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Isoleucyl-tRNA synthetase (IleRS) is unusual among amino-
acyl-tRNA synthetases in having a tRNA-dependent pre-trans-
fer editing activity. Alongside the typical bacterial IleRS (such as
Escherichia coli 11eRS), some bacteria also have the enzymes
(eukaryote-like) that cluster with eukaryotic IleRSs and exhibit
low sensitivity to the antibiotic mupirocin. Our phylogenetic
analysis suggests that the ileS1 and ileS2 genes of contemporary
bacteria are the descendants of genes that might have arisen by
an ancient duplication event before the separation of bacteria
and archaea. We present the analysis of evolutionary constraints
of the synthetic and editing reactions in eukaryotic/eukaryote-
like IleRSs, which share a common origin but diverged through
adaptation to different cell environments. The enzyme from the
yeast cytosol exhibits tRNA-dependent pre-transfer editing
analogous to E. coli IleRS. This argues for the presence of this
proofreading in the common ancestor of both IleRS types and an
ancient origin of the synthetic site-based quality control step.
Yet surprisingly, the eukaryote-like enzyme from Streptomyces
griseus I1eRS lacks this capacity; at the same time, its synthetic
site displays the 103-fold drop in sensitivity to antibiotic mupi-
rocin relative to the yeast enzyme. The discovery that pre-trans-
fer editing is optional in IleRSs lends support to the notion that
the conserved post-transfer editing domain is the main check-
point in these enzymes. We substantiated this by showing that
under error-prone conditions S. griseus 1leRS is able to rescue
the growth of an E. coli lacking functional IleRS, providing the
first evidence that tRNA-dependent pre-transfer editing in
I1eRS is not essential for cell viability.

Aminoacyl-tRNA synthetases (aaRS)?® establish the genetic
code through the specific attachment of amino acid to their

* This work was supported by the Unity through Knowledge Fund Grant 8/13
(to I.G.-S.), in part by Croatian Science Foundation Grant 09.01/293 (to
1. G.-S.), and the European Community’s Seventh Framework Programme
FP7RegPot/IntegralLife, Grant 315997. The authors declare that they have

., no conflicts of interest with the contents of this article.

“S Author’s Choice—Final version free via Creative Commons CC-BY license.

' Both authors contributed equally to this work.

2To whom correspondence should be addressed. Tel.: 3851-4606232; Fax:
3851-4606401; E-mail: gruic@chem.pmf.hr.

3 The abbreviations used are: aaRS, aminoacyl-tRNA synthetase; aa-AMP, ami-
noacyl-adenylate; aa-tRNA, aminoacyl-tRNA; blleRS1, bacterial lleRS;
blleRS2, eukaryote-like 1leRS; CP1, connective peptide 1; EclleRS, E. coli
1leRS; ECtRNA'"", E. coli tRNA"S; lle-tRNA"®, isoleucyl-tRNA"®; lleRS, isoleucyl-
tRNA synthetase; IPPase, inorganic pyrophosphatase; LeuRS, leucyl-tRNA
synthetase; MIC, minimal inhibitory concentration; MSA, multiple
sequence alignment; Ni*"-NTA, nickel-nitrilotriacetic acid; PflleRS2,

8618 JOURNAL OF BIOLOGICAL CHEMISTRY

cognate tRNA. Because of their essential role in translation of
the genetic information, these enzymes are thought to be
among the most ancient of extant proteins. Aminoacylation
proceeds in two steps, both catalyzed by the same synthetic site
of the corresponding aaRS. An amino acid is activated to ami-
noacyl-adenylate intermediate (aa-AMP) at the expense of
ATP, followed by transfer of aminoacyl moiety to the 2'- or
3’-OH groups of the terminal adenosine of the cognate tRNA.

The fidelity of aminoacyl-tRNA (aa-tRNA) synthesis is pre-
requisite for accurate transmission of the genetic message into
protein assemblies. For many aaRSs, the main challenge in cou-
pling of cognate amino acid-tRNA pairs is to discriminate
against structurally and chemically similar non-cognate amino
acids. When this task cannot be accomplished in the synthetic
reaction alone, aaRSs take advantage of error-correction mech-
anisms (1, 2). Using a complex network of editing pathways
(Fig. 1A), these enzymes proofread both the reaction interme-
diate (aa-AMP) and the final product, aminoacylated tRNA.
The synthetic site provides the first correction point, catalyzing
hydrolysis of the non-cognate aa-AMP (pre-transfer editing) (3,
4). A considerable number of aaRSs exhibit weak pre-transfer
editing of ambiguous relevance in the absence of tRNA (Fig. 14,
pathway 2). Pre-transfer editing may be further stimulated by
tRNA (Fig. 1A, pathway 3). This pathway is seldom used by
aaRSs and is clearly demonstrated thus far only in isoleucyl-
tRNA synthetase (IleRS) from Escherichia coli (see below).
Finally, the selective release pathway may eliminate weakly
bound non-cognate aa-AMPs prone to dissociation (Fig. 14,
pathway I). Frequently, the non-cognate amino acid evades
pre-transfer editing and gets transferred to tRNA. A misamino-
acylated tRNA is then rapidly hydrolyzed in a separate well
defined aaRS domain dedicated for this activity. In post-trans-
fer editing (Fig. 14, pathway 4), translocation of the aminoacy-
lated 3"-end of the tRNA from the synthetic to the distant edit-
ing site positions the amino acid for proofreading. This pathway
dominates in editing aaRSs because dedication of the editing
site for post-transfer editing enabled its evolution toward high
efficiency and specificity.

IleRS is responsible for decoding of isoleucine codons in all
three domains of life (5). Besides isoleucine, IleRS also activates
non-cognate valine with a discrimination factor as low as 200,

P. fluorescens blleRS2; PP, pyrophosphate; SalleRS1, S. aureus blleRS1; Scll-
eRS, S. cerevisiae 11eRS; SctRNA", S. cerevisiae tRNA"S; SqlleRS, S. griseus
1leRS; SgtRNA'"®, S. griseus tRNA""S; TtlleRS, T. thermophilus 11eRS; Val-AMP,
valyl-AMP; Val-tRNA", valyl-tRNA"®; ValRS, valyl-tRNA synthetase.
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Pre-transfer Editing Does Not Limit Synthetic Site Evolution
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FIGURE 1. Structure of enzymatic pathway of lleRS. A, schematic presentation of enzymatic reactions. The central pathway, colored in black, represents
amino acid activation, tRNA binding, aminoacyl transfer, and dissociation of aminoacylated tRNA from the enzyme. Editing pathways are shown to the left and
right. Pre-transfer editing may proceed through enhanced dissociation of non-cognate aminoacyl-AMP (pathway 1) or through its enzymatic hydrolysis, which
may be tRNA-independent (pathway 2) or tRNA-dependent (pathway 3). Misaminoacylated tRNA is deacylated through post-transfer editing, in cis (pathway 4)
or in trans (pathway 5). Editing reactions occurring in synthetic site are colored in red, and the ones taking place in the editing domain are colored in blue. B,
structure of S. aureus lleRS in complex with mupirocin and tRNA"® (Protein Data Bank code 1FFY). Synthetic domain is colored in red, editing domain in blue,
tRNA"® in orange, and mupirocin in yellow. The inset shows overlapped structures T. thermophilus synthetic site with mupirocin in yellow (Protein Data Bank

code 1JZS) and lle-AMS in green (Protein Data Bank code 1JZQ). C, mupirocin structure.

and thus it requires editing to enhance accuracy of isoleucyl-
tRNA" (Ile-tRNA"®) synthesis (6, 7). IleRS is a class I aaRS
enzyme built around the conserved N-terminal Rossmann fold
catalytic domain, which encloses the synthetic site (8). A pep-
tide termed connective peptide 1 (CP1) is inserted between the
two halves of the catalytic domain and folds into an indepen-
dent domain that hosts the post-transfer editing site (8 -10).
This feature is shared with closely related class I valyl- (11) and
leucyl-tRNA synthetases (ValRS and LeuRS, respectively) (12—
14). 1leRS from E. coli (EclleRS) is characteristic for its tRNA-
dependent pre-transfer editing and thus has served as a model
system to address the mechanism of this idiosyncratic proof-
reading pathway (3, 4, 7, 15). We recently demonstrated that
this pathway represents a minor pathway, contributing up to
30% of total editing (4).

IleRS of many bacteria and all eukaryote mitochondria share
characteristic sequence elements, including the C-terminal
peptide containing a conserved zinc-binding motif essential for
aminoacylation (16). The second IleRS type, found in the
eukaryotic cytoplasm and also in a number of bacterial species
(so-called eukaryote-like I1eRS), lacks the Cys-4 cluster at the C
terminus and has unique sequence elements throughout the
primary structure. Eukaryotic and eukaryote-like enzymes are
less susceptible to inhibition by the natural product pseu-
domonic acid A, the dominant component of the antibiotic
mupirocin-produced by Pseudomonas fluorescens (17). The
finding that some bacteria have IleRSs that closely resemble
the enzymes from eukaryotes was taken as an indication for the
horizontal gene transfer from eukarya to bacteria (18 -21).

Mupirocin manifests its antimicrobial activity by high affin-
ity binding to the synthetic site of only bacterial IleRS (Fig. 1, B
and C). The tyrosine residue in the synthetic site of the bacterial
enzymes that is critical for tRNA-dependent pre-transfer edit-
ing in EclleRS (Tyr-59 (4)) is replaced with phenylalanine or
threonine in eukaryotic/eukaryote-like IleRSs. With these con-
siderations in mind, we sought to explore whether the synthetic
sites of the evolutionarily distinct IleRS types have diverged
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in catalytic features and antibiotic resistance. Cytosolic IleRS
from vyeast Saccharomyces cerevisiae (SclleRS) and the
eukaryote-like enzyme from Streptomyces griseus (SglleRS)
were used as model enzymes of the eukaryotic/eukaryote-like
type. We show that SglleRS surprisingly lacks tRNA-dependent
pre-transfer editing, although the yeast enzyme exploits that
pathway to a considerable extent. This work provides the first
evidence that tRNA-dependent pre-transfer editing is not an
evolutionary constraint for the IleRS synthetic site and shows
that the accuracy of Ile-tRNA"® synthesis may be entirely
ensured by the powerful post-transfer editing domain, which is
absolutely conserved through evolution.

Experimental Procedures

Production and Purification of IleRS Enzymes—ileS amplifi-
cation from S. griseus genomic DNA was performed using a
modified touchdown PCR in the presence of 5% DMSO due to
the high GC content of the S. griseus genome. Wild type (WT)
and D334A SglleRS enzymes were expressed from pET28b in
E. coli BL21 (DE3) cells. The culture was grown at 30 °C until
mid-exponential phase was reached, and expression was
induced overnight at 15 °C. During growth (at A4y, 0.1-0.2),
ZnCl, was added to a final concentration of 1 mm to ensure
formation of the proper zinc-bound conformation. Each
enzyme was purified by standard Ni**-NTA chromatography,
and their purities were estimated on SDS gels as greater than
98%.

WT and D333A SclleRS were expressed from pET28b simi-
larly as described for SglleRS. The difference was in the use of
E. coli Rosetta (DE3) cells and induction of IleRS expression
overnight at 18 °C. Purification was performed using Ni**-
NTA resin, followed by size-exclusion chromatography to sep-
arate the active monomers from the inactive aggregates. The
mobile phase consisted of 50 mm HEPES-KOH, pH 7.5, 500 mm
NaCl, 5 mm B-mercaptoethanol, and 5% glycerol. Monomeric
fractions were pooled and concentrated to 6—8 mg/ml, and
glycerol was added up to 10% prior storage at —80 °C. Under
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these conditions, the monomeric form was stable and did not
reform aggregates.

Small amounts of SclleRS were produced in S. cerevisiae
strain S2088a by overexpression upon galactose induction
from pCJ11 and purified by standard Ni**-NTA chromatogra-
phy. Kinetic properties of the SclleRS produced in E. coli were
comparable with the ones of SclleRS produced in S. cerevisiae,
as tested in ATP-PP,; exchange assay, aminoacylation, and edit-
ing in the presence of tRNA.

Purification of tRNA™ from S. griseus and S. cerevisiae—
S. griseus or S. cerevisiae cells were grown at 30 °C until satura-
tion in the modified YEME media or YPD medium, respec-
tively, and total tRNA was isolated using a standard phenol/
chloroform procedure. A particular tRNA"® isoacceptor was
then isolated from the total tRNA using a selective hybridiza-
tion method (22). The 3’-biotinylated oligo-DNA probes com-
plementary to the S. griseus tRNAL, ., (SgtRNA"®) or S. cerevi-
siae tRNAJ% ; (SctRNA"®) major isoacceptor sequences were
designed to include the anticodon loop and D-arm (SgtRNA"®
oligonucleotide, ATCAGGGATGCGCTCTAACCAACT-
GAG, and SctRNA" oligonucleotide, ATTAGCACGGTGC-
CTTAACCAACTGGG).

Unfractionated SgtRNA was mixed with the resin (the
probes bound to streptavidin-Sepharose) in the standard
hybridization buffer (final concentrations 10 mm Tris-Cl, pH
7.5,0.9 M NaCl, and 0.1 mm EDTA); tRNA was heat-denatured
for 10 min at 65 °C, and the suspension was allowed to slowly
cool to ambient temperature to enable tRNA-DNA oligo
hybridization. The resin was washed to remove the unbound
tRNA, and the bound tRNA molecules were eluted in 10 mm
Tris, pH 7.5 by heating to 65 °C. The eluted SgtRNA"'® exhibited
~85% acceptor activity.

Unfractionated SctRNA" and the resin were mixed in the
modified hybridization buffer that contained 10 mm Tris-Cl,
pH7.5,0.9 M tetraethylammonium chloride, and 0.1 mm EDTA.
The eluted fractions exhibited ~35% isoleucine acceptor activ-
ity. SCtCRNA"® was further purified using reverse phase chroma-
tography (Jupiter C4 column, 4.6 X 250 mm, Phenomenex).
The sample enriched with SctRNA"® (35% acceptor activity)
was isoleucylated using WT SclleRS. Aminoacylated tRNA was
extracted using acidic phenol, ethanol-precipitated, and dia-
lyzed against 5 mm NaOAc, pH 4.5. The attachment of isoleu-
cine to SctRNA™ increases its retention time and provides the
basis for separation from other tRNA species. The column was
equilibrated with buffer A (20 mm NH,OAc, pH 5.0, 10 mm
Mg(OAc),, 400 mMm NacCl), and the retained molecules were
eluted with the programmed linear gradients of buffer B (buffer
A with 30% v/v ethanol). Fractions containing aminoacylated
tRNAs were pooled, deacylated in Tris-Cl, pH 8.8, ethanol-pre-
cipitated, and dialyzed against 10 mm HEPES-KOH, pH 7.5.
Final SctRNA"® sample exhibited 90% acceptor activity.

Preparation of Radiolabeled tRNA—[>*’P]tRNA" was pre-
pared as described (23). Aminoacylated or misaminoacylated
[*?P]tRNA" was prepared by mixing 10 um [**P]SgtRNA" or
[*?P]SctRNA"® with 3 um D334A SglleRS or D333A SclleRS, 4
mM ATP, 0.004 units/ul IPPase, and 4 mM valine or isoleucine
in 75 mm HEPES-KOH, pH 7.5, 20 mm MgCl,, 5 mMm DTT. The
aa-[*?PJtRNA"® was extracted as described previously (14, 24)
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and renatured prior to use by heating to 80 °C, adding MgCl, to
a 10 mm final concentration, and slow cooling to ambient
temperature.

Standard Kinetic Methodology—ATP-PP; exchange and
reactions where [*’P]tRNA"® or aa-[>*>PJtRNA" were followed
were quenched using a mixture of NaOAc (pH 4.5, 0.5 M final
concentration) and SDS (final 0.1%). In ATP-PP,; exchange
assay, radiolabeled ATP and PP; were separated on TLC plates
using 750 mm KH,PO,, pH 3.5, and 4 M urea as a mobile phase.
Fraction of formed radioactive ATP was monitored in time to
determine activation rate constant. In aminoacylation and
deacylation assays, the fraction of aa-[**P]tRNA"® was followed
in time. Quenched reaction aliquots were directly degraded
using P1 nuclease (final concentration 0.013 units/ul, 1 h at
room temperature), and aa-[**P]tRNA"® and [**P]tRNA"* deg-
radation products were separated by TLC in 0.1 M ammonium
acetate and 5% acetic acid, as described previously (3). Time
points taken from the kinetic reactions that followed [**P]AMP
formation were quenched in formic acid (1 m final concentra-
tion) and analyzed by TLC, as described for aminoacylation
assays (3, 25). All quantitation was performed by phosphorim-
aging, and the data were analyzed using GraphPad Prism.

Kinetic Measurements in Single Turnover—Single-turnover
reactions were measured using the KinTek RQF-3 instrument
or by hand sampling at 30 °C. Reactions were quenched with
NaOAc (pH 4.5, final concentration 0.8 M), and the collection
tubes contained SDS (final w/v 0.1%). To measure the transfer
step, the IleRS-aa-AMP complexes were preformed in situ by
incubation of 20 -30 um D334A SglleRS or D333A SclleRS with
5 mM isoleucine or 16 mm valine in the standard IleRS reaction
buffer supplemented with 8 mm ATP and 0.008 units/ul IPPase
for 5 min at 30 °C, and the reaction was started by mixing with
[*?P]tRNA". The data were fit to the single exponential equa-
tion, y = Yy + A X (1 — e *rans < 1) where Y is the y intercept;
A is the amplitude; k., is the apparent transfer rate constant,
and ¢ is time. Single-turnover deacylation steps were measured
by mixing equal volumes of 100-500 nm valyl- or isoleucyl-
[*?P]tRNA"® with 20 —30 um IleRS in 125 mm HEPES-KOH, pH
7.5, 20 mMm MgCl,, 5 mm DTT. The data were fit to the single
exponential equation, y = Y, + A X e 4! < * \yhere Y, is the
y intercept; A is the amplitude; ky,,) is the apparent deacyla-
tion rate constant, and ¢ is time.

Activation of Amino Acids—ATP-PP; exchange was mea-
sured at 30°C in the reaction mixture containing 50 mm
HEPES-KOH, pH 7.5,20 mm MgCl,, 0.1 ug/uwl BSA, 5 mMmDTT,
4 mMm ATP, and 1 mm [**P]PP, (0.2— 0.4 Ci/mol). The reactions
were started by addition of amino acid. The enzymes were pres-
ent at the concentration of 100 nm, and the concentration of
amino acids was varied between 0.1 X K, and 10 X K,,,. Kinetic
parameters were determined by fitting the data directly to the
Michaelis-Menten equation.

Aminoacylation Assay—Aminoacylation reactions were per-
formed in the reaction mixture containing 20 mm HEPES-
KOH, pH7.5,100 uMm EDTA, 150 mm NH,Cl, 10 wg/ml BSA, 10
mM MgCl,, 2 mm ATP, and 1 mum isoleucine at 37 °C in the case
of EclleRS or at 30°C in the case of SglleRS and SclleRS.
EctRNA"® and SgtRNA" were present at a concentration of 15
uM (of which ~20 nm was 32P-labeled tRNA), and SctRNA!®
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was present at concentration of 9 um in the mixture of total
yeast tRNA. The reactions were started by addition of amino
acid. The enzymes were present at the following concentra-
tions: 20 nM EclleRS with EctRNAY; 20 nm SglleRS with
EctRNA"; 50 nm SclleRS with EctRNA"; 200 nm EclleRS with
SgtRNA"; 50 nm SclleRS with SgtRNA"%; 20 nm SglleRS
with SgtRNA"%; 1 pm EclleRS with SctRNA™; 50 nm SclleRS
with SctRNA", and 250 nm SglleRS with SctRNA™®,

Parallel Formation of AMP and aa-tRNA"*—The reactions
were conducted at 30 °C in a buffer containing 50 mm HEPES-
KOH, pH 7.5, 20 mm MgCl,, 5 mm DTT, 0.1 ug/ul BSA, 0.004
units/ul IPPase, and 200 um ATP. The reaction mixture further
contained 15 um SgtRNA" or 10 um SctRNA"® and either 2
mM isoleucine or 20 mm valine. WT or D334A SglleRS was
present at 15 nM in the reactions with Ile and 50 n™m in the
reactions with Val. WT SclleRS was 50 nm or 0.15 uM in the
reactions with Ile or Val, respectively. D333A SclleRS was 0.15
uM in reactions with both Ile and Val. Measurements were
started by addition of amino acid. The reactions with SglleRS
additionally contained 40 um EF-Tu activated as described pre-
viously (26), to prevent accumulation at the low plateau level of
aa-tRNA"®. The rates of aa-tRNA"® formation were the same
with and without EF-Tu.

Complementation—Complementation was done on the LB
or M9 plates containing 30 ug/ml kanamycin, 34 ug/ml chlor-
amphenicol, 50 uMm isopropyl 1-thio-B-p-galactopyranoside in
the presence or absence of 100 um mupirocin. M9 plates were
used with no amino acids added to the media or were supple-
mented with 150 uM isoleucine, 150 uM leucine and 1, 4, or 10
mM valine. Isoleucine and leucine were included to alleviate the
effect of high valine concentration on amino acid synthesis. The
constructs electroporated in the Rosetta cells were as follows:
empty pET28, pET28 EclleRS, pET28 SclleRS, and pET28
SglleRS. The plates were grown for 24 h at 30 °C. Under these
conditions, all three proteins were expressed as confirmed by
SDS-PAGE analysis of the protein extracts of liquid cultures
grown under exactly the same conditions (data not shown).
Semi-quantitative complementation drop-test was performed
by placing 100-ul drops of decimal dilutions in PBS buffer (—1
to —6) for each strain on LB or M9 plates. The surface of the
plates was dried 5— 6 min under laminar air flow, and the plates
were incubated at 30 °C for 36 h.

Inhibition by Mupirocin—Mupirocin inhibition was studied
in ATP-PP,; exchange reaction. To determine the K values with
respect to isoleucine, mupirocin was used at the following con-
centrations: 0, 20, 50, 100, and 150 um for inhibition of ScIleRS
and 0, 10, 20, 30, and 40 mM for inhibition of SglleRS. Isoleucine
concentration spans 0.25X K, to 8X K, range (2, 5, 10, 20, and
50 um for SclleRS or 3.9, 7.8, 15.6, 39, and 78 um for SglleRS).
The SclleRS was present at a concentration of 0.15 um and
SglleRS at 0.1 um. Inhibition constants were determined by
fitting the data to competitive inhibition model by Global Fit
using GraphPad Prism.

Phylogenetic Analysis—Eukaryote-like IleRS sequences were
searched in Public databases using BLASTP with Staphylococ-
cus aureus blleRS2 and S. griseus as query sequences. Archaeal,
eukaryotic, and bacterial sequences were chosen to present
a uniform distribution of species in the taxonomic tree.

SASBMB

APRIL 15,2016+VOLUME 291+-NUMBER 16

Sequences from UniProtKB/Swiss-Prot or RefSeq database
were preferred, if available. The final dataset contained 334
sequences. Multiple sequence alignment (MSA) was performed
using the Muscle tool (27) via the EBI web server with standard
parameters. The MSA was trimmed to remove the poorly
aligned regions with trimAI program (28) via the Phylemon2
web server using the automated 1 method. The MSA contained
2497 columns prior to trimming and 936 columns after trim-
ming. The phylogenetic trees were constructed using a maxi-
mum-likelihood method RAxXxML (29) via the web server
CIPRES science gateway with JTT defined as the substitution
model and GAMMA model of rate heterogeneity. Phylogenetic
tree topologies were visualized using FigTree version 1.4.2. The
phylogenetic tree constructed using the complete MSA of IleRS
sequences or the trimmed MSA showed no significant differ-
ences in tree topology.

Evolution of IleRS gene family was inferred using the Mowgli
algorithm for reconciliation of the IleRS gene tree and the cor-
responding fully dated species tree (30). The species tree pub-
lished by Ciccarelli et al. (31) was retrieved using the Interactive
Tree Of Life (32). [leRS gene tree and the species tree were
pruned using the R-package Ape (33) to contain only the
mutual taxa as leaf nodes. Mowgli was used with standard
parameters (costs defined as duplication (D) = 2, transfer (T) =
3, and loss (L) = 1) along with the Nearest Neighbor Inter-
change edit operations set to operate on edges of the gene tree
with a bootstrap value lower than 80. Both the cost parameters
and the threshold bootstrap values were varied to test the
robustness of the events presented in the reconciliation tree
(D =2-4,T = 3-5,and Bootstrap threshold = 80 -95). Expect-
edly, raising the cost of the horizontal gene transfer produced
meaningless duplications that are evolutionarily highly
unlikely, while raising the cost of duplications produced a high
number of unlikely horizontal gene transfers. The reconcilia-
tion trees were visualized using the Sylvx open-source reconcil-
iation viewer.

Results

Phylogenetic Analysis Groups SglleRS with the Eukaryote-like
Enzymes—Actinomycetes and pseudomonads represent two of
the major groups of bacteria found in soils and rhizospheres
(34). Considering that the bacterium S. griseus may cohabit
with mupirocin-producing organisms, SglleRS is potentially
interesting for investigating the impact of environmental pres-
sure on enzyme synthetic site catalytic features. To determine
the evolutionary history of SglleRS, we extracted archaeal,
eukaryotic, and bacterial IleRS sequences from public data-
bases. The species were chosen to provide a uniform distribu-
tion across the taxonomic tree. A phylogenetic tree was con-
structed based on multiple alignments of the conserved
portions of IleRSs from all domains of life, using the maximum
likelihood-based phylogenetic inference method RAXML (29)
(for details see “Experimental Procedures”). As expected, the
analysis showed that the bacterial sequences group into two
main clades (Fig. 24) as follows: one containing the IleRS
sequences that cluster with the eukaryotic enzymes and thus
represent the so-called eukaryote-like lineage (herein named
bIleRS2), and the second clade (herein named bIleRS1) clusters
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with mitochondrial IleRSs. The bIleRS2 type is found in Gram-
positive bacteria, predominantly firmicutes and actinobacteria,
but also in the chlamydiae, spirochaetes, and deinococcales.
The prototypical bacterial enzyme (bIleRS1) is generally found
in proteobacteria. The observed IleRS phylogeny is in good
agreement with the results of previous analyses (20, 21, 35). We
now have access to a substantially higher number of sequences,
particularly of bacterial species. Accordingly, the eukaryote-
like lineage is by this work cemented as a sizable clade that
clusters more closely with their eukaryotic counterparts than
with other bacterial enzymes.

The analysis clearly shows that the sequence of IleRS from
the Gram-positive bacterium S. griseus belongs to the
eukaryote-like enzymes and not to the typical bacterial IleRS
clade (Fig. 2A). Inspection of the sequence alignment (Fig. 2B)
shows differently conserved sequences of the catalytic domain
among bacterial and eukaryote/eukaryote-like IleRSs. SglleRS
and other eukaryote-like enzymes together with IleRS of
eukarya lack the sequence signatures of the following bacterial
enzymes: Tyr-59; 7'NKIL”% *72SSL (numbering according to
EclleRS). At the same time, the eukaryote/eukaryote-like group
has its own distinguishing sequence motifs such as **'HYPFE
(numbering according to SclleRS).

Some members of the eukaryotic/eukaryote-like clade were
previously characterized as less sensitive to mupirocin inhibi-
tion than blIleRS1 enzymes (36, 37). Here, we showed that
SglleRS shares this characteristic with other eukaryote-like
(bIleRS2) enzymes (see below). Thus, both phylogenetic and bio-
chemical analysis place SglleRS within the bIleRS2 group.

Origin of Discrimination against Valine in the Synthetic Reac-
tion Is Evolutionarily Conserved in IleRS—The ileS2 gene fol-
lows significantly different phylogeny than ileS1, prompting us
to investigate biochemical characteristics of the corresponding
two IleRS types. The genes encoding SglleRS and SclleRS were
cloned, and the proteins were overexpressed in E. coli. As a
control, the yeast enzyme was also overexpressed in yeast. No
significant difference in kinetic properties was observed
between the enzymes produced in yeast or E. coli, thus permit-
ting utilization of the heterologously expressed SclleRS in this
work (see under “Experimental Procedures”).

Amino acid activation in the presence of cognate isoleucine
and non-cognate valine was followed using ATP-PP; exchange
assay to establish the proteins’ misactivation frequencies
expressed as discrimination factors ((k../K,,cognate))!(Keat/
K, (non-cognatey))- The discrimination factors of SglleRS and
SclleRS were highly similar (118 and 150, Table 1). The
observed low values manifest frequent misactivation, implicat-
ing a requirement for editing in eukaryotic and eukaryote-like
I1eRSs. SclleRS and SglleRS activated cognate and non-cognate
amino acids with similar rates in a relatively fast step (Table 1).

TABLE 1
Activation of isoleucine and valine by SglleRS and SclleRS at 30 °C

The values represent the best fit value * S.E. of at least two independent
experiments.

kel K,/ Discrimination
K,,/pmoldm™3  k./s”' s~! pmoldm™3 factor
SglleRS + Ile  17.4 % 3.0 206 £ 1.4 1.18
SglleRS + Val 1750 * 130 19.3 £ 0.4 0.01 118
SclleRS + Ile 7.6 = 0.3 114 =0.8 1.5
SclleRS + Val 840 = 10 86=*1 0.01 147

Both enzymes discriminated against valine solely at the ground
state, with the binding step that contributes to the specificity
about 100-fold. The results match our previous conclusions
regarding discriminations against valine by EclleRS (3).

The second step of aminoacylation, transfer of aminoacyl
moiety to tRNA, was investigated in both ScIleRS and SglleRS.
The enzyme was preincubated with a surplus of amino acid and
ATP allowing formation of the aaRS-aminoacyl-AMP complex
prior to mixing with a limiting amount of the corresponding
[*?P]tRNA in a rapid chemical quench instrument. Formation
of aa-[>>P]tRNA was followed in time, and the rate constant
(Kirans), Which represents the chemical step of aminoacyl trans-
fer or a slow conformational change that precedes the rapid
chemistry step, was extracted (38). The data show that isoleucyl
moiety is transferred to tRNA with the rates of 45and 115~ ' by
wild-type yeast and S. griseus IleRS, respectively. The two-step
aminoacylation followed under multiple-turnover conditions
(Table 2) returned the rates significantly slower than the rates
of the isolated amino acid activation or aminoacyl transfer step.
This indicated that product release limits the rate of isoleucy-
lation by the yeast and S. griseus enzyme.

To explore the specificity of aminoacyl transfer step, transfer
of non-cognate valine to tRNA"® was monitored using the post-
transfer editing-deficient IleRS to prevent valyl-tRNA™® (Val-
tRNA"®) hydrolysis. A highly conserved aspartate in the IleRS
editing domain was previously recognized as the main determi-
nant of post-transfer editing (15, 24). Hence, the D333A
SclleRS and D334A SglleRS variants were produced, and their
incapacity to deacylate Val-tRNA" was independently con-
firmed (see below). Comparison of the k., obtained with iso-
leucine and valine using deacylation-defective enzymes (Fig. 3)
demonstrated that neither of the IleRSs discriminated against
valine at the second step of aminoacylation reaction. This par-
allels the previous findings on the E. coli enzyme (3) and is in a
good agreement with the results on other editing aaRSs (14, 39).
The D334A substitution influenced the rate of aminoacyl trans-
fer step in SglleRS (decreasing it from 11 to 3.1 s~ %, see Fig. 3).
The reason for such behavior is not clear yet. The effect
imposed by analogous substitution has been previously ob-
served for EclleRS but only under multiple-turnover conditions

FIGURE 2. lleRS phylogeny. A, lleRS phylogenetic tree. Bacterial species are colored red (species with eukaryote-like lleRS are shown in light red); archaea are
green, and eukaryotes are blue (mitochondrial/plastid lleRS are shown in light blue). Species with both bacterial lleRS (blleRS1) and eukaryote-like lleRS (blleRS2)
are shown in black. The line width of each branch is scaled according to the bootstrap support value (see legend), and the numbers along the branches show
the percentage reproducibility of nodes in bootstrap replicates (some values were omitted for simplicity). The scale bar represents 0.4 estimated amino acid
substitutions per site. B, partial amino acid sequence alignment of representative archaeal, eukaryote-like (blleRS2), eukaryotic, and bacterial (blleRS1) lleRSs.
The presented regions include the consensus sequences HIGH and KMSKS and characteristic bacterial (Tyr-59; 7"NKIL”*; 72SSL, numbering according to
EclleRS) or eukaryotic/eukaryote-like motifs (**'"HYPFE, numbering according to SclleRS). Each sequence logo was determined using the complete alignment
with 334 sequences and represents the conservation within a certain lleRS group. The sequences were assigned to a group according to the phylogenetic

analysis. The red triangle marks the omitted portion of the alignment.
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(4). Taken together, our data show that the origin of discrimi-
nation against amino acids is well conserved in the synthetic
reactions of both IleRS types.

Lack of tRNA-dependent Pre-transfer Editing in SglleRS—
The hydrolytic editing reactions regenerate amino acids and
tRNAs, enabling their reuse in the next catalytic turnovers. In
contrast, ATP is consumed in the aminoacylation/editing reac-
tions generating AMP and PP, (Fig. 1). Hence, non-stoichiomet-
ric accumulation of AMP above the level of aminoacylated
tRNA is diagnostic of hydrolytic proofreading. Here, we took
advantage of our recently developed approach (14) that moni-
tors initial rates of [*?P]JAMP and aa-[*?P]tRNA formation
in parallel assays, one relying on [**P]JATP and another on
[*?P]tRNA, respectively. The extracted k,,p/Kyai. s Fatio
reports ATP consumption per synthesized aa-tRNA. Further-
more, subtraction of the rate of aa-tRNA synthesis from the rate

TABLE 2

Homologous and heterologous aminoacylation of SclleRS, SglleRS,
and EclleRS

The values represent the best fit value = S.E. of at least two independent experi-
ments.

kops/s™"
EclleRS + EctRNA!® 0.86 = 0.2
EclleRS + SgtRNA"® 0.078 + 0.002
EclleRS + SctRNA''® 0.0029 * 0.0003
SglleRS + EctRNA® 0.7 =02
SglleRS + SgtRNA'® 0.58 = 0.03
SglleRS + SctRNA™® 0.061 + 0.004
SclleRS + EctRNA!® 0.172 + 0.003
SclleRS + SgtRNA"® 0.16 = 0.03
SclleRS + SctRNA!e 0.68 = 0.02

D334A SglleRS

K,.o(lle)=3.1£0.2s"

(Val)=2.8+0.1s"

ktrans

1.0

fraction aa-[>2P]-SgtRNA''®

04 06 0.8

Time (s)

0.2

of AMP accumulation returns the rate of AMP formation
related only to editing. This approach has proven highly valua-
ble for the analysis of pre-transfer editing in EcIleRS (4).

Remarkably, we found that the post-transfer editing-defec-
tive variant of SglleRS (D334A) displayed the similar rates of
aminoacylation and AMP formation in the presence of valine,
exhibiting a k,pp/Kyvaira ratio of 1.1. Stoichiometric ATP
consumption in Val-tRNA"® synthesis demonstrated the lack
of proofreading by D334A SglleRS, arguing against hydrolysis
of Val-AMP alongside aminoacylation within the synthetic site.
It thus appears that SglleRS naturally lacks tRNA-dependent
pre-transfer editing; a finding that implies that this pathway is
optional in IleRS enzymes.

An equivalent analysis of the yeast enzyme showed a differ-
ent outcome. Using post-transfer editing-defective D333A
SclleRS for parallel monitoring of AMP and Val-tRNA" for-
mation, the ratio of extracted rate constants was shown to be
higher than 1 (kxyp/kvairna = 2.19; Table 3), providing evi-
dence of the tRNA-dependent pre-transfer editing activity.
Alongside AMP, tRNA-dependent accumulation of Val-AMP
with the rate constant of 0.021 = 0.004 s~ ' was also noticed.
Previously determined solution-based Val-AMP hydrolysis
(0.002 s~ (3)) is 25-fold slower than the rate of AMP formation
assigned to editingin D333A SclleRS (k.q = Kanip — Kaatria =
0.049 s™'; Table 3). Thus, non-enzymatic hydrolysis only
weakly contributes to AMP accumulation. Accordingly, the
main tRNA-dependent pre-transfer editing pathway in SclleRS
is the enzyme-based aa-AMP hydrolysis. The new finding is
that in yeast, tRNA may stimulate Val-AMP dissociation from

B
@ D333A SclleRS
< k. (lle)=35+1s"
§ 1-0 a lrans( )
% hd Py 8
@ 0.8
g 0.6 k., (Val)=30%1s"
S 0.4
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5
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Time (s)

FIGURE 3. Single-turnover transfer of isoleucine or valine by D334A SglleRS (A) or D333A SclleRS (B). Errors bars correspond to the S.E. from three

independent experiments.

TABLE 3

Parallel formation of AMP and aa-tRNA by SglleRS and SclleRS and their deacylation variants

The values represent the best fit value = S.E. of three independent experiments.

k(AMP)/S_ ! k(aa—tRNA)/s_ ! k(AMP)/k(aa—tRNA) Kirnaina/S™ !
SglleRS WT + Ile* 0.64 + 0.08 0.65 * 0.05 0.98 ND?
SglleRS WT + Val” 0.83 + 0.2 0.13 + 0.02 6.24 0.004
SglleRS D334A + Ile” 0.20 = 0.02 0.19 = 0.02 1.05 ND
SglleRS D334A + Val* 0.20 + 0.04 0.19 + 0.04 1.05 0.004
SclleRS WT + Ile 0.20 = 0.03 0.13 = 0.02 1.60 ND
SclleRS WT + Val 0.53 + 0.08 0.023 + 0.007 23 0.002
SclleRS D333A + Ile 0.038 *+ 0.006 0.030 = 0.008 1.27 ND
SclleRS D333A + Val 0.09 = 0.01 0.041 * 0.012 2.19¢ 0.002

“ The reactions with SglleRS were measured in the presence of EF-Tu. In the absence of EF-Tu, aa-tRNA accumulated at lower concentrations (down to 10% of the product),

depending on the IleRS concentration added.
# ND means not determined due to insufficient activity.

¢ A portion of Val-AMP accumulates in solution with rate k(Val-AMP) = 0.021 = 0.004 s~ * participating in the selective release pathway. If both Val-AMP and AMP are

taken into account, the ratio of used ATP per aa-tRNA is raised to 2.6.
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FIGURE 4. Inhibition of isoleucine activation by mupirocin in the reactions by SglleRS or SclleRS. A, activation by SglleRS using 3.9, 7.8, 15.6,39,and
78 uM isoleucine and 0 (@), 5 (H), 10 (A), 20 (V¥), and 30 mm (4) mupirocin. B, activation by SclleRS using 2 (@), 5 (H), 10 (A), 20 (V¥), and 50 um (#)
isoleucine and 0, 20, 50, 100, and 200 um mupirocin. The inhibition constants were determined by fitting the data to competitive inhibition model using
GraphPad Prism. The values represent the best fit value = S.E. of two independent experiments. C, Lineweaver-Burk plots depict a competitive inhibition

pattern for both enzymes.

the enzyme. The wild-type enzymes from S. griseus and the
yeast cytosol returned the ratio k,yp/kyvarna ©f ~6 and 23,
respectively, due to the active CP1 post-transfer editing domain
(Table 3). In the absence of tRNA, both SclleRS and SglleRS
displayed very weak editing (0.002 and 0.004 s~ *, Table 3),
which is 10-fold slower than in E. coli IleRS (4).

SglleRS Synthetic Site Is Highly Resistant to Mupirocin—
Finding that yeast IleRS exhibits tRNA-dependent pre-transfer
editing indicates that this quality control step is preserved in the
eukaryotic/eukaryote-like lineage (Fig. 24). Hence, it is intrigu-
ing that SglleRS is deprived of this activity. Given that S. griseus
is a soil bacterium that may experience competition for the
biological niche with mupirocin-producing P. fluorescens, we
hypothesized that a need for superior antibiotic resistance has
driven evolution of the SglleRS synthetic site toward higher
mupirocin resistance at the expense of its tRNA-dependent
pre-transfer editing. Mupirocin is a strong competitive inhibi-
tor of EclleRS (bIleRS1) with respect to both isoleucine and
ATP, which displays highly similar inhibition constants in
amino acid activation and two-step overall aminoacylation
(2-5 nM (40)). To address our hypothesis, we measured the
antibiotic’s inhibition constants in both the yeast and S. griseus
enzymes. Steady-state kinetic analysis revealed that pyrophos-
phate exchange reaction in SclleRS and SglleRS is competi-
tively inhibited by mupirocin, albeit with significantly different
inhibition constants with respect to isoleucine. The yeast en-
zyme exhibited good resistance with the K; = 28 um (K,,, . =
6 uM; Fig. 4), which is in agreement with the K; value previously
determined in the two-step aminoacylation reaction by the
yeast enzyme (36). Remarkably, SglleRS displayed a 300-fold
higher inhibitory constant than the yeast enzyme with K;
being as high as 10 mm (K, 1. = 4.8 uM; Fig. 4). Considering
that the mupirocin-resistant IleRS from P. fluorescens dis-
plays K; in the same millimolar range (41), our data demon-
strated that SglleRS provides S. griseus a similar level of pro-
tection against mupirocin as reached in the mupirocin-
producing P. fluorescens.

tRNA-dependent Pre-transfer Editing Is Not Essential for
E. coli Viability—The loss of tRNA-dependent pre-transfer
editing in SglleRS specifies this pathway as dispensable, at least
in S. griseus. To find out whether this is a more general phe-
nomenon, we tested whether SglleRS may complement IleRS
function in E. coli. The prerequisite for complementation was
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met as SglleRS aminoacylated well EctRNA"® (Table 2). Using
mupirocin to inhibit EcIleRS and thus arrest protein synthesis
and bacterial growth, we tested the ability of SglleRS to func-
tionally substitute the inhibited EclleRS. Mupirocin, present at
100 um in LB plates, completely inhibited growth of E. coli
Rosetta strain (Novagen), but expression of SglleRS effectively
rescued the growth (Fig. 54). To examine the cellular require-
ment for tRNA-dependent pre-transfer editing, we searched
for error-prone conditions where editing is essential for E. coli
growth. In doing so, the viability of E. coli cells transformed
with the WT or editing-deficient SglleRS (D334.A) was followed
using a semi-quantitative drop test in the presence of mupiro-
cin (see “Experimental Procedures”). Both strains exhibited
highly similar viability on LB plates with or without mupirocin,
indicating that these conditions do not promote mistranslation
(Fig. 5B). Next, we tested the viability on minimal plates to
show that, under limiting amino acid conditions, only the WT
SglleRS complemented E. coli growth. To promote the con-
trolled error-prone conditions, we supplemented M9 plates
with the various concentrations of valine (Fig. 5C). We found
that expression of editing-deficient SglleRS was able to support
the growth only in the presence of 1 mm valine. At the higher
concentrations of valine (4 or 10 mm), the growth was rescued
exclusively by expression of WT SglleRS. Because this enzyme
is deprived of tRNA-dependent pre-transfer editing, our results
provide evidence that this proofreading step is not important
under editing-required conditions. Moreover, the strains
exhibited highly similar viability on minimal plates with or
without the addition of 4 mm valine, 150 uM leucine, and 150
uM isoleucine. This result substantiates the physiological rele-
vance of the complementation experiment as the amino acid
supplement was chosen to mimic the experimentally deter-
mined natural intracellular amino acid concentrations (42).
Our results thus indicate that tRNA-dependent pre-transfer
editing is non-essential, supporting our hypothesis that the syn-
thetic site could have evolved novel features to the detriment of
this quality control step. The growth of the Rosetta cells inhib-
ited by mupirocin was not rescued by harboring the empty plas-
mid or the plasmid encoding EclleRS (Fig. 5). In accordance
with the previous data (36) and as shown by our kinetic analysis
(Table 2), expression of SclleRS in E. coli also confers mupiro-
cin resistance to the host cells (Fig. 5A4).
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FIGURE 5. Complementation of E. coli growth in the presence of 100 um mupirocin by expression of SclleRS or SglleRS in various conditions. In
all experiments, the expression of SclleRS, SglleRS, or EclleRS from pET28 plasmid was induced by 50 um isopropyl 1-thio-B-p-galactopyranoside. A,
complementation of E. coli growth on LB plates by expression of additional EclleRS, SclleRS, or SglleRS. Semi-quantitative complementation drop-test
of E. coli growth was performed by adding 100-ul decimal dilutions (—1 to —6) of each strain to the following plates. B, LB plates with or without
mupirocin and M9 plates (no amino acids added) with or without mupirocin. C, M9 plates supplemented with 150 um lle, 150 um Leu, and 1,4, or 10 mm

Val with or without mupirocin.

Rapid Hydrolysis of Val-tRNA™ in the Editing Domain—
Post-transfer editing of yeast and S. griseus IleRS was tested
independently using single-turnover deacylation assay. This
approach monitors deacylation reaction at the active site and
returns the rate constant that is not influenced by the product
dissociation step. In this assay a limiting amount of the pre-
formed Val-[**P]tRNA" is mixed with a high surplus of the
corresponding IleRS using a rapid chemical quench instru-
ment. Our results demonstrated that both the yeast and
S. griseus I1eRS editing domains are capable of rapid hydrolysis
of Val-tRNA"® (250 and 240 s %, respectively; Table 4). At the
level of kye,cy1, they appear 5-fold more effective in valine clear-
ance than the EclleRS CP1 domain (24). For both enzymes, the
substitution of aspartate with alanine (D334A in ScIleRS and
D333A in SglleRS) induced a 10*-fold drop in the rate of
deacylation (Table 4). Structural analyses show that the
aspartate side chain hydrogen bonds with the amino moiety
of the amino acid attached to tRNA (10), providing an essen-
tial anchor of the editing substrate. The same use of the
conserved aspartate is observed in ValRS (11) and LeuRS (13,
14), and it appears to be a common feature of the class Ia
editing aaRS enzymes.

Specificity of the Editing Pathways—QOur previous work (4)
established that the synthetic site of EcIleRS lacks stringency in
tRNA-dependent pre-transfer editing because low, but repro-
ducible, non-stoichiometric ATP consumption was observed
during cognate Ile-tRNA"® synthesis by the deacylation-defec-
tive enzyme (knip/kjje-crva = 1.5). To further examine charac-
teristics of the SglleRS synthetic site, we measured the rates of
AMP formation and Ile-tRNA" formation in parallel reactions
relying on either [**P]JATP or [**P]tRNA. The deacylation-de-
fective IleRS from S. griseus exhibited the same rates of AMP
formation and isoleucylation (kap/kjje-craa = 0.98; Table 3).
This confirmed that cognate isoleucine is not proofread within
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TABLE 4
Single-turnover deacylations by SglleRS or SclleRS at 30 °C

The values represent the best fit value = S.E. of three independent experi-
ments. Aminoacyl-tRNAs were present at 100-500 nm and enzymes at 10-20 uMm
concentration.

-1
kdeacyl /s

S. griseus

Val-SgtRNA™ Ile-SgtRNA"™

WT SglleRS 250+ 10° 0.086 + 0.004
D334A SglleRS 0.0117 + 0.0006 0.0127 + 0.0005
no enzyme 2.8+0.2)x10° (3.4+0.3)x 107

S. cerevisiae
Val-SctRNA™ Ile-SctRNA™
WT SclleRS 240 + 30° 1.0+0.1°

D333A SclleRS 0.011+0.001 0.005 + 0.002

no enzyme (2.7£0.5)x 107 2.4£0.6) x 107

“Data are 300 = 20 s ' at 37 °C.
? Data were determined from two independent experiments.

the synthetic site, corroborating further our conclusion that the
SglleRS-tRNA complex cannot carry out aa-AMPs hydrolysis.
We further showed that the SglleRS post-transfer editing
domain displayed high specificity against cognate Ile-tRNA"®
(250 s~ ! versus 0.086 s '; Table 4). This is in agreement with
the &k nip/Kierva ratio of 1.05 measured in the presence of
wild-type SglleRS (Table 3).

In contrast, the yeast enzyme consumed about 1.5 molecules
of ATP per Ile-tRNA"® (knip/kyjoiena = 1.60; Table 3), argu-
ing for weak proofreading of isoleucine. We detected a notice-
able deacylation of the cognate Ile-tRNA™® by SclleRS under
single turnover conditions (kjeae,t = 1.0 s~ '; Table 4), which
may account for the higher ATP consumption. The reason for
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such kinetic behavior is not yet understood. An ATP consump-
tion in aminoacylation close to one was observed by D333A
SclleRS (kanip/kierrna = 1.27; Table 3).

Evolutionary Origin of the Two IleRS Types—The observed
ileS1 phylogeny is in good agreement with the previously
reported analyses and with the consensus species trees (20, 35).
In contrast, ileS2 follows the species phylogeny only for sepa-
rate clades at short evolutionary distances, but more distant
clades show relationships that are best explained by multiple
ancient horizontal transfers. The cytosolic IleRSs of all eukarya
cluster as a compact monophyletic clade with the eukaryote-
like enzymes, depicting their common evolutionary origin.
However, it is clear from the tree that the last common ancestor
of all blleRS2 sequences pre-dates the last common ancestor of
all analyzed eukarya and likely eukarya in general, suggesting
that an ancestor of eukarya acquired the bIleRS2-type enzyme
by horizontal transfer from a bacterial donor. This contradicts
the previous proposal in which early horizontal transfer from
eukarya to bacteria accounts for the occurrence of the
eukaryote-like genes in the bacterial species (21, 35). Our com-
prehensive analysis further showed that bIleRS2 enzymes
reside in a significant number of evolutionary distant clades of
bacteria, including some ancient groups like clostridia (43). To
get better insight into the evolutionary history of bIleRS2 and
the relationship to their eukaryotic counterparts, we used an
algorithm for most parsimonious reconciliations of the ileS
gene tree and a dated species tree, using Nearest Neighbor
Interchange edit operations on the edges of the gene tree with
bootstrap values under 80 (bootstrap thresholds and cost
parameters were varied to test the robustness of the reconcili-
ation tree, see “Experimental Procedures”). Unexpectedly, our
analysis (Fig. 6) supports a scenario in which the ileS1 and ileS2
genes of contemporary bacteria are the descendants of genes
that might have arisen by a duplication event before the sepa-
ration of bacteria and archaea. Thus, the bacterial enzyme
encoded by ileS2 appears to be of ancient bacterial origin, and it
diverged from bIleRS1 through speciation. Based on the dis-
agreement of eukaryote-like IleRS2 with the consensus bacte-
rial phylogeny (Fig. 6) and on the fact that all eukaryote cytoso-
lic IleRS sequences form a compact clade relatively deep inside
the bacterial IleRS tree, we conclude that the horizontal gene
transfer of ileS2 from the ancient bacteria to the ancestor of
eukarya more than 2.2 billion years ago is likely responsible for
the acquisition of cytosolic IleRSs in contemporary eukaryotes.
Also, horizontal gene transfer between bacteria appears re-
sponsible for the occurrence of ileS2 genes in some a-proteo-
bacteria (e.g. Rickettsia). It is tempting to speculate that the
antibiotic resistance feature associated with the enzyme
encoded by ileS2 was an evolutionary driving force for extensive
horizontal transfer of this gene. Interestingly, the Loki
archaeon, the representative of the recently discovered archaeal
lineage of lokiarchaeota (44), has ileS2 in its genome in addition
to an archaea-type IleRS.

Discussion
Synthetic and Editing Pathways Are Evolutionarily Con-

served in IleRSs—IleRS is highly suitable for exploring evolution
of the editing pathways in class I aaRS. Despite the existing
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editing domain that rapidly hydrolyzes misaminoacylated
tRNA, the synthetic site of this enzyme may also noticeably
contribute to editing through the tRNA-dependent pre-trans-
fer route. This distinguishes EcIleRS from the closely related
E. coli class Ia ValRS and LeuRS, which apparently rely exclu-
sively on the post-transfer editing domain to ensure the
accuracy of aminoacylation (3, 14, 45). Why IleRS exhibits
tRNA-dependent pre-transfer editing and whether this
activity is the remnant of an ancient editing or a novel fea-
ture of the synthetic site however remained elusive.
Prompted by the intriguing IleRS phylogeny (Figs. 2 and 6),
we sought the answer by careful kinetic analysis of the phy-
logenetically distinct IleRS types.

We performed a detailed steady-state and single-turnover
kinetic analysis of the synthetic and editing pathways using the
yeast cytosolic enzyme and eukaryote-like I1eRS from the
bacterium S. griseus as model enzymes. These enzymes
appear to have a common origin (both are ileS2-encoded)
but have diverged during evolutionary time, presumably
driven in part by adaptation to their different bacterial and
eukaryotic cell environments. Comparison of their contem-
porary features thus may provide some interesting conclu-
sions about the interconnection of catalysis and environ-
mental constraints. Furthermore, the differences relative to
the synthetic and editing mechanisms of EcIleRS (encoded
by ileS1 gene (3, 4, 24)) shed light on the evolution of aaRS
proofreading, in particular the idiosyncratic tRNA-depen-
dent pre-transfer editing.

The inspection of sequence alignment of 334 IleRS se-
quences from 325 species constructed for the phylogenetic
analysis reveals no relevant substitutions or deletions within
the conserved regions of the post-transfer editing domain. This
shows that IleRSs from all domains of life rely on the functional
CP1 editing domain for the accurate decoding of isoleucine
codons, as anticipated. In addition, the members of both IleRS
types (EclleRS and SclleRS) apparently retain the capacity to
use tRNA-dependent pre-transfer editing within the synthetic
site. In corroboration with the presented phylogenetic analysis,
this finding indicates that tRNA-dependent pre-transfer edit-
ing is an ancient feature of the IleRS synthetic site. Quite unex-
pectedly, this feature is lost in S. griseus, presumably as a con-
sequence of the environmental pressure (see below). On the
whole, our results support the notion that the synthetic path-
way and origin of amino acid specificity is well conserved in
I1eRSs. This parallels the studies on LeuRS (46), which displays
equally weak amino acid discrimination and comparable
requirement for editing in the enzymes of E. coli and the yeast
cytosol. Yet importantly, the translational quality control
mechanisms may also be species-specific as reported for some
class IT aaRSs (47-50).

General Features of IleRS Editing—Similarly to some class II
aaR$ (51-54), IleRS appears to use post-transfer editing in trans
to some extent (Table 3).* The conclusion is supported by the
unexpectedly low k, yip/ Ky a1 irna Fatio and high misaminoacy-
lation rate of SglleRS (Table 3). SclleRS and SglleRS contain a

“N. Cvetesic and I. Gruic-Sovulj, unpublished data.
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FIGURE 6. Most parsimonious reconciliation of the lleRS gene tree and the corresponding species tree. Species with bacterial lleRS (blleRS1) are colored
red; species with eukaryote-like lleRS are shown in purple; species with both blleRS1 and blleRS2 are shown in black; archaeal species are green, and eukaryotes
are blue. The gray lines represent the species tree, and the colored lines represent evolutionary events associated with the gene tree as follows: horizontal lines
denote speciation; arrows denote the most probable horizontal gene transfers that explain the occurrence of the IleRS type in a certain organism; red cross
marks a loss of a gene; and a blue square (denoted also with ileS duplication) marks the duplication event. The red and blue colors mark the duplication event

and further separation and speciation of blleRS1 and blleRS2, respectively.

comparably powerful post-transfer editing domain for prevent-  Yet, if translocation occurs at a rate similar to or slower than the
ing translational errors (Table 4). This domain acts in cis by rate of aa-tRNA dissociation, a portion of misaminoacylated
hydrolyzing misaminoacylated tRNA after translocation of its tRNA evades cis-editing and dissociates into solution. This
3’-end from the synthetic to the editing site (Fig. 1, pathway 4).  fraction may rebind for editing in trans (Fig. 1, pathway 5). The
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low K nip/Kyarria ratio for SglleRS relative to SclleRS (Table
3) is puzzling due to the presence of the efficient post-transfer
editing domain in both enzymes, and it suggests that measured
post-transfer editing is under-represented in this case. This is
corroborated by the observation that post-transfer editing in
trans is disfavored in the assay that measures K p/Kyarrna
ratios (14). On that ground, SclleRS, with its tRNA-dependent
pre-transfer editing, appeared as superior editing machinery
than SglleRS under conditions of double label assay. Given that
pre-transfer editing clears mistakes in the synthetic site, this
pathway may be valuable in cases of the slow translocation step.
This may shed some light on the benefits of tRNA-dependent
pre-transfer editing.

Recently we proposed that kinetic partitioning of aa-AMP
between aminoacyl transfer and hydrolysis determines parti-
tioning of the pre- and post-transfer editing pathways (3). Here,
we showed that a noticeably faster transfer in yeast IleRS, rela-
tive to the bacterial counterpart, did not result in a drastic drop
in pre-transfer editing. This suggests that the faster aminoacyl
transfer step is accompanied by the faster aa-AMP hydrolysis,
resulting in the similar level of partitioning. This is not unex-
pected as we demonstrated that the same amino acid residue
(Tyr-59 of EclleRS) controls both the aminoacyl transfer step
and aa-AMP hydrolysis (4). Because synthetic and hydrolytic
subsites are apparently highly overlapped within the IleRS syn-
thetic site, a significant level of coupling between all opposing
reactions is expected. Yet, why some enzymes in a complex with
tRNA show a high propensity to pre-transfer editing, like IleRS
from E. coli or yeast, and some not, such as EcValRS, EcLeuRS,
and SglleRS, remains obscure.

tRNA-dependent Pre-transfer Editing as an Optional Activity
in IleRS—We showed evidence that IleRS from S. griseus natu-
rally lacks tRNA-dependent pre-transfer editing. To our
knowledge, this is the first report of such behavior in IleRS.
Despite the lack of synthetic site editing, SglleRS can function-
ally substitute endogenous IleRS in E. coli, under error-prone
conditions where editing is essential for cell survival. This pro-
vides further evidence that tRNA-dependent pre-transfer edit-
ing is not the critical error correction step in Ile-tRNA"® syn-
thesis. This is possible because the powerful post-transfer
editing domain acts as the main cleaner of the aminoacylation
errors in these enzymes. Hence, an early perspective that
tRNA-dependent pre-transfer editing is the major proofreading
step in IleRS (7, 15) appears to be altered toward the view that
promotes an optional character of this synthetic site-based activ-
ity. However, we cannot exclude the possibility that pre-transfer
editing would confer a small comparative advantage to E. coli that
could not be ascertained in laboratory conditions.

Resistance toward mupirocin inhibition is well established
for bIleRS2 enzymes (37, 41, 55). A good correlation between
the minimal inhibitory concentrations (MIC) of mupirocin that
inhibits the visual growth (37, 56 -59) and the IleRS type pres-
ent in the cell has been observed for a number of bacterial spe-
cies (Fig. 7). Intriguingly the MIC values for the blleRS2-depen-
dent bacterial species span a considerable range in values and
so do the inhibitory constants (K;) of the isolated bIleRS2
enzymes. The enzymes from Thermus thermophilus (TtlleRS)
and P. fluorescens (PflleRS2), both ileS2-type, exhibit the 10*-
SASBMB
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FIGURE 7. Distribution of mupirocin MIC values for bacterial species. The
MIC values were compiled from the literature (37, 41, 47, 56), and the corre-
sponding lleRS type was assigned according to sequence similarity and phy-
logenetic analysis. The range of In(MIC) values was divided into 12 bins (bin
width equals 1 unit), and the number of species in each bin was plotted on the
y axis. The overlapping columns are shown as stacked. The vertical lines rep-
resent the mean value for each group (line colors correspond to group colors).
The levels of mupirocin resistance represent the literature values for acquired
resistance in Staphylococcus species (59).

fold difference in the K; values (41, 60). Previous attempts to
identify the synthetic site residues responsible for the antibiotic
resistance did not yield a conclusive result. The structure of
S. aureus TleRS1 (SalleRS1) bound to tRNA"® and mupirocin
(61) depicted the interactions responsible for high affinity of the
synthetic site for the antibiotic. TtIleRS in a complex with
mupirocin revealed a different binding pattern relative to
SalleRS1, particularly with the KMSKS motif (60). The key role
in binding was initially attributed to the conserved ***HGF
sequence (numbering according to SalleRS1) with Phe-587 that
participates in stacking interactions with the conjugated system
of the nonanoic acid moiety of mupirocin. Kinetic analysis
revealed that Phe-587 contribution is important but not pre-
dominant (60). Several other motifs that differ between the
mupirocin-sensitive and mupirocin-resistant IleRS groups (Fig.
2B) were recognized, without an obvious candidate for the
effect observed in SglleRS. We noticed the motif °>*EG (Fig. 2B)
whose glycine hydrogen bonds to the C-6-hydroxyl group of the
mupirocin pyran ring in SalleRS1 (61). This interaction is not
conserved in SglleRS (and PfIleRS2) and thus may contribute to
the established mupirocin resistance. Nevertheless, the binding
determinants are likely scattered throughout the synthetic site
and may even be expressed differently due to variations in the
synthetic active sites.

Adaptation of the bIleRS2-type synthetic site to a better anti-
biotic resistance is likely driven by strong environmental pres-
sure. Accordingly, the evolution of high resistance of SglleRS to
mupirocin (K; = 10 mm) was probably facilitated by the advan-
tage that the antibiotic-resistant protein brings to the bacterial
life in soil. In accomplishing that, the synthetic pathway was
kept almost unchanged in specificity and efficiency presumably
because of the strong evolutionary pressure for rapid protein
biosynthesis. It is tempting to speculate that the synthetic site,
on contrary, had a freedom to trade off tRNA-dependent pre-
transfer editing for superior antibiotic elimination. This is con-
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sistent with the observation that dedicated post-transfer
editing domain is the main gatekeeper of the accuracy of Ile-
tRNA"® synthesis. The ultimate conclusion of this work is that
tRNA-dependent pre-transfer editing is not an evolutionary
constraint of the IleRS synthetic site.
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