
Energy-dissipative supercomplex of photosystem II
associated with LHCSR3 in Chlamydomonas reinhardtii
Ryutaro Tokutsu and Jun Minagawa1

Division of Environmental Photobiology, National Institute for Basic Biology, Okazaki 444-8585, Japan

Edited by Elisabeth Gantt, University of Maryland, College Park, MD, and approved April 19, 2013 (received for review December 26, 2012)

Plants and green algae have a low pH-inducible mechanism in
photosystem II (PSII) that dissipates excess light energy, measured as
the nonphotochemical quenching of chlorophyll fluorescence (qE).
Recently, nonphotochemical quenching 4 (npq4), a mutant strain of
the green alga Chlamydomonas reinhardtii that is qE-deficient and
lacks the light-harvesting complex stress-related protein 3 (LHCSR3),
was reported [Peers G, et al. (2009) Nature 462(7272):518–521]. Here,
applying a newly established procedure, we isolated the PSII super-
complex and its associated light-harvesting proteins from both WT C.
reinhardtii and the npq4mutant grown in either low light (LL) or high
light (HL). LHCSR3 was present in the PSII supercomplex from the HL-
grown WT, but not in the supercomplex from the LL-grown WT or
mutant. The purified PSII supercomplex containing LHCSR3 exhibited
a normal fluorescence lifetime at a neutral pH (7.5) by single-photon
counting analysis, but a significantly shorter lifetime at pH 5.5,
which mimics the acidified lumen of the thylakoid membranes in
HL-exposed chloroplasts. The switch from light-harvesting mode
to energy-dissipating mode observed in the LHCSR3-containing
PSII supercomplex was sensitive to dicyclohexylcarbodiimide, a
protein-modifying agent specific to protonatable amino acid resi-
dues. We conclude that the PSII-LHCII-LHCSR3 supercomplex formed
in the HL-grown C. reinhardtii cells is capable of energy dissipation
on protonation of LHCSR3.
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Photosynthetic reactions in plants and algae fix CO2 by con-
verting solar energy into electrochemical energy. In nature,

unexpected changes in light intensity could lead to over-
excitation of the photosystems, resulting in the accumulation of
harmful reactive oxygen species (1). Plants and green algae have
developed protective nonphotochemical quenching (NPQ) mecha-
nisms that alleviate such photo-oxidative stress. Among these mecha-
nisms, quenching of chlorophyll (Chl) fluorescence (qE)—a feedback
process of photosystem II (PSII) regulation—dissipates excess light
energy captured by PSII as heat on luminal acidification of the thyla-
koid membranes, which occurs along with elevated electron flow.
Numerous previous studies have focused on elucidating the

molecular mechanism of qE quenching (see refs. 1–3 for reviews).
In higher plants, qE induction depends on activation of the xan-
thophyll cycle (4–6) and the sensing of luminal acidification by
PsbS, a protein homologous to light harvesting complex (LHC)
proteins (7, 8). Protonation of PsbS induces a change in the macro-
organization of the thylakoid membranes (3, 9, 10) that results in
the aggregation of LHCII proteins (11) and/or induces conforma-
tional change(s) in LHCII (12), allowing for the formation of energy-
quenching sites (13). Although both PsbS protein and zeaxanthin are
thought to have crucial roles in qE quenching in higher plants, such
molecular effectors have not been studied in depth in other photo-
synthetic organisms. The green algaChlamydomonas reinhardtii does
not express the PsbS protein (14), even though the PsbS gene is
present (15), and a mutant deficient in violaxanthin deepoxidase ac-
tivity still exhibits qE quenching (6, 16). Moreover, qE is inducible in
C. reinhardtii. In contrast to higher plants, where qE quenching is
activated immediately on exposure to high light (HL), the activation
of qE quenching inC. reinhardtii requires prolonged exposure to HL

(16) or low CO2 (17), suggesting that green algae have a distinct
mechanism for qE induction and activation.
Niyogi et al. (18) recently reported that a C. reinhardtii

mutant called nonphotochemical quenching 4 (npq4), which is
deficient in the light-harvesting complex stress-related protein
3 (LHCSR3), induces little qE quenching. The genes for
LHCSR3 (Lhcsr3.1 and Lhcsr3.2), formerly known as LI818
(19), encode a 25–26 –kDa integral membrane protein whose
expression is induced under HL (20), low CO2 (21), or low
iron (22) conditions and that can bind both Chl and xantho-
phylls (23). Furthermore, a recombinant LHCSR3 polypeptide
reconstituted with Chl and xanthophylls is capable of dissipating
excitation energy in a low-pH buffer, suggesting that this protein
controls both the pH-sensing and energy-quenching functions in C.
reinhardtii (23). Where this protein is localized in the thylakoid
membranes, and whether it dissipates energy captured by PSII,
remain unclear, however.
In this study, using both WT C. reinhardtii and its npq4 mutant

grown in low light (LL) or HL and a newly established procedure
(24), we isolated and characterized the PSII supercomplex as-
sociated with light-harvesting proteins.

Results
Sucrose density gradient (SDG) ultracentrifugation of the solu-
bilized protein complexes from HL-grown WT C. reinhardtii cells
resulted in four green bands—LHCII monomers, LHCII trimers,
the photosystem I (PSI)-LHCI supercomplex, and the PSII-
LHCII supercomplex (Fig. 1 A and B)—as reported previously
(24). LHCSR3 signals were detected in the LHCII monomers
and trimers (the fractions containing the free LHCII proteins)
and the high molecular weight fraction of the PSII-LHCII
supercomplex, but were barely discernible in the fraction con-
taining the PSI-LHCI supercomplex (Fig. 1C). Immunoblot
analysis of samples eluted from a nickel column indicated that
the His-tagged PSII preparation, but not the His-tagged PSI
preparation, included a significant amount of LHCSR3 (Fig.
2A), suggesting that LHCSR3 was associated almost exclusively
with PSII. SDG ultracentrifugation of the His-tagged PSII
preparation (Fig. 2B) yielded, as expected, a thick green band
in the PSII-LHCII supercomplex position, and most of the
LHCSR3 was localized to this fraction (Fig. 2B). The top three
bands are likely the products of partial disassembly of the PSII-
LHCII supercomplex including LHCII, the PSII core particle,
and the PSII core particle plus a few LHCIIs, respectively
(Fig. 2B). Thus, we concluded that LHCSR3 was expressed in
C. reinhardtii under HL conditions, and that it associated
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predominantly with the PSII-LHCII supercomplex to form the
PSII-LHCII-LHCSR3 supercomplex.
To determine the stoichiometry of LHCSR3 with the PSII-

LHCII-LHCSR3 supercomplex, we immunologically quanti-
tated the amounts of a minor monomeric LHCII protein CP26
and LHCSR3 using a recombinant CP26 polypeptide and
LHCSR3 polypeptide, respectively, as standards (Fig. S1).
The ratio of LHCSR3/CP26 thus estimated was 0.14 (Table S1),
suggesting that a substoichiometric amount of LHCSR3 is
associated with the supercomplex, with one supercomplex
binding 0.28 LHCSR3.
We subjected the PSII-LHCII and PSII-LHCII-LHCSR3 super-

complexes from the LL-grown and HL-grown WT alga to time-
correlated single-photon counting experiments to examine whether
association with LHCSR3 affects the fluorescence quenching ca-
pacity of the PSII-LHCII supercomplex (Fig. 3). When measured at
pH 7.5 (which mimics the pH in the lumen of the chloroplasts in
the LL-grown cells), the PSII-LHCII supercomplex from the LL-
grownWT cells fluoresced with an average lifetime (τAVE) of 2.6 ns
and had three components, one component each at 300 ps (12.8%),
1.6 ns (41.6%), and 4.1 ns (45.6%) (Fig. 3 and Table 1). Because
lumen acidification is required for qE activation (4, 5, 25), we ex-
amined the fluorescence lifetime of the PSII-LHCII supercomplex
at pH 5.5 (Fig. 3A); this lifetime did not differ significantly from that
at pH 7.5, indicating that in a neutral or acidic buffer in the absence
of LHCSR3, the PSII-LHCII supercomplex is in a high fluorescence
state. We observed a similarly long lifetime fluorescence (τAVE =
2.6 ns) in the PSII-LHCII-LHCSR3 supercomplex from the HL-
grown cells when measured at pH 7.5 (Fig. 3B). At pH 5.5, however,
we detected a significantly shorter lifetime fluorescence (τAVE = 1.8
ns) (Fig. 3B), with exponential components of 200 ps (21.1%), 900 ps
(40.1%), and 3.5 ns (38.8%) (Table 1). We ascribed the increased
quenching capacity at pH 5.5 primarily to the amplitude increase (to
21.1% from12.7%) and the lifetime decrease (to 200 ps from300 ps)
of the fastest component.

The activation of qE observed in the PSII-LHCII-LHCSR3
supercomplex after the decrease in pH was likely mediated by
protonation of its acidic residues, as proposed in earlier work with
recombinant LHCSR3 (23). Fig. 3D shows the inhibitory effect
of dicyclohexylcarbodiimide (DCCD) on qE activation. A long
lifetime fluorescence (τAVE = 2.5 ns) at pH 5.5 was evident after
the supercomplex was treated with DCCD (Table 1), indicating
that protonation of the PSII-LHCII-LHCSR3 supercomplex is
necessary for qE activation. We further performed a binding
assay of [14C]-DCCD to the supercomplex polypeptides to
determine the potential targets of DCCD. After the PSII-
LHCII-LHCSR3 supercomplex from the HL-grown WT and
the PSII-LHCII supercomplex from the HL-grown npq4 mutant
were treated with radioactive DCCD under the same conditions as
those under which it inhibited qE activation, the decorated poly-
peptides were visualized by autoradiography after separation by
SDS/PAGE. Fig. S2 shows the four DCCD-labeled bands corre-
sponding to CP26, a minor monomeric LHCII protein CP29, major
LHCII type I (LhcbM3/4/6/8/9)/LHCSR1/LHCSR3, and major

Fig. 1. Purification of the PSII-LHCII-LHCSR3 supercomplex from WT
C. reinhardtii. (A) Thylakoids fromWT (137c) cells grown under HL conditions
(500 μE/m2/s) were solubilized with α-DM and subjected to SDG centrifuga-
tion. The solubilized membranes (200 μg Chl) were loaded on a gradient. The
four green bands were identified as dissociated LHCIIs (monomers and
trimers), the PSI-LHCI supercomplex, and the PSII-LHCII supercomplex (24). (B)
Polypeptides in the SDG fractions shown in A were analyzed by SDS/PAGE
and staining with Coomassie brilliant blue R-250. (C) Polypeptides in the SDG
fractions from the α-DM–solubilized WT thylakoids were subjected to im-
munoblotting with an antibody against LHCSR3.

Fig. 2. Polypeptide composition of affinity-purified photosystems. (A) Im-
munoblotting analyses with antibodies against each photosynthetic protein
were performed as labeled. The PSII and PSI supercomplexes isolated by
nickel-affinity chromatography were obtained from PsbH-His and PsaA-His
strains, respectively; 1 μg of Chl was loaded in each lane. Thy, thylakoids;
Elut, elution fraction; Flow, flow-through fraction. (B) The affinity-purified
PSII-LHCII-LHCSR3 supercomplexes were subjected to SDG fractionation and
immunologically characterized using the specific antibodies as labeled.
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LHCII type III (LhcbM2/7). The intensity of the third band from
the PSII-LHCII supercomplex was less than that of the PSII-
LHCII-LHCSR3 supercomplex (77%), suggesting that LHCSR3
is one of the targets of DCCD.
Examination of the photosynthetic supercomplexes in the HL-

grown npq4 mutant revealed stable formation of the PSII-LHCII
supercomplex in the absence of LHCSR3 (Fig. 4), suggesting
that LHCSR3 could bind the periphery of the supercomplex. The
supercomplex from the npq4 mutant exhibited fluorescence with
an average lifetime comparable to that of the supercomplex from
the LL- or HL-grown WT at pH 7.5 (τAVE = 2.7 ns) (Fig. 3C and
Table 1). At pH 5.5, the supercomplex from the npq4 mutant
exhibited fluorescence with an average lifetime of 2.3 ns (Fig.
3C and Table 1), much longer than that of the HL-grown WT
supercomplex but still shorter than that measured at pH 7.5.
These results indicate that LHCSR3 is necessary for the PSII-
LHCII supercomplex to exhibit a large quenching capacity.
Moreover, because the supercomplex prepared from the npq4
mutant exhibited fluorescence with an intermediate lifetime,

it is likely that the supercomplex in the npq4 mutant retained
additional quenching effector(s).
Examiniation of the fluorescence lifetime of the free LHCII

fractions to examine whether LHCSR3 exhibited quenching ca-
pacity for itself (Table S2) showed that the fraction from the HL-
grown cells, which includes LHCSR3 (as in Fig. 1B), exhibited
a long lifetime fluorescence (τAVE = 3.7 ns) at pH 7.5, similar to
the isolated LHCII proteins (26). This result was not affected by
a pH shift to 5.5 (τAVE = 3.7 ns). The free LHCII fractions
prepared from the LL culture in which no LHCSR3 was present,
also exhibited a long lifetime fluorescence (τAVE = 3.8 ns),
demonstrating that the overall fluorescence lifetime was not af-
fected by the presence of free LHCSR3.

Discussion
Plants and green algae alleviate HL stress via qE, a regulatory
feedback process that safely dissipates excess energy as heat and in
turn decreases the radiation decay yield (i.e, fluorescence) of Chl-
excited states. Thus, active qE is manifested by the quenching of
Chl fluorescence (NPQ). Because qE is so induced, at least two
effectors are required: a pH sensor, which senses the luminal
proton concentration, and a quenching site, in which the Chl-
excited states decay primarily as heat. In vascular plants, the qE
effector PsbS senses the luminal pH (1) and modifies the thylakoid
membrane macrostructure accordingly (3, 9, 10); however, PsbS
likely is not a quenching site, because it does not bind pigments
(27). The altered thylakoid structure leads to conformational
change(s) within LHCIIs (12), generating energy-quenching site(s)
in the LHCII aggregates (11) and/or minor monomeric LHCII(s)
(13), and establishing a low-fluorescence state that is measurable
asNPQ. In contrast, in green algae, the qE effector LHCSR3 could
bind Chl a and b, violaxanthin, lutein, and zeaxanthin, presumably
acting as an energy-quenching site as well as a sensor for luminal
acidification, as was demonstrated recently using a recombinant
LHCSR3 that was reconstituted with the pigments (23).
In the present work, we have demonstrated that LHCSR3 is

associated primarily with PSII (Fig. 1), and have isolated a PSII
supercomplex containing LHCSR3 as well as the antenna proteins
LHCII (PSII-LHCII-LHCSR3 supercomplex) from C. reinhardtii.
A trace amount of LHCSR3 in the PSI-LHCI supercomplex (Fig.
1) possibly represents an LHCSR3 population associated with the
PSI-LHCI supercomplex during state 2, as was reported in a recent
study of HL-treated C. reinhardtii (28). Interestingly, the PSII-
LHCII supercomplex was in an energy-dissipative state only in the
presence of LHCSR3 and only at pH 5.5, not at pH 7.5. Our
analysis of the pigment compositions of the PSII-LHCII and PSII-
LHCII-LHCSR3 supercomplexes from the LL-grown and HL-
grown WT and the npq4 mutant indicated only trace amounts of
zeaxanthin in the samples (Fig. S3). Thus, the observed energy
dissipation in the supercomplex was not related to the accumula-
tion of zeaxanthin (5). Because the energy dissipationwas inhibited

Fig. 3. Time-resolved fluorescence analysis of the PSII supercomplexes. Time-
correlated single-photon counting of fluorescence for the PSII supercomplexes
from the LL-grown WT (A), HL-grown WT (B), HL-grown npq4 (C), and DCCD-
treated HL-grown WT (D) were recorded at 682 nm (slit = 4 nm) at pH 5.5 and
7.5. Decay curves were fitted with three exponential functions. The faint colored
dots are the actual data points, and the thick colored lines are the fitted curves.

Table 1. Average Chl fluorescence lifetimes (τAVE) and the three lifetime components of the
PSII-LHCII-LHCSR3 supercomplex at pH 5.5 and 7.5 in the presence or absence of DCCD after
fitting

PSII supercomplex (pH) DCCD τAve, ns A1, % τ1, ps A2, % τ2, ns A3, % τ3, ns

LL: WT (pH 7.5) — 2.6 12.8 300 41.6 1.6 45.6 4.1
LL: WT (pH 5.5) — 2.4 20.8 200 29.0 1.3 50.2 4.0
HL: WT (pH 7.5) — 2.6 12.7 300 31.9 1.5 55.4 3.8
HL: WT (pH 5.5) — 1.8 21.1 200 40.1 0.9 38.8 3.5
HL: WT (pH 7.5) + 2.6 12.8 300 41.6 1.6 45.6 4.1
HL: WT (pH 5.5) + 2.5 17.3 300 32.0 1.4 50.7 3.9
HL: npq4 (pH 7.5) — 2.7 12.8 200 29.0 1.3 58.1 3.8
HL: npq4 (pH 5.5) — 2.3 14.3 200 34.0 1.0 51.7 3.6

A, relative amplitude; τ, lifetime; +, present; —, absent.
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by DCCD (Fig. 3D), it could be related to a protonation-induced
conformational change within the PSII-LHCII-LHCSR3 super-
complex. The DCCD-binding amino acid residue(s) is more likely
the site of the “low-pH switch.”The binding assay using radioactive
DCCD revealed that DCCD could bind to LHCSR3, as well as to
some other LHCII proteins (Fig. S2). Although further experi-
ments are needed to pinpoint this low-pH switch by, for instance,
site-directed mutagenesis of the possible DCCD-binding sites, we
speculate that protonation(s) within LHCSR3 would switch the
PSII-LHCII supercomplex into the energy-dissipative mode in
C. reinhardtii.
Because qE is a part of the NPQ that is dependent on luminal

acidification, we can estimate the extent of qE within the NPQ by
canceling ΔpH across the thylakoid membranes using the iono-
phore nigericin (5). The HL-grown C. reinhardtii cells exposed to
HL exhibited a nigericin-sensitive NPQ value at 1.77 (NPQWT –

NPQnigericin) (Fig. S4). From the photon counts at pH 7.5 and 5.5
obtained through the fluorescence lifetime measurements, we can
estimate how many photons were radiated at pH 7.5 but quenched
at pH 5.5 (Table S3). After normalizing the quenched photon
counts with all of the photon counts measured at pH 5.5, we esti-
mated the quenching capacity (NPQcalc) of the protonated PSII-
LHCII-LHCSR3 supercomplex as 1.06 and the protonated PSII-
LHCII supercomplex as 0.28 according to the Stern–Volmer
equation (Table S3). The difference between the two NPQcalc
values (1.06 − 0.28 = 0.78), representing the LHCSR3-dependent
NPQ of the supercomplex, was smaller than the LHCSR3-
dependent NPQ observed in vivo (NPQWT−NPQnpq4= 1.32; Fig.
S4), which is tentatively accounted for by the substoichiometric
amount of LHCSR3 in the isolated supercomplex (Fig. S1 and
Table S1). The part of qE retained in the npq4mutant (NPQnpq4−
NPQnigericin = 0.45) indicates that some NPQ components are
independent of LHCSR3, which is possibly dependent on LHCSR1,
another copy of the LHCSR protein, and/or xanthophyll cycle pig-
ments located outside of the PSII-LHCII-LHCSR3 supercomplex.
Regarding the molecular basis of the energy dissipation ob-

served in this study, we note that the increased amplitude and

shortened lifetime of the fastest fluorescence lifetime component
(Table 1) were most likely the primary cause of the induction of
quenching by the shift to low pH. Recently reported fluorescence
snapshots obtained during the HL treatment of living C. reinhardtii
cells show an increase in the amplitudes of the 65-ps and 305-ps
lifetime components (29), and the authors tentatively suggested
that the changes in the 65-ps component were related to charge-
transfer quenching in the minor LHCII and the changes in the
305-ps component were related to aggregated LHCII trimers.
Because the major fluorescence lifetime change in our study was
detected in the same range as that of the 305-ps component, the
two studies could have observed the same quenching process;
however, we suggest that the changes in the 200- to 300-ps com-
ponent were not related to the aggregated LHCII trimers, because
we did not observe such lifetime components in the free LHCII
fractions (Fig. S5 and Table S2). Additional supporting evidence
was obtained when we measured 77 K fluorescence emission
spectra of the PSII-LHCII-LHCSR3 supercomplex (Fig. S6),
where the (quenched) − (unquenched) difference fluorescence
spectra (i.e., the NPQ spectra) showed no positive bands of fluo-
rescence in the far red region, but rather exhibited spectra typical
of PSII core particles (30). Such emerging far-red fluorescence has
been considered a signature feature of LHCII aggregates (31, 32).
Thus, we rather tentatively suggest that the changes seen in the
200- to 300-ps lifetime component were related to the formation of
a charge-transfer center, presumably induced by the protonation of
LHCSR3within the supercomplex.Owing to the limited resolution
of our single photon counting device, we are not able to address
further details of the 65-ps component here.
In this study, we have demonstrated that free LHCSR3 did not

exhibit fluorescence quenching using the free LHCII/LHCSR3
fraction (Table S2). Because LHCSR3 is a minor component in
this fraction, excluding the possibility that the overall fluores-
cence lifetime of this fraction was not affected by the presence of
LHCSR3 is difficult. In fact, a previous report indicated that
a reconstituted LHCSR3 protein exhibited significant energy-
quenching capability (23). However, we tentatively conclude that

Fig. 4. Purification of the PSII-LHCII-LHCSR3 supercomplex from C. reinhardtii npq4 strain. (A) Thylakoids fromWT cells grown under LL conditions (40 μE m−2 s−1)
and from the npq4 mutant grown under HL conditions (500 μE m−2 s−1) were solubilized with α-DM and subjected to SDG centrifugation. Solubilized membranes
with 200 μg of Chl were loaded onto the gradients. (B) Polypeptides in the SDG fractions shown in A were analyzed by SDS/PAGE, stained with Coomassie brilliant
blue R-250, and subjected to immunoblot analysis as indicated. Samples were normalized to the amount of D1 protein. Type I, major LHCII type I (LhcbM3/4/6/8/9);
type III, major LHCII type III (LhcbM2/7); type IV, major LHCII type IV (LhcbM1).
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the association of LHCSR3 with the PSII-LHCII supercomplex
is essential for inducing qE quenching in C. reinhardtii, because it
is at least clear that a smaller amount of LHCSR3, which was
associated with the PSII-LHCII supercomplex, caused a large
quenching, whereas a larger amount of free LHCSR3 did not
(Figs. 1 and 3 and Fig. S5). The Lhcsr3 genes are distributed not
only in green algae, but also in moss (33) and in other algae,
including diatoms (34, 35). Diatom studies demonstrate that low
accumulations of LHCSR proteins (known as LHCX in diatoms)
result in a low qE amplitude (34). The moss Physcomitrella pat-
tens contains both PsbS and LHCSR, and disruption of the Lhcsr
gene(s) leads to a dramatic decrease in qE (36). Thus, LHCSR3-
based energy dissipation could be a widely adopted mechanism
of coping with HL stress that preceded the establishment of
terrestrial habitation by photosynthetic organisms.
Based on our results and the literature, we propose the following

molecular steps for the induction of qE inC. reinhardtii (Fig. 5): (i)
LHCSR3 is expressed during HL illumination; (ii) LHCSR3 is
bound to the PSII-LHCII supercomplex to form a PSII-LHCII-
LHCSR3 supercomplex in the membranes; and (iii) the pro-
tonation of LHCSR3, which occurs on luminal acidification by
HL illumination, directlymodifies the antenna conformationwithin
the supercomplex to form a quenching center.

Materials and Methods
C.reinhardtii Strains and Growth Conditions. C. reinhardtii WT strain 137c was
obtained from the Chlamydomonas Center (http://www.chlamy.org). The
npq4 (18), PsaA-His (37), and PsbH-His (38) mutants were as described pre-
viously. All strains were grown photoautotrophically at 23 °C in a high-salt
minimal medium (39) with air bubbling under either LL (40 μE m−2 s−1) or HL
(500 μE m−2 s−1) conditions.

Isolation of Photosystem Supercomplexes. Thylakoid membranes from
C. reinhardtii cells were prepared as described previously (24), suspended in a 25
mM Mes buffer (pH 6.5) at 0.4 mg Chl/mL, and solubilized with 1.0% dodecyl-
α-maltoside (α-DM; Affymetrix) (24) for 5 min on ice. The photosynthetic
supercomplexes were purified by SDG centrifugation as reported previously (24).
To determine whether LHSCR3 was specifically bound to the PSII-LHCII super-
complex, we purified the PSI-LHCI and PSII-LHCII supercomplexes by nickel col-
umn chromatography using the thylakoids from a mutant strain carrying a His-
tagged PsaA protein (PSI-LHCI supercomplex) (37) or a His-tagged PsbH protein
(PSII-LHCII supercomplex) (38). Nickel-affinity chromatography of the His-tag-
ged PSI and PSII supercomplexes was carried out as described previously (40, 41),
but with 0.02% α-DM included in all buffers rather than other detergents.

Purification of Recombinant Proteins in Escherichia coli. Lhcsr3.1 cDNA was
cloned in the pQE52 vector (Qiagen). The resultant LHCSR3-His vector
(pQE52-Lhcsr3.1-His) and the CP26-His vector (pQE52-lhcb5-His) (42) were
used to transform E. coli host strains M15 [pREP4] and SG13009 [pREP4],
respectively. His-tagged proteins were induced by isopropyl β-D-thio-
galactopyranoside as described previously (42) and purified in a nickel-
nitrilotriacetic acid spin column (Qiagen).

Pigment Analysis. Pigments were extracted from the PSII supercomplexes with
methanol/acetone (50:50 vol/vol) solution. The samples were incubated at 4 °C
for 5 min in the dark before analysis. Pigments were separated by ultra-
performance liquid chromatography (UPLC) using a Waters H-class system
equipped with a 2.1 mm × 150 mm ACQUITY UPLC HSS C18 column (Waters).
Gradients were run from 70:10:20 (vol/vol) acetonitrile/isopropanol/water to
85:10:20 (vol/vol) acetonitrile/isopropanol/water at 6.5 min and 50:50:0 (vol/
vol) acetonitrile/isopropanol/water at 10 min before returning to 70:10:20 (vol/
vol) acetonitrile/isopropanol/water at 15 min. The flow rate was 0.4 mL/min,
and the column temperature was 40 °C. Pigment concentrations were calcu-
lated with Empower3 software (Waters) using commercial standards (DHI).

Fig. 5. A model for the induction of qE in C. reinhardtii. (A) LHCSR3 expression under HL conditions. (B) Binding of LHCSR3 to the PSII-LHCII supercomplex
(24). (C) Acidification of the thylakoid lumen; energy dissipation inhibited by DCCD-binding to the PSII-LHCII-LHCSR3 supercomplex. The crystal coordinates
were obtained from the Protein Data Bank (ID codes: PSII core dimer, 2AXT; LHCII, 2NHW; PSI-LHCI supercomplex, 2O01).
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SDS/PAGE and Immunoblot Analysis. SDS/PAGE and immunoblot analyses were
conducted as described previously (24). The antibodies used have been de-
scribed previously (40, 41). Densitometric analyses of the detected images
were performed using Image Lab software (Bio-Rad).

Autoradiography. For autoradiography, [14C]-DCCD (American Radiolabeled
Chemicals) in toluene solution was dried with nitrogen gas and resolved in
ethanol as reported previously (43), yielding a 2-mM stock solution. The
[14C]-DCCD solution was added at a final concentration of 20 μM to the PSII
supercomplexes. The [14C]-DCCD -labeled PSII supercomplexes (3 μg Chl)
were separated using SDS/PAGE and exposed to an imaging plate (BAS-
TR2025; Fuji Photo Film) for 62 h. Autoradiographs were processed on a BAS
5000 instrument (Fuji Photo Film).

Time-Resolved Fluorescence Lifetime Measurement. Fluorescence lifetimes of
the photosynthetic supercomplexes were determined by time-correlated
single-photon counting of fluorescence on a FluoroCube instrument
(HORIBA Jobin-Yvon). A light-emitting diode (NanoLED; HORIBA Jobin-Yvon)
operating at 440 nm was used for excitation, and fluorescence was detected
at 682 nm through a monochromator (slit = 4 nm). The supercomplex was
treated with 20 μM DCCD, a known inhibitor of ΔpH-dependent qE
quenching in higher plants (44). All experiments were performed at 23 °C.

Fluorescence decays were analyzed using the reconvolution method with
DAS6 software (HORIBA Jobin-Yvon).

Low-Temperature Fluorescence Emission Spectra. Low-temperature fluores-
cence emission spectra were measured at 77 K using a FluoroMax4 spec-
trofluorometer (HORIBA Jobin-Yvon). Protein samples were excited at
440 nm (slit = 20 nm), and fluorescence was monitored between 600 and 800
nm (slit = 2 nm). Areas under the spectra were normalized to single photon
counts of fluorescence from the same samples at 23 °C as described above.
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