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ABSTRACT

The gene for the small subunit (SS) of ribulose-1,5-
bisphosphate carboxylase/oxygenase from a cyanobacterium,
Anacystis nidulans 6301, has been cloned and subjected to
sequence analysis. The SS coding region is located close to and
downstream from the large subunit (LS) coding region on the same
DNA strand. The spacer region between the LS and the SS coding
regions contains 93 base pairs (bp), and has no promoter-like
sequences. The coding region of A. nidulans SS gene contains 333
bp (111 codons). The deduced amino acid sequence of the A.
nidulans SS protein shows 40% homology with those of higher
plants.

INTRODUCTION

Cyanobacteria (blue-green algae) are autotrophic prokary-
otes which perform plant-type photosynthesis. As in the case of
plants, ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO, EC4.1.1.39) 1is the key enzyme in the Calvin-Benson
cycle in most cyanobacteria and is composed of eight identical
large subunit (LS) of MW 53,000 and eight identical small
subunit (SS) of MW 12,000-14,000 (1). The two subunits of
RuBisCO in plants are encoded separately in chloroplast and
nuclear DNA; the LS protein in chloroplast DNA (2) and the SS
protein in nuclear DNA (3). Since cyanobacteria are prokaryotes
and ancient organisms related to cyanobacteria are thought to be
the origin of chloroplasts in the endosymbiotic theory , it is
of interest to determine whether the LS and the SS proteins of
cyanobacteria are encoded in chromosomal DNA as a single operon,
or in separate genetic entities.

We have cloned the LS gene of a cyanobacterium ( Anacystis
nidulans 6301 ) and determined its nucleotide sequence (4). We
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found that the pea SS probe hybridized to specific restriction
fragments of total DNA isolated from A. nidulans 6301 and that
these restriction fragments were also hybridized with the LS
probe. We then determined the nucleotide sequence around the LS
coding region and found the SS gene downstream from the LS gene
on the same DNA strand. The spacer region between the LS and the
SS genes contains 93 base pairs (bp), and has no promoter-like
sequences. Thus, the A. nidulans SS gene seems to be
co-transcribed with the LS gene.

MATERIALS AND METHODS
Probes and Southern hybridization

The cDNA clone for pea RuBisCO SS (pGR407) was kindly
provided by Dr. S. M. Smith. The 0.75 kilobase pairs (kb)
EcoRI-BamHI DNA fragment, which contains the pea SS cDNA (5),
was used as the SS probe. The 1.25-kb BamHI DNA fragment
containing a part of tobacco LS gene was used as the LS probe
(6) . A. nidulans 6301 DNA was prepared as described (4, 7).
Nick translation and Southern blotting were performed as
described (4). Hybridization was performed in 30% formamide, 1M
NaCl, 10 mM Tris-HC1l (pH 7.5), 0.2% each of Ficoll,
polyvinylpyrorydone and bovine serum albumin at 37°C for 24 hrs,
washed in 6 x SSC at 49°C for 2 hrs with several changes and
then autoradiographed.

DNA sequence analysis

A. nidulans DNA fragments for sequence analysis were
prepared from plasmid pANP1155, which contains the 2.3-kb PstI
fragment (4). Base-specific chemical cleavages (G, A>C, T+C, C)
were perfomed according to Maxam and Gilbert (8). Limited
cleavage products were analyzed by electrophoresis in 12%
polyacrylamide gels containing 7M urea.

RESULTS AND DISCUSSION

To determine which restriction fragments contained the SS
gene, aliquotes of A. nidulans DNA digested with several
restriction endonucleases were fractionated by agarose gel
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Fig. 1. Location of the DNA fragments containing the A.

nidulans SS and LS genes. Eight ug of A. nidulans DNA was
digested with PstI, BamHI and SalI, and electrophoresed in 1%
agarose gels containing 40mM Tris, 20mM sodium acetate, 2mM
EDTA(pH7.8), 0.5 pg/ml ethidium bromide. The DNA fragments were
transferred to nitrocellulose filter sheets and hybridized with
nick-translated DNA fragments containing the pea SS cDNA or the
tobacco LS gene. Lane;a, PstI digest; b, BamHI digest; c, Sall
digest; d, autoradiographs of the filter hybridized with the SS
probe; e, autoradiographs of the filter hybridized with the LS
probe.

electrophoresis, blotted to nitrocellulose filter sheets, and
hybridized with the *?p-labeled DNA fragment containing the
cloned cDNA of pea SS mRNA (5). A 2.3-kb PstI fragment, a
20.6-kb BamHI fragment and a 20.1-kb Sall fragment were found to
hybridize to the SS probe (Fig. 1). The®’P-labeled DNA fragment
containing the tobacco LS gene also hybridized to the same DNA
fragments (Fig. 1). We had cloned the 2.3-kb PstI fragment in
PBR322 and sequenced the gene for the LS protein (4). A physical
map of the 2.3-kb PstIl fragment is shown in Fig. 2a. DNA
fragments containing the SS region (Fig. 2b) were sequenced
according to the strategy shown in Fig. 2c. The nucleotide
sequence of the SS noncoding (RNA-like) strand and its flanking
regions is presented in Fig. 3.
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Fig. 2. Physical maps and sequence strategy for the A. nidulans
SS gene. A physical map of the cloned 2.3-kb PstI DNA fragment
containing both the SS and the LS genes (a), and an expanded
physical map of the 564-bp EcoRI-Sau3A sub-fragment (b) are
shown. Thickened 1lines show coding regions. (c) The sequence
strategy in which horizontal arrows indicate the direction and
extent of DNA regions analyzed.

The coding region of the A. nidulans SS gene contains 333
bp. The amino acid sequence deduced from the nucleotide
sequence 1is also shown in Fig. 3. The A. nidulans SS protein
contains 111 amino acid residues and has MW 13,335. For
comparative purposes, the amino acid sequences of SS proteins of
pea (5), soybean (9), spinach (10), wheat (11) and tobacco (12)
are shown in Fig. 4. The deduced amino acid sequence of the A.
nidulans SS protein shows 40% homology with that of the pea SS
protein, while the sequence of the A. nidulans LS protein shows
80% homology with those of higher plants (4). Thus, the SS
proteins are less conservative than the LS proteins. The A.
nidulans SS protein is shorter than the pea SS protein by 12
amino acid residues. As shown in Fig. 4, the 12 consecutive
amino acid residues (from Glu at position 54 to Arg at position
65 of pea SS) are deleted in the A. nidulans SS. We found two

highly conserved regions in SS proteins between A. nidulans and
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TAAGGAGCCTCTGACTATCGCTGGGGGAGTGAGCGTTGCTGCGTAAAGCTTTCTCCCCAGCCTTTCGACTTAACCTTTCAGGATTTCTGAATCATGAGCA 100

etLysThrLeuProLysGluArgArgPheGluThrPheSerTyrLeuProProLeuSerAspArgGlnIleAlaAlaGlnIleGluTyrMetIleGluGl
TGAAAACTCTGCCCAAAGAGCGTCGTTTCGAGACTTTCTCGTACCTGCCTCCCCTCAGCGATCGCCAAATCGCTGCACAAATCGAGTACATGATCGAGCA 200

nGlyPheHisProLeuIleGluPheAsnGluHisSerAsnProGluGluPheTyrTrpThrMetTrpLysLeuProLeuPheAspCysLysSerProGln
AGGCTTCCACCCCTTGATCGAGTTCAACGAGCACTCGAATCCGGAAGAGTTCTACTGGACGATGTGGAAGCTCCCCCTGTTTGACTGCAAGAGCCCTCAG 300

GlnValLeuAspGluValArgGluCysArgSerGluTyrGlyAspCysTyrIleArgValAlaGlyPheAspAsnIleLysGlnCysGlnThrValSerP

CAAGTCCTCGATGAAGTGC ‘GCAGCGAATACGGTGATTGCTACATCCGTGTCGCTGGCTTCGACAACATCAAGCAGTGCCAAACCGTGAGCT 400
helleValHisArgProGlyArgTyr * — .

TCATCGTTCATCGTCCCGGCCGCTACTAAAGCCTGATTTGTCTTGATAGCTGCTCTGCCTTTGGGCAGGGGCTTTTTTCTGTCTGCCATTCTTGAGGATG 500

GCGGACTCTTTCCCTTTTGCTCTACGCCCATGAATGCGATC

Fig. 3. Nucleotide sequence of the A. nidulans SS coding region
and its flanking regions. Numbering starts at the TAA
termination codon of the LS gene. The deduced amino acid
sequence is indicated above the nucleotide sequence. Horizontal
arrows indicate palindrome structure. An underline indicates
nucleotide sequence complimentary to the 3'end region of A.
nidulans 16S rRNA (14).

A.nidulans MSMKTLP!
*

Pea MQVWPPI YLPPLI'RDQLLKEVEYLLRKGWVPCLEFELLKGF 50
Soybean MOVWPPI PDAQLAKEVEYLLRKGWIPCLEFELEHGF 50
Spinach MQVWPP! "TEQLLAEVNYLLVKGWIPPLEFEVKDGF 50
Wheat MQVWPIEGI QVDYLIRSKWVPCLEFSKV GF 49

Tobacco MQVWPPI EQLLLEPDYLLKDGWVPCLEFETEHGF 50

A.nidulans EEF DCKSPQQVLDEVRECRSEYGDCYIR 88
* kk * * * *

Pea VYGEHNKSPR

Soybean VYREHNRSP |

Spinach VYREHDKSP

DPAQVVKELDEVVAAYPEAFVR 100
ASQVLKELQEAKTAYPNGFIR 99
TDPAQVVNEVEEVKKAYPDAFVR 100

Wheat VFREHNSSP DATQVLNEVEEVKKEYPDAYVR 99
Tobacco VYRENNKSP DATQVLAEVGEAKKAYPEAWIR 100
A.nidulans VAGFDNIKQCQTVSFIVHRPGRY 111
* Kk kK ok ok kkk *  *
Pea VIGFNNVRQVQCISFIAHTPESY 123
Soybean I1GFDNVRQVQCISFIAYKPPGF 122
Spinach FIGFDNKREVQCISFIAYKPAGY 123
Wheat FIGFDNLRQVQCVSFIAFRPPGCEESGKA 128
Tobacco IIGFDNVRQVQCISFIAYKPEGY 123

Fig. 4. Comparison of the amino acid sequences of the A.
nidulans, pea, soybean, spinach, wheat and tobacco SS proteins.
Asterisks indicate homologous amino acid residues of the A.
nidulans SS protein with that of pea. Boxed regions indicate
conservative sequences among SS proteins compared.
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plants (boxed in Fig. 4). One region (from Phe at position 12
to Leu at position 21 of A. nidulans SS) is quite hydrophobic,
and the other (from Tyr at position 54 to Phe at position 63 of
A. nidulans SS) has a-helix structure (12). These regions may
play an important role in binding SS to LS and/or in catalytic
function. The A. nidulans SS protein has no transit polypeptide
which functions in post-translational transport of the
precursors of MW 20,000 of plant SS proteins (3).

The SS gene of A. nidulans is located downstream from the
LS gene. The spacer sequence between the LS and the SS genes is
93 bp 1long. It is of interest whether the LS and the SS genes
are transcribed as a single mRNA or not. We could not find
typical promoter-like sequences which contain so-called "Pribnow
box" and "-35 region" structures (13), while we found an AGGA
sequence complementary to the 3' end of A. nidulans 16S rRNA 11
bp upstream from the ATG initiation codon (14, see Fig 3). We
have mapped the transcriptional initiation site of the LS gene
at position 158-160 bp upstream from the ATG initiation codon
(unpublished observation). We found a palindrome structure
52-78 bp downstream from the TAA stop codon of the SS gene ,
which is likely to be a termination signal of the SS gene (Fig.
3). From these observations, we think that the LS and the SS
genes of A. nidulans construct a single operon.

In eukaryotes such as plants and green algae, the LS is
encoded in chloroplast genome and synthesized on chloroplast
ribosomes (2), while the SS is encoded in nuclear genome and
synthesized on cytoplasmic ribosomes as a precursor protein of
MW 20,000 which is transported into chloroplast, processed to
its mature size and then assembled with the LS protein (3).
Recently the SS genes of wheat and soybean are shown to have one
or two introns (9, 11). In contrast, the cyanobacterial LS and
and the SS genes which contain no introns are located closely
each other and are probably transcribed as a polycistronic
mRNA. The endosymbiotic theory that chloroplasts in plants and
green algae were derived from ancestral photosynthetic
prokaryotes related cyanobacteria was proposed by Margulis
(15) . From this point of view, it can be imagined that the LS
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and the SS genes of ancestral cyanobacteria were divided and the
SS genes were inserted into nuclear genomes and the LS genes
remained in chloroplast genome during evolution. Many other
chloroplast proteins consist of multi-subunits which are encoded
in nuclear and chloroplast genomes separately. Chloroplast at-
ATPases have 8 distinct subunits. Five subunits are encoded in
chloroplast genomes and three subunits are encoded in nuclear
genomes (16, 17). In contrast, all 8 subunits of Esherichia coli

H'-ATPase are located closely each other and probably construct
a single operon (18). Chloroplast ribosomal proteins are also
encoded in nuclear and chloroplast genomes separately (19).
Recently transposition of yeast mitochondrial genes to nuclear
genome has been reported (20), which supports a possibility of
transposition of chloroplast genes to nuclear genomes during
evolution.
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