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Evolution of Aminoacyl-tRNA
Synthetases—Analysis of Unique Domain
Architectures and Phylogenetic Trees Reveals
a Complex History of Horizontal Gene

Transfer Events

Yuri I. Wolf,'? L. Aravind,"? Nick V. Grishin," and Eugene V. Koonin'*

"National Center for Biotechnology Information (NCBI), National Library of Medicine, National Institutes of Health (NIH),
Bethesda Maryland 20894 USA; Department of Biology, Texas A&M University, College Station, Texas 70843 USA

Phylogenetic analysis of aminoacyl-tRNA synthetases (aaRSs) of all 20 specificities from completely sequenced
bacterial, archaeal, and eukaryotic genomes reveals a complex evolutionary picture. Detailed examination of the
domain architecture of aaRSs using sequence profile searches delineated a network of partially conserved
domains that is even more elaborate than previously suspected. Several unexpected evolutionary connections
were identified, including the apparent origin of the B-subunit of bacterial GlyRS from the HD superfamily of
hydrolases, a domain shared by bacterial AspRS and the B subunit of archaeal glutamyl-tRNA amidotrans-
ferases, and another previously undetected domain that is conserved in a subset of ThrRS, guanosine
polyphosphate hydrolases and synthetases, and a family of GTPases. Comparison of domain architectures and
multiple alignments resulted in the delineation of synapomorphies—shared derived characters, such as extra
domains or inserts—for most of the aaRSs specificities. These synapomorphies partition sets of aaRSs with the
same specificity into two or more distinct and apparently monophyletic groups. In conjunction with cluster
analysis and a modification of the midpoint-rooting procedure, this partitioning was used to infer the likely root
position in phylogenetic trees. The topologies of the resulting rooted trees for most of the aaRSs specificities are
compatible with the evolutionary “standard model” whereby the earliest radiation event separated bacteria from
the common ancestor of archaea and eukaryotes as opposed to the two other possible evolutionary scenarios
for the three major divisions of life. For almost all aaRSs specificities, however, this simple scheme is confounded
by displacement of some of the bacterial aaRSs by their eukaryotic or, less frequently, archaeal counterparts.
Displacement of ancestral eukaryotic aaRS genes by bacterial ones, presumably of mitochondrial origin, was
observed for three aaRSs. In contrast, there was no convincing evidence of displacement of archaeal aaRSs by
bacterial ones. Displacement of aaRS genes by eukaryotic counterparts is most common among parasitic and
symbiotic bacteria, particularly the spirochaetes, in which 10 of the 19 aaRSs seem to have been displaced by the
respective eukaryotic genes and two by the archaeal counterpart. Unlike the primary radiation events between
the three main divisions of life, that were readily traceable through the phylogenetic analysis of aaRSs, no
consistent large-scale bacterial phylogeny could be established. In part, this may be due to additional gene
displacement events among bacterial lineages. Argument is presented that, although lineage-specific gene loss
might have contributed to the evolution of some of the aaRSs, this is not a viable alternative to horizontal gene
transfer as the principal evolutionary phenomenon in this gene class.

[Complete multiple alignments of all aaRSs from complete genomes as well as the alignments of conserved
regions used for phylogenetic tree construction are available at ftp:/ /ncbi.nlm.nih.gov/pub/koonin/aaRS]

Aminoacyl-tRNA synthetases (aaRSs) are key compo-
nents of the protein translation machinery that cata-
lyze two basic reactions: (1) activation of amino acids
via the formation of aminoacyl adenylates and (2) link-
ing the activated amino acid to the cognate tRNAs. The
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aaRSs generate AMP as the second end product of this
reaction, which differentiates them from the majority
of ATP-dependent enzymes that produce ADP. aaRSs
specific for each of the 20 amino acids have been iden-
tified, and there are two structurally distinct and ap-
parently unrelated classes of aaRS, each encompassing
10 specificities (Cusack et al. 1990, 1991; Eriani et al.
1990, 1995; Cusack 1995, 1997). The two classes have
different modes of aminoacylation: aaRSs of class I
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aminoacylate the 2'OH of the cognate tRNA, whereas
those that belong to class II aminoacylate 3'OH (with
the exception of PheRS). aaRSs of each class contain a
conserved core domain that is involved in ATP binding
and hydrolysis and combines with additional domains
that determine the specificity of interactions with the
cognate amino acid and tRNA (Delarue and Moras
1993; Cusack 1995, 1997). The core domain of class I
contains a parallel B-sheet, which resembles the
nucleotide-binding Rossmann fold in its topology
(Moras 1992). The class I core domain contains 2 con-
served motifs, designated “HIGH” and “KMSKS” (after
the characteristic amino acid signatures), that are di-
rectly involved in ATP binding (Eriani et al. 1990; Mo-
ras 1992; Arnez and Moras 1997). A specific structural
similarity has been suggested to exist between the class
I aaRSs core domain and a superfamily of nucleotidyl-
transferases that are typified by the bacterial cytidylyl
transferase TagD and contain a conserved HIGH-like
motif (Bork et al. 1995).

The class II core contains a mixed B-sheet similar
to that found in biotin synthases (Artymiuk et al.
1994). This domain contains three loosely conserved
motifs that participate in ATP binding; they are unre-
lated to the HIGH and KMSKS motifs (Eriani et al.
1990; Moras 1992; Arnez and Moras 1997). The extra
domains of aaRSs are either inserted into loops within
the core domain or appended to the amino and car-
boxyl termini of the core. These accessory domains
show remarkable diversity, resulting in a complex,
modular domain architecture, which is largely amino
acid specific, although some domains are common in
several aaRSs of different specificities (Delarue and Mo-
ras 1993).

Typically, aaRSs of the same specificity are highly
conserved, whereas those with different specificities
show only limited conservation, mostly confined to
the core, ATP pyrophosphatase domain. There are only
three apparent exceptions to this rule: (1) GInRS, un-
like other aaRSs, is present only in eukaryotes and
vy-Proteobacteria and appears to be specifically related
to a subset of GIuRS (Freist et al. 1997a,b; Siatecka et al.
1998), (2) the same type of relationship has been de-
scribed for AsnRS and AspRS (Shiba et al. 1998), and (3)
there are two types of LysRS that belong to class I and
class II, respectively, and appear to be unrelated to each
other (Ibba et al. 1997a,b; Koonin and Aravind 1998;
Siatecka et al. 1998). aaRSs for 17 amino acids appear to
be universal, that is, they are encoded by all organisms
for which genome sequences are available. The excep-
tions are GInRS that, as already mentioned, is missing
in most bacteria and archaea, AsnRS that is missing in
most archaeal and several bacterial species, and CysRS
that so far has not been identified in two archaea
(Doolittle and Handy 1998; Koonin and Aravind
1998). The mechanism for postaminoacylation forma-
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tion of Gln and Asn via transamidation of tRNAs
charged with Glu and Asp, respectively, has been char-
acterized (Curnow et al. 1996; Wilcox and Nirenberg
1968). The mechanism of cysteine incorporation into
proteins in those archaea that lack CysRS remains a
mystery. These exceptions notwithstanding, the ubig-
uity of aaRSs indicates that the two classes have
evolved by serial duplication at a very early stage of
evolution and had been already locked into the dis-
tinct specificities in the last common ancestor (LCA) of
all extant life forms.

For several reasons, aaRSs appear to be an excellent
test case for an analysis of the forces that shape gene
and genome evolution on a large time scale.

1. The set of aaRSs is naturally defined by the 20 speci-
ficities required for protein synthesis.

2. aaRSs are ubiquitous (with the exceptions men-
tioned above) and essential, therefore a gene encod-
ing an aaRS generally cannot be lost in evolution
unless it is displaced by another gene that encodes a
different form of aaRS of the same specificity.

3. aaRSs with the same specificity typically do not
form paralogous families—only a few isolated du-
plications of this type have been noticed. This sig-
nificantly reduces ambiguity in phylogenetic analy-
sis.

4. As the specificities of at least 17 of the 20 aaRSs
(GInRS and possibly AsnRS and LysRS being the ex-
ceptions) apparently have been established in the
LCA and have not changed ever since, it seems un-
likely that the aaRS genes have undergone major
changes in evolutionary rates.

5. Unlike, for example, ribosomal proteins, aaRSs typi-
cally are not involved in complex interactions with
multiple protein partners. The only interactions
that are essential for their function are those with
amino acids, ATP, and the cognate tRNA (although
exceptions are possible). Discrimination of cognate
from noncognate tRNAs by aaRSs is a complex pro-
cess, the details of which differ for different speci-
ficities, but, at least in some cases, aaRSs are com-
patible with tRNAs even from phylogenetically dis-
tant organisms (Bedouelle et al. 1993; Ripmaster et
al. 1995; Shiba et al. 1997a,b; Soma and Himeno
1997, 1998; Lenhard et al. 1999). Accordingly, there
is at least some potential for horizontal transfer of
aaRS genes in evolution.

6. Given the variety of modular domain arrangements
seen in aaRSs, phylogenetic analysis might shed
light on the modes whereby such modules are ac-
quired and exchanged during evolution.

aaRSs have been among the most popular objects
of molecular phylogenetic studies, and several unusual
evolutionary patterns have been observed when tree
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topologies for aaRSs were compared to the topologies
derived from the analysis of rRNAs and other mol-
ecules involved in translation (Nagel and Doolittle
1995; Brown and Doolittle 1997; Shiba et al. 1997a;
Doolittle and Handy 1998). Phylogenetic analysis of
aaRSs is becoming increasingly interesting with the
growth of the collection of complete genome se-
quences that currently consists of >20 genomes of bac-
teria, archaea, and eukaryotes. Because each of the
aaRSs is indispensable in the context of the modern-
type translation system, this collection provides us
with at least 17 sets of sequences of functionally
equivalent aaRSs from all these diverse organisms. Al-
though many sequences of aaRSs have been available
for a long time, complete genomes are critical for con-
ducting a convincing evolutionary analysis. Only from
complete genome sequences, the full information on
all aaRSs encoded by each species, including all pos-
sible paralogs, can be extracted. In a recent insightful
overview, Doolittle and Handy (1998) note that the
number of apparent evolutionary anomalies grows rap-
idly with the increase in genome sequence informa-
tion, resulting in a highly complex picture.

Here, we describe an attempt of a comprehensive
analysis of the evolutionary patterns for all 20 sets of
aaRSs using, primarily, the available complete genome
sequences. We pursued two principal goals: (1) Using
the recently developed sensitive methods for sequence
analysis, together with structural information, delin-
eate as completely as possible the domain architecture
of all aaRSs; (2) generate phylogenetic trees for aaRSs of
all specificities using carefully constructed multiple
alignments and, whenever feasible, infer the root po-
sition. The results of phylogenetic analysis of most of
the aaRSs appear to be compatible with the “standard
model” that postulates the original radiation of bacte-
ria and archaea—eukaryotes, followed by the divergence
of the latter two divisions. However, for at least 15 of
the aaRS specificities, this straightforward scenario
needs to be amended by including horizontal gene
transfer events, in some cases multiple ones, between
major phylogenetic lineages, as well as acquisition,
loss, and exchange of accessory domains. Our general
conclusion is that the available sequence information
is sufficient for reconstructing the principal events in
the evolution of most, if not all, of the aaRSs.

RESULTS AND DISCUSSION

Modular Domain Architectures of aaRSs—Previously
Undetected Accessory Domains and New
Occurrences of Known Domains

Careful examination of the multiple alignments of
aaRSs of all 20 specificities shows that each of them,
without exception, has a complex, modular architec-

ture (Fig. 1). Furthermore, the accessory domains form
a network that connects aaRS of different specificities.
Many of these domains have been described in previ-
ous studies (Delarue and Moras 1993; Koonin et al.
1994; Simos et al. 1996; Aravind and Koonin 1999), but
using iterative profile searches with PSI-BLAST, we
identified several previously undetected domains as
well as new occurrences of known domains. The ex-
tensive structural characterization of the aaRSs has pro-
duced representative structures for almost all of the
domains seen in these proteins (Fig. 1).

Four domains are shared by aaRSs of class I and
class II (Fig. 1A,B). These are (1) a predicted RNA-
binding domain that is a distinct version of the OB-
fold (EMAP domain) and is found in all archaeal and a
subset of bacterial MetRS, some of the eukaryotic TyrRS
(both of class I), and the B-subunit of PheRS (class II);
(2) the “DALR” domain that is shared by seven aaRSs of
class I and the B-subunit of bacterial GlyRS of class II
(see below); (3) a small domain that is predicted to
possess an a-helical, coiled-coil structure but neverthe-
less is highly specific to aaRSs, is readily detectable by
iterative database searches without any false positives,
is present in animal TrpRS, MetRS, and GInRS (class I)
and HisRS, ProRS, and GIyRS (class II), and has been
shown to facilitate the formation of multi-aaRS com-
plexes that have been isolated from animal cells as well
as their interaction with tRNAs (Rho et al. 1998); and
(4) a small carboxy-terminal domain (designated “C-
V/I/G” in Fig. 1A,B) shared by ValRS, eukaryotic, and
archaeal IleRS (class I) and archaeal and eukaryotic
GIyRS (class II).

All these domains have been described previously,
but, with the exception of the EMAP domain that has
been analyzed in considerable detail (Simos et al. 1996;
Weiner and Maizels 1999), the present study expanded
the range of aaRSs that contain each of them (Fig. 1). In
particular, the domain that we designated DALR, after
a characteristic pattern of amino acid residues that is
conserved in many of the respective sequences, has
been recognized in ArgRS (where it has been desig-
nated Add-2), MetRS, and the RS for the three aliphatic
amino acids (Cavarelli et al. 1998) but, to our knowl-
edge, not in CysRS, class I LysRS, or the B-subunit of
the bacterial GlyRS. The detection of the DALR domain
in these additional sets of aaRSs makes it the most
widespread domain in aaRSs, after the two core do-
mains. It is an o-helical domain with a unique archi-
tecture that has been implicated in anticodon binding
(Brunie et al. 1990; Cavarelli et al. 1998). Furthermore,
it has been shown that deletions in the carboxy-
terminal portion of the B-subunit of Escherichia coli
GIlyRS affect tRNA recognition (Toth and Schimmel
1990), which appears to be compatible with an antico-
don-binding function of the DALR domain. In this re-
gard, the presence of the DALR domain in the class I
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Figure 1T Domain architectures of aaRSs. (A) Class | aaRSs; (B) class Il aaRSs. For each specificity, all detected distinct domain architec-
tures are shown. The abbreviated names of the species names in which the given domain arrangement was observed are given to the right
of each scheme. Domain name abbreviations: (A1-5) Distinct modules detectable in the large insert typical of the aaRS for aliphatic amino
acids; (ACB) anticodon-binding domain; (FDX-ACB) ferredoxin-fold ACB; (GST) glutathione S-transferase; (ins) insert; (OB-ACB) OB-fold
ACB (Zn) Zn ribbon motif; other domains are designated either after partially conserved sequence signatures (DALR and HxxxH) or after
the aaRS specificities in which they are found (C-V/I, C-V/I/G). Pink background indicates domains for which three-dimensional structure
is available; blue background shows domains for which the structure can be predicted on the basis of sequence similarity to structurally
characterized domains. (Aae) A. aeolicus; (Afu) A. fulgidus; (Ath) A. thaliana; (Bbu) B. burgdorferi; (Bsu) B. subtilis; (Cel) C. elegans; (Csy) C.
symbiosum; (Dme) D. melanogaster; (Hsa) H. sapiens; (Ctr) C. trachomatis; (Eco) E. coli; (Hin) H. influenzae; (Hpy) H. pylori; (Mja) M.
jannaschii; (Mge) M. genitalium; (Mpn) M. pneumoniae; (Mth) M. thermoautotrophicum; (Mtu) M. tuberculosis; (Mpn) M. pneumoniae;
(Pho) P. horikoshii; (Rpr) R. prowazekii; (Sce) S. cerevisiae; (Spo) S. pombe; (Ssp) Synechocystis sp. (Tpa) T. pallidum.
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LysRS is especially interesting because this aaRS also
contains an anticodon-binding domain shared with
GluRS (Fig. 1A). The combination of these two do-
mains may indicate a complex mode of anticodon
binding by the LysRS.

Other connections between accessory domains are
confined within class I or class II. In particular, there is
a remarkable colinearity of the domain arrangements
in class I aaRSs that are specific for aliphatic amino
acids (Val, Ile, and Leu) and methionine. In addition to
the carboxy-terminal DALR domain, these aaRSs share

a large common insert in the core that contains five
partially conserved motifs subject to deletion or rear-
rangement (Fig. 1A). Furthermore, all ValRS and sub-
sets of aaRSs for each of the other three amino acids in
this subclass of class I also contain an inserted Zn-
ribbon module; a similar module is inserted also in
class I LysRS (Fig. 1A). Another domain typical of class
I is the insert shared by GluRS, GInRS, and CysRS (Fig.
1A). In class II, the most common domains, after the
core, are the o/B-structured anticodon-binding domain
found in HisRS, ThrRS, and ProRS as well as eukaryotic

Figure 2 Previously undetected domain conservation in aaRS and proteins of other functions. (A) The GAD domain in bacterial AspRS
and archaeal glutamyl-tRNA amidotrnasferases (GatB). (Top block of sequences) Archael GatB; (bottom block) bacterial AspRS. (B) The TGS
domain in ThrRS, guanosine polyphosphatases (SpoT), OBG family GTPases, and uridine kinase (UDK) from Treponema. (Top block of
sequences) ThrRS; (bottom block) other proteins containing the TGS domain. (C) The inactivated HD hydrolase domain in bacterial GlyRS
B-subunit. (Top block of sequences) A selected subset of the HD superfamily hydrolases; (bottom block) B-subunits of bacterial GlyRS. (D)
The winged helix-turn—helix domain in PheRS a-subunits from eukaryotes, archaea, and spirochaetes. (Top block of sequences) PheRS;
(bottom block) a selected subset of other proteins containing the winged-HTH domain. The alignments were constructed on the basis of
the PSI-BLAST results using the ClustalW program. The inclusion of each sequence in the alignments was statistically supported by
PSI-BLAST results, with an e-value of at least 0.01. The /eft column includes the protein (gene) names, the abbreviated species name, and
the gene identification (GI) nos. (following the underscore). A consensus derived using a 90% or an 85% cutoff is shown underneath the
alignment, and the respective alignment columns are highlighted; (b) a big residue (E,K,R,I,L,M,F,Y,W); (h) a hydrophobic residue
(A,CFILLM,V,W,Y); (s) a small residue (A,C,S,T,D,N,V,G,P); (u) a tiny residue (G,A,S); (0) a hydroxy residue (S,T); (p) a polar residue
(D,E,H,K,N,Q,R,S,T); (c) a charged residue (K,R,D,E,H); (+) a positively charged residue (K,R,H). In A,B, and D, the numbers indicate the
positions of the first and last residue of the aligned region in the respective protein sequence. The alignment in C consists of conserved
blocks separated by variable spacers; the lengths of the spacers and the distances between the protein termini and the aligned regions
are indicated by numbers. The secondary structure elements predicted using the PHD program, with the multiple alignment as the input
(Rost and Sander 1994), is shown above the alignment in A, B, and D. [E(e)] indicates extended conformation (B-strand); [H(h)] a-helix;
uppercase letters indicate the predictions made with a high level of confidence. In C, the line above the alignment indicates the predicted
catalytic residues of the HD superfamily hydrolases (Aravind and Koonin 1998) that are replaced in the B-subunits of GlyRS. (Aae) A.
aeolicus; (Af) A. fulgidus; (At) A. thaliana; (Bb) B. burgdorferi; (Bs) B. subtilis; (Ce) C. elegans; (Ct) C. trachomatis; (Dm) D. melanogaster; (Ec)
E. coli; (Hi) H. influenzae; (Hs) H. sapiens; (Mj) M. jannaschii; (Mta) M. thermoautotrophicum; (Mtu) M. tuberculosis; (Ph) P. horikoshii; (Sp)
S. pombe; (Sso) S. solfataricus; (Ssp) Sy. sp.; (Tm) Th. maritima; (Tp) T. pallidum; (VV) vaccinia virus.
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and archaeal GlyRS and the OB-fold anticodon-
binding domain present in AspRS, AsnRS, and LysRS
(Fig. 1B). The other accessory domains are found in
aaRSs of one or two specificities.

Several aaRSs share conserved domains with other
classes of proteins, both involved in translation and
performing very different functions (cf. Koonin et al.

1994; Simos et al. 1996,1998; Tas and Murray 1996;
Markus et al. 1998; Aravind and Koonin 1999). In the
course of the present study, we identified six additional
domains that are shared by aaRSs and proteins of other
functional classes. For each of these cases, the evolu-
tionary relationship between the respective domains in
the aaRSs and other proteins was supported by a sta-
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Table 1. Phyletic Distribution of AspRS, AsnRS, GatB, and the GAD Domain

horikoshii that also encodes an
AsnRS (Table 1). Thus, GAD do-

AspRS GatB main might recognize tRNAS™
. A A A in archaea and tRNA”*P in bac-
with without with without .
GAD GAD GAD GAD teria.

Species range domain domain AsnRS domain domain The second previously un-
detected domain is shared by
Grchacaliy eukaryotic and some of the bac-

M. jannaschii, . e .
M. thermoautorphicum, terial ThrRSs, a distinct family
A. fulgidus - + - + + of GTPases (the Obg family),
Archaea and guanosine polyphosphate

P. horikoshii = + + + — hvdrol SpoT d th
Bacteria ydrolase (SpoT) and synthe-
Proteobacteria, tase (RelA), which are involved
Cyanobacteria, in stringent response in bacte-
Sglsri(t)is/zeéiztgir:m_ . B . B . ria (Cashel et al. 1996). We
Bapcteria named it the TGS domain, after
Mycobacteria, ThrRS, GTPase, and SpoT (Figs.
Helicobacter, 1B and 2B). Interestingly, TGS

Chlamydia, Aquifex + — — — + .

yaia, Aq domain was detected also at the

tistically significant sequence similarity (e <0.01 or
better) as computed using the PSI-BLAST program.
The first unexpected finding involves a domain
that is inserted in the core of bacterial AspRS and in the
B subunit (GatB) of archaeal Glu-tRNA®!™ amidotrans-
ferases [hereinafter GAD domain, after GatB-AaRS-for-
Asp (D)] (Figs. 1B and 2A). In archaeal GatB proteins,
the GAD domain also forms an insert that is readily
detectable by comparison with the bacterial counter-
parts (data not shown). The GAD domain contains
120 amino acid residues and, as seen in the X-ray
structure of the Thermus thermophilus AspRS, consists of
an antiparallel B-sheet flanked by a-helices (Delarue et
al. 1994) and resembles a circularly permuted ferre-
doxin-like fold (data not shown). GAD domain has
been tentatively implicated in the stabilization of the
interaction of the bacterial AspRS with the cognate
tRNA (Delarue et al. 1994). This is generally compatible
with the fact that GatB does not possess the transami-
dase activity (which resides in GatA) and is expected to
be involved in tRNA recognition, although it may also
be responsible for the ATPase activity of the complex
(Curnow et al. 1997). The presence of the GAD domain
in two different proteins that recognize tRNAs for
acidic amino acids (Asp and Glu) suggests a specific
role of this domain in the recognition of, and possibly
discrimination between, these tRNAs. Given the pres-
ence of two versions of GatB—one with and one with-
out the GAD domain—in most archaea (Table 1) and
its presence in bacterial AspRS (but not GIuRS), a
simple hypothesis could be that GAD domain is re-
sponsible for the specific recognition of tRNA**P and
its discrimination from tRNA%*". This, however, is
hardly compatible with the presence of the GAD-
containing GatB protein in the archaeon Pyrococcus
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amino terminus of the uridine

kinase from the spirochaete
Treponema pallidum (but not any other organism, in-
cluding the related spirochaete Borrelia burgdorferi)
where it precedes the “HxxxH” domain, in an arrange-
ment similar to that seen in ThrRS (Fig. 1B; see below).
TGS is a small domain that consists of (50 amino acid
residues and is predicted to possess a predominantly
B-sheet structure; this is one of the few domains in the
aaRSs for which no structure has been determined so
far (Fig. 1B). There is no direct information on the
functions of the TGS domain, but its presence in two
types of regulatory proteins (the GTPases and guano-
sine polyphosphate phosphohydrolases/synthetases)
suggests a ligand (most likely nucleotide)-binding,
regulatory role.

We observed that the B-subunit of bacterial GlyRS
contains a domain that showed a distant but statisti-
cally significant similarity to the recently described HD
superfamily of hydrolases [Figs. 1B and 2C; (Aravind
and Koonin 1998)]. The principal predicted catalytic
residues of the HD hydrolases, namely the histidine-
aspartate doublet that is the namesake of the superfam-
ily, are missing in GIlyRS-B, although a carboxy-
terminal aspartate also implicated in catalysis is con-
served; this resembles the conservation pattern seen in
the guanosine polyphosphate synthetases (RelA) [Fig.
2C (Aravind and Koonin 1998)]. The function of the
HD domain in the B-subunit of GlyRS remains uncer-
tain; it has been reported that the amino-terminal one-
half of the B-subunit, along with the a-subunit, is re-
quired for the glycyl-adenylate formation (Toth and
Schimmel 1990). An interesting aspect of these obser-
vations is that they make the B-subunit of the bacterial
GlyRS the only aaRS subunit that does not contain the
core domain of either class I or class II (Fig. 1A,B).

ThrRs and AlaRS share a domain that is typified by


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Aminoacyl-tRNA Synthetase Phylogeny

the presence of two conserved histidines separated by
three amino acid residues and was accordingly desig-
nated the HxxxH domain (Fig. 1B; data not shown).
The HxxxH consists of (1120-140 amino acids and is
predicted to possess a mixed B/a structure; along with
the TGS domain, this is one of the remaining structur-
ally uncharacterized domains in aaRSs (Fig. 1B). In ad-
dition to the aaRSs of two specificities, the HxxxH do-
main was found in four uncharacterized gene product
(three from the archaeon P. horikoshii and one yeast)
that contain additional sequences similar to those seen
in AlaRS and seem to have evolved from the latter by
gene truncation. A version of the HxxxH with a dis-
rupted motif was detected in the ThrRS from Myco-
plasma as well as in the uridine kinase from T. pallidum
(see above). Finally, a fragment of the HxxxH domain
is fused to the Pseudomonas syringae CmaT protein that,
interestingly, is involved in nonribosomal peptide syn-
thesis (Ullrich and Bender 1994). An HxxxH signature
is generally typical of metal-dependent hydrolases, for
example Zn-dependent proteases. The presence of a
domain containing this motif in aaRSs may suggest a
functionally important hydrolytic activity, for ex-
ample, hydrolysis of mischarged aminoacyl-tRNAs.

We identified a winged helix-turn-helix (HTH) do-
main at the amino termini of the PheRS a-subunit
from eukaryotes and archaea (including the crenar-
chaeon Sulfolobus solfataricus but with a highly modi-
fied version in Methanococcus jannaschii) and the spiro-
chaetes (Figs. 1B and 2D). This domain is specifically
related to the similar nucleic-acid-binding domains
from double-stranded (ds)RNA adenosine deaminases,
ribosomal protein S10, and the poxvirus dsRNA-
binding protein E3L (Fig. 2D). The structure of the
adenosine deaminase has been recently determined,
and thus the winged-HTH structure of the amino-
terminal domain of this protein, which has been
shown to bind Z-DNA, was demonstrated experimen-
tally (Schade et al. 1999). Given that some of the pro-
teins containing this domain, for example, S10 and
E3L, bind RNA, particularly dsRNA, this might be the
likely function of the winged-HTH domain in PheRS.
Specifically, it seems possible that this domain contrib-
utes to an unusual, for aaRSs, mode of tRNA binding
via a stem.

Finally, we observed that a domain inserted in the
core of the bacterial ProRS (Fig. 1B) is also represented
by a family of small proteins found in several bacterial
species (typified by the E. coli YbaK protein and accord-
ingly designated “YbaK domain”; data not shown). The
structure and function of this domain remain to be
determined.

Taken together, all these observations reinforce
the notion that aaRSs are prone to recruiting domains
from other types of proteins and hence acquire addi-
tional functional capabilities. The readily recognizable

domain recruitments in aaRSs typically are lineage spe-
cific and can be mapped to very different, ancient or
relatively recent, stages of evolution. For example,
given their near ubiquity in bacteria, the TGS domain,
the S4 domain, and the GAD domain most likely be-
came fused to the ThrRS, TyrRS, and AspRS, respec-
tively, early in bacterial evolution (see also below).
Other apparently ancient domain recruitments in
aaRSs include the EMAP domain in MetRS and the
winged-HTH domain in PheRS. The latter, for example,
must have been present at the amino terminus of the
PheRS a-subunit already in the common ancestor of
archaea and eukaryotes. In contrast, the glutathione
S-transferase domain and the small, coiled-coil inter-
action module appear to be relatively recent acquisi-
tions because they are present in aaRSs of different
specificities but exclusively within the animal lineage
(Fig. 1).

Other domains that we now consider integral parts
of aaRSs, such as those involved in anticodon binding
(e.g., the DALR domain), might have evolved in the
same fashion very early in evolution, but the sources
are not readily identifiable anymore. “Horizontal evo-
lution” of aaRSs, that is transfer of domains between
aaRSs of different specificities, has been discussed (De-
larue and Moras 1993). It does seem likely that the
observed mosaic of domains in part has been generated
by recombination between aaRS genes themselves, as
opposed to independent acquisition of domains. The
presence of the DALR domain that generally is typical
of class I aaRSs in the B-subunit of GlyRS (see above)
may be indicative of this type of an evolutionary event;
this mode of dissemination also seems likely for the
EMAP domain (Fig. 1A,B).

Reconstructing the Evolution of aaRSs

Phylogenetic Trees

We used the multiple alignments of the conserved por-
tions of the aaRSs of all 20 specificities to generate dis-
tance matrices and construct phylogenetic trees using
the neighbor-joining and Fitch-Margoliash methods.
For each of these methods, 1000 bootstrap replications
were performed, to evaluate the reliability of the re-
sults, and the consensus topology was derived. The
consensus topologies for the neighbor-joining and
Fitch-Margoliash methods were then combined (see
Materials and Methods for details) to produce the final
trees shown in Figure 3.

This procedure produces unrooted trees. Given
that most aaRS specificities already have evolved in the
LCA (see above), aaRS trees, in principle, can be rooted
by jointly analyzing enzymes of two or more specifici-
ties. In practice, however, this approach cannot be
used consistently because only for a few pairs of aaRSs
of different specificities, can sufficiently long align-
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ments suitable for tree construction be produced. Such
conserved groups of aaRSs of different specificities in-
clude (1) different aliphatic amino acids; (2) tyrosine
and tryptophan, and (3) lysine, aspartate, and aspara-
gine. Construction of trees rooted by paralogy for the
former two groups has been described (Brown and
Doolittle 1995; Brown et al. 1997; Hashimoto et al.
1998). We used this approach only for the latter group,
to resolve the complex evolutionary picture seen in
AspRS and AsnRS (see below). Generally, the root po-
sition for aaRSs of all specificities was tentatively in-
ferred using a combination of three criteria: (1) clus-
tering by sequence similarity, (2) determination of the
tree midpoint using the modified procedure described
under Material and Methods, and (3) examination of
unique features of domain architecture (synapomor-
phies). The first method is expected to give the correct
rooting only under the molecular clock model,
whereas the second method will infer the root cor-
rectly under a relaxed molecular clock assumption
whereby the variation of the evolutionary rates along
all tree branches is considered random (see Materials
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and Methods). Although caution is due in the inter-
pretation of the results obtained under any version of
molecular clock, the relaxed assumption seems likely
to hold for the conserved portions of the aaRSs whose
basic function remained unchanged throughout their
evolutionary history. The approach based on synapo-
morphies, which is at least partially independent of,
and complementary to, the other two methods, ap-
pears to be particularly valuable, and we discuss it in
more detail.

Likely Synapomorphies in aaRSs and Their Use

as Phylogenetic Markers

For many gene families, analysis of shared derived fea-
tures (characters) of proteins, or synapomorphies, can be
used as an important complement to the traditional,
alignment-based phylogenetic tree analysis (e.g.,
Makarova et al. 1999). Primarily, such features are
manifest as unique domain arrangements. Synapomor-
phies can be used to define monophyletic groups and
may be helpful in establishing the root position be-
cause the root cannot lie within a monophyletic group
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Figure 3  (See p. 700 for legend.)
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defined by a synapomorphy. Using synapomorphies as
phylogenetic markers requires distinguishing them,
first, from primitive features that were already present
in the common ancestor of the analyzed protein fam-
ily, although they might have been lost in some lin-
eages, and second, from independently acquired fea-
tures. In cases when there are two distinct domain ar-
chitectures within an aaRS specificity, one of these is
likely to be a primitive feature and the other one a
derived feature (synapomorphy). Deciding which is
which is not straightforward and can be confidently
done only when conserved features of domain archi-
tecture are seen in different aaRS specificities as dis-
cussed below (this is analogous to tree rooting by paral-
ogy).

We attempted to systematically delineate the
likely synapomorphies in aaRSs, to partition the aaRSs
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of the same specificity into likely monophyletic
groups. For this purpose, domain architectures of aaRSs
with the same and different specificities were com-
pared in conjunction with clustering by sequence simi-
larity and tree analysis using the Fitch-Margoliash and
neighbor-joining methods.

With the exception of ValRS and CysRS, all ubig-
uitous aaRSs have more than one distinct domain ar-
chitecture (Fig. 1A,B). Such distinctions do not exist in
class I LysRS and in the bacterial-type GlyRS either, but
these have limited phyletic distribution (Fig. 1A,B; see
discussion below). The complete conservation of the
elaborate domain architecture of ValRS, which consists
of seven distinct domains, including the core (Fig. 1A),
in all studied life forms seems unexpected given the
diversity of domain organizations seen in the other
aaRSs (see also discussion below).
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For some of the aaRSs, synapomorphies appear un-
ambiguous and allow us to easily detect distinct lines
of descent. The most obvious of these are the two types
of LysRS (see above) and GlyRS. As indicated above, the
class I LysRS found in euryarchaea, spirochaetes, and
rickettsia is unrelated to the type Il enzyme present in
eukaryotes, the rest of the bacteria, and the crenar-
chaea. The majority of bacteria possess a GlyRS that
consists of two unrelated subunits (see also the discus-
sion of the domain architecture of the B-subunit
above) and is distinct from the enzyme found in eu-
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karyotes, archaea, and a small subset of bacteria (Freist
et al. 1996; Fig. 1B). The a-subunit of the bacterial
GIlyRS contains a modified class II core domain and is
no more similar to the eukaryotic-archaeal GlyRS than
it is to other class II aaRSs. Thus, there is no indication
that these two types of GlyRS have a common origin.

These two exceptional cases apart, the synapomor-
phies seen in IleRS are most striking. Here, the distinc-
tion between the eukaryotic, archaeal, and a small sub-
set of bacterial enzymes, on one hand, and the rest of
the bacterial enzymes, on the other hand, involves
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Figure 3 Phylogenetic trees for aaRSs. The trees are shown as unrooted, but a large black circle denotes the likely root position inferred
by a combination of synapomorphy analysis, clustering by sequence similarity and midpoint rooting (see Table 2). Red circles mark
statistically supported nodes (> 70% bootstrap support for both the neighbor-joining and the Fitch-Margoliash methods). Three-letter
species labels are as in Fig. 1. Labels for archaeal proteins are shown in magenta; eukaryotic cytoplasmic in red; eukaryotic organellar in
blue; eukaryotic without indication of origin in green; bacterial in black. Additional abbreviation: (Sso) S. solfataricus.
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four distinct domains (modules). One of these (the Zn-
ribbon) is located differently in the two sets of IleRSs,
two others, namely the C-V/I domain and the C-V/I/G
domain, are present only in the eukaryotic-archaeal
subset, and finally, the more specific carboxy-terminal
domains are conserved within each set but not be-
tween them (Fig. 1A). Notably, in this case, the ar-
rangement of three of these domains, namely the Zn-
ribbon and the C-V/I and C-V/I/G domains, is exactly
the same in the eukaryotic—archaeal IleRS and in the
ValRS (Fig. 1A). Thus, the ancestral domain architec-
ture can be inferred with considerable confidence, and
we are in a position to conclude that bacterial IleRSs
have lost the C-V/I and C-V/I/G domains, whereas the
Zn-ribbon has relocated in the course of bacterial evo-
lution. In the same vein, a comparison of the two dis-
tinct domain architectures of the LeuRSs with those of
the ValRSs and IleRSs suggests that the presence of the
Zn-ribbon in the bacterial as opposed to archaeal-
eukaryotic LeuRS is an ancestral feature, whereas the
rearrangement of the modules in the large insert of
bacterial LeuRS is derived (Fig. 1A). Another convinc-
ing synapomorphy is seen in the bacterial TyrRSs that
possess a conserved arrangement of two domains (the
a-helical anticodon-binding domain and the S4 do-
main) that are missing in the eukaryotic-archaeal set
(Fig. 1A). Just as in the case of IleRS, it is possible to
infer the ancestral state “by paralogy” because TrpRS
shares a carboxy-terminal domain (C-Y/W) with the
archaeal-eukaryotic but not bacterial TyrRS (Fig. 1A).
More tentatively, it can be hypothesized that certain
more complex domain architectures are more likely to
be derived states than simpler ones, particularly when
inserts in the core domain are involved. This is the case
for ProRS, AspRS, and eukaryotic-type GIyRS (Fig. 1;
Table 2).

The analysis of other aaRSs illustrates the distinc-
tion between those features of domain organization
that are likely to be bona fide synapomorphies and
those that do not seem to qualify. Consider, for ex-
ample, MetRS, for which five distinct domain arrange-
ments are discernible (Fig. 1A). The EMAP domain,
which is present in the archaeal MetRS and those from
several diverse groups of bacteria but not in other bac-
teria or eukaryotes (Fig. 1A), does not seem to be a
useful marker for large-scale phylogenetic analysis. Its
distribution does not at all reflect clustering of MetRS
by sequence similarity (data not shown) or the topol-
ogy of the trees constructed using the neighbor-joining
and Fitch-Margoliash methods (Fig. 3). Amidst the bac-
teria, those MetRSs that contain EMAP domain do not
form a compact group (Fig. 3). Thus, the phyletic dis-
tribution of the EMAP domain may be explained by
lineage-specific losses, independent acquisitions, or,
most likely, a combination thereof. The mobility of
this domain is underscored by the fact that it has been

detected also in subsets of TyrRS and PheRS (Fig. 1A,B).
Among the other domains found in MetRS, the GST
domain and the carboxy-terminal coiled-coil domain
(Fig. 1A) could be valid phylogenetic markers, but
these would be useful only to examine the evolution
within the eukaryotic crown group. In contrast, the
Zn-ribbon module that is inserted in the middle of the
domain typical of the aliphatic aaRSs in the archaeal,
eukaryotic, and some of the bacterial MetRSs (Fig. 1A)
is a likely synapomorphy. The distribution of this mo-
tif correlates with the clustering by sequence similarity
(data not shown) and with the monophyletic groups
that are apparent from tree analysis (Fig. 3).

Altogether, unique features of domain architecture
that are likely synapomorphies and thus may be valid
phylogenetic markers, allowing us to establish or cor-
roborate the primary evolutionary partitioning in the
given set of aaRSs, were found for 14 of the 20 speci-
ficities (Fig. 1A,B; Table 2). Thus, at least in the case of
aaRSs, comparative analysis of domain architectures is
a major source of evolutionary information that must
be carefully reconciled with other lines of evidence, to
produce credible evolutionary scenarios.

Evolutionary Scenarios for aaRS

The most notable outcome of this analysis seems to be
that, with only a few exceptions, the trees produced by
the described procedures are readily interpretable in
terms of relatively simple evolutionary scenarios (Fig.
3; Table 2). The most contentious issue in any phylo-
genetic analysis is the root position. The apparent syn-
apomorphies do not directly indicate the root position;
they only outline monophyletic groups. However, the
correlation between partitioning produced by com-
parison of domain architectures, the results of cluster-
ing by sequence similarity, and modified midpoint
rooting that was observed for the majority of the aaRS
typically allows one to locate the root with consider-
able confidence (Fig. 3; Table 2).

We examined the trees and the domain architec-
tures of the aaRSs with regard to the evolutionary re-
lationships between the three major divisions of life—
bacteria, archaea, and eukaryotes. Assuming the mono-
phyly of each of these divisions and (for the moment)
ignoring the possibility of horizontal gene transfer,
three topologies of a rooted tree are possible: (1) B|A,E;
(2) E|A,B, and (3) A|B,E (A =archaea, B = bacteria,
E = eukaryotes; the vertical line indicates the root po-
sition). The predominant pattern in the aaRS phylog-
enies that is seen in 12 of the 20 specificities involves
partitioning into two major groups, one of which in-
cludes archaea, eukaryotes, and a subset of bacteria,
and the second one the rest (typically, the majority) of
bacteria (Fig. 3; Table 2). The most likely position of
the root typically is between these groups. Thus, these
12 phylogenies are best compatible with model 1,
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Table 2.

Evolutionary Scenarios for aaRSs

Inferred evolutionary events (standard model is

Support for root placement (see Fig. 1
for likely synapomorphies manifest

Specificity assumed unless indicated otherwise) in distinct domain architectures)?®
Class |
Tyrosine horizontal transfer with displacement from synapomorphies in the carboxy-terminal region
Gram-positive bacteria to E. coli (ACB, S4 domain in bacteria); clustering;
MMPR; compatible with rooting by paralogy
(Brown et al. 1997).
Tryptophan horizontal transfer from eukaryotes to the archaeal clustering; MMPR; compatible with rooting by
lineage including P. horikoshii paralogy (Brown et al. 1997).
Leucine pure standard model, no interdivision horizontal synapomorphies in the large insert (A1-A5)
transfer typical of aliphatic aaRS (Zn-ribbon, module
shuffling) and in the carboxy-terminal domain
(see text); clustering; MMPR; compatible with
rooting by paralogy (Brown and Doolittle 1995;
Hashimoto et al. 1998).
Valine displacement of ancestral eukaryotic enzyme by a clustering; MMPR; rooting by paralogy;
bacterial, probably mitochondrial one (a single compatible with rooting by paralogy (Brown
enzyme for the cytosol and the organelles in and Doolittle 1995; Hashimoto et al. 1998).
eukaryotes)
Isoleucine horizontal transfer from eukaryotes to spirochaetes, multiple synapomorphies in the domain
Chlamydia, and Mycobacteria architecture (see text), clustering; MMPR;
compatible with rooting by paralogy (Brown
and Doolittle 1995; Hashimoto et al. 1998).
Methionine (1) horizontal transfer from eukaryotes to apparent synapomorphies in the large insert
spirochaetes and Chlamydia; (2) horizontal transfer (A1-A5) typical of aliphatic aaRS (Zn-ribbon in
from archaea(?) to Proteobacteria; (3) horizontal archaea, eukaryotes and a subset of bacteria),
transfer from eukaryotes or bacteria (e.g., clustering; MMPR.
spirochaetes) to the archaeal lineage leading to P.
horikoshii.
Arginine independent horizontal transfer from eukaryotes to apparent synapomorphy—the small inserted

Glutamate/glutamine

Cysteine

Lysine-|

Class 1l

Alanine

Threonine

Proline

Histidine

(1) spirochaetes; (2) Proteobacteria, Cyanobacteria,
Chlamydia

duplication of GIuRS in eukaryotes, followed by
switch of specificity to glutamine in one of the
copies; horizontal transfer of GInRS from
eukaryotes to Proteobacteria; horizontal transfer of
mitochondrial GIuRS from eukaryotes to
spirochaetes and Chlamydiae

uncertain; the standard model does not directly
apply; possible ancient gene loss in archaea,
followed by horizontal transfer from bacteria to
some of the archaeal species

no eukaryotic representatives; independent horizontal
transfer from archaea to (1) spirochaetes; (2)
Rickettsia (from the Cenarchaeum lineage)

displacement of ancestral eukaryotic enzyme by a
bacterial, probably mitochondrial one (a single
enzyme for the cytosol and the organelles in
eukaryotes)

duplication of mitochondrial ThrRS in eukaryotes,
with displacement of the ancestral eukaryotic form

horizontal transfer from eukaryotes to Borrelia (a
spirochaete) and mycoplasmas

(1) horizontal transfer from eukaryotes to
spirochaetes and Helicobacter; (2) horizontal
transfer from archaea to Aquifex, Synechocystis,
Bacillus without displacement of the ancestral
bacterial form
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domain between the core and DALR domains
in archaea, eukaryotes, and a subset of bacteria;
MMPR; clustering suggested a different root
position, on the branch between yeast and the
spirochaetes

apparent synapomorphies—unrelated ACB
domains in (1) archaeal and eukaryotic GIuRS
and in all GInRS in the core insertion domain
(bulging a-helices); and (2) bacterial GIuRS;
clustering, MMPR.

clustering; MMPR suggests several possible
rootings; the root position remains uncertain.

clustering, MMPR

apparent synapomorphy—extra amino-
terminal domain in archaeal AlaRs; clustering,
MMPR

clustering, MMPR

apparent synapomorphies—YbaK domain inserted
within the core in bacterial ProRS and an extra
carboxy-terminal domain in eukaryotes and
bacteria; clustering, MMPR

root position not defined
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Table 2. (Continued)
Support for root placement (see Fig. 1
Inferred evolutionary events (standard model is for likely synapomorphies manifest
Specificity assumed unless indicated otherwise) in distinct domain architectures)?®

Aspartate/asparagine

Serine

Phenylalanine o

duplication of AspRS in eukaryotes, followed by
switch of specificity to asparagine in one of the
copies; ancient horizontal transfer of AsnRS from
eukaryotes to bacteria

complex picture. Anomalous rapid evolution in one
of the archaeal lineages; horizontal transfer from
eukaryotes or archaea to Mycobacteria; possible
displacement of mitochondrial genes by ancestral
ones in eukaryotes; horizontal transfer, apparently
of eukaryotic mitochondrial genes, to spirochaetes

horizontal transfer to spirochaetes, probably from

synapomorphy—insertion of GAD domain in the
core of bacterial AspRS; clustering, paralogous
routing using LysRS. MMPR suggest a root
position between AspRS and AsnRS

root position not defined

apparent synapomorphies in the amino-terminal

archaea

Phenylalanine a—@8
archaea

Lysine-II

horizontal transfer to spirochaetes, probably from

no archaeal representatives; horizontal exchange of

region—HTH domain and an additional
conserved domain in archaea, eukaryotes, and
spirochaetes, a distinct amino-terminal domain
in bacteria; clustering, MMPR

apparent synapomorphies in domain
architecture—EMAP domain and FDX-ACB
domain in bacteria; clustering, MMPR

root position not defined

type X LysRS gene between Proteobacteria,

Aquifex, Treponema
Glycine-1

Early horizontal transfer from eukaryotes, archaea or
a common ancestor thereof to spirochetes,
Mycobacteria, Mycoplasmas; alternatively, an

apparent synapomorphy—insert in the core
domain in archaea and eukaryotes; clustering,
MMPR

ancestral form displaced in most bacteria (see text)

Glycine-2 a—f bacterial-only; phylogeny uncertain

root position not defined

%(ACB) Anticodon-binding domain; (FDX-ACB) ferredoxin-fold ACB; (MMPR) modified midpoint rooting.

which has been aptly designated the standard model
by Doolittle and Handy (1998). The conclusion that
the standard model is best compatible with the data
rests on some semblance of “relaxed molecular clock”
being valid. Most of the aaRS trees contain a long
branch separating archaea—eukaryotes (in many cases,
with the admixture of several bacterial species) and the
bulk of bacteria; this is where the procedures we used
typically place the root, and this is supported by the
analysis of likely synapomorphies (Fig. 3; Table 2).
However, should this long branch correspond instead
to a systematic, major increase in the rate of aaRS evo-
lution at the base of the bacterial trunk, it would be
impossible to rule out topologies 2 and 3. In that case,
the observed distinctions in domain architectures
would be interpreted to indicate that the archaeal-
eukaryotic architecture is the primitive state, whereas
the bacterial architecture is the derived state (synapo-
morphy).

Examination of the aaRS trees lends no support to
evolutionary schemes that postulate the origin of eu-
karyotes from a particular subdivision of archaea, such
as the eocyte hypothesis (Rivera and Lake 1992) or the
hydrogen hypothesis (Martin and Miiller 1998). No
specific association was seen between eukaryotic aaRSs
and those from Crenarchaeota as suggested by the first
of these schemes or those from methanogens as im-

plied by the second one. It should be further noticed
that the standard model is supported by the results of
rooting by paralogy where such are available, namely
for aliphatic amino acid aaRSs (Brown and Doolittle
1995; Hashimoto et al. 1998), tyrosine and tryptophan
(Brown et al. 1997), and aspartate-asparagine and ly-
sine (see below).

The standard model, however, requires major
amendments to account for the topology of the aaRS
trees. There are only three trees, curiously all from class
I, that conform to this model precisely, namely those
for LeuRS, TyrRS, and TrpRS (this does not rule out
interesting and unusual events in the evolution of
these aaRSs; see Table 2; discussion below). The re-
maining trees fall into two categories: (1) those in
which eukaryotic aaRSs cluster with the bacterial ones,
to the exclusion of the archaea, namely ValRS, AlaRS,
and ThrRS, and (2) those in which varying subsets of
bacterial aaRSs invade the eukaryotic-archaeal clus-
ter—all the rest except for LysRS, CysRS, and HisRS
(Fig. 3). Class I LysRS is seen only in archaea and a
small subset of bacteria (Fig. 3), so, by definition, the
standard model (or any alternative model) does not
apply. Class II LysRS so far was found in only one ar-
chaeal species, the crenarchaeon S. solfataricus; the Sul-
folobus LysRS clearly groups with the bacterial subtree
(Fig. 3). CysRS so far has been detected in only two
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archaeal species (see above). The CysRS tree is poorly
resolved, and there are no synapomorphies to comple-
ment it, but both clustering and modified midpoint
rooting methods suggest a root position between the
eukaryotic branch and the rest of the tree that includes
the two archaeal CysRSs along with the bacterial ones
(Fig. 3). The HisRS tree does not show a clear separation
of the eukaryotic-archaeal and bacterial clusters but
rather contains a trifurcation in which archaea and eu-
karyotes are equidistant from each other and from the
bulk of bacteria; thus, this tree is not incompatible
with the standard model although it lends no direct
support to it (Fig. 3).

The eukaryotic-bacterial affinity seen in three
aaRSs is readily explained by displacement of the origi-
nal eukaryotic gene by a cognate bacterial version, in
all likelihood, the mitochondrial gene transferred to
the nuclear genome (although, just as for the standard
model and the alternative models discussed above, the
possibility of a major acceleration of evolution in the
archaeal lineage cannot be formally ruled out as the
underlying basis of the observed topology). In one
case, that of ThrRS, this has been preceded by a dupli-
cation of the mitochondrial gene (Fig. 3). Conversely,
displacement of the mitochondrial enzyme by the an-
cestral eukaryotic one seems to have occurred in the
evolution of HisRS and SerRS, in the latter case follow-
ing a duplication (Fig. 3).

Examination of the emerging complete evolution-
ary picture (Fig. 3; Tables 2 and 3) seems to suggest
horizontal gene transfer, rather than lineage-specific
gene loss, as the principal explanation for the anoma-
lies in the evolution of aaRSs. Given that clustering of
a subset of bacteria with eukaryotes (and/or archaea) is

observed for the majority of the aaRSs, the lineage-
specific gene loss theory would imply that the LCA
contained diverged duplicates of many, if not all, of
the aaRS genes, which have been differentially lost in
different lineages during subsequent evolution. One
would assume, however, that these diverged duplicates
of aaRSs have been fixed by selection in the lineage
leading to the LCA as a result of the adaptation of the
two versions to distinct functional niches. Should that
be the case, there would be selective pressure to main-
tain both versions, along with likely advantages of
shedding one, and we would be sure to expect relics of
the original duplication persisting in at least some spe-
cies and some aaRS specificities. Such traces, however,
are conspicuously missing.

It is instructive to consider two cases that, at a
superficial glance, might have been considered evi-
dence in support of the primordial duplication theory.
The first one involves the two unrelated types of LysRS,
one of which belongs to class I and the other one to
class II. It has been noted that if an organism was
found that encoded both types, this would support the
differential loss theory (Doolittle and Handy 1998). A
genome of such an organism is available—the spiro-
chaete T. pallidum. A closer analysis shows, however,
that T. pallidum encodes a distinct type of class II
LysRS—the small form comprised of the core domain
alone—that is present, in addition to the typical bac-
terial LysRS, in y-proteobacteria, and Aquifex (Figs. 1A
and 3). Under the differential loss theory, one would
be forced to conclude that the LCA encoded three
LysRS—the class I enzyme and two distinct forms of
the class II enzyme. Evolution of the truncated version
in one of the bacterial lineages, with its subsequent

Table 3. Apparent Horizontal Transfer of Eukaryotic and Archaeal aaRS Genes into Different

Bacterial Lineages

Bacterial group Horizontally transferred aaRS genes Source
Spirochetes Pro (Borrelia only), lle, Met, Arg, His, Asn eukaryotic
Ser, Glu eukaryotic mitochondrial
Lys-l, Phe a—3 archaeal
Gly-1 eukaryotic or archaeal

Lys-Il (Treponema only)

Chlamydia lle, Met, Arg, Asn??
Glu
Mycobacteria lle, Asn??
Ser, Gly(1)
Mycoplasmas Pro, Asn
aly(1)
y-Proteobacteria Asn, GIn
Met
Helicobacter His
Cyanobacteria Arg, Asn

His (2nd form, no displacement)

Bacillus Asn

His (2nd form, no displacement)
His (2nd form, no displacement)

Aquifex
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bacterial (y-Proteobacteria?)
eukaryotic

eukaryotic mitochondrial
eukaryotic

eukaryotic or archaeal
eukaryotic

eukaryotic or archaeal
eukaryotic

archaeal(?)

eukaryotic

eukaryotic

archaeal

eukaryotic

archaeal

archaeal
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dissemination by horizontal transfer, seems to be a
more realistic explanation for the observed phyletic
distribution of LysRS.

The presence of two versions of HisRS in Aquifex,
Synechocystis, and Bacillus also might appear to support
the differential gene loss theory. The HisRS tree is more
difficult to interpret than those for other aaRSs because
of the uncertainty of the root position (Fig. 3). Never-
theless, assuming that the standard model still applies,
the differential loss scenario predicts that whereas one
of the HisRS in Agquifex, Synechocystis, and Bacillus
should be a typical bacterial form, the other one—
inherited directly from the LCA—should be equidis-
tant from the archaeal and eukaryotic orthologs. In
reality, however, reliable clustering of this second form
with the archaeal HisRS was observed (Fig. 3), which
again makes horizontal transfer, in this case from an
archaeal source, the most likely explanation.

An equally strong argument for the major role of
horizontal gene transfer, as opposed to differential
loss, in aaRS evolution is the nonrandomness of the set
of bacterial species that invade the archaeal-eukaryotic
part of the phylogenetic trees for the aaRSs (Fig. 3;
Table 3). The main contribution to this invasion is
from bacterial groups that include intimate parasites
and symbionts of eukaryotes, particularly spirochaetes
and chlamydiae (Table 3). The differential gene loss
theory offers no explanation why these groups of bac-
teria should have lost the aaRS versions retained by the
majority of bacteria. In contrast, it is obvious that,
compared with other bacteria, these organisms had a
greater opportunity to acquire eukaryotic genes be-
cause of their long-term and intimate contact with the
eukaryotic hosts.

Thus, multiple horizontal gene transfers, typically
resulting in the displacement of the original aaRS
genes in the recipient lineage, seem to have made the
principal contributions to the deviations of the phylo-
genetic trees for the aaRSs from the standard model. It
must be emphasized, however, that should this model
prove to be wrong (see above), this would not affect the
conclusion that these horizontal transfer events oc-
curred in the course of evolution of aaRSs. Examina-
tion of the tree topologies in Figure 3 makes it clear
that should the root for most of the trees lie, for ex-
ample, on the branch connecting eukaryotes and ar-
chaea (model 2 above), the statistically supported clus-
tering of subsets of bacterial aaRSs with eukaryotes still
remains to be accounted for, horizontal gene transfer
being the most likely explanation.

Most of the tree topologies are readily explained
by a small number of horizontal transfer events; three
trees, namely, MetRS, ArgRS, and HisRS, present a com-
plex but seemingly interpretable picture, and two—
SerRS and CysRS—are hard to interpret (Table 2). It has
been suggested that the anomalies observed in some of

the aaRS trees, particularly for IleRS, can be explained
by just one horizontal gene transfer from eukaryotes,
with subsequent dissemination among bacteria (Shiba
et al. 1997; Brown et al. 1998; Doolittle and Handy
1998). This is a plausible idea that is compatible with
the reliable clustering of all bacterial species that are
suspected to have acquired the respective eukaryotic
gene in the IleRS tree and in the HisRS tree (Fig. 3).
Furthermore, the bacterial groups that appear to be
most prone to horizontal transfer from eukaryotes—
the spirochaetes and chlamydiae—also form clusters in
the CysRS and TrpRS trees, which suggests gene ex-
change between them, although in these cases, hori-
zontal transfer from eukaryotes is not suspected (Fig.
3). The dissemination of the eukaryotic-type IleRS on
plasmids, which renders bacteria resistant to the anti-
biotic mupirocin, explains not only the mechanism of,
but also the likely selective pressure behind at least
some of these interbacterial horizontal gene transfers
(Hodgson et al. 1994; Sassanfar et al. 1996; Brown et al.
1998). The topologies of the trees for MetRS, ArgRS,
and Asp-AsnRS, however, are not readily compatible
with this possibility and, rather, suggest multiple trans-
fers of eukaryotic genes into different bacteria (Fig. 3;
Table 2).

Gene transfer from archaea to bacteria has been
much less prominent, at least amidst the bacterial taxa
that have been sampled so far (Table 2). The apparent
transfer of HisRS from archaea to bacteria has already
been discussed. Other events of this type involve class
I LysRS, PheRS, and possibly MetRS (Table 2). Given its
ubiquity in archaea, sporadic presence in bacteria, and
apparent absence in eukaryotes, it seems most likely
that class I LysRS evolved in archaea and has been hori-
zontally transferred to bacteria. Notably, the tree to-
pology, which is strongly supported by bootstrap
analysis, suggests two independent transfer events—
from euryarchaea to the spirochaetes and from Cren-
archaea to Rickettsiae (Fig. 3). The notable aspect of the
evolutionary scenario for PheRS is that in most bacte-
ria, including the spirochaetes, the genes for a and B
subunits form an operon, whereas in the archaea,
which apparently donated both genes to the spiro-
chaetes, they are not adjacent. It appears likely that the
operon organization is ancestral, and an archaeon con-
taining this operon might be found eventually.

Other types of interdivision transfer appear to be
rare. Horizontal gene transfer from bacteria to archaea
seems to be a distinct possibility only for CysRS, which
is present in two of the four completely sequenced ar-
chaeal genomes, AsnRS, so far identified only in P. hori-
koshii, and class II LysRS that might have been acquired
in the Sulfolobus lineage. In addition, the TrpRS of P.
horikoshii apparently has been acquired from eukary-
otes (Fig. 3). This limited extent of aaRS gene exchange
between bacteria and archaea appears rather unex-
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pected, given the prominence of horizontal transfer of
aaRS genes from eukaryotes to bacteria, and also the
apparently considerable exchange of other genes be-
tween archaea and bacteria (Koonin et al. 1997; Ara-
vind and Koonin 1998; Makarova et al. 1999). The
most straightforward explanation, which allows direct
experimental verification, is that bacterial aaRSs are
generally poorly compatible with archaeal tRNAs. Of
course, a cautionary note regarding the small available
sampling of complete archaeal genomes, which all
come from thermophilic species, also applies to this
direction of horizontal gene transfer.

Unlike the relationship between the three primary
divisions of life that could be resolved for the majority
of aaRSs in support of a modified standard model, no
consistent, large-scale bacterial phylogeny emerged
from the aaRS trees. This is in itself not surprising be-
cause inconsistent and unreliable tree topologies have
been observed frequently for different bacterial genes.
In the majority of the aaRS trees, the “true bacterial”
part (i.e., those bacterial aaRSs that have not been hori-
zontally transferred from eukaryotes or archaea as dis-
cussed above) shows, more or less, a star topology, with
no or little statistical support for any particular rela-
tionship between the major lineages (Fig. 3). The trees
for TyrRS, TrpRS, and LeuRS are exceptional in that
strongly supported—but different in each case—
partitioning of the bacteria into two clusters is ob-
served (Fig. 3). In the rest of the trees, the only clusters
that are consistently seen are the terminal branches,
namely, the two species of y-proteobacteria (E. coli and
Haemophilus influenzae), spirochaetes (B. burgdorferi
and T. pallidum), and mycoplasmas (Mycoplasma geni-
talium and Mycoplasma pneumoniae). Interestingly,
however, even these relatively close affinities are vio-
lated in some of the aaRS trees. Thus, E. coli and H.
influenzae behave differently in the TyrRS tree, whereas
the two spirochaetes show different affinities in the
ProRS and ThrRS trees, in addition to the aforemen-
tioned presence of the truncated form of Class II LysRS
in Treponema but not in Borrelia (Fig. 3). In each of
these cases, the members of the respective pair of re-
lated species cluster, with a good bootstrap support,
with other, distantly related bacteria or with eukary-
otes. Thus, in the ThrRS tree, the Treponema protein
clusters with +y-proteobacteria, whereas the one from
Borrelia clusters with Aquifex and Mycobacterium (Fig.
3). In the ProRS tree, there is strongly supported clus-
tering of Borrelia with eukaryotes and Treponema with
other bacteria (Fig. 3); the latter association is corrobo-
rated by the insertion of the YbaK domain that is a
hallmark of bacterial ProRS and is present in Treponema
but not in Borrelia. Horizontal transfer of the eukary-
otic ProRS gene into the Borrelia lineage subsequent to
its divergence from Treponema, followed by the elimi-
nation of the typical bacterial gene, might explain it.
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Other unexpected, but statistically supported, bac-
terial clusters are seen in the trees for AspRS (Bacillus—
Synechocystis) and HisRS (spirochaetes—Helicobacter);
clustering of spirochaetes with chlamydiae, mentioned
above, belongs in the same category. These observa-
tions seem to indicate horizontal transfer of at least
some of the aaRS genes between distant bacterial spe-
cies. Additional, more ancient gene transfer events
might be obscured by the star topology.

Our phylogenetic analysis may clarify the evolu-
tionary scenario for AspRS and AsnRS. Eukaryotes en-
code both a cytoplasmic and a mitochondrial aaRS for
each of these amino acids; archaea typically lack AsnRS
(so far the only exception is P. horikoshii) and incorpo-
rate asparagine into proteins via the transamidation
route, whereas the majority of bacteria encode AsnRS
(Curnow et al. 1996; Shiba et al. 1998). The insertion of
the GAD domain identifies bacterial aaRSs as a likely
monophyletic group. Clustering by sequence similarity
suggested the root position between this group and the
rest of the AspRSs together with AsnRS. The midpoint
procedure, however, placed the root between all
AspRSs and AsnRSs. To resolve the ambiguity, we
aligned the sequence of class II LysRS with those of
AspRS and AsnRS and rooted the tree using the LysRS
as an outgroup. Under this approach, the root was con-
fidently placed between bacterial AspRS and the rest of
the AsxRSs (Fig. 3; data not shown). Thus, the most
likely scenario is that AsnRS originally evolved by du-
plication of eukaryotic AspRS, which was followed by
horizontal transfer into bacteria, perhaps with subse-
quent dissemination among bacterial species, and at
least one archaeon (Fig. 3; Table 2). This scenario is
similar to that for GluRS and GInRS (Siatecka et al.
1998; Fig. 3) but different from the one recently pro-
posed for AsnRS, which postulated its origin by dupli-
cation of the AspRS gene early in bacterial evolution
(Shiba et al. 1998). It remains unclear why the topolo-
gies of the AspRS and AsnRS trees observed in our
analysis and in that of Shiba and coworkers (1998)
were different; differences in the alignments are likely
to contribute.

The case of the eukaryotic-type GlyRS is particu-
larly interesting. Here, both the analysis of domain ar-
chitectures (a unique insert in the core of the eukary-
otic and archaeal proteins) clustering and modified
midpoint rooting procedures suggested the likely posi-
tion of the root between archaea—eukaryotes and bac-
teria (Fig. 3). However, only a minority of bacterial spe-
cies possess this form of GlyRS. It appears that either a
horizontal transfer of the archaeal-eukaryotic GlyRS to
bacteria occurred very early during evolution or this is
the ancestral GlyRS that has been displaced by a newly
evolved form in the majority of bacteria.

Evolutionary scenarios for CysRS and SerRS remain
uncertain. There is a notable correlation between the
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absence of CysRS and the presence of an unusual,
highly diverged SerRS in some of the archaea, namely
the methanogens M. jannaschii and Methanobacterium
thermoautotrophicum (Fig. 3). The properties of this
unique SerRS and the pathway of cysteine incorpora-
tion into proteins in these archaea remain to be inves-
tigated experimentally. The SerRS from the other two
archaeal species reliably cluster with the eukaryotes
and a small subset of bacteria (Fig. 3). A recent study by
others also reported this dramatic difference between
the two types of archaeal SerRS as well as clustering of
the SerRS from the methanogens with those from
Gram-positive bacteria and Cyanobacteria (Lenhard et
al. 1999); our analysis failed to provide support for the
latter grouping.

Conclusions

Comparison of the complete sets of aaRSs from diverse
species of bacteria, archaea, and eukaryotes reveals a
number of unique domain architectures. Despite nu-
merous structural studies on aaRSs, several previously
undetected domains could be identified using im-
proved methods of sequence analysis. The exact func-
tions of these domains and the mode of their interac-
tion with the aaRS core remain to be determined by
combination of structural and biochemical analyses.
Some of the distinct domain arrangements appear to
be synapomorphies, that is, they define monophyletic
groups within a given aaRS specificity.

Combined with traditional phylogenetic trees,
analysis of these synapomorphies suggests relatively
simple evolutionary scenarios for most of the aaRSs. All
these scenarios are based on the standard model of
evolution for the translation system, which postulates
an original radiation of bacteria and the common an-
cestor of archaea and eukaryotes. This standard model
is compatible with the results of the phylogenetic
analysis of aaRSs, both qualitatively—at the level of
synapomorphies—and quantitatively—in terms of the
statistically supported topology of phylogenetic trees.
However, alternative models for the relationships be-
tween bacteria, archaea, and eukaryotes cannot be
ruled out if a major, systematic increase in the evolu-
tionary rates at the base of the bacterial subtrees is pos-
tulated.

Regardless of the exact model of relationships be-
tween bacteria, archaea, and eukaryotes, phylogenetic
analysis makes it clear that evolution of aaRSs involved
a variety of horizontal gene transfers. The principal
types of such events are transfer of eukaryotic aaRS
genes into bacteria, resulting in the displacement of
the respective ancestral bacterial genes, and displace-
ment of original eukaryotic genes by mitochondrial
genes transferred to the nuclear genome. Instances of
likely horizontal transfer of aaRS genes from archaea to
bacteria also were detected but are less common. There

were no clear indications of horizontal transfer of aaRS
genes from bacteria to archaea, although two likely
cases of a eukaryotic gene being acquired by an ar-
chaeon were detected. In addition, for several aaRSs,
there were strong indications of gene transfer between
major bacterial lineages, and it appears that other
events of this type might be obscured by the star to-
pology of the bacterial trees.

The influx of eukaryotic aaRS genes into the bac-
terial world has been nonrandom. The fraction of
transferred eukaryotic genes is the greatest in bacterial
groups that consist predominantly or exclusively of
parasites or symbionts, particularly the spirochaetes.
Thus, horizontal gene transfer seems to have been a
major force in the evolution of aaRSs, but some routes
have been strongly favored, (e.g. from eukaryotes to
spirochaetes), whereas others might have been (nearly)
prohibited (from bacteria to archaea). Further genome
sequencing, for example, of nonthermophilic and par-
ticularly symbiotic archaea, should be revealing in
terms of the nature of these preferences and restric-
tions. It hopefully will become clear which of them
simply correlate with the intensity of contact between
two particular taxa and which stem from intrinsic fea-
tures of the translation system, such as compatibility
(or lack thereof) between aaRSs and the cognate tRNAs.

METHODS

Databases and the aaRS Sequence Set

The databases used in this study were the nonredundant da-
tabase (NR) at the NCBI (NIH, Bethesda, MD) and a collection
of aaRS sequences from completely sequenced genomes. The
latter were initially extracted from the Genomes division of
the Entrez system (http://www.ncbi.nlm.nih.gov/Entrez/
Genome/org.html) using the available genome annotation.
Additionally, all the protein sequences from complete ge-
nomes were searched (see below) using the E. coli aaRS se-
quences as queries, to detect any aaRS homologs that might
have been misannotated. The aaRS sequence set used in this
analysis included the entire complement of aaRSs from 12
complete bacterial genomes (E. coli, H. influenzae, Helicobacter
pylori, M. genitalium, M. pneumoniae, Bacillus subtilis, Chla-
mydia trachomatis, B. burgdorferi, T. pallidum, Mycobacterium
tuberculosis, Synechocystis sp., Aquifex aeolicus), four archaeal
genomes (M. jannaschii, M. thermoautotrophicum, Archaeoglo-
bus fulgidus, P. horikoshii), and one eukaryotic genome, that of
the yeast Saccharomyces cerevisiae; in addition, all the available
aaRS sequences from crenarchaeota (four from S. solfataricus
and one from Cenarchaeum symbiosum) were included. An at-
tempt to use the full aaRS complement from the other eukary-
otic genome that recently has been (nearly) completed, that
of the nematode Caenorhabditis elegans (The C. elegans Se-
quencing Consortium 1998), was unsuccessful because sev-
eral nematode aaRSs were found to miss large regions con-
served in other species, apparently as a result of exon misas-
sembly. Therefore, human aaRS sequences were included in
the set for the analysis whenever available; otherwise, the
sequences from C. elegans, Arabidopsis thaliana, or Drosophila
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melanogaster were used as the second representative of the
eukaryotes.

Sequence Alignment and Database Searches

Multiple alignments of the aaRS sequences were initially con-
structed using the progressive alignment program ALITRE
(Seledtsov et al. 1995). The alignments were then manually
adjusted on the basis of the results of iterative PSI-BLAST
searches (Altschul et al. 1997; see below) and the boundaries
of domains and secondary structure elements that were ex-
tracted from the aaR$ structures present in the Protein Data
Bank (PDB) (Bernstein et al. 1977). All the sequences of aaRS
domains other than the class I and class II cores were cut out
of the alignments and used as queries for iterative database
search with the PSI-BLAST program (Altschul et al. 1997;
Altschul and Koonin 1998). Briefly, this program constructs a
position-dependent weight matrix (profile) from multiple
alignments of BLAST hits that have an associated expectation
value (e-value) above a certain cutoff and iterates the database
search using this evolving profile as the new query. The sta-
tistical significance of the PSI-BLAST hits is assessed on the
basis of the extreme value distribution statistics that origi-
nally had been developed by Karlin and Altschul for local
alignments without gaps (Karlin and Altschul 1990; Karlin et
al. 1991) and subsequently modified for gapped alignments
(Altschul and Gish 1996; Altschul et al. 1997). There is no
analytical proof of the applicability of the Karlin-Altschul sta-
tistics for searches using profiles as queries, but extensive
computer simulations have shown a near-perfect fit of the
score distribution obtained in such searches to the extreme
value distribution. Accordingly, e-values reported by PSI-
BLAST for each retrieved sequence in the iteration when its
alignment with the query scores above the cutoff for the first
time appear to be accurate estimates of the statistical signifi-
cance; once a sequence is included in the profile, e-values
reported for it (and its closely related homologs) at subse-
quent iterations become inflated and do not accurately rep-
resent the statistical significance (Altschul et al. 1997;
Altschul and Koonin 1998). In this analysis, only e-values re-
corded for the first appearance of the given sequence above
the cutoff were used to assess the statistical significance of
database hits. Normally, the PSI-BLAST program was run to
convergence, with the e-value of 0.01 used as the cutoff. The
searches were normally run without filtering for regions of
low compositional complexity, to avoid loss of information.
However, in cases when apparent false positives caused by low
complexity were noticed upon examination of the search re-
sults, these regions in the query sequence were masked using
the SEG program with appropriately chosen parameters
(Wootton 1994; Wootton and Federhen 1996).

Phylogenetic Trees

For the purpose of phylogenetic tree construction, large in-
serts and ambiguously aligned regions were removed from the
aaR$ alignments. Phylogenetic trees were constructed using
the PHYLIP package programs (Felsenstein 1996). First, 1000
bootstrap replications were obtained from each alignment us-
ing the SEQBOOT program. Distance matrices were computed
using the PROTDIST program with the “Dayhoff PAM dis-
tance” option. Each set of 1000 distance matrices was ana-
lyzed using the Fitch-Margoliash (Fitch and Margoliash 1967;
FITCH program) and neighbor-joining (Saitou and Nei 1987;
NEIGHBOR program) tree-building methods. Consensus trees
and bootstrap support for each method were separately com-
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puted using the CONSENSE program. A global consensus to-
pology was manually derived by collapsing internal branches
that resulted in different branching orders in the trees pro-
duced by the Fitch-Margoliash and neighbor-joining meth-
ods. Nodes that were strongly supported by bootstrap analysis
(>70%) under both of these methods were considered reliable.
Branch lengths for the derived consensus topology were com-
puted using the Fitch-Margoliash method (FITCH program).

The most likely root position in the consensus trees was
determined using a least-squares modification of the mid-
point rooting procedure (N.V. Grishin, unpubl.). Let us con-
sider an unrooted tree with 7 leaves S;. The point A on the tree
for which

n 1 n 2
M(A)= D) (d(A, S) -~ > dA, s,)> = min,
i=1 j=1

in which d (4, §) is the length of the path over the tree
branches from point A to a leaf S, approximates the root
position under the relaxed molecular clock assumption. Un-
der the “precise molecular clock” and no errors in tree branch
lengths, the path lengths from the root to each leaf are equal.
Hence, M (A) is zero if A is the root. When branch lengths are
known with random errors resulting from finite lengths of
sequences used for distance estimation, as they are in any real
example, M (A) is greater than zero if A is the root but is
expected to be small. In this case, the point A which mini-
mizes M (A) is a least-squares root estimate. Alternatively, let
“molecular clock” be “relaxed” to some extent. Then, the
lengths of the paths from the leaves to the root are not equal.
Each path length can be treated as a sum of a “true” path
length, which is the same for all leaves, and a “random” com-
ponent, namely, a random variable with a zero mean. If the
variance of this random variable is sufficiently small, these
deviations from the “clock” can be treated as random errors,
and the total error of a branch length results from both the
finite sequence lengths and the “relaxation” of the molecular
clock. Thus, the point A that minimizes M (A) is again a least-
squares estimate of the root.

This method is related to the midpoint rooting, which
places the root in the middle of the longest path between two
leaves. The least-squares version is, however, more efficient
because it uses information about all the sequences in the tree
and not only about the most divergent pair as does the clas-
sical midpoint rooting. As a result, the least squares method is
less sensitive to “outliers”, that is, the longest terminal
branches that are the result of molecular clock violation. The
performance of the method improves with the increase of the
number of leaves in the tree, which is equivalent to the in-
crease of the statistical sample for estimation. However, it
should be kept in mind, that if the leaves in a tree cannot be
treated as a random sample in the sense of their distance from
the root, or the variance of the random component is too large,
the root will not be placed correctly. To our knowledge, no other
method, except rooting by a paralog, works in these situations.

Clustering of proteins by sequence similarity was per-
formed using the GROUPER program of the SEALS package
(Walker and Koonin 1997) that uses a single-linkage cluster-
ing procedure; a series of cutoff values (in terms of alignment
score) was used to select the value that partitioned the given
protein set into two subsets. The results of the modified mid-
point rooting (MMPR) and the clustering results were used to
infer the root position, in conjunction with the analysis of
likely synapomorphies—shared derived features of domain ar-
chitecture (see Results and Discussion).
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Other Procedures

Protein secondary structure prediction was carried out using
the PHD program, with multiple sequence alignments used as
the input (Rost and Sander 1994). Nonglobular protein do-
mains were predicted using the SEG program with the set of
parameters optimized for this task (window length, 45; trigger
complexity, 3.4; extension complexity, 3.75) (Wootton 1994;
Wootton and Federhen 1996). Coiled-coil domains were pre-
dicted using the COILS2 program (Lupas 1996). PDB files were
viewed and manipulated using the Insightll program (Bio-
sym). Sequence retrieval and large-scale analysis were handled
with the programs of the SEALS package (Walker and Koonin
1997).
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NOTE ADDED IN PROOF

While this manuscript was being processed for publication,
the crystal structure of the threonyl-tRNA synthetase-tRNA
(Thr) complex from E. coli was published [Sankaranarayanan,
R., A.C. Dock-Bregeon, P. Romby, ]. Caillet, M. Springer, B.
Rees, C. Ehresmann, B. Ehresmann, and D. Moras. 1999. The
structure of threonyl-tRNA synthetase-tRNA (Thr) complex
enlightens its repressor activity and reveals an essential zinc
ion in the active site. Cell 97: 371-381]. This provides the
prototype structures for the TGS domain and the HxxxH do-
main defined here. Sankaranarayanan and coworkers show
that the HxxxH (the N2 domain in their notation) makes
minor groove contacts with the tRNA acceptor stem and also
notice the presence of a counterpart of this domain in AlaRS.
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