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ABSTRACT: High-throughput screening (HTS) of ligand
library to find new active molecules for G protein-coupled
receptors is still a major interest, as well as an actual challenge.
Fluorescence polarization (FP) assay portrays an essential role
in HTS; however, in many cases, it was restricted by the
absence of FP probes, the narrow measurement window, and
low signal-to-noise (S/N) ratio. Herein, based on the
modification of our previous probe 1 (QFL), we discovered
an FP probe 3 (QGGFL) for α1-adrenergic receptors (α1-
ARs), which has satisfactory fluorescence intensity, specific
binding ability to receptors, and suitable fluorescence properties that were compatible with the filters in the FP system.
Meanwhile, an “ELISA-like” strategy was designed for FP-based HTS assay in which proteins were adhered into a solid phase to
improve the measurement window and S/N ratio. With fluorescent antagonist QGGFL and the ELISA strategy, we succeeded in
establishing the first competitive binding FP assay for α1-AR antagonists as the alternative of the radioligand binding assay.
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G protein-coupled receptors (GPCRs) represent the largest
family of transmembrane proteins in the human genome that
account for about 40% of therapeutic agents in the prescription
pharmaceutical industry.1,2 Unbiased identification of com-
pounds interacting with GPCRs is strongly dependent on high-
throughput screening (HTS) of chemical libraries. Therefore,
developing analytical methods to find new lead compounds
targeting GPCRs is a great interest, as well as an actual
challenge.3 Currently, HTS approaches for GPCR ligands
mainly involve the ligand−receptor binding assay using
radioactive or fluorescent tracers.4 Radioligand binding is a
well-established tool for screening at GPCRs, but with
drawbacks of safety concerns and costly consumables.5 In
parallel to the rapid development of fluorescent techniques,
fluorescence assay is becoming a multifaceted tool in life
science.6 Among these techniques, the nonradioactive, low-cost,
and self-referencing FP assay using fluorescent ligands propose
another credible alternative.7,8 Polarization value is defined as
the ratio of fluorescence intensities parallel (I∥) and
perpendicular (I⊥) with respect to the plane-polarized
excitation light.9,10 In general, fast rotation of freely moving
fluorophores will scramble polarization, while constrained
fluorophores that bind to bulk receptors will emit highly
polarized fluorescence.
Fluorescent ligands of GPCRs sprang up in recent decades,

but their applications were restricted primarily to receptor
visualization and localization.11,12 Although fluorescent ligand-
based assay has opened a brand new standpoint in the fields of
GPCRs, it still requires further development.13 Due to the

absence of FP probes, the narrow measurement window, and
low signal-to-noise (S/N) ratio, FP assays have not been
extensively applied.13 The key issue in such a matter is that the
polarization is not totally or completely inexistent when
fluorescent ligands bind to GPCRs because there is not a
difference in rotation rate between the free fluorescent ligand
and ligand confined by the receptor.
α1-Adrenergic receptors (α1-ARs) are members of GPCR

superfamily that mediate many physiological processes such as
smooth muscle contraction, myocardial inotropy and chrono-
tropy, and hepatic glucose metabolism.14 As therapeutic targets,
the antagonists of α1-AR play critical roles in the treatment of
hypertension, benign prostatic hyperplasia (BPH), and lower
urinary tract symptoms (LUTS). Moreover, some α1-
adrenoceptor antagonists could induce prostate cancer cell
apoptosis.15,16 However, the screening of α1-AR antagonists is
heavily dependent on radioligand binding assay at present.17,18

Although several fluorescent probes have been synthesized to
study α1-ARs in cells, a few of them are qualified for the high-
throughput screening of antagonists, and no FP-based assay has
been discovered or reported.18−22 In this note, through the
structure modification of our previous fluorescent antagonist
QFL (1) of α1-AR,

21 we designed and synthesized an excellent
FP antagonist probe QGGFL (3) with maintained binding
affinity and increased fluorescence quantum yield (∼10-fold),
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which could serve as an efficient toolkit to achieve an FP-based
HTS assay (Figure 1). To settle the matters of narrow

measurement window and low S/N ratio in FP assay, an
“ELISA-like” strategy was designed to amplify FP effect.23,24

This strategy is to adhere α1-AR proteins to the solid phase and
then to measure the FP effect of fluorescent ligands binding to
these proteins. When bound to the confined solid-phase
proteins, the rotation of fluorescent ligands was constrained
greatly, which would produce a considerable polarization effect.
To achieve the FP-based ligand binding assay, the first thing

we need to do is to afford an excellent FP probe with bright
fluorescence and high binding affinity to receptors. In
particular, the fluorescence intensity must be strong enough
in order to increase S/N ratio and measure up to the microplate
reader. Among masses of fluorophores, fluorescein performs
brightly as the signal emitter in FP assay by virtue of its high
quantum yield.25,26 However, in our previous research on α1-
AR, the reported fluorescent quinazoline-fluorescein conjugate
QFL (1, Figure 1), possessing nanomolar binding affinity to α1-
ARs, showed very low quantum yield (Table 1).21 As a result,

this compound failed to be employed in quantitative screening
of α1-AR antagonists and could not become an FP probe.21

With the help of Chemdraw 3D software, we found QFL’s
essential conformation with a crowded U-shape (Figure 1). In
such a conformation, the quinazoline group comes close to the
fluorescein core, which may exert an influence on the conjugate
plane of fluorophores, and thereby the quantum yield
decreases. While the quinazoline moiety represents an
interesting pharmacophoric scaffold of antagonist to develop
FP agents that bind to the α1-AR receptor tightly, to
circumvent the issue about fluorescence intensity, two novel
fluorescent ligands, QGFL and QGGFL (2 and 3, Figure 1),
were designed by introducing the linker, γ-aminobutyric acid
(GABA), to conjugate pharmacophore and fluorophore.
Although GABA is the inhibitory neurotransmitter targeted at
GABA receptors, the new compounds including GABA linker
here will show no agonism activity to GABA receptors because
the primary amino group at 4-position in GABA is necessary for

its agonism activity.27 As the linker, GABA could increase the
flexibility of molecules and reduce the steric hindrance between
quinazoline and fluorescein groups. The target compounds
were conveniently synthesized as depicted in Scheme 1, in
which piperazine-substituted chlorine of 6 afforded compound
7, and then the amide condensation and N-Boc deprotection
reactions were involved to introduce one or two GABA(s) to
the key intermediates 9 and 10. Finally, the key intermediate
reacted with FITC to provide 2 (QGFL) and 3 (QGGFL),
respectively.
The affinities of two target compounds 2 (QGFL) and 3

(QGGFL) were assessed routinely by competitive binding
assays on three α1-AR subtypes stably expressed in CHO cells,
using radiolabeled [3H]prazosin, an established α1-AR com-
petitive antagonist. As expected, each compound revealed up to
nanomolar affinities for all α1-AR subtypes (Table 1). This
result also indicated that the new compounds could serve as
antagonists of α1-AR. It should be noted that our previous
research indicated clearly that the large moiety was permitted to
conjugate to the N4 position of 2-piperazine group in the
quinazoline pharmacophore without losing much binding
affinity, but bulk fluorescein was not under consideration for
selection.21 These results revealed that introducing a linker
between fluorescein and quinazoline groups was beneficial for
affinity improvement. Moreover, compound 3 (QGGFL) with
the longer linker showed higher affinity than compound 2
(QGFL).
A summary of spectral properties for all compounds is shown

in Table 1 as well. Compared to the reported compound 1
(QFL), the newly synthesized fluorescent ligands 2 (QGFL)
and 3 (QGGFL) displayed about 15 nm red-shift in
wavelength. Significantly, the major improvement in optical
properties among them was fluorescence quantum yield, and
the quantum yield was positively associated with the length of
the linker. In brief, compound 3 (QGGFL) with two GABAs as
the linker displayed about 10-fold quantum yield (27.2%) than
compound 1 (QFL) without linker (2.6%), and compound 2
(QGFL) with one GABA linker showed 6-fold yield (17.1%).
An essential requirement of a fluorescent ligand of GPCR is

to visualize the target protein. As an improved fluorescent
ligand, compound 3 (QGGFL) shows the reasonable receptor
affinity and appropriate quantum yield, especially the latter.
Next, we established the transfected HEK293A cells transiently
with α1B-AR and determined the ability of QGGFL to bind to
such intact cells expressing α1-AR in culture. In confocal
imaging study, the α1B-AR transfected HEK293A cells could be
“dyed” by strong green fluorescence when incubated with 300
nM compound 3 (QGGFL) for 20 min, and the strong
fluorescence would weaken while a coincubation of QGGFL
(300 nM) and an excess of prazosin (3 μM) was carried out
(Figure S3). Meanwhile, the untransfected HEK293A cells were
also employed as a negative control in which very weak
fluorescence was observed. This negative result indicated that
nonspecific binding is absent between QGGFL and cell
components. The untransfected HEK293A cells also express
some β-ARs natively, so these imaging results also indicated
that QGGFL showed no interactions with the aminergic β-ARs.
As is known, the α1B-AR subtype mainly distributes on
cytomembrane.28 In our confocal imaging, most cells with
highlighted membrane by QGGFL came into view, indicative of
a cell surface localization for α1B-AR, which was highly
consistent with the conclusion from Piascik and declared that
the probe 3 (QGGFL) could recognize α1-adrenoceptors

Figure 1. Chemical structure, U-shaped preferential conformation, and
structure modification strategy of our previous fluorescent ligand 1
(QFL) of the α1-AR.

Table 1. Characterization of Fluorescent Ligands in
Spectroscopy and Binding Affinity to α1-ARs

Ki
a (nM)

compd λex (nm) λem (nm) Φ (%) α1A α1B α1D

phentolamine 1.3 7.7 13.8
QFL21 485 517 2.6 4.7 7.3 20.7
2 500 530 17.1 33.5 8.1 31.3
3 500 530 27.2 4.0 2.7 23.8
atropine NA NA NA

aKi was calculated from IC50 using the Cheng−Prusoff equation (eq
S3).
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specifically.28 In addition, to check the specificity or selectivity
of QGGFL, we measured its activities to three kinases (BMX,
KIT, and ALK) because quinazoline may cause the inhibitory
activity against kinases.29 As shown in Figure S5, we found all
the GI50 values were greater than 10 μM. Moreover, QGGFL
also showed low affinities to other adrenergic receptors (α2-
and β1-ARs, Figure S6). As a result, we can conclude that this
fluorescent antagonist QGGFL with quinazoline core has few
off-target activities.
At present, we have gotten an excellent fluorescent ligand 3

(QGGFL) with improved fluorescence intensity, the specific
binding ability to α1-AR, and suitable fluorescent properties
that were compatible with the filters in our FP system. In order
to identify whether the probe QGGFL may serve as an FP
probe or if it could be qualified for the FP-based ligand
screening of α1-AR, polarization at 520 nm of QGGFL with
various concentrations of α1-AR proteins was measured first
using the 96-well or 384-well no-binding flat bottom black plate
(Corning, USA) in classical FP assay. However, as shown in
Figure S4Aa, the polarization values seemed to have no
correlation with the amount of proteins. This set of irregular
data incubated that the measurement window was too narrow
for FP assay. To amplify the polarization signal, the ELISA
strategy was surrogated (Figure S4B), in which the enzyme or
antigen was attached to the solid-phase surface.23,24 By
adhering to stationary phase, the constrained proteins could
slow the spin of fluorescent ligands down, and thus, the
fluorescent ligand would produce the obvious polarization
effect. To achieve this strategy, 384-well flat bottom black plate
with high protein-binding force (Fluotrac 600, Greiner) was
employed in 1 h incubation at room temperature. By contrast
with the irregular data in Figure S4Aa, three nice saturation
curves in Figure S4Ba showed that addition of 16 nM QGGFL
into increasing concentrations of three α1-AR proteins gave a

saturable increase in FP. We also measured the Z′ factor in
both the traditional assay and the ELISA-like assay (Figure
S4b), which is a statistical benchmark to judge whether the
response in a particular assay is large enough to warrant further
attention.30,31

The Z′ factors calculated for our ELISA-based FP assay are
0.84, 0.77, and 0.70 for α1A-, α1B-, and α1D-AR proteins,
respectively (Figure S4Bb), and in the traditional FP assay, the
Z′ factors are −0.49, −0.64, and −0.56, respectively (Figure
S4Ab). A Z′ factor greater than 0.5 means the assay is
considered acceptable for a good HTS, while that less than 0
confirms there is too much overlap between the positive and
negative controls for the assay to be used. In addition, when
treated with excess membrane proteins (0.4 mg/mL), the FP
value displays a dose-dependent enhancement, which yields Kd
value of 0.56 ± 0.14, 1.21 ± 0.49, and 0.64 ± 0.30 nM for α1A-,
α1B-, and α1D-AR, respectively (Figure 2). The results above
indicate that compound 3 (QGGFL) is qualified to become a
FP probe in the evolutionary ELISA-based FP assay. The
specific interaction between QGGFL and α1-AR proteins
reached equilibrium in 60 min and was saturable. Therefore,
the FITC-derivative compound 3 (QGGFL) is suitable for the
measurement of binding affinity of ligands.
We further investigated whether this “ELISA-like” FP

strategy could be used in HTS for α1-AR antagonists.
Competitive binding experiments were carried out in the
presence of 16 nM QGGFL and α1-AR membrane proteins
(625 ng of α1A-AR and α1B-AR, 1.25 μg of α1D-AR, respectively,
Table S1). As known competitive antagonists, prazosin,
doxazosin, and phentolamine could reduce FP in a concen-
tration-dependent manner, which gave three anticipated
sigmoidal response curves (Figure 2) and convincing IC50
and Ki values to three α1-AR subtypes with the similar values
acquired from radioligand binding assay (Table S2). The

Scheme 1. Synthesis of Fluorescent Ligands 2 and 3
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difference of Ki values in the two assays may be caused by the
different systems: the unbound ligands in radioligand assay
were washed away, while the FP values were recorded in the
homogeneous reaction system. FP was almost enacted on the
muscarinic receptor antagonist atropine, which could serve as
the negative group for atropine do not bind to α1-AR.
Comparing with the radioligand competitive binding assay, the
safer fluorescent ligands were employed and fewer membrane
proteins (>10 fold) were consumed in the FP binding assay
(Table S1). According to these results, we also concluded that
the new fluorescent antagonist QGGFL could serve as a
competitive antagonist.
In conclusion, developing analytical methods to identify

compounds interacting with GPCRs or to find new drugs
targeting GPCRs is drawing more and more attention from
scientists and researchers. Although FP assay can portray
important roles in the HTS of the chemical library for GPCRs,
it is restricted in many cases due to the lack of FP probes, the
narrow measurement window, and low S/N ratio. To overcome
these limitations in α1-ARs, we first discovered and synthesized
an ideal FP probe QGGFL, compound 3, for α1-ARs, which has
improved quantum yield, high receptor affinity, and the ability
of receptor imaging specifically in living cells. Moreover, an
“ELISA-like” strategy was designed in which proteins are
confined to the solid phase in order to amplify the FP signal
and increase the measurement window and S/N ratio. Based on
the FP probe QGGFL and the ELISA strategy, we established a
safe and affordable FP-based screening method for α1-ARs for
the first time, which could provide convincing data of binding
affinity to three α1-AR subtypes of known antagonists, such as
prazosin, doxazosin, and phentolamine, with the classical
radioligand binding assay. To the best of our knowledge, this
research is the first report that the ELISA strategy is applied in a
small-molecule probe-based FP assay. It is our expectation that
this strategy would find broad applications in the FP-based
HTS for other target proteins to help address their signal issue.
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