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ABSTRACT  Cloned DNA probes containing genes coding for
the large subunit of ribulose-1,5-bisphosphate carboxylase (rbcA)
of corn and of Chlamydomonas were used to identify, by heter-
ologous hybridization, DNA fragments from Anabaena 7120 car-
rying the corresponding gene sequence. The same probes were
used to isolate, from a recombinant A library, a 17-kilobase-pair
EcoRI Anabaena DNA fragment containing the coding sequence
for the rbcA gene. The entire coding sequence, as well as 210 base
pairs of 5’ flanking region and 210 base pairs of 3’ flanking region,
was determined. Comparison of the nucleotide and amino acid se-
quences with those of corn, spinach, Chla , and Sy-
nechococcus rbcA genes revealed homology of 71-77% at the nu-
cleotide level and 80-85% at the amino acid level. Conservation
of sequence is lost immediately outside the coding region on either
side. Codon usage in the Anabaena rbcA gene is not significantly
different from that in the Anabaena genes for nitrogenase reduc-
tase and nitrogenase B subunit.

We are interested in understanding the mechanisms by which
genes are regulated during the differentiation of heterocysts—
cells specialized for aerobic nitrogen fixation—which appear at
regular intervals along the filaments of certain cyanobacteria
such as Anabaena (1). In the laboratory, the differentiation pro-
cess can be manipulated by varying the concentration of com-
bined nitrogen in the medium. Development of heterocysts is
repressed in media containing nitrate, ammonia, or amino acids;
differentiation and, eventually, nitrogen fixation activity are in-
duced by withdrawal of these sources of nitrogen.

The heterocyst differs in many ways from its antecedent veg-
etative cell. The heterocyst has two new cell wall layers, many
new enzymes of carbohydrate catabolism, and all the compo-
nents of nitrogen fixation. It has lost the capacity to fix carbon
dioxide and to evolve oxygen. Analysis of total cell proteins by
acrylamide gel electrophoresis has shown further that many
vegetative cell proteins are absent from heterocysts. In order to
study the process of differentiation at the level of gene tran-
scription, we have attempted to clone genes representative of
the sets that are regulated either up or down during differen-
tiation. The structural genes for nitrogenase and nitrogenase re-
ductase are examples of the former class (2, 3). For the latter
class, we chose the gene coding for the large subunit of ribu-
losebisphosphate (RuP,) carboxylase (rbcA), a protein whose
enzyme activity (4), antigen (5), and polypeptide band (6) dis-
appear rapidly from developing heterocysts in cultures de-
prived of combined nitrogen. In this communication, we report
the cloning of that gene and the determination of its complete
coding sequence.

RuP; carboxylase has been recognized for a long time as an
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extremely abundant plant protein (7). It is found in the chlo-
roplasts of higher plants, where it catalyzes the addition of CO,
to RuP; in the first step of the Calvin—Bassham pathway for CO,
fixation. The enzyme contains eight subunits of molecular weight
~50,000 and eight of molecular weight =12,500. The large sub-
unitis coded for and synthesized in the chloroplast (8). The small
subunit is coded in nuclear genes (9, 10); the transcripts are
spliced, translated in the cytoplasm into a precursor molecule,
and transported across the chloroplast membrane (11). Trans-
port is accompanied by removal of a signal sequence (11). The
large subunit, which contains the catalytic site, is highly con-
served antigenically; antibody to the tobacco protein crossreacts
with algal proteins, for example (12). Small subunits from dif-
ferent species are much less closely related. Relatedness of the
large subunit, based on biochemical parameters, physical prop-
erties, and serology, extends from plants to cyanobacteria (13);
these observations have been interpreted as support for the en-
dosymbiotic origin of chloroplasts. We therefore were inter-
ested in comparing the sequence of a cyanobacterial rbcA gene
and its product with the chloroplast genes and their products
from several plants and algae. These comparisons, which in-
dicate common ancestry of the cyanobacterial, algal chloroplast,
and plant chloroplast genes, will be presented as well.

MATERIALS AND METHODS

Total DNA from Anabaena 7120 was isolated by a modification
of the procedure of Bendich et al. (14) applied to 15-liter cul-
tures as described (2). Cells were resuspended in 30 ml of 50
mM NaCl/50 mM Na,EDTA/50 mM TrissHCI, pH 8.5. Ly-
sozyme was added to 5 mg/ml and the suspension was incu-
bated at 37°C for 30 min. The cells were lysed by adjusting the
suspension to 2.5% Triton X-100 and 1% Sarkosyl. Then, 50 g
of CsCl was added and the lysate was centrifuged at 10,000 rpm
in an HB-4 Sorval rotor. After removal of the floating layer of
protein and lipid, the supernatant containing the nucleic acids
was adjusted with CsCl to adensity of 1.60 g/ml. Ethidium bro-
mide (EtdBr, 10 mg/ml) was added to a final concentration of
300 ug/ml, and the CsCl/EtdBr mixture was centrifuged in a
Beckman Ti 60 rotor at 45,000 rpm for 18-24 hr at 20°C. The
DNA band was visualized with ultraviolet light, removed through
the side of the tube by using a 16-gauge needle, and rebanded
in a second CsCl/EtdBr gradient. EtdBr was removed by ex-
traction with isopropanol saturated with CsCl and the remaining
solution of DNA was dialyzed against several changes of TE buff-
er (10 mM Tris’HCI, pH 8.0/1 mM Na,EDTA).

Phage and Escherichia coli strains were grown and phage and
plasmid DNA were isolated as described (2, 3). Plasmid pZmB1,
containing a 4.0-kilobase-pair (kbp) BamHI fragment of corn
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chloroplast DNA, was obtained from A. A. Gatenby (15). Plas-
mid pCr34.1, containing a 1.0-kbp HindIII fragment of Chlam-
ydomonas chloroplast DNA, was obtained from R. Hallick. This
fragment is denoted R-15.2 in the publication describing the
sequence of the Chlamydomonas rbcA gene (16). Recombinant
A phage libraries constructed by Rice et al. (3) were screened by
plaque hybridization according to Benton and Davis (17). An-
abaena DNA inserts were recloned from phage vectors into
plasmid pBR322 and pBR325 (18). Restriction endonuclease
digestions, agarose gel electrophoresis, and Southern blot hy-
bridization with *2P-labeled DNA probes were performed as de-
scribed (2, 3).

DNA labeling and sequence determinations were carried out
according to Maxam and Gilbert (19) with the exception of the
piperidine cleavage step which was performed as described by
Smith and Calvo (20). All restriction sites but one were over-
lapped and every sequence was determined on both strands. In
order to obtain the sequences around the HindIII site, the se-
quence was read through the HindIII site into the vector DNA
on one strand from each direction. On the other strand the se-
quence was obtained by reading up to the labeled end on a 20%
analytical gel. Sequencing ladders were transcribed manually,
entered into an Amdahl computer manually, and translated by
using the program of Queen and Korn (21).

RESULTS AND DISCUSSION

We shall describe the use of clones containing rbcA genes from
corn and Chlamydomonas chloroplast DNA as probes to iden-
tify Anabaena fragments containing homologous sequences. We
were confident that heterologous probes would serve in this re-
gard because of the extensive conservation of structure among
carboxylase large subunits from many sources. In addition, us-
ing an antiserum against tobacco large subunit (kindly provided
by D. Bourque), we observed crossreaction in Quchterlony im-
munodiffusion tests with crude extracts of Anabaena and could
specifically precipitate from such extracts two polypeptides whose
mobility in acrylamide gels corresponded to those of the car-
boxylase large and small subunits (data not shown).

Two cloned rbcA probes were therefore hybridized to South-
ern blots of total Anabaena 7120 DNA (Fig. 1). The probe pZmB1
contains a 4.0-kbp fragment from corn chloroplast DNA con-
sisting of the corn rbcA gene plus 2.5 kbp of flanking sequence
(15). pZmB1 hybridized to Anabaena HindIII fragments of 10.5
and 8.5 kbp and to EcoRI fragments of 17.0 and 5.6 kbp. The
probe pCr34.1 contains a 1.0-kbp fragment from Chlamydo-
monas chloroplast DNA containing the 3’ end of the algal rbcA
gene (16). pCr34.1 also hybridized to the 17.0-kbp EcoRI frag-
ment and the 10.5-kbp HindIII fragment.

The 5.6-kbp EcoRI and 8.5-kbp HindIII fragments, which
hybridized to the corn probe pZmB1 but not to pCr34.1 (Fig.
1), do not contain any portion of the Anabaena rbcA gene. These
fragments hybridized solely to DNA sequences that flank the
corn rbcA gene in the probe pZmB1. This region has recently
been shown to contain a gene for the B8 subunit of the chloroplast
coupling factor (22). We have cloned the corresponding 5.6-kbp
EcoRI Anabaena DNA fragment in recombinant A and con-
firmed that it contains a gene for the B subunit of ATPase by
hybridization with a probe of known sequence from spinach
chloroplast DNA, kindly provided by P. Whitfeld and W. Bot-
tomley (23). The EcoRI fragment containing the Anabaena B
subunit gene is not adjacent to the fragment containing the rbcA
gene (data not shown).

The EcoRI fragments that showed homology to the plant probes
were isolated by screening a A Charon 4 library of cloned An-
abaena DNA with [*P]pZmB1. The clone ACh4-An600 contains
the 17.0-kbp EcoRI fragment indicated in Fig. 1. A restriction
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F1. 1. Identification of the Anabaena gene coding for the large
subunit of RuP; carboxylase (rbcA). Total Anabaena DNA was di-
gestedwith either EcoRI(R1) or HindIII (H3), electrophoresed, blotted,
and hybridized with the indicated probes. Sizes of the bands detected
are given in kbp. The map of pAn602 is given in Fig. 2. The bands at
8.5 and 5.6 kbp detected by the corn probe but not by the Chlamydo-
monas probe contain sequences that include the gene for the 8 subunit
of ATPase (see text).

endonuclease map of ACh4-An600 was constructed and the het-
erologous probes were used to determine the location and ori-
entation of the rbcA gene. A 5’ probe was constructed by sub-
cloning an internal 0.6-kbp Pst I fragment from the 5’ end of the
corn rbcA gene of pZmB1. Southern blots of ACh4-An600 were
hybridized with 3*P-labeled pZmB1, pCr34.1, or the Pst I frag-
ment (data not shown). The position and length (1.5 kbp) of the
hybridizing regions indicated that ACh4-An600 carries an entire
rbcA gene and suggested that the homology is confined to the
rbcA coding region. A subclone, pAn602, which contains most
of the rbcA gene, was constructed by insertion of an EcoRI/
HindIII fragment of ACh4-An600 into pBR322 (Fig. 2). When
[**P]pAn602 was hybridized back to Anabaena total DNA (Fig.
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Fig. 2. Physical map of the 17-kbp Anabaena EcoRI DNA frag-
ment identified in Fig. 1 and cloned in A Charon 4A (An600). The thick
bar represents the location of the rbcA gene, with 3’ and 5' ends in-
dicated. The subfragment containing rbcA was subjected to sequence
analysis with the strategy indicated in the lower portion. To facilitate
sequence analysis, subfragments of An600 were cloned in plasmids called
pAn602 and pAn606, as shown.
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1), it hybridized only to the 17.0-kbp EcoRI fragment from which
it was derived and to the HindIII fragment which overlaps it in
the Anabaena chromosome. This result, which has been repro-
ducible with much longer exposure times for the autoradiog-
raphy, indicates that Anabaena contains a single copy of the rbcA
ene.
i Having located and oriented the rbcA gene in An600, we next
determined the nucleotide sequence of the gene by following
the strategy outlined in the lower portion of Fig. 2. Fig. 3 dis-
plays the nucleotide sequence of the noncoding strand of the
rbcA gene and its flanking regions. The open reading frame con-
tains 1,428 base pairs, starting with an ATG and ending with two
termination codons in tandem. Examination of the sequence
flanking the open reading frame shows a possible ribosome
binding sequence (24), G-G-A-A-G-G, at residues —12 to —7.
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The relevance of this sequence is still unknown, however, be-
cause the 3’ terminal sequence of Anabaena 16S rRNA has not
been determined.

Examination of the sequence in the 3’ direction has shown
a possible prokaryotic terminator, an inverted repeat followed
by a stretch of T residues (25) at positions 1,450-1,508. Because
the EcoRI-HindIII fragment of pAn602 provides an active pro-
moter, in E. coli, for expression of B-galactosidase or tetracy-
cline resistance in suitable fusion vectors (C. Richaud, personal
communication), we expect the Anabaena rbcA promoter to re-
semble a typical prokaryotic one. The rbcA 5' flanking region
contains several candidates for such promoter sequences. The
nucleotide sequences of rbcA genes from another prokaryote
and three eukaryotes are available. The Anabaena rbcA coding
sequence shows 71-77% identity with the other rbcA genes (Ta-

=210
AGCGTTAACT

ATGCACTCCT AGATGAGCAA GACACTGGTG AAGAGGATTA

CCACTAAAGC

TAAGTGTTAG

-140

TTGCAGAAAG GTCGCTGACC TCTACCAAAA GATTATTCCT GTTTTTCTCG TGCTGATAGG GAGGTAGGGC

=70

AATTGTGAGA GGAAATTGTA CCAAAACGTG ATTAGATAAG TAAAAAGAGT GACATCTTGG AAGGATAGAT

ATG TCT TAC GCT CAA ACG AAG ACT CAG ACA AAA TCT GGG TAT AAA GCC GGG GTT CAA GAT TAC AGA CTA ACT

Met Ser Tyr Ala Gin Thr Lys Thr Gin Thr Lys Ser Gly Tyr Lys Ala Gly Val Gin Asp Tyr Arg Leu Thr
144

TAT TAC ACA CCT GAT TAC ACA CCT AAA GAT ACA GAT ATT CTG GCG GCA TTC CGT GTT ACA CCC CAG CCC GGA

Tyr Tyr Thr Pro Asp Tyr Thr Pro Lys Asp Thr Asp Ile Leu Ala Ala Phe Arg Val Thr Pro Gin Pro Gly

72

216
GTT CCC TTT GAG GAA GCG GCT GCG GCA GTA GCG GCT GAG TCT TCT ACT GGT ACT TGG ACG ACC GTA TGG ACA

Val Pro Phe Glu Glu Ala Ala Ala Ala Val Ala Ala Glu Ser Ser Thr Gly Thr Trp Thr Thr Val Trp Thr
288
GAC CTG TTA ACC GAT CTA GAT CGT TAC AAA GGT CGT TGC TAC GAT ATC GAA CCA GGT CCC GGC GAA GAC AAC
Asp Leu Leu Thr Asp Leu Asp Arg Tyr Lys Gly Arg Cys Tyr Asp lle Glu Pro Val Pro Gly Glu Asp Asn
360
CAA TCC ATT GCC TAC ATC GCT TAT CCT TTG GAT CTG TTT GAA GAA GGC TCC ATC ACC AAC GTT TTG ACC TAC
Gin Phe lle Ala Tyr lle Ala Tyr Pro Leu Asp Leu Phe Glu Glu Gly Ser Ile Thr Asn Val Leu Thr Ser
432
ATT GTA GGT AAC GTA TTT GTT TTT AAA GCA TTA CGC GCA TTG CGT TTG GAA GAC ATT CGC TTT CCT GTT GCT
lle Vval Gly Asn Val Phe Gly Phe Lys Ala Leu Arg Ala Leu Arg Leu Glu Asp lle Arg Phe Pro Val Ala
504
TAC ATC AAG ACC TTC CAA GGC CCT CCT CAC GGT ATC CAA GTT GAG CGT GAC AAA TAA AAC AAA TAT GGC CGT
Tyr lle Lys Thr Phe GIn Gly Pro Pro His Gly lle GIn Val Glu Arg Asp Lys Leu Asn Lys Tyr Gly Arg
576
CCT CTG TTG GGT TGT ACC ATC AAA CCA AAA TTA GGT CTG TCT GCT AAG AAC TAC GGA CGC GCT GTA TAC GAG
Pro Leu Leu Gly Cys Thr lle Lys Pro Lys Leu Gly Leu Ser Ala Lys Asn Tyr Gly Arg Ala Val Tyr Glu
648
TGT TTG CGC GGT GGT TTG GAC TTC ACC AAA GAC GAC GAA AAC ATT AAC TCC GCA CCA TTC CAA AGA TGG CGC
Cys Leu Arg Gly Gly Leu Asp Phe Thr Lys Asp Asp Glu Asn Ille Asn Ser Ala Pro Phe Gin Arg Trp Arg
720
GAT CGC TTC TTG TTT GTA GCT GAT GCC ATC ACC AAA GCA CAA GCA GAA ACA GGC GAA ATC AAA GGT CAC TAC
Asp Arg Phe Leu Phe Val Ala Asp Ala lle Thr Lys Ala GIn Ala Glu Thr Gly Glu lle Lys Gly His Tyr
792
CTA AAC GTG ACC GCT CCT ACC TGT GAA GAA ATG CTA AAA CGG GCT GAG TAC GCT AAA GAA CTC AAA CAG CCC
Leu Asn Val Thr Ala Pro Thr Cys Glu Glu Met Leu Lys Arg Ala Glu Tyr Ala Lys Glu Leu Lys GIn Pro
864
ATC ATC ATG CAC GAC TAC CTG ACC GCA GGT TTC ACA GCT AAC AAC ACC TTG GCT CGT TGG TGT CGT GAC AAC
lle lle Met His Asp Tyr Leu Thr Ala Gly Phe Thr Ala Asn Thr Thr Leu Ala Arg Trp Cys Arg Asp Asn
936
GGT CTT CTA CTG CAC ATC CAC CGC GCG ATG CAC GCA GTA ATC GAC CGT CAA AAG AAC CAC GGT ATC CAC TTC
Gly Leu Leu Leu His lle His Arg Ala Met His Ala Val Ile Asp Arg Gin Lys Asn His Gly lle His Phe
1008
CGT GTA TTG GCT AAA GCC CTA CGT CTA TCT GGT GGT GAC CAC ATC CAC ACC GGT ACC GTA GTA GGT AAA TTG
Arg Val Leu Ala Lys Ala Leu Arg Leu Ser Gly Gly Asp His Ile His Thr Gly Thr Vval Val Gly Lys Leu
1080
GAA GGT GAA CGC GGT ATC ACA ATG GGC TTC GTT GAC CTA CTA CGT GAA AAC TAC GTT GAG CAA GAC AAG TCT
Glu Gly Glu Arg Gly lle Thr Met Gly Phe Val Asp Leu Leu Arg Glu Asn Tyr Val Glu Gin Asp Lys Ser
1152
CGC GGT ATT TAC TTT ACC CAA GAC TGG GCT TCT CTA CCT GGT GTA ATG GCA GTT GCT TCC GGT GGT ATC CAC
Arg Gly lle Tyr Phe Thr Gin Asp Trp Ala Ser Leu Pro Gly Val Met Ala Val Ala Ser Gly Gly Ile His
1224
GTA TGG CAT ATG CCA GCG TTG GTA GAA ATC TTC GGT GAT GAC TTC GTA CTA CAA TTC GGT GGT GGT ACA CTC
Val Trp His Met Pro Ala Leu Val Glu Ile Phe Gly Asp Asp Ser Val Leu Gin Phe Gly Gly Gly Thr Leu
1296
GGA CAC CCT TGG GGT AAC GCT CGT GGT GCA ACC GCT AAC CGT GTA GCT TTG GAA GCT TGC GTC CAA GCA CGT
Gly His Pro Trp Gly Asn Ala Arg Gly Ala Thr Ala Asn Arg Val Ala Leu Glu Ala Cys Val Gin Ala Arg
1368
AAC GAA GGT CGT AAC TTG GCT CGT GAA GGT AAC GAC GTT ATC CGT GAA GCT GCT AAG TGG TCT CCT GAA TTG
Asn Glu Gly Arg Asn Leu Ala Arg Glu Gly Asn Asp Val lle Arg Glu Ala Ala Lys Trp Ser Pro Glu Leu
1434
GCT GTC GCT TGC GAA CTG TGG AAA GAA ATC AAG TTC GAG TTT GAG GCA ATG GAT ACC GTC TGA TAA
Ala Val Ala Cys Glu Leu Trp Lys Glu lle Lys Phe Glu Phe Glu Ala Met Asp Thr Val End End
AGGCTGAAGA TGCAAGGATG AAGGTTAAAT GGAAAATACC TTTCATCCTT

1504
ACATTCTTTA AACTTCATCC

1574
TTTTAAAGGG CTGGGTCAAG CATGAATCTC AAGCAAATAG CGAAAGATAC AGCCAAAACG CTCCAAAGCT

1644
ACCTGACTTA TCAGGCGCTA ATGACTGTGT AATCCGCCGT TAGCATTATG

TGGCACAGCT AGGCGAAATG

Fic. 3. Nucleotide sequence of the rbcA gene from Anabaena 7120. Numbering of residues begins with the first A of the methionine codon.
A possible ribosome binding site at positions —7 to —12 is underlined.
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Table 1. Sequence homologies between rbcA genes of Anabaena
and other organisms

% homology with other genes

Synech- Chlamydo-

ococcus monas Spinach Corn
Nucleotides 77 76 74 71
Amino acids 84 84 85 80

Data for these comparisons are from the following references: Sy-
nechococcus, B. Reichelt and S. Delaney, personal communication;
Chlamydomonas, ref. 16; spinach, ref. 26; and corn, refs. 27 and 28.

ble 1). It is somewhat surprising that the Anabaena rbcA gene
is about as homologous to the gene from Synechococcus, a uni-
cellular cyanobacterium, as it is to the gene from Chlamydo-
monas, a green alga, or to the spinach gene. The spinach and
corn gene sequences are 84% homologous (26). Conservation of
nucleotide sequence ends immediately outside the coding re-
gion in both directions.

The amino acid sequence of the Anabaena RuP; carboxylase
large subunit, determined by translating the gene sequence, is
compared with the sequence of large subunits from other spe-
cies in Fig. 4. The degree of homology is astonishing: there are
few positions at which amino acids are not identical or related
by single base substitutions. Most differences at the nucleotide
level are found in the third position of codons, resulting in no
amino acid change and a high percentage of homology at the
amino acid level (Table 1). There are several exceptions to this
generalization. One is the corn sequence between amino acid
residues 442 and 448 where there are numerous two-base changes
and an apparent deletion of one residue. A second exception to
rigid conservation occurs at the beginning of the gene. The An-
abaena protein is one amino acid longer than the protein from
chloroplasts and five longer than that from Synechococcus. Amino
acid sequence data from barley (32) indicate that the mature bar-
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ley protein commences with an alanine residue (position 16 in
Fig. 4). It is interesting to note that it is at the lysine residue
preceding alanine-16 that the strong homology between the five
rbcA sequences of Fig. 4 begins. Langridge (33) reported that
the spinach protein synthesized in E. coli cell-free extracts is 1-
2 kilodaltons larger than the mature protein but could be re-
duced to the size of the latter by treatment with a soluble chlo-
roplast extract. As suggested previously (26), it is possible that
the amino-terminal peptides of rbcA proteins are discarded, and
thus variations at this end are tolerated. Proof of this hypothesis
awaits the determination of rbcA amino termini from sources
other than barley. In contrast, although the carboxy termini of
the large subunit sequences presented in Fig. 4 vary somewhat
in amino acid composition, they are invariant in length.

The conservation of amino acid sequence around the cysteine
and lysine residues that are specifically affinity labeled by sub-
strate analogs (29) and the lysine residue at the site of carbamate
formation in enzyme activated by CO, (30) (see Fig. 4) has al-
ready been noted (15, 26, 31). These residues begin to define
the active site of the enzyme. Residues 171-188 and 191-206
are fully conserved in all five proteins; from residue 147 to 212
there are only nine single amino acid replacements in all. A cys-
teine residue near the carboxyl terminus of the proteins is pho-
toaffinity labeled in the spinach enzyme, but that residue is not
present in the Synechococcus sequence and so it may not be an
essential component of the active site.

Codon utilization in the Anabaena rbcA gene (Table 2) dis-
plays many asymmetries. This distribution of preferred codons
is also seen in the two other Anabaena genes for which sequence
data are available, nitrogenase reductase (nif H) (34) and the 8
subunit of nitrogenase (nif K) (35). The codons UCG, CCG, and
CGA are not used in the three Anabaena genes whose se-
quences are known (34, 35). However, these absences do not
permit reduction in the number of tRNA species needed for
translation because all three can be translated by using tRNA

30 40 50 60 70 80
An: PDY|TP DI LAAFRVTPQPGVPFEEAJAJAAVAAESSTGTWTTVWTD L DR
Syn: PDY|TP DL]L AAF[P]VE]P QP GV PIADIE AGAAIJAAESSTGTWT TV WT D, D MD R
Chl: PDY|VV DI LAAFRMTPQLJGVPPEE[CJGAAVAAESSTGTWTTVWTD S[CDR
Sp: PlEJY|E T DI LAAFRV[SJPQPGVPPEEAGAAVAAESSTGTWTTVWTD N|L DR
Zm: PJEYJE T DI LAAFRVTPQL|GVPPEEAGAAVAAESS[A|IGTWT TV WTD S[LDR
EY 100 110 120 130 140 150 160
An: YKGRCY[D[T EP VP GE|D AYIIAYPLDLFEEGS[IJTNIVL[TST VGNVFGFKALRALRLED|I[RIF[PVAY]JI[KTFQGPPHGI QVER
Sym YKGKCYHI EPVQGE|E A[ELJAYPLDLFEEGSVTNJI LITS] VGNVFGFKA[MRSJLRLED|IJR[FJPVA[LIVKTFQGPPHGI QVER
Chi: YKGRCY[D]l EPVPGE[D AYVAYP[I]JDLFEEGSVTNMFTSI VGNVFGFKALRALRLEDLRI PPIAYVKTFNVIGPPHGI QVER
S YKGRCYHI EPVAGE|E HYVAYPLDLFEEGSVTNMFTSIVGNVFGFK/-\LRALRLEDLRIPVAYVKTFQGPPHGIQVER
Zm: YKGRCYHIEPVPG[DP ClYVAYPLDLFEEGSVTNMFTSI VGNVFGFKALRALRLEDLRI PFJAYSIKTFQGP P[RIGIMQV E R
170 180 190 200 ~C02 210 220 230 240
An: DKLNKYGRPLLGCITI|KPKLGLSAKNYGRAVYECLRGGLDF T|KIDDE NI[NS|A[PFJQRWRDRFLFVA|D[AI|T[KAQAETGEI LGHY
Syn: DIL]L[TIKYGRPIML GC|T I|KIPKLGLS AKNYGRAVYECLRGGLDF T|KIDDEN|I|NS QPF[QRWRDRFLFVADAI|HKSQAETGEI LGHY
Chi: DKLNKYGR[GLL GQCTI(KPKLGLSAKNYGRAVYECLRGGLDF T/KDDENVNSQPFMRWRDRFLFVAEAI YKAQAETGENJLGHY
Sp DKLNKYGRPLLGCITIKPKLGLSAKNYGRAVYECLRGGLDF T/KDDENVNS QPFMRWRDRFLF[CIJAEAL]YKAQAETGET LGHY
Zm: DKLNN[YGRPLLGCITI|KPKLGLS AKNYGRA[CI[YECLRGGLDF T|KIDDENVNS QP FMRWRDRF[V|F|JClAE AT YK[SJQAETGEI LGHY
250 260 270 280 290 300 310 320
An: L DIVITAIPITCEEMLIKRAEIYAKELKQPT T MHDYL TIJA/GFTANTTLARWICRDNGLLLHI HRAMHAVI DRQKNHGI HFRVLAKALR
Syn: L D[VITAIPITCEEMMKRAEFAKELGMPI I MHD[FIL TIAJGFTANT T L AlKW RDNGLLHIHRAMHAVIDRNHGIHFRVLAKLR
Ch: LDATAGTCEEMMKRAE[CJAKELGVPI1I MHDYLTGGFTANT[SJLAJI[YCRDNGLLLHI HRAMHAVI DRQRINHGI HFRVLAKALR
S LDATAGTCE MMKRAEFAJ'ITI;‘LLGVPIVMHDYLTGGFTANT LSHYCRDNGLLLHI HRAMHAVI DRQKNHG[MHFRVLAKALR
Zm: LDATAGTCDEMIIKGAEF ARQLGVPIVMPDIDYLTGGFTANTTL[SHYCRDNGLLLHI HRAMHAVI DRQKNHG|MHF[GlVLAKALR
330 340 350 360 370 380 390 400
An: LSGGDHIHIT[GTVVJK|LEGE GFVDLLR SRGI YFTQDWA[S|LJPGVJMA[VASGGI HYWHMPALVEI FGDDS V
Syn: LSGGDHHSGTVVGKLEGD A GF V D L[MR S RGIVFFTQDWA[S MPGV|L[PVAS GGI HVWHMPALVEI FGDDS V
Chi: [M)s GGDHILJHS GTV V QKL E GE RJE GFVDL SRGI YFTQDWCIS MPGVIMPVASGGI HVWHMPALVEI FGDD[AC]
S LSGGDHI HSGTVVQK|LEGER GFVDLL SRGI YFTQS]WV[S[TIPGV|LIPVASGGI HVWHMPAL[T[EI FGDDS V
Zm: [MSGGDHI HSGTVVGK|LEGER|E GFVDLL SRGIFFTQDWV[SMPGVJI[PYASGGI HVWHMPAL|T[EI[L]GDDS V
410 420 430 440 46Q 470
An: TB’FGGGTLGHPWGNA GAITANRVALEACVQARNEGRNLARE GJN KWSPELAVACE]L[WKET KFE F|[E[AMD TJV
Syn: LIQFGGGTLGHPWGNAPGA[TANRVALEACYQARNEGRDL[Y]R E GG KWSPELAAALIDLIWKEI KFE F[E TMD[KL
Ch: LEFGGGTLGHPWGNAPGAAANRVALEAC[TJQARNEGRDL AR E GGl KWS PELAAACE|V[WKEI KFEF[DTIJDKL
S LEFGGGTLGHPWGNAPGAIVIANRVALEACVQARNEGRDLAREG|N KWS PELAAACE|VWKEI KFEFP[AMDT|V
Zm: LEFGGGTLGHPWGNAJH[GA|[AlANRVALEACVQARNEGRDLARE[VQ K WS[AJE L A A AICE[I [WK[D]I K F[D|F|K|A MD T|I
-

Fic. 4. Comparison of amino acid sequences of the large subunit of RuP; carboxylase from Anabaena (An), Synechococcus (Syn), Chlamydo-
monas chloroplasts (Chl), spinach chloroplasts (Sp), and corn chloroplasts (Zm). Residue numbering refers to the Anabaena sequence. Data for sources
other than Anabaena were obtained from references mentioned in the legend to Table 1. Boxes surround positions at which at least three of the
proteins have the same amino acid. Circled residues have been suggested as participants in the catalytic site (29-31). The lysine residue labeled
CO, is the site of carbamate formation in enzyme activated by CO (30).
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Table 2. Codon utilization in the Anabaena rbcA gene
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uuu 8 UCU 9 UAU 4 UGU} 4
wel P 1 uce sr 4  UAC b8 Geol &0 g
UuA } Leu 4 ucA 1 UAA  ochre 1 UGA opal 1
UuG 15 UCG 0 UAG  amber 0 UGG Trp 9
Ccuu 1 CCuU 11 CAU } His 1 CGU 18
cuc| oy 2 CCCl py 5  CAC 12 CGC[ a9
CUA 11 CCA 4 CAA } Gln 12 CGA 0
CUG 8 CCG 0 CAG 3 CGG 1
-AUU 6 ACU 4 AAU } Asn 0 AGU } Ser 0
AUC ¢ 1le 19 ACC Thr 18 AAC 17 AGC 0
AUA 0 ACA 10 AAA} Lys 18 AGA } Arg 2
AUG Met 8 ACG 2 AAG 7 AGG 0
GUU 11 GCU 25 GAU } Asp 12 GGU 31
GUC| vy 3  GeCl o, 4 GAC 6  6ocl g, 6
GUA 15 GCA 13 GAA } Glu 23 GGA 3
GUG 1 GCG 6 GAG 8 GGG 2
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sequences of the corresponding seryl, tRNA and arginyl tRNA don) 287, 692-697. ‘
from E. coli have been determined and each has been shown to 11. »%‘“gi 1N0(l)‘-lllit Schmidt, G. W. (1978) Proc. Natl. Acad. Sci. USA
recognize three codons in vitro. The arginyl tRNA anticodon 12. Doner, R. W., Kalmi, A. & Wildman, S. G. (1958) Biochim. Bio-
_sequence is ICG; the seryl, tRNA anticodon sequence is 5-car- phys. Acta 29, 240-245.
boxymethoxy-UGA (36). The nif genes are expressed only in the 13. Kieras, F. ]. & Haselkorn, R. (1968) Plant Physiol. 43, 1264-1270.
absence of a combined nitrogen source, whereas rbcA is ex- 14. Bendich, A. J., Anderson, R. S. & Ward, B. L. (1980) in Genome
pressed only when such a source is present. Under aerobic con- grganYiza]t(i;m amé fxgsfessim in Plants, ed. Leaver, C. . (Plenum,
ditions, nif gene expression requires, in addition, heterocyst €w lorkj, pp. 3/=99.
differentiation. It might have been expected, therefore, that the 15. ((g:ggz) 2‘;11\115 ’isgiemn’ J. A & Saul, M. W. (1981) Nature
distribution of codons utilized in the two classes of genes would 16. Dron, M., Rahine, M. & Rochaix, ].-D. (1982) J. Mol. Biol. 162,
differ, allowing a further level of differential expression beyond 775-793.
control of transcription. The distributions do not differ; there- 17. Benton, W. & Davis, R. (1977) Science 196, 180-181.
fore, the postulated translational control can be ruled out. 18.  Bolivar, F. & Backman, K. (1979) Methods Enzymol. 68, 245-267.
19. Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 65, 499-
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