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A new class of pyrrolo[2,1-c][1,4]benzodiazepine-Gallic hybrid agents (PBD-GA) conjugated through alkyl
spacers has been designed and synthesized. The combination of these two core pharmacophores with
modification in the C-8 position of the PBD ring with alkyl spacers afforded oxygen-tethered compounds
5ae5d and amide-tethered analogues 11ae11d with improved anticancer activity for two melanoma cell
lines, A375 and RPMI7951, differing in their p53 status. The agents 5ae5d were cytotoxic in melanoma
compared to agents 11ae11d. In particular, compounds 5b and 5c were found to possess the most potent
activity compared with other hybrid agents and were proved with the help of quantitative structure
activity relationship studies (QSAR). These PBD conjugates caused S phase arrest for the A375 cell line via
increased reactive oxygen species (ROS) generation, deoxyribonucleic acid (DNA) damage, ataxia telan-
giectasia mutated (ATM)/ATM-Rad3-related (ATR) and checkpoint kinases 1 (Chk1) activation. Moreover,
the PBD-GA induced A375 apoptotic cell death followed through p53 (ATM downstream target) increase,
B-cell leukemia-xL (Bcl-xL) and mitochondrial membrane potential (DJmt) decrease, cytochrome c
release, and caspase-3/Poly Adp Ribose Polymerase (PARP) cleavage. On the other hand, mutant p53
RPMI7951 cell death occurred by PBD-GA-mediated mitochondria- and caspase-dependent pathways via
lysosomal membrane permeabilization (LMP), but not through p53 signaling. Finally, compound 5b was
shown to reduce murine melanoma size in a mouse model. These results suggest that the PBD-GA could
be used as a useful chemotherapeutic agent in melanoma with activated p53 or mutant p53.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Pyrrolo[2,1-c][1,4]-benzodiazepines (PBDs) cores are some of
the most potent naturally occurring antibiotics from the family of
Streptomyces species. These compounds are known to exhibit
enzodiazepine-Gallic; QSAR,
active oxygen species; DNA,
tated; ATM, ATR, ATM-Rad3-
ukemia-xL; PARP, poly (ADP-
; PI, propidium iodide; LMP,

served.
antitumor activity via sequence-selective binding to the B-form of
DNA and inhibiting the synthesis of nucleic acid [1]. However, only
a few DNA-interactive agents have been discovered to bind DNA
with high sequence selectivity [2,3]. Hence, the discovery of novel
small-molecule drug candidates is still an essential area of research.

In this context, for the last few years our research group has
focused on developing new PBD conjugates and evaluating their
binding ability. We have also reported an efficient synthesis of DC-
81 (Fig. 1A) with an overall yield of 35% over 6 steps (67% yield
based on the recovered starting material at the fifth step) [4]. In
general, DC-81 and indole carboxylate core molecules are
commonly used as medicinal compounds such as antimitotic drugs
[5,6]. Based on this fact, in 2006, we synthesized DC-81 hybrids
linked with indole carboxylates and the preliminary in vivo tests
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Fig. 1. Biologically active PBD derivatives.
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showed that these hybrid agents have potent antitumor activity [7].
Later, this indole carboxylate-PBD hybrid with a six-carbon spacer
structure (IN6CPBD) was proved to potently induce apoptosis in
A375 melanoma cells through mitochondrial dysfunction and a
caspase-3-mediated pathway (Fig. 1B) [8,9]. It also tends to reduce
melanoma metastasis in mouse lungs, with better efficacy and
superior safety than its mother compound, DC-81 [10]. By altering
the spacer length, we recently elucidated the four-carbon spacer
(IN4CPBD) for its anti-metastatic mechanism [11]. On the other
hand, the enediyne moieties contain either DNA intercalating
groups [12] or DNA minor-groove binding functions [13] and thus
are considered potential DNA-damaging agents due to their ability
to generate benzenoid diradicals [14]. From these previous studies,
we were inspired to evaluate the molecular mechanism of PBD-
enediyne conjugates for their anti-tumor activity (Fig. 1C) [15,16].

In the last few years, a number of pharmacological and biolog-
ical properties have attracted attention to the development of
synthetic gallic acid derivatives [17]. Gallic acid and its derivatives
affect the activity of a variety of DNA and RNA [18]; they also play an
important role in the prevention of inflammatory and malignant
processes [19]. Gallic acid derivatives also selectivity inhibit pro-
liferation, metastasis, and anti-apoptotic processes. These studies
have revealed considerable tumor-specific cytotoxic effects in a
wide variety of human and murine tumor cell lines [20]. The most
important advantage of gallic acid and its derivatives is that they
can selectively induce apoptosis to cancer cells without affecting
the normal cells [21,22].

Several cancer cell lines have been shown to cause cell death by
DNA damage-induced cell cycle arrest due to generation of reactive
oxygen species (ROS) [23,24]. Human bodies are constantly
exposed to exogenous or endogenous sources and antioxidants play
a crucial role in preventing oxidative damage to biological mole-
cules. Mitochondria are important and actively participate in the
production of ROS. The permeabilization of the outer membrane
and the subsequent pro-apoptotic protein release from the inner
membrane of the mitochondria are the most crucial events in the
initiation and execution of apoptosis [25].

The tumor protein p53 is activated by the deregulated expres-
sion of oncogenes, which induce replication stress and thereby
cause DNA damage [26]. The p53-dependent anti-apoptotic protein
Bcl-xL and the death-promoting Bax protein of the Bcl-2 family are
considered requisite gateways to the mitochondrial apoptotic
pathway [27]. In addition, ROS production also causes lysosome
damage. Lysosomes are acidic, single-membrane bound organelles
that are filled with hydrolases [28], and the cathepsin family of
proteases is the best characterized [29].

Based on this previous background and our continuing research
interest in the PBD conjugates, weweremotivated to develop a new
series of pyrrolo[2,1-c][1,4]benzodiazepine (PBD)-Gallic hybrid
agents conjugated through alkyl spacers (Fig. 2), and to determine
whether apoptosis was induced by p53-dependent or p53-
independent mechanisms using two melanoma cell lines: A375
(wild-type p53) and RPMI7951 (mutant p53). Moreover, we were
also interested in studying the in vivo efficacy of PBD-GA in the B16
murine melanoma cell tumorigenesis in skin.

2. Results and discussion

2.1. Chemistry

The synthesis of our newly designed PBD-Gallic hybrid agents
was initiated from compound 1. We have synthesized the key
precursor 1 from vanillic acid according to our previous literature
protocol involving 8 steps [4]. The reaction of compound 1 with
various dibromoalkanes in the presence of ethyl methyl ketone and
K2CO3 afforded the compounds 2ae2d in 79e91% yields, respec-
tively. Then, the reaction of compound 2 with commercially avail-
able 3,4,5-trimethoxy phenol 3 in the presence of K2CO3/CH3CN
gave compounds 4ae4d in 71e87% yields. Finally, the reduction of
compound 4 in the presence of lithiumborohydride (LiBH4) in THF
produced the desired target PBD-Gallic derivatives 5ae5d in good
yields, as shown in Scheme 1.

In order to compare the activity of oxygen-tethered PBD con-
jugates 5ae5d, we synthesized the amide-tethered PBD conjugates,
as shown in Scheme 2. The reaction of 3,4,5-trimethoxy benzoyl
chloride 6 with various amino alcohols 7 in the presence of a base
afforded the compound 8aed in 90e97% yields. The reaction of
compound 8 with tosyl chloride and NaH gave the tosylated com-
pound 9aed in 53e70% yields. The reaction of compounds 9 and 1
with K2CO3 in the presence of CH3CN afforded the compound
10aed in 71e81% yields. Finally, the reduction of imine compound
10 with LiBH4/THF resulted in the amide-tethered PBD-Gallic
hybrid agents 11a-d, as shown in Scheme 2. After successful syn-
thesis of PBD-Gallic hybrids, we next evaluated their biological
activity.

2.2. Biology

2.2.1. In vitro cytotoxic effects
The cytotoxic effects of the synthesized hybrid agents 5ae5d

and 11ae11dwere assessed in various human cells byMTTassay. As
shown in Table 1, oxygen-tethered hybrid agents 5b and 5c were
potently cytotoxic in the melanoma A375 cell line as compared
with other agents. In addition, there was no significant cytotoxic
effect in human dermal fibroblast cells. In order to confirmwhether
the new hybrid agent is more effective as an antiproliferative agent
than DC-81 and gallic acid, we used conjugate agents 5b and 5c
because of their greater inhibitory activity. Our data indicated that
agents 5b and 5c exhibit greater inhibitory activity than DC-81 and
gallic acid on A375 cells (Fig. 3A). Moreover, agents 5b and 5c



Fig. 2. PBD-Gallic hybrid agents used in this study.

Scheme 1. Synthetic method for the PBD-Gallic hybrid agents 5ae5d. Reaction condition: a) Compound 1 (1.0 equiv), K2CO3/EMK. b) Compound 2 (1.0 equiv), 3 (1.0 equiv), K2CO3/
CH3CN. c) Compound 4 (1.0 equiv), LiBH4/THF.

Scheme 2. Synthetic method for the PBD-Gallic hybrid agents 11ae11d. Reaction condition: a) Compound 6 (1.0 equiv), K2CO3/CH2Cl2. b) Compound 8 (1.0 equiv), TsCl (1.5 equiv),
NaH/THF. c) Compound 9 (1.0 equiv), 1 (1.0 equiv), K2CO3/CH3CN. d) Compound 10 (1.0 equiv), LiBH4/THF.
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Table 1
Cytotoxic activities of compounds in different human cell lines.a

Compound (1 mM) Cell lines

A375 (p53 wt) RPMI7951 (p53 mutant) MCF-7 (p53 wt) A549 H1299 (p53 knockout) Fibroblast (p53 wt)

5a 69.7 ± 3.4 59.5 ± 1.3 51.7 ± 4.3 88.7 ± 2.1 71.9 ± 0.7 97.3 ± 0.2
5b 37.4 ± 0.7 62.3 ± 0.7 55.3 ± 4.3 77.9 ± 2.0 73.0 ± 0.6 109.0 ± 2.0
5c 37.7 ± 0.3 64.6 ± 1.1 55.0 ± 3.6 78.0 ± 1.1 69.4 ± 2.0 110.7 ± 1.0
5d 84.8 ± 1.0 55.9 ± 0.4 79.0 ± 2.2 101.1 ± 2.4 90.2 ± 0.9 93.4 ± 0.3
11a 82.6 ± 0.5 97.7 ± 0.6 94.6 ± 3.2 96.1 ± 1.2 96.4 ± 0.4 101.1 ± 0.6
11b 79.5 ± 0.9 83.0 ± 0.7 96.3 ± 4.4 100.2 ± 3.8 95.0 ± 0.7 98.2 ± 0.3
11c 74.7 ± 0.8 111.0 ± 1.3 100.6 ± 3.5 96.8 ± 2.1 96.9 ± 1.2 98.7 ± 1.0
11d 86.5 ± 0.7 69.6 ± 0.4 95.4 ± 2.8 100.9 ± 2.3 92.4 ± 0.4 94.9 ± 0.7

a Cells were cultured with compounds 5a-d, 11a-d at a concentration of 1 mM for 24 h before growth and viability were assessed using the MTT assay.
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exhibited higher inhibitory activity on A375 cells (wild-type p53)
compared to RPMI7951 cells (mutant p53) at a concentration of
1 mM for 24 h in the MTT assay. Nevertheless, the inhibitory activity
of PBD-Gallic agents on RPMI7951 cells as well as on A375 cells was
confirmed by a colony formation assay in which the cells were
treated for a longer time than in the MTT assay (Fig. 3B).

2.2.2. Molecular docking studies
The PBD core has a chiral center at the C-11 position and a DNA-

reactive imine moiety at the N-10 and C-11 positions. These mol-
ecules are covalent minor groove binders and can covalently bind
to a guanine base at its exocyclic 2-amino group in double-helical
B-DNA (AGA-motive) [30]. These molecules are accommodated
within the minor groove covering the centrally located 5e6 bp.
With this a priori knowledge, the molecular docking studies were
performed to study the DNA-ligand interactions of newly synthe-
sized conjugates 5aed and 11aed. The checkpoint is if our com-
pounds have any chance to get into the transition state before the
covalent bond forms. In Supplementary Table S1, the results show
that among the 50 best docking poses in terms of energy, all PBD
hybrid agents showed high frequency to have the guanine base at
Fig. 3. Effect of PBD-Gallic on cell viability. (A) Cell viability of 0.5 mM compounds
tested against A375 cells for 24 h (same experimental conditions as in Table 1). (B)
Cells were plated into 6-well plates at a density of 100 cells per well. On the second
day, cells were treated with PBD-Gallic. Every 3 days, the medium was replaced with
fresh medium containing the agent at 0.5 mM concentration. After a 10 day treatment,
the medium was removed, and cell colonies were stained with SRB dyes, and pictures
were taken using a digital camera. **P < 0.01 vs control group. Similar results were
obtained in three independent experiments.
its exocyclic 2-amino group. The distance between the C-11 of the
hybrid agents and the 2-amino group of the guanine was measured
andwas found to be in the range of 2.7e3.7 Å. In the two illustrative
docking binding modes shown in Fig. 4, the PBD hybrid agent core
was positioned almost perpendicular to the guanine base in the
DNA, with a C-11 carbon coordinated to the exocyclic 2-amino
group of the guanine. The high transition state frequency sug-
gests that hybrid agents 5ae5d and 11ae11d all have the ability to
form covalent bonds with the guanine base.

2.2.3. Covalent interaction
We proposed that the mechanism of action of the hybrid agents

is associated with their ability to form an adduct in the minor
groove, thus interfering with DNA processing [32]. After insertion
in the minor groove, an aminal bond is formed through nucleo-
philic attack of the exocyclic 2-amino group of the guanine at the
electrophilic C-11 position of the PBD, as shown in the Fig. 5.

2.2.4. PBD-gallic hybrids induced ROS generation and DNA lesion
Because excessive ROS production has been identified to cause

cell death in several cancers, we measured the production of
intracellular H2O2 using a DCFH-DA probe. After being incubated
for the indicated time, the cells showed a significant level of
intracellular H2O2 at 24 h (Fig. 6A). One of the most abundant and
well-characterized DNA lesions generated by oxidative stress is 8-
oxoguanine [33]. The levels of this adduct in the nuclear DNA of
A375 cells after PBD-Gallic hybrid administration was determined.
The immunocytochemistry analysis indicated that the expression
of 8-oxoguanine increased with 0.5 mM of 5b and 5c treatment
(Fig. 6B).

2.2.5. PBD-gallic hybrid-induced ATR/ATM activation and S phase
arrest in A375 cells

A previous study reported that the control of cell death is linked
to the cell cycle. Cells with a defective cell cycle aremore vulnerable
to some anticancer agents according to numerous preclinical
studies [34]. Compounds manipulating the cell cycle may be able to
arrest cell growth, inhibit differentiation, and induce apoptosis.
Ataxia-telangiectasia mutated (ATM) is considered a primary
regulator in response to DNA double-strand breaks [35], whereas
ATR (ATM-related) has been implicated primarily in the response to
ultraviolet light (UV), replication blocks, and hypoxia. Checkpoint
kinase 1 (Chk1) is a direct downstream target for the ATR kinase to
regulate the S-phase checkpoint. A major and crucial target for
Chk1 in cell cycle checkpoints is the dual-specificity phosphatase
Cdc25, which dephosphorylates and activates Cdks [36,37]. In the
immunocytochemistry analysis, the activation of ATR/ATM was
increased after PBD-Gallic hybrid treatment (Fig. 7A). As compared
with the untreated control group, cell treatment with 5b and 5c
resulted in an increase in Chk1 phosphorylation, whereas the level



Fig. 4. Two docking binding modes of hybrid agents interaction with DNA. Hybrid agents (A) 5b and (B) 5c interaction with guanine base in DNA. The white portion is DNA (DNA
structure is from PDB ID: 2KY7 [31]), the green part is guanine of DNA and the brown part is hybrid agents 5b or 5c. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 5. Proposed mechanism (A) the view of PBD hybrid small molecule 5b with deoxyguanosine closes to form a covalent bond. (B) The PBD hybrid agent 5b deoxyguanosine
adduct in DNA, showing formation of an aminal bond between the C-11 position of the PBD hybrid and exocyclic 2-amino group of guanine base.
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of Cdc25c was reduced (Fig. 7B). Moreover, the DNA content of
A375 cell nuclei was measured by flow cytometric analysis. As
shown in Fig. 7C, treatment with 0.5 mM PBD-Gallic for 24 h
significantly increased cell percentage at the S phase and,
concomitantly, decreased cell populations at G1 and G2/M phases.
The preceding results demonstrated that PBD-Gallic induces ROS
generation, DNA damage, ATR/ATM and checkpoint-related signals
Chk1 activation, which led to increased numbers of cells in the S



Fig. 6. PBD-Gallic induced ROS generation and DNA lesion. (A) A375 cells were treated with 0.5 mM PBD-Gallic for 0, 12, and 24 h and stained with DCFH-DA. (B) Visualization of 8-
oxoguanine in the nuclear DNA of A375 cells. Cells probed with mouse anti-8-oxoguanine monoclonal antibody followed by rhodamine-labeled secondary antibody (IF, red) and
counterstained with DAPI (nuclei, blue). Similar results were obtained in three independent experiments. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
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phase of the cell cycle.

2.2.6. PBD-gallic hybrids induced p53-dependent mitochondrial
apoptosis in A375 cells

The p53 gene is considered a tumor-suppressor gene [38],
which might be a crucial regulator of cell cycle checkpoints, DNA
repair and apoptosis [39]. The p53 gene is also one of the
downstream targets of ATM used as a marker of DNA double-
strand breaks. The p53-dependent anti-apoptotic protein Bcl-
xL and the death-promoting proteins Bax of the Bcl-2 family
are considered as requisite gateways to the mitochondrial
apoptotic pathway [26]. Caspase-3 has been shown to be one of
the most important cell executioners for apoptosis [40,41]. Poly
(ADP-ribose) polymerase (PARP) has been identified as a sub-
strate for caspase-3. The expression of apoptosis-related pro-
teins was determined by Western blotting assay. Our results
showed that apoptotic cell death triggered by 5b and 5c was
associated with increased levels of p53, decreased levels of Bcl-
xL, and cleaved both caspase-3 and PARP to identify apoptotic
cells (Fig. 8A). The apoptosis-associated mRNA expressions (p53,
bax, bcl-xl) of 5be5c on A375 cells are a time-dependent
manner by real-time quantitative PCR (Fig. 8B). Mitochondrial
membrane potential (DJmt) is a vital factor for determining
cellular status. The decline in DJmt is an early event in the
process of cell death [42]. Therefore, we investigated whether
DJmt disruption was involved in PBD-Gallic-induced apoptosis.
We treated A375 cells with 0.5 mM PBD-Gallic for 0, 12, and 24 h,
and then analyzed them using flow cytometry after DiOC6 dye
labeling. Cells treated with PBD-Gallic exhibited a significant
decline in DJmt after 12 h treatment (Fig. 8C). Another assess-
ment of mitochondrial function was to determine the trans-
location of cytochrome c from the mitochondrial inter-
membrane space to the cytosol [43,44]. Immunofluorescent
staining showed that treating cells with 0.5 mM PBD-Gallic
significantly increases the release of cytochrome c from mito-
chondria to cytosol (Fig. 8D).



Fig. 7. Effect of PBD-Gallic on induction of DNA-damage-sensing kinases and cell cycle distribution in A375 cells. (A) Immunofluorescence staining with p-ATM (green), p-ATR (red),
and DAPI (blue) in A375 cells after 0.5 mM PBD-GAs for 24 h. (B) Western blots showed the effect of PBD-Gas on the protein expression of cell cycle checkpoints in A375 cells. For the
internal control, the same amounts of protein extract were also probed with antibody against GAPDH. (C) Flow cytometric analyses of cell cycle distribution of A375 cells after
exposure to 0.5 mM PBD-Gallic for 24 h *p < 0.05, **p < 0.01 as compared with the control. Similar results were obtained in three independent experiments. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)
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2.2.7. PBD-gallic hybrid induced p53-independent mitochondrial
apoptosis in RPMI7951 cells via LMP

Lysosomal membrane permeabilization (LMP) occurs in
response to a large variety of cell death stimuli causing release of
cathepsins from the lysosomal lumen into the cytosol where they
participate in apoptosis signaling. Previous studies have reported
that factors in LMP include DNA damage, ROS, and p53 [45,46]. To
determine whether PBD-Gallic induced RPMI7951 apoptosis,
which might require active p53 participation, we measured the
lysosomal Hþ concentration using the lysotracker. As shown in
Fig. 9A, the wild-type p53 of A375 cells had no effect on LMP after
PBD-Gallic treatment. However, a silencing of p53 decreased



Fig. 8. Effect of PBD-Gallic on mitochondrial function and apoptosis in A375 cells. (A) After exposure to 0.5 mM PBD-Gallic for 24 h, cell lysates were collected and Western blotted
with specific antibodies as indicated. (B) Expression of p53, bax, and bcl-xl mRNA in different groups. The mRNA expression analyzed by quantitative real-time PCR and the
expressional levels were normalized to the level of GAPDH mRNA. (C) The DJmt of A375 cells after exposure to 0.5 mM PBD-Gallic for 24 h and stained with DiOC6 then analyzed by
flow cytometry. (D) Immunofluorescent staining of cytochrome c (green), the distribution of COX IV (mitochondrial marker, red), and DAPI (blue) in A375 cells. *p < 0.05 vs control
group. Similar results were obtained in three independent experiments. (For interpretation of the references to color in this figure caption, the reader is referred to the web version
of this article.)
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lysosomal Hþ concentration in A375 cells after 48 h PBD-Gallic
treatment, as well as mutant p53 of RPMI7951. These data indi-
cate that p53 might be independent of PBD-Gallic -induced LMP in
RPMI7951 cells. Because aspartic cathepsin D is involved in
mitochondrial, caspase-dependent apoptosis signaling [47,48], the
extent of lysosomal damage, cytochrome c release, and PARP
degradation of RPMI7951 cells after PBD-Gallic administration was
determined. According to the immunocytochemistry analysis, the
release of cathepsin and cytochrome c into the cytosol was
increased by the PBD-Gallic (Fig. 9BeC), and data from the
Western blot experiment showed degradation of PARP when
RPMI7951 cells were exposed to PBD-Gallic as compared with the
control group (Fig. 9D).

2.2.8. Antitumor activity of 5b in tumor-bearing mice
In order to evaluate the effect of PBD-Gallic on B16 cell lines,

we examined in vitro and in vivo antitumor activity (Fig. 10).
Fluorescein isothiocyanate (FITC)-conjugated annexin V was uti-
lized to detect the externalization of phosphatidylserine that oc-
curs at an early stage of apoptosis. Propidium iodide (PI) is used as
a marker of necrosis due to cell membrane destruction [49]. As
demonstrated in Fig. 10A, treatment of B16 cells with 0.5 mM 5b for
24 h resulted in more apoptotic cells than the untreated control
after annexin V and PI staining. Moreover, to address whether
PBD-Gallic has a better effect, we injected mouse melanoma
B16 cells into the footpad of the ICR mice. Compound 5b at various
doses was delivered to the mice. We then observed the tumor
sizes sequentially. Compound 5b induced significant tumor
reduction in a concentration-dependent manner, indicating the
anti-cancer activity of PBD-Gallic (Fig. 10B). Furthermore, all doses
of 5b were well tolerated, as indicated by animal body weight
(Fig. 10C).

3. Conclusions

In this study, we performed a series of experiments using two
isogenic melanoma cell lines, A375 and RPMI7951, differing in
their p53 status and potential differences in PBD-Gallic-induced
cytotoxicity. The QSAR studies showed that the hybrid agents
5ae5d, 11ae11d are able to form a covalent bond with the minor
groove of DNA. Moreover, the PBD-Gallic was able to induce DNA
damage, increase cells in the S phase, activate p53, and increase
mitochondrial, caspase-dependent apoptotic cell death by gener-
ating ROS in A375 cells. On the other hand, PBD-Gallic induced
lysosome- and mitochondria-dependent cell apoptosis in
RPMI7951 with mutant p53, as shown in Fig. 11. Furthermore,



Fig. 9. PBD-Gallic result in mitochondrial apoptosis by lysosomal membrane permeabilization in RPMI7951. (A) A375 and RPMI7951 cells were treated with 0.5 mM PBD-Gallic for
indicated time to determine the lysosomal Hþ concentration by lysotracker. (B) & (C) Immunofluorescent staining of cathespin D(red), LAMP-1 (lysosomal marker, green), cyto-
chrome c (green), the distribution of COX IV (red), and DAPI (blue) in RPMI7951 cells. (D) Induction of PARP cleavage by PBD-Gallic (same experimental conditions as in Fig. 8A).
Similar results were obtained in three independent experiments. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this
article.)
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PBD-Gallic could induce a marked increase of annexin V binding in
B16 cells and could also reduce murine melanoma size in the
mouse model. This study successfully demonstrated the in vitro
and in vivo efficacy of PBD-Gallic in B16 melanoma cell
tumorigenesis in ICR mice. Finally, we revealed a novel PBD-Gallic
antitumor proliferation mechanism and we suggest that these
agents may have potential chemotherapeutic activity for mela-
nomas with wild type p53 or mutant p53.



Fig. 10. Effect of compound 5b on cell apoptosis and tumor volume of B16 cells. (A) B16 cells treated with 0.5 mM 5b for 24 h and then stained with PI (red), Hoechst33258 (blue),
and an annexin V-FITC conjugate (green) specifically detecting the exposure of PS residues at the cell surface. (B) Tumor was established by injection of 5 � 106 cells/mL of B16 into
each sole of feet of the female ICR mice. (C) Animal body weight plotted as a percentage of that on day 0. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
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4. Experimental section

4.1. Chemistry

4.1.1. Materials and methods
1H NMR and 13C NMR spectra were recorded on a OXFORD 200

spectrometer or a Varian Mercury Plus 400 spectrometer. The
chemical shift (d) values are reported in ppm, and the coupling
constants (J) are given in Hz. The spectrawere recorded using CDCl3
or DMSO-d6 as a solvent. 1H NMR chemical shifts are referenced to
TMS (0 ppm) or CDCl3 (7.26 ppm). 13C NMRwas referenced to CDCl3
(77.0 ppm). The abbreviations used are as follows: s, singlet; bs,
broad singlet; d, doublet; dd, double doublet; t, triplet; m, multiplet
Mass spectra and high resolution mass spectra (HRMS) were
measured using the ESI. All products reported showed 1H NMR
spectra in agreement with the assigned structures. The purity of the
tested compounds were analyzed by reverse-phase HPLC (Waters
Spherisorb R S10 0DS2; 20 � 250 mm semi-prep column) using an
Waters 600 HPLC Pump system equipped with a Waters 2487 dual
l absorbance detector. The mobile phase used was CH3CN and H2O.
All tested compounds yielded data consistent with a purity of at
least 98%. Reaction progress and product mixtures were routinely
monitored by TLC using Merck TLC aluminum sheets (silica gel 60
F254), and also visualized with aqueous KMnO4. Column chroma-
tography was carried out with 230e400 mesh silica gel 60 (Merck).
All chemicals and reagents were purchased from commercial sup-
pliers (Sigma Aldrich, Alfa Aesar andMerck) andwere usedwithout
further purification.

4.1.2. Procedure for the synthesis of compound 2ae2d
To a solution of compound 1 (0.63 mmol) in ethyl methyl ketone

(EMK) as solvent (10 mL) in a 100 mL round bottom flask was
cooled to 0 �C. Then the reaction mixture was charged with po-
tassium carbonate (1.89 mmol) and continued stirring for another
30 min at the same temperature. Finally, the corresponding
dibromo compound was added and allowed to reach room tem-
perature gradually and stirred for 6hr. The completion of the re-
action was monitored by TLC chromatogram. The reaction was
quenched with ice water and extracted with dichloromethane and
dried over Na2SO4. The removal of solvent under reduced pressure



Fig. 11. A proposed mechanism for PBD-Gallic -induced melanoma apoptosis with
p53-dependent A375 cells or p53-independent RPMI7951 cells.
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gave the crude compounds 2ae2d. The crude compounds were
further purified by column chromatography using dichloro-
methane/methanol ratio 150:1 to afford the pure compounds in
79e81% yields respectively.

4.1.3. Procedure for the synthesis of compound 4ae4d
To as solution of compound 2 (0.45 mmol) in acetonitrile

(10 mL) in a 100 mL round bottom flask was cooled to 0 �C. To this
cooled solution potassium carbonate (1.35 mmol) was charged and
continued the stirring for another 30 min at the same temperature.
Then the 3,4,5- Trimethoxyphenol (0.68 mmol) was added and
stirred at 80 �C for 24 h. The completion of the reaction was
monitored with the help of TLC chromatogram. The reaction was
quenched with ice water and extracted with dichloromethane and
dried over Na2SO4. The removal of solvent under reduced pressure
gave the crude compounds 4ae4d. The crude compounds were
further purified by column chromatography using dichloro-
methane/Methanol ratio 70:1 to afford the pre compounds in
71e87% yields respectively.

4.1.4. Procedure for the synthesis of compound 5ae5d
To a solution of compound 4 (0.37 mmol) in THF (10 mL) in a

100 mL round bottom flask was cooled to �15 �C for 30 min. To this
cooled solution was added LiBH4 (0.74 mmol) and continued the
stirring at same temperature for 48 h. The completion of the re-
action was monitored by TLC. The reaction was quenched with ice
water and extracted with dichloromethane and dried over Na2SO4.
The pure compounds 5ae5d were obtained by using preparative
HPLC and further by freeze drying in 79e85% yields respectively.

4.1.5. Procedure for the synthesis of compound 8ae8d
To a solution of compound 6 (4.3 mmol) in CH2Cl2 in 250 mL

round bottom flask was cooled in an ice bath followed by the
addition of K2CO3 (12.9 mmol) and stirred for about 30 min. Then
the solution of corresponding amino butanol (6.45 mmol) was
added slowly and stirred at room temperature for 24 h. The
completion of the reaction was monitored by TLC chromatogram.
The reaction was quenched with ice water and extracted with
dichloromethane. The organic layer was given a brine wash and
dried over Na2SO4 and concentrated under reduced pressure to
afford the crude compound. The product was purified by column
chromatography using methylene chloride: methanol ¼ 70: 1e50:
1 to obtain the pure compounds 8ae8d in 90e97% yields
respectively.

4.1.6. Procedure for the synthesis of compound 9ae9d
To a solution of compound 8 (0.71 mmol) in THF (10 mL) CH2Cl2

in 250 mL round bottom flask was cooled to �15 �C. To this cooled
solution sodium hydride (2.13 mmol) was added and stirred for
30 min. Finally, tosyl chloride (0.85 mmol) was added to the reac-
tionmixture and stirred under�15 �C for 1 h. The completion of the
reaction was monitored by TLC chromatogram. The reaction was
quenched with ice water and extracted with dichloromethane. The
dichloromethane layer was give brine and water wash. The
resulting solution was dried over NaSO4 and concentrated under
reduced pressure to give the crude compound. This was further
purified by column chromatography using ethyl acetate/hexane to
afford the pure compounds 9ae9d in 53e70%.

4.1.7. Procedure for the synthesis of compound 10ae10d
To as solution of compound 1 (0.63 mmol) in acetonitrile

(10 mL) in a 100 mL round bottom flask was cooled to 0 �C. To this
cooled solution potassium carbonate (1.89 mmol) was charged and
continued the stirring for another 30 min at the same temperature.
Then the corresponding compound 9 (0.76 mmol) was added and
stirred at rt for 24 h. The completion of the reaction was monitored
with the help of TLC chromatogram. The reaction was quenched
with ice water and extracted with dichloromethane and dried over
Na2SO4. The removal of solvent under reduced pressure gave the
crude compounds 10ae10d. The crude compounds were further
purified by column chromatography using dichloromethane/
Methanol ratio 100:1 to afford the pure compounds in 71e81%
yields respectively.

4.1.8. Procedure for the synthesis of compound 11ae11d
To a solution of compound 10 (0.34 mmol) in THF (10 mL) in a

100 mL round bottom flask was cooled to�15 �C for 30 min. To this
cooled solution was added LiBH4 (0.70 mmol) and continued the
stirring at same temperature for 48 h. The completion of the re-
action was monitored by TLC. The reaction was quenched with ice
water and extracted with dichloromethane and dried over Na2SO4.
The pure compounds 11ae11d were obtained by using preparative
HPLC and further by freeze drying in 71e77%.

4.1.9. Spectral characterization for compounds 2, 4, 5, 8, 9, 10 and
11
4.1.9.1. (S)-8-(3-bromopropoxy)-7-methoxy-1,2,3,11a-tetrahydro-
5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one (2a). Yellow color oil;
Yield: 91%; 1H NMR (CDCl3, 400 MHz) d 7.36 (s, 1H), 7.29 (s, 1H),
5.58 (d, J ¼ 10 Hz, 1H), 4.66 (d, J ¼ 10 Hz, 1H), 4.24e4.13 (m, 3H),
3.92 (s, 3H), 3.80e3.73 (m, 2H), 3.70e3.64 (m, 2H), 3.61e3.53 (m,
2H), 2.74e2.70 (m, 1H), 2.44e2.37 (m, 2H), 2.13e1.98 (m, 3H), 1.26
(t, J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) d 170.1, 164.9, 150.7,
147.2, 133.7, 122.3, 111.3, 106.9, 78.0, 66.4, 64.7, 57.4, 55.9, 46.5, 31.8,
29.6, 26.4, 23.6, 15.2; HRMS (ESI, m/z) C19H25BrN2O5 calcd 441.1025
found 441.1028.

4.1.9.2. (S)-8-(4-bromobutoxy)-7-methoxy-1,2,3,11a-tetrahydro-5H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one (2b). Yellow color oil;
Yield: 87%; 1H NMR (CDCl3, 400 MHz) d 7.36 (s, 1H), 7.25 (s, 1H),
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5.57 (d, J ¼ 10.0 Hz, 1H), 4.65 (d, J ¼ 10 Hz, 1H), 4.14e4.05 (m, 3H),
3.92 (s, 3H), 3.80e3.73 (m, 2H), 3.70e3.64 (m, 2H), 3.62e3.51 (m,
2H), 2.73e2.70 (m, 1H), 2.13e1.98 (m, 7H), 1.27 (t, J ¼ 7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz) d 170.1, 164.9, 150.8, 147.0, 133.7, 121.9,
111.2, 106.4, 78.0, 67.8, 64.6, 57.3, 55.9, 46.5, 33.1, 29.1, 27.4, 26.3,
23.5, 15.2; HRMS (ESI, m/z) C20H27BrN2O5 calcd 455.1181 found
455.1178.

4.1.9.3. (S)-8-((5-bromopentyl)oxy)-7-methoxy-1,2,3,11a-tetrahy-
dro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one (2c). Yellow color
oil; Yield: 82%; 1H NMR (CDCl3, 400 MHz) d 7.36 (s, 1H), 7.25 (s, 1H),
5.58 (d, J ¼ 10.0 Hz, 1H), 4.64 (d, J ¼ 10 Hz, 1H), 4.14e4.01 (m, 3H),
3.92 (s, 3H), 3.80e3.73 (m, 2H), 3.70e3.65 (m, 2H), 3.45 (t,
J ¼ 6.8 Hz, 2H), 2.74e2.70 (m, 1H), 2.13e1.87 (m, 7H), 1.69e1.61 (m,
2H),1.27 (t, J¼ 7.2 Hz, 3H); 13C NMR (CDCl3,100MHz) d 170.2,165.0,
151.0, 147.1, 133.7, 121.9, 111.2, 106.4, 78.0, 68.5, 64.7, 57.4, 56.0, 46.5,
33.3, 32.2, 27.9, 26.4, 24.5, 23.6,15.2; HRMS (ESI, m/z) C21H29BrN2O5
calcd 469.1338 found 469.1340.

4.1.9.4. (S)-8-((6-bromohexyl)oxy)-7-methoxy-1,2,3,11a-tetrahydro-
5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one (2d). Yellow color oil;
Yield: 79%; 1H NMR (CDCl3, 400 MHz) d 7.35 (s, 1H), 7.25 (s, 1H),
5.58 (d, J ¼ 10.0 Hz, 1H), 4.66 (d, J ¼ 10 Hz, 1H), 4.16e4.02 (m, 3H),
3.93 (s, 3H), 3.79e3.73 (m, 2H), 3.70e3.53 (m, 2H), 3.43 (t,
J ¼ 6.8 Hz, 2H), 2.74e2.69 (m, 1H), 2.11e1.88 (m, 7H), 1.55e1.51 (m,
4H),1.27 (t, J¼ 7.2 Hz, 3H); 13C NMR (CDCl3,100MHz) €a 170.0,164.8,
150.9, 146.9, 133.6, 121.6, 111.0, 106.2, 77.9, 68.5, 64.5, 57.2, 55.8,
46.4, 33.4, 32.3, 28.3, 27.5, 26.2, 24.8, 23.4, 15.1; HRMS (ESI, m/z)
C22H31BrN2O5 calcd 483.1494 found 483.1492.

4 .1.9 .5 . ( S ) -10- (e thoxymethyl ) -7-methoxy-8- (3- (3 ,4 ,5-
trimethoxyphenoxy)propoxy)-1,2,3,11a-tetrahydro-5H-benzo[e]pyr-
rolo[1,2-a][1,4]diazepine-5,11(10H)-dione (4a). Light yellow oil;
Yield: 79%; 1H NMR (CDCl3, 400MHz) d 7.36 (s,1H), 7.29 (s, 1H), 6.17
(s, 2H), 5.56 (d, J ¼ 10 Hz, 1H), 4.67 (d, J ¼ 10.0 Hz, 1H), 4.29e4.23
(m, 2H), 4.17 (t, J ¼ 6.0 Hz, 2H), 4.13e4.11 (m,1H), 3.92 (s, 3H), 3.84
(s, 6H), 3.78 (s, 3H), 3.77e3.69 (m, 2H), 3.67e3.53 (m,2H),
2.73e2.69 (m, 1H), 2.37e2.31 (m, 2H), 2.13e1.98 (m,3H), 1.26 (t,
J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) d 170.1, 164.9, 155.2,
153.5, 150.9, 147.1, 133.7, 132.1, 122.1, 111.2, 106.6, 92.1, 77.9, 65.3,
64.6, 64.4, 60.8, 57.4, 55.9, 55.8, 46.5, 28.9, 26.3, 23.5, 15.1; HRMS
(ESI, m/z) C28H36N2O9Na calcd 567.2318 found 567.2317.

4 .1.9 .6 . ( S ) -10- (e thoxymethyl ) -7-methoxy-8- (4- (3 ,4 ,5-
trimethoxyphenoxy)butoxy)-1,2,3,11a-tetrahydro-5H-benzo[e]pyr-
rolo[1,2-a][1,4]diazepine-5,11(10H)-dione (4b). Light yellow oil;
Yield: 87%; 1H NMR (CDCl3, 400MHz) d 7.36 (s,1H), 7.28 (s,1H), 6.16
(s, 2H), 5.58 (d, J¼ 10.0 Hz,1H), 4.68 (d, J¼ 10 Hz,1H), 4.15e4.12 (m,
3H), 4.03 (t, J ¼ 6.0 Hz, 2H), 3.89 (s, 3H), 3.84 (s, 6H), 3.81 (s, 3H),
3.74e3.66 (m, 2H), 3.64e3.43 (m, 2H), 2.74e2.68 (m,1H), 2.18e1.96
(m, 7H), 1.26 (t, J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) d 170.4,
165.6, 155.8, 153.8, 151.5, 147.4, 134.1, 132.3, 121.9, 111.5, 106.7, 92.4,
78.3, 68.8, 67.8, 65.0, 61.1, 57.8, 56.2, 56.0, 46.9, 26.7, 26.2, 25.8, 23.9,
15.5; HRMS (ESI, m/z) C29H38N2O9Na calcd 581.2457 found
581.2478.

4.1.9 .7 . (S)-10-(ethoxymethyl )-7-methoxy-8-( (5-(3 ,4 ,5-
trimethoxyphenoxy)pentyl)oxy)-1,2,3,11a-tetrahydro-5H-benzo[e]
pyrrolo[1,2-a][1,4]diazepine-5,11(10H)-dione (4c). Light yellow oil;
Yield: 83%; 1H NMR (CDCl3, 400MHz) d 7.36 (s,1H), 7.26 (s,1H), 6.15
(s, 2H), 5.58 (d, J¼ 10.0 Hz,1H), 4.65 (d, J¼ 10 Hz,1H), 4.14e3.98 (m,
3H), 3.97 (t, J ¼ 6.0 Hz, 2H), 3.92 (s, 3H), 3.84 (s, 6H), 3.80 (s, 3H),
3.77e3.64 (m, 2H), 3.63e3.53 (m, 2H), 2.74e2.69, (m,1H), 2.11e1.84
(m, 7H), 1.72e1.66 (m, 2H), 1.27 (t, J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3,
100 MHz) d 170.2, 165.0, 155.5, 153.5, 151.1, 147.1, 133.8, 132.1, 121.9,
111.2, 106.4, 92.1, 78.1, 68.7, 67.8, 64.7, 60.9, 57.4, 56.0, 55.9, 46.6,
28.9, 28.5, 26.4, 23.6, 22.5, 15.2; HRMS (ESI, m/z) C30H40N2O9Na
calcd 595.2631 found 595.2634.

4.1.9 .8 . (S)-10-(ethoxymethyl)-7-methoxy-8-((6-(3 ,4 ,5-
trimethoxyphenoxy)hexyl)oxy)-1,2,3,11a-tetrahydro-5H-benzo[e]pyr-
rolo[1,2-a][1,4]diazepine-5,11(10H)-dione (4d). Light yellow oil;
Yield: 71%; 1H NMR (CDCl3, 400MHz) d 7.35 (s, 1H), 7.25 (s, 1H), 6.15
(s, 2H), 5.58 (d, J ¼ 10 Hz, 1H), 4.64 (d, J ¼ 10 Hz, 1H), 4.13e4.03 (m,
3H), 3.94 (t, J ¼ 6 Hz, 2H), 3.92 (s, 3H), 3.84 (s, 6H), 3.78 (s,3H),
3.76e3.72 (m, 2H), 3.69e3.53 (m, 2H), 2.73e2.70 (m,1H), 2.13e1.99
(m, 3H),1.97e1.80 (m, 4H),1.61e1.55 (m, 4H),1.26 (t, J¼ 7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz) d 170.3, 165.1, 155.6, 153.6, 151.2, 147.2,
133.9, 132.1, 121.9, 111.3, 106.5, 92.1, 78.1, 68.9, 68.0, 64.7, 60.9, 57.5,
56.0, 55.9, 46.6, 29.1, 28.8, 26.5, 25.8, 25.7, 23.7, 15.3; HRMS (ESI, m/
z) C31H42N2O9Na calcd 609.2788 found 609.2784.

4.1.9.9. (S)-7-methoxy-8-(3-(3,4,5-trimethoxyphenoxy)propoxy)-
1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one
(5a). Light yellow oil; Yield: 81%; 1H NMR (CDCl3, 400 MHz) d 7.67
(d, J ¼ 4.4 Hz, 1H), 7.52 (s, 1H), 6.86 (s, 1H), 6.16 (s, 2H), 4.36e4.21
(m, 1H), 4.15 (t, J ¼ 6 Hz, 2H), 3.94 (s, 3H), 3.83 (s, 6H), 3.78 (s, 3H),
3.72e3.54 (m, 3H), 3.48 (s, 1H), 2.37e2.30 (m, 4H), 2.10e1.98 (m,
2H); 13C NMR (CDCl3, 100 MHz) d 164.6, 162.4, 155.4, 153.6, 150.6,
147.7,140.6,132.3,120.3,111.6,110.6, 95.7, 92.3, 60.9, 56.2, 56.1, 56.0,
53.7, 46.6, 29.6, 29.3, 24.1; HRMS (ESI, m/z) C25H30N2O7 calcd
470.5220 found 470.5223.

4.1.9.10. (S)-7-methoxy-8-(4-(3,4,5-trimethoxyphenoxy)butoxy)-
1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one
(5b). Light yellow oil; Yield: 83%; 1H NMR (CDCl3, 400 MHz) d 7.66
(d, J ¼ 4.4 Hz, 1H), 7.50 (s, 1H), 6.81 (s, 1H), 6.14 (s, 2H), 4.20e4.07
(m,1H), 4.00 (t, J¼ 6.0 Hz, 2H), 3.92 (s, 3H), 3.84 (s, 6H), 3.77 (s, 3H),
3.74e3.54 (m, 3H), 3.47 (s, 1H), 2.34e2.28 (m, 2H), 2.10e1.93 (m,
6H); 13C NMR (CDCl3, 100 MHz) d 164.6, 162.4, 155.6, 153.6, 150.7,
147.7, 140.5, 132.1, 120.2, 111.5, 110.4, 95.8, 92.1, 60.9, 56.2, 56.1, 56.0,
53.6, 46.6, 29.6, 29.3, 25.9, 24.1; HRMS (ESI, m/z) C26H32N2O7 calcd
484.5490 found 484.5490.

4.1.9.11. (S)-7-methoxy-8-((5-(3,4,5-trimethoxyphenoxy)pentyl)
oxy)-1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-
one (5c). Light yellow oil; Yield: 85%; 1H NMR (CDCl3, 400 MHz)
d 7.67 (d, J ¼ 4.4 Hz, 1H), 7.52 (s, 1H), 6.81 (s, 1H), 6.15 (s, 2H),
4.17e4.02 (m, 1H), 3.96 (t, J ¼ 6.0 Hz, 2H), 3.94 (s, 3H), 3.86 (s, 6H),
3.79 (s, 3H), 3.74e3.55 (m, 3H), 3.48 (s, 1H), 2.36e2.30 (m, 2H),
2.10e1.83 (m, 6H), 1.70e1.63 (m, 2H); 13C NMR (CDCl3, 100 MHz)
d 164.6, 162.4, 155.7, 153.7, 150.8, 147.8, 140.6, 132.2, 120.2, 111.6,
110.5, 92.2, 68.8, 67.9, 61.0, 56.2, 56.1, 53.7, 46.6, 29.6, 29.0, 28.7,
24.2, 22.6; HRMS (ESI, m/z) C27H34N2O7 calcd 499.2444 found
499.2441.

4.1.9.12. (S)-7-methoxy-8-((6-(3,4,5-trimethoxyphenoxy)hexyl)oxy)-
1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-5-one
(5d). Light yellow oil; Yield: 79%; 1H NMR (CDCl3, 400 MHz) d 7.67
(d, J ¼ 4.4 Hz, 1H), 7.51 (s, 1H), 6.81 (s, 1H), 6.15 (s, 2H), 4.15e4.02
(m, 2H), 3.96 (t, J¼ 6.0 Hz, 2H), 3.95 (s, 3H), 3.86 (s, 6H), 3.79 (s, 3H),
3.78e3.55 (m, 3H), 3.48 (s, 1H), 2.36e2.30 (m, 2H), 2.10e1.80 (m,
6H), 1.57e1.54 (m, 3H); 13C NMR (CDCl3, 100 MHz) d 164.6, 162.3,
155.7, 153.6, 150.8, 147.7, 140.6, 132.1, 120.1, 111.5, 110.4, 92.2, 68.8,
68.1, 60.9, 56.1, 56.0, 53.7, 46.6, 29.6, 29.2, 28.8, 25.8, 25.7, 24.1;
HRMS (ESI, m/z) C28H36N2O7 calcd 512.6030 found 512.6031.

4.1.9.13. N-(4-hydroxybutyl)-3,4,5-trimethoxybenzamide (8b).
Pale yellow solid; Yield: 97%; 1H NMR (CDCl3, 400 MHz) d 7.03 (s,
2H), 6.86e6.83 (m, 1H), 3.88 (s, 6H), 3.87 (s, 3H), 3.71 (t, J ¼ 6.0 Hz,
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2H), 3.45 (q, J ¼ 6.0 Hz, 2H), 2.53e2.01 (s, 1H), 1.75e1.64 (m, 4H);
13C NMR (CDCl3, 100 MHz) d 167.4, 153.1, 140.7, 130.1, 104.3, 62.3,
60.8, 56.2, 39.9, 29.8, 26.2; HRMS (ESI, m/z) C14H21NO5Na calcd
306.1317 found 306.1316.

4.1.9.14. N-(5-hydroxypentyl)-3,4,5-trimethoxybenzamide (8c).
Pale yellow solid; Yield: 95%; 1H NMR (CDCl3, 400 MHz) d 7.17e7.14
(m,1H), 7.07 (s, 2H), 3.85 (s, 6H), 3.84 (s, 3H), 3.59 (t, J¼ 6.0 Hz, 2H),
3.39 (q, J ¼ 6.0 Hz, 2H), 3.32e3.01 (s, 1H), 1.62e1.51 (m, 4H),
1.43e1.37 (m, 2H); 13C NMR (CDCl3, 100 MHz) d 167.3, 152.8, 140.4,
129.9, 104.3, 62.0, 60.6, 55.9, 39.9, 31.9, 29.0, 22.9; HRMS (ESI, m/z)
C15H23NO5Na calcd 320.1474 found 320.1471.

4.1.9.15. N-(6-hydroxyhexyl)-3,4,5-trimethoxybenzamide (8d).
Pale yellow solid; Yield: 93%; 1H NMR (CDCl3, 400 MHz) d 7.03 (s,
2H), 6.59e6.58 (m, 1H), 3.88 (s, 6H), 3.87 (s, 3H), 3.61 (t, J ¼ 6.0 Hz,
2H), 3.44 (q, J ¼ 6.0 Hz, 2H), 2.28e2.25 (s, 1H), 1.64e1.51 (m, 4H),
1.39e1.34 (m, 4H); 13C NMR (CDCl3, 100 MHz) d 167.2, 152.9, 140.4,
129.9, 104.1, 62.3, 60.7, 56.0, 39.8, 32.2, 29.4, 26.3, 25.1; HRMS (ESI,
m/z) C16H25NO5Na calcd 334.1630 found 306.1633.

4 .1 . 9 . 16 . 4 - ( 3 , 4 , 5 - t r i m e t h o x y b e n z am i d o ) b u t y l 4 -
methylbenzenesulfonate (9b). White solid; Yield: 66%; 1H NMR
(CDCl3, 400 MHz) d 7.74 (d, J ¼ 4.4 Hz, 2H), 7.34 (d, J ¼ 4.4 Hz, 2H),
d 7.08 (s, 2H), 7.06e7.03 (m,1H), 4.03 (t, J¼ 6.0 Hz, 2H), 3.86 (s, 6H),
3.85 (s, 3H), 3.39 (q, J ¼ 6.0 Hz, 2H), 2.43 (s, 3H), 1.74e1.60 (m, 4H);
13C NMR (CDCl3, 100 MHz) d 167.1, 152.8, 144.8, 140.3, 132.4, 129.7,
129.6, 127.5, 104.1, 70.2, 60.6, 55.9, 39.0, 26.1, 25.4, 21.4, HRMS (ESI,
m/z) C21H27NO7SNa calcd 460.1406 found 460.1408.

4 .1 . 9 .17 . 5 - ( 3 , 4 , 5 - t r i m e t h o x y b e n z am i d o ) p e n t y l 4 -
methylbenzenesulfonate (9c). White solid; Yield: 70%; 1H NMR
(CDCl3, 400 MHz) d 7.75 (d, J ¼ 4.4 Hz, 2H), 7.35 (d, J ¼ 4.4 Hz, 2H),
7.32e7.29 (m, 1H), 7.13 (s, 2H), 3.99 (t, J ¼ 6.0 Hz, 2H), 3.85 (s, 6H),
3.83 (s, 3H), 3.37 (q, J ¼ 6.0 Hz, 2H), 2.43 (s, 3H), 1.68e1.34 (m, 6H);
13C NMR (CDCl3, 100 MHz) d 166.8, 152.5, 144.6, 140.0, 132.3, 129.6,
129.5, 127.3, 104.0, 70.2, 60.3, 55.7, 39.4, 28.4, 28.0, 22.3, 21.1; HRMS
(ESI, m/z) C22H29NO7SNa calcd 474.1562 found 474.1560.

4 .1 . 9 . 18 . 6 - ( 3 , 4 , 5 - t r i m e t h o x y b e n z am i d o ) h e x y l 4 -
methylbenzenesulfonate (9d). White solid; Yield: 61%; 1H NMR
(CDCl3, 400 MHz) d 7.77 (d, J ¼ 4.4 Hz, 2H), 7.33 (d, J ¼ 4.4 Hz, 2H),
7.05 (s, 2H), 6.67e6.64 (m, 1H), 4.02 (t, J ¼ 7.2 Hz, 2H), 3.87 (s, 6H),
3.86 (s, 3H), 3.42e3.34 (m, 2H), 2.45 (s, 3H), 1.66e1.23 (m, 8H); 13C
NMR (CDCl3, 100 MHz) d 167.1, 152.9, 144.7, 140.4, 132.7, 129.8,
129.5, 127.6, 104.2, 70.4, 60.7, 56.1, 39.8, 29.2, 28.5, 25.9, 24.8, 21.5;
HRMS (ESI, m/z) C23H31NO7SNa calcd 488.1819 found 488.1721.

4.1.9.19. (S)-N-(4-((10-(ethoxymethyl)-7-methoxy-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butyl)-3,4,5-trimethoxybenzamide (10b). Light yellow oil;
Yield: 80%; 1H NMR (CDCl3, 400 MHz) d 7.33 (s, 1H), 7.25 (s, 1H),
7.21e7.18 (m, 1H), 7.11 (s, 2H), 5.57 (d, J ¼ 10.0 Hz, 1H), 4.67 (d,
J ¼ 10.0 Hz, 1H), 4.16e4.05 (m, 3H), 3.87 (s, 3H), 3.86 (s, 6H), 3.81
(s,3H), 3.80e3.65 (m, 2H), 3.65e3.50 (m, 4H), 2.74e2.70 (m, 1H),
2.11e1.94 (m, 5H), 1.88e1.83 (m, 2H), 1.28 (t, J ¼ 7.2 Hz, 3H); 13C
NMR (CDCl3, 100 MHz) d 170.0, 167.0, 164.9, 152.8, 150.7, 146.7,
140.4, 133.8, 129.9, 121.8, 110.9, 106.1, 104.2, 77.9, 68.5, 64.6, 60.6,
57.3, 55.9, 55.7, 46.5, 39.1, 26.3, 26.1, 25.7, 23.5, 15.1.

4.1.9.20. (S)-N-(5-((10-(ethoxymethyl)-7-methoxy-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)pentyl)-3,4,5-trimethoxybenzamide (10c). Light yellow oil;
Yield: 81%; 1H NMR (CDCl3, 400MHz) d 7.32 (s,1H), 7.23 (s,1H), 7.07
(s, 2H), 6.8e6.87 (m, 1H), 5.57 (d, J ¼ 10.0 Hz, 1H), 4.67 (d,
J ¼ 10.0 Hz, 1H), 4.15e4.01 (m, 3H), 3.86 (s, 3H), 3.85 (s, 6H), 3.84
(s,3H), 3.79e3.72 (m, 2H), 3.71e3.52 (m, 2H), 3.48e3.45 (m, 2H),
2.73e2.69 (m, 1H), 2.13e1.99 (m, 3H), 1.98e1.87 (m, 2H), 1.73e1.66
(m, 2H), 1.61e1.53 (m, 2H), 1.26 (t, J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3,
100 MHz) d 170.1, 167.0, 164.9, 152.8,150.9, 146.9, 140.4, 133.7, 129.9,
121.7, 111.1, 106.3, 104.2, 77.9, 68.7, 64.6, 60.6, 57.3, 55.9, 55.8, 46.5,
39.8, 29.1, 28.3, 26.3, 23.5, 23.4, 15.1; HRMS (ESI, m/z)
C31H41N3O9Na calcd 622.2740 found 622.2736.

4.1.9.21. (S)-N-(6-((10-(ethoxymethyl)-7-methoxy-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)hexyl)-3,4,5-trimethoxybenzamide (10d). Light yellow oil;
Yield: 78%; 1HNMR (CDCl3, 400MHz) d 7.34 (s,1H), 7.24 (s,1H), 7.02
(s, 2H), 6.47e6.44 (m, 1H), 5.57 (d, J ¼ 10.0 Hz, 1H), 4.67 (d,
J ¼ 10.0 Hz, 1H), 4.13e4.03 (m, 3H), 3.90 (s, 3H), 3.88 (s, 6H), 3.87
(s,3H), 3.76e3.73 (m, 2H), 3.65e3.52 (m, 2H), 3.44e3.43 (m, 2H),
2.73e2.69 (m, 1H), 2.13e1.98 (m, 3H), 1.91e1.84 (m, 2H), 1.69e1.62
(m, 2H), 1.57e1.43 (m, 4H), 1.28 (t, J ¼ 7.2 Hz, 3H); 13C NMR (CDCl3,
100 MHz) d 170.2, 167.1, 165.1, 153.0, 151.1, 147.1, 133.8, 130.1, 121.8,
111.2, 106.4, 104.2, 78.1, 68.8, 64.7, 60.8, 57.5, 56.2, 55.9, 46.6, 39.9,
29.6, 29.5, 28.6, 26.6, 26.4, 25.5, 23.6, 15.2; HRMS (ESI, m/z)
C32H43N3O9Na calcd 636.2900 found 636.2903.

4.1.9.22. (S)-3,4,5-trimethoxy-N-(4-((7-methoxy-5-oxo-2,3,5,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-yl)oxy)butyl)
benzamide (11b). Light yellow oil; Yield: 74%; 1H NMR (CDCl3,
400 MHz) d 7.68 (d, J ¼ 4.4 Hz, 1H), 7.51 (s, 1H), 7.07 (s, 2H),
6.88e6.86 (m,1H), 6.81 (s, 1H), 4.20e4.08 (m, 2H), 3.88 (s, 3H), 3.87
(s, 6H), 3.81 (s, 3H), 3.75e3.66 (m, 2H), 3.62e3.49 (m, 3H),
2.36e2.31 (m, 2H), 2.12e1.96 (m, 4H), 1.90e1.82 (m, 2H); 13C NMR
(CDCl3, 100 MHz) d 167.2, 164.5, 162.6, 153.0, 150.1, 147.5, 140.7,
130.3, 120.3, 111.5, 110.2, 104.3, 68.7, 60.9, 56.2, 55.9, 53.7, 46.7, 39.2,
29.6, 26.5, 25.8, 24.2; HRMS (ESI, m/z) C27H33N3O7 calcd 512.2397
found 512.2401.

4.1.9.23. (S)-3,4,5-trimethoxy-N-(5-((7-methoxy-5-oxo-2,3,5,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-yl)oxy)pentyl)
benzamide (11c). Light yellow oil; Yield: 73%; 1H NMR (CDCl3,
400 MHz) d 7.67 (d, J ¼ 4.4 Hz, 1H), 7.49 (s, 1H), 7.04 (s, 2H), 6.79 (s,
1H), 6.57e6.56 (m, 1H), 4.11e4.02 (m, 2H), 3.88 (s, 3H), 3.87 (s, 6H),
3.81 (s, 3H), 3.75e3.66 (m, 2H), 3.62e3.44 (m, 3H), 2.34e2.29 (m,
2H), 2.09e2.88 (m, 6H), 1.73e1.50 (m, 2H); 13C NMR (CDCl3,
100MHz) d 167.2,164.8,162.8,153.3,150.9,147.9,140.8,130.4,120.4,
111.7, 110.6, 104.5, 69.1, 61.1, 56.5, 56.3, 53.9, 46.9, 40.3, 29.8, 29.4,
28.7, 24.4, 23.9; HRMS (ESI, m/z) C28H35N3O7 calcd 526.2553 found
526.2555.

4.1.9.24. (S)-3,4,5-trimethoxy-N-(6-((7-methoxy-5-oxo-2,3,5,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-yl)oxy)hexyl)
benzamide (11d). Light yellow oil; Yield: 77%; 1H NMR (CDCl3,
400 MHz) d 7.67 (d, J ¼ 4.4 Hz, 1H), 7.51 (s, 1H), 7.00 (s, 2H), 6.79 (s,
1H), 6.26e6.22 (m, 1H), 4.11e4.05 (m, 2H), 3.93 (s, 3H), 3.91 (s, 6H),
3.88 (s, 3H), 3.81e3.73 (m, 2H), 3.62e3.44 (m, 3H), 2.36e2.29 (m,
2H), 2.07e1.87 (m, 4H), 1.66e1.24 (m, 6H); 13C NMR (CDCl3,
100MHz) d 167.3, 164.6, 162.4,153.2,150.8,147.8, 140.6,130.3, 120.1,
111.5, 110.4, 104.3, 68.8, 60.9, 56.3, 56.1, 53.7, 46.7, 40.1, 29.7, 29.6,
28.7, 26.6, 25.6, 24.2; HRMS (ESI, m/z) C29H37N3O7 calcd 540.2710
found 540.2711.

4.2. Experimental protocol for biological studies

4.2.1. Cell culture
Compounds were dissolved in DMSO at a final concentration of

10 mM and store at �20 �C. Several cell lines, human melanoma
(A375 and RPMI7951), breast (MCF-7), lung (A549, H1299), and
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mouse melanoma (B16) purchased from American Type Culture
Collection (Manassas, VA), was maintained in DMEM (A375, B16),
MEM (RPMI7951, MCF-7), RPMI1640 (A549) or DMEM-F12 (H1299)
supplemented with10% FCS and 100 U/mL penicillin G, and 100 mg/
mL streptomycin sulfate (Gibco, BRL). Cells were passaged at
confluence after treatment with 5 mM EDTA (Gibco, BRL) and
incubated at 37 �C in a humidified atmosphere containing 5% CO2.
Fibroblasts were obtained from adult foreskin specimens as pre-
viously described.[53].

4.2.2. Cell viability
The protocols used were as described previously [7].

4.2.3. Colony formation assay
A375 cells were plated into 6-well plates at a density of 100 cells

per well. On the second day, cells were treated with PBD-GA. Every
3 days, the medium was replaced with fresh medium containing
the agent at 0.5 mM concentration. After a 10 day treatment, the
medium was removed, and cell colonies were stained with SRB
dyes, and pictures were taken using a digital camera.

4.2.4. Determination of intracellular ROS level
The methods used were as reported previously [8].

4.2.5. Mitochondrial membrane potential assessment (DJmt)
The methods utilized were as described previously [8].

4.2.6. Immunocytochemical staining
To clarify the role of the DNA damage indicator p-ATR and p-

ATM, the 8-oxoguanine oxidative stress marker, the mitochondrial
marker COX IV and cytochrome c in A375 cells; cathespin D and
LAMP-1 in RPMI7951 cells; tumor apoptosismarker Annexin V/PI in
B16 cells treated with PBD-GA and its expression were correlated
with apoptotic. Cells were seeded on glass coverslips with a density
of 1 � 104 cells and were incubated overnight. The cells were
treated with 0.5 mM PBD-GA for 24 h. Immunocytochemistry was
performed on all test samples. Cells were washed several times by
using PBS and fix by 4% formaldehyde for 5 min at 4 �C, then per-
meabilized cell with 0.5% Triton X-100 for 5 min. Non-specific
binding was blocked by 5% bovine serum albumin at 37 �C for
45 min. Cells were incubated 1 h with primary antibodies (mouse
anti-p-ATR and mouse anti-p-ATM at 1:1000, mouse anti-8-
oxoguanine 1:250, rabbit anti-COX IV and mouse anti-
cytochrome c at 1:1000, mouse anti-LAMP1 and rabbit anti-
cathepsin D at 1:500) at RT. Subsequently, slides were incubated
with secondary antibodies for 30 min at RT. Finally, added about
40 mLmountingmedium contains DAPI to slide and coverwith glass
coverslips then sealed with nail polish.

4.2.7. Cell cycle analysis
The methods used were as reported previously [7].

4.2.8. Quantitative RT-PCR
The methods used were as reported previously [7].
The primers used were:

p53: forward, 50-CCATCCACTACAACTACATGTG - 30; reverse, 50 -
AAAGCTGTTCCGTCCCAGTA - 30

bax: forward, 50- GGATGCGTCCACCACCAAGAAG - 30; reverse, 50

- GCCTTGAGCACCAGTTTGC - 30

bcl-xl: forward, 50- GCACTGTGCGTGGAAAGCGTAGAC - 30;
reverse, 50 - CTGAAGAGTGAGCCCAGCAGAACC - 30

GAPDH: forward, 50 - GAAGGTGAAGGTCGGAGTCAACG - 30;
reverse, 50 - AGTCCTTCCACGATAACCAAAGTTG - 30
4.2.9. Gene knockdown
A375 cell was plated in 12-well plates at 6 � 104 cells per well

and cultured overnight at 37 �C in 1 mL of DMEMmediumwithout
antibiotics. The next day, each well was transfected with 30 nM
siRNA specific for tp53 with 1.5 mL of Lipofectamine RNAiMAX
(Invitrogen). Transfection with 30 nM non target siRNA with 1.5 mL
of Lipofectamine served as the negative control. Cells were har-
vested 24 h after siRNA transfection and then subjected to analyses.

4.2.10. p53 siRNA
forward, 50- UUACACAUGUAGUUGUAGUGGAUG - 30; reverse, 50

- CCAUCCACUACAACUACAUGUGUA - 30

4.2.11. Lysosomal Hþ measurement
RPMI 7951 cells were incubated with LysoTracker Green (75 nM)

for 15min at 37 �C prior to treatment with compounds for indicated
times. Cells were washed and mean fluorescence quantified with
flow cytometer.

4.2.12. Protein extraction and western blot analysis
Mouse monoclonal antibody against p53 and Cdc25c were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Rabbit polyclonal antibody against p-p53, p-Chk1, BCL-XL and PARP
were purchased from Cell Signaling Biotechnology (Boston, MA,
USA), GeneTex (Irvine, CA, USA), ABGENT (Sandiego, CA, USA) and
Santa Cruz Biotechnology (Santa Cruz, CA, USA), respectively.
Mouse monoclonal antibody against GAPDH and caspase-3 were
purchased from GeneTex (Irvine, CA, USA) and ABGENT (Sandiego,
CA, USA). The methods used were as reported previously [54].

4.2.13. Annexin V/PI staining
Cultured B16 cells were seeded on glass coverslips with a den-

sity of 3 � 105 cells/well in 6-well plate for 24 h until cell attach-
ment. Then the cells were exposed to compounds at 0.5 mM for 24 h.
The cells were washed twice with PBS and were then stained with
annexin V- FITC and PI (Annexin V-FITC Apoptosis detection Kit;
Strong Biotech Corporation, Taiwan), and then incubated at room
temperature for at least 15 min in the dark. After staining, the
preparations were washed and transferred to glass slides for
observation under a fluorescence microscope (Leica DMI6000,
Wetzlar Germany).

4.2.14. Animal experiment
Seven-week-old female ICR strain mice were obtained and

maintained as described in our previous study.54 B16 cells were
harvested from in vitro incubation and were inoculated s.c. at
1 � 106 per animal in 20 ml PBS into the footpad of ICR mice. When
tumors had reached a mean diameter of 4e7 mm (day 0), the an-
imals were randomized into groups of three and treated by i.v.
injection at 0, 2, 4 mg/kg. Body weights and two perpendicular
diameters of the tumors were measured at least 3 times per week.
Each tumor volume was calculated according to the following
equation: v ¼ 0.5236[(l þw)/2]3, where l and w are the largest and
smallest perpendicular diameters. Tumor volume and body
weights were expressed as mean ± SEM relative to tumor volume
or body weight values on day 0 (start of treatment). The T/C% ratio
(mean relative tumor volume of the treated tumors/mean relative
volume of control group ¼ 100) was calculated each time the tu-
mors were measured. The lowest value is expressed as the optimal
T/C% for each group. Statistical analysis was performed using t-test.

4.2.15. Statistical analysis
The methods used were as reported previously [7].
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