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The specificity of most aminoacyl-tRNA synthetases for an amino
acid and cognate tRNA pair evolved before the divergence of the
three domains of life. Glutaminyl-tRNA synthetase (GInRS) evolved
later and is derived from the archaeal-type nondiscriminating
glutamyl-tRNA synthetase (GIuRS), an enzyme with relaxed tRNA
specificity capable of forming both Glu-tRNAS" and Glu-tRNAG",
The archaea lack GInRS and use a specialized amidotransferase
to convert Glu-tRNAS" to GIn-tRNAS" needed for protein synth-
esis. We show that the Methanothermobacter thermautotrophicus
GIURS is active toward tRNAS and the two tRNAS" isoacceptors
the organism encodes, but with a significant catalytic preference
for tRNAS"2 . The less active tRNAS" - responds to the less
common CAA codon for GIn. From a biochemical characterization
of M. thermautotrophicus GIuRS variants, we found that the
evolution of tRNA specificity in GInRS could be recapitulated by
converting the M. thermautotrophicus GIuRS to a tRNAS" specific
enzyme, solely through the addition of an acceptor stem loop pre-
sent in bacterial GInRS. One designed GIuRS variant is also highly
specific for the tRNAS"2 | - isoacceptor, which responds to the CAG
codon, and shows no activity toward tRNAS™" .. Because it is
now possible to eliminate particular codons from the genome of
Escherichia coli, additional codons will become available for genet-
ic code engineering. Isoacceptor-specific aminoacyl-tRNA synthe-
tases will enable the reassignment of more open codons while
preserving accurate encoding of the 20 canonical amino acids.

he genetic code depends on the catalytic action of the aminoa-

cyl-tRNA synthetases (aaRSs) that are responsible for accu-
rately ligating amino acids to their cognate tRNAs. The high
fidelity of the genetic code is derived principally from the exclu-
sive interaction between an aaRS and its cognate tRNA, and this
property of “orthogonality” has been exploited to expand the
genetic codes of bacterial and eukaryotic cells to encode nonca-
nonical amino acids (reviewed in refs. 1 and 2).

In nature, some aaRSs evolved and are selectively maintained to
promiscuously recognize more than one tRNA species. Selenocys-
teine (Sec) is biosynthesized on its tRNA from a Ser-tRNAS
precursor, which is generated by a regular seryl-tRNA synthetase
(SerRS) that ligates serine to tRNAS and to tRNAS®", Glutamine
and asparagine are also biosynthesized on their tRNAs in
many organisms (3). In these organisms, GIn-tRNAS (4) and
Asn-tRNAA" (5) are synthesized by the action of specialized ami-
dotransferase enzymes (6) from the respective precursors Glu-
tRNAS! and Asp-tRNAA", In both cases, the seemingly misacy-
lated precursor aminoacyl-tRNA is formed by a nondiscriminating
aaRS—i.e., a glutamyl-tRNA synthetase (GluRS) (7) that glutamy-
lates both tRNACM and tRNAC™ or an aspartyl-tRNA synthetase
(AspRS) (8) that forms both Asp-tRNAAP and Asp-tRNAAS,

There are two types of nondiscriminating GluRS (ND-GIuRS).
All GluRSs share the class I Rossman fold catalytic domain, but
the bacterial GluRS has an a-helical bundle anticodon binding
domain that is unrelated to the dual B-barrel anticodon binding
domain found in all glutaminyl-tRNA synthetases (GInRSs) and
archaeal and eukaryotic GluRSs. Although the bacterial ND-
GluRS is well characterized (9, 10), the distinct architecture of
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the archaeal ND-GIuRS indicates that its mechanism of dual
tRNA recognition is also distinct and yet uncharacterized.

We recently described the crystal structure of an archaeal ND-
GluRS (11). Structural comparison of the Methanothermobacter
thermautotrophicus ND-GIuRS with the Escherichia coli GInRS
tRNAS™ complex (12) revealed two significant loops in the
protein that could contribute to the high specificity of GInRS
for tRNASI" whereas their absence in the archaeal ND-GluRS
may allow the enzyme to recognize both tRNAS" and tRNASI
(11). To investigate tRNA recognition by the archaeal ND-
GIuRS, we determined the enzyme kinetics of Glu-tRNAS! and
Glu-tRNAS!" formation for the wild-type M. thermautotrophicus
ND-GIuRS (WT-GluRS) and rationally designed GluRS variants
that were engineered to selectively aminoacylate tRNASI,
GInRS evolved from an ancestor closely similar to the archaeal
ND-GIuRS, so the designed GluRSs represent plausible inter-
mediate forms preceding GInRS evolution.

Results

Biochemical Characterization of the M. thermautotrophicus Non-
discriminating GIuRS. Because the catalytic preference of the ar-
chaeal-type nondiscriminating GluRS has not been documented,
we measured the kinetic constants of the ND-GIuRS toward its
two tRNASIM jsoacceptors (tRNASI - tRNAGIN2 Y and
tRNAC! (Fig. 1).

The WT-GIuRS showed greatest activity toward the tRNASIn?
isoacceptor with a k., = 0.41 £0.04 s™! and Ky = 1.33£0.10 pM
(Table 1). All tRNA substrates used in this study were in vitro
produced transcripts (see Methods). Although in some cases
lacking base modifications can lead to inactive tRNAs (10), the
kinetic values measured for WT-GIuRS are within the typical
range for aaRSs and indicate the role of modified bases is not
critical for WT-GIuRS activity. The kinetic constants of WT-
GIuRS for in vitro transcribed tRNAS"? were recently measured
(13), showing the enzyme to be marginally (8.5 £ 3.6-fold) less
efficient in our experiments.

Although still a nondiscriminating enzyme, WT-GIuRS shows
a 24-fold catalytic preference for tRNAC!? over tRNAOCW
(Table 1). This preference did not manifest in the plateau char-
ging reaction (Fig. 24). Compared to tRNAS"2 WT-GIuRS has a
2.7-fold greater Ky for tRNAS™ and an even greater reduction
(10-fold) in enzyme turnover rate. Surprisingly, tRNAS! is a far
less catalytically competent substrate for WT-GIuRS (Fig. 24 and
Table 1). Whereas the Ky is only 1.5-fold greater for tRNAS™!
than tRNAC!M, the larger effect is again on kg, (62-fold lower
for tRNAS™ than tRNAY"?), WT-GIuRS displays a marked
catalytic preference (257-fold) for tRNAS2 gver tRNASI!,
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Fig. 1. Cloverleaf structures of the M. thermautotrophicus tRNAS" and
tRNASY molecules. Sequence differences between the tRNAS" isoacceptors
(tRNASIT has the UUG anticodon and tRNAS"? has the CUG anticodon) are
highlighted in red on tRNA®"". The structures are annotated with canonical
tRNA numbering. The anticodon sequences are shown in bold.

Rational Design of a WT-GIuRS Variant Specific for tRNAS", GInRS
evolved from an ancestor of the eukaryotic/archaeal-type non-
discriminating GIuRS (11, 14-17). A series of GIuRS mutant
enzymes were designed in order to define the molecular basis
by which WT-GIuRS achieves relaxed tRNA specificity and to
demonstrate how a tRNA-specific enzyme can evolve from a non-
discriminating ancestor.

A comparison of the WT-GIuRS structure (11) with the E. coli
GInRS tRNAS" complex (12) revealed two loops in GInRS that
contact tRNAC and are absent from the ND-GIuRS structure
(Fig. 3). One loop (E. coli GInRS 134-140) found in the acceptor
binding domain (CP1-domain in other aaRSs) apparently acts to
disrupt the first base pair of the acceptor stem (Figs. 3C and 44),
allowing the protein to recognize nucleotide identity elements in
the second and third base pairs of the acceptor stem (12). The
second loop is found at the opposite end of the protein (E. coli
GInRS 392-408) and includes Arg402 that makes direct contact
with base 36 of the tRNA, a distinguishing feature between
tRNAS? (3*YUG?* anticodon) and tRNACU(+*YUC? antico-
don) (Figs. 3D and 4B). Arg402 is almost completely conserved
among GInRS sequences (Fig. S1B).

We attempted to design a variant GluRS specific for tRNAS"
by inserting one or both of the anticodon (AL) or acceptor stem
(ASL) loops into the WT-GIuRS (Fig. 3). We constructed a num-
ber of variants including a larger or smaller insertion of the
relevant GInRS peptide (Fig. 4). Although some (AL1, AL2,
AlL4) displayed low levels of protein production, a number of var-
iants were highly produced and active in Glu-tRNA formation.

Standard aminoacylation plateau charging curves were used
to screen the WT-GIuRS variants for enhanced activity toward
tRNAS"2 and/or decreased activity toward tRNACY (Fig. 2 B-D).
The AL3 (Fig. 2B) and ALS variants showed 80% charging level
for Glu-tRNAS™"2 production, but only AL3 showed potential dis-
crimination against tRNAS" with a reduction to 70% plateau level
for tRNAS"M charging. The acceptor stem loop GIuRS variants
(ASL1 and ASL2) displayed significant preference for tRNAS2,
and ASL2-GIuRS showed no detectable activity for tRNASM

Table 1. Aminoacylation kinetics of WT-GIuRS

keat/Kwm, Loss of
WT-GIuRS keat » 57! Ky, pM s~ uM-! efficiency*
tRNAG"2  0.41 + 0.04 1.33+040 031x0.10 1.0
tRNAG 0.04 +<0.01 3.61+0.88 0.01+<0.01 24
tRNAGN  0.006 + <0.001 5.39 + 1.44 0.001 + < 0.001 257

*Loss of catalytic efficiency (x fold) is the relative fold decrease in k /K
that is calculated as the ratio of k/Ky for tRNAS" over the k./Km
for the tRNA species listed in the far left column. Standard deviations
are reported. Reaction conditions are given in S/ Methods.
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Fig. 2. Plateau tRNA charging curve. The plot shows the fraction of Glu-

tRNA formation over the total amount of tRNA during the time course of
the reaction. Plateau charging levels were measured for the enzymes WT-
GIuRS (A), AL3-GIuRS (B), ASL1-GIuRS (C), and ASL2-GIuRS (D) with the tRNA
substrates (see Fig. 1): tRNAS2 (@), tRNACSY (4), and tRNASM (A). In the
reactions, 1 pM enzyme and 10.4 pM tRNA were used.

(Fig. 2 C and D). Both ASL1 and ASL2-GIuRS showed no activity
toward tRNASI! under the assay conditions (Fig. 2 C and D).

Because the AL3 mutant enzyme showed a modest increase
in tRNASI" gver tRNAC! discrimination, we constructed addi-
tional mutants that contained the AL3 loop with either the ASL1
(Fig. S24) or ASL2 (Fig. S2B) loops. Neither mutant appeared
to increase specificity for tRNAC"2| so they were not further
characterized.

Kinetic Characterization of GIuRS Variants. A kinetic characteriza-
tion was conducted to establish the magnitude of tRNA discrimi-
nation in the AL3, ASL1, and ASL2-GluRS variants (Table 2).
The AL3-GluRS is of similar catalytic efficiency (within error)
toward the tRNACM compared to the WT-GluRS and shows
slightly less tRNA discrimination than WT-GIluRS.

Insertion of the acceptor stem loop from E. coli GInRS into
WT-GIuRS does result in GIuRS variants with enhanced specifi-
city for tRNAS? over tRNAS"Y, The ASL1 mutant replaces
residues 203-205 of WT-GIuRS with 134-140 from E. coli GInRS,
whereas the insertion in the ASL2-GIuRS is a larger segment
of the GInRS sequence that replaces residues 191-209 of WT-
GluRS with 122-144 of E. coli GInRS (Fig. 44). These insertions
lead to less active enzymes than WT-GIuRS, but they show
a greater degree of tRNASI specificity. With only sixfold less ef-
ficiency for tRNAS™ compared to WT-GIuRS, the ASL1-GluRS
catalytically favors tRNASM? by 61-fold, which is a 2.5-fold
enhancement in specificity for tRNAS"? as compared to the WT-
GluRS. The specificity was achieved by kinetic discrimination
against tRNAS" by ASL1-GIuRS resulting from an approxi-
mately fourfold reduced k.,; and a fivefold increase in Ky, for
tRNAS" compared to WT-GIuRS (Table 2).

The ASL2-GIuRS, although far less catalytically efficient
(by about 500-fold) than WT-GIuRS toward tRNA®!"2_ was highly
specific for tRNAS™ and showed no activity toward tRNAC!,
The ASL2-GIuRS exhibited a 100-fold reduction in k., as com-
pared to wild-type GIuRS, but the Ky, for tRNAS"? was only
fivefold greater than for WT-GIuRS. The data indicate that
the large ASL2 insertion may have perturbed the active site struc-
ture and this could explain the larger reduction on k., versus K.

Behavior of GIuRS Variants Toward Acceptor Stem tRNA Mutants.
Because the acceptor stem loop appears to endow the ASL2-
GIuRS with tRNAS™ gspecificity, we created tRNA mutants
to define which nucleotides in tRNA®™ help ensure the engi-
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A acceptor stem
loop (ASL)

anticodon”
loop (AL)

neered specify. The acceptor stem loop in E. coli GInRS interacts
(nonspecifically via hydrophobic contacts, see Fig. 3C) with the
second base pair of the tRNA acceptor stem. In the complex
structure, the first base pair (U, :47,) is open and the U, residue
is disordered (12).

Given that the first base pair could be a critical element
in tRNAS™ versus tRNAS! discrimination as it is with the ar-
chaeal-specific amidotransferase Glu-tRNAS™ amidotransferase
(GatDE) (18), we constructed tRNAS"2 mutants in which the
wild-type A, : U, base pair is mutated to G| :Cy, (as in M. ther-
mautotrophicus tRNACY) and to U, :A47, as in E. coli tRNAS™",
Additional details are given in SI Results (Table S1 and Fig. S3),
but the data show that WT and ASL GluRSs both recognize the
first base pair, but respond differently to its mutation. The ASL
GluRSs display significantly decreased affinity for the G, : C7, mu-
tant, whereas the same mutation affects both tRNA binding and
catalysis for the WT-GIuRS.

tRNA Phylogeny. The GIuRS and GInRS phylogenetic tree is
well characterized (11, 14-17), but a detailed phylogeny of their
cognate tRNAs has not been presented. We calculated a large
scale phylogenetic tree of tRNAC™ and tRNASM sequences to
determine if the evolution of GInRS from the archaeal/eukaryotic
GIuRS is imprinted in the evolutionary history of the tRNAs.
A phylogenetic tree including all the tRNAS" and tRNAS
sequences available from the tRNA database (19) is presented
in Fig. 5B and in complete detail in Dataset S1. Although some
branches are not statistically supported and collapsed in the tree,
most of the major clades in the tree (i.e., the archacal tRNASI",
eukaryotic tRNAS™ bacterial tRNASC™, archaeal tRNACY, eu-
karyotic tRNAS", and bacterial tRNAC"™) form well-separated
and statistically significant groups, and the archaeal and eukar-

E. coliGInRS 119 G TLTAQ
M. thermautotrohpicus GIuRS 188 N . R
ASL1-GIuRS 188 G TLTAQ
ASL2-GIuRS 188 G TLTAQ
AL1-GIURS 188 @ T E N . . R
AL2-GIURS 188 © 7 E N . . R
AL3-GIURS 188 @ T E N R
AL4-GluRS 188 cT E N R
AL5-GIURS 188 © 7 E N R
B E. coli GInRS 386 DR A F R EANKOQYKRLVL
M. thermautotrohpicus GIURS 447 L PGD L G G
ASL1-GIuRS 451 L PGD L G G
ASL2-GIuRS 451 L PGD L G G . ..
AL1-GIURS 447 LDRA F R EANKQYKRLVL
AL2-GIURS 447 L PGD L R EANKOQYKRLVL
AL3-GIuRS 447 L DRA F R EANKQYKRLVL
AL4-GIuRS 447 L PGD L G EANKQYKRLVL
AL5-GIURS 447 DR A F R EANKOQYKRLV L
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Fig. 3. A structural comparison (A) of the M. ther-
mautotrophicus GIuRS (silver) (11) and the E. coli
GInRS (green) tRNAS" (blue) complex (12). Enlarged
views of the ASL region are shown for (B) GIuRS and
(C) GInRS. Larger view of the AL region are also
shown for (D) GIURS and (E) GInRS. Regions of GInRS
(yellow) swapped for regions in GIUuRS (red) in the
ASL and AL-GIUuRS variants are highlighted. Se-
quences for each mutant are in Fig. 4. In panels show-
ing the GIuRS (B, D), the E. coli tRNAS" is included
for reference.

yotic tRNAs are more similar to each other than their bacterial
counterparts as in the ribosomal RNA tree. These observations
indicate that the evolutionary history of organisms is to some ex-
tent retained in the tRNA molecules. Furthermore, the tRNACM
and tRNA®M sequences are separated (supported by 100% boot-
strap confidence). Although GInRS evolved from the archaeal/
eukaryotic GluRS (Fig. 54), a similar event (i.e., a distinct
tRNASM evolving from an archaeal/eukaryotic tRNASY) is not
present in the tRNA phylogeny (Fig. 5B). Further details regarding
the tRNA phylogeny are given in SI Results.

In order to understand how the two tRNAC! isoacceptors
evolved in M. thermautotrophicus, we constructed a detailed
phylogeny of the archaeal tRNAS™ sequences (Fig. S4). The tree
is well resolved with a distinct separation between crenarchaeal
and euryarchaeal tRNAs and other standard taxonomic divisions
are also visible. The pattern of evolutionary divergence experi-
enced by the archaeal species is evident and, therefore, retained
in the tRNA sequences.

Despite being catalytically distinct substrates, tRNAS™! and
tRNAS™2 from M. thermautotrophicus are evolutionarily more
closely related to each other than to any other tRNAC!™ isoacceptor
from a different archaeal genus. The tRNAS? occupies a long
branch in its clade in the phylogeny (Fig. S4), so tRNAS"2 under-
went a greater rate of evolutionary change than tRNAS™, The
data support a scenario in which the increase in aminoacylation
efficiency of WT-GIuRS for tRNAS"? compared to tRNAC™! s the
principally the result of positive selection on tRNASM2,

Discussion

Biochemical Properties of ND-aaRSs. Although the existence of
tRNA-dependent amino acid biosynthesis was established more
than 40 y ago with the demonstration that in Bacillus species

Fig. 4. Alignment of E. coli
GIuRS, M. thermautotrophicus
GIuRS (WT-GIuRS), and GIuRS
variants. Regions surrounding
the (A) acceptor stem loop
and the (B) anticodon loop are
shown. GIuRS variants only dif-
fer from WT-GIURS at positions
indicated. The enzymes are
otherwise sequence identical.
Sequences are color coded ac-
cording to amino acid identity
(descending from blue to red).
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Table 2. Aminoacylation kinetics of AL3, ASL1, and ASL2-GIuRS variants

ket 577 Km, oM keat/Kn, s~ pM~! tRNACIM specificity* Loss of efficiency’

AL3-GIuRS

tRNAGIN2 0.38 + 0.09 2.22 +1.30 0.17 = 0.11 1.0 1.8
tRNAGU 0.04 + < 0.01 2.89 + 0.92 0.01 +<0.01 14 26
ASL1-GIuRS

tRNAGIN2 0.12 + < 0.01 2.36 + 0.28 0.05 + 0.01 1.0 6.1
tRNAGI 0.01 +<0.01 16.4 + 3.6 (8.3+£2.0)x 1074 61 374
ASL2-GIuRS

tRNAGIN2 0.004 + < 0.001 6.49 + 0.90 (5.8+0.8) x 1074 1.0 535
tRNAGHU no activity no activity no activity ND ND

*tRNAS" specificity is calculated as the ratio of k.,/Ky of the GIURS variant listed at left for tRNAG"2 over the k., /Ky of the same GIuRS

variant for tRNAG!Y,

*Loss of catalytic efficiency (x fold) calculated as the ratio of k.,;/Ky of WT-GIURS toward tRNA®"2 (data in Table 1) over the k./Ky for the
GIuRS variant and tRNA indicated in the first column. No activity, no aminoacylation detectable with conditions in S/ Methods; ND, not

determinable.

GIn-tRNASI" was synthesized from Glu-tRNAS™ and not from
free Gln (4), only in the last decade has attention been devoted to
understanding how relaxed tRNA specificity is achieved by the
aaRS$ enzymes in these pathways.

The Thermus thermophilus nondiscriminating AspRS (ND-
AspRS2) has 11-fold higher catalytic efficiency toward tRNAASP
compared to tRNAA" (20). A mutant of the discriminating
AspRS (D-AspRS) from Pyrococcus kodakaraensis could be
converted to a nondiscriminating enzyme (still showing 10-fold
catalytic preference for tRNAAP) by swapping the larger L1 loop
in the anticodon binding domain of the D-AspRS with that found
in the ND-AspRS (20, 21). A closely related Deinococcus radio-
durans ND-AspRS2 mutant in the L1 loop (P77K) increased
enzymatic discrimination threefold (22). The work proved that

archaeal
GIuRS

A bacterial

eukaryotic

G|U'FLS//

Clostridia

Actinobacteria

Clostridia/

substitutions
per site

B eukaryoti(%_\ archaeal

tRNAGIU", <, tRNAGIU eukaryotic
& tRNAGI
Ko %
E 60 X
2 S .
2 o bacterial

# substitutions
per site

H archaeal
&= tRNAGIn

Fig. 5. Phylogenetic trees showing the evolution of (A) GIuRS and GInRS,
and (B) tRNASM and tRNAS". The schematic GIuRS and GInRS phylogeny
(A) shows only the major phylogenetic groups from a previously calculated
tree (11). The arrow indicates evolution of GInRS from an archaeal-like non-
discriminating GIuRS ancestor. A maximum likelihood phylogeny is shown
(B) that was calculated from an alignment of 753 tRNASY and tRNAG" se-
quences. Major clades and a few representative taxa are labeled. Bootstrap
values are given for the major clades only (for a tree showing all taxa and
bootstrap values see Dataset S1). Branches completely lacking support are
collapsed. The boxed region is shown in complete detail in Fig. S4.
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a loop in the anticodon binding domain of the aaRS affects
tRNAASP discrimination by differentiating the base at position 36
in the Asp versus the Asn anticodon.

The bacterial-type nondiscriminating GluRS is reminiscent
of the ND-AspRSs. A crystal structure of the 7. thermophilus
discriminating GluRS (D-GIuRS) indicated that Arg358 is the
critical element that distinguishes the Glu (**YUC?®) and Gln
(**YUG?®) anticodons (9) based upon the identity of the nucleo-
tide at position 36. The Arg358GIn mutation led to an enzyme
with relaxed anticodon specificity (9). A structural and biochem-
ical characterization of the Thermosynechococcus elongatus ND-
GluRS found a Gly in place of Arg358 from T. thermophilus and
other bacterial-type D-GIluRSs (10). Enzyme kinetics revealed
that this ND-GIuRS is 13-fold more catalytically efficient toward
tRNAS" compared to tRNAS,

Certain bacterial D-GluRS enzymes are able to discriminate
tRNAC™ from tRNAC™ at the acceptor stem. The catalytic do-
main of the E. coli D-GIluRS alone is able to discriminate
tRNAS"Y from tRNAS (21). Discrimination of tRNAS™ from
tRNAS! isoacceptors by the Helicobacter pylori GIuRS2 is also
achieved by recognizing the acceptor stem, in particular the
U, :A, base pair in tRNAS? (23).

As the example system for archaeal-type ND-GIuRSs, we
found the M. thermautotrophicus GIuRS to be biochemically
distinct from the bacterial ND-GIuRS and other ND-aaRSs
characterized previously. In sharp contrast to the bacterial-type
T elongatus ND-GIuRS, the M. thermautotrophicus GluRS was
shown to prefer the major tRNAS™ jsoacceptor (tRNASCM2) by
24-fold over tRNASM  a twofold greater tRNA specificity than
typically observed for ND-aaRSs. In addition, the D-AspRSs and
bacterial type D-GIuRSs typically recognize base 36 in the antic-
odon as a major element of discrimination between the tRNA
substrates, whereas nondiscriminating relatives of the enzymes
fail to recognize base 36 and are therefore able to aminoacylate
both tRNA species. Our engineered GluRS variants indicate that
the evolution of tRNASI" gpecificity in GInRS resulted from
differentiating the tRNAS" and tRNAS!" at the acceptor stem.

tRNAS" Isoacceptors: Aminoacylation Efficiency and Codon Usage.
The M. thermautotrophicus GluRS displays a striking catalytic
preference (250-fold difference in kg, /Ky) for tRNAS™ com-
pared to tRNASM! Interestingly, tRNASM! - responds to
the CAA codon, which appears 700 times in the 1,869 protein
coding ORFs in the M. thermautotrophicus genome (24, 25).
The other isoacceptor, tRNAC - responds to the far more
common glutamine codon CAG (9,286 occurrences). The cataly-
tic competence of the tRNA as a substrate for aminoacylation
is, therefore, correlated with the tRNA's cognate codon usage.
It is well known that tRNA expression levels are correlated
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with codon usage bias (26, 27), but there are few examples of a
correlation with aminoacylation efficiency. A detailed kinetic
analysis of ArgRSs and their specificity for different tRNAA™
isoacceptors did not show such a correlation (28).

There appear to be two potential evolutionary forces responsi-
ble for the great difference in catalytic competence for tRNASM!
versus tRNAY"2, Perhaps, as suggested by the phylogeny (Fig. S4),
the enhanced aminoacylation efficiency of tRNAY"? resulted from
positive selection. The tRNACM! responds to fewer codons, so it is
likely under a lower selective pressure than tRNAS™? and could
have acquired deleterious mutations from genetic drift. There is
evidence supporting both scenarios in the nine nucleotide positions
that differ between the tRNASC™ isoacceptors (Fig. 1). The ener-
getically unfavorable U28 : G42 base pair found in tRNAS™ is the
likely the most disruptive element for its catalytic performance. Be-
cause this base pair is found in no other archaeal tRNA, genetic
drift may apply. At two of these positions, tRNAS! encodes bases
(G15, C48) conserved in all other archaea, whereas tRNAS? has
a unique mutation (Al15, T48). Further experimentation could
show if these changes enhanced the activity of tRNASI"2,

The Emergence of tRNAS" Specificity. We found that insertion of
the acceptor stem loop from GInRS was sufficient to convert
the archaeal-type nondiscriminating GIuRS into a tRNAS™ spe-
cific enzyme. Because GInRS evolved from an ancestor similar to
the archaeal-type ND-GIuRS, our transplantation of tRNAS"
specificity from GInRS into the ND-GIuRS recapitulates part
of this evolutionary pathway.

Although GIn-tRNAS! formation predates the emergence of
GInRS (11, 14-17), GInRS was the first (known) enzyme that
evolved to specifically recognize tRNAY™ and discriminate
against tRNAC!, Besides noting an increased evolutionary rate
among bacterial and eukaryotic tRNAs (SI Results), we were
unable to find a compelling imprint of GInRS evolution in the
tRNASM and tRNAS™ phylogeny (Fig. 5). The finding indicates
that GInRS evolved to specifically recognize the extant tRNAS
and did not require coevolution of an entirely new type of tRNA.

A second part of the evolutionary transition from ND-GIuRS
ancestor to GInRS involved active site mutations that converted
amino acid specificity from Glu to Gln. In a recent study, a GInRS
mutant capable of forming Glu-tRNAS™ was engineered from an
impressive total of 22 amino acid replacements and one deletion
(13, 29). It is, therefore, more likely that tRNAS™ specificity (re-
quiring fewer mutations) evolved first, and direct GIn-tRNAS™
formation activity evolved subsequently. An analogous evolution-
ary intermediate exists in one of the two bacterial type GluRSs
from H. pylori. One is specific for tRNAS™ and the other for
tRNAS! (30, 31). If amino acid specificity had evolved first, an
undesirable evolutionary intermediate enzyme would result,
which could form GIn-tRNASM, potentially disrupting transla-
tion fidelity, whereas any Glu-tRNAS™ formed by a GluRS spe-
cific for tRNAS™ could be converted to Gln by the action of the
GatDE amidotransferase.

Because the acceptor stem loop is critical for converting
WT-GIuRS to a tRNASI" specific enzyme, sequence alignment
of this region sheds light on the evolution of tRNAS™ specificity
in the archaeal/eukaryotic type GluRS and GInRS. The acceptor
stem loop of E. coli GInRS is found in nearly all GInRS sequences
(GTLTXXG consensus, see Fig. S14). The loop is notably deleted
in the T thermophilus GInRS and indicates that this enzyme may
show some activity toward both tRNAS™ and tRNAS", Eukaryo-
tic GInRSs likely evolved a distinct mechanism for discriminating
tRNASI from tRNAS" because this loop is usually absent in their
GInRS sequences. Exceptions include the GInRS from yeast and
other fungi that have a similar but smaller loop (Fig. S14).

In keeping with the prediction that all archaeal GluRSs
are nondiscriminating (32), the acceptor stem loop is indeed ab-
sent from all archaea, with only one exception. The Sulfolobus
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solfataricus GluRS has a similar loop (Fig. S14) that is longer
by one residue and of distinct sequence from the bacterial GInRS
loop. Because the organism lacks GInRS, the S. solfataricus
GluRS must be a nondiscriminating enzyme, yet we predict
the enzyme will show a significantly higher catalytic preference
for tRNASI,

Conclusion

Biochemical measurements of the M. thermautotrophicus GluRS
enzyme with its three homologous tRNA substrates (tRNASIN!,
tRNAGM2 {RNAS) served as the basis for comparison to our
rationally designed enzymes. Although we expected tRNASI!
specificity could be controlled by the anticodon loop in GInRS,
activity of the engineered GIuRS variants indicates that the ac-
ceptor stem loop is the principle discrimination element because
insertion of this loop alone enhanced the specificity of archaeal
GIuRS toward tRNAS significantly in the case of ASL2-GIuRS.

There is now an increasing need for designed aminoacyl-tRNA
synthetases. Recent efforts (reviewed in refs. 1 and 2) relied
on unusual and engineered aaRSs as the principal vehicle for
expanding the genetic code. Although over 100 different nonca-
nonical amino acids have been genetically encoded already, for
sufficient incorporation to support efficient recombinant protein
synthesis only one amino acid at a time can be added to the ge-
netic code. Genetic code expansion strategies are limited to
tRNAs that in many cases inefficiently read amber, opal, or even
four-base codons. Because tRNAs that read amber and opal co-
dons must compete with the release factor (RF), an engineered
E. coli strain lacking RF1 improved the read through efficiency of
amber codons (33). Whereas four-base codons might allow 200
new open codons, experiments using orthogonal ribosomes se-
lected to enhance read-through of four-base codons still lead to
mostly truncated protein with inefficient synthesis of full-length
product (34). These techniques were further manipulated to in-
clude two new amino acids simultaneously (35), but unless addi-
tional open codons are created the genetic code will be limited to
about 22 amino acids for efficient production of protein contain-
ing multiple noncanonical amino acids.

Although in the past an unthinkable task, the ability to “write”
(36) or recode (37) an entire genome may become routine before
long. By, for example, reassigning all the glutamine codons to
CAA, the CAG codon would then become open. The Acidithio-
bacillus ferrooxidans GluRS2, which is specific for tRNASI
that only reads the CAA codon in E. coli (38), could be employed
with the amidotransferase GatDE to ensure that CAA remains a
Gln codon. In such an organism, our designed GluRS and cognate
tRNASIN2 - would become a vehicle for genetic code expansion.
The suggestion is supported by earlier work that showed E. coli
tRINA isoacceptors are poor substrates for archaeal GIuRS and that
established an archaeal GIuRS and an engineered tRNASP ., as
an orthogonal amber decoding pair in E. coli (39).

Additional codons could be “opened,” providing a platform for
a vastly expanded genetic code. Suitable model organisms with
such a dramatically expanded code would lead to breakthroughs
in various fields including protein engineering, the encoded
synthesis of biomaterials, and would provide a means to experi-
mentally probe the optimality and structure of the genetic code
itself. In order for an organism to accurately translate a genetic
code containing many more amino acids, aminoacyl-tRNA
synthetases that are specific for one (and only one) tRNA isoac-
ceptor (itself specific for only one codon) will be needed to ac-
curately synthesize all the necessary aminoacyl-tRNAs required
to translate a maximally expanded code. Our data show that it is
possible to develop an aaRS that is specific for a particular tRNA
isoacceptor, suggesting that the engineered GluRS variant would
be functional as an orthogonal pair in the context of a genome
lacking the CAG codon. In such a background, further engineer-
ing of the GluRS active site could allow for incorporation of a
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selected noncanonical amino acid, and so represents an approach
toward further expansion of the code.

Methods

Plasmids and Bacterial Strains. The WT-GIURS was previously cloned (40)
into the pTYB1 vector (New England Biolabs) and then transformed into
an E. coli BL21/DE3 strain. Additional details are in S/ Methods.

Protein and tRNA Purification and Preparation. Pure WT-GIURS, GIuURS variants,
and tRNA transcripts were produced as before (40), but with slight modifica-
tion (see S/ Methods).

Aminoacylation Assay. Formation of Glu-tRNA was monitored by measuring
the amount of aminoacylated [32P] labeled tRNA during the reaction time
course. The reaction products were separated by thin layer chromatograph
(see S/ Methods), and during development radioactive spots for AMP and
Glu-AMP (representing free tRNA and Glu-tRNA, respectively) were sepa-
rated and then visualized and quantified by phosphorimaging.
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Determination of Enzyme Kinetics. Enzyme kinetics were determined from
experiments performed in duplicate, conducted independently at least twice.
As the number of active molecules in an enzyme preparation of the WT-GIuRS
cannot be determined (13), we also assume the enzyme preparations to
be fully active. Precise experimental details for all aminoacylation reactions
reported are given in SI Methods.

Phylogeny and Bioinformatics. The tRNA gene sequences and alignments were
downloaded from the transfer RNA database (19). Additional details and
phylogenetic calculation parameters are given in S/ Methods.
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