J Mol Evol (1999) 48:291-302

ourn o MOLECULAR
’ EVOLUTION

© Springer-Verlag New York Inc. 1999

Novel Predicted RNA-Binding Domains Associated with the

Translation Machinery

L. Aravind,"? Eugene V. Koonin?

! Department of Biology, Texas A&M University, College Station, TX 77843, USA
2 National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD 20894, USA

Received: 15 May 1998 / Accepted: 20 July 1998

Abstract. Two previously undetected domains were
identified in a variety of RNA-binding proteins, particu-
larly RNA-modifying enzymes, using methods for se-
quence profile analysis. A small domain consisting of
60-65 amino acid residues was detected in the ribosomal
protein S4, two families of pseudouridine synthases, a
novel family of predicted RNA methylases, a yeast pro-
tein containing a pseudouridine synthetase and a deam-
inase domain, bacterial tyrosyl-tRNA synthetases, and a
number of uncharacterized, small proteins that may be
involved in translation regulation. Another novel do-
main, designated PUA domain, after PseudoUridine syn-
thase and Archaeosine transglycosylase, was detected in
archaeal and eukaryotic pseudouridine synthases, ar-
chaeal archaeosine synthases, a family of predicted
ATPases that may be involved in RNA modification, a
family of predicted archaeal and bacterial rRNA meth-
ylases. Additionally, the PUA domain was detected in a
family of eukaryotic proteins that also contain a domain
homologous to the translation initiation factor eIF1/
SUI1; these proteins may comprise a novel type of trans-
lation factors. Unexpectedly, the PUA domain was de-
tected also in bacterial and yeast glutamate kinases; this
is compatible with the demonstrated role of these en-
zymes in the regulation of the expression of other genes.
We propose that the S4 domain and the PUA domain
bind RNA molecules with complex folded structures,
adding to the growing collection of nucleic acid-binding
domains associated with DNA and RNA modification
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enzymes. The evolution of the translation machinery
components containing the S4, PUA, and SUIl domains
must have included several events of lateral gene transfer
and gene loss as well as lineage-specific domain fusions.
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Introduction

Nucleotide modification in rRNAs and tRNAs is a major
venue of structural diversification and change of speci-
ficity of these molecules (Limbach et al. 1994). These
posttranscriptional modifications include various forms
of base methylation, in situ base conversion as in pseu-
douridine (¢s) formation, or insertion of a modified base
by transglycosylation as in the case of queuine (Limbach
et al. 1994; Lane et al. 1995; Ofengand et al. 1995;
Romier et al. 1996). While most common in the noncod-
ing RNAs (Tollervey and Kiss 1997), modifications also
occur in mRNA and, in this case, may involve the more
dramatic RNA editing (Smith, Sowden 1996). Some of
the RNA modifications, e.g., {s formation, are universal
in all cells, whereas others are restricted to one domain of
life such as archaeosine formation in the Archaea (Greg-
son et al. 1993; Watanabe et al. 1997).

A broad spectrum of RNA modification enzymes has
been identified, including various RNA-specific methyl-
ases, s synthases, tRNA-guanine transglycosylases in-
volved in queuine (in Bacteria and eukaryotes) and ar-
chaeosine (in Archaea) formation, cytosine deaminases
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involved in mRNA editing, and others (Rottman et al.
1994; Navarathan et al. 1995; Koonin 1996; Romier et
al. 1997). Evidently, for each of these enzymes to per-
form the requisite reactions on RNA molecules, an RNA-
binding moiety is required, either as a built-in domain of
the enzyme or as a stand-alone protein or RNA. DNA
and RNA-binding domains are central to genome repli-
cation, expression, and stability maintenance. There is no
single structural equivalent of a nucleic acid-binding do-
main but the repertoire is relatively small, with the same
domains recurring in different systems and frequently
embedded in multidomain proteins with different archi-
tectures. Some of the DNA- and RNA-binding domains
tend to combine with enzymatic domains, for which they
serve as a vehicle delivering the enzymes to the sites of
their action on nucleic acids. Such mobile nucleic acid-
binding modules associated with enzymatic domains in-
clude the helix—hairpin-helix (HhH) domain identified in
a plethora of proteins involved in DNA replication and
repair as well as ribosomal proteins (Doherty et al.
1996), the double-stranded RNA-binding domain present
in RNAase III (St Johnston et al. 1992), and the S1
domain found in ribosomal proteins and polynucleotide
phosphorylase (Bycroft et al. 1997). Other nucleic acid-
binding domain do not have this tendency of combining
with enzymatic domains and occur on their own as single
or multiple copies or with other nonenzymatic domains.
Examples of such ‘‘loners’” include the RRM (RNA rec-
ognition motif) domain, which is common in a number of
RNA-binding proteins (Shamoo et al. 1995), the so-
called KOW (Kyrpides—Ouzounis—Woese) domain
found in NusG and ribosomal proteins (Kyrpides et al.
1996), and the cold shock domains of the OB (oligo-
nucleotide/oligosaccharide binding) fold class
(Schnuchel et al. 1993).

In the course of comparative analysis of the protein
sequences encoded in bacterial, archaeal, and eukaryotic
genomes, we discovered two conserved and previously
undetected domains. The first of these is an ancient do-
main found in ribosomal protein S4 (and designated the
S4 domain after this well-studied protein), tyrosyl-tRNA
synthetase, the RIuA and RsuA families of {s synthases,
several predicted RNA methylases, a putative novel
RNA editing enzyme, and a number of uncharacterized
proteins. The second domain (designated PUA, after
pseudouridine synthase and archaeosine transglyco-
sylase) is seen primarily in eukaryotes and Archaea and
is associated with s synthases of the TruB family, tRNA-
guanine transglycosylases, putative novel archaeal
ATPases involved in RNA modification, a predicted ar-
chaeal rRNA methylase, and a conserved family of pu-
tative novel eukaryotic translation factors. In addition
and unexpectedly, PUA domain has been detected in
bacterial and yeast glutamate kinases. Both S4 and PUA
domains are predicted to deliver nucleotide-modifying

enzymes to their target sites in RNA and, on other oc-
casions, to act as translation regulators, via structure-
specific RNA binding. A combined analysis of the phy-
logenetic distribution and domain architectures of the
proteins containing these newly described domains pro-
vides for plausible evolutionary scenarios that are based
on the parsimony principle and include vertical inheri-
tance, postulated gene transfer events, and domain fusion
and shuffling.

Materials and Methods

The nonredundant (NR) protein sequence database at the National Cen-
ter for Biotechnology Information (NIH, Bethesda, MD) was searched
using the gapped BLASTP program (Altschul et al. 1997). The nucleo-
tide database of expressed sequence tags (AbEST) was searched using
the gapped version of the TBLASTN program, which uses a protein
sequence as a query and searches the nucleotide database translated in
all six frames. Further iterative searches were carried out using the
PSI-BLAST program, which constructs a position-specific weight ma-
trix based on the multiple alignment generated in the first pass of the
database screening and subsequently iterates the search using this pro-
file (Altschul et al. 1997). Additionally, separately constructed multiple
alignments were used to derive a weighted profile and seed the PSI-
BLAST iterations (A. Schaffer, L.A., and E.V.K., unpublished obser-
vations). Further database searches were carried out using the MoST
program, which uses ungapped alignment blocks as an input to con-
struct a position-specific weight matrix and iteratively searches the
database until convergence using the ratio of the number of observed
matches to the expected number as a cutoff (Tatusov et al. 1994).
Multiple alignments were constructed by searching for similarity
blocks using Gibbs sampling as implemented in the MACAW program
(Schuler et al. 1991; Neuwald et al. 1995); the alignments were sub-
sequently optimized globally using the ClustalW program (Thompson
et al. 1994) and further modified using the outputs of the PSI-BLAST
searches as a guide. The proteins were filtered for low-complexity
regions and decomposed into their predicted globular domains using
the SEG program with the parameters of window size 45, trigger com-
plexity of 3.4, and extension complexity of 3.75 (Wootton and Feder-
hen 1996). Secondary structure predictions were performed with the
PHD program using the entire family alignment or subsets that pro-
duced most reliable alignments (Rost and Sander 1994). Structural
database threading was performed on the basis of the secondary struc-
ture predictions (Rost et al. 1997).

Results and Discussion

The S4 Domain

A number of s synthases, such as SFHB and YPUL of
the RSUA family and YCEC and YA32 of the RLUA
family (Koonin, 1996), contain a predicted globular do-
main, which is located between the N terminus and the {s
synthase catalytic domain. When the NR database was
searched with the sequence of this domain using the
PSI-BLAST program, ribosomal protein S4 sequences
were retrieved at random expectation (e) values in the
range of 107> to 107 in the first or second iteration.
When these searches were run to convergence, we also



detected several additional proteins at e values below
1073, These include bacterial tyrosyl-tRNA synthetases
and a conserved group of bacterial proteins with addi-
tional methyltransferase domains (Figs. 1 and 2), which
have been annotated in sequence databases as hemoly-
sins on the basis of the properties of a single protein from
the spirochaete Serpulina hyodysenteriae (ter Huurne et
al. 1994). In order to assess the statistical significance of
these sequence similarities more robustly, we carried out
reverse searches using the corresponding regions from
these database hits. In each of these cases, it was possible
to reproducibly retrieve essentially the same set of pro-
teins at e values below 10~ within four iterations, sug-
gesting a coherent evolutionary and structural relation-
ship between these proteins. Similar results were
obtained in motif searches using the MoST program with
r values of 0.005-0.01.

Thus, we defined a common globular domain in all
these proteins, which we call S4 domain after the thor-
oughly studied ribosomal protein that appears to have an
important conserved role in ribosomal structure and
function (Tang and Draper 1989; Baker and Draper
1994; Heilek et al. 1995). The S4 domain consists of
60—-65 amino acid residues and typically occurs in a
single copy at various positions in different proteins. The
boundaries of the domain were determined on the basis
of both sequence conservation and the domain organiza-
tion of the respective proteins. More specifically, in tyro-
syl-tRNA synthetases the S4 domain is in the extreme C
terminus, defining the C-terminal boundary, and in the
predicted methyltransferases, it is at the extreme N ter-
minus, indicating the N-terminal limit (Fig. 2). Notably,
it is precisely the S4 domain in the boundaries defined
here that is duplicated in the Chlamydomonas chloroplast
S4 ribosomal protein, providing additional support for its
identification as an independent, structurally distinct unit
(Figs. 1 and 2).

Inspection of the multiple alignment of the S4 domain
superfamily shows a characteristic pattern of conserved
polar, hydrophobic, and small residues in its N-terminal
and central parts; these residues are likely to define the
conserved structural features of the domain. The C-
terminal part does not show a high degree of conserva-
tion between different families within the superfamily
and may be important for interactions specific to each
family (Fig. 1). Structural prediction using the PHD pro-
gram suggests that this domain has an o/f3 structure with
the central highly conserved region corresponding to the
B elements (Fig. 1).

The evidence of the RNA-binding function of the S4
domain comes from several independent studies on ribo-
somal protein S4 itself and on the C-terminal domain of
bacterial tyrosyl-tRNA synthetase. The E. coli S4 is a
multifunctional protein, which binds to a region of 16S
rRNA that comprises most of the 5’ domain and spans
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about 460 nucleotides (Heilek et al. 1995). In addition,
S4 binds a complex pseudoknot in its own transcript and
represses its translation; the protein also shows nonspe-
cific RNA binding (Tang and Draper 1989). There ap-
pears to be no similarity between the two independent
RNA structures recognized by this protein. Early studies
yielded conflicting results regarding the parts of the pro-
tein needed for the interaction with 16S RNA. However,
a more recent detailed analysis of deletions in the S4
protein, along with circular dichroism (CD) studies, have
suggested that the region spanning residues 48 to 177
reproduces the binding specificity typical of the full
length protein, indicating that the main RNA binding
determinants lie in this region (Baker and Draper 1995).
The CD spectra suggest that this fragment of the protein
is structured similarly to the intact protein but any further
deletions moving into the S4 domain defined above
cause the loss of structure (Baker and Draper 1995).
Furthermore, toeprint assays imply a bimodal RNA con-
tact by S4 protein, with one of these contacts specifically
dependent on the region encompassing the S4 domain
and the other one mediated by a predicted a helix-rich
globular domain which is located N-terminally of the S4
domain (Fig. 2).

Independent evidence of the RNA-binding properties
of the S4 domain come from the studies on the C-
terminal domain of the Bacillus stearothermophilus tyro-
syl-tRNA synthetase, which is required for tRNA bind-
ing by this enzyme (Carter et al. 1986). Though this
domain appears disordered in the crystal structure (Brick
et al. 1989), CD spectra and fluorescence spectroscopy
suggest that it is structured in solution (Guez-Ivanier and
Bedouelle 1996). It may be speculated that tRNA bind-
ing is required for the S4 domain in the tyrosyl-tRNA
synthetase to assume its proper conformation. These ex-
perimental results, together with our observations on the
presence of the S4 domain in RNA-modifying enzymes,
suggest that this domain is capable of recognizing com-
plex, unique 3D features in highly folded RNA mol-
ecules such as rRNAs, tRNAs, and untranslated regions
of mRNAs. The presence of the S4 domain in { syn-
thases such as RsuA, which pseudouridylates position
516 located in a highly structured portion of E. coli 16S
RNA (Wrzesinski et al. 1995a), is compatible with these
observations. Our database searches show that the E. coli
RIuA ¢ synthase, which acts on both tRNA and 23S
RNA (Wrzesinski et al. 1995b), lacks a S4 domain but
homologous, highly conserved proteins from E. coli and
a number of other bacterial species (e.g., the E. coli
proteins YceC and SfhB) contain it, suggesting mecha-
nistic similarities between substrate recognition by many
{ synthases, tRNA binding by tyrosyl-tRNA synthetases,
and rRNA binding by S4. The differences in the S4 do-
mains of these enzymes, particularly in the variable C-
terminal portions, may contribute to the unique target
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Fig. 1. The S4 domain. The multiple alignment was constructed as
described in the text using MACAW and CLUSTALW. Names of the
proteins are as assigned in SWISSPROT or as per designations of the
individual genome sequencing projects, with the GenBank numbers
shown next to them. The numbers flanking each line of the alignment
indicate the boundaries of the S4 domain in the polypeptide. The se-
quences are grouped based on similarity and domain organization.
Group 1, sequences of the S4 domains from the ribosomal protein S4;
group 2, uncharacterized bacterial proteins; group 3, methyltransfer-
ases; group 4, bacterial {s synthases; group 5, bacterial stand-alone
versions of the S4 domain; group 6, the eukaryotic {s synthases; and
group 7, bacterial tyrosyl-tRNA synthetases. The conserved positions
are shaded using the 80% consensus rule. The amino acid classes used
in building the consensus were hydrophobic residues (A, C, F, I, L, M,
V, W, Y; yellow background), small residues (A, C, S, T, D, N, V, G,
P; blue background), tiny residues (A, G, S; green background), big
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residues (L, F, W, Y, E, R, K, I; gray background), polar residues (S,
T,E,D, R, K, H, N, Q; brown coloring), hydroxylic residues (S, T; blue
coloring), and charged residues (R, K, H, D, E; purple coloring). The
multiple alignment-based secondary structure prediction is indicated on
top of the alignment; E(e) indicates extended conformation (3-strands),
and H(h) indicates « helices; capital letters indicate the most confident
predictions. Species abbreviations: Aae, Aquifex aeolicus; Af, Ar-
chaeoglobus fulgidus; Bb, Borrelia burgdorferi; Bs, Bacillus subtilis;
Ce, Caenorhabditis elegans; Chre, Chlamydomonas rheinhardtii; Ec,
Escherischia coli; Hi, Haemophilus influenzae; Hp, Helicobacter py-
lori; Hs, Homo sapiens; Mj, Methanococcus jannaschii; Mpn, Myco-
plasma pneumoniae; Mg, Mycoplasma genetalium; Mta, Methanobac-
terium thermoautotrophicum; Mtu, Mycobacterium tuberculosis;, Mle,
Mycobacterium leprae; Sc, Saccharomyces cerevisiae; Sp, Schizosac-
charomyces pombe; Thy, Treponema hyodysenteriae.
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Fig. 2. Representative domain architectures of S4 domain-containing
proteins. The proteins are drawn to scale as indicated. PSUS stands for
the catalytic domain of the {s synthases, in this case, of the RIuA and
RsuA families. The additional globular domain in the eukaryotic PSUS

specificities, given the high sequence conservation in the
catalytic domains. Furthermore, the presence of the S4
domain in bacterial tyrosyl-tRNA synthetases but not in
their archaeal or eukaryotic orthologs suggests major dif-
ferences in the modes of tRNA™" binding.

The detection of the S4 domain in several other pro-
teins seems to be of considerable interest. A group of
eukaryotic { synthases of the RIuA family contains the
S4 domain as well as additional, uncharacterized, con-
served domains, with the distinctive domain organization
conserved at least in the crown group of eukaryotes (Fig.
2). Remarkably, one of the four yeast { synthases—
Rib2, contains, in addition to the S4 domain, a C-
terminal domain similar to a wide range of deaminases,
including RNA editing cytidine deaminases (Fig. 2).
While it has been initially proposed that Rib2 has a func-
tion in riboflavin biosynthesis (Tzermia et al. 1997), the
observed domain organization suggests that it may be a
novel RNA-editing enzyme that produces s from cyto-
sine through deamination with subsequent pseudo-
uridylation.

Another previously undetected family includes pro-
teins that, in addition to the S4 domain, contain the con-
served motifs typical of SAM-dependent methyltransfer-
ases (Kagan and Clarke 1994; Koonin et al. 1995), and
are encoded by a variety of taxonomically diverse bac-
teria, including Helicobacter pylori, Bacillus subtilis,
Spirochaetae, Mycobacteria, Synechocystis, Aquifex

is the predicted metal-binding domain mentioned in the text. The ad-
ditional « helix-rich globular domain in S4 that has been shown to
contact RNA independently is also shown.

aeolicus, and the archaeon Archaeoglobus fulgidus (Figs.
1 and 2). The member of this family from Treponema
hyodysenteriae has been described as a hemolysin (ter
Huurne et al. 1994), but given the broad distribution of
the family in both parasitic and free-living species and
their domain organization, this is unlikely to define the
common function of these proteins. The combination of
the S4 domain, predicted to bind RNA, and the methyl-
transferase domain, suggests that this is a novel family of
rRNA methylases. Given their patchy phylogenetic dis-
tribution, these enzymes may be responsible for taxon-
specific rRNA methylation.

Several small bacterial proteins (e.g., YabO from B.
subtilis and YrfH from E. coli) consist almost entirely of
the S4 domain (Fig. 2). An interesting possibility is that
these putative RNA-binding proteins may be involved in
translational regulation similarly to S4. The sporadic oc-
currence of these proteins in bacteria suggests that they
may have specific functions only in the context of certain
operons and their untranslated leaders.

The PUA Domain

Using the same iterative strategy for database searching
that is described above for the S4 domain, significant
sequence similarity (e value below 107 at the second
PSI-BLAST iteration) was detected between the C-
terminal regions of the archaeal tRNA guanine-
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transglycosylase involved in archaeosine synthesis and
the eukaryotic CBFS5 proteins, which belong to the TruB
family of ¢ synthetases (Koonin 1996). Both of these
proteins are involved in RNA base modification but their
catalytic domains are completely unrelated, leading to
the suggestion that the conserved region defines a novel
RNA-binding domain. Comprehensive iterative searches
resulted in the identification of this domain (hereafter
PUA domain, after pseudouridine synthases and ar-
chaeosine-specific transglycosylases) in other archaeal
and eukaryotic proteins with additional domains and also
as highly conserved stand-alone versions. The PUA do-
main clearly is less common in bacteria, but quite unex-
pectedly, in addition to predicted RNA methylases found
only in two species, it was detected at the C termini of
bacterial and fungal glutamate kinases (Figs. 3 and 4).

Like the S4 domain, PUA is a small, compact domain
that consists of 78-83 amino acid residues. The N-
terminal boundary was defined by the extreme N-
terminal location of the PUA domain in a family of pre-
dicted RNA methylases, whereas the C-terminal
boundary was easily determined given the C-terminal
location of the PUA domain in CBF5-like {s synthases
and tRNA transglycosylases (Fig. 4). Inspection of the
multiple alignment of the PUA domain reveals highly
conserved motifs that center around stretches of hydro-
phobic residues (Fig. 3). The domain also contains two
highly conserved positions occupied by small amino ac-
ids (primarily glycines), which may define a functionally
important turn. Secondary structure prediction using the
PHD program suggests that PUA domain has a (3-strand-
rich structure, with the predicted strands corresponding
to the conserved hydrophobic patches (Fig. 3). This pat-
tern of secondary structure elements resembles that in
some other RNA-binding domains, particularly the OB
fold (Murzin 1993). Given the prevalence of the OB fold
among RNA binding domains, it cannot be ruled out that
PUA is a distinct version of this fold.

Unlike the situation with the S4 domain, experimental
details that could shed light on the specific functions of
the PUA domain are sketchy. The conservation of CBF5
and the associated PUA domain in archaea and eukarya
suggests that this enzyme performs a fundamental pseu-
douridylation function, for which PUA domain is re-
quired. Interestingly, the second yeast s synthase of the
TruB family lacks a PUA domain and has been shown to
catalyze s formation in both cytoplasmic and mitochon-
drial tRNAs (Becker et al. 1997); the absence of the PUA
domain is compatible with the transfer of the gene cod-
ing for this enzyme from bacteria to the eukaryotic
nuclear genome. In contrast, the PUA domain-containing
protein CBFS5 is essential for rRNA maturation but does
not affect tRNA, suggesting that PUA domain may con-
tribute to the specific rRNA binding. Interestingly, the
human orthologue of CBF3, a protein named dyskerin, is
the product of the gene mutated in a bone marrow failure
disorder, X-linked recessive dyskeratosis congenita, sug-

gesting that a defect in rRNA maturation may be in-
volved in the pathogenesis (Heiss et al., 1998).

The Archaeosine biosynthesis enzymes have catalytic
domains that are distantly related to the family of trans-
glycosylases involved in queuine (Q) biosynthesis in
bacteria and eukaryotes (Gregson et al. 1993; Watanabe
et al. 1997). These Q-specific transglycosylases (TGT)
lack the PUA domain and are present only in bacteria and
eukarya, with the exception of the archaeon A. fulgidus,
which appears to have acquired a single gene encoding a
Q-specific TGT from bacteria. Conversely, the archaeal-
type archaeosine-specific TGTs were not detected in eu-
karyotes (including ESTs) or in bacterial genomes
sampled so far. The four sequenced archaeal genomes
each encode two distinct forms of the TGT with a C-
terminal PUA domain (Fig. 4), which may be specifi-
cally responsible for archaeosine incorporation at differ-
ent sites in tRNA molecules.

The uncharacterized proteins containing the PUA do-
main possess interesting features that make them candi-
dates for further studies on RNA modification. One of
these is a small protein highly conserved in archaea and
eukarya (e.g., yeast YER007). This is a stand-alone ver-
sion of the PUA domain (Fig. 4), and its extraordinary
conservation suggests that it may function as a RNA-
binding cofactor for RNA modifying enzymes.

Another protein family, which includes mammalian
ligatin, a protein that, apparently erroneously, has been
described as a trafficking receptor for phosphoglycopro-
teins (Jakoi et al. 1989), is characterized by a N-terminal
PUA domain and at least one additional C-terminal
globular domain (Fig. 4). This family is highly conserved
at least in the crown group of eukarya. A database search
with the C-terminal domains of the ligatin family pro-
teins unexpectedly showed a marginally significant simi-
larity (e value, [1.07) with the sequences of the eukary-
otic translation initiation factor eIF-1/SUIl and its
orthologues from archaea and bacteria (Kasperaitis et al.
1995; Tatusov et al. 1997; Kyrpides and Woese 1998) as
well as a conserved family of uncharacterized eukaryotic
proteins. Iterative reverse searches with the proteins of
the SUI1 family and the new conserved family showed
statistically significant similarity to the ligatins (e.g., e
value <107 at the third iteration in a search initiated with
the yeast protein YJY4). Multiple alignment of the SUI1
orthologues and newly detected similar domains contains
a number of conserved positions, with two prominent
motifs located in the middle and near the C terminus of
the domain, and is predicted to possess a compact 3/a
structure (Fig. 5). SUI1 is involved in the recognition of
the initiation codon by the elF2-GTP-Met-tRNA; ter-
nary complex (Naranda et al. 1996; Yoon and Donahue
1992) and, accordingly, is likely to possess RNA-binding
activity. So far, the members of this family have been
identified only as standalone small proteins (Kyrpides
and Woese 1998) but the findings presented here
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Fig. 4. Representative domain architectures of PUA domain-
containing proteins. The proteins are drawn to scale as indicated. The
PSUS domain is the catalytic domain of the { synthases of the TruB
family and the TGT domain is the TIM barrel fold catalytic domain of

strongly suggest that SUII is yet another mobile RNA-
binding domain. The ligatin-like protein and the other
conserved eukaryotic proteins typified by YJY4 may be
a novel class of translation factors with two RNA-
binding domains of different specificity.

Two proteins found in M. jannaschii, with an ortho-
logue of at least one of them detected in Pyrococcus
horikoshii, contain a PUA domain preceded by a specific
ferredoxin-like domain and succeeded by a domain that
is similar to PAPS reductase (Fig. 4) but retains an intact
PP-loop motif, suggesting ATPase activity (Bork and
Koonin 1994). An interesting possibility is that these
proteins are involved in taxa-specific RNA modifica-
tions. In a number of archaeal species, tRNAs contain
thiolated bases such as thiouridine derivatives and thio-
thymine, which may play a role in the thermal stability
(Edmonds et al. 1991). It seems possible that the PUA
domain-PAPS reductase proteins are uncharacterized
enzymes involved in the biosynthesis of such bases
through sulfate activation and subsequent reduction. Al-
ternatively, they may be involved in sulfate modification
of the sugar backbone analogous to the reaction cata-
lyzed by the NodP protein (Schwedock et al. 1994). In a
striking parallel with the S4 domain family, a unique
fusion of the PUA domain with a predicted rRNA meth-
ylase of a distinct family that includes eukaryotic nucleo-
lar proteins (e.g., P120) and their bacterial homologues
(Koonin 1994) was observed in P. horikoshii (Fig. 4).

Finally, the presence of a bona fide PUA domain in
the glutamate kinases from most bacteria and from yeasts

metal

binding domain .

s SRR
PSUS < >

T e
SUl domain .
rrioer e
ATPase

Methylase ‘
glutamate kinase -

1
Imaol

the tRNA glycosylases. The PP-loop ATPase domain is the domain
similar to PAPS reductases. The red bar in this domain specifies the
intact PP loop, which is typically disrupted in the PAPS reductases
(42). The proteins are named as in Fig. 3.

was completely unexpected, as the principal function of
this enzyme in proline biosynthesis has nothing to do
with RNA binding. It has been shown, however, that
Bacillus subtilis glutamate kinase (the proB gene prod-
uct) down-regulates the expression of sigma D-depen-
dent genes by an as yet unknown mechanism, possibly
by inhibiting the translation of sigma D itself (Ogura,
Tanaka, 1996). It may be speculated that such a regula-
tory mechanism is wide spread in bacteria and requires
binding of a specific RNA structure by the PUA domain.
Experimental demonstration of the role of the PUA do-
main in glutamate kinases will be of major interest.

Evolutionary Implications of the Phylogenetic
Distribution of S4 and PUA Domains

Examination of the phylogenetic distribution and se-
quence relationships of S4 and PUA domains, together
with those of the RNA modifying enzymes, may help in
unraveling the evolutionary history of the respective pro-
tein families, which seem to be intimately linked to the
evolution of translation (Fig. 6). The resulting evolution-
ary scenarios are based on the parsimony principle and
accordingly are speculative inasmuch as it can never be
proved that evolution had followed the most parsimoni-
ous scheme. Nevertheless, such scenarios seem to pro-
vide the most likely explanation for the observed rela-
tionships.

Obviously, ribosomal protein S4 has been encoded by
the cenancestor genome. This is compatible with the uni-



299

Secondary Struct. eeEEEEEEee eEEEEEEe hHHHHHHHHHh

SUI1_Hs_1174483 24 AGTEDYIHIRIQQRNGRKTLT

SUI1_Sc_417828 19 TATSNYIHIRIQQRNGRETLT

SUI1_At_2507421 24 AGTEKEYVHIRVQQRNGREKSLT

SUI1_Sp 1871443 12 AQPLNNIHIRIQQRNGRET

Suil_Zm_2668740 26

SUTI1_Mj_2500940 21

SUI1l _Mta_2621038 19

Suil Af_ 2649680 20 AREQQFIVIKTGKRRYGKEVTIL

YCIH_Ec_140434 27 KGDGVVRIQROTSGRKGKGVCL:

YCIH Hi_ 1175674 25 KGDGVVRIQRQTSGRKGAGVSVI

SLL0546_Ssp_2500941 30 PQQONVRIQATRSGRKGKTVT

¥YJY4_Sc_1353053 92 KELSSKVIIKREARTKRKFIVAI VFDIDMEKLAKTFASR EVETYIHSLL

SPBC16C6.05_Sp_2853097 92 KRMASKVLIKTIERTKRERVT AFGI LNYDIFDFILEKF

DRP1_Hs_ 2895559 154 KTVPQEKVTIAKIPRAKKKYVTRVCGLATFEIDLKEAQRFFAQ] FTDDIIDVIQERW

EST1_Mm_1843327 74 KTVPOEVTIAKI PRAKKKYWRmTFEIDLKmRFrAQ FADDIIDVIQERW

ligatin_Mm_1377880 487 KGELCPIDITLALETYNEKVT TYGLDPCSVAAILQQRC SPAPGAKD-SL IHHLGQLLLGE-

YDR117c_Sc_1077575 468 KGSLPHIKIITEMKIGREVITRV: FOVDPESLAADLRET SESQTFK--C, PHGQSIIDHLNELG I 3
SQWEVPGVEGPQVL IHFIADLLIEKSY /

C25H3.4_Ce_868254 412 KVSPPRVEFRIENRAGNEEVTL:

consensus/80%

Fig. 5. The elF1/SUIl domain in translation factors and in PUA
domain-containing proteins. The alignment construction and all the
designations are as in Figs. 1 and 3. Group 1, eukaryotic and archaeal
elF1/SUII factors; group 2, uncharacterized family of eukaryotic pro-
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postulated horizontal gene transfers;
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versal role of S4 in the translation accuracy center of the
ribosome, suggesting that the interactions between S4
and 16S RNA (Heilek et al. 1995) had already been
established in the cenancestor. In contrast, the related
RsuA and the RIluA families of { synthases (Koonin
1996) and the small, stand-alone versions of the S4 do-
main are largely restricted to Bacteria and eukaryotes, to
the exclusion of the Archaea. The bacteria show the
greatest diversity in terms of domain organization of the
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teins containing a C-terminal SUIl domain and a predicted metal-
binding domain at the N terminus; 3, the ligatin-like family of PUA
domain-containing proteins. Additional species names: At, Arabidopsis
thaliana; Zm, Zea mays.
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Hypothetical scenarios for the evolution of the translation machinery components containing the S4 and PUA domains. Arrows show
%2’ indicates a postulated duplication.

proteins containing the S4 domain (Fig. 2) and also the
largest number of {s synthases of the RsuA and the RIuA
families. Taken together with the presence of the S4
domain in members of both of these families, this sug-
gests that early in the evolution of the bacteria, the ribo-
somal S4 domain has been exapted for the related func-
tion of rRNA recognition by the common ancestor of the
RsuA and RluA families of { synthases (Fig. 6a). A
similar selective pressure for the recognition of specific
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structures in RNA appears to have favored its fusion with
the predicted RNA methylases and with tyrosyl-tRNA
synthetase. Given the involvement of S4 in translational
regulation in bacteria, it is likely that certain versions of
this domain have been were recruited for solely regula-
tory functions as proposed above. The bacterial S4 do-
main-containing s synthases appear to have entered the
eukaryotes from their endosymbionts. Specifically, so far
only RluA family members have been detected in fungi
and animals, whereas plants encode also at least one
RsuA family enzyme, which suggests gene transfer from
the mitochondrial genome and from the chloroplast ge-
nome, respectively (Fig. 6a). Some of these proteins
clearly have undergone further evolution in eukaryotes
as exemplified by the fusion of enzymatic domains in the
putative editing enzyme Rib2 and the acquisition by eu-
karyotic s synthases of an additional predicted metal-
binding domain C terminal of the catalytic domain (Figs.
2 and 6a). In the same vein, the S4 domain-containing
methylase of Archaeoglobus fulgidus most likely has
been acquired via horizontal transfer from bacteria. The
fusion of the S4 domain to the tyrosyl-tRNA synthetase
appears to have been an ancient event, as it predates the
separation of all known bacterial lines; interestingly, it is
paralleled by a similar fusion of an unrelated RNA-
binding domain of the OB fold class to animal tyrosyl-
tRNA synthetases (L.A., A.G. Murzin, and E.V.K., un-
published observations).

Similarly to the evolutionary history of the S4 do-
main-containing proteins, the evolutionary scenario of
the PUA-containing proteins should have included sev-
eral gene fusion events as well as lateral gene transfers
(Fig. 6b). It appears most likely that the cenancestor
genome encoded a stand-alone version of the PUA do-
main, whereas two of the extant PUA-containing protein
families, namely, the TruB family of {s synthases and the
TGT family, were also represented, but lacked the PUA
domain. The formative events in the evolution of the
PUA-containing proteins should have been the early fu-
sion to the TruB domain in the common ancestor of
Archaea and Eukarya and a parallel, independent fusion
to glutamate kinase in an ancestral bacterium. Along the
archaean lineage, a variety of further fusions has oc-
curred, resulting in the transfer of the PUA domain to
archaea-specific enzymes at different points in evolution.
Similarly, in the eukaryotic lineage, there has been a
unique fusion with the SUI1 domain, producing the li-
gatin-related family of putative novel translation factors.
Finally, in some bacterial lineages, e.g., the spirochaetes,
the PUA domain has been deleted from the glutamate
kinase.

Conclusions

Computer-aided analyses of complete proteomes enabled
us to identify two previously undetected but highly con-
served families of likely RNA-binding domains, namely,

the S4 and PUA domains, to identify novel domain ar-
chitectures in a variety of proteins associated with the
translation machinery and to predict new translation
regulators and RNA modification enzymes. We further
demonstrated that SUII, previously identified only as a
stand-alone translation factor, is yet another mobile
RNA-binding domain.

The translation system is highly conserved in evolu-
tion and is generally considered to be the paragon of
evolutionary stability (Dennis 1997; Tatusov et al. 1997;
Kyrpides and Woese 1998). Recent phylogenetic studies,
however, have revealed considerable complexity in the
evolution of aminoacyl-tRNA synthetases, apparently in-
cluding multiple events of horizontal gene transfer and
lineage-specific gene loss (Ibba et al. 1997a, b; Koonin
and Aravind 1998). These studies are complemented by
complex evolutionary scenarios for RNA-binding do-
mains suggested by the present analysis.

Note Added at Proof

While this manuscript was being processed for publica-
tion, the NMR and crystal structures of the ribosomal
protein S4 from Bacillus stearothermophilus have been
published [Markus MA, Gerstner RB, Draper DE, Tor-
chia DA (1998)]. The solution structure of ribosomal
protein S4 841 reveals two subdomains and a positively
charged surface that may interact with RNA [EMBO J
17:4559-4571; Davies C, Gerstner RB, Draper DE, Ra-
makrishnan V, White SW (1998)]. The crystal structure
of ribosomal protein S4 reveals a two-domain molecule
with an extensive RNA-binding surface: one domain
shows structural homology to the ETS DNA-binding
motif [EMBO J 17:545-558]. The N-terminal boundary
of the conserved S4 domain shown in our Fig. 1 precisely
corresponds to the beginning of domain 2 in both struc-
tures. The C-terminal boundary of the conserved domain,
however, maps between a6 and 4 in domain which
shows that the C-terminal 3-hairpin of this domain is not
required for the formation of a compact and functional
structure. The conserved domain consists of 3 a-helices
(a4, a5 and a6) and 3 B-strands (B1, B2 and B3). All the
secondary structure elements were identified correctly
and almost precisely by the alignment-based prediction
(Fig. 1), with the exception of (32 that consists of only 2
residues and was not predicted. Markus and co-workers
notice the sequence similarity between domain 2, the
C-terminal region of bacterial tyrosyl-tRNA synthetases
and the E. coli YrfH protein. Additionally, however, they
claim a similarity to a region of viral reverse transcrip-
tases that could not be corroborated by our analysis and
is, in our opinion, spurious.
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