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Summary. A full size cDNA clone encoding the chloro-
plast ribosomal protein 121 from spinach is presented.
The identity of the clone and the location of the transit
peptide processing site were determined by comparison
with the N-terminal amino acid sequence of the spinach
chloroplast protein CS-L7 previously identified. 121
r-protein sequences from spinach, Marchantia polymorpha
and Escherichia coli are compared. Quite surprisingly, the
data do not suggest that the rpi21 nuclear gene from
spinach was derived through intracellular gene transfer
from the chloroplast genome. The possibility of a mito-
chondrial origin for rpl21 gene of spinach is discussed.
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Introduction

Chloroplast are generally believed to be of endosymbiotic
origin, yet the genome of higher plant chloroplasts en-
codes but a minority of the proteins required by the or-
ganelle (Sugiura 1989). Many of the genes encoding
proteins integral to plastid metabolism which were origi-
nally encoded in the chloroplast genome are thought
to have been transferred to the nucleus during the course
of plant evolution (Weeden 1981). Indeed, several clear
cases of intracellular gene transfer have been reported
(Martin and Cerff 1986; Shih etal. 1986; Brinkmann
et al. 1987; Baldauf et al. 1990; Liaud et al. 1990).

To further investigate the nature of intracellular gene
transfer events during chloroplast-nuclear DNA coevo-
lution, we have isolated clones encoding the spinach L21
ribosomal protein (r-protein). The homologue of rpl21
gene from the liverwort Marchantia polymorpha is still
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encoded within cpDNA (Ohyama et al. 1986), yet is ab-
sent in higher plant cpDNAs (Sugiura 1989), suggesting
that the functional gene for the L21 r-protein has been
lost from the chloroplast genome subsequent to the emer-
gence of land plants. Comparison of the spinach 121
r-protein and the Marchantia and Escherichia coli homo-
logues suggests that the rp/21 gene of spinach was derived
through transfer from the mitochondrial rather than the
chloroplast genome.

Materials and methods

RNA preparation, cDNA cloning and sequencing. PolyA* mRNA
was isolated from young spinach plants. An initial cDNA library in
Agt11 was constructed as described (Zhou and Mache 1989). The
library was screened with antibodies raised against spinach 50S
r-proteins. A partial cDNA was identified through sequencing and
comparison to the E.coli L21 r-protein sequence (Heiland and
Wittmann-Liebold 1979).

A second cDNA library was constructed from 5 pg of polyA*
mRNA with a kit from Pharmacia (Uppsala) according to the
supplier’s protocol but with following modifications. Subsequent to
ligation of EcoRI-NotI adaptors, the cDNA was size fractionated
on 1.5% agarose gel. The 0.5-3 kb DNA was electroeluted, purified
on DE-52 cellulose (Whatman), phosphorylated with polynucle-
otide kinase (Pharmacia), purified on DE-52, and ligated into
EcoRI cut inm1149 (Murray 1983). Packaging and screening was
performed as described by Schwarz-Sommer et al. (1985). 30 ng of
c¢DNA were ligated and plated to yield 450 000 recombinants. This
library was screened with the original partial L21 cDNA fragment.
Approximately 300 positives were obtained. 20 of these were chosen
at random and shown to contain the roughly 1.1 kb #p/21 inserts
expected from Northern blots (data not shown). Several of these
were subcloned into the Bluescript plasmids and sequenced by the
dideoxy method (Sanger et al. 1977). Sequence analysis was per-
formed with the WISGEN package (Devereux et al. 1984) with
support from the computer center of the GBF Braunschweig and
with the support of CITI2 in Paris.

Southern blotting. High-molecular weight Spinacia oleracea genom-
ic DNA was prepared from young seedlings according to Maniatis
(1982). Samples of 15 pg each were digested by restriction enzymes,
subjected to electrophoresis in 1% agarose and blotted on a nylon
membrane (Amersham Hybond N +). The filter was probed with
the cDNA-fragment EcoRI-Sphl (positions 240-1046 in Fig. 1) la-
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belled with [¢-*2P]dATP using the nick-translation kit from
Boehringer (Mannheim). Prehybridation was performed in a solu-
tion of 6 x SSPE (0.1% SDS, 0.02% PVP, 0.02% Ficoll, 50 pg/mi
Salmon sperm DNA) and hybridization in a solution of 3 x SSPE at
65°C for 18h. The filter was washed once with 3 x SSPE, 0.1% SDS
for 10 min at 65 °C and once with 0.3 x SSPE, 0.1% SDS for 10 min
at 65°C.

Protein N-terminal sequencing. 50S r-proteins were isolated by
HPLC and the N-terminal sequencing was performed at the Service
Central d’Analyse du CNRS (Solaize, France).

Results and discussion

A full size cDNA clone coding for a spinach protein
homologous to the E. coli 1.21 r-protein, was isolated
from a cDNA library in Anm1149. The sequence is shown
in Fig. 1. Underlined are the 12 amino acids which corre-
spond precisely to the N-terminal sequence of the native
spinach chloroplast r-protein termed CS-L7 in our previ-
ous nomenclature (Mache et al. 1980). The sequence of
the cDNA is therefore unambiguously identified as that
of the chloroplast r-protein L21. The transit peptide se-
quence (Fig. 1.) shows the characteristics of chloroplast
transit peptides (Von Heijne et al. 1989). The apparent
molecular weight of the in vivo protein (Mr =28 000) is
slightly higher than that derived from the cDNA
(MW =22 800), while the net charge (+1) is in good
agreement with the position of the protein in the 2-D gel
(Mache et al. 1980; Dorne et al. 1984).

The number of rpl21 genes was determined using
southern blots of genomic DNA (Fig. 3). One band was
detected when using EcoRV or BamHI. An HindIII site
is present in one intron of the rp/21 gene (data not shown)
thus explaining the presence of two HindIll fragments in
the southern blot. These results show the presence one
gene per haploid genome.

M A S A T L A F S C S S L C A

The amino acid sequence has been aligned with the
sequences for L21 r-protein from M. polymorpha (Kochi
et al. 1988) and E. coli (Heiland and Wittmann-Liebold
1979) as shown in Fig. 2. The spinach L.21 r-protein con-
tains roughly 100 residues common to all three se-
quences, a region which we term the central core. The
protein also contains a 65 amino acid N-terminal and a
25 amino acid C-terminal extension found in neither the
E. coli nor the Marchantia homologues. The C-terminal
extension carries a net charge of —10. A series of Glu-Ala
residues is present at the end of this extension. This series
has been verified with several cDNA clone for the L-21
r-protein. Polypeptide extensions to a central ho-
mologous core have also been found for several nuclear
encoded chloroplast r-proteins (Mache 1990) and for the
chloroplast encoded L.22 r-protein (Zhou et al. 1989).
The N-terminal extension of the spinach 121 is the
longest yet observed for a chloroplast r-protein. The
function and origin of the extensions are not known.
They may prove to be valuable markers in reconstruc-
tion of the phylogeny of rp/21 genes as more sequences
become known. L21 r-protein sequences are currently
available only from spinach, M. polymorpha and E. coli.

Since rpl21 is encoded in the cpDNA in M. poly-
morpha but is absent from the cpDNA of higher plants,
our working hypothesis at the onset of these experiments
was that the gene for rpf21 had been transferred from
chloroplast to the nucleus after the emergence of land
plants. The sequence comparison of L.21 r-proteins from
spinach, M. polymorpha and E. coli (Table 1) are very dif-
ficult to reconcile with this hypothesis. Within the L21
central core, amino acid identities for the three pairwise
comparisons are E. coli-Marchantia (chloroplast) 27.4%,
E. coli-spinach (nuclear) 31.3%, and Marchantia (chloro-
plast)-spinach (nuclear) 30.4%. This is a surprising re-
sult, since we could expect the chloroplast protein se-
quences to show a greater homology to each other than
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169 Fig. 1. Nucleotide and deduced
528 amino acid sequence (single-letter
194 code) of a cDNA coding for a
600 chloroplast r-protein homologous to
219 the E. coli L21 r-protein. The arrow
675 indicates the processing site of the
244 chloroplast ribosomal precursor
750 deduced from the 12 amino acid
256 terminal residues of the mature
825 protein that are indicated by a solid
line. The 3’ terminal non-coding
900 sequence without polyA stretch is
18;3 confirmed by the sequence of a
1072 genomic clone (not shown)
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EV B H M Table 1. Comparison of homology data in conserved regions of
different 70S r-proteins (S12, L22, L21) between E. coli, chloro-
plasts and plant mitochondria
Pair-wise comparison® Percent Amino acid
- —50 amino acid substitutions
identity per site (corr.)®
b 3 eco-mar(cp) 68.5 0.378
eco-tob(cp) 71.0 0.342
tob-mar(cp) 90.3 0.102
b) L22
. —1.6 eco-mar(cp) 41.6 0.877
eco-spi(cp) 37.6 0.978
spi(cp)-mar(cp) 63.3 0.457
c) S12
eco-mar(cp) 68.5 0.378
eco-mz(mt) 55.6 0.587
- 1.0 mar(cp)-mz(mt) 58.9 0.529
d) L21
eco-mar(cp) 27.4 1.295
eco-spi(nu) 31.3 1.161
W —05 mar(cp)-spi(nu) 304 1.191

Fig. 3. Southern blot analysis of spinach genomic DNA cut with
EcoRV (EVY), BamHI (B) or HindIII (H). The sizes of the molecular
weight markers (M; 1 kb ladder from BRL) are given in kilobase
pairs. High molecular weight DNA was isolated from young
spinach plants. Samples of 15 pg each were digested to completion
with restriction enzymes. Filter was probed with 32P-labelled cDNA
fragments (see Material and methods)

to an enterobacterial homologue as in the case of the
chloroplast encoded genes for S12 of L22 (Tablel, a
and b), were the spinach rpl21 gene of chloroplast origin.
This observation requires the consideration of alterna-
tives which may account for the experimental data.

It is conceivable that (i) rp/21 may have arisen
through duplication of a nuclear gene for a correspond-
ing 80 S protein. This is unlikely since 70S and 80S ribo-
somes are distinct and distantly related structures. Fur-
thermore it is not known whether a true homologue for
L21 exists in 80S ribosomes which could assume 121
function in 708 ribosomes. We consider this possibility
improbable, but it cannot at present be completely exclud-

* Chloroplasts (cp) are represented by Marchantia polymorpha
(mar), tobacco (tob), and spinach (spi). Plant mitochondria (m) are
represent by maize (mz). Eubacteria are represented by Eschericha
coli (eco). The data for S12 were calculated from the alignment in
Gualberto et al. (1988). The data for 1.22 were calculated from
Zhou et al. (1989) on the basis of a 101 amino acid “central core”
alignment

® Amino acid substitutions per site were corrected for multiple
substitutions at identical sites assuming a Poisson distribution
(Dickerson 1971). These values reflect the divergence which has
taken place between sequences

ed. A tempting alternative is that (ii) the spinach 121
protein is derived from a gene which originally belonged
to the mitochondrial DNA, i.e. loss of rp/21 from the
cpDNA was compensated through the product of a nu-
clear gene of mitochondrial origin. The substitution of a
708 r-protein by a 70S rather than 80 S counterpart can
be envisaged. Since the lineages leading to chloroplasts,
mitochondria and gram negative bacteria are thought to
have diverged roughly concomitantly (Woese 1987), we
would expect in the case of mitochondrial origin for the
spinach rp/21 gene an equidistant relationship for the
three known sequences. Precisely this result is found
(Table 1, d) which may be taken as evidence in favor of



556

alternative (ii). For comparison, we have included the
data for S12 (Table 1, c), an r-protein for which se-
quences from mitochondria and chloroplasts are known.
The pattern of homology found in Table 1 {c) is clearly
much more similar to the data for 121 than are the pat-
terns found in Table 1 (a) and (b). Judging by comparison
to the analyses for 16S rRNA sequences (Woese 1987,
Gray 1989), the slightly lower divergence observed be-
tween S12 of E. coli and Marchantia may be due to
stochastic variation in rate; indeed, many comparisons
involving Marchantia cpDNA-encoded r-proteins show
lower values of divergence than their counterparts from
other species (Christopher and Hallick 1989). However,
sequences for plant mitochondrial 121, necessary for ver-
ification of a putative mitochondrial origin, are not at
present available for comparison.

A further alternative is that (iii) the spinach rp/21 gene
is indeed recently derived from the chloroplast genome.
In this case, we must postulate a drastically accelerated
evolutionary rate for rp/21 subsequent to transfer to the
nucleus in order to reconcile the data given in Table 1. If
the rpl21 gene was transferred from the chloroplast and
underwent a dramatic increase in substitution rate, we
would then expect divergence between the spinach and
E. coli sequences to markedly exceed that observed be-
tween Marchantia and E. coli. Such a difference in the
level of divergence was not observed (Table 1, d). This
renders the chloroplast to nucleus gene transfer origin for
rpi21 rather unlikely. Thus, the available data do not
permit sound discrimination between the three alterna-
tives presented above concerning the evolutionary origin
of the spinach rp/21 gene. They are, however, compatible
with alternative (ii). Additional reference sequences from
other sources are needed to establish a firm gene geneal-
ogy. The study of mitochondrial, cyanobacterial and oth-
er higher plant genes for L21 should yield insights to this
question.

The free-living antecedents of chloroplasts relin-
quished most of their genetic information during the
course of endosymbiosis. Fixation of deletion events
from cpDNA involving genes for products essential to
chloroplast function could only have occurred subse-
quent to or concomitant with replacement of function
from alternative sources (Gray 1989). The analysis of
c¢DNA and genomic clones for rp/21 from spinach pre-
sented here suggests that the alternatives for origin of
nuclear encoded chloroplasts proteins put forth by
Weeden (1981) should be expanded to include the mito-
chondrial genome.

Note added in proof

When this paper was submitted, results concerning a spinach cDNA
encoding the chloroplast L21 protein have been published by
Smooker et al. (1990) J Biol Chem 265: 1669916703 although with
a different interpretation of data.

The sequence data will appear in the EMBL library under the
accession number X56691.
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