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Structures of HIV TAR RNA–Ligand Complexes Reveal Higher Binding
Stoichiometries
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The development of low molecular weight ligands that bind to
RNA with high affinity and specificity remains challenging.[1]

The trans-activation response element TAR is regarded as an
important RNA target to control the replication cycle of the
human immunodeficiency virus (HIV). In particular, the internal
bulge within the apical hairpin of TAR (E’ in Scheme S1 in the
Supporting Information) has been investigated widely as a
drug target because its interaction with the trans-activator pro-
tein (Tat) is essential for the transcription of viral proteins.[2]

The hairpin contains a six nucleotide loop and an internal
bulge. The size of the bulge is the only difference between
HIV-1 and HIV-2 strains. HIV-1 TAR has a trinucleotide bulge
with the sequence U23-C24-U25 while HIV-2 TAR lacks the cen-
tral cytidine.

The bulge functions as a flexible linker that leads to substan-
tial angular fluctuation of the two canonical stems.[3] Initially,
the complex of TAR with argininamide (Scheme 1 A) served as
a mimic of the complex between TAR and Tat and provided
important insights into the conformation of TAR in the pro-
tein–RNA complex. Argininamide binds with a low millimolar
dissociation constant in the bulge region.[4] In HIV-1[5] and HIV-
2[6] TAR, argininamide induces the formation of a base triple,
which is formed between the bulge residue U23 and the can-
onical A27-U38 base pair. In conjunction with G26, this region
also displays the most contacts to argininamide.[4, 7] Complexes
of TAR with several further ligands have been investigatedACHTUNGTRENNUNGincluding Tat-derived peptides,[8] ligands with heteroaromatic
moieties,[9] guanidinium-like ligands,[10] aminoglycosides[11] as
well as divalent cations.[12] Almost all ligands bind in the bulge

region and therefore compete directly with Tat. Despite differ-
ent recognition modes, all ligands have been reported to rigid-
ify the interhelical angle.[3a, 13] Recently, Zhang et al. showed
that the conformation of free TAR represents a dynamic en-
semble that samples all possible interhelical angles detected in
the various RNA–ligand structures. Ligands therefore select
and stabilize free state conformations rather than induce new
ones.[14]

In our investigations, we were interested whether a ligand
could occupy two binding sites present in the ensemble of
free state structures. Although many TAR–ligand complexes
are formed with 1:1 stoichiometry, one of the first structural
studies of TAR–ligand complexes in 1995 provided evidence
that the tightly binding peptide ligand ADP-1 binds to two dis-
tinct sites of HIV-1 TAR.[15] Very recently, a cyclic aminoglycoside
analogue was shown to bind TAR with RNA/ligand-stoichiome-
try of 2:3.[11b]

Here, we report the structural characterization of complexes
between TAR and novel peptidic ligands developed by Gçbel
and co-workers. These compounds block Tat–TAR association
in vitro and attenuate HIV proliferation in cell cultures.[16] The
tripeptides contain two d-arginines flanking a non-natural
amino acid with a heteroaromatic side chain and two variants
with d-lysine replacing d-arginine (Scheme 1 B–D). The ligands
were designed to contain a heteroaromatic amino acid to pro-
vide hydrophobic stacking interactions in addition to the elec-
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Scheme 1. Constitution of the ligands (A–D) and secondary structure of the
HIV-2 TAR RNA (E) investigated in this study. Residues of the RNA whose
CSPs are presented in Figure 1 are highlighted.
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trostatic attraction exerted by the two arginine side chains.
Low micromolar IC50 values have been observed in competi-
tion experiments with a dye-labeled Tat-peptide. The affinities
to TAR RNA result from specific binding to the bulge region in
combination with weaker interactions in at least one alterna-
tive binding site. Our NMR data provide a structural model and
reveal that ligands in excess, with similar constitution to B can
bind with higher stoichiometries in line with previous mass
spectrometry data.[17] Our findings of higher binding stoichio-
metries are not unprecedented; in fact, similar ligands have
been reported to exhibit higher binding stoichiometries at
ligand excess.[9d,e] Structural models, however, have not been
reported.

We performed a titration of argininamide A to HIV-2 TAR (E)
that resulted in continuous chemical shift perturbations (CSPs)
of the imino 1H NMR resonances around the bulge up to a sat-
uration level and indicated binding in the fast exchange limit
(Figure 1 A); residues further away show marginal CSPs upon
addition of ligand (Figure S1 A). The imino resonance of residue
U40 is not detectable in the free RNA but can be detected
upon addition of argininamide due to acquired protection
against exchange with the solvent water. In agreement with
Brodsky et al. ,[7] argininamide binds directly below the bulge,
selects a single RNA conformation from the dynamic ensemble
of structures in the apo state, and stabilizes the A22-U40 base
pair and the base triple of U23-A27-U38.

Figure 1. Chemical shift perturbations (CSPs) of the imino protons of RNA E as a function of the [ligand]/ ACHTUNGTRENNUNG[RNA] ratio for the ligands A) argininamide, B) the
pyrimidinyl-peptide and C) and D) the lysine variants.
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For the newly designed ligand B, a more complex titration
behavior is observed (Figure 1 B). The CSPs are substantially
larger (by a factor of two) than those observed with arginina-
mide. Interestingly, the NMR chemical shift response changes
in the course of titration. At intermediate [ligand]/ ACHTUNGTRENNUNG[RNA] ratio,
the CSPs are the largest. Up to a ratio of 2:1, the observed
shift changes resemble the argininamide titration profile. At
higher [ligand]/ ACHTUNGTRENNUNG[RNA] ratios, the so far unaffected signals of the
imino protons of residues G17 and G44 start to change. Con-
comitantly, the imino resonances of U42 and G43 start to
move into the opposite direction. A similar behavior is ob-
served for the CSPs of the H5/H6 cross peaks detected in
TOCSY spectra during the titration (Figure S2). While the resi-
dues in and around the bulge (U23, U25, C39 and U40) change
their chemical shifts of H5 and H6 significantly at the begin-
ning of the titration, resonances of residues C18, C41, U42, C45
either start to change or the CSPs redirect at a [ligand]/ ACHTUNGTRENNUNG[RNA]
ratio above 2:1. Taken together, this indicates the formation of
a distinct 1:1 complex at intermediate [ligand]/ ACHTUNGTRENNUNG[RNA] ratios and
occupation of a second, weaker binding site for ligand B
within the lower stem of TAR at higher [ligand]/ ACHTUNGTRENNUNG[RNA] ratios.

In order to calculate the structure of the complex, we in-ACHTUNGTRENNUNGvestigated a TAR construct containing a UUCG-tetraloop
(Scheme 1 E) due to its favourable NMR characteristics. The
ligand binding characteristics of this RNA remain unaltered.
Structure calculations assuming a 1:1 complex resulted in two
different structural models in which the ligand either binds in
the major groove of the bulge similar to argininamide[4] and
ligand rbt203 from Davis et al.[9d] or on the opposing side simi-
lar to the binding site of aminoglycosides such as neomycin
B.[11a] In both structural models, the ligand is in close proximity
to the nucleobase of residue U23 to which it shows strong in-
termolecular NOEs. The orientation of this bulge residue is dif-
ferent in the two models (Figure S3). For both 1:1 complexes,
however, nine out of 48 intermolecular distance restraints lo-
calized in the lower stem are severely violated and the conver-
gence rate of the structure calculations is low. We further ana-
lysed the subnanosecond dynamics of the bulge by using 13C
relaxation data.[18] The dynamics revealed that only nucleobase
U25 remains flexible upon addition of the ligand while U23 is
as rigid as the stem residues (Figure S4). Since neither dou-
bling of the resonances nor peculiar dynamics of residue U23
could be detected, we conclude that the solution structure at
saturation levels of ligand can neither be described by both
structures nor by a rapid conformational equilibrium between
the two structures.

Therefore, we performed NMR-based structural calculations
assuming a 2:1 complex stoichiometry in agreement with our
previous mass spectrometry results of related compounds.[17]

In the ternary complex residue U23 is located in the major
groove close to the base pairs G26-C39 and A27-U38
(Figure 2). However, no evidence for the formation of the base
triple U23-A27-U38 could be obtained experimentally (data not
shown). For the first ligand molecule with a larger number of
stronger intermolecular NOEs, binding around the nucleobase
of U23 is observed with the N-terminal Arg1 side chain below
and the C-terminal Arg3 side chain above the plane of the

base. This arrangement of the guanidinium groups is very simi-
lar to the 1:1 TAR-complex with rbt203.[9d] The N-terminal argi-
nine is structurally well defined, and its guanidinium group is
in close proximity to the Hoogsteen side of G26 to which it
can form hydrogen bonds with the acceptor atoms N7 and O6.
The more flexible C-terminal arginine shows transient interac-
tions with the nucleobase of A27 and therefore prevents the
contact of U23 and A27. This observation is in agreement with
the absence of a base triplet in the ternary complex. The cen-
tral pyrimidine residue points out to the solution and does not
interact with the RNA. The second ligand molecule is localized
in the major groove of the bottom stem along the pyrimidine
stretch U40-C41-U42 but its structure is less defined. The inter-
molecular contacts are exclusively mediated by the two argi-
nine residues. Occupation of this second binding site has been
previously reported for other TAR complexes with structurally
unrelated ligands.[11b, 15]

Based on these results and in order to test whether specifici-
ty could be improved without compromising affinity, two addi-
tional tripeptides were synthesized and investigated. Replace-
ment of the C-terminal Arg3 with lysine (Scheme 1 C) improved
the binding affinity reducing the IC50 value by a factor of four.
Importantly, it showed identical patterns of CSPs during the

Figure 2. Ten best structures of the ternary complex (red = U23, green =

G26-C39, yellow = A27-U38, orange = U42, black = ligand 1, gray = ligand 2).
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NMR titration when compared to B. In particular, U42 and G43
represent the region where the effects of the two binding sites
are accentuated. Since the influence of the second ligand bind-
ing occurs already at a lower [ligand]/ ACHTUNGTRENNUNG[RNA] ratio (Figure 1 C),
the first, higher-affinity binding site in the bulge is saturated at
an earlier stage: in agreement with the observed lower IC50,
both affinity and specificity for the first binding site are in-
creased. The replacement of the N-terminal arginine with a
lysine (Scheme 1 D) leads to a slight increase of the IC50 value
and does not show the characteristics in the NMR titration as
observed with ligands B or C. This observation points to the
importance of an N-terminal arginine residue for higher affinity
to the binding site in the bulge.

From a structural point of view, the role of the heteroaro-
matic side chain in the central residue of the tripeptide re-
mains undefined. The lack of intermolecular NOEs is likely due
to the absence of a persistent direct contact of the heteroaro-
matic side chain with the target RNA. Substitution with amino
acids containing other aromatic side chains (for example,
phenanthrene or pyrazinyl) results in similar binding affinities
and influences on the imino resonance shifts but leads to a
broadening of the imino NMR signals (Supporting Information,
Figure S5).

We conclude that the high affinity of our novel TAR-ligands
is based on two properties :

1) The terminal residues clasp around the nucleobase of resi-
due U23 in the bulge capable to form hydrogen bonds to
the nucleobases of G26 and A27. A C-terminal lysine is fa-
vored since its side chain amine group can bind to the N7
of A27 but experiences less repulsion from the adenine
amine group compared to a guanidinium group of an argi-
nine. Additionally, cation–p interactions between the argi-
nine guanidinium group and nucleobases are likely deter-
minants that stabilize this binding. The central amino acid
acts as spacer. Its aromatic side chain has an indirect influ-
ence on the complexation by its effects on ligand solubility,
dynamics and probably entropic contributions to binding.

2) Ligands with arginine side chains bind to at least one addi-
tional site on TAR. This site is localized along the pyrimidine
stretch U40-C41-U42 directly below the bulge adjacent to
residue G43 and has previously been observed in the con-
text of ligand-bound HIV-1 and HIV-2 TAR.[11b, 15] The specific-
ity is surprising since this region is expected to adopt a
standard double helical A-RNA structure. It is interesting to
note that Varani and co-workers have recently detected
subnanosecond dynamics for the stem-residue G43 in free
HIV-1 TAR,[19] a dynamical feature that might be linked to
the lower stems capability to bind additional ligand mole-
cules.

In conclusion, NMR spectroscopy revealed two binding sites
of varying affinity for peptidic ligands containing non-natural
amino acids on TAR RNA. We wish to discuss our findings here
in the context of the netropsin-DNA complex by Wemmer and
co-workers, a seminal finding changing further development of
specific DNA binders.[20] The NMR data in this case revealed a

2:1 binding stoichiometry in the ligand–DNA complex, differ-
ent to proposed models at the time. In our case, we find that
the bulge region of TAR RNA represents the major determinant
for selectivity; affinity, however, can be further increased by ad-
ditional positive charges targeting the lower stem of TAR. The
detection of multiple binding sites, although some are weak,
may inspire novel medicinal chemistry and enable the exploita-
tion of fragment-based ligand design to target HIV TAR RNA.[21]

Experimental Section

Titrations of RNA (E and E’) with the ligands were monitored by 1D
1H NMR with RNA (150 mm) in a buffer (at pH 6.2) containing K3PO4

(25 mm) and KCl (50 mm) and ligand (up to eightfold excess).

For resonance assignment and structure determination, the follow-
ing NMR experiments were measured in a RNA sample (E,
0.65 mm) with eightfold excess of ligand B : normal and constant
time 1H,13C HSQC, 1H,15N HSQC, 2J 1H,15N HSQC,[22] HNN-COSY,[23]

H5NN-COSY,[24] 2D H(C)N,[25] 3D 13C-edited NOESY-HSQC, 3D 15N-
edited NOESY-HSQC, 3D HCCH-COSY, 3D HCCH-TOCSY,[26] 3D for-
ward-directed HCC-TOCSY-CCH E.COSY,[27] 2D 15N-edited CPMG-
NOESY,[28] 2D 1H1H-NOESY.[29] To cross-validate the structures, residu-
al dipolar couplings (RDC) measured with IPAP-HSQCs and with pf1
phages as aligning medium were used.[30] All experimental data
were processed with Topspin 1.3 (Bruker, Germany) and analyzed
with Sparky 3.114 (T. D. Goddard and D. G. Keller, UCSF, USA).

Calculations of the RNA–complex structure were performed with
CNS 1.1[31] by using the ARIA 1.2 setup and protocols.[32] The dna-
rna-allatom force field was used with OPLS parameters[33] andACHTUNGTRENNUNGrestraints are summarized in Table S1. Modelling of the complexes
with 1:1 and 1:2 stoichiometries (RNA/ligand) were achieved using
a high ambiguity driven docking approach with the program HAD-
DOCK 2.1.[34] The ambiguous interaction restraints (AIRs) wereACHTUNGTRENNUNGdefined from intermolecular NOEs which were classified by theirACHTUNGTRENNUNGintensity into either strong (distance closer than 4 �), medium (dis-
tance closer than 5 �) and weak (distance closer than 6 �).
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