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a b s t r a c t

The regulator of expression of virion (Rev) protein binds specifically to the Rev-responsive element (RRE)
RNA in order to regulate the expression of the human immunodeficiency virus (HIV)-1 genes. Fluores-
cence indicator displacement assays have been used to identify ligands that can inhibit the ReveRRE
interaction; however, the small fluorescence indicators cannot fully replace the Rev peptide or protein.
As a result, a single rhodamine B labeled Rev (RB-Rev) model peptide was utilized in this study to
develop a direct and efficient ReveRRE inhibitor screening model. Due to photon-induced electron
transfer quenching of the tryptophan residue on the RB fluorophore, the fluorescence of RB in Rev was
weakened and could be dramatically reactivated by interaction with RRE RNA in ammonium acetate
buffer (approximately six times). The interaction could reduce the electron transfer between tryptophan
and RB, and RRE could also increase RB fluorescence. The inhibitor screening model was evaluated using
three known positive ReveRRE inhibitors, namely, proflavin, 6-chloro-9-[3-(2-chloroethylamino)pro-
pylamino]-2-methoxyacridine (ICR 191), and neomycin, as well as a negative drug, arginine. With the
addition of the positive drugs, the fluorescence of the ReveRRE decreased, indicating the displacement of
RB-Rev. This was confirmed using atomic force microscopy (AFM) and the fluorescence was essentially
unaffected by the addition of arginine. The results demonstrated that RB-Rev can be used as a fluorescent
probe for recognizing small ligands that target RRE RNA. The ReveRRE inhibitor screening model offers a
novel approach to evaluating and identifying long-acting Rev inhibitors.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human immunodeficiency virus (HIV), primarily type I (HIV-1),
causes acquired immune deficiency syndrome (AIDS), infecting and
killing millions of people worldwide each year [1]. HIV-1 is a
retrovirus, and productive infection of host cells requires the
reverse transcription of uncoated HIV-1 RNA into a DNA provirus,
which is then integrated into the genome of the host cell [2]. Cur-
rent HIV-1 clinical drugs are primary inhibitors of protease and
reverse transcriptase [3], and these two classes of drugs are sus-
ceptible to variability, drug resistance, and toxicity. Thus, it is ur-
gent to identify additional new objectives [4].
University.
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The discovery of disease-causing RNA mutations has yielded a
vast array of new therapeutic targets, and the growing under-
standing of RNA biology and chemistry has provided new RNA-
based tools for the development of therapeutics [5]. According to
research, RNAmay also be a potent drug target for the development
of antiviral drugs. A number of molecular recognition steps regulate
the expression of HIV genes. Specific protein/nucleic acid recogni-
tion between viral proteins and RNA sequences is an important
type of interaction occurring at the gene level [6]. The regulator of
expression of virion (Rev) protein is one of several HIV-1-encoded
regulatory proteins. mRNA entrapment in the nucleus inhibits the
expression of structural genes in the absence of Rev [7]. Therefore,
Rev expression is required for the nuclear export of HIV structural
mRNA into the cytoplasm [8]. The Rev protein is a phosphoprotein
with 116 amino acids and an arginine-rich domain [9], which binds
to the 50 region of the HIV genome, the Rev-responsive element
University. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. The sequences and structures of the molecules used in this study and the
scheme of Rev�RRE inhibitor screening. (A) The sequence of rhodamine B labeled
regulator of expression of virion (RB-Rev) peptide model amino acid (W: tryptophan).
(B) The sequence of the Rev-responsive element (RRE) RNA model nucleotide. (C)
Illustration of the peptide-RNA complexation-induced fluorescence “turn on”
displacement assay for the recognition of small ligands targeting RRE RNA. (D) The
chemical structures of neomycin, proflavin, arginine, and 6-chloro-9-[3-(2-
chloroethylamino)propylamino]-2-methoxyacridine (ICR 191) used in this study.
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(RRE), identified in stem-loop IIB, one subdomain of the full-length
RRE RNA [10,11]. The interaction between Rev and RRE regulates
mRNA transport and splicing to mediate its function [12], sug-
gesting that the formation of ReveRRE complexes plays a crucial
role in the regulation of HIV gene expression.

The complexation of Rev and RRE RNA is a lengthy process. Small
ligands that bind to the Rev binding site in RRE RNA have the po-
tential to prevent the complexation of Rev and RRE, thereby inhib-
iting Rev protein function and preventing HIV-1 replication [13].
Therefore, this is a new target for the treatment of HIV infection, and
it is also of great importance for the screening and development of
inhibitors that disrupt the interaction between protein and RNA.

Some small ligands have been reported to inhibit the
complexation of Rev and RRE [14e17]. Neomycin, a type of classical
aminoglycoside antibiotic, can interact with RRE RNA in its lower
stem region to form a specific binary complex, inhibiting the
ReveRRE complexation via an allosteric mechanism [18]. Previous
research demonstrated that proflavin binds to a single site on RRE
IIB with a stoichiometry of 2:1 and that occupancy of this site in-
hibits the formation of the ReveRRE IIB complex [19]. We discov-
ered a novel ligand, 6-chloro-9-[3-(2-chloroethylamino)
propylamino]-2-methoxyacridine (ICR 191), that can interact with
RRE RNA at the Rev binding site and competes with the Rev peptide
[20]. Arginine can also bind to RRE RNA, but its binding constant is
small and its affinity for binding is very weak [21].

Displacement assay is a technique for investigating the in-
teractions between twomolecules, such as ligands and receptors, by
observing the signal generated by an indicator. When the indicator
and test molecules compete for the same receptor binding site, the
test molecules can displace the bound indicator [22]. Nakatani and
co-workers [23] were the first to describe a fluorescence indicator
displacement (FID) assay for evaluating ligand-RNA interactions
based on a novel fluorescence indicator, a 2,7-disubstituted 9H-
xanthen-9-one derivative (X2S). They also synthesized a series of
xanthone and thioxanthone derivatives with amino-alkoxy sub-
stituents to improve the binding selectivity of X2S [24]. Similarly, we
used ICR 191 as a fluorescence indicator in a ratiometric FID assay to
evaluate the interaction of antagonists with RRE RNA at the Rev
binding site [20]. We also developed a graphene-oxide-enhanced
and proflavine-probed assay for evaluating ligand-RNA in-
teractions [25]. In the FID assay for ligand-RNA interactions, the
fluorescence of the indicator is typically quenched (“turned off”)
when the ligand binds to the receptor. Upon displacement of the
bound indicator with test molecules, the fluorescence emitted by
the free unbound indicator is recovered (“turned on”).

Identifying a small-molecule compound that emits fluorescence
and binds to RRE RNA at the Rev binding site to serve as a fluo-
rescence indicator in the FID assay is relatively challenging. Due to
the substantial differences between their chemical structures and
binding affinities, small-molecule fluorescence indicators cannot
completely replace the function of peptides or proteins.
Fluorescently-labeled peptides have been utilized to evaluate and
screen small inhibitors that bind to HIV-1 RNAs, for instance, in
fluorescence polarization/anisotropy [26e28] or fluorescence
resonance energy transfer (FRET) studies [29,30]. However, RNA
can affect the fluorescence of fluorescently-labeled peptides,
leading to nonuniformity in the fluorescence polarization assay;
matching the donor-receptor pair in the FRET study could be
challenging. Utilizing the self-fluorescence of fluorescently-labeled
peptides would be much simpler.

A Rev peptide containing the arginine-rich region has been
shown to bind specifically to the stem-loop IIB of RRE RNA [31,32],
and we discovered that the single amino acid tryptophan (Trp) in
the Rev peptide may play a unique role because it is known to serve
as an electron donor and efficiently quench oxazine and rhodamine
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fluorophores via photon-induced electron transfer (PET) [33]. It
was demonstrated that these fluorophores coupled to the N-ter-
minus of a peptide are effectively quenched by the Trp in the same
peptide [34]. Consequently, a Rev peptide labeled with a com-
mercial rhodamine B (RB) dye (RB-Rev; Fig. 1A) was employed and
its viability as a direct fluorescent probe was evaluated. The fluo-
rescence of RB-Rev was weak, but it could be augmented by
interacting with the 34-nucleotide model RRE RNA (Fig. 1B). The
fluorescence was then diminished by adding a known positive Rev
inhibitor (Fig. 1C). Using RB-Rev as the fluorescent probe, we aimed
to develop a direct and efficient fluorescence “turn on” ReveRRE
inhibitor screening model. Fig. 1D depicts the chemical structures
of the small-molecule inhibitor models used in this study.

2. Materials and method

2.1. Materials

RB-Rev, variant RB-Rev, and HIV-1 RRE RNA were custom-
synthesized and HPLC-purified by Sangon Biotech Co., Ltd.
(Shanghai, China). ICR 191 dihydrochloride was purchased from
Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA), while neomycin sulfate
was purchased fromMeilun Biotechnology Co., Ltd. (Dalian, China).
Proflavin and argininewere purchased fromMacklin Biotechnology
Co., Ltd. (Shanghai, China). Additionally, RB was purchased from
Aladdin Biotechnology Co., Ltd. (Shanghai, China). Tryptophan was
obtained from Solarbio Science & Technology Co., Ltd. (Beijing,
China). The remaining reagents were all of the analytical grade,
commercially available, and employed without further purification.

RNase-free tubes and tips were purchased from Thermo Science
& Technologies Co., Ltd. (Waltham, MA, USA), and diethylpyrocar-
bonate (DEPC) water was obtained from Phygene Biotechnology
Co., Ltd. (Fuzhou, China). The RNA solutions were prepared using
DEPC water to prevent nuclease contamination.

2.2. Fluorescence measurements

In the binding assay, the fluorescence spectra were measured by
holding constant the concentrations of RB-Rev and RB while



Fig. 2. Fluorescence spectra of rhodamine B labeled regulator of expression of virion
(RB-Rev) (0.5 mM) in the absence and presence of Rev-responsive element (RRE)
RNA (0.5 mM) in (A) ammonium acetate buffer, (B) 2-(N-morpholino)ethanesulfonic
acid (MES) buffer, (C) Tris-HCl buffer, and (D) phosphate buffer.
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varying the concentrations of RNAs, as well as by holding constant
the mole ratio of RB-Rev and RRE RNA while varying the concen-
trations of RB-Rev and RRE RNA. The peptide-RNA complex was
thoroughly mixed with ammonium acetate buffer solution and
incubated at 37 �C for 10 min.

During drug displacement experiments, the fluorescence
spectra were observed by maintaining a constant concentration of
the RB-ReveRRE complex while adding model drugs in varying
concentrations. The solutions were incubated for 10 min at 37 �C in
a buffer containing ammonium acetate, and the fluorescence
spectra were measured.

All fluorescence spectra were measured using a Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies Co., Ltd.,
Santa Clara, CA, USA) and a quartz cuvette with a path length of
0.2 cm. The excitation wavelengths of RB-Rev and RB were set to
555 nm. The emission spectra of RB-Rev and RBwere recorded from
565 to 650 nm. Emission and excitation slits were both set to 5 nm,
the scanning speedwas set to 600 nm/min, and the photomultiplier
voltage was set to a high value. The final volume of the reaction
solutionwas 200 mL. All fluorescence spectra were recorded at least
three times.

The relative fluorescence quantum yields of RB-Rev (1 mM) and
RB-ReveRRE (1 mM) were measured using RB (1 mM) as a reference
standard. The excitation wavelength was set to 555 nm, and the
emission spectrum scanning range was 565e650 nm. The UVevis
absorbance measurements were performed on a P4 UVevis spec-
trophotometer (Mapada Instrument Co., Ltd., Shanghai, China) us-
ing a quartz cuvette (500 mL).

The formula for calculating the fluorescence quantum yields of
RB-Rev and RB-ReveRRE is as follows:

YU ¼YS �
FU
FS

� AS

AU

where, YU is the quantum yield of RB-Rev or RB-ReveRRE, YS is the
fluorescence quantum yield of RB, FU is the integrated fluorescence
intensity of RB-Rev or RB-ReveRRE, FS is the integrated fluores-
cence intensity of RB, AU is the absorbance value of RB-Rev or RB-
ReveRRE, and AS is the absorbance value of RB.

2.3. Atomic force microscopy (AFM)

The RB-Rev (0.5 mM)eRRE RNA (0.5 mM) complex was pre-
formed, followed by the addition of three ReveRRE model in-
hibitors (ICR 191, neomycin, and proflavin). All samples were
incubated for 10 min at 37 �C in an ammonium acetate buffer so-
lution (pH 7.0,10mM), after which 1 mL of the reaction solutionwas
deposited on an ethanol-cleaned coverslip and dried under a gentle
flow of nitrogen. Ultimately, the coverslip containing the sample
was mounted on the AFM scanner (NSK Ltd., Tokyo, Japan) for
measurement.

3. Results and discussion

3.1. Optimization of fluorescence enhancement conditions

The experimental conditions for the binding of RB-Rev to RRE
RNA, including the buffer solution type, RB-Rev concentration,
and mole ratio, were optimized for maximum fluorescence
enhancement.

3.1.1. Types of buffer solution
In four different buffer solutions, the fluorescence of RB-Rev and

RB-ReveRRE complex (both at 0.5 mM) was measured: ammonium
acetate buffer (pH 7.0, 10 mM), Tris-HCl buffer (pH 6.8, 10 mM), 2-
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(N-morpholino)ethanesulfonic acid (MES) buffer (pH 7.0, 10 mM),
and phosphate buffer (pH 6.8, 10 mM). At the emission wavelength
(585 nm) of RB-Rev, the results demonstrated that the greatest
fluorescence enhancement was obtained in ammonium acetate
buffer (approximately 6 times) (Fig. 2A), and at the same wave-
length, the fluorescence enhancement factors in MES, Tris-HCl, and
phosphate buffer were approximately 3.9, 3.2, and 3.8, respectively
(Figs. 2BeD). Therefore, ammonium acetate buffer was chosen for
subsequent experiments.

3.1.2. Concentration of RB-Rev and RRE RNA
RRE RNA was added to different concentrations of RB-Rev (0.1,

0.3, 0.5, 0.7, and 1.5 mM) at a mole ratio of 1:1 in ammonium acetate
buffer to determine the optimal concentration of RB-Rev (Fig. 3). As
the concentrations of reactants increased, more fluorescent com-
plexes were produced. However, the self-fluorescence intensity of
RB-Rev did not significantly increase as its concentration increased.
Thus, the fluorescence enhancement factors continued to rise; a
remarkable fluorescence enhancement factor of approximately 6
was already observed when the concentration of reactants was
0.5 mM.

3.1.3. Mole ratio of RB-Rev and RRE RNA
The optimal mole ratios of RB-Rev and RRE RNA were also

investigated. RB-Rev (0.5 mM) was mixed with different concen-
trations of RRE RNA (0, 0.25, 0.5, 0.75, and 1 mM) at different mole
ratios (1:0, 1:0.5, 1:1, 1:1.5, and 1:2), and fluorescence was
measured (Fig. 4). As the concentration of RRE RNA increased, so
did the fluorescence intensity. However, the fluorescence
enhancement factor did not change significantly once the RRE RNA
concentration exceeded 0.5 mM.

3.2. The ReveRRE inhibitor screening model

The combination of RB-Rev and RRE RNA at a theoretical mole
ratio of 1:1 resulted in nearly all RRE molecules existing as the RB-
ReveRRE complex. In addition, equal amounts of RB-Rev and RRE
can guarantee that the test drugs interact directly with the complex
to displace RB-Rev during the screening process. This can result in
direct fluorescence changes, and a lower complex concentration



Fig. 3. Fluorescence enhancement factor histogram of different concentrations of
rhodamine B labeled regulator of expression of virion (RB-Rev) (0.1, 0.3, 0.5, 0.7, and
1.5 mM) bound to Rev-responsive element (RRE) RNA at a mole ratio of 1:1 in
ammonium acetate buffer.

Fig. 5. Fluorescence spectra of the preformed rhodamine B labeled regulator of
expression of virion (RB-Rev) (0.5 mM)eRev-responsive element (RRE) RNA (0.5 mM)
complex after incubation with increasing concentrations of (A) 6-chloro-9-[3-(2-
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typically necessitates a lower test drug dose. Therefore, a concen-
tration ratio of 1:1 between RB-Rev and RRE RNAwas chosen, with
both concentrations being 0.5 mM. If a test drug could reduce the
fluorescence of the RB-ReveRRE complex, it would be considered
as a positive inhibitor.
chloroethylamino)propylamino]-2-methoxyacridine (ICR 191) (0, 0.5, 1, 3, 5, 7.5, and
10 mM), (B) neomycin (0, 0.5, 1, 2, 3, 4, and 5 mM), (C) proflavin (0, 0.5, 1, 3, 5, 10, 15, 20,
and 40 mM), and (D) arginine (0, 2, 4, and 5 mM). The inset shows the concentration-
dependent curve of the complex incubating with ICR 191, neomycin, proflavin, and
arginine, respectively.
3.3. Evaluation of ReveRRE inhibitor screening

By adding RB-Rev as a fluorescent probe and observing the
fluorescence variations of the RB-ReveRRE complex, three known
positive Rev inhibitors, proflavin, ICR 191, and neomycin, were used
to verify the viability of a drug screening model for identifying
ReveRRE inhibitors. Arginine was chosen as a negative model drug
because the Rev protein contains an arginine-rich binding domain,
but a single arginine binds to RRE RNA with a very weak affinity.
The RB-Rev (0.5 mM) and RRE RNA (0.5 mM) complex was first
prefabricated and then mixed with varying concentrations of pro-
flavin (0, 0.5, 1, 3, 5, 10, 15, 20, and 40 mM), ICR 191 (0, 0.5, 1, 3, 5, 7.5,
and 10 mM), neomycin (0, 0.5,1, 2, 3, 4, and 5 mM), and arginine (0, 2,
4, and 5 mM). As the concentrations of the three positive drugs
increased, the fluorescence intensity of the complex decreased
(Figs. 5AeC), indicating that the three drugs could replace RB-Rev.
The concentration (IC50) of proflavin, ICR 191, and neomycin was
approximately 14.0, 6.3, and 2.3 mM, respectively, when the
displacement rate was 50%. The results indicated that neomycin
possessed the strongest displacement ability, followed by ICR 191
and proflavin. Due to its low binding affinity, argininewas unable to
replace RB-Rev, and the fluorescence intensity remained nearly
unchanged (Fig. 5D). As a control, the fluorescence spectra of four
model drugs were also measured, and the model drugs exhibited
no background fluorescence at the excitationwavelength of RB-Rev
(Fig. S1). The results could suggest that the release of RB-Rev caused
by the addition of the three positive drugs was the primary cause of
Fig. 4. Fluorescence spectra of rhodamine B labeled regulator of expression of virion
(RB-Rev) (0.5 mM) after incubation with increasing concentrations of Rev-responsive
element (RRE) RNA (0, 0.25, 0.5, 0.75, and 1 mM). The inset shows the concentration-
dependent curve of RB-Rev incubating with RRE RNA.
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the decrease in fluorescence observed in the RB-Rev displacement
assay.

It has been reported that AFM can measure the adhesion force
between Rev and RRE [35], so we utilized AFM to confirm the
competition between positive drugs and RB-Rev. The AFM images
revealed that the morphology of the ReveRRE complex (0.5 mM)
was broad and tall (Fig. S2A), but the length and height were both
reduced after the complex was incubated with ICR 191 (10 mM),
neomycin (3 mM), or proflavin (40 mM) (Figs. S2B�D), indicating
dissociation of the ReveRRE complex. This was consistent with the
experimental results of the fluorescence assay. Thus, using RB-Rev
as a fluorescent probe, the drug screening model can be used to
identify positive inhibitors that disrupt the interaction between Rev
and RRE RNA.
3.4. The mechanism involved in fluorescence variation

The relative quantum yields of RB-Rev and RB-ReveRRE were
determined. Using RB as a standard, with a quantum yield in
ethanol of 71% [36], the quantumyields of RB-Rev and RB-ReveRRE
in ammonium acetate buffer were calculated to be 1.53% and
14.48%, respectively. After combining with RRE RNA, the fluores-
cence quantum yield of RB-Rev increased by approximately nine
folds. This was consistent with previous experimental results of the
interaction between RB-Rev and RRE.

The effect of Trp on the fluorescence of a single RB molecule was
investigated, and it was observed that the fluorescence of RB
(100 nM) decreased over time after mixing with Trp (10 mM)
(Fig. S3). The experimental outcome could further validate the PET
interaction between free Trp and rhodamine fluorophore [33].

The effect of pH on the fluorescence of RB-Rev was then inves-
tigated. It was discovered that the fluorescence of RB-Rev increased
under acidic (pH 3) conditions (Fig. 6). When the solution pH was
below the isoelectric point of Trp (5.89), the electrostatic repulsion
between the cationic RBHþ (pKa 3.1) and TrpHþwas likely to reduce
the intermolecular electron transfer interaction, resulting in stron-
ger fluorescence. In another assay, the fluorescence of RB-Rev and a



Fig. 6. Fluorescence spectra of rhodamine B labeled regulator of expression of virion
(RB-Rev) (1 mM) in aqueous solutions with different pH values.
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variant RB-Rev in which the Trp residue was removed was
compared. At the same concentration, the fluorescence of variant
RB-Revwas stronger than that of RB-Rev (Fig. S4), indicating that Trp
in the Rev peptide inhibited RB fluorescence.

The fluorescence intensity of RB (0.1 mM) increased as the con-
centration of RRE RNA increased (0, 0.25, and 1 mM) (Fig. S5).
Therefore, it is believed that RREmay also increase the fluorescence
of RB.

For this screening model, the fluorescence variation mechanism
can be determined. Through PET, the Trp residue of the Rev peptide
induced the quenching of the RB fluorophore. Upon binding to the
RRE, the Rev adopted a new conformation, the Trp-RB electron
transfer interaction was reduced, and the RRE could also boost the
fluorescence of RB, resulting in the final fluorescence enhancement.
The addition of positive inhibitors dislodged the Rev peptide from
the RRE, resulting in a decrease in fluorescence.
4. Conclusions

Using RB-Rev as a fluorescent probe, a direct and efficient
ReveRRE inhibitor screening model was created. The interaction
between RB-Rev and RRE RNA resulted in different fluorescence
enhancement effects in different buffer solutions, and the fluores-
cence enhancement factor was significant when their concentra-
tion ratio was theoretically 1:1. Interaction experiments between
known positive and negative model drugs and the prefabricated
RB-ReveRRE complex demonstrated the feasibility of the drug
screening model, which was also confirmed by AFM. The Trp res-
idue of Rev could quench the RB fluorophore via PET, the interac-
tion with RRE could reduce the electron transfer between Trp and
RB, and RRE could also boost the fluorescence of RB. This screening
model may be used to study the interactions of RRE RNAwith other
Rev inhibitors andmay provide a novel method for studying ligand-
RNA interactions.
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