary position of W3 coordinated to
the Ca of the OEC and H-bonded to a nearby water in the Broad channel.
The alternate position moves W3 out of a bonding distance with the Ca,
and the H-bond is replaced with an H-bond to another Broad channel
water. (D) The primary position of W4 coordinated to the Ca of the OEC
and H-bonded to low-occupancy waters (black arrows) nearby in the Large
channel’s water wheel. Indicated distances are in units of angstrom.

mobility. We note that these water mobility observations are
probably not a result of radiation damage, because they were
not observed in either the full-dose or low-dose cryo-EM
structures of 7. vulcanus PSII (20).

In addition to the ambiguous position of the D1 C terminus,
variable positions of W3 and W4, and low-occupancy waters in
the water wheel, the Synechocystis 6803 PSII structure also
exhibits differences compared with other cyanobacterial PSII
structures near D2-Lys317 (Fig. 5). Canonically, D2-Lys317
interacts with Cl1 that is coupled to the OEC and influences
S-state transitions (39, 40). D2-Lys317 and CI™1 are thought to
be involved in a proton-transfer pathway from the OEC to the
lumen (39, 40), the latter shielding formation of a salt bridge
between D2-Lys317 and D1-Asp61 (40). The position of CI"1 is
the same in the Synechocystis 6803 and T. vulcanus PSII struc-
tures, but the position of the D2-Lys317 sidechain in the former
is 5.1 A away from Cl™ 1 compared with 3.0 A in the latter (Fig.
5 and SI Appendix, Fig. S12). This results in the D2-Lys317
sidechain of Synechocystis 6803 being positioned  within
H-bonding distance of the D2-Glu312 sidechain at 2.6 A. Four
nearby water molecules that form the beginning of the Broad
channel are also shifted ~1.5 to 2.5 A that may be involved in
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proton egress. We note that D2-Lys317 in the Synechocystis
6803 PSII cryo-EM map appears to exhibit a possible alternate
conformation in a site closer to Cl™1, more similar to the
D2-Lys317 position observed in most other PSII structures
(SI Appendix, Fig. S12). The primary and possible alternate
positions are consistent with FTIR results showing that Cl™1,
D2-Lys317, D2-Glu312, and other residues are involved in a
proton egress pathway (41), which is an important aspect of the
water-oxidation mechanism. The primary D2-Lys317 position is
reminiscent of the XRD structure of herbicide-treated 7. elon-
gatus PSII in which a putative alternate Cl™ 1-binding site was
detected near Cl™1 (42), supporting a two-site Cl 1-binding
model (43). Although no alternate CI™ 1-binding site is identi-
fied in the Synechocystis 6803 PSII cryo-EM structure, we can-
not exclude a low-occupancy CI™ species at a site where water
is presently modeled.

Blockage of the Large Water Channel. The water channels in PSII
are important for substrate water delivery and proton release
from the OEC (44, 45). Poor conservation of the extrinsic PSII
subunits between Synechocystis 6803 and T vulcanus (SI
Appendix, Fig. S6) suggests possible differences in the water
channels that may have important functional implications. We
examined the water channels as defined previously (46),
comparing the PSII structures from Synechocystis 6803 and
T vulcanus. Within ~15 A of the OEC, waters in the Broad and
Narrow channels are relatively well conserved; however, the
Large channel is disrupted due to differences in the PsbV subu-
nit (Fig. 6). In T. vulcanus PSII, the Large channel begins with
the water wheel and extends away from the OEC into PsbV and
into the lumen. Though the water wheel waters are maintained
in the Synechocystis 6803 PSII structure, 11 of the waters that
create the main channel toward the lumen within ~15 A of the
OEC are not present in the Synechocystis 6803 PSII model (red
arrows in Fig. 64), which in the deposited Protein Data Bank
coordinates of T. vulcanus PSII (PDB 3ARC) are waters A543,
A348, A406, V610, V526, V537, U512, V753, V468, V299, and
V158 (these waters are named by their associated “chain” fol-
lowed by their “residue number” in the PDB file). Those waters
closest to the OEC, A543, A348, and A406 are adjacent to the
water wheel. The primary blockage is due to the nonconserved
PsbV-Tyr159 of Symechocystis 6803 that extends toward the
OEC, filling the position of A406 and causing a shift in the
D1-Glu329 sidechain toward the OEC that in turn fills the posi-
tion of A543 (Fig. 64). It is possible that A348, which fills the
position between PsbV-Tyr159 and D1-Glu329, is present but at
very low occupancy. The other eight waters further away from
the water wheel, V610, V526, V537, U512, V753, V468, V299,
and V158, could also be shifted to different regions and exhibit
high mobility, but the presence of PsbV-Ile158 occupies the
positions of V537 and U523. Regardless, the blockage by PsbV-
Tyr159 cuts off significant portions of the Large channel to
the lumen.

Electron Radiation Damage. To test whether radiation damage
influenced the molecular structure of Synechocystis 6803 PSII,
the micrograph movie stacks were truncated using a small frac-
tion of the frames. This low-dose data set produced a cryo-EM
map at 2.01-A resolution with the sample having experienced a
cumulative electron radiation dose of 4.37 ¢~ A2, using the
same particle set as was used for the full-dose data set (SI
Appendix, Fig. S2). No major differences were observed
between the full- and low-dose maps near the OEC, nor in any
other region of the maps, which received cumulative doses of
40.8 and 4.37 e~ A% respectively. Kato et al. recently com-
pared “high” and “low” dose crgfo-EM structures of PSII from
T vulcanus at 83 and 3.3 e~ A" 7, respectively (20). Their study
suggested that the D1 C terminus that typically ligates the OEC
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Fig. 5. Structural differences near D1-Lys317. (A) Superposition of the Synechocystis 6803 (colored, PDB 7N80) and T. vulcanus (gray, PDB 7D1T) PSII cryo-
EM structures. Indicated distances are shown between the two structures in units of angstrom. (B) View 1 from a perspective near PsbO additionally show-
ing the full-dose cryo-EM map. (C) View 2 from a perspective near D1-Asp61 additionally showing the full-dose cryo-EM map. In all panels, waters in the
Synechocystis 6803 PSII structure that are in significantly different positions compared with waters in the T. vulcanus structure are denoted with red

arrows. Maps are shown at 5c. A magnified view near D2-Lys317 is shown in SI Appendix, Fig. S12 that highlights a possible alternate position of its

sidechain.

is found in variable orientations in the high-dose structure (20)
unlike the low-dose structure that exhibited a larger population
of a single orientation ligating the OEC. They additionally
observed a breakage of a conserved disulfide bond in PsbO
at high dose. Both our full-dose and low-dose maps exhibit
ambiguous orientations of the D1 C terminus (S Appendix,
Fig. S13) and mostly broken PsbO disulfide bonds (S7
Appendix, Fig. S14), but at least in the range from 40.8 to 4.37
e~ A2, we see no structural dependence upon radiation dose
as discussed below in the Discussion.

Because the oxidation states of the Mn ions are expected to
be either III or IV, following a high—oxidation state model of
the OEC, we also assessed possible radiation damage by calcu-
lating the Mulliken spin densities using single-point density
functional theory (DFT; Materials and Methods). This approach
allows for a calculated assignment of oxidation state to each
Mn ion using the molecular structure as an input model. These
results suggested that the four Mn ions are in oxidation states

IT or IIT regardless of input spin parameters, which supports
the hypothesis that the OEC is more reduced in the cryo-EM
structure than would be expected for a high—oxidation state
model of the OEC (SI Appendix, Text S3 and Table S7); how-
ever, it is important to note that these calculations are highly
dependent on the atomic coordinates of the OEC, the O atoms
of which are modeled with low confidence and probably exist in
multiple states due to OEC heterogeneity.

Discussion

The structure of PSII from Synechocystis 6803 contains unique
characteristics that further our understanding of PSII. From
the basis of thermophilic cyanobacterial PSII structures, the
Large channel has been proposed to play roles in oxygen
release (48), substrate water delivery (48-50), and proton trans-
fer (51, 52). Molecular dynamics simulations also based on
T vulcanus PSII structures suggest that the Large channel is
more hydrophobic than the Broad and Narrow channels (48,

D1-His332

D1-Glu329 PsbV-Tyr159 PsbV-lle158 To lumen

PsbV-Tyr159

|

(: Synechocystis RNYTEDDIFDVAGYTLIAPKL-DERWGGTIYF- 160

T. vulcanus

RNLTEKDLVAIAGHILVEPKILGDKWGGGKVYY 163

*k kk Kk sk ok e

ko kko ITEE L]

Fig. 6. Comparison of the positions of waters in the Large channel and differences associated with PsbV. (A) Superposition of the T. vulcanus PSII struc-
ture (gray sticks, PDB 3ARC) with its Large channel and associated waters colored in yellow and the Synechocystis 6803 PSII structure in colors (waters are
colored red). Due to nonconserved C-terminal residues in PsbV, PsbV-Tyr159 of Synechocystis 6803 blocks the network of waters found in T. vulcanus,
which also causes a shift in the orientation of D1-Glu329 in Synechocystis 6803. The water wheel, previously suggested to be important for substrate
water delivery, is shown as a circular arrow. Red arrows denote those water positions that are not conserved in the Synechocystis 6803 PSII structure. (B)
Sequence similarity of PsbV comparing Synechocystis 6803 with T. vulcanus. High to low identity is shown as thin and green to thick and red ribbons,
respectively. The stick model of PsbV-Tyr159 is labeled. (C) Partial sequence alignment of PsbV from Synechocystis 6803 and T. vulcanus. The PsbV-Tyr159
designated in B is shown in the sequence alignment with a black arrow. The overall sequence identity between the two full PsbV sequences is 41.25%.
Sequence alignments and identity were generated with Clustal Omega (47), and conservation identifiers are shown below the alignment.
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53), and other computational analyses determined that the
Large channel is less likely to transfer protons than the Broad
and Narrow channels (5). However, the Large channel is
blocked in the Synechocystis 6803 PSII structure. Although the
water wheel is near the blockage of the Large channel observed
in the Synechocystis 6803 PSII structure, it is important to con-
sider that waters near the OEC are highly interconnected (5);
therefore, the mobility observed in the water wheel (Fig. 4)
does not necessarily require the involvement of the Large chan-
nel. The Large channel’s blockage in Synechocystis 6803 PSII
may suggest that it is never involved in PSII activity and per-
haps is not a channel at all. Rather, the Narrow and Broad
channels may be the only ones important for function, hence
their being conserved in all structures. This is consistent with
FTIR studies showing that mutation of D1-Glu329 to Ala in
Synechocystis 6803 does not perturb the OEC structure or
waters involved in the catalytic cycle (54), although the muta-
tion does modify the overall H-bonding network around the
OEGC; the sidechain of D1-Glu329, a second-shell amino acid
associated with the Large channel, is in a different position in the
Synechocystis 6803 PSII structure compared with other PSII
structures. Another possibility is that the channel-blocking PsbV
residues are involved in a gating mechanism of the Large chan-
nel. Indeed, a gating mechanism of waters to the OEC has been
suggested previously for PSII but from an analysis of T. vulcanus
PSII (55, 56). The proposed mechanism involved residues near
the water wheel in the Large channel (ST Appendix, Fig. S15) and
was substantiated by similarities in substrate gating of acetylcho-
linesterase (57). In part, it involved conformational changes in
aromatic residues. It may be that the PsbV-Tyrl59 sidechain
undergoes a conformational change in the gating of the Large
channel. Future molecular dynamics simulations may allow for
more insight into this possibility. If a gating mechanism does exist
in Synechocystis 6803 PSII involving PsbV, it is presently unclear
whether similar mechanisms are observed in other cyanobacteria
because of low sequence identity between PsbV from different
species (SI Appendix, Table S8). In any case, the differences
observed between PSII structures from mesophilic and thermo-
philic cyanobacteria suggest differences in proton egress and/or
substrate water delivery between organisms. However, the light-
saturated rate of oxygen evolution by PSII appears comparable
between mesophilic and thermophilic cyanobacteria, ~5,500
umol of O, (mg of Chl)™' h™! [refer to Materials and Methods
and Sugiura et al. (58) for oxygen evolution rates of PSII core
complexes isolated from Synechocystis 6803 and 1. elongatus,
respectively]. This similarity in rates suggests identical mecha-
nisms of O-O bond formation between species, which is consis-
tent with various spectroscopic studies concluding that the OEC
structures are nearly identical between mesophilic cyanobacteria,
thermophilic cyanobacteria, and spinach (59-66).

Structural features in the map near the OEC are especially
challenging to interpret due to the dynamic nature of the struc-
ture and challenges in modeling OEC atoms. Based on the
asymmetric ESP and low occupancy of some structural ele-
ments, it seems likely that the cryo-EM map is a superposition
of multiple states due to contributions of damaged OECs and/
or S-state mixing. One contribution to heterogeneity may be
that current cryo-EM sample preparation procedures require
plunge-freezing in low white light, probably resulting in a mix-
ture of S-states. Future endeavors to plunge freeze PSII sam-
ples in complete darkness or plunge-freezing immediately
following a saturating light pulse may allow for a large fraction
of the sample to be poised in a single S-state. Heterogeneity
due to OEC damage may also arise from sample preparation
procedures. The alternate positions of W3 and W4 and the
uncertain position of the D1 C terminus may indicate that a
fraction of the OECs have lost Ca. The waters bound to the Ca
were calculated to have high energy barriers for dissociation
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(67), so the alternate positions seem unlikely if the Ca is pre-
sent at full occupancy. Some fraction of centers lacking Ca may
be present naturally in vivo prior to protein isolation, or Ca
depletion could have been induced due to the sample prepara-
tion procedure. Indeed, Ca is known to be easily lost from the
OEC while otherwise maintaining the general structure of the
active site (68).

It seems likely that both the full- and low-dose cryo-EM
structures of Synechocystis 6803 PSII represent reduced states
of the OEC due to electron radiation exposure. First, flexibility
in the D1 C terminus and the absence of a disulfide bond in
PsbO due to radiation damage would be consistent with the
analysis from Kato et al. that showed the same characteristics
in their full-dose structure (20). The low-dose cryo-EM
structure of PSII from 7. vulcanus did not exhibit these charac-
teristics, but the low-dose cryo-EM structure of PSII from Syne-
chocystis 6803 does, despite their similar radiation doses, and
this may suggest that PSII from mesophilic cyanobacteria is
more prone to radiation damage than PSII from thermophilic
cyanobacteria. If the D1 C terminus of PSII is damaged due
to radiation exposure, its modeling is especially challenging,
because the nature of the damage and chemical identity of
the C terminus would be unknown, and damaged protein is
unlikely to obey the stereochemical principles of undamaged
protein. Second, radiation-induced OEC reduction is supported
by our calculation of Mulliken spin densities. In the generally
favored high-oxidation state model of the OEC, the Mn ions
are always found in oxidation states >III. Instead, our DFT cal-
culation based on the model coordinates suggest the Mn oxida-
tion states are either II or III (ST Appendix, Text S3 and Table
S7). Third, X-ray radiation is thought to result in elongation of
the mean Mn-Mn distance in the OEC (69-72), and the mean
Mn-Mn distances of the high-resolution cryo-EM PSII struc-
tures from both Synechocystis 6803 and T. vulcanus are larger
than those of two representative low-dose X-ray crystal struc-
tures (SI Appendix, Table S9). It is important to note, however,
that placement of the OEC atoms during modeling is a non-
trivial task, and thus, comparison of the OEC atom distance
differences should be considered with great caution. This is due
to differences in experiment type, data resolution, and even
modeling procedures between experimentalists. For example,
in the latter case, Kato et al.’s modeling of the OEC relies to
a small extent upon previously determined model restraints
(20), whereas our OEC atoms are modeled based solely on the
ESP maps. Both of these approaches are reasonable but may
produce significantly different results. Development of better
methods to standardize the placement of OEC atoms in cryo-
EM maps may help to improve the precision of these distance
comparisons.

It is also important to note that our full-dose map and the
previously determined “high dose” map from Kato et al. (20)
contain the sum of all frames collected (i.e., contributions from
low to high radiation); therefore, neither our “full dose,” nor
the “high dose” structure from Kato et al., are produced using
only the latter part of the movie stacks that have received the
highest radiation doses. Thus, a more in-depth study of the
time course of structural changes during electron radiation
exposure is needed to provide a better understanding of elec-
tron radiation-induced damage in PSII, together with proce-
dures that minimize heterogeneity due to other causes.

In summary, the high-resolution cryo-EM structure of PSII
from the mesophilic cyanobacterium Synechocystis 6803 pro-
vides insight into important features of PSII function including
the PsbQ subunit and a blockage of the Large water channel.
Alternate positions of structural elements near the OEC are
challenging to interpret due to structural heterogeneity that
may arise from a variety of causes. The method for solving the
cryo-EM structure reported here can be used to solve future

PNAS | 70f10
https://doi.org/10.1073/pnas.2116765118

BIOCHEMISTRY

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116765118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116765118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116765118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116765118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116765118/-/DCSupplemental

cryo-EM structures of Synechocystis 6803 PSII with point muta-
tions to better understand the roles of individual amino acids,
but it is important to develop strategies that stabilize individual
states and/or deconvolute contributions from multiple states
and damaged centers in the cryo-EM maps.

Materials and Methods

PSII Purification and Activity. Wild-type cells of Synechocystis 6803 containing
a single psbA gene (psbA2) and containing a hexahistidine-tag fused to the C
terminus of CP47 (73) were propagated as described previously (40, 74).
Oxygen-evolving PSIl core complexes were purified with Ni-NTA superflow
affinity resin (Qiagen, Inc., Valencia) at 4 °C under dim green light as described
previously (74). Purified PSIl core complexes (in 1.2 M betaine, 10% [vol/vol]
glycerol, 50 mM MES-NaOH [pH 6.0], 20 mM CaCl,, 5 mM MgCl,, 50 mM histi-
dine, 1 mM EDTA, and 0.03% [wt/vol] B-DM) were concentrated via ultrafiltra-
tion to 1 mg of Chl/mL, aliquoted, frozen in liquid N, and stored at —80 °C. To
prepare samples for cryo-EM analysis, aliquots (50 pg of Chl a) were
exchanged into cryo-EM buffer (0.5 M betaine, 50 mM MES-NaOH [pH 6.8], 20
mM CaCl,, 5 mM MgCl,, 0.02% [wt/vol] B-DM) by passage through Bio-Rad
Micro Bio-Spin 6 centrifugal gel filtration columns (Bio-Rad Laboratories, Her-
cules) at 50 x g and then concentrated to ~2 mg of Chl/mL with Amicon Ultra
0.5-mL 100-kDa centrifugal filter devices (EMD Millipore, Billerica). Samples
were maintained at ~4°C until being applied to cryo-EM grids. After being
exchanged into cryo-EM buffer, samples exhibited light-saturated O, evolu-
tion activities of 5,300 + 200 pmol O, (mg of Chl)~"/hr~" as measured (75) with
a Clark-type oxygen electrode.

Cryo-EM Grid Preparation. A holey-carbon C-flat 2/1 Cu 300-mesh EM grid
(Electron Microscopy Sciences) was glow discharged for 30 s at 25 mA. The PSII
sample was kept in the dark until 3 pL was quickly applied to the grid in an FEI
Vitrobot (Thermo Fisher Scientific) at 4°C and 100% humidity in low fluores-
cent light. The grid was blotted immediately for 3 s, plunged into liquid eth-
ane, and stored in liquid nitrogen for data collection. In total, the PSIl sample
was exposed to low fluorescent light for <15 s before it was plunged into the
liquid ethane.

Cryo-EM Data Collection. The frozen grid was imaged on a Titan Krios G2
transmission electron microscope (Thermo Fisher Scientific/FEI) operated at
300 kV equipped with a Gatan K3 direct electron detector in superresolution
mode. The defocus varied from —1.2 to —2.0 um, and the nominal magnifica-
tion was 105,000x, corresponding to a superresolution pixel size of 0.416 A.
The dose rate was 25.2 e~ physical pixel~'/s~". The GIF setting was a slit size of
20 eV. The total exposure time was 1.12 s per exposure with a total dose of
40.8 e~ (A) ~2. SerialEM was used to collect 12,237 micrograph movies with 28
images per stack.

Cryo-EM Data Processing. A flowchart for data processing is shown in S/
Appendix, Fig. S2. Data processing was performed using Relion 3.1 (76). To
construct the full-dose map, micrograph movies using all 28 frames were cor-
rected, aligned, and dose weighted using MotionCor2 (77). Ctffind (78) was
used to estimate the contrast transfer function (CTF). An initial set of ~2,000
particles was selected manually, and their two-dimensional classification was
used for autopicking templates. Autopicking and manual removal of obvi-
ously incorrectly picked particles resulted in a selection of 1,896,906 particles.
The Initial Model function was used to create an ab initio model, which was
subsequently used as a low-resolution reference for two rounds of three-
dimensional classification that resulted in 208,901 particles. Rounds of three-
dimensional refinement, CTF refinement, and Bayesian Polishing were used
that resulted in a three-dimensional reconstruction at 2.1-A resolution. Par-
ticles with the metadata value rinCtfMaxResolution less than or equal to 5.0 A
were removed from the particle set, resulting in a new particle set of 202,844
particles. These were used in further rounds of CTF refinement and Bayesian
Polishing, yielding a resolution of 1.96 A. Micelle subtraction led to a final
map at 1.93-A resolution.

To generate the low-dose map, micrographs were remotion corrected
using only the first three frames. The final particle set was used in rounds of
CTF refinement and Bayesian Polishing, leading to a map at 2.01-A resolution.
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Micelle subtraction did not impact the final resolution but, for consistency of
map processing workflow between the full- and low-dose structures, was per-
formed regardless. Map resolutions were calculated using the Gold-standard
Fourier Shell Correlation of 0.143. Local resolution was calculated using Relion
3.1(76) (5| Appendix, Fig. S3).

Model Building. Except for the PsbY (chain R) and PsbQ (chain Q) subunits, the
initial model of Synechocystis 6803 PSIl was created by extracting the coordi-
nates of individual subunits from the T. vulcanus PSIl XRD structure (PDB
3WU2), which were used as structural templates with the corresponding
Synechocystis 6803 sequences to create Synechocystis 6803 subunit homology
models using SwissModel (79). For PsbY, the same strategy was used, but the
structural template was taken from the XRD structure of PSIl containing PsbY
from T. elongatus (PDB 6W10). The XRD structure of PsbQ from Synechocystis
6803 (PDB 3LS0) was used as its initial model. These components were fit into
the ESP map using UCSF Chimera (80). Manual fitting and editing were
performed in Coot (81), and automated refinement was performed using
real_space_refine (82) in Phenix (83). Metal ions in the OEC were placed by
visual inspection and then fit into the map using Chimera’s “fit in map” func-
tion (80) individually, then the coordinates for each were used for the final
positions in the model. Oxygen atoms in the OEC were placed by
visual inspection.

Molecular Docking. PsbQ PIPER free energies were calculated using the
ClusPro server (84). The ClusPro server requires two models for a docking
calculation, that of the “ligand” and the “receptor.” For Synechocystis 6803
input modes, PsbQ was separated from the structure reported here to be used
as the “ligand,” and the rest of the PSIl model (i.e., the model with PsbQ
deleted) was used as the “receptor.” For T. vulcanus input models, the
“ligand” was a PsbQ homology model created using SwissModel (79) with the
Synechocystis 6803 PsbQ model as its template and the “receptor” was
the cryo-EM structure of T. vulcanus PSII that lacks PsbQ (PDB 7D1T) (20). For
both docking calculations, the simulation was restrained to maintain >1 A but
<4 A between the CP43-Trp and PsbQ-Gly that is conserved in all PsbQ homo-
logs (S/ Appendix, Figs. S9 and $10).

DFT Calculations of Mulliken Spin Densities for Mn lons. We performed
single-point DFT calculations (72, 85, 86) using the structure of the OEC from
the Synechocystis 6803 PSII structure with Gaussian 16 (87). Hydrogen atoms
were added with Maestro (88). The OEC, 10 amino acids (D1-D61, D1-D170,
D1-D189, D1-H332, D1-E333, D1-H337, D1-D342, D1-A344, CP43-E341, and
CP43-R357), and 10 water molecules surrounding the OEC were included in
the system. The calculations were carried out at the B3LYP level of theory (89,
90). The LanL2DZ basis set (91, 92) was used for Mn and Ca atoms and
6-31G(d) (93) was used for all C, H, N, and O atoms.

Data Availability. Cryo-EM structures have been deposited in the Protein Data
Bank (https://www.rcsb.org) and Electron Microscopy Data Bank (https:/www.
ebi.ac.uk/emdb/). For the full-dose structure, the accession codes are 7N8O
and EMD-24239. For the low-dose structure, the accession codes are 7RCV and
EMD-24407.
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