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Abstract

The complete genomic nucleotide sequence data of more than 10 unicellular organisms have
become available. During the past years, we have been focusing our attention to the analysis of the
structure and function of the ribosome and its protein components. By making use of the genomic
sequence data, our work can now be extended to comparative analysis of the ribosomal compo-
nents at the genomic level. Such analysis will contribute to our understanding of the structure-
function relationship of the ribosome that is vital to the expression of genetic information. Bearing
these in mind, the ribosomal protein genes of organisms whose genomic sequence data are avail-
able were analyzed, which included Aquifex aeolicus; Archaeoglobus fulgidus; Borrelia burgdorferi;
Bacillus subtilis; Fscherichia coli; Haemophilus influenzae; Helicobacter pylori; Methanococcus jan-
naschii; Mycoplasma genitalium; Mycoplasma pneumoniae; Synechosystis sp., and Saccharomyces
cerevisiae. In addition, the amino acid sequence data of Bacillus stearothermophilus ribosomal pro-
teins were used in the evolutionary evaluation. The results indicate that, in eubacteria including
two species of Mycoplasma, the operon structure of ribosomal protein genes is well conserved, while
their relative orientation and chromosomal location are diverged into several classes. The operon
structure in M. jannaschii on the other hand is quite different from the eubacterial one and we
noticed that its many genes show similarity to rat ribosomal protein genes. The degrees of sequence
conservation differ from one ribosomal protein gene to another, but several genes encoding proteins
that are considered to be of structural importance are conserved throughout the bacterial species
including archaebacteria and further in S. cerevisiae.

1 Introduction

Recent remarkable progresses in the methodology and instrumentation for performing large scale
nucleotide sequencing have resulted in the completion of genomic nucleotide sequencing of more than
ten organisms and the data for additional ten or more organisms are expected to become available in
the near future. Furthermore, genomic sequencing of organisms that are important in agriculture and
medicine is also in progress. The resultant data will drastically affect the ways of performing research
in biological sciences. With the vast amount of sequence data available, we can select genes of our
interest and characterize them in silico before performing actual in vitro or in vivo experiments. By
such cyber-biological analyses, we will be able to predict the features of the genes and their protein
products and to determine the way of approaching to their experimental characterization.
Escherichia coli and Haemophilus influenzae are rather closely related, both belonging to the same
branch within the gamma subdivision of purple bacteria. While FE. coli K-12 is benign, H. influenzae
as well as some wild E. coli strains are pathogenic, causing diseases of varying degrees of harmfulness.
The differences must lie within their individual genomic contents: virulence related factors could be
identified by subtracting from H. influenzae those genes that have a homolog(s) in E. coli [13]. Such



analysis would be not only useful for therapeutic purposes but also for the identification of differences
among organisms.

There are many structural entities that are involved in the translation of genetic messages within
the cell. Of them, the ribosome is a pivotal apparatus which is composed of two subunits of unequal size
and contains several RNA and more than 70 different protein molecules. Because of the high degree of
functional importance, interaction between ribosomal subunits and their individual components must
have been highly conserved during the course of evolution. A mutation in one of the components
will affect its local conformation, changing its ability to be assembled with other components, and
consequently the function of the whole ribosome may be impaired. Since all ribosomal proteins (r-
proteins) of E. coli have been extensively characterized and their in vitro reconstitution into active
ribosomes has been made possible [21], it would be interesting to analyze to what extent we might
be able to correlate the evolutionary conservation and structural importance of individual r-proteins.
Furthermore, comparative studies of r-protein genes at the genomic level would clarify whether any
one or more r-proteins are, either partly or totally, dispensable or not, and if so, what would be a
prerequisite for that to occur. As a first step to such an approach, we carried out extensive similarity
search of the r-protein genes in the genomic sequence data of nine bacterial species and yeast as will
be described below.

2 Materials and Methods

The genomic nucleotide sequence data were retrieved either directly from the DDBJ/EMBL/GenBank
nucleic acid sequence databases or through the World Wide Web server at TIGR (http://www.tigr.org/).
The amino acid sequence data were retrieved from the SWISSPROT and PIR databases. To compare
individual ribosomal proteins, we used the FASTA program [24]. Since r-proteins have not been fully
characterized in organisms other than F. coli, their genomic nucleotide sequences were translated into
amino acid sequences in six reading frames and subjected to FASTA analysis using the r-protein amino
acid sequence data of E. coli and Bacillus stearothermophilus [30]. The FASTA scores obtained were
subsequently converted into ’degrees of conservation’ by normalizing them with the corresponding
‘self-examination’ data of E. coli and B. stearothermophilus r-proteins.

3 Results and Discussion

3.1 Ribosomal protein genes are conserved across kingdoms.

Putative r-proteins were identified in the amino acid sequence data translated from the genomic nu-
cleotide sequences of individual organisms by comparing similarity to the r-protein sequences of F.
coli and B. stearothermophilus. We calculated the degrees of conservation of individual r-proteins as
described in Materials and Methods and used them for comparison. The genomic nucleotide sequences
of eubacteria, Bacillus subtilis [19], E. coli [2], H. influenzae [5], Helicobacter pylori [28], Mycoplasma
genitalium [6], Mycoplasma pneumoniae [10], Synechosystis sp. [15], and Aquifexr aeolicus [4] were
analyzed. Of these, B. subtilis is classified as Gram-positive, E. coli, H. influenzae and H. pylori as
Gram-negative, A. aeolicus as an extreme thermophile, and Synechosystis as cyanobacteria. In addi-
tion to these eubacteria, the data of a spirochete Borrelia burgdorferi [7] as well as two archaebacteria,
Methanococcus jannaschii [3] and Archaeoglobus fulgidus [16] and a unicellular fungus Saccharomyces
cerevisiae [8] were included in the analysis. We treated ORFs whose amino acid translation data
showed FASTA scores higher than 100 as putative r-protein genes. The results of analysis with FE.
coli r-proteins are summarized in Table 1. It is readily evident that r-proteins are widely conserved
amongst eubacteria analyzed and to a much less extent in archaebacteria and yeast. Some proteins
known to be important for ribosomal structure and function such as S4, S5, S8, S10, S12, S13, L1,
L2, L5, and L11 are well conserved throughout the bacterial kingdom as expected. Moreover, some



of the E. coli and/or B. stearothermophilus r-proteins show a considerable degree of similarity to the
cytoplasmic r-proteins of S. cerevisiae as well.
Table 1: Comparison of r-proteins from various organisms (a)

Ec Size Hi Bs Hp Ss Bb Aa Mg Mp Af Mj Sc
Prot (a.a.) mit cyt-1 cyt-2
E-S1 557 +++ + + + + + - - - + - + -
E-S2 241 +++ ++ ++ ++ ++ ++ ++ ++ + - + - -
E-S3 233 +++ ++ ++ ++ ++ ++ ++ ++ + + - - -
E-S4 206 +++ ++ ++ ++ ++ ++ ++ ++ + + - - -
E-S5 166 +++ ++ ++ ++ ++ ++ ++ ++ + + + + -
E-S6 135 +++ ++ + + - + + + - - - - -
E-S7 178 +++ ++ ++ ++ ++ ++ ++ ++ - - + - -
E-S8 130 +++ ++ ++ ++ ++ + ++ ++ + + - - -
E-S9 128 +++ ++ ++ ++ ++ ++ ++ ++ + - ++ - -
E-S10 103 +++ +++ +++ ++ ++ ++ ++ ++ ++ ++ + + -
E-S11 129 +H+ ++ ++ ++ ++ ++ ++ ++ + - + +
E-S12 124 +++ N e e = ++ ++ + + ++ - -
E-S13 118 +++ +++ ++ ++ ++ ++ ++ ++ + + + + +
E-S14 98 +++ ++ + ++ + + + + - - + - -
E-S15 89 +++ +++ ++ ++ ++ ++ ++ ++ - - ++ - -
E-S16 82 +++ ++ ++ ++ ++ - ++ - - - ++ - -
E-S17 84 +++ ++ ++ ++ ++ ++ ++ - + ++ - ++ ++
E-S18 74 +++ ++ ++ ++ ++ ++ ++ ++ - - - - -
E-S19 92 +++ +++ ++ +++ ++ ++ ++ ++ + + ++ + -
E-S20 87 +++ ++ + + + ++ + - - - - - -
E-S21 71 +++ ++ ++ ++ ++ ++ - - - - - - -
E-S22 45 - - - - - - - - - - - - -
E-L1 234 +++ ++ ++ ++ ++ ++ ++ ++ + + + - -
E-L2 273 +++ ++ ++ ++ ++ ++ ++ ++ + + + + +
E-L3 209 +++ ++ + ++ ++ ++ ++ ++ + + ++ - -
E-L4 201 +++ ++ + ++ ++ + + + - - - - -
E-L5 178 +H+ R e T = ++ ++ + + - + +
E-L6 176 +++ ++ ++ ++ ++ ++ ++ ++ + + + -
E-L9 148 +++ ++ + ++ ++ ++ + + - - - - -
E-L10 165 +++ + - + + + + + - - - - -
E-L11 142 +++ ++ ++ +++ ++ ++ ++ ++ ++ ++ ++ - -
E-L12 121 +++ +++ +++ ++ ++ +++ ++ ++ - + ++ - -
E-L13 142 +++ ++ ++ ++ ++ ++ ++ ++ + - ++ - -
E-L14 120 +++ ++ +++ ++ ++ ++ ++ ++ + + - + +
E-L15 144 +++ ++ ++ ++ ++ ++ ++ ++ - + ++ - -
E-L16 136 +++ ++ ++ ++ ++ ++ ++ - - ++ - -
E-L17 127 +++ ++ ++ ++ ++ ++ + + - - ++ - -
E-L18 117 +++ ++ + ++ ++ ++ + + + - - - -
E-L19 115 +++ ++ ++ ++ ++ ++ ++ ++ + - - -
E-L20 118 +++ +++ ++ ++ ++ ++ ++ ++ - - - - -
E-L21 103 +++ ++ ++ ++ ++ ++ + + - - - - -
E-L22 110 +++ ++ ++ ++ ++ ++ ++ ++ - + - - -
E-L23 102 +++ + + ++ ++ ++ - - + + - + -
E-L24 103 +++ ++ + - ++ ++ + - + + - + +
E-L25 94 +++ - - - + - - - - - - - -
E-L27 85 +++ ++ ++ ++ ++ ++ ++ ++ - - ++ - -
E-L28 78 +H+ + - ++ - - - - - - - - -
E-L29 63 +++ ++ ++ - - ++ ++ ++ + ++ - - -
E-L30 58 +++ ++ - - ++ - - - - - + - -
E-L31 70 +++ ++ ++ ++ + ++ ++ ++ - - - - -
E-L32 57 +++ - - - + - ++ ++ - - - - -
E-L33 55 +++ ++ ++ ++ ++ ++ ++ ++ - - ++ + -
E-L34 46 +++ +++ ++ ++ +++ ++ +++ +++ - - ++ - -
E-L35 65 +++ ++ ++ + ++ ++ ++ ++ - - + - -
E-L36 38 E e N s s ++ - - ++ - -

(@) Symbols indicate: -+, degree of conservation of less than 30%; ++, between 30 and 70%; +-+-+, more than 70%.
Abbreviations of organism names are: Aa, Aquifex aeolicus; Af, Archaeoglobus fulgidus; Bb, Borrelia burgdorferi; Bs,
Bagcillus subtilis; ¥c, Escherichia coli; Hi, Haemophilus influenzae; Hp, Helicobacter pylori; Mg, Mycoplasma genital-
tum; Mj, Methnococcus jannaschii; Mp, Mycoplasma pneumoniae; Sc, Saccharomyces cerevisiae; Ss, Synechosystis sp.
Abbreviations mit and cyt, respectively, indicate mitochondrial and cytoplasmic ribosomes.



Protein S22 was identified as an r-protein in E. coli [29], but its counterpart could not be identified
in other organisms including the most closely related bacterium, H. influenzae. S22 may be an E.
coli-specific r-protein. H. influenzae harbors a highly conserved L25 homologue. However, this was
not the case with other bacteria except for B. burgdorferi which showed the presence of a protein
of weak similarity to L25. In B. subtilis both S14 and L31 are encoded by two genes which are not
identical. Similarly, the gene for S15 is duplicated in H. influenzae. More surprisingly, the extreme
thermophile, A. aeolicus, contains two sets of S7 and S12 genes and a gene which shows a weaker
homology to S1 in addition to the one listed in Table 1. Although A. aeolicus has been placed closest
to the branch point of eubacteria and archaebacteria [4], it appears to a typical eubacteria without
any doubt.

Of the highly conserved r-proteins, E. coli S3 protein has been shown to interact with 16 S rRNA
and was found to be located in the head of the small subunit near the site at which the polypeptide
release factor RF-2 binds. Together with S4 and S5, protein S12 participates in a region designated as
the recognition complexes [22, 23] (see below). S4 in turn is one of the primary rRNA-binding proteins
that initiates assembly of the 30 S subunit and is known to protect several 16 S rRNA regions from
chemical modification during assembly. Proteins S8 and S11 interact with a highly conserved region
in the central domain of the 16 S rRNA termed the platform ring [23]. S19 interacts with proteins S7,
S9 and S14. S10 and S13 are later-assembling proteins and has been shown to rely relatively less on
protein-RNA interactions and more on protein-protein interaction.
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Figure 1: The genomic distribution of transcription/translation-related protein genes in individual organisms.
Boxes representing the genes/ORFs homologous to those of E. coli are placed one after another in the vertical direction
on the w (above) and ¢ strand (below), respectively, of the horizontal line indicating the chromosome of each organism
drawn to scale. In addition, those of M. jannaschii and A. fulgidus showing similarity to rat r-proteins are similarly



placed in light grey. The left end of each chromosome is arbitrarily set at the position of the L3 gene of the S10 operon.
Some of the genes are marked with the name of their protein products for easier identification.

In E. coli, the three highly conserved proteins L1, .2 and L11 belong to the early-assembly proteins
of the large subunit [21]. L1 has been shown to take part in the formation of the ridge on the large
subunit [23]. Proteins L2 and L3 form part of the peptidyltransferase center and L5 binds to 5 S
rRNA. The highly conserved L14 proteins is one of the late-assembly proteins and does not bind
directly to 23 S r RNA [21].

S. cerevisiae has two sets of ribosomes, functioning in the cytoplasm and mitochondria, respectively.
Considering the putative prokaryotic origin of mitochondria during evolution, it is expected that
mitochondrial ribosomes contain bacterial r-protein homologues that are structurally well conserved.
The results obtained were largely as expected. However, some bacterial r-proteins such as S11 and
517 showed no discernible similarity to any of the mitochondrial r-proteins, but rather to cytoplasmic
ones.

3.2 Genomic distribution of the genes for r-proteins and related protein factors.

Since in F. coli the genes for r-proteins are often clustered with those for transcription and translation-
related proteins such as RNA polymerase subunits, initiation factors, elongation factors, and so on,
we surveyed not only r-protein genes but also the genes for other transcription/translation-related
proteins. In addition, we analyzed the genes encoding r-protein modifying enzymes. The distribution
of these genes was compared in the genome of each organism. The relative positions and orientation
of r-protein genes were aligned with each other by placing the gene for L3 protein of the S10 operon
at the left end as shown in Fig. 1.

The L13 and S9 genes are located near the S10 operon in E. coli, B. subtilis and Synechocystis,
but they are not in the corresponding region in other organisms and its relative orientation are also
different. The genes encoding L21 and L27, IF3 and L35, as well as L20 are similarly located and
clustered in the eubacterial species analyzed. From these data it can be generalized that, while
individual genes for r-proteins and related protein factors have been evolved by forming separate gene
clusters which are well conserved amongst eubacteria, the locations and relative orientations of these
gene clusters are quite diverged in other bacteria. There are exceptions: the genes for L11, L1, L.10
and L7/L12 proteins, for example, compose a single operon in most eubacteria, but in H. influenzae
they are split into two operons and their relative orientation is also different. Although E. coli and
H. influenzae are most closely related amongst the eubacterial species analyzed, there are several
differences in the organization of genes involved in transcription and translation in the two species.
Unlike other bacteria H. influenzae has an ORF (see bellow) inserted between the S17 and L14 genes
of the S10 operon and the S12, S7, EF-G and EF-Tu gene cluster is located on the opposite strand
with respect to the S10 operon. H. influenzae has already been compared at the genomic scale with
E. coli and M. genitalium. A comparison of the positions of the orthologous genes in the E. coli and
H. influenzae chromosomes clearly showed lack of a long-range colinearity as reported by Tatusov et
al. [27]. In comparison, lack of conservation of the gene localization in the genome of M. genitalium
is striking [17].

We anticipated that the distribution pattern of these protein genes would be conserved in closely
related species such as M. pneumoniae and M. genitalium, both belonging to Mycoplasmataceae.
However, their distribution was found to be rather different from each other: while the genes for IF-3,
L35 and L20 are located between the S10 operon and the cluster of L21 and L27 genes in M. genitalium,
another cluster containing the S6, S18 and L9 genes is located in place of the IF-3-L35-L20 cluster
in M. pneumoniae. Thus, the positions of the IF-3-L.35-L20 and S6-S18-L9 clusters are exchanged
between the two Mycoplasmataceae bacteria. Recently, comparative analysis of the two bacteria was
performed by Himmelreich et al. [11], suggesting that the two genomes could be subdivided into six



segments. The order of orthologous genes was well conserved within individual segments but the order
of these segments was different. They explained that the different organization of the segments has
been brought in by translocation via homologous recombination. A similar feature has been reported
by Kunisawa [18] concerning E. coli and B. subtilis. There are many instances in which a contiguous
r-protein gene segment in one genome is split into two or more segments that are located at different
positions in the other. Unlike the two mycoplasma species mentioned above, F. coli and B. subtilis
are rather distantly related: a phylogenetic study of their 5 S rRNA sequences has given an estimate
of their divergence time of ca. 1.2 billion years [12].

Despite various differences mentioned above, there is one feature that is common to the eubacterial
genomes we have analyzed; namely, the genes for many r-proteins are clustered in the region near the
S10 operon. Since the expression of all ribosomal components must be regulated coordinately and
the amount of each gene product be equal to each other, it would be beneficial that many r-protein
genes are clustered with each other so that the regulation of their transcription would be rather easily
facilitated.

Since we were interested in characterizing the r-protein genes from an evolutionary point of view,
we then performed a similar analysis with the M. jannaschii and A. fulgidus r-protein genes. It was
evident that the degree of similarity of their r-proteins to those of eubacteria was not very high.
Therefore, the data for translation-related proteins of rat were also included in subsequent FASTA
analysis. The genes in these archaebacteria have been diverged in clusters as in the case of those of
eubacteria. The clusters are not identical, but some of the r-protein genes contained are similar to
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those in eubacteria, while many others are similar to those of rat which are often inserted between
eubacteria-type r-protein genes. Fig. 2 shows the results obtained with the r-protein genes of M.
jannaschii. It was also noticed that many of the eubacteria-type r-protein genes are either smaller or















