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The evolutionary origin of the family of eukaryotic aminoacyl-tRNA syn-
thetases that are essential to all living organisms is a matter of debate. In
order to shed molecular light on the ancient source of arginyl-tRNA syn-
thetase, a total of 1347 eukaryotic arginyl-tRNA synthetase sequences were
mined from databases and analyzed. Their multiple sequence alignment
reveals a signature sequence that is characteristic of the nuclear-encoded
enzyme, which is imported into mitochondria. Using this molecular beacon,
the origins of this gene can be traced to modern prokaryotes. In this way, a
previous phylogenetic analysis linking Myxococcus to the emergence of the
eukaryotic mitochondrial arginyl-tRNA synthetase is supported by the unique
existence of the molecular signature within the suborder Cystobacterineae
that includes Myxococcus.
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Aminoacyl-tRNA synthetases are ancient enzymes that
are essential to all forms of life. Arginyl-tRNA syn-
thetase is present in all organisms [1] and is responsi-
ble for joining L-Arg to its cognate tRNA in the first
step of protein synthesis [2], as well as, paradoxically,
in the first step of the N-end rule proteasomal degra-
dation [3].It is a member of the class I aminoacyl-
tRNA synthetase family that possess a Rossmann fold
(typified by HIGH and KMSK motifs). These motifs
constitute a portion of the catalytic site in three
dimensions and play an important role in catalysis.
Uniquely, among all class I enyzmes, the majority of
arginyl-tRNA synthetase species lack the typical
KMSK sequence. Thus, the mechanism by which the
catalytic reaction is achieved differs from other class I
enzymes [4]. The crystal structure of the yeast arginyl-
tRNA synthetase complexed with its cognate tRNA

Abbreviation

[5] revealed details of the significance of the character-
istic motifs in their interaction with the tRNA in this
organism. According to Woese, ‘In its evolutionary
profile, ArgRS is arguably the most complex of all the
aminoacyl-tRNA synthetases....” [6]. To assist in shed-
ding some light on this complexity within the eukary-
otic kingdom, a comprehensive collection of 1347
arginyl-tRNA synthetase amino acid sequences has
been compiled, while being aware that this constitutes
a snap-shot of the eukaryotic data sets available up to
the first half of 2018. The evolutionary history of
prokaryotic aminoacyl-tRNA synthetases has been
explored recently [7]. Evolutionary aspects covering a
single member of the eukaryotic aminoacyl-tRNA
synthetase family have not been described.

One aspect of the evolutionary complexity is the fact
that with the appearance of mitochondria, two distinct

Cyto, cytoplasmic; Mito, mitochondrial; TSA, transcriptome shotgun assembly.
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Mitochondrial arginyl-tRNA synthetase evolution

forms of arginyl-tRNA synthetase have emerged. One
is the nuclear-encoded gene that is responsible for the
cytoplasmic (Cyto) translation, whereas the nuclear-
encoded, so-called mitochondrial (Mito) gene that
migrated from the ancient symbiont produces an
enzyme which is transported to the mitochondria to
participate in mitochondrial protein synthesis. The
functionality of the enzyme has been retained through
evolution and one might expect that domains essential
for its activity have been strongly conserved.

With the possibility of extracting and comparing
numerous  eukaryotic  arginyl-tRNA  synthetase
sequences from the database, it was of interest to
investigate whether traces of the ancient Mito gene
product, as identified by a distinct sequence motif,
could be detected in the modern prokaryotic super-
kingdoms. This notion appeared likely, particularly in
the case of metazoans whose Mito arginyl-tRNA syn-
thetase have had to coevolve with the structurally
atypical tRNAs encoded by the Mito genome [8].

Materials and methods

Arginyl-tRNA synthetase sequences were obtained by
online TBLASTN searches of the NCBI transcriptome
(TSA), EST, and WGS databases of the appropriate class
of organisms using the default search parameters. Addi-
tional sequences could be recovered from specialized
resources such as http://medicinalplantgenomics.msu.edu/
and https://eupathdb.org/eupathdb/. TSA and EST hits
were translated directly [9]. WGS hits that included intro-
nic regions were transferred to FGENESH+ [10] and
scanned for protein similarity using the corresponding or
closely related organism-specific gene-finding parameters.
In some instances, after inspection of the prediction, pre-
existing gene annotations were ignored to obtain more
obviously acceptable alignments. Multiple protein align-
ments were performed online using MUSCLE [11] using
default parameters, and the CLUSTALW outputs were
transferred for visualization and to obtain consensus
sequences to GENEDOCV2.7 [12], and stored as FASTA
alignments [13].

Results and Discussion

Cytoplasmic versus Mitochondrial Arginyl-tRNA
Synthetase

In arginyl-tRNA synthetase, the so-called KMSK
region is an essential component of the catalytic site
and is involved in the stabilization of the transition
state of the amino acid activation reaction. In the
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Saccharomyces cerevisiae and S. pombe diverged from
the 15 other species (both prokaryotes and eukaryotes)
in having a pentapeptide deletion. The gene for the
ancient Mito form has, in all eukaryotes, migrated to
the nucleus where it has either replaced the Cyto form
or it coexists with its Cyto version. A nuclear gene
replacement and duplication of the Mito form of argi-
nyl-tRNA synthetase had previously been shown to
have taken place in S. cerevisiae [14]. It was, therefore,
of interest to investigate whether the pentapeptide
deletion in yeasts could provide a Mito footprint that
had been retained through evolution and that could be
traced to a prokaryotic precursor. A previous compila-
tion of 138 sequences (last updated in 2003) (http://
rose.man.poznan.pl/aars/seq_main.html) was of little
help as it contained data for just four higher eukary-
otes.

Eukaryotic genomic and TSA databases were
screened using TBLASTN and a probe that had been
established as being either a Cyto or a Mito arginyl-
tRNA synthetase sequence. This generated a total of
1347 derived protein sequences corresponding to 855
Cyto and 492 Mito [13] arginyl-tRNA synthetases.
Eukaryotes were divided into Embryophyta, Metazoa,
Non-Metazoa, and Fungi and to reduce the complex-
ity of the sequence alignment a further subdivision
of Metazoa into Chordata, Arthropoda, and Other
Metazoa was undertaken.

Despite the evolutionary diversity of eukaryotes
ranging from Chordata over Protists to Fungi, an
alignment of hundreds of arginyl-tRNA synthetase
sequences [13] and comparison of the resulting consen-
sus sequences has revealed the existence of a robust
sequence element [M(k/s)TR] (Fig. 1) in the KMSK
domain of the protein that, together with a preceding
pentapeptide deletion (referred to as 5AMSTR), is
characteristically and uniquely present in all Mito
forms and was then used to follow its evolutionary
appearance.

Similarly, but not quite as obviously conserved in
the N-terminal region is a domain associated mainly
with the enzyme of Cyto origin (Fig. 2). This is
located N-terminal to the classic HIGH motif and,
within the frequently highly dissimilar N-terminal
region of the protein, marks the first significant patch
of conserved amino acids.

This motif, which extends to chordate Mito
sequences, has been described previously [7] but its
functionality remains obscure, in particular since the
GDYQ region is not present in the yeast enzyme and
has evaded crystallization in the only higher eukaryote

alignment of the functionally conserved KMSK structure known to date [15]. The motif QCNNAM
domain [4], it was noted that this region in  may be involved in RNA interaction as it appears in
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HvGFGLVLGXDGKRFRtRxxevVrL
HagFGVVLGEDKKKFKTRSGXTVRL
hxxFGVVLGeDXKKFKTRSGATvXL
hxxFGXVLGeDXKKfKtRsGrtxxL
HxxXFGXVxgxxgKxxx tRxGxLxxL

Embryophyta (149 Sequences)
Chordata Cyto (205 Sequences)
Arthropoda Cyto (158 Sequences)
Other Metazoa Cyto (152 Sequences)
Non-Metazoa Cyto (191 Sequences

Chordata Mito (128 Sequences) HVXFGXVQG----- MKTRXGXVXFL
Arthropoda Mito (202 Sequences) HXXFGrxxG----- MstRxGxxxfL
Other Metazoa Mito (72 Sequences) HxxfGrxxg----- XstRXGXXXXX
Non-Metazoa Mito (27 Sequences) HXXXGXXXg-—-——-— mStRxCxvxfL
Saccharomyces cerevisiae Cyto HVNFGMVQG----- MSTRRKGTVVFL
Saccharomyces cerevisiae Mito HINFGMVQG----- MSTRKGNVVFL
Fungi (63 Sequences) HxxfGxvxg----- MSTRRKGTVVEL
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Fig. 1. Alignment of consensus sequences covering the KMSK region of arginyl-tRNA synthetases from different groups of organisms and
their comparison to Saccharomyces cerevisiae and fungi, in general. Upper case letters indicate 100% conservation within the original group
of organisms. Lower case letters correspond to > 80% conservation within the original group of organisms. x denotes < 80% conservation.
Gaps introduced for optimal alignment are shown by a hyphen. Red letters show 100% identity within this alignment, green marks 80-99%
identity within this alignment, blue and black signify 50-80% and < 50% identity, respectively. Cyto, cytoplasmic; Mito, mitochondrial. The
numbering within the yeast cytoplasmic sequence is given. Consensus sequences were obtained from multiple sequence alignment [13].

Embryophyta (149 Sequences) :xfgDYOCNNAMx1
Chordata Cyto (205 Sequences) :KFGDYQOCNSAMxi
Arthropoda Cyto (158 Sequences) :kxxDYQOcNxamxx
Other Metazoa Cyto (152 Sequences) :xxxDyQJcnxaxxx
Non-Metazoa Cyto (191 Sequences) : xxxdfygxxxaxxx

Chordata Mito (128 Sequences) :x-ADFglsxx-sx

Arthropoda Mito (202 Sequences) I XXXXXXXXXXXXX
Other Metazoa Mito (72 Sequences) I XXXXXKXXXXXKXKXX
Non-Metazoa Mito (27 Sequences) I XXXXXXXXXXKXXX
Fungi (63 Sequences) I XXXXXXXXXXXXX

Fig. 2. Alignment of consensus sequences covering the GDYQ region of arginyltRNA synthetases from different groups of organisms and
their comparison to fungi. Upper case letters indicate 100% conservation within the original group of organisms. Lower case letters
correspond to 80-99% conservation within the original group of organisms. x denotes < 80% conservation. Blue marks > 60% identity
within this alignment (using F/Y equivalence), with italics highlighting the weak cytoplasmic footprint. Cyto, cytoplasmic; Mito, mitochondrial.

Consensus sequences were obtained from multiple sequence alignment [13].

numerous RNases (e.g., XP_002931285, XP_
007537145, XP_006731454, XP_008561618, etc.).

Although this feature is only a rough guide to a
Cyto characteristic, the pentapeptide insert and the
KFKTR-like motif that makes up the KMSK domain
within the C-terminal region is conserved in the Cyto
enzymes. Using a combination of these footprints, it
was possible to assign each of the sequences in the col-
lection to either a Mito or to a Cyto origin irrespective
of the existence of a database annotation.

In the case of fungi, alignment of the derived protein
sequences [13] revealed that the majority of species
within this kingdom only possess Mito-like arginyl-
tRNA synthetases (as in S. cerevisiae). Despite the loss
of mitochondria in Microsporidia, the ancient Mito
gene has replaced the Cyto version, as was observed
for amitochondrial Entamoeba [13]. Remarkably, some
exceptions, within different phyla, were detected.

These, apparently atypical occurrences, were subjected
to a closer inspection. For example, the sequence from
Termitomyces sp. (Basidiomycota) that exists in sym-
biosis with termites, on BLAST analysis gives hits with
85% identity with the Cyto arginyl-tRNA synthetase
of the termites Cryptotermes secundus (XM_023852624)
and Zootermopsis nevadensis (XM_022069742). This
may, therefore, be considered to be a result of sample
contamination [16] or, intriguingly, of horizontal gene
transfer. Similar arguments may be applied to the
apparent Cyto-like sequences extracted for Schizophyl-
lum commune from rotting wood, the fungus Craterel-
lus lutescens that exists as a symbiont with trees, and
the obligate plant pathogen Puccinia arachidis. On the
other hand, Microbotryum 1is a parasite of the
Caryophyllaceae plant family but the Microbotryum
(Cyto-like) sequence does not share a high similarity
(31%) with the typical host Silene latifolia

FEBS Letters 594 (2020) 951-957 © 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 953

Federation of European Biochemical Societies



Mitochondrial arginyl-tRNA synthetase evolution

S.cerevisiae_cyto
Bacteria (86 sequences)
MetazoaCyto (500 sequences)
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: GDFLEKVEANGP-FIQFFFNPQFLAKL
: XXXXXXEXA-GP-FINXXLXxXXLXXX
: XEXXXXXTA-GPGEF INXXLXKXEFVXXX

MetazoaMito (400 seqguences) : XXXXXXXLXXXX—-—--—-— KAXXXXKXKXKXX

©0 -
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Fig. 3. Alignment of consensus sequences covering the AGPGFIN region of arginyl-tRNA synthetases from various groups of organisms and
their comparison to the cytoplasmic S. cerevisiae protein. Capital letters in the consensus sequences denote > 60% identity within the
original multiple sequence alignments [13]. Green letters denote 75% identity within this alignment. Gaps (-) have been introduced to
optimize the alignment. Cyto, cytoplasmic; Mito, mitochondrial. Numbering is that of the yeast enzyme.

(FMHPO01018389). Although Zoopagomycota appear
to encode two types of Mito arginyl-tRNA synthetase,
the sequence Entomophthora muscae2 has Cyto charac-
teristics. The sequence originated from a TSA database
and there is no corresponding genomic sequence. This
species is parasitic on flies and shares an 88% identity
with the Cyto sequence of the flesh fly, Sar-
cophaga peregrine (GGEP01011577). It is, then, likely
that in the fungal kingdom the ancient Cyto arginyl-
tRNA synthetase gene has been replaced by the Mito
counterpart, either as a duplicate or to encode a
dual-targeted protein. Recovery of the Cyto gene by
horizontal transfer into symbiotic or parasitic fungal
species cannot be excluded on the basis of the available
data.

In certain other instances, the loss or retention of
the Cyto enzyme can be related to the structure of the
tRNA that is to be recognized by the arginyl-tRNA
synthetase. Cyto and Mito aminoacyl-tRNA syn-
thetases frequently recognize distinct identity elements
within their cognate tRNAs. This prevents hetero-or-
ganellar aminoacylation [17]. In the case of arginyl-
tRNA synthetase, the enzyme from Escherichia coli
requires nucleotide A20 as a major identity element in
tRNA and is unable to arginylate the corresponding
yeast tRNA that possesses C20 [18], although the yeast
enzyme recognizes the bacterial tRNA. Extrapolating
this observation to the Cyto / Mito system, it is well-
established that the Cyto arginyl-tRNA synthetase in
mammals and plants relies on the presence of A20
[19,20]. Conversely, Coleopteran Mito tRNAA™ Jacks
a canonical A20 base and is not aminoacylated by the
(Cyto-like) E. coli enzyme [21].

Matching identity element evolution to recognition
by the aminoacyl-tRNA synthetase requires a coevolu-
tion of the macromolecular partners [22-25]. In the
case of nonmetazoans, if one excludes questionable
sequences, Mito enzymes are found in just 6 phyla/
classes. Of these, only Amoebozoa are non-Opistho-
konts and possess both Cyto and Mito forms of the
enzyme. An examination of the encoded arginyl-tRNA
synthetase shows that Dictyostelium possesses a yeast-

like Mito arginyl-tRNA synthetase with a SAMSTR
deletion. In this organism, Mito tRNAyca has U20
which would not be recognized by a Cyto enzyme. In
contrast, the Cyto tRNAﬁngU and tRNAQEgG have A20,
the essential identity element for the Cyto form of the
enzyme.

A correlation between the nature of the MSTR resi-
dues and N20 recognition is unlikely. At a structural
level, C20 in yeast tRNA does not interact with the
MSTR residues of the yeast enzyme (of Mito origin) but
with NjoeF109Q111 [5], although this interaction is unim-
portant for catalysis [26]. Indeed, the ‘AGPFIN’ motif
that contains this tRNA binding domain is, in general,
well-conserved in bacterial and metazoan Cyto arginyl-
tRNA synthetase (Fig. 3). A notable metazoan excep-
tion is seen in the two available Echinodermata species
in which the apparently unrelated VEX/xGVLY
sequence is found [13]. On the other hand, in the consen-
sus sequence generated from the aligned metazoan Mito
sequences no such tRNA binding motif is recognizable
in a highly heterogeneous region of the protein. This is
consistent with the reduction of metazoan tRNA”™
structure to a noncanonical form [8] with frequent
truncation or loss of the nucleotide 20-containing D
stem-loop.

Monosiga brevicollis and Salpingoeca rosetta are the
only Choanozoans (family Salpingoecidae), to date,
for which both Cyto and Mito arginyl-tRNA syn-
thetases have been detected. The Monosiga Cyto
sequence is included in the compilation [13], whereas
an incomplete Salpingoeca Cyto sequence with a clear-
cut GDYQ-like motif can be recovered from the WGS
database (ACSY01002895). The Mito sequences are
characterized by the missing GDYQ-like domain and
the typical SAMSTR-like feature. It is unlikely to be
coincidental that the tRNAﬁngU and tRNAﬁngG encoded
in the Mito genome possess a yeast (Mito)-like U20,
to which the Mito enzyme is insensitive [26], whereas
the nuclear-encoded tRNA,cg has an A20 that is an
essential identity element for recognition by the Cyto
arginyl-tRNA synthetase [27]. It is notable that Mono-
siga and Salpingoeca are the only ones in a collection
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Alphaproteobacteria (16 Sequences); XXXXXXXXKXXKXXXKXXXHXK-XKXXKXXKXLXXX
Alphaproteobacteria without

Rickettssiales (12 Sequences) ;
Rickettsiales (4 Sequences) ;
Betaproteobacteria (13 Sequences) ;
Chlamydia (8 Sequences) ;
Cyanobacteria (16 Sequences);
Deltaproteobacteria(l2 Sequences) ;
Deltaproteobacteria without

Cystobacterineae (7 Sequences) ;
Cystobacterineae (5 Sequences);
Gammaproteobacteria (8 Sequences) ;

Fig. 4. Alignment of consensus
sequences covering the KMSK (A) and
GDYQ regions (B) of arginyl-tRNA
synthetases from different classes of
prokaryotes (of those that provided more
than three sequences). Upper case letters
indicate 100% conservation within the
original group of organisms. Lower case
letters correspond to > 80% conservation
within the original group of organisms. x
denotes < 80% conservation. Green

[~ Alphaprotecbacteria (16 Sequences);
Alphaproteobacteria without
Rickettsiales (12 Sequences) ;

Hxx fxGTxxGXDGKPFKTRx-Ggx-xxXLxDL
hxxVNFxeNGxpvK-MSKRx-GxF-1txxD
HvgFG-xMmGxDgKPFKTRs-GgTVK-Lxx1
HVvpFGLVX1xxXXGkKExTRs-Gxxxx—Lxx]
HVPFG-xVxXGEDGKKxKTRs-GCxTvr—-LdLI
HXXFG-XXXgxXXXXXXTRXXXIRVIXLXXX

Hxxfg-xvxxxxxkxxxtRxxxGxxxx1xx]

HvxEFG-RxHG----- MSTRK-GxVVxLxdVI
HxxFCxx1lxtxxGkklsTRk-Cxxxx-Lrxx

XXXXXXNXaAXKXX

XXXXOXNGaxxx

. . o . Rickettsiales (4 Sequences) ; hGDxytNXAXXX

_959 -
n?arks 80 985|/° Identltly v:thm _tfh|s % Betaproteobacteria (13 Sequences); FGDYOQaNGVMxA
a Ignmenz. - ue gnd blac Sl_gm y 50-80% Chlamydia (8 Sequences); fChygxnxAmkL
and < 50% identity, respectively. Gaps (- Cyanobacteria (16 Sequences); FGDYOxNxAxxL

have been introduced to optimize the
alignment. The 5AMSTR domain in (A) is
given in bold. Alphaproteobacteria and
Deltaproteobacteria with their suborders
are bracketed.

of 12 Choanozoans that also have two distinct genes
for the essential tRNA-modifying ‘CCA-enzyme’
(CCA tRNA nucleotidyltransferase) [28].

Cryptomycota, of which there are only two represen-
tatives in this compilation, possess exclusively the Mito
enzyme and are, therefore, closer to other members of
fungi where the Cyto gene has been replaced by the
ancient Mito gene (see above). Paramicrosporidium
Mito tRNASE, and tRNAYE, (MTSL01000001) have
U20 which can be recognized by the Mito enzyme.
Rozella has no mitochondrion-encoded tRNA”™ and
would need to import the Mito-like enzyme and its cog-
nate tRNA from the cytoplasm.

The existence of the Mito tRNA”™ gene, therefore,
demands the evolutionary retention of an arginyl-
tRNA synthetase that is not dependent on the A20
identity element. On the other hand, replacement of
the Cyto by the Mito arginyl-tRNA synthetase permits
a relaxation of the evolutionary pressure to maintain
the crucial A20 element.

Molecular evidence and the evolutionary history
of the eukaryotic mitochondrial arginyl-tRNA
synthetase

Compilation and phylogenetic analysis of prokaryotic
aminoacyl-tRNA  synthetases is  well-established
[6,7,29,30]. However, to complete the comparison and
to approach further the origin of the Mito gene, 83

B Deltaproteobacteria (12 Sequences);
Deltaproteobacteria without
Cystobacterineae (7 Sequences);

| Cystobacterineae (5 Sequences);
Gammaproteobacter (8 Sequences);

XxDXXRXXRKX]

XxDXXXXXaXXX
HGDxSFxTFPLA
xGDhxafpxafxl

arginyl-tRNA synthetase sequences from a selection of
bacteria (11 phyla or classes) were assembled [13] fol-
lowing a BLAST search with the Mito Homo sapiens
sequence as a probe.

Alignment of the selected derived protein sequences
[13] reveals that several of the Deltaproteobacteria (in-
cluding multiple Myxococcus species) possess the char-
acteristic Mito-like pentapeptide deletion followed by
MSTR. A more detailed examination dividing the class
into suborders shows that species from both major
families within the suborder Cystobacterineae and
from all five genera within the Myxococcaceae family
have the Mito feature (Fig. 4). The characteristic Mito
SAMSTR segment is lacking in all other prokaryotic
classes.

However, two species within Cystobacterineae
appeared to form an exception. Despite BLAST hits
on more than 20 different Corallococcus isolates that
confirm the Mito signature, the N-terminally incom-
plete sequence from Corallococcus sp. CAG:1435 (from
the human gut metagenome) (CBAX010000090) pos-
sesses the Cyto pentapeptide insert. Similarly, the gen-
ome from five different Myxococcus strains reveal the
presence of the Mito-like arginyl-tRNA synthetase,
whereas the genome of Myxococcaceae bacterium iso-
late GW715 (SCUS01000160), belonging to the unclas-
sified Myxococcaceae, encodes the Cyto-like protein
with a recognizable ‘GDYQ’ N-terminal signature.
These two species are also the only examples for which
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a Cyto-like protein was found within the Cystobacter-
ineae when using the H. sapiens Cyto sequence as a
BLAST probe. The other available organisms within
the suborders of the Myxococcales order possess the
Cyto-like sequence elements.

Within the endosymbiont order Rickettsiales, which,
on the one hand, is considered to be related to the
ancestral proto Mito symbiont [31] but, on the other
hand, has been classified as being a special case
because the gene is of archaeal origin [32] there is con-
siderable divergence from the poorly defined Cyto-like
GDYQ region found in other alphaproteobacteria
(Fig 3). The Cyto feature is recognizable in Rick-
ettsiales.

The evolutionary bacterial origin of the Mito argi-
nyl-tRNA synthetase and its appearance in the nuclear
genome has been discussed previously [33,34]. It has
been suggested that transient endosymbioses, distinct
from the Mito one, could also have been the source of
such a gene [32,35]. More specifically a phylogenetic
analysis of all aminoacyl-tRNA synthetases [36] leads
to the proposal of a three-step acquisition of the two
types of arginyl-tRNA synthetase. Firstly, in this
model, eukaryotes acquired the Cyto arginyl-tRNA
synthetase of Chlamydiae. Secondly, the common
ancestor of Fungi, Amoebozoa, and Metazoa acquired
arginyl-tRNA synthetase from Myxococcus as the
Mito arginyl-tRNA synthetase, and thirdly, Cyto argi-
nyl-tRNA synthetase of Fungi and Amoebozoa was
replaced by Mito ones. According to the analysis pre-
sented here, although the Cyto form has been replaced
by the Mito form in the amitochondrial Entamoeba
[13], other Amoebozoans possess both forms of the
enzyme. Consequently, a complete substitution of the
ancient Cyto enzyme by the Mito enzyme is, so far,
only evident in fungi. Furthermore, the molecular evi-
dence provided by the multiple alignments given above
does not necessarily confirm Chlamydiae as being the
source of the Cyto enzyme. The Cyto GDYQ- and
KFKTR- Cyto signatures are clearly recognizable in
Cyanobacteria or Betaproteobacteria, as well as in
Chlamydia whose proximity to the Cyto arginyl-tRNA
synthetase has been noted previously [37]. However,
the acquisition by Fungi, Amoebozoa, and Metazoa of
the gene from Myxococcus (or a member of its subor-
der) to act as the Mito counterpart is well-supported
at molecular level by the tell-tale SAMSTR footprint.

In summary, the phylogenetic analysis linking Myx-
ococcus to the emergence of the eukaryotic Mito argi-
nyl-tRNA synthetase [36] has been confirmed here
directly by the molecular signature within the suborder
Cystobacterineae that distinguishes the eukaryotic
Cyto and Mito forms of the enzyme.

G. L. Igloi
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