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Abstract

The ribosome is the quintessential antibacterial drug target, with many structurally and
mechanistically distinct classes of antibacterial agents acting by inhibiting ribosome function.
Detecting and quantifying ribosome inhibition by small molecules and investigating their binding
modes and mechanisms of action are critical to antibacterial drug discovery and development
efforts. To develop a ribosome inhibition assay that is operationally simple, yet provides direct
infonnation on drug target and mechanism of action, we have developed engineered E. coli strains
harboring an orthogonal ribosome-controlled green fluorescent protein (GFP) reporter that
produce fluorescent signal when the orthogonal ribosome is inhibited. As a proof of concept, we
demonstrate that these strains, when co-expressing homogenous populations of aminoglycoside
resistant ribosomes, act as sensitive and quantitative detectors of ribosome inhibition by a set of
twelve structurally diverse aminoglycoside antibiotics. We suggest that this strategy can be
extended to quantifying ribosome inhibition by other drug classes.
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The ribosome is a complex, highly conserved biomolecular machine essential for the
biosynthesis of cellular proteins and peptides. The essentiality and ancient origin of the
ribosome have made it one of the most frequent targets of antibacterial natural products.! Of
the many known classes of ribosome inhibitors, the aminoglycosides (Figure 1a) are perhaps
the best-studied with regard to their mechanisms of action24, drug resistance2-4, and
biosynthesis.>” Aminoglycosides are a clinically useful class of ribosome inhibitors with
broad spectrum activity towards a variety of microbial pathogens. However their widespread
clinical use has been hampered by low-level toxicity to human mitochondrial ribosomes.24
Aminoglycosides can impair ribosome function by affecting the efficiency of intersubunit
rotations.8-10, translocation?31112 and ribosome recycling® and by inducing translational
miscoding?-413 through specific interactions with the decoding site (A-site) of the 16S
ribosomal RNA (rRNA) in helix 44 (h44) of the small (30S) ribosomal subunit!4-17 (Figure
1b), and in the case of some aminoglycosides, with helix 69 (H69) of the large (50S)
ribosomal subunit.810.1215.18 Aminoglycosides also show promise as treatments for other
diseases, including HIV2; human genetic disorders, where their ability to induce miscoding
has been used to suppress disease-associated premature termination codons?19; and fungal
infection, where amphiphilic aminoglycoside analogs have been shown to perturb the
function of the fungal plasma membrane.2°

Much of our current understanding of aminoglycoside/rRNA interactions, potency as
ribosome inhibitors, and mechanisms of action comes from in vitro studies. The target sites
of several aminoglycosides were first identified using RNA footprinting!4 and were later
examined in detail by X-ray crystallography.15-7:21.22 Affinities of arninoglycosides for
rRNA hairpins mimicking the A-site have been assessed using mass spectrometry23, surface
plasmon resonance (SPR)24, NMR18, and competition assays.2> However, it has been
observed that binding affinities of some aminoglycosides to A-site rRNA mimics do not
correlate linearly with inhibition of translation in vitro or antibacterial potency in vivoZ®,
indicating that the results of assays using A-site mimics are not fully equivalent to those
obtained when employing intact ribosomes in vitro or in vivo. Ribosome inhibition is also
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commonly measured directly using in vitro translation systems. These studies have revealed
that individual aminoglycosides differ significantly with respect to their potencies as
ribosome inhibitors.26-30 Recently such systems have been combined with powerful single
molecule techniques such as SmFRET to probe the effects of aminoglycosides on the
kinetics and dynamics of the individual steps of translation, revealing that individual
aminoglycosides differ markedly with respect their effects on these steps.8-1912 However, in
vitro translation experiments designed to investigate drug binding mode or mechanism of
action are technically challenging to carry out; and in vitro translation assays in general
either require expensive reagents or specialized preparation methods and cannot provide
information on in vivo properties such as compound membrane permeability or efilux.

Incontrast to the breadth of techniques available for in vitro studies, in vivo analyses of the
effects of aminoglycosides have been limited to measuring the growth inhibitory effects
(most commonly reported as minimum inhibitory concentrations - MICs) of the compounds
on wild-type bacterial strains and on those carrying ribosomal resistance mutations.31-33
Although such assays are operationally simple, and provide direct information on a
compound's ability to inhibit bacterial growth, they do not provide any information a priori
regarding the biomolecular target(s) of a drug (the ribosome in the case of aminoglycosides),
the target binding site(s) (the A-site, and in some cases H69 for aminoglycosides), or the
mechanism(s) by which a drug exerts its effects on the target.

Considering the limitations of existing in vitro and in vivo technologies, we envisioned an
alternative in vivo strategy for investigating ribosome inhibition by small molecules that
combines the ability of in vitro assays to quantitatively probe the effects of binding to a
specific target site with the operational ease and in vivo relevance of live cell antibacterial
assays. This strategy utilizes orthogonal ribosomes (O-ribosomes) - specialized mutant
ribosomes that, by virtue of a mutated 16S rRNA anti-Shine-Dalgarno (ASD) sequence, are
unable to translate native mMRNA, yet retain the ability to translate mMRNA carrying a
complementary mutant Shine-Dalgamo (SD) sequence34-36 to circumvent the limitations
imposed by ribosome essentiality. We hypothesized that O-ribosomes, if used to control
expression of an engineered genetic circuit that results in a quantifiable “turn-on” phenotype
upon ribosome inhibition, could be used to quantify ribosome inhibition by aminoglycosides
or other ribosome inhibitors, providing a means of rapidly assessing the target specificity
and ribosome inhibiting potency of these compounds in live bacterial cells. Such an O-
ribosome-based assay would facilitate studies of mechanisms of drug action and of the
relationship between target rRNA sequence and drug activity that can lead to discovery of
ribosome inhibitors with improved therapeutic properties.

Here, we have created engineered E. coli strains harboring an O-ribosome-controlled green
fluorescent protein (GFP) reporter that are non-fluorescent in the absence of drug, but
express GFP upon O-ribosome inhibition. We show that these strains are able to detect
ribosome inhibition by a collection of twelve structurally diverse aminoglycosides in a
highly sensitive, dose-dependent manner with essentially no background. The fluorescence
dose response patterns we observed for engineered E. coli detection strains treated with
these aminoglycosides correlate with the results of in vitro translation inhibition assays,
validating the accuracy of our assay in assessing the potencies of aminoglycosides as
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ribosome inhibitors. Our results provide a full comparative assessment of the ribosome
inhibiting potencies of the twelve aminoglycosides assayed. Thus, the O-ribosome reporter
system developed here provides a powerful new tool for easily and rapidly assessing the
relative potencies of aminoglycosides as ribosome inhibitors in live bacterial cells.

Our arninoglycoside responsive strains were designed to harbor an engineered plasmid-
borne reporter system comprised of three elements (Figure 2a): 1) a constitutively expressed
arninoglycoside-sensitive orthogonal 16S rRNA (0-16S) gene bearing a mutated anti-Shine-
Dalgarno (0-ASD) sequence3®, 2) the tetR gene encoding a constitutively expressed
tetracycline-responsive repressor protein TetR3’ with orthogonal SD (0-SD) sequence
complementary to the 16S rRNA 0-ASD sequence?, and 3) the gfp-uv gene encoding green
fluorescent protein variant GFPuv38 under transcriptional control of the TetR-repressed
promoter PLtet0-1.39 In the absence of arninoglycoside (Figure 2a, left panel), cells bearing
these three elements would produce O-ribosome-derived TetR that represses transcription of
ofp-uv, resulting in no fluorescence. However inthe presence of aminoglycoside (Figure 2a,
right panel), the O-ribosome is inhibited, resulting in a reduced level of TetR, de-repression
of gfp-uv transcription, and production of GFP. The system is designed to be highly
sensitive by substantially amplifying the arninoglycoside input signal through transcription
and translation of gfp-uv, resulting in production of multiple GFP proteins per
aminoglycoside molecule.

To protect the E. coli host itself from inhibition by aminoglycosides, the strain's native
rRNA was made aminoglycoside resistant using a previously-developed host, E. coli SQ380,
inwhich all seven chromosomal copies of the rRNA operon were deleted and replaced by a
single rRNA operon on plasmid prmC-sacB bearing the counterselectable marker sacB. The
A1408G 16S rRNA mutation, which confers resistance to many aminoglycosides3!, was
introduced into rRNA operon-expressing plasmid pRRSH2. The resulting plasmid,
pRRSH2-A1408G, was used to replace prmC-sacB in SQ380. As expected, the resulting
strain SH386 possessed a high-level of resistance to kanamycin A (up to 500 UM, the
highest concentration tested, Figure S1).

To demonstrate that our reporter system functions properly we sequentially constructed
plasmids harboring sets of the system's three functional elements and assayed them
individually by expression in E. coli DH5a and whole cell fluorescence quantification after
growth to stationary phase (18 h) (Figure 2b). First, performance of the element bearing gfp-
uv under control of PLtet0-1 with the optimized 5’-untranslated region BCD240 (see Figure
S2 and Supporting Information for optimization) was examined. As expected, in the absence
of tetR, PLtet0-1 behaves as a strong constitutive promoter and results in high GFP
expression (Figure 2b). Next, the O-SD-controlled tetR cassette was inserted into the gfp-uv-
expressing construct. The resulting two element system retained robust fluorescence (~60%
of that of the gfp-uv-expressing construct, Figure 2b). Finally, the 0-16S cassette was
inserted into the gfp-uv/tetR-expressing construct to give final reporter construct pSH3-KF.
As expected for a functional reporter system in which the O-ribosome makes TetR which in
turn represses gfp-uv, addition of the 0-16S cassette completely abolished fluorescence
(Figure 2b). However fluorescence could be completely recovered by addition of a
saturating concentration of anhydrotetracycline (ATC), which binds to TetR causing its
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dissociation from PLtet0-1 (Figure 2b, Figure S3). Together, these results indicate that the
reporter system as a whole, as well as its individual elements, function correctly in E. coli
DH5a. We attribute the ~40% loss of fluorescence upon insertion of the tetR cassette to a
polar effect on gfp-uv expression by tetR - not a lack of 0-SD orthogonality - since addition
of saturating ATC to the pSH3-KF-expressing strain resulted in a fluorescence level nearly
identical to (106.6% = 1.2%) that observed in the gfp-uv/tetR-expressing strain. Thus tetR is
not translated to a significant extent without co-expression of the 0-16S gene.

With the aminoglycoside resistant E. coli strain SH386 and reporter plasmid pSH3-KF in
hand, we carried out an initial O-ribosome inhibition assay using kanamycin A. E. coli
SH391 (SH386 transformed with pSH3-KF) grown to stationary phase (18 h) in the presence
of a range of kanamycin A concentrations showed a modest dose-dependent increase in
fluorescence (maximum 1.6-fold induction, Figure 3), but displayed strong background
fluorescence in the absence of kanamycin A. Reasoning that the high background and low
sensitivity to kanamycin A was the result of a decreased intracellular TetR concentration in
the rRNA deletion mutant compared to DHSa, we generated eleven new pSH3-KF variants
in which the promoter strengths of the tetR and 0-16S elements were combinatorially
altered, and examined their dose-dependent responses to kanamycin A in SID86 (Figure 3,
Figure S4). To our satisfaction, one variant strain, SH399, with reporter plasmid pSH6-KF
carrying strong promoter BBa_J23100 controlling 0-16S expression. had essentially no
background and displayed a robust dose-dependent increase in fluorescence in response to
kanamycin A (Figure 3).

Next we tested the ability of SH399 to detect ribosome inhibition by a panel of eleven
additional structurally diverse aminoglycosides, including other 4,6-disubstituted 2-
deoxystreptamines (2-DOS) gentamicins, G418, sisomicin, tobramycin, and amikacin; 4,S-
disubstituted 2-DOS paromomycin, neomycin B, and ribostamycin; and atypical 2-DOS
apramycin, hygromycin B, and neamine (Figure 1a). In addition to kanamycin A, SH399
grown to stationary phase (18 h) in the presence of a range of concentrations of each
aminoglycoside was able to detect O-ribosome inhibition by nine of these compounds
(Figure 4a). The two compounds that failed to give signal, G418 and hygromycin B, also
caused significant growth inhibition of SH399 (Figure S5), indicating that the A1408G 16S
rRNA mutation does not confer sufficient resistance to these compounds to allow survival of
the detector strain. This observation is consistent with previously reported levels of
resistance conferred by the A1408G mutation to a subset of the compounds examined3!;
and, for those compounds that were detectable the A1408G mutation confers resistance well
above the detection threshold (Figure S5).

The fluorescence dose-response patterns observed for SH399 treated with these ten
aminoglycosides were different for each compound (Figure 4a, Figure S5) and appeared
upon qualitative inspection to correlate with previously reported compound potencies
determined by both in vitro translation assays2-3 and E. coli growth inhibition assays26:28:30,
suggesting that the O-ribosome reporter system may be useful for comparing
aminoglycoside potencies. To examine this possibility, we first compared 1C%0 values
calculated from fluorescence data obtained from aminoglycoside-treated SH399 (see
Supporting Information for calculations) with previously detennined 1C30 values of a subset
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of six aminoglycosides (kanamycin A, neomycin B, paromomycin, gentamicins,
ribostamycin, and tobramycin) measured through inhibition of translation in vitro.28 We
found a strong correlation (R? = 0.97, Figure S6) between the two datasets, suggesting that
1C%0 values determined using the O-ribosome reporter assay are comparably accurate to
those determined using in vitro translation assays. Next, to test whether the fluorescence
dose-response patterns also correlate with inhibition of E. coli growth, we compared dose-
dependent growth inhibition (represented as LD values) of the parent aminoglycoside
sensitive E. coli strain SH434 with 1C30 values calculated from fluorescence data obtained
from aminoglycoside-treated SH399. While data obtained by the two methods correlated for
a subset of the compounds (apramycin, gentamicins, amikacin, ribostamycin, sisomicin, and
tobramycin; R? = 0.97, Figure S6), there was a lack of correlation between the two datasets
for kanamycin A, neomycin B, and paromomycin, and therefore between the two datasets as
a whole (R? = 0.40, Figure S6). While the reason for the incomplete correlation between
inhibition of E. coli growth and fluorescence-derived 1C°0 values is unclear, we suggest that
these inconsistencies are the result of differences between the pleiotropic effects of
differentially inhibiting the ribosome, whose activity is required for synthesis of the entire E.
coli proteome, on cell viability; and the effects of differentially inhibiting the O-ribosome,
which are restricted to the TetR-GFP output system. Taken together, these results are
consistent with the ability of the O-ribosome reporter system to compare the potencies of
aminoglycosides as ribosome inhibitors. Of the ten compounds examined, sisomicin was
found to have the strongest ribosome inhibition activity, followed in order of decreasing
activity by gentamicins, neomycin B, paromomycin, tobramycin, amikacin, ribostamycin,
apramycin, kanamycin A, and neamine (Figure S5, S6). These results provide a complete
comparative assessment of the ribosome inhibiting potencies of these ten compounds that is
consistent with previous reports of aminoglycoside potencies and structure-activity
relationships obtained through in vitro translation inhibition assays using subsets of these
compounds.26-30

Interestingly, we also observed for some aminoglycosides that at drug concentrations
beyond those that give the peak response, fluorescence actually decreases, and does so to
varying extents with different compounds (Figure 4, Figure S5). The effect was most
pronounced with neomycin B, paromomycin, and gentarnicins; occurred to an intermediate
extent with sisornicin, tobramycin, and amikacin; occurred to a slight extent with kanamycin
A and apramycin; and was absent with ribostamycin and neamine. In the cases of
paromomycin and gentamicins, these decreases in fluorescence were accompanied by
growth inhibition. These results are consistent with previous structural and spectroscopic
observations that neomycin B, paromomycin, and gentamicin bind to and inhibit the
ribosome at a second, lower affinity site in helix 69 of the large ribosomal
subunit.8:10.12.15.18 |n our system, binding to this site on the pRRSH2-A1408G-derived
ribosome would affect translation of both GFPuv and endogenous proteins, leading to both a
decrease in fluorescence and loss of cell viability. When considered together with previous
work, our observations suggests that the O-ribosome reporter system can identify, via dose-
dependent fluorescence decrease at higher concentrations, aminoglycosides that inhibit the
ribosome by interacting with a secondary site such as H69; and that other aminoglycosides
in our panel that exhibit this phenomenon may also bind to H69 or to another secondary site.
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Examination of the X-ray crystal structures of neomycin B, paromomycin, and gentamicin
Cla bound to H69 reveals conserved contacts between the C-1 and C-3 amines of the 2-
DOS core, which are present in all aminoglycoside structures, and residues 1921-1923 of the
23S rRNA, leaving open the possibility that other aminoglycosides may interact with H69.
Experiments to test binding of aminoglycosides in our panel to H69 are currently underway
in our laboratory.

To further explore the capabilities of the system and attempt to develop a strain that can
detect O-ribosome inhibition by hygromycin B and G418, we introduced the U1406A
mutation into pRRSH2. Mutations at position 1406 confer an aminoglycoside resistance
spectrum distinct from that of A1408G, including resistance to G418 (U1406A)32 and
hygromycin B (U1406C).33 We tested the ability of strain SH431 carrying this mutation and
reporter plasmid pSH6-KF grown to stationary phase (24 h) in the presence of a range of
concentrations of each aminoglycoside to detect O-ribosome inhibition by the same set of
twelve aminoglycosides . As anticipated, SH431 was able to detect O-ribosome inhibition
by both G418 and hygromycin B (Figure 4b) as well as kanamycin A and gentamicins
(Figure S7). We observed significant growth inhibition and a lack of signal by SH431 in the
presence of the remaining eight compounds, indicating that the U1406A mutation is unable
to confer resistance to these compounds. Dose response patterns observed for SH431 treated
with the four compounds for which fluorescence could be observed indicate that, among
these, gentamicins are the most potent ribosome inhibitors, followed by G41S, hygromycin
B, and with kanamycin A being the least potent (Figure S7, S8). 1C%0 values calculated from
the O-ribosome-based fluorescence assay correlated with LD values of the parent
aminoglycoside sensitive E.coli strain SH434 for three of the compounds (gentamicins,
G418, hygromycin B; RZ = 0.997, Figure S8); but not for kanamycin A, as was the case with
SH399.

In summary, we have created engineered E. coli strains that can directly detect and quantify
ribosome inhibition at the A-site by a variety of structurally distinct aminoglycosides with
high sensitivity and essentially no background. The fluorescence dose-response patterns we
observed for the aminoglycosides tested correlate with their reported ribosome inhibiting
potencies, demonstrating that our system can be used to determine the relative potencies of
aminoglycosides as ribosome inhibitors. The observation that compounds known to act by
binding to H69 show dose-dependent fluorescence decrease at high concentrations suggests
that our system can also report on compound secondary binding modes. We have also
demonstrated that the selectivity of each strain for detection of specific aminoglycosides —
even those with high structural similarity such as gentamicin and G41S - can be controlled
by employing 16S rRNA mutations that confer distinct resistance profiles. We believe that
the strains developed here provide a powerful new tool for assaying and studying ribosome
inhibition by aminoglycosides and other ribosome inhibitors in the context of live bacterial
cells; and will find broad applicability in drug discovery endeavors.

We envision that the O-ribosome reporter strategy described here can be used to assess
structure-activity relationships of synthetic aminoglycoside analogs in high-throughput; to
detect and quantify aminoglycosides in natural product extracts; and to detect activity of
aminoglycoside biosynthetic enzymes, as was recently done with a target-based p-lactam
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antibiotic detection system.#1 We suggest that our strategy can be extended to specifically
detect ribosome inhibition by compound classes acting at other 16S rRNA binding sites such
as streptomycin, kasugamyecin, spectinomycin, tetracyclines, tuberactinomycins, and
pactamycins! by employing 16S rRNA resistance mutations specific to each compound
class. Furthermore, with the recent development of a functional ribosome in which the 16S
and 23S rRNAs are tethered*2, our strategy may be extended to detect ribosome inhibition
by compounds targeting the 23S rRNA such as macrolides, thiostrepton, avilamycin, and
others.1 Mutation of the O-ribosome A-site in the strains described here to mimic the A-site
of other bacteria (e.g. Mycobacteria or other pathogens) or human mitochondria may also
allow estimation of aminoglycoside potency against these bacteria, or toxicity to human
cells, respectively.

Experimental procedures are described in detail in the Supporting Information.
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A) Structures of aminoglycosides used in this study. B) Overlayed X-ray crystal structures

of the decoding site (A-site) of the E.coli 16S ribosomal RNA (rRNA) with select

aminoglycosides bound. Residues 1403-1411, 1489-1498 of 16S rRNA are shown in grey.
Aminoglycosides are color-coded as follows; and the source PDB file for each is given in
parentheses: kanamycin A - maroon (2ESI23), gentamicin - purple (2QB91%), geneticin
(G418) - pink (IMWL?22, neomycin B - dark green (2QAL5), paromomycin-light green

(2Z4K?15), apramycin - orange (4AQY17), hygromycin - blue (3DF116),

ACS Chem Biol. Author manuscript; available in PMC 2017 January 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huang et al. Page 12

fi
no fluorescence PLtetO-1 gfp-uv
PLtetO-1 gfp-uv _

fluorescence (AU)

0 ——

PLtet-O1 - gfp-uv -
0-SD - tetR
0-16S +
anhydrotetracycline (25 ng/mL)

+ + + +

Figure2.
A) Schematic showing the functionality of the orthogonal ribosome-controlled fluorescent

reporter in the absence (left panel) and presence (right panel) of aminoglycoside. The 0-16S
rRNA is shown in black, 0-SD/O-ASD pair is shown in red, tetR mRNA and TetR protein
are shown in cyan, PLtet0-1 is shown in blue, the gfp-uv gene and GFP protein are shown in
green, and aminoglycoside is shown as a red hexagon. B) Cell pellet fluorescence and
fluorescence quantification of E. coli DHSa cells transformed with individual and combined
functional elements of the orthogonal ribosome-controlled fluorescent reporter.
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additional strains with tetR and 0-16S promoter strengths combinatorially altered (promoter
strengths are show on the left: + - very weak, ++ - weak, +++ - medium, ++++ - strong), and
E. coli SH399, the strain with the best detection performance (boxed in green), in response
to increasing concentrations of kanamycin. Fluorescence quantification of E. coli SH391 and
E. coli SH399 at each of the ten kanamycin concentrations tested is shown inthe bar graphs

to the right.
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Figure 4.
Cell pellet fluorescence of A) E. coli SH399 and B) E. coli SH431 in response to increasing

concentrations of aminoglycosides. Kan - kanamycin A, Apr - apramycin, Neo - neomycin
B, Paro - paromomycin, Gen - gentamicins, Ami - amikacin, Nea -neamine, Rib -
ribostamycin, Sis - sisomicin, Toh - tobramycin, G418 - geneticin (G418), Hyg -
hygromycin B.
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