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The minimal requirements to support protein import into mitochondria were investigated in the context of the phenomenon of
ongoing gene transfer from the mitochondrion to the nucleus in plants. Ribosomal protein 10 of the small subunit is encoded in
the mitochondrion in soybean and many other angiosperms, whereas in several other species it is nuclear encoded and thus must
be imported into the mitochondrial matrix to function. When encoded by the nuclear genome, it has adopted different strategies
for mitochondrial targeting and import. In lettuce (Lactuca sativa) and carrot (Daucus carota), Rps10 independently gained different
N-terminal extensions from other genes, following transfer to the nucleus. (The designation of Rps10 follows the following
convention. The gene is indicated in italics. If encoded in the mitochondrion, it is ps10; if encoded in the nucleus, it is Rps10.)
Here, we show that the N-terminal extensions of Rps10 in lettuce and carrot are both essential for mitochondrial import. In maize
(Zea mays), Rps10 has not acquired an extension upon transfer but can be readily imported into mitochondria. Deletion analysis
located the mitochondrial targeting region to the first 20 amino acids. Using site directed mutagenesis, we changed residues in the
first 20 amino acids of the mitochondrial encoded soybean (Glycine max) rpsl0 to the corresponding amino acids in the nuclear
encoded maize Rps10 until import was achieved. Changes were required that altered charge, hydrophobicity, predicted ability to
form an amphiphatic a-helix, and generation of a binding motif for the outer mitochondrial membrane receptor, translocase of the
outer membrane 20. In addition to defining the changes required to achieve mitochondrial localization, the results demonstrate
that even proteins that do not present barriers to import can require substantial changes to acquire a mitochondrial targeting

signal.

Characterization of the mitochondrial proteome from
yeast (Saccharomyces cerevisiae), mammals, and Arabi-
dopsis (Arabidopsis thaliana) suggests that mitochondria
contain from 2,000 to 3,000 proteins (Sickmann et al.,
2003; Taylor et al., 2003; Heazlewood et al., 2004;
Prokisch et al., 2004; Millar et al., 2005). As the mito-
chondrial coding capacity of these organisms varies
from only seven to approximately 30 proteins, the ma-
jority of proteins are targeted to mitochondria from a
cytosolic pool (Burger et al., 2003). Targeting to mito-
chondria is achieved by specific targeting signals (Schatz
and Dobberstein, 1996). These signals may be located at
the N terminus and, if removed from the protein after
import into mitochondria, the signal is generally re-
ferred to as a presequence. Alternatively, targeting sig-
nals may be located within the protein itself, i.e. internal
targeting signals that are not removed after import into
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mitochondria (Neupert, 1997; Pfanner and Geissler,
2001).

All targeting signals must be recognized by recep-
tors on the mitochondrial surface to achieve targeting
specificity. A single translocase of the outer membrane
complex (TOM) is responsible for the recognition of
all proteins destined to be located in mitochondria.
The TOM complex plays three roles in the import of
proteins into mitochondria: (1) recognition of mito-
chondrial targeting signals; (2) translocation of the un-
folded polypeptide across the outer membrane; and
finally (3) transfer to one of two translocases of the in-
ner membrane (TIM; Pfanner and Chacinska, 2002).
In yeast, two primary receptors, TOM20 and TOMY70,
which recognize N-terminal and internal targeting sig-
nals, respectively, have been characterized (Pfanner
and Geissler, 2001). Characterization of the TOM com-
plex from other organisms indicates that although
there are some differences in composition compared to
yeast, a single TOM complex plays an essential role in
recognition on proteins destined to be imported into
mitochondria (Hoogenraad et al., 2002; Werhahn et al.,
2003; Macasev et al., 2004; Humphries et al., 2005).

Cleavable N-terminal mitochondrial targeting sig-
nals are well characterized. Analysis of sequences
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from a variety of organisms indicates that no primary
amino acid sequence homology exists (von Heijne
et al, 1989; Sjoling and Glaser, 1998). However, an
enrichment of positively charged amino acids, Arg
and Lys, and hydroxylated amino acids Ser and Thr
are a feature of almost all N-terminal targeting signals.
The ability to form an amphiphatic a-helix also appears
to be a common feature of N-terminal mitochondrial
targeting signals (Roise and Schatz, 1988). Detailed site
directed mutagenesis studies of signals confirm these
in silico predicted features, where both positive and
hydrophobic residues have been confirmed to play a
role in mitochondrial targeting. Changing these resi-
dues often, but not always, can reduce the amount of
mitochondrial import (Hammen et al., 1996a, 1996b;
Tanudjietal., 1999; Duby etal., 2001b; Zhang et al., 2001;
Ambard-Bretteville et al., 2003).

As mitochondria are endosymbiotic in origin, many
proteins were once encoded within the organelle.
However, soon after the establishment of the endo-
symbiosis, massive gene transfer meant that many
proteins were encoded in the nucleus and subse-
quently had to be imported into the mitochondrion
(Gray et al., 1999). Many other mitochondrial proteins
came from other sources, i.e. not from the endosym-
biont giving rise to mitochondria (Andersson et al.,
2003). These proteins have also had to acquire mito-
chondrial targeting signals. Although gene transfer has
ceased in fungi and animals, it is an ongoing process in
plants (Adams and Palmer, 2003).

Examination of plant mitochondrial genomes from a
variety of species indicates that some proteins are mito-
chondrially encoded in one species, and in others they
are nuclear encoded. This process of ongoing gene
transfer has allowed the opportunity to study the
process and steps necessary for the successful transfer
of a gene from the mitochondrion to the nucleus. Fur-
thermore, it has yielded insights into how transferred
genes have acquired mitochondrial targeting signals,
and given clues as to why they have been transferred so
late in evolution. For cases of mitochondrial proteins
where active organelle and nuclear genes exist, a com-
parison of the proteins can point to the changes that
were necessary for mitochondrial import. In the case of
subunit 2 of cytochrome c oxidase in legumes, changes
in the local hydrophobicity of the first transmembrane
helix were required in addition to acquiring a cleavable
mitochondrial targeting signal to facilitate gene trans-
fer from the mitochondrion to the nucleus in soybean
(Daley et al., 2002).

The Rps10 gene, coding for the small subunit ribo-
somal protein Rps10, is located in the mitochondrion
of some flowering plants and in the nucleus of others
because of recent and frequent transfers to the nucleus
during flowering plant evolution (Knoop et al., 1995;
Wischmann and Schuster, 1995; Adams et al., 2000;
Kubo et al., 2000, 2003). This has resulted in a variety of
gene structures for nuclear encoded Rps10 in various
species (Fig. 1, Adams et al., 2000). Arabidopsis and
carrot (Daucus carota) each have an N-terminal exten-
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sion of 100 amino acids or more. The extension on
carrot Rps10is derived from the gene for mitochondrial
hsp22 (Adams et al., 2000), whereas the extension on
Arabidopsis Rps10 has similarity (39%) to a recently
annotated gene encoding a DEAD-box RNA helicase.
Lettuce (Lactuca sativa) Rps10 has an extension of 30
amino acids derived from a nonmitochondrial metal-
loprotease gene (Adams et al., 2000); Oxalis, spinach
(Spinacia oleracea), and maize have gained no extension
in comparison to the mitochondrially encoded rps10
from soybean (Glycine max).

We have studied the minimal requirements for mi-
tochondrial targeting of the nuclear encoded Rpsl0
proteins. We conclude that Rps10 either had to obtain
a mitochondrial targeting presequence or alternatively
undergo extensive sequence modification upon trans-
fer to the nucleus to enable it to be retargeted back to
the mitochondrion.

RESULTS

Upon transfer to the nucleus, the Rps10 gene from
carrot was inserted into a gene for mitochondrial
hsp22 and lettuce Rps10 was inserted into a gene for
a nonmitochondrial gene encoding a metalloprotease
(Adams et al., 2000). Each Rps10 gene acquired an
N-terminal extension from its host gene (Fig. 1). Be-
cause the transferred Rps10 gene in some other plants,
such as maize and spinach, contains no N-terminal
extension, it is possible that the extensions in carrot and
lettuce Rps10 are not needed for import. This hypoth-
esis is particularly compelling for lettuce Rps10 whose
extension is derived from a nonmitochondrial gene. To
determine if the N-terminal extensions are necessary
for mitochondrial targeting and import, we carried out
import assays into purified potato (Solanum tuberosum)
mitochondria with in vitro synthesized lettuce Rps10
and carrot Rps10. We used purified potato mitochon-
dria where rps10 is encoded in the mitochondrion
(Knoop et al., 1995), but essentially the same results
were obtained when we used Arabidopsis mitochon-
dria where Rps10 is nuclear encoded (data not shown;
Wischmann and Schuster, 1995). Both Rps10 proteins
were imported to a protease protected locationina mem-
brane potential dependent manner into mitochondria.
The 18-kD lettuce Rpsl0 protein was not processed
upon import (Fig. 2A). Removal of the N-terminal
extension abolished import (Fig. 2A), indicating that
the extension, derived from the metalloprotease gene,
isnecessary for import. Carrot Rps10 was cleaved upon
import to produce a mature product of 20 kD from the
30-kD precursor protein. However, removal of the
N-terminal extension abolished import, indicating that
the hsp22-derived extension is necessary for import.
The mitochondrially encoded soybean rps10 was not
imported into isolated mitochondria as evidenced by
the lack of any protease protected product when in-
cubated under identical conditions that supported the
import of carrot and lettuce Rps10 (Fig. 2A).
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Figure 1. Amino acid sequence alignment of the predicted Rps10 proteins from several plant species. The mitochondrially
encoded soybean [Gm rps10(m)] is shown on top with six nuclear encoded Rps10 proteins aligned below; n indicates a nuclear
coding location and m indicates a mitochondrial coding location. Residues identical to soybean are white on a black
background, and conservative changes are indicated with a gray box. Gaps introduced to align proteins are indicated by dots.
The numbers refer to the number of amino acids. At = Arabidopsis, Dc = carrot, La = lettuce, Ox = Oxalis, So = spinach, and

Zm = maize.

To determine if the N-terminal extensions of Rps10
from carrot and lettuce possess generic mitochondrial
import information, the extensions were fused to two
other mitochondrial proteins: alternative oxidase
(AOX) and the F,d subunit of mitochondrial ATP
synthase (F,d). Previously, we have demonstrated that
both AOX and F,d mature proteins have no mito-
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chondrial targeting ability (Tanudji et al., 2001). The
extensions from both Rps10 proteins could support the
import of two other mitochondrial proteins (Fig. 2A),
indicating that they contained generic mitochondrial
import information. The carrot extension was cleaved
from both proteins upon import to generate a lower
molecular mass mature protein. In the case of the
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Figure 2. (Legend appears on following page.)
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lettuce protein, no processing was observed with AOX
as a passenger but some processing was observed with
the F,d as a passenger. The inefficient processing seen
in the latter case may have resulted due to the gener-
ation of a cryptic processing site as has been previ-
ously observed with chimeric constructs upon import
into mitochondria (Duby et al., 2001a). The results of
these experiments show that a region of the nonmi-
tochondrial gene encoding a metalloprotease that is
immediately upstream of the transferred Rps10 gene in
lettuce either possesses mitochondrial targeting capa-
bility or has evolved it upon association with Rps10.
The metalloprotease sequence underwent numerous
amino acid substitutions (up to 16 out of 29 amino
acids were changed) after association with Rps10 that
may have facilitated creation of a mitochondrial tar-
geting sequence.

In contrast to Rps10 from lettuce and carrot, maize
Rpsl0 has no N-terminal extension, but the maize
Rps10 can be imported into isolated mitochondria
(Fig. 2B; Adams et al., 2000). The entire maize Rps10
protein could support import of passenger proteins, as
both AOX and F,d were imported into mitochondria
under the direction of maize Rps10 (Fig. 2B). To define
the location of the mitochondrial targeting signals in
maize Rps10, we made deletions of the N and C termini.
Deletion of 20 or 40 amino acids from the N terminus
completely abolished mitochondrial import, whereas
deletion of 20 or 40 amino acids from the C terminus
had no affect on mitochondrial uptake (Fig. 2B).

With the various fusion proteins containing AOX or
F,d mature proteins it appears that processing was not
always at the junction of the fusion proteins. The AOX
mature protein has an apparent molecular mass of
32 kD and the mature F,d protein has an apparent mo-
lecular mass of 22 kD (Tanudji et al., 2001). As these
sized products were not always generated when pro-
cessing was observed, it indicates that processing was
unlikely to be at the fusion site (Fig. 2). However, this
does not affect targeting ability and we concluded that
the N-terminal region of the maize Rps10 had mu-
tated following gene transfer, to contain mitochondrial
targeting information.

To recreate this evolutionary process, the N-terminal
region of the soybean rps10 protein was mutagenized

to resemble the maize Rps10. A previous study also
identified the targeting information of rice Rps10 to be
located in the N-terminal region and mutated three
residues to inhibit import (Kubo et al., 2003). The three
residues mutated in the previous study correspond to
seven to nine of the maize Rps10 and soybean rps10 pro-
tein (Fig. 3A). Mutating residues 7 to 9 (VVM) of maize
Rps10 to Gly or Pro inhibited import in agreement with
previous findings (Fig. 3B). To test the role of these
residues in supporting mitochondrial import, we mu-
tated residues 7 to 9 of soybean rps10 (IVI, which was
not imported) to what they are in maize Rps10 (VVM,
which was imported; Fig. 3A). Changing these resi-
dues in soybean rps10 did not result in import (Fig. 3B).
This illustrates the limitations of mutating residues as
changes may simply inhibitimport and thus not identify
the features required to support mitochondrial uptake.

Changing single or double residues of soybean
rps10 was also not sufficient to support mitochondrial
uptake. Even changing up to nine residues in the first
20 amino acids of soybean rpsl0, out of the 15 that
differed between maize and soybean, did not result
in mitochondrial import (Fig. 3, A and C). Of the 15
residues that differed, five would be considered to be
in the same physicochemical grouping, i.e. hydropho-
bic, aliphatic, or charged (Fig. 3A). Changes at posi-
tions 18 to 20 did result in mitochondrial import (Fig.
3A, mutants O and P; Fig. 4). However, it was evident
that this import was not sensitive to the addition of
valinomycin, which abolishes the membrane potential
(Fig. 4, mutants O and P, lanes 4 and 5). As all proteins
imported into or across the inner membrane require
a membrane potential, this suggested that import had
only taken place across the outer membrane (Neupert,
1997; Glaser et al., 1998). To test this possibility, we
carried out import assays into outer membrane rup-
tured mitochondria. Rupture of the outer membrane
by osmotic shock, followed by washing, removes in-
termembrane space components. Import into outer
membrane ruptured mitochondria is still possible at
a reduced efficiency, but it allowed assessment of
whether import takes place across the inner mitochon-
drial membrane (Lister et al., 2002; Murcha et al., 2004).
Import assays carried out with soybean rps10 mutants
O and P into outer membrane ruptured mitochondria

Figure 2. Import of Rps10 proteins into mitochondria. In vitro radiolabeled Rps10 proteins from carrot, lettuce, maize, and
soybean were tested for import ability into purified mitochondria. Import of the various Rps10 wild-type proteins, carrot, and
lettuce that have the N-terminal extension removed (AMTS) and the carrot and lettuce N-terminal extension placed in front of
the alternative oxidase mature protein [DcRps10(p)-AOX(m) and LaRps10(p)-AOX(m)] and in front of the F,d subunit of
mitochondrial ATP synthase [DcRps10(p)-Fod(m) and LaRps10(p)-F,d(m)]. The first 10 amino acids are shown for carrot and
lettuce where the N-terminal extension has been removed; the M in italics indicates that this residue was added to provide a start
codon. The N-terminal extension of carrot and lettuce place in front of the alternative oxidase and F,d subunit are shown with the
10 amino acids from each protein that border the junction point. Numbering is as from Figure 1, with dots indicating any number
of amino acids. B, Localization of the mitochondrial targeting information in maize Rps10. The maize Rps10 protein was fused to
the mature alternative oxidase and F,d subunit of mitochondrial ATP synthase to test if it could support import of other proteins
[ZmRps10-AOX(m) and ZmRps10-F,d(m)]. Deletions were made from the N and C termini to determine the location of the
mitochondrial targeting signal in the maize Rps10 protein. In the case of the chimeric proteins, the 10 amino acids boarding the
junction are shown. For the deletions, the 10 amino acids nearest the deletion are shown. The numbering of the deletions is based

on amino acids number as in Figure 1.
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Figure 3. Converting mitochondrially encoded soybean rps10 to a protein that can be imported into mitochondria. A, Amino
acid residues that differed in soybean rps10 were changed to the corresponding amino acid in maize Rps10. The mutants made
are labeled A to R and the location of the import assay for each mutant is indicated in brackets. B, The inhibitory affect of
changing residues 7, 8, and 9 to Gly or Pro in maize Rps10. However, changing residues 7, 8, and 9 in soybean to the
corresponding amino acids in maize Rps10 does not support import. C, Import assays of various soybean rps10 mutants into
isolated mitochondria. The mutants are designated as outlined in part A.

resulted in no protease protected products (Fig. 4, lanes
6 and 7), confirming that these proteins were only
imported across the outer membrane in intact mito-
chondria. We then changed the only two remaining
residues that differed in the first 20 amino acids
between soybean rpsl0 and maize RpslO, Thr at
positions 2 and 3 to Ala (Fig. 3A, mutants Q and R).
Import assays with these two precursors resulted in
a protease protected product that was sensitive to the
addition of valinomycin (Fig. 4, mutants Q and R, lanes
1-5). To confirm that these proteins were imported
across the inner membrane, we carried out import

Plant Physiol. Vol. 138, 2005

assays into outer membrane ruptured mitochondria.
Again, a protease protected valinomycin sensitive
product was generated indicating import across the
inner membrane (Fig. 4, lanes 6-9).

Converting soybean rpsl0 to an imported protein
allows us to examine the requirements for import. The
changes required can be summarized as follows (Fig.
5): abolition of negative residues and addition of one
positive residue, change of hydrophobic residues to
form an a-helical amphiphatic structure, and forma-
tion of a core binding motif defined for TOM20 (Abe
et al., 2000; Muto et al., 2001).
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Figure 4. Import of soybean rps10 mutants into mitochondria and outer
membrane ruptured mitochondria. The import of four mutants was
tested into intact mitochondria and outer membrane ruptured mito-
chondria. Mutants O and P were imported into intact mitochondria as
they were protease protected (lanes 1-3). This import was not sensitive
to addition of valinomycin (lanes 4 and 5). Mutants O and P were not
imported across or into the inner membrane in outer membrane
ruptured mitochondria (lanes 6-9). Mutants Q and R were imported
into intact mitochondria in a valinomycin sensitive manner (lanes 1-5)
and were imported into outer membrane ruptured mitochondria in
a membrane potential dependent manner (lanes 6-9).

Overall, the changes resulted in features that com-
bine to achieve mitochondrial import. Individually,
none of these changes appeared to be sufficient to
support import. Soybean rps10 mutant N for instance
has the changes that incorporate both the charge and
TOM20 binding motif but still fails to be imported
into mitochondria. Thus, altering the hydrophobicity
is also an essential feature to support mitochondrial
import. Hydrophobic moment analysis indicates that
both soybean rps10 and maize Rpsl10 display highest
predicted hydrophobic moment at residues 5 (Supple-

Figure 5. Analysis of the requirements
to support import of soybean rps10
into mitochondria. Helical wheel pro-
jections of maize Rps10 protein, im-
ported soybean rps10 protein, and
unimportable soybean rps10 proteins
are shown. The first amino acid is at
the interior with successive amino
acids moving outwards on the helix
in a clockwise manner. The amino
acids are colored according to chem-
ical properties, of side chain Red =
charged, Green = hydrophobic, and
Blue = polar. The first 20 amino acids
of each protein are depicted below the
helical projection with coloring as de-
scribed above. Structural prediction
of secondary is indicated below in
0XX06.
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mental Table I). However, from residues 5 to 10, the
hydrophobicity differs between the two proteins, with
soybean rps10 maintaining relatively high hydropho-
bicity. Overall, there are only two differences in the
number of hydrophobic residues between maize Rps10
and soybean rps10: 11 compared to 9 residues. How-
ever, the changes have resulted in a change in the posi-
tion of these hydrophobic residues, combined with the
changes in charge to achieve a predicted amphiphatic
structure. Helical wheel projections indicate that for the
imported Rps10 proteins, eight hydrophobic residues
are on one face and the hydrophilic and positive res-
idues are on the other face (Fig. 5, ZmRps10 and
Gmrps10-imported). The unimportable soybean rps10
does appear to have a hydrophobic face when plotted
on a helical wheel. However, predictions indicate that
overall it is less helical forming than the imported
Rps10 proteins and negative residues are also on the
more polar face (Fig. 5, Gmrps10). The changes also
resulted in the generation of a motif that has been
defined for TOM20 binding, 6XX686, where 6 is any
hydrophobic amino acid and X is aliphatic with a pref-
erence for a long side chain.

DISCUSSION

Following transfer to the nucleus, the Rps10 gene
gained a mitochondrial targeting sequence in different
ways as a result of separate transfer events. Rps10 in
carrot acquired a long N-terminal extension from the
mitochondrial hsp22 gene and this extension is essen-
tial for import of the protein into mitochondria. Rps10
in lettuce acquired a short N-terminal extension from
a gene encoding a nonmitochondrial metalloprotease.
The extension of lettuce Rps10is also essential for mito-
chondrial import. Thus, a region of a nonmitochondrial
gene became a mitochondrial targeting sequence

ZmRps10

Gmrps10 - imported Gmrps10

+ + -
TTRIC RSI'DH ENH
0XX0X
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upon association with the newly transferred Rps10. A
similar situation occurred for the transferred Rps19
gene in Arabidopsis (Sanchez et al., 1996; Adams
et al., 2002). In contrast, Rps10 in maize did not ac-
quire an N-terminal extension following transfer to
the nucleus. Instead, there were base changes in the
N-terminal region of the transferred Rps10 gene that
allowed creation of an N-terminal noncleavable mito-
chondrial targeting sequence. To recreate this evolu-
tionary process, amino acid residues in mitochondrial
encoded rps10 from soybean were changed to corre-
sponding residues in nuclear encoded Rpsl0 from
maize until mitochondrial import into the functional
location of ribosomal proteins was achieved, i.e. the
mitochondrial matrix. Overall, this process mimics
what has occurred in nature in order to achieve suc-
cessful gene transfer, allowing all the requirements for
mitochondrial import to be assessed. Some caution
needs to be taken as it is possible that mitochondrial
import could be achieved by altering fewer residues
if they were altered in a different manner. However,
given that 15 residues in total had to be changed, it
is not feasible to make several thousand alterations
(32,767) to investigate all these possibilities. Usually,
studies investigating the requirements for protein tar-
geting to mitochondria mutate residues to identify
critical residues required for import. These studies
have been informative but care must be taken when
interpreting results as inserted residues may simply be
inhibitory for import and the role of individual resi-
dues can be difficult to assess. This was evident with a
previous study of Rps10 from rice where import could
be abolished by targeting a specific region (Kubo et al.,
2003), yet the overall role of the residues changed could
not be assessed. Here, we demonstrated that changing
these residues alone could not supportimport (Fig. 3B).
There may be several features necessary to support
mitochondrial import and abolishing import by alter-
ing one of these parameters may cause other features to
be missed.

Overall, we defined four parameters that were re-
quired to be changed to achieve mitochondrial import:
charge, secondary structure, hydrophobicity, and
generation of a proposed TOM20 binding site. Alone,
none of these parameters was sufficient to support
import; in fact, mutants O and P had all but two
additional hydrophobicity changes yet were not im-
ported across the inner mitochondrial membrane. It
appeared that hydrophobicity was a crucial feature
in facilitating mitochondrial import and that this is
difficult to assess from the physicochemical classifica-
tion of amino acids alone. Analysis of the hydrophobic
moment of the first 20 amino acids indicates that the
hydrophobic moment is very similar for the first five
amino acids, but from amino acids 7 to 12 it is greatly
altered (Supplemental Table I). Comparison of the first
20 amino acids of soybean rpsl0 mutant Q or R to
mutant L reveals that on a physicochemical basis they
are identical; rather, it is that the VVM residues are
required to be imported, whereas the IVI sequence is
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not imported (Fig. 3). This change in hydrophobicity is
due to the different amino acids, not just the properties
of the amino acids and thus even what would be re-
garded as conservative changes are important to facili-
tate mitochondrial import.

In the case of Rps10 from carrot and lettuce, it ap-
pears that the acquired cleavable mitochondrial tar-
geting signals also display these features; they both
contain the proposed TOM20 binding site, the poten-
tial to form an amphiphatic structure, and an overall
positive charge of 3 (Supplemental Table I). In the case
of carrot, these features are in the first 30 amino acids,
possibly indicating that the entire region gained may
not be required for import. However, for Oxalis and
spinach Rps10, which appear similar to maize in that
they have not gained additional sequences to support
import, some of these features appear to be absent.
Although the first 20 amino acids from both have the
potential to form an amphiphatic structure and con-
tain nine hydrophobic residues, both lack the pro-
posed TOM20 binding site and also contain a negative
Glu residue at position 18 as in soybean rps10 but not
present in maize Rps10. Thus, the first 20 amino acids
of both Oxalis and spinach Rpsl0 resemble soybean
rpsl0 as much as they do maize Rpsl0. There are
several possibilities to explain this discrepancy. First,
the Oxalis and spinach Rps10 mitochondrial targeting
signal may be present elsewhere in the protein. In-
ternal and C-terminal targeting signals are well de-
scribed in fungal systems (Neupert, 1997; Pfanner and
Geissler, 2001). Alternatively, the targeting signal for
Oxalis and spinach Rps10 may be via an N-terminal
located signal but recognized by a different outer
membrane surface receptor. Although TOM20 is the
only receptor characterized in plants to date (Werhahn
etal., 2001), an isoform of a chloroplast outer envelope
protein TOC64 is present on the outer membrane of
plant mitochondria (Chew et al., 2004), and a homolog
of metaxin involved in protein import in animals has
also been identified in plants (Armstrong et al., 1997;
Lister et al.,, 2004). Another possibility is that in
Arabidopsis, four genes exist for TOM20 and thus it
is possible that each receptor may recognize different
features (Werhahn et al., 2001, 2003). Plant Tom20 was
first characterized by biochemical means and se-
quence similarity with animal and fungal TOM20 is
not significant (Werhahn et al., 2001, 2003). It has been
proposed that plant TOM20 represents a case of con-
vergent evolution and thus the features important for
binding to animal and fungal TOM20 may not be the
same for plant TOM20 (Likic et al., 2005). An analysis
of the plant TOM complex indicates that, unlike the
fungal counterpart, acidic residues are much less abun-
dant; whereas the yeast TOM complex has 26 more
acidic residues than basic, the Arabidopsis TOM com-
plex has an excess of six basic residues (Werhahn et al.,
2003). Therefore, hydrophobic residues may play a
more dominant role in precursor protein recognition.
A common feature of the N-terminal region of all
nuclear encoded Rpsl0 proteins is an abundance of
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hydrophobic residues. Therefore, it may be the degree
of hydrophobicity and the ability to form an amphi-
philic structure that are the essential features required
to support import and the independent gene transfers
achieve this in different manners.

In defining the requirement for mitochondrial im-
port, it was apparent that import could be achieved
into the intermembrane space before it could be
achieved into the matrix. Genes that encode proteins
that do not contain mitochondrial targeting ability can
acquire mitochondrial targeting signals from preexist-
ing targeting signals or gain extensions that had no
previous mitochondrial targeting ability (Kadowaki
et al., 1996; Adams et al., 2000; Kubo et al., 2003). In
studies assessing the potential of DNA fragments from
Escherichia coli to have mitochondrial targeting ability,
it was predicted that from 2% to 5% of clones tested
had mitochondrial targeting activity (Baker and Schatz,
1987), or that 5% of proteins from E. coli are predicted to
possess mitochondrial targeting activity (Lucattini
et al., 2004). When one of these proteins from the latter
study was tested for import into mitochondria, it was
shown to be imported across the outer membrane only,
indicating that import of a protein across the outer
membrane may be an intermediate step in the natural
process of gene transfer before inner membrane target-
ing activity is gained (Lucattini et al., 2004).

Mitochondrial encoded ribosomal proteins in plants
display frequent rates of transfer to the nucleus (Adams
et al., 2002). One feature thought to facilitate this
transfer was that the encoded protein does not display
any features that are potential barriers for import back
into mitochondria, as they are generally small hydro-
philic proteins. These proteins still require a typical
mitochondrial targeting signal whether it is acquired
from another gene or changes occur with the trans-
ferred gene itself. In the latter case, substantial changes
in sequence were required to allow successful import of
the maize Rps10 protein. However, no changes were
required in the interior of the protein as has been
previously shown for subunit 2 of cytochrome c oxidase
in soybean (Daley et al., 2002). Thus, the initial site of
integration and targeting signal acquisition may play
an important role in determining if genes are activated
upon transfer to the nucleus. As Rps10 and many other
ribosomal proteins can acquire a mitochondrial target-
ing signal either from another gene or by changes to the
transferred gene, it is puzzling why ribosomal proteins
are still organelle encoded. Ribosomal proteins func-
tion in a large multisubunit complex containing pro-
teins and RNA molecules. This machine needs to be
assembled in an ordered sequential manner (Williamson,
2003; Granneman and Baserga, 2004), as has been
demonstrated for several other organelle located mul-
tisubunit protein complexes (Zhang and Aro, 2002;
Naithani et al., 2003; Suorsa et al., 2004). The rate of
assembly can be dictated by an organelle encoded
subunit as demonstrated for the assembly of complex I
in mammalian cells lines where the mitochondrially
encoded ND5 protein is rate limiting (Chomyn, 2001).
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Therefore, assembly of the functional ribosome may
dictate the retention of the coding of ribosomal proteins
in mitochondria. Assembly is the final step in an import
pathway for a nuclear encoded organelle located pro-
tein and has been proposed previously to be a possible
reason the organelle coding location of some proteins
(Zerges, 2002; Daley and Whelan, 2005). Thus, even
though various higher plant species may differ in or-
ganellar coding capacity for ribosomal proteins, they all
have maintained some genes for ribosomal proteins,
possibly due to the requirements for assembly.

MATERIALS AND METHODS

Precursor Proteins, Potato Mitochondrial Isolation, and
Outer Membrane Ruptured Mitochondria

The ¢cDNAs encoding the Rps10 proteins have been described previously
(Adams et al., 2000). Constructs of carrot (Daucus carota) Rps10 and lettuce
Rps10 lacking the N-terminal extensions (see Fig. 2) were created by PCR
amplification of cDNA and cloning into pBluescript. The coding regions of
soybean AOX and F,d with the targeting signals removed (Tanudji et al., 2001)
were placed downstream in frame of the coding region of various Rps10
proteins using standard cloning techniques, inserting compatible restriction
site using site directed mutagenesis with the Quikchange site directed
mutagenesis kit according to manufacturer’s instructions (Stratagene, Sydney).
Precursor proteins were produced in a coupled transcription-translation
system according to manufacturer’s instructions (Promega, Melbourne).

Percoll density gradient potato (Solanum tuberosum) cv Desiree tuber
mitochondria were isolated according to Millar et al. (2001). To prepare outer
membrane ruptured mitochondria for import assays, 200 ug of pelleted
mitochondria were resuspended in 10 uL SEH buffer (250 mm Suc, 1 mm
EDTA, 10 mm HEPES, pH 7.4). One hundred and fifty-five uL of 20 mm
HEPES, pH 7.4, was added and incubated on ice 20 min; 25 uL of 2 M Suc and
10 uL of 3 M KCl were added and mixed. These mitochondria are referred to as
outer membrane ruptured mitochondria. This procedure was carried out to
test if precursor proteins could be imported across the inner membrane as the
outer membrane is ruptured, and thus upon protease treatment after the
import assay only proteins imported across the inner membrane will be
protected from digestion.

Protein Import into Mitochondria and Outer Membrane
Ruptured Mitochondria

Import assays into potato mitochondria were carried out at as outlined
previously (Lister et al., 2002; Murcha et al., 2004). A total of 200 ug of mito-
chondria was used in each import assay. Import assays were carried out at
23°C for 20 min. Import assays were carried out in 15-mL polypropylene tubes
in a volume of 200 uL in 0.3 M Suc, 50 mm KCl, 10 mm MOPS, pH 7.2, 5 mm
KH,PO,, 1% (w/v) bovine serum albumin, 1 mm MgCl,, 1 mm Met, 0.2 mm
ADP, 0.75 mm ATP, 5 mMm succinate, and 5 mm dithiothreitol. Assays were
stopped by placing on ice, divided into two aliquots and addition of Pro-
teinase K to one aliquot to a final concentration of 50 ug/mL. Proteinase K
digestion was stopped by the addition of phenylmethylsulfonyl fluoride to
2 mwm after 15 min. Mitochondria were diluted into 1 mL of ice cold import
buffer and pelleted by centrifugation for 3 min in a microfuge. Mitochondrial
pellets were resuspended in SDS-PAGE gel sample buffer, subjected to SDS-
PAGE, gels dried, and products visualized by exposing to a BAS TR2040 plate
for 24 h and reading in a BAS 2500 Bio imaging analyzer (Fuji, Tokyo). Import
assays into outer membrane ruptured mitochondria were carried out as for
mitochondria except that 200 ug of outer membrane ruptured mitochondria
were added in place of mitochondria.

Analysis of the Mitochondrial Targeting Signal of Rps10

The predicted secondary structure characteristics of the first 20 amino
acids of maize Rps10 and soybean rps10 were analyzed using the Expasy suite
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of analysis tools (http://au.expasy.org/tools/). The tools helical wheel,
helical draw, and hydrophobic moment were used on default settings.
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