
Journal of Bioenergetics and Biomembranes, Vol. 36, No. 6, December 2004 ( C© 2004)

Mitochondrial ATP Synthase: A Bioinformatic Approach
Reveals New Insights About the Roles of Supernumerary
Subunits g and A6L

Sangjin Hong1 and Peter L. Pedersen1,2

Received September 1, 2004; accepted September 30, 2004

The mitochondrial ATP synthase is a membrane protein complex which couples the proton gradient
across the mitochondrial inner membrane to the synthesis of ATP from ADP + Pi. The complex is
composed of essential subunits for its motor functions and supernumerary subunits, the roles of which
remain to be elucidated. Subunits g and A6L are supernumerary subunits, and the specific roles of
these subunits are still matters of debate. To gain insight into the functions of these two subunits, we
carried out the alignment and the homolog search of the protein sequences of the subunits and found
the following features: Subunit g appears to have isoforms in animals, and the transmembrane domain
of the animal subunit g contains a completely conserved acidic residue in the middle of a helix on the
conserved side of the transmembrane helix. This finding implicates the conserved acidic residue as
important for the function of subunit g. The alignment of A6L protein sequences shows a conserved
aromatic residue at the N-terminal domain with which the N-terminal MPQL sequence comprises a
unique MPQLX4Ar motif that can signify the protein A6L. The conserved aromatic residue may also
be important for the function of A6L.
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INTRODUCTION

The mitochondrial ATP synthase (Fig. 1) is responsi-
ble for the generation of ATP driven by an electrochemical
gradient of protons across the inner membrane. The mi-
tochondrial ATP synthase is composed of at least 17 or
20–21 subunits in animals and fungi, respectively (Hong
and Pedersen, 2003; Pedersen et al., 2000). Compared
to the bacterial ATP synthase, which seems to contain
the minimal composition required for the activity of ATP
synthase, the mitochondrial ATP synthase includes addi-
tional subunits, called supernumerary subunits. Subunits
g and A6L that belong to the supernumerary subunits are
found in both the animal and fungal mitochondrial ATP
synthase. These subunits are integral membrane proteins
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with a single transmembrane helix. The N-termini of sub-
units g and A6L are on the matrix and cytosolic sides of
the membranes, respectively (Belogrudov et al., 1996).
The functions of the subunits are still matters of debate
although some roles of the subunit g have been reported
in yeast (Arnold et al., 1998; Boyle et al., 1999). To gain
insight into the potential functions of the subunit g and
A6L, we aligned the protein sequences of the subunits and
searched for the homologous proteins in the genomes of
which the whole sequences are available. Here we found
some interesting features of these subunits that may be of
functional significance.

MATERIALS AND METHODS

The protein sequences were retrieved by BLAST
database search (Altschul and Koonin, 1998; Altschul
et al., 1997) with the default parameters (BLOSUM62
matrix, 0.005 as an E-value threshold, no low complexity
filtering in the query sequence) on the nonredundant (nr)
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Fig. 1. Current view of the structure of mitochondrial ATP synthase. For
the generation of the model, yeast mitochondrial ATP synthase (1qol)
was used as a template and the coordinates of each subunit of the template
structure were replaced by superimposition with the coordinates from
high resolution structures (α, β, and IF1 subunits from 1OHH; γ, δ, and
ε subunits from 1e79; a and c subunits from 1c17; transmembrane part of
subunit b from 1b9u). The other subunits in the model were constructed
manually using Quanta. No positions are assigned to the subunits d, e,
and factor B, one or more of which is a candidate for the collar.

protein database. The sequences collected were aligned
using ClustalW (Thompson, 1994) and Macaw (Schuler
et al., 1991) followed by manual adjustment. The predic-
tion of transmembrane (TM) region was performed using
SOSUI (Hirokawa et al., 1998).

Full species names are (1) FUNGI: C. glabrata—
Candida glabrata; E. nidulans—Emericella nidulans; K.
lactis—Kluyveromyces lactis; N. crassa—Neurospora
crassa; P. anserina—Podospora anserina; S. pombe—
Schizosaccharomyces pombe; Yeast—Saccharomyces
cerevisiae; Y. lipolytica—Yarrowia lipolytica (2)
FUNGI/METAZOA (incertae sedis): A. parasiticum—
Amoebidium parasiticum (3) METAZOA (Animal): A.

pectinifera—Asterina pectinifera; Atlantic cod—Gadus
morhua; Atlantic salmon—Salmo salar; Blue whale—
Balaenoptera musculus; Bovine—Bos taurus; Cat—Felis
catus; C. elegans—Caenorhabditis elegans; Cheetah—
Acinonyx jubatus; Chicken—Gallus gallus; Coelacanth—
Latimeria chalumnae; Dog—Canis familiaris; Donkey—
Equus asinus; Earthworm—Lumbricus terrestris;
European sea bass—Dicentrarchus labrax; Fruit fly—
Drosophila melanogaster; Geoffroy’s cat—Oncifelis
geoffroyi; Goldfish—Carassius auratus; Gorilla—
Gorilla gorilla; Guinea pig—Cavia porcellus; Harbor
seal—Phoca vitulina; Hippopotamus—Hippopotamus
amphibius; Honeybee—Apis mellifera; Horse—Equus
caballus; Human—Homo sapiens; Ibex—Capra ibex;
Jaguarundi—Herpailurus yaguarondi; Lancelet—
Branchiostoma lanceolatum; Little-red-flying-fox—
Pteropus scapulatus; Meadow vole—Microtus pennsyl-
vanicus; Mouse—Mus musculus; New Zealand long-
tailed bat—Chalinolobus tuberculatus; Orangutan—
Pongo pygmaeus; Ostrich—Struthio camelus; Pig—Sus
scrofa; Puma—Puma concolor; Purple sea urchin—
Strongylocentrotus purpuratus; Rabbit—Oryctolagus
cuniculus; Rat—Rattus norvegicus; Rhinoceros—
Rhinoceros unicornis; Sea lamprey—Petromyzon
marinus; Sea urchin—Paracentrotus lividus; Sheep—
Ovis aries; Spiny dogfish—Squalus acanthias; Spotted
catshark—Scyliorhinus canicula; Squirrel—Sciurus
vulgaris; Wallaroo—Macropus robustus (4) MALAWI-
MONAS: M. jakobiformis—Malawimonas jakobiformis
(5) OCHROMONADALES: O. danica—Ochromonas
danica (6) LAMINARIALES: L. digitata—Laminaria
digitata (7) RECLINOMONAS: R. americana—
Reclinomonas americana (8) MESOSTIGMATALES: M.
viride—Mesostigma viride (9) COLEOCHAETALES:
C.globosum—Chaetosphaeridium globosum (10)
EMBRYOPHYTA (Plant): A. thaliana—Arabidopsis
thaliana; Beet—Beta vulgaris; Carrot—Daucus carota;
Evening primrose—Oenothera berteriana; Radish—
Raphanus sativus; Rice—Oriza sativa; Sunflower—
Helianthus annuus.

RESULTS AND DISCUSSION

Isoforms of Animal Subunit g

From the search for the subunit g homologs in the
protein sequence database, we found that there are se-
quence homologs of subunit g in animals, which show
significant homologies to the identified subunits g. In hu-
mans, we retrieved three different protein sequences of
subunit g from the BLAST search. After carefully examin-
ing the sources of the sequences and excluding differences
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Fig. 2. Sequence alignment of subunit g and the isoforms of subunit g from animals. Conserved residues are in bold, and the residues that
show variations within a given species are highlighted in blue. H, M, R, F, and C in superscript denote Human, Mouse, Rat, Fruit fly, and
C. elegans, respectively.

possibly derived from single-nucleotide polymorphism,
we found that there are two different subunits g of which
the coding regions are localized to different chromosomes;
one (named here as subunit g-1) localized to chromosome
3 and the others (named as subunit g-2a and b) to chromo-
somes 11. The protein sequences of the different subunits
g are almost identical; 97–99% identity and 98–99% sim-
ilarity (Fig. 2). In addition, we found a sequence homolog
of the subunits g in humans. Except for the lack of three
C-terminal amino acid residues and the replacement of
some amino acid residues, the subunit g homolog shows
very high homology to the reported human subunits g;
88% identity and 90% similarity.

Careful examination of the database of another an-
imal, fruit fly, also led us to find two different potential
subunits g (gene products of l(2)06225 and CG7211). The
two potential subunits g were reported separately as com-
ponents of the proton-transporting ATP synthase complex.
The two proteins show 51% identity and 63% similarity. In
addition, in the search of subunit g homologs in the mouse
genome database, we found two protein sequences which
are significantly homologous to the subunit g of mouse
and whose expressions are identified. They show 98–99%
identity and 99–100% similarity to the murine subunit g.

We further carried out BLAST search on the genomes
of other animals of which the whole sequences are
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Table I. Subunit g and Isoforms of Subunit g

Location

Organism Name Chromosome Gene Expression Accession number

Human Subunit g-1 11 ATP5L Gene with protein
product

O75964
(Strausberg
et al., 2002)
and NP 006467
(Zhang et al.,
2000)

Subunit g-2 3 DKFZp566G013 and
AF092124.1:74..385

Supported by
alignment with
mRNA

CAB43378 or
T08727
(Wiemann
et al., 2001),
and AAC61597

Subunit g Homolog 1 n/a AF092923.1:328..630 Supported by
alignment with
mRNA

AAP97217

Fruit fly Subunit g 2L l(2)06225 Gene with protein
product, a
component of the
proton-transporting
ATP synthase
complex

AAF53041

Subunit g homolog 1 2L CG7211 Gene with protein
product, a
component of the
proton-transporting
ATP synthase
complex

AAF52549 and
NP 609142
(Adams et al.,
2000)

Mouse Subunit g 9 Atp5l Gene with protein
product

NP 038823 (Jeon
et al., 1999)

Subunit g homolog 1 X LOC236764 Supported by
alignment with
mRNA

XP 125392

Subunit g homolog 2 10 LOC231046 Supported by mRNA
and EST
alignments

XP 124482

Rat Potential subunit g 1 8 LOC300677 Supported by
alignment with
ESTs

XP 217128

Subunit g homolog 2 6 LOC298752 Ab initio XP 233814
Subunit g homolog 3 15 LOC305891 Supported by

alignment with
ESTs

XP 224187

C. elegans ATP synthase g homolog ASG-1 I asg-1 Gene with protein
product

NP 492352
(Fraser et al.,
2000)

ATP synthase g homolog ASG-2 X asg-2 Gene with protein
product

NP 509152
(Kamath et al.,
2003)

available. From the search of the subunit g homologs in
the genomes of rat and C. elegans in which the sequences
of subunit g have not been identified yet, we found two or
more subunit g homologs in these organisms (Table I). In
rat, three subunit g homologs with significant homologies
and with similar peptide length to the human and murine

subunits g have been found from the BLAST search in
the rat genome database. They showed 66–82% identity
and 69–88% similarity among them. Interestingly, an-
other protein composed of 233-amino acid residues whose
expression was identified by EST and whose function has
not been assigned, was found by a BLAST search to have
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Fig. 3. Sequence alignment of animal subunit g. Conserved residues in the sequence alignment of animal subunit g and the isoforms
of subunit g are shown in bold colored with red (completely conserved), green (highly conserved; more than 80% identity), and yellow
(weakly conserved; more than 70%, but less than 80% identity). Only identified subunit gs of animals are shown in this figure. The
conserved acidic residue in the middle of transmembrane helix is indicated by an arrow.

a C-terminal sequence highly homologous to the subunit
g homologs of rat. The C-terminal sequence of the protein
shows 84% identity and 91% similarity to the subunit g
homolog-1, which is the most homologous among the rat
subunit g homologs to the identified subunits g of human
and mouse. On the other hand, in C. elegans, we found two
subunit g homologs by scanning the genome. The pairs of
homologs show 76% identity and 83% similarity.

No subunit g isoforms seem to exist in fungi as a
BLAST search for subunit g homologs in the genomes
of S. cerevisiae and S. pombe found no additional protein
sequences which have significant homology to the subunit

Fig. 4. Orientation of the completely conserved residues in the transmembrane domain of subunit g,
and the location of a conserved acidic residue in the middle of transmembrane helix. In the helical
wheel diagram, the completely conserved residues are highlighted with boxes.

g. Taken together, we suggest that subunit g does have
isoforms in animals.

A Conserved Acidic Residue in the Middle of
Transmembrane Helix of Animal Subunit g

The sequence alignment of animal subunit g shows
that the transmembrane domain is generally well con-
served relative to the N- and C-terminal domains (Fig. 3).
From careful examination of the transmembrane domain,
we found that the completely conserved residues in the se-
quence alignment of animal subunit g are localized on one
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Fig. 5. Sequence alignment of A6L. The 60 out of 76 aligned A6L sequences are shown in this figure. Conserved residues are highlighted the
same as in Fig. 3. The conserved aromatic residue in the MPQLX4Ar motif is marked by an arrow. The A6L from some species of which the
sequences are much longer than most other A6L sequences are truncated at their C-termini (marked with //).
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Fig. 6. Sequence alignment of plant A6L and OrfB. Conserved residues are highlighted the same as in Fig. 3.

side in the transmembrane helix (Fig. 4). The conserved
side of the helix includes completely conserved two aro-
matic residues (Trp86 and Phe87 in the human sequence),
and three acidic residues (Glu72, 81, and 91 in the human
sequence). The conserved side is likely to play a major
role in the interaction of subunit g with adjoining sub-
units since it contains most of the completely conserved
residues of subunit g.

In the sequence alignment of animal subunit g, we
found also in the transmembrane domain that three con-
served aromatic residues (completely conserved Trp86
and Phe87, and highly conserved Tyr88 in the human se-
quence) are clustered and that a conserved acidic residue,
Glu82 in the human sequence, is positioned in the mid-
dle of the transmembrane helix (Fig. 4). The location of
the acidic residue attracts attention as its presence in the
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middle of a transmembrane helix is uncommon. Interest-
ingly, a rare case is found in another subunit in the ATP
synthase complex, subunit c. In this subunit that comprises
the central part of the FO motor together with subunit a, a
conserved acidic residue is located in the middle of trans-
membrane helix, and plays a crucial role in the proton
translocation across the membrane. No other subunits of
the ATP synthase are found to contain a conserved acid
residue in the middle of a transmembrane helix. The role of
the acidic residue conserved in the middle of a transmem-
brane helix of subunit g in animals needs further study, and
is suggested here to play a significant role in the function
of this subunit.

A Conserved MPQLX4Ar Motif at the N-terminal
Domain of the Subunit A6L

The supernumerary subunit A6L has been reported
previously to contain a highly conserved MPQL motif
from sequence alignment (Gray et al., 1998; Stephens
et al., 2003). To determine whether other functionally im-
portant conserved motifs might be present, we retrieved
and aligned three times more sequences than had been
aligned previously. The careful examination of the 76
aligned sequences of A6L led us to discover that an aro-
matic residue is conserved at the fifth residue after the con-
served MPQL motif at the N-terminal domain (Fig. 5). The
other domains, i.e. the transmembrane and the C-terminal
domains showed no residues or motifs that were signifi-
cantly conserved.

Recently, it has been suggested based on the experi-
mental data that the OrfB, which is involved in cytoplas-
mic male sterility in plants, is the plant equivalent of A6L
(Heazlewood et al., 2003; Sabar et al., 2003). On the basis
of this information, we retrieved and aligned the protein
sequences of A6L and OrfB from plants. From the se-
quence alignment, as shown in Fig. 6, we found that the
two proteins, A6L and OrfB are highly homologous, and
in some plants where both the A6L and OrfB sequences
are available, the sequences of the two proteins are the
same (e.g., A6L and OrfB from beet), or almost identi-
cal (e.g., A6L-1 and OrfB-CMS, and A6L-2 and OrfB-F2
from carrot). As seen in the sequence alignment of A6L
in Fig. 5, the lengths of the C-terminal domain of A6L
are quite variable, and in plants, the C-terminal domain
is remarkably elongated compared to fungi and animals.
The long additional sequence at the C-terminal domain
found in plants is highly conserved among plants except
at the end region of the domain. This suggests that this se-
quence may be associated with a particular function that
is unique to plants. Despite the variations in the A6L and
OrfB sequences in animals, fungi, and plants, an aromatic

acid residue is always found conserved at position 9. The
MPQLX4Ar motif that includes the conserved aromatic
residue, seems to be the only conserved motif in A6L and
plant OrfB, and is likely to play a role in the function of
A6L.
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