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a b s t r a c t

A series of bisaryldiketene derivatives were designed and synthesized as a new class of specific G-quad-
ruplex ligands. The ligand–quadruplex interactions were further evaluated by FRET, ITC, and PCR stop
assay. In contrast to most of the G-quadruplex ligands reported so far, which comprise an extended aro-
matic ring, these compounds are neither polycyclic nor macrocyclic, but have a non-aromatic and relative
flexible linker between two quinoline moieties enabling the conformation of compounds to be flexible.
Our results showed that these bisaryldiketene derivatives could selectively recognize G-quadruplex
DNA rather than binding to duplex DNA. Moreover, they showed promising discrimination between dif-
ferent G-quadruplex DNA. The primary binding affinity of ligand M2 for c-myc G-quadruplex DNA was
over 200 times larger than that for telomere G-quadruplex DNA.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Guanine-rich single strand can adopt higher-order and func-
tionally useful structures called the G-quadruplexes.1–3 The build-
ing blocks of G-quadruplexes are the G-quartets, which stack up
with one on top of another to form such secondary DNA struc-
tures.4 G-quadruplexes are widely dispersed in eukaryotic gen-
omes, including telomeric DNA,5 immunoglobulin switch
regions,6 rDNA,7 and series of gene promoter regions, such as
c-myc,8 c-kit,9 bcl-2,10 VEGF,11 and so on.12,13 These structures are
diverse showing distinct strand stoichiometry, strand directivity
as well as loop and groove configuration.14

As G-quadruplexes are widely found throughout human gen-
ome, they are thought to play important role in some biological
events.15 For example, telomere is of great importance in the reg-
ulation of cellular proliferation.16 The guanine-rich repeats of the
telomeric single-stranded overhang can be elongated by telome-
rase, an enzyme not found in most normal somatic cells, but pres-
ent in 85–90% of cancer cells contributing to their immortality.17,18

Ligands capable of inducing and stabilizing G-quadruplex forma-
tion of these telomeric DNA could inhibit telomerase activity and
interference with telomere biology.19,20 On the other hand, c-myc
is an important proto-oncogene involved in cellular proliferation
and cell growth. The nuclear hypersensitivity element III1, up-
stream of the P1 promoter of c-myc, controls 80–90% of the
c-myc transcription level.21,22 This guanine-rich sequence can form
intramolecular G-quadruplex structures and further function as a
ll rights reserved.
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transcriptional repressor element.23,24 Ligands binding and stabi-
lizing such G-quadruplex DNA could effectively inhibit the tran-
scription activity of c-myc.25,26 Thus, G-quadruplex ligands have
potential as anti-cancer agents that act by interference with telo-
mere maintenance or by alteration of oncogene expression lev-
els.27,28 However, further efforts in appropriate drug design are
needed to control the G-quadruplex selectivity over duplex DNA
because ligand interaction with duplex DNA leads to acute toxic
and intolerable side effects on normal tissues. With an increasing
number of G-quadruplexes identified in the genome, ligand design
has also been directed at selectivity among different G-quadruplex
species.29,30

Several small molecules have been identified to bind and stabi-
lize G-quadruplexes, which subsequently inhibit telomerase activ-
ity, shorten the telomere length or down-regulate oncogene
expression. Most of them comprise a planar, aromatic core.29,30

Examples include polyaromatic hydrocarbons and macrocyclic
frameworks.31,32 Besides these compounds, some flexible ligands
with unfused aromatic scaffold have aroused wide interest re-
cently because of their excellent quadruplex:duplex selectivity
and also promising discrimination between intramolecular
G-quadruplexes.33,34 Compounds 12459,35 Bipy-1b,36 and 307A,37

are a kind of unfused aromatic molecules, which all possessing
two methylated quinoline (quinolinium) side arms connected by
different central aromatic linkers (Fig. 1). The carbon–nitrogen sin-
gle bond in 12459 and Bipy-1b or amido bond in 307A could par-
tially rotate so that the whole molecules are not entirely planar,
which prevent the ligands from intercalating into duplex DNA
but still fit for the G-quartet. Accordingly, these compounds dis-
play good G-quadruplex selectivity over duplex DNA.
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Figure 1. The structures of ligand 12459, Bipy-1b, and 307A.
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In this study, in view of the tempting G-quadruplex selectivity
exhibited by 12459, Bipy-1b, and 307A, we retained the bisquino-
linium moiety which is the common pharmacophore of these three
ligands and synthesized a series of bisaryldiketene derivatives with
more flexible frameworks as central linkers. Our aim is to find
whether such modification would enhance the selectivity of these
derivatives for G-quadruplex with respect to duplex DNA and also
selectivity between different G-quadruplex DNA. Furthermore,
some derivatives with substitution of quinoline ring were also in-
volved in the activity tests to probe the essentiality of N-methyl-
ated modification. In subsequent activity tests, we investigated
the stabilization ability and selectivity of these derivatives using
fluorescence resonance energy transfer (FRET) melting experiment.
Their binding affinity to various G-quadruplex was further deter-
mined by isothermal titration calorimetry (ITC) experiment. Ulti-
mately we analyzed the biological function of the derivatives
using polymerase chain reaction stop assay (PCR stop assay).

2. Results and discussion

2.1. Synthesis of bisaryldiketene derivatives

The facile synthetic pathway for bisaryldiketene derivatives
was shown in Scheme 1. Treatment of 6-methylquinoline with
SeO2 produced 6-formylquinoline. Compounds 1–4 were then syn-
thesized by aldol reaction between 6-formylquinoline and various
ketones for 10–30 min.38 Further suspension of compounds 1–4 in
excess methyl iodide provided derivatives M1–M4. Finally, the
configuration of all target compounds was confirmed by the NOESY
analysis (Supplementary data). As shown in Scheme 1, results indi-
cated that most of bisaryldiketene derivatives showed linear
shaped (E,E) configuration with the exception of 3 and M3 adopt-
ing U-shaped (Z,Z) configuration. The (Z,Z) configuration was the
most stable conformation for 3 and M3, and we could not obtain
their (E,E) isomers at present.

2.2. FRET-melting studies of bisaryldiketene derivatives

To evaluate the stabilization and selectivity of bisaryldiketene
derivatives for G-quadruplex DNA, FRET-melting experiments
were carried out. The human telomeric G-quadruplex DNA
(F21T) and three oncogene promoter G-quadruplexes c-myc
(F22T), c-kit1 (F-c-kit1-T), and c-kit2 (F-c-kit2-T) containing fluoro-
phores at both 50-end and 30-end were used in this assay. A
sequence that forms hairpin duplex DNA structure F10T as a
non-quadruplex control was also involved.39–41 The primary struc-
tures of all oligomers used in this study were shown in Table 4. The
melting temperature of all G-quadruplexes was determined in the
presence of 1 lM of bisaryldiketene derivatives in Tris–HCl buffer
containing 60 mM KCl. The result of FRET-melting assay was repre-
sented as enhanced melting temperature (DTm) reported in Table
1.

As shown in Table 1, most derivatives could stabilize all the
G-quadruplexes. It was clear that M2 could raise the melting tem-
peratures of four G-quadruplexes most greatly by about 17–29 �C,
and M1 increased the melting temperatures of four G-quadruplex-
es by about 13–24 �C, indicating their excellent stabilization effects
on tested G-quadruplexes. Stabilization effects of M3 and M4 on
G-quadruplexes were weaker than that of M1 and M2, with DTm

values of 8–16 �C. Moreover, M1–M4 showed much better stabiliz-
ing ability than derivatives 1–4. As could be seen from Table 1, DTm

values of 1–4 for all the G-quadruplexes were about 0–5 �C.
Comparison of these FRET assay results revealed that introduc-

tion of the positive charges by methylation at nitrogen position of
quinoline ring significantly improved the interaction of ligand with
G-quadruplex structure. The inducement might be their enhanced
electrostatic interactions with the negative backbone and ion
channel. Nevertheless, it was interesting to find compound M4
with three protonated centers showed the worst stabilization abil-
ity among quinolinium compounds. This result indicated that the
charge distribution of such compounds was not very favorable
for the interactions with G-quadruplexes. Accordingly, the essen-
tial point for further G-quadruplex ligand design should consider
how to introduce appropriate number and configuration of positive
charge to the scaffold. Besides, compounds M1 and M2 with linear
shaped configuration exhibited stronger stabilization potential for
all the tested G-quadruplexes than U-shaped compound M3,
showing the geometric configuration of bisaryldiketene derivatives
might be another influence factor for ligand–quadruplex recog-
nition.

On the other hand, it was quite evident that all the studied
ligands could barely stabilize the hairpin structure formed by
F10T with DTm values of 0 or 1 �C, suggesting their poor binding
to the duplex DNA.42,43 However, it should be also emphasized
that the selectivity among different G-quadruplex species could
not be well determined at this stage because the ligands seemed
to have potential to stabilize all the different G-quadruplex
species.34
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Scheme 1. Synthesis of bisaryldiketene derivatives.

Table 1
Stabilization temperatures (DTm) determined by FRET-melting experiment a

Ligand F22Tb F21Tb F-c-kit1-Tb F-c-kit2-Tb F10Tb

1 2 3 10 5 0
2 2 0 1 0 0
3 2 0 1 0 0
4 1 4 1 1 0
M1 13 17 24 17 0
M2 17 23 29 20 1
M3 9 10 17 12 0
M4 7 7 14 6 0

a DTm = Tm (DNA + ligand) � Tm (DNA). In the absence of ligand, Tm values of
annealed F22T, F21T, F-c-kit1-T, F-c-kit2-T, and F10T are 78, 60, 54, 75, and 64 �C,
respectively.

b The primary structures of all oligomers used in this study were shown in Table 4.
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Figure 2. Competitive FRET results for 1 lM of compounds in 0.2 lM F22T without
or with 3 lM or 10 lM of duplex DNA competitor ds26.
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To further characterize the selectivity of these ligands for
G-quadruplexes, competitive FRET experiment was employed. Ex-
cess duplex DNA ds26 was mixed with c-myc G-quadruplex F22T
before committed to FRET-melting assay with ligands for DTm val-
ues determination.36 The result of competitive FRET-melting assay
was plotted in Figure 2. From Figure 2 we observed no or slight de-
crease of DTm values caused by the addition of massive duplex
competitor ds26, which indicated that tested compounds could
specifically stabilize c-myc G-quadruplex structure with discrimi-
nation against duplex DNA. Moreover, this competitive FRET
experiment was also used to estimate the ligand’s selectivity be-
tween different G-quadruplexes. In the assay, the most promising
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compound M2 and non-fluorescent DNA competitor c-kit1 (c-kit1
G-quadruplex DNA), c-kit2 (c-kit2 G-quadruplex DNA) as well as
HTG21 (telomeric G-quadruplex DNA) was employed.44 As shown
in Figure 3, the thermal stabilization of F22T enhanced by M2 was
slightly affected in the presence of competitor HTG21. And such
stabilizing ability was also retained at around 40% even with the
addition of 10 lM (50-fold) G-quadruplex competitor c-kit1 and
c-kit2. Accordingly, the combined results of these assays demon-
strated that bisaryldiketene derivative M2 could be considered as
a new class of selective G-quadruplex ligands showing binding
preference for c-myc G-quadruplex DNA.

2.3. ITC studies of bisaryldiketene derivatives

To gain more details on the binding affinity and selectivity of
bisaryldiketene derivatives for different G-quadruplex species,
ITC experiments, a valuable method aimed at characterizing the
energetics of molecular interactions, were performed.45–47

The titrations to G-quadruplexes were carried out on ligand M2
that showing the best stabilization effect in FRET-melting experi-
ment. All G-quadruplex DNA and M2 were dissolved in a 10 mM
Tris–HCl buffer containing 150 mM KCl. Representative titration
curves along with corresponding enthalpy values were presented
in Figure 4, where small aliquots of M2 solution were added from
the syringe into the microcalorimeter cell containing G-quadru-
plexes. We also carried out dilution control experiments, namely
ligand dilution (where same M2 solution was added from the syr-
inge into 10 mM Tris–HCl buffer containing 150 mM potassium
without G-quadruplexes in the cell). We observed that the enthal-
py change for ligand dilution was typically quite small in magni-
tude. The resulting net enthalpy change was then determined by
subtracting the dilution control.

Analyzing the thermograms of M2 titrated to various G-quadru-
plexes in Figure 4, it was apparent that the curve of M2 titrated to
Pu27 (c-myc G-quadruplex DNA) exhibited the presence of at least
two independent binding processes,48 while that of M2 titrated to
c-kit1 and c-kit2 exhibited similar one binding process.49 From the
thermogram of M2 titrated to HTG21, a much smaller enthalpy
change in magnitude implied a much weaker interaction between
M2 and HTG21. As the concentration of G-quadruplexes and M2
were accurately known, fit the thermograms with two sites model
for Pu27, and one site model for c-kit1, c-kit2, and HTG21, we
could calculate average enthalpy change DH, binding constant K,
and stoichiometry n. Furthermore, since temperature (T) is held
constant throughout the entire experiment, the free energy (DG)
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and the change in entropy (DS) could also be determined, as shown
in Table 2.

From Table 2, we learnt that the primary binding constants K
were 8.05 � 106 for Pu27, 3.08 � 105 for c-kit1, 1.27 � 105 for
c-kit2, and 3.61 � 104 for HTG21, respectively. It is obviously that
ligand M2 possessed very strong interaction with c-myc G-quadru-
plex DNA with the primary binding affinity almost 25 times larger
than that with c-kit G-quadruplex DNA and 200 times larger than
that with telomeric G-quadruplex DNA. These findings were in par-
allel with above competitive FRET experiment. Thus, M2 could be
considered as an excellent selective G-quadruplex ligand, not only
between G-quadruplex and duplex, but also between various
G-quadruplexes.

To disclose the driven force of the physical processes involved
in the binding reaction, we compared the thermodynamic param-
eters DH, �TDS and DG during the processes that M2 titrated to
different G-quadruplex DNA, as shown in Figure 5. First of all,
the negative values of DG for all G-quadruplexes indicated that
interaction between M2 and all the G-quadruplexes took place
spontaneously. Interactions between M2 and the Pu27, c-kit1,
and c-kit2 G-quadruplexes were enthalpically driven, being that
the corresponding DH values were higher than �TDS values. These
data indicated that enthalpic interactions including hydrogen bond
formation, charge interactions, and van der Waal’s interactions
were favorable during these ligand–quadruplex binding processes.
In contrast, a small positive DH as well as large negative �TDS val-
ues found in M2–HTG21 binding process indicated the entropically
favorable binding and suggested that hydrophobic interactions
were the main driving force.47,50

These driven force diversity might due to the secondary struc-
tures variance between these four G-quadruplexes. The c-myc,
c-kit1, and c-kit2 sequence fold into parallel G-quadruplex struc-
tures in a KCl containing buffer whereas telomeric sequence forms
hybrid G-quadruplex structure. Even though c-kit1 and c-kit2 se-
quences form parallel G-quadruplexes as c-myc sequence, they
show extinct variance in loops, such as loop numbers, loop consti-
tution, and the bases that form a loop.1,3,51 Compound M2 is
neither polycyclic nor macrocyclic. It has flexible aliphatic five-
member ring in the middle core and free rotation around the dou-
ble bond that would enable the adoption of possible twisted and
co-planar conformations. Hence, owing to such conformational
flexibility, we perceived ligand M2 would offer the potential for
modes of G-quadruplex recognition (such as loop or groove inter-
actions) other than the more typical G-quartet binding site.52 That
the loop and groove regions varied from different G-quadruplex
species might be the important reason where the different G-quad-
ruplexes selectivity of the ligand comes from.53

2.4. Inhibition of amplification in the promoter region of c-myc
by bisaryldiketene derivatives

To further study the induction of biologically relevant G-quad-
ruplex formation by the bisaryldiketene derivatives, PCR stop assay
was carried out.54,55 Herein we performed the evaluation on c-myc
G-quadruplex Pu27 which had best binding affinity with ligand as
revealed in above ITC studies. In the presence of the derivatives,
the single-strand Pu27 was folded into a G-quadruplex structure
and blocked the hybridization with its complementary strand. In
that case, 50 to 30 primer extension by DNA Taq polymerase was ar-
rested and the final double-stranded DNA PCR product could not
be detected by electrophoresis separation.56 Concentrations of all
the ligands that inhibited amplification by 50% (IC50) were listed
in Table 3. The derivatives with higher stabilizing potential of
G-quadruplex structure were in general better inhibitors of ampli-
fication in Pu27. Compounds M1–M4 which had positive charges
were much more effective than those without positive charges.
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Figure 4. Compound M2 titrated to 5 lM Pu27 (A), c-kit1 (B), c-kit2 (C), and HTG21 (D) in 10 mM Tris–HCl buffer, pH 7.4 with 150 mM KCl.
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M1–M3 showed excellent inhibitory effect with very low IC50 of
0.7–1.1 lM. These results were correlated to the DTm values in
Table 1.

3. Conclusions

A new class of bisaryldiketene derivatives were designed and
synthesized by a facile method. Their interaction with the different
G-quadruplex DNA had been investigated in detail. Our results
demonstrated that bisaryldiketene derivatives could bind and sta-
bilize G-quadruplex structures. Introducing positive charges to bis-
aryldiketene derivatives effectively improves their interaction with
G-quadruplexes and increases the inhibitory effect on the hybrid-
ization. With two bisquinoline or bisquinolinium moieties con-
nected with a flexible diketene group, these unfused aromatic
derivatives selectively bound to G-quadruplexes rather than du-



Table 2
The Gibbs energy (DG), enthalpy change (DH), entropy change (DS), binding constants (K), and binding ratio (n) of M2 obtained in ITC experiment

DNA n K (M�1) DH (cal mol�1) DS (cal mol�1 K�1) DG (cal mol�1)

Pu27 0.879 8.05 � 106 �1.455 � 104 �17.2 �9421.82
6.17 4.42 � 104 �1.227 � 104 �19.9 �6336.815

c-kit1 2.12 3.08 � 105 �7691 �0.675 �7489.74875
c-kit2 1.95 1.27 � 105 �9653 �9.02 �6963.687
HTG21 4.18 3.61 � 104 416.3 22.2 �6202.63

-16

-12

-8

-4

0

4

8

K
ca

l/m
ol

ΔG
ΔH
 -TΔS

Pu27             c-kit1            c-kit2            HTG21

Figure 5. The Gibbs energy (DG), enthalpy change (DH), and entropy change
(�TDS) during the interactions between M2 and different G-quadruplex DNA.

Table 3
IC50 values determined by the PCR stop assay

Compounds 1 2 3 4 M1 M2 M3 M4
IC50 (lM) >20 >20 >20 >20 0.7 0.9 1.1 12.6
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plex DNA. Moreover, derivative M2 showed more than 200 times
selectivity for c-myc G-quadruplex DNA over telomeric G-quadru-
plex DNA. Further energetic analysis showed that this promising
selectivity might arise from the different binding mode and shape
matching of M2 during its interactions with different G-quadru-
plex DNA. Regarding our initial effort has succeeded to enhance li-
gands’ selectivity between different G-quadruplex DNA, more
detailed investigations on the biophysics and pharmacology of
these compounds are now underway.

4. Experimental

4.1. General

Commercially available chemicals and solvents were used with-
out further purification, unless otherwise stated. NMR was
recorded on a Bruker AvanceIII 400 spectrometer whereas TMS
(d 0 ppm) was used as an internal standard for spectra
Table 4
Oligomers used in the present study39–41,54

Oligomer Sequence

F22T 50-FAM-d[TGAG3TG3TAG3TG3TA2]-TAMRA-30

F21T 50-FAM-d[G3(T2AG3)3]-TAMRA-30

F-c-kit1-T 50-FAM-d [G3AG3CGCTG3AGGAG3]-TAMRA-30

F-c-kit2-T 50-FAM-d[G3CG3CGCGAG3AG4]-TAMRA-30

F10T 50-FAM-d[TATAGCTATA-HEG-TATAGCTATA]-TAMRA-30 , HEG is [
ds26 50-d[CA2TCG2ATCGA2T2CGATC2GAT2G]-30

Pu27 50-d[TG4AG3TG4AG3TG4A2G2]-30

c-kit1 50-d[G3AG3CGCTG3AGGAG3]-30

c-kit2 50-d[G3CG3CGCGAG3AG4]-30

HTG21 50-d[G3(T2AG3)3]-30

Pu27rev 50-d[ATCGATCGCTTCTCGTCCTTCCCCA]-30
recorded. HRMS was recorded on an Agilent Iron-TOF-LC/MC
spectrometer.

All oligomers/primers used in this study were purchased from
Invitrogen (China) and Sangon (China) as shown in Table 4. Before
usage, they were diluted from stock (100 lM) to the correct con-
centrations in relevant KCl containing buffer and then annealed
by heating to 90 �C for 5 min, gradually cooled to room tempera-
ture, and incubated at 4 �C overnight to ensure the formation of
G-quadruplex structure. Acrylamide/bisacrylamide solution and
N,N,N0,N0-tetramethyl-ethylenediamine were purchased from Sig-
ma. Stock solutions of all the derivatives (10 mM) were made using
DMSO. Further dilutions to working concentrations were made
with relevant buffer immediately prior to use.

4.2. 6-Formylquinoline

6-Methylquinoline (10 g, 65.4 mmol) was firstly heated to
160 �C, and followed by the addition of SeO2 powder (15.0 g,
87.0 mmol). This mixture was refluxed for 12 h and then cooled
to room temperature. After pouring out the upper solution, the res-
idue was extracted with massive amount of ethyl acetate until TCL
detection showed there was no product left. The combined organic
phase was evaporated and purified by gel column with petroleum
ether/ethyl acetate (9:1) elution to afford a pale yellow powder
(5.3 g, 53%).

4.3. (1E,4E)-1,5-Di-(quinolin-6-yl)-penta-1,4-dien-3-one (1)

To a stirred solution of 6-formylquinoline (1.02 g, 10 mmol) and
acetone (360 lL, 5 mmol) in 8 mL 95% ethanol, 3 mL 10% NaOH
aqueous solution was added dropwise at room temperature and
the mixture was stirred for further 20 min. The precipitate was
then separated from solvent by filtration and rinsed with water
to afford a yellow solid 1 (0.88 g, 85%). Mp 155–156 �C; 1H NMR
(400 MHz, DMSO-d6) d 8.96 (s, 2H), 8.52–8.20 (m, 6H), 8.06 (dd,
4H, J = 24.6, 12.3), 7.58 (d, 4H, J = 15.9). ESI-HRMS m/z: calcd for
C23H16N2O [M+H]+ 337.1296, found 337.1337.

4.4. (2E,5E)-2,5-Bis-(quinolin-6-ylmethylene)-cyclopentanone (2)

Following the method for production of 1, a yellow solid 2
(0.75 g, 67%) was obtained. Mp 153–154 �C; 1H NMR (400 MHz,
Description

Fluorescent-labeled c-myc sequence
Fluorescent-labeled telomeric sequence
Fluorescent-labeled c-kit1 sequence
Fluorescent-labeled c-kit2 sequence

(–CH2–CH2–O–)6] Fluorescent-labeled hairpin duplex DNA
Duplex DNA
C-myc sequence
C-kit1 sequence
C-kit2 sequence
Telomeric sequence
Complementary sequence used in PCR stop assay
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DMSO-d6) d 9.06 (d, 2H, J = 3.6), 8.69 (d, 2H, J = 8.1), 8.43 (s, 2H),
8.20 (dd, 4H, J = 19.8, 9.1), 7.79–7.72 (m, 2H), 7.69 (s, 2H), 3.32
(s, 4H). ESI-HRMS m/z: calcd for C25H18N2O [M+H]+ 363.1497,
found 363.1501.

4.5. (2Z,6Z)-2,6-Bis-(quinolin-6-ylmethylene)-cyclohexanone (3)

Following the method for production of 1, a yellow solid 3
(0.86 g, 65%) was obtained. Mp 155–158 �C; 1H NMR (400 MHz,
CDCl3) d 8.86 (dd, 2H, J = 4.1, 1.3), 8.11 (d, 2H, J = 7.8), 8.05 (d,
2H, J = 8.8), 7.90 (s, 2H), 7.83 (s, 2H), 7.75 (dd, 2H, J = 8.8, 1.7),
7.36 (dd, 2H, J = 8.3, 4.2), 3.03–2.93 (m, 4H), 1.85–1.74 (m, 2H).
13C NMR (101 MHz, CDCl3) d 188.90, 150.16, 146.86, 136.04,
135.35, 135.30, 133.22, 130.18, 128.88, 128.51, 127.00, 120.64,
27.54, 21.91. ESI-HRMS m/z: calcd for C26H20N2O [M+H]+

377.1654, found 377.1649.

4.6. (3E,5E)-1-Methyl-3,5-bis-(quinolin-6-ylmethylene)-
piperidin-4-one (4)

Following the method for production of 1, a yellow solid 4
(0.92 g, 74%) was obtained. Mp 168–171 �C; 1H NMR (400 MHz,
CDCl3) d 8.95 (dd, 2H, J = 4.2, 1.7), 8.23 (s, 1H), 8.20 (s, 1H), 8.16
(s, 1H), 8.13 (s, 1H), 8.00 (s, 2H), 7.85 (d, 2H, J = 1.7), 7.77 (d, 1H,
J = 2.0), 7.74 (d, 1H, J = 2.0), 7.47 (d, 1H, J = 4.2), 7.44 (d, 1H,
J = 4.2), 3.92 (d, 4H, J = 1.6), 2.52 (s, 3H). ESI-HRMS m/z: calcd for
C26H21N3O [M+H]+ 392.1763, found 392.1770.

4.7. 6,60-((1E,4E)-3-Oxopenta-1,4-diene-1,5-diyl)-bis-(1-methyl-
quinolinium) iodide (M1)

Compound 1 (40 mg, 0.12 mmol) was heated to 120 �C in
2.5 mL sulfolane, and excess CH3I (0.2 g, 1.19 mmol) was added.
The mixture was refluxed for 4 h, and orange solid precipitated.
After cooling to room temperature, the precipitate was separated
from solvent by filtration and rinsed with ethyl ether to afford an
orange solid M1 (58 mg, 79%). Mp >300 �C; 1H NMR (400 MHz,
D2O) d 9.14 (s, 4H), 8.54 (s, 4H), 8.40 (s, 2H), 7.99 (d, 4H,
J = 10.9), 7.50 (d, 2H, J = 15.2), 4.61 (s, 6H). 13C NMR (101 MHz,
DMSO) d 188.42, 150.58, 147.18, 140.48, 138.98, 135.86, 133.65,
130.72, 129.44, 129.16, 122.83, 120.08, 45.50. ESI-HRMS m/z: calcd
for C25H22N2O [M�2I]2+ 183.0866, found 183.0863.

4.8. 6,60-(1E,10E)-(2-Oxocyclopentane-1,3-diylidene)-bis-(me-
than-1-yl-1-ylidene)-bis-(1-methylquinolinium) iodide (M2)

Following the method for production of M1, an orange solid M2
(125 mg, 84%) was obtained. Mp >300 �C; 1H NMR (400 MHz, D2O)
d 9.11 (s, 2H), 9.05 (d, 2H, J = 7.9), 8.43 (s, 2H), 8.36 (s, 4H), 7.93 (s,
2H), 7.57 (s, 2H), 4.57 (s, 6H), 3.23 (s, 4H). 13C NMR (101 MHz, D2O)
d 196.55, 153.10, 150.07, 144.16, 140.83, 139.58, 139.07, 133.98,
132.95, 132.10, 125.33, 122.49, 48.12, 28.71. ESI-HRMS m/z: calcd
for C27H24N2O [M�2I]2+ 196.0944, found 196.0943.

4.9. 6,60-(1Z,10Z)-(2-Oxocyclohexane-1,3-diylidene)-bis-(me-
than-1-yl-1-ylidene)-bis-(1-methylquinolinium) iodide (M3)

Following the method for production of M1, an orange solid M3
(69 mg, 79%) was obtained. Mp >300 �C; 1H NMR (400 MHz,
DMSO-d6) d 9.52 (d, 2H, J = 5.6), 9.34 (d, 2H, J = 8.4), 8.68 (s, 2H),
8.57 (d, 2H, J = 9.2), 8.44 (d, 2H, J = 9.0), 8.22 (dd, 2H, J = 8.3, 5.8),
7.91 (s, 2H), 4.66 (s, 6H), 3.09 (d, 4H, J = 5.3), 1.93–1.74 (m, 2H).
ESI-HRMS m/z: calcd for C28H26N2O [M�2I]2+ 203.1023, found
203.1033.
4.10. 6,60-(1E,10E)-(1,1-Dimethyl-4-oxopiperidinium-3,5-diylid-
ene)-bis-(methan-1-yl-1-ylidene)-bis-(1-methylquinolinium)
iodide (M4)

Following the method for production of M1, an orange solid M4
(90 mg, 72%) was obtained. Mp >300 �C; 1H NMR (400 MHz,
DMSO-d6) d 9.59 (d, 2H, J = 5.7), 9.40 (d, 2H, J = 8.4), 8.64 (d, 4H,
J = 8.4), 8.43 (d, 2H, J = 9.5), 8.35 (s, 2H), 8.32–8.26 (m, 2H), 5.16
(s, 4H), 4.69 (s, 6H), 3.25 (s, 6H). 13C NMR (101 MHz, DMSO) d
180.22, 151.20, 147.44, 139.80, 138.36, 136.86, 134.09, 131.70,
129.08, 127.98, 122.82, 119.79, 61.52, 51.81, 45.61. ESI-HRMS m/
z: calcd for C29H30N3O [M�3I+1]+ 437.2390, found 437.2315.

4.11. FRET assay

The oligonucleotide labeled with FAM and TAMRA (with FAM: 6-
carboxyfluorescein and TAMRA: 6-carboxytetramehtylrhodamine)
was purchased from Invitrogen (China). After an initial dilution
at 100 lM concentration in purified water, further dilutions were
carried out in the 10 mM Tris–HCl pH 7.4 and 60 mM KCl buffer.
Fluorescence melting curves were determined with a Bio-Rad IQ5
real-time PCR machine, using a total reaction volume of 20 lL, with
0.2 lM of tagged oligonucleotide in a buffer containing 10 mM
Tris–HCl pH 7.4 and 60 mM KCl. After a first equilibration step at
25 �C during 5 min, a stepwise increase of 1 �C every minute for
71 cycles to reach 95 �C was performed and measurements were
made after each cycle with excitation at 492 nm and detection at
516 nm. The melting of the G-quadruplex was monitored alone
or in the presence of various compounds and/or of double-
stranded competitor ds26 as well as G-quadruplex competitor c-
kit1, c-kit2, and HTG21. Final analysis of the data was carried out
using Excel and Origin 6.0 (OriginLab Corp.).

4.12. ITC measurement

ITC measurements were carried out in a VP-ITC titration calo-
rimeter (MicroCal, Northampton, MA). Before loading, the solu-
tions were thoroughly degassed. The reference cell was filled
with the degassed buffer. The preformed G-quadruplex DNA
(5 lM) was kept in the sample cell, and M2 (400 lM) in the same
buffer was filled in the syringe of volume 300 lL. M2 solution was
added sequentially in 10 lL aliquots (for a total of 30 injections,
20 s duration each) at 4 min intervals at 25 �C. The heats of dilution
were determined in parallel experiments by injecting M2 solution
of same concentration in the same buffer. The respective heats of
dilution were subtracted from the corresponding binding experi-
ments prior to curve fitting. The thermograms (integrated heat/
injection data) obtained in ITC experiments were fit with proper
model in Origin 6.0.

4.13. PCR stop assay

The PCR stop assay was conducted according to a modified pro-
tocol of the previous study.54 The oligonucleotide Pu27 and the
corresponding complementary sequence Pu27rev were used here.
The reactions were performed in 1� PCR buffer, containing with
10 pmol of each oligonucleotide, 0.16 mM dNTP, 2.5 U Taq poly-
merase, and the compounds to be tested. Reaction mixtures were
incubated in a thermocycler with the following cycling conditions:
94 �C for 3 min, followed by 35 cycles of 94 �C for 30 s, 58 �C for
30 s, and 72 �C for 30 s. Amplified products were resolved on 15%
non-denaturing polyacrylamide gels in 1� TBE and silver stained.
IC50 values were calculated using optical density read from Alpha-
EaseFC software.
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