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Abstract

The effect of metal chelators on protein import was investigated using isolated soybean mitochondria and soybean precursor proteins.
Adding 1,10-phenanthroline, a metal chelator that can cross both mitochondrial membranes abolished import of both the alternative
oxidase, and the F,d subunit of the ATP synthase, a matrix located protein. Other metal chelators such as EDTA, 1,7-phenanthroline and
4,7-phenanthroline, which cannot cross the mitochondrial membranes, had no effect on import. When processing, a known metal-depen-
dent step inside mitochondria, was inhibited using a mutagenesis approach (changing a —2 arginine to a —2 glycine in the pre-piece of
the precursor), so was import. Thus it would appear that in soybean, at least, translocation of proteins across the mitochondrial membrane,
as well as processing, relies on a metal dependent step. Taken together, the data suggest that the two processes may be directly connected

in these mitochondria.
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1. Introduction

The translocation of nuclear encoded proteins into the
mitochondrion is a multi-step process involving several
protein components in both the cytosol and mitochondrion
of the cell. Precursor proteins synthesised in the cytosol
bind several factors which keep the precursor in an import
competent state [1,2]. The precursor binds to the mito-
chondria via proteinaceous receptors and translocation into
the mitochondria is usually dependent on both a membrane
potential and ATP [3]. ISP 42 from yeast and MOM 38, its
counterpart in Neurospora crassa, seem to be a focus for
import for the majority of proteins studied to date [2,4]. It
has been proposed that the bound proteins are pulled into
the mitochondrion via a ratchet mechanism [5]. Once
inside the matrix, proteins may undergo processing, assem-
bly and further sorting to the correct intraorganelle com-
partment [2,3]. Sorting may take place by either the stop-
transfer mechanism or conservative sorting depending on
the protein involved [6,7].

As the mitochondrial import process is multi-step, there
are several places in the import route where it can be
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interrupted. Import can be inhibited by treating mito-
chondria with externally added protease, which removes
surface exposed mitochondrial receptors [3]. A more com-
plicated method of inhibiting translocation involves trap-
ping the protein when it is bound to the surface receptor.
This can be achieved by lowering ATP levels or tempera-
ture. So called ‘translocation contact site intermediates’
can be generated by this means and these intermediates
have proved valuable in identifying components of the
import apparatus [7,8]. Import can also be inhibited by
adding compounds that stabilise the tertiary structure of
the protein and prevent unfolding. Binding of antibodies to
the carboxyl terminus of the protein or attachment of
methotrexate with dihydrofolate reductase as a passenger,
is commonly used in this case [9,10]. Finally translocation
can be prevented by adding compounds that dissipate the
membrane potential [3].

Other steps in the import process can be disrupted
without inhibiting import per se (translocation). An exam-
ple of this is the re-translocation of proteins from the
matrix to the inner membrane in conservative sorting
[8,10]. In yeast and mammals, translocation and processing
are distinct and separate processes which can be inhibited
independently. For example, inhibition of processing with
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metal chelators and site-directed mutagenesis does not
inhibit translocation. The precursor protein is imported
under such circumstances even though it is not processed
to the mature form [3,11,12].

The peptidase involved in processing effects the re-
moval of the prepiece which directs the imported protein
to the mitochondrion. This enzyme has been studied exten-
sively from a range of organisms. It was first characterised
from Neurospora crassa and yeast where it was shown to
be a dimer of two dissimilar subunits, now called a-MPP
and B-MPP [3]. B-MPP was shown to be identical to a
core subunit of the cytochrome bc, complex in N. crassa.
Thus this protein has two locations in N. crassa, the bc,
complex and the matrix. B-MPP is encoded by a single
gene in N. crassa [13).

In yeast and mammals, MPP is located in the matrix
and has a dimer structure [14,15)]. In yeast it is encoded by
separate genes from those of the bc, complex. These genes
are believed to be related to the core subunits of the bc,
complex and to have arisen from a common ancestor [16].
The genes for MPP subunits have been isolated from a
mammalian organism and shown to contain homology to
those from yeast and N. crassa. [17,18].

In the plant species examined so far MPP is located in
the cytochrome bc, complex and cannot be dissociated
from it without loss of activity [19-21]. Thus in plants the
principle processing activity appears to be located in the
membrane as opposed to the matrix. Therefore the MPP of
plants differs from that of all other organisms studied to
date. It should be noted that other peptidases are also
involved in precursor maturation in mitochondria. These
peptidases act subsequently to MPP and are considered to
be unrelated to MPP in origin [3].

The location of MPP in the inner membrane of plant
mitochondria has led to the proposal that this situation
predates that in fungi and yeast. It has been proposed that
MPP belongs to a family of endopeptidases including
Escherichia coli pitrilysin. An endopeptidase in this family
was incorporated into the cytochrome bc, complex and
thus in plants the primitive situation is found. In N. crassa
the peptidase and the cytochrome bc, complex have been
dissociated but the genes that code for them still overlap.
In yeast and mammals, the peptidase and the genes that
encode it appear to have completely separated. These
differences may reflect the different lifestyles of various
organisms. In yeast, a facultative anaerobe, it may be
necessary to express components of the import machinery
without expressing components of the respiratory chain,
and this is reflected by the fact that in yeast MPP is
encoded by separate genes from those of the cytochrome
be, complex [16,22].

Fungal mitochondrial proteins can be imported into
piants and animals, plant proteins imported into yeast, and
mammalian precursors imported into plants [3,23—25]. This
has led to the belief that the import process is universal
and characterisation in a few organisms will give a com-

plete understanding of mitochondrial protein targeting.
However, in plants, where at least one component of the
import machinery differs in location to that in other organ-
isms, the import process may be different. In particular, the
location of the processing enzyme MPP in the membrane
bound bc, complex may indicate a closer linkage between
translocation and processing. With this in mind, we have
re-investigated the effect of inhibiting processing on pro-
tein import, using soybean cotyledon mitochondria as a
model system.

2. Materials and methods
2.1. Mitochondrial import

*S-labelled precursor proteins for soybean alternative
oxidase [26] and the F,d subunit of the ATP synthase [27]
were synthesised in a T T coupled transcription transiation
system from Promega (Madison). Both genes were tran-
scribed using T7 RNA polymerase and translated in a
rabbit reticulocyte lysate system. Mitochondria were iso-
lated from 7 day old soybean cotyledons according to Day
et al. [28] and import was carried out according to Whelan
et al. [29] using succinate as a substrate [30]. Each import
reaction consisted of 100 pg of mitochondrial protein in
200 ul of import buffer previously described [29]. The
precursor protein was then added and the reaction com-
menced by warming to room temperature (23°C). Imports
were allowed to proceed for 20 min and then divided into
two 100 ul aliquots and placed on ice. One 100 w1 aliquot
of each import reaction was treated with Proteinase K (PK)
to a final concentration of 2 pg/ml. After PK treatment,
PMSF was added to 2 mM to both aliquots and mito-
chondria were sedimented by centrifugation, lysed in gel
loading buffer and products analysed by SDS-PAGE and
autoradiography using standard procedures [31].

The import efficiency was determined by comparing the
amount of imported product (PK protected product) to the
amount of precursor added. Import was expressed as a
percentile value, the amount of precursor added represent-
ing 100%. In the case of the inhibitor titration, the effect of
the inhibitor was compared to the reaction without in-
hibitor. Thus 100% import represents import in the ab-
sence of inhibitor and the other values are relative to this
degree of import. Quantitation of import reactions was
carried out by scanning the autoradiographs and analysing
the bands using NIH image. The presequence of the alter-
native oxidase is predicted to contain 6 of the 16 methion-
ine residues in the total protein [26]. These 6 methionine
residues are removed upon processing to the mature form.,
Therefore the % import would apparently be underesti-
mated by scanning the intensity of the mature bands alone.
However, 5 out of 6 of the methionine in the predicted
presequence are at the start of the protein and radiose-
quencing confirmed the location of one methionine, not
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five (Whelan and Day, unpublished data). Thus the %
import values are not corrected for the removal of the
presequence but represent the intensity of the bands shown.
(However, adjustment of the % import for 6 or 2 methion-
ine residues in the removed presequence gave similar
differences when compared between samples (data not
shown)).

2.2. Addition of inhibitors

The inhibitors used were made up at 100 times the final
concentration. In the case of 1,10-phenanthroline, 1,7-
phenanthroline and 4,7-phenanthroline the stocks were
made up in 100% ethanol. In the case of EDTA the stock
was made up in sterile distilled water. The inhibitors were
added to mitochondria on ice and allowed to incubate for 3
minutes before the addition of precursor and warming to
room temperature. Controls had a similar amount of EtOH
added.

2.3. Mutagenesis

Comparison of the transit peptides of several alternative
oxidase proteins from different plant species showed that
they all contained a —2 arginine residue before the begin-
ning of the mature protein as determined by N-terminal
sequencing by Rhoads and McIntosh [32] (Fig. 1, top) [32].
The —2 arginine has been proposed as a processing signal
in mitochondria and such a mutant (arginine to glycine) in
the soybean alternative oxidase precursor was not pro-
cessed by mitochondrial extracts from soybean (Fig. I,
bottom) [30,33,34]. Thus we used this precursor to com-
pare its import to the normal precursor. We also created
additional mutants where we changed the — 10 arginine
residue to a glycine, and the — 2 arginine residue to lysine
(Fig. 1, bottom). Site directed mutagenesis was carried
using an altered site mutagenesis kit from Promega. Mu-
tants were confirmed by sequencing using an ABI 370A
sequencer with dye terminators using the T7 sequencing

primer according to the manufacturers instructions. The
oligonucleotides used to create the mutants were:

—2 Mutant (Arg-Gly) 5 GTGGTGTGGGGAGTGA-

GAGC ¥

—2 Mutant (Arg-Lys) 5 GTGGTGTGAAGAGTGA-
GAGC 3

— 10 Mutant (Arg-Gly) 5 GGTGGTTTAGGAGCATT-
ATATGG ¥

These oligonucleotides changed the bases (underlined) to
convert the residues as outlined in Fig. 1, bottom {30}.

3. Results
3.1. Addition of metal chelators

The in vitro synthesised precursor of the alternative
oxidase from soybean was efficiently imported into iso-
lated soybean mitochondria and processed t0o a mature
form (Fig. 2, lanes 2 and 3) [30]. The precursor form (P) of
36 kDa was converted to the mature form (M) of 32 kDa.
Greater than 95% of the protease protected protein was
mature form as judged by image analysis of 20 separate
import reactions (data not shown). The effect of adding
various metal chelators (characteristic inhibitors of pro-
cessing in fungal and mammalian systems) to the import
reaction is shown in Fig. 2. Addition of EDTA to 2 mM
had no effect on import or processing (Fig. 2, lanes 4 and
5). However, addition of 1,10-phenanthroline to 1 mM
inhibited import 8 fold. In the presence of 1,10-phenan-
throline only 5% of added precursor was imported into the
mitochondrion as judged by the sensitivity of the added
precursor to externally added PK (Fig. 2, lanes 6 and 7). It
should be noted that 5% import represents a maximum and
is the highest level we have seen in several such experi-
ments. Typically it is lower (approx. 1-2%) and cannot be
detected under normal exposure conditions. This is evident

Tobacco MMTRGATRMTRTVLGHMGPRYFSTAIFRNDAGTGVMSGAAVFMHGVPANPSEKAVVTWV |R|HFPVMGS({R |S |AMS

Tobacco
Arabidopsis
Soybean
Sauromatum

MWV |R|HFPVMGP| R |S |AST
MDT |R|APTIGGM|R |F |AST

MMMMMSRSGANRVANTAMFVAKGLSGEVGGL | RJALYGGGV| R |S |EST
MMSSRLVGTALCRQLSHVPVPQYLPALRPTADTASSLLHGCSAAAPAQRAGLW P PSWFSPP|R |H |AST

Normal MMMMMSRSGANRVANTAMFVAKGLSGEVGGL [R|ALYGGGV|R [S E:’ST
-2 Arg-Gly Mutant MMMMMSRSGANRVANTAMFVAKGLSGEVGGL |R|ALYGGGV |G |S{EST
-2 Arg-Lys Mutant MMMMMSRSGANRVANTAMFVAKGLSGEVGGL |R[ALYGGGV [K |S|EST
-10 Arg-Gly Mutant MMMMMSRSGANRVANTAMFVAKGLSGEVGGL|G|ALYGGGV|R|S|EST

Fig. 1. Transit peptides of all alternative oxidase precursors. (Top) The transit peptide of the alternative oxidase from four plant species. Two sequences are
shown for tobacco as two separate gene sequences have been reported. The start of the mature protein is indicated by the arrow and the conserved arginine
residues are boxed. (Bottom) The soybean alternative oxidase pre-piece of the normal and mutated precursors. The changed residues are boxed. The start of

the mature protein is shown by an arrow.
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Fig. 2. Import of the soybean alternative oxidase into mitochondria in the
presence of various inhibitors. The figures underneath represent the %
import compared to the amount of precursor added to the import reaction.
Lane 1, precursor protein alone, this represents 40% of the precursor
added to each import reaction. Lane 2, import without any inhibitor
added. Lane 3, as lane 2 with PK added. Lane 4, as lane 2 with EDTA
added to 2 mM before the precursor protein. Lane 5, as lane 4 with PK
added. Lane 6, as lane 2 in the presence of 2 mM 1,10-phenanthroline.
Lane 7, as lane 6 with PK added. Lane 8, as lane 2 in the presence of 2
mM 1,7-phenanthroline. Lane 9, as lane 8 with PK added. Lane 10, as
lane 2 with 4,7-phenanthroline added to 2 mM. Lane 11, as lane 10 with
PK added.

in Fig. 3, lanes 4 to 7 where import of the alternative
oxidase in the presence of 1 and 2 mM 1,10-phenan-
throline was undetectable. In contrast the 1,7 and 4,7 forms
of phenanthroline, which cannot cross the mitochondrial
inner membrane had no effect on import (Fig. 2, lanes 8 to
11) [3]. The various forms of phenanthroline and EDTA
have no effect on oxygen consumption and coupling up to
5 mM concentration (data not shown). The inhibition by
1,10-phenanthroline is in contrast to fungal systems where
addition of this mitochondrial permeable metal chelator, a
characteristic inhibitor of MPP, does not inhibit import.
However, the imported product in the fungal system is
largely the precursor form [11].

To further investigate this unexpected inhibition of
import we carried out dilutions with 1,10-phenanthroline to
determine at what concentration inhibition was effective
(Fig. 3). 50% inhibition of import (as judged by the
amount of PK protected protein ) was achieved at 0.25
mM 1,10-phenanthroline; greater than 95% inhibition was
consistently achieved with 1 mM (Fig. 3). In this experi-
ment we could not detect import with 1 mM 1,10-phenan-
throline. In fungal systems 1 mM 1,10-phenanthroline has
no effect on import [11,12]. In plants higher amounts (> 5
mM) are frequently used with isolated processing pepti-
dase to inhibit processing although we have found 2 mM
to be effective [35,36]. We tested the effect of EDTA and
all forms of phenanthroline on oxygen uptake up to con-
centration of 5 mM. No effect on oxygen uptake or

12 3 4 5 6 7 8 910 11 12 13 14 15

100 ] 0 15 50 95 110

Fig. 3. Import of the soybean alternative oxidase in the presence of
various concentrations of 1,10-phenanthroline. 100% import is defined as
the amount of import in the absence of any inhibitor. All other values are
relative to this value. Lane 1, precursor protein alone. Lane 2, import with
no inhibitor added. Lane 3, as lane 2 with PK added. Lanes 4, 6, 8, 10, 12
14, 1,10-phenanthrotine added to 2, 1, 0.5, 0.25, 0.125 and 0.0625 mM,
respectively. Lanes 5, 7, 9, 11, 13, 15 as lanes 4, 6, 8, 10, 12, 14,
respectively, with PK added.

1 2 3 4 5 6 7 8 9 1011 12 13 14
r—_g - P
M -— R

40 40 0 7

Fig. 4. Import of normal alternative oxidase and the —2 Arg-Gly mutant.
The numbers underneath represent the % import compared to the amount
of precursor added to the import reaction. Lane 1, normal precursor only
(2 wl of translation lysate). Lane 2, import of normal protein (2.5 ui of
translation lysate). Lane 3, as lane 2 with PK added. Lane 4, as lane 2
with 5 ul of translation lysate. Lane 5, as lane 4 with PK added. Lanes 6,
7. 8, 9, 10, as lanes | to 5, respectively, except that the —2 mutant
alternative oxidase was used. Lane 11, import of 5 ul of normal
alternative oxidase in the presence of 2.5 ul translation lysate of the —2
mutant. Lane 12, as lane 11 with PK added. Lane 13, as lane 11 in the
presence of 5 wl of the -2 mutant translation lysate. Lane 14, as lane 13
with PK added.

coupling was apparent (data not shown). As 1,10-phenan-
throline is widely used in other systems to inhibit process-
ing without inhibiting import and has no apparent effect on
oxygen uptake in our system (or other systems), we con-
clude that there is a metal-dependent translocation step on
the inside of mitochondria.

3.2. Inhibition of processing using site-directed mutagene-
Sis

Proteolytic processing is one of the best characterised
metal dependent steps in the import apparatus [3,22,35,37].
We therefore attempted to inhibit processing to observe the
effect on mitochondrial import. Previously we had created
a mutant of the soybean alternative oxidase precursor
which was not processed by mitochondrial extracts in
processing assays [30]. This mutant involved the conver-
sion of an arginine residue at position —2 to the mature
protein to a glycine residue. Such a change had previously
been documented to inhibit processing in mammalian sys-
tems [38]. We also created a number of other mutations
and tested their effect on import. We carried out import
experiments on the normal alternative oxidase, the —2
Arg-Gly, —2 Arg-Lys and the — 10 Arg-Gly mutant. The
results are shown in Figs. 4 and 5.

Each precursor was incubated with mitochondria and

B

Fig. 5. Import of the — 10 Arg-Gly mutant (A) and —2 Arg-Lys mutant
(B) into isolated mitochondria. The figures underneath represent the %
import compared to the amount of precursor protein added. (A) Lane 1,
precursor alone (P). Lane 2, precursor with mitochondria, an additional
mature form (M) is evident. Lane 3, as lane 2 with PK added, only the
mature form is evident. (B) As panel A except that the —2 Arg-Lys
mutant precursor was used.
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the efficiency of import determined by comparing the
amount of the imported mature, PK-protected product to
the amount of precursor protein added. As is typically seen
with the alternative oxidase precursor, 43% of the added
precursor was imported. Import was carried out with two
different amounts of added precursor to account for any
variation in translation efficiency that existed between the
different constructs. Using different amounts of the alterna-
tive oxidase precursor protein, 40% of the added precursor
was imported (Fig. 4, lanes 1 to 5). In contrast, import of
the —2 Arg-Gly mutant was severely inhibited. Only 7%
of the added precursor was imported, and this could only
be detected when a higher amount of precursor was used
(Fig. 4, lanes 6 to 10). The translation efficiency of the
normal alternative oxidase and —2 Arg-Gly mutant dif-
fered, the latter being 70% of the intensity of the former
(data not shown). However, we have used a range of
concentrattons and import levels are always low with the
—2 Arg-Gly mutant and could only be detected with
higher amounts of the precursor protein. It is important to
note that for the —2 Arg-Gly mutant, the unimported
protein was present in the supernatant of the import reac-
tion. However, it did not pellet with the mitochondria
during re-isolation after the import reaction and treatment.
This indicated that the —2 Arg-Gly mutant bound to the
mitochondria less tightly and was removed upon separa-
tion of the mitochondria (Fig. 4). Inclusion of the —2
Arg-Gly precursor in the reaction mixture containing the
normal precursor did not effect import of the latter (Fig. 4,
lanes 11 to 15). We have not shown import efficiencies for
the alternative oxidase in the presence of the —2 Arg-Gly
mutant. However, it ts apparent that import is as efficient
or more so than the normal alternative oxidase alone. This
slightly higher import efficiency may be due to the pres-
ence of more rabbit reticulocyte lysate which will contain
factors that support import.

Import efficiency for the —10 Arg-Gly mutant was
similar to the normal alternative oxidase, with 40% of the
precursor being imported (Fig. 5A). Other mutations of the
—2 Arg did not inhibit import. In fact import of the —2

48 46 0

Fig. 6. Import of the precursor to the F,d subunit of the ATP synthase in
the presence of inhibitors. The figures underneath represent the % import
compared to the amount of precursor added. Lane 1, precursor alone, this
represents 40% of the precursor added to the import reaction. Lane 2,
import of F,d precursor into mitochondria. Lane 3, as lane 3 with PK
added. Lane 4, as lane 2 with EDTA added to 2 mM. Lane 5, as lane 4
with PK added. Lane 6, as lane 2 with 1, 10 phenanthroline added to 2
mM. Lane 7, as lane 6 with PK added.

Arg-Lys mutant was more efficient, with greater than 50%
of the precursor being imported (Fig. 5B). The translation
efficiency of this precursor was 50% of the normal alterna-
tive oxidase, lower than the —2 Arg-Gly mutant, yet,
import proceeded efficiently. This indicates that import
efficiency was not dependent on the translation efficiency
of the precursor. Another —2 mutant (—2 Arg-Leu) was
also imported normally even though its translation effi-
ciency was only 20% that of the normal alternative oxidase
(data not shown). As can be seen in Fig. 5 these mutants
are processed to give a correct size mature product. From
these results it appears that only a mutation that inhibits
processing also inhibits import.

3.3. Import of a matrix-located protein in the presence of
inhibitor

The above studies utilised the alternative oxidase, an
inner membrane protein. Similar experiments were carried
out on a maitrix-located protein, the F,d subunit of the
mitochondrial ATP synthase from soybean [27]. Synthesis
of this protein in an in vitro coupled translation system led
to a precursor (P) with an apparent mol mass of 24 kDa
(Fig. 6, lane 1), which upon import was converted to a
mature form of 21 kDa (Fig. 6, lanes 2 and 3). Import of
this precursor proceeded normally in the presence of 2 mM
EDTA but is severely inhibited in the presence of 2 mM
1,10-phenanthroline (Fig. 6, lanes 4 to 7). In fact, we could
not detect import of the F,d subunit in the presence of
1,10-phenanthroline. Thus the import of a matrix-located
protein is also dependent on a metal catalysed step on the
inside of the mitochondrion.

4, Discussion

We have shown that the addition of 1,10-phenanthroline
inhibits protein import into soybean mitochondria. This
was shown for the alternative oxidase, an inner membrane
protein and the F,d subunit of the mitochondrial ATP
synthase, a matrix located protein. 1,10-phenanthroline, a
metal chelator is a characteristic inhibitor of the general
mitochondrial processing peptidase (MPP) from a variety
of organisms. In contrast we could not inhibit import with
intact mitochondria using EDTA, another effective, but
impermeant inhibitor of MPP [35]. This was confirmed
using 1,7- and 4,7-phenanthroline which also cannot cross
the inner mitochondrial membrane. Thus we conclude that
the metal dependent import step is on the inside of the
mitochondrial inner membrane [3].

When similar studies using inhibitors are carried out in
fungal systems no inhibition of import is detected
[12,39,40]. In these studies EDTA was commonly used in
addition to 1,10-phenanthroline to inhibit processing. The
logic has been that EDTA binds excess ions outside the
mitochondrion that would otherwise bind the 1,10-phenan-
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throline. We do not find it necessary to add EDTA to
inhibit processing with intact plant mitochondria. As
EDTA, 1,7-phenanthroline and 4,7-phenanthroline have no
effect on import at 2 mM, the effect of the 1,10-phenan-
throline on import cannot be accounted for by simply an
effect of chelating metal ions outside the mitochondrion.
Finally, the effective concentration of 1,10-phenanthroline
used (1-2 mM) has been used in other systems without
inhibiting import.

In order to investigate the nature of the metal dependent
import step, we carried out site-directed mutagenesis to
inhibit processing, a well characterised metal dependent
step in the import process from a variety of organisms
[3,37]. The use of site-directed mutagenesis to inhibit
processing has been detailed previously. For example, in
the rat, alteration of the precursor to ornithine transcar-
bomylase by changing an arginine at position 23, to a
glycine residue, inhibits processing but not import [38,41].
This precursor is processed in two parts and residue 23 is
considered to be the —?2 arginine signal [38,41]. In our
case change of the arginine to glycine inhibits both pro-
cessing and import. We know of only one other report
where change of an arginine to a glycine inhibits both
processing and import. This was reported for human or-
nithine transcarbomylase where change of the arginine 23
to glycine resulted in inhibition of import (into rat liver
mitochondria) as well as processing [42]. This appears in
conflict with the report above where such a change on the
rat precursor had no effect on import into rat mitochondria.
This anomaly may be explained by the fact that a com-
pletely homologous system was not used. We, on the other
hand, have used a completely homologous system and do
not believe that this inhibition of import is due to the
disruption of the a-helical nature of the presequence, as
suggested in [42], for several reasons. Firstly, substitution
of a glycine for arginine at — 10 has no effect on process-
ing and import in our system, and such a similar substitu-
tion would be expected to disrupt the a-helical nature of
the presequence (if indeed it is a-helical — see below).
Likewise this substitution has the same charge effect on
the transit peptide, so an overall change in charge cannot
account for the inhibition by the substitution of glycine for
arginine at —2. Secondly, examination of the soybean
presequence (Fig. 1, top) shows that there are three glycine
residues at positions —4 to — 7 of the soybean alternative
oxidase presequence. Thus the presequence is unlikely to
be a-helical in this region and this is confirmed by com-
puter predictions (data not shown). Finally, analysis of
mitochondrial presequence structure indicates that the last
10 to 15 amino acids are not generally helix forming [43].
Our analysis of the soybean transit peptide has confirmed
this and we suggest that the inhibition of import seen with
the —2 Arg-Gly mutant was not the result of disturbing
the helical nature of the presequence.

We have shown that there is a metal dependent import
step inside mitochondria in soybean mitochondria. Site

directed mutagenesis to change a single amino acid residue
inhibited both processing and translocation. These results
are consistent with the possibility that processing and
translocation of proteins are closely linked in soybean
mitochondria such that inhibiting processing inhibits
translocation. However, it is obvious that processing is not
absolutely essential for all proteins imported into plant
mitochondria since several nuciear encoded proteins are
synthesised without cleavable presequences in plants and
are still imported [44-47]. Rather we suggest that if a
precursor has a cleavable prepiece and removal of this
prepiece is prevented, then import is inhibited. This may
suggest a close association of MPP and the translocation
machinery in plants.

In this context it should be noted that the adenine
nucleotide translocator is synthesised with a cleavable
prepiece in plants [48]. If this prepiece is removed the
protein can be imported into mitochondria without process-
ing, the targeting information being in the mature part of
the protein as is the case for the ANT from other organ-
isms [48]. 1t has been reported that the cleavable prepiece
of the ANT from potato cannot target passenger proteins to
the mitochondrion [50]. However, if the ANT protein
contains only some residues of this cleavable prepiece (not
involved in targeting), and 1,10-phenanthroline is included
in the import reaction, import is inhibited [49]. This indi-
cates that 1,10-phenanthroline is likely to inhibit the im-
port of all proteins into plant mitochondria, not only
proteins that contain the targeting information in a cleav-
able prepiece. This indicates that the processing machinery
may be physically close to the translocation apparatus and
that inhibiting the former causes a conformation that is
incompatible with translocation. However, it does not indi-
cate that processing is essential for import, even for pro-
teins that contains a cleavable prepiece.

The results presented show that two processes previ-
ously documented to inhibit processing in plant mito-
chondria also inhibit translocation. This may indicate that
there is a close association between processing and translo-
cation in soybean mitochondria. As processing takes place
in the matrix some translocation of the protein has to take
place before processing is possible. Inhibition of process-
ing while the precursor is still being translocated with
1,10-phenanthroline may result in steric interference with
the translocation process but the precursor protein still
remains bound to the mitochondrion. The precursor still
has the binding affinity for the processing enzyme but the
enzyme cannot undergo the catalytic mechanism. In con-
trast inhibition of processing with site directed mutagene-
sis probably results in an lower binding affinity of the
precursor for the processing enzyme. A decrease in bind-
ing affinity of a peptide to MPP has been reported when an
arginine residue has been changed [51]. As the precursor
has been transferred to the translocation machinery but
cannot be translocated because processing has been inhib-
ited it will not stay associated with the mitochondria
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during subsequent isolation and thus display a lower bind-
ing affinity.

In summary, our results suggest that there may be a
close physical association between the import and process-
ing machinery in plant mitochondria. Inhibition of import
by 1,10-phenanthroline and subsequent analysis of the
structure may lead to the identification of components of
the import machinery in plants.
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