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We have determined the nucleotide sequence of 129 524 bases of yeast (Saccharomyces cerevisiae) chromosome XV.
Sequence analysis revealed the presence of 59 non-overlapping open reading frames (ORFs) of length >300 bp, three
tRNA genes, four delta elements and one Ty-element. Among the 21 previously known yeast genes (36% of all ORFs
in this fragment) were nucleoporin (NUP1), ras protein (RAS1), RNA polymerase III (RPC1) and elongation factor
2 (EF2). Further, 31 ORFs (53% of the total) were found to be homologous to known protein or DNA sequences,
or sequence patterns. For seven ORFs (11% of the total) no homology was found. Among the most interesting
protein identifications in this DNA fragment are an inositol polyphosphatase, the second gene of this type found in
yeast (homologous to the human OCRL gene involved in Lowe’s syndrome), a new ADP ribosylation factor of the
arf6 subfamily, the first protein containing three C2 domains, and an ORF similar to a Bacillus subtilis cell-cycle
related protein. For each ORF detailed sequence analysis was carried out, with a full consideration of its biological
function and pointing out key regions of interest for further functional analysis. The sequence has been submitted
to the EMBL data library under Accession Number X94335. ? 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Chromosome XV with an estimated size of 1·108
megabases is the third largest chromosome of the
budding yeast Saccharomyces cerevisiae. In the
frame of the European Union yeast genome

project we have sequenced and analysed a cluster
of nine overlapping cosmids covering the central
region of the chromosome. The sequence of
129 524 bases has been submitted to the EMBL
data library under accession number X94335. Here
we discuss the structural features of this chromo-
somal region, base composition, density, distribu-
tion and orientation of genes. The detailed analysis
carried out contributes to the current knowledge of
the yeast genome in several aspects since it shows:
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(i) sequences highly homologous to other yeast
sequences, indicating genome duplication; (ii) new
yeast sequences in already known protein families,
suggesting new connections within the family and
new perspectives for the function of the family; (iii)
first occurrences in yeast of sequences in already
known families, showing new biological or evolu-
tionary aspects; (iv) new yeast sequences defining a
new protein family and establishing cross-relations
between species. Biological information is gathered
by deciphering the conserved regions in protein
families, and information about protein evolution
is gained from phylogenetic interpretations.

MATERIALS AND METHODS

Cosmids
A cluster of nine ordered overlapping cosmids

(pEOA347, pUOA522, pEOA246, pEOA273,
pEOA306, pEOA265, pEOA106, pEOA986 and
pEOA1081) covering the chromosomal region
from 485 000 to 615 000 of chromosome XV was
obtained in the EU project from the chromosome
co-ordinator B. Dujon, Institut Pasteur, Paris. The
cosmids were isolated and mapped as described by
Thierry et al. (1995).

Subcloning strategy
Escherichia coli strain XL1-Blue= (Stratagene)

was used for all subcloning steps. In general, all
EcoRI fragments of cosmid inserts were cloned
into plasmid vector pUC18. One EcoRI fragment
of about 1·7 kb (position 17 875–19 580) was not
clonable into plasmids, therefore templates were
prepared as biotinylated polymerase chain reaction
(PCR) products for solid phase sequencing on
magnetic beads (Hultman et al., 1992) using neigh-
bouring sequence information to design PCR
primers. Another region from position 1140 to
6339 turned out to be unclonable in high copy
number plasmids, but could be successfully cloned
into low copy number plasmid pBR322.

DNA sequencing
The entire sequence of 129 524 bp was deter-

mined on both strands mainly by directed primer
walking strategy and T7 DNA polymerase with
unlabelled primers and fluorescein-15*dATP as
internal label as described previously (Voss et al.,
1992). Sequences were analysed on two commer-
cial ALF DNA sequencers (Pharmacia, Uppsala).
After sequencing of plasmid subclones, linking of

adjacent EcoRI fragments was performed by direct
cycle sequencing on cosmid DNA (Zimmermann
et al., 1994). Raw data collection and evaluation
were performed using the ALF manager software;
sequence assembly, data evaluation and presenta-
tion were performed with the EMBL GeneSkipper
sequence analysis software (Schwager et al., 1995).

Definition of open reading frames
All open reading frames (ORFs) larger than

300 bp were translated using the standard genetic
code, and independent database searches were
carried out for each one. Names of the ORFs
correspond to the general notation rule: YORnW
stands for the Watson strand and YORnC for the
Crick strand.

Data analysis
The database searches for homologous sequences

have been carried out using ‘GENEQUIZ’, a
project management, browsing and visualization
tool developed by the EMBL protein design group
(Scharf et al., 1994). The following databases were
searched: protein sequence: PDB (Abola et al.,
1987), SwissProt (Bairoch and Apweiler, 1996),
PIR-NBRF (fraction not overlapping with Swiss-
Prot; George et al., 1996), GENPEPT (a direct
translation of the DNA sequences in GenBank;
Benson et al., 1993), TREMBL (Bairoch and
Apweiler, 1996); DNA sequence: EMBL
(Rodriguez-Tome et al., 1996), GenBank (Benson
et al., 1996), expressed sequence tags (ESTs) in
dbEST (Boguski, 1995). Updated versions of the
databases from 10 January 1996 were used. A
continuous update of the results using the latest
database versions is available through world wide
web at http://gredos. cnb. uam. es/yeast130. html.
Prior to the database scanning, sequences were
masked using an algorithm to avoid spurious hits
in regions of obvious composition bias (G. Casari
et al., unpublished).
The scan of the database was done using the

BLAST (Altschul et al., 1990) and FASTA (Pearson
and Lipman, 1988) programs (parameters:
BLOSUM62 matrix for BLAST; and Ktup=2 for
FASTA). Multiple-sequence alignments were ob-
tained using the programs MAXHOM (Sander
and Schneider, 1991), CLUSTALW (Higgins
et al., 1992) or PILEUP (GCG package). Protein
secondary structure was predicted from multiple
sequence alignments using the PHD neural net-
work method (Rost and Sander, 1994), as
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implemented on the PredictProtein network server
(Rost et al., 1994). Phylogenetic trees based on the
neighbour-joining method (Saitou and Nei, 1987)
were calculated using the CLUSTALW package
(Higgins et al., 1992). Corrections for multiple
replacements were applied (Kimura, 1983). The
stability of trees with respect to different choices of
subsets of residue positions was checked by boot-
strapping experiments (Felsenstein, 1985). Profile
searches were made using PROFILESEARCH
(GCG) or MAXHOM (Sander and Schneider,
1991).

RESULTS AND DISCUSSION

DNA analysis
We report here sequencing and analysis of

129 524 bases of yeast (S. cerevisiae) chromosome
XV (accession no. X94335). A schematic presenta-
tion of the distribution of 59 ORFs (plus one case
of two overlapping ORFs of significant length),
three tRNA genes, four delta elements, seven per-
fect ARS consensus sequences and one Ty-element
is shown in Figure 1.
The average GC-content of the sequenced part is

38·5%, very similar to the GC-content of other
known yeast chromosomes. A plot of the GC-
content calculated over 10 kb windows every
100 bp shows two minima around positions 20 000
and 120 000 (data not shown). Whether this find-
ing reflects any periodicity in GC-content over
the whole chromosome as described for chromo-
somes II and XI (Feldmann et al., 1994; Dujon
et al., 1994) will be confirmed when the complete
chromosome sequence becomes available. Three of
the four delta elements flank the Ty-element, two
of the three tRNA genes are found in the proxim-
ity of delta elements, a phenomenon frequently
observed in yeast.
Among the seven perfect ARS consensus se-

quences, the elements at positions 6679 and 6704
are the most probable active elements according
to the observations from yeast chromosome VI
(Murakami et al., 1995). The density of coding
regions in this chromosomal segment (one every
2·2 kb) is lower than that found on other known
yeast chromosomes. On the other hand the average
ORF size (550 codons) is larger than on all other
chromosomes reported so far (457–503 codons),
reflecting the fact that the sequence contains seven
ORFs larger than 1000 codons. An unusual clus-
tering on the Watson strand is observed over ten

ORFs within a stretch of 20 kb in the region from
position 41 165 to 61 975.
In yeast, clustering of ORFs on one strand

seems to occur in general more frequently than
statistically expected, which raises the question
whether it reflects polycistronic transcription, as
recently observed in Caenorhabditis elegans (Spieth
et al., 1993) or whether it reflects a preferred
arrangement to prevent collisions between the
transcription and replication complexes (Brewer,
1988). Even more interestingly, the preferred
number of ORFs in a cluster is in general five to
seven; if a cluster contains more than five to seven
ORFs on one strand, it is frequently interrupted in
the middle by a delta element to form two units of
clustered ORFs (chromosome I: position 180 000
to 194 000; chromosome III: position 154 000 to
174 000; chromosome VIII: position 81 000 to
99 000 and 451 000 to 473 000). Besides the ten
uninterrupted ORFs found here in this fragment
from chromosome XV, a comparable cluster has
been found so far only in chromosome II in the
region between position 345 000 and 375 000
(Feldmann et al., 1994).

Analysis of ORFs
The data analysis involved two steps: exhaustive

search in databases and in-depth protein family
analysis. In the first step, database scanning was
performed using GENEQUIZ, a tool for the
analysis of massive sequence data (Scharf et al.,
1994). GENEQUIZ uses daily updates of different
databases, an integrated database search system, a
rule-based engine for interpreting the results of
homology searches, and an advanced human-
machine interface (Casari et al., 1995). The frac-
tion of ORFs for which it was possible to assign a
function in this fragment is relatively large (59%),
larger than that for any other yeast chromosome.
This is partly due to significantly improved search-
ing strategies, as has been demonstrated in other
cases (Casari et al., 1995; Ouzounis et al., 1996),
but also due to the rapidly growing information in
databases. The recent rapid increase in the number
of database entries lacking primary functional
annotation leads to an increasing number of cases
where a sequence family emerges, yet no functional
characterization is possible (corresponding to class
(iv) described in the analysis below). A similarity
search between the ORFs identified in this project
and those in the public databases is summarized in
Table 1.
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Among the 59 ORFs identified here, 21 (36%)
are identical to previously described genes, includ-
ing nucleoporin (NUP1; Davis and Fink, 1990),
ras protein (RAS1; Powers et al., 1984), 16-kDa
subunit of oligosaccharyl transferase (OST2;
Silberstein et al., 1995), RNA polymerase III
(RPC1; Allison et al., 1985) and elongation factor
2 (EF2; Perentesis et al., 1992). The region from
74 600 to 82 000 has previously been found to
contain the yeast genes GCY (Oechsner et al.,
1988), PFY (Magdolen et al., 1988), LEO1
(Magdolen et al., 1994) and UBP2 (Baker et al.,
1992). Thirty-one ORFs (53%) were found to be
homologous to known protein or DNA sequence
or patterns. For seven ORFs (11%) no homolo-
gous pattern was found. Eight small internal ORFs
and eight small partially overlapping ORFs were
excluded; these were in the size range from 100 to
150 codons and did not show any homology to
database entries. However, we included the case of
two overlapping ORFs (YOR3160w, 401 codons,
ATG at position 16 789; YOR3162c, 326 codons,
ATG at position 17 924) in our study. Both
ORFs have significant length, the shorter ORF,
YOR3162c, shows high homology to an Arabiclop-
sis thaliana EST including a leucine zipper
motif. In the case of the YOR3170c, a human EST
was found 100% identical to the yeast sequence.
Two ORFs, YOR3177w and YOR3275c (iden-

tical to PFY), were predicted as intron-containing
genes. Coding sequence for transposon peptide
(YOR3367w) displays a +1 frameshift as is com-
mon for this type of sequence (Farabaugh, 1995).
Among the most interesting protein identifications
in this DNA fragment are (a) YOR3231w, an
inositol polyphosphatase, the second found in
yeast (homologous to the human OCRL gene
involved in Lowe’s syndrome); (b) YOR3172w, a
new ADP ribosylation factor of the arf6 subfamily;
(c) YOR3141c, the first protein containing three
C2 domains; and (d) YOR3237w, an ORF similar
to a Bacillus subtilis cell-cycle related protein.

Detailed analysis of selected ORFs
In the second step of the analysis, a detailed

study of similarities between the different ORFs
and sequences in databases was performed. In
contrast to the high efficiency of the first step of
database screening, the step of detailed analysis is
not yet optimized and requires expert human
intervention. Different cases, such as the ones
described under (i) to (v), require a variety of

sophisticated strategies. Analysed ORFs were
divided into: (i) sequences highly homologous to
other yeast sequences indicating duplication in the
genome; (ii) sequences belonging to already known
protein families; (iii) first reported yeast sequences
in already known families; (iv) yeast sequences
facilitating establishment of new protein families
and (v) sequences without homologues.

(i) Sequences highly homologous to other yeast
sequences indicating genome duplication Case 1:
YOR3227w (46 551–48 365; 604 amino acids, aa)
is a potential isoform of the yeast enzyme
á-isopropyl-malate synthase. YOR3227w shows
significant homology to the previously described
yeast gene LEU4 (Beltzer et al., 1988), located
on chromosome XIV, which encodes enzyme
á-isopropyl-malate synthase. The LEU4 gene has
two alternative in-frame translation initiation sites,
leading to two proteins with different lengths (619
and 589 aa). The larger form is imported into the
mitochondria due to an 18-residue amphiphilic
helix on its N-terminus whereas the other form
remains in the cytoplasm. The existence of at least
one other gene encoding isopropyl-malate syn-
thase in yeast has been reported (Chang et al.,
1985). Figure 2 shows an alignment of YOR3227w
to the LEU1 YEAST sequence. The assumption
that YOR3227w corresponds to the isoform of the
yeast á-isopropyl-malate synthase is further sup-
ported by the following two observations: there is
a methionine at a position where the alternative
translation initiation starts in the LEU4 gene, and
the presence and organization of many directed
and inverted repeats in the 5*-flanking region of the
YOR3227w are similar to those in the same region
of the LEU4 gene (data not shown).
Case 2: YOR3177w (29 317–29 460+29 862–

30 290; 190 aa) and YOR3165w (18 651–20 492;
613 aa) show homology to two adjacent ORFs on
chromosome XIV. Dot-plot comparison between a
5·5 kb segment from chromosome XIV (accession
no. X85811; Garcia-Cantalejo et al., 1994) con-
taining Sctrnaorf 1 and Sctrnaorf 2, and the area
between 17 500 and 31 000 from accession no.
X94335 identified two homologous stretches
around the region of YOR3177w and YOR3165w
(data not shown). Although the ORFs Sctrnaorf 1
and Sctrnaorf 2 on chromosome XIV are adjacent
to each other, the homologues on chromosome XV
are interrupted by three ORFs over a distance of
about 10 kb. The coding sequence of YOR3165w
is homologous to Sctrnaorf 2. YOR3177w is
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highly homologous to Sctrnaorf 1 as shown in
the multiple alignment (Figure 3). The sequences
belong to the S7, 40S ribosomal subunit pro-
tein family. Both yeast sequences are interrupted
by an intron of 401 bp (YOR3177w) or 345 bp
(Sctrnaorf 1), and have two exons of identical sizes
of 48 and 142 aa, which indicates duplication in
the yeast genome.
Case 3: ORFs YOR3193c (37 801–36 818; 327

aa) and YOR3299c (94 328–93 450; 292 aa) are
similar to the yeast mitochondrial carrier protein
YMC1. YOR3193c and YOR3299c belong to the
diverged family of mitochondrial carrier proteins
of several different substances (e.g. inorganic phos-
phate transporters, dicarboxylate exchangers etc.),
which so far contains nine yeast proteins. The
sequences of YOR3193c and YOR3299c display
remarkable similarity to YMC1 YEAST (located
on chromosome XVI; Graf et al., 1993). All three
ORFs form a new sub-family and point to a more
recent duplication within the YMC1 branch. From

the bootstrapping values it is possible to speculate
that duplication of YOR3193c and YOR3299c
might have occurred after the duplication which
led to the YMC1 sequence. The presence of a delta
element in the proximity of YOR3299c points
to a possible involvement of transposition in this
duplication process.
Case 4: YOR3116w (3059–3946; 295 aa) and

YOR2964c (2714–465; 749 aa). Adjacent ORFs
YOR3116w and YOR2964c are homologous to
hypothetical yeast proteins YK71 YEAST (152
aa) and YK69 YEAST (910 aa), which are also
adjacent on chromosome XI (Bou et al., 1993;
Garcia-Cantalejo et al., 1994). BLAST scores are
2·7e-247 for YOR2964c/YK69 YEAST and 1·4e-4
for YOR3116w/YK71 YEAST. The orientation of
the ORFs is maintained on both chromosomes.
Since YOR3116w and YOR2964c are the first
ORFs of the chromosomal fragment sequenced
here, we cannot exclude that the region of dupli-
cation is extended beyond this point.

Figure 2. Case 1. Alignment of the sequence YOR3227w with LEU1 YEAST.
(Note: there is an annotation conflict; the translation product of the LEU4 gene
is annotated as LEU1 YEAST in SwissProt.) The homology between the two
sequences is around 80%. The position of the second Met (labelled with #) is a
possible second initiation site conserved in both sequences. The sequence of
LEU1 YEAST is longer (619 aa).
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(ii) Sequences belonging to a protein family that
contains other yeast sequences Case 5:
YOR3231w (48 799–52 122; 1107 aa) belongs
to the OCRL-inositol polyphosphatase family.
We have previously identified a yeast ORF in
the centromeric region of chromosome IX
(YIA2 YEAST) as a member of the OCRL-
inositol polyphosphate-5-phosphatase family
(Voss et al., 1995). Inositol polyphosphate-5-
phosphatases catalyse the conversion of inositol-
trisphosphate to inositol-bisphosphate. Defects of
the human homologue OCRL HUMAN have
been reported to be responsible for Lowe’s ocu-
locerebrorenal syndrome, a nervous system dis-
order that causes mental retardation in addition to
other symptoms (Attree et al., 1992; Leahey et al.,
1993). Here we describe YOR3231w as the second
yeast sequence that belongs to this family. Figure
4a shows that the C-terminal half of YOR3231w
aligns well with the other members of the family.
In addition, the N-terminal regions of both
YOR3231w (aa 60–530) and YIA2 YEAST (aa
128–575) show clear homology to another yeast
sequence, RSD1 YEAST, a recessive suppressor
of secretory defect (623 aa long; Cleves et al., 1989;
Figure 4b). YOR3231w and YIA2 YEAST may
constitute natural links between the inositol
polyphosphatase function in the N-terminal region
and a C-terminal function related to the secretory
pathway.

Case 6: YOR3348c (116 111–113 466; 881 aa)
belongs to the actin family. Eukaryotic actin genes
usually contain a single intron in the coding region
(Weber and Kabsch, 1994). Two yeast actin genes
are known: ACT YEAST and ACT2 YEAST
(both 391 aa long, with introns of 305 bp and
124 bp, respectively). ORF YOR3348c shows sig-
nificant homology to both yeast actin genes. Inter-
estingly, if BLASTX is used for comparison of the
DNA sequence, the actin hits appear in the middle
of the 881 aa long ORF YOR3348c. However, raw
sequencing data are unambiguous, and Northern
Blot analysis supports the existence of a transcript
with the length of YOR3348c (data not shown).
Case 7: YOR3172w (26 318–26 869; 183 aa) is

similar to the ADP-ribosylation factors (ARFs).
ADP-ribosylation factors are essential and ubiqui-
tous in eukaryotes. They are involved in vesicular
transport and specifically function as activators
of phospholipase D and of cholera toxin. The
functions of ARF proteins in membrane traffic
and organelle integrity are tied to their reversible
association with membranes and specific inter-
actions with membrane phospholipids. A common
feature of ARFs is their regulation by the binding
and hydrolysis of GTP. The arf family now in-
cludes 18 sequences from different species, includ-
ing previously characterized highly homologous
yeast genes ARF1 YEAST and ARF2 YEAST.
Interestingly, the new yeast sequence YOR3172w

Figure 3. Case 2. Multiple alignment of the S7, 40S ribosomal
subunit protein family. The alignment includes YOR3177w, its homo-
logue Sctrnaorf 1, a translation product from yeast (X85811), and
examples from human (RS7 Human), Xenopus laevis (RS8 XENLA),
A. gambiae (RS7 ANOGA), a ribosomal S7 protein from an insectM.
sexta (Msrps7a 1) and rat (Rnrps8mr 1). The sequences labelled as S8
(RS8 XENLA and Rnrps8mr 1) were annotated in the database by
mistake as S8 sequences but belong to the S7 family. Completely
conserved residues are indicated with (*), highly conserved ones
with (.).
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is more closely related to the arf6 sub-family than
to the previously known ARF1 YEAST and
ARF2 YEAST sequences. Comparison of the
new sequence with the whole family points to 14

different residues in positions previously found to
be conserved within the family (data not shown).
The reduction of the number of conserved residues
helps to shape the key functional regions of this

Figure 4. Case 5. YOR3231w. Alignment of sequences: (a)
C-terminal against OCRL HUMAN and its homologues and (b)
N-terminal against RSD1 YEAST and YIA2 YEAST.

664 .   .

? 1997 by John Wiley & Sons, Ltd  . 13: 655–672 (1997)



family. Figure 5 shows conservation levels in the
arf family displayed in the three-dimensional struc-
ture of the human ARF1 HUMAN complexed
with GDP (Amor et al., 1994). For more detailed
protein sequence analysis of the arf6 family, see
Valencia and Sander (1995). Non-conserved resi-
dues in YOR3172w involve the GDP binding
site (Asp-Cys exchange in position 159, Lys-Pro
exchange in position 131), the opposite face of
the active centre (Val-Ala exchange in position
119, Val-Tyr exchange in position 167) and resi-
dues shown to interact with Mg2+ ions (Ser-Thr
exchange in position 45).
Case 8: YOR3141c (10 305–6745; 1186 aa) con-

tains three C2 domains. C2 domains, probably
involved in Ca2+ and phospholipid binding, have
been described in different protein families such as
Ca2+-dependent protein kinases C (Clark et al.,
1991); synaptotagmines, which are related to syn-

aptic vesicle traffic control (Sossin and Schwartz,
1993), and in C. elegans phorbol ester/DAG bind-
ing protein unc-13 (Bork and Sudol, 1994). Usu-
ally one or two C2 domains are present in these
proteins. Analysis of YOR3141c revealed for the
first time the presence of three C2 domains (termed
YOR3141c1, c2 and c3) in a protein. Figure 6a
shows a multiple alignment of the C2 domains
from this ORF with their counterparts from
other proteins (RSP5 YEAST, KPC2 HUMAN,
SYT1 RAT, PIPA DICDI, UN13 CAEEL and
PIR:A42142). The beta sheets derived from the
published three-dimensional structure of the first
C2 domain of SYT1 RAT (Sutton et al., 1995) are
shown with boxes. The proteins did not align for
the first beta sheet of the structure calculated. This
first beta sheet is not even present in the case of
RSP5 YEAST. Thus only the last seven are shown
(denoted as â2–â8). The phylogenetic analysis of

Figure 5. Case 7. The conservation levels in the arf family are mapped in the three-dimensional structure
of the human ADP-ribosylation factor 1 complexed with GDP. The backbone is coloured in orange for
those residues conserved in the whole arf family. White colour and side chains indicate residues conserved
in the family except in YOR3172w. The substrate, GDP, and the Mg2+ ion are shown in ballmodel.
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the C2 domains is shown in Figure 6b. YOR3141c
domains 1 and 2 are closely related to each other
while domain 3 is more related to synaptotagmin
C2 domains (SYT RAT1, 2).

(iii) First yeast sequences in already known protein
families In several cases ORFs deduced from the
accession no. X94335 could be identified as the

first yeast member in an existing known protein
family. These new findings could have interesting
consequences for further biological and phylo-
genetic characterization of the protein families
involved.
Case 9: YOR3352w (116 577–117 566; 329 aa)

belongs to a family of CoA-ligases. YOR3352w is
the first yeast member belonging to the family of

Figure 6. (a) Case 8. Alignment of the three C2 domains from YOR3141c with
the C2 domains of other representative proteins. The alignment extends around
120 aa. The proteins are indicated by their SwissProt identifiers:
KPC2 HUMAN, protein kinase C; PIPA DICDI, phosphatidyl inositol phos-
phodiesterase; SYT1 RAT, phospholipase c (their two C2 domains marked /1
or /2); A42142 (PIR database identifier), gap protein from Drosophila;
RSP5 YEAST, translation product from yeast; UN13 CAEEL, phorbol ester/
DAG binding protein. YOR3141c/1, 2 and 3 are the C2 domains deduced from
YOR3141c. Note that the only yeast sequences are the RSP5 YEAST and the
new ORF. The beta sheets as derived from the three-dimensional structure of the
first C2 domain of rat synaptotagmin (Sutton et al., 1995) are shown with open
rectangles. The most conserved residues are shown in grey boxes. The impor-
tance of the ‘G’ in the centre of â7 is pointed out by the fact that it is mutated
into a ‘D’ in the second C2 domain of synaptotagmin that is not functional. (b)
Case 8. Tree of the previous alignment of C2 domains. The low bootstrapping
values indicate the high divergence of the domain.
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CoA-ligases with known members from animals,
plants and bacteria. It shows very high homology
(identity approx. 60%) over the whole sequence.
Case 10: YOR3224w (44 876–45 805; 309 aa) is

the fourth member in a family of proteins contain-
ing a previously incorrectly assigned helix-loop-
helix (HLH) motif. YOR3224w is similar to
human ORFs Hsg0s8pp 1 (Hong et al., 1993) and
Hs1r20rna 1 (Siderovski et al., 1994) and to a
C. elegans ORF YKO7 CAEEL. In this case we
propose a new protein family whose members are
homologous and share common features in their
secondary structure prediction. A previous com-
parison between the human ORF Hs1r20rna 1
and HLH proteins (e.g. transcription factors) was
based on a weak homology and on secondary
structure prediction. The analysis presented here,
obtained from alignment with mutually highly
homologous sequences, allows a more precise defi-
nition of the family based on a more accurate
secondary structure prediction deduced from
general properties of the family rather than from
individual sequences. The previous assignation of
Hs1r20rna 1 to HLH proteins was based on a
similarity in two regions, the QTK and EAxKE
motifs. However, Figure 7 (alignment obtained for
four homologous sequences) clearly shows that the
these motifs are not conserved within the family.
Furthermore, Siderovski et al. (1994) have sug-
gested the similarity of the ORF Hs1r20rna 1 with
HLH proteins based on a secondary structure
prediction of an HLH motif achieved by the
Chou-Fasman method (Gribskov and Devereux,
1991). A new prediction performed for the newly
established family indeed indicates the presence of
two alpha helices for all members, but at different
positions than in the classical HLH motif.

Case 11: YOR3120w (4113–5276; 387 aa) shares
conserved motifs with prokaryotic members of the
lipase-esterases family. ORF YOR3120w matches
the PROSITE motif for lipases for the serine active
site (PS00120) and represents the first eukaryotic
sequence found with this motif. YOR3120w
matches with a subset of the whole lipase-esterases
family. The alignment shown in Figure 8 indicates
an extension of the consensus sequence around the
PROSITE pattern.

(iv) Definition of a new protein family facilitated by
the new sequence With the progress of the
genome sequencing projects, protein sequences
without known function accumulate in the data-
bases. Definition of new families where only
sequences are available, but no biological informa-
tion, can give important hints for the search for
protein functions.
Case 12: YOR3237w (53 950–54 648; 232 aa) is

the first eukaryotic member of a protein family
presumably related to prokaryotic cell cycle pro-
teins. Figure 9 shows that YOR3237w is similar to
three proteins from B. subtilis and E. coli. How-
ever, only little functional information is available
for the B. subtilis ORF MAF BACSU, which is
coded by the spoIIB gene. This gene is flanked by
many cell-cycle-related genes on the bacterial chro-
mosome. It has been shown experimentally that
MAF BACSU is involved in the cell cycle and
particularly in septum formation: mutations in the
spoIIB gene do not usually lead to a significant
alteration of the spore formation, but if mutations
in this gene are combined with inactivation of
another sporulation gene (spoVG), the joint effect
of the defective genes is an interruption of sporu-
lation at the stage of septum formation (Margolis

Figure 7. Case 10. YOR3224w is similar to two ORFs from human Hsg0s8pp 1
(Hong et al., 1993) and Hs1r20rna 1 (Siderovski et al., 1994), and to one ORF from C.
elegans (YK07 CAEEL). Multiple sequence alignment with secondary structure pre-
diction using PHD (Rost, 1994). Completely conserved residues are indicated by a (*),
highly conserved residues are marked by a (.). The two helices previously predicted for
Hs1r20rna 1 by Siderovski et al. are shown as black boxes.
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et al., 1993). This finding suggests, though in-
directly, the possible involvement of YOR3237w in
the yeast cell cycle. Alignment of MAF BACSU
with the deduced protein sequence of YOR3237w
revealed the presence of two conserved regions
at the N- and C-termini. Searches with the con-
served sequence patterns LASxSPxR and GLP
expanded the alignment by YHDE ECOLI and
YCFE ECOLI, which are hypothetical proteins
without known function. We propose the inclusion
of these two sequences as additional representa-
tives of this new family.
Case 13: YOR3174c (27 851–27 075; 258 aa) is

the first homologue of E. coli ribose-5P isomerase
(RPIA ECOLI). Figure 10 shows a sequence
alignment of YOR3174c to RPIA ECOLI. The
presence of the second sequence allows us to
pin-point conserved residues which may facilitate
determination of the active site. From the 71

residues conserved between these two sequences
the best candidates for active site functions are
four clusters with characteristic patterns of Gly

Figure 8. Case 11. YOR3120w. Alignment against products of the lipase-
esterase operon from Mycoplasm (Mm0361 1, Mm0361 2 and Mm0361 3),
Sgnonr 2 (antibiotic-resistance protein, 279 aa, Streptomyces griseus),
Mgrpobc 1 (unknown product, Mycoplasm), Ppacox 4 (dihydrolipoamide
acetyltransferase, Pseudomonas) and BHPD PSES1 (2-hydroxy-6-oxo-6-
phenylhexa-2,4-dienoate hydrolase, Pseudomonas). The three conserved boxes
are marked: hhhhHGx[G/N], hhGxSMGG, and PxxhxxL (h is a hydrophobic
amino acid).

Figure 9. Case 12. YOR3237w is similar to B. subtilis and E. coli proteins with
possible roles in the cell cycle. Multiple sequence alignment with main motifs boxed.
Asterisks indicate residues conserved throughout the whole family; dots mark similar
residues.

Figure 10. Case 13. Full sequence alignment of YOR3174c to
RPIA ECOLI. Highly conserved motifs are boxed, conserved
residues are marked by an (*), similar residues are indicated
as a (.).
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residues: GxGxGST, DGADE, QxIKGGGA and
GxxDG (boxed).
Case 14: YOR3510c (128 612–126 237; 791 aa).

Figure 11 shows that YOR3510c can be aligned to
a small set of DNA binding proteins coding for
transcription and replication factors. The align-
ment allows the definition of profiles like LxGxxx-
hGKxTxxxhxxEh or aVDxhxxxxDRG, where#is
any amino acid, h is a hydrophobic residue, and a
denotes an acid residue.
Case 15: YOR3513c (129 523–128 867; 175 aa).

It is very likely that YOR3513c is expressed since
its EST (T39061) is already known. Figure 12
shows that YOR3513c is highly homologous in the
N-terminus to human D22835 and rice T10779
ESTs and in the C-terminal region to rice D28195,
yeast T38107, R03754 (C. briggsae) and human
T40124 ESTs.

(v) No homologue We identified ORFs without
clear homology to any database entry, but still
likely to code for protein since they are in com-
pliance with the following criteria: they are long
enough to be coding, do not overlap with other
ORFs with assigned function, and have an aa

composition and GC content typical for coding
regions in yeast. YOR3170c (25 975–21 029; 1648
aa) has no significant hit against the protein data-
bases but it shows an almost 100% identity with a
human EST dbest-gln-4055. Other large ORFs
without clear homologues are YOR3296c (893 aa)
and YOR3329c (622 aa). An overview of ORFs
larger than 100 aa and non-overlapping ORFs
with clear homologues is shown in Table 1 and
Figure 1.
Since the yeast genome sequence is now com-

plete and several bacterial genome sequences are
available, linking large-scale DNA sequencing
with database searches and detailed case-to-case
analysis is increasingly profitable. Data analysis
of the type discussed here is an increasingly im-
portant bridge between the accumulation of raw
sequence data and the planning of functional
analysis experiments aiming at detailed elucidation
of gene function.
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