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Abstract

The genetic code has a very interesting property—it generates an open reading frame (ORF) inside a coding
sequence, in a specific phase of the antisense strand with much higher probability than in the random DNA
sequences. Furthermore, these antisense ORFs (A-ORFs) possess the same features as real genes—the asymmetry in
the nucleotide composition at the first and second positions in codons. About two thirds of the 2997 overlapping
ORFs in the yeast genome possess this feature. Thus, the question arises: has this feature of the genetic code been
exploited in the evolution of genes? We have searched the FASTA data bases for homologies with the antisense
translation products of a specific class of genes and we have found some sequences with relatively high homology.
Many of them have scores which could be randomly found in the searched data bases with a probability lower than
10−6. We conclude that some genes could arise by positioning a copy of the original gene under a promoter in the
opposite direction in such a way that both, the original gene and its copy initially use the same nucleotides in the
third, degenerated positions in codons. © 1998 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Antisense; Genetic code; Gene evolution; Overlapping reading frame; Yeast genome

1. Introduction

Analysing whole genomes, it is easy to note
that long open reading frames (ORFs) located
inside ORFs with known function or partially
overlapping other ORFs, are more frequent than

the predicted frequency of the generation of read-
ing frames in the random DNA sequence (Yomo
et al., 1992; Ikehara and Okazawa, 1993; Merino
et al., 1994; Cebrat and Dudek, 1996). Yomo et
al. (1992) considered even the generation of ORFs
inside ORFs as a basic mechanism of gene evolu-
tion. Facchiano et al. (1993) and Facchiano
(1995) found homology between hypothetical
proteins coded in alternate frames (+1 and +2)
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and some protein sequences deposited in the
SWISS-PROT data bank. Boldogkoi et al. (1995)
proposed a mechanism for the generation of
reading frames inside genes. According to them,
the accumulation of G and C bases in the silent
positions of herpesvirus genes lowers the proba-
bility of stop codons generation in the frame
shifted by two nucleotides because all stops start
with T base. Cebrat and Dudek (1996) have
shown that there is a specific bias in ORF genera-
tion inside genes. The most frequently generated
ORFs are located in the antisense strand and
overlap the gene in such a way that the third
positions of gene codons overlap with the third
positions of the overlapping ORF triplets (A3-
ORF). Since this bias is a result of the occurrence
of palindrome doublets in two stop codons, it
could be predicted from the genetic code proper-
ties and a similar effect can be generated also in
the random DNA sequence. Although the genera-
tion of overlapping ORFs inside genes is a prop-
erty of the genetic code, it is not conclusive
enough to assume that the mechanism has been
exploited by evolution for gene generation.

As in eukaryotic genomes a large fraction of
DNA does not code for proteins, in orderto re-
solve the problem, it is very important to distin-
guish between coding and noncoding sequences,
as well as to indicate the phase in which the
sequence is coding. Much software has been de-
veloped to recognise genes by computer analysis
(Fickett, 1996). We have used the method utilis-
ing the strong asymmetry between sense and anti-
sense strands in specific nucleotide positions in
codons (Cebrat et al., 1997). This method has
allowed us to show that the A3-ORFs share
many features specific for coding sequences with
genes.

In this paper we have analysed the putative
coding properties of overlapping ORFs found in
the yeast genome.

2. Data for analysis and methods

Sequences for analysis were downloaded on 23
September, 1996 from: genome-ftp.stanford.edu.
Information on the gene function, ORF homol-

ogy and/or their presumed functions was down-
loaded on 16 November, 1996 from:
http://www.mips. biochem.mpg.de. We have
analysed the set of all ORFs longer than 300
nucleotides (7440 ORFs), including all ORFs for-
merly discarded by SGD (Saccharomyces
Genome Database programme).

The probability that a sequence has a protein
coding function has been estimated using the
method described previously (Cebrat et al., 1997).
In the method we have analysed in the two di-
mension space, the displacement of a DNA
walker which checked each position of codons
separately. For the DNA walk we have used a
modified method of Berthelsen et al. (1992). In
fact, we have analysed the relations between the
ratios (G–C)/(A–T) for the first and for the
second codon positions for the sense strand of
ORFs. To avoid the infinite values of the ratio
(G–C)/(A–T), it was expressed in degrees as ar-
cus tangent(G–C)/(A–T). The examples of the
DNA walks performed for a yeast gene coding
for neutral trehalase (YDR001c) are shown in
Fig. 1. The three DNA walks performed for one
sequence have been called a spider and the result
of walk for one codon position—a spider leg.

Since a very characteristic distribution of the
slopes of spider legs had been observed for cod-
ing sequences (especially for the first and second
positions), we have used these parameters to dis-
criminate coding and noncoding sequences. We
have plotted the values of the slope of leg 1
versus the values of the slope of leg 2 for each
examined sequence. This allows us to present
data in the finite surface—a specific projection of
a torus, where each sequence is represented by
co-ordinates x and y being the slopes in degrees
plotted in scale 9180°. The results are shown in
the Fig. 2 where two plots are presented: (a) for
2205 ORFs with known functions, (b) for all
overlapping ORFs. Each point represents one
ORF with co-ordinates equal to arcus tan-
gent(G–C)/(A–T) for the first positions in
codons (x) and for the second positions in
codons (y). For easier referring, we have divided
the plot into 16 parts each described by letters
A–D and numbers 1–4.
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Fig. 1. DNA walk on a yeast gene coding for neutral trehalase (YDR001c); position 1, the walker visits every first nucleotide of
codons and move a unit up if the nucleotide is G, down if it is C, right if it is A and left if it is T; position 2, the walker visits every
second nucleotide of codons; position 3, the walker visits every third nucleotide of codons.

3. Statistics of overlapping ORFs

The total number of overlapping ORFs\100
codons in the yeast genome is 2997. Some ORFs
belong to clusters of more than two overlapping
ORFs. More than 75% of genes coding for
proteins are located in square C3 of Fig. 2(a).
These typical genes are represented by an example
presented in Fig. 1. There are also some ORFs
with known function located in squares D3 and
D4. Comparing both plots shown in Fig. 2, it is
easy to note that there are relatively many ORFs
located in squares D3 and D4 in the set of over-
lapping ORFs. To understand this phenomenon,
ORFs should be divided into subclasses depend-
ing on the relations between two ORFs in the
overlapping pair. In Table 1, we have presented
the numbers of pairs of overlapping ORFs in the
yeast genome and the numbers of triplets in over-
laps, depending on the relation between these
ORFs. About two thirds of all nucleotides belong-
ing to more than one ORF has been found in

ORFs from opposite strands, overlapping with
the third positions of codons (we have called them
A3-ORFs). This tenfold surplus of overlapping
codons in one class of ORFs can be explained by
the properties of the genetic code. Two stop
codons (TAG and TAA) have the first two nucle-
otides in palindromes and if any pyrimidine is
placed upstream of these codons—it generates a
stop codon in the related phase of the opposite
strand (for phase 1 in this relation the respective
phase is the phase 6, and for phases 2 and 3 in the
same relations the respective ones are phases 4
and 5). Since there are no stops inside an ORF
(by definition), the frequency of stop codons in
the antisense strand drops significantly. In addi-
tion, start codon—ATG—has the same property
as amber and ochre codon but inversely to stop
codons, there are many methionine codons gener-
ating starts in the overlapping A3-ORFs. These
two properties of the genetic code are responsible
for the generation of ORFs inside ORFs in these
specifically related phases. In Table 2, the results
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of scanning of all ORFs (1266) found in the first
phases of all yeast chromosomes are presented.
The scanning was performed on the five remain-
ing phases. The most dramatic differences in the
stop codons occurrences have been found for
A3-ORFs. Furthermore, in this class of over-
lapped ORFs, 94 394 codons were found in over-
lapping regions of Mummy/Baby pairs,
(‘Mummy’ is a larger ORF totally nesting a

smaller one—a ‘Baby’ ORF) and only 1302
codons were found inside Mummy/Baby over-
lapped with positions 1/3 (+2 phase) in the same
strand. The ORFs overlapping with positions 1/3
are expected to be an overwhelming class accord-
ing to the hypothesis of Boldogkoi et al. (1995).
Analysing the results presented in Tables 1 and 2,
it could be concluded that the bias in the fre-
quency of different classes of overlapping ORFs is
fully explained by the properties of coding se-
quences and the genetic code;
� the frequency of generating the amber and

ochre stop codons inside ORFs in the reading
frame from the opposite strand, overlapping
with the third positions of codons drops to the
level below half of that frequency for any other
reading frame. The average distance between
stops is almost twice as big as for other reading
frames, and 55% longer than the average dis-
tance in the whole yeast genome. Then, the
average length of ORFs inside ORFs in such a
phase relation is longer, which has also been
found for random DNA sequences generated
by computer (unpublished data).

� the most frequent nucleotides in the first posi-
tions of coding sequences are A and G, in the
second position, A and C and in the third
positions, T. Then, when a reading frame is
shifted by two nucleotides in the same strand,
the frequency of starts drops significantly and
the frequency of stops grows to a very high
level, resulting in an average distance of 11
codons between stops. That is why there is a
very small number of ORFs of this class, and
that is why they usually begin outside the
overlapped ORFs and the overlapping frag-
ments are relatively short.

4. Properties of overlapping ORFs

According to our estimations, the total number
of coding ORFs in the set of all overlapping
ORFs is about 1380. If we assume that usually
only one ORF of the pair is coding, then in about
90% of pairs, one ORF is coding and the other
one reflects its nucleotide composition. That de-
pends on the phase relation between coding and

Fig. 2. The distribution of ORFs on the torus surface. (a)
ORFs with known function, (b) all overlapping ORFs in yeast
genome. Each point corresponds to one ORF. Co-ordinates:
x= the slope of the vector for a DNA walk performed for the
first positions of ORF codons and y= the slope of the vector
for a DNA walk performed for the second positions.
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Table 1
Numbers of pairs of overlapping reading frames in the yeast genome according to the relations between the phases in which the
ORFs occur

Strand relations

The opposite strands The same strand

Start to start Mummy/babyStop to stop Mummy/baby Start to stop
��� ��

� � �� �

240 115939Overlapping Codon Sum 155 120
14860122128 7244positions 2226014417

—1803/3 993 —84 729
94394182189228121840

——432/2 141223 39
3378 18519276524662
28 —21 691/1 118 —

1277181112303 9215
108—1/2 —157 49—

2385 1355815943
— — — 661/3 78 12

6261 13024959

noncoding ORFs. Since 75% of coding ORFs are
located in square C3 and about 2/3 of all overlap-
ping ORFs overlap with the third positions, the
plot seen in Fig. 2(b) should reflect these quantity
relations.

The diagram in Fig. 3 shows the relations be-
tween codon positions in ORFs overlapping with
the third positions. The most characteristic fea-
ture for coding ORFs is G/C\1 for the first
codon positions and G/CB1 for the second
codon positions. More than 90% of all known
yeast genes conform to these rules (universal not
only for yeast genes—our unpublished data). A3-
ORFs also conform to these rules(!)—the first
codon positions are rich in guanine and the sec-
ond ones are rich in cytosine. In Fig. 4(a) we have
presented a spider made for a sequence comple-
mentary to the gene shown in Fig. 1. Note that
the shape of this spider looks like a spider made
for a gene located in square D4 (Fig. 4(b)). The
differences in the third positions do not seem to
be important. Since this position is degenerated
and because the changes in this position are neu-

tral or ‘close to neutral’ (Kimura, 1986), they can
be modified by the mutation pressure (Sueoka,
1988). Both spiders, the one made for a gene
laying in D3 sector (Fig. 4(c)) and the other one,
made for its antisense sequence overlapping with
the third codon positions (Fig. 4(d)), lay in the
same part of the plot in Fig. 2, both confirming
the same coding rules.

The phenomenon of overlapping ORFs has
three striking features:
� The occurrence of A3-ORFs is about ten times

higher than any other class of overlapping
ORFs.

� A3-ORFs share the features of nucleotide com-
position of codons with a specific group of
genes (located in the squares D3 and D4).

� The number of ORFs\100 codons of this type
in the yeast genome is much higher than the
number of ORFs randomly generated in the
stochastic DNA sequence of the size of the
yeast genome.

All these features are the implication of the ge-
netic code properties.
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Table 2
The occurrence of start and stop codons ‘not in frame’ inside the ORFs found in the first phase of all yeast chromosomes

Whole phase 1aNo. codons in all ORFs of phase 1 scanned in phaseCodons

4 51 62 3

9063 10 116ATG 11 255 17 373 3832 7254 74 113
51 905351111 371TAG 7061283 9395 7244

11 779 5745TAA 566 11 750 17 358 13 586 88 138
11 731 9451TGA 417 13 042 21 588 10 576 80 945

18 70734 881 220 988Sum of stops 31 2231266 34 187 46 190
17 15 28Number of codons per one stopb 416 15 1811

a All triplets in the first phases of 16 yeast chromsomes.
b For the first phase this number is equal to the average length of ORFs; for the rest of phases, it is the total number of codons
in the ORFs of the first phase divided by the number of stop codons in the scanned phase.

5. Homology for hypothetical proteins coded by
antisense

If these properties of genetic code had ever been
exploited in the generation of new coding sequences,
it should be possible to find the traces of such a
process now.

The generation of a new coding sequence from
the existing one could be possible after duplicating
the gene and locating it under a promoter in the
inverse direction. The sequence of aminoacids in the
new peptide could be quite different than that of
the original gene. Let us assume that this mechanism
has generated some genes. If the gene located in the
square C3 (75% of all identified genes in yeast) had
undergone such a process, the resulting coding
sequence should be located somewhere in square
D4. However, if the gene has been located in square
D3, the resulting coding sequence should stay in the
same square. If it is true, it should be possible to
find the homology between theoretical peptide
sequences coded by antisense strands of genes
located in squares D3 and D4 and other known
genes. To find such homology, we have translated
the antisense strands of about 200 genes located in
these regions (D3, D4) in the related phase and have
performed a FASTA search versus full data bases
for homology with these theoretical peptide se-
quences (Pearson and Lipman, 1988). The eventu-
ally generated stop codons were translated to
tyrosine because stop codons with the first two
nucleotides in palindromes need only one substitu-

tion in the third position to be changed into tyrosine
codon. To evaluate the returned homologies, we
have performed the same searches for ‘antisense
peptide’ read in the other two reading frames,
(overlapping with the first and second codon posi-
tions—A1-ORFs and A2-ORFs, respectively). The
results of searches are shown in Fig. 5(a) and (b).
In Fig. 5(a) we have presented 30 best ‘optimised
scores’ returned by FASTA, for sequences trans-
lated from each phase of antisense sequence. Puta-
tive proteins coded by ORFs inside duplicated
sequences belong to the first group, with the highest
homology. For example sequences laying in genes
FLO1, FLO5 and FLO9. Since FLO genes (respon-
sible for flocculation) belong to one family and have
the same origin, it is obvious that the overlapping
ORFs found inside both genes are homologous.
These sequences (overlapping ORFs) have been
referred to in the Saccharomyces Genome Database
project as the ‘hypothetical proteins’. According to
our estimation, the probability that these sequences
are coding is very low. That is why we have excluded
these sequences from any further consideration.

Proteins with very low, inconclusive homology to
their antisense relatives, belong to the second, the
most numerous group (not shown). But when we
have discarded from the plot 5a all ORFs with
homology to the so called ‘hypothetical proteins’,
we have still got a difference between the level of
homology for proteins coded by antisense overlap-
ping with the third positions and the remaining two
phases.
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Fig. 3. Diagramm representing the relation between the sense and antisense strands overlapping with the third positions (A3-ORFs).
Both, the first and the second positions of codons in both strands conform to the rule of G/C asymmetry.

We have analysed a few antisense sequences,
for which the highest homogies have been found.
One of these sequences is antisense for gene TIR2
(YDR010c) coding for the cold shock induced
protein. Protein sequence coded by the antisense
of this gene shows homology to Paracoccus deni-
trificans cytochrome bc1 with the optimised score
198 and 42% of aminoacid identity in a 150
overlap. The inverted search based on the se-
quence of the protein generated by the antisense
of bc1 gene found the TIR2 protein with the
optimised score 245. The nucleotide sequences
were found with even higher scores and the ex-
pected probability of finding a sequence with a
better score in the searched databases was of the
order 10−6 (FASTA, Pearson and Lipman, 1988).
Other examples are genes coding for H+-trans-
porting P-type ATPases (PMA1 and PMA2). An-
tisense proteins for both genes found Hansenula
MrakII k9 killer toxin—resistance protein coded
by the yeast HKR1 gene (YDR420w). The last
protein is coded by three distinct regions (see Fig.
6). The internal region of the coding sequence
looks like a coding sequence from square D4. The
antisense protein for this region found four se-
quences with optimised homology scores above
200. In this case homologies between proteins
were higher than between the nucleotide se-
quences. It could be concluded that the positive
selection for the protein sequence was stronger
than for the nucleotide sequence. It is even possi-
ble that there was a selection favouring fast diver-
gence of the nucleotide sequences because of the
sense/antisense hybridisation effect of the tran-
scripts. The effect of the sense/antisense hybridisa-
tion forces the fast divergence of nucleotide
sequences while the protein function found for the

antisense was conserved. This effect should be
expected when both sequences evolved in the
same organism. That could be also an explanation
why so many antisense sequences are found for
genes in different organisms. Finding homologies
with virus sequences suggests even that viruses
could be the vectors for horizontal dissemination
of the ‘antisense sense’. In one case, a very conser-
vative for many organisms DNA-directed RNA
polymerase, we have even found the specific
sense/antisense symmetry inside a protein, which
could be a trace of duplication with inversion and
a generation of a palindrome.

It seems that the differences in the results of
searching for homology to the translation prod-
ucts of hypothetical antisense sequencess read in
different phases, are significant. For antisense
read in frames overlapping with the first or second
positions, we have also found some homologous
proteins but these proteins usually were
monotonous, with long stretches of the same
aminoacids or short repetitions like in a sex-deter-
mining y protein, keratin, fibrynogen or dynein.
These cases need futher studies. Nevertheless, we
would like to note that it could be difficult to
prove that there are statistically significant differ-
ences in using different frames for the generation
of new coding sequences.

The genetic code has another property—GCN
box, CGN box UAY semibox and partially AUN
code in both, sense and antisense strands (over-
lapping with the third positions), the same
aminoacids resulting the same distances between
them in the peptide sequence. These could also
generate some correlations and homologies in the
aminoacid sequences, especially in proteins with
repetitions and even the palindromic peptides.
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Fig. 4. Spiders for sense and antisense sequences. All antisense spiders are made for sequences overlapping with the third codon
positions; (a) antisense for the gene coding for neutral trehalase (spider for the gene is presented in Fig. 1); (b) spider for the sense
strand of the yeast uracil permease (YBR021w); (c) spider for the sporulation-specific wall maturation protein (YHR139c); (d) spider
for the antisense of the gene presented in the plot c.
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Fig. 4. (Continued)
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Fig. 5. Optimised scores returned by FASTA for homologies found for hypothetical proteins coded by antisense in different phases;
(a) the best 30 scores in the set of 200 sequences sent to data bases; (b) the best thirty scores in the set of 200 sequences after
discarding all the sequences referred in SGD as ‘hypothetical proteins’. All scores in this diagram represent homologies to known
genes.
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Fig. 6. A DNA walk on a yeast gene coding for Hansenula MrakII killer toxin-resistance protein. For explanation see description
for Fig. 1.

6. Conclusions

The fact that two out of three stop codons
possess a palindromic doublet in the first two
positions enables the generation of long ORFs
in one of three phases of the antisense strand
of a coding sequence. This very class of ORFs
shares some properties with coding sequences—
the specific asymmetry in G/C contents of the
first and second nucleotide positions of codons.
It seems reasonable to assume that these ORFs
are tested by evolution mechanisms for their
usefulness in the fight for surviving. The ho-
mologies which we have found for antisense
proteins suggest that this property of the genetic
code has been exploited in gene evolution.
Thus, the genetic code itself seems to be a po-
tent evolution tool for the generation of new
genes.
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