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Photosystem Il (PSll) is a multisubunit pigment-protein complex
and catalyzes light-driven water oxidation, leading to the conver-
sion of light energy into chemical energy and the release of mo-
lecular oxygen. Psb27 is a small thylakoid lumen-localized protein
known to serve as an assembly factor for the biogenesis and repair
of the PSIl complex. The exact location and binding fashion of
Psb27 in the intermediate PSIl remain elusive. Here, we report
the structure of a dimeric Psb27-PSIl complex purified from a psbV
deletion mutant (APsbV) of the cyanobacterium Thermosynecho-
coccus vulcanus, solved by cryo-electron microscopy. Our structure
showed that Psb27 is associated with CP43 at the luminal side,
with specific interactions formed between Helix 2 and Helix 3 of
Psb27 and a loop region between Helix 3 and Helix 4 of CP43 (loop
Q) as well as the large, lumen-exposed and hydrophilic E-loop of
CP43. The binding of Psb27 imposes some conflicts with the N-ter-
minal region of PsbO and also induces some conformational
changes in CP43, CP47, and D2. This makes PsbO unable to bind
in the Psb27-PSIl. Conformational changes also occurred in D1,
PsbE, PsbF, and PsbZ; this, together with the conformational
changes occurred in CP43, CP47, and D2, may prevent the binding
of PsbU and induce dissociation of PsbJ. This structural information
provides important insights into the regulation mechanism of
Psb27 in the biogenesis and repair of PSII.
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hotosystem II (PSII) is a multisubunit membrane protein

complex located in the thylakoid membranes of cyanobac-
teria, various algae, and higher plants. It catalyzes the light-driven
water oxidation and plastoquinone reduction (1-3), leading to
the conversion of light energy into chemical energy and the
evolution of oxygen, which are essential to sustain almost all life
activities on the earth. A functional PSII core complex from
cyanobacteria contains 20 protein subunits, including 17 intrin-
sic, transmembrane protein subunits and 3 membrane extrinsic
subunits (3-5). The intrinsic subunits of the core, such as D1, D2,
CP43, CP47, PsbE, PsbF, and Psbl, are highly conserved in all
oxygenic photosynthetic organisms, whereas extrinsic subunits
exhibit a large variety in different photosynthetic organisms (6-9).
The three extrinsic subunits in cyanobacteria are PsbO, PsbU,
and PsbV (10, 11), whereas red algae contain PsbQ’ (12, 13) and
diatom PSII contains PsbQ’ plus Psb31 (14), in addition to the
three cyanobacterial extrinsic proteins. These extrinsic proteins
are changed to PsbO, PsbP, and PsbQ in the green lineage or-
ganisms (6-9, 15). In addition, CyanoP and CyanoQ are present
in cyanobacteria; they have low sequence similarities with those
of the green lineage organisms and may have regulatory func-
tions in cyanobacterial PSII (16). The X-ray crystal structure or
cryo-electron microscopy (cryo-EM) structure of PSII from dif-
ferent organisms has been reported (4, 5, 17-22); they revealed
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the locations of most of these subunits and a number of cofac-
tors, including the Mn,CaOs cluster, which catalyzes the water-
splitting reaction.

In addition to the stable components of PSII mentioned
above, there are several subunits that associate with the inter-
mediate PSII complex during its assembly and are detached from
PSII once it is matured (23-27). One such component is Psb27,
which has been found to be associated with inactive cyano-
bacterial PSII that lacks the extrinsic proteins PsbO, PsbU, and
PsbV (28-30). Psb27 is an ~11-kDa, thylakoid lumen-localized
lipoprotein and was found to facilitate the assembly of the
Mn4CaOs cluster by preventing binding of the extrinsic proteins
before assembly of the Mn,CaOs cluster (29-31). Psb27 was also
found to play a significant role in the repair cycle of PSII after
the damage of D1, which occurs under strong light illumination
and is termed photodamage. In the cyanobacterium Synecho-
cystis sp. PCC 6803, a psb27 deletion mutant showed impaired
PSII repair activity after high-light photoinhibition, and the re-
pair requires the presence of Psb27 (30, 32). The Psb27 protein
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was initially found to associate with the PSII monomer during
assembly, but it was also found to associate with the PSII dimer,
and its association provides a selective advantage for cyano-
bacterial cells under stress conditions, such as cold stress (33). In
Arabidopsis thaliana, two different copies of Psb27 are present.
One of them is required for D1 processing and involved in PSII
biogenesis and stabilization, whereas the other copy played im-
portant roles in the efficient repair of photodamaged PSII and in
enabling plants to adapt to fluctuating light intensity (34-36).

In the past few years, many different types of Psb27-PSII in-
termediates have been purified from cyanobacteria in a number
of different biochemical preparations unable to evolve oxygen
(30, 33, 37-40). These inactive Psb27-PSII complexes are defi-
cient in the Mn4CaOs cluster and three extrinsic subunits: PsbO,
PsbV, and PsbU. The structure of Psb27 has been solved by both
solution NMR (41, 42) and X-ray crystallography (43, 44), and its
association with PSII assembly intermediate has been studied by
chemical cross-linking analysis and mass spectrometry (45-48).
These studies suggested that Psb27 binds to the large extrinsic
E-loop of CP43 at the luminal side; however, there are dis-
crepancies regarding the detailed binding sites of Psb27 in PSII
(45-48). In addition, CP47 as well as the C terminuses of D1 and
D2 were also reported to be the binding partners for Psb27 (45).
Furthermore, it was reported that Psb27 partially occupies the
binding sites of PsbO and PsbV, thereby preventing the binding
of these extrinsic subunits (47). However, the exact binding site
and functions of Psb27 is unknown since the structure of the
Psb27-PSII complex has not been solved. We purified a Psb27-
PSII complex from a psblV-deletion mutant (APsbV) of the
thermophilic cyanobacterium Thermosynechococcus vulcanus
and analyzed its structure using single particle cryo-EM at an
overall resolution of 3.78 A. The structural location of Psb27
within the PSII intermediate, together with a number of struc-
tural differences between the intermediate and mature PSII, are
revealed, which provide important insights into the roles of
Psb27 in the biogenesis and repair cycle of PSII.

Results

Purification and Properties of the Dimeric Psh27-PSIl Complex. We
made a mutant lacking PsbV in the cyanobacterium 7. vulcanus,
and purified PSII from the mutant by column chromatography
with a Q Sepharose High Performance column eluted with a
linear gradient of NaCl from 170 to 300 mM (Materials and
Methods and SI Appendix, Fig. S14) (49). Our previous studies
have shown that PSII is eluted from the column in three frac-
tions. The first two fractions eluted at around 420 mL and
650 mL elution volume shown in SI Appendix, Fig. S14 are PSII
monomers without any extrinsic proteins but with the Psb27 and
Psb28 bound, and the third one labeled with a vertical bar is the
Psb27-PSII dimer that has no extrinsic proteins but binds Psb27
(49). This Psb27-PSII has no oxygen-evolving activity and may be
the same Psb27-PSII dimer isolated by Grasse et al. (33), as both
Psb27-PSII did not bind the three extrinsic proteins. No Psb28
was found in the purified Psb27-PSII dimers. It was also shown
that the APsbV contains PsbO in their cells, but most of PsbO
was released from PSII during purification, and the oxygen-
evolving activity of the mutant cells is around 50% of the wild-
type strain (49). The Psb27-PSII obtained was characterized by
size-exclusion chromatography, blue native polyacrylamide gel elec-
trophoresis (PAGE), sodium dodecyl sulfate-PAGE (SDS-PAGE),
and Western blotting (SI Appendix, Fig. S1 B-E). These analyses
indicated that this complex exists as a homogenous dimer and is
composed of the major transmembrane subunits of PSII core plus
Psb27 but lacked the three extrinsic subunits PsbO, PsbV, and PsbU
that were observed in the crystal structure of native PSII (4, 5).
From the SDS-PAGE analysis, the D1 subunit of the purified
PSII exists as a mature form of the native PSIIL. To confirm either
the presence or absence of a damaged D1, we analyzed the length
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of the D1 protein with mass spectrometry. Two types of the D1
protein with different C-terminal sequences were detected. One
major type of the C-terminal sequence is the same as that of
the mature D1 protein of PsbAl, ending in the sequence of
NAHNFPLDLA (SI Appendix, Fig. S2A4), whereas the other one
is minor in amount and ends in ANLGMEVMHE (SI Appendix,
Fig. S2B). This second D1 protein lacks the C-terminal amino
acid sequence from Arg334 to Ala344. Although the second D1
protein form occupies around 1% of the total D1 protein, it may
represent the sign of the D1 protein degradation and/or damage.

Overall Structure of the Dimeric Psh27-PSIl Complex. We collected
4,899 cryo-EM micrographs of the purified Psb27-PSII dimer
and picked 1,783,091 particles for subsequent data processing (S
Appendix, Figs. S3 and S4). Although some of these particles may
contain PSII without Psb27, after two-dimensional (2D) and
three-dimensional (3D) classifications (SI Appendix, Figs. S3 and
S4 and Table S1), particles with a major population were se-
lected and processed, which yielded a cryo-EM map with an
overall resolution of 3.78 A for the whole Psb27-PSII complex
(8I Appendix, Fig. S3).

The overall structure of this Psb27-PSII complex contains two
almost identical PSII monomers, forming a homodimer with a
two-fold symmetry (Fig. 1). In the structure, each PSII monomer
contains 16 protein subunits. These 16 subunits include 4 large
intrinsic transmembrane subunits (D1, D2, CP43, and CP47), 11
low-molecular-mass intrinsic transmembrane subunits (PsbE,
PsbF, PsbH, Psbl, PsbK, PsbL, PsbM, PsbT, PsbX, Psb30, and
PsbZ), and 1 extrinsic subunit (Psb27) attached at the luminal
surface (Fig. 1 and SI Appendix, Fig. S5). The rmsd values be-
tween the structures of the dimeric Psb27-PSII core and the
native PSII (not including the extrinsic proteins) from the same
cyanobacterium (Protein Data Bank [PDB] code: 3WU2) is
0.984 A, suggesting a rather highly conserved core structure.

The extrinsic subunits PsbO, PsbV, and PsbU present in the
native cyanobacterial PSII (4, 5) are absent in the cryo-EM map
of the current Psb27-PSII complex, consistent with the above
SDS-PAGE analysis. PsbJ and PsbY are also not found in the
cryo-EM structure, suggesting that they are loosely associated
with the PSII core and lost during the sample purification (S
Appendix, Fig. S1F). The loose association of PsbY with PSII has
been shown in native PSII (4, 5), whereas the loss of PsbJ may be
caused by the association of Psb27 and/or the deletion of PsbV.
In addition to the protein subunits, we identified 35 chlorophylls,
11 carotenoids, 2 pheophytins, 1 haem, and a number of lipids
and other cofactors in each Psb27-PSII monomer (SI Appendix,
Fig. S6 and Table S2). No electron density corresponding to the
Mn4CaO:s cluster is observed, indicating the premature nature of
the intermediate PSII and also explaining the loss of the oxygen-
evolving activity.

The Interactions between Psb27 and Photosystem Il Core. The cryo-
EM structure of Psb27 in the Psb27-PSII complex is a right-handed
four-helix bundle with an up-down-up-down topology, which is
nearly identical to the structures of recombinant Psb27 reported
for cyanobacteria (41-43) or higher plant (44) and solved by
NMR or X-ray crystallography (SI Appendix, Fig. S7). The Psb27
also contains a flexible N-terminal tail of seven residues; how-
ever, the so-called lipid modification that was found on the
N-terminal cysteine of cyanobacterial Psb27 (30) was not ob-
served in the current structure.

According to the structure of dimeric Psb27-PSII, Psb27 binds
to PSII by directly associating with CP43 at the luminal side of
PSII (Fig. 2 A and B), which is largely consistent with the pre-
vious results obtained by cross-linking and mass spectrometry
studies (45-47) and biochemical (2D blue native/SDS-PAGE)
analysis (48). However, the precise positions of binding and in-
teraction between CP43 and Psb27 are not completely in agreement
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Fig. 1. Overall structure of the Psb27-PSIl complex from T. vulcanus. (A) Side
view of the Psb27-PSIl dimer along the membrane plane. (B) Top view of the
Psb27-PSIl dimer from the luminal side. The missing subunits PsbJ and PsbY
are highlighted with a red and blue cycles, respectively. (C) Top view of a
Psb27-PSIl monomer from the stromal side. Subunit composition of the
Psb27-PSIl monomer is shown. Transmembrane a-helices are represented as
ribbons (A and B) and cylinders (C), respectively.

with any predictions of the previous studies (45-48). The main
interactions between Psb27 and CP43 are found between Helix 2
and Helix 3 of Psb27, with a loop region between Helix 3 and
Helix 4 (loop C) and the large luminal E-loop of CP43. Specifically,
Pro191 of CP43 is protruded into a space between Helix 2 and
Helix 3 of Psb27 and forms a hydrogen bond with Asn95 and
interacts with Phe72 hydrophobically, both located in Helix 2 of
Psb27 (Fig. 2C) (the numbering of amino acid residues of Psb27
and CP43 starts at the N-terminal residue of the mature proteins,
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respectively). However, the residues involved in the interactions
between Psb27 and CP43 are rather limited, which may suggest a
weak binding of Psb27 to PSII. This illustrates the loose, tem-
porary association of Psb27 to the assembly intermediate of PSII
and is an advantage for the biogenesis/repair of PSII, as Psb27
needs to be removed during the maturation/repair processes
of PSIL

Differences in the Structures of Psh27-PSIl and Native PSII. Although
the overall structures of the intrinsic core subunits are similar
with that of the native PSII (Figs. 14 and 34), the dimeric Psb27-
PSII shows some distinct differences in the structures of some
part of the D1, D2, CP43, CP47, PsbE, PsbF, and PsbZ subunits
compared with those of the native PSII (Fig. 3 B-I and SI Ap-
pendix, Tables S3 and S4). First, the large E-loop of CP43 is in
contact with PsbO in native PSII; in particular, residues Ser330
and Leu377 in the E-loop of CP43 are hydrogen bonded to
Lys123, Asp99, and GIn80 of PsbO in the native PSII (Fig. 3B).
However, these residues change their side chain orientations in
the Psb27-PSII, resulting in the breakage of these hydrogen
bonds. Also, residues CP43-Arg362 and CP43-Glu348 interact
with the N-terminal residues Asp8 and Gly12 of the PsbO sub-
unit in the native PSII (4, 5, 50, 51), and these interactions are
broken due to the structural changes of the residues in CP43.
Furthermore, the region of Arg343 to Gly347 of CP43 are shifted
toward the PsbO side, forming conflicts with the residues from
PsbO between the pair of Arg343 and Pro345 of CP43 and the
pair of Ile101 and Glu74 of PsbO (Fig. 3C). These changes result
in the dissociation of PsbO in Psb27-PSII.

Second, conformational changes occurred in the loop region
between Arg384 and Arg385 of CP47 (Fig. 3D) in Psb27-PSII,
which leads to a structural conflict with the loop region between
Alal65 and Glyl167 of PsbO in the adjacent monomer of native
PSII. This constitutes another reason for the release of PsbO in
the Psb27-PSII. Additionally, D2-Ala351 is in conflict with PsbO-
Leul57 (Fig. 3E) in Psb27-PSII, indicating the shift of D2.

Third, the C-terminus of D2 turns toward the direction of the
luminal side, breaking the interactions between D2 and PsbU in
Psb27-PSII. These interactions include hydrogen bonds between
D2-Ala351 and PsbU-Gly101 and between D2-Arg348 and the
C-terminal residue Lys104 of PsbU in native PSII (Fig. 3E).
These may break the binding of PsbU to the PSII core. Moreover,
the region of CP43-GIn332 to Lys339 has a lower electron
density and their structure is shifted, probably due to increased

Loop E

Fig. 2. Interactions between Psb27 and the PSII core. (A) Side view of the
whole Psb27-PSII complex, showing the binding site of Psb27 (highlighted
with dotted box). (B) Enlarged view of the boxed area in A, showing the
binding sites of Psb27 on CP43. (C) Interactions between Psb27 and CP43.
The amino acid residues involved in the interactions are exhibited as sticks
and labeled with red for Psb27 and green for CP43, respectively.
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Fig. 3. Structural comparisons between Psb27-PSIl and native PSII (PDB code: 3WU2) from T. vulcanus. (A) Superposition of the overall structures of Psb27-PSII
and native PSIl. The core transmembrane subunits and Psb27 of Psb27-PSIl are shown in green and red, respectively, whereas the core transmembrane
subunits and the extrinsic proteins PsbO, PsbU, and PsbV of the native PSIl are in gray, cyan, hot pink, and purple, respectively. (B) Comparison of binding sites
of PsbO to the native CP43 with that to CP43 of Psb27-PSII. PsbO and native CP43 are depicted in cyan and gray, respectively, whereas CP43 in Psb27-PSlI is
depicted in green. The amino acid residues that are hydrogen-bonded between PsbO and native CP43 are depicted in sticks, with their distances depicted in A.
(C) Structural conflicts between CP43 and PsbO in Psb27-PSII. PsbO is in cyan, native CP43 is in gray, and CP43 in Psb27-PSll is in green, respectively. The amino
acid residues that are in conflicts between PsbO and CP43 of Psb27-PSII are shown in sticks, with their distances depicted in A. (D) Structural superposition of
the binding site of PsbO on CP47, showing the conformational changes at the luminal loop region between Arg384 to Arg385 of CP47. CP47 in native PSIl and
Psb27-PSIl is shown in gray and green, respectively, and PsbO is shown in cyan. The amino acid residues involved in the steric hindrance between PsbO and
CP47 of Psb27-PSlI are presented as sticks. (E) Structural changes of the D2 subunit that are in interactions with the PsbU subunit in the C-terminal region.
PsbU is in hot pink, native D2 is in gray, and D2 of Psb27-PSIl is in green, respectively. The amino acid residues involved in the interactions between the
C-terminal regions of PsbU and D2 are shown in sticks and the distances are indicated in A. (F) The region of GIn332-Lys339 in native CP43 that becomes more
flexible in CP43 of Psb27-PSII. PsbO, PsbU, D1, and CP43 of native PSIl are depicted in cyan, hot pink, magenta, and gray, respectively, and CP43 in Psb27-PSll is
depicted in green. The amino acid residues that are hydrogen-bonded between PsbO and native CP43 are depicted in sticks, and their distances are depicted
in A. (G) Structural superposition of the D1 subunit between native PSIl and Psb27-PSIl, showing the missing of the C-terminal loop of D1 in Psb27-PSII. (H)
Structural superposition of CP47 between native PSIl and Psb27-PSIl, showing the missing of the C-terminal helix of CP47 in Psb27-PSII. (/) Structural super-
position of PsbE, PsbF, and PsbZ between native PSIl and Psb27-PSII. In G, H, and /, the subunits in Psb27-PSII are depicted in green, and the subunits in native
PSII are depicted in gray.

flexibility in Psb27-PSII. This region is important for the binding
of PsbO and PsbU in native PSII, and most of the interactions
between this region and PsbO and PsbU are broken in Psb27-
PSII (Fig. 3F). Finally, the C-terminal region of D1, starting from
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Arg334, is not visible in Psb27-PSII (Fig. 3G). As mentioned
above, a very low amount of D1 lacks the C-terminal region
starting from Arg334. However, the invisibility of this region in
the cryo-EM densities is not due to its absence in the sequence
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A Psb27 PspbO

Fig. 4. View of the luminal region after superposition of Psb27-PSIl with the
native PSIl from T. vulcanus (PDB code: 3WU2). (A) Superposition of Psb27-
PSIl with the native PSlI, showing the relative positions of Psb27, PsbO, PsbU,
and PsbV in the luminal side. (B) Structural conflicts between PsbO and
Psb27. Residues in conflicts between the N-terminal region of PsbO and the
loop region (between Helix 2 and Helix 3) of Psb27, as well as a C-terminal
residue Glu131 of Psb27, are depicted in sticks. The extrinsic Psb27 protein in
Psb27-PSlI, and PsbO, PsbU, and PsbV in native PSIl, are shown in red, cyan,
hot pink, and purple, respectively.

but probably because of the low resolution and its higher flexi-
bility in the absence of the Mn,CaOs cluster in the Psb27-PSII.

In addition, for the low molecular weight subunits, slight shifts
of helices are observed in the PsbE, PsbF, and PsbZ subunits
(Fig. 31 and SI Appendix, Table S3). Eventually, the whole struc-
ture of this dimeric Psb27-PSII has become loose. This may consti-
tute another reason for the loss of the PsbJ subunit in the complex
(SI Appendix, Fig. S1F), as it is located in a pocket surrounded by
PsbE/PsbF/PsbK in the native PSII (4, 5). The densities corre-
sponding to the residues of the C-terminal tail of CP47 and
N-terminal tails of PsbE and PsbF are also absent in the cryo-EM
density maps (Fig. 3 H and I), which may reflect the increased
flexibility of these terminal regions.

The Relative Location of Psh27 Compared to Other Extrinsic Proteins
in the Luminal Side of PSII. Structural comparison between Psb27-
PSII and the native PSII from 7. vulcanus shows that Psb27 does
not occupy any position of the three extrinsic proteins PsbO,
PsbV, and PsbU present in the crystal structure of native PSII
(Fig. 44). However, spatial conflicts were found between the
N-terminal region from Thr4 to Asp9 of PsbO and the Arg82-Leu84
region of the loop between Helix 2 and Helix 3 of Psb27 as well
as the C-terminal Glul31 residue of Psb27 (Fig. 4B). This
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suggests that the presence of Psb27 prevents the binding of the
PsbO to the luminal side of PSII.

To further examine the location of Psb27 relative to other
extrinsic proteins in the luminal side of PSII, we compared the
structure of the Psb27-PSII complex with that of native PSII
from red algae (17), diatom (18, 19), and spinach (20). We found
that the binding site of Psb27 in the luminal surface of PSII
largely overlaps with that of PsbQ’ and PsbQ in the PSII of red
alga, diatom, and higher plant, respectively (Fig. 5 A-C and SI
Appendix, Fig. S8). However, the N terminus and C terminus
of Psb27 are oriented completely in the opposite direction
compared to that of PsbQ’ or PsbQ, and the helices of Psb27
are slightly shifted relative to those of PsbQ’ and PsbQ in the
PSII structures of red alga, diatom, and spinach (SI Appendix,
Fig. S9).

A

Psb27 PsbO

PsbQ’ PsbV PsbU

B PsbO PsbU

PsbQ Psbv Psb31

C Psb27 PsbO

PsbQ PsbP PsbTn

Fig. 5. View of the luminal region after superposition of Psb27 in Psb27-PSlI
with native PSIl from other species. (A) Structural superposition of Psb27
with native PSIl from the red alga Cyanidium caldarium (PDB code: 4YUU).
(B) Structure superposition of Psb27 with native PSIl from a diatom Chae-
toceros gracilis (PDB code: 6JLU). (C) Structure superposition of Psb27 with
native PSII from spinach (PDB code: 3JCU). The extrinsic proteins Psb27, PsbO,
PsbU, and PsbV are shown in red, cyan, hot pink, and purple, respectively.
The PsbQ and PsbQ’ are in green. The PsbP and PsbTn are in pink and wheat,
respectively.
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Discussion

Psb27-PSII is an assembly intermediate of PSII, which does not
bind the three extrinsic proteins and the Mn,CaOs cluster and
has no oxygen-evolving activity. In this study, we analyzed the
cryo-EM structure of the Psb27-PSII dimer complex from the
cyanobacterium 7. vulcanus, which was obtained from a APsbV
strain. The structure showed that the transiently associated
Psb27 binds to CP43, with specific interactions formed between
Helix 2 and Helix 3 of Psb27 and a loop region between Helix 3
and Helix 4 (loop C) and the large E-loop of CP43. These in-
teraction sites were different from those reported previously by
cross-linking and mass spectrometry analyses (45-48). The N-ter-
minal region of Psb27, reported to be important for the association
of Psb27 to CP43 previously (30), was not found in contact with
CP43 in the present structure, which suggests that lipid modifica-
tion, if present, is not essential for the tight interaction of Psb27
with PSII. There was also no direct interaction between Psb27 and
CP47, D1, or D2, which is in contrast to the results reported pre-
viously by surface plasmon resonance spectroscopy (45).
Although Psb27 does not occupy any binding sites of PsbV and
PsbU, its binding imposes some conflicts with the N-terminal
region from Thr4 to Asp9 of PsbO. Together with the structural
changes occurred in CP43, D2, and CP47 in Psb27-PSII, these
result in the dissociation of PsbO from PSII. This is consistent
with earlier studies showing that mutations around Arg384 and
Arg385 of CP47 influence PSII assembly and activity (52-54).
Because of the absence of PsbO, PsbU cannot bind to PSII stably
(11). Furthermore, the C terminus of D2 has undergone some
structural changes in Psb27-PSII (S Appendix, Table S3), which
also results in the inability of PsbU binding to PSII. In addition,
PsbE, PsbF, and PsbZ have shifted their helices slightly com-
pared with those of native PSII. Because PsbE and PsbF sur-
round the binding site of PsbJ, these structural shifts may break
down their interactions with PsbJ, resulting in the weak binding
and loss of PsbJ in the purified Psb27-PSII. These results are
mostly consistent with a very recent report showing the structure
of an assembly intermediate of PSII possessing Psb27, Psb28, and
an additional helix termed Psb34 isolated from a psbJ/-deletion
mutant (55). However, in that report, no conflict was found
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between Psb27 and PsbO, which is in contrast to the results
reported in the present structure. This may be due to the limited
resolutions of the present structure or lack of a more detailed
examination of the structure of Zabret et al. (55). We should
point out that the conflict of Psb27 with PsbO is consistent with
the inability of binding PsbO to PSII in the presence of Psb27.

The position of Psb27 is far from the binding site of the
Mn4CaOs cluster in the luminal side of PSII, so it seems im-
possible that Psb27 assists assembly of the Mn,CaOs cluster di-
rectly. It is more likely that Psb27 maintains the environment of
the luminal side of PSII for the assembly of the Mn,CaOs cluster.
Since the C-terminal region of D1 is very important in the
binding of the Mn,CaOs cluster (4, 5), the absence of the
Mn4CaOs cluster may make this region flexible. The reason that
we could not observe a part of the C-terminal region of D1 in our
structure may be due to the low resolution of our structure,
which makes the flexible C terminus of D1 difficult to be visible.
At a higher resolution, the C-terminal region is fully visible, and
they were indeed shifted away from the Mn,CaOs cluster, leav-
ing the binding site for the Mn,CaOs cluster vacant (55). In the
structure of Psb27-PSII-Psb28, an additional density close to the
missing MnyCaOs cluster was observed, and this was suggested
to represent a Mn or Ca ion or any other ions (55). We did not
observe such a density in the present structure, which may, again,
be due to the low resolution achieved or the loss of the ion in the
present structure. It was reported that the Psb27 protein asso-
ciated with the PSII precomplex facilitates the MnsCaOs cluster
assembly by excluding the other extrinsic proteins in the repair
cycle of PSII (30, 31, 40). Our results provide structural evidence
to support the previous prediction and indicate that the binding
and assembly of extrinsic proteins PsbO, PsbU, and PsbV are
regulated by Psb27 in the luminal side of PSII.

Based on the above results, we propose a schematic model for
the assembly of the MnsCaOs cluster and extrinsic proteins in
the luminal side of PSII (Fig. 6) by combining the current
structural information with the results of previous studies (30-33,
40, 46). In the assembly/repair processes, upon light damage or
when the PsbV subunit is deleted, the highly active dimeric PSII
complex is transformed into a less active dimeric PSII and
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Fig. 6. A schematic model for the PSII repair/assembly, emphasizing the repair/assembly of the extrinsic part of PSIl based on the structural information of
the dimeric Psb27-PSII. CyanoQ is tentatively placed in the position of Psb27 after incorporation of manganese. D1 is shown in magentas, and the other core
transmembrane subunits are in green. The “D1*” and “pD1” represent damaged D1 protein and premature D1 protein, respectively. The extrinsic proteins
are PsbO (blue), Psb27 (red), PsbU (magenta), PsbV (purple), and CyanoQ (gray). The manganese cluster is shown in yellow.
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subsequently to an inactive one, with the three extrinsic proteins
and the Mn,CaOs cluster released. Subsequently, Psb27 is at-
tached and the dimer is monomerized, followed by the replace-
ment of the damaged D1 by a newly synthesized pre-D1. After
the processing of the C-terminal region of D1, Psb27 is detached,
followed by the assembly of the Mn,CaOs and the attachment of
the three extrinsic proteins. After completion of the assembly,
the PSII monomer is linked to form an active dimer. However, it
is not clear how Psb27 is bound and released in the process of the
assembly. It was proposed that the conformational rearrange-
ment of the luminal domain of CP43 plays an important role in
the dissociation of Psb27 (47, 48), and the incorporation of the
Mn,CaOs cluster might trigger this dynamic rearrangement. Our
results revealed the structural differences in a luminal region of
CP43 between the native PSII and the nonfunctional Psb27-PSII,
which could facilitate the release of Psb27 and the assembly of
the Mn,CaOs cluster. It should be noted that our data indicates
the presence of steric conflicts between Psb27 and PsbO in the
luminal side; these structural conflicts might be one of the factors
to facilitate the detachment of Psb27 upon the binding of PsbO.
It was proposed that PsbO is the first extrinsic protein recruited
to PSII during donor side assembly (48).

Although the binding site of Psb27 does not overlap with any
of the three extrinsic proteins in cyanobacterial PSII, our struc-
ture revealed that it is largely overlapped with the binding site of
PsbQ’ in red algal and diatom PSII (17-19), or PsbQ in higher
plant PSII (20). Although Psb27 and PsbQ (PsbQ’) do not share
sequence similarity (SI Appendix, Fig. S10), they share a similar
four helices bundle structure, and therefore it may be suggested
that during evolution, Psb27 is replaced by PsbQ’ and PsbQ,
which functions as a stable component of PSII. In this respect, it
is worth noting that cyanobacteria have CyanoQ, which has a
similar structure to Psb27 (56) and plays an important role in the
optimal function of PSII (16, 57-60). Since CyanoQ is not a
stable component of PSII and was not found in the crystal
structure of native PSII, it may be related with the binding/re-
moval of Psb27 during maturation and/or repair of PSII. How-
ever, CyanoQ has been shown to be associated with CP47 and
PsbO in cyanobacterial PSII (61). If this is the case, the function
of CyanoQ may not be related with Psb27, and its binding site
may also be different with that in red algal, diatom, and higher
plant PSII.

In conclusion, we have shown the exact binding site of Psb27 in
the Psb27-PSII intermediate complex and its distinct structural
features. Our results reveal the structural and functional rela-
tionships between Psb27 and PSII and provide important insights
into the biogenesis/repair processes of native PSII.

Materials and Methods

Construction of the psbV-Deletion Mutant. To generate the APsbV strain of T.
vulcanus, a plasmid vector, which includes a disrupted psbV gene from the
53rd nucleotide in the promoter region to the stop codon, a streptomycin-
resistant gene cassette, as well as the upstream and downstream of psbV for
homologous recombination, was constructed (49). The plasmid was intro-
duced into the wild type cells of T. vulcanus by either electroporation or
natural transformation as previously described (62, 63). After the trans-
formants appeared in 2 to 5 wk, they were segregated by culturing on agar
plates containing 10 pg/mL streptomycin. The mutant cells were confirmed
by PCR and sequencing, and grown in a CO, (3 to 5%)-enriched atmosphere
at 45 °C under continuous light with an intensity of 40 pmol photons m=2 -
s~'. Mutant strains were maintained in the presence of 10 ug/mL strepto-
mycin but propagated in the absence of the antibiotics for cells to be har-
vested for the cryo-EM experiments.

Purification of the Psh27-PSIl Complex. Thylakoids, crude PSIl complexes, and
Psb27-PSIl complexes were prepared as described previously (11, 64). The
dimeric Psb27-PSIl complexes were isolated from the crude PSIl by ion ex-
change chromatography with a Q Sepharose High Performance column
(Cytiva) eluted with a linear gradient from 170 to 300 mM NaCl (49) (S/
Appendix, Fig. S1A). For cryo-EM studies, the sample in the eluted peak
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(labeled with a vertical bar in S/ Appendix, Fig. S1A) was collected and
concentrated to a chlorophyll concentration of 2.8 mg/mL using a 100 kDa
cutoff membrane concentrator. The concentration of chlorophylls was de-
termined according to Porra et al. (65).

Biochemical Analysis. The protein compositions of purified Psb27-PSIl com-
plexes were analyzed by SDS-PAGE using a gel containing 16% polyacryl-
amide plus 7.5 M urea (66). For the size-exclusion chromatography analysis,
the sample was subjected to gel filtration chromatography (Cytiva, Superose
6 Increase 10/300 GL) in a buffer containing 30 mM Mes-NaOH (pH 6.0),
3 mM CaCl,, and 0.015% (wt/vol) n-dodecyl-B-D-maltoside. For analysis of
the PSIl dimer and monomer, blue native PAGE was performed according to
ref. 67. For immunoblotting analysis, proteins on the gel were transferred to
a polyvinylidene fluoride membrane and incubated with antibodies against
Psb27 or Psb). The subunit bands were visualized by enhanced chem-
iluminescence (Biostep, Germany) after incubation with a horseradish
peroxidase-conjugated secondary antibody (Agrisera AS09602).

For mass spectrometry analysis, Coomassie Brilliant Blue-stained bands
containing the targeted proteins were excised from SDS-PAGE gel and
digested using sequencing grade-modified trypsin in 50 mM ammonium
bicarbonate at 37 °C. The peptides were extracted twice with 1% tri-
fluoroacetic acid in 50% acetonitrile aqueous solution for 30 min. For liquid
chromatography with tandem mass spectrometry (LC-MS/MS) analysis, pep-
tides were separated by a 120-min gradient elution at a flow rate of 0.300
pL/min with a Thermo-Dionex Ultimate 3,000 HPLC system, which was di-
rectly interfaced with the Thermo Orbitrap Fusion mass spectrometer. The
analytical column was a fused silica capillary column (75 pm ID, 150-mm
length; Upchurch, Oak Harbor, WA) packed with C-18 resin (300 A, 5 pm;
Varian, Lexington, MA). The MS/MS spectra from each LC-MS/MS run were
searched against the selected database using Proteome Discovery searching
algorithm (version 1.4).

Cryo-EM Sample Preparation and Data Collection. An aliquot of 4 pL the Psb27-
PSIl sample at a concentration of 2.8 mg Chl/mL was applied to glow-
discharged Quantifoil holey carbon Cu grids (R 1.2/1.3, 400 mesh), and
plunged into liquid ethane at around 100 K using an FEI Vitrobot Mark IV.
Parameters were set as follows: blotting time 3 s, blotting force level 0,
100% humidity, and 8 °C. Sample screening was performed using a Tecnai
Arctica 200 kV electron microscope equipped with an FEI Falcon Il camera.
The micrographs used for high resolution structure determination were
collected with a 300 kV FEI Titan Krios electron microscope equipped with a
K2 Summit direct electron detector (Gatan) in the super-resolution mode. A
total of 4,899 micrographs were recorded at a nominal magnification of
22,500 times, yielding a pixel size of 1.30654 A, with defocus values varied
from —1.5 to —2.5 pm. Each exposure of 8 s was dose-fractionated to 32
movie frames, leading to a total dose rate of ~50 e/ A2,

Cryo-EM Image Processing. For the data collected on the Titan Krios electron
microscopy, the beam-induced motion of the whole micrograph with 32
movie frames was corrected by MotionCor2 (68), and the defocus values and
parameters of astigmatism were estimated by CTFFIND4 (69) using the cor-
rected micrographs without dose weighting. A small dataset of 2,789 par-
ticles were manually picked and processed by reference-free 2D classification
using RELION (70). Six good 2D averages were selected as references for the
auto-picking of all 4,899 micrographs, and a total of 1,783,091 particles were
automatically picked using RELION. In order to speed up the data processing,
the whole 1,783,091 particles were evenly split into four subsets and then
subjected to the reference-free 2D classification. After two rounds of 2D
classification, 1,625,956 particles were selected from all of the four subsets
and subjected to 3D classification without imposing any symmetry. A density
map generated from an atomic model of PSII core (PDB code: 3WU2) with-
out the three extrinsic proteins was low-pass filtered to 60 A as the initial
model for the 3D classification. After two rounds of 3D classification,
341,426 particles were selected for the further 3D auto-refinement. Further
improvements of the density map were achieved by a set of soft-masks for
dose-weighted micrographs and by applying a two-fold symmetry. The final
resolution of the density map is 3.37 A based on the gold-standard Fourier
Shell Correlation (FSC) = 0.143 criteria (71), while the density map of the
Psb27 subunit is much worse than the PSII core. To improve the resolution of
Psb27, the 341,426 particles were used again for one more 3D classification
without image alignment. A total of 87,473 particles of one class with good
map quality of the Psb27 subunit was selected for 3D auto-refinement and
postprocessing. The final resolution of Psb27-PSIl with a high-quality density
map of the Psb27 subunit was 3.78 A based on the gold-standard FSC =
0.143 criteria.
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Model Building and Refinement. The 3.37 A resolution cryo-EM map was used
for the model building of the PSII core. The crystal structure of PSII core from
T. vulcanus PSIl (PDB code: 3WU2) was first manually fitted into the 3.37 A
resolution cryo-EM map using UCSF Chimera (72), then the model of the PSII
core was first manually adjusted against the cryo-EM map with Crystallographic
Object-Oriented Toolkit (COOT) (73), and then refined in real space by Python-
based Hierarchical Environment for Integrated Xtallography (PHENIX) (74). The
refined model was corrected again in COOT until there were no more im-
provements in both MolProbity score and geometry parameters.

The 3.78 A resolution cryo-EM map was used for model building of the
Psb27-PSII. The crystal structure of Psb27 from T. elongatus (PDB code: 2Y6X)
and the crystal structure of the PSIl core from T. vulcanus (PDB code: 3WU2)
were fitted into the 3.78 A resolution cryo-EM map in Chimera, and then
COOT was used for manual adjustment and real space refinement for both
proteins and cofactors on the basis of the cryo-EM density map, followed by
real-space automatic refinement against the cryo-EM map by PHENIX (74).
The final statistics for data processing and structure refinement are sum-
marized in the S/ Appendix, Table S1.
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