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Abstract The impact of various environmental stresses
(drought, chilling or herbicide treatment) on the capacity of
plant mitochondria to import precursor proteins was investi-
gated. Drought treatment stimulated import and processing of
various precursor proteins via the general import pathway. The
stimulatory effect of drought on the general import pathway was
due to an increased rate of import, was accompanied by an
increased rate of processing, and could be attributed to the
presequence of the precursor protein. Interestingly, drought de-
creased the import of the F,d subunit of ATP synthase suggest-
ing a bypass of the point of stimulation during import of this
precursor. Both chilling and herbicide treatment of plants, on
the other hand, caused inhibition of import with all precursors
tested. No decrease in processing of imported proteins was ob-
served by these stress treatments. Western analysis of several
mitochondrial proteins indicated that the steady-state level of
several mitochondrial components, including the TOM20 recep-
tor and the core subunits of the cytochrome bc; complex re-
sponsible for processing, remained largely unchanged. Thus en-
vironmental stresses differentially affect import of precursor
proteins in a complicated manner dependent on the import path-
way utilised.

© 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Environmental stresses encompass a wide range of physical
conditions, which can significantly alter plant metabolism,
growth and development, leading at their extremes to plant
death. These abiotic stresses include drought, high salinity,
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Abbreviations: AOS, active oxygen species; AOX, alternative oxi-
dase; Fad, Fad subunit of mitochondrial ATP synthase; ANT, ad-
enine nucleotide transporter; SSU, small subunit of ribulose 1,5-bis-
phosphate carboxylase/oxygenase; GR, glutathione reductase;
RSP10, nuclear encoded ribosomal protein 10; Tim23, translocase
of the inner membrane protein 23

extremes of temperature (both high and low), heavy metal
toxicity, ultraviolet radiation, nutrient deprivation, high light
stress and hypoxia. Plants by their very nature, being em-
bedded in the soil, are unable to escape exposure to these
environmental extremes and therefore must respond to sur-
vive. Many abiotic stresses increase active oxygen species
(AOS) in plants due to perturbations of metabolism, including
that in chloroplasts and mitochondria. These AOS can act as
important signal molecules and interact with other signalling
molecules to achieve integrated responses to a variety of stress
and developmental triggers [1-3]. These responses include ac-
tivation of gene expression cascades such as those triggered by
the binding of the DRE binding protein to the dehydration
response (DRE/C-repeat) cis-elements during drought and low
temperature stress [4,5]. Microarray studies of gene expression
following environmental stress suggest that while some com-
mon gene responses are observed, the majority of expression
changes are specific to the stress applied [6]. New proteins
synthesised in response to these stresses must be targeted to
various subcellular compartments in order to function and for
a plant to achieve an appropriate response to stress. It is of
interest, therefore, to examine the response of the protein
import machinery of organelles to environmental stress.
Subcellular organelles such as mitochondria and plastids
are not only potential targets for damage during stress but
may also play an important role in stress response. A range of
mitochondrial responses to oxidative stress have been ob-
served in plants. Major changes in over 30 different mitochon-
drial proteins have been observed following direct oxidative
stress of Arabidopsis cells [7]. Inhibition of key metabolic pro-
teins in plant mitochondria by the lipid peroxidation end-
product, HNE, following AOS accumulation during various
environmental stresses has also been documented [8]. Small
heat shock proteins, some located in the mitochondrion, ac-
cumulate during oxidative stress [9], and, in some extreme
cases, oxidative stress results in programmed cell death in
Arabidopsis cells [10]. The effects of environmental stress on
chloroplasts have been even more extensively studied, espe-
cially the means by which excess excitation energy is sensed,
signalled and responded to [11]. The induction of various
plastid-located forms of anti-oxidant enzymes, such as super-
oxide dismutase [12,13] and components of the glutathione
and ascorbate cycles [14,15], indicates their involvement in
the plastid’s stress response. Proteomic approaches have
shown the location of several other anti-oxidant enzymes in
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the thylakoid lumen as well as proteins involved in proteolysis
and refolding [16].

As the coding capacity of mitochondria and plastids is lim-
ited, many changes in their protein complement in response to
environmental stress require that the proteins be imported
from the cytosol where they are synthesised. We report here
the first investigation of the effect of environmental stress on
import of precursor proteins into plant mitochondria. We
have used various precursor proteins that are known to utilise
different import pathways into plant mitochondria: the alter-
native oxidase (AOX) as a precursor protein imported via the
general import pathway [17], the Fad subunit of mitochon-
drial ATP synthase (Fad) as a precursor protein imported by
a modified general import pathway that does not require ex-
tramitochondrial ATP [18] and the adenine nucleotide trans-
locator (ANT) that enters via the carrier import pathway [19].
To ensure the fidelity of the import assay, we used a dual
import assay that contains both mitochondria and chloro-
plasts and monitored any non-specific import into mitochon-
dria using the precursor to the small subunit of ribulose 1,5-
bisphosphate carboxylase/oxygenase (SSU) [20].

2. Materials and methods

2.1. Materials

Tryquat 200 (Crop Care Australasia, Australia) is a commercially
available herbicide combination of paraquat (437.5 mg/l) and diquat
(225 mg/l). Studies on the mode of action of these two components
appear to indicate that both function identically [21] and this combi-
nation is referred to here simply as paraquat. All other chemicals were
at least reagent grade.

Pea (Pisum sativum L. cv. Green Feast) plants were germinated in
vermiculite and grown in controlled environment chambers with a
light intensity of 700 pumol/m?/s, at 24°C and 65% humidity, for 10
days on a 16/8-h day/night cycle.

Precursor proteins were translated from soybean alternative oxidase
(GmAOX) [22], tobacco alternative oxidase (NtAOX) [23], pea gluta-
thione reductase (PsGR), [24], soybean Fad (GmFad) [25], maize
adenine nucleotide translocator (ZmANT) [26], pea SSU (PsSSU)
[27] using the rabbit reticulate TNT in vitro transcription/translation
kit (Promega, Madison, WI, USA). Arabidopsis thaliana ribosomal
protein S10 (AtRSP10) was amplified using primers designed to se-
quences obtained from cDNA to the Rspl0 gene (X80694) [28], and
translated as described above. Precursor proteins were stored at
—80°C and thawed on ice prior to use.

2.2. Abiotic treatments

Herbicide treated plants were sprayed evenly with paraquat (662.5
mg/l), allowed to dry and then returned to controlled environment
chambers and exposed to light for 12 h until harvest. For low temper-
ature treatment, plants were placed at 4°C for 36 h prior to harvest,
whilst maintaining a normal day/night light cycle. For drought treat-
ment, plants were not watered for 7 days prior to harvest whilst
maintaining a normal humidity, temperature and day/night light cycle.

2.3. Pea mitochondrial isolation

Mitochondria were isolated according to the methods of Day et al.
[29] and Zhang and Wiskich [30] from approximately 60 g of pea
leaves. Leaves were disrupted with a Polytron (Kinematica, Kriens,
Switzerland) in 250 ml of cold extraction medium (0.3 M sucrose, 25
mM tetrasodium pyrophosphate, 10 mM KH,PO4, 2 mM EDTA,
1 mM glycine, 1% (w/v) PVP-40, 1% (w/v) bovine serum albumin
(BSA), 20 mM ascorbate, pH 7.5). The homogenate was filtered
through four layers of miracloth and centrifuged for 5 min at
1100 X g. The supernatant was centrifuged for 20 min at 18000X g
and the pellet resuspended in 200 ml of wash medium (0.3 M sucrose,
10 mM TES (N-trishydroxymethyl-2-aminoethanesulphonic acid),
1 mM glycine, 0.1% (w/v) BSA, pH 7.5) and centrifuged for 5 min
at 1100 X g. The supernatant was centrifuged for 20 min at 18000X g
and the pellet resuspended in 10 ml of wash medium, 5-ml aliquots
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were then layered over 27.5 ml solution (0.3 M sucrose, 10 mM TES,
1 mM glycine, 0.1% (w/v) BSA, 28% (v/v) Percoll and a linear gra-
dient of 0-10% (w/v) PVP-40, pH 7.5) in a centrifuge tube, and cen-
trifuged for 40 min at 40000 X g. The mitochondria were found as a
tight light yellow-brown band near the bottom of the tube. The mi-
tochondrial fraction was removed and diluted in 250 ml of wash
medium and centrifuged at 31000X g for 15 min. The supernatant
was removed and this wash was repeated, the final mitochondrial
pellet was resuspended in approximately 1 ml of wash medium and
kept on ice until use.

2.4. Chloroplast isolation

Chloroplasts were isolated from 10-day-old pea leaves as described
by Bruce et al. [31] and Waegemann and Soll [32]. Approximately 50 g
of pea leaves were harvested and homogenised in 200 ml of grinding
medium (50 mM HEPES-KOH pH 7.3 (N-[2-hydroxyethyl]pipera-
zine-N'-[2-ethanesulphonic acid]), 330 mM sorbitol, 0.1% BSA,
1 mM MgCl,, 1 mM MnCl,, 2 mM EDTA). The homogenate was
then filtered through one layer of miracloth and centrifuged for 5 min
at 2000 X g. The pellet was resuspended in residual grinding medium
and layered over a 50% continuous Percoll gradient and centrifuged
for 20 min at 12100Xg. The chloroplast band was collected and
centrifuged for 4 min at 2000X g. The pellet was resuspended in a
small volume of wash buffer and kept on ice until use. The chloro-
phyll concentration was determined using the method of Arnon [33].

2.5. In vitro dual import of proteins

Import into mitochondria and chloroplasts using a dual import
system was carried out as previously described by Rudhe et al. [20].
Mitochondria and chloroplasts were isolated separately and combined
in a buffer supporting both mitochondrial and chloroplastic import
(0.3 M sucrose, 15 mM HEPES-KOH pH 7.4, 5 mM KH,POy4, 0.2%
BSA, 4 mM methionine, 4 mM ATP, 1| mM GTP, 0.2 mM ADP,
5 mM succinate, 4.5 mM dithiothreitol, 10 mM potassium acetate and
10 mM NaHCOs) and incubated for 20 min at 25°C. Following in-
cubation the reactions were placed on ice and divided into two ali-
quots, one containing 120 pg/ml thermolysin supplemented with 0.1
mM CaCl, and the other untreated, both of which were then incuba-
ted for 30 min on ice. The thermolysin activity was inhibited by the
addition of 10 mM EDTA. Each sample was then loaded on a 4%
Percoll gradient and centrifuged for 30 s at 4000 X g. Mitochondria
and chloroplast fractions were collected separately and recovered by
centrifugation at 20800X g and 800X g, respectively. Imported prod-
ucts were analysed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and visualised using a BAS2500 (Fuji, To-
kyo, Japan). Specific proteins detected were quantitated using the
Image Gauge v3.0 software (Fuji).

2.6. In vitro processing assay

The processing reaction was carried out as described previously
[34]. The reaction for processing (total volume 20 ul) contained 1 pl
of [**S]methionine-labelled precursor protein in 0.5% Triton X-100, 30
mM Tris-HCl (trishydroxymethyllJaminoethane) (pH 8.0), 1 mM
MgCly, 1 mM methionine and 30 pg of mitochondrial protein. The
processing reaction was carried out in the presence of protease inhib-
itors, E64 and apyrase, which were incubated with mitochondria for
S min on ice before the addition of precursor. Processing was carried
out at 25°C for the times shown in the figure legends. The reactions
were stopped by the addition of protein loading buffer and boiling at
95°C for 3 min. Processed products were analysed by SDS-PAGE and
visualised using a BAS2500 (Fuji). Specific proteins detected were
quantitated using the Image Gauge v3.0 software (Fuji). Negative
controls containing 2 mM 1,10-phenanthroline were carried out dur-
ing each reaction.

2.7. Protein analysis

Protein concentrations were determined by the method of Peterson
[35] using BSA as standard. 20 pg of total mitochondrial protein was
solubilised in sample buffer (0.125 M Tris—HCI, 4% (w/v) SDS, 15%
(v/v) glycerol and 20% (v/v) mercaptoethanol) and separated under
denaturing, reducing conditions on 0.1% (w/v) SDS 12% (w/v) poly-
acrylamide gels according to Laemmli [36]. For immunoreaction ex-
periments, proteins were electroblotted from SDS-PAGE gels onto
Hybond-C+ extra membrane (Amersham Pharmacia Biotech, Sydney,
Australia) using a Hoefer Semi-Phor semi-dry blotting apparatus
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Fig. 1. The in vitro dual import system, and the import of GmAOX,
GmFad, ZmANT and PsSSU into mitochondria isolated from
plants exposed to various environmental stresses. A: Western blot
analysis of mitochondrial and chloroplastic fractions using UCP
and LHCb2 antibodies. Lane 1, purified pea leaf mitochondria.
Lane 2, purified pea leaf mitochondria that had been mixed with
purified pea leaf chloroplasts and re-isolated. Lane 3, isolated pea
leaf mitochondria mixed with isolated pea leaf chloroplasts. Lane 4,
purified pea leaf chloroplasts that had been mixed with purified pea
leaf mitochondria and re-isolated. Lane 5, purified pea leaf chloro-
plasts. B: Import of precursor proteins into mitochondria using a
dual import system. Lane 1, precursor protein alone. Lane 2, pre-
cursor protein incubated with isolated pea leaf mitochondria. Lane
3, as lane 2 but with the addition of thermolysin. Lanes 4-6, 7-9
and 10-12 as lanes 1-3. C: The amount of import of protein pre-
cursors into plant mitochondria isolated from stressed pea plants,
control (black), drought (grey), chilled (white) and paraquat-treated
(checkerboard). Values are the average of three treatments (mean*
S.E.M.). For each precursor protein each stress is significantly dif-
ferent from control (P <0.05) except for the import of ANT into
mitochondria from drought-stressed plants.

(Amersham Pharmacia Biotech) and blocked. Mitochondrial proteins
were probed with primary antibodies, 1/1000 dilution of anti-outer
membrane receptor of 20 kDa (TOM20) serum, 1/2500 of anti-
HSP70 serum, 1/2500 dilution of anti-HSP60 serum (Stress-Gen, Vic-
toria, Canada), 1/10 000 dilution of anti-cytochrome b¢; serum, 1/2000
dilution of anti-porin serum, a 1/10000 dilution of an antibody to the
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mitochondrial inner membrane uncoupling protein (UCP) and a
1/5000 dilution of an anti-chloroplastic light-harvesting complex b2
subunit (LHCb2) serum [20]. Cross-reacting bands were detected by
chemiluminescence of horseradish peroxidase-conjugated secondary
antibodies (Roche, Sydney, Australia) and visualised using a LAS
1000 (Fuji). Specific proteins detected were quantitated using the Im-
age Gauge v3.0 software (Fuji), with the highest intensity band de-
noted a value of 100% and the remaining bands calculated relative to
that band.

The cDNA encoding A¢Tom20-3 was prepared by reverse transcrip-
tion polymerase chain reaction and cloned into the plasmid pQE60
(Qiagen®) for expression in Escherichia coli. Rabbit antiserum against
the recombinant 4rTom?20-3 detects the ~20-kDa protein in whole
cell extracts of A. thaliana and can immunoprecipitate 4tTom20 from
3S-labelled plants.

3. Results

3.1. Measurement of protein import into pea leaf mitochondria

Mitochondria isolated from the leaves of pea plants were
utilised with in vitro assays to assess their ability to import
precursor proteins. As isolated pea leaf mitochondria have
previously been shown to import some chloroplast proteins,
possibly via non-physiological mechanisms [37,38], we used a
more stringent dual in vitro import assay which maintains the
predicted organelle specificity and allows only mitochondrial
precursors to be imported into mitochondria [20]. Purified
mitochondria and chloroplasts were mixed together and pre-
cursor proteins added to the mixture. After treatment with
externally added protease to remove any unimported protein,
the organelles were separated and the amount of import into
mitochondria assessed by autoradiography. The purity of the
re-isolated mitochondria was demonstrated by their lack of
cross-reactivity with antiserum to the chloroplast marker
LHCb2, while strong reactivity with an antibody raised to
the mitochondrial UCP was evident (Fig. 1A, lane 2) [20].
When mitochondria and chloroplasts were combined, both
products were clearly detected (Fig. 1A, lane 3).

3.2. Stresses affect import pathways differentially

Pea plants were grown for 10 days and subjected to either
cold, drought or herbicide application, treatments that have
been shown previously to induce various degrees of oxidative
stress and damage mitochondrial proteins [8]. In vitro import
assays into mitochondria isolated from these plants yielded
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Fig. 2. Processing of GmAOX with lysed mitochondria. Mitochon-
dria were isolated from control and drought-treated pea leaves. Iso-
lated mitochondria were lysed and incubated with GmAOX in a
buffer that supports processing. Aliquots were removed at different
time points and the reactions were immediately stopped by the addi-
tion of sample buffer and boiling. Numbers below the blots repre-
sent the average (n=3) percentage intensity of band relative to the
30-min time point of control mitochondria.
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Fig. 3. The effects of drought on the amount of import of chimeric
precursors, GmFad()-AOX ) and AOX(,)-Fadm). A: Import of
chimeric constructs into mitochondria using a dual import system.
Lane 1, chimeric constructs alone. Lane 2, precursor protein incuba-
ted with isolated pea leaf mitochondria. Lane 3, as lane 2 but with
the addition of thermolysin. Lanes 4-6 as lanes 1-3. B: Mitochon-
dria were isolated from drought-stressed (grey) and control (black)
pea plants. Values are the average of three treatments (meanzt
S.E.M.). The import of both chimeric precursors was significantly
different from control (P <0.05) during drought stress.

consistent changes in import ability, depending on the stress
and the precursor protein examined (Fig. 1B,C). Herbicide
treatment caused > 60% inhibition of import with all of the
precursor proteins, while chilling stress inhibited import by
approximately 50%. Induced water deficit, on the other
hand, differentially affected the import of different precursor
proteins. Import of GmAOX into mitochondria from drought-
treated plants was stimulated approximately 20% while that of
GmF sd was inhibited by at least 20%. Import of the ZmANT
precursor protein was only marginally affected (5% inhibited)
by drought treatment (Fig. 1B,C).

Examination of the import profile of the precursor proteins
revealed no gross differences in binding and processing by the
various treatments (Fig. 1B). However, as a previous report
on mammalian mitochondria showed that inhibition of pro-
tein import during oxidative stress was due to decreased pro-
cessing of precursor proteins, we investigated this aspect in
more detail. In vitro processing assays using mitochondria
from drought-treated plants indicated that processing was
also stimulated (Fig. 2). In contrast, the decrease in import
with chilling and herbicide treatment was not accompanied by
a decrease in processing (data not shown).
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3.3. Drought stress acts on the presequence and increases the
rate of import

In order to investigate the differential effect of drought
treatment on the import of GmAOX and GmFad precursor
proteins in more detail, we made chimeric precursor proteins
which contained the presequence of AOX linked to the Fad
mature protein [AOX,)-Fad(m)] and the presequence of Fad
linked to the AOX mature protein [Fad,)-AOX ] (see [39]).
When we carried out import assays with these hybrid precur-
sor proteins, we again observed a 20% stimulation of import
with the GmAOX presequence and a decrease in import with
the GmFad presequence, regardless of the structural protein
which they preceded (Fig. 3). This shows that the differential
response of the two precursors to drought treatment was due
to the different properties of their presequences. We have al-
ready shown that these two precursor proteins interact with
different protease-sensitive components on the outer mito-
chondrial membrane [18].

The effect of drought on import of other mitochondrial
precursor proteins which use the general import pathway
was examined: AfRSP10, PsGR and NtAOX. Each of these
precursor proteins contained a cleavable presequence and re-
quired intra- and extra-mitochondrial ATP for import. All of
them displayed a significant and consistent increase in import
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Fig. 4. Effect of environmental stresses on the amount of import of
the mitochondrial precursors, NtAOX, PsGR, A:RSP10 and At-
Tim23 (A) and a comparison of the rate of import of GmAOX into
mitochondria isolated from drought-treated and control pea plants
(B). A: Mitochondria were isolated from drought-stressed (grey)
and control (black) pea plants. Values are the average of three
treatments (mean*S.E.M.). The import of all precursor proteins
was significantly different from control (P <0.05) during drought
stress. B: Mitochondria were isolated from drought-stressed (O) and
control (M) pea plants. Values are the average of three treatments
(mean = S.E.M.). 100% import represents the amount of import after
30 min into control mitochondria and other time points were ex-
pressed relative to this point.
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Fig. 5. Effect of environmental stresses on mitochondrial compo-
nents. Mitochondria were isolated from stress-treated pea plants
and their proteins separated by SDS-PAGE. Numbers on the left
represent apparent molecular masses in kDa and those below the
blots, the percentage intensity of band relative to the control. The
HSP70 (70 kDa) panel is HSP70 protein detected using an anti-
HSP70 antibody. The HSP60 (60 kDa) panel is the HSP60 protein
detected with an anti-HSP60 antibody. The 30-kDa band in the
Porin panel are porin proteins detected with the anti-porin anti-
body. The TOM20 (26 kDa) panel is the TOM20 proteins detected
using an anti-TOM20 antibody. The 57-, 53- and 50-kDa bands in
the bc; panel are be; proteins detected with the anti-bc; antibody
(the 57-kDa band was quantified).

of 35-50% (Fig. 4A). In contrast, the translocase of the inner
membrane protein 23 (A¢Tim23), which, like ZmANT, uses
the distinct carrier import pathway [40], was slightly inhibited
by drought (Fig. 4B) [19,20]. We conclude, therefore, that the
stimulation of import of some proteins by drought was due to
a specific effect of this treatment on the general import path-
way.

It has been shown previously that plant mitochondrial im-
port is linear for the first 10-15 min of the assay [18,41]. After
this period, little or no increase in import is observed and the
imported processed protein is stable in mitochondria for 30
min or more [41,42]. Consequently, we usually carry out in
vitro assays for a period of 20 min. To investigate if the
increased amount of import observed with mitochondria iso-
lated from drought-treated plants was due to an increased rate
of import, or a more sustained linear phase, imported prod-
ucts were sampled at various time points in a 30-min assay
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(Fig. 4B). It was clear from this analysis that the initial rate of
import was increased in mitochondria from drought-treated
plants compared to control (almost two-fold over the first
5 min of the assay).

3.4. Analysis of mitochondrial components during stress

Western blotting against several different mitochondrial
proteins was performed to investigate if the changes in import
outlined above coincided with changes in mitochondrial pro-
tein abundance. Analysis of the outer membrane component
porin indicated that it increased slightly in all the stress treat-
ments, suggesting no general loss in outer membrane follow-
ing stress treatments. Analysis of a key component of the
import machinery, TOM20, showed that its abundance was
not changed by the stress treatments. 2D-PAGE analysis con-
firmed that there was no change in relative abundance of the
different TOM20 isoforms present in pea leaf mitochondria
(data not shown) [43]. The core subunits of the cytochrome
bcy complex, which are responsible for removal of presequen-
ces during import of proteins, were not affected significantly.
Nor were the amounts of both HSP70 and HSP60. We have
previously reported that AOX protein abundance increased
dramatically in all of the stress treatments [§].

4. Discussion

We have analysed the import of several different precursor
proteins that use different import pathways, into mitochon-
dria isolated from plants treated with various environmental
stresses. Previously it has been shown that these stresses dam-
age a number of mitochondrial proteins by modification of
lipoic acid moieties, resulting in loss of enzyme activity [8]. All
three stresses also induced the synthesis of AOX of the respi-
ratory chain [8]. However, these same stresses have differential
effects on protein import, depending on the nature of the
precursor protein and the pathways used. Chilling and herbi-
cide inhibited import of proteins via all three of the main
import routes known to operate in plant mitochondria
(Figs. 1 and 4). Drought treatment, on the other hand, while
also inhibiting import via the Fad and the carrier import
pathways, stimulated import of precursor proteins using the
general import pathway. Thus while different environmental
stresses may lead to general oxidative damage in the cell, not
all mitochondrial processes are equally affected. The stimula-
tion of the general import pathway observed in drought-
stressed plants could not be mimicked by decreasing the se-
verity or duration of the other stresses, which simply reduced
the degree of inhibition (data not shown). Drought stress has
been shown to induce many more genes than chilling stress in
a study which analysed the expression profiles of 7000 genes
in Arabidopsis [6,44]. Thus drought may have effects on gene
expression and protein function via processes other than oxi-
dative stress, including, for example, osmotic changes in plant
cells.

We have not yet identified a molecular site of action for
either inhibition or stimulation of import (Fig. 5), but our
data eliminate some possibilities and point to specific areas
in the import process that could be involved. For example, the
stimulatory effect of drought treatment appeared to involve
the presequence of precursors using the general import path-
way and increased the initial rate of uptake of the proteins
(Figs. 3 and 4). Since all precursor proteins use a single Tom
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complex and the same Tom40 pore [45-47], it appears that the
different effects on the different import pathways occur prior
to insertion into the Tom40 pore. Import of AOX and Fad
has been previously shown to involve different protease-sensi-
tive components on the mitochondrial surface for recognition
[18], and it is possible that the component specific to the
general import pathway is stimulated by drought. However,
this is not the only component affected since the stimulation
of import was accompanied by a similar increase in processing
activity of the imported protein. We utilised a variety of pre-
cursor proteins from various plant species, including pea, in
this study. All these precursor proteins were imported into
control mitochondria and processed to the same apparent
mol mass as judged to be the correct mature form from pre-
vious studies characterising the import of these proteins. We
concluded from this that they followed authentic import path-
ways into mitochondria and that similar results would be
observed with a wide variety of precursor proteins irrespective
of their origin. The effects observed were on the import path-
ways, not on the individual precursor proteins.

Operation of the import process is central to mitochondrial
biogenesis both to repair damaged organelles and to increase
mitochondrial bulk during regrowth. Ensuring the fidelity of
the process during stress may be important to tolerance of
stresses such as drought and would assist in recovery of plant
growth.
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