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In Chlamydomonas reinhardtii, the LIGHT-HARVESTING COMPLEX STRESS-RELATED PROTEIN3 (LHCSR3) protein is crucial for
efficient energy-dependent thermal dissipation of excess absorbed light energy and functionally associates with photosystem II-light-
harvesting complex II (PSII-LHCII) supercomplexes. Currently, it is unknown how LHCSR3 binds to the PSII-LHCII supercomplex.
In this study, we investigated the role of PHOTOSYSTEM II SUBUNIT R (PSBR) an intrinsic membrane-spanning PSII subunit, in
the binding of LHCSR3 to PSII-LHCII supercomplexes. Down-regulation of PSBR expression diminished the efficiency of
oxygen evolution and the extent of nonphotochemical quenching and had an impact on the stability of the oxygen-evolving complex
as well as on PSII-LHCII-LHCSR3 supercomplex formation. Its down-regulation destabilized the PSII-LHCII supercomplex and
strongly reduced the binding of LHCSR3 to PSII-LHCII supercomplexes, as revealed by quantitative proteomics. PHOTOSYSTEM II
SUBUNIT P deletion, on the contrary, destabilized PHOTOSYSTEM II SUBUNIT Q binding but did not affect PSBR and LHCSR3
association with PSII-LHCII. In summary, these data provide clear evidence that PSBR is required for the stable binding of LHCSR3
to PSII-LHCII supercomplexes and is essential for efficient energy-dependent quenching and the integrity of the PSII-LHCII-

LHCSR3 supercomplex under continuous high light.

Plant photosynthetic electron transfer is conducted by
a series of reactions at the chloroplast thylakoid mem-
brane, resulting in light-dependent water oxidation,
NADP reduction, and ATP formation (Whatley et al.,
1963). Two separate photosystems (PSI and PSII) and an
ATP synthase catalyze these reactions. PSI and PSII are
multiprotein complexes that are mainly embedded in
unstacked and stacked regions of the thylakoid mem-
brane, respectively. PSI consists of more than 10 sub-
units and a number of cofactors such as chlorophyll 4,
B-carotene, phylloquinone, and three iron-sulfur (4Fe-
4S) clusters (Busch and Hippler, 2011). PSI catalyzes
light-driven electron transfer from luminal plastocyanin
to stromal ferredoxin. The latter reduces the ferredoxin-
NADP reductase that, in turn, leads to the formation of
NADPH. PSII catalyzes light-induced electron transfer from
water to the plastoquinone pool by using chlorophyll 4,
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carotenoids, as well as redox-active cofactors, causing the
release of oxygen and protons (Pagliano et al., 2013). The
core complex is organized as a dimer. Monomers are
composed of the reaction center subunits PSBA (D1) and
PSBD (D2), the inner antenna proteins PSBB (CP47) and
PSBC (CP43), the a- and B-subunits (PSBE and PSBF) of
cytochrome by, as well as a number of intrinsic low-
molecular-mass subunits. The core monomer is further
associated with an inorganic Mn,O5Ca cluster and a few
chloride ions (Rivalta et al., 2011; Umena et al., 2011)
required for photosynthetic water oxidation. To optimize
this process, the oxygen-evolving complex is formed at
the luminal side by the extrinsic polypeptides PSBO,
PSBP, PSBQ, and PSBR (for review, see Pagliano et al.,
2013).

To enhance the light-harvesting capacity of PSII, var-
ious light-harvesting proteins bind to dimeric PSII core
complexes (Dekker and Boekema, 2005). A common
structure found for vascular plants and green algae is the
C,S, supercomplex, where two copies of monomeric
Lhcb4 and Lheb5 and two LHCII trimers (S-trimer;
Boekema et al., 1995) bind to the dimeric PSII core. In
vascular plants, larger but less stable PSII supercom-
plexes, known as C,S5,M,, are composed of two extra
copies of the monomeric Lhcb6 with two additional
LHCII trimers (M-trimer) bound through Lhcb4 and
Lhcb5 (Dekker and Boekema, 2005; Caffarri et al., 2009).
Even larger complexes containing two additional LHCII
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trimers (L-trimer), bound via Lhcb6, are found and are
known as C,5,M,L, , (Boekema et al, 1999). A recent
study in Chlamydomonas reinhardtii identified PSII-LHCII
supercomplexes with three LHCII trimers attached to
each side of the core (C,5,M,L,; Tokutsu et al., 2012).
Interestingly, such PSII-LHCII supercomplexes associ-
ate with LIGHT-HARVESTING COMPLEX STRESS-
RELATED PROTEIN3 (LHCSR3; Tokutsu and Minagawa,
2013), an ancient light-harvesting protein required for ef-
ficient energy-dependent (GE) quenching in the alga (Peers
et al, 2009). The qE component of nonphotochemical
quenching (NPQ) is an energy-dependent constituent of
NPQ and regulates the thermal dissipation of excess
absorbed light energy (Li et al., 2000; Peers et al., 2009).
The qE capacity in C. reinhardtii increases proportionally to
the light-dependent accumulation of the LHCSR3 protein
(Peers et al., 2009). In contrast, in vascular plants, qE is
constitutively active and dependent on PSBS, a PSII poly-
peptide (Li et al, 2000). Mass spectrometric analyses of
isolated C,S5,M, PSII supercomplexes revealed the pres-
ence of extrinsic subunits PSBP, PSBQ, and PSBR, while
PSBS was not identified, suggesting that PSBS does not
influence the association of the PSII core with the outer
light-harvesting complex system (Pagliano et al., 2014). In
line with the proteomic findings, recent data suggest that
subunits PSBP, PSBQ), and PSBR contribute to the stability
of PSII-LHCII supercomplexes in vascular plants (Caffarri
et al.,, 2009; Ifuku et al., 2011; Allahverdiyeva et al., 2013).
A recent quantitative proteomic study performed with
C. reinhardtii identified PSBR as the only PSII subunit to
be induced upon the shift from photoheterotrophic to
photoautotrophic growth conditions similar to LHCSR3
(Hohner et al., 2013).

In vascular plants and green algae, PSBR is nucleus
encoded and has a mass of about 10 kD. The mature
protein has a predicted 70-amino acid luminal N-terminal
part and a C-terminal transmembrane span (Ljungberg
et al., 1986; Lautner et al., 1988; Webber et al., 1989). An
association of PSBR with the oxygen-evolving complex
has been suggested, as its presence is required for the
stable assembly of PSBP with the PSII core and its absence
also impacts the binding of PSBQ to the core (Suorsa et al.,
2006; Liu et al., 2009). For stable association with the
PSII core complex, PSBR needs the presence of PSB]
(Suorsa et al., 2006). Functionally, the depletion of PSBR
protein expression decreased rates of oxygen evolution
(Allahverdiyeva et al., 2007, 2013) and quinone reox-
idation (Allahverdiyeva et al., 2007). PSBR phospho-
rylation is known for Arabidopsis (Arabidopsis thaliana;
Reiland et al., 2009, 2011; Nakagami et al., 2010) and in
the green alga C. reinhardtii (Turkina et al., 2006), although
phosphorylation sites are not conserved between the alga
and the vascular plant.

In this work, we addressed the question of whether
down-regulation of PSBR expression would affect
LHCSR3 binding to the PSII-LHCII supercomplex in C.
reinhardtii. To this end, we took advantage of artificial
microRNA (amiRNA) technology to down-regulate PSBR
expression and investigated the impact of PSBR down-
regulation on photosynthetic performance as well as on
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PSI-LHCII-LHCSR3 supercomplex formation. Our data
provide evidence that PSBR is required for the stable
binding of LHCSR3 to PSII-LHCII supercomplexes.

RESULTS
PSBR Is a PSII Subunit in C. reinhardtii

To address the question of whether PSBR is associated
with PSII, we analyzed the presence of the protein in
wild-type, PSIl-deficient (nac2; Kuchka et al., 1989), and
PSI-deficient (ApsaB; Redding et al., 1998) cells using
immunoblotting after SDS-PAGE fractionation (Fig. 1).
Immunoblot analyses revealed that the PSBR signal is
absent in the PSII-deficient mutant (nac2). The absence of
PSII is proven by the lack of a PSBA immunoblot signal.
In contrast, PSBR is present in the absence of PSIL. The
lack of PSI is confirmed by the absence of a PSAD signal
in ApsaB cells. In conclusion, the appearance of PSBR is
linked to the presence of PSII; thus, PSBR is likely to be a
genuine PSII subunit as described for vascular plants
(see above).

Diminishment of PSBR Expression Decreases the
Magnitude of Light-Induced NPQ But Does Not Impact
the Extent of LHCSR3 Expression

To determine the function of the PSBR protein in
C. reinhardtii, an amiRNA approach was employed. We
isolated several amiRNA strains in which the accumu-
lation of the psbr RNA (Fig. 2A) and protein (Fig. 2B), in
comparison with the wild type, was reduced to different
degrees. The amounts of PSBR were tested in thylakoids
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Figure 1. Immunoblot analysis of the wild type (cw15-325), NAC2,
and APSAB. The wild type and NAC2 were grown in Tris-acetate-
phosphate (TAP) medium in low light (LL; approximately 30 wE m™2s7").
APSAB was grown in TAP in very LL (approximately 6 uE m™2 s™')
conditions. Two micrograms of chlorophyll of the whole-cell extracts

was loaded on a 13% SDS-PAGE gel and analyzed by immunoblotting
using anti-PSBA, anti-PSAD, and anti-PSBR antibodies.
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Figure 2. Comparative quantitative reverse transcription (RT)-PCR and
immunoblot analysis of psbr RNA and protein complement in the wild
type (WT) and PSBR knockdown mutants. A, PSBR expression is sig-
nificantly down-regulated in PSBR knockdown mutants as revealed by
RT-PCR. B-Tubulin was used as a loading control. PSBR expression
level is expressed as mean PSBR/B-tubulin *+ sp; n = 3. B, Thylakoids
isolated from high light (HL)-treated (24 h) cells were separated on a
13% (w/v) SDS-PAGE gel and analyzed by immunoblotting using anti-
PSBR antibodies. Six micrograms of chlorophyll equals 100%, and
ATPB served as a loading control.

that were isolated from cells shifted from TAP, LL to
high-salt medium (HSM), HL (200 nE m s for 24 h
to ensure the development of NPQ in the green alga.
The reduction in PSBR protein amounts ranged from
1.25-fold (ami-RNA-psbr-1) and 1.5-fold (ami-RNA-psbr-44;
Supplemental Fig. S1A) to 2-fold (ami-RNA-psbr-2; Fig.
2B). To assess the photosynthetic performance of the ami-
RNA-psbr strains in regard to the wild type, cells were
shifted from TAP LL to HSM HL for 48 h, and the PSII-
dependent quantum efficiency and NPQ were measured
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after 0, 2, 24, and 48 h (Figure 3). These data showed that
the quantum efficiency remained similar over 48 h. The
NPQ increased in the wild type, ami-RNA-psbr-1, and
ami-RNA-psbr-2 after 2 h but then increased further for
the wild type but decreased in the ami-RNA-psbr strains.
Here, the decrease was more enhanced in ami-RNA-psbr-2
as compared with ami-RNA-psbr-1, correlating with the
respective degree of PSBR diminishment in the two
knockdown strains. A clear reduction of NPQ in regard
to the wild type is also seen in ami-RNA-psbr-44 after
24 h of HL in HSM (Supplemental Fig. S1B). In the next
step, we monitored the extent of LHCSR3 expression
after a shift from TAP LL to HSM HL after 0, 2, 6, and
24 h in the wild-type and ami-RNA-psbr-1 as well as ami-
RNA-psbr-2 strains (Fig. 4). Cells were harvested at the
respective time points and fractionated by SDS-PAGE,
immunoblotted, and proteins of interest were assayed
by immunodetection. As expected, the immunoblot data
revealed an induction of LHCSR3 expression in the wild
type (Peers et al., 2009; Petroutsos et al., 2011). Interest-
ingly, the extent of LHCSR3 induction was similar in the
two ami-RNA-psbr strains. Notably, the expression of
PSBR also was induced slightly by HL and HSM growth
conditions. Neither PSBO, another luminal PSII subunit,
nor ATP synthase subunit 8 (ATPB) displayed this trend,
but they revealed equal loading of the examined protein
samples.

Diminishment of PSBR Expression Destabilizes the
Binding of LHCSR3 to a PSII-LHCII Supercomplex

As the diminishment of PSBR expression impacts the
magnitude of NPQ but not the extent of LHCSR3 in-
duction, we rationalized that PSBR reduction might
affect the formation of an LHCSR3-PSII supercomplex
that was described previously (Tokutsu and Minagawa,
2013). To this end, C. reinhardtii cells (the wild type and
ami-RNA-psbr-2) were grown in TAP LL and shifted to
HL in HSM for 2 and 24 h. C. reinhardtii ami-RNA-psbr-1
cells were additionally analyzed after 24 h of HL. Thy-
lakoids purified from these cells were solubilized with
1% (w/v) n-dodecyl a-pD-maltoside (@-DM) and sepa-
rated by sucrose density gradient (SDG) centrifugation
(Fig. 5; Supplemental Fig. S2). The SDG separation dis-
played three green bands for the wild type, designated as
LHCII, PSI-LHCI, and PSI-LHCII according to preced-
ing work (Tokutsu and Minagawa, 2013). For ami-RNA-
psbr-1 and ami-RNA-psbr-2 strains, visual inspection of
the Suc gradients indicated that the PSII-LHCII bands
were less pronounced in comparison with the wild-type
SDG separation. For ami-RNA-psbr-2, this trend also can
be observed after 2 h of HL (Fig. 5). Measuring the ab-
sorbance of collected Suc fractions at 675 nm confirmed
this observation and showed that the PSII-LHCII com-
plexis already reduced after 2 h of HL in ami-RNA-psbr-2
followed by ami-RNA-psbr-1 after 24 h of HL, while the
other bands are comparable in absorbance to the wild
type (Fig. 5B; Supplemental Fig. S2A). Suc fractions
were collected, and fractions 3 to 16 were separated by
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SDS-PAGE and subjected to immunoblotting (Fig. 6A;
Supplemental Fig. S2B). These data revealed that, in the
wild type, PSBA, as a marker for PSII, peaked in frac-
tions 9 and 10 after 2 h of HL, while PSAD, as a marker
for PSI, peaked in fractions 11 to 13, in agreement with
the designation shown in Figure 5 (Fig. 6A). Moreover,
LHCSR3 comigrated with both PSII and PSI, in agree-
ment with a recent report (Allorent et al., 2013), while
PSBR peaked with PSBA, in accordance with being a
PSII complex subunit.

After 24 h of HL, the PSII peak fraction numbers
changed in the wild type, ami-RNA-psbr-1, and ami-RNA-
psbr-2 to 9 to 11, 10 and 11, and 10 to 12, respectively
(Supplemental Fig. S2B). In ami-RNA-psbr-1 in compari-
son with the wild type (Supplemental Fig. S2B), the

Plant Physiol. Vol. 167, 2015

Time (min)

amounts of PSBR as well as LHCSR3 in the PSII peak
fraction 10 are diminished. Notably, the amount of
LHCSR3 with PSI is increased in regard to the wild type.
In ami-RNA-psbr-2, the quantity of PSBR signal in the
PSII peak fraction was even more diminished than for
ami-RNA-psbr-1, as revealed by the immunoblot analyses
(Supplemental Fig. S2B). Already after 2 h of HL as well
as under 24 h of HL, only traces of LHCSR3 were found
associated with PSII, while it still comigrated, although
to a lesser extent, with PSI (Fig. 6A; Supplemental Fig.
52B). These data were confirmed by an analysis of thy-
lakoid membranes from ami-RNA-psbr-44 after 24 h of
HL and showed that, after detergent solubilization, Suc
density centrifugation, and SDS-PAGE separation and
immunoblotting of collected Suc fractions, LHCSR3 was
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Figure 4. Immunoblot analysis of PSBR and LHCSR3 protein abun-
dance of whole-cell extracts from HL-treated cultures. Cell cultures
(the wild type [WTI, ami-RNA-psbr-1, and ami-RNA-psbr-2) were
grown photoheterotrophically in LL and then shifted to HL and pho-
toautotrophic growth for 2, 6, and 24 h. Six micrograms of chlorophyll
of the whole-cell extracts was loaded on a 13% (w/v) SDS-PAGE gel
and analyzed by immunoblotting using anti-LHCSR3 and anti-PSBR
antibodies. ATPB and PSBO were used as loading controls.

strongly depleted from PSII-LHCII supercomplexes
(Supplemental Fig. S1, C and D). Separation of the LHCII
band by SDS-PAGE and subsequent immunoblotting of
Suc fractions 18 to 26 (fractions 20-28 after 24 h of HL),
here shown in comparison with PSII-LHCII super-
complex peak fractions, revealed that the amounts and
distribution of LHCSR3 are similar between the wild
type and the PSBR knockdown strain ami-RNA-psbr-2
(Fig. 6B; Supplemental Fig. S2C). Moreover, the data
confirmed the diminishment of LHCSR3 association
with PSII-LHCII supercomplexes when PSBR amounts
are reduced (ami-RNA-psbr-2 strain, 2 and 24 h of HL).
Importantly, the fractionation results observed for ami-
RNA-psbr-2 in regard to PSBA, PSBR, and LHCSR3
could be confirmed independently with strain ami-RNA-
psbr-44 (Supplemental Fig. S1D), where PSBR amounts
also were more decreased, as in ami-RNA-psbr-1.

To extend the analyses of the collected Suc fractions
to other subunits of PSII, we took advantage of iso-
topic labeling using differentially labeled "*N and "N
C. reinhardtii cell cultures. Comparative quantitative pro-
teomics data were collected from *N-labeled wild-type
and ""N-labeled ami-RNA-psbr-2 strains after 2 and 3 h of
HL and from "*N-labeled wild-type and N-labeled armi-
RNA-psbr-1 and ami-RNA-psbr-2 strains after 24 h of HL
(Fig. 7, A-D; Supplemental Tables S1-54). Samples for
mass spectrometric analyses were prepared by combin-
ing equal volumes of the PSII-LHCII supercomplex peak
fractions from the wild type and one mutant followed by
tryptic digestion according to the filter-aided sample
preparation protocol (Wisniewski et al., 2009). The mass
spectrometric data were gathered from SDS-PAGE-
fractionated, "N /*N-isolated PSII-LHCII supercomplexes
(Fig. 7). Quantitative data (Fig. 7) are presented as
ratios of "*N to "N (mean values and their respective
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sD), thereby showing protein amounts of wild-type
versus ami-RNA-psbr supercomplex subunits.

The comparative proteomics data confirmed the down-
regulation of PSBR expression in ami-RNA-psbr-1 (2-fold,
24 h of HL; Fig. 7B) and ami-RNA-psbr-2 (3.3, 2.9-, and
2.5-fold after 2, 3, and 24 h of HL, respectively; Fig. 7, A,
B, and D) strains and the depletion of LHCSR3 in the
isolated PSII supercomplexes from the PSBR knockdown
strains. In particular, after 2 and 3 h of HL, LHCSR3 was
2.3-fold diminished in ami-RNA-psbr-2 versus the wild
type, independently confirming the immunoblot data
obtained for Suc density fractions (Fig. 6). Moreover, PSII
subunits PSBP and PSBQ appear to be slightly reduced in
comparison with the PSII core subunits PSBA, PSBD,
CP43, and CP47 in ami-RNA-psbr-2. On the other hand,
subunits of the minor and major PSII light-harvesting
complexes are not diminished with regard to PSII core
subunits.

After 24 h of HL, LHCSR3 was about 25-fold depleted
from PSII-LHCII supercomplexes in ami-RNA-psbr-1 and

A 2h HL 24h HL

LHCII

«——PSI-LHCIl ——
<——PS II-LHC [I——>

0.1M

— WT
— amiRNA-psbr-2#

12345678 91011121314151617181920212223242526272829303132
Fractions

Figure 5. SDGs of thylakoid membranes from the wild-type and PSBR
knockdown strains. A, Cultures (the wild type [WT], ami-RNA-psbr-1,
and ami-RNA-psbr-2) were initially grown in TAP medium under LL
(20 uE m™% s7") and then treated with HL (200 wE m™%s™") in HSM for
2 and 24 h. Isolated thylakoid membranes (200 ug of chlorophyll)
were solubilized with 1% (w/v) a-DM and separated by SDG ultra-
centrifugation. B, SDGs of 2 h of HL were fractionated from the bottom
to the top (fractions 1-30), and absorption at 675 nm was measured.
SDG fractions are labeled according to their protein complex com-
position. The green SDG fraction obtained after 2 h of HL between
LHCII and PSI-LHCI is probably composed of PSII core particles.
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Figure 6. Down-regulation of PSBR affects PSII-LHCII-LHCSR3
supercomplex formation. A, Polypeptides from the 2-h HL SDG
fractions 3 to 16 of the wild type (WT) and ami-RNA-psbr-2 were
analyzed by immunoblotting with antibodies against LHCSR3,
PSAD, PSBA, and PSBR. Sixty microliters of each fraction was loaded
per lane. B, Two-hour fractions (8-10 and 18-26) of the wild type
and ami-RNA-psbr-2 were subjected to immunoblotting with an anti-
LHCSR3, anti-PSBA, or anti-PSBR antibody. Sample preparation was
performed as in A.

ami-RNA-psbr-2. Likewise, the data revealed that sub-
units PSBP and PSBQ were both diminished in amounts in
conjunction with PSBR, in agreement with data obtained
for Arabidopsis PSBR-deficient plants (Suorsa et al.,
2006; Liu et al., 2009; Allahverdiyeva et al., 2013). On the
other hand, other PSII core subunits or the minor core
PSII light-harvesting proteins, LHCB4 and LHCBS, were
not significantly altered in their protein ratios in both
ami-RNA-psbr strains. Notably, LHCBM1, LHCBMS3,
LHCBM4/6, and LHCBM2/7, which are part of trimeric
LHCII complexes (Stauber et al., 2003), were found to be
decreased between 3.5- and 2-fold, where LHCBM1 was
most affected, with 3.5-fold reduction in the ami-RNA-
psbr-2 strain. In contrast, LHCBMS, involved in state
transitions in C. reinhardtii (Takahashi et al., 2006), ap-
peared to be unchanged.

As oxygen-evolving complex subunits PSBP and PSBQ
were decreased in amounts in ami-RNA-psbr-1 and ami-
RNA-psbr-2 strains, we decided to measure in vivo oxy-
gen evolution and uptake using a Clarke-type electrode.
For comparison, we also included the FUD39 mutant that
lacks PSBP (de Vitry et al.,, 1989) and has been shown to
possess a low oxygen-evolving activity (de Vitry et al.,
1989; Rova et al., 1994). Before measurements, cell cul-
tures were incubated in LL TAP or for 24 h under HL in
HSM. FUD39 was incubated for 24 h under HL in TAP.
Oxygen evolution of cells was determined in the presence
of 2-phenyl-1,4-benzoquinone (Fig. 8). In LL TAP, oxygen

Plant Physiol. Vol. 167, 2015

PSBR Is Required for LHCSR3 Binding to PSII-LHCIL

evolution of FUD39 was 3-fold diminished, while among
the ami-RNA-psbr strains, ami-RNA-psbr2 was affected
most strongly and had a 1.5-fold reduction in oxygen
evolution. In HL. HSM, the impact on oxygen evolution
was more pronounced for the ami-RNA-psbr strains.
Oxygen evolution in ami-RNA-psbr-1, ami-RNA-psbr-2,
and ami-RNA-psbr-44 cells were 1.6-, 3.2-, and 2.5-fold
lower compared with the wild type. In FUD39, oxygen
evolution dropped 5.4-fold in HL TAP with regard to the
wild type. Thus, as expected, the decrease in oxygen evo-
lution correlated with the extent of PSBR down-regulation
but was less pronounced as compared with the PSBP de-
letion strain.

Deletion of PSBP Does Not Impact the Binding of PSBR or
LHCSR3 to PSII-LHCII Supercomplexes

Deletion of PSBP (FUD39) diminished the accumula-
tion of PSBA and PSBR in whole-cell extracts about 1.5-
fold as assessed by immunoblotting (Fig. 9A), while the
accumulation of ATPB and PSAD was also diminished
slightly. However, the induction of LHCSR3 was reduced
drastically in FUD39. This could be explained by a lower
electron transfer capacity due to the strong impact in
oxygen evolution, known to be required for the induc-
tion of LHCSR3 protein expression in response to HL
(Petroutsos et al., 2011). To assess the capacity for LHCSR
binding to PSII-LHCII supercomplexes in FUD39, wild-
type and FUD39 cells were grown for 24 h in TAP and
HL. Isolated thylakoids were then solubilized with
a-DM, as described above, and separated by Suc density
ultracentrifugation. The SDGs were fractionated, and Suc
fractions were separated by SDS-PAGE followed by im-
munoblotting (Fig. 9B). As demonstrated above (Fig. 6A),
in the wild type, LHCSR3 comigrated with PSBA and
PSAD in PSII-LHCII and PSI-LHCI supercomplexes, re-
spectively. For FUD39, a similar result was obtained,
showing comigration of LHCSR3 with PSII-LHCII and
PSI-LHCI supercomplexes. In comparison with the wild
type, PSBA, PSBR, and LHCSR3 amounts were dimin-
ished in FUD39, suggesting that the overall amount of
PSII-LHCII supercomplexes is reduced. The comparison
of LHCSR3 amounts in fractions 16 to 28 revealed lower
amounts of LHCSR3 in FUD39 with regard to the wild
type. To confirm the absence of PSBP from FUD39, PSII-
LHCI supercomplexes from the wild type and FUD39
were subjected to trypsin digestion and analyzed by
mass spectrometry. These tandem mass spectrometry
data demonstrated that not only PSBP but also PSBQ
was absent in the PSII-LHCII supercomplexes from
FUD39 (Supplemental Table S5), in accordance with a
previous characterization (de Vitry et al., 1989). More-
over, to comparatively quantify PSII from the wild type
and FUD39, we took advantage of isotopic labeling us-
ing differentially labeled N wild-type and "N FUD39
cell cultures. The comparative quantitative proteomics
data, collected from isolated PSII-LHCII supercomplexes,
revealed that PSII core subunits such as PSBA-D and
PSBH as well as the minor light-harvesting complex
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Figure 7. Comparative quantitative proteomic
analysis of polypeptides of PSII supercomplex
and ATPase from the wild-type and PSBR
knockdown strains. The same volume (100 ul)
of PSII supercomplex fractions from 2-h (A), 3-h
(B), and 24-h (D) HL SDGs of the wild type and
ami-RNA-psbr-2, respectively, and 24-h (C) HL
SDGs of the wild type and ami-RNA-psbr-1 were
analyzed by mass spectrometry. The ratios of
"*N-labeled (cw15-325) and "*N-labeled (PSBR
knockdown strains) polypeptides are presented
(mean values and their respective sp).
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subunits LHCB4 and LHCB4 were about 2-fold dimin-
ished in FUD39 in comparison with the wild type (Fig. 9C;
Supplemental Table S6). This is in accordance with the
immunoblot data (Fig. 9B) and confirms that PSII-LHCII
supercomplexes were reduced in FUD39. PSBO, PSBR,
and LHCSR3 were slightly less abundant and about
2.5-fold diminished in FUD39 with regard to the wild
type. No quantitative data could be gathered for PSBP
and PSBQ), supporting the notion that these subunits are
absent in the PSII-LHCII supercomplexes from FUD39.
Interestingly, the amounts of LHCBM subunits were
basically the same in the wild type and FUD39. These
data clearly demonstrate that PSBR and LHCSR3 comi-
grate with PSII core subunits and that LHCSR3 is linked to
the PSII core complex rather than to the mobile LHCBM
fraction.
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Figure 8. Comparison of oxygen evolution rates of the wild type (WT),
PSBR knockdown strains, and FUD39. A, Cells were grown with LL in
TAP medium. Oxygen evolution measurements were carried out with
cells incubated in TAP medium containing 0.15 um 2-phenyl-1,4-
benzoquinone. Values are means = sp of three replicates. B, Cell
culture of the wild-type and ami-RNA-psbr lines were harvested in
HSM at HL (200 wE m ™2 s7") for 24 h. FUD39 was first treated with HL
in TAP medium for 24 h. Oxygen evolution measurements were car-
ried out with cells incubated in HSM and TAP medium containing 0.12
pum 2-phenyl-1,4-benzoquinone. Values are means * sp of three rep-
licates. Chl, Chlorophyll.
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Figure 9. Immunoblot analysis of whole cells and SDG fractions 2 to
28 from 24 h of HL and comparative quantitative proteomic analysis of
polypeptides of the PSII supercomplex and ATPase from the wild type
(WT) and FUD39. A, Cell cultures of the wild type and FUD39 were
grown in TAP in HL for 24 h. Whole-cell extracts were loaded on a
13% (w/v) SDS-PAGE gel and analyzed by immunoblotting using anti-
PSBA, anti-LHCSR3, anti-PSAD, and anti-PSBR antibodies. Three mi-
crograms of chlorophyll equals 100%, and ATPB served as a loading
control. B, SDG fractions 2 to 28 from 24 h of HL (the wild type and
FUD39) were subjected to immunoblotting with anti-PSBA, anti-
LHCSR3, anti-PSAD, and anti-PSBR antibodies. Sixty microliters of
each fraction was loaded per lane. C, The same volume (100 ul) of
PSII supercomplex fractions from 24 h of HL SDGs (the wild type and
FUD39) was analyzed by mass spectrometry. The ratios of '*N-labeled
wild-type and ">N-labeled FUD39 polypeptides are presented (mean
values * sp).
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Table 1. Analysis of PSBR phosphorylation revealed three distinct phosphorylation sites

To investigate PSBR phosphorylation in C. reinhardtii, we performed mass spectrometric analyses of thylakoid membranes using SIMAC for
phosphopeptide enrichment (Thingholm et al., 2008). Subscript numbers indicate positions of phosphorylation sites within the unprocessed poly-
peptide. Phosphorylation site validation was done with phosphoRS (Taus et al., 2011).

. No. of Observed
Peptide Phosphorylations Mass Charge

Theoretical

Posterior phosphoRS

Error Sequence  Peptide

Probability probability ~ Score Site Probabilities

TDITKVGLNSs,,[EDPVVK 1 1,90/2.969 2 1,906.965 3.99E-05 1 183.87 T(1), 0.0; T(4), 0.0; S(10),

t;; DITKVGLNSIEDPVVK 1 1,906.973 2 1,906.965 1.18E-09 0.95 192.88 T(11)(,)%'4(1).5; T(4), 5.5; S(10),

t3; DITKVGLNs,,,|EDPVVK 2 1,986.935 2 1,986.931 5.42E-06 0.94 181.60 T(TO)‘,O93.9; T(4), 6.1; S(10),
TDIt;,KVGLNSIEDPVVK 1 1,906.965 2 1,906.965 8.62E-16 1 202.86 T(11)(,)%.(4)1; T(4), 99.6; S(10), 0.0
TDIt;,KVGLNs, IEDPVVK 2 1,986.932 2 1,986.931 8.62E-16 1 136.01 T(1), 0; T(4), 100.0; S(10),
VGLNs, [EDPVVK 1 1,348.665 2 1,348.663 8.84E-16 1 149.95 5(51)?(1).(;)0.0

Phosphorylation of PSBR

PSBR phosphorylation is known for Arabidopsis
(Reiland et al., 2009, 2011; Nakagami et al., 2010) and
C. reinhardtii (Turkina et al., 2006). To validate PSBR
phosphorylation in C. reinhardtii, we performed mass
spectrometric analyses of thylakoid membranes using
sequential elution from immobilized metal ion affinity
chromatography (SIMAC) for phosphopeptide enrich-
ment (Thingholm et al., 2008). Using this approach, three
distinct phosphorylation sites could be detected on PSBR
(Table I): two T phosphorylation sites were unknown,
while the phosphorylation of 540 has already been pub-
lished (Turkina et al., 2006), referred to as Ser-43. All three
phosphorylation sites differ from those known for Arabi-
dopsis as visualized in a ClustalW (Larkin et al.,, 2007)
multiple sequence alignment (Fig. 10).

DISCUSSION

In C. reinhardtii, the LHCSR3 protein is crucial for
efficient qE (Peers et al., 2009) and functionally associates

Chlamydomonas reinhardtii
Volvox carteri

Chlorella variabilis
Physcomitrella patens
Arabidopsis thaliana

Chiamydomonas reinhardtii 60 RAAENE
Volvox carteri 60 &
Chlorella variabilis 60 I
Physcomitrella patens 46 I
Arabidopsis thaliana 46 gy

with PSI-LHCII supercomplexes (Tokutsu and Minagawa,
2013). Currently, it is unknown how LHCSR3 binds to
the PSII-LHCII supercomplex. In this study, we investigated
the impact of PSBR down-regulation on photosynthetic
performance through measurements of PSII quantum
efficiency, oxygen evolution, and NPQ as well as on
PSII-LHCIH-LHCSR3 supercomplex formation. We pro-
vide evidence that PSBR is required for the stable bind-
ing of LHCSR3 to PSII-LHCII supercomplexes.

PSBR Is Involved in Forming a Recognition Site for the
Binding of LHCSR3 to PSII-LHCII Supercomplexes

Down-regulation of PSBR expression decreased the
extent of NPQ and affected the binding of LHCSR3 to
PSII-LHCII supercomplexes. On the other hand, the re-
duction of PSBR expression had no impact on the extent
of LHCSR3 expression (Figs. 4 and 6B; Supplemental Fig.
S2C), thus indicating that differences in the amounts of
LHCSR3 cannot explain the decrease in NPQ. As already
described for a PSBR-deficient mutant in Arabidopsis
(Allahverdiyeva et al., 2007, 2013), the depletion of PSBR

GLEAWAGLMEVL?
GLEAWAGLMEVLLA

Figure 10. PSBR sequence alignment. Mature PSBR amino acid sequence alignment of PSBR in C. reinhardtii (Merchant et al.,
2007), Volvox carteri (Prochnik et al., 2010), Chlorella variabilis (Blanc et al., 2010), Physcomitrella patens (Rensing et al.,
2008), and Arabidopsis (Gil-Gémez et al., 1991) was performed using ClustalW (Larkin et al., 2007) and shaded with version
3.21 of BOXSHADE. Protein sequences were taken from the National Center for Biotechnology Information (reference se-
quences XP_001696588.1, XP_002945815.1, XP_005847921.1, XP_001760191.1, and NP_178025.1). Transit peptide
cleavage sites were deduced by Emanuelsson et al. (2000) and PredAlgo (Tardif et al., 2012). Arrows indicate identified

phosphorylation sites.
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diminished PSII quantum efficiency and decreased rates
of oxygen evolution after 24 h of HL (Figs. 3 and 8).
Consequently, less efficient electron transfer from PSII
into the plastoquinone pool could explain the impact on
NPQ observed in the C. reinhardtii PSBR knockdown
strains after 24 h of HL. Additionally, detachment of
LHCSR3 from the PSI-LHCII supercomplex could con-
tribute to the lower NPQ in PSBR knockdown mutants,
as the PSII-LHCII-LHCSR3 supercomplex formed in the
wild type (Fig. 5) is competent in energy dissipation
(Tokutsu and Minagawa, 2013). The diminishment of
PSBR expression after 24 h of HL greatly destabilized the
binding of LHCSR3 to the PSII-LHCII supercomplex,
while binding of LHCBMS5 and of the minor core PSII
light-harvesting proteins, LHCB4 and LHCB5, was not
affected significantly (Fig. 7, C and D). On the other
hand, the major light-harvesting proteins LHCBM1 and
LHCBM3 were slightly diminished in the PSBR knock-
down strains, suggesting that PSII-LHCII complex for-
mation is impaired by PSBR depletion. In line with this,
it was reported that in PSBR-deficient Arabidopsis
plants, the formation of PSII-LHCII supercomplexes was
marginally affected (Allahverdiyeva et al., 2013). Inter-
estingly, deletion of LHCBMI1 resulted in a significant
decrease of NPQ (Elrad et al., 2002) in C. reinhardtii. The
fact that, besides LHCSR3, LHCBM1 was most affected
by PSBR knockdown in strain ami-RNA-psbr-2 might
suggest that this protein is directly or indirectly linked
to LHCSR3 and PSBR, which might explain the NPQ
phenotype in the LHCBMI1-deficient mutant. Strik-
ingly, the 2.5-fold diminishment of PSBR expression
destabilized the binding of LHCSR3 to the PSII-LHCII
supercomplex almost completely after 24 h of HL (ami-
RNA-psbr-2; Figs. 6A and 7D). It is important to note
that, already after 2 and 3 h of HL, LHCSR3 is, besides
PSBR, the only other PSII-LHCII supercomplex-
associated protein, which is more than 2-fold depleted
from the complex in ami-RNA-psbr-2 (Figs. 6A and 7, A
and B). In contrast, the major PSII light-harvesting pro-
teins did not change with regard to PSII core subunits.
Moreover, diminishment in PSBP and PSBQ as observed
after 24 h of HL was not as pronounced after 2 and 3 h of
HL in ami-RNA-psbr-2. After 2 and 3 h of HL, the re-
duction in NPQ was not accompanied by lower PSII
quantum efficiency, suggesting that the impact seen in
NPQ is due to less stable binding of LHCSR3 to PSII
(Fig. 3; Supplemental Fig. S3). The data suggest that
(1) stable LHCSR3 binding to the PSII-LHCII super-
complex is dependent on PSBR enabling efficient qE
quenching and (2) the absence of PSBR destabilizes
the PSII-LHCII supercomplex in continued HL. The
data obtained for FUD39 (Fig. 9, B and C) strongly
indicate that PSBP and PSBQ do not affect LHCSR3
binding to PSII-LHCII supercomplexes, as LHCSR3
association with these supercomplexes is clearly rec-
ognized, although the particles are lacking PSBP and
PSBQ polypeptides.

Intriguingly, Ido et al. (2014) identified two cross-
linked sites between PSBP and PSBR in PSIl-enriched
membranes from spinach (Spinacia oleracea) using chemical
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cross-linking and mass spectrometry. Moreover, those
authors identified cross-links between PSBP and CP26.
The tight interaction between PSBP and PSBR, as sug-
gested earlier (Suorsa et al., 2006; Liu et al., 2009), is also
confirmed in our study, as depletion of PSBR impacts the
association of PSBP with the PSII-LHCII supercomplex
(Fig. 7). On the other hand, deletion of PSBP did not
strongly impact the binding of PSBR to PSII, suggesting
that the PSBP presence is not critical for PSBR but the
absence of PSBR destabilizes the association of PSBP and
PSBQ with PSII. The cross-linking between PSBP and
CP26 demonstrates the close interaction of PSBR/PSBP
with the light-harvesting protein network in the
PSII-LHCII supercomplex and suggests that binding
of LHCSR3 to PSBR enables energetic coupling between
LHCSRS3, the core of the PSII complex, and associated
LHCII for efficient light-to-heat dissipation. The fact that
the absence of PSBP in FUD39 clearly diminished PSBR
and LHCSR3 as well as PSII core subunits but not the
LHCBM proteins (Fig. 9C) strongly indicates that LHCSR3
is indeed coupled via PSBR and the PSII core complex
and not via the LHCBM interaction network. Thus, the
presence of PSBR is required for the binding of LHCSR3
to the PSII-LHCII supercomplex and for efficient qE
quenching.

Phosphorylation of PSBR

The ClustalW multiple sequence alignment of PSBR
revealed that the HL/state 2-induced (Turkina et al,,
2006) phosphorylation site Ser-40 of C. reinhardtii PSBR
is located in a protein segment that appears to be absent
in land plants (as seen for P. patens and Arabidopsis
PSBR), while C-terminal sequences are more conserved
(Fig. 10). On the other hand, the phosphorylation site of
Arabidopsis PSBR (Ser-58) is neither conserved in green
algae nor in the moss P. patens. The second N-terminal
phosphorylation site appears to be conserved in algae
(T in C. reinhardtii and V. carteri, S in C. variabilis). It is
tempting to speculate that the protein sequence har-
boring the Ser-40 phosphorylation site in conjunction
with the N-terminal Thr phosphorylation sites in
C. reinhardtii might be involved in protein-protein
interaction with LHCSR3. In P. patens, both PSBS
and LHCSR proteins are utilized to manage qE
(Alboresi et al., 2010). As the PSII subunit PSBS is
operating in gE in the moss in contrast to green algae,
this might have altered the binding of LHCSR3 to the
PSII-LHCII supercomplex and additionally adapted
the functional requirement of PSBR, thereby pro-
moting the evolution of a land plant PSBR amino acid
sequence type.

MATERIALS AND METHODS
Strains and Growth Conditions

Wild-type Chlamydomonas reinhardtii Arg auxotrophic strain (cw15-325) and
ApsaB were gifts from Michael Schroda (Max Planck Institute of Molecular
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Plant Physiology). nac2 was kindly provided by Joerg Nickelsen (Ludwig
Maximilian University, Munich). FUD39 was obtained from the Institut de
Biologie Physico-Chimique, CNRS (Paris). For the photoheterotrophic phase, the
wild type, FUD39, nac2, and ami-RNA-psbr knockdown cells were cultivated in
TAP medium (Harris, 1989) at 25°C with 120 rpm shaking and continuous low
light (2040 wE m 2 s™"). ApsaB was grown in TAP at very low light (approximately
6 nE m™ 7). For the growth of cw15-325, the medium was supplemented with
L-Arg (100 pg mL™"). For HL experiments, cells were grown in photoheterotrophic
(in TAP) conditions until the cell density reached approximately 4 X 10° cells mL .
Wild-type and ami-RNA-psbr knockdown cells were diluted to 1 X 10° cells mL ™" in
HSM (Harris, 1989). For the FUD39 experiment, wild-type and FUD39 cells were
diluted to 1 X 10° cells mL ™" in TAP medium. Afterward, cells were transferred
to HL (approximately 185 uE m 2 s™!) conditions and harvested at the desig-
nated time.

Generation of amiRNA Mutants

Plasmid generation of ami-RNA-psbr lines was performed as described in the
literature (Molnar et al., 2009; Petroutsos et al., 2011). The oligonucleotides used
for ami-RNA-psbr lines were amiFor_ psbr (5'-ctagtCCGTCGTTAAGCAGAG-
TCTAAtctcgctgateggeaccatggggstgeteggteatcagegctaTTAGGTTCTGCTTAACG-
ACGGg-3') and amiRev_psbr (5'-ctagcCCGTCGTTAAGCAGAACCTAAtageg-
ctgatcaccaccacccccatggtgecgatcagegagaTTAGACTCTGCTTAACGACGGa-3').
The generated plasmid ami-RNA-psbr was transformed into cw15-325 strain
using glass beads according to established protocols (Kindle et al., 1989). The
vector pMS539 (Schmollinger et al., 2010) was used in this study to express
amiRNA constructs targeting psbr.

RNA Analysis

Total RNA was extracted using TRIZOL reagent and treated with DNase
from Invitrogen. Complementary DNA synthesis was carried out with the
iScript cDNA Synthesis Kit (Bio-Rad). For each sample, 800 ug of purified RNA
was used for a 20-uL reaction according to the manufacturer’s instructions.
RT-PCR was performed using MangoTaq Polymerase (Bio-21078-82-83). The psbr
product was amplified with primers psbr _for (5'-CCCCTCTGCGCCCCC-
GCGTGT-3") and psbr _rev (5'-ACCAGGCCAGCCCAGGCGATCAGG-3'). Ampli-
fication of a B-tubulin product was used as an endogenous control using the
following set of oligonucleotides: B-tubulin _for (5'-TGCCTGCAGGGCTTCCAGG-3')
and B-tubulin _rev (5'-GGGATCCACTCGACGAAGTA-3').

Isolation of Thylakoid Membranes

Thylakoid membranes were isolated as described previously (Harris,
1989).

SDG Ultracentrifugation

Discontinuous SDGs were prepared by sequential layering of 1.3, 1, 0.7, 0.4,
and 0.1 M Suc (from bottom to top). Suc gradient centrifugation of isolated
thylakoid membranes was performed as described in the literature (Tokutsu
et al., 2012) but with some modifications. An amount of thylakoid membranes
corresponding to 200 ug of chlorophyll was resuspended in 5 mm HEPES and
10 mm EDTA (pH 7.5) buffer and solubilized in 1% (w/v) a-DM on ice in the
dark for 5 min. Solubilized thylakoid membranes were loaded on top of
prepared SDGs and centrifuged at 29,000 rpm for 22 h using Rotor SW41Ti
(Beckman) at 4°C.

SDS-PAGE and Immunoblotting

Whole cells were centrifuged at 5,000 rpm for 5 min at 4°C and resuspended
in 5 mm HEPES (pH 7.5) buffer. The entire gradient was fractionated from
bottom to top (approximately 300 uL per fraction). The same volume of each
fraction and the same amount of chlorophyll of whole cells and thylakoid
membranes in the wild type and knockdown mutants were separated by 13%
(w/v) SDS-PAGE (Laemmli, 1970). Proteins were blotted on nitrocellulose
membranes (Amersham) and analyzed by specific antibodies. Antipeptide
antibody against PSBR (ASGGGKTDITKVGLN) was purchased from Euro-
gentec and used in a 1:2,000 dilution. Antibody against PSBA and ATPB were
obtained from Agrisera and used as 1:10,000 and 1:6,000 dilutions, respec-
tively. Antibody against PSBO (1:1,000) was a gift from F. Koenig (University
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of Bremen). Antibodies against PSAD (Naumann et al., 2005) and LHCSR3
(Naumann et al., 2007) were used at 1:2,000 dilutions.

Mass Spectrometry

Isotopic °N and "N labeling was performed for ami-RNA-psbr mutant/
FUD39 and wild-type cells, respectively. Isolated thylakoids from "“N-labeled
wild type and N-labeled psbr knockdown strains and FUD39 cells were
solubilized and separated by SDG centrifugation as described (Tokutsu et al.,
2012). Separated LHCII, PSII, and PSI fractions from “N-labeled wild-type
and "N-labeled psbr knockdown strains and FUD39 cells were mixed at
equal volume and digested with trypsin according to the filter-aided sample
preparation protocol (Wisniewski et al., 2009). Peptide identification, deter-
mination of false discovery rates, and protein quantification were performed as
described (Hohner et al., 2013), with the only exception being that carbamido-
methylation of Cys was set as a fixed modification during the database search.

PSBR phosphopeptides were identified by shaving thylakoid membranes,
which were isolated in the presence of 10 mm sodium fluoride, with trypsin as
described (Turkina et al.,, 2006). Phosphopeptides were enriched using the
SIMAC protocol (Thingholm et al., 2008). Liquid chromatography-mass
spectrometry analysis of phosphopeptides was performed as described (Pan
et al., 2011). Peptide identification and determination of false discovery rates
were carried out as described (Hohner et al., 2013) with the following modi-
fications: oxidation of Met and phosphorylation of Ser, Thr, and Tyr were
allowed as variable modifications during the database search. Phosphoryla-
tion site assignments were validated by phosphoRS (Taus et al., 2011) with
fragment ion mass accuracy set to 0.5 D.

Chlorophyll Fluorescence

Chlorophyll fluorescence measurements of cells were performed using a pulse
amplitude-modulated chlorophyll fluorometer (Heinz Walz). Cultures were
prepared as described in the literature (Petroutsos et al., 2011). Effective PSII
quantum yield and NPQ were calculated as (F,," — F)/F," and (F,, — F,')/F..’,
respectively, where F ' is the maximum fluorescence yield in the light-
acclimated state, F is the fluorescence yield, and F,, is the maximum fluores-
cence yield measured during a brief, saturating flash of light.

Oxygen Evolution Measurements

Samples were prepared and measured using a Clark-type oxygen electrode
as described in the literature (Naumann et al., 2007) with the following
modifications. C. reinhardtii cells were grown under LL and HL for 24 h.
Whole cells were centrifuged at 5,000 rpm for 5 min at 4°C and resuspended in
TAP and HSM. Cells were adapted in the dark for 20 min before oxygen
evolution measurement. Measurement of oxygen evolution was performed at
25°C and 1,000 E m 2 s~ in the presence of 0.15 um (in TAP) and 0.12 um (in
HSM) 2-phenyl-1,4-benzoquinone.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Immunoblot analysis of thylakoid membrane
and Suc density gradients and PSII quantum yield and NPQ induction
of the wild type and amiRNA-psbr-44.

Supplemental Figure S2. Absorbance measurement and immunoblot anal-
ysis of SDG fractions from 24-h HL wild-type and PSBR knockdown strains.

Supplemental Figure S3. PSII quantum yield and NPQ induction of wild-
type and ami-RNA-psbr-2 from 3-h HL cells.

Supplemental Table S1. Quantitative proteomics data of Figure 7A.
Supplemental Table S2. Quantitative proteomics data of Figure 7B.
Supplemental Table S3. Quantitative proteomics data of Figure 7C.
Supplemental Table S4. Quantitative proteomics data of Figure 7D.

Supplemental Table S5. Proteomics analysis of polypeptides of PSII-
LHCII supercomplex from wild-type and FUD39.

Supplemental Table S6. Quantitative proteomics data of Figure 9A.
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