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The faithful charging of amino acids to cognate tRNAs by aminoacyl-tRNA
synthetases (AARSs) determines the fidelity of protein translation. Isoleucyl-
tRNA synthetase (IleRS) distinguishes tRNA" from tRNAY* solely based on the
nucleotide at wobble position (N34), and a single substitution at N34 could
exchange the aminoacylation specificity between two tRNAs. Here, we report
the structural and biochemical mechanism of N34 recognition-based tRNA
discrimination by Saccharomyces cerevisiae 11eRS (SclleRS). SclleRS utilizes a
eukaryotic/archaeal-specific arginine as the H-bond donor to recognize the
common carbonyl group (H-bond acceptor) of various N34s of tRNA™, which
induces mutual structural adaptations between SclleRS and tRNA™ to achieve a
preferable editing state. C34 of unmodified tRNA"(CAU) (behaves like
tRNAM®) lacks a relevant H-bond acceptor, which disrupts key H-bonding
interactions and structural adaptations and suspends the SclleRS-tRNA"(CAU)
complex in an initial non-reactive state. This wobble nucleotide recognition-
based structural adaptation provides mechanistic insights into selective tRNA
aminoacylation by AARSs.

M Check for updates

The genetic code is established by the faithful charging of transfer
ribonucleic acids (tRNAs) with cognate amino acids, a process cat-
alyzed by a family of ancient enzymes named aminoacyl-tRNA syn-
thetases (AARSs)™% In the universal genetic code table, 61 codons
encode 20 common proteingenic amino acids. Generally, two pyr-
imidine (Y)-ending codons (NNU and NNC) encode the same amino
acids, as do the two purine (R)-ending codons (NNA and NNG).
However, an essential exception is that two AUR codons separately
encode two different amino acids: AUA for L-isoleucine (.-lle) and
AUG for L-methionine (1-Met). In addition to AUA, t-lle is also
encoded by two AUY codons (AUU and AUC), making i-lle the only

amino acid encoded by three codons. Like most AARSs, isoleucyl-
tRNA synthetase (IleRS) recognizes anticodon triplets as the pri-
mary identity element of its tRNA substrates, and in particular, it
discriminates tRNA"™ from tRNAM* by relying exclusively on the first
(wobble) anticodon nucleotide (N34 of tRNA)*®. tRNAM® can be
efficiently isoleucylated by Saccharomyces cerevisiae lleRS (SclleRS)
when its C34 is replaced by G34*. Therefore, lleRS must strictly
exclude C34 to avoid mis-aminoacylation of tRNAM® and accom-
modate N34 with different sizes and chemical structures in tRNA"
isoacceptors, which is a more challenging task than that encoun-
tered by all other AARSs.
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Various post-transcriptional modifications have been developed
on the N34s of tRNA"™ isoacceptors to facilitate their recognition by
lleRS (Supplementary Fig. 1). In eukaryotes, modifications of
tRNA"™(AAU) and tRNA"™(UAU) generate tRNA"™(IAU) and
tRNA"(WAW), respectively (I: inosine, W: pseudouridine)**”. The 134
modification by tRNA adenosine deaminase increased the isoleucyla-
tion of the in vitro transcript of tRNA"(AAU) by 16-fold, while the
tRNA(WAW) extracted from yeast cells was 40-fold more active than
the unmodified in vitro transcript of tRNA"™(UAU)*. Interestingly,
prokaryotes encode a tRNA"™ bearing the CAU anticodon, and the
tRNA(CAU) lacking modification at C34 behaves like a tRNAM* *°, The
post-transcriptional modifications of C34 to 2-lysylcytidine (L34) in
bacteria® and to 2-agmatinylcytidine (agm?C34) in archaea’ efficiently
changed the amino acid-accepting and mRNA-decoding specificities of
tRNA"(CAU) from L-Met to L-lle.

To facilitate recognition of the modified or unmodified N34, lleRS
recruits new C-terminal domains in addition to the canonical antic-
odon binding domain (ABD)>. C-terminal truncated IleRS is active for -
lle activation but inactive for i-lle tRNA transfer'®", validating the
important role of the C-terminal domains in tRNA recognition. Inter-
estingly, lleRSs from the three domains of life diverge sharply in their
C-terminal domains (Fig. 1a)">. Eukaryotic and archaeal 1leRSs contain
C-terminal sequences that are at least twice as long as that of bacterial
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Fig. 1| The SclleRS-tRNA"*(GAU)-L-lle complex structure in the editing state. a
Domain diagram of lleRSs from Saccharomyces cerevisiae, Homo sapiens, Pyrococcus
horikoshii and Staphylococcus aureus. b Cloverleaf models of tRNA"(GAU) and
tRNA"(CAU) from Escherichia coli. ¢ Cartoon representation of the overall structure
of SclleRS in complex with tRNA"(GAU) and L-lle. SclleRS is colored the same as the
domain diagram, the substrate -lle is represented as spheres, and tRNA"(GAU) is
colored in orange with the nucleotides directly interacting with SclleRS shown in
filled rings. d Structural superposition of the SclleRS-tRNA"™(GAU)-L-lle complex and
the Thermus thermophilus 11eRS (TtlleRS) ED-Val-2AA complex (PDB ID: IWNZ,

lleRS, and IleRS in higher eukaryotes has an additional unique domain
(UNE-]) for multi-synthetase complex (MSC) assembly”. Notably, the
zinc-binding domain (ZBD), which is essential for N34 recognition by
bacterial 1leRS’, does not exist in eukaryotic and archaeal 1leRSs, sug-
gesting that eukaryotic and archaeal IleRSs develop distinct N34
recognition mechanisms which may be related to eukaryotic/archaeal-
specific N34 modifications.

Moreover, how a small difference at the single nucleotide N34
could control whether eukaryotic/archaeal lleRS aminoacylates a tRNA
remains a mystery. The local geometry difference resulting from a
single substitution at the G3-U70 base pair of tRNA*? could be trans-
mitted along the acceptor stem, finally causing the tRNA 3’ CCA end to
fold back into a non-reactive route'. However, the distance between
N34 and the CCA end of tRNA" (approximately 70 A) is significantly
greater than that between G3-U70 and the CCA end of tRNA*?, and the
transmission of N34 recognition information could be even more
difficult.

Here, we report two parallel cocrystal structures of SclleRS bound
with tRNA"(GAU) and unmodified tRNA"(CAU) (Fig. 1b). The unique
C-terminal domains of SclleRS were found to employ a eukaryotic/
archaeal-specific and more robust N34 recognition mechanism based
on a conserved arginine. Importantly, because of the lack of the
arginine-mediated N34 interactions, the SclleRS-tRNA"(CAU) complex
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green) confirms the protein—tRNA interactions in the editing state revealed by the
small-molecule probe Val-2AA. The H-bonds between residues of SclleRS and
nucleotide A76 of tRNA"(GAU) are shown as black dashed lines. e tRNA"" was
modeled to I1eRS according to the EcLeuRS-tRNA"-Leu-AMP complex structure in
the aminoacylation state (PDB ID: 4AQ7). The CP core of SclleRS in the editing state
largely overlaps with the acceptor arm of tRNA'". fIn contrast, structural modeling
revealed that there is no significant conflict between the acceptor arm of tRNA™
and the CP core of SalleRS in the SalleRS-tRNA"(GAU)-mupirocin complex (PDB
ID: 1FFY).
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cannot trigger necessary structural adaptations to reach the preferable
conformation that the functional SclleRS-tRNA"(GAU) complex
adopts.

Results

SclleRS and tRNA"*(GAU) form an editing state complex

Our attempts to crystallize the complex of SclleRS with S. cerevisiae
tRNA™(JAU) were unsuccessful. It has been reported that Escherichia
coli tRNA"™(GAU) is recognized and isoleucylated by SclleRS with
an efficiency similar to that of SctRNA"™(IAU)‘. Consequently,
EctRNA™(GAU) was utilized as a substitute for S. cerevisiae tRNA" in
the study of the eukaryotic tRNA recognition mechanism. The struc-
ture of full-length SclleRS in complex with in vitro transcribed
EctRNA™(GAU) and -isoleucine (L-lle) (Fig. 1c) was determined by X-ray
crystallography to 2.8A (Supplementary Fig. 2 and Supplementary
Table 1). The crystallographic asymmetric unit contains two
SclleRS-tRNA"(GAU)-L-lle ternary complexes that adopt similar con-
formations to each other (Supplementary Fig. 2), and the complex
consisting of chains A (SclleRS) and T (tRNA™) is discussed below
owing to its superior electron density.

SclleRS comprises three parts: the aminoacylation main body, the
connective peptides (CPs), and the C-terminal appendant domains
contributing to tRNA binding (Fig. 1a, c¢). The aminoacylation main
body can be further divided into the Rossmann-fold catalytic domain
(CD), stem-contact fold (SCF) and anticodon-binding domain (ABD).
CPs contain the CP core, editing domain (ED, also known as CP1), CP2
and CP3. Unlike bacterial lleRS, whose C-terminal domains consist of a
C-terminal junction domain and a ZBD, the C-terminal sequence of
SclleRS can be divided to three small domains, named the C-ter A, C-ter
B and C-ter C domains (Fig. 1a, c). The C-ter A domain resembles the
C-terminal junction domain of bacterial lleRS (Supplementary Fig. 3).
The C-ter B domain is unique to eukaryotic and archaeal lleRSs and has
no corresponding domain in bacterial IleRS. Although the C-ter C
domain is the functional counterpart of the ZBD of bacterial lleRS, its
structure is distinct from that of the ZBD, but despite the low sequence
homology, it resembles the C-ter A domain (Supplementary Fig. 3).

The anticodon stem-loop of tRNA"™(GAU) is clamped between the
aminoacylation main body and C-terminal domains (Fig. 1c). The
acceptor stem of tRNA"(GAU) forms only a few interactions with the
CD, and the amino acid-accepting 3’ CCA end is directed into the ED,
indicating that the complex was crystallized in the editing state
(Fig. 1c). Owing to their similar sizes and physicochemical properties, L-
valine (1-Val) and non-proteinogenic norvaline are incorrectly acti-
vated and charged to tRNA"™ by IleRS at certain rates, and lleRS quickly
hydrolyzes the mischarged tRNA™ with its ED to maintain protein
translation fidelity'*'. The A76 of tRNA"(GAU) interacts with the
editing pocket in a manner similar to 2-(L-valyl)amino-2’-deox-
yadenosine (Val-2AA), a post-transfer editing substrate analog that
mimics the 3’ end of the aminoacyl-2"-ester Val-tRNA"™" (Fig. 1d). The 2"-
OH of A76 of tRNA"™(GAU) is precisely oriented towards a subpocket
for the 1-Val (Fig. 1d). Our SclleRS-tRNA"(GAU)--lle complex is the first
structure that clearly shows how the entire 3* CCA end interacts with
the ED (Supplementary Fig. 4), and it strongly supports the editing
substrate recognition mechanism of IleRS suggested previously by
small-molecule probes”.

Class Ia AARSs containing EDs (lleRS, LeuRS and ValRS) prefer to
bind substrate tRNAs in the editing state, and thus far, the aminoa-
cylation state complex has been captured only for LeuRS>®*. In the
editing state of the SclleRS-tRNA"(GAU)-L-Ile ternary complex, the CP
core of SclleRS packs over the L-lle pocket, and structural comparison
suggested that the CP core closes the cleft for the tRNA"™ CCA end to
enter the aminoacylation site (Fig. 1e). The closed conformation of
the CP core has also been observed in tRNA-free Thermus thermo-
philus 1leRS (TtlleRS, PDB ID: 1ILE)*°, Candida albicans 11eRS (CalleRS,
PDB ID: 6LDK)" and Helicobacter pylori 1leRS (HplleRS, PDB ID:

8WNF)* (Supplementary Fig. 5), as well as LeuRS and ValRS in tRNA-
free and tRNA-editing states'®*>?, Translocation of the tRNA 3° CCA
end to CD requires a large rotation of the CP core and ED in these
three AARSs". In the SalleRS-tRNA"(GAU)-mupirocin complex (PDB
ID: 1IFFY), although the acceptor arm of tRNA"(GAU) is orientated
towards the ED, the ED and CP core of Staphylococcus aureus 1leRS
(SalleRS) rotated by approximately 42° relative to those of SclleRS in
the SclleRS-tRNA"(GAU)-L-lle complex (Supplementary Fig. 5),
opening the conformation for translocating the tRNA 3’ CCA end
between the CD and ED (Fig. 1f)’. Thus, the structure of the
SalleRS-tRNA"(GAU)-mupirocin complex may represent an inter-
mediate state from the editing state to the aminoacylation state,
probably induced by the co-binding of the lle-AMP-mimicking inhi-
bitor mupirocin. In contrast, our structure provides the first unam-
biguous editing conformation for studying the catalytic process and
possibly inhibitors of IleRS.

Productive tRNA™ binding induces C-terminal domain
movements

The C-ter B domain, which is highly dynamic in tRNA-free SclleRS (PDB
ID: 7D5C)", is stabilized upon tRNA"™ binding through interactions with
the tRNA™ elbow (consisting of D and T loops) (Fig. 1c). The C-ter B
domain consists of three small a-helices, a short B-hairpin and an
antiparallel two-stranded f-sheet, and the helix-turn-helix sequence
from Trp900 to Ser920 is rich in basic residues (Supplementary Fig. 6).
Residues Trp900, Pro901 and Lys915 form stacking, hydrophobic and
hydrogen-bonding (H-bonding) interactions with nucleotides G19 and
U20 of tRNA"™(GAU), respectively (Fig. 2a). As a result, U20 flips
approximately 180° compared to that of tRNA"(GAU) bound to Sal-
leRS (PDB ID: 1FFY) (Fig. 2b). When the C-ter B domain was deleted by
replacing the sequence from Val897 to Asn948 with the linker of
-GSGS-, SclleRSACB could still activate amino acid (Fig. 2c) but com-
pletely lost aminoacylation activity against tRNA" (Fig. 2d), indicating
that C-ter B domain deletion does not affect SclleRS folding but dis-
rupts functional SclleRS-tRNA"™ binding. Consistently, the formation of
SclleRSACB-tRNA"™(GAU) complex is weaker than that of the wild-type
SclleRStRNA"(GAU) complex as indicated by the electrophoretic
mobility shift assay (EMSA) (Fig. 2e). We also introduced mutations at
the G18-U55 and G19-C56 tertiary base pairs located in the elbow region
of tRNA"(GAU), and the results indicated that G19C, G18C&C56A and
US5A mutants exhibited significant reductions in isoleucylation com-
pared to the wild-type tRNA"™(GAU) (Fig. 2f). These tRNA mutants,
along with SclleRSACB, underscored the critical role of the C-ter
B-elbow interaction in the isoleucylation of tRNA" by SclleRS. Notably,
U20, which directly interacts with the C-ter B domain, as well as the
tertiary base pairs G18-U55 and G19-C56, which are important for
maintaining the elbow conformation, are conserved across all tRNA™
isoacceptors in both E. coli and S. cerevisiae, suggesting that the C-ter B
domain of SclleRS likely employs a similar mechanism to recognize the
elbow of S. cerevisiae tRNA™,

Notably, the C-ter B domain exists only in eukaryotic and archaeal
lleRSs among all class I AARSs, and its best structural homolog is the
insertion 3 domain (Ins3) of eukaryotic «, glycyl-tRNA synthetase
(GIyRS, a class Il AARS) (Supplementary Fig. 3), as revealed by DALP**%.
The Ins3 of «, GIyRS as well as a similar B2 domain in bacterial «,f3,
GlyRS were proposed to undergo a large conformational movement to
interact with the tRNA®Y elbow, which may contribute to protecting
tRNA®Y from undesired disassociation during aminoacylation® 25,

When tRNA"™(GAU)-bound SclleRS was aligned with tRNA-free
SclleRS (PDB ID: 7D5C) based on the CD, the ABD and C-ter A domain
underwent the rotations of approximately 7° and 25°, respectively
(Fig. 2g). An apo structure of full-length SclleRS was predicted by
AlphaFold2 (AlphaFold DB: AF-P09436-F1)*, and its ABD and C-ter A
domain were well aligned with those of tRNA-free SclleRS, highlighting
the reliability of the C-terminal conformation of the predicted
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Fig. 2 | Productive tRNA" binding requires conformational movements at
SclleRS C-terminal domains. a The C-ter B domain of SclleRS is stabilized and
binds to the elbow of tRNA"(GAU). b Interactions with the C-ter B domain induce a
conformation of the U20 nucleotide of SclleRS-bound tRNA"(GAU) opposite to
that of SalleRS-bound tRNA"(GAU) (PDB ID: 1FFY). ¢ SclleRS proteins with muta-
tions located far from the active site exhibited similar or comparable activity to that
of the wild-type protein in the tRNA-independent pre-transfer editing assay. Data
are presented as means + SD (n =3 independent experiments). d Most SclleRS
variants partially or completely lost the tRNA"™ isoleucylation activity as measured
by tRNA-dependent ATP consumption assay. FctRNA"(GAU) overexpressed in E.
coli cells was utilized in this assay. Data are presented as means +SD (n=3

independent experiments). e The EMSA assay result revealed that tRNA™ binding
ability of SclleRSACB is weaker than that of wild-type SclleRS. The in vitro transcript
of tRNA"®(GAU) was used in this assay. Similar results were observed in two inde-
pendent experiments. f The aminoacylation activity of SclleRS against in vitro
transcribed tRNA"(GAU) and its variants with G19C, GIS8C&C56A or U55A muta-
tions. All the variants presented significantly lower isoleucylation than that of the
wild-type tRNA"(GAU). Data are presented as means + SD (n =3 independent
experiments). g, h Structural comparison of the tRNA"(GAU)-bound SclleRS with
the tRNA-free SclleRS (PDB ID: 7D5C, colored in gray) (g) and apo SclleRS (Alpha-
Fold DB: AF-P09436-F1, colored in pink) (h) indicated the conformational changes
in the C-terminal domains and ABD of SclleRS upon tRNA™ binding.

structure. Compared to this predicted structure, in addition to the
ABD and C-ter A domain, the C-ter B and C domains also rotated
approximately 20-30° during tRNA™ binding (Fig. 2h). Thus, in the
editing state of SclleRS, the C-terminal domains must undergo con-
formational movements to clamp tRNA™ together with the aminoa-
cylation main body. However, additional experimental data are needed
to further elucidate the potential domain movements, which are cur-
rently inferred primarily from the Al-predicted structure.

The mechanism for recognition of anticodon A35/U36

The backbone of the anticodon loop sits in a positively charged cavity
(Fig. 3a) and forms extensive electrostatic and H-bonding interactions
with multiple residues from the C-ter A, C-ter C and ABD domains
(Supplementary Fig. 7), including Asn660, whose mutation leads to the

resistance of eukaryotic IleRS to the natural product inhibitor rever-
omycin A", Notably, Arg739 from the ABD plays a key role in antic-
odon loop binding by inserting its side chain into the cavity between
C32, U33, A35 and U36. It forms six H-bonds with these bases, three of
which contribute to the direct recognition of A35 and U36, the second
and third nucleotides of the anticodon triplet (Fig. 3b). Arg739 is well-
conserved among all aligned eukaryotic lleRSs (Supplementary Fig. 6),
and its mutation to alanine in SclleRS caused complete failure of tRNA"
isoleucylation in vitro (Fig. 2d). The important role of Arg739 in iso-
leucylation may explain the clinical finding that the compound het-
erozygous variants of human cytoplasmic IleRS, R739C
(corresponding to Arg739 in SclleRS) and F556S (a mutation in the CD
that impairs enzyme function), caused growth delay, hepatic dys-
function, and neurodevelopmental disabilities”. Notably, R739A and
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Fig. 3 | Recognition of A35/U36 by the ABD of SclleRS. a Electrostatic surface
potential of the positively charged cavity formed by the ABD, C-ter A, and C-ter C
domains for binding the anticodon loop of tRNA"(GAU). b Base-specific interac-
tions between the anticodon loop of tRNA"(GAU) and the ABD of SclleRS. ¢ As
shown in the SalleRS-tRNA"(GAU)-mupirocin complex structure (PDB ID: 1IFFY), the
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Fig. 4 | Structural mechanism of N34 recognition by the C-ter C domain of
eukaryotic/archaeal-type IleRS. a The binding of G34 to the C-ter C domain of
SclleRS. The top panel shows a zoomed-in view of the G34 binding site of the
SclleRStRNA"™(GAU)-L-lle complex. Direct and water-mediated H-bonding interac-
tions are shown as black dashed lines. The bottom panel is the 2D presentation of
G34-residues interactions, and the direct H-bonds are shown as orange dashed
lines. The water-mediated H-bonding interactions have been omitted in the 2D

presentation. b 2D presentations of the modeling of A34 and 134 at the N34 binding
site of SclleRS. A34 is unable to interact with the N34 binding residues due to the
lack of appropriate H-bond acceptors or donors, so it is poorly recognized by
SclleRS. In contrast, after deamination, 134 can bind to these residues like G34, and
be well recognized by SclleRS. ¢ Modeling of U34 and W34 at the N34 binding site of
SclleRS. d Modeling of C34 and agm®C34 at the N34 binding sites of SclleRS and
PhlleRS, respectively.

other site-directed mutations of SclleRS discussed later all exhibited
activity comparable to that of wild-type SclleRS in the tRNA-
independent pre-transfer editing assay (Fig. 2c), indicating that their
inactivity in tRNA"™ isoleucylation is due to deficiencies in appropriate
tRNA"™ binding for t-lle transfer.

The Arg739-based A35/U36 recognition mechanism is specific to
eukaryotic IleRS but not to bacterial lleRS, which relies on both the
unique binding conformations of the tRNA™ anticodon loop and the
anticodon loop-binding residues of 1leRS. In the SclleRS-tRNA"(GAU)
complex, C32 stacks with U33, and they are both buried in a cavity of
SclleRS. Arg736 contributes to stabilizing this conformation by form-
ing a cation-Tt interaction with the cytosine ring of C32 (Fig. 3b), and its
mutation to alanine abolished the tRNA™ isoleucylation activity of
SclleRsS (Fig. 2d). In contrast, C32 and U33 are partially exposed to the
solvent in the SalleRS-tRNA"(GAU)-mupirocin complex (PDB ID: 1IFFY)°
(Fig. 3c, d). Moreover, although A35 stacks with U36, and they both
point to the ABD in SclleRS‘tRNA"(GAU) complex (Fig. 3b), U36 of
SalleRS-bound tRNA™(GAU) is directed inside the anticodon loop
(Fig. 3¢, d). Thus, unlike that of SclleRS, the ABD of SalleRS only forms

base-specific interactions with A35 but not with C32, U33 or U36
(Fig. 3¢). The distinct conformations of U36 in tRNA"(GAU) bound to
SclleRS and SalleRS propagate to the following nucleotides A37 and
A38 (Fig. 3d). When the ABDs of the two lleRSs were superimposed, the
anticodon loop backbones of the two tRNA"™(GAU) molecules shifted
by up to 6.5 A (Fig. 3d).

Notably, the ABD of eukaryotic SclleRS makes considerably more
contacts with the anticodon loop than that of bacterial SalleRS does,
but it does not recognize the nucleotide N34 to discriminate tRNA"
from tRNAM®; this task must be performed with additional C-terminal
domains.

A conserved arginine recognizes a common carbonyl of N34s

The nucleotide G34 of tRNA"™(GAU) flips out from the anticodon loop
to form multiple polar interactions with the C-ter C domain (Fig. 4a):
the N1 atom of G34 H-bonds with the backbone oxygen of Leul004;
the 6-carbonyl group forms two H-bonds with Arg999; and N7 forms a
water-mediated H-bond with GIn996. While the L-lle tRNA transfer is
the rate-limiting step in tRNA™ isoleucylation compared to L-lle
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activation”’, SclleRS bearing the Q996A mutation catalyzed
tRNA"(GAU) isoleucylation at a rate comparable to that of the wild-
type SclleRS, so the Q996A mutation was unlikely to significantly affect
tRNA"™ recognition by SclleRS. In contrast, SclleRS bearing the R999A
mutation completely lost aminoacylation activity, indicating that
Arg999 plays a more important role in G34 recognition (Fig. 2d).

In addition to G34, SclleRS also recognizes U34 as well as 134 and
W34 (the modified A34 and U34) but poorly accommodates unmo-
dified A34 and C34". When G34 was mutated in silico to A34 in the
structural model of the SclleRS-tRNA"(GAU)-L-lle complex, A34 lost
direct contacts with Arg999 and LeulO04 because its chemical
groups at positions 1 and 6 have H-bond acceptor-donor properties
opposite to those of G34 (Fig. 4b and Supplementary Fig. 8). After the
deamination of A34, product 134 has the same chemical properties as
G34 at positions 1 and 6, so 134 can bind to SclleRS in a manner
similar to G34 (Fig. 4b and Supplementary Fig. 8). Interestingly, the
modified nucleotide I can also function as a mimic of G to pair with C
in both translation and splicing of mRNA***, highlighting a similar
recognition mechanism of I by both protein and RNA. U34 could
H-bond with Arg999 via its 4-carbonyl group, and after modification,
W34 may form an additional H-bond with GIn996 through its N1 atom
(Fig. 4c and Supplementary Fig. 8). This new H-bond can partially
explain the 40-fold increase in the activity of fully modified
tRNA"(WAW) compared with the unmodified tRNA"™(UAU) tran-
scribed in vitro*. Notably, compared with G34 and 134, U34 and W34
are smaller in size and may not interact with the backbone of
Leu1004 (Supplementary Fig. 8).

Thus, it is a unified N34 recognition mechanism of SclleRS in
which Arg999 utilizes its side chain as the H-bond donor to form
specific H-bonds with the carbonyl group (H-bond acceptor) of various
N34s of tRNA'™, In contrast, Arg999 cannot form this critical interac-
tion with nucleotide C34 because C34 lacks an H-bond acceptor at the
corresponding position (Fig. 4d and Supplementary Fig. 8), thereby
preventing tRNAM® from mis-isoleucylation by SclleRS. Thus, our
structure highlights that the carbonyl group of N34 acts as a positive
determinant of eukaryotic tRNA", Consistently, its reader, Arg999, is
conserved among eukaryotic IleRSs we aligned, except in Drosophila
melanogaster 1leRS, where it is replaced with a similar lysine residue
(Supplementary Fig. 6). Mutation of Arg999 to lysine in SclleRS resul-
ted in approximately a 70% reduction in aminoacylation activity
(Fig. 2d), which is consistent with the fact that lysine is able to form
only one H-bond with N34, whereas arginine can form two H-bonds.
Archaeal lleRS has C-terminal domains similar to those of eukaryotic
lleRS. In addition to G34, archaeal IleRS can also charge the tRNA™
isoacceptor containing agm?C34, a modified C34 (Supplementary
Fig. 1)°. According to structural modeling, Pyrococcus horikoshii 1leRS
(PhlleRS) can also use the arginine to form H-bonds with the 4-imine
group (also an H-bond acceptor) of agm?C34 (Fig. 4d and Supple-
mentary Fig. 8), supporting the unified N34 recognition mechanism of
eukaryotic/archaeal-type IleRS.

The C-ter A and C domains are structurally similar (Supplemen-
tary Fig. 3). The C-ter A domain also has an arginine residue (Arg838) at
the position corresponding to Arg999 of the C-ter C domain (Sup-
plementary Fig. 9). Although Arg838 does not directly interact with
tRNA", both Arg838 and Arg999 may contribute to structural stability
by interacting with the backbones of nearby loops (Supplementary
Fig. 9). Mutations of Arg838 to lysine or alanine caused approximately
a half-reduction or complete failure in tRNA™ isoleucylation by SclleRS,
respectively (Fig. 2d). We propose that the C-ter C domain was a
duplication of the C-ter A domain during the evolution of eukaryotic/
archaeal IleRS, and it was retained because its conserved arginine
happened to provide an effective way, alternative to that of the ZBD in
bacterial IleRS, to recognize N34. Considering the facts that 1) the
overall structural similarity between the C-ter A and C domains is more
significant than that between the C-ter A domain and its corresponding

C-terminal junction domain in bacterial lleRS, and that 2) the impor-
tant arginine is conserved only in the C-ter A and C domains but not in
the C-terminal junction domain (Supplementary Figs. 3 and 9), the
acquisition of the C-ter C domain likely occurred later than the
separation of bacterial and eukaryotic/archaeal IleRSs.

The SclleRS-tRNA"(CAU) complex in non-reactive state
Consistent with previous reports®, the unmodified tRNA"(CAU)
(Fig. 1b) was unable to be isoleucylated by SclleRS and was instead
methionylated by MetRS, suggesting that it functions like a tRNAM® in
the term of aminoacylation specificity (Fig. 5a). However, a C34G
mutation was sufficient to restore the isoleucylation of tRNA"(CAU)
(Fig. 5a). EMSA showed that tRNA"(CAU) could still interact with Scl-
leRS, although its interaction is weaker than that of tRNA"(GAU)
(Fig. 5b). To understand how the Arg999-N34 interaction determines
whether a tRNA should be isoleucylated by SclleRS, we solved a
cocrystal structure of the SclleRS-tRNA"(CAU)-L-lle ternary complex at
2.83 A resolution with R/Rfree=23.8%/27.8% (Fig. 5c, Supplementary
Fig. 2 and Supplementary Table 1). tRNA"(CAU) is still located between
the aminoacylation main body and the C-terminal domains of SclleRS,
but it has fewer interactions with SclleRS. The interface area of 513 A%is
much smaller than that between tRNA"(GAU) and SclleRS (2,362 A?) as
measured by program PISA*. Notably, the entire anticodon loop of
tRNA"(CAU), including C34, loses interactions with SclleRS and
becomes too dynamic to be traced in the density map. To our surprise,
the acceptor stem of tRNA"(CAU) points to neither the editing site nor
the aminoacylation cavity, but binds to the backside of the ED (Fig. 5d).
In this non-reactive conformation, only the nucleotides G2, C72 and
C73 of the tRNA"(CAU) acceptor stem H-bond with the residues
GIn393 and Asn201 of SclleRS ED, and the 3' CCA end of tRNA"(CAU) is
exposed to the solution and invisible.

Two SclleRS-tRNA complex structures were aligned based on the
CD of SclleRS (Fig. Se, f), and a difference of approximately 25° was
observed between tRNA"(CAU) and tRNA"(GAU) (Fig. 5e). The C-ter A
and C-ter B domains of tRNA"(CAU)-bound SclleRS exhibited con-
formations quite similar to those of tRNA-free SclleRS (PDB ID: 7D5C
and AlphaFold DB: AF-P09436-F1) but not to those of tRNA"(GAU)-
bound SclleRS (Fig. 5f). In contrast, the conformation of the distal C-ter
C domain of tRNA"(CAU)-bound SclleRS is dramatically different from
those of both tRNA-free and tRNA"™(GAU)-bound SclleRS (Fig. 5f).
Thus, the dynamic anticodon loop of tRNA"™(CAU) did not attract but
probably even kicked away the C-ter C domain in the
SclleRS-tRNA"(CAU) complex. As a result, the C-ter C domain of
tRNA"(CAU)-bound SclleRS adopts a more open conformation, and it
must rotate approximately 60° and 40° to align with the C-ter C
domain of tRNA"™(GAU)-bound and tRNA-free SclleRS, respec-
tively (Fig. 5f).

Based on the above structural observations and the biochemical
results, we propose a possible route for the discriminative aminoacy-
lation of tRNA™ (Supplementary Fig. 10): both tRNA"™ and tRNAM®
could initially dock to SclleRS based on their rough shape and charge
complementarity; SclleRS-tRNA™ binding is then strengthened by the
formation of multiple stacking and bonding interactions between the
anticodon triplets of tRNA™ and SclleRS, in which the H-bonds
between the N34 of tRNA™ and Arg999 of SclleRS contribute an
indispensable part of the binding energy; in the meantime, mutual
structural adaptation between tRNA™ and SclleRS, including the rota-
tion of tRNA"™ along with the C-terminal domains of SclleRS, stabilizes
the complex in an editing conformation; tRNA™ can then move its
acceptor arm to the aminoacylation site to get charged and subse-
quently move it back to the editing site for proofreading, followed by
its release from SclleRS for protein translation. Because C34 cannot
contribute to H-bonding with Arg999, the binding of tRNAM to Scl-
1eRS will be suspended at the first step, after which tRNAM will dis-
sociates from SclleRS without being mis-isoleucylated.
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acceptor stem of tRNA"(CAU) binds to the back of the ED. d Binding of the
acceptor stem of tRNA"(CAU) to the back of SclleRS ED. The 3’ CCA end was
invisible in the electronic density map. e Structural comparison between the
reactive and non-reactive SclleRS-tRNA complexes revealed an approximately 25°
rotation between tRNA"(GAU) and tRNA"(CAU). f The C-terminal domains of
tRNA"(CAU)-bound SclleRS adopt a conformation generally similar to that of Scl-
leRS in the tRNA-free state except for the distal C-ter C domain, but not to that of
tRNA"(GAU)-bound SclleRS.

Discussion

In this study, the cocrystal structures showed that the complex of
SclleRS with the cognate tRNA"(GAU) adopts an editing conformation,
while the complex of SclleRS with the unmodified tRNA™(CAU)
remains in a non-reactive state. Many structural studies have indicated
that class la AARSs with ED (lleRS, LeuRS and ValRS) bind their sub-
strate tRNAs mostly stably in the editing state®'*'’. The ED is known to
ensure the fidelity of tRNA charging through amino acid proofreading.
This fidelity check occurs prior to the release of aminoacyl-tRNA and is
performed using the ED’s amino acid pocket and catalytic activity.
Here, the fact that only the cognate tRNA"(GAU) but not the unmo-
dified tRNA"(CAU) can bind to the ED of SclleRS at the correct editing
conformation suggests that the ED likely also facilitates the fidelity
check of tRNA. This tRNA check is performed upon tRNA entry using
the ED in conjunction with other tRNA binding domains. Thus, the ED

likely plays fidelity check roles for both amino acids and tRNAs, but in
two distinctive ways.

The accurate recognition of N34 by IleRS plays the most
important role in the discrimination of tRNA™ from tRNAM® and
subsequently maintains the fidelity of protein translation. Bacterial
and eukaryotic/archaeal IleRSs recruit kingdom-specific domains to
recognize cognate N34s. Bacterial SalleRS was shown to recognize
the guanine ring of G34 of tRNA"(GAU) by stacking and H-bonding
interactions with its Trp890 and Arg888 from the ZBD (PDB ID:
1FFY)’ (Supplementary Fig. 11). Interestingly, although both the ZBD
and the C-ter C domain H-bond with G34 via an arginine residue, the
ZBD utilizes the main chain carbonyl group of arginine (Arg888 in
SalleRS) as an H-bond acceptor to interact with N1 and 2-NH, of G34,
while the C-ter C domain utilizes the side chain guanidyl group of
arginine (Arg999 in SclleRS) as an H-bond donor to interact with the
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6-carbonyl group of G34. Moreover, the orientations of G34 are
completely opposite in SalleRS- and SclleRS-bound tRNA" (Fig. 3d).
Therefore, the recognition mechanisms of G34 by bacterial and
eukaryotic/archaeal 1leRSs are completely independent of each other
in both the recognition domain and the binding mode.

Eukaryotic/archaeal 1leRS utilizes a unified mechanism to
recognize all the N34s of their cognate tRNA"™ substrates (Fig. 4 and
Supplementary Fig. 8). Mupirocin, a natural product that selectively
inhibits bacterial lleRS, is widely used to treat skin infections. How-
ever, some bacteria acquire mupA or mupB genes from the envir-
onment, which express mupirocin-resistant IleRS (MupA or MupB),
resulting in the ineffectiveness of mupirocin in clinic***. In addition,
some bacteria, such as the mupirocin-producing Pseudomonas
fluorescens, contain an endogenous mupirocin-resistant IleRS
(11eRS2)***, These mupirocin-resistant 1leRSs contain eukaryotic/
archaeal-type C-terminal domains*’, and can isoleucylate bacterial
tRNA" with L34 to decode the AUA codon on mRNA*. Structural
modeling suggested that the C-ter C domain of PflleRS2 also employs
a conserved arginine to H-bond with the 4-imine group of L34 of
bacterial tRNA" (Supplementary Fig. 8). Thus, the arginine-mediated
N34 recognition mechanism of eukaryotic/archaeal-type IleRS could
also apply to the recognition of N34 modifications of bacterial
tRNA", but bacterial IleRS is unable to cross-charge eukaryotic
tRNA"™ 2, suggesting that eukaryotic/archael-type IleRS likely has
developed a more robust way for N34 discrimination than its bac-
terial counterpart.

The unusual non-reactive complex of SclleRS with C34-
unmodified tRNA"™(CAU) highlights the important roles of N34 mod-
ifications in IleRS-tRNA recognition. Bacterial, archaeal and eukaryotic
tRNA"™ molecules have developed their own modifications on N34
(such as W34, 134, L34 and agm?C34)**°, Thus, the N34 recognition
domains and key residues on IleRS as well as the anticodon loop
conformations and N34 modifications of tRNA"™ are different between
bacteria, archaea and eukaryotes, presenting an example of coevolu-
tion of AARS-tRNA pairs and also providing a valuable opportunity for
drugging aminoacylation with lineage specificity.

Methods

Protein preparation

The wild-type SclleRS (UniProtKB ID: P09436) was expressed and
purified as described". Briefly, the DNA sequence encoding SclleRS was
cloned into the pET20b(+) plasmid (Novagen) with a C-terminal hex-
ahistidine tag. The E. coli BL21(DE3) cells transformed with IleRS-
pET20b(+) were grown in Luria-Bertani (LB) medium supplemented
with 0.1 mg/mL ampicillin at 37 °C until the ODgoo reached approxi-
mately 0.6, and then 0.2 mM isopropyl-p-D-thiogalactoside (IPTG) was
added to induce protein overexpression at 20 °C for 16 h. The cells
were harvested by centrifugation, resuspended in washing buffer
(400 mM NaCl, 50 mM Tris-HCI pH 8.0, 10% v/v glycerol, 5mM B-ME
and 10 mM imidazole) and lysed by sonication. The lysate was cen-
trifuged at 4000 x g for 30 min to remove cell debris. The supernatant
was loaded onto a Ni-NTA column (Qiagen) and washed with 20 col-
umn volumes of washing buffer. The target protein was eluted with 5
column volumes of elution buffer (400 mM NaCl, 50 mM Tris-HCI pH
8.0, 10% v/v glycerol, 5 mM [-ME and 100 mM imidazole). The elution
was concentrated to 2 mL and injected into a HiLoad 16/60 Superdex
200 pg (GE healthcare) column. The peak fractions eluted using gel
filtration buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 5 mM -ME and
5% v/v glycerol) were collected and concentrated to ~30 mg/mL. The
plasmids for overexpressing SclleRS mutants were constructed by
amplifying the whole plasmid using PCR. For each mutation, a pair of
primers that partially overlap and both contain the targeted mutation
were used (Supplementary Table 2). The expression and purification of
all SclleRS variants were performed in the same manner as the wild-
type protein.

The DNA sequence encoding SaMetRS (Uniprot ID: V7IMS7) was
inserted into pET15b, and full-length SaMetRS protein was over-
expressed in BL21(DE3) and purified by Ni-NTA column (Qiagen) and
HiLoad 16/60 Superdex 200 pg column (GE Healthcare). The detailed
methods for producing SaMetRS were described previously**.

In vitro transcription and purification of tRNA

The E. coli tRNAs were produced using in vitro T7 RNA polymerase
transcription assay as described". The DNA templates for tRNA"(GAU)
transcription were generated by PCR using Primerl (5-TAA-
TACGACTCACTATAGGGCTTGTAGCTCAGGTGGTTAGAGCGCACCC
CTGATAAG-3) and Primer2 (5-TGGTGGGCCTGAGTGGACTTGAAC-
CACCGACCTCACCCTTATCAGGGGTGCGCTCTAAC-3). This two pri-
mers cover the full-length of tRNA"™(GAU) gene and are partially
complementary to each other (the underlined nucleotides), and Pri-
merl contains T7 promoter sequence (nucleotides in bold). The wild-
type base pair A1-U72 of E. coli tRNA™(GAU) was replaced by the G1-C72
pair to increase transcription®. The PCR product was further amplified
by the second round of PCR using primer3 (5-TAATACGACTCACTA-
TAGGGCTTGT-3) and primer4 (5- TGGTGGGCCTGAGTGGACTT-
GAAC-3). The first two nucleotides in italics and bold at the 5" end of
primer4 were methylated at their 2™-hydroxyl groups to reduce the
non-templated addition of nucleotides to the 3’ end of tRNA by T7 RNA
polymerase. The DNA templates for tRNA"(CAU) and mutants of
tRNA"(CAU) and tRNA™(GAU) are prepared by the same way, and the
primers used are listed in Supplementary Table 3.

The product of second PCR was then used as the DNA template for
in vitro transcription assay without additional purification. In a 15mL
centrifugal tube, 2 mL of the PCR product was mixed with 2 mL of 5 x
transcription buffer (1M Tris pH 8.0, 10 mM spermidine and 50 mM
DTT), 1mL of 40 mM NTPs (each), 0.2 mL of 1M MgCl,, 0.2mL of
10 mg/mL T7 polymerase and 3.6 mL of DECP water, and incubated at
37°C for 3 to 4h. The transcripts were purified using 12% poly-
acrylamide gel electrophoresis supplemented with 8 M urea, extracted
from gels by 0.5 M ammonium acetate, and precipitated by ethanol at
-20 °C overnight. The tRNA pellets were collected by centrifugation,
washed by 70% v/v ethanol, and redissolved in a buffer consisting of
20 mM Tris pH 8.0 and 1mM EDTA to 1 mg/mL. The redissolved tRNA
was heated at 65 °C for 5 min, and then refolded by slowly cooling to
room temperature after the addition of 10 mM MgCl,. The refolded
tRNA was concentrated to ~-10 mg/mL using a 3 kDa Ultra-4 centrifugal
filter device (Millipore), aliquoted and stored at -80 °C for further use.

Overexpression and purification of tRNA

The E coli tRNA™(GAU) gene with the native base pair
Al-U72 substituted with G1-C72 was inserted between the T7 promoter
and terminator of pET29b(+) by homologous recombination. The
transformed E. coli BL21(DE3) cells were cultured in LB medium sup-
plemented with 50 pg/mL kanamycin until the ODgoo reached
approximately 0.6, and then 1mM IPTG was added to induce the
overexpression of tRNA"™(GAU) at 30 °C for 16 h. The tRNA transcript
was extracted from the cell pellets using RNAiso Plus (Cat. No. 9109,
TakaRa) and chloroform, and precipitated from aqueous fractions by
isopropanol. The tRNA pellets collected by centrifugation were
washed with 70% v/v ethanol and redissolved in a buffer containing
20 mM Tris pH 8.0 and 10 mM MgCl,. The sample was loaded onto a
HiTrap Q XL (GE healthcare) column and the elution fractions between
0.55 and 0.70 M NaCl were collected. Finally, the tRNA was con-
centrated to ~20 mg/mL and stored in a buffer containing 10 mM
HEPES pH 7.5 and 10 mM MgClL.

Crystallography

The sitting-drop vapour-diffusion method was employed to crystallize
the SclleRS-tRNA complex. The full-length SclleRS (10 mg/mL) was
preincubated with tRNA"(GAU) or tRNA™(CAU) (transcribed in vitro,
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2.5 mg/mL), together with 5 mM t-lle, at room temperature for 30 min.
Each drop containing 1 pL of protein-tRNA mixture, 0.5 pL of reservoir
solution and 0.5 pL of seed stocked in reservoir solution was equili-
brated against 100 pL of reservoir solution at 8 °C for 3-7 days to allow
crystals to grow. For SclleRStRNA"(GAU) complex, the reservoir
solution contains 0.2 M ammonium sulfate, 0.1M BIS-TRIS pH 5.5, 25%
PEG3350 and 0.06 M sodium citrate. For SclleRS-tRNA"¢(CAU) com-
plex, the reservoir solution contains 2% Tacsimate pH 6.0, 0.1 M BIS-
TRIS pH 6.5 and 20% PEG3350. Large crystals were immersed in a
reservoir solution supplemented with 20% ethylene glycol for a few
seconds and then flash frozen in liquid nitrogen. The diffraction data
were collected using a single crystal at 100 K with a wavelength of
0.979 A at the BL19U1 beamline at National Facility for Protein Sciences
Shanghai (NFPS) and Shanghai Synchrotron Radiation Facility (SSRF)
and were indexed, integrated and scaled using XDS* and Aimless*.
The structure was solved by molecular replacement using the SclleRS
structure (PDB ID: 7D5C)" as the search model in the program
Molrep®. Iterative refinements of the structure model were carried out
using Coot* and Refmac5*. The stereochemical quality of the final
model was assessed using MolProbity*®. The statistics of the data col-
lection and structural refinement are listed in Supplementary Table 1.
Final Ramachandran statistics were as follows: 94.4% favored, 5.5%
allowed and 0.1% outliers for the SclleRS-tRNA"(GAU)-.-lle complex;
93.6% favored, 6.3% allowed and 0.1% outliers for the
SclleRS-tRNA"(CAU)--lle complex. The coordinate and structural fac-
tors of the SclleRS-tRNA"(GAU)-.-lle and SclleRS-tRNA"¢(CAU)--lle
complex have been deposited in the Protein Data Bank (PDB) under
the accession code 8WND and 8Z1P respectively.

ATP consumption assay

ATP consumption assay was employed to evaluate the aminoacy-
lation activities of SclleRS and its variants on tRNA". The 60 pL of
reactions contained 40 nM SclleRS (wild type or variants), 200 pM
ATP, 1mM r-isoleucine, 1 mg/mL E. coli tRNA"(GAU) (overexpressed
in E. coli) in the reaction buffer (30 mM HEPES pH 7.5, 150 mM NacCl,
30 mM KCI, 40 mM MgCl,, 1mM DTT and 0.1% BSA). The reaction
was incubated at room temperature. Aliquots of 5 lIL at various time
points (2, 5,10, 20 and 30 min) were transferred to a 384 well plate
and mixed with 5pL of Kinase-Glo® Max Reagent (Cat. No.
V6071, Promega) to stop the reaction. After 20 min, the lumines-
cence (L) which reflects the concentration of the remaining ATP,
was read on a Synergy H1 microplate reader (BioTek). The reactions
without the addition of tRNA were used as controls (Lc). The ATP
consumption (uM)=200 x (1-L/Lc). Each reaction was repeated
three times, and the results are expressed as the means + SD (n = 3).
Statistical analyzes were performed using GraphPad Prism 7 soft-
ware, and a one-phase association equation was used to fit the time
response curves (ATP consumption vs reaction time).

To evaluate the aminoacylation activities and specificities of
in vitro tRNA transcripts, 60 pL of reactions containing 50 nM SclleRS
or SaMetRS, 4 pM ATP, 1 mM L-isoleucine or .-methionine and 1 mg/mL
in vitro transcribed tRNA were incubated at room temperature. Ali-
quots of 5L at various time points (2, 5, 10, 20 and 30 min) were
transferred to a 384 well plate and mixed with 5pL of Kinase-Glo®
Reagent (Cat. No. V6711, Promega) to stop the reaction. After 10 min,
the luminescence (L) was read and the ATP consumption was calcu-
lated. The time response curves (ATP consumption vs reaction time)
were fitted.

tRNA-independent Pre-transfer editing assay

Assays were performed in 80 pL of reaction mixtures consisting of
80 nM wild-type SclleRS or its mutants, 6 mM L-cysteine, 250 pM ATP,
50 pg/mL PPiase, 30 mM HEPES pH 7.5, 150 mM NaCl, 30 mM KClI,
40 mM MgCl, and 1 mM DTT. After incubation at room temperature
for 30 min, 20 pL of malachite green reagent (2.45 M sulfuric acid, 0.1%

malachite green, 1.5% ammonium molybdate tetrahydrate and 0.2%
tween-20) was added to the mixtures. After incubation for 10 min,
absorbance (A) was measured at 620 nm. The reactions without the
addition of SclleRS were used as controls. The absorbance differences
between the wells with SclleRS and those without SclleRS reflected the
tRNA-independent pre-transfer editing activity of SclleRS. The tRNA-
independent pre-transfer editing activity of the wild-type SclleRS was
normalized to 100%. Each reaction was repeated three times, and the
results are expressed as the means +SD (n=3).

Electrophoresis mobility shift assay (EMSA)

The 20 pL reaction mixtures containing 1pM in vitro transcript of
tRNA"®(GAU) or tRNA"(CAU) and SclleRS at different concentrations
(2, 5 and 10 pM) in binding buffer (30 mM sodium cacodylate pH 6.5,
20 mM MgCl,, 150 mM NaCl, 2mM DTT and 10% v/v glycerol) were
incubated at 4 °C for 10 min. The samples were loaded to 5% native
polyacrylamide gels and electrophoresed at a voltage of 80 Vfor2 hon
a ice-bath. The gel was stained with Gel-Red nucleic acid dye (BBI Life
Sciences).

Data analysis and figure preparation

Multiple protein sequence alignment and conservation score calcula-
tion were performed using Clustal Omega program* and Jalview
program™®. All data were analyzed using GraphPad Prism 8.0 software
and are expressed as the means = SD (n=3). All protein structure fig-
ures were prepared using PyYMOL (PyMOL v.2.5.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. The coordinates and structural
factors of SclleRS-tRNA"(GAU)--lle and SclleRS-tRNA"(CAU)-L-lle
complexes have been deposited in the Protein Data Bank (PDB) under
the accession codes 8WND and 8ZIP. The structures used for mole-
cular replacement or structural analyses are publicly available in PDB
under accession codes 1FFY, IWNZ, 4AQ7, 7D5C, 1ILE, 6LDK, SWNF and
4QEL The source data for Figs. 2c-f and 5a, b are provided as a Source
data file. Source data are provided with this paper.
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