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Abstract The mitochondrial alternative oxidase is a diiron car-
boxylate quinol oxidase (Dox) found in plants and some fungi
and protists, but not animals. The plastid terminal oxidase is
distantly related to alternative oxidase and is most likely also a
Dox protein. Database searches revealed that the KK-proteobac-
terium Novosphingobium aromaticivorans and the cyanobacteria
Nostoc sp. PCC7120, Synechococcus sp. WH8102 and Pro-
chlorococcus marinus subsp. pastoris CCMP1378 each possess
a Dox homolog. Each prokaryotic protein conforms to the cur-
rent structural models of the Dox active site and phylogenetic
analyses suggest that the eukaryotic Dox genes arose from an
ancestral prokaryotic gene.
! 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Plant mitochondria are distinct from their animal counter-
parts by possessing a cyanide-resistant, salicylhydroxamic
acid-sensitive terminal oxidase within the inner membrane
that is additional to the well-known cyanide-sensitive cyto-
chrome c oxidase. The alternative oxidase (Aox) directly
transfers electrons from ubiquinol to molecular oxygen and
has been found in all land plants examined, many, but not all,
fungi and some protists. Aox is of interest because it is not
energy conserving and uncouples electron transport from ATP
synthesis. The ability of at least the plant enzyme to compete
directly with respiratory complex III for electrons within the
ubiquinone pool [1,2] means that Aox has the capacity to

dramatically alter the respiratory e⁄ciency of oxidative phos-
phorylation.

The ability of Aox to catalyze the four electron reduction of
oxygen to water suggests the presence of a coupled transition
metal center at its active site [3]. Early spectroscopic exami-
nations were inconclusive in identifying a metal center (re-
viewed in [4]). However, indirect studies suggested Aox from
Pichia anomala (previously named Hansenula anomala) [5] and
Trypanosoma brucei [6] require Fe2þ for catalytic function.

Nuclear-derived Aox cDNAs or genes have been isolated
from numerous plants, fungi and protists. Noting spectro-
scopic similarities between Aox and the oxo-bridged diiron
carboxylate protein subunits of methane monooxygenase
and ribonucleotide reductase, and the presence of speci¢c
motifs in all of these proteins, Siedow et al. [3] modeled the
Aox active site after the solved crystal structure of the three
diiron proteins that were available. The original model has
been extensively revised, using the diiron v

9 desaturase
(pdb:1AFR) as a template, to take into account more recent
sequence information and evolutionary considerations [7,8].
Although the Aox sequence shows essentially no homology
with other diiron carboxylate proteins, apart from motif
placement, its modeled active site structure conforms to the
characteristic diiron carboxylate protein four-helical bundle
that provides ligands for binding the diiron center [7]. An
electron paramagnetic resonance (EPR) signal that is consis-
tent with the presence of an oxo-bridged diiron center has
recently been detected in an Arabidopsis thaliana Aox [9] pro-
viding direct evidence that Aox is a diiron carboxylate pro-
tein.

The cloning of the Im gene from Arabidopsis [10,11] has
strengthened and extended our understanding of Aox active
site structure [8]. The Im gene encodes a plastid-localized ter-
minal oxidase (Ptox [12]), with over-all sequence similarity to
Aox [10,11]. In the greening plastid, Ptox is important for
carotenoid synthesis. When expressed in Escherichia coli,
Ptox confers cyanide-resistant, propyl gallate-sensitive oxygen
consumption to membrane fractions [12], demonstrating that
this enzyme is not only similar to Aox in sequence, but also in
the reaction it catalyzes and presumably in the structure of its
active site. The similarities in catalysis, inhibitor response and
amino-acid sequence [10^12] between Aox and Ptox strongly
suggest that Ptox, like Aox, is a diiron carboxylate quinol
oxidase (Dox).

The evolutionary origins of the eukaryotic Dox proteins are
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unknown. The preponderance of cellular, biochemical and
molecular evidence supporting a prokaryotic origin for mito-
chondria and plastids points to the K-proteobacteria and cy-
anobacteria as being the closest living relatives to the ancestral
mitochondrion and plastid, respectively [13]. However, Aox
activity among the prokaryotes has never been satisfactorily
demonstrated and gene homologs for Aox or Im have not
been found among the prokaryotes, leaving open the question
of the origin of the Dox gene family. The progress of genome
sequencing projects has provided new opportunities to answer
this question. Database searches now indicate that the Dox
gene family has its origins in the prokaryotic world and sug-
gest that the divergence of Aox and Ptox genes pre-dates the
origin of the mitochondrial and plastid progenitor species.

2. Results and discussion

Recent database searches revealed predicted proteins
amongst the entries of four prokaryote genome sequencing
projects with striking sequence similarity to the Arabidopsis
Dox proteins, Aox (AtAox) and Ptox (AtPtox). A protein
from the K-proteobacterium Novosphingobium aromaticivorans
(NaDox, accession ZP_00095227) genome project had 56%
sequence identity with AtAox1a and proteins from three cya-
nobacteria genome projects had 51, 42 and 26% sequence
identity with AtPtox (Fig. 1A). The Ptox-like proteins were
found in the Nostoc sp. PCC7120 (NoDox, accession
NP_486136), Prochlorococcus marinus subsp. pastoris
CCMP1378 (PmDox, accession NP_892455) and Synechococ-
cus sp. WH8102 (SyDox, accession NP_896980) projects, re-
spectively.

The newly identi¢ed prokaryotic Dox-like sequences were
consistent with the proposed structural features of the eukary-
otic Dox protein family, as modeled on the diiron carboxylate
proteins [7,8]. Aox is currently viewed as a diiron carboxylate
protein embedded in the inner face of the mitochondrial inner
membrane [7] (see Fig. 1B). The active site comprises two
pairs of antiparallel helices. A single glutamate residue in
the more N-terminal helix of each helix pair (helices 1 and
3) and the glutamate and histidine residues in EXXH motifs
located in the more C-terminal helix of each helix pair (helices
2 and 4) are juxtaposed to coordinate two iron atoms at the
catalytic center. Alignment of the prokaryotic Dox-like se-
quences with the eukaryotic Dox sequences showed conserva-
tion across the entire family of the four-helix bundle central to
the proposed active site structure, and, most importantly,
strict conservation of the six residues put forward as iron li-

gands (Fig. 1A). The overall structural conservation was con-
¢rmed by these protein sequences mapping appropriately to
the four-helical bundle of the diiron v

9 desaturase crystal
structure (Fig. 1B).

Accumulating evidence from site-directed mutagenesis stud-
ies on Aox isoforms supports the importance of the putative
iron ligating residues. Changing the glutamate in the EXXH
motif of helix 2 abolished the characteristic EPR signal of an
AtAox [9], while changing the histidine or glutamate residues
in this motif or in the EXXH motif of helix 4 inactivated
trypanosome and/or Sauromatum guttatum Aox [6,14]. The
importance to enzyme activity of the strictly conserved gluta-
mate residue in helix 1 has not been experimentally tested.

The identity of the iron ligating glutamic acid residue in
helix 3 has been uncertain because of the presence of three
consecutive glutamate residues in the eukaryotic enzymes.
Changes to the N-terminal residue of the triplet in AtAox1a
eliminated the distinctive EPR signal [9], while changes to the
second or third residues in the trypanosome enzyme [6,15] or
the third residue in the S. guttatum enzyme [14,16] abolished
activity. These results may indicate that there is species spec-
i¢city in the employment of these residues in iron binding, or
perhaps the ability of the native ligand to interact with iron is
disrupted by particular changes at the other two positions.
The latter possibility is supported by the ¢nding that the Dic-
tyostelium discoideum Aox (accession BAB82989) and Pro-
chlorococcus Dox-like proteins lack the C-terminal glutamate
of the triplet, while the plant Ptox, and Nostoc and Synecho-
coccus Dox-like proteins lack all but the N-terminal glutamate
residue (Fig. 1A). The prokaryotic sequences, then, support
the suggestion that the more N-terminal glutamate residue of
the triplet is the natural iron ligand [8].

A ¢fth helical region lying between helices 2 and 3 of the
four helix bundle in eukaryotic Dox proteins [7,8] was also
found in the prokaryotic Dox-like sequences. Kyte^Doolittle
hydropathy analyses showed that this helical region and the
C-terminal half of helix 1 contained the most hydrophobic
domains of all Dox proteins [7], including the newly identi¢ed
prokaryotic proteins (data not shown). The position of the
hydrophobic helical regions alongside one another at one sur-
face of the four-helix bundle has led to the proposal that these
domains are responsible for the membrane-association of the
Dox proteins [7] (see Fig. 1B). Alternatively, the hydrophobic
domains may be involved in protein^protein interactions [7],
including those responsible for dimerization of land plant Aox
subunits [17].

Of the cyanobacterial Dox-like proteins, NoDox had the

6

Fig. 1. A: Alignment of Dox protein sequences. Deduced protein sequences with similarity to A. thaliana Aox proteins were identi¢ed using
the BLAST algorithm available at the National Center for Biotechnology Information web site (www.ncbi.nlm.nih.gov) to interrogate the non-
redundant protein sequence database. Extracted Dox sequences from Arabidopsis (AtAox1a, accession BAA22625 and AtPtox, accession
CAA06190), Novosphingobium aromaticivorans (NaDox, accession ZP_00095227), Synechococcus sp. WH8102 (SyDox, accession NP_896980),
Prochlorococcus marinus subsp. pastoris CCMP1378 (PmDox, accession NP_892455) and Nostoc sp. PCC7120 (NoDox, accession NP_486136)
were aligned using ClustalX v1.81 [23]. Residues that are identical (black background) or similar (gray background) in more than half of the
sequences in the ¢gure are highlighted. The four helical regions (bars) de¢ned by Andersson and Nordlund [7] are shown above the sequences.
The strictly conserved iron-ligating glutamate and histidine residues are indicated (arrowheads). The conserved central region of the alignment
used to construct Fig. 2 is bordered by arrows below the sequences. Numerals on the right indicate amino-acid residues in the corresponding
sequence. B: Schematic representations of the AtAox, PmDox and SyAox active site structures as proposed by Andersson and Nordlund [7]
and based on the diiron v

9 desaturase crystal structure (pdb: 1AFR). The numerals indicate the four helices (ribbons) involved in iron binding.
The sequences between helices 3 and 4 do not align with the v

9 desaturase sequence, are variable in length and are shown as unmodeled loops
for AtAox and SyDox. This segment is absent from the PmDox sequence. Iron atoms (spheres) are shown coordinated by the proposed active
site glutamic acid and histidine residues (lines). The protein molecules are partially embedded in a membrane (shaded) via a ¢fth helix (located
between helices 2 and 3) and the C-terminal half of helix 1.
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highest similarity to AtPtox (Figs. 1A and 2). The SyDox and
PmDox sequences align less well with AtPtox, with nine and
42 residue deletions relative to AtPtox, respectively, occurring
between helices 3 and 4. In the case of SyDox, the nine res-
idue deletion would not impinge on the integrity of helices 3
and 4 of the four-helix bundle, as the interhelical loop is still

longer than that in the mitochondrial Aox proteins. In con-
trast, the deletion in PmDox results in a substantial shorten-
ing of the distance between the iron ligating residues in helices
3 and 4 (Fig. 1), bringing these key amino acids 24 residues
closer together than they are in mitochondrial Aox proteins. It
is still plausible, however, that the remaining 26 amino acids
between the iron ligating residues allow PmDox to conform to
the four-helix bundle of the diiron binding structural motif
with shortened helices 3 and 4 (Fig. 1B), but experimentation
is needed to con¢rm this.

Several other key amino acids were conserved throughout
the Dox family, supporting the proposed relationship between
the prokaryotic and eukaryotic proteins. Residues thought to
be important for stabilizing the ligating histidines through
hydrogen bonding, N221 and D323 (all numbering corre-
sponds to AtAox1a, Fig. 1A), were strictly conserved through-
out the family. Residues Y258 and Y280 have been suggested
to be important to the catalytic mechanism of Aox, possibly
by acting as long-lived radicals at the diiron site [8]. It has
been demonstrated that Y280 is essential for S. guttatum
Aox1 activity [16]. Both Y258 and Y280 were strictly con-
served throughout the Dox family, with the exception of
Y258 in SyDox. However, in the latter enzyme, Y251 may
be in a position to substitute for Y258 because the aromatic
side chains of both residues would be on the same helical face,
although exactly two helical turns removed. In all Dox pro-
teins, the hydrophobic pocket surrounding Y280 [8], which
contains strictly conserved L182 and A276, along with hydro-
phobic residues at positions equivalent to A179, F229 and
V320, were conserved. Several positively charged residues
(R178, H198, R/K240) near the hydrophobic helices and pro-
posed to interact with the phosphate groups in the membrane
[8] were also strictly conserved among the Dox proteins.

All of the prokaryotic proteins were shorter than their eu-
karyotic counterparts, mostly due to N-terminal truncations
in the prokaryotic proteins prior to helix 1 (Fig. 1A). The lack
of N-terminal extensions in the prokaryotic proteins may be
due to di¡erences in the functional requirements of these en-
zymes. For example, nuclear-encoded eukaryotic Dox iso-
forms require N-terminal targeting signals to be directed to
and imported into the appropriate organelle. Sequences tar-
geting the prokaryotic proteins to the cell membrane are prob-
ably unnecessary, as illustrated by the ability of an N-termi-
nally truncated form of AtAox1a to insert into and form a
functional enzyme in E. coli membranes [18]. In this truncated
version of AtAox1a, only 12 of the original 62 amino acids of
the targeting sequence remained in the primary translation
product. However, in the truncated AtAox1a and other ma-
ture land plant and fungal Aox proteins, there are still close to
100 amino acids upstream of the beginning of the ¢rst diiron
binding helix. For the plant Aox, this N-terminal region func-
tions in the regulation of enzymatic activity through the
highly conserved residue C127 [19^21]. The prokaryotic en-
zymes are likely to lack the regulatory functions as they
lacked the region containing C127.

The ¢nding of homologs for nuclear-encoded Dox proteins
among the prokaryotes raises the intriguing possibility that
Aox and Ptox were acquired by eukaryotes as a by-product
of the endosymbiotic events that gave rise to mitochondria
and plastids. The phylogenetic relationships among the Dox
protein family were examined using maximum likelihood, par-
simony and distance methods. The analysis focused on the

Fig. 2. Phylogenetic analysis of Dox sequences. The central con-
served region of the Dox sequences aligned in Fig. 1A, correspond-
ing to residues 178 to 327 of Arabidopsis AtAox1a, from the species
indicated in the legend to Fig. 1A and from Aspergillus nidulans
(AnAox, AAN39883), Neurospora crassa (NcAox, accession
Q01355), Candida albicans (CaAox, accession AAF21993), Dictyo-
stelium discoideum (DdAox, accession BAB82989), P. anomala
(PaAox, accession S17517), T. brucei (TbAox, accession Q26710),
Chlamydomonas reinhardtii (CrAox, accession T07947), A. thaliana
(AtAox2, accession NP_201226) and Oryza sativa (OsPtox, accession
AAC35554) were aligned using Clustal X. The Arabidopsis fatty
acid v

9 desaturase sequence (AtFad, accession NP_197127.1) was
included as an outgroup. Maximum likelihood, parsimony and
distance matrix trees were constructed using the PHYLIP [24] algo-
rithms available through the Biomanager web site (biomanager.
angis.org.au). A: maximum likelihood tree that arose in 40 of 50
trees built. B: consensus parsimony and C: consensus distance
(neighbor joining) trees built from 1000 bootstrap replicates. Boot-
strap values 6 90% are shown on the relevant branches where
branch length is proportional to the bootstrap value.
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most highly conserved region of the Dox sequences (corre-
sponding to residues 178^327 in AtAox1a, Fig. 1A), and
was restricted by omitting all but representative land plant
and fungal Aox and land plant Ptox sequences. The Arabi-
dopsis fatty-acid v

9 desaturase sequence was included as a
distantly related outgroup. Each method produced a topolog-
ically similar tree, with the cyanobacterial Dox-like sequences
grouping with the plastid Ptox sequences and the K-proteo-
bacterial Dox-like sequence grouping with the mitochondrial
Aox sequences (Fig. 2). These strong phylogenetic a⁄nities,
coupled with the compelling cellular, biochemical and molec-
ular evidence supporting a cyanobacterial origin for plastids
and an K-proteobacterial origin for mitochondria [13],
strongly suggest that the Dox protein family arose in an an-
cestral prokaryote, radiated into both the cyanobacterial and
K-proteobacterial lineages and then on into the mitochondrial
and plastid lineages, respectively, as a result of the endosym-
biotic events that gave rise to the respective organelles.

All the trees generated from this small set of prokaryotic
sequences agreed that the cyanobacterial Dox-like sequences
were more deeply-rooted than the K-proteobacterial Dox-like
sequence (Fig. 2), suggesting that the latter was derived from
the former. Among the cyanobacterial sequences, NoDox al-
ways grouped closely to the land plant Ptox sequences, sup-
porting a monophyletic origin of the land plant Ptox sequen-
ces from the cyanobacterial ancestor of modern plastids. The
branching order of SyDox and PmDox was not clear from
this analysis. The maximum likelihood and distance trees in-
dicated that SyDox branched ¢rst from the Dox lineage, while
parsimony analysis placed this sequence either at the root of
the mitochondrial Aox branch (47% of trees) or at the root of
the NoDox/plastid Ptox branch (43% of trees). Bootstrap
analysis suggested that the parsimony tree (Fig. 2B) may be
a somewhat better re£ection of cyanobacterial Dox evolution
than the distance tree (Fig. 2C). Despite the uncertainty in the
exact branching among the cyanobacterial sequences, it is
clear that cyanobacterial Dox-like enzymes are ancestral to
both mitochondrial and plastid Dox enzymes.

All the tree building methods placed the K-proteobacterial
NaAox sequence in amongst the mitochondrial sequences,
topologically separated from the cyanobacterial sequences.
However, there was method-dependent variation in tree topol-
ogy within the mitochondrial Aox branch. The maximum like-
lihood tree for this branch (Fig. 2A) was supported by being
topologically most similar to trees derived using K- and L-
tubulin, actin and elongation factor 1K sequences (see [22]).
In the latter trees, the trypanosome sequences were deeply
rooted, with the fungal and land plant sequences diverging
to form the crown. The similarity between the maximum like-
lihood tree for Aox and trees built for other protein sequences
does not preclude other evolutionary scenarios for mitochon-
drial Aox proteins.

There are numerous possible explanations for the topolog-
ical separation of the K-proteobacterial and cyanobacterial
Dox-like sequences. For example, the K-proteobacterial and
cyanobacterial sequences may have diverged greatly since
their last common ancestor in the prokaryotic world. There
may also have been convergent, rather than divergent, evolu-
tion of some mitochondrial Aox and K-proteobacterial Dox-
like sequences since the divergence of these lineages, perhaps
due to evolutionary pressures and/or saturation of mutable
sites. Alternative scenarios, such as a higher evolutionary

rate for NaDox than for mitochondrial Aox sequences, or
horizontal acquisition of Aox by the K-proteobacterium are
also possible. A trivial explanation for the observed branching
is that the Aox sequence attributed to N. aromaticivorans is a
contaminant of the sequencing library. However, comparisons
of the GC content, GC distribution among codons and codon
usage between NaDox and other N. aromaticivorans genes
indicates this is unlikely (data not shown). The true evolu-
tionary history of the mitochondrial Aox sequences will
only be revealed through the analysis of more eukaryotic
and prokaryotic Dox sequences.

The apparent prokaryotic origin for Dox genes, followed by
radiation of the genes through the eukaryotic lineages as a
consequence of mitochondrial and plastid acquisition provides
an inclusive explanation for the widespread distribution of
extremely well-conserved mitochondrial Aox sequences in or-
ganisms as diverse as the trypanosomes, land plants, Chlamy-
domonas, Dictyostelium and fungi. A prokaryotic origin for
Dox would also suggest that the phylogenetically sporadic
distribution of Aox among the eukaryotes is most likely due
to the loss of the gene in those lineages that lack the enzyme,
including animals. Sporadic loss of Aox is supported by the
presence of characteristic Aox genes in the yeasts P. anomala
and Candida albicans [25,26], but the absence of an Aox gene
in the yeast Saccharomyces cerevisiae. Characteristic Aox
genes are also found in the kinetoplastid parasites T. brucei
and Phytomonas sp., but are apparently missing from the
closely related kinetoplastid parasites Leishmania spp. [27].
Finally, an Aox gene is present in the green alga Chlamydo-
monas reinhardtii, but apparently not in its colorless relative
Polytomella sp. [28]. Therefore, the often-cited lack of Aox in
the animal lineage could well be the result of gene loss from
an ancestral animal. However, whether all animal lineages
lack Aox is uncertain, as very few animals have been exam-
ined in su⁄cient detail and there are intriguing indications
that some primitive animals, such as worms, possess cya-
nide-resistant, salicylhydroxamic acid-sensitive respiration
reminiscent of Aox [29,30]. It remains to be determined
whether Ptox is as sporadically distributed as Aox. So far,
there has not been a well substantiated case for the lack of
Ptox in a photosynthetic eukaryote.

The cause of the irregular distribution of Aox among taxa
is unclear. There is wide experimental support that Aox pro-
vides metabolic £exibility to plants and fungi. The enzyme
provides the capacity for non-fermentative recycling of re-
duced pyrimidine nucleotides and continued £ow of carbon
through the TCA cycle under conditions where electron £ow
through the main cytochrome pathway is constricted (e.g.
during phosphate limitation or when ATP levels are high)
[31]. This outcome is taken to an extreme in T. brucei. The
blood-borne stage of the parasite lacks cytochrome pathway
activity and Aox provides the main path to oxygen for elec-
trons derived from metabolic reactions [27]. Another example
of divergent metabolisms is found among yeasts. Those hav-
ing alternative pathway activity do not have the ability to
ferment sugars aerobically. Conversely, those able to ferment
aerobically have no alternative pathway activity [32]. Either
aerobic fermentation or the alternative pathway accomplishes
the same goal of processing respiratory input that is in excess
of the cytochrome pathway capacity [32]. There is also strong
support for the view that Aox in plants and fungi attenuates
the formation of harmful reactive oxygen species by maintain-
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ing Q pool reduction levels within acceptable limits [31]. Or-
ganisms lacking Aox either do not require the protective or
metabolic £exibility a¡orded by the oxidase or have other
enzymes or pathways that provide that £exibility.

It has been hypothesized that the diiron carboxylate protein
family originated among anaerobic bacteria in an anoxic
world [33]. It has been further proposed that a primitive fam-
ily member evolved into an oxygen reductase able to scavenge
dioxygen during the transition from an anoxic to an oxic at-
mosphere, thus protecting the host organism from reactive
oxygen species generated by the reaction of dioxygen with
metal ions, metabolites and cellular macromolecules. The ac-
tivities of modern Aox and Ptox enzymes, then, are reminis-
cent of this ancestral enzyme. The ¢nding of prokaryotic Dox
genes now establishes a missing link between the eukaryotic
Aox and Ptox genes and the prokaryotic diiron carboxylate
protein genes, strengthening the phylogenetic relationships
that have been drawn from structural alignments [33]. Gomes
et al. [33] suggested that a prokaryotic rubrerythrin present in
an endosymbiont might have been ancestral to eukaryotic
Dox proteins, but the new sequence data analyzed here
show that prokaryotic Dox proteins, as a family, were most
likely already present before the endosymbiotic events that
gave rise to chloroplasts and mitochondria occurred. While
it is not yet known whether the prokaryotic Dox enzymes
are oxygen reductases, the identi¢cation of their genes opens
a potentially pro¢table research area that may provide a
greater understanding of the evolution of diiron carboxylate
proteins and the role of Dox enzymes in cellular metabolism.
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