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ABSTRACT

In order to discover new antibiotics with improved
activity and selectivity, we created a reliable in vitro
reporter system to detect trans-translation activity,
the main mechanism for recycling ribosomes stalled
on problematic messenger RNA (mRNA) in bacteria.
This system is based on an engineered tmRNA vari-
ant that reassembles the green fluorescent protein
(GFP) when trans-translation is active. Our system is
adapted for high-throughput screening of chemical
compounds by fluorescence.

INTRODUCTION

During translation, ribosomes translate the messenger
RNA (mRNA) and synthesize the nascent polypeptides un-
til they encounter a stop codon on the mRNA. However, ri-
bosomes regularly stall on the 3′ end of mRNA, particularly
when termination codon is missing (1). In bacteria, trans-
translation is the main rescue mechanism for clearing these
trapped ribosomes (2,3). This process is driven by transfer-
messenger RNA, or tmRNA (Figure 1A), along with its
partner small protein B (SmpB) (4). tmRNA has similar
properties to both transfer RNA (tRNA) and mRNA (5), is
encoded by the ssrA gene, and is aminoacylated with an ala-
nine. When ribosomes reach the 3′ end of non-stop mRNA,
the ribosome decoding site (A site) becomes vacant. The
tmRNA–SmpB complex associates with the EF-Tu elon-
gation factor and recognizes the stalled ribosome since
SmpB’s C-terminal tail enters the vacant mRNA path (6).
Transpeptidation then occurs between the stalled nascent
polypeptide and alanyl-tmRNA. The tRNA-like domain
(TLD) of tmRNA then moves to the P site, and translation
resumes on tmRNA’s internal mRNA-like domain (MLD).
The stop codon present in the MLD facilitates termina-
tion of trans-translation. What is ingenious in this whole
process is that tmRNA’s short internal open reading frame

(AANDENYALAA in E. coli) encodes a specific sequence
that is recognized by proteases and is followed by a termina-
tion codon. This allows degradation of the incomplete pep-
tide after its release. The ribosomes are then recycled and
the problematic non-stop mRNA is degraded by RNase R
(7,8). Trans-translation is an appealing target for new an-
tibiotic molecules because: (i) there is no trans-translation
in eukaryotes, (ii) it is essential for either the survival or vir-
ulence of many pathogenic bacteria (9,10) and (iii) in cases
where the deletion is not lethal, it induces hypersensitive
phenotypes thus making antibiotics more efficient (11).

In vivo trans-translation reporter systems were recently
developed but they are specific to E. coli and dependent on
other degradation or rescuing pathways of the cells (12,13).
To date, several kinds of cell-free trans-translation systems
have been developed. However, they are mainly based on
the use of radio-labelled elements and/or purification of the
trans-translated products by SDS/PAGE or HPLC (12,14–
16), impairing their use for a wide screening of antibiotics
in pathogenic bacteria. To explore the targeting of trans-
translation for development of novel antibiotics, we de-
signed and set up an effective in vitro fluorescent reporter
system adapted to high throughput screening.

MATERIALS AND METHODS

Plasmid construction

We obtained the gene that encodes for the mature tm-
RNAGFP11 by primer-directed mutagenesis based on a
pGEMEX-tmRNA plasmid (17) template using primers
#1 and #2 (Supplementary Table S1). The specific ANDE
NYALAA sequence recognized by proteases was replaced
by ARDHMVLHEYVNAAGIT (which contains the first
conserved alanine of native tmRNA, underlined, plus the
eleventh domain (i.e. beta-strand) of the ‘superfolder’ GFP
called ‘sfGFP’). We also added compensatory mutations
in order to preserve the H5 helix (see Figure 1B and se-
quence Supplementary Table S2). The fragment obtained
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Figure 1. Secondary structure of tmRNA. (A) Wild-type Escherichia coli tmRNA. The transfer-like domain (TLD) is dark grey and the messenger-like
domain (MLD) is blue (ANDENYALAA). (B) Mutated tmRNAGFP11 with an engineered MLD encoding the eleventh GFP domain (i.e. beta-strand) in
green (ARDHMVLHEYVNAAGIT). Dark green compensatory mutations maintain the base-pairing interactions of helix H5.

was then inserted between the pGEMEX plasmid’s NdeI
and HindIII sites to generate pGEMEX-mtmRNAGFP11.
We then used this first plasmid to construct pBstNav-
mtmRNAGFP11 and pUC19mtmRNAGFP11 plasmids
for in vitro and in vivo production, respectively. We also am-
plified the mature tmRNAGFP11 sequence (see Nucleotide
Sequences) using primers #3 and #4 on the pGEMEX-
mtmRNAGFP11 plasmid. The resulting sequences were
cloned into the pBstNav vector between the EcoRI and
PstI restriction sites. Meanwhile, the same tmRNAGFP11
sequence was amplified with primers #5 and #6 (Supple-
mentary Table S1) and cloned between HindIII and BamHI
restriction sites on the pUC19 vector, thus generating the
pUC19mtmRNAGFP11 plasmid.

The smpB gene was amplified from the E. coli genome
using primers #10 and #11 (Supplementary Table S1) and
inserted into the pET-22b(+) vector (AmpR) between the
NdeI and XhoI restriction sites. The resulting pF1275 plas-
mid was verified by sequencing, and allows for C-terminal
his-tag SmpB protein production under control of the T7
promoter.

His-tagged alanyl-tRNA synthetase protein (AlaRS) was
produced using the plasmid pQE30 containing his-tagged
alaS gene (18).

Protein purification

SmpB: His-tagged SmpB proteins were expressed from
the pF1275 vector under the control of a T7 promoter
in BL21(DE3)ΔssrA cells (19). Cultures were made in
lysogeny broth (LB) at 30◦C supplemented with ampi-
cillin (100 �g/ml) and kanamycin (50 �g/ml). Protein ex-
pression was induced in the exponential phase (OD600 nm
0.6) with 0.1 mM isopropyl-�-D-1-thiogalactopyranoside
(IPTG) overnight at 16◦C. Cells were centrifuged, washed,
then resuspended in lysis buffer (HEPES–KOH 50 mM,
KCl 200 mM, imidazole 20 mM and DTT 1 mM, pH 7.5).
Cell lysis was performed using a French press. The lysate

was centrifuged, the supernatant was filtrated (0.2 �m) and
injected on a Ni-NTA sepharose column (HisTrap FF, GE
Healthcare) previously equilibrated with the lysing buffer.
The column was washed with 100 ml lysis buffer and 50
ml washing buffer (HEPES–KOH 50 mM, KCl 200 mM,
NH4Cl 1 M, imidazole 20 mM and DTT 1 mM pH 7.5)
before elution with 500 mM imidazole. Finally, an Amicon
10 kDa system was used to concentrate the fractions con-
taining pure SmpB, changing the buffer to a concentration
buffer (HEPES–KOH 50 mM, KCl 100 mM, glycerol 10%
and DTT 1 mM, pH 7.5).

AlaRS: His-tagged alanyl-tRNA synthetase (AlaRS)
protein was purified similarly to SmpB. A final concentra-
tion of 1 mM IPTG was used for 4 h at 37◦C to induce pro-
tein production. The buffers used to concentrate and dia-
lyze the protein in the Amicon 100 kDa purification process
were as follows: lysis buffer (NaH2PO4/Na2HPO4 50 mM,
NaCl 500 mM, imidazole 10 mM and glycerol 10%, pH
7.4); washing buffer (NaH2PO4/Na2HPO4 50 mM, NaCl
500 mM, imidazole 30 mM, glycerol 10%, pH 7.4); elution
buffer (NaH2PO4/Na2HPO4 50 mM, NaCl 500 mM, imi-
dazole 500 mM and glycerol 10%, pH 7.4); and concentra-
tion buffer (Tris–HCl 60 mM, MgCl2 10 mM, glycerol 50%
and DTT 1 mM, pH 7.5).

In vivo purification of tmRNAGFP11

Mutated tmRNAGFP11 was produced in vivo in a JM101tr
E. coli strain. After phenol chloroform extraction, tmR-
NAGFP11 was purified in native conditions as previously
described (20). The RNA molecule was first separated from
the RNA pool in two steps using RESOURCE Q and
MONO Q columns (GE Healthcare), both pre-equilibrated
with a buffer (KH2PO4/K2HPO4 20 mM and EDTA 1
mM, pH 6.5), and using NaCl for elution. Sample purity
was then polished on a GE Superdex 200 in a buffer solu-
tion (KH2PO4/K2HPO4 20 mM, 150 mM NaCl and 2 mM
EDTA, pH 6.5). The tmRNAGFP11 eluted as monomers.
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In vitro production of tmRNAGFP11

Mutated tmRNAGFP11 was transcribed in vitro from
the pUC19mtmRNAGFP11 plasmid. To generate the
CCACCA 3′ end needed for aminoacylation, the plasmid
(10 �g) was digested by the BsmBI restriction enzyme, then
the DNA was purified using phenol/chloroform. The puri-
fied digested plasmid was precipitated and the resulting pel-
let resuspended overnight in 40 �l nuclease-free water. We
used a MEGAscript T7 transcription kit (ThermoFisher
Scientific) to produce the tmRNAGFP11 before its purifica-
tion using a MEGAclear kit (Ambion/Life Technologies).

DNA template and oligonucleotide production

For trans-translation assays the nonstop GFP1-10 sequence
was produced by PCR using primers #7 and #8 (with pET-
GFP 1–10 vector as a template). Similarly, sfalaGFP (the
superfolder GFP with the additional conserved alanine be-
tween the sfGFP1–10 and sfGFP11 domains, contained in
the tmRNAGFP11 sequence) was amplified using primers
#7 and #9 from the same template, both of which have a T7
promoter upstream from their coding sequences. The result-
ing PCR products were purified using QIAquick® PCR Pu-
rification Kit (Quiagen). Antisense oligonucleotides (Sup-
plementary Table S1) were ordered from Eurofins company.

Translation and trans-translation assays

In vitro translation was performed as recommended by New
England Biolabs (NEB) using PURExpress® In Vitro Pro-
tein Synthesis Kit. 250 ng of PCR product were added
to the reaction to produce the sfalaGFP. Translation re-
actions were incubated for 3 h and trans-translation reac-
tions for 4 h in a thermocycler at 37◦C. The trans-translation
assays were performed using the same protein synthesis
kit. PURExpress® 70S ribosomes were first stalled by
adding 250 ng of purified PCR product encoded for non-
stop sfGFP1-10 under control of the T7 promoter (se-
quence Supplementary Table S2), for 15 min at 37◦C in a
thermocycler. During this step, to neutralize any native tm-
RNA that might be present in the kit, 5 �M oligonucleotide
antisense anti-tmRNA were added (sequence A, Supple-
mentary Table S1). Then, stalled ribosomes were pooled
with 50 pmol tmRNAGFP11 and 100 pmol SmpB before
a 4 h incubation. Note that either trans-translation assays
with in vivo or in vitro purified tmRNAGFP11 works in a
similar way. The same is true with an aminoacylated tm-
RNAGFP11. In that case, 50 pmol tmRNAGFP11 was
aminoacylated with 50 pmol SmpB, 75 pmol AlaRS, 2.5
mM ATP and 30 �M alanine during 30 min at 37◦C.
The aminoacylated tmRNAGFP11 was then added to the
stalled PURExpress® ribosomes supplemented by 50 other
pmol of SmpB (100 pmol final quantity).

Trans-translation inhibition assays were performed by
adding the different molecule inhibitors together with
stalled ribosomes and before addition of tmRNAGFP11.
Various concentrations of KKL-35 compound (1–400 �M)
and PA-1 aptamer (2.5–20 �M) were tested. KKL-35
was provided by Dr Mickael Jean, Inserm COSS U1242,
Rennes, France). Its antimicrobial activity was controlled

by CMI measurements on E. coli BW25113ΔtolC in par-
allel of each trans-translation assay (13). The peptide Ap-
tamer PA-1 (GGVTFLVNTYPNGVQSRAGG-NH2) was
ordered from ProteoGenix (Schiltingheim, France). Be-
cause KKL-35 and PA-1 were conserved in DMSO, the
trans-translation reactions as well as the controls contain
2.86% final concentration of DMSO.

Fluorescence analysis

After incubations at 37◦C, translation or trans-translation
reaction volumes were adjusted to 150 �l and put it into cu-
vettes for fluorescence measurement using a LS-55 fluores-
cence spectrometer (PerkinElmer). The translated or trans-
translated sfalaGFP showed a fluorescence intensity of 510
nm when using an excitation of 485 nm. The photomultipli-
cator was programmed at 650 V for translation assays and
at 775 V for trans-translation assays.

Trans-translation radioactive assay

In vitro trans-translation experiments were performed as de-
scribed above, using the PURExpress kit, but with a dif-
ferent PCR product encoding for a non-stop DHFR. This
PCR product was amplified from the plasmid template sup-
plied by NEB using primers #9 (Supplementary Table S1)
and ‘dhfr-ns reverse’ (12). Visualization of translated and
trans-translated non-stop DHFR was made possible by the
addition of [35S]-methionine, according to manufacturer’s
instructions (PURExpress, NEB). After 4 h incubation at
37◦C, reactions were separated on 15% (w/v) SDS poly-
acrylamide gels, and visualized by exposure to a phosphor
screen (Typhoon FLA 9500, GE Healthcare). Radioactive
bands intensities were calculated using ImageJ software.
Trans-translation efficiencies were calculated as the percent-
age of tagged DHFR over total translated DHFR (tagged
+ non-tagged), after background signals subtraction.

Validation of the assay by screening a new set of oxadiazole
compounds

Assays were performed using PURExpress® In Vitro Pro-
tein Synthesis Kit supplemented with 6.25 ng/�l of purified
PCR product encoding for nonstop sfGFP1-10, 1.25 �M of
tmRNAGFP11, 2.5 �M of SmpB, 5 �M of antisense A, 2%
DMSO (vehicle and neutral control) and 2 �M of antisense
B (scale reference control). In order to optimize the reaction
in 96-well plates format, all the components of the master-
mix were added at the same time. Assays were then assem-
bled in three steps. First, 400 nl of control or compound
(100 �M final) were transferred in PCR microtubes. Next,
19.6 �l of master-mix were added. Finally, the tubes were
vortexed and 19 �l of each reactional volume were trans-
ferred in qPCR microplates. After 300 min incubation at
37◦C, fluorescence was measured by using the PCR system
Step One plus (Applied Biosystems). The assays were vali-
dated statistically by determining the Z’ factor (calculated
using the formula: Z’ = 1 – [(3�neutral control + 3�scale
reference control)/(�neutral control – �scale reference con-
trol)]) (21).
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Scheme 1. Reassembling GFP by in vitro trans-translation. 1: Canonical translation of sfGFP1-10 mRNA lacking a stop codon (red cross). 2: Due to the
absence of termination signal, ribosome is stalled. Two tRNAs are in the P (yellow) and E (purple) sites, and the A site is empty. 3: The tmRNAGFP11-SmpB
complex binds to the stalled ribosome, and SmpB’s C-terminal tail recognizes the empty A site. 4: The translation restarts thanks to the tmRNAGFP11
MLD, which encodes the missing eleventh domain of the sfGFP (green tmRNA section) and therefore adds this beta-strand to the incomplete sfGFP1-10.
5: The process ends when the tmRNA stop codon (red star) is reached. The complete sfGFP is released and becomes fluorescent. The 50S and 30S subunits
are dissociated to be reused, and the tmRNAGFP11–SmpB complex is recycled.

RESULTS AND DISCUSSION

To allow for the monitoring of trans-translation via the flu-
orescence levels of a reconstituted green fluorescent pro-
tein (GFP) we developed an assay based on reassembling
an active ‘superfolder’ GFP (sfGFP) after tmRNA tagging.
Indeed, semi-synthetic green fluorescent proteins, such as
the well-folded sfGFP (22), are made up of eleven domains
that can be assembled by adding a short fragment to a
truncated protein. This split GFP method (23) is based
on a break between the tenth and eleventh beta-strands
of GFP, after which the two resulting moieties, GFP1-10
and GFP11, are easily reassembled (24). The GFP1-10 frag-
ment is not fluorescent on its own, but recovers complete
fluorescence when complemented by GFP11, a short pep-
tide made of 16 amino acids only. Their combination re-
sults in chromophore maturation within the reconstituted
functional GFP. Rather than simply being added by self-
complementation as occurs in split GFP (25,26), in our ap-
proach the missing domain is added covalently to a non-
stop sfGFP1-10 through a manipulated trans-translation
process. To do this, we engineered a mature tmRNA variant
in which the MLD encoding for the sequence specifically
recognized by proteases was replaced by the 11th domain
sfGFP11 sequence (ARDHMVLHEYVNAAGIT, Figure
1B) followed by a termination codon. The original nu-
cleotides upstream from the resume codon and the alanine
resume codon (underline in the above sequence) were kept,
since they both play instrumental roles in re-registration
of the reading frame tagging (27). To minimize disruption
of the tmRNA structure and conserve its helix H5 base-
pairing interactions, we also engineered compensatory mu-
tations (dark green H5, Figure 1B). We named the result-
ing modified tmRNA ‘tmRNAGFP11’ (sequence in Sup-
plementary Table S2). We then took advantage of the recon-
stituted cell-free protein synthesis system, PURExpress®

(New England Biolabs), to evaluate the tagging activity of
tmRNA in vitro (28) (see Supporting information). This kit
contains all of the E. coli components necessary for both
transcription and translation. To transform this kit into a
fluorescent in vitro trans-translation system, we added the
components needed for trans-translation: tmRNAGFP11;
SmpB; and a non-stop DNA sequence encoding the first

ten sfGFP domains to stall ribosomes (sequence in Supple-
mentary Table S2). Scheme 1 depicts our approach, begin-
ning with the ribosome stalled on a non-stop mRNA (step
2, Scheme 1). The complex made of alanyl-tmRNAGFP11
and SmpB is added to the reaction. The complex is accom-
modated on the ribosome, and the translation restarts on
the tmRNAGFP11 MLD (steps 3 and 4, Scheme 1). As a
consequence, the eleventh domain is attached to sfGFP1-10
by trans-translation. A functional sfalaGFP is released and
the two ribosomal subunits recycled (step 5, Scheme 1).

We first assessed the effectiveness of transcription and
translation of our in vitro fluorescent reporter system by en-
suring that neither the PURExpress kit components alone,
nor with the sfGFP1-10 first ten translated domains dis-
played any basal fluorescence (not shown). The next step
was to ensure that the PURExpress system allows synthe-
sis of a functional (i.e. fluorescent) sfGFP, even with an ad-
ditional alanine between the sfGFP1-10 and sfGFP11 do-
mains (‘sfalaGFP’). The results show a strong fluorescent
signal for production of sfalaGFP (sequence in Supplemen-
tary Table S2), indicating that the template DNA was well-
transcribed and well-translated, and that the fluorescent
protein was functional (Table 1, line 1). The fluorescence
was reduced by five times in the presence of 100�M chlo-
ramphenicol, a strong inhibitor of protein synthesis (Table
1, line 2)

We then moved on to test trans-translation by using
non-stop DNA sequence encoding the first ten sfGFP do-
mains, tmRNAGFP11 and SmpB. The strongest fluores-
cent signal was recovered after 4 h (negative control vs trans-
translation, Figure 2A), confirming that the in vitro sys-
tem developed in this study is efficient and might be useful
to investigate trans-translation inhibitors. To avoid a pos-
sible competition between the endogenous tmRNA already
present in the kit and our tmRNAGFP11, we also added an
antisense oligonucleotide targeting wild-type tmRNA (WT
tmRNA) only (antisense A, Supplementary Table S1). In-
deed, the addition of this antisense increases the fluorescent
signal by almost 60% (trans-translation vs antisense A, Fig-
ure 2A). The level of tagged GFP fluorescence is 2.5 times
lower relative to full sfalaGFP (Table 1, compare lines 1 and
3).
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Table 1. Fluorescence intensities in PURExpress® kit

Translation Trans-translation

Neutral control
Scale reference control
(+ Chloramphenicol) Neutral control

Scale reference control
(+ antisense B)

Fluorescence (A.U.) 520619.2 ± 36674.79 10338.30 ± 2027.69 206805.93 ± 11323.28 4233.22 ± 1046.49

Figure 2. Quantification of in vitro trans-translation in the presence of inhibitors by fluorescence and radioactivity assays. (A) Fluorescent assay. The ‘nega-
tive control’ contains all trans-translation components except tmRNAGFP11; ‘trans-translation’: same as negative control with tmRNAGFP11; ‘Antisense
A’ and ‘Antisense A and B’: same as ‘trans-translation’ respectively with an antisense targeting WT tmRNA or an antisense targeting tmRNAGFP11 (Sup-
plementary Table S1). (B) Radioactive assay. Trans-translation reactions were performed as in fluorescent assays but using a non-stop DHFR instead of
truncated GFP and [35S]-methionine (see methods). The non-stop DHFR is indicated by a black arrow and the lower-mobility trans-translated DHFR
proteins bands are indicated by a black or a green star, depending on their tagging by WT tmRNA or tmRNAGFP11, respectively. (C) In vitro translation
assays. Effect of SmpB peptide aptamer PA-1 on in vitro translation tested at final 2.5–20 �M concentrations. For experiments, the PURExpress® kit basal
fluorescence was subtracted from the measurements and the results are then normalized with respect to the translation control (symbolized with the black
dotted line). A t-test was performed using that control hypothetical value. Bars represent standard deviation of at least three independent experiments.
‘ns’ is for non-significant (D) In vitro trans-translation assays. Peptide aptamer was added at the same concentration than in translation assays. For these
experiments, measurements were normalized with respect to the trans-translation control (‘Antisense A’) without any compounds (symbolized with the
black dotted line). A t-test was performed using that control hypothetical value. P-values indicates significant differences compared to the control. Bars
represent standard deviation of at least three independent experiments.

To confirm that inhibition of trans-translation is cor-
related to a loss of fluorescence signal, we first designed
an antisense oligonucleotide to inhibit tmRNAGFP11 ac-
tivity (antisense B, Supplementary Table S1). Its addi-
tion decreases fluorescence intensities by more than 95%
(antisense A and B, Figure 2A). This demonstrates the
strong correlation between trans-translation and fluores-
cence rates (Table 1, line 4). Note that trans-translation as-
says were performed using tmRNAGFP11 purified either in
vivo or in vitro, and with or without a prior tmRNAGFP11
aminoacylation step, with no relevant differences (data not
shown).

In order to compare this new assay with previously de-
scribed methods, we performed the same in vitro trans-
translation assays using radioactivity (15) (see Materials
and Methods). We used both tmRNAGFP11 and WT
tmRNA, in order to compare their trans-translation ef-
ficiencies (Figure 2B). The bands corresponding to the
tagged DHFR were confirmed by adding specific antisense
oligonucleotides (Figure 2B, lines 3 and 6). Addition of 50
pmol (as in the GFP assay) WT tmRNA to the reaction
led to a total tagging activity of 49% (Figure 2B, line 2).
However, it turns out that endogenous WT tmRNA from
the PURExpress kit has a significant activity of 31% (Fig-
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Figure 3. Fluorescent trans-translation in microplates for HTS. (A) Trans-translation kinetics over time in microplates for HTS. The fluorescent increase is
directly linked to trans-translation. The neutral control contains all necessary components for trans-translation (see methods). The scale reference control
is the same as the neutral control but in the presence of 2 �M antisense B (Supplementary Table S1). The five experiments have been performed during
five different days (n = 6 or 5 or 3 wells per group per plate). (B) Screening of a small library of compounds. The anti-trans-translation activity of the
compounds at 100 �M concentration was measured in 96-well qPCR plates. Neutral controls are green circles (n = 28), scale reference controls are red
circles (n = 27). The solid green or red lines represent the mean fluorescence, the dashed green or red lines represent 3SD of respectively neutral and scare
reference controls and tested compounds are grey bars (n = 3). The results were shown as mean ± standard deviation and normalized to neutral control
(%) neutral control = (fluorescence compounds condition/mean fluorescence neutral control) × 100. Compounds that inhibited the assay to >3 SD were
identified as positive hits. The average Z′ factor is 0.82.

ure 2B, line 1). Therefore, after subtraction of this signal,
the tagging activity corresponding to the addition of 50
pmol WT tmRNA is of 18% only. Same experiments were
then performed using 50 pmol tmRNAGFP11. An anti-
sense oligonucleotide was used to target endogenous WT
tmRNA and avoid competition. Since tmRNAGFP11 adds
a larger tag than WT tmRNA, its activity was directly mea-
sured by calculating the intensity of the upper band (Figure
2B, line 4). It reaches 21% (Figure 2B, line 5), highlighting
the similar efficiency of tmRNAGFP11 and WT tmRNA.

Finally, peptide aptamer PA-1 (sequence GGVTFLVN
TYPNGVQSRAGG) known to knock down SmpB (29,30)
was then used as trans-translation inhibitor. To avoid com-
pounds that inhibit any step necessary for fluorescence (e.g.
transcription, translation, or GPF folding) to be scored as
positive and result in false positive hits, trans-translation
assays are always preceded by a translation assay. As ex-
pected, excesses of PA-1 did not exhibit any activity on
transcription or translation (Figure 2C). Consequently, we
evaluated the anti-trans-translation activity of this molecule
(Figure 2D). Contrary to what we observed for transla-

tion, the peptide aptamer strongly inhibits trans-translation
even at the smallest concentration (which represent a 1:1
ratio SmpB:Aptamer), according to in vivo inhibitions as-
says reported by Liu et al., in 2016 and 2017 (29,30). Addi-
tionally, we also tested the chemical oxadiazole compound
KKL-35 (12) whose in vivo activity against trans-translation
was recently called into question (13,31). A minor activ-
ity was observed and for concentrations higher or equal
to 10 �M with no dose-dependent effect (Supplementary
Figure S1). This moderate effect, taken together with in
vivo trans-translation assays experiments (13,31), suggests
that KKL-35 have indeed other in vivo targets besides trans-
translation. The same order of magnitude results were ob-
tained using tmRNAGFP11 in radioactive assays (Figure
2 and Supplementary Figures S1 and S3), suggesting that
the sensitivity of the fluorescent assay is similar to the ra-
dioactive one, with the advantage of making rapid and non-
radioactive screening experiments possible.

Therefore, in order to perform screening assays, we first
optimized the current fluorescent assay in 96-well plates for-
mat (see Materials and Methods) and carried out kinetic
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experiments to follow fluorescence over time. The maxi-
mum signal was recovered after ∼300 min (Figure 3A).
These conditions were then used to assess the suitabil-
ity of the assay to screen a small library of compounds.
To date, 1,3,4-oxadiazole compounds have been identified
as the most promising inhibitors of trans-translation (12).
However, due to multiple cellular targets in bacteria, it
is difficult to compare the direct effects of the oxadia-
zole variations on trans-translation in vivo, making the cur-
rent in vitro assay necessary. In order to improve their po-
tential anti-trans-translation activity, we recently designed
and synthesized a new series of oxadiazole derivatives (33
and Supplementary Table S3) that were submitted to the
present assay. We first performed a translation assay that
confirmed that none of the compounds inhibits any step
(e.g. transcription, translation, or GPF folding) necessary
for fluorescence (Supplementary Figure S2). On the other
hand, the thirteen molecules behave differently regarding
trans-translation (Figure 3B). Most of the molecules dis-
played the same moderate effects as KKL-35, the parent
compound, while CT1-83 inhibited trans-translation much
more strongly, displaying an inhibitory effect of 26% at
concentration of 100 �M. This indicates that replacement
of the benzene of the chloro-aryl moiety of KKL-35 by
a pyridine group in CT1-83 affects the specificity of the
molecule towards trans-translation, information that can be
used to make future improvements. The activity of CT1-
83 against trans-translation was confirmed using the same
conditions in a radioactive assay, despite at a lower level
(Supplementary Figure S3). Finally, and most surprisingly,
CT1-69 caused a slight increase in trans-translation rates,
certainly due to an activation of another step necessary for
fluorescence (Supplementary Figure S2). This suggests that
the nitrogen atoms from the heterocyclic ring are necessary
for targeting trans-translation. The accuracy of the test was
confirmed through Z′ factor calculation (21) (Figure 3B).
The results show low plate-to-plate and well-to-well varia-
tion as evidenced by a high Z′ factor of 0.82, indicating that
the assay is robust enough for high throughput screening
(32).

To summarize, we created a reliable, easy-to-use in vitro
fluorescent system that can be used to measure trans-
translation efficiency. In addition to its inherent rapidity, it
is also optimized for HTS of chemical compounds in multi-
well microplates using a microplate fluorimeter. Miniatur-
ized assays can be handled by reducing volumes further to
few nanoliters to lower the average screening costs. Adapt-
ing this system to specific multiresistant pathogenic bacte-
ria will be the next step for the development of narrow-
spectrum antibiotics. Towards this end we will adapt this
system by using tmRNAGFP11, SmpB and ribosomes from
the six ESKAPE bacterial pathogens commonly associ-
ated with antimicrobial resistance (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobac-
ter baumannii, Pseudomonas aeruginosa and Enterobacter
spp.).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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