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Abstract. The evolutionary relationships of ribosomal proteins from eubacteria, archaea, eukaryotes, chloroplasts
and mitochondria were examined by their degree of conservation, their structural and functional properties and by
the occurrence of conserved structural elements. The structural domains formed by the different protein families
were studied. The occurrence of monophyletic groups was investigated for each protein family within the archaea.
Phylogenetic trees were constructed between these organisms and together with the homologous sequences of the
other phylogenetic domains. All organisms belonging to the archaea clearly formed a monophyletic group. The
conserved sequence motifs were checked for the potential to form similar secondary structural elements.
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Abbreviations. A. castellanii = Acanthamoeba castellanii; A. polyphaga = Acanthamoeba polyphaga; A. nidulans = Aspergillus nidulans; A.
longa = Astasia longa; B. stearothermophilus = Bacillus stearothermophilus; B. subtilis = Bacillus subtilis; C. elegans = Caenorhabditis
elegans; C. trachomatis = Chlamydia trachomatis; C. reinhardtii = Chlamydomonas reinhardtii; C. ellipsoidea = Chlorella ellipsoidea;
Cgdab = Citrus greening disease-associated bacterium; C. phi = Cryptomonas phi; C. paradoxa = Cyanophora paradoxa; D. mobilis =
Desulfurococcus mobilis; E. wirginia = Epifagus wvirginia; E. coli = Escherichia coli; E. gracilis = Euglena gracilis; H. influenzae =
Haemophilus influenzae; H. marismortui = Haloarcula marismortui; H. halobium = Halobacterium halobium; H. morrhuae = Halobac-
terium morrhuae; H. volcanii = Halobacterium wvolcanii; L. biflexa = Leptospira biflexa; M. vannielii = Methanococcus vannielii; M.
luteus = Micrococcus luteus; M. capricolum = Mycoplasma capricolum; M. genitalis = Mycoplasma genitalis; M. leprae = Mycobacterium
leprae; M. smegmatis = Mycoplasma smegmatis; O. bertiana = Oenothera bertiana; P. tetraurelia = Paramecium tetraurelia; P. aphid =
Pea aphid; P. thunbergii = Pinus thunbergii; P. sativum = Pisum sativum; P. purpurea = Porphyra purpurea; P. vulgaris = Proteus
vulgaris; S. cerevisiae = Saccharomyces cerevisiae; S. typhimurium = Salmonella typhimurium; S. marcescens = Serratia marcescens; S.
platensis = Spirulina platensis; S. carnosus = Staphyloccoccus carnosus; S. griseus = Streptomyces griseus; S. virginae = Streptomyces
virginiae; S. acidocaldarius = Sulfolobus acidocaldarius; S. solfataricus = Sulfolobus solfataricus; T. pyriformis = Tetrahymena pyriformis;
T. celer = Thermococcus celer; T. maritima = Thermotoga maritima; T. aquaticus = Thermus aquaticus; T. thermophilus = Thermus
thermophilus; V. faba = Vicia faba.

The study of macromolecules provides an important
way of investigating the evolution of life. By comparing
the 16S rRNA sequences from various organisms, three
phylogenetic domains have been obtained: the archaea,
the bacteria and the eukarya [1, 2]. Each of these
domains has been proposed to be monophyletic and
different from the others. The distinction both between
archaea and bacteria and between these and the eu-
karya was confirmed by the group-specific shaping of
homologous features [3]. The archaea seem to have two
subdivisions based on 16S rRNA sequences [2]. One
branch comprises a rather homogeneous group of often
sulphur-dependent, extremely thermophilic organisms,
and has been named the crenarchaeota (called eocytes
by Lake [4]). The second branch comprises the eury-
archaeota. This group contains methanogens and ex-
treme halophiles. Lake [5] has argued from the con-
struction of evolutionary trees of rRNA sequences that
archaea are not monophyletic. He constructed a tree
consisting of two main branches: the eukarya and cren-
archaeota (which form one group) and the eur-
yarchaeota and eubacteria (the other group).

* Corresponding author.

Wettach et al. [6] and Reiter et al. [7] found gene
control sequences in DNA of the euryarchaeota
Methanococcus vannielii and the crenarchaeota Sul-
folobus sp. B12 that resemble the TATA box, a regula-
tory sequence stretch found in eukaryotic genes, but not
in eubacterial ones. Creti et al. [8] and Rowlands et al.
[9] had shown that Pyrococcus woesei expresses a
protein with structural and functional similarities to
eukaryotic TATA-binding protein (TBP) molecules.
Marsh et al. [10] reported the identification of sequences
of the archaebacterium Thermococcus celer that would
produce a protein very similar to the TATA-binding
protein found in eukaryotes. Both these results in con-
junction with observations of similarity in RNA poly-
merase subunit composition [11] support the idea that
the major features of the eukaryotic transcription ap-
paratus were well established before the origin of eu-
karyotic cellular organization.

Gupta et al. [12, 13] investigated the 70-kD heat shock
proteins (HSP70) and could not identify the three
monophyletic branches proposed by Woese. Analyses
of the HSP70 sequences indicate a close evolutionary
relationship between the gram-positive group of bacte-
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ria and the archaebacterial species on one hand, and the
gram-negative bacteria and eukaryotic homologues on
the other.

Since the substitutional bias is minimized in highly
conserved proteins, inferences based on comparisons of
their amino acid sequences have been proposed to be
more reliable than those based on the corresponding
nucleotide sequences. To obtain additional information
about the phylogenetic relations of organisms of the
three phylogenetic domains, we have investigated se-
guence data of the ribosomal proteins (rproteins). The
ribosomes and their components provide an appropri-
ate means for the study of evolutionary aspects, since
this organelle performs the translation of the genetic
information into proteins and occurs in all organisms
[14]. More than 1900 complete rprotein sequences
presently stored in databases are the foundation for
constructing evolutionary trees with more reliability
than was previously possible and to perform compari-
sons of their multiple alignments and predictions of
common conserved secondary structural elements. The
goal of the investigations described in this paper was to
make an extensive comparison of r-protein sequences
based on the huge and still increasing data available, to
obtain clues on the phylogenetic relationship between
such distantly related organisms as eubacteria, archaea
and eukaryotes, and to find hints for the grouping of
rproteins that are derived from mitochondria.

We have taken into consideration five groups of riboso-
mal proteins: eubacterial and archaebacterial proteins,
and proteins encoded by chloroplast, mitochondrial or
nuclear genomes. Only complete sequences are suitable
for phylogenetic considerations.

Escherichia coli and Bacillus stearothermophilus are the
best characterized representatives of the eubacteria. For
the E. coli ribosome all proteins have been established
[15], and for the B. stearothermophilus organelle com-
plete sequences have been determined for 47 proteins
contained in the NBRF, SwissProt and RIBO databases
[RIBO is a database of the Max Planck Institute, Berlin
(B. Wittmann-Liebold, A. Kdpke, M. Dzionara et al.,
unpublished)], complemented by the sequences of
BstS14 [16] and of proteins S2, S4, S6, S8, S16, L11 (M.
Kimura, personal communication).

The chloroplast equivalents of 44 out of the 55 ribosomal
proteins that constitute the E. coli ribosome have been
identified by sequencing the corresponding nuclear or
chloroplast genes from land plants, cyanobacteria and
algae. The chloroplast-encoded proteins show somewhat
greater sequence identities to their counterparts from E.
coli than the nuclear-encoded ones [17].

Mitochondria and other plastids contain ribosomes
whose constituent proteins are partly encoded by the
organelle genome, while the others are specified by the
nuclear genome and imported into the organelle post-
translationally. The databases hold about 30 complete
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mitochondrial sequences from yeast, mitochondrial L3
sequences of human and Rattus norwegicus (rat), and
also some mitochondrial sequences of land plants.
Takemura et al. [18] determined the complete sequences
of liverwort mitochondrial DNA and identified genes
encoding 16 different ribosomal proteins (S1, S2, S3,
S4, S7, S8, S10, S11, S12, S13, S14, S19, L2, L5, LS,
L16). The sequences of the ciliates and the amoeboid
protozoon are of interest for their relationship to the
sequences of the land plants. The complete primary
sequence of the mitochondrial DNA of Acanthamoeba
castellanii was determined by Burger et al. [19]. This
mtDNA encodes 16 ribosomal proteins similar to the
mtDNA from liverwort: liverwort has proteins S1 and
S10, but Acanthamoeba has the genes of proteins L11
and L14. Vodkin et al. [20] found an rpll4 gene in
mtDNA of A. polyphaga. The ciliated protozoon
Paramecium tetraurelia retained four genes encoding
proteins L2, L14, S12 and S14 [21].

On the basis of the 16S rRNA the phylogenetic tree of
the archaea consists of two subdivisions [22]: the crenar-
chaeota with Sulfolobus solfataricus and S. acidocaldar-
ius, and the euryarchaeota with Haloarcula marismortui.
Forty-nine ribosomal sequences of H. marismortui have
been published (October 1996). Most of them show
similarities to eukaryotic and eubacterial rproteins, but
for some of them no counterpart could be detected.
Furthermore, 24 sequences of S. solfataricus and S.
acidocaldarius have been recorded in the databases.
Seventy-five of 80 rproteins of rat and human have been
determined from the eukaryotic group of organisms; 65
yeast proteins are known to be related to the rat
proteins [23].

Materials and methods

The amino acid sequence data and the nucleic acid
sequences were obtained from the protein and nucleic
acid databases SWISSPIR and GENEMBL. SWISSPIR
comprises the entries of SWISSPROT, the PIR entries
not included in SWISSPROT and weekly updates of
SWISSPROT SWnew.

To get an evolutionary tree for each protein family
from S1 to S21 (small subunit), and from L1 to L36
(large subunit), we performed a FASTA search, looking
for the most related ribosomal sequences of E. coli.
FASTA is a program of the GCG program package of
the University of Wisconsin Genetics Computer Group
[24]. A multiple global alignment of the sequences was
performed with the GCG program PILEUP [25]. The
resulting multiple sequence files were the basis for the
construction of phylogenetic trees with the PROPTREE
program [26, 27]. In this new approach each amino acid
is represented by a vector of 11 steric and physicochem-
ical properties [28], either present or not. Such proper-
ties (hydrophobic, polar, charged, aromatic, aliphatic
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Table 1. The most conserved ribosomal proteins with respect to E. coli. Homology to the other species is given in percentage of
identical residues, length of the homologous region (computed by means of FASTA) and length of the whole sequence (SwissProt, April

1995).
E. coli B. stearothermophilus Liverwort Liverwort H. marismortui Rat
(chloroplast) (mitochondrial)

S11 128 68.8/121/128 52.5/120/130 52.7/110/125 45.4/119/128 41.2/119/151
S12 123 67.9/137/139 70.7/123/123 61.8/123/126 34.4/90/147° 29.0/112/142
S19 91 66.3/90/91 62.0/92/92 46.1/76/93 40.5/84/140 33.3/78/145
L14 123 64.5/121/122 53.7/121/122 - 27.3/121/132 35.9/103/140
L2 272 60.4/275/275 49.5/277/277 50.7/142/501 38.1/235/239 30.3/241/257
L5 178 59.3/177/179 43.2/176/179°¢ 26.5/181/188 39.7/131/176 31.3/134/178
S3 232 58.4/219/218 41.9/217/217 32.5/120/430 27.3/183/304 25.8/186/243
s7 178 57.7/156/155 43.2/155/155 42.1/140/230 26.2/141/205 29.0/148/204
S5 166 54.9/164/166 - - 27.5/160/212 27.7/148/293
S17 83 52.4/82/85 - - 45.0/80/111 33.3/84/157
sS4 206 49.8/205/198 36.4/206/202 29.3/164/196 29.0/69/171 30.0/90/193
L6 176 49.4/174/177 - 38.7/93/101 24.6/179/177 22.8/192/192
S8 129 49.2/128/130% 44.2/129/132 42.4/92/152 26.7/131/129 25.4/126/129

aM. Kimura, personal communication, °M. vannielii, °Euglena gracilis.

etc.) are well known to be essential for the protein
structure formation resulting from the underlying se-
guences. No assumptions concerning the evolutionary
pathway from one individual to another are needed to
construct the trees. One of the main advantages of tree
construction with PROPTREE is that determination of
the branching order and the calculation of the branch
lengths are simultaneous steps and negative branches
are always excluded by the construction principle.

To construct phylogenetic trees, we also used the pro-
grams TREE [25] and CLUSTREE [29] which are part
of the HUSAR package [30]. The multiple alignments
done by TREE are obtained by pairwise alignments of
the sequences. The closer two sequences resemble each
other, the more confidence one has in the alignment.
The gaps in the alignments of two closely related se-
guences are not ignored merely because an alignment
with some distantly related sequence might be im-
proved. The branching order of the sequences in the
tree is determined according to the method of Fitch and
Margoliash [31]. The branch length is computed with a
least-squares approach. The method used in CLUS-
TREE is the Neighbor-Joining (NJ) method of Saitou
and Nei [32]. First, percent divergence figures are calcu-
lated between all pairs of sequences. These divergence
figures are then used by the NJ method to give the tree.
The NJ method does not explicitly assume a constant
rate of evolution and is known to give a correct topol-
ogy at a high rate in a wide variety of situations [33]. A
bootstrap algorithm can be used to show confidence
levels for groupings.

All trees computed with CLUSTREE, TREE and
PROPTREE are unrooted trees.

To predict the secondary structure, we used the service
of the European Molecular Biology Laboratory
(EMBL) Heidelberg World Wide Web (WWW) server
[34]. For homologous proteins, alignment procedures
predict the secondary structure more accurately than

any method using the sequence information only [35].
Two amino acid sequences evolved in nature are almost
sure to have identical space structure if they share 30%
amino acids [36]. Rost and Sander [37] use this evolu-
tionary information in multiple sequence alignments as
input to neural networks. Using a position-specific con-
servation weight as part of the input increases the
accuracy of prediction. The networks were trained on
different sets of proteins with known three-dimensional
structures of the Brookhaven Protein Data Bank. The
average accuracy for all sequence-unique chains is
above 72%.

Results

Most conserved ribosomal proteins. Table 1 lists the
most conserved rproteins with respect to E. coli in
decreasing order and contains the percentage identities,
the lengths of the homologous regions and the lengths
of the entire sequences. The representatives of B.
stearothermophilus  (eubacteria), liverwort (chloro-
plasts), liverwort (mitochondria), H. marismortui (ar-
chaea) and rat (eukarya) were chosen to allow for a
general representation of the data.

High sequence similarities were found for some eubacte-
rial ribosomal proteins of functional importance, such
as proteins S7, S11, S12, S19 and L2. E. coli S12 is
essential for maintaining the accurate message transla-
tion by the ribosomes [38] and is related to the S12
counterparts, the human and rat S23 proteins [39]. A
consensus sequence of 17 amino acids (between residues
40 and 56) is present in the alignment of eubacteria,
chloroplasts and mitochondria. The rat sequence
matches at 10 positions. In this region the lysine at
position 42 of E. coli causes resistance to streptomycin
and leads to increased accuracy of translation by the
ribosomes [40]. This lysine is conserved in rat S23 at
position 60, H. halobium S12 (62), H. morrhuae (61) and
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M. vannielii (63), but in S. acidocaldarius (30) an
arginine is aligned. Spiramycin binds to the S12 protein
and to proteins L27, L35, L17 and L18 of the large
subunit inhibiting the growth of the polypeptide chain
[41].

Together with S4 and S5, protein S12 participates in a
region designated as the recognition complex by Oakes
et al. [42]. In E. coli, S4 is one of the primary rRNA-
binding proteins that initiates assembly of the 30S sub-
unit and is known to protect several 16S rRNA regions
from chemical modification during assembly [43]. The
similarity of protein S4 to other eubacteria is high, but
it is limited to a relatively short region of residues 100
to 153 (rat S9) and 98 to 143 (H. marismortui).

The proteins of the S3 family are also highly conserved
phylogenetically. The E. coli S3 interacts with the 16S
rRNA, and it resides in the head of the small subunit
near the site to which the polypeptide release factor
RF-2 binds [44]. The so-called KH motif exists in the S3
proteins of all domains [45]. This motif was first iden-
tified in human hnRNP K protein [46]. Cross-link stud-
ies [47] demonstrate a direct interaction between the
KH motif of E. coli S3 and the 16S RNA. The cross-
linking position 88 (lysine) was found near the core
sequence of the KH motif.

In E. coli, protein S7 is a primary binding protein to
16S rRNA, its binding site has been established [47],
and this binding is a prerequisite for the assembly of S9
and S19 [43].

The proteins S8 and S11 interact with a highly con-
served site in the central domain of the 16S rRNA
named the platform ring [42]. The same is true for S6
and S18, but no relatives to E. coli S6 from chloroplasts
or from eukarya have so far been found in the data-
bases. The homology with other eubacteria (B. subtilis
and Thermus thermophilus) is only about 30%. Eubacte-
ria and chloroplasts with sequences related to S18 of E.
coli exist, but no homologues from eukarya and archaea
are known.

S17 is one of the primary assembly proteins in E. coli. It
binds to the 16S rRNA in the 5" domain [43]. S19 of E.
coli interacts with proteins S7, S9 and S14. It was found
in close proximity to protein S13 [48].

In E. coli, the highly conserved proteins L1, L2, L6 and
L11 belong to the early-assembly proteins of the large
subunit [49]. The L1 protein forms the ridge on the
large subunit. Protein L2 is part of the peptidyltrans-
ferase centre, and it is the most conserved protein from
the large subunit. It can even be substituted in E. coli
ribosomes by the halophilic protein, HmalL2, and the
human L8 equivalent (M. Uhlein, unpublished). L18
binds to 5S rRNA and is also associated with the
peptidyltransferase centre [50]. If one considers these
proteins, the high conservation coincides with an im-
portant functional role in the translational process.
However, the highly conserved L14 protein is among
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the late-assembly proteins and does not bind directly to
23S rRNA [49]. The similarity of the rat L1 to E. coli is
very low (about 10%), and there are no eukaryotic
relatives to E. coli L11 (see below). Furthermore,
proteins L16, L17, L20 and L24 - all functionally
important proteins — show no high conservation among
the phylogenetic domains.

The sequences of S7, S10 and S12 of E. coli,
Haemophilus influenzae, Mycobacterum leprae and Th.
thermophilus (E—eubacteria), human and S. cerevisiae
(N-eukarya), Halobacterum halobium, S. solfataricus,
and M. wvannielii (A—archaea) were added to get a
longer sequence for the phylogenetic computations. The
multiple alignment (fig. 1) represents — in bold letters
and in the consensus line — the high conservation of
these proteins and the greater similarity of archaea and
eukarya against eubacteria.

Archaeal phylogenies. Conflicting data in the literature
describe the grouping of organisms combined to form
the phylogenetic domain of archaea. The question arises
whether the ribosomal proteins can shed light on this
much discussed field in evolution.

The crenarchaeota representative with the largest num-
ber of known ribosomal sequences is S. solfataricus; the
corresponding euryarchaeota is H. marismortui. Table 2
shows the protein families with the largest number of
known archaebacterial sequences and the lengths of
these proteins. We compared these sequences with the
others to see whether or not the archaea form a
monophyletic group.

The following S. solfataricus amino acid sequences so
far exist in the databases: S7, S10, S12, L1, L5, L10,
L11, L12, L46, LX. Gene organization of the archaeal
rproteins in general is in clusters as found for the
eubacterial genome, although differences occur for gene
replacements, gene transfer, changes in promotor loca-
tion and in differences in the intervening sequences [51,
14]. The genes for the S. solfataricus S12, S7, S10 and
the elongation factor 1z protein are arranged
analogously as in the E. coli str operon [52]. The genes
for the S. solfataricus, S. acidocaldarius and Halobac-
terium cutirubrum L11, L1, L10, and L12 proteins occur
in the same order as the equivalent genes in E. coli [53,
54].

Sequence similarity compared by phylogenetic tree rela-
tion shows that the tree of the S7 family is
monophyletic with respect to the archaea (see fig. 2).
The archaebacterial proteins share nearly 50% with the
eukaryotic rat sequence, S. solfataricus with E. coli 31%,
M. vannielii with E. coli 34% (calculated with BESTFIT
from the GCG package). Like the tree of S7, the tree of
S12 consists of a monophyletic archaebacterial branch
joined with the eukaryotic sequences, and these two
form the whole tree with the group of eubacterial,
chloroplast and mitochondrial sequences.
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E. coli E PRRRVIGQORK ILPDPKFESE LLAKFVNILM V....DGKKS TAESIVYSAL ETLAQRSGEKS ELE NVRPTVEVES
H. influenzae E PRRRSVEARK ILPDPKFGSE LLAKFINVIM V....DGKES VAESIVYGAL ETLAQRTGKE NVRPTVEVES
M. leprae E PREGPAPKRP LVKHPVYGSQ LVTQLVNKIL L....KGKKS LAERIVYGAL EHARDKTGTD NVEPALEVRS
T. thermephilus E ARRRRAEVRQ LQPDLVYGDV LVTAFINKIM R....DGKKN LAARIFYDAC KIIQEKTGQE 'E NVKPRMEVES
Human N .LPHSAGRYA ANAFRKAQCP IVERLTNSMM MHGRNNGKKL MTYV RIVKHA.F EITHLLTGEN PLOVL IT NSGPREDSTR ;
5. cerevisiae N .VAHTAGRYA NKRFRKAQCP IIERLTNSLM MNGRNNGKKL T DIINVLTDON P;‘QV VDAIT NTGPREDTTR ~GGGGAREE(
H. halchium A .VAHTMGRHA OKQFKKSEIS IVERLANRLM KTGANAGKK( QAL }IVRDAF DIVHERTDEN PIQVLVSAVE NAAPREET'R LEYGGISUPy
5. sulfataricus A .LPHTCGRHE HRRFGEKAKVP IVERLINQIM RPGRNKGKEH LAYNIVELAF DIIYLKT@QN PIQVLVRAIE NSAPREEVTR [MYGG! YYV
M. vannielii A .IPHTAGR!NS KKMFDKNEMH VVERLANKLM ATQVNTGEKN ,SIIEEAL VEL PIQVVVDALE NSGPREETTR [SYGGIAFIQ
consensus ---H-AGR-- =--=-F~K--=~- VVERL-N--M ----N-GKK- P-QV-V-A-E N--PREEV-R =---GG--Y-V
91 87« —810 180
E. coli E PVEVRPVRRN ALAMRWIVEA ARK...RGDK SMALRLANEL SDAAE...NK GTAVKKREDV HRMAEANKAF AHYRWHORIR IRLEAFDHF
H. influenzae E PVEVRPVRRN ALGMRW ARK...RGDK SMAIRLANEL SDASD. GAAVKKREDV HRMAEANKAF AHYRWONRIR IRLEAFDHE
M. leprae E PVEVRPDRST TLALRWLVGF SR(...RREK TMIERLANEI LDASH. L. GASVKRREDT HEKMAEANRAF AHYRWGOKIR IRLEAYDHEA
T. thermophilus E PMEVSPRROD SLALRWLVQA ANQ...RPER RAAVRIAHEL MDAAE. .. GGAVEKKED, ERMAEANRAY AHYRW.PKIR IFLRGFDHET
Humarn N AVDVSPLRRV NOAIWLLCTG AREAAFRNIK TIAECLADEL INAAK.GSSN SYATKKKDEL ERVAKSNRI. ...... HRIR ITLTSEINVES
S. cerevisiae N AVDVSPLRR' ATALLTIG AREAAFRNIK TIAETLAEEL INAAK .GSST SYATKKKDEL ERVAKSNRI. ......IKIR ITLTSTHVFC
H. halobium A AVDTAPORRV DOALKFLADG AHSASFKTPT DAAEALANCL AGAADYNV.Q TYAIGQOKKEK ERVAAAARM. . DOAR VRLAGVDEDD
g, sulfataricus A AVDVAPORRI DLALRHIATG AKDSSFNNPK PIEEVLAFE! TAAANNDP.K SFAIKRKEEI ERIALSSRP. ...... TKAR IRLWSTIVELN
M. vannielii 2 SVDVSPSRRL DTAFRNISLG ASQOGAHKSKE SIAQCLADEL VAASKADMOK SFAVEKKKEEK ERVAQSARM. ......UKAR IKLSSTKHEE
Consensus -yDV-P-RR- -LA-R-L--G AR----R--K --AE-LA-EL --AA----- K --AVKKKEE- ER-A-ANR-- IRL-~~DH--
181 810« —812
E. coli E IDOATAEIVE TAKRTGAQVR GPIPLPTRKE RFTVLISPHV N.KDARDQYE IRTHLRLVDI VEPTEKTVDA DVQ I SATUTI
H. influenzae E IDQSTAEIVE TJLKRTGA-’,:-VR GPIPLPTRKE V IN.KDARDQYE IRTHKRLVDI VE ; DVQISATING
M. leprae E TDASARKIVE TVVRTGANVYV GPVPLPTEKlN VYCVIRSPHK Y.KDSREHFE MRTHKRLIDI J DVHIQPTIQQ
T. thermophilus E LDASAQKIVE MRRSGA\ VS GPIPLPTRVR RFTVIRGPFK H.KDSREHFE LRTHNRLVDI :' d EIEIEPTINGD
Human N LEKVCADLIR GPVEMPTETL RITTRETBCG EGSKTWDRFQ MRIHKRLIDI / EVE.TTARK
S. cerevisjae N LENVSSNIVE N GPVRLPTKVL KISTRKT?[.‘G EGSKTWETYE MRIHKRYIDI I ; DVEVVHSARK
H. halobium A LDNICGEVQE GPVPLPTKTL E EGTATWEHWE MRVHKRLIDI .DADERALRD MIEIVYAARK
S. sulfataricus A LNYVITQIRG I° GPIPLPTSKL EV EGRKKWEKWE MRVHKRLIDI .AADERVMROQ ; YTEIQYSARK
M. vannielii A LDSVCNQIKA GPIPLPTKSL KFT‘T‘RKSTuG EGSSSFDRWT MRVHKRVIDI .EADERTMKH I
Consensus LD===== IVE -a——'rc--v- @PIPLPT--L --T---8P-G EG----E--E MR-HKRVIDI ----E-TV--
271
E. coli E LVRKPRARKV A......... . .KSNVPALE ACPQKRGVCT RVYTTTPKKP NSALRK/CRV RLT.NGFEVT SYIGGEG..H
H. influenzae E LVRKPRVEKV V......... . .KSNVPALE ACPOKRGVCT RVYTTTPKKP NSALRKVCRI RLT.NGFEVT SYIGGEG..H I
M. leprae E LVRKGRRDKI G......... . .KVKTAALK GNPORRGVCT RVYTSTPKKP NSRLRKVARV KLT.SQVEVT AYIPGEG..H I
T. thermophilus E LVRKGREKVR K......... . .KSKVPALK GAPFRRGVCT VVRTVTPKKP NSALRKVAKV RLT.SGYEVT AYIPGEG..H
Human N LESHRRDOKW HDEQYKKAHL GTAI KANPFG GASHAKGIVL, EKVGVEAKQP NSAIRKCVRV QLIKNGKKIT AFVPNDGCLN ?'Hz IDEVL
§. cerevisias N LEVHRRNNEW AENNYKKRLI, GTAFESSPFG GSSHAKGIVL EKLGIESKQP NSATRRCVRV QLTKNGKKVT AFVPNDGCLN FVDENDEVL
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Figure 1. Multiple alignment of a combined sequence from S7, S10 and S12. N-terminal and C-terminal parts without similarity are
rgem_oved. Conserved amino acids are shown in bold letters, acidic amino acids D, E, N and Q in red; basic H, K and R in blue; very
similar I, L and V in green. The greater similarity of archaeal (A) and eukaryotic (N) sequences as compared to the eubacterial ones

(E) is recognizable.

The archaebacterial S10 proteins show sequence similar-
ity to the eubacterial S10 proteins and to the eukaryotic
S20 proteins. All three groups are monophyletic, but the
distance between the archaebacterial branch and the
eubacterial branch seems to be smaller than that be-
tween the archaebacterial branch and the eukaryotic
one. Some significant changes in the S10 sequences are
found: the conserved sequence GPIPLPTK in archaea
and eubacteria corresponds to GPIRMPTK in eukarya.
The most important difference is the length of the
eukaryotic sequences: they are about 15 aa longer than
the other proteins. Removing these residues at the N-ter-
minal end, the tree is changed to the branching order of
the other families (E, (A, N)).

The archaebacterial and the eubacterial L1 proteins each
form a monophyletic group. A weak, statistically in-

significant similarity to L3 eukaryotic proteins is found.
On the other hand, the L5 archaebacterial proteins are
more related to the eukaryotic L11 proteins than to the
eubacterial group. The situation is the same for the L10
family. The problem in this family is due to the different
lengths: eubacteria from 165 to 179 aa, archaea from 335
to 352 aa, and eukarya from 305 to 322 aa. There is only
one conserved region at the N-terminal end with five
amino acids in a row in the three phylogenetic domains
and some smaller regions or single conserved amino
acids in the sequences. In many cases inserts or deletions
are necessary to obtain the alignment. Comparisons of
the percent identity in the protein alignments indicate
that a higher identity can be found between the archaea
and the eukaryotic PO proteins than between the ar-
chaeal L10 and the eubacterial L10 counterparts.
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Table 2. Protein families with the largest number of known archaebacterial sequences and their lengths.

S7 S10 S12 L1 L5 L10 L11 L12
S. solfataricus 193 102 147 221 335 170 105
S. acidocaldarius 195 102 151 178 105
H. cutirubrum 212 352 163 114
H. halobium 210 142 212 352 114
H. marismortui 205 99 212 177 348 162 115
Haloferax volcanii 210 350 159 113
Halococcus morrhuae 203 142
M. vannielii 194 91 147 222 181 336 99
Th. celer 215 147
Th. acidophilum 104
Pyrococcus woesei 102

Compared with the respective H. marismortui and S.
solfataricus sequences, the E. coli L11 sequence exhibits
33 and 35% identities. There is a weak similarity of 21%
to the rat and S. cerevisiae L12 sequences. The align-
ment shows strongly conserved regions of eubacterial
and archaebacterial proteins; the eukaryotic proteins
are scarcely involved. Within the aligned region, E. coli,
S. solfataricus and H. marismortui L11 proteins contain
nine, ten and 11 proline residues. At seven positions, the
proline residues are conserved in all three sequences.
The rat L12 protein contains eight proline residues,
only two of which are conserved. In this case the
similarity of eubacterial and archaebacterial sequences
is also reflected in the predicted secondary structure and
the phylogenetic tree (fig. 3). The secondary structures
of the eukayotic L12 and archaebacterial L11 sequences
are quite different. Against the background of these
data we cannot consider the eukaryotic L12 proteins to
be relatives of the archaebacterial L11 proteins.

The archaebacterial L12 proteins form a monophyletic
group and are most related to the P2 protein group of rat,
human and yeast. The branch of archaea and P2 proteins
is joined with the P1 group of eukaryotic proteins.
The result of the computation of all phylogenetic trees
with representatives of crenarchaeota and euryarcheota
suggests that the archaea are in fact a monophyletic
group more similar to each other than to eukarya or
eubacteria. This corresponds to the higher identity
within the archaea than to the other phylogenetic do-
mains.

Tree comparison of ribosomal proteins with respect to
mitochondrial rproteins. While the branching of the ri-
bosomal chloroplasts and eubacteria ensues according
to their taxonomic affiliations, the branching of the
mitochondrial proteins is not uniform. Many mitochon-
drial proteins are considerably longer than the corre-
sponding E. coli proteins, which makes it difficult to
yield accurate alignments. The lengths and percentage
identities of the E. coli, A. castellanii, and the mitochon-
drial liverwort are shown in table 3. Proteins S12, L2
and L14 of A. castellanii are the most conserved
proteins, whereas S2, S3, S11, L5, L6 and L11 are not
significantly similar to the E. coli counterparts.

Within the trees we find neither a monophyletic group
of mitochondrial proteins nor a similar branching order
in all trees. Furthermore, different trees were computed
with PROPTREE and TREE.

The S3 family comprises ribosomal proteins of eubacte-
ria, archaea and eukarya from chloroplast, nuclear
and mitochondrial genomes (E, A, C, N, M). The
archaea H. marismortui and H. halobium form a
monophyletic group; likewise, the eukaryotic proteins
are encoded by the nuclear genes. The eubacterial
proteins are closely related to the proteins of chloro-
plast genomes derived from land plants, algae and
Cyanophora paradoxa. The distances between the spe-
cies are small, and they might change as new sequences
become available. The S3 chloroplast rproteins of
Chlamydomonas reinhardtii, C. humicola, C. peterfii
and C. frankii are considerably longer than those
found in chloroplasts of land plants (682 and 807 versus
218). They are quite different from the other eubacterial
and all other chloroplast sequences within the aligned
region. The mitochondrial sequences of land plants
form a monophyletic group. The mitochondrial S3
of A. castellanii consists of 294 aa. It seems to be
more related to the group of eubacteria and chloro-
plasts than to the mitochondrial group. This sequence
is too distant from the sequences of the archaea
and eukarya (N) to compute a tree. We can describe
the complete tree computed without A. castellanii as:
(((E, C), M), (A, N)).

The rps3 gene encoding the S3 proteins of chloroplasts
has been found between rpl22 and rpl16, as is true for
the genes in the S10 operon of E. coli. In most algae and
land plants the rps3 gene is uninterrupted, but in Eu-
glena gracilis it contains two introns [55]. In the chloro-
plast genome of the Chlamydomonas species there is no
gene equivalent to rsp3 in the expected region between
rpl22 and rpl16 [56].

Two or more representatives of each type (A, N, E, C,
M) have been sequenced from the L14 family. The
phylogenetic tree constructed with TREE (fig. 4) shows
the grouping of the organisms according to their taxo-
nomic affiliations except for Th. thermophilus. The ar-
chaea and eukarya (nuclear genes) are robustly separated
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Figure 2. Phylogenetic tree of the S7 rproteins with the monophyletic archaeal (A) group, the nuclear encoded (N) group, the

eubacterial (E) group and the chloroplast (C).

from the eubacteria and eukarya (chloroplasts). The
mitochondrial sequences were found to be most related
to the branch of eubacteria and chloroplasts. This result
does not correspond to the tree of Vodkin et al. [20]
computed with the PAUP package [57], where the mito-
chondrial representatives Acanthamoeba polyphaga,
Tetrahymena pyriformis and Paramecium tetraurelia are
the outermost ones. Because of the properties of the
amino acids the tree computed with PROPTREE differs

from the result obtained with TREE. It looks like the tree
of Vodkin et al. [20]; however, the proteins from A.
polyphaga and the ciliates are exchanged. Calculations of
the tree with these parts of the sequences occurring in all
species did not change the tree. Alignments reveal that
the proteins of A. polyphaga and A. castellanii have an
insert of six amino acids (near aa 52) that are not found
in the homologous proteins of the other organisms. On
the other hand, in A. polyphaga the sequence KKNI
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Figure 3. Tree of the L11 rproteins. The archaea are more related to the L11 eubacterial and chloroplast species than to the L12

eukarya.

occurs twice; in A. castellanii the sequence KKSI is
repeated as KKNI. However, this insert does not influ-
ence the position in the tree.

The tree of the L2 proteins computed with PROPTREE
can be described as ((((A, N), (E, C)), (A. castellanii,
Yeast)), P. tetraurelia); the TREE result is ((A, N), (((E,
C), A. castellanii), Yeast), P. tetraurelia). The L2 of E.
coli (272 aa) and P. tetraurelia (259 aa) correspond in
27% of 212 aa; L2 E. coli and A. castellanii are identical
in 47% of the sequences. The prediction of the sec-
ondary structure of P. tetraurelia differs from that com-

puted for E. coli and other L2 proteins. In contrast, the
percentage identity of L14 of P. tetraurelia (119 aa) and
E. coli (123 aa) is 36% in a region of 113 aa, and the
prediction of the secondary structure of both proteins
corresponds.

The proteins of the S14 family are quite different in
their lengths. Chloroplasts, mitochondria and the eu-
bacteria E. coli and Pea aphid are about 100 aa, other
eubacteria, archaea and eukarya are about 60 aa, and
yeast mitochondrial is 115 aa. The multiple alignment
shows a gap of 42 aa near the N-terminal end for the
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Table 3. The A. castellanii proteins: their lengths and the percentage identity in comparison with E. coli and mitochondrial Liverwort.

E. coli A. cast. Liverwort FASTA FASTA
mt A. cast./ A. cast./
E. coli Liverwort

S2 240 312 237 29.2/72 25.4/118
S3 232 294 430 19.1/110 21.7/263
S4 206 374 196 21.7/166 25.3/182
S7 178 337 230 24.8/141
S8 129 127 152 29.5/122 36.0/100
S11 128 173 125
S12 123 127 126 48.4/124 50.4/127
S13 117 119 120 28.6/112 33.0/103
S14 98 99 99 26.3/80 36.5/96
S19 91 78 93 32.8/58 30.6/85
L2 272 253 501 47.4/249 45.0/249
L5 178 177 188
L6 176 181 101 29.0/100
L11 141 339 24.4/90
L14 123 129 41.6/125
L16 136 140 135 34.9/120 26.8/127

Table 4. Homology between eubacterial and eukaryotic sequences and the tree representation (according to Felsenstein [61]) of archaea
(A), eubacteria (E), chloroplast-encoded (C), mitochondrial-encoded (M) and nuclear-encoded (N) sequences in phylogenetic trees.

Eubacteria, archaea, Eukarya Tree representation
chloroplasts, mitochondria
S3 S3 (((E, ©), M), (A, N))
s4 S9 (((E, C), M), (A, N)y**
S5 S2 (E, (A, N))
S7 S5 (((E, ©), M), (A, N))**
S8 S15a (((E, C), M), (A, N))
S9 S16 (E, N)
S10 S20 (E, (A, N))
S11 S14 ((((E, C), Liverwort), (A, N), A. cast)
S12 S23, (((E, C), M), (A, N))
S28 (Yeast)
S13 S18 (((E, C), M), (A, N))
S14 S29 (((E, C), M), (A, N))*
S17 S11 ((E, C), (A, N))
S19 S15 (((E, C), M), (A, N))
L2 L8 (((((E, C), A. cast), (A, N)), P. tetr)), (Liv., Primrose))
L3, L9 (mt Yeast) L3 ((E, M), (A, N))
L5 L11 (((E, C, Liverwort), (A, N)), A. cast)
L6 L9 (((E, Yeast), (A, N) (A. cast., Liverwort))
L10 PO (E, (A, N))
L12 P1, P2 ( A, N)
L13 L13a ((E, ©), (A, N))
L14 L23 (((E, ©), M) (A, N))*
L15 L27 (E, (A, N))
L18 L5 (E, (A, N))
L22 L17 ((E, C), (A, N))
L23 L23a ((E, C), (A, N))
L24 L26 ((E, ©), (A, N))
L30 L7 (A, N)

*See figures, **the sequences of A. castellanii were shortened at the N-terminal end where no alignment exists with other proteins.

short eubacteria. The archaea and eukarya are slightly
similar (E. coli — rat: 30.8% in 26 aa) to all the other S14
proteins. This fact is reflected in the prediction of the
secondary structure, which is similar only in the C-ter-
minal region for all S14 proteins. The tree constructed
with TREE (fig. 5a) differs from other trees because of
the protein lengths. The short eubacteria are joined with
the branch of eukarya and archaea. The mitochondria

form a branch which is connected with chloroplasts and
long eubacteria. With PROPTREE (fig. 5b) we obtained
a correct branching order with respect to eubacteria and
chloroplasts. However, the mitochondria including A.
castellanii are the outermost group.

Table 4 summarizes these eubacterial r-proteins which
show similarity to the eukaryotic ones and the branching
order within the phylogenetic tree.
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Figure 4. Tree computed with TREE of the L14 rproteins.

Comparison of the tree computional methods. The
CLUSTREE, PROPTREE and TREE programs were
tested with the multiple sequence file shown in figure 1.
The length is 402 amino acids. The unrooted trees
computed by CLUSTREE (fig. 6a), PROPTREE (fig.
6b) and TREE (fig. 6¢) are almost the same with respect
to the eubacterial branch. The second branch, consisting
of the eukaryotic species at the one side and the archaea
at the other, is very similar in PROPTREE and TREE
computation. The CLUSTREE result does not show a
clear monophyletic group of the archaea, but the branch
lengths of all archaea are shorter to the eukaryotic than

T.pyriformis M

1
o

C.elegans N
_TL Human N
—E—S.cerevisiae N

e H.marismortui A
~J

gy [ Vanni elii A
-

to the eubacterial species. The S7 result of CLUSTREE
with eight archaea is equivalent to the result of TREE
(fig. 2) with a monophyletic branch of archaea.
Conserved regions and secondary structure. We per-
formed calculations for predicting the secondary struc-
ture with one representative each of archaea, eubacteria,
chloroplasts, mitochondria and eukarya to examine any
correlation between conservation and structural features.
We wanted to find out whether or not the conserved
amino acids are situated in helices, f-sheets or loops. The
predicted classes (method of Rost and Sander [37]) of the
most conserved E. coli proteins are shown in table 5.
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The S3 sequences differ in the predicted secondary
structure of eubacteria versus rat and H. marismortui in
the area following the KH sequence. Helical and non-
helical regions are predicted within the conserved re-
gions.

The region with the highest similarities in the S4 se-
quences extends from aa 94 to 138 (E. coli) and was
predicted as «-helical and p-strand elements for all
domains. A highly conserved region exists at the C-ter-
minal end of eubacteria and chloroplasts predicted as
f-strand.

T M.vannielii A
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©

The 3D structure of the S5 protein of B. stearother-
mophilus was reported by Ramakrishnan and White [58].
The loop2 region (aa 21 to 31) contains conserved
arginine and lysine residues which are expected to inter-
act with the 16S rRNA, and this was confirmed by direct
sequencing of the contact region between the peptide
and oligonucleotide binding site [47]. The structurally
important residues are particularly well conserved
within all domains and may also contain helices.

A similar secondary structure is predicted for archaea,
eukarya and eubacteria of the S7 proteins, and these are
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Figure 5. Tree of the S14 rproteins computed with TREE. (a) Because of their sequence lengths, the eubacteria B. subtilis, T.
thermophilus and M. capricolum seem to form a group with the eukarya and the archaea. (b) Branching order according to the
taxonomic affiliations of the eubacterial sequences computed with PROPTREE. With TREE, the mitochondrial sequences form the
outermost group because of their amino acid alterations in the aligned sequences.

predicted to contain more than 40% «-helical areas and
only 14% as f-strands. One helical structure is situated
in a conserved region with the consensus sequence
GKKXXAXXIXXAXXXIXXXT (x various amino acids). Two
of three peptides of the S7 protein of E. coli which bind
to the 16S rRNA [47] are predicted in «-helices.

The S12 proteins are predicted to be nearly 10%
as «-helical, 32% as f-strand and 58% in loops. Eubac-
teria and chloroplasts share the consensus sequence
TxxQLxRxx. In E. coli this sequence is ATVNQLVRKP
(aa 1 to 10), and this is an RNA binding motif, with the
sequence VNQLVR calculated as a-helical. More simi-

larities between all phylogenetic domains of the protein
family S12 exist in the region shown in figure 1.
Unlike the S11 proteins, the predicted secondary struc-
ture of the eubacterial S8 equivalent proteins is quite
different from the archaeal and eukaryotic proteins.
The conserved regions are predicted as «-, - and loop
structures for all domains.

The 3D structure of S17 from B. stearothermophilus was
investigated by NMR spectroscopy [59]. The protein
consists of f strands connected by several extended
loops. Urlaub et al. [47] found the peptides cross-linked
to the rRNA by a lysine in E. coli (position 29) and B.
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stearothermophilus (position 31). The consensus se-
guence of eubacteria and eukarya in this region is K 10x
KxPxYxK 6x K, with the underlined lysine as the
cross-linking position. The archaebacterial sequences
are short and do not match in this region.

The L2 proteins of E. coli, B. stearothermophilus, rat
and H. marismortui are similar with respect to the
predicted secondary structures, all sharing f-strands
and loops. The P. tetraurelia protein is less conserved, a
fact that is reflected in the secondary structure with
«-helical regions and an insert of 12 aa in the N-termi-
nal half of the protein.

The crystal structure of L6 from B. stearothermophilus
[60] reveals that the protein contains two domains with

nearly identical topology. The similarity of the two
structural domains suggests that the protein evolved
from a single protein by gene duplication early in the
evolution. However, the primary sequences of the two
domains are not similar. The cross-link experiments
made by Urlaub et al. [47] confirm the supposed bind-
ing site of the 23S rRNA at the C-terminal end. The
amino acid tyrosine (position 156) bound to the 23S
RNA is situated in a highly conserved loop region. The
eubacterial consensus sequence is RXPEPYKGKG.
Only the lysine (position 157) is conserved in yeast
(RL9_YEAST), rat and H. marismortui.

A relatively large percentage of helical structure has
been predicted for the L5 and L11 proteins; it is not
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limited to conserved parts of the sequence. Otherwise,
the L14 proteins seem to have only one helix, at the
C-terminal end.

Discussion

We have used the huge pool of more than 1900 complete
amino acid sequences of ribosomal proteins to reinvesti-
gate the phylogenetic relationship of the organisms of
the distant domains of eubacteria, archaea and eukarya
by (1) direct sequence comparison, (2) computation of
phylogenetics, and (3) searching for conserved sequence
motifs and common secondary structural elements.

Three different algorithms (CLUSTREE, PROPTREE
and TREE) were employed to investigate the descent of

the organisms. The new method for computing phyloge-
netic trees is based on the properties of the amino acids
themselves. There are no assumptions or models used to
describe mutation rates. In principle, other properties
(e.g. presence or absence of secondary structure motifs)
may be introduced into the analysis. PROPTREE pro-
duces results in accordance with the taxonomic affilia-
tions of the organisms, often better than TREE. But
different lengths of proteins and gaps are unfavourable
and may more or less influence the trees. Of course, to
some extent this is valid for all phylogenetic calculation
methods. In our approach a gap is interpreted as an
‘amino acid’ without properties. In future we will test
the method with a gap penalty and a gap length penalty
(work in progress).
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Figure 6. Phylogenetic analysis based on the sequences S7, S10 and S12. The branch lengths are arbitrary values. (a) Neighbor-joining
tree (CLUSTREE); (b) tree derived from the amino acid properties (PROPTREE); (c) tree computed with its own alignment (TREE).

Concerning the branches, the methods used vyield the
same trees. The results of the longer sequences from S7,
S10 and S12 do not differ from the shorter ones with
respect to the branches.

In our systematic comparison of all known ribosomal
proteins of archaea, eubacteria and eukarya, the ar-
chaea are a monophyletic group in all trees and more
similar to the eukarya. Our data support neither a
strong relationship of the archaea only to the gram-

positive bacteria (figure 7a) as found by Gupta and
Singh [13] for heat shock proteins of Hsp 70 genes, nor
the results of rRNA sequences ([5], fig. 7b).

The general tree as derived from the ribosomal proteins
is described as follows (fig. 7c): The archaea are more
closely related to the eukarya than to the eubacteria.
Proteins of chloroplasts and mitochondria often have
different lengths, shorter or longer than most of the rest
of the protein family. Nevertheless, the chloroplasts are
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Table 5. Percentage of «-, - and loop structures of the best-con-
served E. coli proteins, method of Rost and Sander [37].

E. coli o [%] p (%] loop [%]
S3 35.8 25.4 38.8
S4 39.5 11.7 48.8
S5 pred. 30.7 33.1 36.2
* 234 314 45.2
S7 56.7 9.0 34.3
S8 39.2 215 39.3
S11 211 28.9 50.0
S12 9.8 317 58.5
S17 pred. 0.0 57.8 42.2
* 0.0 47.6 52.4
S19 13.2 25.3 61.5
L2 0.0 34.9 65.1
L5 37.6 16.9 455
L6 pred 17.6 38.1 443
* 19.9 41.5 38.6
L11 458 16.2 38.0
L14 7.3 45.4 47.2

*Results of B. stearothermophilus of the 3D structure by crystal-
lography or nuclear magnetic resonance spectroscopy.

Archaea

Gram-positive bacteria

Eukarya

Gram-negative bacteria

Eubacteria

Euryarchaeota

Eukarya

Crenarchaeota

Eubacteria

Chloroplasts

Mitochondria

Archaea

ﬁmlili

Eukarya

Figure 7. (a) Schematic dendrogram found by Gupta and Singh
[13] for heat shock proteins; (b) schematic dendrogram by Lake
[5] for RNA sequences; (c) our schematic tree resulting of riboso-
mal proteins.

most related to the eubacteria. Often both groups are
not clearly separated. Most of the mitochondrial
proteins form a group together with eubacteria and
chloroplasts. However, some of them differ so much
that they look like an outgroup of the tree.
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