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Abstract
Compelling evidence is now available that gentamicin and geneticin (G418) can induce
mammalian ribosome to suppress disease-causing nonsense mutations and partially restore the
expression of functional proteins. However, toxicity and relative lack of efficacy at subtoxic doses
limit the use of gentamicin for suppression therapy. Although G418 exhibits strongest activity, it
is very cytotoxic even at low doses. We describe here the first systematic development of the
novel aminoglycoside (S)-11 exhibiting similar in vitro and ex vivo activity to that of G418, while
its cell toxicity is significantly lower than those of gentamicin and G418. Using a series of
biochemical assays, we provide proof of principle that antibacterial activity and toxicity of
aminoglycosides can be dissected from their suppression activity. The data further indicate that the
increased specificity towards cytoplasmic ribosome correlates with the increased activity, and that
the decreased specificity towards mitochondrial ribosome confers to the lowered cytotoxicity.
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INTRODUCTION
Nonsense mutations are in-frame premature termination codons (PTCs) that convert a sense
codon of mRNA to UAA, UAG or UGA stop codon and lead to the production of truncated,
nonfunctional proteins.1 PTCs are responsible for more than 1,800 inherited human diseases,
including cystic fibrosis (CF), Duchenne muscular dystrophy (DMD), Usher syndrome
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(USH), Hurler syndrome (HS) and numerous types of cancer.2 For many of those diseases
there is presently no effective treatment and the only treatment widely used is symptomatic.

One potential approach to treatment considers the use of small molecule drugs to selectively
suppress the normal proofreading function at PTCs, but not at normal termination codons. 1

This leads to a favorable competition of near-cognate aminoacyl-tRNAs with the release
factor and to the insertion of a near-cognate amino acid at PTCs, allowing continued
translation to full-length proteins. This approach, also called “translational readthrough” or
“suppression therapy”, was first validated by using aminoglycoside (AG) antibiotics.
Numerous in vitro and in vivo experiments including clinical trials have demonstrated the
ability of selected structures of AGs (namely gentamicin, paromomycin and G418, Fig. 1) to
induce readthrough at PTCs and partially restore functional proteins.1, 3, 4 However, severe
side-effects of AGs, including high human toxicity, along with the reduced readthrough
efficiency at subtoxic doses, have limited their clinical benefit for suppression therapy.5

AGs selectively bind to the decoding A site on the 16S subunit of bacterial rRNA, and kill
bacteria by disturbing the fidelity of the decoding process.6 Although prokaryotic selectivity
is critical to their utility as antibiotics, they are not perfectly selective for the bacterial
ribosome; they also bind to the eukaryotic A site7 resulting in PTC readthrough.3

Gentamicin and paromomycin are three orders of magnitude more selective to the
prokaryotic versus the eukaryotic ribosome.8 For suppression therapy, this necessitates their
use in high quantity, which in turn causes deleterious toxic side-effects, and hence, largely
limits their utility.

A noteworthy exception is G418. In addition to its strong antibacterial activity, it also
exhibits the highest readthrough activity among all AGs tested to date.9, 10 G418 is however
very cytotoxic to mammalian cells. 11 It has not been clear whether its high cytotoxicity is
due to higher specificity to the mammalian ribosome or to some other feature.12 Although
the mitochondrial protein synthesis machinery is very similar to the prokaryotic machinery
and the AGs-induced cytotoxicity may, at least in part, be connected to drug-mediated
dysfunction of the mitochondrial ribosome,13 the direct impact of synthetic AGs to the
human mitochondrial ribosome has not yet been studied into details.14, 15 The molecular
mechanism of AGs-induced toxicity to mammalian cells is still mostly obscure. Clearly, a
systematic search for new structures with improved PTC suppression activity and lower
toxicity, along with a deeper understanding on structure-activity-toxicity relationship, are
required to extrapolate the approach to the point where it can actually help patients suffering
from genetic diseases caused by nonsense mutations.

Towards these ends, we hypothesized that by separating the structural elements of AGs that
induce readthrough from those that affect toxicity, we might obtain potent AG-derivatives
with improved readthrough activity and reduced toxicity. By systematically fine-tuning the
structure-activity-toxicity relationship, we recently reported a series of structures, 1-8 (Fig.
2), exhibiting significantly reduced toxicity and higher PTC suppression activity than either
gentamicin or paromomycin.16–19 Protein translation inhibition studies along with
antibacterial tests indicated that 1-8 have increased selectivity in their action towards
eukaryotic cells than towards prokaryotic cells in comparison to gentamicin and
paromomycin. However, none of those leads were able to outreach G418’s peak suppression
potency, nor its elevated eukaryotic specificity.

The observed increased selectivity of action of 1-8 towards eukaryotic versus prokaryotic
ribosome along with their reduced toxicity drew our attention and prompted us to ask
several fundamental questions: what structural and mechanistic features are responsible for
the observed selectivity increase and toxicity decrease of these synthetic derivatives? Can a
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general molecular principle for their structure-activity-toxicity relationship be devised?
Using this principle, can a synthetic variant with similar or higher PTC suppression activity
and lowered toxicity than those of G418 be generated?

To address these questions, here we report on the design, synthesis and evaluation of a new
set of structures, 9-12 (Scheme 1) that perform better than G418 by the above criteria while
exhibiting lower toxicity. Furthermore, by using a series of comparative readthrough,
protein translation inhibition, antibacterial and toxicity assays between standard and the
entire set of designer aminoglycosides 1-12, we demonstrate that the increased specificity
towards human cytoplasmic ribosome correlates with the increased PTC suppression
activity, and that the decreased specificity towards mitochondrial ribosome confers, at least
in part, to the lowered cell toxicity. These observations provide proof of principle that AG-
induced inhibition of cytoplasmic ribosome is a key determinant for PTC suppression
activity, and that the inhibition of mitochondrial ribosome is key to AG-induced cell
toxicity. These results are therefore beneficial for further research on the development of
AG-based drug for the treatment of genetic diseases caused by nonsense mutations.

RESULTS AND DISCUSSION
Design hypothesis and synthesis

Our previously reported lead compounds 1-816–19 (Fig. 2) preserve the pseudo-trisaccharide
scaffold 1 as a main recognition element for the rRNA. The extended side-chain structural
elements of each structure, including the (S)-4-amino-2-hydroxybutanoyl (AHB) group at
N-1 position (N1-AHB, pharmacophore-i), the (R)-6′-Me (pharmacophore-ii), and the
(S)-5″-Me (pharmacophore-iii) or (R)-5″-Me (pharmacophore-iv), are four pharmacophores
that we identified as key functionalities allowing an efficient discrimination between the
eukaryotic and prokaryotic ribosomes, with preference towards the eukaryotic target.17–19

Whereas the first-generation lead, compound 1, exhibited significantly reduced cytotoxicity
in comparison to gentamicin and paromomycin20, and promoted dose-dependent
suppression of nonsense mutations of the PCDH15 gene, one of the underlying causes of
type 1 Usher syndrome (USH1) 20; its suppression potency was significantly lower relative
to that of gentamicin and paromomycin. Installation of each of the four pharmacophores on
compound 1 generated the structures 2, 3, (S)-5 and (R)-6, respectively, exhibiting
substantially greater suppression activity than those of gentamicin and the parent compound
1. In attempts to further improve the suppression efficiency and reduce the toxicity of the
developed leads, we then tested the combination of two different pharmacophores on
scaffold 1. We combined N1-AHB with (R)-6′-Me to generate 4,18 and the combination of
N1-AHB with either (S)-5″-Me or (R)-5″-Me gave (S)-7 and (R)-8, respectively.19

Comparative PTC suppression and translation inhibition tests clearly indicated that the
compounds with two pharmacophores, 4, (S)-7 and (R)-8, exhibit substantially increased
readthrough activity and eukaryotic specificity than those of their parent structures with only
one pharmacophore, 3, (S)-5 and (R)-6, respectively. The observed gradual increase in
readthrough efficiency with an increased number of the pharmacophores on scaffold 1 also
indicated that these pharmacophores can operate in an additive manner.

Encouraged from the observed data with compounds 1-8, especially from the additive
impact of different pharmacophores on the readthrough activity, we sought to explore the
effect of further combinations of these pharmacophores on scaffold 1. We anticipated that
the remained four possible combinations of either two or three pharmacophores to generate a
new set of structures 9-12 could allow us, for the first time, to surpass the peak readthrough
activity of the natural antibiotic G418. To test this hypothesis, we combined (R)-6′-Me with
either (S)-5″-Me or (R)-5′-Me to yield (S)-9 and (R)-10, respectively. Addition of N1-AHB
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to the latter two structures gave (S)-11 and (R)-12, and thus completed all twelve possible
combinations of these pharmacophores.

The synthesis of compounds 9-12 was accomplished from the corresponding selectively
protected acceptors 13 and 14,18 and the donors (S)-15 and (R)-1619, previously reported by
us, by using essentially the same chemical transformations as illustrated in Scheme 1. Lewis
acid (BF3·Et2O) promoted glycosylation furnished the protected pseudo-trisaccharides 17-20
in 73–86% isolated yields, exclusively as β-anomers at the newly generated glycosidic
linkage. Two sequential deprotection steps: treatment with methylamine to remove all the
ester protection, and the Staudinger reaction (Me3P, THF/NaOH) to convert azides to
corresponding amines, then afforded the target derivatives 9-12 in 79–84% isolated yields
for two steps. The structures of all new compounds (9-12) were confirmed by a combination
of various 1D and 2D NMR techniques, along with mass spectral analysis (see the
Supporting Information).

Comparative in vitro PTC suppression tests to evaluate the additive effect impact of
different pharmacophores in 9-12

Previous studies have shown that the efficiency of aminoglycosidesinduced readthrough is
highly dependent on: (i) the identity of stop codon (UGA > UAG > UAA), (ii) the identity
of the first nucleotide immediately downstream from the stop codon (C > U > A ≥ G) and
(iii) the local sequence context around the stop codon 9, 21. Therefore, for broader
understanding on structure-activity relationship of the designed structures, we used a series
of constructs containing different sequence contexts around premature stop codons derived
from the PCDH15, CFTR, dystrophin and IDUA genes that underlie USH1, CF, DMD and
HS, respectively. The prevalent nonsense mutations of these diseases that we chose were:
R3X and R245X for USH120, G542X and W1282X for CF22, 23, R3381X for DMD24, and
Q70X for HS25. Briefly, DNA fragments containing the nonsense mutation or the
corresponding wild type codon, in their natural context, were cloned in frame between the
Renilla and the Firefly luciferase genes of the p2luc vector as described previously by us17.
The resulting six nonsense mutation-carrying plasmids, were transcribed and translated in
the presence of varying concentrations of the tested compound, and the stop codon
suppression efficiency was calculated as previously reported17, 26. Inhibition of translation
was monitored as the ratio of Renilla luciferase activity with and without the presence of
aminoglycosides26. In all the constructs tested, the highest concentrations of G418, 4, (S)-9,
(S)-11 and (R)-12 resulted in approximately 50% reduction in overall translation, whereas
the effects of 3, (R)-10, and gentamicin on translation were significantly milder resulting in
approximately 20–40% reduction in overall translation. Initially, we tested the effect of
combination of two pharmacophores [two chiral methyl groups, (R)-6′-Me with either
(S)-5″-Me or (R)-5″-Me] by evaluating the comparative readthrough potential of (S)-9 and
(R)-10 versus that of compound 3, which consists of only one pharmacophore [(R)-6′-Me,
pharmacophoreii), and the observed data are shown in Fig. 3.

As seen from the data in Fig. 3, in all the mutations tested, installation of (S)-5″-methyl
group (compound (S)-9) on compound 3 dramatically increases its in vitro readthrough
activity, whereas that of the (R)-5″-methyl group (compound (R)-10) is comparatively
small. In addition, in all mutations tested, the readthrough activity of (S)-9 was significantly
greater than that of the clinical drug gentamicin. The observed stereochemical preference of
(S)-5″-Me group in compound (S)-9 over that of (R)-5″-Me group in (R)-10 on readthrough
activity is in accordance to our earlier observations with the compounds (S)-5 and (R)-6. 19

In the latter study, very similar preference of (S)-5 over that of (R)-6 were observed when
the activities of these two were compared to that of their parent compound 1.
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Even though we were encouraged from the data observed with the compound (S)-9, its
readthrough potency was still significantly lower from that of G418 (note that G418 is
strongly active already at very concentrations, Fig. 3). Therefore, we decided to explore the
possibility of further potency enhancement. In particular, we were intrigued if the same
potency enhancement, due to addition of the (S)-5″-methyl group, would apply in
compound 4 as well. It is noteworthy that compound 4 contains two pharmacophores,
(R)-6′-Me and N1-AHB, and was considered the best readthrough inducers among our
entire designer AGs until the current work. To evaluate the impact of the stereochemistry at
C5″-position, we constructed and tested both C5″-diastereomers (S)-11 and (R)-12.
Comparative in vitro suppression tests of the pseudo-trisaccharides 4, (S)-11, (R)-12,
gentamicin and G418 were performed under the same experimental conditions as above and
the observed data are shown in Fig. 4.

From the data in Fig. 4, it can be seen that all the tested compounds induced readthrough in
a dosedependent manner. However, the efficacy of readthrough is substantially different
between different constructs and compounds tested, with no obvious dependence of
readthrough effectiveness on the introduced type of modification on aminoglycoside. The
UGA C tetracodon sequence (R3X) showed the best translational readthrough than UGA A
and UGA G, with the UAG C tetracodon least efficient, in agreement with earlier
observations 9, 17, 21. Nevertheless, in all mutations tested (except Q70X, Fig. 4E)
compound (S)-11 induced the highest level of readthrough among the synthetic derivatives,
and the observed efficacy followed the order (S)-11 ≥ (R)-12 > 4. Thus, the impact of three
pharmacophores in (S)-11 and (R)-12 is significantly greater than that of two
pharmacophores (pharmacophores i + ii) in compound 4. Both (S)-11 and (R)-12 were
drastically more active than gentamicin. The most impressive observation, however, was
that of six different mutations tested, in three of them, including W1282X, G542X and
Q70X, (S)-11 and/or (R)-12 exhibited similar or greater activity than that of G418. To our
knowledge, this is the first demonstration that a synthetic derivative exhibits similar or
greater stop codon readthrough activity than that of G418.

Comparative PTC suppression tests in mammalian cell line
To further evaluate the readthrough potential of compounds (S)-11 and (R)-12, their activity
was assayed in cultured mammalian cells using four different dual luciferase reporter
plasmids harboring the PCDH15-R3X and PCDH15-R245X nonsense mutation of USH1,
and the CFTR-WG542X and CFTR-W1282X nonsense mutation of CF. These reporter
constructs were the same as we used in the in vitro study, and have distinct advantage to
control for differences in mRNA levels between normal and nonsensecontaining sequences
over those of single reporter or direct protein analysis, as previously noted21, 26. The
constructs were transfected into a human embryonic kidney cell line (HEK-293) and
incubated with varying concentrations of (S)-11, (R)-12, 4, gentamicin and G418 (Fig. 5). In
order to ensure suitable cell viability for each of the tested compounds at the concentrations
tested, we determined cell toxicity for each compound by measuring the half-maximal-lethal
concentration value (LC50 values) in HEK-293 cells (Table 1).

In all the mutations tested, the observed efficacy of aminoglycoside-induced readthrough
was in the order G418 ≥ (S)-11 ≥ (R)-12 > 4 > gentamicin (Fig. 5). This trend for (S)-11 and
(R)-12 was similar to that observed for the suppression of the same stop mutations in vitro
(Fig. 4), even though the gap of potency difference between the (S)-11 and (R)-12 was
smaller than the one observed for the suppression of the same mutations in cell-free extracts.
While these data may point to a different cell permeability of (S)-11 and (R)-12, due to the
different stereochemistry at the 5″-methyl group, more experiments are needed to
understand this issue satisfactorily. Nevertheless, the observed similar cell toxicity of the
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compounds (S)-11, (R)-12 and 4 in HEK-293 cells (Table 1), along with substantially
elevated suppression activities of (S)-11 and (R)-12 over that of 4, both in vitro and ex vivo
in cultured cells, indicate that compounds (S)-11 and (R)-12 may represent a superior choice
than compound 4 in suppression therapy.

Compounds 9-12 inhibit prokaryotic protein translation with significantly lower potency
and exhibit markedly reduced bactericidal activity and cell toxicity than those of
gentamicin and G418

In our previous studies,18 we have shown that compounds 3 and 4 are about 30-fold weaker
inhibitors of prokaryotic translation than gentamicin and exhibit almost no bactericidal
activity against both Gram-negative and Gram-positive bacteria. To assess whether the
compounds 9-12 retain similar properties, we conducted comparative translation inhibition
of compounds 3, 4, 9-12, G418 and gentamicin in a prokaryotic system, by using an in vitro
luciferase assay (Table 1). The measured halfmaximal inhibitory concentration (IC50

Pro)
values show that the efficacy with which 9-12 inhibit the prokaryotic ribosome is
significantly lower (high IC50 values) than that of gentamicin and G418. These data are in
accordance with the observed antibacterial data of this set of compounds (Table 1 and Table
S1; note that for clarity part of the data appear in Supporting Information). Thus, while
gentamicin and G418 exhibit excellent antibacterial activities against both Gram-negative
Escherichia coli (R477-100) (Table 1) and Gram-positive Baccilus subtilis (ATCC-6633)
(Table S1 in Supporting Information), compounds 9-12 lack significant antibacterial
activity. The observed data with 9-12 is similar to that observed for 3 and 4, along with for
the entire set of 1-8, and further support the previously reported correlation in
aminoglycosides between prokaryotic antitranslational activity (IC50

Pro) and MIC values:
decreased inhibition of prokaryotic translation is associated with the decrease in antibacterial
activity27.

We have previously reported that compounds 1-8 exhibit significantly reduced cytotoxicity
than that of gentamicin, as measured in a variety of kidney-derived cells.17–19 To assess
whether our novel compounds 9-12 retain similar properties, we determined comparative
cell toxicity of 3, 4, 9-12, G418 and gentamicin in HEK-293 cells (Table 1). All the tested
compounds exhibited lower toxicity than that of gentamicin. Among all aminoglycosides
tested, the aminoglycoside antibiotic, G418, which is known as one of the most cytotoxic
aminoglycoside11, exhibited the lowest LC50 value (1.3 mM). Very similar trend to that in
HEK-293 cells (Table 1) was observed when such comparative cell toxicity was determined
in human foreskin fibroblasts (HFF) cells (Table S1 in Supporting Information).

Comparison of the observed cell toxicity data in Table 1 with the readthrough activity data
in Figs. 3–5, demonstrates that compound 3 that contains only one pharmacophore, (R)-6′-
Me (pharmacophore-ii), exhibits similar to better suppression activity than that of
gentamicin, while its cytotoxicity is about 10-fold lower than that of gentamicin.
Introduction of second pharmacophore on 3, either the N1-AHB (pharmacophore-i) to give 4
(3 → 4), or the (S)-5″-Me (pharmacophore-ii) to give (S)-9 (3 → 9), results in about 4-fold
increase in cytotoxicity of the resulted structures (LC50 values of 5.8 and 5.4 mM for 4 and
(S)-9, and 22.2 mM for 3), with a concomitant drastic increase in the observed stop codon
suppression activity ((S)-9 ≥ 4 > 3). Additional increase in the number of pharmacophores to
three, in compounds (S)-11 and (R)-12 (4 → (S)-11 and 4 → (R)-12), does not affect on the
cytotoxicity (LC50 values of 5.1 and 5.4 mM, for (S)-11 and (R)-12, versus 5.8 for the
compound 4), while it greatly increases the observed stop codon suppression activity of
(S)-11 and (R)-12 compared to that of the compound 4 (Figs. 4 and 5, and Table 1). Thus,
the combined structureactivity- toxicity data clearly indicate that, whereas the gradual
increase in the number of pharmacophores is accompanied with a concomitant significant
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increase in the suppression activity, the cell toxicity trend does not really follow with this
concept.

The increased specificity of AGs towards cytoplasmic ribosome correlates with the
increased PTC suppression activity

The impact of the number of pharmacophores on the elevated readthrough activities of the
designer structures is further supported from the observed eukaryotic antitranslational data
(Table 1). The efficacy with which (S)-11 (IC50

Euk = 0.7 μM) inhibits eukaryotic translation
is greater than that of (S)-9 (IC50

Euk = 1.5 μM) and 3 (IC50
Euk = 17 μM), a similar trend to

that observed for readthrough activity: (S)-11 (contains 3 pharmacophores) > (S)-9 (contains
2 pharmacophores) > 3 (contains 1 pharmacophore) (Figs. 3 and 4). Likewise, (R)-5″-
diasteromers that were in general less active than the corresponding (S)-5″-diasteromers,
also were less specific to the eukaryotic ribosome: (R)-12 (IC50

Euk = 0.9 μM) and (R)-10
(IC50

Euk = 8.0 μM) are 1.2-fold and 5.3-fold less specific than (S)-11 and (S)-9,
respectively. Finally, by plotting the observed IC50

Euk values against the in vitro
readthrough activity data of all the standard and synthetic AGs tested, a close correlation
was observed: increased inhibition of the cytoplasmic protein synthesis is associated with
the increased readthrough activity (Fig. 6 and Table S1). Since the readthrough activity is
dose dependent and is also affected by the various above-mentioned factors, the data in Fig.
6 was collected at a single concentration, 1.4 μM, in which all the compounds were tested
on all six different nonsense constructs used in this study.

As seen from the data in Fig. 6, among the synthetic derivatives, compounds (S)-11, (R)-12
and (S)-9 (IC50

Euk values of 0.7, 0.9 and 1.5 μM, respectively), which exhibited particularly
strong inhibition of the eukaryotic ribosome, were generally strongest readthrough inducers
in all different constructs tested. Following three compounds, including 4, (R)-8 and (S)-7,
with IC50

Euk values of 2.8, 4.6, and 5.2 μM, respectively, induced readthrough with a lesser
potency. Further decrease in eukaryotic inhibition by (R)-10, (S)-5, 3, 2, (R)-6 and 1
(IC50

Euk values of 8, 16, 17, 24, 28, and 31 μM, respectively) was associated with a
decrease in the observed readthrough activity. Thus, the impact of three pharmacophores in
(S)-11 and (R)-12, on the inhibition of eukaryotic ribosome and the subsequent readthrough
activity, is significantly bigger than those by two pharmacophores in (S)-9, 4, (R)-8, (S)-7,
and (R)-10, with preference of (S)-5″-Me over that of (R)-5″-Me. Interestingly, among
different combinations of two pharmacophores, the best combination was (R)-6′-Me with
(S)-5″-Me in the compound (S)-9, while that of (R)-6′-Me with (R)-5″-Me in compound
(R)-10, was the least effective. Very similar trend with respect to (S)-5″-Me and (R)-6′-Me,
was also observed in the compounds with only one pharmacophore, and was in the order
(S)-5 > 3 > 2 > (R)-6. In aggregate, the observed gradual increase in readthrough efficacy
with an increase in the number of pharmacophores on the ligand indicates that these
pharmacophores can operate in an additive manner, and that the structural features of the
ligand play an important role in the proper recognition of mammalian rRNA.

Interestingly, very similar correlation/trend to that of synthetic AGs was also observed for
the standard antibiotics gentamicin, paromomycin and G418, even though these three
antibiotics are structurally significantly different (Fig. 1). G418 and gentamicin belong to a
class of 4, 6-disubstitued 2-deoxystreptamine (2-DOS, ring II) AGs, while paromomycin is
4, 5-disubstituted 2-DOS-containing AG. Furthermore, while both G418 and paromomycin
contain a hydroxyl group at 6′ position of the ribosamine ring (ring I), gentamicin has an
amino group at the same position. Nevertheless, gentamicin and paromomycin that were
very weak inhibitors of the eukaryotic ribosome (IC50

Euk values of 62 and 57 μM,
respectively), also exhibited very poor readthrough activity. And, G418 (IC50

Euk = 2 μM)
that was 30-fold more potent inhibitor than both gentamicin and paromomycin, also was
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very strong readthrough inducer. Thus the observed combined data with standard and
synthetic AGs broadly demonstrate that a general feature of AGs with PTC suppression
properties has the ability to inhibit eukaryotic cytoplasmic protein synthesis, and that the
increased specificity towards cytoplasmic ribosome correlates with the increased PTC
suppression activity.

Finally, we note that the observed correlation between the PTC suppression activity and
inhibition of cytoplasmic ribosome in Fig. 6 encompasses compounds that inhibit translation
through the same mechanism, namely by interference with the fidelity of decoding. This
because, we have previously reported8 that the compound NB33 (two pieces of paromamine,
ring I and ring II of paromomycin, are connected by methylene bridge at 3′ position) is a
strong inhibitor of the eukaryotic translation (IC50

Euk=2.4 μM), but lacks readthrough
activity. This lack of readthrough by NB33 was explained by its different mechanism of
translation inhibition: NB33 binds to the H. sapiens 18S cytoplasmic A site rRNA and
selectively stabilizes a “non-decoding” conformational state, therefore, it does not interfere
with the decoding process and subsequently lacks readthrough activity.8 Collectively, the
observed data suggests that the compounds studied here might induce readthrough by
selectively stabilizing a “decoding” conformation of the rRNA. Recent 3D-structure of
G418 complexed to the protozoal 16S cytoplasmic A site construct28 supports this
suggestion: G418 selectively stabilizes a “decoding” conformation, mainly because the
pseudo pair contact between the 6′-OH of G418 and the N2-H of guanine at position 1408.
Although the similar pseudo pair interactions are also expected for the entire 1-12
possessing 6′-OH, the secondary structure of H. sapiens 18S and protozoal 16S A sites are
yet significantly different29, and the molecular mechanism of readthrough should await until
the crystal structure of an eukaryotic ribosome30 in complex with a readthrough-inducing
AG is available.

The newly designed structures (S)-11 and (R)-12 are more selective towards the eukaryotic
than prokaryotic ribosome and thus show “reversed” selectivity in comparison to
standard AG antibiotics

The comparative translation inhibition data in Table 1 show that gentamicin and
paromomycin are 2,214-fold and 1,118-fold more selective towards the prokaryotic versus
the eukaryotic ribosome. However, the difference in selectivity by G418 is only 225-fold.
This order of magnitude drop in selectivity is mainly due to G418’s efficient inhibition of
eukaryotic translation (IC50

Euk=2 μM). Thus, one could consider this as the main reason for
both extraordinary features of G418: its high cytotoxicity and its very strong readthrough
activity. The results in Table 1, however, suggest that while the elevated inhibition of
eukaryotic translation does indeed promote its strong readthrough activity, the inhibition of
eukaryotic translation is not the only toxic event of G418. Indeed, three out of the four new
structures, including (S)-9, (S)-11 and (R)-12, are similar or greater inhibitors of eukaryotic
translation, while at the same time being significantly less toxic than G418. The notable
decrease in the IC50

Euk/IC50
Pro ratio of compounds 1-12 relative to the reference AGs

further demonstrates that the systematic development of a comprehensive pharmacophore
and its installation on scaffold 1 could gradually increase the specificity of the developed
lead to the cytoplasmic ribosome while decreasing its specificity to the prokaryotic
ribosome; up till the synthesis of (S)-11 and (R)-12 derivatives, wherein all the
pharmacophores are implemented, which instead exhibit “reversed” selectivity towards the
eukaryotic versus the prokaryotic ribosome. To our knowledge, (S)-11 and (R)-12 represent
the first examples of synthetic AGs that show such high eukaryotic versus prokaryotic
selectivity, while in parallel exhibit strong PTC suppression activity.

Kandasamy et al. Page 8

J Med Chem. Author manuscript; available in PMC 2013 December 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Decreased specificity of the entire set of designer AGs 1-12 towards mitochondrial
ribosome confers to the lowered cytotoxicity

As mentioned above in the introduction section, high similarity between the bacterial and
mitochondrial ribosome A sites may be connected at least partially to the AGs-induced
cytotoxicity 13. Therefore, the observed continuous inability of our previous leads, 1-8,
along with the current 9-12, to show significant antibacterial activity, in conjunction with
their decreased prokaryotic ribosome specificity (Table 1), suggested that by reducing the
specificity of 1-12 to the prokaryotic ribosome we might reduce their action on the
mitochondrial ribosome and subsequently reduce their toxicity on humans. The observed
significantly reduced cytotoxicity of compounds 1-12 in comparison to those of the standard
AGs (Table 1) supported this indication. In addition, it has recently been shown that the high
toxicity of oxazolidinone class of antibiotics is associated with their ability to strongly
inhibit mitochondrial protein synthesis14. These antibiotics’ mode of action is similar to
AGs as they bind to the bacterial ribosome and inhibit protein translation. Based on these
observations, and our attempts to further assess the veracity of the hypothesis in connection
to AGs, we examined the direct impact of AGs on mitochondrial protein synthesis. Since an
in vitro luciferase assay analogous to the bacterial and cytoplasmic systems is not available
for mitoribosomes, we used a radioactive assay14, 31 in which the translation levels of
endogenous polypeptides were measured in intact mitochondria isolated from HeLa cells
(Fig. 7, Table 1 and Fig. S1).

As a representative example, the data in Fig. 7 shows the comparative effects of the standard
AG, G418, and the designer structures 3 and (R)-10 on mitochondrial protein synthesis.
Dose-dependent inhibition of mitochondrial protein synthesis was observed, and the
observed data was consistent whether the protein levels were quantified by densitometry
(COX1 protein levels on SDS-PAGE, panel-A in Fig. 7) or by direct scintillation counting
of the radiolabeled proteins after acidprecipitation (panel-B in Fig. 7, for more details see
Experimental Section). Furthermore, to ensure the accuracy of the observed data, we used
chloramphenicol as a control in all our experiments. The measured half-maximal inhibitory
value (IC50

Mito) of chloramphenicol in our study (IC50
Mito = 7.4 ± 0.8 μM, Fig. S1 in

Supporting Information) was essentially the same to that reported (IC50
Mito = 9.8 ± 0.8 μM)

in the original procedure.14, 31

The measured IC50
Mito values (Table 1) show that all the tested compounds inhibit

translation in mitochondria. The antibiotic G418 is the most potent inhibitor of the
mitoribosome (IC50

Mito = 13.1 μM) followed by gentamicin (IC50
Mito = 25.8 μM), and that

the entire synthetic library 1-12 exhibit a roughly 12- to 140-fold reduced inhibition relative
to that of G418.

We note that, by assessment of the relative hair cell toxicity potential in ex vivo cultures of
cochlear explants, we have previously reported that compound 2, in addition to its
significantly reduced cell toxicity (Table 1), also exhibits substantially reduced ototoxicity
potential, relative to those of gentamicin17. Here we show that compound 2 (IC50

Mito = 492
μM) exhibits 19-fold reduced inhibition of mitoribosome relative to that of gentamicin
(Table 1). This data therefore suggests that the inhibition of mitoribosome by compound 2,
in addition to its cell toxicity is probably, at least in part, also responsible for its reduced
ototoxicity potential. Interestingly, as shown in Table 1, the new structures 9-12 exhibit very
similar or lower inhibition potency for mitoribosome relative to that of compound 2,
suggesting on the probability of their reduced ototoxicity potential. This suggestion is in
agreement with the recently reported data on the AG apramycin15 in cochlear explants and
in the in vivo guinea pig model of ototoxicity; apramycin caused little hair cell damage and
hearing lose, while in parallel, it exhibited significantly reduced inhibition of mitochondrial
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protein synthesis than gentamicin. Nevertheless, it is clear that further structure-toxicity
studies are required to understand whether the direct correlation between the cytotoxicity
and ototoxicity of AGs can be made. These studies are currently underway and will be
reported in due course.

SUMMARY AND CONCLUSION
The results of this study show that the newly developed AGs, 9-12, exhibit both appreciably
higher PTC suppression efficiency and lower cytotoxicity than those of the clinical drug
gentamicin. Furthermore, the data also show that compound (S)-11 exhibits similar activity
to that of G418, while its cell toxicity is significantly lower than those of gentamicin and
G418. Based on these findings, compound (S)-11 can be considered the best AG for the
potential use in suppression therapy.

The most compelling evidence for the superior PTC suppression efficiency of compound
(S)-11 over that of its parent compound 4 and gentamicin was demonstrated in vitro on six
different DNA fragments derived from the mutant CFTR, PCDH15, IDUA and dystrophin
genes carrying nonsense mutations and representing the underlying causes for the genetic
diseases CF, USH1, HS and DMD, respectively (Fig. 4). Analogous advantage of (S)-11
was also demonstrated ex vivo in cultured cell lines (Fig. 5). Importantly, the comparative in
vitro and ex vivo PTC suppression study also demonstrated the ability of (S)-11 to show
comparable activity to that of G418. This was demonstrated in vitro in three different
constructs, and was further verified in four different constructs ex vivo. Consistent with our
previous findings, the data observed here has also established that the joint presence of three
different pharmacophores in (S)-11 (Fig. 2), including N1-AHB, (pharmacophore-i), (R)-6′-
Me (pharmacophore-ii) and (S)-5″-Me (pharmacophore-iii), contributes to its particularly
enhanced readthrough efficiency. Here we show that (S)-11 inhibits eukaryotic protein
translation by 88-fold and ~3-fold stronger than gentamicin and G418, suggesting that the
enhanced readthrough activity of (S)-11 is probably due to its correspondingly enhanced
interaction with the cytoplasmic ribosome (Table 1). The observed correlation between the
IC50

Euk values and the in vitro readthrough activity data, broadly showing that the increased
inhibition of the cytoplasmic protein synthesis is associated with the increased readthrough
activity (Fig. 6), supports this suggestion.

The observed data on the eukaryotic translation inhibition (Table 1) in conjunction with the
cytotoxicity data (Table 1) indicated that the strong inhibition of eukaryotic translation is not
the only toxic event of G418, and that other effect(s) of G418 on the mammalian cells is
critical to its extraordinarily high cytotoxicity. Here we show that G418 is the most potent
inhibitor of the human mitochondrial ribosome; compound (S)-11 is 38-fold less inhibitory,
and the entire synthetic library 1-12 exhibit a roughly 12- to 140-fold reduced inhibition of
mitochondrial ribosome relative to that of G418. The combined data thus suggest that the
strong inhibition of both cytoplasmic and mitochondrial ribosomes confers on G418 its
exceptionally high cytotoxicity, and that the reduced cytotoxicity of the entire 1-12 set of
derivatives is mainly achieved through their reduced inhibition of the mitoribosome.

In conclusion, the results presented here provide proof of principle that, by using structure-
based design, antibacterial activity and toxicity of AGs can be dissected from their PTC
suppression activity. The data further indicate that the increased specificity towards
cytoplasmic ribosome correlates with the increased PTC suppression activity, and that the
decreased specificity towards mitochondrial ribosome confers to the lowered cytotoxicity.
We have recently demonstrated the ability of some of our developed lead compounds to
partially restore protein function in various clinically relevant cellular and animal models of
genetic diseases caused by nonsense mutations: compound 2 in cellular and animal models
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of CF32, and cellular models of Rett syndrome33, 34; compounds 1 and 2 in cellular in vivo
models of USH117, 35, 36; compound 4 in cellular and animal models of HS37. These
observations, together with the relatively low toxicity and high degree of potency of the new
generation structures 9-12 in targeting all six different nonsense constructs underlying
USH1, CF, DMD and HS, support the feasibility of testing these novel AGs in treating these
diseases in animal and human subjects. Finally, this study provides a new strategy for the
development of novel AG-based structures by means of optimizing drug-induced
suppression efficacy and toxicity; further progress in this direction may offer promise for the
treatment of many genetic diseases caused by nonsense mutations.

EXPERIMENTAL SECTION
General methods

1D and 2D NMR spectra were routinely recorded on a Bruker Avance™ 500 spectrometer.
Mass spectra analysis were obtained either on a Bruker Daltonix Apex 3 mass spectrometer
under electron spray ionization (ESI), or by a TSQ-70B mass spectrometer (Finnigan Mat).
Reactions were monitored by TLC on Silica Gel 60 F254 (0.25 mm, Merck), and spots were
visualized by charring with a yellow solution containing (NH4)Mo7O24·4H2O (120 g) and
(NH4)2Ce(NO3)6 (5 g) in 10% H2SO4 (800 mL). Column chromatography was performed
on a Silica Gel 60 (70–230 mesh). All reactions were carried out under an argon atmosphere
with anhydrous solvents, unless otherwise noted. All chemicals and biochemicals, unless
otherwise stated, were obtained from commercial sources. G418 (geneticin), paromomycin
and gentamicin were purchased from Sigma. In all biological tests, all the tested
aminoglycosides were in their sulfate salt forms [Mw (gr/mol) of the sulfate salts were as
follow: gentamicin – 653.2; G418 – 692.7; comp. 1 – 563.0; comp. 2 – 652.8; comp. 3 –
564.3; comp. 4 - 695.5; comp. (S)-5 – 577.7; comp. (R)-6 – 615.7; comp. (S)-7 – 719.5;
comp. (R)-8 – 726.2; comp. (S)-9 – 605.9; comp. (R)-10 – 619.6; comp. (S)-11 – 730.2;
comp. (R)-12 – 730.5]. Purity of the new compounds 9-12 was determined by using HPLC-
ESI-MS analysis, which indicated 99.54% ((S)-9), 99.21% ((R)-10), 95.21% ((S)-11) and
97.30% ((R)-10) purity (see Supporting Information).

6′-(R)-Methyl-5-O-(5-azido-5,6-dideoxy-2,3-O-dibenzoyl-α-L-talofuranosyl)-3′,4′,
6′,6-tetra- O-acetyl-2′,1,3-triazido paromamine, (S)-17—Anhydrous CH2Cl2 (15mL)
was added to a powdered, flame-dried 4 Å molecular sieves (2.0 g), followed by the addition
acceptor 1318 (0.9 g, 0.0015 mol) and donor (S)-1519 (2.0 g, 0.0037 mol). The reaction
mixture was stirred for 10 min at room temperature and was then cooled to −20°C. A
catalytic amount of BF3-Et2O (0.1 ml) was added and the mixture was stirred at −15°C and
the reaction progress was monitored by TLC, which indicated the completion after 120 min.
The reaction mixture was diluted with ethyl acetate and washed with saturated NaHCO3 and
brine. The combined organic layer was dried over MgSO4, evaporated and subjected to
column chromatography (EtOAc/Hexane) to obtain the titled compound (S)-17 (1.1 g) in
75% yield.1HNMR (500 MHz, CDCl3): “Ring I” δH 1.27 (d, 3H, J = 6.0 Hz, CH3), 3.58
(dd, 1H, J1 = 5.5, J2 = 10.5 Hz, H-2′), 4.45 (d, 1H, J = 10.7 Hz, H-5′), 4.96–5.02 (m, 2H,
H-4′ and H-6′), 5.42 (t, 1H, J = 9.6 Hz, H-3′), 5.95 (d, 1H, J = 3.7 Hz, H-1′); “Ring II” δH
1.51 (ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 2.41 (td, 1H, J1 = 4.5, J2 = 12.5 Hz, H-2eq), 3.55
(m, 2H, H-1 and H-3), 3.76 (t, 1H, J = 9.4 Hz, H-4), 3.88 (t, 1H, J = 9.0 Hz, H-5), 5.03 (t,
1H, J = 9.1 Hz, H-6); “Ring III” δH 1.27 (d, 3H, J = 5.6 Hz, CH3), 3.76 (m, 1H, H-5″), 4.35
(dd, 1H, J1 = 6.9, J2 = 10.9 Hz, H-4″), 5.45 (t, 1H, J = 5.5 Hz, H-3″), 5.62 (m, 2H, H-2″
and H-1″). The additional peaks in the spectrum were identified as follows: δH 2.08 (s, 3H,
OAc), 2.09 (s, 6H, OAc), 2.38 (s, 3H, OAc), 7.37 (t, 2H, J = 7.8 Hz, Ar), 7.41 (t, 2H, J = 7.8
Hz, Ar), 7.53–7.60 (m, 2H, Ar), 7.89 (d, 2H, J = 8.0 Hz, Ar), 7.93 (d, 2H, J = 8.2 Hz,
Ar). 13CNMR (125 MHz, CDCl3): δC 13.3 (C-7′), 15.4 (C-6″), 20.6 (2C, OAc), 20.9
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( OAc), 21.1 (OAc), 32.1 (C-2), 58.4, 58.8, 59.5, 61.7, 68.5, 69.0, 70.1, 70.8. 71.8, 73.6,
74.6, 77.3, 79.6, 84.4, 96.0 (C-1′), 107.6 (C-1″), 128.4 (Ar), 128.5 (Ar), 128.6 (Ar), 128.7
(Ar), 129.6 (Ar), 129.7 (Ar), 133.5 (Ar), 133.6 (Ar), 164.9 (C=O), 165.3 (C=O), 169.7
(C=O), 169.9 (C=O), 170.1 (C=O), 170.2 (C=O). MALDI TOFMS calculated for
C41H46N12O16 Na ([M+Na]+) m/e: 985.3; measured m/e: 985.4.

6′-(R)-Methyl-5-O-(5-azido-5,6-dideoxy-2,3-O-dibenzoyl-β-D-allofuranosyl)-3′,4′,
6′,6-tetra- O-acetyl- 2′,1,3-triazido paromamine, (R)-18—Anhydrous CH2Cl2
(15mL) was added to a powdered, flame-dried 4 Å molecular sieves (2.0 g), followed by the
addition acceptor 1318 (1.0 g, 0.0017 mol) and donor (R)-1619 (2.2 g, 0.004 mol). The
reaction mixture was stirred for 10 min at room temperature and was then cooled to −20°C.
A catalytic amount of BF3-Et2O (0.1 ml) was added and the mixture was stirred at −15 °C
and the reaction progress was monitored by TLC, which indicated the completion after 120
min. The reaction mixture was diluted with ethyl acetate and washed with saturated
NaHCO3 and brine. The combined organic layer was dried over MgSO4, evaporated and
subjected to column chromatography (EtOAc/Hexane) to obtain the titled compound (R)-18
(1.2 g) in 75% yield. 1HNMR (500 MHz, CDCl3): “Ring I” δH 1.28 (d, 3H, J = 6.7 Hz,
CH3), 3.46 (dd, 1H, J1 = 4.5, J2 = 10.4 Hz, H-2′), 4.47 (d, 1H, J = 10.7 Hz, H-5′), 4.96–5.02
(m, 2H, H-4′ and H-6′), 5.44 (t, 1H, J = 9.6 Hz, H-3′), 5.93 (d, 1H, J = 3.3 Hz, H-1′);
“Ring II” δH 1.50 (ddd, 1H, J1=J2=J3=12.5 Hz, H-2ax), 2.41 (td, 1H, J1=4.5 and J2= 12.5
Hz, H-2eq), 3.56 (m, 2H, H-1 and H-3), 3.76 (t, 1H, J= 10.0 Hz, H-4), 3.92 (t, 1H, J = 9.5
Hz, H-5), 5.04 (t, 1H, J = 9.6 Hz, H-6); “Ring III” δH 1.42 (d, 3H, J = 6.9 Hz, CH3), 3.78
(m, 1H, H-5″), 4.40 (t, 1H, J = 4.6 Hz, H-4″), 5.50 (t, 1H, J = 5.0 Hz, H-3″), 5.59 (t, 1H, J
= 3.7 Hz, H-2″), 5.64 (s, 1H, H-1″). The additional peaks in the spectrum were identified as
follows: δH 2.09 (s, 9H, OAc), 2.33 (s, 3H, OAc), 7.37–7.41 (m, 4H, Ar), 7.56 (m, 2H, Ar),
7.92 (d, 4H, J= 8.0 Hz Ar). 13CNMR (125 MHz, CDCl3): δH 13.3 (C-7′), 15.0 (C-6″), 20.6
(OAc), 20.7 (OAc), 20.8 (OAc), 21.2 (OAc), 32.1 (C-2), 58.1, 58.2, 58.8, 61.5, 68.9, 70.2,
70.6, 71.4, 73.8, 74.6, 77.0, 77.1, 79.4, 83.9, 96.1 (C-1′), 107.0 (C-1″), 128.4 (2C, Ar),
128.7 (2C, Ar), 129.6 (2C, Ar), 133.5 (Ar), 133.6 (Ar), 164.9 (C=O), 165.4 (C=O), 169.8
(C=O), 169.9 (2C, C=O), 170.1 (C=O). MALDI TOFMS calculated for C41H46N12O16Na
([M+Na]+) m/e: 985.3; measured m/e: 985.4.

6′-(R)-Methyl-5-O-(5-azido-5,6-dideoxy-2,3-O-dibenzoyl-α-L-talofuranosyl)-3′,4′,
6′,6-tetra- O-acetyl-2′,3-diazido-1-N-[(S)-4-azido-2-O-acetyl-
butanoyl]paromamine, (S)-19—Anhydrous CH2Cl2 (15mL) was added to a powdered,
flame-dried 4 Å molecular sieves (2.0 g), followed by the addition acceptor 1418 (1.0 g,
0.0014 mol) and donor (S)-1519 (2.5 g, 0.0046 mol). The reaction mixture was stirred for 10
min at room temperature and was then cooled to −20°C. A catalytic amount of BF3-Et2O
(0.1 ml) was added and the mixture was stirred at −15 °C and the reaction progress was
monitored by TLC, which indicated the completion after 60 min. The reaction mixture was
diluted with ethyl acetate and washed with saturated NaHCO3 and brine. The combined
organic layer was dried over MgSO4, evaporated and subjected to column chromatography
(EtOAc/Hexane) to obtain the titled compound (S)-19 (1.1 g) in 73% yield. 1HNMR (500
MHz, CDCl3): 1HNMR (500 MHz, CDCl3): “Ring I” δH 1.27 (d, 3H, J = 5.2 Hz, CH3),
3.54 (dd, 1H, J1 = 4.3, J2 = 10.5 Hz, H-2′), 4.45 (dd, 1H, J1 = 1.8, J2 = 10.6 Hz, H-5′),
4.96–5.02 (m, 2H, H-4′ and H-6′), 5.43 (t, 1H, J = 9.4 Hz, H-3′), 5.94 (d, 1H, J = 3.7 Hz,
H-1′); “Ring II” δH 1.44 (ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 2.52 (td, 1H, J1 = 4.5, J2 =
12.5 Hz, H-2eq), 3.60 (m, 1H, H-3), 3.66 (t, 1H, J = 4.5 Hz, H-4), 3.99 (t, 1H, J = 6.4 Hz,
H-5), 4.05 (m, 1H, H-1), 4.94 (t, 1H, J = 9.2 Hz, H-6); “Ring III” δH 1.32 (d, 3H, J = 6.9
Hz, CH3), 3.72 (m, 1H, H-5″), 4.32 (dd, 1H, J1 = 5.85, J2 = 8.0 Hz, H-4″), 5.55 (dd, 1H, J1
= 4.7, J2 = 7.4 Hz, H-3″), 5.65 (m, 2H, H-2″ and H-1″). The additional peaks in the
spectrum were identified as follows: δH 2.04–2.10 (m, 2H, H-8 and H-8), 2.11 (m, 9H,
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OAc), 2.22 (s, 3H, OAc), 2.30 (s, 3H, OAc), 3.37 (t, 2H, J = 6.8 Hz, H-9 and H-9), 5.20 (t,
1H, J = 4.85 Hz, H-7), 6.70 (d, 1H, J = 7.5 Hz, NH), 7.35 (t, 2H, J = 7.6 Hz, Ar), 7.43 (t, 2H,
J = 7.8 Hz, Ar), 7.53–7.61 (m, 2H, Ar), 7.86 (dd, 2H, J1 = 1.1, J2 = 8.2 Hz, Ar), 7.95 (dd,
2H, J1 = 1.2, J2 = 8.2 Hz, Ar). 13CNMR (125 MHz, CDCl3): δC 13.5 (C-7′), 15.5 (C-6″),
20.6 (3C, OAc), 20.9 (OAc), 21.1 (OAc), 30.4, 32.2 (C-1), 47.0, 48.4, 58.6, 58.7, 61.6, 68.6,
69.0, 70.3, 70.8 (2C), 71.4, 73.1, 74.7, 77.5, 79.8, 83.6, 96.3 (C-1′), 107.4 (C-1″), 128.4
(Ar), 128.5 ( Ar), 128.7 (2C, Ar), 129.6 (Ar), 129.7 (Ar), 133.5 (Ar), 133.6 (Ar), 165.0
(C=O), 165.2 (C=O), 168.8 (C=O), 169.7 (2C, C=O), 169.9 (C=O), 170.0 (C=O), 172.4
(C=O). MALDI TOFMS calculated for C47H55N13O19 Na ([M+Na]+) m/e: 1128.4;
measured m/e: 1128.2.

6′-(R)-Methyl-5-O-(5-azido-5,6-dideoxy-2,3-O-dibenzoyl-β-D-allofuranosyl)-3′,4′,
6′,6-tetra- O-acetyl-2′,3-diazido-1-N-[(S)-4-azido-2-O-acetyl-
butanoyl]paromamine, (R)-20—Anhydrous CH2Cl2 (15mL) was added to a powdered,
flame-dried 4 Å molecular sieves (2.0 g), followed by the addition acceptor 1418 (1.0 g,
0.0014 mol) and donor (R)-1619 (2.5 g, 0.0046 mol). The reaction mixture was stirred for 10
min at room temperature and was then cooled to −20°C. A catalytic amount of BF3-Et2O
(0.1 ml) was added and the mixture was stirred at −15 °C and the reaction progress was
monitored by TLC, which indicated the completion after 90 min. The reaction mixture was
diluted with ethyl acetate and washed with saturated NaHCO3 and brine. The combined
organic layer was dried over MgSO4, evaporated and subjected to column chromatography
(EtOAc/Hexane) to obtain the titled compound (R)-20 (1.15 g) in 76% yield. 1HNMR (500
MHz, CDCl3): 1HNMR (500 MHz, CDCl3): 1HNMR (500 MHz, CDCl3): “Ring I” δH 1.28
(d, 3H, J = 6.6 Hz, CH3), 3.43 (dd, 1H, J1 = 4.3, J2 = 10.6 Hz, H-2′), 4.49 (dd, 1H, J1 = 2.2,
J2 = 10.7 Hz, H-5′), 4.96–5.02 (m, 2H, H-4′ and H-6′), 5.45 (t, 1H, J = 10.6 Hz, H-3′), 5.92
(d, 1H, J = 3.7 Hz, H-1′); “Ring II” δH 1.42 (ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 2.52 (td,
1H, J1 = 4.5, J2 = 12.5 Hz, H-2eq), 3.64 (m, 1H, H-3), 3.76 (t, 1H, J = 4.5 Hz, H-4), 4.05 (m,
2H, H-1 and H-5), 4.93 (t, 1H, J = 10.0 Hz, H-6); “Ring III” δH 1.39 (d, 3H, J = 6.4 Hz,
CH3), 3.85 (m, 1H, H-5″), 4.36 (dd, 1H, J1 = 4.3, J2 = 6.3 Hz, H-4″), 5.63 (m, 2H, H-2″
and H-3″), 5.67 (s, 1H, H-1″). The additional peaks in the spectrum were identified as
follows: δH 2.04–2.10 (m, 2H, H-8 and H-8), 2.08 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.10 (s,
3H, OAc), 2.21 (s, 3H, OAc), 2.25 (s, 3H, OAc), 3.37 (t, 2H, J = 6.7 Hz, H-9 and H-9), 5.18
(t, 1H, J = 5.0 Hz, H-7), 6.66 (d, 1H, J = 7.5 Hz, NH), 7.38–7.42 (m, 4H, Ar), 7.53–7.59 (m,
2H, Ar), 7.89–7.92 (m, 4H, Ar). 13CNMR (125 MHz, CDCl3): δC 13.5 (C-7′), 15.2 (C-6″),
20.6 (3C, OAc), 20.8 (OAc), 21.1 (OAc), 30.4, 32.4 (C-1), 47.0, 48.4, 58.1, 58.7, 61.4, 68.6,
69.0, 70.3, 70.5, 70.8, 70.9, 73.4, 74.8, 77.2, 79.6, 83.3, 96.3 (C-1′), 106.9 (C-1″), 128.4
(2C, Ar), 128.7 (2C, Ar), 129.5 (Ar), 129.6 (Ar), 133.5 (2C, Ar), 164.9 (C=O), 165.2 (C=O),
168.8 (C=O), 169.7 (2C, C=O), 169.9 (C=O), 170.0 (C=O), 172.3 (C=O). MALDI TOFMS
calculated for C47H55N13O19 Na ([M+Na]+) m/e: 1128.4; measured m/e: 1128.4.

6′-(R)-Methyl-5-O-(5-amino-5,6-dideoxy-α-L-talofuranosyl)-paromamine, (S)-9
—The glycosylation product (S)-17 (1.0 g, 0.001 mol) was treated with a solution of
MeNH2 (33% solution in EtOH, 50 mL) and the reaction progress was monitored by TLC
(EtOAc/MeOH 85:15), which indicated completion after 8 hours. The reaction mixture was
evaporated to dryness and the residue was dissolved in a mixture of THF (5 mL) and
aqueous NaOH (1 mM, 5.0 mL). The mixture was stirred at room temperature for 10
minutes, after which PMe3 (1 M solution in THF, 5.0 mL, 5.0 mmol) was added. The
reaction progress was monitored by TLC [CH2Cl2/MeOH/H2O/MeNH2 (33% solution in
EtOH) 10:15:6:15], which indicated completion after 1 hour. The product was purified by
column chromatography on a short column of silica gel. The column was washed with the
following solvents: THF (800 mL), CH2Cl2 (800 mL), EtOH (200 mL), and MeOH (400
mL). The product was then eluted with a mixture of 20% MeNH2 (33% solution in EtOH) in
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80% MeOH. Fractions containing the product were combined and evaporated to dryness.
The residue was re-dissolved in a small volume of water and evaporated again (2–3 repeats)
to afford the free amine form of 3. The analytically pure product was obtained by passing
the above product through a short column of Amberlite CG50 (NH4

+ form). The column
was first washed with a mixture of MeOH/H2O (3:2), then the product was eluted with a
mixture of MeOH/H2O/NH4OH (80:10:10) to afford compound (S)-9 (0.400 g, 79% yield).
For the storage and biological tests, compound was converted to its sulfate salt form: the
free base was dissolved in water, the pH was adjusted around 7.0 with H2SO4 (0.1 N) and
lyophilized. 1HNMR (500 MHz, CD3OD): 1HNMR (500 MHz, CD3OD): “Ring I” δH 1.21
(d, 3H, J = 5.8 Hz, CH3), 2.61 (dd, 1H, J1 = 3.5, J2 = 10.0 Hz, H-2′), 3.22 (t, 1H, J = 10.0
Hz, H-4′), 3.51 (t, 1H, J = 8.9 Hz, H-3′), 3.81 (dd, 1H, J1 = 3.0, J2 = 10.0 Hz, H-5′), 4.12
(m, 1H, H-6′), 5.20 (d, 1H, J = 3.3 Hz, H-1′); “Ring II” δH 1.18 (ddd, 1H, J1=J2=J3= 12.5
Hz, H-2ax), 1.98 (td, 1H, J1 = 4.5, J2 = 12.5 Hz, H-2eq), 2.63 (m, 1H, H-1), 2.79 (m, 1H,
H-3), 3.19 (t, 1H, J = 9.7 Hz, H-6), 3.38 (t, 1H, J = 9.3 Hz, H-4), 3.48 (t, 1H, J = 9.2 Hz,
H-5); “Ring III” δH 1.18 (d, 3H, J = 6.3 Hz, CH3), 2.95 (m, 1H, H-5″), 3.57 (t, 1H, J =6.4
Hz, H-4″), 4.03 (t, 1H, J = 5.6 Hz, H-3″), 4.07 (m, 1H, H-2″), 5.25 (d, 1H, J = 2.5 Hz,
H-1″). 13CNMR (125 MHz, CD3OD): δC 16.9 (C-7′), 19.3 (C-6″), 37.5 (C-1), 50.6, 52.3,
52.6, 57.8, 67.8, 72.2, 73.6, 75.5, 76.2, 76.7, 78.6, 84.6, 87.3, 88.6, 101.9 (C-1′), 109.6
(C-1″). MALDI TOFMS calculated for C19H39N4O10 ([M+H]+) m/e: 483.3; measured m/e:
483.2.

6′-(R)-Methyl-5-O-(5-amino-5,6-dideoxy-β-D-allofuranosyl)-paromamine, (R)-10
—The glycosylation product (R)-18 (1.0 g, 0.001 mol) was treated with a solution of
MeNH2 (33% solution in EtOH, 50 mL) and the reaction progress was monitored by TLC
(EtOAc/MeOH 85:15), which indicated completion after 8 hours. The reaction mixture was
evaporated to dryness and the residue was dissolved in a mixture of THF (5 mL) and
aqueous NaOH (1 mM, 5.0 mL). The mixture was stirred at room temperature for 10
minutes, after which PMe3 (1 M solution in THF, 5.0 mL, 5.0 mmol) was added. The
reaction progress was monitored by TLC [CH2Cl2/MeOH/H2O/MeNH2 (33% solution in
EtOH) 10:15:6:15], which indicated completion after 1 hour. The product was purified by
column chromatography on a short column of silica gel. The column was washed with the
following solvents: THF (800 mL), CH2Cl2 (800 mL), EtOH (200 mL), and MeOH (400
mL). The product was then eluted with a mixture of 20% MeNH2 (33% solution in EtOH) in
80% MeOH. Fractions containing the product were combined and evaporated to dryness.
The residue was re-dissolved in a small volume of water and evaporated again (2–3 repeats)
to afford the free amine form of 4. The analytically pure product was obtained by passing
the above product through a short column of Amberlite CG50 (NH4

+ form). The column
was first washed with a mixture of MeOH/H2O (3:2), then the product was eluted with a
mixture of MeOH/H2O/NH4OH (80:10:10) to afford compound (R)-10 (0.398 g, 79%
yield). For the storage and biological tests, compound was converted to its sulfate salt form:
the free base was dissolved in water, the pH was adjusted around 7.0 with H2SO4 (0.1 N)
and lyophilized. 1HNMR (500 MHz, CD3OD): “Ring I” δH 1.22 (d, 3H, J = 5.8 Hz, CH3),
2.61 (dd, 1H, J1 = 2.5, J2 = 9.6 Hz, H-2′), 3.22 (t, 1H, J = 9.8 Hz, H-4′), 3.50 (t, 1H, J = 9.9
Hz, H-3′), 3.83 (dd, 1H, J1 = 3.0, J2 = 10.1 Hz, H-5′), 4.12 (m, 1H, H-6′), 5.20 (d, 1H, J =
3.3 Hz, H-1′); “Ring II” δH 1.21 (ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 1.98 (td, 1H, J1 =
4.5, J2 = 12.5 Hz, H-2eq), 2.65 (m, 1H, H-1), 2.78 (m, 1H, H-3), 3.18 (t, 1H, J = 9.3 Hz,
H-6), 3.38 (t, 1H, J = 9.1 Hz, H-4), 3.46 (t, 1H, J = 9.2 Hz, H-5); “Ring III” δH 1.17 (d, 3H,
J = 6.4 Hz, CH3), 3.10 (m, 1H, H-5″), 3.71 (t, 1H, J =5.0 Hz, H-4″), 4.06 (t, 1H, J = 5.6 Hz,
H-2″), 4.16 (t, 1H, J = 3.0 Hz, H-3″), 5.20 (d, 1H, J = 3.0 Hz, H-1″). 13CNMR (125 MHz,
CD3OD): δC 16.6 (C-7′), 18.7 (C-6″), 37.6 (C-1), 49.5, 52.2, 52.5, 57.8, 67.8, 70.8, 73.6,
75.4, 76.1, 76.7, 78.4, 84.7, 87.5, 88.0, 101.9 (C-1′), 109.6 (C-1″). MALDI TOFMS
calculated for C19H39N4O10 ([M+H]+) m/e: 483.3; measured m/e: 483.2.
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6′-(R)-Methyl-5-O-(5-amino-5,6-dideoxy-α-L-talofuranosyl)-1-N-[(S)-4-amino-2-
hydroxybutanoyl] paromamine, (S)-11—The glycosylation product (S)-19 (1.05 g,
0.001 mol) was treated with a solution of MeNH2 (33% solution in EtOH, 50 mL) and the
reaction progress was monitored by TLC (EtOAc/MeOH 85:15), which indicated
completion after 8 hours. The reaction mixture was evaporated to dryness and the residue
was dissolved in a mixture of THF (5 mL) and aqueous NaOH (1 mM, 5.0 mL). The mixture
was stirred at room temperature for 10 minutes, after which PMe3 (1 M solution in THF, 5.0
mL, 5.0 mmol) was added. The reaction progress was monitored by TLC [CH2Cl2/MeOH/
H2O/MeNH2 (33% solution in EtOH) 10:15:6:15], which indicated completion after 1 hour.
The product was purified by column chromatography on a short column of silica gel. The
column was washed with the following solvents: THF (800 mL), CH2Cl2 (800 mL), EtOH
(200 mL), and MeOH (400 mL). The product was then eluted with a mixture of 20%
MeNH2 (33% solution in EtOH) in 80% MeOH. Fractions containing the product were
combined and evaporated to dryness. The residue was re-dissolved in a small volume of
water and evaporated again (2–3 repeats) to afford the free amine form of 5. The analytically
pure product was obtained by passing the above product through a short column of
Amberlite CG50 (NH4

+ form). The column was first washed with a mixture of MeOH/H2O
(3:2), then the product was eluted with a mixture of MeOH/H2O/NH4OH (80:10:10) to
afford compound (S)-11 (0.480 g, 86% yield). For the storage and biological tests,
compound was converted to its sulfate salt form: the free base was dissolved in water, the
pH was adjusted around 7.0 with H2SO4 (0.1 N) and lyophilized. 1HNMR (500 MHz,
CD3OD) “Ring I” δH 1.21 (d, 3H, J = 6.0 Hz, CH3), 2.63 (dd, 1H, J1 = 3.5, J2 = 10.0 Hz,
H-2′), 3.23 (t, 1H, J = 8.9 Hz, H-4′), 3.52 (t, 1H, J = 9.9 Hz, H-3′), 3.82 (dd, 1H, J1 = 3.0,
J2 = 10.0 Hz, H-5′), 4.13 (m, 1H, H-6′), 5.22 (d, 1H, J = 3.3 Hz, H-1′); “Ring II” δH 1.34
(ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 1.99 (td, 1H, J1 = 4.5 and J2 = 12.5 Hz, H-2eq), 2.85
(m, 1H, H-3), 3.40 (t, 1H, J = 8.8 Hz, H-4), 3.50–3.59 (m, 2H, H-5 and H-6), 3.83 (m, 1H,
H-1); “Ring III” δH 1.17 (d, 3H, J = 6.6 Hz, CH3), 2.94 (m, 1H, H-5″), 3.56 (t, 1H, J = 7.1
Hz, H-4″), 4.01 (t, 1H, J = 5.7 Hz, H-3″), 4.09 (dd, 1H, J1= 2.7 and J2 = 5.4 Hz, H-2″),
5.26 (d, 1H, J = 2.5 Hz, H-1″). The additional peaks in the spectrum were identified as
follows: δH 1.82 (m, 1H, H-8), 1.95 (m, 1H, H-8), 2.83 (t, 2H, J = 5.7 Hz, H-9 and H-9),
4.13 (dd, 1H, J1= 4.2 and J2 = 7.6 Hz, H-7). 13CNMR (125 MHz, CD3OD): δC 16.6 (C-7′),
19.2 (C-6″), 35.9, 37.8, 39.0, 50.8, 50.9, 52.3, 57.8, 67.8, 71.7, 72.4, 73.6, 75.5, 75.6, 76.3,
76.8, 84.8, 86.7, 88.6, 101.9 (C-1′), 110.0 (C-1″), 177.1 (C=O). MALDI TOFMS calculated
for C23H45N5O12Na ([M+Na]+) m/e: 606.3; measured m/e: 606.6.

6′-(R)-Methyl-5-O-(5-amino-5,6-dideoxy-β-D-allofuranosyl)-1-N-[(S)-4-amino-2-
hydroxybutanoyl] paromamine, (R)-12—The glycosylation product (R)-20 (1.12 g,
0.001 mol) was treated with a solution of MeNH2 (33% solution in EtOH, 50 mL) and the
reaction progress was monitored by TLC (EtOAc/MeOH 85:15), which indicated
completion after 8 hours. The reaction mixture was evaporated to dryness and the residue
was dissolved in a mixture of THF (5 mL) and aqueous NaOH (1 mM, 5.0 mL). The mixture
was stirred at room temperature for 10 minutes, after which PMe3 (1 M solution in THF, 5.0
mL, 5.0 mmol) was added. The reaction progress was monitored by TLC [CH2Cl2/MeOH/
H2O/MeNH2 (33% solution in EtOH) 10:15:6:15], which indicated completion after 1 hour.
The product was purified by column chromatography on a short column of silica gel. The
column was washed with the following solvents: THF (800 mL), CH2Cl2 (800 mL), EtOH
(200 mL), and MeOH (400 mL). The product was then eluted with a mixture of 20%
MeNH2 (33% solution in EtOH) in 80% MeOH. Fractions containing the product were
combined and evaporated to dryness. The residue was re-dissolved in a small volume of
water and evaporated again (2–3 repeats) to afford the free amine form of 6. The analytically
pure product was obtained by passing the above product through a short column of
Amberlite CG50 (NH4

+ form). The column was first washed with a mixture of MeOH/H2O
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(3:2), then the product was eluted with a mixture of MeOH/H2O/NH4OH (80:10:10) to
afford compound (R)-12 (0.500 g, 84% yield). For the storage and biological tests,
compound was converted to its sulfate salt form: the free base was dissolved in water, the
pH was adjusted around 7.0 with H2SO4 (0.1 N) and lyophilized. 1HNMR (500 MHz,
CD3OD) “Ring I” δH 1.22 (d, 3H, J = 6.3 Hz, CH3), 2.63 (dd, 1H, J1 = 3.8, J2 = 10.0 Hz,
H-2′), 3.22 (t, 1H, J = 9.8 Hz, H-4′), 3.52 (dd, 1H, J1 = 8.6, J2=10.3 Hz, H-3′), 3.83 (dd,
1H, J1 = 3.1, J2 = 10.2 Hz, H-5′), 4.13 (m, 1H, H-6′), 5.23 (d, 1H, J = 3.7 Hz, H-1′); “Ring
II” δH 1.34 (ddd, 1H, J1=J2=J3= 12.5 Hz, H-2ax), 1.99 (td, 1H, J1 = 4.5 and J2 = 12.5 Hz,
H-2eq), 2.85 (m, 1H, H-3), 3.39 (t, 1H, J = 8.8 Hz, H-4), 3.49–3.56 (m, 2H, H-5 and H-6),
3.82 (m, 1H, H-1); “Ring III” δH 1.16 (d, 3H, J = 6.7 Hz, CH3), 3.08 (m, 1H, H-5″), 3.69 (t,
1H, J = 5.5 Hz, H-4″), 4.07 (dd, 1H, J1 = 2.1, J2 = 5.2 Hz, H-2″), 4.14 (t, 1H, J = 5.7 Hz,
H-3″), 5.21 (d, 1H, J = 3.7 Hz, H-1″). The additional peaks in the spectrum were identified
as follows: δH 1.82 (m, 1H, H-8), 1.95 (m, 1H, H-8), 2.84 (t, 2H, J = 7.2 Hz, H-9 and H-9),
4.13 (dd, 1H, J1 = 3.9, J2 = 7.5 Hz, H-7). 13CNMR (125 MHz, CD3OD): δH 16.6 (C-7′),
18.8 (C-6″), 36.0, 37.7, 38.9, 49.6, 50.8, 52.3, 57.8, 67.8, 71.0, 71.7, 73.6, 75.5 (2C), 76.2,
76.7, 85.0, 86.9, 87.9, 101.9 (C-1′), 110.0 (C-1″), 177.1 (C=O). MALDI TOFMS calculated
for C23H45N5O12Na ([M+Na]+) m/e: 606.3; measured m/e: 606.6.

Dual Luciferase Readthrough Assays
DNA fragments derived from PCDH15, CFTR, Dystrophin, and IDUA cDNAs, including
the tested nonsense mutation or the corresponding wild type codon and four to six upstream
and downstream flanking codons, were created and inserted into the polylinker of the p2luc
plasmid, as previously described by us17. The polylinkers inserted to p2luc vector were as
follow:

Usher Syndrome (PCDH15):

p.R3X mut/wt:5′-CAGAAGATGTTTT/CGACAGTTTTATCTCTGGACA-3′

p.R245 Xmut/wt 5′ AAAATCTGAATGAGAGGT/
CGAACCACCACCACCACCCTC-3′

Cystic Fibrosis (CFTR):

p.G542X mut/wt: 5′-TCGACCAATATAGTTCTTT/
GGAGAAGGTGGAATCGAGCT-3′

p.W1282X mut/wt: 5′-TCGACAACTTTGCAACAGTGA/
GAGGAAAGCCTTTGAGCT-3′

Duchenne Muscular Dystrophy (Dystrophin):

p.R3381X mut/wt: 5′-TCGACAAAAAACAAATTTTGA/
CACCAAAAGGTATGAGCT-3′

Hurler Syndrome (IDUA):

p.Q70X mut/wt: 5′-TCGACCCTCAGCTGGGACT/
CAGCAGCTCAACCTCGAGCT-3′

For in vitro readthrough assays, the obtained plasmids in the presence of the tested AGs,
were transcribed and translated using the TNT reticulocyte lysate quick coupled
transcription/translation system (Promega™). Luciferase activity was determined 90 min
post incubation at 30°C, using Dual luciferase reporter assay system (Promega™).
Readthrough activity was calculated as previously described26 (Fig. 3 and 4).
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For ex vivo readthrough assays, constructs harboring R3X, R245X, G542X and W1282X
mutations were inserted to HEK-293 (human embryonic kidney) cells using Lipofectamine
2000 (Invitrogen), while the addition of the tested compounds was performed 6 hours post
transfection. The cells were harvested following 16 hours incubation with AG using passive
lysis buffer (Promega™). Readthrough activity was calculated as previously described26

(Fig. 5).

Antibacterial and Cell Toxicity Assays
Comparative antibacterial activities were determined in two representative strains of Gram-
negative (E. coli R477-100, Table 1) and Gram-positive (B. subtilis ATCC-6633, Table S1)
bacteria, by measuring the MIC values using the double-microdilution method according to
the National Committee for Clinical Laboratory Standards (NCCLS)38 with two different
starting concentration of 384 μg/mL and 6,144 μg/mL of the tested compound. All the
experiments were performed in triplicates and analogous results were obtained in three
different experiments.

For the cytotoxicity assays, HEK-293 (Table 1) and HFF (Table S1) cells were grown in 96-
well plates (5,000 cells/well) in DMEM medium containing 10% FBS and 1% glutamine (90
μL; Biological Industries) at 37 °C and 5% CO2. Following overnight incubation, different
concentrations of the tested AGs were added (10 μL per well) and the cells were incubated
for further 48 hr. A cell proliferation assay (XTT based colorimetric assay, Biological
Industries) was performed by using 3 hr incubation protocol, accordin,g to the
manufacturer’s instructions. O.D. (optical density) was measured using an Elisa plate reader.
Cell viability was calculated as the ratio between the numbers of living cells in cultures
grown in the presence of the tested compounds, versus cultures grown under the identical
protocol but without the tested compound. The half-maximal lethal concentration (LC50)
values were obtained from fitting concentration-response curves to the data of at least three
independent experiments, using GraFit 5 software39.

Eukaryotic and Prokaryotic Protein Synthesis Assays
Prokaryotic in vitro translation inhibition by different aminoglycosides was quantified in
coupled transcription/translation assays27 using E. coli S30 extract for circular DNA with
the pBESTluc plasmid (Promega), according to the manufacturer’s protocol. Variable
concentrations of tested AG were incubated along with translation reaction (10 μl) at 37°C
for 60min, ice cooled for 5 min, and diluted with a dilution reagent (tris-phosphate buffer
(25 mM, pH 7.8), DTT (2 mM), 1,2-diaminocyclohexanetetraacetate (2 mM), glycerol
(10%), Triton X-100 (1%) and BSA (1 mg mL−1) into 96-well plates.

Eukaryotic in vitro translation inhibition was quantified by using TNT® T7 Quick Coupled
transcription/translation system with the T7 control DNA plasmid (Promega), according to
the manufacturer protocol. Variable concentrations of the tested AG were incubated along
with translation reaction (10μl) at 30 °C for 60 min, ice cooled for 5 min, diluted with
similar dilution reagent as described above, and transferred into 96-well plates. In both
prokaryotic and eukaryotic systems luminescence was measured immediately after the
addition of Luciferase Assay Reagent (50 μL; Promega), and light emission was recorded
with an FLx800 Fluorescence Microplate Reader (Biotek). Half-maximal inhibition
concentration (IC50) values were obtained from concentration-response fitting curves of at
least three independent experiments using Grafit5 software 39.

Mitochondrial Protein Synthesis Inhibition Assays
Mitochondria were isolated from HeLa cells by using Qproteome mitochondria isolation kit
(Qiagen, CA), according to the manufacture’s protocol with slight modifications. Briefly,
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HeLa cells were grown in 10 cm dishes in Dulbecco’s modified Eagles medium (DMEM,
Sigma) supplemented with 10% fetal bovine serum, without the addition of penicillin/
streptomycin (Sigma), till cells reached 80% confluence. Approximately 2×107 cells were
trypsinized (Biological Industries) and centrifuged at 500 g for 10 min. The cellular pellet
was washed with PBS twice, and centrifuged again under the same conditions. The pellet
was resuspended in 1 mL lysis buffer, incubated on ice for 10 min, and centrifugated at 1000
g for 10 min at 4°C. The pellet was resuspended in 1.5 mL ice-cold disruption buffer and
centrifuging at 1000 × g for 10 min at 4°C. The lysate was transferred into a microcentrifuge
tube following centrifugation at 6000 × g for 10 min at 4°C. Finally, high mitochondrial
purity was obtained according to manufacturer’s protocol; the mitochondrial pellet was
resuspeded in MSE buffer (220 mM mannitol, 70 mM sucrose, 5 mM MOPS, 2 mM EGTA,
pH 7.0), and protein concentration was determined by the method of Bradford using bovine
serum albumin as standard40.

Mitochondrial protein synthesis was measured in a 93 μL total volume containing KCl (90
mM), MgSO4 (4 mM), KH2PO4 (2.5 mM), MOPS (25 mM), pH 7.0, a mixture of the 19 L-
amino acids without L-methionine (AppliChem) to a final concentration of 0.1 mM each,
glutamate (20 mM), malate (0.5 mM), ADP (2 mM), BSA (1 mg/ml), emetine (5μM, an
inhibitor of 80S ribosome, Sigma) and mitochondrial protein (2 mg/ml) in the presence of
different concentrations of AGs (G418: 0, 0.3, 3.3, 33, 330, 3,300 μM; gentamicin and
compounds 1-4: 0, 3.3, 33, 330, 3,300, 33,000 μM; compounds 5-12: 0, 8.2, 82, 820, 8,200,
88,000 μM). Pre- incubation was carried out at 37°C for 60 min followed by addition of
[35S]methionine (150 μCi) and additional incubation for 45 min. Then the reaction mixture
was centrifuged at 12,000 g for 15 min at 4°C, washed with MSE buffer, and centrifuged
again under the same conditions. The mitochondrial pellet was resuspended in 30 μL of
lysis buffer (2% sodium dodecyl sulfate, 2 mM EDTA, 0.2% (v/v) 2-mercaptoethanol, 0.05
M Tris (pH 6.8), and 10% (v/v) glycerol) and heated for 2 min at 90°C. The resulted mixture
was then either stored in a freezer, or used immediately for electrophoresis or scintillation
measurements31.

Autoradiography—Radioactivity was measured by acid-precipitation of the labeled
proteins: the lysed mixture from the above (15 μL) was added with trichloroacetic acid
(15%), methionine (1 mM) and BSA (50 μg/mL) to a total volume of 1.9 mL. The resulted
mixture was incubated on ice for 60 min. The precipitated proteins were harvested onto filter
paper disks (Whatman 3mm, 2.3cm) using a Tomtec harvester, washed twice with 2 mL of
5% trichloroacetic acid and the filters were dried at 60°C for 30 min. The filters were then
inserted into the scintillation vials containing 5 mL of scintillation solution: toluene (1L),
triton x 100 (0.5 L), 2,2′-p-Phenylene-bis(5-phenyloxazole) (0.3 gr) and 2,5-
diphenyloxazole (3 gr), followed by counting on a scintillation counter.31 The half-maximal
inhibitory concentration (IC50

Mit) values of mitochondrial protein synthesis were
determined by Grafit5 software39 (Fig. 7 and Fig. S1). To verify the suitability of the entire
protocol, we used chloramphenicol (Sigma) as a control for each experiment as a routine
test. The IC50

Mit value we observed for chloramphenicol was in the range of 7.4 ± 0.9 μM,
which is very similar to that observed (9.8 ± 0.5 μM) in the previous report14. Resolution of
labeled mitochondrial proteins was also carried out by electrophoresis on 15% acrylamide
gel. After electrophoresis the gel was fixed, stained by comassie blue, dried and visualized
by autoradiography (Fig. 7A).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AG Aminoglycoside

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator

DMD Duchenne muscular dystrophy

USH Usher syndrome

HS Hurler syndrome

PTC Premature termination codon

PCDH Protocadherin

HFF human foreskin fibroblasts

LC50 half-maximal lethal concentration
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Figure 1.
Chemical structures of standard aminoglycosides including gentamicin, paromomycin and
G418 that were investigated in this study.

Kandasamy et al. Page 22

J Med Chem. Author manuscript; available in PMC 2013 December 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
Structures of the synthetic aminoglycosides 1-12 that were investigated in this study. The
identity of each pharmacophore and its attachment site are highlighted: (S)-4-amino-2-
hydroxybutanoyl (AHB, i, red), (R)-6′-Me (ii, blue), (S)-5″-Me (iii, green) and (R)-5″-Me
(iv, green).
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Figure 3. In vitro
stop codon suppression levels induced by compounds (S)-9 (●), (R)-10 (○), 3 (◇), G418
(…□…) and gentamicin (--■--) in a series of nonsense mutation context constructs
representing various genetic diseases (shown in parenthesis): (A) R3X (USH1), (B) R245X
(USH1), (C) G542X (CF), (D) W1282X (CF), (E) Q70X (HS), and (F) R3381X (DMD).
Readthrough activity was measured as previously described by us17. The results are the
average of at least three independent experiments.
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Figure 4. In vitro
stop codon suppression levels induced by compounds (S)-11 (▲), (R)-12 (△), 4 (◆), G418
(…□…) and gentamicin (--■--) in a series of nonsense mutation context constructs
representing various genetic diseases (shown in parenthesis): (A) R3X (USH1), (B) R245X
(USH1), (C) G542X (CF), (D) W1282X (CF), (E) Q70X (HS), and (F) R3381X (DMD).
Readthrough activity was measured as previously described by us17. The results are the
average of at least three independent experiments.
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Figure 5. Ex vivo
stop codon suppression levels induced by (S)-11 (▲), (R)-12 (△), 4 (◆), G418 (…□…) and
gentamicin (--■--) in a series of nonsense mutation context constructs representing various
genetic diseases (shown in parenthesis): A) R3X (USH1), B) R245X (USH1), C) G542X
(CF), and D) W1282X (CF). The results are averages of at least three independent
experiments.
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Figure 6.
A semi-logarithmic plot of the in vitro readthrough activity at 1.4 μM concentrations versus
the eukaryotic inhibition of translation (IC50

Euk values) for gentamicin, paromomycin, G418
and 1-12, in a series of PTC constructs representing the genetic diseases: USH (R3X and
R245X), CF (W1282X and G542X), DMD (R3381X) and HS (Q70X). For the data points
see Table S2 in the Supporting Information.
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Figure 7.
Dose-response effects of aminoglycosides on mitochondrial protein synthesis. Isolated
mitochondria from HeLa cells were incubated with varied concentrations of G418, 3 and
(R)-10 as indicated. (A) After lyses, equal amounts of proteins (comassie staining) were
fractionated on SDS-PAGE and [35S]methionine labeled COX1 protein levels were
determined by densitometry. (B) Semi-logarithmic plots of scintillation counting as a
function of aminoglycoside concentration. Radioactivity was measured on the lysed mixture
after acid-precipitation as described in Experimental Section. The 50% inhibitory
concentrations (IC50

Mit) were determined by Grafit5 software[3].
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Scheme 1.
Reagents and conditions: (a) BF3·Et2O, CH2Cl2, 4 Ǻ MS, −20° C; (b) MeNH2-EtOH, rt; (c)
Me3P, NaOH, THF, rt.
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