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of spinach contains nine nonidentical subunit species,
six of which are encoded by plastid chromosomes
in two operons in a phylogenetically conserved arrangement
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Summary. We describe the nucleotide sequence of a 4.0
kilobase pair (kbp) region of the spinach plastid chromo-
some that encodes three subunits of the ATP synthase CF,
sector proximal to the gene for CF; subunit alpha. The
four genes are located on the same strand and form a tran-
scriptional unit. Our study presents details about the genes
and their products, resolves ambiguities in the constitution
of the CF, sector, and establishes precise gene-polypeptide
relationships as well as intersubunit homologies in ATP
synthases from diverse organisms. The amino acid se-
quences deduced exhibit substantial homology (30%-40%)
with published sequences for the F, subunits a, ¢ (proteoli-
pid) and b from E. coli and mitochondria, which therefore
can be presumed to be structurally similar and functionally
equivalent. Sequence comparison shows that the counter-
part of CFy-1 is Fy—b. The homologue to the bacterial Fy—a
is CFo-1V, the product of a newly found gene, designated
atpl. The data confirm our previous suggestion that the
gene for subunit I, afpF, is split. The gene arrangement
is atpl (247 codons) — 692 bp spacer — aipH (proteolipid,
81 codons) — 395 bp spacer — aipF (exon 1, 145 bp) — 764 bp
intron class II — atpl (exon 2, 410 bp) — 65 bp spacer —
atpA (alpha). The detection of azpI implies that the spinach
CF, sector contains four, the entire ATP synthase (CFy—
CF,) nine different subunit species. The extra subunit in
the membrane sector is the nuclear-encoded component
CFo-1II which has no known counterpart in E. coli. The
six ATP synthase genes that are plastid-encoded are orga-
nized in two operons that map 40 kbp away from each
other on the organelle chromosome. These transcriptional
units, designated atp operons 4 and B, differ in their func-
tional organisation. The plastid gene arrangement corre-
sponds to the arrangement of genes in the atp (unc) operon
of E. coli substantiating the theory that ATP synthase com-
plexes have evolved from a common ancestor.
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Introduction

The energy-transducing ATP synthase is one of the major
multisubunit protein complexes of photosynthetic and re-
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spiratory membranes in chloroplasts, mitochondria and
prokaryotic cells, coupling proton translocation across the
membrane with the synthesis of ATP. The complex from
all sources can be resolved into two functional parts, namely
the membrane sector F, or CF, that forms the proton chan-
nel, and the F; or CF; assembly exposed to cytosol or
organelle matrix that catalyses the terminal step in oxidative
phosphorylation or photophosphorylation. ATP synthases
have been extracted with mild detergents, purified by den-
sity gradient centrifugation and described as being com-
posed of eight or more non-identical subunit species de-
pending on the organism studied (reviewed in Nelson 1981 ;
Senior and Wise 1983; Walker et al. 1985).

The structural genes for all eight subunits of the
Escherichia coli complex have been sequenced and found
to form a transcriptional unit, designated the atp or unc
operon (Gay and Walker 1981a, b; Nielsen et al. 1981;
Saraste et al. 1981). Eukaryotic ATP synthases are of dual
genetic origin. The CF; of chloroplast ATP synthases, like
bacterial and mitochondrial F,-ATP synthases, comprises
uniformly five subunits (x—¢) with a likely subunit stoichi-
ometry of 3:3:1:1:1 (Nelson 1981; Senior and Wise 1983;
Walker et al. 1985). Three of these, namely o, f and & are
encoded in the organelle. Their genes have been mapped
in two regions of the spinach chromosome, some 40 kbp
away from each other (Westhoff et al. 1981) and sequenced
(Zurawski et al. 1982; Rudolph, Herrmann and Bottomley,
unpublished data). Subunits y and 6 derive from nuclear
genes and are synthesized on cytosolic ribosomes as precur-
sors, before import into the organelle (Westhoff et al. 1981,
1985; Herrmann et al. 1983). No species-specific differences
in the distribution of the genes for CF, subunits have as
yet been detected (cf. Huttly and Gray 1984) in contrast
to those for mitochondrial ATP synthases (Leaver and
Gray 1982).

The characterization of the CF, sector has encountered
greater difficulties than that of CF,, and consequently this
protein complex has not yet been studied in comparable
detail. The exact number of subunits, their stoichiometry,
the functional equivalence to the F, subunits from other
organisms and, to some extent, the intracellular location
of the genes have remained largely obscure (Nelson 1981
Senior and Wise 1983; Walker et al. 1985). Four polypep-
tide species with approximate molecular masses of 19, 18
(CFq-I), 16 (CF,1I) and 8 kd (CF,—I11, proteolipid) have
been reported (Pick and Racker 1979; Herrmann et al.
1983, Westhoff et al. 1985) but a structure composed of
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three types of subunit is generally preferred in analogy to
the F, sector of the E. coli complex (Nelson 1981; Walker
et al. 1985).

Studies involving compartment-specific inhibitors of
protein synthesis have indicated that subunits I and IIT are
synthesized on chloroplast ribosomes while CFy—II origi-
nates in the cytosol (Nelson et al. 1980; Sebald and Hoppe
1981). We have been studying the organization of genes
present on a 10.1 kbp Xhol fragment (XkoI-6) of spinach
plastid DNA which bears the genes for the ATP synthase
proteolipid (Alt et al. 1983), subunit CF,~I (Herrmann
et al. 1983; Westhoff et al. 1985) and subunit alpha (West-
hoff et al. 1981) in the order given. We have also shown
that subunit CF,—II is made as a precursor from cytosolic
(polyadenylated) RNA, 7 kd larger than the mature pro-
tein, and imported into the organelle (Herrmann et al. 1983;
Westhoff et al. 1985). DNA-programmed transcription-
translation indicated that the gene for CFy-I in spinach
is split (Herrmann et al. 1983), unlike most other plastid-
encoded proteins in higher plants including ATP synthase
subunits. Unfortunately, this finding could not be regarded
as unequivocal since hybrid release translation experiments,
like the DNA-programmed assays, exclusively yielded trun-
cated CF,-I polypeptide as well (Westhoff et al. 1985).
Only when the cell-free assays were supplemented with
charged bean chloroplast tRNAs was a virtually complete
polypeptide obtained, indicating that proper decoding of
this component might have been obscured by the lack of
minor tRNA species in the heterologous systems.

To resolve this ambiguity we have investigated the fine
structure of this DNA segment. In the course of this work
a reading frame was detected, proximal to the proteolipid
gene, which apparently encodes an additional ATP synthase
subunit. We present here our analysis of a 4.0 kbp segment
of that DNA region of the spinach plastid chromosome,
adjacent to the 5" end of the gene for subunit alpha, and
give the complete nucleotide sequence and deduced amino
acid sequence of the genes for three CF, subunits. Our
findings help to clarify the organization of the gene for
CF,-1, the polypeptide composition of the CF, sector of
spinach ATP synthase, as well as to establish precise rela-
tionships between subunits of the CF, complex and sub-
units of the corresponding bacterial and mitochondrial en-
zymes. Our analysis reinforces the idea that photosynthetic
and respiratory electron transport chains in chloroplasts
eubacteria and mitochondria possess common phylogenetic
roots (cf. Heinemeyer etal. 1984; Cramer etal. 1985;
Walker et al. 1985).

Materials and methods

All chemicals were of highest available purity. Restriction
endonucleases were purchased from Boehringer (Mann-
heim) or New England Biolabs (Bad Schwalbach) and used
according to the manufacturers specifications. Boehringer
was the source for the DNA polymerase I large fragment
(Maniatis et al. 1982) and Amersham (Braunschweig) for
32p_adNTP.

The recombinant plasmids pWHsp306 and pWHsp210,
carrying the 10.1 kbp fragment Xhol-6 and the 2.4 kbp
fragment Sal/l-10 of spinach plastid DNA in pWHsp300
(Alt et al. 1983) and pBR322, respectively, were isolated
from shot-gun libraries and have been described in detail
(Alt et al. 1983; Westhoff et al. 1985). The EcoRI secondary

fragments of Xhol-6 were subcloned in pBR325. Three of
the resulting hybrid plasmids, designated pWHsp306/E1
(insert; the largest EcoRI subfragment of 5.2 kbp),
pWHsp306/E2 (1.6 kbp), pWHsp306/E4 (580 bp) were used
in this study. Plasmid DNA was prepared by the alkaline
lysis procedure of Birnboim and Doly (1979) and purified
by one or two cycles of isopycnic CsCl-ethidium bromide
centrifugations.

Restriction of DNA, polyacrylamide and agarose gel
electrophoresis and recovery of DNA fragments from gels
were performed as described previously (Herrmann et al.
1980; Alt et al. 1983; Westhoff et al. 1983). Appropriate
fragments, terminally labelled by fill-in synthesis of 3" pro-
truding ends (Wu 1970), were sequenced using the proce-
dure of Maxam and Gilbert (1980). The sequence data were
stored and processed as described (Morris and Herrmann
1984; Sijben-Miiller et al. 1985).

Results

The genes for the subunits alpha, proteolipid and CFy-I
of the thylakoid membrane ATP synthase have been
mapped to a 3.6 kbp region within the 10.1 kbp fragment
Xhol—6 of the plastid chromosome from spinach (Westhoff
etal. 1981, 1985; Alt etal. 1983; Herrmann et al. 1983,
1985). They have been identified on the basis of specific
immunoprecipitation of polypeptides synthesized in vitro
in DNA-programmed transcription-translation or hybrid
release translation experiments using appropriate recombin-
ant DNAs. The relative locations and transcription polari-
ties of these genes as well as relevant restriction sites are
shown in Fig. 1.

The 4.0 kbp nucleotide sequence of the interval bor-
dered by the restriction sites EcoRI and Hphl (Fig. 1) was
established on both strands using the chemical modification
and chain cleavage procedure of Maxam and Gilbert
(1980). The sequencing flow diagram is shown in Fig. 1.
The overall nucleotide sequence and the amino acid se-
quences deduced are depicted in Fig. 2. Computer-assisted
translation of the sequences disclosed seven open reading
frames, greater than 50 nucleotides, five on one and two
on the other strand. In accord with the previous mapping
data, the former could readily be identified by sequence
homology with polypeptides of ATP synthases from E. coli
and mitochondria.

Gene 1 begins with an ATG (methionine) codon at posi-
tion 1 and terminates with a TGA-terminator at position
744 (Fig. 2). If translated, the product would be a 247 resi-
due hydrophobic polypeptide of MW 27,060. The homolo-
gy search and the fact that the methionine residue is pre-
ceded by an AG-rich sequence complementary to the 3
end of the 16S rRNA of plastids (Schwarz and Kossel 1980;
Tohdoh and Sugiura 1982) and E. coli (Shine and Dalgarno
1974) suggest that the tentatively assigned ATG codon is
the most probable start of the structural gene. Comparison
of the amino acid sequence deduced with published se-
quence data revealed significant homology with the F, sub-
unit g from E. coli (Gay and Walker 1981 b) and the equiva-
lent ATP synthase-6 gene product of mouse, yeast and As-
pergillus mitochondria (Macino and Tzagaloff 1980; Bibb
et al. 1981; Grisi et al. 1982). The alignment of these se-
quences with the spinach sequence is shown in Fig. 3. The
homology persists throughout the protein chain. There are
28% identical residues, an additional 13% conservative re-
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Fig. 1. Restriction map and sequence assay strategy of the region of the spinach plastid chromosome encoding ATP synthase subunits
CF,-1, -I1I, (proteolipid), -IV and CF,-alpha. The positions of the genes and their direction of transcription (arrow) is indicated
in the above map. Arrows commencing from solid dots in the lower map indicate direction and extent of the individual DNA sequence
assays from the given restriction sites. Numbering is in base pairs. For sequencing of the proteolipid gene see Alt et al. (1983). The
locations of the amino termini as well as of the carboxy termini are marked NH, and COOH, respectively, E, and E, refer to exon/intron
boundaries of atpF. Insert: Simplified restriction cleavage site map of the spinach plastid chromosome showing the restriction sites
of Sall (Herrmann et al. 1980). The inverted repeat is marked by bold lines. The locations atpA, F, H and I as well as the positions
of the genes for ribosomal RNAs (rrn; Whitfeld et al. 1978), ribulose bisphosphate carboxylase/oxygenase (rbcL, Herrmann and Poss-
ingham 1980; Zurawski et al. 1981) and various thylakoid membrane proteins including those for ATP synthase subunits beta and

epsilon (afpB and E; Westhoff et al. 1981; Herrmann et al. 1985)
in the inner circles

placements when compared to the E. coli protein, and the
predicted secondary structures (Chou and Fasman 1978;
Garnier et al. 1978; Kyte and Doolittle 1982) are remark-
ably similar (Fig. 4). The hydropathy profile suggests at
least four positionally conserved segments of high local hyd-
rophobicity, each about 20 amino acid residues in length,
which can traverse the membrane, and probably represent
trans-membrane spans. Single or paired positively charged
residues which flank these regions, and may interact with
the surface charges of the lipid bilayer and stabilize spans,
substantiate this view. We conclude that the product of
this gene is the homologue of the E. coli subunit a of the
spinach ATP synthase membrane sector. We designate this
coding region afpl and its product CF, subunit IV (see
Discussion).

Gene 2, separated by a 692 bp spacer, beginning at posi-
tion 1437, and terminating at TAA position 1682 encodes
a protein of molecular weight 8,000 (Fig. 2). The protein
sequence deduced is identical to the amino acid sequence
of the proteolipid (CF subunit III or proton-translocating
subunit, Sebald and Hoppe 1981). The data for this gene,
atpH, have been published (Alt et al. 1983). This subunit
plays a central role in proton translocation and is the coun-
terpart to subunit ¢ in the E. coli F, complex (Sebald and
Hoppe 1981). More than 90% of its hydrophobic amino
acids are clustered into two segments of 20-30 residues
which possess the potential to form a trans-membrane span
and include the glutamic acid residue at position 61 (nucleo-
tides 1617-1689) involved in the catalytic process.

Gene 3: The sequence of the segment spanning atpH

are shown. The transcription polarities are indicated by arrow heads

and atpA (Fig. 1), which should contain the gene for CF,-1,
is expectedly complex (Westhoff et al. 1985). It includes
four reading frames greater than 50 amino acid residues,
two on each strand, and the potential to form extensive
secondary structure between them (Fig. 2). Although hy-
brid select translation experiments using single-stranded
probes have shown that proteolipid, CFy,—I and subunit
alpha mRNA is transcribed from the same DNA strand
(Westhoff et al. 1985), in the region corresponding to this
fragment there is no open reading frame of length sufficient
to encode the expected 18,000 dalton CF I subunit of spin-
ach chloroplast ATP synthase. Reading frame 3 on the
same strand is 56 codons long, begins at position 2078 with
an ATG codon, terminates with a TAG stop at 2248 and
would code for a protein of 6.0 kd. The following (fourth)
reading frame of 145 codons is separated by 710 bp of non-
protein-coding DNA and would form a polypeptide of mo-
lecular weight 16,841, Comparison of the amino acid se-
quence derived with those of the E. coli ATP synthase pro-
teins showed that both spinach sequences can be aligned
with bacterial ATP synthase subunit b (Fig. 5). The E. coli
protein sequence is shorter at the amino terminus by 21
residues than the spinach protein (cf. also Fig. 6), but the
alignment is unequivocal. There are more than 25% identi-
cal amino acid residues. If conservative and compensating
amino acid changes are allowed for, the homology is ca.
33%. We infer from this result that both reading frames
encode the functional equivalent for the bacterial ATP syn-
thase subunit b and, consequently that the gene is split
(Hennig 1984). The facts (a) that the intragenic untranslated
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~350 -30C
CTATTTGTTTAATTGATACAAATTGTAACCCGGATCTCGCAGCTCTTTCGATTCCGGC AAATGATGACGCTATAGCTT

-25 -200
-1
CAATTCGATTAATTCATACCAAATTAGTATTTGCAATTTGTGAAGGCCGCTCTAGCTATATAAGAAATCCTTGAT\TCATAATAAAATCAAAAATTGACTTCCTAAATTCTCTATCGGTTACTAGATTTTS}D\ATCTCAAA
—

-100 -50
ARCTAGTTCAAAATAACAGEGGATATTATGTAATTARTCAGTATCCGAAATAGARAAT TTTAAT TAAARTAGACARGTCGAGAAAGAGC TGATTGAATCARAATAAT TTTTTTAAGT TA TATTTCTGTAAGAGGACAAT
atpl
1

30 60 90
ATG AAT GTT CTA TCA TAT TCA ATC AAC CCG CTA AAG GGG TTA TAT GCT ATA TCG GGT GTG GAA GTA GGT CAA CAT TTT TAT TGG CAA ATA GGA GGT TTC CAA ATC
MET Asn Val Leu Ser Tyr Ser Ile Asn Pro Leu Lys Gly Leu Tyr Ala ITe Ser Gly Val Glu Val Gly Gln His Phe Tyr Trp GIn Ile Gly Gly Phe GIn Ile

120 150 180 210
C}_\T GAC AAG GCC CTT ATA ACT TCT TGG GTT GTA ATT GCT ATC TTA TTA GGT TCA GCT GCT ATA GCT GTT CGG AGT CCG CAA ACA ATT CCG ACT GGT GGT CAA AAT
His Asp Lys Ala Leu lle Thr Ser Trp Val Val Ile Ala Ile Leu Leu Gly Ser Ala Ala Ile Ala Val Arg Ser Pro Gln Thr Ile Pro Thr Gly Gly GlIn Asn

240 270 300
TTT TTT GAA TAT GTC CTT GAA TTC ATC CGA GAC GTG AGC AAA ACT CAA ATT GGC GAA GAA TAT CGC CCG TGG GTT CCC TTT ATT GGG ACT ATG TTT CTA TTT ATT
Phe Phe Glu Tyr Val Leu Glu Phe Ile Arg Asp Val Ser Lys Thr GIn Ile Gly Glu Glu Tyr Arg Pro Trp Val Pro Phe Ile Gly Thr Met Phe Leu Phe Ile

330 360 390 420

TTT GTT TCT AAT TGG TCA GGG GCT CTT TTA CCT TGG AAA ATC ATA CAG TTA CCT CAT GGG GAG TTA GCC GCA CCC ACG AAC GAT ATA AAT ACT ACT GTT GCT TTA

Phe Val Ser Asn Trp Ser Gly Ala Leu Leu Pro Trp Lys Ile Ile GIn Leu Pro His Gly Glu Leu Ala Ala Pro Thr Asn Asp Ile Asn Thr Thr Val Ala Leu
450 480 510

GCT TTA CTC GCG TCA GTA GCC TAT TTC TAT GCA GGT CTT ACA AAA AAA GGA TTA GGT TAT TTT GGT AAA TAC ATT CAA CCA ACT CCA ATT CTT TTA CCC ATT AAC

Ala Leu leu Ala Ser Val Ala Tyr Phe Tyr Ala Gly Leu Thr Lys Lys Gly Leu Gly Tyr Phe Gly Lys Tyr Ile Gln Pro Thr Pro Ile Leu Leu Pro Ile Asn

540 570 600 630
ATC TTA GAA GAT TTC ACA AAA CCG CTA TCA CTT AGT TTT CGA CTT TTC GGA AAT ATA TTA GCG GAT GAA TTA GTA GTT GTT GTT CTT GTT TCT TTA GTA CCT TTA
Ile Leu Glu Asp Phe Thr Lys Pro Leu Ser Leu Ser Phe Arg Leu Phe Gly Asn Ile Leu Ala Asp Glu Leu Val Val Val Val Leu Val Ser Leu Val Pro Leu

660 690 720
GTG GTT CCT ATA CCT GTC ATG 17T CTT GGC TTA TTT ACA AGT GGT ATT CAG GCT CTT ATT TTT GCA ACT TTA GCC GCA GCT TAT ATA GGC GAA TCC CTG GAA GGT
val Val Pro Ile Pro Val Met Phe Leu Gly Leu Phe Thr Ser Gly Ile Gln Ala Leu Ile Phe Ala Thr Leu Ala Ala Ala Tyr Ile Gly Glu Ser Leu Glu Gly

780 870
CAT CAT TGATTTGTCTTAGGAAGACTTTATCTCCTAGTTTAGATATATGTGTATGTGTGGCTCAAGATACTCTATAAAGATAATCTATTTAGAGCATATAAATATCCAAATACATACAGTCTAGTGGTAATAGAAAA
Ris His -p-

900 930 960 990
AACGATATTCGAGAAGTGTAAAAARAAAAGACGTTGGTTAGTCGAGAGGGGATACCCCTGTTATATGGAATCTAATGACTATAAGCTAATTCTTGCAGATTCGATGTTTCGAAGAATGT TCARAAATTCGATTGAATTT

1020 1050 1080 110 1140
CAAATATAATAGGCGGTTTACGT TATGTAAGAAACCTATGTATATTTTATATTAGATAT TGACAAGTTATATATGAAAGAATATTTAATTTGCCCTACTTGAATTTGGATAGAGACACC AACCGACRAAGTCCTTTCET

1170 1200 1230 1260
ATTCGTTTATGACTGCGAATTGAATGGATAAACAGACAAAATATAAAAARAGGTC GAAGAATGATTAGAAARAGAAAAAGGAAATGGAARAACTCAAGTTGTATTGATTCAGAAAGACT CAACAATATAGGAAC TAAAA

1290 1320 1350 1380 1410
ARATCAAGTCTTTCTAATTATTTAATAATATTAATTATTATT TCAACTGGATAAATATTAGCAATGGAATAATTAAGTCATAATGCATTGGTTGATTGTATCATTAACCATTTCTTTTTTTTTTTTGTGTGTGTGAGGA

1470 — 1500  — 1530

atpH 1440
ACTTTATCA?G AAT CCA CTG ATT GCT GCC GCA TCC GTT ATT GCT GCT GGA TTG GCT GTA GGG TTG GCT TCT ATT GGA CCT GGA GTT GGT CAA GGT ACT GCT GCG GGA
MET Asn Pro Leu Ile Ala Ala Ala Ser Val Ile Ala Ala Gly Leu Ala Val Gly Leu Ala Ser Ile Gly Pro Gly Val Gly GIn Gly Thr Ala Ala Gly

1560 1590 1620
CAA GCT GTA GAA GGT ATT GCG AGA CAG CCC GAA GCA GAA GGA AAA ATA CGA GGT ACT TTA TTA CTT AGT TTA GCG TTT ATG GAA GCT TTA ACA ATT TAT GGA T1G
Gln Ala val Glu Gly Ile Ala Arg GIn Pro Glu Ala Glu Gly Lys Ile Arg Gly Thr Leu Leu Leu Ser Leu Ala Phe Met Glu Ala Leu Thr Ile Tyr Gly Leu

1650 1680 1710 1740
GTT GTA GCA TTA GCG CTT TTA TTT GCG AAT CCT TTT GTT TAATCCGAAAAGGAAAAGAAATAGGAGAAATACACATTTCTTTTATAGTCTTGAACTTGCAGGTTGCTTTTTCACATTTATAAGAAA
val val Ala Leu Ala Leu Leu Phe Ala Asn Pro Phe Val -c- - -
1770 1890
ATATCGCTCCTACACAATTACTTATTCGTTGAGAAAATAATACACGGAAAGGACTTAATTTGAGGATGAAGAATTCGTGTTACCCACTCEGTTTCTTCTTTCCTCCCCCTTTTTAGTCC GAAGGAGAAGTGTTGCAACA
1920 950 2130
AAGAGAGTATTTCGAAATTCACATGAAACC TAGTACCTAATTAGTAATTCTATAAATCCAATAAGTATTATTCTTATTGGGAATCTCAATAAAAAAAATAAAAT TCATTTAGAAGTAGC ARACAATTGAARATAATACAA

2070 atpF 2100 2130
CGATTTTTTTGTTTATCTATAAGAGGAGATCAT  ATG AAA AAT GTA ACC GAT TCT TTC GTT TTC TTG GGT CAC TGG CCA TCC GCC GGG AGT TTC GGG TTT AAT ACC GAT ATT
MET Lys Asn Val Thr Asp Ser Phe Val Phe Leu Gly His Trp Pro Ser Ala Gly Ser Phe Gly Phe Asn Thr Asp Ile

2160 2190 2220 e 2250
TTA GCA ACA AAT CTA ATA AAT CTC AGT GTA GTG CTT GGT GTA TTG ATC TTT TTT GGA AAG GGA GTG TGT GCG GGT TGT TTA TTT CAA AAATAGGTTGGATTCAACCAACT
Leu Ala Thr Asn Leu Ile Asn Leu Ser VYal Val Leu Gly Val Leu Ile Phe Phe Gly Lys Gly Val Cys Ala Gly Cys Leu Phe Gln Lys-a-
———- e — ——

2280 2310 2340 1 2400
GTACCGCTTTTTTTAATTAGGGCGAAAGGTGCATGATTTCACGAATGACTTCTGAAATTAATAATARAGAAATCATATGTAAGAACTAGAGCATTTCGTGATTTGTTGGTAAATATACT TTGATTCTCTATCAACCAAT

2430 2460 2490
AATGTGGGACCATAACATGGT TARAACT TAAATTGTTTGAAGTCCAGGCACAGCAGGGTATTCTTTCTACCACCATGTTAATACTTAAATATACCGAATACCGAGGC TARAATTARATAAAGTARAGAAACATAGTTAC
2550
AAATTTTTCGATATATAACACTCATGTCGATAAAATTGTTGGAATCTCT TATTTATTGTTATAGGAARAATGTTTCGGLTTTTTTTTTATTAAGTARATAARTGCCAAAGGC TGAGTCGATGACCTACGTATARRATAR
— e s e gy —eeeeeeeee
2700 Ia 2730 2760 Ia 2790 2820
GARACATTTTTGGATTTGAATAAAAAAAAAACAACTTTGCTGACAATTACTTATATATTTTTTTTTGGGGGGTCAGAAGAGT TCTCCGAATATTCTAGTCTTGATTAGTGATGGGTTTCCATTTTTTETCGACTATGAA

2850 la 2880 e L2910 — . 2940
CAGAGAAGAGAGGATAAGTTCATTACATTCAAAAAAGATATGGAAATTTGCCATAAAAAATTGAAGTAATTGAGC@]GAFAGCCAAATGAATTGAAAAATTCACGTTTGGTTCGGGAAEGGATCATGAATGTTT T6A

2970 - ¥ 3000 Is 3030 1s 3060

AAT GAA TuG AAA GAT AAT CTA CTT TCA TTA AGT GAT TTA TTA GAT AAT CGA AAA CAG AGG ATC TTG AAT ACT ATT CGA AAT TCA GAA GAA CTA CGC GGA AAG GCC

Asn Glu Trp Lys Asp Asn Leu Leu Ser Leu Ser Asp Leu Leu Asp Asn Arg Lys GIn Arg 1le Leu Asn Thr Ile Arg Asn Ser Glu Glu Leu Arg Gly Lys Ala
-—————

3090 3120 3150
ATT GAA CAG CTG GAA AAA GCC CGG GCT CGC TTA AAG AAA GTC GAA ATG GAC GCG GAT CAG TTT CGA GTG AAT GGA TAT TCT GAA ATA GAA CGA GAA AAG ATG AAT
{1e Glu G1n Leu Glu Lys Ala Arg Ala Arg Leu Lys Lys Val Glu Met Asp Ala Asp GIn Phe Arg Val Asn Gly Tyr Ser Glu Ile Glu Arg Glu Lys Met Asn

3180 3210 3240 3270
TTG ATT AAT TCA ACT TAT AAA ACT TTA GAA CAA TTT GAA AAT TAC AAA AAC GAA ACC ATT CAG TTT GAA CAA CAA ABA GCG ATT AAT CAA GTC CGA CAG CGG GTT
Leu Ile Asn Ser Tkr Tyr Lys Thr Leu Glu GIn Phe Glu Asn Tyr Lys Asn Glu Thr ITe GIn Phe Glu GIn Gln Lys Ala Ile Asn GIn Val Arg GIn Arg Val

3300 3330 3360
TTC CAA CAA GCC TTA CAA GGA GCT CTA GGA ACT CTG AAT AGT TGT TTG AAC AAT GAG TTA CAT TTA CGG ACC ATC AAT GCT AAT ATT GGC ATG TTT GGT GCG ATG
Phe Glo Gln Ala Leu Gln Gly Ala Leu Gly Thr Leu Asn Ser Cys Leu Asn Asn Glu Leu His Leu Arg Thr Ile Asn Ala Asn Ile Gly Met Phe Gly Ala Met

3400 3420 3450 atpA 3480
AAC GAA ATA ACT GAT TAGTCCTTCTATTTAATTGTAGGTATTATTTTTTTGTTTCAAAAAAAAAAAGAATTTAACTCATG GCA ACC ATT CGA GCA GAT GAA ATT AGC AAA ATT ATC
Asn Glu 1le Thr Asp -a- = - - MET Ala Thr Ile Arg Ala Asp Glu Ile Ser Lys lle Ile
3510 3540 3570 3600

CGT GAA CGT ATT GAA GGA TAT AAT CGA GAA GTA AAG GTT GTA AAT ACC GGT ACA GTG CTT CAA GTG GGT GAC GGC ATT GCT CGT ATT CAC GGT CTT GAT GAA GTA
Arg Glu Arg Ile Glu Gly Tyr Asn Arg Glu val Lys Val val Asn Thr Gly Thr Val Leu GIn Val Gly Asp Gly Ile Ala Arg 1le His Gly Leu Asp Giu Val

3630 3660 3690
ATG GCA GGT GAA TTA GTA GAA TTT GAA GAG GGA ACA ATA GGT ATT GCT CTG AAT TTG GAA TCA AAT AAT GTT GGT GTT GTA TTA ATG GGT GAC GGG TTG ATG ATA
Met Ala Gly Glu Leu Val Glu Phe Glu Glu Gly Thr Ile Gly [le Ala Leu Asn Leu Glu Ser Asn Awn Val Gly Val Val Leu Met Gly Asp Gly Leu Met [le
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Fig. 3. Comparison of the amino acid sequence of the CF, subunit

IV from spinach, F, subunit a from E. coli (Gay and Walker

1981a) and F, ATP synthase-6 subunit from Aspergillus nidulans (Grisi et al. 1982), Saccharomyces cerevisiaze (Macino and Tzagaloff
1980) and mouse (Bibb et al. 1981) mitochondria. Sequences have been aligned to allow for maximal homology and are numbered
according to the spinach protein. Homologous amino acid sequences are boxed and putative membrane spanning segments of the
spinach protein are indicated by horizontal brackets (cf. Fig. 4). Conservatively substituted residues are not indicated

region displays all features typical of class II introns (Michel
and Djon 1983, Figs. 2 and 7 and below), (b) that the re-
cently determined N-terminal sequence of the spinach
CF -1 protein (Bird et al. 1985) matches the predicted ami-
no acid sequence from exon 1 (starting at position 18),
(c) that reading frame four (exon 2) does not begin with
a methionine codon, (d) that a typical Shine-Dalgarno-like
consensus sequence is not found in the region immediately
upstream of or early within this frame (Fig. 2), and (e) the
similarity of the primary and predicted secondary structures
of the bacterial and chloroplast proteins in spite of substan-
tial amino acid replacements (Fig. 6) are all consistent with
this interpretation. Assuming translation initiates at the first
available AUG codon of reading frame 3 (nucleotide 2078)
and splicing occurs at the indicated positions (Figs. 2 and

7, see Discussion) the predicted protein has a molecular
weight of 20.9 kd, similar to the estimated size of spinach
CFy-I (Westhoff et al. 1981, 1985). Hydropathy analysis
suggests that the gene product, CF4,—I, would be a hydro-
philic protein with a single N-terminal membrane span, as
the E. coli subunit b. This coding region is designated atpF
(cf. Hallick and Bottomley 1983).

The DNA sequence on the opposite strand displays two
open reading frames (5 and 6) at 2510-2307 (68 codons)
and 1845-1615 (77 codons overlapping atpH with 72 bp)
which, if transcribed and translated, would code for pro-
teins of molecular weights of 7.3 and 9.3 kd. Predictions
of secondary structures suggest these proteins could not
be intrinsic. We have not yet detected mRNA, the actual
protein(s) or similarity to any other published component,

Fig. 2. DNA sequence of 4.0 kbp and derived amino acid sequences of the spinach plastid chromosome encoding three ATP synthase
CF, subunits. The genes, designated atpF, H, I and A are believed to encode, respectively, CF,-subunits I, III, IV (see text) and
CF, subunit alpha. The sequence of the non-coding strand is presented. Protein coding regions are arranged in triplets. Numbering
starts at the ATP triplet at which translation of subunit IV is probably initiated. Putative ribosome binding sites are boxed; possible

“—10" and “ —35” consensus sequences are underlined (¢hick lines);

elements capable of forming stable hairpin structures analogous

to those involved in transcription termination or processing in prokaryotic genes (Rosenberg and Court 1979) as well as short direct
or inverted repeats are marked by arrows, respectively. Stem-loop structures I,—Ig (thicker arrows) designate secondary structures resem-
bling those of class II introns (Michel and Dujon 1983). The vertical arrows at 2222 and 2986 mark the putative splicing site. Consensus
sequences of class II introns are overlined; the 12 bp inverted repeat that may bring the splice site together is indicated by double-headed

arrows
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Fig. 4. Hydropathy blots of the spinach ATP synthase subunit
CF4-1V (top) and F, subunit a of E. coli (bottom) calculated ac-
cording to Kyte and Doolittle (1982) with a 11-point moving win-
dow. Roman numbers indicate predicted membrane spans

£~
o

and the reading frames are not preceded by typical ribo-
some binding sites. The role, if any, of this sequence is
currently unknown.

Gene 4 (reading frame 7) begins at position 3462, 65 bp
distal to the translational stop codon of atpF. This reading
frame encodes the homologue of the E. coli a-subunit, con-
firming our previous mapping data (Westhoff et al. 1981;
Alt et al. 1983). The sequence of this gene, aip4, will be
detailed elsewhere (Rudolph, Herrmann and Bottomley,
unpublished data).

Hybrid selection translation and Northern analysis,
taken together with the DNA sequence data, suggest that

20
E. coli N LIN
Spinacia oleracea MKNVTDSFVFLGHWPSAGSFGFNTDIL
Wicotiana tebacun M KNV TDSFV[SJLGHWPSAGSFGENTDIL
Triticum aestivum KNYT £ L
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Fig. 6. Hydropathy blots of the spinach ATP synthase subunit
CF oI (top) and the E. coli F, subunit b (bottom) calculated accord-
ing to Kyte and Doolittle (1982) with a 11-point moving average.
The single predicted membrane span is designated by the roman
letter I. Note the N-terminal difference between the two proteins
(see text)

atpl, H, F and A are expressed in vivo and lie in a single
operon (cf. Alt et al. 1983; Westhoff et al. 1985). Blot analy-
ses using size-fractionated spinach chloroplast RNA and
appropriate strand-specific probes reveal multiple-banded
patterns of overlapping RNA species ranging from more
than 6 kb to less than 500 bp (cf. Fig. 7 in Westhoff et al.
1985 and unpublished data). The largest RNA species are
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Amino acid sequence alignment between CFy-I deduced from the spinach wheat and tobacco plastid gene and F, subunit

b of E. coli. Numbering is according to the spinach protein. The wheat sequence is from Bird et al. (1985), that from tobacco from
Deno et al. (1984), and the E. coli sequence is from Gay and Walker (1981Db). Boxes indicate perfect matches; conservatively replaced
residues are not marked. The predicted single membrane span of the spinach protein is indicated by a horizontal bracket, the putative

mRNA splice point by an arrow (cf. Fig. 6)
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Fig. 7. Comparison of the intervening sequences in the afpF genes from spinach, tobacco (Deno et al. 1984) and wheat (Bird et al.
1985). The class II introns are aligned to maximize homology and are numbered according to the spinach sequence (cf. Fig. 2). Thick
vertical arrows point at the putative exon/intron junctions. Intron consensus sequences common to all introns of the second family
(Michel and Dujon 1983) are boxed; inverted repeats I,—I stand for the postulated stem-loop structures common to most introns
of the same family. The 5" and 3" consensus sequences similar to those proposed for Euglena chloroplast genes (Karabin et al. 1984:
Koller et al. 1984) are shown over a solid line. Some contiguous and non-contiguous repetitions that flank deletions/inversions (Efstradiatis
et al. 1980) are indicated by horizontal arrows, distant repeats are numbered in addition

long enough to span all four genes. This and the finding
that RNA selected with fragments containing sequences
from any one of these genes also directs the synthesis in
vitro of the other CF, and o subunit proteins, suggest that
the synthesis of translationally active RNA for these ATP
synthase proteins may involve polycistronic transcription
and post-transcriptional modification (Herrmann et al.
1985).

The complexity of the Northern patterns finds its com-
plement in the DNA sequence (Fig. 2). Regions resembling
prokaryotic promoters (““—10” and “ —35 motifs; Ro-
senberg and Court 1979) are recognizable in front of atpl
at —111 to —116 and —149 to —154, respectively. The
3’ non-coding region of atpA is capable of forming a rela-
tively stable stem-loop structure (not shown) analogous to
transcription termination signals in prokaryotic genes (Ro-
senberg and Court 1979). It is worth noting that the in-
verted repeat region, 630 bp downstream of apl, is fol-
lowed by a T-rich stretch and thus exhibits features of tran-
scription terminators. It coincides or is surrounded by po-
tential ““—10" (positions 1337-1342/1354-1361) and
¥ —357 (1367-1372/1388-1393) elements preceding atpH.
However, this region of dyad symmetry and various other

Intergenic sequences that can form secondary structures
may function in RNA processing or attenuation rather than
in transcription termination. The segment between the two
atpF exons is capable of forming six hairpins (I,~1; in
Figs. 2 and 7) that share typical structural and nucleotide
consensus motifs known from class II introns (Michel and
Dujon 1983). The functional organization of this DNA seg-
ment deserves further study (see Discussion).

Discussion

The results outlined combined with the previous data
(Westhoff et al. 1985) provide compelling evidence that the
DNA sequence of the spinach plastid chromosome pre-
sented in Fig. 2 contains functional genes for three CF,
subunits of the chloroplast ATP synthase. The comparison
of the amino acid sequences deduced and of the predicted
secondary structures with those of corresponding bacterial
and mitochondrial components shows that all these se-
quences, as those for plastome-encoded CF, constituents,
are structurally similar, functionally equivalent, and there-
fore probably homologous. Qur analysis bears on four basic
points:
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(1) Composition of CF,. The newly found gene, atpl, en-
coding the putative homologue of the E. coli F, subunit
a resolves ambiguities about the actual constitution of CF,.
We infer that the membrane sector of spinach ATP synthase
is composed of four subunit species, of which three, CF -1,
—III, and -1V, are encoded in the chloroplast, while one,
CF,-11, originates in the nucleus. We suggest that this holds
for chloroplast ATP synthases from many plant organisms.
Several lines of evidence indicated that eukaryotic ATP syn-
thase membrane sectors appear to be more complex than
those from prokaryotes. More than three subunits have
been detected from mitochondrial F, assemblies (reviewed
in Senior and Wise 1983). Chloroplast ATP synthases with
four CF, subunit species co-purifying with the ATP syn-
thase holoenzyme in stoichiometric or near stoichiometric
quantities have been described (Pick and Racker 1979; cf.
Fig. 2 in Herrmann et al. 1983; Westhoff et al. 1985) al-
though a fourth subunit has not been noted or consistently
noted by other workers in the field. We have presented
evidence recently that the number of detectable CF, subunit
species could be dependent upon experimental conditions,
particularly on the preparations of the complex and on
the resolution of the chosen gel system (Westhoff et al.
1985).

Atpl is the 6th gene for constitutents of a chloroplast
ATP synthase and the 17th for a thylakoid membrane pro-
tein to be located on the plastid chromosome from spinach
(cf. Herrmann et al. 1985). Although we have not provided
direct evidence that the atpl product is translated due to
the lack of an appropriate antiserum, this seems likely. A
polypeptide of 19 kd, immunologically not related to the
products of atpE, F, G and H can be seen among the prod-
ucts made in vitro. This product co-migrates on SDS-poly-
acrylamide gels with the authentic protein and exhibits the
characteristic changes in mobility in one- and two-dimen-
sional gel systems (cf. Figs. 1 and 2 in Westhoff et al. 1985).
It is therefore a potential candidate for CF, subunit IV.
Subunit IV would appear from the DNA sequence to have
a molecular weight of 27 kd, yet it runs on SDS gels with
a considerably lower mobility. Apart from the fact that
the N-terminal sequence of this protein is not known, so
that the real molecular weight cannot be calculated, there
are various indications that SDS gels greatly underestimate
molecular weights, especially of membrane proteins (cf. ref-
erences in Morris and Herrmann 1984). Prediction of its
secondary structure suggests it could be an intrinsic mem-
brane protein containing four trans-membrane helical seg-
ments (Figs. 3 and 4). A fifth hydrophobic domain (amino
acid residues 199-218) is probably not a trans-membrane
segment because of its proline content.

The detection of subunit I'V creates nomenclature prob-
lems for CF, proteins and their genes (cf. Hallick and Bot-
tomley 1983). Subunits and corresponding genes are fre-
quently designated according to decreasing molecular
weights. In addition, there is no generally accepted nomen-
clature to correlate corresponding CF, and F, components
as yet, but equivalence of subunits with the same or compa-
rable designation in chloroplasts, mitochondria and E. coli
is often assumed (but see Walker et al. 1982; Ovchinnikov
et al. 1984a, b). Apart from the fact that relative electro-
phoretic mobilities of individual CF, components may
differ with the chosen gel system, our sequence analysis
clearly shows that the nomenclatoric equivalents, subunits
CF,-1I and Fq—a, are not related to each other, nor are

CFy1II and Fy—b. Instead, chloroplast CF,—1I is the homo-
logue of bacterial b, and the subunit equivalent to bacterial
a is CFy—IV. We have not changed the original naming
and hope that our designations atpl and CF,—IV for gene
and polypeptide, respectively, of the largest CF, component
will not lead to confusion. Inconsistencies like these are
an inherent drawback of the suggested nomenclature.

(2) The split CFy—I gene. Our nucleotide sequence analysis
is consistent with the previous identification and properties
of the atpF gene and its product, CF,—I (Herrmann et al.
1983; Westhoff et al. 1985). The gene is interrupted by a
large, 764 bp, intervening sequence which resembles introns
of the second family. It has the six predicted stem-loop
structures in correct relative sizes including the conserved
structure at the 3’ terminal region of class I introns (Michel
and Dujon 1983), 5" and 3’ boundaries GTGCG (positions
2223-2227) and TCTACTTTCAT (2975-2986) respective-
ly, similar to those reported for the corresponding introns
in protein-encoding regions in the Euglena and Nicotiana
debneyi plastid chromosomes (Koller and Delius 1984 ; Kar-
abin et al. 1984; Zurawski et al. 1984), and a 12 bp inverted
repetition within the exons close to the splice sites (positions
2166-2177 and 2922-3003; Figs. 2 and 7). Essentially the
same gene organization has been found independently in
wheat (Bird et al. 1985) and the published sequence of the
corresponding region from tobacco (Deno et al. 1984) can
be interpreted in a similar way (Fig. 7).

The conservation of the azpl introns in the three plant
species (Fig. 7) is remarkable in two respects. Apart from
the fact that intervening sequences are rare in higher plant
plastid chromosomes (Koller and Delius 1984), contrary
to those of lower organisms (Stiegler et al. 1982; Montadon
and Stutz 1983; Erickson et al. 1984 ; Karabin et al. 1984),
the only other intron reported to date from a plastid gene
in higher plants coding for a protein, the 666 bp intron
in the gene for the ribosomal protein L2 of N. debneyi,
is not present in the corresponding spinach gene (Zurawski
et al. 1984). The arpl intervening sequence of wheat is
823 bp (Bird et al. 1985) and that of tobacco 694 bp (Deno
et al. 1984). We have compared the three introns, and ana-
lysed the nucleotide sequences surrounding the apparent
8-10 gaps, using the sequence evolution models of Efstra-
diatis et al. (1980) and Shen et al. (1981; Figs. 2 and 7).
The comparison indicates that these regions are more than
80% conserved, diverge by deletion and addition, and by
base substitution, which leave most stem structures unal-
tered. The gaps are associated with contiguous and non-
contiguous repeats, or AT-rich sequences. The significance
of these deletions and insertions, which are remarkably sim-
ilar to those observed within the genes for the two P,g,
chlorophyll a apoproteins, (Kirsch et al., submitted) is un-
clear.

On the basis of S1 nuclease analysis and comparison
with the amino acid sequence of the E. coli polypeptide,
Bird et al. (1985) have determined the exon/intron bound-
aries in the wheat gene corresponding to nucleotide posi-
tions 2222 and 2986 in spinach (Fig. 2). We have prelimi-
nary data that this assignment holds for spinach (data not
shown). The organization outlined indicates that the pre-
viously observed immunoprecipitable, truncated spinach
products obtained with both DNA- and RNA programmed
cell-free assays (see Introduction, Westhoff et al. 1985) are
initiated at one of the later in-frame AUG codons. A poten-
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Fig. 8. Gene order in the E. coli atp (unc) operon (modified from Saraste et al. 1981; Senior and Wise 1983) and in the atp operons
A and B of the spinach plastid chromosome. a—¢ designate F; and CF, subunits, a, b and ¢ F, subunits. Genes atpl (CF,~1V),
H (proteolipid) and F (CFy-1) encode polypeptides for the CF, sector of ATP synthase. The structural genes were aligned based
on the sequence data; homology between the intergenic region is not so great and in general it is not possible to align these sequences

tial ribosome binding site, AAAG, preceds Met 51 in read-
ing frame 4 (exon 2), and the preceding secondary structure
of the 12 bp inverted repeat sequence (see above) of the
processed mRNA may prevent correct decoding in vitro.
We have repeatedly realized that heterologous cell-free sys-
tems give rise to various translation artifacts (see discussion
in Westhoff et al. 1985; Sears and Herrmann 1985).

The molecular weight of the CFy-I protein calculated
from the deduced amino acid sequences of the combined
open reading frames (20.9 kd) agrees reasonably with the
values determined by gel electrophoresis (18 kd). Based on
the experimentally determined N-terminal amino acid se-
quence of the spinach protein, Bird et al. (1985) have raised
the possibility that the wheat protein is 17 residues (2 kd)
shorter than that predicted from the DNA sequence, sug-
gesting that some processing might occur after translation.
(The undetermined residue at amino acid position 23 is
Asn; Fig. 2). Most of the corresponding codons are con-
served in spinach (Fig. 5). As in E. coli, the sequence of
this protein is quite unique. Residues 26-45 are hydro-
phobic and possess the potential of forming a single trans-
membrane span (Fig. 6, Kyte and Doolittle 1982) suggest-
ing that this amino terminal region of the protein is embed-
ded in the lipid bilayer while the rest would protrude from
the membrane, probably into the stroma. (Note that both
domains are encoded by different exons). Significant roles
in proton translocation from the proton channel to the cata-
Iytic sites of ATP synthesis and in topogenesis, that is to
form a membrane anchor around which F, and CF, poly-
peptides could assemble, have been envisaged for this pro-
tein (Nelson 1981; Senior and Wise 1983; Hoppe and Se-
bald 1984; Walker et al. 1985).

It is interesting to note in this context that the predicted
secondary structure for subunit I (Fig. 6) is reminiscent of
that of cytochrome f, the only known plastome-encoded
protein synthesized in chloroplasts with an N-terminal ex-
tension (Alt and Herrmann 1984; Willey et al. 1984). Both
proteins share a single terminal trans-membrane span, a
putative transitory hydrophobic segment and a relatively
large hydrophilic segment. Yet, they differ in the position
of the trans-membrane span within the polypeptide chain,
which is C-terminal in cytochrome f, but N-terminal in
CF,—1. While it is conceivable that the cytochrome f signal
sequence is required for directing (co-translational?)
transfer of the hydrophilic part across the thylakoid mem-
brane, the role, if any, of the proposed leader sequence
for CFy-T remains to be established. Unlike that of cyto-

chrome f, this sequence does not conform the characteristics
of signal sequences (von Heijne 1983).

(3) Phylogeny. Probably the most striking finding of this
study besides the detection of aspl and the interrupted gene
for atpF is the positional conservation of the ATP synthase
structural genes in the spinach plastid chromosome when
compared with the arrangement of genes in the atp operon
of E. coli. This is obvious from Fig. 8, which schematically
presents the organisation of the ATP synthase genes from
both organisms. Using the plastid gene nomenclature for
comparison, the order of genes (products) in the E. coli
aip operon is 5’ 1-atpl(a)-atp H(c)-atpF(b)-atp D(5)-atp A(x)-
atpC(y)-atpB(P)-atpE (g; Gay and Walker 1981 a, b; Nielsen
et al. 1981; Saraste et al. 1981). Gene 1 constitutes an un-
identified reading frame. The occurrence of the closely
spaced genes atpl-atpH-atpF-atp4, and separated by
40 kbp, of atpB-atpE in spinach (Fig. 1) is reminiscent of
a partial bacterial atp operon. In fact, each of these clusters
forms a transcriptional unit. This arrangement in two oper-
ons holds for plastid chromosomes of a variety of higher
plants even if intrachromosomal rearrangement of tran-
scriptional units has occurred (cf. discussion in Huttly and
Gray 1984; Herrmann et al. 1985). We therefore designate
these transcription units atp operons A4 and B.

ATP synthase CF; subunits gamma and delta derive
from nuclear genes. The absence of these genes in operon
A (Fig. 8) and the positional conservation of loci in the
operons A and B support the notion of gene transfer during
the evolution of the intergenomic integration of eukaryotic
genomes and argue against convergent evolution of ATP
synthase genes in eukaryotes and eubacteria. If correct, this
transfer must have been attended or followed by structural
and functional rearrangements within plastid chromo-
somes, since the A and B operons are 40 kbp apart. Both
operons arc transcribed from the same strand (Fig. 1),
which implies that at least two such events should have
occurred. There are other examples of plastid genes being
encoded in operons that are organized as in E. coli, but
with some genes being deleted or rearranged. Recently
found examples are the alpha, strep and S10 operons (for
references see Sijben-Miiller et al. 1985) which even may
maintain their relative position in the E. coli and plastid
chromosomes.

The origin and role of the third nuclear encoded ATP
synthase subunit, CF,—II (Nelson et al. 1980; Herrmann
et al. 1983; Westhoff et al. 1985), is obscure at present, since
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it appears to lack a counterpart in E. coli. This component
may be an adjunct of eukaryotic ATP synthases and there-
fore belong to a phylogenetically different category of nucle-
ar-coded plastid proteins. It may well be the analogue of
the bovine mitochondrial ¢ subunit, which has no known
functional equivalent in E. coli (Walker et al. 1982). The
relationships with the respective bacterial and mitochondri-
al proteins will probably be resolved when the sequences
for the nuclear-encoded subunits become available.

The individual ATP synthase subunits must have
evolved at different rates. The amino acid sequence of spin-
ach CF, subunits I, ITI (Alt et al. 1983) and IV, and subunit
e (Zurawski et al. 1982) show lower homology (25%—38%)
with the corresponding subunits of E. coli and mitochondri-
al complexes than the subunit £ or o (50%—70%, Zurawski
etal. 1982; Deno et al. 1983). This difference in primary
structure conservation may be caused by the different func-
tional roles they perform. The £ subunit is known to be
involved in the catalytic reaction (ATP synthesis), the other
subunits may exert primarily structural or regulatory func-
tions. Constraints on their sequence, therefore, may be less
demanding. Predictions of secondary structure, which indi-
cate structural conservation of corresponding homologues,
support this suggestion. It will be interesting to see if struc-
tures of CF, subunits have drifted in parallel with those
of CF, domains with which they associate.

(4) Expression. The expression of the ATP synthase genes
to achieve final subunit stoichiometries constitutes a cen-
tral, unsolved question. As far as organelle-located genes
are concerned there are only single loci per subunit in each
plastid chromosome, and yet some subunits are present in
multiple copies, others appear to be present in single copies
only. Purified CF, assembly has a proposed stoichiometry
of 3:3:1:1:1 in analogy to the F, sector of the E. coli
complex. Stoichiometries of I:1I:III (a:b:c) of 1:2:6-15
that have been proposed for CF, in analogy to the Fq
section of E. coli are not definitive and, in addition, need
to be re-evaluated in view of the fourth CF, subunit de-
scribed in this paper.

We have noted recently that expression of the atp oper-
ons 4 and B in spinach is remarkably different (Alt et al.
1983). The bicistronic transcript of operon B in which the
beta and epsilon reading frames overlap with four bases
(Zurawski et al. 1982) is processed at the 5 terminus but
probably not dissected into two subspecies prior to transla-
tion (Krebbers et al. 1982; Zurawski et al. 1982; Alt et al.
1983 and unpublished results, but see Shinozaki et al. 1983).
An essential control in decoding subunit § and ¢ in a ratio
of 3:1 must, therefore, be at the translational level. The
fused f/e product found in the Euoenothera ATP synthase
plastome mutant iota in vivo (but not after heterologous
translation in vitro) indicates an impaired signal in this
decoding process (Sears and Herrmann 1985).

Northern blot analysis and hybrid select translation sug-
gest that the atp operon A has also a single major promotor,
which initiates upstream from atpl. However, synthesis of
mature, translationally active RNA involves extensive post-
transcriptional modification. It is possible that the largest,
polycistronic RNA species (ca. 6 kbp) represents an unpro-
cessed component which is rapidly dissected, resulting in
a complex RNA pattern with major RNA species of 4.5,
2.5, 1.6, 0.9 and 0.5 kb (cf. Fig. 7 in Westhoff et al. 1985).
The latter component hybridises specifically with subunit

IIT probes and about 200 bp preceding sequences. Since
the stationary concentration of the giant primary transcript
is quite low, its overall half-life is probably short. This RNA
maturation includes nucleolytic and splicing activity, and
there is evidence for inter-cistronic splicing as well (cf. West-
hoff et al. 1985).

The significance of the complex RNA patterns derived
from operon 4 and the different functional organization
of the two operons is, as yet, not clear. In view of the
outlined f/e decoding mechanism it is difficult to envisage
how gene arrangements such as those could function to
ensure the subunit requirements of ATP synthase assembly.
In E. coli the major factor underlying the synthesis of ap-
propriate amounts of F, subunits appears to be the effi-
ciency of translational initiation rather than local mRNA
secondary structures or codon usage (McCarthy et al.
1985). The codons of the ATP synthase genes conform to
the types commonly found in the tylakoid membrane genes
(see Herrmann et al. 1985), in that they have acquired A
or T in the third position (atpl: 74%, atpH: 80%, atpF:
66.3%). The relatively long transcribed intergenic regions
in spinach that are found in processed RINA species suggest
that leader sequences could be involved in decoding effi-
ciency. On the other hand, the remarkable difference in
the stationary concentrations for CFy—IV and —-IIT mRNAs
(cf. Westhoff et al. 1985) and the potential promotor motifs
prior to atpH could indicate a separate transcriptional con-
trol for both loci and/or that their mRNAs differ in stabili-
ty.

The regulation of the expression of the ATP synthase
genes is an interesting puzzle at the moment and its study
can yield basic information on gene expression in eukar-
yotes. Our data suggest that post-transcriptional processes,
translational controls and/or various transcription initia-
tion and termination points constitute essential elements
in the biogenesis of ATP synthase and other protein com-
plexes of the thylakoid membrane (cf. Herrmann et al.
1985). The functional organization of this DNA segment
is currently under study.
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