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ABSTRACT In the filamentous cyanobacterium Ana-
baena, the gene for the small subunit (rbcS) of ribulose-1,5-
bisphosphate carboxylase is linked to and transcribed together
with the gene encoding the large subunit (rbcL) of the same
enzyme. The two genes are separated by a spacer of 545 base
pairs (bp) that does not contain an open reading frame. Both
genes hybridize with a predominant 3.1-kilobase transcript
that initiates 414 bp upstream from the rbcL coding region.
The nucleotide sequence 14-8 bp preceding the transcription
start site resembles a good Escherichia coli promoter, but the
sequence in the -35 region does not. There is no obvious rela-
tionship between the sequence flanking the amino terminus of
the cyanobacterial small subunit gene and the transit peptide
of eukaryotic small subunit genes. The Anabaena rbcS gene is
61% homologous at the amino acid level with the gene from
the unicellular cyanobacterium Anacystis and 37-38% ho-
mologous with the corresponding nuclear genes from eukary-
otes. In contrast, the Anabaena rbcL gene is -86% homolo-
gous at the amino acid level with the rbcL genes from plant
chloroplasts. Cotranscription satisfies one of the requirements
for coordinate expression of the two genes whose products are
needed in equimolar amounts in the mature enzyme. The
rbcL-rbcS transcript is equally abundant in Anabaena azollae
grown in the light or on fructose in the dark.

Ribulose-1,5-bisphosphate (RuP2) carboxylase catalyzes the
incorporation of CO2 into carbohydrate in plant and algal
chloroplasts as well as in photosynthetic prokaryotes. The
enzyme contains eight identical large subunits of Mr =

56,000 and eight (nearly) identical small subunits of Mr
=14,000 (1). In plants, a unique gene in chloroplast DNA
encodes the large subunit, while a family of eight or more
nuclear genes encodes the small subunit (2, 3). The nuclear
genes are not identical and many or all are expressed, lead-
ing to some microheterogeneity in the small-subunit amino
acid sequence (4). Moreover, the nuclear genes contain in-
tervening sequences, some of which separate domains of the
mature small-subunit protein (3). All of the eukaryotic small-
subunit genes studied thus far contain an intervening se-
quence located between amino acid residues 2 and 3 of the
mature protein and a leader region that codes for a transit
peptide (5, 6). A precursor of the small subunit is synthe-
sized on cytoplasmic ribosomes and then transported into
the chloroplast accompanied by cleavage of the transit pep-
tide at a Cys-Met bond to yield the mature protein (3).

In this report, we show that the cyanobacterium Ana-
baena contains a unique small-subunit gene located down-
stream from the large-subunit gene. There is no transit pep-
tide in the small-subunit protein sequence nor are interven-
ing sequences present in the prokaryotic gene. The genes

coding for the two subunits of RuP2 carboxylase appear to
be transcribed in a single mRNA in Anabaena.

MATERIALS AND METHODS
Isolation of DNA and Preparation of Southern Blots. DNA

from Anabaena 7120 was prepared as described (7). Esche-
richia coli plasmid DNA was isolated as described by Davis
et al. (8). Chromosomal and plasmid DNA were digested
with restriction endonucleases, subjected to agarose gel
electrophoresis, and transferred to nitrocellulose filters as
described (9-11).

Isolation of RNA and Preparation of RNA Transfer Blots.
Total RNA was isolated from Anabaena cells grown on com-
plete medium as described (12). Aliquots containing 20 ug of
the RNA were denatured with dimethyl sulfoxide and
glyoxal, fractionated on 1% agarose gels, and transferred to
nitrocellulose paper as described (12). Size markers, consist-
ing of DNA fragments of known size, were similarly dena-
tured and fractionated.
Homologous and Heterologous Hybridizations. The cDNA

clone kindly provided by J. Bedbrook, pSSU160, contains
70% of the pea small subunit coding sequence (13) and was
used as a heterologous hybridization probe to locate the An-
abaena small-subunit gene. pSSU160 DNA was digested
with HindIII and electrophoresed on a 5% acrylamide gel. A
230-base-pair (bp) fragment, containing the last 7 amino
acids of the small-subunit transit peptide and the first 70 ami-
no acids of the mature small-subunit coding sequence (13),
was purified and nick-translated as described (9). This probe
was hybridized with Southern blots containing HindIII-cut
pAn600 and pAn6O6 (see Fig. 1). Filters were prehybridized
at 40°C for 2 hr in 100 ml of 6x concentrated SSPE buffer
(SSPE buffer = 0.15 M NaCl/0.01 M NaH2PO4/0.001 M
Na2EDTA, pH 7.0) containing 0.5% NaDodSO4, Denhardt's
solution (14), and 0.03 ug of pBR322 DNA per ml and then
hybridized for 12 hr at 400C in 10 ml of 6x concentrated
SSPE buffer containing 0.5% NaDodSO4, Denhardt's solu-
tion, and -1 x 106 cpm of 32P-labeled probe DNA. Filters
were rinsed at 400C three times for 1 hr each in 6x concen-
trated SSPE buffer/0.5% NaDodSO4, air dried, and autora-
diographed. Subsequently, filters were rewashed two times
for 2 hr each in 6x concentrated SSPE buffer at 420, 440, 460,
and 500C. Following each wash at the higher temperature,
filters were air dried and autoradiographed.

In the homologous hybridizations, DNA fragments specif-
ic for the Anabaena large subunit and small subunit genes
were purified and hybridized with RNA transfer blots or
Southern blots. For the large-subunit probe, the plasmid
pAn6O2 was digested with HindIII and Hpa I and the 1.0-kbp
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HindIII/Hpa I fragment internal to the large-subunit coding
region (Fig. 1) was purified after electrophoresis on prepara-
tive agarose gels according to Maniatis et al. (15). A 0.95-kbp
HindIII/Xba I fragment containing the entire small-subunit
gene was isolated in an analogous manner from a HindIII
and Xba I double digest of the plasmid pAn6O6 (Fig. 1).
DNA Sequence Analysis. Anabaena 7120 DNA fragments

were prepared from plasmid pAn6O6, which contains a 1.5-
kbp HindIII fragment (Fig. 1). DNA sequence analysis was
carried out according to Maxam and Gilbert (16), with the
exception of the piperidine cleavage step, which was modi-
fied as described by Smith and Calvo (17). The modified
DNAs were analyzed on 5%, 8%, and 20% polyacrylamide
gels (16) and autoradiographed with Kodak XAR-5 film us-
ing intensifier screens. All restriction sites except one were
overlapped. The sequence at this site was determined by
reading up to the labeled end on adjacent fragments by using
20% acrylamide gels (16). Sequencing ladders were tran-
scribed manually, entered into an IBM computer, and trans-
lated by using the program of Queen and Korn (18).
SI Nuclease Mapping and Primer Extension Assays. The

start site of rbcL transcription was roughly determined by
isolating Hpa I fragments containing sequences upstream
from the rbcL coding region and subjecting these to S1 nu-
clease protection assays (see Fig. 1). The 450-bp Hpa I frag-
ment that includes the 5' end of the coding region was fully
protected, whereas the next Hpa I fragment upstream (400
bp) was only partially protected. To define transcription ini-
tiation more precisely, the 310-bp Hinfl fragment that over-
laps the partially protected Hpa I fragment was labeled at its
5' ends and used for primer extension and S1 nuclease as-
says. For S1 nuclease protection, the Hinfl fragment was cut
with Hpa I to yield a 280-bp fragment with the desired la-
beled end. The 280-bp fragment was hybridized with 120 Izg
of RNA and treated with S1 nuclease as described (12). For
the primer extension assay, the end-labeled Hinfl fragment
was cut with Dde I to yield a 90-bp primer. The primer was
hybridized with 120 ug of RNA and extended with reverse
transcriptase as described (12). The primer extension and S1
nuclease protection products were run on denaturing acryl-
amide gels with sequence ladders of the Hinfl fragment. See
Fig. 6 for location of the sites used in these assays.

RESULTS AND DISCUSSION
Previous work by Heinhorst and Shively indicated that
genes related to the large and small subunits of RuP2 carbox-
ylase of Cyanophora were located on the same restriction
fragment of cyanelle (chloroplast) DNA of that organism
(19). We also knew from preliminary experiments that the
Anabaena large-subunit gene was transcribed to give a mes-
sage large enough to include the small subunit and that the
small-subunit gene sequence was not included in the nucleo-
tides on the 5' side of the large-subunit coding region. We
therefore directed our attention to the DNA on the 3' side of
the large-subunit coding region-in particular, the 1.5-kbp
HindIII fragment cloned in pAn6O6 (Fig. 1).
Fragments of pAn6O6, prepared by cutting with HindIII

alone or with HindIll and Xba I, were fractionated by elec-
trophoresis, blotted, and probed with the 230-bp fragment
from the cloned pea small subunit gene (ref. 13; see Materi-
als and Methods). Under low stringency conditions, the
probe hybridized with the 1.5-kbp HindIII band and both
HindIII-Xba I bands. When the blots were washed at in-
creasing temperatures, the labeled band corresponding to
the smaller HindIII-Xba I fragment (520 bp) disappeared,
whereas the band corresponding to the larger HindIII-Xba I
fragment (980 bp) remained (data not shown; see Fig. 1 for
the map). Though washing blots at increasing temperatures
allowed us to distinguish specific from nonspecific hybrid-
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FIG. 1. Physical map of the region containing the Anabaena
large-subunit (LSU) and small-subunit (SSU) genes. The 17.0-kbp
EcoRI fragment of An600 had previously been shown to contain the
large-subunit gene (7). The subclones An6O2 and An6O6 were used
to determine the nucleotide sequences of the large-subunit 5' flank-
ing region and the small-subunit gene, respectively, by using the
strategies indicated. The thick bars represent the coding regions of
the small-subunit and large-subunit genes. The two genes are tran-
scribed into a message that initiates 414 bp upstream from the large-
subunit coding region. The large-subunit and small-subunit genes
are separated by a 545-bp spacer.

ization with cloned DNA, this procedure was not effective
with total Anabaena DNA, at the DNA concentration used
(4 gg ofDNA per lane). After determining the complete nu-
cleotide sequence of the corresponding Anabaena DNA
fragments (see below) it became apparent that, although the
pea DNA probe and the Anabaena gene have average nucle-
otide homology of 55%, all of the hybridization observed is
due to a single stretch in which 17 of 18 bp are identical.
We next determined the nucleotide sequence of the small-

subunit gene following the strategy outlined in the lower por-
tion of Fig. 1. Fig. 2 displays the nucleotide sequence of the
noncoding strand of the small-subunit gene and its flanking
regions. The Anabaena small-subunit coding sequence is 330
nucleotides long and terminates with a single ochre codon.
The sequence flanking the open reading frame on the 5' side
does not contain a typical prokaryotic ribosome-binding se-
quence (20). A possible prokaryotic transcription termina-
tor, an inverted repeat followed by a stretch of T residues
(21), was observed 32-63 bp beyond the ochre codon (under-
lined in Fig. 2).
The amino acid sequence of the Anabaena small subunit,

determined by translating the gene sequence, is compared
with the sequences of small subunits from other species in
Fig. 3. The Anabaena small-subunit protein is 2 amino acid
residues shorter than the Anacystis small subunit protein and
11-19 amino acid residues shorter than eukaryotic small-sub-
unit proteins. As shown in Fig. 3, the amino acid residues at
positions three and four of the eukaryotic mature small-sub-
unit proteins are deleted in the Anabaena small subunit.
Also, 12 amino acid residues have been deleted somewhere
between positions 45-65. This deletion has been arbitrarily
positioned at residues 54-65, since the exact location cannot
be determined from the available data. Highly conserved re-
gions in small-subunit proteins of Anabaena and other spe-
cies, allowing conservative amino acid replacements, occur
at positions 10-22, 66-76, and 98-116. Also, many individual
or small groups of homologous amino acid residues are pres-
ent (boxed, in Fig. 3). Small-subunit proteins of prokaryotes
differ considerably from those of eukaryotes at the NH2 ter-
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5GGCTGAAGA TGCAAGGATG AAGGTTAAAT GAAAATACCT TTCATCCTTA CATTCTTTAA ACTTCATCCT

4

TTAAAGGGC TGGGTCAAGC ATGAATCTCA AGCAAATAGC GAAAGATACA GCCAAAACGC TCCAAAGCTA

-405
CCTGACTTAT CAGGCGCTAA TGACTGTGTT GGCACAGCTA GGCGAAATGA ATCCGCCGTT AGCATTATGG

-335
CTGCATACTT TTTCCGTCGG CAAAGTTCAG GACGGAGAAG CGTATGTTAA AGAACTTTTC CGAGAACAGC

-265
CAGATTTAGC CTTGCGGATA ATGACTGTCA GAGAACATAT AGCCGAAGAA GTAGCCGAGT TCTTACCAGA

-1g5
AATGGTTCGT AGCGGTATTC AGCAAGCGAA TATGGAACAA CGCCGCCAGC ATCTAGAACG CGTGACGCAT

-125
CTGAGTTTAT CTAACCCCAG TCCTGAATGA GAACAGGAGA GAATTTCCGA TACTGACTGG GATCATTAAT

55CCAGTTAGGC CAGCATAAGT

CCA AAA GAG CGT CGT TAC
Pro Lys Glu Arg Arg Tyr

12
ACTTATTTCC AAATAGCAAC CAATTATCAC CAGCT ATG CAA ACC TTA

Met Gin Thr Leu

GAA ACC CTT TCT TAC TTA CCC CCC CTC ACC GAC GTT CAA ATC7
Glu Thr Leu Ser Tyr Leu Pro Pro Leu Thr Asp Val Gin lie

GAA AAG CAA GTC CAG TAC ATT CTG AGC CAA GGC TAC ATT CCA GCC GTT GAG TTC AAC GAA
Glu Lys Gin Val Gin Tyr lie Leu Ser Gin Gly Tyr lie Pro Ala Val Glu Phe Asn Glu

192
GTT TCT GAA CCT ACC GAA CTT TAT TGG ACA CTG TGG AAG CTA CCT TTG TTT GGT GCT AAA
Val Ser Glu Pro Thr Glu Leu Tyr Trp Thr Leu Trp L.ys Leu Pro Leu Phe Gly Ala Lys

ACA TCC CGT GAA GTA TTG GCA GAA GTT CAA TCT TGC CGT TCT CAA TAT CCT GGT CAC TAC2
Thr Ser Arg Glu Val Leu Ala Glu Val Gin Ser Cys Arg Ser Gin Tyr Pro Gly His Tyr

ATC CGT GTT GTA GGA mTT GAC AAT ATT AAG CAG TGC CAA ATC CTG AGC TTC ATC GTT CAC31
lie Arg Val Val Gly Phe Asp Asn lie Lys Gin Cys Gin lie Leu Ser Phe lie Val His

AAA CCC AGC AGA TAC TAA AAGCTGATTT GGTTTAATAA TTTATCCATT CAAGAGAGGT AGATGACTTT
Lys Pro Ser Arg Tyr

ACCTCTCTTT TTTGTTTTTA CAGTGTTTGG GATATAGCAT TTTTCATACT CATGAAATCC AGTTTAATTC

5ZO
TATGGTATTA AATAATTTAA ACAATACAGG TATTCGTTTA TATGATAATT CTATTAAAAA CTTAGTTTTC

CAAAAACATA ACTTACTCTT TTTAGTACCA TTCATAATAT ATGCAACATG GATATTAATT ATTTCTTTAT

ATGGTGTCAA TATTCCGATA CTAGATCAAT GGCTAGCACC TGGTGAACAA ATAGAGAGTT TTTTTAAAAA

TCAATTACAT ATTGAAACAC TTTATAAACA ACATAATGAA AGCAGGAAGT TAATTCCAAA CTTGATATTT1

FIG. 2. Nucleotide sequence of the noncoding strand of the small-subunit gene from Anabaena 7120 and its flanking regions. The deduced
amino acid sequence of the small subunit is printed below the nucleotide sequence. Numbering of residues begins with the first A of the
methionine codon. The sequence shown begins with the first nucleotide following the ochre codon of the large subunit gene. Underlined
residues indicate an inverted repeat that may function as a termination signal.

minus (residues 3-9) and the area adjacent to the deletion
(residues 45-65).
At the protein level, the Anabaena small subunit is 61%

homologous with that of Anacystis and 37-38% homologous
with eukaryotic small-subunit proteins (excluding deletions).
In contrast, the Anabaena large-subunit protein is -84% ho-
mologous to both Anacystis and eukaryotic large-subunit
proteins (7). It is interesting to note, however, that if the
NH2-terminal region and the region adjacent to the deletion
are excluded and conservative amino acid replacements are

allowed, the Anabaena small-subunit and the eukaryotic
small-subunit proteins are -86% homologous. At the nucle-
otide level, the Anabaena small-subunit coding sequence is
60% homologous with that of Anacystis (22) and 53-56% ho-
mologous with those of eukaryotic small-subunit genes (ex-
cluding deletions) (5, 6, 13). Hence, small-subunit nucleotide
homologies of eukaryotes and Anabaena are -17% greater
than protein homologies.
To determine how many copies of sequences related to the

small-subunit gene are present in Anabaena, the 980-bp
HindIII-Xba I fragment of pAn6O6 containing the small-sub-
unit gene was nick-translated and hybridized to EcoRI or

HindIII digests of total Anabaena DNA. In the latter digest,
only the 1.5-kbp fragment corresponding to pAn6O6 was

identified. In the EcoRI digest, only the 17-kbp fragment
corresponding to pAn600 (7) was identified (data not
shown). Therefore, Anabaena contains only one copy each

of the large- and small-subunit genes.
To determine whether a single transcript contains both

genes in Anabaena, RNA was prepared from cells grown on
medium containing ammonia, denatured, fractionated by
electrophoresis, blotted onto nitrocellulose paper, and hy-
bridized with either an rbcL- or rbcS-specific probe from An-
abaena. Since RNA transfer blot hybridizations with each of
these probes identified a preponderant message species of
3.1 kilobases (kb) (Fig. 4), this message appears to contain
both gene transcripts. The message length estimate varied
from 2.8 to 3.1 kb on different gels, but the intensity of the
hybridization bands was similar in all cases. RNA species of
-2.7, -2.25, and -1.7 kb were also identified by using the
large-subunit probe. The small-subunit probe hybridized
with some of these species (Fig. 4). Since the large-subunit
probe hybridized with some species smaller than 1 kb (see
the map of Fig. 1), the RNA preparation must contain some

small fragments from the 5' end of the mRNA; presumably,
these result from nonspecific degradation, since specific
processing events are not expected to occur within the cod-
ing region of the rbcL gene.

In some plant species, transcription of the small-subunit
genes is much more abundant in the light than in the dark. To
determine whether transcription of the rbcL-rbcS genes is
light regulated in Anabaena, RNA was prepared from Ana-
baena azollae grown either phototrophically or in the dark,
using fructose as a carbon source. The two RNA prepara-
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Vis, E TIL ------Y W T L K L P L7F A:RKT S AE VL AF V
IN EJHISEN ,CIE EF - - - Y WT MWK L P L F DCIKIS PQQV L DE V R

H
ETERGFVYRENNKSPGYYDGRYWTMWKLPMFGCTDATQVLAEVG
SKV - GFVFREHNSSPGYYDGRYWTMWKLPMFGCTDATQVLNEVE

EVKDGFVYRE1H DKS PGYYDGRYW- - - KLPMFGGTDPAQVVNEVE
ELEHGFVYREHNRSP-YYDGRYWTMWKLPMFGCTDASQVLKELD
ELEKGFVYREHNKSPRYYDGRYWTMWKLPMFGTTDASQVLKELD
ELLKGFVYGEHNKS PRYYDGR YWTMWKLPMFGTTDPA KVKELD

S QE DGHY I R VAGF DN IKQCQT1 LS F I VHRf siRp.E C~EYGDCYIRVAGFDNIKQCQTSFVSIVRRjGgR1Y1

EAKKAIYPIEAWI RI GFDNXRQVQCI SFI AYKPEG Y
EVKKEIYPIDAYVRVIGFDNrRQVQCVSAFlAFRPIPGICIEESGKA
E V KKAIP PIDAF V RFI GF DNKRE VQCIS FI AYIKPIAGIY
EAKTAYPNGFI RI GFDNVRQVQCI SFl AYKPPG F
E VV A AY PQ A FV RI I GF D NV RQV QC I S F IA HTlP ES Y
E V VA A dE A F V RV I GF NNV ROVOCI S F l A HNTLJ E S Y

FIG. 3. Comparison of amino
acid sequences of the small sub-
unit of RuP2 carboxylase from
Anabaena, Anacystis (22), tobac-
co (23), wheat (6), spinach (24),
soybean (5), pea pSS15 (25), and
pea pSSU1 (13). Residue number-
ing refers to the pea sequence.
Solid boxes surround positions
that are conserved in all of the
proteins, allowing for conserva-
tive amino acid replacements.
Dashed boxes surround residues
that are identical in the two pro-
karyotic sequences but differ in
the eukaryotic sequences.

tions were fractionated as in Fig. 4, blotted, and probed with
rbcS DNA. The concentrations of rbcS-specific RNA in the
two preparations were indistinguishable (data not shown).
We conclude that transcription of the rbcL-rbcS genes in
Anabaena is not regulated by light.
The Anabaena 7120 RNA preparation was also used for S1

nuclease protection and primer extention experiments to de-
termine the start site for transcription. Transcription initia-
tion was first roughly localized to a 310-bp Hinfl fragment
upstream from the rbcL coding region. This Hinfl fragment
was labeled at its 5' ends and the coding strand was hybrid-
ized to the RNA. The RNA-DNA hybrids were treated with
S1 nuclease and electrophoresed, along with sequencing
cleavage products of the fragment. The results of Fig. 5 indi-
cate that the start site of transcription begins with the A resi-
due at position -414 in Fig. 6. This result was confirmed by
extension of a primer derived from the same Hinfl fragment
(Fig. 5). The -10 and -35 sequences upstream from the
transcription start are T-A-T-A-T-T and G-A-A-T-A-A, re-
spectively. The -10 sequence is an almost perfect E. coli
promoter (21), but the -35 sequence is not. The first two
positions must be T-T for the -35 sequence to function with-
out specific activation in E. coli (21). We do not know
enough yet about Anabaena promoters to say whether this

S L
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FIG. 4. Identification of rbcL
and rbcS RNA species. Total An-
abaena RNA (20 ug) was dena-
tured, electrophoresed, blotted,
and hybridized with rbcL- or
rbcS-specific probes: a 1.0-kbp
Hpa I-HindIII fragment for rbcL
and a 0.95-kbp Xba I-HindIII
fragment for rbcS (see Fig. 1).
Sizes (kb) of the DNA fragments
run as standards are indicated.
The two larger markers were
pBR322 and an EcoRI fragment of
Anabaena DNA; the two smaller
markers were from an Hae III di-
gest of 4X174 replicative form
DNA.

one needs activation in Anabaena.
The complete nucleotide sequence of the DNA corre-

sponding to the Anabaena RuP2 carboxylase mRNA has
now been determined. For the 5' flanking sequence, the
strategy outlined in the upper portion of Fig. 1 was followed,
and Fig. 6 displays the nucleotide sequence up to the ATG
start codon for the Anabaena large subunit. A sequence ca-
pable of forming a stem-and-loop structure is located 32-63
bp downstream from the TAA stop codon of the small-sub-
unit gene (Fig. 2). If this actually represents the termination
site of the message, then the message contains 2816 bases, of
which there is an untranslatable leader of 414 bases followed
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FIG. 5. Identification of the
start site for rbcL transcription.
The coding strand of a HinfI frag-
ment upstream from the rbcL cod-
ing region was labeled, hybridized
with RNA, and digested with S1
nuclease. The S1 nuclease pro-
tected fragment(s) was electro-
phoresed on a denaturing acryl-
amide gel alongside sequencing
reaction products A+G, G, and C
of the same Hinfl fragment. The
S1 protection result was con-
firmed (arrowhead) by primer ex-
tension (E) of a primer (P) derived
from the same Hinfl fragment.
The lower molecular weight
bands in the S lane are probably
artifacts of the S1 nuclease diges-
tion resulting from an A+T-rich
region of the coding strand.
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-630
GGATAAGTAG AGGAGGCAGG GGAAGTAAAT AAGAATGACT ATGGACTATT GACCAATGAC TATTGGCAAC

-560
TGACAACTGA CTCCTATACA GTCATTGATA CATTTTGTAA CTGATTGTTA ACAAAACGTT TAAAACTTTA

Hi Hpa
-490
TGTAATAACA AATTTAAATA TGTAAGTTAA GAACTTTTCA AAGAATAACT TATGCCATTT CTTGATATAT

-420 V
TGAGAGACAA GTTACAAATT ACGTGGTGTG CAATTTTTTC ATCTTGCGCT GATTACTCTA CTAAATATCC

-350
GTCAAGTAAA TTGGCTCTTA GCTCGTCTCC

Ddel
-280
GTGTGAAAAC TAACCCAATT CATTAAATAC

TGTCAATAAA GGAGGTCGGC AAGAGTGCAG

CCCGAAATAT AGGGGAATCA TCTCATACTT
Hinfl

-210
GCGAAGGTCG TGAAGGGATA AAAGCAATTT AGTGGGTGAG AAGAACAGAT AAAAAGTAAA

-1 40
ATGCACTCCT AGATGAGCAA GACACTGGTG

-70
GTTTTTCTCC TGCTGATAGG GAGGTAGGGC

AAGAGGATTA CCACCTGACC TCTACCAAAA

AATTGATAAG TAAAAAGAGT GACATCTTGG

FIG. 6. Transcription initia-
tion site of the Anabaena rbcL
gene. The nucleotide sequence of
the 630 bn nrecedina the rhrl.LIIV, VJ7V V}J PIJ V,%,VUIIsb LII. f UE,,

coding region is shown. Number-
AAGCGGGAAT ing indicates the distance up-

stream from the rbcL coding re-
TCCGTAAACC gion. Transcription initiation was

mapped to nucleotide -414, indi-
AGCGTT'AACT cated by the arrowhead (Fig. 5).

HpaI Sequences -10 and -35 nucleo-
tides from transcription initiation

GATTATTCCT are underlined. The restriction
sites used for the experiments of

AAGGATAGAT Fig. 5 are also indicated.

by the large-subunit coding region of 1428 bases (7), a spacer
of 545 bases, the small-subunit coding region of 330 bases,
and a 3' extension of 68 bases.

In Cyanophora paradoxa and both cyanobacteria studied
to date, the rbcS and rbcL genes are linked and are probably
cotranscribed. In contrast, these genes in plants are physi-
cally separated in the nuclear and chloroplast genomes, and
rbcS is multicopy. The rbcS genes of plants contain a transit
peptide required for transport of the small subunit into the
chloroplast. The transit peptide is not encoded in the pro-
karyotic genes, as expected. In addition, there is no obvious
relationship between the sequence flanking the terminus of
the cyanobacterial rbcS genes and the transit peptide encod-
ing regions of the plant genes. All of the plant rbcS genes
sequenced to date also contain an insertion of 12 amino acid
residues preceding the highly conserved region at residues
66-76, as well as an intervening sequence between residues 2
and 3 of the mature protein. It is possible that the 12 amino
acid insert in the eukaryotic genes is necessary for chloro-
plast membrane crossing. This possibility can be tested by
fusing the eukaryotic transit peptide coding sequence to the
Anabaena small-subunit gene and examining the processing
and transport behavior of the resulting polypeptide in vitro.
Mature RuP2 carboxylase contains equimolar amounts of

the large- and small-subunit protein. How this stoichiometry
is obtained in plants is a mystery, since the total number of
chloroplast rbcL genes vastly exceeds the number of nuclear
rbcS genes. Cotranscription of the two genes in Anabaena
makes it possible that equimolar amounts of the two proteins
are produced by equal translation of the two messages.
However, the rbcL gene has what appears to be a good ribo-
some-binding site just before its open reading frame (Fig. 6,
A-G-G-A at residues -6 to -9), whereas the rbcS gene has
none (Fig. 2). The distance between the genes, 545 bases,
seems too great to expect ribosomes to read through from
the rbcL message so the yield of small subunit obtained by
translation of the 3-kb message could be low. It is also possi-
ble that processing and differential stability modify the rela-
tive levels of the two gene messages in vivo, but the problem
of preventing nonspecific degradation of the RNA during
isolation (Fig. 4) makes tests of those possibilities difficult.
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