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ABSTRACT

In a recent paper we have estimated the total number
of protein coding open reading frames (ORFs) in the
Saccharomyces cerevisiae genome, based on their
properties, at about 4800. This number is much
smaller than the 5800–6000 which is widely accepted.
In this paper we analyse differences between the set
of ORFs with known phenotypes annotated in the
Munich Information Centre for Protein Sequences
(MIPS) database and ORFs for which the probability
of coding, counted by us, is very low. We have found
that many of the latter ORFs have properties of anti-
sense sequences of coding ORFs, which suggests
that they could have been generated by duplication
of coding sequences. Since coding sequences
generate ORFs inside themselves, with especially
high frequency in the antisense sequences, we have
looked for homology between known proteins and
hypothetical polypeptides generated by ORFs under
consideration in all the six phases. For many ORFs
we have found paralogues and orthologues in
phases different than the phase which had been
assumed in the MIPS database as coding.

INTRODUCTION

There are 7472 open reading frames (ORFs) longer than
100 codons in the yeast genome. About 3000 of these ORFs
overlap. Since known examples of overlapping genes in the
genomes thus far sequenced are very rare, it has been assumed
that a given sequence of DNA codes for only one polypeptide.
Thus, the shorter one of a pair of overlapping ORFs is usually
considered non-coding. Another strong parameter indicating
that an ORF is coding is its sequence homology to any other
coding sequence. Attempts to estimate coding probability were
made using the Codon Bias Index (CBI) (1) and the Codon
Adaptation Index (CAI) (2). In yeast genome analysis it has
been accepted that ORFs shorter than 150 codons with CAI < 0.11
and without any homology to known genes are non-coding (3).
Nevertheless, there are a lot of ORFs longer than 100 codons in
the yeast genome for which functions or homologues have not
yet been found. These ORFs were called orphans (4,5).

Sequencing of theSaccharomyces cerevisiaegenome revealed
a surprisingly high number of such sequences. Furthermo
during sequencing the fraction of orphans grew quicker th
the fraction of homologues, which is a paradox because
more known genes, the higher fraction of homologues and
lower fraction of orphans should be found among new
sequenced ORFs. This phenomenon was called the myster
orphans (4,5). There are two ways of solving the orphan parad
(i) orphans belong to a group of genes which for unknow
reasons escape function identification; (ii) orphans are mai
non-coding ORFs generated by non-random mechanisms
the yeast genome.

Prior publications of ours (6,7) provided a partial explanation
the mystery of orphans. Approximation of the number
protein coding ORFs longer than 100 codons in the ye
genome, based on their properties, yielded 4700–4800
number much smaller than the widely accepted 5800–6000 (8–
If it is acknowledged that there are only ~4800 genes in t
yeast genome, the mystery of orphans disappears. Th
remain ~300 coding ORFs without known function or homolog
to already discovered genes, which is only ~5% of the to
number of genes. The problem of the origin of non-codin
ORFs in the yeast genome remained unclear. The probab
of generating an ORF longer than 100 codons in a DN
sequence is low and in a random DNA sequence of the ye
genome size the number of randomly generated ORFs sho
be much smaller than the number of orphans inS.cerevisiae. In
this paper we supply more arguments that the number of cod
ORFs in the yeast genome is much smaller than previou
estimated and that many non-coding ORFs were generate
the past inside coding sequences in non-coding frames
later transferred into other genome regions by duplicati
mechanisms.

DATABASES AND METHODS

DNA sequences and information on gene functions in t
S.cerevisiaegenome were downloaded from http://speedy.mip
biochem.mpg.de in June 1998.

The distributions in the two-dimensional space of the tw
sets of ORFs found in the yeast genome were prepared accor
to the method described by us in detail (6; also at our Web s
http://smORFland.microb.uni.wroc.pl ). In short, we hav
measured a parameter describing base composition for e
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ORF, arctan[(A-T)/(G-C)], for the first and second base
position in codons separately. We have found that genes form
a very compact set. A comparison of the distribution of genes
and of all ORFs was the basis of the method of estimation of
the total number of coding ORFs in the yeast genome and cod-
ing probability for ORFs, which was also previously described
(7). The most important premises of the methods are briefly
described in Results and Discussion.

ORFs with low estimated probability of coding were computer
translated into theoretical peptides in all six frames. Amber and
ochre stop codons appearing in some frames were translated
into tyrosine and opal stop codons into tryptophan. Resulting
polypeptide sequences were used to search databases for
homologues using the FASTA search program (11).

RESULTS AND DISCUSSION

ORF distributions on the torus projection

To show some qualitative differences or resemblances betw
different sets of ORFs, we have prepared distributions of the
sets of ORFs on the finite torus surface projection (Fig. 1). F
each ORF longer than 100 codons found in the yeast geno
the numbers of each of the four nucleotides in each position
codons were counted. Next, the values of arctan[(G-C)/(A-T
for the first and the second positions in codons were plott
against each other. The result was a distribution of poin
representing individual ORFs on the torus surface. In Figure
the distribution of all 7472 ORFs longer than 100 codons
shown. In Figure 1b the same distribution for all genes wi

Figure 1. Distributions of different sets of ORFs on the torus surface projection. (a) Distribution of all 7472 ORFs longer than 100 codons; (b) distribution of all
genes with known phenotypes; (c) ORFs discarded by MIPS as non-coding, obtained by subtracting all ORFs annotated in the MIPS database from the s
ORFs longer than 100 codons found by us in the chromosome sequences [ORFs represented in (a)]; (d) set of ORFs obtained by subtracting all ORFs with
described phenotypes (the 2513 genes known the day of data downloading) from the set of ORFs annotated by MIPS and subtracting a further 2600 O
randomly from the rest of the ORFs according to their coding probability counted by us previously. This set represents ORFs which are annotated,
presumably coding according to the criteria of the database authors but with low coding probability according to our criteria.
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known phenotypes is presented. In Figure 1c ORFs discarded
by MIPS as non-coding are shown. This set of ORFs was
obtained by subtracting all ORFs annotated in the MIPS
database from the set of all ORFs longer than 100 codons
found by us in the chromosome sequences (ORFs represented
in Fig. 1a). It represents mainly shorter ORFs from pairs or
from larger clusters of overlapping ORFs or some ORFs
shorter than 150 codons with CAI < 0.11 (3). The latter rule was
not respected rigidly, since we have found more than 350 ORFs
still fulfilling these criteria in MIPS. In general, discrimination of
shorter ORFs of overlapping pairs is a good method of
eliminating non-coding ORFs. Nevertheless, there are some
pairs of overlapping ORFs in which the coding ORF is the
shorter one. Furthermore, some ORFs shorter than 150 codons
with CAI < 0.11 have identified phenotypes. Another set of
ORFs (Fig. 1d) was obtained by subtracting all ORFs with
described phenotypes (the 2513 genes known the day of data
downloading) from the set of ORFs annotated by MIPS and
subtracting a further 2600 ORFs drawn randomly from the rest
of the ORFs according to their coding probability counted by
us previously (6). This set represents ORFs which are annotated in
MIPS, presumably coding according to the criteria of the data-
base authors but with low coding probability according to our
criteria. Note that the used method of random selection leaves
some coding ORFs in this set and eliminates from it some
ORFs with lower coding probability. Nevertheless, Figure 1c
resembles Figure 1d quite well, especially if one compares
these two sets, for contrast, with Figure 1b, representing ORFs
with described phenotypes.

Nucleotide composition of different sets of ORFs

It is well known that there is a prevalence of purines in the first
positions in codons in all genomes thus far sequenced (6,12–15;
see also http://smORFland.microb.uni.wroc.pl for detailed
information). In Table 1 we have shown which fractions of
ORFs fulfil the composition rule for the first positions in three
different sets of ORFs from the yeast genome:genesrepresents
ORFs with known phenotypes;A>3 represents ORFs with the
distance to the distribution centre of genes in Figure 1b larger
than 3 SD (according to us the probability of coding for proteins
by these ORFs is of the order of 0.001);all ORFs eliminated by
MIPSshows ORFs longer than 100 codons not included in the
MIPS database.

Above 92% of ORFs with known phenotypes in the yeast
genome have more A than T and more G than C in the first
positions of codons. In contrast, only 24% of ORFs with very
low coding probability fulfil these rules. It is an even much
lower fraction than among ORFs eliminated by MIPS. For a
random sequence the expected fraction of ORFs fulfilling the
rules that the first positions are richer in both purines is 25%.

We have noted previously that long protein codin
sequences generate ORFs inside themselves, especially in
antisense sequences, with much higher probability th
happens in random sequences (16,17). Following the rule t
the coding strand is richer in purines, the ‘coding’ strand of
ORF generated in the antisense sequences has to be rich
pyrimidines. That is why we suppose that some ORFs with lo
coding probability were generated inside protein coding gen
and that duplication mechanisms are responsible for tra
ferring them into the intergenic space.

Furthermore, the distribution of length for ORFs with MIP
annotation ‘1’ (with known phenotype) is quite different tha
that for ORFs with low coding probability (Fig. 2). Note tha
our method of coding probability estimation does not take in
account the length of ORFs; the only length condition is that
ORF should be longer than 100 codons. Thus, if our meth
cannot distinguish non-coding ORFs properly, there should
no correlation between coding probability and the length
ORFs. In fact, the average length of ORFs with annotation
is ~560 codons, while for non-coding ORFs according to o
method it is ~200 codons (Fig. 2).

There is another conclusion which could be drawn fro
Figure 2. The distribution of ORF length annotated in MIP
implicates a growing number of coding ORFs in classes ne
100 codons, which suggests that there are a lot of coding OR
shorter than 100 codons. In the distribution of ORFs wi
relatively higher coding probability counted by us (with SD < 2
the numbers of coding ORFs in the length classes near 1
diminish. Inversely, the fraction of ORFs with low coding
probability grows rapidly when their length diminishes from
200 to 100 codons, suggesting that the number of coding OR
shorter than 100 codons is not very high.

Correlation between the number of presumably coding
ORFs and the number of identified transcripts

If the predicted number of coding ORFs in the yeast genome
correct, the number of presumably coding ORFs in a group
ORFs should be correlated with the number of transcrip
found for such a group. To test this we have grouped ORFs i
classes of 200, according to their distance from the centre
gene distribution (Fig. 1b) and counted the expected numbe
coding ORFs in each class. Next we counted the number
transcripts found in the same class of ORFs (data obtain
from: http://www.sagenet.org/yeast ). The correlation coefficie
between the two sets of data, presumably coding ORFs
ORFs with identified transcripts, was 0.96. The correlatio
coefficient counted for randomly grouped sets of ORFs was
the order of 0.1. Since the distance of an ORF from the dis
bution centre is the measure of its coding probability, the fou
correlation means that the probability of finding transcripts f
ORFs is correlated with our estimation of its coding probability

Generated ORFs in the yeast intergenic space

It was found previously that intergenic sequences in differe
genomes have significant traces of coding history (18,19). It
known that even in intergenic sequences triplet structure c
be detected by looking for a correlation in DNA molecules. W
have found that yeast intergenic sequences also share
feature with coding sequences. Furthermore, in interge
yeast sequences it is much easier to find long ORFs than
random DNA sequences.

Table 1.Fractions of ORFs fulfilling the composition rule of the first
positions in three different sets of ORFs from the yeast genome.

A>T G>C A>T and G>C

Genes 0.97 0.96 0.92

A>3 0.46 0.59 0.24

ORFs eliminated by MIPS 0.55 0.74 0.40
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Nucleotide composition of ORFs shorter than 100 codons
found inside intergenic sequences indicates that they were
generated by coding sequences in the past. To show this, we
have used a computer generated DNA sequence (CGS) of the
same length and nucleotide composition as the yeast genome.
Next we compared the distribution of ORFs depending on their
length in the CGS and in the real yeast genome (Fig. 3a). In the
yeast genome the number of longer ORFs is much higher than
in the CGS, which is a trivial statement, since the long ORFs
are the result of selection. However, when all ORFs longer
than 100 codons were excluded from the genome, many
shorter ORFs were also eliminated (Fig. 3b). That is because
these eliminated ORFs had been nested in longer ones. In fact,
the rest of the sequence is mainly non-coding intergenic
sequence. However, in this sequence we have still observed far
more longer ORFs than in the CGS. The two distribution lines
for the CGS and for intergenic sequences of the same length
and composition cross at the position of ORFs 32 triplets long
(Fig. 3c). Starting from this point, intergenic sequences contain
more ORFs. The difference in the number of ORFs longer than
32 triplets is ~9000. Our results suggest that most of the 9000
short ORFs are remains of coding sequences and have been
generated by them.

Coding sequences and the genetic code have specific properties
of generating long ORFs in the antisense (complementary)
strand of genes (16). There are ~3000 overlapping ORFs
(longer than 100 codons) in the yeast genome. Many ORFs in
the intergenic space were probably generated in the past in
non-coding frames of protein coding sequences and later trans-
ferred into other genome regions by duplication mechanisms.
We may assume that the coding sequences nesting ORFs (we
have called these smaller ORFs baby ORFs) were at least partially
duplicated. Duplicated sequences accumulated mutations
which eventually eliminated the reading frames of the original

gene, leaving baby ORFs. That is why ORFs in the interge
space, like baby ORFs, are richer in pyrimidines than
purines. Then, it should be possible to find homology betwe
generated ORFs and their maternal gene.

Homologues of products of ‘non-coding’ frames

All yeast ORFs were divided by MIPS (http://www.mips.biochem
mpg.de/ ) into six classes, according to the properties of
encoded protein: (i) known function or phenotype; (ii) stron
similarity to known protein; (iii) similarity or weak similarity
to known protein; (iv) similarity to unknown protein; (v) no
similarity; (vi) questionable ORF.

Similarities have been measured by FASTA scores. A questi
able ORF is defined by a combination of the followin
attributes: low CAI value; partial overlap with a longer ORF o
with an ORF with known phenotype; no similarity to other ORF

Many properties of ORFs located long distances from t
distribution centre of ORFs with known phenotypes (Fig.
indicate that they form significantly distinct sets of ORF
Most of these ORFs belong to classes described in the MI
database with a number higher than ‘3’. Since these ORFs r
in their phases (determined by the start codon in MIPS) do n
fit the parameters of coding sequences described by us,
have assumed that there exists another frame in which
original ‘generating coding sequence’ coded for the prote
which means that some ORFs with low coding probabili
were in the past generated in non-coding frames of cod
sequences. Thus, we have looked for homologues of th
ORFs, not only for translation products in their assum
reading frames, but in all six frames. To find such homolog
we have translated ORF sequences in six frames and perform
FASTA search of all six theoretical peptide sequences ver
the full databases (11). The generated amber and ochre

Figure 2. Distribution of the length of ORFs >100 codons in the yeast genome. (a) Comparison of two sets of ORFs, black columns representing ORFs anno
in MIPS as ‘1’ and shaded columns representing ORFs annotated in MIPS as ‘2’–‘6’ but with very low probability of coding according to our method; (b) distributions of
ORFs annotated ‘1’ (black) and with high coding probability according to our method (shaded) among all ORFs annotated in the MIPS database.
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codons (TAA and TAG) were translated into tyrosine while
opal (TGA) was translated into tryptophan.

We have analysed 2840 ORFs annotated classes 3–6 in
MIPS. The excluded ORFs belong to classes 1 and 2, with
known function and/or strong similarities to known proteins.

The frame assumed by MIPS as coding was considered
frame 1by us. For each analysed ORF we have chosen the best
homologue out of all the homologues found in the remaining
five frames (2–6). We have accepted an E value < 0.001 as
indicating homology between the analysed ORF product and
the sequence found in the databases (Fig. 4). Homologues of
the products of 783 ORFs have been found translated in phases
2–6 with an E value < 0.001 (947 for E < 0.01). However, this
set of ORFs contains both generated and generating ORFs. We
have assumed arbitrarily that an ORF was generated if its class

annotation in MIPS is higher than that of its homologue or if i
length is smaller than the length of the found homologue.
this way we have selected 603 generated ORFs for which
have found homologues with E < 0.001 (757 with E < 0.01
Among these ORFs, 426 do not have better homologues in
frame which was assigned by MIPS as coding (frame
Sequences homologous to products of translation in frames
were both paralogues and orthologues. Many homologu
found by this technique were simply the longer ORFs of th
pair of overlapping ORFs, which means that it should b
decided which one of the two overlapping ORFs should
discarded from the database or at least to which ORF the ov
lapping sequence should be assigned.

Some homologues have long stretches of the same am
acid or short repetitions. It is difficult to prove the phylogenet

Figure 3. Distribution of ORF length in the yeast genome sequences and the sequence generated by computer (CGS). (a) Distribution of ORFs depending on their
length in the CGS and in the real yeast genome; (b) distribution of ORFs in the whole yeast genome and in the sequence after all ORFs longer than 100 codo
excluded; (c) distribution lines for intergenic sequences and for the CGS of the same length and composition [note the scale of (c) has been changed t
differences in ORF length distributions for shorter ORFs].
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relation between such pairs of proteins but their close similar-
ities may suggest that some of the yeast ORFs were generated
by specific non-stop codon sequences (i.e. some regulatory
sequences) and do not have protein coding function. We have
found that many ORFs located in subtelomeric parts of
chromosomes (with specific repetitions) have homologues in
different frames to other ORFs in these regions and to yeast
delta and core X elements. Many ORFs annotated in the MIPS
database are localised in this region, but in our opinion these
sequences play a structural role rather than coding. There are
many premises suggesting their structural role: (i) they consist
of 72 bp repetitions in which 36 or even 12 bp repetitions are
recognisable; (ii) inside these repetitions some positions are
extremely conservative (100% consensus); (iii) when these
sequences are analysed in triplets as coding sequences, many
conserved positions are at the third positions of codons while
some, not conserved, are at the first or second codon positions;
(iv) 72 bp repetitions are organised in higher order and, for
example, the external Y' element of the left arm of chromo-
some 12 has two 144 bp repetitions with 135 matched positions;
(v) Y' elements from different chromosomes differ in length
and these differences are always a multiple of 72 bp (isn’t it
one turn around the nucleosome?).

Thirty-six homologues were found in virus genomes,
suggesting horizontal transfer of non-coding ORFs.

The most pronounced results have been obtained for ORFs
annotated in MIPS class ‘6’ (questionable ORFs). In this group
were classified ORFs without any known homology. Thus, by
definition, we have not found homologues of these ORFs in
databases if translated in their own reading frame. But homo-
logues were found for almost 80% of these sequences trans-
lated in other reading frames (mostly in the antisense). For

other groups of ORFs annotated in MIPS we have also fou
homologues in other reading frames, but with lower frequenc

In a large majority of the cases of homology we foun
(i.e. for 70% of ORFs annotated in MIPS as class ‘6’), we we
able to properly predict in which frame the homology shou
be expected using our method of content coding seque
analysis.

About 50% of generated ORFs originated in the sixth pha
of genes and 28% in the fourth phase, as predicted previou
(17). Most short overlapping baby ORFs originated in the six
phase.

In general, we have found ~700 ORFs in the MIPS databa
which have homologues ‘not in frame’. That is why we conclud
that most ORFs annotated in the MIPS database which accor
to our gene identification method are not coding are in fa
ORFs generated in the past by coding sequences. Thus, mo
the so-called orphans are not coding sequences.

DATA AVAILABILITY

Data concerning the ORF co-ordinates in the yeast geno
their distances from the centre of yeast gene distribution on
torus surface as well as their coding probability counte
according to our method with a lot of other technical informatio
are available at our Web site: http://smORFland.microb.u
wroc.pl
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