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A novel insight into Arabidopsis mitochondrial function was revealed from a large experimental proteome derived by liquid
chromatography–tandem mass spectrometry. Within the experimental set of 416 identified proteins, a significant number of
low-abundance proteins involved in DNA synthesis, transcriptional regulation, protein complex assembly, and cellular signal-
ing were discovered. Nearly 20% of the experimentally identified proteins are of unknown function, suggesting a wealth of
undiscovered mitochondrial functions in plants. Only approximately half of the experimental set is predicted to be mitochon-
drial by targeting prediction programs, allowing an assessment of the benefits and limitations of these programs in deter-
mining plant mitochondrial proteomes. Maps of putative orthology networks between yeast, human, and Arabidopsis mito-
chondrial proteomes and the 

 

Rickettsia prowazekii

 

 proteome provide detailed insights into the divergence of the plant
mitochondrial proteome from those of other eukaryotes. These show a clear set of putative cross-species orthologs in the
core metabolic functions of mitochondria, whereas considerable diversity exists in many signaling and regulatory functions.

 

INTRODUCTION

 

Mitochondria perform a variety of biochemical functions within
the eukaryotic cell. Their primary roles are the oxidation of or-
ganic acids via the tricarboxylic acid cycle and the synthesis of
ATP coupled to the transfer of electrons from reduced NAD

 

�

 

 to
oxygen via the electron transport chain. However, in plants, mi-
tochondria perform many important secondary functions, such
as the synthesis of nucleotides, amino acids, lipids, and vita-
mins (Rebeille et al., 1997; Bartoli et al., 2000; Gueguen et al.,
2000). They contain their own genome (Gray et al., 1999), under-
take transcription and translation (Brennicke et al., 1999), ac-
tively import proteins and metabolites from the cytosol (Braun
and Schmitz, 1999; Laloi, 1999; Lister et al., 2003), influence
programmed cell death (Balk et al., 1999; Balk and Leaver,
2001), and respond to cellular signals such as oxidative stress
(Møller, 2001; Sweetlove et al., 2002). Given these roles, it is es-
sential that we understand the full gamut of mitochondrial func-
tion in plants and the mechanisms that govern their biogenesis,
especially the way in which mitochondrial activity is perceived by
the nucleus and coordinated with the rest of cellular function. A
major limitation in such analyses has been a lack of precise infor-
mation about the protein components of mitochondria poten-
tially involved in these processes. Once these are known, reverse
genetics has the capacity to dissect these pathways and to pro-
vide genetic engineering of mitochondrial function in plants.

Mitochondria are considered to have arisen from an endo-
symbiotic event between bacterial and eukaryotic ancestors.
Since that time, a considerable reduction in the coding capac-
ity of the mitochondrion has occurred through the transfer of
most endosymbiont genes to the nucleus. The genomes of cur-
rent mitochondria code a very limited subset of organelle pro-
teins, with the majority encoded in the nucleus and targeted to
mitochondria through recently evolved import mechanisms (for
review, see Gray et al., 1999). Interestingly, although a single
endosymbiotic event probably brought the organelle structures
we call mitochondria into cells, a whole series of events that
yielded mitochondria, plastids, and peroxisomes likely contrib-
uted to the current mitochondrial proteome (Adams et al., 2000,
2002; Gray et al., 2001; Richly et al., 2003).

Many of the nucleus-encoded proteins of the mitochondrial
proteome are targeted to the mitochondria through signal se-
quences that usually reside in the N-terminal portion of the pro-
tein. In theory, the subcellular location of a protein can be pre-
dicted through commonly identified characteristics in these
signal sequences. Several bioinformatic methods have been
developed to predict the subcellular localization of a protein us-
ing both defined characteristics and machine-learning tech-
niques (reviewed by Feng, 2001). This has led to a number of
publicly available programs that can be used to predict protein
subcellular localization. MitoProt II (Claros and Vincens, 1996),
PSORT (Nakai and Horton, 1999), and iPSORT (Bannai et al.,
2002) use predefined parameters of signal peptides to predict
subcellular localization. The programs TargetP (Emanuelsson et
al., 2000), Predotar (http://www.inra.fr/predotar/), and SubLoc
(Hua and Sun, 2001) use machine-learning techniques for
subcellular predictions. Recently, using a novel combination
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of comparative genomics and targeting prediction programs,
Richly et al. (2003) analyzed 10 different eukaryotic genomes
and proposed putative mitochondrial proteomes for each. The
veracity of these various prediction sets is unclear at present
because of the lack of substantial experimental data for com-
parisons.

Experimental approaches also have sought to define the size
of the mitochondrial proteome. Two-dimensional electrophore-
sis studies indicate that mitochondrial samples from plants can
be resolved into 500 to 1500 protein spots (Kruft et al., 2001;
Millar et al., 2001b; Bardel et al., 2002). Similar numbers are
noted in mammalian and yeast mitochondria (Rabilloud et al.,
1998; Lopez et al., 2000; Scheffler et al., 2001). However, be-
cause a single protein often can appear as multiple protein
spots by two-dimensional PAGE, the nonredundant set of pro-
teins in these gels is considerably less. The completion of sev-
eral sequencing projects also has enabled large-scale analyses
and estimations of mitochondrial localization to be undertaken
using other methods. Using phylogenetic profiles, Marcotte et
al. (2000) estimated that there are 

 

�

 

660 nucleus-encoded mi-
tochondrial proteins in 

 

Caenorhabditis elegans

 

 and that the
yeast nuclear genome encodes

 

�

 

630 mitochondrial proteins. A
proteome-scale analysis in yeast using random and directed
epitope-tagging techniques to determine protein subcellular
distribution estimated that 14% of the yeast proteome (

 

�

 

850
proteins) is likely to be localized in mitochondria (Kumar et al.,
2002). Currently, 

 

�

 

580 yeast open reading frames at the Com-
prehensive Yeast Genome Database (http://mips.gsf.de/genre/
proj/yeast/search_index.jsp) have been designated definitively
as coding mitochondrial proteins. Furthermore, Schon (2001)
has published a list of 

 

�

 

550 yeast mitochondrial proteins as-
sembled from identifications determined through a variety of
experimental systems. More recently, an analysis of mitochon-
drial proteomes from human heart and yeast using mass spec-
trometric techniques identified 615 and 750 proteins, respec-
tively (Sickmann et al., 2003; Taylor et al., 2003b).

Initial investigations of the components of the mitochondrial
proteomes of plants through traditional two-dimensional PAGE
and mass spectrometry identified 

 

�

 

100 proteins (Kruft et al.,
2001; Millar et al., 2001b). We have now expanded this identified
set with direct sample analysis by liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS). This has allowed us to de-
fine a plant mitochondrial set of 

 

�

 

400 proteins, of which nearly
20% are proteins of unknown function in Arabidopsis. We also
compared our experimental set with the predictions of subcellu-
lar localization made by five targeting algorithms and with puta-
tive orthologs from other organisms. This analysis revealed new
metabolic, regulation, and signaling pathways in plant mitochon-
dria, providing a key data set for future experimental analysis of
mitochondrial biogenesis, regulation, and function in plants.

 

RESULTS

MS Analysis of a Substantial Arabidopsis 
Mitochondrial Proteome

 

Previous evaluation of the whole Arabidopsis mitochondrial
proteome using gel display and MS identified a nonredundant

 

set of 92 proteins (Kruft et al., 2001; Millar et al., 2001b;
Werhahn and Braun, 2002). A variety of more targeted studies
of protein fractions and protein complexes partially purified
from Arabidopsis mitochondria also have been undertaken
(Sweetlove et al., 2002; Heazlewood et al., 2003a, 2003c;
Herald et al., 2003; Millar and Heazlewood, 2003; Werhahn et
al., 2003). Combining the data presented in all of these reports
produces a nonredundant protein set of 145 experimentally de-
termined Arabidopsis mitochondrial proteins. Our analysis of a
membrane-enriched submitochondrial fraction from Arabidop-
sis cell culture using blue-native PAGE and MS/MS yielded
many confirmatory identifications along with an additional 35
previously unidentified proteins (see supplemental data online).
Altogether, 180 discrete proteins have been identified in Arabi-
dopsis mitochondrial preparations using various gel-based ar-
raying techniques.

To overcome the clear limitations of these techniques, we
undertook a systematic LC-MS/MS study of total Arabidopsis
mitochondrial protein lysates. Mitochondria were isolated using
two successive Percoll gradients designed to remove plastid
and peroxisomal contaminants from crude organelle pellets de-
rived from Arabidopsis cell cultures (Millar et al., 2001b) (Figure
1A). Using marker enzymes to determine the purity of these
mitochondria, we showed that mitochondria were separated
away from cytosolic, plastid, and peroxisomal contaminants
(Figures 1A and 1B). Based on the calculations presented in
Methods, the likely contamination on a protein basis in our pu-
rified mitochondrial samples was 

 

�

 

1.5% for plastidic protein
and less than 

 

�

 

0.2% for peroxisomal protein (Figure 1B).
LC-MS/MS allows the direct identification of peptides de-

rived from trypsin digestions of complex polypeptide samples,
such as mitochondria, without the use of any preliminary gel
separation of the polypeptides. This approach potentially can
alleviate the problems of highly hydrophobic, basic, and small
or very large molecular mass proteins being excluded from
analysis, as often happens in polyacrylamide gel–based sepa-
rations. Using high-stringency cutoffs for peptide matching in
five independent mitochondrial samples isolated in this man-
ner, the LC-MS/MS technique produced 

 

�

 

2400 peptide MS/
MS spectra that could be mapped redundantly to 390 Arabi-
dopsis proteins.

An overall comparison of gel-based and LC-MS/MS methods
indicated that 

 

�

 

95% of the proteins identified previously by
two-dimensional gel analysis of whole mitochondrial samples
(Kruft et al., 2001; Millar et al., 2001b; Werhahn and Braun,
2002) were confirmed by LC-MS/MS (Table 1). Also, 

 

�

 

80% of
the proteins identified previously during purifications of particu-
lar subsets and protein complexes of mitochondrial proteins
also were confirmed by our LC-MS/MS (Sweetlove et al., 2002;
Heazlewood et al., 2003a, 2003c; Herald et al., 2003; Werhahn
et al., 2003). Among 180 proteins defined by gel-based analysis,
we confirmed 154 by LC-MS/MS (85%). The remaining 26 proteins
identified previously using gel-based techniques were not found
through the LC-MS/MS procedure (Table 1). A number of these
26 proteins were oxidative stress–induced proteins (Sweetlove
et al., 2002); thus, their absence from our LC-MS/MS analyses
of mitochondria from unstressed cells is understandable. This
very high overlap between gel-array techniques and the LC-
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Figure 1. Purification of Mitochondria from Arabidopsis Cell Cultures.

(A) Marker enzyme distribution in first and second density gradient separations of crude organelle pellets to yield purified mitochondria. Fractions 1 to
23 are 1.5-mL fractions from top to bottom of the gradients. Alkaline pyrophosphatase (PPase) is used as a plastid marker, cytochrome c oxidase
(COX) is used as a mitochondrial marker, catalase (CAT) is used as a peroxisome marker, and alcohol dehydrogenase (ADH) is used as a cytosolic
marker. Activities in each fraction are reported as percentages of activity found in crude organelle pellets.
(B) Specific activities of marker enzymes in the mitochondria-containing fractions at different stages of the purification process (means � SD, n � 4).
The crude organelle pellet protein is �60% plastidic, �30% mitochondrial, and �10% peroxisomal. Based on these proportions and the specific ac-
tivities shown here, the final mitochondrial fractions contain �1.5% protein of plastidic origin and �0.2% protein of peroxisomal origin. n.d., not de-
termined.
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MS/MS method highlights the effectiveness of non-gel-based
analysis and its broad application in proteomics. The data from
the combination of these techniques yield a nonredundant Ara-
bidopsis mitochondrial set of 416 proteins (154 defined by LC-
MS/MS and gel separations, 26 by gel-based analysis only,
and 236 by LC-MS/MS only; see supplemental data online). Of
these, 407 are nucleus-encoded proteins and 9 are mitochon-
dria-encoded proteins. Annotation of a relational database with
these proteins allowed continued analysis of the set in the con-
text of the whole Arabidopsis protein set. This database is now
available publicly (http://www.mitoz.bcs.uwa.edu.au).

 

Global Analysis of the Arabidopsis Mitochondrial 
Protein Set

 

Each member of the mitochondrial proteome set described
above was assigned to a functional category using common
functional divisions. Where annotations were unclear, a Basic
Local Alignment Search Tool (BLAST) query against SWISS-
PROT was undertaken for functional inference. This analysis
produced 13 functional groups (Table 1). Known protein func-
tions that are represented most highly in the mitochondrial pro-
teome set are those involving energy (24%), metabolism (19%),
and protein fate (13%). The proteins in these functional groups
are generally well-characterized mitochondrial components of
the tricarboxylic acid cycle, the respiratory chain, and the mito-
chondrial protein import, processing, assembly, and degrada-
tion machinery. The relative expression levels of proteins in
these principal functional categories were profiled using EST
numbers. More than 55% of the proteins that perform energy
and metabolic roles and 30% of the proteins involved in protein
fate are represented by 

 

�

 

10 ESTs (data not shown). Nearly
75% of the energy group had been identified previously in gel-
based separations, but the metabolism and protein fate groups

contained many novel LC-MS/MS identifications. Approxi-
mately 25% of the identified proteins were involved in informa-
tion-transfer processes (DNA/RNA synthesis and processing
and protein synthesis), were defense/stress proteins, or were
responsible for cellular interaction functions (transport, cell
structure, and signal transduction proteins) (Table 1). The iden-
tification of proteins in these groups was aided by novel LC-
MS/MS identifications. Only 34 proteins in these functional cat-
egories were identified in previous gel-based separations. We
have confirmed 27 of these by LC-MS/MS and have added a
novel set of 66 identifications to these sets of largely low-abun-
dance components. Even when sequence similarity searches
were undertaken against the nonredundant protein database at
the National Center for Biotechnology Information, 71 proteins
(17%) could not be confidently assigned a function and have
been designated unclassified proteins. A similarly large set of
unclassified proteins also was found in recent human and yeast
mitochondrial proteome analyses (Sickmann et al., 2003; Taylor
et al., 2003b).

The physical attributes of mitochondrial proteins identified
solely by isoelectric focusing followed by SDS-PAGE often ap-
pear skewed compared with those of total proteomes because
of the lack of identification of large and small proteins and the
low detection rates of basic, hydrophobic, and low-abundance
proteins (Heazlewood et al., 2003b). The use of LC-MS/MS
greatly aided in the identification of large proteins (

 

�

 

80 kD) and
proteins that were moderately hydrophobic (data not shown).
The set of 416 mitochondrial proteins covered an isoelectric
point range of 4 to 11, a molecular mass range of 6 to 428 kD,
and a GRAVY (grand average of hydropathicity) range of 

 

�

 

1.6
to 

 

�

 

1.0 (

 

�

 

GRAVY 

 

�

 

 hydrophilic, 

 

�

 

GRAVY 

 

�

 

 hydrophobic).
The representation of proteins in EST databases allowed an

assessment of transcript abundance, and thus probable pro-
tein abundance, for different gene products. Most interestingly,

 

Table 1.

 

Functional Breakdown of the Arabidopsis Mitochondrial Set

Function Gels
Confirmed 
LC-MS/MS

Novel 
LC-MS/MS

Total 
LC-MS/MS Total

Energy 73 66 25 91 98 (24%)
Metabolism 37 33 44 77 81 (19%)
Protein fate 20 19 33 52 53 (13%)
DNA synthesis and processing 2 2 7 9 9 (2%)
Transcription 1 0 7 7 8 (2%)
RNA processing 3 3 11 14 14 (3%)
Protein synthesis 4 3 11 14 15 (4%)
Defense, stress, detoxification 8 6 8 14 16 (4%)
Communication/signaling 3 1 16 17 19 (5%)
Transport 13 12 6 18 19 (5%)
Miscellaneous 2 2 2 4 4 (1%)
Structural organization 1 0 8 8 9 (2%)
Unknown 13 7 58 65 71 (17%)
Total 180 154 236 390 416

The proportion of proteins in the 13 major functional groups are listed for the gel-based analysis of 180 proteins, the subset of these (154) confirmed
by LC-MS/MS, the novel set found only by LC-MS/MS (236), and the total LC-MS/MS set (390). In total, this represents a set of 416 mitochondrial
proteins (180 

 

�

 

 236).
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there was a shift to much lower EST numbers for the new pro-
tein set identified only by LC-MS/MS (Figure 2). Nearly 45% of
the novel identifications were represented by four or fewer
ESTs (compared with only 17% of gel-based identifications).
Some 39 newly identified proteins were so low in abundance
that ESTs had not been reported by The Institute for Genomic
Research (TIGR) at the time of writing (Figure 2). The large num-
ber of low-EST-number members in our protein set could be
viewed as evidence that low-abundance paralogs, or even
pseudogenes with high levels of identity to major protein iso-
forms, are clouding the analysis we have presented. A stringent
analysis of all of the peptide sequences matched to proteins in
our analysis was performed, and potential paralogs in our set
are listed in the supplemental data online. These findings show
that 15 proteins were identified that have no unique peptides
that differentiate them from a highly similar paralog, whereas
another 11 were identified with unique peptide sequences but
the unique peptide(s) were of low matching confidence. There
were also two cases in which all isoforms of some protein fam-
ilies were indistinguishable from each other as a result of very
high sequence identity. However, the latter are well-character-
ized, abundant mitochondrial proteins—an elongation factor
and the 

 

�

 

-subunit of ATP synthase—that are tandemly ar-
ranged duplications on Arabidopsis chromosomes (see supple-
mental data online). All possible paralogs of this type are anno-
tated in the supplemental data online. However, these possible
paralogs represent only 16 of the 106 proteins identified with
four or fewer ESTs and only 2 of the possible paralogs are
among the 39 proteins with no registered ESTs. Thus, the low
number of ESTs among the novel LC-MS/MS data broadly re-
flects low-abundance proteins within the mitochondrial pro-
teome that originates from a low-abundance proteome within
plant cells. This finding strongly suggests that a significant
depth of the proteome has been revealed by our analysis: the
identification of key low-abundance components. Many of
these are in important areas of mitochondrial information trans-
fer, regulation, and signaling.

 

Specific Functions of the Arabidopsis Mitochondrial 
Proteome Set

 

The full set of experimentally identified proteins is provided in
the supplemental data online or can be relationally searched
directly at The Arabidopsis Mitochondrial Protein DataBase
(http://www.mitoz.bcs.uwa.edu.au). We have identified many of
the well-defined components of mitochondria, the electron
transport chain, the tricarboxylic acid cycle, metabolic carriers,
and the import apparatus. Among the remaining identifications,
several prominent sets are worthy of more extensive comment,
most notably the new identifications of low-abundance pro-
teins with potentially key roles in mitochondrial function.

 

Cellular Signaling Components

 

There is increasing interest in intramitochondrial signaling path-
ways and also in the communication of mitochondria with the
cytosol and other organelles, most notably the chloroplast and
the nucleus. There also is extensive discussion of reactive oxy-

 

gen species as signal molecules from mitochondria to other
parts of the cell (Dutilleul et al., 2003) but little information on
the pathways involved. Likewise, the presence of phosphory-
lated proteins in plant mitochondria has been documented
(Bykova et al., 2003a, 2003b), but again, there is little informa-
tion on the kinase/phosphatases involved or any associated
signaling components that may regulate signaling through
phosphorylation/dephosphorylation. Despite the importance of
calcium in regulating mammalian mitochondrial function (Smaili
et al., 2000), there is no direct evidence for such a role in
plants. We have found mitochondrial protein components that
may be involved in some of these processes. A set of 10 pro-
tein kinases, including Leu-rich repeat transmembrane protein
kinases, receptor-like protein kinases, Ser-Thr kinases, and a
mitogen-activated protein–like kinase, has been identified. No
potential components of phosphorylation signaling pathways
have been identified previously in plant mitochondria. Two of
the Leu-rich repeat transmembrane receptor protein kinases
(At1g74360 and At2g26330) show high sequence similarity to a
protein kinase of unknown function found recently in human
mitochondria (Taylor et al., 2003b). Nearly all of these kinases
are very poorly represented in EST databases, all are individu-
als of large protein kinases subclasses, and none has a clear
mitochondrial targeting sequence identified by bioinformatic
predictors (Table 2). In addition to these discoveries is evidence
for a 2A protein phosphatase regulatory subunit, a GTP binding
protein, and several putative Ca

 

2

 

�

 

 binding proteins. One of the
putative Ca

 

2

 

�

 

 binding proteins (At3g59820) is very similar in se-
quence to one found in mammalian mitochondria (Taylor et al.,
2003b). A protein with sequence similarity to FRO1-like NADPH
oxidase also was found. This protein generates superoxide

Figure 2. Low-Abundance Proteins Identified by LC-MS/MS.

Comparisons of the number of ESTs for each protein between the total
gel-based proteomic analysis (180), the total LC-MS/MS set of proteins
(390), and the novel proteins identified only by LC-MS/MS (236). EST
numbers were derived from TIGR annotation data. All data are pre-
sented as numbers of nonredundant proteins in the EST number ranges
indicated.
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from NADPH and has been linked to mitogenic signaling and
cancer in smooth muscle cells in mammals (Suh et al., 1999).

 

Regulation of Protein Complex Assembly

 

More than 50 proteins involved in protein fate were identified.
These proteins spanned protein import and sorting, prese-
quence cleavage, molecular chaperone, complex assembly,
and proteolysis functions. Protein components of the LON, Clp,
and FtsH protease systems and three other putative proteases
were identified. Seven subunits from the translocases of the
outer and inner membranes (TOM and TIM) of the import appa-
ratus also were found. Interestingly, four proteins with se-
quence similarity to components implicated specifically in the
assembly of respiratory electron transport chain complexes
were found. These included At5g51220 and At1g07510/
At3g17910, which are similar to two yeast factors required for
the assembly of complex III of the respiratory chain (C3BP and
BCS1, respectively). We also found a putative cytochrome 

 

c

 

oxidase assembly factor similar to the yeast SHY1/surf1 pro-
tein. The absence of SHY1 in yeast leads to 

 

�

 

30% cytochrome

 

c

 

 oxidase assembly, while mutations of the human ortholog
(surf1) lead to Leigh syndrome (Nijtmans et al., 2001). Cyto-
chrome 

 

c

 

 biogenesis in plant mitochondria occurs by the sys-
tem-I mechanism that is shared in common with bacteria but
differs from the systems used in chloroplasts (system II) and
fungal, vertebrate, and invertebrate animal mitochondria (sys-
tem III) (Kranz et al., 1998). Although some of the system-I
components are encoded in the mitochondrial genomes of
plants, others have been transferred to the nucleus. We have
identified a protein similar to the bacterial cycL/ccl2/ccmH sub-
unit, which is critical for conferring specificity to the thio-redox
pathway of cytochrome 

 

c

 

 biogenesis. To our knowledge, this
plant mitochondrial CCMH-like gene (At1g15220) has not been

 

described in plant studies to date. We also found two proteins
similar to the yeast AFG3 metalloprotease that is of the AAA-
type ATPase family. These proteases have been implicated in
the regulation of the electron transport chain through the deg-
radation of unincorporated or incompletely synthesized mito-
chondria-encoded proteins in yeast (Guzelin et al., 1996).

 

Key Proteins Involved in DNA Synthesis, Transcription, and 
RNA Binding/Processing

 

Low-abundance proteins from these classes have been poorly
represented in proteomic studies of plant mitochondria to date.
A DNA polymerase and several DNA gyrase subunits were lo-
calized to mitochondria in this study. Several differentiation
and greening (DAG)-like proteins also were found. Although
DAG proteins were associated initially with chloroplasts, a
member of this gene family has been reported in two-dimen-
sional PAGE analyses of plant mitochondria (Kruft et al., 2001).
In both snapdragon and Arabidopsis, the absence of specific
DAG proteins greatly influences chloroplast differentiation and
palisade tissue development (Chatterjee et al., 1996; Babiychuk
et al., 1997; Bisanz et al., 2003). However, to our knowledge,
the functions of these proteins in mitochondria have not been
reported. Transcription initiator and terminator factors, and a
series of proteins from transcription factor gene families, also
were identified. We also found a protein (At5g12290) highly
similar to a protein responsible for the regulation of the abun-
dance of transcripts from mitochondrial respiratory genes in
yeast. NCA2 is a nucleus-encoded protein involved in the turnover
of ATP6/ATP8 transcripts in yeast mitochondria (Camougrand
et al., 1995). We also identified peptides from several RNA heli-
cases and 10 pentatricopeptide repeat proteins. The latter are
highly represented in plant genomes and have roles as restor-

 

Table 2.

 

Protein Kinases Identified in the Arabidopsis Mitochondrial Set

AGI Locus 
No. PPC Class Description

PPC 
Subclass 

EST 
No.

Targeting Prediction

Predotar TargetP MitoProt II SubLoc iPSORT

Class 1: transmembrane receptor kinase and related nontransmembrane kinases
At3g52530.1 PPC:1.5.1 Protein kinase-like protein 23 1

 

� � � � �

 

At4g23290.1 PPC:1.7.2 Ser/Thr kinase-like protein 70 3 C S

 

� �

 

M
At5g14210.1 PPC:1.9.5 Receptor protein kinase-like protein 3 6

 

�

 

S

 

� �

 

Sig
At3g45420.1 PPC:1.11.1 Receptor-like protein kinase 41 1

 

�

 

S

 

�

 

S Sig
At1g74360.1 PPC:1.12.4 Putative receptor protein kinase 51 4

 

�

 

S

 

� � �

 

At2g26330.1 PPC:1.12.4 Putative receptor-like protein kinase 51 18

 

�

 

S

 

� �

 

Sig
At1g64210.1 PPC:1.13.3 Putative KRR receptor-like kinase 14 1

 

�

 

S

 

� �

 

Sig

Class 2: ATN1/CTR1/EDR/GmPK6-like kinases
At3g27560.1 PPC:2.1.5 Protein kinase ATN1 7 1

 

� � �

 

M

 

�

 

Class 4: nontransmembrane protein kinases
At1g69220.1 PPC:4.1.2 Putative STE20/PAK-like protein kinase 11 3

 

� � �

 

N

 

�

 

At3g18040.1 PPC:4.5.1 Putative mitogen-activated protein kinase 23 2

 

� � �

 

N

 

�

 

Descriptions of the 10 protein kinases identified are shown in their three different PlantsP Kinase Classification (PPC; http://plantsp.sdsc.edu/plantsp/
family/class.html) classes. The total number of gene members in each subclass is shown, along with the specific AGI number of the mitochondrial
member identified. The number of ESTs for the identified kinases and their predicted subcellular locations by the five targeting prediction programs
are shown. C, chloroplast; M, mitochondria; N, nucleus; S, secretory pathway; Sig, signal sequence; 

 

�

 

, unknown (no target or cytosolic).
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ers of cytoplasmic male sterility (Bentolila et al., 2002) and pu-
tative roles in RNA editing (Small and Peeters, 2000).

 

Carriers Essential for Whole Plant Growth and Bypasses of 
the Classic Electron Transport Chain

 

We have identified several proteins involved in iron metabo-
lism, including two putative ABC transporters (At4g28620 and
At5g58270) with strong sequence similarity to yeast ATM1, the
mitochondrial Fe-S transporter (Kispal et al., 1997). We also
identified a Cys desulfurase (At5g65720) with sequence similar-
ity to Nfs1 from yeast (the yeast ortholog of bacterial NifS). In
yeast, these proteins act in concert for the synthesis and trans-
port of Fe/S clusters and have been shown to play an essential
role in the synthesis of both intramitochondrial and extramito-
chondrial Fe/S proteins (Kispal et al., 1999). In plants, forward
genetics identified this ABC transporter gene (At5g58270) as
the basis for the 

 

starik

 

 mutant, which has a dwarfism/chlorosis
phenotype (Kushnir et al., 2001). We also identified eight carri-
ers of the mitochondrial carrier superfamily, including two addi-
tional carriers not detected in a previous analysis of this su-
perfamily (Millar and Heazlewood, 2003). One of these new
identifications has strong similarity to carnitine-acylcarnitine
carriers (At5g46800), and the other is a mitochondrial carrier of
unknown function (At5g15640). In mammalian mitochondria,
carnitine acyl carrier proteins transport lipid-derived molecules
across mitochondrial membranes for energy and carbon sup-
ply. The carnitine-acylcarnitine carrier was revealed recently as
the gene responsible for the 

 

à bout de souffle 

 

Arabidopsis mu-
tation (Lawand et al., 2002). This mutant plant stops developing
after germination, degrades storage lipids, and develops fur-
ther only when germinated in the dark or after the addition of
exogenous sugar (Lawand et al., 2002). We have direct evi-
dence for the presence of enzymes putatively responsible for
the bypasses of the respiratory chain in plants, with proteins for
rotenone-insensitive NAD(P)H-dependent ubiquinone oxidoreduc-
tases and the alternative oxidase reported. We also show that
both the 

 

	

 

- and 

 

�

 

-subunits of the electron transport flavo-
protein (At1g50940 and At5g43430) are present in Arabidopsis
mitochondria. These proteins are responsible for direct electron
transfer from fatty acid to ubiquinone and branched chain
amino acid oxidation in mammals (Frerman, 1987), but they
have not been investigated in plants.

 

Proteins of Unknown Function

 

In addition to the proteins described above, 71 proteins were
identified for which no clear function could be assigned. Only
13 of these proteins were identified in previous gel-based pro-
teome analyses (Table 1). The identification of these proteins
provides a basis for the use of reverse genetics to identify novel
mitochondrial functions in plants.

 

Comparing Mitochondrial with Plastid and 
Peroxisomal Proteomes

 

To determine whether the identified proteins are truly mito-
chondrial or to what degree some proteins are from low-level

contamination in our mitochondrial samples from other cellular
compartments, we compared our analysis to those performed
for other organelles from Arabidopsis (see supplemental data
online). Three catalase proteins have been identified in our mi-
tochondrial set, and although several claims of low levels of mi-
tochondrially localized catalase in plants have been made,
these proteins typically represent the bulk of peroxisomal pro-
tein. Two catalase proteins (At1g20620 and At4g35090) in our
mitochondrial set are among the set of highly abundant pro-
teins identified by Fukao et al. (2002) in their peroxisomal pro-
teome analysis. None of the other peroxisomal proteins noted
by Fukao et al. (2002) were found in our mitochondrial analy-
sis. Of the 461 nonredundant proteins identified definitively in
large-scale thylakoid, lumen, and envelope preparations from
Arabidopsis by MS (Peltier et al., 2002; Schubert et al., 2002;
Ferro et al., 2003; Froehlich et al., 2003), only 31 are found in
our mitochondrial set. These are presented in the supplemental
data online, where they are dissected into probable mitochon-
drial contaminants in chloroplast preparations (12), probable
chloroplast contaminants in mitochondrial preparations (12),
unknown location (4), and probable peroxisomal contaminants
in mitochondria and chloroplasts (3). Thus, there are 15 pro-
teins that probably represent a combination of chloroplast and
peroxisomal contamination. These published sets from other
organelles also are available for relational searches in a data-
base we have established (http://www.mitoz.bcs.uwa.edu.au).
There is the further possibility that some of these apparent con-
taminants could be dual-targeted proteins in plants, reflecting
their presence in multiple compartments (Peeters and Small,
2001). We recently showed that the stromal ascorbate peroxi-
dase and stromal monodehydroascorbate reductase identified
in this LC-MS/MS experiment (At4g08390 and At1g63940) are
authentically dual targeted to chloroplasts and mitochondria in
Arabidopsis (Chew et al., 2003). We also have shown that a
range of glycolytic enzymes identified here by LC-MS/MS are
present in our samples, because glycolytic enzymes found in
the cytosol also are associated functionally with the outer
membrane of plant mitochondria (Giegé et al., 2003).

 

Orthologous Comparisons of Mitochondrial Proteomes

 

Because the endosymbiosis of the mitochondrial progenitor by
the ancestral eukaryotic cell occurred before the divergence of
plants and animals (Gray et al., 2001), cross-kingdom similarity
comparisons can be used to identify putative orthologous pro-
teins with conserved function. Mitochondrial protein sets from
both yeast (552 proteins) (Schon, 2001) and human (615 pro-
teins) (Taylor et al., 2003b) are available, as is the protein set
from the closest living relative to the mitochondrial progenitor,
the bacterial endosymbiont 

 

Rickettsia prowazekii

 

 (834 proteins)
(Andersson et al., 1998). These three sets were compared with
the entire Arabidopsis proteome using the program INPARA-
NOID (Remm et al., 2001). This program searches for high-
stringency orthologous clusters between two protein sets, pro-
viding clusters of paralogs within species and orthologs across
species. Gene matching using this procedure is considered to
exclude many lower similarity matches for which true cluster
orthology, and thus conserved functionality, is questionable.
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A reduced mitochondrial set of 377 proteins that excluded
the 26 possible paralogs (see supplemental data online) and
the partially overlapping set of 15 probable contaminants (see
supplemental data online) was constructed and used for this
orthology comparison. A total of 117 yeast mitochondrial pro-
teins were identified as putative orthologs of this reduced Ara-
bidopsis mitochondrial protein set. More than 75% of the puta-
tive orthologs fall into the major functional groups of energy,
metabolism, and protein fate, which encompass only 55% of
the total Arabidopsis mitochondrial set (Figure 3). Similar com-
parisons with the human mitochondrial proteome and the 

 

Rick-
ettsia

 

 protein set identified 148 putative orthologs to human mi-
tochondrial proteins and 85 putative orthologs to 

 

Rickettsia

 

proteins within the Arabidopsis mitochondrial set. In total, 50%
(189 proteins) of the Arabidopsis mitochondrial set had putative
orthologous matches with at least one protein from yeast mito-
chondrial, human mitochondrial, or 

 

Rickettsia

 

 proteomic sets
(Figure 3, any one). The putative orthology networks derived
from these comparisons has a strict common overlap of 45
proteins (Figure 3, all three), in which an individual Arabidopsis
protein has a putative ortholog in the protein set from each of
the three other species. This forms a central cluster of putative
orthologs between the 

 

Rickettsia

 

 set and the current mitochon-
drial proteomes of divergent organisms. This common set is
very heavily skewed toward the functional category of energy

 

(70%), with several members from the metabolism (13%) and
protein fate (15%) categories (Figure 3).

We found very different putative orthology patterns when we
considered the low-abundance proteins involved in mitochon-
dria–cellular interaction (signaling, transport, and structure) and
information-transfer processes (DNA synthesis and processing,
transcription, and RNA binding/processing) (Table 3). Although
putative orthologous proteins were present in most of these
functional classes, the overlap between different organisms
was very low, and no one protein common to each of the pro-
tein sets was found by INPARANOID analysis. The kinases ob-
served in human and plant mitochondria were absent from
yeast mitochondrial sets, whereas plant transporters and tran-
scriptional regulators present in the yeast set were not in the
human set. Interestingly, the DNA gyrase subunits A and B
found in Arabidopsis mitochondria have putative orthologs
among 

 

Rickettsia

 

 proteins but not among yeast or human mito-
chondrial proteins. Significantly, the large set of Arabidopsis
proteins of unknown function do not have many putative
orthologs in other species, suggesting that they are likely to be
largely plant-specific mitochondrial proteins (Table 3).

 

Comparison of Experimental and Bioinformatic Predictions 
of the Arabidopsis Mitochondrial Proteome

 

We compared our reduced experimental set of 377 proteins,
which contained 368 nucleus-encoded proteins, with those
proteins predicted to be mitochondrial by publicly available
subcellular targeting prediction programs: TargetP, Predotar,
MitoProt II, SubLoc, and iPSORT. The number of nucleus-
encoded Arabidopsis proteins predicted by each program to be
targeted to mitochondria ranged from 3000 to 4500 (Table 4).
The ability of the various targeting programs to correctly pre-
dict the experimental Arabidopsis mitochondrial set was signif-
icantly less than expected (Table 4). The successful prediction
rates are presented as sensitivity, defined as the percentage of
the experimental set predicted correctly (Table 4). Sensitivities
of these programs were in the range of 37 to 47% for the set of
368 proteins. We then defined an even more reduced set of
proteins that have been found in gel-based proteome analysis
and also in our LC-MS/MS experiments: these are 143 higher
abundance proteins with very high identification confidence
values. In this set, the sensitivities of the programs increased to
49 to 68%. For comparison, we also considered the prediction
sensitivities of TargetP and MitoProt II on the defined mamma-
lian and yeast mitochondrial sets (Schon, 2001; Taylor et al.,
2003b). These showed sensitivities of 42 to 59% depending on
the predictor and the species (data not shown). Another recent
analysis of the yeast experimental mitochondrial proteome set
with MitoProt II showed that only 43% of proteins contain pre-
dicted N-terminal presequences (Sickmann et al., 2003). All of
these values are significantly lower than the previously reported
sensitivities of 80 to 90% for mitochondrial prediction that gen-
erally are attributed to these programs (Emanuelsson et al.,
2000; Hua and Sun, 2001; Bannai et al., 2002).

The use of only well-known mitochondrial proteins in the ini-
tial neural network training of these programs may have con-
tributed to the previously reported high percentages and the in-

Figure 3. Major Functional Distributions of the Arabidopsis Mitochon-
drial Set and of Matching Putative Orthologs from Yeast, Human, and
Rickettsia.

Orthologs were determined through high-stringency sequence homol-
ogy matching using the program INPARANOID (Remm et al., 2001). The
distribution of putative orthologs to the reduced Arabidopsis mitochon-
drial set of 377 proteins is presented for the three major functional
classes of energy (E; white), metabolism (M; light gray), and protein fate
(P; dark gray) and for all other identifications (O; black). The total num-
ber of putative orthologs in each species, in at least one set, and in all
three sets is shown above each bar.
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creases observed when only the major, well-known proteins of
mitochondria were considered in our analysis (Table 4). In the
case of the rule-based MitoProt II, sensitivity was assessed
previously using a set of proteins that also would have been ex-
amined in the initial appraisal of the rules for organellar target-
ing (Claros and Vincens, 1996). That is, the previous values are
based on a certain degree of circular logic and rely on a known
set of largely matrix-targeted mitochondrial proteins with clas-
sic N-terminal presequences that does not truly represent the
breadth of the real mitochondrial proteomes in plants, animals,
or fungi. Our experimental data set includes noncleaved pro-
teins and/or those with internal, C-terminal, or cryptic targeting
signals that have not been incorporated in previous test sets for
sensitivity. Sensitivity, however, also must be balanced by the
size of the total protein set from the genome predicted by a
program to be mitochondrial (Table 4). Based on such compar-
isons, the program TargetP predicts the largest positive set
from the smallest total pool, whereas the program Predotar is
least efficient at predicting a similar number of our experimental
set, but from a larger total pool. The program with the best
combination of sensitivity and total prediction set size for mito-
chondria in Arabidopsis appears to be MitoProt II, whereas the
worst performing program was SubLoc. A new version of Pre-

dotar (version 1.03) recently released on the World Wide Web
(http://genoplante-info.infobiogen.fr/predotar) provides a much
smaller set size in Arabidopsis (1148) but predicts only 121 of
the proteins in our experimental set (sensitivity of 33%).

To further assess prediction program performance, we as-
sessed the overlapping prediction of the Arabidopsis protein
set by the five predictors. In recent studies of mitochondria,
combinations between TargetP, Predotar, and MitoProt II have
been selected empirically as useful sets for fast tracking the
identification of possible mitochondrial functions in plants that
then require experimental investigation (Kruft et al., 2001; Millar
et al., 2001b; Elo et al., 2003; Heazlewood et al., 2003b). Using
relational searches, a comparison of these programs predicting
mitochondrial localization was undertaken (Table 5). The num-
ber of proteins uniquely predicted as mitochondrial by each of
the five programs ranged from 400 to 2000 depending on the
predictor (Table 5, positive column). The program SubLoc
shared the least similarity in its targeting prediction to the other
four programs. SubLoc predicted 1999 proteins, representing

 

�

 

75% of its total prediction set, that are not predicted to be
mitochondrial by any other program. By contrast, the set of mi-
tochondrial targeted proteins predicted by TargetP had the
highest shared predictive set with the other programs, with only

 

Table 3.

 

Minor Functional Group Distributions of the Arabidopsis Mitochondrial Set with Matching Sequence Orthologs from Yeast, Human, 
and 

 

Rickettsia

 

Species
Communication 
and Signaling Transport 

Cell 
Structure 

DNA Synthesis 
and Processing Transcription

RNA 
Binding/Processing

Unknown 
Function

Arabidopsis 17 17 6 8 8 14 69
Yeast orthologs 0 10 1 0 1 2 0
Human orthologs 4 10 2 0 0 0 4

 

Rickettsia

 

 orthologs 1 2 0 2 0 0 2
Any one 4 13 2 2 1 2 5
All three 0 0 0 0 0 0 0

Orthologs were determined through high-stringency sequence homology matching using the program INPARANOID (Remm et al., 2001). The 139 pro-
teins in the stringent mitochondrial set of 377 proteins in the functional classes of communication, transport, cell structure, DNA synthesis and pro-
cessing, transcription, RNA binding/processing, and unknown function are represented along with putative ortholog numbers in different species. The
total number of Arabidopsis proteins in each set with any ortholog is shown (any one) as well as the total number with orthologs in all three other spe-
cies (all three).

 

Table 4.

 

Evaluation of Mitochondrial Prediction in Arabidopsis by Bioinformatic Subcellular Predictors

Program Total Predicted Mitochondrial Set (368) Sensitivity Mitochondrial G/LC Set (143) Sensitivity

Predotar 4514 169 46% 95 66%
TargetP 2955 145 39% 88 62%
MitoProt II 3794 173 47% 97 68%
SubLoc 3554 135 37% 70 49%
iPSORT 4492 174 47% 94 66%

Performance comparison of the five subcellular predictors with the Arabidopsis experimentally derived mitochondrial set. Two mitochondrial sets
were used in the analysis: a set of the 368 nucleus-encoded mitochondrial proteins after the removal of paralogs and potential nonmitochondrial con-
taminants (see supplemental data online), and a subset of 143 nucleus-encoded mitochondrial proteins from the set of 368 that were identified in both
LC-MS/MS and gel experiments. Sensitivity is the percentage of this set predicted by each program. This analysis excluded the nine mitochondria-
encoded proteins identified in our analysis.
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424 proteins (14% of the total TargetP set) predicted by this
program alone. To find consensus, an analysis was undertaken
of the proteins uniquely predicted not to be localized to the mi-
tochondria by a given program while the other four programs
predicted a mitochondrial localization (Table 5, negative col-
umn). Only SubLoc displayed a significant lack of accord in its
prediction pool, with 638 proteins uniquely predicted not to be
mitochondrial, whereas the other four programs were in agree-
ment.

When the overlap of prediction between any two programs
was assessed, it could be as little as 20% (TargetP/SubLoc)
and averaged only 

 

�

 

45% (Tables 5 and 6). Overlap of more
than two program prediction sets caused further reductions, to
yield sets containing only 1 to 4% of the Arabidopsis protein
set. The exclusive overlapping sets of predicted proteins are
shown graphically in Figure 4A as a four-way Venn diagram
highlighting the large sets of unique predictions by each pro-
gram and the proportion of each exclusive intersect between
prediction programs (the program SubLoc was excluded from
this analysis because of its poor performance; see above). This
Venn diagram analysis allowed us to determine that 8820 pro-
teins, representing 32% of the total predicted protein set from
Arabidopsis, are predicted to contain a mitochondrial localiza-
tion signal recognized by at least one of the four better predic-
tion programs. A mitochondrial proteome of this size is incon-
sistent with estimates of 5 to 10% of nucleus-encoded protein
sets (typically 500 to 2000 proteins) proposed in other eukary-
otes and would not be given credence by researchers. On the
other hand, all four predictors agree on 848 members of this
protein set (Figure 4A). This analysis shows that assigning
probable mitochondrial localization based on only one or two
prediction programs is unlikely to be accurate, because the
choice of program can greatly influence the pool of proteins se-
lected. The accuracy of prediction is likely to be highest in the
set common to all of the prediction programs.

We also used relational searches to compare directly the
overlapping mitochondrial prediction sets from bioinformatic
tools with our reduced experimental data set of 368 nucleus-
encoded proteins in an attempt to determine the most accurate

overlapping combination of predictor programs for mitochon-
dria. We found that although the total set predicted decreased
when multiple predictors were used together (Figure 4A), the
value of this was offset substantially by degradations in sensi-
tivity (Figure 4B). Consequently, the use of multiple relational
predictions generates an enriched mitochondrial pool but also
excludes many genuine mitochondrial proteins that we ob-
served in the experimental set. Thus, if the sequence of an un-
known protein is predicted to be mitochondrial by a number of
different programs, the probability that it is mitochondrial in-
creases; however, the lack of prediction by any or by only some
programs by no means precludes a mitochondrial destination.

 

DISCUSSION

 

We present a large-scale proteomic and bioinformatic analysis
of the Arabidopsis mitochondrial proteome. This data set al-
lows us to consider some very fundamental biological issues
pertaining to mitochondria in plants that have a significant im-
pact on how these organelles are viewed and how future re-
search on them can be facilitated. First, it suggests a novel se-
lection of genes that regulate and coordinate mitochondrial
biogenesis and function in plants. Second, the unique features
of plant mitochondria that set them apart from their counter-
parts in other organisms can be revealed systematically. Third,

 

Table 5.

 

Prediction of Mitochondrial Localization in Arabidopsis

Program Total Percentage Positive Negative

Predotar 4514 16.5 1371 61
TargetP 2955 10.8 424 63
MitoProt II 3794 13.9 942 65
SubLoc 3554 13.0 1999 638
iPSORT 4492 16.5 1266 58

An analysis of mitochondrial localization was undertaken using the en-
tire Arabidopsis protein set consisting of 27,288 nucleus-encoded pro-
teins with five subcellular prediction programs. Total indicates the total
number of proteins each predictor assigns as localized to the mitochon-
dria and its relative percentage of the total proteome. Positive pre-
diction numbers indicate the number of proteins predicted as mito-
chondrial only by this program compared with the others. Negative
prediction numbers indicate the number of proteins predicted as mito-
chondrial by all other programs but not this program.

 

Table 6.

 

Relational Combinations of the Five Prediction Programs 
Indicating the Number and Proteomic Percentage of Shared Proteins 
That They Predict To Be Localized to the Mitochondria

Program Combinations Total Percentage

MitoProt II/iPSORT 1872 6.9
Predotar/MitoProt II 1820 6.7
Predotar/iPSORT 1974 7.2
Predotar/TargetP 1738 6.4
TargetP/iPSORT 1806 6.6
TargetP/MitoProt II 1442 5.3
MitoProt II/SubLoc 802 2.9
SubLoc/iPSORT 800 2.9
Predotar/SubLoc 842 3.1
TargetP/SubLoc 583 2.1
Predotar/MitoProt II/iPSORT 1194 4.4
TargetP/Predotar/iPSORT 1205 4.4
Predotar/MitoProt II/TargetP 1092 4.0
MitoProt II/TargetP/iPSORT 1074 3.9
Predotar/MitoProt II/SubLoc 404 1.5
iPSORT/MitoProt II/SubLoc 421 1.5
iPSORT/Predotar/SubLoc 404 1.5
TargetP/MitoProt II/SubLoc 349 1.3
Predotar/TargetP/SubLoc 386 1.4
iPSORT/TargetP/SubLoc 384 1.4
Predotar/MitoProt II/TargetP/iPSORT 848 3.1
iPSORT/SubLoc/TargetP/Predotar 275 1.0
Predotar/MitoProt II/TargetP/SubLoc 268 1.0
TargetP/MitoProt II/SubLoc/iPSORT 271 1.0
Predotar/MitoProt II/SubLoc/iPSORT 273 1.0
Predotar/MitoProt II/TargetP/iPSORT/SubLoc 210 0.8
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the veracity of bioinformatic targeting predictors can be as-
sessed directly, allowing decisions to be made about whether it
is necessary to more extensively assess subcellular proteomes
experimentally in plants or whether targeting prediction from
protein sequences is sufficient.

 

Identifying Key Mitochondrial Targets for 
Genetic Manipulation

 

Reverse genetics approaches are likely to be very powerful
tools in the study of mitochondrial function in plants. Impor-
tantly, these approaches require gene-specific identification of
candidates for genetic manipulation. Subcellular proteomics
provides a valuable means of providing this gene-specific infor-
mation, cutting through the complexity of gene families and su-
pergene families to direct the strategies for genetic manipula-
tion. Subcellular proteomics does this by providing a protein
snapshot of where and often in what abundance specific pro-
teins accumulate in different cellular compartments. Initial at-
tempts to experimentally derive the genes that defined plant
mitochondrial proteomes in plants using gel-based techniques
resulted in the identification of only 

 

�

 

100 to 150 proteins from
several different species (Kruft et al., 2001; Millar et al., 2001b;
Bardel et al., 2002; Werhahn and Braun, 2002; Heazlewood et
al., 2003b). The well-known relatively abundant enzymes of mi-
tochondrial metabolism predominated in these analyses, and
few truly new insights into mitochondrial function were ob-
tained. The LC-MS/MS analysis presented here provides the
next level of proteome resolution. It looks below the metabolic
enzymes to reveal transcriptional regulators, protein complex
assembly factors, low-abundance carriers, minor-flux biosyn-
thetic pathways, and potential signaling components. These
components often are present in gene families of significant
size in plants; thus, the detection of specific gene family mem-
bers provides a very significant advance and direct targets for
genetic manipulation, functional verification, and mutant phe-
notype assessment. For example, the 10 protein kinases identi-
fied here are members of complex multigene families that con-
tain 243 members (Table 2) and do not contain recognizable
targeting presequences. Proteomics was the only reasonable
means to readily identify this mitochondrial protein kinase com-
plement.

 

Origins, Divergence, and Specialization of the 
Mitochondrial Proteome

 

It has been suggested that a large proportion of mitochondrial
proteins evolved from prokaryotic lineages (50 to 60%), with
the remaining proteins constituting a eukaryotic subset (20 to
30%) and a speculative species-specific subset (20%) (Karlberg
et al., 2000; Marcotte et al., 2000). These studies were undertaken
using similarity-based techniques, and as a result, the overlap
between these groups is likely to be somewhat less distinct in a
strictly evolutionary sense (Gray et al., 2001). Nonetheless, a
similarity approach provides a valuable framework for consid-
ering how the proteomes of mitochondria and related microbes
differ and thus provides a glimpse into the history of the devel-
opment of subcellular proteomes. We used an approach that
specifically seeks to identify orthologs in other species (Remm
et al., 2001). A comparison of the Arabidopsis mitochondrial
protein set with the human and yeast mitochondrial protein
sets and the proteome of 

 

Rickettsia

 

, the nearest living relative
of the mitochondrial progenitor, indicated that they share a
substantial set of putative orthologs in other species (Figure 3).

Figure 4. Evaluation of Mitochondrial Prediction in Arabidopsis by In-
tersections between Targeting Prediction Programs.

(A) Venn diagram illustrating the overlap of mitochondrial prediction of
the Arabidopsis nucleus-encoded proteome comprising 27,288 proteins
(TIGR ATH1 release 3.0 including supplementary data). The subcellular
prediction programs MitoProt II, iPSORT, Predotar, and TargetP were
chosen for whole-proteome analysis because they all displayed similar
sensitivities with regard to mitochondrial localization (Table 2). The num-
ber of mitochondria-targeted proteins predicted by all four programs is
underlined (white central section); the six other white areas indicate
two-way predictive relationships between the programs. The inner black
regions indicate three-way predictions, and the outer black areas indi-
cate the number of novel proteins predicted by each program. Numbers
in parentheses represent the total number of mitochondrial proteins
predicted by each program. The number outside the Venn diagram
(18,468) represents the null set.
(B) Relational interaction between averaged sensitivities using multiple
predictors with the experimentally derived nonredundant set of 368 nu-
cleus-encoded proteins from Arabidopsis. The use of multiple predic-
tions in the assessment of mitochondrial localization results in a sub-
stantial reduction in sensitivity. Standard deviations are presented as
error bars: one predictor, n � 4; two predictors, n � 6; three predictors,
n � 4; four predictors, n � 1.
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Fifty percent of the Arabidopsis mitochondrial protein set can
be linked through putative orthology to sequences in other mi-
tochondria or free-living mitochondria-like organisms. This is a
stringent set of identifications that excludes a significant num-
ber of proteins predicted to have similar functions on the basis
of simple sequence similarity comparisons, especially those
based on the presence of sequence-derived functional motifs
between different species.

Within these putative orthology sets, the major metabolic
groups of energy, metabolism, and protein fate predominate
(Figure 3). The group shared between eukaryotic mitochondrial
and Rickettsia protein sets displays this bias even more promi-
nently (Figure 3). Thus, the central bioenergetic and metabolic
function of mitochondria appears to be evolutionarily more
highly conserved, although genes that encode proteins in-
volved in other functions may have diverged more widely in se-
quence and/or may have been more readily exchanged with
proteins encoded in host (nucleus) and coendosymbiont ge-
nomes. This divergent set with low orthology rates was very
clear in the analysis of mitochondrial–cellular interaction pro-
teins (signaling, transport, and structure) and proteins of infor-
mation-transfer processes (DNA synthesis and processing,
transcription, and RNA binding/processing). Thus, although the
central functions of mitochondria are conserved, the regulation
of the mitochondrial genome, cellular signaling, and transport
between the mitochondrion and the cell have diverged. Conse-
quently, plant mitochondria appear to be integrated in the func-
tion of the whole cell in a way that uses some proteins in com-
mon with mitochondria from other organisms but that also has
involved recruiting novel proteins to play roles in mitochondria
that are unique to plants.

The 20% of the yeast mitochondrial proteome that is thought
to be unique to this species (Marcotte et al., 2000) is similar to
the proportion of proteins of unknown function in the Arabidop-
sis and human mitochondrial sets. There is little putative orthol-
ogy overlap between these sets of proteins with unknown func-
tion (Table 3), and it is possible that they reflect mitochondrial
functions that are unique to each of the three species. The like-
lihood of large species-specific protein sets also was high-
lighted in the recent comparative genomic analysis of mito-
chondrial proteomes by Richly et al. (2003). In our view, functional
investigation of this unknown-function set and the set of puta-
tive-function proteins that lack putative orthologs outside of
plants will provide the key to enhancing our understanding of
mitochondria from a uniquely plant perspective.

The Veracity of Prediction Programs for Mitochondrial 
Protein Localization

Computer-based prediction programs are used widely to pre-
dict a protein’s function and/or location within the cell. In con-
junction with the experimental and orthology-based methods
discussed above, we have attempted to profile a theoretical
plant mitochondrial proteome using the publicly available cell
localization prediction programs TargetP, Predotar, MitoProt II,
SubLoc, and iPSORT. The finding that approximately one-third
of the entire Arabidopsis protein set is predicted to be localized
to the mitochondria by any one predictor came as a surprise

and suggests that these programs predict mitochondrial target-
ing rather loosely. The well-established programs TargetP, Pre-
dotar, and MitoProt II displayed �60% overlap with each other
and with the more recently developed program iPSORT. By
contrast, SubLoc predicted subsets that share only �40%
identity with the other programs. Overall, these predictors iden-
tified �40 to 70% of the experimental mitochondrial proteome
(Table 4). In our view, researchers should be cautious in the in-
ferences drawn and the credibility given to prediction sets de-
rived from these programs. The development of new or im-
proved predictors seems necessary, and large experimental
sets like the one presented here will form a valuable basis for
training and assessing neural networks. An attractive alterna-
tive, at least for model plants, will be an alliance of large-scale
fluorescence tagging, epitope tagging, and ever more subfrac-
tionation of subcellular proteomics to provide experimental evi-
dence on a genome-wide scale, providing more clear-cut infor-
mation for researchers.

Integration of Proteomic Data with Genomic Resources 
in Arabidopsis

With the increased use of proteomics and the enormous
amounts of data being produced through genomic and mi-
croarray experiments, there is an urgent need for the develop-
ment of new methods for the analysis and dissemination of
these data in a genomic context. There currently exist several
Arabidopsis genomics-based databases that are concerned
with primary sequence annotation, namely TIGR, MIPS, and
The Arabidopsis Information Resource (TAIR). Recently, TAIR
has begun to develop queries that allow for the interrogation of
the TIGR Arabidopsis database for a variety of basic protein at-
tributes. The incorporation of biochemical pathways (AraCyc),
protein motifs, and gene ontologies in the current Arabidopsis
annotation release has expanded the use of TAIR for interactive
protein queries. Nonetheless, one of the underlying problems
that emerge when any of these databases is interrogated is the
confusion caused by the growing families of proteins without
evidence of protein functionality and without the context of cel-
lular compartmentalization. Experimental proteomics has been
severely limited to date by how data have been archived, anno-
tated, manipulated, and presented. Currently, most data are
available as text lists of identified proteins, and at best these
lists are linked to “two-dimensional gel reference maps.” At-
tempts are under way by the wider proteomic community to
address some of these issues (Taylor et al., 2003a), although
these ideas are likely to take some time to be adopted on a
large scale and across many organisms. We have developed a
relational database for the analysis and presentation of experi-
mental proteomic data alongside genomic data and bioinfor-
matic predictions. The inclusion of the entire Arabidopsis pre-
dicted proteome in our database also enables this resource, or
clones of it, to be expanded further to cover global Arabidopsis
proteomics and/or other subcellular proteomes. We also incor-
porated the published data on chloroplast and peroxisomal
proteomes (Fukao et al., 2002; Peltier et al., 2002; Schubert et
al., 2002; Ferro et al., 2003; Froehlich et al., 2003) for additional
relational searching.
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Future Proteomic, Transcriptomic, and Genomic Profiling 
of Plant Mitochondria

Finally, it should be noted that the plant mitochondrial pro-
teome is not a static entity. The overall proteome is a dynamic
set of proteins that change over time between different cells
and tissues. Nonetheless, it is possible to identity a set of pro-
teins that is found in the mitochondria at a given time in a par-
ticular tissue. The Arabidopsis mitochondrial proteome subset
described in this study is derived from cultured cells, but it is
likely to contain a substantial number of the proteins that even-
tually will be found to constitute the entire Arabidopsis mito-
chondrial proteome. This set contains proteins identified from a
multitude of other studies to be associated definitively with the
mitochondria but also contains many previously unidentified
proteins of unknown function, including an array of important
low-abundance signaling and regulatory components. The mi-
tochondrial proteome set will be expanded online as additional
experimental evidence is gathered and collated. Microarray
data generated under various conditions that influence mito-
chondrial function will be incorporated into this database in the
future to allow dynamic searching and clustering of the mito-
chondrial proteome with changes in transcript abundance. This
will allow the definition of common patterns of expression and
thus putative regulators of mitochondrial biogenesis, stress re-
sponse, and other aspects of nuclear–mitochondrial interac-
tion. We invite the plant research community to use and en-
hance this database as a shared resource to take the field in
new directions.

METHODS

Cell Culture Growth, Mitochondrial Isolation, and 
Purity Assessment

An Arabidopsis thaliana (Landsberg erecta) cell culture was maintained
in Murashige and Skoog (1962) basal medium supplemented with 3%
(w/v) sucrose, 0.5 mg/L naphthaleneacetic acid, and 0.05 mg/L kinetin.
Cultures were incubated in the dark at 22
C in an orbital shaker at 150
rpm. At 6 to 7 days, each flask (120 mL of cell culture) containing 8 to 10 g
(fresh weight) of cells was approximately in the middle of the log-phase
growth. A total of 1.0 to 1.2 L of 7-day-old dark-grown cell suspension
cultures was filtered through gauze to remove medium, and the cells
were dispersed in 200 mL of grinding medium (0.45 M mannitol, 50 mM
sodium pyrophosphate, 0.5% [w/v] BSA, 0.5% [w/v] polyvinylpyrroli-
done 40, 2 mM EGTA, and 20 mM Cys, pH 8.0). The cells were disrupted
in a Waring blender by three successive 15-s bursts. Cell homogenates
were filtered through cheesecloth, and mitochondria were purified by
differential centrifugation on two Percoll gradients according to Millar et
al. (2001a). Purified mitochondrial aliquots (500 �g) were stored at
�80
C. Marker enzyme analysis for cytochrome c oxidase, alkaline py-
rophosphatase, catalase, and alcohol dehydrogenase was conducted
according to Millar et al. (2001a).

Based on the specific activities of marker enzymes in the mitochon-
dria-containing fractions throughout the purification process, we con-
cluded that plastidic contamination was decreased by 40-fold and per-
oxisomal contamination by 110-fold during the purification. Thus, even if
the protein content of the crude pellet fraction was mainly one or the
other of these two contaminating organelles (i.e., 90% plastid or peroxi-
somes), they could only present a maximum of 2.5% (90%/40-fold) and

1% (90%/110-fold) protein mass contamination, respectively, in our pu-
rified mitochondria. We also calculated an approximate protein mass ra-
tio of the three organelles in the crude organelle pellet to further refine
the level of contamination by peroxisomes and plastids. We did this us-
ing the protein amount found in the crude organelle pellet (�20 mg per
preparation), 70% recovery rates, and the protein amount in the purified
mitochondrial fractions (�4 mg per preparation) and peroxisome frac-
tions (�1.5 mg per preparation). This suggests that 28% of the crude
pellet protein is mitochondrial and �11% is peroxisomal. We also calcu-
lated the amount of mitochondrial protein in the crude organelle pellet
using cytochrome c oxidase–specific activities in the crude organelle
pellet and the purified mitochondrial samples; this suggests �40% mito-
chondrial protein in the crude pellet. On average, these two methods
give protein mass ratios of 60% plastidic, 30% mitochondrial, and 10%
peroxisomal protein in the crude organelle pellet. Thus, the likely con-
tamination on a protein basis in our purified mitochondrial samples is
�1.5% plastidic in origin (60%/40-fold, with alkaline pyrophosphatase
as a marker) and less than �0.2% peroxisomal in origin (10%/110-fold,
with catalase as a marker). There was no detectible cytosolic contamina-
tion (alcohol dehydrogenase as a marker) (Millar et al., 2001b).

Sample Preparation and Mass Spectrometry

For liquid chromatography–tandem mass spectrometry (LC-MS/MS),
mitochondrial samples of �500 �g were acetone precipitated at �20
C
overnight. The resulting precipitated protein pellet was resuspended in
100 mM Tris-HCl, pH 8.5. The protein lysate was digested overnight at
37
C with trypsin 1:10 (w/w), and insoluble material was removed by
centrifugation. Samples of 15 to 20 �g of digested protein were analyzed
on a QStar Pulsar MS/MS system (Applied Biosystems, Foster City, CA)
using an in-line Agilent 1100 capillary LC system incorporating a 0.3 �
150 mm Zorbax C18 reverse-phase column (Agilent, Palo Alto, CA) for
peptide separations. Peptides were analyzed by MS over a 10-h elution
period with increasing acetonitrile concentrations from 2 to 80% (v/v) in
water and 0.1% (v/v) formic acid at 4 �L/min. Ions were selected auto-
matically for the N2 collision cell using the Analyst QS software package
(Applied Biosystems). Ions were selected for collision-induced distortion
(CID) from an initial time-of-flight scan (1 s) if they occurred between 400
and 1500 atomic mass units (mass-to-charge ratio), had a charge series
of MH2�, MH3�, or MH4�, and had an ion count �10 cps. CID spectra
were accumulated for 5 s. The resulting MS/MS-derived spectra were
analyzed against an in-house database comprising The Institute for Ge-
nomic Research (TIGR) and National Center for Biotechnology Informa-
tion (NCBI) Arabidopsis proteins sets compiled with one allowable tryp-
tic missed cleavage. Searches were conducted at error tolerances of
�0.15 for MS and �0.05 for MS/MS, and only the top CID match for
each spectrum was accepted.

The Pro ID matching procedure initially uses the calculated parent
mass of an ion to screen the database for theoretical peptides that fall
within the MS error tolerance range. A peak list composed of 20 of the
most intense masses from each half of the experimentally derived CID is
used to match theoretical y and b series from the candidate peptides at
the specified MS/MS mass tolerance and scored. The same procedure
also is undertaken for a complementary list derived from the experimen-
tal masses and the calculated parent mass. The resulting score for each
CID is a combination of the number of y and b ions matched and the sta-
tistical distance this match is from a random match. The final confidence
score is applied to the matched protein and is represented as a percent-
age value. Using this procedure, five independent mitochondrial isola-
tions were digested and analyzed by LC-MS/MS. Proteins qualified for
inclusion in the experimental set if the protein matched with a Pro ID
confidence score of 98% or greater and if the protein was identified in
two or more experiments. Blue-native PAGE analysis was performed ac-
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cording to published methods (Jansch et al., 1996). Protein spots from
blue-native PAGE gels were excised and prepared for analysis by MS
according to Sweetlove et al. (2002). The MS/MS collision data derived
from samples were analyzed with the Pro ID MS/MS analysis component
of Analyst QS as described above. Where resulting matches were
�98%, manual interpretations of the spectra were undertaken to con-
firm the protein match. These new gel matches are incorporated in the
supplemental data online along with published identifications from gel-
based experiments.

Database Implementation and Data Structure

The Arabidopsis Mitochondrial Protein DataBase (AMPDB) was con-
structed using the MySQL database server (version 3.23; http://
www.mysql.com/) and interfaces through custom-built World Wide Web
pages using Hypertext Preprocessor forms version 4 (http://www.php.net/).
The nonredundant nuclear protein data set used to populate the data-
base was obtained from TIGR (http://www.tigr.org/) as the file ATH1.pep,
release 3 (including supplementary data), comprising 27,288 nonredun-
dant proteins. Arabidopsis mitochondrial (117) and chloroplast (87) open
reading frame sets were obtained from NCBI (http://www.ncbi.nlm.
nih.gov/). The AMPDB contains a total of 27,492 proteins. Primary at-
tributes for proteins were produced using in-house scripts calculating
molecular weight, grand average of hydropathicity (Kyte and Doolittle,
1982), and isoelectric point (Bjellqvist et al., 1993, 1994). Estimations of
EST numbers for each chromosomal locus were obtained from The Ara-
bidopsis Information Resource (TAIR; February 2003). Functional as-
signments were made using annotations associated with each protein
entry and through homology-based comparisons with the SWISS-PROT
protein database using Basic Local Alignment Search Tool (BLAST;
Altschul et al., 1990).

Predictions of subcellular localization were undertaken using TargetP
version 1.01 (Emanuelsson et al., 2000) with “no cut-off” set and the
“Plant” option selected, Predotar version 0.5 (http://www.inra.fr/
predotar/), MitoProt II version 1.0a4 (Claros and Vincens, 1996) with a
discriminant function for mitochondrial proteins cutoff between 0.7 and
1.0, iPSORT (Bannai et al., 2002) with the “Plant Protein” option se-
lected, and SubLoc (Hua and Sun, 2001) with “eukaryotic” selected. Tar-
geting predictions were performed on the TIGR set described above. Ar-
abidopsis mitochondrial sequence putative orthologs to yeast, human,
and Rickettsia prowazekii proteins were determined using the program
INPARANOID for two-way best pair-wise matches (Remm et al., 2001).
The yeast mitochondrial protein set was obtained from Schon (2001) and
comprises 552 proteins, the human mitochondrial protein set (615 pro-
teins) was obtained as supplementary material from work described by
Taylor et al. (2003b), and the R. prowazekii Madrid E protein set compris-
ing 834 entries was downloaded from the Comprehensive Microbial Re-
source at TIGR. This database will be made publicly available at http://
www.mitoz.bcs.uwa.edu.au.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact A. Harvey Millar, hmillar@cyllene.uwa.edu.au.
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