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ARTICLE INFO ABSTRACT

Keywords: A total of 28 derivatives were designed and synthesized, including 18 estradiol-amino acid (174-OH) derivatives
17/3'E5tr?di°1 (I-2 ~ I-19) and 10 estradiol-amino acid (16-C) derivatives (II-2 ~ II-11). Amino acids used in synthesis include
Apoptosis L-phenylalanine, L-serine, L-leucine, glycine, L-proline and L-glutamine. The results showed that I-8 ~ I-12 of

Antitumor activity

MDA-MB-231 cells 17p5-OH conjugated amino acids in 17p-estradiol had good in vitro antitumor activity, indicating that the

introduction of amino acids could improve the anti-proliferative effect. Among them, 3-benzyloxy-Estra-1,3,5
(10)-triene-17p-ol pyrrolidine-2-carboxylate hydrochloride (I-12) showed the best inhibitory activity against
breast cancer (MDA-MB-231) cells (ICsp = 4.89 uM). Further studies on apoptosis revealed that I-12 could
regulate the expression of apoptosis-related proteins in MDA-MB-231 cells. Network pharmacology and molec-
ular docking analysis revealed that I-12 may act on targets such as mechanistic target of rapamycin kinase
(mTOR), estrogen receptor 1 (ESR1), pyruvate dehydrogenase kinase (PDK2) targets and their related pathways.

1. Introduction

With the incidence and mortality rates of cancer increasing year by
year worldwide, it has become a major public health problem that
seriously threatens the health of the population (Bray et al., 2012; Xie
et al., 2015; Torre et al., 2016; Allemani et al., 2018; Bray et al., 2018).
Breast cancer is the most common cancer in women (Veronesi et al.,
2005; Torre et al., 2015; Chen et al., 2016; Siegel et al., 2018). Breast
cancer is mainly treated by surgery and traditional chemotherapy. Since
most anticancer drugs are characterized by drug resistance, high

toxicity, poor water solubility, low bioavailability and low selectivity,
there is an urgent need to develop more novel and effective anticancer
drugs. 17p-Estradiol (Fig. 1) is an excellent candidate for steroidal es-
trogenic drugs, most likely as a treatment for breast cancer. It has good
antitumor activity, such as in the treatment of metastatic breast cancer
and advanced prostate cancer (Wright et al., 2014; Shull et al., 2018). It
has also been in combination with other drugs for the treatment of
related diseases (Stander et al., 2011).

It is a good research direction to design and synthesize a series of
17p-estradiol derivatives for antitumor, aiming to achieve high

Abbreviations: mTOR, mechanistic target of rapamycin kinase; ESR1, estrogen receptor 1; PDK2, pyruvate dehydrogenase kinase; KIT, KIT proto-oncogene, re-
ceptor tyrosine kinase; RXRA, Retinoid X Receptor Alpha; MDA-MB-231, human breast cancer cellss; MCF-7, human breast cancer cells; SKOV-3, human ovarian
cancer cells; T24, human bladder cancer cells; BEL-7402, human liver cancer cells; HL-7702, human normal liver cells; MTT, 3-(4,5-Dimethylthiazol-2-yl) —2,5-
diphenyltetrazolium bromide; Boc, tert-butoxycarbonyl; Cbz, carbobenzyloxy; DMF, N,N-dimethylformamide; DCC, dicyclohexylcarbodiimide; DMAP, 4-dimethy-
laminopyridine; THF, tetrahydrofuran; PCC, pyridinium chlorochromate; TFA, trifluoroacetic acid; PE, petroleum ether; DCM, dichloromethane; rt, room temper-
ature; STITCH, search tool for interacting chemicals; SEA, similarity ensemble approach; DAVID, the database for annotation, visualization and integrated discovery;
KEGG, kyoto encyclopedia of genes and genomes; DisGeNET, disease gene network; GEO, gene expression omnibus.
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antitumor activity. Few 17p-estradiol derivatives are known to have
good antitumor effects. The mitomycin C-estradiol benzoate coupling
(Ishiki et al., 1997; Ishiki et al., 2004) was considered to be a potent
hormone-drug coupled antitumor compound, but still had some toxicity.
Irene B. Sorvik et al. examined the effects of novel 17p-estradiol analogs
and 2-methoxyestradiol analogs on cells. These analogs had no or little
estrogenic activity (Sorvik et al., 2018). Anke Lohndorf et al. (Lohndorf
et al., 2021) synthesized a series of 2-methoxyestradiol derivatives that
could antagonize store-operated Ca®" entry and subsequent signaling
events in different T cells.

Amino acids are the basic units that constitute protein synthesis
(Broer et al., 2017), participate in energy metabolism and material
transport, and are closely related to a variety of vital activities in
mammalian cells and organisms. Due to their advantages of good water
solubility, low toxicity, biocompatibility, and certain biological activity,
amino acids are widely used in the design and development of antitumor
drugs (Vig et al., 2013). In 2010, Chrzanowski et al. designed a conjugate
of melphalan and proline through imine bond, thus forming a good
proteolytic substrate (Wu et al., 2010). In 2017, the N-phosphate alkyl
bicyclic g-amino acid derivatives synthesized by Petar T. Todorov et al.
showed good anti-proliferative effect on MDA-MB-231 cells (Pansare
et al., 2017). It was also reported that thiazole derivatives containing
amino acid groups showed good inhibitory activity against MCF-7 and
BT-474 breast cancer cells (Harry et al., 2013). The coupling of amino
acids with some natural products also showed superior antitumor ac-
tivity than parent compounds, such as oleanolic acid-amino acid de-
rivatives (van Meerloo et al., 2011) and celastrol-amino acid derivatives
(Zhao et al., 2019).

In order to improve the water solubility and bioavailability of the
compounds and to reduce the side effects, we synthesized new de-
rivatives by linking 17p-estradiol with amino acids. In this work, L-
phenylalanine, L-serine, L-leucine, glycine, L-proline and L-glutamine
were introduced into 17f-estradiol using 3-benzyloxy-Estra-1,3,5 (10)-
Triene-17p4-0l (Prokai et al., 2001) (I-1) and 3-benzyloxy-16a-bromo-
Estra-1,3,5 (10)-Triene-17-one (Yin et al., 2023) (II-1), in order to
design and synthesize 17p-estradiol-amino acid derivatives. The anti-
tumor activity of these derivatives was studied by MTT assay in vitro (Yin
et al., 2022).

2. Experimental
2.1. Materials and instruments

Unless otherwise indicated, all reagents and anhydrous solvents were
purchased from commercial sources and used without purification. 'H
NMR and '3C NMR spectra were recorded on a Bruker AV-500/400
spectrometer (Germany). Internal tetramethylsilane was used as chem-
ical shift standard. HRMS was recorded on a Thermo Scientific Accela-
Exactive High Resolution Accurate Mass Spectrometer (USA). Low and
high resolution mass spectra (LRMS and HRMS) were given with elec-
tron impact mode. Melting points were measured on an RY-1 melting
point apparatus (China). Column chromatography was performed using
silica gel (300-400 mesh, Qingdao Haiyang Chemical Co., Ltd., China).

178 -estradiol -1
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2.2. General procedure I for esterification

DCC (1.5 eq) and DMAP (0.3 eq) were added to a solution of I-1
(0.55 mmol, 1 eq) and amino acid protected by N-Boc/Cbz (1.5 eq) in
anhydrous CH,Cl, (5 mL). After stirring at room temperature for 12 h,
the reaction solution was filtrated, and the filter residue was washed by
CH,Cl, (5 mL x 3). The filtrate was concentrated in vacuum, the residue
was dispersed in EtOAc (25 mL), washed with saturated saline (10 mL x
3), dried over anhydrous NaySO4, filtered, concentrated, and purified by
silica gel column chromatography.

2.3. General procedure II for de-boc reaction

Ethyl acetate solution of saturated hydrogen chloride (3 mL) was
added to a solution of Boc-protected compound (0.66 mmol, 1 eq) in
EtOAc (5 mL). The reaction solution was stirred at rt. for 2 h, and
concentrated by rotary evaporation under reduced pressure. The residue
was rotated twice with EtOAc, and then stirred in EtOAc (10 mL) for 1 h,
filtered, and washed by EtOAc to get white solid.

2.4. General procedure III for debenzylation

A mixture of benzyl protected derivative (1 eq.), ammonium formate
(10 eq.) and 10 % Pd/C (10 % weight) in MeOH/THF (4:1, V/V, 5 mL)
was stirred at reflux for 12 h. The reaction mixture was filtered through
Celite, and the insoluble substance was washed with MeOH (10 mL x 3).
The filtrate was concentrated in vacuum to give an off-white solid,
which was diluted in EtOAc (3 mL), and added ethyl acetate solution of
saturated hydrogen chloride (2 mL). After stirring at room temperature
for 8 h, the mixture was concentrated by rotary evaporation under
reduced pressure. The residue was rotated three times with EtOAc, and
then stirred in EtOAc (5 mL) at room temperature for 1 h, filtered, and
washed by EtOAc to get white solid.

2.5. General procedure 1V for esterification

To a solution of 3-benzyloxy-16a-bromo-Estra-1,3,5 (10)-Triene-17-
one (II-1, 0.100 g, 0.228 mmol, 1 eq) in DMF (5.0 mL), K3COs3 (0.035 g,
0.25 mmol, 1.1 eq), KI (0.011 g, 0.068 mmol, 0.3 eq) and N-Boc pro-
tected amino acid (0.274 mmol, 1.2 eq) were added. After stirring at
60 °C for 12 h, the mixture was diluted with 2 N HCI (50 mL) and
extracted with EtOAc (3 x 35 mL). The combined organic layers were
washed successively with saturated aqueous NaHCOs, H20, and satu-
rated saline, dried over MgSOy, filtered, and concentrated. The residue
was purified by silica gel column chromatography.

2.6. Synthesis of I-2 ~ I-19 and II-2 ~ 1I-11

2.6.1. Compound I-2

According to the general procedure I for esterification, I-1 (0.200 g,
0.550 mmol) and N-Boc-L-phenylalanine (0.219 g, 0.825 mmol) were
carried out to obtain I-2. Yield: 0.811 g, 80 %, white solid. Rf = 0.40 (PE:
EtOAc = 6: 1), m.p. 120-122 °C. '"H NMR (400 MHz, CDCls) 5 (ppm)
0.77 (s, 3H, CH3), 1.27 — 2.30 (m, 13H), 1.42 (s, 9 H, 3 x CH3), 2.82 —

-1

Fig. 1. Structures of 17f-estradiol, 3-benzyloxy-Estra-1,3,5 (10)-Triene-174-0l (I-1) and 3-benzyloxy-16a-bromo-Estra-1,3,5 (10)-Triene-17-one (II-1).
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2.87 (m, 2 H, H-6), 3.04 - 3.16 (m, 2 H, ArCHy), 4.60 (q, 1 H, J = 6.2 Hz,
H-17), 4.67 (t,1 H, J = 8.2 Hz, NCH), 4.98 (d, 1 H, J = 8.3 Hz, NH), 5.03
(s, 2 H, OCHAr), 6.72 (d, 1 H, J = 2.3 Hz, H-4), 6.80 (dd, 1 H, J = 2.5,
8.6 Hz, H-2), 7.16-7.44 (m, overlapping, 11H, H-1 and Ar-H). 13¢ NMR
(100 MHz, CDCls3) 6 (ppm) 12.2, 23.4, 26.3, 27.3, 27.7, 28.5, 29.9, 36.9,
38.6, 38.8, 43.1, 43.9, 49.8, 54.7, 70.1, 80.0, 84.1, 112.4, 115.0, 126.5,
127.1, 127.6, 128.0, 128.7, 129.5, 132.8, 136.3, 137.4, 138.1, 155.2,
156.9, 172.1. HRMS (ESI) m/z: caled for C3oH47NOsNa [M + Nal™
632.3352, found 632.3350.

2.6.2. Compound I-3

According to the general procedure I for esterification, I-1 (0.500 g,
1.38 mmol) and N-Boc-O-Bn-L-serine (0.611 g, 2.07 mmol) were carried
out to obtain I-3. Yield: 0.771 g, 87 %, white solid. Rf = 0.34 (PE: EtOAc
= 6: 1), m.p. 104-106 °C. "H NMR (400 MHz, CDCl3) & (ppm) 0.77 (s,
3H, CH3), 1.25 - 2.24 (m, 13H), 1.46 (s, 9 H, 3 x CH3), 2.84 — 2.88 (m, 2
H, H-6), 3.72 (dd, 1 H, J = 2.8, 9.2 Hz, OCH), 3.94 (dd, 1 H, J = 2.6, 9.2
Hz, OCH), 4.47 (m, 1 H, NCH), 4.53 (m, 2 H, OCH»Ar), 4.83 (t, 1 H, J =
8.6 Hz, H-17), 5.04 (s, 2 H, OCHAr), 5.45 (d, 1 H, J = 8.9 Hz, NH), 6.73
(d, 1 H,J=2.4Hz,H-4),6.79 (dd, 1 H, J = 2.5, 8.5 Hz, H-2), 7.20 (d, 1
H, J = 8.6 Hz, H-1), 7.28 — 7.44 (m, 10H, Ar-H). 13C NMR (100 MHz,
CDClg) § (ppm) 12.1, 23.4, 26.3, 27.3, 27.4, 28.5, 29.9, 36.9, 38.7, 43.4,
43.9,49.8,54.3,70.1, 70.8, 73.6, 80.0, 83.7,112.4,115.0, 126.5, 127.6,
127.9, 128.0, 128.5, 128.7, 132.9, 137.4, 137.6, 138.1, 155.7, 156.9,
170.8. HRMS (ESI) m/z: caled for C4oH40NOgNa [M + Na]t 662.3458,
found 662.3444.

2.6.3. Compound I-4

According to the general procedure I for esterification, I-1 (0.600 g,
1.66 mmol) and N-Boc-L-leucine monohydrate (0.531 g, 2.49 mmol)
were carried out to obtain I-4. Yield: 0.838 g, 88 %, white solid. Rf =
0.55 (PE: EtOAc = 4: 1), m.p. 115-117 °C. 'H NMR (400 MHz, CDCl3) §
(ppm) 0.84 (s, 3H, CHg), 0.96 (s, 3H, CH3), 0.98 (s, 3H, CH3), 1.24 - 2.31
(m, 16H), 1.45 (s, 9H, 3 x CH3s), 2.84 — 2.88 (m, 2H, H-6), 4.32 (q, 1H, J
= 8.5 Hz, H-17), 4.72 (t, 1H, J = 8.5 Hz, NCH), 4.93 (d, 1H, J = 8.6 Hz,
NH), 5.03 (s, 2H, OCHAr), 6.72 (d, 1H, J = 2.5 Hz, H-4), 6.78 (dd, 1H, J
= 2.6, 8.5 Hz, H-2), 7.20 (d, 1H, J = 8.6 Hz, H-1), 7.30 — 7.44 (m, 5H, Ar-
H). 13C NMR (100 MHz, CDCls) 6 (ppm) 12.3, 22.3, 23.0, 23.4, 25.0,
26.3, 27.3, 27.6, 28.5, 29.9, 37.0, 38.7, 42.4, 43.2, 43.9, 49.9, 52.4,
70.1,79.8,83.7,112.5,115.0, 126.5, 127.6, 128.0, 128.7, 132.8, 137.4,
138.1, 155.5,156.9, 173.7. HRMS (ESI) m/z: calcd for C36H49NOsNa [M
+ Na]™ 598.3508, found 598.3501.

2.6.4. Compound I-5

According to the general procedure I for esterification, I-1 (0.600 g,
1.66 mmol) and N-Boc-glycine (0.436 g, 2.49 mmol) were carried out to
obtain I-5. Yield: 0.766 g, 89 %, white solid. Rf = 0.25 (PE: EtOAc = 5:
1), m.p. 116-117 °C. H NMR (400 MHz, CDCl3) 6 (ppm) 0.83 (s, 3H,
CHs), 1.25-2.31 (m, 13H), 1.46 (s, 9 H, 3 x CHj3), 2.84 -2.88 (m, 2 H,
H-6), 3.93 (d, 2 H, J = 5.4 Hz, NCH,CO), 4.76 (t, 1 H, J = 8.3 Hz, H-17),
5.01 (s, 1 H, NH), 5.03 (s, 2 H, OCH»Ar), 6.72 (d, 1 H, J = 2.5 Hz, H-4),
6.78 (dd, 1 H, J = 2.6, 8.6 Hz, H-2), 7.21 (d, 1 H, J = 8.6 Hz, H-1), 7.30 —
7.44 (m, 5 H, Ar-H). 3C NMR (100 MHz, CDCl3) 5 (ppm) 12.2, 23.4,
26.3, 27.3, 27.6, 28.5, 29.9, 37.0, 38.7, 42.7, 43.2, 43.9, 49.8, 70.1,
80.1, 83.9, 112.4, 115.0, 126.5, 127.6, 128.0, 128.7, 132.8, 137.4,
138.0, 155.8, 156.9, 170.5. HRMS (ESI) m/z: calcd for C3oH41NOsNa [M
+ Na]™ 542.2882, found 542.2876.

2.6.5. Compound I-6

According to the general procedure I for esterification, I-1 (0.600 g,
1.66 mmol) and N-Boc-L-proline (0.536 g, 2.49 mmol) were carried out
to obtain I-6. Yield: 0.851 g, 92 %, white solid. Rf = 0.45 (PE: EtOAc = 4:
1), m.p. 121-123 °C. 'H NMR (400 MHz, CDCl5) 6 (ppm) 0.83 (d, 3H, J
=6.8, CHs), 1.26 - 2.29 (m, 17H), 1.43 (s, 9H, 3 x CH3), 2.84 - 2.87 (m,
2H, H-6), 3.37 - 3.60 (m, 2H, NCH3), 4.22 — 4.36 (m, 1H, COCH), 4.69 —
4.81 (m, 1H, H-17), 5.03 (s, 2H, OCHy), 6.72 (s, 1H, H-4), 6.79 (d, 1H, J
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= 8.5 Hz, H-2), 7.20 (d, 1H, J = 8.6 Hz, H-1), 7.30 — 7.44 (m, 5H, Ar-H).
13C NMR (100 MHz, CDCls) 5 (ppm) 12.2, 22.3, 23.0, 23.4, 23.7, 24.4,
26.3, 27.3, 27.5, 27.7, 28.5, 28.6, 29.9, 30.4, 31.2, 37.0, 38.7, 43.4,
43.9, 46.6, 49.9, 59.5, 70.1, 80.0, 83.2, 112.5, 115.0, 126.5, 127.6,
128.0,128.7,133.0, 137.4, 138.0, 154.4, 156.9, 176.2. HRMS (ESI) m/z:
caled for C35H45NOsNa [M + Na]™ 582.3195, found 582.3186.

2.6.6. Compound I-7

According to the general procedure I for esterification, I-1 (0.300 g,
0.83 mmol) and N-Cbz-L-glutamine (0.349 g, 1.25 mmol) were carried
out to obtain I-7. Yield: 0.363 g, 70 %, white solid, Rf = 0.35 (CH2Cly:
CH30H = 10: 1), m.p. 118-120 °C. H NMR (400 MHz, CDCl3) § (ppm)
0.82 (s, 3H, CH3), 0.87 — 0.90 (m, 1H, H-14), 1.26 — 2.37 (m, 16H), 2.81
- 2.88 (m, 2H, H-6), 4.37 — 4.42 (m, 1H, H-17), 4.75 (t, 1H, J = 8.4 Hz,
NCH), 5.03 (s, 2H, OCH5Ar), 5.11 (s, 2H, OCH3Ar), 5.46 (s, 1H, NH),
5.68 (d, 1H, J = 8.0 Hz, NH), 5.93 (s, 1H, NH), 6.72 (d, 1H, J = 2.6 Hz,
H-4), 6.78 (dd, 1H, J = 2.6, 8.5 Hz, H-2), 7.20 (d, 1H, J = 8.6 Hz, H-1),
7.30 — 7.44 (m, 10H, Ar-H). 13C NMR (100 MHz, CDCls) § (ppm) 12.3,
23.4, 26.3, 27.3, 27.6, 29.0, 29.8, 29.9, 31.9, 37.0, 38.6, 43.3, 43.9,
49.8, 53.8, 67.3, 70.1, 84.3, 112.5, 115.0, 126.5, 127.6, 128.0, 128.3,
128.4, 128.7, 132.7, 136.3, 137.4, 138.0, 156.6, 156.9, 172.0, 174.4.
HRMS (ESI) m/z: caled for CsgH44N2OgNa [M + Na]* 647.3097, found
647.3086.

2.6.7. Compound I-8

According to the general procedure II for de-boc reaction, I-2 (0.400
g, 0.656 mmol) were carried out to obtain I-8. Yield: 0.296 g, 89 %,
white solid. Rf = 0.40 (PE: EtOAc = 1: 1), m.p. 96-97 °C. H NMR (400
MHz, CDCls) § (ppm) 0.78 (s, 3H, CHs), 1.26 — 2.30 (m, 13H), 2.82 —
2.86 (m, 2 H, H-6), 2.89 (dd, 1 H, J = 7.8, 13.5 Hz, ArCH,), 3.09 - 3.14
(dd, 1 H,J =5.5, 13.5 Hz, ArCHjy,), 3.76 (dd, 1 H, J = 5.6, 7.7 Hz, NCH),
4.72 (t, 1 H,J = 8.9 Hz, H-17), 5.03 (s, 2 H, OCH»Ar), 6.72 (d, 1 H, J =
2.6 Hz, H-4), 6.78 (dd, 1 H, J = 2.6, 8.5 Hz, H-2), 7.19 - 7.44 (m,
overlapping, 11H, Ar-H and H-1). 13C NMR (100 MHz, CDCls) 5 (ppm)
12.2, 23.4, 26.3, 27.3, 27.7, 29.9, 36.9, 38.6, 41.4, 43.1, 43.9, 49.8,
56.0, 70.1, 83.4, 112.4, 114.9, 126.5, 126.9, 127.6, 128.0, 128.66,
128.71,129.4,132.8,137.3,137.4,138.0, 156.9, 175.2. HRMS (ESI) m/
2: caled for Cs4H39NOs [M + H]1510.3008, found 510.3001.

2.6.8. Compound I-9

According to the general procedure II for de-boc reaction, I-3 (0.400
g, 0.625 mmol) were carried out to obtain I-9. Yield: 0.318 g, 88 %,
white solid. Rf = 0.35 (PE: EtOAc = 1: 1), m.p. 158-160 °C. 'H NMR
(400 MHz, C2DgSO) § (ppm) 0.74 (d, 3H, J = 6.7 Hz, CH3), 1.22 - 2.19
(m, 13H), 2.76 - 2.77 (m, 2 H, H-6), 3.87 — 3.95 (m, 2 H, OCHy), 4.35 (t,
1 H, J = 2.8 Hz, NCH), 4.44 — 4.49 (m, 1 H, OCH,Ar), 4.57 - 4.62 (m, 1
H, OCHpAr), 4.78 (t, 1 H, J = 8.3 Hz, H-17), 5.04 (s, 2 H, OCH3Ar), 6.70
(d, 1 H,J = 2.6 Hz, H-4), 6.76 (dd, 1 H, J = 2.6, 8.5 Hz, H-2), 7.15(d, 1
H, J = 8.7 Hz, H-1), 7.29 — 7.43 (m, 10H, Ar-H), 8.75 (s, 3 H, NH,HCI).
13C NMR (100 MHz, C3D6SO) & (ppm) 11.7, 22.8, 25.7, 27.3, 26.7, 26.8,
29.2, 36.1, 38.1, 42.9, 43.1, 48.8, 52.5, 67.8, 69.0, 72.7, 83.6, 112.3,
114.5, 126.2, 127.5, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 132.1,
137.2, 137.4, 156.2, 167.7. HRMS (ESI) m/z: calcd for C3sH42CINO4
[M—CI]" 540.3114, found 540.3107.

2.6.9. Compound I-10

According to the general procedure II for de-boc reaction, I-4 (0.400
g, 0.695 mmol) were carried out to obtain I-10. Yield: 0.340 g, 96 %,
white solid. Rf = 0.45 (PE: EtOAc = 1: 1), m.p. 208-210 °C. 'H NMR
(400 MHz, C,D¢SO) & (ppm) 0.81 (s, 3H, CHs), 0.92 (dd, 6H, J = 5.1, 6.3
Hz, 2 x CH3), 1.25-2.28 (m, 16H), 2.75-2.77 (m, 2 H, H-6), 3.89 (t, 1
H, J = 7.2 Hz, NCH), 4.68 (t, 1 H, J = 8.2 Hz, H-17), 5.04 (s, 2 H,
OCH>Ar), 6.70 (d, 1 H,J = 2.6 Hz, H-4), 6.75 (dd, 1 H, J = 2.6, 8.6 Hz, H-
2),7.16 (d, 1 H, J = 8.6 Hz, H-1), 7.28-7.43 (m, 5 H, Ar-H), 8.53 (brs,
3H, NH,HC]). 3C NMR (100 MHz, C3DgSO) & (ppm) 12.0, 21.9, 22.4,
22.8, 24.0, 25.7, 26.7, 27.1, 29.2, 36.2, 38.1, 42.6, 43.2, 48.7, 50.7,
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69.0, 83.8, 112.3, 114.6, 126.2, 127.5, 127.7, 128.4, 132.1, 137.4,
156.2, 170.1. HRMS (ESI) m/z: caled for C3;H4oCINOs [M—CI]™
476.3165, found 476.3159.

2.6.10. Compound I-11

According to the general procedure II for de-boc reaction, I-5 (0.400
g, 0.770 mmol) were carried out to obtain I-11. Yield: 0.324 g, 92 %,
white solid. Rf = 0.21 (PE: EtOAc = 1: 1), m.p. 241-243 °C. 'H NMR
(400 MHz, C,DeSO) 6 (ppm) 0.80 (s, 3H, CH3), 1.25 - 2.27 (m, 13H),
2.75 - 2.77 (m, 2 H, H-6), 3.79 and 3.80 (d, each 1 H, J = 17.2 Hz,
NCHy), 4.73 (t, 1 H, J = 8.2 Hz, H-17), 5.04 (s, 2 H, OCHAr), 6.70 (d, 1
H, J=2.6 Hz, H-4), 6.74 (dd, 1 H, J = 2.6, 8.5 Hz, H-2), 7.17 (d, 1 H, J =
8.6 Hz, H-1),7.29 - 7.43 (m, 5 H, Ar-H), 8.49 (s, 3 H, NH,HCI). 13C NMR
(100 MHz, C2DSO) 6 (ppm) 11.8, 22.8, 25.7, 26.7, 27.0, 29.2, 36.2,
38.1, 42.8, 43.2, 48.9, 69.0, 83.5, 112.3, 114.5, 126.2, 127.5, 127.7,
128.4, 132.1, 137.4, 156.2, 167.5. HRMS (ESI) m/z: caled for
CoyH34CINO3 [M—Cl]T 420.2539, found 420.2530.

2.6.11. Compound I-12

According to the general procedure II for de-boc reaction, I-6 (0.400
g, 0.715 mmol) were carried out to obtain I-12. Yield: 0.346 g, 98 %,
white solid. Rf = 0.40 (PE: EtOAc = 1: 1), m.p. 252-254 °C. 'H NMR
(400 MHz, C2D6SO) 6 (ppm) 0.80 (s, 3H, CH3), 1.19-2.35 (m, 17H), 2.78
(d, 2H, J = 4.3 Hz, H-6), 3.16 — 3.26 (m, 2H, NCH)), 4.37 (t, 1H,J="7.5
Hz, COCH), 4.77 (t, 1H, J = 8.1 Hz, H-17), 5.04 (s, 2H, OCH5Ar), 6.70 (d,
1H, J = 2.3 Hz, H-4), 6.75 (dd, 1H, J = 2.5, 8.5 Hz, H-2), 7.16 (d, 1H, J =
8.6 Hz, H-1), 7.29 — 7.42 (m, 5H, Ar-H), 9.01 (brs, 1H, HCl), 10.33 (brs,
1H, NH). 13C NMR (100 MHz, C,D¢SO) 5 (ppm) 11.9, 22.8, 23.0, 25.7,
26.7, 26.8, 28.1, 29.2, 36.3, 38.1, 42.9, 43.2, 45.1, 48.9, 58.6, 69.0,
83.9, 112.3, 114.5, 126.2, 127.5, 127.7, 128.4, 132.1, 137.4, 156.2,
168.8. HRMS (ESI) m/z: caled for CsoHsgCINO3 [M—Cl]™ 460.2852,
found 460.2846.

2.6.12. Compound I-13

According to the general procedure III for debenzylation, I-8 (0.116
g, 0.228 mmol) were carried out to obtain I-13. Yield: 0.079 g, 76 %,
white solid. Rf = 0.24 (PE: EtOAc = 1: 1), m.p. 232-233 °C. 'H NMR
(400 MHz, CDCl3) § (ppm) 0.56 (s, 3H, CH3), 1.19 - 2.19 (m, 13H), 2.68
—2.71 (m, 2 H, H-6), 3.03 - 3.09 (m, 1 H, ArCHj), 3.23 - 3.28 (m, 1 H,
ArCHy), 4.26 (d, 1 H, J = 7.4 Hz, NCH), 4.55 (t, 1 H, J = 8.3 Hz, H-17),
6.44 (d, 1 H, J = 2.2 Hz, H-4), 6.51 (dd, 1 H, J = 2.4, 8.3 Hz, H-2), 7.03
(d, 1 H, J = 8.5 Hz, H-1), 7.25 - 7.36 (m, 5 H, Ar-H), 8.72 (s, 3 H,
NH,HCI), 9.07 (s, 1 H, Ar-OH). *C NMR (100 MHz, CDCl3) 5 (ppm)
12.0, 23.2, 26.2, 27.3, 27.6, 29.5, 36.3, 36.6, 38.6, 42.8, 43.6, 49.2,
53.7, 84.5, 113.3, 115.4, 126.5, 127.8, 129.1, 129.8, 130.0, 135.5,
137.5, 155.5, 169.5. HRMS (ESI) m/z: caled for CoyH34CINO3 [M—Cl]*
420.2539, found 420.2529.

2.6.13. Compound I-14

According to the general procedure III for debenzylation, I-9 (0.200
g, 0.350 mmol) were carried out to obtain I-14. Yield: 0.055 g, 40 %,
white solid. Rf = 0.11 (PE: EtOAc = 1: 1), m.p. 184-186 °C. H NMR
(400 MHz, C,D6SO) § (ppm) 0.76 — 0.81 (m, 3H, CHs), 1.19 — 2.22 (m,
13H), 2.66 - 2.73 (m, 2 H, H-6), 3.83 - 3.87 (m, 2 H, OCH>), 4.09 (t, 1 H,
J=3.3Hz, NCH), 4.72 (t, 1 H, J = 8.1, H-17), 5.64 - 5.66 (m, 1 H, OH),
6.45 (d, 1 H, J = 2.3 Hz, H-4), 6.51 (dd, 1 H, J = 2.4, 8.4 Hz, H-2), 7.03
(d, 1 H, J = 8.4 Hz, H-1), 8.59 (brs, 3 H, NH,HCI), 9.12 (s, 1 H, Ar-OH).
13C NMR (100 MHz, C,D¢S0) § (ppm) 11.8, 22.8, 25.9, 26.9, 27.1, 29.1,
36.2, 38.3, 42.8, 43.0, 43.2, 48.9, 54.4, 59.7, 83.9, 112.8, 115.0, 126.1,
130.0, 137.0, 155.1, 168.0. HRMS (ESI) m/z: calcd for Co;H3gCINO4
[M—CI]* 360.2175, found 360.2166.

2.6.14. Compound I-15

According to the general procedure III for debenzylation, I-10
(0.100 g, 0.195 mmol) were carried out to obtain I-15. Yield: 0.056 g,
68 %, white solid. Rf = 0.25 (PE: EtOAc = 1: 1), m.p. 242-245 °C. H
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NMR (400 MHz, C2DeSO) 6 (ppm) 0.81 (s, 3H, CH3), 0.91 (dd, 6H, J =
4.9, 6.2 Hz, 2 x CHj3), 1.22 — 2.25 (m, 16H), 2.65 - 2.73 (m, 2 H, H-6),
3.90 (t,1H,J=7.1 Hz, NCH), 4.68 (t,1 H, J = 8.2 Hz, H-17), 6.45 (d, 1
H,J=2.4Hz, H-4),6.51(dd, 1 H,J=2.5,8.4Hz,H-2),7.03(d, 1 H,J =
8.5 Hz, H-1), 8.64 (s, 3H, NH,HCI), 9.13 (s, 1 H, Ar-OH). *C NMR (100
MHz, C2D6SO) 6 (ppm) 12.0, 21.9, 22.5, 22.9, 24.1, 25.8, 26.9, 27.1,
29.1, 36.3, 38.3, 42.6, 43.2, 48.8, 50.7, 69.0, 84.0, 112.9, 115.0, 126.1,
130.0, 137.1, 155.1, 170.0. HRMS (ESI) m/z: calcd for Ca4H36CINO3
[M—CI]" 386.2695, found 386.2684.

2.6.15. Compound I-16

According to the general procedure III for debenzylation, I-11
(0.200 g, 0.195 mmol) were carried out to obtain I-16. Yield: 0.113 g,
99 %, white solid. Rf = 0.07 (PE: EtOAc = 1: 1), m.p. 241-243 °C. H
NMR (400 MHz, C,D¢SO) 5 (ppm) 0.80 (s, 3H, CHs), 1.23 — 2.24 (m,
13H), 2.67 - 2.73 (m, 2 H, H-6), 3.75 - 3.84 (m, 2 H, NCHy), 4.73 (t, 1 H,
J=28.2Hz,H-17),6.45(d, 1 H, J = 2.3 Hz, H-4), 6.51 (dd, 1 H, J = 2.4,
8.3 Hz,H-2),7.04 (d, 1 H,J=8.5Hz, H-1), 8.45 (brs, 3 H, NH;HCI), 9.10
(s, 1 H, Ar-OH). 3C NMR (100 MHz, C,D6SO) & (ppm) 11.9, 22.8, 25.9,
26.9, 27.0, 29.1, 36.3, 38.3, 42.8, 43.2, 48.9, 83.6, 112.8, 115.0, 126.1,
130.0, 137.1, 155.1, 167.6. HRMS (ESI) m/z: calcd for CogHygCINO3
[M—CI]* 330.2069, found 330.2061.

2.6.16. Compound I-17

According to the general procedure III for debenzylation, I-12
(0.200 g, 0.357 mmol) were carried out to obtain I-17. Yield: 0.113 g,
99 %, white solid. Rf = 0.15 (PE: EtOAc = 1: 1), m.p. 254-256 °C. H
NMR (400 MHz, C2DgSO) 6 (ppm) 0.79 (s, 3H, CHz), 1.22 — 2.34 (m,
17H), 2.65 — 2.73 (m, 2H, H-6), 3.16 — 3.28 (m, 2H, NCH,), 4.36 (t, 1H, J
= 8.0 Hz, COCH), 4.75 (t, 1H, J = 8.0 Hz, H-17), 6.45 (d, 1H, J = 2.4 Hz,
H-4), 6.52 (dd, 1H, J = 2.4, 8.4 Hz, H-2), 7.03 (d, 1H, J = 8.5 Hz, H-1),
9.10 (s, 1H, Ar-OH), 9.73 (brs, 2H, NHHCI). 13¢ NMR (100 MHz,
C2D6SO) § (ppm) 11.9, 22.8, 23.0, 25.8, 26.8, 28.1, 29.1, 36.4, 38.3,
42.9, 43.2, 45.1, 48.9, 58.6, 69.0, 83.9, 112.8, 115.0, 126.0, 130.0,
137.0, 155.1, 168.8. HRMS (ESI) m/z: calcd for Ca3H3,CINO3 [M—CI]™
370.2382, found 370.2373.

2.6.17. Compound I-18

According to the general procedure III for debenzylation, I-6 (0.200
g, 0.357 mmol) were carried out to obtain I-18. Yield: 0.165 g, 98 %,
white solid. Rf = 0.15 (PE: EtOAc = 4: 1), m.p. 176-178 °C. 'H NMR
(400 MHz, CDCl3) 6 (ppm) 0.80 (d, 3H, J = 7.3 Hz, CH3), 1.44 (s, 6H, 2
x CHs), 1.46 (s, 3H, CHj), 1.25 — 2.28 (m, 18H), 2.80 — 2.81 (m, 2H, H-
6), 3.36 — 3.60 (m, 2H, NCH>), 4.30 (ddd, 1H, J = 2.9 Hz, 10.3 Hz, 43.0
Hz, COCHN), 4.73 (dt, 1H, J = 8.4 Hz, 33.7 Hz, H-17), 6.58 (d, 1H, J =
2.6 Hz, H-4), 6.62 - 6.66 (m, 1H, H-2), 7.12 (d, 1H, J = 8.5 Hz, H-1). 13¢
NMR (100 MHz, CDCl3) & (ppm) 12.3, 23.4, 23.7, 26.29, 27.3, 27.8,
28.5, 28.62, 29.7, 31.2, 37.1, 38.69, 43.2, 43.9, 46.7, 49.8, 59.6, 80.4,
83.4, 112.92, 115.5, 126.5, 132.1, 138.2, 154.0, 154.2, 173.4. HRMS
(ESI) m/z: caled for CagHsgNOs [M + H]™ 470.2906, found 470.2891.

2.6.18. Compound I-19

According to the general procedure III for debenzylation, I-7 (0.158
g, 0.250 mmol) were carried out to obtain I-19. Yield: 0.049 g, 49 %,
white solid. Rf = 0.39 (CH,Cl,: CH3OH = 10: 1), m.p. 282-285 °C. 'H
NMR (400 MHz, C,D¢S0) 6 (ppm) 0.78 (s, 3H, CHs), 1.23 — 2.42 (m,
17H), 2.67 - 2.74 (m, 2H, H-6), 4.16 (dd, 1H, J = 4.0, 8.9 Hz, NCH), 4.68
(t,1H, J = 8.6 Hz, H-17), 6.43 (d, 1H, J = 2.3 Hz, H-4), 6.50 (dd, 1H, J =
2.4, 8.4 Hz, H-2),7.04 (d, 1H, J = 8.4 Hz, H-1), 8.00 (s, 1H, NH), 9.00 (s,
1H, Ar-OH). '3C NMR (100 MHz, C3DgSO) 5 (ppm) 11.9, 22.8, 24.9,
25.8, 26.8, 27.0, 29.0, 29.1, 36.4, 38.3, 42.8, 43.2, 49.0, 55.0, 82.5,
112.8,115.0,126.1,130.1,137.1,155.0,172.9, 177.0. HRMS (ESI) m/z:
caled for Co3H3oN2O4 [M + Na] ™ 423.2260, found 423.2282.

2.6.19. Compound II-2
According to the general procedure IV for esterification, II-1 (0.100
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g, 0.228 mmol) and N-Boc-O-Bn-L-serine (0.081 g, 0.274 mmol) were
carried out to obtain II-2. Yield: 0.090 g, 60 %, yellow oily substance. Rf
= 0.34 (PE: EtOAc = 3: 1). 'H NMR (400 MHz, CDCl3) é (ppm) 0.99 (s,
3H, CHs), 1.45 (s, 9H, 3 x CH3), 1.50 — 2.67 (m, 11H), 2.89 — 2.91 (m,
2H, H-6), 3.74 (dd, 1 H, J = 3.1, 9.5 Hz, OCH,), 3.90 (dd, 1 H, J = 3.3,
9.5 Hz, OCHy,), 4.46 — 4.50 (m, 1 H, NCH), 4.56 (q, 2H, J = 11.9 Hz,
OCH3Ar), 5.04 (s, 2H, OCHAr), 5.10 (t, 1 H, J = 8.3 Hz, H-16), 5.43 (d,
1H,J=8.9Hz,NH), 6.75(d, 1 H, J = 2.6 Hz, H-4), 6.80 (dd, 1 H, J =
2.6, 8.5Hz, H-2),7.20 (d, 1 H, J = 8.6 Hz, H-1), 7.27 — 7.44 (m, 10H, Ar-
H). '*C NMR (100 MHz, CDCls) 5 (ppm) 14.7, 25.8, 26.8, 28.5, 29.2,
29.7, 31.9, 37.6, 44.2, 45.1, 47.4, 54.1, 70.1, 70.3, 73.6, 75.5, 80.2,
112.6, 115.0, 126.4, 127.6, 127.9, 128.0, 128.6, 128.7, 132.1, 137.3,
137.8, 155.6, 157.1, 170.3, 213.6. HRMS (ESI) m/z: caled for
C40H47NO; [M + Nal™ 676.3250, found 676.3240.

2.6.20. Compound II-3

According to the general procedure IV for esterification, II-1 (0.200
g, 0.455 mmol) and N-Boc-L-phenylalanine (0.145 g, 0.546 mmol) were
carried out to obtain II-3. Yield: 0.115 g, 40 %, yellowish solid. Rf = 0.25
(PE: EtOAc = 6: 1), m.p. 72-74 °C. '"H NMR (400 MHz, CDCl3) 5 (ppm)
1.00 (s, 3H, CHj3), 1.26 — 2.62 (m, 11H), 1.42 (s, 9H, 3 x CHjs), 2.89 —
2.92 (m, 2H, H-6), 3.08 - 3.20 (m, 2H, ArCH,), 4.60 — 4.65 (m, 1 H,
NCH), 4.98 (d, 1 H, J = 8.4 Hz, NH), 5.04 (s, 2H, OCH2Ar), 5.12 (t, 1 H, J
= 8.3 Hz, H-16), 6.74 (d, 1 H, J = 2.5 Hz, H-4), 6.80 (dd, 1 H, J = 2.6,
8.6 Hz, H-2), 7.21 (d, 1 H, J = 8.6 Hz, H-1), 7.23 - 7.44 (m, 10H, Ar-H).
13C NMR (100 MHz, CDCls) 5 (ppm) 14.7, 25.8, 26.8, 28.4, 29.1, 29.6,
31.8, 37.6, 38.2, 44.2, 45.1, 47.5, 54.3, 70.1, 75.3, 80.1, 112.6, 115.0,
126.4, 127.2, 127.6, 128.0, 128.7, 129.7, 132.0, 135.8, 137.3, 137.8,
155.2,157.1, 171.5, 213.9. HRMS (ESI) m/z: calcd for C3gH45NOg [M +
Na]* 646.3145, found 646.3132.

2.6.21. Compound II-4

According to the general procedure IV for esterification, II-1 (0.300
g, 0.683 mmol) and N-Boc-L-proline (0.177 g, 0.820 mmol) were carried
out to obtain II-4. Yield: 0.170 g, 43 %, white solid. Rf = 0.13 (PE:
EtOAc =5:1), m.p. 113-115°C. THNMR (400 MHz, CDCl3) § (ppm) 1.00
(s, 3H, CH3), 1.44 - 1.47 (m, 9H, 3 x CH3), 1.53 - 2.65 (m, 15H), 2.90 (d,
2H, J = 4.1 Hz, H-6), 3.34 — 3.61 (m, 2H, NCH,), 4.26 — 4.36 (m, 1H,
COCH), 5.04 (s, 2H, OCH»Ar), 5.13 (t, 1H, J = 8.4 Hz, H-16), 6.74 (d,
1H, J = 2.4 Hz, H-4), 6.80 (d, 1H, J = 8.6 Hz, H-2), 7.20 (d, 1H, J = 8.6
Hz, H-1), 7.30 - 7.44 (m, 5 H, Ar-H). 3C NMR (100 MHz, CDCl3) 5 (ppm)
14.8, 23.7, 24.3, 25.8, 26.9, 28.5, 28.6, 29.1, 29.6, 30.1, 31.2, 31.9,
37.6, 44.2, 45.1, 46.5, 46.8, 47.5, 49.9, 59.0, 70.1, 74.9, 80.2, 112.6,
115.1, 126.4, 127.6, 128.0, 128.7, 132.1, 137.3, 137.9, 154.6, 157.1,
172.7, 214.6. HRMS (ESI) m/z: caled for CssHssNOg [M + Nal™
596.2988, found 596.2979.

2.6.22. Compound II-5

According to the general procedure IV for esterification, II-1 (0.300
g, 0.683 mmol) and N-Boc-glycine (0.144 g, 0.820 mmol) were carried
out to obtain II-5. Yield: 0.105 g, 29 %, yellow solid. Rf = 0.25 (PE:
EtOAc = 4: 1), m.p. 140-143 °C. 'H NMR (400 MHz, CDCl3) 5 (ppm)
1.00 (s, 3H, CH3), 1.46 (s, 9H, 3 x CHs), 1.53 — 2.65 (m, 11H), 2.88 -
2.91 (m, 2H, H-6), 3.85 - 4.07 (m, 2H, NCH»CO), 5.04 (s, 2H, OCH>Ar),
5.11 (t, 1 H, J = 8.4 Hz, H-16), 6.74 (s, 1 H, H-4), 6.80 (dd, 1 H, J = 2.7,
8.5 Hz, H-2), 7.20 (d, 1 H, J = 8.8 Hz, H-1), 7.30 — 7.44 (m, 5 H, Ar-H).
13C NMR (100 MHz, CDCl3) & (ppm) 14.1, 25.7, 26.8, 28.4, 29.1, 29.6,
31.8, 37.6, 42.5, 44.2, 45.0, 47.5, 70.1, 75.4, 80.2, 86.5, 112.6, 115.0,
126.4, 127.6, 128.0, 128.7, 132.0, 137.3, 137.7, 155.8, 157.1, 170.0,
217.1. HRMS (ESI) m/z: caled for C3H3oNOg [M + Na]™ 556.2675,
found 556.2666.

2.6.23. Compound II-6

According to the general procedure IV for esterification, II-1 (0.300
g, 0.683 mmol) and N-Boc-L-leucine monohydrate (0.190 g, 0.820
mmol) were carried out to obtain II-6. Yield: 0.148 g, 37 %, yellow oily

Arabian Journal of Chemistry 17 (2024) 105539

liquid. Rf = 0.28 (PE: EtOAc = 4: 1), m.p. 72-74 °C. 'H NMR (400 MHz,
CDCl3) & (ppm) 0.95 (s, 3H, CHg), 0.96 (s, 3H, CHs), 1.01 (s, 3H, CHa),
1.26 — 2.63 (m, 14H), 1.46 (s, 9H, 3 x CHj), 2.89 — 2.92 (m, 2H, H-6),
4.30 — 4.36 (m, 1H, NCH), 4.94 (d, 1H, J = 8.6 Hz, NH), 5.04 (s, 2H,
OCH,Ar), 5.12 (t, 1H, J = 8.6 Hz, H-16), 6.74 (d, 1H, J = 2.5 Hz, H-4),
6.80 (dd, 1H, J = 2.6, 8.6 Hz, H-2), 7.20 (d, 1H, J = 8.6 Hz, H-1), 7.30 —
7.44 (m, 5H, Ar-H). 3C NMR (100 MHz, CDCl3) § (ppm) 14.7, 22.0,
22.9, 24.9, 25.7, 26.8, 28.4, 29.0, 29.6, 31.8, 37.6, 41.8, 44.2, 45.0,
47.4,52.1, 70.1, 75.0, 80.0, 112.6, 115.0, 126.3, 127.6, 128.0, 128.7,
132.0,137.3, 137.7, 155.5, 157.1, 173.2, 213.9. HRMS (ESI) m/z: caled
for C3gH47NOg [M + Na]™ 612.3301, found 612.3293.

2.6.24. Compound II-7

According to the general procedure II for de-boc reaction, II-2
(0.080 g, 0.122 mmol) were carried out to obtain II-7. Yield: 0.071 g, 99
%, white solid. Rf = 0.17 (PE: EtOAc = 3: 1), m.p. 102-104 °C. H NMR
(400 MHz, C3D6SO) & (ppm) 0.91 — 0.92 (m, 3H, CHs), 1.33 — 2.45 (m,
11H), 2.79 - 2.81 (m, 2H, H-6), 3.83 - 3.91 (m, 1 H, OCHy), 4.41 (t, 1 H,
J = 3.2 Hz, NCH), 4.49 - 4.59 (m, 2H, OCHAr), 5.04 (s, 2H, OCH5Ar),
5.24 (t,1H, J=8.6 Hz, H-16),6.72 (d, 1 H, J = 2.2 Hz, H-4), 6.76 (dd, 1
H, J = 2.4, 8.5 Hz, H-2), 7.18 (d, 1 H, J = 8.6 Hz, H-1), 7.28 — 7.43 (m,
10H, Ar-H), 8.82 (s, 3H, NH,HCL). 13C NMR (100 MHz, C2DgSO) § (ppm)
14.6, 25.3, 26.2, 28.3, 29.1, 31.2, 36.9, 43.3, 43.6, 46.8, 52.4, 67.5,
69.0,72.7,75.8,112.4,114.7,126.2,127.6,127.7,127.8, 128.3, 128.5,
131.8, 137.4, 137.5, 156.3, 167.3, 213.0. HRMS (ESI) m/z: calcd for
C35H40CINOs [M—CI]t 554.2906, found 554.2895.

2.6.25. Compound II-8

According to the general procedure II for de-boc reaction, II-3
(0.080 g, 0.128 mmol) were carried out to obtain II-8. Yield: 0.066 g, 92
%, white solid. Rf = 0.09 (PE: EtOAc = 6: 1), m.p. 296-298 °C. H NMR
(400 MHz, C3DgSO) 6 (ppm) 0.83 — 0.88 (m, 3H, CH3), 1.31 — 2.42 (m,
11H), 2.78 — 2.80 (m, 2H, H-6), 3.25 (dd, 1 H, J = 4.8, 14.2 Hz, ArCH,),
3.14(dd, 1 H,J ="7.7,14.2 Hz, ArCHy,), 4.31 - 4.34 (m, 1 H, NCH), 5.04
(s, 2H, OCHAr), 5.21 (t, 1 H, J = 8.6 Hz, H-16), 6.71 (d, 1 H, J = 2.5 Hz,
H-4),6.75(dd, 1 H, J = 2.4, 8.5 Hz, H-2), 7.17 (d, 1 H, J = 8.7 Hz, H-1),
7.24 —-7.43 (m, 10H, Ar-H), 8.89 (brs, 3H, NH,HCI). 13C NMR (100 MHz,
CoDeSO) 6 (ppm) 14.5, 25.2, 26.2, 28.1, 29.1, 31.2, 35.6, 36.8, 43.2,
43.6, 46.7, 53.0, 69.0, 75.4, 112.4, 114.6, 126.2, 127.2, 127.5, 127.7,
127.9, 128.4, 128.5, 129.7, 131.8, 134.7, 137.4, 156.3, 168.4, 174.4,
213.0. HRMS (ESI) m/z: caled for C34HsgCINO, [M—Cl]" 524.2801,
found 524.2795.

2.6.26. Compound II-9

According to the general procedure II for de-boc reaction, II-4
(0.098 g, 0.171 mmol) were carried out to obtain II-9. Yield: 0.061 g, 70
%, white solid. Rf = 0.09 (CHxCly: MeOH = 15: 1), m.p. 208-210 °C. 'H
NMR (400 MHz, C;D6SO) § (ppm) 0.93 (s, 3H, CHs), 1.34 — 2.38 (m,
14H), 2.80 — 2.82 (m, 2H, H-6), 3.16 — 3.29 (m, 2H, NCHy), 4.43 — 4.47
(m, 1H, NCH), 5.05 (s, 2H, OCH,Ar), 5.25 — 5.29 (m, 1H, H-16), 6.72 (d,
1H, J = 2.5 Hz, H-4), 6.76 (dd, 1H, J = 2.6, 8.6 Hz, H-2), 7.17 (d, 1H, J =
8.6 Hz, H-1), 7.29 — 7.43 (m, 5H, Ar-H), 9.33 — 10.30 (m, 2H, NH,). 13C
NMR (100 MHz, C3D6SO) 6§ (ppm) 14.6, 22.9, 25.2, 26.2, 27.9, 28.1,
29.1, 31.1, 36.9, 43.3, 43.6, 45.2, 46.7, 58.3, 69.0, 75.8, 112.4, 114.6,
126.2,127.5,127.7,128.4,131.7,137.35, 137.38, 156.3, 168.3, 213.4.
HRMS (ESI) m/z: caled for C3gHszeCINO, [M—Cl]t 474.2644, found
474.2626.

2.6.27. Compound II-10

According to the general procedure II for de-boc reaction, II-5
(0.054 g, 0.101 mmol) were carried out to obtain II-10. Yield: 0.032 g,
67 %, white solid. Rf = 0.13 (CH3Cly: MeOH = 15: 1), m.p. 202-204 °C.
'H NMR (600 MHz, C2DgSO) 5 (ppm) 0.92 (s, 3H, CHs), 1.33 — 2.49 (m,
11H), 2.80 — 2.83 (m, 2H, H-6), 3.89 (s, 2H, NCH,CO), 5.05 (s, 2H,
OCH,AD), 5.25 (t, 1 H, J = 8.6 Hz, H-16), 6.72 (d, 1 H, J = 2.3 Hz, H-4),
6.76 (dd, 1 H,J = 2.5, 8.6 Hz, H-2), 7.17 (d, 1 H, J = 8.6 Hz, H-1), 7.30 —
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7.42 (m, 5 H, Ar-H), 8.55 (s, 3H, NHHCI). 1I3CNMR (150 MHz, C3DgSO)
§ (ppm) 14.5, 25.2, 26.2, 28.3, 29.1, 31.2, 36.8, 39.5, 43.2, 43.6, 46.7,
69.0, 75.5, 112.4, 114.6, 126.2, 127.5, 127.7, 128.4, 131.8, 137.36,
137.4, 156.3, 167.2, 213.3. HRMS (ESI) m/z: calcd for CoyH35CINO4
[M—C1]" 434.2331, found 434.2329.

2.6.28. Compound II-11

According to the general procedure II for de-boc reaction, II-6
(0.069 g, 0.117 mmol) were carried out to obtain II-11. Yield: 0.040 g,
65 %, white solid. Rf = 0.11 (PE: EtOAc = 6: 1), m.p. 197-199 °C. H
NMR (400 MHz, C3D6SO) § (ppm) 0.88 — 0.98 (m, 9H, 3 x CH3), 1.34 -
2.37 (m, 14H), 2.80 - 2.82 (m, 2H, H-6), 3.97 — 4.01 (m, 1H, NCH), 5.05
(s, 2H, OCH5Ar), 5.26 - 5.30 (m, 1H, H-16), 6.72 (d, 1H, J = 2.2 Hz, H-
4),6.76 (dd, 1H, J = 2.4, 8.6 Hz, H-2), 7.17 (d, 1H, J = 8.6 Hz, H-1), 7.29
- 7.43 (m, 5H, Ar-H), 8.70 (s, 3H, NH,HCI). *C NMR (100 MHz,
C2D6SO) § (ppm) 14.5, 21.8, 22.4, 23.8, 25.2, 26.2, 28.2, 29.1, 31.1,
36.9, 43.25, 43.5, 46.7, 47.6, 50.3, 69.0, 75.3, 112.4, 114.6, 126.17,
127.5,127.7,128.4,131.8,137.36, 137.38, 156.3, 169.4, 213.3. HRMS
(ESD) m/z: caled for C3H4oCINO4 [M—CL]* 490.2957, found 490.2941.

2.7. MTT assay

All cells were cultivated in Dulbecco’s Modified Eagle Medium with
10 % Fetal Bovine Serum at 37 °C and 5 % COs. The cells were seeded in
96-well plates (5 x 10° cells per well) and cultivated for 24 h. The
compounds were treated with different concentrations (20, 10, 5, 2.5,
1.25 pM) for 48 h. Each well was added 20 pL MTT (5 %) solution and
cultivated for 4 h, then removed the supernatant and added DMSO.
Absorbance at 570 nm was recorded. The ICs value was calculated by
SPSS software, and at least 3 parallel tests were performed.

2.8. Human apoptosis antibody assay

Apoptosis-related protein expression was detected and analyzed
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using the Human Apoptosis Array Kit (ARY009, R&D Systems). Mem-
branes containing immobilized apoptosis-related antibodies were sealed
with bovine serum albumin for 1 h. Membranes were then incubated
overnight at 2-8 °C with a cocktail of proteins extracted from cells and
detection antibodies. The membranes were incubated with horseradish
peroxidase labeled streptavidin for 30 min and images were visualized
with chemiluminescent reagents. The average background signal was
subtracted from each spot to obtain the average signal (pixel density) of
paired replicate spots representing each apoptosis-related protein.

2.9. Molecular docking

Structures of proteins mTOR (PDB: 4DRI), KIT (PDB: 6GQM), ESR1
(PDB: 1SJ0), PDK2 (PDB: 4MPC), and RXRA (PDB: 30AP) were down-
loaded from the RCSB protein database (https://www.rcsb.org/). The
structures of the protein molecules were opened with PyMOL, water
molecules were removed, small molecule ligands and other molecules
bound were removed, polar hydrogens were added, molecular docking
experiments were performed using AutoDock software, the conforma-
tion with the best binding energy was selected, and the pictures were
plotted using PyMOL.

3. Results and discussion
3.1. Synthesis

3.1.1. Synthesis of 17p-estradiol (17-OH)-amino acid derivatives

As shown in Scheme 1, I-1 (1 eq) was condensed with different amino
acids (1.5 eq) protected by N-Boc/Cbz in the presence of DCC (1.5 eq)
and DMAP (0.3 eq) to generate 17-estradiol (17-OH)-amino acid con-
jugate compounds I-2 ~ I-7 (yield: 70 % to 92 %). Followed by depro-
tection in saturated HCl/EtOAc solution to afford compounds I-8 ~ I-12
(yield: 88 % to 98 %). Finally, debenzylation under HCOONH,4 (10 eq)
and 10 % Pd/C (10 %, weight %) were carried out to get target
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Scheme 1. Synthesis of 17p-estradiol (17-OH)-amino acid derivatives. Reagents and conditions: (a) DCC/DMAP, CH,Cl,, rt. (b) Saturated HCl/EtOAc solution,

EtOAc, rt. (¢) Ammonium formate, 10 % Pd/C, MeOH/THF, reflux.
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compounds I-13 ~ I-19 (yield: 40 % to 99 %).

3.1.2. Synthesis of 17p-estradiol (16-C)-amino acid derivatives

As shown in Scheme 2, II-1 was substituted by different N-Boc pro-
tected amino acids under KI and K,COj3 to give compounds II-2 ~ II-6
(yield: 29 % to 60 %). Followed by deprotection in saturated HCl/EtOAc
solution to afford compounds II-7 ~ II-11 (yield: 65 % to 99 %).

3.2. Results of in vitro antitumor activity

The ICsg values of the tested compounds against tumor cells MDA-
MB-231, MCF-7, SKOV-3, T24, BEL-7402 and normal cells HL-7702
were determined by MTT assay, using 5-fluorouracil (5-FU) as a posi-
tive control (Table 1).

The results showed that compounds I-8, 1-9, I-10, I-11, and I-12
derived at the 17-OH position of 17p-estradiol showed good inhibitory
effects (4 ~ 20 pM) against the tested tumor cells, but also had corre-
sponding toxicity against HL-7702 normal cells. While compounds II-2
to II-11 derived at position 16-C of 17-estradiol showed relatively no
inhibitory activity. This difference could be viewed over the structure,
indicating that 174-OH which oxidized to a carbonyl group maybe lead
the inactivation. The hydrochloride form might have little effect on the
antitumor activity (I-8 vs. I-9, I-10, I-11 and I-12). The 3-OH of com-
pounds I-13 ~ 17 was bare and the 3-OH of compounds I-8 ~ 12 was
protected by benzyl. The cytotoxicity of compounds I-13 ~ 17 was
greatly reduced compared to compounds I-8 ~ 12. This indicated that
the inhibitory activity of the compounds could be increased when the
amino group was bare and the 3-OH was protected. Among them,
compound I-12 (Fig. 2) (3-benzyloxy-Estra-1,3,5 (10)-triene-174-ol
pyrrolidine-2-carboxylate hydrochloride) showed the best cytotoxicity
against MDA-MB-231 cells with an ICsg of 4.89 uM. I-12 showed better
cytotoxicity against MDA-MB-231 cells than estradiol derivatives 17p-
{6-[(Pyridin-4-ylmethyl)amino]-hexyloxy}-estra-1,3,5(10)-triene-3-ol
(ICs0 = 9.9 + 0.4 pM) and 16S-Bromo-3-benzyloxy-estra-1,3,5(10)-
triene-17-one (ICsp = 5.3 £+ 0.2 uM) (Yin et al., 2023). Compound I-12
was selected for further mechanistic studies in antitumor activity on
MDA-MB-231 cells.

N-Boc-amino acid
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3.3. Effect on apoptosis of MDA-MB-231 cell line

Compound I-12 was selected for its expression on apoptosis-related
proteins using the Proteome Analysis Tool (Human Apoptosis Array
Kit). Fig. 3 showed the images at different exposure times (1-10 min). 6
min was the best exposure time, and the expression of apoptosis-related
proteins was calculated based on its gray value (Fig. 4). The grayscale
value is the color depth of the point in the black and white image, see
Appendix A. for details of the grayscale value.

As shown in Figs. 3 and 4, compound I-12 could obviously cause
differential expression of apoptosis related proteins on tested MDA-MB-
231 cells, which indicating that it could induce apoptosis. Compared
with the 0 uM group, it was clearly exhibited that I-12 (5 pM) could
induce the upregulation of apoptosis-related proteins Bad, Bax, Cyto-
chrome ¢, TRAIL R2/DR5, Fas/TNFRSF6/CD95, HIF-1a, PON2, p21/
CIP1/CDKN1A and Phospho-p53 (S46); while induce the down-
regulation of cIAP, HO-2/HMOX2 and HSP27. This results suggested
that I-12 may induce apoptosis in MDA-MB-231 cells through a
mitochondria-mediated pathway.

3.4. Network pharmacological analysis and molecular docking

(see Appendix for details) A total of 106 targets for I-12 was found in
Stitch, Swiss Target Prediction, SEA, PharmMapper, and TargetNet da-
tabases (PharmMapper: zscore > 0.5, TargetNet: prob > 0.5). See Ap-
pendix A for details of the 106 targets. These 106 targets were entered
into DAVID for disease enrichment analysis, and breast cancer with a
high score (enrichment score: 8.91) was selected as the study disease.
Breast cancer genes were searched in GeneCard, DisGeNET and GEO
databases, and 163 breast cancer disease genes were obtained by
screening and summarizing (GeneCard: Relevance score > 70; Dis-
GeNET: estrogen negative: Score gda > 0.4, estrogen positive: Score_gda
> 0.1; GEO: logFC > 0.2, high expression, logFC < -0.2, low expression).
Following, these 163 disease genes were used to map in KEGG pathway
mapping to select pathways with higher gene enrichment: Pathways in
cancer, PI3K-Akt signaling pathway, Breast cancer pathway, EGFR
tyrosine kinase inhibitor resistance, MAPK signaling pathway, Meta-
bolic pathways, JAK-STAT signaling pathway and mTOR signaling
pathway. Compound targets were then intersected with breast cancer
disease genes using Venn diagrams to obtain four intersecting targets:

0 o O o
11-1 e Py
0" "R 0" R . Ha
+ (a) (b)
BnO BnO
Boc

HN
-2 R= :‘%JVOVQ

Boc

-7 R=

e
-3 R= X -8 R=

Il-4 R= }%Q

|
Boc

jg{\N,Boc

-5 R= <N

Boc

/

e R= o0 L

-9 R=

X

11-10 R= }z/\NHz

11-11 R:%Niz)\

Scheme 2. Synthesis of 17p-estradiol (16-C)-amino acid derivatives. Reagents and conditions: (a) K2CO3, KI, DMF, 60 °C. (b) Saturated HCI/EtOAc solution,
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Table 1

ICs of tested 17p-estradiol-amino acid derivatives on different cell lines.
Number ICs0(1M)

MDA-MB-231 SKOV-3 T24 BEL-7402 MCEF-7 HL-7702

17p-Estradiol 13.97 + 1.08 45.63 + 5.01 12.14 + 2.07 111.51 + 23.29 13.89 + 0.16 12.94 + 1.30
I-2 > 200 > 200 46.54 + 5.59 92.51 +17.69 99.81 + 18.38 > 200
I-3 > 200 > 200 79.33 + 40.31 183.48 + 46.35 > 200 > 200
I-4 45.94 + 16.00 > 200 102.74 + 48.89 104.08 + 27.83 38.78 +19.25 > 200
I-5 > 200 > 200 40.32 + 3.95 > 200 55.78 + 8.75 > 200
1-6 > 200 > 200 69.18 +17.44 > 200 177.38 £+ 69.07 > 200
1.7 > 200 28.27 +£10.01 58.68 + 8.58 30.42 £+ 5.05 > 200 35.50 + 1.96
1-8 14.55 + 0.68 19.64 + 2.48 13.24 + 0.81 24.49 +1.62 38.43 + 21.12 27.70 + 2.48
19 11.38 + 0.74 14.74 + 0.83 11.26 4+ 0.86 14.48 + 0.52 10.62 + 1.42 12.73 + 0.60
I-10 9.21 £+ 0.37 12.73 £ 0.71 11.14 £ 1.19 13.49 + 0.24 14.54 + 0.84 11.36 + 0.74
I-11 19.74 + 1.50 19.10 £+ 0.51 27.87 + 4.33 93.91 + 38.57 40.37 + 22.85 17.35 £ 1.37
I-12 4.89 £+ 0.25 11.49 + 0.87 6.74 £ 0.85 11.49 + 0.83 19.10 + 3.49 8.89 £ 0.91
I-13 > 200 96.36 + 15.64 95.48 + 35.55 > 200 178.74 + 42.87 > 200
I-14 > 200 72.41 + 32.22 63.73 + 32.63 52.25 + 32.39 56.28 + 3.03 50.88 +10.80
I-15 > 200 80.16 + 19.53 106.60 + 43.64 149.60 + 23.57 > 200 98.57 +17.35
1-16 > 200 > 200 > 200 > 200 > 200 14.38 £ 5.10
1-17 47.86 + 4.82 76.57 + 33.30 37.33 £ 5.89 96.76 + 69.63 93.27 £ 76.32 45.98 + 8.85
I-18 > 200 36.35 + 0.56 46 +17.70 > 200 47.60 £+ 10.52 > 200
I-19 > 200 52.87 + 4.00 18.30 + 2.98 60.51 + 12.65 93.02 + 40.21 > 200
1I-2 > 200 > 200 167.25 £ 7.99 > 200 > 200 > 200
1I-3 > 200 > 200 129.52 + 21.42 Nd > 200 > 200
1I-4 56.96 + 13.81 82.65 + 63.09 46.20 + 4.84 62.90 + 14.99 80.28 + 12.58 49.10 + 9.67
1I-5 112.17 + 48.97 61.08 + 30.63 > 200 Nd > 200 > 200
1I-6 142.74 + 42.84 86.96 + 48.60 33.66 + 10.96 55.20 + 26.95 109.73 £+ 12.27 50.91 + 15.54
1I-7 > 200 > 200 178.25 + 79.02 > 200 > 200 > 200
11-8 Nd 47.02 £ 25.66 197.90 + 63.67 > 200 > 200 > 200
1I-9 83.11 + 16.57 > 200 Nd > 200 57.43 + 5.63 24.38 + 6.03
1I-10 80.35 + 6.81 Nd > 200 > 200 23.68 +1.18 118.18 +18.72
I-11 > 200 57.20 + 22.67 169.29 + 60.72 > 200 > 200 93.35 + 28.46
5-FU 45.17 £ 12.07 > 200 124.05 + 28.55 > 200 > 200 52.37 £17.75

Note: Nd indicates no inhibitory activity.

O

Fig. 2. Structure of compound I-12.

mTOR, KIT, ESR1, PDK2.

The compound targets were entered into DAVID for enrichment. It
was found that I-12 may affect biological processes related to nucleo-
plasm, nucleus, zinc ion binding, transcription initiation from RNA po-
lymerase II promoter, etc. The summarized targets were enriched and
analyzed in Metascape. It indicated that the targets were mainly
enriched in nuclear receptors, signaling by nuclear receptors, cellular
response to nitrogen compounds, and steroid metabolic process.
Combining the enrichment results from DAVID and Metascape, we
found that compound I-12 may have an effect on nuclear receptor
signaling and its related biological processes, in which the target RXRA
plays an important role. At last, the pathway enrichment was carried out
on KEGG pathway mapping with selected targets, mainly looking for the
relevant pathways of mTOR, KIT, PDK2, ESR1 and RXRA, which were

selected as the intersection targets, and selecting the pathways with
relatively large number of target enrichment and interest. Targets were
entered into String to see the interactions between the targets. Finally,
Cytoscape software was used to constructed disease-pathway-gene
network and compound-pathway-target network.

Jiameng Qu et al. investigated the mechanism of action of dandelion
against triple-negative breast cancer using a network pharmacology
approach and found that dandelion may act by inhibiting the cell cycle
and affecting cellular metabolism (Qu et al., 2022). Yonghuan Yan et al.
revealed the potential bioactivities, active components and therapeutic
targets of T. aurantialba using a network pharmacology approach, and
then investigated the potential binding sites of the active compounds to
the key targets by molecular docking (Yan et al., 2022). Zhenyuan Yu et
al. investigated the potential mechanism of action of tangeretin in oral
squamous cell carcinoma by network pharmacology, and pathway
enrichment analysis showed that PI3K-AKT was the most important
pathway (Yu et al., 2022).

The binding mode of compound 1-12 to mTOR, KIT, ESR1, PDK2,
RXRA was investigated by molecular docking. The mTOR (PDB: 4DRI),
KIT (PDB: 6GQM), ESR1 (PDB: 1SJ0), PDK2 (PDB: 4MPC) and RXRA
(PDB: 30AP) were downloaded from the RCSB Protein Data Bank.
Docking was carried out by AutoDock software and the images were
drawn by PyMOL. The molecular docking results showed that the free
energy of binding of compound I-12 to mTOR was —10.91 kcal/moL, to
KIT was —7.96 kcal/mol, to ESR1 was —9.56 kcal/mol, to PDK2 was
—8.28 kcal/mol and to RXRA was —8.07 kcal/mol. Compound I-12 had
strong binding ability to mTOR, KIT, ESR1, PDK2, RXRA. The simulated
docking results (Fig. 5) showed that compound I-12 was bound to pro-
tein residues through hydrogen bonding and hydrophobic interactions,
respectively. Compound I-12 interacted with mTOR residues SER-2035
and ILE-87, KIT residues SER-639 and GLU-635, ESR1 residues SER-527
and ASP-351, PDK2 residue ASP-203, and RXRA residue GLU-394
through hydrogen bonding. This might explain the higher antitumor
activity of compound I-12.
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Fig. 3. Expression of apoptosis-related proteins at different exposure time (1, 2, 4, 6, 8 and 10 min) after treatment of MDA-MB-231 cells with I-12 for 48 h
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Fig. 4. Expression of apoptosis-related proteins (Bad, Bax, Bcl-2, Bcl-x, Pro-Caspase-3, Cleaved Caspase-3, Catalase, clAP-1, clAP-2, Claspin, Clusterin, Cytochrome c,
TRAIL R1/DR4, TRAIL R2/DRS5, FADD, Fas/TNFRSF6,/CD95, HIF-1a, HO-1/HMOX1/HSP32, HO-2/HMOX2, HSP27, HSP60, HSP70, HTRA2/0mi, Livin, PON2, p21/
CIP1/CDKNI1A, p27/Kipl, Phospho-p53(S15), Phospho-p53(S46), Phospho-p53(S392), Phospho-Rad17(S635), SMAC/Diablo, Survivin, TNF RI/TNFRSF1A, XIAP)

after 48 h of I-12 treatment.
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Fig. 6. Possible mechanism of compound I-12 against breast cancer.

In total, we found through network pharmacological analysis that
compound I-12 may act on nuclear receptors and affect biological pro-
cesses related to nuclear receptor signals. The potential targets were
mTOR, KIT, ESR1, PDK2, RXRA. The antitumor mechanism (Fig. 6) of I-
12 may be related to the pathways involved by the potential targets,
such as PI3K/Akt/mTOR pathway, MAPK pathway, estrogen receptor
signal pathway, etc.

4. Conclusion

A total of 28 derivatives were designed and synthesized, including 18
estradiol-amino acid (174-OH) derivatives (I-2 ~ I-19) and 10 estradiol-
amino acid (16-C) derivatives (II-2 ~ II-11). Amino acids used for
synthesis include L-phenylalanine, L-serine, L-leucine, glycine, L-proline
and L-glutamine. The results of antitumor activity in vitro showed that
compounds I-8, I-9, I-10, I-11 and I-12 of 174-OH conjugated amino
acids of estradiol had good antitumor activity, indicating that the
introduction of amino acids could improve the anti-proliferative effect
to a certain extent. Among them, I-12 showed the best inhibitory ac-
tivity against MDA-MB-231 breast cancer cells (ICsg = 4.89 uM). In
contrast, the estradiol-amino acid conjugates derived at position 16 (16-
C) of 17p-estradiol (II-2 ~ II-11 vs. I-2 ~ I-19) showed no inhibitory
activity against tested tumor cell lines, which may be related to the fact
that the hydroxyl group at position 17 was oxidized to carbonyl group.

Further research of I-12 on cell apoptosis found that it could induce
the apoptosis of MDA-MB-231 cells through the mitochondrial mediated
apoptosis pathway, and induced the upregulation of apoptosis-related
proteins Bad, Bax, Cytochrome c, TRAIL R2/DR5, Fas/TNFRSF6/
CD95, HIF-1a, PON2, p21/CIP1/CDKN1A and Phospho-p53 (S46), as
well as induced the downregulation of cIAP, HO-2/HMOX2 and HSP27.
Furthermore, through network pharmacological analysis, it was found
that I-12 may act on mTOR, KIT, ESR1, PDK2, RXRA targets and their
related pathways, such as PI3K/Akt/mTOR pathway, MAPK pathway,
estrogen receptor signal pathway, etc. Compound I-12 was found to bind
well to mTOR, KIT, ESR1, PDK2 and RXRA by molecular docking. Of
course, this prediction needs to be verified by further experiments. For
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future work, we will verify the conclusions by more experiments such as
Western Blot.
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