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We have isolated a cDNA representing the tobacco (Nicotiana 
tabacum 1. cv Bright Yellow) nuclear gene Aoxl, which encodes 
the alternative oxidase of plant mitochondria. l h e  clone contains 
the complete coding region (1059 base pairs) of a precursor protein 
of 353 amino acids with a calculated molecular mass of 39.8 kD. 
A putative transit peptide contains common signals believed to be 
important for import and processing of mitochondrially localized 
proteins. We have studied changes in Aoxl gene expression in 
tobacco in response to changes in cytochrome pathway adivity. 
lnhibition of the cytochrome pathway by antimycin A resulted in a 
rapid and dramatic accumulation of Aoxl mRNA, whereas the level 
of mRNAs encoding two proteins of the cytochrome pathway did 
not change appreciably. lh is  was accompanied by a dramatic 
increase in alternative pathway capacity and engagement in whole 
cells. Respiration under these conditions was unaffected by the 
uncoupler p-trifluoromethoxycarbonylcyanide (FCCP). When in- 
hibition of the cytochrome pathway was relieved, levels of Aoxl 
mRNA returned to control levels, alternative pathway capacity and 
engagement declined, and respiration could once again be stimu- 
lated by FCCP. l h e  results show that a mechanism involving 
changes in Aoxl gene expression exists whereby the capacity of 
the alternative pathway can be adjusted in response to changes in 
the activity of the cytochrome pathway. 

Plants have two pathways of mET from ubiquinone to Oz 
(Day et al., 1980). Electron transfer through the CP is coupled 
to the synthesis of ATP and the terminal oxidase (Cyt oxidase) 
is inhibited by CN-. Electron flow through the AP is not 
coupled to ATP production. The terminal oxidase is called 
the AOX and is sensitive to SHAM (Lance et al., 1985; Moore 
and Siedow, 1991). 

The AOX in plants is encoded by the nuclear gene Aoxl 
(Rhoads and McIntosh, 1991; Kumar and Soll, 1992), which 
is present as a single copy in the genome of the thermogenic 
plant Sauromatum guttatum (Rhoads and McIntosh, 1993). 
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Monoclonal antibodies to the S. guttatum AOX (Elthon et al., 
1989a) have identified the AOX in the mitochondrion of 
severa1 plant species. The presence of multiple (two to three) 
AOX proteins of similar size in purified mitochondria from 
S. guttatum (Elthon et al., 1989b) and nonthermogenic plants 
(Obenland et al., 1990; Keams et al., 1992; Vanlerberghe and 
McIntosh, 1992b) suggests that posttranslational processing 
and/or modification of the AOX occurs. Studies also indicate 
that the amount of AOX protein in the mitochondrion cor- 
relates closely with the capacity of the AP to support O2 
consumption (Hiser and McIntosh, 1990; Obenland et al., 
1990; Keams et al., 1992; Rhoads and McIntosh, 1992; Van- 
lerberghe and McIntosh, 1992a, 1992b). 

The partitioning of electrons between the CP and the AP 
appears to be dependent primarily on the redox poise of the 
Q pool (Dry et al., 1989; Siedow and Moore, 1993). Whereas 
CP activity varies linearly with the reduction state of the Q 
pool, the AP is not active until the Q pool reduction level 
reaches approximately 35 to 40% (Dry et al., 1989). This is 
consistent with numerous studies on both isolated mitochon- 
dria and whole tissue that suggest that the AP is engaged in 
Oz consumption only when the CP becomes limiting or 
restricted (Theologis and Laties, 1978; Day and Lambers, 
1983). It should be noted that partitioning between the two 
pathways may also be dependent on the substrates being 
oxidized by the mitochondria (Day et al., 1991; Wagner et 
al., 1992a), the level of potential allosteric activators of the 
AOX (Lidén and Akerlund, 1993; Millar et al., 1993), and 
possibly the oxidation state of an AOX sulfhydryl residue 
(Umbach and Siedow, 1993). More work is required to deter- 
mine the significance of these regulatory mechanisms. 

Since plants have two pathways of mET to 02, it seems 
imperative that the capacity of these pathways to support O2 
consumption be coordinately regulated to meet the metabolic 
demands of the cell. In appendix tissue of S. guttatum, a 
dramatic increase in the capacity of the AP during thermo- 
genesis is accompanied by an almost complete loss of CP 

Abbreviations: AA, antimycin A; AOX, altemative oxidase; AP, 
altemative pathway; CP, cytochrome pathway; FCCP, p-trifluoro- 
methoxycarbonylcyanide; mET, mitochondrial electron transport; Q, 
ubiquinone; p, fraction (0-1) of the AP capacity that is engaged in 
0, consumption; SHAM, salicylhydroxamic acid. 
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capacity (Elthon et al., 1989b; Skubatz et al., 1991). This 
forces electron flow through the AP, producing heat and thus 
effecting volatilization of amines to attract insects. In this 
specialized thermogenic tissue, these changes are brought 
about, at least in part, by increased levels of Aoxl mRNA 
(Rhoads and McIntosh, 1993) and a decreased level of mRNA 
encoding CP proteins (Elthon et al., 1989b). In tobacco 
(Nicotiana tabacum L.), experiments using the CP inhibitor 
AA have shown that this nonthermogenic plant is capable of 
gradual alteration of AI' capacity in response to gradual 
changes in the CP (Vanlerberghe and McIntosh, 1992b). This 
enables the cells to maintain high respiration rates, even 
when the CP is severely inhibited. An important mechanism 
involved in the coordinate regulation of the pathways ap- 
peared to be the level of the AOX protein. In the present 
report, we have isolated the nuclear gene Aoxl from tobacco 
and have used this clone to investigate coordinate regulation 
of the mET paths in tobacco at the level of gene expression. 

MATERIALS AND METHODS 

Organism and Crowth Conditions 

Suspension cells of NT1 tobacco (Nicotiana tabacum L. cv 
Bright Yellow) were grown in batch culture under hetero- 
trophic conditions as described (Vanlerberghe and McIntosh, 
1992b). 

lsolation of Aoxl cDNA Clone 

Poly(A)+ RNA for Iibrary construction was isolated from 
tobacco suspension cells grown at 3OoC and then transferred 
to 18OC for 8 h. This temperature shift has been shown to 
increase the level of AOX protein in these cells (Vanlerberghe 
and McIntosh, 1992a). Cells were separated from their 
growth medium by centrifugation (1800g, 3 min) and ho- 
mogenized with a mortar and pestle in the ENT buffer 
described by McIntosh and Cattolico (1978) except that it 
contained 15 m~ EDTA. Total RNA was extracted from this 
homogenate as described (McIntosh and Cattolico, 1978). 
The poly(A)' fraction was then isolated by poly(U)-Sepharose 
(Sigma) chromatography (Cashmore, 1982), and a cDNA 
expression library was constructed in the EcoRI site of phage 
XZAP I1 (Alting-Mess et al., 1992) by Stratagene (La Jolla, 
CA) using an oligo(dT) primer. 

Library screening with a 32P-labeled DNA probe and 
plaque purification were done according to standard proce- 
dures (Sambrook et al., 1989). The DNA probe (purified and 
radiolabeled as described below) used for library screening 
was a 1.25-kb cDNA representing the Aoxl gene of potato 
(C. Hiser and L. McIntosh, unpublished data). Inserts from 
phage isolates that hybridized to this probe were subcloned 
into the phagemid vector pBluescript SK- by an in vivo 
excision procedure (Short and Sorge, 1992). Two positive 
clones were initially isolated, and it was shown by restriction 
enzyme analysis and agarose gel electrophoresis that the 
EcoRI inserts of these two clones were of similar size and 
with identical restriction maps. Hence, only one clone (named 
pAONT1) was further analyzed. 

DNA Sequencing and Sequence Analysis 

Doubbe-stranded DNA of pAONTl (in Escherichia coli 
strain XL-1 Blue) was isolated using the Magic minipreps 
system (Promega, Madison, WI). Both strands oi' the EcoRI 
insert of pAONTl were sequenced at the Department of 
Energy/Plant Research Laboratory Biochemisby Facility, 
Michigan State University. Standard primers (-21 M13, -21 
M13 reverse) and synthetic oligonucleotides (synthesized at 
the Macromolecular Structure Facility, Department of Bio- 
chemistry, Michigan State University) were used iis sequenc- 
ing primers. Dideoxy cycle sequencing reactions were done 
on an ABI Robotic Catalyst (Applied Biosystems, Foster City, 
CA) usirig either the Taq Dye Primer Cycle Sequencing kit 
(when using standard primers) or the Taq Dyedeoxy Termi- 
nator Cycle Sequencing kit (when using n'onstandard 
primers) Fluorescent-labeled DNA was then analyzed on a 
373A DNA Sequencer (Applied Biosystems). l'rotein se- 
quence vvas deduced from the nucleotide sequenc e using the 
Editbase Sequence Analysis Package (N. Nielson, Purdue 
University, West Lafayette, IN). Protein sequenc e compari- 
sons were performed using the Sequence Analysis Software 
Package of the Genetics Computer Group, University of 
Wisconsin. Protein secondary structure predictions were per- 
formed using the programs of SEQANAL (A.R. Crofts, 
Universi ty of Illinois, Chicago, IL), which combine standard 
Chou-Fasman predictions with Rao-Argos modifications to 
accommodate membrane-spanning proteins. The hydropho- 
bicity scale of Kyte and Doolittle was used. 

Other Cllones 

Two olther clones were also used in this work. The first 
was a cDNA representing the nuclear gene Ccl ,  which en- 
codes the apoprotein of Cyt c (Kemmerer et al., 1991). This 
clone wals isolated from the tobacco library described above 
(B. Dreschler-Thielmann and L. Mclntosh, unpublished data). 
The second clone was a cDNA representing the mi:ochondrial 
gene cox1 from maize, which encodes Cyt oxidase subunit I. 
It was a gift from C.S. Levings 111 (North Carolina State 
University, Raleigh, NC). 

Plasmid lnsert lsolation and Radiolabeling 

All DlVA fragments used as hybridization probes were 
purified 'by PAGE as described (Sambrook et al., l989) using 
the elution buffer described (Rhoads and McIntlxh, 1992). 
The purified fragment was used to make DNA radiolabeled 
with [(u-~*P]~ATP (Amersham) by the random primer method 
(Feinberg and Vogelstein, 1983). 

Northerri Analysis 

RNA was isolated by a miniprep procedure (Venvoerd et 
al., 198911, separated on agarose gels containing formaldehyde 
(Ausubel et al., 1987), and transferred to nirocellulose 
(Schleichler & Schuell, Keene, NH) as described (Sambrook 
et al., 1989). Molecular sizes were estimated by comparison 
with an ethidium bromide-stained lane of a 9.5- to 0.24-kb 
RNA laclder (Gibco-BRL). Northem blots were hybridized 
(1 x Denhardt's solution, 750 mM NaCl, 75 mM sodium citrate, 
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30 mM Tris, pH 7.5, 1.0 mM EDTA, 50% [v/v] formamide, 
0.1% [w/v] SDS, 0.25% [w/v] nonfat dry milk, 25 pg/mL 
salmon sperm DNA) at 42OC with radiolabeled DNA made 
using purified EcoRI insert from pAONTl or purified insert 
from the other clones used (see above). Washes were done 
in lx SSC with 0.1% SDS. Two washes (15 min each) were 
done at room temperature followed by two washes (15 min 
each) at 42OC. Blots were analyzed using a phosphorimager 
(Molecular Dynamics, Sunnyvale, CA) and by autoradiogra- 
phy using Kodak diagnostic film XAR-5 at -8OOC with an 
intensifying screen. Experiments were repeated two or three 
times, and representative results are shown. 

Respiration Measurements 

Experiments using AA (Sigma No. A-8674), the measure 
of CP and AP capacities in whole cells by the use of KCN 
and SHAM, the measure of respiratory O2 consumption in 
the presence and absence of FCCP, and the determination of 
engagement of the AP were a11 done as described (Vanler- 
berghe and McIntosh, 1992b). Briefly, CP capacity was taken 
to be that portion of the O2 consumption inhibited by 1 mM 
KCN in the presence of 2 mM SHAM, and AP capacity was 

taken to be that portion of the O2 consumption inhibited by 
2 m~ SHAM in the presence of 1 mM KCN. The engagement 
of the AP ( p )  was determined as previously described (Moller 
et al., 1988; Vanlerberghe and McIntosh, 1992b). Residual 
respiration (in the presence of KCN and SHAM) was sub- 
tracted from a11 measures of total respiration. This residual 
component represented 9 .+ 3% (SD, n = 20) of total O2 
consumption. The effect of FCCP (1 p ~ )  on respiration rate 
was determined in the absence of KCN and SHAM. Experi- 
ments were repeated two or three times, and representative 
results are shown. 

RESULTS 

lsolation of an AOX cDNA Clone 

By using a cDNA representing the Aoxl gene of potato to 
screen an N. tabacum cDNA expression library, we have 
isolated a cDNA (pAONT1) representing the Aoxl gene of 
tobacco. The insert of pAONTl (1396 bp) contains the com- 
plete coding region (1059 bp) of a protein of 353 amino acids 
with a calculated molecular m a s  of 39.8 kD (Fig. 1). Protein 
secondary structure analysis predicts two extended regions 

v 
M M T R G A T  
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991 taaagactccactctcctggatgttgtcttggttgttagggctgacqaggctcatcaccgtqatgtcaaccactttgcatctgacattca 
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Figure 1. Nucleotide and deduced amino acid sequence of the  insert of pAONT1, representing t h e  Aoxl gene of 
tobacco. The inverted black triangle (V) marks t h e  assumed start codon and first amino acid of the precursor protein. 
T h e  first in-frame stop codon is indicated by the  star P). The Ala residue denoted by a dagger (t, amino acid 70) is the  
potential N-terminal amino acid of the mature mitochondrial protein. This assumption is based on the position of 
common processing signals of mitochondrial transit peptides (the -2 Arg and -10 Arg denoted by bullets; O). The 
terminal EcoRl linkers attached during cDNA library construction are underlined. 
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of hydrophobic a-helix (from Ala'78 to C Y S ' ~ ~  and from Alaz4' 
to Arg266 in the tobacco sequence; Fig 2). These may represent 
membrane-spanning regions of the protein. The AOX from 
S. guttatum has been proposed to form two transmembrane 
a-helices within the same regions (Rhoads and McIntosh, 
1991; Siedow et al., 1992). 

Protein sequence comparison indicates that the C-terminal 
250 amino acids of the tobacco AOX are 87% identical to 
those in Arabidopsis thaliana, 80% identical to those in S. 
guttatum, and 39% identical to those in the yeast Hansenula 
anomala (Fig. 2). Severa1 amino acids that are completely 
conserved among a11 the sequences could potentially be in- 
volved in metal binding (Cys at position 126 and His at 
positions 144, 197, 224, 265, 326, and 331 in the tobacco 
sequence; Fig. 2). The completely conserved CYS"~ is also a 
potential candidate for the residue involved in the disulfide 
linkage of AOX protein molecules, a linkage recently pro- 
posed by Umbach and Siedow (1993). There is little homol- 
ogy observed in the N-terminal portion of the protein se- 
quences, particularly within the putative transit peptides (see 
below). 
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Figure 2. Comparison of t h e  deduced amino acid sequence of the  
tobacco AOX with those of A. thaliana (Kumar and Soll, 1992), the 
thermogenic plant S. guttatum (Rhoads and Mclntosh, 1991), and 
the yeast H. anomala (Sakajo et al., 1991). Dots (.) denote amino 
acids identical to those in the tobacco sequence. Dashes (-) indicate 
breaks in t h e  sequence inserted to maximize alignment. Amino 
acids that are underlined are the potential N-terminal amino acids 
of the mature mitochondrial protein as proposed by the respective 
authors. Conserved Cys and His residues are indicated by a bullet 
(O) above the amino acid. Two regions in the tobacco sequence 
(marked with a bar above the amino acids) are predicted by protein 
secondary structure analysis to be potential transmembrane 
a-helices. 

The 353-amino acid AOX precursor protein may be further 
processecl during import into the mitochondrion. In tobacco, 
if the mature mitochondrial protein began at Ala7', then a 
putative 69-amino acid transit peptide would coritain a -2 
Arg and a -10 Arg (Fig. I), both of which are common 
processing signals in mitochondrial targeting peF tides (von 
Heijne et al., 1989). The -8 Phe (Fig. 1) is also 4i common 
feature (von Heijne et al., 1989). This processing site would 
be close to that proposed for S. guttatum (Fig. 2), ,4. thaliana 
(Fig. 2), and soybean (Whelan et al., 1993). Based on this 
assumption, the mature AOX protein in tobacco mil ochondria 
would contain 284 amino acids with a molecular mass of 
32.3 kD, a size similar to that estimated from SDS- PAGE gels 
(approximately 35 kD, Vanlerberghe and McIntosh, 1992a, 
1992b). 

Respiration and Gene Expression 

When the pAONTl clone was hybridized to ii northern 
blot of total RNA from tobacco suspension cells, it I-ecognized 
a single 1.6-kb transcript that encodes the AOX piotein (Fig. 
3). The size of this transcript is the same as that seen in the 
thermogenic plant S. guttatum, the only other plant species 
for which such data are published (Rhoads and McIntosh, 
1992). 

We examined changes in the level of the A o x l  trmscript in 
tobacco siispension cells in response to the inhibiiion of CP 
respiration. The CP was specifically inhibited by the addition 
of 2 ~ L M  A4, a concentration shown to decrease CP respiration 
by >95% in these suspension cells (Vanlerberghe and 
McIntosh,. 1992b) as well as in suspension cells of Petunia 
hybrida (Wagner et al., 1992b). This reduction in C'P respira- 
tion resul ted in a rapid increase in Aoxl mRNA almndance, 
which increased 6-fold within 2 h and 22-fold after 4 h (Fig. 
3). We al!jo examined the mRNA level of two oíher genes 
encoding respiratory chain proteins (the nuclear gene Ccl, 
encoding the apoprotein of Cyt c, and the mitochon drial gene 
coxl ,  encoding Cyt oxidase subunit I). We saw single tran- 
scripts for each of these genes on northem blots. There were 
minor changes in their levels in response to AA, but these 
changes were small compared with the changej in A o x l  
mRNA (Fiig. 3). 

Previous work has shown that inhibition of the CP by AA 
in suspension cells is transient (probably due to dcgadation 
or dilutiori of the AA over time; Vanlerberghe and McIntosh, 
199213; Wagner et al., 199213). Therefore, we examined 
changes in A o x l  gene expression both in response to inhibi- 
tion of tbe  CP and during its recovery. We simul taneously 
measured changes in key respiratory characteristics of the 
cells in ar1 attempt to correlate them with changcs in gene 
expression. 

Before A4 addition, AP capacity was approximaí ely 7% of 
the total capacity (AP capacity + CP capacity) of electron 
transport imeasured in whole cells (Fig. 4A). Addibon of AA 
immediately decreased CP capacity by >95%, ancl this "ap- 
parent" capacity remained low for the next 16 h. The t e m  
apparent CP capacity is used here because AA addition 
presumablly does not affect the in vivo capacity of the path- 
way (as measured before AA addition) but rather chemically 
blocks electron flow through the pathway (Vanlerblirghe and 
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Figure 3. Changes in specific mRNA levels of NT1 tobacco suspen-
sion cells in response to the addition of 2 ^M AA at 0 h. Northern
blots of total tobacco RNA (30 ^g) were hybridized with cDNAs
representing the AOX gene of tobacco (Aoxl), the apoprotein of
the Cyt c gene of tobacco (Cc7), and the Cyt oxidase subunit I
gene of maize (cox7). The blots were analyzed by autoradiography
(upper panels) and with a phosphorimager (lower graph).

Mclntosh, 1992b). During this same 16-h period, AP capacity
gradually increased to approximately 10-fold its initial level
(from 7.6 natoms O mg"1 fresh weight h"1 to greater than 75
natoms O mg"1 fresh weight h"1) (Fig. 4A). Before AA addi-
tion, the AP was not engaged in C>2 consumption (p = 0) (Fig.
4B) and respiration rate was under adenylate control, being
stimulated 2.2-fold by addition of the uncoupler FCCP (Fig.
4B). When the CP was suppressed (during the first 16 h after
AA addition), the AP was completely engaged (p = 1) in
respiration (Fig. 4B). Respiration during this period proceeds
almost exclusively through the AP and is thus unaffected by
FCCP (Fig. 4B). Suppression of the CP by AA resulted in a
28-fold increase in Aoxl mRNA within 4 h (Figs. 4C and 5).
After 16 h, with the CP still largely suppressed, Aoxl mRNA

remained high (6-fold higher than before AA addition) (Figs.
4C and 5).

Between 16 and 25 h after AA addition there was a large
recovery of the CP (to 70% of its initial level by 25 h) and
there was a decreased engagement of the AP (p = 0.75 by 25
h) (Fig. 4, A and B). This was accompanied by a drop in Aoxl
mRNA to a level similar to that observed before AA addition
(Figs. 4C and 5). Between 25 and 48 h after AA addition the
CP completely recovered. This recovery was accompanied by
a gradual loss of AP capacity (Fig. 4A) and engagement (Fig.
4B). These changes resulted in a progressive increase in the

T 125

10 20 30 40
Time after antimycin A addition (h)

50

Figure 4. Changes in respiratory characteristics and levels of spe-
cific mRNAs of NT1 tobacco suspension cells in response to the
addition of 2 JIM AA at 0 h. A, The capacities of the AP and the CP
to support O2 consumption. B, The left axis shows adenylate control
of respiration (defined as the respiration rate in the presence of
FCCP divided by the respiration rate in the absence of FCCP); the
right axis shows the degree of engagement of the AP, which is the
fraction (0-1) of the AP capacity that is engaged in respiratory O2

consumption. C, mRNA level of genes encoding AOX (Aoxl), the
apoprotein of Cyt c (Cc/), and Cyt oxidase subunit I (coxl) analyzed
with a phosphorimager. Autoradiograms of the Aoxl and Ccl data
are presented in Figure 5.
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Figure 5. Changes in specific mRNA levels of NT1 tobacco suspen-
sion cells in response to the addition of 2 /*M AA at 0 h. This figure
is an autoradiogram of the Aox1 and Ccl phosphorimager data
presented in Figure 4C and shows more clearly the minor changes
in Cc7 mRNA levels.

ability of FCCP to stimulate respiration. Levels of Aoxl
mRNA remained low throughout this time (Figs. 4C and 5).

We also examined Ccl and coxl mRNA levels during the
period of inhibition and recovery of the CP and saw only
minor fluctuations in their levels (Figs. 4C and 5). The level
of the nuclear gene transcript Ccl showed some decline
during the first 16 h (to 43% of the 0-h level) when the CP
was inhibited by AA, followed by some increase (to 183% of
the 0-h level) as the CP recovered (Fig. 5). However, these
changes were very slight in comparison with the changes in
Aoxl mRNA level, and, at present, we do not know the
significance of these transient changes in Ccl mRNA level.

DISCUSSION

AOX cDNA Clone

We have isolated a cDNA representing the Aoxl gene of
tobacco (Fig. 1) and found it to have a high degree of
homology to the other plant Aoxl genes reported to date as
well as significant homology to a yeast AOX gene (Fig. 2).
The high degree of homology among the plant sequences
indicates that the protein from thermogenic and nonther-
mogenic plants is structurally similar.

The pAONTl clone encodes a deduced polypeptide of 353
amino acids. Following its translation in the cytosol, this
precursor polypeptide may be further processed during im-
port into the mitochondrion and upon insertion in the inner
mitochondrial membrane. Processing (and possibly other
modification) of the AOX has not been studied in any system,
but the presence of multiple AOX proteins of similar size in
purified mitochondria from S. guttatum (Elthon et al., 1989a,
1989b; Rhoads and Mclntosh, 1992), soybean (Obenland et
al., 1990; Kearns et al., 1992), potato (C. Hiser and L. Mc-
lntosh, unpublished data), pea (Goyal et al., 1991), and
tobacco (Vanlerberghe and Mclntosh, 1992b) is suggestive of
multiple posttranslational processing steps. With regard to
protein import, it is interesting that two common mitochon-
drial processing signals (a —2 Arg and a —10 Arg) are pro-
posed to occur in the putative transit peptides of tobacco (this
report), soybean (Whelan et al., 1993), and A. thaliana (Kumar
and Soil, 1992). Protein sequence alignment indicates that

these Arg's may be highly conserved among the different
species (Fig. 2).

At present, the size/activity relationship of the AOX protein
is not known. In NT1 tobacco suspension cells, the major
immunoreactive protein on SDS-PAGE gels is estimated with
molecular mass markers to be approximately 35 kD. How-
ever, there is also a second protein of a slightly higher
'apparent" molecular mass (Vanlerberghe and Mclntosh,
1992a, 1992b). This band is difficult to resolve and is usually
less abundant than the major, 35-kD band.

AOX Gene Expression

The CP in tobacco suspension cells can be specifically
inhibited by 2 fiM AA, which blocks electron transfer in
complex III (ubiquinol-Cyt c oxidoreductase; Vanlerberghe
and Mclntosh, 1992b). Chemical inhibition of the CP resulted
in a rapid and dramatic increase in the level of the 1.6-kb
Aoxl mRNA (Figs. 3-5), suggestive of a rapid activation of
transcription (and/or increased transcript stability) of the
nuclear gene. We saw similar results after inhibition of the
CP by azide (an inhibitor of complex IV), indicating that the
response is not specific to the inhibition of complex HI by
AA (E. van der Knaap, G.C. Vanlerberghe, and L. Mclntosh,
unpublished data). Once inhibition of the CP by AA was
relieved, the level of Aoxl mRNA returned to the level seen
before AA addition (Figs. 4 and 5).

We have previously shown that inhibition of the CP by
AA in these suspension cells results in increased AOX protein
and AP capacity in the mitochondria within several hours
and that the protein level and capacity decline as the CP
recovers (Vanlerberghe and Mclntosh, 1992b). The increase
in AOX protein could be prevented by inhibitors of RNA
synthesis (actinomycin D) or cytosolic protein synthesis (cy-
cloheximide). Those results and the changes in Aoxl mRNA
seen in this study suggest that changes in Aoxl gene expres-
sion are responsible for the changes in respiratory character-
istics seen after AA addition.

After CP inhibition by AA, there was no significant change
in the mRNA level of two genes encoding proteins of the CP,
either the nuclear gene Ccl (encoding the apoprotein of Cyt
c, which transfers electrons from ubiquinol-Cyt c oxidore-
ductase to Cyt oxidase) or the mitochondrial gene coxl (en-
coding Cyt oxidase subunit I). Therefore, the increase in Aoxl
mRNA in response to the inhibition of CP respiration is not
a general phenomenon of genes encoding respiratory com-
ponents but is a more specific event. The regulatory signal
that couples Aoxl mRNA accumulation with CP activity is
unknown. In the yeast Saccharomyces cerevisiae, coordinate
expression of nuclear genes (such as those encoding apopro-
teins of Cyts of the CP) with mitochondrial status is achieved
by a network of transcriptional activators/repressers respon-
sive to regulatory signals such as carbon, oxygen, and heme
(Forsburg and Guarente, 1989; de Winde and Grivell, 1993).
Recently, it was shown that an AOX gene from the yeast H.
anomala is also induced at the mRNA level by some respira-
tory inhibitors (Sakajo et al., 1991) and that the generation
of superoxide anions in the mitochondrion may be part of
the induction mechanism (Minagawa et al., 1992). In plants,
the signals and mechanisms that coordinate mitochondrial
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status and nuclear gene expression are unknown, although 
the mechanisms coordinating nuclear gene expression with 
chloroplast function are beginning to be elucidated (e.g. Susek 
et al., 1993, and refs. therein). 

Physiological Significance 

Studies with whole tissue and isolated mitochondria show 
that the AP is engaged in O2 consumption only when the CP 
becomes limiting (see introduction). This suggests that the 
AP may act as an overflow to maintain electron transport 
when the CP is saturated or inhibited. At least two types of 
limitation of CP respiration resulting in a diversion of elec- 
trons to the AP might occur (Day and Lambers, 1983; Blac- 
quiere and de Visser, 1984). First, it may be that the carrier 
capacity of one of the electron transfer components of the 
CP is limiting. Second, it may be that the CP becomes 
restricted by ADP and/or Pi supply (adenylate control of 
respiration) to the extent that electrons enter the AP. In this 
sense, the presence of two pathways may lend a degree of 
"flexibility" in the regulation of plant respiration. Since AP 
respiration is not coupled to ATP synthesis, it may allow 
carbon oxidation in respiration to proceed without being 
tightly regulated by the availability of ADP. 

In addition to the above-mentioned mechanisms goveming 
engagement of the AP, the present study indicates that a 
mechanism exists whereby the capacity of the AP can be 
adjusted in response to changes in the activity of the CP. 
This mechanism involves changes in Aoxl gene expression 
and may be critica1 in situations in which the CP becomes 
limiting. Treatments that have been shown to suppress CP 
activity (resulting in an increased capacity and/or engage- 
ment of the AP) include chilling injury (Leopold and Mus- 
grave, 1979), nutrient deprivation (Bingham and Farrar, 
1989), salt stress (Jolivet et al., 1990), high CO, (Palet et al., 
1991), and Pi limitation (Rychter et al., 1992). In some cases 
this suppression of CP activity occurred at the leve1 of the 
carrier capacity of the pathway (e.g. Palet et al., 1991), 
whereas in other cases it was ascribed to increased adenylate 
control (e.g. Bingham and Farrar, 1989). In the present study 
we have limited the camer capacity of the CP by chemical 
inhibition and found that a mechanism exists that influences 
Aoxl gene expression. It would be interesting to know 
whether a similar mechanism exists in response to adenylate 
restriction of CP activity and what regulatory signals govem 
the expression of nuclear genes encoding mitochondrially 
localized proteins. 

Received December 8, 1993; accepted February 25, 1994. 
Copyright Clearance Center: 0032-0889/94/105/0867/08. 

LITERATURE CITED 

Alting-Mess MA, Sorge JA, Short JM (1992) pBluescript 11: multi- 
functional cloning and mapping vectors. Methods Enzymol 216: 

Ausubel FM, Brent R, Kingston RE, Moore DD, Siedman JG, 
Smith JA, Struhl K (1987) Current Protocols in Molecular Biology. 
Greene Publishing Associates/Wiley-Interscience, New York 

Bingham IJ, Farrar JF (1989) Activity and capacity of respiratory 
pathways in barley roots deprived of inorganic nutrients. Plant 
Physiol Biochem 27: 847-854 

483-495 

Blacquiere T, de Visser R (1984) Capacity of cytochrome and 
altemative path in coupled and uncoupled root respiration of Pisum 
and Plantago. Physiol Plant 6 2  427-432 

Cashmore AR (1982) The isolation of poly A+ messenger RNA from 
higher plants. In M Edelman, RB Hallick, N-H Chua, eds, Methods 
in Chloroplast Molecular Biology. Elsevier Biomedical Press, New 
York, pp 387-392 

Day DA, Arron GP, Laties GG (1980) Nature and control of 
respiratory pathways in plants: the interaction of cyanide-resistant 
respiration with the cyanide-sensitive pathway. In DD Davies, ed, 
The Biochemistry of Plants: A Comprehensive Treatise, Vol 2. 
Metabolism and Respiration. Academic Press, New York, pp 

Day DA, Dry IB, Soole KL, Wiskich JT, Moore AL (1991) Regula- 
tion of altemative pathway activity in plant mitochondria. Devia- 
tions from Q-pool behavior during oxidation of NADH and quin- 
01s. Plant Physiol 9 5  948-953 

Day DA, Lambers H (1983) The regulation of glycolysis and electron 
transport in roots. Physiol Plant 58: 155-160 

de Winde JH, Grivell LA (1993) Global regulation of mitochondrial 
biogenesis in Saccharomyces cerevisiae. Prog Nucleic Acid Res Mo1 
Biol46 5 1-9 1 

Dry IB, Moore AL, Day DA, Wiskich JT (1989) Regulation of 
altemative pathway activity in plant mitochondria: nonlinear re- 
lationship between electron flux and the redox poise of the quinone 
pool. Arch Biochem Biophys 273 148-157 

Elthon TE, Nickels RL, McIntosh L (1989a) Monoclonal antibodies 
to the altemative oxidase of higher plant mitochondria. Plant 
Physiol89 1311-1317 

Elthon TE, Nickels RL, McIntosh L (1989b) Mitochondrial events 
during the development of thermogenesis in Sauromatum guttatum 
(Schott). Planta 180 82-89 

Feinberg AP, Vogelstein B (1983) A technique for radiolabelling 
DNA restriction endonuclease fragments to high specific activity. 
Anal Biochem 132  6-13 

Forsburg SL, Guarente L (1989) Communication between mito- 
chondria and the nucleus in regulation of cytochrome genes in the 
yeast Saccharomyces cerevisiae. Annu Rev Cell Biol 5 153-180 

Goyal A, Hiser C, Tolbert NE, McIntosh L (1991) Progress No. 9 
cultivar of pea has altemative respiratory capacity and normal 
glycine metabolism. Plant Cell Physiol 3 2  247-251 

Hiser C, McIntosh L (1990) Altemative oxidase of potato is an 
integral membrane protein synthesized de novo during aging of 
tuber slices. Plant Physiol 9 3  312-318 

Jolivet Y, Pireaux JC, Dizengremel P (1990) Changes in properties 
of barley leaf mitochondria isolated from NaC1-treated plants. 
Plant Physiol94 641-646 

Kearns A, Whelan J, Young S, Elthon TE, Day DA (1992) Tissue- 
specific expression of the altemative oxidase in soybean and sira- 
tro. Plant Physiol99 712-717 

Kemmerer EC, Lei M, Wu R (1991) Structure and molecular evo- 
lutionary analysis of a plant cytochrome c gene: surprising impli- 
cations for Arabidopsis thaliana. J Mo1 Evol 3 2  227-237 

Kumar AM, Sol1 D (1992) Arabidopsis altemative oxidase sustains 
Escherichia coli respiration. Proc Natl Acad Sci USA 8 9  

Lance C, Chauveau M, Dizengremel P (1985) The cyanide-resistant 
pathway of plant mitochondria. In R Douce, DA Day, eds, Ency- 
clopedia of Plant Physiology, New Series, Vol 18. Higher Plant 
Cell Respiration. Springer-Verlag, New York, pp 202-247 

Leopold AC, Musgrave ME (1979) Respiratory changes with chilling 
injury of soybeans. Plant Physiol64 702-705 

Lidén AC, Akerlund HE (1993) Induction and activation of the 
altemative oxidase of potato tuber mitochondria. Physiol Plant 87: 

McIntosh L, Cattolico RA (1978) Preservation of alga1 and higher 
plant ribosomal RNA during extraction and electrophoretic quan- 
titation. Anal Biochem 91: 600-612 

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

Minagawa N, Koga S, Nakano M, Sakajo S, Yoshimoto A (1992) 
Possible involvement of superoxide anion in the induction of 

197-241 

10842-10846 

134-141 



874 Vanlerberghe and Mclntosh Plant Physiol. Vol. 105, 1994 

cyanide-resistant respiration in Hansenula anomala. FEBS Lett 302: 

Moller IM, Bérczi A, van der Plas LHW, Lambers H (1988) Meas- 
urement of the activity and the capacity of the altemative pathway 
in intact tissues: identification of problems and possible solutions. 
Physiol Plant 72: 642-649 

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

Obenland D, Diethelm R, Shibles R, Stewart C (1990) Relationship 
of altemative respiratory capacity and altemative oxidase amount 
during soybean seedling growth. Plant Cell Physiol31: 897-901 

Palet A, Ribas-Carbo M, Argilés JM, Azcon-Bieto J (1991) Short- 
term effects of carbon dioxide on camation callus cell respiration. 
Plant Physiol96 467-472 

Rhoads DM, McIntosh L (1991) Isolation and characterization of a 
cDNA clone encoding an altemative oxidase protein of Sauromatum 
guttatum (Schott). Proc Natl Acad Sci USA 8 8  2122-2126 

Rhoads DM, McIntosh L (1992) Salicylic acid regulation of respira- 
tion in higher plants: altemative oxidase expression. Plant Cel l4  

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 Mo1 Biol21: 615-624 

Rychter AM, Chauveau M, Bomsel JL, Lance C (1992) The effect 
of phosphate deficiency on mitochondrial activity and adenylate 
levels in bean roots. Physiol Plant 8 4  80-86 

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

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A 
Laboratory Manual, Ed 2. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY 

Short JM, Sorge JA (1992) In vivo excision properties of bacterio- 
phage X ZAP expression vectors. Methods Enzymol216 495-508 

Siedow JN, Moore AL (1993) A kinetic model for the regulation of 
electron transfer through the cyanide-resistant pathway in plant 
mitochondria. Biochim Biophys Acta 1142 165-174 

Siedow JN, Whelan J, Kearns A, Wiskich JT, Day DA (1992) 

21 7-219 

1131-1139 

Topology of the altemative oxidase in soybean mito,:hondria. In 
H Lambers, LHW van der Plas, eds, Molecular, Bioc.hemica1 and 
Physiological Aspects of Plant Respiration. SPB Acade:nic Publish- 
ing, The Hague, The Netherlands, pp 19-27 

Skubatz H, Nelson TA, Meeuse BJD, Bendich AJ (1991) Heat 
production in the voodoo lily (Sauromatum guttatum) as monitored 
by infrared thermography. Plant Physiol95: 1084-1088 

Susek RE, Ausubel FM, Chory J (1993) SignaI transduction mutants 
of Arabidopsis uncouple nuclear CAB and RBCS gene expression 
from chloroplast development. Cell74 787-799 

Theologi!i A, Laties GG (1978) Relative contribution of cytochrome- 
mediated and cyanide-resistant electron transport in fresh and 
aged potato slices. Plant Physiol62 232-237 

Umbach AL, Siedow JN (1993) Covalent and noncovalent dimers 
of the cyanide-resistant altemative oxidase protein in higher plant 
mitochondria and their relationship to enzyme activity. Plant 
PhysiollO3 845-854 

Vanlerberghe GC, McIntosh L (1992a) Lower growth temperature 
inaeases altemative pathway capacity and altema tive oxidase 
protein in tobacco. Plant Physiol 100: 115-119 

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

Verwoertl TC, Dekker BMM, Hoekema A (1989) A small-scale 
procediire for the rapid isolation of plant RNAs. Nucleic Acids Res 
17: 2362 

von Heijine G, Steppuhn J, Herrmann RG (1989) Domain structure 
of mitochondrial and chloroplast targeting peptides. Eur J Biochem 

Wagner ,4M, van den Bergen CWM, Krab K (1992a:i Modulation 
of the access of exogenous NAD(P)H to the altemaiive pathway 
in pota.to tuber callus mitochondria with Triton X-100. Plant Phys- 
i01100 1259-1262 

Wagner AM, Van Emmerick WAM, Zwiers JH, Kaagman HMCM 
(1992b:) 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 Physiologic,al Aspects of 
Plant Respiration. SPB Academic Publishing, The Hague, The 
Netherlands, pp 609-614 

Whelan :I, McIntosh L, Day DA (1993) Sequencing of a soybean 
altemative oxidase cDNA clone. Plant PhysiollO3 1481 

180 535-545 


