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Photosystem II (PS II) is a multi subunit protein complex embedded in the thylakoid

membrane of cyanobacteria and chloroplasts. As the PS II reaction center protein D1

is prone to a light induced damage that inhibits PS II function especially at elevated light

intensities, a highly ordered repair process including synthesis, targeting and insertion of

D1 has evolved. To elucidate the function of the chloroplast signal recognition particle

subunits, cpSRP43 and cpSRP54, and the cpSRP-receptor cpFtsY in D1 biogenesis

we investigated the efficiency of the PS II repair cycle in the corresponding mutants of

Arabidopsis thaliana. Immunological analyses, PAM measurements and in vivo labeling

experiments demonstrate an impaired replacement of damaged D1 in the cpftsy mutant,

while the chaos and the ffc mutant lacking cpSRP43 and cpSRP54, respectively, were

not or hardly affected. The defect in cpftsy was neither caused by an impaired psbA

transcript accumulation, D1 translation initiation nor by an enhanced D1 degradation.

Further experiments revealed a decreased amount of salt stable, thylakoid membrane-

associated translating ribosomes in the cpftsy mutant, while the amount of membrane-

associated translating ribosomes is unaltered in the chaos and the ffcmutants. Therefore,

our data indicate that the lack of cpFtsY leads to an inefficient PS II repair cycle caused

by an impaired binding of translating ribosomes to the thylakoid membrane.

Keywords: photosystem II, signal recognition particle, thylakoid membrane, protein transport, D1, photodamage

Introduction

The photosystem II (PS II) is a multi subunit protein pigment complex embedded in the
thylakoid membrane of cyanobacteria and chloroplasts of algae and higher plants. There, it
facilitates the light dependent charge separation and water splitting. The PS II subunits are
encoded on the plastid and the nuclear genome. Nuclear encoded PS II subunits are synthe-
sized in the cytosol and imported into the chloroplast posttranslationally (Schleiff and Becker,
2011; Paila et al., 2014). After the import into the stroma, the PS II subunits are transported
across or inserted into the thylakoid membrane by four distinct mechanisms (Schünemann,
2007; Albiniak et al., 2012; Celedon and Cline, 2013). One of these is the posttranslational
chloroplast signal recognition particle (cpSRP) dependent pathway that is responsible for the
insertion of the light harvesting chlorophyll a/b binding proteins (LHCPs) that form the
major antenna complexes of both photosystems. The cpSRP comprising the 43 kDa subunit

Abbreviations: PS II, photosystem II; RNC, ribosome nascent chain complex; SRP, signal recognition particle.
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cpSRP43 and the universally conserved 54 kDa subunit cpSRP54
binds the highly hydrophobic LHCPs to keep them soluble
during the passage through the stroma. This transit complex
is recruited to the thylakoid membrane by the membrane-
associated receptor cpFtsY and the insertase Alb3, which is
responsible for LHCP insertion (Richter et al., 2010). In con-
trast to nuclear encoded PS II subunits, plastid encoded polytopic
PS II subunits are cotranslationally inserted into the thylakoid
membrane. In Escherichia coli, translating ribosomes (RNCs)
synthesizing polytopic inner membrane proteins are guided to
the plasma membrane in a concerted process facilitated by the
SRP consisting of the cpSRP54 homolog Ffh and the SRP RNA
(Akopian et al., 2013). Ffh binds RNCs by a direct interaction
with the ribosomes exit tunnel and the nascent polypeptide chain
(Gu et al., 2003; Bornemann et al., 2008). Subsequently, this SRP-
RNC complex is guided to the SecYEG translocase by an inter-
action with the membrane associated receptor FtsY (Akopian
et al., 2013; Denks et al., 2014). In chloroplasts, cpSRP54 interacts
transiently with the nascent D1 chain (Nilsson et al., 1999; Nils-
son and van Wijk, 2002) and D1 was shown to be inserted into
the thylakoid membrane via the cpSec-translocon (Zhang et al.,
2001). However, the chloroplast SRP system in higher plants dif-
fers significantly from the bacterial SRP-dependent transport as
it does not contain a SRP-RNA, which is indispensable in all
cytosolic SRP systems (Schünemann et al., 1998; Träger et al.,
2012).

As the D1 protein is prone to a light induced damage, the
replacement of D1 is a critical step during the PS II repair
cycle to maintain its functionality (Kato and Sakamoto, 2009;
Nixon et al., 2010). Previously, analyses of Arabidopsis thaliana
mutants lacking cpSRP43 (chaos), cpSRP54 (ffc) and cpFtsY
(cpftsy) demonstrated that chaos was characterized by a spe-
cific defect in accumulation of LHC proteins while ffc and
cpftsy showed in addition a reduced steady state level of the
reaction center proteins D1, PsaA and PsaB (Amin et al.,
1999; Klimyuk et al., 1999; Tzvetkova-Chevolleau et al., 2007).
However, cpftsy exhibited a significantly stronger phenotype
than ffc resulting in a strong chlorotic phenotype (Tzvetkova-
Chevolleau et al., 2007) and seedling lethality (Asakura et al.,
2004, 2008). Cpftsy showed also a more severe reduction of
the maximal photochemical efficiency of PS II, which indi-
cates a defect in proper assembly and activity of PS II, and
a more rapid saturation of the photosynthetic electron trans-
port by light (Tzvetkova-Chevolleau et al., 2007). Hence, bio-
chemical data and mutant analysis indicate a role of cpSRP54
and cpFtsY in cotranslational insertion of D1 and other chloro-
plast encoded membrane proteins, but their individual relevance
for this process and their precise molecular function is not
clear yet.

In the present study, we compared the efficiency of D1 replace-
ment during the PS II repair cycle in the cpSRP pathway mutants
and wild type. Our data reveal a drastic defect of the cpftsymutant
in the PS II repair cycle, while the ffc mutant is only slightly
affected. Additionally, the cpftsymutant showed a reduced associ-
ation of translating ribosomes with the thylakoidmembrane indi-
cating a disturbance in the binding of D1 translating ribosomes
to the membrane.

Material and Methods

Plant Materials and Growth Conditions
The A. thaliana knock out mutants lacking cpSRP54 (ffc 1-2,
referred to as ffc), cpSRP43 (chaos), and cpFtsY (cpftsy) were
described previously (Amin et al., 1999; Klimyuk et al., 1999;
Tzvetkova-Chevolleau et al., 2007). Mutant and wild type (eco-
type Col-0) plants were grown on soil under artificial light
(8 h, 120µmol photons m−2 s−1) and constant temperature of
22◦C/19.5◦C (day/night) in GroBanks (CLF Plant Climatics).

Protein Extraction, SDS-/BN-PAGE and
Immunoblot Analysis
Total protein extracts of rosette leaves were prepared using
the peqGOLD TriFast reagent (Peqlab). The protein concen-
tration of the extracts was determined using the BCA pro-
tein assay kit (Pierce). Proteins were separated on 12–15%
SDS-polyacrylamide gels and subsequently coomassie stained
or blotted onto nitrocellulose membrane (Macherey&Nagel).
Transferred proteins were detected by specific antibodies against
D1 (Agrisera), Cytochrome f (Agrisera) and Rpl4 (Uniplastomic)
and enhanced chemiluminescence reaction, ECL (Pierce).

BN-PAGE was conducted according to Schagger and von
Jagow (1991) using the NativePAGE running buffer kit (Life
Technologies). After BN-PAGE, the separated protein complexes
were transferred to PVDF membrane (Macherey and Nagel) by
western blot. Subsequently, the dye was removed from the mem-
brane by incubation in methanol and the membrane was then
used for immunodetection.

Isolation of Thylakoid Membranes
Leaves of A. thaliana in the rosette stage were homogenized
in 50mM HEPES pH 8.0, 330mM sorbitol, 15mM Mg-acetate
(SHM) supplemented with 5mM ascorbate and 0.05% (w/v)
BSA using an Ultrathurrax (IKA). The homogenate was filtered
through two layers of miracloth (Calbiochem). Afterwards, the
chloroplasts were harvested by centrifugation (1500 g, 5min,
4◦C) and washed in SHM. Then, chloroplasts were lysed in
20mM HEPES pH 8.0, 15mM Mg-acetate (HM) for 10min on
ice. After that, thylakoids were spun down (1500 g, 5min, 4◦C)
and the supernatant was discarded. For BN-PAGE analyses, the
pellet was resuspended in 25mM BisTris-HCl pH 7.0, 30% (v/v)
glycerol supplemented with 1.5% (w/v) β-D-dodecylmaltoside
at a chlorophyll concentration of 1mg ml−1 and incubated for
10min on ice. After removal of insoluble material (20,000 g,
10min, 4◦C), the supernatant was supplemented with coomassie
G-250 (Life Technologies) to a final concentration of 0.25% (w/v)
and used for BN-PAGE with subsequent western blot.

To analyze the membrane association of ribosomes, the iso-
lated thylakoids were resuspended in HM at a chlorophyll con-
centration of 1mg ml−1 and divided into five equal fractions.
The thylakoids were spun down (1500 g, 5min, 4◦C) and resus-
pended in HM supplemented with 60mM NaCl, 1M NaCl,
50mMpuromycin/60mMNaCl, 50mMpuromycin/1MNaCl or
0.2M Na2CO3, respectively. After an incubation (30min, 37◦C,
rotating end over end), the thylakoids were sedimented and liber-
ated from the supernatant. Finally, the pellets were resuspended
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in HM at a chlorophyll concentration of 2mg ml−1 and 1:1
diluted by the subsequent addition of SDS sample buffer.

Nucleic Acid Analysis
The isolation of total RNA from A. thaliana leaf tissue was done
according to US patent 5,973,137, Gentra Systems, Purescript R©

(Gentra-Systems Inc., Minneapolis, USA) and the concentra-
tion of RNA was determined with Nanodrop 2000c (Peqlab).
For northern blot analyses, 3µg total RNA were loaded on each
lane and separated on a denaturating 1.2% (w/v) agarose gel.
Subsequently, RNA was transferred onto a positively charged
nylon membrane (Roth) and psbA transcript was detected with
a specific probe.

For production of the psbA probe, the template vector pGEM-
T Easy psbA (Loschelder et al., 2006) was linearized with PstI
and used for in vitro transcription (Promega T7 transcription kit)
and labeled with digoxygenin (DIG) according to the Kit manual
(Roche). Hybridized probes were detected using a DIG-specific,
alkaline phosphatase conjugated antibody (Roche). Chemilumi-
nescence was detected by exposure to a film (Fuji).

Polysomes were isolated from A. thaliana leaves according to
Barkan (1993). Leaf tissue (400mg) was frozen in liquid nitro-
gen and homogenized with a mortar and a pestle. Membranes
were subsequently solubilized with 1% (v/v) Triton X-100 and
2% (v/v) polyoxyethylene (10) tridecyl ether. Microsomal mem-
branes were then solubilized with 0.5% (w/v) sodiumdeoxy-
cholate and insoluble material was removed (15,000 g, 15min,
4◦C). The supernatant was then loaded onto a 15–55% sucrose
step gradient and centrifuged [250,000 g, 65min, 4◦C, TST 60.4
rotor (Kontron)]. The gradient was fractionated into 14 equal
fractions and each fraction was subjected to RNA extraction
with phenol-chloroform two times. After ethanol precipitation,
the RNA was subjected to northern blot analysis as described
above. To mimic the situation of impaired translation initiation
of psbA mRNA, the polysomes were disrupted according to Lu
and Hanson (1996).

Chlorophyll Fluorescence Analysis
The maximum quantum efficiency Fv F−1

m of intact leaves of
A. thaliana null mutants and Col-0 was determined using a
portable PAM-2000 (Heinz Walz GmbH, Germany, www.walz.
com). Before measurements, each plant was dark adapted for
15min.

In vivo Labeling of Proteins and Pulse-chase
Experiments
The de novo synthesis of thylakoid membrane proteins was mon-
itored as described previously (Lennartz et al., 2001) with the
following modifications. Leaf discs ofA. thaliana plants in rosette
stage where prepared using a cork drill (0.5 cm diameter). The
leaf discs were incubated for 30min at RT in preparation buffer
(50mM Tris-HCl pH 7.5, 0.2mg ml−1 cycloheximide and 0.1%
(v/v) Tween-20). Subsequently, the leaf discs were transferred to
labeling buffer (50mM Tris-HCl pH 7.5, 0.1mg ml−1 cyclohex-
imide, 0.1% (v/v) Tween-20 and 0.1 µCi µ−1 [35S]-methionine
(specific activity >1000 Ci mmol−1, Hartmann Analytic) and
incubated at 25◦C for 60min at indicated light intensities. After

washing the leaf discs five times with washing buffer (50mM
Tris-HCl pH 7.5, 750mM NaCl, 2mM EDTA), the tissue was
homogenized with a steel pestle in 300µl homogenization buffer
(50mM Tris-HCl pH 7.5, 150mM NaCl, 2mM EDTA). Next,
membranes were pelleted (15,000 g, 10min, 4◦C) and washed
two times. Subsequently, membranes were resuspended in 50µl
homogenization buffer supplemented with 2% (w/v) SDS and
incubated for 10min at 25◦C with a following heating at 70◦C
for 2min. After centrifugation (10min, 15,000 g, RT), the super-
natant was transferred to a new reaction tube. The supernatant
was used for chlorophyll determination and SDS-PAGE and
radiolabeled proteins were detected by autoradiography.

For pulse-chase experiments, chloroplast proteins in leaf discs
were pulse labeled as described above for 60min followed by
a chase time in 10mM non-labeled L-methionine for 8 h at
150µmol photons m−2 s−1. Every hour, five leaf discs were
frozen in liquid nitrogen and homogenized in homogenization
buffer supplemented with 1M NaCl. After centrifugation, the
membrane proteins were SDS-solubilized in 40µl homogeniza-
tion buffer as described above. Subsequently, 15µl were used for
SDS-PAGE.

Quantification
Signals of western and northern blots and radiolabeled proteins
were quantified using ImageJ (http://imagej.nih.gov/ij).

Results

The cpftsy Mutant is Drastically Impaired in PS II
Repair while the ffc Mutant is only Slightly
Affected
To examine the role of cpSRP43, cpSRP54, and cpFtsY in the
biogenesis of plastid-encoded D1, we initially compared the D1
protein level in the chaos, ffc, and cpftsy mutants and wild type
plants after growth at normal light conditions (120µmol photons
m−2 s−1), high light stress (1000µmol photons m−2s−1) and a
following recovery phase at low light conditions (50µmol pho-
tonsm−2 s−1) by western blot analysis (Figure 1). TheD1 protein
level decreased drastically after growth at high light conditions
to about 30–40% of the initial protein level in all analyzed plant
lines. After the recovery phase the amount of D1 in the wild type
and the chaosmutant recovered completely. Interestingly, the D1
protein level in the ffc mutant recovered up to 90% of the initial
level, while the D1 protein level in cpftsy showed no recovery.

As the de novo insertion of D1 is a major step in the main-
tenance of PS II, we used pulse amplitude modulation (PAM)
measurements to analyze chlorophyll a fluorescence of P680 in
order to examine the maximum quantum efficiency (Fv F−1

m ),
an indicator for PS II functionality. To this end, wild type and
mutant plants were sequentially exposed to normal light, high
light and low light. Prior to each measurement, plants were dark
adapted for 15min. The PAM measurements revealed a decline
of maximum quantum efficiency after exposure to high light in
all analyzed plants. After the subsequent low light period, the
maximum quantum efficiency in wild type and chaos recovered
almost completely to about 90% of the initial value. In agreement
with our previous observation, the recovery efficiency in ffc and
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FIGURE 1 | D1 level in cpSRP mutant plants under high light conditions

and a subsequent recovery phase. Wild type and cpSRP mutant plants

were raised at normal light conditions (NL, 120µmol photons m−2 s−1) to

rosette stage and then exposed to high light (HL, 1000µmol photons m−2

s−1) for 24 or 48 h. Subsequently, plants were exposed to low light for 48 h (LL,

50µmol photons · s−1 · m−2). Total protein extracts from 100mg fresh weight

of intact and fully expanded leaves were prepared after each light treatment

and used for immunodetection of D1. The signals of the D1 immunoblots were

quantified using the ImageJ program. The D1 levels in normal light conditions

were set to 100%. Error bars indicate the standard deviation (n = 4).

FIGURE 2 | Maximum quantum efficiency of PS II in cpSRP

mutants. The maximum quantum efficiency of PS II (Fv F−1
m ) was

determined in wild type and mutant plants in the rosette stage after dark

adaption. Prior to the measurements, plants were raised under normal

light conditions (NL, 120µmol photons m−2 s−1), then exposed to high

light for 180min (HL, 1000µmol photons m−2 s−1) with a following

regeneration at low light for 90min (LL, 50µmol photons m−2 s−1). For

each plant, Fv F−1
m values at NL were adjusted to 100%. The error bars

show the standard deviation (n = 10).

cpftsy differed significantly. While the ffcmutant showed a recov-
ery of up to 70% of its initial value, the cpftsy mutant showed no
recovery of the maximum quantum efficiency (Figure 2).

Growth at high light conditions is accompanied by a higher
synthesis rate of D1 to enable an effective PS II repair cycle. To
compare the ability of the cpSRP mutants and the wild type to
increase the D1 synthesis rate at high light intensities, leaf discs
were incubated in a medium containing radiolabeled methionine
at low and higher light intensities of 50 and 400µmol photons

FIGURE 3 | In vivo synthesis ratio of [35S]-labeled D1 in wild type and

cpSRP mutant plants at high light compared to low light. Leaf discs of

wild type and cpSRP mutant plants were incubated in [35S] methionine

containing solution at low light (50µmol photons m−2 s−1) and higher light

(400µmol photons m−2 s−1) after preincubation in cycloheximide for 60min.

Subsequently, thylakoid membrane proteins were extracted and used for

SDS-PAGE and autoradiography (equal amounts of chlorophyll were loaded).

At the top, representative autoradiographs of radiolabeled D1 are depicted.

The signals were subsequently quantified using the ImageJ program and the

higher light values were related to low light values. A value of 1 indicates that

no elevated D1 accumulation was observed under higher light conditions in

comparison to low light. The error bars show the standard deviation (n = 4).

m−2 s−1, respectively. As shown in Figure 3, wild type and chaos
accumulated about 3.5 times more radiolabeled D1 at elevated
light intensities in comparison to low light, while the D1 synthe-
sis in ffc was elevated 2.5 fold compared to low light. In contrast,
cpftsy showed only a very slight increase by a factor of 1.5 in D1
accumulation.

To further analyze the role of the cpSRP components in D1
biogenesis, we investigated the ability of the chaos, ffc, and cpftsy
mutants and the wild type to maintain high molecular weight PS
II-LHC II supercomplexes at elevated light conditions. To this
end, we conducted BN-PAGE analyses of thylakoid membrane
protein complexes of plants exposed to normal light conditions,
high light intensities and a subsequent recovery at low light con-
ditions. The separated thylakoid membrane protein complexes
were subsequently analyzed immunologically to detect D1 pro-
tein containing complexes. After growth at normal light condi-
tions, clear signals of PS II-LHC II supercomplexes were detected
in chaos, ffc, cpftsy, and wild type plants (Figure 4). However, the
composition of the supercomplexes differed in chaos and cpftsy
from the wild type, which is likely due to variable compositions
of the antenna complexes caused by the impact of the mutations
on posttranslational LHCP transport. In addition, we observed
a difference between the supercomplexes of cpftsy compared to
chaos indicating an additional defect in PS II-LHC II biogene-
sis in cpftsy. Notably, the most drastic difference in PS II-LHC II
supercomplex composition was observed at high light conditions
between cpftsy and the other plant lines. At high light, the PS II-
LHC II supercomplexes in wild type, chaos and ffc were hardly
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FIGURE 4 | Abundance of PS II-LHC II supercomplexes in wild type and

cpSRP mutants at various light conditions. Thylakoid membrane protein

complexes of wild type and cpSRP mutants were solubilized with 1.5 (w/v)

β-D-dodecylmaltoside after growth at normal light (NL, 120µmol photons

m−2 s−1), high light (HL, 1000µmol photons m−2 s−1 for 16 h) and a

subsequent regeneration at low light (LL, 50µmol photons m−2 s−1 for 8 h).

Of each sample, an equal amount of chlorophyll (1.5µg) was separated by

BN-PAGE and blotted onto PVDF membrane. The amount of PS II-LHC II

super complexes was analyzed using a D1 specific antibody.

affected. Contrary, the cpftsy mutant showed a drastic reduction
of PS II-LHC II supercomplexes without any regeneration during
subsequent exposure to low light.

Taken together, our data provide several lines of evidence indi-
cating a severely reduced PS II repair efficiency in cpftsy, while ffc,
and chaos are only slightly and not affected, respectively.

psbA Transcript Accumulation, Polysome
Formation and D1 Stability are not Affected in the
cpftsy Mutant
The reduced repair of damaged D1 in cpftsy suggested a possi-
ble defect in the D1 targeting or insertion mechanism. However,
to rule out a high light dependent decline of the psbA transcript
abundance, the psbA transcript level was analyzed in chaos, ffc,
cpftsy, and wild type plants treated in the same way as for the
investigation of the D1 protein level described in Figure 1. As
shown in Figure 5, the psbA transcript levels of all analyzed plants
were comparable under normal light and no significant changes
in high light and a subsequent recovery phase were observed.
Therefore, these data clearly demonstrate that the reduced PS II
repair cycle in cpftsy is not due to a change in psbA transcript
level.

Next, we analyzed the formation of psbA mRNA-associated
plastid polysomes to exclude an impaired translation initia-
tion of psbA mRNA. To this end, a total leaf extract of each

FIGURE 5 | PsbA transcript levels during high light stress

treatment and a recovery phase. (A) Total RNA was isolated

from fully expanded leaves of wild type and cpSRP mutant plants

after growth at normal light (120µmol photons m−2 s−1), 24 h of

high light (1000µmol photons m−2 s−1), 48 h of high light and a

subsequent regeneration for 48 h at low light (50µmol photons m−2

s−1). 3µg of the total RNA was used for northern blot analysis to

investigate the amount of psbA transcript. As a loading control,

gels were stained with ethidiumbromide. (B) Northern blot signals of

psbA transcript were quantified using the ImageJ program. The

psbA levels at normal light conditions were adjusted to 100%. The

error bars indicate the standard deviation (n = 3).
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plant line was loaded onto sucrose density gradients. North-
ern blot analysis of the fractionated gradient loaded with wild
type extract showed that psbAmRNA entered fractions of higher
sucrose concentration indicating an association with polysomes
(Figure 6). To mimic the situation of an impaired translation
reaction, a wild type leaf extract was prepared in presence of
EDTA that leads to disassembly of ribosomes by depletion of
Mg2+ (Yamamoto et al., 2010). In the corresponding sucrose den-
sity gradient, psbAmRNA was only detectable in fractions of low
density. This reflects the situation in an A. thalianamutant lack-
ing the HCF173 protein that was shown to be essential for psbA
translation initiation (Schult et al., 2007). The analyses of leaf
extracts from the chaos, ffc and cpftsy mutants revealed a wild
type-like distribution of psbA mRNA in the gradients for chaos
and cpftsy. The ffcmutant exhibits differences in the distribution
of psbAmRNA in fractions of higher sucrose density as less tran-
script was detected in these fractions (Figure 6). As it was shown
previously that cpSRP54 is a component of D1-translating ribo-
somes, the lack of cpSRP54 might lead to a marked reduction in
the molecular weight of heavy polysomes. In conclusion our data
demonstrate a functional formation of polysomes and therefore
an undisturbed translation initiation of psbA in chaos and cpftsy
and indicate that this is also the case in ffc.

Next, we aimed to analyze whether the cpftsy mutant exhibits
a possible enhanced degradation of D1. Therefore, pulse-chase
experiments were conducted to analyze the half-time of the D1
protein in chaos, ffc, and cpftsy mutant. For this purpose, leaf
discs of the mutant and wild type plants were incubated at low
light conditions in a solution containing radiolabeled methion-
ine and cycloheximide to label newly synthesized D1 protein and
block the cytosolic translation machinery, respectively. As shown
in Figure 7, clear signals of the D1 protein were still detected after
a chase time of 8 h in the wild type indicating a rather high sta-
bility of the D1 protein. A similar high stability of the D1 protein
was observed in the chaos and cpftsy mutants. The degradation
pattern in the ffcmutant indicates a slightly reduced stability after
6 h of chase incubation. As our data demonstrate a high stability
of the D1 protein in the cpftsymutant, an enhanced D1 degrada-
tion as an explanation for the poor PS II repair cycle in cpftsy can
be excluded.

The cpftsy Mutant is Impaired in Binding of
Translating Ribosomes to the Thylakoid
Membrane
Since bacterial FtsY is essential for the targeting of translating
ribosomes to the plasma membrane (Seluanov and Bibi, 1997;
Herskovits and Bibi, 2000), it was conceivable that cpFtsY might
play an important role in guiding translating ribosomes to the
translocon in the thylakoid membrane. Initially, we compared
the amount of total ribosomes in thylakoid membranes of the
cpSRP-mutants and wild type, that were purified under low-
salt conditions (60mM NaCl) by western blot analysis using
an anti-Rpl4 antibody. As shown in Figure 8A, the analyzed
plants exhibit a comparable amount of plastid ribosomes in
the thylakoid membrane fraction. The equal loading was con-
firmed using an antibody raised against Cytochrome f that was
shown to be imported into the thylakoid lumen independent

FIGURE 6 | Association of psbA transcript with chloroplast polysomes.

Polysomes isolated from wild type (Col-0) and mutant plants at rosette stage

were fractionated on a 15–55% sucrose gradient by ultracentrifugation.

Subsequently, the gradients were fractionated and the amount of psbA

transcript was investigated in each fraction by northern blot analyses using a

psbA-specific probe. As a control, polysomes were destroyed using EDTA.

FIGURE 7 | Pulse and chase labeling of thylakoid membrane proteins.

Tylakoid membrane proteins were radiolabeled with [35S]-methionine in leaf

discs of wild type and cpSRP mutants in presence of cycloheximide. After a

pulse of 60min, the protein turnover was chased for up to 8 h. Every hour, a

sample was taken and thylakoid membrane proteins were extracted, subjected

to SDS-PAGE, coomassie stained and visualized by autoradiography.

of cpSRP (Röhl and van Wijk, 2001). To compare the amount
of membrane-bound translating ribosomes in wild type and the
cpSRP mutants isolated thylakoid membranes were washed with
buffers containing 60mM or 1M NaCl with or without 50mM
puromycin. As shown in Figure 8B, the ribosomes in wild type,
chaos and ffc could only be removed from the membrane by
washing the membranes with a combination of high salt and
puromycin. Washing with either 1M NaCl or 50mM puromycin
did not reduce the amount of bound ribosomes. This indi-
cates that these ribosomes are attached to the membrane by
electrostatic interactions and the cotranslational insertion of
nascent polypeptides into the membrane. In contrast, about 40
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FIGURE 8 | Detection of salt-resistant and thylakoid

membrane-associated ribosomes. (A) Thylakoid membranes were

isolated from wild type and the cpSRP-mutant plants grown at normal

light intensity (120µmol photons m−2 s−1). Subsequently, the thylakoids

were treated with 60mM NaCl. Afterwards, a sample corresponding to

15µg chlorophyll was subjected to SDS-PAGE with subsequent western

blot. The amount of membrane-associated ribosomes was determined

using an antibody raised against Rpl4. To control the equal loading, the

amount of the luminal protein Cytochrome f was investigated. (B)

Thylakoid membranes were isolated from normal light (120µmol photons

m−2 s−1) adapted wild type and cpSRP mutants. Subsequently, the

thylakoids were divided in 5 equal fractions and treated with washing

conditions as indicated above. Afterwards, a sample corresponding to

15µg chlorophyll after each washing condition was separated by 12%

SDS-PAGE. Finally, the proteins were transferred onto nitrocellulose

membranes and the large ribosomal subunit protein Rpl4 was detected

using a specific antibody. The signals were quantified using the ImageJ

program. To control the equal loading, thylakoid membrane proteins

corresponding to 7.5µg chlorophyll were separated by SDS-PAGE and

visualized by coomassie staining. (C) Wild type and cpftsy plants were

exposed for 8 h to normal light (120µmol photons m−2 s−1) and high

light conditions (1000µmol photons m−2 s−1). Subsequently, thylakoid

membranes were isolated and washed with lysis buffer supplemented

with 60mM NaCl or 1M NaCl. Thylakoid membrane proteins

corresponding to 15µg chlorophyll were separated by 12% SDS-PAGE,

transferred onto nitrocellulose and the ribosomal Rpl4 protein was

detected using a specific antibody. The signals were quantified using

the ImageJ program. To control the equal loading, thylakoid membrane

proteins corresponding to 7.5µg chlorophyll were separated by

SDS-PAGE and visualized by coomassie staining.

or 60% of the ribosomes in cpftsy could be detached from the
membrane by washing with high salt or puromycin, respectively.
This indicates that the ribosomes in cpftsy, which were copu-
rifed with thylakoids under low-salt conditions, are largely inac-
tive or non-membrane protein translating ribosomes and are
therefore less tightly bound. In all analyzed plants, ribosomes
as peripheral components were efficiently removed by 0.2M
Na2CO3.

Next, we aimed to dissect the abundance of membrane protein
translating ribosomes at the thylakoid membrane after exposure
to high light conditions. Therefore, thylakoid membranes were
isolated from cpftsy and wild type plants exposed to normal and
high light and washed with 60mM NaCl or 1M NaCl. At both
light conditions immunological analyses revealed a decrease of
membrane-bound ribosomes after high salt treatment to 40–60%
of the initial level exclusively in the cpftsy mutant, while the wild
type retained 90% of the initial level (Figure 8C).

Discussion

In this study, the question regarding the role of cpSRP43,
cpSRP54 and cpFtsY during the PS II repair cycle was addressed
using corresponding mutants of A. thaliana. Therefore, the

mutant plants were exposed to various light conditions and the

efficiency of PS II maintenance was monitored. A drastic limita-
tion of the PS II repair cycle in the cpftsy mutant was observed

that was neither due to an impaired psbA mRNA transcript

accumulation and translation initiation nor to an enhanced D1
degradation. Instead, the amount of salt-resistant membrane-

associated ribosomes was decreased in the cpftsy mutant. The

chaos mutant and, notably, the ffc mutant showed no or only

minor defects in PS II maintenance, respectively.
Based on the previous findings (1) that the ffc mutant shows

a reduced level of the chloroplast encoded photosystem I and
II reaction center proteins (Amin et al., 1999), (2) that cpSRP54
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interacts transiently with the nascent chain of D1when it emerges
from the ribosome exit tunnel (Nilsson et al., 1999; Nilsson
and van Wijk, 2002), (3) that one pool of cpSRP54 is associ-
ated with chloroplast ribosomes (Franklin and Hoffman, 1993;
Schünemann et al., 1998) and (4) that cpSRP54 shows a strong
homology to bacterial Ffh (Franklin and Hoffman, 1993), it has
been assumed that cpSRP54 has a role in cotranslational protein
insertion into the thylakoid membrane.

However, the lack of cpSRP54 in A. thaliana leads to a mild
phenotype which is most visible at the young seedling stage when
the first true leaves are yellowish and the subset of photosys-
tem proteins that is reduced in the young leaves recovers to
wild type level in the older leaves (Amin et al., 1999). Therefore,
these data argue against a general important role of cpSRP54 in
cotranslational protein insertion, although it cannot be ruled out
that the loss of cpSRP54 in the ffc mutant is compensated by
e.g., the upregulation of stromal chaperones as shown for ClpC
(Rutschow et al., 2008). The present report extended the analy-
sis of the role of cpSRP54 in cotranslational protein insertion by
focusing on the PS II repair cycle during high light conditions. As
it seems rather unlikely that the lack of cpSRP can be almost fully
compensated by an upregulation of an alternative mechanisms
under these stress conditions, our data indicate that cpSRP54 has
no critical role in PS IImaintenance. However, as there are several
lines of evidence indicating a role of cpSRP54 in D1 biogenesis
it might be possible that cpSRP54 has its major role in the de
novo synthesis of photosynthetic protein complexes during leaf
development.

Our data reveal a drastic disturbance of the PS II repair cycle
due to the lack of the SRP-receptor cpFtsY. While the com-
monmodel of bacterial SRP-mediated protein insertion proposes
that ribosomes and transcripts are cotargeted to the membrane,
where FtsY mediates the docking of the SRP-RNC complex to the
SecYEG translocase (Luirink et al., 2005; Akopian et al., 2013), an
alternative model is discussed in which ribosomes and transcripts
are targeted separately to the membrane (Bibi, 2012). Here, FtsY
serves as an anchor for ribosomes at the plasmamembrane. Inner
membrane protein coding mRNAs are delivered to the ribosome
in a translation independent manner. Afterwards, the transla-
tion process is initiated. In a following step, SRP binds to the
nascent chain and facilitates the insertion of the membrane pro-
tein via the Sec-translocase (Bibi, 2012). This model is in line
with the finding that FtsY mutants exhibit a reduced number of

membrane-associated ribosomes, while this was not observed in
Ffh-depleted cells (Herskovits and Bibi, 2000). Interestingly, our
data also indicate a crucial role of cpFtsY for the association of
plastid polysomes with the thylakoid membrane while cpSRP54
seems to be dispensable for this process.

The minor impact of the lack of cpSRP54 might be explained
with the hypothesis of a mRNA-based protein targeting. This
mechanism is discussed to be potentially involved in targeting
of proteins to the subcellular compartments (Nevo-Dinur et al.,
2011; Weis et al., 2013). Likewise, the localization of the psbA
mRNA at the thylakoid membrane might be important for pro-
tein delivery. Several psbA mRNA binding proteins have been
described in A. thaliana and Chlamydomonas reinhardtii that are
essential for D1 translation and possibly attach the psbA mRNA

to the thylakoid membrane (Mulo et al., 2012). Another strong
evidence for a mRNA-based targeting of D1 was found in C.
reinhardtii. There, components of the translation machinery and
the psbA mRNA accumulate in a specific region, called transla-
tion zone, independently of translation processes (Uniacke and
Zerges, 2007, 2009).

In conclusion, our data indicate an almost cpSRP54-
independent targeting and insertion of D1 during the repair cycle
of PS II, while cpFtsY plays an important role in this process. It
is tempting to speculate that ribosomes might be associated with
cpFtsY at the thylakoid membrane and that the psbA mRNA is
delivered to the ribosomes in a translation-independent mecha-
nism. However, it will be a major task for the future to elucidate
the molecular details of cotranslational D1 insertion.
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