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ABSTRACT
A consensus structure model of 5S rRNA presenting all conserved nucleo-

tides in fixed positions has been deduced from the primary and secondary struc-
ture of 71 eubacterial, archaebacterial, eukaryotic cytosolic and organellar
molecules. Phylogenetically related groups of molecules are characterized by
nucleotide deletions in helices III, IV and V, and by potential base pair
interactions in helix IV. The group-specific deletions are correlated with the
early branching pattern of a dendrogram calculated from nucleotide substitution
data: the first major division separates the group of eubacterial and organel-
lar molecules from a second group containing the common ancestors of archae-
bacterial and eukaryotic/cytosolic molecules. The earliest diverging branch of
the eubacterial/organellar group includes molecules from Thermus thermophilus,
T. aquaticus, Rhodospirillum rubrum, Paracoccus denitrificans and wheat mito-
chondria.

INTRODUCTION

The 5S rRNA component of the large ribosomal subunit (1) is a suitable

marker molecule to study pre-cambrian phylogeny: a comparison of 5S rRNA se-

quences from eukaryotes, eubacteria, archaebacteria and organelles (2-14) has

revealed a considerable conservation of primary (15,16) and secondary (17-20)

structure. Here we present a general consensus structure for all types of 5S

rRNAs. Our model is in agreement with previously published secondary structure

models for eubacterial (19,20), eukaryotic cytosolic (18,19) and archaebac-

terial (7) molecules, and in addition presents all conserved nucleotides in

fixed positions. The observed group-specific deletions and base pair inter-

actions support the phylogenetic grouping of 5S-rRNA molecules based on nucleo-

tide substitution data.

METHODS

5S rRNA was extracted from the snail Arion rufus, purified by preparative

gel electrophoresis and sequenced by chemical cleavage methods as described

(21). Methods used for computer-aided construction of dendrograms have been

reported in detail (16,25).
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RESULTS AND DISCUSSION

Fig. 1 shows an alignment of selected 5S rRNA sequences representative for

the groups of metazoa [sequence 1], protozoa [19,20], plants [32], archaebac-

teria [41-46], eubacteria [47,50,56,60,61,67-69], chloroplasts [63] and mito-

chondria [71].
The alignment is similar, but not identical, to previously published

schemes (16,19) due to the inclusion of more sequence data.

The consensus structure of Fig. 2A is based on the alignment of 71 5S

rRNA sequences (2-14) and contains 70 positions where either A,U,G,C or a
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-123456789012-345678-9012345678901-23456789012345678-9012- 34567890

1 ----GUCUACGGC-CAUACC-ACCCUGAACGCGC-CCGAUCUCGU-CUGAUC-UCGG- -.AGCUAAG 1
19 ----GCUGUCGGC-CAUACU-AAGGUGAAAACAC-CGGAUCCCAU-UCGAAC-ICCG-----AAGUUAAG 19
20 ----GCUGACGGC-CAUACC-GUGUCGAAUGCAC-CGGAUCUCUU-CUGACC-UCCG---AAGUUAAG 20
27 ----GGUUGCGGC-CAUAUC-UACCAGAAGCAC-CGUUUCCCGU-CCGAUCAACUG-----UAGUUAAG 27
32 ----GGAUGCGAU-CAUACC-AGCACUAAAGC-CGGAUCCCAU-CAGAAC-UCCG----AAGUUAAG 32
41 ---UUAAGGCGGC-CAUAGC-GGUGGGGUUACUC-CCGUACCCAUCCCGAAC-ACGG----AAGAUAAG 41
43 --UCAAUAGCGGC-CACAGC-AGGUGUGUCACAC-CCGUUCCAUUCCGAAOC-ACGG-----AAGUUAAG 43
44 ----GGCAACGGU-CAUAGC-AGCAGGGAACAC-CAGAUCCCAUUCCGAAC-UCGA-----CGGUUAAG 44
45 --GCCCACCCGGU-CAUAGU-GAGCGGGCAACAC-CCGGACUCAUUUCGAAC-CCGG-----AAGUUAAG 45
46 UAGGUUUGGCGGU-CAUAGC-GAUGGGGUAUCAC-CUGGUCUCGUUUCGAUC-CCAG-----AAGUUAAG 46
47 --UGCCUGGCGGC-CGUAGC-GCGGUGGUCCCAC-CUGACCCCAUGCCGAAC-UCAG----AAGUGAAA 47
50 --UGUUCUGUGACGAGUAGUGGCAUUGGAA-CAC-CUGAUCCCAUCCCGAAC-UCAG---AGGUGAAA 50
56 -----UUGGUGGU--AUAGC-AUAGAGGUCACAC-CUGUUCCCAUGCCGAAC-ACAG----AAGUUAAG 56
58 ----UCCAGUGUC-UAUGAC-UUAGAGGUAACAC-UCCUUCCCAUUCCGAAC-AGGC-----AGGUUAAG 58
60 --GUUACGGCGGC-UAUAGC-GUGGGGGAAACGC-CCGGCCGUAUAUCGAAC-CCGG-----AAGCUAAG 60
61 ---UCCUGGUGUC-UAUGGC-GGUAUGGAACCACUCUGACCCcAUCCCGAAC-UCAG----UUGUGAAA 61
63 -UAUUCUGGUGCUCCUAGGC-GUAGAGGAACCAAACCAAUC-CAUCCCGAAC-UUG----UGGUUAAA 63
67 ---GUCUGGUGc-CAAAGC-ACGAGCAAAACAC-CCGAUCCCAUCCCGAAC-UCGG-----CCGUUAAG 67
68 -UGGCCUGGUGGU-CAUUGC-GGGCUCGAAACAC-CCGAUCCCAUCCCGAAC-UCGG-----CCGUGAAA 68
69 AAUCCCCcGUGCC-CAUAGC-GGCGUGGQACCAC-CCGcUCCCAUUCCGGAAC-ACGG-----AAGUGAAA 69
71 -AAACCGGGCACUACGGUGA-GACGUGAAAACAC-CCGAUCCCAUUCCGACC-UCGAUAUAUAUGUGGAA 71

-123456789012-345678-9012345678901-231456789012345678-9012.34567890
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1 CAGGGUCGGGCCUGGUU--AGU-ACUUGGAUGGGAGACCGCCUGGGAAU-ACC---GGGU-GCUGUAGGCUUU

19 CGCCUUAAGGCUGGGUU--AGU-ACUAAGGUGGGGGACCGCUUGGGAAG-UCC---CAGU-GUCGACAGCCU-
20 CGGCACAGGGCCCGGAU--AGU-ACUGGGGUGGGGGACCGCCCGGGAAG-UCCUUAGGGU-GCUGUCAGCU--
27 CUGGUAAGAGCCUGACC-GAGU-AGUGUAGUGGGUGACCAUACGCGAAA-CUC---AGGU-GCUGCAAUCU--
32 CGUGCUllGGGCGAGAGU--AGU-ACUAGGAUGGGUGACCUCCUGGGAAG-UUC---CCGU-GUUGCAUUCCC-
41 CCCGCCUGCGUUCCGGU-CAGU-ACUGGAGUGCGCGAGCCUCUGGGAAA-UCC---GGUUCGCCGCCUACU--
43 ACACCUCACGUGGAJGA-CGGU-ACUGAGGUACGCGAGUCCUCGGGAAA-UCA---.UCCUCGCUGCUAUUGUU
44 CCUGCU-GCGUAUUGCG-UUGU-ACUGUAUGCCGCGAGGGUACGGGAAG-CGC---AAUAUGCUGITACCACU
45 Cc-GCUCACGUUAGUGG.-GGC-CGUGGAUACCGUGAGGAU-CCGCAGC-CCC---ACUAAGCUGGGAUCGGU
46 UCUUUUCGCGUUUUGUUUGUGU-ACUAUGGGUUCCG-GUCUAUGGGAAU-UUC---AUUUAGCUGCGAGCUVU
47 CGCCGUAGCGC-CGA-U--GGU-AGUGUGG-GGUCU-CCCCAUGCGA-G-AGU--- AGGGAACUGCCAGGCAU
50 CGAUGCAUCGC-CGA-U--GGU-AGUGUGG-GGUUU-CCCCAUGUCA-A-GAU---CUCG-ACCAUAGAGCAU
56 CUCUAUUACGG-UGA-A--GAU-AUU-----ACUGAUGU----GAGA-A-AAU---AGCAAGCUGCCAGUU--
58 CUCUAAUGUGC-UGA-U--GGU-ACUGCAG-GGGAAGCC-CUGUGGA-GAAGU---AGGUCGACGCUGGGU--
60 CCCCAUAGCGC-CGA-U--GGUUACUGUAA-CCGGGAGGUUGUGGGA-G-AGU---AGGUCGCCGCCGUGA--
61 CAUACCUGCGG-CAA-C--GAU-AGCUCCC-GGGUAGCCGGUCGCUA-A-AAU---AGCUCGAiCGCCAGGUC-
63 CACUACUGCGG-UGA-C--GAU-ACUGUAG-GGGAGGUCCUGCGGAA-A-AAU---AGCUCGGCGCCAGAAU-
67 UGCCGUAGCGC-CAA-U--GGU-ACUGCG--UCAAAAGA-CGUGGGA-G-AGU---AGGUCACCGCCAGACC-
68 GAGCCCUGCGC-CAA-U--GGU-ACUGCG--UCUUAAGG-CGUGGGA-G-AGU---AGGUCGCCGCCAGGCCU
69 CGCGCCAGCGC-CGA-U--0GU-ACUGGC--GGACGACC-GCUGGGA-G-AGU---AGGUCGGUGCGGGGGA-
71 UCGUCUGCGC-CAU-A--UGU-ACUG----AUG---CGGGA-G-AgA---UGGUCAAAGCCCGG12345678901234567--890-12345678901234567890123456-789---01234567890123456
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Figure 1. Alignment of 21 selected 5S rRNA sequences. The nucleotide numbers
refer to the consensus structure of Fig. 2, the sequence numbers refer to the
list of organisms shown in Fig. 4.
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purine or pyrimidine nucleotide is conserved in more than 80 % of all

sequences. The consensus sequence is folded according to the five helix model

(18,19), and potential base pairs shown in straight lines are conserved in all

molecules, with few exceptions. Some alternative or additional base pair inter-

actions are possible, although in a smaller number of molecules: the base pairs

55/29 and 56/28 could be formed in 48 sequences (19), the base pairs 12/113

and 13/112 in six eubacterial molecules (20), and helix III could be extended

by two base pairs (36/46 and 37/45) in 60 molecules (19). A tertiary inter-

action between nucleotides 42-45 and 80-77 observed in E.coli 5S rRNA (22) is

possible in other eubacteria except cyanobacteria.

Fig. 2B shows a mollusc 5S rRNA (from the snail Arion rufus) written in

25S 3.0 3.cAsO
A

2

5' 5 90
RY i wR

3' 120 115 110 105 i6o OS

AAAUA?C?GU

ACAG,AUGUUG-UGC,ACCACAA G GGUUCGC6A
120 100

Figure 2 A: Consensus structure of 5S rRNA, based on 72 sequenced molecules
(2-14). Nucleotides conserved in more than 80 % of all analyzed sequences are
indicated (R, purine nucleotide, Y, pyrimidine nucleotide). Group-specific
deletions are marked by shaded circles, group-specific insertions by arrows.
Potential hydrogen bonds between the base pairs A/U, G/C and G/U conserved in
at least 95 % of all molecules are shown in straight lines, alternative base
pair interactions in helices IV and V in broken lines. B: Nucleotide sequence
and potential secondary structure of 5S rRNA from the snail Arion rufus. The
sequence was determined by chemical cleavage methods as described (21). Nucleo-
tides 42 and 114 of the consensus sequence (shaded circles) are deleted in all
eukaryotic (cytoplasmic) 5S rRNA molecules.
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the consensus configuration. The nucleotide sequence was determined indepen-

dently by us and by Fang et al. (14).

The group-specific patterns of nucleotide deletions and helical inter-

actions are shown in Fig. 3. Nucleotides 42 and 114 of the consensus sequence

are deleted in all eukaryotic cytosolic species, nucleotides 73, 77, 88 and

106 are deleted in all eubacterial and organellar sequences, and none of these

nucleotides are deleted in the six archaebacterial sequences. Instead, some

individual deletions (nucleotides 67 .94 and 99) are found in the archaebac-

terial sequences 44, 45 and 46 (sequ +e numbers refer to Fig. 4). An addi-

120 100 120 100
protozoa b Mycoplasma k

fungi c cyanobacteria 1

higher plants d Thermus

Rhodospirillum
green algae Paracoccus

Halococcus
Halobacterium B

Sulfolobus h

Nethano-
brevibacter

Figure 3. Deletions, insertions and potential base-pairing interactions in 5S
rRNAs. Residues marked by black circles are deleted in all members of a given
group, those marked by shaded circles are deleted in some organisms. Inserted
nucleotides are indicated by arrows. See also the alignment of Fig. 1. The
Halococcus molecule contains a long insert of 108 nucleotides at 109/110 (2).
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1 Homo sapiens
2 Iguana (leguan)
3 Terrapene (turtle)
4,5 Gallus (chicken)

_ 67 Nisgurnus (loach)
8 Salmo (trout)

12 Xenopus (toad)

13 Bombyx (silkworm)
14 Drosophila (fly)
15 Arion (nail)
16 Lingula (brachiopo(
17 Lytechinus (sea urc
18 Casnorhabditis (ne-

metazoa

ds)
-bin)
matode)

TetrayiSnDa (clll-at)
Crypthecodinium (dinofl.)
Acanthaoeba (aoeba) protozoa
Crithidia (trypanosome)
Luglena gracille
Dictyostelim (slime mold)

Aspergillus (sold)
Neurospora (sold)
Saccharomyces (yeast)
Torulopsis (yeast)
Pichia (yeast)
Schisoaacch. (fission y.)
Phycomyces (sygomycete)

Triticum (wheat)
Secale (rye)
Vicia (broad bean)
Phaseolus (dwarf bean)
Nellanthus (su flower)
Lycopersicum (tomato)
Lemna (duckweed)
Chlorella (green alga)
Chlamydomonma ( * )

fungi

plants,
algae

47

=4 9~~~~~~~4
50

51
52
53
51
55
56

557858
59
6o

Halobacterium
Halococcus
Nethanospirill.n archa-
Thermoplasm bactrial
Sulfolobus
Nethanobrevibactor

1achorichia coli
Proteus oubacteria,
Pbotobacteriu eorgnmll-
Pseudomonas

Bacillus subtilis
B. licheniformia
B.megaterium
B. stearothermophilus
Lactobacillus
Nycopla
Spiropla
Clostridii
Streptomyces
licrococcus

61 Anacystis
- 62 Prochloron

63 chloroplasts (Vicia
64 (Phaseolus

_1 65 " Nicotiana.1 41C 'r{t
97

deleted 67

/i -168
;LL 69

70
71

Paracoccus
Rhodoepirill1
Thermos thermophilus
Thermos aquaticua
mitochondria (wheat)

70 60 50 40 30 20 10 nucl-otide substitutions

Figure 4. Phylogenetic tree based on the nucleotide substitution analysis of
SS rRNAs. Nodal points are expressed as the number of nucleotide substitutions
between pairs of sequences or protosequences (16,24,25), and the early bran-
ching pattern is correlated with a phylogenetic interpretation of group-speci-

fic deletions (see Fig. 3). All sequences except 15 (14), 18 (3), 23 (4), 24
(5), 31 (6), 43 (7), 46 (7), 57 (8), 59 (9), 60 (10), 62 (11), 67 (11), 68 (12)
and 69 (13) are compiled in ref. 2.
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tional deletion of nucleotide 97 is a common feature of four eubacterial

sequences from T. thermophilus (13), T. aquaticus (2), R. rubrum (12) and P.

denitrificans (11). In two molecules (from wheat mitochondria (2) and Myco-

plasma (2)) helix IV is further reduced by deletions of 7 to 9 nucleotides

including positions 88 and 97. However, this could be a convergence pheno-

menon, because the two sequences belong to different affinity groups (see

below).

The most conserved secondary interactions are in helices I, II and III:

note the looped out base 67 of helix II (potentially base-paired only in the

mitochondrial sequence) and the two looped out bases 53 and 54 of helix III

(helix I contains a looped out base only in the two archaebacterial sequences

45 and 46).

Helices IV and V are more variable in their base pairing and deletion

patterns: in helix IV nucleotides 80 and 82-86 can form base pairs either with

103-97 (configuration 1) or with 104-98 (configuration 2). The helix IV confi-

gurations shown in Fig. 3 are energetically (23) favourable over the alterna-

tive configurations, and a certain phylogenetic group specificity of these

structural modulations cannot be overlooked: configuration 1 dominates in most

eubacteria (j,n) and archaebacteria (f,g,i), in all plants and algae (d,e) and

fungi (c, with the exception of Neurospora (2) due to the deletion of nucleo-

tide 84). In all six protozoa both configurations are equivalent, and configu-

ration 2 dominates in all 18 metazoan molecules. Helix IV is interrupted by a

looped out base (87 or 88) in plants, algae, fungi and in all archaebacteria

(one exception). In all protozoa configuration 1 produces a looped out base

87, and configuration 2 results in a mismatch at either 84/101, 85/100 or

86/99. In all metazoan molecules the bases 87/98 are mismatched (A/C).

A phylogenetic tree analysis of 46 sequences of 5S rRNAs has previously

been described (16). The tree of Fig. 4 is constructed by the same method and

is based on a larger number of sequences.

The nematode C. elegans (3) diverges from the metazoan branch prior to

the separation between invertebrates (including the snail sequence of Fig. 2B)

and vertebrates. Three base pairs in helix II and III (21/64, 30/56 and 35/49)
are either C/G, G/C and A/U, respectively, in all 12 vertebrates, or G/C, A/U

and U/A in the five invertebrate sequences 13-17. The nematode sequence is

invertebrate-like in two positions and vertebrate-like in one position. The

protozoan group includes Euglena gracilis (4) and the slime mold Dictyostelium

discoideum (5) due to sequence affinities and the group-specific ambiguity of

helix IV configurations. The lower fungus Phycomyces blakesleeanus (6) appears
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to diverge from the fungal branch, together with the fission yeast S. pombe

(2), prior to the separation between filamentous fungi and budding yeasts.

The subtree of Gram-positive bacteria includes two actinomycetes (Strepto-

myces griseus (9) and Micrococcus lysodeikticus (10)), and the two mycoplasmas

M. capricolum (2) and Spiroplasma (8). The two related eubacteria P. denitri-

ficans and R. rubrum appear to share a common ancestor with the two Thermus

species, and the wheat mitochondrial sequence has a higher affinity to the

protosequence of this early diverging group (53 substitutions) than to the

protosequences of other eubacterial groups (between 61 and 66 substitutions).

P. denitrificans and R. rubrum have earlier been recognized as possible rela-

tives to proto-mitochondria on the basis of cytochrome c homologies (26).

The six archaebacterial sequences form an extremely heterogenous group

(7) but appear to exhibit a common root, as suggested by substitution analysis

and by the group-specific presence of the six nucleotides 42,73,77,88,106 and

114. The archaebacterial protosequence is significantly more related to the

eukaryotic-cytosolic protosequence (52 substitutions) than to the eubacterial/

organellar protosequence (65 substitutions), and a common ancestor of archae-

bacterial and eukaryotic molecules is also suggested by five eukaryotic fea-

tures (presence of nucleotides 73,77,88,106, and looped out base 87) versus

two prokaryotic features (presence of nucleotides 42 and 114).
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