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The complete nucleotide sequence of a 40.7 kb segment about 130 kb from the left end of chromosome X of
Saccharomyces cerevisiae was determined from two overlapping cosmids. Computer analysis of that sequence
revealed the presence of the previously known genes VPS35, INOI, SnR128, SnR190, MP12, YAKI, RPB4, Y U R l ,
TIF2, MRS3 and URA2, three previously sequenced open reading frames (ORFs) of unknown function 5' of the
INOI, 5' of the MP12 and 3' of the URA2 genes and 13 newly identified ORFs. One of the new ORFs is homologous
to mammalian glycogenin glycosyltransferases and another has similarities to the human phospholipase D. Some
others contain potential transmembrane regions or leucine zipper motifs. The existence of yeast expressed sequence
tags for some of the newly identified ORFs indicates that they are transcribed. A cluster of six genes within 10 kb
( Y U R I , TIF2, two new ORFs, an RSP2.5 homologue and MRS3) have homologues arranged similarly within
28.5 kb on the right arm of chromosome XI.\The sequence has been deposited in the EMBL data library under
Accession Number X87371.
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INTRODUCTION
In the course of the European Union BIOTECH
project of Saccharomyces cerevisiae chromosome
X DNA sequencing, we have determined 40,724
base pairs from two overlapping cosmids con*Corresponding author. Mailing address: Foundation for
Research and Technology-HELLAS, Institute of Molecular
Biology and Biotechnology, PO Box 1527, Heraklion 711 10,
Crete. Greece.
CCC 0749-503)3/96/080787-11
0 1996 by John Wiley & Sons Ltd

structed by Huang et al. (1994). This DNA segment is derived from the left arm of the
chromosome and includes the previously sequenced and experimentally characterized genes
VPS35, INOI, SnR128, SnR190, M P l 2 (Mim17p),
YAKl, RPB4, YURI, TIF2 (eIF-4ap), MRS3 and
URA2. It also contains three previously sequenced
open reading frames (ORFs) of unknown function
and 13 newly identified ORFs. Our sequence
analysis revealed special features of the identified
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ORFs and specific translocation/recombination/
gene conversion events between a region of six
unrelated clustered genes on chromosome X and a
region of 11 similarly arranged unrelated genes on
chromosome XI.
MATERIALS AND METHODS
Strains and vectors
Cosmids pEJ007 and pEJ031 containing
partial Sau3AI yeast DNA fragments in pWE15
vector were provided from the collection of F.
Galibert’s group, described in Huang et al. (1994).
Escherichia coli strain DH5a (supE44 Alac U169
((p801acZAM15)hsdR17 vecA1 endAl gyrA96 thi-1
relA 1) and the vectors pUC19, pUC18, pBluescript
and YEp352 were used for all subsequent subcloning and sequencing steps. The vector was
chosen appropriately to facilitate the subsequent
generation of Ex0111 deletions.
Sequencing strategy
We used directed sequencing of ordered subcloned EcoRI restriction fragments. Template
DNA was prepared by the alkaline lysis method
followed by Qiagen column selection. Dideoxynucleotide sequencing with T7 polymerase was
performed on both strands of fragments subcloned
in both orientations. ‘Universal’ or ‘reverse’ fluorescent primers (Pharmacia kit) were used for the
original EcoRI fragments and for nested ExoIIIS1 nuclease deletions of those fragments. The
sequencing reactions were analysed on an ALF
sequencer (Pharmacia). Synthetic oligonucleotides
(Microchemistry group, IMBB, Crete) corresponding to internal sequences were used to fill in the
gaps, using [35S]dATP and the USB sequencing
kit. The junctions between the different EcoRI
fragments have been established b polymerase
chain reaction sequencing from [YZP]ATP-endlabelled oligonucleotide primers near the ends of
the fragments using cosmid DNA as template
(Ausubel et al., 1987).
Sequence analysis software
Sequence assembly of each restriction fragment
was performed by the Fragment Assembly Program of the GCG sequence analysis software
package for VMS. Total sequence assembly and
verification was performed as described in Tzermia
et ul. (1994). Restriction and six phase OR F
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mapping of the sequences were accomplished by
the DNA Strider software (Marck, 1988). Comparisons of the nucleotide and the amino acid
sequences were performed to the GenBank,
EMBL, Swiss-Prot and NBRF libraries using the
GCG package software by us at the Institute of
Molecular Biology and Biotechnology (MicroVAX) and by Lydia Hart1 at MIPS, Martinsried,
Germany.
RESULTS AND DISCUSSION
Sequence analysis
The complete sequence of the 40,724 base pair
segment of chromosome X has been deposited in
the EMBL data base and appears under the accession number X87371. Our sequence analysis is in
agreement with the published genetic map of
chromosome X (Mortimer et al., 1989).
The six phase OR F map of the sequenced
region, performed by the DNA Strider program
(Figure l), revealed 33 ORFs with more than 100
codons. Table 1 includes the coordinates of all
identified coding sequences. Seven ORFs that are
totally internal to others (in different orientations
or frames) were not included in our analysis. The
expression of those ORFs is doubtful, until proven
experimentally. The same applies for ORFs with
less than 100 codons, which are not included in
Table 1. The only exception presented in our
analysis was the homologue of the RPS25 (ribosomal protein) gene (87 aa). Three out of the 24
ORFs are partially overlapping with others (in
different orientations or frames). The ORF sizes
range from 100 to more than 2040 codons. The
gene coding portion, including the two known
snRNAs, constitutes 75-78% of the sequence
(30,717-31,764 bases). This percentage is close to
the average of 69-72% found for chromosomes I1
(Feldmann et al., 1994), 111 (Oliver et al., 1992),
VIII (Johnston et al., 1994) and XI (Dujon et al.,
1994).
The O R F sequences determined by us are
identical to those of the known proteins Miml7p,
Yaklp, Rpb4p, Yurlp, eIF-4ap, Mrs3p, Ura2p, to
the URA2 3’ region O R F (J0682), to the I N 0 1 5’
region O R F (50630) and to the two small nuclear
RNAs (50635 and J0636). Some discrepancies with
the previously published sequences of Vps35p and
Inolp will be discussed below.
The nucleotide data bases contain expressed
sequence tags (EST) sequences (K. Weinstock and
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Figure 1. The EcoRI restriction map of the 40,724 base pairs of the overlapping cosmids pEJ007 and
pEJ031 are presented in two parts. The 5’ and 3‘ ends of the insert are Suu3AI sites cloned into the
BurnHI site of pWE15 vector. The six-phase ORF map of the corresponding sequence is also presented
below the EcoRI restriction map. Small bars indicate initiation codons and full bars indicate stop
codons. The location and the direction of ORFs are indicated by arrows. The ORF nomenclature has
been assigned by MIPS. Known gene names are given below ORF names.

J. C. Venter, unpublished) corresponding to
several of the known or the newly identified ORFs
and the snRNAS in the analysed DNA segment.
Although all of these EST sequences contain
nucleotide mismatches when compared to our
sequences, they provide proof for their transcription. We have not found any ESTs corresponding
to the internal (opposite orientation) ORFs.

ORF analysis

Several characteristics of the identified ORFs
are provided in Table 1. The optimum and self
scores (for better evaluation of each score’s significance) of FastA analysis (Pearson and Lipman,
1988) revealed identities or homologies with
known proteins and indicated disrepancies with
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S. c. VPS35 (937 aa)
99.1% identity in 937 aa
S. c. I N 0 1 (553 aa)
myo-inositol-1-phosphate synthase
87.4% identity in 538 aa
Internal (opposite) of 50610
Transmembrane (aa 86-102)
S. c. I N 0 1 5' region (133 aa)
100% identity in 133 aa
ESTs: Sc440, Sc903, Sc441
Asp rich (11.3%)
Transmembrane (aa 21-37)
Transmembrane (aa 47-63)
Transmembrane (aa 26-42)
Leucine zipper (aa 72-93)
Transmembrane (aa 376392)
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100% identity in 128 bp
S. c. snR190
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ESTs: Sc17545
Lys rich (19.3%), Asp rich (11.2%)
Leucine zipper (aa 13-34)
Leu rich (15.4%)
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ESTs: Sc006, Sc733
Transmembrane (aa 277-293)
Lys rich (12.2%)
S. c. MP12 5' region (1 04 aa)
99% identity in 104 aa
Asn rich (12.5%)
S. c. MP12, Miml7p (158 aa)
mitochondria1 inner membrane
100% identity in 158aa
Leu rich (16.90/0), Ile rich (1 1.5%)
Transmembrane (aa 2743)
Transmembrane (aa 50-66)
Transmembrane (aa 109- 125)
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homologies,
motifs?
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Opt.
score
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Self
score

Maarse et al. (1994)
EMBL:X77796

Maarse et al. (1994)
EMBL:X77796

EMBL:T37006, T36733

Zagorski et al. (1988)
EMBL:M21124
Zagorski et al. (1988)
EMBL:M21124
EMBL:T17545

Dean-Johnson and Henry (1989)
EMBL:J04453
EMBL:T36440, T36903, T36441

Paravicini et al. (1992)
EMBL:S42186
Dean-Johnson and Henry (1989)
EMBL:J04453, L23520

Reference of gene or EST

Table 1. Characteristics of open reading frames (ORFs) and other coding sequences identified in the 40,724 bp segment of chromosome X.
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?Motifs are described only for the newly identified ORFs.
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previously published sequences. Scores higher than
200 have been considered as significant, although
in some instances lower scores due to homologies
in restricted areas of the protein sequences indicated conservation of specific domains. Only the
best homology found is included in Table 1.
Homologies of questionable significance are discussed below for each individual ORF. The codon
adaptation index (CAI; Sharp and Li, 1987) and
the frequency of optimal codons (Fop; Sharp and
Cowe, 1991) (determined by Lydia Hartl at MIPS)
are given as parameters indicating the probability
for the corresponding ORFs to be expressed.
ORFs with CAI <0.110 are considered questionable. That CAI range corresponds to Fop numbers
<0.4. Potential transmembrane regions have been
determined according to Klein et ul. (1985) (by
Lydia Hartl at MIPS) and visualized by the hydrophobicity profiles (Kyte and Doolittle, 1982) presented by the DNA Strider program. Protein
patterns (motifs) have been identified by the
ProSite program (Bairoch, 1991) of the GCG
package. Below we discuss our major findings on
each identified ORF in the same order as they are
presented in Table 1.
ORF 50580 differs from the published sequence
of the vacuolar protein sorting Vps35p by the
insertion of seven amino acids close to the amino
terminus of the protein. This difference does not
affect the hydrophobicity profile of the protein
(data not shown) and probably reflects strain
polymorphism.
The ORF 50610 sequence exhibits many differences with the published sequences of the L-myoinositol- 1-phosphate synthase Ino 1p. There are
two published sequences with accession numbers
504453 and L23520 (strains AB320 and A322
respectively). Our sequence is closer to that in file
L23520. The main differences are included at the
amino terminus, within the first 120 residues. In
that region, our sequence is more similar to the
published Candida albicans Ino 1p sequence (accession number L22737; Klig et al., 1994). The same
holds true when comparing the hydrophobicity
profiles of the three different amino acid sequences
(data not shown). Moreover, our nucleotide
sequence is identical to the EST sequence Sc467
(accession number T36467) in the discussed
region. These facts indicate discrepancies due to
previous sequencing errors in addition to strain
polymorphisms.
ORFs 50628 and J0632, which overlap with
ORFs 50630 and 50634 respectively, probably do
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not correspond to expressed sequences as indicated
by their unfavourable codon indices. Each sequence contains a potential transmembrane region
as described in Table 1.
In contrast, O R F 50630 has favourable codon
indexes and corresponds to several EST sequences
(Table 1). It contains two potential transmembrane regions and it shows some restricted similarity to a hypothetical protein on yeast chromosome
IV (MIPS, unpublished data; CDYS:RRA140,
FastA scores 127/745) and to the hypothetical
protein ZK632.10 of Caenorhabtitis elegans (accession number P34655, 32.6% identity in 89 aa
overlap, FastA scores 101/490).
The sequence of ORF 50634 that has no known
homologue, contains a leucine zipper motif, a
potential transmembrane region and a polyaspartic acid stretch (loop-forming acidic region; residues 533-539). It is distinct from O R F 50632 and
not the result of a frameshift, as indicated by the
pronounced differences in their codon index
values.
O R F 50637 is probably expressed since it corresponds to an EST sequence. It is a very hydrophilic
molecule as indicated by its hydrophobicity profile (not shown). It contains a’carboxy terminus
highly rich in lysine, aspartic acid and glutamic
acid residues (alternate positively and negatively
charged residues). This region contributes to the
apparent similarity of the OR F with the hypothetical yeast protein L8167.9 from chromosome XI1
(accession number U14913, S48550), which was
the best homology detected considering the FastA
scores (135/2351), the length (25.3% identity in 150
aa overlap) and the location of the similarities in
the two molecules. Several other yeast hypothetical
proteins appeared in the homology search with
lower scores, such as YKL202w, YKL20lc and
YKL023w.
The main information characterizing the
50639 O R F sequence is a leucine zipper motif at
its amino terminus. O R F 50642 is potentially
expressed, since it corresponds to several EST
sequences, and contains a potential transmembrane region. Only borderline similarities were
found between the 50644 O R F sequence and a
hypothetical protein on yeast chromosome XIV
(MIPS, unpublished data; CDYS:VEE35 1, FastA
scores 129/1825). Similarly low homologies, spanning the middle portion of both compared protein sequences, were found with the hypothetical
protein T23G5.2 of C. elegans (accession number
S28303, 34.6% identity in 81 aa overlap, FastA
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Figure 3 Multiple alignment of the two yeast hypothetical
ORF sequences 50663 and YKR058w with the two mammalian
glycogenin glycosyltransferases A45094 (rabbit) and S45141
(human) using the CLUSTAL program.

Figure 2. CLUSTAL alignment (Higgins and Sharp, 1988) of
the 50663 ORF sequence (380 aa) with the hypothetical protein
YKR058w (618 aa). Asterisks indicate residue identities and
dots indicate conservative substitutions. A potential leucine
zipper sequence motif is underlined in each sequence.

scores 128/2419), with the yeast Secl4p
phosphatidylinositol-phosphatidylcholinetransfer
protein (accession number S43745, 28.3"/0 identity
in 127 aa overlap, FastA scores 125/2558) and
with two EST sequences of Avabidopsis thaliana
(accession numbers T76862, T76582).
ORF 50646 is known to be located on the 5#site
of the MP12 gene. Its sequence has no similarity to
any known sequences. It contains a cluster of seven
asparagine residues (residues 72-78). ORF 50650,
which overlaps with the 3' end of the Yaklp,
contains mostly hydrophobic residues with three
potential transmembrane spans. ORFs 50646 and
50650 have low CAI and Fop indices.
ORF 50663 (380 aa) appeared homologous to
the yeast hypothetical protein YKR058w (480 aa)
as shown in Figure 2. ORF 50663 is missing an
internal region present in YKR058w but the two
yeast sequences are related, as indicated by the
clusters of identical amino acids throughout their
common regions extending from their amino to
their carboxy termini. The first 260 residues of
both sequences contain conserved domains characteristic of the mammalian glycogenin glycosyltransferases (Viskupic et al., 1992; a rabbit
sequence, accession number A45094, 34.4% identity in 189 aa overlap, FastA scores 2704652; a

human sequence, accession number S45141, 33%
identity in 179 aa overlap, FastA scores 243/1401;
and a bovine sequence, accession number L01792,
35.5% identity in 172 aa overlap, FastA score 247);
Figure 3. All three mammalian sequences are very
similar to each other (>go% identity). The 50663
OR F product is more similar to the glycogenin
glycosyltransferases, both in sequence and in
length, than its yeast counterpart YKR058w,
probably being a closer relative (not shown).
ORF 50664 was included in Table 1, although it
is 87 aa long, because it was found to be almost
identical to the YKRO57w (RPS25) gene encoding
the ribosomal protein Rs2lp. Residue 51 in 50664
is an isoleucine instead of a valine. The same
unique substitution was found in the EST sequence
Sc091. The protein sequence of OR F 50664 results
from the splicing of two exons, similar to that of
Rs2lp. The corresponding intron sizes are 461 and
321 bases.
ORF 50666, which overlaps with O R F 50671,
has no distinct characteristic but its codon parameters are favourable for expression. It is probably
distinct from OR F 50671 since the starting site of
O R F 50671 correlates well with that of the highly
similar hypothetical protein YKR053c.
The similarities of the 50671 and YKR053c
OR F sequences are shown in Figure 4. O R F 50671
contains four potential transmembrane regions
and its hydrophobicity profile is similar to that of
the YKR053c product. Both ORFs are probably
membrane proteins, differing mostly at the 30
amino-terminal residues, as expected for leader
sequences that usually diverge in amino acid
sequence, preserving mostly the appropriate
charge (Von Heijne, 1983). OR F 50671 showed in
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Figure 5. CLUSTAL alignment of the 50678 ORF sequence
(750 aa) with the human phospholipase D precursor L11701
(841 aa). Asterisks indicate residue identities and dots indicate conservative substitutions. Potential signal peptides are
underlined.

400

Figure 4. FastA alignment of the hypothetical proteins J0571
and YKR053c (top). The inner boundaries of four potential
transmembrane spans are underlined in ORF 50671. The
hydrophobicity profiles of the 50571 and YKR053c ORF
products (bottom).

addition homologies in restricted areas of the E.
coli hypothetical protein 0489 (S47716, 23.5%
identity in 166 aa overlap, FastA scores 141/2558)
and the human latent membrane protein LMPl
(S21660, 25.8% identity in 93 aa overlap, FastA
scores 123/2085).
The sequence of the 50678 ORF product has
similarities in scattered restricted domains (mainly
in the amino-terminal half) with the human
phospholipase D precursor, as shown in Figure 5.
The same regions are also conserved in the bovine
phospholipase D sequence (not shown). ORF
50678 contains one potential transmembrane
hydrophobic stretch (residues 3-19) at the amino

terminus corresponding to the hydrophobic phospholipase D signal peptide. The overall hydrophobicity profiles of the yeast and mammalian
protein products are similar (not shown).
The product of ORF 50682, previously identified
at the 3' end of the URA2 gene, has the profile
of a hydrophilic protein. It is expressed since it
corresponds to EST sequences.
A cluster of six genes is conserved between
chromosomes X and X I
We have presented three newly sequenced
ORFs, 50663, 50664 and 50671, which showed
significant homologies to three ORFs closely
arranged on chromosome XI (Dujon et al., 1994).
Moreover, the TIF2 gene, identified next to ORF
50663, was previously known to be identical in
amino acid sequence to the TIFl gene located
next to the above-mentioned homologues on
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Figure 6. Diagram of the similarities between the gene cluster on the left arm of
chromosome X and the gene cluster on the right arm of chromosome XI. The sequence
number coordinates correspond to the cosmid sequence for chromosome X and to the entire
sequence for chromosome XI. The percentages of identities in amino acid and nucleotide
sequence overlaps are shown for pairs of homologous genes. The inserts below the
chromosome XI line indicate the ORFs that have no homologues on the chromosome X
cosmid region. The vertical arrows pointing to areas of no homologies indicate the borders
of the divergently expressed gene clusters on each chromosome. ORF YKR062w has only
been included in the diagram as the last one in the group with similar orientation of
transcription

chromosome XI. In addition, we have noticed that
the region of homology between the two chromosomes extends to previously known genes with
similar functions (YURlIKTR2, MRS3IMRS4).
As shown in Figure 6, a region of about 10 kb
(included in the reported cosmid sequence),
approximately 151-161 kb from the left end of
chromosome X, is related to a region of 28.5 kb
approximately 106-134.5 kb from the right end of
chromosome XI. Six contiguous ORFs on chromosome X are arranged into two groups of divergently transcribed genes. The corresponding six
genes on chromosome XI are similarly arranged,
but one group additionally contains four ORFs
with no homologues on chromosome X and the
other group contains the very long gene D Y N l
also with no counterpart on chromosome X. These
intermingled unrelated genes have the same direction of expression with the others in the group to
which they belong. Finally, it should be mentioned
that there is not any obvious common feature or
function between the genes that are transcribed
from the same DNA strand.
The emerging picture from this analysis is one of
a translocation event having occurred between
opposite arms of the two chromosomes which
preserved the orientations relative to the ends. The
non-homologous regions may have been deleted
or added by further recombination events. The
observed percentages of nucleotide and amino acid

identities between the homologous regions imply
that different genes have evolved with different
rates and/or mechanisms. Additional recombination or gene conversion events have possibly resulted in the observed fluctuation of alternate
medium and very high conservation. For example,
it is striking that the J0663lYKR058 ORF pair is
significantly similar only in amino acid sequence
and the immediately flanking regions on each
side, TIFIITIFZ and J0664lYKR057 pairs, are
extremely conserved in both amino acid and
nucleotide sequences. The extent of each gene
pair's divergence is probably indicative of the
functional diversification of the two homologues.
Gene redundancy is a fact even for organisms
with small genomes, such as yeast. The analysis
of accumulating sequence data from various
yeast chromosomes has revealed a considerable
number of similar genes with various degrees of
homologies scattered on different chromosomes
(Bussey et al., 1995; Dujon et al., 1994; Feldmann
et al., 1994; Johnston et al., 1994). In fact, there
is an increasing probability that the currently
sequenced ORFs of known or unknown function
will have previously sequenced homologues. In
some instances, unclear divergence or convergence events have resulted in experimentally
proven functionally related genes that are only
homologous at the amino acid sequence level
embedded in totally unrelated DNA (Georgatsou
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and Alexandraki, 1994). On the other hand, multiple copies of highly conserved functionally
redundant genes have been found on the subtelomeric regions of yeast chromosomes (Pryde
et al., 1995; Dujon et al., 1994; Alexandraki and
Tzermia, 1994). In this report we present the case
of redundancy of genes as a group located
in analogous internal regions on two different
chromosomes. Detailed analysis of several similar
examples of gene cluster evolution may clarify the
mechanisms responsible both for gene redundancy
and for the preservation/diversification of entire
regions on chromosomes.
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