
MitoP2: the mitochondrial proteome database—now
including mouse data
H. Prokisch1,2,*, C. Andreoli1, U. Ahting1, K. Heiss1, A. Ruepp3,

C. Scharfe4 and T. Meitinger1,2

5
1Institute of Human Genetics, Technical University of Munich, Munich, Germany, 2Institute of Human Genetics and,
3Institute for Bioinformatics, GSF National Research Center for Environment and Health, Neuherberg, Germany and
4Department of Biochemistry and Stanford Genome Technology Center, 855 California Avenue, Palo Alto,
CA 94304, USA

Received September 15, 2005; Revised and Accepted October 18, 2005

10

ABSTRACT

The MitoP2 database (http://www.mitop.de) inte-
grates information on mitochondrial proteins, their
molecular functions and associated diseases. The
central database features are manually annotated

15 reference proteins localized or functionally associ-
ated with mitochondria supplied for yeast, human
and mouse. MitoP2 enables (i) the identification of
putative orthologous proteins between these species
to studyevolutionarily conserved functions andpath-

20 ways; (ii) the integration of data from systematic
genome-wide studies such as proteomics and dele-
tion phenotype screening; (iii) the prediction of novel
mitochondrial proteins using data integration and the
assignment of evidence scores; and (iv) systematic

25 searches that aim to find the genes that underlie com-
mon and rare mitochondrial diseases. The data and
analysis files are referenced to data sources in
PubMed andother online databases and can be easily
downloaded. MitoP2 users can explore the relation-

30 ship between mitochondrial dysfunctions and dis-
ease and utilize this information to conduct
systems biology approaches on mitochondria.

INTRODUCTION

The application of genomics to biology and medicine requires
35 an understanding how specific gene variants contribute to
phenotypes, in combination with a comprehensive knowledge
of the ‘parts list’ of a cellular system and how these compo-
nents are assembled into functional units (1). Mitochondria are
ubiquitous and defined substructures of nucleated cells and

40 lend themselves to systems biology approaches. However,
in generic databases the annotation of mitochondrial proteins

is often incomplete and does not always distinguish between
proteins which have a confirmed mitochondrial subcellular
localization and those which are only candidates according

45to preliminary experimental results or in silico predictions.
For the human species, about half of the estimated 1500 pro-
teins localized or functionally associated with mitochondria
are known (2). Since the mitochondrial organelle is an evo-
lutionarily conserved entity, systematic studies in model

50organisms are powerful to identify mitochondrial proteins
in other organisms (3).

The MitoP2 database was created to consolidate and struc-
ture public information on mitochondrial proteins, their func-
tions and associated human diseases (4,5). MitoP2 provides

55a wide variety of search functions to explore and download
information and to access references in PubMed and other
public databases. We have further expanded the manually
annotated reference sets of mitochondrial proteins in yeast
(522 proteins) and human (624 proteins), and have now

60added the section MitoP2-Mouse (615 proteins). For these
three species, we integrated data from genome-wide
approaches applied to the study of mitochondria, and assigned
an evidence score of a candidate protein being mitochondrial
(3). With the help of MitoP2, proteins involved in mitochon-

65drial biogenesis and function have been identified and char-
acterized (6,7). In addition, MitoP2 has enabled the
identification of disease genes using positional candidate
approaches (8–10).

MitoP2-YEAST

70A wealth of information has been collected over the past
several years from single gene and genome-wide studies of
Saccharomyces cerevisiae (11). The list of yeast ORFs and
protein annotations in MitoP2-Yeast are based on information
in the Saccharomyces Genome Database (SGD; http://www.

75yeastgenome.org) (12). This MitoP2-Yeast update now
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provides annotated information for 522 mitochondrial refer-
ence proteins, which are based on experimental validation of
each of these proteins. Recently, systematic cellular sublocal-
ization studies estimated a total of 800 mitochondrial proteins

5presenting �12% of the currently known yeast genes (13,14).
Therefore, �250–300 mitochondrial proteins are still missing.
In order to identify these missing genes, we have validated and
integrated genome-wide approaches applied to the study of
mitochondria (3). MitoP2-Yeast datasets in Table 1 show 20

10systematic approaches used for this purpose: phenotypes of
single gene deletion mutant phenotypes (15,16); systematic
subcellular localization studies (13,14); transcriptome datasets
of differentially expressed genes including fermentable and
non-fermentable growth conditions, the response to diauxic

15shift, and Hap4 transcription factor screening (3,17,18); pro-
teome analyses of purified mitochondrial organelles (3,19,20);
protein abundance measurements (21); and data from protein–
protein interaction studies that include interactions to mito-
chondrial proteins (22). In addition to experimental datasets,

20mitochondrial proteins can be predicted in silico based on the
presence of mitochondrial targeting sequences (23–26), and by
sequence similarity to a known mitochondrial protein from
other species (defined as bidirectional best BLAST hit or
best BLAST hit with a score <1 · 10�10) (27). Data from

25each of these systematic studies can be searched and down-
loaded.

Using the MitoP2-Yeast reference proteins, it is possible to
analyze the specificity and sensitivity of the data from
genome-wide studies (Figure 1). Specificity is defined as

30the proportion of proteins of a dataset which are part of the
reference set, while sensitivity is the proportion of reference
set proteins which is covered by the dataset. In order to identify
putative mitochondrial proteins, we calculated a MitoP2 score
for each protein, reflecting the specificity of combined

35approaches which identified the particular protein (3). To
further improve these predictions, we used a new approach
utilizing a support vector machine (SVM, http://svmlight.
joachims.org). The SVMs are learning machines based on
statistical learning theory used for solving classification

40tasks. We trained the SVM using the MitoP2-Yeast reference
set (522 proteins) and a set of 519 proteins with a known
localization to other cellular compartments collected from
SGD (http://www.yeastgenome.org/). For each of the 1041
proteins, we defined a 20-dimensional vector using the data-

45sets of 20 systematic studies (see Table 1). This resulted in a

Table 1. Comparison of specificity and sensitivity for various approaches

integrated in MitoP2 in determining the mitochondrial localization of

proteins

Source Total
proteins

Specificity
(%)

Sensitivity
(%)

(A) MitoP2-Yeast datasets
In silico predictions

MitoProt II score > 0.8 (23)
a

790 35 83
MITOPRED score > 80 (24)a,b 1045 34 68
PSORT II (25)a 981 27 51
Predotar (26)a 832 36 58
Bayesian prediction (37)a 500 42 40

Growth phenotype
Deletion phenotype (15)a 381 50 37
Deletion phenotype (16)a 466 51 45

Mitochondrial-associated mRNA
Mitopolysomes (38)a 303 23 13

Sublocalization of tagged proteins
Ysubloc_01 (14)a 364 64 45
Ysubloc_02 (13)a,b 527 68 69

Protein–protein interaction
High confidence interactions (22)a 188 62 22
Low confidence interactions (22)a 761 26 38

Proteomics of mitochondria
Yprot_01 (19)a,b 177 79 27
Yprot_02 (3)a,b 546 50 52
Yprot_03 (20)a 749 51 73
Yprot_04 (39)a 252 61 29

Mitochondrial expression profiles
Ytranscr_01 (3)a 1357 31 83
Ytranscr_02 (17)a 416 19 15
Ytranscr_03 (18)a,b 514 43 43

Potential orthologs/homologs
Human mitochondrial orthologa,c 565 60 65
Mouse mitochondrial orthologc 425 68 55
Neurospora crassa mitochondrial
orthologc

337 84 55

MitoP2 calculations
SVM score > 1 535 78 80
SVM score > 2 386 89 66

(B) MitoP2-Mouse datasets
In silico predictions

MITOPRED score > 80 (24) 2455 17 67
PSORT II (25) 4321 7 53

Proteomics of mitochondria
Mprot_01 (33)b 132 77 17
Mprot_02 (34)b 359 72 42

Mitochondrial expression profile
Mtranscr_01 (34)b 480 36 28

Sublocalization of tagged proteins
MSubloc_01 (35)b 59 25 2

Potential orthologs/homologs
Saccharomyces cerevisiae
mitochondrial orthologc

1561 16 41

N.crassa mitochondrial orthologc 1030 26 43
Rickettsiae prowazeckii orthologc 991 18 28
Human orthologc 431 64 44
Human homolog with
MitoP2 score > 70

421 71 48

MitoP2 calculation
MitoP2 score > 70 996 47 76

(C) MitoP2-Human datasets
In silico predictions

MitoProt II score > 0.8 (23) 2559 12 43
MITOPRED score > 80 (24) 2892 15 61
PSORT II (25) 6125 5 45
Predotar (26) 2139 14 44

Proteomics of mitochondria
Hprot_01 (32)b 736 37 38
Mprot_01 (33)b 156 83 10
Mprot_02 (34)b 478 60 31

Table 1. Continued

Source Total
proteins

Specificity
(%)

Sensitivity
(%)

Sublocalization of tagged proteins
MSubloc_01 (35)b 62 26 80

Potential orthologs/homologs
S.cerevisiae mitochondrial orthologc 854 40 47
N.crassa mitochondrial orthologc 523 48 35
R.prowazeckii orthologc 1426 14 30

MitoP2 calculation
MitoP2 score > 70 1002 52 73

aDatasets used for SVM training.
bRecently integrated datasets.
cDefined as bidirectional best BLAST hit or best BLAST hit <1 · 10�10.
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20-dimensional input matrix, which was used to train the SVM
(see also Supplementary Figure S1). After training, the SVM
predicts mitochondrial proteins with a specificity of 78% and a
sensitivity of 80% (SVM score >1). This analysis shows that a

5 combination of datasets from genome-wide studies signifi-
cantly increases the power of predicting mitochondrial pro-
teins beyond the level achieved by any single study (Figure 1).

MitoP2-HUMAN AND MitoP2-MOUSE

We manually annotated mitochondrial reference proteins for
10 human (624) and mouse (615) that now cover about half of
the estimated mitochondrial proteins in these two species.
These reference proteins present a subset of all the protein
entries in the database: MitoP2-Human contains 36 504 pro-
teins and MitoP2-Mouse contains 32 422 proteins. These data-

15 sets have been downloaded from the Swiss-Prot database

(http://www.expasy.org/sprot/) (28). To identify putative
orthologue proteins between human and mouse we calculated
a bidirectional best BLAST hit or a best BLAST hit with score
<1 · 10�10 between the two datasets. For each MitoP2 pro-

20tein, we extracted descriptions, chromosomal positions, sub-
cellular localization and literature references from Swiss-Prot.
In addition, functional annotations such as biological pro-
cesses and functional categories were extracted from the Gene
Ontology database (GO; http://www.geneontology.org/).

25For MitoP2-Mouse, we annotated functional descriptions
according to the MIPS functional catalogue (29), and provided
access to DNA and protein sequence information. Each
of these protein annotations is accompanied by its PubMed
reference link. Phenotypic information on available mouse

30models are provided by the Mouse Genome Informatics data-
base (MGI; http://www.informatics.jax.org/) (30). To date,
more than 50 mouse models carrying mutations or
deletions of mitochondrial genes have been investigated.

Figure 1. Systematic approaches to identify mitochondrial proteins. The yeast datasets were benchmarked against the mitochondrial reference set. Each point
represents a dataset whose position is determined by benchmarking against the 522 reference proteins from MitoP2-Yeast. The different groups of approaches are
highlighted using distinct colours: the bioinformatics datasets (purple) are PSORT (25),MitoProt>90 (23), Bayesian prediction (37), Predotar (26) and yeast proteins
with human mitochondrial orthologs (MitoP2 database); the experimental datasets (blue) are as follows: hap4 expression (18), respiration induced expression (3),
mitochondria localized ribosomes (38), deletion phenotype screen (16), tag localization (14), GFP localization (13), pet phenotypes (15), four mass spectrometry
proteome studies (3,19,20,39) and high and medium confidence protein–protein interactions (PPI) (22) defined by interactions with known mitochondrial proteins
(MitoP2 database). The predictive score for a mitochondrial protein (MitoP2 score; green) was based on the combination of the systematic datasets, calculated for
different thresholds. The predictions using the SVM algorithm are shown in red for different thresholds.
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For researchers interested in studying these models, MitoP2
provides links to the International Gene Trap Consortium
(IGTC; http://www.genetrap.org/) to access the related
mouse cell lines.

5 MitoP2-Mouse and MitoP2-Human provide similar search
options that allow single or combined searches for individual
database components (Figure 2). Database searches and down-
loads can be performed using keywords, genes names and
the selection of datasets from systematic studies. For MitoP2-

10 Human, two proteome studies on mitochondrial organelles
purified from heart tissue are available, which have been
integrated under the ’proteome’ category (31,32). For
Mitop2-Mouse, we integrated the datasets from three high-
throughput studies that include two proteome experiments

15 (33,34) and a subcellular localization study using split-
enhanced green fluorescent protein (EGFP) (35). For mouse
proteins identified using these approaches, we identified the
respective putative orthologue proteins in human, and vice
versa. The number of proteins in human and mouse datasets

20 differ in part due to missing proteins in either one of the
species in Swiss-Prot. The MitoP2 category ’transcriptome’
predicts gene relationships based on similarities of their
expression profiles (34). In addition to sequence similarity
searches between human, yeast and mouse, MitoP2 provides

25 in silico predictions for mitochondrial proteins utilizing
established algorithms such as MitoProt II (23), PSORT II
(25), Predotar (26) and MITOPRED (24). These programs
allow the prediction of subcellular localizations of proteins
based on their amino acid sequences. To illustrate the dif-

30 ferent search functions, users can select PSORT II under

MitoP2-Mouse to extract 4321 proteins that include 323 ent-
ries from the mitochondrial reference set (7%). Alternatively,
one can perform combined searches, for example, by selecting
PSORT II and a human proteome dataset ’Hprot_01’ (31,32),

35which then generates a list of 176 proteins that includes 56%
of the mitochondrial reference set. This comparison demon-
strates the trade-off between sensitivity and specificity: the
combination of datasets reduces the total number of proteins
(sensitivity), while it increases the specificity for mitochon-

40drial proteins.
Each entry in MitoP2-Human and MitoP2-Mouse corre-

sponds to a Swiss-Prot identifier with protein descriptions,
annotated subcellular localization and sequence map posi-
tions according to UCSC genome browser (http://genome.

45ucsc.edu/). In addition, the single protein entry summarizes
the information from in silico predictions, high-throughput
experiments, the availability of mouse gene trap clones and
the predictive MitoP2 score. An example for a single protein
entry in MitoP2-Mouse, the adenine nucleotide (ADP/ATP)

50translocator 2, is shown in Figure 3. This figure shows in a
matrix lane, the information available for this protein
extracted from Swiss-Prot and the integrated genome-wide
approaches, a list of functional annotations compiled from
the MIPS catalogue that are linked to the Mouse Functional

55Genome Database (http://mips.gsf.de/genre/proj/mfungd/),
PubMed links to the references, and a list of similar sequences
from other species. The other parts of this entry, which are not
shown in this figure, include a phenotype description of the
associated mouse mutant, the Gene Ontology annotations

60for molecular protein functions and biological processes,

Figure 2. Screenshot of the MitoP2-Mouse query page. The MitoP2 query page is structured according to various groups of search parameters provided by the
database. The search options are either linked to the online references or an explanation for this selection is provided.
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literature references on protein functions and variants that are
listed by author names and title and a table of Swiss-Prot
references.

For genes implicated in a hereditary disease, MitoP2
5 provides a link to the corresponding entry in the Online
Mendelian Inheritance in Man database (OMIM; http://
www.ncbi.nlm.nih.gov) (36). To date, more than 120 of the
624 human mitochondrial proteins are known to be involved in
a hereditary disease. Mitochondrial disorders have a diversity

10 of debilitating phenotypes and include a wide variety of neu-
rodegenerative processes, cardiovascular disorders, diabetes
mellitus and several cancer types. Many of these disease
genes function in the metabolism of amino acids, nucleic

acid, fatty acids and lipids, and energy production. The
15MitoP2 database enables the systematic identification of can-

didate genes to study mitochondrial diseases (5). Elpeleg
et al. (8), for example, mapped a locus for hereditary mtDNA
depletions associated with mitochondrial encephalomyopathy
to a 21 Mb interval on chromosome 13. The mapping coor-

20dinates (i.e. 13:40878920 and 13:61359487) were used as a
selection criteria to prioritize MitoP2 candidate genes among
the 113 genes predicted in this region. In combination with a
MitoP2 score >60, three proteins were identified as disease
candidate genes. One of these genes (SUCLA2), a mitochon-

25drial reference protein identified in two proteome experiments,
was found to be mutated in affected members of the linkage

Figure 3. Example for protein entry in MitoP2-Mouse. As illustrated for the mitochondrial ADP/ATP carrier protein 2 (ADT2). MitoP2 provides for each protein
entry the Swiss-Prot name and description, the chromosomal localization, results from mitochondrial prediction programs, data from proteome studies, available
gene trap clones, functional annotations according to MIPS, PubMed reference links and homologous proteins in other species.
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family. This study demonstrates that human disease genes can
be identified using information provided by MitoP2.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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