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ABSTRACT

The ATPase subunit 6, located in the inner mitochondrial membrane,
is encoded by mitochondrial genomes in animals and fungi. We have
isolated and charcterized a mitochondrial gene, designated atp 6, that
encodes the subunit 6 polypeptide of Zea mays. Nucleotide and predicted
amino acid sequence comparisons have revealed a homology of 44.6 and
33.2% with the yeast ATPase subunit 6 gene and polypeptide, respec-
tively. The predicted protein in maize contains 291 amino acids with a
molecular weight of 31,721. Hydropathy profiles generated for the maize
and yeast polypeptides are very similar and contain large hydrophobic
domains, characteristic of membrane bound proteins. RNA transfer blot
analysis indicates that atp 6 is actively transcribed. Interestingly, 122
base pairs of nucleotide sequence interior to atp 6 have extensive homol-
ogy with the 5' end of the cytochrome oxidase subunit II gene of maize
mitochondru, suggesting recombination between the two genes.

The mt2 ATPase complex, located in the inner mt membrane,
consists of three components designated Fo, F,, and the oligo-
mycin-sensitivity-conferring protein (OSCP) (27). The various
subunits making up the complex are encoded either by the
nuclear or mt genomes. In yeast, subunits 6, 8, and 9 of the Fo
component are mt gene products while the other subunits are of
nuclear origin (16, 27, 28). Animal systems and certain fungi
differ in that subunit 9 is encoded within the nucleus (25). Higher
plant mt genomes contain a gene coding for ATPase subunit 9
(8), yet differ from both animals and fungi in that they also code
for the alpha subunit of the F, component (4, 1 1).
Two different methods have been used to identify protein

encoding genes ofthe maize mt genome. The Cyt oxidase subunit
II and apocytochrome b genes were located with heterologous
probes of the corresponding genes from Saccharomyces cerevi-
siae and Kluyveromyces lactis, respectively (7, 9). The other
approach involved the isolation and sequencing of an actively
transcribed clone selected from a mtDNA library, followed by
computer searches of gene banks to identify the gene encoded
by the clone. The ATPase subunit 9 gene of maize mitochondria
was identified in this manner (8). Using the latter method, we
have isolated and identified the maize mt F0-ATPase subunit 6

' Paper No. 10068 of the Journal Series of the North Carolina Agri-
cultural Research Service, Raleigh, NC 27695-7601. Supported in part
by grants from the National Science Foundation and Agrigenetics, Inc.

2Abbreviations: mt, mitochondrial; kb, kilobase(s); nt, nucleotides;
bp, base pairs

gene. We present the nucleotide sequence of the subunit 6 gene
and evidence that it is actively transcribed.

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

were isolated from 6 to 7 d old dark-grown seedlings of Zea
mays L, Wl82BN cms-SC or B73 cms-Tas previously described
(21, 24). The cms-SC cytoplasm is a member of the T (Texas)
group of male-sterile cytoplasms (10).

Construction of Mitochondrial DNA Library. BamHI digests
of total maize mtDNA were ligated into the plasmid vector pUC
8 (29), and transformed into Escherichia coli strain JM 83.
Ampicillin-resistant, lac- colonies were selected, replicated and
fixed onto nitrocellulose filters (17).

Radioactive Labeling of DNA and RNA. Double-stranded
DNA was labeled with [a-32P]dATP (NEN, 3200 Ci/mmol) by
nick translation (22). Single-stranded DNA clones in bacterio-
phage M 13 were labeled using the back priming technique ofHu
and Messing (13). Total mtRNA was 5' end-labeled with [- 32P]
ATP (ICN, 7000 Ci/mmol) using T4 polynucleotide kinase (18).
Gel Electrophoresis and Nucleic Acid Hybridizations. DNA

fragments were separated by electrophoresis on 0.8% agarose gels
in TPE buffer (80 mm Tris-phosphate, 8 mM EDTA (pH 7.8])
and transferred to nitrocellulose according to Wahl et al. (30).
MtRNA was heat denatured and fiactionated by electrophoresis
in 1.2% agarose gels containing 6% formaldehyde and blotted to
nitrocellulose as described by Thomas (26). The 18S (1986 nt)
and 26S (3546 nt) ribosomal RNAs of maize mitochondria were
used as markers for estimating RNA sizes.

All nucleic acid hybridizations were performed under condi-
tions previously described (8).
DNA Sequence Analysis. Cloning for sequence analysis was

carried out using M13 bacteriophage vectors mplO and mp Il
(18). Ligation and transformation procedures were as outlined
by New England Biolabs. DNA sequences were determined by
the chain-termination method of Sanger et al. (23) with a uni-
versal primer (PL Biochemicals). Sequencing gels were either 6
or8% polyacrylamide and 0.4mm thick. The sequencing strategy
is shown in Figure 1.

Sequence analyses were performed with computer programs
furnished by Bionet or with a dot matrix computer program
provided by M. Edgell (University of North Carolina, Chapel
Hill).

RESULTS
Identification and Analysis of the Maiz ATPase Subunit 6

Gene. To locate mtDNA clones actively involved in transcrip-
tion, end-labeled mtRNA was hybridized to a BamHi mtDNA
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SEQUENCE OF ATPase SUBUNIT 6 GENE

library from SC cytoplasm, a maize T-type male-sterile cyto-
plasm (10). Among the clones exhibiting positive hybridization
was a 6.5 kb BamHI clone designated T25B. Hybridization of
end-labeled mtRNA to southern blots of restriction digests of
T25B revealed that significant hybridization was confined to a
2.7 kb HindIII fragment interior to the 6.5 kb BamHI clone.
This fragment was inserted into plasmid vector pUC 13 and
designated T25H. T25H was also cloned into the viral vector
M13 and the complete nucleotide sequence of 2583 bp was

determined. A restriction map and sequencing strategy of T25H
are given in Figure 1.

Using a dot matrix computer program (M. Edgell, University
ofNorth Carolina, Chapel Hill) the nucleotide sequence ofT25H
was compared with the mtDNA sequences of yeast. Sequence
homology was found between a segnent of T25H and the yeast
mitochondrial gene coding for ATPase subunit 6; no other yeast
gene contained significant sequence homology with T25H. The
nucleotide sequence of the maize gene is shown in Figure 2.
DNA sequence homology between the maize and yeast ATPase
subunit 6 genes is 44.6%. Based on this homology we have
concluded that this sequence codes for the ATPase subunit 6
gene and have selected the symbol atp 6 to designate the gene in
maize. Unlike the cytochrome oxidase subunit II gene in maize
mitochondria (9), atp 6 does not appear to contain intervening
sequences. Due to low homologies at the terminal regions of the

gene, however, we cannot exlude the possibility that introns exist
near the 5' or 3' ends of the gene.
Amino Acid Sequence. As a translational initiation site for the

atp 6 gene, we have selected the ATG codon closest to the
initiator methionine of the homologous gene in yeast and Asper-
gillus. This ATG site (beginning at position 1 in Fig. 2) is distantly
located from the next adjacent in frame ATG codons in both
the 3' and 5' directions. In the 5' direction, the next ATG codon
begins at position -294 (Fig. 2) and would increase the size of
the polypeptide by 98 amino acids. These additional amino acids
are not homologous with ATPase subunit 6 protein sequences
from other organisms and would generate a polypeptide much
larger than observed in other organisms. In the 3' direction, the
next ATG codon starts at position 162 (Fig. 2) and would
decrease the polypeptide by 53 amino acids, portions of which
contain significant homology with the yeast protein. It has not
been unequivocally demonstrated, however, that translation al-
ways begins with AUG in maize mitochondria. In mammalian
mitochondria the entire AUN family is capable of translational
initiation (1, 2).
Assuming translation initiates as proposed in Figure 2, the

protein sequence of atp 6 contains 291 amino acids. The pre-
dicted protein sequence is the same regardless of whether the
universal code or the higher plant mitochondrial code is used
(9). The predicted maize protein is 32 amino acids longer than
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FIG. 1. Restriction map of the maize
S S T H mitochondrial ATPase subunit 6 gene

~ and flanking sequences. Arrows below the
U B U N I T 6 13' map show the direction and extent of

sequence analysis from each restriction
________ site. Restriction sites are indicated by ver-

tical lines: E, EcoRI; H, HindIII; S, Sau
3A; T, Taq I.

An gCn vat ACA pile 94 6A tU tY9 tt.u it tii ty$ A(A 44 6(A met met met met thA aAq tp tA Ap met tya
-423 5'-GATTTCGTTGGGTAG AAC CAA GTC TCTm GGG AGC AGA TTG TAT TTG ATT TTA TAT AGT TAC TCC ATG ATG ATG ATG ACT AGA TGG AGT TCC ACT GAT ATG MG

aAg aaAg iete teu & eAn act vat pkto ite &M anteu 6eA tu p4o aAp 44 t4 _iu 4ty gtu giu giu t41 hu. pot vdt 6VA aAg gCu ati
-318 AGA AGAAAT AGA ATA TTG GCT MT ATG GTG CCA ATT CGT MT TTA AGT TTA CCT GAT TAT TAT GM TAT GAA GAM GM TAC CAT CCA GTT TCA AGA GAG GCA

tM aAg gt vat cy8 ite teu Lu a" itt asp ty4 tteu eA (A ite 9ty dAg 6A ite gu up gtu va teu a&49 asp phe d' gtn tAp teu

-216 ACC AGA GGGGTC TGT ATA CTC CTA CGA ATA GAC AGA TAT TTA TCT TCA ATT GGA AGG AGC ATT CM GAC CGT GAG GTT CTA CGC GAT TTC CGC CM CGG TTA

teu phe p&o gtn atg gtu adia gLytyx4 eA phe e gtu ite ty4 up ap ite dtd hiA gt4 vdt gtu dta 6(eAg teu gty gtn p1 teu a agaup
-114 CTC TTT CCC CAA CGC GAG GCT GGG TAC AGC TTT TCC GM ATA TAT GAT GAT ATA CGA GCG CAT GGG GTA GMA GCA AGT CGA TTG GGT CAG CCT CTA AGA GAT

k

ut4y ap gu Met Glu Arg Asn Gly Glu lie Val Asn Asn GlySer lie lie le Pro Gly Gly Gly Gly Pro Val Thr Glu Ser Pro Leu Asp Gln Phe
-12 CTG TAC GAT GAG ATG GMA AGGAACGGCGAG ATA GTA AAT AAC GGC TCA ATC ATT ATC CCT GGA GGC GGC GGA CCA GTA ACA GAA AGC CCA TTG GAT CAA TTT

Gly le His Pro leLeu Asp Leu Asn le Gly Lys Tyr Tyr Val Ser Phe Thr AsnLeu Ser Leu Ser Met Leu Leu Thr Leu Gly Leu Val L1u Leu Leu
91 GGA ATT CAC CCA ATT CTG GAT CTGMT ATT GGCAAG TAC TAT GTC TCA TTC ACAAAT CTA TCC TTG TCT ATG CTA CTC ACT CTC GGT TTG GTC CTA CTT CTG

Vl Phe Val Val Thr LysLys Gly Gly GlyLysSer Val Pro Asn Ala Phe GinSer Leu Val Glu Leu le Tyr Asp Phe Val Pro Asn Leu Val Asn Glu
193 GTT TTT GTT GTT ACGAAA AAA GGA GGG GGAAAG TCA GTG CCA MT GCA TTT CM TCC TTG GTG GAG CTT ATT TAT GAT TTC GTG CCGAAC CTG GTAAAC GAA

Gin lie Gly Gly LeuSer Gly Asn Val Lys His Lys Phe Phe Pro Cys lieSer Val Thr Phe Thr PheSerLeu Phe Arg Asn Pro Gin Gly Met lie Pro
295 CAA ATA GGT GGT CTT TCC GGAAAT GTG AAA CACAAG TTT TTC CCT TGC ATC TCG GTC ACT TTT ACT TTT TCG TTA TTT CGTAAT CCC CAG GGT ATG ATA CCC

PheSer Phe Thr Val ThrSer His PheLeu lie ThrLeu Aua LeuSer PheSer lie Phe lie Gly le Thr lie Val Gly Phe Gln Arg His Gly Leu His
397 TTT AGC TTC ACA GTG ACA AGT CAT TTT CTC ATT ACT TTG GCT CTT TCA TTT TCT ATT TTT ATA GGC ATT ACG ATC GTT GGA TTT CAA AGA CAT GGG CTT CAT

Phe Phe Ser PheLeu Leu Pro Aua Gly Val ProLeu ProLeu Ala Pro Phe Leu ValLeu Leu GluLev lieSer His Cys Phe Arg Ala LeuSerSer Gly
499 TTT TTT AGC TTC TTA TTA CCA GCG GGA GTC CCA CTG CCA TTA GCA CCT TTT TTA GTA CTC CTT GAG CTA ATC TCT CAT TGT TTT CGT GCA TTA AGC TCA GGA

lie Arg Leu Phe Ala Asn Met Met Ala Gly HisSerSer Vai Lys lie Leu5er Gly Phe Ala Trp Thr Met Leu PheLeu Asn Asn lie Phe Tyr Phe Leu
601 ATA CGT TTA TTT GCTAAT ATG ATG GCC GGT CAT AGT TCA GTAAMG ATT TTA AGT GGG TTT GCT TGG ACT ATG CTA TTT CTGAATAAT ATT TTC TAT TTC TTA

Gly AspLeu Gly Pro Leu Phe le Val Leu AlaLeu Thr Gly Leu GluLcu Gly Vl Ala leSer Gln Ala His Vl Ser Thr leSer lie Cys lie Tyr
703 GGA GAT CTT GGT CCC TTA TTTATA GTT CTA GCA TTA ACC GGT CTG GAA TTA GGT GTA GCT ATA TCA CAA GCT CAT GTT TCT ACG ATC TCA ATT TGT ATT TAC

Leu Asn Asp Ala Thr AsnLeu His Gln Asn GluSer Phe His Asn CyslleLys Thr ArgSer GlnSer
805 TTGMAT GAT GCT ACA MT CTC CAT CAA AAT GAG TCATMT CATAMT TGC ATA AAA ACG AGG AGC CA TCA TAG MACTACATATGGTCTGATACTACTAAC-3'

FIG. 2. Nucleotide sequence of the maize ATPase subunit 6 gene. The predicted amino acid sequence is translated according to the higher plant
mitochondrial code (9) and is indicated in Roman type. The amino acid sequence of the open reading frame extending beyond the putative ATG
initiation codon is in italics.
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the corresponding yeast protein with most of the additional 4
amino acids located at both the amino and carboxyl termini (Fig.
3). The 5' end of the atp 6 open reading frame extends 408 2
nucleotides upstream of the putative ATG start site shown in oz
Figure 2. However, analysis of the DNA sequence and predicted
protein sequence of this region reveals no significant homology I c
with other DNA or protein sequences in the sequence libraries
ofNIH GenBank or National Biomedical Research Foundation. °
The carboxyl terminus is predicted by a TAG stop codon at -
position 873, 45 nucleotides beyond the stop site of the yeast
gene. A mol wt of 31,721 is calculated from the predicted protein 4
sequence. o 40
The maize and yeast proteins share an amino acid sequence

homology of 33.2% (Fig. 3). When conservative replacements
are included (Asn-Gln), (Lys-Arg), (Ser-Thr), (Phe-Tyr-Trp), (Ile- 4
Leu-Val-Met), the homology increases to 48.6%. Comparisons x

of the maize protein to the predicted mitochondrial proteins
from Aspergillus nidulans, Drosophila yakuba, and mouse (2, 6, - 2
19) show amino acid homologies of 35.6, 20.5, and 20.2%,
respectively (data not shown). A homology of 16.7% exists °
between the maize ATPase subunit 6 protein and the analogous o
bacterial protein from Escherichia coli (20). -2
As expected for membrane associated proteins, the predicted

amino acid sequence of maize ATPase subunit 6 contains a -4
majority of hydrophobic residues and relatively few charged o
amino acids. To analyze the distribution of these residues, a
hydropathy profile was constructed according to the values of FIG. 4. Hydr
Kyte and Doolittle (Fig. 4) (15). Hydrophobic domains located subunit 6 prote:
throughout the protein indicate the portions of the molecule (15). The x axi:
most likely to lie within the membrane. The maize atp 6 profile Area above the
is similar to the plot of the yeast ATPase subunit 6 protein with located in the iI]

Maize [et Glu Arg [iGAn1Gly Glu Ile Val |TnW Asn Gly Ser Ile
Yeaet Met - Phe - - Leu Leu Thr - -

Pro Val Thr Glu er Pro Leu Asp Gln Phe Gly [ His
Tyr Ile Thr - Ser Pro Leu Asp Gln Phe Glu |Ile Arg

Gly Lys Tyr Tyr
Ser Phe Ile Asp

Val |Leu] Leu Leu
Leu VAl Ile

Ala Phe Gln Ser
Arg Trp Leu Ile

Ile Gly Glj Leu
Ile Gly Gly | Lys

Thr Ser Leu
Met Ile Phe

His Phe Leu Ile
His Leu Val Phe

Val
Leu

Val
Thr

Leu
Ser

[ r Phe Thr iAsn Leu Ser Leu
S Cys Leu Asn Leu Thr Thr

Phe Val Vol r - Lye Lye
Ser Leu Tyr Thr Leu Thr Asn

Val ] Leu Ie Tyr Asp Phe
CGn Ale Ile Tyr Asp Thr

Ser
Phe

Gly
Aen

Val
Ile

f wS v

MAIZE ATPose 6

D 80 120 160 200 240 280

SEQUENCE NUMBER

SEQUENCE NUMBER
ropathy profiles of the predicted maize and yeast ATPase
ins. The y axis represents arbitrary hydrophobic values
is indicates the positions of the individual amino acids.
line shows domains with increased probability of being
ipid bilayer.

Ile Ile Pro Gly Gly Gly Gly 20

Pro Ile Leu Asp Leu Asn Ile
Thr Leu Phe Gly Leu Gln Ser

Met LLuLeu Thr Leu Gly Leu
Ser Le, Tyr| Thr Ile Ile Val

Gly Gly a Ser Val Pro Asn
Asn Aen s Ile Ile Gly Ser

Pro Leu Val Aen Glu n
Met Met Thr Lye Gly |ln

40

60

80

100

Ser Gly Aen Val Lye His Lye Phe Pro Cys [ aIl Ser Val Thr 120
Asn Trp Gly LOu - - - Tyr Phe Pro Met Phe Thr Leu

Phe Arg Asn| Pro Gln Gly Met Ile Pro Phe [ Pe] Thr Val Thr Ser 140
Ile AlAe n Leu Ile Ser Met Ile Pro Tyr Ser Phe Ala Leu Ser Ala

Thr Leu Alea Leu Ser Phe Ser li Phe Il. Il|ThleTrIle Val ly 160
Ile Ile Ser Leu Ser Ile Val | Ile |JTrp Leu Aen Thr Ile Leu LGlyJ

Phe Gln Arg is Gly Leu His Phe Pe Ser Phe Leu Leu Pro Ala Gly Val Pro Lu Pro 180
Leu Tyr Lye His Gly Trp Val Phe Phe Ser Leu Phe Val Pro Ala Gly Thr Pro Leu Pro

Ala Phe Leu Val Lou Lou fGlu Leu Ile, | e His
Leu Val Pro Leu Leu Val Ile Met lu Thr Leu [<J Tyr

Ilyr1 Ile rg Lou Phe Ale rnw Met Met Ala Gly His Ser
IG Lou Arg Leu Gly Ser Ile Lou Ala (fly Hi. Leu

Phe Ala Trp Thr Met Leu Phe Lou Asn n Ile | Tyr
Leu Thr Phe Aen Phe Met - L o Lou Thr

Leu Phe Ile Vol Leu Ala Leu Thr Gly |Leu Glu LOu Gly
Leu Ala Met IIe Leu Ale Ile Mot Ile Lou Clu Phe Ala

V Ser eSer Ile Cys 10e |Tyr Lou Asn Ap Ala
Vol Trp Thr Ile Lou Thr Ale Ser Tyr Lou Lyo Aep Thr

Cys Phe ArgAla Leu Sr Ser 200
Il AAla rgAl Ile Leu

Ser Val Lys Ile Leu Ser |Cly 220
Leu Met Val Ile Leu Ale

Phe Lou Gly Asp Leu Gly Pro 240
Leu Val Phe Gly Phe Val Pro

Val Ala [eIl Ser Gln AlA His 260
Ile Gly IeI |ln Ser Tyr

Thr Asn Lou His Gln Asn Glu 280
Lou Tyr Leu His

Ser Phe Hi. Aen Cys Ile Lye Thr Arg Ser Gln Ser

FIG. 3. A comparison of the predicted amino acid sequence of maize ATPase subunit 6 with the corresponding protein from yeast. Boxed regions
indicate amino acids that are conserved. A dash indicates an amino acid that is absent.
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SEQUENCE OF ATPase SUBUNIT 6 GENE

the exception of the terminal regions. In maize both termini are
hydrophilic whereas in yeast the terminal domains are mostly
hydrophobid (Fig. 4). The additional amino acids present at the
termini of the maize protein and absent in yeast contain several
hydrophilic residues (Fig. 3) and account for the differences in
the profiles in these regions. The hydropathy plot for the amino
acids that extend beyond the putative initiator methionine (in-
dicated in italics in Fig. 2) is very hydrophilic; this is uncharac-
teristic of a membrane bound polypeptide and supports our
proposal that translation initiates as indicated in Figure 2.
The secondary structure ofthe maize ATPase subunit 6 protein

was deduced from the amino acid sequence by the method of
Chou and Fasman (5). A large amount of ,B-sheet conformation
(61%) is predicted by this procedure. Analysis of yeast and
Aspergillus ATPase subunit 6 proteins also predicts the ,8-sheet

U C A G

0UUU: 21 UCU: 4 AUA: 3 UGU: 2
P60 Tyr Cys

UUC: 7 UCC: 3 UAC: 2 1 UGC: 2
U Ser

UUA: 12 UCA: 10 UAA: - UGA: -
Lou

UUG: 6 UCG: 2 UAG: 1 Trp UGG: 1

CUU: 7 CCU: 3 CAU: 8 CG U: 3

CUC: 5 CCC: 3 CAC: 2 Ar6 CGC: -
C Lou Pro

CUA: 6 CCA: 7 CAA: 7 CGA: -
Gli

CUO: 7 CCG: 1 CAG: 1 Trp CGG: -

AUU: 12 ACU: 5 AAU: 13 AGU: 3

Ile AUC: 6 ACC: 1 1 AAC: 4 AGC: 5
A Thr

AUA: 8 ACA: 5 AAA: 6 AGA: 1
Lys Ar6

Not AUG: 6 ACG: 4 AAG: 4 AGG: 2

GUU: 6 GCU: 6 GAU: 5 GGU: 8

GUC: 4 GCC: 1 GAC: - GGC: 6
G Val Ala Gly

GUA: 6 CA: u AA: GGA: 10

GUG: 5 GCG: 1 GAG: 4 GGG: 3

FIG. 5. Codon usage in the atp 6 gene.

conformation to be the most prevalent secondary structure, with
estimates of 73 and 66%, respectively. In contrast, the predicted
secondary structure of the amino acid sequence extending be-
yond the putative start methionine contains relatively low ,B-
sheet conformation (30%).
A summary of codon usage for atp 6 is given in Figure 5.
Homology Between atp 6 and the Cytochrome Oxidase Subunit

II Gene of Maize Mitochondria. Nucleotide sequence compari-
son of the atp 6 gene to the NIH GenBank sequence library
revealed extensive homology to a region of the Cyt oxidase
subunit II (COII) gene in male-fertile maize mitochondria (9).
The homology extends from the EcoRI site, where the published
COII sequence begins, to a position 8 bp 5' of an ATG codon
designated by Fox and Leaver (9) as the "second possible initia-
tion codon" (positions -104 to -8, Fig. 6). This corresponds to
positions 97 to 194 of atp 6 (Figs. 2, 6). To examine the extent
of the homology 5' of the EcoRl site, we cloned and sequenced
this portion of the COII gene from cms-T maize cytoplasm.
Homology was found to continue 25 bp 5' of the EcoRI site,
indicating a continuous homologous region of 122 bp. The atp
6 and COII sequences in this segment differ only by 3 bp
substitutions and a single insertion/deletion of the sequence
TATCAA at position 88 of atp 6 (Fig. 6). Comparison of the
predicted amino acid sequences in this region shows 40 of 43
amino acids (93%) are conserved. The portion of atp 6 that is
homologous with the maize COII gene is located in the coding
region (positions 73-194, Fig. 2). The predicted amino acid
sequence and hydropathy profiles of this region are homologous
to the yeast and Aspergillus ATPase subunit 6 proteins, whereas
no homology is seen with the yeast Cyt oxidase subunit II protein
(data not shown). Thus, it is probable that the maize COII gene
derived the homologous sequences from recombination with atp
6 and thereby may be considered a chimeric gene.

Southern Blot Analysis. Hybridization of clones containing
atp 6 to Southern blots of BamHI and HindlII mtDNA digests
revealed intense hybridization to a 6.5 kb BamHI fragment and
a 2.7 kb HindIII fragment, respectively (data not shown). In
addition, several fragments showed weak hybridization after long
exposure in both digests. The weakly hybridizing bands are
probably due to poorly matched or short homologous sequences.
In fact, we have previously described a short sequence (122 bp)

55 5'-GG CGGCACOCAG TAA CAG AA
* 0 0*

5 '-AACCTACCTAATCTCAAC

tSer Pro Leu
AGC CCA TTG
0** *0 0*0

AGC CCG TTG
Ser Pro Leu

Asp Gln Phe
GAT CAA --- --- TTT
*0* *00 000

GAT CAA TAT CAA TTT
Asp Gln Tyr Gin Phe

Gly Lys Tyr
0GC AAG TAC
0* *0 *00

GGT GAG TAC
G iYGGiu Tyr

Leu Val
CTG GTT

CTG GTG
Leu Val

Tyr
TAT
*00

TAT
Tyr

Val
GTC
0**

GTC
Val

Ser
TCA
*00*

TCA
Ser

Phe
TTC

0*O

TTC
Phe

Thr
ACA
*0

ACA
Thr

TTTGTTGTTACG AAAAAAGG AGGG-3 '

CTG CCAATGATTCTTCGTTCATTA-3'
__1~.

possible COII
initiator codon

FIG. 6. Nucleotide and amino acid sequence homology between atp 6 and COII genes of maize mitochondria. Nucleotide positions of atp 6 are
as described in Figure 2. Positions of COII nucleotides are in relation to the possible ATG initiator codon indicated with a bracket. Homologous
nucleotides are indicated with an asterisk. Amino acids of COII nonhomologous with atp 6 are boxed. Proposed points of recombination are
designated with arrows.

atp 6

Co II -1 53

Gly
GGA
*to

GGA
Gly

Asp
109 GAT

o0*
-93 GAT

Asp

Gly
175 GGT

-27 GGT
Gly

Ile
ATT
0*0

ATT
Ile

His
CAC
*0*

CAC
H i s

Leu
CTG
*00

CTG
Leu

Lou
TTG

TTG
Leu

Pro
CCA
*0

CCA
Pro

Asn
AAT
*90

AAT
Asn

Val
GTC

GTC
Val

Ile
ATT
*o0

ATT
Ile

Ile
ATT
00*

ATT
Ile

Leu
CTA

CTA
Leu

Leu
CTG
*00

CTG
Leu

Asn
AAT
*00

AAT
Asn

Leu
CTA

CTA
Leu

Ser
TCC
0**

TCC
Ser

Lou
TTG
*t*

TTG
Leu

Leu
CTT

CTT
Leu

Ser
TCT

TCT
Ser

Met
ATG
T00

ATG
Met

Leu
CTA

CTA
Leu

Leu
CTC

CTC
Leu

Thr
ACT
*§0

ACT
Thr

Leu
CTC
#0*

CTC
Leu
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FIG. 7. Hybridization of 2.7 kb T25H clone to an RNA blot of maize
mtRNA. Approximate transcript sizes are indicated in nucleotides.

in the COIl gene with substantial homology to the atp 6 gene.
These results, together with the transcriptional studies given
below, suggest that the complete atp 6 gene is-present as a single
copy in this genome.

Transcriptional Processing of the atp 6 Message. When the
atp 6 sequence was hybridized to a Northern blot of total maize
mtRNA, a strong and complex hybridization pattern was re-
vealed (Fig. 7). The largest detectable transcript is approximately
6800 nt in length and may be the primary transcript. The most
predominant forms of the transcript are approximately 4500,
1900, and 1600 nt long. Further studies are needed to determine
unequivocally the primary and mature forms of the message. As
expected, single-stranded M13 probes of the noncomplementary
strand showed no detectable hybridization to RNA blots (data
not shown). These results indicate that the atp 6 sequence is an
actively transcribed gene.

Plant Physiol. Vol. 79, 1985

DISCUSSION
Subunit 6 ofthe mitochondrial ATPase is an inner membrane

polypeptide ofthe Fo component, encoded within the mitochon-
drial genomes ofall eukaryotic organisms examined to date. The
nucleotides and amino acid sequence homologies of atp 6 with
the ATPase subunit 6 genes from yeast and other organisms,
along with evidence of active transcription, indicates that the
ATPase subunit 6 is also encoded by a mitochondrial gene in
maize. Our characterization of the maize atp 6 nucleotide se-
quence is the first evidence that ATPase subunit 6 is mitochon-
drially encoded in higher plants.

It has been proposed that the code in higher plant mitochon-
dria differs from that found in yeast; the tripletCGG is translated
as tryptophan rather than arginine, and TGA codons are non-
translatable rather than specifying tryptophan residues (9). The
atp 6 sequence contains no TGA codons, thus supporting the
view that it is a nonsense codon in higher plant mitochondria.
The triplet CGG is also absent, making it impossible to confirm
its usage as either a tryptophan or arginine residue in the mito-
chondrial genome of maize.
The amino acid homology between the maize and yeast ATP-

ase subunit 6 proteins (32.2%) is less than that found between
the other maize genes and their yeast counterparts. This is not
surprising considering the general lack of conservation among
ATPase subunit 6 proteins of distantly related species (6). For
example, the amino acid homology between Drosophila and
yeast ATPase subunit 6 proteins is 23.0%. The homology be-
tween the Drosophila and mouse polypeptides is 35.7% (6). Of
particular interest is the overall size differences observed among
the species. The maize protein is 32 amino acids longer than the
yeast protein and 55 amino acids longer than the corresponding
protein from mouse. Almost all of these additional amino acids
are located at the terminal regions and not within the interior of
the protein. Interestingly, the open reading frame containing the
maize ATPase subunit 6 protein extends 408 base pairs upstream
beyond the putative ATG initiation codon. Thus the maize
protein could be even larger than the 291 amino acids proposed
here. It is unlikely, however, that these additional amino acids
could be part of the mature ATPase subunit 6 polypeptide since
these amino acids are very hydrophilic. It is possible that ATPase
subunit 6 in maize mitochondria is translated as a precursor,
with the hydrophilic amino acids at the amino terminus undergo-
ing cleavage to produce the mature form of the protein.

Extensive nucleotide and amino acid homology is observed
bewteen a portion of atp 6 and the 5' end of the COII gene in
maize mitochondria (Fig. 6). This homology is presumably due
to recombination between the two genes. Homology among
mitochondrial COII proteins of Oenothera, rice, and wheat, (3,
12, 14) with the predicted maize COII sequence begins at the
'possible ATG initiator codon' indicated in Figure 6 and does
not include any of the amino acids homologous with atp 6.
Although Qenothera, rice, and wheat share nucleotide homology
in the 5' flanking region of the Cyt oxidase subunit II gene, no
homology is observed with the corresponding maize sequence
where the recombination with atp 6 has occurred. This recom-
bination, therefore, does not appear to be a common character-
istic of higher plants. Nucleotide sequence analysis of the COIl
gene of Zea diploperennis, a wild relative ofmaize, indicates that
the recombination with atp 6 is also found in this species (R. E.
Dewey, C. S. Levings III, D. H. Timothy, unpublished results).
It is therefore likely that this phenomenon is common to the
genus Zea.
A complex hybridization pattern is observed when the atp 6

gene is hybridized to Northern blots of total mtRNA. Complex
RNA hybridization patterns are also observed for the COII,
apocytochrome b, and ATPase subunit 9 genes of maize mito-
chondria (7-9). Part of the atp 6 hybridization complexity may
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be due to cross-hybridization of the atp 6 sequence with the
transcript produced by the COII gene, since atp 6 and the COII
gene contain nucleotide homology (Fig. 6). Likewise, some of
the complexity observed when the COII gene is hybridized to
RNA blots may be caused by cross-hybridization to atp 6 tran-
scripts. Because intramolecular recombination is relatively com-
mon in the maize mitochondrial genome, rearrangements may
be partially responsible for the complex hybridization patterns
detected by Northern blot analysis.
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