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SUMMARY

Chlorophylls a and b (Chl a and b) are involved in light harvesting, photochemical reactions, and electron

transfer reactions in plants and green algae. The core complexes of the photosystems (PSI and PSII) associ-

ate with Chl a, while the peripheral antenna complexes (LHCI and LHCII) bind Chls a and b. One of the final

steps of Chl biosynthesis is the conversion of geranylgeranylated Chls (ChlsGG) to phytylated Chls by gera-

nylgeranyl reductase (GGR). Here, we isolated and characterized a pale green mutant of the green alga Chla-

mydomonas reinhardtii that was very photosensitive and was unable to grow photoautotrophically. This

mutant has a 16-bp deletion in the LHL3 gene, which resulted in the loss of LHL3 and GGR and accumulated

only ChlsGG. The lhl3 mutant cells grown in the dark accumulated PSII and PSI proteins at 25–50% of WT

levels, lacked PSII activity, and retained a decreased PSI activity. The PSII and PSI proteins were depleted to

trace amounts in the mutant cells grown in light. In contrast, the accumulation of LHCI and LHCII was unaf-

fected except for LHCA3. Our results suggest that the replacement of Chls with ChlsGG strongly affects the

structural and functional integrity of PSII and PSI complexes but their associating LHC complexes to a lesser

extent. Affinity purification of HA-tagged LHL3 confirmed the formation of a stable LHL3-GGR complex,

which is vital for GGR stability. The LHL3-GGR complex contained a small amount of PSI complex assembly

factors, suggesting a putative coupling between Chl synthesis and PSI complex assembly.

Keywords: photosynthesis, photosystem, pale-green mutant, chlorophyll-protein complex, geranylgeranyl

reductase.

INTRODUCTION

Chlorophylls a and b (Chl a and Chl b), which associate

with chlorophyll-binding proteins to form chlorophyll-

protein complexes, are pivotal in the photosynthesis of

algae and plants. The photosystems I and II (PSI and PSII)

core complex consisting of reaction center (RC) and core

antennae bind a number of Chl a molecules, which are

involved in light harvesting and photochemical reactions

(Ben-Shem et al., 2003; Jensen et al., 2003; Jordan

et al., 2001; Nelson & Yocum, 2006; Suga et al., 2019; Wei

et al., 2016; Zouni et al., 2001). In contrast, light-harvesting

complexes (LHCs) associate with both Chl a and Chl b and

play a role in light absorption, excitation energy transfer,

and thermal dissipation (Ben-Shem et al., 2003; Liu

et al., 2004; Qin et al., 2015; Su et al., 2017; Suga

et al., 2019). These chlorophyll-protein complexes often
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associate with each other to form supercomplexes in the

thylakoid membranes of oxygenic photosynthetic

organisms.

Chl a and Chl b molecules are composed of chloro-

phyllide and phytol moieties, which are synthesized via the

tetrapyrrole and isoprenoid biosynthesis pathways, respec-

tively, by a cascade of enzymes in cyanobacteria and chlo-

roplasts (Moulin & Smith, 2005; Porra & Grimme, 1978;

Rudiger, 1997; Tanaka & Tanaka, 2007). Phytol moieties of

the Chls are derived from geranylgeranyl pyrophosphate

(GGPP). During the final steps of chlorophyll biosynthesis,

geranylgeranyl reductase (GGR) encoded by the CHLP

gene catalyzes the reduction (hydrogenation) of geranyl-

geranyl pyrophosphate (GGPP) to phytyl pyrophosphate

(PhyPP) via dihydrogeranylgeranyl pyrophosphate

(DHGGPP) and tetrahydrogeranylgeranyl pyrophosphate

(THGGPP). In this catalysis, the double bonds in GGPP are

sequentially hydrogenated (Rudiger et al., 1998; Shpilyov

et al., 2005) (Figure S1). Chl synthase esterifies either GGPP

or PhyPP to chlorophyllide generating geranylgeranylated

Chls (ChlsGG) and mature phytylated Chls, respectively

(Beale, 1990; Moulin & Smith, 2005). The three successive

hydrogenation steps of the side chain of ChlsGG to phytol

of the mature Chls are also catalyzed by GGR via dihydro-

geranylgeranylated Chls (ChlDHGG) and tetrahydrogeranyl-

geranylated Chls (ChlTHGG) (Rudiger et al., 1998; Shpilyov

et al., 2005). In the green lineage, Chl b and Chl bGG are

produced from Chl a and Chl aGG, respectively, by chloro-

phyll a oxygenase (CAO) (Tanaka et al., 1998; von Wett-

stein et al., 1995). In addition to Chl biosynthesis, GGR

activity is also crucial in a-tocopherol and phylloquinone

synthesis (Tanaka et al., 1999, 2010).

A chlP mutant of the cyanobacterium, Synechocystis

sp. PCC 6803 deficient in GGR accumulates Chl aGG and a-
-tocotrienol instead of Chl a and a-tocopherol, respectively,
and is unable to grow photoautotrophically (Shpilyov

et al., 2005). Transgenic tobacco plants expressing a

reduced amount of GGR showed defects in chlorophyll

and tocopherol biosynthesis and displayed phenotypes of

pale green, light sensitivity, and stunted growth (Tanaka

et al., 1999). In the green lineage, the light-harvesting-like

protein 3 (LIL3) with two putative transmembrane helices

and an Lhc motif stabilizes GGR, playing essential roles in

chlorophyll and tocopherol biosynthesis in Arabidopsis

thaliana (Lohscheider et al., 2015; Tanaka et al., 2010). A.

thaliana has two isoforms, LIL3:1 and LIL3:2, which are

functionally redundant. A double mutant defective in lil3:1

and lil3:2 is significantly affected in the stability and func-

tion of GGR (Lohscheider et al., 2015; Tanaka et al., 2010).

In Oryza sativa, a double mutant defective in lil3 and chlp

accumulated ChlsGG and displayed a lethal phenotype (Li

et al., 2019). In Chlamydomonas reinhardtii, one light-

harvesting-like protein 3 (LHL3) gene, which is ortholog of

the LIL3 gene in A. thaliana, has been identified (Teramoto

et al., 2004).

The phytyl tail moiety is structurally more flexible

than the geranylgeranyl tail moiety, because the former

contains one double bond while the latter contains four

double bonds. Because the phytyl chains are located in the

hydrophobic regions of chlorophyll-binding proteins,

the rigid structure of the geranylgeranyl tail moiety may

significantly affect the assembly, function, and structure of

chlorophyll-protein complexes. The occurrence of PSI and

PSII complexes was revealed by measuring fluorescence

spectra at 77K in Synechocystis sp. PCC 6803 and rice

mutants deficient in GGR (Li et al., 2019; Shpilyov

et al., 2005). The cyanobacterial mutant showed a

decreased PSII activity, and PSI may be functional (Shpi-

lyov et al., 2005). Accordingly, it remains to be investigated

further the effects of the replacement of Chls by ChlsGG on

biochemical structure of chorophyll-protein complexes and

the activities of PSI and PSII.

In this study, we analyzed a pale-green mutant of the

green alga C. reinhardtii, which accumulated only geranyl-

geranylated Chls and was unable to grow photoautotrophi-

cally. This mutant lacks both GGR and LHL3 and has a

wild-type (WT) GGR gene but a 16-bp deletion in the LHL3

gene. We characterized the function and structure of the

geranylgeranylated-chlorophyll-protein complexes accu-

mulated in the lhl3 mutant cells and found that the PSII

and PSI complexes are assembled, but their stability is

severely impaired in the light. PSI showed a reduced pho-

tochemical reaction, whereas PSII was inactive. However,

the geranylgeranylated-chlorophylls-containing LHC com-

plexes were mostly stable in the lhl3 mutant. Moreover,

biochemical purification of the GGR-LHL3 complex from an

HA-tagged transgenic line, lhl3/LHL3-HA, showed an inter-

action with PSI assembly factors, raising the possibility of

their transient association during the biogenesis of

chlorophyll-protein complexes.

RESULTS

Isolation of a pale-green mutant accumulating

geranylgeranylated chlorophylls

Several pale-green mutants that are deficient in

light-harvesting complexes (LHCIs and LHCIIs) and grow

photoautotrophically have been reported in the green alga

C. reinhardtii (Bujaldon et al., 2017, 2020; Devitry & Woll-

man, 1988; Michel et al., 1983; Picaud & Dubertret, 1986).

Here, we describe a pale-green mutant of C. reinhardtii that

is photosensitive and unable to grow photoautotrophically

(Dent et al., 2005). The mutant cells grew heterotrophically

on solid TAP medium supplemented with acetate in the

dark and showed a pale-green phenotype (Figure 1a).

The growth of the mutant cells was significantly
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suppressed under medium light (ML, 30 lmol photons

m�2 sec�1) and was inhibited under high light (HL,

200 lmol photons m�2 sec�1) (Figure 1a). The mutant cells

were unable to grow photoautotrophically on minimal

medium (HSM) under ML and HL conditions. It is reported

that the photoautotrophic growth of the cgl71 mutant,

which lacks one of PSI complex assembly factors, CGL71,

is impaired in ambient conditions but is restored under

anoxic conditions (Heinnickel et al., 2016; Nellaepalli

et al., 2021). However, the lhl3 mutant did not grow photo-

autotrophically (Figure 1a). These observations suggest

that the mutant cells are highly photosensitive or are pho-

tosynthetically nonfunctional.

The pale-green phenotype of the mutant was con-

firmed by measuring cellular chlorophyll content by spec-

trophotometry. The mutant cells contained half of the

chlorophyll per cell compared with WT cells (Figure 1b).

We subsequently extracted pigments from cells grown

under dim-light conditions (DL, 2–5 lmol photons

m�2 sec�1) and analyzed them by high-performance liquid

chromatography (HPLC). Chl a and Chl b were detected in

WT as expected (Figure 1c). In contrast, the mutant cells

contained no detectable Chl a and Chl b but accumulated

geranylgeranylated chlorophylls (Chl aGG and Chl bGG).

This indicates that the mutant cells are deficient in the

reduction by GGR of the geranylgeranyl side chain of

ChlsGG to phytyl side chain or of geranylgeranyl pyrophos-

phate to phytyl pyrophosphate (Figure S1). When the cul-

ture media were supplemented with phytol, the

photosensitivity of the mutant growth on TAP medium

was relieved, and the photoautotrophic growth on HSM

medium was partially recovered (Figure 1a). In extracts

from the mutant cells supplemented with exogenous phy-

tol, Chl a and Chl b were detected although their amounts

were lower than in the extracts of WT cells (Figure 1c).

These results indicate that the phytol added in the media

was used for the synthesis of phytylated chlorophylls from

the chlorophyllides in the mutant cells, although phytol is

very hydrophobic (Figure S1).

To detect the presence of GGR in the mutant, total cel-

lular proteins were analyzed by immunoblotting using an

anti-GGR antibody (Figure 1d). GGR was not detectable in

the mutant, which is consistent with the pigment analysis

data. It has been reported that LIL3 plays a role in binding

GGR to the thylakoid membranes in Arabidopsis (Takaha-

shi et al., 2014). The immunoblot with an anti-LHL3 anti-

body revealed that LHL3, which is encoded in an ortholog

of the LIL3 gene in Chlamydomonas, was absent from the

(a) (b)

(c) (d)

Figure 1. The lhl3 mutant is defective in LHL3 and

GGR accumulation.

(a) Cells grown in the dark in liquid TAP medium

were spotted on to solid TAP or HSM medium and

exposed to different light intensities (ML, 30 lmol

photons m�2 sec�1; HL, 200 lmol photons

m�2 sec�1). +phy, presence of exogenous supply of

1 lM phytol on solid medium. Cell growth under

anoxic conditions (no oxygen and 20% CO2) was

tested on solid HSM medium.

(b) Chlorophyll quantification. Cells were grown

under dim light (DL, 2–5 lmol photons m�2 sec�1).

Data are presented as the means � SD (n = 3).

(c) Detection of Chl a, Chl b, Chl aGG, and Chl bGG

by HPLC. Pigments of cells grown under DL were

extracted with DMF and were separated on C18

reverse column and were assigned based on their

retention times.

(d) Accumulation of LHL3 and GGR was determined

by immunoblotting. Nitrocellulose membrane was

stained with ponceau S.

� 2024 The Author(s).
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mutant (Figure 1d). This phenotype could result from a

mutation in either the GGR or LHL3 gene of C. reinhardtii.

Pale-green mutant has a mutation in LHL3

Backcrosses of the pale-green mutant to WT revealed a 2:2

segregation of the growth phenotype in 20 tetrads, sug-

gesting that there is a single nuclear mutation that is

responsible for the phenotype. Next, we amplified the GGR

gene and found no mutation in the mutant compared to

WT. Then, we sequenced LHL3 mRNA by RT-PCR and

found a 16-bp deletion in exon1 (E1) (Figure 2a; Table S2).

Amplification of the E1 region with genomic DNA as a tem-

plate revealed that the size of the amplified DNA fragment

of the mutant (120-bp) is 16-bp smaller than that of the WT

DNA fragment (136-bp) (Figure 2b).

To confirm that mutation of the LHL3 gene is respon-

sible for the phenotype, the mutant cells were complemen-

ted with an expression vector containing the genomic

LHL3 DNA by nuclear transformation as described in

“Materials and Methods” section. Immunoblotting

revealed that the complemented strains accumulated LHL3

and GGR proteins nearly at WT levels (Figure 2c). Pigment

analysis showed that the complemented strains accumu-

lated Chl a and Chl b like WT but no detectable level of

ChlsGG (Figure 2d). It is concluded that the absence

of LHL3 protein results in the instability of GGR in the

mutant cells, as LHL3 likely anchors GGR to the thylakoid

membranes as LIL3 does in Arabidopsis (Takahashi

et al., 2014). Therefore, we designate the pale-green

mutant as lhl3 mutant in the following sections. LHL3 con-

sists of two putative transmembrane domains and an

LHC-motif and is an ortholog of LIL3 of higher plants

(Figure S2).

Activities of PSI and PSII in lhl3 mutant cells

The inability of the lhl3 mutant to grow photosynthetically

was characterized by measuring the light-induced Chl fluo-

rescence induction kinetics (Figure 3a). WT cells exhibited

a normal fluorescence induction kinetics, whereas the

mutant cells showed no variable fluorescence.

The absence of PSII activity was also confirmed by mea-

suring the O2 evolution in the presence of 0.3 mM

2,6-dichlorobenzoquinone (DCBQ) as an artificial electron

acceptor, and no activity was detected in the lhl3 mutant

cells (Figure 3b). When the lhl3 cells grew in the presence

of phytol, partial restoration of PSII activities was detected.

These results indicated that phytylated-Chl a is essential

for the PSII function. Then, the PSI activity was measured

using a Joliot-type spectrophotometer. The lhl3 cells

exhibited P700 photooxidation activity at ~20% of WT

levels (Figure 3c). This indicates that Chl aGG can substitute

for the PSI photochemical reaction at a lower efficiency.

The photoautotrophic growth of the mutant cells was par-

tially restored when the cells were grown in the presence

of phytol (Figure 1a). The PSII and PSI activities on Chls

basis were recovered to ~30 and ~75% of WT levels,

respectively, in the presence of phytol (Figure 3b,c). Thus,

the recovered photoautotrophic growth of the lhl3 cells

(a)

(b) (c)

(d)

Figure 2. Identification of mutation in LHL3 and mapping of the deletion site in lhl3 mutant.

(a) Schematic representation of LHL3 gene (Cre03.g199535) in Chlamydomonas reinhardtii. The deletion of 16 bp in the LHL3 gene of the lhl3 mutant is indi-

cated. Gray boxes indicate the exons, and the lines indicate introns. P1 and P2 denote forward and reverse primers (#16/#17 and #15/#18, respectively).

(b) PCR analysis with lhl3-specific primers yields a PCR product of 136 bp product in WT and 120 bp product in the lhl3 mutant indicating a 16 bp deletion.

(c) Accumulation of GGR and LHL3 by immunoblotting in WT, lhl3, and complemented strains (Clones, 1, 2, 3, 6, 9, 10, 12). LHL3*, proteolytic fragment; vc, vec-

tor control.

(d) HPLC chromatography to detect Chl a, Chl b, Chl aGG, and Chl bGG.
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when phytol was added in the growth medium results

from the partial recovery of PSI and PSII activities.

ChlGG destabilizes PSI and PSII complexes

To examine the accumulation of PSI and PSII proteins in

the lhl3 cells, total cellular proteins from WT and lhl3 cells

grown under dark and medium light (ML) conditions were

analyzed by immunoblotting (Figure 4a). When the cells

were grown in the dark, immunoblotting with antibodies

against proteins in PSI (PsaA, PSAD, and PSAL) and PSII

(PsbA and PsbC) showed that the lhl3 mutant cells accu-

mulated PSI and PSII proteins at ~50 and ~25% of WT

levels, respectively. When the cells were grown under ML

conditions, PSII and PSI core proteins in lhl3 cells were fur-

ther reduced to 10–15% of WT levels, indicating that both

photosystems are sensitive to light. Upon the addition of

phytol in the growth medium, the accumulation of PSI and

PSII core subunits was restored nearly to WT levels in

dark-grown lhl3 mutant cells. However in mutant cells

grown in ML, the PSII proteins accumulated less, whereas

PSI proteins accumulated similarly to that of WT cells

(Figure 4a).

The accumulation of the peripheral antenna proteins

of PSI and PSII (LHCIs and LHCIIs) was determined by

immunoblotting. In contrast to the PSI and PSII core pro-

teins, the amount of the LHCII proteins was not signifi-

cantly affected in the lhl3 mutant cells grown in the dark

and ML (Figure 4b). The level of some LHCI proteins varied

in the lhl3 mutant cells to some extent. The accumulation

of LHCA3 decreased in the dark and became undetectable

in ML (Figure 4c). LHCA9 increased in the dark but

remained unchanged in ML. LHCA2 and LHCA7 decreased,

whereas LHCA1, LHCA4, and LHCA6 increased in ML. The

decrease in LHCA7 in ML may be caused by the lack of

LHCA3 because they have an intimately interaction (Mose-

ley et al., 2002; Ozawa et al., 2018; Suga et al., 2019). The

levels of LHCA5 and LHCA8 are the least affected.

To assess the stability of chlorophyll-binding proteins

containing of ChlsGG, cells were incubated in the presence

of an inhibitor of chloroplast translation, chloramphenicol

(CHL), or cytoplasmic translation, cycloheximide (CHX),

and then the stability of the chlorophyll-binding proteins

was analyzed. The dark-grown WT and lhl3 cells were

shifted to the ML growth condition after the addition of the

inhibitor, and an equal amount of cell culture was analyzed

during the time course of 6 h. In the WT cells, the

chloroplast-encoded PsaA and PsbA protein levels

remained stable. It is known that PSII turns over rapidly

under strong light conditions, but PsbA scarcely degraded

under ML conditions. In the lhl3 cells, however, PSI and

PSII subunits decreased in abundance over time

(Figure 4d). PSAD, a nucleus-encoded stromal PSI subunit,

which is destabilized in the absence of PSI reaction center

(RC) subunits (Takahashi et al., 1991), was gradually lost in

the mutant cells, whereas nucleus-encoded LHCA8 was

stably maintained in both WT and lhl3 mutant cells. These

results reveal that the stability of the core complexes asso-

ciating with Chl aGG is impaired when compared to the

LHCA8 complex associating with Chl aGG and Chl bGG. It is

noted that LHCA3 was unstable in the lhl3 mutant, like the

PSI core complex, which is consistent with previous obser-

vations in a PSI-deficient mutant (Naumann et al., 2005;

Takahashi et al., 2004).

(a)

(b)

(c)

Figure 3. PSII and PSI activities in WT and lhl3 mutant.

(a) Chl a fluorescence kinetics measured with a Dual-PAM.

(b) Kinetics of oxygen evolution activity measured in cells in the presence

of DCBQ as an electron acceptor.

(c) Redox activities of P700 in cells in the presence of inhibitors (DCMU/

DBMIB). AL, actinic light.
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ChlsGG-binding protein complexes

To investigate the effects of the presence of ChlsGG on the

organization of pigment-protein complexes, these com-

plexes were separated by sucrose density gradient ultra-

centrifugation from thylakoid membrane extracts

solubilized with 1% b-DDM (Figure 5). As already reported

(Nellaepalli et al., 2021; Takahashi et al., 2006),

pigment-protein complexes of WT were mainly resolved in

three distinct green bands, A1 (LHCII), A2 (PSII core), and

A3 (PSI-LHCI). The separation pattern of chlorophyll-

protein complexes of the lhl3 cells grown in the dark was

similar to that in WT although the amount of A3 (PSI-LHCI)

decreased (Figure 5a). A2 from WT cells was devoid of PSI

and LHCI proteins (Figure 5c). In contrast, A2 from the

mutant contained both PSII proteins (PsbA and PsbC) and

PSI proteins (PsaA and PSAD) as well as LHCI proteins

(Figure 5c). It remains to be addressed whether PSI-LHCI

and dissociated PSI core and LHCI oligomer exist in vivo or

the solubilization partially dissociates unstable PSI-LHCI

into PSI core and LHCI oligomer. This indicates that more

PSI core and LHCI oligomers are present in A2 of the

mutant than of WT, implying that the association between

PSI core and LHCI oligomer is less stable in the mutant.

Although the accumulation of the PSII RC protein (PsbA)

was markedly decreased as shown in Figure 4(a), the PSII

proteins form a PSII core complex. When the mutant cells

were grown in the presence of phytol, the amount of the

PSI-LHCI in A3 increased. The amount of A2 did not

change, which indicates that the increased level of PSII

proteins (PsbA and PsbC) and the decreased amount of

PSI and LHCI proteins in A2 is a result of stabilization of

PSI-LHCI supercomplex.

When the lhl3 cells were grown under ML conditions,

the PSI proteins (PsaA, PSAD, PSAL, and PSAG) were lost

from A2 and A3 (Figure 5b,d), as expected from the results

shown in Figure 4(a). This confirms that the PSI complex is

Figure 4. Accumulation of chlorophyll-binding proteins in WT and lhl3 mutant.

(a) Immunoblotting with antibodies against PSII and PSI subunits. Nitrocellulose membrane was stained with Ponceau S. Total cellular proteins from WT and

lhl3 grown under dark and light conditions (ML) on equal chlorophyll basis were separated by SDS-PAGE.

(b) Immunoblotting with antibodies against LHCII subunits.

(c) Immunoblotting with antibodies against LHCI subunits.

(d) Stability of PSI and LHCI subunits. Cells were incubated in the absence of inhibitors (No add) or in the presence of 100 lg mL�1 chloramphenicol (CHL) or

100 lg mL�1 cycloheximide (CHX) to monitor the stability of chloroplast-encoded subunits (PsaA and PsbA) or nucleus-encoded subunits (LHCA3 and LHCA8)

by immunoblotting. The stability of nucleus-encoded subunit, PSAD, was also monitored in the presence of chloramphenicol.

Samples were analyzed based on equal chlorophyll (a–c). For stability assay (d), samples were normalized based on equal chlorophylls before incubating with

the inhibitors and for each time point equal volume of the samples was analyzed.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 1577–1590
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degraded, whereas LHCI oligomer was stable in the lhl3

mutant under the ML condition. PSII (PsbA and PsbC) is

still present in A2 fraction in the mutant. Although LHCA3

was not detected in total cellular proteins of the lhl3

mutant cells grown in ML, a faint signal was detected in A2

together with LHCA7, suggesting that they are still part of

LHCI oligomers. It is inferred that PSI core complex is

markedly more light-sensitive than the PSII core complex

in the lhl3 mutant cells. Upon addition of phytol in the

growth medium, the accumulation of PSI-LHCI in A3 was

restored under ML conditions (Figure 5d).

LHL3 and GGR form a complex

The absence of LHL3 destabilized GGR, as shown in Fig-

ure 1, so we hypothesized an interaction between LHL3

and GGR. To analyze this interaction by pull-down experi-

ments, the lhl3 mutant was complemented with a vector

expressing an HA-tagged LHL3 protein (LHL3-HA). Photo-

autotrophic growth and accumulation of LHL3 and GGR

proteins of three complemented lhl3/LHL3-HA clones are

shown (Figure 6a,b). LHL3-HA was expressed only at

10–30% of WT levels in the three clones of lhl3/LHL3-HA,

suggesting that the insertion of the HA tag at the

C-terminus of LHL3 decreases the stability of LHL3 or sup-

presses the expression of the LHL3 gene. The complemen-

ted strains accumulated the PSII reaction center subunit

PsbA at substantial levels. This suggests that the amount

of LHL3-HA is a minimum level for the restoration of PSII

proteins and photoautotrophic growth. Among the

complemented strains, the restoration of PsbA accumula-

tion in clone 46 was better than in the other clones, which

is consistent with the faster photoautotrophic growth of

this clone (Figure 6a). These results indicate that accumula-

tion of LHL3 and GGR, even at reduced amounts compared

to WT, significantly stabilizes PSII complexes but does not

fully restore its function and photoautotrophic growth

(Figure 6a). The pigment elution profile by HPLC revealed

that the amount of Chls a and b of lhl3/LHL3 was similar to

that of WT (Figure 2d), but the lhl3/LHL3-HA accumulated

ChlsDHGG, ChlsTHGG, and ChlsGG to certain levels, because

this complemented strain contains a decreased amount of

GGR (Figure 6c). Since GGR successively hydrogenates

ChlsGG to phytylated-Chls via ChlsDHGG and ChlsTHGG, the

low levels of GGR in the lhl3 mutant resulted in the accu-

mulation of ChlsDHGG and ChlsTHGG to certain levels.

Thylakoid membranes from WT and lhl3/LHL3-HA

were isolated and solubilized with 1% ɑ-DDM, and the

resulting extracts were applied to affinity purification spin-

columns. The polypeptides from the eluted samples were

separated by SDS-PAGE and visualized by staining with

flamingo fluorescent dye (Figure 7a). LHL3-HA and GGR

were detected in the LHL3-HA preparation, whereas only

non-specific faint bands around 67 kDa were detected in

WT. LC–MS/MS analysis of silver-stained polypeptides also

indicated the enrichment of GGR and LHL3 proteins in the

LHL3-HA preparation. Several minor polypeptides (F1-

ATPase, Chlamyopsin, LHCA1, and UMP synthase) were

detected in trace amounts in the LHL3-HA preparation

(a) (b)

(c) (d)

Figure 5. Separation and identification of chloro-

phyll protein complexes in WT and lhl3 mutant.

(a, b) Thylakoid membranes were solubilized with

1.0% (w/v) b-DM, and the extracts were separated

by sucrose density gradient ultracentrifugation.

Cells were grown in either dark (a, c) or ML (b, d).

(c, d) Immuno-detection of the polypeptides in A1,

A2, and A3 fractions of WT and lhl3.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 1577–1590
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(Figure S5), but we concluded that they are non-specifically

interacting contaminations (Figure S3; Table S3). These

results indicate that LHL3-HA stably interacts with GGR.

To determine the size of the GGR-LHL3 complex, the

affinity-purified LHL3-HA was fractionated by sucrose den-

sity gradient ultracentrifugation (Figure S4a). Also,

pigment-protein complexes from solubilized WT thylakoid

membranes were separated by Blue-Native polyacrylamide

gel electrophoresis (Figure S4b). LHL3 and GGR were frac-

tionated between LHCII trimer (~120 kDa) and PSII core

dimer (~340 kDa) and were separated at a size larger than

242 kDa. According to the apparent size, it is possible that

a dimer of LHL3 associates with a dimer of GGR as

reported in Arabidopsis (Takahashi et al., 2014).

GGR-LHL3 complex has a weak interaction with PSI

assembly factors

During the assembly of chlorophyll-protein complexes, it is

expected that apoprotein integration into the thylakoid

membranes is coupled with pigment insertion into the

apoproteins. Thus, it is possible that the interaction of

LHL3-GGR affects insertion of chlorophyll into chlorophyll-

binding apoproteins such as components of PSI, PSII, and

LHCPs, because the reduction of geranylgeranylated

chlorophylls to synthesize phytylated chlorophylls is one

of the last steps of the chlorophyll synthesis. We detected

neither PSI nor PSII proteins but a small amount of Ycf3

and Ycf4, which are assembly factors for PSI complex, in

the LHL3-GGR complex by immunoblotting (Figure 7b).

Since the amount of Ycf3 and Ycf4 proteins was below the

level of detection by staining, it is necessary to confirm

whether Ycf3 and Ycf4 preparations obtained by affinity

purification contain GGR and LHL3 (Nellaepalli et al., 2018)

(Figure S4). Immunoblot analyses showed that both prepa-

rations contain small amounts of LHL3 and GGR

(Figure 7c,d). These results suggest that the GGR-LHL3

complex may have transient physical associations with the

assembly machinery of PSI complex and that the assembly

of PSI complex is intimately coupled with the synthesis of

chlorophylls.

DISCUSSION

Chlamydomonas lhl3 mutant lacks LHL3-GGR and

accumulates ChlsGG

In the present study, we analyzed the pale-green mutant,

lhl3, in which LHL3 gene has a 16-bp deletion. Pigment

analysis revealed that the lhl3 mutant cells accumulate

(a) (b)

(c)

Figure 6. HA-tagged LHL3 transgenic lines.

(a) The growth of WT, lhl3 and complemented

strains, lhl3/LHL3, and lhl3/LHL3-HA (clone 46, 48,

and 50), under photoheterotrophic (TAP-ML and

TAP-DL) and photoautotrophic conditions (HSM-

ML).

(b) Accumulation of GGR, LHL3, and PsbA proteins

was analyzed by immunoblotting. LHL3*, proteo-

lytic fragment.

(c) Separation of pigments extracted from lhl3/

LHL3-HA cells (clone 46) with an HPLC.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 1577–1590
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exclusively geranylgeranylated Chls (ChlsGG) and no phyty-

lated Chls, indicating that the mutant cells lack geranylger-

anyl reductase (GGR) activity. Immunoblotting showed

that both LHL3 and GGR proteins are absent from the

mutant cells. Genetic complementation of the mutant with

a WT copy of the LHL3 gene recovered the accumulation of

both LHL3 and GGR and that of phytylated Chls, confirm-

ing that the phenotype is due to the mutation in the LHL3

gene (Figure 2d). This result is consistent with the pheno-

types of the lil3 mutants of vascular plants, A. thaliana and

O. sativa (Li et al., 2019; Takahashi et al., 2014). Since affin-

ity purification of LHL3-HA copurified GGR, we conclude

that LHL3 and GGR form a stable complex. Thus, LHL3 sta-

bilizes GGR and is functionally required for chlorophyll bio-

synthesis similar to LIL3 in Arabidopsis (Tanaka et al.,

2010). The Chlamydomonas lhl3 mutant provides an addi-

tional advantage to study the effect of the replacement of

phytylated Chls by geranylgeranylated Chls on the function

and stability of chlorophyll-binding protein complexes

such as PSI, PSII and LHCs, because of the ability of Chla-

mydomonas to grow on acetate as a carbon source.

Chl aGG is not functional for PSII reaction and is inefficient

for PSI reaction

The PSII core complex binds 35 Chl a molecules, with the

core antenna complexes, CP43 and CP47, binding 13 and

16 Chl a molecules, respectively, whereas the reaction cen-

ter (RC) complex, consisting of D1 (PsbA) and D2 (PsbD)

heterodimer, associates with six Chl a molecules (Shen

et al., 2019; Sheng et al., 2019; Umena et al., 2011). The PSI

core complex associates with about 100 Chl a molecules,

in which most Chl a molecules bind to two homologous

reaction center subunits, PsaA and PsaB, while several Chl

a molecules bind to peripheral subunits such as PsaF,

PsaG, PsaH, PsaI, PsaJ, PsaK, and PsaL (Ben-Shem

et al., 2003; Su et al., 2019; Suga et al., 2019). Thus, it is

interesting to analyze whether PSI and PSII core complexes

are assembled and stabilized in the lhl3 mutant cells. The

presence of PSI and PSII complexes containing Chl aGG

was investigated by measuring low temperature fluores-

cence spectra in Synechocystis mutants deficient in ChlP

(GGR) in which Chl aGG accumulates instead of Chl a (Shpi-

lyov et al., 2005, 2013). They discussed the stability of PSI

and PSII based on the fluorescence spectra at 77K. To

understand the effects of the deficiency of the phytol moie-

ties on photosynthetic apparatus, it remains to be

addressed to analyze the PSI and PSII protein levels and

the complex formation.

Chlamydomonas lhl3 mutant cells accumulated a

small amount of PSII complex but exhibited no oxygen

evolution (Figure 3). The presence of a PSII core complex

in the mutant reveals that Chl aGG-containing PSII core

complex is assembled but is functionally inactive. Since

the primary electron donor, P680, is a Chl a dimer and the

accessory chlorophylls are monomeric Chls a, and

the intermediate electron acceptor is a pheophytin a (Pheo

a), it is concluded that Chl a and/or Pheo a are essential for

PSII functionality. Although Chl aGG and/or Pheo aGG do

not substitute for the function of Chl a and/or Pheo a, it

remains unclear which redox component(s) is nonfunc-

tional for PSII activity. It is known that the PSII complex is

stable but turns over rapidly in the light. The present study

(a) (b) (c)

(d)

Figure 7. GGR-LHL3 complex transiently interacts with PSI assembly factors.

(a) LHL3-HA preparation affinity purified from thylakoid extracts solubilized with 1% a-DDM from lhl3/LHL3-HA (clone 46) and WT.

(b) Immunoblotting with antibodies against LHL3, GGR, PsaA, PsbA, PsbC (CP43), Ycf4, and Ycf3. LHL3-HA*, proteolytic fragment.

(c) Immunoblotting of polypeptides of HA-Ycf4 affinity purified from thylakoid extracts solubilized with 1% b-DDM from HA-ycf4 strains.

(d) Immunoblotting of polypeptides of affinity purified Ycf3-HA from thylakoid extracts solubilized with 1% a-DDM from ycf3-HA strain. TM, thylakoid

membranes.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 1577–1590
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showed that the accumulation of the PSII complex contain-

ing Chl aGG is decreased under ML conditions where WT

PSII complex is stable, indicating that the PSII complex

containing Chl aGG is more prone to photodamage. It is

reported that the absence of GGR would halt the conver-

sion of a-tocotrienols to a-tocopherols, which are involved

in protecting PSII from photoinhibition (Inoue et al., 2011).

However, it was reported that a-tocopherol is not required

for PSII to protect it from photodamage (Maeda & Della-

Penna, 2007; Shpilyov et al., 2013), but it cannot be

excluded that the light-induced destabilization of PSII is

partly ascribed to the absence of a-tocopherol.
The lhl3 mutant cells accumulated a low amount of

PSI complex. According to the activity of P700 photooxida-

tion shown in Figure 3(b), the PSI complex containing Chl

aGG was active. The redox components of PSI are the pri-

mary electron donor P700, which consists of Chl a and Chl

a epimer (Chl a0), and two monomeric accessory Chls a.

These Chls a can be functionally replaced by Chls aGG in

an inefficient manner. In contrast to PSII, PSI is stable

under strong light conditions in the WT cells. However, PSI

complexes containing Chl aGG in the lhl3 mutant cells were

as unstable as PSII complexes containing Chl aGG

(Figure 4d).

Decreased accumulation of PSI and PSII complexes in

the lhl3 mutant cells can be ascribed to the structure of the

geranylgeranyl side chain in Chl aGG molecules. The phytol

side chain of Chl a contains only one double bond and is

structurally flexible, whereas the geranylgeranyl side chain

of Chl aGG has four double bonds making the structure of

the side chain rigid. Since the side chains of Chl a fit in

hydrophobic regions of the binding proteins to be stabi-

lized (Ben-Shem et al., 2003; Jordan et al., 2001; Qin

et al., 2015; Su et al., 2019; Suga et al., 2019), the geranyl-

geranyl side chains may not fit in the binding pockets

properly. PSI and PSII core complexes bind ~100 and 35

Chl a molecules, respectively, and the structural perturba-

tions caused by binding Chl aGG may induce the destabili-

zation. It is also possible that the photochemical reactions

occurring in Chl aGG of PSI and PSII may generate side

reactions such as reactive oxygen species and cause stron-

ger photoinhibition to PSI and PSII complexes. However,

the cell growth was not restored under anoxic conditions

(Figure 1a).

It is of interest that the addition of hydrophobic phytol

to the culture media markedly restored the accumulation

of PSI and PSII complexes (Figures 4 and 5). Only part of

geranylgeranylated Chls is converted to phytylated Chls

because a small amount of added hydrophobic phytol may

be dissolved in the growth medium. These observations

suggest that the stability of the PSI and PSII complexes in

the mutant cells is induced by partial replacement of gera-

nylgeranylated Chl a by phytylated Chl a. However, the

photosensitivity was not fully recovered by the partial

replacement. It can be speculated that precise functional

structures of the PSI and PSII must be pivotal for excitation

energy transfer in the core antenna complexes and/or pho-

tochemical reactions to protect the reaction centers from

damage by light.

ChlsGG-containing LHC complexes are stable

In contrast to the PSI and PSII core complexes, trimeric

and monomeric LHCIIs binding ChlsGG were stable under

dark and light conditions (Figure 4b). Although these LHCII

proteins each bind 12–14 Chls a and b molecules at fixed

positions, it is likely that the rigid structure of the geranyl-

geranyl side chain of ChlsGG did not significantly affect the

stable structure. Most of the LHCIs binding ChlsGG were

relatively stable under dark and light conditions, whereas

LHCA3 and LHCA7 were unstable in the light (Figure 4c,d).

The PSI core associates with ten LHCIs in Chlamydomonas

(Ozawa et al., 2018). Two layers of tetrameric LHCI bind to

the PsaF side, and a heterodimer of LHCA2 and LHCA9

associates with the PSAG and PSAH side of the PSI core

complex (Huang et al., 2021; Ozawa et al., 2018; Suga

et al., 2019). LHCA3 binds at the PSAK side and is unstable

in the absence of PSI core complex, whereas the other

LHCIs (LHCA1-2/4-9) are stable in the absence of PSI core

complex (Naumann et al., 2005; Ozawa et al., 2018; Takaha-

shi et al., 1991, 2004). Accordingly, it is inferred that the

instability of ChlsGG-containing LHCA3 in the light is

mainly caused by the instability of the Chl aGG-containing

PSI core complex in the light. It is inferred that LHC com-

plexes are structurally more flexible than PSI and PSII core

complexes.

Possible involvement of LHL3-GGR complex in

chlorophyll-protein complex assembly

In the present study, we showed that LHL3 interacts with

GGR (Figure 7), and the absence of LHL3 results in the

destabilization of GGR (Figure 1). These findings are con-

sistent with the results reported in plants (Tanaka

et al., 2010). The primary structure of LHL3 and GGR sug-

gests that LHL3 contains two putative transmembrane heli-

ces and an LHC-motif, whereas GGR is extrinsic

(Figure S2). It was indicated that the LHC motif of LIL3 is

required to tether GGR to the thylakoid membranes in A.

thaliana (Takahashi et al., 2014). It was also reported that

LIL3 stabilizes protochlorophyllide oxidoreductase (POR) in

A. thaliana (Hey et al., 2017). Thus, it is speculated that

LIL3 plays a role in tethering soluble enzymes to the

thylakoid membranes where the assembly of chlorophyll-

protein complexes takes place (Hey et al., 2017). Of inter-

est, we detected two PSI complex assembly factors, Ycf3

and Ycf4, in the LHL3-GGR preparation by immunoblotting

(Boudreau et al., 1997), although the amount of Ycf3 and

Ycf4 in the LHL3-HA/GGR preparation was rather small.

Figure 7 confirms the presence of LHL3 and GGR in the

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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purified Ycf3-HA and HA-Ycf4 preparations (Nellaepalli

et al., 2018). Previously, the interaction between chloro-

phyll synthase, ChlG, one of the terminal enzymes of chlo-

rophyll biogenesis, and Ycf39 protein, an assembly factor

for PSII, or the YidC/Alb3 insertase, was identified (Chidgey

et al., 2014). These results suggest a close interaction

between chlorophyll biosynthesis and assembly of

chlorophyll-binding protein complexes. Since the interac-

tion between LHL3-GGR and the PSI complex assembly

factors, Ycf3 and Ycf4, was weak, further studies are

required to confirm the interaction between chlorophyll

biosynthesis and assembly of reaction center complexes.

The present observations are intriguing toward elucidating

how Chls are integrated into chlorophyll-binding

apoproteins.

MATERIALS AND METHODS

Strains and growth conditions

WT and mutant strains of C. reinhardtii were grown in
tris-acetate-phosphate (TAP) medium (pH 7.0) at 25°C under dark
or the continuous light illumination of 2–200 lmol photons
m�2 sec�1 (Harris, 1989). In this study, dim light (DL) was set to 2–
5 lmol photons m�2 sec�1, medium-light (ML) to 30 lmol pho-
tons m�2 sec�1, and high light (HL) to 200 lmol photons
m�2 sec�1. 1 lM phytol (Tokyo Chemical Industry, Tokyo) was
exogenously added either in TAP liquid medium or TAP and HSM
solid media as indicated. Growth test on solid media was per-
formed by spotting 10 lL of the culture in which cells were grown
to the density of mid-logarithmic phase (4 9 106 cells mL�1).
Genetic crosses and tetrad analysis were performed according to
established methods (Harris, 1989).

Nuclear transformation

A DNA fragment carrying the Chlamydomonas LIL3 gene (�1127
to +3928 relative to the A of the ATG start codon as +1) was
amplified from Chlamydomonas DNA by PCR using primers #1
and #2. The LIL3 gene flanked by promoter/50-UTR and termina-
tor (�1027 to +3801 relative to the A of ATG start codon as +1)
was amplified from the previous PCR mixture by PCR using
primers #3 and phosphorylated #4. The resulting PCR product
was purified with illustra GFX PCR DNA and Gel Band Purifica-
tion Kit (GE Healthcare Life Science, Buckinghamshire), digested
by XhoI, and cloned into an XhoI/SmaI-digested pSL18 to gener-
ate plasmid pCS1. The pSL18 vector carries a paromomycin-
resistant cassette (Depege et al., 2003). The pCS1 was digested
with NotI and self-ligated to generate nuclear transformation
vector pCS2. DNA segment amplified by PCR was confirmed by
DNA sequencing (primers #5–#18). The primers used are listed
in Table S1a,b.

Chlamydomonas nuclear transformation was carried out
basically as described (Yamano et al., 2013). Briefly, cells (1 to
2 9 106 cells mL�1) were harvested at 25°C and resuspended in
TAP liquid medium that contained 40 mM sucrose to a final con-
centration of 1 9 108 cells mL�1. Three microliter of 100 ng lL�1

ScaI-digested each transformation vector was mixed with 117 lL
of the cell suspension and delivered into the cells by electropora-
tion with Super Electroporator NEPA21 (Nepa Gene Co., Ltd.,
Chiba). For the vector control, ScaI-digested pSL18 was used for
nuclear transformation. Transformants were selected on TAP agar

plate that contained 10 lg mL�1 paromomycin. Subsequently,
putative transformants which exhibit photoautotrophic growth
were selected.

The genomic region of GGR1 in the lhl3 mutant was ampli-
fied in several fragments and sequenced using primers KG155
through KG167 (Table S1c), and the sequence from the mutant
was found to be identical to that of the WT. The coding
sequence of LHL3 was amplified by RT-PCR using primers
KG184 and KG185 (Table S1d). cDNA was synthesized from 2 lg
of total RNA with Omniscript (QIAGEN) following the manufac-
turer’s instructions. Sequencing primers are listed in Table S1e.
The coding sequence of LHL3 from the mutant was found to
have a 16-nucleotide deletion from position 37 to 52. The result-
ing transcript is predicted to translate correctly until the 12th
amino acid after which it is predicted to mistranslate an addi-
tional 58 amino acids until terminating with a premature stop
codon (Figure S2b). TargetP—2.0 (https://services.healthtech.dtu.
dk/services/TargetP-2.0/) predicted a chloroplast transit peptide
cleavage after the 27th amino acid from the WT LHL3 protein.
The deletion in the LHL3 gene was confirmed by PCR amplifica-
tion of total DNA isolated from cells using a pair of primers
(primers #19/20, Table S1b).

Thylakoid membrane preparation and pigment-protein

complex separation

Cells grown to the density of 2–4 9 106 cells mL�1 were harvested
by centrifugation at 30009g at 25°C for 5 min, and the pellet was
resuspended in 0.3 M sucrose, 25 mM HEPES-NaOH pH 7.5, 1 mM
MgCl2 in the presence of 1 mM PMSF, benzonase (nuclease)
(Merck Millipore) and protease inhibitor cocktail, cOmplete Mini
(Sigma-Aldrich). The cells were disrupted using a French pressure
cell (Amicon) and then were collected by centrifugation at
15 6009g at 4°C for 20 min and washed with 0.3 M sucrose,
5 mM HEPES-NaOH pH 7.5, 10 mM EDTA. The pellet (crude mem-
brane fraction) was resuspended in a buffer containing 1.8 M
sucrose, 5 mM HEPES-NaOH pH 7.5, 10 mM EDTA and was trans-
ferred to an ultracentrifuge tube. The crude membrane fraction
was overlaid by 1.3 M sucrose, 5 mM HEPES-NaOH pH
7.5, 10 mM EDTA and 0.5 M sucrose, 5 mM HEPES-NaOH pH 7.5,
10 mM EDTA, and was centrifuged at 202 0009g at 4°C for 1 h.
The floated thylakoid membranes in the layer containing 1.3 M
sucrose, 5 mM HEPES-NaOH pH 7.5, 10 mM EDTA were collected
and were suspended with the solution of 5 mM HEPES, pH 7.6,
10 mM EDTA as described previously (Chua & Bennoun, 1975;
Takahashi et al., 1991). Thylakoid membranes (800 lg Chl mL�1)
were solubilized with 1% (w/v) n-dodecyl-b-D-maltoside (b-DDM)
or n-dodecyl-a-D-maltoside (a-DDM), and the extracts were sub-
jected to sucrose density ultracentrifugation for the separation of
pigment-protein complexes as described previously (Takahashi
et al., 2006).

Affinity purification of HA-tagged proteins

The thylakoid membranes containing 100 lg Chl mL�1 were solu-
bilized with 1% (w/v) a-DDM and the extracts were applied onto a
spin-column. Twenty microliters of anti-HA beads (HA-tagged pro-
tein purification kit, MBL) were added to the spin-column contain-
ing the thylakoid membrane extracts, and the mixture was
incubated at 4°C in an end-over-end mixer for 1 h. The flow-
through was eluted out of the spin-column by centrifugation at
68009g for 10 sec and the column was washed three times. HA-
tagged proteins were eluted by incubating the anti-HA beads with
an elution buffer containing HA peptide as described (Nellaepalli
et al., 2018; Rathod et al., 2022).

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 1577–1590
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SDS-PAGE, BN-PAGE, and immunoblotting

Samples were denatured in the presence of 0.1 M DTT and 2%
SDS at 80°C for 3 min. The denatured proteins were separated by
SDS-PAGE (Laemmli, 1970). Polypeptides were transferred to
nitrocellulose membrane by electroblotting. The antibodies
against PsaA, PSAD, PsaL, PsbA, PsbC, LHCII (CP26, LHCII-type
I/type III/IV) and LHCI (LHCA1-LHCA9), Ycf3, Ycf4, GGR, and LHL3
were used. Antibody against LHL3 was generated using synthe-
sized oligopeptides CGAGLIEQQESFLGKL (184–198 aa) and
CYKGLIDEATFYDKQW (219–233 aa), of which cysteine residue
was conjugated to the carrier protein, keyhole limpet hemocyanin
(Eurogentec). For the separation of pigment-protein complexes,
thylakoid membranes (100 lg Chl mL�1) were solubilized with 1%
(w/v) ɑ-DDM, and the extracts were applied on Blue Native gel
electrophoresis (6–10% acrylamide gradient gel) as described pre-
viously (Nellaepalli et al., 2021).

Measurements of photosynthetic activities

Chlorophyll fluorescence transients were measured by using a
pulse-amplitude modulated fluorometer (Dual PAM 100, WALZ)
(Onishi & Takahashi, 2009). Photooxidation of P700 in cells was
analyzed by measuring absorption changes at 705 nm in the pres-
ence of 10 lM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and
10 lM 2,5-dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB)
with a Joliot-type spectrophotometer (JTS-10, BioLogic, France).
Cells grown in TAP medium under low light (5 lmol photons
m�2 sec�1) were resuspended in HSM medium containing 10%
(w/v) Ficoll. Oxygen-evolving activity of cells grown in TAP medium
was measured using a Clark-type oxygen electrode (oxytherm
OXYT1; Hansatech Instruments). Cells (5 lg Chl mL�1) were illumi-
nated with an actinic light of 7000 lmol photons m�2 sec�1 in the
presence of 0.3 mM 2,6-dichloro-1,4-benzoquinone (DCBQ) as an
artificial electron acceptor as reported in Kuroda et al. (2014).

Analysis of stability of thylakoid membrane proteins: WT and
lhl3 cells in TAP medium were treated with 100 lg mL�1 chloram-
phenicol or cycloheximide, an inhibitor of chloroplast translation
or cytoplasmic translation, respectively, up to 6 h under ML
condition.

Pigment analysis

Fifty to two hundred microliters of cells (0.1 lg Chl lL�1) were
centrifuged at 21 5009g, and the samples resuspended with water
were frozen with liquid nitrogen and lyophilized. Pigments were
extracted from lyophilized cells with N,N-dimethylformamide
(DMF) (Ikeda et al., 2008). Samples were centrifuged at 21 5009g
4°C for 5 min, the supernatant was filtered through a PTFE filter
(0.2 lm pore size) and applied onto an HPLC (ACQUITY,
UPLC/PDA system; Waters) for pigment analysis.

Pigments of cells and the thylakoid membranes were also
extracted with methanol, and chlorophyll concentrations were
determined spectroscopically with a Hitachi spectrometer accord-
ing to Porra and Grimme (1978).
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