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with transcription of the alternative oxidase gene in to- 
bacco suspension-cell cultures treated with antimycin A, a 
specific inhibitor of the Cyt pathway (Vanlerberghe and 
McIntosh, 1992, 1994), which suggests that alternative ox- 
idase can be regulated at the leve1 of transcription/mRNA 
stability. Whether such regulation is involved in the aging 
process of potato tuber remains unknown, since the 
potato alternative oxidase message is of an abundance too 

&‘Otato hber 
Although monoclonal antibodies against the Sauromatum 

guttatum alternative oxidase (Elthon et al., 198913) and the 
alternative oxidase structural gene Aoxl (Rhoads and 
McIntosh, 1991) are available for use as molecular probes, 
investigation of the function and regulation of the alterna- 
tive pathway in higher plants has been slowed by a lack of 
naturally occurring mutants in the alternative oxidase. 
However, transformation with sense and antisense con- 
structs has recently proven effective in altering the alter- 
native pathway in tobacco (Vanlerberghe et al., 1994). Ge- 
netic manipulation of the alternative pathway in potato is 
advantageous, since potato provides a variety of metabol- 
ically different tissues (leaf, root, tuber) in which to com- 
pare alternative oxidase capacities and proteins, as well as 
a system in which alternative pathway capacity can be 
induced (tuber slice aging). Part of the difficulty of study- 
ing the alternative pathway in non-aroid higher plant tis- 
sues such as potato tuber is due to the lower natural level 
of alternative pathway capacity. The alternative pathway 
capacity has been correlated with the amount of alternative 
oxidase protein in higher plants (Elthon and McIntosh, 
1987; Obenland et al., 1990; Kearns et al., 1992; Rhoads and 
McIntosh, 1992; Vanlerberghe and McIntosh, 1992; Vanler- 
berghe et al., 1994), including potato (Hiser and McIntosh, 
1990). Increasing the levels of the alternative oxidase pro- 
tein by overexpression could increase alternative pathway 
capacity and facilitate the study of alternative pathway 
function and regulation in non-aroid plants. 

Here we report the production of transgenic potato 
plants that overexpress the alternative oxidase structural 
gene Aoxl .  These plants have higher levels of alternative 
oxidase mRNA and protein; possess an additional, charac- 
teristic alternative oxidase polypeptide in leaves, roots, and 
tubers; and show increased alternative pathway capacity in 
leaf and tuber mitochondria, thereby demonstrating that 

Mitochondrial respiration was altered in transgenic potato (so- 
lanum tuberosum) lines by overexpression of the alternative oxidase 
Aoxl gene. Overexpressing lines showed higher levels of Aoxl 
mRNA, increased levels of alternative oxidase protein(s), and an 
~ ~ s u a l  higher molecular weight PolYPePtide, which maY be a 
normal processing/modification intermediate. Evidence suggests 
that the alternative oxidase protein is further processed/modified 
beyond removal of the transit peptide. Addition of pyruvate to 

tive pathway capacity but did not eliminate the difference in the 
capacity between these two substrates. lnduction of alternative 
pathway capacity by aging of tubers appeared to be more depen- 
dent on increased levels of alternative oxidase protein than changes 
in its oxidation state. In leaf and tuber mitochondria, overexpress- 
ing lines possessed higher alternative pathway capacity than the 
control line, which suggests that changing the alternative oxidase 
protein level by genetic engineering can effectively change alterna- 
tive pathway capacity. 

mitochondria oxidizing succinate or NADH increased the alterna- ‘Ow to be detected On northern blots Of either fresh Or aged 
(Hiser and Mclntosh~ 1994). 

In addition to the cyanide-sensitive Cyt pathway of elec- 
tron transport, plant mitochondria possess a cyanide-resis- 
tant, SHAM-sensitive alternative pathway. The alternative 
pathway consists of an alternative terminal oxidase that 
accepts electrons from the ubiquinone pool, reduces O, to 
H,O, and does not conserve energy (Day et al., 1980; Lance 
et al., 1985; Moore and Siedow, 1991). 

Potato (Solanum tuberosum) tubers provide a model sys- 
tem in which to study induction of the alternative pathway. 
The respiration of fresh tuber slice mitochondria is almost 
entirely cyanide sensitive, whereas mitochondria from aer- 
obically aged slices exhibit elevated alternative pathway 
respiration (Dizengremel and Lance, 1976; Theologis and 
Laties, 1978; for review, see Day et al., 1980). The potato 
tuber alternative oxidase was reported to be an approxi- 
mately 36-kD protein that was not detected in mitochon- 
dria from fresh tuber tissue but appeared in mitochondria 
from aged slices (Hiser and McIntosh, 1990). This supports 
the concept that increased alternative path capacity in aged 
tuber slice mitochondria is, to some degree, due to de novo 
synthesis of the protein during the aging process. De novo 
synthesis of alternative oxidase proteins was correlated 
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overexpression of Aoxl in transgenic potato can success- 
fully alter the alternative pathway. 

MATERIALS A N D  M E T H O D S  

Cloning and Sequencing of the Potato Aoxl Gene 

Russet-type potato (Solanum tuberosum) tuber slices were 
aged for 24 h (Hiser and McIntosh, 19901, and total RNA 
was isolated (McIntosh and Cattolico, 1978). mRNA was 
isolated from total RNA (Cashmore, 1982) and sent to 
Stratagene Cloning Systems, where a cDNA library was 
constructed in the A ZapII vector. The phagemid library 
was screened using the Sauromatum guttatum alternative 
oxidase gene (Rhoads and McIntosh, 1991) as the probe. 
The insert from one positive plaque was subcloned into 
pUCll9 for sequencing. Single-stranded DNA (Viera and 
Messing, 1987) was prepared from the clone, severa1 dele- 
tions were made (Dale et al., 19851, and both strands of the 
clone and each deletion were sequenced using the Seque- 
nase, version 2.0, kit (United States Biochemical). The SE- 
QANAL secondary structure predictor program (Crofts, 
1987) was used for sequence analysis. 

Construction of the Binary Vector pSt l1  and 
Plant Transformation 

The binary vector pGA748 and the Esckerickia coli host 
strain MClOOO (Casadaban and Cohan, 1980) were ob- 
tained from Dr. Gynheung An (Washington State Univer- 
sity, Pullman). The entire cDNA insert carrying the potato 
Aoxl gene was cloned into the EcoRI site of the polylinker 
of pGA748 behind the cauliflower mosaic virus 35s pro- 
moter. MClOOO transformants were screened to obtain a 
clone carrying the alternative oxidase gene in the sense 
orientation. The resultant vector pStl1 was transferred di- 
rectly (An, 1987) to Agrobacterium tumefaciens strain 
LBA4404 (obtained from Dr. William Belknap, U.S. Depart- 
ment of Agriculture-Agricultura1 Research Service, Al- 
bany, CA). Agrobacterium transformants were screened ac- 
cording to the method of An et al. (1988). 

The FL1607 line of potato plants was obtained from Dr. 
William Park (Texas A & M University, College Station, 
TX) and maintained in tissue culture (Wenzler et al., 1989). 
Agrobacterium-mediated leaf disc transformations (Wenzler 
et al., 1989) produced kanamycin-resistant plants that were 
shown by Southern blotting to contain the desired inserted 
T-DNA (data not shown). Plants were transferred to soil 
and moved to growth chambers under 16-h days at 20°C 
and 80% RH. Although some of the primary transformants 
had unusual growth traits, phenotypes were not further 
characterized in progeny plants because the overexpress- 
ing lines did not flower under conditions in which the 
FL1607 control line flowered. 

RNA Analysis of Transgenic Plants 

Total RNA was isolated from tissue-culture-grown 
leaves (Verwoerd et al., 1989); 50 pg of total RNA per lane 
were separated on agarose/formaldehyde gels and trans- 
ferred to nitrocellulose (Seldon, 1987). Northern blots were 

probed with a 32P-end-labeled (Sambrook et al., 1989) oli- 
gonucleotide designed to detect only sense mRNA: 5'- 
CGATTGACATGTCCGACTCGTACGCCTCCCAT-3'. 

lsolation of Mitochondria 

Mitochondria were isolated and Suc gradient purified 
from fresh and 24-h-aged potato tuber tissue as previously 
described (Hiser and McIntosh, 1990). 

Leaf mitochondria were isolated from tissue-culture- 
grown plants essentially as described by Boutry et al. 
(1984). The discontinuous gradient contained 0.25 mL of 
50% (v/v) Percoll, 0.5 mL of 26% Percoll, and 0.25 mL of 
13.5% Percoll in a Beckman TLS-55 rotor tube, which was 
centrifuged in a Beckman TL-100 ultracentrifuge at 20,000 
rpm for 15 min. The mitochondrial layer at the 26/50% 
Percoll interface was collected and pelleted as described 
(Boutry et al., 1984) and then resuspended in 25 pL of assay 
buffer (Hiser and McIntosh, 1990). 

Leaf mitochondria were isolated from growth-chamber- 
grown plants by a variation of the method of Day et al. 
(1985). Approximately 150 g of leaf tissue was homoge- 
nized in 1.5 L of isolation buffer (0.3 M SUC, 30 mM Mops, 
25 mM Na PPi, 10 mM KH,PO,, 2 mM Na,EDTA, 2 mM Gly, 
20 mM ascorbic acid, 1% (w/v) fatty-acid-free BSA, 1% 
(w/v) PVP-40, pH 7.5) and then filtered through four lay- 
ers of cheesecloth and one layer of Miracloth (Calbiochem). 
The homogenate was centrifuged at 4,OOOg for 5 min, and 
the supernatant was recentrifuged at 20,OOOg for 20 min. 
The pellets were resuspended in wash buffer (0.3 M SUC, 10 
mM Tes, 1 mM Gly, 0.1% (w/v) fatty-acid-free BSA, pH 7.2) 
and centrifuged at 4,3008 for 4 min, and the supernatant 
was recentrifuged at 12,OOOg for 20 min. These washed 
mitochondrial pellets were resuspended in 6 to 8 mL of 
wash buffer, layered over 35 mL of gradient solution (wash 
buffer plus 30% [v/vl Percoll and a linear gradient, top to 
bottom, of O-10% [w/v] PVP-25) in four Sorva11 SS-34 rotor 
tubes, and centrifuged at 40,OOOg for 20 min. Purified mi- 
tochondria were collected from a zone near the bottom of 
the tube, diluted 5-fold with wash buffer, pelleted at 
15,0008 for 16 min, and resuspended in 200 pL  of assay 
buffer (Hiser and McIntosh, 1990). 

Respiration Assays 

Respiration assays on isolated leaf or tuber mitochondria 
were performed at 25°C with a Rank Brothers (Cambridge, 
UK ) O, electrode as previously described (Hiser and McIn- 
tosh, 1990) except that the chamber was covered with a 
black cloth during experiments with leaf mitochondria. 
Substrates were 10 mM succinate (in the presence of 0.1 mM 
ATP to activate succinate dehydrogenase) or 10 mM 
NADH, and the mitochondria were uncoupled with 0.5 p~ 
p-trifluoromethoxycarbonylcyanide. In some assays, 0.5 
mM pyruvate was included as an activator of the alterna- 
tive oxidase (Millar et al., 1993). Cyt pathway capacity was 
taken to be that portion of uncoupled respiration inhibited 
by 1 mM KCN. Alternative pathway capacity was mea- 
sured as that portion of uncoupled respiration inhibited by 
1 to 2 mM SHAM in the presence of KCN. Residual respi- 
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ration was the O, uptake that remained in the presence of 
both KCN and SHAM. Results are the average (t SD) of at 
least three replicate isolations with at least three measure- 
ments for each treatment per isolation. 

Western Analysis of Mitochondrial Proteins 

Mitochondrial protein concentrations were determined 
by a modified Lowry method (Larson et al., 1986). Samples 
of leaf or tuber mitochondria (50 or 500 pg of mitochon- 
drial protein per lane, respectively) were separated by 
SDS-PAGE, blotted onto nitrocellulose, and probed with 
the AOA monoclonal antibody against the S.  guttatum al- 
ternative oxidase (Elthon et al., 1989b) as previously de- 
scribed (Hiser and McIntosh, 1990). To visualize the oxi- 
dized form of the alternative oxidase (Umbach and Siedow, 
1993), however, the PME normally used as the reductant in 
the SDS-PAGE sample buffer was omitted from certain 
samples. 

Protein lsolation and Sequencing 

Samples of leaf mitochondria from the overexpressing 
line 11-6 were separated by SDS-PAGE as described above 
but were electroblotted at 0.2 A overnight onto polyvinyli- 
dene difluoride membranes (Problot, Millipore) in a trans- 
fer buffer containing 25 mM Tris, pH 8.3, 192 mM Gly, 20% 
(v/v) methanol, and 0.05% (w/v) SDS. The membranes 
were washed extensively with distilled water, stained with 
0.1% (w/v) Coomassie brilliant blue R-250 in 40% (v/v) 
methanol/lO% (v/v) acetic acid, and destained with 50% 
(v/v) methanol. The higher molecular weight alternative 
oxidase band characteristic of overexpressing lines was 
excised from the membranes. N-terminal protein sequenc- 
ing was performed directly on the excised bands by Dr. Joe 
Leykam at the Michigan State University Biochemistry De- 
partment Macromolecular Structure Facility using an Ap- 
plied Biosystems 477A protein sequencer with model120A 
analyzer. 

RESULTS 

The Potato Alternative Oxidase Cene Aoxl 

T h e  deduced amino acid sequence of the potato alterna- 
tive oxidase gene Aoxl is shown in Figure 1. The potato 
cDNA was 1254 bp long with a 344-codon open reading 
frame that could potentially encode a 41-kD polypeptide. 
The S. guttatum alternative oxidase was shown to be made 
initially as a 42-kD precursor with a predicted 63-amino 
acid transit sequence (Rhoads and McIntosh, 1991). By 
homology to the S. guttatum deduced amino acid sequence, 
the potato sequence appears to encode a transit peptide of 
59 amino acids. Comparison of the potato alternative oxi- 
dase deduced amino acid sequence to those from S. gutta- 
tum (Rhoads and McIntosh, 1991), tobacco (Vanlerberghe 
and McIntosh, 19941, soybean (Whelan et al., 1993), Auabi- 
dopsis tkaliana (Kumar and Soll, 1992), and the yeast Han- 
senuZa anomala (Sakajo et al., 1991) shows regions of high 
sequence identity, including two potential transmembrane 
helices (amino acids 168-186 and 236-250 in the potato 
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Figure 1. Comparison of alternative oxidase deduced amino acid 
sequences from the higher plants potato, S. guttatum (Saurom.) 
(Rhoads and Mclntosh, 1991), tobacco (Vanlerberghe and Mclntosh, 
1994), soybean (Whelan et al., 1993), A. thaliana (Arabid.) (Kumar 
and Soll, 1992), and the yeast H. anomala (Hansen.) (Sakajo et al., 
1991). Numbering refers to the potato sequence. Dots denote amino 
acids identical with those in the potato sequence and dashes indicate 
breaks in the sequences inserted to maximize alignment. The starts of 
the mature proteins, as proposed by the authors, are in boldface type. 
The conserved Cys's 'are underlined. 

sequence; for a model of alternative oxidase topology, see 
Siedow et al., 1992). Recent reports have proposed, as a 
potential means of regulation of alternative oxidase activ- 
ity, interconversion between a reduced form of the alter- 
native oxidase and an oxidized form linked by a disulfide 
bridge(s) (Umbach and Siedow, 1993; Umbach et al., 1994). 
Two conserved Cys's (amino acids 117 and 167 in the 
potato sequence) could potentially contribute to disulfide 
bond formation. 

Although potato is an advantageous system in which to 
study the alternative pathway because of its variety of 
tissues and the inducibility of alternative pathway capacity 
in tubers by aging, it has a relatively low natural leve1 of 
alternative path capacity even in mitochondria from aged 
tuber tissue (24 nmol O, min-' mg-' protein; see Fig. 6, 
FL1607 control line), as compared to aroid spadices (up to 
265 nmol O, min-l mg-' protein on the day of flowering; 
Elthon et al., 1989a). It would therefore be useful to in- 
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crease the levels of the alternative oxidase protein and
capacity to facilitate the study of its function and regula-
tion. To overexpress the alternative oxidase, the entire
potato Aoxl cDNA was cloned into a binary vector in the
sense orientation behind a strong promoter, and this con-
struct was used to transform the FL1607 line of potato
plants.

Alternative Oxidase Transcripts in Potato Leaves

Overexpression of Aoxl allowed alternative oxidase
mRNA to be detected in potato leaves. In both tubers and
leaves of untransformed potato plants, alternative oxidase
mRNA is of low abundance. No signal was detected on
northern blots of total RNA or mRNA isolated from tubers
(data not shown), although a message was detected previ-
ously in both fresh and aged tuber tissue using reverse
transcription of RNA samples followed by PCR amplifica-
tion (Hiser and Mclntosh, 1994). When total RNA from
leaves of tissue-culture-grown plants was examined on a
northern blot (Fig. 2A), no signals appeared for the FL1607
control plants (lane FL1607). However, a transcript of ap-
proximately 1650 nucleotides appeared in most of the over-
expressing lines and was particularly abundant in line 11-6
(lane 11-6). The increase in potato alternative oxidase mes-
sage levels could be due to a higher level of transcription of
the inserted gene, which was downstream of a strong
promoter. The transcript produced by the inserted gene,
which is predicted to contain some additional upstream
and downstream sequences and no introns, may be more
stable than the native message. Increased transcription of
the native Aoxl gene or increased stability of its mRNA
cannot be excluded, particularly since the size of the native
transcript in potato could not be determined. (Although the
isolated potato cDNA was 1254 bp long, in S. guttatum
[Rhoads and Mclntosh, 1991], H. anomala [Sakajo et al.,
1991], and tobacco [Vanlerberghe and Mclntosh, 1994], the
isolated cDNA clones were shorter than the mRNA de-
tected by northern blotting.) Although the mechanism
could not be elucidated here, overexpression of Aoxl
clearly increased the steady-state level of alternative oxi-
dase mRNA in potato.

Tissue-Specific Differences in Alternative Oxidase Proteins

The alternative oxidase proteins in potato leaves and
roots differed from those of tubers. When western blots of
mitochondrial proteins were probed with the monoclonal
antibody against the S. guttatum alternative oxidase (Elthon
et al., 1989b), a closely spaced doublet of proteins was
present in leaf mitochondria from both FL1607 and the
overexpressing lines (Fig. 2B). The doublet was also
present in root mitochondria from FL1607 (Hiser and Mcln-
tosh, 1994) and the overexpressing lines (data not shown),
although at lower levels than in leaves. The potato alter-
native oxidase was previously reported to be a single pro-
tein of about 36 kD in Russet Burbank tubers (Hiser and
Mclntosh, 1990). Likewise, only one protein was detected
in FL1607 tuber mitochondria (Hiser and Mclntosh, 1994;
see also Fig. 2C). Therefore, the presence of a doublet of
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Figure 2. Northern blot of potato leaf RNA and western blots of leaf
and tuber mitochondrial proteins from individual overexpressing
transformant lines (numbers above each figure) and the FL1607
control line (FL1607). MW, Molecular mass standards. A, Northern
blot of potato leaf total RNA (50 ^g per lane) probed with an
oligonucleotide designed to detect alternative oxidase mRNA (see
"Materials and Methods"). B, Western blot of leaf alternative oxidase
proteins (50 /xg of mitochondrial protein per lane) probed with
monoclonal antibodies against the S. guttatum alternative oxidase
(Elthon et al., 1989b). The dot indicates the higher molecular weight
overexpressor protein. C, Western blot of tuber alternative oxidase
proteins (500 /xg of mitochondrial protein per lane) from fresh (F) and
aged (A) tuber tissue probed with the same antibody.

alternative oxidase proteins in potato leaves and roots and
a single protein in tubers is a tissue-specific difference and
not the result of using different potato lines in the present
and former experiments. Tissue-specific differences in the
number of alternative oxidase proteins have been observed
previously in soybean and siratro (Obenland et al., 1990;
Kearns et al., 1992; Day et al., 1994). Such differences
could result from differential processing/modification
of an alternative oxidase precursor polypeptide (see
"Discussion").

Alternative Oxidase Proteins in Overexpressing
Potato Lines

Overexpression of Aoxl altered the number of alternative
oxidase proteins in potato plants. In addition to the doublet
of proteins present in all lines, the overexpressing lines
possessed a higher molecular weight polypeptide in their
leaves (Fig. 2B, dot). The relative amount of this polypep-
tide varied among the overexpressing lines; all lines except
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potato 50 WLVR-FPLSRAASTMSAPAAPEGETAAKGDVD 80

Sauromatuia guttatum 54 WPPSWFSPPRHASTLSAPAODGGKEKAAGTAG 85

Figure 3. Comparison of the N-terminal protein sequence of the
potato higher molecular weight alternative oxidase overexpressor
protein from overexpressing line 11-6 and the N-terminal protein
sequence of the 36-kD inducible alternative oxidase protein from
S. guffafum (Rhoads and Mclntosh, 1991). Amino acids 50 to 80 from
potato and 54 to 85 from S. guffafum are shown, with the directly
sequenced areas underlined and proposed N termini shown in bold-
face type.

11-120 possessed it at higher levels than the doublet. Line
11-6 produced this polypeptide at sufficiently high levels
to be seen on a Coomassie blue-stained gel, although the
doublet of proteins was not discernible (data not shown).
All overexpressing lines possessed the same three proteins
in the same relative ratios in their roots as well as in their
leaves but at overall lower levels (data not shown). In
all overexpressing lines, the higher molecular weight
polypeptide was also present in fresh and aged tuber tissue
in addition to the single tuber alternative oxidase protein
present in the control FL1607 line (Fig. 2C). The appearance
of this extra, higher molecular weight polypeptide (for
clarity, hereafter referred to as the "overexpressor pro-
tein") in leaves, roots, and tubers is therefore characteristic
of overexpression of Aoxl.

The common system to induce alternative pathway ca-
pacity in potato is aging of tuber slices (reviewed by Day et
al., 1980). This process was shown to induce de novo
synthesis of the 36-kD tuber alternative oxidase protein,
which was not apparent in fresh tubers, in the Russet
Burbank line (Hiser and Mclntosh, 1990). To determine the
effect of alternative oxidase overexpression on this induc-
ible system, aging of tuber tissue was investigated in the
FL1607 control line and the overexpressing lines (Fig. 2C).
Unlike the Russet Burbank line, the FL1607 line possessed
discernible alternative oxidase protein in fresh tuber mito-
chondria (Hiser and Mclntosh, 1994; and Fig. 2C, lane
FL1607-F); its level, however, increased upon aging (Hiser
and Mclntosh, 1994; and Fig. 2C, lane FL1607-A). In four of
the seven overexpressing lines, both the 36-kD protein and

the overexpressor protein were present at higher levels in
mitochondria from aged tubers than from the correspond-
ing fresh tubers. Aging apparently induced synthesis of the
overexpressor protein as well as the 36-kD protein. In the
other three overexpressing lines, the levels of both proteins
appeared to be approximately equal in fresh and aged
tuber tissue.

The unexpected appearance of the extra alternative oxi-
dase polypeptide in the overexpressing lines suggested
that the product of the inserted gene may not have been
processed correctly. Incomplete removal of the transit pep-
tide was one possible explanation; to test this possibility,
N-terminal sequencing was performed on the overexpres-
sor protein isolated from leaves of line 11-6. This N-termi-
nal sequence could not be compared to that from the dou-
blet of leaf alternative oxidase proteins or to the 36-kD
tuber protein, since they were of an abundance too low to
be isolated for sequencing. When compared to the only
other available direct N-terminal alternative oxidase pro-
tein sequence, that from the 36-kD inducible S. guttatum
alternative oxidase polypeptide (Rhoads and Mclntosh,
1991), the two proteins showed the same N terminus (Fig.
3). Thus, the putative transit peptide of the overexpressor
protein was correctly removed upon import into the mito-
chondria; any altered processing or modification that cre-
ated the overexpressor protein occurred elsewhere in the
polypeptide. When mitochondria from growth-chamber-
grown FL1607 leaves were used for western blotting, a
faint band appeared that co-migrated with the overexpres-
sor protein (Fig. 4A, lane 1). Therefore, the overexpressor
protein may represent a normal processing/modification
intermediate; overexpression of Aoxl may have over-
whelmed a processing or modification step, allowing the
normal intermediate to build up to readily detectable levels
in overexpressing lines.

Oxidation/Reduction of Alternative Oxidase
Proteins in Potato

In several different plant species, the alternative oxidase
has been reported to exist both in a reduced form and in an
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Figure 4. Oxidation/reduction of potato alterna-
tive oxidase proteins. Western blots of leaf
(lanes 1 and 4), fresh tuber (lanes 2 and 5), and
aged tuber (lanes 3 and 6) mitochondria (50,
500, or 500 jug of total mitochondrial protein
per lane, respectively) from the FL1607 control
line (lanes 1-3) and the 11-6 overexpressing
line (lanes 4-6) were probed with monoclonal
antibodies against the S. guttatum alternative
oxidase (Elthon et al., 1989b). MW, Molecular
mass standards. A, The reductant j3ME was in-
cluded in the SDS-PACE sample buffer such that
only the reduced forms of the alternative oxi-
dase are apparent. B, The reductant /3ME was
omitted from the SDS-PAGE sample buffer to
permit visualization of the oxidized forms of the
alternative oxidase.
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oxidized form linked by disulfide bridge(s) (Umbach and 
Siedow, 1993; Day et al., 1994; Lennon et al., 1995), and 
interconversion between forms could be involved in alter- 
native oxidase regulation (Umbach and Siedow, 1993; Um- 
bach et al., 1994). Variations between different tissues in 
the reduced/oxidized ratios have been noted (Umbach and 
Siedow, 1993; Day et al., 19941, as well as developmental 
changes in the ratio (Day et al., 1994; Lennon et al., 1995). 
Since potato possesses severa1 different tissues and a sys- 
tem in which the alternative oxidase can be induced, the 
oxidized form(s) of potato leaf and tuber alternative oxi- 
dase proteins was investigated by omission of the reducing 
agent PME from the buffer of some SDS-PAGE samples 
(Fig. 4). 

In FL1607 leaf mitochondria, the leve1 of the doublet of 
alternative oxidase proteins normally seen when PME was 
used in the sample buffer (Fig. 4A, lane 1) was lower when 
PME was omitted and high molecular weight oxidized 
forms were present (Fig. 48, lane 1). Likewise in FL1607 
fresh and aged tuber mitochondria (Fig. 4A, lanes 2 and 3), 
the levels of the normal 36-kD protein were lower in the 
minus-PME samples and oxidized forms occurred (Fig. 4B, 
lanes 2 and 3). When PME was omitted from 11-6 leaf (Fig. 
4B, lane 4) and fresh (Fig. 48, lane 5) and aged (Fig. 4B, lane 
6) tuber samples, a complex pattern of oxidized forms was 
present, and the levels of the normal doublet of leaf alter- 
native oxidase proteins or the normal 36-kD tuber protein 
were considerably lower. The levels of the overexpressor 
protein, however, did not vary much between the plus- 
PME samples (Fig. 4A, lanes 4-6) and minus-PME samples 
(Fig. 4B, lanes 4-61, which suggests that the overexpressor 
protein was less involved in oxidation/reduction. Al- 
though alternative pathway capacity is induced in potato 
by aging of tuber slices, no major differences in the relative 
ratio of reduced to oxidized forms of the protein between 
fresh (Fig. 4B, lanes 2 and 5) and aged (Fig. 4B, lanes 3 and 
6) tuber mitochondria were observed in the minus-PME 
samples from either the FL1607 control line or the 11-6 
overexpressing line; rather, aging appeared to increase the 
levels of a11 forms of the oxidase. In minus-PME samples, 
additional reduced form bands sometimes appeared be- 
neath the usual bands; such bands were reported previ- 
ously in soybean cotyledon (Umbach and Siedow, 1993) 
and root (Day et al., 1994) mitochondria and attributed to 
an electrophoresis artifact induced by omission of the re- 
ductant from the sample buffer. 

Variation between leaves and tubers in the ratio of re- 
duced to oxidized forms of the alternative oxidase was 
noted in the minus-PME samples (Fig. 4B). However, the 
pattern of variation differed between the FL1607 control 
line and the 11-6 overexpressing line. In FL1607 leaf mito- 
chondria (Fig. 4B, lane l), the relative levels of the oxidized 
and reduced forms appeared approximately equal. In 11-6 
leaf mitochondria (Fig. 4B, lane 4), however, the oxidized 
forms of the normal leaf doublet of alternative oxidase 
proteins appeared to be at higher levels than reduced 
forms, although the levels of the two forms of the overex- 
pressor protein appeared similar. In FL1607 and 11-6 tuber 
mitochondria, the amount of the 36-kD alternative oxidase 

protein in the oxidized form relative to the reduced form 
varied between preparations (data not shown). In the 
FL1607 line, the oxidized form appeared to be at equal or 
higher levels than the reduced form; in the 1.1-6 line, the 
oxidized form appeared at equal or lower levels. 

Effects of Aoxl  Overexpression on 
Mitochondrial Respiration 

Based on preliminary respiration assays using leaf and 
tuber mitochondria from a11 of the overexpressing lines 
(data not shown), line 11-6 was chosen for more intensive 
study because it possessed consistently high levels of al- 
ternative pathway capacity. 

Overexpression of Aoxl altered the respiratory capacity 
in isolated leaf mitochondria (Fig. 5). With either succinate 
or NADH as the exogenous substrate, line 11-6 possessed 
lower total (uncoupled, uninhibited) respiration, a lower 
Cyt pathway capacity (light gray bars), and a higher alter- 
native pathway capacity (dark gray bars) than the compa- 
rable treatment of the FL1607 control line. The other over- 
expressing lines showed the same trends in the preliminary 
assays (data not shown). In both the FL1607 control line 
and the 11-6 overexpressing line, a lower alternative path- 
way capacity was measured with NADH than with succi- 
nate. This substrate effect has often been noted in other 

180 

160 

- 
'E 140 
.3 

U O 

a 120 
b 

2 100 

0" 
3 
o 80 
B - 
F 

CI 

LI 
..i a 
$ 40 
a 

.: 6 0  

m 

20 

O 

1 1 

I 0 a l t e r n a t i v e  r a t e  

T 

Succ Succ NADH NADH Succ Succ NADH NADH 
- P  + P  - P  + P  - P  + P  - P  + P  

FL1607 11-6 

Figure 5. Respiration of potato leaf mitochondria isolated from the 
FL1607 control line or the 11-6 overexpressing line. Respiration 
attributable to the Cyt path (light gray bars), alternative path (dark 
gray bars), or residual O, uptake (open bars) i s  expressed as nmol O, 
min-' mg-' protein. Substrates were either 10 mM succinate (Succ) 
or 10 mM NADH, with (+P) or without (-P) pyruvate AS an activator 
of the alternative oxidase. Results are the means ( 2  SD) of four 
(FL1607) or seven (11-6) replicate isolations with at least three 
measurements per treatment per isolation. 
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plants (for reviews, see Lance et al., 1985; Moore and 
Siedow, 1991). Inclusion of pyruvate, an activator of the 
alternative oxidase (Millar et al., 1993; Umbach et al., 1994), 
in the assay medium increased the alternative pathway 
capacity in both FL1607 and 11-6 lines using either sub- 
strate. Pyruvate did not significantly increase the total 
respiration but appeared to shift the proportion of respira- 
tion away from the Cyt pathway to the alternative path- 
way. This observation may be related to a report that 
pyruvate shifted the threshold value of quinone pool re- 
duction at which the alternative oxidase became active in 
soybean cotyledon mitochondria (Umbach et al., 1994). 
Although the substrate differences and pyruvate effects 
were similar in both the overexpressing and control lines, 
overexpression of Aoxl in line 11-6 led to an increased 
alternative pathway capacity in leaf mitochondria regard- 
less of the substrate used or presence/absence of pyruvate. 

Overexpression of Aoxl  had a similar effect in isolated 
tuber mitochondria (Fig. 6). In either fresh or aged tuber 
mitochondria with succinate as the substrate, line 11-6 
possessed a lower total respiration rate, lower Cyt pathway 
capacity (light gray bars), and higher alternative pathway 
capacity (dark gray bars) than the comparable treatment of 
the control FL1607 line. Line 11-6 even possessed signifi- 
cant alternative pathway capacity in fresh tissue. When 
NADH was provided as the substrate, similar trends were 
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Figure 6. Respiration of mitochondria isolated from fresh and ag 
potato tuber tissue from the FL1607 control iine or the 11-6 overex- 
pressing line. Respiration attributable to the Cyt path (light gray bars), 
alternative path (dark gray bars), or residual O, uptake (open bars) is 
expressed as nmol O, min-’ mg-’ protein. The supplied substrate 
was 10 mM succinate, with (+P) or without (-P) pyruvate as an 
activator of the aiternative oxidase. Results are the means ( 2  SD) of 
three to four replicate isolations with at least three measurements per 
treatment per isolation. 

observed (data not shown). As in leaf mitochondria, addi- 
tion of pyruvate to tuber mitochondria did not significantly 
increase the total respiration rate but caused a shift in the 
respiratory capacity from the Cyt pathway to the alterna- 
tive pathway. Aging of either FL1607 or 11-6 tuber tissue 
caused an increase in total respiration due to increases in 
the capacities of both the Cyt and alternative pathways, 
although these increases were not as dramatic as reported 
for Russet Burbank tuber mitochondria (Hiser and McIn- 
tosh, 1990). Under every treatment, however, the overex- 
pressing line 11-6 had a significantly higher alternative 
pathway capacity than the control FL1607 line. This sug- 
gests that alteration of leve1 of alternative oxidase protein 
by genetic engineering can effectively change alternative 
pathway capacity in different tissue types. 

DI SCUSSION 

When the potato Aoxl  was overexpressed in transgenic 
potato plants, plant lines showed increased levels of alter- 
native oxidase mRNA and protein and increased alterna- 
tive pathway capacity in their leaf and tuber mitochondria. 
This demonstrates that the alternative pathway can be 
successfully altered in potato by genetic manipulation. 

The major unexpected result of Aoxl overexpression in 
potato was the appearance of the characteristic overexpres- 
sor protein in leaves, roots, and tubers, in addition to the 
protein(s) present in those tissues in the FL1607 control 
line. This phenomenon was difficult to explain as merely a 
cloning anomaly. Translation was expected to begin at the 
same start site as for the normal gene product; however, 
correct processing of the transit peptide should have re- 
moved additional N-terminal amino acids contributed by 
an upstream start site in the vector sequence. Translation 
was also expected to end at the normal stop codon present 
in the inserted gene. One possible explanation is that the 
overexpressor protein, although imported into mitochon- 
dria, was not processed correctly. However, the transit 
peptide was apparently correctly removed from the pre- 
cursor. The N-terminal sequence of the overexpressor pro- 
tein from line 11-6 matched that obtained from one of the 
S. guttatum proteins (Fig. 3). This region was also demon- 
strated to be the N-terminal processing site in soybean 
(Whelan et al., 1995a). Therefore, it is unlikely that any 
incorrect processing occurred at the N terminus; potential 
incorrect processing at other locations in the polypeptide 
remains to be investigated. (The overexpressor protein 
from line 11-6 was not sequenced in its entirety [data not 
shown].) 

One interesting observation is that, in both leaves and 
tubers of the 11-6 overexpressing line, the levels of the 
overexpressor protein did not shift much from reduced 
forms to oxidized forms under conditions in which oxi- 
dized forms could be detected (Fig. 4). However, the levels 
of the usual protein(s) present in leaves and tubers of both 
11-6 and the control line decreased and oxidized forms not 
present in the control line were visible in the overexpress- 
ing line. Such results would be consistent with the overex- 
pressor protein being a partially processed/modified form 
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that could undergo oxidation/reduction but not as well as 
the mature, fully processed/modified form. 

Two lines of evidence suggest that the overexpressor 
protein represents a normal processing intermediate not 
previously observed. First, a band that co-migrated with 
the overexpressor protein on western blots was seen in 
samples of FL1607 leaf mitochondria (Fig. 4). Second, over- 
expression in tobacco of the tobacco Aoxl gene was accom- 
panied by the appearance of a similar (but more difficult to 
discern) higher molecular weight band in some leaf and 
root mitochondrial samples (Vanlerberghe et al., 1994). 
Overexpression of Aoxl may have produced enough pro- 
tein to overwhelm a normal processing' or modification 
step, allowing a normal intermediate to accumulate to high 
levels in overexpressing potato lines. Evidence from soy- 
bean cotyledons and roots (Whelan et al., 1995a) strongly 
suggests that some form of modification of the alternative 
oxidase occurs beyond removal of the transit peptide. Such 
modification(s) could explain the normal presence of mul- 
tiple alternative oxidase proteins in potato leaves (Figs. 2B 
and 4) and many other plant tissues (Obenland et al., 1990; 
Kearns et al., 1992). The S. guttatum spadix has three alter- 
native oxidase proteins (Elthon et al., 1989a, 198913); these 
are likely to be produced by different posttranslational 
modifications, since a single precursor polypeptide was 
reported (Rhoads and McIntosh, 1991) that appeared to be 
encoded by a single nuclear gene (Rhoads and McIntosh, 
1993). However, the discovery of a second alternative oxi- 
dase gene (allele?) in tobacco (Whelan et al., 1995b) opens 
the possibility that different proteins could be different 
gene products in other plants. However, we have found no 
evidence thus far for additional alternative oxidase gene(s) 
in potato. 

It has been suggested that interconversion between the 
oxidized and reduced forms of the alternative oxidase via 
formation or reduction of disulfide bond(s) may regulate 
alternative oxidase activity in situ, with the reduced form 
being more active (Umbach and Siedow, 1993; Umbach et 
al., 1994). Exogenous manipulation of the disulfide bond 
redox status in soybean seedling mitochondria showed that 
maximum alternative oxidase activity was achieved (in the 
presence of pyruvate) in mitochondria treated with reduc- 
tant (Umbach et al., 1994). Two reports have correlated an 
increase in the alternative pathway respiration with a shift 
toward the reduced form during a normal developmental 
process. Increasing alternative oxidase activity in the de- 
veloping appendix tissue of S. guttatum was associated 
with an increasing proportion of the alternative oxidase 
proteins in the reduced form (Umbach and Siedow, 1993). 
In leaves of pea seedlings, alternative oxidase activity in- 
creased with age, and this correlated with a shift toward 
the reduced forms of the protein (Lennon et al., 1995). In 
contrast, a decline in the alternative pathway with age in 
soybean roots did not correlate with increased levels of the 
oxidized form of the protein (Day et al., 1994). In the 
comparable inducible system of potato, aging of tuber 
slices led to increased alternative pathway capacity (with 
and without pyruvate) in mitochondria from both FL1607 
control and 11-6 overexpressing tubers (Fig. 6). However, 

no significant differences in the proportion of reducedl 
oxidized forms of the alternative oxidase were observed; 
rather, a general increase in the levels of a11 forms of the 
oxidase was seen in aged tuber mitochondria from either 
line (Fig. 48). Therefore, during aging of potato tuber tis- 
sue, the increase in alternative pathway capacity was ap- 
parently not dependent on major changes in the disulfide 
bond redox status but was more dependent on the amount 
of alternative oxidase protein. 

As in many plant tissues (for reviews, see Lance et al., 
1985; Moore and Siedow, 1991), a difference between 
NADH and succinate oxidation was observed in potato leaf 
and tuber mitochondria. Some authors had noted that 
NADH was not utilized as well as succinate (e.g. in potato 
tuber mitochondria: Dizengremel and Lance, 1976), al- 
though others had found similar rates of respiration with 
both substrates (e.g. in potato tuber callus mitochondria: 
Wagner et al., 1989). Here, potato leaf and tuber mitochon- 
dria from both the FL1607 control line and the 11-6 over- 
expressing line oxidized NADH as well as they oxidized 
succinate (Fig. 5 and data not shown). As reported for 
many plants, including potato (Dizengremel and Lance, 
1976; Wagner et al., 1989; Liden and Akerlund, 1993), a 
lower alternative pathway capacity was measured with 
NADH than with succinate (Fig. 5 and data not shown). 
This observed difference may have been due to the ability 
of succinate (but not NADH) to produce pyruvate endog- 
enously and thereby activate the alternative oxidase (Millar 
et al., 1993; Day et al., 1994). However, addition of pyruvate 
to potato leaf (Fig. 5) or tuber (data not shown) mitochon- 
dria did not eliminate the difference in measured alterna- 
tive pathway capacity between NADH and succinate, as 
was reported for soybean cotyledon mitochondria (Millar 
et al., 1993; Day et al., 1994). The substrate effect in potato, 
therefore, may have been partially mediated by other fac- 
tors. Stimulation of NADH oxidation in potato tuber callus 
mitochondria by succinate has been reported (Wagner et 
al., 1989), and succinate itself might have activated the 
alternative oxidase directly (Liden and Akerlund, 1993). 
However, the difference may also have occurred at the 
leve1 of the dehydrogenases or substrate uptake and may 
not have been directly related to the alternative oxidase. 

We have shown that the amounts of alternative oxidase 
mRNA and protein and alternative pathway capacity can 
be successfully manipulated by transformation in potato. 
Overexpression of Aoxl could prove useful in answering 
basic questions about the function and regulation of the 
alternative oxidase. Since separate isolation of the multiple 
forms of the "normal" alternative oxidase from non-aroid 
plant species is so difficult with current technology, further 
analysis of the overexpressor protein may be a useful 
method to probe normal processing and/or modification of 
the potato alternative oxidase. The question of disulfide 
bond formation as a means of alternative oxidase regula- 
tion could be investigated by creating potato lines that 
overexpress a version of Aoxl in which appropriate Cys 
residue(s) are mutated. Further analysis of overexpressing 
lines, as well as construction of antisense transformants 
and those utilizing tissue-specific or inducible promoters, 
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promises to  provide useful information about  the regula- 
tion and function of the alternative oxidase of potato. 
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