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The aminoglycosides apramycin (yellow) and paromomycin (green)
exploit different binding spaces at their target ribosomal decoding-site
RNA although they share a common 2-deoxystreptamine scaffold
(white center). More about these studies on molecular recognition can
be found in the Communication by T. Hermann and co-workers on the
following pages.
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The ribosome and its RNA components are targets for a
diverse set of antibiotics, including the natural aminoglyco-
sides, macrolides, and tetracyclins and the synthetic oxazoli-
dinones, all of which interfere with bacterial protein syn-
thesis.[1,2] Crystallographic analyses of ribosomal subunits and
domains thereof in complex with antibiotics have demon-
strated that the natural products interact almost exclusively
with ribosomal RNA components (rRNA),[3] a result that
lends support to earlier biochemical findings[4,5] and under-
lines the importance of RNA as a drug target.[6] Aminoglyco-
side antibiotics bind to 16S rRNA near the mRNA decoding
site and thereby decrease the fidelity of translation by
lowering the energetic cost of a conformational transition in
the ribosome that is required for the discrimination between
near-cognate and cognate tRNAs.[7, 8] Insight into the molec-
ular recognition of the decoding site by antibiotic ligands and
the mechanics of translational fidelity are emerging from
three-dimensional structures of aminoglycosides in complex
with decoding-site oligonucleotides and whole 30S ribosomal
subunits.[7, 9–13]

Crystal structures have been determined for RNA com-
plexed with two classes of aminoglycosides (Scheme 1). The
three-dimensional structures of paromomycin (5) as well as
tobramycin (4) and geneticin bound to the whole 30S ribo-
somal subunit and to small model oligonucleotides revealed a
key role for the 2-deoxystreptamine (2-DOS) moiety in RNA
recognition.[10–12,14] In all cases, the 2-DOS ring interacts with
two consecutive base pairs of the decoding-site RNA,
that is, C 1407–G 1494 and the non-Watson–Crick pair

U1406*U1495 (Figure 1 a). Since these base pairs are
conserved in both the bacterial and eukaryotic decoding
site, molecular discrimination of the bacterial target by
aminoglycosides is provided through a combination of sugar
substituents at the 4- and 5- or the 4- and 6-positions of the 2-
DOS moiety.

Apramycin (1) is unique among the aminoglycosides as it
achieves antibacterial specificity by sugar substitution of the
2-DOS ring at the 4-position only (Scheme 1).[15–17] Chemical
probing has been used to study binding of apramycin to the
bacterial decoding site and has revealed specific interactions
of the antibiotic with residues A1408 and G1494,[5] which also
participate in the binding of the 4,5- and 4,6-disubstituted 2-
DOS compounds.[10–12,14] In contrast to these aminoglycosides,
which induce miscoding during translation, the primary effect
of apramycin is inhibition of elongation by blocking ribosome
translocation.[17] To decipher the molecular recognition of the
bacterial rRNA target by apramycin, we have determined by

Scheme 1. Aminoglycoside antibiotics that bind to the bacterial decod-
ing-site RNA. Apramycin (1), a unique 4-monosubstituted 2-deoxy-
streptamine, is described herein. Compounds 2 and 3 are semisyn-
thetic apramycin derivatives.[35] Aprosamine is obtained from apramy-
cin by acid hydrolysis of the terminal sugar (III) to leave a free hydroxy
group at the 8’-position.[15] Crystal structures of decoding-site RNA
complexed with tobramycin (4), a 4,6-disubstituted 2-deoxystrept-
amine, and paromomycin (5), a 4,5-disubstituted 2-deoxystreptamine,
were described recently.[7, 9–11] The 2-deoxystreptamine moiety shared by
all structures is numbered I. The ring fragments numbered II are
derived from glucose.
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X-ray crystallography the three-dimen-
sional structure of apramycin com-
plexed to the bacterial decoding site
in an RNA model construct (Fig-
ure 1 b). Similar constructs have been
used before for crystallographic struc-
ture determination of aminoglycoside–
RNA complexes and were proved to
represent authentic models of the ribo-
somal decoding site.[10–12, 14,18]

In the crystal structure of the
apramycin–RNA complex, both
decoding-site internal loops are occu-
pied by the aminoglycoside (see the
Supporting Information). One of the
ligand-binding sites participates in
crystal-packing contacts, involving
A1492 and A1493 in an interdigitated
stacking arrangement with a neighbor-
ing RNA molecule, while the other
decoding site is unperturbed by inter-
molecular contacts. As the geometry of
the two ligand-binding sites is similar,
we focus here on the analysis of the
unperturbed site (Figure 2). The over-
all structure of the internal-loop RNA
resembles the decoding-site complexes
of paromomycin, tobramycin, and
geneticin that were previously de-
scribed.[10–12,14] The unpaired A1408
residue is stacking between flanking
base pairs and interacting with apra-

mycin which spans the RNA helix from the interior at the
deep (major) groove to the exterior at the shallow (minor)
groove. The A1492 and A1493 residues are flipped out from
the interior of the RNA helix, thereby creating an opening
that accommodates the aminoglycoside (Figure 2a).

The C 1407–G 1494 base pair and the U1406*U1495
non-Watson–Crick pair form both direct and water-mediated
hydrogen bonds with the 2-DOS ring (I) of apramycin
(Scheme 2a). The hydrogen-bonding pattern and position of
the apramycin 2-DOS ring relative to the RNA are similar to
those of the 2-DOS moiety in the decoding-site complexes of
other aminoglycosides (Figure 2b and c).[10–12,14] The geome-
try of the U1406*U1495 pair most closely resembles the
structure of this pair in the geneticin complex,[14] but with a
relative translation of the residues that results in compression
of the RNA helix diameter (9.3 � C1’�C1’ distance, in
comparison with 9.8 � in the geneticin complex). It has been
pointed out that a U1406A change confers resistance
specifically to the 4,6-disubstituted 2-DOS aminoglycosides
whose sugar substituent at the 6-position cannot be accom-
modated when a A1406–U1495 pair is present.[18] Apramycin,
which does not carry substituents at either the 5- or 6-
positions, can still bind to the U1406A decoding-site mutant.
The 2-DOS interaction pattern in the apramycin complex is in
agreement with susceptibility data for bacteria carrying a
U1406A mutation, which show a fourfold hypersensitivity to
this antibiotic.[19] Molecular modeling of an A1406–U 1495

Figure 1. a) Secondary structure of the bacterial decoding-site internal
loop in 16S rRNA. The four base changes of the eukaryotic sequence
are indicated by arrows. The recognition site for the 2-DOS moiety of
aminoglycosides is boxed. b) RNA construct used for cocrystallization
with apramycin. Due to the self-complementarity of the single strands,
two antiparallel decoding-site loops are formed. Residues that are spe-
cific to the bacterial decoding site are shown in bold.

Figure 2. a) Stereoview of the apramycin–decoding-site RNA complex. Electron density (2Fo�Fc)
is contoured at 1.0s around the aminoglycoside. Apramycin (yellow) ring fragments are num-
bered according to the sequence shown in Scheme 1. b) Superimposition (based on phosphate
coordinates) of the complexes of apramycin (yellow) and paromomycin[10] (green) with the
decoding site. Only the RNA of the apramycin complex is shown. The 4- and 5-substitution posi-
tions of the 2-DOS core in paromomycin are indicated. c) Superimposition (based on phosphate
coordinates) of the complexes of apramycin (yellow) and tobramycin[11] (green) with the decod-
ing site. The 4- and 6-substitution positions of the 2-DOS core in tobramycin are indicated. Base
numbering follows the Escherichia coli sequence (see Figure 1).
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Watson–Crick pair in the decoding-site structure shows that a
water-mediated hydrogen bond could be formed between the
6-hydroxy group of the 2-DOS ring and the 4-amino

substituent of A1406. This water-mediated interaction
would adopt a more favorable geometry than the observed
contact between the same 2-DOS hydroxy group and O4 of
U1406 in the apramycin–wild-type RNA complex. Similar
observations have been made for paromomycin and neo-
mycin B,[19] 4,5-disubstituted 2-DOS aminoglycosides whose
binding to the decoding site is positively affected by the
U1406A mutation.[18]

The bicyclic sugar (II) of apramycin is stacking over the
guanine base of the C 1409–G 1491 pair (Figure 2), aligned in
a coplanar manner, and forming direct hydrogen-bond
interactions with the A1408 residue (Scheme 2b). The ring
connected to the 2-DOS moiety is located in a position similar
to that of the glucosamine residue in other aminoglycosides
bound to the decoding-site RNA (Figure 2b and c).[10–12,14]

The hydrogen-bonding pattern between O1’ and O6’ of the
apramycin sugar (II) and A1408 is identical to the inter-
actions seen for the glucosamine ring in the paromomycin
complex (Scheme 2c), and it gives rise to a geometry that has
been described as a glycoside–adenine pseudo base pair.[14]

The 2’-amino group of apramycin is involved in an intra-
molecular contact to O5 of the 2-DOS moiety. The interaction
between the bicyclic sugar (II) of apramycin and A1408
explains susceptibility data for bacteria carrying an A1408G
mutation or a methylated A1408 residue, either of which
confers resistance to apramycin.[20,21] Methylation of the
adenine exocyclic amino group or change to a guanine at
residue 1408 prevents formation of the glycoside pseudo base
pair with the apramycin sugar (II).

The terminal sugar (III) of apramycin is aligned at the
shallow-groove edge of the C 1409–G1491 pair and forms two
direct hydrogen bonds to these bases, thereby resulting in an
interaction that we termed a glycoside pseudo base triple
(Scheme 2d). The geometry of the interaction closely resem-
bles the arrangement of shallow-groove X·G–C base triples
that occur in ribosomal RNA, such as the G2588·G2617–
C 2542 triple in 23S rRNA from Haloarcula marismortui and
the A1085·G1055–C1104 triple in 23S rRNA from Escher-
ichia coli (see also Figure S2 in the Supporting Informa-
tion).[22, 23] Shallow-groove recognition of RNA base pairs has
frequently been observed in protein–RNA complexes, such as
the ribosome, spliceosomal particles, and aminoacyl-tRNA
synthetases.[24]

The 6’’-hydroxy group of apramycin that participates in
the interaction with the C 1409–G1491 pair is located at a
position that is occupied by a water molecule in the decoding-
site complexes of tobramycin and geneticin.[11, 12] Additional
hydrogen bonds are formed between the 2’’-hydroxy sub-
stituent of apramycin and the ribose moieties of G1491 and
A1492. Aprosamine, which lacks the terminal sugar (III) of
apramycin (Scheme 1),[15] still binds to the bacterial decoding-
site RNA, albeit with a lower affinity that leads to a tenfold
loss of potency in translation inhibition and bacterial growth
suppression.[25] The interaction between the apramycin ter-
minal sugar (III) and the C1409–G 1491 pair is in agreement
with bacterial resistance conferred by decoding-site muta-
tions at these residues. Earlier investigations of E. coli strains
carrying all possible nonlethal single and double mutations at
the 1409 and 1491 residue positions showed that any change

Scheme 2. a) Hydrogen-bonding interactions of the apramycin 2-DOS
moiety with the decoding-site RNA target. Water molecules are indi-
cated as W. b) Base-pair-like interaction of the bicyclic sugar (II) of
apramycin with the A1408 residue. This can be compared with c) the
interaction of the glucosamine moiety (II) of paromomycin with
A1408.[10] d) Base-triple-like docking of the terminal sugar fragment
(III) of apramycin to the minor-groove edge of a G–C pair. Base num-
bering follows the Escherichia coli sequence (see Figure 1).
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of the wild-type C–G pair results in 2- to 64-fold decrease in
susceptibility to apramycin.[26]

Superimposition of the apramycin–RNA complex with
the crystal structure of the 30S ribosomal paromomycin
complex[7] shows that the orientation of the apramycin sugar
(III) projects the 3’’-hydroxy group into close proximity
(<2 �) with the T40 residue of ribosomal protein S12
(Figure 3). Recent functional studies of S12 have revealed

that it plays a key role as a control element for translocation
of the mRNA–tRNA complex during translation.[27] Apra-
mycin binding to the decoding site might interfere with the
local conformation of S12 around the T40 residue, a
possibility suggesting a hypothesis for the unique inhibitory
action of apramycin on ribosome translocation.[17] Further
support for this hypothesis comes from genetic studies of
apramycin-resistant mutants of E. coli, which identified two
genomic loci that conferred resistance to the aminoglycoside,
aprA and aprB, both of which were mapped in the neighbor-
hood of ribosomal gene rpsL (S12).[28]

The crystal structure of the apramycin–decoding-site
complex reveals the molecular basis for the bacterial-target
specificity of the aminoglycoside antibiotic. A pseudo-base-
pair interaction of the bicyclic sugar (II) with A1408 and
alignment of the terminal sugar (III) with C 1409–G1491 in a
pseudo base triple are key determinants of the bacterial-RNA
complex which cannot form with the eukaryotic target. If the
E. coli numbering scheme is applied, the eukaryotic decoding
site carries G1408 and A1491 substitutions (Figure 1a), both
of which would disrupt specific interactions with apramycin.
In fact, the respective eukaryotic mutations, when introduced
into the bacterial decoding site, confer resistance to apramy-
cin.[20,26] Mass-spectrometric studies of aminoglycoside bind-
ing to RNA have produced somewhat contradictory results
that suggest apramycin binds with comparable affinity to the
wild-type bacterial decoding site and to A1408G mutants.[29]

Crystallographic investigation of complexes between apra-
mycin and eukaryotic decoding-site constructs indicates,
however, that the aminoglycoside binds to the eukaryotic

RNA in a fashion very distinct from its binding to the
bacterial target; it is buried entirely inside the deep groove of
the eukaryotic RNA and is shifted down toward the lower
flanking stem of the adenine internal loop.[30] The biological
significance of this interaction is currently not known.
Apramycin has recently been shown to also bind with
nanomolar affinity to stem loop I (SLI) of bacterial RepA
mRNA, thereby disrupting a pseudoknot interaction that
regulates translation of the protein.[31] Interestingly, amino-
glycosides of the 4,5- and 4,6-disubstituted 2-DOS classes do
not bind to the mRNA stem loop. The SLI RNA secondary
structure shares little similarity with either bacterial or
eukaryotic decoding-site RNA, a fact suggesting that a
different binding mode for apramycin might exist for each
of these targets.

The three-dimensional structures of aminoglycoside–
decoding-site complexes,[7,9–13] including the apramycin–
RNA crystal structure described here, illustrate a paradigm
of RNA recognition by natural products derived from 2-DOS.
Namely, the 2-DOS moiety is positioned face-on in the deep
groove of RNA and serves as an “RNA-friendly” anchor
scaffold that bridges adjacent base pairs.[32, 33] Branching out
from the central 2-DOS anchor are glycoside substituents that
provide additional target-specific contacts by pseudo-base-
pair and -triple interactions. A similar concept of base-pair-
like interactions of glycosides with nucleobases has been
proposed previously by Wong and co-workers who recognized
the potential of 1,3-hydroxyamine motifs found in amino-
glycosides for hydrogen-bonding alignment with the Hoog-
steen face of guanosine.[34] The apramycin complex with the
bacterial decoding site represents the first example of glyco-
side pseudo base pairs and triples simultaneously participat-
ing in RNA-target recognition by a small molecule.

Binding of the apramycin 2-DOS moiety to the decoding-
site RNA at a position that is nearly identical to the 2-DOS
arrangement in complexes with 4,5- and 4,6-disubstituted
aminoglycosides[10–12,14] suggests that novel ligands might be
created by attaching additional sugar moieties at the 5- or 6-
positions of apramycin (Figure 2b,c). Indeed, the structural
relationship between the 4-monosubstituted 2-DOS apramy-
cin and aminoglycosides of the 4,5- and 4,6-disubstituted 2-
DOS classes has been noted before and led to the synthesis of
6-O-(3-amino-3-deoxy-a-d-glucopyranosyl)apramycin (2,
Scheme 1), an apramycin/tobramycin hybrid, and 5-O-(b-d-
ribofuranosyl)apramycin (3, Scheme 1), an apramycin/ribos-
tamycin hybrid.[35] Microbiological testing in a range of
organisms revealed a generally two- to fourfold increase in
potency of the large aminoglycoside hybrids 2 and 3 over
apramycin.[35] One exception was the test against Pseudomo-
nas aeruginosa, where the potency of 2 and 3 was less than
that of the parent compound, possibly due to poor perme-
ability of the large molecules.

In the past, our group and others have used structural
information from decoding-site complexes of aminoglyco-
sides to design novel synthetic ligands for the bacterial
target.[33, 36, 37] The structure of the apramycin–decoding-site
complex lends support to a design strategy that we suggested
earlier, which aims to exploit interactions in the shallow
groove of decoding-site RNA, specifically with C 1409.[37]

Figure 3. Superimposition (based on phosphate coordinates) of the
apramycin–RNA complex with the decoding site in the crystal structure
of the whole 30S ribosomal subunit complex with paromomycin.[7] The
molecular surface of apramycin (yellow, dark blue, and red), the RNA
of the apramycin complex (pale blue and gray), and a fragment of the
ribosomal protein S12 (green) from the 30S subunit structure are
shown. The 3’’-hydroxy group of the terminal aminoglycoside ring (III)
clashes with the side chain of the T 40 residue (green and dark blue,
labeled) within S12.
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Experimental Section
RNA crystallization was performed with gel-purified and desalted
oligonucleotides purchased from Dharmacon Research (Lafayette,
CO). RNA was annealed by heating in buffer (50 mm sodium
cacodylate (pH 6.5), 3 mm magnesium chloride, 0.05 mm ethylene-
diaminetetraacetate (EDTA)) at 75 8C for 1 min and cooling to room
temperature. Apramycin was purchased as the sulfate (Sigma, St.
Louis, MO) and prepared as a 1.5 mm stock solution in buffer
(200 mm sodium cacodylate (pH 6.5), 300 mm potassium chloride).
For crystallization, 0.25 mm RNA in buffer (1.5 mL), apramycin stock
solution (1.5 mL), and a solution of 2.5% 2-methyl-2,4-pentanediol
(MPD) and 2.5% glycerol in water (1.5 mL) were mixed and
equilibrated against 65–80% MPD for hanging-drop vapor diffusion.
Crystal plates of the apramycin–RNA complex grew within three days
at 37 8C. For X-ray diffraction, crystals were flash-cooled in liquid
nitrogen and transferred to a cold N2 stream. Data sets were collected
on beamline 14IDB at the Advanced Photon Source (APS) at
Argonne National Laboratory (Argonne, IL). The crystals of the
space group P212121 diffracted to 2.7 � resolution. Data were
processed with the DENZO/SCALEPACK software.[38] Structures
were solved by molecular replacement by using a published decoding-
site RNA structure[10] as the initial model with the AMORE
program[39] and were refined to R/Rfree values of 0.24/0.30 with the
CNX/CNS program (Accelrys, San Diego, CA).[40] For complete
crystal data and refinement statistics, see the Supporting Information.
Coordinates and structure factors have been deposited in the Protein
Data Bank (accession code: 1YRJ).
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