The Psb27 Assembly Factor Binds to the CP43 Complex
of Photosystem II in the Cyanobacterium Synechocystis
sp. PCC 68031[C][W][OA]

Josef Komenda*, Jana Knoppova, Jana Kopecna, Roman Sobotka, Petr Halada, Jianfeng Yu, Joerg Nickelsen,
Marko Boehm, and Peter J. Nixon

Laboratory of Photosynthesis, Institute of Microbiology, Academy of Sciences, 37981 Trebon, Czech Republic
(J. Komenda, J. Knoppova, J. Kopecnd, R.S.); Department of Molecular Biology, Faculty of Sciences, University
of South Bohemia, 370 05 Ceske Budejovice, Czech Republic (J. Kopecna, R.S.); Laboratory of Molecular
Structure Characterization, Institute of Microbiology, Academy of Sciences, 14220 Praha 2-Krc, Czech
Republic (P.H.); Wolfson Biochemistry Building, Division of Molecular Biosciences, Department of Life
Sciences, Imperial College London, South Kensington Campus, London, SW7 2AZ, United Kingdom (J.Y.,
M.B., PJ.N.); and Molekulare Pflanzenwissenschaften, Biozentrum Ludwig-Maximilians-Universitat Munich,
82152 Planegg-Martinsried, Germany (J.N.)

We have investigated the location of the Psb27 protein and its role in photosystem (PS) II biogenesis in the cyanobacterium
Synechocystis sp. PCC 6803. Native gel electrophoresis revealed that Psb27 was present mainly in monomeric PSII core
complexes but also in smaller amounts in dimeric PSII core complexes, in large PSII supercomplexes, and in the unassembled
protein fraction. We conclude from analysis of assembly mutants and isolated histidine-tagged PSII subcomplexes that Psb27
associates with the “unassembled” CP43 complex, as well as with larger complexes containing CP43, possibly in the vicinity of
the large lumenal loop connecting transmembrane helices 5 and 6 of CP43. A functional role for Psb27 in the biogenesis of CP43
is supported by the decreased accumulation and enhanced fragmentation of unassembled CP43 after inactivation of the psh27
gene in a mutant lacking CP47. Unexpectedly, in strains unable to assemble PSII, a small amount of Psb27 comigrated with
monomeric and trimeric PSI complexes upon native gel electrophoresis, and Psb27 could be copurified with histidine-tagged
PSI isolated from the wild type. Yeast two-hybrid assays suggested an interaction of Psb27 with the PsaB protein of PSI. Pull-
down experiments also supported an interaction between CP43 and PSI. Deletion of psb27 did not have drastic effects on PSII
assembly and repair but did compromise short-term acclimation to high light. The tentative interaction of Psb27 and CP43 with
PSI raises the possibility that PSI might play a previously unrecognized role in the biogenesis/repair of PSIL

PSII is the multisubunit chlorophyll (Chl)-binding
protein complex of cyanobacteria, algae, and plants
that catalyzes electron transfer from water to plasto-
quinone (Barber, 2006). The native functional form of
the PSII complex is most probably a dimer, and in the
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latest, most detailed structural model of cyanobacte-
rial PSII, each monomer contains 16 intrinsic and three
extrinsic protein subunits, 35 Chl a molecules, two
pheophytins, 11 B-carotenes, two haem molecules, one
nonhaem iron, four calcium ions, three chloride ions,
two plastoquinones, more than 20 lipid molecules, and
an Mn,Ca metal cluster that oxidizes water to dioxy-
gen (Umena et al., 2011).

At the center of the complex are two homologous
reaction center (RC) subunits called D1 and D2, encoded
by the psbA and psbD genes, respectively. These subunits
form a heterodimer that binds most of the cofactors
involved in electron transfer within PSII. Unlike other
PSII proteins, D1 is synthesized as a precursor with a
C-terminal extension (Marder et al.,, 1984; Takahashi
et al., 1988). In the cyanobacterium Synechocystis sp. PCC
6803 (hereafter called Synechocystis 6803), the extension
consists of 16 amino acid residues, which are cleaved by
the CtpA protease (Anbudurai et al., 1994) in two steps
(Komenda et al., 2007) to allow assembly of the Mn,Ca
cluster (Nixon et al., 1992).

Two Chl-binding inner antenna proteins, CP47 and
CP43, are located symmetrically on either side of the
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D1-D2 heterodimer (Zouni et al., 2001) and deliver
excitation energy to the RC, driving electron transfer.
CP43 also provides an amino acid ligand to the Mn,Ca
cluster (Ferreira et al., 2004). On the periphery of these
large subunits are 13 small, mostly single-helix, sub-
units. The lumenal part of PSII is shielded by three
extrinsic subunits, PsbO, PsbU, and PsbV, which stabi-
lize the Mn,Ca cluster (for review, see Roose et al., 2007).

N-terminal sequencing and mass spectrometric
analyses of proteins found in a His-tagged PSII prep-
aration from Synechocystis 6803 have revealed the
presence of several proteins that are absent in the
PSII crystal structures (Kashino et al., 2002). One of
these, the Psb27 subunit, is enriched in a His-tagged
PSII preparation from a ctpA null mutant of Synecho-
cystis 6803 unable to mature the D1 protein (Roose and
Pakrasi, 2004). Consequently, Roose and Pakrasi (2004)
suggested that Psb27 might be associated with the
lumenal side of the complex, where the cleavable
extension of the D1 precursor is located. This was
subsequently confirmed in a later study in the ther-
mophilic cyanobacterium Thermosynechococcus elonga-
tus, which revealed that Psb27 is a lipoprotein
associated with a monomeric PSII complex lacking
the PsbO, PsbV, and PsbU extrinsic proteins (Nowaczyk
etal., 2006) and also lacking a functional Mn,Ca cluster
(Mamedov et al., 2007). Dimeric PSII-Psb27 complexes,
inactive for water splitting, can also be isolated from T.
elongatus grown at low temperature (Grasse et al.,
2011).

Psb27 has been implicated in the assembly of the
Mn,Ca cluster (Roose and Pakrasi, 2008), possibly
during PSII repair (Nowaczyk et al, 2006). Two
Psb27 homologs are found in Arabidopsis (Arabidopsis
thaliana): One has been proposed to function in PSII
repair (Chen et al., 2006), whereas the second is
required for efficient maturation of D1 precursor
(Wei et al., 2010). The solution structure of the soluble
domain of Psb27 from Synechocystis 6803 has been
determined by NMR spectroscopy (Cormann et al.,
2009; Mabbitt et al., 2009), but as yet, the binding site of
Psb27 within PSII is unknown.

Here, we report the localization of Psb27 within PSII
and an analysis of its putative role in biogenesis of PSII
in Synechocystis 6803. Our results show that Psb27
binds to and stabilizes unassembled CP43 and also
indicate that during the PSII assembly pathway, both
proteins bind to the CP47-D1-D2 complex together,
forming the monomeric PSII core complex. Data also
suggest the possible binding of Psb27 to PSI com-
plexes.

RESULTS

The Psb27 Protein Is Associated with the CP43 Inner
Antenna Complex

To gain more information about the location of
Psb27 within PSII, we analyzed the membrane pro-
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teins of several strains of Synechocystis 6803 using two-
dimensional (2D) blue native (BN)/SDS-PAGE and
identified Psb27 using an antibody raised to Psb27
from Synechocystis 6803. Approximately 70% of the
overall Psb27 level in the wild-type strain was detec-
ted in the monomeric PSII complex [RCC(1), Fig. 1,
left, band 4], approximately 20% was detected in large
supercomplexes close to the edge of the gel (bands
1 and 2), and the remaining Psb27 was found in the
PSII dimer [RCC(2), band 3] and in a small complex
(band 5) with mobility similar to that of unassembled
CP43 or CP47. Similarly sized complexes, with the
exception of band 2, were also detected in a strain
lacking PSI (see Supplemental Fig. S1 online).

To help localize Psb27, we exposed wild-type cells
for 20 min to high irradiance (2,000 umol photons m >
s”') in the presence of the protein synthesis inhibitor
chloramphenicol to disassemble the large PSII com-
plexes into smaller complexes. This treatment resulted
in a partial reduction in the amount of RCC(2) and RCC
(1) and increased levels of the PSII monomer lacking
CP43 (designated RC47) and unassembled forms of
CP47 and CP43 (Fig. 1, right). These changes to PSII
were accompanied by a partial disappearance of Psb27
from RCC(1), paralleled by its appearance in the small
complex (band 5) at the position of unassembled CP47
and CP43. No Psb27 signal was detected in the RC47
complex. There was also an increase in the amount of
large complexes containing Psb27 and CP43.

To determine which protein formed a complex with
Psb27 in the region of unassembled CP47 and CP43,
we analyzed PSII complexes in the ACP47 strain
accumulating an increased level of unassembled
CP43 (Fig. 2A) and in the ACP43 strain containing
RC47 and unassembled CP47 (Fig. 2B; Komenda et al.,
2004). The data clearly supported the presence of
Psb27 in the unassembled CP43 complex and its
absence in free CP47, RC47, and RC complexes lacking
both CP47 and CP43.

Further evidence for a specific interaction between
the CP43 complex and Psb27 was obtained by analysis
of PSII complexes isolated from various strains accu-
mulating His-tagged versions of unassembled CP43,
unassembled CP47, RC47, and PSII core complexes
(Boehm et al., 2011). Psb27 was detected only in the
isolated CP43-His complex and in the His-tagged PSII
core complex, whereas the CP47-His and RC47-His
preparations were free of Psb27 (Fig. 3).

The level of Psb27 also correlated very well with the
amount of unassembled CP43 complex found in var-
ious PSII mutants. In particular, the amount of Psb27
was approximately 4 times higher in ACP47 than in the
wild type and was barely detectable in the ACP43
strain (Fig. 4).

The Psb27 Protein May Also Interact with PSI

Strikingly, 2D protein analyses of the membranes
from the PSII™ mutants, ACP47 and ACP43, indicated
that the presence of Psb27 is not exclusively limited to
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Figure 1. Localization of the Psb27 protein by 2D-BN/SDS-PAGE in membranes of Synechocystis wild-type (WT) cells cultivated
under 40 pmol photons m™2 s~ and then exposed to 2,000 mwmol photons m~2 s~ for 20 min in the presence of
chloramphenicol (WT 20 min HL + CAP). Membrane proteins were separated by 2D electrophoresis, the gel was either stained
by Sypro Orange (Stained gel) or blotted to a PVDF membrane (Blot), and CP43 and Psb27 were detected by specific antibodies.
The identity of other designated proteins on the stained gel was verified by MS. Designation of complexes: RCCS1 and RCCS2,
PSII supercomplexes; RCC(2) and RCC(1), dimeric and monomeric PSII core complexes, respectively; PSI(3) and PSI(1), trimeric

and monomeric PSI; RC47, PSII core complex lacking CP43; u.CP43 and horizontal arrows, unassembled CP43; oblique arrows

with numbers, Psb27-containing complexes. Small PSI subunits PsaD and PsaF are also designated by dots.

PSII complexes (Fig. 2). Namely, low levels of Psb27
comigrated with trimeric [PSI(3)] and especially mono-
meric [PSI(1)] PSI complexes (Figs. 1, 2, and 5). The
Psb27 signals comigrating with PSI in the ACP43 strain
disappeared when PSI was additionally deleted (in the
ACP43/APSI strain lacking psaA, psaB, and psbC),
suggesting a specific interrelationship between Psb27
and PSI (see Supplemental Fig. S2 online).

To find further support for the unexpected interac-
tion of Psb27 with PSI, we isolated the PSI complex
using the strain expressing a His-tagged PsaF subunit
of PSI protein (the F-His strain; Kubota et al., 2010).
The complex isolated by single-step nickel-affinity
chromatography was analyzed by 2D BN/SDS-PAGE,
and Psb27 was detected in the trimeric form of PSI as
well as in the region of unassembled protein, most
probably because of its release from PSI during native
PAGE (see Supplemental Fig. 53, right).

The third line of support for an interaction between
Psb27 and PSI was obtained by yeast two-hybrid anal-
yses using the split ubiquitin system (Pasch et al., 2005;
Komenda et al., 2008). In this system, protein interaction-
dependent reporter gene activation leads to His proto-
trophy of yeast cells. Supplemental Figure S4 online
shows that on medium lacking His, yeast cells can grow
when Psb27 and the PsaB subunit of PSI are coex-
pressed. By contrast, no growth was detected in a
control in which the unrelated yeast eR-protein Alg5
was coexpressed with Psb27 and YCF48 with PsaB.
These data provide evidence for an association of
Psb27 with PSI via the PsaB subunit.
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Putative Interaction of CP43 with PSI

We also detected in the ACP47 strain low levels of a
complex apparently containing CP43 and PSI(1) [Fig.
5, PSI(1)-CP43 band]. Support for this initial assign-
ment came from comigration of CP43 with a green
band containing the small PSI proteins PsaD and PsaF
plus absence of this CP43 signal in the double mutant
ACP47/APsb27. A specific interaction between CP43
and PSI was subsequently confirmed in pull-down
experiments using His-tagged complexes. Monomeric
PSI complexes copurified with CP43-His (but not with
CP47-His; see Supplemental Fig. S5 online), and CP43,
but not D1, was detected in His-tagged PSI (see
Supplemental Fig. S3, right).

A close relationship between CP43 and PSI was also
suggested following radioactive pulse-labeling exper-
iments using a APSI strain, which showed a much
lower level of labeling of the CP43 apopolypeptide
than in the wild-type cells grown under the same
conditions (see Supplemental Fig. S6 online). In addi-
tion, APSI also accumulated much more newly syn-
thesized RC47 with highly labeled D2 and DI,
indicating lack of CP43 to accomplish the de novo
assembly of the core complexes.

Psb27 Stabilizes Unassembled CP43

Identification of Psb27 as a binding partner of un-
assembled CP43 suggested a possible role for Psb27 in
the biogenesis of the CP43 during de novo assembly of
PSII. To test this, levels of unassembled CP43 were

Plant Physiol. Vol. 158, 2012
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Figure 2. Localization of the Psb27 protein in the membrane com-
plexes of CP47-less (A) and CP43-less (B) mutants of Synechocystis.
Membrane proteins from psbB deletion mutant, ACP47, and psbC
deletion mutant, ACP43, were separated by 2D PAGE, blotted to a
PVDF membrane, and CP43, CP47, D1, PsaD, and Psb27 proteins were
detected by specific antibodies. Designation of complexes as in Fig. 1;
RC47(1) and RC47(2), monomeric and dimeric form of the PSIl core
complex lacking CP43, respectively; RC* and RCa, RC complexes
lacking both CP47 and CP43; u.CP47 and u.CP43, unassembled CP47
and CP43, u.CP43’ modified unassembled CP43; vertical arrows,
Psb27-containing complexes related to PSI; iD1, D1 intermediate.
[See online article for color version of this figure.]

analyzed in the ACP47 strain and in the ACP47 strain
lacking Psb27 (ACP47/APsb27). In the ACP47 mutant,
CP43 accumulates to approximately 70% of the wild-
type level but cannot be incorporated into PSII com-
plexes and remains unassembled (Komenda et al.,
2004). Deletion of the psb27 gene in this strain led to an
approximate 50% decrease in the accumulation of
CP43 as estimated by the densitometric scanning of
the CP43 band on a 2D gel (Fig. 5). Moreover, a
significant fraction of the protein was cleaved and
detected as a 28-kD fragment (Fig. 5, oblique arrow),
similar in size to that detected previously in isolated
His-tagged CP43 complexes (Fig. 4; see Supplemental
Fig. S7, arrows; Boehm et al., 2011).

Characterization of the Isolated CP43-His Complex

To characterize CP43 fragmentation in more detail,
we analyzed the His-tagged CP43 complex isolated by
single-step immobilized nickel-affinity chromatogra-
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phy. Using clear-native (CN)-PAGE, three Chl-binding
bands were separated in the CP43-His preparation
(Fig. 6A). We used this type of electrophoresis because,
unlike BN-PAGE, it enables spectroscopic characteri-
zation of resolved pigment proteins. The two slower
migrating complexes had similar mobilities to the
CP43 and CP43’ bands detected in cells of the ACP47
strain (Fig. 2A). Analysis of their subunit composition
using SDS-PAGE in the second direction coupled to
mass spectrometry (MS) analysis of resolved protein
spots confirmed that both bands contained the CP43
apopolypeptide and the low-molecular mass (LMM)
subunits, PsbZ and PsbK. By contrast, the fastest
migrating band, termed CP43*, contained PsbK but
not PsbZ. In the CP43" and CP43* bands, we detected
the aforementioned N-terminal 28-kD fragment of the
CP43 apoprotein and also a C-terminal 8-kD fragment,
which did not react with our anti-CP43 antibody. By
contrast, the CP43 apopolypeptide was not fragmen-
ted in the CP43 band. Detailed MS analysis of the CP43
fragments revealed that the CP43 apopolypeptide had
been cleaved in the lumenal region between the fifth
and sixth transmembrane helices and surprisingly that
the CP43 fragments were not complementary, with
approximately 84 to 87 amino acid residues missing
(Table I). We unequivocally determined the N-terminal
residue of the smaller C-terminal fragment as S390; by
contrast, two different C-terminal residues, T303 and
V306, were detected in the 28-kD N-terminal fragment.
Thus, the proteolysis of the CP43 apoprotein resulted in

)
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e —D2 E
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30.0 — &
™
20.1 —
) =
—— N a0t Psb27

Figure 3. Presence of Psb27 in various PSIl complexes isolated using
His-tagged CP43 and CP47. PSIl complexes CP47-His, CP43-His,
RC47-His, and complete core complexes (PSlI-His) were isolated by a
combination of Ni-metal affinity and size exclusion chromatography.
The complexes were analyzed by SDS-PAGE in an 18% gel. Wild-type
thylakoid membranes (0.5 ug of Chl a) and final samples of CP47-His,
RC47-His, CP43-His, and PSII-His (1 ug of Chl a) were loaded on the
gels, and proteins were either stained by Coomassie Blue (Stained gel)
or blotted onto a PVDF membrane (Blot) and probed with antibody
against T. elongatus Psb27. The arrow designates a CP43 fragment.
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Figure 4. Accumulation of Psb27 in strains differing in the level of
unassembled CP43 analyzed by Western blotting. Membranes from the
wild type (WT), psbC deletion mutant ACP43, and psbB deletion
mutant ACP47 were analyzed by denaturing SDS-PAGE, and D1 and
Psb27 were detected using specific antibodies. Correct protein loading
was shown by immunodetection with PsaD-specific antibody. One,
0.5, and 0.25 ug of Chl were loaded onto the gel for each sample.

the loss of the major part of the lumenal region between
helices 5 and 6, including almost all the helical motifs.

We also excised the Chl-protein bands from the gel
and measured their absorption and 77K Chl fluores-
cence spectra (Fig. 6B). The CP43 band showed a
similar fluorescence spectrum to CP43’, with a maxi-
mum emission at 685 nm. The CP43* band contained a
lower level of carotenoid and also exhibited a fluores-
cence maximum at 685 nm, but in addition, there was a
shoulder corresponding to a Chl species emitting at
around 679 nm (indicated by the second derivative
spectrum, not shown). The CP43 apopolypeptide of
CP43* also showed a smeared characteristic, indicat-
ing protein oxidation (Lupinkova and Komenda,
2004). All three separated Chl-protein bands were
free of Psb27, which was detected in the region of
unassembled proteins. However, horizontal smearing

Figure 5. Accumulation of CP43 in the BN - PAGE

of the Psb27 band starting from the mobility region
of CP43 complexes suggested its release from CP43
complexes during electrophoresis. Indeed, when we
analyzed the isolated His-tagged CP43 using BN /SDS-
PAGE, a portion of Psb27 remained attached to CP43
(see Supplemental Fig. S8 online). Two spots of Psb27
were resolved by 2D CN/SDS-PAGE (Fig. 6A). The
spot labeled Psb27’, of lower mobility, contained a
glycerol molecule bound to the N-terminal Cys (Table
I), whereas the Psb27 spot probably represented the
protein with its full complement of lipids, as previ-
ously detected in T. elongatus (Nowaczyk et al., 2006).
Unfortunately, we were not able to confirm this be-
cause the lipidated N-terminal peptide of the protein
was always missing in the analyzed MS spectra, most
probably due to its highly hydrophobic character and
insufficient ionization.

Role of Psb27 in PSII Repair

To test the physiological importance of Psb27 for
photoprotection and PSII repair, we assessed the sen-
sitivity of a deletion mutant, APsb27 (see Supplemen-
tal Fig. S9 online), to photoinhibition by following the
time course of light-induced inhibition of oxygen
evolution in cultures of the wild type and APsb27
subjected to white light of 500 wmol photons m 25},
either in the absence or presence of the protein syn-
thesis inhibitor lincomycin. In both the absence and
the presence of lincomycin, the initial decrease of
activity was slightly faster in the mutant than in the
wild type, but subsequently, the time course of the PSII
activity was very similar in both strains (Fig. 7A). In
agreement with this result, growth of the wild type
and mutant cells was identical under low irradiance,

psbB deletion mutant ACP47 and the f) ACP47 ACP47/APsb27
double mutant ACP47/APsb27 ana- S & &

lyzed by 2D BN/SDS-PAGE. Mem- - & &

branes of ACP47 (left) and ACP47/ & g

P
APsb27 (right) were analyzed by 2D é
BN/SDS-PAGE in combination with E
immunoblotting. Top, Sypro Orange-
stained gels. Bottom, Corresponding
blots obtained using antibodies spe-
cific for CP43 and Psb27. Five micro-
grams of Chl was loaded for each
sample. Designation of complexes as
in Fig. 1; oblique arrows, fragment of
CP43; vertical arrows, CP43-free com-
plexes of Psb27 with PSI complexes;
asterisks, cross-reactions of the anti
Psb27 antibody; dots, small PSI sub-
units PsaD and PsaF. [See online article
for color version of this figure.]
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but upon exposure to increased irradiance, the APsb27
mutant showed a short lag phase in growth (Fig. 8).
Thus, the presence of the Psb27 protein seems to be
advantageous for rapid acclimation to high light.
Pulse-chase experiments (Fig. 7B) showed that the
turnover of D1 in APsb27 was somewhat faster than in
the wild type. Thus, PSII activity seems to be main-
tained in the mutant at increased irradiance by more
frequent replacement of D1.

When we compared the distribution of the different
types of PSII complex in the wild type and APsb27
using 2D CN/SDS-PAGE, we noticed that APsb27
exhibited a higher ratio of RCC(2)/RCC(1) (a value
of 1-1.5 compared with 0.5-0.7 in the wild type) and
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Figure 6. Separation of different forms
of His-tagged CP43 by 2D-CN/SDS-
PAGE (A) and their absorption and 77 K
fluorescence spectra (B). A, The CP43-
His complex isolated by Ni-metal af-

finity chromatography was analyzed
by 2D CN/SDS-PAGE, and separated
proteins were identified by MS. The
numbered spots with arrows are not
specific to CP43-His and represent
CbbL (1) and CbbS (2). The other pro-
teins designated by arrows are specific
for CP43-His and represent PSII sub-

—— CP43
——- CP43
——- CP43*

units or their fragments (Table I). FP,
Free pigments. B, Room temperature
absorption and 77K Chl fluorescence
spectra of His-tagged CP43 forms mea-
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sured directly in green bands excised
from the gel. [See online article for
color version of this figure.]
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that the level of large CP43-containing complexes was
higher in the mutant, whereas unassembled CP43 was
more abundant in the wild type (see Supplemental Fig.
510 online).

DISCUSSION
Location of Psb27 within PSII

We have obtained four lines of evidence to support a
close structural relationship between the CP43 an-
tenna and Psb27: the first comes from comigration of
Psb27 and CP43 in 2D native gels of wild type and PSII

Table 1. MS identification of proteins associated with the CP43-His protein and separated by

CN/SDS-PAGE

No. of Sequence

MALDI-TOF Tandem MS

Protein Protease Peptides Coverage Fragmentation
%
CP43? Trypsin 39 65  *ASQSQAFTFLVRD?*®
Glu-C 379AAEYMTHAPLGSLN SVGGVITDVNSFNYVSPR*!?

CP43* N Trypsin 11 53 2%ASQSQAFT*®

terminal Glu-C 296 ASQSQAFTFLY>%
CP43* C  Trypsin 4 63 *°SLNSVGGVITDVNSFNYVSPR*®

terminal Glu-C
Psb27®  Trypsin 8 46 S-(sn-1-Glyceryl)-'CDSGTGLTGNYSQDTLTVIATLR?
Psb27>  Trypsin 9 50  Not applied
Psbz” Trypsin 1 12 2PASPQNWDR?*
PsbK® Chymotrypsin 5 51 'KLPEAYQIF? VWQAAVGFK*’

% dentified by liquid chromatography-ESI-FT MS.  Pldentified by MALDI-FT MS.
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Figure 7. PSII repair (A) and degradation of the

PSIl proteins (B) in the wild type (WT) and APsb27 12

WT APsb27

strains under high irradiance. A, Autotrophic
wild-type cells (left) and APsb27 (right) were
illuminated with 500 umol photons m™2 s™' of
white light for 180 min without antibiotic (black
symbols) or in the presence of 100 ug mL™'
lincomycin (white symbols). During illumination,
PSIl oxygen-evolving activity was assayed in

PSII oxygen
evolution [rel.u.]

0.0

whole cells. The initial values of oxygen evolution
were 672 = 10 umol O, mg Chl"'h™" and 708 *
60 umol O, mg Chl™" h™" for the wild type and
APsb27, respectively. B, Autotrophic cells of both
strains were pulse-labeled with [*>S|Met/Cys, and
then the chase of the label was followed at

B

Gel stain

60 120 180 0 60 120 180

Time of illumination [min]

Autorad Gel stain Autorad

irradiance of 500 wmol photons m 25! of white
light for 6 h. Thylakoids were isolated and run on
an SDS-PAGE gel. The gel was stained (Gel stain),
dried, and radioactive labeling of the proteins was
visualized using a Phosphorlmager (Autorad).
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mutants (Figs. 1 and 2), the second from pull-down
experiments using different types of His-tagged PSII
complexes with Psb27 found in the CP43-His complex
(Fig. 3), the third from the interdependence of the Psb27
and CP43 cellular levels (Fig. 4), and the fourth from the
destabilization of unassembled CP43 in the absence of
Psb27 (Fig. 5). In addition, parallel work has shown that
Psb27 can be cross-linked to CP43 in isolated His-tagged
Psb27-containing PSII core complexes (Liu et al., 2011a).

It is important to mention that the binding of Psb27
to CP43 was more stabilized under conditions of BN-
than CN-PAGE. In BN-PAGE, the substance giving
negative charge to complexes is Coomassie Blue,
which contains two distant sulfo groups. By contrast,
the detergent deoxycholate used in CN-PAGE con-

Figure 8. Growth curves of the Synechocystis
wild type (WT) and APsb27 cells under 10 or 100
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tains only a single carboxyl group. We speculate that
the two strongly acidic sulfo groups of Coomassie
Blue can form a bridge stabilizing mutual binding of
Psb27 and CP43 because of interactions with posi-
tively charged residues in both subunits. The destabi-
lization of Psb27 binding during CN-PAGE was
apparent both in the membranes of the wild type
(see Supplemental Fig. S10 online, compare with Fig.
1) and in isolated His-tagged CP43 (Fig. 6, compare
with Supplemental Fig. S8 online). In contrast with
BN-PAGE, the majority of Psb27 in the wild type was
identified as a smeared band in the region of unas-
sembled proteins in the CN gel.

Further information on the Psb27 binding site can be
inferred from the study of the ACP47/APsb27 strain.
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The 2D analysis of the membrane proteins from this
strain showed extensive fragmentation of unassem-
bled CP43 (Fig. 5). A similarly sized N-terminal frag-
ment was also detected in the isolated His-tagged
CP43 complex (Fig. 6; see Supplemental Fig. S7 on-
line). MS analysis identified cleavage sites in the long
lumenal loop of the protein between the fifth and sixth
transmembrane helix, so that the region between
residues CP43-Thr-303 and CP43-Ser-390 was re-
moved. It therefore seems likely that Psb27 is bound
to CP43 in the vicinity of this loop region and that
binding might prevent access of a protease to the loop.
Such a location is in agreement with the recent detec-
tion of a cross-link between CP43-Asp-321 and Psb27-
Lys-63 (Liu et al,, 2011a). Earlier in silico docking
models had proposed binding sites for Psb27 close to
that of the bulk of PsbO (Nowaczyk et al., 2010;
Fagerlund and Eaton-Rye, 2011). However, these bind-
ing sites are not easily reconciled with the parallel
binding of PsbO and Psb27 to monomeric PSII (Liu
et al., 2011b).

The isolated “unassembled” His-tagged CP43 com-
plex to which Psb27 binds also contains the PsbK,
PsbZ, and Ycf12/Psb30 subunits (Boehm et al., 2011;
Table I). In principle, Psb27 might also interact with
these LMM subunits. According to the latest, most
detailed PSII structural models (Ferreira et al., 2004;
Guskov et al., 2009; Umena et al., 2011), these three
LMM subunits are bound in proximity to the first two
helices of CP43, relatively far from the proposed
binding site of Psb27 within the lumenal loop con-
necting transmembrane helices 5 and 6. In line with
this, Psb27 still associates with monomeric and di-
meric PSII core complexes in a mutant lacking PsbK
(see Supplemental Fig. S3, left). A role for PsbZ and
Psb30 in binding Psb27 seems equally unlikely, given
that the absence of PsbK in T. elongatus also destabi-
lizes binding of PsbZ and Ycf12/Psb30 to CP43 (Iwai
et al., 2010).

Biogenesis of the Cyanobacterial CP43 Antenna

Our data provide strong evidence for the partic-
ipation of Psb27 in the biogenesis of CP43. The CP43-
Psb27 complex was identified not only in the strain
lacking CP47 (Fig. 2) but also in wild-type cells (Fig.
1), which indicates that association of Psb27 with
CP43 is not an artifact caused by lack of CP47. A
functional role for Psb27 in stabilizing the unassem-
bled CP43 complex comes from the observation that
levels of CP43 are reduced significantly in the ACP47
strain when Psb27 is absent and that CP43 is prone to
cleavage (Fig. 5; see Supplemental Fig. S7 online).
This stabilizing role of Psb27 would help explain
why levels of CP43 in mutants lacking either D1 or
D2 are significantly higher than those of unassem-
bled CP47 (Komenda et al., 2004, 2006). For the wild
type, levels of unassembled CP43 are also reduced in
the absence of Psb27 (see Supplemental Fig. S10
online).
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Role of Psb27 in PSII Repair

The main evidence to support a role for Psb27 in PSII
repair has come from ['°N]-pulse labeling experiments
in the cyanobacterium T. elongatus. Nowaczyk et al.
(2006) found that the D1 protein in the isolated mono-
meric RCC(1)-Psb27 complex was the most intensively
labeled protein in the complex followed by D2, CP43,
and CP47, consistent with a population of PSII com-
plexes that had undergone repair. However, preferen-
tial labeling of D1 is not a totally unambiguous marker
for PSII repair. For instance, variations in rates of
translation and the pool sizes of unassembled PSII
subunits in the membrane mean that PSII complexes
assembled de novo might still show preferential D1
labeling. Thus, Psb27-containing PSII core complexes
might be a product of both PSII repair and de novo
assembly. It also remains unclear whether the RCC(1)-
Psb27 complex lies on the main assembly/repair
pathway or can exist as a distinct subpopulation of
PSII.

Our measurement of the rate of PSII inactivation in
the APsb27 mutant in the absence and presence of
lincomycin did not provide evidence for a dramatic
role for Psb27 in PSII repair under the experimental
conditions used. What was observed was a subtle
effect on maintaining PSII activity on exposing cells to
high-light irradiances. Under these conditions, the
APsb27 mutant showed a faster loss of PSII activity
than the wild type in the first 30 min, which appeared
to be compensated for at later times by more frequent
D1 replacement (Fig. 7A). Growth of the APsb27 strain
was also slightly impaired upon onset of high-light
treatment (Fig. 8). Therefore, one plausible physiolog-
ical role for PSII complexes containing Psb27, not
previously discussed, might be to act as a pool or
reservoir of preassembled complexes lacking a func-
tional Mn,Ca cluster that can be rapidly photoactiva-
ted, forming a fully functional oxygen-evolving
complex, to replace damaged PSII complexes when
the rate of PSII damage suddenly exceeds its rate of
repair, either through increased rates of damage (e.g.
exposure to high-light intensities) or impaired effi-
ciency of repair (e.g. exposure to low temperature).
Such a mechanism would be fast-acting and would
allow PSII homeostasis to be maintained in response to
a fluctuating environment.

The Tentative Interaction of Psb27 and CP43 with PSI

We have shown here that Psb27 is associated not
only with monomeric RCC(1) complexes but also with
dimeric RCC(2) complexes and even larger complexes,
possibly including PSII-PSI supercomplexes (Fig. 1).
We have also obtained experimental support for the
binding of both CP43 and Psb27 to PSI. The physio-
logical significance of these interactions with PSI is
presently unclear. Binding of CP43 to PSI might to
some extent resemble the binding of the CP43 homo-
log, IsiA, to PSI under iron stress (Bibby et al., 2001;
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Boekema et al., 2001), where it functions as an extreme-
ly effective light-harvesting antenna (Melkozernov
et al., 2003). By analogy, docking of CP43 to PSI would
permit efficient excitation energy transfer (or spillover)
from PSII to PSI, thereby helping to protect PSII from
photodamage. Indeed, unlike the unassembled CP43
complex, which strongly fluoresces, CP43 in complex
with the monomeric PSI complex does not exhibit
significant fluorescence at room temperature (see Sup-
plemental Fig. S5A online), consistent with efficient
energy transfer from CP43 to PSI. As indicated in
Figure 5, Psb27 seems to facilitate binding of CP43 to
PSI and in this way may help protect CP43 from light-
induced damage. Spillover could also protect PSII core
complexes during the light-driven assembly of the
Mn,Ca cluster during de novo assembly or repair.
Therefore, the correct regulation of the interaction
between PSII and PSI components would be important
during PSII biogenesis and repair, and in this respect
Psb27, if it is able to bind to both PSI and PSII, could
play an important role.

MATERIALS AND METHODS
Construction and Cultivation of Cyanobacterial Strains

The strains used in the study were derived from the Glc-tolerant strain of
Synechocystis sp. PCC 6803 (Williams, 1988) referred to as the wild type. The
following, previously described strains were used in the study: (1) the CP43-
less strain, ACP43 (Vermaas et al., 1988); (2) the CP47 deletion strain, ACP47, in
which the psbB gene is replaced by a spectinomycin-resistance cassette (Eaton-
Rye and Vermaas, 1991); (3) the PSI-less mutant APSI, with both psaA and psaB
replaced by chloramphenicol-resistance cassette (Shen et al., 1993) and its
derivative lacking also the psbC gene (ACP43/APSI); (4) the psbK deletion
strain, APsbK, in which the psbK gene is replaced by a kanamycin-resistance
cassette (Zhang et al., 1993); (5) His-tagged strains accumulating unassembled
CP47-His, unassembled CP47-His, and intact His-tagged PSII core complexes
(PSII-His; Boehm et al., 2011); and (6) strain F-His expressing a His-tagged
derivative of the PsaF subunit of PSI (Kubota et al., 2010).

The APsb27 strain was prepared using overlap extension PCR. Approxi-
mately 500-bp DNA fragments upstream and downstream of psb27 (slr1645)
were amplified as the flanking sequences for homologs recombination. The
flanking sequences were then fused together using overlap extension PCR with
primer 1-F and 4-R, and an EcoRV site was designed to replace the open reading
frame of Psb27 (see Supplemental Fig. S8 online). The resulting PCR fragment
was then cloned into the pPGEM-T Easy vector backbone to create vector pPsb27.
A chloramphenicol resistance cassette was used as selectable marker and was
inserted to the EcoRV site to generate pPsb27 CamA vector. The orientation of the
resistance cassette is the same as the orientation of the psb27 gene. The
pPsb27CamA plasmid was then used to transform the wild-type cells. Mutants
were selected for chloramphenicol resistance and were examined for segregation
by PCR. The ACP47/APsb27 double mutant was obtained by transforming the
APsb27 mutant with chromosomal DNA isolated from ACP47 (Vermaas et al.,
1988). Its selection and segregation were based on additional resistance to
spectinomycin. The His-tagged RC47 strain was constructed by transforming the
CP47-His strain with a plasmid construct containing the psbC gene interrupted
by an erythromycin-resistance cassette (M. Boehm, unpublished data).

Liquid cultures were grown in 100 to 200 mL of BG11 containing 5 mm Glc
using 500-mL Erlenmeyer flasks, aerated using an orbital shaker, irradiated
with 40 umol photons m 2 s™! white light at 29°C, and were used when they
reached a Chl concentration of 2 to 3 ug mL ™. Solid medium also contained 10
mwm TES/NaOH, pH 8.2, 1.5% agar, and 0.3% sodium thiosulfate (Pakrasi et al.,
1988). For the large-scale cultivation used for isolation of PSII complexes,
cultures were grown in 10-L flasks (culture volume 6-8 L) or 20-L carboys,
stirred by a magnetic stirrer, and bubbled with air.

Measurement of growth curves was performed in a 96-well microtitration
plate illuminated at 10 or 100 umol photons m~?s~ ! and intensively shaken at
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29°C. The cultures were initially diluted to an optical density of 750 nm (OD,5,
wm) Of 0.005 (Chl concentration 0.015 ug mL '), and OD,s, ,,,, Was measured
every 6 h using microplate reader (Tecan Sunrise). Values plotted against time
were used for calculation of the doubling time.

Polarographic Methods

The light-saturated steady-state rate of oxygen evolution in cell suspen-
sions was measured polarographically in BG-11 medium containing 10 mm
HEPES/NaoH, pH 7.0, using 0.5 mM p-benzoquinone and 1 mm potassium
ferricyanide as artificial electron acceptors.

Preparation of Membranes and Their Protein Analyses

Cyanobacterial membranes were prepared by breaking the cells using
glass beads (Komenda and Barber, 1995) with the modifications described by
Dobakova et al. (2009). The large-scale isolation of PSII complexes for
chromatographic purification was performed using a procedure described
by Boehm et al. (2011).

The protein complexes isolated from the thylakoid membranes were
solubilized in 1% n-dodecyl-B-p-maltoside and analyzed by BN electropho-
resis at 4°C in a 4% to 14% gradient polyacrylamide gel according to Schéagger
and von Jagow (1991). Alternatively, a CN variant of the method was used in
which Coomassie Blue was omitted from all solutions, and upper electro-
phoretic buffer contained 0.05% sodium deoxycholate and 0.02% n-dodecyl-$-
pD-maltoside. Samples with the same Chl content (usually 5 ug for gel staining
and 1 ug for Western blot) were loaded onto the gel.

The protein composition of the complexes was analyzed by electrophoresis
in a denaturing 12% to 20% linear gradient polyacrylamide gel containing 7 m
urea (Komenda et al., 2002). Complete lanes from the native gel were excised,
incubated for 30 min in 25 mwm Tris/HCI, pH 7.5, containing 1% SDS (w/v),
and placed on top of the denaturing gel; two lanes were analyzed in a single
denaturing gel. One-dimensional SDS-PAGE for analysis of pulse-chase
labeled proteins was carried out in the same 12% to 20% polyacrylamide gel
containing 7 M urea. Proteins separated in the gel were stained either by
Coomassie Blue or by Sypro Orange and then subsequently transferred onto a
polyvinylidene difluoride (PVDF) membrane. Membranes were incubated
with specific primary antibodies and then with secondary antibody-horse-
radish peroxidase conjugate (Sigma-Aldrich). The primary antibodies used in
the study were raised in rabbits against (1) residues 58 to 86 of the spinach D1
polypeptide, (2) the last 12 residues of plant D2 (Komenda et al., 2004), (3)
residues 380 to 394 of barley CP47, (4) whole isolated CP43 from Synechocystis
6803, (5) the whole isolated PsaD from Synechocystis spp., and (6) Psb27 from
either Synechocystis 6803 (antiserum kindly provided by Julian Eaton-Rye) or
Thermosynechococcus elongatus, both expressed in Escherichia coli. For autora-
diography, the gel or the membrane with labeled proteins was exposed to
x-ray film at laboratory temperature for 2 to 3 d or to a PhosphorImager plate
(GE Healthcare) overnight.

Samples with the same Chl content were used for the direct comparison
and quantification of stained or labeled proteins and were run on a single gel.
Quantification of bands was performed using ImageQuant 5.2 software (GE
Healthcare).

Radioactive Labeling of Cells

Radioactive pulse (for 2D analysis) and pulse-chase (for one-dimensional
analysis) labeling of the cells was performed using a mixture of [*S]Met and
[SSS]Cys (Translabel; MP Biochemicals) as described previously (Dobakova
et al., 2009).

Isolation of PSII and PSI Complexes

PSII complexes containing His-tagged CP43 or CP47 and PSI complexes
containing His-tagged PsaF were isolated from thylakoids of appropriate
strains either using just affinity chromatography on immobilized Ni** ions or
in combination with gel filtration as described in Boehm et al. (2011).

Yeast Two-Hybrid Analyses

Interaction studies in yeast including appropriate controls were essentially
performed as previously described by using the split ubiquitin system (Pasch

Plant Physiol. Vol. 158, 2012



et al., 2005; Komenda et al., 2008). The open reading frame slr1645 was PCR
amplified from genomic Synechocystis DNA by using oligonucleotides
psb27fordt (ATTGGATCCTGCGACAGCGGCACAGGAY9) and psb27rev
(ATTGAATTCT TACGTCACACGCCCCGTTCAATG) and cloned into the
BamHI and EcoRI sites of the vector pADSL (Dualsystems Biotech AG). This
construct lacks the N-terminal transit sequence of Psb27 comprising 24 amino
acids to avoid localization problems of the NubG-Psb27 fusion protein in
yeast. The pTFB1-psaB construct has been described previously (Komenda
et al., 2008).

Enzymatic In-Gel Digestion and Protein Identification
by MS

Silver-stained protein spots were excised from the gel, cut into small pieces,
and washed with freshly prepared solution of 30 mm potassium ferricyanide and
100 mm sodium thiosulfate (mixed in 1:1 ratio). After complete destaining, the gel
was washed with water, shrunk by dehydration in acetonitrile (MeCN), and
reswelled again in water. The supernatant was removed, and the gel was partly
dried in a SpeedVac concentrator. The gel pieces were then rehydrated in a
cleavage buffer containing 25 mm 4-ethylmorpholine acetate, 5% MeCN, and
sequencing-grade protease (20 ng of Glu-C or chymotrypsin, Roche; or 100 ng of
trypsin, Promega) and incubated overnight at 37°C. The resulting peptides were
desalted on a peptide microtrap (Michrom BioResources) according to the
manufacturer instructions. Mass spectra were measured on a APEX-Qe 9.4T FT-
MS instrument equipped with a Combi electrospray ionization (ESI)/matrix-
assisted laser-desorption ionization (MALDI) ion source (Bruker Daltonics). In
the liquid chromatography-MS experiment, the peptides were separated on
capillary Magic C18 column (Michrom BioResources) interfaced to the ESI source
of the Fourier transform (FT)-MS instrument. For the matrix-assisted laser-
desorption ionization (MALDI) experiment, 0.5 uL of the sample was deposited
on the MALDI target and allowed to air-dry at room temperature. After complete
evaporation, 0.5 uL of the matrix solution (a-cyano-4-hydroxycinnamic acid
in 50% MeCN/0.1% trifluoroacetic acid; 5 mg/mL) was added. Tandem MS
spectra were acquired on an Ultraflex I MALDI-TOF/TOF instrument (Bruker
Daltonics). The mass spectra were searched against SwissProt 2011_04 database
subset of Synechocystis proteins using the in-house MASCOT search engine.

Content of Chl and Its Intermediates

For the measurement of Chl concentration, sedimented cells or membranes
were extracted with 100% methanol, and Chl content in the extract was
calculated from the absorbance at 666 and 720 nm (Wellburn and Lichtenthaler,
1984). Quantitative determination of Chl precursors in the cells was performed
as described in Dobakova et al. (2009).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Localization of the Psb27 protein by 2D-BN/
SDS-PAGE in membranes of the Synechocystis PSI-less strain cultivated
under 5 umol photons m 2 s

Supplemental Figure S2. Localization of the Psb27 protein by 2D-BN/
SDS-PAGE in membranes of the Synechocystis strains lacking CP43 and
PSI.

Supplemental Figure S3. Localization of the Psb27 protein by 2D-BN/
SDS-PAGE in membranes of the Synechocystis psbK deletion mutant
APsbK (left) and PSI-His complex isolated by a single-step nickel-
affinity chromatography (PSI-His, right).

Supplemental Figure S4. Yeast two-hybrid analyses of the interaction
between Psb27 and PsaB.

Supplemental Figure S5. Separation of pigment-protein complexes from
isolated preparations of His-tagged CP43 and His-tagged CP47 by 2D-
CN/SDS-PAGE.

Supplemental Figure S6. 2D analysis of radioactively labeled membrane
protein complexes of the wild type and the PSI-less strain APSI.

Supplemental Figure S7. Comparison of CP43 fragmentation in mem-
branes of the ACP47 and ACP47/APsb27 strains and in the preparation
of isolated CP43-His.

Plant Physiol. Vol. 158, 2012

Role of Psb27 in Biogenesis of PSII

Supplemental Figure S8. Analysis of His-tagged CP43 by 2D-BN/SDS-
PAGE.

Supplemental Figure S9. Construction of the pPsb27 CamA vector for
transformation of the Synechocystis 6803 wild-type strain (A) and con-
firmation of the complete segregation of the deletion mutant APsb27 by
PCR (B).

Supplemental Figure S10. Analysis of CP43, D1, and Psb27 distribution in
complexes of the wild-type and APsb27 strains by 2D-CN/SDS-PAGE.
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