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Abstract: The search for novel antibiotics to combat the growing threat of resistance has led
researchers to screen libraries with coupled transcription and translation systems. In these systems, a
bacterial cell lysate supplies the proteins necessary for transcription and translation, a plasmid
encoding a reporter protein is added as a template, and a complex mixture of amino acids and
cofactors is added to supply building blocks and energy to the assay. Firefly luciferase is typically
used as the reporter protein in high-throughput screens because the luminescent signal is strong and,
since bacterial lysates contain no luciferase, the background is negligible. The typical coupled
transcription and translation assay is sensitive to inhibitors of RNA polymerase and to compounds
that bind tightly to the ribosome. We have found a way to increase the information content of the
screen by making the assay more sensitive to inhibitors of tRNA synthetases. Restricting the
concentration of amino acids added to the reaction mixture allows the simultaneous screening of
multiple tRNA synthetase enzymes along with the classic transcription and translation targets. In
addition, this assay can be used as a convenient way to determine if an antibacterial compound of
unknown mechanism inhibits translation through inhibition of a tRNA synthetase, and to identify
which synthetase is the target.
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Introduction

THE GROWING NUMBER of bacterial infections that are
resistant to one or more antibiotics has stimulated

the search for novel chemical entities that are capable of
addressing these infections. Several approaches have
been employed to discover novel antibacterials, includ-
ing the rescreening of pathways known to be susceptible
to intervention with orally available antibiotics. Tran-
scription and translation are among these pathways be-
cause of the significant number of known inhibitors1 and
the availability of well-established, robust assays based
upon the synthesis of luciferase in Escherichia coli S30
lysates.2 These assays have been extended to lysates of
Gram-positive organisms3 and used to discover novel

chemical entities that target RNA polymerase or the ri-
bosome,4 but they are not generally sensitive, at normal
screening concentrations, to known inhibitors of tRNA
synthetases, particularly those known to be competitive
with the cognate amino acid (vide infra).

Many tRNA synthetases can be considered good tar-
gets for antibacterial discovery because they are broadly
conserved, essential for growth, and distinct enough from
their human orthologs to anticipate the discovery of se-
lective inhibitors.5 The novel methionyl tRNA synthetase
inhibitor REP8839, for example, is being developed as a
topical antibiotic.6 The tRNA synthetases have typically
been screened separately using radiolabeled amino acid
substrates, with the resulting acylated tRNAs isolated by
precipitation and filtration, or detected using scintillation
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proximity assay technology.7 The leads developed from
these screens are typically inhibitors of aminoacyl-
adenylate formation, and competitive with the cognate
amino acid. They lose considerable potency as the con-
centration of cognate amino acid is raised manyfold
above the enzyme’s Km for this substrate. We considered
the possibility that lysate-based transcription and trans-
lation assays are insensitive to inhibitors of tRNA syn-
thetases because they are routinely supplemented with
high concentrations (up to 1 mM) of their cognate amino
acids. We investigated the ability of E. coli S30 lysates
to synthesize firefly luciferase when the amount of sup-
plementing amino acids added to the assay was restricted,
and used this information to design an HTS assay that
should be sensitive to inhibitors of all the tRNA syn-
thetases except arginine.

In addition to screening of selected targets and path-
ways, whole cell screening of both natural products and
synthetic materials has continued to be a source of novel
antibacterial compounds. A key step in developing these
discoveries is defining the molecular target of the novel
agent. While traditional macromolecular synthesis assays
and in vitro transcription and translation assays can nar-
row the search, there has been no convenient way to test
whether or not the target might be a tRNA synthetase and
which of the tRNA synthetases is the actual target. The
assay scheme presented here fills this niche.

Materials and Methods

E. coli S30 lysates

Lysates were either purchased commercially (Promega
Corp., Madison, WI) or prepared in-house using standard
procedures.3

E. coli transcription and translation assay (luciferase)

The assay was done in both 96- and 1,536-well for-
mats with a total assay volume of 35 �l and 1.5 �l, re-
spectively. The 96-well assay was performed in a solid
black plate (Corning Inc., Acton, MA), and 17 �l of en-
zyme mix was added, containing 3.4 �l of S30 extract
(Promega Corp.), 2.3 �l of TMK Buffer (10 mM Tris-
HCl [pH 8.0], 14 mM magnesium acetate, 60 mM KCl,
and 1 mM dithiothreitol), and 11.3 �l of diethyl pyro-
carbonate-treated water. One microliter of compound in
dimethyl sulfoxide was added, and the assay was started
with 17 �l of an initiation mix consisting of 9 �l of S30
Pre-Mix (Promega Corp.), 2 �l of amino acid supplement
as described in individual experiments, 2.3 �l of TMK
Buffer, and 3.7 �l of 0.27 mg/mL pBESTluc Plasmid
(Promega Corp.). The assay was left at room tempera-
ture for 1 h, quenched with 35 �l of Luc-Lite Plus
(Perkin-Elmer Inc., Wellesley, MA), and read using the

default luminescence mode on a Analyst HT microplate
reader (Molecular Devices Corp., Sunnyvale, CA). The
components for the 1,536-well assay were exactly the
same as for the 96-well assay, just miniaturized to a 1.5-
�l volume. For the 1,536-well assay, 30 nl of compound
was spotted onto a black clear-bottom low-base plate
(Aurora Discovery, San Diego, CA) using a Piezo Sam-
ple Distribution Robot (Aurora Discovery). Seven hun-
dred fifty nanoliters of enzyme mix and initiation mix
was added with a Flying Reagent Dispenser (Aurora Dis-
covery). The assay was left to incubate in the dark at
30°C for 4 h, then quenched with 1.5 �l of Luc-Lite Plus,
and read using an Acquest microplate reader (Molecular
Devices Corp.).

Results

Response of an E. coli transcription and translation
assay to lowered amino acid concentration

The typical commercially available transcription and
translation assay is assembled from four components: (1)
the S30 fraction that contains the ribosomes and other
polypeptides necessary for transcription and translation,
(2) a “premix” that contains nucleotides and small mol-
ecule cofactors necessary to sustain the process, (3) an
amino acid mixture that is either complete, or lacks cer-
tain amino acids to allow the user to introduce a radio-
label into the assay, and (4) a plasmid containing the re-
porter gene. While a variety of reporters have been used
for this assay, firefly luciferase is typically used in HTS
campaigns.

High-activity S30 fraction is typically prepared in a
two-step procedure. The first step involves cell lysis and
centrifugation, and the second step involves an exhaus-
tive translation reaction meant to remove endogenous
mRNAs. After this second step the S30 lysate is dialyzed
to remove small molecules. From this, one might suspect
that the residual amino acid levels are negligible, con-
sisting primarily of charged tRNAs and whatever is be-
ing produced by low-level proteolysis. Our initial exper-
iment was to see the effect of omitting each of the amino
acids individually. We found that each of the amino acids,
except arginine, could be omitted from the reaction with
negligible effect upon the resulting luciferase signal (Fig.
1). This result was obtained with lysate prepared in our
laboratories and with lysates obtained commercially.
Taking this result to the extreme, we found that simulta-
neous omission of all the amino acids, except arginine,
gave 50% of the signal obtained in the presence of all of
the amino acids (data not shown). This result was ob-
tained with lysate prepared in-house as well as with lysate
obtained from commercial sources.

Curious about the origin of this effect, we looked into
some of the possible explanations for the ability to omit
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amino acids and for the essentiality of arginine. The abil-
ity to omit amino acids suggests that they are present in
sufficient quantity for luciferase synthesis as free amino
acids, which seems unlikely given the dialysis that the
lysate undergoes, as charged tRNAs, or as a result of non-
specific proteolysis during the assay. If the amino acids
were present as charged tRNAs, then tRNA synthesis in-
hibitors would be ineffective, and this is clearly not the
case (vide infra). Our attempts to determine free amino
acid concentrations in the lysate were inconclusive, leav-
ing us with the hypothesis that a small but sufficient con-
centration of free amino acids, except arginine, is avail-
able during the assay, but without a ready explanation.
Next, we turned our attention to arginine specifically. The
concentration of arginine in E. coli cells is similar to the
concentration of other amino acids; cysteine, histidine,
methionine, and tryptophan are present at half or less the
concentration of arginine,8 suggesting that arginine is not
selectively absent from the original lysate. Arginine is a
precursor to putrescine and spermidine in bacterial cells,
and we considered that these compounds might make the
transcription and translation process more efficient. Ad-
dition of these compounds at 100 �M to the mixture had
negligible effect upon the signal in the absence or pres-
ence of arginine (data not shown). We also considered
the occurrence of rare codons in luciferase, since the con-
centrations of certain rare tRNAs have been found to have
an effect upon the rate of translation in lysates.9 The fire-
fly luciferase gene encodes nine arginines using rare
AGA or AGG codons, but they are well dispersed
throughout the mRNA, and the first one occurs at codon
79. Model systems10,11 suggest that rare arginine codons
distal from the start of translation that are nonconsecu-

tive should have minimal effect upon translation. Finally,
we decided to change reporter genes to see if this phe-
nomenon was somehow related to luciferase. We chose
lacZ, a gene that lacks rare arginine codons, as the re-
porter gene and assayed the amount of �-galactosidase
produced with a standard colorimetric assay. Figure 1
shows that once again arginine is required to produce a
signal. Omission of cysteine, methionine, proline, threo-
nine, or tryptophan also results in a significantly dimin-
ished signal. This result suggests that some of the re-
sponse to lowered amino acid levels is dependent upon
the identity of the reporter gene, but that the absolute re-
quirement for arginine is constant.

Lowering amino acid concentration increases
sensitivity to aminoacyl tRNA synthetase inhibitors

The assay signal obtained in the presence of added argi-
nine was sufficient to allow us to test our hypothesis that
lowered amino acid concentration would sensitize the as-
say to tRNA synthetase inhibitors. We obtained six known
inhibitors of four different tRNA synthetases and assayed
them with arginine only, and with a complete amino acid
mixture. Mupirocin, also known as pseudomonic acid, is
a natural product that inhibits isoleucyl tRNA synthetase
and is sold as a topical antibacterial.12 Indolmycin13 and
chuangxinmycin14 are natural products that inhibit tryp-
tophanyl tRNA synthetase. Borrelidin is a natural prod-
uct that inhibits threonyl tRNA synthetase.15 Phenylalanyl
tRNA synthetase inhibitors 1 and 2 (Fig. 2) are synthetic
compounds derived from the results of a high-throughput
screen using the purified enzyme.16 Table 1 displays the
results obtained when these six inhibitors of tRNA syn-
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FIG. 1. Effect of omitting a single amino acid upon the production of active firefly luciferase (open columns) and �-galac-
tosidase (filled columns) in E. coli S30 lysates. These assays were performed in 96-well format using 150 �M concentrations of
each amino acid except for the one noted on the horizontal axis. The control reactions contained 150 �M concentrations of all
the amino acids.

http://www.liebertonline.com/action/showImage?doi=10.1089/adt.2007.061&iName=master.img-000.png&w=372&h=199


thetases are assayed in the absence and presence of the
cognate amino acid of the appropriate tRNA synthetase.
In most cases this difference is at least 16.8-fold. In
contrast, known translation inhibitors that bind to the ri-
bosome, like linezolid (Fig. 2), inhibit the assay at com-
parable 50% inhibitory concentration (IC50) values re-
gardless of the amino acid concentration. The fact that the
omission of a noncognate amino acid does not alter the
IC50 of an aminoacyl tRNA synthetase inhibitor and the
fact that omission of any of these amino acids has no sig-
nificant effect upon the IC50 of the translation inhibitor
linezolid lead us to conclude that our hypothesis is cor-
rect in these particular cases, and is likely to be correct in
all cases. Omission of an amino acid will sensitize the
transcription and translation assay toward inhibitors of the
corresponding tRNA synthetase.

Omission of amino acids still produces a 
workable screen

Increasing the content of the screen would be useless
if the reduction in signal made the assay unsuitable for
high throughput. We and others4 have used a luciferase-
based screen of coupled transcription and translation in
1,536-well format. The production of luciferase in E. coli
lysates is ideal for this because all of the reagents are
commercially available, the amount of signal produced
is reproducible, and the background signal is negligible.
The key question was whether or not the reduction of sig-
nal that results from omitting all the amino acids except
arginine made the assay unusable in 1,536-well format.

As can be seen from Fig. 3, the time course of the assay
is essentially linear for up to 4 h at 30°C, allowing us to
obtain a good signal with minimal background. The use
of a piezo sample distribution robot from Aurora Bio-
sciences allowed us to spot 30 nl per well, a DMSO con-
centration of 2%. Figure 4 shows the results from a typ-
ical 1,536-well plate. Performed one plate at a time, the
assay appears robust enough to use for screening. Un-
fortunately, when we tried an 18-plate run, the repro-
ducibility across multiple plates was not good enough to
run a full-file screen (data not shown). The reasons for
this lack of reproducibility are not entirely clear, and the
fault may be with the way the plates were spotted rather
than the reproducibility of the assay. We decided that
rather than determine the reason for the lack of repro-
ducibility when all the amino acids except arginine are
omitted, we would limit the number of amino acids omit-
ted from the assay. We found that the screen works per-
fectly well if the number of amino acids omitted was lim-
ited to five, suggesting that a series of four screens could
cover all the tRNA synthetases except that for arginine.
For example, omitting only tryptophan, phenylalanine,
histidine, methionine, and glycine produced an assay that
was virtually indistinguishable from the assay containing
a full complement of amino acids (average Z� for 945
plates was 0.69). We screened a large file of individual
compounds using this assay lacking tryptophan, pheny-
lalanine, histidine, methionine, and glycine. Our experi-
ence suggests that inhibitors of tryptophanyl, histidyl, and
glycyl tRNA synthetases will be hard to find, while in-
hibitors of phenylalanyl and methionyl tRNA synthetases
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TABLE 1. ADDITION OF COGNATE AMINO ACID INCREASES THE IC50 OF TRNA SYNTHETASE INHIBITORS

IC50 (�M)

Arg alone All amino acids Fold
Compound (150 �M) (150 �M each) change

Mupirocin 0.030 0.230 7.7
Indolmycin 6.8 �286 �42
Chuangxinmycin 17 �286 �17
Borrelidin 0.007 0.042 6
Phenylalanyl tRNA synthetase inhibitor 1 0.23 3.9 17
Phenylalanyl tRNA synthetase inhibitor 2 0.050 7.9 160
Linezolid 5.4 3.0 �1

FIG. 2. Structures of phenylalanyl tRNA synthetase (PheRS) inhibitors. The characterization of these PheRS inhibitors is con-
tained in Beyer et al.16
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are many and varied. Specific compounds resulting from
this screen and their elaboration to leads will be described
in due course.

The assay can be used for target identification

We received a partially purified natural product extract
for testing recently that illustrates the power of this as-
say system. This partially purified material had confirmed
antibacterial activity towards E. coli, and had shown
strong and selective inhibition of protein synthesis in
macromolecular synthesis assays.17 Our first pass was to
compare the extract’s IC50 in the presence of only argi-
nine to its IC50 in the presence of all amino acids. These
assays were performed in 96-well format. We measured
the IC50 values instead of assaying at a single concen-
tration because it was more efficient for us to do it this
way, not because an assay at a single concentration of
extract would necessarily give ambiguous results. The re-
sults suggested that inhibition of a tRNA synthetase was
the likely target (data not shown). Simultaneous genetic
studies revealed a resistance mutation in Neisseria gon-
orrhoeae that mapped to a 10-kb fragment of the genome
containing the genes for phenylalanyl and threonyl tRNA
synthetases. We therefore restricted our second phase of
assays to these two synthetases, sparing the precious ex-
tract. An IC50 was determined for the extract with assay
mixtures containing arginine alone, arginine with 150 �M
phenylalanine, and arginine with 150 �M threonine. The
data (Table 2) clearly supported threonyl tRNA syn-
thetase as the target for the natural product contained in
the partially purified extract, since the addition of threo-
nine to the assay elevates the IC50 by a factor of ap-
proximately 20.

To demonstrate that this method would likely have
worked just as well if no hints had been obtained from
mutagenesis studies, we measured IC50 values with bor-
relidin, a known inhibitor of bacterial threonyl tRNA
synthease, using assay mixtures that contained either
added arginine alone or arginine plus one other amino
acid. These results (Fig. 5), obtained using the 96-well
format, show clearly that the only addition of threonine
increases the IC50 of borrelidin, identifying threonyl
tRNA synthetase as the target.

Discussion

This work exploits a unique observation to increase the
utility of a classic method of screening for inhibitors of
transcription and translation, and to provide a convenient
method to identify which, if any, tRNA synthetase is the
target of a novel antibacterial agent. We think that argi-
nine is present in the original lysate, and that it is un-
likely that arginine is selectively removed from the sys-
tem by the run-off and subsequent dialysis. A requirement
for arginine-derived polyamines is clearly not the reason,
nor is the presence or absence of rare codons in the re-
porter gene. The reason for the requirement for arginine,
whether luciferase or �-galactosidase is the reporter, re-
mains unclear.

Regardless of the origin for the arginine requirement,
omission of amino acids from the transcription and trans-
lation assay gives us the ability to add content to the high-
throughput screen by sensitizing the assay to inhibitors
of selected tRNA synthetases. Identification of a hit as a
tRNA synthetase inhibitor can be made by assaying the
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FIG. 3. Time course of the transcription and translation as-
say without added amino acids. This graph shows both the un-
inhibited signal (�) and the background signal (�). Each time
point represents the average signal from one half of a 1,536-
well plate. Error bars represent ± 1 standard deviation from the
mean.

FIG. 4. Screening assay containing only arginine run in
1,536-well format. Typical results are given for a single 1,536-
well plate omitting all amino acids except arginine. The signal
averaged 9,607 counts with a coefficient of variation of 9%.
The background averaged 16 counts with a standard deviation
of 20 counts. The data give a Z� of 0.73.
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compound in the presence and absence of the cognate
amino acid. The fold change observed for tRNA syn-
thetase inhibitors is at least six, but may be more than
two orders of magnitude (Table 1). The wide range of
fold changes is consistent with the mechanisms by which
these compounds inhibit their respective tRNA syn-
thetases. Borrelidin, which shows a fold change of only
6.7, inhibits threonyl tRNA synthetases using a mecha-
nism that has been called noncompetitive with both thre-
onine and ATP,15 suggesting that borrelidin binds with
equal affinity to the free enzyme and to the enzyme–sub-
strate complex. Taken at the simplest level, this mecha-
nism should not be susceptible to competition by amino
acid at all. The origin of the 6.7-fold increase must there-
fore be a combination of error in the assay and the de-
gree to which inhibition in our system deviates from pure
noncompetitive kinetics. Mupirocin, or pseudomonic
acid, which shows a fold change of only seven, inhibits
isoleucyl tRNA synthetase from both Gram-positive18

and Gram-negative12 organisms using a slow, tight-bind-
ing mechanism. Inhibition proceeds through an initial
binding to the enzyme, with affinity of approximately 60
nM, which is competitive with substrate. This is followed
by a slow tightening of the binding due to conformational
change in the protein, leading to an overall affinity con-
stant of approximately 20 pM. The initial phase is com-
petitive, and therefore susceptible to competition by
isoleucine. The slow-binding phase, however, is not sus-
ceptible to amino acid competition and might be expected
to reduce the magnitude of the effect of isoleucine. Both
indolmycin13 and chuangxinmycin14 inhibit tryptophanyl
tRNA synthetase and are competitive with tryptophan.
Phenylalanyl tRNA synthetase inhibitors 1 and 2 were
developed from hits in a recent high-throughput screen.16

Phenylalanyl tRNA synthetase inhibitor 2 was shown to
be competitive with phenylalanine, and by analogy one
would expect phenylalanyl tRNA synthetase inhibitor 1
to be competitive as well. All these competitive inhibi-
tors exhibit �17-fold changes in IC50 in an assay sup-
plemented with the cognate amino acid.

The use of this assay as a tool in discovering the target
of novel antibacterial agents is perhaps more important
than its use as a screening tool. Whole cell screening of
natural product broths and of synthetic libraries remains a
significant contributor to the discovery of novel antibac-

terials.19 Prior to the development of this assay a tRNA
synthetase inhibitor that inhibited translation in macro-
molecular synthesis assays, but gave modest or insignifi-
cant inhibition of coupled transcription and translation,
might be discarded. As an alternative, a battery of tRNA
synthetase assays could be employed, or time-consuming
genetics tools might be used, as was done in the example
above, to elucidate the true molecular target. These op-
tions, however, require a significant investment of time
and expense. This assay, which requires only a set of com-
mercially available reagents and a set of amino acid solu-
tions, allows the investigator to obtain a rapid, high-con-
fidence method to determine whether or not the novel
compound inhibits a tRNA synthetase. The assay then al-
lows the investigator to determine which tRNA synthetase
is inhibited. The only tRNA synthetase that is not strictly
covered by this assay is argininyl tRNA synthetase, since
the requirement for arginine addition precludes comparing
an IC50 in the presence and absence of amino acid.
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