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Binding of human immunodeficiency virus type 1
(HIV-1) transactivator (Tat) protein to Tat-responsive
RNA (TAR) is essential for viral replication and is con-
sidered a promising starting point for the design of anti-
HIV drugs. NMR spectroscopy indicated that the ami-
noglycosides neomycin B and ribostamycin bind to TAR
and that neomycin is able to inhibit Tat binding to TAR.
The solution structure of the neomycin-bound TAR has
been determined by NMR spectroscopy. Chemical shift
mapping and intermolecular nuclear Overhauser effects
define the binding region of the aminoglycosides on
TAR and give strong evidence for minor groove binding.
Based on 15 nuclear Overhauser effect-derived intermo-
lecular distance restraints, a model structure of the
TAR-neomycin complex was calculated. Neomycin is
bound in a binding pocket formed by the minor groove
of the lower stem and the uridine-rich bulge of TAR,
which adopts a conformation different from those
known. The neamine core of the aminoglycoside (rings I
and II) is covered with the bulge, explaining the inhibi-
tion of Tat by an allosteric mechanism. Neomycin re-
duces the volume of the major groove in which Tat
is bound and thus impedes essential protein-RNA
contacts.

Antibiotics are chemicals that are active against microorgan-
isms, exerting their function in different ways at various cel-
lular locations. Aminoglycoside antibiotics, for example, target
the 30 S subunit of ribosomal RNA and cause mistranslation.
Molecules of the neomycin family of aminoglycosides (Fig. 1a)
bind directly to the A site of 16 S ribosomal RNA (1) and
efficiently disturb protein biosynthesis of prokaryotes. Struc-
tural studies on the interaction of aminoglycosides with RNAs
provided insights into the mechanisms of miscoding (2—4). The
antibiotic distorts the structure of the RNA and thus leads to
errors in protein biosynthesis. Variations in eukaryotic riboso-
mal RNA prevent high affinity binding of aminoglycosides to
the ribosomes of higher organisms, making them less prone to
antibiotic influence and thus rendering the antibiotics valuable
medical drugs. Due to the growing problem of antibiotic resist-
ance, caused by only a small number of mutations in the mi-
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croorganisms, the determinants for antibiotic binding to RNA
are of major interest in structural biology. Only a few struc-
tures of antibiotic-RNA complexes have been determined ex-
perimentally to date, among them the structure of paromomy-
cin in complex with a model oligonucleotide comprising the A
site of 16 S rRNA (2) and a low resolution and two high
resolution structures of complexes between RNA aptamers and
tobramycin or neomycin (5-7).

Aminoglycosides have also been found to bind to group I
introns (8), to hammerhead RNA (9), and to human hepatitis 8
virus ribozymes (10). These antibiotics also bind to the Rev
(regulator of expression of the virion) and Tat (transactivator of
transcription) binding regions of human immunodeficiency vi-
rus type 1 (HIV-1)! RNA, Rev response element (11), and
Tat-responsive element (TAR) (12). Different modeling ap-
proaches yielded several structural models of complexes be-
tween neomycin and group I intron (13), hammerhead ri-
bozyme (14), and Rev response element (15). In all of these
complexes, the aminoglycoside is bound in the major groove of
the RNA duplex at positions where the regular A-helical geom-
etry is distorted by internal loops, bulged out nucleotides, or
nonregular base pairs. No additional common structural fea-
tures of the RNAs are evident. In contrast, the three aminogly-
coside-RNA aptamer complexes show a bulged out nucleotide
that flaps over the antibiotic forming a binding cavity, whereas
the major groove of the A site RNA, favored by an internal loop,
is simply widened upon paromomycin binding (2, 3).

Studies of the HIV-1 TAR RNA-neomycin interaction re-
vealed that TAR also undergoes a conformational change upon
antibiotic binding (16). TAR forms a base-paired stem closed by
an apical loop (Fig. 1b6). A triple-U bulge interrupts the stem
only four base pairs below the loop and divides it into a lower
and an upper part. The binding region of neomycin has been
identified in the bulge and lower stem region, and competition
experiments have shown that neomycin inhibits the HIV-1 Tat
binding to TAR (16). Tat is an essential transcription factor for
viral replication that binds to the human cellular protein cyclin
T1 and to the stem-loop structure of TAR (17). The ternary
complex of human cyclin T1, interacting with the loop, and Tat,
interacting with the major groove in the bulge region of TAR,
causes cyclin-dependent kinase 9 to hyperphosphorylate the
COOH-terminal domain of RNA polymerase II, allowing effi-
cient transcription of the viral genome. Inhibition of Tat bind-
ing to TAR represses recruitment of cyclin-dependent kinase 9,
thus inhibiting phosphorylation of RNA polymerase II and
rendering transcription nonprocessive. Thus, the Tat-TAR-hu-
man cyclin T1 interaction is an ideal target for drugs against
HIV. Understanding of the binary interaction between Tat and

! The abbreviations used are: HIV, human immunodeficiency virus;
MD, molecular dynamics; TAR, Tat-responsive element; NOE, nuclear
Overhauser effect; NOESY, NOE spectroscopy; TOCSY, total correla-
tion spectroscopy; r.m.s., root mean square.
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TAR and their inhibition may serve as an initial step for study-
ing the much more complicated ternary complex.

MATERIALS AND METHODS

Neomycin B sulfate was from Roth (Karlsruhe, Germany), ribosta-
mycin sulfate was from ICN (Aurora), and BP3 was chemically synthe-
sized (German Cancer Research Institute, Heidelberg).

RNA Synthesis and Sample Preparation—HIV-1 TAR RNA was syn-
thesized by in vitro transcription using T7 polymerase and a synthetic
DNA template (CGGTCTAAACTCGGTCCCACGAGAGACCG; MWG
Biotech, Ebersberg, Germany). For preparation of selectively '*C/*°N-
labeled TAR, uniformly labeled adenosine, cytidine, and uridine
triphosphates (Campro Scientific, Emmerich) were used.

To achieve the desired hairpin fold, the TAR was heated to above
80 °C for at least 5 min in 100 mm NaCl, 50 mM potassium phosphate,
pH 6.4, and then cooled to room temperature on ice. The correct fold was
monitored by NMR spectroscopy. Folded TAR was desalted by dialysis
and then freeze-dried. The freeze-dried TAR was resuspended in NMR
buffer containing 90 mm NaCl, 18 mM potassium phosphate, pH 6.4, in
H,0/D,0 (9:1, v/v), or D,O only. Aminoglycosides were added to the
RNA from a stock solution (50 mM in NMR buffer).

NMR Spectroscopy—All NMR experiments were performed at 28 and
35 °C on Bruker DRX600 and DMX750 spectrometers at 600 and 750
MHz, respectively, with xyz-gradient units. RNA concentrations of the
samples used for one-dimensional NMR spectroscopy were 0.2 mm; RNA
concentrations for two- and three-dimensional experiments were 2.0
mM for free TAR, 5.0 mm for unlabeled TAR with neomycin, 3.6 mm for
unlabeled TAR with ribostamycin, and 1.3 mum for **C/**N-labeled TAR
with neomycin. For both aminoglycosides, 1:1 and 2:1 (antibiotic/RNA)
unlabeled samples were prepared. Resonance assignment and NOE
intensities for the RNA and aminoglycoside components of the complex
were obtained from the following experiments: 1) two-dimensional
NOESY, two-dimensional TOCSY, and two-dimensional DQF-COSY
with unlabeled samples; 2) two-dimensional "H-'3C ct-HSQC, two-di-
mensional *C-filtered NOESY, two-dimensional '*C-filtered TOCSY,
three-dimensional HCCH-COSY, three-dimensional HCCH-TOCSY,
and three-dimensional '*C-edited NOESY-HSQC with a sample con-
taining uniformly **C/**N-labeled adenosines, cytidines, and uridines
and unlabeled guanosines. The two-dimensional NOESY spectra were
collected with 80-, 150-, 200-, and 400-ms mixing time; the three-
dimensional NOESY spectra were collected with 150- and 200-ms mix-
ing time. The DIPSI2rc sequence (18) was used for spin lock in the
TOCSY experiments. In the '*C-filtered experiments, '*C magnetiza-
tion was removed by two subsequent INEPT transfers prior to the
two-dimensional NOESY (or TOCSY) pulse sequence. Thus, only cross-
peaks between '2C-bound protons were observed in the two spectra. In
the NOESY spectrum also, NOEs between '2C-bound and *C-bound
protons were detected. Water suppression was achieved by excitation
sculpting (19) or, in experiments with D,O samples, by presaturation.
Shigemi microtubes were used throughout.

All NMR data were processed and analyzed with the program pack-
ages NDee and Xndee (SpinUp Inc., Dortmund, Germany), XWIN-NMR
(Bruker, Karlsruhe, Germany), and in-house software. Chemical shift
values & from the titration experiments were fitted to the equation,

1
5= ﬁ{([A] +n[R]+ Kp) — \([A] + n[R] + Kp)* — 4n[RI[A]}

(8 — 8) + & (BEq.1)

where K, is the dissociation constant, [R] is the concentration of RNA,
[A] is the concentration of the antibiotic, n is a factor describing the
binding stoichiometry, and §,and §, are the chemical shift values of free
and bound protons of TAR, respectively (20).

Experimental Restraints for Structure Calculation—Intramolecular
interproton distance restraints were obtained from two- and three-
dimensional NOESY spectra recorded with mixing times of 80, 150, and
200 ms. All NOEs were classified according to their intensity in the
spectra as strong (0-3.5 A), medium (0-4.5 A), weak (0-5.5 A), or very
weak (0-6.5 A). NOEs that were observed only in the 400-ms NOESY
spectrum were assumed to be extremely weak (0-7.5 A). Canonical
distance restraints were employed to define the hydrogen-bonding pat-
tern and the planarity of the base pairs (21, 22) when strong cross-
peaks were observed between the cytidine amino protons and the
guanosine H-1 and between the adenosine H-2 and the uridine H-3.

Structure Calculations—Structure calculations were performed us-
ing the X-PLOR package, version 3.851 (23). As starting structure for
the calculation of the neomycin-bound TAR, a hybrid structure consist-
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Fic. 1. a, the aminoglycosides neomycin and ribostamycin are iden-
tical in the first three rings, and neomycin comprises an additional
fourth ring. b, sequence and secondary structure of the 29-nucleotide
TAR; open boxes indicate Watson-Crick base pairs.

ing of the stem from the crystal structure of TAR in the presence of Ca®"
(24) (Nucleic Acid Data Bank accession code URX075) and the loop (C*°
through A®®) of the solution structure of free TAR (25) (Protein Data
Bank (New Brunswick, NdJ) accession code 1ANR) was used. The hybrid
was constructed by combining coordinates from both structures and
performing an energy minimization with X-PLOR. This structure
served as template for subsequent structure calculations. The geometry
of neomycin was adopted from the structure of a paromomycin-16 S
rRNA complex by replacing the ring I C-1' OH-group of paromomycin
by an NH,-group. The structure calculation comprised three stages. 1)
Calculation of the structure of the neomycin-bound TAR was per-
formed, omitting neomycin. This procedure was intended to establish
the correct overall RNA fold on the basis of the intramolecular RNA
NOEs observed for the neomycin-bound form. For this part of the
calculation, the protocol “refine_gentle.inp” supplied with the X-PLOR
program package was used (23). 20 ps of molecular dynamics were
simulated at 300 K with 1-fs time steps. 100 RNA structures were
obtained by averaging over the dynamic trajectory during the final 10
ps followed by a 1000-step conjugate gradient energy minimization in
each calculation. This “gentle” procedure allows for conformational
changes of the RNA without sacrificing the RNA-typical geometry. 2)
Determination of the location of neomycin in the complex was per-
formed by using 15 intermolecular NOE distance restraints between
TAR and neomycin derived from the TAR-ribostamycin and TAR-neo-
mycin complexes in addition to the intramolecular RNA NOEs. For the
calculation of the complex structure, the 100 neomycin-bound struc-
tures (step 1) served as starting structures. During the simulated
annealing, the RNA structure was kept fixed except for A?? through G*¢
to allow compensation for wrong spatial arrangements in the neomycin
bound structure of the TAR caused by the absence of the antibiotic in
step 1. This guaranteed extensive sampling of the conformational space
for the aminoglycoside and the bulge in a simulated annealing proce-
dure based on the “global fold” protocol (26). In the first 15 ps of the MD
simulation at 1000 K, only NOEs and the hydrogen bonds were used as
experimental restraints represented by a soft square well potential
function. Then 14 cycles of MD calculation, 1 ps each, were done at 1000
K while the force constant for repulsive van der Waals interactions and
the asymptote slope for the NOE potential were gradually increased.
Finally, the system was cooled from 1000 to 300 K (29 cycles of MD, 0.5
ps each), followed by a 1000-step energy minimization. 3) Refinement of
the 100 complex structures thus obtained was performed using a pro-
tocol identical to that in step 1 except for a reduction of the integration
time step from 1 to 0.5 fs. The distance restraints used were identical to
those in step 2, but the RNA conformation was no longer fixed to obtain
the overall correct conformation.

Out of a total of 100 calculated structures, 17 converged structures
with no NOE violation greater than 0.5 A and no torsion angle violation
greater than 3° were accepted and retained for further analysis. Geom-
etry of the structures, structural parameters, and elements of regular
secondary structure were determined using the program What_Check
(27). SYBYL 6.5 (Tripos Associates) and INSIGHT II (Molecular Sim-
ulations, Inc.) were used for visualization of the structures. The coor-
dinates are deposited in the Protein Data Bank (code 1qd3).

RESULTS AND DISCUSSION

Binding of both neomycin B and ribostamycin (see Fig. 1a) to
HIV-1 TAR was monitored by one-dimensional NMR spectros-
copy. Upon the gradual addition of either aminoglycoside to
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Fic. 2. Titration of TAR RNA with neomycin (left) and ribos-
tamycin (right). To a sample containing 200 um TAR RNA in 90 mm
NaCl, 18 mM potassium phosphate, pH 6.4, H,0/D,0 (9/1, v/v), each
antibiotic was added from a 5.0 mMm stock solution in the same buffer.
Experiments were performed at 28 °C at 600 MHz. Shown is the change
of chemical shift value (A8) of G** H-1 versus the antibiotic/TAR ratio.
Dissociation constants (Kj,) are calculated by fitting the data to a
one-binding site model. For TAR with ribostamycin two additional
values with 5 and 10 equivalents of the antibiotic were also used for the
fit.

TAR the resonances of the imino protons in one-dimensional
NMR spectra broadened, and several resonances showed con-
tinuous changes of their chemical shifts indicating binding.
This was also confirmed from UV melting curves of TAR, which
show significant changes in the presence of either antibiotic.
The NMR imino proton spectrum of TAR in the presence of
either aminoglycoside showed one set of resonances, demon-
strating that free and aminoglycoside-bound TAR exchange in
the intermediate to fast region of the NMR time scale.

Resonances indicating hydrogen bonding and formation of
Watson-Crick base pairs are observed for all base pairs in the
stem, except for AZ2-U*°, which is located directly below the
triple-U bulge. The most pronounced shifts of imino proton
resonances are observed for G2!, U*2, and G?°. The imino pro-
ton of G2! shows a resolved signal over the whole titration
range. The neomycin-containing sample aggregated if more
than three equivalents of the antibiotic were added to TAR. For
ribostamycin, no aggregation was observed for ratios up to 10
equivalents of the aminoglycoside. An equation describing com-
plex formation was fitted to the changes of the chemical shift of
G2! H-1 (Fig. 2) as described under “Materials and Methods.”
The only satisfactory fit was achieved with the assumption of a
1:1 complex formation with either aminoglycoside, and the
binding constant was calculated to be 5.9 *+ 4 um for neomycin
and 127 = 24 pM for ribostamycin. Due to the lack of values for
higher excesses of neomycin, the uncertainty of the latter K,
value was higher. This K}, is of the same order as the K, of 0.92
uM for neomycin complexed with the TAR 24U—C variant by
gel retardation experiments (16).

Neomycin Inhibits Tat Binding to TAR—The Tat-derived
peptides BP1 and BP1gy, have been shown to have very similar
properties with respect to TAR binding as full-length Tat (29,
30). The BPlgy-derived peptide BP3 with the amino acid
sequence YHSQVWFITKGLGISYGRKKRGQSLTPSQGGQT-
HQDPIPKQ has been selected by phage display as a high
affinity TAR-binding peptide (31). TAR in the presence of BP3
shows an imino proton spectrum (Fig. 3b) characteristic for a
conformation that is also observed in the presence of BP1gy; or
other Tat-derived peptides (28, 32) and thus may indicate the
Tat-bound conformation. After the addition of one equivalent of
neomycin to the 1:1 TAR/BP3 sample, the spectrum of the
imino protons of TAR changed (Fig. 3c) and strongly resembled
the spectrum of TAR in the presence of neomycin alone (Fig.
3d), suggesting that neomycin changes the Tat-bound confor-
mation of TAR. Compared with the corresponding spectrum in
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Fic. 3. One-dimensional imino proton spectra of TAR RNA
recorded at 28 °C at 600 MHz. Sample conditions were 90 mm NacCl,
18 mM potassium phosphate, pH 6.4, H,0/D,0O (9:1, v/v). To a 200 puMm
TAR sample (a) one equivalent of the Tat peptide BP3 (b) or neomycin
(d) was added from a 5.0 mm stock solution. The sample containing BP3
and neomycin (¢) was produced by adding one equivalent of neomycin to
the TAR-BP3 sample. For free TAR, all peaks are labeled, in the
presence of Tat, and neomycin G** and U*? were not assigned. Dotted
lines indicate that resonances in the presence of both Tat and neomycin
are closer to the frequencies observed in the presence of neomycin alone
than in the presence of Tat alone.
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Fic. 4. Two-dimensional NOESY spectrum of TAR in the pres-
ence of neomycin. The spectrum was recorded at 28 °C at 600 MHz
with a mixing time of 150 ms. The sample contained 2.0 mm TAR and
4.0 mM neomycin in 90 mm NaCl, 18 mM potassium phosphate, pH 6.4,
H,0/D,0 (9:1, v/v). H-1'-H-6/H-8 chain tracing is shown from AZ%°
through U?!, skipping U?*-U?*, Between A%?* and G*®* an NOE is ob-
served (black arrow), indicating proximity. Gray circles with arrows
indicate the positions of cross-peaks in the spectrum of free TAR for
which the largest shifts are observed upon the addition of neomycin; for
U?3 and U?*, the H-5/H-6 cross-resonance is shown.

ppm

the presence of Tat peptides, a completely different resonance
pattern is observed. The imino proton resonances of G2 and
U®8 are shifted toward the frequency of neomycin bound TAR.
Both bases are directly involved in Tat binding (33). The G2t
imino proton shows a large upfield shift in the Tat-bound
conformation. After the addition of neomycin, the resonance is
downfield shifted as in the presence of neomycin alone. This
clearly confirms competition experiments by gel retardation
and CD spectroscopy (12, 16), indicating that the aminoglyco-
side is able to cause dissociation of Tat peptides from TAR. The
results obtained at nano- and micromolar concentrations are
thus also valid at millimolar concentrations, and, consequently,
NMR spectroscopy is a suitable method to examine TAR-neo-
mycin interaction.
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Fic. 5. Two-dimensional NOESY spectrum of TAR in the pres-
ence of ribostamycin. The spectrum was recorded at 35 °C at 600
MHz with a mixing time of 200 ms. The sample contained 3.6 mm TAR
and 7.2 mM ribostamycin in 90 mm NaCl, 18 mMm potassium phosphate,
pH 6.4, D,O. The two vertical peak ladders are intramolecular ribosta-
mycin NOEs from H-1" of rings I and III. Intermolecular NOEs are
indicated. Resonances at 3.42 ppm originate either from ring I H-2' or
ring I H-4’; the resonance at 3.63 ppm originates from ring I H-6" or
H-6". In the presence of neomycin, these NOEs are also observed, but it
cannot be distinguished whether they originate from ring I or ring IV
due to frequency degeneration. The U?® H-1'-ring I (H-2' or H-4")
cross-peak that is only observed as a shoulder of an intramolecular peak
is resolved in the presence of neomycin. The G*¢ H-1'-ring I H-2'/H-4'
NOE together with the C*'/U*? H-1'—ring I H-2'/H-4' NOE places ring
I in the minor groove, since both NOEs cannot be satisfied if ring I is
positioned in the major groove.

BP3-TAR-neomycin samples with an excess of neomycin
could not be prepared because of irreversible aggregation that
occurred as soon as more than one equivalent of neomycin was
added to the BP3-TAR sample. Thus, no further information on
the kinetics of the competition could be deduced from our
experiments.

Structure Determination—To further characterize the TAR-
neomycin complex, we determined the neomycin-bound struc-
ture of TAR RNA in solution. For resonance assignment in two-
and three-dimensional NMR spectra, we used unlabeled sam-
ples containing TAR and one or two equivalents of neomycin or
ribostamycin and a 1:1 TAR-neomycin sample in which all
adenosines, cytidines, and uridines were completely °N/*3C-
labeled. In addition to standard homonuclear two-dimensional
(NOESY, DQF-COSY, and TOCSY) and heteronuclear three-
dimensional NMR experiments (}*C HSQC-NOESY, HCCH-
COSY, and HCCH-TOCSY), !3C-half-filtered experiments
(NOESY and TOCSY) proved necessary for the assignment of
the RNA resonances. In these experiments, the >C magneti-
zation is removed prior to the NOESY or TOCSY transfer, and
thus only resonances from guanosine protons were observed in
the partially labeled sample, rendering H-1'-H-8 resonance
assignments of all guanosine protons possible. Sequential
NOESs between protons from guanosines and protons from la-
beled nucleotides could be distinguished from cross-resonances
overlapping in standard homonuclear spectra. Despite the
strong degeneration of the ribose H-3', H-4', H-5', and H-5"
resonances, 61% of the ribose resonances could be assigned
unambiguously.

The strongest shifts (>0.2 ppm) upon aminoglycoside bind-
ing were observed for the H-5-H-6 cross-resonances of U?® and
U?* and for the H-1'-H-8 cross resonance of A% in the presence
of either antibiotic (Fig. 4). Mapping all shifts larger than 0.05
ppm renders the binding region for the antibiotics well local-
ized; it spans from the bulge, including G2, to the lower stem
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TABLE I
15 intermolecular distance restraints derived from TAR-neomycin and
TAR-ribostamycin spectra
Most protons of ring I and ring IV are frequency-degenerated. If
NOEs were observed with both neomycin and ribostamycin, NOEs were
assigned to ring I protons. For G** H-8, neither NOE was observed with
ribostamycin; thus, it was assigned to ring IV protons.

TAR proton Neomycin proton Distance interval
A
G* H-1' Ring I H2' or H4' 4.0
G* H-1' Ring I H6' or H6" 5.0
G* H-1' Ring I H3’ 5.5
U*° H-1' or H-5 Ring I H2' or H4' 5.5
U*° H-1' or H-5 Ring I H3' 6.5
U* H-1' or H-5 Ring I H6' or H6" 6.0
C* or U*? H-1' Ring I H4' or H2’ 5.0
G*' H-1' Ring IT H3 6.5
G*' H-8 Ring IIT H1' 7.5
G*' H-8 Ring IIT H3’ 7.5
U2 H-5 Ring I H2' 5.5
U2 H-1’ Ring I H2’ 4.5
G* H-1' Ring IT H6 6.5
G** H-8 Ring IV H3’ 6.5
G** H-8 Ring IV H6' or H6" 6.5
TaABLE II
Structural statistics
Parameter Value

Average energy (kcal/mol)*
—228.43 (£55.10)
24.52 (+3.05)
190.09 (*+11.88)
76.16 (+2.82)
—346.21 (£27.00)
elec —191.40 (+60.80)
NOE 89.43 (+16.79)
Eoqn 1.03 (+0.44)
r.m.s. deviation from ideal
distances (A)

Etotal
bond
angle
improper

vdW

E

NOE 0.061
Bond length 0.004
r.m.s. deviation from ideal angles
(degrees)
Bond angles 0.92
Improper angles 0.92
Dihedral angles 0.10
Heavy atom r.m.s. deviation for 17
lowest energy complex
structures (A)
RNA® 2.28
Neomycin 1.32
RNA-neomycin complex® 2.25

“ Enor and E g, NOE energy and dihedral angle energy resulting
from a square well potential function with force constants of kyog =
50 keal'mol A2 and kg, = 10 keal-mol A2,

®r.m.s. deviation was calculated for the RNA except the loop region
(C29-G36).

down to base pair C'°-G*3. No resonance shifts are observed in
the upper stem, except for G*®, which is directly flanking the
binding region, and for G2® H-8. This shift can be attributed to
changes in the location of U2?® caused by a new bulge
conformation.

Structural reorganizations indicated by chemical shift map-
ping are reflected in new NOEs that are observed in the pres-
ence of either neomycin or ribostamycin, whereas the NOE
pattern in the loop and upper stem remains unchanged. This
indicates that no structural changes take place in this part of
TAR and that G2 is not directly involved in antibiotic binding.
Several NOEs are observed between A?? and G*¢ (Fig. 4),
indicating base stacking of these two nucleotides, and between
U2 and G?°. In the presence of either aminoglycoside, a se-
quential H-1'-H-8/H-6 walk is possible from G'7 through U3,
except for U%3 through U?® (Fig. 4).
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Fic. 6. a, stereoview of the 17 lowest energy structures of the TAR-neomycin complex. TAR RNA is represented by a yellow tube following the
phosphate backbone. Neomycin is represented by sticks, and rings have different colors, cyan (1), magenta (11), green (III), and blue (IV). The drug
is bound in the minor groove in the lower stem and bulge region of TAR. The stem is well defined, and the apical loop and the bulge show more
flexibility. b, stereoview of the eight lowest energy structures of the TAR-neomycin complex. Hydrogen atoms are not shown. Of TAR RNA, only
nucleotides 18—28 and 37—44 are shown. Orientation and color coding of neomycin are as in a; U?? is yellow.

Several intermolecular NOEs between neomycin and TAR do not allow complete assignment of resonances to individual
can be observed in the two-dimensional spectra, but line broad- protons. Only two very weak cross-peaks were identified as
ening and low intensity of these signals, which can be attrib- originating from G** H-8. In the three-dimensional spectra, all
uted to the dynamic properties of the neomycin-TAR complex, intermolecular NOEs were below the limit of detection. In the
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Fic. 7. Comparison of the Tat-TAR complex model (left) (36) with the neomycin-TAR complex (right). The yellow tube follows the
phosphate backbone of the RNA. Bases and riboses of the neomycin binding region of TAR, Tat-(46-58), and neomycin are shown as sticks. The
arrows indicate structural differences as follows. Arrow 1, in the presence of Tat, the phosphate backbone at U?? protrudes toward the major groove.
In the presence of neomycin, this part of the backbone is bent toward the minor groove, forming a binding pocket for the antibiotic. Arrow 2, in the
presence of neomycin, the backbone below the bulge is bent toward the major groove. This causes dislocation of the bases G*' and A%? and a
reduction of the volume of the Tat-binding pocket in the major groove. Arrow 3, in the presence of Tat, the upper bulge at U?® is bent toward the
minor groove, leaving a cavity into which Tyr*” may bind. In the presence of neomycin, the upper bulge is displaced toward the major groove

occupying the binding cavity for Tyr*’.

presence of ribostamycin, both RNA and aminoglycoside reso-
nances are significantly less broadened, and spectral overlap is
less severe than with neomycin, rendering assignment of all
aminoglycoside resonances possible (Fig. 5). Several intermo-
lecular NOESs between TAR and ribostamycin were unambigu-
ously assigned to protons of the antibiotic. RNA frequency
degeneration in the two-dimensional spectra, however, still left
ambiguities.

The lack of a sufficient number of unambiguous distance
restraints led us to calculate the structure of the neomycin-
TAR complex in two steps. First, we determined the neomycin-
bound structure of TAR, omitting the aminoglycoside molecule
in the calculations. From two- and three-dimensional NMR
spectra of TAR in the presence of neomycin, we derived 365
intramolecular NOE distance restraints to calculate a set of
100 structures of neomycin-bound TAR.

Chemical shift mapping and observation of identical in-
tramolecular NOE patterns in the presence of either neomycin
or ribostamycin resulted in the conclusion that neomycin and
ribostamycin bind to the same region of TAR. Thus, intermo-
lecular NOEs observed for the ribostamycin complex were con-
sidered valid also for neomycin. Given the identity of the first
three rings in both aminoglycosides, binding according to the
same mechanism is to be expected. Neamine, which is identical
to neomycin and ribostamycin in the first two rings, causes
changes in the chemical shifts of protons from the same region
of TAR as observed for ribostamycin and neomycin, and in
other neomycin-RNA complexes contacts responsible for bind-
ing specificity are established by atoms from the first two
neomycin rings (2, 7). In the tobramycin-RNA complex struc-
tures, it is also the 2-deoxystreptamine ring (ring II) that is
responsible for specific intermolecular contacts (6).

The present chemical shift data and, independently, RNase
footprinting data (16) indicate that the aminoglycoside binding
region stretches from C° to G2 and from U*° to G*3. Thus,
intermolecular NOEs were assumed to originate only from
protons of nucleotides that are part of or flanking this proposed
binding region, while no assumption on minor or major groove
binding was made.

Using this strategy, 13 intermolecular distance restraints

could be derived from the NMR spectra (Table I) of the RNA-
ribostamycin complex, and two ambiguous NOEs observed in
the neomycin complex could be assigned unambiguously on the
basis of the ribostamycin data. No single strong intermolecular
key NOE that a priori allows us to place the aminoglycoside in
either the minor or the major groove was identified. NOEs are
found between protons of the aminoglycoside and protons of the
RNA that are accessible from the minor groove as well as
protons accessible from the major groove, a fact that is not
surprising, since protons of a ligand bound in the minor groove
are expected to be closer than 5 A to protons in the major
groove, and vice versa. However, the combination of the
uniquely observed NOEs defines the binding site of the antibi-
otic. The origin of several pairs of NOEs, for example G*¢
H-1'-ring I H-2'/H-4' and C*'/U*2 H1'—ring I H-2'/H-4' (Fig. 5),
cannot be explained by binding of the antibiotic to the major
groove of TAR and thus places the drug in the minor groove.
Further support for minor groove binding is given by the chem-
ical shift data. A binding pocket in the major groove would
always include nucleotides of the upper stem for which no
significant changes of chemical shift values were observed
upon complex formation, rendering major groove binding
unlikely.

Structure Calculations Place Neomycin in the Minor Groove
of TAR—The NOE-derived intermolecular distances were then
used as a starting point for structure calculations of the RNA-
neomycin complex; to 100 structures of neomycin-bound TAR
that resulted from the MD calculations the aminoglycoside was
added. Using the RNA-ribostamycin-derived distance re-
straints, a simulated annealing calculation with subsequent
refinement resulted in 17 converged structures with no NOE
violations larger than 0.5 A (Table II ).

In none of the calculated models was the aminoglycoside
bound in the major groove, reflecting the fact that the set of
NOE-derived distance restraints is only compatible with minor
groove binding. The structure of neomycin and the stem region
of TAR are well defined in the complex. Neomycin is bound in
the TAR RNA minor groove, with rings I and II under the
triple-U bulge. Ring III is located in the minor groove close to
G2, and ring IV spans the minor groove contacting both A%°
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and G*? (Fig. 6). Stacking of A%? and G2° allows formation of a
continuous helix in the RNA stem. A?? and U*° form a Watson-
Crick base pair not obvious from the experimental data and
therefore not introduced by hydrogen bonding restraints in the
calculations. Both bases are propeller-twisted and buckled
against each other, explaining the absence of a strong imino
proton signal of U%°. The minor groove is widened from C1%:G*2
to A22:U%° compared with an ideal A-helix.

The definition of the apical loop and the triple-U bulge is low,
reflecting conformational flexibility of these regions (Fig. 6). In
all 17 structures, a binding pocket is formed in the deepened
minor groove. Bordering on this pocket is the base of G2° that
is shifted toward the minor groove relative to A%2. Rings I and
II of neomycin are enclosed by the protruding phosphate back-
bone of the bulge and by its bases. Thus, the aminoglycoside is
buried in the minor groove, and its accessible surface is reduced
by more than 50% compared with the free molecule. The TAR-
neomycin complex is thus substantially different from other
well defined RNA-aminoglycoside complexes in which the an-
tibiotic is bound in the major groove of the RNA.

Although the location of the bases of the bulge is not well
defined, the backbone of the bulge shows that the conformation
differs significantly from all published TAR conformations; in
free TAR, the bulge spans a gap of nearly 10 A between A22 and
G2% (25); in the proposed Tat-bound conformation, U? is in the
major groove, U? is in the minor groove, and C?* is exposed,
while the phosphate of C2* protrudes from the backbone (32); in
the presence of Ca%" ions, the bulge adopts yet another confor-
mation, with all three bases stacked above the backbone, which
is looped out toward the apical loop, and U?® on the minor
groove and U?® on the major groove side (24). None of the
published TAR structures shows a cavity in the minor groove
formed by the backbone or bases of the bulge. Neomycin thus
induces a conformation of the uridine-rich bulge that differs
from all known TAR structures.

How Neomycin Inhibits Tat Binding—In the presence of
neomycin, the volume of the major groove into which Tat binds
is reduced. This is caused on the one hand by a change of the
location of the bulge (Fig. 7) and on the other hand by a shift of
the bases of the lower stem toward the major groove. Muta-
tional experiments have shown that U%® and G2° play a crucial
role for Tat binding and cannot be altered without significant
loss of binding affinity (34). Regardless of the details of the
actual mode of Tat binding, the presence of neomycin is able to
disturb intermolecular protein-RNA contacts. The reduced vol-
ume of the major groove especially in the lower stem region
causes different orientations of U%% and G2 relative to Tat. The
complex thus becomes unstable, and Tat dissociates from the
RNA.

In MD simulations in which the neomycin molecule was
docked to the free TAR (35), the antibiotic is bound mainly in
the major groove, establishing contacts to both the upper and
the lower stem and thus stabilizing the conformation of free
TAR. In contrast, from our experiments neomycin induces a
novel conformation that is rather similar to the Tat-bound one,
which, however, does not allow essential contacts between RNA
and protein (Fig. 7). Nevertheless, the docking experiments
suggested that neomycin contacts O-4 of U2? in free TAR. Thus,
initial contacts may be formed with U?® O-4 before the amin-
oglycoside is bound to TAR, supporting the notion that a ter-
nary complex is formed from which Tat dissociates after neo-
mycin is bound and TAR has adopted the neomycin-bound
conformation (16).

Implications for the Design of Anti-HIV Drugs—A general
model for the interaction of cationic antibiotics with RNA
suggests that amino groups form specific RNA contacts (14),

TAR-Neomycin Complex

which may also hold for the TAR-neomycin complex. In all of
our calculated final structures, the amino groups of rings I
and II are close to possible hydrogen bond acceptors. The
amino group of ring I C-2’ is located in the vicinity of G2! and
A?? in all structures; the ring II C-1 amino group is close to
the phosphate backbone at U*2 or O-4 of U2, suggesting that
RNA recognition is achieved via the neamine core of the
aminoglycosides.

Use of neomycin as an anti-HIV drug would be strongly
hampered by its ability to bind to a wide range of RNA struc-
tures (1, 8, 9) and to inhibit other biological functions. In all
biological systems so far, neomycin is bound deep in the RNA
major groove (2, 13, 14), contrasting with the TAR-neomycin
complex structure, where part of neomycin ring IV is accessible
from the surface (Fig. 6). Thus, additional, bulky groups or
even other small molecules attached to ring IV that prevent
major groove complexes from being established may be accom-
modated in this complex, leading to reduction of the toxicity of
neomycin while conserving high TAR affinity.
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