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Aminoglycoside antibiotics, including paromomycin, neomycin and gen-
tamicin, target a region of highly conserved nucleotides in the decoding
region aminoacyl-tRNA site (A site) of 16 S rRNA on the 30 S subunit.
Change of a single nucleotide, A1408 to G, reduces the af®nity of many
aminoglycosides for the ribosome; G1408 distinguishes between prokar-
yotic and eukaryotic ribosomes. The structures of a prokaryotic decoding
region A-site oligonucleotide free in solution and bound to the aminogly-
cosides paromomycin and gentamicin C1a were determined previously.
Here, the structure of a eukaryotic decoding region A-site oligonucleotide
bound to paromomycin has been determined using NMR spectroscopy
and compared to the prokaryotic A-site-paromomycin structure. A con-
formational change in three adenosine residues of an internal loop, criti-
cal for high-af®nity antibiotic binding, was observed in the prokaryotic
RNA-paromomycin complex in comparison to its free form. This confor-
mational change is not observed in the eukaryotic RNA-paromomycin
complex, disrupting the binding pocket for ring I of the antibiotic. The
lack of the conformational change supports footprinting and titration
calorimetry data that demonstrate approximately 25-50-fold weaker bind-
ing of paromomycin to the eukaryotic decoding-site oligonucleotide. Neo-
mycin, which is much less active against Escherichia coli ribosomes with
an A1408G mutation, binds non-speci®cally to the oligonucleotide. These
results suggest that eukaryotic ribosomal RNA has a shallow binding
pocket for aminoglycosides, which accommodates only certain antibiotics.
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Introduction

Aminoglycosides are a class of antibiotics that
bind to the decoding region aminoacyl-tRNA site
(A site) of 16 S rRNA (Moazed & Noller, 1987;
Woodcock et al., 1991), inducing codon misreading
and inhibiting translocation (Davies et al., 1965;
Edelmann & Gallant, 1977). They preferentially
target prokaryotic ribosomes over eukaryotic
ribosomes, supporting their role as antibiotics.
Nonetheless, aminoglycosides inhibit eukaryotic
translation at higher concentration (Wilhelm et al.,
1978a,b).

The aminoglycosides bind to an asymmetric
internal loop (U1406-A1408, A1492-U1495) within
the decoding region. NMR structural studies on a
ing author:
model oligonucleotide (see the accompanying
paper, Lynch & Puglisi, 2001), designed to mimic
the minimal binding site of the aminoglycoside
antibiotic paromomycin, have shown a confor-
mational change associated with binding of amino-
glycoside (Fourmy et al., 1996, 1998). The
structures of the RNA oligonucleotide in its free
form (Fourmy et al., 1998), bound to paromomycin
(Fourmy et al., 1996), and bound to gentamicin C1a
(Yoshizawa et al., 1998) have been determined.
Both aminoglycosides bind in the major groove of
the RNA; in both drug-RNA complexes, A1492
and A1493 are displaced towards the minor groove
upon binding aminoglycoside (Figure 1). Addition-
ally, A1408 and G1494 shift slightly, so that A1408
and G1494 form a cross-strand stack.

The A1408-A1493 base-pair within the aminogly-
coside binding site is critical for high-af®nity inter-
action of antibiotic with RNA (Fourmy et al., 1996;
Recht et al., 1996). This base-pair, along with the
displacement of the adenosine residues towards
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Figure 1. The conformational change in the prokaryo-
tic decoding RNA upon binding paromomycin is
shown. The free RNA is shown in purple, the RNA-par-
omomycin complex is shown in red. The view is
towards the major groove of the RNA. Only the bases
are shown with a ribbon representing the phospho-
diester backbone for simplicity; paromomycin is not
shown, it would be coming out of the page with ring I
oriented toward A1492 and A1493 and ring II toward
G1494 and U1495. A1492 and A1493 change orientation
with respect to the helical axis and are displaced toward
the minor groove. A1408 stacks under G1494 in the
structure of the complex but not in the free-form RNA.
The structures of the decoding-site RNA-paromomycin
complex (Fourmy et al., 1996) and the free-form RNA
(Fourmy et al., 1998) have been reported.

Figure 2. The chemical structure for paromomycin,
the four rings and the carbon atoms are labeled by the
numbers used in the text. Neomycin is the same except
for an amino group on the 60 position, rather than the
hydroxyl group of paromomycin.

1038 Aminoglycoside Speci®city for Prokaryotic Ribosomes
the minor groove, creates a pocket for ring I of par-
omomycin (Figure 2) or gentamicin. The structures
of the two RNA-drug complexes are very similar
for the RNA internal loop and for rings I and II of
the antibiotic, which are common to both drugs;
the position of ring III differs, since the linkage of
ring III is to a different carbon atom on ring II for
gentamicin and paromomycin.

The aminoglycosides target prokaryotic and
mitochondrial ribosomes speci®cally over eukary-
otic ribosomes, even though the internal loop con-
tains universally conserved nucleotides at six of
the seven positions (Gutell, 1994). The only differ-
ence in sequence of the internal loop is at position
1408, which is adenosine in all prokaryotic and
mitochondrial sequences, but guanosine in all
eukaryotic sequences (Gutell, 1994). Expression of
Escherichia coli with the mutation A1408G confers
high-level (>100-fold) resistance to many aminogly-
cosides, including neomycin, but only low-level
(fourfold) resistance to paromomycin (Recht et al.,
1999b). Speci®cally, the single-base mutant con-
ferred resistance to aminoglycosides with a 60
amino group on ring I, including neomycin, but
not those with a 60 hydroxyl group, including paro-
momycin. Binding of neomycin to ribosomes with
the A1408G mutation was not observed by foot-
printing (Recht et al., 1999a), whereas the af®nity
of paromomycin binding to ribosomes with the
A1408G mutation is decreased approximately 25-
50-fold relative to wild-type (Recht et al., 1999a).
The approximate KD for paromomycin to E. coli
ribosomes is 100 nM on the basis of the footprint-
ing data, and approximately 4 mM to ribosomes
with an A1408G mutation (Recht et al., 1999a).
Similarly, footprinting showed no binding of
neomycin to the eukaryotic decoding-site oligo-
nucleotide and binding to paromomycin to the
eukaryotic oligonucleotide was decreased 25-50-
fold. A 40-fold decrease in binding af®nity of paro-
momycin to the eukaryotic oligonucleotide com-
pared to the prokaryotic oligonucleotide was
measured by titration calorimetry (R.G. Eason, M.
Recht & J.D. P., unpublished results).

Differences in RNA structure between prokaryo-
tic and eukaryotic drug-binding sites are the origin
of aminoglycoside speci®city for bacteria. The
A1408-A1493 base-pair in the prokaryotic struc-
tures creates a binding pocket for ring I. The geo-
metry of the A-A pair cannot be replaced by an
isosterically duplicated G-A pair, as it would be in
the eukaryotic sequence (see Lynch & Puglisi,
2001). The structure of the free-form eukaryotic
decoding region A-site oligonucleotide is reported
in the accompanying paper (Lynch & Puglisi,
2001), and has minor conformational differences
from the prokaryotic RNA oligonucleotide. As
expected, the base-pairing between the 1408 pos-
ition and A1493 differs in the two structures. Only
one hydrogen bond was observed between the
amino proton of G1408 and N1 of A1493. The
G1408-A1493 base-pair was disordered, but the
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average geometry was close to a normal
G-A imino base-pair. The carbonyl group of G1408
projects into the major groove of the RNA near the
binding site for ring I of paromomycin in the pro-
karyotic RNA-drug complex. A disruption in the
ring I binding site supports the biological data,
which showed resistance of A1408G ribosomes to
aminoglycosides with an amino group on the 60
position on ring I.

This study is aimed at identifying the structural
origins of aminoglycoside speci®city for prokaryo-
tic ribosomes by determining the structure of a
eukaryotic decoding-site oligonucleotide bound to
paromomycin. The structure was determined with
homonuclear and heteronuclear NMR experiments
and compared to the previous prokaryotic decod-
ing-site RNA-paromomycin (Fourmy et al., 1996)
and the free eukaryotic decoding-site oligonucleo-
tide structures (Lynch & Puglisi, 2001). The struc-
ture of the eukaryotic RNA bound to
paromomycin shows no displacement of the ade-
nosine residues upon antibiotic binding, and com-
parison of the two paromomycin complexes
suggests why the A1408G mutation decreases the
af®nity for paromomycin.

Results

Oligonucleotide design

The decoding-site RNA oligonucleotide used in
this study is presented in the accompanying paper
(Lynch & Puglisi, 2001). This oligonucleotide rep-
resents the simplest model eukaryotic decoding
region A-site oligonucleotide and can be used to
identify the speci®city of aminoglycosides for pro-
karyotic ribosomes. This oligonucleotide is a valid
model system for NMR study of aminoglycoside
rRNA interaction (Recht et al., 1996).
Table 1. Comparison of NMR chemical shifts of paromomyc

H8/6 H5/2

G1408 A1408 G1408 A140

G1405 7.47 7.58 - -
U1406 7.58 7.34 5.17 5.32
C1407 7.98 7.8 5.71 5.73
A/G1408 7.69 7.85 - 6.92
C1409 7.68 7.46 5.43 5.43
A1410 8.19 8.07 7.43 7.55
U1490 7.74 7.68 5.13 5.18
G1491 7.70 7.84 - -
A1492 8.22 8.22 7.75 7.95
A1493 8.41 8.21 8.21 8.22
G1494 7.71 7.55 - -
U1495 7.61 7.77 5.21 5.25
C1496 8.09 8.1 5.85 5.76

1H chemical shift was measured at 35 �C for non-exchangeable p
RNA in 10 mM sodium phosphate (pH 6.3).

Resonances that shifted by >0.1 ppm upon binding of paromomyc
NMR assignments of the eukaryotic decoding-
site oligonucleotide bound to paromomycin

Paromomycin forms a 1:1 complex with the
eukaryotic decoding-site oligonucleotide. The qual-
ity of the NMR spectra of the eukaryotic oligonu-
cleotide bound to paromomycin was good,
although resonances were broader than those of
the free RNA. A titration of paromomycin into the
RNA is presented in Figure 3. The resonances for
U1490 and G1491 shift down®eld upon addition of
drug. The RNA-paromomycin complex is in slow
exchange on the NMR time-scale, as shown by the
two resonances for U1490 and G1491 at a 0.5:1
stoichiometry of drug to RNA. Slight changes in
chemical shift are observed for the imino reson-
ances of U1406, G1494 and U1495.

Chemical shift is a very sensitive indicator of
change in local chemical environment surrounding
a proton. Comparison of assignments of the two
oligonucleotides bound to paromomycin is shown
in Table 1 for the base and H10 protons for the core
nucleotides (G1405-A1410, U1490-C1496). More
resonances are affected by drug binding to the pro-
karyotic oligonucleotide than by drug binding to
eukaryotic oligonucleotide. Additionally, changes
in excess of 0.5 ppm are observed for the aromatic
protons on A1408 and the imino proton on G1491
in the prokaryotic complex, whereas the largest
change for any proton of the eukaryotic RNA was
0.15 ppm for the G1491 imino resonance.

The chemical shift differences suggest a greater
RNA conformational change upon drug binding to
prokaryotic RNA than to eukaryotic RNA. Large
conformational changes occur in the prokaryotic
RNA upon paromomycin binding; A1492 and
A1493 are displaced toward the minor groove, and
change orientation with respect to the helix
(Figure 1). With the small chemical shift differences
observed in the eukaryotic RNA, a major change in
A1492 and A1493 would not be expected.
in-bound prokaryotic and eukaryotic oligonucleotides

H10 Imino

8 G1408 A1408 G1408 A1408

5.75 5.81 13.27 13.22
5.46 5.49 10.66 11.1
5.72 5.65 - -
5.82 5.97 (13.21) -
5.46 5.12 - -
5.91 5.98 - -
5.53 5.56 14.07 14.39
5.70 5.96 12.38 13.06
6.05 5.96 - -
6.12 6.06 - -
5.72 5.82 13.14 12.64
5.49 5.53 10.35 10.33
5.75 5.76 - -

rotons; 5 �C for exchangeable protons. The sample was �3 mM

in are indicated in bold.



Figure 3. The 1D NMR spectrum of a titration of paromomycin into the eukaryotic decoding-site oligonucleotide.
The lower panel is the free RNA, the middle panel is a 0.5:1 complex of drug/RNA, and the top panel is a 1:1 com-
plex. The titration was performed on a sample of 3 mM RNA at 25 �C on a Varian Inova 500 MHz spectrometer. The
down®eld portion of the spectrum, which includes the guanosine and uridine imino proton resonances, is shown.
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NMR characteristics of the eukaryotic
oligonucleotide bound to paromomycin

All non-exchangeable protons and most
exchangeable protons were assigned for the
eukaryotic oligonucleotide in the 1:1 paromomycin
complex through homonuclear and heteronuclear
(1H, 13C, 15N, 31P) 2D, 3D and 4D experiments.

The imino resonance for G1408 was tentatively
assigned. The resonance appears as a weak, broad
shoulder on the G1489 imino in a 1D spectrum and
a 1H-15N HSQC. A potential NOE to the G1491
imino proton was very weak and observed only at
long mixing time at 25 �C on the 800 MHz spec-
trometer. The G1408 imino proton is presumed to
be broad due to solvent exchange and the confor-
mational dynamics of the weaker-af®nity eukary-
otic RNA-paromomycin complex. Additionally, all
of the imino protons in the vicinity of the internal
loop (G1405, U1406, G1491, G1494 and U1495)
were broader than in the free form, indicating
intermediate exchange dynamics of the RNA-paro-
momycin complex.

Strong H10/H20 crosspeaks were detected in the
(1H/1H) DQF-COSY and short mixing time (20 ms)
(1H/1H) TOCSY for A1492 and A1493 as well as
u13 and c14 of the UUCG tetraloop. In addition,
very weak H10/H20 crosspeaks were detected in
the (1H/1H) DQF-COSY or short mixing time
(20 ms) (1H/1H) TOCSY for G1491 and G1408, in
addition to g1 and c27. Weak H10/H20 crosspeaks
in the TOCSY and DQF-COSY indicate mixed
sugar puckers or dynamics for these residues.

For paromomycin in the RNA-drug complex,
crosspeaks for ring I H10/H20, ring III H100/H200,
and ring IV H1000/H2000 were observed in the DQF-
COSY. The coupling constants measured are in
agreement with the chair conformations observed
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for rings I and IV in the prokaryotic complex, but
the strong ring III H100/H200 crosspeak indicates a
C20-endo sugar pucker for the ribose ring. No cross-
peak was observed for ring III for the prokaryotic
complex, indicating a C30-endo sugar pucker.

The canonical set of A-form intranucleotide and
internucleotide NOEs, including those from the
H10, H20, and H30 protons to the intranucleotide
H8/6 protons and the H8/6 protons of the sequen-
tial nucleotide, with comparatively similar intensi-
ties, were observed from g1 through C1412,
including the C1407 to G1408 and G1408 to C1409
steps. The canonical A-form NOEs were not
observed on the other side of the internal loop,
particularly the G1491-A1492, A1492-A1493, and
A1493-G1494 steps, which was observed also in
the spectra of the free-form eukaryotic RNA. How-
ever, no NOE was detected from G1491 to A1493,
indicating that A1492 is not bulged out of the
helix.

The relative intensities of NOEs in the A-form
region (g1-G1405, C1409-C1412, G1488-G1491)
were basically the same in the free and bound
RNA. The UUCG tetraloop has the same unusual
NMR characteristics as in the free form and other
RNA sequences. The NOEs in the internal loop
were very similar, except for slight changes in
NOEs involving the aromatic protons, particularly
those of A1492 and A1493.

The NOE patterns involving A1492 and A1493
are different in the eukaryotic RNA-paromomycin
complex (Figure 4) compared to prokaryotic RNA-
aminoglycoside complexes. In the prokaryotic
RNA-paromomycin and gentamicin complexes, the
A1493 (H2)-C1409 (H10) NOE was observed, but
was weak in intensity; an NOE from A1493 (H2) to
the G1494 (H10) was not observed, and these two
protons are approximately 7.5 AÊ apart in the struc-
ture. In the eukaryotic RNA-paromomycin com-
plex, the A1493 (H2)-C1409 (H10) NOE is observed
at short mixing time (50 ms) (Figure 4(a)) and is
moderate in intensity, weaker than the strong
intranucleotide H5-H6 NOEs. The 13C-edited
NOESY (Figure 4(b)) con®rms the assignment of
this NOE to the A1493 (H2) rather than the A1492
(H8). The A1493 (H2)-G1494 (H10) NOE is
observed at 150 ms in both 2D and 3D NOESY
experiments, and is readily identi®ed in the 3D
NOESY experiments. These two NOEs demon-
strate that the conformation of the base of A1493
relative to G1494 and C1409 must be different
in the prokaryotic oligonucleotide-paromomycin
complex in comparison to the eukaryotic oligo-
nucleotide-paromomycin complex. This result is
important, because A1493 in the prokaryotic RNA
changed conformation upon binding paromomycin
and gentamicin C1a.

Structure of eukaryotic oligonucleotide bound
to paromomycin

The structure of the eukaryotic A-site oligonu-
cleotide-paromomycin complex was calculated
from 605 RNA-RNA NOEs, 13 paromomycin-paro-
momycin NOEs (all inter-ring), 37 RNA-paromo-
mycin NOEs, 122 experimentally determined
RNA-RNA dihedral constraints, 35 paromomycin-
paromomycin dihedral constraints and 36 hydro-
gen bonds for the Watson-Crick base-pairs. In all,
100 structures were calculated, of which 35 con-
verged to low energy after the global fold; the
NOE and dihedral violation energies for seven
structures were high after re®nement with torsion
angle restraints and thus were discounted. Struc-
ture statistics for the eukaryotic oligonucleotide-
paromomycin complex are presented in Table 2.

A comparison of intermolecular NOEs in the
eukaryotic and prokaryotic complexes is presented
in Table 3. The total number of assigned intermole-
cular NOEs is less in the eukaryotic complex, in
particular those involving ring I. The lack of NOEs
to ring I is consistent with a disruption in the ring
I binding pocket, which was formed by the A1408-
A1493 base-pair in the prokaryotic complex, and a
different G1408-A1493 base-pair in the eukaryotic
complex. Additionally, the NOEs for ring I are to
the aromatic protons of A1492 in the eukaryotic
RNA rather than the sugar protons, also
suggesting a different binding pocket for ring I.

A superposition of the 28 lowest-energy struc-
tures of the eukaryotic oligonucleotide-paromomy-
cin complex is presented in Figure 5(a). The overall
r.m.s.d. for the RNA is 1.17 AÊ . The overall r.m.s.d.
is lower than in the free-form oligonucleotide
(1.50 AÊ ) because the drug acts as an axis that con-
nects the lower and upper stems. Figure 5(b) pre-
sents the superposition of only the core residues
(G1405-A1410, U1490-C1496) with paromomycin;
the r.m.s.d. of these residues to a minimized aver-
age is 0.86 AÊ . The disorder of these residues is pri-
marily from the positions of ring I and IV to the
RNA.

The positions of the bases and much of the RNA
backbone and paromomycin rings II and III are
well de®ned when superimposing only the core
residues and paromomycin. In the prokaryotic
RNA-paromomycin complex, rings I and II were
well de®ned, while rings III and especially IV were
not. The lack of NOEs to ring I from the eukaryotic
RNA accounts for the difference in disorder. The
relative disorder of ring II in the eukaryotic com-
plex compared to the prokaryotic complex results
primarily from transmission of the disorder of the
position of ring I to the RNA.

The structure of paromomycin is well de®ned by
the intramolecular NOEs and paromomycin tor-
sion angle constraints as shown in Figure 5(c).
Rings I and II adopt the same conformations as in
the prokaryotic complex. Ring III adopts a C20-endo
conformation in the eukaryotic complex, as
opposed to the C30-endo conformation observed in
the prokaryotic complex. Ring IV remains disor-
dered, as in the prokaryotic complex.



Figure 4. (a) A portion of a 2D (1H/1H) NOESY experiment acquired at 35 �C with a 50 ms mixing time on a 1:1
eukaryotic RNA/paromomycin complex. The spectrum was acquired in 24 hours on a sample of 3 mM RNA at
500 MHz with 64 scans of 2048 complex points in o2 by 512 in o1. The portion of the spectrum shown is a section of
the H10/base crosspeaks. The most important NOE is from a resonance at 8.22 ppm to the H10 of C1409. This NOE
could be from either A1493 H2 or A1492 H8. (b) A portion of a plane of a 3D NOESY-HSQC (1H/13C/1H) acquired
at 35 �C with a mixing time of 150 ms on a 2 mM, fully 13C,15N-labeled, eukaryotic decoding-site RNA oligonucleo-
tide bound to paromomycin in 2H2O on a Varian Inova 500 MHz spectrometer is shown. The spectrum was acquired
in 70 hours with eight scans of 2048 complex points in o3 by 64 in o2 (13C) by 128 in o1 (1H). A 13C plane at
154.5 ppm is shown; this carbon shift corresponds to C2 of A1493. The NOE shown in (a) that could not be
distinguished between A1492 H8 and A1493 H2 is demonstrated to be from A1493 H2. An additional NOE, to the
H10 of G1494 is observed at the longer mixing time.
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Table 2. Structure statistics and atomic r.m.s. deviations

Distance constraints
Total 655

Internucleotide (RNA-RNA) 380
Internal loop (RNA-RNA) 164
Internucleotide internal loop 105
RNA-paromomycin 37
Paromomycin-paromomycin 13

Dihedral constraints
RNA 122
Paromomycin 35

Hydrogen bonds (WC base-pairs) 36
Final forcing energies (kcal/mol)

Distance and dihedral constraints 5.76 � 0.87
r.m.s.d from distance constraints (AÊ )

All (655) 0.00687
r.m.s.d. from experimental dihedral

constraints (deg.) (122) 0.525
Deviations from idealized geometry

Bonds (AÊ ) 0.152
Angles (deg.) 8.26
Impropers (deg.) 0.734

Heavy-atom r.m.s.d
All RNA 1.17
Paromomycin 0.93
Core residues � paromomycin 0.86
Core residues ÿ paromomycin 0.78
Core residues � ring I 0.84
Core residues � ring II 0.78
Core residues � ring III 0.82
Core residues � ring IV 0.90

Final minimized structures are compared to the average coordinates of the 28 ®nal structures best-®tted
to each other. The ®nal structures did not contain any NOE violations >0.2 AÊ or torsion angle
violations > 10 �. Core residues refer to G1405-A1410 and U1490-C1496. Internal loop residues refer to
U1406-G1408 and A1492-U1495. WC base-pairs are Watson-Crick G-C and A-U base-pairs.

Table 3. Comparison of intermolecular NOEs for pro-
karyotic RNA-paromomycin complex and eukaryotic
RNA-paromomycin complex

Prokaryotic RNA/
paromomycin

Eukaryotic RNA/
paromomycin

Total 47 37
RNA-ring I 13 7
RNA-ring II 19 11
RNA-ring III 5 5
RNA-ring IV 10 14
Drug-G1405 0 1
Drug-U1406 4 4
Drug-C1407 4 4
Drug-A/G1408 2 0
Drug-G1489 1 0
Drug-U1490 8 11
Drug-G1491 5 1
Drug-A1492 5 3
Drug-A1493 7 3
Drug-G1494 5 3
Drug-U1495 6 7
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Comparison of the structures for the
eukaryotic and prokaryotic decoding-site RNA
bound to paromomycin

The paromomycin complexes of the prokaryotic
and eukaryotic decoding-site oligonucleotides are
presented in Figure 6. The structure of the prokar-
yotic oligonucleotide-paromomycin complex was
determined previously, and is shown here for com-
parison. The global structure of the two oligonu-
cleotides is similar; the upper stem, lower stem,
and UUCG tetraloop are equivalent, as expected.
The overall r.m.s.d between the structures of the
prokaryotic and eukaryotic decoding-site oligonu-
cleotides bound to paromomycin is 3.99 AÊ ; the
r.m.s.d. for the internal loop and paromomycin of
the two structures is 4.32 AÊ and for the internal
loop without paromomycin is 4.07 AÊ .

Paromomycin binds in the major groove of the
RNA in both structures. Ring I is positioned near
the adenosine stack of A1492 and A1493. Ring II is
near the U1406-U1495 base-pair. Ring III points
down from ring II towards the lower stem, and
ring IV is in position to contact the phosphodiester
backbone. In the prokaryotic RNA-drug complex,
ring I is buried in the RNA-drug complex, whereas
ring I is more exposed to solvent in the eukaryotic
RNA-drug complex. The difference in the binding
pocket for ring I affects all four rings of paromo-
mycin.
The RNA structures in the two complexes are
globally similar. U1406 base-pairs to U1495, C1407
base-pairs to G1494 in a Watson-Crick geometry,
and the 1408 position to A1493. In the eukaryotic
RNA U �U pair, the U1406 imino hydrogen atom
bonds to the U1495 O4 (3.61(�0.20) AÊ ) rather than
the U1495 O2 (6.38(�0.60) AÊ ), and the U1495
imino proton is closer to U1406 O2 (4.88(�0.37) AÊ )
than it is to U1406 O4 (5.42(�0.92) AÊ ). The one



Figure 5(a) and (b) (legend opposite)
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Figure 5. (a) Superposition of the
28 lowest-energy structures of the
eukaryotic decoding-site oligonu-
cleotide; the r.m.s.d. of these struc-
tures to the average was 1.17 AÊ .
The RNA is blue, the paromomycin
is gold. Paromomycin binds in the
major groove of the RNA. (b)
Superposition of the 28 lowest-
energy structures of the core resi-
dues (G1405-A1410, U1490-C1496)
and paromomycin of the eukaryotic
decoding-site oligonucleotide/paro-
momycin complex; the r.m.s.d. of
these structures to the average was
0.86 AÊ . (c) The superposition of the
28 lowest-energy structures of
paromomycin of the eukaryotic
decoding-site oligonucleotide/paro-
momycin complex. The four rings
of paromomycin are labeled. Rings
II and III are well de®ned, rings I
and IV are not as well de®ned.
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potential geometry on the U-U base-pair is favored
over the other, but the donor and acceptor atoms
are not close in space. The long distances between
the hydrogen bond donors and acceptors is an
indication of possible water-mediated hydrogen
bonds. The imino protons for both U1406 and
U1495 are observed and a strong-intensity NOE is
observed between the U1406 and U1495 imino pro-
tons, but the resonances are broader than in the
free form, and the number of NOEs assigned for
each imino proton was less than in the free form.

The structure of the prokaryotic RNA-paromo-
mycin complex shows the two imino protons
facing each other; the distance from the U1406 N3
does not favor interaction with either carbonyl
group of U1495 (4.46(�0.14) AÊ , U1406 N3-U1495
O4; 4.59(�0.38) AÊ U1406, N3-U1495 O2). The
U1495 N3 favors interaction with the U1406 O4
(3.95(�0.40) AÊ ) over the U1406 O2 (5.37(�0.13) AÊ )
in the prokaryotic RNA-paromomycin complex.
The U1406 and U1495 imino protons could be
assigned from each other through correlation
experiments developed since the publication of the
structure of the prokaryotic complex (Simorre et al.,
1995); thus the somewhat different NOEs observed
could be distinguished from each other in this
study. The orientation of U1406 to U1495 was not
affected by the binding of paromomycin in either
case.

The G1408-A1493 base-pair is better de®ned in
the paromomycin complex than in the free form,
which is similar to the ®nding that the A1408-
A1493 base-pair is better de®ned in the prokaryotic
RNA-paromomycin complex than in the free form.
In the eukaryotic oligonucleotide, two amino pro-
tons were observed for A1493 but only one for
A1492, as expected. The G1408 imino resonance
was tentatively assigned on the basis of the 1D
imino spectra, 2D (15N/1H) HSQC, and 2D
(1H/1H) NOESY data, but the putative imino
proton could never be correlated to the aromatic
proton of G1408, and there were not enough NOEs
to con®dently assign the imino proton. The amino
protons for G1408 were not observed.

A moderately intense A1493 H2-C1409 H10 NOE
(Figure 4) positions the Watson-Crick face of
A1493 toward G1408; C1407 ribose to G1408 H8
NOEs, G1408 ribose to C1409 H5 and H6 NOEs,
and a G1494 imino proton to G1408 H10 position
the Watson-Crick face of G1408 toward A1493
(Figure 7). The structures show a normal G-A
imino base-pair with hydrogen bonds between the
imino proton of G1408 and N1 of A1493 (N-N dis-
tance 2.86(�0.20) AÊ ), and the amino protons of
A1493 and the O6 carbonyl of G1408 (N-O distance
3.27(�0.40) AÊ ) (Figure 7). The other common G-A
base-pair is the sheared G-A, which involves the
adenosine amino group hydrogen bonding to the
guanosine N3 and the guanosine amino group
hydrogen bonding to the adenosine N7. The
sheared G-A geometry is not supported by the
NMR data.

The position of the internal loop nucleotides rela-
tive to the lower stem for the two structures is
quite different (Figure 8). The bases of the A1492
and A1493 are not displaced toward the minor
groove and not oriented nearly perpendicular to
the helical axis in the structure of the eukaryotic



Figure 6. A comparison (stereo) of the median-energy structure of the eukaryotic decoding-site oligonucleotide
(blue) and prokaryotic decoding-site oligonucleotide (red), each bound to paromomycin (gold). The structure of the
prokaryotic RNA/drug complex has been determined (Fourmy et al., 1996).
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oligonucleotide-paromomycin complex, in contrast
to that of the prokaryotic RNA complex. In the
prokaryotic structure, A1408 stacks underneath
G1494, and forms a base-pair with A1493, shifting
A1493 and A1492 to the minor groove relative to
the helical axis. In the eukaryotic RNA-paromomy-
cin complex, A1493 rather than G1408 stacks under
G1494, and A1492 stacks under A1493. G1408
stacks between C1407 and C1409. The different
position of G1408, A1492 and A1493 clearly



Figure 7. Superposition of the 28 lowest-energy struc-
tures of G1408 and A1493 in the eukaryotic RNA/paro-
momycin complex structure. The structures converge to
a normal G-A imino base-pair with hydrogen bonds
from the G1408 imino proton to A1493 N1 and the
A1493 amino protons to the G1408 O6 carbonyl group.
The view is from the C1407-G1494 base-pair down at
the G-A base-pair. The position of ring I of paromomy-
cin is shown as a circle. The position of the major
groove is indicated.
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perturbs the binding pocket for ring I in the
eukaryotic complex compared to the prokaryotic
complex.

Figure 9 highlights the difference in the positions
of both the 1408 nucleotide and A1493. In the
eukaryotic complex, A1493 is not displaced or
rotated so that the adenosine 6-amino group rather
than N7 is pointed into the major groove. The
G1408 O6 carbonyl group also protrudes into the
major groove. The bulky functional groups force
ring I to be in a different conformation relative to
the RNA (Figure 8(b)) in the two structures, which
is then transmitted to the other rings of paromo-
mycin.

The G1408-A1493 base-pair disrupts the binding
site for ring I (Figure 10). In the prokaryotic RNA-
paromomycin complex, the displacement of A1492
and A1493 creates space for ring I to stack on the
base of G1491. Ring I is buried in the surface of
RNA, makes speci®c contacts from the 60 hydroxyl
(mean C60-O distance 4.50(�0.48) AÊ ) and 40
hydroxyl groups (mean O-O distance
3.74(�0.24) AÊ ) to the phosphate oxygen atom of
A1493 and the 30 hydroxyl group to the phosphate
oxygen atom of A1492 (mean O-O distance
3.94(�1.11) AÊ ). In the eukaryotic RNA-paromomy-
cin complex, ring I is not buried in the RNA; the
RNA surface prevents ring I from fully engaging
with its binding site. Ring I is not stacked on
G1491 as in the prokaryotic complex. Similar con-
tacts are made to the backbone surrounding A1492
and A1493: the ring I 30 hydroxyl group is close to
the phosphate oxygen atom of A1492 (mean O-O
distance of 4.10(�0.77) AÊ , median O-O distance
3.84 AÊ ) in the ensemble of structures, and the ring
I 60 hydroxyl group is close to the phosphate
oxygen atom of A1493 (mean O-O distance of
3.32(�0.52) AÊ , median O-O distance 3.14 AÊ ). The
ring I 40 hydroxyl group is not very close to a
phosphate oxygen atom of either A1492 or A1493
(mean 40 OH-A1492 phosphate oxygen O-O dis-
tance 4.62(�0.60) AÊ ; mean 40 OH-A1493 phosphate
oxygen O-O distance 5.93(�0.41) AÊ ). The dynamic
nature of ring I, caused by disruption of its binding
site by the G1408-A1493 pair, prevents formation
of the stable contacts to the phosphodiester back-
bone that are observed in the prokaryotic complex
(Fourmy et al., 1996).

Structure of paromomycin in the eukaryotic
and prokaryotic RNA-drug complexes

Paromomycin adopts globally similar structures
in both prokaryotic and eukaryotic complexes
(Figure 11). Rings I and II are in the same confor-
mation in both structures. Both rings adopt a chair
conformation with the bulky substituents, the
amino groups and hydroxyl groups, in the equa-
torial positions. The two rings are also oriented
nearly identically with respect to each other in
both complexes. Ring III adopts a C20-endo confor-
mation in the eukaryotic complex in contrast to the
C30-endo conformation in the prokaryotic complex.
Ring IV is disordered, but is in a chair confor-
mation in all low-energy structures for the eukary-
otic complex.

The difference in the structure of paromomycin
between the two complexes results primarily from
the difference in sugar pucker of ring III. This
structural change causes a change in position of
ring IV relative to ring III. The difference in sugar
pucker allows rings III and IV to make more con-
tacts to the RNA. Position G1408 causes the differ-
ence in rings III and IV indirectly because of a
change in the binding pocket for ring I, which will
be discussed later.

Contacts made by paromomycin to the
eukaryotic decoding-site oligonucleotide

Paromomycin forms intramolecular and intermo-
lecular hydrogen bonds in the eukaryotic RNA-
paromomycin complex (Figure 12). Since none of
the exchangeable protons was assigned for the
drug, the positions for the hydrogen bond donors
to the RNA depend upon NOEs from non-
exchangeable protons. The distances between
heavy atoms are summarized in Table 4. The
hydrogen bonds shown in Figure 12 include the
ring III 200 hydroxyl group to the O6 carbonyl
group of G1408, the ring II 6 hydroxyl group to the
O4 carbonyl group of U1406, and a bifurcated
hydrogen bond from the ring II 1 amino group to
N7 of G1494, and the O4 carbonyl group of U1495.

Ring II of paromomycin directs sequence-speci®c
RNA recognition in the eukaryotic RNA complex,
similar to its role in the prokaryotic RNA-paromo-
mycin complex. Three base-speci®c contacts were
observed to ring II, the 6 hydroxyl group to the O4
carbonyl group of U1406, the 1 amino group to
G1494 N7 and the O4 carbonyl group of U1495.



Figure 8. (a) The lower stem residues (C1409-C1411; G1489-G1491) of the eukaryotic RNA/paromomycin complex
(blue) were superimposed on the same nucleotides of the prokaryotic RNA/paromomycin complex (red). The view
in the Figure is toward the major groove of the internal loop. The ribbons represent the phosphodiester backbone.
This Figure highlights the differences between the two complexes in position and orientation of A1492 and A1493,
and of C1407, G1408, and G1494 in the internal loop relative to the lower stem. Paromomycin is not shown to better
show the differences in conformation of the RNA; paromomycin would be coming out of the page. (b) The same
view of the two structures, now side-by-side rather than superimposed, to show where paromomycin (gold) is with
respect to the RNA.
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The distortion of the ring I binding pocket by the
G1408-A1493 base-pair versus the A1408-A1493
base-pair in the prokaryotic sequence causes ring II
to orient somewhat differently relative to the RNA,
particularly to the U1406-U1495 base-pair. The 1
amino group makes the same contact to U1495,
but it is now close to G1494 as well, rather than
the ring II 3 amino-G1494 N7 hydrogen bond
observed in the prokaryotic RNA-paromomycin
complex. This change also allows the 6 hydroxyl
group to contact U1406; these two atoms were
moderately close (4.2 AÊ ) in the prokaryotic RNA-
paromomycin complex.

The hydrogen bond from the ring III hydroxyl to
G1408 might be critical in allowing paromomycin
to bind to this eukaryotic sequence; this contact
probably causes ring III to switch to a C20-endo
sugar pucker, as the hydroxyl group would be
further away from the G1408 carbonyl group in a
C30-endo sugar pucker. No contact was observed to
A1408 in the prokaryotic complex, so the contact
to G1408 probably compensates for lost inter-
actions elsewhere.

The paromomycin structure is likely stabilized
by an intramolecular hydrogen bond from the ring
I 20 amino group to the ring III O400. This contact
was observed in the prokaryotic RNA-paromomy-
cin complex. This hydrogen bond gives the ®rst
three rings of the drug a compact structure, which
probably helps it ®t into the RNA pocket.

Additional contacts, primarily to the phospho-
diester backbone, were observed in the majority of
the ensemble of 28 structures. These contacts
include the ring IV 6000 amino group to the phos-
phate oxygen atom of U1490 and the ring III 500
hydroxyl group to either the phosphate oxygen
atom of G1491 or N7 of G1491. Other possible con-
tacts to the backbone observed in the ensemble of



Figure 9. A top view of the superposition of the
lower stem residues of the prokaryotic RNA/paromo-
mycin complex (RNA, red; paromomycin, gold) on
those of the eukaryotic RNA/paromomycin (RNA, blue;
paromomycin, gold) complex. This Figure highlights the
difference in position and orientation of A1493 and A/
G1408. The approximate position of ring I is shown. The
binding site for ring I of paromomycin is formed by the
A-A base-pair, the displacement of A1492 and A1493,
and the cross-strand A1408-G1494 stack.

Table 4. Speci®c intermolecular and intramolecular con-
tacts of paromomycin in the eukaryotic oligonucleotide/
paromomyicn complex

RNA/paromomycin
atom

Paromomycin
atom

Heavy atom-heavy
atom distance (AÊ )

Ring I 20 NH2 Ring III 0400 2.89 � 0.13
A1492 O (P) Ring I 30 OH 4.10 � 0.77
A1493 O (P) Ring I 60 OH 3.32 � 0.52
G1494 N7 Ring II 1 NH2 2.91 � 0.19
U1495 O4 Ring II 1 NH2 2.91 � 0.11
U1406 O4 Ring II 6 OH 2.69 � 0.09
G1408 O6 Ring III 200 OH 2.94 � 0.27
U1406 O (P) 3.51 � 0.77
or Ring III 400 OH
C1407 O (P) 4.03 � 0.91
G1491 O (P) 3.56 � 0.75
or Ring III 500 OH
G1491 N7 3.67 � 0.75
U1406 O (P) Ring IV 2000 NH2 4.58 � 0.95
U1490 O (P) Ring IV 6000 NH2 3.51 � 0.95
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structures include the 2000 amino group to the phos-
phate oxygen atom of U1406 and the 400 hydroxyl
group to either the phosphate oxygen atom of
U1406 or the phosphate oxygen atom of C1407.

Rings III and IV are disordered in both the
eukaryotic and prokaryotic RNA-paromomycin
complexes; thus, contacts between the RNA and
paromomycin are more dif®cult to identify. The
ring IV 6000 amino group to U1490 contact is not the
same as that observed in the prokaryotic RNA-par-
omomycin complex, in which the ring IV 2000 amino
group contacts the U1490 phosphate oxygen atom.
The ring III 500 hydroxyl group hydrogen bonds to
N7 of G1491 in the prokaryotic RNA-paromomycin
complex, but is close to either N7 or the phosphate
oxygen atom of G1491 in the eukaryotic structure.
Rotation around the ring III C400-C500 bond could
put the hydrogen-bond donor close to either func-
tional group in the eukaryotic RNA-paromomycin
structure. Similar contacts were observed in the
prokaryotic RNA-paromomycin complex at U1406
and C1407. Presumably, the change in sugar puck-
er of ring III and a slight change in orientation of
ring IV to ring III in the two complexes causes the
observed differences in the non-speci®c contacts of
ring IV.

Comparison of free form and paromomycin-
bound structures of the eukaryotic decoding-
site oligonucleotide

Paromomycin induces a minor conformational
change in the eukaryotic RNA oligonucleotide
upon binding. A comparison of the free and bound
forms of the eukaryotic A-site oligonucleotide is
shown in Figure 13. Globally, the structures are
similar, with similar internal loop base-pairs. Paro-
momycin induces an approximately 1.7 AÊ shift of
the base of A1492 and a 1.3 AÊ shift on the base of
A1493 when superimposing the lower stems of the
two structures (Figure 13(a)). A1492 is shifted with
respect to G1491. A1493 is shifted toward the
minor groove as in the prokaryotic complex, but
the shift is not as dramatic and the base does not
change orientation with respect to the helix. The
larger conformational changes of A1492 and A1493
in the prokaryotic complex and the small changes
observed for the two bases in the eukaryotic com-
plex are supported by dipolar coupling data
(Lynch & Puglisi, 2000). An approximately 45 �
change of the base of G1494 relative to the base of
A1493 is also observed upon binding paromomy-
cin, determined by superimposing the base of
A1493 for the two structures and measuring the
angle between the two bases.

The position and orientation of G1408 relative to
A1493 is affected by paromomycin binding
(Figure 13(b)). Paromomycin induces an approxi-
mately 4.5 AÊ shift of the base of G1408 toward the
lower stem and minor groove upon binding, deter-
mined by superimposing the lower stems of the
two structures. In the paromomycin-bound form,
G1408 is across the helix from A1493, and toward
the lower stem; in the free form, G1408 is across
the helix from A1493, and toward the upper stem.
There is a small change of the geometry of the G-A
pair. A normal G-A imino base-pair is observed in
the bound structure; in contrast, a base-pair invol-
ving the guanosine amino group and A1493 N1 is
observed in the free form. The drug displaces the
base toward the minor groove, enabling the nor-
mal G-A imino pair. However, the shift of G1408 is
not suf®cient to allow formation of the binding site
for ring I, because A1493 has not shifted much.



Figure 10. A comparison of the RNA surface of the prokaryotic (red) and eukaryotic (blue) structures. The position
of ring I and the contacts to the RNA by paromomycin (gold) are highlighted by showing the atoms as ball and stick
in their designated atomic color (red, oxygen; blue, nitrogen; pink, phosphorus). Hydrogen bonds are highlighted
with broken lines.

1050 Aminoglycoside Speci®city for Prokaryotic Ribosomes



Figure 11. A superposition of the paromomycin rings
I and II in the prokaryotic (red) and eukaryotic (blue)
RNA/paromomycin complexes. Rings I and II adopt
identical structures in the complexes; ring IV is disor-
dered in both structures; ring III is C30-endo in the pro-
karyotic RNA/paromomycin complex, but C20-endo in
the eukaryotic RNA/paromomycin complex.
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Comparison of the eukaryotic
RNA-paromomycin structure to chemical
modification data

The eukaryotic RNA-paromomycin complex
structure is consistent with previously obtained
chemical modi®cation data. Chemical modi®cation
data were published for the binding of paromomy-
cin to the prokaryotic RNA oligonucleotide (Recht
et al., 1996) and the ribosome (Moazed & Noller,
1987; Recht et al., 1996), and compared to binding
of paromomycin to the A1408G mutant ribosome
and eukaryotic oligonucleotide (Recht et al., 1999a).
In both sequences, paromomycin protects G1494
from modi®cation by dimethylsulfate (DMS),
which correlates well with the structure, since par-
omomycin binds in the major groove and N7 of
G1494 is protected by the drug. For the eukaryotic
RNA oligonucleotide, a weak footprint was also
observed for G1494 from kethoxal, which modi®es
the Watson-Crick face of guanosine nucleotides.
The C1407-G1494 base-pair is observed in both the
free and drug-bound RNA.

A1492 is less reactive to DMS in the eukaryotic
RNA in comparison with the prokaryotic RNA.
The structures support these data, because A1492
is stacked in the helix in the mutant, and less
exposed to solvent. A1493 is less reactive to DMS
than A1492 in the mutant, which agrees with the
G1408-A1493 base-pair rather than a G1408-A1492
base-pair. The reactivity of A1493 to DMS is com-
parable in the prokaryotic and eukaryotic RNA oli-
gonucleotides and is not affected by paromomycin
binding. N1 of A1493 is exposed to solvent in the
eukaryotic-paromomycin complex as well as in the
eukaryotic RNA free form and is hydrogen bonded
in both structures; the structures ®t the biochemical
data because paromomycin does not affect modi®-
cation of A1493. The modi®cation of A1493 is
weak in comparison to G1494 and A1492, which
®ts with N1 of A1493 being solvent-exposed but
hydrogen bonded to G1408.
Figure 12. This Figure highlights
speci®c contacts made by paromo-
mycin (gold) to the eukaryotic
decoding-site oligonucleotide (light
blue). Hydrogen bonds are drawn
as broken lines between balls with
the standard atomic color scheme
(red, oxygen; blue, nitrogen; pink,
phosphorus).



Figure 13. (a) Superposition of the lower stem of the free-form (green) and paromomycin-bound (RNA, blue; paro-
momycin, gold) eukaryotic RNA. The bases for G1491-G1494 and G1408-C1409 are shown, with ribbons representing
the backbone. The view is into the major groove; paromomycin is not shown, but would be coming out of the page.
Slight changes are observed for A1492, A1493, and G1494 upon paromomycin binding. (b) Superposition of the bases
of A1492 and A1493 stem of the free-form and paromomycin-bound eukaryotic RNA. The bases of A1492, A1493,
and G1408 are shown. The view is from the top of the helix down. G1408 is displaced upon paromomycin binding.
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Neomycin binding to the eukaryotic
decoding-site oligonucleotide

NMR spectra were acquired for neomycin bound
to the eukaryotic oligonucleotide. As expected, the
spectra were poorer in quality compared to the
RNA-paromomycin spectra, since modi®cation
data suggested that neomycin binds with
decreased af®nity or speci®city to this RNA
sequence (Recht et al., 1999a). Figure 14 presents a
1D titration of neomycin into the eukaryotic decod-
ing-site oligonucleotide. Upon neomycin titration,
the imino resonances for U1490 and G1491 shift as
in the paromomycin complex (Figure 3). Several
other imino resonances change upon binding of
neomycin: that of G1497 shifts up®eld, those for
G1405 and g2 shift down®eld, those for U1406 and
U1495 broaden into multiple resonances, and that
of G1494 broadens and becomes a shoulder on
G1489.

The changes in U1490 and G1491 chemical shifts
were observed for both complexes and are prob-



Figure 14. The 1D NMR spectrum of a titration of neomycin into the eukaryotic A-site oligonucleotide. The lower
panel is the free RNA, the middle panel is a 0.5:1 complex of drug/RNA, and the top panel is a 1:1 complex. The
titration was performed on a sample of 3 mM RNA at 25 �C on a Varian Inova 500 MHz spectrometer. The down®eld
portion of the spectrum that includes the guanosine and uridine imino proton resonances is shown. Highlighted are
the protons whose resonances change upon binding of neomycin.
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ably caused by binding of rings III and IV to the
backbone. The changes in the chemical shifts in the
upper stem resonances result from either a second
binding site, multiple binding modes of a single
drug, or a distortion of the closed internal loop
structure that is propagated up the stem. The
change in the G1494 imino resonance indicates that
the Watson-Crick C1407-G1494 base-pair is either
not forming or is now exchanging rapidly with sol-
vent because it is no longer protected from solvent
through stacking between A1493 and U1495. The
changes in the U1406 and U1495 imino protons
indicate that the two uridine nucleotides form mul-
tiple conformations. NOESY experiments in H2O
con®rm that strong NOEs were observed for the
multiple resonances observed between 10 ppm and
11 ppm, as expected for a U-U base-pair or, in this
case, multiple conformations of U-U base-pairs.
Discussion

Aminoglycoside antibiotics speci®cally target
prokaryotic ribosomes over eukaryotic ribosomes.
In the structure of the prokaryotic oligonucleotide-
paromomycin complex, the 1408 position forms a
non-canonical A-A base-pair with A1493 that was
previously shown to be critical for high-af®nity
aminoglycoside binding (Fourmy et al., 1996). The
1408 position is occupied by adenosine in all pro-
karyotic and mitochondrial ribosomal sequences,
and by guanosine in all eukaryotic cytosolic
sequences. An A1408G mutation in E. coli confers
high-level resistance to aminoglycosides with an
amino group on the 60 position of ring I, including
neomycin, but only low-level resistance to amino-
glycosides with a hydroxyl group at that position,
including paromomycin (Recht et al., 1999b). These
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data correlate well with data showing A1408G
resistance mutations to kanamycin, with a 60
amino group, in Mycobacterium (Alangaden et al.,
1998; Prammananan et al., 1998), and sensitivity of
the eukaryotic organisms Tetrahymena thermophila
and Giardia lamblia to aminoglycosides with a 60
hydroxyl group (Edlind, 1989; Palmer & Wilhelm,
1978). Although A1408G ribosomes are sensitive to
paromomycin, binding is decreased approximately
40-fold (Recht et al., 1999a). The results presented
in this study show a normal G1408-A1493 imino
base-pair that interferes with the binding site of
ring I of paromomycin, decreasing the af®nity of
the drug for the eukaryotic RNA. Ring I of paro-
momycin makes suf®cient contacts to the RNA to
allow the other three rings, particularly the critical
ring II, to interact speci®cally with the RNA.
Presumably, neomycin, with the 60 amino group
on ring I, cannot make these contacts, and binds
non-speci®cally to the RNA.

The structure of the eukaryotic decoding-site
oligonucleotide-paromomycin complex is similar to
prokaryotic decoding-site oligonucleotide-paromo-
mycin complex except in the region of the A/G
1408-A1493 base-pair and the bulged A1492. Since
no direct contact from paromomycin was observed
to A1408 in the prokaryotic complex, the 40-fold
difference in binding af®nity likely results from
indirect effects of position G1408. These effects
most likely result from the observed change in the
geometry of the purine-purine pair at the 1408-
1493 positions. G1408 changes the position and
orientation of A1493, which is transmitted to
A1492 and G1494.

The prokaryotic RNA oligonucleotide undergoes
a larger conformational change upon paromomy-
cin binding than the eukaryotic RNA oligonucleo-
tide. The prokaryotic RNA conformational change
is possible because the Watson-Crick face of A1493
is not necessary for the A-A base-pair; N7 of
A1493 hydrogen bonds to the amino group of
A1408, and the six-membered ring with the bulky
6 amino group of A1493 is rotated toward the
minor groove, and does not interfere with paromo-
mycin binding. A1492 stacks under A1493, as
stacking of adenosine residues is an energetically
favorable interactions, and A1492 and A1493 are
both rotated toward the minor groove. The cross-
strand A1408-G1494 stack is also a favorable pur-
ine-purine stack causing the complete shift of
A1492 and A1493 so that A1493 is base-paired but
A1408 is stacked under G1494, bulging A1492 out
of the helix. The bulged nucleotide creates a hole
in the RNA structure. Paromomycin induces this
conformational change of A1408, A1492 and A1493
in the prokaryotic complex, enabling ring I to stack
on the base of G1491 in the hole created. The pos-
ition of ring I directs ring II to the U1406-U1495
base-pair, and rings III and IV contact the RNA
backbone to stabilize the interaction further.

The conformational change is not favorable in
the eukaryotic RNA because of the geometry of the
G1408-A1493 base-pair. The two common G-A
base-pair geometries present bulky substituents in
the major groove, which would interfere with
binding of the drug. The favored base-pair for this
RNA is the normal G-A imino pair (Figure 7). For
the drug to induce the same conformational change
on the eukaryotic RNA, either the G-A base-pair
would have to be broken or the purine-purine
stacking interactions would have to be disrupted.

For paromomycin to act as a drug on the ribo-
some, the binding of the conserved rings I and II is
critical. The lack of the conformational change of
A1492 and A1493 disrupts the ring I binding site.
Ring I is mostly disengaged from the eukaryotic
RNA, making only a few interactions to position
ring II to make critical contacts to G1494 and the
U1406-U1495 base-pair, which enables rings III
and IV to contact the phosphodiester backbone.
This result agrees with the footprinting (Recht et al.,
1999a) and titration calorimetry data (R.G. Eason,
M.I. Recht & J.D.P., unpublished results) that
showed that paromomycin binds 25-50-fold weak-
er to the eukaryotic RNA oligonucleotide com-
pared with the prokaryotic RNA. Although the
binding is weaker, E. coli with the A1408G
mutation is sensitive to paromomycin.

The A1408G mutation in E. coli confers high-
level resistance to aminoglycosides with a 60 NH2

group, whereas only low-level resistance was
observed to aminoglycosides with a 60 OH group
(Recht et al., 1999b). The effectiveness of aminogly-
cosides against E. coli ribosomes with an A1408G
mutation mirrors the observed activities in vitro
and in vivo against eukaryotic targets (Edlind,
1989; Palmer & Wilhelm, 1978; Wilhelm et al.,
1978a,b). Thus, structural studies of the eukaryotic
RNA oligonucleotide provide insights into amino-
glycoside action against eukaryotic ribosomes. The
preference of paromomycin (60 OH) versus neomy-
cin (60 NH2) for the eukaryotic oligonucleotide was
revealed by NMR. Paromomycin forms a speci®c
1:1 complex with the oligonucleotide. In contrast,
neomycin forms multiple non-speci®c complexes
with the oligonucleotide. Evidently, neomycin,
with a bulky 60 NH2, which is likely protonated,
cannot be accommodated in the disrupted ring I
binding site in the eukaryotic RNA oligo-
nucleotide.

Aminoglycosides with either 60 substituent bind
equivalently to, and have similar activity against,
prokaryotic ribosomes. The 60 OH of paromomycin
in the prokaryotic complex hydrogen bonds to the
phosphate oxygen atom of A1493; the 60 NH2 of
gentamicin C1a forms a similar interaction. In the
eukaryotic complex, the 60 OH of paromomycin
can form a hydrogen bond with the phosphate
oxygen atom of A1493, albeit in a much ¯atter
RNA-binding pocket. Unfortunately, ring I is disor-
dered in the ensemble of structures and the back-
bone structure in this region is poorly de®ned by
the NMR data. A protonated amino group is
slightly larger than a hydroxyl group, and the
orientation of the hydrogen atoms is different. The
charge difference between the 60 OH and the 60
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NH3
� is not the origin for the difference in sensi-

tivity of E. coli ribosomes with an A1408G
mutation, as derivatives of neomycin that are neu-
tral at the 60 position are ineffective against the
A1408G mutant ribosomes (R.G. Eason, M.I. Recht
& J.D.P., unpublished results). The lack of the con-
formational change in the eukaryotic RNA upon
paromomycin binding suggests a less ¯exible and
more sterically constrained binding pocket for ring
I, in which a 60 NH2 group does not ®t. The bind-
ing pocket for aminoglycosides may be further
constrained in the context of the 70 S particle, as
this region makes intra-subunit (Clemons et al.,
1999) and inter-subunit contacts (Cate et al., 1999).
Thus, the differences observed with the oligonu-
cleotide may be enhanced by the ribosome.

Paromomycin binds more weakly to E. coli ribo-
somes with an A1408G mutation than to wild-type
E. coli ribosomes. The smaller decrease in activity
of paromomycin against the mutant arises from
the high (1-10 mM) concentration of the ribosomal
target, and the 10-100 nM KD of the drugs to the
ribosome. The human cytoplasmic ribosomal target
has additional mispairs in the lower stem, which
disrupt the bottom of the ring I binding pocket,
and would further decrease the af®nity of most
aminoglycosides for the target. Paromomycin
works as a drug against E. coli ribosomes with an
A1408G mutation even though the precise confor-
mational changes of A1492 and A1493 observed in
the prokaryotic-drug complexes were not
observed. Nonetheless, drug binding ®xes the con-
formation of these nucleotides with respect to the
unbound form. Small local conformational changes
in this region of ribosomal RNA are likely critical
for ribosome function in initiation, elongation and
decoding, and termination. Conformational signals
may be transmitted from the decoding-site to the
50 S subunit through the 900 region and the penul-
timate stem. Aminoglycoside binding to either the
wild-type or mutant G1408 ribosomes probably
shifts the subtle conformational equilibria required
for this signaling, thus inhibiting translation.

To understand aminoglycoside activity and tox-
icity further, the structures of the drugs bound to
the bacterial and human targets are needed. The
structure of the eukaryotic RNA-paromomycin
complex provides insights into aminoglycoside
binding to eukaryotic ribosomal RNA. This allows
a structural framework for designing improved
speci®city for these drugs. Beyond the problem of
aminoglycoside toxicity, aminoglycoside activity
against eukaryotic ribosomes may play a bene®cial
role in therapies of genetic diseases, as aminoglyco-
sides cause readthrough of premature stop codons
(Barton-Davis et al., 1999; Burke & Mogg, 1985;
Wilschanski et al., 2000). The structure presented
here provides a rationale for the design of amino-
glycosides with improved activities against eukary-
otic ribosomes.
Materials and Methods

NMR sample preparation

Milligram quantities of the eukaryotic decoding-site
RNA oligonucleotide were prepared unlabeled and uni-
formly 13C,15N-labeled by in vitro transcription from an
oligonucleotide template and puri®ed as described
(Puglisi & Wyatt, 1995). After electro-elution and precipi-
tation in ethanol, the RNA pellet was resuspended in
10 mM sodium phosphate (pH 6.3), 20 mM EDTA. The
sample was then dialyzed against the phosphate buffer
with a stepwise decrease in sodium chloride from 1 M to
0 in a microdialysis apparatus with a 1000 Da cut-off
membrane. The buffer used for most NMR experiments
was 10 mM sodium phosphate (pH 6.3), 20 mM EDTA.
Some H2O NOESY experiments were acquired in pH 5.75
buffer to slow the exchange rate of imino protons. Paro-
momycin and neomycin were purchased from Sigma
and not puri®ed further. A 1:1 complex of RNA and par-
omomycin or neomycin was prepared by monitoring the
chemical shift changes of imino protons. NMR samples
were either 3 mM (unlabeled) or 1.8 mM (13C,15N-
labeled) in 230 ml in a Shigemi NMR tube.

NMR spectroscopy

NMR experiments were acquired on either a Varian
Inova 500 MHz or Varian Inova 800 MHz spectrometer
with triple resonance and three axis gradient capabilities.
NMR data were processed using either VNMR (Varian)
or Felix (Molecular Simulations Incorporated, San Diego,
CA) software. 1H chemical shifts were referenced directly
to trimethylsilyl propionic acid (TSP); 15N and 13C chemi-
cal shifts were referenced to known chemical shifts of
imino nitrogen atoms and ribose carbon atoms in the
UUCG tetraloop (Varani & Tinoco, 1991).

The exchangeable proton resonances of the RNA were
assigned using a combination of through-space homo-
nuclear NOESY experiments at different temperatures (5,
15 and 25 �C) and different mixing times (75 ms, 150 ms
and 250 ms), and through-bond correlation experiments
of exchangeable protons and non-exchangeable protons
in H2O. Water suppression for these experiments was
accomplished using either a 1:1 jump-return (Otting et al.,
1987) or WATERGATE sequence (Piotto et al., 1992).

The non-exchangeable proton resonances of the RNA
were assigned with a combination of homonuclear
NOESY experiments at different temperatures (15, 20, 25
and 35 �C) and different mixing times (50 ms, 100 ms,
150 ms, 250 ms and 300 ms), heteronuclear 3D (13C) edi-
ted NOESY experiments (Clore et al., 1990) centered on
either the aromatic or ribose portions of the carbon spec-
trum at 35 �C for the complex with paromomycin with a
mixing time of 150 ms, and heteronuclear through-bond
experiments. 3D HCCH-TOCSY (Clore et al., 1990;
Nikonowicz & Pardi, 1992) was used to correlate protons
within one spin system. 3D HCP (Marino et al., 1994b)
experiment and 2D 1H/31P heteronuclear COSY (SkleÂnar
et al., 1986) were used to connect successive nucleotides
through the 31P. MQ-HCN (Marino et al., 1997) was used
to correlate the H10 and H8/H6. 2D HCCH-TOCSY
(Marino et al., 1994a) was used to correlate the H2 and
H8 resonances on the adenosine residues. The pyrimi-
dine H5 and H6 were correlated by a DQF-COSY. Par-
ameters for the DQF-COSY were 4096 complex points in
o2, 512 complex points in o1, with 32 scans/increment
with a relaxation delay of 1.5 seconds Heteronuclear
TOCSY experiments were used to correlate the water-
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exchangeable base protons with the non-exchangeable
protons on the base (Simorre et al., 1995, 1996a,b).

The non-exchangeable resonances of paromomycin
were assigned with through-bond experiments exclu-
sively. The resonances within each ring were correlated
by homonuclear TOCSY with a mixing time of 80 ms.
The sequential assignment was then accomplished by
correlating the protons two and three bonds apart with
either DQF-COSY or TOCSY at 20 ms. The 13C/1H
HMQC in natural abundance was used to separate anti-
biotic protons by type.

Structure calculation

Structures of the RNA oligonucleotide-drug complexes
were calculated using restrained molecular dynamics
followed by energy minimization using the program
X-PLOR on an SGI Octane workstation with a force-®eld
consisting of bond lengths, bond angles, improper
angles, repulsive van der Waals potentials, and exper-
imental distance and dihedral constraints in the absence
of electrostatics. Random starting structures for the RNA
were created by randomizing torsion angles for the cal-
culation. Paromomycin was initially started 20 AÊ from
the RNA and allowed to fold simultaneously with the
RNA. The initial stage was a modi®ed simulated anneal-
ing protocol (Wimberly et al., 1993) that included exper-
imental distance constraints but did not include dihedral
constraints; structures that converged to low total energy
were subjected to a re®nement protocol that added in
the experimental dihedral constraints. Of 100 structures,
35 initially converged in the paromomycin complex. The
structures were ®nally minimized with attractive Len-
nard-Jones potentials to obtain ideal van der Waals con-
tacts. The ®nal structures were displayed with the
program Insight II (Molecular Simulations Incorporated,
San Diego, CA). The energy of seven ®nal structures
diverged after addition of torsion angle constraints and
either violated an NOE or dihedral constraint. These
structures were discounted.

Distance restraints were assigned on the basis of NOE
volumes of crosspeaks in NOESY experiments at short
mixing time (50 ms), medium mixing time (100 ms), and
long mixing time (150 ms). NOEs with volumes compar-
able to those of the H10-H20 and pyrimidine H5-H6
NOEs at short mixing time were assigned as strong and
given a distance range of 1.8-3.0 AÊ . NOEs that were
weaker than the strong NOEs at short mixing time but
were intense at medium mixing time were assigned as
medium and given a distance range of 2-4.5 AÊ . NOEs
that were not intense until long mixing time were
assigned as weak and given a distance range of 3-6 AÊ .
NOEs that were weak in intensity at 150 ms were
assigned as very weak and given a range of 3.5-7.5 AÊ .
NOEs that were clearly identi®able but whose intensity
was hard to de®ne due to overlap were given wider
ranges depending on the mixing time. Water-exchange-
able NOEs were assigned wide ranges on the basis of
their intensity in a 75 ms mixing time NOESY in H2O.
Since intermolecular NOEs between the RNA and the
antibiotic were always weaker in intensity than the intra-
molecular NOEs, the distance ranges assigned were
wide and based upon what mixing time they were ®rst
observed. NOEs observed at 100 ms were assigned as
1.8-4.5 AÊ . NOEs observed only at 150 ms were assigned
as 2.0-6.0 AÊ . Finally, NOEs that were not observed until
longer mixing times were assigned as 3.0-7.5 AÊ . Some-
what tighter constraints were initially used on the tetra-
loop to achieve higher convergence; the structure of the
tetraloop was determined previously and is not dis-
cussed here.

Dihedral constraints were determined from homonuc-
lear and heteronuclear correlation experiments, except
for the w angle, which was assigned on the basis of the
presence or absence of a strong H10-H8/H6 NOE. All
nucleotides were assigned as anti except the G of the
UUCG tetraloop as previously shown (Cheong et al.,
1990). Anti was assigned a range of ÿ40 �-180 � (O40-C10-
N9/N1-C4/C2) (Saenger, 1984).

The ribose sugar pucker was assigned on the basis of
the value of the H10-H20 coupling constant determined in
a DQF-COSY. A coupling constant >8 Hz was assigned
as C20-endo; a coupling constant < 2 Hz was assigned as
C30-endo. Nucleotides with coupling constants between
2 Hz and 8 Hz were assigned as mixed and given a
range of sugar puckers from C20-endo, O40-endo and C30-
endo. The values for each were from Saenger (1984).

The backbone torsion angles were determined essen-
tially as described by Marino et al. (1999) and by Fourmy
et al. (1998). Overlap, particularly in phosphorus chemi-
cal shift, prevented all angles from being identi®ed.
Values for these angles were from Saenger (1984) with
ranges of � 20 �. The backbone torsion angle e was esti-
mated from 3JH30-P, 3JC20-P, and 3JC40-P from a 2D 31P-1H
heteronuclear COSY (SkleÂnar et al., 1986) and 3D HCP
(Marino et al., 1994b) and given a range of ÿ155(�20) �,
except for c14 of the UUCG loop, which was given a
range of ÿ95(�20) �. The torsion angle b was estimated
from 3JH50-P, 3JH500-P, and 3JC40-P from the same experiments
and given a range of 180(�20) �. The torsion angles b for
G1408 and G1491-G1494 were not con®dently assigned
and not constrained. The torsion angle g was estimated
from 3JH40-H50 from a 31P decoupled DQF-COSY and a 3D
13C-1H HMQC-TOCSY, and given a range of 55(�20) �,
except for g15 of the UUCG loop, which is trans and
given a range of 180(�20) �. The torsion angle g for
G1408 and G1491-G1494 were not con®dently assigned
and not constrained.

Torsion angle constraints for paromomycin were
determined by measuring possible 3J1H1H in a DQF-
COSY experiment and comparing the values to the
Karplus relationship of scalar coupling constant versus
torsion angle. Constraints were used in the calculation
when each 3J1H1H within the individual rings was con-
sistent with one ring conformation. The torsion angle
constraints were � 20 � from the median.

Protein Data Bank accession code

Coordinates have been deposited in the PDB RCSB
protein data bank, accession number 1FYP.
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