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The Arabidopsis chloroplast ribosome recycling factor is essential
for embryogenesis and chloroplast biogenesis
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Abstract To gain insight into the functions of the
nuclear-encoded factors involved in chloroplast develop-
ment, we characterized the high chlorophyll fluorescence
and pale green mutant 108-1 (designated as hfpl108-1) of
Arabidopsis thaliana. Map-based cloning revealed that the
mutant contains a tandem repeat of part of the sequence
(including 116 nucleotides from 631 to 746 bp downstream
of the ATG) of At3g63190, which encodes a chloroplast
ribosome recycling factor homologue and was named
AtcpRRF. The chloroplasts of hfpl08-1 plants contain few
internal thylakoid membranes and are severely defective in
the accumulation of chloroplast-encoded proteins. In vivo
labeling experiments showed a drastic decrease in the
synthesis of the chloroplast-encoded proteins, which may
be attributed primarily to reduced translation of the cor-
responding mRNA molecules. The level of the HFP108
transcript was greatly reduced in hfpl08-1, so hfpl0S8-1
showed a weak phenotype, and null alleles of HFP108
(hfp108-2) were embryonic lethal. Observations with
cleared seeds in the same silique showed that homozygous
hfp108-2 seeds were blocked at the heart stage and did not
develop further. Thus, these results suggest that AtcpRRF
is essential for embryogenesis and chloroplast biogenesis.
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Introduction

Chloroplasts have their own translation system, although
the chloroplast genomes of higher plants retain less than
100 genes and more than 90% of their genome has been
transferred to the nucleus during evolution (Sato et al. 1999;
Ahlert et al. 2003; Abdallah et al. 2000). The plant chlo-
roplast translation system is known to be similar to the
prokaryotic translation system (Sugiura 1992; Zerges
2000). However, the chloroplast translation system has
several unusual features. For example, chloroplast mRNAs
do not have an m7G cap and can be present as polycis-
tronic transcripts (Sugita and Sugiura 1996; Rochaix 1996).
Several chloroplast protein synthesis factors, such as elon-
gation factor G (EF-G) (Hernandez-Torres et al. 1993;
Akkaya et al. 1994; Albrecht et al. 2006; Ruppel and
Hangarter 2007), ribosome recycling factor (RRF) (Rolland
et al. 1999), initiation factor 1 (IF1) (Hirose et al. 1999),
initiation factor 2 (IF2) (Campos et al. 2001), peptide chain
release factor 2 (RF2) (Meurer et al. 1996a, 2002), and
chloroplast ribosome release factor 1(RF1) (Motohashi
et al. 2007), have been identified in higher plants.
Ribosome recycling factor (RRF) was first discovered in
Escherichia coli (E. coli) (Hirashima and Kaji 1970), and
its corresponding gene was subsequently cloned (Ichikawa
and Kaji 1989). In bacteria, protein synthesis consists of
four steps: initiation, elongation, termination, and recycling
of ribosomes for the next round of translation. After ter-
mination of translation, the 70S ribosomes, which are the
working form of the ribosome, have to be recycled for
initiation of the next round of protein synthesis by disso-
ciation into subunits. The recycling step involves the dis-
assembly of the post-termination complex, which is
catalyzed by the cooperative action of three translation
factors: ribosome recycling factor (RRF), elongation factor
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G (EF-G), and initiation factor 3 (IF3) (reviewed in Kaji
et al. 2001). RRF and EF-G alone transiently dissociate
70S ribosomes. Subsequently, the dissociation is stabilized
by IF3, which binds to the transiently formed 30S subunits
and prevents re-association into 70S ribosomes. The stable
dissociation of ribosomes into subunits through the coop-
eration of the three factors completes the ribosome cycle,
and the resulting subunits are ready for the next round of
translation (Hirokawa et al. 2005). RRF is essential for
bacteria and inactivation of RRF is bactericidal or bacte-
riostatic (Janosi et al. 1994, 1998).

Homologues of the RRF gene (frr) have been identified
in the prokaryotic genomes that have been sequenced,
except for Archaea (reviewed in Kaji et al. 1998; Janosi
et al. 1996; Bult et al. 1996). An frr homologue gene was
also found in the nuclear genome of spinach (Spinacia
oleracea L.) and its encoded protein product was localized
in the chloroplast (Rolland et al. 1999). However, com-
pared with bacterial ribosome recycling factors, the bio-
logical functions of the chloroplast homologues of RRF in
vivo have not been characterized. In this study, we report
the identification of an Arabidopsis mutant with a high
chlorophyll fluorescence and pale green phenotype, which
was termed hfpl08-1. HFPI08 encodes a chloroplast
ribosome recycling factor (cpRRF). Physiological analysis
of the mutant revealed that HFP108 has an important
function in chloroplast biogenesis and plays an essential
role in translation in plastids. Null alleles of HFP108 were
also embryonic lethal. Our results indicated that cpRRF is
essential for chloroplast function and viability of
Arabidopsis.

Materials and methods
Plant material and growth conditions

The high chlorophyll fluorescence Afpl08-1 mutant was
isolated from a collection of pSKIO15 T-DNA-mutagenized
Arabidopsis thaliana (ecotype Columbia) lines from the
Arabidopsis Biological Resource Center (ABRC) (Weigel
et al. 2000) using a chlorophyll fluorescence imaging sys-
tem (Ma et al. 2007). The T-DNA insertion line,
Salk_102361 was obtained from the ABRC, and the T-DNA
was inserted into exon 8 of Ar3g637190. The heterozygous
plant was verified by PCR using the primers hfp108-2-LP
(5-GATTGTTGAATTACGTCTCC-3') and hfp108-2-RP
(5’- TGACCCCTAATAACGATG-3'). The T-DNA inser-
tion was confirmed by PCR analysis and subsequent
sequencing with the primers T-DNA-LB (5-ATTTTGC
CGATTTCGGAAC-3') and hfpl08-2-RP. Wild-type and
mutant seedlings were grown on Murashige and Skoog
(MS) medium containing 3% sucrose under short-day
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conditions (10-h light/14-h dark cycle) with a photon flux
density of 120 pmol m~* s~ at 22°C.

Chlorophyll fluorescence analysis

Chlorophyll fluorescence was measured with a PAM-2000
portable chlorophyll fluorometer (Walz) connected to
leaves which had been dark-adapted for 30 min before
measurements, with a leaf-clip holder (model 2030-B;
Walz). The minimum fluorescence yield (Fo) was measured
under 650 nm light with a very low intensity (0.8 pmol
m2s™'). A saturating pulse of white light (3000
pmol m~2 s™! for 1 s) was used to estimate the maximum
fluorescence yield (Fm), and the ratio of variable (Fv) to
maximum (Fm) fluorescence [Fv/Fm = (Fm — Fo)/Fm]
was calculated basically according to Meurer et al. (1996b).
All of the measurements described above were performed in
a dark room with stable ambient conditions.

2

Transmission electron microscopy

Transmission electron microscopy analysis was performed
essentially as described by Peng et al. (2006). The wild-
type and mutant rosette leaves were collected, cut into
small pieces, and fixed in 2.5% glutaraldehyde in phos-
phate buffer for 4 h at 4°C. After fixation, the samples were
post-fixed in 1% OsO4 overnight at 4°C, dehydrated in an
ethanol series, infiltrated with a graded series of epoxy
resin in epoxy propane, and embedded in Epon 812 resin.
Thin sections were obtained using a diamond knife on a
Reichert OM2 ultramicrotome, stained in 2% uranyl ace-
tate at pHS5.0, and then in 10 mM lead citrate at pH12, and
viewed with a transmission electron microscope (JEM-
1230; JEOL).

Map-based cloning and complementation

The hfpl08-1 mutation was mapped based on the poly-
morphisms between two Arabidopsis ecotypes, Columbia
and Landsberg erecta (Lukowitz et al. 2000). The mapping
population was obtained by crossing wild-type plants of the
ecotype Landsberg erecta with the mutant plants (Colum-
bia). Three hundred and sixty-eight homozygous F2 mutant
plants (hfp108/hfp108) were obtained based on the high
chlorophyll fluorescence phenotype, and their genomic
DNA was extracted and examined by PCR with specific
molecular markers. The linkage group of the Afpl08
mutation was determined with a series of simple sequence
length polymorphism markers. The region of the mutation
locus was determined to be within the region between the
bacterial artificial chromosome T20010 and the end of the
lower arm of chromosome 3. Candidate genes with a pre-
dicted chloroplast transit peptide in this region were
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sequenced and analyzed with genomic DNA from hfp108-1
and wild-type plants (Columbia). For complementation of
the hAfpl08-1 phenotype, a fragment containing the full-
length Afpl08 coding sequence was amplified with the
following primers: 5-TCTAGAATGGCGGCTTCTTTCT
CTTCCAC-3" and 5'-GTCGACTCACACCTTCATCAAT
TCC-3'. The PCR product was cleaved with Xbal and Sall
and subcloned into the pBI121 vector under the control of
the cauliflower mosaic virus 35S promoter. Subsequently,
the construct was transferred to heterozygous hfpl08-1
plants by Agrobacterium tumefaciens-mediated transfor-
mation by the floral dip method (Clough and Bent 1998).
Transgenic plants were selected on MS medium containing
40 pg pL~' kanamycin monosulfate and grown in a
greenhouse to produce seeds for PCR analysis. The primers
used for the identification of homozygous hfpl08-1 are:
5'-GTACAGAAAACCATTAGC-3' and 5-AACGATTTG
GATGTGATT-3'. The success of the complementation
was confirmed by chlorophyll fluorescence analysis.

RT-PCR analysis

Total RNA extracted from leaves of the hfpl08-1 mutant
and wild-type plants was treated with DNase I and then
reverse transcribed with Oligo(dT) (Takara). For the
determination of A#3g63190 expression, RT-PCR was per-
formed from the cDNA above using a set of specific primers
for the Ar3g63190 gene that encompassed the mutation
site in hfpl108-1. The primers used were as follows: sense
(5-CAAATCCTTCACGTTGTC-3'), and antisense (5'-GA
AGAAATAGAAGCAGAG-3'). To ensure that there was
an equal amount of RNA in each sample, RT-PCR analysis
of the actinll cDNA was performed using the following
primers: sense (5-AACTGGGATGATATGGAGAA-3')
and antisense (5'-CCTCCAATCCAGACACTGTA-3").

GFP fusion constructs for transient expression
in protoplasts

A fragment encoding the N-terminal 117 amino acids of
HFP108 was amplified by RT-PCR with the primers

Table 1 Primers used for the preparation of the hybridization probes

5'-GTCGACATGGCGGCTTCTTTCTCTTCC-3’ and 5'-C
CATGGTTATGGAGTTGAAACTCGTCC-3 and sub-
cloned into the pUC18-35s-sGFP vector to generate a
fusion protein with GFP in the C-terminus. The fragments
containing the N-terminal part (1-282 amino acids) of
AtFbrl and the transit peptide (1-81 amino acids) of the
small subunit of ribulose bisphosphate carboxylase were
amplified using the primer pairs 5-ACAACTCGAGAT
GAGACCCCCAGTTACAGG-3' and 5-TCCATGGTCA
CCTGTTCTGCTGGCTTAAAC-3" and 5-CACGTCGAC
AAACCTCAGTCACACAAAGAG-3' and 5'-TCCATGG
ATTCGGAATCGGTAAGGTCAGG-3', respectively, which
were subcloned into the pUC18-35s-sGFP vector and used
as nuclear and chloroplast controls, respectively. The
resulting constructs and the negative control vector without
additional coding sequence were introduced into wild-type
Arabidopsis. The GFP emission was detected using a 505—
530 nm bandpass filter following excitation of the samples
with a 488 nm laser (Cai et al. 2009).

Northern blot analysis

Northern blot analysis was performed basically as descri-
bed in Sambrook and Russell (2001). Total RNA isolated
from the wild-type and mutant plants was fractionated,
transferred onto nylon membranes, and subsequently
probed with *?P-labeled ¢cDNA probes. Following high-
stringency hybridization and washing, blots were exposed
to x-ray film for 1-3 days. The hybridization probes were
prepared using a random priming labeling kit (Promega,
USA) with PCR fragments of the encoding regions of the
target genes. The sequences of the PCR primers used to
amplify the genes are presented in Table 1.

Polysome analysis

Polysome analysis was carried out according to Barkan
(1998). Leaf tissue was ground to a fine powder in liquid
nitrogen, and polysome extraction buffer was then added.
After centrifugation, the supernatant (0.5 mL) was layered
onto 15-55% sucrose gradients and centrifuged for 65 min

Gene Sense primer Antisense primer

psbA 5'-TTATCCATTTGTAGATGGAGCCTCA-3' 5'-ATGACTGCAATTTTAGAGAGACGCG-3'
psbB 5'-GCAAGGATCCATGGGTTTGCCTTGG-3' 5'-GCAACTCGAGATCAGACTGCTTGTCG-3’
psbD 5'-CTGGTCTATTGCTCTTTCCTTGTGCCTAT-3' 5'-GCCGCCATCCAAGCACGAATACCTT-3'
psaA 5'-CAATTGGCGCATTGGTCTTCGCAG-3' 5'-GTGCTCGCTGTTTCACCAGGGGCTG-3’
cab 5'-CTTTGTGCTGCACTACTCAACC-3’ 5'-CGATGGCTTGAACGAAGAATCC-3'

psbO 5'-AACTTCCTCGGCTCGCCTCACT-3’ 5'-CTCCTCGTCTCCTCTGCCTCC-3’
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at 45,000 rpm at 4°C in a SW55Ti rotor (Beckman,
Munich, Germany). Fractions of equal volume were col-
lected, and RNA was extracted from each fraction and then
subjected to RNA gel hybridization.

Antiserum production

For production of polyclonal antibodies against HFP108, a
cDNA fragment encoding part of HFP108 (amino acids
19-274) was amplified by PCR using the primers 5'-GG
ATCCGCCAACTACTCCAAGCCTC-3' and 5'-CCGTCG
ACCACCTTCATCAATTCCTTTTC-3'. The PCR product
was cleaved with BamHI and Sall and fused in-frame with
the N-terminal His affinity tag of pET28a. BL21 cells were
harvested after incubation with 0.6 mM isopropyl thiol-f-
D-galactoside for 5 h. The overexpressed proteins were
purified using a nickel affinity column, and polyclonal
antibodies were raised in rabbits with purified antigen.

Microscopy of developing seeds

For the microscopy experiments, seeds were removed from
heterozygous Ahfpl08-2 mutant siliques and cleared in
Hoyer’s solution (3.75 g of gum arabic, 50 g of chloral
hydrate, and 2.5 mL of glycerol in 15 mL of water) as
described in Meinke (1994). Cleared seeds were then
examined by light microscopy (Zeiss Axioskop) using
differential interference contrast (Chi et al. 2008).

In vivo labeling of chloroplast proteins

In vivo chloroplast protein labeling was performed essen-
tially according to Meurer et al. (1998). Primary leaves of
12-day-old young seedlings were radiolabeled with 1 mCi/
mL P%Met (specific activity > 1000 Ci/mmol; Amer-
sham Pharmacia Biotech) in the presence of 20 pg/mL
cycloheximide for 20 min, followed by incubation in
20 pg/mL cycloheximide for 30 min at 25°C. After label-
ing, the leaves were washed twice with homogenization
buffer (50 mM Tris—HCI, pH 7.5, 150 mM NaCl, and
2 mM EDTA) and ground with 300 pL of the same buffer.
The membranes were pelleted by centrifugation at
15,000 g for 10 min and resuspended in 100 pL of
homogenization buffer. The samples were solubilized and
separated by SDS—-PAGE, and the labeled proteins were
visualized by autoradiography.

SDS-PAGE and immunoblotting
Total proteins were isolated and separated by SDS-PAGE
according to Martinez-Garcia et al. (1999). For immuno-

blot analysis, the resolved proteins were transferred onto
nitrocellulose membranes that were incubated with specific
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primary antibodies, and the signals from the secondary
conjugated antibodies were detected by the enhanced
chemiluminescence method.

Results
Isolation of an Afpl08-1 mutant

The high-chlorophyll-fluorescence recessive mutant hfp108-1
was isolated from the Scheible and Somerville T-DNA
Arabidopsis lines (Weigel et al. 2000). The Fv/Fm val-
ues in 4-week-old leaves were 0.82 £ 0.02 and 0.23 £
0.03 of the wild-type and Afp108-1 mutant plants grown on
agar plates with 3% sucrose, respectively. Growth of
homozygous hfpl108-1 seedlings on sucrose-supplemented
MS-media under a light intensity of 120 pmol m—> s~
was greatly reduced, and the leaves appeared pale green
(Fig. 1). The mutant was seedling-lethal when grown on
soil (data not shown).

Chloroplast development in Afpl08-1 is impaired

To investigate the effects of the hfpl/08-1 mutation on
chloroplast development, we analyzed the morphological
changes in plastids in the 4-week-old leaves of wild-type
and mutant plants by transmission electron microscopy
(Fig. 2). Cells in wild-type plants contained numerous
normal chloroplasts, in which well-developed thylakoid
membranes were composed of grana connected by the
stroma lamellae. In contrast, only plastids with rudimentary
lamellar structures were observed in mature leaves of
hfp108-1 plants. The plastids in hfpl08-1 did not develop
into normal mature chloroplasts with the thylakoid mem-
brane system. The internal membranes in the mutant
plastids were nonstacked, and grana and stroma thylakoids
could not be distinguished. The plastids from the mutant
were more spherical and significantly smaller than those in
wild-type plants. In addition, assimilatory starch was not

WT hip108-1 hipt Q&-f complemented

Fig. 1 Phenotype of 3-week-old wild-type, homozygous hfpl08-1
and hfpl108-1 complemented plants on Murashige and Skoog (1962)
medium containing 3% sucrose
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Fig. 2 Ultrastructures of
plastids in the 4-week-old
leaves of wild-type and Afp10§-
1 mutant plants. Bars = 1 pm

detectable in hfpl08-1. Thus, electron microscopy analysis
showed that the plastids of hfpl08-1 were arrested in an
early developmental stage without the typical stack of
thylakoid membranes.

Molecular cloning of the HFP108 gene

Genetic analysis revealed that the hfp/08-1 mutant phe-
notype did not cosegregate with the phosphinothricin
resistance marker (data not shown), indicating that the
mutated HFPI08 gene was not tagged by the T-DNA.
Map-based cloning of the Afpl08-1 mutant using the sim-
ple sequence length polymorphism molecular markers
ciw4 and nga6 and two newly developed markers (T20N10
and T20010) revealed a nucleotide duplication (nucleotide
positions 631-746 bp relative to the ATG codon) in the
At3g63190 gene (Fig. 3a). Reverse transcription (RT)-PCR
analysis showed that the transcript levels of the At3g63790
gene were drastically reduced in the hfpl08-1 mutant
(Fig. 3b). Sequencing of the RT-PCR product derived from
the mutant demonstrated that the HFPI08 transcript
detected was correctly spliced in the mutant. Immunoblot
analysis with an HFP108 antibody revealed that a small
amount of HFP108 could be detected in total protein
preparations of the Afpl08-1 mutant (Fig. 3c). An inde-
pendent T-DNA insertion mutant line, Salk_102361 (con-
taining a T-DNA insertion at nucleotide position 1,474 bp
in exon 8 of the At3g63190 gene downstream of the ATG
codon) was obtained from the Arabidopsis Biological
Resource Center (ABRC), which was hereafter referred to
as hfpl08-2 .

To confirm that the mutation of the Az3g63190 gene was
responsible for the mutant phenotype, complementation
analysis was performed by introduction of the cDNA of
At3g63190 under the control of the 35S promoter into
heterozygous hfpl08-1 plants by Agrobacterium tumefac-
iens-mediated transformation. In the progeny of these

transformants, we identified five transgenic plants that were
homozygous for the hfpl08-1 mutation. The transgenic
plants exhibited a phenotype similar to wild-type plants
(Fig. 1), and chlorophyll fluorescence induction measure-
ments showed that the transgenic plants exhibited similar
kinetics to wild-type plants (data not shown). Thus, the
introduced cDNA of A73g63190 was able to complement
the hfpl08-1 mutant phenotype, and inactivation of the
At3g63190 gene was responsible for the hAfpl08-1 mutant
phenotype.

HFPI08 is essential at an early stage of embryogenesis

Heterozygous hfpl08-2 mutants had a wild-type pheno-
type; however, there were no homozygous knockout plants.
The segregation ratio of heterozygotes to wild type was
45:22 = 2.0:1 (¥* = 0.007) and was close to the expected
2:1 ratio, which suggested that HFP108 is essential during
the early stages of seed formation and embryogenesis.
Thus, we analyzed seeds in developing and mature siliques
of heterozygous plants, respectively. As shown in Figs. 4a
and b, siliques of heterozygous plants contained both white
and green seeds, and seeds in developing siliques of wild-
type plants were all green (Fig. 4a). Statistical analysis of
the green and white seeds in several siliques showed that
the segregation ratio was close to 3:1 (Table 2), which is
consistent with single recessive alleles. In fully developed
siliques, mutant seeds, which did not germinate, were small
and shriveled and had a purple coloration compared with
the wild-type seeds (Fig. 4b).

To identify at which stage of embryogenesis hfpl08-2
mutants were arrested, we further examined the embryos
from these white and green seeds in the hfpl08-2 hetero-
zygous mutant from a developmental series of siliques using
interference contrast light microscopy. Observation with
cleared seeds in the same silique confirmed that homozy-
gous seeds were blocked at the heart stage and failed to
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631bp 746bp

(A) FP

1474bp RP

CCAGTAAGTTTGAALAG

CCAGTAAGTTTGAALAG

STCCAGTAAGTTTGAARAG

(B) 25 cycles 30 cycles
WT hfp108-1  WT hfp108-1

— 483bp

HFP108

25 cycles 30 cycles

Fig. 3 Identification of the hfpl08-1 mutation. a The mutation site in
the Afp108-1 mutant and gene structure of At3g63790. The exons are
shown as black boxes, and introns are shown as black lines. The
hfp108-1 mutation is based on a tandemly repeated sequence
(including 116 nucleotides from 631 to 746 bp downstream of the
ATG) of At3g63190. The arrows show the splicing site in the wild-
type and hfpl08-1 genes. The base pairs in red and black represent
exons and introns, respectively. The hfpl08-2 mutation is indicated.
“LB” and “RB” represent the left and right borders, respectively, of
the T-DNA insertion in the Afpl08-2 line. “FP” and “RP” represent

undergo the transition into the torpedo stage, whereas
embryos in WT and heterozygous seeds underwent the well-
defined developmental stages, such as globular, heart, tor-
pedo, walking-stick and curled cotyledon (Fig. 4c).

HFPI108 encodes a chloroplast-localized ribosome
recycling factor homologue

The HFPI08 (At3g63190) gene contains 11 exons and
encodes a protein of 275 amino acids. A homology search
using the BLASTX program (http://www.ncbi.nlm.nih.
gov/blast/) revealed that the HFP108 protein showed 67,
59, 44, and 37% identity with RRF-like proteins from
Oryza sativa (Os07g0570700), Synechococcus elongatus
(strain PCC6301), Escherichia coli (strain K-12 substrain
MG1655) and Arabidopsis mitochondria (At3g01800),
respectively. All of these proteins contained the RRF super
family conserved domain (shown by the underline)
(Fig. 5a). TargetP analysis suggested that HFP108 contains
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SGTATTAAGATATACAGCTACCAAATATGGTTTCATATGTATAACTTGTTGATGT TTTGATCTTTTGGGTTCTCAGGTGGAATACT

WT hfp108-1  WT  hfp108-1

SGTATTAAGATATACAGCTACCAAATATGGTTTCATATGTATAACTTGTTGATGTTITTGATCTITTGGGTTCTCAGETGGAATACT \WT

GAGGTATTAAGATATACAGCTACCAAATATGGTTTCATATGTATAACTTIGTTGATGTTTTGATCTTTTGGGTTCTCAGETGGAATACT

hfp108-1
©
(]
N
N S oy A ‘\\Q’\é:‘sg&
& &S ® 5

HFP108

WT1/4 WT1/2 WT hip108-1

. | HFP108

the forward primer and the reverse primer, respectively, for
At3g63190 used in the RT-PCR analysis. b RT-PCR analysis of
mutant plants. RT-PCR was performed with specific primers for the
hfpl108 and actinll genes. ¢ Immunodetection of HFP108 in WT,
hfp108-1 and the mutant complemented with HFP108 cDNA (hfp108-
I complemented). The total protein preparations from WT, hfp108-1
and complemented plants (20 g, upper) and those from WT and
hfpl108-1 (100 pg, lower) were separated by SDS—PAGE and the blots
were probed with specific antibody against HFP108. WT, wild type

a typical N-terminal transit peptide for targeting to the
chloroplast.

To determine the subcellular localization of the HFP108
protein, a fragment of the 117N-terminal amino acids of
HFP108 was fused to the N-terminus of the synthetic GFP
(sGFP) (Chiu et al. 1996). The HFP108-GFP fusion proteins
were transiently expressed in protoplasts under the control
of the cauliflower mosaic virus 35S promoter, and GFP
fluorescence exclusively colocalized with the chloroplastic
chlorophyll, in accordance with results obtained when GFP
was fused to the transit peptide of the small subunit of
ribulose bisphosphate carboxylase (Lee et al. 2002). When
GFP was fused to the targeting signal of the fibrillarin
protein from Arabidopsis (Pih et al. 2000), GFP signals
were localized in the nucleus (Fig. 5b). In addition, GFP
signals accumulated in both the cytoplasm and nucleus
when Arabidopsis was transformed with the control vector
without a specific targeting sequence. Thus, these results
indicate that HFP108 is localized to the chloroplast.
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Fig. 4 Microscopy of (A)
developing embryos in siliques
of wild-type and heterozygous
hfp108-2 plants. a Opened
developing siliques of wild-type
plants (upper) and heterozygous
hfp108-2 mutants (lower). Seeds
in the developing siliques of
wild type are all green, whereas
the siliques of heterozygous
mutant alleles have white
(indicated by the asterisks) and
green seeds with an average
ratio of 1:3 (Table 2).

Bar = 1 mm. b Opened mature
siliques of wild-type plants
(upper) and heterozygous
hfp108-2 mutants (lower). In the
mature silique of heterozygous
hfp108-2 mutants, homozygous
mutant seeds are recognizable
as smaller, wrinkled and puce
seeds, as indicated by the
asterisks. Bar = 1 mm. ¢
Nomarski bright-field
microscopy of cleared seeds of
the heterozygous hfp108-2
mutant siliques. Embryo
development of wild-type seeds
at the globular (7), heart (2),
torpedo (3), walking-stick (4)
and cotyledon (5) stages and
homozygous hfp108-2 at the
globular (6) and heart (7) stages.
Bars = 100 pym

(B)

©)1

Table 2 Segregation analysis of the green and white seeds in
developing siliques of heterozygous hfp108-2

Genotype Green seeds White seeds Ratio b4
+/hfp108-2 211 72 2.9:1 0.029
X%.OS,I =3.84

The Afp108-1 mutant fails to accumulate
chloroplast-encoded proteins

Next we examined the abundance of chloroplast proteins in
the Afpl08-1 mutant with specific antibodies (Fig. 6). Our
results showed that the proteins D1 (encoded by psbA), D2
(encoded by psbD), CP43 (encoded by psbC), CP47 (enco-
ded by psbB) and PsaA/B (encoded by psaA/B) encoded by
plastid genes were barely detectable in hfp108-1. The levels
of protein encoded by the nuclear gene PsbO reduced to

~30% of wild type, and LHCII (encoded by cab) accumu-
lated to the normal wild-type level in Afpl08-1 mutants
(Fig. 6). Hence, the immunoblot analysis showed a severe
defect in the accumulation of chloroplast-encoded proteins
in Afpl108-1.

Expression of nuclear- and chloroplast-encoded genes
in hfpl08-1

The immunoblot analysis showed that the levels of
photosynthetic proteins were decreased dramatically. To
elucidate the effect of the HFPI08 mutation on the
expression of photosynthetic genes, we analyzed the tran-
script levels of two nuclear-encoded genes, psbO and cab,
and four chloroplast-encoded genes, psbA, psbB, psbD and
psaA/B. In the hfpl08-1 plants, the levels of the psbA,
psbB, psbD and psaA/B gene transcripts were decreased to
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Fig. 5 HFP108 sequence alignment and subcellular localization. a
Alignment of the deduced amino acid sequences from Arabidopsis
HFP108 and RRF-like proteins of various species. The arrow is the
putative cleavage site of the transit peptide in the HFP108 amino acid
sequence. The black boxes indicate strictly conserved amino acids.
The underline shows the RRF super family conserved domain. Oryza
sativa, RRF in Oryza sativa (NP_001060047.1); Synec, RRF in
Synechococcus elongatus (strain PCC6301); E. coli, RRF in Esche-
richia coli; Arabidopsis, another putative RRF (NP_186829.3) in
Arabidopsis thaliana. b Subcellular localization of the HFP108

Fig. 6 Immunoblot analysis of

WT1/4  WT1/2

protein according to the fluorescence signals visualized using
confocal laser scanning microscopy. Green fluorescence indicates
GFP, red fluorescence shows chloroplast auto-fluorescence, and
orange/yellow fluorescence shows regions where the two types of
fluorescence colocalize. (/) GFP signals from the HFP108-GFP
fusion protein. (2) Control with the transit peptide of the small subunit
of ribulose bisphosphate carboxylase. (3) Control with the nuclear
localization signal of fibrillarin. (4) Control lacking the transit
peptide. Bars = 20 pm

WT  hifp108-1 WT1/4 WT12 WT  hfp108-1

chloroplast proteins from the
wild-type and Afp108-1 plants. D1
Total protein (10 png) was

.-

PsaA/B

isolated from WT and Afpl08-1
and separated by SDS-PAGE. D2
After gel electrophoresis, the

PsbO

resolved proteins were
transferred to a nitrocellulose
membrane and immunodetected
with the specific antisera

CP43

CP47

LHCII

approximately 50% of wild type, and levels of the cab and
psbO transcripts were similar in both wild-type and hfp108-
1 plants (Fig. 7a).

Synthesis of plastid-encoded proteins is remarkably
reduced in hfp108-1

To investigate whether the reduced accumulation of pho-
tosynthetic proteins was due to impaired translation in
hfp108-1 mutants, we in vivo labeled of chloroplast pro-
teins with *°S-Met in the presence of cycloheximide, which
blocks the translation of nuclear-encoded proteins. After
a 20-min pulse labeling, the levels of incorporation of
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358_Met into PsaA/B, the o- and f-subunits of the chloro-
plast ATP synthase (CFlo/f), CP43, CP47, D1 and D2
were dramatically reduced compared with those in the
wild-type plants (Fig. 7b).

Polysome association of chloroplast-encoded genes
transcripts is altered in the Afpl08-1 mutant

To define the mutational defect in the mutant hfpl0S-1
more precisely, we performed a ribosomal loading assay to
determine whether the mutation in hfpl08 affects the
ability of the psbA and psbD mRNAs to associate with
polyribosomes. Polysomes were extracted and fractionated
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Fig. 7 mRNA expression and (A)

WT  hfp108-1

WT  hfp108-1

WT  hfp108-1 (B)

in vivo chloroplast protein
synthesis analyses. a RNA gel
blot hybridization with total
RNA from the leaves of wild-

pshA

psaA/B .

type and hfpl0S8-1 plants. Total
leaf RNA from 5-week-old
wild-type and hfp108-1 plants
was size-fractionated by agarose

"
W

psbhB

PsaAB—|
CFlalp—
PaT—

- -
¥ == CP43—

psbO

gel electrophoresis, transferred

to a nylonmembrane, and
probed with *?P-labeled cDNA
probes for the psbA, psbB,
psbD, psaA/B, psbO and cab
genes. RNA was visualized by
staining with ethidium bromide
as a loading control. b Pulse
labeling of the thylakoid
membrane proteins. After pulse
labeling young Arabidopsis
seedlings in the presence of
cycloheximide for 20 min,

-3
pshD

) 15%

cab

- e

Sucrose (wiv) 55%

thylakoid membranes were
isolated, and the proteins were
separated by SDS-urea-PAGE
and visualized
autoradiographically. ¢

psbA

WT

hfp108-1

Polysome loading of the psbA,
psbD and psbO transcripts from

WT

wild type and Afpl08-1. Ten psbD

fractions of equal volume were

hip108-1

collected from the top to bottom

of 15-55% sucrose gradients,
and equal proportions of the

WT

RNA purified from each psbO

fraction were analyzed by gel-

hfp108-1

blot hybridization. rRNAs were
detected by ethidium bromide
staining

by sucrose gradient centrifugation, prior to RNA blot
analysis. The distribution of plastidic and cytosolic rRNAs
in wild-type and hfp108-1 polysome gradients showed that
there was no apparent difference in the distribution of
ribosomes between the wild-type and mutant plants. The
distributions of the psbA and psbD mRNAs were shifted
toward the top fractions of the gradient in extracts from
hfpl108-1 mutants compared with extracts from wild-type
plants, while the distribution of the psbO mRNA was not
altered in the mutant (Fig. 7c).

Discussion

The chloroplast protein translation machinery is closely
related to that of prokaryotes. In this study, we report the
identification and characterization of the Arabidopsis
chloroplast RRF. Our studies showed that the chloroplast
RRF is involved in protein synthesis and that inactivation

WT

hfp108-1

of this gene leads to impaired chloroplast development and
embryogenesis in Arabidopsis.

We isolated the high chlorophyll fluorescence and pale
green (hfp) mutant hfpl08-1 by screening the T-DNA
insertion mutants with the high chlorophyll fluorescence
phenotype. Through map-based cloning, the mutant locus
responsible for the phenotype of Afpl08-1 was identified as
At3g63190, which carries a repeated sequence fragment of
part of sequence (including 116 nucleotides from nucleo-
tide 631 to 746 downstream of the ATG) (Fig. 3a). This
mutation led to a decreased level of At3g63190 transcripts
(Fig. 3b), which was probably due to a decreased splicing
efficiency because the correctly spliced product could still
be detected in Afpl08-1. The amino acid sequence of
HFP108 showed 44% amino acid identity with E. coli RRF
(Fig. 5a), which functions in the recycling of ribosomes by
splitting ribosomes into subunits and disassembling the
post-termination ribosomal complexes in concert with
elongation factor EF-G and initiation factor 3 (IF3)
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thereby freeing the ribosome for a new round of polypep-
tide synthesis (Hirokawa et al. 2005). The N-terminal
region of HFP108 was hypothesized to function as a transit
peptide for directing the protein to the chloroplasts
(Fig. 5b). These results indicate that HFP108 encodes an
Arabidopsis chloroplast RRF orthologue, which we named
AtcpRRF.

In Afpl08-1 mutants, the levels of the chloroplast-
encoded proteins PsaA/B, D1 and D2 were reduced to less
than 5% of the levels in wild-type plants (Fig. 6), and their
transcript levels were also decreased, but ~50% of levels
of the wild-type plants were detected (Fig. 7a). These
results indicate that translation of the chloroplast-encoded
proteins is impaired in Afpl08-1 mutants. Indeed, in vivo
protein labeling experiments showed a drastic decrease in
the synthesis rate of the chloroplast-encoded proteins
(Fig. 7b). Analysis of the association of the chloroplast-
encoded pshbA and psbD mRNAs with ribosomes in the
mutant showed a shift toward the top of the gradient in
the ribosome loading assay. These results indicate that the
protein deficiencies are due to global defects in chloroplast
translation. Together, these data provide strong evidence
that the AtcpRRF protein is primarily involved in transla-
tion of mRNAs from chloroplast-encoded genes. In bac-
teria, cooperative action of three translation factors,
ribosome recycling factor (RRF), elongation factor G (EF-
G), and initiation factor 3 (IF3), dissociates 70S ribosomes
and remodels post-termination complexes into stable sub-
units. RRF and EF-G transiently split 70S ribosomes into
subunits in the presence of GTP. Subsequently, the disso-
ciation is stabilized by IF3, which binds to the transiently
formed 30S subunits and prevents re-association into 70S
ribosomes. The stable dissociation of ribosomes into sub-
units depends on the cooperation of the three factors, and
the resulting subunits are ready for the next round of
translation (Hirokawa et al. 2005, 2008). It is likely that the
AtcpRRF protein in the chloroplast translation system
functions similarly to bacterial RRF. Thus, the hfp108-1
mutation affects the dissociation of 70S ribosomes into
subunits which are ready for the next round of translation
and consequently impairs the initiation of the next round of
translation. However, the shift in the distribution of psbA
and psbD mRNA in the polysome fractions is extremely
modest compared to the sharp decrease in the translation of
these mRNAs. In bacteria, besides being involved in the
dissociation of 70S ribosomes into subunits (Hirokawa
et al. 2005), RRF also participates in the disassembly of the
post-termination complex (PoTC, which consists of ribo-
somes, unesterified tRNA and mRNA) into mRNA, tRNA
and ribosomes (reviewed in Kaji et al. 2001; Hirokawa
et al. 2006). In the absence of RRF, the ribosome is not
released from the mRNA, and the upstream ribosomes
remain on the mRNA (Ryoji et al. 1981a, b; Janosi et al.
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1998; Hirokawa et al. 2004). The persistent association of
mRNAs with polysomes might account for the very limited
effect of the mutation on the polysome distribution in
hfp108-1 (Fig. 7c). These results suggest that translation
elongation and termination, besides translation initiation,
were perturbed in the mutant.

The steady-state levels of the nuclear-encoded cab and
psbO transcripts were unaltered in the Afp/08-1 mutant;
however, the protein level of PsbO was reduced. The dis-
tributions of the mutant and wild-type psbO mRNA in the
sucrose gradients were similar between the wild-type and
mutant plants (Fig. 7c). Hence, the reduction in the
amounts of nuclear-encoded protein PsbO may be sec-
ondary effects of the mutational lesion. Indeed, subunits of
chloroplastic protein complexes usually show concerted
accumulation because the stability of the core subunits of a
photosynthetic complex is generally reduced when the
synthesis of the core subunits is blocked (Schmidt and
Mishkind 1983; Jensen et al. 1986; Rochaix et al. 1989; Yu
and Vermaas 1990, 1993). Similar situations have been
reported in apgl mutants (Motohashi et al. 2003), apg2
mutants (Motohashi et al. 2001), apg3 mutants (Motohashi
et al. 2007) and apg6 mutants (Myouga et al. 2006).

RNA gel blot analysis showed a reduction in the chlo-
roplast-encoded gene transcripts in the mutant. Changes in
the chloroplast translation machinery during chloroplast
development, such as a defect in rRNA processing and
lesions in genes that encode ribosomal proteins or initiation
factors, might modulate the stability of a subset of chlo-
roplast mRNA molecules (Barkan 1993). Inactivation of
AtcpRF2 resulted in a reduction in accumulation of the
atpE transcripts of ~50% in the mutant, while the AtpE
protein level was reduced by ~10%. In addition, the
polysomal association of the afpE transcript was also
affected (Meurer et al. 2002). Similar results have been
observed in the apg3-1 and hcf173 mutants. In apg3-1, the
mutant of AtcpRF1, the abnormal polysomal association of
UAG-containing transcripts led to decreases in the corre-
sponding transcripts due to the altered stability of the
transcripts (Motohashi et al. 2007). The decreased ribo-
somal loading of the psbA transcript in hcfl73 affected the
stability of the psbA transcript, thus leading to a significant
reduction in the steady-state level (Schult et al. 2007).
Thus, the decreased levels of chloroplast gene transcripts
could be attributed to impaired ribosome recycling from
the last round of translation due to the deficiency in At-
cpRRF. It is also likely that translational defects affecting
the expression of the subunits of plastid-encoded RNA
polymerase in the hfpl08-1 mutant may be in part,
responsible for the decreased accumulation of chloroplast
genes transcripts, such as psbA, psbB, psaA/B, etc.

The hfpl08-1 mutant plastids contained much-less-
abundant thylakoid membranes, which could not be
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classified as grana or stroma thylakoids (Fig. 2). These
results highlight the important role of the AtcpRRF protein
in the normal development of thylakoid membrane struc-
tures during chloroplast biogenesis. An independent T-DNA
insertion null mutant displayed an embryonic lethal phe-
notype (Fig. 4). Further studies showed that embryogenesis
was blocked at the transition from the heart to the torpedo
stage. Similarly, inactivation of RRF in vivo is bactericidal
or bacteriostatic and thus RRF is essential for bacteria
(Janosi et al. 1994, 1998). Loss of mitochondrial RRF in
human cells has been reported to result in a reduced growth
rate and cell death (Rorbach et al. 2008). The previously
identified components of the chloroplast translation machin-
ery have also been shown to be essential for embryogenesis
(Albrecht et al. 2006; Motohashi et al. 2007). In fact, plastid
differentiation is indeed closely related to embryonic
development (Mansfield and Briarty 1991). During early
embryo development, functional plastids might participate
in the synthesis of metabolites that are necessary for
embryonic morphogenesis. Besides AtcpRRF, there are
many proteins involved in chloroplast development as well
as embryonic development, such as EDD1 (Uwer et al.
1998), SCO1 (Albrecht et al. 2006; Ruppel and Hangarter
2007), RSY3 (Apuya et al. 2002), DCL (Bellaoui et al.
2003), SLP (Apuya et al. 2001), EMB506 (Albert et al.
1999), etc. They all participate in the basic biological pro-
cesses of chloroplast development, e.g., composition of the
protein translation machinery, ribosome stability and the
transport of nuclear-encoded proteins into the chloroplast,
etc. Therefore, plastid differentiation might be involved in
the synthesis of metabolites that could participate in the
regulation of embryonic development. However, the
detailed function of plastids in embryogenesis is still not
understood, i.e., the precise roles of the plastid proteins
involved in regulating embryogenesis need further analysis.
The protein accession numbers used in this article are
NP_567141.1 (Arabidopsis thaliana At3g63190), NP_0010
60047.1 (Oryza sativa 0Os07g0570700), YP_171723.1
(Synechococcus elongatus strain PCC6301), NP_414714.1
(Escherichia coli strain K-12 substrain MG1655) and
NP_186829.3 (Arabidopsis thaliana At3g01800).
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