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Throughout three domains of life, alanyl-tRNA synthetases (AlaRSs)
recognize a G3:U70 base pair in the acceptor stem of tRNAAla as the
major identity determinant of tRNAAla. The crystal structure of the
archaeon Archaeoglobus fulgidus AlaRS in complex with tRNAAla pro-
vided the basis for G3:U70 recognition with residues (Asp and Asn)
that are conserved in the three domains [Naganuma M, et al. (2014)
Nature 510:507–511]. The recognition mode is unprecedented, with
specific accommodation of the dyad asymmetry of the G:U wobble
pair and exclusion of the dyad symmetry of aWatson–Crick pair. With
this conserved mode, specificity is based more on “fit” than on direct
recognition of specific atomic groups. Here, we show that, in contrast
to the archaeal complex, the Escherichia coli enzyme uses direct pos-
itive (energetically favorable) minor groove recognition of the un-
paired 2-amino of G3 by Asp and repulsion of a competing base
pair by Asn. Strikingly, mutations that disrupted positive recognition
by the E. coli enzyme had little or no effect on G:U recognition by the
human enzyme. Alternatively, Homo sapiens AlaRS selects G:U with-
out positive recognition and uses Asp instead to repel a competitor.
Thus, the widely conserved Asp-plus-Asn architecture of AlaRSs can
select G:U in a straightforward (bacteria) or two different unconven-
tional (eukarya/archaea) ways. The adoption of different modes for
recognition of a widely conserved G:U pair in alanine tRNAs sug-
gests an early and insistent role for G:U in the development of the
genetic code.
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Early work showed that a single G3:U70 base pair in the ac-
ceptor stem marked tRNAAla for aminoacylation with alanine

(1–4). G3:U70 is conserved through all three kingdoms of the tree
of life and is so robust that its transfer into nonalanine tRNAs
converts them to alanine acceptors, both in vitro and in vivo (2, 3,
5). Using synthetic RNA substrates with both natural and non-
natural substitutions at 3:70, previous investigations also showed
that the unpaired exocyclic 2-amino group of G3 in the RNA
minor groove was critical for aminoacylation. (With the G:C pair,
the 2-amino group is H-bonded, while it is free in the G:U wobble
pair.) To establish this point, nonnatural pairs that placed a free
amino group in the same position were shown to be active (Fig.
1A). These included 2-amino adenosine and, separately, G paired
with isocytidine (6). Ablation of the exocyclic amino group by
creating an I:U pair abolished aminoacylation (7, 8). In addition,
substitution of 2-aminopurine [paired with U (2-AP:U)] for G
yielded an inactive substrate for aminoacylation (7, 8). The sen-
sitivity of the system to subtle effects of the geometry of recog-
nition was shown with the U:G substitution. Although the 2-amino
group of the U:G wobble superimposes on that of G:U, its op-
posite orientation for projecting into the minor groove prevented
aminoacylation (6). Although the role of O4 of U70 was not clear
from these studies, O4 alone was clearly not sufficient to confer
aminoacylation, because it is present in the inactive 2-AP:U and
I:U substrates.

Structural insight into G3:U70 recognition by alanyl-tRNA
synthetase (AlaRS) was provided by the crystal structure of the
archaeal Archaeoglobus fulgidus AlaRS in complex with tRNAAla.
In this structure, the tRNA-recognition domain contacts the
tRNA acceptor stem from both the minor and major grooves.
Asn359 and Asp450 hereby make the key H-bonding contacts with
the G3:U70 wobble pair. The amide nitrogen of the Asn359 side
chain contacts O4 of U70 (major-groove side), and the carboxyl
side chain as well as the backbone carbonyl of Asp450 H-bonds
with the 2-amino group of G3 (minor-groove side) (Fig. 1C). Both
archaeal AlaRS residues, Asn359 and Asp450, that recognize the
identity determinant G3:U70 base pair are conserved through-
out evolution (as Asn303 and Asp400 in Escherichia coli and as
Asn317 and Asp416 in Homo sapiens AlaRS). In addition, the
sequences that surround these residues are highly conserved be-
tween bacteria and human (Fig. 1B).
A superposition of the structures of the A. fulgidus and E. coli

AlaRS catalytic fragments revealed that they share almost the
same fold, except for the local difference in the orientation of
the Mid2 subdomain from the tRNA-recognition domain (SI
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Appendix, Fig. S1). Based on sequence alignments (SI Appendix,
Fig. S2) and the crystal structures of the E. coli AlaRS catalytic
fragment and of the A. fulgidus AlaRS•tRNAAla complex, a
homology model of E. coli AlaRS in complex with tRNAAla was
constructed (Fig. 2A). The conformation of the E. coli AlaRS
Mid2 subdomain was slightly adjusted for the tRNA binding. In
this model, G3:U70 is recognized on the major- and minor-
groove sides by the conserved amino acid residues, in the same
manner as in the A. fulgidus AlaRS•tRNA complex (9) (Fig. 2B).

On the minor-groove side of G3:U70, the 2-amino group of G3
hydrogen bonds with the side-chain carboxyl and main-chain
carbonyl groups of Asp400. In addition, the side-chain carboxyl
group of Asp400 is near the 2′-hydroxyl group of C71. The 2′-
hydroxyl group of the U70 ribose hydrogen bonds with the main-
chain carbonyl groups of Asp400 and Tyr399, and the amide NH
group of Gly403. Asp400, Tyr399, and Gly403 are strictly con-
served for all three enzymes. This observation is consistent
with atomic group mutagenesis studies that demonstrated the

Fig. 1. Specific atomic groups are important for tRNAAla identity. (A) Aminoacylation-active and -inactive tRNAAla base pair variants at the 3:70 position (cf.
ref. 7). (B) Alignment of A. fulgidus, E. coli, and H. sapiens AlaRS sequences. A total of 50 sequences was aligned to give a map of relative conservation along
the sequence of the AlaRS enzyme. The Asn (N) and Asp (D) residues involved in G3:U70 recognition are shown in bold. (C) Chemical representation of the G3:
U70 base pair and the hydrogen bonding contacts made with the major-groove Asn and minor-groove Asp residues, according to the A. fulgidus
AlaRS•tRNAAla structure. (D) Aminoacylation activities of WT and mutant E. coli AlaRS enzymes for G3:U70 (Left) and G3:C70 (Right) tRNAAla. (E) Amino-
acylation activities of WT and mutant human AlaRS enzymes for G3:U70 (Left) and G3:C70 (Right) tRNAAla. In D and E, aminoacylation of G3:U70 tRNA was
carried out with 5 nM of each enzyme, while that of G3:C70 tRNA was carried out with 500 nM of each enzyme. Error bars represent the SEM of triplicate
experiments.

7528 | www.pnas.org/cgi/doi/10.1073/pnas.1807109115 Chong et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807109115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807109115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807109115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1807109115


importance of the ribose 2′-OH of U70 and other nearby atoms
for aminoacylation activity (10, 11).
In H. sapiens AlaRS, the above-described Asp and Asn residues

are conserved as Asp416 and Asn317. Using the coordinates of the
H. sapiens AlaRS catalytic fragment, H. sapiens C-terminal do-
main, and A. fulgidus AlaRS•tRNAAla complex (Fig. 2 C and D
and SI Appendix, Fig. S1), a homology model of the H. sapiens
AlaRS•tRNAAla complex was created. In contrast to the archaeal
and bacterial AlaRSs, which form a dimer in solution, H. sapiens
AlaRS is presented as a monomer (12). To avoid steric clashes with
the editing domain, the C-terminal domain (C-Ala) is reoriented
relative to its archaeal and bacterial counterparts and does not

form the tight contacts with the tRNA elbow region that are
observed in the A. fulgidus AlaRS•tRNAAla complex, consistent
with C-Ala having no effect on charging activity in the human
enzyme (12). However, the interactions around the G3:U70
base pair are analogous to those in the homology model of the
E. coli AlaRS•tRNAAla complex (Fig. 2D).
To understand the mechanism of G3:U70 recognition by

bacterial AlaRS, we used aminoacylation kinetics with tran-
scripts of E. coli tRNAAla and recombinant E. coli AlaRS puri-
fied from E. coli. Two mutations were introduced into E. coli
AlaRS to test the role of Asp400 in minor groove recognition of
the 2-amino group of G3 [Asp400:NH2(G3) interaction]. First,

Fig. 2. E. coli and H. sapiens AlaRS•tRNAAla structures, modeled based on the A. fulgidus AlaRS•tRNAAla structure. (A) The overall structure of the E. coli
AlaRS•tRNAAla homology model. The domains and subdomains are colored as indicated. The tRNAAla molecule is shown as a yellow surface model with the
G3:U70 pair highlighted in pink. (B) The G3:U70 interaction in the E. coli AlaRS•tRNAAla homology model. The amino acid residues and the nucleotides are
shown as blue and orange stick models, respectively. (C) The overall structure of the H. sapiens AlaRS•tRNAAla homology model. (D) The G3:U70 interaction in
the H. sapiens AlaRS•tRNAAla homology model.
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the hydrogen bond between the carboxyl group of Asp400 and
the 2-amino group of G3 was removed by introduction of a
D400A substitution, which inserts a smaller residue that should
be sterically accommodated but lacks the ability to make a
positive, energetically favorable interaction. The D400A mutant
enzyme was virtually inactive for aminoacylation (Fig. 1D and
Table 1). Next, we created D400N AlaRS. Here, the Asp-to-Asn
replacement is roughly isosteric. However, while the model
predicts that both carboxyl oxygens of the Asp side chain are
involved in H-bonding to the 2-NH2 of G3 and the 2′-OH of C71
(Fig. 1C), the amide group of Asn cannot H-bond to G3. Like
D400A AlaRS, D400N AlaRS was virtually inactive for amino-
acylation (Table 1). These results mirror those in which the 2-
amino of G3 was ablated (as in I:U) or shifted (as in G:C) (Fig.
1A) and are consistent with the presence of an energetically fa-
vorable contact between Asp400 and NH2(G3), which is critical
for aminoacylation.
For the recognition of O4 of U70 by Asn303 of E. coli AlaRS,

two additional mutants of E. coli AlaRS were cloned and purified.
The N303D substitution was selected as an approximately isosteric
substitution to disrupt the interaction with O4 of U70. Consistent
with the universal conservation of Asn303 and with an electro-
static repulsion between the introduced carboxyl of D303 and O4
of U70, N303D AlaRS was almost completely inactive for ami-
noacylation (Table 1). Next, we made an N303A replacement that
substituted Asn with the smaller methyl group side chain of Ala.
Remarkably, N303A AlaRS was twofold higher in activity than
WT AlaRS (Fig. 1D and Table 1). Most of this change came from
a change in kcat. Interestingly, the apparent dissociation constant
Km was the same [0.12 μM (WT) versus 0.14 μM (N303A)] when
the H bond from Asn303 to O4 of U70 was removed. Thus, and
surprisingly, the highly conserved H bond of Asn303 to U70 is a
somewhat negative contribution to recognition of tRNAAla.
We then considered the possibility that the effects of N303A

were dependent on, or coupled to, the presence of Asp400. To
investigate this possibility, we asked whether the N303A sub-
stitution could rescue in part the deleterious effect of the D400A
replacement. Indeed, the N303A substitution into D400A AlaRS
(to give N303A/D400A AlaRS) promoted the activity over that of
D400A AlaRS alone (Table 1 and SI Appendix, Fig. S3A). Re-
markably, this enhancement amounted to an activity for N303A/
D400A AlaRS that was only sixfold to sevenfold less than that of
WT AlaRS. Thus, the effects of N303A are not dependent on the
presence of Asp400. The result gave further motivation to un-
derstand the rationale for the presence of the highly conserved
Asn303 H bond with O4 of U70. In particular, we considered the
possibility that conservation of Asn303 throughout evolution was
not solely for recognition of O4 of U70.
The most prominent possibility is that the universally con-

served Asn303 is for repelling the major competitor 3:70 base
pair in nonalanine-tRNAs of E. coli. Competitor tRNAs are a
major challenge for AARSs (13, 14). The dissociation constant

for many noncognate tRNA:AARS complexes is within 10- to
100-fold of that for the cognate complex (15–18). The Kd values
for synthetase-tRNA complexes are high—1 μM at pH 7.5 is
typical. This high Kd facilitates efficient turnover during protein
synthesis but leaves less “room” for specificity. To achieve ac-
curacy of aminoacylation, discrimination by kcat has a major role.
In E. coli, the major competitors for AlaRS are those tRNAs that
have a G3:C70 base pair. For example, 19 isoacceptors for 10
different amino acids in E. coli have G3:C70. Because simple
substitution of G3:C70 with G:U confers aminoacylation with
alanine, the other parts of the tRNA in these noncognate sub-
strates are of lesser significance.
To investigate the role of Asn303 in rejecting a G3:C70-containing

competitor, we made a transcript of E. coli G3:C70 tRNAAla and
investigated its activity with the different recombinant AlaRSs that
we had created. As expected (2), G3:C70 tRNAAla was completely
inactive for aminoacylation by WT AlaRS. In contrast, the N303A
single-point substitution gave an enzyme that was active on G3:
C70 tRNAAla (Fig. 1D). Importantly, while D400A AlaRS, like
WT AlaRS, does not acylate G3:C70 tRNAAla, the double-mutant
N303A/D400A AlaRS, like N303A AlaRS, was active on G3:C70
tRNAAla (SI Appendix, Fig. S3B).
Thus, Asn303 appears to be essential for repelling G3:C70-

containing competitor tRNAs through its interaction on the
major-groove side. This repulsion compensates for Asn303 being
the nonoptimal amino acid for charging tRNAAla. At the same
time, H bonding by Asp400 to the 2-NH2 of G3 on the minor
groove side appears optimal for “positive” recognition of the G:
U pair. Thus, one contact—Asp400—is a strong recruiter of the
G3:U70 pair, while the other contact—Asn303—protects the
Asp400 interaction by repelling competitor tRNAs. These
characteristics are expected for a straightforward system of
protein–nucleic acid recognition (19–22).
Next, we turned to the human system, where the same G3:U70

base pair in the acceptor stem of human tRNAAla is essential for
aminoacylation with alanine in vitro and in vivo. In these assays,
we kept fixed the E. coli tRNAAla transcript, which is efficiently
aminoacylated in a G3:U70-dependent manner by WT human
AlaRS. To our surprise, except for the N317D substitution that
introduces an electrostatically repulsive interaction with O4 of
U70 (see above), all of the other mutations that disrupted ami-
noacylation of tRNAAla by the bacterial AlaRS resulted in little
change in the efficiency of aminoacylation of H. sapiens AlaRS
(Fig. 1E, Table 2, and SI Appendix, Fig. S3C). Examples included
the N317A, D416A, D416N, and N317A/D416A substitutions.
Thus, neither Asn317 nor Asp416 plays the role of “positive rec-
ognition.” The human enzyme hereby shows a striking similarity to
A. fulgidus AlaRS, in which neither the N359A nor D450A mu-
tation disrupts aminoacylation of the WT tRNAAla (9).
These results raised the question of whether the human en-

zyme used Asn317 and Asp416 to reject noncognate tRNAs, so
that the specificity for G3:U70 was because it fits the best into the
shape-specific site for the 3:70 base pair and not because of any
determinants for positive recognition as seen in the bacterial sys-
tem. To address this question, we used G3:C70 tRNAAla as sub-
strate for H. sapiens AlaRS. Strikingly, while the WT enzyme was
totally inactive on the noncognate substrates, all substitutions—
N317A, N317D, D416A, D416N, and N317A/D416A—reduced
the specificity of aminoacylation by now allowing charging of G3:
C70 tRNAAla (Fig. 1E). Among the mutants that effectively
aminoacylated G3:U70 tRNAAla (all except N317D), the most
dramatic loss of specificity occurred with the N317A/D416A mu-
tant enzyme (SI Appendix, Fig. S3D). Interestingly, this observa-
tion contrasts to that from the archaeal system, where only
substitutions of Asp450 cause reduced specificity on G3:C70
tRNAAla, while substitutions in Asn359 have no effect (9).
To measure the loss of specificity for G3:U70 for each of the

mutations in the E. coli and H. sapiens enzymes, we compared the

Table 1. Kinetics of aminoacylation by E. coli AlaRS mutants

E. coli AlaRS kcat, s
−1 Km, μM kcat/Km, μM−1·s−1 Rel kcat/Km

WT 0.36 ± 0.02 0.12 ± 0.03 3.0 ± 0.9 1
N303A 0.82 ± 0.05 0.14 ± 0.04 5.7 ± 1.9 1.9
N303D 0.12 ± 0.01 3.4 ± 0.4 0.034 ± 0.006 0.012
D400A 0.17 ± 0.01 1.4 ± 0.2 0.13 ± 0.03 0.042
D400N 0.14 ± 0.01 1.2 ± 0.1 0.12 ± 0.02 0.040
N303A/D400A 0.30 ± 0.02 0.67 ± 0.12 0.44 ± 0.11 0.15

Assays were carried out at 25 °C and pH 7.5, with tRNAAla concentrations
ranging from 62.5 nM to 24.7 μM. Enzyme concentrations were 10 nM (WT),
12.5 nM (N303A), 1 μM (N303D), 80 nM (D400A), 60 nM (D400N), and
20 nM (N303A/D400A). The data represent the mean of triplicate experi-
ments ± SEM.
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relative activities of the mutant versus theWT enzymes (Fig. 3 A–C).
To compare the relative loss of discriminatory power of the mutant
AlaRSs for G3:U70 tRNAAla, the relative activity for each mutant
for G3:C70 tRNAAla (Fig. 3B) was divided by the relative activity for
G3:U70 tRNAAla (Fig. 3A) (WT AlaRS is normalized to 1). Strik-
ingly, the effect of the mutations on the loss of discriminatory power
in every instance is more profound with the bacterial enzyme (Fig.
3C). This result is explained by the greater negative effect of the
mutations on aminoacylation of WT G3:U70 tRNAAla by the
bacterial AlaRS. Thus, the “direct” system of positive recognition of
specific nucleotide determinants in bacteria is more vulnerable to
specificity-changing mutations. The human enzyme instead suffers
less loss of specificity when N317 or D416 is altered, mainly because
some substitutions have little effect on the activity toward the nat-
ural G3:U70 tRNAAla. These observations raise the possibility that
the human enzyme evolved its “shape-related” specificity mecha-
nism to withstand what would otherwise be the inactivating effects
of mutations of the highly conserved N317 and D416.
The G3:U70 recognition modes are distinct in E. coli, H. sapiens

(Fig. 3D), and A. fulgidus AlaRSs (9). Particularly significant is the
lack of any positive functional interaction in the eukaryal and ar-
chaeal systems, such as that provided by the favorable contact be-
tween the carboxyl of D416 and the 2-NH2 of G3 in E. coli. The
congruency of the conserved Asn-plus-Asp structure in ensuring
G3:U70 recognition in all three domains of life, as exemplified in
this work, support the early origin of the G:U base pair as an
identity element for alanine. The conservation of this G:U pair as
an identity element but not with a specific mechanism of its rec-
ognition suggests that the G:U pair was fixed early during genetic
code evolution and raises the possibility it predated recognition by
the protein enzyme. Thus, the genetic code ostensibly had a pow-
erful and persistent preference for associating G:U with alanine.
We speculate that the different recognition modes of the

bacterial, archaeal, and human AlaRSs may be a consequence of
the effects of domain–domain interactions, rather than of local
interactions. E. coli AlaRS can be divided into an N-terminal
catalytic fragment and another half (the editing domain and
the C-terminal domain), which are both soluble (13–25). In
contrast, A. fulgidus AlaRS cannot be similarly divided, probably
because of the hydrophobic interface between the catalytic
fragment and the editing domain (26). Consequently, the in-
teraction between the catalytic fragment and the editing domain
of E. coli AlaRS is probably more flexible than that of A. fulgidus
AlaRS and possibly than that of H. sapiens AlaRS. The flexibility
of this interface could provide the accommodation of a direct
system of recognition for the bacterial enzyme, while its rigidity
could enforce a mechanism based on steric fit.
In examining more than 2,500 deposited sequences of AlaRSs

from the three kingdoms of life, we found that the common
Asn-plus-Asp structure for recognition of G3:U70 is highly
conserved (>95%) in all three domains of life (SI Appendix,
Table S1). Interestingly, for both the bacterial and human enzyme,
replacement of the residue that is proximal to O4 of U70—N303A

(E. coli) or N317A (human)—yields an enzyme with robust
activity on each respective native tRNAAla substrate (Fig. 3A).
However, in both instances, specificity is lost (Fig. 3C). These

Table 2. Kinetics of aminoacylation by human AlaRS mutants

Human AlaRS kcat, s
−1 Km, μM kcat/Km, μM−1·s−1 Rel kcat/Km

WT 0.23 ± 0.01 0.26 ± 0.04 0.89 ± 0.18 1
N317A 0.20 ± 0.01 0.29 ± 0.05 0.69 ± 0.15 0.78
N317D 0.024 ± 0.001 0.41 ± 0.11 0.058 ± 0.018 0.065
D416A 0.32 ± 0.02 0.35 ± 0.08 0.92 ± 0.26 1.0
D416N 0.20 ± 0.01 0.47 ± 0.07 0.43 ± 0.08 0.48
N317A/D416A 0.21 ± 0.01 0.23 ± 0.06 0.90 ± 0.31 1.0

Assays were carried out at 25 °C and pH 7.5, with tRNAAla concentrations
ranging from 62.5 nM to 24.7 μM. Enzyme concentrations were 20 nM (WT),
43 nM (N317A), 250 nM (N317D), 50 nM (D416A), 50 nM (D416N), and 25 nM
(N317A/D416A). The data represent the mean of triplicate experiments ± SEM.

Fig. 3. E. coli and human AlaRS enzymes display different methods of en-
suring G3:U70 specificity. (A) Relative aminoacylation activities of E. coli and
human AlaRS enzymes toward G3:U70 tRNAAla. (B) Relative aminoacylation
activities toward G3:C70 tRNAAla. (C) Relative loss of discriminatory power of
the mutant AlaRSs for G3:U70 tRNAAla. The loss of specificity is measured by
the relative activity for G3:C70 tRNAAla divided by the relative activity for G3:
U70 tRNAAla. WT AlaRS is normalized to 1. (D) Representation of the dif-
ferent modes of tRNA specificity by E. coli and human AlaRSs. Blue patches
signify positive interactions between enzyme and tRNA, and red patches
signify negative interactions. The sizes of the patches are roughly pro-
portional to the strength of the positive or negative interactions. The posi-
tion of the G:U wobble pair is outlined in yellow.
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observations are consistent with the idea that repulsion of the
competitor tRNAs was of paramount importance in the selection
and retention of the conserved Asn. Similarly, unlike the bacterial
enzyme, in the human system the effect of substitution of Asp416
with either Ala or Asn is minimal, and yet those substitutions still
result in a decline in specificity and selective pressure to retain the
conserved Asp.

Methods Summary
E. coli and H. sapiens AlaRS enzymes were overexpressed in E. coli and pu-
rified as previously described (25). Concentrations of purified AlaRS enzymes

were measured by active-site titration assays (27). E. coli tRNAAla and G3:C70
tRNAAla were in vitro transcribed using T7 polymerase. Aminoacylation with
WT E. coli tRNAAla was performed by incubating purified enzyme (5 nM) in
reaction buffer (50 mM Hepes, pH 7.5, 20 mM KCl, 5 mM MgCl2, 1 mM DTT),
with 4 mM ATP, 20 μM L-[3H]Ala, and 2 μM tRNAAla at 25 °C. For reactions
with G3:C70 tRNAAla, 500 nM enzyme and 10 μM G3:C70 tRNAAla was used,
at 37 °C. Incorporation of L-[3H]Ala was measured by scintillation counting in
a MicroBeta plate reader (27).
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