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ABSTRACT: Neomycin inhibits the binding of Tat-derived peptides to ttens-activating region (TAR)

of HIV-1 RNA. Kinetic studies reveal that neomycin acts as a noncompetitive inhibitor that can bind to
the Tat-TAR complex and increase the rate constém)(for dissociation of the peptide from the RNA.
Neomycin effects a conformational change in the structure of TAR that can be detected by circular dichroism
spectroscopy. The increase in ellipticity measured at 265 nm upon binding of the aminoglycoside is
opposite to the decrease seen when Tat peptides bind to the RNA. Thus, the structural transition induced
by neomycin is apparently incompatible with the binding of Tat and underlies the inhibitory action of the
antibiotic. The binding site for neomycin on TAR was identified in ribonuclease protection experiments
and is located in the stem immediately below the three-nucleotide bulge that serves as the primary identity
element for Tat. Apparent protection of residues in the bulge by neomycin may represent additional
contacts to the aminoglycoside, but more likely result from changes in the structure of this region when
the ligand binds to the RNA. Binding assays using variants of TAR in which inosine residues were
substituted for guanosine residues support the results from the ribonuclease protection experiments. Inosine
substitutions in the lower stem, but not the upper stem, decrease the binding constant for neomycin by
approximately 100-fold. Neither of these variants affected the binding affinity of Tat peptide. In addition,
these latter experiments suggest that the aminoglycoside may be located in the minor groove of the stem.
This mode of association may be a critical aspect of neomycin’s ability to bind to theTA& complex

and could serve as a guide for the design of other drugs that bind to specific RNA targets as noncompetitive
inhibitors.

Several antibiotics exert their effects by interacting not  Transcription of the HIV genome is facilitated by the viral
with proteins, but rather with nucleic acid$)( Members protein Tat which activates and stabilizes the synthesis of
of the aminoglycoside family of antibiotics have been shown full-length HIV-1 mRNA through its binding to th&ans
to target a wide variety of RNA molecules, including the activating region designated TAR4, 15). Recent experi-
functionally active regions of ribosomal RNR{5), group ~ Ments have demonstrated that some aminoglycosides can
I intron RNA (6), hammerhead RNA7), human hepatitis prevent the binding of Tat-derived peptides to TAR RNA

delta virus ribozymeg®), and the RNA of human immuno- (10). T_he TAR element,.which comprises the ﬁrSt.SQ
deficiency virus (HIV} (9, 10). Other RNA motifs that bind nucleotides of the HIV-1 primary transcript, adopts a hairpin

inoal id ith hiah affinity h b ted usi structure with a 3-nucleotide (UCU) bulge located 4 base
aminoglycosides with high a Inity have been generated using pairs below the loop. This bulge provides the identity
in vitro selection techniqued {—13).

element for Tat which binds through the major groove at
this site (6—20). The binding affinity and characteristics
of Tat peptides, consisting of a highly basic domain
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In the present study, we show that neomycin disrupts the G NH,

Tat—TAR interaction by increasing the rate constant for SOUC AG35 o
dissociation of the complex. The aminoglycoside induces a g g "%
structural change in the RNA, detected by circular dichroism AU NH, me/
spectroscopy, that likely underlies its effect on the stability 2syG C CH,0H] S
of the complex. We have determined that the contact site CUA ul w0 o
for neomycin is located in the lower stem of the TAR element GC o
with the antibiotic most likely positioned in the minor groove. 2 é g HOHO
Disruption of the TatTAR complex by the antibiotic, cG | N, o on
therefore, occurs through an allosteric mechanism. 5-8 8 CHzNH,
neomycin B

EXPERIMENTAL PROCEDURES TARs:

Materials Neomycin sulfate ¥85% neomycin B) and Taty, YGRKKRRQRRRPPQGSQTHQVSLSKQPTSQPRGDPTGPKE

RNase T were purchased from Sigma, and RNase V1 was
from Pharmacia. Tag and Tat, (Figure 1) were synthe-
sized by solid-phase peptide synthesis and purified by
reversed-phase HPLC. The carboxyl-terminal residue in
Tat, was changed from proline to glycine to improve the

synthe_sis_of this peptide; the substitution has no effect on measured at 23C on a Cary 60 spectropolarimeter with
RNA binding. The molecular masses (_)f purified 585663 modifications by Aviv. RNA was prepared as audM
Da) and Taf, (1616 Da) were determined by electrospray g tion in buffer containing 10 mM THEICI (pH 7.5), 70

mass spec.:trometryt()).. . mM NacCl, and 0.2 mM EDTA. Each sample was scanned
Synthesis and Labeling of RNAARz; RNA (representing  from 320 to 220 nm with data collection every 1 nm at a
residues 1844 of the native TAR element) and its inosine bandwidth of 1.5 nm. Each spectrum is the average of 12
mutants were synthesized on an ABI Model 394 DNA scans; curves were not smoothed. A spectrum of the buffer
synthesizer (Applied Biosystems) using@silyl-protected  was used to generate a base line that was subtracted from
phosphoramidites. Standard procedures were followed foreach sample spectrum. The initial sample volume of TAR
deprotection of the synthetic oligonucleotides which were RNA was 2.5 mL. Tab or neomycin was added in 28
then purified by electrophoresis on 20% polyacrylamide gels aliquots to give the final concentration indicated; each
containirg 7 M urea. RNA was eluted from gel slices in  spectrum is corrected for dilution.

0.6 M sodium acetate (pH 6.0), 10 mM EDTA antaining RNase T1 and V1 FootprintingRNase protection assays
0.1% SDS. The sample was then extracted 3 times with (10 uL) were carried out at room temperature in 10 mM

water-saturated phenol and 3 times with ether and thenTris-HCI (pH 7.5), 70 mM NaCl. The indicated amounts
precipitated with ethanol. The concentration of RNA of RNA and neomycin were incubated for 5 min before the
samples was determined spectrophotometrically at 260 NM_ qdition of 1uL of RNase T (4 units) or V1 (4.5x 1074
usmg{ at;] (laxélnqtlr(])n coefrf]luentdof 1L3 (”.‘ dg/ mE)cr'n—l., I;NA units). The digestion reactions were stopped after 5 min with
was labeled either at thé 8nd with cytidine 35-[5'-**P]- 5 uL of formamide loading buffer. Samples were analyzed

bisphosphate, synthesized according to England e24), ( v ajectroph ; 20% pol lamid : |
using T4 RNA ligase (New England Biolabs), or at the 5 y elecirophoresis on © polyacrylamide sequencing gets.

end with [y-32P]JATP using T4 polynucleotide kinase (Epi-
centre Technologies). All RNA samples were renatured by RESULTS
heating to 90 C for 5 min followed by slow cooling to room
temperature in buffer containing 10 mM T#4Cl (pH 7.5) Neomycin Promotes Dissociation of the FatAR Com-
and 0.1 mM EDTA. plex Several of the aminoglycoside antibiotics can block
Mobility Shift Gel AssaysBinding of Tatpand neomycin  Pinding of Tat peptide to TAR RNA (10). This inhibition
to TARs; and its derivatives was measured by a shift in the iS due to the direct binding of the antibiotics to the nucleic
mobility of the RNA in nondenaturing 20% polyacrylamide acid which can be detected by electrophoresis on non-
gels (75:1 acrylamide:bisacrylamide) run at room temperature denaturing polyacrylamide gels (mobility shift assays). The
at 20 V/cm (L0). Binding reactions (10@L) were performed aplllty to |nh|t_)|t binding of Tat was s_hown to gorrelate well
in buffer containing 10 mM Tris4Cl (pH 7.5), 70 mM NaCl, with the affinity of the particular aminoglycoside for TAR.
0.2 mM EDTA, 0.01% NP 40, and 5% glycerdlQ). After The major identity elements for Tat are located in the
a 5 min incubation, an 8L aliquot of each binding reaction  three-nucleotide bulge and the upper stem region of the TAR
was taken for electrophoresis. After drying, gels were hairpin (Figure 1) {6, 18—20, 25, 26). However, competi-
exposed to X-ray film and the autoradiographs scanned with tion assays with variants of TAR that either lack the bulged
a laser densitometer (Molecular Dynamics). In kinetic nucleotides or have replaced them with a poly(ethylene
experiments complexes were first formed betwe&R]f glycol) linker show little reduction in affinity for neomycin
labeled TAR RNA and Tag or neomycin and then the (10). Mutations in the loop region also have little effect on
competing ligand was added in a 1/100 volume, mixed the binding of the antibiotic. These results indicate that,
quickly, with 8 uL aliquots taken as a function of time and despite their mutually exclusive binding, the aminoglycosides
loaded onto a running polyacrylamide gel. and Tat use distinct recognition elements on TAR RNA.

Tat;,  YGRKKRRQRRRG

Ficure 1: Structural diagrams of TAR and neomycin B; the
primary sequences of Tgtand Tat,.

Circular Dichroism Spectroscopy CD spectra were
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Ficure 2: Dissociation kinetics of the Tat-TAR3; complex. Complexes betweéfP-labeled TAR £0.1 nM) and 3 nM Ta (panels

A—C) or 10uM neomycin (panel D) were formed and then challenged with the indicated ligand. Aliquots of the reaction mixture were
taken as a function of time and loaded onto a running 20% polyacrylamide gel. (A)lA& complex challenged with 20 nM unlabeled
TAR3;. (B) Tat-TAR complex challenged with 20 nM unlabeled TARNd 10uM neomycin. (C) Tat TAR complex challenged with 10

uM neomycin (first 5 lanes), 100M neomycin (middle 4 lanes), and 1 mM neomycin (last 4 lanes). The asterisk denotes bands representing
a higher-order complex between TARNd neomycin that likely correspond to the TAR/neomysipecies detected in ESI-MS experiments

(44). (D) Neomycin-TAR complex challenged with 20 nM unlabeled TAR

The rate constant for the dissociation of the TaAR detected by electrospray ionization mass spectrometry (ESI-
complex k) was measured by forming a complex between MS); those experiments also demonstrate that neomycin
32P-labeled TAR RNA and Tagpeptide and then challenging  binds only to TAR with no apparent affinity for TaRT).
the complex with an excess of unlabeled TAR)( Aliquots We have attempted to determine, in the absence of Tat, the
of the reaction mixture were taken as a function of time and kinetic parameters of neomycin binding to TAR. However,
loaded onto a running polyacrylamide gel (Figure 2A). An the complex is in rapid equilibrium, and neither the rate
autoradiograph of the gel was scanned with a laser densi-constant for formation nor the rate constant for dissociation
tometer in order to quantitate the amount of radiolabeled (Figure 2D) can be measured using the mobility shift assay.
complex at each time point. The disappearance of thg-Fat Together, the results of these kinetic experiments establish
TAR3; complex follows a first-order rate equation with a that neomycin is not a competitive inhibitor with respect to
half-life of 41 s. Somewhat longer half-lives have been Taty, which is consistent with the ability of the aminogly-
measured for other Tat-derived peptides in slightly different cosides to bind to variants of TAR that do not bind the
binding conditionsZ3). When 10«M neomycin is included peptide (0). The rapid binding of neomycin to form a
with unlabeled TAR, the dissociation of th@P-labeled ternary complex, instead, increases the rate of dissociation
complex is now complete before the first sample can be takenof Tat from TAR.
for analysis (Figure 2B). This result establishes that neo- Neomycin Induces a Change in the Structure of TAR
mycin does not simply compete with the peptide for binding NMR studies have revealed that the binding of Tat peptide
to the RNA, but rather the antibiotic binds and facilitates (20) or simply argininamide X7) triggers a substantial
dissociation of Tat from the resulting ternary complex. transformation in the structure of TAR RNA involving

The effect of neomycin on the TaTAR complex in the nucleotides within the bulge and upper-stem region. This
absence of excess TAR RNA was tested in the experimentconformational change can be monitored by circular dichro-
shown in Figure 2C. The complex was challenged with one ism (CD) spectroscopy2@, 28, 29). We considered the
of three concentrations of neomycin: 101 (lanes 2-5, possibility that the displacement of Tat by neomycin could
left panel), 100uM (lanes 6-9, center panel), and 1 mM be the consequence of a change in the structure of the RNA
(lanes 16-13, right panel). In each case, the amount of Tat either back to the conformation of the free nucleic acid or
TAR complex remaining is inversely proportional to the to one incompatible with the binding of the peptide.
amount of neomycin added. Moreover, the effect is im- Therefore, we examined the effect of neomycin on the CD
mediate; binding of the antibiotic and disruption of the RNP spectrum of TAR;. The binding of a 12 amino acid Tat
complex are completed before the first time point of the peptide causes a modest decrease in the peak of positive
assay. Free TAR RNA is observed in Figure 2C, despite rotation centered at 265 nm (Figure 3A) comparable to
the presence of saturating concentrations of Tat and neo-spectra reported by otherd3 28, 29). Neomycin also alters
mycin. We believe this uncomplexed RNA arises from a the CD spectrum of TAR; however, unlike Tat, the
ternary complex comprised of Tat, TAR, and neomycin aminoglycoside increases the ellipticity of the positive peak
which we presume is unstable in the conditions of electro- with a concomitant shift to longer wavelengths. This result
phoresis. The presence of this ternary complex has beendemonstrates not only that neomycin induces a change in
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Ficure 3: Conformational changes in TARmeasured by CD spectroscopy. (A) Spectra oM TAR3; alone or in the presence of either
2 uM Tat;, peptide or 22«M neomycin. (B) A sample containing;Z2M TAR3; and 2uM Tat;, was titrated with increasing concentrations
of neomycin. The spectra displaying increasing ellipticity at 265 nm correspond to samples containing 0, 2, 22, @vdn222nycin,

respectively.

the RNA upon binding but also that this structure is distinct
from that seen in the Ta{fTAR complex.
We titrated the Tat—TAR complex with increasing

the loop and bulge regions of the hairpin are not the primary
identity elements for neomycinl(). The results of the
kinetic experiments presented here (Figure 2) and the ESI-

concentrations of neomycin in order to demonstrate directly MS experimentsZ7) indicate that neomycin is a noncom-

the structural change in TARRthat accompanies displace-
ment of the peptide by the antibiotic (Figure 3B). The
increase in ellipticity at 265 nm is proportional to the amount
of neomycin added to the sample of LatTAR3; complex.
The results from this solution experiment are in accord with
those from the mobility shift assays (Figure 2C) that
demonstrated the ability of neomycin to disrupt the-Tat
TAR complex. The small change in ellipticity limited the

petitive inhibitor with respect to Tat that can form a ternary
complex with Tat-TAR. These data support the conclusion
that the three-nucleotide bulge is not the primary contact site
for neomycin. We undertook chemical protection experi-
ments in order to locate the binding site for neomycin on
TAR3;. In our initial experiments using chemical probes
such as dimethyl sulfate and diethyl pyrocarbonate, we could
not detect any protection of TARRby neomycin. However,

number of steps in the titration; nonetheless, the spectralthe majority of chemical reagents used to analyze RNA
transition occurs over a concentration range of neomycin structure either target positions involved in base pair

consistent with the dissociation constantl(uM) measured
in mobility shift assays.
Identification of the Binding Site for Neomycin on TAR

Binding assays testing several variants of TAR indicate that stranded regions.

hydrogen bonding or are poorly accessible to positions in
helical structures due to stacking interactio88)( Conse-
quently, it is difficult to identify binding sites in double-

In addition, sites that react with these
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FIGURE 4. RNase protection analysis of the neomy€irAR3z; complex. (A) TAR RNA labeled witl#?P at the 5terminus was incubated
without (lanes 3 and 6) or in the presence @fN (lanes 4 and 7) or 1@M (lanes 5 and 8) neomycin. Samples were digested with either
RNase T1 (lanes-35) or RNase V1 (lanes-68) for 5 min at room temperature and the products analyzed by electrophoresis followed by
autoradiography. Lane 1 is untreated control RNA, and lane 2 is a partial alkaline hydrolysis. (B) TAR RNA labelégPvaththe
3'-terminus (0.1 nM) was used in competition binding assays. The total concentration of unlabeled RNA was kept constant at 100 nM as
the ratio of tRNA (nonspecific competitor) to TAR(specific competitor) was varied from 99 to 0. Protection was determined at O (lanes

1, 4, and 7), 1uM (lanes 2, 5, and 8), and 1M neomycin (lanes 3, 6, and 9). Brackets enclose regions of the RNA protected from

hydrolysis by neomycin. (C) The regions of TARprotected from V1 digestion by neomycin are indicated on the secondary structure of
the RNA by stippling.

chemical probes are almost exclusively located in the major products of V1 cleavage, unlike those of T1 and alkaline
groove. hydrolyses, contain a'fphosphate which alters their elec-
Because of these limitations, we turned to protection trophoretic migration relative to the other two. Neomycin
experiments using ribonucleases T1 and V1; the former is protects several sites in the lower stem and the three-
specific for single-stranded guanosines while the latter is a nucleotide bulge from digestion with V1. The region of
structure-specific nuclease that cleaves double-strandedprotection extends from nucleotide 19 through nucleotide 26
regions. As expected, the primary sites of hydrolysis by T1 on the 5side (Figure 4A, lanes 7 and 8) and from nucleotide
are the three guanosines located at loop positions332 41 through nucleotide 43 on thésde of the hairpin (Figure
(Figure 4A, lane 3); neomycin has no effect on cleavage at 4B, lanes 2 and 3). There is no appreciable cleavage by V1
these sites (lanes 4 and 5). Weak cleavage at resighia G in the upper stem region of TAR between the bulge and the
the lower stem, however, is lost in the presence of neomycin. loop, so this segment remains untested in these experiments.
Hydrolysis by V1 occurs in the lower stem of TARand Residue Gg is not as well protected by neomycin relative
includes sites within the three-nucleotide bulge (Figure 4A, to the other positions cut by ribonuclease V1 in the lower
lane 6, and Figure 4B, lane 1). It should be noted that the stem (Figure 4A, lanes 6 and 7); conversely, this residue
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FicUrReE 5: Mobility shift assays for binding of Tatand neomycin to inosine mutants of TARIn each assay-0.1 nM 32P-labeled RNA

was incubated with the designated concentration ofy{at{ C, and E) or neomycin (B, D, and F). Binding affinities were measured using
wild-type TAR RNA (A and B), TARI1 in which the guanosines of the upper stem were replaced by inosine (C and D), or TARI2 in which

the guanosines of the lower stem were replaced by inosine (E and F). Asterisks denote bands that correspond to higher order complexes
formed between TAR and neomyciad4).

becomes weakly susceptible to cleavage by T1 in the observed reduction in cleavage was due to specific binding
presence of neomycin (Figure 4A, lane 5). These observa-of the antibiotic and not to some effect on the activity of the
tions suggest that the border of the neomycin binding site is ribonuclease. Protection by neomycin from V1 cleavage was
situated in the vicinity of G and most likely does notinclude tested at increasing concentrations of unlabeled ZARIA
the upper stem region. (Figure 4B). The observed amount of cleavage of radio-
Hydrolysis by V1 at the three-nucleotide bulge was labeled RNA by the ribonuclease will be sensitive to the
unexpected; however, this ribonuclease can cleave unpairedotal amount of RNA present in the reaction mixture;
single nucleotides that are stacked upon double helg®s (  therefore, the concentration of RNA was kept constant at
33). Recent cross-linking3d) and NMR @5) studies with 100 nM by varying the ratio of unlabeled TAR RNA to
TAR RNA indicate that nucleotidesJand G, of the bulge unlabeled tRNA. In the presence of 1 and 10 nM unlabeled
are stacked within the helical stem which potentially explains TAR RNA, there is no loss of the protection pattern in the
their susceptibility to V1. It is important to note, then, that lower stem (Figure 4B, lanes 2, 3, 5, and 6); however, in
the loss of cleavage at the bulged nucleotides in the FAR the presence of 100 nM unlabeled TAR, protection aiMl
neomycin complex may not necessarily be due to direct neomycin is essentially abolished and protection aulD
protection by the aminoglycoside, but rather could result from antibiotic is not complete (Figure 4B, lanes 8 and 9). The
an unstacking of these nucleotides upon binding neomycin. competition by cold TAR as well as the absence of any effect
This type of structural transition would also account for the by the corresponding amount of tRNA (Figure 4B, lanes
weak hydrolysis by T1 at §gthat occurs only in the presence 1—3) establishes that the observed protection pattern is due
of the antibiotic. The region of apparent protection from to binding of the aminoglycoside to a specific site on the
V1 hydrolysis by neomycin is shown on the secondary RNA.
structure of TAR; in Figure 4C. Effect of Inosine Substitutions on the Binding of Neomycin
Since most of the sites of V1 hydrolysis in the lower stem to TAR;. To confirm the results from the protection
of TAR3; are diminished by the addition of neomycin, we experiments, we tested binding of neomycin to variants of
performed a competition experiment to establish that the TAR3; in which the guanosines in the upper (TARI1) or
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lower (TARI2) stems were replaced by inosine. Compared
with guanosine, inosine lacks the base-pairing, N2 exocyclic
amino group that is positioned in the minor groove of double-
helical regions. The reduced number of base pair hydrogen
bonds will lower the thermal stability of these varian3$,(
37). Therefore, as a control to ensure that the inosine
mutants assume the same secondary structure ag; AR
compared binding of Ta to wild-type RNA with binding

to the two inosine variants (Figure 5). The binding affinities
of Tat for TARI1 (Figure 5C) and TARI2 (Figure 5E) are
identical to that for the wild-type RNA (Figure 5A),
indicating that there is no substantial distortion of secondary
structure in the inosine variants. However, it must be kept
in mind that a double-helical region withG base pairs may
still be conformationally different from one with-G base
pairs both for steric and for dynamic reasoBg)(

The binding affinity of neomycin for TARI1 (Figure 5D)
is quite similar to that for the unsubstituted RNA (Figure
5B); however, the antibiotic has a greatly diminished affinity
for TARI2 (Figure 5F). Some binding to TARI2 becomes
apparent beginning at 1&M aminoglycoside, indicating
that the affinity of neomycin for this variant RNA is at least
100-fold less than for the wild-type RNA. These results,
likewise, identify the lower stem of TAR as the binding site
for neomycin, corroborating the protection experiments.
Notwithstanding the caveat concerning differences in stabili-
ties among the inosine variants and the unsubstituted RNA,
these results also suggest that neomycin may bind to TAR
through the minor groove. This mode of binding would be

Biochemistry, Vol. 37, No. 16, 199&%555
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Ficure 6: Kinetic model for the interactions among TAR, Tat,
and neomycin. No attempt has been made to represent the different
conformations of TAR RNA. Steps for which there is no kinetic
information are marked n.d.

and NOE interactions indicate that the two stems surrounding
the bulge have a standard A-form geome8%)( However,

the high solvent exchange seen for the imino proton &f U
as well as the absence of NOE cross-peaks betwegand

consistent with our experiments that failed to detect protec- Uso suggest that this base pair at the junction between the
tion from chemical probes that target positions in the major lower stem and the internal bulge is unstable or has an
groove. We have attempted to identify critical contact sites atypical geometry. In addition, three purine residues, A
for neomycin by making individual replacements of inosine Gz1, and Ay, in the lower stem are susceptible to modifica-
for guanosine at positions in the lower stem; however, none tion by diethyl pyrocarbonate, indicating that the major
of these single substitutions produced an appreciable reducgroove is somewhat wider than that of a canonical A-form

tion in binding of the aminoglycoside. This indicates that
the reduced affinity of neomycin for TARI2 does not result
from the removal of a critical contact to one of the N2 amino
groups, but is more likely due to an alteration in the
conformation of the stem.

DISCUSSION

We reported earlier that aminoglycoside antibiotics can
prevent the binding of Tat peptides to TAR due to a direct
association of the antibiotics with this RNALE). The
current experiments extend that work by showing that
neomycin induces a change in the structure of TAR RNA
that is apparently incompatible with the binding of Tat. The
binding site for neomycin is located in the lower stem of
TAR which allows for the transient formation of a Fat
TAR—neomycin ternary complex. Thus, the antibiotic
behaves as a noncompetitive inhibitor of Tat which is
apparent in our kinetic experiments that demonstrate neo-
mycin increases the rate constakyy, for dissociation of
the peptide-RNA complex. A minimal scheme highlighting
the inhibitory mechanism of neomycin is presented in Figure
6.

There are several key elements of this model. Three
distinct conformations of TAR are apparent in our CD
experiments. The structure of TAR has been studied by
NMR spectroscopyl(7, 35). Both imino proton resonances

helix (16). Consequently, to a corresponding degree, the
minor groove will be deeper and more narrow. These subtle
perturbations in the structure of the lower stem may under-
lie the high-affinity binding of neomycin to this region of
TAR.

The binding of Tat engenders substantial changes in the
structure of TAR that involve residues in the bulge and
immediately flanking residues of the upper steli, 0, 35).
Although there is no conclusive evidence that Tat induces
structural changes in the lower stem, chemical modification
of phosphates P22, P23, and P40 does interfere with binding.
Moreover, an NOE between the H2 proton of;And the
H3 imino proton of U, absent in the spectrum of free TAR,
is present in the spectrum of the peptide-bound RNA,
suggesting that this base pair is stabilized in the complex
(20).

The substantial differences in the structure of free and Tat-
bound TAR are reflected in changes in the CD spectra of
the RNA @3, 28, 29). It has been noted by Long and
Crothers 23) that the decrease in ellipticity at 260 nm upon
binding Tat peptides is consistent with the unstacking of
bases in the bulge region seen in the structures derived by
NMR and molecular dynamics. The CD spectrum of the
neomycin-TAR complex exhibits a distinct increase in
ellipticity at 260 nm, indicating an increase in base stacking
in the RNA 39). Thus, it is noteworthy that new sites of
moderate cleavage by ribonuclease V1 are apparent between
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residues 31 and 35 when neomycin binds to TAR (Figure can associate with both free and protein-bound RNA. We
4B). These positions are located in the apical loop of TAR believe that delineating the mechanism of action of neomycin
which does not appear to be well structured in the free RNA, will expedite the design of new therapeutics that target the
but which may adopt a more ordered structure upon binding Tat—=TAR complex. This strategy should be generally
of the aminoglycoside. The important observation is that applicable to similar gene regulatory complexes containing
the two ligands each alter TAR RNA to generate two distinct an RNA component.

structures. This is the apparent basis for the inhibitory effect
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