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Abstract Alternative oxidases (AOXs) are mitochondrial

cyanide-resistant membrane-bound metallo-proteins cat-

alyzing the oxidation of ubiquinol and the reduction of

oxygen to water bypassing two sites of proton pumping, thus

dissipating a major part of redox energy into heat. Here, the

structure ofArabidopsis thalianaAOX1Ahas beenmodeled

using the crystal structure of Trypanosoma brucei AOX as a

template. Analysis of this model and multiple sequence

alignment ofmembers of the AOX family from all kingdoms

of Life indicate that AOXs display a high degree of conser-

vation of the catalytic core,which is formed by a four-a-helix
bundle, hosting the di-iron catalytic site, and is flanked by

two additional a-helices anchoring the protein to the mem-

brane. Plant AOXs display a peculiar covalent dimerization

mode due to the conservation in the N-terminal region of a

Cys residue forming the inter-monomer disulfide bond. The

multiple sequence alignment has also been used to infer a

phylogenetic tree of AOXs whose analysis shows a

polyphyletic origin for the AOXs found in Fungi and a

monophyletic origin of the AOXs of Eubacteria, Mycetozoa,

Euglenozoa, Metazoa, and Land Plants. This suggests that

AOXs evolved from a common ancestral protein in each of

these kingdoms. Within the Plant AOX clade, the AOXs of

monocotyledon plants form two distinct clades which have

unresolved relationships relative to the monophyletic clade

of the AOXs of dicotyledonous plants. This reflects the

sequence divergence of the N-terminal region, probably due

to a low selective pressure for sequence conservation linked

to the covalent homo-dimerization mode.
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Abbreviations

D9 Desaturase

Stearoyl Acyl carrier desaturase

AOX Alternative oxidase

ML Maximum Likelihood

MMO Methane–monooxygenase

RNR R2 subunit from ribonucleotide reductase

ROS Reactive oxygen species

TAO Trypanosomal alternative oxidase

AtAOX Arabidopsis thaliana AOX 1A

Introduction

Alternative oxidases (AOXs) are mitochondrial cyanide—

insensitive membrane-bound proteins involved in redox

reactions. These metallo-proteins, recalling the structural

organization of members of the ‘‘ferritin’’ family, display a
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four-a-helix bundle, a common structural element for

binuclear metal centers. In general, the two iron atoms are

ligated by four conserved Glu or Asp residues and two His

side chains, which form two universally conserved Glu–X–

X–His motifs (Siedow et al. 1995; Berthold et al. 2000;

McDonald 2008; Albury et al. 2009; Moore et al. 2013;

Neimanis et al. 2013).

AOX branches from the cytochrome pathway and cat-

alyzes the oxidation of ubiquinol and the four-electron

reduction of oxygen to water. In contrast to cytochrome

c oxidase, the main mitochondrial terminal oxidase, AOX

does not pump protons. Bypassing two sites of proton

pumping, at complexes III and IV, AOX activity dissipates

a major part of the redox energy into heat and thus results

in a lower synthesis of ATP (Vanlerberghe and McIntosh

1997; Berthold et al. 2000; Millenaar and Lambers 2003;

McDonald and Vanlerberghe 2004; Rasmusson et al. 2008;

McDonald et al. 2009; Moore et al. 2013; Vishwakarma

et al. 2014).

Although AOX is an ubiquitous enzyme within the Plant

kingdom, it is also found inmany other Eukaryote kingdoms,

including fungi, protists, and few animal species, as well as

Bacteria but not Archaea (Chaudhuri and Hill 1996; Van

Hellemond et al. 1998; Ajayi et al. 2002; Stenmark and

Nordlund 2003; Veiga et al. 2003; Roberts et al. 2004;

Stechmann et al. 2008; Albury et al. 2009; McDonald et al.

2009). AOX is encoded by a small gene family, consisting of

two distinct subfamilies termed AOX1 and AOX2. In the

model plant Arabidopsis thaliana, AOX is encoded by five

genes, namely AOX1a, AOX1b, AOX1c, AOX1d, and AOX2

(Supplementary Fig. 1) (Clifton et al. 2006). The expression

of AOX is primarily induced when the mitochondrial res-

piration is impaired. Moreover, the expression of AOX

gene(s) is tissue-specific and evolutionarily regulated

(Thirkettle-Watts et al. 2003). AOX seems to play a role in

controlling the levels of reactive oxygen species (ROS)

generated by the respiratory chain (Purvis and Shewfelt

1993). In fact, AOX could act to reduce ROS generation and

could prevent the over-reduction of the ubiquinone pool, not

only in plants but also in fungi and lower invertebrates

(Maxwell et al. 1999; Parsons et al. 1999; McDonald et al.

2009; Van Aken et al. 2009; Li et al. 2011). Then, the

functions of AOX include thermogenesis, stress tolerance,

and the maintenance of mitochondrial and cellular home-

ostasis (Finnegan et al. 2004; Vanlerberghe 2013).

Two plant AOX molecular models have been built

(Umbach and Siedow 1993; Moore et al. 1995; Siedow

et al. 1995; Andersson and Nordlund 1999; Berthold et al.

2000) and the crystal structure of the Trypanosoma brucei

AOX (TAO) has been solved (Shiba et al. 2013). However,

the plant AOX molecular models are conflicting.

In the first model published in 1995, AOX was postu-

lated to show a covalent homo-dimeric assembly through

the occurrence of a disulfide bridge, each monomer dis-

playing a hydroxo-bridged di-iron center residing within a

four-a-helix bundle. The two di-iron binding Glu–X–X–

His motifs were predicted to be located on the first and

fourth a-helix of the bundle. Moreover, it was proposed

that AOX is anchored to the mitochondrial membrane by

two transmembrane a-helices (Umbach and Siedow 1993;

Moore et al. 1995; Siedow et al. 1995). The second model

published in 1999 predicted a different length of the a-
helices and postulated that the Glu–X–X–His motifs

involved in di-iron binding were located on the second and

the fourth a-helix of the bundle. A putative membrane-

binding motif formed by two short hydrophobic helices,

which would insert in a single leaflet of the lipid bilayer,

was also proposed (Andersson and Nordlund 1999; Bert-

hold et al. 2000).

Very recently, the crystal structure of the Trypanosoma

brucei alternative oxidase (TAO) has been solved (Shiba

et al. 2013). The catalytic center is formed by two His

residues, each coordinating one iron atom on the same side

of the bi-metal cluster, two Glu residues connecting the

two ferric ions, and two additional Glu residues each

coordinating one iron ion. In addition to the di-iron active

site, TAO contains a hydrophobic cavity for ubiquinol

binding. TAO is a non-covalent homo-dimer, the N-ter-

minal region of each monomer being pivotal for assembly

in a domain-swapping fashion (Shiba et al. 2013).

The availability of the TAO crystal structure provides

for the first time the opportunity to analyze the structural

details of AOXs from different organisms through

homology modeling. In addition, structural phylogenomic

analyses can provide important insights into AOX function

and molecular evolution. Here, the structural model of

Arabidopsis thaliana AOX 1A (AtAOX), built by a com-

bination of ab initio/threading strategy is reported. Fur-

thermore, in order to put the available structural

information in an evolutionary context, 111 protein

sequences homologous to A. thaliana AOX 1A were col-

lected and assembled in a multiple amino acid sequence

alignment. This allowed to map the conservation of resi-

dues essential for AOXs structure and function along the

evolutionary ladder and to infer a phylogenetic framework

for the structural evolution of AOXs.

Results and Discussion

The Three-Dimensional Model of AOX 1A

Plant AOXs contain a mitochondrial targeting pre-se-

quence (residues 1–62), which is cleaved after transloca-

tion of the protein on the mitochondrial membrane

(Tanudji et al. 1999). We thus removed the first 62 residues
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of the AtAOX amino acid sequence and used the mature

sequence to build the structural model shown in Fig. 1.

Analysis of the model shows that the catalytic core of

AtAOX is formed by a four-a-helix bundle. As expected,

likewise TAO, the AtAOX active site is located in a

hydrophobic cavity and contains four strictly conserved

Glu residues at positions 183, 222, 273, and 324, which

coordinate the two iron atoms. The stability of the di-iron

center is also due to the presence of two strictly conserved

His residues at positions 225 and 327 (Fig. 2). All these

conserved residues form the two Glu–X–X–His motifs (i.e.,

Glu222–X–X–His225 and Glu324–X–X–His327), located

on the second and the fourth helix of the four a-helix

bundle, as previously predicted (Andersson and Nordlund

1999). The two His residues are too far away from the di-

iron center to coordinate the two metal ions, but they form

hydrogen bonds with Glu183, Glu222, Glu273, and with

Asn221, another conserved residue within the catalytic

center (Moore et al. 2013; Shiba et al. 2013). Like in TAO,

Asn221 forms a hydrogen bond network with conserved

residues Tyr304 and Asp323 (Shiba et al. 2013). In TAO, a

second putative hydrophobic cavity connects the di-iron

active site with a single leaflet of the lipid bilayer facing

the mitochondrial matrix (Shiba et al. 2013). This groove is

present also in the AtAOX model, being formed by the

highly conserved residues Arg164, Asp168, Arg178,

Ala186, Leu182, Leu272, Glu183, Glu275, and Ala276.

Moreover, three Tyr residues, pivotal in TAO ubiquinol

binding and catalysis (Shiba et al. 2013), are also con-

served in AtAOX as Tyr258, Tyr280, and Tyr304. As in

TAO, a fourth tyrosine residue, Tyr271, is present in

AtAOX. However, this Tyr residue is not strictly conserved

across all AOXs sequences (see below; Shiba et al. 2013).

Plant AOXs have been reported to be covalent homo-

dimers (Umbach and Siedow 1993; Umbach et al. 1994);

accordingly, the N-terminal arm of AtAOX appears to be

involved in a disulfide bond-mediated homo-dimeric

assembly. Indeed, the modeled N-terminal region of

AtAOX contains highly conserved amino acid residues

(Met191, Met195, His198, Ser201, Leu202, Arg203,

Leu216, Arg223, Leu226, Arg240, and Gln247), which in

Fig. 1 Schematic representation of a the three-dimensional structure

of the TAO dimer (PDB code 3VV9; [36]) and b of the molecular

model of the A. thaliana AOX 1A dimer. Iron atoms are represented

by orange spheres (Color figure online)

Fig. 2 Structural details of the AOXs catalytic center. a TAO di-iron

center. b A. thaliana AOX 1A di-iron center. Iron atoms are

represented by orange spheres (Color figure online)
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TAO mediate the monomer–monomer contacts (Shiba

et al. 2013). Interestingly, in the AtAOX dimer model

Cys127 of each monomer is perfectly positioned to form a

disulfide bond, despite the non-covalent assembly of the

template TAO structure (see below). This residue is con-

served in all plant AOXs and together with a second con-

served cysteine, Cys177 in AtAOX, it is well known to

play a role in the post-translational regulation of AOX

activity (Polidoros et al. 2009; Moore et al. 2013; Neimanis

et al. 2013).

The N-terminal 31 residues of AtAOX (residues 63–93)

are missing from the structural model as the corresponding

region of TAO is unstructured and not resolved in the

crystal structure of the latter protein. Therefore, to get

insight into the structure and function of this region,

structure prediction was carried out using two alternative

ab initio protein structure prediction programs (Rosetta

ab initio and QUARK; Kim et al. 2004; Xu and Zhang

2012). In both cases, the N-terminal 31 residues of AtAOX

are predicted to form a single a-helix displaying an amphi-

ionic character with four lysine residues lining one side of

the helix (Supplementary Fig. 2). Therefore, this helix

could contribute to stabilize the interaction of AtAOX with

the mitochondrial membrane through interaction with the

negatively charged phosphate groups of phospholipids.

In order to put the structural information derived from

the TAO three-dimensional structure and the AtAOX

molecular model in an evolutionary context, protein

sequences homologous to A. thaliana AOX 1A were col-

lected by exhaustive BLASTP searches and assembled in a

multiple amino acid sequence alignment (see below). The

retrieved AOXs protein sequences dataset contained 111

homologous protein sequences from 37 Land Plants, three

Rhodophyta, 27 Fungi, three Metazoa, four Euglenozoa,

five Stramenopiles, one Alveolate, two Mycetozoa, one

Heterolobosea, and 28 Eubacteria (see Supplementary

Materials Table 1 for details). The AtAOX molecular

model was then used to map the conservation of residues

essential for AOXs structure and function (Moore et al.

2013) along the evolutionary ladder (Fig. 3). Panel A of

Fig. 3 shows the location of the three strictly conserved Tyr

residues (Tyr258, Tyr280, Tyr304), plus that of a fourth,

almost strictly conserved tyrosine residue (Tyr271). Given

the proximity to the iron cluster, Tyr280 (Tyr220 in TAO)

is the most likely candidate for the amino acid radical

involved in catalysis, while Tyr304 (Tyr246 in TAO)

supports the hydrogen bonding network which stabilizes

the iron cluster ligands (Moore et al. 2013). The strict

conservation of Tyr258 (Tyr198 in TAO) is less straight-

forward to explain. However, both in TAO three-dimen-

sional structure and in AtAOX structural model, this Tyr

residue forms a hydrogen bond with a His residue (His206

in TAO, His266 in AtAOX) which links helices a5 and a6

and contributes to shape the cavity that connects the active

site to the inner leaflet of the membrane. The almost strict

conservation of Tyr271 (Tyr211 in TAO) is apparently

linked to his role in dictating the conformation of the N-

terminal region which folds back onto the protein helical

core. In fact, Tyr271 links helix a4 to the unstructured N-

terminal region via an hydrogen bond with the protein

backbone. Interestingly, in our dataset, the only substitu-

tions of Tyr 271 observed are with a His (in Ceriporiopsis

subvermispora, Sphaerulina musiva, Zymoseptoria tritici,

and Nannochloropsis gaditana) and a Cys (in Dacryopinax

Fig. 3 Conservation of residues important for the structure/function

of AOXs mapped onto the AtAOX structural model. a Active site

cavity. b Second hydrophobic cavity. Strictly conserved residues are

colored in blue, residues not strictly conserved in red. Residues

forming the catalytic site, shown as a reference, are colored by atom

type (Color figure online)
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sp.), residues which retain the hydrogen bonding

capability.

Panel B of Fig. 3 shows the residues essential for AOXs

structure and function which build up the second

hydrophobic cavity observed in the vicinity of the AOX

active site (Moore et al. 2013). All the residues are con-

served or conservatively substituted. In particular, the three

hydrophobic residues closest to the iron cluster (Leu182,

Ala186 and Ala276; Leu122, Ala126 and Ala216 in TAO,

respectively) are strictly conserved in all the dataset

members. Leu272 (Leu212 in TAO) is conservatively

substituted by a Phe residue in 20 bacterial AOX sequen-

ces, while Glu275 (Glu215 in TAO) conservative substi-

tution into Gln is observed only in Acidovorax sp.

(Bacteria) and Angomonas deanei (Trypanosomatidae).

Interestingly, Asp168 and Arg178 (Asp100 and Arg118 in

TAO), which participate to an extensive hydrogen bonding

network centered around the strictly conserved Arg164

(Arg96 in TAO) and involving also Glu275, are substituted

into residues able to preserve the above-mentioned network

of electrostatic interactions. In fact, Asp168 is substituted

by a His in Naegleria gruberi and in Chondrus crispus, and

by an Asn in Dictyostelium purpureum and Polyspho-

ndylium pallidum (Eukarya), while Arg178 is substituted

by a His in Naegleria gruberi and Chondrus crispus, and

by a Tyr in Dictyostelium purpureum and Polysphondylium

pallidum. Thus, the Asp168–Arg178 interaction becomes a

His–His interaction in Naegleria gruberi and in Chondrus

crispus, and an Asn–Tyr interaction in Dictyostelium pur-

pureum and Polysphondylium pallidum.

Phylogenesis and Molecular Evolution of AOXs

The full-length alignment of the AOXs protein sequences

forming our dataset includes 556 or 585 positions (de-

pending on the alignment algorithm), of which 222 posi-

tions are included in the catalytic site alignment. The

alignment trimmed by poorly aligned positions with the

Gblock analysis was 225 in length and was identical to the

catalytic site alignment plus three additional residues at its

C-terminus. Therefore, while the catalytic residues show a

high degree of conservation across the taxa analyzed, the

remaining region of the AOX protein proves difficult to

align as a consequence of the high evolutionary rate both in

terms of amino acid substitutions and insertions or dele-

tions. These poorly aligned regions had no impact on the

phylogenetic reconstruction as their removal produced a

phylogenetic tree which has identical supported nodes to

that based on the full alignment (Figs. 4, 5). Moreover,

phylogenetic reconstructions were consistent irrespective

of the algorithm used to build multiple sequence align-

ments and of the number of seeds used during tree searches

(Supplementary Fig. 3).

The inferred Maximum Likelihood (ML) trees show that

AOXs of Eubacteria, Land Plants, Metazoa, Mycetozoa,

and Euglenozoa form five derived and monophyletic clades

with high bootstrap support (BS[ 79; Fig. 4). Thus, the

main isoform of AOX in each of these organism groups

likely evolved from the ancestral AOX carried by their

common ancestor. This result is in good agreement with

the phylogenetic analysis of Suzuki et al. (2005). Com-

pared to this latter study, our phylogeny includes an

extended sampling of AOXs across both the bacterial and

eukaryote domains, thus uncovering additional phyloge-

netic relationships and clades, especially within Eubacteria,

Land plants, and Fungi. In the Fungi kingdom, at least two

independent AOX lineages are present. One lineage

includes the reciprocally monophyletic AOX clades of

Ascomycota and Basidiomycota, the other one including

the monophyletic AOX clades of Zygomycota, Chytrid-

iomycota, and Microsporidia (Fig. 4). However, the sup-

port for these two main lineages is not very strong in the

ML trees (Figs. 4, 5). Previous studies supported the

monophyly of Ascomycota, Basidiomycota, and Micro-

sporidia AOX clades (Williams et al. 2010; Sun et al.

2007), but with no support for their sister relationships

(Williams et al. 2010). Thus, the possibility that the AOX

variants of each of these Fungi phyla may have had an

independent origin cannot be ruled out. Within Stra-

menopiles, AOXs of Oomycota and Phaeophytes form two

monophyletic groups (BS[ 84; Figs. 4, 5) with poorly

resolved phylogenetic relationships.

Although the AOX lineages corresponding to Eubacteria

and most Eukaryote kingdoms and phyla are well sup-

ported, their relationships are poorly resolved. By applying

a midpoint rooting, we observed two main clusters in the

ML trees, one containing AOXs of Ascomycota and

Basidiomycota Fungi, Metazoa, Euglenozoa, Stra-

menopiles, and Alveolata, and the other including AOXs of

Eubacteria, Land Plants, Rhodophyta, Mycetozoa,

Heterolobosea, and Zygomycota, Microsporidia, and

Chytridiomycota Fungi (Figs. 4, 5). An interesting rela-

tionship is found between Florideophyceae red algae and

Land Plants AOXs suggesting a common ancestral AOX

for Archaeoplastida. However, the lack of support for this

node and other basal nodes in the ML trees prevents clear-

cut conclusions about the phylogenetic relationships

among the main AOX lineages.

AOX, initially considered to be limited to plant species,

is expressed in all kingdoms, except Archaebacteria

(McDonald et al. 2009). Besides, since 1971, cyanide-tol-

erant O2 consumption has been reported in animal mito-

chondria (Hall et al. 1971). AOX was found for the first

time in animals which belong to the phyla Mollusca,

Nematoda, and Chordata (McDonald and Vanlerberghe

2004), but the taxonomic distribution in this kingdom is

J Mol Evol (2016) 82:207–218 211
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Fig. 4 Maximum likelihood (ML) phylogenetic tree based on the

full-length sequence of AOX proteins from member of Eubacteria and

Eukaryote kingdoms. Multiple sequence alignment was calculated

using Clustal W. The ML tree search implemented the LG ? G ? I

substitution model selected by ProtTest under the AIC criterion.

Bootstrap values over 100 replicates are reported in correspondence

to the nodes
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Fig. 5 Maximum likelihood (ML) phylogenetic tree based on the

catalytic core sequence of AOX proteins from member of Eubacteria

and Eukaryotes kingdoms. Multiple sequence alignment was calcu-

lated using Clustal W. The ML tree search implemented the LG ? G

substitution model selected by ProtTest under the AIC criterion.

Bootstrap values over 100 replicates are reported in correspondence

to the nodes

J Mol Evol (2016) 82:207–218 213
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broad. The phylogenetic analysis in this work evidenced

the presence of a Metazoa monophyletic clade grouping

marine benthic organisms, i.e., Crassostrea gigas, Aplysia

californica, and Strongylocentrotus purpuratus. The pres-

ence of AOX in these species is probably related to the fact

that marine organisms may be confronted with rapidly

varying oxygen concentrations, hypoxic conditions, and

increase of hydrogen sulfide concentration (Turrens 2003;

Abele et al. 2007; Sussarellu et al. 2013). Interestingly,

Eubacteria AOXs identified in this study all come from

Fig. 6 Sequence and structural

features of land plant AOXs N-

terminal region. a Multiple

amino acid sequence alignment

of the 94–128 region of Land

Plants AOXs (numbering refers

to A. thaliana AOX). The

position of the conserved Cys

residue involved in the covalent

homo-dimer formation (Cys127

in A. thaliana AOX) is indicated

by the black star on top of the

alignment. Eudicots, Araceae,

and Poaceae sequence blocks

are indicated by the letters E, A,

and P on the right side of the

alignment. For clarity, the

Araceae and Poaceae sequence

blocks are enclosed in a semi-

transparent green and yellow

rectangle, respectively.

b Schematic representation of

the structural model of the A.

thaliana AOX homo-dimer. The

94–127 regions of each

monomer, mediating monomer–

monomer interactions, are

highlighted by a green border.

Cys127 residue of each

monomer, mediating covalent

dimer formation through a

disulfide bridge, is represented

in spacefill and colored in

yellow. Plant AOXs sequence

identity is mapped onto the

backbone by coloring from red

(high sequence conservation) to

blue (low sequence

conservation). Yellow circles

highlight the low sequence

conservation regions

corresponding to the N-terminal

segment and contacting regions

(Color figure online)
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sea-water bacterial species in which AOX likely exerts a

protective role toward oxidative stress and hydrogen sul-

fide-mediated inhibition of cytochrome c oxidase.

In the Fungi kingdom, the two AOX clades of

Ascomycota and Basidiomycota include species which are

mammalian parasites and plant pathogens (e.g., Arthro-

derma otae and Sphaerulina musiva); in Fungi, one of the

putative roles of AOX is to decrease ROS generation

(Yukioka et al. 1998; Li et al. 2011). Moreover, in these

pathogens, AOXs may have evolved as a defense against

the host toxic metabolites, such as carbon monoxide, nitric

oxide, cyanide, and hydrogen sulfide that inhibit cyto-

chrome c oxidase (Cooper and Brown 2008).

The AOX lineage of Land Plants is structured in three

monophyletic clusters with AOXs of the Poaceae Monocots

either lying outside a clade comprising AOXs of Araceae

Monocots and Eudicots (Figs. 4, 5, and Supplementary

Fig. 3A) or in a sister relationship with the AOXs clade of

Araceae Monocots (Supplementary Fig. 3B). The support

for two distinct clades of Monocots AOXs is high in all the

ML trees either based on the full sequence or on the catalytic

residues (Figs. 4, 5, Supplementary Figs. 3A, B). In order to

analyze in a deeper detail the differences between these two

clades, a multiple sequence alignment of full-length AOX

proteins from Land Plants was constructed (Fig. 6). This

analysis shows that AOXs of Poaceae possess a character-

istic portion of the N-terminal sequence which differs from

the corresponding region of the other Land Plants.

The inter-monomers disulfide bond mediating covalent

dimerization (see above) is shared by all three Land Plants

clades as demonstrated by analysis of the structural models

built for two representative species of Araceae and Poa-

ceae, Arum maculatum and Zea mays, respectively (not

shown). This result provides some clues for the divergence

of the N-terminal sequence of Poaceae with respect to

Araceae and Eudicots. In fact, the covalent nature of the

plant AOXs homo-dimer likely releases the selective

pressure for sequence conservation of the N-terminal

region of plant AOXs, leading to the accumulation of

mutations in the relatively recent Poaceae group. This is

not limited to the N-terminal region involved in the

domain-swapping interactions but involves also positions

in the catalytic core region that are involved in monomer–

monomer contacts (Fig. 6). This finding is in agreement

with the separation of Araceae and Poaceae also in the

phylogenetic trees based on the multiple sequence align-

ment of the catalytic site region (Fig. 5, and Supplementary

Fig. 3A). An alternative explanation is that, despite the

conservation of the disulfide bond, Poaceae may have

developed a different pattern of interactions mediated by

the N-terminal region with respect to the other Land Plants

for a different requirement of physiological regulation. In

fact, AOX activity depends on the redox state of the

disulfide bridge, with the reduced form being significantly

more active than the oxidized form (Umbach et al. 1994;

Rhoads et al. 1998). Indeed, in the Poaceae present in our

dataset, a specific regulation of AOX activity may be

related to the peculiar physiology acquired during their

evolution from primitive grasses, living near forest mar-

gins, to plants growing in open dry habitats and resisting to

drought and other environmental stress (Kellogg 2001).

Conclusion

The recent availability of the crystal structure of TAO

(Shiba et al. 2013) has allowed for the first time to analyze

the structural details of Plant AOXs through molecular

modeling of A. thaliana AOX 1A. Furthermore, the inte-

gration of structure prediction with the analyses of amino

acid sequences of AOXs from all kingdoms of Life (except

Archaea, which do not encode AOXs) allowed to identify

conserved elements of AOXs and to infer a phylogenetic

tree for the molecular evolution of this protein family.

A very high degree of conservation of the catalytic core

of AOXs has been observed, with main differences

restricted to the highly variable N-terminal region and

contacting residues involved in the homo-dimer formation.

In this regard, it is worthwhile to mention the peculiar

covalent homo-dimerization mode of Plant AOXs due to

the conservation of a cysteine residue which participates to

the formation of the intermolecular disulfide bond.

Phylogenetic relationships of AOXs suggest that AOXs

proteins have a monophyletic origin in most Eukaryotes

kingdoms and in Eubacteria, while AOXs of Fungi seems

to have had an independent origin in most phyla. Within

plants, AOXs of monocotyledons form two distinct clades

with Poaceae AOXs showing loose sequence conservation

in the N-terminal region and in positions of the catalytic

core region involved in monomer–monomer contacts

(Fig. 5). This may be due to the fact that the covalent

nature of the plant AOXs homo-dimer releases the selec-

tive pressure for sequence conservation or rather to struc-

tural requirements for physiological regulation related to

environmental stress, evolved during evolution of Poaceae

in dry open habitats.

Methods

Structural Model and Amino Acid Sequence

Searches

The A. thaliana AOX 1A, the Arum maculatum AOX 1B,

and the Zea mays AOX 1 amino acid sequences were

obtained from the National Center for Biotechnology
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Information (NCBI) website (http://www.ncbi.nlm.nih.

gov/). These sequences were used to build the corre-

sponding structural models using I-TASSER (Roy et al.

2010) (http://zhanglab.ccmb.med.umich.edu/). The UCSF

Chimera program (Pettersen et al. 2004) was used to ana-

lyze the structural models and to compare them with the

three-dimensional structure of TAO (PDB code 3VV9)

(Shiba et al. 2013).

The structural model of the N-terminal 31 residues of

AtAOX (residues 63–93) were modeled using the ab initio

protein structure prediction programs Rosetta ab initio and

QUARK (Kim et al. 2004; Xu and Zhang 2012). Electro-

static potential calculations have been carried out using

Swiss PDB viewer (Guex and Peitsch 1997).

Amino acid sequences from the different taxa were

obtained using theA. thalianaAOX1A amino acid sequence

as a bait in BLASTP (Altschul et al. 1997) searches. Searches

were carried out in the NCBI non-redundant amino acid

sequences (NR) database using an E-value threshold of

1 9 10-10. The searches were conducted with a maximum

target of 50 aligned sequences. Besides, subsets of the NR

database were used to retrieve AOX sequences from specific

taxa: Bacteria (taxid:2), Trypanosomatidae (taxid:5654),

Fungi (taxid:4751), Monocotyledoneae (taxid:4447),

Dicotyledoneae (taxid:71240), as well as non-Plant and non-

Fungi Eukarya (taxid:2759).

Phylogenetic Analyses

Phylogenetic analyses were conducted using the Maximum

Likelihood (ML) method. Since multiple sequences align-

ment and tree search parameters have a great impact in

phylogenetic reconstructions, we tested for consistency of

phylogenetic reconstructions based on different datasets,

alignment algorithms, and starting trees.

First, to assess whether highly variable regions in the

alignment introduced noise in the phylogenetic recon-

struction, we built three distinct amino acid sequence

alignments using Clustal W 2.0.1 (Thompson et al. 1994).

A first alignment included the entire length sequences of

AOXs (full-length alignment); then the full-length align-

ment was trimmed by (1) removing poorly aligned posi-

tions (conserved alignment) with the software Gblocks

0.91b (Castresana 2000) using a relaxed selection of blocks

(Talavera and Castresana 2007), and (2) selecting only the

portion of the alignment corresponding to the catalytic site

(catalytic site alignment). These trimmed alignments

resulted identical for 99 % of the positions (see ‘‘Results’’

section), therefore downstream analyses were performed

only on the full-length alignment and on the catalytic site

alignment. Second, we performed multiple sequence

alignment of the full-length and catalytic site datasets using

Clustal Omega 1.2.1 (Sievers et al. 2011), which has a

similar performance to that of high-quality aligners on

small datasets, while it outperforms most packages, in

terms of execution time and quality, on large datasets.

The Pairwise Homoplasy Index (PHI) test, implemented

in SPLITSTREE v. 4 (Huson and Bryant 2006), did not

find statistically significant evidence for recombination in

our alignments (p[ 0.05). For each of the four alignments,

the fitness among 112 models of protein evolution was

estimated trough PhyML 3.0 (Le and Gascuel 2008) by

ProtTest 2.0 (Abascal et al. 2005) and the optimal model

was selected under the corrected Akaike Information Cri-

terion (Akaike 1974). The LG model (Le and Gascuel

2008) with gamma distributed rates across site (?G) and a

proportion of invariant sites (?I) was selected for the full-

length alignments and the LG ? G model for the catalytic

site alignments (with the observed amino acid frequencies

(?F) for the alignment based on Clustal W).

ML tree searches were performed via PhyML using the

model selected by ProtTest, the best swapping strategy

between the Nearest Neighbor Interchanges (NNI) and the

Subtree Pruning and Regrafting (SPR), with either a single

starting tree or multiple (100) random starting trees. Nodes

support for the resulting phylogenetic tree was evaluated

by 100 bootstrap replications in single starting-tree sear-

ches and by Shimodaria–Hasegawa approximate likelihood

ratio tests of bipartition support (SH-aLRT) (Guindon et al.

2010) for multiple-seed searches. Phylogenetic analyses

were carried out in the PALM integrated framework for

phylogenetic reconstruction with automatic likelihood

model selectors (Chen et al. 2009) and in the Lifeportal

computational resource (https://lifeportal.uio.no).

Phylogenetic analyses based on different multiple

sequence alignment algorithms and with single- or multi-

ple-seed searches gave identical results in terms of sup-

ported nodes; therefore we discuss in detail trees based on

the PALM pipeline using Clustal W alignment algorithm,

single starting tree, and 100 bootstrap replicates (Figs. 3, 4)

and we provide in Supplementary Fig. 3, the trees calcu-

lated in the Lifeportal, based on Clustal Omega, 100

starting tree, and SH-aLRT test of support.
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