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ABSTRACT: Psb27 is a membrane-extrinsic subunit of
photosystem II (PSII) where it is involved in the assembly
and maintenance of this large membrane protein complex
that catalyzes one of the key reactions in the biosphere, the
light-induced oxidation of water. Here, we report for the
first time the structure of Psb27 that was not observed in
the previous crystal structures of PSII due to its transient
binding mode. The Psb27 structure shows that the core of
the protein is a right-handed four-helix bundle with an
up-down-up-down topology. The electrostatic potential
of the surface generated by the amphipathic helices shows a
dipolar distribution which fits perfectly to the major PsbO
binding site on the PSII complex. Moreover, the presented
docking model could explain the function of Psb27, which
prevents the binding of PsbO to facilitate the assembly
of the Mn4Ca cluster.

Photosystem II (PSII) is a large multisubunit membrane
protein complex located in the thylakoid membranes of cyano-
bacteria, algae, and vascular plants. It catalyzes one of the most
important reactions in nature, the light-induced oxidation of
water. Oxygen is released as a byproduct in this reaction, leading
to an aerobic atmosphere which was the prerequisite for the
development of all animal life on our planet. This water-splitting
reaction is catalyzed by a Mn4Ca cluster which is surrounded by
at least three extrinsic proteins on the luminal side of the complex.
These proteins, especially the PsbO subunit, play an important
role in the stabilization and optimization of the oxygen evolving
activity (for a review, see ref 1). Several crystal structures of PSII
complexes from thermophilic cyanobacteria (2, 3) shed light on
the structural organization of this enigmatic complex. In themost
recent model (4), 20 subunits, 35 chlorophyll a molecules, 12
carotinoids, three quinones, two pheophytins, and 25 integral
lipids as well as several inorganic cofactors (Mnnþ, Ca2þ, Cl-,
and Fe2þ/3þ) have been traced.

Precise positioning of the redox active cofactors and the
surrounding proteins is pivotal for the proper function of the
complex. Therefore, the assembly of proteins and cofactors has to

occur in a highly coordinated manner (for a review, see ref 5).
Moreover, the use of light and the presence of oxygen inherently
lead to constant damage of the PSII complex. To prevent
persistent inactivation, the damaged proteins, mainly the D1
core subunit, are continuously replaced in a unique mechanism,
called the PSII repair cycle (for a review, see ref 6). During this
cycle, the PSII complex is partly disassembled, the damaged D1
core subunit is exchanged, and the complex is activated again. In
particular, incorporation of manganese and formation of the
oxygen-evolving complex are crucial steps during this process
and require critical control. Hence, incorporation of manganese
occurs only after C-terminal processing of D1, catalyzed by the
CtpA protease (7) which is guided by the TPR protein PratA (8).
After D1 processing, a transient PSII-Psb27 complex is
formed (9, 10) which prevents binding of the extrinsic subunits (9)
to facilitate incorporation of manganese (11). In cyanobacteria,
the Psb27 subunit (12, 13) exhibits a specific lipid modification
that seems to be involved in binding to the complex (9). After or
during incorporation ofmanganese, the Psb27 subunit is released
and the extrinsic proteins bind to the luminal side of PSII to
generate the active complex. Although Psb27 plays an important
role in the assembly of PSII in cyanobacteria (9, 11, 14) and
plants (15), to date the structural details of the Psb27 protein or of
the transient PSII-Psb27 complex are still completely unknown.
Here we report for the first time the three-dimensional structure
in solution of Psb27 from the cyanobacteriumSynechocystisPCC
6803 and discuss its functional implications during biogenesis
and repair of PSII.

The structure of Psb27 was determined by heteronuclear
multidimensional NMR data using uniformly 15N-labeled and
13C- and 15N-labeled samples. Twenty final structures of 100were
selected on the basis of their lack of restraint violations, energetic
favorability, and deviations from ideal bond lengths and angles
(Table S1 of the Supporting Information). For this family
(Figure 1A), experimental restraints were well-satisfied with no
nuclear Overhauser effect (NOE) violation exceeding 0.5 Å and
no difference in torsion angle of >5.0�. After refinement, the
structures show a root-mean-square deviation (rmsd) of 1.74 Å
for the backbone atoms of the entire protein and 0.81 Å for the
backbone in the helical regions (Table S1). The model with the
overall lowest-energy term was selected as the representative
structure (Figure 1B).

The structure of the Psb27 protein consists of a short flexible
linker domain (residues 1-6) which is usually attached to the
membrane by an N-terminal lipid anchor (9) and a well-folded
domain that extends from residue 7 to the carboxy terminus. The
folded domain has a right-handed four-helix bundle structure
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with dimensions of approximately 35 Å� 22 Å� 16 Å. The four
R-helices (I-IV) that span residues 11-27, 36-51, 64-79, and
89-107 are connected by short turns to form a bundle with an
up-down-up-down topology (Figure 1). The superposition of
the final structures clearly shows that the backbone is well-
defined in the helical regions as well as in two loop regions
comprising residues 28-35 (R1-R2 loop) and 80-88 (R3-R4
loop). The segments between residues 1-7 (N-terminus) and
53-62 (R2-R3 loop) show the lowest precision of atomic
coordinates in the NMR ensemble of structures. The core
structure is stabilized by hydrophobic interactions of the four
amphipathic helices, and interestingly, the N-terminal region is
obviously attached to helix II by close contacts between L7 and
Y49. The three-dimensional arrangement of the four amphipatic
helices of Psb27 generates an electrostatic surface that is differ-
ently charged on opposite sides (Figure 2). An acidic surface is
formed by aspartate and glutamate residues located in helices I,
II, and IV, whereas positively charged amino acids occur on the
backside of helix IV as well as in the loop regions connecting
helices II, III, and IV. Notably, helix III is surrounded by basic
residues. However, the surface of the helix itself is uncharged
(Figure 2C). With the exception of F99, all aromatic residues lie
at the beginning or at the end of a helix so that the side chains are
at least partially exposed to the solvent.

The steady-state heteronuclear 15N{1H} NOE for the back-
bone amides of Psb27 (Figure S1) indicates that most of the 110
residues of Psb27 are part of a compact fold as these residues
exhibit values of∼0.8.Missing data points originate fromproline

residues, C1, and from resonances that exhibited a high degree of
overlap in the NMR spectra; therefore, data could not be
extracted. The N-terminus as well as the RI-RII and RIII-RIV
loops partially exhibit slightly lower values for the 15N{1H} NOE
which is reflected in the NMR ensemble by elevated root-mean-
square deviation (rmsd) values (Figures 1 and S1). The RII-RIII
loop that is comprised of residues S51-L62 exhibits 15N{1H}
NOE values around or even below 0.6. This clearly suggests an
increased flexibility for this RII-RIII loop on the pico- to
nanosecond time scale, in concordance with only a limited
number of NOEs that could be extracted for this loop from the
spectra. Thus, theRII-RIII loop is ill-defined in the solution state
because of genuine fluctuations rather than a lack of experi-
mental restraints (Figures 1 and S1). At the C-terminus, the last
five residues show slightly decreased values for the 15N{1H}NOE
(Figure S1). The assembly of the water splitting machinery takes
place at the luminal side of PSII guided by the Psb27 protein. It
was shown previously that binding of Psb27 blocks the associa-
tion of the other extrinsic proteins (9), presumably by preventing
the attachment of PsbO. To screen for potential docking sides of
Psb27 that fit on the basis of shape and electrostatics, wemodeled
the luminal surface of Synechocystis PSII (for details, see the
methods section). One of the most feasible solutions calcu-
lated without any experimental constraints is shown in Figure 3.
Psb27might interact with PSII by binding of helices III and IV to
an oppositely charged binding niche mainly formed by the CP47
subunit (Figure 3A). This part of the luminal surface represents
the main binding site for PsbO in the active complex (Figure 3B)
which would explain the antagonistic function of Psb27.

Interestingly, the PsbO loop responsible for binding shows a
charge distribution on its surface similar to that of Psb27
(Figure 2), thus matching the inverted electrostatic surface
potential of the PSII binding site. The same pattern is found in
Thermosynechococcus elongatus (data not shown). Moreover,
three amino acids at the suggested docking site of Psb27 that are
important for the dipolar charge of helix IV (R94, E103, and
R107) are highly conserved among cyanobateria (Figure S2).

In our model, the N-terminus of Psb27 is located toward the
monomer-membrane interface of the monomeric complex
(Figure 3). As native Psb27 exhibits an N-terminal lipid mod-
ification (9) that should be located in a hydrophobic environ-
ment, this locationmay explain the open question of howPsb27 is
released from monomeric PSII during biogenesis: while a strong

FIGURE 1: (A) Stereoview of the backbone atoms of 20 Psb27
structures. Helical regions are colored blue, whereas the termini
and loop regions are colored dark red. (B) The structure with the
lowest-energy term illustrates the fold of a right-handed four-helix
bundle with an up-down-up-down topology.

FIGURE 2: Electrostatic surface potential of Psb27. A negatively
charged surface (colored red) is formed by helices I, II, and IV (A).
Notably, helix IV contains a number of basic residues on the backside
of the anionic surface (B). The positively charged surface (colored
blue) is formed by helix IV and the loop regions between helices II,
III, and IV that surround the uncharged surface of helix III (C).
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hydrophobic interaction between Psb27 and PSII solubilized in
detergent micelles was described previously (9), the release of this
interaction might be much easier in the native lipid environment
of the thylakoidmembrane. A prerequisite is that the lipid anchor
of Psb27 be located in the lipid phase next to the mono-
mer-membrane interphase as suggested by our model and not
in the hydrophobic core of the complex. This would enable a
quick release of Psb27 from preassembled PSII complexes
followed by the assembly of the extrinsic proteins without the
need for a specific lipase or other cofactors.
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FIGURE 3: Docking model of Psb27 and the PSII complex. The electrostatic surface potentials calculated with PyMol (16) are shown for
the luminal surfaces of PsbA, PsbB, and PsbD which were modeled for Synechocystis on the basis of the PSII structure of Ferreira et al. (2).
The potential location of Psb27 (A, colored green) and the binding site of PsbO (B, colored yellow) are indicated. Acidic residues are colored red
and basic residues blue, and the membrane intrinsic part is shaded in gray.


