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Abstract The recent availability of the full Saccharomyces
cerevisiae genome offers a perfect opportunity for revising the
number of homologues to human disease-related proteins. We
carried out automatic analysis of the complete S. cerevisiae
genome and of the set of human disease-related proteins as
identified in the SwissProt sequence data base. We identified 285
yeast proteins similar to 155 human disease-related proteins,
including 239 possible cases of human-yeast direct functional
equivalence (orthology). Of these, 40 cases are suggested as new,
previously undiscovered relationships. Four of them are particu-
larly interesting, since the yeast sequence is the most phyloge-
netically distant member of the protein family, including proteins
related to diseases such as phenylketonuria, lupus erythematosus,
Norum and fish eye disease and Wiskott-Aldrich syndrome.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

1.1. Human disease-related proteins
A number of human diseases are caused by malfunction of

a gene or group of genes. One approach to the understanding
of these human genetic diseases is the discovery and study of
associated genes. As displayed in the last version of the Swiss-
Prot protein data base [1] (release 35.0, December 1997),
about a tenth of the 6000 human genes known to date are
annotated as disease-related. Although their degree of impli-
cation in the di¡erent diseases is not well understood in all

cases, they constitute a large resource of computerised infor-
mation on the molecular basis of human disease, whose char-
acterisation may reveal valuable new knowledge.

1.2. Genes of equivalent function between di¡erent organisms
Equivalent genes in di¡erent organisms are routinely iden-

ti¢ed by sequence analysis on the assumption of a relationship
between sequence similarity and a common evolutionary ori-
gin. The correspondence between protein sequence similarity
and functional equivalence is not, however, straightforward.
Whereas sequence similarity between two proteins can be
measured with a scalar variable, e.g. percentage of sequence
similarity in an alignment of the two sequences, functional
similarity is a qualitative concept not well described in a single
quantity. The level of sequence similarity that assures that two
proteins have the same function changes for di¡erent families
in a manner that is not well understood.

One approach to this problem is to consider two proteins
from two di¡erent organisms as functionally equivalent (or-
thologues [2]) if there is more similarity between them than to
any other protein of the two organisms (see [3,4]). Ortholo-
gous proteins are assumed to have originated before the phy-
logenetic split of the organisms compared. On the contrary,
similar proteins of the same organism originated by a dupli-
cation event are called paralogues. Orthology and paralogy
are therefore concepts relative to the organisms under com-
parison. The discrimination of orthologues from paralogues
can only be strictly applied when the proteins belong to fully
sequenced genomes, because only then it is clear that no other
more directly related proteins are to be found.

The availability of the complete genome of the yeast Sac-
charomyces cerevisiae [5] o¡ers, for the ¢rst time, the possibil-
ity of identifying systematically putative orthologues to hu-
man disease-related proteins (HDRPs) in a eukaryotic
genome. The yeast genome contains more than 6000 non-
overlapping genes (a small number compared to the 105 genes
that are probably contained in the full human genome). Given
that the human genome is far from being completely known,
the orthology checking is necessarily incomplete. Analysis of
the set of putative orthologues may, however, allow better
and easier characterisation of the corresponding HDRPs
and of the mechanisms by which they cause disease.

2. Materials and methods

We used the GeneQuiz system [6,7] for sequence analysis of 686
HDRPs annotated as disease-related in the SwissProt protein se-
quence data base [1] and of 6284 yeast proteins as provided by
MIPS [5]. GeneQuiz is an automated system for large-scale sequence
analysis that combines several sequence similarity and protein feature
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searches in up-to-date sequence data bases, followed by evaluation of
the results using expert rules.

Family members were identi¢ed using the GeneQuiz de¢nition of
`clear' sequence similarity. This is equivalent in simple terms to a
BLAST [8] P-value of 10310 or to a FASTA [9] score of 135, both
for protein or nucleotide searches in protein data bases. In addition,
GeneQuiz applies a special masking procedure of the query sequence
that avoids spurious hits to amino acid-biased composition regions
(Casari and Ouzounis, unpublished).

Our de¢nition of similarity is chosen to be conservative, as needed
for the automatic exploration of large data sets. With this decision, we
risk missing a number of possible relations but increase the reliability
of the predictions for the set of HDRPs.

To discriminate pairs of paralogues from pairs of putative ortho-
logues, we tested whether for a yeast protein similar to an HDRP
there were other human proteins more similar than the HDRP. The
similarity levels were taken from the BLASTP P-value (after applica-
tion of the above-mentioned ¢ltering scheme). A pair was considered
to denote a paralogous relationship if the BLASTP comparison of the
yeast and human sequences had a P-value at least 10-fold lower than
the HDRP-yeast pair, i.e. the second human protein was clearly more
similar than the HDRP. The 10-fold factor was used as a very re-
strictive threshold for the assignment of paralogous pairs.

Multiple sequence alignments and phylogenetic trees were generated
with the ClustalW package [10]. Sequence alignments were repre-
sented using the program BOXSHADE (Hofmann, Baron and
Schirmer; ISREC, Switzerland; http://ulrec3.unil.ch/software/BOX_
form.html).

3. Results

Of the 686 proteins annotated as HDRP in SwissProt, we
detected 285 pairs HDRP-yeast protein. All cases were vali-
dated by manual inspection and the results are deposited in
the web appendix of this paper at http://www.sander.ebi.
ac.uk/~andrade/papers/hdr/. In 98 cases, the yeast proteins
are enzymes (containing an EC number in the description),
17 are transmembrane, 25 are mitochondrial, and 30 are nu-
clear (15 of them DNA-binding). The main di¡erences as
compared with the total set of HDRPs are a higher represen-
tation of mitochondrial proteins (16% vs 9%) and ATP-bind-
ing proteins (11% vs 7%), and a smaller representation of
transmembrane proteins (11% vs 22%), partly caused by the
absence of relevant similarity to human receptors.

In 46 of the 285 pairs (involving 25 HDRPs), the human-
yeast pairs can be described as paralogous; that is, the yeast
protein was closer to other human proteins than to the
HDRP. The most probable origin of these human paralogues
is from ancestral sequences that expanded with di¡erent iso-
forms. These isoforms presumably represent higher specialisa-
tion levels, that are not present in yeast.

The remaining pairs (239 of 285, involving 142 human pro-
teins, since some HDRPs are similar to more than one yeast

FEBS 20044 9-4-98

Fig. 1. A: Alignment of sepiapterin reductase (SW:SPRE_HUMAN), related to several human diseases [11], with the almost identical sequences
in rat (SW:SPRE_RAT) and mouse (TREMBL:S77493_1, EMBL:S77493) and with two sequences in yeast (SW:YIV5_YEAST, MIPS:
YIR035C; and SW:YIV6_YEAST, MIPS:YIR036C). Black boxes indicate residues completely conserved in at least 50% of the aligned sequen-
ces at a given alignment position. Grey boxes indicate conservation of residue type in at least 50% of the aligned sequences. The closer yeast
sequence YIV5_YEAST scores a BLASTP P-value of 6.1U10312. The two yeast sequences have higher similarity between them (51% identity)
than to the chordata sequences (about 25% identity). A recent genome duplication event in yeast cannot be discarded. B: Phylogenetic tree of
the ¢ve sequences from A together with other representatives of the short-chain alcohol dehydrogenase family. Protein identi¢ers are from
SwissProt. Bootstrapping values are shown (1000 indicates reliable branches, lower values indicate lesser reliability). The yeast sequences are
shown to form a separate sub-family together with sepiapterin reductases (SPRE*) and corticosteroid 11-L-dehydrogenases (DHI1*), closely re-
lated to the former. Other outstanding protein sub-families represented in the tree are: FABG*, acyl-carrier protein reductases; DHG*, glucose
1-dehydrogenases; and BPHB*, biphenyl-cis-diol dehydrogenases.
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sequence) indicate putative orthologues. With the discovery of
new human sequences, the fraction of orthologous cases will
decrease, with the corresponding increase in the number of
paralogues.

Of the 239 pairs of possible orthologues, we have selected
40 uncharacterised relations in which the yeast sequences are
not functionally characterised; most are annotated as `hypo-
thetical' in the data bases (Table 1). These new sequence rela-

tions add a new perspective to the HDRP family, facilitating
its experimental study in a simpler system.

3.1. Relevant examples
The above-mentioned public availability of the automatic

analysis for all the HDRP-yeast pairs will drastically reduce
the e¡ort required for detailed analysis of any of the cases. It
is nevertheless important to note that the validation of each of

FEBS 20044 9-4-98

Fig. 1. (continued)
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these cases requires extensive additional human intervention.
In the following sections, a detailed analysis is presented for
four of the 40 newly discovered orthologous sequences.

These four cases were selected because the yeast sequences
are the most distant members of the HDRP family, entering
the `twilight zone'. They represent a radical advance in the
comprehension of the family, sharpening aspects such as se-
quence conservation and secondary structure prediction.

3.1.1. Phenylketonuria-related protein. Human sepiapterin
reductase (SW:SPRE_HUMAN) participates in the biosyn-
thesis of tetrahydrobiopterin [11], a cofactor of phenylalanine
hydrolase. Its de¢ciency a¡ects the function of phenylalanine
hydrolase, leading to the accumulation of phenylalanine.
Acute phenylketonuria is related to mental retardation.

We found two yeast proteins with remote sequence similar-
ity to this human protein (SW:YIV5_YEAST, MIPS:
YIR035C; and SW:YIV6_YEAST, MIPS:YIR036C) (Fig.
1A), which may help in the characterisation of the human
protein, although phenylalanine hydrolase is apparently not
present in yeast.

These sequences belong to the family of short-chain alcohol
dehydrogenases, which has other human members. The tree of
this family (depicted in Fig. 1B) shows that the ¢ve sequences
belong to a subfamily that includes human corticosteroid 11-
L-dehydrogenase (SW:DHI1_HUMAN) and a similar se-
quence in rat (SW:DHI1_RAT).

YIV5_YEAST and YIV6_YEAST have considerable se-
quence similarity between them. Taking into account that
they belong to contiguous genome positions on chromosome
VIII (421 026^421 787 and 422 074^422 862, respectively), a
tandem duplication seems plausible. Whether the two yeast
genes are responsible for overlapping functions has to be elu-
cidated by experimentation.

3.1.2. Norum- and ¢sh-eye disease-related protein. The lec-
ithin-cholesterol acyltransferase human protein (LCAT,
SW:LCAT_HUMAN) [12] is secreted by the liver and esteri-
¢es cholesterol in plasma. This is a key step in the process of
cholesterol transport and metabolism, since cholesterol is
soluble but the esteri¢ed form is insoluble. When either LCA-
Tase activity is inhibited or the protein is defective, cholesterol
is no longer transported and accumulates in the tissues, pro-
ducing the Norum and ¢sh-eye diseases.

There are sequences with very high sequence similarity to
the human protein in other chordata (baboon, rabbit, rat,
mouse and chicken). We found a less related yeast sequence

(SW:YN84_YEAST, MIPS:YNR008W) de¢ned as a hypo-
thetical protein (open reading frame N2052 in [13]). One of
the possibilities o¡ered by the analysis of distant sequences is
the better characterisation of important conserved residues in
alignment (see Fig. 2).

3.1.3. Lupus erythematosus-related protein. The human
U1/U2 small nuclear ribonucleoprotein E (snRNP)
(SW:RUXE_HUMAN) is involved in systemic lupus erythe-
matosus [14]. snRNP of the U family are required for several
RNA-processing reactions in eukaryotic cells and participate
in formation of nuclear ribonucleoprotein complexes. The
protein components of the snRNP are recognised by antibod-
ies produced by patients with autoimmune disorders, e.g. lu-
pus erythematosus. RUXE_HUMAN is known to be an auto-
immune antigen.

There are two possible homologues of the HDRP in yeast,
one closest and already characterised as `core snRNP protein
E' (SW:SME1_YEAST, MIPS:YOR159C, TREMBL:
SCSME1GEN_1) and a hypothetical protein with a low se-
quence similarity level (SW:YEX6_YEAST, MIPS:
YER146W) (see Fig. 3a).

A previous publication [14] reported sequence similarity of
the human protein to S. cerevisiae mitochondrial 38S riboso-
mal protein var1 (EMBL:SCer38SRP, SW:RMAR_YEAST).
The quality of the alignment to YEX6_YEAST with the
HDRP is better, with greater identity and fewer gaps (17
identities with ¢ve gaps vs 23 identities with one gap, Fig.
3b). YEX6_YEAST and SME1_YEAST, and not
SCer38SRP, therefore seem to be the yeast homologues to
the HDRP RUXE_HUMAN, and provide a better experi-
mental model.

3.1.4. Wiskott-Aldrich syndrome human protein. The Wis-
kott-Aldrich syndrome human protein (WASP, SW:
WASP_HUMAN) [15] is related to an X-linked recessive dis-
order associated with thrombocytopenia, eczema, bloody di-
arrhoea, immunode¢ciency, and risk of malignancies. WASP
mRNA is expressed in cells related to platelet production, and
in T and B cell lines. The protein is known to interact with the
GTPase cdc42 through a GTPase binding domain (GBD) [15].

WASP_HUMAN has reliable sequence similarity over a
length of 100 aa to TREMBL:Sclas17_1 (SW:LA17_YEAST,
MIPS:YOR181W), a hypothetical yeast protein succinctly an-
notated as gene LAS17 product `proline-rich protein'
(YSCLAS17). The similarity between the human and the yeast
sequences has already been reported as marginal (http://

FEBS 20044 9-4-98

Fig. 2. Partial alignment of the human phosphatidylcholine-sterol acyltransferase precursor 440 aa long (LCAT) (SW:LCAT_HUMAN) with a
yeast sequence 661 aa long (SW:YN84_YEAST, MIPS:YNR008W). The other similar sequences in the databases from rabbit (TREMBL:
OCLCAT_1, EMBL:D13668), rat (SW:LCAT_RAT), mouse (SW:LCAT_MOUSE), chicken (TREMBL:GGLECCHAC_1, EMBL:X91011),
and an identical sequence from baboon, have no less than 63% identity among them and to LCAT, whereas the yeast sequence has 16% iden-
tity and therefore highlights better the conserved regions of the family. The corresponding positions in LCAT may be functionally relevant.
Residue conservation is represented as in Fig. 1A.
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www.ncbi.nlm.nih.gov/Bassett/Yeast, [16]). Here we character-
ise this similarity in more detail.

Interestingly, the yeast protein YSCLAS17 seems not to
have a GBD, and it would therefore not interact with the
ras cdc42 protein. Both WASP and YSCLAS17 have two
domains, called WH1 and WH2 (after WASP homology 1
and 2) and a characteristic proline-rich region (Fig. 4). Muta-
tions known to induce the WAS occur inside the WH1 do-
main (two point mutants, R86L and R86H, and a frame-shift
that caused truncation at position 74) [15]. The yeast homo-
logue thus provides an appealing model system, since it shares
a WASP region implicated in the disease and di¡erent from
the GBD.

4. Discussion

4.1. Related studies of human disease-related proteins
One of the more interesting implications originated by the

genome projects is the possibility of ¢nding proteins related to
potential HDRPs in organisms in which experimentation is
feasible. This is possible for the ¢rst time with the availability
of the S. cerevisiae genome.

4.1.1. Analysis of positionally cloned human genes. Those
HDRP genes that have been identi¢ed by positional cloning
are candidates for direct implication in the corresponding dis-
ease, while for a broader spectrum of human genes, their
involvement in the corresponding diseases has not been fully
demonstrated.

The set of 70 known positionally cloned genes has been
previously analysed [17,18]. Bassett et al. [17] ¢rst reported
15 cases of clear homology between human and yeast proteins
(web page at http://www.ncbi.nlm.nih.gov/Bassett/Yeast, last
update November 1996). The proportion of HDRPs analysed
for which a relevant similarity with a yeast protein was re-
ported (15/70, 21%) was similar to the proportion we found
for a set of HDRPs obtained from SwissProt (285 HDRP-
yeast pairs involving 155, 23%, out of 686 human proteins),
pointing to a similar quality of the similarity searches carried
out in both studies.

The second publication on the same subject [18] reported
similar sequences for 60% of the 70 positionally cloned human
disease genes, corresponding to 18% pairs of orthologues.
Some of these relationships are new and based on weak se-
quence similarities detected by a manual iterative strategy of
linked sequence searches [19].

An interesting example is the relationship between
SW:MLH1_HUMAN (OMIM:120436), involved in heredi-
tary non-polyposis colon cancer, and two yeast sequences, a
putative orthologue SW:MLH1_YEAST (MIPS:YMR167W)
and a paralogue SW:PMS1_YEAST (MIPS:YNL082W) (Fig.
2A in [18]). We con¢rmed this ¢nding with our automatic
searching strategy. The number of other cases in which the
proposed twilight sequence similarities hold true functional
relationships remains to be determined.

4.1.2. Manual analysis of HDRPs annotated in OMIM. T-
wo hundred and ¢fty HDRPs were previously analysed by
Foury [20], including 80 positionally cloned genes, 10 more
than in the previous studies. Signi¢cant human-yeast pairs
were reported for approximately 41% of them.

This analysis provides interesting evidence about many hu-
man proteins. For example, the human adenine phosphoribo-
syltransferase SW:APT_HUMAN (OMIM:102600), related

to urolithiasis, is reported to be similar to yeast APT1
(MIPS:YML022W) and, to a lesser extent, to APT2 (MIPS
:YDR441C). Our automatic procedure was also able to ¢nd
these cases; full information on several sequence searches and
multiple sequence alignments is available on the web appendix
of this paper.

Unfortunately, di¡erent technical shortcomings diminish
the quality of Foury's analysis. First, the basic data under-
lying the conclusions are not provided, making it impossible
to validate the functional assignments without repeating the
analysis. This is something that most readers will not be able
to do systematically, as in the case above.

Second, there is no discussion of what are the likely orthol-
ogous sequences. Some of the functional assignments in fam-
ilies of paralogous sequences are therefore misleading in the
sense that a single yeast sequence should not be assigned as
functionally equivalent to the HDRP.

One example of such an error is the analysis of the ankyrine
defect SW:ANK1_HUMAN (OMIM:182900) for which the
yeast protein MIPS:YIL112W was assigned as a possible ho-
mologue. It resulted that YIL112W is more similar to another
human protein (EMBL:HS439286) than to the one proposed
and three other yeast proteins are more similar to the HDRP
(MIPS:YGR232W, MIPS:YGR233C, and MIPS:YOR034C,
see Table 1 and web appendix) than YIL112W. The correct
conclusion would have been that the HDRP belongs to a
family of paralogues with di¡erent representatives in yeast
and humans, and it would be incorrect to point to only one
of them as directly related.

In the third place, Foury carried out homology searches in
only one direction, that is, searching in the yeast genome with
the human proteins. Given the asymmetry of the sequence
space, a double check is necessary, running the yeast sequen-
ces against the human data to eliminate possible equivocal
assignments.

An example of this type of error is the reported analysis of
the LIM kinase (OMIM:248610, SW:LIK1_HUMAN, 647 aa
long). This human protein was reported as a homologue to
MIPS:YOL113W (655 aa long) with a BLASTP P-value of
10324. The double check reveals, however, that YOL113W is
most likely the orthologue of SW:PAK1_HUMAN (545 aa
long), which reaches a BLASTP P-value of 8.9U103135.

4.2. Analysis of HDRPs annotated in SwissProt
A note of caution should be introduced here, since we used

those human proteins broadly de¢ned as HDRPs and man-
ually annotated as such in the SwissProt data base. In the
current release of this data base it is possible that some of
the annotations are not completely accurate and that the data
base is not completely up-to-date. For example, eight of the
nine HDRPs related to yeast sequences in the work of Mushe-
gian et al. [18] were not present in SwissProt.

An example of possible inaccuracy of the SwissProt an-
notations is the human mitochondrial carrier protein
(SW:GDC_HUMAN, OMIM:139080) annotated in Swiss-
Prot as related to human Graves' disease. In this case,
the initial data [21] were not later con¢rmed by other studies.

The set of 686 HDRPs will undoubtedly contain other pos-
sible annotations that will be falsi¢ed by further experiments.
It is also true that SwissProt is still the best available source of
functional annotations, and most of the functional implica-
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tions of the 686 HDRPs will be supported by solid experimen-
tal evidence.

4.2.1. A possible distinction between cases of orthology and
paralogy. Our analysis introduces the orthology/paralogy
distinction that is not used in any of the three previous pub-
lications [17,18,20]. We show that yeast contains as many as
285 proteins similar to HDRPs, corresponding to 11% of all
known human genes and 4% of the complete yeast genome.
Of these pairs, 239 are possible yeast orthologues of the
HDRP, since there is no other human sequence signi¢cantly
closer to the yeast protein than the HDRP. They constitute a
selected set of examples in which functional similarity is very
likely.

We have included an in-depth analysis of four cases. (i) We
found two distant members of the human sepiapterin reduc-
tase subfamily and we propose that the yeast members are the
product of a recent duplication. (ii) A distant member of the
family of phosphatidylcholine-sterol acyltransferase is re-
ported. This ¢nding is crucial for the de¢nition of the func-
tionally conserved regions of the family. (iii) We corrected a
previously reported homology of a human snRNP and pre-
dicted a similarity with a di¡erent yeast protein. (iv) We de-
tected a yeast sequence with both WH1 and WH2 domains.
These two domains are not generally associated, but interest-
ingly they are also present in the HDRP, with possible func-
tional implications.

The results presented here point to yeast proteins as possi-
ble models for the study of the HDRPs and may help advance
the comprehension of the biochemistry associated with dis-
eases like phenylketonuria, lupus erythematosus, Norum and
¢sh-eye syndrome.
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