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A cluster of genes encoding subunits of ATP synthase of Anabaena sp. strain PCC 7120 was cloned, and the
nucleotide sequences of the genes were determined. This cluster, denoted atpl, consists of four F, genes and
three F, genes encoding the subunits a (atpl), c (atpH), b’ (atpG), b (atpF), & (atpD), a (aptA), and vy (atpC) in
that order. Closely linked upstream of the ATP synthase subunit genes is an open reading frame denoted gene
1, which is equivalent to the uncl gene of Escherichia coli. The atpl gene cluster is at least 10 kilobase pairs
distant in the genome from apr2, a cluster of genes encoding the B (afpB) and € (atpE) subunits of the ATP
synthase. This two-clustered ATP synthase gene arrangement is intermediate between those found in
chloroplasts and E. coli. A unique feature of the Anabaena atpl cluster is overlap between the coding regions
for atpF and atpD. The atpl cluster is transcribed as a sinigle 7-kilobase polycistronic mRNA that initiates 140
base pairs upstream of gene 1. The deduced translation products for the Anabaena sp. strain PCC 7120 subunit

genes are more similar to chloroplast ATP synthase subunits than to those of E. coli.

The proton-translocating ATP synthase is a multimeric
membrane protein complex that couples a transmembrane
gradient of electrochemical potential energy produced dur-
ing electron transport to formation of ATP. This ubiquitous
enzyme is found in cell membranes of bacteria, in inner
mitochondrial membranes, and in thylakoid membranes of
plant chloroplasts (reviewed in references 15, 18, and 30). In
all examples studied the enzyme consists of two multimeric
components: an extrinsic portion, F,, composed of subunits
denoted a, B, v, 3, and ¢, and in integral membrane portion
F,, composed of several subunits which vary depending on
the source of the ATP synthase. In Escherichia coli and
chloroplasts, the two systems used for comparison in this
study, there are three (a to ¢) and four (I to IV) F,, subunits,
respectively. ‘

In E. coli, genes encoding all eight subunits of the ATP
synthase are tightly linked and cotranscribed (15). For the
ATP synthase of chloroplasts, genes for some subunits are
encoded in the nucleus and others are encoded in the
organelle genome. The chloroplast ATP synthase genes of
higher plants are organized into two separate transcriptional
units: the B and & genes are linked and cotranscribed (35),
while a second cluster containing the I, III, IV, and « subunit
genes map many kilobase pairs away in a second ATP
synthase gene cluster (9, 19). The v, 8, and subunit II genes
are nuclear (34).

The cyanobacteria are procaryotes with an oxygen-
evolving photosynthetic system nearly identical to that of
plant chloroplasts. The similarity between cyanobacterial
and plant photosystems, as well as the procaryotelike fea-
tures of chloroplasts, lends support to the proposal (28) that
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plant chloroplasts may have evolved from close relatives of
the cyanobacteria. The characterization of ATP synthase
genes provides an opportunity to study the evolution of an
important set of genes present in bacteria, cyanobacteria,
and chloroplasts. In previous work the genes encoding the 8
(atpB) and ¢ (atpE) subunits of the ATP synthase in Ana-
baena sp. strain 7120 were shown to be linked and cotran-
scribed (10). In this paper the structure and arrangement of
the genes encoding the a (atpA), v (atpC), & (atpD), a (atpl),
b (atpF), b' (atpG), and ¢ (atpH) subunits of the ATP
synthase from Anabaena sp. strain 7120 are reported. These
genes are tightly linked in the order atpl-atpH-atpG-atpF-
atpD-atpA-atpC and form a single transcription unit. Pre-
ceding atpl and within the transcription unit is an eighth gene
of unknown function denoted gene 1. The 7-kilobase (kb)
polycistronic mRNA is initiated 140 base pairs (bp) from the
start of the operon. This large ATP synthase gene cluster is
at least 10 kbp from the atpB-atpE operon. A similar
arrangement of two ATP synthase gene clusters has been
reported for the cyanobacterium Synechococcus sp. strain
PCC 6301 (8).

MATERIALS AND METHODS

Isolation of cyanobacterial, bacteriophage, and bacterial
DNAs. Anabaena sp. strain PCC 7120 total cellular DNA
was isolated from 15-liter cultures as described previously
(11). Lambda bacteriophage and E. coli strains were grown
and phage and plasmid DNA were isolated as described
previously (38).

Isolation of genomic clones containing ATP synthase genes.
A recombinant phage library of Sau3Al partial fragments of
Anabaena sp. strain PCC 7120 total DNA cloned in the
lambda vector AL47.1, obtained from James Golden, was
screened by plaque hybridization (38) by using a cloned
fragment of Chlamydomonas reinhardii chloroplast DNA.
The plasmid p86, obtained from J. Boynton, contains a
3.6-kbp EcoRI fragment of C. reinhardii chloroplast DNA
that carries the 5’ end of the atpA gene. p86 was digested
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FIG. 1. Physical map of the region containing the Anabaena sp. strain PCC 7120 atpl gene cluster. The lines denoted An700 and An710
represent the inserts of Anabaena DNA from the recombinant clones AAn700 and AAn710, respectively. Symbol: T, gene coding regions
within which the gene (atp) designations are given. Gene product designations are given below the genes. The atpF and atpD coding regions
overlap. atpl is transcribed as a polycistronic mRNA that initiates 140 bp upstream of gene 1. The numbered bars indicate specific DNA
fragments used in Northern and Southern blot hybridizations. Abbreviations for restriction endonuclease sites: X, Xbal; Hp, Hpal; H,

HindIII; E, EcoRI.

with EcoRlI, and the plasmid insert was purified by electro-
elution from a 0.8% agarose gel. The insert was cloned into
an SP6 vector (Promega Biotec, Madison, Wis.), and a
32p.labeled ribonucleotide probe was prepared as specified
by the manufacturer. Labeled probes were purified by
passage through a Sephadex G-25 spin column (27) and
hybridized with plaque lifts as previously described (38).
Following hybridization, the filters were washed once in 2 X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)—
0.5% sodium dodecyl sulfate at room temperature for 20 min
and then a second time in 0.1xX SSC—0.5% sodium dodecyl
sulfate at 42°C for 2 h. A final 30-min wash was carried out
under the same conditions as the second wash.

Positive clones from the screening with the atpA probe
were rescreened with an atpH probe. The atpH probe,
obtained from John Gray, contained a 140-bp Haelll-
HindIII fragment internal to the pea chloroplast atpH gene
cloned into M13mp9 (22). The double-stranded form of the
atpH clone was digested with HindIII and BamHI, and the
insert was purified by electroelution from a 1.5% agarose gel.
The fragment was cloned into an SP6 vector (Promega
Biotec), and a 32P-labeled ribonucleotide probe was pre-
pared as described above. One clone, denoted AAn700,
which hybridized with both the heterologous atpH and atpA
probes, was selected from the lambda library of Anabaena
sp. strain PCC 7120 DNA and characterized further.

Mapping and subcloning of Anabaena ATP synthase gene
fragments. A restriction endonuclease map of AAn700 was
determined by using HindIII, EcoRI, and Xbal. Southern
blots containing various restriction endonuclease digests of
AAn700 were hybridized with the heterologous atpA and
atpH probes. The Hindlll fragments homologous to these
two probes and HindIIl fragments which mapped between
them in AAn700 were subcloned into the M13 vectors mpl8
and mp19 (Fig. 1). An Xbal fragment which overlapped the
two aptA-homologous HindIII fragments was also subcloned
into the same M13 vectors (Fig. 1).

Initial DNA sequence determinations on the cloned
HindIII fragments indicated that AAn700 did not contain the
entire gene cluster. A probe from near the 5’ end of the
AAN700 insert (Fig. 1, probe 3) was therefore used to screen
the AL47.1 recombinant library for an overlapping clone.
One clone, denoted AAn710, which was complementary to
probe 3 but not to probe 4 (Fig. 1), was selected and mapped.

A 1.3-kbp EcoRI-HindIII fragment of AAn710 containing the
5" end of the gene cluster and upstream sequences was
subcloned into M13mp18 and M13mp19.

Analysis of ATP synthase gene copy number. The number
of copies of the ATP synthase genes in the Anabaena sp.
strain PCC 7120 genome was determined by hybridization of
ATP synthase gene probes to Southern blots of Anabaena
cellular DNA digested with HindIII or EcoRI. Probes 1
through 4 consisted of restriction fragments produced by
digestion of AAn700 DNA with HindIII and EcoRI. Probe 5
was produced by digesting AAn700 with Xbal and Hpal. The
fragments were purified by electrophoresis from agarose
gels, 32P labeled by nick translation, and hybridized with
Southern blots as described previously (38).

DNA sequence determinations. The sequences of the
HindIII and Xbal fragments subcloned in M13 were deter-
mined by using the chain termination method (39) and
site-directed oligonucleotide primers. The sequences of both
strands were determined. Sequence analyses were per-
formed by using the IBI DNA/Protein Sequence Analysis
System computer software (International Biotechnologies,
Inc., New Haven, Conn.).

RNA analysis. Total RNA was isolated as described pre-
viously (44). RNA was denatured with formaldehyde and
formamide, fractionated on 1% agarose gels containing 2.2
M formaldehyde, and then transferred to nitrocellulose as
described previously (27). Size markers consisting of DNA
fragments of known size (1-kb ladder and lambda DNA
digested with HindIIl [Bethesda Research Laboratories,
Inc., Gaithersburg, Md.]) were similarly denatured and
fractionated. Northern (RNA) blots were hybridized with
nick-translated probes 1 through 5 (Fig. 1) and washed as
described for Southern blots.

Oligonucleotide synthesis. All oligonucleotides were syn-
thesized in an automated DNA synthesizer (model 380A;
Applied Biosystems, Inc., Foster City, Calif.). Ollgonucleo-
tides were prepared for DNA sequencing or primer exten-
sion as described previously (10).

Primer extension and S1 nuclease assays. Primer extension
assays were performed as described previously (10) by using
an oligonucleotide primer of 15 bases specific to the gene 1
coding region (Fig. 2).

A probe for the S1 nuclease protection assay was prepared
by cloning the 1.3-kbp HindIII-EcoRI fragment (Fig. 1,
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100
TACACAACAAGGTTGAGGAGCATTCCCTGATCTTGCCTCTCGTATCTAGCTTATCCTGAGGGTAAGT TTTTCTCTAACCGTATCTCCTGGGCAAGAAGT
. ";:"L’t’rm =10 A 200
TAATTGTTTTTTTCTAAAGTN ACCGGATCGTGATATGATTCAGCTGACTGAATGTGCAGTCATAATAAGTTAGCTGTACTGGTTTCAAGTCCCGT
300
GAGCTTGTCAGAAGAACCAATTTCACCCACCCCGACAACACGACAAGATACTCAACCTGGTTTTGAGGACGCAGAACCAGCAAACTCTTCCATGCAGGAG
M Q E

gene 1

400

S ———
TTTTATCAACTCTATCAAGAGTTGGTGTTAATCACTCTTGTCTTAACAGGGGTTGTATTTATCTCTGTCTGGATCTTTTATTCCTTAAACATTGCTCTGA
P YQLYQELVLTITILVLTSGVVFISVWIUFYSLNTIAIL

500
ATTATTTATTAGGAGCGTGTACAGGTGTGGTTTACTTGAGGATGTTGGCAAAAGATGTTGAGCGTTTAGGTAGAGAAAAACAGTCGCTGAGTAAAACTCG
N ¥YLLGACTGV VYV YLURMILATIKDTVER RTILGTRIEIKTZGQSTLSI KTR

600
GTTGGCGTTATTAATGGCGCTGATTTTGCTGGCAGCACGGTGGAATCAATTGCAAATAATGCCCATCTTTTTGGGATTTCTCACCTACAAAGCGACGCTC
L A LLMALTITLTLAANLMRUWNDNAOQLOQTIMUPTIUPLGTPTULTYIKA ATL

700
ATCATTTATGTAGTTAGGGTGGCTTTTATCTCTGACTCGCCAAAGCTCCGGCAACCTTAAAAGGCTCCTCTTCTCCAGGTAAGATTGGAGAAGCAATTGA
I I Y VVRVAPTISDSUPIKTILT RTA QP ™*

. 800
AATGGAAGGAAAATGTTGAATTTTCTGAACTTTTACTCTGTTCCACTTGCCGAATTGGAAGTGGGAAAACATCTGTACTGGCAAATAGGCAACTTAAAAC
M L NF L NPF Y S VPLAETLUEVGI KUHTLYWO0TIGNTLK
atpl
900

TGCACGGTCAGGTGTTTCTCACCTCTTGGTTTGTTATTGGCGTGCTAGTACTAGCTTCTGTGGCTGCAAGCAGTAACGTTAAACGGRTTCCTAGTGGCAT
L HGQVFPFLTSWPVIGVILVILASTVAASSNVI KT RTITZPSSG!I

. 1000
ACAGAACCTACTGGAGTATGCCCTGGAATTCATTCGGGATTTGGCTAAAAACCAGATTGGCGAAAAAGAATATCGCCCCTGGGTGCCTTTCGTTGGCACT
Q NL L E Y A LEFPTEIRDIULAIKNO OQOTIGTET KEYRUPWUVPPFVGT

. . 1100
TTGTTTTTGTTCATTTTTGTGTCAAATTGGTCAGGAGCCTTAGTTCCCTTCAAGCTGATTCATTTGCCTGAAGGAGAATTAACAGCACCAACCAGCGACA
L FPL FI PV S NWSGALVUPPI KTILTIU HLUPESGETLTAZPTSTD

. 1200
TCAATACAACTGTTGCATTAGCTTTGTTGACATCCTTGGCGTATTTTTACGCTGGATTCAGCAAAAAAGGACTGGGGTATTTTGGTAACTACGTGCAACC
I NT T VALALTULTSTULAYUZ PYAGPSKIKGLGYUFPFGNYV QTP

1300
TGTATCGTTCATGTTGCCATTCAAAATTATTGAAGACTTCACTAAGCCCCTTTCCCTGAGTTTCCGTTTATTCGGTAACATCTTAGCTGATGAACTTGTA
vV sS P ML PPIKITIEDUZPTI KU PLSTLSUZPRTILVFGNTILADETLUV

. 1400
GTGGCCGTACTGGTATTACTAGTGCCTTTATTTGTACCTTTGCCAGTAATGGCTTTCCCACTATTTACAAGCGCTATCCAGGCACTAATTTTTGCTACTT
VAVLVLLVZPILUPVZPLUPVMAPUZPLUPTSATIOQALTITFA AT

1500
TGGCTGCGGCTTACATCGGTGAAGCGATGGAAGATCATCATGGCGAAGAGCATGAGGAACATCATTAGTCATTAGTTATTTAGTTAAGTAACAACTGACA
L A A A Y I GEAMETUDUHUHGTETEUHTETEUHUH* 4 I L

1600
ACCGACCACTAACAAAACCATTCGTTTCATTAAAGTAAGGAAAGAATATCATGGATCCATTAGTTTCTGCTGCTTCCGTTTTAGCTGCTGCTCTAGCTGT
— M D PLV S AAS VL AAAMAILA AV

atpH
. 1700

TGGTTTGGCTGCAATCGGCCCTGGTATTGGTCAAGGTAATGCAGCAGGACAAGCTGTAGAAGGTATTGCCCGTCAGCCCGAAGCAGAAGGTAAAATTCGC
G L AATIGPGTIGO OQGNAMAMAMGA QAYVEGTIARUOQPEAESGT KTIHR

1800
GGTACATTACTACTCAGTTTGGCGTTCATGGAAGCGCTAACCATCTACGGTCTAGTAGTTGCTCTAGTATTGTTGTTTGCTAACCCCTTCGCATAATCAG
G TLLULSULAPFMEATLTTIYGLV VALV VI LILTFPFANZPTFPFA?®* —

1900

TACTGAGTACTGGGTGCTGAGTGCTGAGTGTTGAGTGAAAATAGTTAGGAGTTAAGGGTTTAAGCCTTTAACCCATAACTTATAACTCACAACTCACAAC

— > 4 ———— ~> -~ - - - —

. 2000

TCACAACTCAGGACTAACATAGTAGATAGGAACAAGCAAACATGACACATTGGATCACCTTATTGGCGGTGGAAAAGGTTGCCAAGGAAGGCGGGCTATT

—pm———> M T H WITULULAVEIZ KV VAIKETGSGTULFP
atpG

2100

TGATTTAGATGCTACCTTACCCTTAATGGCAATCCAGTTCCTCTTGTTAGCTCTGATATTGAATGCCACTCTCTACAAGCCATTGGGTAAAGCTATTGAT
D LDATTULZPILMATIOQPTULILLALTITLNATTLYIZ KU PTLSGT KA ATID

. 2200
GGGCGAAATGAATATGTTCGTAACAATCAATTAGAAGCCCAAGAGCGTTTGTCCAAAGCTGAGAAATTGGCAGAGGCTTACGAACAAGAGTTAGCAGGAG
G RNEY VRNNOQLEA AAOQERTLSTZ KA AETZ KTLAEA AYEQETLAG
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2300
CTAGACGGCAAGCACAAACAATTATTGCTGACGCTCAAGCCGAAGCCCAAAAAATTGCTGCTGAAAAAGTAGCAGCAGCGCAAAAAGAAGCTCAGGCACA
A R R QA QTTI I ADAAOQAEA AUQTZEKTIA AATETKUVAAAUOQTIKTEA AU QA BAD Q

2400
AAGAGAACAAGCGGCCGGTGAAATTGAGCAGCAAAAACAGCAGGCTCTGGCTTCCTTAGAGCAACAAGTAGATGCCCTAAGTCGCCAAATCTTAGAAAAG
R E QA AGETIEQOQKOQOQATLASTLEU QO QVDA AL SUR RUGQTIULTEHK

2500
CTTTTGGGAGCCGATCTAGTAAAGCAGCGCTAACTCAATAAATTTAGTCATTAGTCATTGGTCATTAGTCATTAGTCAAAAGAGAGAATGACGAAGGGCG
L L G A DL V K Q R * re rd rd rd rd —

2600
AATGACACAAACCTTTGGCAGCGCAGTTGTGGATGAAAAATCATGGGGACTTTTTTACTGTTGATGGCGGAAGCCAGCGCCGTTGGAGGTGAATTGGCAG
—p M GT F L L L M AEASA AUV GGETULA

atpF
2700

AAGGTGGGGCGGAAGGTGGTTTTGGTTTAAATACCAATATTCTCGACACCAACCTGATTAACCTGGCCATTATTATTACTGTGCTGTTTGTCTTTGGACG
E GGAEGGTPFGLNTNTILDTNILTINILATITITITUVLFUVFGR

2800
GAAGGTTTTGGGTAATACCCTGAAAACTCGCCGCGAAAACATTGAAACAGCAATTAAGAATGCAGAACAACGTGCCGCAGATGCAGCCAAGCAACTGAAA
K VL GNTU LI KT RR RENTIETA ATII KNAEU QR RAADAAIKUOQTLK

2900
GAGGCGCAACAAAAACTAGAGCAAGCACAAGCAGAAGCTGAGAGAATCAAAAAATCAGCCCAAGACAATGCTCAAACCGCAGGTCAAGCCATCATTGCCC
E A Q Q KL EOQAOQAEA AETR RTITZ KT KT S AOQDNAUQTAGU QA ATITINA

3000
AAGCTGCTGTAGATATTGAACGCTTACAAGAAGCAGGGGCAGCAGACTTGAATGCAGAACTAGATAGAGCGATCGCTCAGTTGCGGCAGCGAGTAGTTGC
Q AAV DI ERTULUG QEA AGA AA ADTLNAETLUDIRATIAUQLIRUO QIR RV VA

3100
TTTGGCATTGCAAAAGGTCGAATCAGAACTGCAAGGTGGCATTAGTGAAGATGCTCAAAAAACTCTAATTGACCGTAGCATCGCACAATTGGGAGGCGGA
L ALQKVESELA QG GTISEDA AQIKTULTIUDT RISTIAQLGGSG

3200
GTATGACAAGTAAAGTAGCAAACACTGAGGTAGCTCAACCTTACGCTCAGGCACTGTTGTCAATCGCCAAATCGAAAAGCTTGACGGAAGAGTTCGGCAC

\'4
H T S K VA NTE VA QP YAOQALILS STIA AIKSI KSULTETETFGT

atpD
3300

AGATGCGCGTACTTTGCTGAACCTGCTGACAGAAAATCAACAGCTACGCAACTTCATCGATAACCCCTTTATTGCAGCTGAGAACAAAAAAGCTCTCATC
D ARTULULNILILTENUO QO QLU RNPTIDNUPFTIAAENIEI KIKATLTII

3400
AAACAAATATTGAGTGAAGCTAGCCCTTACCTACGTAACTTCTTACTGTTGTTGGTAGATAAACGACGCATTTTCTTCTTGCCAGAGATTTTACAGCAGT
K Q I L S EASPYULURNPILILILILV VDI KU RTI ERTIFTFILZPTETITLAOQNAQQ

3500
ATTTGGCTCTCTTACGGCAACTGAATCAAACCGTATTAGCGGAAGTTACTTCTGCTGTGGCTTTAACAGAAGATCAACAGCAAGCAGTTACAGAAAAGGT
Y L ALLROQLNAGQTVLAEUVTSAVALTTET DU QU QAQAVTETKV

3600
ATTGGCACTCACCAAAGCTCGTCAAGTGGAACTGGCAACCAAGGTAGACAGTGACCTGATTGGTGGTGTGATCATTAAAGTAGGCTCTCAGGTAATTGAC
L ALTZ KA ARUGQVETLATT KUVDSDILTIGS GV VITII KUVGSOQUVID

3700
TCTAGTATCCGGGGTCAGTTGCGTCGCCTCTCCTTGCGCTTAAGCAATAGCTAGAAAGTTCAGAGGTTAAAGTTAGCGGTTTCACATCAGGCACTTGACA
S 8 I R G QL RRUL SL RUL SN S * ey —

. . . . . . . . . 3800
ATTAAAATTGTTTGTGATTTGTGGTTAACTCTTAACACCTCAAACTAAATGCAGACGCGATATTGTTTCTCGCGTCTATTAAATATCTTCCGTCTCGCAA
— c—

. . . . . . . . . 3900
GAAAAAAAGATACACACATGAGCATTTCAATTAGACCTGACGAAATCAGCAGTATTATTCAGCAGCAAATCGAGCAATACGACCAAGAAGTCAAAGTTGC
M S I S 1 RUPDETI S S ITIQOQOQTIEUGQYDUGQETUVI K VA

atpA

. . . . . . . . . 4000
TAACGTCGGTACTGTACTACAAGTAGGTGACGGTATCGCCCGGATCTATGGTCTAGAAAAGGCTATGGCTGGGGAACTTTTGGAATTTGAAGACGGCACA
N VGTVLQVGDGTIARTIYGLETI KA AMAMAMGTETLTVLTETFTETDGT

4100
GTTGGTATCGCCCAAAACTTAGAAGAAGATAACGTTGGTGCGGTACTGATGGGTGAAGGCCGGGAAATTCAAGAAGGTAGCACCGTTACTGCTACTGGCA
VGI AQ NULEEUDNVGAVL MGEGR RETIUG QESGSTUVTA ATG

4200
GAATTGCTCAAATCGGTGTCGGTGAAGCCTTAATTGGCCGCGTTGTCGATGCTTTGGGTCGTGCTATTGACGGTAAAGGCGACATCAAAGCCAGCGAAAG
R I A QI GV GEALTIGI RV VDALUGRA ATIDSGT KT G DTIIZ KA ASE S

4300
CCGCTTGATTGAATCTCCTGCGCCTGGTATCATCGCTCGTCGTTCCGTACACGAACCGATGCAAACCGGTATCACTGCGATTGACTCCATGATTCCTATT
R L I E S P AP GTITIARZRSUVHEUZPMO QTG G'I T ATIUDSMTIUZPI
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4400
ceccc'rccrcAAccccnnwrcamccacmcnmammmamuccamnnccmnmmum
G R GQRETLTITIGDI RO QTG KT ATIATIDTTITINAGQIKTGTETDUVV

. . . . . . 4500
MMACMWAWMMWWWHWW
C VY VAIGO QKA ASTVANVVQTLOQETIKTGANMDTYTVVVANA

. . . . . o . . . 4600
TPGGTGCCAGTGAACCTGCTACCCTACAATTCCTGGCTCCCTACACAGGCGCTACTATTGCTGAGTACTTCATGTACAAAGGCAAAGCTACCTTGGTAATT

G A S EPATLAG QPTLAPYTGATTIAETYUPMYZXKXG G KA ATTLUVI

. . . . . . 4700

TACGACGACTTATCTAAGCAAGCTCAAGCTTATCGCCAAATGTCCTTGCTGTTACGTCGTCCACCAGGA ccc&mmsccmmmamau
Y D DL 8K QA QAYRUOMSTLULLURIRPUPGGENAMADYUZPGDVEZPY

. . . . . . o . . 4800
TTCACTCTCGTTTGTTGGAAAGAGCAGCAAAACTCAGTGATGAACTCGGTAAAGGTAGCATGACCGCGCTACCAATCATCGAAACCCAAGCTOGTGACGT
I H S RLULERAAKIL SDTELGI KU G SMTATLTZPTITIETAOQAMNMGTD DUV

. 4900

'rrc'recc'raamaaccncmmcunacmamnmumcmmammm&mcmma
S A Y I PTNVIOSTITDGA QTIUPILSSDULFNAMAGTIRUPANMLVNSTE

. . . . . 5000
WAWAMWMMWWWWMQH&WMAMMCWC
G I 8 V S RV G S AAOQTI KA AMEKTEK YVAGT KTII KTLTELAQOQTPDTU DL

o . . . . . . . . 5100
AAGCCTTCGCGCAATTTGCTTCCGACCTAGATAAAGCCACCCAAGACCAATTGGCAAGAGGTCAACGCCTGCGGGAACTCCTCAAACAGTCCCAAAATCA
Q AP AQF A SDULUDI KA AT QDA QL ARG OQRTILUREILLIKU OSSO QQNDQ Q

. . . . . . . . . 5200
GCCTCTATCCGTAGCTGAACAAGTAGCCATTCTGTACGCAGGTATCAACGGTTACTTAGATGATATCCCTGTTGATAAA
P L S VAEQVATITLYA AWGINGYULDDTIUZPVDI KTV YVTTTZPTTI KSG

. o . . . . . o . 5300
TTGAGAGATTACTTGAAGTCCGGCGTTAACCCCTACTTCCAAGACGTACAATCGAAGAAAGCACTGGGTGATGATGAAGAAAAAGCA!
L RDYLIKSGVNZPYUPOQDVQSKIKALGDDTETET KA ATLTIKANA

. . . . . . . . . 5400
TAGAAGACTACAAAAAGACCTTCAAAGCTACAGCGTAATTAGTCATTAGTCATTGGTCAGTGGTCAGTAGCAATAGACACTGACAA!

L ED Y K K TP KATA ¢ > rd = > xd >

[E—A——

550

e 5500

c'rcacncmcumcmmﬂamccrurcmmmucece\mmmmmcmcmmamm

———— M P NL K 8 I RDU RTIAGQSVYVKNTI KT KTITEANMHT R

atpC
. 5600

AWWAWMWCA&@MWWWCCMCM@AHAQAW
L VA AARV RRAQEGQVIATRZPFADU RILAMQUVILYSGGLAQQT

o o . . o . . . ‘5700
CGTCTACGGTTTGAAGATGTAGACTTACCTCTACTGAAAAAACGGGAAGTTAAATCAGTAGGCTTGCTAGTTATTTCTGGCGATCGTGGTTTGTGCGGCG
R L RPEDVDLUZPLILIKI KR REVI K SV GLULVTISGDURGTELTCSG

. . . . o . . o 5800
GTTACAATACCAACGTCATCCGTCGTGCCGAAMACCGCGCCAAGGAACTCAAGGCAGAAGGTCTAGATTACACATTTGTTATTGTTGGGCGGAAAGCTGA
G Y NT NV I RRAENRAKIETLIKAMEGTLDYTZPVIVGHRIKNAE

. 5900
ACMTAT'H.‘TAGACGGCG'!'GAGCAACCCA'!‘CGA‘!‘GCTAG!‘TATACTGGC‘H‘AGAGCAMTCCCCACCGCCGATGMGC‘!‘MTMWOG&AM
Q YP RRREUOQPTIDA AST YT GTLUEEAQTIUZPTADTEA AXNIKTIANLDTEH/L

6000
CTCTCMATTCC‘PCTCAGMAAAG‘!‘AGACCGCA'I'CGAG‘I'I‘AGT‘!‘TACACCCGCT‘!CGTCTCCTTGG‘H‘AGCTCTCG‘I‘CCCGTCNICCNOCWAC
L 8L FPLSEKUVDURTITZETLVYTRTPFUVSILVSSRZPUVIO OQTLIL

. 6100
CCCT'I'GACACTCAAGGTTTAGMGCAGCCGATGACGAMTATTCCGTCTGACMCTCG‘!GGCGGTCAATTCCMG‘!‘GG&ACGCCAMCAG!’GACCAGCCA
P LDTOQGLEAADUDETITTPRTLTTRGG G QFPFIOQVERUQTUVTSAQ

6200
AGCTCGCCC’!"!“I'GCCCCGCGACAG‘I'AmCMGRCCCAGPACAG&WHCA@AMGCCCMGTAW@CA&CCAWHAM
A R PLPRDSTIUPFPFEOQDUZPVQILDSLULZPIULYTLSUNU QTLTLRA

o . . . . . . 6300
CTGCAAGAGTCAGCCGCTAGTGAATTAGCCGCGCGGATGACAGCAATGAGCAACGCTAGTGAAAACGCTGGTGAA
L 0 E S A A S ELAAMRMTAMSNASTENAMGTETLTIHK L 8 L S8

. . . . . 6400
Acucmecccc'rcuecceccauacmummccnmmmcamccmmawcumnmm
Y NK A RQAATITOQETLTLTEV VYV GGAZEA ATLT *

6500

ATAMMMAMMWHMAWMW&WCCGTTMCC&TCCTA!‘GANACAMHAC&ANACGA&C
—— ——
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. . . . . . . . . 6600
TACGAATTAAAAATCCCGTACTATAATGAGAATATAAAGATCATGGGTCCGTCGGTTTCGACAGGTTGGCGAACGCTACTCTGTGATTCAGGTCGAGAGT
. . . . . . . . . 6700
GAGTCTCCTCTGCAAATCAAGGCTCAAAACAAAAGTAAATGCGAATAACATCGTTAAATTTGCTCGTAAGGACGCTCTAGTAGCTGCCTAAATAGCCTCT
. . . . . . . . . 6800
TTCAGGTTCGAGCGTCTTCGGTTTGACTCCGTTAAGGACTGAAGACCAACCCCCAACGGATGCTCTAGCAATGTTCTCTGGTTGGCTTGCTAGCTAAGAT
6900

TTAATCAGAGCATCCTACGTTCGGGATAATGAACGATTCCCGCCTTGAGGGTCAGAAAGGCTAAACCTGTGAATGAGCGGGGGGTCAATACCCAATTTGG

7000

ACAGCAGTTCGACTCTGCTCGATCCACTAACAGTAAATATAGTTAACAAGTCCACTTCCTACGAGGTGGACTTTTTGATTTATGGATACATTTCCTCTGG

Cd ~

FIG. 2. Nucleotide sequence of the noncoding strand of the aptI gene cluster and flanking regions. Translation products are given below
the nucleotide sequence. The complement to the sequence of the primer used in the primer extension assay is overlined. The arrowhead
indicates the 5’ end of the mRNA transcript as determined by primer extension. Clusters of direct repeat sequences are underlined by arrows.
Convergent arrows mark inverted repeat sequences capable of forming stable stem-loop structures in mRNA.

probe 1) of AAn710 into the vector pBS M13™ (Stratagene
Cloning Systems, San Diego, Calif.). A full-length 32P-
labeled ribonucleotide probe complementary to the mRNA
was prepared as specified by the manufacturer. S1 nuclease
assays were performed as described previously (27) with the
ribonucleotide probe and total RNA.

RESULTS

Cloning of the ATP synthase genes. A lambda recombinant
library of total Anabaena sp. strain PCC 7120 DNA was
screened with a probe containing a portion of the gene for
the o subunit (atpA) of the ATP synthase from C. reinhardtii
chloroplasts. Positive clones were rescreened with a ¢ sub-
unit gene (atpH) from pea chloroplasts. A clone denoted
AAn700, which hybridized with both the atpA and atpH
probes, was selected and characterized by restriction endo-
nuclease mapping (Fig. 1).

Hybridization of the atpA and atpH probes to restriction
endonuclease digests of AAn700 DNA indicated HindIII
fragments of 1.3 and 2.8 kbp with homology to atpA and a
3.6-kbp HindIIl fragment with homology to atpH. The
atpH-homologous fragment contained one end of the Ana-
baena DNA insert in AAn700 and approximately 2.0 kbp of
vector DNA. The three identified fragments and the HindIII
fragments which mapped between them in AAn700 were
subcloned into M13 vectors. An Xbal fragment which over-
lapped the two atpA homologous HindIII fragments was also
subcloned into M13.

DNA sequence analysis of the ATP synthase genes. The
sequences of the subcloned HindIIl and Xbal fragments of
AAn700 were determined. Translation of the DNA sequence
revealed that one end of the insert in AAn700 fell within an
open reading frame (ORF) which was followed by six closely
linked ORFs on the same DNA strand (Fig. 2). To obtain the
sequence of the incomplete ORF and upstream sequences,
we isolated an overlapping clone, denoted AAn710, from the
lambda recombinant library (Fig. 1). A 1.3-kbp HindIII-
EcoRI fragment of AAn710 containing the incomplete ORF
was subcloned, and its sequence was determined. This
fragment contained the 5’, end of the partial ORF from
AAn700, which was preceded by an additional closely linked
ORF (Fig. 1). Thus, the entire gene cluster contained eight
ORFs and was denoted arp! in accordance with the nomen-
clature proposed by Cozens and Walker (8).

There are no other ORFs on either strand of the DNA in
close proximity to the atpl cluster. The 1.3 kbp of sequence
characterized downstream from azpC does not contain any

ORFs, nor does the 700 bp of sequence upstream from gene
1.

Identification of F, subunit genes. Cyanobacterial ATP
synthases are similar in size to those of E. coli and chloro-
plasts (20, 26), and the F, component is composed of five
subunits (a, B, v, 3, and &), which are similar in size to those
of other organisms. To identify the ATP synthase F, subunit
genes in atpl, we compared the ORFs with the deduced
translation products of F; subunit genes from other organ-
isms. The a subunit gene (atpA) was identified on the basis
of the high similarity of the deduced translation product to
the tobacco chloroplast and E. coli a subunits (Table 1). The
atpA gene encodes a protein of M, 57,181 or 54,301, depend-
ing on which of two in-frame methionines is used to initiate
translation.

The ORFs upstream and downstream of azpA showed
homology to the E. coli d and vy subunits, respectively (Fig.
1; Table 1). Their placement relative to atpA, which was the
same as in the E. coli ATP synthase operon, further sup-
ported the identification of these as 8 (atpD) and vy (atpC)
subunit genes. The atpC and atpD genes encode proteins of
M, 35,213 and 20,345, respectively, in good agreement with
the molecular weights determined by denaturing sodium
dodecyl sulfate-gel electrophoresis for the  and vy subunits
from the cyanobacterium Spirulina platensis (20).

TABLE 1. Similarity with Anabaena proteins®

% Similarity with proteins from:

ATP synthase
subunit Sy necsh:c‘;occus Chloroplasts® E. coli?
« 78 69 55
8 87 81 68
y 80 Ne 35
5 49 N 26
€ 70 41 33
a(1v) 80 68 1
b ) 41 26 26
¢ (I1D) 96 89 33

4 Anaebaena sp. strain PCC 7120; percent identical amino acids after
alignment for maximum similarity.

b Synechococcus sp. strain PCC 6301 (8).

¢ Amino acid sequences for all subunits are from spinach chloroplasts (19,
47), except for the a subunit, which is from wheat chloroplasts (23).

4 Amino acid sequences from references 16, 17, and 40.

¢ N, Nucleus encoded in plants; complete amino acid sequences not
available.

/ NE, No equivalent subunit.
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b subunit . . . GLY GLY GLY VAL STOP
r elp W " 1f u
atpF . . . GGAGGCGGAGTIATGHACA"AGTHAAA"GTA]. . . atpD
MET THR SER LYS VAL . delta subunit

FIG. 3. Nucleotide and amino acid sequence showing the overlap between the atpF and atpD genes.

Identification of F, subunit genes. Little information is
available on the amino acid sequences of cyanobacterial F,
subunits or the subunit composition of the F, component.
Upstream from the three F, genes in atpl are four ORFs
(Fig. 1) with various degrees of similarity to F,, subunits from
different sources. The third ORF in atpl is very similar to
subunits ¢ and III from E. coli and chloroplasts, respec-
tively, and is identified as a ¢ subunit gene (atpH). The
second ORF downstream from azpH has sequence similarity
to chloroplast I subunits and is therefore identified as a b
subunit gene (arpF). The ORF preceding atpF has similarity
with the partial amino acid sequence available for subunit II
of chloroplasts (4). An equivalent subunit is lacking in the E.
coli F,. However, an analogous ORF has been characterized
in Synechococcus sp. strain PCC 6301 and denoted b’ (45) on
the basis of the similarity of its structure to those of b
subunits. In accordance with this suggested nomenclature,
the fourth ORF in the Anabaena atpl cluster is identified as
a b’ (II) subunit gene (atpG). The atpF, atpG, and atpH gene
sequences encode proteins of M, 19,754, 17,953, and 7,894,
respectively.

Two additional ORFs map upstream of aptH in the atpl
cluster. The first of these does not appear to encode an ATP
synthase subunit, but has a similar hydropathy profile to the
uncl gene product of E. coli (data not shown). uncl, which
has a similar position in the E. coli ATP synthase gene
cluster, encodes a hydrophobic polypeptide of unknown
function. An analogous gene in the Synechococcus sp. strain
PCC 6301 atpl cluster has been denoted gene 1 (9), and this
nomenclature is also used for the first ORF in the Anabaena
sp. strain PCC 7120 gene cluster. The gene 1 product has two
potential initiator methionines and therefore has M, 18,766
or 14,028. Between gene 1 and atpH is an ORF with
homology to subunits a and IV of E. coli and chloroplasts,
respectively (Table 1); it is identified as an a subunit gene
(atpl). The atpl gene encodes a protein of M, 27,974. The
order of the genes in the Anabaena atpl gene cluster is thus
gene [-atpl-atpH-atpG-atpF-atpD-atpA-atpC.

Features of the atpl DNA sequence. Within the atp/ cluster,
the spacer regions between genes range from 60 to 170 bp in
length, except for the atpF and atpD arrangement. These
genes are fused such that the last two codons of atpF overlap
the first two codons of atpD (Fig. 3). The other intergenic
spacer regions of the atpl cluster contain numerous short
direct repeat sequences (Fig. 2). In the arpA-atpC intergenic
region, the two sets of direct repeats are complementary to
each other (i.e., an inverted repeat), such that a stable
stem-loop structure (43) could be formed in the mRNA (Fig.
4). Two other inverted repeat sequences which could form
stable stem-loop structures are observed at 29 and 548 bp
downstream from the atp! cluster (Fig. 2, positions 6399 and
6948; Fig. 4).

Analysis of ATP synthase gene copy number. Radiolabeled
DNA probes were prepared from various regions of the ATP
synthase gene cluster (Fig. 1, probes 1 to 5) and hybridized
to Southern blots of total Anabaena sp. strain PCC 7120
DNA digested with HindIII or EcoRI (data not shown). All
probes hybridized to single bands of the expected size in
each digest, indicating that these genes occur as single
copies in the genome.

Analysis of transcripts. Nick-translated probes produced
from various regions of atpl (Fig. 1) were hybridized with
Northern blots of total Anabaena sp. strain PCC 7120 RNA
to assess the number and sizes of mRNA species derived
from the gene cluster. Each probe hybridized with an mRNA
species of approximately 7.0 kb (Fig. 5), suggesting that the
genes are part of a large transcriptional unit. All probes
showed some hybridization to RNA species in the size
ranges of the rRNA bands. Probe 1 (Fig. 1) hybridized with
two additional bands of approximately 2.1 and 1.2 kb. Probe
2 also hybridized with a 2.1-kb transcript (Fig. 5).

Primer extension assays performed with total RNA and a
primer specific to the gene 1 coding region (Fig. 2) produced
a single primer-extended product which mapped 140 bp
upstream from the predicted translation start for gene 1 (Fig.
6). S1 nuclease mapping with a probe that included the 5’ end
of atpl, all of gene 1, and 500 bp 5’ to gene 1 (Fig. 1, probe
1) confirmed the single mRNA endpoint identified in the
primer extension assay and demonstrated that no additional
RNA endpoints map between gene 1 and arpl (data not
shown).
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FIG. 4. Nucleotide sequences of regions theoretically capable of
forming stable stem-loop structures in mRNA. Nucleotides are
numbered as in Fig. 2.
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FIG. 5. Identification of azp] mRNA species. Total Anabaena
sp. strain PCC 7120 RNA (20 ng) was denatured, electrophoresed,
transferred to nitrocellulose paper, and hybridized with specific
probes marked in Fig. 1. Approximate sizes of hybridizing species
are shown.

DISCUSSION

Organization of ATP synthase genes in E. coli, cyanobacte-
ria, and chloroplasts. In previous work (10) the genes encad-
ing the B (arpB) and ¢ (atpE) subunits of the ATP synthase
from the filamentous cyanobacterium Anabaena sp. strain
PCC 7120 were shown to form an operon (atp2) and to be
unlinked to other ATP synthase genes. A cluster of the
remaining eight genes encoding subunits of the ATP syn-
thase has been isolated and characterized by nucleotide
sequencing. The genes of this cluster, denoted atpl, were

o
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FIG. 6. Identification of the start site for transcription of the apt!
gene cluster. A 15-nucleotide primer specific to the gene 1 coding
region was used in a primer extension assay with total Anabaena sp.
strain PCC 7120 RNA. The extended product was electrophoresed
in parallel with a sequence ladder (G, A, C, T) generated by using
the same primer on the noncoding strand of the DNA.
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identified by comparison of their predicted translation prod-
ucts with amino acid sequences of ATP synthase subunits
from other organisms. The organization of the Anabaena sp.
strain PCC 7120 genes is atpl-atpH-atpG-atpF-atpD-atpA-
atpC; in addition, a closely linked gene denoted gene 1 is
found upstream of atpl in this cluster. Gene 1 appears to be
equivalent to E. coli uncl, which encodes a polypeptide of
unknown function. Each of the Anabaena sp. strain PCC
7120 ATP synthase genes is single copy. The atpl gene
cluster is at least 10 kbp from the arp2 cluster. The same
ATP synthase gene organization is observed in the unicellu-
lar cyanobacterium Synechococcus sp. strain PCC 6301 (8).

In E. coli, eight genes for the ATP synthase subunits and
uncl are clustered and cotranscribed (15). The two clusters
of ATP synthase genes thus characterized from cyanobacte-
ria are ordered in the same manner as in E. coli, but both
Synechococcus sp. strain 6301 and Anabaena sp. strain PCC
7120 have an extra gene (atpG) relative to E. coli. atpG
encodes a protein similar to the partial amino acid sequence
of spinach chloroplast subunit II (4). The atpG product has
been designated b’ (45) on the basis of the similarity of its
hydropathy profile with those of the b subunit of E. coli and
subunit I of chloroplasts. It has been hypothesized that atpG
represents a duplicated and diverged copy of atpF (9). The
characterization of four genes encoding F, subunits from
two cyanobacterial species suggests that cyanobacterial
ATP synthases, like those of chloroplasts (36, 46), contain an
F, composed of four polypeptides.

The cyanobacterial ATP synthase gene arrangement is
reminiscent of the organization in higher-plant chloroplasts.
Chloroplast ATP synthase genes are found in two clusters:
genes encoding subunits IV (atpl), 111 (atpH), 1 (atpF), and
a (atpA) are found in tandem in that order (9, 18), whereas
the atpB and atpE genes are found in tandem but map
elsewhere in the genome (34). Thus, chloroplasts and cya-
nobacteria have two clusters of ATP synthase genes, with
genes within each cluster in the same order. Genes for the
remaining chloroplast subunits, II (atpG), & (atpD), and vy
(atpC), however, are encoded in the nucleus (34). The
cyanobacterial ATP synthase gene organization is thus in-
termediate between those observed in E. coli and higher-
plant chloroplasts.

Features of the apt] DNA sequence. A unique feature of the
Anabaena sp. strain PCC 7120 atpl cluster is overlap
between the atpF and atpD genes: nucleotides of the last
amino acid codon and stop codons of atpF make up the first
and part of the second codon of atpD (Fig. 3). A similar
overlap is not observed in the cyanobacterium Synecho-
coccus sp. strain PCC 6301 or in E. coli. The Anabaena sp.
strain PCC 7120 atpF-atpD gene overlap cannot be unequiv-
ocally established until amino acid sequences for the b and &
subunits are available. Two pieces of information, however,
support the idea that these genes overlap. (i) All of the
Anabaena sp. strain PCC 7120 ATP synthase gene coding
regions, as well as other Anabaena sp. strain PCC 7120
genes thus far characterized, initiate with a methionine
codon; the only methionine codon in the atpD reading frame
is that which overlaps with the atpF gene. (ii) The first three
amino acids of the Synechococcus sp. strain PCC 6301 and
Anabaena sp. strain PCC 7120 deduced atpD gene transla-
tion products are identical, and the protein homologies are
colinear.

The Anabaena sp. strain PCC 7120 atpF-atpD gene over-
lap is reminiscent of the situation found in many plant
chloroplasts in which the atpB and atpE genes overlap (23,
25, 47). The atpB-atpE overlap in chloroplasts is similar to
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that observed for atpF and atpD in that the last two codons
of atpB overlap with the first two codons of atpE. atpB-atpE
overlaps are not observed in Anabaena sp. strain PCC 7120
(12), Synechococcus sp. strain PCC 6301 (9), or E. coli (35).
Another feature of chloroplast ATP synthase genes which is
absent in E. coli and the cyanobacteria studied is observed in
the structure of the azpF gene. The chloroplast atpF genes
contain an intron (5, 19, 33, 42), whereas those of Anabaena
sp. strain PCC 7120 and Synechococcus sp. strain 6301 (8) do
not.

Most, but not all, of the genes of the Anabaena sp. strain
PCC 7120 atp! cluster are preceded by regions similar to that
of E. coli ribosome-binding (Shine-Dalgarno) sequences (41).
The sequence of the 16S rRNA from Anabaena sp. strain
PCC 7120 has not been determined, but the 16S rRNA from
the cyanobacterium Synechococcus sp. strain PCC 6301 has
the same sequence as that of E. coli in the mRNA binding
region (6). Thus, cyanobacterial ribosome-binding sites are
expected to be similar to those of E. coli. The absence of
Shine-Dalgarno sequences has also been observed with the
rbeS (32) and psbA (12) genes of Anabaena sp. strain PCC
7120.

The ORFs for gene 1 and atpA contain two potential
initiator methionines, and since no protein sequence data are
available for these polypeptides from Anabaena sp. strain
PCC 7120, it is not possible to ascertain where translation
initiates. The presence of a putative ribosome-binding site
near the downstream methionine in gene 1 would suggest
that this is the translation start point, and comparison of
homologies with the gene 1 products from E. coli and
Synechococcus sp. strain PCC 6301 would support this. The
atpA gene, however, contains no identifiable ribosome-
binding site near either potential initiator methionine codon.
As with the gene 1 product, the Anabaena sp. strain PCC
7120 o subunit amino acid sequence is homologous with the
a subunits from other organisms starting with the down-
stream methionine. The a subunit from S. platensis was
estimated by denaturing sodium dodecyl sulfate-gel electro-
phoresis to be of M, 53,400 (20). This is in closer agreement
to the predicted size (M, 54,301) of the deduced translation
product of Anabaena atpA derived from the downstream
in-frame methionine.

Many of the intergenic spacer regions of atpl are charac-
terized by short direct repeats (Fig. 2). Such repeats are also
observed in the atpB-atpE spacer of the atp2 cluster (12).
The two sets of repeats in the atpA-atpC spacer are comple-
mentary; interestingly, these same two sets of repeats are
found in the arpB-atpE spacer in the same position relative
to each other and to the upstream gene. They are also
observed downstream of the phycocyanin operon in Ana-
baena sp. strain PCC 7120 (3). The significance of these
repeat sequences is not known.

Transcription of atpl. All genes of atpl hybridized with an
mRNA transcript approximately 7.0 kb in length, indicating
that genes of this cluster are cotranscribed and thus consti-
tute an operon. Two regions at the 5’ end of atpl hybridized
to additional RNA species. Probe 1 (Fig. 1) hybridized with
a 1.2-kb mRNA species that most probably originates from a
gene upstream of atpl, whose transcription unit overlaps the
5’ end of probe 1 (D. F. McCarn and S. E. Curtis, unpub-
lished results). Probes 1 and 2 also hybridized with a 2.1-kb
species. Since only one RNA endpoint was mapped within
probe 1 (see below), this 2.1-kb mRNA must have the same
5’ end as the 7.0-kb mRNA or originate from the opposite
strand.

The polycistronic mRNA for arp/ was shown by primer
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extension and S1 nuclease assays to initiate at a single site
that maps 140 bp upstream from gene 1. A sequence 10
nucleotides upstream from the atpl transcription start site
resembles the —10 consensus sequence for E. coli promoters
(37); however, there appears to be no sequence similar to the
E. coli —35 promoter consensus sequence. Sequences used
for the promotion of transcription during vegetative growth
in Anabaena sp. strain PCC 7120 have not been identified.
The presence of an E. coli —10 promoter sequence upstream
from the transcription start site has also been noted for the
rbcL (11), psbA (12), petFl (1), and atpB (10) genes of
Anabaena sp. strain PCC 7120.

Stoichiometry of ATP synthase subunits. The ATP synthase
subunits of E. coli and chloroplast F, components are found
in a stoichiometry of o, B;, vy, 8;, £; (14, 30), and the
stoichiometry of cyanobacterial F; subunits is expected to
be similar. The F, component of E. coli is reported to have
a stoichiometry of a,, b,, ¢,4_;, (14). Chloroplast and cya-
nobacterial F, components have not been characterized with
regard to subunit ratios, but if the stoichiometries are similar
to those in E. coli, the F, may contain one b (I) and one b’
(IT) rather than two identical b subunits (8). The presence in
E. coli and Anabaena sp. strain PCC 7120 of a single mRNA
encoding proteins present in different stoichiometries in the
enzyme, together with the absence of evidence for suboper-
on-length transcripts, suggests that a posttranscriptional
mechanism(s) is required to regulate the relative stoichiom-
etries of the subunits. There is evidence that translational
control of the operon in E. coli is mediated through regions
of potential stem-loop structures that include the ribosome-
binding sites upstream of gene encoding the b, 3, and v
subunits (7, 24).

" Analysis of the apt] nucleotide sequence revealed several
regions of possible secondary structure. As in E. coli, there
is potential for formation of stem-loop structures in the
mRNA between the o and vy subunit genes (Fig. 4). Unlike in
E. coli, however, no such region can be found between the ¢
and b and between the b and 3 subunit genes. In E. coli the
stem-loop structures include the Shine-Dalgarno sequence
and the start codon for the downstream gene. The stem-loop
structures observed in Anabaena sp. strain PCC 7120 are
upstream of the putative ribosome-binding regions and con-
sequently do not include start codons. Thus, it is unlikely
that these regions of potential secondary structure play a
role in regulating the translation of the ATP synthase sub-
units in this operon.

Evolution of ATP synthase subunits. Analysis of the de-
rived amino acid sequences for the Anabaena sp. strain PCC
7120 ATP synthase genes shows that the different subunits
have undergone variable rates of evolution. In general, the
cyanobacterial subunits are more similar to those of higher
plants than to those of E. coli (Table 1). The most highly
conserved subunits among the species compared are a and
B. This high degree of conservation probably reflects con-
straints on amino acid divergence related to the proposed
roles of these subunits in catalysis and nucleotide binding
(30).

Although complete amino acid sequences for the nucleus-
encoded -y and & subunits of chloroplast ATP synthase are
not available from plants, comparisons between E. coli and
cyanobacteria (Table 1) suggest that these subunits are not
highly conserved. In E. coli the & subunit is essential for the
binding of F, to F, in membranes (13), and in chloroplasts it
has been shown to prevent proton leakage through CF, (2).
Comparison of the 3 subunit sequences from E. coli, cyano-
bacteria, and plant chloroplasts, when available, may pro-
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vide information on regions of the polypeptide that are
important for subunit function.

The sequence data for the vy subunit poses questions
regarding the regulation of cyanobacterial ATP synthases.
McCarty and Racker showed that Mg?*-dependent ATP
hydrolysis in spinach chloroplasts and Ca*>*-dependent ATP
hydrolysis in soluble spinach CF,; can be elicited by light
and/or dithiothreitol (29). Nalin and McCarty (31) found a
correlation between activation of the latent CF, Ca’*-
ATPase potential and reduction of a disulfide bond between
two cysteine residues in the CF; -y subunit. Two additional
sulfhydryl groups were identified in the spinach <y subunit
protein. In Anabaena variabilis, latent Mg?*-ATPase activ-
ity in smooth vesicles can be activated by light, a -SH
reductant, and an electron donor (35). Thus, the ATP
synthase of an Anabaena species can undergo a type of
activation which is similar to that found in spinach chloro-
plasts and which contrasts with nonoxygenic photosynthetic
and heterotrophic bacteria, in which ATPase activity is not
latent (35). Similar light activation is found in the S. platensis
ATP synthase (21). Analysis of the derived amino acid
sequence for the Anabaena sp. strain PCC 7120 +y subunit, as
well as that for Synechococcus sp. strain PCC 6301, how-
ever, reveals only a single cysteine residue. Thus, the
activation of the latent Ca?*-dependent ATPase activity
must occur by a mechanism that is different from the
disulfide reduction reported for spinach CF;.

None of the F, subunit amino acid sequences are well
conserved between cyanobacteria and E. coli; however, the
¢ and a subunits are well conserved between cyanobacteria
and chloroplasts (Table 1). The analysis of cyanobacterial
ATP synthase genes suggests that the ATP synthases of
cyanobacteria, like those of chloroplasts, have two b-type
subunits (b and b’). Neither of these subunits is particularly
well conserved between the two cyanobacterial species.
Although the F, subunits have various degrees of sequence
similarity, comparisons of the hydropathy profiles for each
of the F, subunits from E. coli, cyanobacteria, and chloro-
plasts (8) suggest that their structures are similar. Thus, the
maintenance of subunit conformation may be important for
the proposed roles of the F, subunits in binding of the F, to
the F, portion of the complex and formation of the proton
channel (15).

In recent cross-reconstitution studies, Hicks and Yocum
(20) showed that light-driven ATP synthesis could be re-
stored by F, from S. platensis in spinach thylakoid mem-
branes depleted of CF, with NaBr; likewise, spinach CF,
was able to restore ATP synthesis in depleted S. platensis
membranes. The similarity of cyanobacterial and chloroplast
ATP synthases has been confirmed by analysis of cyanobac-
terial ATP synthase genes. These studies show that the ATP
synthases of cyanobacteria and chloroplasts have a similar
subunit composition and that many of the subunits have a
high degree of sequence similarity. In addition, the ATP
synthase genes in chloroplasts and both cyanobacterial
species studied display a two-clustered arrangement. The
similarity between cyanobacterial and chloroplast ATP syn-
thase structure, as well as ATP synthase gene organization,
supports the hypothesis (28) that chloroplasts and cyanobac-
teria evolved from common ancestors.
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