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ABSTRACT

The expression of the spinach pl23, rpl2 and rpsl9 chlcroplast
genes has been studied The rspl23 gene identified 1in tobacco and
Marchantiz, 1s split into two overlapping reading frames in spinach. S1
mapping has shown that initiation sites could occur upstream of each
reading frames. A large transcription unit is also present covering the
+pl2 and rpsi¥ genes. The rps/9 and rplf gene products are identified by
NH2-rerminal amino acid sequences. They correspond to spinach chloroplast
ribosomal proteins CS-523 and CS5-L4, respectively No product of the
rpl23 gene was detected in the chloroplast 505 ribosomal subunit. This
strongly suggest that a corresponding gene has been transfered into the
nucleus

INTRODUCTION

The complete nucleotide sequence of the tobacco and of the liverwort
Marchantia polymorphas chloroplast DNA have been recently determined (1,
2). Nineteen different sequences coding for polypeptides homologous to
Escherichia coli ribosomal proteins have been found. Two differences
appear between the two genomes: in Marchantia the absence of the rpsi6
gene on the large single copy and the presence of an additional rpZl7
gene on the small single copy have been noticed. The number of ribosomal
protein genes encoded in chloroplast DNA (cpDNA) is in good agreement
with the number of ribosomal proteins synthesized in isolated
chloroplasts (3,4).

In the tobacco chloroplast genome, Tanaka et al. (5) described a
ribusomal protein gene cluster (zpl23 iplsd, rpsl8 1plii, rpsi and
rpli6) whose arrangement is similar to the S5-10 operon of £ colz
Northern experiments have shown that these chloroplast genes are
transcribed. A precise analysis of the transcripts has to be done. A
vorrelation has to be established between putative gene and ribosomal

protein
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The spinach chloroplast DNA has been partly sequenced in the region
corresponding to the 510-like operon showing the presence of the sp/2 and
rps/9 genes (6) In this paper, results about the organization and
expression ot the tirst three ribosomal protein genes of the S10-like

operon in spinach are presented.

MATERIALS AND METHODS

Isolation of ribosomes and separation of rabosomal proteins
Ribosomes were prepared and ribesomal proteins isclated as

previously described (7,8). Ribosomal proteins were separated by

two-dimensional electrophoresis using system I of Madjar et @/ (9). The

ribosomal proteins were numbered according to Mache er 27 (7) The

ribosomal proteins L4 and S23 were purified by high performance liquid

chromatography (10 and unpublished results). The NH, terminal sequences

of these two proteins were determined by automatic Edman degradatiocn (11)
and were performed at the Service Central d'Analyse of CNRS.
Cloni i , ¢ DN

Chleroplast DNA was prepared as described in (12) Cloning
experiments were performed using conventicnal methods described 1in
Maniatis er #Z. (13). Sal I-9 fragment of spinach chloroplast DNA was
digested by PstI and inserted into the sites Sall and PstI of the plasmid
pUC8. The recombinant plasmids containing the zps/9 gene were detected,
characterized and one of them was designated pFT 1 This recombinant
plasmid DNA was prepared by the method of Birnboim and Doly (14, followed
by centrifugation to equilibrium in cesiumchloride ethidium bromide
gradients. Purification of restriction fragments of DNA was achieved by
electroelution when electrophoresis were performed in agarose gel and by
the crushing-soaking method of Maxam and Gilbert (15) for DNA fragments
separated by polyacrylamide gel electrophoresis. The 3 extremities of
the EcoRI site and of the Sall site (Fig.l) were labeled respectively
with  (x®%P) ddATP and (x®%P) dTTP and the large Klenow fragment
according to Maniatis et a7 (13). 5' end labeling of the BamHI-XhoI DNA
fragment was done as described in Maniatis et a/ (13)
DNA-dire t o)

The prokaryotic DNA-directed translation kit (Zubay system Amersham)
was used with 5 pg of the recombinant plasmid DNA from pFT 1 and with
1,875 MBq of 35S-Methionine (30 TBq/mM, Amersham). The translation
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Figure 1: Localization of the different genes on a BamHI-PstI DNA
fragment from spinach chloroplast located at the junction between IRB and
LSC  The arrows indicate the position of the junction between the
inverted repeat sequence (IRB) and the large single copy (LSC). tznl,
rpl23,  rpll, rpsl9 and rpl22 are genes coding respectively for the
tRNA-Ile(CAU), and the putative ribosomal proeins CL-23, CL-2, CS-19 and
CL-22. The rpl23 gene is organised in Spinach in two different ORFs as
shown by the two boxes on the figure. The different restriction sites
used 1in S1 mapping are indicated.

products were added to 305 ribosomal proteins and were analysed by
2D-electrophoresis as indicated above. After electrophoresis, gels were
stained with Coomassie blue, dried and exposed to Kodak XAR-5 films and
Dupont Cronex Quanta IIB intensifying screens at -70° C for 5 days.

51 .

Chloroplastic RNAs used for S1 mapping were prepared as previously
described (16) wusing intact chloroplasts purified by discontinuous
Percoll gradients according to Douce et aZ. (17).

The two strands of end labeled DNA fragments were separated by
non-denaturing eleotrophoresis on 4% polyacrylamide gel (40 om x 16 om x
0 15 cm) run at 250 volts and 4° C as described by Maniatis et a/. (13)
Single stranded probes were hybridized to RNAs and the hybrids were
treated by S1 nuclease as described by Link and Langrige (18). Products
resulting from this S1 treatment were analysed on 6% or 8% polyacrylamide
8M urea sequencing gels (40 cm x 16 cm x 0.04 cm) at 23 mA according to
Maxam and Gilbert (13). These gels were indexed by running sequencing
reactions (13) of the respective single strand end labeled DNA probes
used in the different S$1 mapping experiments.

RESULIS
The rpl23 rpll. rpslf and rpl22 genes in spinach chloroplasts. The

nucleotide sequence of part of a BamHI-PstI fragment of spinach
chloroplast DNA has been previously determined by Zurawski et a2Z.,(6) and
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trnl

GGATCCCCGCTAAGCATCCATGGCTGAATGGTTAAAGCGCCCAACTCATAATTGGCGAATTCGTAGGTTCAATTCCTACTGGATGCACGCCAATGGGACC
CCTAGGGGCGATTCGTAGGTACCGACTTACCAATTTCGCGGGTTGAGTATTAACCGCTTAAGCATCCAAGTTAAGGATGACCTACGTGCGGTTACCCTGG

100

-35 -10
CTCCAATAAGTCTATTGGAATTGGCTCTGTATCAATGGAATCTCATCATCCATACATAAAGAATTGGTGTGTATATTICATATCATAACATATGAACAGT
GAGGTTATTCAGATAACCTTAACCGAGACATAGTTACCTTAGAGTAGTAGGTATGTATTTCTTAACCACACCATATAAGTATAGTATTGTATACTTGTCA

. . . . . . . . 200

rpl23
M D G I K Y A V F T D K S I 0 L
=35
AAGAACTAGCATTCTTATTGAAACTCGAACTCATAGGGAAGAAAATAGATTTATGGATGGAATCAAATATGCAGTATTTACAGACAAAAGTATTCAGTTA
TTCTTGATCGTAAGAATAACTTTGAGCTTGAGTATCCCTTCTTTTATCTAAATACCTACCTTAGTTTATACGTCATAAATGTCTGTTTTCATAAGTCAAT
. . . . . . . . . 300

L G K K Q Y T S NV E S R S T R T E 1 K H W V E L W N S Y E U
-10 M N S H R
TTGGGGAAAAAGCATCIAATGTCGAAICAAGATCAACTAGGACGGAAAIAAAGCATTGGGTCGAACTTTGGAATAGCTATGAATAGTCATCGA
AACCCCTTTTTCGTTATATGAAGATTACAGCTTAGTTCTAGTTGATCCTGCCTTTATTTCGTAACCCAGCTTGAAACCTTATCGATACTTATCAGTAGCT
. . . . . . . . 400

L PG K GRRMGP I M GHTMHY R R M I I T L s s vy s 1 P P
CTCCCGGGAAAGGGTAGAAGGATGGGACCTATTATGGGACATACAATGCATTACAGACGTATGATCATTACGCTTCAATCGAGTTATTCTATTCCACCTC
GAGGGCCCYTTCCCATCTTCCTACCCTGGATAATACCCTGTATGTTACGTAATGTCTGCATACTAGTAATGCGAAGTTAGCTCAATAAGATAAGGTGGAG

. . . . . . . . . 500

rpl2
L R K K R T U M A I H L Y K T S T S S T R NGAV Q V
TTAGAAAGAAAAGAACTTAAATCAAAATACTTAATAGCATGGCGATACATTTATACAAAACTTCTACCTCGAGCACACGCAATGGAGCCGTTCAAGTGAA
AATCTTTCTTTTCTTGAATTTAGTTTTATGAATTATCGTACCGCTATGTAAATATGTTTTGAAGATGGAGCTCGTGTGCGTTACCTCGGCAAGTTCACTT
. . B . . . . . . 600

Figure 2: DNA nucleotide sequence of the ¢zn/~CAU and rp/77 genes irom
Spinacia oleracea. The corresponding amine acids from the two ORFs of the
rpll3 qene are indicated. The ¢rn/~CAU gene is underiined Arrows marks
the two protections observed in figure 2 correspending to the
transcription start sites. The -10 regions are boxed and the -35 regions
are doubled underlined

the putative ribosomal protein genes 2p/S, zps/9 have been i1dentified on
this DNA fragment by comparison with the aminoacid sequence of the
corresponding ribosomal proteins L2 and S19 from £ oo’z

A mpl27 gene of 94 codons has been identified upstream of the rpl2
gene in the chloroplast genome of tobacco (1) and of Mazrchantia (2) Two
ORFs coding respectively for 47 and 45 aminocacids are present in the
upstream region of spinach s/ 2 (Fig. 1 and Z) They overlap by 8§
micleotides residues Each one has a high degree of homology with
fragments of the spl2? coding sequence from tobacco. This split spinach
gene has resulted from a 14 bp deletion by comparison with the tobacco
chloroplast genome We have verified by sequencing (not shown) the
sequence data of Zurawski et a2/ (6) in this region The results obtained

fit perfectly those reported by these authors. Similarly the rp/22 gene
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Figure 3: 5' S1 analysis of the upstream region of the zp/7 gene of
spinach chloroplast DNA using iz vive isolated RNAs. A 570 bp BamHI-Xhol
DNA fragment was labeled at the 5' ends by using (¥°%P)-ATP and T4
polynucleotide kinase. A: long gel; B: short gel. For the two gels, the
first four tracks correspond respectively to G, G + A, T + C and C
sequence ladders of the coding strand. Lame 1: single stranded DNA probe
labeled at the 5' end of the Xho I site. Lame 2: control using 30 pg of
yeast tRNA and the DNA probe. Lane 3: Sl mapping of iz wive RNAs (30
pg) purified from spinach chloroplasts.
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Figure 4: 3' S1 analysis of the dowstream region of the ¢zrn/~CAT gene
of spinach chloroplast DNA wusing 2 vIve isolated RNAs A 510 bp
EcoRI-Xhol DNA fragment labeled at the 3' end of the EcoRI site by using
(32P)ddATP and the Klenow fragment. A: long 6% gel; B: intermediate 6%
gel, C: short 8% gel. For the two gels, the first three tracks correspond
respectively to G, G + A, T + C sequence ladders. Lame 1' S1 mapping of
in vivo RNAs (30 pg) purified from spinach chloroplasts. Lane 2:
Control using 30 pg of yeast tRNA and the DNA probe. Lame 3: single
stranded DNA probe labeled at the 3' end of the Eco RI site.
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vwas not identified in spinach. The comparison with tobacco data shows
that the part of the BamHI-11 DNA fragment which has been sequenced (6)
contains the beginning of the rpl22 gene (Fig. 1 and SB).

Sl mapping of in wvivo transcripts. A transcription study of the split
rpi23 gene and of 1ts upstream region was undertaken by S1 mapping of iz
vzvo tranecripts. A 5° end labelled BamHI-Xhol probe (Fig. 1) was used in
order to identify the start of transcription or processing sites within
this region. Results are reported in Fig.3. The 5 ends of two
transcripts were clearly identified and their positions on the sequence
of nucleotides are indicated in Fig.2. One start (numbered 1) is located
upstream of the first ORF (beginning of the zpJ2? gene). A Pribnow box is
present at -10 from this start but the -35 box is not typical. A second
start (numbered 2 in Fig.2) is located upstream of the second ORF and a
Pribnow box is also present. The -35 box upstream of this second start is
better than feor the first one but does not fit either the consensus. Full
length protected probe is significantly present (Fig.3) indicating a
possible cotranscription of the ¢rnl, the split rpl23and the rpl2 genes.
The main conclusion of this 5'S1 mapping experiment is that the split
rpl 23 gene is transcribed.

However, the two 5' extremities of transcripts described above could
correspond to processing sites. In this case 3'-end of transcripts within
this region should be detected We test this hypothesis by S1 mapping
using a 3 -end labelled EcoRI-Xhol probe (Fig.l1l) which includes the tzrn 1
gene and goes down to the rpl7 gene. Results reveal the absence of J3'-end
transcript between the ¢raf and the rpl2 genes (Fig. 4). The processed
product of the ¢rw/ gene is only observed (Fig. 4C, lane 1). The 5 -end
of transcripts observed in Fig.3 could therefore correspond to true
initiation sites utilized in addition to a larger co-transcript in this
region

An hairpin can be constructed immediately beyond the stop codon of
the zpsl? gene, followed by an AT rich sequence Zurawski er &/ (6) have
suggested that this structure could define the end of a transcriptional
unit. To test this hypothesis S1 analysis has been made by using 3'-end
labelled Sall-EcoRV DNA fragment (Fig. 1). No protection was obtained
which would correspond to this putative terminator but instead the end of
a transcript in front of the rpl22 start codon (Fig. 5) was cbserved. A
very small amount of 3'-end transcripts which end within the zps/g gene
is also observed. No hairpin structures are possible immediatly upstream
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232 2ot delelele)

—

rps 19 (3'-end)
G HKLGETFR APTLNTFR RGHASIKTNTIDNTIKTSHR RE RJ

GGTCATAAATTAGGCGAAT TTGCACCARCTCTCARTTTCCGG GGACATGCARRRRACGATARTAARGTCTCGTCGTITAAGTTT
CCAGTATTTARTCCGCTTARACGTGGT TGAGAGT TAARRGGCCCCTGTACGTTTTTTGCTATTAT TCAGRGCAGCAARTTCARA

t
2

sp rpi22 M G F F
AAGTTRATGTTARTTARCTTAARTATAATARATTATAGCTACT TATCATTTATTARTIGGAGGTARACT TTRTAGGGTTTTTT
TTCAATTACARTTARTTGRATTATATTATTTRATATCGATGAATAGTARATART TACCTCCAT T TGARATACCCCARARAR
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of these 3'-OH RNA extremities. These transcripts ending either within
the sps/9 gene or near the start codon of the spl22 correspond most
probably to processed RNAs. The large amount of full length protected
probe 1indicates the presence of a long transcriptional unit extending
trom the rp/2 gene to the rpl22 gene.

2psll rpls and rpll2 gene products. Translational product of the rps/é
gene in a Zubay system were analysed by 2D-electrophoresis after the
addition of spinach chloroplast 30S ribosomal proteins As shown on Fig.
6 one gene product co-migrates with the protein CS-523. The second spot
observed on the autoradiograph was also detected in the assay using the
pUC8 vector alone. showing that this product did not derive from the
rpsi9 gene In order to demonstrate the presence of the rpsl/9 gene
product in the 30S ribesomal subunit, the NH2-terminal sequence of the
HPLC purified CS-S23 was determined. Results reported in Fig.7A show the
identity of the sequence of 12 aminoacids with the sequence deduced from
the sps/9 gene. It is also evidenced that the first methionine residue
vas cleaved after translation, iz wivo.

The identification of the £ coli L2 protein with the CS-L4 protein
was previously achieved (8) using immunological reaction The
NH2-terminal sequence of CS-L4 was determined (Fig. 7B). Its identity
with the terminal sequence deduced from the rp/7 gene demonstrates that
C5-14 is the splZ gene product, confirming the recent result of Kamp et
al (19).

An analysis of the putative products of the split spl23 gene was
made by the use of a coupled transcription-translation assay in the same
conditions as for the usps 19 gene. No specific gene products were
detected after analysis by 2D-gel electrophoresis (not shown) We then
searched for the presence of the two products from the split zp/ 23 gene
into the chloroplast 505 ribosomal subunits. As the putative products
would have a Mr of 5500 and 5200, respectively, we have determined the

Figure 5. A : 3'-end S1 analysis of the downstream region of the spl2
gene of spinach chloroplast DNA using i» wive isolated RNAs A 550 bp
Sall-EcoRI DNA fragment from pFT 1 was labeled at the 3' end of the Sall
gite by using (x°%P)dTTP and the Klenow fragment. The first four tracks
correspond respectively to G, G + A, T + C and C sequence ladders of the
coding strand. Lane 1: S1 mapping of iz vive RNAs (30 pg) purified from
spinach chloroplasts. Lame 2: single stranded DNA probe labeled at the
3’ end of the Sal I site. Lane 3: control using 30 pg of yeast tRNA and
the DNA probe. B : Nucleotide sequence of the 3' part of rps/2 and of the
5' part of rpl22 genes. Arrows 1 and 2 indicate the 2 protected regions
schematized in A.
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Figure 6: Analysis of the in vitro transcription-translation products
of the pFT1 plasmid containing the rps/? gene by two-dimensicnal gel
electrophoresis. A : Coomassie staining of the 305 ribosomal proteins
izolated from spinach chloroplast te which was added the products of the
217 vitro transcription-translation of pFT 1. B - Fluorcgram cof A after 5
days of exposure at -70 °C

NH2-terminal aminoacid sequence of the smallest chloroplast 50S ribosomal
proteins which have a similar size These are proteins CS-L31, CS5-L33 and
C3-L34 which have an apparent Mr ranging from 5000 te 8000 in SDS gels
None of these proteins correspond to any of the two ORF products at least
for the 10 first aminoacids (not shown). We conclude that the split zpllJ3
gene products are not into the ribosome. The possibility that the two
ORFs could be translated into one polypeptide will be considered in the
discussion.

In several plants, organisation of chloroplast ribosomal protein
genes has been found in the same order as for one part of the £ col1 $10
operon (1,2). Such an organisation also exists in the spinach chloroplast
genome but the first structural gene rpl237 is split into two ORFs which
overlap by 8 nucleotides. The other structural genes rpl/, rpsl¢ and at
least the beginning of the rpl22 gene are present.

All these genes are expressed in spinach at a transcriptional level
Our results suggest that a transcriptional unit could start upstream the
trnl gene and runs down into the spl22 gene. In addition, the presence of
abundant transoripts has been observed with 5 -P ends located upstream of
each reading frame present in the split zp/23 gene We suggest that the

$' end of each one of these two populations of transcripts correspond to
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A

HPLC purified L4 protein from spinach iHLY[K TsSITs
Amino Acid sequence deduced from the

spinach rpl 2 gene sequence MAITHL YK T S|T S

E. cali L2 protein MAlv v K C KpT slp @

B
HPLC purified S23 protein from spinach TIR S LKKIN[P FlY AN

Amino Acid sequence UedUCéd from the

spinach rps 19 gene sequence TIRSLKK|N|PFYAN
E. coli S19 protein PIRSLKK|G/PF IDL
Figure 7. Comparison of amino-terminal sequences. A : Comparison of

amino-terminal sequences of the ribosomal protein L4 purified from
spinach chloroplast, the deduced protein from the chloroplast rpl2 gene
(6) and of the ribosomal protein L2 from £ c¢oli. B : Comparison of
amino-terminal sequences of the ribosomal protein S$23 purified from
spinach chloroplast, the deduced protein from the chloroplast rpsl9 gene
{6) and of the ribosomal protein S19 from £ c¢oli.

an initiation site. However we cannot completely rule out the possibility
that a trol-rpll2i-rpll-rpsi/f RNA precursor would be the only initiated
transcript and therefore the transcripts 1 and 2 shown in Fig. 3 would
arise from a rapid processing by more or less simultaneous cuts at
multiple sites. Nevertheless, for our purpose, it is clearly demonstrated
that the rpl23 rpl2? and rpsi9 genes are transcribed in spinach
chloroplasts The presence of these two populations of transcripts is in
accordance with an independent expression of the two reading frames.
However, transcripts covering both these two ORFs exist, coming from
the large transcription unit or starting at position 1 in Fig.2.
Therefore, the hypothesis that a single protein could be synthesized from
the split rzpl23 gene has to be considered. A shift from the first reading
frame to the second one would be required during the translation in order
to obtain a single product. Such a mechanism has been described in both
eukaryotes and prokaryotes and has been reviewed recently (20).
Characteristics (basicity and Mr) of the single putative protein deduced
from the two-framed rpl27 are very similar to the £ coli L23 protein.
Only the CS-L30 protein migrates closely to the £ cols L23 in a 2D-gel
(8) and is therefore the only two-framed protein candidate. We failed to
find a correlation between the amino acid compositions of the C5-L30 and
those from the putative zpl23 gene product. The absence of any product
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norresponding to the coding sequence of the ol 7 gene, suggest that this
gene hac been transferred inte the nucleus This comsluzien 12 in
accordance with a 1recent observation based on nuclectide seguences
comparison i4l) Therefore the spinach chloroplast rpi.7 gene would be
the first chloroplast pseudogene transcribed, 1dentified sc far

In addition, results precented 1n this paper demonstrate that twe
putative riboscmal proteln genes (zpssi¥ and zpi. ) encode for identilied

ribosomal products (CS-523 and CS-14., respecrively:

*To whom correspondence should be addressed
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