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The components of chloroplast translation are similar to those of prokaryotic translation but contain some additional unique

features. Proteomic analysis of the Chlamydomonas reinhardtii chloroplast ribosome identified an S1-like protein, plastid-

specific ribosomal protein-7 (PSRP-7), as a stoichiometric component of the 30S subunit. Here, we report that PSRP-7 is

part of a polyprotein that contains PSRP-7 on its amino end and two translation elongation factor Ts (EF-Ts) domains at the

carboxy end. We named this polyprotein PETs (for polyprotein of EF-Ts). Pets is a single-copy gene containing the only

chloroplast PSRP-7 and EF-Ts sequences found in the C. reinhardtii genome. The pets precursor transcript undergoes

alternative splicing to generate three mRNAs with open reading frames (ORFs) of 1.68, 1.8, and 3 kb. A 110-kD pro-protein is

translated from the 3-kb ORF, and the majority of this protein is likely posttranslationally processed into the 65-kD protein

PSRP-7 and a 55-kD EF-Ts. PETs homologs are found in Arabidopsis thaliana and rice (Oryza sativa). The conservation of

the 110-kD PETs polyprotein in the plant kingdom suggests that PSRP-7 and EF-Ts function together in some aspects of

chloroplast translation and that the PETs pro-protein may have a novel function as a whole.

INTRODUCTION

In the chloroplast, where proteins of the photosynthetic appara-

tus and the carbon-fixation enzymes are synthesized, gene

expression is primarily controlled posttranscriptionally by mech-

anisms affecting mRNA splicing, RNA stability, and translation

(Mayfield et al., 1995; Barkan and Goldschmidt-Clermont, 2000).

Chloroplast translation has long been thought to be similar to

translation in prokaryotic organisms, based on similarities in

rRNAs and on the sensitivity of chloroplast ribosomes to bacte-

rial antibiotics (reviewed in Sugiura et al., 1998). These similarities

support the endosymbiotic theory, which states that organelles,

including chloroplasts and mitochondria, originated from a pho-

tosynthetic prokaryote that was integrated into a eukaryotic host

(Bhattacharya et al., 2004). It is now recognized that chloroplast

translation is unique and more complex than in prokaryotic

systems (Harris et al., 1994; Beligni et al., 2004). Many studies

have identified nuclear factors that affect translation of specific

chloroplast mRNAs, and the majority of these translational

factors have no obvious orthologs in prokaryotic organisms.

Fewer studies have focused on the basic machinery involved in

chloroplast translation, including ribosomes and translation

factors, mainly because it was assumed that most of these

components would be conserved between bacteria and chlo-

roplasts. Proteomic and biochemical analysis of chloroplast

ribosomes identified several plastid-specific ribosomal proteins

(PSRPs), in addition to many bacterial orthologs (Yamaguchi

et al., 2002, 2003; Yamaguchi and Subramanian, 2003). It has

been proposed that PSRPs may take part in unique aspects of

chloroplast translation, such as regulation by light. To date,

however, there is little experimental data to support this idea

(Yamaguchi and Subramanian, 2003). Thus, the identification

and characterization of PSRPs should help define the mecha-

nisms of chloroplast translation and, hence, the understanding of

photosystem biogenesis, plastid differentiation, and ultimately

plant development and function.

Among the proteins found on the small subunit of the Chla-

mydomonas reinhardtii chloroplast ribosome, we identified

a novel protein that contains two S1 domains, which was named

PSRP-7 (Yamaguchi et al., 2002). In bacteria, binding of the 30S

subunit near the initiation codon of mRNAs is facilitated by

a ribosome-mRNA interaction promoted by a Shine-Dalgarno

sequence and the ribosomal protein S1 (Subramanian, 1983;

Jacques and Dreyfus, 1990). The Escherichia coli S1 protein has

six S1 domains (Subramanian, 1983; Gribskov, 1992). In C.

reinhardtii chloroplasts, the homolog of bacterial S1 is a nuclear-

encoded 49-kD protein with only three S1 domains (Yamaguchi

et al., 2002; Merendino et al., 2003). Because the S1 homolog is

truncated inC. reinhardtii and PSRP-7 contains two S1 domains,

we proposed that PSRP-7 could supplement the function of S1 in
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mRNA recognition and factor-mediated translation initiation in

the chloroplast (Yamaguchi et al., 2002).

Here, we report that C. reinhardtii PSRP-7 is part of a novel

polyprotein that contains not only PSRP-7, but also two trans-

lation elongation factor Ts (EF-Ts) domains. We named this pro-

tein PETs (for polyprotein of EF-Ts). The EF-Ts domains are near

perfect homologs of Synechocystis EF-Ts, and no other chloro-

plast EF-Ts genes have been identified in the C. reinhardtii ge-

nome. The role of EF-Ts in translation elongation in bacteria has

been widely studied (Nyborg and Kjeldgaard, 1996; Gromadski

et al., 2002; Ramakrishnan, 2002). Briefly, elongation factor Tu

(EF-Tu)-GTP forms a complex with aminoacyl-tRNA, brings it

rapidly to the A site of the ribosome, and subsequently disso-

ciates from the ribosome in an inactive GDP form. EF-Ts func-

tions as a nucleotide-exchange factor by binding EF-Tu and

accelerating GDP dissociation from EF-Tu.

In this work, we demonstrate that the pets precursor transcript

undergoes alternative splicing to generate three mRNAs coding

for proteins of 110 (PETs precursor), 79, and 65 kD (PSRP-7). The

110-kDprotein is likely cleaved to form the 65-kDmaturePSRP-7

and the 55-kD EF-Ts polypeptide. PETs has orthologs in Arabi-

dopsis thaliana and rice (Oryza sativa), implying functional signif-

icance in chloroplast translation. Together, our findings suggest

that the novel structure of the pets gene, its alternative splicing,

and the posttranslational cleavage of the precursor PETs pro-

tein drive the coordinated expression of the chloroplast ribosomal

S1-like protein and EF-Ts. We also suggest that the 110-kD

PETs pro-protein may play a novel role on its own.

RESULTS

PETs Is a Novel Chloroplast Polyprotein That Contains

PSRP-7 and EF-Ts

PSRP-7 was first identified as a C. reinhardtii chloroplast

ribosomal protein of ;66 kD that contained two S1 domains

Figure 1. C. reinhardtii PETs Precursor Protein Contains PSRP-7 and EF-Ts.

(A) Diagram of the PETs precursor protein. The two S1 domains (gray boxes), the NH region (white box), and the two EF-Ts domains (black boxes) are

indicated. The scale in number of amino acids is shown underneath.

(B) C. reinhardtii PETs protein sequence. The domain colors are as in (A). The chloroplast transit peptide cleavage site is indicated with an arrowhead.

The peptides previously identified from PSRP-7 by proteomic analysis are underlined.

(C) Alignment between EF-Ts domains 1 and 2 of C. reinhardtii PETs with Synechocystis EF-Ts. Identical amino acids are shaded in gray and similar

amino acids in black. The UBA and dimerization domains are shown. Amino acid numbers are indicated on both sides.
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(Yamaguchi et al., 2002, 2003). With the purpose of charac-

terizing the psrp-7 gene, we obtained the longest EST clone

encoding PSRP-7 from the Kazusa DNA Research Institute

(Asamizu et al., 2000) and completely sequenced it. Surprisingly,

instead of the expected;1.7-kb open reading frame (ORF), the

full-length cDNA contained a 3-kb ORF that was predicted to

encode a 110-kD protein (Figure 1A). The encoded protein,

diagrammed in Figure 1A, contained the S1 domains of PSRP-7

at the N-terminal end as well as two tandem repeats homolo-

gous to translation EF-Ts at the carboxy end. We named this

novel protein PETs. Figure 1B shows the sequence of the full-

length PETs protein; the amino acids shaded in gray indicate the

two S1 domains and the amino acids shaded in black corre-

spond to the two EF-Ts domains. The 226-residue middle region

of PETs showed no homology to other proteins in the National

Center for Biotechnology Information databanks. We have re-

ferred to this portion as the PETs nonhomologous region (NH in

Figure 1A). According to PETs protein sequence, we predicted

that the C terminus of the NH region was the C terminus of

PSRP-7.

The N-terminal sequence of the mature PSRP-7 was deter-

mined by automated Edman degradation, and an unambiguous

sequence of Ala-Glu-Ala-Pro-Ala- was obtained, establishing

that the transit peptide cleavage occurs between residues 43

and 44 of the cytoplasmic precursor, as indicated by the

arrowhead in Figure 1B.

The first S1 domain of PETs has 55.7% identity with the S1

domain of TEX, amember of a family of transcriptional accessory

proteins from Bordetella pertusis (Fuchs et al., 1996). The

second S1 domain has only 20% identity to other S1 domains

(Yamaguchi et al., 2002). Comparison of the EF-Ts domains of

PETs with bacterial EF-Ts proteins reveals high sequence con-

servation. EF-Ts domain 1 of PETs has 54% identity and 81.2%

similarity to Synechocystis EF-Ts (Figure 1C), whereas domain 2

has 59% identity and 83.5% similarity. The two domains have

a 60% identity and 74% similarity to each other. EF-Ts mono-

mers are composed of two domains: a 50–amino acid N-terminal

domain that participates in GDP exchange called the ubiquitin-

associated (UBA) domain (Kawashima et al., 1996) and a 146–

amino acid carboxy domain that participates in the dimerization

Figure 2. More Than One mRNA Is Generated from the Single-Copy C. reinhardtii pets Gene.

(A) Map of C. reinhardtii pets gene. Exons (black boxes) are numbered underneath; introns are shown as black lines. Restriction enzymes (top), their

positions on the gene (bottom), and the probes (black lines, bottom) used for DNA gel blots are indicated.

(B) DNA gel blot of C. reinhardtii pets gene. Ten micrograms of genomic DNA were digested with the restriction enzymes indicated at the top;

membranes were hybridized with the probes indicated on (A). The sizes of the 1-kb ladder are indicated.

(C) Two petsmRNAs are detected by RNA gel blot analysis. Twenty micrograms of C. reinhardtii total RNAs from cells grown at 12 h light/12 h dark and

harvested at the end of the dark (ED), 1 h upon illumination (1HL), and at the end of the light period (EL), or grown in 24-h light (24HL) were loaded in each

lane. Membranes were hybridized with Ts, NH, and 16S rDNA probes. The sizes of the bands in kilobases are indicated on the left.
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of EF-Ts (Jiang et al., 1996). As shown in Figure 1C, both features

can be identified in each of the PETs EF-Ts domains.

The petsGene Is Single Copy and Generates at Least Two

Detectable mRNAs in C. reinhardtii

In addition to the EST sequence, database searches of the

C. reinhardtii genome (http://genome.jgi-psf.org/chlre2/chlre2.

home.html) identified pets as a single-copy gene containing the

only PSRP-7 and EF-Ts coding regions. To confirm this, we

performed DNA gel blot analyses using probes from the PSRP-7

or the EF-Ts regions. Figure 2A is a map of the C. reinhardtii pets

gene, showing the restriction enzymes used for DNA gel blot

analysis as well as their position relative to the translation start

codon, considered asþ1. Figure 2A also shows the hybridization

sites for probes 1 (PSRP-7 region) and 2 (EF-Ts region). Figure 2B

shows that pets is indeed a single-copy gene inC. reinhardtii and

that the fragments obtained with the different restriction enzyme

digests and probes 1 and 2 are consistent with the S1 and EF-Ts

domains being physically linked in the same fragment of ge-

nomic DNA.

Because the 65-kD PSRP-7 protein is contained within the

110-kD ORF of the pets gene, we hypothesized that the mature

protein must be generated by either posttranscriptional and/or

posttranslational events. As an initial approach to determine

which of these scenarios was involved, we examined petsmRNA

accumulation. Figure 2C shows an RNA gel blot of C. reinhardtii

total RNA from cells grown at 24-h light or under a 12-h-light/

12-h-dark cycle and harvested at the end of the dark, 1 h upon

illumination, and at the end of the light period. A probe corre-

sponding to the nonhomologous region of pets (NH) hybridizes

with two mRNAs of ;3.6 and 2.6 kb. The same band was

obtained when a probe against the S1 domains was used (data

not shown). By contrast, using a probe that consisted of the EF-

Ts domains (Ts), a single 3.6-kb mRNA was identified. The sizes

of these mRNAs suggest that the small transcript could code for

themature PSRP-7 protein, whereas the longer one corresponds

to the 110-kDprotein. TheRNAgel blot analyses suggest that the

65-kD PSRP-7 protein could be produced after alternative

splicing of the pets precursor transcript but that the EF-Ts

domains must arise from the longer mature transcript.

C. reinhardtii PETs Pro-Protein Is Likely Posttranslationally

Processed to Form TwoMature Proteins

To elucidate which proteins are generated from the petsORF, we

used antisera raised against the NH region as well as a mono-

clonal antibody against Streptococcus EF-Ts (Ts) in protein gel

blot analyses of C. reinhardtii total soluble proteins. Figure 3A

shows that the anti-NH antisera recognized a major 65-kD

protein and two less intense polypeptides of 110 and ;79 kD.

The anti-Ts antibody recognized a major ;55-kD band, the

expected size of a protein containing only the two EF-Ts domains

as well as a less intense band at 110 kD (Figure 3A). PETs protein

accumulation was also tested in cells grown under 12 h light/12 h

dark. Figure 3B shows that 65-kD protein (PSRP-7, assayed with

the anti-NH antibody) was always the major form. With the anti-

Ts antibody, the 110-kD band was visible only at the end of the

dark, and the 79-kD band was not seen in the conditions

examined (Figure 3B).

The protein gel blot analyses suggest that PETs is translated as

a 110-kD PSRP7-EF-Ts fusion pro-protein that exists as a stable

entity but that a majority of the polyprotein is likely processed to

yield the 65-kD PSRP-7 and the 55-kD EF-Ts polypeptide

composed of two EF-Ts domains. These results also show that

the 79-kD species contains at least parts of the NH region but

does not contain enough Ts epitopes to be recognized by the

anti-Ts antibody.

Mapping of theC. reinhardtii pets Splicing Sites Indicates

That Three mRNAs Are Produced

By RNA gel blot analysis we detected two mRNAs (Figure 2C):

the larger 3.6-kbmRNA, proposed to give rise to the 110-kD pro-

protein, and a smaller 2.6-kb mRNA that could give rise to either

the 65- or the 79-kD protein or to both. To determine precisely

whichmRNAs are generated from the pets gene and to clarify the

origin of the 65- and 79-kD proteins, weperformedRT-PCRonC.

reinhardtii total RNA. For PCR, we used a forward oligo at the

initiator AUG and oligo(dT) as reverse oligo. We amplified two

mRNAs that were fully sequenced: (1) one with a 3-kb coding

region whose sequence matched the EST previously sequenced

and (2) another with a 1.68-kb coding region whose sequence

revealed that intron 9 and 10 failed to be spliced. This last

transcript reaches a stop codon six nucleotides downstream of

the exon 9–intron 9 unspliced junction and is predicted to yield

a 560–amino acid protein of;61 kD, a close approximate to the

65-kD mature PSRP-7. The sequence of the 39 untranslated

region (UTR) consisted in the rest of intron 9, exon 10, and 242

nucleotides of intron 10, until a 19-nucleotide poly-A tail was

reached. This would create an;2.7 mRNA, consistent with the

size of the smaller band seen in RNA gel blots. These results also

confirm what we expected about the C-terminal end of PSRP-7,

Figure 3. Four Proteins Are Generated from the pets Gene.

C. reinhardtii total soluble proteins were separated by 12% SDS-PAGE.

Anti-NH or anti-Ts antibodies were used. The protein sizes in kilodaltons

are shown.

(A) Protein gel blot of 20 mg of total soluble proteins from cells grown

under 24-h light (24HL).

(B) Cells were grown under 12 h light/12 h dark; samples were harvested

at the end of the dark (ED), 1 h upon illumination (1HL), and at the end of

the light period (EL). Ten micrograms of protein were loaded in each lane.
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Figure 4. Mapping of the Three mRNAs Produced from the C. reinhardtii pets Gene and Their Differential Accumulation during a Light/Dark Cycle.

(A) RNase protection assay using C. reinhardtii total RNA from wild-type cells grown under continuous light (24HL) or at 12 h light/12 h dark and

harvested at the end of the dark period (ED), 1 h after shifting cells to light (1HL), and at the end of the light period (EL). Pets-1398-1 probe was used; the

sizes of the protected bands in number of nucleotides (nt) are shown on the left. The intensity of each band (top) was quantified, corrected according to

their size and normalized to the corresponding band from the end of the dark condition (bottom). Bars are the mean values of three independent

experiments; error bars indicate standard deviations.

(B) RNase protection assays using the probes indicated on the right; the sizes of the protected bands (nucleotides [nt]) are shown on the left.

(C) Scheme of the three pets-derived mRNAs: exons are shown as numbered gray boxes, 39UTRs and poly(A) tails are also schematized. The antisense

RNA probes used are indicated as black lines. The top and bottom insets show the 39 end of the 1.8- and 1.68-kb ORFs, respectively. The

corresponding amino acids are shown. The asterisks indicate the stop codons.



which is therefore located at the end of the NH region, upstream

of where the EF-Ts domains start.

We also performed RNA protection assays with C. reinhardtii

total RNA isolated from cells grown under a 12-h-light/12-h-dark

regime and harvested at the end of the dark period, 1 h after

shifting the cells to the light, and at the end of the light period, or

from cells grown under continuous light. Figures 4A and 4B show

the results of the RNase protection assays performed using

several anti-sense RNA probes, which are diagrammed in Figure

4C as black lines under the scheme of the pets full-length cDNA.

When using the pets-1398-1 probe, three major bands of 408,

387, and 277 nucleotides were obtained (Figure 4A). When

overexposed, an extra 109-nucleotide band was observed

(data not shown). The first band corresponds to the full-length

protected probe. The 277-nucleotide and the minor 109-nucle-

otide bands are consistent with the ;2.7-kb mRNA (1.68-kb

ORF) amplified by RT-PCR. However, the 387-nucleotide band

must arise from a different pets mRNA form in which exon 11 is

not present downstream of exon 10. Other probes spanning

other exon–intron junctions were used to identify whether other

splice variants were generated (Figure 4B, left panel, see Figure

4C for probe detail). Only a single band of the size of the full-

length probe was obtained in all cases. Taking the RNA gel blot,

RNase protection, and RT-PCR assays into account, we pro-

posed that three mRNA forms are produced from the pets gene:

a 3.6-kb mRNA with a 3-kb ORF, a 2.7-kb mRNA with a 1.68-kb

ORF, and a 2.6-kbmRNAwith a 1.8-kbORF. This last mRNAwas

not amplified by RT-PCR but is predicted to have the polyade-

nylation site in intron 10 mentioned above, which would make

a 2.6-kb mRNA. The top inset in Figure 4C shows the 39

sequence of the ORF of this mRNA, showing that a stop codon

is reached 27 nucleotides downstream of the exon–intron

junction, creating a 1.8-kb ORF. This mRNA would translate

a protein with a predicted size of 72 kD, which most likely

corresponds to the 79-kD protein detected by protein gel blot

analysis (Figure 3). The bottom inset in Figure 4C shows the 39

sequence of the 1.68-kb ORF, which would generate PSRP-7.

Two additional probes were used to confirm the presence of

the 1.8- and 1.68-kbORFs. One of them, pets-1398-2, generated

two protected bands of 277 (Figure 4B) and 83 nucleotides (data

not shown, only seen when markedly overexposed) correspond-

ing to the 1.68-kb ORF and a 371-nucleotide band correspond-

ing to both the 1.8-kb and the full-length ORF (Figure 4B). The

other probe, pets-1680, gave a 129-nucleotide band from the

1.8-kb ORF, a 150-nucleotide band for the full-length ORF, and

a 109-nucleotide band from the 1.68-kb ORF as expected

(Figure 4B).

Taken together, the RNA and protein analyses of the pets gene

indicate that the 110-, 79-, and 65-kD proteins may be explained

by translation of the 3-, 1.8-, and 1.68-kb ORFs, respectively,

and that the 55-kD EF-Ts polypeptide can only be generated

from posttranslational processing of the 110-kD PETs precursor.

Figure 5. In Vitro Activities of the PSRP-7 and EF-Ts Domains of PETs.

(A) One hundred picomole [a-32P]UTP-labeled psbD (top) or psbA (bottom) 59 UTRs from C. reinhardtii were incubated with pet19b-expressed PSRP-7

(0, 75, 150, 450, and 750 nM) in the presence of 0, onefold, fivefold, 10-fold, and 50-fold molar excess of the same unlabeled 59 UTR. Reactions were

resolved in 8% TBE-acrylamide gels. The arrowheads indicate the free probes.

(B) A binding reaction of His-tagged PETs EF-Ts (200 pmoles) with Flag-tagged EF-Tu (200 pmoles) was purified on Ni-NTA (�GTP). Alternatively, after

binding to the column and a first wash, 2 mL of 1 mM GTP in binding buffer was run through the column, washed again, and then the proteins eluted in

200-mL aliquots (þGTP). FT, flow through; W, wash; E1 and E2, elutions 1 and 2, respectively.

(C) EF-Ts and EF-Tu recombinant proteins were run through the same column without a prior binding reaction. Representative silver-stained gels are

shown in (B) and (C).
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Light-Regulated Expression of PETs

To assess the effect of the transition from dark to light on pets

mRNA accumulation, we quantified the intensity of the three

protected bands obtained by RNase protection using the pets-

1398 probe. Figure 4A shows that the accumulation of all three

mRNAs greatly increases after the shift to the light and decreases

thereafter. The relative amount of each band indicates that the

mRNA with the 3-kb ORF is the major product under all growth

conditions, whereas the mRNAs with the 1.8- and the 1.68-kb

ORFs accumulate to between 30 and 90% of the 3-kb mRNA.

That is in agreement with the RNA gel blot analysis (Figure 2B),

considering that the two smaller 2.6- and 2.7-kb mRNAs are

likely unresolved within the ;2.6-kb band in the RNA gel blot

analysis. As shown in Figure 3B, the 65- and 55-kD proteins are

the major products under all light conditions tested and show no

significant variation between conditions. These data indicate

that, despite the variations in mRNA accumulation, the levels of

the 65- and 55-kD proteins remains stable, perhaps because

of unequal protein turnover under different light conditions or

because of differential translation.

In Vitro Activities of the S1 and EF-Ts Domains of PETs

The identification of S1 domains in PSRP-7 suggests that this

protein might function during translation, similar to other S1

proteins, as an RNA binding protein. Gel shift assays were used

to identify whether the PSRP-7 region of PETs is capable of

binding to the 59 UTRs of C. reinhardtii chloroplast mRNAs.

Figure 5A shows that, indeed, recombinant PSRP-7 binds

radioactively labeled psbD (top panel) and psbA (bottom panel)

59 UTRs at concentrations as low as 75 nM. Binding to these

RNAs was saturated at protein concentrations between 450 and

750 nM. Moreover, the binding of 750 nM protein to 100 pM of

radiolabeled UTRs was competed by a 10- to 50-fold molar

excess of the same RNA used as cold competitor (Figure 5A).

The identification of UBA and dimerization domains in the EF-

Ts domains of PETs (Figure 1B) suggests that these are func-

tional EF-Ts domains. To identify whether the EF-Ts 55-kD

polypeptide was active in EF-Tu binding, we purified this

recombinant protein fused to an N-terminal His tag and tested

binding to recombinant Flag-tagged C. reinhardtii chloroplast

EF-Tu in vitro. Both recombinant proteins were incubated

together in binding buffer at 08C for 90 min. After the binding

reaction, the proteins were purified by nickel-nitrilotriacetic acid

agarose (Ni-NTA) and the fractions separated by SDS-PAGE and

either silver stained (Figures 5B and 5C) or assayed by protein gel

blots with anti-His and anti-Flag antibodies (data not shown).

Flag-tagged EF-Tu eluted together with the EF-Ts polypeptide

(Figure 5B, �GTP). As a control, the same proteins were in-

cubatedwith Ni-NTA agarosewithout a prior binding reaction. As

shown in Figure 5C, the Flag-tagged EF-Tu came out in the flow

through, whereas the His-tagged EF-Ts came out in the elution

fractions, as expected. The addition of 1 mM GTP did not dis-

rupt binding (Figure 5B, þGTP), similar to what occurs for

other chloroplast and mitochondrial EF-Tu d EF-Ts complexes

(Spremulli and Spremulli, 1987; Zhang and Spremulli, 1998).

These data show that the EF-Ts region of PETs is capable of

binding EF-Tu and hence could be the functional EF-Ts in the

chloroplast.

Localization of PSRP-7 and EF-Ts in Polysomes

Because PSRP-7 was identified as a component of the 30S

subunit, we assayed for the presence of PSRP-7 species in

isolated 30S subunits, 70S ribosomes, and translating poly-

somes. Figure 6 shows that the 65-kD protein (PSRP-7) is

present in both 30S and 70S fractions, as previously reported

(Yamaguchi et al., 2002, 2003), as well as in polysomes. In-

terestingly, the 110-kD protein also showed association with the

70S ribosomes.

A functional EF-Ts would be expected to transiently associate

with polysomes during translation elongation, and as shown in

Figure 6, the 55-kD protein was observed in polysome fractions,

but not in the 30S and 70S fractions. By contrast, the 110-kD

protein was detected by the Ts antisera in the 70S fractions,

whereas lower levels of this protein were also observed in

polysome fractions (Figure 6). The discrepancy between anti-

NH and anti-Ts in identifying the 110-kD protein in polysomes

suggests that anti-Ts is probably better at recognizing epitopes

on PETs precursor at the protein concentration used for poly-

some analysis (1 mg/lane).

The pets Gene Is Organized in a Similar Manner in Higher

Plants as in C. reinhardtii

To determine whether the arrangement of the PSRP-7 and EF-Ts

proteins in a single gene was unique to C. reinhardtii, we

examined other plant species by database searching. In A.

thaliana and O. sativa, we identified both a full-length ORF

capable of producing the 110-kD PETs polyprotein and a shorter

ORF very similar to the C. reinhardtii 1.68-kb ORF (PSRP-7).

Database information for other plant species is not as complete

Figure 6. Localization of PETs Protein Forms in Ribosomes and Poly-

somes.

C. reinhardtii isolated ribosomes and polysomes were subjected to

protein gel blot analysis (1 mg/lane) using the NH (top) and Ts antibodies

(bottom). Polysome fractions correspond to tetrasomes, pentasomes,

and nanosomes (left to right). The protein sizes (kD) are indicated on the

left side.
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as for A. thaliana and O. sativa, but ESTs corresponding to the

N- and C-terminal regions of PETs suggest that PETs homologs

are found in many, and perhaps all, plant species (data not

shown; Benichou et al., 2003). Figure 7 shows a sequence

alignment of the PETs proteins from A. thaliana,O. sativa, andC.

reinhardtii and shows that the EF-Ts domains are almost iden-

tical and the S1 domains quite similar. The nonhomologous

regions differ between the three species.

We examined pets expression in A. thaliana in greater detail.

Figure 8A shows a DNA gel blot analysis of A. thaliana genomic

DNA using a probe consisting of the S1 domain portion of the

pets gene. Similar to C. reinhardtii, and as predicted by the

genome database, pets is a single-copy gene in A. thaliana. We

also performed RT-PCR reactions with oligonucleotides specific

for short and longORFs extracted from the database sequences.

When oligos 1 and 2 were used (Figure 8D), we obtained an

expected 3.2-kb band and a 2.3-kb band (Figure 8B, lane 2).

When oligos 1 and 3 were used, a 1.7-kb band was obtained

(Figure 8B, lane 1). The PCR products were subsequently cloned

and sequenced. Figure 8D shows a diagram of the A. thaliana

Figure 7. PETs Has Counterparts in Higher Plants.

Homology comparison between PETs from C. reinhardtii, A. thaliana, andO. sativa. Identical amino acids are highlighted in gray; similar amino acids are

highlighted in black. S1, NH, and EF-Ts regions are indicated. Amino acid numbers are shown on the sides. Dashes represent gaps introduced by the

alignment parameters.
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psrp-7 gene and the three products obtained by RT-PCR. The

pets gene of A. thaliana contains the first exon and intron

upstream of the initiator AUG; exon 2 is quite long and spans

16 nucleotides of the 59 UTR plus 1345 nucleotides of coding

region. The 3.2-kb band corresponds to an mRNA with a coding

region of 2.9 kb capable of producing the full-length 110-kD

PETs precursor homolog. The 1.7-band corresponds to an

mRNA that correctly splices intron 1 to give the mature 59 UTR

but fails to splice intron 2 and therefore reaches a stop codon 21

nucleotides downstreamof the splice site. This generates a 1.37-

kb ORF capable of producing a mature PSRP-7 homolog.

Unexpectedly, the 2.3-kb band corresponds to an mRNA un-

dergoing another form of alternative splicing in which exons 5

and 6 are omitted in thematuremessenger, giving rise to a 2.1-kb

coding region (Figure 8D). The protein translated from this mRNA

would be;85 kD andwould contain the two S1 domains, theNH

region, and just one EF-Ts domain. However, this EF-Ts domain

would be constituted by the N-terminal half of EF-Ts domain 1

and the C-terminal half of EF-Ts domain 2. This 85-kD protein

does not have a counterpart among the PETs-derived proteins

that were detected in C. reinhardtii.

PETs Is Processed in Higher Plants in a Manner

Similar to C. reinhardtii

To ascertain whether a PSRP-7 and EF-Ts fusion protein was

produced in higher plants, as in algae, we performed protein gel

blot analysis of 14-d-old A. thaliana seedlings grown under

different conditions with the anti-EF-Ts antibody used for C.

reinhardtii. Figure 8C shows that, in all cases, the major band

Figure 8. The pets Gene of A. thaliana Undergoes Alternative Splicing.

(A) DNA gel blot of A. thaliana pets gene. Ten micrograms of genomic DNA were digested with NdeI or SacI. Membranes were hybridized with a probe

corresponding to the A. thaliana pets S1 domain region. The sizes of the DNA markers are shown on the left.

(B) The A. thaliana pets gene generates three detectable RNAs by RT-PCR using oligos 1 and 3 (lane 1) and oligos 1 and 2 (lane 2) depicted in (D). Right

lane, 1-kb ladder. The sizes of the PCR products are indicated on the left.

(C) Protein gel blot analysis of A. thaliana total soluble proteins extracted from 14-d-old seedlings grown under either continuous light (CL), long day

(12 h light/12 h dark; LD), or short day (8 h light/16 h dark; SD). Ten micrograms were run in 10% SDS-PAGE. The anti-EF-Ts antibody was used. The

sizes of the bands in kilodaltons are shown on the right.

(D) Scheme showing A. thaliana pets gene and its three mature mRNA products. Gray boxes indicate exons; black lines represent introns. Arrowheads

indicate start and stop codons. The oligos used for PCR are shown with arrows; the sizes of the PCR products are indicated on the left. The dashed lines

indicate the two exons that are spliced out in the 2.3-kb mRNA. The scale at the bottom represents the number of nucleotides.
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identified corresponded to the 110-kD PETs precursor. In

addition, an 85-kD protein (expected from the 2.1-kb ORF) and

the 55-kD EF-Ts protein were also identified by protein gel blot

analysis, but at much lower abundance than the 110-kD species

(Figure 8C). These results indicate that, despite qualitative

similarities between C. reinhardtii and A. thaliana, there are

quantitative differences that might be relevant to translation in

both organisms.

Comparison of PETs mRNA and Protein Species between

A. thaliana,O. sativa, and C. reinhardtii

Table 1 summarizes all the PETs ORFs and protein products

identified in the three species. Gene names and accession

numbers for the short and long cDNAs are also provided. In

general terms, both PSRP-7 and the full-length PETs precursor

are conserved in higher plants and algae. However, species-

specific pets ORFs are found, such as the C. reinhardtii 1.8-kb

ORF, which contains 44 amino acids of the EF-Ts domain re-

gion and the A. thaliana 2.1-kb ORF, which contains only one

EF-Ts domain (Table 1). Note that the length of the short pro-

tein (PSRP-7) is quite different between the three species, but

alignment of the full-length precursors (Figure 6) shows that

their C-terminal ends always reside at the end of the nonhomol-

ogous region, just before the start of the EF-Ts domains.

DISCUSSION

PSRP-7 is a novel 65-kD ribosomal protein that contains two S1

domains and accumulates in stoichiometric amounts with other

ribosomal proteins in the 30S subunit ofC. reinhardtii chloroplast

ribosomes (Yamaguchi et al., 2002). Here, we show that the C.

reinhardtiiPSRP-7 protein is encoded by a genewhose complete

ORF codes for a 110-kD polyprotein. This polyprotein, named

PETs, contains the PSRP-7 protein on the N terminus and two

tandem repeats of EF-Ts on the carboxy end. Genomic database

and DNA gel blot analyses show that pets is a single-copy gene

containing the only chloroplast PSRP-7 and EF-Ts homologous

sequences within the C. reinhardtii genome. Another C. rein-

hardtii ORF (genie.2076.1 ¼ C_4650003) encoding a 332–amino

acid protein with a single EF-Ts–like sequence, showed partial

and weaker similarity with Synechocystis EF-Ts. The highest

overall similarity of this ORF (170/329, 51%) was seen with the

EF-Ts of Rickettsia prowazekii, a close relative of the proposed

ancestors of mitochondria, suggesting that C_4650003 might be

the mitochondrial EF-Ts. The anti-EF-Ts monoclonal antibody

used in this work did not recognize this protein (34.3 kD),

probably because of the low similarity between Streptococcus

EF-Ts and the putative C. reinhardtii mitochondrial EF-Ts.

RNase protection assays identified three distinct petsmRNAs:

(1) a 3.6-kb mRNA with a 3-kb ORF, in which all the introns and

exons are correctly spliced and which produces the 110-kD

PETs polyprotein, (2) a 2.7-kb mRNA in which introns 9 and 10

are not spliced, generating a 1.68-kb ORF that yields the 65-kD

PSRP-7 protein, and (3) a 2.6-kb mRNA in which intron 10 fails to

be spliced, producing a 1.8-kb ORF that encodes a protein with

an estimated size of 72 kD, most likely the 79-kD protein seen in

protein gel blots. We did not detect any mRNA that could

produce the 55-kD EF-Ts polypeptide alone, indicating that

this proteinmust arise from the full-lengthmRNA. Protein gel blot

analysis using antisera for PSRP-7 identifies the 110-kD poly-

protein, a 79-kD protein, and themature 65-kDPSRP-7, whereas

antibodies for EF-Ts identify the 110-kD polyprotein and a 55-kD

polypeptide composed of two EF-Ts domains. These results

together suggest that the PETs precursor protein is likely post-

translationally cleaved into the 65-kD PSRP-7 and the 55-kD

EF-Ts polypeptide.

Analysis of Chlamydomonas chloroplast ribosomes identified

the 65-kD PSRP-7 as the only form of PETs associated with the

30S subunit (Figure 3C; Yamaguchi et al., 2002). We have shown

that PSRP-7 is capable of binding chloroplast mRNAs in vitro

(Figure 5). Although the role of the PSRP-7 protein in translation is

still unknown, the RNA binding activity associated with the S1

domains may be a key feature of PSRP-7 function in chloroplast

translation.

We also suggest that the 55-kD EF-Ts polypeptide could

be the functional EF-Ts in the chloroplast by its ability to bind to

EF-Tu in vitro (Figure 5) and by its association to chloroplast

polysomes (Figure 3C). By contrast, the 110-kDPETs pro-protein

was also found in translationally incompetent 70S ribosomes.

Provided that chloroplast EF-Ts is contained within PETs, the

identification of two EF-Ts domains in a single polypeptide is

Table 1. Comparison of PETs-Derived Proteins from C. reinhardtii, A. thaliana, and O. sativa

Short Protein (PSRP-7) Full-Length Precursor (PETs) Other Proteins

Species Gene Name Exonsa ORF Accession No.

No. Amino

Acids ORF Accession No.

No. Amino

Acids Exonsa
No. Amino

Acids

C. reinhardtiib C_160057 1–9 1.68 N.Fc 560 3.04 AV626377d 1013 1–10 604

A. thalianae At4g29060 1 and 2 1.35 AY057550f 455 2.90 NM_119050f 953 1–4, 7 710

O. sativag CHR12v07232003 1 and 2 2.06 AK062564f 687 3.50 AK067367f 1147 N.F. N.F.

a Exons present in mature ORF.
b Database information was taken from the JGI Web page (http://genome.jgi.psf.org/chire2/chire2.home.html).
c Not found in the database.
d NCBI accession number of longest EST (Kazusa DNA Research Institute).
e Database information was extracted from the TAIR Web page (http://www.arabidopsis.org).
f NCBI accession number of full-length ORFs from databases.
g Database information was obtained from the TIGR rice genome database (http://www.tigr.org/tdb/e2k1/osa1).
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somewhat unique compared with other EF-Ts proteins. Bacterial

EF-Ts and eukaryotic EF-1 b, an analog of EF-Ts, are comprised

of only one domain per polypeptide and have an approximate

molecular weight of 30,000. It has been reported that dimeriza-

tion of Thermus thermophilus EF-Ts is required for its nucleotide

exchange function, in contrast withE. coli EF-Ts, which functions

as monomers (Nesper et al., 1998). Perhaps chloroplast EF-Ts

proteins also require dimerization for their function and that could

be accomplished by having two EF-Ts domains in the same

polypeptide. The fusion of a ribosomal protein and an elongation

factor is also novel but harder to rationalize. Perhaps PSRP-7

and EF-Ts may need to function together, and physical connec-

tion may be a great advantage in this scenario. In A. thaliana,

PETs accumulates mainly as the 110-kD species, suggesting

that this protein is capable of functioning as the fusion protein,

although some processed 55-kD protein is also observed by

protein gel blot analysis of A. thaliana proteins. The polyprotein

may even have a different function compared with the mature

forms. As an example, several reports have shown that, besides

its role in translation elongation, EF-Tu participates in translation

arrest (Snyder et al., 2003) and/or ribosome rescue (Wower et al.,

2000). In the second case, EF-Tu works together with the S1

protein and SmpB, a transfer-mRNA binding protein, to regulate

transfer-mRNA binding to ribosomes. Because EF-Ts forms

a complex with EF-Tu and PETs contains S1 and EF-Ts domains,

we can speculate that thePETsprecursor proteinmay have a role

in translation arrest and/or the rescue of stalled ribosomes,

especially if we consider that PETs was found associated with

nontranslationally active 70S ribosomes.

Why would cells use two different mechanisms, mRNA splic-

ing and posttranslational processing, to generate PSRP-7 is not

clear at this time. It is possible that only PSRP-7 expression is

required under some conditions, whereas coordinate expression

with EF-Ts may be needed at other times. In the first case, the

1.68-kb ORF would be preferentially produced by splicing, and

only the mature PSRP-7 protein expressed. When both proteins

are required, it might be an energetic advantage for the cell to

transcribe a single mRNA and translate a single protein that is

imported into the chloroplast and then proteolytically cleaved.

This later hypothesis is supported by the fact that the pets

precursor is the major mRNA species, whereas the mature 55-

and 65-kD are the main protein forms.

PETs could potentially be targeted to both chloroplasts and

mitochondria, and its alternative splicing and processing could

be a way of regulating this dual targeting. Both MitoProt and

Predotar softwares and the C. reinhardtii Joint Genome Institute

database predict PETs as amitochondrial protein. Dual targeting

has been reported for several proteins that participate in pro-

cesses shared by both organelles, such as antioxidant proteins

and aminoacyl-tRNA synthases (Chew et al., 2003; Goggin et al.,

2003). The accuracy and efficiency of dual targeting is regulated

by mechanisms such as usage of alternative start codons and

alternative splicing of precursor mRNAs (Watanabe et al., 2001;

De la Fuente van Bentem et al., 2003).

All together, the data presented in this work strengthen the

idea that chloroplast translation is distinct from bacterial trans-

lation, both in terms of the components and how these compo-

nents are related structurally and functionally. The relevance of

PETs existing as a stable entity and being conserved in green

algae (C. reinhardtii), dicots (A. thaliana), and monocots (O.

sativa), and most likely all chloroplast-containing species, sug-

gests that the linkage of PSRP-7 and EF-Ts in PETs plays an

important functional role, although the exact nature of its role in

translation has yet to be determined.

METHODS

Chlamydomonas reinhardtii Strains and Culture Conditions

C. reinhardtii wild-type strain 137c (mtþ) was obtained from the Chla-

mydomonas Genetic Center, Durham, NC. Cells were grown in TAP

media (Gorman and Levine, 1965) on a rotary shaker at 238C at 4500 lux

for RNA preparations and on TAP-agar plates for protein and genomic

DNApreparations. Liquid cultureswere grown in either continuous light or

under a 12-h-light/12-h-dark regime. Cultures were maintained at a cell

density of 1 3 106 cells per mL for at least 48 h before harvest.

Arabidopsis thaliana Growth Conditions

A. thalianaColumbia ecotype seedswere plated on half MS-agarmedium

supplemented with 0.5% sucrose and grown for 14 d at 208C in

continuous light, long day (12 h light/12 h dark), or short day conditions

(8 h light/16 h dark) at 3000 lux.

DNA Cloning and Sequencing, DNA Gel Blots, and RNA Gel Blots

Classical molecular biology techniques were followed for all DNA and

RNA manipulations as described by Sambrook et al. (1989), as well as

DNA gel blots, RNA gel blots, and 32P labeling of DNA for use as probes.

RNA gel blots andDNA gel blots were visualized using a Packard Cyclone

storage phosphor system equipped with Optiquant software (Packard

Instrument Company, Downers Grove, IL). Total digital light units were

measured for each lane of the blot as well as an arbitrary space for

background subtraction.

The longest pets EST was obtained from the Kazusa DNA Research

Institute (http://www.kazusa.or.jp/en/plant/chlamy/EST/) (Asamizu et al.,

2000). C. reinhardtii total cDNAs were made by reverse transcription of

1 mg of total RNA using Superscript II (Invitrogen, Carlsbad, CA) accord-

ing to the manufacturer’s instructions. Pets cDNAs were amplified by

PCR and cloned into pCR 2.1 TOPO (Invitrogen). The oligos were as

follows: 59-ATGCTGCGGGAGCTCGGACGC-39 and 59 ( T )23 39 as re-

verse oligo. A. thaliana pets cDNAs were obtained by PCR using the

Superscript A. thaliana cDNA library (Invitrogen) using the following

oligos: oligo 1, 59-CTCGAGGCACAGGGGAGAGACAAAATGAG-39; oligo

2, 59-GACTAGTCATGAACAAAAAATTACAGG-39; oligo 3, 59-GACTAGT-

GTGATTTTTAGTCAACTTACTTTTGG-39. DNA sequencing was performed

by capillary electrophoresis technology using an ABI 3700 DNA analyzer

(Applied Biosystems, Foster City, CA; Nucleic Acid Core Facility, Scripps

Research Institute).

RNase Protection Assays

RNA probes were made as follows: DNAs were amplified by PCR using

forward oligos with a BamHI site and reverse oligos with an EcoRI site

proceeded by the T7 RNA polymerase promoter to be able to make

antisense RNAs as follows: for pets-1018, forward 59-GGATCCGC-

TGTTGCTGCCTACG-39 and reverse 59-GAATTCTAATACGACTCACTA-

TAGGGAGCACATCCTTGGGGATG-39; for pets-1398-1 and pets-1680,

forward 59-CCGGATCCGCTGGTGGACTACTGGACC-39 and reverse

59-CGAATTCTAATACGACTCACTATAGGGCAGACCCTTCTTGCGCAG-

CC-39; for pets-1398-2, forward 59-CCGGATCCGCTGGTGGACTACTG-

Novel Chloroplast Ribosomal Polyprotein 3367



GACC-39 and reverse 59-CCGAATTCTAATACGACTCACTATAGGGCG-

CACTCAGCCAGCGCCTTC-39; for pets-1763, forward 59-GGGGA-

TCCGTGACGCTGAGGCTGCCGC-39 and reverse 59-GGAATTCTAA-

TACGACTCACTATAGGGCTTGACCAGCTCGGCCACGG-39; for pets-

2020, forward 59-GCGGATCCGAGGTGCTGGCAAAGG-39 and reverse

59-GGAATTCTAATACGACTCACTATAGGGGGTCTTGTCGCGCAGC-39;

for pets-2169, forward 59-GGATCCAACCCCGACAAGACCGTGG-39 and

reverse 59-GAATTCTAATACGACTCACTATAGGGGTTCACCTCCAG-

CAGCACACC-39; for pets-2571, forward 59-CGGGATCCGTCCTACATC-

CACCCC-39 and reverse 59-GGAATTCTAATACGACTCACTATAGGGTG-

GCGGCGATGGACTC-39. PCR products were digested with EcoRI and

BamHI and cloned into pUC18. All clones were linearized with BamHI,

except for pets-1680 that was linearized with BstXI. DNA templates were

in vitro transcribed using T7 RNase polymerase (Roche, Indianapolis, IN)

according to the manufacturer’s instructions using [a32P]UTP as the

radioactive ribonucleotide. Full-length RNAprobeswere gel-purified from

8% acrylamide-TBE-urea gels in RNA elution buffer (0.5 M sodium

acetate, 0.5% SDS, and 1 mM EDTA) and precipitated with 0.4 M

ammonium acetate and two volumes of 100% ethanol.

Twenty-five micrograms of C. reinhardtii total RNAs were resuspended

in 20 mL of RNase protection assay hybridization buffer (40 mMPipes, pH

6.4, 1 mMEDTA, pH 8.0, 0.4M NaCl, and 80% formamide) containing 13

105 cpm of the corresponding RNA probe. The RNAs were denatured

at 858C for 10min and then annealedat 608C for 18 h. After cooling to room

temperature, the sampleswere incubated in300mLofRNasemix (300mM

NaCl, 10 mM Tris-HCl, pH 7.4, 5 mM EDTA, pH 8, 2 mg/mL of RNase T1,

and 40mg/mL of RNase A) at 308C for 60min. RNaseswere inactivated by

adding 20 mL of 10% SDS and 10 mL 10 mg/mL proteinase K at 378C for

30 min. After phenol:chloroform:isoamyl alcohol extraction, RNA-RNA

complexeswereprecipitatedbyadding750mLof100%ethanol and10mg

of tRNA, incubated at �808C for 15 min and spun down at 12,000g for 30

min. Protected RNAs were denatured at 858C RNA and separated in 8%

TBE-urea-acrylamide gels. The intensity of the bands obtained with the

pets-1398-1 probe was determined by phosphor imaging and corrected

by the amount of uridines present compared with the full-length probe.

Thus, the full-length protected band (408 nucleotides) wasmultiplied by 1,

the 387-nucleotide band by 1.055, and the 277-nucleotide band by 1.6.

Ribosome and Polysome Preparation

Chlamydomonas chloroplast ribosomes and the 30S subunits were

prepared as previously described (Yamaguchi et al., 2002), and the

chloroplast polysomes were prepared as previously reported (Cohen

et al., 1998). Polysome fraction numbers 15, 17, and 21 were used for

protein gel blot analysis, corresponding approximately to tetrasomes,

pentasomes, and nanosomes.

Protein Gel Blotting

Polyclonal antisera against the nonhomologous region of C. reinhardtii

PSRP-7 (NH) antibodies were raised in rabbits (Scripps Research In-

stitute, Protein and Nucleic Acid Core Facility). Anti-Streptococcus suis

serotype 2EF-Tsmonoclonal antibodieswere provided byM.Gottschalk.

Alkaline phosphatase-labeled anti-rabbit and anti-mouse secondary

antibodies were used (Sigma, St. Louis, MO). Protein gel blots were

developed using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl

phosphate (Sigma).

Edman Degradation

Determination of the N-terminal sequence of the mature PSRP-7 protein

was done using 100 pM of protein immobilized on a polyvinylidene

difluoride membrane according to the original procedure for Edman

degradation (Heirwegh and Edman, 1957).

PSRP-7 and EF-Ts in Vitro Activity Measurements

The PSRP-7 and EF-Ts regions of PETs were amplified by PCR in-

troducing an NdeI site at the initiator AUG and a BamHI site downstream

of the stop codon. Digested PCR products were cloned into pET19b

(Novagen, Madison, WI) and transformed into BL21 competent cells.

Protein induction and purification were done using Ni-NTA agarose

according to the manufacturer’s instructions (QIAexpressionist; Qiagen,

Valencia, CA) and dialyzed into the corresponding binding buffers.

Binding of the EF-Ts region of PETs to chloroplast EF-Tu was tested as

reportedpreviously (ZhangandSpremulli, 1998).C. reinhardtii chloroplast

EF-Tu (GenBank accession number S09153) was amplified by RT-PCR

using a forward oligo that introduced an in-frame NdeI site: 59-AACACA-

TATGTCACGTGCTAAGTTTGAACG-39 and a reverse oligo that created

a fusionwith a13Flag tag and introducedaBamHI site downstreamof the

stop codon: 59-GGATCCTTACTTGTCGTCGTCGTCCTTGTAGTCGG-

TACCTTGAACAATATTAGTTACAACACC-39, The PCR product was di-

gestedwithNdeI andBamHI and cloned into pET3a vector (Novagen) and

transformed into BL21 competent cells. Protein induction and purification

was done using anti-Flag M2-agarose affinity gel according to the

manufacturer’s instructions (Sigma).

Binding of PSRP-7 to RNA was determined by gel shift assays.

PET19b-expressed PSRP-7 (75, 150, 450, and 750 nM) was incubated

with a 100 pM concentration [a-32P]UTP-labeled psbD or psbA 59 UTRs

from C. reinhardtii. For competition assays, unlabeled psbD or psbA 59

UTRs were added at onefold, fivefold, 10-fold, and 50-fold molar excess.

Reactions were done in 30 mM Tris-HCl, pH 7, 5 mM MgCl2, 5 mM DTT,

50 mM KCl, 3% glycerol, 20 units of SUPERASE-in RNase inhibitor

(Ambion, Austin, TX), and 1 mg of tRNA. Samples were incubated on ice

for 30 min and resolved in 8% acrylamide-TBE gels at 48C. Gels were

fixed in 10%methanol and 10% acetic acid for 10 min, dried, exposed to

sensitive screens, and developed by phosphor imaging.

Binding of the EF-Ts region of PETs to chloroplast EF-Tu was tested as

reported previously (Zhang andSpremulli, 1998). Two hundred picomoles

of His-tagged PETs EF-Ts domain region (55 kD) were incubated with the

same amount of Flag-tagged EF-Tu in binding buffer (50mMTris-HCl, pH

8, 10 mM MgCl2, 0.1 M NH4Cl, and 1 mM DTT) on ice for 90 min and

purified through Ni-NTA or anti-Flag affinity columns. Two conditions

were tested: in one, �GTP, the binding reaction was run through the

column. Alternatively, after the binding of the EF-Ts-EF-Tu complex to the

column and a first wash, 2mL of 1mMGTP in column binding buffer were

run through, the column washed again and then eluted in 200-mL aliquots

(þGTP). Fifty-microliter aliquots were run in 12% SDS-PAGE and either

silver-stained or visualized by protein gel blot using anti-His and anti-Flag

antibodies. Controls for both recombinant proteins without doing the

binding reaction were run in both Ni-NTA and anti-Flag columns.

Computational Analyses

EST and genome information from C. reinhardtii was obtained from the

Chlamydomonas Joint Genome Institute (http://genome.jgi-psf.org/

chlre2/chlre2.home.html). A. thaliana information was obtained from the

Arabidopsis Information Resource (http://www.arabidopsis.org). Rice

(Oryza sativa) information was extracted from The Institute for Genomic

Research (http://www.tigr.org/tdb/e2k1/osa1). Partial DNA sequences

were assembled usingCAP (http://www.infobiogen.fr/services/analyseq/

cgi-bin/cap_in.pl). Homology comparison was done using BLAST 2

sequences (National Center for Biotechnology Information). UBA and

dimerization domains were estimated taking into account Thermus

thermophilus EF-Ts (Jiang et al., 1996). Multiple sequence alignments

were performed using MacVector 7.0 software. For both softwares,

BLOSUM62 matrix was used with a gap open ¼ 11, gap extension ¼ 1,

x_dropoff ¼ 50, expect ¼ 10, and without filter. Prediction of subcellular

localization was done using ChloroP, MitoProt, and Predotar.
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Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession numbersAY661459 to AY661462.
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