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Abstract An algorithm for identifying transcription units,
independently regulated genes and operons, and pseudo-genes
that are not expected to be expressed, has been developed by
combining a system for predicting transcription and translation
signals, and a system for scoring the triplet periodicity in ORF
candidates. By using the algorithm, the 1.09 Mb sequence that
covers approximately 60% of the genome of Pyrococcus sp. OT3
has been analyzed. The identified ORFs show the expected
biological and physical characteristics, while the rejected ORF
candidates do not. Frequent use of operon structures for
transcription, and gene duplication followed by mutation or
termination of the duplicated genes, are discussed.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Recently, the whole DNA sequences of a dozen genomes
have been determined [1-12]. Three of them are that of ar-
chaeobacteria ([3,7,8], see also review [13]). Since a systematic
collection of archaeobacterial cDNA sequences is not cur-
rently available, identification of the genes in these genomes
needs to be carried out on a theoretical basis.

It seems scientific to identify open reading frames (ORFs)
by predicting signals for transcription and translation, and to
apply the same criteria throughout the genomic DNA sequen-
ces. Such an analysis will lead to the identification of not only
individual protein genes but also operon structures and pseu-
do-genes. Here pseudo-genes are defined as ORF candidates
that are homologous to protein genes known outside the ge-
nome or paralogous to ORFs in the same genome, but lack
the signal for transcription or translation; note that the def-
inition is essentially the same as that in molecular biology, i.e.
‘dead’ genes that were functional in the past (thus, these are
similar to other genes still functioning) but are not expressed
any longer (because these do not have signals). On the other
hand misidentification of pseudo-genes as genes and failure in
the identification of operon structures are problematic for the
understanding of the transcription network. To our knowl-
edge no signal-based analysis has been carried out with any
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archaeobacterial genomic DNA sequence, and no theoretical
identification of pseudo-genes or operon structures has been
reported (see review [14] for a discussion of the difficulties).

As a step toward our final goal of understanding the whole
transcription network of archaeobacteria, we have developed
an algorithm which is able to predict transcription and trans-
lation signals, and have applied it consistently on the DNA
sequence that covers approximately 60% of the whole genome
of a hyper-thermophilic archaeon, Pyrococcus sp. OT3, in
order to identify protein genes, operons and pseudo-genes.
Since not many biological observations are available, in order
to evaluate our identification the biological and physical char-
acteristics of the identified ORFs are compared with those of
the rejected ORF candidates.

A very small number, 37, of pseudo-genes have been iden-
tified which possess all the characteristics expected of an ORF
except for the transcription or translation signal, while most
of the ORF candidates which have homologous genes outside
the genome have been identified as ORFs, populating 61% of
the total of 1111 identified ORFs. Thus, even if we had failed
to identify signals for those ORFs identified as pseudo-genes,
the success rate still appears to be high.

The strain whose DNA sequence is analyzed in this paper
was first deposited in the Japan Collection of Microorganisms
(JCM) by Dr. Masuchi (University of Tokyo) with the name
Pyrococcus shinkaii OT3. The name was wrongly cited as
Pyrococcus shinkai (note the missing ‘i’ at the end) in reports
[15,16]. After the deposited strain was withdrawn, two new
strains isolated from the same source were deposited with the
names Pyrococcus horikoshii OT3 (JCM9974) and Pyrococcus
horikoshii JA1 (JCM9975), respectively. The relation of the
two strains to P. shinkaii OT3 remains unclear. With the
above confusion and without a detailed description of P. shin-
kaii or P. horikoshii having been published, we felt it better to
describe the strain as Pyrococcus sp. OT3.

2. Materials and methods

2.1. Nucleotide sequence and databases

The nucleotide sequence analyzed in this study was determined by
another group at the National Institute of Technology and Evaluation
with the help of our institute, NIBHT (DDBJ accession numbers AB
9464-9506), and has been published (http://www.bio.nite.go.jp/).

The nucleotide numbering scheme used in this study for the whole
nucleotide sequence and for each ORF candidate, and details of our
analysis are shown in the 23 January 1998 version of our database,
ARCHAIC (http://www.aist.go.jp/RIODB/archaic/).
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2.2. Prediction for transcription and translation signals

Archaeobacteria use TATA box binding protein (TBP) and tran-
scription factor B (TFB) for the initiation of transcription [17,18]. For
the prediction of the TFB-TBP binding sites, a scoring system was
made for all possible combinations of 11 bases. At each position each
of the four types of base was given a score between 0 and 100, essen-
tially depending on the frequency of the base at the position in a
collection of sequences that were manually identified as putative signal
sequences, and that were confirmed as sharing a consensus sequence,
being statistically different from a collection of random sequences.
Thus, the scores given to each position were independent of each
other. The sum of the scores for the 11 positions was used as the
score of the sequence, which should be a value between 0 and 1100.
The best sequence, AAAAGTTTATA, was given the highest score of
715.9, while the poorest one, GCCCCGCCCCC, received a score of
66.8. Eleven base sequences that were given scores higher than the
threshold value, and were followed by possible start codons, ATG,
GTG or TTG, with insertions of 21-131 bases were predicted to be
transcription signals. The threshold value was increased stepwise so
that signals followed by a larger insertion required a higher score: 539
or higher for an insertion of 21-28 bases, 544.5 for 29-45 bases, 577.5
for 46-53 bases, and 594 for 54-131 bases.

Another scoring system was made in order to predict translation
initiation signals for all combinations of nine bases in essentially the
same way as that made for the transcription signals. The Shine-Dal-
garno sequence [17,18], AGGAGGTGA, was given the highest score
of 614.5, while the poorest one, CCCCCACCC, received a score of
35.8. Nine base sequences that were given scores of 369 or higher, and
were followed by possible start codons with insertions of 2-9 bases,
were predicted to be translation signals.

The possibility of the use of CTG and ATT as a start codon has
been reported [1-12]. In this study, an ORF, 0t0358394, was identified
with CTG, and two ORFs, ot0285088 and ot0144789, with ATT.
These genes fulfilled all the requirements and had high homology to
known ORFs starting with normal start codons. Another ORF,
0t0796073, was identified with AAA for the same reason. Transcrip-
tion of 0t0285088 in Pyrococcus OT3 has been confirmed experimen-
tally (Kawashima et al., unpublished).

2.3. Analysis of the RYY periodicity in ORF candidates

A scoring system was made in order to evaluate the triplet perio-
dicity [19-21] in ORF candidates. Purine (R) and pyrimidine (Y) bases
at the first position in the coding phase were given scores of 67.92 and
32.08, respectively; at the second position, 48.37 and 51.63, respec-
tively, and at the third position, 53.60 and 46.40, respectively. The
value averaged through each ORF candidate was used as its RYY
score. In this system the highest score is given to RYR instead of
RYY. This was necessary to take into consideration that, in general,
ORFs possessed more R bases than Y bases.

2.4. Identification of RNA genes

Ribosomal 16S and 23S RNA genes, and the archaeobacterial 7S
RNA gene were identified by homology search using FASTA version
3.0 [22] in the GCG package version 9.0 (Genetics Computer Group)
to reference RNA gene sequences of other archaeobacteria collected
in databases (Ribosomal Database Project [23], GenBank [24], EMBL
database [25] and DDBJ [26]). The tRNA genes were identified by
using the algorithm tRNA scan-SE [27].

2.5. Homology search for translated amino acid sequences and
identification of paralogues

Nucleotide sequences were translated to amino acid sequences using
the ‘Translate’ program in the GCG package. Homology search of the
translated protein sequences to known protein sequences was carried
out using the program FASTA version 3.0 [22], and the database
OWL (s-ind2.dl.ac.ak in pub/database/owl). The criteria chosen for
homology identification were: number of amino acid residues in the
domain shared by the original and reference protein sequences 50 or
larger, ratio of the domain to the whole length of the reference protein
0.7 or higher, and identity inside the domain 25% or higher. The
search for genes or pseudo-genes paralogous to each other was carried
out essentially in the same way as above, using a collection of sequen-
ces of ORF candidates identified in OT3. The length of the shorter of
the two gene or pseudo-gene products was used for calculating the
ratio of the domain shared by the two.
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Number of nucleotides analyzed : 1,090,796
(covering approximately 60% the whole genome)
A/T content : 57.8%

Number of ORFs (protein genes) identified : 1,111
Number of RNA genes identified : 25

Number of protein pseudo-genes identified : 37
Number of operons identified : 197

Number of genes identified in operons : 498
Average number of genes / operon : 2.5

Average number of ORFs (protein genes) / 1kb: 0.94
Average number of residues / protein : 269

Transcription

Cell Structure and
Replication

24% Others

Fig. 1. Summary of the identification. a: Statistics of the identified
genes, operons and pseudo-genes. One of the operons, ot867165, is
composed of three RNA genes. This operon was identified man-
vally, and not by the algorithm reported. Another operon,
0t1009261, has one RNA gene. b: ORFs (protein genes) classified
by their functional characteristics. The ‘unknown’ category is that
for proteins which have no significant homology to known proteins,
while the ‘hypothetical’ category is that for proteins which have sig-
nificant homology only to known proteins whose function is uniden-
tified. ¢: ORFs (protein genes) classified by the number of genes
and pseudo-genes paralogous to them, i.e. 1, 2-14.

3. Results and discussion

3.1. General strategy for the identification of transcription units
A section in the nucleotide sequence which had 150 or more
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bases, starting with one of the possible start codon sequences a.a.
(see Section 2.2) and ending with one of the possible stop a }?%:g% i
codon sequences, TGA, TAG and TAA, was nominated as 1600~1700
a candidate for an ORF. 1500~1600 [
In the first step, ORFs were identified solely on the basis of 1%2%
the prediction of transcription and translation signals for the }f%:i;%
ORF candidates. The ORF candidates that had both tran- 1000~1100
scription and translation signals were classified as ORFs. 93861888 i
When an identified ORF was followed by another ORF can- 700~800 |
didate which had a translation signal but no transcription g%:g% !
signal, and when the first base in the ORF candidate was 400~500
positioned inside the region covering the base positioned 79 S%Z%
bases upstream of the stop codon end of the preceding ORF 100~200
to the base positioned 57 bases downstream of the end, the 0~100 | ‘ - :
ORF candidate downstream was also classified as an ORF, 100 75 0 25 0 25 %
thus forming an operon. When another ORF candidate was points
found further downstream and fulfilled what was required as b 3600~3800 [
with the second ORF, the operon was extended to include a g%g%
third ORF. This process was repeated until no such ORF 3000~3200
candidates were found further downstream. When an identi- %g%:gggg
fied ORF was not followed by another ORF candidate which 2400~2600 |
fulfilled the requirements for operon formation, it was classi- %ﬁg% -
fied as an independently regulated gene. 1800~2000 |
The 1194 ORFs identified in the first step were further i%}% -
examined in terms of the tendency to create triplet periodicity 1200~1400
that has been observed with ORFs of many species [19-21] ‘gg.‘i}%gg
and 83 were rejected. This will be described in detail in 600~800 |
Section 3.3. Thus, all the processes of the identification of ;%:6488 )
operons and protein genes (Fig. la) were totally independent 0~200

of the possible biological function of the genes identified. For
the identification of 25 RNA genes, a homology search to

known RNA genes was carried out. Only the transcription C 95~1‘(7§)0
signal was taken into consideration for the identification of g(s):g(s)
RNA genes. 80~85
75~80
70~75
3.2. ORF candidates with signals and with no signal 2(5;;2 i
For the evaluation of the gene identification, 1194 ORF 55-60
candidates with signals (OCSs), namely the ORFs identified e
as independently regulated and inside operon structures in the 40~45 |
first step, were compared with 2113 ORF candidates with no 2?;‘3“5’
signal (OCNSs) that were rejected. The OCSs, if translated, Y
would encode proteins of 269.4 amino acid residues on aver- 15~20
age, the value being much larger than that of OCNSs at 78.7 1(5):}(5) B
(Fig. 2a). The OCSs had, in general, higher homology values 0~5 : AR5 %
to the known proteins than OCNSs; the average FASTA 100 50 0 50 100
z-score value of OCSs was 506.2, while that of OCNSs was d points
135.7 (Fig. 2b). It is possible, but unlikely, that a section of a 55.0~56.0
54.5~55.0 |
54.0~54.5
53.5~54.0
53.0~53.5
52.5~53.0
- 52.0~52.5
Fig. 2. Differences between ORF candidates with signals (OCSs), 2:(5):2%(5) *
shown to the right, and ORF candidates with no signal (OCNSs), 50.5~51.0
shown to the left in amino acid residue numbers, if translated (a), 50.0~50.5
in the highest FASTA :z-score homology values to the known pro- 23(5):28(5)
tein genes (b), in the percentage of the lengths overlapped by other 48.5~49.0
candidates (c), and in the tendency to form RYY periodicity (d, see 227;'(5%:2‘(5)
Section 2 for the RYY score). In order to compensate the difference 4770-475
in the entry numbers, 1194 of OCSs and 2113 of OCNSs, the ab- 46.5~47.0
scissae are normalized by the total entry number of each group. A 22(5):23
single asterisk indicates the statistical class in the population to 45.0~45.5
which the majority of the pseudo-genes belong (see text). A double 20 1‘0 0 10 20 30 %o

asterisk in a—c indicates the statistical class to which the majority of
the OCNSs which have RYY score values smaller than 50.5 belong,
and in d indicates all the classes that have such an entry.
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Fig. 3. Arrangement of different types of bases in the ORFs. a: Frequency of pyrimidines (Y, bold line) and purines (R, thinnner line) aver-
aged at each position in reference to the transcription units. An enlargement of the part marked with the asterisk is shown on the right. b:
The frequency of a combination of a type N1 base and a type N2 base in the NIN2 sequence evaluated in terms of the negative entropy,
INino, defined as logy Fyino—logy Fni—logy Fno along the lines proposed earlier [32]. Positive values of the index, Iyjng, indicate that the steps
are found more frequently than expected from the frequency of the four bases, while negative values are less frequent than expected. Different
types of bars are used depending on the Y/R types of the sequences: YY and RR, RY, and YR. Note that all the YY and RR have positive

values, while RY and YR have negative values.

large number of nucleotide bases is shared by two or more
genes. Most of the OCSs were not overlapped by other ORF
candidates to a high degree, the part overlapped by other
candidates being 14.8% on average, while OCNSs overlapped
to a high degree, 81.2% on average (Fig. 2c).

In summary, OCNSs are small in size, have low homology
to the known protein genes, and are found overlapped by
other candidates to a high degree, and thus are unlikely can-
didates for an ORF, while OCSs are better candidates. Thus
our identification of ORFs in the first step appears to be
successful.

3.3. RYY periodicity in ORFs

The 1194 ORFs identified in the first step had more purine
(R) bases (57%) than pyrimidine (Y) bases (43%) on average
(Fig. 3a, note that this plot was made by using the 1111 ORFs
which passed further examination in the second step instead
of using all the 1194 ORFs identified in the first step, but
no major change was made to the plot by the exclusion
of the 83). The R/Y ratio was found to increase towards the
ends of transcription units, and to become the highest around
20 bases at the ends (Fig. 3a). Purine bases were more fre-
quent than pyrimidine bases, but to a lesser extent in the
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a operon 603614 operon 598848
permease ATP-binding protein  hypothetical protein
0600676 0598787 0596854
solute-binding protein permease  ATP-binding protein unknown protein
0601704 0599758 0597838 0594524
b operon 1073657 operon 1077871
[ I I
I E F B
— - —_—
1075636 1076757 1078182 1082477
£ D
1076129 1077874 1081083 1083146
C
operon 619926 operon 618395
| D2 unknown protein |
. -~ A 0613772 0613099
0621071 0618413 0615026 hypothetical protein
DI —
¥ _R_ _B _ DL 0613297 _MCPA
0621512 0618768 0617289 0614404 0611064
5Kb
— {
d 0 300 600 900 1200 1500  base
:1 00305814  pseudo-gene
Al 0t0306758 pseudo-gene
< me 00318154  chimera
s.me 0t0303635  chimera
- ot0169566 gene
me 0t0168088  gene
e 010658619  gene

Fig. 4. Examples of identified operons and pseudo-genes. a—c: Operons
and chemotaxis-related genes (c). Note that in each subfigure the genes

of ABC transporter genes (a), H" transport ATP synthetase genes (b)
are grouped into two operons. Operons and genes are labelled with the

identification codes used in the ARCHAIC database. A scale for the length of 5000 bases is shown. d: A family of genes (indicated by bold
lines) and pseudo-genes (indicated by broken lines) paralogous to each other (paralogue family 95 in ARCHAIC). Members 0t0318154 and
0t0303635 are pseudo-eu chimeras. Symbols are used for indicating the transcription (M) and translation (4) signals. Numbers +1 and —1 indi-

cate frame-shifts by insertion and deletion, respectively, of one base.

transcription signals and to a larger extent in the translation
signals, while pyrimidines were frequent in the termination
signals.

The R/Y plot showed distinctive sawtooth-like character-
istics reflecting a triplet periodicity inside the transcription
units. On average, R was frequent at the first position in
the codons, and Y at the second position (Fig. 3a). Third
positions were occupied more by R bases, but, when the aver-
age R/Y ratio in the ORFs was taken into consideration, it
became clear that Y bases were more frequent than expected
(data not shown).

A tendency to create triplet periodicity was not observed
outside the transcription units, and it was terminated at both
ends by other types of triplets. RYR is positioned at the
majority of the start codons, and YRR is positioned at all
the stop codons. The structural characteristics of DNA are
determined mainly by the arrangement of purines and pyrimi-
dines [21,28,29]. Thus, it seems natural to expect that differ-
ences in the physical characteristics of transcription units and
the other regions are used in some way for the identification
of the coding regions by the transcription machinery. Since
the translation signals showed a distinctive pattern in terms of

the R/Y combination, they might also be used indirectly as
signals at the process of transcription.

It has been reported that the triplet periodicity can be ex-
plained by the triplet codon table, particular amino acid fre-
quencies in proteins, and particular codon usage for the same
amino acid residues [30]. However, it is still possible that the
requirement for the RYY periodicity in ORFs affected the
formation of the triplet codon table etc. during the process
of evolution.

On average, OCSs had a RYY score (see Section 2) of
52.1£1.1, which is significantly higher than the average
RYY of OCNSs of 49.9 + 1.3 (Fig. 2d, note that the difference
between the two average values, 2.2, is approximately twice
the S.D. values inside the groups). Eighty-three OCSs had
RYY scores lower than 50.5, and thus deviated from the
average by 1.45 S.D. or more (indicated by double asterisks
in Fig. 2d). Seventy-four of them, if translated, would code
100 or smaller numbers of amino acid residues, 81 of them
had z-scores smaller than 200, and 51 of them had an overlap
ratio higher than 90% (indicated by double asterisks in Fig.
2a—c). These are the same characteristics as those of OCNSs.
Thus, it was decided that only the other OCSs remained
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identified as ORFs, while these 83 OCSs were rejected. Since
RYY periodicity is associated with codon usage, the con-
sideration of the RYY score is equivalent to that of the codon
usage for the identification of ORFs, which is routinely car-
ried out.

In the ORFs, the YY and RR steps were found more fre-
quently than expected from the A/T/G/C content, while the
YR and RY steps showed a tendency to be avoided (Fig. 3b).
Since the conformation of the YY/RR steps is closest to the
standard B-conformation [29], the immediate conclusion is
that in OT3 deviation of the local DNA conformation from
the standard B-conformation is minimized. Similar tendencies,
but to lesser degrees, are generally associated with other ge-
nomic DNA sequences [21,31]. Thus, the YY/RR regularity is
more specific to the OT3 strain in comparison with the RYY
periodicity found more generally (Suzuki et al., unpublished).
Since the optimum growth temperature of strain OT3 is close
to 100°C, the YY/RR regularity might be associated with the
possible thermal stability of the genomic DNA molecule in
some way.

3.4. Operon structures and pseudo-genes

About a quarter of the identified operons had two or more
protein genes whose function was identified by homology
search to known proteins. In most of these operons the genes
grouped together had functions that were expected to be bio-
logically associated (see some examples shown in Fig. 4a—c).
The current system might be under-estimating the region cov-
ered by each operon in some cases, since, for example, eight
clustering genes for subunits of H* transporting ATP synthe-
tase, ot1075636-1083146, were divided into two operons but
not assembled into a single operon (Fig. 4b). Alternatively, an
operon might not be able to continue for too many bases and
such a gene cluster might indeed be assembled into two sep-
arate transcription units.

Many of the identified ORFs had paralogous genes inside
the genome. In addition, 37 OCNSs that had RYY score
values as high as that expected for an ORF were found to
be paralogous to some of the ORFs identified in OT3, or
homologous to the protein genes known outside the genome
(the statistical class in the population to which the majority of
the 37 OCNSs belong is indicated by a single asterisk in Fig.
2). The overlap ratio of the majority of the 37 OCNSs was
small, and thus they were essentially positioned in unoccupied
space. If translated, they would encode numbers of amino
acid residues larger than that expected of an average OCNS.
Thus, these OCNSs were defined as pseudo-genes, and were
separated from the other OCNSs.

Altogether, the identified protein genes and pseudo-genes
comprised 150-200 families of paralogues. In a family shown
in Fig. 4d, three protein genes, ot0169566, ot0168088 and
ot0658619, were associated with two pseudo-genes,
0t0305814 and ot0306758, and chimera genes, ot0318154
and 0t0303635. The pseudo-genes, 0t0305814 and
0t0306758, had no translation or transcription signal up-
stream and had frame-shifts. Thus, it is highly unlikely that
these are functional. The chimera genes, ot0318154 and
0t030365, were identified as a shorter gene but their upstream
regions had clear homology to the longer genes.

In the OT3 sequence, approximately one third of the iden-
tified ORFs had at least one paralogue (Fig. 1c); on average,
0.52 paralogous genes or pseudo-genes are expected for each
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ORF. The number is expected to increase when the rest of the
genomic DNA sequence is determined, since an ORF which
has no paralogue in the analyzed sequence may have one in
the rest of the genome.

The majority, 61%, of the identified ORFs had homology to
known protein genes whose function has been either identified
or not (Fig. 1b). Thus, it is slightly puzzling that the majority
of the pseudo-genes did not show high z-score values (Fig.
2b). Many pseudo-genes are not homologous to genes identi-
fied outside the genome but are paralogous to genes inside.
Further analysis is necessary for a better understanding of
gene duplication followed by mutation of the duplicated
gene, which is expected to be one of the major driving forces
in the evolution of the genome.
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