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ABSTRACT

The aim of the MitoP2 database (http://ihg.gsf.de/
mitop2) is to provide a comprehensive list of mito-
chondrial proteins of yeast and man. Based on the
current literature we created an annotated reference
set of yeast and human proteins. In addition, data
sets relevant to the study of the mitochondrial pro-
teome are integrated and accessible via search
tools and links. They include computational predic-
tions of signalling sequences, and summarize
results from proteome mapping, mutant screening,
expression pro®ling, protein±protein interaction
and cellular sublocalization studies. For each indi-
vidual approach, speci®city and sensitivity for allo-
cating mitochondrial proteins was calculated. By
providing the evidence for mitochondrial candidate
proteins the MitoP2 database lends itself to the gen-
etic characterization of human mitochondriopathies.

INTRODUCTION

A complete description of the molecular components of a
particular cell type and its subcompartments is an essential
prerequisite for any systematic biological approach. The
mitochondrion is one of the best studied cellular compart-
ments with a central role in metabolism and energy production
and lends itself to such a strategy (1). Current estimates exceed
the ®gure of 1000 for the number of mitochondrial proteins
that are encoded almost entirely by nuclear genes. Only a very
small fraction of mitochondrial proteins, 12 in yeast and 13 in
man, are encoded by the mitochondrial genome. The correl-
ation between sequence changes and functional impairment of
mitochondria associated with disease has been initially
focused on the organellar genome (2). During the last years,
an ever increasing list of nuclear genes has been identi®ed
with mutations leading to mitochondrial dysfunction (3).

MITOCHONDRIAL DATABASES

While several databases are established covering the genetic
variation of the human mitochondrial genome (4,5), the

MitoP2 database (http://ihg.gsf.de/mitop2) focuses on the
nuclear-encoded proteome of mitochondria. The annotation of
mitochondrial proteins in the generic databases is incomplete
and does not always distinguish between proteins which have
a con®rmed mitochondrial sublocalization and those which
are only candidates according to preliminary experimental
results or in silico predictions. The MitoP2 database tries to ®ll
this gap by integrating the information related to mitochon-
drial proteins from various resources. Tools have been
implemented which allow searches according to various
parameters. The MitoP2 database constitutes an update and
extends the original Mitop database (6). So far it focuses on
the mitochondrial proteome of yeast and man. Extensions to
mouse, Caenorhabditis elegans and Arabidopsis thaliana will
be added soon. The aim of the database is to provide a
comprehensive reference list of mitochondrial proteins and to
link individual entries with databases containing information
about the protein components of the organelle.

THE MITOCHONDRIAL PROTEOME OF YEAST

Saccharomyces cerevisiae is the most intensively investigated
model organism also with respect to the largest data set
available on mitochondrial proteins generated by a wide
spectrum of high-throughput experiments. Yeast provides a
unique set of mutants and a large number of genetic and
molecular tools for functional analysis. A collection of null
mutants exists for about 6000 ORFs of the yeast genome.
There are extensive descriptions available on pet mutants
(7±9). Systematic sublocalization studies have been per-
formed (10). Expression pro®les have been published which
compare RNA levels of cells under different genetic and
environmental conditions (11,12). Yeast also plays a leading
role in proteomics (13). Proteomic mapping studies require
large amounts of puri®ed samples of the organelle, which can
be easily provided by the unicellular organism. Apart from
such experimental data, af®liation to the subcellular compart-
ment can be judged according to the presence or absence of
mitochondrial signal sequences (MSS) which are used by the
import machinery of the organelle to select incoming
proteins (14).

The yeast MitoP2 database lists all 6516 ORFs of the yeast
genome (Table 1) (19). The list includes a high con®dence
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reference set of experientially validated mitochondrial
proteins encompassing 477 entries. All entries with an
annotated mitochondrial localization in Mitop (6), SGD (19)
and CYGD (20) were screened manually in the original
literature for direct evidence in single experiments. Entries
with only indirect evidence were excluded to reduce annota-
tion errors (21). Results from high-throughput experiments are
listed separately. The reference set of 477 mitochondrial
proteins has been sorted into major functional entities such as
`protein translation/stability' or `biogenesis of iron±sulfur
cluster'. The annotation of these categories is accomplished by
a consortium of mitochondria researchers organized in a
European network (MitEURO, www.miteuro.org). Using the
MitoP2 reference set of known mitochondrial proteins, we
assessed the sensitivity and speci®city of the different high-
throughput approaches. The result is summarized in a single
page which can be accessed by clicking the `general info'
button in the search mask (Fig. 1).

The search mask allows a combined search for gene names,
keywords and components of the integrated data set. The
combination of search criteria provides lists of annotated
mitochondrial proteins and new candidates with high con®d-
ence. By selecting the subcellular localization experiment by
Kumar et al. (10) and an in silico prediction tool such as
Predotar, MitoP2 extracts a list of 141 proteins. It contains 109
proteins from the mitochondrial reference list and 32 new
candidates ful®lling the two selected criteria. Each individual
protein entryÐin a single lineÐcontains the ORF description

Table 1. Data sources and number of S.cerevisiae entries integrated in the
MitoP2 database

Data source Number of entries

ORFs
SGD April 2003 6516
Mitochondrial reference set 477

Deletion phenotype screening
pet (8) 381
class III (9) 466

Comprehensive localization studies
subloc_01 (10) 2746

Protein±protein interactions
single experiments (CYGD) 6555
high-throughput experiments 78981

Computational predictions
PSORT (15) 981
MitoProt (score > 0.9) (16) 574
Predotar 397
Bayesian system (17) 500

Bidirectional best-to-best Blast hits (MitoP2)
yeast±R.prowazekii 931
yeast±E.cuniculi 5915
yeast±human (total) 1893
yeast±human (mitochondrial reference set) 174

Mitochondrion-bound polysomes (MLR) (18) 3106
Transcriptome

transc_01 (11) 514
transc_02 (12) 416

Proteomics
prot_01 (13) 177

Figure 1. Search mask for mitochondrial proteins in yeast. Datasets can be selected from high-throughput experiments and in silico predictions.
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from SGD, the subcellular localization and the information
from high-throughput experiments and in silico calculations.
In addition to the matrix provided by the columns with
systematic experimental results and in silico data, the user can
access detailed information for each protein: an extra page
linked to each entry provides (i) a description and localization
of the individual protein compiled from SGD and additional
genetic and biophysical properties from MIPS data (CYGD),
(ii) the corresponding entry from the Gene Ontology (GO)
database (22), (iii) a list of homologies to sequences of other
species generated by bidirectional best BLAST hits and
(iv) a compilation of protein±protein interactions weighted
according to von Mering et al. (23).

THE MITOCHONDRIAL PROTEOME OF MAN

In contrast to the situation in yeast, the human mitochondrial
proteome is about double the size but much less data are
available from high-throughput experiments. The current list
of human mitochondrial proteins in the MitoP2 database
comprises 656 entries and is based on Swiss-Prot entries (24)
and manually annotated entries from the original Mitop
database (6). This collection constitutes the human
mitochondrial reference set.

In order to extend this list, we performed several calcula-
tions using genome-wide DNA and protein data sets (Table 2).
These included homology searches between human, yeast,
Encephalitozoon cuniculi [an obligate intracellular parasite
lacking mitochondria (26)] and Rickettsia prowazeckii [an
obligate intracellular parasite closely related to mitochondria
(27)]. Additionally we used established algorithms [MitoProt
(16), PSORT (15), Predotar] to predict the subcellular
localization of a protein based on the amino acid sequence.
The proteome analysis of mitochondria puri®ed from heart
tissue is so far the only high-throughput experiment available
for humans and has been integrated (25). A search mask
enables the user to screen these data sets by combined queries
(Fig. 2).

The MitoP2 database lists 44 996 human Swiss-Prot entries
andÐin a single lineÐpresents the description and localiz-
ation as annotated in Swiss-Prot including the Swiss-Prot link.
In addition it summarizes the information from in silico
calculations and the proteome experiment. Apart from this
matrix, the user can access detailed information for each
single protein: an extra page for each protein provides (i) a list
of homologies to sequences from other species including the
Blast E-value and the percentage of the aligned protein length
(yeast homologues are linked to the MitoP2 yeast page), (ii) if
existent, a short Swiss-Prot description of an associated

Table 2. Data sources and number of human entries integrated in the
MitoP2 database

Data source Number of entries

Human proteins
Swiss-Prot release 41.9 44496

Mitochondrial reference set
MitoP2 656

Disease genes
Swiss-Prot release 41.9 1331

Computational predictions
PSORT (15) 6125
MitoProt (score > 0.9) (16) 1603
Predotar 908

Bidirectional best-to-best Blast hits (MitoP2)
human±R.prowazekii 1427
human±E.cuniculi 38891
human±yeast (total) 1681
human±yeast (mitochondrial reference set) 232

Proteomics
prot_01 (25) 544

Figure 2. Search mask for mitochondrial proteins in man. Datasets can be selected from high-throughput experiments and in silico predictions.
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disease [linked to OMIM (28)], (iii) the corresponding GO
annotations for molecular protein function, biological process
and cellular component (linked to GO), (iv) the available
literature about the protein and protein variants listed with
authors and title and (v) a table of cross-references annotated
in Swiss-Prot.

Based on the current annotations, we found that of 1331
identi®ed human disease proteins, a proportion of ~10% (129)
of the known disease proteins are known to be localized in
mitochondria. Since the localization of many disease proteins
is unknown, this might be an underestimate. The existence of a
human mitochondrial homologue for a yeast protein is a very
good predictor for mitochondrial localization in yeast. Vice
versa, the next to complete set of yeast mitochondrial proteins
helped to generate a comprehensive list of 900 human entries
with best bidirectional Blast hits to their yeast counterparts.
There are more than 300 disease entries in OMIM where the
disease locus is unknown and which list clinical signs
characteristic of mitochondriopathies. Thus, the human
candidate list presents a powerful tool for the genetic
characterization of these human mitochondriopathies.
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