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Abstract
Isoleucyl-tRNA synthetase (IleRS) is an essential enzyme that covalently couples isoleucine to
the corresponding tRNA. Bacterial IleRSs group in two clades, ileS1 and ileS2, the latter
bringing resistance to the natural antibiotic mupirocin. Generally, bacteria rely on either ileS1
or ileS2 as a standalone housekeeping gene. However, we have found an exception by noticing
that Bacillus species with genomic ileS2 consistently also keep ileS1, which appears mandatory
in the genus Bacillus. Taking Bacillus megaterium as a model organism, we showed that
BmIleRS1 is constitutively expressed, while BmIleRS2 is stress-induced. Both enzymes share
the same level of the aminoacylation accuracy. Yet, BmIleRS1 exhibited a two-fold faster
aminoacylation turnover (kcat) than BmIleRS2 and permitted a notably faster cell-free
translation. At the same time, BmIleRS2 displayed a 104-fold increase in its Ki for mupirocin,
arguing that the aminoacylation turnover in IleRS2 could have been traded-off for antibiotic
resistance. As expected, a B. megaterium strain deleted for ileS2 was mupirocin-sensitive. We
also succeed in the construction of a mupirocin-resistant strain lacking ileS1, a solution not
found among Bacilli in nature. However, B. megaterium ΔileS1 displayed a severe fitness loss
and was seriously compromised in biofilm formation. Neither of these phenotypes were
rescued by BmIleRS2 expressed from the constitutive promotor of ileS1. Thus, BmIleRS1
safeguards B. megaterium fitness, likely by promoting faster translation than BmIleRS2,
whereas the later enzyme is maintained to provide antibiotic resistance when needed. Our data
are consistent with an emerging picture in which fast-growing organisms predominantly use
IleRS1 for competitive survival.
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Introduction
Bacteria respond to various stress conditions by changes in transcription and/or translation [1,
2]. Important players in the expression of genetic information are aminoacyl-tRNA synthetases
(aaRSs) [3, 4]. These housekeeping enzymes supply ribosomes with aminoacylated tRNAs (aatRNA) and secure the optimal speed of translation and cellular fitness under normal and
starvation conditions [5]. Aminoacylation is a two-step reaction localized within the aaRS
synthetic site [3]. The amino acid is firstly activated at the expense of ATP to form an
aminoacyl-adenylate intermediate (aa-AMP) followed by transfer of the aminoacyl moiety to
the tRNA (Figure 1A). Coupling of non-cognate aa-tRNA pairs can jeopardize translational
fidelity, and this potentially damaging scenario is prevented by hydrolysis of misaminoacylated
tRNA (post-transfer editing) at a separate aaRS editing domain. Some aaRS may also
hydrolyze non-cognate aminoacyl-adenylate (pre-transfer editing) within the synthetic site [6].
Isoleucyl-tRNA synthetase (IleRS) decodes isoleucine codons. Misaminoacylation of
the amino acids that strongly mimic isoleucine, such as valine and non-proteinogenic norvaline,
is prevented by IleRS pre- and post-transfer editing (Figure 1A) [7, 8]. IleRSs group in two
distinct clades that differ in the structure of the anticodon binding domain, unique sequence
elements of the catalytic site and susceptibility to the natural antibiotic mupirocin [8, 9]. The
first clade (IleRS1) comprises most of bacterial as well as all eukaryote mitochondrial IleRSs.
The members of the second clade (IleRS2), showing a significantly lower susceptibility to
competitive inhibition by mupirocin [10], are found in some bacteria and in the eukaryotic
cytoplasm. In general, bacteria rely on either ileS1 or ileS2 for housekeeping functionality.
Interestingly, the simultaneous presence of both genomic ileSs in the same organism, besides
mupirocin-producing P. fluorescens NCIMB 10586 strain [11], appears to be localized to
family Bacillaceae [12].
Here, we used comprehensive bioinformatics, kinetics, mass spectrometry, and in vivo
analyses to understand the reasons why these organisms maintain two ileS genes. Using
Bacillus megaterium as a model organism, we found that each paralogue provides the
advantage of a distinct relevance. BmIleRS2 allows growth on mupirocin, while BmIleRS1
enables a competitive and fast growth phenotype and biofilm formation. Our data suggests that
Bacilli, as generally fast-growing organisms, could not compromise with the slow catalytic
turnover of BmIleRS2. Instead, they keep ileS1, which supports a higher speed of translation,
while they benefit from an acquired antibiotic resistance via the second gene.
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Results
Phylogenetic analysis suggests ileS1 gene is mandatory in Bacilli
Here, we extended our earlier phylogenetic analysis of two bacterial IleRS clades (IleRS1 and
IleRS2) [8] to explore a previously noted small bacterial niche within the family Bacillaceae
in which organisms carry both ileS genes in the same genome (Figure 2, purple nodes). In
depth analysis revealed that Bacilli surprisingly always have ileS1 while several species also
have ileS2 (i.e. B. megaterium). The rationale for acquiring ileS2 is clear (lower susceptibility
to mupirocin inhibition [8]). However, what is not clear is why ileS2 cannot serve as the sole
housekeeping gene in Bacilli as it does in other species like Actinobacteria and Chlamydia
(Figure 2, blue nodes). Indeed, a detailed public database search did not reveal a single Bacilli
species lacking ileS1. This indicates that IleRS1 is under strong positive selection in Bacilli.
BmIleRS2 binds mupirocin with 104-fold lower affinity relative to BmIleRS1
To address a rationale for the mandatory presence of ileS1, we chose B. megaterium as a model
organism and its two IleRSs as model enzymes. We started with in vitro characterization of
mupirocin inhibition (Figure 1). Analogously to stand-alone IleRS2s [8, 13], BmIleRS2
displayed a significant resistance to the antibiotic with a moderately high Ki (1 M) measured
at amino acid activation, the first step of the two-step aminoacylation reaction (Figure 3A). In
contrast, BmIleRS1 was readily inhibited by nanomolar mupirocin and featured a more
complex character with non-linear time courses characteristic for slow-binding inhibition
(Figure 3B left). The Ki obtained for BmIleRS1 (Figure 3B right) is comparable with the Ki
for Staphylococcus aureus IleRS1 [14]. Thus, BmIleRS1 and BmIleRS2 display a 104-fold
difference in sensitivity to mupirocin in accordance with the prediction that BmIleRS2 provides
mupirocin resistance to B. megaterium.
BmIleRS1 is two-fold faster in Ile-tRNAIle synthesis than BmIleRS2
BmIleRS2 insensitivity to mupirocin could have evolved through a trade-off between enzyme
efficiency and/or accuracy. To explore this possibility, we first compared the BmIleRS1 and
BmIleRS2 catalytic competences. We found that BmIleRS1 is indeed 10-fold more efficient in
isoleucine activation (measured as the kcat/KM) relative to BmIleRS2 (Table 1). Along the same
line, BmIleRS1 appeared superior to BmIleRS2 in the two-step aminoacylation by showing a
two-fold higher catalytic turnover (kcat, Table 2, Supplementary Figure S1). However, at the
level of kcat/KM BmIleRS1 equals BmIleRS2, due to the opposing KM (Ile) trends in overall
aminoacylation (Table 2) and the isolated activation step (Table 1). Although the origin of this
effect is not completely clear, an increase in the aminoacylation KM (Ile) for BmIleRS1 can be
attributed to the modulation of Ile recognition by tRNA (Supplementary Table S1) [7, 15].
Nevertheless, given the cellular concentration of Ile (~ 300 µM) [16], BmIleRS1 and BmIleRS2
may operate at near saturating conditions in vivo. Thus, the higher aminoacylation turnover
(kcat) of BmIleRS1 may be relevant in the cell.

3

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.09.479832; this version posted February 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

BmIleRS1 maintains ribosomal translation better than BmIleRS2
To what extent might a 2-fold difference in aminoacylation turnover influence protein
translation? This question was addressed using a cell-free coupled transcription-translation
system (PURExpress, NEB) deprived of E. coli IleRS. BmIleRS1 or BmIleRS2 were added at
the same concentrations and synthesis of a dihydrofolate reductase (DHFR) reporter enzyme
containing 12 Ile residues was monitored by incorporation of [35S]-methionine. Under
conditions where protein translation was limited by Ile-tRNAIle synthesis, BmIleRS1
accumulated more DHFR compared to BmIleRS2, especially at prolonged translation (> 2
hours, Figure 4). Importantly, under these conditions stability and activity of BmIleRS2 was
not affected (Supplementary Figure S2). Thus, the cell-free data endorse in vitro kinetic
analysis by showing a noticeable superiority of BmIleRS1 in translation.

Discrimination against noncognate amino acids is conserved between BmIleRSs
The next question was whether the BmIleRS2 fidelity is compromised due to the increased
insensitivity to mupirocin. Therefore, activation of the near-cognate, L-Val and L-Nva, and also
D-Ile was tested, and the discrimination factors (D) calculated (Table 1). Low D implies
frequent misactivation and, based on the anticipated tolerable translational error [17], D < 3300
is taken as an indication for editing. The data show that BmIleRS1 and BmIleRS2 discriminate
to a similar extent against L-Val and L-Nva, mainly through the KM effect (Table 1) as other
IleRSs [7, 8]. Both enzymes also discriminate similarly against D-Ile, pointing that the
existence of the two enzymes is not related to the possible use of D-cognate amino acids in
peptide wall synthesis, as in the case of B. subtilis TyrRS [18]. Thus, in contrast to the catalytic
turnover which appears to be compromised in BmIleRS2, the enzymes do not differ in initial
amino acid selectivity.

Both enzymes feature post-transfer editing and lack pre-transfer editing
Initial amino acid selectivity and editing jointly modulate IleRS accuracy. So, we next
questioned whether BmIleRS1 and BmIleRS2 differ in their post-transfer editing capacity
(Figure 1). We prepared Val- and Nva-[32P]-tRNAIle and mixed them with an excess of enzyme
(see Supplementary Materials and methods) to measure the first-order rate constants describing
the hydrolysis of misacylated tRNAs (kdeacyl). The obtained rates were similar (Supplementary
Table S2) demonstrating that BmIleRS1 and BmIleRS2 resemble each other in post-transfer
editing. The rates were about 104-fold faster than the non-enzymatic hydrolysis
(Supplementary Table S2) showing that BmIleRSs, like other IleRSs [7, 8], feature rapid
post-transfer editing.
Besides post-transfer editing, error correction at the level of misaminoacyl-AMPs (pretransfer editing, Figure 1) was previously reported for E. coli IleRS [19, 20]. This editing
pathway can be separately measured using mutants disabled in post-transfer editing [21]. To
explore whether the B. megaterium paralogues feature also this editing step, the post-transfer
editing inactive variants, BmIleRS1 D333A/T234R and BmIleRS2 D324A/T225R
(Supplementary Table S2), were tested in parallel steady-state assays that follow the
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formation of aa-tRNAIle (kaa-tRNA) and the consumption of ATP (measured as AMP formation,
kAMP) [22]. The mutants consumed stoichiometric amount of ATP per synthesized aa-tRNA
(kAMP/kaa-tRNA ratios for Nva and Val close to 1; Supplementary Table S3), demonstrating that
both BmIleRS paralogues lack pre-transfer editing. As expected, the WT enzymes exhibit
kAMP/kaa-tRNA ratios for Val and Nva substantially higher than 1 (Supplementary Table S3) in
agreement with strong post-transfer editing. In summary, BmIleRS paralogues exhibit no
difference in the accuracy of aminoacylation. The main distinction between the paralogues
remains the aminoacylation turnover, which is lower in BmIleRS2 as a possible trade-off with
mupirocin resistance.

Expression of BmIleRS2 is highly upregulated by mupirocin
Does the rationale for BmIleRS1 requirement lie, besides its kinetic superiority, also in its
regulation? To address this question, we performed bioinformatic analyses that indicated a
housekeeping mode of regulation for ileS1 with its promoter being recognized by RNA
polymerase containing σ70. In contrast, the ileS2 promoter seems to be regulated by stress
repressor proteins lexA and argR2 (Figure 5A and Supplementary Figure S3A). We also
found conserved T-Box riboswitch structural elements preceding both ileS ORFs
(Supplementary Figure S3B). This regulation mechanism, in Gram-positive bacteria, senses
the aminoacylation state of the tRNA and dictates either read-through or termination of
transcription via tRNA:mRNA interactions [23].
The anticipated BmIleRS1 and BmIleRS2 expression profiles were tested by mass
spectrometry (MS). Without mupirocin (the control sample), BmIleRS1 was readily detectable,
while the BmIleRS2 peptides were close to the detection limit. Addition of mupirocin
upregulated BmIleRS2 expression by approximately 70-fold, BmIleRS1 by 2-fold, and did not
affect expression of any other aaRS (Figure 5B). SDS-PAGE fractionation followed by in-gel
digestion improved sequence coverage and allowed for a better estimate of the relative
abundance of BmIleRS1 and BmIleRS2 (Supplementary Figure S4). These data are
consistent with BmIleRS1 being constitutively expressed while BmIleRS2 is induced by
antibiotic stress to the slightly lower level than BmIleRS1 in the absence of antibiotic.

BmIleRS2 can provide B. megaterium with housekeeping functionality and mupirocin
resistance
Our bioinformatic analysis revealed that ileS2 never stands alone in Bacilli. So, a question
emerged as to whether BmIleRS2, and specifically under its native inducible promoter, could
serve as the sole housekeeping enzyme in Bacilli. To investigate this, we constructed both B.
megaterium strains deleted for ileS1 or ileS2 (Supplementary Figure S5). The ileS1 strain
could be selected only when the cells were grown in presence of mupirocin. However, the
constructed strain was viable without mupirocin indicating that expression of BmIleRS2 is
constitutive in the absence of ileS1. Importantly, this showed that BmIleRS2, under its native
promoter can support housekeeping functionality along with antibiotic resistance (Figure 6A).
As expected, the ΔileS2 construction was straightforward and led to mupirocin sensitivity. The
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latter was recovered by expression of BmIleRS2 under its native promoter, from a plasmid
(Figure 6B, Supplementary Figure S6A).

BmIleRS1 is superior to BmIleRS2 under nutrient-depleted conditions
To explore further why BmIleRS2 was not selected during evolution as a stand-alone solution
in Bacilli, we performed phenotypic characterization of our knockout strains. In minimal
medium, ileS1 displayed a 10% reduced doubling time compared to the WT and ileS2 strains
(Figure 6). Accordingly, ΔileS1 and ΔileS2 competition in culture revealed that ΔileS1 strain
was outcompeted by the ΔileS2 strain (Figure 7B left), providing an explanation for IleRS1
being mandatory in Bacilli. In contrast, in rich medium the strains did not show a difference in
doubling times (Figure 6), nor did the ileS2 strain outcompete ileS1 (Figure 7B, right).
However, in rich medium, both the WT and ileS2 strains displayed a noticeable lag at OD600
1.2, reminiscent of diauxic growth, often considered to provide a competitive advantage [24]:
this phenotype was lost in the ileS1 strain (Figure 6).

Interplay between BmIleRS1 regulation and activity in biofilm formation
To screen for additional ileS1 phenotypes, we tested the knockout strains for biofilm
formation. We found that the ileS1 strain displayed a distinct phenotype, dubbed “leaky”,
which was not observed for WT or ileS2 strains (Figure 8A). The WT strain, however,
displayed the leaky phenotype in the presence of mupirocin, confirming that the phenotype
originates from a loss of the functional BmIleRS1. This strongly suggests that the BmIleRS1
canonical aminoacylation activity is essential for biofilm formation.
To investigate the interplay between BmIleRS enzymatic features and ileS regulation,
constructs with swapped promoters and ORFs were prepared (Figure 8B). Interestingly,
neither of the ileS1 strain phenotypes (leaky biofilm, compromised growth, or lack of so
called monoauxic feature) were complemented by BmIleRS2, even under the constitutive
promoter of ileS1 (Figure 8C, Supplementary Figure S6B, Supplementary Figure S7).
Thus, the compromised kinetic features of BmIleRS2 seem to be responsible for the observed
phenotypes. To our surprise, BmIleRS1 under the promoter of ileS2 was not able to rescue
ileS1 phenotypes even though we confirmed BmIleRS1 expression (Figure 8C,
Supplementary Figure S6B, Supplementary Figure S7) arguing that both BmIleRS1
aminoacylation activity and its regulation are important.
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Discussion
Simultaneous presence of two paralogues in a single cell can reflect a need for: i) distinct
enzymatic features, ii) differential regulation, or iii) both [18, 25, 26]. We investigated two
IleRS paralogues from B. megaterium, each belonging to a distinct clade of bacterial IleRS
proteins (dubbed IleRS1 and IleRS2 [8, 9]). BmIleRS2 displayed insensitivity to the antibiotic
mupirocin, with the Ki in the micromolar range, whereas BmIleRS1 was sensitive to nanomolar
concentrations of the antibiotic (Figure 3). Consequently, BmIleRS2, as it is the case for other
characterized IleRS2 enzymes [8, 13, 27], supports antibiotic resistance (Figure 6), a feature
that likely influence the horizontal gene transfer events observed in ileS2 [8]. Interestingly,
although ileS2 can stand alone in a number of bacteria, in Bacilli, ileS2 is present only as a
second gene (Figure 2). This opens the intriguing question of whether IleRS2-only organisms
experience fitness trade-offs associated with the acquired mupirocin resistance [28]. We
rationalized that either aminoacylation fidelity, known to ensure cell viability [7, 29], or
aminoacylation speed could be compromised in IleRS2. Detailed kinetic analysis demonstrated
that BmIleRS2 is indistinguishable from BmIleRS1 (and other previously tested IleRS1 and
IleRS2 enzymes [7, 8]) in terms of initial substrate selectivity (Table 1) or post-transfer editing
(Supplementary Table S2). Interestingly, BmIleRS2, similar to some other IleRS2 proteins
[8], lacks tRNA-dependent pre-transfer editing within the synthetic site (Supplementary
Table S3). However, we found the same for BmIleRS1 (Supplementary Table S3). Taken
together, the evolutionary pressure for IleRS1 in Bacilli is apparently not related to
aminoacylation fidelity. However, we discovered that the mupirocin resistant BmIleRS2 has
two-fold slower aminoacylation turnover (kcat) (Table 2), which translates into a noticeably
slower cell-free translation (Figure 4), suggesting that mupirocin-resistance may come on
account of the translational rate. Could this govern the universal presence of IleRS1 in Bacilli,
and even more broadly? Limited kinetic data obtained here and reported previously on related
systems show that IleRS1s are indeed faster in aminoacylation than IleRS2s (Table 2, [8, 30]).
Also, we collected data on the minimum doubling times of 207 bacteria from the literature and
compared this with IleRS distribution (Figure 9). These data revealed that median of the
doubling time of bacteria comprising IleRS1 is at least 2-fold lower (i.e. faster growth) than of
bacteria relying exclusively on IleRS2. Thus, it appears that IleRS1 is required by fastergrowing bacteria to maintain fast translation (Supplementary Figure S8).
Examination of a B. megaterium strain that lacks BmIleRS1 and relies solely on
BmIleRS2 (ΔileS1, Figure 6) revealed that this strain is notably compromised. Specifically,
ΔileS1 could not produce biofilm (Figure 8) and in direct competition was outgrown by the
ΔileS2 strain (Figure 7). Two reasons may account for these observations: either IleRS1 is
mandatory or ileS2 native regulation compromises fitness. BmIleRS2 expression is regulated
by i) a stress sensitive promotor and ii) the T-box mechanism [23] (Figure 5 and
Supplementary Figure S3). Both promote ileS2 expression when BmIleRS1 is missing
(ΔileS1) or is mupirocin-inhibited (WT strain) via non-aminoacylated tRNAIle that stimulates
the stringent response [31] and prevents ileS2 transcriptional attenuation. However, BmIleRS2
under the constitutive promotor of ileS1 did not rescue the ΔileS1 phenotypes (Figure 8),
clearly demonstrating that catalytic properties of BmIleRS1 are important for fitness.
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In summary, in vitro and in vivo analyses jointly provide evidence that IleRS1 in Bacilli and
other fast-growing bacteria is maintained due to selective pressure for fast translation. In
contrast, slow-growing bacteria may trade-off translational speed for the higher mupirocin
resistance and rely on IleRS2. Our data explain the evolutionary advantage of having both
IleRS paralogues in Bacilli; IleRS1 ensures competitive fitness and biofilm formation in the
absence of antibiotic whereas IleRS2 provides mupirocin resistance. Such enzyme pair
combinations and the associated genetic control solutions capable of dealing with the selective
pressure of antibiotic presence may be more widespread than currently anticipated.
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Materials and methods
Bacterial strains, growth conditions and cloning
All cloning was performed in E. coli as described [32] or following manufacturer’s protocol.
All plasmids, PCR products and strains were verified by sequencing. All plasmids are listed in
Supplementary Table S4, primers in Supplementary Table S5, and plasmid construction
details in Supplementary Table S6. B. megaterium (DSMZ, strain DSM-32) was grown at 30
°C in LB or minimal medium (A5 medium with 0.5 % w/v glucose instead of yeast extract)
[33], biofilm formation was assayed in LBGM medium [34] and knockout strains were
prepared essentially as described [35]. The growth curves were fitted to logistic [36], biphasic
or exponential equation (GraphPad Prism).
The competition experiment was performed by growing strains separately in a liquid
medium to the mid-exponential phase followed by dilution of each strain to OD600 0.015 and
mixing (total OD600 0.030). The competing culture was regularly refreshed by mixing the
aliquot of the culture with fresh medium (dilution factor 103-104) every 10-12 h for 2 days.
Before adding the fresh medium, an aliquot of cells was taken, normalized to OD600 1, serially
diluted and plated on LB plates with and without 1 µM mupirocin. All experiments were
performed at least three times using at least two biological replicates.
Production of IleRS enzymes and tRNAIle
B. megaterium enzymes (WT and variants) were cloned (Supplementary Tables S4, S5 and
S6) and overexpressed in E. coli at 30 °C (BmIleRS1) and 15 °C (BmIleRS2). B. megaterium
tRNAIleGAU gene was overexpressed in E. coli as described [30]. Protein expression in B.
megaterium was carried out using pPT7 (for BmIleRS1) and pMGBm19 (for BmIleRS2)
plasmids [37].

Kinetic assays
All assays were performed at 30 °C essentially as described [8, 30]. Slow, tight binding
mupirocin inhibition of BmIleRS1 was assayed as described by Morrison and Walsh [38]. For
details see Supplementary Materials and methods.
In vitro coupled transcription-translation was performed at 37 °C using the PURExpress
ΔIleRS Kit (NEB) following manufacturer’s protocol supplemented with [35S]-methionine
(EasyTag, Perkin Elmer) and 20 U murine RNase inhibitor (NEB). BmIleRS enzymes were
present at 4 nM. Quantification was performed following manufacturer’s protocol.

Bioinformatics and phylogenetic analysis
Phylogenetic tree was constructed as described [8]. Putative promoter elements were analyzed
using BacPP [39], FruitFly [40] and PePPER [41] bioinformatics tools and the putative
transcription factor binding sites were determined by BProm [42] using approximately 500
nucleotides upstream of the ileS ORF as a query.
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MS analysis
For the whole proteome analysis, tryptic digests were prepared as described [43]. The digests
were analyzed on nanoLC-MS/MS system (EASY-nLC 1200 coupled to Q Exactive Plus mass
spectrometer, ThermoFisher Scientific) equipped with EASY-Spray™ HPLC C18 Column (2
μm particle size, 75 μm / 250 mm). ProteomeDiscoverer 2.4 and MaxQuant 1.6.17 were used
for data analysis, protein identification and label-free quantification. All samples were prepared
and analyzed in triplicates.
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Table 1. Steady state amino acid activation a
IleRS

-1

KM / µM
2.1 ± 0.3
395 ± 32
277 ± 33
387 ± 74
(3.8 ± 0.3) × 103
48.6 ± 1.9
(1.6 ± 0.1) × 103

kcat / KM /
(s-1 µM-1)
14.3
0.076
0.090
0.069
0.0079
1.4
0.04

discrimination
factor b

substrate
L-Ile
ATP
BmIleRS1 L-Val
L-Nva
D-Ile c
L-Ile
ATP

kcat / s

BmIleRS2 L-Val
L-Nva

39 ± 1

(5.4 ± 0.4) × 103

0.007

200

33 ± 1

(7.97 ± 0.84) × 103

0.0041

341

1.54 ± 0.03

(2.3 ± 0.1) × 103

6.7 × 10-4

2090

D-Ile c

30 ± 2
25 ± 1
27 ± 2
30 ± 3
66 ± 2

159
207
1810

a

measured using ATP/PPi exchange assay with BmIleRSs overexpressed in E. coli
discrimination factor is calculated as (kcat/KM)cognate amino acid/(kcat/KM)non-cognate amino acid
c
D-Val kinetic parameters could not be determined due to insufficient activity and low D-Val solubility
The values represent the average value ± SEM (n ≥ 3)
b

Table 2. Steady state two-step aminoacylation a, b
IleRS
BmIleRS1

BmIleRS2

substrate
L-Ile
ATP
tRNAIle
L-Ile
ATP
tRNAIle

kcat / s-1

KM / µM
43.2 ± 3.3
246.0 ± 19.8
2.03 ± 0.15
6.2 ± 0.8
76.4 ± 1.4
3.7 ± 0.3

1.75 ± 0.12

0.96 ± 0.03

a

kcat / KM / (s-1 µM-1)
0.04
0.01
0.86
0.15
0.01
0.26

measured using BmIleRSs overexpressed in B. megaterium
the progress curves displayed biphasic nature. The fast phase was used to determine the kinetic
parameters (Supplementary Figure 2).
The values represent the average value ± SEM (n ≥ 3)
b
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Figure 1. Schematic representation of IleRS aminoacylation and editing reactions with
the corresponding key biochemical results.
A) A two-step synthetic pathway (green) leads to synthesis of Ile-tRNAIle, represented by
aminoacylation turnover, kcat. IleRS inhibition by antibiotic mupirocin is described by
inhibition constant, Ki (purple). The editing pathways (red) comprise i) tRNA-dependent pretransfer editing, calculated as the ratio of the steady-state rate constants for ATP consumption
and aa-tRNAIle synthesis in the presence of cognate or non-cognate (Val) amino acid catalyzed
by the post-transfer editing-defective IleRS variant (ratio higher than one indicates editing) and
ii) post-transfer editing, represented by the single-turnover rate constant for aa-tRNAIle
hydrolysis, kdeacyl.
B) Kinetic data unveil that BmIleRS2, relative to BmIleRS1, has a higher Ki for mupirocin
(Figure 3), the same post-transfer editing rate (Supplementary Table S3) but lower
aminoacylation kcat (Table 2). Both BmIleRSs lack pre-transfer editing (Supplementary
Table S2). The same editing results were obtained also with non-cognate Nva. Amino acid
activation parameters are given in Table 1.
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Figure 2. ileS distribution throughout bacterial kingdom.
Phylogenetic tree was constructed using maximum likelihood method RAxML after multiple
sequence alignment of 278 bacterial IleRS (218 ileS1, 60 ileS2). The tree was rooted using E.
coli ValRS (black circle). The line width of each branch is scaled according to the bootstrap
support value, and numbers along the nodes represent the percentage of nodes reproducibility
in 1000 bootstrap replicates. Species names are colored by phylum. Nodes are highlighted
according to the genomic ileS distribution. The species having both ileS1 and ileS2 (highlighted
purple) belong exclusively to the family Bacillaceae. Exception is Staphylococcus aureus
harboring plasmid copy of ileS2.
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Figure 3. Inhibition of BmIleRS1 and BmIleRS2 by mupirocin.
Values represent the average value ± SEM (n ≥ 3).
A) BmIleRS2 displayed a classic fast-on/fast-off competitive inhibition in Ile activation. The
figure depicts plots of initial reaction rates vs substrate concentration (left Ile, right ATP) in
the presence of increasing concentrations of mupirocin. Data were fitted to classic competitive
inhibition equation to obtain the inhibition constant (Ki).
B) BmIleRS1 displayed a slow, tight-binding competitive inhibition. The time-courses (left)
were fitted to a slow-binding equation and the apparent rate constant k was replotted vs
mupirocin concentration to reach the kon and koff describing mupirocin binding. Inhibition
constant (Ki) was calculated from the ratio of koff and kon (for details see Supplementary
Materials and methods).
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Figure 4. In vitro translation of dihydrofolate reductase using BmIleRSs.
The values represent the average value ± SEM (n = 3). Statistically significant difference in
DHFR amount was calculated using Student’s t-test and asterisk (*) indicates statistical
difference with p < 0.05.
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Figure 5. Putative transcriptional regulation and expression profiles of B. megaterium
IleRSs.
A) Upstream region of ileS genes analyzed by BacPP (•• ─ ••), PePPER (─ ─) and FruitFly
(••). Numbering starts from the first nucleotide of the ORF (not shown). T-box regulatory
sequences (not shown, Supplementary Figure S3A) are inserted between the first nucleotide
of the ORF and a putative -10 promotor element; asterisk (*) denotes the stop codon of the
upstream gene. SoftBerry analysis of B. megaterium putative -35 and -10 promoter elements
(bold) indicate that rpoD16 and rpoD19 transcription factors (both part of σ70 subunit) regulate
ileS1 while lexA and argR2 transcription repressors (both involved in SOS response) regulate
ileS2. A putative repressor binding site was independently localized based on multiple
sequence alignment of Bacilli ileS2 (Supplementary Figure S3A).
B) Mass spectrometry proteome analysis revealed 70-fold upregulation of BmIleRS2 in the
presence of mupirocin. Filled black circles represent proteins with more than 2-fold statistically
significant change in expression including also BmIleRS1 (two sided, two sample Student's ttest with Benjamini-Hochberg correction for multiple hypothesis testing, FDR=0.05). The red
circles mark other aaRSs.
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Figure 6. Phenotypic characterization of the B. megaterium knockout strains.
A) Both ileS1 and ileS2 were viable in the absence of mupirocin. 100 µM mupirocin arrested
growth of ileS2. WTileS1 and WTileS1 represent WT strain genotype after knockout
procedure.
B) ileS2 mupirocin-sensitive phenotype was complemented by ileS2 expressed from its native
promotor from the plasmid pMGBm19_PileS2_BmIleRS2. BmIleRS2 expression was
confirmed by Western blot (Supplementary Figure S6A).
C) The growth curves were followed in minimal medium (left) and LB (right). The full profiles
were fitted to logistic (left) and biphasic equations (right), the latter exemplified ileS1 unique
phenotype in LB. The exponential phases (OD600 < 1.2, marked with gray) were separately
fitted to 𝑦 = 𝑦 × 𝑒 × and the growth rates (r) extrapolated. The calculated doubling time is
depicted and the statistically significant differences (p < 0.05 calculated by Student’s t-test) are
indicated with asterisks (*) (n ≥ 3). ileS1 exhibited an impaired growth rate only in minimal
medium.
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Figure 7. Competition between ΔileS1 and ΔileS2 strains.
A) Schematic presentation of the competition experiment.
B) Selection plates for the competition experiments performed in minimal medium (left) and
LB medium (right) for indicated time (up to 48 hours). One representative experiment is shown.

22

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.09.479832; this version posted February 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure 8. Time-dependent biofilm formation.
The result of one representative experiment is shown.
A) The strains were grown in LB, spotted on the plates with biofilm promoting medium
(LBGM) and incubated for up to 5 days at 30 °C. A “leaky” phenotype (marked as red squares)
was observed in the absence of the functional IleRS1 (ΔileS1 strain or the WT strain, the latter
only in the presence of mupirocin). WTileS1 and WTileS1 represent WT strain genotype
after knockout procedure.
B) Schematic representation of the expression constructs having swapped regulatory (both
promoter and T-Box riboswitch region) and ileS coding regions.
C) The ileS1 “leaky” phenotype could not be complemented by BmIleRS2 under ileS1
promotor or BmIleRS1 under ileS2 promotor. Expression of both enzymes from swapped
promoters was confirmed by Western blot analysis (Supplementary Figure S6B).
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Figure 9. Relationship between IleRS type and bacterial doubling time.
Each dot represents one bacterial species colored according to the genomic IleRS type (n
(IleRS1) = 135, n (IleRS2) = 72). Doubling times were compiled from the literature (if multiple
conditions were reported the minimal doubling time was selected) and the median doubling
times calculated.
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