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Disorders of mitochondrial oxidative phosphory-
lation (OXPHOS) are now recognized as major
causes of human metabolic diseases and several
mutations of mitochondrial and nuclear genes en-
coding respiratory chain components have been re-
ported. Interestingly, mutations of nuclear genes
involved in mitochondrial respiratory chain assem-
bly, protein trafficking, and iron metabolism are
also known to alter oxidative phosphorylation.
While several hundred of these genes have been
described in yeast, only a few nuclear genes have
been hitherto identified in humans. Yeast gene da-
tabases present therefore an invaluable tool for
identification of human homologues that should be
regarded as candidate genes in OXPHOS diseases.
In an attempt to identify the human counterparts of
yeast genes, we developed a systematic comparison
of yeast protein sequences to the GenBank dbEST
database. Starting from 340 yeast protein sequences
as templates, we searched the human dbEST coun-
terparts using the BLAST similarity searching pro-
gram and identified 102 groups of human EST likely
to represent orthologues of yeast genes because of
significant homology. This collection of human
genes possibly related to mitochondrial OXPHOS
may help identify nuclear genes responsible of mi-
tochondrial disorders. © 2000 Academic Press
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Mitochondrial oxidative phosphorylation (OX-
PHOS) disorders represent an increasingly impor-
tant group of metabolic diseases in humans. Muta-

tions were originally reported in mitochondrial
DNA (Mitomap, http://www.gen.emory.edu/mitomap.
html) but nuclear gene mutations have been re-
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cently shown to account for mitochondrial disorders
as well. Indeed, mutations have been described in
nuclear genes encoding respiratory chain complex
subunits (1–5) and occasionally mitochondrial chap-
eron proteins (paraplegin, 6), respiratory chain as-
sembly (SURF1, 7,8), traffic proteins (Tim8, 9), and
iron metabolism (frataxin, 10–12). It appears there-
fore that a broad variety of genes and functions can
be involved in mitochondrial respiratory chain dys-
function. To date however, only a few human genes
involved in respiratory chain assembly, protein traf-
ficking, or mtDNA maintenance have been identi-
fied.

The search for the molecular bases of human OX-
PHOS diseases can theoretically take advantage of
the vast resource represented by yeast genetics. In-
deed, a large number of yeast nuclear genes have
been reported to cause a petite phenotype when mu-
tated, demonstrating their roles in mitochondrial
functions. In addition, the systematic sequencing of
the yeast genome has helped to identify a large
number of ORFs, products of which are predictably
targeted to the mitochondria. Homologies of protein
sequences and protein functions, between yeast and
human have been used to identify and to clone sev-
eral human genes (13,14). In addition, yeast mu-
tants represent a valuable tool to understand the
pathogenicity of gene mutations, as recently shown
in Friedreich ataxia (10,11).

Similarly, identification and mapping of human
genes by cross-species comparisons have been suc-
cessfully achieved by using sequence homology be-

tween Drosophila genes and human ESTs (15).
Combining data derived from yeast mitochondrial
genetics and the screening of human EST databases,
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we report here 102 new candidate genes for human
OXPHOS diseases.

METHODS

We searched yeast mitochondria-related protein
sequences using a “text-string” option (e.g., mito-
chondri*) in the yeast protein database (YPD, http://
www.proteome.com/databases/YPD/index.html), the
MitBASE pilot database (http://www3.ebi.ac.uk/
Research/mitbase/mitbiog.pl), and the MITOP
database (http://websvr.mips.biochem.mpg.de/proj/
medgen/mitop/). All these yeast protein sequences
were then systematically tested as templates to
screen the human GenBank dbEST database
using the BLAST similarity searching program
(TBLASTN option: protein sequence versus six
frames nucleotide translated database sequences).
The human ESTs identified were then linked to
their Unigene entries (http://www.ncbi.nlm.nih.gov/
UniGene/index.html), allowing us to define their po-
sition with respect to genetic markers. The chromo-
somal mapping was then established by consulting
the OMIM database (http://www3.ncbi.nlm.nih.gov:
80/Omim) or the Genatlas database (http://
www.citi2.fr/GENATLAS/). Only ESTs with a signif-
icant homology (e value ,e-5) were considered. As
or orphan ESTs, i.e., ESTs not recorded in Unigene
atabase, only those with an even higher homology
e values ,e-10) were retained, so as to eliminate
himeric and unspecific sequences. Prediction of mi-
ochondrial targeting sequences in proteins was per-
ormed using the MitoProt v 1.0.1 (available in the

ITOP database) software program.

RESULTS

election of Yeast Mitochondrial Proteins

We selected 340 yeast protein sequences as
probes” to identify human orthologue genes. These
east protein sequences originating from YPD, Mit-
ASE, and/or MITOP databases are nuclearly en-

oded proteins currently known to be involved in
iogenesis or assembly of respiratory chain or in
itochondrial genome expression. We also used as

east protein probes the amino acid sequences de-
uced from ORFs identified during the systematic
east genome sequencing and presenting striking
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imilarities with known mitochondrial proteins or
ith a characteristic mitochondrial targeting se-
uence. We did not retain, however, (i) structural
proteins of the respiratory chain, as their human
counterparts are already known and the correspond-
ing genes are mapped; and (ii) proteins for which
human orthologues are known to be involved in mi-
tochondrial disorders, namely, YFH1, Tim8, and
SHY1 (frataxin, DDP1, SURF1 in human) in Fried-
reich ataxia, dystonia–deafness syndrome, and
Leigh syndrome, respectively.

Putative Human Homologues to Yeast
Mitochondrial Proteins

The BLAST similarity searching program allowed
us to identify human homologues for 144 of the 340
selected yeast proteins or 42.3% (Fig. 1). Some of the
genes identified by this approach are the known
human counterparts of yeast proteins. For example,
BLAST searching using yeast adenylate kinase
(ADK2, Table 3) gave the maximum score for the
human adenylate kinase (AK) gene. The same is
true for a number of other genes as yeast NUC1 and
human endoG or yeast SUV3 and human mtRNA
helicase. Taken together, 127 of the selected human
sequences corresponded to known genes and their
homology with the yeast counterparts reflected ei-
ther functional similarity or specificity relative to
mitochondrial functions. For example, the human

FIG. 1. Schematic diagram of the method used for human
sequences retrieval through homology with yeast proteins.

AL.
homologues of yeast mitochondrial tRNA synthases
are cytoplasmic and mitochondrial human tRNA
synthases but BLAST searching using yeast mito-



TABLE 1
Human Genes and ESTs Retrieved by BLAST Homology with Yeast Carrier Proteins
Note. Unigene entries according to 12/29/99 update.



chondrial transport proteins identified human mito-
chondrial transport proteins. Mitochondrial pro-
teins could be distinguished from their nuclear
counterparts by using the location site prediction
program (Mitoprot). However, one should be aware

TA
Human Genes and ESTs Retrieved b

Involved in Mitoc

Note. Unigene entries according to 12/29/99 update.
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that the identification of a mitochondrial targeting
sequence could be overlooked occasionally by such
programs, as was the case for frataxin (16,17).
BLAST searching also identified a large number of
EST clusters. These ESTs corresponded to hitherto
unknown human genes, homology being based on ei-
ther functional identity or specificity with respect to
mitochondrial functions. Tables 1 to 7 present these

2
AST Homology with Yeast Proteins
rial Translation
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ESTs as Unigene entries, bringing together ESTs as
clusters. The 102 EST clusters identified here repre-
sent putative human counterparts of yeast genes.
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For one-half of the yeast proteins (196/340), no
human homologous sequences could be identified.
As most ESTs have been obtained by sequencing the
39 portion of mRNAs, the 59 portions of large mRNAs
re often lacking. Consequently, our identification
trategy may be inefficient if the C-terminal regions
f yeast and human counterparts were presenting
ow levels of homology. This feature could also be
scribed to either interspecies specificities or loss of
articular mitochondrial functions during evolution.
n keeping with this, disappearance of introns from
uman mitochondrial DNA (mtDNA) has presum-
bly led to the loss of genes involved in mRNA splic-

TA
Human Genes and ESTs Retrieved b

Involved in mtDNA

Note. Unigene entries according to 12/29/99 update.

EST DATABASE SCREENING FO
ng. It is therefore not surprising that no yeast genes
nvolved in mitochondrial intron splicing (CBP2,

RS1, MRS2, or PET54) had human orthologues. A

t

p

hird explanation may stem from a low degree of
equence conservation between species. This feature
s known for mitochondrial ribosomal proteins pre-
iously shown to be highly divergent between Esch-
richia coli, Saccharomyces cerevisiae, Caenorhabdi-
is elegans, and human (18). This feature probably
ccounts also for the low rate (31/70) of human ho-
ologues for yeast mitochondrial translation pro-

eins (Table 2). The absence of human orthologues of
east proteins in the EST database may also be due
o the low transcription levels of the corresponding
enes, as an EST database is qualitatively but also
uantitatively representative of genome transcrip-

3
AST Homology with Yeast Proteins

tRNA Metabolism
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While systematic database screening represents a

owerful tool for identifying putative human mito-



chondrial cDNAs, it has its own limitation. Indeed,
the large number of yeast mitochondrial proteins
originally selected (340) required strict criteria (e
value) for reliable retrieval of human ESTs. As a
result, ESTs with moderate score homologies and
not belonging to an Unigene EST cluster may have
been overlooked, even though it might represent the
true human counterpart of a yeast protein.

Retrieving Novel Mitochondrial Protein Encoding
Human Genes

The putative human genes and the EST clusters
identified by BLAST searching are presented ac-

TA
Human Genes and ESTs Retrieved b

Involved in

Note. Unigene entries according to 12/29/99 update.
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cording to their mitochondrial functions: carrier pro-
tein (Table 1), translation (Table 2), mtDNA and
mtRNA metabolism (Table 3), protein import (Table
4), protein processing (Table 5), respiratory chain
biogenesis (Table 6), and various OXPHOS related
functions (Table 7). These tables also present the
chromosomal mapping of the genes or EST clusters
when available in Unigene database.

Comparison of the e value for a human gene or
EST cluster homologous to a given yeast protein
indicates that some EST clusters may present
higher scores than genes. This may suggest that the
EST clusters indeed represent the true human or-
thologue of the yeast protein used as probe while the
retrieved gene(s) might correspond to the member(s)
of the same family. Thus, RIM2, a member of the

4
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mitochondrial carrier family which is essential for
mtDNA metabolism presents a significant homology
(Tables 1 and 3) with known human genes encoding
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mitochondrial carriers, i.e., citrate carrier (e value 5
6e-09) or adenylate transporter ANT2 (e value 5
e-08). However, two EST clusters present a much

higher homology (Hs.42484, e value 5 9e-30 and
Hs.183047, e value 5 9e-21) suggesting that these
two EST clusters are more likely to represent parts
of the human orthologue of yeast RIM2. The signif-
icance of high scores is also illustrated by the exam-
ple of RNA polymerase or endonuclease G (Table 3),
which shows a high homology between yeast and
human (e values 3e-66 and 8e-30, respectively).

Conversely, a given EST cluster may well corre-
spond to different yeast proteins belonging to the
same family. The Unigene entry Hs.42484 shows
significant homology with three different yeast mi-
tochondrial carrier proteins but only one of them
shows a high homology score, namely, RIM2 (9e-30),

TA
Human Genes and ESTs Retrieved b

Involved in P

Note. Unigene entries according to 12/29/99 update.

EST DATABASE SCREENING FO
again suggesting that this EST cluster may be the
human counterpart of yeast RIM2. Thus, while fam-
ilies of genes or proteins can be retrieved using this
approach, a careful examination of the homology
scores is required to determine which of these genes
or EST clusters is more likely expected to be the
human counterpart. In other cases, the BLAST
searching only allowed us to retrieve human se-
quences with a moderate, although significant, ho-
mology. In such cases, only additional experimental
approaches will permit identification of which se-
quence is the actual human counterpart of the con-
sidered protein.

Yeast mtDNA and mtRNA metabolism involves
30 known proteins. Among them, 20 present at least
one highly homologous sequence in human with e
values between 6e-73 and 1e-14 (Table 3) suggesting
that these are the actual human orthologues of the
yeast proteins. Some of them are known to encode
mitochondrial proteins, namely, endonuclease G

5
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n Processing
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(endoG), mitochondrial tRNA polymerase (RNA pol),
mitochondrial RNA helicase (SUV3), and uracil-
DNA glycosylase (UNG). Interestingly, two of them,
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namely, p14.5 (homologous to yeast MMD1) and
NTH1 endonuclease III (homologous to yeast
NTG1), were not known to have a mitochondrial
function. However, their high scores for mitochon-
drial targeting (0.88 and 0.95 determined by Mito-
prot) suggest that both genes may actually encode
mitochondrial proteins.

TA
Human Genes and ESTs Retrieved b

Involved in Various O

TA
Human Genes and ESTs Retrieved b

Involved in Respir

Note. Unigene entries according to 12/29/99 update.
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Note. Unigene entries according to 12/29/99 update.
CONCLUSION

Experimental cloning of human genes based on
ross-species comparisons has proved to be a tedious
pproach largely due to nucleotide sequence diver-
ences between species. The continuously expand-
ng EST databases and the powerful computer pro-

7
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grams now available represent a useful tool for rapid
identification of new genes using sequence homolo-
gies between species. We have combined the consid-
erable knowledge on yeast genetics and human EST
database to rapidly search for nuclear genes in-
volved in mitochondrial function. This allowed us to
identify 102 human EST clusters corresponding to
hitherto unknown genes likely to encode mitochon-
drial proteins. Future experimental approaches are
required to describe the complete sequences of these
genes and to determine the exact functions of the
encoded proteins.

To our knowledge, none of the chromosomal local-
izations of the ESTs presented here correspond to
loci previously linked to mitochondrial disorders. As
far as autosomal dominant mtDNA deletions are
concerned, three loci have been mapped to chromo-
somes 10q, 3p, and 4q respectively (19–21). Unfor-
tunately, none of the genes or EST clusters retrieved
here can be regarded as candidate genes for these
conditions. Yet the present list will hopefully help
gene identification in mitochondrial disorders by
pinpointing candidate genes at a given locus linked
to a specific disease.
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