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Abstract The alternative oxidase is found in the inner
mitochondrial membranes of plants and some fungi and protists.
A monoclonal antibody raised against the alternative oxidase
from the aroid lily Sauromatum guttatum has been used
extensively to detect the enzyme in these organisms. Using an
immunoblotting strategy, the antibody binding site has been
localised to the sequence RADEAHHRDVNH within the
soybean alternative oxidase 2 protein. Examination of sequence
variants showed that A2 and residues C-terminal to H7 are
required for recognition by the monoclonal antibody raised
against the alternative oxidase. The recognition sequence is
highly conserved among all alternative oxidase proteins and is
absolutely conserved in 12 of 14 higher plant sequences,
suggesting that this antibody will continue to be extremely
useful in studying the expression and synthesis of the alternative
oxidase.
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1. Introduction

The alternative oxidase (AOX) is a quinol oxidase located
in the inner mitochondrial membrane of plants, some fungi
and a range of protists [1,2]. The enzyme has been studied
most intensively in plants, where activity levels are quite var-
iable among species [3] and also between the tissues within a
species [4,5]. The enzyme activity is by far highest during
thermogenesis in the £ower spadices of aroid lilies, such as
Sauromatum guttatum and Arum italicum, but is also found in
non-aroid species, where it may have a role in preventing
oxidative stress [6,7]. The AOX activity in various plant tis-
sues can be induced by a number of stress conditions, includ-
ing chilling [8,9], inhibition of the cytochrome pathway of
electron transport [10,11], herbicide treatment [12], the inhib-
ition of macromolecule synthesis [13^15] and the presence of
reactive oxygen species [10,16]. Induction of AOX activity is
directly associated with an increase in the AOX protein abun-
dance, which in turn typically correlates with an increase in
the steady state amount of the corresponding transcripts
[10,12,17], suggesting the involvement of gene activation.

In plants, multigene families encoding AOX are common,
although AOX may be encoded by a single gene in yeasts and
protists [1,18]. For example, in soybean, three AOX genes
have been identi¢ed [19], two have been identi¢ed in tobacco

[19], rice [20] and tomato (R.C. Holtzap¡el, P.M. Finnegan
and D.A. Day, unpublished results) and four genes have been
found in Arabidopsis [21]. Multiple immunoreactive AOX pro-
tein bands, suggesting the presence of an AOX multigene
family, have been seen on immunoblots of mitochondrial pro-
teins from numerous non-thermogenic plants, including wheat
[15], potato [22], mango [23] and siratro [24], as well as ther-
mogenic species, such as S. guttatum, A. italicum and Symplo-
carpus foetidus [3].

AOX has been studied in some detail in the protozoan
parasite Trypanosoma brucei [25]. Recently, AOX has been
detected in a range of other protists, many of them medically
important parasites, including Plasmodium falciparum [26,27].
The insensitivity of AOX to nitric oxide (NO) has led to the
hypothesis that the function of the oxidase in these parasites
may be to avoid detection by the immune system [28].

The abundance of AOX protein has typically been esti-
mated by immunoblotting mitochondrial proteins with the
monoclonal antibody against AOX (AOA). This antibody
was raised against the thermogenesis-induced AOX of S. gut-
tatum £ower spadices [3] and recognises AOX subunits from a
wide range of species. It detects one or more mitochondrial
proteins of 30^35 kDa on immunoblots from nearly all plant
tissues that have been examined and also recognises a mito-
chondrial protein in all fungi and protists which have AOX
activity. Often, however, the number of protein bands seen on
immunoblots does not re£ect the number of AOX genes
present in that species. The question arises, therefore, whether
the AOA antibody recognises all AOX proteins. This is par-
ticularly important to determine since AOA is a potentially
useful diagnostic tool for parasites containing AOX. We have
identi¢ed the binding site for the antibody on one of the
soybean AOX proteins and show that it contains 12 highly
conserved amino acid residues near the C-terminus of all char-
acterised AOX proteins.

2. Materials and methods

2.1. Plant materials and isolation of mitochondria
Uninoculated soybean (Glycine max L. Merr. cv. Stevens) was ger-

minated on vermiculite in a controlled environment cabinet at 26³C
with a 16 h light (300 Wmol quanta min31 m32)/8 h dark photoperiod.
Soybeans inoculated with Bradyrhizobium japonicum strain USDA110
were grown on nutrient-supplemented river sand in a glasshouse
under natural light [4]. Mitochondria were isolated from cotyledons,
roots and nitrogen-¢xing root nodules using published methods
[29,30].

2.2. DNA manipulations
Standard methods were used throughout for the manipulation, pu-

ri¢cation and sequencing of DNA fragments [31]. All constructs were
veri¢ed by DNA sequencing. The full length AOX2 cDNA was di-
gested with BstEII which digests after the N23 codon (Fig. 1) and
SpeI, which digests within the H333 codon. The resulting 934 bp
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cDNA fragment was blunt-ended with mung bean nuclease (MBN,
Promega) and cloned into SmaI-digested pBluescript II KS(+) (pBSII,
Stratagene) to form pAOX2vC1. By this means, the 310 C-terminal
amino acid residues of the AOX2 ORF, excluding H333 (Fig. 1), were
fused in frame at the C-terminus with the L-galactosidase K-peptide
sequence of pBSII. Digestion of pAOX2vC1 at the single ClaI site in
the pBSII polylinker, followed by digestion with MBN and re-liga-
tion, resulted in the deletion of 11 bp from the pBSII polylinker to
form pAOX2vN23, in which N23 of the AOX2 ORF was brought
into frame with the K-peptide sequence. Digestion of pAOX2vC1 with
EcoRI, followed by digestion with MBN and re-ligation, deleted 17 bp
of the pBSII polylinker and 358 bp of AOX2 cDNA to form
pAOX2vN144 in which the 188 C-terminal amino acid residues of
AOX2 in pAOX2vC1 were fused in frame with the K-peptide. Diges-
tion of pAOX2vC1 with EcoRI and MunI, followed by digestion with
MBN and re-ligation, deleted 17 bp from the pBSII polylinker and
745 bp from the AOX2 cDNA to form pAOX2vN271 in which the C-
terminal 61 amino acid residues of AOX2 in pAOX2vC1 were fused
in frame with the K-peptide. The oligonucleotides 5P-GGGCCGAT-
GAGGCCCACCATCGCGACGTTAACCATAGCT-3P and 5P-ATG-
GTTAACGTCGCGATGGTGCGCCTCATCCGCCCGTAC-3P were
annealed, leaving KpnI and SacI compatible overhangs, and ligated
into pBSII digested with KpnI and SacI to form pAOX2-12. Oligo-
nucleotides 5P-TCGACGGTTCGCGCGGATGAAGCGCAGCAG-3P
and 5P-GATCCTGCTGCGCTTCATCCGCGCGAACCG-3P were
annealed, leaving SalI and BamHI compatible overhangs, and ligated
into pBSII digested with SalI and BamHI to form pAOX2-8. Thus, in
the latter two clones, residues 300^312 and residues 300^306 of the
AOX2 ORF, respectively, became fused in frame within the K-peptide
in pBSII.

2.3. Escherichia coli growth for immunoblotting
Overnight cultures of E. coli strain DH10B (Invitrogen) trans-

formed with various pBSII derivatives were subcultured in 20 ml
LB [31] medium containing 60 Wg/ml ampicillin. The cultures were
grown at 37³C with shaking to an OD600 of 0.2 before splitting into
two equal portions. One portion was supplemented with 1 mM iso-
propyl-L-D-thiogalactoside (IPTG) and both portions were incubated
further at 37³C with shaking until an OD600 of 0.7^0.9 was obtained.
The cells were then collected by centrifugation at 4000Ug for 10 min
at 4³C and the supernatant was entirely removed. Cell pellets were
stored at 320³C until analysed.

2.4. Immunoblotting
Puri¢ed mitochondria or E. coli cells were lysed by resuspending in

SDS-PAGE sample bu¡er containing 2% (w/v) SDS and 20% (w/v) 2-
mercaptoethanol. Proteins were separated by SDS-PAGE, blotted to
nitrocellulose, probed with the AOA monoclonal antibody (a kind gift
of Dr. T. Elthon, University of Nebraska, NE, USA) and the immu-
noreactive polypeptides identi¢ed by chemiluminescence as previously
described [32].

3. Results and discussion

3.1. Mapping the AOA binding site in soybean AOX
Soybean contains three AOX genes and AOA detects three

separate bands in immunoblots of mitochondrial proteins

(Fig. 2). The ability of AOA to recognise AOX on immuno-
blots of SDS-PAGE gels indicates that the antibody binds to
denatured proteins. This suggests that the AOA binding site
involves a linear array of closely spaced amino acid residues
within the AOX primary sequence. To broadly de¢ne the
AOA binding site, progressively longer N-terminal deletions
of the immunoreactive AOX2 protein (Fig. 1) were tested for
their ability to react with AOA. Conveniently sized AOX2
cDNA fragments were cloned in frame within the K-peptide
of the L-galactosidase in the pBSII cloning vector and the
fusion proteins (described in Fig. 1) were expressed in E.
coli. Immunoblot analysis of strains expressing the fusion pro-
teins showed that each of the constructs tested, pAOX2vN23,
pAOX2vN144 and pAOX2vN271, produced an immunoreac-
tive polypeptide of the predicted size: 56, 42 and 27 kDa,
respectively (Fig. 3). The induction of the synthesis of these
proteins by IPTG provides further evidence that they are the
products of the gene fusions. Thus, the AOA antibody recog-
nises and binds to the 61 C-terminal amino acid residues of
AOX2.

In addition to the predicted immunoreactive polypeptides, a
number of other protein bands were detected on the immuno-
blot in Fig. 3. Except those bands described below, all the
additional bands were also evident when extracts of cells con-
taining unmodi¢ed pBSII were probed with the secondary
antibody alone (Fig. 3, lanes 7 and 8), demonstrating that
they do not arise through speci¢c interactions with AOA.
The IPTG inducible immunoreactive polypeptides at 44 kDa
in cells containing pAOX2vN23 and at 29 and 26 kDa in cells
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Fig. 1. The soybean AOX2 protein fragments used to de¢ne the binding site of the AOA antibody. The end points of the AOX2 fragments
cloned in frame and internal to the K-fragment of L-galactosidase are shown on the sequence of the entire AOX2 primary translation product.
The left hand brackets show the N-terminal AOX2 residue in constructs pAOX2vN23 (1), pAOX2vN144 (2) and pAOX2vN271 (3) while the
right hand bracket marks the C-terminal AOX2 residue in all these clones. The AOX2 sequence in construct pAOX2-12 is within the open
box, while that in pAOX2-8 is underlined. The shaded boxes show the putative transmembrane spanning domains of AOX2.

Fig. 2. Soybean AOX proteins recognised by the AOA antibody.
Mitochondrial protein (50 Wg) from cotyledons (lane 1) and roots
(lane 2) of 14 days old seedlings and from N-¢xing root nodules
(lane 3) of 8 weeks old plants were separated by SDS-PAGE, im-
munoblotted with the AOA antibody and visualised by chemilumi-
nescence. Each lane is from a di¡erent exposure of the same immu-
noblot. Images were digitised using a high performance CCD video
camera (Cohu, San Diego, CA, USA) and manipulated using Pho-
toshop 3.0 software (Adobe Systems, Mountain View, CA, USA).
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containing pAOX2vN144, were speci¢c to these strains, were
not detected by the secondary antibody alone and therefore
must contain the AOA binding domain. These proteins prob-
ably represent speci¢c degradation products of the AOX2/K-
peptide fusion proteins synthesised by these cells and may
have arisen from intolerance of E. coli to high levels of the
integral membrane AOX protein.

3.2. Identi¢cation of the AOA binding site in AOX from other
species

The 61 residue C-terminal sequence of AOX2 was com-
pared to the corresponding regions of the other AOX subunits
which have been sequenced including those from N. crassa, H.
anomala, T. brucei, Chlamydomonas sp. and Aspergillus niger
(Fig. 4). Within this region, there is a single 12 amino acid
sequence which is highly conserved among all AOX subunits.
Since AOA recognises at least one protein on immunoblots of
mitochondrial proteins from each of these species that have
been tested, it seemed likely that the AOA recognition site
would involve this highly conserved sequence. To test this,

E. coli extracts from cells containing pAOX2-12, a pBSII de-
rivative in which the 12 amino acid sequence from soybean
AOX2 was fused internal to and in frame with the K-peptide
of L-galactosidase, were immunoblotted (Fig. 3). These cells
produced an IPTG inducible immunoreactive band at 19.5
kDa, very similar in size to the 18.7 kDa predicted from the
sequence of the gene fusion. These results show that this 12
amino acid sequence is su¤cient for AOA recognition.

3.3. Identi¢cation of key amino acid residues in the AOA
binding site

During the construction of pAOX2-12, two mutants were
inadvertently created (Table 1). The fusion protein produced
by pAOX2-12A2V, in which A2 of the 12 residue sequence
was converted to valine, was not recognised by AOA, indicat-
ing that A2 has an essential role in the antibody-AOX inter-
action. The abolition of AOA binding by the addition of two
relatively small methyl groups to the side chain of A2 suggests
that AOA binding to this residue is highly speci¢c. All AOX
subunits sequenced to date have Ala at this position (Fig. 4).
The second mutant sequence, in pAOX2-12FS6, had a frame
shift which caused the sequence of the fusion protein to di-
verge from the expected sequence after A5 of the 12 residue
sequence. The fusion protein produced by pAOX2-12FS6
containing cells was also not recognised by AOA. Moreover,
cells containing pAOX2-8, in which the sequence RADEAHH
was fused into the K-fragment, also failed to produce a fusion
protein recognised by AOA (Table 1). Together, these results
indicate that residues C-terminal to H7 are required for AOA
binding.

Dissection of the AOA binding site indicates that the mini-
mum sequence that may be su¤cient for binding is
ADEAHHR, although the entire 12 residue sequence RA-
DEAHHRDVNH may be required. The latter sequence is
absolutely conserved in 12 of the 14 AOX subunit sequences
that have been completely determined from higher plant sour-
ces (Fig. 4) and entirely encompasses helix 4 of the four helix
bundle postulated to comprise the AOX active site [33]. In
fact, the AOA antibody has previously been shown to inhibit
the activity of detergent-solubilised AOX by 50% [3], consis-
tent with the idea that helix 4 has an important role in the
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Fig. 4. An alignment of reported AOX subunit C-terminal amino acid sequences. Gaps were introduced to maximise the alignment and the
most abundant residue at each position is shaded. Numbering is relative to the soybean AOX2 sequence. The highly conserved 12 amino acid
sequence is boxed. The sequences presented have been compiled previously [2,20], except Catharanthus roseus (accession AB009395), Chlamydo-
monas sp. (accessions AB009087 and AF047832) and Aspergillus niger (accession AB016540).

Fig. 3. Detection of AOX2-L-galactosidase fusion proteins by the
AOA antibody. Protein extracts from E. coli strains containing
pAOX2vN23 (lanes 1 and 2), pAOX2vN144 (lanes 3 and 4),
pAOX2vN271 (lanes 5 and 6), pBSII (lanes 7 and 8) or pAOX2-12
(lanes 9 and 10) grown in the presence (odd numbered lanes) or ab-
sence (even numbered lanes) of 1 mM IPTG were separated by
SDS-PAGE, immunoblotted with the AOA antibody and visualised
using chemiluminescence. The positions of the molecular size
markers are shown between the panels. Filled circles indicate the ex-
pected location of the constructed fusion proteins, while open circles
indicate probable speci¢c degradation products of the fusion pro-
teins (see text for details). Images were digitised and manipulated as
stated in the legend to Fig. 2.
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AOX activity. The high conservation of this sequence, and
therefore the ability of AOA to recognise AOX subunits
from diverse sources, may be due to structural constraints
on this segment of the AOX active site.

3.4. Can AOA be used with con¢dence to identify new AOX
proteins?

The ¢nding that the single amino acid change in the A2V
mutant eliminates the antibody-AOX interaction indicates
that care must be taken when assessing immunoblots from
species in which the 12 residue sequence diverges from that
of S. guttatum, the original antigen source. For example, the
rice AOX1b subunit has a divergent leucine at position 10 of
the conserved sequence, while the rice AOX1a protein con-
tains the V10 found in all other AOX subunits (Fig. 4). This
variation may result in di¡erential recognition of these sub-
units by AOA, leading to potentially inaccurate estimates of
the relative abundance of these subunits from immunoblots.
This is not a concern in soybean, where all three subunits have
the highly conserved 12 residue sequence present in the S.
guttatum protein. Therefore, the signal obtained on immuno-
blots from the soybean AOX subunits is a direct re£ection of
the overall protein amount. This veri¢es that, in soybean, the
AOX protein amount is a true re£ection of transcript abun-
dance, as concluded in earlier studies [4,32,34].

Although A2V abolishes AOA binding, this is apparently
not true of all variations to the AOA binding sequence. The
antibody appears to recognise an AOX protein from H. anom-
ala [35], N. crassa [36], T. brucei [25] and Chlamydomonas sp.
[37] However, in all these species, the sequence corresponding
to the AOA binding domain di¡ers from the consensus plant
sequence at positions 6 and 9 (Fig. 4). Moreover, the diversity
of side chains present at these two positions suggests that the
antibody may interact di¡erentially with these residues. It
must be pointed out, however, that no non-plant AOX pro-
tein has yet been matched with certainty to its cognate gene,
so it is possible that the proteins recognised by AOA in these
species do not correspond to the sequences that have been
determined. In any event, the ¢nding that the AOA antibody
recognises a sequence that is highly conserved in all species
that have been examined to date con¢rms that the antibody
will continue to be an invaluable reagent in studies on AOX.
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Table 1
Recognition by the AOA monoclonal antibody of soybean AOX2
sequences within L-galactosidase fusions

AOX2 sequence in fusion protein Recognition by AOA

RADEAHHRDVNH Yes
RVDEAHHRDVNH No
RADEA No
RADEAHH No
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