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ABSTRACT

The tobacco chloroplast gene for the a subunit of proton-
translocating ATPase has been cloned and sequenced. The coding
region contains 1521 bp (507 codons). The nucleotide sequence
and the deduced amino acid sequence show 55% and 54% homologies
with those of the E. coli a subunit, respectively. The deduced
amino acid composition is quite similar to that estimated for
the spinach o subunit.

INTRODUCTION

The proton-translocating ATPase (H+-ATPase) of chloroplasts
is an essential component of light-driven ATP synthesis. It
consists of two parts, CF; and CFy. The CF, is located on the
outer surface of the thylakoid membrane and composed of five
different subunits (o, B, Y, 6 and €). The CFy is located in
the membrane and composed of three different subunits (I, II and
III). The genes for five subunits (a, B, €, I and III) are
known to be encoded on chloroplast DNA (1, 2). Recently the
genes for the B and € subunits of maize (3), spinach (4) and
tobacco (5, 6) have been sequenced and found to be fused.
Westhoff et al. (1) have reported that the gene for the spinach
o subunit is separated by approximately 40 kbp from the B and €
genes and located near the gene for the 32 kd protein.

We show here the nucleotide sequence of the tobacco chloro-
plast gene for the a subunit of H+-ATPase and compare its
deduced amino acid sequence with that of the E. coli a subunit.

MATERIALS AND METHODS
Transducing phage Aasn5 which carries a gene cluster for
the H'-ATPase of E. coli was a kind gift from Dr's. M. Futai
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and H. Kanazawa (7). Southern blot hybridization was carried
out at 60°C for 16 hr in 1 x Denhardt's solution (3 x SSC, 0.02%
Ficoll, 0.02% polyvinylpyroridone, 0.02% bovine serum albumin)
containing 10 ug/ml denatured calf thymus DNA and nick-trans-
lated Aasn5 DNA after prehybridization with 1 x Denhardt's
solution at 60°C for 6 hr (8). Recombinant plasmid pTB4
containing a 5.7 Md BamHI fragment (Ba4) of Nicotiana tabacum
(var. Biight Yellow 4) chloroplast DNA was constructed as
described (9). The plasmid DNA was digested with BamHI and the
5.7 Md fragment was separated from vector pBR322 by electro-

phoresis in a 1% agarose gel. DNA sequence was determined by
the method of Maxam and Gilbert (10).

RESULTS AND DISCUSSION

To determine which restriction fragments contain the genes
for the H+—ATPase, restriction fragments of tobacco chloroplast
DNA blotted to nitrocellulose filter were hybridized with nick-

translated Aasn5 DNA containing a gene cluster for the E. coli
H'-ATPase. The DNA probe hybridized weakly to a 5.7 Md BamHI
fragment and a 10.9 Md Sall fragment (data not shown). We
cloned a 5.7 Md BamHI fragment of tobacco chloroplast DNA into
PBR322. On digestion with HindIII, the 5.7 Md BamHI fragment
yields 0.90, 0.03, 1.65, 1.80 and 1.32 Md sub-fragments as shown
in Fig. 1. Nick-translated Aasn5 DNA hybridized weakly to the
1.65 Md sub-fragment (data not shown). We then sequenced
portions of the 1.65 Md and the adjacent 0.03 Md + 0.90 Md sub-
fragments by the strategy presented in Fig. 1.

Fig. 2 shows the nucleotide sequence of the 1780 bp portion
which contains an open reading frame (ORF) of 1521 nucleotides
(507 codons). The deduced amino acid sequence of this ORF shows
54% homology with that of the E. coli a subunit (11-13) as shown
in Fig. 3. The deduced amino acid composition of this ORF is
quite similar to that reported for the spinach o subunit (14) as
presented in Table 1. The calculated molecular weight is 55446
which is similar to that (59000) estimated for the spinach a
subunit (14). The 5.7 Md BamHI fragment overlaps fragments B2
and B3 (19.1 Md and 12.8 Md BglI fragments, respectively) on the
physical map of tobacco chloroplast DNA (15) and this ORF
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Fig. 1. Physical map of the cloned 5.7 Md BamHI fragment from
tobacco chloroplast DNA and the strategy for sequencing part of
it. Strand B codes for the a gene (we designated a strand
which codes for the large subunit of ribulose-1,5-bisphosphate
carboxylase as A). Coding regions are shown by thick lines.
Horizontal arrows indicate the direction and extent of DNA
segments sequenced.

contains a BglI site (see Fig. 1). These observations indicate
that this ORF is located approximately 40 kbp apart from the B
and € genes. We therefore concluded that this ORF codes for the
o subunit. Based on the physical map of tobacco chloroplast DNA
(15) and sequence analysis of the a, B and € genes (6), these
three genes were found to be oriented in the same direction on
the chloroplast DNA map (strand B, see Fig. 1l). Sequences AAAG,
which are complementary to the 3' end of tobacco chloroplast

16S rRNA (---CUUU-3', ref. 16) and putative ribosome binding
sites, are present 12 to 9 bp and 8 to 5 bp upstream from the
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Fig. 3. Comparison between the deduced smino scid sequence of
the tobacco @ subunit and that of the E. coli subunit (12).
Homologies are indicated by boxes.

Table 1. Comparison between amino acid compositions of the
estimated spinach a subunit (14) and the deduced tobacco a
subunit. "Aspartic acid" includes asparagine and "Glutamic
acid" includes glutamine.

Residues per unit
amino acid residue spinach tobacco
(estimated) (deduced)
Lysine 20 18
Histidine 3 3
Arginine 31 31
Cysteine 2 1
Aspartic acid 38 34
Threonine 36 31
Serine 33 35
Glutamic acid 82 77
Proline 17 15
Glycine 43 39
Alanine 58 51
Valine 38 35
Methionine 11 11
Isoleucine 40 46
Leucine 53 50
Tyrosine 18 17
Phenylalanine 13 13
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Table 2. Codon usage in the o subunit.

1st second position 3rd
U Cc A G
Phe 9 Ser 11 Tyr 14 Cys 1 8)
u Phe 4 Ser 9 Tyr 3 Cys 0 Cc
Leu 19 Ser 5 Term 1 Term 0 A
Leu 8 Ser 4 Term O Trp 0 G
Leu 12 Pro 9 His 1 Arg 11 u
c Leu 3 Pro 3 His 2 Arg 3 C
Leu 5 Pro 1 Gln 25 Arg 6 A
Leu 3 Pro 2 Gln 11 Arg 0 G
Ile 26 Thr 10 Asn 14 Ser 6 U
a Ile 9 Thr 10 Asn 1 Ser 0 (o]
Ile 11 Thr 7 Lys 16 Arg 9 A
Met 11 Thr 4 Lys 2 Arg 2 G
Val 10 Ala 24 Asp 14 Gly 18 U
G Val 2 Ala 12 Asp 5 Gly 5 C
val 18 Ala 12 Glu 35 Gly 12 A
Val 5 Ala 3 Glu 6 Gly 4 G

initiation codon.

The nucleotide sequence of the tobacco a gene shows 55%
homology with that of the E. coli a gene. The longest identical
sequence between the tobacco and E. coli o genes was found in
positions 484-494. This sequence is GC-rich (72%) and located
in the 1.65 Md sub-fragment. This seems to be a reason why
Aasn5 DNA hybridized to the 1.65 Md sub-fragment but not to the
0.90 Md sub-fragment. XAasn5 DNA did not hybridize to the
tobacco B and € genes in our conditions.

Table 2 shows the codon usage in the a gene. This re-
sembles the codon usage in the B and € genes and in the large
subunit gene of ribulose-1,5-bisphosphate carboxylase of tobacco
chloroplasts (6, 8). Tobacco chloroplast DNA contains two genes
for tRNAval(GUC codon) and one gene for tRNAyal(GUA codon) which
has a 571 bp intron (17, 18). It is therefore interesting that
GUA codon is used much more than GUC codon in the four chloro-
plast polypeptides.

* To whom correspondence should be addressed.
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