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Abstract—Drugs targeting the stem-loop IIB of Rev responsible element (RRE) of HIV-1 mRNA are potential therapeutic agents
for HIV-1 infection. The stem loop is characterized by an internal loop consist of consecutive G-G and G-A mismatches, which is
the single binding site for Rev protein for nuclear export of viral mRNA. We report here that ligands binding to G-G and G-A
mismatches in duplex DNA also bind to the internal loop in competition with Rev peptide and lead to the dissociation of pre-formed

Rev—RRE complex in a model system.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Rev responsible element (RRE) of HIV-1 mRNA is
a large RNA structure residing within the region that
codes envelope proteins' and serves as a docking site
for the Rev protein.>? Binding of the Rev protein to
RRE induces the nuclear export to the cytoplasm of un-
spliced or partially spliced viral mRNA. Interference in
the formation of the Rev—RRE complex inhibits nuclear
transport of the unspliced mRNA, eventually causing
suppression of HIV-1 replication. An internal loop in
stem-loop IIB of RRE has been identified as a single
high-affinity site for the Rev binding*> (Chart 1). Thus,
small molecular ligands that bind to the loop in compe-
tition with Rev protein are potential therapeutic agents
for treating HIV-1 infection.®3

However, the design of RNA targeting molecules still
remained to be a challenge in medicinal chemistry
because of the complicated RNA secondary and tertiary
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Chart 1. A structure of stem-loop IIB of HIV-1 mRNA.

structures.” ' We have discovered a novel class of
compounds that bind selectively to the mismatched base
pair in duplex DNA. The stem-loop IIB of HIV-1 RRE
is characterized by an internal loop consisting of two
consecutive mismatched base pairs, one a G-G
mismatch and the other a G-A mismatch. These
non-Watson—Crick base pairs have been shown to be
responsible for the Rev binding. We here report that
naphthyridine dimer (ND)!>!* and naphthyridine-
azaquinolone (NA)'%!5 which bind to the G-G and
G-A mismatches in duplex DNA, respectively, are the
potential candidates of drug lead that inhibits the
Rev-RRE interaction (Chart 2).

2. Results and discussion
We first qualitatively evaluated the binding of ND and

NA to various RNA structures using surface plasmon
resonance (SPR) assay with the sensors carrying ND
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Chart 2. Structures of ligands used in these studies.

and NA on the surfaces. ND was immobilized as amino-
link-ND at the secondary nitrogen by way of a short
aminoalkyl linker onto the surface of carboxymethyl
dextran of a CMS5 sensor chip (BIAcore) (Chart 3).!2
NA was immobilized as a form of amino-linked dimer
(aminolink-NA) to increase a surface density of the
ligand,'> because the NA-binding to a G-A mismatch
in RNA was anticipated to be weaker than the ND-bind-
ing to a G-G mismatch based on their bindings to the
mismatches in duplex DNA. Using the ND-immobilized
sensor, a strong SPR response was observed for a hair-
pin RNA (hpRRE) (Chart 4) representing the stem-loop
IIB of HIV-1 RRE (Fig. 1a). In contrast, a completely
matched hairpin RNA (nRRE), which lacked an internal
loop consisting of the G-G and G-A mismatches, did
not bind to the ND-immobilized sensor surface. Very
weak binding was observed for a single stranded RNA
(ssRNA) and a hairpin RNA representing TAR RNA
of HIV-1 (hpTAR) containing the r(UCU) bulge. SPR
analyses with NA-immobilized surfaces showed a strong
SPR response for hpRRE, whereas virtually no respons-
es for other three RNAs (Fig. 1b). These experiments
demonstrated that both ND and NA did not bind to a
completely matched RNA duplex, r(UUCG) and
r(CUGGGA) hairpin loops, and a r(UCU) bulge. Thus,
the internal loop consisting of the G-G and G-A
mismatches in hpRRE is most likely the binding site of
both ND and NA.
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Chart 3. Structures of aminolink-ND and aminolink-NA used for the
immobilization of ND and NA, respectively, onto the SPR sensor
surface.
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Chart 4. RNAs used in these studies and their possible secondary
structures.

Separate experiments showed that ND-binding to the
G-G mismatches in duplex RNA was favorable for
those flanked by a single nucleotide bulge. (Table 1)
The increase of Ty, (AT,) of G-G mismatch RNA
duplex was 4.8 °C, whereas it increased up to 9.1 °C
when the G-G mismatch was flanked by a single uridine
and adenine bulge. Since the single uridine and adenine
bulge in RNA duplex was not the site of the ND
binding, it is most likely that structural perturbation
on the G-G mismatch by the neighboring nucleotide
bulge favorably affected the ND-binding to the G-G
mismatch in RNA duplexes. The RNA duplex is known
to have A-form, which has a deep major groove
compared to that of B-form DNA duplex. ND binds
to the G-G mismatch from the major groove side of
DNA duplex. Thus, the single nucleotide bulge flanking
the G-G mismatch may loosen the deep major groove to
facilitate the ND-binding.

The binding of ND and NA to the stem-loop 1IB of
RRE was examined with respect to the structure of the
heterocycles in the ligand. We measured the difference
in the absorption spectra of ligands between the absence
and presence of hpRRE. The absorption of unbound ND
at 320 nm decreased with a concomitant bathochromic
shift as indicated by an increased absorption at
345 nm (Fig. 2a). Similar changes in the UV spectra
were observed for NA with a decreased efficiency. Bath-
ochromic shifts of the ligand absorptions suggested the
stacking interaction of bound ND and NA with the
neighboring bases in hpRRE. In contrast, a ligand, ami-
noquinoline-azaquinolone (QA), which did not bind to
the G-G and G-A mismatches in duplex DNA,"
showed little absorption change in the spectra. A com-
plete loss of binding as observed for QA suggested an
important role of 2-aminonaphthyridine for the binding
to hpRRE. The UV absorption change of these ligands
in the presence of nRRE was quite small with virtually
no bathochromic shift, strongly suggesting that the
internal loop in hpRRE would be the site of binding of
ND and NA (Fig. 2b).

Having the data indicating the binding of ND and NA to
hpRRE, we investigated competitive binding of these
molecules with the Rev model peptide 5,6TAMRA-
TRQARRNRRRRWRERQRAAAAK-amide (tamRev)
by fluorescence anisotropy displacement assay.®!® The
peptide consisted of an arginine-rich motif (Revszy_sg)
and an alanine-rich sequence, and was previously shown
to interact with high affinity to RRE stem-loop II1B.%!7
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Figure 1. SPR assays of RNA-binding to the ligand-immobilized sensor surfaces. RNA sample (hpRRE, nRRE, hpTAR, and ssRNA, each 100 nM)
in 10 mM HEPES and 150 mM NaCl was heat denatured, folded by slow cooling, and applied to the sensor for 180 s with a flow rate of 30 pL/min.
(a) ND-immobilized sensor surface. Inset: expansion of the responses from 0 to 10 RU. The amount of ND immobilized on the surface was 370 RU.

(b) NA-immobilized sensor surface. The amount of NA immobilized on the surface was 1900 RU.

Table 1. Melting temperature (7,,,) of RNA in the absence of ND

RNA sequence Tm (°C) ATy, (°C)
RNA RNA + ND

5'-r(CUAACGGAAUG)-3' 48.7 47.9 —0.8
3’-r(GAUUGCCUUAC)-5
5'-r(CUAACGGAAUG)-3’ 335 38.3 4.8
3"-r(GAUUGGCUUACQ)-5’
5'-r(CUAACG GAAUG)-3’ 36.0 36.5 0.5
3’-r(GAUUGC CUUACQ)-5

U
5'-r(CUAACG GAAUG)-3' 35.1 35.2 0.1
3’-r(GAUUGC CUUACQ)-5

A
5’-r(CUAACG GAAUG)-3' 30.6 39.7 9.1
3’-r(GAUUGG CUUAC)-5

U
5’-r(CUAAC GGAAUG)-3' 29.3 38.1 8.8
3’-r(GAUUG GCUUAC)-5

U

5’-r(CUAACG GAAUG)-3' 26.4 35.0 8.6
3’-r(GAUUGG CUUAC)-5

A
5’-r(CUAAC GGAAUG)-3' 26.8 35.4 8.6
3’-r(GAUUG GCUUAC)-5

A

The UV-melting curves were measured for duplexes (4 pM) in 10 mM sodium cacodylate buffer (pH 7.0) containing 100 mM NaCl in the absence
and presence of ND (100 pM). Temperature was increased at a rate of 1 °C/min.

The N-terminal was fluorescently labeled with
5,6-TAMRA, whereas C-terminal was amidated. Upon
addition of hpRRE, fluorescence anisotropy of tamRev
(100 nM) increased markedly with increasing concentra-
tions of hpRRE up to 160 nM, above which anisotropy
exhibited a plateau, indicating formation of a complex
(tamRev-hpRRE) (Fig. 3a). Using a nonlinear regression
analysis of the binding curve reported earlier,®!® the dis-
sociation constant of the tamRev-hpRRE complex was

determined to be 5.6 nM. To examine inhibitory activi-
ties of the ligands on the formation of the tamRev—
hpRRE complex, we measured the decrease in fluores-
cence anisotropy of a pre-formed tamRev—hpRRE com-
plex upon titrating with the ligands. A release of bound
tamRev from the complex by ligand displacement result-
ed in a decrease of fluorescence anisotropy. Upon titrat-
ing the tamRev-hpRRE complex with ND, NA, and
neomycin B, a decrease in fluorescence anisotropy was
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Figure 2. Difference UV spectra of ligands (20 uM) in the presence of (a) hpRRE (2 pM) and (b) nRRE (2 pM) in sodium phosphate (pH 7.0)
containing EDTA (1 mM) and NaCl (100 mM). Key: ND (circle); NA (square); QA (triangle).
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Figure 3. Fluorescence anisotropy assay. (a) A change of fluorescence anisotropy of tamRev (100 nM) (circle) titrated with hpRRE. Concentrations
of hpRRE were 0, 10, 20, 40, 80, 160, 320, and 640 nM. The solid line represents a calculated binding curve obtained by a nonlinear regression
analysis of the raw data. (b) Decreases of anisotropy by titrating the pre-formed complex between hpRRE (100 nM) and tamRev (100 nM) with
ligands. Ligand concentrations were 0, 2, 4, 8, 16, and 32 uM. Key: ND (circle), NA (diamond), neomycin B (square), and QA (triangle).

observed, but not with QA (Fig. 3b). The dissociation of
the tamRev-hpRRE complex was induced by ND much
more efficiently than by neomycin B and NA.

3. Conclusion

The data reported here showed that (1) ligands binding
to G-G and G-A mismatches in duplex DNA could also
bind to a stem-loop IIB of RRE and (2) ND showed a
stronger inhibitory activity for tamRev—hpRRE forma-
tion than neomycin B. While the precise mode of the
binding as well as the binding stoichiometry of ND
could not be determined by SPR and mass spectrometry,
ND and NA were found useful to capture HIV-1 RRE
when these molecules were immobilized on the surface.
In addition, these results suggested that structural opti-
mization of ND and NA toward the binding to the inter-

nal loop may lead molecules showing potent inhibitory
activities against Rev—RRE binding.

4. Experimental
4.1. Substrates

All RNAs were purchased from PROLIGO with HPLC
purification. 5,6-TAMRA-labeled peptide model was
custom synthesized by Biosource International Inc.
(Camarillo, California) with a purity of >95%.

4.2. General procedure for SPR-binding experiments
All measurements were carried out at 25 °C in a contin-

uous flow of HBS-N buffer (10 mM HEPES, pH 7.4)
containing NaCl (150 mM) at a flow rate of
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30 uL/min. RNA samples (0.1 uM) in HBS-N buffer
were heat denatured, folded by slow cooling, and inject-
ed into the sensor for 3 min to analyze the association to
the surface. Then, the dissociation of the bound RNA to
the surface was analyzed by injecting buffer only.

4.3. UV measurements

All UV measurements were carried out with SHIMAD-
ZU UV-2550 (Kyoto, Japan) at 25 °C.

4.3.1. Sample preparation. hpRRE, hpTar, ssRNA, and
nRRE (2 uM) were denatured at 90 °C and cooled down
slowly to a room temperature in a buffer (3.75 mM Na-
phosphate, pH 7.0, 100 mM NaCl, 1.0 mM EDTA). A
solution of ligand (20 uM) was added to the solution
and left for 1 h at 25°C. UV spectra were measured
for each ligand with or without RNA. The difference
UV spectra were obtained by subtracting the data in
the presence of RNA from the data in the absence of
RNA.

4.4. Fluorescence anisotropy assay

Fluorescence Anisotropy assays were carried out with a
Beacon2000 system (Invitrogen) at 25 °C.

4.4.1. tamRev-hpRRE binding. hpRRE was denatured at
90 °C and cooled down slowly to a room temperature in
a buffer (30 mM HEPES, pH 7.5, 10 mM Na-phosphate,
pH 7.5, 100 mM KCI, 10 mM NH4OAc, 0.1% Nonidet
NP-40, 10 mM guanidine'HCI, 2 mM MgCl,, 20 mM
NaCl, 0.5 mM EDTA). To the solution of variable con-
centrations of hpRRE (10, 20, 40, 80, 160, 320, and
640 nM), tamRev (100 nM) was added and left for
12 h at 25 °C. Fluorescence anisotropy of the complex
was measured with Beacon2000 at 25 °C. Average read
cycles for the measurements were set to 10. The range
control was auto.

4.4.2. Inhibition assay. tamRev-hpRRE complex was
prepared by mixing 100 nM of each tamRev and hpRRE
in a buffer as described above. A varing concentration of
ligand (2, 4, 8, 16, and 32 uM) was added to the solution
of tamRev-hpRRE, and the whole solution was left at
25 °C for 12 h. Fluorescence anisotropy was measured
as above.

4.4.3. Curve fitting. Non-linear regression analysis for
the tamRev-hpRRE formation was carried out by Sig-
maPlot2001 by using the equation for the 1:1 binding
as shown below:

Aobs = (Amax - AO) S0+ A(),

([Rev], + [RRE], +Kq4) + \/([Rev]0 +[RRE], + Kq4)” —4- [Rev], - [RRE],
v 2 [Revl, ’

where 4, and A,,,, are anisotropy observed at 0 and
600 nM of hpRRE. [Rev], and [RRE], are the total con-
centration of each. Ky is the dissociation constant,
whereas o is the molar fraction of Rev—RRE complex
against [Rev],.
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