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Abstract



The chlI gene encoding a subunit of magnesium chelatase
locates on the nuclear genome of several land plants, although
it locates on the chloroplast genome of several algae. During
the study of the chloroplast genome structure of the green alga
Chlorella vulgaris, I found chlI on the chloroplast. The amino
acid sequence deduced from C. vulgaris chlI consists of 354
residues. It showed greater similarity to those of land plants
than to those of non-green algae, suggesting that the green alga
C. vulgaris is more closely related to land plants than non-
green algae. Northern hybridization revealed a single band at
1.85 kb which was much longer than that expected from the
nucleotide sequence, suggesting that chlI would be co-transcribe
d with the neighboring trnR gene. Primer extension revealed a
single extension product at position -294 upstream of the
translation start site. This matches perfectly with the -35 and
-10 regions of the E. coli consensus promoter sequence. RNase
protection assay revealed the 3' end of the transcripts which
showed the existence of the co-transcripts of chlI and trnR.
Although another riboprobe revealed the existence of the tRNA-
Arg, the processed chlI mRNA could not be detected, suggesting
that trnR contributed to the s%abilization of the transcript,
and that the chlI transcripts were immediatély degraded after
the processing of tRNA.

The chloroplast genome of C. vulgaris has ten genes not
found in land plants. Many of these genes could have been

transferred to the nucleus within the green algal lineage giving



rise to land plants. Considering the possibility of the transfer
of chlI in C. vulgaris, the chloroplast and nuclear DNA were
analyzed by Southern hybridization. However no chlI-like
sequence was detected in the nuclear DNA.

Several cases of gene transfer from chloroplast to the
nucleus have been known during the evolutidn of land plants from
green algae. chlI will be one of such genes, because it was
detected in the chloroplast genomes of algae but not in those of
any land plants. Therefore, I tried to detect chlI from
Charophyceae Nitella and Chara, which were believed to be direct
ancestors of land plants. Amplification of Nitella chloroplast
DNA revealed a chlI which showed the highest similarity with
that of Chlorella. Southern hybridization using the chloroplast
gene as a probe revealed the existence of a chlI-like structure
in the nuclear DNA from Nitella. The hybridization pattern was
completely different from that observed in the chloroplast DNA.
Northern hybridization revealed a single band at 1.4 kb at the
poly(A)- RNA, though the signal at the poly(2&)+ RNA is under
detectable in this experimental condition. It is suggesting that
Nitella chlI is still transcribed from the chloroplast DNA. To
confirm the existence of a chl-I—like sequence, amplification of
the sequence of nuclear DNA was attempted using a primer pair
specific to the chloroplast chlI. However, the chlI-like
sequences could not be amplified, suggesting that the sequence
of nuclear chlI-like was quite different from that of

chloroplast chlI. Acquisition of function by a relocated gene



requires the gain of compartment-specific regulatory sequences,
upstream and downstream, and an amino-terminal transit peptide
sequence. The chlI-like sequence of Nitella will be in this
stage which is changing the structure to adapt in the nucleus.
The chloroplast encoded chlI is well conserved and will retain
its function until the nuclear chlI will acquire the function.
Moreover, the peculiar nucleotide sequences of chlI were found
from Chara. The amino acid sequences deduced from them were the
same, though the nucleotide sequences were different at 11
sites, which were found at the third letter of the codons. In
connection with these chlI structures, gene transfer from the
AT-biased chloroplast genome to the GC-biased nuclear genoﬁe is

discussed.



Introduction



Chloroplasts are intracellular organelles in plants which
contain the entire machinery necessary for the process of
photosynthesis. They contain their own genetic systems, and a
number of chloroplast components are encoded in their genomes
(Palmer, 1985; Sugiura, 1992). Most chloroplast genomes in land
plants consist of homogeneous circular DNA meolecules which range
in size from 120 to 160 kbp and appear conserved in size, gene
content and organization (Ohyama et al., 1986; Shinozaki et al.,
1986; Hiratsuka et al., 1989; Wakasugi et al., 1994; Maier et
al., 1995). On the other hand, chloroplast (plastid) genomes of
algae reveal remarkable differences in gene order and structure,
compared with land plants (Hallick et al., 1993; Kowallik et
al., 1995: Reith and Munholland, 1995; Stirewalt et al., 1995;
Wakasugi et al., 1997). Some genes not found in chloroplast
genomes of land plants are located in algal plastid genomes,
even though the overall size resembles that of land plants.

The genetic system of the chloroplast has many features in
common with prckaryotic organisms and is distinct from the
(eukaryotic) nuclear-cytoplasmic system (Sugiura, 1992). For
example, (1) typical bacterial-promoter sequences (-35 and -10
regions) exist upstream of the transcriptional start site, and
(2) the potential stem and loop structure as the transcriptional
terminator of prokaryotic RNA polymerase is located downstream
of the coding region. (3) Genes are polycistronically
transcribed and processed into shorter RNA species. (4)

Transcription and translation are performed using the



prokaryotic-like components. These features have been invoked in
sﬁpport of the hypothesis that green-plant cells evolved from a
symbiosis between a eukaryotic host cell and a photosynthetic
prokaryote. Especially, the chloroplasts of green plants are
thought to have evolved from cyanobacterial endosymbionts
(Palmer, 1991; Gray, 1992).

The size of chloroplast genomes is very small compared with
general prokaryotes. The reduction reflects that genes required
for free-living existence were lost, most genes useful to the
symbiosis were transferred to the nucleus of the host (Palmer,
1991; Gray, 1992). Nuclear-derived mRNAs are processed and
translated on 80S ribosomes in the cytoscl, and the precursor
polypeptides are targeted to the chloroplast, imported,
processed, and assembled into their functional forms. The
remaining 10% or so of genes encoding chloroplast products have
been retained within endosymbionts and now comprise plastid .
genomes. The conservation of gene content among chloroplasts of
distantly related taxa suggests that most gene transfer occurred
early in organelle evolution (Palmer, 1985). However, evidence
of modern gene transfer has been accumulating (Chyama et al.,
1988; Baldauf and Palmer, 1990; Gantt et al., 1991), suggesting
that the process continues, albeit at a greatly reduced rate.

The chlI gene encodes a subunit of magnesium chelatase,
which catalyzes the insertion of magnesium into protoporphyrin
IX. Three genes (bchD, bchH and bchI) have been shown to be

involved in the synthesis of magnesium chelatase by genetic



analyses of pigment-deficient mutants of photosynthetic bacteria
(Bollivar et al., 1994; Gibson et al., 1995; Willows et al.,/
1996). However, only the chlI gene corresponding to bchI has
been detected in chloroplast genomes of algae; therefore, it is
thought that the others are encoded in the nuclear genome
(Hudson et al., 1993; Gibson et al., 1996; Jensen et al., 1996).
The chlI was first discovered as the cs gene in the nuciear
genome of Arabidopsis thaliana (Koncz et al., 1990) and then in
the chloroplast genome of Euglena gracilis as the ccsA gene
(Orsat et al., 1992). The chlI gene is now known to be encoded
in the plastid genomes of Cyanophora paradoxa (Stirewalt et al.,
1995), Odontella sinensis (Kowallik et al., 1995), Porphyra
purpurea (Reith and Munholland, 1995) and E. gracilis (Orsat et
al., 1992; Hallick et al., 1993). However, it has not been found
in the chloroplast genomes of land plants, though it was found
in the nuclear genomes of A. thaliana (Koncz et al., 1990) and
Glycine max (Nakayama et al., 1995).

During the study of the structure and function of the
chloroplast genome of the unicellular green alga Chlorella
vulgaris C-27 (Wakasugli et al., 1997), I found the chlI gene in
a recombinant plasmid, called pKH51, which was prepared from a
chloroplast-rich fraction. This is the first finding of chlI in
the chloroplast genome of a "real" green alga, though it has
been found in that of the "nominally" green alga E. gracilis
(Orsat et al., 1992; Hallick et al., 1993). Concerning the chll

of C. vulgaris, the following results are described in this



paper: (1) chlI transcripts were started from a typical
bacterial promoter sequence; (2) the chlI transcript was
extended beyond the stem and loop structure located downstream
of the chlI coding region into the rpll2 coding region which was
encoded in the opposite strand; (3) the chlI transcripts
contained tRNA-Arg, which contributed to the stabilization of
the transcript; and (4) no chlI-like sequence was detected in
the nuclear genome.

Concerning the gene transfer from chloroplast to nucleus,
the chlI of green algae Nitella and Chara which belonged to.
Charophyceae has been studied and described as follows: (5)
Nitella chlI located and functioned in the chloroplast genome;
(6) the GC content of Nitella chlI in the third letter of the
codons was the highest among those known algal chlI sequences;
(7) a chlI-like sequence was found in the nuclear genome of
Nitella; and (8) two types of chlI sequences were found in the

total DNA from Chara.



Materials and methods



Plant materials

Chlorella vulgaris C-27 (formerly designated Chlorella
ellipsoidea C-27 Tamiya's strain), given by Prof. T. Iwamura,
Nagoya University, was grown in M-4NA medium (Tamiya et al.,
1953) as described in Yoshinaga et al., 1988.

Nitella sp. and Chara sp., given by Prof. Y. Kakuno, Kgbe
University, were grown in water containing unsterilized soil at

room temperature.

DNA Segquencing

A recombinant plasmid pKH51, which contains a part of the
chloroplast genome from Chlorella vulgaris C-27 (Wakasugi et
al., 1997), was digested with restriction enzymes. The fragments
were subcloned using pUCl8 vector. PCR products from Nitella and
Chara DNA were subcloned using a pCR-Script™ Amp Cloning Kit
(STRATAGENE) according to the manufacturer's protocol. Plasmid
was prepared by boiling lysis (Sambrook et al., 1989), and.
sequencing was carried out by the dideoxy chain-termination
method (Sanger et al., 1977) using 7-deaza Sequenase Ver. 2.0
(US Biochemical) or using a dRhodamine Terminator Cycle
Sequencing Kit (PERKIN ELMER) according to the manufacturer's
protocols. The resulting sequences were treated with GENETYX

software (SDC Ver. 7.06, Tokyo).

Nucleic acid extraction from C. vulgaris

Nucleic acid was isolated using CTAB (cetyltrimethylammonium
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bromide) (Gawel and Jarret, 1991). Cells of C. vulgaris growing
logarithmically at 25 °C under continuous fluorescent light were
suspended in CTAB buffer containing 100 mM Tris-HCl1l (pH 8.0), 20
mM EDTA, 1.4 M NaCl and 1% CTAB. The cell suspension was frozen
in liquid nitrogen drop by drop and ground into powder using a
Woring blender. After thawing, it was incubated at 65 °C for 30
min and treated with chloroform/isoamylalcohol (24/1).

RNA was precipitated from the aqueous phase by adding an
equal volume of 4 M LiCl. The RNA was dissolved in a buffer

containing 0.1 M CH3COONa (pH 5.0) and 5 mM MgSO; and treated

with RNase-free DNase I (Boehringer Mannheim) to digest
contaminated DNA. After successive treatment with phenol
/chloroform/isoamylalcohol (25/24/1) and chloroform
/isoamylalcohol (24/1), RNA was precipitated with ethanol and
dissolved in DEPC (diethylpyrocarbonate)-treated water.

Total DNA was precipitated from the aqueous phase by adding
an equal volume of isopropanol and dissolved in TE buffer.
Chloroplast and nuclear DNAs were separated by CsCl equilibrium
centrifugation. Nuéleic acid solution containing 1.2 g/ml CsCl
and 0.16 mg/ml Hoechst 33258 was centrifuged for 16 h at 208000g
in a TL-100 rotor (BECKMAN). Two bands containing chloroplast
and nuclear DNAs were separated in the gradient. Each band was
withdrawn and further purified by re-centrifugation. Hoechst was
extracted with isopropanol and CsCl was removed by dialysié
against TE. Each of the DNA fractions was precipitated with

ethanol and dissolved in TE.
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Nucleic acid extraction from Nitella and Chara

Nucleic acids of Nitella and Chara were prepared from
frozen plants by disruption in a mortar and pestle and extracted
in a CTAB buffer supplemented with 2% sarcosyl and 1% 2-mercapto
ethanol. Total DNA, chloroplast DNA and total RNA of Nitella
were prepared as described above.

In the case of Nitella, the nuclear DNA could not be
separated clearly in the CsCl gradient. Therefore, the DNA was
prepared from the nuclei. Frozen plants were disrupted and
suspended in a buffer containing 50 mM Trig-Hcl (pH 9.5), 0.4 M

sucrose, 10 mM MgCl,, 1 mM CaCl,, 5 mM Z-mercaptoethanol and 2%

Triton X-100. Chloroplasts and mitochondria were lysed in the
solution containing Triton. After passing through four sheets of
cheese-cloth, the nucleus-rich fraction was precipitated from
the suspension by centrifugation at 2000g for 20 min at 4 °C,
washed twice with the same buffer and suspended in CTAB buffer.
DNA was extracted and purified as described above.

Poly(A)* and poly(A)- RNAs were separated from total RNA of
Nitella by Oligotex-dT30<super> according to the manufacturer's

protocol (Takara Shuzo, Kyoto, Japan).

Hybridization

DNA treated with restriction enzyme was separated by
electrophoresis on an agarose gel and transferred to a nylon
membrane (Hybond-N+, Amersham) by VacuGene (LKB). Southern

hybridization was carried out with a Gene Images (Amersham). DNA
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on the membrane was hybridized with appropriate probe overnight
at 60 °C. The membrane was washed twice with 1x SSC containing

0.1% SDS for 15 min at 60 °C. The signals of hybridization were
detected according to the manufacturer's protocol.

RNA was separated by electrophoresis on an agarose gel
containing formaldehyde (Sambrook et al., 1989) and transferred
to a nylon membrane (Hybond-N+, Amersham) by VacuGene (LKB).
Northern hybridization against C. vulgaris RNA was carried out
by an ECL random brime labeling and detection system (Amersham).
RNA on the membrane was hybridized with appropriate probe
overnight at 60 °C. The membrane was successively washed with 1x
SSC containing 0.1% SDS for 15 min at 60 °C and with 0.5x SsSC
containing 0.1% SDS for 15 min at 60 °C. The signals of
hybridization were detected according to the manufacturer's
protocol. Hybridization of poly(A)+ and poly(A)- RNAs from
Nitella was carried out by an AlkPhos DIRECT (Amersham). RNA on
the membrane was hybridized overnight at 55 °C and the sigﬁals

were detected according to the manufacturer's protocol.

Primer extension analysis
A primer of P-CHLI d(CTGGGCGTGCTTGTTCTAATGAGTT),
complementary to the C. vulgaris chlI transéript at the

nucleotide position of 19 to 43 from the translation start site

(Figure 2), was end-labeled with y-32P-ATP (148 TBg/mmol,

Bresatec) using T4 polynucleotide kinase (Nippon Gene). The
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labeled primer of 1.5 pmol was annealed with 100 pg RNA by
heating to 65 "C for 5 min and chilling on ice. The primer was
extended using 200 U of M-MLV reverse transcriptase and 1.25 mM
each of four dNTPs in a buffer containing 50 mM Tris-HCl (pH

8.3), 75 mM KC1l and 3 mM MgCl,, in the presence of RNase

inhibitor and Actinomycin D at 42 °C for 90 min. The reaction
was terminated by adding 1 pl of 0.5 M EDTA, and the material
was then treated with 1 ul of RNase (1 mg/ml) at 37 °C for 30
min. After the treatment with phenol/chloroform (1/1), the
product was precipitated with ethanol, dissolved in TE buffer
containing 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA, and analyzed
on a standard sequencing gel with DNA sequence ladders generated

by the same primer.

RNase protection assay

A 1262 bp KpnI-HindIII fragment from the insert of the
recombinant plasmid pKH51 was subcloned using pBluescript
(STRATAGENE). The resultant plasmid digested with restriction
enzyme Sacl was used as a template to synthesize a riboprobe.
The reaction containing 40 mM Tris-HCl (pE 8.0), 20 mM MgCl,, 5
mM DTT, 0.5 mM each of ATP, CTP, GTP, 25 uM UTP, 50 ug/ml BSA,
40 U of RNase inhibitor, an adequate amount of @ -32P-UTP (110
TBg/mmol, Bresatec), and 65 U of T7 RNA polymerase was incubated
at 37 °C for 2 h. The labeled riboprobe was 370 bp in size and

contained the 3'-end of trnR(UCU) (Figure 6B). After digestion
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of template DNA with RNase-free DNase I (Boehringer Mannheim),
the riboprobe was purified with phenol/chloroform/isoamylalcohol
(25/24/1), precipitated with ethanol, denatured by heating to 85
°C for 5 min, and immediately hybridized with 100 ug of total
RNA by incubating at 43 °C for 12 h. Single-stranded (non-
hybridized) RNA was digested with RNase A and Tl at 30 °C for 2
h, then treated with a protanase (Actinase E, Kaken Seiyaku,
Tokyo). RNAs protected from RNase were purified with phenol
/chloroform/isocamylalcohol (25/24/1) and analyzed on a standard
sequencing gel. The length of the RNAs was determined by
comparison with the radiolabeled product of the dideoxy

sequencing reaction.

Amplification of Nitella and Chara chlI

amplification reaction was performed on a PROGRAM TEMP
CONTROL SYSTEM PC-700 (ASTEC) using Tag DNA polymerase
(Pharmacia). The oligonucleotide primers were designed from the
consensus sequences of various plant chlI. The locations and
orientations of the primers are shown in Figure 2. A primer pair
of 5-1, d(CTTTTACTGCCATCGTTGGTCAAGA) and 3-1, d
(TTTCTCGGACTTTATCACCAGAATC) locating on the nucleotide positions
50-74 and 1012-1036 in the chlI of C. vulgafis, respectively,
was used to amplify the inside of chlI. Amplification reaction
of Nitella chlI was carried ocut in a total volume of 50 ul

containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl,, 400

nM each of the primers, 0.25 mM each of the dNTPs, 2.5 U Tag DNA
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polymerase, and 0.2 ug of Nitella total DNA. Amplification of
Chara chlI was performed as described above using 100 nM each of
the primers and 0.2 ug of Chara total DNA. After denaturation at
94 °C for 1 min, 10 cycles of amplification consisting of 94 °C
for 0.5 min, 40 °C for 2 min and 72 °C for 3 min and then 25
cycles consisting of 94 °C for 0.5 min, 60 °C for 1.5 min and 72
°C for 3 min were performed. The final extension was for 8 min
at 72 °C.

Inverted PCR was carried out to amplify toward the outside
of chlI. Nitella total DNA digested with EcoRI was self-ligated
and used as a template. Amplification was performed as described
above using 400 nM each of primers: 5-2, d
(CTGTTCCTCGATCCCCCATAATCAT) and 3-2, d
(GAGGAGATATTGTAACAAATCGAGC) located at 130-154 and 872-896 in
the chlI of C. vulgaris, respectively. After denaturation at 94
°C for 1 min, 35 cycles of amplification consisting of 94 °C for
0.5 min, 55 °C for 1.5 min, and 72 °C for 5 min were performed.

The final extension was for 10 min at 72 °C.
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The chlI of Chlorella vulgaris 1is

co-transcribed with the trnR



Results

Location of Chlorella chlI and amino acid sequence

The complete nucleotide sequence of pKH51 shows that chlI is
located about 10 kbp downstream of rbcL on the same strand
(Figure 1). Upstream of chlI, petA coding for cytochrome £
apoprotein, atpB coding for the J subunit of ATPase, and atpFE
coding for the & subunit of ATPase were found in this order on
the opposite strand. Downstream, trnR(UCU) coding for an
arginine tRNA and rpll2 coding for ribosomal protein L12 of the
50S ribosomal subunit were found on the same and on the opposite
strand, respectively. Among these genes, neither chlI nor rpll2
has been found in plastid genomes of land plants. The
chloroplast chlI of C. vulgaris consists of 1062 bp (Figure 2).
In the flanking regions, four stem and loop structures can be
seen. One located on the upstream forms an 18-bp stem and a 9-
base loop (positions from -82 to -38). The others located
downstream form a 34—b§ stem and a 4-base loop (1116 to 1187), a
19-bp stem and a 4-base loop (1328 to 1369), and a 21-bp stem
and a 4-base loop (1371 to 1416). These flanking regions are
guite rich in AT (21 %) showing a typical chloroplast DNA.

chlI homologues have been found in the chloroplast genomes
of C. paradoxa (Stirewalt et al., 1995), O. sinensis (Kowallik
et al., 1995) and P. purpurea (Reith and Munholland, 1995)
(Figure 3). The chlI of C. vulgaris has no intron though the cs
gene of A. thaliana, and the ccsA gene of E. gracilis has two

and one intron, respectively (Koncz et al., 1990; Orsat et al.,
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1992). The intron of the c¢s gene locates in the region coding
the transit peptide targeting the chloroplast. The amino acid
sequence predicted from the chlI of C. vulgaris was aligned with
those of homologues (Figure 3). The amino acid seguence deduced
from C. vulgaris chlI consists of 354 residues which is almost
the same length as those of the other algae, but shorter than
those of land plants, because the gene products of A. thaliana
and G. max have an additional 72 and 70 amino acids at their N-
terminal, respectively. This reflects that the chlI genes of
land plants moved from the chloroplast to the nuclear genome and
acquired the transit peptide targeting the chloroplast. However,
the chlI of C. vulgaris showed greater similarity to those of
land plants than to those of non-green algae, suggesting that
the green alga is more closely related to land plants than non-
green algae.

Four highly conserved regions of I to IV in chlI (Douglas
and Reith, 1993) are also found in the gene of C. vulgaris
(Figure 3). In region I, ten consecutive amino acids (118-127)
showed a significant similarity to the consensus seguence
(AGXXXXGKST) of the ATP/GTP-binding site motif A (P-loop) of
ATP-binding proteins (Douglas and Reith, 1993). This would be
the ATP-binding site because magnesium chelatase requires ATP
(Gibson et al., 1995; Willows et al., 1996). The tertiary
structure of the chlI gene product is not known, but other

important functions could locate in these conserved domains.
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The chlI transcript of C. vulgaris is stabilized by the
downstream tRNA-Arg

To investigate the expression of the chlI, Northern
hybridization was carried out using a chlI-specific probe. A
single band at 1.85 kb was detected in the total RNA (Figure 4).
The size is larger than that predicted from the coding region of
chlI, suggesting that chlI is co-transcribed with the
neighboring trnR.

To determine the 5'-end of the transcripts, primer extension
analysis was carried out using a primer P-CHLI, and a single
extension product was found at position -294 upstream of the
translation start site (Figure 5). This matches perfectly with
the =35 and -10 regions of the E. coli consensus promoter
sequence (Figure 2).

It was expected that the 1.85 kb transcript starting from -
294 would terminate at the coding region of rpll2 (Figure 2). To
determine the precise 3'-end of the transcript, RNase protection
assay was carried out. The downstream region of the trnR
containing rpll2 was used to prepare the antisense riboprobe
(Figure 6B). The riboprobe protected from RNase gave three
signals (Figure 6A). These signals, of 220, 250 and 290 bases,
correspond to the transcripts of 1820, 1850 and 1890 bases,
respectively. This result indicates that chlI and trnR are co-
transcribed and that the transcript extends into the rpll2
coding region. To confirm the existence of processing between

chlI and trnR, another riboprobe of the spacer region was used
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in the protection assay, but no signal was detected. This is
6onsistent with the result of Northern hybridization which
showed no signal around 1.5 kb corresponding to the processed
chlI mRNA. However, the trnR probe clearly showed the existence
of the tRNA (data not shown), suggesting that the chlI mRNA,.

once spliced, was immediately broken down.
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Discussion

Most transcripts of chloroplast contain the possible stem
and loop structure at the 3' end, which was originally thought
to function as the terminator of transcription. However, it was
reported that the structure was a stabilizer but not a
terminator (Stern and Gruissem, 1987; Adams and Stern, 1990;
Stern et al., 1991; Stern and Kindle, 1993). Chlorcplast chlI of
C.vulgaris contained three possible stem and loop structures
downstream of the gene which were expected to stabilize the
transcript (Figure 2). However, no such transcript could be
detected; instead a co-transcript of chlI-trnR and mature tRNA-
Arg were detected. This result shows that the chlI transcript is
immediately broken down after the processing of the tRNA. It is
also reported that a tRNA functions as a stabilizer of
chloroplast mRNA (Stern and Gruissem, 1987). Actually, several
chloroplast mRNAs are polycistronically transcribed and tRNA
locates in the 3' end (Shinozaki et al., 1986). It was reported
that some RNA-binding proteins stabilized mRNA by interacting
with the stem and loop structure (Chen and Stern, 1981; Schuster
and Gruissem, 1991; Chen et al., 1995; Hayes et al., 1996). In
the case of the chloroplast chiI transcript of C. vulgaris, such
proteins interacting with the stem and loop structure would be

dissociated when the tRNA was processed.
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The location of chlI in algae



Results

chlI-like sequence is not detected from Chlorella
nuclear DNA

To detect chlI-like sequences in the nuclear genome, the
chloroplast and nuclear DNA of C. vulgaris were partially
purified from total DNA by CsCl-Hoechst centrifugation and
analyzed by Southern hybridization. A chlI probe hybridized with
restriction fragments whose size was expected from the
chloroplast genome structure. Faint hybridization bands were
also detected in nuclear DNA preparation at the same positions
corresponding to chloroplast DNA (Figure 7). DNA was amplified
from the nuclear and chloroplast DNA preparations using a primer
pair specific for chlI, which gave the same sized fragments, and
their nucleotide sequences were revealed to be the same (data
not shown). Therefore, the amplified DNA from nuclear
preparation would be derived from contaminated chloroplast DNA,
and a chlI-like sequence will not exist in the nucleus of C.

vulgaris.

chlI gene in the chloroplast of Nitella

Nitella is a green algae Charaphytes which is believed to be
the most closely related taxon to lané’plants. For example, it
is shown in the phylogenetic tree constructed from 185 rRNA gene
sequences of various plants (Kranz et al., 1995). In addition,
Baldauf et al. (1990) have shown the gene transfer of tufaA

coding for elongation factor EF-Tu from the chloroplast to the
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nucleus in Charaphytes. Therefore, it was expected that chlIl
would also be transferred to the nucleus within Charaphytes,
because chlI as well as tufA has been found in the chloroplast
of Chlorophytes Chlorella but not in that of land plants.

Nitella chloroplast DNA was purified by CsCl-Hoechst
centrifugation from the total DNA and analyzed by Southern
hybridization using a chlI probe which was amplified from total
DNA of Nitella. Chloroplast DNA gave signals of 4.1 kb in a
BglII fragment, 1.7 kb in an EcoRI fragment and 4.3 and 1.7 kb
in HindIII fragments (Figure 8). Other signals found in the
BgllI-digest (lane 1) will be artifacts because no BglII site
found in the region determined the nucleotide sequence. The
nucleotide sequence showed that the 1683 bp of the EcoRI
fragment which contained the putative chlI consisted of 1071 bp
and a part of the putative rpoC2 (Figure 9). The rpoC2 coding
for the (' subunit of DNA-dependent RNA polymerase is a typical
chloroplast gene, and the flanking regions of the chlr are'quite
rich in AT (28 %).

The predicted amino acid sequence from Nitella chlI
consisted of 357 amino acids. The sequence alignment with those
from other homologous genes shéws that the sequence of Nitella
is almost the same length as those of the other algae and shows
the greatest similarity to that of C. vulgaris (Figure 3). Four
highly conserved regions of I to IV in chlI (Douglas and Reith,
1993) are also found in the Nitella homologue.

Northern hybridization was attempted using chlI probe. A
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single band at 1.4 kb was detected in the poly(A)- RNA fraction,
suggesting that Nitella chlI is transcribed from the chloroplast

DNA (Figure 10).

chlI-like sequence in the nucleus of Nitella

Nuclear DNA was prepared from the isolated nuclei and
Southern hybridization was carried out using chlI probe from
Nitella chloroplast. Signals were detected in the BglII fragment
of 4.6 kb, in the EcoRI fragment of 3.5 kb and in the HindIII
fragment of 4.3 kb (Figure 8), suggesting the existence of chlI-
like sequence in the nuclear DNA.

To confirm the existence of a chlI-like sequence in the
nuclear genome, amplification of the chlI-like sequence of
nuclear DNA was attempted using a specific primer pair for
chloroplast chlI. However, no product was detected, suggesting
that the sequence of the nuclear chlI-like was different from
that of the chloroplast chlI, in at least one site of primer
recognition. Northern hybridization revealed no detectable
signals in poly(A)+ RNA, suggesting that nuclear chlI-like

sequence will not acquire the function (Figure 10).
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Discussion

The gene content and the sequence of many genes in
chloroplast DNA are relatively conserved among land plants and
the Euglenophyta E. gracilis (Palmer, 1991; Sugiura, 1992,
1996). However, recent analyses of the entire plastid genome
from non-green algae (Kowallik et al., 1995; Reith and
Munhblland, 1995; Stirewalt et al., 1995) have revealed-that
this is not always the case. For example, the plastid genome of
the red alga P. purpurea contains over 70 new genes not found in
the chloroplast of land plant and Euglena (Reith and Munholland,
1993, 1995). The chloroplast genome of C. vulgaris has ten genes
not found in land plants (Wakasugi et al., 1997). Many of these
genes could have been transferred to the nucleus during the
evolution of land plants from green algae. chlI is one of such
genes, because it was detected in the chloroplast genomes of
algae but not in those of any land plants. It is generally
believed that land plants evolved from green algae (Graham,
1996) and that during this evolution, extensive rearrangements
occcurred within the chloroplast genomes. At the same time, gene
transfer to the nucleus would occur.

Several cases of gene tranéfer from chloroplast to the
nucleus have been reported: the tufA was transferred within the
green algal lineage giving rise to land plants (Baldauf and
Palmer, 1990; Baldauf et al., 1990) and rather recently the
rpl22 coding ribosomal protein L22 of the 508 ribosomal subunit

within the legumes (Gantt et al., 1991). Baldauf et al. (1990)
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have shown several hybridization signals for tufA in the
nuclear genome of Charaphytes and proposed that a copy of the
tufA gene was transferred from the chloroplast to the nucleus
early in the evolution of the Charophyceae. Several
mitochondrial genes were also transferred into the nucleus
(Nugent and Palmer, 1991; Grohmann et al., 1992; Wischmann and
Schuster, 1995; Sanchez et al., 1996). Especially, soybéan coxII
is encoded in the both genomes, in which both genes have the
perfect coding sequences, but is transcribed from the only
nuclear genome (Covello and Gray, 1992). On the other hand, rice
rpsll is transcribed from the nuclear and mitochondrial genome,
but mitochondrial gene is pseudogene which has termination codon
within the coding sequence (Kadowaki et al., 1996). All of these
results show that the real gene locates only one corganella of
mitochondria or nucleus.

| chlI probe hybridized with the both chloroplast and nuclear
genomes of the Charaphytes Nitella. However, chlI gene is
transcribed only from the chloroplast genome (Figure 10).
Acquisition of function by a relocated gene into nucleus
requires the gain of compartment-specific regulatory sequences,
upstream and downstream, and an amino-terminal transit peptide
sequence. The chlI gene in Nitella will be in this stage which
is changing the structure to adapt in the nucleus. The
chloroplast encoded chlI is well conserved and transcribed,
which will retain its function until the nuclear chlI will

acquire the function.
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In general, the GC content of the chloroplast genome is
lower than that of the nuclear genome, especially in algae. The
mutation pressure operating to alter the GC content is well
reflected not only on the non-coding region but alsoc on the
third letter of the codons. The change at the third letter does
not affect the amino acid sequence, except for a few
substitutions between purine and pyrimidine. Genes relocated in
the nucleus drastically change the codon usage. For example, rye
rpll2, which was originally in the chloroplast genome of algae,
migrated into the nuclear genome and changed the third letter of
the codons to an extreme high GC content (over 90%) (Schmidt et
al., 1993). Furthermore, the transferred genes adjusted their
base composition and codon usage, becoming more similar to the
nuclear genes than to the chloroplast ones (Oliver et al.,
1990). It is reasonable to imagine that the chlI-like in the
Nitella nucleus will be changed toward G or C from A or T. This
would cause failure of the amplification of the chlI-like using
a primer pair specific for chloroplast chlI. Table 1 shows the
GC content of tufA and chlI and that in the third letter of the
codons. chlI and tufA in Nitella show the highest GC content
among the same genes of algae, though the nuclear genes of land
plants show much higher GC content than those of Nitella. The
high GC content of Nitella would be easier to adapt to the
nuclear environment than the other algae examined.

Peculiar sequences (CCl and CC4) of chliI were amplified from

the total DNA of Charaphytes Chara using a primer pair specific
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to the chlI of C. vulgaris (Figure 11). Amino acid sequences
deduced from both nucleotide sequences were completely the same.
However, the nucleotide sequences were different at 11 sites,
all of which were located at the third letter of the codons. The
GC contents of their third positions were 24.0% and 24.9%,
suggesting that the former would locate in the chloroplast and
the latter in the nucleus. Alternatively, both of them #ere in
the chloroplast and the latter was waiting to move to the

nucleus. Further studies will be required to clarify this fact.
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500 bp

chil trnR
petA rpll2
2.5kb
-
rpoC2 rbcL  rpsl4 chil trnR
rps4 atpE  atpB petA rpli2

pKHS51

Figure 1. Chloroplast gene arrangement of C. vulgaris. Genes
represented by open boxes; those above the bold line are
transcribed from left to right and those below the bold line
from right to left. The probe used for hybridization is

indicated by the dotted line.
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Figure 2. Nuclectide seguence containing chlI and trnR of C.
vulgaris C-27. The numbering of nucleotides shown on the right
is from the translation start site of chlI. Genes corresponding
to chlI (1-1065), trnR (1227-1298) and part of rpll2 (1421-1640)
are indicated by capital letters. The amino acid sequence
deduced from this sequence ié shown below by single letters, and
those from the complementary sequence are shown above. I-nverted
repeats are indicated by horizontal arrows. The primers used for
primer extension (P-CHLI), PCR (5-1 and 3-1) and inverted PCR
(5-2 and 3-2) are indicated by dotted horizontal arrows. The

transcription start site of chlI is indicated by a triangle.

35



Ara
Gly
Fit
Chl
Eug
Odo
Cry
Por
Cya

Ara
Gly
Nit
n1

Por
Cya

Gly
Nit
il
Bug

Por
Cra

: NASALGTSSIAYLPSRYFSSSSSKPSIHTLSLTSGQNYGRKFYGG1G IHG1KGRA- -QLSYTNVATEYNSYEQ-AQSIA-K 80+ e Yes§erwreDevs Cols

=

50 100
NASLLGTSSSAIWASPSLSSPSSKPSSSP I CFRPGKLFGSKLNAG IQIRPKKNRSRYHVSYMNYATEINSTEQYYGKFD -KKS v e Yo dereneDreneloloresranansronaas

NTEQVKSONPKKNPLES s s ssssssnancanssaaloananns NeosaVenn
NNTYVEXSLEQARPYFPFTAIVGQEEMKLAL LNV IDPKIGGYNINGD

N KETNEesososaersasnansBeascsaassnsassanas

N TODLEKFST s sssssssannsssanafosaraannansrnann
ETIMITETER e s esesennsasansaan Teransiaanan Jouss

= LSIERNK «T¥ssoss sessessenranafirserarrassaaiase
MEHKN 26 [sssssussssssssns]onruossssannas

I

150 200

: wesnasessaBasessanalieerfeeYoren]oaaFelYorsBoYBEG Qe e VIAT =+ Nevronroasanassnunmassonsnsssnsssssansnstrassssnsriassnssnsss

tevensrssnaSensnraneKeraGoeYoraaQuesFaGYre s BoVLQG ELSYVLT«+Nuesssnuassanssannssssssssasssnanssaasnanss
- ssamssssnnse SareaTTreoNohononafosonaaDos hGKV NG SLETEL - T-Pelsovonevnesasnn P R RS N e ————

EERT

: essesess]onapresesa]]osNooarsloToloseoDN oo QLKENG-EISLIQ VP Loz osososess

RGTG[STT\’HL?DU,P‘BIQ"I'HDDPFN&PH'PEL‘SQEVRGW|T'TIKlS[‘f'DLPLEtTE.DRﬂ:G‘]’lD}EK.%LTEQTHFEPGLLAKMRG]LWDE\'HLLDDH»W"LLD
sessnsaensasasasPaDe JEN oY eoanfeToowoDDs LEXTKEN Ko G IQVeTPowvas e oessraansasnes 1§esKess coffressraninsensrranannnss
sreranas Jreshonenns BreKoreeas HKS +LD* «GN-TKLA] +HG+ SLETELL s +P s esssorsenssnnssnssnasrssssssosssesnsssscsasnanaas avius Jons
sesessnalon]TolansePleENvonoaeQeFDoseloneSelEKGS]aSVN+=Foeloruonanarusnasanssuntaranssnassnassasanssanannansnnnns Lase
ewsssenelew]hor e k=Bl K+ eLow oG YD - D -NKHA = -NGINIDEAY] - ¥P - - vasnnvasfare

BT AR AR RV R 5 b b b 5 i e S L

2;0 3ﬂﬁ 350

- - . 0 - ® = - .

e o TR B R S s Jresrannann e W n-'f'--iil.t\.l} ..x...g..g. SN oKDe oD e+ KTE+ DK QD'+ + ST+ + AN+ SS¥s IDRELE =+ o sRY o o oo
: ........................I.......................\r...m,\g...x...E.gn..n{.x...pg,.m.g{.m..';g..sv.m.]m.u;....['.r....];..

................ seasssasrrssssssanssesinssonassBravesschenansforns hoellelhe o Loe Yoo TARDE - 10+ »Q == sENTVG = s Fro v sunnne sffan
SI\M‘IT\"EREGISlSHPA.RFIL\'GSGH'PEF)BELRPQILDRFGHHAQIG‘ITEPWQ]TEQHHFDMFLEFRE’TYQMAMWWRHILW]QLE\’DYR"'KISQICSELD‘FI}

T T T A sfeLewohenefoeQueELEKS K v o Ko Ko KEE NE-MEK TN« KK KN o] TEwELLE v nnwnnss Hoe
; sesssssarannsnes Reeeen Posssnsassonsnnnsssacnnes EeReeeDe -“'H’“E‘TS QT NYHT« Ne EXQ= QB RDR YL+ QEY+=TYE Do elew s v s EYuaeens
t asessasssssassnafesnsifesensasasinnrnasicnscssGReReaRD+Be <Ko+ -SE- KN -SACL+ - - KNQ- TEFKQR-1Q-QKY+<TVE -D--Le [R+ sk Gr oo~
: W‘F'ERDE «aToasQDKKCT+ NCAXD= TK XQ# « AD= QL= +ST-T1D#+Lo v veoe Yoljraean
: mresessssuseins Beoans Yosauuaaonemuncnssanranns FeReeoDeTowen oo aBeSEe «RS B~ LGB~ KLQ* BV -RUR - 1N+ 000 KHV= = N-E]KrenosYoressen

- s

[1

400 honology (%)

' v ' L . . vs Nit vs Chl

..... JorosoheoLoALK-KDRs+sD-VATowsNsossrononwannsnns¥,+SEE- AR]+§ 70.2 5.4

seveslveses ool ALK oo DN+SAe 0o ATossNsvonrorunvasnonnslLoTEE-YE=+5 72.9 74.9

NPT TR Py PO PO 1, IO Poansibnnnnnn L8 100 80.7
GLRGDLYTNRASKA IASFEGRTEVTPEDIFRY]PLCLRERLRKDPLES ] DSGDEVRDIFKRVFGYE 80.7 100

P - TR T N 1 R e, e R it €L 7.9 4.6

ssseTossalssSKV+ NET+B1<E 4.1 L. 6
#=Ter==5--QKV-ED]- ADLX T2.8 1.6

wofoaessfus o AYHeoDE o Vesa AKT o Tonses
wrlonsnnporlohsHoKQT o VDo e KA THrnrnne

: sssen]esnesfosY ol sHeQQTNSSseSEesTroronsresvernelonsBreREVeNE=+NL El 7.5 72.0
; sssenfeensspealopreveDessDe Yo s Tossonsnsnesaafonan QoaRBEY+Q+] ~SHL 75.1 73.8

v

36



Figure 3. Amino acid sequence alignments of chlI homologues.
hmino acid sequences of Arabidopsis thaliana (Ara) (Koncz et
al., 1990), Glycine max (Gly) (Nakayama et al., 1995), Nitella
sp. (Nit), Euglena gracilis (Bug) (Hallick et al., 1893),
COdontella sinensis (Odo) (Kowallik et al., 1995), Cryptomonas
phi (Cry) (Douglas and Reith, 1993), Porphyra purpurea (Por)
(Reith and Munholland, 1995), and Cyanophora paradoxa (Cya) .
(Stirewalt et al., 1995) are compared with that of C. vulgaris
(Chl). The homology (%) of the amino acid sequence with those of
Nitella and C. vulgaris is shown at the end of each sequence.
Four highly conserved regions, designated as I, II, III and IV,
are underlined. Amino acids differing from C. vulgaris are
shown, while those identical to C. vulgaris are represented by
dots. Dashes were introduced to improve homology. The numbering

of amino acids is denoted by the sequence of A. thaliana.
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Figure 4. Northern blot analysis of the chll transcripts of ¢,
vilgaris. Total RNA of C. vulgaris was hybridized with a 0.3 kb
fragment of the ¢hll, The hybridized band is indicated by a
horizontal arrow and the size by kb calculated from E. coli 238

and 168 ribozomal RNA.
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Figure 5. Primer extension analysis of the chlI transcripts of
¢, wulgaris. The extension product was analyzed on a sequencing
gel using a dideoxy seguencing product from the same primer. The
extenglon product is indicated by a triangle. Nugleotide
saquences of template DNA and 5' part of mRMA are shown on the

right side.
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Figure 6. RNase protection assay to determine the 3'-termini of
the chlI transcripts of C. vulgaris. (A) Total RNA from C.
vulgaris was annealed with a labeled riboprobe, digested with
RNase, and analyzed on a sequencing gel. The protected bands are
indicated by horizontal arrows and the sizes by nt (lane 1). The
riboprobe without RNase treatment is in lane 2. (B) Gene
arrangement and chlI transcripts. The position of a riboprobe is
indicated by a horizontal line, and the transcripts from the 5'-
end (A) to 3'-end (O, [J, M) are indicated by a horizontal

arrow.
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Flgure 7. Southern blot analysie of chloroplast and nuclear DNA
of ¢ vilgdris. (A} Blectrophoresis on a 0.7% agarose gel of
chloroplast (lanes 1-3) and nuclear (lanes 4-6) DHA digested
with BglII (lanes 1 and 4), EcoRl (lanes 2 and 5) and HindilI
(lanes 3 and G6). Chloroplast DNA of 0.004 pg and nuclear DNA of
5 nuq were analyzed. Size markers ln kb are lndieated oh the

left., (B) A ehll prebe amplified from Nitella chloroplast DNA.

was hybridized with a fillter blpt from the agarese gel.
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Figure 8. Soeutlhern blot analysis of chloroplast and nuclear DNA
from Nitella, (i) BElectroplioresid on 4 0.7% agarose gel of
chloroplast (lanes 1=3) and nuclear (lanes 4-6) DMA digested
with BglII (lanes 1 and 4); EcoRI (lanes 2 and 5) and HindIIT
{lanes 3 and 6). Chloroplast DNA of 0.015 ug and nuclear DNA of
0.2 yg were analyzed. Size markerg in kb are indicated on the
left. (B) A chll probe amplified from Nitella chloroplast DNA

was hybridized with a filter blot from the agarcse gel.
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Figure 9. Nucleotide sequence containing chlI and rpoCZ of
Nitella. The numbering of nucleotides shown on the right is from
the translation start site of chlI. Genes corresponding to chlI
(1-1074) and a part of rpoC2 (-436 - -235) are indicated by
capital letters. Deduced amino acids are indicated by single
letters below the nucleotide sequences. Putative promoter

sequences are underlined and indicated by -35 and -10.
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Figure 10. Northern blot analysis of the chlI transcripts of
Nitella sp.. Poly(A)" (lane 1) and poly(A)~ (lane 2) RNA of
Nitella was hybrldized with a part of the chlI. The hybridized
pand is indicated by a horizontal arrow and the size by kb

calouwlated from E. coll 238 apd 168 ribogomal RNA.
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Figure 11. Comparison of nucleotide sequences (CCl and CC4)
amplified from the total DNA of Chara using a chlI-specific
primer pair. Nucleotides of CC4 differing from CCl are shown
while those identical to CCl are represented by dots. Deduced
amino acids are indicated by single letters below the nucleotide
sequences. The homology (%) of the nucleotide segquence with
those of CCl and the GC content (%) in the third letter of the

codons is shown at the end of each seguence.
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total third letter
tufA chlI tufA chlI

Algae |Nitella sp. 37.5a |39.7 18.0a |22.0
Chlorella vulgaris 38.9b |36.5 16.2b |11.0
Euglena gracilis 35.5¢ |32.5¢ |12.4< |13.3¢
Odontella sinensis 39.04 |34.84 |15.74 | 11.74
Cryptomonas phi 37 .4 |36.33 |13.5= |18.63
Porphyra purpurea 37.6f (35.3f |14.9f |17.0¢

Cyanophora paradoxa |37.0g9 |{33.79 |11.59 |11.59

Land Nicotiana tabacum 44 .6k 38.6k
plasts Arabidopsis thaliana|45.7h (42.51 |39.8h |32.21
Glycine max 55.6i [44.2m |66.7i |36.8m

Table 1. The GC content of tufA and chlI, and that in the third
letter of the codons. The GC content of land plants was

calculated from only the regicn coding the mature protein.

Accession number

a: U09439 b: AB00168B4 c: X70810
d: Z67753 e: X52912 £f: U38804
g: U30821 h: X52256 i: X66062
j: 221976 k: AF014053 1: X51799%
m: D45857
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