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Abstract

The canonical function of glutamyl-tRNA synthetase (GluRS) is to glutamylate tRNA GU. Yet, not all bacterial GluRSs
glutamylate tRNA G1Y; many glutamylate both tRNA G and tRNA G!* | while some glutamylate only tRNA G and not the
cognate substrate tRNA Glu, Understanding the basis of this unique tRNA Glx_gpecificity is important. Mutational studies have
hinted at hotspot residues, both on tRNA G and GIuRS, that play crucial roles in tRNA G*_gpecificity. But the underlying
structural basis remains unexplored. Majority of biochemical studies related to tRNA G*_specificity have been performed
on GluRS from Escherichia coli and other proteobacterial species. However, since the early crystal structures of GluRS and
tRNA G_bound GluRS were from non-proteobacterial species ( Thermus thermophilus), the proteobacterial biochemical data
have often been interpreted in the context of non-proteobacterial GluRS structures. Marked differences between proteo- and
non-proteobacterial GluRSs have been demonstrated and therefore it is important that tRNA GX_gpecificity be understood
vis-a-vis proteobacterial GIuRS structures. Towards this goal we have solved the crystal structure of GluRS from E. coli. Using
the solved structure and several other currently available proteo- and non-proteobacterial GluRS crystal structures, we have
probed the structural basis of tRNA G*_specificity of bacterial GluRSs. Specifically, our analysis suggests a unique role played
by a tRNA G D-helix contacting loop of GluRS in modulation of tRNA S!"_specificity. While earlier studies had identified
functional hotspots on tRNA GX that controlled tRNA G*_gpecificity of GIuRS, this is the first report of complementary
signatures of tRNA G*_gpecificity in GluRS.
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Abstract

The canonical function of glutamyl-tRNA synthetase (GluRS) is to glutamylate tRNAS™.  Yet, not all
bacterial GluRSs glutamylate tRNAC™; many glutamylate both tRNAS™ and tRNAG™, while some glu-
tamylate only tRNAG™ and not the cognate substrate tRNAC!", Understanding the basis of this unique
tRNAS™_specificity is important. Mutational studies have hinted at hotspot residues, both on tRNAS and



GluRS, that play crucial roles in tRNAS™_specificity. But the underlying structural basis remains unex-
plored. Majority of biochemical studies related to tRNAS*-specificity have been performed on GluRS from
Escherichia coli and other proteobacterial species. However, since the early crystal structures of GIuRS and
tRNAG"hound GluRS were from non-proteobacterial species (Thermus thermophilus ), the proteobacte-
rial biochemical data have often been interpreted in the context of non-proteobacterial GIuRS structures.
Marked differences between proteo- and non-proteobacterial GluRSs have been demonstrated and therefore
it is important that tRNAS™_specificity be understood vis-a-vis proteobacterial GluRS structures. Towards
this goal we have solved the crystal structure of GIuRS from E. coli . Using the solved structure and sev-
eral other currently available proteo- and non-proteobacterial GluRS crystal structures, we have probed the
structural basis of tRNAS™_specificity of bacterial GluRSs. Specifically, our analysis suggests a unique role
played by a tRNAS™ D-helix contacting loop of GIuRS in modulation of tRNAS™_specificity. While earlier
studies had identified functional hotspots on tRNAG™ that controlled tRNAS™-specificity of GIuRS, this is
the first report of complementary signatures of tRNAS™_specificity in GluRS.

A short running title: tRNAS_specific signatures in GluRS
Key words: GluRS, tRNA-GIn, tRNA-discrimination, E. coli , proteobacteria, protein-RNA interaction
1 INTRODUCTION

Protein-protein or protein-nucleic acid interactions drive a plethora of biological processes. For the interaction
to be biologically fruitful, a protein must be capable of not only choosing its cognate partner from the
cellular soup but also be able to discriminate against non-cognate partners present in its environment. A
classic example is the case of aminoacyl-tRNA synthetases (aaRSs), whose function is to aminoacylate or
charge its cognate tRNA and discriminate against all other non-cognate tRNA (1). It is now established
that each tRNA type, corresponding to a particular amino acid, possesses unique nucleotides called identity
determinants that allow its recognition by cognate aaRS and anti-determinants that discriminate against
noncognate aaRSs (2). An added layer of recognition/discrimination is encountered in glutamyl tRNA-
synthetases (GluRS) in some bacteria whose genomes lack glutaminyl-tRNA synthetase (GInRS) (3,4).

GIuRS is a class-I aminoacyl-tRNA synthetase that catalyzes the glutamylation of tRNAS™" (3). In absence of
GInRS, GIuRS in these bacteria are non-discriminatory (ND) and glutamylates both tRNAS™" and tRNAG!",
Glutamylation of tRNAS™ produces the mismatched product Glu-tRNAS™ (5,6). The misacylated Glu-
tRNAG™ is then further edited to the correct product Gln-tRNAC™ by the enzyme glutamyl-tRNAS™ ami-
dotransferase (gatCAB) through a transamidation pathway (7). All ancient versions of bacterial GluRS were
tRNAC" non-discriminatory GluRS (ND-GIuRS). During the course of evolution, bacteria acquired GInRS
of an eukaryotic origin through horizontal gene transfer (4,8,9). The newly acquired GInRS was evolutionarily
selected in some bacteria, where the native ND-GIuRS that charged both tRNAS™ and tRNAS"evolved into
a tRNAC_discriminatory (D-GIuRS) that charged only tRNAC", In addition to ND-GIuRS and D-GluRS,
a large number of proteobacterial species (for example Helicobacter pylori (10), Acidithiobacillus ferrooxi-
dans (11)) possess two copies of GIuRS (GluRS1 and GluRS2) with distinct tRNA%*-specificities (GluRS1:
mostly tRNAG"_gpecific; GluRS2: tRNA S specific), suggesting a gene duplication of the primordial version
of GluRS.

The structural features of Thermus thermophilus GluRS (Tth -GluRS) have been extensively studied (12,13).
GluRS is composed of two structural domains. The N-terminal domain, also known as the catalytic domain,
contains the L-glu and ATP binding sites, along with the class-I specific signature motifs HIGH and KMSKS
in the ATP binding site along with. This domain also encompasses a sparse binding interface with the
acceptor stem and the D-helix nucleotides of tRNA®!. The other domain (C-terminal) interacts with the
anticodon nucleotides of tRNAS™ and is aptly known as the anticodon-binding domain.

Although the most important structural insights for bacterial GluRSs came from Tth -GluRS, a non-
proteobacterial GluRS, majority of biochemical studies for the mechanistic understanding of GluRS:tRNA
interactions have been performed on GluRS/tRNA®! in the proteobacterium Escherichia coli (14-17). Mu-
tational studies performed on the E. coli GIuRS (Eco -D-GluRS) and tRNAS™ identified several ‘hot-spots’



(important amino acids and nucleotides) for efficient glutamylation reaction (16). For example, it has been
shown that tRNAS_specificity of GIuRS in E. coli and some other proteo-bacterial GluRSs arise due to
subtle conformational differences between tRNAG!" and tRNAG™ | originating at the D-helix (Figure 1A,
Figure S1) — augmented (presence of base-triple interaction 13:22:46 and the absence of nucleotide 47) in
tRNAC versus non-augmented (absence of base-triple interaction 13:22:46 and the presence of nucleotide
47) in tRNAC!" (8,18). Interestingly, this is not true in case of non-proteobacterium T. thermophilus , which,
despite possessing a D-GluRS, displays augmented D-helix in both tRNAS™ and in tRNAG™. A zinc ion
present in the catalytic domain of Eco -GluRS was shown to play a critical role glutamylation reaction (19),
although many bacterial GluRSs do not contain a bound Zn?", including Tth -GluRS, implying the irregular
occurrence of the zinc atom (20). In another study, when an arginine residue (R266) in the tRNA-binding in-
terface of Fco -GluRS was mutated to leucine, glutamylation efficiency of the protein was drastically reduced
(more than 2500 fold) (16). Interestingly, sequence analysis of bacterial GluRSs revealed that this arginine
residue is exclusively present only in proteobacterial GIuRS. In other words, hot-spot signatures for GluRS-
tRNASXinteraction are not homogeneously conserved in all bacterial GluRSs (4), indicating that factors
responsible for the interactions are phylum-specific and not universal. Therefore, to completely understand
sequence and structural signatures that drive specificity of tRNAS™_glutamylation reaction in bacteria, the
sequence and structural signatures must be analyzed in a phylum-specific manner and the structural insights
obtained from Tth -GluRS may not be enough to understand the results of the functional studies performed
on Eco -GluRS (4).

From the perspective of GluRS evolution, the proteobacterial domain in bacteria had experienced multi-
ple sets of events (horizontal gene transfer, gene duplication and perhaps domain fusion) while adapting a
tRNAC_gpecific aminoacylation pathway (4). In order to achieve tRNAS"-specificity, the evolving GluRS
must have undergone major adaptations, especially in residues lining its tRNA-binding interface. To un-
derstand the rationale behind such adaptations in proteobacterial GluRS, structural insights from crystal
structures of proteobacterial GIuRS are needed. Further, since a number of mutational studies related to
tRNAS™_specificity have been performed on Eco -GluRS, it is important to analyzeEco -GluRS structure
to elucidate clues behind tRNAS™_specificity. Here, we report the crystal structure of Eco -GluRS. From
structural and sequence analysis of a large number of bacterial GluRS, both proteo- and non-proteobacterial,
we identify structural features present in proteobacterial GluRSs that are required for tRNAS! " specificity.

Our results highlight that the specific structural feature responsible for the tRNAS*_specificity of bacterial
GluRSs is the presence or the absence of an unique “towards tRNA” or “away from tRNA” conformation
adopted by a short loop connecting Helix 8 and Helix 9. The “towards tRNA” conformation is compatible
with the augmented D-helix but incompatible with the non-augmented D-helix, while the “away from tRNA”
conformation is compatible with both.

2 RESULTS AND DISCUSSION
Crystal structures of Eco-GluRS

The crystal structure of Eco- GluRS was solved after initial phase determination by molecular replacement
method, using the structure of Thermosynococcus elongates GluRS (Tel -GluRS; pdb ID: 2c¢fo (6)) as the
search model. The final structural model of Eco -GluRS (Figure 1B) could be refined to 3.3 A resolution
with Ryork = 24.9 % and Rgree = 29.0 % (Table 1). The crystallographic asymmetric unit contained two
nearly identical molecules of Eco -GluRS (r.m.s.d. 0.62 A over all the C-alpha atoms), bound to one zinc ion
and one L-glu molecule. All residues of Eco -GluRS were visible in the electron density map, except Glull7
in chain B; side chain atoms in residues 110-114, 129, 377-381, 392 of chain A and 112, 117, 118, 126-132,
136, 423 of chain B were not resolved clearly. Like other bacterial GluRS, Eco -GluRS showed an elongated
structure (110 A long and 39 A wide) consisting of the N-terminal catalytic domain and the C-terminal
anticodon-binding domain.

Zn-coordination in Fco-GluRS and its comparison to other GluRSs

One Zn?" ion was bound in the acceptor-stem binding domain of Eco -GIuRS [Figure 1B|. Previous studies



onEco -GluRS had shown that depletion of this zinc induced conformation changes in the protein, reducing
its catalytic activity (19). It was proposed by Liu et al [26] that the zinc coordinating ligands in Fco -
GIuRS are Cys98, Cys100, Cys125 and His127 and the domain belong to the SWIM domain family (21).
Contrary to the above claim, the Zn?' ion in the Eco -GluRS structure is ligated by Cys98, Cys100, Cys125
and Tyrl2l, in a tetrahedral coordination [Figure 1C]|. Residue His127, which was proposed to be the
fourth coordinating ligand of Zn?" points away from it. This observation supports our previous report
(20), where we had predicted the coordinating ligands of zinc in Eco -GluRS to be Cys98, Cys100, Cys125
and Tyr121, based on its sequence similarity to GluRS from Borrelia burgdorferri (Bbu -GluRS; PDB ID:
4gri), the only other bacterial GluRS structure that contains a Zn?" (22). It is worth mentioning here
that the coordination environment of Zn?" in Eco -GIuRS is similar to that of YadB gene product of
E. coli (23,24),Eco -Glu-Q-RS (pdb ID: 1nzj), the N-terminal only paralogue of GluRS. The Zn-binding
domains of Eco -GluRS, Bbu -GluRS andFco -Glu-Q-RS are shown superimposed in Figure 1C, along with
a structure-guided sequence alignment in Figure S2. Despite large deletions, when compared to Eco-GluRS
or Bbu-GluRS, the coordination residues and geometry of coordination in Eco -Glu-Q-RS were conserved.
It is interesting to note that a conserved cation-nt interaction between an arginine residue and the tyrosine
coordinating the Zn2* ion was also conserved in all.

tRNAGIn_discrimination in bacterial GluRS

Eco -GluRS efficiently glutamylates tRNAG™ but is strictly discriminating against tRNAS™, The current
understanding of the molecular origin behind the observed tRNAS™-specificity comes from experiments per-
formed on tRNAC™, As shown in in Figure 1A, a feature of tRNA that was shown to play an important
role in whether it is discriminated against or recognized by GluRS is whether its D stem was augmented
(H-bonded 13:22 nucleotide pair) or non-augmented (non H-bonded 13:22 nucleotide pair). The augmented
D stem was also shown to be correlated with the absence of nucleotide 47. For example, an augmented
D-helix (and a deletion of nucleotide 47) in the tRNAG™ (tRNAG! tRNACGM2 and tRNAGM2 isoacceptors)
in A. ferrooxidans was shown to be responsible for the efficient glutamylation of all three tRNAs by GluRS1
(11). On the other hand, the presence of a non-augmented D-helix in tRNAG™! (the**UUG3® isoaccep-
tor) was responsible for the inability of GluRS1 to glutamylate the tRNAS"! isoacceptor (discrimination).
Similarly, when unique identity elements on tRNAG!" (U34, U35, €36, A37, G1*C72, U2*A71, Ul1*A24,
U13*G22**A46, and A47) were transplanted into tRNAS!" the latter could be efficiently glutamylated by
GIuRS (10,25).

The clear signatures of tRNAS*discrimination by GIuRS on tRNAS heg a larger question — are there also
signatures on GluRS, that dictate tRNA*_discrimination by GluRS? If present, augmented /non-augmented
tRNA discrimination signatures must lie in parts of GluRS that interacts with the tRNAG™ D-helix. An
earlier report from our laboratory had shown that a C-terminal truncated version of Eco- GluRS could
efficiently discriminate against tRNAG™ (15), suggesting the presence of tRNAS-discriminatory features
in the catalytic domain of Eco -GluRS. However, their exact identitity features on the protein have not been
explored.

The H8-loop-H9 in Eco-GluRS as a tRNA%!"_discriminatory feature

Having determined the structure of Eco -GluRS, we compared the sequence and structural features of its
N-terminal catalytic domain with that of tRNAS"™-bound Eco -GInRS (PDB Id: 1gts). Being homologous,
the overall folds of the two catalytic domains are similar. However, the structural superimposition brought
out some important differences. Specifically, we looked at amino acid stretches in the two proteins at the
binding interface of the D-helix region of tRNAS™  focussing on differences, since it must be this region
that differentially interacts with the uniquely different D-helix regions of tRNAG" and tRNAS™ | triggering
tRNAC™_specificity. The analysis identified two stretches (Figure 2), residues 303-335 in Eco -GInRS and
residues 257-311 in Eco -GluRS, both end-capped with helices (Helix 11 and Helix 12 in GInRS; Helix 8 and
Helix 10 in GluRS). While the two terminal helices are well superposed in both, the intervening stretches are
not. The 710 residue inter-helical stretch in GInRS assumes an extended structure and is proximal to the
tRNAG™ D-helix. In contrast, the inter-helical stretch in GIuRS is almost three times longer, of which the



conformation and tRNAG™ proximity of 10 residue stretch at the C-terminal are similar to the inter-helical
stretch in GInRS. However, conformation adopted by the first 20 residues (towards the N-terminal) in GluRS
has no counterpart in GInRS. This stretch contains a helix (Helix 9) in GluRS with no counterpart in GInRS.
In addition, it contains a loop between Helix 8 and Helix 9 that is at the interface of the D-helix of tRNAS™,
In other words, GIuRS exhibits a unique [Helix 8]-[loop]-[Helix 9] (H8-L -H9) motif situated at the tRNAGI"
D-helix interface that is absent in GInRS.

Database of curated H8-L-H9 motif sequences from bacterial GluRS

Is the unique D-helix interacting H8-L -H9 motif in GluRS a “protein” signature of tRNAS*_discrimination
that complements the GluRS-discriminatory D-helix signature on “tRNAS™” ? To address this question,
we first classified the H8-L -H9 motif of bacterial GluRSs. Subsequently, we sought a correlation between
different classes of H8-L -H9 motif and the intrinsic tRNAG™-discrminatory character of GluRSs they belong
to. In order to analyze GluRS sequences with a focus on the H8-L -H9 motif, a comprehensive and curated
bacterial GluRS sequence database is required. We had earlier curated such a database (4), based on the
presence/absence of a second copy of GluRS, the presence of GInRS and the presence of gatCAB in each
bacterial genome.

The presence of GInRS in the genome signifies that the corresponding GIuRS in the genome is tRNAS"-
discriminatory (D-GluRS). Further, the GluRS is designated as D(-) if the genome lacks gatCAB (for which
GIuRS must strictly be tRNAC_discriminatory since misacylated Glu-tRNAS™ cannot be transformed
to GIn-tRNAG") or D(+) if the genome contains gatCAB (the GluRS may not be strictly tRNAG-
discriminatory, since misacylated Glu-tRNAS™ can still be transformed to Gln-tRNAS™ by gatCAB). The
absence of GInRS in the genome (in this case the genome always contains gatCAB), and the presence of a
single copy of GIuRS in the genome signifies that the genomic GIuRS is tRNA%"-non-discriminatory (ND-
GIluRS). When the genome lacked GInRS but contained twin copies of GIuRS, the GluRSs are designated as
T1-GluRS and T2-GluRS. To summarize, D(-)-GluRS glutamylates only tRNAG™ and is strictly discrimi-
natory against tRNAS™ D(4)-GIuRS glutamylates tRNAC!" and possibly discriminates against tRNAS™
ND-GIuRS glutamylates both tRNA" and tRNAS!®. Experiments performed on a few twin GluRSs (10,11)
suggest that T1-GluRS glutamylates tRNAG™ and discriminates against tRNASG™ while T2-GluRS possibly
glutamylates tRNAS™ and not tRNAG,

Following this nomenclature scheme, complete genomic sequences of 433 bacterial species were analyzed
from the KEGG database (www.genome.jp/kegg) and annotated as D(-)-GluRS, D(+)-GluRS, ND-GluRS,
T1-GluRS and T2-GluRS. Table S1 shows the sequence alignment of GluRS H8-L -H9 motifs for all bacterial
GluRSs sequences used in this work, annotaed with the organism name (3 letter code used in the KEGG
database) and the tRNAG*_discriminatory status, as arrived from whole genome analysis.

Principal Component Analysis of H8-loop-H9 motifs in bacterial GluRS

Analysis of the H8-L -H9 motif in the bacterial GluRS sequence database was performed using Principal
Component Analysis( PCA). All H8-L -H9 sequences from bacterial GluRSs are shown projected on the
PC1-PC2 plane (Figure 3A), where PC1 and PC2 correspond to collective sequence-axes associated with
maximum mean square fluctuations. The H8-L -H9 sequences clustered broadly into three groups: (A)
proteobacterial GluRSs that are incapable of glutamylating tRNAS™ (B) proteobacterial GluRSs that
are capable of glutamylating tRNAS!™  and, (C) all non-proteobacterial GluRS, irrespective of whether
or not they can glutamylate tRNAC!™. The PC2 axis separated the proteobacterial GluRSs (groups A &
B) from non-proteobacterial GluRSs (group C), indicating that the sequence signature of the H8-L -H9
motif is distinctly different between proteobacterial and non-proteobacterial GluRSs. On the other hand,
the PC1 axis separated the proteobacterial GluRSs depending on their tRNAG™-specificity (groups A and
B), indicating that the H8-L -H9 motif is distinctly different between tRNAS™-discriminatory GluRSs (D-
GIuRS/T1-GluRS) and tRNAG" non-discriminatory GluRSs (ND-GluRS/T2-GluRS).

PCA of H8-loop-H9 motifs in proteobacterial GIluRS



To probe further, a separate PCA was performed only on the H8-L -H9 motifs from proteobacterial GluRSs
(Figure 3B). As was seen earlier (Figure 3A), the tRNA“"_discriminatory and non-discriminatory GluRSs
separated well on the PC1-PC2 plane, with the separation dominantly along the PC1 axis. The non-
discriminatory GluRSs formed three subclusters along the PC1 axis — (A) o-proteobacterial T2-GluRS
(a-T2), (B) 8-proteobacterial T2-GluRS/ND-GIuRS (3-T2) and y-proteobacterial T2-GluRS (y-T2) and
(C) o-proteobacterial ND-GluRS (0-ND) and e-proteobacterial T2-GluRS (e-T2) — indicating phylum-
specific differences in the H8-L -H9 motif among tRNAC"™-non-discriminating GluRSs. The tRNAS™-
discriminating proteobacterial GluRSs also showed clustering: (D) y-proteobacterial D(+)-GluRS2 (y-D+)
(E) o-proteobacterial T1-GluRS (a-T1) and B-proteobacterial D(+)-GluRS2 (8-D+). Cluster F contained
the rest of the tRNAC"-discriminating proteobacterial GluRSs (including some y-D+, o-T1 and B-D+ some
members of the three classes that appeared in clusters D and F). Exceptions to the overall differential ap-
pearance of tRNAS_discriminating /non-discriminating GluRS were three members of the a-ND group that
appeared in the tRNAS™-discriminating half, two in cluster-F (CCR Caulobacter vibrioides ; PZU Pheny-
lobacterium zucineum ) and one in cluster-E (PUB Candidatus Pelagibacter ubique ), and one member of
v-T1 group that appeared in the tRNAS"-non-discriminatory half, in cluster-B (TGR Thioalkalivibrio sul-
fidiphilus ). In summary, the distinct separation between discriminatory and non-discriminatory proteobac-
terial GluRSs indicated a significant role of the H8-L -H9 motif in tRNAC"-discrimination. The phylum-
specific variations indicated that the H8-L -H9 motif may have evolved to facilitate tRNAG™-discrimination
in a phylum-specific way.

PCA of H8-loop-H9 motifs in non-proteobacterial GluRS

The non-proteobacterial H8-L -H9 cluster of Figure 3A (cluster C) was analyzed further using a separate
PCA. As can be seen from Figure 3C, the H8-L -H9 motifs, showed a bias in their appearance on the PC1-PC2
plane depending upon whether they belonged to tRNAS™®-discriminating (red circles) or non-discriminating
(blue circles) GluRS. However, there was substantial overlap. Since GIuRS sequence variation can be highly
phylum-specific, we then looked at only those cases where both discriminating and non-discriminating GluRSs
were present within the same class. Two such classes, firmicutes (Fi ) and hyperthermophilic bacteria (Ht ) in
our database contained GluRS of both kinds (T1-GluRS/T2-GluRS for Ht and D(+)-GluRS/ND-GIuRS for
Fi ). The GluRS HS8-L -H9 motifs in these two classes showed a clear sequence difference depending on their
tRNASM_specificity. For Ht (Figure 3D) all five pairs of T1-GluRS1/T2-GluRS separated into two distinct
clusters. Sequence comparison of the two groups (Figure S3A) showed the unique presence of HPE(D)GK
sequence at the center of the H8-L -H9 loop in T2-GluRSs absent in T1-GluRSs. Similarly, for Fi (Figure
3E), all H8-L -H9 motifs were separated into two clusters depending upon the tRNA%-specificity of the
corresponding GluRSs. Sequence comparison of the two groups (Figure S3B) showed the unique presence of
Gly in ND-GluRSs (FMA is an exception); the D-GluRSs either lacked the Gly residue (replaced by Thr,
Glu, Asp or Asn) or contained a 2-residue (WR) insertion at the center of H8-L -H9 motif.

Available crystal structures of bacterial GluRSs

Since the H8-L -H9 sequences separated proteobacterial GluRSs into two clusters which correlated well with
their tRNAGM specificities, we explored the structural differences of this motif in the available crystal struc-
tures of bacterial GluRSs (Table S2). Other than Eco (D-)-GluRS (this work, pdb ID: 8i9i), there are five
more crystal structures of proteobacterial GluRSs: Smi -GluRS (Stenotrophomonas maltophilia GluRS, pdb
ID: 7k86), Xop (D-)-GluRS (Xanthomonas oryzae GluRS, pdb ID: 5hdv), Bte (D+)-GluRS (Burkholderia
thailandensisGluRS; pdb ID: 4g6z), Hpy -T1-GluRS (Helicobacter pyloriGluRS, pdb ID: 6blp) and Pae
(D+)-GluRS (Pseudomonas aeruginosa GluRS, pdb ID: 5tgt). The H8-L -H9 motifs were also analyzed
from seven available non-proteobacterial crystal structures: Tma (T1)-GluRS (7. maritima GluRS, pdb ID:
6blp),Bbu (ND)-GIuRS (B. burgdorferi GluRS, pdb ID: 6blp),Mtu (ND)-GIluRS (Mycobacterium tuberculo-
sis GluRS, pdb ID: 6blp), Emg -(D+)-GluRS (Elizabethkingia meningosepticaGluRS, pdb ID: 6blp), Tma
(T2)-GluRS (Thermotoga maritimaGluRS, pdb ID: 6blp), Tth (D+)-GluRS (Thermus thermophilusGluRS,
pdb ID: 6blp) and Tel (ND)-GIuRS (7. elongatesGluRS, pdb ID: 2cfo).

Trne pwyrtd o-[>>1] covgoppatiov op H8-A-HI w npoteoBagrtepiar M'ALP 3¢



Sequence alignment of H8-L -H9 motifs from the 13 bacterial GluRSs with known crystal structures is shown
Figure 4A. The top six sequences (ECO, SML, XOP, BTE, PAE and HPY) belong to the proteobacterial
class of which the first four share a common loop sequence (LGWS-[HGD(Q/A)]-E(I/L)FT). We first focus
on these four GluRSs whose H8-L -H9 conformations are shown superimposed in Figure 4B. The central
~[HGD(Q/A)]- segment in these form a Type II’ B-turn (pg: 62.1 £ 4.3, ¢g: -134.5 + 153 ; ¢p: -89.4
+ 12.6, ¢p: -4.3 £ 9.4). As shown Figures 4A-B, the H8-L -H9 loop is tightly packed, with a number
of participating hydrophobic/aromatic residues (W269, H271, F277, M/L/F282, Y/L/W285, F286; residue
numbering according to the Fco -GluRS). Further, the side-chain of R266, appearing at the C-terminal end
of Helix 8, protrudes into the loop and forms H-bonds with E275 side-chain and the backbone of W269,
effectively stapling the two sides of the Type I’ turn. The residue R266 was identified to be a proteo-
bacterial GluRS specific residue and its mutation resulted in a significant decrease in the activity of FEco
-GluRS (16). This results in a highly packed and rigid loop that displays a conserved Asp side-chain (D273)
at its tip. We call the specific H8-L -H9 conformation, observed for the four proteobacterial GluRSs, ast¢re
o (more types are discussed later) “towards tRNA” ora-[>> 7] conformation. Stapled by R266, the tightly
packed o-[>>1 | covpopuatiov 1 pLyLd.

IvtepagTtiov Betweey o-[>>1] covpoppatiov avd aLyrevted/vov-auyuevted TPNATA

Next we looked at the interactions between the o-[>>t ] H8-A -H9 covgopuatiov avd TPNAT ety auyueved
A-nenE (A -TPNAME) ovd ity vov-auypevted A-nel& (N -tPNATE). Tv tne ofioevee o9 o oTpuctupe 0@
rpoteoPucteptoh A -TPNATY | tne wiepactiov Petweey o-[>>1 | avd e A-neh& o9 A -TPNAM™ woc podehied
vowvy The otpuctupe 0Tty -INUPY coumheled witnTTn -A -TPNAT™ (3B 1A: 2¢0). TneEgo -I'\UPY o-[>>t
] potp woc otpuctupalhd cunepnooed ov to e H8-A -H9 potp o@Tn -I'NPE wTtn -TAPE::Twn -A
-TPNAM™Y coumheZ avd wvtepactiove o o-[>>t | witn te A-nehi& op T -A -TPNAM™Y wepe avoldled. Ac
onowv Piryupe SA, tne podehhed otpuctupe eEnPried two npotev-TPNA H-Bovde (A273-I'23 avd X270-A14).
Iv additiov, tne veyatiehd cnopyed oldhyev atopc op A273 oide-cnoty wepe PaopaBAY TAACED WITNV VTEPACTIVY
diotavee (4.4 A) of G22 amino nitrogen atom. This clearly indicated that the o-[>>7 ] covpopuatioval potip
cav gaopaPh wtepact witnd -TPNATAY,

Ivtepactiove Betweey a-[>>1 | avdN -TPNAM™Y woc ahoo youyed B podehvy otudiec. Tne N-tepuivol doyo
o Ego -I''\vPY wog ocurmepiunooced ov e N-tepuwvak dopawy o Ego -I''WPX v tneEgo -I''\vPX::Ego -N -
TPNAT™Y coumieZ (Pryupe 2A) avd wiepactiove Betweey o-[>>t | (Ego -IPY) avdEgo -N -TPNAM™Y wepe
avahled.  Ag¢ onowv v dryvpe 5B, e pecuhted v o oeepe oTeplc chaor Betweev I22/I'23 opN -tPNA
avd A273/E275 op Ego -ThWPX. Iviepactiove BetweevEgo -INUPY o-[>>t | potigp avdN -TPNATY epe
ahoo avohled B o Supgpepevt podeh. Iv tne oecovd podel, tne tepniate wac TTn -I'\UPE coumhe€ed witn
A -tPNAM™V. Ego -TWPY o-[>>7 | potp woc ounepiunooed ovTen -IAPY avd Ego -N -TPNATY ¢
ounepnooed ov e Ten -A -TPNATY. SuBoeyvevid, wiepactiove Betweey Ego -TNPY o-[>>t] avdEgo -N-
TPNAT™ (epe avahled. ANTNouYT TNHEPE WEPE YO GTEPLS CAAGTES OC LV TNE TIPELOUS CUOE, PUOPUBAE LVTEPUCTIONS
o A273 witn I'22 og A -TPNAT™ (ceev v Pryvpe 5A) wepe Aoot. Tre 100 HoBEAS VBICHTED TAT TNE PLYLd o-
[>>7] covpopuatiov would eltnep Yie ploe o oteplc chaonec witn N -TPNAT™Y oo hooe goopafhe viepoctiove
(o oeev witnA -TPNAT™Y) op Botn. Iv otnep wopde, e piytd [>t |-H8-A-H9 covgoppatiov oeeuc yeoped
Towapde diocpyuvotvy ayorvot N-tPNAT™- A el peowdue vohed Penvd tne A -TPNA copnatiBihitd avd N
-TPNA weopmatBltd o o-[>>7 | ¢ A273, tpotpudvy towapdc TPNA.

A 3¢pvapic o-[>>7]-H8-A-HI covgoppatiov v npoteofactepiah IALPX

In proteobacterial Hpy (T1)-GluRS, the H8-L -H9 loop length remains the same but the central four-residue
sequence motif -[HGD(Q/A)]- observed for the rigid a-[>>7 | covgoppatiov i pemhaced B -[TXAK]-. Iv
e cpotak otpuctupe (Pryupe BA), i oteeten @opuc o Slotopted Thme II B-turn (pq: -129.1, dq: 66.8;
¢p: 60.3, dp: 21.4) with side-chains of Asp protruding out of the turn almost overlapping with D273 of Eco
-GluRS. However, B-factors for this stretch are quite high (Figure S4), indicating dynamics (electron density
for the side-chain atoms of Q are also not seen). Therefore, we also used an AlphaFold model of Hpy (T1)-
GIuRS (with >95% confidence for the YQDK stretch), which is also shown superimposed in Figure 5D.
Like in the rigid o-[>>1 ] covgoppatiov, e TXAK otpeten v e podek gopuc o Tdhne II' B-turn (pq: 49.1,



$q: -137.8; ¢p: -92.8, ¢p: 7.1) with side-chains of D, protruding out of the turn (overlapping with D273
of Eco -GluRS); in addition, unlike in the crystal structure, the backbone atoms of Gln overlaps well with
the corresponding residue (Gly) in Eco -GluRS. Clearly, the H8-L -H9 motif in Hpy (T1)-GluRS is also an
example of [>>t] motif, similar to o-[>>7 ], ut yope dvopic wnepe TXAK cov ettnep odont o Tne II" op
o diotopted Tdne II B-turn.

A 3¢dvapic B-[>>7]-H8-A-HI9 covgoppatiov v npoteofagtepitol 'ALPX

In the proteobacterial Pae -GluRS, H8-L -H9 loop length increases to 13 (from 12) and the central Type
IT" motif -HGD(Q/A)- of a-[>>7 ] ¢ pemhoced B a gie-peoduve otpetcn (MIIAEP). Xwvce tnic oTpeten 1<
Bloopdeped v e cpoTol oTpUCTURE, we LoEd ARTNaPord To podel tnic otpeten (95% covedevee v e
MIIAEP otpeten). Tre H8-A -H9 covgoppatiove opEgo -I'NPE avd Iae -I'uPY ope onowv cunepiunooed
v Pryupe S5E. —[MITAE]- gopuc o Tdne I B-turn (¢p: -59.6, ¢p: -29.6; ¢p: -93.1, ¢p: 11.0) while E288
assumes a left-handed helical conformation (¢: 60.4, ¢: 15.6) and forms a H-bond with S284 (5270 inEco
-GluRS) and R305, along with several other H-bonds in the loop. Interestingly, when the H-bonded (and
side-chain locked) E288 was allowed to assume other accessible side-chain rotameric states, its orientation
overlapped with D273 of Eco -GluRS. Therefore, despite exhibiting a Type I B-turn motif arising from
[MPDE], dissimilar to the earlier observed Type II’ B-turn motif arising from [HGD(Q/A)], and a 13-residue
loop, both H8-L -H9 conformations displayed a carboxylic side-chain protruding towards tRNA (D273 in
Eco -GluRS and E288 in Pae -GluRS) compatible with A - but notN -type tRNA interaction. We call the
H8-L -H9 conformation of Pae -GluRS asB-[>>1] (type § “towards tRNA” conformation). The 3-[>>7 |
covpopuaTiov oeepc To Pe pope ddvopls (vo ehectpov devoltd v cpoTah GTEUCTURE) THOY TNE Eyld o-[>>T |
COVPOPUOTIOV.

H8-A-H9 covgoppatiov v vov-npoteofBagteptol MALPX¢: [<<t] covgoppatiov

Tne o-[>>t ]| covpoppatiov o9Eco -T'huPX¢ wepe ey copmoped ity oeev vov-tpoteofoctepioh H8-A -
H9 covgoppatiove. Ag onowv v Pryvpe 5@, tne cevtpah HIA(X/A) oeyvevee ovyvatupe 1 afoevt v adk
vov-tpoteoPocteptah H8-A -H9 pouge. Iv gie caoec — BBY(NA), MTYT(NA), EMI'(A+), TMA(T2) ovd
TTH(A+) — tnepe 1 av woeptov 0 E/A Betweev I' ovd A wv tne HTA(X/A) T¢ne II' B-turn motif. For
TEL(ND) there is a two-residue (EG) insertion, while the loop length in TMA(T1) is identical toEco -GluRS.
Upon superposition of the eight non-proteobacterial H8-L -H9 conformations onto the corresponding o-[>>7
] covpopuatiov opEgo -I'NPE (Pryupe 47), 11 woag ouvd ot e&cent MTYT(NA) avd BBY(NA) tat ape
Blocuooed Below, ok oNOWES o AooT covpopuatiov Tnat Paced awad geow TPNA. A¢ onnooced to e [>>1]
covpoppaTiov, TNe ‘pactvy awa eeon TPNA’ covpopuatiov i Tepped ag tne[< < T]covpopuatiov.

H8-A-H9 covgoppatiov wv vov-npoteoBagteptol FALPX¢: §/v-[>>1] covgoppatiove

Two proteins, Bbu -GluRS and Mtu -GluRS, displayed the [>>t | conformation, with K289 (BBU) and
D294 (MTU) side-chains positions overlapping with D273 of Eco -GluRS. The Type II’ B-turn sequence of
Eco -GluRS (HGDQ) is replaced by 2'TADDH in Mtu -GluRS and?*YDDKR in Bbu -GIuRS. The sequence
stretch292ADDH in Mtu -GluRS forms a Type 1 ﬁ—turn (CPD293: —78.77 (l)Dgggi —17.2; $PD294: —10437 L{)D2941 33)
where the side-chains of D294 and D273 (Eco -GluRS) overlap. With a 13-residue loop and a Type I B-turn
at the center, this is similar to the conformation B-[>>t ] oBoeped gpop Iae -ThuPE. Ov tne otnep novd, e
oeyvevee otpetcn WAAKP wBBu -T'WPY gopuc av a-turn (Yca-Rea distance: 6.9 A; gpogr: -133.1, dposr:
11.6; ¢pass: 62.8, Ypaosgs: 8.4; Proge: -112.2, dkagy: -59.4), with the side-chain of K289 oevrlapping with
D273 (Eco -GluRS). With a 13-residue loop and an o-turn at the center, we call this conformation d-[>>7 |
(3-type towards tRNA).

Validity of hypothesis that [>>t] is compatible withA-tRNAS™* but not N-tRNAGx

Since our primary focus here is to understand the role played by the H8-L -H9 motif in recog-
nizing/discriminating tRNA®* D-helix (augmented versus non-augmented), the genomic tRNA®™ and
tRNACsequences of all 13 bacterial species were examined (Figure S5) for the presence/absence of
augmented /non-augmented D-helix in tRNA®*. The results are summarized in Table S2. The genomic



tRNACX is annotated with A (augmented) or N (non-augmented) corresponding to each bacterial species.

We first test our hypothesis that the rigid proteobacterial o-[>>7 |-H8-A -H9 covpopuatiovak Loty @oopo-
B wrepacte witnA -tPNATE avd uvgaoupahd witnN -TPNAM™E ov tneee mpoteofucteplal omeclee wnooe
TWwPYc dwomha tne o-[>>7 | covpoppatiov — EO(A-), EMA(A-) avd EOII(A-) — ol\ accoctated witnd
-TPNA™V qvd N -tPNAT™V. Tv aBoevce og yatAB (0k ape A-), tneoe tnpee TAPYc puot otpictAd diogpuut-
vate oyavotN -TPNATY avd gaopafh wiepact witnA -TPNAT™. Oup ndrotneoic potcneg oty e otpict
pexuipepevt o e ThPYc to BeN -TPNAMY-Siocpiuvatopd. Tne ndrotnecic woc ey T€0Ted @op oTnep
I'\wPX¢ (oee Behow).

Two npoteofacteptar onegiec BTE(A4) avd ITAE(A+) covtawy yat™AB v Tnelp YEVOUES GUYYECTIVY THOT THEPE
IC VO GTPICT peYLLpEPEVT popBre (A+)-TAUPY avd Ilae (A+)-T'APY to diocpiivate oyauvot tPNATY. Botn
Yevopec ape accociated witnA -TPNAT avd N -tPNAT avd Botn Siomha e [>>1 | covpopuatiov (o- and B-
). In absence of experimental data, our hypothesis suggests that both must be tRNAS-discriminatory. The
other proteobacterial species HPY (A -tRNAG"; N -tRNA®!") contain twin GluRSs. Among the two, Hpy
(T1)-GluRS displayed the dynamic o-[>>t | covpopuatiov, copratiBre witn A - But votr N -tPNA™E Hry
(T1)-I'APY nac Beev e€nepueviorhd onowv to pecoywle A -TPNAT™ avg votN -TPNAI™ | wnien i copnatiBhe
ot ovp ndrotneotc. Hnyp (T2)-INPE noc Peev elrepuevialhd onowy 10 Be Vov-QuvcTiovok avd Tnepepope
I VOT WWCAUBED tv TNiC BloCUaGLoy.

Two vov-tpoteofoctepioh NA-TVWPX¢ (Mru -ThuPE avdBBu -I'NuPX- Bewvy NA el puot pecoywile ot
TPNAT™W ovd TPNAM™Y) Siomhabed tne [>>1] potip. Botn tPNAT avd tPNAM™Y goeA -tdhme v tne MTY
Yevoue, counatiBie witn e mpeoevee oA -TPNAT cecoywilivy [>>7 |-H8-A -H9 potip. Iv covrpaot, e
BBY yevope covronveA -tPNAT /N -tPNAT™. Tne [>>1]-H8-A -H9 potip wBBu -ThPY ¢ tug counatiBie
oitnA -tPNAT But vot witnN -TPNAT™Y | adtrnouyn ac NA-TAWPY 1t puot pecoywle Potn. It i nooofBhe
AT LT o Aapye addevBuY To L1T¢ “-Teppvol doyaty avd tne mpecevee o K v mhace op A at tne Tim 0@ e
Tupv Tt mpotpudeg vto TPNA, tne yeouetpd op BBy -I'PY witn TPNA pad Be vov-cavovicah avd vot tne
COPE 0¢ TNE OTEUCTUPXA HODEAC COVOLOERED NEPE.

A\ otnep (govp) ThPEc oprywvativy gpop ot Bocteptoh oneciee (Tafhe X2) diomha tne [c>> |-H8-A -HI
wotlp, counatBre witn Botn A - avd N -tne o9 PNA. O¢ tneoe, TEA (A -tPNAM™- N -tPNA™") covtav
NA-TAPY wnien puot pecoywile Potn TPNATY avg tPNAT™Y | copnamPhe witn ovp ndrotnecic. TMA (A
-tPNAM™ N/A -tPNA™Y) yevope covrawve towv TAWPYc. Tua (T1)-TAPY noc Beev e€repueviold onowv
0 pecoywile Potn TPNAI™ ovd tPNAT™Y, ohoo counanPfhe witn ovp ndrotneoc. TTH (A -tPNAT™-A -
TPNAT) avd EMI (A -TPNATW- A -tPNAT™) vevopec covtay TAVPY avd ape deold og Yot AB, powavy tne
coppeomovdivy ThuP ¢ docpiuvatopd towpde A -TPNATY. Sivee tne [v>> -H8-A -H9 potup, diomhaded B
TNEGE TWO TPOTEWG, I PoopafBhd dlomooed o vtepact witnA -TPNAT™  tne opryy oA -TPNAT™ - Biocouvariov
(pop TNece Two vov-npoteofoacteploh I'NUPY¢ yuot apioe gpou wvtepagtiove Betweey e I'AuPY¢ avd cope vov-
A-nehiE ehepevt v TPNA. ®op Ton -IUPY, it nac Beev e&nepiueviolhd onowv ot TPNAM™Y diocpoipvatiov
i pediated B P358 at tne avt codov-Budivy “-tepuvah Sopowy o TTn -I'PYE (26).

dppehatiov Betweev H8-A-H9 ceyvevee avd yevopig A/N-tPNAT™wy nooteofactepia

Tne afoe diocuooioy, wnepe e&nepyevtodhd detepuived Bocteplah I'AVPY cootal otpucTUPES WEPE UGED TO
TpoPe tnewp pohe, eomectodhd tne H8-A -H9 potip, v pecoywlivy op diocpiuvativy ayovotA /N -tPNAT?E
WOEVTLPLED CEPTALY OEYUEVCE/GTEUCTURA Peatupes o Tne H8-A -H9 potip o e peonovoPhe gop A -TPNATE
pecoyvitiov avdN -tPNAT™ Siocoyuvatiov. Thic wog eomectodd @ouvd to Be tpue Gop Tne TPOTeoBacTepLoN
CAAOC WINOGE YEVOPES 0pE XVOwY T0 HooThY covtony A -TPNAT™ ovd N -tPNAM™Y. Efnepuevtol eidevee popA
-tPNAM™Y oecoywitiovN -tPNAT Biocoyuvartiov B npoteofactepiah TAUPYC ahco ot Tomopde The mop-
tavee o9 tne A/N -geatupe op TPNAT™ 1y tPNAT orecigpicitd og mpoteofactepioh TAuPYe, gop eEoumhe
TNE POAE 0P AUYUEVTED £pouc vov-ouypuevted A-nehi op TPNAT v E. goA1(18), H. mpAopr (10) avd A. gep-
po&idarg (11). Hepe we mpoPed tne wnoptavee op e H8-A -HI potip wv npoteofactepiah P Y, e&tevdivy
e avaidolc To caoeg @op wnicn I'NUPY otpugtupeg ape vot acuhofie.

Tne avahdolc i peotpicted 10 a opoh oufoet op T1/T2 op A/NA mpoPactepiah TAuPE gpoy tnpee chacoeg



(y-,e- and o-). Specifically, we focus on three class-specific groups of proteobacteria: i) e-proteobacterial
GIluRS(T1/T2) pairs from 11 species (CJR, HPY, WSU, ABU, NIS, TDN, NAM, SKU, SDL, SUN, NSA),
ii) y-proteobacterial GIuRS(T1/T2) pairs from 7 species (AFE, MCA, HHA, AEH, NOC, CBU, TGR), iii)
o-proteobacterial GluRS(D+) from four species (BJA, OCA, NHA, RPD) and a-proteobacterial GluRS(ND)
from 9 species (SME, ATU, RET, LAS, AEX, HCI, CCR, PZU, PUB). Sequence variations of the H8-L-
H9 motif were analyzed in parallel with the corresponding D-helix features (either ‘augmented’ or ‘non-
augmented’) of tRNAS™ and tRNAC! isoacceptors.

All e-proteobacterial species considered were associated with a4 -tRNAG™, aN -tRNAG! isoacceptor and
the complete absence of the tRNASI"? isoacceptor (**CUG36) and (Figure 6A). For all GluRS(T1), the
length of the loop between H8 and H9 helices is 12-residues long while in all GluRS(T2) it is 13-residue long.
The 12-residue long loop exhibited the ‘H(N)-G-D-Q(D)-E’ signature motif (except HPY, which exhibits a
‘Y-Q-D-K-E’ motif) with a conserved Arg at position 266 (Fig. 6A and Figure S6). We had already shown
that the YQDKE sequence stretch of HYP forms a dynamic a-[>>7 | covpopuatiov, wecounatBhe witn N
-TPNAM™Y | wnepe WXAK gopued o Tihme 1T -tupv. Tre cevipoh XA otpeten v tne -tupy tv HIIW 1 penhoced
B av exuadh tupv-counotiBhe TA otpeten v ahk otnep e-proteobacterial GluRS(T1) proteins, and therefore
we predict that, likeHpy -GluRS, all other e-proteobacterial GluRS(T1) proteins considered here will be N
-tRNAS"_discriminatory. On the other hand since structural comparison showed that a 13-residue long
loop, without the HGD(Q/A) motif at the center, gave rise to the [<<¢ |-H8-L -H9 motif, compatible with A
-tRNACX we also predict that if H8-L -H9 motif is the sole basis for tRNA“™_specificity, then GluRS(T2)
will charge bothN -tRNAG™™ andA4 -tRNACM,

Unlike e-proteobacterial species, the seven y-proteobacterial genomes considered here possess two tRNAGI
isoacceptors (Figure 6B and Figure S7): N -tRNACG(34UUG3) andA -tRNAC2(34CUG3S). All H8-L
-H9 motifs of GluRS(T1) displayed a 12-residue long loop with a central sequence signature HGDQE (and
Arg266), implying an o-[>>7t | covgoppatiov copnotiPhe witn A - ut votr N -TPNAT. Tye ovid e&centiov ic
TTP (TrmoadkaAufpio cLA@ISITNIALG ) TNat woc oy OLTAEP ovd ameaped tv chuctep B v Pryupe 3B 1t Slomhade
tne WE'AT oeyuevee, counatiBie witn o [<<t | covpopuatiov (coumatiBie witn Botn A - avdN -TPNAT),
Bvovicah [>>T ] COVPOPUATIOV-COUTETEVT GEYUEVCE OTIPS WEPE 0Aa0 ofoevt tv ahh TAVPE(T2), wiicotivy Tt
neoe ahoo adont e [<<T | covpopuatiov. Trepepope, ovp Ndnotnecic mpedicte ok TAVPE(T2) avdTyp -
MwWPY(T1) 1o Be TPNATY-vov-Biocpyuvatop wnhe adk otnee TP (T1) 1o BeN -tPNATE Biocoyvatopd
(2 = Thw/Thv). Tne € covolotevt witn eEnepyevitol peculte (11) ov APE (A. geppoo&ibars ) wnepe 1T wog
onowv Tt IAUPY(T1) docprpvatee ayorvo TN -tPNATMWL (34T TT36) wnuhe TP (T2) < vov-Siocpyuvatopl).

Tne yevouec op olk goup a-proteobacterial GluRSs(D+) considered here contain two tRNAS!™ isoacceptors
(Figure 6C and Figure S8): N -tRNAG!m! andA tRNAS2, All GluRSs also display the o-[>>7 ] covgop-
potiov mpopotvy oeyvevee potip HIAXE (avd Apy266), wrhdvy ot ok ape eEnected to dogpipvate N
-TPNAT™! 0gp A -tPNAT™2 9o A -tPNATMY,

Apovy e yevopec o ol (EME, ATY, PET, AAY, AEE, H'I) a-proteobacterial GluRSs(ND) considered
here, two (AEX and HCI) contain two one and the rest contain two tRNAS!™ isoacceptors (Figure 6D and
Figure S9): N -tRNA®™ andA -tRNAS™2 and, 4 -tRNAS™, The GluRSs do not contain sequence motifs
compatible with the [>>¢ | conformation implying that all are expected to be non-discriminating type. This
is consistent with their functional requirement of compulsory glutamylation of both tRNAG™ and tRNAG!M,
in absence of GInRS in their genomes.

The genomes of other three (CCR, PZU, PUB) a-proteobacterial GluRSs(ND) considered here (Figure 6E and
Figure S9) contain only one tRNAS™ isoacceptor (4 -tRNAS™!) andA4 -tRNAC", The GluRSs show the a-
[>>1] covgoppatiov npopotivy oeyuevee yotg HTAAE (YP, IIZT) op YXAKE (IITB) ahovy witny Apy266-
ok tnpee ommeap v TPNAM™Y-Siocoyuvatopd’ chuotepe v Pryvpe 3B (YP/HZY wv chuotep @ avd IITB wv
Awotep E). T whiee trot odh ape e&rnected to docpiuvate N -tPNAT™E 0gpA -tPNATS. AdtnouynN
-TPNAM™ Biocouvatopd, oivee telp yevoueg 8o vot covtay N -TPNATE | eooevtiodhd tne TAUPYc ape vov-
BLOCELULVOTOPY, COVOLGTEVT WLTY TNELP PUVCTIOVOA PEYULPEUEVT.

10



TPNATM™ giocpipivatopd otatug og npoteoPagtepialh TALP X v outhiep IT°A cAuctep
A

IT"A nepgopued ov H8-A -H9 npoteofocteptah HoTIPC pEGUATED tv TNREE CAUGTERS, 0@ LNICT chucTep A wog pope
Towapds e TPNA-vovdogpyuvatopd chuotepg adovy II'1. Two peufeps op chuotep A noe Beev dlocuooed:
(1) HIT¥(T1), wnen woc deoryvated acN -tPNAT-diocouvatopd Baoed ov ttg ddpavic o-[>>t | covpopuo-
oy avd () TTAE(A+), wnen wag deotyvated acN -tPNAT™Y diocoyuvatopd Baoed ov tte ddvopic B-[>>1 ]
covpoppatiov. Hepe we chooehd eZapive oeyuevce avd oTpuCTURa TOTTERVS 0@ ahh UeuPBeps og chuotep A. Iv
additiov 1o ITAE, chuctep A covtouve 13 pope A(+)-ThuPX¢ gpop e y-proteobacterial class (TTU, MMW,
CSA, HEL, ABO, CJA, MAQ, HCH, PAR, SDE, AVN, ACI and MCT) whose H8-L-H9 sequences are very
similar to that of Pae -GIuRS (Figure S10), all associated withA -tRNAS™ andN -tRNAC™. Since Pae
-GluRS displayed the B-[>>1]-H8-A -H9 potip, couratBie witn Botn A -tPNAT™ avd eounatBie witnN
-TPNAM™Y | te mpedict ok 13 A(+)-ThPXc¢ to Be TPNAM™Y-vov-Siocpyuvatopd).

“hotep A covtouved 5 A(+)-ThuPX¢ gpop tne 8-proteobacterial class (HOH, DPS, DAK, DPR and BBA).
Although the H8-L -H9 loop length in these were one residue longer than Fco -GluRS, interestingly, all
except BBA displayed G-(D/T)-D sequence motif at its center (Figure S11A). In absence of experimental
structures we assessed the loop conformations of all 5 GluRSs using AlphaFold models. As shown in Figure
S11B, except BBA (that lacked the central G-(D/T)-D sequence motif) all H8-L-H9 motifs assumed the
[>>t] conformation where the side-chain of the second Asp residue in G-(D/T)-D protruded out of the
tip of the loop overlapping well with D273 of Eco -GluRS. Interestingly, like other [>>t] conformations
encountered so far, the loop did not shown o- or B-turns; to emphasize this point we name this conformation
as e-[>>1] (13-pectdue hoon witn vo a-/B-turns in the loop). A summary of all types of [>>t] conformations
identified so far is shown in Figure 7.

The presence of the N -tRNA%*_discriminating e-[>>1] covpopuatiov wrhiec moatHon -ThPY (ot A -
TPNAT™L gv3 A -tPNAT™Y2) i Be TPNAT™-vov-Biocpiuvatopdh, Ang -TAPY (ortnN -tPNATYL) ol Be
TPNAT™ Biocopuvortopd, Aax -ThoPY avd avdAmp -ThwPY (Boty witny N -tPNAT™! avgA -tPNAT™2) | oy
Tne otnep navd, Wk Pe TPNAT™2vov-Biocoyuvartopd But tPNATI iocoiuvatopd. BBa -TWwPY (witn e
awa peou TPNA covgopuatiov [t>> ] avd N -TPNAT™WL) ik BeN -tPNATV-vov-iocpiuvatoptd.

3 "ON"AYXION

Poop av avardolc og araBie cpPotal otpuctupeg 0@ Bactepioh TALPY¢, wahudvy Ego -I'NPY ot we
PETOPT MEPE, avd PagTeplal WNOAE YEVOUES To WevTip Tne mpeoevee op ofioevee o I'AVPY avd yatAB, we
noe 1BeVTLPLEd o hoom, omavvivy Betweey HelE 8 avd Hell 9, to Pe peomovoiPhe gop TPNAI-Siocpipivatiov
B coue Put vot ok Bacteplah [AuPYe. Enecupicodhd we onow tat e AoOT, wNicn WVTEPACTS with e A-
neM€ op TPNATE. Booadhd aBonte two covpopuatiove: [>>1] (towapdc PNA) op [1>>] (awa) @pou PNA).
Tre [v>>] covpoppotiov & COUTATIBAE WITN TNE TWO COVOVICHA COVPOPUATIOVE 0@ The A-neM&: auypevTed
avd vov-ouypevted. Tne [>>1] covgopuatiov, wnicn onneops v aptouc @opus (Pryupe 7), diomhade o cop-
Bo&hic owde-cnouy Towopede TPNA? TNOT TUPTIGLTATES IV PUOPUBAE LVTEQUCTIOVE WLTY TNE AUYHEVTED A-nehié
BuT ertnep AooEC TNE YUOPUPAE IVTEQUCTIOVE 0P YEVEQUTES OTERLS CAAoNES (0p BOTN) WNEV VTEQACTIVY WLTY TNE
vov-auypevted A HeM&. Tre [>>1] covpopuatiov 1 pooT npeakevt v tpoteofacteptah TAVPY¢ wnicn ohoo do-
uvovtA toooeog A-nel& auypevted TPNAI™ oy VOV-OUYHEVTED TPNAT?Y, Trot TPNAF)‘V—&ogprLvomov B
npoteofacteptah IAUPEC ope pediated B tne [>>1] covpoppatiov wag ahbated witn xvowy eEnepylevtah doto
ov TPNAT™_ giocoyuvatiov B TAUPY op gpop yevopic copnulatove o o TAuPY 1o Be tPNAT Biocouvatopd.
TvTh vow, Tne 0TpucTupal peatupec o TPNATW-Siocpiuvatiov B mpoteoBacteptol TAUPYC wepe xvowv To
Be mpeoevt v TPNAIY uovigeoted ac auyuevied epouc vov-auypevied A-nehl. Tnic wopx, @op ThE @LoT
TWE, WBEVTIPLEC oTPUCTUPAA Peatupec ov TAUPY ot copmhepevic e A-nel& otyvatupee ov TPNATY ot
yiec proe 10 TPNAM™-Biocoyuvatiov B npoteofactepoh ThuPYc.

4 MATEPIAAY ANA METHOAX
“edoTaN ocTpugtuee 09 Ego-T'AuPX
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Tne mpotey nuptpicatiov avd cpotallotiov og av evywveepedEco -I'WPY (K236E/E328A) woc npetovohd
penopted (27). Xwvce tne coppeonovdivy wikd tdne TAPE gouhed to cpotorhile SeOTUTE YUNTITAE ATTEUTTS
uvdep diepoe covditiove, IAUPY otpuctupe wag GOAED Loy TNE TEELOLOA) COMNNECTED duta (pECOAUTIOV UT
70 3.3 A). The data set was processed using iMosflm (CCP4i, Oxford, UK) and corrected for anisotropy
with the STARANISO server (staraniso.globalphasing.org) to perform an anisotropic cutoff. Data collection
and processing statistics are summarized in Table 1. The initial phases were determined by the molecular-
replacement method using Phaser (28). Molecular-replacement was performed using PDB entry 2cfo (GluRS
from T. elongatus ; (6)) that shows 42.8% sequence identity with the Eco -GluRS as search models showed
two monomers in the asymmetric unit. Refinement of the atomic coordinates was performed using the CCP4
suite and phenix. During refinement, restraints of torsion-liberation-screw (TLS) groups and Torsion-angle
non-crystallographic symmetry (NCS) were applied. The model was further constructed followed by iterative
rounds of manual rebuilding in Coot (29) and refinement in REFMACS5 or Phenix.Refine. Structure validation
was performed with PROCHECK (30).

Principal Component Analysis

Principal Component Analysis (PCA) is a general tool to discern correlated changes of variables in a mul-
tivariate space yielding new orthogonal vectors which are linear combinations of variables in the original
multivariate space. PCA has been applied to cartesian coordinate space (31), electrostatic potential space
spread over a molecular frame (32) or sequence space (33). PCA was performed in the sequence space,
following methodology described earlier (33) on aligned GluRS sequences, aligned using ClustalW (34). A
curated sequence database (GIxRS and tRNAG™) compiled from complete bacterial genomes and obtained
from KEGG genome database (35) was used in the present study.

Protein structure modeling

Modeled structures of proteins for which experimental structures are not available were used from the
AlphaFold database (36) and used without further optimization. Protein structures were visualized and
analyzed, including structural superimposition, using Chimera (37).
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Table 1. Summary of data collection and refinement statistics for Eco-GluRS

A. Data collection

Unit-cell parameters (A)
Space group

Wavelength

Number of unique reflections
Resolution range (A)
Completeness of data (%)
Redundancy

Rmerge (%)

1/(o)

B. Refinement Statistics
No. of atoms: Protein, Ligand, Water
Rwork (%)

Riree (%)

Average B factor (A?)
R.m.s.d.s from ideal geometry
Bond lengths (A)

Bond angles (°)
Ramachandran plot (%)

Most favoured

Additional allowed

a = 211.51A, b= 61.29A, c= 101.90A, p= 96.69°
C121

1.541

19872 (1968)

43.64 — 3.30 (3.41-3.30)

99.79 (99.70)

3.0 (2.4)

3.3 (41.3)

2.4 (1.83)

B. Refinement Statistics
7645

0.245

0.30

71.7

R.m.s.d.s from ideal geometry
0.002

0.44

Ramachandran plot (%)
93.63

5.94
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Figure 1. A. A schematic description of key features in augmented and non-augmented D-helix in
tRNAC* B. Crystal structure of Eco -GluRS (pdb ID: 8i9i). The N-terminal and the C-terminal domains
are annotated. The crystal contains a bound glutamate molecule and a Zn?* ion (CPK model). C. Super-
imposed Zn-binding domains inEco -GluRS, Bbu -GluRS (pdb ID: 4gri) and E. coliYadB gene product Eco

-Glu-Q-RS (pdb ID: 1nzj).
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Figure 2. A. Superimposed structures of Eco -GInRS (pdb ID: 1gts; Helix-11-loop-Helix112) and Eco -GluRS
(pdb ID: 8i9i; Helix-8-loop-Helix-9-loop-Helix-10) along with Eco -GInRS-bound tRNA®!™ (pdb ID: 1gts).
B. Sequence alignment of Eco -GInRS and Eco -GluRS corresponding to the structures shown in panel A.
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Y-, 8-, €-). Two clusters (A, B) correspond to proteobacteria (with different tRNA“*-specificity) while cluster
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bacteria. C.Projection of H8-L -H9 motifs in non-proteobacterial GluRSs on the PC1-PC2 plane. tRNAG"-
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four proteobacterial GIuRSs in panel A. All side-chains that participate in inter-residue interactions shown
in panel A are shown as stick model (residue numberings correspond toEco -GluRS).
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Figure 5. A . Interaction of Eco -GluRS H8-L -H9 o-[>>7 | covgoppatiov witn e avypevted A-nehi&
o@ Ttn -tPNA™Y. TneTen -I\UPS-TPNAM™ grpuctupe (8B TA: 2¢0) wag voed ac e tepmhate avd Ego
-I'WPYE wac ounepnooed ov e Ton -I'WPE. B. Ivtepoctiov 0@ Ego -ThPE H8-A-H9 o-[>>1 | covpopuatiov
oty vov-ouypevied A-nedE op Ego -tPNAM™ . TreEgo -I\WPE-tPNA™Y orpuctupe (mdf TA: 1ytc) woc
voed og tne teunioate avd Ego -I'WPY wog cunepnoced ov tmeEgo -I'WPXY. Ytepig chaoneg Petweey Ego -
IWwWPY avdEgo -TPNAM™ aoe niynhynted B Beoxev hvee.”. Ivtepactiov o¢ Eso -TAuPY H8-A-H9 o-[>>7 |
COVQOPPATIOV LTY Vov-ouyuevted A-nehiE o@ Ego -TPNAT™. Tre Ten -IUPE-TPNAT otpuctupe wag uoed
ac e tepmhate’ oufoeyueviad Ego -IUPY wac cuneprooed ov tne Ten -IAPY avd Ego -tPNAT (133 TA:
1yt¢) wag ounepnooed ov Ten -TPNAM™Y. A . Surepnoottiov ogp H8-A -H9 potipe v Ego -ThuPY avdHrmyp (T1)-
IWPE (AXmno®old podeh avd cpotah otpuctupe). E288 ogpllae -I'NuPE 1< 6nowv v 100 pOTAUERLS OTATES.
E.Xuneprooitiov op H8-A-H9 potipe v Ego -I'AuPY avdllae -I'\uPX. E288 og Ilae -I'N\uPX 1 onowv v two
potapeplc otateg. P. Ltpuctupal cuneproaitiov o H8-A-H9 potipe wEgo -I'NUPY avd 7 vov-rpoteofagteptoh
IwPXe (Pryupe 4A). Two vov-npoteofoctepioh TAuPXe (MTY avd BBY) e&nfit e [>>1 | covpoppotiov
WNIAE TNE PEOT aBOTT TNE [<<T | COVQOPUATIOV.
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Figure 6. HS8-L-H9 sequences and the D-helix (and associated) nucleotides of tRNAS™ for: (A ) e-
proteobacterial GluRS(T1/T2), (B ) y-proteobacterial GluRS(T1/T2), (C ) a-proteobacterial GluRS(D+),
(D ) a-proteobacterial GluRS(ND) that appeared in cluster C of Figure 3B and (E ) o-proteobacterial
GIluRS(ND) that appeared in clusters E and F of Figure 3B.

Species Sequence Type Loop
length
II’ B-turn
ECO D- RLGWSH-GDQEIFTREEMIKYF |(a-[>>t] 12
II/II’ P-turn
HPY D+ RLGWSY-QDKEIFSMQELLECF |(a-[>>t] 12
I B-turn
PAE D+ RMGWSMPDEREKFTLAEMIEHF (f-[>>t] 13
I B-turn
MTU ND LLGWSIADDHDLFGLDEMVAAF | f-[>>t] 13
o-turn
BBU ND LLGWSYDDKREFFSKNDLEQFF |8-[>>t] 13
No o/p-turn
DPS D+ MLGWSAGDDKEFYTKEELLKAF | e-[>>t] 13
AA .LGWSh.pc+-hFsbp-h..hF
2° hh hhhhhhh

Figure 7. A summary of the four types of [>>t] conformations in bacterial GluRSs described in this work.
The residue side-chain that protrudes towards the tRNAS™* D-helix is shown in red (bold).
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