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Synthesis and discovery of asiatic acid based 1,2,3-
triazole derivatives as antitumor agents blocking
NF-kB activation and cell migrationf
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A series of asiatic acid (AA) based 1,2,3-triazole derivatives were designed, synthesized and subjected to a
cell-based NF-«kB inhibition screening assay. Among the tested compounds, compound 6k displayed im-
pressive NF-kB inhibitory activity with an ICsg value in the low micromolar range. A molecular docking
study was performed to reveal key interactions between 6k and NF-«B in which the 1,2,3-triazole moiety
and the hydroxyl groups of the AA skeleton were important for improving the inhibitory activity. Subse-
quently, surface plasmon resonance analysis validated the high affinity between compound 6k and NF-«xB
protein with an equilibrium dissociation constant (KD) value of 0.36 uM. Further studies showed that com-
pound 6k observably inhibited the NF-kB DNA binding, nuclear translocation and IkBa phosphorylation.
Moreover, in vitro antitumor activity screening showed that compound 6k (ICsq = 2.67 + 0.06 pM)
exhibited the best anticancer activity against A549 cells, at least partly, by inhibition of the activity of NF-
«B. Additionally, the treatment of A549 cells with compound 6k resulted in apoptosis induction potency
and in vitro cell migration inhibition. Thus, we conclude that AA based 1,2,3-triazole derivatives may be po-
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Introduction

Nuclear factor kappa B (NF-kB) is a crucial transcription fac-
tor involved in regulating the transcription of multiple target
genes included in tumor processes, innate and adaptive im-
mune responses, inflammation, cellular growth and
apoptosis.” NF-kB is commonly over-expressed and constitu-
tively activated in different types of cancers. It is well
established that aberrant NF-«xB activation has been associ-
ated with tumor cell proliferation, invasion, angiogenesis,
and metastasis through its regulation of various gene prod-
ucts.”® Additionally, increasing resistance to chemotherapy is
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tential NF-«xB inhibitors with the ability to induce apoptosis and suppress cell migration.

tightly linked to aberrant activation of NF-xB signaling.””
There are pieces of evidence which suggest that the inhibition
of NF-xB activation can prevent tumor resistance to chemo-
therapeutic agents, shift the death-survival balance toward
apoptosis, and improve the efficacy of current chemothera-
peutic regimens.'®" Because the activation of NF-xB is
regarded as an essential feature of the survival of cancer cells
during treatment, which contributes to cancer drug resis-
tance, considerable efforts have been focused on targeting
NF-«B for the development of therapeutic drugs for cancer
therapy and overcoming drug resistance.

In previous work, we have reported that aniline-derived
ursolic acid derivatives function as multidrug resistance re-
versers by blocking the NF-xB pathway.'>"? Triterpenoids are
highly multifunctional agents owing to their ability to inter-
act with multiple biological targets and have been reported to
block NF-xB activation.*'® Asiatic acid (AA), a pentacyclic
triterpenoid isolated from the tropical medicinal plant,
Centella asiatica (Apiaceae), has been found to possess num-
bers of pharmaceutical effects, including hepatoprotective,'®
anti-inflammation,"” antidiabetic,"® and antitumor activi-
ties.” In particular, AA exhibits potent anticancer efficacy in
various types of cancer cells through its ability to inhibit NF-
kB, modulate of the Bcl-2 family and activate p53.2%*
Furthermore, previous studies also reported that the modifi-
cation of the C-28 position of AA has resulted in properties

This journal is © The Royal Society of Chemistry 2019
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that increase the potency of anticancer drugs.>>>* Several
groups were able to show that the introduction of a ketone
group substituent on the C-11 position increased the biological
activity of the compounds.”>* Besides, it is generally acknowl-
edged that 1,2,3-triazole derivatives showed remarkable bind-
ing affinity with a variety of enzymes and receptors by non-
covalent interactions, hence resulting in versatile biological ac-
tivities.>” In fact, many studies demonstrated that 1,2,3-triazole
moieties were found to be highly useful as pharmacophores in
medicinal chemistry and have great potential as therapeutic
agents such as anticancer, anti-infective, antiviral, and antimi-
crobial agents.>*>® Due to their favourable therapeutic indexes,
several 1,2,3-triazole containing drugs have been developed for
application in clinical trials.”® Recently, several reports revealed
that pentacyclic triterpene ursolic, betulinic and oleanolic acid
based triazole derivatives exhibited cytotoxic activity and in-
duced apoptosis towards a variety of cancer cell lines.**~> How-
ever, the molecular target or the mechanism of action of these
triazole derivative-mediated antitumor activities remains
unclear and is yet to be elucidated.

In continuation of our studies aiming at the discovery of
more potential compounds as NF-kB inhibitors, in the pres-
ent study, we synthesized a series of 1,2,3-triazole derivatives
based on the modification at the C-28 position of AA and
assessed the potency of these compounds towards TNF-o-
induced NF-kB activation and their anticancer activity against
a number of cancer cell lines. The most active compound 6k
was further docked with NF-xB protein to explore the possi-
ble binding interactions and its inhibitory potency for migra-
tion and drug resistance were investigated.

Results and discussion
Chemistry

The general procedures for the synthesis of AA bearing 1,2,3-
triazole derivatives are outlined in Scheme 1. Compound 2 was
synthesized by the treatment of AA (1) with acetic anhydride in
dry pyridine. Subsequently, compound 2 was treated with po-
tassium dichromate in acetic acid to obtain compound 3,
which was then reacted with propargyl amine and sodium hy-
dride in the presence of THF at room temperature to afford
compound 4. Compound 4 was reacted with different
substituted aromatic azides (9), sodium ascorbate and CuSO,
-5H,0 in THF to yield compounds 5. The aromatic azides (9)
were prepared by addition of substituted phenyl amine (7) in
the presence of HCl with NaNO,; this intermediate was then
reacted with sodium azide in DMF. The hydrolyzation reaction
of compounds 5 with NaOH (aq) resulted in the formation of
target compounds 6. All the target compounds (5 and 6) were
confirmed by spectroscopic methods, including '"H NMR, "*C
NMR and high resolution mass spectrometry (HR-MS).

In vitro inhibition of TNF-a-induced NF-kB activation in the
A549 lung cancer cell line

The inhibitory activity of all the synthesized compounds to-
ward NF-«xB was evaluated by a cell-based luciferase assay in

This journal is © The Royal Society of Chemistry 2019

View Article Online

Research Article

Scheme 1 Synthetic pathway to target compounds 5 and 6. Reagents
and conditions: (a) acetic anhydride, pyridine, 8 h, r.t, (b) acetic acid,
K>CrOy, 70 °C, 5 h, r.t, (c) sodium hydride, THF, propargyl amine, EtzN,
8 h, r.t, (d) NaNO,, 10% HCl, 3 h, r.t, (e) sodium azide, DMF, r.t, (f) CuSO,,
sodium-L-ascorbate, t-BuOH: H,O (1:1), 48 h, r.t, (g) NaOH, 2 h, r.t.

A549 lung cancer cells, which specifically reported the ability
of molecules to inhibit TNF-a-induced NF-kB transcriptional
activity. The human lung cancer A549 cell line transiently co-
transfected with NF-xB-luc was used to determine the effects
of AA containing 1,2,3-triazole derivatives on TNF-o-induced
NF-kB activation. IMD-0354, a well-characterized IKKf inhibi-
tor, was used as a positive control. The inhibitory activities of
the tested compounds 5a-5h and 6a-61 from the TNF-o-
induced NF-kB activation assay are presented in Table 1. As
shown in Table 1, some of the synthesized AA containing
1,2,3-triazole derivatives display highly NF-«B inhibition po-
tency, with IC5, values mostly in the micromolar range. In ad-
dition, the investigated compounds showed improved inhibi-
tion of TNF-a-induced NF-kB activation compared to the
parent compound AA, indicating that the introduction the
1,2,3-triazole moieties resulted in an increase in the activity.
At first, polar groups were investigated at R; using halogen
group substitution, of which the bromine group substitution
(5b) yielded a moderate ICs, value of 15.04 uM. In contrast, in
comparison to its analogue 5b, bearing the acetyl moiety at R,,
compound 6a is about 2-fold more potent. Even higher activi-
ties were obtained by substitution of 4-fluorine (5¢) and 2-fluo-
rine (5g) at Ry, with low IC5, values of 5.39 and 4.78 uM, respec-
tively. The 2-fluorine derivative with hydroxyl moiety
substitution at R, (6k), which showed the highest activity
among the investigated compounds, yielded a significantly
lower ICs, of 0.14 uM. Similar activities resulted from a 2-bro-
mine (6j, 1.88 uM) substituent. The resulting ICs, values of
compounds 5a-5h, all containing an acetyl group at R,, were
considerably higher than those of the corresponding analogues
(6a-6l), lacking the acetyl function at R,, illustrating the benefi-
cial impact of the hydroxyl group.*® Replacement of the bro-
mine group at R, of 6a with a 4-methyl group led to compound
6b, which resulted in decreased activity (ICs, = 13.28 uM), while
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Table 1 In vitro inhibition of TNF-a-induced NF-kB activation in the A549 lung adenocarcinoma cell line

Compd. R, R, IC50” (M)
5a 4-Cl OAc 10.61 + 0.59
5b 4-Br OAc 15.04 + 1.21
5¢ 4-F OAc 5.39+£0.71
5d 3-F OAc 18.84 + 1.13
5e 3-Br OAc >20

5f 2-Cl OAc 8.17 + 0.68
5¢ 2-F OAc 4.78 +0.32
5h 2-Br OAc 12.15 + 0.87
6a 4-Br OH 7.86 = 0.44
6b 4-CH;3 OH 13.28 + 1.05
6¢ 4-NO, OH 0.92 £ 0.14
6d 3-CH; OH >20

6e 3-Cl OH 17.26 + 1.18
6f 3-Br OH 19.79 + 0.93
6g 2-CH;3 OH 3.32 £ 047
6h 2-OCHj, OH >20

61 2-Cl OH 1.06 £ 0.26
6j 2-Br OH 1.88 + 0.39
6k 2-F OH 0.14 + 0.08
6l 2-NO, OH 0.23 £ 0.06
AA — — >20
IMD-0354 — — 1.27 £ 0.31

% 1Cs, values are presented as the mean + SD (standard error of the mean) from three separate experiments.

an electron withdrawing functional group (-NO,) in 6¢ resulted
in the recovery of activity (ICs, = 0.92 uM). Also, installation of
a 2-chlorine group at R, led to compound 6i (IC5, = 1.06 uM),
which was 3 times more potent than its analogue 6g with a
2-methyl group (ICs, = 3.32 puM). In general, compounds
containing electron withdrawing functional groups (-F, -Cl)
displayed more potent inhibitory activity compared with com-
pounds bearing electron donating functional groups (-CHj,
-OCHj;). A similar trend is observed for compound 6d,
substituted in the meta-position with a methyl group,
exhibiting weak potency. Additionally, by the comparison of
ICs, values of para-, meta- and ortho-position substituents, it
also suggested that an ortho-position substituent at R; showed
better inhibitory activity compared to a meta- or para-
substituent. Extraordinarily high inhibitory activities resulted
from substitutions at R, with 2-nitro (IC5, = 0.23 uM), 2-fluo-
rine (ICso = 0.14 uM) and 2-chlorine (ICs, = 1.06 uM). Substitu-
tion with 2-bromine resulted in good activities compared with
3-bromine and 4-bromine substitution. Unfortunately, substitu-
tion with a bulky 2-methoxy group (6h) completely abolished
the activity. In short, the investigation of AA containing 1,2,3-
triazole derivatives implied that the introduction of 1,2,3-
triazole moieties at the C-28 position and retaining the hy-
droxyl groups at the C-2, C-3, and C-23 positions in AA were
beneficial for inhibition of NF-«B.
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Molecular docking

As revealed in the SAR studies, 6k exhibited the most potent
inhibitory activity towards TNF-o-induced NF-kB activation.
To further elucidate the improved potency of 6k at the molec-
ular level, molecular docking studies of 6k in the active site
of NF-kB were performed using SYBYL-X 2.0 software. The
docking score results are summarized in Table S1.f The best
possible interacting mode of compound 6k (docking score
10.75) at the binding site of the NF-kB protein is shown in
Fig. 1. As shown in Fig. 1, the docking model proposed that
6k is extended tightly into the cavity of the NF-xB active site,
adopting an energetically stable conformation. The fluorine
atom of the terminal aromatic group formed one hydrogen-
bonding interaction with the DNA chain (DA6), while the
benzene ring was appropriately positioned to form n-n inter-
actions with PHE307. Remarkably, the 1,2,3-triazole moiety as
an acceptor established four hydrogen bonds with the amino
hydrogen of LYS272 and DA5, which confirmed that this moi-
ety was also crucial for binding and contributed to the im-
provement of the potency of 6k. Moreover, the polar hydro-
gen of the C-2 and C-3 hydroxy moiety formed two hydrogen
bonds with the DNA backbone P—O0 of DG2. Also, the C-23
hydroxy of compound 6k formed two hydrogen bonds with
the amine group of LYS249. Additionally, the pentacyclic ring

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Binding modes of compound 6k in the active site of NF-kB
(PDB: INFK). The ligands and the important residues for binding inter-
actions are represented by stick and line models. The hydrogen bonds
are shown as yellow dotted lines.

skeleton of compound 6k was surrounded by LYS241,
PRO243, SER246, ASN247, LYS249, ASP271 and LYS272 resi-
dues mainly through hydrophobic interactions. We also
rechecked the docking study on the NF-kB structure without
DNA fragments. As indicated in Fig. S1,i the C-2 and C-23 hy-
droxy moieties of 6k formed two hydrogen bonds with
ASP291 and ARG295, respectively, and the terminal aromatic
group extended into a hydrophobic groove.

Surface plasmon resonance assay

The docking study revealed that compound 6k directly
bonded to NF-«B. To further validate this possibility, a bio-
specific interaction analysis was performed through a surface
plasmon resonance (SPR) based binding assay using Biacore
T200. This analytic technique allows the measurement of the
kinetic and thermodynamic parameters of ligand-protein
complex formation, and it is widely utilized to investigate sev-
eral enzyme/inhibitor interactions.>® Association and dissoci-
ation measurements were taken and the binding affinity of
compound 6k for NF-kB was determined using Biacore evalu-
ation software. Results showed that compound 6k efficiently
interacted with the immobilized NF-kB protein (Fig. 2), as
demonstrated by the concentration-dependent responses for
the association and dissociation, respectively, and by the
clearly discernible exponential curves, indicative of the bind-
ing of compound 6k to and its dissociation from the NF-xB
protein, with a binding affinity, equilibrium dissociation con-
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Fig. 2 Biophysical binding data supporting the interaction of
compound 6k with NF-kB protein. The dose response curve deter-
mined by SPR for the binding of NF-kB with 6k is shown. The mea-
surement yielded an equilibrium dissociation constant (KD) of 0.36 uM.
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Fig. 3 ELISA based DNA binding assay to evaluate the NF-xB DNA
binding ability following compound 6k treatment. The data are
expressed as mean + SD, compared with the untreated control and
TNF-o treated control (p < 0.05).

stant (KD) of 0.36 uM. These data provide the definitive evi-
dence for the interaction of 6k with NF-«B protein.

Compound 6k inhibits NF-kB DNA binding

Since the docking experiments suggested that compound 6k
bonded to NF-xB through alternating NF-kB/DNA interac-
tions, we subsequently evaluated its effects on the NF-xB sig-
naling pathway using an ELISA based DNA binding assay. As
expected, we observed a significant inhibition of TNF-o-
induced NF-kB activation in A549 cells treated with 6k
(Fig. 3). Compound 6k reduced the TNF-o-induced NF-kB
DNA binding activity by 18.2%, 34.1%, and 61.4% as com-
pared with TNF-a at 5, 10, and 20 uM, respectively. These re-
sults indicated that 6k bonded to NF-xB and modulated the

NF-«kB DAPI Merge

Control

Fig. 4 The effects of compound 6k on the nuclear translocation of the
NF-xB protein induced by cytokine TNF-a. After culturing overnight,
A549 cells were pretreated with 6k (10 uM) for 24 hours, followed by
TNF-a (10 ng mL™) for 30 min, and then processed for NF-kB nuclear
translocation detection by immunofluorescence staining.

Med. Chem. Commun., 2019, 10, 584-597 | 587


https://doi.org/10.1039/c8md00620b

Published on 01 March 2019. Downloaded by RSC Internal on 4/25/2019 10:09:14 AM.

Research Article

. Control

+ - . TNF.a(10 ng/mL) '; LTy

5 10 6k (nM) 1 I TNFa + 6k (10 3M)
N W — NF-kB ;;.m
— — - p-IkBa j;’
. ——— vy 3:»

o, 1 3
- b

&

< <

Fig. 5 Suppression of the NF-«xB signaling cascade by compound 6k
on A549 cells. The effect of compound 6k on the expression of p-lkBa,
p-IKKB and NF-«xB stimulated with TNF-a. B-Actin was used as a load-
ing control. Means + SD were from three separate experiments, P <
0.05.

constitutive NF-xB activation by interfering with the NF-kB/
DNA interaction.

Compound 6k inhibits NF-kB translocation to the nucleus

Translocation to the nucleus is a symbol for TNF-o induced
NF-kB activation. Recently, extensive research has reported
that the anticancer activity of pentacyclic triterpenoids is
associated with the suppression of NF-xB translocation to
the nucleus.*® Mechanistically, NF-xB nuclear translocation
was examined using immunofluorescence staining. A549
cells were treated for 24 h with 10 uM 6k, after which NF-
kB translocation was stimulated by adding TNF-a for 30
minutes. As shown in Fig. 4, in A549 cells treated with
TNF-a, an intense nuclear fluorescence was observed, show-
ing the nuclear translocation of NF-xB. NF-kB nuclear
translocation in the 6k-treated cells was inhibited in com-
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parison with that in TNF-a-stimulated cells. Therefore,
these results confirmed that 6k blocked the nuclear translo-
cation, resulting in the inhibitory effect of 6k on NF-xB
activation.

Compound 6k inhibits the activity of IKKp and IxBa
phosphorylation

TNF-o triggers the nuclear translocation of NF-«xB via the
phosphorylation and activation of the IKK complex, which
subsequently phosphorylates IxBa., resulting in the activation
of NF-xB.*” To determine if the inhibition of TNF-a-induced
NF-kB activation and nuclear translocation is caused by the
inhibition of IxkBo phosphorylation, the expression of phos-
phorylated IKKP and IxBa were evaluated by a western blot-
ting assay. As shown in Fig. 5, after treatment with TNF-q,
the phosphorylated IkBo levels were markedly increased,
while compound 6k significantly inhibited this phosphoryla-
tion in a concentration-dependent manner. Meanwhile, as il-
lustrated in Fig. 5, a similar trend was also observed on p-
IKKB and NF-xB. The results revealed that compound 6k
suppressed the IKKf activation in a concentration-dependent
manner stimulated by TNF-o.. These data also demonstrated
that compound 6k inhibits the TNF-a-induced NF-kB activity
via impairment of IkBoa phosphorylation mediated by the
IKKf phosphorylation.

In vitro cytotoxicity activity

NF-kB is a transcription factor involved in the control of vari-
ous normal cellular and organism processes, such as im-
mune and inflammatory responses, cellular proliferation and

Table 2 Cytotoxicity of compounds 5a-5h and 6a-6l against different cancer cell lines

IC50“ (LM)

Compd. T24 HepG2 A549 NCI-H460 NCI-H460/DOX HL-7702 RF¢
5a 27.39 £ 1.15 29.76 = 0.57 26.71 + 1.06 26.84 + 0.36 n.d.? >50 —
5b 33.82 + 0.63 37.55 + 0.88 33.47 £ 1.21 34.63 + 0.99 n.d. >50 —
5¢ 20.27 + 0.54 25.12 + 1.25 18.51 + 1.34 20.78 + 0.85 >50 >50 —
5d 39.28 + 1.26 43.75 + 1.48 38.23 £ 1.26 40.91 + 1.37 n.d. >50 —
5e >50 >50 >50 >50 n.d. >50 —
5f 22.47 +1.23 26.93 + 0.91 21.85 + 0.68 23.50 = 0.59 n.d. >50 —
5g 17.33 £ 1.09 21.48 + 0.78 16.74 + 0.93 19.06 = 0.76 27.11 + 1.05 >50 1.42
5h 31.95 + 0.43 36.84 = 0.96 30.26 + 0.87 34.49 + 1.14 n.d. >50 —
6a 23.62 + 1.35 28.42 +1.03 20.36 + 0.62 24.96 + 1.46 n.d. >50 —
6b 34.49 + 1.12 37.29 + 1.07 33.15 + 0.98 34.88 £ 0.75 n.d. >50 —
6¢ 9.10 + 0.74 10.32 + 0.45 8.98 + 0.56 9.65 + 0.29 14.43 + 0.58 >50 1.49
6d >50 >50 >50 >50 n.d. >50 —
6e 37.69 £ 0.71 40.58 + 0.87 35.68 + 1.25 39.73 £ 0.79 n.d. >50 —
6f 41.14 + 2.58 45.80 + 1.80 39.87 + 1.55 43.57 + 1.64 n.d. >50 —
6g 14.95 + 1.15 18.71 + 0.90 14.78 £ 0.32 15.92 + 0.57 17.41 £ 0.34 >50 1.09
6h >50 >50 >50 >50 n.d. >50 —
6i 9.61 + 0.63 12.66 + 0.86 9.24 +1.14 11.74 £ 0.37 13.99 + 0.95 >50 1.19
6j 10.67 + 0.72 14.87 + 0.37 10.20 + 0.49 12.05 + 0.84 16.92 + 1.01 >50 1.40
6k 3.96 + 0.21 5.24 +1.34 2.67 + 0.06 4.46 + 0.15 4.84 + 0.42 >50 1.08
6l 7.51 + 0.54 8.36 + 1.11 5.16 + 0.51 7.85 +0.83 10.27 + 0.35 >50 1.31
AA 43.97 + 1.36 35.37 +1.47 41.02 + 0.78 44.82 + 1.25 n.d. >50 —
DOX 0.96 + 0.09 1.37 £ 0.24 1.07 £ 0.18 0.8 + 0.06 30.99 + 1.15 10.44 + 0.5 38.74

@ 1C5, values are presented as the mean + SD (standard error of the mean) from three separate experiments. ” n.d. = not detected. ° RF

(resistant factor) is defined as ICs, in NCI-H460/DOX/IC5, in NCI-H460.
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Fig. 6 Annexin V-FITC and PI staining to evaluate apoptosis in A549
cells following compound 6k treatment. A549 cells were treated with
6k (5, 10 and 20 uM, for 24 h), incubated with Annexin V-FITC and PI
and analyzed using flow cytometry.

tumorigenesis. Due to the pivotal role of the transcription
factor NF-xB in tumorigenesis and survival, we speculate
whether the NF-«B inhibitory activity of AA containing 1,2,3-
triazole derivatives is translated to anticancer activity. The
in vitro cytotoxicity of the synthesized compounds was evalu-
ated by the MTT assay against a panel of cancer cell lines in-
cluding human lung cancer cells (NCI-H460), human liver
cancer cells (HepG2), human non-small cell lung cancer cells
(A549), human bladder cancer cells (T24), and human normal
cells (HL-7702). AA and doxorubicin (DOX) were used as posi-
tive controls. As shown in Table 2, most of the newly synthe-
sized AA derivatives exhibited a considerable growth inhibi-
tory activity compared with AA against the tested cell lines,
indicating that the introduction of 1,2,3-triazoles on AA could
markedly increase the anticancer activity. Interestingly, com-
pound 6k was the most potent compound in this series, with
IC5, values of 5.24 uM, 4.46 uM, 2.67 uM and 3.96 uM
against HepG2, NCI-H460, A549 and T24 cancer cell lines, re-
spectively. Moreover, 6k showed lower toxicity toward to hu-
man normal live cells HL-7702, while it was weaker than
DOX.

Drug resistance is a critical therapeutic problem that
limits the efficacies of most anticancer drugs for a variety of
human cancer cells. In terms of their strong inhibitory effects
on the tested cancer cell lines, compounds 5¢, 5g, 6¢, 6g and
6i-61 were further evaluated against DOX-resistant NCI-H460
(NCI-H460/DOX). As shown in Table 2, DOX displayed low ac-
tivity on NCI-H460/DOX resistant cell lines. It was significant
to observe that compound 6k had a much lower resistance
factor (1.08) for the resistant NCI-H460 cell line. Moreover,
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except for 5c, the other selected compounds showed potent
cytotoxicity against the corresponding DOX resistant cells
comparable to that of DOX. These results implied that these
compounds might be useful in the treatment of drug refrac-
tory tumors resistant to DOX.

Compound 6k induces apoptosis in A549 cells

The ability of 6k to induce apoptosis was investigated by flow
cytometry. A549 cells were allowed to grow in the presence or
absence of 6k for 24 h, and co-stained with PI and Annexin-
V/FITC. Four quadrant images, Q1, Q2, Q3, and Q4, repre-
sented four different cell states: necrotic cells, late apoptotic
or necrotic cells, early apoptotic cells and living cells, respec-
tively. In the cells treated with compound 6k, we observed a
dose-dependent increase in the percentage of apoptotic cells,
at concentrations of 5 uM, 10 uM and 20 uM for 24 h. As
shown in Fig. 6, few (1.58%) apoptotic cells were present in
the control panel; in contrast, the percentage rose to 11.80%
at the concentration of 5 uM after treatment with 6k for 24 h.
In the presence of 6k with concentrations of 10 uM and 20
uM, the percentage of apoptotic cells was further increased
to 29.42% and 40.38%, respectively. These data suggested
that compound 6k effectively induced apoptosis in A549 cells
in a dose-dependent manner.

Apoptosis assay by acridine orange/ethidium bromide (AO/
EB) staining

To further characterize the cell apoptosis induced by com-
pound 6k, AO/EB staining was performed to evaluate the ac-
companying changes in morphology. A549 cells were exposed
to compound 6k at concentrations of 5 uM, 10 uM and 20
uM for 24 h. The results (Fig. 7) showed that the morphology

6k (10 pM)

Fig. 7 Compound 6k induced apoptosis in A549 cells was studied by
AO/EB staining and photographed via fluorescence microscopy. A549
cells were treated with 6k (5, 10 and 20 pM, for 24 h), and incubated
with  AO/EB. Images were acquired using a Nikon Te2000
deconvolution microscope (magnification 200x).

6k (20 pM)
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6k (20 pM)
Fig. 8 Transwell assay detected the migration inhibition of A549 cells
after incubation with compound 6k at concentrations of 5, 10 and 20
uM for 24 h, respectively. The experiments were performed three
times, and the results of the representative experiments are shown.

of A549 cells had changed significantly in the presence of 6k.
The cell nuclei were stained yellow green or orange, and the
morphology showed pycnosis, membrane blebbing and cell
budding, characteristic of apoptosis. The nearly complete ab-
sence of red-stained cells showed that 6k treatment was asso-
ciated with low toxicity. Hence, the observation results fur-
ther demonstrated that compound 6k induced apoptosis in
A549 cells.

Compound 6k inhibits the migration of A549 cells in vitro

NF-kB is constitutively activated in a number of cancer cells
and promotes tumor proliferation, invasion, and metasta-
sis.*® Increasing evidence has revealed that metastatic cancer
cells exhibited great capability for migration and invasion.?”
Migration plays a key role in the later period of cancer pro-
gression and is known to be related to tumor progression
and metastatic cascade. Since cell migration is connected
with the metastatic activity of cancer cells, transwell migra-
tion assays were carried out to investigate whether compound
6k could suppress the migration of A549 cells. The migration
of A549 cells was recorded by microscopic observations at
concentrations of 5 uM, 10 uM and 20 uM of compound 6k
for 24 h. Results from Fig. 8 clearly showed that 6k strongly
decrease the number of migrating cells in a dose-dependent
manner after 24 h as compared with the control. This dem-
onstrated that the NF-kB inhibitory functionality is critical
for 6k to suppress migration.

Conclusions

A series of AA containing 1,2,3-triazole derivatives were ratio-
nally designed and synthesized as anticancer agents which
targeted NF-kB with good IC;, values in the low micromolar
range. The cell-based luciferase assay led to the identification
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of compound 6k, possessing high affinity and potency, as a
potent inhibitor of TNF-o-induced NF-kB activation. A
docking study of the most active compound 6k revealed key
interactions between 6k and NF-«B in which the 1,2,3-triazole
moiety and the hydroxyl groups of the AA skeleton were im-
portant for improving the inhibitory activity. Subsequently,
surface plasmon resonance analysis validated the interaction
between compound 6k and NF-xB protein with an equilib-
rium dissociation constant (KD) value of 0.36 uM. Further
studies revealed that compound 6k observably inhibited the
NF-kB DNA binding, nuclear translocation and IkBo phos-
phorylation. Notably, further antitumor activity screening
showed that compound 6k (IC5, = 2.67 + 0.06 uM) exhibited
the best anticancer activity against the A549 cell line, while
displaying slightly weaker inhibitory activity than DOX. The
exposure of compound 6k to A549 cells resulted in induction
of apoptosis evidenced by flow cytometry and the AO/EB
staining assay. In addition, transwell migration assays indi-
cated that compound 6k inhibited in vitro cell migration by
blockage of the NF-kB signaling pathway. Consequently, the
rational design of AA containing 1,2,3-triazole derivatives of-
fers significant potential for the discovery of a new class of
NF-kB inhibitors with the ability to suppress cancer cell mi-
gration and induce apoptosis.

Experimental methods
General

Asiatic acid was purchased from Biological Technology of
Wuhan, China. All the chemical reagents and solvents used
were of analytical grade. Silica gel (200-300 mesh) used in
column chromatography was provided by Tsingtao Marine
Chemistry Co. Ltd. '"H NMR and "C NMR spectra were
recorded on a BRUKER AV-400 spectrometer with TMS as an
internal standard in CDCIl;. Mass spectra were determined on
an FTMS ESI spectrometer.

Synthesis: general procedure for compounds 5a-5h

AA (1, 200 mg, 0.4 mmol) was added to pyridine (10 mL)
followed by acetic anhydride (0.5 mL, 5.0 mmol) and the mix-
ture was stirred at 20 °C for 8 h. After the reaction, the mix-
ture was diluted with ethyl acetate (25 mL), washed with
aqueous 1 M HCI (10 mL x 5), saturated CuSO, (15 mL x 2)
and saturated NaCl solution (20 mL). The organic phase was
dried with anhydrous sodium sulfate, and the solvent was
evaporated under reduced pressure. The crude product was
purified by column chromatography on silica gel eluted with
petroleum ether/ethyl acetate (V:V = 3:1) to give 2. Com-
pound 2 (100 mg, 0.16 mmol) and K,Cr,0,-2H,0 (150 g, 0.5
mmol) were added to acetic acid (20 mL) and refluxed for 5
h. The mixture was cooled to 20 °C and neutralized with 10%
NaHCO; solution to pH 7-8. Then, the mixture was diluted
with ethyl acetate (20 mL) and washed with water (10 mL x
5). The organic phase was dried over anhydrous sodium sul-
fate, and the solvent was evaporated under reduced pressure.
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The crude product was purified by silica gel chromatography
with a gradient elution of CH,Cl,/MeOH (V:V = 30:1) to yield
compound 3. Compound 3 (125.6 mg, 0.2 mmol) was allowed
to react with NaH (80% in oil, 0.019 g, 0.8 mmol) in dry THF
(20 mL) under a nitrogen atmosphere for 8 h before a solu-
tion of propargyl amine (0.025 g; 0.45 mmol in 5 mL THF)
was slowly added. After the reaction was completed, the reac-
tion mixture was extracted with ethyl acetate. The combined
organic layer was dried over anhydrous Na,SO, and concen-
trated under reduced pressure to give the crude product,
which was purified by column chromatography using 5%
EtOAc: hexane to give the propargylated product 4. The title
compounds (5) were prepared by the reaction of substituted
aryl azides (1.5 mmol), intermediate 4 (1.0 mmol), and CuSO,
-5H,0 (0.1 mmol) in a +BuOH:H,O (1:1) mixture. Sodium
ascorbate (0.1 mmol) was added to the reaction mixture and
the contents were stirred vigorously at room temperature for
48 h till completion of the reaction (monitored by TLC analy-
sis). The reaction was worked up by dilution of the contents
with water and extraction with ethyl acetate (3 times). The
combined ethyl acetate extract was washed with brine solu-
tion, dried over anhydrous Na,SO, and evaporated under re-
duced pressure. The crude product was purified by chroma-
tography on silica gel eluted with ethyl acetate/hexane (V:V =
3:1) to obtain compounds 5a-5k. The structures were con-
firmed by "H NMR, '>C NMR and HR-MS (see the ESIt).
Compound 5a. Yield 88%, as a white solid. Mp: 164.7-
165.8 °C. 'H NMR (400 MHz, CD;0D) 6 8.31 (s, 1H, H-33),
7.84-7.81 (m, 2H, Ar-H), 7.59-7.57 (m, 2H, Ar-H), 5.57 (s,
1H, H-12), 5.23-5.16 (m, 1H, H-2), 4.99 (d, J = 11.2 Hz, 1H, H-
3), 4.49-4.37 (m, 2H, H-31), 3.79 (d, J = 9.6 Hz, 1H, H-23),
3.62 (d, J = 10.8 Hz, 1H, H-23), 3.07 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.46 (d, J = 10.8 Hz, 1H, H-16), 2.44 (s, 1H, H-9), 2.25-
2.18 (m, 1H, H-20), 2.04 (s, 3H, CH;CO), 2.01 (s, 3H, CH;CO),
1.95 (s, 3H, CH;CO), 1.79-1.09 (m, 15H), 1.31 (s, 3H, CH;-27),
1.04 (s, 3H, CH3-24), 0.97 (d, J = 6.4 Hz, 3H, CH;-29), 0.87 (d,
J = 6.4 Hz, 3H, CH;-30), 0.85 (s, 3H, CH;-25), 0.48 (s, 3H,
CH;-26). *C NMR (100 MHz, CD;OD) § 200.94, 178.95,
172.37, 172.19, 172.00, 166.45, 147.21, 136.96, 135.48, 131.17,
131.05, 123.04, 122.74, 76.11, 70.47, 66.17, 61.99, 54.04,
48.42, 48.31, 45.74, 45.04, 44.87, 43.12, 39.98, 39.86, 38.92,
38.01, 35.54, 33.39, 31.49, 29.18, 24.72, 21.34, 21.00, 20.76,
19.54, 18.24, 17.97, 17.64, 14.13. HR-MS (m/z) (ESI): calc for
C45H350CIN,Og [M + Na]': 841.3914, found: 841.3893.
Compound 5b. Yield 85%, as a white solid. Mp: 177.1-
179.0 °C. 'H NMR (400 MHz, CD,0D) 6 8.32 (s, 1H, H-33),
7.78-7.71 (m, 4H, Ar-H), 5.57 (s, 1H, H-12), 5.23-5.16 (m, 1H,
H-2), 4.99 (d, J = 11.2 Hz, 1H, H-3), 4.49-4.37 (m, 2H, H-31),
3.79 (d, J = 9.6 Hz, 1H, H-23), 3.62 (d, J = 10.8 Hz, 1H, H-23),
3.07 (dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.45 (d, J = 10.8 Hz, 1H,
H-16), 2.44 (s, 1H, H-9), 2.25-2.17 (m, 1H, H-20), 2.04 (s, 3H,
CH;CO), 2.01 (s, 3H, CH;CO), 1.95 (s, 3H, CH;CO), 1.79-1.09
(m, 15H), 1.31 (s, 3H, CH3-27), 1.03 (s, 3H, CH;-24), 0.97 (d, J
= 6.4 Hz, 3H, CH;-29), 0.87 (d, J = 6.4 Hz, 3H, CH;-30), 0.85
(s, 3H, CH3-25), 0.47 (s, 3H, CH;-26). *C NMR (100 MHz,
CD;0D) J 200.92, 178.93, 172.37, 172.19, 171.99, 166.45,
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147.24, 137.40, 134.09, 131.16, 123.25, 123.00, 122.93, 76.11,
70.47, 66.17, 61.97, 54.03, 48.41, 48.30, 45.73, 45.03, 44.86,
43.12, 39.97, 39.84, 38.91, 38.01, 35.53, 33.38, 31.50, 29.17,
24.72, 21.34, 21.02, 20.80, 20.77, 19.54, 18.26, 17.97, 17.65,
14.17. HR-MS (m/z) (ESI): calc for C,sH50BIN,Og [M + Nal':
885.3408, found: 885.3391.

Compound 5c. Yield 84%, as a white solid. Mp: 180.3—-
182.2 °C. "H NMR (400 MHz, CD;OD) ¢ 8.27 (s, 1H, H-33),
7.85-7.82 (m, 2H, Ar-H), 7.35-7.31 (m, 2H, Ar-H), 5.58 (s,
1H, H-12), 5.23-5.17 (m, 1H, H-2), 5.00 (d, J = 11.2 Hz, 1H, H-
3), 4.48-4.37 (m, 2H, H-31), 3.79 (d, J = 9.6 Hz, 1H, H-23),
3.62 (d, J = 10.8 Hz, 1H, H-23), 3.07 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.47 (d, J = 10.8 Hz, 1H, H-16), 2.46 (s, 1H, H-9), 2.26~
2.19 (m, 1H, H-20), 2.05 (s, 3H, CH;CO), 2.01 (s, 3H, CH;CO),
1.96 (s, 3H, CH;CO), 1.81-1.12 (m, 15H), 1.33 (s, 3H, CH;-27),
1.07 (s, 3H, CH;-24), 0.98 (d, J = 6.4 Hz, 3H, CH;-29), 0.88 (d,
J = 6.4 Hz, 3H, CH;-30), 0.85 (s, 3H, CH;-25), 0.52 (s, 3H,
CH;-26). C NMR (100 MHz, CD;OD) § 200.99, 178.99,
172.40, 172.21, 172.03, 166.46, 163.87 (J(C,F) = 246.0 Hz),
147.08, 134.73 (YJ(C,F) = 4.0 Hz), 131.18, 123.59 (}J(C,F) = 9.0
Hz), 123.23, 117.72 (¥J(C,F) = 23.0 Hz), 76.12, 70.49, 66.16,
62.03, 54.06, 48.44, 48.34, 45.78, 45.08, 44.88, 43.14, 40.00,
39.88, 38.94, 38.03, 35.55, 33.41, 31.50, 29.19, 24.71, 21.34,
21.31, 20.98, 20.75, 20.73, 19.52, 18.23, 17.99, 17.62, 14.10
(“J(C,F) = 249.3 Hz). HR-MS (m/z) (ESI): calc for C45sH50FN,Oq
[M + Na]": 825.4209, found: 825.4191.

Compound 5d. Yield 86%, as a white solid. Mp: 182.4-
183.1 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.20 (s, 1H, H-33),
7.86-7.81 (m, 1H, Ar-H), 7.59-7.54 (m, 1H, Ar-H), 7.46-7.39
(m, 2H, Ar-H), 5.58 (s, 1H, H-12), 5.24-5.17 (m, 1H, H-2),
5.00 (d, J = 11.2 Hz, 1H, H-3), 4.52-4.38 (m, 2H, H-31), 3.80
(d, J = 9.6 Hz, 1H, H-23), 3.63 (d, J = 10.8 Hz, 1H, H-23), 3.08
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.47 (s, 1H, H-9), 2.46 (d, J =
10.8 Hz, 1H, H-16), 2.28-2.19 (m, 1H, H-20), 2.05 (s, 3H, CH;-
CO), 2.01 (s, 3H, CH;CO), 1.96 (s, 3H, CH;CO), 1.81-1.13 (m,
15H), 1.34 (s, 3H, CH;-27), 1.11 (s, 3H, CH3-24), 0.99 (d, J =
6.4 Hz, 3H, CH;-29), 0.89 (d, J = 6.4 Hz, 3H, CH;-30), 0.87 (s,
3H, CH;-25), 0.57 (s, 3H, CH3-26). **C NMR (100 MHz, CD;-
OD) ¢ 201.07, 179.09, 172.46, 172.27, 172.08, 166.51, 155.25
(J(C,F) = 249.3 Hz), 146.75, 132.16 (‘J(C,F) = 8.0 Hz), 131.20,
126.54 (YJ(C,F) = 3.8 Hz), 126.35 (J(C,F) = 9.0 Hz), 126.31,
126.05 (YJ(C,F) = 6.4 Hz), 118.26 (‘J(C,F) = 10.0 Hz), 76.15,
70.51, 66.17, 62.09, 54.03, 48.47, 48.38, 45.80, 45.11, 44.92,
43.16, 40.01, 39.90, 38.96, 38.07, 35.53, 33.44, 31.51, 29.21,
24.70, 21.33, 21.30, 20.96, 20.74, 20.72, 19.48, 18.23, 18.01,
17.60, 14.12. HR-MS (m/z) (ESI): calc for C4sH5oFN,Og [M +
Na]': 825.4209, found: 825.4195.

Compound 5e. Yield 87%, as a white solid. Mp: 172.5-
174.3 °C. "H NMR (400 MHz, CDCl;) § 7.97 (s, 1H, H-33),
7.91-7.90 (m, 1H, Ar-H), 7.62-7.60 (m, 1H, Ar-H), 7.56-7.54
(m, 1H, Ar-H), 7.39-7.35 (m, 1H, Ar-H), 5.63 (s, 1H, H-12),
5.27-5.20 (m, 1H, H-2), 5.01 (d, J = 11.2 Hz, 1H, H-3), 4.57-
4.52 (m, 1H, H-31), 4.41-4.36 (m, 1H, H-31), 3.79 (d, J = 9.6
Hz, 1H, H-23), 3.55 (d, J = 10.8 Hz, 1H, H-23), 3.14 (dd, J =
12.8, 4.4 Hz, 1H, H-19), 2.37 (d, J = 10.8 Hz, 1H, H-16), 2.32
(s, 1H, H-9), 2.19-2.10 (m, 1H, H-20), 2.05 (s, 3H, CH;CO),
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1.99 (s, 3H, CH3CO), 1.93 (s, 3H, CH;CO), 1.75-1.10 (m,
15H), 1.25 (s, 3H, CH;-27), 1.14 (s, 3H, CH;3-24), 0.94 (d, J =
6.4 Hz, 3H, CH;-29), 0.85 (s, 3H, CH;-25), 0.83 (d, J = 6.4 Hz,
3H, CH,;-30), 0.62 (s, 3H, CH;-26). >C NMR (100 MHz, CDCl;)
é 198.68, 176.78, 170.86, 170.53, 170.17, 163.40, 145.67,
137.88, 131.94, 131.22, 130.45, 123.67, 123.46, 121.32, 118.89,
74.92, 69.06, 65.30, 61.14, 52.99, 47.38, 47.22, 44.61, 44.20,
43.94, 41.96, 39.05, 38.68, 37.73, 37.09, 34.98, 32.52, 30.56,
28.14, 24.39, 21.09, 20.98, 20.95, 20.86, 18.73, 17.76, 17.18,
17.10, 13.95. HR-MS (m/z) (ESI): calc for C,5H5oBIN,Og [M +
Na]': 885.3408, found: 885.3397.

Compound 5f. Yield 83%, as a white solid. Mp: 166.4-
168.3 °C. '"H NMR (400 MHz, CD;0D) § 8.14 (s, 1H, H-33),
7.70-7.67 (m, 2H, Ar-H), 7.60-7.52 (m, 2H, Ar-H), 5.59 (s,
1H, H-12), 5.26-5.19 (m, 1H, H-2), 5.02 (d, J = 11.2 Hz, 1H, H-
3), 4.53-4.40 (m, 2H, H-31), 3.82 (d, J = 9.6 Hz, 1H, H-23),
3.63 (d, J = 10.8 Hz, 1H, H-23), 3.09 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.49 (s, 1H, H-9), 2.47 (d, J = 10.8 Hz, 1H, H-16), 2.27-
2.19 (m, 1H, H-20), 2.05 (s, 3H, CH;CO), 2.01 (s, 3H, CH;3CO),
1.96 (s, 3H, CH;CO), 1.83-1.12 (m, 15H), 1.35 (s, 3H, CH;-27),
1.19 (s, 3H, CH;-24), 0.98 (d, J = 6.4 Hz, 3H, CH;-29), 0.89 (s,
3H, CHj3;-25), 0.88 (d, J = 6.4 Hz, 3H, CH;-30), 0.70 (s, 3H,
CH;-26). *C NMR (100 MHz, CD;OD) § 200.98, 179.01,
172.39, 172.20, 172.01, 166.43, 146.27, 136.02, 132.52, 131.98,
131.18, 129.95, 129.34, 129.01, 126.67, 76.14, 70.47, 66.19,
62.09, 53.95, 48.45, 45.87, 45.12, 44.90, 43.15, 39.97, 39.86,
38.96, 38.02, 35.63, 33.47, 31.49, 29.23, 24.69, 21.39, 21.34,
21.01, 20.80, 20.77, 19.82, 18.36, 18.07, 17.66, 14.18. HR-MS
(m/z) (ESI): calc for C45H50CIN,Og [M + Na]': 841.3914, found:
841.3895.

Compound 5g. Yield 86%, as a white solid. Mp: 187.8-
189.6 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.35 (s, 1H, H-33),
7.67-7.57 (m, 3H, Ar-H), 7.27-7.22 (m, 1H, Ar-H), 5.57 (s,
1H, H-12), 5.23-5.16 (m, 1H, H-2), 4.99 (d, J = 11.2 Hz, 1H, H-
3), 4.49-4.37 (m, 2H, H-31), 3.78 (d, J = 9.6 Hz, 1H, H-23),
3.62 (d, J = 10.8 Hz, 1H, H-23), 3.07 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.46 (d, J = 10.8 Hz, 1H, H-16), 2.44 (s, 1H, H-9), 2.26-
2.18 (m, 1H, H-20), 2.04 (s, 3H, CH;CO), 2.01 (s, 3H, CH;CO),
1.95 (s, 3H, CH;CO), 1.80-1.18 (m, 15H), 1.32 (s, 3H, CH;-27),
1.04 (s, 3H, CH;-24), 0.98 (d, J = 6.4 Hz, 3H, CH;-29), 0.88 (d,
J = 6.4 Hz, 3H, CH;-30), 0.84 (s, 3H, CH;-25), 0.48 (s, 3H,
CH;-26). *C NMR (100 MHz, CD;OD) § 200.98, 179.00,
172.41, 172.22, 172.03, 166.49, 164.50 (‘J(C,F) = 245.3 Hz),
147.20, 139.56 (}J(C,F) = 10.1 Hz), 132.81 (*J(C,F) = 9.0 Hz),
131.17, 123.21, 116.92 (*J(C,F) = 3.2 Hz), 116.58 (>(C,F) = 21.3
Hz), 108.81 (}J(C,F) = 26.6 Hz), 76.12, 70.47, 66.17, 62.01,
54.05, 48.43, 48.33, 45.75, 45.06, 44.88, 43.13, 39.99, 39.87,
38.93, 38.04, 35.50, 33.40, 31.50, 29.18, 24.72, 21.33, 21.31,
20.98, 20.76, 20.74, 19.50, 18.21, 17.97, 17.62, 14.08. HR-MS
(m/z) (ESI): cale for C,sHsoFN4Og [M + Na]™: 825.4209, found:
825.4194.

Compound 5h. Yield 84%, as a white solid. Mp: 182.2-
184.6 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.10 (s, 1H, H-33),
7.87-7.84 (m, 1H, Ar-H), 7.61-7.56 (m, 1H, Ar-H), 7.54-7.49
(m, 2H, Ar-H), 5.60 (s, 1H, H-12), 5.26-5.20 (m, 1H, H-2),
5.02 (d, J = 11.2 Hz, 1H, H-3), 4.53-4.41 (m, 2H, H-31), 3.82
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(d, J = 9.6 Hz, 1H, H-23), 3.64 (d, J = 10.8 Hz, 1H, H-23), 3.10
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.50 (s, 1H, H-9), 2.48 (d, J =
10.8 Hz, 1H, H-16), 2.28-2.20 (m, 1H, H-20), 2.06 (s, 3H, CH;-
CO), 2.01 (s, 3H, CH;CO), 1.96 (s, 3H, CH;CO), 1.83-1.12 (m,
15H), 1.36 (s, 3H, CH;-27), 1.21 (s, 3H, CH;3-24), 0.99 (d, J =
6.4 Hz, 3H, CH;-29), 0.90 (s, 3H, CH;3-25), 0.89 (d, J = 6.4 Hz,
3H, CH;-30), 0.74 (s, 3H, CH;3-26). **C NMR (100 MHz, CD;-
OD) § 201.08, 179.07, 172.44, 172.25, 172.06, 166.50, 146.21,
137.72, 135.17, 132.87, 131.19, 129.89, 129.38, 126.73, 119.74,
76.16, 70.51, 66.19, 62.13, 53.98, 48.48, 48.41, 45.92, 45.15,
44.92, 43.17, 39.99, 39.90, 38.99, 38.05, 35.65, 33.49, 31.49,
29.25, 24.69, 21.38, 21.32, 20.99, 20.78, 20.75, 19.92, 18.38,
18.09, 17.63, 14.18. HR-MS (m/z) (ESI): calc for C,5H5oBrN,Og
[M + Na]": 885.3408, found: 885.3387.

Synthesis: general procedure for compounds 6a-61

To a solution of 5 (0.12 mmol) in MeOH (4 mL) and THF (6
mL), 4 N NaOH (1.2 mL) was added dropwise, and this reac-
tion mixture was stirred for 2 h at room temperature. The
mixture was acidified with hydrochloric acid and extracted
with ethyl acetate. The organic phase was washed with so-
dium bicarbonate solution and brine in sequence, and con-
centrated under reduced pressure. The crude product was pu-
rified column chromatography with a gradient elution of
CH,Cl,/MeOH (V:V = 20:1) to give a white solid of 6a-6l.
The structures were confirmed by "H NMR, *C NMR and
HR-MS (see the ESIY).

Compound 6a. Yield 76%, as a white solid. Mp: 212.5-
214.1 °C. 'H NMR (400 MHz, CD;0D) ¢ 8.31 (s, 1H, H-33),
7.78-7.72 (m, 4H, Ar-H), 5.56 (s, 1H, H-12), 4.48-4.36 (m, 2H,
H-31), 3.73-3.66 (m, 1H, H-2), 3.49 (d, J = 11.2 Hz, 1H, H-3),
3.33 (d, J = 9.6 Hz, 1H, H-23), 3.22 (d, J = 10.8 Hz, 1H, H-23),
2.98 (dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.45 (d, J = 10.8 Hz, 1H,
H-16), 2.37 (s, 1H, H-9), 2.26-2.18 (m, 1H, H-20), 1.79-1.14
(m, 15H), 1.31 (s, 3H, CH3-27), 0.99 (d, J = 6.4 Hz, 3H, CH;-
29), 0.94 (s, 3H, CH;-24), 0.88 (d, J = 6.4 Hz, 3H, CH;-30),
0.63 (s, 3H, CH3-25), 0.43 (s, 3H, CH3-26). “*C NMR (100
MHz, CD;OD) § 201.85, 179.11, 166.47, 147.25, 137.45,
134.09, 131.27, 123.31, 123.11, 122.97, 77.59, 69.32, 65.76,
62.40, 54.09, 48.17, 47.66, 45.84, 45.15, 44.19, 40.03, 39.89,
38.96, 38.10, 35.50, 33.34, 31.52, 29.17, 24.75, 21.36, 21.29,
19.68, 18.21, 18.00, 17.60, 13.86. HR-MS (m/z) (ESI): calc for
C39H53BrN,O;5 [M + Na]': 759.3092, found: 759.3082.

Compound 6b. Yield 72%, as a white solid. Mp: 224.8-
226.4 °C. "H NMR (400 MHz, CD;0D) ¢ 8.26 (s, 1H, H-33),
7.61-7.56 (m, 2H, Ar-H), 7.45-7.41 (m, 1H, Ar-H), 7.31-7.29
(m, 1H, Ar-H), 5.56 (s, 1H, H-12), 4.49-4.35 (m, 2H, H-31),
3.72-3.65 (m, 1H, H-2), 3.49 (d, J = 11.2 Hz, 1H, H-3), 3.33 (d,
J = 9.6 Hz, 1H, H-23), 3.21 (d, J = 10.8 Hz, 1H, H-23), 2.99
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.46 (d, J = 10.8 Hz, 1H, H-
16), 2.45 (s, 3H, Ar-CH3;), 2.37 (s, 1H, H-9), 2.25-2.17 (m, 1H,
H-20), 1.79-1.13 (m, 15H), 1.30 (s, 3H, CH,-27), 0.99 (d, J =
6.4 Hz, 3H, CH;-29), 0.95 (s, 3H, CH;-24), 0.88 (d, J = 6.4 Hz,
3H, CH,-30), 0.62 (s, 3H, CH3-25), 0.43 (s, 3H, CH3-26). *C
NMR (100 MHz, CD;0OD) ¢ 201.78, 179.07, 166.40, 146.88,
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141.42, 138.27, 131.27, 130.76, 130.65, 123.26, 121.91, 118.52,
77.59, 69.30, 65.78, 62.40, 54.05, 48.16, 47.64, 45.81, 45.15,
44.17, 40.01, 39.87, 38.95, 38.12, 35.50, 33.35, 31.53, 29.15,
24.74, 21.45, 21.35, 21.30, 19.64, 18.24, 17.99, 17.60, 13.85.
HR-MS (m/z) (ESI): calc for C4Hs6N,O5 [M + Na]': 695.4143,
found: 695.4133.

Compound 6c¢. Yield 74%, as a white solid. Mp: 228.3—-
230.2 °C. '"H NMR (400 MHz, CD;0D) § 8.47 (s, 1H, H-33),
7.46-7.43 (m, 2H, Ar-H), 7.15-7.12 (m, 2H, Ar-H), 5.56 (s,
1H, H-12), 4.50-4.41 (m, 2H, H-31), 3.71-3.64 (m, 1H, H-2),
3.48 (d, J = 11.2 Hz, 1H, H-3), 3.31 (d, J = 9.6 Hz, 1H, H-23),
3.20 (d, J = 10.8 Hz, 1H, H-23), 2.97 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.45 (d, J = 10.8 Hz, 1H, H-16), 2.37 (s, 1H, H-9), 2.26-
2.18 (m, 1H, H-20), 1.79-1.15 (m, 15H), 1.31 (s, 3H, CH;-27),
0.99 (d, J = 6.4 Hz, 3H, CH;-29), 0.92 (s, 3H, CH;-24), 0.89 (d,
J = 6.4 Hz, 3H, CH;-30), 0.59 (s, 3H, CH;-25), 0.46 (s, 3H,
CH;-26). *C NMR (100 MHz, CD;OD) § 201.79, 179.12,
166.40, 148.68, 147.72, 142.54, 131.27, 126.53, 123.28, 121.72,
77.58, 69.28, 65.76, 62.38, 54.11, 48.39, 48.14, 47.63, 45.86,
45.16, 44.16, 40.03, 39.89, 38.94, 38.08, 35.51, 33.34, 31.51,
29.18, 24.74, 21.38, 21.29, 19.65, 18.19, 18.01, 17.60, 13.80.
HR-MS (m/z) (ESI): cale for C3oH53N50; [M + Na]™: 726.3837,
found: 726.3826.

Compound 6d. Yield 78%, as a white solid. Mp: 224.8-
226.5 °C. '"H NMR (400 MHz, CD;0D) § 8.23 (s, 1H, H-33),
7.67-7.65 (m, 2H, Ar-H), 7.38-7.36 (m, 2H, Ar-H), 5.56 (s,
1H, H-12), 4.48-4.35 (m, 2H, H-31), 3.72-3.66 (m, 1H, H-2),
3.49 (d, J = 11.2 Hz, 1H, H-3), 3.33 (d, J = 9.6 Hz, 1H, H-23),
3.21 (d, J = 10.8 Hz, 1H, H-23), 2.99 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.45 (d, J = 10.8 Hz, 1H, H-16), 2.41 (s, 3H, Ar-CHj;),
2.37 (s, 1H, H-9), 2.25-2.17 (m, 1H, H-20), 1.79-1.14 (m,
15H), 1.30 (s, 3H, CH;-27), 0.98 (d, J = 6.4 Hz, 3H, CH;-29),
0.95 (s, 3H, CH;-24), 0.88 (d, J = 6.4 Hz, 3H, CH;-30), 0.62 (s,
3H, CH;-25), 0.45 (s, 3H, CH3-26). "*C NMR (100 MHz, CD;-
OD) § 201.81, 179.07, 166.44, 146.87, 140.39, 136.05, 131.35,
131.27, 123.12, 121.30, 77.59, 69.31, 65.78, 62.40, 54.04,
48.17, 47.66, 45.82, 45.14, 44.17, 40.01, 39.87, 38.96, 38.09,
35.52, 33.34, 31.52, 29.16, 24.75, 21.37, 21.30, 21.06, 19.67,
18.22, 17.99, 17.60, 13.83. HR-MS (m/z) (ESI): calc for
C4oH56N4O5 [M + Na]™: 695.4143, found: 695.4136.

Compound 6e. Yield 80%, as a white solid. Mp: 219.7-
220.9 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.35 (s, 1H, H-33),
7.89-7.88 (m, 1H, Ar-H), 7.77-7.74 (m, 1H, Ar-H), 7.57-7.53
(m, 1H, Ar-H), 7.49-7.47 (m, 1H, Ar-H), 5.55 (s, 1H, H-12),
4.49-4.37 (m, 2H, H-31), 3.73-3.66 (m, 1H, H-2), 3.49 (d, J =
11.2 Hz, 1H, H-3), 3.33 (d, J = 9.6 Hz, 1H, H-23), 3.21 (d, J =
10.8 Hz, 1H, H-23), 2.99 (dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.44
(d, J = 10.8 Hz, 1H, H-16), 2.36 (s, 1H, H-9), 2.24-2.16 (m, 1H,
H-20), 1.79-1.13 (m, 15H), 1.29 (s, 3H, CH;-27), 0.97 (d, J =
6.4 Hz, 3H, CH;-29), 0.96 (s, 3H, CH;-24), 0.87 (d, J = 6.4 Hz,
3H, CH;-30), 0.63 (s, 3H, CH;-25), 0.41 (s, 3H, CH;3-26). *C
NMR (100 MHz, CD;0D) ¢ 201.73, 179.03, 166.36, 147.22,
139.26, 136.53, 132.40, 131.23, 129.84, 123.30, 121.45, 119.55,
77.58, 69.28, 65.77, 62.35, 54.02, 48.32, 48.14, 47.63, 45.79,
45.11, 44.15, 39.98, 39.84, 38.93, 38.07, 35.46, 33.33, 31.52,
29.13, 24.75, 21.37, 21.33, 19.61, 18.29, 17.99, 17.62, 13.88.
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HR-MS (m/z) (ESI): calc for C3oHs5;CIN,O5 [M + Na]': 715.3597,
found: 715.3586.

Compound 6f. Yield 78%, as a white solid. Mp: 223.8-
225.3 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.35 (s, 1H, H-33),
8.04-8.03 (m, 1H, Ar-H), 7.81-7.79 (m, 1H, Ar-H), 7.64-7.62
(m, 1H, Ar-H), 7.51-7.47 (m, 1H, Ar-H), 5.55 (s, 1H, H-12),
4.49-4.36 (m, 2H, H-31), 3.73-3.66 (m, 1H, H-2), 3.49 (d, J =
11.2 Hz, 1H, H-3), 3.33 (d, J = 9.6 Hz, 1H, H-23), 3.21 (d, J =
10.8 Hz, 1H, H-23), 2.99 (dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.44
(d, J = 10.8 Hz, 1H, H-16), 2.36 (s, 1H, H-9), 2.24-2.16 (m, 1H,
H-20), 1.79-1.12 (m, 15H), 1.29 (s, 3H, CH;-27), 0.97 (d, J =
6.4 Hz, 3H, CH;-29), 0.96 (s, 3H, CH;-24), 0.87 (d, J = 6.4 Hz,
3H, CH;-30), 0.63 (s, 3H, CH;-25), 0.40 (s, 3H, CH3-26). *C
NMR (100 MHz, CD;0OD) ¢ 201.71, 179.02, 166.34, 147.21,
139.32, 132.85, 132.60, 131.23, 124.32, 124.18, 123.30, 120.00,
77.58, 69.28, 65.78, 62.35, 54.02, 48.32, 48.14, 47.63, 45.79,
45.11, 44.16, 39.98, 39.85, 38.93, 38.07, 35.46, 33.33, 31.53,
29.13, 24.77, 21.36, 21.33, 19.61, 18.34, 18.00, 17.63, 13.94.
HR-MS (m/z) (ESI): cale for C39Hs3BrN,O5 [M + Na]™: 759.3092,
found: 759.3080.

Compound 6g. Yield 77%, as a white solid. Mp: 213.5-
215.5 °C. '"H NMR (400 MHz, CD;0OD) ¢ 7.99 (s, 1H, H-33),
7.49-7.43 (m, 2H, Ar-H), 7.39-7.35 (m, 1H, Ar-H), 7.34-7.32
(m, 1H, Ar-H), 5.58 (s, 1H, H-12), 4.52-4.39 (m, 2H, H-31),
3.76-3.69 (m, 1H, H-2), 3.51 (d, J = 11.2 Hz, 1H, H-3), 3.35 (d,
J = 9.6 Hz, 1H, H-23), 3.24 (d, J = 10.8 Hz, 1H, H-23), 3.02
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.47 (d, J = 10.8 Hz, 1H, H-
16), 2.43 (s, 1H, H-9), 2.28-2.20 (m, 1H, H-20), 2.19 (s, 3H,
Ar-CH3;), 1.83-1.22 (m, 15H), 1.35 (s, 3H, CH;-27), 1.11 (s,
3H, CH;-24), 0.99 (d, J = 6.4 Hz, 3H, CH;-29), 0.89 (d, J = 6.4
Hz, 3H, CH;-30), 0.69 (s, 3H, CH;3-25), 0.67 (s, 3H, CH;-26).
3C NMR (100 MHz, CD;0D) § 201.84, 179.17, 166.41, 146.27,
137.68, 134.75, 132.68, 131.30, 131.17, 128.03, 126.93, 126.29,
77.63, 69.32, 65.81, 62.51, 54.01, 48.45, 48.20, 47.70, 45.99,
45.23, 44.21, 40.02, 39.90, 39.01, 38.10, 35.67, 33.44, 31.52,
29.23, 24.73, 21.42, 21.31, 20.01, 18.33, 18.10, 17.99, 17.62,
13.89. HR-MS (m/z) (ESI): calc for C4HseN,Os [M + Na]:
695.4143, found: 695.4135.

Compound 6h. Yield 72%, as a white solid. Mp: 214.4-
217.1 °C. '"H NMR (400 MHz, CD;OD) ¢ 8.19 (s, 1H, H-33),
7.67-7.64 (m, 1H, Ar-H), 7.51-7.47 (m, 1H, Ar-H), 7.28-7.25
(m, 1H, Ar-H), 7.13-7.09 (m, 1H, Ar-H), 5.57 (s, 1H, H-12),
4.51-4.35 (m, 2H, H-31), 3.91 (s, 3H, Ar-OCH3), 3.74-3.67 (m,
1H, H-2), 3.50 (d, J = 11.2 Hz, 1H, H-3), 3.33 (d, J = 9.6 Hz,
1H, H-23), 3.23 (d, J = 10.8 Hz, 1H, H-23), 3.00 (dd, J = 12.8,
4.4 Hz, 1H, H-19), 2.46 (d, J = 10.8 Hz, 1H, H-16), 2.39 (s, 1H,
H-9), 2.26-2.18 (m, 1H, H-20), 1.81-1.18 (m, 15H), 1.32 (s,
3H, CH;-27), 1.02 (s, 3H, CH;-24), 0.98 (d, J = 6.4 Hz, 3H,
CH;-29), 0.88 (d, J = 6.4 Hz, 3H, CH;-30), 0.65 (s, 3H, CH;-
25), 0.53 (s, 3H, CH;26). >*C NMR (100 MHz, CD;0D)
201.79, 179.09, 166.34, 152.78, 145.83, 131.72, 131.30, 127.23,
126.85, 126.21, 122.04, 113.87, 77.64, 69.31, 65.83, 62.45,
56.66, 53.99, 48.39, 48.18, 47.70, 45.85, 45.19, 44.18, 40.01,
39.87, 38.98, 38.12, 35.61, 33.39, 31.53, 29.18, 24.73, 21.38,
21.31, 19.70, 18.27, 18.06, 17.60, 13.86. HR-MS (m/z) (ESI):
cale for C4oHs56CIN,Og [M + Na]': 711.4092, found: 711.4079.
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Compound 6i. Yield 74%, as a white solid. Mp: 201.5-
202.9 °C. '"H NMR (400 MHz, CD;0D) § 8.31 (s, 1H, H-33),
7.84-7.81 (m, 2H, Ar-H), 7.60-7.56 (m, 2H, Ar-H), 5.56 (s,
1H, H-12), 4.48-4.37 (m, 2H, H-31), 3.73-3.67 (m, 1H, H-2),
3.49 (d, J = 11.2 Hz, 1H, H-3), 3.32 (d, J = 9.6 Hz, 1H, H-23),
3.26 (d, J = 10.8 Hz, 1H, H-23), 2.99 (dd, J = 12.8, 4.4 Hz, 1H,
H-19), 2.45 (d, J = 10.8 Hz, 1H, H-16), 2.37 (s, 1H, H-9), 2.25-
2.17 (m, 1H, H-20), 1.79-1.14 (m, 15H), 1.31 (s, 3H, CH;-27),
0.98 (d, J = 6.4 Hz, 3H, CH;-29), 0.95 (s, 3H, CH;-24), 0.88 (d,
J = 6.4 Hz, 3H, CH;-30), 0.63 (s, 3H, CH;-25), 0.45 (s, 3H,
CH;-26). *C NMR (100 MHz, CD;OD) § 201.80, 179.08,
166.42, 147.22, 136.98, 135.53, 131.27, 131.03, 123.12, 122.76,
77.58, 69.30, 65.77, 62.39, 54.07, 48.17, 47.65, 45.83, 45.14,
44.17, 40.02, 39.88, 38.95, 38.09, 35.51, 33.34, 31.52, 29.16,
24.74, 21.38, 21.30, 19.66, 18.21, 18.00, 17.61, 13.84. HR-MS
(m/z) (ESI): cale for C3oH53CIN,O5 [M + Na]™: 715.3597, found:
715.3602.

Compound 6j. Yield 79%, as a white solid. Mp: 203.7-
205.6 °C. '"H NMR (400 MHz, CD;0D) 6 8.10 (s, 1H, H-33),
7.86-7.84 (m, 1H, Ar-H), 7.59-7.55 (m, 1H, Ar-H), 7.53-7.48
(m, 2H, Ar-H), 5.58 (s, 1H, H-12), 4.53-4.41 (m, 2H, H-31),
3.77-3.70 (m, 1H, H-2), 3.51 (d, J = 11.2 Hz, 1H, H-3), 3.45 (d,
J = 9.6 Hz, 1H, H-23), 3.24 (d, J = 10.8 Hz, 1H, H-23), 3.02
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.46 (d, J = 10.8 Hz, 1H, H-
16), 2.43 (s, 1H, H-9), 2.26-2.19 (m, 1H, H-20), 1.82-1.22 (m,
15H), 1.34 (s, 3H, CH;-27), 1.13 (s, 3H, CH;-24), 0.98 (d, J =
6.4 Hz, 3H, CH;-29), 0.88 (d, J = 6.4 Hz, 3H, CH;3-30), 0.72 (s,
3H, CH;-25), 0.68 (s, 3H, CH3-26). "*C NMR (100 MHz, CD;-
OD) § 201.78, 179.09, 166.34, 146.22, 137.70, 135.16, 132.85,
131.26, 129.85, 129.36, 126.73, 119.74, 77.60, 69.28, 65.80,
62.47, 53.94, 48.40, 48.16, 47.67, 45.97, 45.20, 44.19, 39.98,
39.86, 38.98, 38.07, 35.64, 33.42, 31.50, 29.22, 24.70, 21.45,
21.34, 20.04, 18.40, 18.12, 17.64, 13.93. HR-MS (m/z) (ESI):
calc for C3oH;53BrN,Os [M + Na]™: 759.3092, found: 759.3081.

Compound 6k. Yield 73%, as a white solid. Mp: 212.4-
214.6 °C. '"H NMR (400 MHz, CD;0D) ¢ 8.20 (s, 1H, H-33),
7.85-7.81 (m, 1H, Ar-H), 7.59-7.53 (m, 1H, Ar-H), 7.45-7.38
(m, 2H, Ar-H), 5.57 (s, 1H, H-12), 4.52-4.38 (m, 2H, H-31),
3.74-3.67 (m, 1H, H-2), 3.50 (d, J = 11.2 Hz, 1H, H-3), 3.33 (d,
J = 9.6 Hz, 1H, H-23), 3.23 (d, J = 10.8 Hz, 1H, H-23), 3.00
(dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.46 (d, J = 10.8 Hz, 1H, H-
16), 2.40 (s, 1H, H-9), 2.26-2.20 (m, 1H, H-20), 1.81-1.20 (m,
15H), 1.32 (s, 3H, CH;-27), 1.03 (s, 3H, CH3-24), 0.99 (d, J =
6.4 Hz, 3H, CH;-29), 0.89 (d, J = 6.4 Hz, 3H, CH;3-30), 0.65 (s,
3H, CH;-25), 0.55 (s, 3H, CH3-26). "*C NMR (100 MHz, CD;-
OD) § 201.81, 179.14, 166.37, 155.25 (‘J(C,F) = 249.2 Hz),
146.77, 132.13 (*)J(C,F) = 7.9 Hz), 131.30, 126.50 (*J(C,F) = 3.8
Hz), 126.41, 126.30, 126.05 (}J(C,F) = 6.5 Hz), 118.25 (*J(C,F) =
19.9 Hz), 77.62, 69.31, 65.80, 62.46, 54.02, 48.40, 48.18, 47.68,
45.86, 45.19, 44.19, 40.02, 39.88, 38.97, 38.10, 35.53, 33.38,
31.52, 29.19, 24.73, 21.39, 21.31, 19.62, 18.23, 18.04, 17.61,
13.86. HR-MS (m/z) (ESI): calc for C3oHs;FN,Os [M + HJ:
677.4073, found: 677.4078.

Compound 6l. Yield 76%, as a white solid. Mp: 218.3—-
219.1 °C. '"H NMR (400 MHz, CD;0D) § 8.16 (s, 1H, H-33),
8.15-8.12 (m, 1H, Ar-H), 7.91-7.87 (m, 1H, Ar-H), 7.82-7.78
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(m, 1H, Ar-H), 7.71-7.69 (m, 1H, Ar-H), 5.60 (s, 1H, H-12),
4.53-4.40 (m, 2H, H-31), 3.75-3.69 (m, 1H, H-2), 3.51 (d, J =
11.2 Hz, 1H, H-3), 3.35 (d, J = 9.6 Hz, 1H, H-23), 3.24 (d, J =
10.8 Hz, 1H, H-23), 3.02 (dd, J = 12.8, 4.4 Hz, 1H, H-19), 2.47
(d,J =10.8 Hz, 1H, H-16), 2.44 (s, 1H, H-9), 2.28-2.20 (m, 1H,
H-20), 1.82-1.21 (m, 15H), 1.35 (s, 3H, CH;3-27), 1.11 (s, 3H,
CH;-24), 0.99 (d, J = 6.4 Hz, 3H, CH;-29), 0.90 (d, J = 6.4 Hz,
3H, CH;-30), 0.71 (s, 3H, CH;-25), 0.66 (s, 3H, CH;-26). °C
NMR (100 MHz, CD;0OD) ¢ 201.96, 179.20, 166.50, 146.99,
145.94, 135.11, 132.25, 131.30, 130.96, 128.53, 126.69, 125.85,
77.67, 69.33, 65.84, 62.54, 54.04, 48.45, 48.20, 47.73, 46.02,
45.25, 44.20, 40.03, 39.90, 39.01, 38.03, 35.55, 33.39, 31.52,
29.24, 24.73, 21.43, 21.31, 19.89, 18.32, 18.08, 17.62, 13.88.
HR-MS (m/z) (ESI): calc for C3,H5;CIN5O, [M + Na]': 726.3837,
found: 726.3826.

In vitro inhibition of TNF-a-induced NF-kB activation in A549
lung cells

The A549 cells were cultured in 12-well plates and transiently
co-transfected with 0.2 mg of a pNF-kB-Luc vector (Strata-
gene, La Jolla, CA) and 0.2 mg of pSV-b-galactosidase
dissolved in 3 ml lipofectamine or Lipofectamine 2000
(Invitrogen, Carlsbad, CA) as the internal control. The plas-
mids were transfected according to the manufacturer's in-
structions. After 6 h, the medium was changed and cells were
cultured for 6 h. Cells were then treated with TNF-a (15 ng
mL™) and the test compounds simultaneously for 7 h. The
A549 cells treated with TNF-a alone served as positive con-
trols, while cells without TNF-a. treatment served as negative
controls. Luciferase activities from these cells were then mea-
sured by using the Bright-Glo Luciferase Assay kit from
Promega (Madison, WI), following the manufacturer's proto-
col. The relative NF-xB activities of the cells treated with the
test compounds were obtained as the ratio of their luciferase
activity to that from the positive controls, both of which have
been corrected with background (signals from negative con-
trols) and cell viability. Under these experimental conditions,
none of the test compounds induced significant toxicity to
A549 cells (<5% reduction of cell viability). The IC5, of each
fraction was determined by fitting the relative NF-kB activity
to the drug concentration by using a sigmoidal dose response
model of varied slope in GraphPad Prism 6. The ICs,
reported herein is the average of at least three replicates.

SPR analysis

Surface plasmon resonance experiments were performed
using a Biacore T200 instrument at 25 °C. Sensor chips,
buffer stock solutions, and immobilization reagents were
from GE Healthcare. Recombinant human NF-«xB was
Novoprotein. Other reagents were obtained from Sigma. Im-
mobilization: PBS was used as the running buffer. The four
flow cells were treated in the same way to optimize the
throughput. In summary, using a CM5 chip, spots 1 and 2
were activated with the coupling reagents EDC and NHS for
10 min. NF-xB at a concentration of 20 ug mL™" in 10 mM
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sodium acetate (pH 5) was injected onto the surface for 10
and 5 min in spots 1 and 2, respectively, to generate surfaces
with high and low density. The unmodified spot 3 was used
as a reference. Kinetics and affinity measurements: PBS
(containing 0.05% DMSO) was used as the running buffer
and sample dilution buffer. Dose-responses were obtained
using a 2-fold sample dilution from 0 to 500 uM, using an in-
jection time of 60 s. Data processing: binding curves were
corrected for variations in DMSO concentration and normal-
ized by molecular weight. KDs reported are derived from
steady-state binding responses and therefore correspond to
the equilibrium binding affinity of the compounds.

NF-kB DNA binding assay

To determine NF-kB activation, we performed a DNA binding
assay using the TransAM NF-kB Kit according to the manu-
facturer's instructions and as previously described.*® Briefly,
20 pg of nuclear proteins was added into 96-well plates
coated with an unlabeled oligonucleotide containing the con-
sensus binding site for NF-kB (5-GGGACTTTCC-3') and incu-
bated for 1 h. The wells were washed and incubated with
antibodies against NF-kB. An HRP conjugated secondary anti-
body was then applied to detect the bound primary antibody
and provided the basis for colorimetric quantification. The
enzymatic product was measured at 450 nm using a micro-
plate reader (TECAN Systems).

Molecular docking

To study the binding mode of the inhibitors in the active site
of NF-kB protein, molecular docking was performed using
the Surflex-Dock module in SYBYL-X 2.0. The crystal structure
of the NF-xB complex was retrieved from the RCSB Protein
Data Bank (PDB entry code: 1NFK, 1IKN).>*>*° Ligands were
docked in the corresponding protein's binding site by an em-
pirical scoring function and a patented search engine in
Surflex-Dock. Before the docking process, the natural ligand
was extracted; the water molecules were removed from the
crystal structure. Subsequently, the protein was prepared by
using the Biopolymer module implemented in Sybyl. The po-
lar hydrogen atoms were added. The automated docking
manner was applied in the present work. Other parameters
were established by default in the software. Surflex-Dock total
scores, which were expressed in -log;(Ky) units to represent
binding affinities, were applied to estimate the ligand-recep-
tor interactions of newly designed molecules.

Immunofluorescence staining

Studies were performed as previously described.*" Briefly,
A549 cells were cultured in six-well plates (2 x 10> cells per
well) for 24 h and then pretreated with compound 6k at 10
uM for 24 h, followed by TNF-o for another 30 minutes. The
cells were then washed and fixed with anhydrous methanol
for 15 min at room temperature, permeabilized with 0.1%
Triton X-100 for 15 min, and blocked with 1% BSA for 10
min at room temperature. Next, the cells were incubated with
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primary NF-kB antibody in PBS overnight at 4 °C, followed by
FITC-conjugated secondary antibodies. After being washed
with PBS three times, the cells were incubated in 10 uM DAPI
for 15 min in the dark. The fluorescence of the NF-xB protein
and nucleus was green and blue, respectively, and live cell
imaging was simultaneously accomplished using a fluores-
cence microscope (Olympus BX-51, Tokyo, Japan).

Western blot assay

Total cell lysates from cultured A549 cells after compound 6k
treatments as mentioned earlier were obtained by lysing the
cells in ice-cold RIPA buffer with protease and phosphatase
inhibitor and stored at —20 °C for future use. The protein
concentrations were quantified by the Bradford method (BIO-
RAD) using a multimode Varioskan instrument (Thermo
Fisher Scientific). Equal amounts of protein per lane were ap-
plied in 12% SDS polyacrylamide gel for electrophoresis and
transferred to the polyvinylidene difluoride (PVDF) mem-
brane (Amersham Biosciences). After the membrane was
blocked at room temperature for 2 h in blocking solution,
the primary antibody was added and incubated at 4 °C over-
night. IkBa, IKK and NF-kB antibodies were purchased from
Imgenex, USA. After three TBST washes, the membrane was
incubated with the corresponding horseradish peroxidase-
labeled secondary antibody (1:2000) (Santa Cruz) at room
temperature for 1 h. Membranes were washed with TBST
three times for 15 min and the protein blots were detected
with the chemiluminescence reagent (Thermo Fisher Scien-
tific Ltd.). The X-ray films were developed with a developer
and fixed with fixer solution.

Cytotoxicity assay

The human cell lines HepG2, NCI-H460, A549, T24, A549,
A549/DOX and HL-7702 were obtained from the Shanghai
Cell Bank in the Chinese Academy of Sciences. HepG2, NCI-
H460, A549, T24, A549, A549/DOX and HL-7702 cell lines
were grown on 96-well microtitre plates at a cell density of 10
x 10> cells per well in DMEM medium with 10% FBS. DMEM
and FBS were obtained from Gibco-Thermo (BRL Co. Ltd.,
USA). The plates were incubated at 37 °C in a humidified at-
mosphere of 5% CO,/95% air for overnight. Therewith, the
cells were exposed to different concentrations of the target
compounds and DOX, and incubated for another 48 h. The
cells were stained with 10 pul of MTT in an incubator for
about 4 h. The medium was thrown away and replaced by
100 mL DMSO. The O.D. value was read at 570/630 nm using
an enzyme labeling instrument.

Apoptosis analysis

A549 cells were seeded at a density of 2 x 10° cells per mL of
the DMEM medium with 10% FBS on 6-well plates to a final
volume of 2 mL. The plates were incubated overnight and
then treated with different concentrations of compound 6k
for 24 h. Briefly, after treatment with compound 6k for 24 h,
cells were collected and washed with PBS twice, and then re-
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suspend cells in 1x binding buffer (0.1 M Hepes/NaOH (pH
7.4), 1.4 M NacCl, and 25 mM CacCl,) at a concentration of 1 x
10° cells per mL. The cells were subjected to 5 uL of FITC
Annexin V and 5 pL propidium iodide (PI) staining using the
Annexin-V FITC apoptosis kit (BD, Pharmingen) and then 100
uL of the solution was transferred to a 5 mL culture tube and
incubated for 30 min at RT (25 °C) in the dark. The apoptosis
ratio was quantified by system software (CellQuest; BD
Biosciences).

AO/EB staining

The AO/EB molecular probes were also used to detect apopto-
tic cells. A549 cells (1 x 10° cells) were seeded in six-well tis-
sue culture plates. Following incubation, the medium was re-
moved and replaced with fresh medium plus 10% fetal
bovine serum and treated with 5 pM, 10 uM and 20 uM com-
pound 6k for 24 h. After the treatment period, briefly, the
cells were harvested, suspended in PBS, and stained with 2
uL of AO/EB stain (100 mg mL™") at room temperature for 20
minutes. Fluorescence was read on a Nikon ECLIPSETE2000-
S fluorescence microscope (OLYMPUS Co., Japan).

Transwell migration assay

A transwell migration assay was performed to investigate the
impact of compound 6k on cell migration by a modified
Boyden's chamber method in a 24-well cell culture plate with
an 8 mm pore. Chambers were washed three times with ice-
PBS. Then the medium with the tested compound was placed
in the lower chamber, and then the A549 cells were grown in
the top chamber. Cells were treated with or without the
tested compound 6k at the indicated concentrations at 37 °C
in a humidified atmosphere of 5% CO, for 24 h. After incuba-
tion for 24 h, the medium was removed and then the cells in
the membrane were washed with ice-PBS three times. The
migrated cells were fixed with 4% paraformaldehyde for 30
min and stained with 0.2% crystal violet. Images were ob-
served by fluorescence microscopy.

Statistics

The data were processed by Student' s ¢-test with the signifi-
cance level P < 0.05 using SPSS.
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