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ABSTRACT

Aminoacyl-transfer RNA (tRNA) synthetases (RS) are
essential components of the cellular translation ma-
chinery and can be exploited for antibiotic discov-
ery. Because cells have many different RS, usually
one for each amino acid, identification of the
specific enzyme targeted by a new natural or syn-
thetic inhibitor can be cumbersome. We describe
the use of the primer extension technique in con-
junction with specifically designed synthetic genes
to identify the RS targeted by an inhibitor.
Suppression of a synthetase activity reduces the
amount of the cognate aminoacyl-tRNA in a cell-
free translation system resulting in arrest of trans-
lation when the corresponding codon enters the
decoding center of the ribosome. The utility of the
technique is demonstrated by identifying a switch in
target specificity of some synthetic inhibitors of
threonyl-tRNA synthetase.

INTRODUCTION

The key function of an aminoacyl-transfer RNA (tRNA)
synthetase (RS) is to charge tRNA with the cognate amino
acid (1,2). Because these enzymes are essential for protein
biosynthesis and exhibit significant sequence variation
between bacteria and eukaryotes, they constitute valid
antibiotic targets (3–5). For example, Ile-RS is the target
of mupirocin, an antibiotic used as a topical treatment for
bacterial skin infections (6). Other RS inhibitors are being
investigated as new antibacterials (7–9). However, iden-
tifying new natural or synthetic inhibitors of RS is
complicated for several reasons. A compound targeting
one of the RS enzymes would appear as a general inhibitor
of translation, whose activity in in vivo or in vitro protein
synthesis assays would be hard to distinguish from any
ribosome- or translation factor-targeting antibiotic. Even
when it is known that a compound inhibits tRNA

aminoacylation, it usually requires a significant experi-
mental effort to identify which of the 20 cellular RS
enzymes is affected. Moreover, if a series of derivatives
is generated, it is relatively easy to test their activity
against a specific target, but it is difficult to analyze
whether the inhibitor incidentally acquired activity
against another RS.
Here, we present a simple and straightforward assay,

which we call SToPS for Selective Toeprinting in
Pure System, which readily detects the activity of an RS
inhibitor and uniquely identifies the targeted enzyme.
The approach combines three components: (i) specific-
ally designed artificial tester genes, (ii) a cell-free
translation system composed of purified constituents
(‘PURE’ system) (10,11) and (iii) the use of the primer
extension inhibition (‘toeprinting’) technique to identify
the site of translation arrest (12). In the SToPS assay,
an artificial gene containing codons specifying all 20
amino acids is translated in the PURE system. If an in-
hibitor diminishes activity of one of the RS enzymes, the
lack of the aminoacyl-tRNAs causes the ribosome to stall
when the corresponding mRNA codon enters the
decoding site. The site of stalling is uniquely identified
by toeprinting. We tested the SToPS approach with
several known inhibitors of bacterial RS enzymes and
demonstrated its practical utility by identifying the
switch in specificity in some synthetic derivatives of Thr-
RS inhibitors.

MATERIALS AND METHODS

Preparation of DNA templates for the SToPS assay

The templates, RST1 and RST2 (Figure 1A), were
generated by a four-primer PCR reaction that combined
two long overlapping primers carrying the T7 promoter,
the synthetic gene and the priming site for the toeprinting
primer NV1 with two short primers, T7fwd and NV1
(Supplementary Table S1 in Supplementary Data
section). A 100 ml of PCR reaction contained 0.1 mM of
the long primers (e.g. RST1-fwd and RST1-rev), 1 mM of
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the short primers (T7fwd and NV1), 1X manufacturer-
recommended PCR buffer I and 2U of High Fidelity
AccuPrime Taq DNA polymerase (Invitrogen). PCR con-
ditions were 94�C, 2min, followed by 30 cycles of 94�C,

30 s; 50�C, 30 s; 68�C, 15 s, followed by incubation for
1min at 68�C. The PCR products were purified using
Wizard SV gel and PCR clean-up system (Promega) and
dissolved in H2O to a concentration of 0.2 mM.

ATGTATTGGGTAACCTCACGTCAGCCGAATATGCTGAAAATCCATGGCTTCGAAGACTGCGCCTAARST1
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Figure 1. Principle and validation of the SToPS technique. (A) Sequences of the coding segments of the synthetic genes RST1 and RST2. The T7
promoter and the 30 untranslated regions where the toeprinting primer anneals are shown. The Shine-Dalgarno sequence is underlined. The amino
acid sequences of the encoded polypeptides are indicated above their respective codons. (B) Principle of the primer extension inhibition (toeprinting)
assay. When the RT encounters the stalled ribosome, the 30 end of the synthesized cDNA is separated by 13–14 nt from the first base of the A-site
codon (12). (C) Specific toeprint bands in the gel lanes, absent in the control sample, indicate codon-specific translation arrest at the RST1template
(the template used in this experiment lacked the internal Met codon). The sites of arrest are indicated by colored triangles; the codons located in the
A-site of the arrested ribosome and the encoded amino acids are highlighted with the same color.
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Toeprinting

Toeprinting experiments were carried essentially as previ-
ously described (13) with some modifications as indicated
in the following detailed protocol.

Primer labeling
In all, 20 pmol primer NV1 were combined with 30 mCi
g-[32P] ATP (6000Ci/mmol) and 10U T4 polynucleotide
kinase (Thermo Scientific) in 10 ml of the enzyme buffer
provided by the manufacturer [50mM Tris–HCl (pH 7.6)
at 25�C, 10mM MgCl2, 5mM DTT, 0.1mM spermidine].
The reactions were incubated at 37�C for 30min, and then
the enzyme was inactivated at 95�C for 2min.

Translation
The PCR-generated DNA template was expressed in a
cell-free transcription-translation system (PURExpress
In Vitro Protein Synthesis kit, New England BioLabs)
(11). For a typical reaction, 2 ml of solution A (kit), 1 ml
of solution B (kit), 0.5 ml of DNA template (0.2 pmol/ml),
0.5 ml of radioactive primer (1 pmol), 0.2 ml of Ribolock
RNAse inhibitor (40U/ml, Thermo Scientific), 0.5 ml of
the compound to be tested (10X solution in H2O) and
0.3 ml of H2O were combined in the reaction tube chilled
on ice. Samples were incubated at 37�C for 20min.

For the reactions that were run at a reduced concentra-
tion of amino acids, a modified solution A (11) was
prepared to contain 125mM Hepes-KOH (pH 7.6),
250mM potassium glutamate, 15mM magnesium
acetate, 5mM spermidine, 2.5mM DTT, 25 mg/ml
formyl donor (see later in the text), 50mM creatine phos-
phate (Sigma), 5mg/ml Escherichia coli tRNA (Roche),
15 mM each amino acid, 5mM ATP, 5mM GTP,
2.5mM CTP, 2.5mM UTP (pH of all the nucleotide tri-
phosphate stocks was previously adjusted to 7.5). The
formyl donor solution was prepared by dissolving 25mg
of calcium folinic acid (Sigma) in 2ml of 50mM 2-
mercaptoethanol, adding 220 ml of 12N HCl and
incubating the reaction at room temperature for 3 h. The
solution was diluted to 1mg/ml with H2O and stored in
100 ml of aliquots at �20�C.

Primer extension
The reverse transcriptase (RT) mix was freshly prepared
by combining five volumes of the dNTPs solution (4mM
each), 4 volumes of the Pure System Buffer (11) (9mM
magnesium acetate, 5mM potassium phosphate (pH 7.3),
95mM potassium glutamate, 5mM NH4Cl, 0.5mM
CaCl2, 1mM spermidine, 8mM putrescine, 1mM DTT)
and one volume of AMV RT (Roche, 20–25U/ml). One ml
of the RT mix was added to the 5 ml of translation
reaction, and samples were incubated at 37�C for
15min. Reactions were terminated by addition of 1 ml of
10M NaOH and incubation for 15min at 37�C. The
samples were then neutralized by the addition of 0.8ml
of 12N HCl. Two hundred microliters of resuspension
buffer (0.3M sodium acetate (pH 5.5), 5mM EDTA,
0.5% SDS) was added to the reactions, and samples
were extracted with phenol [Tris-saturated (pH 7.5–7.7)]
and then with chloroform. Glycoblue solution (15mg/ml,
Ambion), 0.7 ml, was added to each sample, and DNA was

precipitated by addition of 600 ml of ethanol. After
removal of supernatants, the pellets were washed with
500 ml of 70% ethanol, air-dried and resuspended in 6 ml
of formamide loading buffer (a 1-ml stock solution
contains 980 ml of formamide (deionized, nuclease-free,
Ambion), 20 ml of 0.5M EDTA (pH 8.0), 1mg of
bromophenol blue and 1mg of xylene cyanol). After
heating the sample for 2min at 95�C, 2 ml were loaded in
the sequencing gel (see later in the text).

Sequencing reactions
The reactions were performed by adapting the protocol
from the previously available fmol DNA Cycle Sequen-
cing System kit (Promega). Approximately 150 ng of the
DNA template were combined with 3 pmol of radiolabeled
NV1 primer (see earlier in the text) and 1 ml of Hemo
KlenTaq DNA polymerase (New England Biolabs) previ-
ously diluted 40 times in storage buffer [10mM Tris–HCl
(pH 7.4), 100mM KCl, 1mM DTT, 0.1mM EDTA, 0.5%
Tween-20 (Sigma), 0.5% IGEPAL CA-630 (Sigma), 50%
glycerol] in a total volume of 17 ml of sequencing buffer
[50mM Tris–HCl (pH 9.0) at 25�C, 2mM MgCl2]. Four
microliters of the mixture were distributed into four dif-
ferent PCR tubes containing 2 ml of the corresponding
terminator solution (20 mM of each dNTP (dATP,
dTTP, dCTP and 7-deaza-dGTP) and either 30 mM
ddGTP, 350 mM ddATP, 600 mM ddTTP or 200 mM
ddCTP). Sequencing reactions were run in a thermocycler
at 95�C for 2min, then 30 cycles of 95�C for 30 s, 42�C for
30 s and 70�C for 60 s. After completion of the reaction,
3 ml of formamide loading buffer were added, the samples
were heated for 2min at 95�C and 2 ml were loaded on the
sequencing gel alongside the toeprinting reactions.
Gel electrophoresis was run in a 6% sequencing gel

(40 cm� 20 cm� 0.3mm) at 40W (ca. 1600V) for
�75min until the first dye migrated 35 cm. Gels were
transferred onto Whatman paper, dried and exposed to
the phosphorimager screen for 2 h or overnight. Gels
were visualized in a Typhoon phosphorimager (GE
Healthcare).

Translation of GFP protein in the cell extract

The codon- and translation start- optimized synthetic gene
of the enhanced green fluorescent protein (eGFP), cloned
in the pJET plasmid under the control of the pA1
promoter (pJETgfp) (Supplementary Figure S2) was
used as a template. The gene was expressed in the E. coli
S30 system (E. coli S30 Extract System for Circular DNA,
Promega). A typical translation reaction was assembled in
a total volume of 10 ml and contained 75 ng of the pJETgfp
plasmid, 0.5 ml of amino acid mixture minus cysteine
(1mM), 0.5 ml of amino acid mixture minus methionine
(1mM), 4 ml of S30 premix and 1.5 ml of S30 circular
extract. Samples were placed in a well of a 384-well
black/clear, tissue-culture treated, flat-bottom plate (BD
Biosciences) and covered with the lid. Reactions were
performed at 37�C in a microplate reader (Tecan), and
fluorescence values were recorded over a period of 2–3 h
taking readings every 20min at �Exc=488 nm and
�Em=520 nm.
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RESULTS

Synthetic genes for testing RS inhibitors

The SToPS method takes advantage of the in vitro
toeprinting assay for identifying site-specific translation
pausing caused by the paucity of a particular aminoacyl-
tRNA. The toeprinting technique, which is based on
inhibition of progression of RT by the stalled ribosome,
allows detection of the precise site of translation arrest on
mRNA (Figure 1B) (12).
For testing the activity of putative RS inhibitors, we

designed two synthetic genes (named RST1 and RST2
for ‘RS Testers’) composed of 21 and 20 codons, respect-
ively, specifying all 20 amino acids (Figure 1A). The trans-
lation of both templates is guided by a highly efficient
ribosome binding site derived from the ermCL leader
cistron (13). Hypothetically, a template with an initiator
methionine codon followed by codons for the other 19
amino acids (like RST2) should allow determining
amino acid-specific translation arrest at 18 of 20 codons
(codons 3–20). The first two codons of the open reading
frame (ORF), however, present specific problems.
Inhibition of an RS corresponding to the second codon
would result in a stalled initiation complex, whose forma-
tion can be caused by many general protein synthesis in-
hibitors (e.g. inhibitors of peptide bond formation or
ribosome translocation), which could obscure the desired
anti-RS activity (14,15). This problem is alleviated by the
parallel use of two templates, RST1 and RST2, with
shuffled codon sequence (Figure 1A). The first codon
problem arises from the fact that inhibition of the Met-
RS activity would interfere with initiation complex forma-
tion and thus would not lead to the appearance of a char-
acteristic gel band in the SToPS approach. We reasoned,
however, that at moderate concentrations of a putative
Met-RS inhibitor, some level of translation initiation
would be possible, but ribosomes that managed to
bypass the initiation hurdle would pause when decoding
an internal Met codon because of the limiting concentra-
tion of Met-tRNA. Therefore, we placed an additional
methionine codon in the middle of the RST1 gene.
Hypothetically, the combined use of the RST1 and
RST2 templates provides a tool for monitoring inhibition
of any RS.
We tested SToPS with three known and well-charac-

terized inhibitors of bacterial RS enzymes. Mupirocin
was originally isolated from Pseudomonas fluorescens
(16) and targets bacterial Ile-RS (17,18) with �8000-fold
selectivity over its mammalian counterpart (19). Bor-
relidin, an 18-membered polyketide macrolide from
Streptomyces species with both antimicrobial (20) and
antiangiogenic properties (21), inhibits Thr-RS from a
range of prokaryotic and eukaryotic organisms (22).
Indolmycin, originally isolated from Streptomyces
griseus, is a selective inhibitor of bacterial Trp-RS
(23,24). The RST1 gene, equipped with a T7 RNA poly-
merase promoter, was expressed in the commercially
available cell-free transcription-translation system (see
‘Materials and Methods’ section) in the absence or
presence of 50 mM of either mupirocin, borrelidin or
indolmycin, and the site of the translation arrest was

determined by toeprinting (Figure 1C). Strong toeprint
bands absent in the control sample appeared in the re-
spective lanes of the gel, revealing ribosome stalling
when the ‘hungry codon’ (Ile, Thr or Trp for mupirocin,
borrelidin or indolmycin, respectively) entered the
decoding (A) site. Similar results were obtained with the
RST2 template (data not shown). Therefore, the SToPS
technique readily and specifically detects RS inhibitory
activity.

Testing target specificity of synthetic RS inhibitors

Having established the experimental system, we then used
it to investigate target specificity of a series of compounds
derived from the synthetic Thr-RS inhibitor 50-O-[N-
(threonyl)sulfamoyl] adenosine, a mimic of the threonyl
adenosine monophosphate intermediate and a known
competitive inhibitor of Thr-RS (8,25). These compounds
were part of a structure-based drug design program to
identify substrate analogs that inhibit Thr-RS (8,25). As
anticipated, most of the tested compounds stalled the
ribosome at the Thr codon of the RST1 template, confirm-
ing that these derivatives inhibited the activity of Thr-RS
(Figure 2). However, three of the compounds, 800453,
800514 and 800531, did not notably slow down translation
at any codon under standard experimental conditions.
Nevertheless, when the effect of these compounds was
tested in the S30 cell-free translation system prepared
from an E. coli extract, they did exhibit notable protein
synthesis inhibitory activity, even if less pronounced when
compared with a control antibiotic, kanamycin
(Supplementary Figure S1). Even marginal reduction of
the amount of a specific aminoacyl-tRNA, which would
remain undetectable by toeprinting, may have a much
more profound effect on the translation of a 239 amino
acid-long GFP protein because the hungry codon may be
present in multiple locations within the gene. Therefore,
we reasoned that compounds 800453, 800514 and 800531
may still possess some RS inhibitory activity, but their
effect is not strong enough to sufficiently reduce the con-
centration of Thr-tRNA in the translation reaction. To
render the SToPS assay more sensitive to a marginal in-
hibition of RS activity, the concentration of free amino
acids in the PURE translation system was reduced from
the standard 300 to 6 mM (see ‘Materials and Methods’
section for details). Under these conditions, we observed
that translation in the presence of 50 mM of 800453 was
arrested at the Thr codon revealing this compound as a
weak inhibitor of Thr-RS (Figure 3A). Strikingly, the
strong toeprint band that appeared in the 800514 and
800531 samples placed the arrested ribosome not at the
expected Thr but at the Asn codon (Figure 3A). To verify
this result, we repeated the experiment with the RST2
template and consistently observed that the compounds
800514 and 800531 caused translation arrest at the Asn
codon, when Asn-tRNA was required for continuation of
translation (Figure 3B). This unanticipated result sug-
gested that the specificity of the inhibitory action of the
compounds 800514 and 800531 may have switched and
that these derivatives of a Thr-RS inhibitor acquired
activity against Asn-RS.
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We verified this conclusion, which we reached exclu-
sively using the SToPS approach, by using a principally
different experimental set-up, where real-time expression
of GFP protein was followed in an E. coli extract-based
S30 cell-free translation system in the absence or presence
of the inhibitors. As mentioned previously, at a sufficiently
high concentration, compounds 800453, 800514 and
800531 inhibited GFP production (Supplementary
Figure S1). Because the activity of a competitive RS in-
hibitor can be counterbalanced by increasing the concen-
tration of the appropriate substrate (26), we tested

whether excess of a specific amino acid would rescue trans-
lation inhibited by 800531 (Figure 4A). Compound
800431, an inhibitor of Thr-RS, was used as a control
(Figure 4B). The standard concentration of amino acids
in the commercial S30 cell-free translation system
(Promega) is 100 mM. The addition of Thr to 2.6mM spe-
cifically rescued translation inhibited by 800431, but not
by 800531 (Figure 4B and D). In contrast, translation in-
hibited by 800531 could be rescued by excess (2.6mM) of
Asn (Figure 4A), whereas none of the other four tested
amino acids (Thr, Asp, Gln or Ala) could offset the inhib-
ition of translation caused by this compound (Figure 4C).
This result verified the conclusion that compound 800531
(and by analogy, 800514) acquired a new anti-Asn-RS
activity, thereby validating the results of the SToPS
approach.

DISCUSSION

We designed a novel, simple and straightforward SToPS
approach for detecting inhibition of activity of individual
RS. The currently available approaches, which are based
on the use of in vitro aminoacylation assays with up to 20
radiolabeled amino acids (20,27–29) or the selection of
resistant mutants combined with genetic mutation
mapping (30), are costly, tedious and cumbersome. In
contrast, the SToPS set-up is fairly inexpensive and can
rapidly and uniquely define which of the RS enzymes is
inhibited.
The first step in developing novel antibiotics is identify-

ing inhibitors of a unique bacterial target. This is usually
followed by the structure–activity relationship investiga-
tion and studies of toxicity and selectivity (31). SToPS is a
qualitative technique designed to specifically assist with
the first steps of drug discovery—finding promising inhibi-
tors of bacterial RS enzymes and facilitating structure–
activity relationship research. Once such RS inhibitors
are identified in the model (E. coli) system, their activity
against homologous RS from specific pathogens could be
tested in more targeted studies. Toxicity and selectivity of
the identified compounds could be further analyzed in
whole cell assays and using available mammalian cell-
free translation systems. However, in principle, the
SToPS method could be also adopted for the studies of
selectivity because the toeprinting approach has been suc-
cessfully used with some eukaryotic cell-free systems
(32,33). The use of SToPS could be beneficial over the
traditional ways of improving selectivity of action of
lead compounds, which require purification of large
quantities of bacterial and eukaryotic enzymes (34).
The SToPS method was tested with three known RS

inhibitors (borrelidin, mupirocin and indolmycin) and a
range of new synthetic inhibitors. Although the activity
of potent inhibitors used at 50 mM could be readily
detected in the standard PURE transcription/translation
reaction, the system can be additionally ‘sensitized’ for
testing weak inhibitors. As we have shown, this can be
easily achieved by simply reducing the concentrations of
amino acids in the cell-free translation reaction from the
original 300 mM down to 6 mM. Under these conditions,
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Figure 2. SToPS analysis of a series of synthetic Thr-RS inhibitors.
Translation was directed by the RST1 template. A sample containing
Thr-RS inhibitor borrelidin was included as a control. The toeprint
bands are indicated by the filled triangles, and the corresponding
(Thr) codon located in the A-site of the stalled ribosome is boxed.
The open triangle indicates the band representing the ribosomes oc-
cupying the initiator AUG codon of the RST1 ORF; this band,
which results from a slow initiation in the cell free system, is often
observed in the toeprinting experiments.
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even a slight inhibition of the RS activity is apparently
sufficient to significantly reduce the concentration of
aminoacyl-tRNA to cause ribosome stalling at the
cognate mRNA codon. If the solubility and availability

of the inhibitor permits, a similar effect can likely be
achieved simply by increasing the concentration of the
compound to a sufficiently high level to cause ribosome
arrest even without altering the amino acid
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concentrations. We do not know, however, to which
extent the RS activity has to be inhibited to be detectable
by SToPS.

The use of our technique made it possible to detect an
unexpected specificity switch in some of the compounds in
a series of synthetic Thr-RS inhibitors. We observed that
two of the inhibitors, 800514 and 800531, lost their
activity against Thr-RS and instead acquired a weak in-
hibitory activity against Asn-RS. In contrast to the other
compounds in the series (8), both 800514 and 800531 lack
the Thr-like moiety, which explains the lack of inhibition
of Thr-RS (Figure 5). Understanding why these com-
pounds acquired activity against Asn-RS would require
additional investigation and is beyond the scope of this
study.

Other in vitro techniques have been advanced for
determining the inhibitory activity targeted against RS
enzymes. For example, recent work of Keller et al. (26)
describes the use of amino acid compensation to identify
Pro-RS as the target of the antifungal compound
halofuginone. Such an approach, even if elegant,
requires 20 assays (one per amino acid) to determine the
target of the inhibitor and only works if the amino acid
competes with the drug. The advantage of our method is
that a single translation/toeprinting reaction tests at once
for the activity of all RS enzymes and can identify the RS
target of the inhibitor action irrespective of the mode of

action. The SToPS assay provides for a high degree of
multiplexing (Figure 1C) because it allows for parallel
testing of a range of the inhibitors on one gel, and
substituting capillary electrophoresis for slab gel electro-
phoresis can additionally increase the throughput.
Although we exclusively tested the method with few

specific RS inhibitors, it should be applicable for detecting
activity of an inhibitor of any bacterial RS. The use of two
different synthetic genes, RST1 and RST2, with the prin-
cipally different sequence of codons where none of the
codon pairs is repeated should alleviate the ‘second
codon problem’ discussed in the ‘Results’ section and
may additionally lessen any context-specific effects,
which may potentially obscure the results. Furthermore,
the presence of an internal Met codon in RST1 should
make it possible to detect Met-RS inhibitory activity: at
the reduced concentrations of fMet-tRNA and Met-
tRNA, some ribosomes will be able to bypass the initi-
ation block but will pause during decoding of the internal
Met codon. The lack of commercially available Met-RS
inhibitors prevented us from experimentally testing this
possibility.
The SToPS method can be used to identify RS inhibi-

tors from both synthetic and natural sources. Importantly,
relatively crude natural extracts can be directly analyzed in
translation/toeprinting experiments (Orelle et al., in prep-
aration). This approach can be further optimized to
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explore the activity of other protein synthesis inhibitors
that target the ribosome or specific translation factors.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1
and 2.
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