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ABSTRACT

Overexpression of the Bcl-2 protein has emerged as a hallmark of carcinoma cells and can be employed
as a biochemical biomarker of these cells. Therefore, some Bcl-2 protein fluorescence probes (BPFPs)
were designed for Bcl-2 protein quantification and carcinoma cells labeling. The high Bcl-2 protein
binding affinity (K; < 1 nM) and selectivity (over 50,000-fold Bcl-2 protein selectivity against Mcl-1
protein) of BPFP1 endow it with the ability to detect trace amounts of Bcl-2 protein. After being incu-
bated with a range of concentrations of Bcl-2 protein, BPFP1 exhibited the desired fluorescence prop-
erties and its fluorescence intensity is proportional to Bcl-2 protein concentration. Therefore, BPFP1
provides a convenient approach for Bcl-2 protein quantification and we could determine the concen-
tration of Bcl-2 protein based on the BPFP1's fluorescence intensity. Subsequent studies revealed that
BPFP1 can fluorescently label carcinoma cells by binding to overexpressed Bcl-2 protein in living cells,
and can distinguish carcinoma cells (HL-60 cells and ACHN cells) from normal-tissue cells (HUVECs)
according to the different Bcl-2 protein expression levels between carcinoma cells and normal tissue
cells. In the present study, BPFP1 represents a new tool for Bcl-2 protein quantification, carcinoma cell
visualization and cell sorting. Moreover, BPFP1 can be used in the future for early cancer diagnosis by

detecting carcinoma cells in patient tissues.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

The growing incidence of cancer, a major health problem, has
attracted people's attention around the world [1-6]. Decades of
efforts have led to the development of various significant thera-
peutic regimens for cancer, whereas the overall five-year survival
rate of patients remains low because of the delay in cancer diag-
nosis and the difficulty of cancer treatment [1,7—9]. Accumulating
evidence revealed that early cancer diagnosis is central to the
achievement of better outcomes and that effective clinical man-
agement of cancer is enabled by early cancer detection [10—13].
Although some methods have been developed for early cancer
diagnosis [14—19], the lack of effective tools and bureaucratic
procedures have greatly hindered the development of early cancer
diagnosis [20]. In the present study, we sought to develop an
effective and convenient tool for early cancer diagnosis.

* Corresponding author.
** Corresponding author.

Bcl-2 family proteins are the cardinal regulators of the mito-
chondrial pathway and they are subdivided into three groups ac-
cording to the functions and Bcl-2 homology (BH) domains: anti-
apoptotic proteins (Bcl-2, Mcl-1, Bcl-X;, and Bcl-w, etc.), pro-
apoptotic proteins (Bax, Bak, and Bok) and BH3-only proteins
(Bax, Bid, Bim, Noxa, and Puma, etc.) [21,22]. The complex in-
teractions between Bcl-2 family proteins regulate the apoptosis
process, whereas overexpression of anti-apoptotic proteins pre-
vents the activation of pro-apoptotic proteins, thereby abolishing
the apoptosis event [23—26]. Accumulating evidence indicates that
carcinoma cells frequently overexpress anti-apoptotic proteins,
especially anti-apoptotic protein Bcl-2, to escape apoptosis
[27—29]. Overexpression of Bcl-2 protein has emerged as a hall-
mark of carcinoma cells [30—34] and can be employed as a
biochemical biomarker to identify carcinoma cells. Moreover, car-
cinoma cells can be distinguished from normal-tissue -cells
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according to the expression level of Bcl-2 protein with normal-
tissue cells expressing less Bcl-2 protein than carcinoma cells.
Therefore, the tool for Bcl-2 protein quantification in living cells can
be also applied in carcinoma cell visualization, cell sorting and early
cancer diagnosis.

Fluorescence probes can be powerful tools and are widely used
in diverse fields [35—38]. Some Bcl-2 protein fluorescence probes
have been developed but their poor Bcl-2 protein affinities and Bcl-
2 protein selectivity make it difficult to achieve Bcl-2 protein
quantification [39]. Therefore, we need a Bcl-2 protein fluorescence
probe with very high Bcl-2 protein binding affinity, Bcl-2 protein
selectivity as well as the desired fluorescence properties to achieve
Bcl-2 protein quantification. Decades of efforts have developed
some compounds targeting Bcl-2 protein [40—43] and ABT-199
(Venetoclax) was identified as the molecule with the highest Bcl-
2 protein binding affinity (Ki < 1 nM) and selectivity [44]. To ach-
ieve above aims and improve the rationality of the Bcl-2 protein
fluorescence probe, we sought to modify the structure of ABT-199,
and develop an ABT-199-based Bcl-2 protein fluorescence probe.
Before that, the binding mode of ABT-199 to Bcl-2 protein (PDB ID:
202F) was studied, and the results suggested that the tetrahydro-
1,1’-biphenyl fragment accommodates the P2 pocket and the 1H-
pyrrolo[[2,3-b]]pyridine fragment occupies the P4 pocket, whereas
the 4-chloro-3-nitrobenzenesulfonamide group is exposed to the
solvent (Fig. 1A). Given the importance of these functional frag-
ments, we set out to retain these fragments and replace the
solvent-exposed fragment with a fluorescence group (Fig. 1B) to
develop Bcl-2 protein fluorescence probes (BPFPs).

2. Results and discussion
2.1. Synthesis and characterization of BPFPs

The synthetic routes for target compounds are depicted in
Scheme 1. As shown in Scheme 1, methyl 4-bromo-2-fluorobenzoate
was reacted with 1-boc-piperazine to give intermediate 2. The
nucleophilic aromatic substitution reaction between intermediate
2 and 5-hydroxy-7-azaindole was performed to synthesize com-
pound 3. After removing the t-butyloxy carbonyl group, Borch
reduction was conducted to prepare key intermediate 5 using
compounds 4 and 4'-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1'-
biphenyl]-2-carbaldehyde. The hydrolysis reaction was simply used
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to obtain intermediate 6, which was converted into BPFPs1-4 by
coupling with different fluorescence group. The structures of in-
termediates and BPFPs1-4 were characterized by 'H NMR, 3C
NMR, and High-Resolution Mass Spectrometry (HRMS).

2.2. Bcl-2 protein binding affinities and selectivities

The Bcl-2 protein binding affinities and selectivities of BPFPs1-4
were evaluated using the competitive fluorescence polarization
binding assay with ABT-199 as the positive control. As shown in
Table 1, the Bcl-2 protein binding affinities of BPFP1 (Ki < 1 nM)
and BPFP2 (Ki < 1 nM) were comparable to the affinity of the
positive control, ABT-199 (Ki < 1 nM). However, BPFP3 and BPFP4
showed low Bcl-2 protein binding affinities due to the lack of the
acyl-sulfonamide group. None of the tested compounds showed
significant Mcl-1 protein binding affinity (Ki > 50000 nM). It's to be
noted that BPFP1 and BPFP2 exhibit very high Bcl-2 protein af-
finities and over 50000-fold Bcl-2 protein selectivity against Mcl-1
protein. Their high Bcl-2 protein binding affinities and selectivities
endowed them with the ability to specifically detect trace amounts
of Bcl-2 protein.

2.3. Proposed binding mode of BPFP1 and BPFP2 within Bcl-2
protein

BPFP1 and BPFP2 were docked into the Bcl-2 protein binding
site (PDB ID: 202F) by means of GLIDE (version 11.5, Schrodinger).
As shown in Fig. 2A, BPFP1 accommodates the P2 pocket as well as
P4 pocket well, and the binding mode of BPFP1 (docking
score, —7.042) is similar to that of ABT-199 (docking score, —7.179).
Moreover, a strong interaction was observed between the acyl-
sulfonamide group of BPFP1 and the W141 residues of Bcl-2 pro-
tein (Fig. 2B). In addition, BPFP2 (docking score, —4.398) can be
tolerated by P2 pocket and P4 pocket (Fig. 2D), whereas no
hydrogen bond interaction was monitored (Fig. 2D).

2.4. Spectroscopic properties of BPFPs

As summarized in Table 2, BPFP1 possesses an excitation
wavelength at 340 nm, an emission wavelength at 520 nm and a
good fluorescence quantum yield (28.3%). Moreover, BPFP2 ex-
hibits similar spectroscopic properties but its fluorescence
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Fig. 1. (A) Binding mode of ABT-199 to Bcl-2 protein; (B) Design of the BPFPs.
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Scheme 1. Synthetic Route of BPFPs1-4°

“Regents and Condition: (a) N-Boc-piperazine, Pd(AcO),, toluene, 60 °C, 6h, 81%; (b) 1H-pyrrolo[2,3-b]pyridin-5-ol, NaH, DMF, 120 °C, 8h, 76%; (c) (i) HCl/ethyl acetate, ethyl acetate,
(ii) Saturated NaHCOs, ethyl acetate, 1h, 96%; (d) 4’-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1’-biphenyl]-2-carbaldehyde, NaBH(AcO)s, rt, overnight, 79%; (e) KOH, THF/MeOH/
H,0 = 1:3:1, refluxed, 6h, 89%; (f) Isobutyl chloroformate, 4-methylmorpholine, NaH, DMF, 80 °C, 8h, 60—62%; (g) HATU, DIEA, DMF, 60 °C, overnight, 47—61%.

quantum yield is low (0.7%). Therefore, the relatively reasonable
fluorescence quantum yield of BPFP1 suggested that BPFP1 can be
selected for further studies.

Table 1
Bcl-2 protein affinities and selectivities of BPFPs.

Compound Bcl-2 Bcl-2 selectivity against Mcl-1
BPFP1 “Ki <1 nM >50000-fold

BPFP2 Ki <1 nM >50000-fold

BPFP3 "NA -

BPFP4 NA -

ABT-199 Ki <1 nM >50000-fold

2 All compounds were assayed three times.
> NA, no activity.

2.5. Excitation and emission spectra of BPFP1 in different solvents

Subsequently, we explored the fluorescence excitation and
emission spectra of BPFP1 (1 uM) in different solvents. As we ex-
pected, the excitation spectra, emission spectra, and fluorescence
intensity of BPFP1 varied among the different solvents (Fig. 3). The
experimental results suggested that the fluorescent properties of
BPFP1 change with the change of its environment. We think that
BPFP1 in a free state and BPFP1 binding to Bcl-2 protein are in
different environments. BPFP1 in a free state not only has intra-
molecular motion, but also interacts with solvent molecules, which
leads to a small amount of energy of the excited BPFP1 molecule
released in the form of fluorescence. However, BPFP1 binding to
Bcl-2 protein abolishes its intramolecular motion as well as inter-
molecular interaction and more energy of the excited BPFP1
molecule is released in the form of fluorescence. Therefore, we
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Fig. 2. (A) Proposed binding mode of BPFP1 within the Bcl-2 binding site; (B) Interactions between BPFP1 and Bcl-2 (PDB ID: 202F); (C) Proposed binding mode of BPFP2 in the Bcl-

2 binding site; (D) Interactions between BPFP2 and Bcl-2 (PDB ID: 202F).

Table 2
Spectroscopic properties of the tested BPFPs.
Amax (nm) Aex (nm) Aem (nm) D (%)
BPFP1 310 340 520 283
BPFP2 332 350 480 0.7

speculated that incubating BPFP1 with Bcl-2 protein might
enhance its fluorescence.

2.6. Bcl-2 protein quantification and fluorescent properties of
BPFP1 Co-incubated with Bcl-2 protein or Mcl-1 protein

To confirm our hypothesis, we measured the fluorescence in-
tensity of BPFP1, which was incubated with a range of concentra-
tions of Bcl-2 protein. As we expected, upon incubation with Bcl-2
protein, the fluorescence intensity of BPFP1 was enhanced
(Fig. 4A). Further studies revealed that BPFP1's fluorescence in-
tensity is proportional to Bcl-2 protein concentration (Fig. 4B).
Therefore, BPFP1 provides a convenient approach for Bcl-2 protein
quantification and we could calculate the concentration of Bcl-2
protein based on the BPFP1's fluorescence intensity.

As a potent and selective Bcl-2 inhibitor, ABT-199 exhibits strong
Bcl-2 protein binding affinity (Ki < 1 nM) and it could compete with
BPFP1 for Bcl-2 binding sites. To determine whether the fluores-
cence enhancement was caused by the binding of BPFP1 to Bcl-2
protein, 10 pM ABT-199 was co-incubated with 2 uM BPFP1 and
0.125 mg/mL Bcl-2 protein. With the titration of ABT-199, BPFP1
was competed from the Bcl-2 protein binding site. Then, we
monitored a diminished fluorescence intensity, which is equivalent
to BPFP1's fluorescence intensity (Fig. 4C). The above results indi-
cated that the binding of BPFP1 to Bcl-2 protein enhances its
fluorescence intensity.
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To exclude the effect of Mcl-1 protein on the fluorescence in-
tensity of BPFP1, coincubation of BPFP1 with 0.125 mg/mL Mcl-1
protein was performed. Following incubation with Mcl-1 protein,
the fluorescence properties of BPFP1 were determined but no
change was observed (Fig. 4D). Thus, the presence of Mcl-1 protein
does not affect the fluorescence properties of BPFP1.

Combined with the above experimental results, we hypothe-
sized the mechanism of the fluorescence enhancement of BPFP1.
We think that BPFP1 in a free state possesses intramolecular mo-
tion which consumes the energy of excited BPFP1, and little energy
released as fluorescence. When BPFP1 binding to Bcl-2 protein,
restriction of intramolecular motion (RIM) of BPFP1 occurs and
more energy of excited BPFP1 released as fluorescence, followed by
the fluorescence enhancement of BPFP1. As the protein concen-
tration increases, more BPFP1 binds to the Bcl-2 protein and more
restriction of intramolecular motion (RIM) of BPFP1 occurs, that
results in the fluorescence of BPFP1 being proportional to the Bcl-2
protein concentration.

2.7. Fluorescence imaging

Encouraged by the good properties of BPFP1, fluorescence im-
aging of carcinoma cells (ACHN cells) and normal-tissue cells
(HUVECs) was performed. Upon incubation with 1 uM BPFP1,
ACHN cells were fluorescently labeled, and strong green fluores-
cence was observed (Fig. 5A), whereas the addition of ABT-199
(5 uM) quenched the fluorescence (Fig. 5B). Moreover, after incu-
bating BPFP1 (1 uM) with HUVECs in the presence or absence of
ABT-199 (5 uM), none of the HUVECs emitted fluorescence (Fig. 5C
and D). The distinct results of fluorescence imaging on carcinoma
cells (ACHN cells) and normal-tissue cells (HUVECs) indicated that
BPFP1 can selectively label carcinoma cells with green fluorescence
and spare normal-tissue cells.
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Fig. 3. Excitation spectra and emission spectra of BPFP1 (1 uM) in different solvents.
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Fig. 4. (A) Fluorescence emission spectra of 2 uM BPFP1 incubated with a range of concentrations of Bcl-2 protein; (B) Linear correlation between BPFP1's fluorescence intensity
and Bcl-2 protein concentration; (C) Fluorescence emission spectra of 2 uM BPFP1, 2 uM BPFP1+0.125 mg/mL Bcl-2 protein, and 2 pM BPFP1-+10 pM ABT-199 + 0.125 mg/mL Bcl-2
protein; (D) Fluorescence emission spectra of 2 uM BPFP1, 0.125 mg/mL Bcl-2 protein, 2 uM BPFP1+0.125 mg/mL Bcl-2 protein, and 2 uM BPFP1+0.125 mg/mL Mcl-1 protein.

ACHN+BPFP1
Al

ACHN+BPFP1+ABT-199
B1

Bright field

GFP channel

HUVECs+BPFP1
C1

HUVECs+BPFP1+ABT-199

-

B2 C2 )
]

Fig. 5. Fluorescence imaging. (A) ACHN cells incubated with 1 uM BPFP1; (B) ACHN cells incubated with 1 uM BPFP1 and 5 uM ABT-199; (C) HUVECs incubated with 1 uM BPFP1;

(D) HUVECs incubate with 1 uM BPFP1 and 5 uM ABT-199. Objective lens: 63 x .

2.8. Colocalization analysis

To confirm whether BPFP1 labels carcinoma cells by binding to
Bcl-2 protein in living cells, colocalization analysis was performed.
Commercial mitochondrial dye (MitoTracker Red CMXRos), nuclear
dye (Hoechst 33342) and BPFP1 were co-incubated with ACHN
cells. As shown in Fig. 6, mitochondria were stained red by 300 nM
MitoTracker Red CMXRos (Fig. 6A), whereas nuclei were stained
blue by 10 pg/mL Hoechst 33342 (Fig. 6C). After merging Fig. 6A, 6B,
and 6C, we found that the area stained by the mitochondrial dye
completely overlapped with the area stained by BPFP1. These re-
sults indicated that BPFP1 can label carcinoma cells by binding to
protein located on mitochondria. Considering that our BPFP1

specifically targets Bcl-2 protein and that Bcl-2 protein is generally
located on mitochondria [45], we concluded that our BPFP1 labels
carcinoma cells by binding to Bcl-2 protein in living cells.

2.9. Flow-cytometry analysis

Before performing cell sorting, we analyzed the fluorescence
properties of cells treated with BPFP1. Carcinoma cells (ACHN cells
and HL-60 cells) and normal-tissue cells (HUVECs) were chosen. As
shown in Fig. 7, upon treatment with BPFP1 (1 uM), ACHN cells and
HL-60 cells were fluorescently labeled, but the additions of 5 uM
ABT-199 quenched the fluorescence. HUVECs show no change after
incubation with BPFP1 because there is little Bcl-2 protein in
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Fig. 6.
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A) ACHN cells incubated with 300 nM MitoTracker Red CMXRos; (B) ACHN cell incubated s with 1 M BPFP1 (green channel);
Hoechst 33342 (D) Merged image of panels of A, B and C.

); (C) ACHN cells incubated with 10 pg/mL
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Fig. 7. Flow-cytometry analysis of ACHN cells, HL-60 cells, and HUVECs treated with 1 uM BPFP1 or DMSO for 20 min in the presence or absence of 5 uM ABT-199

HUVECs (Fig. S17). These results are consistent with the fluores-
cence imaging.

2.10. Cell sorting and cell line identification

The flow-cytometry analysis revealed that carcinoma cells and
normal-tissue cells exhibit different fluorescence properties after
being incubated with 1 uM BPFP1. Therefore, cell sorting was

10" 10
Fluorescence Intensity

Fluorescence Intensity

designed based on the distinct fluorescence properties of carci-
noma cells and normal-tissue cells. After incubating with 1 pM
BPFP1 for 20 min, the solid tumor model (ACHN cells + HUVECs)
and the hematoma model (HL-60 cells + HUVECs) were analyzed
using a flow cytometer. As shown in Fig. 8A, cells in the solid tumor
model were divided into two groups according to their distinct
fluorescence properties. The cells in the hematoma model were
also divided into two groups (Fig. 8B). Then, the fluorescently
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Fig. 8. Cell sorting of the solid tumor model (A) and the hematoma model (B).

labeled cells were sorted, and their short tandem repeat (STR)
profiles were searched and compared in two recognized re-
positories (ATCC, DSMZ).

The STR profiles analysis suggested that the fluorescently
labeled cells in the solid tumor model and the hematoma model
were ACHN and HL-60 carcinoma cells, respectively (SI, Table S1
and Table S2). These results suggested that BPFP1 could distin-
guish carcinoma cells and normal-tissue cells according to the
cellular expression level of Bcl-2 protein. Given that BPFP1 can
detect, label and sort carcinoma cells from a mixture of carcinoma
cells and normal-tissue cells, we think BPFP1 can be used for early
cancer diagnosis by detecting and sorting carcinoma cells in patient
tissues.

2.11. The effect of BPFP1 on cellular Bcl-2 protein expression

Western blot analysis was performed to explore whether BPFP1
affects the expression of Bcl-2 protein in living cells. As shown in
Fig. 9, treatment with BPFP1 does not affect the expression of Bcl-2
protein in ACHN cells, HL-60 cells and HUVECs.

2.12. Cytotoxicity studies

We evaluated the cytotoxicity of BPFP1 and ABT-199. Following
cell treatment with a range of concentrations of BPFP1 and ABT-
199 for 1 hour, the viabilities of ACHN cells, HL-60 cells, and
HUVECs were determined with a CCK-8 kit. As shown in Fig. 10,
both BPFP1 and ABT-199 exhibit acceptable cytotoxicity.

3. Conclusions

In summary, a series of Bcl-2 protein fluorescence probes
(BPFPs) were designed rationally. Preliminary studies suggested
that BPFP1, exhibits very strong Bcl-2 protein binding affinity
(Ki < 1 nM) and over 50000-fold Bcl-2 protein selectivity. The high
Bcl-2 protein binding affinity and selectivity endow BPFP1 with the
ability to detect Bcl-2 protein efficiently and specifically. After being
incubated with a range of concentrations of Bcl-2 protein, BPFP1
exhibited the desired fluorescence properties and its fluorescence
intensity is proportional to Bcl-2 protein concentration. Therefore,
BPFP1 provides a convenient approach for Bcl-2 protein quantifi-
cation and we could calculate the concentration of Bcl-2 protein
according to BPFP1's fluorescence intensity. Furthermore, fluores-
cence imaging assay and colocalization analysis confirmed that
BPFP1 can fluorescently label carcinoma cells by binding to cellular

overexpressed Bcl-2 protein. Subsequently, BPFP1 was applied in
cell sorting and found to successfully distinguished carcinoma cells
from normal-tissue cells by detecting the different Bcl-2 protein
expression levels between carcinoma cells and normal-tissue cells.
As a powerful tool, BPFP1 has been successfully applied in this
study to Bcl-2 protein quantification, carcinoma cell visualization
and cell sorting, and it can be used in the future for early cancer
diagnosis by detecting carcinoma cells in patient tissues.

4. Experimental
4.1. Materials and instrumentation

Recombinant human Bcl-2 and Mcl-1 proteins were obtained
from Shanghai Institute of Organic Chemistry, Chinese Academy of
Sciences; Primary antibodies were purchased from Cell Signaling
Technology (CST), ACHN cell, HL-60 cell, and HUVEC cell were
purchased from American-type culture collection (ATCC). Other
biological reagents were purchased from Sigma-Aldrich, Biovision,
Beyotime and Biotechnology. All chemical reagents are analytical
grade and used without further purification unless otherwise
stated. Reactions were monitored by thin-layer chromatography
(TLC) on 0.25 mm silica gel plates (60 GF-254). Melting points were
determined by the RY-1 electrothermal melting point apparatus. 'H
NMR and 3C NMR spectra were obtained on a Brucker DRX spec-
trometer at 400 MHz. High-resolution mass spectra (HRMS) were
conducted on an Agilent 6510 quadrupole time-off light liquid
chromatography/mass spectrometer (LC/MS) delivered with elec-
trospray ionization (ESI). Absorption and fluorescence spectra were
recorded on a Thermo Varioskan microplate reader. Fluorescence
imaging was obtained by a Zeiss Axio Observer Al fluorescence
microscope and a Zeiss LSM780 confocal fluorescence microscope;
Flow cytometry analysis and cell sorting were conducted on Beck-
man Coulter MoFloAstrios EQ Flow Cytometer.

4.2. General procedures of BPFPs1-4

4.2.1. Tert-butyl 4-(3-fluoro-4-(methoxycarbonyl)phenyl)
piperazine-1-carboxylate (2)

The reaction mixture of intermediate 1 (4.7 g, 20 mmol), 1-boc-
piperazine (5.2 g, 28 mmol), Pd(OAc), (0.224 g, 1 mol), BINAP
(1.25 g, 2 mol), and Cs,CO3 (7.17 g, 22 mol) in dry toluene (200 mL)
was stirred at 80 °C for 8 h. After cooling, the palladium catalyst as
well as Cs,CO3 were removed by filtration through Celite pad and
the solvent was removed. The crude product was recrystallized
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Fig. 9. Upon treatment with 1 uM BPFP1 or 5 uM ABT-199 for different durations, the Bcl-2 protein expression of ACHN cells (A), HL-60 cells (B), and HUVECs (C).
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with ethyl acetate to give white solid, 5.4 g. Yield: 81%, m.p
148—149 °C.TH NMR (400 MHz, CDCl3) 6 7.84 (t, ] = 8.8 Hz, 1H), 6.62
(dd,J = 8.9, 2.4 Hz, 1H), 6.51 (dd, J = 14.5, 2.3 Hz, 1H), 3.88 (s, 3H),
3.68—3.50 (m, 4H), 3.40—3.17 (m, 4H), 1.49 (s, 9H).

4.2.2. Tert-butyl 4-(3-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-
(methoxycarbonyl)phenyl) piperazine-1-carboxylate (3)

To the solution of compound 2 (5.07 g, 15 mmol) in anhydrous N,
N-dimethylformamide (120 mL), 1H-pyrrolo[2,3-b]pyridin-5-ol
(2.1g, 15 mmol) as well as NaH (0.66g, 16.5 mmol) were added
and the mixture was stirred at 120 °C for 8h. Cool the reaction
mixture down and pour it into water (300 mL). Extract with ethyl
acetate (150 ml x 3) and dry the organic phase over with MgSQO4 for
0.5 h. The solvent was removed under vacuo to give the crude
product, followed by purification by silica gel chromatography.
White solid 5.16 g, yield: 76%. m.p 193—194 °C. 'H NMR (400 MHz,
DMSO-dg) 6 11.64 (s, 1H), 8.01 (d,J = 2.5 Hz, 1H), 7.79 (d, ] = 8.9 Hz,
1H), 7.48 (t,] = 2.8 Hz, 1H), 7.43 (d, ] = 2.5 Hz, 1H), 6.79 (dd, J = 9.0,
2.1Hz,1H),6.43(d,J = 2.0 Hz, 1H), 6.38 (dd, ] = 2.9, 1.8 Hz, 1H), 3.65
(s, 3H), 3.42 (t,] = 4.6 Hz, 4H), 3.21 (t, ] = 4.7 Hz, 4H), 1.39 (s, 9H).

4.2.3. Methyl 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy )-4-(piperazin-
1-yl)benzoate (4)

Dissolve compound 3 (4.5 g, 10 mmol) with ethyl acetate
(60 mL) and HCI/EA (40 mL) was added. Stir the mixture overnight
and the precipitation was filtered. To the mixture ethyl acetate
(100 mL) and saturated NaHCOs (100 mL), the precipitation was
added. Stir the mixture for 1h and extract with ethyl acetate. Dry
the organic phase over with MgSO4 and remove the solvent to give
white solid, yield: 96%. m.p 146—148 °C. TH NMR (400 MHz,
DMSO-dg) 6 11.65 (s, 1H), 8.01 (d, ] = 2.5 Hz, 1H), 7.77 (d, ] = 9.0 Hz,
1H), 7.48 (t,] = 2.8 Hz, 1H), 7.44 (d, ] = 2.5 Hz, 1H), 6.78 (dd, ] = 9.0,
2.1 Hz, 1H), 6.46—6.29 (m, 2H), 3.66 (s, 3H), 3.16—3.05 (m, 4H),
2.81-2.62 (m, 4H).

4.2.4. Methyl 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4' -
chloro-5,5-dimethyl-3,4,5,6- tetrahydro-[1,1'-biphenyl]-2-yl)
methyl)piperazin-1-yl)benzoate (5)

To the solution of compound 4 (3.17g, 9 mmol) in 1, 2-
dichloroethane (80 mL), 4’'-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-
[1,1'-biphenyl]-2-carbaldehyde (2.46 g, 9.9 mmol) was added and
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the mixture was stirred for 1h. Then sodium triacetoxyborohydride
(5.72 g, 27 mmol) was added and stirred the mixture for another 6h.
Filter and the organic phase was washed with saturated NaHCO3 as
well as saturated NaCl. The crude product was purified by silica gel
chromatography to give white solid 4.16 g, yield: 79%. m.p
92-94 °C. TH NMR (400 MHz, DMSO-dg) 6 11.63 (s, 1H), 7.99 (d,
J = 2.5 Hz, 1H), 7.75 (d, J = 9.0 Hz, 1H), 7.50—7.46 (m, 1H), 7.42 (d,
J = 2.3 Hz, 1H), 735 (d, ] = 8.3 Hz, 2H), 7.05 (d, ] = 8.3 Hz, 2H),
6.78—6.70 (m, 1H), 6.40—6.31 (m, 2H), 3.65 (s, 3H), 3.12 (m, 4H),
2.73 (m, 2H), 2.19 (m, 6H), 1.97 (d, ] = 12.7 Hz, 2H), 1.39 (t,] = 6.3 Hz,
2H), 0.94 (s, 6H).

4.2.5. 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-
dimethyl-3,4,5,6-tetrahydro- [1,1'-biphenyl]-2-yl)methyl)piperazin-
1-yl)benzoic acid (6)

To the solution of compound 5 (4.09 g, 7 mmol) in THF/MeOH/
H,0 = 1:3:1 (60 mL), KOH (1.57 g, 28 mmol) was added, and
refluxed the mixture for 6h. Remove the organic phase and acidi-
fied it to pH 2 with 6 M HCIl. Filter and wash the precipitation with
water. White solid 3.56g, yield: 89%. m.p 249—250 °C. 'H NMR
(400 MHz, DMSO-de) 6 11.57 (s, 1H), 7.96 (s, 1H), 7.60 (d, ] = 8.5 Hz,
1H), 7.42 (s, 1H), 7.35 (m, 3H), 7.05 (d, ] = 7.8 Hz, 2H), 6.64 (d,
J = 8.6 Hz, 1H), 6.33 (s, 1H), 6.29 (s, 1H), 3.03 (s, 4H), 2.73 (s, 2H),
2.29-2.11 (m, 6H), 1.96 (s, 2H), 1.39 (t, 2H), 0.93 (s, 6H).

4.2.6. 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-
dimethyl-3,4,5,6-tetrahydro- [1,1’-biphenyl]-2-yl)methyl )piperazin-
1-yl)-N-((5-(dimethylamino )naphthalen-1-yl)sulfonyl)benzamide
(BPFP1)

To the solution of compound 6 (0.86 g, 1.5 mmol) in DMF (30 mL)
at 0 °C, isobutyl chloroformate (0.21 mL, 1.65 mmol) as well as N-
methylmorpholine (0.20 mL, 1.65 mmol) were added and stirred
the mixture for 30 min. Dissolve 5-(dimethylamino)naphthalene-
1-sulfonamide (0.41g, 1.65 mmol) as well as NaH (0.09g, 1.5 mmol)
with DMF (30 mL) and stirred the mixture for 30 min at 80 °C. Mix
the two reaction solutions and stirred the mixture for another 8h at
80 °C. Cool the reaction mixture to room temperature and pour the
reaction mixture into the water (120 mL). Extract three times with
ethyl acetate and the solvent was removed to give the crude
product, followed by purification using silica gel column chroma-
tography. White solid, 0.72 g, yield: 60%, m.p 175—176 °C. 'H NMR
(400 MHz, CDCl3) 8 10.40 (s, 1H), 9.06 (s, 1H), 8.61 (d,J = 7.3 Hz, 1H),
8.57 (d,J = 8.6 Hz, 1H), 8.21 (s, 1H), 8.13 (d, ] = 8.6 Hz, 1H), 7.85 (d,
J=8.8Hz, 1H), 7.70 (s, 1H), 7.61 (t, ] = 8.0 Hz, 1H), 7.49 (s, 1H), 7.22
(d, J = 7.6 Hz, 2H), 7.07 (d, ] = 7.5 Hz, 1H), 6.90 (d, J = 7.3 Hz, 2H),
6.59 (s, 1H), 6.48 (d, ] = 9.0 Hz, 1H), 5.96 (s, 1H), 3.02 (s, 4H), 2.86 (s,
6H), 2.72 (s, 2H), 2.24—2.08 (m, 6H), 1.95 (s, 2H), 1.40 (t, ] = 6.0 Hz,
2H), 0.92 (s, 6H). 3C NMR (101 MHz, CDCl3) 6 160.68,158.29, 154.53,
151.08, 145.33, 144.37, 141.05, 135.68, 134.21, 132.77, 131.41, 130.89,
130.42,128.74,128.65, 128.51,128.02, 127.30, 127.19, 126.30, 122.34,
119.99, 119.76, 117.17, 113.85, 108.19, 108.02, 100.46, 99.67, 59.27,
51.17, 45.89, 44.37, 34.28, 28.68, 28.16, 27.13, 24.54. HRMS (AP-ESI)
m/z, Caled for C45H47CINgO4S, ([M+H] *): 803.3141, found:
803.3122. HPLC tg = 11.20 min (96.7% purity).

4.2.7. 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-
dimethyl-3,4,5,6-tetrahydro- [1,1’-biphenyl]-2-yl)methyl )piperazin-
1-yl)-N-((10-ethyl-9-0x0-9,10-dihydroacridin-2-yl)sulfonyl)
benzamide (BPFP2)

The title compound was synthesized from compound 6 and 10-
ethyl-9-0x0-8a,9,10,10a-tetrahydroacridine-2-sulfonamide in a
manner similar to that described for the preparation of BPFP1.
White solid 0.52 g, yield: 62%. m.p 222—224 °C. '"H NMR (400 MHz,
CDCl3) 6 10.24 (s, 1H), 9.20 (s, 1H), 9.17 (s, 1H), 8.56 (d, J = 8.5 Hz,
2H), 8.26 (s, 1H), 7.93 (d, J = 9.0 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.76
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(s, 1H), 7.62 (d, ] = 8.8 Hz, 1H), 7.57 (d, ] = 8.6 Hz, 1H), 7.45 (s, 1H),
7.37 (t,J = 7.5 Hz, 1H), 7.22 (d,] = 7.4 Hz, 2H), 6.90 (d, ] = 7.6 Hz, 2H),
6.57 (s, 1H), 6.50 (d, ] = 9.0 Hz, 1H), 5.97 (s, 1H), 4.49 (d, ] = 7.0 Hz,
2H), 3.49 (s, 2H), 3.04 (s, 4H), 2.73 (s, 2H), 2.28—2.11 (m, 6H), 1.95 (s,
2H), 140 (t, ] = 6.5 Hz, 3H), 0.93 (s, 6H). >*C NMR (101 MHz, DMSO)
6 176.56, 173.29, 164.44, 158.44, 154.97, 146.98, 145.92, 143.99,
142.45,141.63, 135.88, 135.38, 134.84, 132.59, 132.45, 131.30, 130.46,
129.30,129.19, 128.53,128.27,128.12,127.32,122.90, 122.52, 120.91,
120.26, 118.54, 117.02, 116.71, 109.16, 102.75, 100.44, 60.11, 52.48,
47.04, 46.77, 41.54, 35.27, 29.32, 28.37, 25.60, 12.76. HRMS (AP-ESI)
m/z, Caled for C4gH47CINgOsS, ([M+H] T): 855.3090, found:
855.3065. HPLC tg = 8.44 min (95.5% purity).

4.2.8. 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-
dimethyl-3,4,5,6-tetrahydro -[1,1’-biphenyl]-2-yl)methyl )piperazin-
1-yl)-N-(quinolin-8-yl)benzamide (BPFP3)

Dissolve compound 6 (0.57 g, 1 mmol) with DMF (30 mL), and
DIPEA (0.19 mL, 1.1 mmol) as well as HATU (0.46 g, 1.2 mmol) were
added. After 30 min, 8-aminoquinoline (0.15 g, 1.1 mmol) was
added and the mixture was stirred for 6h at 60 °C. Pour the reaction
mixture into water (90 mL) and extract three times with ethyl ac-
etate (60 ml x 3). Combine the organic phase and dry it over with
MgSO4. Remove the solvent and the crude product was purified by
silica gel chromatography to give white solid 0.49 g, yield: 61%. m.p
114—116 °C. 'H NMR (400 MHz, CDCl3) 6 12.24 (s, 1H), 9.40 (s, 1H),
8.99 (d,J = 7.7 Hz, 1H), 8.47 (s, 2H), 8.28 (d, ] = 8.9 Hz, 1H), 8.07 (d,
J=8.1Hz,1H), 7.80 (s, 1H), 7.55 (t,] = 7.9 Hz, 1H), 7.44 (d,] = 8.2 Hz,
1H), 7.40 (s, 1H), 7.30 (dd, J = 8.1, 4.2 Hz, 1H), 7.24 (s, 1H), 6.94 (d,
J=76Hz, 2H),6.73 (d,] = 9.0 Hz, 1H), 6.52 (s, 1H), 6.33 (s, 1H), 3.14
(s, 4H), 2.80 (s, 3H), 2.29 (s, 4H), 2.20 (s, 2H), 1.98 (s, 2H), 1.43 (t,
J = 6.1 Hz, 2H), 0.95 (s, 6H). 3C NMR (101 MHz, CDCl3) 6 163.35,
157.78, 154.68, 152.61, 148.00, 147.10, 145.66, 142.15, 139.12, 137.05,
135.99, 135.94, 133.58, 131.97, 121.33, 120.99, 120.41, 119.53, 116.88,
114.25, 109.59, 102.46, 101.40, 100.00, 60.41, 52.48, 47.48, 47.03,
38.63, 35.37, 29.23, 28.20, 25.64. HRMS (AP-ESI) m/z, Calcd for
C42H41CINgO3, ([M+H] *): 697.3052, found: 697.3033. HPLC
tg = 5.17 min (98.5% purity).

4.2.9. 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-
dimethyl-3,4,5,6-tetrahydro -[1,1’-biphenyl]-2-yl)methyl)piperazin-
1-yl)-N-(4-methyl-2-oxo-2H-chromen-7-yl )benzamide (BPFP4)

The title compound was synthesized from compound 6 and 7-
amino-4-methylcoumarin in a manner similar to that described
for the preparation of BPFP3. White solid 0.51 g, yield: 47%. m.p
136—138 °C. 'TH NMR (400 MHz, CDCl3) 6 9.34 (s, 1H), 8.71 (d,
J=42Hz, 1H), 8.41 (d,] = 8.4 Hz, 1H), 8.21 (d, ] = 8.4 Hz, 2H), 7.66
(s,1H), 7.40 (dd, ] = 10.9, 8.2 Hz, 2H), 7.24 (,] = 7.4 Hz, 2H), 6.93 (d,
J=73Hz, 2H), 6.61 (d,] = 9.0 Hz, 1H), 6.49 (s, 1H), 6.16 (s, 1H), 3.19
(s, 4H), 2.78 (s, 2H), 2.26—2.24 (m, 5H), 2.19—2.16 (m, 2H), 1.98 (s,
2H), 1.62 (s, 2H), 143 (t, ] = 5.8 Hz, 2H), 0.95 (s, 6H). >*C NMR
(101 MHz, CDCl3) 6 162.70, 160.13, 156.57, 151.54, 146.73, 145.80,
142.10, 141.18, 136.75, 135.36, 135.12, 134.59, 131.96, 129.71, 129.35,
129.08, 128.28, 126.53, 120.56, 120.14, 107.89, 102.61, 101.63, 101.29,
60.32, 52.24, 47.01, 46.74, 35.36, 29.23, 28.19, 25.62. HRMS (AP-ESI)
m|z, Calcd for C43H45CIN5Og4, ([M+H] ): 728.2998, found: 728.2974.
HPLC tg = 10.85 min (97.3% purity).

4.3. Fluorescence polarization assay

Recombinant human His-Mcl-1 (250 nM) or His-Bcl-2 (500 nM)
was incubated with a range of dilution of the tested BPFPs for
30 min, followed by the addition of 10 nM 5-FAM Bid-BH3. After
incubating for another 20 min, fluorescence polarization was
determined using an Envision station (PerkinElmer). The calcula-
tions of Ki values refer to the previous report [46].
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4.4. Fluorescence-spectroscopy test

(a) Absorption spectra of BPFP1 and BPFP2 were performed on
UV spectrophotometer; (b) The stock solutions of BPFP1 and BPFP2
were diluted with PBS buffer (pH 7.4) to the indicated concentra-
tions (5 pM, 10 uM, 40 uM). The fluorescence excitation spectrums
and fluorescence emission spectrums were determined on the
Thermo-Fisher Varioskan microplate reader; (c) 10 mM stock so-
lutions of BPFP1 and BPFP2 were diluted with different solvents
(dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, and
PBS buffer) to 1 uM and then fluorescence excitation spectrums as
well as fluorescence emission spectrums were determined on the
Thermo-Fisher Varioskan microplate reader.

4.5. Fluorescence quantum yield

BPFP1 and BPFP2 were diluted to the indicated concentration
with PBS buffer, and the absorbance of the tested BPFPs at exci-
tation wavelength was determined by F-2500 fluorescent spec-
trophotometer. Fluorescence quantum yields were calculated using
the following equation with fluorescein in 0.1 M NaOH (®st = 0.92)
as the reference.

ox = ost (Ast/Ax)(Fx/Fsr)(x/7st)

Where @ is the fluorescence quantum yield; the subscript ST de-
notes the reference and subscript X denotes the sample; F is the
integrated area under the fluorescence spectra at the excitation
wavelength; A is the absorbance at the excitation wavelength; and
n is the refractive index of the solvent.

4.6. Fluorescent properties of BPFPs incubated with Bcl-2 or Mcl-1
protein

Serial concentrations (0.0125 mg/mL, 0.025 mg/mL, 0.05 mg/mL,
0.075 mg/mL, 0.10 mg/mL mg/mL and 0.125 mg/mL) of Bcl-2 pro-
tein or Mcl-1 protein were incubated with 2 uM BPFP1 for 20 min
and then fluorescence emission spectra were determined on the
Thermo-Fisher Varioskan microplate reader. Besides, the fluores-
cence emission spectra of 2 uM BPFP1 treated with 0.125 mg/mL
Bcl-2 protein in the presence or absence of ABT-199 (10 uM) was
also determined in a similar manner.

4.7. Cell culture and cytotoxicity studies

ACHN cells and HL-60 cells were cultured in RPMI1640 medium
containing 10% FBS. HUVECs were cultured with RPMI1640 me-
dium containing 10% FBS and 0.1% heparin.

For cytotoxicity studies, ACHN cells, HL-60 cells, and HUVECs
were seeded in a 96-well plate and incubated for 8 h. Following
treatment with the indicated dilution of BPFP1 and ABT-199 for 1 h,
CCK-8 solution was added. After incubating the mixture at 37 °C for
another 4 h, absorbance was measured with a microtiter-plate
reader at 570 nm.

4.8. Fluorescence imaging and colocalization analysis

Carcinoma cells (ACHN cells) and normal-tissue cells (HUVECS)
were selected for fluorescence imaging. ACHN cells and HUVECs
(1 x 10°) were seeded into small bowl, and incubated for 8h. Upon
treatment with 1 uM BPFP1 for 20 min, fluorescence was moni-
tored using a Zeiss Axio Observer A1l fluorescence microscope
(objective lens: 63 x ). Competitive imaging assays were conducted
by co-incubating BPFP1 (1 pM), ABT-199 (5 uM) and cells.

For fluorescence colocalization analysis, cells were co-incubated
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with BPFP1 (1 uM), mitochondrial dye (300 nM MitoTracker Red
CMXRos) and nuclear dye (10 pg/mL Hoechst 33342) for 20 min.
Fluorescence imaging was conducted using a Zeiss LSM780
confocal fluorescence microscope.

4.9. Flow-cytometry analysis

Cells (1 x 10° cells/well) were cultured for 8 h in a 6-well plate,
and then incubated with BPFP1 (1 uM) in the presence or absence
of ABT-199 (5 uM) for 20 min. The cells were then harvested and
analyzed using a Beckman Coulter MoFloAstrios EQ Flow
Cytometer.

4.10. Cell sorting

A solid tumor model and a hematoma model were constructed
to simulate the composition of tumor tissue using carcinoma cells
(ACHN and HL-60 cells) and normal-tissue cells (HUVECS). Briefly,
the solid tumor model contains ACHN cells and HUVECs, and the
hematoma model consisted of HL-60 cells and HUVECs. The two
models were incubated with 1 uM BPFP1 for 20 min, followed by
analysis with a Beckman Coulter MoFloAstrios EQ Flow Cytometer.

4.11. Cell line identification

Short tandem repeat (STR) analysis was applied for cell line
identification. Cells obtained from cell sorting were collected by
centrifugation (800 rpm, 10 min) and cell precipitation were lysed.
Cellular DNA was extracted and purified with a Lifefeng DNA Kit.
PCR is amplified with a human STR amplification fluorescence
detection kit and STR profiles of the cell line samples were assayed
with a 3730x1 DNA Analyzer (Applied Biosystems). The STR profiles
of the samples were searched and analyzed in two recognized re-
positories (ATCC, DSMZ) to identify the cell lines.

4.12. Western blot

Treated or untreated cells (ACHN cells, HL-60 cells, and HUVECs)
were lysed with 1 x RIPA buffer containing 1 mM PMSF on ice for
30 min. The supernatant was collected by centrifugation (4 °C,
14000 rpm, 10 min), and then boiled in loading buffer. Samples
were electrophoretically separated on 12.5% SDS PAGE gel and
transferred to PVDF membrane. After being blocked with 5% nonfat
dry milk and washed with TBST, the membranes were co-incubated
with primary antibodies of Bcl-2 protein (Cell Signaling Technology,
Cat. 4223) overnight at 4 °C. The PVDF membrane was washed with
TBST and then incubated with secondary antibody, followed by ECL
reaction. Images of the member were then captured with an
Amersham Imager 680.

4.13. Docking studies

The solution structure of the anti-apoptotic protein Bcl-2 (PDB
ID: 202F) was chosen for docking studies by means of GLIDE
(version 11.5, Schrodinger). After protein preparation and grid
generation, ABT-199, BPFP1 or BPFP2 was docked into the binding
site of Bcl-2 protein. Then, top-scoring binding poses were selected
as the proposed binding modes.
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Abbreviations

BPFP Bcl-2 protein fluorescence probe

ABT-199 Venetoclax, a highly potent and selective Bcl-2 inhibitor

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo
[4,5-b]pyridinium 3-oxid hexafluorophosphate

DIPEA N,N-diisopropylethylamine;

DMF N,N-dimethylformamide;

Ki inhibition constant

PBS buffer phosphate buffer saline;

ACHN human renal carcinoma cells

HL-60 human acute promyelocytic leukemia cells

HUVEC human umbilical vein endothelial cells
CCK-8 cell counting kit

RIPA RIPA lysis buffer
PMSF phenylmethanesulfonyl fluoride, protease inhibitors
SDS sodium dodecylsulfate

PAGE polyacrylamide gel electrophoresis
PVDF polyvinylidene fluoride;
GAPDH  glyceraldehyde-3-phosphate dehydrogenase

TBST tris buffered saline tween

ECL electrochemiluminescence

GAPDH  glyceraldehyde-3-phosphate dehydrogenase

STR short tandem repeat

ATCC American type culture collection

DSMZ Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH

FCM flow-cytometry

DMSO dimethyl sulfoxide
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2021.113725.
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