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The alternative oxidase (AOX) of the soybean (Glycine max L.)
inner mitochondrial membrane is encoded by a multigene family
(Aox) with three known members. Here, the Aox2 and Aox3 pri-
mary translation products, deduced from cDNA analysis, were
found to be 38.1 and 36.4 kD, respectively. Direct N-terminal
sequencing of partially purified AOX from cotyledons demonstrates
that the mature proteins are 31.8 and 31.6 kD, respectively, imply-
ing that processing occurs upon import of these proteins into the
mitochondrion. Sequence comparisons show that the processing of
plant AOX proteins occurs at a characteristic site and that the AOX2
and AOX3 proteins are more similar to one another than to other
AOX proteins, including soybean AOX1. Transcript analysis using a
polymerase chain reaction-based assay in conjunction with immu-
noblot experiments indicates that soybean Aox genes are differen-
tially expressed in a tissue-dependent manner. Moreover, the rela-
tive abundance of both Aox2 transcripts and protein in cotyledons
increase upon greening of dark-grown seedlings. These results com-
prehensively explain the multiple AOX-banding patterns observed
on immuncblots of mitochondrial proteins isolated from various
soybean tissues by matching protein bands with gene products.

The AOX is a cyanide-resistant, hydroxamic-acid-sensitive
terminal oxidase found in the inner mitochondrial mem-
branes of plants, some fungi, and trypanosomes (Moore and
Siedow, 1991; Day and Wiskich 1995; Day et al.,, 1995). The
activity mediates the non-proton-translocating transfer of
electrons from the UQ pool to molecular O, to form water.
Electrons flowing through AOX bypass proton-translocating
complexes III and IV of the Cyt-mediated electron transport
chain, causing the oxidative potential energy to be lost
as heat.

The function of AOX in plants during normal vegetative
growth and development remains problematic, except in
the tightly regulated process of thermogenesis in aroid
species. During floral maturation in species such as Arum
maculatum and Sauromatum guttatum, a massive increase in
AOX activity occurs in the appendix tissue of the floral
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spadix (Meusse, 1975). The high levels of AOX activity in
thermogenic tissues has encouraged the development of
protocols for the partial purification of the enzyme from
several species (Huq and Palmer, 1978; Rich, 1978; Elthon
and McIntosh, 1986; Berthold and Seidow, 1993; Zhang et
al.,, 1996a). Polyclonal antisera (Eithon and McIntosh, 1987)
and monoclonal antibodies (Elthon et al., 1989) have been
produced against the AOX protein from S. guttatum. The
monoclonal antibody AOA has been particularly useful
because it immunoreacts with the same proteins as the
polyclonal antisera. Immunological studies in which these
antibodies are used indicate that de novo protein synthesis
is largely responsible for the induction of AOX activity
during thermogenesis (Elthon and McIntosh, 1987; Rhoads
and McIntosh, 1992). In thermogenic species, the anti-AOX
antibodies recognize only a single 35- to 37-kD polypeptide
in mitochondria from prethermogenic tissues (Elthon and
McIntosh, 1987). In organelles from thermogenic tissues
this protein is detected in dramatically higher abundance
and is joined by two or three other proteins of similar size
and greater amount (Elthon and Mclntosh, 1987; Elthon et
al,, 1989).

In nonthermogenic plants AOX activity is present in
most tissues but may be quite low. The magnitude of the
activity is tissue-dependent and developmental stage-
dependent and can vary with growth conditions (Obenland
et al., 1990; Kearns et al., 1992; Johns et al.,, 1993; Conley
and Hanson, 1994, Hiser and McIntosh, 1994; Cruz-
Hernandez and Gomez-Lim, 1995). Typically, mitochon-
dria from nonthermogenic plants contain one or more AOX
proteins of 32 to 39 kD that cross-react with the AOA
monoclonal antibody. For example, in cotyledons from
young, light-grown soybean (Glycine max L.) seedlings, the
AOA antibody detects a single protein that is joined in
cotyledons from older seedlings by a second protein with
lower mobility (Obenland et al., 1990). In contrast, in etio-
lated cotyledons the lower-mobility species is found at all
ages, whereas the higher-mobility protein appears only
in older tissues. In soybean roots, a single protein co-

Abbreviations: AOX, alternative oxidase; ORF, open reading
frame; RACE, rapid amplification of cDNA ends; RT-PCR, reverse
transcriptase PCR; SMP, submitochondrial particle; UQ,
ubiquinone.
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migrating with the lower-mobility band found in cotyle-
dons is detected, whereas in leaves the immunoreactive
proteins are identical in mobility and similar in abundance
to those in cotyledons (Kearns et al., 1992). Determinations
of the apparent molecular sizes of the immunoreactive
species in soybean vary but are in the range of 33 to 39 kD.
It has been presumed that the multiple proteins recognized
by AOA in any single species represent different forms of
AQX, although the basis of the multiplicity has not been
investigated in detail.

In nonthermogenic plants AOX activity can be induced
by numerous stress treatments, including inhibition of elec-
tron flow through the Cyt pathway (Vanlerberghe and
McIntosh, 1992; Wagner et al., 1992), cycloheximide (Moro-
hashi et al., 1991) or chloramphenicol (Zhang et al., 1996b)
treatment, oxidative stress (Wagner, 1995), chilling (Mc-
Caig and Hill, 1977; Vanlerberghe and McIntosh, 1992),
and wounding (Hiser and McIntosh, 1990). Possible elici-
tors of induction include salicylic acid (Kapulnik et al,,
1992; Rhoads and McIntosh, 1992) and citrate (Vanler-
berghe and McIntosh, 1996). Induction of AOX capacity in
nonthermogenic plants typically involves de novo protein
synthesis, because the total abundance of the immunoreac-
tive proteins in both induced and noninduced systems
generally parallels activity levels. Recently, the enzyme has
been found to be stimulated by a-keto acids (Millar et al.,
1993) and regulated by the oxidation state of intermolecu-
lar disulfide bonds, with reduced dimers being the active
form (Umbach and Siedow, 1993).

A cDNA representing a plant Aox gene was first isolated
from a S. guttatum library by antibody screening (Rhoads
and McIntosh, 1991). Since then, Aox cDNA sequences from
soybean (Whelan et al., 1993), tobacco (Nicotiana tabacum;
Vanlerberghe and McIntosh, 1994; Whelan et al., 1995b),
Arabidopsis thaliana (Kumar and Soll, 1992), mango (Mangif-
era indica; Cruz-Hernandez and Gomez-Lim, 1995), and po-
tato (Solanum tuberosum; Hiser et al., 1996) have been re-
ported. AOX sequences have also been determined for the
fungi Hansenula anomola (Sakajo et al., 1991) and Neurospora
crassa (Li et al., 1996) and for the protist Trypanosoma brucei
(Chaudhuri and Hill, 1996). The availability of nucleic acid
probes has allowed the analysis of Aox transcripts in in-
duced and noninduced plant cell cultures (Vanlerberghe
and McIntosh, 1996) and in whole plant organs in which
AOX is overexpressed (Hiser et al., 1996) or highly induced,
such as in thermogenic spadices (Rhoads and McIntosh,
1992) and ripening fruit (Cruz-Hernandez and Gomez-Lim,
1995). In those cases in which de novo protein synthesis is
required for the induction of AOX activity, transcript levels
increase, suggesting that gene transcription may be in-
volved. These probes, however, have not allowed the gen-
eral analysis of Aox transcripts in noninduced, vegetative
tissues because of the low abundance of the messages (Hiser
and McIntosh, 1994; Hiser et al., 1996). In fact, PCR-based
techniques appear to be the only recourse for detecting Aox
transcripts in these tissues (Hiser and McIntosh, 1994;
Whelan et al., 1996a).

Genomic-blot hybridization ana1y51s in which stringent
washing conditions are used reveals only a single Aox gene
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in Arabidopsis (Kumar and Soll, 1992), S. guttatum (Rhoads
and McIntosh, 1993), and soybean (Whelan et al., 1996a).
However, PCR analysis of genomic DNA has definitively
shown that soybean and tobacco AOX are encoded by
multigene families comprising at least three and two mem-
bers, respectively (Whelan et al., 1996a). This finding ne-
cessitates more careful evaluation of the Aox copy number
in the genomes of other plant species.

In this report we present the complete amino acid se-
quences for the soybean Aox2 and Aox3 gene products as
deduced from the cognate cDNAs, and we examine the
sequence conservation among AOX subunits from different
species. The relative abundance of transcripts from the
three known soybean Aox genes in roots and cotyledons
from seedlings grown under normal conditions and in
dark-grown cotyledons exposed to light has been esti-
mated using RT-PCR. Amino acid sequencing of proteins
in partially purified AOX preparations has allowed us to
match genes and protein bands on western blots. These
analyses have allowed us to attribute the presence of indi-
vidual polypeptides to the differential expression of spe-
cific Aox genes, thus providing the first comprehensive
rationalization of the multiple AOX protein patterns ob-
served in soybean.

MATERIALS AND METHODS
Plant Growth

Soybean (Glycine max L. Merrill cv Stevens) seeds were
planted on water-saturated vermiculite in a controlled-
environment cabinet. Cotyledons and roots were harvested
from the same plants after 7 d of growth at 28°C. A pho-
toperiod of 14 h of light (100 pmol m ™2 571)/10 h of dark
was used for light-grown tissues. In greening experiments,
cotyledons from seeds germinated for 7 d without light in
aluminum foil-covered trays were harvested after exposure
to continuous light (100 wmol m~2 s™%) for the times indi-
cated in the figure legends.

Primers

The primers used in this study were synthesized by the
Biomolecular Resource Facility at the Australian National
University (Canberra, Australia) or by Bresatec (Adelaide,
Australia). The primers used for RACE were the vector-
specific A-forward (GGTGGCGACGACTCCTGGAGC-
CCG), the adaptor specific AP1 (CCATCCTAATACGACT-
CACTATAGGGC), and the Aox-specific Aox2/3-R (CGG-
CATGAAGCAGTTCCA) and degenerate HAO2-R (GCYT-
CYTCYTCNARR TANCCNAC) (Whelan et al, 1996a)
primers. The primers used for competitive RT-PCR were
the AoxI-specific primers Aox1-F (GAAGCACCATGCTC-
CAAC) and Aoxl-R (CCCTTGATAGTGAATGTCC), the
Aox2-specific primers Aox2-F (GGGAGAGTTATCGT-
TCAAAC) and Aox2-R (GTGATAACCAATAGGAGCC),
and the Aox3 specific primers Aox3-F (GACAAGGTT-
GCTTTTAGGG) and Aox3-R (CAGTGACAACATCCTT-
GAG). These primer pairs were designed so that the two
annealing sites were in different exons, assuming that Aox2
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and Aox3 contain introns in positions homologous to the
introns in Aox1 (Day et al., 1995). The positions correspond-
ing to the Aox-specific primer sequences are shown in
Figure 1. Primers with sense-strand sequences are desig-
nated “-F” (Forward), and antisense primers are desig-
nated “-R” (Reverse).

PCR Conditions

Each 10 uL of PCR contained 1X PCR buffer (10 mm
Tris-HCI, pH 8.3, 50 mm KCl, 1.5 mm MgCl,, 0.001% [w/v]
gelatin), 0.2 mm each dATP, ACTP, dGTP, dTTP, Tag DNA
polymerase, primers, and template DNA. For RACE, each
reaction contained 1 unit of Tag polymerase (AmpliTaq
Gold, Perkin-Elmer), and for RT-PCR amplifications, 0.35
unit of sequencing-grade Tagq polymerase (Promega) was
used. The degenerate primer HAO2-R was used at 20 pmol
per reaction, whereas all other primers were used at 2 pmol
per reaction. The program used on the capillary thermal

cycler (Corbett Research, Mortlake, NSW, Australia) was 1
cycle of 95°C, 9 min; 53°C, 15 s; 72°C, 1 min; 40 cycles of
94°C, 15 s; 53°C, 15 s; 72°C, 1 min; and 1 cycle of 72°C, 5
min; 25°C, 1 min, except for the RT-PCR assays, in which
the initial denaturation period was shortened to 3 min.

Manipulation of DNA

Cloned DNA fragments were maintained, digested with
restriction enzymes (Boehringer Mannheim; AMRAD Phar-
macia), analyzed by electrophoresis, purified, subcloned,
and radiolabeled using standard methods (Sambrook et al.,
1989). Templates for DNA sequencing were obtained either
by subcloning overlapping restriction fragments or by treat-
ing linearized plasmids with exonuclease IIT (Henikoff, 1984)
and mung bean nuclease before religation. The nucleotide
sequences of double-stranded DNA templates were deter-
mined by the dideoxynucleotide termination method using
dye-labeled, vector-specific primers, a thermal cycle-
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Figure 1. A comparison of AOX amino acid sequences. The sequences from soybean (Soy), mango, and S. guttatum are
shown. The determined N-terminal sequences of mature soybean AOX2 and AOX3 (underlined italics) and the putative N
terminus of mature soybean AOX1 (underlined bold italics) are indicated. Residues identical to the soybean AOX1 sequence
are marked with asterisks (*), residues in the S. guttatum sequence that are absolutely conserved in all species examined are
double-underlined, and those absolutely conserved in plants are single-underlined. The Cys residues that are present in all
plant sequences (@) and the His residues that are present in all species (M) are shown. The positions of introns in Aox7 of
soybean (Day et al., 1995) and S. guttatum (Rhoads and Mcintosh, 1993) are marked (¥). Sequences corresponding to the
locations of PCR primers are underlined in bold with arrowheads showing the direction of priming. Numbers correspond to
positions within the alignment. The sequences compared were from soybean AOX1 (Whelan et al., 1993), AOX2 (accession
no. U87906), and AOX3 (accession no. U87907), mango (Cruz-Hernandez and Gomez-Lim, 1995), S. guttatum (Rhoads and
Mclintosh, 1991), tobacco AOX1-a (Vanlerberghe and Mclintosh, 1994) and AOX1-b (Whelan et al., 1995b), Arabidopsis
(Kumar and Soll, 1992), potato (Hiser et al., 1996), H. anomola (Sakajo et al., 1991), T. brucei (Chaudhuri and Hill, 1996},

and N. crassa (Li et al., 1996).
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sequencing kit, and an automated sequencer (Applied Bio-
systems). Contiguous sequences were managed and ana-
lyzed using the SeqEd (Applied Biosystems), MacVector
(Kodak), and AssembyLIGN (Kodak) software packages.
Sequence alignments were constructed using the Clustal V
program in the Lasergene software package (DNASTAR,
Madison, WI).

Purification of RNA

Total RNA was purified from plant tissues ground to a
fine powder under liquid N, using the guanidine isothio-
cyanate/organic extraction method of Chomczynski and
Sacchi (1987). Approximately 1.5 g of tissue was used
during library construction, and approximately 100 mg of
tissue was used for transcript analysis by RT-PCR.
Poly(A)™ RNA was isolated from total RNA by batch treat-
ment with oligo(dT),s-conjugated paramagnetic particles
(Dynal, Oslo, Norway) according to the manufacturer’s
instructions, except that NaCl was substituted for LiCl in
all buffers.

Library Screening and Analysis

An amplified ¢cDNA library of poly(A)* RNA from
10-d-postemergent seedlings cloned into the EcoRI site of
Agtll (Clontech Laboratories, Palo Alto, CA) was
screened by nucleic acid hybridization, and the inserts of
plaque-purified positive clones were subcloned into plas-
mid vectors (Sambrook et al., 1989). An adaptor-ligated
cDNA library was also constructed from 1 ug of poly(A)™
RNA isolated from an entire 7-d-old light-grown soybean
seedling. Oligo(dT),g-primed cDNA synthesis and adap-
tor ligation were performed using a kit (Marathon, Clon-
tech) following the manufacturer’s instructions. Aliquots
(1 uL) of the Agtll library or dilutions of the adaptor
ligated cDNA library were used as templates for RACE.
The resulting PCR products were separated on low-
melting-temperature agarose gels containing 1X Tris-
acetate-EDTA buffer (Sambrook et al., 1989). The desired
fragments were purified from these gels using a DNA
purification system (WIZARD, Promega) and cloned into
a T-tailed vector (pGEM-T, Promega), as recommended by
the manufacturer.

Isolation, Blotting, and Immunodetection of
Mitochondrial Proteins

Mitochondria were isolated using the Percoll (AMRAD,
Pharmacia) gradient method of Day et al. (1985). Submito-
chondrial particles were prepared essentially by the
method of Rasmusson and Meller (1991). AOX was par-
tially purified by the method of Zhang et al. (1996a). Ali-
quots of mitochondrial, SMP, or partially purified AOX
protein were separated by SDS-PAGE according to the
method of Laemmli (1970) after dissociation by heating at
90°C for 5 min in sample buffer containing SDS and DTT.
Proteins for immunoblotting were transferred to nitrocel-
lulose membranes (Hybond-C, Amersham) by the method
of Towbin et al. (1979) using a semidry blotting system
(Millipore). AOX subunits were detected using a mouse
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monoclonal antibody raised against the thermogenesis-
induced subunits of the S. guttatum enzyme (Elthon et al.,
1989) and visualized by chemiluminescence using a com-
mercially available kit (Boehringer Mannheim). Polypep-
tides for N-terminal sequence determination were electro-
blotted to PVDF membranes (Bio-Rad) using 10 mm Tris-
Gly buffer, pH 8.3, 0.04% (w/v) SDS, and 20% (v/v)
methanol. Protein bands were excised from blots stained
with 0.1% (w/v) Coomassie blue R-250 in 50% (v/v) meth-
anol, destained with 50% (v/v) methanol, and air-dried.

Construction of a Standard Template for
Competitive RT-PCR

A PCR mutagenesis strategy using Aox-specific primer
pairs was used to construct a standard template. The final
product is an 851-bp chimera of DNA sequences from the
three soybean Aox cDNAs with an additional 180-bp frag-
ment of non-Aox DNA inserted. The starting materials
were the purified PCR products resulting from the ampli-
fication of Aox1 and Aox2 cDNAs by their respective gene-
specific primer pairs. The amplicons were combined, de-
natured by heating at 100°C for 5 min, and allowed to
re-form duplexes by slowly cooling to ambient tempera-
ture. The heteroduplexes were end-filled with the Klenow
fragment of Escherichia coli DNA polymerase I (Sambrook
et al.,, 1989), and the resulting sense and antisense Aox1/
Aox2 hybrid strands were selectively amplified in separate
reactions using Aox1-F/Aox2-R and Aox1-R/Aox2-F
primer pairs, respectively. The products of these reactions
were purified, combined, denatured, annealed, and end-
filled as above, before amplifying the final product with the
Aox2-F/Aox2-R primer pair. The product was cloned and
individual inserts were sequenced to verify that mutagen-
esis had progressed as expected. A second round of mu-
tagenesis was performed to introduce the Aox3-specific
primer sequences and an artificial intron into the Aox1/
Aox2 chimeric fragment. In this case the product of the first
mutagenesis and an Aox3 cDNA with a 180-bp fragment of
unrelated DNA blunt-end cloned into the single Bsml site
served as the starting templates. After the final amplifica-
tion with the Aox2-F/ Aox2-R primer pair, the product was
cloned and the sequence of the final mutant was verified.

Competitive RT-PCR Assay

Total RNA from target tissues was reverse-transcribed
and the relative abundance of cDNAs corresponding to Aox
transcripts was estimated by competitive PCR using the
Aox-specific primer pairs. Each estimation involved the
titration of a constant amount of cDNA template against
varying amounts of a linearized plasmid containing the
competing standard template. The standard template was
constructed (see above) so that the amplicons of the stan-
dard and experimental templates could be discriminated
by size.

Reverse transcription of 1 pg of total RNA was performed
by incubating 20-uL reactions containing 1X PCR buffer, 50
pmol oligo(dT);4 1 mmMm each dATP, dCTP, dGTP, and dTTP,
5 mm DTT, 20 units of RNA Guard (Pharmacia), and 20 units
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of Molony murine leukemia virus reverse transcriptase (Epi-
centre Technologies, Madison, WI) at 42°C for 90 min. A
two-step approach was then taken to estimate the relative
abundance in the cDNA of reverse transcripts from the three
Aox genes. First, the abundance of each ¢cDNA was esti-
mated using the Aox-specific primer pairs separately in three
PCR assays containing 1000-fold serial dilutions of the stan-
dard template. This estimate was further refined in a set of
reactions that titrated the cDNA against 2-fold serial dilu-
tions of the standard template. The range of dilutions was
chosen to encompass the estimate obtained during the pre-
vious step. After PCR the products were separated on 2%
(w/v) agarose gels in 1X Tris-borate-EDTA buffer (Sam-
brook et al, 1989) and visualized by ethidium bromide
staining. Ethidium bromide fluorescence was measured
(FluorImager SI, Molecular Dynamics, Sunnyvale, CA) and
quantified using ImageQuant software (Molecular Dynam-
ics). The signal from each PCR product fell within the linear
response range of the imager for ethidium bromide fluores-
cence. The signals obtained were corrected for differences in
length between the standard and experimental templates
and plotted as the log of the ratio of the signals obtained
from the experimental and standard templates against the
log of the amount of input standard template. From this, the
amount of standard template necessary to give a signal ratio
of unity was calculated.

O, Consumption Assays and UQ Determinations

AOX activity, as myxothiazol-resistant O, consumption,
was measured using an O, electrode (Rank Bros., Cam-
bridge, UK) at 25°C in 2 mL of reaction medium containing
0.3 M Suc, 5 mMm KH,PO,, 10 mmM NaCl, 2 mm MgSO,, 0.1%
(w/v)BSA, 10 mm Tes, pH 7.2, 2.5 mm DTT, 1 mm NADH,
5 uM myxothiazol, and 1 mm pyruvate. Approximately 200
ug of SMPs from cotyledon and root mitochondria was
used in each assay. Pyruvate concentration was varied as
indicated in determining the K for pyruvate stimulation.
Orientation of SMPs was determined by the oxidation of
reduced Cyt ¢ in the presence and absence of 0.01% (v/v)
Triton X-100 (Rasmusson and Meller, 1991). The protein
content of the SMP samples was estimated by the technique
of Lowry et al. (1951); the extraction of UQ from SMP
samples and analysis by reverse-phase HPLC was con-
ducted according to the method of Ribas-Carbo et al.
(1995). A C,3 puBondapak column (250 mm X 10 mm;
Millipore) was used on a system (LKB-Pharmacia) with an
isocratic mobile phase of ethanol:methanol (7:3) at a flow
rate of 0.5 mL min ', and the effluent from the column was
monitored at 275 and 290 nm. Comimercial preparations
(Sigma) of UQ, and UQ,, were reduced to the respective
quinols by the method of Rich (1978). Retention times of
the reduced and oxidized standards were determined for
comparison with SMP extracts.

RESULTS
Soybean AOX Is Encoded by a Multigene Family

The use of degenerate primers derived from highly con-
served AOX peptide sequences in PCR amplification of

soybean genomic DNA led to the isolation of 170-bp frag-
ments representing three Aox genes (Whelan et al., 1996a).
The soybean Aox1 gene product had been characterized
earlier (Whelan et al., 1993), so the putative new genes
were designated Aox2 and Aox3. In the present study, the
Aox2 and Aox3 PCR fragments have been used to isolate
respective ¢cDNA sequences encoding full-length ORFs
(Fig. 1). Initially, a seedling cDNA library was screened by
hybridization, but the presence in Aox2 ¢cDNAs of two
internal EcoRI sites that were cleaved during library con-
struction necessitated the use of PCR-based RACE to iso-
late 5’ proximal regions of this cDNA. In the first instance,
the Aox-specific degenerate primer HAO2-R (Fig. 1) and
the vector-specific A-forward primer were used. When this
approach failed to complete the ORF, an adaptor-ligated
cDNA library was amplified with the gene-specific primer
Aox2/3-R (Fig. 1) and the adaptor-specific primer AP1. The
resulting composite cDNA sequence covered 1295 bp and
encoded the entire 999-bp Aox2 ORF. The first in-frame Met
residue 16 codons downstream of an in-frame stop codon is
presumed to be the initiation codon. To ensure the fidelity
of the ¢cDNA sequences isolated by PCR, a number of
individual cloned PCR products were sequenced. Screen-
ing the library with the Aox3-specific probe identified a
clone with a 1228-bp insert that encoded a complete 978-bp
ORF and possessed an in-frame stop codon 13 codons
upstream of the first in-frame Met.

The calculated molecular masses of the deduced 333-
residue Aox2 and the 326-residue Aox3 primary translation
products (Fig. 1) are 38.1 and 36.4 kD, respectively. The
N-terminal regions of both primary translation products
resemble mitochondrial targeting signals in that they pos-
sess a high proportion of basic and hydroxylated amino
acids and only one acidic residue (Hartl et al.,, 1989). In
both proteins this region is followed by a short segment
containing a high proportion of Glu and Lys residues.
These characteristics are common to the N-terminal region
of the soybean AoxI primary translation product (Fig. 1),
which has been demonstrated to possess a cleavable pre-
sequence capable of targeting the protein into isolated
mitochondria (Whelan et al., 1995a). Using a 12-amino-acid
residue-sliding window, we examined the hydrophobic
moment along the N-terminal presequence of each of the
three Aox gene products. This analysis indicates that each
presequence has the potential to fold into an amphipathic
helix, indicative of many mitochondrial targeting signals.

The AOX2 and AOX3 Proteins Possess
Cleavable Presequences

When mitochondrial proteins isolated from light-grown
soybean cotyledons are separated by SDS-PAGE and
probed with the AOA antibody, two prominent bands with
apparent molecular masses of 34 and 36 kD are typically
seen upon visualization of the immunoreaction with an
alkaline phosphatase-coupled colorimetric assay (Oben-
land et al., 1990; Kearns et al., 1992). The relative amounts
of these proteins are variable and appear to depend on the
age of the cotyledon, as well as on the presence or absence
of light during growth (Obenland et al,, 1990). In an at-
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tempt to match the AOX proteins previously detected on
immunoblots with their cognate genes, the N-terminal se-
quences of the immunoreactive proteins present in soybean
cotyledons were determined directly. Partially purified
AOKX from cotyledons of 7-d-old soybean seedlings (Zhang
et al., 1996a) was separated by SDS-PAGE. Although nu-
merous bands were observed upon Coomassie blue stain-
ing (results not shown), only abundant proteins of 34 and
36 kD cross-reacted with the AOA antibody. The proteins
corresponding to the immunoreactive bands were excised
from an identical blot and subjected to direct N-terminal
sequencing. Comparison of the ascertained sequences with
those deduced from soybean Aox cDNAs revealed that the
34- and 36-kD species correspond to the Aox2 and Aox3
gene products, respectively (Fig. 1). These results establish
that Aox2 and Aox3 are expressed in soybean and that the
primary translation products have cleavable presequences
of 57 and 50 residues, respectively, which presumably act
as mitochondrial targeting signals and are removed upon
import. The mature AOX2 and AOX3 subunits have de-
duced masses of 31.8 and 31.6 kD, respectively. The basis of
the discrepancy between the molecular masses calculated
from the deduced amino acid sequences and those deter-
mined by SDS-PAGE is not known.

The Mature AOX2 and AOX3 Sequences Are Distinct from
Other AOX Subunits

Alignment of the determined or predicted mature AOX
sequences from plants H. anomola, N. crassa, and T. brucei
shows a high level of sequence identity across genera,
especially in the C-terminal two-thirds of the protein (Fig.
1). The sequence identity is most pronounced over four
regions spanning residues 183 to 204, 216 to 229, 271 to 282,
and 322 to 333 of the comparison. The region covered by
residues 297 to 309 is especially well conserved in plants.
Within soybean, AOX2 and AOX3 are 75% similar to one
another and 68 and 63% similar to AOX1, respectively.
Although the three soybean sequences are highly con-
served, soybean AOXI1 is more similar to AOX subunits
from all other plants except mango, which is the most
dissimilar plant sequence, than it is to either AOX2 or
AOX3 of soybean (Fig. 2). Conversely, AOX2 and AOX3 are

soybean AOX2
r—l: soybean AOX3
mango
soybean AOX1*
Arabidopsis*
tobacco AOX1-a*
tobacco AOX1-b*
potato
S. guttatum
T. brucei
H. anomala

Figure 2. A dendrogram demonstrating the sequence relatedness of
mature (processed) AOX proteins. The sequences for the mature
proteins are those deduced previously for soybean AOX1 (Whelan et
al., 1995a) or postulated from the published AOX sequences of
tobacco (AOXT-a and AOX1-b), Arabidopsis, mango, and potato
{Hiser et al., 1996), H. anomola (Sakajo et al., 1991), and T. brucei
(accession no. U52964). Alignment was performed using the Clustal
method. The mature AOX proteins with a —10 Arg are indicated with
an asterisk (*).
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more similar to one another than to any other plant
sequences.

Soybean Aox Genes Are Expressed in a
Tissue-Dependent Manner

We have demonstrated that the 34- and 36-kD proteins in
soybean cotyledon mitochondria, which readily immuno-
react with the AOA antibody (Obenland et al., 1990; Kearns
et al., 1992), correspond to mature AOX2 and AQX3, re-
spectively. In contrast to cotyledons, a single 36-kD protein
is detected when mitochondria from soybean roots are
examined (Kearns et al., 1992). To investigate whether
these differences in protein pattern between tissues are due
to differences in expression of the three Aox genes, a semi-
quantitative, competitive RT-PCR assay was developed.
Reverse transcripts from total cellular RNA were used as
PCR templates in reactions containing Aox transcript-
specific primer pairs. The amplicons for the Aox1-, Aox2-,
and Aox3-specific primer pairs are 603, 671, and 499 bp in
length, respectively. If Aox2 and Aox3 have genomic orga-
nizations similar to that of Aox1 (Day et al., 1995), then each
amplicon spans an exon-exon boundary. This would elim-
inate possible confusion arising from the amplification of
genomic DNA contaminants in the RNA preparations. In
every case, the omission of reverse transcriptase resulted in
no products being formed, demonstrating that genomic
contamination of the RNA preparations was negligible.

The relative amount of each Aox ¢cDNA in the total
population was determined by amplifying a constant
amount of ¢cDNA in several reactions containing a single
gene-specific primer pair and a range of known standard
template amounts. The standard template is a fragment of
soybean Aox2 cDNA mutagenized to contain the sequences
of the AoxI- and Aox3-specific primers in their homologous
locations (Fig. 3A). To distinguish the PCR products de-
rived from the ¢cDNA and standard templates, a 180-bp
sequence was introduced between the three pairs of con-
vergent primer sequences on the standard template. For
example, when cDNA generated from total RNA of coty-
ledons of light-grown seedlings was amplified with the
Aox2-specific primer pair, two products of varying relative
intensity were obtained (Fig. 3B, inset). The 671-bp product
resulted from the RT-PCR amplification of Aox2 tran-
scripts, and the 851-bp product corresponds to the ampli-
fication of the standard template.

A logarithmic relationship exists between the amount of
standard template added to each reaction and the ratio of
the fluorescent signals obtained from the target and stan-
dard template amplicons (Fig. 3B). From this relationship
the amount of standard template that yields a signal ratio
of unity was calculated. The calculated value represents an
estimate of target template levels in the cDNA population,
because at this point there would be equal competition of
the two templates for reagents in the PCR. Although not
strictly quantitative due to possible differential efficiencies
in ¢cDNA synthesis between samples, this assay allows the
estimation of the relative amounts of transcripts from the
three Aox genes in a given RNA population, because the
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Figure 3. Logarithmic competition between the standard template
and soybean AOX cDNAs during PCR. A, The positions of Aox cDNA
sequences in the standard template are shown. Coordinates of se-
quence boundaries in the standard template are shown across the
top, with the corresponding Aox2 cDNA coordinates shown across
the bottom. Arrows mark the position and direction of the Aox
gene-specific primers described in Figure 1, which were used to
construct the standard template and for the RT-PCR assay. B, A
representative plot of log(As) versus log(S;/Ss), where Ag is the initial
amount of standard template added to the PCR assay and S; and S
are the fluorescent signals generated by the target and standard
template product bands, respectively. The inset shows the gel used to
generate the plot. The amount in nanograms of standard template
added to each PCR is indicated above each track. The sizes of the
PCR products in base pairs are shown on the left.

assays for all three genes are performed using the products
of a single reverse-transcription reaction.

When RNA isolated from cotyledons of 7-d-old light-
grown seedlings was assayed, Aox3 transcripts contributed
65% to the Aox transcript pool, whereas Aox2 provided
about 30% (Fig. 4), correlating with the detection of 36- and
34-kD proteins by immunoblotting of this tissue (Fig. 5).
Transcripts from Aox1 made up only 1 to 5% of the total
pool. The Aox transcript pool in root RNA from the same
plants, however, was almost exclusively derived from Aox3
(Fig. 4), with Aox1 and Aox2 each contributing only 0.5 to
1% to the total. The preponderance of Aox3 transcripts in
root RNA confirms that the 36-kD protein found in root
mitochondria is the mature AOX3 subunit, as was shown
by protein sequencing to be the case in cotyledon
mitochondria.

The relatively low abundance of Aox1 transcripts in both
cotyledons and roots explains the absence of an Aox1 prod-
uct on immunoblots of mitochondria from these tissues
(Obenland et al, 1990; Kearns et al., 1992). However,
through the course of our studies of AOX we have period-
ically observed a faint immunoreaction between the AOA
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Figure 4. The relative abundance of transcripts from the three Aox
genes in cotyledons and roots. Data are averages of three determi-
nations with bars indicating sk.

antibody and a 32-kD protein in total mitochondrial pro-
teins. This band is more readily detected when the signal
from the AOA immunoreaction is increased by using SMPs
instead of intact mitochondria as the source of target protein,
in conjunction with a more sensitive chemiluminescence-
based detection method (Fig. 5). When cotyledon SMPs were
examined, a 32-kD species became clearly evident under
these conditions (Fig. 5, lane 1), although at much lower
intensities than AOX2 and AOX3. The 32-kD species had the
same mobility during SDS-PAGE as the processed AOX1
observed in in vitro mitochondrial import experiments
(Whelan et al., 1995a) and is therefore likely to be mature
AOX1. However, we have been unable to establish this
directly by N-terminal sequence analysis due to the low
abundance of the protein. The single 36-kD band detected in
root SMPs (Fig. 5, lane 2) is the same pattern that was
reported previously (Obenland et al., 1990; Kearns et al.,
1992). Thus, the protein species and amounts detected by
immunoblotting with the AOA antibody generally correlate
with the transcript levels of the individual Aox genes.

Figure 5. Cross-reactivity of AOA monoclonal antibody on immu-
noblots of soybean SMP proteins. Approximately 25 upg of SMP
protein from light-grown cotyledons (lane 1) and roots (lane 2) or 50
ug of SMP protein from dark-grown cotyledons (lane 3) and dark-
grown cotyledons subsequently exposed to 24 h of continuous light
(lane 4) were separated by SDS-PAGE and immunoblotted with the
AOA monoclonal antibody. The immunoreactions were detected by
chemiluminescence. The apparent molecular masses of the immu-
nodetected proteins are shown on the left.
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Subunit Composition May Affect the Properties of AOX

The presence of different proportions of the three AOX
subunits in root and cotyledon mitochondria raises the
possibility that the properties of the enzyme may vary
between these tissues. With NADH as substrate, the basal
enzyme activity (i.e. in the absence of added pyruvate) in
SMPs prepared from light-grown cotyledon mitochondria
was about 3-fold higher than in SMPs prepared from root
organelles (Table I). Pyruvate, an effector of AOX (Millar
et al., 1993), stimulated the enzyme in both cotyledon and
root SMPs but much more so in the latter (note that the
preparation of SMPs removes any endogenous pyruvate
in the mitochondria and prevents its formation from suc-
cinate). Despite the greater stimulation of the enzyme in
root SMPs, the activity in the presence of pyruvate was
only 75% of the stimulated activity in cotyledon SMPs.
Moreover, 10-fold more pyruvate was required to reach
half-maximal stimulation of AOX in root compared with
cotyledon SMPs (Table I). These results may indicate that
the AOX enzyme in cotyledons is less dependent on acti-
vators than on its root counterpart. However, differences
were also found in the size and composition of the UQ
pool between root and cotyledon mitochondria (Table I)
when total UQ was extracted from mitochondrial mem-
branes and quantified by HPLC. The UQ,, analog was by
far the predominant species in each case, with detectable
levels of UQ, found only in cotyledon mitochondria,
where it represents 17% of the total UQ. No other UQ
analogs were observed, which is consistent with other
studies of soybean mitochondria from various tissues
(Ribas-Carbo et al., 1995). In cotyledon mitochondria, to-
tal extractable UQ was found to be 2.5-fold higher than in
root mitochondria, which may have influenced the pyru-
vate requirement for maximal activity. A more pro-
nounced difference between root and cotyledon AOX was
their different discrimination against '*O, (see table I,
Robinson et al., 1992).

Table I. A comparison of AOX properties in root and cotyledon
SMPs from soybean

O,-consumption measurements and HPLC analysis of UQ were
performed as described in “Materials and Methods.” Data are
means £ SE (n = 3).

SMPs
Character
Cotyledon Root
Orientation (% inside out) 88 £ 2 84 =3
AOX activity (nmol O, min™"
mg~" protein)

Control 74 £5 26 £ 5

+5 mm pyruvate 137 £ 12 106 + 24
- K. stimulation (um) 4.5 + 0.9 51 = 4
UQ (nmol mg™" mg™" protein)

Total 4203 1.7 = 0.2

UQio 3.5+ 0.3 1.7 + 0.2

UQ, 0.7 = 0.02 <0.05
80, discrimination® (%o) 31.2 25.6

2 From Robinson et al. (1992), as determined in whole tissues.

Plant Physiol. Vol. 114, 1997

70
o ?? [ Aox1
* 22 % Aox2
_ 504 % é B o
2 Z 7
€ 40 -
s .
AN
- - /
104 iV 1= -
. 5

o

6 12 24
Light Exposure (h})

Figure 6. Response of the Aox transcript pool in dark-grown cotyle-
dons to exposure to continuous light. Averages of three determina-
tions are presented, with bars indicating sE.

Aox Gene Expression Patterns Change during the
Greening of Cotyledons

The observation that the Aox genes are expressed in a
tissue-dependent manner prompted us to investigate other
situations in which Aox gene activity may change. Green-
ing of etiolated shoots was investigated, because this tran-
sition represents a rapid alteration in cell physiology. Seeds
germinated in the dark for 7 d were exposed to continuous
light and cotyledons were harvested after 0, 6, 12, and 24 h
of light exposure. Mitochondria were isolated from 0- and
24-h light-exposed tissue. The AOX activity in mitochon-
dria from etiolated cotyledons, assayed in the presence of
pyruvate with NADH as the substrate, was approximately
5-fold less on a mitochondrial protein basis than that typ-
ically found in mitochondria from 7-d-old light-grown
seedlings. Upon exposure of the dark-grown seedlings to
24 h of light, cotyledon AOX activity approximately dou-
bled. Although induced, the activity after 24 h of light was
still only about 40% of that typically observed for cotyle-
don mitochondria from plants grown under the normal
light cycle.

Immunoblotting of SMPs from etiolated cotyledons with
the AOA monoclonal antibody (Fig. 5 lane 3) revealed
three polypeptide bands with approximately equivalent
intensities and apparent molecular sizes of 32, 34, and 36
kD, corresponding to AOX1, AOX2, and AOX3, respec-
tively. In contrast, when SMPs from dark-grown cotyle-
dons exposed to 24 h of light were examined (lane 4), the
34-kD AOX2 subunit was the predominant immunoreac-
tive species.

The relative abundance of transcripts from the three Aox
genes in dark-grown cotyledons exposed to continuous
light was examined using the RT-PCR assay (Fig. 6). In
dark-grown cotyledons, transcripts from Aox3 predomi-
nated and were approximately 6- and 2.5-fold more abun-
dant than those from Aox1 and Aox2, respectively. The
relative abundance of Aox3 transcripts decreased and that
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of Aox2 increased during exposure to light. After 24 h of
continuous light, the proportion of transcripts from these
two genes was essentially reversed. During the period
examined, the relative abundance of AoxI transcripts de-
creased slightly. The correlation between the increase in
relative abundance of Aox2 transcripts and the accumula-
tion of the 34-kD protein during greening supports the
conclusion that this polypeptide is encoded by Aox2.

DISCUSSION

The subunits of the AOX dimer are encoded by at least
three genes in soybean (Whelan et al., 1996a). The Aox1
gene encodes a 36.5-kD precursor protein (Whelan et al.,
1993), which is cleaved to 32.2 kD upon import into iso-
lated mitochondria (Whelan et al., 1995a). We have now
characterized the two remaining known members of this
multigene family and have demonstrated that both are
actively transcribed and translated. The relatively steady-
state transcript levels of the three Aox genes in cotyledon
and root tissue were examined, as were the effects of
greening on AOX activity, protein patterns, and relative
transcript levels. These analyses, coupled with direct
N-terminal protein sequencing, have allowed us to eluci-
date the basis of the tissue- and age-dependent polypeptide
patterns that have been seen on immunoblots of cotyledon
and root mitochondrial proteins probed with anti-AOX
antibodies (Kearns et al., 1992).

Both Aox2 and Aox3 encode proteins that are processed,.

presumably upon import into mitochondria, to mature
subunits of 31.8 and 31.6 kD, respectively. As yet, the basis
for the discrepancy between the molecular masses deduced
from the ¢cDNA sequences and the apparent molecular
masses determined by SDS-PAGE is unknown. The lack of
overall sequence conservation at the N termini of the Aox
primary translation products (Fig. 1) is typical of proteins
requiring N-terminal signals for mitochondrial import.
However, sequence comparisons have revealed conserved
Arg residues at positions —2 or —10 relative to the cleavage
site in a number of mitochondria-targeted plant proteins
(Chaumont and Boutry, 1995). Alignment of the cleavage
sites determined for AOX2, AOX3, and the S. guttatum
subunit with that proposed for soybean AOX1 (Whelan et
al., 1995a) demonstrates that an Arg residue at position —2
is highly conserved among plant AOX sequences (Fig. 7).
Moreover, an Arg at position —10 is also found in the
soybean AOX1 sequence. Also of note is the conservation
of hydroxylated residues at positions +2 and +3 among
the AOX proteins. Examination of the other plant AOX
sequences revealed the presence of similar motifs in all
cases (Fig. 7), allowing putative cleavage sites to be iden-
tified. Although an Arg at position —2 and hydroxylated
residues at +2 and +3 are nearly universal in these se-
quences, the —10 Arg is found only in Arabidopsis AOX
and soybean and tobacco AOX1 sequences and is not nec-
essary for import of the soybean protein into isolated mi-
tochondria (Whelan et al., 1996b). AOX subunits with Arg
at position —10 from the presumed mitochondrial targeting
signal cleavage site form a distinct sequence group (Fig. 2).
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Figure 7. An alignment of the amino acid sequences around the
mature N termini of AOX subunits. Double-underlined sequences
represent those determined directly in this study for soybean AOX2
and AOX3 or those determined previously for S. guttatum AOX
(Rhoads and Mclntosh, 1991). Single-underlined sequences repre-
sent those deduced previously for soybean AOX1 (Whelan et al.,
1995a) or postulated from published sequences (Hiser et al., 1996).
Numbers refer to coordinates in the respective amino acid se-
quences. The Arg residues found at position —10 from the cleavage
sites are in bold. The sources for the sequences are described in the
legend to Figure 1.

Examination of the mature protein sequences confirms
that AOX subunit sequences are highly conserved among
plant species and across genera. As commented on previ-
ously (Mcintosh, 1994), the conservation is especially strik-
ing in the two regions proposed to be membrane-spanning
helices (Fig. 1, positions 178-208 and 238-268) and the
intervening amphipathic helix (Fig. 1, positions 213-234).
High levels of sequence conservation are also seen in four
short regions (Fig. 1, positions 274-282, 287-295, 298-308,
and 317-328), resembling a binding site for a binuclear iron
center that may be involved in the transfer of electrons
from reduced UQ to O, (Siedow et al., 1995). The AOX2 .
and AOX3 sequences conform to this model in every re-
spect except for a replacement in AOX3 of a His residue,
which is thought to be important for iron binding by an Ile
residue (Fig. 1, position 279). A His at position 285 may
compensate for this change, because a similar arrangement
is found in AOX from H. anomola, a yeast.

Separate Cys residues have been implicated in the oxi-
dative regulation of AOX activity (Umbach and Siedow,
1993) and in the stimulation of the enzyme by pyruvate
(Umbach and Siedow, 1996). Two Cys residues are con-
served in all plant AOX sequences examined to date, in-
cluding AOX2 and AOX3 (at residues 128 and 178 in Fig. 1).
The observation that AOX2 and AOX3 possess only these
two Cys residues and that at least AOX3 responds to both
redox control and pyruvate activation (Day et al., 1994)
supports the suggestion that any involvement of Cys in
AOX regulation would be mediated through these two
residues (Umbach and Siedow, 1996).

Despite the general conservation among AOX sequences,
the observed variation allows them to be grouped accord-
ing to relatedness (Fig. 2). With the exception of mango, all
of the reported plant AOX sequences are more similar to
soybean AOXI1 than to either AOX2 or AOX3. This is not
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surprising, since, with the exception of the Arabidopsis
sequence, which was isolated because of its ability to com-
plement a heme biosynthesis mutation in E. coli (Kumar
and Soll, 1992), all of the sequences in the AOX1 group
were isolated from libraries by hybridization with the S.
guttatum gene sequence or with sequences isolated using
that probe. The high-stringency conditions typically used
for screening precluded the isolation of sequences as di-
vergent as the three soybean Aox sequences (Whelan et al.,
1996a). These observations, together with the association of
multiple proteins with AOX activity in most species and
the finding of a second Aox gene in tobacco (Whelan et al.,
1996a), strongly suggest that Aox multigene families are the
rule rather than the exception in plants. As yet, there is no
strong evidence that any plant species possesses only a
single Aox gene.

The AOA monoclonal antibody recognizes one to three
proteins on immunoblots of mitochondrial proteins from
all plants examined. In mitochondria from soybean
cotyledons, 34- and 36-kD proteins are detected. Direct
N-terminal sequencing of proteins in partially purified
AOX preparations has now demonstrated these proteins to
be AOX2 and AOX3, respectively. The finding that the
most abundant Aox transcripts in cotyledons are those
from Aox2 and Aox3 indicates that protein levels are to a
large degree a reflection of transcript levels. This conclu-
sion is supported by the observation that upon exposure of
etiolated cotyledons to light the relative abundance of the
34-kD protein and Aox2 transcripts increase concurrently.
However, the exact relationship between transcript and
protein abundance cannot be assessed with confidence,
because the relative reactivity of the monoclonal antibody
to each of the three AOX subunits is unknown. The single
36-kD protein detected in root mitochondria is almost cer-
tainly AOX3, because Aox3 transcripts are overwhelmingly

the most abundant in this tissue.
 The 32-kD protein seen in very low abundance in coty-
ledon mitochondria is presumably AOX1. Although scarce
in all of the tissues examined, the relative proportions of
Aox1 transcripts in the total Aox transcript pool in root and
cotyledon RNA correlated well with the relative intensity
of the 32-kD band on immunoblots of SMPs from these
tissues. This protein also corresponds in size to the import
product when the AOX1 precursor protein was incubated
with isolated mitochondria (Whelan et al., 1995a). AOX1
has probably eluded previous detection due to its low
abundance in the tissues examined and was detected here
because of two main advantages of the current method: (a)
the use of SMPs removes interfering soluble proteins and
allows more membrane protein to be separated by SDS-
PAGE, and (b) chemiluminescence is more sensitive than
alkaline phosphatase-coupled colorimetric detection sys-
tems. Aox] may be expressed at higher levels in soybean
tissues other than roots or cotyledons.

Previous RT-PCR analysis of the steady-state transcript
levels of Aox1 and Aox3 suggested that AoxI transcripts
were more abundant than Aox3 transcripts in cotyledons
from 7-d-old seedlings (Whelan et al., 1996a). No informa-
tion was available regarding Aox2 transcripts. Although
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7-d-old cotyledons were also used in the current study,
Aox3 transcripts were found to predominate. A possible
explanation for this discrepancy may lie in the use of
degenerate primers in the earlier study. Differences in an-
nealing optima for the multitude of primer pairs involved
may have led to differential amplification efficiencies for
the target templates, and the effects of this on the estima-
tion of relative transcript abundance are unknown. The
present work circumvents this complication by estimating
transcript abundance based on an internal standard tem-
plate that has exactly the same priming sites as the target
templates and therefore has a similar amplification effi-
ciency. Moreover, the use of the same standard template to
assay all three genes compensates for any differences in
PCR efficiency due to the presence of the artificial intron
sequence and any problems associated with the use of
multiple standard templates.

The differential stimulation by pyruvate of AOX from
roots and cotyledons suggests that the tissue-dependent
expression of the three Aox genes leads to enzymes with
different properties. Although differences in total UQ con-
tent may explain some of the variation in pyruvate stimu-
lation (Ribas-Carbo et al., 1995), differences in the K. for
stimulation suggest more fundamental differences between
the AOX isoforms. The presence of different AOX isoforms
in roots and etiolated cotyledons compared with green
cotyledons may also explain the reported difference in
O,-isotope discrimination values for AOX between photo-
synthetic and nonphotosynthetic tissues (Robinson et al.,
1992, 1995). Furthermore, the O, discrimination values de-
termined for AOX during greening of etiolated soybean
cotyledons were intermediate between the values for fully
green and etiolated cotyledons (Robinson et al., 1995). This
correlates with the changes in AOX protein complement
we have observed during greening, where AOX2 levels
increase upon exposure to light, whereas AOX1 and AOX3
levels stay the same. Since AOX2 transcripts and protein
have been observed only in tissues exposed to light (this
study; Kearns et al., 1992), it is possible that this isoform is
responsible for the different O,-isotope discrimination be-
tween photosynthetic and nonphotosynthetic tissues in
soybean.

The presence of multiple AOX subunits in at least some
tissues raises the possibility of subunit heterodimerism.
When soybean cotyledon mitochondrial proteins are sepa-
rated by SDS-PAGE under nonreducing conditions, three
higher-mass bands with similar staining intensities are
found (Umbach and Siedow, 1993). Two of the latter spe-
cies have masses expected for homodimers of AOX2 or
AOX3 subunits. The third species, however, has an inter-
mediate molecular mass, which potentially represents
AOX2/AOX3 heterodimers. In another study, monoclonal
antibodies that cross-reacted with individual S. guttatum
AQOX subunits were able to immunoadsorb, under nonre-
ducing conditions, all three subunits found in thermogenic
tissues, with the retention of the nonspecific subunits being
substoichiometric (Elthon et al., 1989). These observations
are consistent with the adsorption of a mixture of homo-
and heterodimers. Thus, heterodimerism may be a general
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phenomenon of AOX in plants. Tissue-dependent expres-
sion of AOX subunits provides a potentially important
mechanism for the coarse regulation of AOX activity in
response to the multitude of metabolic environments ex-
perienced by mitochondria during plant growth and
development.

ACKNOWLEDGMENTS

We thank Jill McGovern of the Biomolecular Resource Facility
(John Curtin School of Medical Research, Australian National
University) for the peptide sequence determinations, and Drs.
Sharon Robinson and Ian Menz for helpful discussions. The AOA
antibody was a kind gift of Drs. Tom Elthon and Lee McIntosh.

Received December 2, 1996; accepted February 25, 1997.
Copyright Clearance Center: 0032-0889/97/114/0455/12.

LITERATURE CITED

Berthold DA, Siedow JN (1993) Partial purification of the cyanide-
resistant oxidase of skunk cabbage (Symplocarpus foetidus) mito-
chondria. Plant Physiol 101: 113-119

Chaudhuri M, Hill GC (1996) Cloning, sequencing, and functional
activity of the Tyrpanosoma brucei brucei alternative oxidase. Mol
Biochem Parisitol 83: 125-129

Chaumont F, Boutry M (1995) Protein import into plant mitochon-
dria. In CS Levings III, IK Veril, eds, Advances in Cellular and
Molecular Biology of Plants, Vol 3: Molecular Biology of Plant
Mitochondria. Kluwer, Dordrecht, The Netherlands, pp 207-235

Chomczynski P, Sacchi N (1987) Single-step method of RNA
isolation by acid guanidinium thiocyanate phenol chloroform
extraction. Anal Biochem 162: 156-159

Conley CA, Hanson MR (1994) Tissue-specific protein expression
in plant mitochondria. Plant Cell 6: 85-91

Cruz-Hernandez A, Gomez-Lim MA (1995) Alternative oxidase
from mango (Mangifera indica, L.) is differentially regulated dur-
ing fruit ripening. Planta 197: 569-576

Day DA, Millar AH, Wiskich JT, Whelan J (1994) Regulation of
alternative oxidase activity by pyruvate in soybean mitochon-
dria. Plant Physiol 106: 1421-1427

Day DA, Neuberger M, Douce R (1985) Biochemical characterisa-
tion of chlorophyll-free mitochondria from pea leaves. Aust J
Plant Physiol 12: 219-228

Day DA, Whelan J, Millar AH, Siedow JN, Wiskich JT (1995)
Regulation of the alternative oxidase in plants and fungi. Aust J
Plant Physiol 22: 497-509

Day DA, Wiskich JT (1995) Regulation of alternative oxidase
activity in higher plants. J Bioenerg Biomembr 27: 379-385

Elthon TE, McIntosh L (1986) Characterization and solubilization
of the alternative oxidase of Sauromatum guttatum mitochondria.
Plant Physiol 82: 1-6

Elthon TE, McIntosh L (1987) Identification of the alternative
terminal oxidase of higher plant mitochondria. Proc Natl Acad
Sci USA 84: 8399-8403

Elthon TE, Nickels RL, McIntosh L (1989) Monoclonal antibodies
to the alternative oxidase of higher plant mitochondria. Plant
Physiol 89: 1311-1317

Hartl F-U, Pfanner N, Nicholson DW, Neupert W (1989) Mito-
chondrial protein import. Biochim Biophys Acta 988: 145

Henikoff S (1984) Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:
351-359

Hiser C, Kapranov P, McIntosh L (1996) Genetic modification of
respiratory capacity in potato. Plant Physiol 110: 277-286

Hiser C, McIntosh L (1990) Alternative oxidase of potato is an
integral membrane protein synthesized de novo during aging of
tuber slices. Plant Physiol 93: 312-318

Hiser C, McIntosh L (1994) Potato alternative oxidase: detection of
mRNA by PCR and tissue-specific differences in protein levels.

In WR Belknap, ME Vayda, WD Park, eds, The Molecular and
Cellular Biology of the Potato, Ed 2. CAB International, Wall-
ingford, UK, pp 143-150

Hugq S, Palmer JM (1978) Isolation of a cyanide-resistant duroqui-
nol oxidase from Arum maculatum mitochondria. FEBS Lett 95:
217-220

Johns C, Nickels R, McIntosh L, Mackenzie S (1993) The expres-
sion of alternative oxidase and alternative respiratory capacity
in cytoplasmic male sterile common bean. Sex Plant Reprod 6:
257-265

Kapulnik Y, Yalpani N, Raskin I (1992) Salicylic acid induces
cyanide resistant respiration in tobacco cell suspension cultures.
Plant Physiol 100: 1921-1926

Kearns A, Whelan J, Young S, Elthon TE, Day DA (1992) Tissue-
specific expression of the alternative oxidase in soybean and
siratro. Plant Physiol 99: 712-717

Kumar AM, Soll D (1992) Arabidopsis alternative oxidase sustains
Escherichia coli respiration. Proc Natl Acad Sci USA 89: 10842—
10846

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-685

Li Q, Ritzel RG, McLean LLT, McIntosh L, Ko T, Bertrand H,
Nargang FE (1996) Cloning and analysis of the alternative oxi-
dase gene of Neurospora crassa. Genetics 142: 129-140

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurements with the Folin phenol reagent. ] Biol Chem 193:
265-275

McCaig TN, Hill RD (1977) Cyanide-insensitive respiration in
wheat: cultivar differences and effects of temperature, carbon
dioxide and oxygen. Can ] Bot 55: 549-555

McIntosh L (1994) Molecular biology of the alternative oxidase.
Plant Physiol 105: 781-786

Meusse BJD (1975) Thermogenic respiration in aroids. Rev Plant
Physiol 26: 117-126

Millar AH, Wiskich JT, Whelan J, Day DA (1993) Organic acid
activation of the alternative oxidase of plant mitochondria. FEBS
Lett 329: 259-262

Moore AL, Siedow JN (1991) The regulation and nature of the
cyanide-resistant alternative oxidase of plant mitochondria. Bio-
chim Biophys Acta 1059: 121-140

Morohashi Y, Seto T, Matsushima H (1991) Appearance of alter-
native respiration in cucumber cotyledon mitochondria after
treatment with cycloheximide. Physiol Plant 83: 640-646

Obenland D, Diethelm R, Shibles R, Stewart C (1990) Relation-
ship of alternative respiratory capacity and alternative oxidase
amount during soybean seedling growth. Plant Cell Physiol 31:
897-901

Rasmusson AG, Meller IM (1991) NAD(P)H dehydrogenases on
the inner surface of the inner mitochondrial membrane studied
using inside-out submitochondrial particles. Physiol Plant 83:
357-365

Rhoads DM, McIntosh L (1991) Isolation and characterization of a
¢DNA clone encoding an alternative oxidase protein of Sauro-
matum guttatum (Schott). Proc Natl Acad Sci USA 88: 21222126

Rhoads DM, McIntosh L (1992) Salicylic acid regulation of respi-
ration in higher plants: alternative oxidase expression. Plant Cell
4: 1131-1139

Rhoads DM, McIntosh L (1993) The salicylic acid-inducible alter-
native oxidase gene aoxl and genes encoding pathogenesis-
related proteins share regions of sequence similarity in their
promoters. Plant Mol Biol 21: 615-624

Ribas-Carbo M, Wiskich JT, Berry JA, Siedow JN (1995) Ubiqui-
none redox behaviour in plant mitochondria during electron
transport. Arch Biochem Biophys 317: 156-160

Rich PR (1978) Quinol oxidation in Arum maculatum mitochondria
and its application to the assay, solubilisation and partial puri-
fication of the alternative oxidase. FEBS Lett 96: 252-256

Robinson SA, Ribas-Carbo M, Yakir D, Giles L, Reuveni Y, Berry
JA (1995) Beyond SHAM and cyanide: opportunities for study-
ing the alternative oxidase in plant respiration using oxygen
isotope discrimination. Aust J Plant Physiol 22: 487-496

Robinson SA, Yakir D, Ribas-Carbo M, Giles L, Osmond CB,



466 Finnegan et al.

Siedow JN, Berry JA (1992) Measurements of the engagement of
cyanide-resistant respiration in the Crassulacean acid metabo-
lism plant Kalanchoe daigremontiana with the use of on-line oxy-
gen isotope discrimination. Plant Physiol 100: 1087-1091

Sakajo S, Minagawa N, Komiyama T, Yoshimoto A (1991) Mo-
lecular cloning of cDNA for antimycin A-inducible mRNA and
its role in cyanide-resistant respiration in Hansenula anomola.
Biochim Biophys Acta 1090: 102-108

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Siedow JN, Umbach AL, Moore AL (1995) The active site of the
cyanide-resistant oxidase from plant mitochondria contains a
binuclear iron center. FEBS Lett 362: 10-14

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA 76:
4350-4354

Umbach AL, Siedow JN (1993) Covalent and noncovalent dimers
of the cyanide-resistant alternative oxidase protein in higher
plant mitochondria and their relationship to enzyme activity.
Plant Physiol 103: 845-854

Umbach AL, Siedow JN (1996) The reaction of the soybean coty-
ledon mitochondrial cyanide-resistant oxidase with sulfhydryl
reagents suggests that a-keto acid activation involves the for-
mation of a thiohemiacetal. J Biol Chem 271: 25019-25026

Vanlerberghe GC, McIntosh L (1992) Coordinate regulation of
cytochrome and alternative pathway respiration in tobacco.
Plant Physiol 100: 1846-1851 '

Vanlerberghe GC, McIntosh L (1994) Mitochondrial electron
transport regulation of nuclear gene expression. Plant Physiol
105: 867-874

Plant Physiol. Vol. 114, 1997

Vanlerberghe GC, McIntosh L (1996) Signals regulating the ex-
pression of the nuclear gene encoding alternative oxidase of
plant mitochondria. Plant Physiol 111: 589-595

Wagner AM (1995) A role for active oxygen species as second
messengers in the induction of alternative oxidase gene expres-
sion in Petunia hybrida cells. FEBS Lett 368: 339-342

Wagner AM, van Emmerik WAM, Zwiers JH, Kaagman HMCM
(1992) Energy metabolism of Petunia hybrida cell suspensions
growing in the presence of antimycin A. In H Lambers, LHW
van der Plas, eds, Molecular, Biochemical and Physiological
Aspects of Plant Respiration. SPB Academic, The Hague, pp
609-614

Whelan J, Hugosson M, Glaser E, Day DA (1995a) Studies on the
import and processing of the alternative oxidase precursor by
isolated soybean mitochondria. Plant Mol Biol 27: 769-778

Whelan J, McIntosh L, Day DA (1993) Sequencing of a soybean
alternative oxidase cDNA clone. Plant Physiol 103: 1481

Whelan J, Millar AH, Day DA (1996a) The alternative oxidase is
encoded in a multigene family in soybean. Planta 198: 197-201

Whelan ], Smith MK, Meijer M, Yu J-W, Badger MR, Price GD, °
Day DA (1995b) Cloning of an additional cDNA for the alter-
native oxidase in tobacco. Plant Physiol 107: 1469-1470

Whelan J, Tanudji MR, Smith MK, Day DA (1996b) Evidence for
a link between translocation and processing during protein im-
port into soybean mitochondria. Biochim Biophys Acta 1312:
48-54

Zhang Q, Hoefnagel MHN, Wiskich JT (1996a) Alternative oxi-
dase from Arum and soybean: its stabilization during purifica-
tion. Physiol Plant 96: 551-558

Zhang Q, Mischis L, Wiskich JT (1996b) Respiratory responses of
pea and wheat seedlings to chloramphenicol treatment. Aust ]
Plant Physiol 23: 583-592





