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ABSTRACT: A series of 20 4′-O-glycosides of the aminoglycoside antibiotic paromomycin were synthesized and evaluated for
their ability to inhibit protein synthesis by bacterial, mitochondrial and cytosolic ribosomes. Target selectivity, i.e., inhibition of
the bacterial ribosome over eukaryotic mitochondrial and cytosolic ribosomes, which is predictive of antibacterial activity with
reduced ototoxicity and systemic toxicity, was greater for the equatorial than for the axial pyranosides, and greater for the D-
pentopyranosides than for the L-pentopyranosides and D-hexopyranosides. In particular, 4′-O-β-D-xylopyranosyl paromomycin
shows antibacterioribosomal activity comparable to that of paromomycin, but is significantly more selective showing considerably
reduced affinity for the cytosolic ribosome and for the A1555G mutant mitochondrial ribosome associated with
hypersusceptibility to drug-induced ototoxicity. Compound antibacterioribosomal activity correlates with antibacterial activity,
and the ribosomally more active compounds show activity against Escherichia coli, Klebsiella pneumonia, Enterobacter cloacae,
Acinetobacter baumannii, and methicillin-resistant Staphylococcus aureus (MRSA). The paromomycin glycosides retain activity
against clinical strains of MRSA that are resistant to paromomycin, which is demonstrated to be a consequence of 4′-O-
glycosylation blocking the action of 4′-aminoglycoside nucleotidyl transferases by the use of recombinant E. coli carrying the
specific resistance determinant.

■ INTRODUCTION

The continued spread of antibiotic resistant infectious diseases
and the meagre pipeline of emerging new drugs to combat
them pose a grave threat to the health and economy of modern
society.1−5 Natural product optimization,6−13 and modification
of existing antibacterial drugs hold great promise for
antibacterial drug development when informed by knowledge
on the mechanisms of action and of resistance. Among
antibacterial drugs, the aminoglycoside antibiotics
(AGAs)14−18 are strong candidates for modification and
optimization for multiple reasons.19−21 First, the AGAs
continue to be of critical importance for the treatment of
methicillin-resistant Staphylococcus aureus (MRSA), Gram-
negative pathogens, multidrug-resistant Mycobacterium tuber-
culosis, and complex infectious diseases including exacerbated
cystic fibrosis, complicated urinary tract infections, sepsis, and
chronic obstructive pulmonary disease.22−24 Second, the

mechanism of AGA antibacterial action is known and provides
a strong basis for rational optimization.25−34 Third, existing
mechanisms of AGA resistance are well-understood and can be
circumvented by design.35−39 Finally, while much room exists
for innovation and improvement, AGA chemistry40−43 is well
developed and enables synthetic planning without undue
speculation. Indeed, Plazomicin,44 a semisynthetic 4,6-disub-
stituted deoxystreptamine (4,6-DOS)-type of AGA currently in
late-stage clinical trials,16,45 was designed with the above factors
in mind. Other modifications of AGAs resulting in higher
activity and/or overcoming resistance conferred by members of
the aminoglycoside modifying enzyme (AME) family continue
to be reported.46,47
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In addition to being vulnerable to AMEs and other
mechanisms of resistance, the AGAs also suffer to varying
extents from unwanted side effects such as nephrotoxicity and
ototoxicity.16,18 As AGA uptake by the kidneys is saturable,
current clinical regimes minimize nephrotoxicity by the
administration of a single large daily dose rather than by
continuous infusion. Relatively high doses can thus be
administered with a beneficial effect on antibacterial efficacy,
while limiting the uptake by the kidneys to the extent that
nephrotoxicity is reversible.48,49 AGA ototoxicity, however, is
not reversible, but permanent. It is reported to affect as much as
20% of the patient population,50,51 with estimates as high as
40% in patients with mycobacterial diseases taking AGAs for
long durations.50,51 Ototoxicity occurs both in a sporadic dose-
dependent manner in the general patient population and in an
aggravated form in genetically susceptible individuals, with the
latter linked to mutations in mitochondrial rRNA, in particular
the transition mutation A1555G in the A-site of the
mitoribosomal small subunit.52 Compelling evidence points to
a disruption of mitochondrial protein synthesis as a key element
in AGA ototoxicity for both sporadic dose-dependent deafness
and A1555G-linked mitochondrial hypersusceptibility to
AGAs.53−55 This understanding arises from the ability
developed in one of our laboratories to engineer the AGA
binding site from eukaryotic rRNA into bacterial 16S rRNA
giving rise to bacterial hybrid ribosomes with fully functional
eukaryotic rRNA decoding sites, for which cell-free translation
assays were developed.56 While it has also been suggested that
AGA binding to human cytoplasmic rRNA contributes to
ototoxicity57 more recent evidence demonstrates that AGA
modifications to reduce binding to mitoribosomes while
maintaining inhibition of cytoplasmic ribosomes results in
lowered ototoxicity in animal models.58 The evidence for a role
of mitochondria in hearing loss in general and in AGA-induced
hearing loss in particular is substantial, and has recently been
comprehensively reviewed.53,59−61

The ability to screen AGAs and their derivatives with cell-free
translation assays enables the prediction of the ototoxic
potential of a particular compound, whether it arises from
AGA inhibition of mitochondrial or cytoplasmic rRNA
function. In this manner, the unprecedented dissociation of
antibacterial and antimitoribosomal activities in the unusual
bicyclic broad spectrum62,63 AGA, apramycin 1, has recently
been demonstrated with subsequent confirmation of the low
ototoxic potential in guinea pigs.62 We have subsequently
demonstrated that modification of the clinically important 4,5-
DOS-type AGA paromomycin 2 at the 4′-position yields
substances exemplified by 3-5 (Figure 1) with greatly increased
target selectivity that are essentially devoid of antimitoriboso-
mal and anticytoplasmic ribosomal activity yet retain good
antibiotic activity against a spectrum of clinical isolates.64,65

Two of these substances 3 and 4 were tested in animals and
found to be essentially devoid of ototoxicity.64,65

In an attempt to improve the activity of the 4′-O-alkyl
paromomycin derivatives, and building on the structural parallel
of apramycin and the 4′-O-alkyl paromomycins and on their
common binding mode to the decoding A site of the bacterial
ribosome,62,64,66 we synthesized a series of 4′-O-D-hexopyr-
anosyl paromomycin derivatives 6α,β−9α,β and the 4′-O-D-
hexopyranosyloxymethyl derivative 10 (Figure 1) and described
their antiribosomal and antibacterial activities.67 In this Article,
we complement our earlier work on the paromomycin
glycosides through the synthesis and evaluation of a series of
4′-O-D- and L-pentopyranosyl paromomycin α- and β-glyco-
sides and of several 4′-O-α,β-D-pentofuranosyl paromomycin
derivatives. We analyze the contributions of substituents around
the additional glycosyl ring to antiribosomal selectivity and
activity. We show that the activity and especially the ribosomal
selectivity of these paromomycin glycosides is configuration
dependent and we construct a model and a rationale for their
selectivity to guide future work on the synthesis of less toxic
and more active AGAs.

Figure 1. Structures of apramycin, paromomycin, and paromomycin derivatives 3−10.
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■ RESULTS

Synthesis. Glycosides 11−18 were prepared by glycosyla-
tion of the selectively protected paromomycin derivative 1967,68

with donors 20−28, followed by deprotection of the immediate
glycosylation products 29−37, as summarized in Scheme 1 and
in Table 1. Thioglycosides 20,69 22,70 23,71 26,72 and 2773 were
accessed by the literature methods, while thioglycoside 21 was
prepared analogously to its enantiomer 20. Similarly, the
trichloroacetimidates 2474 and 2875 were obtained according to
the literature methods or by minor modifications thereof. The
2-deoxy-D-xylopyranose derivative 25 was obtained in 66%
yield from 3,4-di-O-benzyl-D-xylal76 according to the method of
Fattorusso and co-workers77 by reaction with N-iodosuccini-
mide (NIS), followed by sodium thiosulfate (see Supporting
Information).
For the coupling reactions, the thioglycosides were activated

with either diphenyl sulfoxide and trifluoromethanesulfonic
anhydride78 in the presence of tri-tert-butylpyrimidine,79 or
with the NIS/trifluoromethanesulfonic acid combination.80,81

Trichloroacetimidates were activated with either boron
trifluoride etherate or trifluoromethanesulfonic acid.82 Finally,

the 2-deoxy-D-xylopyranose derivative 25 was converted into
the corresponding α-xylopyranosyl tosylate, which was coupled
to the acceptor 19 under the conditions recently described by
Bennett for the synthesis of 2-deoxy-β-glycopyranosides.83,84

All couplings gave anomeric mixtures, with the ratios and yields
reported in Table 1, with no attempt made to optimize
anomeric selectivity. Deprotection was achieved by Staudinger
reduction of the azide groups with trimethylphosphine,
followed by hydrogenolysis (Scheme 1 and Table 1). Acetyl
protected glycosides were deacetylated according to Zempleń
prior to the Staudinger reaction (Scheme 1 and Table 1).

Antiribosomal Activity and Antibacterial Activity. The
antiribosomal activities of the glycosylated AGAs against wild-
type bacterial ribosomes (Bacterial) and recombinant hybrid
ribosomes incorporating the complete A site cassette from
human mitochondrial rRNA (Mit13), from the A1555G
deafness rRNA allele (A1555G), and from human cytosolic
rRNA (Cyt14) were determined in cell-free translation assays.
For the purpose of presentation and discussion of the
antiribosomal activities obtained in this manner, the data
together with those for the previous D-hexopyranosides 6−867

Scheme 1. Synthesis of Glycosides 11−18
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are presented in the form of two Tables, one (Table 2) for the
entire set of equatorial pyranosides and the two β-D-
furanosides, and the second (Table 3) for the axial pyranosides
and the α-D-furanosides. In both Tables 1 and 2 the glycosides
are listed in decreasing order of inhibition of the bacterial
ribosome. The activities of paromomycin 2 and its simple
acyclic alkyl and hydroxyl alkyl derivatives 3−5 are
reproduced65 in Table 4, entries 2−5, for ease of comparison.
The Rosanoff nomenclature convention for the anomeric
configuration is applied throughout this Article, consequently
examples of both α- and β-anomers are found in Tables 2 and
3.85 The selectivity of the synthetic compounds and of the
comparators calculated as the eukaryotic/bacterial activity ratio,
is also given in Tables 2−4 for ease of comparison. However, it
is stressed that the assumption of a linear relationship between
in vitro antiribosomal selectivities and in vivo selectivity is an
oversimplification as it neglects possible differences in transport
between the different cell types. For example, drug transport
into eukaryotic cells is transport-limited, but transport into
bacteria is not.53

With the view to assessing the general antibacterial activity of
these compounds as compared to the parent paromomycin, all
compounds were screened for antimicrobial activity. Minimum
inhibitory concentrations were determined for clinical isolates
of a Gram-positive bacterium (methicillin-resistant Staph-
ylococcus aureus, MRSA) and a Gram-negative bacterium
(Escherichia coli) obtained from the Diagnostic Department

of the Institute of Medical Microbiology. All S. aureus strains
(AG038, AG039, AG042, and AG044) are methicillin-resistant;
in addition MRSA strains AG042 and AG044 are resistant to
gentamicin. The antimicrobial (MRSA, E. coli) data for
compounds 11−18, together with those for the earlier
hexopyranosides 6−8, and those for the comparators 1−5 are
presented in Table 5. Additionally, for the more active
compounds 11α, 11β, 14β, 18α, and 15β and the parent
paromomycin 2 minimum inhibitory concentrations (MICs)
were determined for clinical isolates of the Gram-negative
bacteria Klebsiella pneumonia, Enterobacter cloacae, Acinetobacter
baumannii, and Pseudomonas aeruginosa (Table 6) obtained
from the Diagnostic Department of the Institute of Medical
Microbiology. To test the susceptibility of compounds 11α,
11β, 14β, 18α, and 15β and the parent paromomycin 2 to
common AMEs,16,35,37,38 MICs were determined for wild-type
and recombinant E. coli strains carrying defined resistance
determinants62 (Table 7) obtained from Dr. Patrice Courvalin,
Institut Pasteur, Paris, France.

■ DISCUSSION
Glycosylated derivatives of diverse AGAs have been synthesized
previously by a number of groups.86−94 Biological assays,
however, have typically been limited to the determination of
antibacterial activity and the relatively small numbers of
glycosides investigated in any one study have not permitted
dissection of the contributions to activity of the substituents
around the added carbohydrate ring. Extending our preliminary
studies with a series 4′-O-D-hexopyranosyl paromomycin
derivatives,67 the 4′-O-D- and L-pentopyranosyl and D-
pentofuranosyl paromomycin glycosides whose synthesis we
report here make available a diverse set of 20 paromomycin 4′-
O-glycosides with which to construct a structure activity
relationship. Inspection of the antibacterioribosomal and
antimitoribosomal activity of the 16 available pyranosides
suggested a separate consideration of the equatorial and the
axial glycosides (Tables 2 and 3), with the axial glycosides
exhibiting in particular significantly lower selectivity as a
consequence of their greater activity for the recombinant hybrid
ribosomes carrying the mitochondrial A site rRNA cassette.
The two β-D-furanosides were then added to the ensemble of
equatorial pyranosides, and the two α-D-furanosides to the
groups of axial pyranosides because of the greater structural
parallels; these placements being supported by the antimitor-
ibosomal activities, which are significantly greater for the α-D-
furanosides than for their β-epimers (Tables 2 and 3). In Tables
2 and 3 the compounds are sorted in terms of descending
antibacterioribosomal activity to facilitate pattern recognition.
The pattern noted earlier for the D-hexopyranosides, whereby
the axial series were consistently more active than the
equatorial series,67 does not extend to the more extensive
data set now presented, as the equatorial β-D-xylopyranoside
exhibits the strongest inhibition of the bacterial ribosome
among the pyranosides. The allocation of the data into the two
series (Tables 2 and 3) for separate consideration not only
reflects different antiribosomal activity and selectivity patterns,
but is logical in view of the projection of the appended
glycosides in different directions from the paromomycin 4′-
position. This postulate is subject to the proviso that all the
glycosides under study adopt the standard conformations and
preferred glycosidic torsion angles,95−97 as depicted in the
structures in Tables 2 and 3. Indeed, analysis98−102 of the NMR
data indicates that all pento- and hexopyranosides predom-

Table 1. Glycoside Synthesis

glycosylation deprotection

entry
donor

(methoda) product
% yield
(α/β) conditionsf product % yieldg

1 20 (A) 29α 30 b 11α 73
29β 14 b 11β 53

2 21 (A) 30α 22 b 12α 63
30β 32 b 12β 32

3 22 (A) 31α 40 b 13α 51
31β 25 b 13β 34

4 23 (A) 32α 19 b 14α 43
32β 23 b 14β 63

5 24b (C) 33 83c a,b,c 15β 25
6 25 (D) 34 10d b 16β 61
7 26 (B) 35 42 (2.4)e b,c 17α 30

b,c 17β 12
8 27 (B) 36 42 (6.7)e b,c 18α 53
9 28 (C) 37 58 a,b 18β 50

aGlycosylation methods: (A) donor (1.3 equiv), Ph2SO (1.5 equiv),
TTBP (2.9 equiv), Tf2O (1.5 equiv), CH2Cl2, −72 °C, 2 h; (B) donor
(1.1 equiv), NIS (1.3 equiv), TfOH (0.1 equiv), CH2Cl2, −30 °C, 4 h;
(C) donor (2.4 equiv), BF3·Et2O (1.2 equiv), CH2Cl2, −30 °C, 3 h
(entry 5), 2 h (entry 9); (D) donor (1.5 equiv), TTBP (1.5 equiv),
KHMDS (2.5 equiv), Ts2O (1.5 equiv), THF, −78 °C, 3 h, then rt, 15
h. bMixture with the corresponding furanoside (pyranoside/furanoside
= 1.6). cContained the corresponding furanoside (pyranoside/
furanoside = 5.0). The mixture was directly subjected to deprotection
without isolation of the pyranoside. dIsolated yield from anomeric
mixture (78%, α/β = 0.3). eThe anomeric mixture was directly
subjected to deprotection without isolation of one anomer.
fDeprotection conditions: (a) NaOMe, MeOH, rt; (b) PMe3,
NaOH, THF water, 50 °C, then H2, Pd(OH)2/C, water, MeOH,
AcOH, rt; (c) imidazole-1-sulfonyl azide, K2CO3, CuSO4, water/
MeOH (1:1), purified by reversed-phase HPLC, then PMe3, NaOH,
THF, water. gOverall yield in deprotection.
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inantly adopt the chair conformations indicated in Tables 2 and
3. The NMR data for the furanosides suggest that the
conformation of the β-D-arabinofuranoside 17β is best
described by a oE ∼ 1T

o ∼ 1E equilibrium, and that of its α-
anomer 17α by 4E ∼ 4T

o ∼ oE. The vicinal coupling constants
exhibited by the β-D-ribofuranoside 18β indicate that its
preferred conformation is located on the 3E ∼ 3T4 ∼ 4E
segment of the furanoside pseudorotational itinerary, while the
α-anomer 18α can be considered to populate both the 1E ∼ 2T

1

∼ 2E and the oE ∼ 1T
o ∼ 1E conformations on the basis of the

NMR data available. The assignment of the a oE ∼ 1T
o ∼ 1E to

the β-D-arabinofuranoside 17β differs from the NMR analysis of
methyl β-D-arabinofuranoside and from a recent statistical

analysis103 of X-ray crystallographic data, all of which cluster the
D-arabinofuranosides in the northwestern portion of the
pseudorotational wheel around the E3 conformer. However,
among the β-D-arabinofuranosides considered in that analysis,
only one104 had a complex aglycone, with all others being
simple methyl β-D-arabinofuranosides lacking the possibility of
intramolecular hydrogen bonding to the aglcyone. The
conformations assigned to the β-D-ribofuranoside 18β, the α-
D-arabinofuranoside 17α, and at least for one (oE ∼ 1T

o ∼ 1E)
of the two possible conformations in the α-D-ribofuranoside
18α are consistent with or close to those reported in the
statistical analysis of crystallographic data.103 In Tables 2 and 3,
a single one of the possible conformations of the arabino- and

Table 2. Antiribosomal Activities and Selectivities of the Paromomycin Equatorial Pyranosides and β-D-Furanosides (IC50, μg/
mL)

aThe partial structures in the table show the appended glycoside and ring I of paromomycin. bWith the exception of entry 1, for which activities were
determined in triplicate, activities are for single-point determinations using two-fold dilution series. The standard deviations of such measurements
are typically ±50% of the measured activity, as is seen from entry 1 and from the comparators (Table 4). cAntiribosomal activity/
antibacterioribosomal activity.
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ribofuranosides is represented; a more complete rendering is
given in the Supporting Information.
Consideration of the antiribosomal activities of the nine

equatorial pyranosides (Table 2) leads to a set of general-
izations on the effect of substitution at the various positions
around the appended glycosidic ring (Figure 2). The four

compounds most active against the bacterial ribosome (Table
2, entries 1−4) all have an oxygen atom in the ring at position
A and a methylene group at position B. The preferential
location of a ring oxygen at position A may reflect hydrogen
bonding to the ribosome or to the proximal 3′-hydroxy group
of the paromomycin ring I. The latter, which is analogous to the

Table 3. Antiribosomal Activities and Selectivities of the Paromomycin Axial Pyranosides and the α-D-Furanosides (IC50, μg/
mL)

aThe partial structures in the table show the appended glycoside and ring I of paromomycin. bActivities are for single-point determinations using
two-fold dilution series. The standard deviations of such measurements are typically ±50% of the measured activity, as is seen from the comparators
(Table 4). cAntiribosomal activity/antibacterioribosomal activity.

Table 4. Antiribosomal Activities and Selectivities of the Comparators 1−5 (IC50, μg/mL)

entry cmpd Bacteriala Mit13a (selectivity)b A1555Ga (selectivity)b Cyt14a (selectivity)b

1 apramycin (1) 0.06 ± 0.03 58.03 ± 18.80 (967) 26.06 ± 7.08 (434) 49.17 ± 11.95 (819)
2 paromomycin (2) 0.02 ± 0.01 50.19 ± 11.84 (2510) 5.39 ± 2.05 (270) 9.41 ± 2.68 (471)
3 4′-O-ethyl paromomycin (3) 0.08 ± 0.03 99.27 ± 12.51 (1240) 114.73 ± 34.07 (1434) 102.90 ± 31.34 (1286)
4 4′-O-propyl paromomycin (4) 0.10 ± 0.02 103.79 ± 6.50 (1038) 75.74 ± 8.50 (757) 83.84 ± 14.52 (834)
5 4′-O-(2-hydroxyethyl) paromomycin (5) 0.05 ± 0.02 87.49 ± 22.29 (1750) 81.35 ± 14.81 (1627) 74.36 ± 10.08 (1487)

aMean ± standard deviation of three measurements. bAntiribosomal activity/antibacterioribosomal activity.
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3-OH−O5′ hydrogen bond found in β-1,4-linked di- and
higher saccharides such as cellobiose,95,105−110 would reduce
conformational mobility about the glycosidic bond and thereby
enhance the interaction of other ring substituents with the
target by lowering any entropic penalty. The three most active
compounds (Table 2, entries 1−3) all have an equatorial
hydroxyl group at position E, whose removal (Table 2, entry 4)
leads to a loss of antibacterioribosomal activity. An equatorial
orientation for the hydroxyl groups at positions C and D is
preferred (Table 1, entries 1−3), at the former for
antibacterioribosomal activity and at the latter for reduced
inhibition of the mitochondrial ribosome. Conversely,

relocation of the ring oxygen to position E and installation of
an equatorial hydroxyl group at position A (Table 2, compare
entries 1 with 6, and 3 with 5) reduces activity. The
hexopyranosides (Table 2, entries 7, 9, and 11) are routinely
less active for bacterial ribosomes than the pentopyranosides
(Table 2, entries 1−6) indicating that the inclusion of an
equatorial hydroxymethyl group at position B is detrimental for
binding, presumably because of a steric clash with the ribosome.
The small preference for an equatorial hydroxyl group at
position E is seen by comparison of entries 7 and 9 (Table 2),
while that for the equatorial hydroxyl group at position C is
supported by comparison of entries 1 and 7 with 3 and 11

Table 5. Antimicrobial Data against MRSA and E. coli for Paromomycin 4′-O-Glycosides and for Comparators 1−5 (MIC, μg/
mL)a

MRSA E. coli

strain: AG038 AG039 AG042 AG044 AG001 AG055 AG003

apramycin (1) 8 8 8 8−16 16 8 8−16
paromomycin (2) 4 >256 >256 4−8 16−32 8 8−16
4′-O-ethyl paromomycin (3) 8−16 16 8−16 8−16 32−64 32−64 32
4′-O-propyl paromomycin (4) 8−16 16 8−16 8 32 32 32
4′-O-(2-hydroxy-ethyl) paromomycin (5) 32 32 16−32 32−64 32−64 32−64 32
α-D-xylopyranosyl paromomycin (11α) 8 16 8 8 32 32 32
β-D-xylopyranosyl paromomycin (11β) 16 16 8−16 16 16 16 16
β-L-arabinopyranosyl paromomycin (14β) 16 16 16 16 64 32 32−64
β-D-ribopyranosyl paromomycin (15β) 16−32 32 16 32 32 16−32 16−32
α-D-arabinofuranosyl paromomycin (17α) 32 32 32 32 64 64 32−64
α-D-Ribofuranosyl paromomycin (18α) 32 32 16−32 16−32 32 32 32
α-L-arabinopyranosyl paromomycin (14α) 32 32 32 32 >64 >64 >64
α-D-glucopyranosyl paromomycin (6α) 32 32 32 16−32 128 128 128
β-L-xylopyranosyl paromomycin (12β) 32−64 ≥64 32−64 32−64 >64 >64 >64
α-D-galactopyranosyl paromomycin (8α) 64 128 64 64 >128 >128 >128
α-D-mannopyranosyl paromomycin (7α) 64 ≥128 >128 32−64 >128 >128 ≥128
α-D-arabinopyranosyl paromomycin (13α) 64 ≥64 32−64 64 >64 >64 >64
β-D-arabinopyranosyl paromomycin (13β) >64 >64 >64 >64 >64 >64 >64
α-L-xylopyranosyl paromomycin (12α) >64 >64 >64 >64 >64 >64 >64
2-deoxy-β-D-xylopyranosyl paromomycin (16β) 64 ≥128 128 64 128 128 128
β-D-glucopyranosyl paromomycin (6β) 128 ≥128 >128 128 >128 >128 >128
β-D-galactopyranosyl paromomycin (8β) ≥128 ≥128 >128 >128 >128 >128 >128
β-D-mannopyranosyl paromomycin (7β) ≥128 ≥128 ≥128 ≥128 >128 >128 >128
β-D-arabinofuranosyl paromomycin (17β) ≥128 ≥128 128 128 ≥128 ≥128 ≥128
β-D-ribofuranosyl paromomycin (18β) >128 >128 >128 >128 >128 >128 >128

aAll values were determined in triplicate using two-fold dilution series.

Table 6. Antimicrobial Data against Pseudomonas aeruginosa, Acinetobacter baumannii, Enterobacter cloacae, and Klebsiella
pneumoniae for Paromomycin and Selected 4′-O-Glycosides (MIC, μg/mL)a

P. aeruginosa A. baumannii En. cloacae K. pneumoniae

strain: AG031 AG032 AG107 AG108 AG109 AG112 AG113 AG114 AG115 AG116 AG118

paromomycin (2) >128 >128 4 4−8 4 4 4−8 4−8 4 4 8
α-D-xylopyranosyl
paromomycin (11α)

>128 >128 32 32 16 32 32 32 32 32 32

β-D-xylopyranosyl
paromomycin (11β)

32−64 32−64 16−32 16−32 16 16−32 16−32 32 16−32 16 32

β-L-arabinopyranosyl
paromomycin (14β)

32−64 32−64 16 16 8 16−32 16−32 16−32 16−32 16 32

β-D-ribopyranosyl
paromomycin (15β)

16−32 16−32 16 16 8 16 16 16−32 16 16 16−32

α-D-arabinofuranosyl
paromomycin (17α)

64−128 64−128 32 32 32 32 32 32 32 32 32

α-D-ribofuranosyl
paromomycin (18α)

32−64 32−64 32 32 8−16 16 16 16 16 16 16

aAll values were determined in duplicate using two-fold dilution series.
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(Table 2). The two furanosides carry hydroxymethyl groups
which will project into approximately the same space as the
identical group at position B of the pyranosides and therefore
presumably have only modest activity because of a comparable
steric clash. Comparison of the equatorial pyranosides with
paromomycin (Table 4) reveals that the best equatorial
pyranosides 11β and 15β (Table 2, entries 1 and 2) have
comparable affinity for the bacterial ribosomes and lower
affinity for the deafness mitochondrial allele and cytoplasmic
ribosome than paromomycin (Table 4, entry 2). Compounds
11β and 15β have greater activity for the bacterial ribosome
than the optimal 4′-O-alkyl paromomycin derivatives 3 and 4
(Table 4, entries 3 and 4) and comparable activity to the 4′-O-
hydroxyethyl derivative 5 (Table 4, entry 5). Therefore,
compounds 11β and 15β retain the activity of paromomycin
and have selectivity comparable to the 4′-O-alkyl paromomycin
derivatives, which clearly establishes the possibility of preparing
novel highly active AGAs with reduced potential for ototoxicity.
The construction of a model for the axial pyranosides and the

two associated α-D-furanosides (Table 3) is both more difficult
than for the equatorial pyranosides and ultimately less relevant
owing to the routinely greater affinity of this compound series
for the mitochondrial ribosome. The proportionately greater
activity of this series of compounds (Table 3) against the
mitochondrial ribosome results in less selectivity and is
predictive of ototoxicity. Consequently the pertinence of this
series of compounds is reduced from a drug discovery
perspective. It is nevertheless noteworthy that the two
furanosides are the compounds most active against bacterial
ribosomes (Table 3, entries 1 and 2), that the activity is not
dependent on the configuration at the 2-position of the
furanoside ring, and that it is comparable to the activity of
paromomycin (Table 4, entry 2). As in the equatorial series,
passage from an axial pentopyranoside to the hexopyranoside of
the same configurational series results in a significant loss of
activity (Table 3, compare entries 3 with 6, and 4 with 7).
However, as the highly active furanosides 17α and 18α both

retain a hydroxymethyl group in approximately the same region
of space as the hexopyranosides 6α, 7α, and 8α the reduced
activity of the latter is likely not due to a steric clash of the
hydroxymethyl group with the target. Rather, in the axial series
it appears that the more active compounds are the more
conformationally mobile ones; furanosides typically having
lower barriers to pseudorotation than the conformational
inversion of pyranosides, and pentopyranosides undergoing
conformational change more readily than hexopyranosides.
That the two pentopyranosides 12α and 13β (Table 3, entries
8 and 9) are the least active compounds in this series indicates
that the location of the ring oxygen in the appended sugar is
important. Possibly, a hydrogen bond from the 3′-OH in the
paromomycin ring I to this ring oxygen in 12α and 13β may
have a rigidifying effect on the global conformation of these two
saccharides which is disruptive to the interaction with the
target. Alternatively, and as found in all other axial pyranosides
(Table 3), a hydroxyl group on the front side of the pyranoside
ring in the position occupied by the ring oxygen in 12α and
13β makes an important contribution to binding.
Overall, a more specific interaction with the decoding A site

is indicated for the equatorial pyranosides and the correspond-
ing β-D-furanosides (Table 2) than for the axial pyranosides and
the associated α-D-furanosides (Table 3). This postulate is
consistent with the reduced selectivity in the latter series, with
the changes in the ribosomal RNA (rRNA) decoding A site
having less influence on specific interactions with the
glycosylated aminoglycoside.
The pattern of antiribosomal activity of the 4′-O-glycosyl

paromomycin derivatives, and the manner in which these
activities depend on the precise base sequence of the decoding
A site, strongly suggests that these compounds bind the
decoding A site of helix 44 of prokaryotic rRNA in a manner
analogous to that established crystallographically for paromo-
mycin,25 apramycin,62 and other 4′-O-derivatives of paromo-
mycin.64 In these AGA·rRNA complexes, which are character-
istic for all 4,5-series AGAs,27 the β-face of the AGA ring I

Table 7. Antimicrobial Data against Wild-Type and Engineered Strains of E. coli Carrying Specific Resistance Determinants for
Paromomycin and Selected 4′-O-Glycosides (MIC, μg/mL)a

strain

BM13 (AG006) AG007 AG008 AG009 AG036 AG037

resistance mechanism: − AAC(3) ANT(2″) AAC(6′) ANT(4′,4″) APH(3′,5″)
paromomycin (2) 2−4 8 4−8 8 >128 >128
α-D-xylopyranosyl paromomycin (11α) 16 64 8−16 64 16−32 >128
β-D-xylopyranosyl paromomycin (11β) 4−8 16−32 4−8 16 8 >128
β-L-arabinopyranosyl paromomycin (14β) 8−16 32 4−8 32 8−16 >128
β-D-ribopyranosyl paromomycin (15β) 4−8 16−32 4−8 16 8 >128
α-D-arabinofuranosyl paromomycin (17α) 8 32 8 32 8−16 >128
α-D-ribofuranosyl paromomycin (18α) 4−8 16−32 4−8 16 8 >128

aAll values were determined in duplicate using two-fold dilution series.

Figure 2. Preferred ring substituents in the equatorial pyranosides.
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stacks onto G1491 and interacts with it via a 4′-CH−π
interaction. In the bound structures the decoding A site has the
bases A1492 and A1493 in the flipped out mode that is an
integral part of the decoding mechanism.111 For the crystallo-
graphically examined 4′-O-benzyl paromomycin and 4′,6′-O-
benzylidene paromomycins, the 4′-substituent extends into an
area of bulk water close to the G1491-3′-OP(O2

−)-O-5′-A1492
phosphate group;64 the 4-aminoglucopyranosyl moiety of
apramycin occupies the same space in its complex with the
decoding A site.62 Given that the 4′-O-glycosyl paromomycin
derivatives bind in a standard manner, the glycosyl moiety will
necessarily occupy the same hydrated region of the decoding A
site backbone in proximity to the phosphate ester spanning
G1491 and the flipped out A1492. The systematic variation
between the equatorial and axial series of glycosides stems from
the occupancy of contiguous but different parts of this binding
site.
The origin for the aminoglycosides’ selective inhibition of

bacterial ribosomes stems from the bases lining the decoding A
site (Figure 3).112 Thus, the decoding A site of the cytoplasmic
ribosome (Figure 3B) differs from that of the bacterial
ribosome (Figure 3A) by two base substitutions (A1408G
and G1491A), both of which affect key interactions with the
aminoglycoside ring I. In the mitochondrial ribosome (Figure
3C), the single substitution (G1491C) in the binding site
impinges on the CH-π interaction of that base with the β-face
of the AGA ring I.54 The mitochondrial decoding A site is also
characterized by the presence of a second non-canonical base
pair immediately underneath the floor of the binding site,
presumably resulting in greater flexibility and thus contributing
to the lower affinity for AGAs. When this second non-canonical
base pair is replaced by a Watson−Crick pair, as in the A1555G
deafness allele (Figure 3D), affinity for AGA is enhanced and
hypersusceptibility to aminoglycoside ototoxicity results.55

Evidently, the paromomycin 4′-O-axial glycopyranosides and
the corresponding α-D-furanosides (Table 3) enjoy a more
favorable interaction with the mitochondrial decoding A site

than the 4′-O-equatorial glycopyranosides (Table 2), which
leads to the differing selectivity profiles of the two series of
compounds. Compared to the parental paromomycin, the
series of 4′-O-glycosylated derivatives synthesized is less active
on A1555G mutant mitoribosomes and cytosolic ribosomes. In
general, activity of the compound series for cytosolic Cyt14
ribosomes is in the same range as that for mitoribosomal
A1555G mutant hybrid ribosomes. This is similar for
paromomycin, but significantly different from aminoglycosides
(both 4,5 and 4,6) with a 6′-NH2 substituent. Apparently, as
long as there is no steric clash between ring I and residue 1408
(a 6′-NH2 results in a steric clash with the cytosolic G1408),113

the drug binding pockets of cytosolic Cyt14 recombinant
ribosomes and mitochondrial deafness A1555G recombinant
ribosomes are quite similar at the structural level1409/1491
C/A vs C/C, base pairing between 1410/1490. Although cryo-
electron-microscopy structures of mitochondrial ribosomes
have recently appeared and are consistent with the above
hypotheses,114,115 X-ray crystal structures are not yet available
for the 4,5-series AGA in complex with the complete cytosolic
ribosome or for any AGA bound to a mitochondrial ribosome.
Further discussion of the exact nature of the interactions
between 4,5-AGAs and the eukaryotic decoding A sites
therefore would be overly speculative.
The pattern of antibacterial activity of the 4′-O-glycosyl

paromomycin derivatives largely follows the antibacterioribo-
somal activity, especially for the pyranosides. Thus, for example,
the β-D-xylopyranosyl derivative 11β, with the highest
antiribosomal activity (Table 2) shows good antibacterial
activity against clinical strains of the Gram-positive MRSA and
the Gram-negative E. coli (Table 5), comparable in most cases
with apramycin, paromomycin, and the 4′-O-alkyl paromomy-
cins 3 and 4. Correspondingly, the least ribosomally active
glycosides show the lowest levels of antibacterial activity against
MRSA and E. coli. The exceptions to this overall pattern are the
two α-D-furanosyl derivatives 17α and 18α which display
somewhat lower antibacterial activity (Table 5) than would

Figure 3. Decoding A sites of prokaryotic and eukaryotic ribosomes. The AGA binding pocket is boxed. The bacterial numbering scheme is
illustrated for the AGA binding pocket. Changes from the bacterial ribosome binding pocket are colored green. The A1555G mutant conferring
hypersusceptibility to AGA ototoxicity is colored red.
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have been expected on the basis of antiribosomal activity alone
(Table 3). These and other minor differences between
antiribosomal and antibacterial activity reflect the change
from an in vitro system using a cell-free translation assay to
an assay measuring the inhibition of growth of live bacteria with
all the associated complications of drug transport and efflux.
The overall corresponding pattern of antibacterioribosomal
activity (Table 3) and antibacterial activity extends to the
clinically important Gram-negative pathogens A. baumannii, En.
cloacae, and K. pneumonia (Table 6). In contrast to the parent
paromomycin, the 4′-O-glycosides in part display notable
activity against the Gram-negative bacterium P. aeruginosa
(Table 6). In addition, the paromomycin 4′-O-glycosides retain
activity against clinical isolates AG039 and AG042 of MRSA for
which paromomycin itself shows no activity (Table 5). This
feature is common to apramycin and to the 4′-O-alkyl
paromomcyins (Table 5), suggesting that derivatization at the
4′-position overcomes the action of a 4′-aminoglycoside
modifying enzyme.116,117 This hypothesis is supported by
comparing the activity of the 4′-O-glycosides to that of
paromomycin against recombinant E. coli carrying the 4′,4″-
aminoglycoside nucleotidyl transferase (ANT(4′,4″)) resistance
determinant (Table 7). As expected 4′-O-glycosylation does
not suppress the action of 3′-aminoglycoside phosphatases
(APH(3′)) or the low level activity of the 3- and 6′-aminoacyl
transferases ((AAC3 and AAC6′) (Table 7). These data
indicate that future generations of aminoglycosides can be
designed to overcome ototoxicity and one or more resistance
mechanisms through the use of a single modification.

■ CONCLUSION

The synthesis of an extensive series of 4′-O-glycosylated
paromomycin derivatives and their screening for inhibition of
protein synthesis in cell-free translation assays using bacterial
wild-type and recombinant hybrid ribosomes has revealed
patterns that should aid in the design of further improved and
more selective aminoglycoside antibiotics. Equatorial glycosides
typically bind the mitochondrial ribosome less tightly than their
axial anomers and are therefore the anomers of choice in the
future development of less ototoxic 4′-O-glycosylated amino-
glycosides. In both the axial and equatorial series the
pentopyranosides, lacking the hydroxymethyl side chain, are
more active than the comparable hexopyranosides. Certain
isomers of the pentopyranosides, especially the β-D-xylopyrano-
side, have antibacterioribosomal activity comparable to
paromomycin and a selectivity profile that approaches that of
apramycin, for which reduced ototoxicity has been demon-
strated. The 4′-O-glycosylated paromomycin derivatives are not
susceptible to modification by ANT(4′,4″) aminoglycoside
modifying enzymes leading to the possibility that single
synergistic modifications can be designed into future
generations of AGAs to reduce toxicity and overcome
resistance mechanisms.
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Shcherbakov, D.; Böttger, E. C. Proc. Natl. Acad. Sci. U.S.A. 2008,
105, 20888−20893.
(55) Hobbie, S. N.; Bruell, C. M.; Akshay, S.; Kalapala, S. K.;
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2007, 35, 6086−6093.
(57) Francis, S. P.; Katz, J.; Fanning, K. D.; Harris, K. A.; Nicholas, B.
D.; Lacy, M.; Pagana, J.; Agris, P. F.; Shin, J.-B. J. Neurosci. 2013, 33,
3079−3093.
(58) Shulman, E.; Belakhov, V.; Wei, G.; Kendall, A.; Meyron-Holtz,
E. G.; Ben-Shachar, D.; Schacht, J.; Baasov, T. J. Biol. Chem. 2014, 289,
2318−2330.
(59) Henley, C. M.; Schacht, J. Audiology 1988, 27, 137−146.
(60) Dulon, D.; Aran, J. M.; Zajic, G.; Schacht, J. Antimicrob. Agents
Chemother. 1986, 30, 96−100.
(61) Aran, J. M.; Chappert, C.; Dulon, D.; Erre, J. P.; Aurousseau, C.
Hearing Res. 1995, 82, 179−183.
(62) Matt, T.; Ng, C. L.; Lang, K.; Sha, S.-H.; Akbergenov, R.;
Shcherbakov, D.; Meyer, M.; Duscha, S.; Xie, J.; Dubbaka, S. R.; Perez-
Fernandez, D.; Vasella, A.; Ramakrishnan, V.; Schacht, J.; Böttger, E.
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