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ABSTRACT: We describe the isolation of spinach chloroplast ribosomal protein L35 and characterization
of a cDNA clone encoding its cytoplasmic precursor. This protein was only recently identified in ribosomes,
but the sequences of four L35 genes have now been reported and confirm its presence in eubacteria,
chloroplasts, and cyanelles. Using N-terminal sequence data, oligonucleotides were designed and a cDNA
library was screened. The nucleotide sequence of the cDNA clones shows that the spinach L35 protein
is encoded as a precursor of 159 residues, comprising a mature protein of 73 residues and a transit peptide
of 86 residues. The cleavage site for forming the mature protein is deduced to be Thr-Val-Phe-Ala}Ala-
Lys-Gly-Tyr. The L35 protein in the photosynthetic organelle of the protozoan Cyanophora paradoxa is
encoded in the organelle DNA [Bryant & Stirewalt (1990) FEBS Lett. 259, 273-280]. The corresponding
gene has not been found in the chloroplast DNA of a lower plant (liverwort) and two higher plants. Our
results demonstrate that the L35 protein in a higher plant (spinach) is encoded in the nucleus. This finding,
in light of the endosymbiont hypothesis, suggests an organelle to nucleus transfer of the L35 gene at the
evolutionary beginnings of land plants.

]?he chloroplast ribosome is eubacterial in type (Boynton et
al. 1980), but the genes encoding ribosomal proteins (r-
proteins) are distributed in two cellular compartments: 20 or
21 r-protein genes have been identified in the chloroplast
genomes of three land plants (Shinozaki et al., 1986; Ohyama
et al., 1986; Hiratsuka et al., 1989). The remaining r-proteins
(240) are all assumed to be nuclear-coded and imported into

' The nucleic acid sequence in this paper has been submitted to Gen-
Bank under Accession Number J02928.
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the organelle from the cytoplasm. The endosymbiont hy-
pothesis (Bogorad, 1975; Gray, 1989) proposes that these
nuclear genes encoding chloroplast r-proteins were originally
located in the prokaryotic endosymbiont and have subsequently
transferred to their present location. We are studying the
adaptions which the genes encoding chloroplast r-proteins have
undergone to ensure efficient and coordinate expression from
their nuclear locations [see review: Subramanian et al.
(1990)].

The isolation and characterization of cDNA clones for -
proteins L12, L13, L21, and PSrp-1 have been previously
reported from our laboratory (Giese & Subramanian, 1989;

© 1990 American Chemical Society
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Phua et al., 1989; Smooker et al., 1990; Johnson et al., 1990).
Here we report characterization of both the L35 protein, only
recently definitively identified as a component of the Es-
cherichia coli ribosome (Wada & Sako, 1987; Kashiwagi &
Igarashi, 1987), and a ¢cDNA clone that encodes its cyto-
plasmic precursor. The significance of the finding that the
gene for chloroplast r-protein L35 is located in the nucleus is
discussed.

EXPERIMENTAL PROCEDURES

Chloroplast ribosomes were isolated from freshly grown
spinach leaves (Spinacia oleracea, cultivar Alwaro) and r-
proteins separated into pools of similar molecular size (Bartsch
et al., 1982; Kamp et al., 1987). Pool G of this experiment
[Figure 2, Kamp et al. (1987)] was fractionated by using a
1 X 20 cm column of carboxymethyl-Sephadex C-25, and
collected fractions were analyzed by SDS-PAGE. One set
of fractions (named pool G-61) consisted predominantly of
an 8-kDa polypeptide. This polypeptide was purified to ho-
mogeneity by HPLC on a 0.4 X 25 ¢m column of Nucleosil
3005 C18 (Machery and Nagel) by elution with a gradient
of 2-propanol in 0.1% trifluoroacetic acid.

NH,-terminal sequencing was done on an Applied Biosys-
tems pulsed liquid-phase sequencer (Model 447A) equipped
with a Model 120A PTH-amino acid analyzer.

Oligodeoxynucleotides were synthesized on an Applied
Biosystems DNA synthesizer (Model 380A). For screening
purposes, the oligonucleotides were labeled with 32P by using
[v-3?P]ATP (Amersham) and T4 polynucleotide kinase
(Boehringer Mannheim). The construction of a spinach
¢DNA library has been described previously (Giese & Su-
bramanian, 1989). The library was screened according to
standard procedures, as described (Giese & Subramanian,
1989). The temperature of hybridization was 5 °C below the
T,, calculated for the designed oligonucleotide.

DNA manipulations were by standard procedures (Maniatis
ct al,, 1982). A DNA was prepared (Patterson & Dean, 1987),
and cDNA inserts were cleaved by EcoRI digestion and
subcloned into the plasmid vector pT7/T3-19U (Pharmacia).
The nucleotide sequence of the insert was determined by the
dideoxy chain termination method (Sanger et al.,, 1977),
modified for use with double-stranded templates (Chen &
Seeburg, 1985). Synthetic oligonucleotides, designed from
previous rounds of sequencing, were used to prime chain ex-
tension using a Pharmacia sequencing kit.

Computer operations were done on a VAX 8600/VMS
computer, using the UWGCG (Devereux et al., 1984) suite
of programs. For identification of homologous sequences of
the NBRF database and the RIBO database (of this Institute)
were searched.

RESULTS

Identification of a Homologue of E. coli L35 in Chloroplast
Ribosomes. Spinach chloroplast ribosomal proteins were
prepared as described (Experimental Procedures), and an
individual r-protein was purified by HPLC as shown in Figure
1.  The purified material was subjected to automated
NH,-terminal amino acid sequencing and analyzed to 49 cycles
with the result:
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FIGURE 1: Purification of spinach chloroplast ribosomal protein L35.
A sample (pool G-61) from a previous fractionation (see Experimental
Procedures) was applied to a 0.4 X 25 cm column of Nucleosil
300-5-C18 through a 3-cm precolumn of the same material. Proteins
were eluted with a gradient of H,O — 2-propanol (both containing
0.1% trifluoroacetic acid).

1
160

The sequence obtained (44 residues) was compared to the
protein sequences in the NBRF and RIBO databases: it
showed 45% identity with the E. coli ribosomal protein A
(Wada & Sako, 1987), subsequently named L35 (Pon et al.,
1989).

The complete nucleotide sequences of the chloroplast DNA
from three plants have been reported, but none of them con-
tains a reading frame encoding a homologue of £. coli L35
(Shinozaki et al., 1986; Ohyama et al., 1986; Hiratsuka et al.,
1989). Since our protein data pointed to the existence of a
L35-like protein in the chloroplast ribosome, we inferred that
the gene encoding this chloroplast protein would be nuclear.
Therefore, a spinach cDNA library (Giese & Subramanian,
1989) was screened with a mixed oligonucleotide probe de-
signed from the known amino acid sequence.

The oligonucleotide sequence used, and the amino acid
sequence from which it was derived, is

4 10

AA segquence Y K M K T H K

ATA TTT TAC TTT TGA GTA TT 5°
G C C G G
T
C

Oligonucleotide 3’

The mixed oligonucleotide consists of 64 isomers. The hy-
bridization temperature used was 41 °C (T, =5 °C), T,, being
calculated for the isomer of the lowest G + C content (Suggs
et al., 1981).

Of a total of 150000 recombinant phages screened, ap-
proximately 20 positive signals were obtained. Individual
positive plaques were purified by three rounds of rescreening,
and phage DNA was isolated. The nucleotide sequence of the
750 bp insert was determined as described under Experimental
Procedures. The complete sequence, obtained from a series
of overlapping sequence determinations of the insert, is shown
in Figure 2. The insert was found to be 753 nucleotides long,
with the last 13 nucleotides comprising the poly(A) tail.

The nucleotide sequence contained a reading frame capable
of encoding a polypeptide of 159 amino acid residues. This
included a perfect match of the 44 NH,-terminal amino acid
residues previously determined (Figure 2). These 44 amino
acids match the reading frame beginning at residue 87. The
reading frame thus encodes a precursor form that includes a
large N-terminal presequence. The mature L35 protein is
predicted to be 73 amino acids in length, with a molecular mass
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610 630 8560
ATTTCGAATCATGTTTAGCAATTATGCTGTTAATTCTAGCTAATCGATCATTTACATCCA

670 880 710
AGATTTTGTTAGTTCTTCTCTTTCAGCATGTTCATGTAACCAAATGATTATTTCTGGAGC

730 750
AAGTTCTTTTGTGGCTTAGTAAAAAAAAAAAAA

FIGURE 2: Nucleotide sequence of the cDNA clone encoding r-protein
L35 and the sequencing strategy. Arrows with rectangles indicate
sequencing with synthetic oligonucleotides designed by using data from
previous rounds of sequencing. The bold arrow in the protein sequence
indicates the point at which the transit peptide is removed. The
experimentally determined N-terminal amino acids of the mature L35
protein arc underlined, and the context of the putative initiating ATG
codon is boxed.

of 8434 Da. The protein would be highly basic, having a net
charge of +21/+23 with nonprotonated/protonated histidines.

As the N-terminus of the mature protein is known, the site
at which the precursor protein is cleaved is also known. The
relatively long presequence of 86 aming acids has an amino
acid composition similar to that of known transit peptides of
chloroplast r-proteins (Giese & Subramanian, 1989; Phua et
al., 1989; Smooker et al., 1990), exhibiting high proportions
of serine and threonine, few or no acidic residues, and no
tryptophan or tyrosine.

The putative initiating methionine in the cDNA of the
r-protein L35 (CATAATGGC, Figure 2) is in the conserved
initiation context for plant nuclear genes (Liitcke et al., 1987),

————————— Transit peptide —»
] o o o o +o0o o o o oo+
Sp. chlp.
-66
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with an A at position -3 and G at +4 (the A of the ATG is
taken as +1). A second ATG codon only two codons from
the first ATG is also found, as in many nuclear-coded chlo-
roplast r-protein genes. It has been recently shown (Giese &
Subramanian, 1990) in the case of r-protein L12 that initiation
of translation also occurs from the downstream ATG codon.

A typical plant polyadenylation signal (Heidecker &
Messing, 1986) is not evident in the 5’ region preceding the
poly(A) tail (Figure 2), but a sequence with some variation
(AAAUGAU) is present after nucleotide 700. It appears [see
Phua ct al. (1989) and Heidecker and Messing (1986)] that
polyadenylation signals in plants have less stringent require-
ments than in the animal system, where the signal AAUAAA
is almost absolutely conserved.

The alignment of chloroplast L35 with that of E. coli (Wada
& Sako, 1987), Bacillus stearothermophilus (Pon et al., 1989),
and Cyanophora paradoxa (Bryant & Stirewalt, 1990) is
shown in Figure 3. Identity of mature chloroplast L35 with
that in the cyanelle of C. paradoxa is 46%, and with that of
the two eubacterial species is 42%. The important difference
is that the spinach L35 protein is synthesized as a precursor
molecule with an N-terminal extension. Such a presequence
is absent not only in the eubacterial L35 proteins but also in
the organelle-encoded L35 protein of the photosynthetic
protozoan, C. paradoxa.

DISCUSSION

We have described the purification and N-terminal se-
quencing of ribosomal protein L35 from chloroplast ribosomes
of a higher plant (Spinacia oleracea; spinach). The isolation
and sequencing of a cDNA clone encoding the precursor form
of this protein is also reported. The precursor protein (as
derived from the nucleotide sequence) is 159 amino acid
residues long, in contrast to the mature protein which has only
73 residues (M, 8434). The cleavage site in the precursor, i.c.,
TVFALAKGY, has been precisely determined from the N-
terminal sequence of the purified protein. The 86-residue
N-terminal part in the precursor has the characteristic amino
acid composition of transit peptides that target cytoplasmically
synthesized proteins into chloroplasts. By isolating cDNA
clones having a transit peptide coding region and a poly(A)
tail, we show that the gene for chloroplast r-protein L35 is
located in the nucleus. This result complements the previous
finding that a coding sequence for r-protein L35 is absent in
the sequenced chloroplast DNA of three land plants [reviewed

o =] + + 00 00 0O0OO oo o+

MAMASATATLSFKTPSLSLSPPSTRCSAAQGISLTHFNKQLKSTLNLSSSSSISSSKVQP
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FIGURE 3: Alignment of the L35 protein sequence of spinach chloroplast with that from C. paradoxa (C.para.), B. stearothermophilus (B.ste.),
and E. coli. Regions of amino acid identity in the two orgenelle-located proteins (Sp. chlp. and C.para.) or in all four proteins are boxed.
Serine, threonine, and the charged amino acids in the presequence are indicated.
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in Sugiura (1989)].

The most obvious difference between the L35 cDNA and
those for the other chloroplast r-proteins reported so far is in
the relative length of the transit peptide. Longer transit
peptides are known, e.g., one of 139 amino acids directing the
import of 341-residue-long Euglena gracilis chloroplast por-
phobilinogen deaminase (Sharif et al., 1989). However, as
a percentage of the length of the precursor protein, the 1.35
transit (54%) is the highest. The reason for the large size of
the L35 transit peptide may be the highly basic nature of 1.35
protein. With a net charge of +21 (i.e., 30% of the residues
arc positively charged), L35 is one of the most basic chloroplast
ribosomal proteins.

The nucleotide sequence encoding r-protein L35 in the
photosynthetic protozoan C. paradoxa (Bryant & Stirewalt,
1989; see Figure 3) is located in the organelle DNA (termed
cyanelle). The cyanelle DNA is similar in size and in its gene
arrangement to the DNA of chloroplasts (Wasman et al.,
1987). Therefore, it is significant that L35 is encoded in the
organelle DNA in C. paradoxa but in the nuclear DNA in
spinach as reported here. The three completely sequences
chloroplast genomes of land plants [liverwort, tobacco, and
rice; see Sugiura (1989) for review] do not contain reading
frames encoding r-protein L.35. It is therefore likely that L35
is nuclear-coded in these plants as well. This finding therefore
suggests that the L35 gene was located in the organelle DNA
during the early phase of endosymbiosis but was transferred
to the nucleus during the evolution of land plants. A similar
situation with respect to the gene for an elongation factor
(EF-Tu) has been reported while this paper was in preparation
(Baldauf & Palmer, 1990).

In both E. coli (Fayat et al., 1983) and B. stearothermo-
philus (Pon et al., 1989), belonging to two diverse groups of
eubacteria (Gram negative and Gram positive), the .35 gene
is found in an identical gene cluster that includes the genes
for an initiation factor (IF-3) and the r-protein L20. In plant
cells two of the genes from this cluster (for IF-3 and L35) are
nuclear while the third (L20 gene) is chloroplast-located [this
work and review by Sugiura (1989)]. This kind of gene re-
distribution (i.e., 2:1 between the nucleus and the chloroplast)
is the general rule for chloroplast r-proteins [reviewed in Su-
bramanian et al. (1990)], but the basis for such a gene allo-
cation remains to be explained.
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