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A cDNA Clone for the 5 Exon of Chloroplast
ATP Synthase Subunit | Gene (afpF) from Broccoli
(Brassica oleracea L. var. lfalica) and
Its Expression Pattern

Suh, Mi Chung’, Han Kuil Yi and Choo Bong Hong’
'Institute for Molecular Biology and Genetics and
Department of Biology, Seoul Narional University, Seoul 151-742, Korea

We isolated a cDNA clone, BLSC1, encoding 5’ exon of ATP synthase CF, subunit I from
broccoli. BLSC1 is 285 nucleotides long which consists of a 5" noncoding region of 34 nucleofi-
des, a 5' exon of 145 nucleotides and an intron of 106 nucleotides. The 5" exon codes for
48 amino acids which reveals mostly hydrophobic. The amino acid sequence deduced from
BLSC1 shares 83%, 83% and 91% identities with the genes coding for azpF from wheat, rice
and spinach, respectively. Genomic Southern blot analysis for BLSCI showed a typieally strong
signal for a gene located in the chloroplast genome. Northern blot analysis identified three
major classes of transcripts showing strong positive signals in the leaves, but only trace amounts
of the transcripts were identified in the other organs like stems, flower buds and roots.
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Chloroplast ATP synthase in higher piants is an
energy-transducing multisubunit protein complex
consisted of two functional parts, CF; and CF,. CF,
is an extrinsic membrane protein that catalyses the
terminal step in photophosphorylation. CF, is an
integral thylakoid membrane protein complex with
the function of translocating protons across the thy-
lakoid membranes (Hammes, 1983; Strotmann and
Bickel-Sandkotier, 1984; Futai er al., 1989; Junge,
1989). CF; is composed of five different subunits,
denoted «a, B, ¥, 6 and € (@pA, apB, atpC, apD and
atpE), with a subunit stoichiometry of a3f;Yée (Mo-
roney et al., 1983). CF; contains four different subu-
nits, I, II, III and IV (also called, arpF, apG, arpH
and atpl), with a stoichiometry of [ILII, IV (Fro-
mme, 1987; Grotjohann and Graber, 1990). The a,
B and ¢ subunits of CF; and the L, III and IV subu-
nits of CF, are encoded in the chloroplast genome
and synthesized on the chloroplast ribosomes (Nel-
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son et al., 1980). In contrast, the Y and & subunits
of CF, and CF, subunit Il are encoded in the nuc-
lear genome and synthesized on the cytoplasmic ni-
bosomes as a higher molecular weight precursor and
imported into the chloroplasts (Herrmann et al.,
1983).

In higher plants, the gene for the subunit which
is located far from the arpB-atpE cluster was initially
isolated from tobacco (Deno er al., 1983). The genes
for the B and & subunits were first sequenced from
maize and spinach and are located upstream from
rbcL on the opposite strand (Krebbers er al., 1982).
The genes for the IV, III and I subunits are clustered
in this order just before arpA (Howe er al., 1982; Bird
et al., 1985; Hennig and Herrmann, 1986). Unlike
most other protein-encoding chloroplast genes from
higher plants, the aipF genes contain a single intron
(Bird et al., 1985).

We isolated a ¢DNA clone from broccoli, desig-
nated BLSC], showing high homologies to the pre-
viously reported ATP synthase CF, subunit I genes
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(arpF). The nucleotide sequence of BLSC1 was dete-
rmined, and a putative open reading frame was de-
duced. The amino acid sequence deduced was com-
pared with the previously reported genes for ATP
synthase CFy subunit 1. Expression pattern of apF
gene in the various organs of broceoli is discuased
atl the transeript level.

MATERIALS AND METHODS
Plant materials and bacteria

Brassica oleracea L. var. italica cv. Royal Green
was grown in a green-house at 20& 2C under natu-
ral lighting. Escherichia coli strain HB101 was used
for amplification and manupulation of the plasmids.

DNA. manipulations and preparation of a cDNA
bank

Plasmid DNA in E. coli was extracted by alkaline
lysis method (Sambrook er al., 1989). Restriction di-
gestions, agarose gel electrophoresis, DNA fractiona-
tion from agarose gel and DNA ligation were perfor-
med by standard procedures (Sambrook er al., 1989;
manufacturers’ suggestions). Restriction and miodify-
ing enzymes were purchased from KOSCO (Korea)
and Promega (U.S.A.). Extraction of total RNA from
the young leaves of broccoli was done as described
by Hong and Jeon (1987). Poly(A™) RNAs were iso-
lated from the total RNA using oligo(dT)-cellulose
resin (Pharmacia, U.S.A.). cDNAs were synthesized
by RiboClone ¢cDNA Synthesis System using oligo
(dT)s primer (Promega, U.S.A)) and put into pBR322
at EcoRYV site. Labeling of DNA probes with [*P]-
dCTP for Southern hybridizations was carried out
using Prime-a-Gene System (Promega).

Nucleotide sequencing and isolation of a gene
for chloroplast ATP synthase subunit I

Clones in the ¢cDNA bank were characterized by
random sequencing, Overlapping subclones were ge-
nerated by Exolll digestion of the insert DNA to
produce a set of unilaterally nested deletions. Nuc-
leotide sequencing was performed by the dideoxy
chain-termination method (Sanger er al, 1977) on
double stranded DNA using Sequenase Version 2.0
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(United States Biochemical Corporation, U.S.A.).
Nucleotide sequences determined were analyzed by
GenBank Internet System (U.S.A)) and PC gene sof-
tware program (Univ. of Geneva, IntelliGenetics Inc.
and Genefit SA. Swiss).

Southern blot analysis

Chromosomal DNA was isolated from the young
leaves ol broccoli and tobacco as described by Del-
laporta er al. (1984). Extracted genomic DNA was
digested with EcoRl and HindlllL, electrophoresed on
a 0.6% agarosc gel and blotted onto Hybond-N me-
mbrane (Amersham, UK.). The membrane was pre-
hybridized and hybridized in 50% formamide and
5% SSPE at 37C and washed in 0.1 X SSPE and 0.1%
SDS at 37C. and exposed to X-Ray film (Kodak,
X-OMAT, USA) with two intensifying screens
(DuPont, USA) at —70T.

Northern blot analysis

Total RNA was prepared from flower buds, stems,
leaves and roots of broccoli and subjected to nor-
thern hybridization. Northern hybridization was pe-
rformed using ECL direct nucleic acid labeling and
detection system (Amersham, UK). Ten g of total
RNA was electrophoresed on an agarose gel contai-
ning 17.5% formaldehyde and blotted onto Hybond-
N membrane. Prehybridization and hybrydization
were performed in 0.5 M NaCl at 37C. After hybri-
dization, the membrane was washed in 6 M urea,
04% SDS and 0.5XSSPE for 20 min at 37C and
washed again in 04% SDS and 0.5XSSPE for 20
min at 37C and 0.2XSSPE for 5 min at room tem-
perature. The membrane was exposed to X-ray film
for 1 h at room temperature. Size of the northemn
band was identified by comparing to the RNA lad-
der (Gibco/BRL, US.A)).

RESULTS AND DISCUSSION

By sequencing the clones in the cDNA library
randomly, we isolated a putative clone, designated
BLSCI, which shows high homologies to the pre-
viously reported chloroplast ATP synthase subunit
I genes. BLSCI1 is 285 nucleotides long which consi-
sts of a 5" noncoding region of 34 nucleotides, a
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1 TTTTTTTTATAGTTTAGCTAGAAGAGGAGATTAT

3s ATGAAAAATTTAACCGATTCTTTCGTTTACTTGGGTCACTGGCCA
M K N L T N 5 F V L 6 H W F 15

BO TCCGCCGGGAGTTTCGGGTTTAATACCGATATTTTAGCAACAAAT
5 A G 8 F ¢ P NTOD I L. &2 T N 30

128 CTAATAMATCTAAGTGTAGTCTTCGGTGTATTGCATCTT ITTTGGA
L I NL sS V VvV F G VY L I F F G 45

170 AAGGGAGTGTGTGTGAGTTGTTCATTTCAAGAATAGGCTGGATTS
L K 6 v * 48
215 GTCCAGTGCCACTATAACTAGCAAAGAGGTCCTAATCCCGCGAAT

260 TACTTCTGAATACAAAATTCAMARAR

Fig. 1. The nucleotide and deduced amino acid sequences
of BLSCIL. “—" represents the ribosomal binding sitc and
“#7 indicates a presumtive initiation site of the intron
sequence. The nucleotide scquence data reported will ap-
pear in the EMBL, GenBank, and DDBJ Nucleotide Se-
quence Databases under the accession number U13703,

MKNLTNSFVYLGHWPSAGSFGFNTDILATNLINLSVVFGVLIEFGKGY 48
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stk TR ook 3k A sk ok ook oakok sk LAk ook ok R R ook Vokok ke =k 45
ok VDo F ks ok dokoobolok ok ko sk dooiok L okok -~ —ikskabk 45
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Fig. 2. Alignment of amino acid sequences for the 5'
exons of arpF gene in broccoli (A), wheal (B), rice (C)
and spinach (D). “#” indicates the identical amino acid

“ »

sequences; -— was added o maximize alignment.

5" exon of 145 nucleotides and an intron of 106 nuc-
leotides (Fig. 1). Nucleotide sequence of BLSCI
shows “GAGGAG”, the underlined nucleotide se-
quence, which is the remarkably conserved riboso-
mal binding site in plant chloroplast genome. BLSC
1 also contains a putative intron sequence starting
as “GU” like other apF genes reported from plants.

The 5" exon codes for 48 amino acids and reveals
a mostly hydrophobic domain. The region of 26th-
48th amino acid residues is likely a fransmembrane
helix domain (Kyte and Doolittle, 1982). The amino
acid sequence for BLSC1 shares 83%, 83% and 91%
amino acid identities with the 5 exon of apF genes
from wheat (Birds er al., 1985), rice (Hiratsuka et al.,
1989) and spinach (Hennig and Herrmann, 1986),
respectively (Fig. 2). The 5 noncoding region and
the intron region show 85% nucleotide sequence ide-
ntity to the spinach apF gene (Henning and Herr-
mann, 1986).

When the total DNAs of broccoli and tobacco
plants were digested with EcoRI and HindIIl and
then hybridized with *P-labeled BLSCI, the Sou-
them band patterns for broccoli and tobacco were
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Fig. 3. Southern blot analysis of broccoli and tobacco
DNAs with *P-labeled BLSCI. Broccoli (3 and 4) and
tobacco (5 and 6) DNAs were digested with EcoRI (3 and
3) and HindIll (4 and 6). 1. BRL's 1 kb DNA ladder: 2,
BamHI/EcoRI digest of pBLSCI.

very alike. Single strong Southern bands were obser-
ved al about 4.5 kb for EcoRI and 1.6 kb for HindIIl
in both plants (Fig. 3). The strength, ie., at least 100
times stronger than a typical Southcm signal obser-
ved for a gene coded in the nuclear genome, and
the size of the Southern bands observed in broceoli
indicates that azpF gene is also localized in the chlo-
roplast genome in broccoli like in tobacco.
Chloroplasts may arise from the development of
proplastids or [rom the redifferentiation of etioplasts,
amyloplasts or chromoplasts depending on the or-
gans. Expression patterns of BLSC1 gene in various
organs were examined. Northern blot analysis of to-
tal RNAs extracted from 3 mm flower buds, stems.
leaves and roots of broccoli for BLSC1 genc also
showed typical patterns for chloroplast genes. Three
strong bands at about 4.6 kb, 34 kb and 1.7 kb were
abserved from leaves. Two bands were apparent at
about 34 kb and 1.7 kb for flower buds and stems,
and at about 34 kb and 2.5 kb for roots. Intensity
of the northern bands was much stronger for leaves
compared to that in other organs (Fig. 4). Multiple
northern bands indicate that arpF gene is transcribed
as a part of polycistronic transcript. Differences in
the largest size of the northern bands observed from
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Fig. 4. Northern hybridization pattern of BLSCI transcri-
pts in broccoli. Total RNAs isolated from flower buds (1),
stems (2. teaves (3) and roots (4) were northern hybridized
with “P-labeled BLSCL.

cach organ could indicate differences in the rate of
processing for the primary transcript or the point
of transcriptional termination. The size difference
for the smaller transcripts among organs, ie.. 2.5 kb
for roots and 1.7 kb for other organs. probably refle-
cts difference in the processing.

Transcription of ATPase genes in tobacco and
spinach showed polycistronic transcription of the
gene. The primary transcript was 3.0 kb in tobacco
(Shinozaki er al., 1986) and 3.2 kb in spinach (Green
and Hollingsworth, 1992). Green and Hollingsworth
(1994) also investigated tissue-specific expression pa-
ttern of the gene and identified identical transcript
sizes for the gene in various organs, such as root,
stem, leaf and flower, although the level of transcript
showed big differences. Genomic Southern data
shown here clearly indicates that chloroplast ge-
nome, at least around the aipF gene, is well conser-
ved between the different plant species. On the other
hand, the northern data shown here indicates diffe-
rences in the transcription of ATP synthase genes
among different plant species. Size difference for the
largest transcript of ATP synthase gene suggests dif-
ferent polycistronic transcription unit among the
plant species. Size difference of the transcripts for
the various organs in broccoli suggests that a diffe-
rent splicing of the primary transcript depends on
the organ. The difference observed should be related
{o the level of ATP synthase in the plastids. Control
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of chloroplast gene expression is heavily influenced
posttranscriptionally (Gruissem, 1989), and the data
presented in this paper represents an example of
diversity in the splicing of the primary transcript in
chloroplast genes which are thought to be well con-
served in plant kingdom.

ACKNOWLEDGEMENTS

This work was supported by a grant from Korean Ministry
of Science and Technology to C. B. H.

LITERATURE CITED

Bird, C.R., B. Koller, A.D. Auffret, A. K. Huttly, C.J. Howe,
T.A. Dyer and J.C. Gray. 1985. The wheat chloroplast
gene for CF, subunit 1 of ATP synthase contains a
large intron. EMBO J. 4: 1381-1388.

Dellaporta, S.I., J. Wood and J.B. Hicks. 1984, A plant
DNA minipreparation: Version I1. Plant Mol. Biol. Rep.
1: 1921,

Deno, H., K. Shinozaki and M. Sugiura. 1983. Nucleotide
sequence of tobacco chloroplast gene for the o subunit
of proton-translocating ATPase, Nucl Acids. Res. 11
2185-2191.

Fromme, P., P. Graber and J. Salnikow. 1987. Isolation and
identification of a fourth subunit in the membrane
part of the chloroplast ATP-synthase. FEBS Letr. 218:
27-30.

Futai, M., T. Noumi and M. Maeda. 1989. ATP synthase
(H*-ATPase): results by combined biochemical and
molecular biological approaches. Annu, Rev. Biochem.
58 111-136.

Green, C.D, and M.J. Hollingsworth. 1992. Expression of
the large ATP synthase gene cluster in spinach plas-
tids during light-induced development. Plant. Physiol.
100: 1164-1170.

Green, C.D. and M.J. Hollingsworth, 1994. Tissue-specific
expression of the large ATP synthase gene cluster in
spinach plastids. Plant Mol Biol 25: 369-376.

Grotjohann, 1. and P. Graber. 1990. Isolation and properties
of the membrane-integrated part of the ATP-synthase
from chloroplasts, CFo. Biochim. Biophys. Acta. 1017:
177-180.

Hammes, G.G. 1983. Mechanism of ATP synthesis and
coupled proton transport: studics with purified chloro-
plast coupling factor. Trends. Biochem. Sci. 8: 131-134.

Hennig, J. and R.G. Herrmann. 1986. Chloroplast ATP syn-
thase of spinach contains nine nonidentical subunit
species, six of which are encoded by plastid chromo-
somes two operons in a phylogenetically conserved
arrangement. Mol Gen. Genet. 203: 117-128.

Herrmann, R.G., P. Westhoff, J. Alt, P. Winter, J. Tittgen,
C. Bisanz, B.B. Sears, N. Nelson, E. Hurt, G. Hauska,
A. Viebrock and W, Sebald. 1983. Identification and



June 1995

charactenization of penes for polypeptides of the thyla-
koid membrane. /n Structure and function of plant
genomes. O. Cifferi and L. Dure. IIT (eds.). Plenum
Publ Corp, New York, pp. 143-153.

Hiratsuka, J., H. Shimada, R. Whittier, T. Ishibashi, M.
Sakamoto, M. Mori, C. Kondo, Y. Henji, C.R. Sun,
Y. Meng, Y.Q. Li, A. Kanno, Y. Nishizawa, A. Hirai,
K. Shinozaki and M. Ugiura. 1989. The complete se-
quence of the ree (Oryza sativa) chloroplast genome:
intermolecular recombination between distinct t(RNA
gencs accounts [or a major plastid DNA inversion
during the evolution cereals. Mol Gen. Gener 217: 185-
194,

Hong, C.B. and J.H. Jeon. 1987. A simple procedure for
RNA isolation from plants and preservation of plant
matcrial for RNA analysis. Korean J. Bor 30. 201-203.

IHowe, C.J., A.D. Auffret, A. Doherty, C.M. Bowman, T.A.
Dyer and J.C. Gray. 1982. Location and nucleotide se-
quence of the gene for the proton-translocating subu-
nit of wheat chloroplast ATP synthase. Proc. Nl Acad.
Sci. USA. 79 6903-6907.

Junge, W. 1989, Protons, the thylakoid membrane, and
the chloroplast ATP synthasc. Ann. NY Acad. Sci. 574
268-286.

Krebbers, ET., LM. Larrinua, L. McIntosh and L. Bogorad.
1982. The maize chloroplast genes for the f and ¢
subunits of the photosynthetic coupling factor CF, arc

5 Exon of aip¥ from Broccoli 141

fused. Nucl Acids. Res. 10: 4985-5002.

Kyte, J. and R.F. Doolitle. 1982, A simple method for disp-
laying the hydropathic character of a protein. J Mol
Biol 157: 105-132.

Moroney, J.V., L. Lopresti, B.F. McEwen, RE. McCarty
and G.G. Hammes. 1983. The M,-value of chloroplast
coupling factor 1. FEBS Len. 158 58-62.

Nelson, N., H. Nelson and G. Schatz. 1980. Biosynthesis
and assembly of the proton-translocating adenosine
triphosphatase complex from chloroplasts. Proc. Netl
Acad Sci. USA. 77: 1361-1364.

Sambrook, J., E.F. Fritch and T. Maniatis. 1989. In “Mole-
cular cloning: A laboratory manual”. 2nd Ed., Cold
Spring Harbor Laboratory press. New York.

Sanger, F., S. Nicklen and A.R. Coulson. 1977. DNA seque-
ncing with chain-terminating inhibitors. Proc. Nail.
Acad Sci. USA. 74: 5463-5461.

Shinozaki, K., M. Ohme, M. Tanaka, T. Wakasugi. 1936
The complete nucleotide sequence of the tobacco ch-
loroplast genome: its gene organization and expres-
sion. EMBO J. 5. 2043-2049.

Strotmann, H. and S. Bickel-Sandkotter. 1984, Structure,
function, and regulation of chloroplast ATPasc. Annu.
Rev. Plant Physiol. 35: 97-120

(Reccived March 31, 1995)

HEzZe| L ATP Synthase Subunit | jE#{EF2| 5 Exon s
cDNA 22 2 0lo| 2isd b

®E R -F &

2o

N REHT BETEWRN, HRBERE AR

7__(1

2

V222 RE YE4 ATP synthase subunit I FA42 5 exon F-9)o 4251 cDNA7} Z25]0] BLSClo 2
B Eoith. BLSCl #22 285709 d7]15 7FA, o1& 34709 4712 ¥ 5 noncoding 4. 145719 @71z
% 5 cxon, 21811 106719 |72 H intron ¥4 & T 5 exon FYP= gREE A5 AL 7hs 487) 9

otm| i Abg: ot#alatm ¢jth BLSCl ZEozBE 4o
ZE)HEelee) 2t §3%, 83% 282 91% A4E4e =

1 Za)dlelze] ol e 2, 1 18]y Alg
o} E8 Southern £4.& BLSCl €AHA7) d24 &A

Ao EAF-E LAET. Northern 240l 913 BLSC1 42471 A8k 3579 a7k 9, 271 #el 22ln
ZrdA URsle, 24 A Be Yoz $REL By

F9.0]: ATP synthase 7229 T 47}, Brasica oleracea.

*WARAR: Fax (02) 874-1206

BEH #47}, Southem 4. northern &4



