
Biochimica et Biophysica Acta 1837 (2014) 1463–1471

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbab io
Dark-adapted spinach thylakoid protein heterogeneity offers insights
into the photosystem II repair cycle☆
Marjaana Suorsa a, Marjaana Rantala a, Ravi Danielsson c, Sari Järvi a, Virpi Paakkarinen a,
Wolfgang P. Schröder d, Stenbjörn Styring b, Fikret Mamedov b,⁎, Eva-Mari Aro a,⁎⁎
a Department of Biochemistry, Molecular Plant Biology, University of Turku, FI-20014 Turku, Finland
b Molecular Biomimetics, Department of Chemistry, Ångström Laboratory, University of Uppsala, Box 523, SE-75120 Uppsala, Sweden
c Department of Biochemistry, Center for Chemistry and Chemical Engineering, Lund University, SE-22100 Lund, Sweden
d Umeå Plant Science Center and Department of Chemistry, Linnaeus väg 10, University of Umeå, SE-901 87 Umeå, Sweden
☆ This article is part of a Special Issue entitled:
Sustainability: Keys to Produce Clean Energy.
⁎ Corresponding author. Tel.: +46 18 471 6581.
⁎⁎ Corresponding author. Tel.: +358 2 333 5931.

E-mail addresses: fikret.mamedov@kemi.uu.se (F. Mam
(E.-M. Aro).

0005-2728/$ – see front matter © 2013 Elsevier B.V. All r
http://dx.doi.org/10.1016/j.bbabio.2013.11.014
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 September 2013
Received in revised form 18 November 2013
Accepted 22 November 2013
Available online 1 December 2013

Keywords:
PGR5
PGRL1
Photosystem II
PsbS
PsbW
PsbX
In higher plants, thylakoidmembrane protein complexes show lateral heterogeneity in their distribution: photo-
system (PS) II complexes are mostly located in grana stacks, whereas PSI and adenosine triphosphate (ATP) syn-
thase are mostly found in the stroma-exposed thylakoids. However, recent research has revealed strong
dynamics in distribution of photosystems and their light harvesting antenna along the thylakoid membrane.
Here, the dark-adapted spinach (Spinacia oleracea L.) thylakoid network was mechanically fragmented and the
composition of distinct PSII-related proteins in various thylakoid subdomains was analyzed in order to get
more insights into the composition and localization of various PSII subcomplexes and auxiliary proteins during
the PSII repair cycle. Most of the PSII subunits followed rather equal distributionwith roughly 70% of the proteins
located collectively in the grana thylakoids and grana margins; however, the lowmolecular mass subunits PsbW
and PsbX aswell as the PsbS proteinswere found to bemore exclusively located in grana thylakoids. The auxiliary
proteins assisting in repair cycle of PSII were mostly located in stroma-exposed thylakoids, with the exception of
THYLAKOID LUMENPROTEINOF 18.3 (TLP18.3), whichwasmore evenly distributed between the grana and stro-
ma thylakoids. The TL29 protein was present exclusively in grana thylakoids. Intriguingly, PROTON GRADIENT
REGULATION5 (PGR5) was found to be distributed quite evenly between grana and stroma thylakoids, whereas
PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE1 (PGRL1)was highly enriched in the stroma thylakoids and practical-
ly missing from the grana cores.
This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: Keys to Produce Clean
Energy.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Photosynthetic light reactions occur in the chloroplast thylakoid
membrane, which in higher plants is folded to form stacked grana re-
gions, connected by non-stacked, stroma-exposed thylakoids (Fig. 1A).
Light reactions are driven by fourmultiprotein complexes, photosystem
(PS) II, Cytochrome b6f (Cyt b6f), PSI and ATP synthase. In higher plants,
thylakoid membrane protein complexes show lateral heterogeneity in
their distribution: PSII complexes are mostly located in grana stacks,
whereas PSI and ATP synthase are mostly found in the stroma-
exposed thylakoidmembranes, such as granamargins, grana endmem-
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branes and stroma thylakoids [1,2]. This lateral heterogeneity is unique
to higher plants: the cyanobacterial and diatom thylakoid systems con-
sist of single concentric thylakoids without stacking whereas in green
algae, thylakoids can temporarily form stack-like structures, but they
are not as well organized as in higher plants [3].

PSII in higher plants consists of more than 30 subunits [4], which are
encoded by both the chloroplast and the nuclear genome. The reaction
center (RC) complex, capable of charge separation, is made up of five
chloroplast-encoded proteins: D1, D2, PsbI and the α and β subunits of
the Cyt b559 (PsbE and PsbF, respectively). The plastid-encoded chloro-
phyll (Chl) a binding proteins CP43 and CP47 form the inner antenna
of PSII, and three nuclear-encoded extrinsic proteins, PsbO, PsbP and
PsbQ together with a manganese–calcium cluster form the lumenal-
side-located oxygen evolving complex (OEC). In its most active form,
dimeric PSII is associated with two to four copies of light harvesting
complex II (LHCII), thus forming PSII–LHCII supercomplexes. These
supercomplexes have been further shown to form largemegacomplexes,
in which PSII–LHCII supercomplexes are organized into row-like semi-
crystalline arrays in appressed grana membranes [5,6].
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Fig. 1. Spinach thylakoid membrane fractionation and analysis of the individual fractions. A) Schematic diagram of the spinach thylakoid membrane fractions obtained with mechanical
fragmentation. The chlorophyll a/b ratio and the topology of each fraction are indicated. The exact origin of the Y-100 fraction is not known. B) Coomassie-stained SDS-PAGE separation of
thylakoid membrane proteins from each fraction. Gels were loaded on equal protein basis.
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Primary and secondary electron donors of PSII (P680+ and TyrZ+, re-
spectively) are highly oxidizing and can potentially damage PSII. Further-
more, the presence of oxygen allows the formation of reactive oxygen
species (ROS). Despite the existence of efficient detoxification systems
and back reactions to scavenge the ROS and PSII radicals, an unavoidable
damage to PSII, particularly to the D1 protein, occurs at all light intensities
[7,8]. The repair cycle of photodamaged PSII involves detachment of the
LHCII complexes from the PSII dimers, monomerization of the PSII com-
plexes and partial disassembly of the complex, including detachment of
the CP43 protein and the OEC [9,10]. Furthermore, the damaged D1
protein becomes degraded by the FtsH andDeg proteases, followed by in-
sertion of the newly-synthetized D1 copy to partially disassembled PSII
and the concomitant C-terminal processing of the newD1 protein. Subse-
quent assembly of the OEC complex re-establishes the PSII monomer,
which via dimerization and re-attachment of the LHCII complexes forms
highly active PSII supercomplexes in the grana [9,10]. Several auxiliary
proteins have been shown to be essential for ensuring the proper function
of the PSII repair cycle [11].

In addition to the abovementioned mechanisms assuring an effec-
tive and rapidly ongoing PSII repair cycle at high light intensities,
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there are also short-term light acclimation processes occurring concom-
itantly in the thylakoid membrane. These include the PsbS-dependent
dissipation of excess light energy as heat (non-photochemical quenching,
NPQ) [12], and “state transitions”, which are coordinately regulated by
the STN7 kinase and the TAP38/PPH1 phosphatases [13–15]. In addition,
diversion of part of the electron flow into cyclic electron transfer (CET)
routes, in C3 plants particularly to the antimycin-sensitive ferredoxin
(Fd) mediated route, provides thylakoid membranes with functional
flexibility upon abrupt changes in light conditions [16]. The PROTON
GRADIENT REGULATION5 (PGR5) and PGR5-LIKE PHOTOSYNTHETIC
PHENOTYPE1 (PGRL1) proteins have been suggested to mediate the
Fd-dependent CET in Arabidopsis thaliana (Arabidopsis) [17–19].

Here we attempted to quantify differences in PSII and auxiliary pro-
tein content in distinct subdomains of the thylakoidmembrane in order
to gain more detailed information about PSII repair cycle. Detergent-
free mechanical fragmentation (sonication or Yeda press treatment) in
combination with aqueous two-phase partition was used to obtain the
thylakoid membrane fractions from spinach chloroplasts. The advan-
tage ofmechanical fragmentation is that it reduces protein denaturation
and disassembly or artificial aggregation of protein complexes due to
presence of detergents. Indeed, it has been shown that detergents
remove lipids from thylakoids, as the lipid to Chl ratio of the BBY frag-
ments was markedly lowered as compared to mechanically isolated
grana thylakoids [20]. The PSII subunits were found mainly in the
grana region and in reduced amounts in the stroma thylakoid. However,
the auxiliary proteins showed a much more diverse distribution be-
tween the thylakoid regions. The PGR5 protein was found to be quite
evenly distributed between grana and stroma thylakoids, whereas the
PGRL1 was enriched in stroma thylakoids.

2. Materials and methods

2.1. Isolation of thylakoid membrane fractions

Spinach (Spinacia oleracea L.) was grown hydroponically under
300 μmol photons m−2 s−1 in 12 h light period at 20 °C. Mature,
two-month-old leaves were dark-adapted for 24 h before thylakoid
isolation to reduce the starch content. The dark adaptation was started
directly after the 12 h light period. Thylakoid membrane was isolated
under weak green light in 4 °C and the samples were kept on ice
throughout the isolation. The thylakoid membrane fractions were
isolated according to [2] and [21]. In short, thylakoids were broken by
sonication, followed by purification of the grana and stroma fractions
by an aqueous two-phase system. The so-called Y-100 fraction, on
the other hand, was purified from thylakoids with Yeda press and
centrifugation [2].

For specific experiments,A. thaliana (Arabidopsis) ecotype Colombia
was grown under 120 μmol photons m−2 s−1 in 8 h light period at
23 °C. Thylakoids were isolated from five-week-old rosettes and
subfractionated with digitonin as described in [22].

The Chl concentrations were determined according to [23] and pro-
tein concentrations according to [24].

2.2. Separation of proteins and Western blotting

SDS-PAGE with 15% of acrylamide, 6 M urea [25] was used for
separation of thylakoid membrane proteins. The samples were loaded
on equal protein basis. The amount of protein loaded for the Western
blotting varied from 4 to 20 μg according to antibody used, as the
antibody response had been checked to be in the linear range. After
electrophoresis, the proteins were electroblotted to a polyvinylidene
difluoride membrane (Millipore) and subsequently blocked with 5%
milk (nonfat dry milk, Bio-Rad). Immunoblotting using enhanced
chemiluminescence detection was performed according to standard
procedures. The PsbS antibody was kindly provided by P. Horton,
the CP43 and CP47 antibodies by Dr. R. Barbato, the PsbE antibody by
Dr. R.G. Herrmann, the PsbH antibody by Dr. P. Westhoff, the FTSH
antibody by Dr. T. Ogava, the SecY antibody by Dr. K. Cline, the
Psb27 and LPA1 antibodies by Dr. L. Zhang, the TLP40 antibody by
Dr. B. Andersson, the Deg2 antibody by Dr. I Adamska, the PGR5
antibody by Dr. T. Shikanai and the PGRL1 antibody by Dr. D. Leister.

Images from the films were acquired with a CCD camera and quan-
tified with the GeneTools software (Perkin-Elmer). For quantifications,
three independent replications were made for each antibody.

3. Results

3.1. Characterization of the thylakoid membrane fractions

The thylakoid membrane was fractionated into the following parts:
(i) grana core, (ii) total grana thylakoids, (iii) granamargins, (iv) stroma
thylakoids and (v) Y-100 fraction (Fig. 1A). The clear differences in the
Chl a/b ratio e.g. between the grana core fraction and the stroma thyla-
koid (Chl a/b ratios 2.2 and 4.8, respectively) demonstrate that the frac-
tions originate from physically distinct compartments of the thylakoid
membrane (Fig. 1A). The Y-100 fraction had remarkably high Chl a/b
ratio, 8.3, which supports its likely origin from the “ultimate” stroma
thylakoid and/or from the grana endmembranes, as has been suggested
earlier [26]. It should be stressed that the fractions are vesicles: during
isolation, the grana thylakoids re-seal to form inside-out vesicles,
whereas the stroma thylakoid fractions re-seal to form right-side-out
vesicles (Fig. 1A). Furthermore, the isolated vesicles are not pure prep-
arations of the respective thylakoid membrane domains, but rather
should be considered as preparations enriched in fragments fromdiffer-
ent thylakoid membrane domains [21].

To get preliminary insights into the protein composition and purity of
the different fractions, the fractionswere analyzedwith one-dimensional
SDS-PAGE, followed by subsequent staining with Coomassie (Fig. 1B).
The diagnostic subunits known to be located in the stroma-exposed thy-
lakoids, PsaA/B and the ATP synthase proteins AtpA and AtpB, were high-
ly enriched in the stroma thylakoid and in the Y-100 fractions, whereas
the content of the LHCII proteins was the lowest in stroma fractions and
increased gradually when moving towards the grana core fraction
(Fig. 1B).

3.2. Distribution of the PSII core proteins in different domains of the
thylakoid membrane

The distribution of 13 subunits of PSII in different parts of the thyla-
koid membrane was semi-quantitatively determined with Western
blotting followed by densitometry analyses. Mature leaves were used
as a starting material for thylakoid fractionation in order to get insights
into the distribution of different phases of the PSII repair cycle along the
thylakoid membrane, and conversely to avoid the interference by the
de novo synthesis of PSII subunits and complexes.

The PSII RC core proteins D1 and D2 as well as the inner light har-
vesting antenna proteins CP43 and CP47 were highly enriched in
grana thylakoids (Table 1, Fig. 2). Altogether 74% of the total D1 and
D2 proteins were found from grana thylakoids, grana core and grana
margins. Meanwhile 80% of the CP47 protein and 71% of the CP43 pro-
tein were detected in the grana domains. The Y-100 fraction hosted
roughly 10% of the total D1, D2 and CP43 contents, whereas of the
total content of CP47, only 2% was detected in the Y-100 fraction. The
distribution of the PSII LMM protein PsbE was very similar to that of
the other PSII core proteins, with roughly 30% of the total protein
amount being located in Y-100 fraction and stroma thylakoids and
around 70% in grana fractions (Table 1).

The distribution of the OEC complex proteins PsbO, PsbP and PsbQ
followed that of the PSII core proteins with around 70% of the total pro-
tein pool being located in the grana thylakoids and a little less than 30%
in the stroma thylakoids (Table 1, Fig. 2). The PsbS protein, on the other
hand, was found to be strikingly less abundant in the Y-100 fraction as



Table 1
Semi-quantitative analyses of the relatively distribution of PSII proteins in different thyla-
koid membrane fractions of spinach. The values are percentages (mean ± SD, n = 3) of
total.

Grana core Grana Grana margins Stroma thylakoids Y-100

Chl/fraction (%)a

51 64 13 36 5

PSII core proteins:
D1 25 ± 1 27 ± 1 22 ± 1 17 ± 1 9 ± 2
D2 25 ± 2 27 ± 8 22 ± 2 19 ± 3 7 ± 2
CP47 31 ± 3 29 ± 4 20 ± 4 18 ± 1 2 ± 1
CP43 23 ± 5 24 ± 5 24 ± 4 19 ± 0 10 ± 4
PsbS 28 ± 1 28 ± 2 26 ± 2 16 ± 2 2 ± 1

OEC proteins:
PsbO 25 ± 2 23 ± 1 24 ± 2 20 ± 2 8 ± 3
PsbP 26 ± 3 25 ± 4 21 ± 3 20 ± 4 8 ± 1
PsbQ 24 ± 1 25 ± 1 25 ± 1 17 ± 1 9 ± 1

PSII LMM proteins:
PsbE 24 ± 4 25 ± 2 22 ± 2 19 ± 0 10 ± 4
PsbH 28 ± 5 28 ± 4 20 ± 2 15 ± 4 9 ± 2
PsbR 28 ± 3 26 ± 3 23 ± 2 15 ± 0 8 ± 3
PsbW 30 ± 2 32 ± 4 26 ± 2 11 ± 5 1 ± 1
PsbX 33 ± 3 28 ± 1 23 ± 4 14 ± 0 2 ± 0.6

a The Chl yields (as compared to 100% of the Chl yield of total thylakoids) for each frac-
tionwas calculated from the countercurrent distribution that provides the yield from each
fraction [21,89,90] and from the EPR measurements for the PSII content in the different
thylakoid fractions, see [2].

Fig. 2. Distribution of PSII subunits in spinach thylakoid fractions. Immunoblot analyses of
the distribution of PSII proteins in mechanically isolated thylakoid membrane fractions
from spinach chloroplasts. The gels were loaded on equal protein bases.
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compared to other PSII core proteins, as only approximately 2% of it was
found in the Y-100 fraction andmore than 80% from the grana fractions
(Table 1).

The distribution of PsbH and PsbR followed for the most part that of
the PSII RC proteins, the amounts of these proteins being only slightly
lower in the stroma thylakoids and Y-100 fraction as compared to the
RC core proteins (approximately 25% versus 30%, respectively). In con-
trast, the distribution of the PsbW and PsbX proteins distinctively dif-
fered from that of the other PSII LMM proteins. As much as 88% and
84% of PsbW and PsbX (respectively) were found in the grana domains,
whereas only 1% of PsbW and 2% of PsbX were present in the Y-100
fraction.

3.3. Distribution of auxiliary proteins assisting PSII biogenesis, assembly
and repair cycle along the thylakoid membrane

During the recent years, the knowledge about auxiliary proteins sug-
gested to be involved in assembly and turnover of PSII has increased
considerably [11,27]. To gain insights into the function and “operational
environment” of several auxiliary proteins suggested to have a role in
PSII repair cycle, we analyzed the distribution of those proteins along
the thylakoid. The Deg2 and the FtsH1 proteases were enriched in the
stroma thylakoid fractions, since roughly 70% of each of them were
found from the stroma thylakoids and Y-100 fractions, and onlymargin-
al amounts were detected in the grana core (Table 2, Fig. 3A). However,
it should be emphasized that the grana margins contained approxi-
mately 17% of the total amount of the FtsH1 protease and 11% of
Deg2. The distribution of the translocon component protein SecY was
very similar with that of the proteases with majority of the protein
being located in the stroma thylakoids (Table 2).

The distribution of the LOW PSII ACCUMULATION1 (LPA1) [28] and
TLP18.3 (THYLAKOID LUMEN PROTEIN of 18.3) [29] along the thylakoid
was found to be rather similar (Table 2). Altogether approximately 50%
of these proteinswere detected in the stroma thylakoids and Y-100, and
around 20% of the total amountwas found from both the granamargins
and total grana stacks. However, the amount of TLP18.3 in the grana
core (around 15% of the total amount) was somewhat higher as com-
pared to that of the LPA1 protein. The distribution of the Psb27 protein
[30–32] broadly resembled that of LPA1 and TLP18; however, Psb27
was slightly more abundant in the stroma thylakoid with around 60%
of the total protein detected from stroma thylakoids andY-100 fractions
altogether.

The TL29 (thylakoid lumen 29) protein [33] was highly enriched in
the grana membranes, as only 7% of the protein was detected in the
stroma thylakoid fractions and none in the Y-100 fraction. In contrast,
the TLP40 protein (thylakoid lumenal peptidyl–prolyl isomerase of
40 kDa) [34] was found to be present exclusively in the stroma

image of Fig.�2


Table 2
Semi-quantitative analysis of the relatively distribution of chloroplast auxiliary proteins in different thylakoid membrane fractions of spinach. The values are percentages (mean ± SD,
n = 3) of total.

Grana core Grana Grana margins Stroma thylakoids Y-100 Suggested functiona

Deg2 1 ± 1 16 ± 6 11 ± 3 33 ± 3 39 ± 3 Degradation of the photodamaged D1 protein [71]
FtsH1 3 ± 5 8 ± 5 17 ± 2 31 ± 4 41 ± 8 Protease, degradation of the photodamaged D1 protein [69,91,92]
Psb27 6 ± 8 18 ± 4 13 ± 4 31 ± 1 32 ± 1 PSII repair cycle [31]. In cyanobacteria: regulation of the reassembly of OEC during PSII repair

cycle [32,82], stabilization of the damaged PSII dimers prior to monomerization and repair [81,82]
LPA1 9 ± 5 18 ± 2 21 ± 1 25 ± 3 27 ± 6 Assembly of D1 [28]
TL29 43 ± 10 32 ± 9 18 ± 4 7 ± 4 0 Inactive ascorbate peroxidase? [86]
TLP40 0 2 ± 0 2 ± 1 36 ± 1 60 ± 1 Regulator of the thylakoid phosphatases [75,76], PSII assembly and stabilization [77,78]
TLP18.3 15 ± 2 19 ± 4 17 ± 6 25 ± 4 24 ± 5 Regulation of D1 turnover, PSII dimerization during repair [29]
SecY 4 ± 2 10 ± 0 17± 30 ± 4 39 ± 7 Thylakoid membrane translocon component, co-translational insertion of the novel D1 protein [58]
PGR5 20 ± 6 17 ± 2 20 ± 5 20 ± 3 23 ± 7 Regulation of CET [17,18], regulation of photosynthetic control [87]
PGRL1 2 ± 2 7 ± 2 10 ± 3 32 ± 2 49 ± 4 Regulation of CET [19]

a If not otherwise mentioned, the suggested function is based on studies with Arabidopsis and spinach.
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thylakoids, as 96% of the total protein amount was detected from the
stroma thylakoids and Y-100 fractions (Table 2).

3.4. The presence of the PGR5 and PGRL1 proteins in different domains of
the thylakoid membrane

The recent discussion concerning the roles of the PGR5 and PGRL1
[17–19,35,36] and particularly the recently suggested role for PGRL1
as a long-sought ferredoxin plastoquinone reductase (FQR) [37]
prompted us to study the distribution of these proteins in spinach thy-
lakoid fractions. The PGR5 protein was found to be very evenly distrib-
uted among the different fractions with roughly 20% of the protein
present in each fraction (Table 2, Fig. 3A). The PGRL1 protein, on the
other hand, was present mainly in stroma thylakoids, as altogether
only around 20% of its total pool was detected in grana core, total
grana thylakoid fraction and grana margins. To verify this somewhat
unexpected result, we investigated the localization of PGR5 and PGRL1
also with Arabidopsis thylakoid fractions obtained with digitonin. The
distribution of PGR5 and PGRL1 in Arabidopsis thylakoid fractions high-
ly resembled that obtained with spinach — PGR5 was present evenly
between grana and stroma thylakoids, whereas PGRL1 was clearly
enriched in stroma thylakoids (Fig. 3B).

4. Discussion

Even though the lateral heterogeneity in the distribution of PSII
and PSI along the thylakoid membrane of higher plants has been
known for more than 30 years, since the classical publication of
Andersson and Anderson [1], the main reason for the segregation of
the two photosystems – PSII being located in the grana thylakoids and
PSImostly in the stroma thylakoids – still remains elusive. Tight packing
of PSII–LHCII arrays in the grana thylakoids allows efficient energy
transfer in PSII–LHCII arrays [5] and the PSII connectivity via the shared
LHCII pool (the ‘lake model’) [38]. According to classical view, strict lat-
eral heterogeneity also prevents the “faster” and more efficient photo-
system, PSI, from drawing excitation energy from the “slower” PSII
[39]. Another explanation for the lateral heterogeneity is CET: in order
to maintain the optimal efficiency of the photosynthetic machinery,
CET must be physically separated from the more predominant linear
electron transfer [40–42]. It has also been suggested that lateral
heterogeneity-based tight stacking protects PSII complexes from pro-
teolytic degradation and damage by ROS produced in PSI [43–46].

The overall degree of stacking is dynamic and largely dependent on
the light conditions. Firstly, the chloroplasts of shade-grown plants have
more stacks than sun-grownplants [43]. The content of the CURVATURE
THYLAKOID1proteins aswell as thephosphorylation of thylakoidmem-
brane proteins have been shown to affect the extent of thylakoid stack-
ing [47,48]. Furthermore, it has been recently shown that the thylakoid
membranes are highly dynamic in vivo. The number of grana per chloro-
plast as well as the number of stacked thylakoids per granum change
markedly even at the time-scale of 10 min [49,50]. Importantly, a single
granum undergoes rapid major architectural reorganizations upon
changing light conditions: as a consequence of high light exposure,
lateral shrinkage and vertical unstacking of the grana stacks as well as
swelling of the lumenal space rapidly takeplace [51–53]. The latter facil-
itates plastocyanin-mediated electron transfer and ensures fluent re-
lease and re-assembly of the OEC during PSII repair cycle and also
provides better access to the lumenal auxiliary proteins needed in PSII
repair cycle [51].

We addressed the distribution of various PSII proteins in different
domains of the thylakoid membrane to gain novel information about
the PSII repair cycle and also to study how firmly various PSII subunits
are associated with PSII—the latter concerns particularly those subunits
specific to higher plants andwhich thus have not been localized in crys-
tallographic studies (such as PsbR, PsbS, and PsbW). The photodamage
of PSII takes place in the grana thylakoids [9], whereas the degradation
of the D1 protein and the co-translational insertion of the newly
synthetized D1 copy take place in the stroma-exposed thylakoids.
Indeed, we found that the stroma thylakoid fraction and the Y-100 frac-
tion hosted altogether around 30% of the studied PSII proteins (Table 1).
Our previous study concerning the distribution of PSII complexes in dif-
ferent fractions revealed that stroma thylakoids and the Y-100 fraction
are enriched in the PSII RC, PSII coremonomerswithout CP43 and intact
PSII core monomer [21], all of which are intermediates of the PSII repair
cycle. Therefore, at least 30% of the PSII protein pool can be considered
to undergo the repair cycle at certain point in the light period prior to
the dark adaptation used in our experiments.

The OEC proteins PsbO, PsbP and PsbQ were found to exhibit highly
similar distribution among thylakoid membrane as did the PSII core
proteins, with approximately 30% of the proteins being detected from
the stroma thylakoids and Y-100 (Table 1, Fig. 1B, Fig. 2). With respect
to PSII repair cycle, it has been shown that the presence of CP43 is a pre-
requisite for the assembly of PsbO to PSII complex [54,55] and that PsbO
becomes assembled in the stroma thylakoids whereas PsbP and PsbQ
are assembled later, possibly in the grana thylakoids [56]. PsbO is
known to be translocated to lumen via the Sec pathway [57], and in-
deed, SecY, responsible also for the co-translational insertion of the
novel D1 protein [58], was enriched in the stroma-exposed thylakoids
(Table 2). The presence of PsbP and PsbQ also in the stroma thylakoids
(Table 1) does not necessarily contradict with previous suggestions
concerning their assembly site, as a pool of free, assembly-competent
OEC proteins has been shown to be located in the thylakoid lumen
[56,59,60]. It is likely that part of the PsbP and PsbQ proteins detected
in the stroma thylakoids and Y-100, which both are right-side-out ves-
icles, represent this soluble lumenal pool.

As compared to other PSII proteins, the nuclear-encoded LMM pro-
teins PsbW and PsbX were more enriched in the grana thylakoids and
only marginal amounts of them were detected in the Y-100 fraction
(Table 1). The nuclear encoded PsbW has been shown to be associated
to the PSII–LHCII supercomplexes [55]; moreover, the PsbW antisense



Fig. 3. Distribution of regulatory proteins in thylakoid fractions. A) Immunoblot analyses
of the distribution of thylakoid regulatory proteins in mechanically isolated thylakoid
membrane fractions from spinach chloroplasts. B) Immunoblot analyses of distribution
of PGR5 and PGRL1 between stroma and grana thylakoids of Arabidopsis. Fractions were
obtained with digitonin solubilization followed by ultracentrifugations. Thylakoid sample
is included as a control. The gels were loaded on equal protein bases.
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plants were found to be devoid of the PSII–LHCII supercomplexes and
also of the semicrystalline macrodomains [61]. However, PsbW has
been shown to be present in tobacco ΔpsbE and ΔpsbF mutants that
lack all PSII core and OEC proteins [54], also in pea it was shown to be
present already in etioplasts prior to the assembly of PSII [62]. Thus,
the majority of the PsbW protein seems to be present in the thylakoid
grana before PSII forms dimers and supra-complexes but it seems not
to be under a strict quality control-based regulation that is typical to
most other PSII proteins. The PsbX protein is also nuclear encoded and
has a molecular mass of 4 kDa, and in contrast to PsbW, it is present
also in cyanobacteria [4]. The PsbX antisense plants had less functional
PSII complexes, decreased phosphorylation of their PSII proteins and
antennae and changes in redox state and plastoquinone pool [63].
Thus contrary to the PsbW protein that at least to some extent seems
to be important for the formation of larger complexes and thereby for
the turnover of PSII, the PsbX protein seems to be more of functional
importance for PSII changing the redox-state of PSII on the acceptor-
side [63].

The PsbS protein, essential for the rapid induction of NPQ [64], was
found to be present mostly in the appressed regions, as the grana core,
grana thylakoids and grana margins together harbor more than 80% of
total PsbS pool (Table 1). The distribution of PsbS correlates with the
presence of LHCII in different fractions (Fig. 1B). This is in accordance
with results from Arabidopsis showing that PsbS is preferentially local-
ized to grana membrane, where it likely regulates the reorganization of
the PSII–LHCII supercomplexes, thus allowing the reversible transition
between quenching and non-quenching complexes [65–67].

Of the auxiliary proteins known to have a role in PSII repair cycle, the
FtsH1 protease was highly enriched in Y-100 (41% of the total pool),
stroma thylakoids (32%) and grana margins (17%), and only marginal
amounts were found from the grana core (Table 2). In addition to
FtsH1 proteases, which are primarily responsible for the degradation
of the damaged D1 protein [68], also lumenal-located Deg proteases as-
sist in coordinated degradation of the damaged D1 [69–71]. The Deg2
protein was found to be located preferentially in the stroma-exposed
thylakoids (Table 2). The functional form of both the FtsH1 andDeg pro-
teases is a hexamer, which in the case of FtsH1 contains a stromal pro-
tuberance of around 6.5 nm [72], whereas the lumenal Deg hexamer
has been reported to have a diameter of up to 9 nm [73]. The dense
grana stacks cannot fit this kind of bulky molecules. However, the
light-induced lateral shrinkage of the grana stacks and the swelling of
the lumen width allow both proteases to reach the damaged PSII
complexes [51–53]. Also the acidic phosphatase protein TLP18.3 in
thylakoid lumen has been shown to be involved in degradation of the
photodamaged D1 protein [29,74]. TLP18.3, which has a transmem-
brane helix and is loosely bound to the thylakoid membrane [29], was
found to be rather evenly distributed between the stroma and grana
thylakoids (Table 2, Fig. 3A), which is in line with the results previously
obtained with Arabidopsis thylakoid membrane fractions isolated with
detergent [29]. Indeed, TLP18.3 has a dual role in the PSII repair cycle:
in addition to degradation of the D1 protein in stroma thylakoids, it is
also assisting in the dimerization of the repaired PSII monomers in
grana membranes [29].

TLP40, a lumenal cyclophilin-like protein, contains two functional
domains, a PPIase domain and a phosphatase binding module, which
was proposed to function as a negative regulator of the thylakoid phos-
phatases [75,76]. TLP40was detected practically only in the stroma thy-
lakoid and Y-100 fractions (Table 2). Even though lumenal proteins
might have escaped from grana thylakoids during isolation, we believe
that this localization holds true, since despite the presence of TLP40 in
lumenal proteome [34], most of the protein has been shown to be
bound to themembrane at room temperature, and only a small popula-
tion of the protein was found to be soluble in the lumen [75]. The
Arabidopsis ortholog of TLP40, AtCYP38, has been shown to be crucial
for the proper folding of D1 and CP47 into PSII, both during biogenesis
and repair cycle of PSII [77–79]. These early steps of PSII assembly likely
take place in stroma thylakoids. The LPA1 protein is a thylakoid mem-
brane-bound chaperone which has been shown to assure proper trans-
lation of novel D1protein [27,28]. TheArabidopsis lpa1mutants showed
reduced D1 translation and accumulated unassembled D1 protein. Also
LPA1 was found to be present mostly in the Y-100, stroma thylakoids
and grana margin fractions (Table 2). However, the stromal location
was not as definite as that of TLP40, since grana thylakoids hosted
around 30% of LPA1.

The Psb27 protein was enriched in stroma thylakoids and Y-100;
however, the combined amount of Psb27 in the grana core and grana
fractions was still roughly 20% (Table 2). The cyanobacterial Psb27 pro-
tein has been shown to transiently bind to the CP43 protein in PSII
monomer intermediate complex during the repair cycle [32,80,81].
This ensures that the re-assembly of the OEC does not occur too early,
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which could cause damage. Interestingly, CP43 and Psb27were found to
have interaction with the PSI complexes, which suggests that PSI might
have a yet unassigned role in PSII biogenesis and/or repair cycle [81].
Furthermore, the cyanobacterial Psb27 was shown to be transiently
bound also to the photodamaged PSII dimer prior to itsmonomerization
and repair, which prevents the release of manganese [82]. The
cyanobacterial Psb27 possesses a lipoprotein motif, which is not found
from Arabidopsis homologue, so the findings concerning the function
of cyanobacterial Psb27 cannot be directly generalized to higher plants.
However, the presence of Psb27 protein both in the stroma and grana
thylakoids (Table 2) supports the proposed dual role of Psb27 in binding
both to the PSII dimer and monomer during the repair cycle. In
Arabidopsis, Psb27 has been shown to be required for the efficient re-
pair of photodamaged PSII [31], and another homologue, LOW PSII
ACCUMULATION 19 (LPA19) has a role in facilitating the C-terminal
processing of the D1 precursor protein [83]. Furthermore, the
Arabidopsis psb27 mutant has been shown to be devoid of the PSII–
LHCII supercomplexes, which caused accelerated kinetics of state tran-
sitions as compared to WT [84].

The TL29 protein was first found in the thylakoid lumen [85] and
was later suggested to be associated with PSII [33]. The TL29 protein
was localized almost exclusively to the grana thylakoids (Table 2,
Fig. 3A) which corroborates with the earlier studies with Arabidopsis
[33]. Despite the fact that the protein has sequence homology to ascor-
bate peroxidases, it seems not to function as a peroxidase as neither bio-
chemical nor crystal structural analysis at 2.5 Å [86] was able to detect
or suggest any peroxidase activity. Thus, the TL29 was suggested to
have lost its function as peroxidase and instead was recruited for
other functions in the chloroplast, such as assembly and/or chaperon
function in PSII, which would be in agreement with the finding in this
study.

The PGR5 and PGRL1 proteins are involved in CET [17,18] and have
been suggested to form a complex with each other [19]. Furthermore,
it was recently suggested that the PGRL1 protein is the actual long-
sought ferredoxin-plastoquinone reductase molecule [37]. Intriguingly,
PGR5 and PGRL1 showed divergent distribution in different domains of
the thylakoid membrane: PGR5 was distributed rather evenly between
grana and stroma thylakoids, whereas PGRL1 was highly enriched in
stroma thylakoids and Y-100, and was practically missing from the
grana cores (Table 2, Fig. 3). This unexpected distribution of the two
proteins was further investigated by a digitonin fractionation of
Arabidopsis thylakoids, which showed the same distribution (Fig. 3B).

Our observation of the enrichment of PGRL1 in stroma thylakoids
(Fig. 2) is in line with a recent publication [37], but contradicts with
co-localization of PGR5 to the same thylakoid fraction with PGRL1 in
Arabidopsis. Indeed, our results with both spinach (Fig. 3A) and
Arabidopsis (Fig. 3B) thylakoid fractions revealed differential distribu-
tion for the PGRL1 and PGR5 proteins. At present, we cannot explain
this discrepancy. Given the highly dynamic rearrangement of the thyla-
koids according to light conditions [49–53], it should be noted that the
observed distribution of the PGR proteins primarily reflects the particu-
lar situation under darkness rather than a general feature. However, our
recent results fromexperiments performedwith artificially and natural-
ly fluctuating light suggest that the role of the PGR5 protein is far more
important than its proposed role of being “only” the component of CET
— according to our view, PGR5 is crucial for the regulation of linear elec-
tron flow particularly upon sudden high light peaks, and via this func-
tion in photosynthetic control, it protects PSI from photodamage [87].
The dual role of PGR5, as not only being a CET component but also
(and primarily) functioning as a regulator of photosynthetic control, is
in line with its localization also in the grana membranes. We suggest
that the PGR5 present in grana thylakoids and grana margins functions
mainly in photosynthetic control, whereas the pool located in stroma
thylakoidsmight form a complexwith PGRL1 and functions as a compo-
nent of CET. Recently, an additional role was suggested also for PGRL1,
as it was shown to form a complex with Plsp1, which is an isoform of
the thylakoid processing peptidase that removes the thylakoid-
transfer signal peptide of lumen-targeted proteins after translocation
[88]. It was suggested that PGRL1 could act as a regulator of thylakoid
processing peptidase. Protein translocation likely takes place in stroma
thylakoids, and this putative additional role might explain the localiza-
tion of PGRL1more exclusively in the stroma thylakoids as compared to
its interaction partner PGR5.

To conclude, we have semi-quantitatively determined the localiza-
tion of 13 PSII subunits and 10 auxiliary proteins along the spinach
thylakoid membrane. While most of the PSII subunits showed rather
equal distribution with roughly 70% of the proteins located collectively
in the grana thylakoids and grana margins, the LMM subunits PsbW
and PsbX aswell as the PsbS proteinswere found to bemore exclusively
located in grana thylakoids. The auxiliary proteins assisting in repair
cycle of PSII were mostly located in stroma-exposed thylakoids. Intrigu-
ingly, PGR5was found to be distributed quite evenly between grana and
stroma thylakoids, whereas PGRL1 was highly enriched in the stroma
thylakoids and practically missing from the grana cores. As several
antibodies against Arabidopsis thylakoid auxiliary proteins did not
cross-react with spinach proteins, the next step towards functional
characterization of different domains of the thylakoids membrane is
to optimize mechanical fractionation method for the Arabidopsis
chloroplasts.
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