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Numerous antibiotics bind to ribosomal RNA, and many
functional RNA motifs have considerable therapeutic poten-
tial. However, the development of small RNA-binding agents
has been hampered by the difficulties posed by these
structures, which have limited physicochemical diversity and
are often flexible.[1] In order for this approach to be successful,
it is essential to identify new chemical scaffolds recognizing
RNA.

The Rev response element (RRE) is a strongly conserved
350-nucleotide structure located in the env gene of human
immunodeficiency virus type-1 (HIV-1) RNA. Within sub-
domain IIB of the RRE, the unusually widened major groove
of a 4:6 internal loop forms a high-affinity complex[2] with the
arginine-rich a-helix of Rev, a virally encoded 116 amino acid
protein that adopts a helix-turn-helix conformation[3]

(Figure 1). This interaction between internal loop IIB and
the RNA-binding a-helix of Rev (Rev34-50) is essential for
virus viability because it triggers a cascade of events that
allow the transport of unspliced or incompletely spliced viral
RNA molecules into the cytoplasm of the infected cell in the
late phase of the viral infectious cycle. These events include
the cooperative incorporation of additional Rev molecules
into the complex through interactions with further sites on the
RRE and protein–protein contacts,[4] and the tethering of the
RRE–Rev ribonucleoprotein to the Crm1 host export factor.
In addition to RNA nuclear export, Rev has been shown to

enhance translation and packaging[5] and to control the
nucleocytoplasmic shuttling of the HIV-1 integrase.[6] Clearly,
this protein represents a pivotal target for HIV-1 therapy, but
to date, the development of Rev-based inhibitors has
remained an elusive goal. Herein we report the structure-
based design of new RNA-binding p-terphenyl Rev mimics
that inhibit RRE-Rev function and HIV-1 replication.

We aimed to generate organic ligands that mimic the
three-dimensional distribution of the side chains of Rev34-50

complexed with internal loop IIB of the RRE[2] (Figure 1a).
Some reports had shown that tris-3,2’,2’’-substituted p-ter-

Figure 1. Structure-based design of RNA-binding p-terphenyls. a) View
of the complex formed by internal loop IIB of the RRE and Rev34-50. The
a-helix (red) is deeply embedded in its RNA receptor (gray). b) Repre-
sentation of a bilaterally substituted p-terphenyl molecule (green)
superposed on an a-helix (red). c) Chemical structure and synthesis
strategy of a 3,5,2’,6’,2’’,6’’-substituted p-terphenyl molecule.
d) Secondary structures of the RNA oligonucleotides utilized in this
study: hairpins IIBh and IAh containing internal loops IIB and IA of the
RRE, and control hairpins GGh and TARh.
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phenyl molecules could mimic one face of an a-helical
peptide by adopting a staggered conformation that reprodu-
ces the angular orientation of three a-helix side chains.[7] We
envisioned that the introduction of substituents on both sides
of a p-terphenyl scaffold would ensure a 3608 side-chain
projection in space similar to that observed in the IIB–
Rev34�50 complex, where two thirds of the a-helix are
surrounded by RNA. After docking different biphenyl and
terphenyl ligands into the IIB structure, the best results were
obtained for 3,5,2’,6’,2’’,6’’-substituted p-terphenyls
(Figure 1), the binding poses of which approximately repro-
duced the orientation of Rev34-50 in its complex with IIB.
Subsequent calculations indicated that synthetically accessi-
ble 2-aminoethyl lateral substituents would be well suited to
interact with the RNA sugar–phosphate backbone.

The syntheses were based on sequential palladium-based
Suzuki couplings[8] of aryl halides and aryl triflates with aryl
boronic esters (Figure 1c). We first generated a group of
tetrakis(2-aminoethyl) biphenyls where the side chains occu-
pied bilateral 3,5 and 2’,6’ (1); 3,5 and 3’,5’ (2); or 2,6 and 2’,6’
(3) positions. Our first terphenyl molecule (4 b) contained
four bilateral 2-aminoethyl side chains in positions 3,5,2’’,6’’
but lacked substituents in the central ring. Subsequent
3,5,2’’,6’’ tetrakis(2-aminoethyl) terphenyls contained
a single methoxy (5a, 5b, 5c, and 5d) or ethyl (5e and 5 f)
group in the 2’ position of the central benzene. The last
terphenyl series contained two methyl (6a and 6b) or ethyl
(6c and 6d) groups in positions 2’ and 6’ (Figure 2). These
molecules had bilateral groups in all three rings and were
predicted to be the best Rev34-50 mimics.

To examine the strength of the interactions and the
location of the binding sites, we used NMR spectroscopy to
monitor the titration of an RNA hairpin containing internal
loop IIB (IIBh; Figure 1d) with the biphenyl and terphenyl
molecules or the RRE-binding antibiotic neomycin B, which
was used as a reference.[9] The biphenyl 1 required a high
ligand/IIBh molar ratio (6:1) to produce detectable changes in

the IIBh TOCSY spectrum, whereas 2, 3, and neomycin B
induced chemical shift perturbations in stem nucleotides
outside the loop (Figure S1 in the Supporting Information).
By contrast, terphenyl molecules containing substituents in
the central benzene induced chemical shift changes in the
internal loop and adjacent nucleotides only, and these shifts
were apparent at lower ratios (1:1 and 2:1; Figure 3a and
Figure S1 in the Supporting Information). The terphenyls that

gave rise to the greatest RNA chemical shift variations and
sharper complex resonances were 6b and 6d, which contain
two bilateral methyl or ethyl groups, respectively, in positions
2’ and 6’. Spectral line shape analyses of the complexes of IIBh

with 6 b and 5 b indicated binding of two ligand molecules to
internal loop IIB, with equilibrium dissociation constants Kd

of 11 and 25 mm for 6b, and 25 and 33 mm for 5b (Figure S2).
Figure 2. Chemical structures of the bilaterally substituted p-biphenyl
and p-terphenyl compounds.

Figure 3. Loop IIB recognition and inhibition of the IIB–Rev34-50 inter-
action by terphenyl compounds. a) Titration of IIBh with 6b monitored
by NMR spectroscopy. The H5–H6 region of the TOCSY spectrum of
unbound IIBh (blue) is superposed on the spectra of complexes with
increasing 6b/IIBh molar ratios. b) Map of the 6b binding site in the
IIBh hairpin. The nucleotides with aromatic or H1’ protons undergoing
chemical shift variations upon the addition of two equivalents of 6b
are highlighted in orange and red (Dd�0.05 and 0.1 ppm, respec-
tively). c) SPR steady-state equilibrium binding curves for the interac-
tion between 5c and IIBh, GGh, and TARh. d) Titration curves of IIBh

and GGh with 6b, as monitored by ITC. e) Inhibition of the IIBh–
Rev34-50 interaction by 6b, as measured by FP.
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The biphenyl and terphenyl interactions were further
characterized with surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC). To evaluate specificity,
the SPR experiments employed two control GGh and TARh

hairpins, in which the IIB loops are substituted with a G:G
opposition and the HIV-1 Tat-binding UCU bulge,[10] respec-
tively (Figure 1d). The SPR methodology allowed us to study
the 2’-methoxy terphenyl subset as well as 1 and 3. The IIBh–
terphenyl binding curves were best fit with a two-site model,
comprising a higher-affinity event involving the binding of
one or two ligand molecules to loop IIB (see below), and
lower-affinity association of additional molecules to the
hairpin. We obtained a Kd of 13.0 mm for the higher-affinity
interaction between IIBh and 5b, together with Kd(GGh)/
Kd(IIBh) and Kd(TARh)/Kd(IIBh) specificities of 1.9 and 6.0,
respectively. 5c had specificity ratios of 10.3 and 9.6,
respectively, comparable to those observed for Rev34-50 with
the same methodology (14.5 and 4.4; Figure 3c, and Figure S3
and Table S1). 5 d, 1, and 3 bound to IIBh with higher Kd

values.
ITC analyses of IIBh–terphenyl interactions also revealed

a higher-affinity transition followed by lower-affinity binding
at high ligand/IIBh ratios. The titrations focused on the higher-
affinity transition, which involved the association of approx-
imately two terphenyl molecules with loop IIB. The Kd values
obtained with this approximation were useful for qualitatively
ranking the ligands and evaluating specificities (Figure 3d,
and Figure S4 and Table S2). The compounds with the
greatest IIBh affinities were 6b and 6d, which had Kd(GGh)/
Kd(IIBh) specificities of 3.0 and 4.4, respectively. The affinities
were lower for 5b and 6a. Compound 2 interacted with IIBh

with lower affinity, no specificity and higher stoichiometry.
All of these results are consistent with the NMR observations
described above.

The complexes of IIBh with 6 b and 6d were further
studied by NMR spectroscopy, and were very similar.
Examination of the IIBh chemical shift perturbations allowed
us to map the residues forming the binding site of the ligands.
These spanned all of the GGCG:ACGGUA loop and several
adjacent residues in the lower stem (Figure 3b). The spectra
for both the isolated and ligand-bound IIBh showed that G22
and A24 were stacked on top of each other and U23 had an
extrahelical location. However, the intensity of the intra-
residue H8–H1’ NOE of G22 was significantly reduced upon
6b and 6d association (Figure S5a), thus indicating a switch
from the syn conformation adopted by this nucleotide in the
unbound loop[11] to an anti conformation. The binding of 6b
and 6d weakened the sequential connectivities of A19
(Figure S5a), thus favoring an extrahelical conformation for
this nucleotide. These conformational changes involving G22
and A19 were also observed upon Rev34-50 binding to
subdomain IIB.[11]

Intermolecular RNA–terphenyl NOEs (described in Fig-
ure S5b) demonstrated that one of the two terphenyl mole-
cules forming the complex lies diagonally across the major
groove of the IIB loop, with its first benzene ring located close
to G6 in the GGCG strand of the loop and its third benzene
ring located in proximity to A19 in the opposite A19CGGUA24

loop strand (Figure 4 a).

We next tested whether the biphenyl and terphenyl
compounds inhibited the IIBh–Rev34-50 interaction by using
an assay based on fluorescence polarization (FP). 6b turned
out to be the most potent inhibitor, with an IC50 value of
6.8 mm, followed by 4b and other terphenyl molecules
containing methyl or ethyl groups in the central benzene
(Figure 3e, and Figure S6 and Table S3). The 2’-methoxy
terphenyl subset exhibited higher IC50 values consistent with
with the detection of lower IIBh affinity by ITC and NMR.

When we checked whether the compounds were able to
block HIV-1 replication in cell cultures, all terphenyls
containing methyl or ethyl groups in the central benzene
ring were active and 6b, with an EC50 value of 3.4 mm, was the
most potent inhibitor. The remaining ligands and neomycin B
were not active or exhibited much weaker activities at the
assay concentrations, and none of the compounds showed
cellular toxicity. We also carried out an assay based on
transfecting a full-length replication-competent HIV-1 clone,
whereby early steps of infection are bypassed and only post-
integration events of the viral infectious cycle occur. 6b was

Figure 4. Structure of the loop IIB–terphenyl complexes. a) View of the
best-scored complex between loop IIB and 6b, built by NOE-restrained
docking from the structure of the RRE–Rev complex (PDB ID:1ETG).[2]

b) Overlay of this model with the Rev34-50 helix (red ribbon representa-
tion) present in the 1ETG structure. The amino acids matching the
position of the terphenyl 2-aminoethyl substituents are explicitly
represented.
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again the most potent inhibitor, followed by 5e and 6a
(Figure 5, and Figure S7 and Table S4). The EC50 values of
these terphenyls were similar to those obtained from the
infection experiment, thus indicating that their main target
was contained in the transcriptional or post-transcriptional
steps of the viral infectious cycle, as is the case for the RRE–
Rev system.

To test whether 6b acted on the complete RRE–Rev
system in cells, we used an assay based on transfecting
plasmids encoding Rev and an RRE–luciferase reporter
system. The results indicated that 6b inhibited Rev-mediated
transport of RRE-containing RNA from the nucleus to the
cytoplasm. The IC50 values ranged from 10.4 to 21.4 mm and
depended on the concentration of Rev-encoding plasmid used
in the assay (Figure 5c). This clearly established cellular
inhibition of RRE–Rev ribonucleoprotein function. In this
context, additional Rev monomers bind to different sites in
the 350-nucleotide RRE structure in addition to loop IIB.
One of the additional Rev binding sites in the RRE, a purine-
rich internal loop located in subdomain IA (Figure 1d), has
recently been identified.[4] By using NMR spectroscopy, we
found that 6b specifically recognized internal loop nucleo-
tides of the IAh hairpin at low ligand/RNA ratios (Figure S8).

Since an effect on HIV-1 transcription is also possible, we
studied the interaction between the terphenyl molecules and
DNA. SPR and NMR experiments detected DNA association
through the minor groove (Figure S9). DNA binding may

contribute to the observed antiviral activity, but the available
data are consistent with an effect based on RRE–Rev
inhibition, as explained in Figure S9.

In conclusion, the data obtained after synthesis and
evaluation of a set of biphenyl and terphenyl molecules
indicate that we have rationally designed a novel RNA-
binding bilaterally substituted p-terphenylene scaffold that
mimics the Rev34-50 helix of Rev and is able to inhibit RRE–
Rev function and HIV-1 replication. This is important, as
most of the small RNA-binding agents described to date are
related to peptides or antibiotics, or were discovered by
screening.[1]

In agreement with the computational predictions, NMR
analyses indicated that 6b and 6d bound to the major groove
of loop IIB with their side chains projected in a wide spatial
angle, thus occupying the binding site of the N-terminal
segment of Rev34-50 (Figure 4). The 3,5-ethylene amino groups
of the first benzene ring of the ligands contact the phosphate
groups of G6 in one strand and U17 or G18 in the opposite
strand. This same two-strand interaction is established by
Rev.[2] The third benzene is inserted deep into the pocket
formed by the S-turn G21 and G22 residues and extrahelical
A19, and its 2’’,6’’-ethylene amino groups contact the
unusually bent sugar–phosphate backbone of these nucleo-
tides, where several phosphates are close to each other and
are therefore stabilized by the positively charged amino
groups of the ligands. In this respect, both terphenyls induced
conformational changes in the A19 and G22 nucleotides
strikingly similar to those brought about by Rev binding.

In agreement with the models, loop IIB affinity and
specificity increased for 2�- and 2�,6�-substituted terphenyls
relative to 1, 2, 3, and 4 b, thus indicating that both an
appropriately staggered terphenyl conformation and an
adequate spacing of the two pairs of 2-aminoethyls were
important for the interaction with loop IIB. The terphenyl 6b,
together with its 2’,6’-diethyl analogue 6d, exhibited the
greatest affinity for IIBh. FP experiments indicated that
terphenyls containing 2�- or 2�,6�-methyl or ethyl groups
displaced Rev34-50 from the IIB loop more efficiently than
those with a 2’-methoxy group, and 6b was the most potent
inhibitor. In agreement with these data, methyl- and ethyl-
substituted terphenyls were able to inhibit HIV-1 replication
at post-integration steps of the viral infectious cycle, and 6b
was the most active molecule. In a cellular assay, this
terphenyl was able to block the complete RRE–Rev system
with low micromolar IC50 values similar to those measured for
HIV-1 inhibition and Rev34-50 displacement from loop IIB.

Altogether, the compiled data provide strong evidence
that bilaterally substituted terphenyls efficiently mimic the
RNA-binding a-helix of Rev and provide clues on how these
small molecules may accomplish the blocking of RRE–Rev
function and HIV-1 replication in a cellular context. The
RNA specificity of the terphenyls is in the same range as that
measured for Rev34-50 itself, and the compounds bind to at
least two specific Rev sites within the RRE; loops IIB and IA.
By mimicking Rev, the compounds likely compete with the
protein by binding to several sites in the RRE, thereby
interfering with the assembly of Rev monomers on the RRE.
In addition, we have detected an interaction with the DNA

Figure 5. Results of cellular assays with terphenyl 6b. In all cases,
results are expressed as percentage of relative luminescence units
(RLUs), where 100% is the level of viral replication obtained in the
presence of the vehicle used to dissolve the compounds. a) Antiviral
activity in HIV-1 infection assays (EC50) and cellular toxicity (CC50).
a&a viability; c*c infection. b) Antiviral activity in HIV-
1 transfection assays. c) Inhibition of Rev-mediated transport of RRE-
containing RNA into the cytoplasm. Inhibition by 6b was tested at
three different concentrations of the plasmid encoding Rev (pCMV-
Rev): c&c 500 ng/well (50< IC50<100 mm); c~c 200 ng/
well (IC50 = 21.4(�6.3) mm); c*c 20 ng/well (IC50 =10.4(�2.4)
mm).
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minor groove that may contribute to the observed antiviral
effect. The p-terphenylene scaffold offers many opportunities
for improvement, and all of these issues are under inves-
tigation.
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