
Plant Physiol. (1985) 79, 571-577
0032-0889/85/79/0571 /07/$01.00/0

Short Communication

Nucleotide Sequence of the Fl-ATPase a Subunit Gene from
Maize Mitochondrial
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ABSTRACr

The a subunit of the F,-ATPase complex of maize is a mitochondrial
translational product, presumably encoded by the mitochondrial genome.
Based on nucleotide and amino acid homology, we have identified a
mitochondrial gene, designated atpa, that appears to code for the Fl-
ATPase a subunit of Zea mays. The atpa gene is present as a single copy
in the maize Texas cytoplasm and is actively transcribed. The maize a
polypeptide has a predicted length of 508 amino acids and a molecular
mass of 55,187 daltons. Amino acid homologies between the maize
mitochondrial a subunit and the tobacco chloropLast CF, and Escherichia
coli a subunits are 54 and 51%, respectively. The origin of the atpa gene
is discussed.

A vital component of all mitochondria is the F,-Fo ATPase
complex that is involved in the generation of energy in the
terminal event of oxidative phosphorylation. This complex re-
versibly catalyzes either the hydrolysis or synthesis of ATP,
depending upon the direction ofan electrochemical gradient that
is formed by the passage of protons through the complex (24).
The complex consists ofthree parts: Fo, Fl, and the oligomycin-

sensitivity-conferring protein (24). The Fo is located within the
inner mitochondrial membrane and consists ofan undetermined
number ofhydrophobic subunits. The F, is the best characterized
segment of the ATPase complex, consisting of five subunits
located in the matrix of mitochondria. These F, subunits exist
in a 3 a:3 (l:1 y:2 6:1 e stoichiometric ratio (26). Between the
membrane-bound Fo and the matrix F, is the oligomycin-sensi-
tivity-conferring protein.
The biogenesis of the F.-Fo ATPase complex requires both

nuclearly and mitochondrially encoded genes (6). In most orga-
nisms, the hydrophobic proteins of the Fo are encoded by the
mitochondria. The F0-subunit 9 is an exception, being encoded
in the nucleus of animals, Aspergillus and Neurospora (31). In
most organisms, the genes for the five F,-subunits are encoded
by the nuclear genome (16). These F,-subunits are translated on
cytosolic ribosomes as precursors with amino-terminal signals
that facilitate transport into the mitochondria (16). In maize
mitochondria, however, a protein with a molecular mass of 58
kD has been identified that is translated on mitochondrial ribo-
somes and immunoprecipitated by antisera to the F,-a subunit
ofyeast (10). The F,-a mitochondrial gene product has also been

'Supported in part by the National Science Foundation and Agrige-
netics, Inc. Paper No. 10045 of the Journal Series of the North Carolina
Agricultural Research Service, Raleigh, NC 27695-7601.

demonstrated in Viciafaba (1).
We have isolated and characterized an actively transcribed

gene from the Texas male-sterile cytoplasm of maize (cms-T).
Based on DNA sequence and amino acid homologies, we have
identified this gene as coding for the a subunit of F,-ATPase.

MATERIALS AND METHODS
Isolation of Nucleic Acids. Mitochondrial DNA and RNA

(mtRNA) were isolated from 5- to 7-d-old, etiolated coleoptiles
from Zea mays L., cms2-T cytoplasm. Detailed protocols for the
isolation ofmtDNA (19) and mtRNA (22) have been previously
described.

Cloning, Hybridization, and Electrophoresis Technique. The
construction of maize mitochondrial DNA libraries with pUC
plasmid vectors, and hybridization conditions for detecting tran-
scribed clones have been previously described (5).
DNA was digested, fractionated by electrophoresis, and trans-

ferred to nitrocellulose as described by Wahl et al. (30). RNA
electrophoresis and transfer to nitrocellulose were as described
by Thomas (29). The 18S (1986 nt) and 26S (3546 nt) ribosomal
RNAs ofmaize mitochondria and S/RU-RNA-b (750 nt) ofcms-
S maize mitochondria (22) were used as markers for estimating
RNA sizes.

Preparation of Probes. DNA fragments were isolated from low
melting point agarose gels and purified by NACS 52 resin ac-
cording to conditions described by the supplier (Bethesda Re-
search Laboratories). Purified fragments were labeled by nick-
translation (20), and M13 clones by backpriming (11), each with
[a-32P]dATP (New England Nuclear, 3200 Ci/mmol, lCi = 37
Gbq). RNA was 5' end-labeled (14) with T4 polynucleotide
kinase and [-y-32P]ATP (ICN, >7000 Ci/mmol).
DNA Sequence Analysis. Clones T22 and TA22 (defined in

"Results") were subcloned for sequencing into the M13 bacterio-
phage vectors mpl8 and mpl9 (17). A shotgun cloning strategy
was used for subcloning. To complete the sequence, it was
necessary to supplement this strategy by force cloning several
specific fragments. Transformation into the Escherichia coli host
JM103 followed protocols supplied by New England Biolabs.
Conditions for sequencing by the dideoxy chain-terminator
method have been previously described (21). Sequence analysis
and predictions of polypeptide mol wt were performed with
computer programs provided by Bionet.

RESULTS
Identification of the F,-a Gene. A BamHI library of maize

cms-T mtDNA was constructed and screened for actively tran-

Abbreviations: cms, cytoplasmic male sterile; mtRNA, mitochondrial
RNA; ORF, open reading frame; kb, kilobase(s); bp, base pair; nt,
nucleotides.
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FIG. 1. Restriction map of cms-T mtDNA including the ATPase F,-
ATPase a gene. The coding region of the gene is enclosed in the box.
The restriction map was constructed from two mtDNA clones: a 3.7-kb
BamHI fragment (T22), and a 4.2-kb HindIII clone (TA22). Restriction
sites are indicated by vertical hash marks: B, BamHI; H, HindIll; S,
SalI; Ss, SstI; E, EcoRI; Sau, Sau3A; Taq, TaqI; Hae, HaeIII; Alu, AluI;
Rsa, RsaI.

scribed genes with end-labeled mtRNA from cms-T maize. Mi-
tochondrial clones from the 26S, 18S, and 5S rRNA genes (2)
were used as labeled probes to identify and eliminate clones
containing rRNA genes. An actively transcribed 3.7 kb clone,
designated T22, was selected from the library for study (Fig. 1).
Hybridization studies with end-labeled mtRNA indicated that
transcription was limited to a 1.4-kb BamHI to HindIII fragment
of the T22 clone. Subsequently, hybridization to strand-specific
M1 3 subclones showed that only one strand was transcribed.
The sequence of the 1.4-kb fragment was determined and a large
ORF was found. Comparison of the ORF translation to the
National Biomedical Research Foundation protein library iden-
tified significant homology between the ORF and the carboxy
end of the CF, and F, a genes from tobacco chloroplast (4) and
E. coli (8), respectively. Sequence comparisons indicated that the
BamHI site of the T22 clone was located near the middle of the
a gene coding region, and that approximately 700 base pairs (bp)
of the 5' end of the gene were missing from T22. To isolate the
fragment containing the 5' end of the putative a gene, a second
cms-T mtDNA library was constructed using Hindlll restriction
fragments. The 1.4 kb BamHI to HindIII fragment of the T22
clone was nick-translated and used to probe the HindlIl library
for the 5' end of the gene by colony hybridization. A 4.2-kb
HindIlI clone, designated TA22, was selected by its intense
hybridization for further analysis. Restriction endonuclease anal-
ysis of the TA22 clone identified the 1.4-kb BamHI to HindIII
fragment initially found in clone T22. Adjacent to the 1.4-kb
BamHI to HindIll fragment was a 716-bp EcoRI to BamHI
fragment that contained the 5' end of the a gene (Fig. 1). The
7 16-bp fragment was nick-translated and used to probe for Ml 3
subclones of the TA22 fragmest for sequencing.

Hybridization studies were u*ed to determine the number of
a genes present in the mitochondrial genome, and to verify that
the genes were derived from the mitochondrial and not the
chloroplast genome. A 716-bp EcoRI to BamHI fragment from
the coding region of the TA22 clone was labeled by nick-
translation and used to probe Southern blots of either XhoI (Fig.

2), BamHI, or EcoRI (data not shown) digested maize mtDNA.
In each digest, a single hybridization signal was observed in the
cms-T and cms-C cytoplasms. This indicates that the maize
mitochondrial a gene is a single copy gene in these two cyto-
plasms. In the Xhol digest, two hybridization signals were ob-
served in the cms-S and normal cytoplasm lanes (Fig. 2), sug-
gesting the possibility that two copies of the a gene are present
in these cytoplasms. Longer exposures of this hybridization
showed weak signals in the chloroplast lane. These weak signals
are the same size as the intense mitochondrial signal in normal
cytoplasm and are probably due to mtDNA contamination in
the chloroplast preparation, rather than cross-hybridization to
the CF1-a gene of the chloroplast genome. The chloroplast DNA
was prepared from tissue containing normal mtDNA.

Analysis ofthe Fl-a Gene. The coding region ofthe F,-ATPase
a gene has been determined by aligning its predicted amino acid
sequence with corresponding genes from tobacco chloroplast and
E. coli (Fig. 4). Two possible methionine initiation codons are
found at positions 1 and 52 in Figure 3. An UAA stop codon at
position-6 eliminates the possibility of any other 5' initiation
sites. The first methionine codon (position 1, Figs. 3 and 4) has
been tentatively designated as the initiation codon based on the
homology among a genes that is observed upstream ofthe second
possible initiation codon. Substantial homology is found between
the amino termini of the E. coli Fi-a and tobacco chloroplast
CF,-a, and the area between the two possible initiation codons
of the maize mitochondrial a gene (Fig. 4). A glutamic acid
residue, position 9, and an arginine residue, position 17, are
common to the three genes (Fig. 4). A leucine residue, position
13, is found in the E. coli and mitochondrial a genes, and the
tobacco chloroplast and mitochondrial a genes share arginine
and alanine residues (positions 6 and 7, respectively, Fig. 4). If
we allow for the conservative replacement of amino acids in this
region (Ile = Leu; Ser = Thr), the E. coli and mitochondrial a
genes contain 6 out of 16 matches, and the tobacco chloroplast
and maize mitochondrial a genes share 9 out of 16 equivalent
residues (positions 1-17, Fig. 4). Moreover, ifthe first methionine
codon is the initiation codon, the predicted molecular mass of
the maize F,-a polypeptide is within 43 D of the predicted E.
coli F1-a subunit, and within 258 D of the CFI-a subunit of
tobacco chloroplast. Alternatively, if the second methionine co-
don is the initiation codon, the difference between the maize a
and the E. coli and tobacco chloroplast a polypeptides would
increase by 2096 D.
The carboxy end of the F,-a gene is predicted by a UGA stop

codon (position 1524, Fig. 3). Recently, it has been reported that
UGA is a stop codon in the apocytochrome b gene of Oenothera
mitochondria (23). This is in contrast to mammal and fungal
mitochondrial codes where UGA codes for tryptophan. The
corresponding a genes from E. coli and tobacco chloroplast each
terminate within nine amino acid residues of the maize gene
(Fig. 4).

Based on the proposed initiation and termination sites, the
maize mitochondrial F,-a gene contains 508 codons, and en-
codes for a protein with a predicted molecular mass of 55,187
D. This is in reasonable agreement with the 58-kD previously
estimated by SDS-gel electrophoresis (10). The DNA homologies
between the maize mitochondrial a gene and the tobacco chlo-
roplast CF, and E. coli F, a genes are 55 and 51%, respectively.
Homologies at the amino acid level are 54% between the maize
mitochondrial and tobacco chloroplast a genes and 51% for the
maize and E. coli a genes. Large, highly conserved regions are
observed in the middle of the different a genes, whilethe terminal
regions are much less conserved. The maize F1-a gene does not
appear to contain an intron, although the possibility of an intron
in the poorly conserved 5' and 3' termini cannot be excluded.
Although the maize F,-a gene encodes for a large protein, the
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SEQUENCE OF THE ATPase a SUBUNIT GENE

1 2 3 4 5 6 7 8 9 10 11

FIG. 2. XhoI restriction digests of maize chloroplast DNA (lane 2), and the different maize mitochondrial DNAs: lane 3, cms-C; lane 4, normal;
lane 5, cms-S; and lane 6, cms-T. HindlIl digested X, and Haelll digested 4X 174 were used for DNA size markers (lane 1). The autoradiogram of
the transferred digest (lanes 7-1 1), was probed with the nick-translated 716-bp EcoRI to BamHI fragment from the a gene. Lane 7, chloroplast
DNA; lane 8, cms-C mtDNA; lane 9, normal mtDNA; lane 10, cms-S mtDNA; and lane I 1, cms-T mtDNA.

codon usage figure (Fig. 5) shows that three codons are not used.
Of the 22 proline residues present in the a gene, none are coded
by the CCG codon. In other maize mitochondrial genes, ATPase
subunit 9 (5), Cyt oxidase subunit 11 (7), ATPase subunit 6 (R.
Dewey, personal communication), and apocytochrome b (3), the
CCG proline codon is used approximately 20% of the time. The
maize mitochondrial Fl-a gene does not encode a tryptophan
codon (UGG and CGG codons). The CF1-a subunit of tobacco
chloroplast also does not contain a tryptophan codon, while E.
coli F1-a has only one tryptophan codon, located at the carboxy
terminus (Fig. 4).
Among maize mitochondrial genes, including the a subunit,

there is a significant bias favoring thymine and adenine residues
in the third codon position (3, 5, 7). These two residues together
account for approximately 66% of the third position residues. In
the a gene, adenine residues predominated (34%) over thymine
residues (31 %) in the third position. This is in contrast to other
maize mitochondrial genes that have a preference for thymine

residues (38%) over adenine residues (27%) in the third position.
Analysis of the 5' and 3' flanking regions and the area sur-

rounding the proposed initiator codon reveals two interesting
sequences. First, it has been proposed that an octanucleotide
segment from the 3' end of the mitochondrial 18S rRNA may
act as a mRNA binding site in an analogous fashion to the
prokaryotic Shine and Dalgarno sequence (3, 25). In several
maize mitochondrial genes, up to 5 out of the 8 residues are
capable of base pairing. This octanucleotide segment is normally
encountered 11 to 23 bp from the initiator site. Similar homology
is not found in the corresponding 5' flanking region of the F1-a
gene; however, an excellent match (6 of 8, or 7 of 8 with G-U
pairing) is detected further upstream to the a initiation site
(positions -42 to -35, Fig. 3). Second, the sequence surrounding
the initiator codon agrees with the eucaryotic cytosolic message
consensus Pu (A > G)NNAUGPu (G > A) (Pu = Purine, N =
any residue, initiation codon underlined) (12). Although other
maize mitochondrial genes contain purine residues in the -3
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574 BRAUN AND LEVINGS

-50 001

5'ATCGAGGTTTTTCTTTTTGAAAAGCgGATTTIATCCATCGTCTTTGTTTGTTAAAGTAAAGTAAAGT

ATGGAATTCTCACCAAGAGCTGCGGAACTCACGACTCTATTAGAAAGTAGAATGATCAACTTTTACACGA
ME F S PR A A E L T T L L E S R M I N F Y T

71
ATTTGAAAGTGGATGAGATCGGTCGAGTGGTCTCAGTTGGAGATGGGATTGCACGAGTTTACGGATTGAA
N L K V D EI G R V V S V G D G I A R V Y G L N
141
CGAGATTCAAGCAGGAGAAATGGTGGAATTTGCCAGCGGTGTGAAAGGAATAGCCTTGAATCTTGAGAAT
EI Q A G E M V E F A SG V K G I A L N L E N

211
GAGAATGTAGGTATTGTTGTCTTTGGTAGTGATACCGCTATTAAAGAAGGAGATCTTGTCAAGCGCACTG
EN V G IV V F G S D T A I K E G D L V K R T

281
GATCTATTGTGGATGTTCCTGCGGGAAAGGCCATGTTAGGCCGTGTGGTCGACGCCTTGGGAGTACCTAT
G SI V DV P A G K A M L G R V V D A L G V P I
351
TGATGGAAAAGGGGCTCTAAGCGATCACGAACGAAGACGTGTCGAAGTGAAAGCCCCAGGGATTATTGAA

D G K GAL S D H E R RR V E V K A P G I I E
421 '
CGTAAATCTGTCCACGAACCTATGCAAACAGGCTTAAAAGCAGTGGATAOCCTGGTTCCTATAGGCCGTG
R KS V HE P M Q T G L K A V D S L V P I G R

491
GTCAACGAGAACTTATAATCGGGGACAGACAAACTGGAAAAACAGCAATAGCTATCGATACTATATTAAA
G Q RE LI I G D R Q T G K T A I A I D T I L N
561
CCAAAAGCAAATGAACTCAAGGGGCACAAATGAGAGTGAGACATTGTATTGTGTCTATGTTGCGATTGGA

Q K Q MN S R G T N E S E T L Y C V Y V A I G
631
CAAAAACGCTCGACTGTGGCACAATTAGTTCAAATTCTGTCAGAAGCGAATGCTTTGGAATATTCCATGC
Q K RS T V A Q L V Q I L S E A N A L E Y S M

701
TTGTAGCAGCCACCGCTTCGGATCCAGCTCCTCTGCAATTTCTGGCCCCATATTCTGGGTGTGCCATGGG
LV A A T A S D P A P L Q F L A P Y S G C A M G
771
GGAATATTTCCGCGATAATGGAATGCATGCATTAATTATATATGATGATCTAAGTAAACAGGCGGTGGCA

E Y F R D N G M H A L II Y D D L S K Q A V A
841
TATCGACAAATGTCATTATTGTTACGCCGACCACCAGGCCGTGAGGCTTTCCCCGGGGATGTTTTCTATT
YR Q MS L L L R R P P G R E A F P G D V F Y

911
TACATTCCCGTCTCTTAGAAAGAGCCGCTAAACGATCGGACCAGACAGGTGCAGGTAGCTTGACTGCGTT
L H SRL L E R A A K R S D Q T G A G S L T A L
981
ACCCGTGATTGAAACACAAGCTGGAGACGTATCGGCCTATATCCCCACCAATGTGATCTCCATTACAGAT

P V I E T Q A G D V S A Y I P T N V I S I T D
1051
GGACAAATCTGTTTGGAAACAGAGCTCTTTTATCGCGGAATTAGACCAGCTATTAACGTTGGCTTATCCG
G Q IC L E T E L F Y R G I R P A I N V G L S

1121
TCAGTCGCGTCGGGTCCGCCGCTCAGTTGAAAGCTATGAAACAAGTCTGCGGTAGTTCAAAACTGGAATT
V SR V G S A A Q L K A M K Q V C G S S K L E L
1191
GGCACAATATCGCGAAGTGGCCGCCTTCGCTCAATTTGGGTCAGACCTTGATGCTGCGACTCAGGCATTA

A Q YR E V A A F A Q F G S D L D A A T Q A L
1261
CTCAATAGAGGTGCAAGGCTTACAGAAGTGCCCAAACAACCACAATATGAGCCACTTCCAATTGAAAAAC
L N RGA R L T E V P K Q P Q Y E P L P I E K

1331
AAATTGTTGTTATTTATGCTGCTGTCAACGGCTTCTGTGATCGAATGCCACTAGACAGAATTTCTCAATA
Q IV VI Y A A V N G F C D R M P L D R I S Q Y
1401
TGAAAAAAACATTCTAAGTACTATTAATCCTGAATTACTAAAATCCTTCTTAGAAAAAGGTGGCTTAACT

E K NI L S T I N P E L L K S F L E K G G L T
1471
AACGAAAGAAAGATGGAACCTGATGCTTCTTTAAAAGAAAGCGCTTTAAATTTATGAGAAGCAAAACTAA
N E R K M E P D A S L K E S A L N L STOP

1541
ACTAATGAGAATGAGTACCACTATTTCTTGGGATAAGAATGCTTCTTCACCAGCAACGGCGAAACTACAC

STOP
1611
TACCAATAACAATAAAGTAAAGGAGAAAAAAACTTTATTGGGATGGGATAATGTGCTATCATTGGGATCG

Plant Physiol. Vol. 79, 1985

FIG. 3. Nucleotide sequence of the
FI-a ATPase gene. A possible ribosome
binding site is underlined. (*), Watson-
Crick base pairing to the possible ribo-
some binding site; X, G-U pairing. The
predicted amino acid sequence is desig-
nated by single letter amino acid abbre-
viations and shown underneath each
line of the DNA sequence.
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SEQUENCE OF THE ATPase a SUBUNIT GENE

10 18 50

** *

MQLNSTEISE IKQRIAQFNVVSEAHNEGTIV VIIHGLADCM
MEFSPpwAEILTT LESIRMIN YTNLrVDEIIGiR VVDGARIVYGLINnIQ
MVTI MDEISNIIRER EQYNREVKIVNTGT VGDGIARIHGLDEVM

SLPGNRYAIALNLERD AnM PYADL MK RLEVERGLGRVVE
ASGVKGIALNLENEINV IIFI SDTA KE DLVK TG SIIVDVPIASK jLGRVV
EET IGIALNLE0SNAVqVL MDGLLEQE S T RIAQ VSE

170
NT||G P I D G K G|PnLHD G F SAAAI QNSVDb M IPI GR GQ RE LI II
D LVIPI D GIK GIA[LDHH1RIiRLE|V KAP GII RK|S VIH P QT G LKAVDSLV|PI GR GQ RE LI II
N K EUASS!FULMS PGI RY LQT MI|PI GR GQ RELIII

GDRQTGKT LI Ta RDSGI ---------K A IRKEHG A
|GDRQTGKTAIIAI DT I LN KQMISRGTNESETLYCVYVAIGQKR A LVQILEAN
GDRQTGKTAIVIIDTILNQGQ-QQI -------- IIYVAI GQKIA T RG

290
NT IVV E. YF RMPVA MGEYFRD EALI_IYDDLSKQAVAYRQWSLLLRRIISMLDVATADAPLQLAPYISqCAMGEYFRDNGMHAL II YDDLSKQAVAYRQMSLLLRR
SKIVST L A P AYYRIIDROMSLLLRR

PPGREAFPGDVFYLHSRLLERAARVNAEYVEAFTKGEVKGKTGSLTALIIFIETQAGDVSA
PPGREAFPGDVFYLHSRLLE |--------- KR|RAAK|RDQT AIGSLTALI1V ETQAGDVSAI
PP_GREYILGDVFYLHSRLLE ----- - ---- ALI V

FIG. 4. Comparison of the predicted
amino acid sequence of ATPase a genes
from E. coli (top line), maize mitochon-
dria (second line), and tobacco chloro-
plast (third line). Conserved regions in
reference to maize are boxed. (*), Matches
between amino acids allowing for con-
servative replacement (Ser = Thr, Ile =
Leu). Conservative replacement is only
displayed between the first two under-
lined methionine residues.

FVPTNVISITDGQI NLF N GIRPgrIVR TYMKL SGIRL
YIPTNVISITDGQI LELFY GIRPAINVGLSVSRV AA L KAMKQC S LAQIYIPTNVISITDGQI L DELFY GIRPAINVGLISVSRVGSAAL IKAMKQGAKLGKlKLELAQ

459
L AF F DATLRKQLD QKV LL KQ PMSVA L EI YLADVRE V AFAQ GSDL AATQALL NR AILTEVVVPIEP I KVYA V GIFCjRM

'ELEQA5jFL ATQ NQ AR Q LLK SQ PLTVIE M T NTYLISL

508
EiSKGS EAA LAYVDRDHAPLMQIIN - GYND IEG GILDSFKATQSW
LgDR SQEKNI|L|TINPELLKSFLEK LT ERKMEPD SLKESALNL

EVGQVRKFLVE ijRYLKTNKPQQI TFTE AE AIQEQMDRFILOEQA

U C A G

UUU: 6 UCU: 5 UAU: 14 UGU: 4
Phe Tyr Cyst

UUC: 7 UCC: 6
T

UAC: 2 t UGC: 1
U Ser

UUA: 19 UCA: 7 UAA: 0 UGA: 1
Leu

UUG: 11 UCG: 4 UAG: 0 Trpj UGG: 0

CUU: 7 CCU: 7 CAU: 2 CGU: 6
His

c
CUC: 4 CCC: 4 CAC: 2 Arg CGC: 7

CUA: 6 CCA: 11 CAA: 20 CGA: 8

CUG: 5 CCG: 0
G

CAG: 4 Trpl CGG: 0 FIG.5.CodonusagefortheATPaseF1-agene.

1

E . coli
maize
to b chi1

575

I AUU: 21 ACU: 9 AAU: 11 AGU: 7

Ile AUC: 7 ACC: 3
A

AAC: 8
S

AGC: 5
A Thr

AUA: 6 ACA: 9 AAA: 20 AGA: 9

Met AUG: 13 ACG: 2
L

AAG: 4 | AGG: 2

GUU: 11 GCU: 19 GAU: 18 GGU: 10
) GUC: 11 GCC: 13 GAC: 6 GGC: 8

GaC Ala GlyG

GUA: 4 | GCA: 12 GAA: 27 1 GGA: 15
Glu
1GUG: 14 GCG: 7 GAG: 9 GGG: 9
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BRAUN AND LEVINGS

A0 B

F

5000

2600

probe 716

FIG. 6. RNA blot analysis of the ATPase
F,-a gene. Duplicate mtRNA filters were
probed with: A, an internal BamHI to
EcoRI, 716-base pair fragrnent; and B, the
4.2-kb TA22 clone. Approximate RNA
sizes are expressed in nucleotides.

4.2
kb

and +1 positions, only the a gene has both of the preferred
punne residues.

Transcriptional Analysis of the a Gene. To determine the
transcriptional pattern of the F,-a gene, mtRNA blots were
probed with two nick-translated DNA fragments. The first probe
contains a 716-bp EcoRI to BamHI fragment located entirely
within the coding region (Fig. 6, lane 1). The second probe is the
4.2-kb Hindlll clone that contains approximately 2 kb of 5'
flank, 600 base pairs of 3' flank, and the entire coding region
(Fig. 6, lane 2). Both fragments hybridize to two major RNA
bands ofapproximately 5000 and 2600 nucleotides (Fig. 6). Each
probe hybridizes intensely to the smaller 2600 band, which may
be the mature transcript. The larger 5000 nucleotide band may
be the primary transcript. Hybridization to the larger 5000
nucleotide band is stronger with the 4.2-kb HindIll fragment
than with the 716-bp fragment. The a transcriptional pattern
appears simpler than other mitochondrial messages. For exam-
ple, analysis of the ATPase 9 (5) and ATPase 6 (R. Dewey,
personal communication) genes reveals complex transcriptional
patterns; up to eight bands are observed in the ATPase 6 tran-
scription pattern, and 5 bands are seen in the ATPase 9 pattern.

DISCUSSION

The a subunit of the FI-ATPase complex of maize (10) and
broad bean (1) is a mitochondrial translational product and thus
is presumably encoded by the mitochondrial genome. We have
identified by nucleotide and amino acid homology a mitochon-
drial gene, designated atpa, that appears to code for the F,-
ATPase a subunit of maize. The gene is actively transcribed and
occurs as a single copy in the mitochondrial genome of cms-T
maize. The maize subunit contains substantial amino acid ho-
mology with the a subunits of E. coli and tobacco chloroplast.
This high level of conservation among corresponding subunits
of the two organelies and the prokaryote suggests that functional
constraints have strongly influenced the evolution ofthe a genes.
The vast majority of mitochondrial polypeptides are encoded

by nuclear genes, synthesized on cytosolic ribosomes, and im-
ported into the mitochondria (16). This includes polypeptides of
the matrix, inner mitochondrial membrane, inner mitochondrial
space, and the outer mitochondrial membrane (16). A small
number of mitochondrial polypeptides, chiefly those ofthe inner
mitochondrial membrane, are mitochondrial gene products. Sev-
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SEQUENCE OF THE ATPase a SUBUNIT GENE

eral polypeptides seem to be exclusively encoded by mitochon-
drial genes; for examle, the Cyt oxidase I, II, and III, the apocy-
tochrome b, and the FO-ATPase subunit 6. In contrast, a few
mitochondrial proteins are encoded by nuclear genes in some
organisms and by mitochondrial genes in others. The F,-ATPase
a subunit is such a case; it is a mitochondrial gene product in
higher plants but a nuclear product in fungi and animals (1, 10).
Interestingly, a second case occurs with another subunit of the
ATPase complex. The FO-ATPase subunit 9 is encoded by nu-
clear genes in animals and certain fungi, Aspergillus and Neuro-
spora, but by mitochondrial genes in yeast and maize (16).
Comparisons ofthe apocytochrome b and Cyt oxidase subunit

I and II genes from maize and Oenothera have shown that the
residue following the AUG initiation codon is most often an
adenine residue (3). It has been suggested that this fourth residue
may be involved in additional base pairing with the formylme-
thionine tRNA anticodon loop allowing for greater specificity in
translational initiation (3). Sequence data from the wheat (9) and
maize (18) mitochondrial formylmethionine tRNA anticodon
loops show identical 5'UCAU patterns, which are capable of a
four-base pair, interaction with a 5'AUGA mRNA. The Fl-
ATPase a subunit as well as ATPase subunits 6 (R. Dewey,
personal communication) and 9 (5) genes from maize mitochon-
dria contain either guanine (subunit 6 and a) or thymine (subunit
9) residues in the fourth position. This suggests that additional
fourth base pairing between formylmethionine tRNA and the
initiator codon is not essential for translational initiation.
The discovery that the F,-ATPase a subunit is encoded by a

mitochondrial gene in maize and possibly all higher plants raises
a question about the origin of the gene. The endosymbiotic
theory proposes that after the colonization ofthe protoeukaryotes
had occurred, there was a selective transfer of genes from the
invading genome to the host genome (15). Presumably this
transfer continued even after the nucleus and mitochondria were
established as unique organelles. Variation in selective conditions
and the possibility of multiple colonization events could lead to
differential gene transfer and to the establishment of distinct
mitochondrial genomes. Differential gene transfer could account
for the fact that the a gene remained a part of the mitochondrial
genome in higher plants. Alternatively, the mitochondrial a gene
could have originated from the chloroplast or nuclear genome.
In higher plants the transfer of DNA from chloroplast to mito-
chondrial genomes is well documented (13, 27, 28).
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