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ABSTRACT: A series of novel fluorescent agonists were well
developed herein with turn-on switch for α1-adrenergic
receptors (α1-ARs) by conjugating the environment-sensitive
fluorophore 4-chloro-7-nitrobenzoxadiazole with phenylephr-
ine. Overall, these probes exhibited efficient binding and
apparent fluorescence intensity changes (up to 10-fold) upon
binding with α1-ARs. Moreover, these probes have been
successfully applied for selectively imaging α1-ARs in the
living cells. The dynamic process of α1-ARs internalization
was traced successfully with these newly designed fluorescent
agonists. Fluorescence polarization assay demonstrated
specific interactions between these probes and α1-ARs. With
these new probes, a bioluminescence resonance energy
transfer binding assay has been well established and applied to the high-throughput screening of unlabeled α1-ARs agonist
and antagonist. It is expected that these environment-sensitive fluorescent turn-on agonists may provide useful new tools in
studying pharmacology and physiology of α1-ARs during drug discovery.

G protein-coupled receptors (GPCRs) contain seven
putative transmembrane domains, which belong to the

superfamily of cell-surface receptors. Approximately 40% of all
current medicinal drugs targets bound up with GPCRs. It is
clear that localization of target proteins is crucial for further
modification, characterization, and functionalization. To
ensure the befitting responses to stimuli, GPCRs usually
activate with the mechanism of internalization,1,2 which leads
to desensitization. Consequently, an effective method in
detecting the localization and real-time monitoring ligand-
mediated internalization of receptors is of importance since it
can provide the mechanistic insights for understanding the
signal transduction and function of GPCRs.
With the remarkable advancement of fluorescence analysis

technology, several effective fluorescent ligands have been
widely used for tracking down bioactive targets, such as
proteins, channels, enzymes, and GPCRs.3−6 Comparing with
other analytical methods, fluorescent ligands served as an
attractive toolkit for GPCRs study with the ability to provide
dynamic information on the real-time and spatial−temporal
resolution for GPCRs structure and function in molecular, live
cells or tissues and organisms.7−9 During the past decade,

numerous fluorescent ligands have been developed in tracing
the dynamic processes of GPCRs, such as trafficking and
internalization.2,8,10 However, the high background signal is
often considered as one major challenge of those reported
fluorescent ligands. To overcome this obstacle, fluorescent
turn-on probes have attracted more and more attention.
Nowadays, it is convenient to design fluorescent probes on the
basis of catalytic activity or reactive activity for enzyme targets.
Nevertheless, how to branch out fluorescent turn-on probe for
nonenzyme proteins, such as GPCRs, remains a challenging
task.11 One possible fluorescent turn-on design strategy is to
employ fluorophores because of their ability in varying
spectroscopic output based on the surrounding environment
physicochemical properties. It is known that the ligand-binding
sites of GPCRs are often hydrophobic with low polarity and
high viscosity. Therefore, environment-sensitive turn-on
fluorescence strategy can be achieved for desired GPCRs
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visualization upon binding with the hydrophobic fluorescent
ligands.
α1-Adrenergic receptors (α1-ARs) consist of seven putative

transmembrane domains, which are the prominent members of
the superfamily of GPCRs. It has been identified that α1-ARs
are abundantly expressed in a variety of cells, organs, and
tissues and play a crucial role in mediating many physiological
effects of the human body. So far, α1-ARs are comprised of at
least three subtypes (α1A, α1B, and α1D) on the basis of their
different intrinsic properties, including gene sequence,
distribution in organ/tissue, and pharmacological proper-
ties.12,13 Functional experiments manifested that α1-ARs can
respond to neurotransmitters and hormones. For example,
norepinephrine and epinephrine are carrying out important
roles in mediating hepatic glucose metabolism, myocardial
inotropy, and chronotropy smooth muscle contraction.13 In
addition, α1-ARs are employed as the therapeutic targets with
several diseases such as hypertension, lower urinary tract
symptoms (LUTS), benign prostatic hyperplasia (BPH), and
prostate cancer.3,14−16 Therefore, to further advance molecular
pharmacology study and drug discovery of α1-ARs, new
effective molecular probes with diversified structure and
fluorescent property are highly desired. Our lab has been
working on developing effective fluorescent ligands for imaging
α1-ARs and several fluorescent ligands based on α1-ARs
antagonist phenylpiperazine and quinazoline derivatives. Those
probes have extended useful tools to image and track the α1-
ARs in living cells17−20 and living tissues and organisms.3

Despite the powerful fluorescent technologies, it is still highly
demanded to develop more formidable fluorescent turn-on
ligands for dynamic changes like ligand-mediated receptors
internalization of α1-ARs. α1-ARs are known to be internalized
in response to agonists activation.2,21

Based on these results, we aim at developing novel
fluorescent turn-on agonists, which can image localization
and meanwhile real-time monitor for internalization of α1-ARs
(Scheme 1A). In this case, phenylephrine (PE),22 an effective

α1-ARs agonist, was selected to bind with α1-ARs via receptor−
ligand interaction and then induce receptors internalization.
The 4-chloro-7-nitrobenzoxadiazole (NBD) gives green
emission when the 7-position is substituted with amine,
which have been broadly used in labeling small molecules and
proteins as well as advanced imaging and spectroscopy in living
cells.23−25 Furthermore, NBD is a solvatochromic fluorophore
since it exhibits very low fluorescence in polar and protic
environments, whereas an increasing fluorescence in hydro-

phobic environments, which could provide the highly desired
high signal-to-background ratios.11,26,27 Accordingly, NBD was
selected as the environment-sensitive fluorophore for locating
and tracing α1-ARs in the current report. Subsequently, a series
of PE-NBD fluorescent agonists were well synthesized and
characterized. Upon binding with α1-ARs hydrophobic ligand-
binding domain, the desired fluorescent turn-on has been
successfully achieved, allowing these new fluorescent agonists
to be conveniently applied to the visualization, localization, and
monitoring internalization of α1-ARs in living cells without
complicated steps. Meanwhile, fluorescent polarization
(FP)28−30 and bioluminescence resonance energy transfer
(BRET)23,24 assay were also conducted in characterizing the
binding affinity with α1-ARs and these fluorescent agonists.
Especially, these fluorescent agonists can be applied to
establish the screening assay for α1-ARs agonists and
antagonists based on the BRET assay.

■ EXPERIMENTAL SECTION
Synthesis. The convenient synthesis of PE-NBD fluo-

rescent agonists was completed as depicted in Scheme 1B.
Further detailed synthesis can be found in the Supporting
Information (Scheme S1).

Measurement of Spectroscopic Properties. Probes
5a−c was completely dissolved in DMSO as stock solution
(5 mM). The stock solution was diluted by PBS (pH 7.4),
water, and organic solvent including DMSO, methanol,
acetonitrile, and ethanol to acquire 5, 10, 20, 30, 40, and 50
μM solutions. The UV absorbance spectra of 5a−5c (20 and
50 μM) and fluorescence spectra were obtained on a PUXI
TU-1901 spectrophotometer and a Thermo Varioskan micro-
plate reader, respectively. Furthermore, the influence of
viscosity in solution was determined by addition of glycerin
(indicated in % v/v) in water with 50 μM of probes. In
addition, the absolute quantum yield was investigated in PBS
solution (pH 7.4) by a combined transient or steady-state
fluorescence spectrometer (FLS920).

Assay to Radio-Ligand Competitive Binding. The cell
membrane proteins of α1A-, α1B-, and α1D-ARs stable
transfected HEK293 cells will be prepared according to
established protocol at HDB.31,32 The membrane concen-
tration was measured using Pierce BCA Protein Assay Kit.

Membrane Titration. The different concentrations of α1-
ARs membrane (20, 10, 5, 2.5, and 0 μg protein/well) were
incubated, and [3H]-prazosin (1 nM final, Cat. No. #NET616,
PerkinElmer) with or without reference compound prazosin
(1uM final) in assay buffer (50 mM HEPES, 1 mM CaCl2, 5
mM MgCl2, 0.2%BSA, pH 7.4) was kept at 37 °C for 2 h. Then
the binding reaction was stopped by rapid filtration through
GF/C filter plates using cell harvester. The plates well was
washed three times with wash buffer (50 mM HEPES, 500
mM NaCl, 0.1%BSA, pH 7.4) and dried at 37 °C for 2 h. After
adding a scintillation cocktail of 50 μL to each well, the plate-
bound radioactivity was determined using Topcount NTX.
Based on the results of Figure S2A, 2 μg of α1B-AR, α1D-AR
and 5 μg of α1A-AR membrane in each well was selected for the
next experiment.

Saturation Binding Assay. Then, incubated [3H]-prazosin
(8 points, twofold dilution from 2 nM) and α1-ARs membrane
(2 μg of α1B-AR, α1D-AR and 5 μg of α1A-AR in each well) with
or without reference compound prazosin (1uM final) was kept
in assay buffer at 37 °C for 2 h (Figure S2B). Then, 1 nM of
[3H]-prazosin was chosen for the next experiment.

Scheme 1. (A) Design of PE-NBD Environment-Sensitive
Fluorescent Agonists for α1-ARs; (B) Synthesis of the
Fluorescent Agonists
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Compound Test. Membrane preparation (2 μg of α1B-AR,
α1D-AR and 5 μg of α1A-AR in each well) was incubated with 1
nM [3H]-prazosin, and these probes (10 points, threefold
dilution from 10 μM) in were kept in 96-well polypropylene
plates with assay buffer at 37 °C for 2 h, in which
phenylephrine (J&K) was used as positive control. The
competition curves are depicted in Figure S3A.
Calcium Flux Assay. The calcium flux experiments were

conducted using α1A-, α1B-, and α1D-ARs stable transfected
HEK293 cells. Cells were plated in a Matrigel-coated 384-well
black plate with a density of 2 × 104 in each well. After
incubating for 20−24 h, the medium was carefully removed,
the 1× Fluo-8 dye-loading solution was added in 40 μL to each
well and then incubated at room temperature in the dark for 90
min. A series of concentrations of these fluorescent agonists
(10 points, threefold dilution from 10 μM) were prepared in
1× HBSS and 10 mM HEPES mixture and then was added
into compound plate with 10 μL in each well. The plate was
read by a Molecular Devices FlexStation3 microplate reader in
90 s readout duration, with one time of compound transfer
from compound plate to assay plate at 20 s.
Cytotoxicity Assay. CCK-8 assay was used to study the

cell viability of α1A-, α1B-, and α1D-ARs stably transfected and
untransfected HEK293A cells exposed to 5a−c and phenyl-
ephrine. After the cells (100 μL, 8 × 103 each well) were
incubated in 96-well plates for 24 h, a series of twofold
dilutions of probes in growth medium without FBS were added
and incubated for another 24 h. Hereafter, the medium was
removed , and the dye in growth medium without FBS was
added. After incubation for 2 h, the absorbance values were
recorded.
Assay of Specificity and Selectivity for α1-ARs. All

these experiments were determined with assay buffer (50 mM
Tris-HCl, 10 mM KCl, 1 mM MgCl2, pH 7.4) in 96-well black
flat plates. The membrane preparation is described in the
Supporting Information.
Measure of Specificity. The α1-ARs membrane proteins of

different concentrations (0, 0.0625, 0.125, 0.25, 0.5, and 1.0
mg/mL) were incubated with these probes (5 μM) at room
temperature for 30 min, respectively. Then, the fluorescence
emission spectra were measured by a PerkinElmer EnSpire
microplate reader (λex: 480 nm).
Selectivity of α1-ARs. The α1-AR membrane proteins (0.5

mg/mL), BSA (1 mg/mL), α-chymotrypsin (1 mg/mL),
papain (1 mg/mL), pepsin (1 mg/mL), and trypsin (1 mg/
mL) were incubated with these probes (1 μM) at room
temperature for 30 min, respectively. Then, the fluorescence
intensity at 550 nm was recorded with excitation wavelength at
480 nm by a PerkinElmer EnSpire microplate reader.
Fluorescence Polarization Assay. All these experiments

were performed on the 384-well flat bottom black plates
(Fluotrac 600, Greiner Bio-One Ltd., Stonehouse, U.K.) in 50
mM Tris-HCl, 5 mM MgCl2, and 1 mM CaCl2 solution. The
α1-ARs proteins of a series concentration were treated with 5
μM probes at room temperature for 1 h. In addition, the
indicated concentrations of these probes (0, 0.156, 0.312,
0.625, 1.25, 2.5, 5.0 μM) were incubated with α1-AR proteins
(0.5 mg/mL) at room temperature for 1 h. Moreover,
compound 5a (5.0 μM) was incubated with α1-AR proteins
(0.5 mg/mL) at room temperature for the indicated time (60,
90, 120 min), and α1-ARs membrane was exposed to room
temperature for 1 h; subsequently, α1-AR levels were analyzed
by Western blotting (Figure S6). The fluorescent polarization

values were recorded in 550 nm emission with 485 nm
excitation by a POLARstar Omega microplate reader (BMG
LABTECH, Germany), and the Kd value was calculated.

Western Blot Analysis. Cells were lysed with ice in cold
lysis buffer containing a protease inhibitor cocktail, and the
protein concentrations of the extracts were tested by BCA
assay. Equal volume and equal amounts of extracts were
separated by SDS-PAGE electrophoresis and then were
transferred onto nitrocellulose membranes. After blocking
with 3% BSA, the blots were probed overnight at 4 °C with
primary antibody for α1A-AR (ab137123, Abcam), primary
antibody for α1B-AR (ab169523, Abcam), and primary
antibody for α1D-AR (sc-390884, Santa Cruz Biotechnology),
respectively, in which primary antibodies of α1A- and α1B-ARs
were diluted at a ratio of 1:1000, and that of α1D-AR was
diluted at a ratio of 1:500. Afterward, blots were washed and
incubated with horseradish peroxidase-conjugated secondary
antibody (Proteintech Group, Inc.). Bands were visualized by a
chemiluminescence detection system (ChemiScope, Clinx).
Autoradiographs were quantitated by the ImageJ software and
were analyzed using the GraphPad Prism 7.

Fluorescence Imaging and Video Capture in Living
Cells. All the cells were grown in the DMEM with 10% (v/v)
fetal bovine serum (FBS) at 37 °C, 5% CO2. Before imaging,
the cells were plated in a confocal dish for at least 24 h and
then washed three times with PBS buffer (pH 7.4) carefully.
Compound 5a−c solutions were prepared in growth medium
DMEM without FBS. After incubation for 10 min in α1-AR
stable-transfected and nontransfected cells at room temper-
ature with the indicated concentration of probes without or
with 10-fold tamsulosin, the cells were imaged by a Zeiss
Observer A1 microscope. Meanwhile, DID and Hochest dyes
were coincubated. All obtained images were adjusted by the
ImageJ software. In addition, HEK293 cells expressing α1A- and
α1B-AR treated with these probes were immediately traced by a
LSM780 confocal microscopy in a real-time manner at interval
of 30 s.

Building and Application of BRET Assay. HEK293 cells
stably expressing α1-ARs tagged with the Renilla luciferase
(RLuc) were well established. The three membrane proteins of
RLuc-α1-ARs-HEK 293 cells were prepared in assay buffer as
in the above method. For saturation binding experiment, the
membrane proteins (0.2 mg/mL) were incubated with the
indicated concentration of compound 5a (for α1A- and α1B-
ARs) and 5c (for α1D-AR) at room temperature for 1 h in the
presence of 10-fold tamsulosin as nonspecific binding.
Subsequently, coelenterazine CTZ (50 μM) was added in
assay buffer, and the bioluminescence intensity was measured
in 485 and 550 nm emission after 5 min incubation at room
temperature by a POLARstar Omega microplate reader (BMG
LABTECH, Germany), and the Kd value was calculated. The
Net mBRET was generated after multiplying the ratio of 545/
460 by 1000. For application experiment, fluorescent ligand 5a
(3 μM of α1A-AR and 6 μM of α1B-AR) and 5c (1.5 μM of α1D-
AR) and the indicated concentration of α1-AR agonists or
antagonists were incubated with three RLuc-α1-ARs membrane
proteins (0.2 mg/mL) for 1 h at room temperature. The
bioluminescence intensity was recorded after addition of CTZ
(50 μM) and 5 min incubation. All data were adjusted using
Graphpad Prism v7 with one-site binding model. The obtained
IC50 and Ki value of three α1-AR subtypes, and the comparison
with that published in references by radio-ligand binding assay,
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are displayed in Table 2. A concentration-dependent manner
with sigmoidal response curves is displayed in Figure S11.

■ RESULTS AND DISCUSSION
Spectroscopic and Pharmacologic Properties. First,

the fluorescent properties of these fluorescent agonists
including UV absorption and fluorescence spectra as well as
quantum yields were determined as summarized in Table 1
(see details in Figure S1).
As expected, these probes displayed maximum UV

absorption at 487 nm and fluorescent emission wavelength
in green-range at 550 nm (excitation wavelength at 480 nm)
with Stokes shift of 70 nm. The quantum yields were also
observed up to 6%. To preliminary detect the environment-
sensitive properties, the fluorescence spectra of these
compounds in different polarity and viscosity are also recorded
(Figure S1) for emulating the hydrophobic receptor ligand-
binding site environment. Significant fluorescent intensity
decrease was observed in the aqueous solution (PBS or water)
compared with that in organic solvents. For example,
compound 5a displayed approximately 30-fold fluorescence
enhancement in PBS buffer compared with acetonitrile
solution (Figure 1A). Moreover, the fluorescence was

dramatically heightened with the increasing viscosity in the
mixture of glycerin and water, such as about sevenfold increase
of fluorescence was found of compound 5a with glycerin
volume fraction increasing from 0 to 100% when viscosity
gradually increased (Figure 1B). These results clearly
suggested the fluorescent change upon varying surrounding
environment polarity and viscosity.

Radio-Ligand Competitive Binding Assay to α1-ARs.
To test the binding affinity to α1-ARs, theses targeted
compounds were first evaluated by a radio-ligand competitive
binding assay with [3H] prazosin in membrane from the
human α1A-, α1B-, and α1D-ARs transfected HEK293 cells. As
shown in Table 1, Figures S3A, and Table S1, all probes
exhibited almost equivalent even higher affinity to three α1-AR
subtypes compared with phenylephrine. This would be that the
introduction of fluorophore-NBD may change conformation to
show prevailing structure−activity relationship with α1-ARs on
the basis of the Easson−Stedman hypothesis.33 Moreover, it
can be found that compound 5a containing eight carbon atoms
of linker displayed a higher binding affinity to α1-ARs than
compounds 5b and 5c which had a linker with six or four
carbon atoms, respectively; however to α1B-AR, compound 5c
showed better binding affinity. These results demonstrate that
the modification of phenolic hydroxyl of phenylephrine with
fluorophore NBD through a linker of four, six, or eight carbon
atoms has almost no negative influence on the binding affinity.
Hence, these fluorescent agonists can be selected in the
following further activity evaluation experiment.

Functional Characterization by Calcium Flux Assay.
Initial functional characterization of these fluorescent agonists
was determined by calcium flux assay in HEK293 cells that
express α1A-, α1B-, and α1D-ARs (Table 1 and Figure S3B). As
the results show, the obviously reduced potency was observed
compared to the parent compound phenylephrine. This
indicated that the inker length may impact their functional
interaction with α1-ARs.

Cytotoxicity Assay. It should be noted that the low
cytotoxicity is important for a reasonable probe labeling the
GPCR. Herein, a CCK-8 assay was performed to evaluate the
cytotoxicity of these fluorescent agonists 5a−c with phenyl-
ephrine as the control. Four cell lines including α1A-, α1B-, and
α1D-ARs stable transfected HEK293 cells and normal HEK293
cell were selected to detect. As depicted in Table S2, all
compounds exhibited a micromolar level of cytotoxicity in all
these four cell lines, while showing slight difference compared
to phenylephrine. Overall, the biocompatibility of these
molecules to living cells under the experimental conditions
allowed these compounds to be used for detecting and imaging
α1-ARs in living cells.

Specificity and Selectivity for α1-AR. As discussed
above, these fluorescent agonists were proposed to have
environment-sensitive turn-on mechanism and be selectivity
recognized. To validate this hypothesis, these compounds (5
μM) were incubated with a series of concentrations of α1-ARs
transfected HEK293 membrane proteins for 30 min,
respectively, and then the corresponding fluorescence intensity
was recorded. As expected, significant fluorescence enhance-
ment was obtained (Figures S4). When 5a was incubated with
increasing membrane proteins up to 1.0 mg/mL, the

Table 1. Spectroscopic Properties and Receptor Binding and Functional Activitiesa

Ki
d/(μM) EC50e/(μM)

probe λex λem SSb Φc α1A-AR α1B-AR α1D-AR α1A-AR α1B-AR α1D-AR

5a 480 nm 550 nm 70 nm 0.05 0.58 ± 0.06 >10 0.20 ± 0.00 >10 >10 >10
5b 480 nm 550 nm 70 nm 0.05 1.40 ± 0.08 >10 0.45 ± 0.01 >10 >10 >10
5c 480 nm 550 nm 70 nm 0.06 1.57 ± 0.28 >10 0.27 ± 0.03 >10 1.816 2.778
PE NT NT NT NT 2.33 ± 0.13 >10 2.12 ± 0.24 0.062 0.034 1.414

aNT, not tested. bSS, Stokes shift. cΦ, absolute quantum yield in PBS buffer. dKi value was obtained from radio-ligand competitive binding assay
(Data are means ± SEM, n = 2). eEC50 was obtained from calcium flux assay (n = 1).

Figure 1. Emission spectra of 5a obtained in different polarity
solvents (A) and in a mixture of glycerin and water by indicating with
% v/v (B). Fluorescence emission spectra of 5 μM 5a incubated with
different concentrations α1A-ARs membrane proteins for 30 min (C)
and fluorescence intensity at the 550 nm of emission (D) (Data are
mean ± SEM, n = 2).
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fluorescence intensity increased approximately 10-fold for α1-
ARs three subtypes compared with the blank group (Figure
1C, 1D). Additionally, when these probes were evaluated in
assay buffer (50 mM Tris-HCl, 1 mM MgCl2, 10 mM CaCl2,
pH 7.4), their maximum emission wavelength showed blue-
shift about 15 nm after adding membrane proteins. Moreover,
similar environment-sensitive properties were observed while
conducting the measurement in different solvents with various
polarities.
Based on these encouraging results, the selectivity enhance-

ment of fluorescent intensity for α1-ARs was examined, in
which other five proteins including BSA, chymotrypsin, papain,
pepsin, and trypsin were chosen as negative controls. As shown
in Figure S4E, when treated with three membrane proteins of
α1-ARs subtypes, these compounds (5 μM) showed about 10-
fold fluorescence increases as compared to 2-fold excess of the
other five proteins.
Fluorescence Polarization Assay. The fluorescence

polarization (FP) assay has many advantages including being
nonradioactive, without tedious steps, and self-referencing, as
well as low-cost.17,34 Polarization value is defined as the ratio of
fluorescence intensities parallel (I∥) and perpendicular (I⊥)
with respect to the plane-polarized excitation light.17,35

Generally speaking, freely moving fluorophores with fast
rotation will disturb polarization, whereas the constrained
fluorophores will exhibit stronger polarized fluorescence after
binding to receptors.17,28,35 In order to study the receptor
binding affinity, a FP assay was performed to test the binding
affinity of α1-ARs with these fluorescent agonists based on the
changes of their fluorescent properties. It can be found that FP
values of compounds 5a−c (5 μM) were gradually enhanced
with the increasing of three α1-ARs membranes concentrations.

Meanwhile, FP value presented a dose-dependent enhance-
ment when a series of concentrations of molecules 5a−c were
incubated with 0.5 mg/mL membrane proteins (Figure S5), as
shown in Figure 3 for 5a, and Kd value was calculated (Table
S3). The results revealed a highly sensitive response toward α1-
ARs of these new probes, which indicated an efficient binding
profile.

α1-ARs Internalization Induced by Fluorescent Ago-
nist. As some studies show, when GPCRs were stimulated
with corresponding agonists, the mechanism of internalization
could be induced. We attempted to explore whether our
fluorescent agonists can induce the internalization of α1A-AR
which could be distributed in both cell membrane and
cytoplasm, and α1B-AR which mainly distributed on cell
membrane. After treating α1A- and α1B-ARs stable transfected
HEK293 cell with compound 5a, respectively, we examined the
level of α1A- and α1B-ARs in cytoplasm by Western blot assay.
As shown in Figure S7, compounds 5a induced a time-

Figure 2. (A) Fluorescence colocalization imaging of α1A-ARs transfected HEK293 cells incubated with 250 nM of 5a (a, bright field; b, green
channel indicated florescence of probe 5a; c, blue channel indicated florescence of Hoechst dye; d, red channel indicated florescence of DID dye; e,
color merged image; f, merged image) and (B) fluorescence imaging of 5a without (g, i, k) or with (h, j, l) 10-fold tamsulosin of α1-ARs transfected
HEK293 cells and nontransfected HEK293 (100 nM of m, 250 nM of n) using a Zeiss Observer A1 microscopye. g, h: α1A-AR (250 nM); i, j: α1B-
AR (100 nM); k, l: α1D-AR (100 nM). (C) Fluorescence real-time imaging of α1B-AR transfected HEK293A cells with 5a (1.25 μM) was observed
in an interval of 30 s without washing on a LSM780 confocal microscope. Scale bar = 20 μm.

Figure 3. Fluorescence polarization (FP) assay tested the interaction
between 5a (5 μM) and different concentrations of α1-ARs membrane
(A) and fluorescent polarization value response to the concentration
increase of probes at 0.5 mg/mL membrane (B). Data are mean ±
SEM, n = 2.
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dependent and dose-dependent increase of α1A- and α1B-ARs
in cytoplasm. These results suggested that compound 5a could
still induce the internalization of α1A- and α1B-ARs.
Visualizing Human α1-ARs and Receptor Internal-

ization on Living Cells. Localization Imaging. The α1-ARs
imaging studies using all these probes in living cells were
conducted. The stable α1-ARs transfected HEK293 cells as
positive groups were incubated with 5a for 10 min at room
temperature and in the presence of tamsulosin as negative
groups. DID, a cell membrane dye with red florescence, and
Hoechst, a nucleus dye with blue florescence, were used for
colocalization. It was found that 5a could selectively label α1A-,
α1B-, and α1D-AR transfected HEK293 cells (Figure 2A, S8),
while the fluorescence decreased upon adding a 10-fold excess
of antagonist tamsulosin, and nontransfected HEK293 showed
only slight fluorescence (Figure 2B). As shown in Figure S9,
the emission spectra and fluorescence intensity of compound
5a were not obviously affected with the 10-fold antagonist
tamsulosin in PBS buffer and acetonitrile. The imaging results
confirmed that these environment-sensitive agonists have
favorable selectivity for α1-ARs three subtypes and could be
applied to locate the α1-ARs.
Monitoring Internalization of α1-ARs. Based on the

Western blotting and imaging results described above, we
further investigated whether our fluorescent agonists can be
used for tracing the α1A-AR internalization by real-time
confocal video (see Supporting Information Videos S1, S2,
S3, S4, S5, and S6), and the real-time imaging is exhibited in
Figure S10. After adding these probes, the stable α1A-AR and
α1B-AR transfected HEK293 cells were tested immediately
without a complex washing. It can be found that the
fluorescence movement was happening and the fluorescence
region in cytoplasm gradually expanded, and additionally the
cell membrane region became slightly uneven for α1A-and α1B-
ARs transfected HEK293. This is similar to the results
obtained from the above location imaging and the correspond-
ing imaging of 5a for α1B-AR as shown in Figure 2C. The result
indicated that our fluorescent agonists could induce α1A-and
α1B-AR internalization, meanwhile with real-time monitoring
of this internalization dynamic process with one self
fluorescent signal.
BRET Assay Based on Synthetic Fluorescent Agonists.

Encouraged by these results described above, a binding assay
utilizing these fluorescent ligands as a tracer and based on a
bioluminescence resonance energy transfer (BRET) approach
was conducted. BRET assay depends on energy transfer
between a bioluminescent donor and fluorescent acceptor,
which is also useful for real-time monitoring interaction
between GPCRs and ligands.36 For this, α1-ARs were tagged
with Renilla luciferase (RLuc) expressed in HEK293 cell. RLuc
is a bioluminescent enzyme37 and can oxidize its substrates and
exhibit an emission spectrum, which has excellent overlap with
the excitation spectrum of NBD. Moreover, coelenterazine
(CTZ) was selected as the substrate of RLuc.38 Therefore,
when our probes bound to RLuc-α1-ARs, energy transfer at
480 nm between the RLuc and NBD moiety happened after
adding CTZ, and then NBD of these probes demonstrated
emission at 550 nm (Figure 4). To explore a saturation binding
experiment, varying concentrations of these probes were
incubated with three membrane proteins in 0.2 mg/mL of
RLuc-α1-ARs, respectively, and nonspecific binding was
determined in the presence of 10-fold excess for tamsulosin.
Herein, compound 5a was chosen as a tracer of α1A- and α1B-

ARs; however, 5c was selected for α1D-AR, on the basis of their
fluorescent properties, binding affinities, and above so on. In
addition, the Net mBRET was used to respond to BRET
activity, and the calculated Kd values are displayed (1.81 ± 0.29
μM of α1A-AR, 2.71 ± 1.25 μM of α1B-AR, and 0.71 ± 0.16 μM
of α1D-AR) (Figure 5). This result suggested that our probes
can effectively respond to α1-ARs based on BRET.

Next, we further tested whether this BRET-based strategy
could be used in high-throughput screening (HTS) for
previously published α1-AR agonists or antagonists. Competi-
tion binding assays were also conducted in the presence of 5a
(3 μM of α1A-AR and 6 μM of α1B-AR) or 5c (1.5 μM of α1D-
AR) and three RLuc-α1-ARs membrane proteins in 0.2 mg/
mL. As known competitive α1-AR ligands, agonists including
methoxamine, norepinephrine, and epinephrine and antago-
nists such as prazosin, tamsulosin, phentolamine, and
doxazosin both could reduce mBRET in a concentration-
dependent manner with sigmoidal response curves (Figure
S11). In Table 2, the obtained IC50 and Ki values of three α1-
AR subtypes were exhibited, and some of these values were
similar to radio-ligand binding values in the literature.39−45

According to these results, after further study, our fluorescent
agonists maybe could serve as a fluorescent tracer for BRET-
based binding assay which can be used for HTS of α1-ARs
chemical library.

■ CONCLUSION
In this study, we have developed a series of novel fluorescent
agonists on the basis of “off−on” mechanism for α1-ARs with
low background signal using environment-sensitive small

Figure 4. (A) Emission spectrum of CTZ upon stimulating RLuc and
the excitation and emission spectra of compound 5. (B) Illustration of
the design concept of the BRET assay using compound 5 and RLuc.
Upon binding to receptor and then stimulating with CTZ, the
receptor-bound RLuc emitted at 480 nm and through BRET
transferred to the fluorophore, resulting in emission at 550 nm.

Figure 5. Representative saturation binding experiment tested with
α1A-AR (A), α1B-AR (B), and α1A-AR (C). Nonspecific binding was
defined in the presence of 10-fold tamsulosin (λem: 550 nm, λex: 485
nm). Data are mean ± SEM, n = 3.
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fluorophore NBD. These new fluorescent agonists are easy to
prepare. After binding to α1-ARs, the hydrophobic binding
domain induced strong fluorescence release. Among these
fluorescent agonists, compound 5a possessed outstanding
spectroscopic properties and acceptable binding as well as
obvious fluorescence enhancement about 10-fold upon binding
to α1-ARs. The analytical method FP assay has been
successfully identified based on the interactions between
these compounds and α1-ARs. These fluorescent agonists can
be a useful fluorescent turn-on tool for selective and specific
labeling of α1-ARs in living cells. It is worth mentioning that
these probes also successfully trace the all dynamic process of
receptor internalization. Moreover, the BRET-based binding
assay with fluorescent ligand 5a or 5c has also been
successfully established which is suitable for high-throughput
competition binding screening research of unlabeled α1-ARs
ligands including various agonists and antagonists, comparable
to those obtained from previous reports using radio-label
ligands. It is expected that these versatile environment-sensitive
fluorescent agonists can be utilized to greatly extend toolboxes
for molecular pharmacology and drug discovery of α1-ARs.
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