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Telomeric DNA and C-myc22 are DNA G-quadruplex (G4)-forming sequences associated with tumorigenesis.
Ligands that can facilitate the formation and increase the stabilization of G4 can halt tumor cell proliferation and
have been regarded as potential anti-cancer drugs. In the present study, we have investigated the interaction of
11 natural alkaloids with G4 formed by telomeric DNA and C-myc22 sequences. Our results indicated that
sanguinarine (San), palmatine (Pal), and berberine (Beb) of the first series (S1) can induce the formation of G4 as
well as increase the stabilization ability. Daurisoline (S2-1), O-methyldauricine (S2-2), O-diacetyldaurisoline (S2-3),
daurinoline (S2-4), dauricinoline (S2-5), N,N¢-dimethyldauricine iodide (S2-6), and N,N¢-dimethyldaurisoline
iodide (S2-7) of the second series (S2) showed similar stabilization ability. We found that unsaturated ring C, N +

positively charged centers, and conjugated aromatic rings are key factors to increase the stabilization ability of
S1, and we gave some advice on structure modification to S2 through structure-activity study. Besides, we found
San and Pal to be cell cycle blocker in G1. San was speculated to bind to G4 through intercalation or end stacking.

Introduction

DNA has been recognized to play a passive role in ge-
netic information storage as well as an active role in

biological processes. Specific regions of the genome can exist
in forms other than the Watson-Crick duplex (Ren and
Chaires, 1999). Millimolar concentrations of guanine alone
were observed to form a gel in aqueous solution (Bang, 1910).
The structure was determined to consist of p-stacked guanine
quartets, each of which consisted of 4 guanines in a cyclic
planar arrangement, known as G-quadruplex (G4, Table 2)
(Gellert et al., 1962). G4 is regarded as an important drug-
design target for the treatment of various human disorders.
First, G4 forming sequences are prevalent in human genome,
exist in many important regions of the eukaryotic genome,
such as telomeres ends and the regulatory regions of many
oncogenes (Eddy and Maizels, 2006), including proto-
oncogene C-myc (Simonsson et al., 1998; Grand et al., 2002;
Siddiqui-Jain et al., 2002) and oncogenes c-kit (Rankin et al.,
2005; Fernando et al., 2006), V-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRas) (Cogoi and Xodo, 2006),
platelet-derived growth factor subunit A (PDGF-A) (Qin et al.,
2007), vascular endothelial growth factor (VEGF) (Sun et al.,
2005), and others (Kumar and Maiti, 2008; Wong et al., 2009).

Second, G4 is stable in physiological conditions, believed to be
a competitive structure compared with double stranded DNA
(dsDNA) in vivo. G4 was observed to be stable enough to
postpone or prevent the formation of dsDNA in an equimolar
mixture of dAG3(T2AG3)3 and d(C3TA2) C3T at acidic pH
(Manzini et al., 1994; Li et al., 2002). Additionally, B-form
dsDNA was reported to interconvert to intermolecular G4
under certain cation concentrations (Miura and Thomas,
1994; Deng and Braunlin, 1995). Third, G4 has been shown
experimentally to play various significant functional roles in
cells (Wong et al., 2009). Finally, the conformations of G4 can
provide some selective recognition sites for small molecules. It
is clear that G4 is no longer just a biophysical oddity and must
be given serious consideration as an important target for the
treatment of various human disorders (Ou et al., 2008).

Considering the important role of G4, specific ligands that
can facilitate the formation and stabilize G4 structures are re-
garded as potential drugs, in particular as inhibitors of telo-
merase activity and oncogene expression (Zahler et al., 1991;
Franceschin, 2009). Telomerase activity has been identified in
most human tumors (85%*90%) but is almost undetectable in
the majority of somatic cells, suggesting its close relationship
with the degree of malignancy and the likelihood of tumor
progression (Naasani et al., 1999). G4-targeting compounds
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have been shown to inhibit telomerase activity, thereby making
the telomeric DNA G4 an attractive target for cancer thera-
peutic intervention (Fig. 1. A). Moreover, G4-targeting com-
pounds have been shown to disrupt telomere capping and
induce rapid apoptosis (Fig. 1. B) (Yang and Okamoto, 2010).
Furthermore, the formation of G4 can also suppress the ex-
pression of oncogenes, such as C-myc. The aberrant over-
expression of proto-oncogene C-myc is related to the increasing
of cellular proliferation in a variety of different malignant tu-
mors (Tian et al., 2010). C-myc contains parallel-stranded G4 in
the nuclease hypersensitivity element III1 upstream of the P1
and P2 promoters (Wang et al., 2008) which can regulate
transcription (Fig. 2) (Seenisamy et al., 2004). G4-ligands can
regulate C-myc transcription and are speculated to halt tumor
cell proliferation potentially.

Since the first report on the interaction between small
molecules and G4 DNA in 1997 (Wang et al., 2010), many
leading compounds that target G4 have been found, including
anthraquinones (Sun et al., 1997; Perry et al., 1998a, 1998b),
cationic porphyrins (Anantha et al., 1998; Han et al., 2001),
perylene (Rossetti et al., 2002), benzoindoloquinolines
(Alberti et al., 2002), ethidium derivatives (Koeppel et al.,
2001), acridine derivatives (Harrison et al., 1999), piperazines
(Riou et al., 2001), pentacyclicacridinium salts (Gowan et al.,
2001), fluoroquinophenoxazines (Duan et al., 2001), and oth-
ers. Most of these compounds have the same features: (1) a
p-delocalized system that is able to stack on the face of a
guanine quartet, (2) a partial positive charge that is able to lay
in the center of the quartet, increasing stabilization by
substituting the cationic charge of the potassium or sodium
that would normally occupy that site, and (3) positively
charged substituents to interact with the grooves and loops of
G4 and the negatively charged backbone phosphates (Reed
et al., 2006; Yang et al., 2011). In accordance with these de-
sirable features, there are 3 interaction modes of G4-ligands
and G4: (1) external stacking: ligands stack on the terminal G-
quarter through p-p accumulation; (2) intercalating: ligands
insert into the space of two G-quarters; and (3) groove bind-
ing: ligands bind to the grooves or loops of the G4. Notably, a
few of the ligands have already entered preclinical or clinical
trials, among which quarfloxin (CX-3543) has entered phase 2
clinical trials (Bates et al., 2007). Considering the importance
of G4 and its ligands, our team has carried out a series of
research in this area (Sun et al., 2006, 2007, 2009; Zhou et al.,

2008b, 2009; Li et al., 2009; Yang et al., 2009, 2010a, 2010b,
2010c; Tian et al., 2010; Yang and Okamoto, 2010; Zhang et al.,
2010; Ji et al., 2011a, 2011b).

In the long term, natural products from traditional Chinese
medicine (TCM) (Table 2) can contribute to the development
of molecular target-guided therapies and individualized
treatment strategies (Efferth et al., 2007) tested as a molecular
library for seeking new drugs (Liu et al., 2010). With rapidly
increasing export rates of TCM products to Europe and the
United States, scientists in the western world show tremen-
dous interest in TCM. Alkaloids, which represent one im-
portant class of active compounds in TCM, have various
biological activities. A large number of natural alkaloids can
form molecular complexes with nucleic acid structures (Maiti
and Kumar, 2007). Studies on the interactions between alka-
loids and DNA are necessary, since such interactions may not
only provide the molecular basis for better understanding
their bioactivity mechanisms, but also guide the rational de-
sign of more efficient DNA-binding molecules for cancer
therapy (Wang et al., 2008). In this paper, we have investi-
gated the interactions of 11 alkaloids originating from Chinese
herbal medicine with G4 formed by human telomeric DNA
and C-myc22. The first series (S1) (Table 2) contains 4 alka-
loids with similar structures, Sanguinarine (San), Palmatine
(Pal), Berberine (Beb), and tetrahydropalmatine (Tep) (Fig. 3,
Table 2). Alkaloids of S1 exhibit a wide range of pharmaco-
logical effects (Ghosh et al., 1985; Schmeller et al., 1997; Wu
et al., 1999; Adhami et al., 2004), including anti-cancer activity
(Zhao et al., 1991; Ahmad et al., 2000), which is believed to be
related to wide biological activities; their interactions with G4 is
believed to be one of the most important activities. San (Bai
et al., 2008), Beb (Ren and Chaires, 1999; Zhou et al., 2008a), and
Pal (Zhou et al., 2008a) are known to bind to G4 structure. In
addition, Beb can inhibit telomere elongation (Naasani et al.,
1999). Tep has a similar structure to these alkaloids and is
speculated to have similar function. To our knowledge, there is
no report to give a comparison of their stabilization ability.
We arranged them in a series, trying to find some regularities
in structure activity. The second series (S2) (Table 2) contains
7 alkaloids: daurisoline (S2-1), O-methyldauricine (S2-2), O-di-
acetyldaurisoline (S2-3), daurinoline (S2-4), dauricinoline (S2-5),
N,N¢-dimethyldauricine iodide (S2-6), and N,N¢-dimethyl-
daurisolineiodide (S2-7) (Fig. 3, Table 2). S2 has a more complex
structure than S1, similar to bis-benzyltetrahydroisoquinoline

FIG. 1. The binding of ligands with G-quadruplex (G4) inhibit the formation of cancer. (A) Mechanism of telomerase
inhibition by G4 ligands. (B) Mechanism of drug-mediated interference of telomere capping by G4 ligands (Yang and
Okamoto, 2010). hTR, RNA component of human telomerase; hTERT, telomerase reverse transcriptase.
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FIG. 2. The formation of G4 can prevent the expression of c-myc. (A) The promoter structure of the human c-myc gene. (B)
Alternative forms of the nuclease hypersensitivity element III1 (NHE III1) (Table 2) of the c-myc promoter associated with
transcriptional activation or silencing (Yang and Okamoto, 2010).
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FIG. 3. The structure of 11 natural alkaloids. Alkaloids in the first series (S1) and second series (S2) have similar structure
with some tiny differences.
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alkaloids, which we reported to be G4-ligands ( Ji et al.,
2011a). So far, there is no report on the interaction of S2
with G4.

In this article we have investigated the interactions of 11
alkaloids with telomeric DNA G4 and C-myc22 G4, trying to
get some regularities on structure activity through comparing
the stabilization ability of S1 and S2, to find the potential
binding mode as well as the biological function. Our results
demonstrated that all of the alkaloids except Tep can stabilize
G4. We found that unsaturated ring C and N + positively
charged centers connecting ring B and C help to build better
planar structure and larger a conjugated system and to in-
crease the stabilization ability. We also gave some advice on
structure modification to S2. Besides Beb, San and Pal can in-
duce the formation of C-myc22 G4 and Hum24 G4. San and
Pal proved to be cell cycle blockers in gap 1 phase (G1) in flow
cytometric assay (FCM) (Table 2). In addition, the binding
mode of San was speculated to be intercalation or end stacking.

Materials and Methods

Materials

DNA samples d(T2AG3) (Hum6), d((T2AG3)4) (Hum24), and
d(TGAGGGTGGGGAGGGTGGGGAA) (C-myc22) (Table 2)
were purchased from Invitrogen (Beijing, China), purified by
polyacrylamide gel electrophoresis. All of the alkaloids were
purchased from National Institutes for Food and Drug Control.
PI and ribonuclease were purchased from Sigma-Aldrich.
Tris(hydroxymethyl)aminomethane (Tris) (D11, 98%) was
purchased from Cambridge Isotope Laboratories, Inc. Analy-
tical grade inorganic salts were purchased from Sinopharm
Chemical Reagent Beijing Co. Trypsinase was purchased from
AMRESCD.

Cell line

The adenocarcinomic human alveolar basal epithelial cells
(A549) were provided by College of Life Sciences, Beijing
Normal University. Cell lines were cultured in Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with 10%
heat-inactivated fetal bovine serum (Beijing YuanHeng
ShengMa Biology Technology Research Institute, China) in
the presence of 5% CO2 at 37�C.

Sample preparation

DNA Samples (Hum24, Hum6, and C-myc22) were prepared
according to references (Lu et al., 1993; Phan and Patel 2003).
The buffer solution for circular dichroism (CD) spectroscopy
was Tris-HCl; for melting-CD Tris-HCl-KCl (150mM K + , 1mM
EDTA) (pH = 7.4) was used. The alkaloids were dissolved in
dimethyl sulfoxide/water mixture. The measured samples
were prepared by mixing a quantity of alkaloids and DNA. For
the CD spectroscopy experiment, the concentrations of Hum24
and C-myc22 were 2.5mM and 3mM, respectively. For melting-
CD, the concentrations of Hum6 and Hum24 were 35mM and
3.5mM, respectively. The sample solutions were equilibrated at
4�C for more than 12 hours before measurements.

CD spectroscopy

In melting-CD spectroscopy, CD spectra were collected
from 220 to 350 nm. Each spectrum was the average of two

scans. In CD Spectroscopy of room temperature, CD spectra
were collected from 200 to 350 nm on a Jasco-815 automatic
recording spectropolarimeter with a 1-cm pathlength quartz
cell at 25�C. Each spectrum was the average of three scans.
A buffer blank correction was made for all spectra. The tem-
perature of the cell holder was regulated by a Jasco PTC-423S
temperature controller, and the cuvette-holding chamber was
flushed with a constant stream of dry N2 gas to avoid water
condensation on the cuvette exterior. Melting curves of the G4
were obtained by recording the CD intensity at 262 nm. The
heating rate was 2.0�C per minute. The condition of induced
CD was the same as CD spectroscopy.

Molecular modeling simulations

Molecular modeling simulations were performed accord-
ing to a method described previously (Luu et al., 2006; Ji et al.,
2011a). All the molecular modeling works and simulations
were performed using the Insight II 2005 software package on
a Dell Precision T5400 workstation under CHARMM force
field.

Flow cytometric assay

The effects of San, Pal, S2-1, S2-4, S2-5, S2-6, and S2-7 on the
cell cycle were assessed by FCM by measuring the percentage
of cells in G1, synthesis (S), and gap 2 (G2) phases, with and
without treatment with the investigational compounds. The
FCM evaluation of the cell cycle status and apoptosis was
performed according to a method described previously
(Wang et al., 2007; Ji et al., 2011a).

Results and Discussion

G4 stabilization ability

The stability of G4 is quite an important property for al-
kaloids to exert telomerase inhibition ability. We applied
melting-CD to monitor the melting temperature (Tm) (Table
2) of induced G4 formed by Hum6 and Hum24 at 262 nm to
discuss the stabilities. The change in Tm (DT) (Table 2) in the
folded and unfolded G4 structures upon interacting with the
ligands provides evidence of thermal stabilization of the DNA
structure (Yang et al., 2011). We found an obvious increase in
Tm with the presence of S1 except Tep (Supplementary Fig. 1;
Supplementary Data are available online at www.liebertonline
.com/nat).

The change in temperature (DT) of alkaloids in S1 turns out
to be in an order as San > Pal > Beb > Tep to both Hum6 and
Hum24 (Table 1). Higher DT stands for better stabilization

Table 1. Change in Temperature of Hum6 and Hum24
Guanine-quadruplexes with First Series

Alkaloids by Melting-Circular Dichroism

Alkaloids Hum6 (�C) Hum24 (�C)

San 12 20
Pal 10 11
Beb 8 6
Tep 0 0

Beb, berberine; Pal, palmatine; San, sanguinarine; Tep, tetrahy-
dropalmatine.
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ability. This may be the result of the slight difference in their
structure (Fig. 3). We analyzed the structure–activity rela-
tionship and reached some conclusions. First, unsaturation of
ring C is critical for the DNA-binding property. The adjacent
aromatic rings C and D conjugate p electrons to form a planar
structure, which is necessary for the intercalative binding to
the DNA (Wang et al., 2008). We can see that all of the alka-
loids of S1 showing stabilization ability have an unsaturated
ring C. Second, the conjugated aromatic rings and the posi-
tively charged centers N + connecting rings B and C may be
critical for the DNA-binding property. Tep, which showed
no stabilization ability, has no conjugated aromatic rings. The
N of Tep has a different electron structure from the N + -
containing alkaloids. Third, the existing of chiral atom may
decrease the planarity and in turn decrease stabilization
ability. Tep has a chiral carbon that connects rings B and C
with H, this conformation can decrease the planarity
and increase the steric hindrance. Fourth, previous study re-
vealed that a larger number of benzo[1,3]dioxole groups of
ligands increase the ability to interact with G4 (Yang et al.,
2011). According to our results, it is not the number of the
benzo[1,3]dioxole groups that affect the interaction with G4,
but whether the group can help built a good planar structure

(Supplementary Fig. 2). In our experiments, Pal, which has no
benzo[1,3]dioxole group, showed a better stabilization ability
than Beb, which has a benzo[1,3]dioxole group. Pal is also a
stronger G4 stabilizer than Beb to d(TTGGGTT)4 (Zhou et al.,
2008a). All in all, the factors that can help build a larger con-
jugated system and a better planar structure can increase the
binding ability. Besides, the stabilization ability of S1 to Hum6
and Hum24 was in a similar order. It seemed that S1 might
bind to sites that have a similar steric hindrance in Hum6 and
Hum24, such as Plane2 or Site6, instead of loops or groups.

The alkaloids in S2 have a similar parent structure with
some tiny difference in the side chains (Fig. 3). In our exper-
iments, alkaloids in S2 had similar DT of *6�C, regardless of
the difference in the side chains (Supplementary Fig. 3). It
seemed that the functional part of S2 was their parent struc-
ture. To small molecules with p-aromatic surfaces of fewer
than 2 rings, neither the position of the positively charged
centers nor the substitutions could adjust their ability to in-
teract with G4 (Yang et al., 2011). From the structure of S2, we
can see that they have no more than 2 consecutive rings, but
linked by some loops; this may be the reason that the sub-
stituents do not affect the ability to interact with G4 so much.
If we change the parent structure of S2 to a structure with
more than 2 consecutive rings, like third series (S3) (Fig. 4),
from the 3-dimensional structure of thrid series (S3) we can
see that it is an L-shaped structure with a larger conjugated
system, which may result in a better G4 stabilization ability.
However, S3 is not synthesized and our hypothesis needs
further experiment to test and verify. Moreover, some sub-
stituents such as -OCH3 can still show influence on the sta-
bilization ability, 2 alkaloids in S2 with 4 or 5 -OCH3 groups
had relatively higher stabilization ability. The -OOCH3 group
may form hydrogen bonds with hydroxyl or amine groups of
G4, making alkaloids bind to G4 more tightly.

G4-inducing ability

CD Spectroscopy has been extensively applied to study
secondary structures of DNA. Different DNA structures have
distinct CD spectral features, which can be used to recognize
different DNA motifs conveniently (Yang et al., 2010c, 2011).
We applied CD to investigate the G4-inducing ability of S1.
The DNA sequences we used were C-myc22 and Hum24. To
C-myc22, we can see a band shift from *262nm to *264nm
(Fig. 5 A), suggesting S1 induces C-myc22 to form parallel G4.
To Hum24, there was an obvious positive peak at *295nm
after adding San, Pal, and Beb, suggesting the formation of
antiparallel G4 (Fig. 5 B), while Tep cannot induce the for-
mation of Hum24 G4. Considering that C-myc22 is known to
be very stable, with the Tm as high as 85�C (Ambrus et al.,
2005) and parallel G4 seems to be a preponderant structure in

FIG. 4. The chemical struc-
ture (A) and the 3-dimen-
sional structure (B) of third
series alkaloid (S3).

Table 2. Abbreviation List

Full Name Abbreviation

G-quadruplex G4
Sanguinarine San
Palmatine Pal
Berberine Beb
Tetrahydropalmatine Tep
Daurisoline S2-1
O-methyldauricine S2-2
O-diacetyldaurisoline S2-3
Daurinoline S2-4
Dauricinoline S2-5
N,N¢-dimethyldauricine iodide S2-6
N,N¢-dimethyldaurisoline iodide S2-7
Triethylene tetraamine TETA
The first series S1
The second series S2
The nuclease hypersensitivity element NHE
Traditional Chinese medicine TCM
Melting temperature Tm
Change in Tm DT
Induced circular dichroism ICD
Flow cytometric assay FCM
d(T2AG3) Hum6
d((T2AG3)4) Hum24
d(TGAGGGTGGGGAGGGTGGGGAA) C-myc22
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adverse situation ( Ji et al., 2011a), we speculated that C-myc22
G4 may be easier to form than other G4, like Hum24 G4.

Biological function

It is known that the in vivo environment is complex, and
that G4 DNA is a dynamic structure, making it necessary and
a particular challenge to study the biological functions. Pre-
vious studies showed that telomerase activity varies during
the cell cycle (Zhu et al., 1996; Izbicka et al., 1999). Cells ac-
tively undergoing the cell cycle are targeted in cancer therapy,
as the DNA is relatively exposed during cell division and
hence susceptible to damage by drugs or radiation (Thomp-
son, 1995; Schmitt and Lowe, 1999). We applied FCM to de-
termine the effects of the alkaloids on the cell cycle.

Our results showed that San and Pal can terminate the cell
cycle in G1 (Fig. 6). Previous study on telomerase reported that
as the cell progresses through the cell cycle, maximum telo-
merase activity was detected in S phase (Zhu et al., 1996). In
our experiments, San and Pal seemed to inhibit the telomerase
activity effectively by terminating the cell cycle enter S phase.
We speculated that the 3 alkaloids induce differentiation or
quiescence in A549 cells by interacting with G4 and in turn

resulted in the telomerase repression instead of killing cells
(Bestilny et al., 1996; Yin et al., 2004), as they functioned in a
similar way compared to triethylene tetraamine (Table 2)
(Bestilny et al., 1996; Yin et al., 2004) and bis-benzyltetrahy-
droisoquinoline alkaloids we reported in another paper ( Ji
et al., 2011a). Moreover, S2-1, S2-4, and S2-5 cannot terminate
the cell cycle or only had weak ability to terminate it. S2-6 and
S2-7 seemed to terminate cell cycle in S, with the percentage of
G2 much lower than the control (Supplementary Fig. 4). In
addition, the alkaloids of S2 may function through a different
process instead of inhibiting the activation of telomerase.
Compared with S2, San and Pal were more effective G4-
ligands as well as potent anti-cancer lead compounds.

Binding mode

We have proved that San, Pal, and Beb can interact with G4.
In order to confirm the action patterns of the three alkaloids
with G4, we applied computer simulation and induced CD. In
the molecular docking, the receptor model was G4 formed by
the d[TTGGG (TTAGGG)3A] sequence, and according to the
external character of telomere G4, it can be divided into 3
planes, 3 loops, and a site (Luu et al., 2006). Combining the

FIG. 5. (A) The CD spectra of c-myc22 with Pal, Tep, Beb, and San. The concentration of c-myc22 and the alkaloids are 3mm
and 10mm, respectively. (B) The CD spectra of Hum24 with Pal, Tep, Beb, and San. The concentration of Hum24 and the
alkaloids are 2.5mm and 10mm, respectively. CD, circular dichroism.

FIG. 6. Results of flow cytometric assay. Cells in the control group (left) were not treated with drugs; cells in the experi-
mental group were treated with San (middle) and Pal (right).
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results of melting-CD and molecular docking, we inferred the
binding site to be Plane2 or Site6, which have a similar steric
hindrance in Hum6 and Hum24. San showed the highest
score, in accordance with its high stabilization ability (Sup-
plementary Table 1; Supplementary Data are available online
at www.liebertonline.com/nat), appeared to be a potentially
effective G4-ligand. So we carried out induced circular di-
chroism (ICD), (Table 2) to further investigate the binding
mode of San and G4.

As far as we know, ligands generally interact with G4
structure through 3 modes: intercalation, groove binding, and
end stacking. ICD can be used to detect the binding mode,
since the molecular frame of ligands would be twisted and
give rise to CD signals when the molecule bound to the G4
structure (Yang et al., 2010c). We applied ICD to investigate
the signal of San to Hum24-G4 in 300*600nm, since both
Hum24 and San in a free state did not have CD signal in the
region > 300nm. We observed a weak negative peak at
around 360nm with the presence of San and Hum24 (Fig. 7). It
is reported that the binding mode could be intercalation or
end stacking if there is a weak ICD signal (Sehlstedt et al.,
1994). The result suggested San to bind to G4 through inter-
calation or end stacking. Moreover, we found that when the
concentration of hum24 [Hum24] was under 1.5mm, the neg-
ative peak increased with the increase of [Hum24], while
above 1.5mm, the negative peak began to decrease with the
increase of [Hum24] (Fig. 7). It seemed that the saturation
concentration for San(8mm) was *1.5mm. Besides, San is also
similar to the shape of a G-quartet and has the central cationic
aromatic cores, which suggest the ability to interact with G4
might be attributable to p-p stacking.

Conclusion

In the present study, we have proved San, Pal, and Beb to
have the ability to induce the formation and increase the
stabilization of G4. Factors like unsaturated ring C and posi-
tively charged centers N + can enlarge the conjugated system
and increase the ability to interact with G4. Subsequently,
FCM results suggested that San and Pal function through

interacting with G4 to induce cell differentiation or quies-
cence. In addition, San showed the highest stabilization abil-
ity, got the highest score in molecule docking, and displayed a
better ability to terminate the cell cycle than did Pal. Through
ICD, the binding mode of San was speculated to be interca-
lation or end stacking. Alkaloids in S2 showed similar stabi-
lization ability to G4, suggesting the function part of S2 to be
their parent structure. We also gave some advice on structure
modification for building a larger conjugated system. How-
ever, further study is needed to test whether the new struc-
tures have better ability to interact with G4.
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