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The light-harvesting chlorophyll-binding (LHC) proteins are major
constituents of eukaryotic photosynthetic machinery. In plants, six
different groups of proteins, LHC-like proteins, share a conserved
motifwith LHC. Although the evolutionof LHCand LHC-like proteins
is proposed to be a key for the diversification of modern photosyn-
thetic eukaryotes, our knowledge of the evolution and functions
of LHC-like proteins is still limited. In this study, we aimed to
understand specifically the functionof one typeof LHC-like proteins,
LIL3 proteins, by analyzing Arabidopsis mutants lacking them. The
Arabidopsis genome contains two gene copies for LIL3, LIL3:1 and
LIL3:2. In the lil3:1/lil3:2 double mutant, the majority of chlorophyll
molecules are conjugatedwith an unsaturated geranylgeraniol side
chain. This mutant is also deficient in α-tocopherol. These results
indicate that reduction of both the geranylgeraniol side chain of
chlorophyll and geranylgeranyl pyrophosphate, which is also an
essential intermediate of tocopherol biosynthesis, is compromised
in the lil3 mutants. We found that the content of geranylgeranyl
reductase responsible for these reactions was severely reduced in
the lil3 double mutant, whereas the mRNA level for this enzyme
was not significantly changed. We demonstrated an interaction of
geranylgeranyl reductase with both LIL3 isoforms by using a split
ubiquitin assay, bimolecular fluorescence complementation, and
combined blue-native and SDS polyacrylamide gel electrophoresis.
We propose that LIL3 is functionally involved in chlorophyll and
tocopherol biosynthesis by stabilizing geranylgeranyl reductase.
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Light-harvesting chlorophyll-binding (LHC) proteins are major
components of the eukaryotic photosynthetic machinery and

form the outer antenna protein complexes of photosystem (PS)
I and II in chloroplasts. Each LHC protein typically binds ap-
proximately a dozen chlorophyll (Chl) molecules and three to four
different carotenoids (1) and, thus, plays essential roles in photo-
synthesis and photoprotection. LHC protein harvests light energy
and transfers the excitation energy to the photosynthetic reac-
tion center.
Cyanobacteria contain small groups of single-helix proteins with

LHC motifs. These proteins are suggested to function in the sta-
bilization of PS I (2) and in the protection of Chl against Chl-
degrading enzymes during the assembly and repair of PS II (3, 4).
Eukaryotic LHC proteins are proposed to evolve from a cyano-
bacterial single-helix progenitor (5–7). At present, the exact func-
tions of recent cyanobacterial LHC-like proteins and the hypo-
thetical ancestral LHC-like protein remain elusive. During the
evolution of eukaryotic photosynthesis, it is likely that the ancestral
protein united with another membrane-spanning protein. As a re-
sult of subsequent gene duplication and deletion, it may have dif-
ferentiated into various types of LHC and LHC-like proteins to
become widely distributed among photosynthetic eukaryotes (5, 6,
8, 9). Typical eukaryotic LHC have three membrane-spanning
helices, whereas LHC-like proteins contain one to fourmembrane-
spanning domains (10). Arabidopsis thaliana contains 10 abundant

and a few rarely expressed LHC (10–12). In addition, it contains
a total of 10 LHC-like proteins, including three single-helix pro-
teins [OHP1, OHP2, and ferrochelatase2 (FeC2)], four double-
helix proteins (SEP1, SEP2, LIL3:1, and LIL3:2), two three-helix
proteins (ELIP1 and ELIP2), and one four-helix protein (PsbS).
All of these LHC-like proteins share a membrane-spanning con-
sensus sequence, the LHCmotif (10), which is∼25-aa residues long
and contains a few conserved basic residues, although the residual
residues are mostly hydrophobic.
The conserved structure of the LHC-like proteins is apparently

most widely distributed among eukaryotic photosynthetic organ-
isms and implicates their involvement in essential processes. The
primary role of the LHC motif in the major LHC proteins is to
provide ligands for Chl binding and to enable energy transfer
among Chl molecules for photosynthesis (1). It is intriguing that
this motif is widely used in a number of divergent proteins, and it
can be speculated that this motif has a unique and unidentified
function that is shared by the LHC-like proteins including OHP,
SEP, ELIP, and FeC2. Diversification of these LHC family pro-
teins has most likely contributed to the successful environmental
adaptation of photosynthetic eukaryotes (7). Understanding the
functions of LHC-like proteins may allow us to predict a common
function of the LHC motif. Furthermore, it may also provide in-
sight into the evolutionary history of these organisms adapting to
their habitats (5, 7, 13).
To date, the functions of two LHC-like proteins (PsbS and

FeC2) have been determined. PsbS plays an essential role in
nonphotochemical quenching in land plants (14). FeC2 is one of
the two ferrochelatase isoforms that catalyze the last step of heme
biosynthesis by incorporating Fe2+ into protoporphyrin IX to
produce protoheme. The functions of other LHC-like proteins
remain poorly understood. OHP, SEP, and ELIP proteins are
proposed to be involved in protection against excessive light. The
expression of the genes for these proteins is induced under strong
illumination (15–19). In addition, it has also been suggested that
ELIP functions as a repressor of chlorophyll biosynthesis (20).
In contrast, LIL3 may not be related to light protection be-

cause the expression of the LIL3 genes does not seem to be
inducible by strong illumination according to the Nottingham
Arabidopsis Stock Center microarray database (21). Instead,
LIL3 is proposed to transfer de novo synthesized Chl to the
photosystems because it is associated with pigment-binding
proteins that appear temporally at the greening stage of barley
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seedlings (22). It is possible that LIL3 has a unique biological
function that is distinct from those of other LHC-like proteins.
To elucidate the function of LIL3 proteins, we analyzed

A. thaliana transposon mutants lacking one or both isoforms of
LIL3 proteins. These mutants are impaired in the synthesis of
α-tocopherol and phytylated Chl. This misregulation is a conse-
quence of a reduced content of geranylgeranyl reductase (GGR).
This enzyme is responsible for the reduction step of geranylgeranyl
pyrophosphate (GGPP) to phytyl pyrophosphate (phytyl-PP) (23,
24), which is required for Chl, tocopherol, and phyloquinone
biosynthesis. We demonstrated a physical interaction of LIL3 and
GGR, suggesting that LIL3 stabilizes GGR in plastid membranes.

Results
Characterization of the Two LIL3 Genes from A. thaliana. The
Arabidopsis genome contains two LIL3 genes, At4g17600 and
At5g47110, which we tentatively named LIL3:1 and LIL3:2 genes.
These genes encode proteins of 262 and 258 aa, respectively. A
computer program, ChloroP, which specializes in the prediction
of transit peptides (25), predicted that 39 and 42 aa residues of the
N-terminal sequences of LIL3:1 and LIL3:2 are transit peptides,
which facilitate the import of these proteins into the plastid.
According to these predictions, mature sizes of LIL3:1 and LIL3:2
are predicted to be 25.1 and 24.1 kDa, respectively. These two pro-
teins share 85% similarity and 76% identical amino acids. The
structure-prediction programs HMMTOP (26) and TMHMM (27)
indicate twomembrane-spanninghelices, amongwhich thefirst helix
of LIL3 proteins includes the well-conserved LHC motif (Fig. S1).
LIL3 homologs can be found exclusively in organisms be-

longing to the green lineage of the photosynthetic eukaryotes.
A phylogenetic analysis indicates that the Arabidopsis pair of the
angiosperm LIL3 homologs arose very recently, at least after the
divergence of mono- and dicotyledonous plants (Fig. S2).

lil3 Mutants Are Compromised in the Biosynthesis of Chlphytol. For
better understanding of tetrapyrrole metabolism in plants, Tana-
ka’s group at the Hokkaido University has conducted large-scale
HPLC-based screening programs to identify pigment biosynthesis
mutants (28). In this screening project, we identified two Arabi-
dopsis mutant lines, Ds13-3953 and Ds13-0193, from the Riken
Institute (Japan) Dissociation (Ds)-tagged lines (29), which accu-
mulated unusual Chl species as described below. InDs13-3953 and
Ds13-0193, the Ds transposon was inserted into the first exons of
the LIL3:1 and LIL3:2 genes, respectively, which very likely
abolished the functions of these proteins. Hereafter, the two mu-
tant lines are referred to as lil3:1 and lil3:2, respectively. In addition
to the insertion in theLIL3:2 gene, another copy of the transposon
was inserted into the upstream intergenic region of At5g43196,
which was predicted to be a pseudogene according to the anno-
tation of the Arabidopsis Information Resource (TAIR; http://
www.arabidopsis.org/). We crossed lil3:1 and lil3:2 to obtain the
lil3:1/lil3:2 double mutant.
The sizes and leaf colors of lil3:1 and lil3:2 mutants were in-

distinguishable from those of WT under our experimental growth
conditions of 23 °C and light intensity of∼80 μmol photonsm−2 s−1

(Fig. S3). In contrast, the lil3:1/lil3:2 double mutant exhibited
yellowish green leaves and grew slower than the lil3:1, lil3:2, and
WT plants (Fig. S3). It is assumed that LIL3:1 and LIL3:2 proteins
share overlapping functions and that the deficiency of both LIL3
isoforms results in the phenotypical difference from WT.
We analyzed the pigment compositions of the lil3 mutants by

HPLC. Detailed information on pigment identification is shown in
Fig. S4. In all of the lil3 mutants, Chl a and Chl b species are
conjugated with incompletely reduced side chains including tetra-
hydrogeranylgeraniol (THGG), dihydrogeranylgeraniol (DHGG),
and geranylgeraniol (GG) in addition to normal phytylated Chl
a (Chl aphy) and Chl b (Chl bphy). (Fig. 1A). In lil3:1 and lil3:2,
a minor fraction of Chl a and Chl b contained the incompletely

reduced side chains (Fig. 1A). Three percent of Chl in lil3:1 and
16% in lil3:2 were conjugated with incompletely reduced side
chains (GG, DHGG, and THGG) among which ChlTHGG was the
most abundant (Fig. 1B). In contrast, in the lil3:1/lil3:2mutant, the
majority (96%) of Chl molecules are conjugated with either
THGG,DHGG, orGG. (Fig. 1B). These results indicate that LIL3
proteins are required for complete biosynthesis of phytylated Chl
molecules in green seedlings.

Lack of LIL3 Proteins Compromises the Stability of GGR. In plants,
Chlphy is synthesized via two routes (reviewed in ref. 30). GGPP is
esterified with chlorophyllide (Chlide) to form ChlGG and is sub-
sequently reduced stepwise to Chlphy. Alternatively, GGPP can be
first reduced to phytyl-PP before it is conjugatedwith Chlide.GGR
is an NADPH-dependent enzyme and is responsible for the re-
duction of GGPP to phytyl-PP and the reduction of ChlGG to
Chlphytol (23, 24). This enzyme is encoded by the CHLP gene
(At1g74470). It has been reported that reduced expression of
CHLP in tobacco leads to the accumulation of ChlGG, ChlDHGG,
and ChlTHGG species in plants (24). Thus, we speculated that the
level of GGR might be affected in the lil3 mutants and examined
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Fig. 1. Accumulation of Chl and its derivatives that are characterized by the
conjugation of incompletely reduced side chains. (A) Chemical structure of Chl
a derivatives that are conjugated with either GG, DHGG, THGG, or phytol. (B)
The contents of Chl a and Chl b derivatives in WT, lil3:1, lil3:2, and lil3:1/lil3:2
plants that were grown for 4 wk as described inMaterials and Methods. Error
bars indicate SD (n = 5).
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CHLP expression at the transcript and protein level by real-time
(RT)-PCR and immunoblotting, respectively.
TheCHLPmRNA levels were not significantly altered in the lil3

mutants relative toWT (Fig. 2A). In contrast, theGGR levels were
reduced in all lil3 mutants and were barely detectable in leaf
extracts of lil3:1/lil3:2 (Fig. 2). [Note: when the antibody concen-
tration of the anti-GGR antibody was increased 2-fold, a weak
immunoreactive signal was detected despite a high-background
signal intensity (Fig. S5).] Thus, LIL3 deficiency does not affect
CHLP gene expression, but LIL3 is involved in the stabilization
of GGR.

Absence of LIL3 Proteins Led to Tocopherol Deficiency. Phytyl-PP
forms also the hydrophobic carbohydrate side chain of tocopherol
molecules. Reduction in theGGR content has been reported to be
associated with tocopherol deficiency in tobacco (24). To explore
further consequences of reducedGGR levels in response to lack of
LIL3 proteins, we examined the α-tocopherol contents in the lil3
mutants (Fig. 3 and Fig. S6). Compared with WT, the tocopherol
levels of lil3:1 and lil3:2 were not significantly altered. In contrast,
almost no α-tocopherol accumulated in the double mutant (Fig. 3
and Fig. S6). The possibility that the tocochromanol ring is ester-
ified with GG instead of phytol to form α-tocotrienol, which was
detected in a CHLP insertional mutant of Synechosystis PCC6803
lacking phytylated Chl and α-tocopherol (31), cannot be ruled out.
However, as in tobacco CHLP-antisense RNA-expressing plants
(24), accumulation of α-tocotrienol, whose elution time was ∼4
min in our HPLC system, was barely detectable in the lil3mutants
(Fig. S6). It was previously suggested that the Arabidopsis homo-
gentisic acid geranylgeranyl transferase, catalyzing the conjugation
of tocochromanol and the isoprenoid side chain, preferentially
uses phytyl-PP as a substrate, whereas the same enzyme from
barley is able to produce both phytylated and geranylgeranylated
tocochromanols (32). These results further support our conclusion
that a lack of LIL3 leads to reduced GGR activity.

Interaction of GGR and LIL3. The aforementioned results confirm
that GGR constantly accumulates only when either or both LIL3:1
and LIL3:2 are present. Because both LIL3 and GGR are local-
ized in thylakoid membranes (33), we speculate that a stable ac-
cumulation of GGR is achieved by a direct interaction between
LIL3 andGGR.We examined such an interaction with a yeast split

ubiquitin assay and a bimolecular fluorescence complementation
assay (BiFC), and analyzed the in vivo complex formation with the
blue-native polyacrylamide gel electrophoresis (BN-PAGE).
The split ubiquitin assay can be efficiently applied to detect the

interaction of a membrane-bound bait protein with a prey protein
(34). In this assay with GGR fused to the N-terminal half of
ubiquitin and either LIL3:1 or LIL3:2 fused to the C-terminal half
of ubiquitin, a protein–protein interaction was specifically
detected (Fig. 4A). Sucrose transporter 1 of potato (SUT1) was
used as a negative control, which failed to give rise to any colony
growth with either GGR, LIL3:1, or LIL3:2 (Fig. 4A).
For the BiFC assay in tobacco leaves, we transiently expressed

GGR conjugated with the N-terminal half of Venus (a variant of
green fluorescent protein) and either LIL3:1 or LIL3:2, which
were conjugated with the C-terminal half of Venus. A combina-
tion of GGR and either LIL3:1 or LIL3:2 resulted in Venus
fluorescence in chloroplasts, indicating a physical interaction of
these proteins within the chloroplasts (Fig. 4B). Conversely, the
vector-only negative control failed to emit fluorescent signals.
In vivo complex formation of GGR and LIL3 proteins was ex-

amined by analyzing protein complexes from thylakoid mem-
branes that were solubilized with 1% β-dodecylmaltoside and
separated by BN-PAGE. The proteins were subsequently analyzed
by SDS/PAGE in 2D and resolved proteins were detected with
immunoblotting (Fig. 4C). The anti-GGR antibody generated
signals at ∼170 kDa and in the range of low molecular weight
proteins corresponding to 50 kDa or less. The same antibody also
gave trailing signals between an approximate size range of 50 kDa,
at around 80 kDa, and several faint spots above 200 kDa. These
signals could be the result of nonspecific binding of the antibody or
they may represent the formation of large (>200 kDa) multiple
protein complexes of GGR. The LIL3 antibody gave three major
spots at <50-, 80-, and 170-kDa positions (Fig. 4C). The BN-
PAGE analysis indicates that GGR and LIL3 proteins are present
as monomers and assemble in high-molecular-weight protein
complexes. It is possible that the 170-kDa complex contains both
GGR and LIL3 proteins simultaneously.

Discussion
In this report, we demonstrate that LIL3 is required for stable ac-
cumulation ofGGRand can conclude that it is functionally involved
in Chl and tocopherol biosynthesis. It is speculated that the con-
servedLHCmotif ofLIL3 contributes to the stability and functionof
GGR by tentative binding of ChlGG that supports the enzymatic
reaction of GGR. This scenario is apparently contradictory to
a previous report in which recombinant plant GGR is shown to
complete the three-step reduction ofGGPP(orChlGG) to phytyl-PP
(or Chlphytol) in vitro without LIL3 (23). However, it is also possible
that LIL3 could enhance the activity of GGR in vivo. Another
possible function of LIL3 may be tethering GGR to plastid mem-
branes. Although GGR was detected in thylakoid and envelope
membranes during recent proteomic analyses (35), this protein does
not possess predictable transmembrane regions (23). Because LIL3
is anobviousmembrane-spanningprotein, it is reasonable to assume
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that interaction with GGR may anchor this protein to the mem-
branes. Suchmembrane localizationofGGRis advantageous for the
access of GGR to its hydrophobic isoprenoid substrates.

We also hypothesized that the LIL3–GGR interaction is linked
to the reported changes in the substrate selectivity of GGR at
different developmental stages (36). At the deetiolation stage,
GGR reacts with ChlGG to form Chlphytol, whereas in green leaves,
GGR appears to react with GGPP and convert it into phytyl-PP,
the substrate for Chl and tocopherol formation (36). Our hy-
pothesis is supported by the observation that LIL3 is a major
component of protein complexes that contains a precursor of Chl
biosynthesis and specifically appears during the deetiolation stage
of barley seedlings (22). These complexes in barley were estimated
to have molecular masses around 160–180 kDa and 210–250 kDa
(22). It is possible that at least one of these complexes corresponds
to one of the LIL3 protein complexes in Arabidopsis (Fig. 4C). It is
tempting to speculate, as hypothesized byReisinger et al. (22), that
this complex is involved in the conversion of protochlorophyllide
to Chlphytol via ChlGG, and/or that this complex contains GGR and
other enzymes that are necessary for Chl biosynthesis in addition
to LIL3. Because our knowledge of controlled metabolic chan-
neling for phytol biosynthesis is still limited, our findings about
LIL3 functions will become an essential step toward a compre-
hensive understanding of these plastidic processes.
Considering the significant conservation of theLHCmotif among

many plastid proteins (10) (Fig. S1), it would be reasonable to as-
sume that this motif has common functions among these proteins.
Because known functions of LHC proteins include their ability to
carry Chl and carotenoids and to move between different protein
complexes (37), it is reasonable to consider that a common function
of the LHC motif is to facilitate a reversible protein–protein in-
teraction. Ferrochelatase (38), OHP (32), and ELIP (32) have been
experimentally shown or proposed to interact with different pro-
teins. It would be tempting to speculate that anLHCmotif functions
to switch proteins between different protein complexes.
Including our results showing the involvement of LIL3 in Chl

biosynthesis, three (LIL3, FeC2, and ELIP) out of six different
plant LHC-like proteins have been reported to contribute to tet-
rapyrrole biosynthesis (10, 20). Because most tetrapyrrole mole-
cules are photosensitizing and potentially phototoxic to plant cells
(39), efficient channeling of the biosynthetic intermediates and
the final tetrapyrrole products to their final destination should be
an essential process in plant cells. Findings from this study suggest
that plants harness LHC-like proteins for efficient control of the
metabolic pathways.

Materials and Methods
Plant Materials and Growth Conditions. The lil3:1 and lil3:2 mutants were iso-
lated from a Ds transposon-tagged mutant pool of the Nossen ecotype (29).
Plants were grown at 23 °C under continuous light conditions [∼80 μmolm−2 s−1

on a 3:1 mixture of vermiculite and nourished soil (Sankyo-Baido soil; Hokkai-
Sankyo Co. Ltd.)]. The fourth whorl of the leaves counting from the top was
harvested 4wk after germination for extraction of pigments, RNA, and protein.

Measurement of Chls and Tocopherols by HPLC. Chls and tocopherols were
extracted from frozen leaves with acetone and subjected to HPLC analysis.
Chls were separated on aWaters C8 column (Symmetry C8, 150 mm × 4.6 mm,
3.5-μm particle size) as previously described (28). Tocopherols were also
separated according to the previously described method (24) with minor
modifications. Instead of using the C18 column as described in the original
method, we used a C8 column (Symmetry C8), which resulted in a faster
separation of tocopherol derivatives. α-tocopherol was excited at 290 nm
and fluorescence was monitored at 320 nm with a fluorescent detector
(L-2485; Hitachi Hi-Tech Corp.). Pigments were quantified by use of standard
pigments. Chl a and Chl b were purchased from Juntec Co. Ltd, and α-to-
copherol and α-tocotrienol fromWako Pure Chemical Industries and Cayman
Chemical, respectively.

RT-PCR and Immunoblotting. Detailed description on the methodology of RT-
PCR was provided in SI Materials and Methods. Briefly, cDNA was synthesized
from 1 μg of total RNA with the PrimeScript RT reagent kit (Takara Bio Inc.)
and amplified with Sybr Premix Ex Taq (Takara Bio Inc.) according to the
manufacturer’s instruction using the following pair of primers for the coding
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were able to grow. (B) A BiFC assay demonstrated the interaction of GGR and
LIL3 proteins in chloroplasts. Chlorophyll fluorescence (Left, top two images)
represents the chloroplasts within cells. Combined expression of fusion pro-
teins containing GGR and either LIL3:1 or LIL3:2 results in Venus fluorescence
(Center, top two images). The restored Venus fluorescence colocalizes with
chlorophyllfluorescence (Right, top two images). A combinationof emptyNUB
and CUB vectors did not lead to Venus fluorescence (Bottom). (C) BN-PAGE
analysis combinedwith SDS/PAGE and immunoblotting indicates that GGRand
LIL3 can be detected in a 170-kDa protein complex. Both proteins can be
detected also as monomers or in other protein complexes.
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regions for CHLP. The amplicon was quantified with LightCycler (Roche
Diagnostics K. K.). The relative levels of CHLP mRNA were normalized by the
levels of UBC21 (At5g25760). For immunoblotting, total leaf protein was
extracted from the fourth whorl of 4-wk-old plants with extraction buffer
containing 50 mM Tris-HCl pH 6.8, 2 mM EDTA, 10% glycerol, 2% SDS, and
6% 2-mercaptoethanol. Five microliters of extracts, corresponding to 0.5 mg
of leaf material, were separated on a 14% polyacrylamide gel and electro-
blotted to PVDF membrane. The GGR protein was detected with an anti-
GGR antiserum (24) using the ECL Plus immunodetection kit (GE Healthcare).

Split Ubiquitin Assay. The coding sequences of LIL3:1 and LIL3:2 were cloned
into the pCub bait vector (Dualsystems Biotech AG). The coding sequence of
CHLP was cloned into the pNub prey vector (Dualsystems Biotech AG). As
negative controls of the prey and bait vectors, we used SUT1 that was cloned
into pCub and pNub vectors (34). In vivo interaction of the proteins encoded
in the prey and bait vectors facilitated growth of the colonies on synthetic
defined media lacking leucine, tryptophan, histidine, and uracil. Detailed
methodology for this assay is provided in SI Materials and Methods.

BiFC Assay. Coding regions of ChlP, LIL3:1, and LIL3:2 from A. thaliana cDNA
were cloned into destination vectors pDEST-GWVYNE for LIL3:1 and LIL3.2
and pDEST-GWVYCE (40) for CHLP, respectively. These constructs were tran-

siently transformed to Nicotiana benthamiana leaves with Agrobacterium
tumefaciens GV2260. Plants were kept 3 d in dark before analyses of
infected leaf disks by confocal microscopy (excitation 514 nm, emission
Venus 525–600 nm, emission chlorophyll 620–700 nm).

BN-PAGE Analysis. The isolation of thylakoid membranes and BN-PAGE was
performed according to the methods described by Wittig et al. (41). Briefly,
thylakoid membrane proteins isolated from 4-wk-old leaves (corresponding
to 10 μg of chlorophyll) were solubilized with 1% (wt/vol) dodecyl maltoside
on ice for 5 min in resuspension buffer [50 mM imidazole-HCl (pH 7.0), 20%
glycerol, 5 mM 6-aminocaproic acid, 1 mM EDTA]. Solubilized membrane
proteins were then separated by 4–13% acrylamide gradient gels. Native-
Mark unstained molecular weight markers (Invitrogen) were used for esti-
mation of protein size.
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