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AbstractÐA 16-residue peptide, including the Tat49ÿ57 sequence was labeled with a ¯uorescein and a tetramethylrhodamine at its
N±and C-terminus, respectively. This double dye-labeled peptide was prepared as a tracer for high-throughput screening utilizing
intramolecular ¯uorescence resonance energy transfer (FRET). The binding of the competitor molecules for HIV-1 TAR RNA
were monitored and dissociation constants of those molecule were determined by using this tracer. This novel screening system
might be useful to discover the drug for HIV-1 TAR RNA # 2000 Elsevier Science Ltd. All rights reserved.

The binding of transactivator protein (Tat) to the Tat
responsive region of mRNA (TAR RNA) plays a key
role in the replication of human immunode®ciency virus
type-1 (HIV-1).1ÿ4 The molecule that disturbs this
RNA±protein interaction might work as an anti-HIV
drug. Until now, since the RNA molecule can form
sequence depending intricate structure, there is no solid
rule to design and construct the molecule that binds a
speci®c RNA fragment to recognize three dimensional
structure of the RNA. For the elucidation of such a rule
for designing RNA-binding molecules, combinatorial
chemistry would be helpful. A high-throughput screen-
ing (HTS) of the compounds might accelerate to obtain
the successful results from combinatorial library.
Recently, we have established and evaluated a ¯uores-
cence binding assay that enables us to monitor molecule
binding with HIV-1 RRE IIB RNA using ¯uorescence
anisotropy. Accurate dissociation constants of the mole-
cules that bind RRE IIB RNA could be determined suc-
cessfully with this system.5ÿ7 However ¯uorescence
anisotropy requires the measurements of ¯uorescence
intensity with four di�erent combinations of polarizers.
It is a mechanically time-consuming process. Single
measurement of a spectroscopic signal for each sample
is favorable for HTS. Furthermore, some compounds
may not change their ¯uorescence anisotropy upon
binding. It is indeed the case, as described below, that

¯uorescent Tat peptide does not change its ¯uorescence
anisotropy upon binding with TAR RNA. Here, we
would like to report a novel HTS utilizing ¯uorescence
resonance energy transfer (FRET), targeting the HIV-1
trans activation responsive element of the mRNA frag-
ment (TAR RNA) as a very useful method for the
compound screening.

There is little structural information concerning Tat
protein, although some structural change to the Tat
peptide is expected when it forms a complex with TAR
RNA. On the other hand, when the ¯uorescence dye,
¯uorescein, rhodamine or cyanine for example, forms a
dimer in aqueous solution, signi®cant ¯uorescence
quenching occurs.8,9 Also, ¯uorescein and tetramethyl-
rhodamine is one of the nice and well characterized com-
binations that generate FRET when these dyes keep an
appropriate distance from each other. On this basis, a
16-residue peptide including the Tat49ÿ57 sequence hav-
ing ¯uorescein at its N-terminus and tetra-
methylrhodamine at its C-terminus (FtatRhd) has been
synthesized and evaluated as tracer for HTS. We would
like to present a novel ¯uorescence binding assay capable
of applying HTS to HIV-1 TAR RNA as the target.

In order to avoid undesirable interactions between the
dyes and the RNA, an additional three alanine residues
were introduced into both termini of the Tat49ÿ57 pep-
tide, and a cystein residue was placed on the C-terminus
of the peptide for the coupling with tetra-
methylrhodamine maleimide. For the evaluation of
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FtatRhd, Ftat and tatRhd composed of the same amino
acid sequence as FtatRhd and bearing a ¯uorescein and
a tetramethyl-rhodamine at their N- and C-termini,
respectively (Fig. 1), were prepared and compared with
FtatRhd. All the peptides were synthesized by the solid
phase method and puri®ed by HPLC equipped with an
ODS column, then identi®ed by MALDI-TOFMS10

and amino acid analysis.

When the solution of FtatRhd (100nM) was excited at the
absorption maximum of ¯uorescein (500nm), it showed
¯uorescence emission with double peaks at 528.5 and
577 nm which derived from ¯uorescein and tetramethyl-
rhodamine, respectively. Ftat and tatRhd has ¯uorescence
emission peaks at 528 and 576 nm, respectively (excitation
at 497 nm for Ftat and at 549nm for tatRhd). Obviously,
FtatRhd has the largest Stokes' shift (�77 nm). It is one
of the advantages of FRET that it avoids scattering of
excitation light. Due to the ¯exibility of the Tat peptide,
it is possible to form an intramolecular dimer of the
dyes, ¯uorescein and tetramethylrhodamine, and this
intramolecular dimerization inactivates FRET11 (Fig.
2A). Intrinsic ¯uorescence intensities of ¯uorescein and
rhodamine in FtatRhd were 3 and 15% of Ftat and
tatRhd, respectively. As the result of both intramolecular
dimerization of the dyes and excited state energy transfer,
¯uorescence emission of FtatRhd was strongly quenched.
Upon binding with TAR RNA, the intramolecular dimer
of the dyes dissociates, placing distance between the two

dyes and enabling the tracer to exhibit the ¯uorescence
of FRET. As shown in Figure 2B, while the emission of
FtatRhd at 528.5 nm slightly increased upon the addi-
tion of TAR RNA (wtTAR, Fig. 1), that at 577 nm
increased dramatically. In the presence of an excess
amount of wtTAR (1mM),12 ¯uorescence emission of
FtatRhd was 2.7-fold stronger than that in the absence of
the RNA. On the contrary, Ftat diminished its ¯uores-
cence upon the addition of wtTAR. This result suggests
that the binding with wtTAR quenches ¯uorescence
emission of Ftat. Even though, upon the addition of the
RNA, ¯uorescence change of Ftat was much smaller
than that of FtatRhd. In the presence of 1 mM of
wtTAR, Ftat diminished its ¯uorescence emission by
only 18%. The ¯uorescence anisotropy of Ftat and
FtatRhd was not changed upon the addition of wtTAR.
This result implies that the rotation of the dyes in the
¯uorescent Tat are relatively free, even in the complex
with wtTAR. On the other hand, tatRhd did not change
either its ¯uorescence intensity or ¯uorescence aniso-
tropy even in the presence of 1 mM of wtTAR. These
results imply that tatRhd may not bind wtTAR or, even
if it binds the RNA, ¯uorescence of tatRhd is not
a�ected by the binding. All these results suggest that the
use of FRET is the most appropriate way to monitor
the binding of Tat peptide and TAR RNA.

The dissociation constant (Kd) of FtatRhd and TAR
RNA was determined by the plot of FRET emission of

Figure 1. Dye labeled Tat peptide and secondary structure of wtTAR and dTAR.
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FtatRhd as a function of TAR RNA concentration
(Fig. 2C) and using a least square curve ®tting analysis
by eq (1), with assumption of 1:1 stoichiometry.13

i � i0 ��i��RNA�0 � �FtatRhd�0 � Kd

ÿ ���RNA�0 � �FtatRhd�0 � Kd�2 ÿ 4�RNA�0
� �FtatRhd�0�1=2�=2 �1�

where i and i0 are the ¯uorescence intensities of the tracer
in the presence and the absence of the RNA, respectively.
�i is the di�erence between the ¯uorescence intensity of
FtatRhd in the presence of an in®nite concentration of
the RNA and in the absence of the RNA. [RNA]0 and
[FtatRhd]0 are the initial concentrations of the RNA
and FtatRhd, respectively. Figure 2C shows the plots of
the ¯uorescence intensity of FtatRhd as a function of
the concentration of wtTAR or bulge deleted TAR RNA
(dTAR, Fig. 1). The solid curve was obtained by the
analysis described above and the dissociation constant
(Kd) was determined as 286nM for wtTAR and FtatRhd.
Also, this analysis revealed that 80% of FtatRhd forms a
complex with wtTAR when the RNA concentration
reaches 800 nM. In contrast, the additions of dTAR
hardly change the ¯uorescence intensity of FtatRhd
(Fig. 2C). It is known that a bulge structure in TAR
RNA is a requirement for either Tat protein or Tat pep-
tide binding and Tat mediated transactivation.14ÿ16

Therefore, the above result is one example of the evi-
dence that FtatRhd binds wtTAR speci®cally.

On the other hand, when the solution of the wtTAR
(800nM) and FtatRhd (100nM) was titrated with the wild
type of Tat peptide (wt-Tat) as a competitor molecule, the

¯uorescence intensity of FtatRhd decreased drastically
with an increasing concentration of wt-Tat peptide (Fig.
3A). This result indicates that the addition of wt-Tat
peptide shifts the equilibrium of the binding toward the
formation of wtTAR and wt-Tat peptide complex, that
is, tracer FtatRhd in the complex was replaced with wt-
Tat peptide and then free FtatRhd was released (Fig.
3B). The dissociation constant (KD) of wt-Tat peptide
was determined by the curve ®tting analysis with eq (2)
of 1:1 stoichiometry.13

�competitor�0 � �KD�i1 ÿ i�=Kd�iÿ i0� � 1�

� ��RNA�0 ÿ Kd�iÿ i0�=�i1 ÿ i�

ÿ �FtatRhd�0�iÿ i0�=�i1 ÿ i0�� �2�

where [competitor]0 is the initial concentration of the
competitor i1 is the ¯uorescence intensity of FtatRhd in
the presence of an in®nite concentration of wtTAR, and
KD is the dissociation constant of the competitor±
wtTAR complex. Figure 3C shows the plot of the
FRET emission of FtatRhd as a function of the con-
centration of the competitor, wt-Tat peptide. Then, the
analysis gave 70 nM of dissociation constant for the
complex of wtTAR and wt-Tat peptide.

As an evaluation of this system, the binding of the other
competitor molecules, Tat mimic peptides (Table 1), in
which some of either arginine or lysine were replaced by
alanine residues, were prepared and their binding
toward wtTAR was examined with this system. Due to
the lack of some basic amino acid residues, those Tat
mimics might not bind wtTAR as tightly as wt-Tat
peptide. Dissociation constants for T61, which lacks

Figure 2. Tracer (FtatRhd) binding with target TAR RNA: (A) schematic illustrations of the tracer binding with target TAR RNA. The binding
accompanies shape change of the tracer and enhances FRET; (B) ¯uorescence emission spectra of FtatRhd in the absence and presence of variable
concentrations of wtTAR; (C) ¯uorescence intensity of the tracer (FtatRhd) as a function of the wtTAR or dTAR concentrations.
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two lysine residues of wt-Tat, and T51, which lacks an
arginine and two lysine residues of wt-Tat, were 2.9 and
18mM, respectively. These binding a�nities obtained here
for Tat mimics are 41 and 257 times weaker than that of
wt-Tat. T41 is the peptide composed of four arginine
and 12 alanine residues. T31 lacks one arginine of T41.
FtatRhd did not show any ¯uorescence change upon the
addition of either T41 or T31. These results suggest that
TAR RNA does not bind either T41 or T31 and, con-
sequently, FtatRhd does not exhibit any output upon
the addition of these non-binding peptides.

This novel screening system which utilizes FRET could
enable us to discriminate wt-Tat, Tat mimic peptides
and non-binding peptides clearly, with large di�erences
in ¯uorescence emission intensity. These results demon-
strate that this system is not only useful for the
determination of the accurate binding a�nity of the
antagonist but is also applicable to the HTS, targeting
HIV-1 TAR RNA.
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