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Abstract

The discovery of novel chemical entities targeting G protein-coupled receptors (GPCRs) is usually guided by their receptor
affinity. However, traditional affinity assay methods and hit identification procedures are usually laborious and expensive. In
this work, the type-2 vasopressin receptor (V,R) was chosen as a prototypical GPCR. Membrane fragments from cells highly
expressing SNAP-V,R were immobilized on the surface of a glass microfiber (GMF) coated with 06—benzylguanine (BG).
This was achieved by transferring the benzyl group of BG to the active site of the SNAP-tag through a nucleophilic substitu-
tion reaction. As a result, a biofilm called SNAP-V,R@GMF-BG was produced that showed good specificity and stability.
The adsorption ratio for each V,R ligand treated with SNAP-V,R @ GMF-BG was determined by HPLC and exhibited a good
linear correlation with the K; value determined by displacement assays. Furthermore, a K; prediction assay was performed
by comparing the data with that generated by a homogeneous time-resolved fluorescence (HTRF) assay. SNAP-V,R @ GMF-
BG was also used to screen hit compounds from natural products. After SNAP-V,R@GMF-BG was incubated with the total
extract, the ligand that binds to V,R could be separated and subjected to LC—MS analysis for identification. Baicalein was
screened from Clerodendranthus spicatus and verified as a potential V,R antagonist. This V,R-immobilized GMF platform
can help determine the affinity of V,R-binding hit compounds and screen the compounds efficiently and accurately.

Keywords Type-2 vasopressin receptor - Hit compound - Target immobilization - Glass microfiber membranes - SNAP-
tag - Natural product

Abbreviations CS Clerodendranthus spicatus
AVP Arginine vasopressin HTRF Homogeneous time-resolved fluorescence
GPCR G protein-coupled receptor
TR-FRET Time-resolved fluorescence resonance energy
transfer Introduction
V,R Type-2 vasopressin receptor
GMF Glass microfiber filters G protein-coupled receptors (GPCRs) are the largest fam-
BG 0°-Benzylguanine ily of cell surface receptors. These receptors can interact

with a plethora of signaling molecules and transmit sig-
nals from the extracellular side into the intracellular side
[1]. GPCRs are primary targets for drug discovery and
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manuscript. approved drugs target GPCRs to exert their therapeutic
effects [2]. Therefore, massive efforts have been dedicated
to screening hit compounds with high binding affinities. In
addition, traditional assays for affinity determination, such
as the homogeneous time-resolved fluorescence (HTRF)
assay or radio-ligand binding assay, require a reference

Jiangsu Key Laboratory of New Drug Research and Clinical compound to be labeled; thus, the methods are labor- and
Pharmacy, Xuzhou Medical University, 209 Tongshan Road, cost-intensive [3, 4]
Xuzhou 221004, Jiangsu, China T

> Dongzhi Yang
dongzhiy @xzhmu.edu.cn

P< Dong Guo
guo@xzhmu.edu.cn

1

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-023-04951-w&domain=pdf
http://orcid.org/0000-0001-6142-4825

6744

Wang . et al.

Amination
—_—

Carboxylation

—_—

GMF GMF-NH, GMF-COOH

N4 £:7%%
Cells expressing % "
+~_ SNAP-tagged V:R

/TN

\& e ) .

Ny’ Control cells
&,

Intensity

BG coating
—
GMF-BG
098555,
89220 (3393
= — °850%5002
00 © °o° ooo
oogo o°
SNAP-V,R
> Immobilization @GMF-BG biofilm
—
i —

GMF-BG biofilm

WA
N

O O
Total extract

Ak = - =
S— L { A \ N\
- —(atn) — | ) — |
- ] \ \ O\ / / / \
e == - /
LC—MS Desorption Incubation

Scheme 1 Scheme of the preparation and application of SNAP-V,R@GMF-BG

In the present study, we chose the type-2 vasopressin
receptor (V,R) as a prototypical GPCR. The receptor is
highly expressed in the epithelial cells of the renal collecting
duct and the distal tubule [5] and is a validated drug target
for autosomal dominant polycystic kidney disease (ADPKD)
[6, 7]. Numerous V,R antagonists have been developed. In
particular, tolvaptan is the first-in-class V,R antagonist
for the treatment of ADPKD [8]. However, tolvaptan has
received a safety warning in the USA and EU because of its
potential hepatotoxicity [9]. Hence, it is necessary to dis-
cover new V,R antagonists for unmet medical needs. Nat-
ural products are valuable resources for hit identification.
However, to examine the binding affinity of these products,
the component of interest must normally be purified from
the complex matrices [10]. The traditional procedure for
separating and purifying natural products is a lengthy pro-
cess, which largely hinders the discovery of hit compounds
from natural products. Therefore, it is highly desirable to
develop a novel method for the affinity determination and
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rapid identification of hit compounds that exhibit reasonable
binding affinity from complex natural extracts.

Herein, we applied a label-free binding assay to identify
hit compounds for the V,R and determine their binding affin-
ity. The V,R receptor is engineered with a SNAP-tag, which
is a modified form of the human O®-alkylguanine-DNA
alkyltransferase [11, 12], while the glass microfiber (GMF)
membranes were coated with O%-benzylguanine (BG). The
SNAP-tag can undergo a self-labeling reaction to form a
covalent bond with O%-benzylguanine (BG) derivatives. As a
result, we modified BG on the surface of carboxylated GMF
and captured SNAP-tagged V,R from the cell membrane,
establishing a SNAP-V,R@GMF-BG screening platform.
After the V,R-immobilized GMF membranes are incubated
with the total extract, the ligand that binds to V,R can be
physically separated and subjected to LC—MS analysis for
compound identification [13, 14] (Scheme 1). With this
assay, we first tested a series of known V,R antagonists fol-
lowed by HPLC to obtain their K; values and compared them
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to the data tested by performing a HTRF. After assay vali-
dation, we used this assay to identify hit compounds from
the total extract of Clerodendranthus spicatus (CS). Baica-
lein was identified as a promising hit compound for V,R.
This GPCR-immobilized GMF platform could promote the
affinity determination and discovery of hit compounds from
complex systems.

Material and methods
Materials and reagents

GMF membranes (grade GF/C) were purchased from What-
man (GE Healthcare Life Sciences, USA). CHO cells sta-
bly expressing high V,R (CHOhV,R) were produced by
Jiangsu Laisen Institute of Biotechnology Co, Ltd. (Zhenji-
ang, China). Stable SNAP-tagged human V,R HEK293 cells
were purchased from Cisbio Bioassays (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM) and Roswell
Park Memorial Institute (RPMI) 1640 medium were pur-
chased from Thermo Fisher Co, Ltd. (Shanghai, China), and
newborn calf serum was purchased from Gibco Co, Ltd.
(Shanghai, China).

Tolvaptan, conivaptan, lixivaptan, vasopressin, pioglita-
zone, and T62 were produced by MedChemexpress Co., Ltd.
(USA). Other V,R ligands were previously synthesized in
our laboratory. Clerodendranthus spicatus (Lot: 210603)
was purchased from the GuoDa drugstore (Shanghai,
China). All other chemicals were purchased from standard
commercial sources.

Cell culture and preparation of cell membranes

The SNAP-tagged V,R cell culture was maintained in
DMEM mixed with 10% newborn calf serum, 100 IU/mL
penicillin, 100 pg/mL streptomycin, and 0.6 mg/mL neo-
mycin at 37 °C in a 5% CO, incubator [15]. The CHO hV,R
cell line was maintained in RPMI 1640 medium mixed with
10% newborn calf serum, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 3 pg/mL puromycin at 37 °C in a 7% CO,
incubator.

The SNAP-tagged V,R cells were collected by a cell
scraper and washed with PBS three times. Tris—HCI
(50 mM, pH 7.4) was added to the cell pellet, dispersed
by a homogenizer (T25, IKA Co., German), and then rup-
tured by an ultrasonic cell disruptor (JY92-IIDN, Ningbo
Scientz Biotechnology Co., Ltd, China). Subsequently, the
mixture was centrifuged at 1000 X g for 10 min at 4 C to
collect the supernatant. Finally, the supernatant was centri-
fuged at 14,000 X g for 30 min to obtain the SNAP-V,R cell
membranes. The protein concentration of the obtained cell
membranes was quantified by using a BCA kit. In addition,

wild-type HEK293 cells were treated by the same experi-
mental procedure and used as control samples.

Preparation of SNAP-V,R@GMF-BG

GMF was cut into 6-mm-diameter discs and washed with
NaOH (1 M) for 2 h and HCI1 (2 M) for another 2 h. GMF
pieces were then immersed in 95% alcohol for 10 min and
transferred to an oven for drying at 45 °C for 2 h.

To coat the GMFs, 20 pieces of GMF were first added
into 10 mL of Tris—HCI (10 mM, pH 8.5) mixed with dopa-
mine (DA) and polyethylene imine (PEI), and the mixture
was placed on a shaker at 100 r/min for 10 h. After the reac-
tion, the dopamine-modified GMF (GMF-DA) was obtained
and pulled out by a tweezer and then transferred to an oven
at 45°C for 2 h. Second, GMF-DA was added into dichlo-
romethane mixed with triethylamine and succinic anhydride,
and the mixture was placed on a shaker at 100 r/min for 48 h.
After a dichloromethane wash was performed, the carboxyl-
modified GMF (GMF-COOH) was obtained and then trans-
ferred to an oven at 45°C for 2 h. Third, appropriate amounts
of GMF-COOH, 1-hydroxybenzotriazole (HOBT), and tri-
ethylamine were added into dichloromethane and stirred in
an ice bath for 30 min. Then, 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDCI1) was added for
another 10 h of reaction. Finally, BG was added to react for
20 h. After repeated elution with dichloromethane, the BG-
bonded GMF (GMF-BG) was obtained and transferred to
the oven at 45°C for 2 h before use.

SNAP-V,R cell membranes and GMF-BG were mixed
in PBS and incubated for 30 min at 4 °C, generating SNAP-
V,R@GMF-BG. Afterward, the surfaces of SNAP-V,R@
GMF-BG were rinsed three times with PBS to remove the
unreacted substances. In the same procedure, GMF-BG
coated with cell membranes from control cells was used as
a control platform to evaluate nonspecific binding and stored
in a glass bottle at 4 “C before use.

Characterization of SNAP-V,R@GMF-BG

The surface morphology of SNAP-V,R@GMF-BG was
measured by a scanning electron microscope (SEM, Hitachi,
Tokyo, Japan). The chemical properties of the modified
GMF were observed by Fourier transform infrared spectro-
photometry (FT-IR, IRAffinity-1S, Shimadzu, Japan) and
X-ray photoelectron spectroscopy (XPS; ESCALAB 250xi
spectrometer, Thermo Fisher, USA).

To further validate the coating efficiency, fluorescent
dye Dil staining was used to label the cell membranes of
SNAP-tagged V,R cells. Dil solution (1 mg/mL, dissolved
in DMSO) was added to the cell membrane suspension, and
the mixed solution was stored in the dark for 8 h at 4 °C.
The mixed solution was centrifuged at 3000 X g for 5 min
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to collect Dil-labeled cell membranes and washed with
PBS to remove excess Dil. The Dil-labeled cell membranes
were prepared to generate SNAP-V,R@GMF-BG using
the same procedure and observed under an inverted fluo-
rescence microscope (IFM, BX43, Olympus, USA). GMF
coated with cell membranes was observed with an excitation
wavelength of 549 nm and emission wavelength of 565 nm.
The Dil-labeled cell membranes should be marked with red
fluorescence.

The surface potential of the modified GMF was recorded
by a zeta potential analyzer (PSS Nicomp380ZLS, USA)
to analyze the chemical state of the surface. Dried GMF
or modified GMF was crushed to powder and dispersed in
pure water and then placed in a sonic bath for 10 min. The
ultrasonic solution was diluted with water and transferred to
a clean tube before the potential test.

Specificity of SNAP-V,R@GMF-BG

Firstly, tolvaptan was applied as a positive control to opti-
mize assay condition. Next, tolvaptan, conivaptan, and lix-
ivaptan were applied as the positive control ligands to evalu-
ate the specificity of SNAP-V,R@GMF-BG. In addition, the
adenosine A1 receptor activator T62 and PPARY activator
pioglitazone were selected as negative controls. Therefore, a
mixed solution of tolvaptan, conivaptan, lixivaptan, pioglita-
zone, and T62 dissolved in methanol/PBS (v/v=5:95) was
prepared, and the concentrations were all 10 pmol/L for the
five compounds. A piece of SNAP-V,R @GMF-BG film and
0.6 mL of mixed solution were coincubated on a shaker at
100 r/min for 30 min, and then the cell membrane-coated
GMF was removed by tweezers and washed with 5% ace-
tic acid three times. Next, cell membrane-coated GMF was
placed in an EP tube containing 0.6 mL of menthol/PBS
(v/v, 1:1) under ultrasonic conditions for 20 min to elute
the V,R-binding components. Finally, the residual eluent
was collected and filtered through a 0.22-pm microporous
membrane before HPLC analysis.

HPLC was used to quantify the components in the eluent,
a column (4.6 X250 mm, 5 pm, Phenomenex) was employed
for chromatographic separation, and the column tempera-
ture was 35 °C. The mobile phase was composed of water
and methanol (20/80, v/v) with an isocratic gradient elution
program. The flow rate was 1.0 mL/min, and the detection
wavelength was 254 nm. Triplicate experiments were per-
formed for all detections.

Binding experiments with SNAP-V,R@GMF-BG
To evaluate the adsorption capacity of SNAP-V,R@GMF-
BG, static and dynamic adsorption experiments were per-

formed. The adsorption ratio (mg/g) of tolvaptan was used to
evaluate adsorption capacity, which was calculated as m,/my,,
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where m, (mg) represented the mass of adsorptive and sub-
sequently eluted tolvaptan and m,, (mg) represented the mass
of added tolvaptan for incubation.

For static adsorption tests, a piece of SNAP-V,R@GMF-
BG film was added to 0.6 mL of tolvaptan solution at dif-
ferent concentrations (0.5, 1.0, 2.0, 5.0, 10, and 15 pmol/L,
dissolved in methanol/PBS, v/v=5:95) and then incubated
for 20 min. For dynamic adsorption tests, a piece of SNAP-
V,R@GMF-BG film was added to 0.6 mL of tolvaptan solu-
tion (10 pmol/L), which was then incubated for 1, 2, 5, 10,
15, 20, and 30 min. After the washing steps, the final eluted
tolvaptan was quantitatively analyzed by HPLC.

Activity evaluation function of SNAP-V,R@GMF-BG

In our previous studies, we obtained a series of tolvaptan
derivatives with different K; values [16], and these deriva-
tives were applied to explore the relation between the
adsorption ratio and K; values. Detailed chemical informa-
tion on the 9 tolvaptan derivatives is listed in Fig. 1. The
experimental procedure complied with the “Specificity of
SNAP-V,R@GMF-BG” section.

Application of SNAP-V,R@GMF-BG to discover hit
compounds from natural products

Dried CS powder was extracted with 75% ethanol under
ultrasonic conditions for 30 min. The extracting solution
was centrifuged at 4000 rpm for 3 min, filtered through a
0.22-pm membrane filter, diluted with PBS, and then stored
at 4 °C before use. A piece of SNAP-V,R@GMF-BG film
was incubated with 1 ml of CS extracted solution for 30 min,
and a subsequent ligand screening procedure was performed
in the same manner as in the “Specificity of SNAP-V,R@
GMF-BG” section. Screening based on the control platform
was also performed with the extract of CS to eliminate non-
specific binding.

After the screening procedure was performed, LC cou-
pled with high-resolution mass spectrometry (HRMS, Orbit-
rap Exploris 120, Thermo Fisher Scientific, USA) was uti-
lized to analyze and identify compounds targeting V,R from
the eluate of CS. The detailed LC—MS/MS conditions are
presented in the supporting information. By comparing the
peak area of identified chemical constituents with that of the
control group, the potential V,R inhibitors from CS could
be screened out.

HTRF assay

A homogenous time-resolved fluorescence resonance energy
transfer (TR-FRET) assay was adopted to determine the K;
values of hit compounds, and then fluorescence was recorded
at 665 and 620 nm using a microplate reader (LUX, Thermo
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Fig. 1 The structural formula and K; values of tolvaptan and its derivatives [16]

Scientific Varioskan, USA) [14]. For further verification,
PyMOL v1.3 software was used to simulate the molecular
recognition process and binding energies between V,R (PDB
ID: 7BB7) and target compounds.

cAMP assays

V,R exhibits a stimulatory effect on the enzyme adenylate
cyclase. Under an inhibitor, adenosine-3',5"-cyclic monophos-
phate (cAMP) is downregulated by V,R. Therefore, we exam-
ined the functional effects of the screened compounds through
a cCAMP assay. The cAMP level was measured by a cAMP-
Gi kit following the manufacturer’s instructions (Cisbio Bio-
assays, Shanghai) as described in our previous study [17].
Briefly, CHOhV,R cells were incubated with the target com-
pounds for 30 min, followed by stimulation with 1 nM vaso-
pressin for 1 h at 37 °C. Then, cells were precipitated, resus-
pended, and stimulated with vasopressin to accumulate cAMP.
Consecutively, cryptate-labeled anticAMP antibody and dye-
labeled cAMP were added for 1 h. Signals were recorded at
665 nm and 620 nm by a microplate reader. All data are shown
as the mean + SEM of three independent experiments.

Results
Characterization of SNAP-V,R@GMF-BG

Scanning electron microscopy was utilized to visu-
alize the morphology of the GMF surfaces and cell
membrane coating areas. Morphological changes in
GMF could be clearly observed. The rare GMF was
composed of glass fibers with a diameter of approxi-
mately 1 pm, which exhibited a clean and smooth sur-
face (Fig. 2A). In comparison, GMF surfaces coated
with cell membranes became rougher (Fig. 2B), which
indicated that the cell membranes had immobilized on
the GMF surface [18].

To further confirm the immobilization of cell mem-
branes on GMF, inverted fluorescence microscope images
were obtained. Under the transmitted field, the tight
surface of GMF and pyknotic surface of SNAP-V,R@
GMF-BG were observed (Fig. 2C, D). After fluorescence
excitation at 549 nm, no red fluorescence was detected at
565 nm in the field of GMF (Fig. 2E), whereas red fluores-
cence was observed in the SNAP-V,R@GMF-BG images
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Fig.2 Characterization images of GMF and SNAP-V,R@GMF-BG.
Scanning electron microscopy images of the surface of GMF (A)
and SNAP-V,R@GMF-BG (B); inverted fluorescence microscopy
images of the surface of GMF (C) and SNAP-V,R@GMF-BG (D)

with transmitted light; red fluorescence images of the surface of GMF
(E) and SNAP-V,R@GMF-BG (F) with an excitation wavelength of
549 nm and an emission wavelength of 565 nm
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(Fig. 2F), indicating the distribution of Dil-labeled cell
membranes on GMF. The results were consistent with the
morphological results of scanning electron microscopy,
confirming the successful bioimmobilization of cell mem-
branes on the GMF.
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As a supplement, FT-IR measurements in the
500-4000 cm™! range were obtained to characterize BG
groups on the GMF (Fig. 3A). The peak at 1020 cm™! was
the absorption peak of the Si—O-Si groups of GMF, which
was observed in GMF and GMF-BG [19]. In the FT-IR
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spectrum of GMF-BG, the peak at 1566 cm™! (benzene C—C
stretching vibration) and the peak at 3352 cm™! (amidogen
N-H stretching) were attributed to the chemical groups of
benzylguanine. In addition, the peak at 1651 cm™' (C=0
stretching vibration) and the peak at 1486 cm™' (N-H
stretching vibration) were attributed to the generation of
amido bonds, which was caused by the substitution of BG
[20-22]. All the characteristic peaks demonstrated that the
BG-modified GMF was successfully prepared.

The availability of functional groups and chemical com-
positions were further characterized by X-ray photoelectron
spectroscopy analysis. The spectrum is shown in Fig. 3B,
and the relative content of each element can be found in
Table S1. The wide scan of the GMF showed that it was
mainly composed of Si and O, and there was no significant
peak attributed to N [23] After bonding with BG, the relative
content of N and C in GMF-BG increased, suggesting that
BG was successfully modified. However, following coating
with cell membranes, the X-ray photoelectron spectroscopy
spectrum of SNAP-V,R@GMF-BG showed peaks at the
P element. The peak of P 2p (Fig. 3C) is a key marker of
phospholipids in cell membranes, suggesting that the cell
membranes were successfully coated.

The zeta potentials were assayed in pure water, and those
of raw GMF and GMF-BG were 12.8 mV and 19.1 mV,
respectively (Fig. 3D), which showed the expected trans-
formation of functional groups in GMF. The zeta potential
of SNAP-V,R@GMF-BG was changed to—34.1 mV, indi-
cating that the cell membranes were successfully loaded on
the surface of GMF [24].
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Optimizing the experimental conditions

To obtain the best screening efficiency, the operating condi-
tions, including the concentration of cell membranes, type of
eluent solvent, elution solvent volume and elution time, were
studied [25]. Tolvaptan was applied as a positive control to
optimize assay condition.

The amount of cell membrane loaded on the GMF
depends upon the concentration of cell membrane. Thus,
the effect of cell membrane concentration in a range of
0.07-3.5 mg/mL was investigated. Figure 4A shows that
the adsorption ratio of tolvaptan increased with increasing
cell membrane concentration, and the highest binding of
tolvaptan was obtained at a concentration of 0.35 mg/mL.
As the concentration of cell membranes further increased,
the tolvaptan amount did not change significantly, indicat-
ing that the cell membrane loading had reached saturation.
Therefore, the cell membrane concentration was chosen as
0.35 mg/mL.

The elution step was an important process that affected
the recovery of tolvaptan. Different kinds of elution sol-
vents, including PBS, 0.1% acetic acid (AA), 0.5% AA and
a PBS—methanol mixture (1:1, v/v), were investigated in
this study. As shown in Fig. 4B, the PBS—methanol mix-
ture achieved the best eluotropic performance and exhib-
ited the largest adsorption ratio of tolvaptan. As a result,
the PBS—methanol mixture (1:1, v/v) was selected as the
elution solvent. Furthermore, the effect of the elution solvent
volume (0.4-5 mL) was investigated (Fig. 4C). The results
suggested that 0.6 mL of PBS—methanol mixture (1:1, v/v)
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Fig.4 Optimization of the experimental procedure. A The concentration of cell membranes. B Types of different elution solvents. C Elution

solvent volume. D Elution time
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was enough to obtain satisfactory recovery, and no change
was observed when the volume further increased. In addi-
tion, elution times from 1 to 30 min were investigated to
obtain the optimal elution time. As illustrated in Fig. 4D,
the elution efficiency of tolvaptan reached a maximum at
20 min. Based on the above results, 0.6 mL of PBS—metha-
nol mixture and 20 min of elution time were chosen for the
subsequent experiments.

Specificity of SNAP-V,R@GMF-BG

The adsorption ratios of tolvaptan (positive control) and T62
(negative control) using rare GMF and V,R@GMF-COOH
(nonspecific immobilization, i.e., cell membranes were
immobilized on GMF-COOH by condensation of amino and
carboxyl groups) were measured and compared. As shown in
Fig. 5A, the SNAP-V,R@GMF-BG platform had the larg-
est adsorption ratio of tolvaptan and much larger than that
of T62, indicating that the target immobilization exhibited
excellent specificity.

The dynamic binding of SNAP-V,R@GMF-BG with dif-
ferent incubation times of tolvaptan was investigated. As
presented in Fig. 5B, as time increased, the specific binding
capacity of tolvaptan for SNAP-V,R@GMF-BG increased
slowly before 20 min and reached equilibrium at a 30 min
concentration.

We also tried the mixture to mimic the complex-
ity of natural product. The chromatogram of the mix-
ture of tolvaptan and T62 is shown in Fig. 5C-1. After

500+ 1 GMF
__ 400 T CIGMF-COOH  —
o o
S 300+ —1 GMF-BG =2
£ 200- E
2 100 M 2
o N
o 30 a
15
0 =[]
Tolvaptan T62
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P PO B
o 25" Mixture
< -
£ 15]2 Total binding
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Time (min)

0o 1

Fig.5 Adsorption ratio of tolvaptan and T62 by different platforms
(A); dynamic adsorption curves of SNAP-V,R@GMF-BG (B); chro-
matogram of the mixture of tolvaptan and T62 (C-1); chromatogram
of the eluent of SNAP-V,R@GMF-BG after incubation with tolvap-
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the screening procedure, only tolvaptan was eluted from
SNAP-V,R@GMF-BG and detected in the chromatogram
(Fig. 5C-2), which indicated that SNAP-V,R@GMF-BG
could selectively recognize tolvaptan due to its specific
affinity for V,R. The binding components eluted from
SNAP-V,R@GMF-BG were named total binding. To fur-
ther verify the specificity, the control platform was also
used to exhibit a nonspecific binding chromatogram, and
trace amounts of both tolvaptan and T62 were detected
in the eluent (Fig. 5C-3). Then, the nonspecific binding
was subtracted from the total binding to get the specific
binding. These final specific binding results (Fig. 5C-4)
demonstrated that SNAP-V,R@GMF-BG could be used
to selectively screen active ligands from a mixture.

The adsorption ratios of tolvaptan, conivaptan, lixivap-
tan, pioglitazone, and T62 by SNAP-V,R@GMF-BG are
shown in Fig. 5D. Tolvaptan, conivaptan, and lixivaptan
were detected by SNAP-V,R@GMF-BG. In contrast,
pioglitazone and T62 showed almost no signals, indicat-
ing the excellent specificity of SNAP-V,R@GMF-BG. In
addition, the affinity of pioglitazone/T62 binding to the
V,R was tested by HTRF (Fig. S1), which demonstrated
that pioglitazone and T62 were negative ligands for V,R.

Correlation between the adsorption ratio and K;
of ligand compounds by SNAP-V,R@GMF-BG

Under the optimized conditions of SNAP-V,R @GMF-BG,
the correlation between the adsorption ratio and K; of the 10

4001 -0 Total binding
300- -O- Specific binding
-O- Nonspecific binding
200
100+
04¢ T T T T T 1
0 5 10 15 20 25 30
Time (min)
3007 =3 Tolvaptan
250 =3 Conivaptan
2 Lixivaptan
% 200 ! 1 Pioglitazone
c
9 150 = 762
@ 100 ) 1
0 T T T T —

tan and T62 (C-2); chromatogram of the eluent of the control plat-
form after incubation with tolvaptan and T62 (C-3); chromatogram
of the specific binding of tolvaptan and T62 (C-4); adsorption ratio of
tolvaptan, conivaptan, lixivaptan, pioglitazone, and T62 (D)
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ligand compounds listed in Fig. 1 was investigated. The K;
values of 10 ligand compounds were measured by HTRF.
By plotting the adsorption ratio (mg/g) against logK; (nM),
a linear regression plot was obtained, which is illustrated in
Fig. 6. The linear equation was y= —51.16 x+275.5, and
the correlation coefficient (r) of the fitting curve was 0.996.
The results indicated that the K; of ligands could be calcu-
lated by the adsorption ratio measured by the SNAP-V,R@
GMF-BG platform instead of the traditional experimental
determination of K.

K; prediction of different types of V,R ligands using
the SNAP-V,R@GMF-BG platform

To verify the ability of SNAP-V,R@GMF-BG to predict
K;, V,R agonists (MCF57 and WAY-151932), V,R antago-
nists (conivaptan and lixivaptan), and benzimidazole V,R
antagonists (P15, P18, P55, and P80, synthesized in house)
were selected as typical test compounds. The detailed
chemical information of the above compounds is shown

3001
250+
200+
150+
100+

50-

Tolvaptan

Bound (mg/g)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
log K; (nM)

Fig.6 The correlation of the adsorption ratio (mg/g) against logK;
(nM) based on the SNAP-V,R@GMF-BG platform

Table 1 K, predictive ability of SNAP-V,R@GMF-BG for V,R ligands

in Fig. S2. The experimental procedure complied with the
“Specificity of SNAP-V,R@GMF-BG” section, and three
parallel experiments were performed. The adsorption ratio
was determined by HPLC, and the K| value was calculated
according to the equation y= —51.16 x+275.5. All results
are shown in Table 1. K; values calculated from the equation
were within the same order of magnitude as those meas-
ured by the HTRF method. This indicates that SNAP-V,R@
GMF-BG exhibited different adsorption capacities for V,R
ligands with different K; values, and the results also demon-
strated the good applicability of the curve for V,R ligands.

Application of SNAP-V,R@GMF-BG to discover hit
compounds in natural products

We also tried to screen hit compounds from the natural
product. After being optimized and validated, the prepared
SNAP-V,R@GMF-BG platform was applied to screen hit
compounds of V,R inhibitors from CS. The eluent of CS
obtained from SNAP-V,R@GMF-BG was analyzed by
HPLC-HRMS for identification under positive and nega-
tive ion modes. The chromatograms of extraction of CS, the
eluent obtained from SNAP-V,R @ GMF-BG (total binding),
and the eluent obtained from the control group (nonspecific
binding) are displayed in Fig. 7. Compared with chromato-
grams of the extract of CS, active compounds were retained
after screening by SNAP-V,R@GMF-BG, and nonspecific
binding compounds were then diminished or disappeared
after screening by the control platform. The retained peaks
of total binding and simultaneously diminished peaks of
nonspecific binding represented hit compounds in CS.
After the chromatograms showing total binding and non-
specific binding were analyzed, one significant component
peak was confirmed, which should be a ligand recognized
from the extraction of CS. After the mass spectrum was
analyzed and the results were compared with a self-built
database of standard substances (containing approximately
4000 kinds of compounds from natural herbs), baicalein

Type of compounds Compound name Adsorption ratio (mg/g) K, (aM)
Calculated by equation HTREF assay
Agonist for V,R MCF57 137.46+7.9 448 +25 537+60
WAY-151932 154.08 +4.0 215+5.6 394+21
Antagonist for V,R Conivaptan 239.58 +20 77+1.8 26+03
Lixivaptan 229.38 £20 14+2.7 3.1+£04
Benzimidazole antagonist P15 15343 +£5.8 221+19 294 +59
P18 109.51+14 1535+190 1023 +330
P55 162.47+ 14 148 +28 60+32
P80 216.15+25 17+1.9 13+1
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Fig.7 TIC chromatograms obtained by LC-HRMS in positive ion mode. TIC chromatogram of initial CS extract (CS); the eluent of CS incu-
bated with SNAP-V,R@GMF-BG (total binding); the eluent of CS incubated with the control platform (nonspecific binding)

was identified in the final eluate compared with the control
model.

To further confirm the accuracy of the above screen-
ing results, the reference substance baicalein was screened
using the SNAP-V,R@GMF-BG platform, and the results
are presented in Fig. 8A. The baicalein peak was present in
the chromatogram by HPLC, which further confirmed the
accuracy of the SNAP-V,R @GMF-BG platform.

Affinity and pharmacological effects of the targeted
components

To verify the binding activity with V,R, the K; value of bai-
calein was calculated as 131.2 pM by HTRF assay. Inter-
estingly, the adsorption ratio of baicalein was tested as
35 mg/g, and the corresponding K; value was calculated as
177.83 pM using the equation in the “Correlation between
the adsorption ratio and Ki of ligand compounds by SNAP-
V,R@GMF-BG” section. The results verified the prediction
generated by SNAP-V,R@GMF-BG.

A cAMP assay was also utilized to investigate the inhibi-
tory effects of screened components from CS. As shown
in Fig. 8B, baicalein inhibited vasopressin-induced cAMP
production, and the ICy, value was calculated as 123.4 pM.
The effects of baicalein and tolvaptan on the basal cAMP
level (tested at 100-fold their respective K; values and with-
out vasopressin stimulation) were also tested, and they all
reduced the basal cAMP level (Fig. 8C). The results showed

@ Springer

that baicalein can specifically target V,R and inhibit cAMP
and could be utilized as a candidate V,R inhibitor for further
research. Therefore, the results confirmed that SNAP-V,R@
GMEF-BG could be applied to effectively screen and evalu-
ate potential inhibitors targeting V,R from natural products.

Molecular docking analysis

The binding modes of the target compounds with V,R (PDB
ID: 7DW9) were analyzed by molecular docking. Baicalein
matched the active pocket of V,R well, as shown in Fig. 8D
and E. Specifically, Fig. 8D shows the interactions of baica-
lein with V,R through hydrogen bonds and n—= stacking with
Y205 and F287, showing a binding energy of — 7.2 kcal/mol,
a result close to that of tolvaptan (—7.8 kcal/mol, Fig. 8E).
The docking results indicated that baicalein might poten-
tially be a V,R inhibitor.

Discussion

In the present study, we used crude cell membranes of
SNAP-tagged V,R cells rather than solubilized and puri-
fied V,R proteins. First, the V,R is inherently instable when
extracted from the naive environment in the plasma mem-
brane. Second, the crude membrane still retains the complete
biological structure of membrane proteins and enables effi-
cient ligand—-receptor interaction. This has been successfully
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applied for the D, receptor [26]. Next, we immobilized cell
membranes on GMF membranes for compound screening.
Doing so enabled physically separating potential V,R hit
compounds from the total extract of the natural product,
and the identified hit compounds could be subsequently
collected and subjected to LC—MS analysis for identifica-
tion. In comparison, previous strategies generally involve
physical absorbing the proteins on the magnetic nanopar-
ticle surfaces, which resulted in unstable platforms; this is
because the magnetic nanoparticles exhibit self-aggregation
properties, and external magnets are needed to recover active
components in a solution system [27]. Moreover, the cell
membranes easily detached from the nanoparticles, which
limited their application and reproducibility.

GMFs are polar hydrophilic membranes with great poten-
tial because they are chemically, thermally, and mechanically
stable, pH resistant, inexpensive, and convenient to obtain
[28, 29]. As a supporting substrate, GMF possesses pore
canals and offers many advantages over filter paper [30, 31],
which can allow cell insertion; in addition, GMF has been
utilized as a robust supporting matrix in many applications
[32]. When applied in concert with other functional groups,
the GMF surface provided proper support by adhering to
the cell membrane and forming a biocompatible polymer

[33]. In this study, V,R was targeted immobilized on GMF,
and chemical bonding of V,R to the surface of GMF can
improve the stability, efficiency, and convenience of biomi-
metic platforms. Owing to the reduction in the nonspecific
absorption of cell membranes, this SNAP-V,R@GMF-BG
platform showed reasonable specificity and stability.
Affinity determination methods, such as the surface plas-
mon resonance (SPR), HTRF assay, or radio-ligand binding
assay, are both labor- and cost-intensive which need special
reagents or laboratory conditions. The SNAP-V,R @GMF-
BG platform supplied a label-free binding strategy, helping
to determine the affinity between V,R and ligands at low
cost. In this study, the K; of ligands (baicalein, V,R ago-
nists, and antagonists) could be calculated by the adsorption
ratio measured by the SNAP-V,R @ GMF-BG platform, and
K; values calculated from the equation were close to those
measured by the HTRF method. Therefore, SNAP-V,R@
GMF-BG was verified owing to its K, predictive ability.
Hit compounds discovered in natural products have
received increasing attention, but there many challenges
remain in the screening of active GPCR-targeting ligands
from complex matrices [34]. CS is traditionally consumed
as a functional beverage for the treatment of renal disease
and is known as “kidney tea” in traditional Chinese medicine
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[35]. The main active components of CS include flavonoids,
terpenoids, lignans, and phenolic acids, which exhibit anti-
inflammatory, antioxidant, antiobesity, and diuretic activi-
ties [36]. V,R ligands are usually discovered as diuretic
compounds, so CS was selected to screen hit compounds
of V,R antagonists given its pharmaceutical effects. In our
study several components were screened out from Cleroden-
dranthus spicatus by using SNAP-V,R@GMF-BG. These
included baicalin, which displayed a potent binding affinity
for the V,R and inhibited cAMP levels. Although baicalin is
a main active substance of Scutellaria baicalensis Georgi, it
is not commonly used for treatment of renal diseases. Thus,
we did not select it as our experimental sample in the begin-
ning of the study. We believe baicalin could be screened
out as well, provided Scutellaria baicalensis Georgi is used.
Therefore, the SNAP-V,R @ GMF-BG platform for screening
hit compounds from natural extracts can act as an important
supplement to traditional methods.

Conclusions

In this work, GMF was applied as a carrier for covalent
immobilization of cell membranes for the first time, and
a novel, inexpensive, simple, and convenient biofilm
platform for screening hit compounds was developed by
cell membrane-coated GMF. The prepared SNAP-V,R@
GMF-BG exhibited reasonable specificity and reproduc-
ibility and was successfully applied to predict the affinity
of V,R-targeted hit compounds and selectively screen the
compounds from natural products. Finally, baicalein was
screened from CS. The developed platform can recog-
nize active ligands for specific receptors from a complex
matrix and is a powerful tool for screening and evaluating
hit compounds.
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