
On the evolution of the tRNA-dependent amidotransferases,
GatCAB and GatDE

Kelly Sheppard+ and Dieter Söll+,$

+Departments of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520–8114, USA

$Department of Chemistry, Yale University, New Haven, CT 06520–8114, USA

Summary
Glutaminyl-tRNA synthetase and asparaginyl-tRNA synthetase evolved from glutamyl-tRNA
synthetase and aspartyl-tRNA synthetase, respectively, after the split in the last universal communal
ancestor (LUCA). Glutaminyl-tRNAGln and asparaginyl-tRNAAsn were likely formed in LUCA by
amidation of the mischarged species, glutamyl-tRNAGln and aspartyl-tRNAAsn, by tRNA-dependent
amidotransferases as is still the case in most bacteria and all known archaea. The amidotransferase
GatCAB is found in both domains of life while the heterodimeric amidotransferase, GatDE, is found
only in Archaea. The GatB and GatE subunits belong to a unique protein family with Pet112 that is
encoded in the nuclear genomes of numerous eukaryotes. GatE was thought to have evolved from
GatB after the emergence of the modern lines of decent. Our phylogenetic analysis though places
the split between GatE and GatB prior to the phylogenetic divide between Bacteria and Archaea and
Pet112 to be of mitochondrial origin. In addition, GatD appears to have emerged prior to the bacterial-
archaeal phylogenetic divide. Thus, while GatDE is an archaeal signature protein it likely was present
in LUCA together with GatCAB. Archaea retained both amidotransferases while Bacteria emerged
with only GatCAB. The presence of GatDE has favored a unique archaeal tRNAGln that may be
preventing acquisition of glutaminyl-tRNA synthetase in Archaea. Archaeal GatCAB on the other
hand has not favored a distinct tRNAAsn suggesting tRNAAsn recognition is not a major barrier to
the retention of asparaginyl-tRNA synthetase in more Archaea.
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Introduction
Aminoacyl-tRNA synthetases (aaRSs) are the enzymes primarily responsible for accurately
pairing an amino acid with its cognate tRNA, a requirement for high fidelity protein synthesis.
1 In most bacteria2 and all known archaea,3 glutaminyl-tRNA synthetase (GlnRS) is absent
and Gln -tRNAGln is formed via an indirect route. These organisms take advantage of an aaRS
with relaxed tRNA specificity non-discriminating glutamyl-tRNA synthetase (ND-GluRS) to
form Glu-tRNAGln.4 The Glu moiety on the tRNAGln is then converted into Gln via an
amidation reaction catalyzed by a glutamyl-tRNAGln amidotransferase (Glu-AdT) in these
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species.5 Similarly, in the many bacteria and archaea that lack AsnRS2, 3, 6 a non-
discriminating aspartyl-tRNA synthetase (ND-AspRS)7 and an aspartyl-tRNAAsn

amidotransferase (Asp-AdT) are used to synthesize Asn-tRNAAsn.8, 9

Two different tRNA-dependent amidotransferases (AdTs) are found in nature, GatCAB10 and
GatDE.3 The latter is an archaeal signature protein11 and acts only as a Glu-AdT.3 GatCAB
is present in most bacteria and archaea.2, 3, 6 In vitro, the bacterial GatCAB can transamidate
both Glu-tRNAGln and Asp-tRNAAsn.2, 12-15 Its role in vivo is determined by which
mischarged tRNA species (Glu-tRNAGln and/or Asp-tRNAAsn) is present.2, 12-14, 16, 17
Archaeal GatCAB is unable to use archaeal Glu-tRNAGln as a substrate (see accompanying
article), is only present in Archaea lacking an AsnRS,3, 6 and is thought to act as an Asp-AdT
in vivo.

Both AdTs catalyze three distinct reactions in order to transamidate their mischarged tRNA
substrates, Glu-tRNAGln and/or Asp-tRNAAsn.18 1) They phosphorylate the γ- or β- carboxyl
group of the Glu or Asp moiety attached to the tRNA in an ATP-dependent manner to form an
activated intermediate.19 This kinase activity is the province of the B and E-subunits of the
respective holoenzymes.20-22 2) The AdTs have a glutaminase subunit (GatA and GatD,
respectively) to liberate ammonia from an amide donor such as Gln or Asn.2, 20, 23, 24 GatD
belongs to the type I L-asparaginase (AnsA) family3, 20, 23 while GatA is an amidase.2, 10,
21, 24 GatC, a small protein of approximately 100 amino acids, is required by GatA for proper
folding10 and binding to GatB.21 3) The AdTs amidate the activated intermediate using the
ammonia liberated by the glutaminase subunit.

In the last universal communal ancestor (LUCA), the diverse community of ancient organisms
that the modern three domains of life are hypothesized to have evolved from,25 it is thought
that the indirect paths for Gln-tRNAGln and Asn-tRNAAsn synthesis were extant since the
specific aaRSs for these amino acids (GlnRS and AsnRS) evolved at a later stage.6, 26-29
Given GatCAB is present in both Archaea and Bacteria while GatDE is archaeal specific, it
was speculated the AdT in LUCA was GatCAB with GatDE evolving later in early archaea.
30 To address this hypothesis and to gain a better understanding of the evolution of the two
AdTs, we examined the phylogenetic relationship between the kinase subunits of the two AdTs
(GatB and GatE). We constructed phylogenetic trees for four additional components of tRNA-
dependent Gln and Asn synthesis: GatA, AnsA and the GatD family, tRNAGln, and
tRNAAsn. This comparative phylogentic approach reveals the co-evolution of the subunits of
GatDE and GatCAB as well as with their tRNA substrates and resolves the evolutionary
connection between the two distantly related AdTs. Our results suggest that although GatDE
is an archaeal signature protein it evolved before the archaeal-bacterial phylogenetic divide
and was present in LUCA.

Results
Ancient divergence between GatB and GatE

GatB and GatE belong to a unique enzyme family that includes Pet112 (Fig. 1).3, 21-23, 31
The latter enzymes are encoded in the nuclear genomes of many eukaryotes.31 In
Saccharomyces cerevisiae, Pet112 is essential for mitochondrial translation.31

Because GatDE is confined to the Archaea, it was assumed GatE arose from a duplication of
either an archaeal GatB or a bacterial GatB that was horizontally transferred to the Archaea.
30 Pet112 on the other hand is predicted to be of mitochondrial origin.31, 32 To ascertain the
evolutionary relationship between GatB, GatE, and Pet112 we calculated their phylogenetic
relationship using a protein sequence alignment of the unique core (cradle and helical domains,
Fig. 1) of the enzymes. Large insertions, which could bias the results, were manually removed
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prior to analysis including the GatE specific insertion domain, which is theorized to enable
GatDE to bind GluRS but not AspRS (see Materials and Methods).22 The GatB sequences
from the Mollicutes were excluded from the final analysis due to the faster evolutionary rates
of these pathogenic organisms to minimize artifacts from long branch attractions.33

Since no other proteins share homology with the unique core of GatE, Pet112 and GatB, an
unrooted phylogeny is presented (Fig. 2). Reciprocal rooting of the tree34 with either the
Sulfolobus solfataricus GatB or the Methanosarcina mazei GatE produces identical trees
demonstrating our result was not an artifact of which sequence served as the starting point for
the phylogenetic analysis. If GatE evolved from GatB after the phylogenetic split of LUCA,
one would expect the phylogenetic pattern to show these enzymes to be specifically related to
a particular GatB branch much like GlnRS enzymes group with the eukaryotic GluRS proteins.
26, 35 Instead, GatEs are highly distinct and separated from the GatBs by a long branch (Fig.
2) suggesting a scenario in which the GatB/GatE split occurred prior to the to phylogenetic
split between Bacteria and Archaea. The same has been predicted for the origins of SepRS
from PheRS.29 Among the GatBs, the split between archaeal and bacterial enzymes is seen
(Fig. 2). In the bacterial GatBs, most of the major taxa grouped in accordance with standard
taxonomy. The association of Clostridia GatBs with the Spirochaetes as opposed to other
Firmicutes suggests horizontal gene transfer (HGT) amongst these bacterial phyla.

GlnRS is absent in chloroplasts and therein Gln-tRNAGln is formed via the indirect route.36,
37 Not surprisingly, the GatBs from Arapadopsis thalina and Oryza sativa clustered with the
Cynanobacteria in agreement with the cynanobacterial origins of the organelle.38 The Pet112
family forms a group with the α-Proteobacteria, with a specific relationship with the
Rickettsia, this result indicates Pet112 is not a component of the nuclear line of decent but is
of mitochondrial origin.39, 40

The function of Pet112, the mitochondrial GatB-like protein, in eukaryotes such as S.
cerevisae is unresolved. Our alignment of Pet112 with GatB and GatE shows conservation of
the kinase active site (Supplemental Fig. 1), which has been characterized in the
Methanothermobacter thermautotrophicus GatE.22 This suggests Pet112 has been retained as
a kinase.

Phylogentic arrangement of archaeal GatB was as expected with two noticeable exceptions
(Fig. 2). Within the main archaeal GatB branch there is a clear divide between the
Euryarchaea and Crenarchaea. The Nanoarchaeum equitans GatB grouped outside of the
main archaeal branch. N. equitans exist in a symbiotic relationship with Ignicoccus
hospitalis.41 Such a result therefore maybe an artifact of long branch attractions caused by the
accelerated rate of evolution in N. equitans. The GatBs from Methanobacteria, Methanocci,
and Methanopyrus also grouped away from the other archaeal GatBs suggesting a possible
faster evolutionary rate in the unique core of these enzymes for reasons unknown (discussed
further below).

The euryarchaeal-crenarchaeal divide is present in archaeal GatEs with one exception. The
Thermoplasmata occupy a basal position in the GatE tree. Interestingly, the organisms have a
discriminating AspRS and do not form Asp-tRNAAsn.6 As a consequence, GatDE in these
organisms do not have to distinguish Glu-tRNAGln from Asp-tRNAAsn. The removal of this
constraint may have allowed these sequences to drift further from the other euryarchaeal GatE
sequences.

The phylogentic analysis based on the GatB/GatE core domain suggested but does not
conclusively show that GatE diverged from GatB before the emergence of the main lines of
decent. The unique core of the GatB/E family lacks a root, as no homologs of the core of the
enzymes are known.3, 21-23 YqeY is the closest known relative of GatB and GatE. It shows
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homology to the tail domain of both subunits.21-23 YqeY is found in a diverse array of bacteria
across multiple phyla but their function remains unknown.42 A YqeY domain appended to the
C-terminus of the Deinococcus radiodurans GlnRS is important for the enzyme to productively
bind to tRNAGln.42 The tail domains in the AdT subunits play a similar role by enabling
specific binding to their tRNA substrates.21, 22

Because YqeY is homologous to but more distantly related to GatB and GatE than they are to
each other, it serves as an ideal outgroup for the tail domain phylogeny. Since, the GatE/GatB
tail domain phylogeny is in general congruent with the phylogeny of the core of the enzymes,
the tail domain is an adequate phylogenetic marker for the entire molecule. Thus, the tail
domain rooting should properly position the root for the GatB/GatE divergence (Fig. 3). The
sequences from the tail domains of GatBs from the Mollicutes, mitochondrial and chloroplast
GatBs, N. equitans GatB and GatE, and the GatE proteins from the Thermoplasmata and
Thermoproteales were excluded from the analysis due to apparent accelerated rates of change
in this short segment of the enzymes. As discussed above, the faster clocks for the N.
equitans and Mollicutes was not unexpected nor is it unusual to see accelerated rates in
organellar proteins.

The Thermoplasmata and Thermoproteales have a discriminating AspRS and use AsnRS and
not GatCAB to form Asn-tRNAAsn. The tail domain of GatE has been proposed as being
important for that discrimination by recognizing bases in the D-loop of tRNAGln.22 The tail
domains of Thermoplasmata and Thermoproteales GatE enzymes lack a GXXAXGX motif
found in other archaeal GatE sequences suggesting the motif may play a role in distinguishing
Glu-tRNAGln from Asp-tRNAAsn by the enzyme (Supplemental Fig. 2). Therefore, the GatDE
enzymes in these organisms do not and likely cannot distinguish Glu-tRNAGln from Asp-
tRNAAsn.

The YqeY sequences placed the root between GatB and GatE (Fig. 3). This suggests that GatE
diverged from GatB in LUCA given the GatB tail domains further split into bacterial and
archaeal lineages. The bacterial branches are not well resolved in the tail domain, and the same
is true of the GatE sequences. On the other hand, standard archaeal phylogeny is observed in
the history of the archaeal GatB tail domain. This may be an indication of the relative
importance the tail domain plays in substrate specificity between the archaeal GatCAB and the
bacterial GatCAB and GatDE. Bacterial GatB and GatE use the cradle domain to recognize
the first base-pair in the acceptor stem. This allows the enzymes to distinguish their mischarged
tRNA substrates from other aa-tRNA species.17, 21, 22 Thus, the bacterial GatB and GatE use
both the tail and cradle domains for tRNA recognition. In the case of the archaeal GatCAB,
the enzyme does not use the first-base pair of the acceptor stem to recognize Asp-tRNAAsn,
17, 43 so the archaeal GatB may rely more on its tail domain for aa-tRNA specificity. The fact
the bacterial GatB tail domain accommodates tRNAGln as well as tRNAAsn may have allowed
for greater drift in this region of bacterial enzymes than is found in their archaeal counterparts,
partially obscuring the phylogenetic signal of this short segment of the enzyme.

Phylogeny of GatD follows that of GatE
In Archaea, GatE associates with the AnsA-like GatD. To determine the evolutionary origin
of GatD we examined the phylogenetic relationship between GatD and related AnsA sequences
from bacteria and archaea. Type II L-aspraginases (AnsB) sequences served to root the tree
(Fig. 4). From the root, two branches diverge, the AnsA subfamily and the GatD subfamily.
The results indicate that GatD has co-evolved with GatE, and GatDE holoenzyme originated
before the phylogentic split of the archaeal and bacterial domains.

For the most part, the phylogeny of the D-subunit tracks with the E-subunit. The main
incongruence between the phylogenies is found in the Thermoplasmata. Unlike the GatE
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phylogeny, the D-subunit from Thermoplasmata grouped as expected with the other
Euryarchaea. We theorize that their GatE no longer needs to distinguish Glu-tRNAGln from
Asp-tRNAAsn as these organisms have a discriminating AspRS (discussed above) and thus
their GatE sequences are freer to drift than the other euryarchaeal GatE sequences. No such
constraints have been lifted for the GatD from the Thermoplasmata as the subunit is the
glutaminase domain of the AdT and does not interact with the tRNA.22

Phylogenies of GatA and GatB are congruent
We next examined the evolutionary relationship between the A-subunits of GatCAB. While
GatA is homologous to other amidases in its catalytic core,10, 21, 44 no amidase is similar
enough to GatA across the entire enzyme to root the GatA tree (Fig. 5). The phylogenetic
distribution of GatAs is in general agreement with that of the core of the GatB enzymes (Fig.
2), supporting the expected co-evolution of the subunits of this AdT. The sequences divided
into bacterial and archaeal lineages. There were some differences in the branch order of the
bacterial GatAs versus the GatBs. The most noticeable were the GatAs from pathogenetic
bacteria such as Helicobacter pylori and Chlamydia trachomatis, which grouped together. The
long branches of these sequences suggest this is a treeing artifact33 and that the A-subunits in
these organisms have evolved at a different rate than their GatB counterparts. Though less
likely, we cannot rule out the possibility of HGT of the A-subunit into these organisms.

For the most part the euryarchaeal-crenearchaeal divide is upheld in the GatA tree. A deviation
from canonical archaeal phylogeny in the Methanobacteria, Methanocci, and Methanopyrus
is likely the result of long branch attraction.33 A similar artifact was present in the core of
GatB from these organisms (Fig. 2), but the tail domains displayed typical archaeal phylogeny
(Fig. 3). Based on alignment to the Staphylococcus aureus GatCAB structure21 conserved
residues in the GatA and GatB from this group differ from those in other archaeal sequences
in the interface between GatC, GatB and GatA.

GatAB divides into bacterial and archaeal types
In the phylogenies of GatA (Fig. 5) and the core and tail domains of GatB (Fig. 2 and 3), we
do not see a deep divide between the bacterial and archaeal versions. For the GatB phylogenies
this may be due to the fact we examined just segments of the enzyme. With GatA,
approximately 150 amino acids of the alignment is comprised of the Gly/Ser rich amidase
signature sequence which is highly conserved within the greater amidase family.45 In order to
resolve the divergence of archaeal and bacterial GatCAB, we examined a phylogeny based on
concatenation of GatA and GatB sequence (Fig. 6). The tree shows a deep and well-supported
divide between the archaeal and bacterial GatAB.

Divergence in tRNAGln isoacceptors and convergence in tRNAAsn isoacceptors
In Archaea, GatDE and GatCAB have co-evolved with tRNAGln and tRNAAsn to enable GatDE
to serve as a Glu-AdT and GatCAB as an Asp-AdT (see accompanying article). Biochemical
and structural results indicate GatDE specifically recognizes the archaeal Glu-tRNAGln.22 The
archaeal GatCAB evolution is characterized by rejection of archaeal Glu-tRNAGln and Asp-
tRNAAsp rather than adaptation to specifically recognize the archaeal Asp-tRNAAsn.17, 43
The net effect is the bacterial mischarged tRNA serves as a poor substrate for GatDE (see
accompanying article) while the archaeal GatCAB can readily use the bacterial Asp-
tRNAAsn as a substrate (see accompanying article).17, 43 Given the differences in the
recognition of aa-tRNA substrates between the two AdTs in Archaea, we wanted to determine
if this had an effect on the phylogenies of their tRNAGln (Fig. 7) and tRNAAsn isoacceptors
(Fig. 8).
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As expected, given the unique elements recognized by GatDE, the archaeal tRNAGln was
distinct from the isoacceptors from the other two domains of life (Fig. 7). The phylogeny
displayed a three-domain pattern with the eukaryotic tRNAGln isoacceptors grouping closer to
the archaeal sequences than the bacterial ones. Since each of three domains of life for the most
part use distinct enzymes for Gln-tRNAGln formation, the tRNAGln phylogeny is untouched
by HGT. GatDE is used exclusively in all known archaea3 while all eukaryotes use GlnRS. In
most bacteria GatCAB is used to synthesize Gln-tRNAGln though in a few bacteria, in particular
the γ- and β-Proteobacteria, GlnRS is used instead.2

The tRNAAsn sequences do appear to group as distinct bacterial, archaeal and eukaryotic types
(Fig. 8), yet the divisions are not as clear as in the tRNAGln tree. For example, the
Methanococci tRNAAsn isoacceptors group with the bacterial sequences from Escherichia
coli and Vibrio cholrea. Thermoplasmata tRNAAsn sequences are more similar to the
eukaryotic tRNAAsn and like eukaryotes these organisms use AsnRS and not GatCAB to form
Asn-tRNAAsn. Finally, S. solfataricus and A. thaliana tRNAAsn are of the bacterial type.

Since tRNA genes are prime targets for integration events46-48 which include HGT, we
examined the genomic context to determine if there is additional evidence of HGT from bacteria
into these organisms. These tRNAAsn genes are not adjacent to any detectable bacterial genes,
integrases or recombinases.

The phylogenetic discrepancies in the tRNAAsn tree therefore maybe due to convergence rather
than gene transfer events. With regards to Asn-tRNAAsn formation the three domains of life
to do not use domain specific enzymes. GatCAB is used in a number of bacteria and archaea
while AsnRS is found in all three domains of life.2, 3, 6 Therefore, there might not be the same
selective pressure to maintain distinct tRNAAsn sequences as there is with tRNAGln.

The archaeal GatCAB can use archaeal or bacterial Asp-tRNAAsn equally well.17, 43 In
addition, the archaeal ND-AspRS can aminoacylate bacterial tRNAAsn.2, 3, 6 In fact, Thermus
thermophilus and D. radiodurans rely on an archaeal ND-AspRS6, 49, 50 to recognize their
bacterial tRNAAsn as the first step of their tRNA-dependent biosynthesis of Asn.51 This would
suggest recognition of tRNAAsn by the ND-AspRS and GatCAB is not a barrier to HGT of the
bacterial tRNAAsn to archaea or convergence of the archaeal tRNAAsn sequences to the
bacterial type.

It is also worth noting the major identity elements the E. coli AsnRS recognized in tRNAAsn,
52 G73 and the anticodon, are conserved in tRNAAsn isoacceptors from all three domains of
life, suggesting the aaRS should be able to cross-react with heterologous tRNAAsn species.
Thus, recognition of the tRNAAsn by AsnRS may also not place a strong evolutionary constraint
upon the tRNAAsn sequences enabling greater genetic drift or HGT.

Discussion
Model of the evolution of the two AdTs

The hypothesis that GatDE is an archaeal invention30 is not supported by our phylogenetic
results. In the unrooted phylogeny of the GatB and GatE core, GatE sequences did not cluster
within one of the GatB branches but rather were on a long branch away from the GatB
sequences (Fig. 2). Without rooting the phylogeny, we can not rule out a specific archaeal
GatB/GatE relationship with GatE evolving at an accelerated rate as compared to GatB.
However, the phylogeny of the tail domain of the kinase subunits (GatB and GatE) rooted with
YqeY sequences from diverse bacteria places the root between GatB and GatE (Fig. 3). The
divide is well supported (bootstrap value of 100) and the GatB tail domains further split into
bacterial and archaeal lineages which is also well supported (bootstrap value of 92). In a similar
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fashion, the phylogenetic tree of AnsA/GatD places the root between the type I L-asparaginases
and GatD (bootstrap value of 100) (Fig. 4). Taken in total, the results strongly suggest that
even though GatDE is an archaeal signature protein it emerged prior to the phylogenetic
separation of Archaea and Bacteria.

GatA and GatB divide into archaeal and bacterial types. Generally, the phylogeny of both
archaeal subunits follows that of established taxonomy, the core of the GatB and the GatA of
the Methanobacteria, Methanocci, and Methanopyrus being notable exceptions. This could be
an indication of a second archaeal type of GatCAB or due to accelerated co-evolution of the
AdT subunits. Canonical archaeal phylogeny derived from the tail domain supports the latter
scenario.

The deep divide between GatB and GatE, the co-evolution of GatA with GatB and of GatD
with GatE, and the presence of GatCAB in Bacteria and Archaea while GatDE only being
present in Archaea leads us to the following proposal for the evolution of the two AdTs (Fig.
9). In the ancestral community, pre-LUCA, there was a duplication event of the ancient GatB/
E. The glutaminase partner of this ancient AdT is unknown. It is possible the ancestral GatB/
E did not require a partner. After the duplication, one ancient GatB/E paired with an amidase
(ancestral GatA) possibly with the assistance of a helper protein, GatC giving rise to GatCAB.
The other paired with an ancestral AnsA (GatD) forming the early heterodimeric AdT.
Archaea emerged from LUCA with GatDE and GatCAB. Bacteria emerged with just GatCAB.
Why Archaea may have retained two AdTs is discussed further in the accompanying article.

GatCAB and GatDE both being present in LUCA would not be unusual. For example, both
the indirect and direct pathways for Cys-tRNACys were also present in the ancestral
community29, 53 as were different versions of glycyl-tRNA synthetase, seryl-tRNA
synthetase, and lysyl-tRNA synthetase.27, 28 Likely, LUCA was comprised of a diverse group
of organisms, as is the case in modern microbial communities, in which HGT was common.
25 Within this community some of the organisms may have only encoded GatCAB while others
may have used both GatCAB and GatDE. It is not out of the realm of possibility that a
subpopulation in LUCA could have encoded only the ancestral GatDE to function as both a
Glu-AdT and an Asp-AdT. If the progenitors of bacteria in LUCA possessed only GatCAB
while the archaeal progenitors had both AdTs that would explain the modern distribution of
GatCAB and GatDE, and be consistent with our phylogenetic calculations.

Co-evolution of the AdTs with tRNAGln and tRNAAsn

Given the evolutionary relationship of the bacterial GatB and GatE and the fact both enzymes,
GatDE and the bacterial GatCAB, recognize the first base-pair of the acceptor stem17, 21,
22 would suggest the ancient AdT also recognized the element in its aa-tRNA substrates,
presumably Glu-tRNAGln and Asp-tRNAAsn. The selective pressure to separate Glu-AdT and
Asp-AdT activity in Archaea evidently favored the archaeal GatCAB to no longer recognize
the first base-pair in Asp-tRNAAsn in order to retain its Asp-AdT function.17, 43

In addition, the selection for a separate Glu-AdT and Asp-AdT in Archaea evidently favored
GatDE to co-evolve with tRNAGln such that the enzyme recognizes specific bases in its Glu-
tRNAGln.22 Archaeal GatCAB on the other hand seems to have evolved to be an Asp-AdT
more by rejecting its own Glu-tRNAGln (see accompanying article) than on recognition of
specific elements in Asp-tRNAAsn.17, 43 The differences in the co-evolution of the two
archaeal AdTs with their tRNA substrates may be a reason as to why AsnRS is found in all
three domains of life while GlnRS is absent in Archaea.

The phylogeny of tRNAGln shows the archaeal tRNAGln to be distinct while the tRNAAsn

phylogeny indicates possible cases of convergence between archaeal, bacterial and eukaryotic
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sequences. Previously, it was shown that neither the E. coli nor yeast GlnRS could aminoacylate
the M. thermautotrophicus tRNAGln.3 Transplanting identity elements recognized by the E.
coli GlnRS onto the archaeal tRNAGln yielded a tRNA that the bacterial GlnRS could
aminoacylate.3 The unique archaeal tRNAGln favored by GatDE may therefore be preventing
Archaea from successfully acquiring GlnRS via HGT.

The archaeal GatCAB on the other hand does not seem to have favored a distinct archaeal
tRNAAsn that AsnRS could not recognize. In fact, the major identity elements recognized by
the E. coli AsnRS, G73 and the anticodon in tRNAAsn,52 are features common in tRNAAsn

isoacceptors in all three domains of life. Recognition of the archaeal tRNAAsn by AsnRS
therefore is probably not a major barrier preventing the retention of the AsnRS gene in more
archaeal genomes. Differences in Asn metabolism between different organisms may play a
bigger role in whether AsnRS is acquired or not.2, 6, 51

Alternative function(s) for the GatCAB subunit?
The role of Pet112 in S. cerevisiae remains unresolved but our phylogentic analysis shows it
is an evolutionary remnant of mitochondrial GatCAB. In yeast, Pet112 has been shown to
localize to both the mitochondria54-56 and the nucleus54, 56 as well as to be essential for
mitochondrial function.31 Pet112 in S. cerevisiae has been shown to interact with nuclear
protein kinase and a transcription factor of unknown function (RDS1) but not an amidase nor
an L-asparaginase, the partners of Pet112 orthologs GatB and GatE, respectively.57, 58 The
presence of a mitochondrial AsnRS in S. cerevisiae seemingly negates the need for an Asp-
AdT for protein synthesis.59 In addition, the fact the S. cerevisiae mitochondrial GluRS is
discriminating in nature (i.e. does not form Glu-tRNAGln) and the cytoplasmic GlnRS is present
in the yeast mitochondria suggests a Glu-AdT is also not required in the organelle.60 The
conservation of the important residues in Pet112 for the kinase activity of GatB and GatE
indicates a catalytic role for the enzyme in the cell.

Pet112 in S. cerevisiae therefore maybe serving an alternative catalytic function in the organism
other than as part of an AdT for amide aa-tRNA biosynthesis for translation. It is interesting
to note that GatE, the Pet112 archaeal homolog, can form pyroglutamate from glutamate on
tRNAGln in the absence of a functional glutaminase subunit.20 Given the conservation of the
residues essential for the kinase activity of GatE in the Pet112 subfamily suggests the latter
enzymes may also be able to catalyze the same conversion of glutamate to pyroglutame.
Interestingly, the latter has been implicated as a stimulant of Na+-dependent amino acid
transporters in mammals.61-63 It should be noted, use of aa-tRNA for purposes other than
peptide elongation is not that unusual. For example, Glu-tRNAGlu formation is the first step
in heme and chlorophyll biosynthesis in plants and many bacteria and archaea.64, 65 Whether
S. cerevisiae Pet112 recognizes an aa-tRNA substrate for use other than protein synthesis
awaits further investigations.

Such studies may help uncover a second function for bacterial GatB. Mutation of pet112 in S.
cerevisae gives rise to a petite phenotype,31 which can be rescued when the B. subtilis gatB
gene is provided.32 The result suggests that bacterial GatB can recognize the same cellular
substrate as Pet112. In three genera of bacteria, Hahella, Lawsonia, and Myxococcus, it has
been noted that the cellular function of their GatCAB is unknown.2 These bacteria are predicted
to lack both ND-aaRSs since they encode in their genomes the necessary enzymes for Gln-
tRNAGln, Asn-tRNAAsn and free Asn biosynthesis.2 It is possible the AdT in these bacteria
were retained for a function besides amide aa-tRNA synthesis for translation. A second function
for the AdTs or one of the subunits may be an additional barrier preventing the replacement
of the indirect pathways with the direct ones by the aaRSs.

Sheppard and Söll Page 8

J Mol Biol. Author manuscript; available in PMC 2009 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusion
While GlnRS and AsnRS were late inventions, evolving from GluRS and AspRS respectively
after the split in LUCA, Gln and Asn coding are ancient.6, 26-29 The primordial route to amide
aa-tRNA formation was likely via the indirect pathway.66 The ancestor to GatE and GatB
probably recognized both Asp-tRNAAsn and Glu-tRNAGln. While GatDE is an archaeal
signature protein, it likely evolved before the phylogenetic split between Archaea and
Bacteria and was present in LUCA together with GatCAB.

Materials and Methods
Phylogenetic Analysis

The bacterial and the archaeal GatA, GatB, AnsA, and AnsB along with the archaeal GatD and
GatE, the eukaryotic homologs of GatB, and YqeY sequences were taken from the NCBI
database. The AspRS-like insertion domain in the GatE sequences was manually removed prior
to aligning with GatB and Pet112 using Geneious 2.5.367 based on the structural alignment of
the P. abyssi GatE with the S. aureus GatB.21 GatA sequences were aligned with one another.
GatD was aligned with AnsA. Alignments were done using ClustalW in Geneious 2.5.3
followed by manual refinement of the alignment in Geneious 2.5.3.67 This manual refinement
included removing large insertions found within enzymes sequences in order to minimize
artifacts in our phylogenetic analyses. These included insertions specifically found in GatB
sequences and not GatE sequences and vice versa.21 The phylogenies were determined by a
maximum parsimony/maximum likelihood combined method as previously described in detail.
53 Briefly, the thousand most parsimonious trees were generated with PAUP4b10.68 Gaps
were counted as the 21st amino acid and the Blosum45 substitution matrix was used as the
parsimony cost matrix.69 PHYML v.2.4.4 was used to choose the maximum likelihood
topology from the thousand most parsimonious trees.70 PROTML from the Molphy 3.2
package was used to calculate Bootstrap values using the re-estimation of log likelihoods
(RELL) method.71

For the tRNA phylogenies sequences were obtained from the Genomic tRNA database72 and
additional archaeal tRNA sequences were obtained from the UCSC Archaeal Genome
Browser.73 The tRNA sequences were manually aligned within Geneious 2.5.3.67 The gene
sequences were used for the alignments with introns and CCA ends manually removed when
present. Given the short length of the tRNA sequences, we used a distance-based method to
minimize assumptions previously used to examine the phylogeny of tRNACys sequences.74
Distance-matrices were computed by using DNADIST in Phylip 3.66 with Jukes-Cantor set
as the model.33 The trees were then built using NEIGHBOR and DRAWTREE also in Phylip
3.66.33 Bootstrap values were calculated as described above.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AsnRS, asparaginyl-tRNA synthetase
ND, non-discriminating
AdT, tRNA-dependent amidotransferase
GluRS, glutamyl-tRNA synthetase
Glu-AdT, glutamyl-tRNAGln amidotransferase
AspRS, aspartyl-tRNA synthetase
Asp-AdT, aspartyl-tRNAAsn amidotransferase
AnsA, type I L-asparaginase
AnsB, type II L-asparaginase
LUCA, last univeral communal ancestor
HGT, horizontal gene transfer
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Figure 1. Domain architecture of GatB, Pet112, GatE and YqeY
The structural domains of the GatB, Pet112, and GatE are colored with the cradle (green),
helical (violet), and tail (salmon) domains denoted. Given the homology between YqeY and
the tail domains, the former is also colored salmon. In addition, the N-terminal extension of
Pet112 is colored gold. The insertion domain found only in GatE is in teal. The cradle and
helical domains make up the unique core of the GatB/GatE/Pet112 family and are denoted
accordingly. The numbering of GatB, Pet112, GatE and YqeY are of the Staphylococcus
aureus, the S. cerevisiae, the Pyrococcus abyssi, and the B. subtilis enzymes, respectively.
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Figure 2. Unrooted phylogenetic tree of the core of archaeal GatE (red) sequences with GatB
sequences from bacterial (blue), archaeal (green) and eukaryotic (gold) sources
Representative bacterial and eukaryotic enzymes are shown. Scale bar represents 0.1 changes/
site. Only bootstrap values for the branch points discussed in the text are shown for clarity. A
tree with the additional bootstrap values can be found in the supplementary material. The
Methanosarcina mazei GatE was used as the outgroup for this reconstruction. See Materials
and Methods for details.
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Figure 3. Rooted phylogenetic tree of the tail domain of archaeal GatE (red) sequences with GatB
sequences from bacterial (blue) and archaeal (green) sources
Representative bacterial enzymes are shown. Scale bar represents 0.1 changes/site. Only
bootstrap values for the branch points discussed in the text are shown for clarity. A tree with
the additional bootstrap values can be found in the supplementary material. YqeY sequences
(black) served as the outgroup. See Materials and Methods for details.
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Figure 4. Rooted phylogenetic tree of the bacterial (cyan) and archaeal (green) type I L-
asparaginases (AnsA), and archaeal GatD (red) sequences
Representative bacterial enzymes are shown. Scale bar represents 0.1 changes/site. Only
bootstrap values for the branch points discussed in the text are shown for clarity. A tree with
the additional bootstrap values can be found in the supplementary material. Representative
bacterial type II L-asparaginases (AnsB) were used as the outgroup (black) in this
reconstruction. See Materials and Methods for details.
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Figure 5. Unrooted phylogenetic tree of the bacterial GatA (blue) and archaeal GatA (green)
sequences
Representative bacterial enzymes are shown. Scale bar represents 0.1 changes/site. Only
bootstrap values for the branch points discussed in the text are shown for clarity. A tree with
the additional bootstrap values can be found in the supplementary material. The Methanosaeta
thermophila GatA was used as the outgroup for this reconstruction. See Materials and Methods
for details.
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Figure 6. Unrooted phylogenetic tree of concatenated bacterial GatAB (blue) and archaeal GatAB
(green) sequences
Representative bacterial enzymes are shown. Scale bar represents 0.1 changes/site. Only
bootstrap values for the branch points discussed in the text are shown for clarity. A tree with
the additional bootstrap values can be found in the supplementary material. The M.
thermophila GatAB was used as the outgroup for this reconstruction. See Materials and
Methods for details.
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Figure 7. Unrooted phylogenetic tree of tRNAGln gene sequences from bacterial (blue), archaeal
(green) and eukaryotic (gold) genomes
Representative tRNA genes are shown. Only bootstrap values for the branch points discussed
in the text are shown for clarity. A tree with the additional bootstrap values can be found in
the supplementary material. See Materials and Methods for details.
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Figure 8. Unrooted phylogenetic tree of tRNAAsn gene sequences from bacterial (blue), archaeal
(green) and eukaryotic (gold) genomes
Representative tRNA genes are shown. Only bootstrap values for the branch points discussed
in the text are shown for clarity. A tree with the additional bootstrap values can be found in
the supplementary material. See Materials and Methods for details.
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Figure 9. Evolutionary pedigree of the two AdTs
GatA and amidases are represented in blue and GatC in violet. GatD and AnsA are in cyan.
The kinase subunit (GatB or GatE) is green. The figure is discussed in detail in the text. Briefly,
we propose that there was a duplication event of ancestral GatB/E prior to the split in LUCA
(denoted by the red circle). One copy (GatB) associated or remained associated with an amidase
(GatA) and GatC. The other (GatE) paired with an L-asparaginase (GatD). We predict GatDE
was only retained in the archaeal progenitors in LUCA.
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