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Positional cloning of the hcf109 (high chlorophyll fluorescence) mutation in Arabidopsis has identified a nucleus-encoded,
plastid-localized release factor 2-like protein, AtprfB, indicating that the processes of translational termination in chlo-
roplasts resemble those of eubacteria. Control of atprfB expression by light and tissues is connected to chloroplast
development. A point mutation at the last nucleotide of the second intron causes a new splice site farther downstream,
resulting in a deletion of seven amino acid residues in the N-terminal region of the Hcf109 protein. The mutation causes
decreased stability of UGA-containing mRNAs. Our data suggest that transcripts with UGA stop codons are terminated
exclusively by AtprfB in chloroplasts and that AtprfB is involved in the regulation of both mRNA stability and protein
synthesis. Furthermore, sequence data reveal a +1 frameshift at an internal in-frame TGA stop codon in the progenitor
prfB gene of cyanobacteria. The expression pattern and functions of atprfB could reflect evolutionary driving forces to-
ward the conservation of TGA stop codons exclusively in plastid genomes of land plants.

INTRODUCTION

Although of cyanobacterial origin, the regulation of gene ex-
pression in chloroplasts differs from that in eubacteria and
the cytoplasmic system in eukaryotes (Mayfield et al., 1995).
Therefore, chloroplast gene expression represents a unique
chimeric system assembled from multiple origins during en-
docytobiosis (Bruick and Mayfield, 1999). To date, little at-
tention has been paid to the role of chloroplast stop codons
in the processes of termination, especially the regulation of
translation (Zerges, 2000). Recognition of the three stop
codons and peptidyl-tRNA hydrolysis require a single om-
nipotent release factor, eRF and aRF, for the eukaryotic cy-
tosolic system and archaebacteria, respectively. By contrast,
two peptide chain release factors are present in eubacteria:
prfA (RF1) decodes UAA and UAG, whereas prfB (RF2) de-
codes UAA and UGA (Scolnick et al., 1968; Nakamura and
Ito, 1998).

The guanine and adenine of UGA stop codons are recog-
nized by the first and third amino acids in the highly con-
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served tripeptide motif Ser-Pro-Phe of PrfB in Escherichia
coli (Ito et al., 2000; Nakamura et al., 2000). A GGQ motif
present in all known release factors is essential for the catal-
ysis of peptidyl-tRNA hydrolysis (Frolova et al., 1999) and
represents a structural counterpart to the CCA-3’ acceptor
stem of the tRNA-amino acyl group (Frolova et al., 2000). An
in-frame UGA codon inside the prfB gene allows many eu-
bacteria to autoregulate exquisitely the synthesis of their
own release factors by a +1 frameshift in the recoding site
(Craigen and Caskey, 1986). Only recently, the crystal struc-
tures of the human eukaryotic release factor eRF1 and the
bacterial RF2 confirmed the proposed tRNA-protein mim-
icry hypothesis, in which release factor anticodon determi-
nants play a crucial role in stop codon recognition (Moffat
and Tate 1994; Ito et al., 1996; Tate et al., 1996; Song et al.,
2000; Vestergaard et al., 2001).

Mutations in prfB are known to lead to nonsense suppres-
sion, most often causing inefficient reading or misreading of
UGA stop signals by incorporating alternative amino acids,
increased frameshifting, and temperature-sensitive or toxic
phenotypes (Mikuni et al., 1991; Adamski et al., 1993). On
the other hand, tRNA suppressor mutations allow the incor-
poration of nondecoded amino acids at UGA signals in
competition with the termination of translation (Eggertsson
and Séll, 1988).

Previously, we characterized the pleiotropic hcf109 mutant
in Arabidopsis, with severe lesions in thylakoid membrane
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complexes, predominantly in photosystem Il (Meurer et al.,
1996a, 1996b). The mutant hcf109 is affected primarily in
the stability of distinct plastid mRNAs. Positional cloning of
the defective gene identified the first prfB-like peptide
chain release factor gene, atprfB, which is eukaryotic in its
composition with resemblance to eubacterial homologs.
The nuclear gene encodes a chloroplast protein containing
a cleavable transit peptide. Functional analyses revealed
that the atprfB gene product is required for the proper
translation and stability of UGA-containing transcripts in
chloroplasts. To the best of our knowledge, this effect has
not been observed in any of the eubacterial prfB mutants
analyzed to date and provides additional evidence for dif-
ferences in gene expression between the two lineages, eu-
bacteria and chloroplasts. During the evolution of most al-
gae, the TGA stop codon tends to get lost, and in some
cases, it is lost already. However, unlike in land plants, the
significantly higher number of plastid TGA stop codons
suggests the divergence of ribosomal release even among
algae and vascular plants.

RESULTS

High-Resolution Mapping Identified a Peptide Chain
Release Factor of Eubacterial Origin

The hcf109 mutant has been mapped on chromosome 5
with the pARMS set and the microsatellite marker PhyC
(Meurer et al.,, 1996a). One previously existing marker,
SO191 (TAIR database; http://www.arabidopsis.org/search/),
and six newly developed molecular cleaved amplified poly-
morphic sequence (C-Tru9, C-Mspl, and C-Haelll) and sim-
ple sequence length polymorphism (ms1, ms2, and ms3)
markers (see Methods) located close to the mutation en-
abled very high-resolution mapping of hcf109 (Figure 1A).
The final mapping population used for this study consisted
of 1684 F2 individuals derived from backcrosses to the ac-
cession Landsberg. The lethal mutation was confirmed by
following the F3 offspring. Markers ms1 and ms2 localized
hcf109 on BAC MAB16 with 12 and 15 recombinations, re-
spectively. The mutant locus was enclosed between the two
4.7-kb-distant markers, C-Tru9 and C-Haelll, with one and
three recombinations, respectively. No recombinational
event has been identified between the mutation and the
cleaved amplified polymorphic sequence marker C-Mspl,
which was enclosed by C-Tru9 and C-Haelll (Figure 1A).
The C-Mspl marker is located directly within a gene that has
striking homology with prfB in eubacteria; therefore, it was
named atprfB (see below).

Screening of a cDNA library resulted in the identification
of nine positive clones. The atprfB gene contains six in-
trons, and the ATG context consists of the nucleotides AAC-
ATGCCA, which are conserved among plant translational

start sites (Lutcke et al., 1987). The full-length cDNA of
atprfB encodes a protein of 456 amino acids. Sequencing of
the complete mutant locus revealed a single G-to-A transi-
tion at the last nucleotide of the second intron (Figure 1B).
Extensive reverse transcriptase-mediated (RT) PCR analysis
of atprfB followed by the sequencing of 29 individual clones
confirmed two mRNA species of different abundance in the
mutant (Figure 2A). The 437-bp band of very low abundance
resulted from the failure of splicing in intron 2. Conse-
quently, the mutation generated a premature in-frame UGA
stop codon present in this intron, resulting in a truncated
protein of only 92 amino acids. The abundant fragment of
335 bp is characterized by a new 3’ splice site of the second
intron, which is 21 nucleotides downstream of the wild-type
splice site (Figure 1B). As a consequence, seven amino ac-
ids are deleted in the N-terminal part of the mutated protein
in hcf109. Using wild-type tissue for RT-PCR generated only
one product, of 356 bp, containing the complete and correct
spliced form.

Complementation to the wild-type phenotype was con-
firmed by expressing the full-length cDNA of atprfB, by pho-
toautotrophic growth, and by fertility in 11 independently
transformed mutant plants (Figure 3). The presence of the
wild-type cDNA and homozygosity in complemented lines
was confirmed by PCR analysis, sequence analysis, and a
restriction fragment length polymorphism that had been in-
duced by the mutation (Figures 3B and 3C). The mutant is
characterized by a high initial level of chlorophyll fluores-
cence reflecting a disconnection between the antenna and
the reaction center of photosystem Il. The fluorescence de-
creased far below the initial fluorescence during induction,
followed by an increase in fluorescence emission (Figure
3A). Complemented mutant plants exhibited fluorescence
behavior identical to that of wild-type plants. The ratio of
variable to maximal fluorescence was 0.8 (compared with
0.19 in mutants), initial fluorescence was as low as in the
wild type based on leaf area, and the fluorescence quench-
ing characteristics were identical to those of the wild type
(Figure 3A), suggesting that the deficiencies in hcf109 are
caused by the point mutation in atprfB.

Light-Regulated and Tissue-Specific Expression
of atprfB

No differences in atprfB mRNA level were detected between
wild-type and hcf109 leaves (Figure 2B). A transcript of 1.45
kb accumulated in light-grown seedlings but was barely de-
tectable in dark-grown seedlings (Figure 2C). lllumination of
dark-grown seedlings induced a slow but continuous in-
crease in the transcript level over 24 h. Subjecting seedlings
to dark conditions after light growth significantly reduced
the atprfB transcript levels after a dark period of 24 h. To our
surprise, high atprfB transcript levels were detected in flow-
ers, and low transcript levels were detected in stem, silique,
and root tissues (Figure 2C).
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Figure 1. High-Resolution Mapping and Gene Structure of atprfB.

(A) The distance between molecular markers used in our analysis in kb (top) is shown with the number of recombinant events (bottom). The
hcf109 locus corresponds to atprfB, the only gene between the two markers C-Tru9 and C-Haelll.

(B) The seven exons are shown as black boxes, and introns are shown as gray lines. The hcf109 mutation is based on a G-to-A transition of the
last nucleotide of the second intron. The mutation results mainly in the splicing of 21 nucleotides farther downstream. WT, wild type.

atprfB Encodes a Soluble Chloroplast Protein

Analysis of the N-terminal 57 amino acids of AtprfB revealed
sequence similarities with chloroplast transit peptides (von
Heijne, 1990). The presence of a putative cleavable transit
peptide was predicted with high confidence using the algo-
rithms ChloroP and TargetP (Emanuelsson et al., 2000), Pre-
dotar (http://www.inra.fr/Internet/Produits), and PSORT (http://
psort.nibb.ac.jp/). Import experiments confirmed the local-
ization of AtprfB in the soluble fraction of the chloroplast
(Figure 4).

+1 Frameshift of prfB in Synechocystis and Comparison
of AtprfB and Corresponding Eubacterial Forms

Sequence data of prfB genes from eubacteria revealed that
the annotated sequence of Synechocystis sp PCC6803 ap-
pears to be incorrect because a frameshift site has been ig-
nored. We sequenced the prfB gene of Synechocystis and
did not find any mistakes in the published sequence men-
tioned above. If a +1 frameshift at an internal in-frame UGA

termination signal is taken into consideration, a number of
conserved motifs characteristic of eubacterial PrfB proteins
also can be detected in the Synechocystis protein. (1) For a
large number of bacteria, a +1 frameshift has been de-
scribed at a highly conserved distance relative to the start
codon (Figure 5A) (Craigen et al., 1985). (2) The N-terminal
part of the +1 frameshifted prfB from Synechocystis shows
significant homology with prfB genes from other eubacteria,
atprfB, and prfA from Synechocystis (Figure 5B and data
not shown). (3) The annotated PrfB protein is predicted to
start with an unusual GTG codon, and the protein has a
length of 289 amino acids, which is at least 80 amino acid
residues shorter than all other known eubacterial release
factors. The proposed frameshifting site in Synechocystis is
identical to that of genes in which frameshifting has been
shown (Figures 5A and 5B). (4) The presence of a characteristic
purine-rich Shine-Dalgarno-like stretch directly upstream of
the frameshift site in Synechocystis provides additional
evidence for a read-through by a +1 frameshift (Figure 5A).
The nonframeshifted prfB from Streptomyces coelicolor
(Ogawara et al., 1995) is missing the typical features men-
tioned above (Figure 5A). Thus, we propose that prfB in
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Figure 2. RT-PCR and RNA Gel Blot Analysis of atprfB.

(A) Specific primers of exon 1 and exon 3 (ex1-f and ex3-r, respec-
tively) were used for RT-PCR of mutant and wild-type leaf mRNA. DNA
fragments of the indicated sizes (bp) were separated on an agarose gel
and visualized with ethidium bromide staining. The top band in the mu-
tant lane represents the unspliced form of atprfB, and the bottom band
represents the incorrectly spliced form of atorfB. WT, wild type.

(B) Expression levels of atprfB from 3-week-old mutant and wild-
type leaves of plants grown under identical conditions and analyzed
by RNA gel blot hybridization. Levels of 28S rRNA are shown to
demonstrate uniform loading.

(C) The effect of light (L) and dark (D) incubation on the expression of
atprfB in seedlings and the levels of atprfB in different tissues were ana-
lyzed in the wild type using RNA gel blots, as described in Methods.

Synechocystis contains an internal in-frame UGA stop
codon and encodes a protein with 373 amino acids that is
able to discriminate between UGA frameshifting sites and
release signals.

The deduced protein of the frameshifted prfB in Syne-
chocystis exhibits a striking homology of 71.8% with AtprfB
and thus appears to be a putative progenitor. The deduced
size of 44.7 kD for the mature AtprfB is similar to that calcu-
lated for the homologous eubacterial forms (e.g., 41.2 kD for
E. coli, 42.0 kD for Bacillus subtilis, and 41.8 kD for Syne-
chocystis) taking the +1 frameshifting site into consider-
ation (this work).

In eubacteria, the N-terminal residues are less conserved,
which also was observed in AtprfB. Hydropathy profiles in-
dicate that the N terminus, which is modified in hcf109, is
related more closely to the Synechocystis protein than to
the E. coli protein (Figure 5B and data not shown). Highly con-
served motifs in eubacterial release factor 2 also were identi-

fied in conserved positions of the plastid form (Figure 5B). The
C-terminal part contains the recently identified tripeptide anti-
codon Ser-Pro-Phe, which determines release factor 2 spe-
cificity in vivo (lto et al., 2000; Nakamura et al., 2000), and
comprises the universal GGQ motif, the GIn of which is N:(5)-
methylated in E. coli (Dincbas-Renqvist et al., 2000).

Translation of Plastid mRNAs Containing the UGA Stop
Codon Is Impaired in hcf109

Protein gel blot analysis revealed that plastid proteins that
are encoded by genes containing TAA or TAG stop codons
(i.e., the large subunit of ribulose-1,5-bisphosphate carbox-
ylase/oxygenase, RbcL, the subunits PetA, PetB, and PetD
of the cytochrome bg/f complex, and the photosystem I
subunit PsbE) accumulate at normal levels in the mutant.
Substantially lower levels were detected for proteins with
termination signals stimulated by a UGA stop codon: two
subunits of the ATP synthase CF; subcomplex AtpB and
AtpE (<<10%), the photosystem | PsaC protein (<<10%),
the photosystem Il PsbB (<<10%), and PsbZ (formerly
Ycf9) (10%) (Figure 6A). The abundance of the AtpB band of
wild-type size was 20% of its normal level in the mutant. An
additional overlapping protein of higher molecular mass was
detected in the mutant with an antibody raised against AtpB
(Figure 6A). The abundance of outer antenna proteins of
photosystem I, which are encoded by nuclear genes, is un-
affected in the mutant (Meurer et al., 1996a). Protein
abundance in the mutant might be limited by translational
efficiency. Therefore, plastid translation was quantified by
pulse labeling with 35S-Met in the presence of cyclohexi-
mide to inhibit cytoplasmic translation. In agreement with
previous observations for psbB (Meurer et al., 1996a), this
study provides additional evidence for a decrease in transla-
tion of the UGA-containing atpB message (20%) (Figure 6B).
Translation of the AtpA subunit, which was terminated by a
UAA stop codon, was unchanged in the mutant, but only
~50% of the protein was detectable. This reflects de-
creased stability of AtpA, probably because of the AtpB de-
ficiency (Figures 6A and 6B). However, we cannot exclude
the possibility that some of the labeled AtpA band might
arise from the long form of the AtpB detected on the protein
gel blot. The translation of a 4.4-kD protein was repressed in
hcf109 (Figure 6B). This protein appears to be the photosys-
tem Il subunit PsbT, based on the molecular mass and the
UGA stop codon in its message.

Chloroplast Transcripts Containing Exclusively UGA
Stop Codons Are Unstable in hcf109

In hcf109, plastid mRNAs containing the termination signals
UAA (28 analyzed out of 47) and UAG (11 analyzed out of
18) and all tested rRNAs and tRNAs were unaffected in size
and abundance (Figure 7A and data not shown) (Meurer et
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Figure 3. Complementation of hcf109 with the atprfB cDNA.

(A) Chlorophyll fluorescence induction of wild-type (WT) and mutant
plants and complemented lines. Fluorescence characteristics of
complemented mutant lines were identical to those of the wild type.
(B) Amplification of genomic DNA (using primers ex1-f and ex3-r
[see Methods]) for wild-type plants, heterozygous plants (Het), mu-
tant plants (hcf109), sulfadiazine-resistant transformants 1 to 4, and
the corresponding cDNA region of atprfB. Transformant lines 1 to 4
show the presence of the cDNA in the genome.

(C) Tru9l-digested PCR products (with primers in2-f and ex4-r [see
Methods]) of atprfB from pooled DNA in wild-type, heterozygous,
and mutant plants and individually selected transformant plants 1 to
4. Viable lines 1 to 4 were homozygous for the hcf109 mutation.
Several restriction products of <50 bp are not shown.
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al., 1996a). Specific deficiencies were observed for all 12
UGA stop codon-containing plastid transcripts of the pho-
tosystem Il genes psbB, psbT, and psbZ, the photosystem |
gene psaC, the ndhC/K/J (Meurer et al., 1996a) and ndhl/
genes encoding subunits of the NDH complex, the cyto-
chrome bg/f complex gene petL, the atpB and atpE genes of
the ATP synthase, and the rps2 and rps16 genes encoding
ribosomal subunits and the ycf4 gene (Figure 7B). We gen-
erated macroarrays equipped with probes of all plastid
genes encoding proteins, rRNAs, and tRNAs and several
controls. These filters were hybridized with end-labeled mu-
tant and wild-type RNA. Specific reductions in UGA-con-
taining transcripts were confirmed by analysis of the plastid
expression profile (data not shown). The transcript levels
were not reduced uniformly for the genes mentioned and
ranged between 5 and 50% of wild-type levels. Run-on
analysis demonstrated that transcription of these mRNAs in
hcf109 was unaltered (Meurer et al., 1996a). Therefore, the
mutant exhibited decreased stability only of UGA stop codon-
containing plastid transcripts.

Increased Polysome Association of UGA-Containing
Transcripts in hcf109 Chloroplasts

An increase in polysome association with the affected tran-
scripts in the mutant is to be expected when elongation is
inhibited because of an impaired termination of translation
at UGA stop codons in the mutant. Polysomes were sepa-
rated by Suc density gradient centrifugation. The sizes of
polysomes loaded with rbcL transcripts, which contain a
UAG stop codon, did not differ in the mutant. rbcL tran-
scripts were distributed equally among the whole gradient
(Figure 7C). Transcripts of atpE were shifted dramatically to
higher Suc concentrations, indicating enhanced ribosomal
association of UGA-containing transcripts in the mutant.

Translational Events Are Responsible for Decreased
mRNA Stability in hcf109

Because AtprfB is involved in ribosomal release, translational
or post-translational events at the UGA stop codon could be
responsible for the decreased mRNA stability in hcf109. The
translation inhibitors lincomycin and chloramphenicol were
used to clarify whether translation errors and/or increased poly-
some association were responsible for decreased mRNA sta-
bility in the mutant. Both inhibitors efficiently repressed plastid
translation after 15 min of incubation, whereas cytoplasmic
translation was unaffected (data not shown). Lincomycin in-
hibits early peptide bond formation by inducing conforma-
tional changes of ribosomes; therefore, ribosomal run-off
liberates the transcripts from previously initiated ribosomes
(Kallia-Raftopoulos and Kalpaxis, 1999). Chloramphenicol
efficiently inhibits the elongation of translation and also is
known to interfere with ribosomal release and to force the
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Figure 4. Import of AtprfB into the Chloroplast.

The AtprfB protein was synthesized and labeled with 35S in vitro. The
precursor protein (P) of 60 kD was imported into isolated chloro-
plasts, and a mature protein of 54 kD was detected in the stroma
fraction (S). AtprfB was not present in the thylakoid membranes (T).

transcripts into a highly ribosome-associated form (Nierhaus
and Wittmann, 1980; Klaff and Gruissem, 1991). Although both
drugs are translation inhibitors, mRNA accumulation in wild-
type chloroplasts was affected differently (Figure 8).

Generally, endonucleolytic processing of plastid tran-
scripts remained unaffected with both inhibitors: processed
forms were mostly unaltered in size and abundance.
Chloramphenicol specifically inhibited the splicing of petB
and petD introns, which are present in the primary transcript
of the Arabidopsis psbB operon (Figure 8) (Meurer et al.,
1996a). The unspliced 5.7-kb form accumulated signifi-
cantly, whereas the completely spliced 4.1-kb form was
much weaker after 27 h of inhibition in the wild type. Linco-
mycin had no effect on the splicing of this operon. An unex-
pected transient increase of psbZ-containing transcripts
was found in all samples at 3 h after incubation. Whereas
transcript levels of psbA and rbcL, which do not contain a
UGA stop codon, remained constant, both inhibitors clearly
gave rise to a substantial increase in the transcript levels of
psbB, psbZ, ndhC/K/J, and psaC in the mutant. Complete
restoration of MRNA accumulation was finished after 27 h.
In spite of the different target sites and effects, both inhibi-
tors used in this study conferred the same stabilizing effect
on otherwise completely unstable transcripts in hcf109, indi-
cating that decreased mRNA stability in the mutant is inde-
pendent of polysome loading but a consequence of transla-
tional events in UGA-containing transcripts.

DISCUSSION

+1 Frameshifting of prfB in Synechocystis

An interesting finding of this study was a frameshifting site
of a nonsense in-frame UGA codon of prfB in Synechocys-

tis, which raises the following questions: why is there a need
to autoregulate prfB expression in eubacteria (Adamski et al.,
1993) and which mechanisms, if any, have been adopted by
the nucleus for this function? In chloroplasts, +1 frameshift-
ing has not been found. Therefore, regulation by frameshift-
ing is not an essential mechanism for retaining the UGA
termination signal in chloroplasts. None of the plastid
chromosomes sequenced to date contains release factor-
encoding genes, indicating a very early transfer of the gene
to the nucleus. Hence, the internal in-frame UGA stop
codon of the progenitor gene must have been eliminated to
express a functional gene in the nucleus. The conserved
amino acids Leu and Asp of the essential eubacterial frame-
shift site were changed completely in AtprfB (Figure 5B).

Eubacterial Release Factor-Like Genes in Arabidopsis

The comparison of eubacterial prfB mutants and hcf109 im-
plies that the chloroplast protein possesses features for ad-
ditional regulatory functions in land plants. The two most
important characteristics of RF2 (i.e., the SPF anticodon
recognition motif and the hydrolytic GGQ center) are con-
served in AtprfB, indicating similarities in the mechanism of
ribosomal release at UGA and UAA stop codons. Differ-
ences from eubacterial features are expected to be present
in the nonconserved N-terminal part of the protein, which is
thought to interact with ribosomal proteins (Ito et al., 1996)
and is mutated in hcf109 (Figure 5B). The evolutionary ac-
quisition of novel nucleus-encoded subunits of chloroplast
ribosomes that are not homologous with any known protein
in eubacteria further supports the idea of differences in the
interaction of release factors with ribosomes and in termi-
nation processes (Subramanian, 1993). Inspection of the
entire genome of Arabidopsis revealed a eubacterial prfA-
like gene, atprfA, that encodes a plastid protein that might
terminate translation at plastid UAG and UAA stop codons
(data not shown). Because the translation and mRNA sta-
bility of UAG- and UAA-containing genes are not affected
by the mutation, the function of AtprfA appears to be inde-
pendent of AtprfB and sufficient for termination at UAA
codons.

Expression of atprfB Is Regulated by Light and Tissue

In the dark, the stability and translation of many plastid tran-
scripts generally are reduced (Mullet, 1993), and their ex-
pression increases during chloroplast development (Klein et
al., 1988; Kim et al., 1993; Bruick and Mayfield, 1999). The
low level of atprfB transcripts in the dark might have an im-
pact on the translation and mRNA stability of a set of
mRNAs that encode members of the multiprotein com-
plexes photosystem Il, photosystem |, NAD(P)H-dependent
NDH, ATPase, and ribosomes. The expression of atprfB in
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Figure 5. Frameshifting of prfB in Synechocystis and Sequence Alignments with AtprfB.

(A) Conserved prfB frameshift sites in E. coli and B. subtilis were compared with that proposed in Synechocystis at the DNA (top) and protein
(bottom) levels. The sequences of S. coelicolor, which does not perform frameshifting, are included. Conserved sequences are highlighted. The

purine-rich stretch upstream of the frameshift site is underlined.

(B) Comparison of eubacterial release factors with AtprfB in Arabidopsis. The asterisk indicates the conserved eubacterial frameshifting site, and
the arrow indicates the predicted cleavage site of the plastid target sequence of AtprfB. The deletion of seven amino acid residues in hcf109 is un-
derlined. Conserved motifs responsible for stop codon recognition (SPF) and the peptidyl-tRNA hydrolase reaction (GGQ) are highlighted in gray.

Arabidopsis is highly regulated by light in photosynthetic tis-
sue and consequently is connected closely to chloroplast
development and function. Otherwise, atprfB expression is
low in stems, siliques, and roots but is significantly higher in
flowers, suggesting a specific role of polypeptides from

messages containing UGA stop codons in this tissue (Figure
2C). Consequently, when constitutive or organ-independent
expression of foreign genes in transplastomic approaches is
desired, one should avoid equipping the transgene with a
TGA stop codon.
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Figure 6. Accumulation and Labeling of Plastid Proteins.

(A) Immunoblot analysis of thylakoid membrane proteins from 3-week-
old hcf109 and wild-type seedlings. For quantification, 100, 50, and
10% of wild-type membranes were loaded. Asterisks indicate pro-
teins encoded by genes containing a TGA stop codon. Cytb6f, cyto-
chrome bg/f; PSI and PSII, photosystems | and II; Rubisco, ribulose-
1,5-bisphosphate carboxylase/oxygenase; WT, wild type.

(B) In vivo labeling of chloroplast membrane proteins separated on
10% (top) and 16% (bottom) polyacrylamide gels. Coseparation of
molecular mass standards served to estimate the sizes (in kD) of the
labeled proteins.

AtprfB Affects Plastid mRNA Stability

It has been shown that knockouts in the ribosomal subunits
L11 and S17 affect the accumulation of several mRNAs and
one MRNA, respectively (Schultes et al., 2000; Pesaresi et
al., 2001). However, because run-on experiments have not
been performed, it remains to be determined whether
changes in mRNA stability are involved in the mentioned
knockouts. It is possible that defects in protein synthesis, as
in the plastid-encoded RNA polymerase, result in decreased
chloroplast mMRNA accumulation.

Two transcripts of 2.1 and 1.7 kb that contain sequences
of ndhC/K/J are almost absent in hcf109, but only ndhJ is
terminated by a UGA stop codon (Figure 8). Thus, messages
from genes that are cotranscribed with TGA-containing
genes are affected as well. In general, it is difficult to deter-
mine the primary effect of a mutation when both RNA sta-
bility and translational events are affected (Barkan and
Goldschmidt-Clermont, 2000). One way to discriminate be-
tween these possibilities is to cross the mutation into an-

other ribosome-deficient mutant background (McCormac
and Barkan, 1999). However, RNA polymerase or ribosome-
associated proteins involved in mRNA processing might not
be active under these conditions. Therefore, we used effi-
cient plastid translation inhibitors to dissect translational
events from effects on mRNA stability even in the presence
of ribosomes. Application of these inhibitors stabilized psbB,
psbZ, ndhC/K/J, and psaC mRNAs, which normally fail to
accumulate in the mutant (Figure 8). Because chlorampheni-
col is assumed to affect release factor function as well, in-
volvement of the termination machinery in the stabilization
of plastid mRNAs can be assumed.

Several molecular scenarios are conceivable to illustrate
this hypothesis. First, ribosomes traverse into the 3’ un-
translated region of the message, which often houses stabi-
lizing elements (Monde et al., 2000). Two processes may be
responsible for this: read-through by incorporation of an al-
ternative amino acid or frameshifting. Introduction of genes
with an extended reading frame into the genome of Chlamy-
domonas, for instance, results in a destabilization of tran-
scripts (Lee et al., 1996).

Each kind of read-through or frameshift at UGA stop
codons produces larger proteins. In the case of AtpB, we
were able to detect an additional larger protein that might
result from +1 frameshifting (Figure 6A). Although frame-
shifting has not been reported previously for chloroplasts,
the hcf109 mutant clearly demonstrates potential frame-
shifting in chloroplasts, which might reveal new or alterna-
tive gene products of the organelle in future studies.

Stabilizing elements often are represented by secondary
structures (Stern and Gruissem, 1987). However, a pro-
nounced stable 3’ untranslated region structure that might
have been perturbed could be predicted only for psbT
(Zuker et al., 1999). Numerous stop codons in all reading
frames downstream of the UGAs in the Arabidopsis plas-
tome would prevent an extensive movement of ribosomes
into the 3’ untranslated region in nearly all affected genes
(data not shown). Hence, the instability of UGA-containing
transcripts in hcf109 cannot always be explained by travers-
ing ribosomes.

Second, decreased mRNA stability might be caused by
translational processes at the UGA stop codon that are in-
volved with the functions of AtprfB and ribosomes. On the
other hand, recycling of ribosomes with an unidentified con-
nection between the 3’ and 5’ ends of plastid mRNAs might be
impaired, provoking decreased mRNA stability (Zerges, 2000).

Third, we propose a eukaryote-like surveillance mecha-
nism (Culbertson, 1999; Hilleren and Parker, 1999a, 1999b)
responsible for the nonsense-mediated degradation of RNA
in chloroplasts. In eukaryotes, related mechanisms regulate
the stability and expression of mRNAs that fail to signal
translational termination (Frischmeyer et al., 2002). The pro-
tein Ski7p, which is involved in the exosome-mediated deg-
radation of mRNAs lacking a termination signal, shows
homology with the GTPase domain of the translation termi-
nation factor eRF3 (van Hoof et al., 2002). Similar surveil-
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Figure 7. RNA Gel Blot and Polysome Analysis of Plastid Genes in Mutant and Wild-Type Leaves.

Eight micrograms of total RNA from 3-week-old mutant and wild-type (WT) leaves was analyzed using gene-specific probes.

(A) Transcript levels of plastid genes containing UAA and UAG stop codons.

(B) Transcript levels of plastid genes containing UGA stop codons. Bands of reduced intensity are indicated by asterisks in the mutant lanes.
(C) Intact polysomes fractionated by ultracentrifugation were denatured and subjected to RNA gel blot analysis. The probes used are indicated.
Staining of the filter before hybridization resulted in equal distribution of the banding pattern; double amounts of the mutant polysomes were
used for the filter hybridized with atpE. The UGA-containing atpE transcript was associated with larger polysomes in hcf109. The experiment

was reproduced several times.

lance might have been acquired for the regulation of chloro-
plast transcript stability or for the accuracy of the gene
expression machinery. Once acquired, such a cleaning sys-
tem recognizing and disposing of dysfunctional transcripts
might have been established for individual transcripts during
coevolution of the plastome and the nuclear genome.
Therefore, individual differences in the sequences posing as

targets of degradation might explain the discrepancies of
the mutational effect on the stability of individual UGA-con-
taining transcripts.

Fourth, in eubacteria, stalled ribosomes on mRNAs that
lack a stop codon are released for recycling by a transfer
mRNA (Keiler et al., 1996; Watanabe et al., 1998; Karzai et al.,
2000). This mechanism targets the protein and probably also
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Figure 8. Effect of Translation Inhibitors on Plastid Transcript Levels
in hcf109.

Three-week-old mutant and wild-type (WT) plants were incubated
with the antibiotics chloramphenicol (CAP) and lincomycin (LM). At
time 0 and after 3, 9, and 27 h of incubation, transcripts were iso-
lated and analyzed by RNA gel blot hybridization. Incubation without
antibiotics (—) served as a control. Probes of the TGA-containing
genes psbB, psbZ, ndhJ, and psaC were used in the analysis. The
filters were rehybridized with probes of the rbcL and psbA genes,
which contain TAG and TAA stop codons, respectively. Within 27 h,
UGA-containing transcripts accumulated in the mutant to wild-type
levels. Sizes are given in kb.

the displaced mRNA for degradation (Flynn et al., 2001; Karzai
and Sauer, 2001). Interestingly, in eubacteria, transfer mRNA
tagging is inversely correlated with RF2 activity (Collier et al.,
2002). In chloroplasts, such a cleaning system might be ex-
pected, but it has yet to be discovered (Watanabe et al., 1998).

Effect of a Modified AtprfB on Plastid Protein
Accumulation and Polysome Association

Several UGA-containing transcripts, such as rps2, rps16, petL,
ycfd, ndhl, atpB, and atpE, accumulate somehow in hcf109,

although at low levels (Figures 7B and 7C). An increased as-
sociation of atpE transcripts with polysomes in the mutant
indicates that initiation of translation takes place, but elon-
gation of translation is inhibited at later stages, presumably
because of the inhibition of translation termination. Although
atpE transcripts accumulated to ~50% in the mutant, the
AtpE protein level was reduced by <10%, indicating trans-
lational deficiencies. Consequently, the measure of poly-
some association does not reflect translational activities
(Figures 6A and 7C). The important question remains how
the translation of UGA-containing transcripts is terminated
correctly without a functional release factor in hcf109. It is
possible that the mutated AtprfB protein contains some re-
sidual activities, albeit at reduced levels. A reduced plastid
translation rate might be caused by a nonproductive associ-
ation of the mutant AtprfB with ribosomes, which is as-
sumed to play a key role in termination (Arkov et al., 1998;
Yoshimura et al., 1999). On the other hand, interaction with
still unknown factors involved in ribosomal release might be
perturbed. A yet unknown prfC (release factor 3)-like protein
(Crawford et al., 1999) and/or the recently identified plastid rrf
(ribosomal recycling factor) (Rolland et al., 1999) in Arabidop-
sis are good candidates for involvement in termination and/or
post-translational processes. Although functional comple-
mentation has been achieved by expressing the wild-type
cDNA in the mutant background (Figure 3), it remains possi-
ble that the phenotype of hcf7109 might be allele specific.

Evolutionary Constraints Keep the Number of Plastid
TGA Stop Codons High in Land Plants

To understand the evolutionary role of the nucleus-encoded
AtprfB in chloroplasts of higher plants, we analyzed the dis-
tribution of stop codons and the GC content in all 24 plastid
chromosomes sequenced to date (Figure 9). Annotation of
plastid genomes gives rise to two classes of reading frames,
those with known functions or homologs in any other organ-
ism, named ycf (hypothetical chloroplast reading frame),
and open reading frames (ORFs) of unknown function and
without any obvious homology with other known genes.
Surprisingly, the number of TGA-containing ORFs in most
algae and higher plants is severalfold higher than that among
known genes, including ycfs (e.g., 17.0-, 7.4-, and 6.7-fold
higher in Nephroselmis olivacea, Odontella sinensis, and Guil-
lardia theta, respectively, and up to 3.3-fold higher in
Oenothera elata, spinach, and maize) (data not shown). The
only exceptions are in the algae Porphyra purpurea and Cya-
nidium caldarium, which exhibit an almost identical distribution
of TGA elements in both gene classes. Lateral gene transfer
into the plastome, which has been proposed only in the case
of N. olivacea (Turmel et al., 1999), was responsible for the ac-
quisition of ORFs with a high bias of TGA stop codons.

The two annotated TGA stop codons in the Chlamydo-
monas plastome (J. Maul, J.W. Lilly, and D.B. Stern, unpub-
lished results; http://www.biology.duke.edu/chlamy_genome/



chloro.html) both are present in ORFs. Therefore, it is rea-
sonable to assume that Chlamydomonas has completely
lost the release factor 2 function. Assuming this to be the
case, caution is advised when performing transplastomic
experiments using this alga: reporter genes containing TGA
stop codons might not work because of the failure of trans-
lation termination. However, two reports have shown that
UGA stop codons can be functional in Chlamydomonas
chloroplasts (Lee et al., 1996; Sizova et al., 1996), although
in these cases, the possibility of frameshifting and read-
through was not investigated. These statistical consider-
ations led us to the general conclusion that many annotated
TGA-containing ORFs do not seem to represent genes, or,
at least, are not always representative of cyanobacteria-
derived genes in plastid chromosomes. Therefore, we ex-
cluded the ORFs from our analyses with respect to the dis-
tribution of stop codons (Figure 9).

The distribution of TAG codons in algae and higher plants
often directly correlates with GC content (Figure 9). Generally,
changes in the number of TAA-containing genes are mostly

Yo
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accompanied by inverse changes in the use of TAG and in
GC content.

TGA-containing genes in plastid chromosomes are not
represented by gene groups that are connected function-
ally, structurally, or biochemically to each other. They are
distributed randomly on the chromosomes and are embed-
ded into different nucleotide surroundings of the TGA ele-
ment (data not shown). Plastids in Toxoplasma gondii have
lost the TGA as a stop codon but are assumed to use this
codon to decode Trp (Denny et al., 1998). The amount of TGA
in algae most often is far <5% (Figure 9). The moss Marchan-
tia polymorpha, at the border to land plants, contains as few
TGA stop codons as algae. The only exception is repre-
sented by C. caldarium, with a GC content comparable to
that of other algae but with a significant increase in TGA use
of 18%. Despite a higher GC content of 42.1% in N. oliva-
cea compared with land plants (<40%), UGA stop codon
use is not increased in this species. These data clearly indi-
cate discrimination of the two guanidine-containing stop
codons in algae and the independence of TGA stop codon
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Figure 9. Distribution of Stop Codons and GC Content in Plastid Chromosomes.

Completely sequenced plastid chromosomes of the algae Toxoplasma gondii, Cyanophora paradoxa, Astasia longa, Euglena gracilis, Meso-
stigma viride, Nephroselmis olivacea, Chlamydomonas reinhardtii, Chlorella vulgaris, Cyanidium caldarium, Porphyra purpurea, Odontella sinen-
sis, and Guillardia theta, the moss Marchantia polymorpha, the fern Psilotum nudum, Pinus thunbergii, the dicot plants Epifagus virginiana, Ara-
bidopsis thaliana, Spinacia oleracea, Oenothera elata, Nicotiana tabacum, and Lotus japonicus, and the Liliopsida species Zea mays, Oryza
sativa, and Triticum aestivum (http://www.ncbi.nIm.nih.gov/PMGifs/Genomes/plastids_tax.html) were included in our analysis. ORFs were ex-

cluded from the analysis (see Discussion).
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use from GC content. Compared with algae, the TGA con-
tent is increased significantly in land plant plastomes. It
ranges from 15.4% in Arabidopsis to 31.3% in Liliopsida. An
~10- to 15-fold increase in UGA stop codon use in plastid
messages of land plants with respect to that in algae is not
reflected by a comparable increase in GC content. There-
fore, we assume that important functions other than solely
ribosomal release are associated with the plastid RF2,
which might explain the significant bias for keeping the
number of TGA stop codons high in land plants.

Plastid genomes of algae tend to lose TGA stop codons in
correlation with the complete loss in Toxoplasma plastids
(Denny et al., 1998) and all nonplant and several algal mito-
chondria (Inagaki et al., 1998; Kiick et al., 2000). We found
that in human, yeast, Drosophila, and Caenorhabditis ele-
gans, this reduction was accompanied by a loss of eubacte-
rial prfB-like genes in the entire genomes (http://www.
ncbi.nlm.nih.gov). Comparatively, algal mitochondria have
none or few TGAs, whereas there is a significant accumula-
tion of this stop codon in land plant mitochondria (e.g.,
38.6% in the Arabidopsis mitochondria genome; data not
shown) (Unseld et al., 1997). Thus, we propose evolutionary
constraints for the bias to accumulate TGA stop codons that
became operative almost exclusively in land plant organ-
elles. The differences in algae might arise from the acquisi-
tion of additional functions involved with ribosomal release
that enabled tissue specificity and the adaptation to adverse
and changing environmental conditions for sessile life,
which is feasible only with the annexation of regulatory
mechanisms acting at the molecular level. Our results dem-
onstrate the close evolutionary relationship between the
regulation of gene expression in eubacteria and chloroplasts
but also suggest differences reflecting the impact of the in-
tracellular compartmentalization of genomes.

METHODS

Growth Conditions

Sterile growth conditions of mutant and wild-type Arabidopsis
thaliana plants were as described previously (Meurer et al., 1996a).
Light-dependent expression was performed on seedlings grown ei-
ther in continuous light for 12 days and subsequently for 2, 8, and
24 h in darkness or in complete darkness for 12 days and subse-
quently for 2, 8, and 24 h in light. Three-week-old plants grown under
greenhouse conditions were used for expression studies of roots
and rosette leaves. Six-week-old plants grown under the same con-
ditions were used for expression analyses of stems, green siliques,
and young flowers.

Map-Based Cloning of hcf109 and cDNA Isolation

The identification of dinucleotide repeat motifs in the Arabidopsis ge-
nome located close to the mutation resulted in the molecular simple

sequence length polymorphism markers ms1 (5’-ATGGTAAACAAT-
TATGTCACGTATG-3' and 5'-CATTGGTTCTCCCATCGTCTCTCT-
AG-3') on BAC T30G6 and ms2 (5'-CATCGAGAAGAGGAATTG-
ATCC-3’ and 5'-ACCTAAACACCCTCAACTAATG-3') and ms3 (5'-
TAAGGTAAAGATAATTCAGATGTC-3' and 5'-TGGTACAAGACACAC-
TGATAAGTG-3') on BAC MAB16 (At5 g36170) (Figure 1A). The addi-
tional cleaved amplified polymorphic sequence markers of the same
BAC, C-Tru9 (5'-GACCTCGTTAGCTCCGAAGTTC-3' and 5'-GGA-
CAGCAGATCAGGAACTACGTG-3'), C-Mspl (5'-TACTCTCCTGTG-
CAGCGAATACTA-3' and 5'-CTCCAGTTAGCCAGAGAATAAGAG-3'),
and C-Haelll (5'-CTCTTATTCTCTGGCTAACTGGAG-3' and 5'-GGC-
ATAAGTCCTTGTGTATCTGCCAAGC-3’), were found to detect DNA
polymorphisms between the accessions Landsberg and Columbia
using the restriction enzymes Tru9, Mspl, and Haelll, respectively (Fig-
ure 1A). atprfB cDNA was isolated from a cDNA library of Arabidopsis
(accession Columbia NZAPII Cloning Kit; Stratagene, La Jolla, CA
[provided by the European Union Stock Center, Max-Planck-Institut
fur Zich-tungsforschung, Cologne, Germany]). Nucleotide sequences
were determined using the ABI377 system (Applied Biosystems,
Foster City, CA) and Li-Cor 4200IR2 (MWG Biotech, Ebersberg, Ger-
many). Sequences were evaluated using Sequencher 3.0 software
(Gene Codes Corp., Ann Arbor, MI).

Complementation of the hcf109 Mutant

The full-size atprfB cDNA was amplified with the 5’ phosphorylated
oligonucleotides  5’-ATGTCCATGGAGCTCACCGTTCTCGGAC-3’
and 5'-CTAATTGGTTACAGCAGAAGCCATGGC-3’ using Pfu DNA
Polymerase (Stratagene) and ligated into the Smal site of the plant
binary expression vector pS001-VS under the control of the 35S pro-
moter of Cauliflower mosaic virus (Meurer et al., 1998a). The plasmid
obtained, pbinatprfB, was introduced into Agrobacterium tumefa-
ciens strain GV3101(pMP90RK); subsequently, mutant segregants
were transformed by vacuum infiltration (Bechtold and Pelletier,
1998). The point mutation in hcf109 induced a restriction site that
could be scored easily by amplifying the genomic region with the in-
tron 2 and exon 4 primers in2-f (5'-TTTCCCAGTGAATCTGAATTC-
TTA-3') and ex4-r (5’-CAAGTAAACTAACATCAGTAGAGTCCAT-3’),
respectively, and subsequent digestion with Tru9l. Separation of the
obtained restriction fragments resulted in polymorphic and nonpoly-
morphic control bands, leading to the identification of the genotype
of the mutant locus. Mutant plants in the progeny of transformed
lines were selected by testing for homozygosity, antibiotic resistance
conferred by the T-DNA, and the presence of the expressed cDNA
using the exon 1 and exon 3 primers ex1-f (5'-GCCGGTCGGAGT-
TTCGCAATCGC-3’) and ex3-r (5'-CTTGAGCTTTAGTACGATCAT-
CCC-3'), respectively.

Fluorescence Analyses

Chlorophyll a fluorescence analyses were performed using plants of
the same age grown under identical conditions. A pulse amplitude—
modulated fluorometer (PAM 101; Walz, Effeltrich, Germany) inter-
phased with the data acquisition system (PDA-100; Walz) and a per-
sonal computer using Wincontrol version 1.72 software (Walz) for
data collection were used to measure and analyze in vivo chlorophyll
a fluorescence. After induction, saturating pulses of 4.0 nE light in-
tensity and 1 s duration were applied in 30-s intervals to estimate
quenching parameters (Meurer et al., 1996b).



Expression Studies of Nuclear and Plastid Genes

RNA gel blot analysis and the hybridization probes were as de-
scribed by Meurer et al. (1996a). Additional plastid probes were gen-
erated by amplifying specific regions of the Arabidopsis plastome
(Sato et al., 1999). Reverse transcriptase-mediated PCR analysis of
atprfB was performed with the oligonucleotides ex1-f and ex3-r gen-
erated from exon regions. To avoid embolisms, inhibition of plastid
translation was achieved by clipping the hypocotyls of 3-week-old
plants in a solution containing 450 mg/L chloramphenicol or lincomy-
cin. Leaves were not immersed to ensure transpiration, which al-
lowed increased uptake of the antibiotics.

Polysome Analysis

Polysome isolation from leaf tissue was performed as described previ-
ously (Barkan, 1998). Aliquots (0.5 mL) of polysomes were layered
onto 4.4-mL 15 to 55% Suc gradients and centrifuged for 65 min at
45,000 rpm at 4°C in a SW60.1 rotor (Beckman, Munich, Germany).
Fractions (0.4 mL) were collected, and the RNA obtained was purified,
glyoxylized, and subjected to RNA gel blot analysis.

Protein Analysis

Soluble and membrane proteins of 3-week-old plants were isolated
and analyzed on SDS-polyacrylamide gels as described (Meurer et
al., 1996b). Separated proteins were transferred to polyvinylidene di-
fluoride membranes (Amersham Buchler, Braunschweig, Germany)
according to the manufacturer’s instructions, incubated with specific
antibodies (Meurer et al., 1996a), and visualized using the enhanced
chemiluminescence technique (Amersham Buchler). In vivo labeling
of leaf proteins was performed as described (Meurer et al., 1998Db),
with the exception that the hypocotyls of plants were first cut in the
antibiotic-containing solution and subsequently immersed in the ap-
propriate medium supplemented with 35S-Met.

Chloroplast Isolation and Protein Import Experiments

In vitro transcripts of the full-length cDNA of atprfB were generated
using T3 RNA polymerase. They were translated in cell-free wheat
germ extracts in the presence of 3°S-Met according to the manufac-
turer’s instructions (Promega, Mannheim, Germany). Chloroplasts
were isolated from young spinach leaves and used for in organello
import experiments as described (Michl et al., 1999). Chloroplasts
were pelleted, resuspended in 500 pL of 50 mM Hepes and 0.33 M
sorbitol, pH 8.0, and treated with thermolysin (100 wg/mL). Unbroken
chloroplasts were reisolated by centrifugation through 45% Percoll
and divided into membrane and soluble proteins. The fractions were
subjected to SDS gel electrophoresis followed by fluorography es-
sentially as described by Clausmeyer et al. (1993).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses.

Accession Numbers

The accession number for the atprfB gene described in this article is
AJ298098. Accession numbers for other genes, proteins, and ge-
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nomes mentioned in this article are AB018112 (BAC MAB16),
NC_000911 (Synechocystis sp PCC6803), NC_000913 (Escherichia
coli), 299122 AL009126 (Bacillus subtilis), Y08501 (Arabidopsis thal-
iana), and Y08502 (Arabidopsis thaliana).
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