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Forced intercalation-induced light-up peptides as
fluorogenic indicators for the HIV-1 TAR
RNA-ligand assay
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Fluorescence indicators capable of binding to human immunodeficiency virus-1 (HIV-1) trans-activation
responsive (TAR) RNA are powerful tools for the exploratory studies of the identification of anti-HIV drug
candidates. This work presents a new design strategy for fluorogenic indicators with a transactivator of
transcription (Tat)-derived peptide based on the forced intercalation of thiazole orange (TO) dyes (FIT).
The developed 9-mer FIT peptide (RKKRR-TO-RRR: named FiLuP) features the TO unit integrated onto a
Dap (2,3-diaminopropionic acid) residue in the middle of the Tat peptide sequence; the Q (glutamic acid)
residue in the Tat peptide (RKKRR-Q-RRR) is replaced with TO as if it were an amino acid surrogate. This
facilitates a significant light-up response (450-fold at Aem = 541 Nm, @fee = 0.0057, and @poyng = 0.61)
upon binding to TAR RNA. The response of FiLuP is highly selective to TAR RNA over other non-cognate
RNAs, and FiLuP maintains strong binding affinity (K4 = 1.0 + 0.6 nM). Significantly, in contrast to pre-
viously developed Tat peptide-based FRET probes, FiLuP is able to discriminate between “competitive”
and “noncompetitive” inhibitors when used in the fluorescence indicator displacement (FID) assay. The
FID assay under stringent screening conditions is also possible, enabling super-strong competitive
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Introduction

With increasing knowledge about the diverse roles of RNAs
within the cells, RNA-binding ligands have received consider-
able attention in drug discovery."”” Human immunodeficiency
virus-1 (HIV-1) trans-activation responsive (TAR) RNA plays a
pivotal role in the replication of HIV-1 through binding to the
transactivator of transcription (Tat) protein, making it an
important therapeutic target for anti-HIV strategies.> TAR RNA
consists of 59 nucleotides located at the 5’ end of viral mRNAs,
forming a stem-loop structure with a three-nucleotide (UCU)
bulge (¢f Fig. 2A). It has been well known that Tat protein
binds specifically to the three-nucleotide bulge region in TAR
RNA, and the binding is mediated by a single arginine (R)
within a nine residue stretch of basic amino acids (residues 49
to 57: RALQKKRRQRRRW).4 The identification of TAR RNA-
binding ligands capable of interfering with the formation of a
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binders toward TAR RNA to be sieved out.

Tat protein complex represents a promising avenue for poten-
tial anti-HIV drugs.®

In this context, fluorescence methods are commonly
employed for the exploratory studies of RNA-targeted ligands
as they have several advantages such as sensitivity, speed and
the convenient availability of equipment. In particular, the
fluorescence indicator displacement (FID) assay is a simple
and high-throughput method without fluorophore labeling of
both target RNAs and test compounds used in screening
experiments.® While several fluorescent small molecules
have been proposed for the FID assay, the most
widely employed indicator for TAR RNA is based on Forster
resonance energy transfer (FRET) with a truncated peptide
comprising the basic domain of Tat protein (Tatyo_s7:
R40K50K51Rs5R53Q54R55R56R57).5 A Tatyo_s,-containing 16-mer
peptide (AAA-R,;oKKRRQRRR;,-AAAC) labelled with 5-carboxy-
fluorescein and tetramethylrhodamine at the N-terminus and
C-terminus, respectively, showed an increase in the FRET
efficiency upon binding to TAR RNA, whereas the binding of
the test compounds decreased the FRET efficiency (Fig. 1). To
date, this FRET peptide probe has been widely used for func-
tional evaluation of TAR RNA-binding ligands (Tat antagonists)
discovered by in silico screening or structure-based design,’
and it has also been used for high-throughput screening (HTS)
with ~100 000 compounds.*’
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Fig. 1 Schematic illustration of the Tat peptide-based fluorogenic
probe based on forced intercalation of the TO unit integrated into the
middle of the peptide sequence as if it were a substitute for the amino
acids that make up the Tat peptide. A traditional FRET-based probe was
also shown as a comparison.

Nevertheless, its fluorescence response for TAR RNA was
quite modest, typically less than 3-fold,*"" which poses a dis-
advantage in terms of the detection sensitivity of the displace-
ment events. Recently, an aggregation induced emission (AIE)
fluorogen (tetraphenylethylene: TPE) was newly used for the
Tat peptide-based indicator design (TPE-G-R;0KKRRQRRR;,-
PPQG);"> however, it did not result in an improvement in the
fluorescence response (3-fold). Considering how the low fluo-
rescence response of the indicator hampers the performance
of the FID assay, including its reproducibility, robustness and
reliability,® there is a significant need to design Tat peptide-
based indicators with large fluorescence signaling properties.

This paper presents a new design strategy for Tat peptide
probes based on the forced intercalation of thiazole orange
(TO) dyes (FIT)."* The Seitz group showed that a TO unit con-
nected to a DNA backbone as a base surrogate by a short
spacer could forcibly intercalate into predetermined base pairs
of the duplex structure formed through hybridization with a
complementary sequence.**

These FIT oligonucleotide probes (named FIT probes)
display significant light-up properties, enabling the sensitive
detection of target DNAs/RNAs. FIT was recently used for the
design of DNA aptamers for the sensing of metal ions and pro-
teins.'® FIT sensing was also achieved in peptide nucleic acid
(PNA) probes for single-stranded RNAs,'® followed by in
triplex-forming PNA probes'”'® for double-stranded RNAs by
our group."’

Taking inspiration from these successes in oligonucleotide
probes, we integrated FIT-sensing into the design of Tat
peptide probes as novel fluorescence indicators for TAR RNA,
where one amino acid in the Tat peptide (the basic domain of
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Tat protein: R;oK50Ks51R5:R53Q54R55R56Rs7) was replaced with
TO as if it were an amino acid surrogate (Fig. 1 and 2A).
Designing FIT peptides named FIT light-up peptide (FiLuP)
probes, however, presents a challenge because of the inherent
complexity of RNA-protein complexes compared to previous
oligonucleotide scaffolds. We hypothesized that it could be
achieved by strategically positioning the TO unit within the
peptide sequence of the basic domain. Specifically, we aimed
to place the TO unit in close proximity to the double-stranded
RNA region for complex formation with TAR RNA while preser-
ving the amino acid residues crucial for the binding of the Tat
peptide. The designed 9-mer FiLuP probe (Fig. 2A,
R49KKRR-TO-RRR;;) exhibited a significant light-up response
(450-fold) upon strong and selective binding to TAR RNA (K4 =
1.0 nM), which is clearly superior to the previously-developed
16-mer Tat peptide-based FRET probes (Kg = 23.6 to 286
nM).®"" In comparison with a conventional peptide probe
appended with the TO unit through a flexible spacer at the
N-terminal (TO-Ry;KKRRQRRR;;), we found that FiLuP had
not only a larger response but also higher selectivity, showing
the usefulness of FIT sensing for the fluorogenic probe design
toward TAR RNA. Significantly, when used in the FID assay,
FiLuP is able to discriminate between “competitive” and “non-
competitive” inhibitors, which has never been demonstrated
with all previous indicators for TAR RNA.”®'"'? In addition,
thanks to its strong binding affinity and significant light-up
properties, the FID assay under stringent screening conditions
can be performed, which sieves out the super-strong competi-
tive inhibitor whose binding affinity is comparable to that of
the wild Tat protein. These features of FiLuP are discussed as a
basis for the advanced design of peptide-based fluorogenic
probes for RNA sensing.

Experimental

The FRET probe (5-FAM-AAA-R ,,KKRRQRRR;,-AAAK-TAMRA)"
was purchased from Hipep Laboratories (Kyoto, Japan). FiLuP
(R4KKRR-TO-RRR;;) and its variant probes were synthesized
by Fmoc solid phase synthesis using a microwave-assisted
peptide synthesizer. The crude probes were purified by reverse-
phase HPLC (Fig. S11), followed by verification by
MALDI-TOF-MS (Table S1f). A conventional peptide probe
appended with the TO unit through a lysine spacer at the
N-terminal  (TO-R4,0KKRRQRRR;;) was also  prepared
(Table S1t). For experimental details and characterization, see
the ESL.}

Unless otherwise mentioned, all measurements were per-
formed at 25 °C in 1 x PBS buffer (pH 7.4). Before measure-
ments, annealing of RNA-containing samples was conducted
as follows: heated at 95 °C for 10 min and gradually cooled to
25 °C (1 °C min™"). Errors denote the standard deviations
obtained from at least three independent experiments.

The dissociation constant (Ky) for the binding of the probes
to target RNA was determined by fluorescence titration experi-
ments. The resulting titration curve was analysed based on a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Chemical structure of the FiLuP probe (R49oKKRR-TO-RRRs;) for TAR RNA. The sequence and secondary structure of HIV-1 TAR RNA

(31-mer: G16 to C46) used in this study is also shown. (B) Fluorescence spectra of FiLuP (50 nM) in the (a) absence and presence of 50 nM target
RNA; (b) TAR RNA, (c) A-site RNA, and (d) influenza A virus promoter RNA. Inset: Fluorescence titration curve for the binding of FiLuP (25 nM) to TAR
RNA (0-125 nM). (C) Comparison of the fluorescence intensity of the probes (50 nM) in the absence and presence of various RNAs (50 nM).
Excitation: 524 nm (FiLuP), 497 nm (FRET probe), and 521 nm (conventional probe). Analysis: 541 nm (FiLuP), 585 nm (FRET probe), and 534 nm (con-
ventional probe). FRET probe: 5-FAM-AAA-R;90KKRRQRRRs7-AAAK-TAMRA. Conventional probe: TO-R;9KKRRQRRRs;.

1:1 binding fitting model. Further details are provided in the
ESL{

The FID assay was carried out with FiLuP as a fluorescence
indicator. After the FiLuP/TAR RNA complex was formed by
the annealing procedure as shown above, the test compounds
were added and incubated for 10 min. The fluorescence
response of the FiLuP/TAR RNA complex to the test com-
pounds was then measured. The details are also shown in the
ESLt

Results and discussion

The FiLuP probe for TAR RNA was designed by integrating the
TO unit into the Tatyy 5, sequence (Fig. 2A). We decided to
strategically replace the Qs, (glutamic acid) residue with a Dap
(2,3-diaminopropionic acid) residue to which the TO unit was
connected, based on the reports that the mutation of this
residue minimally affects the RNA binding of the Tat
peptide.”® Furthermore, the Qs, residue was shown to be
located close to the double-stranded region of TAR RNA in the
relevant Tat/TAR RNA complex structure.>! This observation
suggests that the incorporation of the TO unit at this position
would facilitate efficient FIT upon probe binding. The FiLuP
probe (R, 0KKRR-TO-RRR;;) was synthesized by Fmoc solid
phase synthesis, where a TO derivative with a methylcarboxyl
group on its quinoline ring was coupled with a Dap residue
after the peptide assembly (see the ESIf). Fig. 2B shows the
fluorescence response of the probe (50 nM) to 31-mer model
TAR RNA at 25 °C in PBS buffer. The probe shows negligible
emission of the TO unit (Pge. = 0.0057) in the absence of
RNAs due to the free rotation between two heterorings.”® The
addition of equimolar target RNA (50 nM) caused a significant
light-up response (450-fold increase) of the TO unit (lem =
541 nm). This indicates that the TO unit is forced to intercalate

This journal is © The Royal Society of Chemistry 2024

into the base pairs of the double-stranded region of RNA upon
probe binding."’

The fluorescence quantum yield of the probe in the bound
state with target RNA (@Ppouna) reaches as much as 0.61.
Actually, the observed light-up response of FiLuP is superior to
those of FIT oligonucleotide probes with the TO base
surrogate,"*">'® showing the usefulness of RNA-binding pep-
tides as molecular scaffolds for FIT sensing. It is noteworthy
that the light-up response of FiLuP is highly superior to that of
the previously-developed Tat peptide-based FRET probe'! that
shows a fluorescence increase of only 1.2-fold under identical
conditions (Fig. 2C and S2At). Also, the light-up response of
FiLuP is highly superior to that of the Tat peptide-based probe
with AIE fluorogens, where the fluorescence intensity was
reported to increase by 3-fold in the presence of 600 nM TAR
RNA."> Moreover, our probe has excellent binding properties
toward TAR RNA. The dissociation constant (Kg) of FiLuP
based on a 1:1 fitting model was determined to be 1.0 + 0.6
nM by fluorescence titration experiments (inset of Fig. 2B).
This indicates very strong binding to TAR RNA, which is com-
parable to even the wild Tat protein (K4 = 2-8 nM).”?
Significantly, the affinity of FiLuP is found to be two orders of
magnitude higher than that of the FRET probe examined
under identical conditions (Kg = 360 + 78 nM, Fig. S2BfY).
Hence, the forced intercalation of the TO unit confers advan-
tage with regard to the binding affinity toward TAR RNA. The
examination of various RNAs reveals that FiLuP is highly selec-
tive toward TAR RNA (Fig. 2C). The response for TAR RNA was
more than 5-fold greater than that for non-cognate RNAs (the
bacterial ribosomal RNA A-site and the influenza A virus RNA
promoter region) (Fig. $3+)."°*/ On the other hand, the FRET
probe only exhibits moderate selectivity for TAR RNA (Fig. 2C
and S31), as reported previously.>'' We reason that the
observed difference in selectivity between the two probes
stems from their working principles. In the case of the FRET
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probe, even non-specific binding would induce changes in
FRET efficiency. In contrast, the FiLuP probe relies on the pep-
tide’s binding and the intercalation of the TO unit for the fluo-
rescence response to occur. Non-specific binding events would
not elicit a response unless the TO unit efficiently intercalates
into the base pairs of target RNAs. This feature of the FIT
system significantly improves the response selectivity for TAR
RNA. It should be noted here that, prior to this work, our
group reported that TO itself functioned as a light-up probe
for TAR RNA and proposed its use for the FID assay.”? We
believe TO is a useful indicator for the FID assay, but its
binding affinity and signaling ability were only moderate (Kq =
60 nM, Pgee < 0.01, and Ppoyng = 0.198) compared to those of
the FiLuP probe (Kg = 1.0 nM, @ge. = 0.0057, and Ppoung =
0.61). Our group also reported that TO worked as a fluorogenic
dye for nucleolar RNA imaging in living cells (@poung = 0.16).>
The examination with synthetic RNA and DNA revealed that
TO prefers RNA over DNA, with a significant response to
double-stranded RNA (rG/rC and rA/rU) and single-stranded
rG.”® In addition, TO and its derivative (TO-PRO-1) were
reported as indicators in the FID assay for targeting various
RNA structures including TAR RNA and the bacterial riboso-
mal RNA A-site,>’ being apparently characterized as non-
selective for TAR RNA. Apparently, our FiLuP probe does func-
tion distinctly from the previous Tat peptide-based
probes®'* as well as TO itself, having prominent binding
and fluorescence properties toward TAR RNA.

Related to this work, DNA-binding peptides conjugated
with TO were developed for DNA analysis.** In these works,
the TO unit was appended to the terminal of the peptide
through a flexible spacer that enabled the TO unit to fold back
and to intercalate into the DNA duplex. We thus synthesized a
Tat,;_s; peptide probe appended with the TO unit at the
N-terminal via a lysine linkage (named a conventional probe:
TO-R,cKKRRQRRR;,). In comparison with FiLuP, the conven-
tional probe exhibited a modest light-up response (35-fold)
upon binding to TAR RNA (Fig. 2C). This mainly results from
inefficient intercalation of the TO unit. In addition, we noticed
that the background emission of the conventional probe is
more than 2-fold higher than that of FiLuP, leading to a lower
light-up response. This would be because of the emission orig-
inating from the back-folding of the TO unit into the peptide
itself, as reported in other TO-appended PNA probes.>® We
also found that the selectivity of the conventional probe for
TAR RNA was inferior (Fig. 2C and S37), presumably due to the
non-selective intercalation of the TO unit.>® Hence, the con-
nection of the TO unit with a short spacer at the middle of the
Tat,,_s, peptide as if it were a substitute for the amino acids
that make up the Tat peptide, a key design characteristic of
FiLuP, is crucial for significant light-up response and selecti-
vity for TAR RNA.

Furthermore, two other variant probes were examined to
validate the FiLuP design (Fig. 3). The first variant had TO
attached to a longer lysine residue instead of Dap (R4;oKKRR-
(Lys-TO)-RRRs;). This resulted in a significant decrease in fluo-
rescence response, although selectivity towards TAR RNA
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Fig. 3 Fluorescence spectra of variant probes (50 nM) in the (a)
absence and presence of 50 nM target RNA; (b) TAR RNA, (c) Bac rRNA
and (d) influenza vRNA. Chemical structures of the variant probes are
also shown: (A) incorporation of the TO unit with a lysine linkage
(R49KKRR-(Lys-TO)-RRRs7) and (B) Rs, substitution for the incorporation
of the TO unit (R4oKK-TO-RQRRRsy). Excitation: (A) 521 nm and (B)
524 nm.

remained intact. We reason that the longer linker length
results in higher flexibility that impedes the intercalation of
TO into the RNA. The second variant altered the position of
TO in the probe, substituting it with Rs, (arginine) instead
(R4oKK-TO-RQRRR;;). This variant lacked selectivity for TAR
RNA, matching previous literature that reported how Rs, is
crucial for TAR RNA recognition.*** These experiments veri-
fied the significance of the TO unit’s environment within the
RNA-binding peptide on the probe’s functions.

We then examined the thermodynamics of the binding of
FiLuP to TAR RNA according to the polyelectrolyte theory pro-
posed by Record et al. (ESIt).>” We here determined the
binding constants (K, = 1/Kq) from the fluorescence titration
experiments in phosphate buffer (pH 7.4) containing NaCl
concentrations (100-700 mM) (Fig. S4t). From the examination
of the salt dependence of the binding affinity (Fig. 4), the

100 1
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Fig. 4 Salt dependence of the binding constants (K, = 1/Ky) of FiLuP for
TAR RNA.
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observed binding free energy (AG,ps) was divided into polyelec-
trolyte (AGpe) and non-polyelectrolyte (AG) contributions. The
AG)p. contribution arises from the release of counterions from
RNA upon binding, while the AG, contribution arises from
other molecular interactions such as hydrogen bonds and van
der Waals interactions. Interestingly, the previous study of
positively charged 15-mer Tat peptide (SYG-RKKRRQRRR-PPQ)
binding to TAR RNA revealed that electrostatic interaction con-
tributes only to a limited extent to the free energy change, with
the major role being played by non-polyelectrolyte interactions
(AGgps = —9.9 keal mol™!, AGpe = —1.9 keal mol™" and AG, =
—8.0 kcal mol™" at 80 mM Na* and pH 7.5).”® In their analysis,
the value of the slope of the linear plot of salt dependence (cf.
Fig. 4) was obtained as —1.14, indicating the release of one
counterion upon binding. The authors suggested that out of
the six arginine (R) molecules present in the peptide, only one
arginine is involved in electrostatic interaction with TAR RNA.
This is consistent with the previous studies showing that a
single arginine residue in the peptide is responsible for
specific binding to TAR RNA.* In the case of the binding of
FiLuP to TAR RNA, we found a linear relationship between the
double logarithmic plot of the binding affinity and the salt
concentrations ranging from 100 mM NacCl to 700 mM NaClL
The slope was determined to be —1.65 (Fig. 4). AG, was found
to contribute more greatly to the binding events (AGeps =
—12.0 keal mol™", AGp = —2.1 keal mol™" and AG, = —9.9 kcal
mol " at 110 mM Na* and pH 7.4). It is highly likely that FiLuP
can bind to TAR RNA in a similar manner to the parent Tat
peptide.

Finally, a mock FID assay revealed the potential of FiLuP as
the fluorescence indicator for TAR RNA (Fig. 5A). The FID
assay is based on a model in which the indicator bound to
target RNA is displaced by a test compound in a competitive
manner. Thus, the binding capability of the test compounds
can be evaluated by monitoring the change in the indicator’s
fluorescence during the displacement event. Three well-known
small molecules capable of binding to TAR RNA with distinct
modes (mitoxanthrone,”” neomycin®* and ICR 1917) were
explored as test compounds. Mitoxanthrone was first identi-
fied through a virtual screening and then experimentally vali-
dated to bind to TAR RNA (K4 = 55 nM) and inhibit its inter-
action with Tat.”” Neomycin is also a strong binder for TAR
RNA (Kg = 160 nM),>® but it is a noncompetitive inhibitor
with respect to Tat that can form a ternary complex with Tat-
TAR RNA; the three-nucleotide bulge (UCU, ¢f. Fig. 2A) is not
the primary contact site for neomycin.>*” ICR 191 was reported
as a fluorescent indicator for TAR RNA with K3 = ~100 nM. The
intercalative binding of ICR 191 at the bulge site was revealed
by a docking experiment, while the multi-binding to TAR RNA
(TAR/ICR, TAR/ICR,, and TAR/ICR;) was revealed by fluo-
rescence and MS experiments.”* Chloramphenicol was also
used as a negative control as it specifically binds to 50S rRNA,
not TAR RNA.?® We examined the fluorescence changes in the
500 nM TAR RNA/FiLuP complex upon addition of 60 equiva-
lents of the test compounds (30 pM). In the absence of the test
compounds, strong emission of the complex was observed due
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Fig. 5 (A) Fluorescence indicator displacement (FID) assay using FiLuP.
(B) Fluorescence spectra of FiLUP/TAR RNA (500 nM) in the (a) absence
and presence of test compounds (30 pM): (b) mitoxanthrone, (c) chlor-
amphenicol, (d) ICR191 or (e) neomycin. Excitation: 524 nm.

to the light-up response of FiLuP upon binding to TAR RNA
(Fig. 5B). The addition of chloramphenicol resulted in a negli-
gible change in the emission of the complex. This indicates
that competitive binding does not occur because of the
inability of chloramphenicol to bind to TAR RNA.*° In sharp
contrast, the addition of mitoxanthrone led to a drastic
decrease in FiLuP’s emission. Given that mitoxanthrone was
reported to bind to the Tat-binding site in TAR RNA,”” the
observed fluorescence decrease can be explained by the displa-
cement event with the FiLuP probe. Here, importantly, almost
no response was obtained for neomycin, a noncompetitive
inhibitor of the Tat-TAR RNA complex. Considering its binding
affinity (K4 = 160 nM) and the current experimental conditions
([FiLuP] = [TAR RNA] = 500 nM, [neomycin] = 30 pM), it is
likely that neomycin forms a ternary complex with FiLuP-TAR
RNA, similar to the binding to Tat-TAR RNA. In the case of ICR
191, only a small decrease in FiLuP’s emission was observed,
indicating its relatively weak competitive ability. It is likely that
the majority of CR191 binds to TAR RNA in a noncompetitive
manner with FiLuP, forming ternary and/or higher order com-
plexes. These results verify the unique feature of the FID assay
with the FiLuP indicator for the identification of TAR RNA
bulge-binding molecules, being able to discriminate between
“competitive” and “noncompetitive” inhibitors. Such discrimi-
nation ability has never been achieved for all the previous indi-
cators for TAR RNA including Tat peptide-based probes®'"'?
and small molecule-based indicators.” All the previous FID
assays showed considerable responses to neomycin. For
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example, in the FID assay with TO as the indicator, its fluo-
rescence was totally quenched in the presence of 5 equiv. of
neomycin ([TO] = [TAR RNA] = 500 nM, [neomycin] = 2.5 pM).”
In the case of the FID assay with the FRET probe (Kq = 23.6
nM),"'? over 25% displacement was obtained for neomycin,
and it was almost comparable to that for mitoxanthrone
([probe] = 50 nM, [TAR RNA] = 40 nM, [test compound] =
10 pM). While the exact reason is not clear for now, the
binding of FiLuP is likely to take place almost in the same
manner as the binding of the parent Tat peptide to TAR RNA,
which may also be supported by its high affinity and selectivity
for TAR RNA (¢f. Fig. 2) and its binding thermodynamics (cf.
Fig. 4).

FiLuP has another promising feature as an indicator in the
FID assay. As described above, FiLuP features strong binding
(K4 = 1.0 nM) and a large light-up response (450-fold increase)
for TAR RNA compared to the FRET probe (K4 = 360 nM, 1.2-
fold). This facilitates the FID assay to take place under strin-
gent screening conditions. We carried out the mock FID assay
using a 2 nM TAR RNA/FiLuP complex, where the wild Tat
protein (9.8 kDa) was newly examined as a test compound in
addition to TAR RNA-binding small molecules examined above
(Fig. 5). We observed the emission enhancement of FiLuP
upon addition of TAR RNA (Fig. S51). This shows that FiLuP
binding occurs even at such a low RNA concentration, in sharp
contrast to the case of the previous FRET probe (Fig. S61). The
addition of Tat protein to the FiLuP/TAR RNA complex caused
a large decrease in FiLuP’s emission, whereas negligible
response was seen for small molecules (Fig. 6). The response
to Tat protein was concentration-dependent (Fig. S7t). This
shows that the binding of Tat protein with TAR RNA resulted
in the dissociation of FiLuP, which is reasonable considering
that the Tat protein can compete with FiLuP to bind to TAR
RNA due to its comparable affinity. It should be noted that
mitoxanthrone with reasonably strong affinity (Kq = 55 nM)*?
was unable to displace FiLuP bound to TAR RNA under the
present stringent conditions, implying that the present FID
assay can sieve out the super-strong competitive inhibitor

Neomycin

Mitoxanthrone
ICR191

Tat protein

00 02 04 06 08 10
FIF,

Fig. 6 FID results under stringent conditions (2 nM TAR RNA/FiLuP
complex) using the test compounds (120 nM: neomycin, mitoxanthrone,
ICR191 or Tat protein). F and Fy denote the fluorescence intensity at
541 nm of the FiLUP/TAR RNA complex in the presence and absence of
test compounds. Excitation: 524 nm.
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whose binding affinity is comparable to that of the wild Tat
protein (K4 = 2-8 nM).>* Given the crucial role of ultra-high
affinity for TAR RNA in the development of anti-HIV drugs,*
we expect FiLuP to be a useful fluorescence indicator for the
exploratory studies of TAR RNA-targeting drug candidates, ulti-
mately contributing to the development of novel anti-HIV
therapies.

Conclusions

In conclusion, FiLuP has been developed as a useful fluoro-
genic probe for TAR RNA by replacing one amino acid in the
Tat peptide with TO as if it were an amino acid surrogate. We
here designed FiLuP as an advanced version of oligo-
nucleotide-based FIT probes with TO as a base surrogate. To
the best of our knowledge, this is the first report on FIT-based
fluorescence sensing on peptide scaffolds. In contrast to pre-
vious FRET peptide probes, FiLuP does exhibit a significant
light-up response for TAR RNA (450-fold increase at Aey, =
541 nm, P = 0.0057, and Ppoung = 0.61), and responses are
highly selective to TAR RNA over other non-cognate RNAs.
Also, FiLuP does maintain a strong binding affinity (Ky = 1.0 +
0.6) and is likely to bind to TAR RNA in a similar manner to
the parent Tat peptide. The unique feature of FiLuP as an indi-
cator in the FID assay is its ability to distinguish between com-
petitive and noncompetitive inhibitors, which has never been
demonstrated with all previous indicators for TAR RNA.
Furthermore, thanks to its strong binding affinity and signifi-
cant light-up properties, the FID assay under stringent screen-
ing conditions is possible. These features would facilitate a rig-
orous screening system as well as streamlining the subsequent
screening procedures.'®

It should be noted here that, as demonstrated for oligo-
nucleotide-based FIT probes,"*'®'® the TO unit would be
replaced by other cyanine dyes including deep-red emissive
BIQ (benzo[c,d]indole-quinoline cyanine)'®? for an improved
FID assay that does not suffer from compound optical inter-
ference.*> We also envision that the present design strategy is
applicable to various peptide-based fluorogenic indicators tar-
geting other druggable RNAs. In fact, preliminary experiments
have shown that another FIT peptide (FiLuP), designed based
on a AN protein-derived peptide,*® exhibits useful binding and
fluorescence properties for its target boxB RNA (data not
shown). Further studies are underway in these directions.
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