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Existence of G-quadruplex DNA in vivo always attract widespread interest in the field of biology and
biological chemistry. We reported our findings for the existence of G-quadruplex structures in promoter
region of oncogenes confirmed by G-quadruplex DNA cross-linking strategy. Probes for selective
G-quadruplex cross-linking was designed and synthesized that show high selectivity for G-quadruplex
cross-linking. Further biological studies demonstrated its good inhibition activity against murine
melanoma cells. To further investigate if G-quadruplex DNA was formed in vivo and as the target, a
derivative was synthesized and pull-down process toward chromosome DNAs combined with circular
dichroism and high throughput deep sequencing were performed. Several simulated intracellular
conditions, including X. laevis oocytes, Ficoll 70 and PEG, was used to investigate the compound’s pure
cross-linking ability upon preformed G-quadruplex. Thus, as a potent G-quadruplex cross-linking agent,
our strategy provided both valuable evidence of G-quadruplex structures in vivo and intense potential in
anti-cancer therapy.

T
he G-quadruplex, stabilized by Hoogsteen hydrogen bonds, is one of the most important secondary struc-
tures of nucleic acids, which always forms in G-rich sequences under some monovalent cations1–3. In recent
years, the G-quadruplex has attracted intense interests because of its potential biological functions, such as

gene regulation, gene expression and antitumor potential4–7. Of note, G-rich sequences are unevenly distributed
on some regions of the human genome, including telomeric ends, immunoglobulin switch regions and regulatory
elements in some gene promoters, such as c-myc, c-kit, and so on8–10. During these decades, studies indicated that
formation of G-quadruplexes in these regions may play important regulatory roles11–14. Therefore, the G-quad-
ruplex is considered to be a promising target for antitumor drug design15,16. However, since G-quadruplex
structure’s polymorphism and variability under complex intracellular conditions, its biological function in cells
remains unclear, and even its existance in vivo is always in controversy17,18. Although plentiful small molecules
had develped as G-quadruplex stablizer, not much could really target G-quadruplex in vivo, since that they always
function through noncovalent binding, resulting in declined efficiency. Evidence of G-quadruplex structure’s
existence in vivo was only proved in Stylonychia lemnae19. There are not many direct evidence presented in
mammalian living systems except one article published by S. Balasubramanian20, while our article is under
reviewing.

Cross-linking, a kind of covalent interaction, has been suggested to be an efficient strategy for probing specific
DNA structures. Thus, cross-linking of G-quadruplex is representing a quite promising strategy for its functional
and structural study, and development of such G-quadruplex cross-linking agents have aroused wide interests.
Previous reported agents were generally confined to telomeric DNAs21–24, besides telomeric sequences, other G-rich
sequences are also considerably significant, such as ones in oncogenic promoter regions which have close relation-
ship with gene expression. To best of our knowledge, G-quadruplex cross-linking agents targeting G-rich sequences
in oncogenic promoter region through endogenous induction remained to be developed. Due to frangibility,
reactions of nucleic acids were required to be very mild, selective and readily controllable. o-Quinone intermediate,
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an actively potent DNA cross-linking unit resulted from a catechol
precursor upon oxidation, has been proved to possess good cross-
linking activity toward duplex DNAs without resulting in G-
quadruplex cross-linked25. A superiority of the o-quinone mediated
DNA cross-linking was that it could be readily stimulated by tyr-
osinase, which is highly expressed in some malignant tumors26–29,
thus bringing in good cell selectivity. Taken together, the catechol
moiety was an ideal scaffold that could fit multifaceted require-
ments. We previously reported N,N9-(3,4-Dihydroxylbenzyl)-
N,N,N9,N9–tetramethyl-4,49-biphenyldiamine dibromide as double
strand DNA cross-linking agent25. In these studies, for purpose of
demonstration of G-quadruplex’s existence in vivo, we designed a
new series of Schiff-base catechol derivatives as G-quadruplex cross-
linking candidates.

Results
Preliminary CD study of the interaction between compounds 1-3
and some typical G-rich single strands. Besides cross-linking unit of
catechol, structural component with preference for G-quadruplex was
required. Consequently, compound 1 was constructed containing an

aromatic plane, which could interact with G-quadruplex through
p-p stacking and result in a further cross-linking effect. To fur-
ther study the structure and activity relationship, N,N9-bis(3,
4-dihydroxybenzylidene)-diaminobenzene derivatives30 were also de-
signed and synthesized (Figure 1a, SI Schemes S1-3). Their inter-
actions with several G-quadruplex DNAs were firstly studied by
Circular Dichroism (CD). For preliminary screen, two typical gua-
nine rich sequences respectively in gene promoters and telomere ends
were used. The Pu27 sequence of 59-TGGGGAGGGTGGGG-
AGGGTGGGGAAGG-39 was firstly used, which was known as a
27-nt guanine-rich segment in c-myc gene promoter region that
controlled approximately 90% of the total c-myc transcription12. All
three synthesized bis(catechol) compounds were expected to be
converted to o-quinone active intermediate under oxidation by
tyrosinase. CD was used to characterize the formation of G-
quadruplex and corresponding thermodynamic stability DTm. It
was found that compounds 1–3 could individually induce and
enhance stability of parallel G-quadruplex with an increased Tm.
Compound 1 possess a best DTm (29.6uC) over the other two ones
(Figure 1b, c and SI Figures S1 and S3). Herein, it needs to be pointed

Figure 1 | a) Structures of compound 1 and o-quinone intermediate induced by tyrosinase. b) CD spectra of Pu27 DNA (20 mM) in 10 mM Tris/HCl

buffer at pH 7.0 in the absence or presence of compound 1 ([compound 1]/[DNA strand] 5 5) without or with incubation with tyrosinase (400 Units) at

37uC for 1 h. c) CD melting of Pu27 DNA curves in the presence of compound 1 ([compound 1]/[DNA strand] 5 5) without or with incubation with

tyrosinase (400 Units) at 37uC for 1 h, as monitored by the CD intensity at 265 nm. Tm values of the two G-quadruplexes are 30.3uC and 59.9uC,

respectively.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 1811 | DOI: 10.1038/srep01811 2



out that the CD and DTm test were performed to measure the pure
cross-linking and/or stabilizing effect of the compound towards G-
quadruplex, so that no cations were added in order to display our
compound’s pure effect without interference of cations. Meanwhile,
we also tested the cases with addition of K1 from 5 mM, 50 mM to
100 mM (SI Figure S4a–d). After screening the series of three
compounds, compound 1 was used for further investigation. Beside
Pu27 sequence, other typical G-rich sequences, such as c-kit-20, bcl-
2–23, and human telomeric sequence were also screened to test
sequence selectivity of compound 1. It was indicated that com-
pound 1 can induce G-quadruplex formation of c-kit-20 and bcl-2-
23 sequences other than human telomeric sequence(SI Figure S11).
Stability of G-quadruplex induced by compound 1 in c-kit-20 and
bcl-2-23 were weaker than that in Pu27 (SI Figures S7–S10). Based on
the above findings, compound 1 has a preference for Pu27 sequence,
which has a maximum guanine density in the studied sequences.
Thus, Pu27 sequence was used for further study.

Verification of G-quadruplex cross-linking in vitro through gel
and MS analysis. Based on preliminary test, compound 1 was
implied to be a good inducing and stabilizing agent of G-
quadruplexes toward single strand G-rich sequences. However, for
cross-linking, a covalent interaction, DTm was supposed to be larger
than 30uC. We suggested it could be resulted from incomplete cross-
linking efficiency, since the unreacted strands in the system could
lower the DTm. Thus, we need to verify that compound 1 interact
with DNA through cross-linking other than the common
noncovalent manner. Denaturing gel analysis, which could exclude
noncovalent interaction, was used to further prove our hypothesis. It
was shown that with increasing concentrations of compound 1 upon
oxidation by tyrosinase, new band behind original band appeared
and its intensity gradually increased. That could be inferred to be the
alkylated DNA (Figure 2a). Similarly, compounds 2 and 3 also
interact with G-quadruplex sequences through cross-linking, just
not that strong as compound 1 (SI Figures S2 and S6), which was
consistent with previous CD and Tm analysis.

Since large amount of double strand DNA predominate in gen-
ome, one practical G-quadruplex cross-linking agent should have
enough selectivity. To evaluate whether compound 1 exhibits select-
ivity for G-quadruplex over duplex DNA, a competition experiment

was performed. A fixed amount of compound 1 was incubated with a
fixed amount of 59-end TAMRA-labeled Pu27 DNA in the presence
of increasing concentrations of unlabeled Pu27 DNA or unlabeled
ds-Pu27 DNA. As shown in Figure 2b, unlabeled Pu27 DNA was able
to effectively compete for adduct formation (adduct amount
decreased to less than 1% of the total labeled DNA in the presence
of a 10-fold excess of the unlabeled Pu27 DNA competitor) (lane 7,
Figure 2b). On the contrary, the alkylated adduct was only modestly
affected with unlabeled ds-Pu27 competitor DNA (lane 8-12,
Figure 2b). We quantified the alkylating ability of compound 1 in
these competition conditions (SI Figure S12), in which with addition
of 10 folds of double strands, the cross-linking percentage of G-
quadruplex still maintained no change. This indicated the obvious
preference of the compound 1 towards G-quadruplex over double
strands. These data clearly demonstrated that compound 1 could
specifically alkylate G-quadruplex DNA even in presence of large
amount of duplex DNA.

Of note, in most common conditions, double strand DNA is the
stable conformation, while single strand, G-quadruplex or some
other secondary structures were supposed to be transient and in
dynamic equilibrium with double stranded state when correspond-
ing complementary sequence exist. Even in complex intracellular
environment, most G-rich segments are in double strand region
and the dissociation of duplexes is believed to happen only under
the co-effect of helicase and/or some other proteins, thus most non-
covalent-type G-quadruplex inducers or probes were not strong
enough to function at those segments and maintain fixed G-quad-
ruplex in common condition.31 Taken the above into account, to
affirm and evaluate the covalent cross-linking effect between our
compound and G-quadruplex structure, we examined whether com-
pound 1 could trap Pu27 sequence in the presence of its comple-
mentary strand (Pu27-c). As shown in Figure 3a, the G-quadruplex
formed when both compound 1 and tyrosinase were present, and the
quadruplex structure was stable enough even with addition of a 2-
fold excess of Pu27-c. To further confirm the cross-linking of G-
quadruplex, we extracted the DNA from the gel and subsequently
tested its Tm. Figure 3b shows a parallel G-quadruplex structure and
to our delight, its melting curve look like a flat line and did not drop,
indicating the extremely high thermodynamic stability derived from
the cross-linking G-quadruplex (Figure 3c). MALDI-TOF mass

Figure 2 | a) Concentration dependence of compound 1 for tyrosinase oxidation DNA alkylating were incubated with 59-end TAMRA labeled Pu27 DNA

in 10 mM Tris/HCl buffer at pH 7.0 for 1 h at 37uC. The amounts of labeled DNA and tyrosinase were fixed as 10 pmol and 40 Units, respectively. Lane 1–

3 are control lanes, lane 4–11 are increasing concentrations of compound 1 (10 mM, 20 mM, 50 mM, 0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM)

incubation with labeled Pu27 DNA and tyrosinase (40 Units). The alkylated oligo was separated from the nonreacted DNA by 20% denaturing

polyacrylamide gel. b) Compound 1 (1 mM) was incubated with labeled Pu27 DNA (10 pmol) and tyrosinase (40 Units) in the presence of increasing

molar ratios (0.5, 1, 2, 5, 10) of unlabeled Pu27 DNA(G4) or unlabeled ds-Pu27 DNA(double-stranded, ds) for 1 h at 37uC . The alkylated oligo was

separated from the nonreacted DNA by 20% denaturing polyacrylamide gel. ‘‘C’’ refers to labeled Pu27 DNA (10 pmol) treated at 37uC for 1 h, and ‘‘R’’

refers to the Pu27-compound 1 reaction product in the absence of any competitor DNA.
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spectrometry was also used to provide confirmation of quadruplex
cross-linking. Molecular ion peak of the Pu27-compound 1 adduct
was detected in MS spectrum upon analysis of gel extracted sample.
These data indicated a ratio of compound 1: DNA to be 1:1
(Figure 3d). Based on all the above evidences, it was pretty solid that
compound 1 interact with Pu27 sequence through cross-linking and
the cross-linking effect made the G-quadruplex fixed even under
competition of its complementary sequence. It need to be pointed
out that if complementary sequence added first and formed double
strand with Pu27 precedingly, our compound could not induce G-
quadruplex in this situation. This was consistent with previous
results.

After confirmation of cross-linking, a more detailed study was
conducted, such as the sites of cross-linking. Of note, the o-quinone
intermediate tends to form covalent bonds with guanines32. To test
whether alkylation sites of compound 1 were guanines, we employed
DNase I to randomly digest the DNA33 and then used MS to detect
whether guanine-compound existed, since adduct of guanosine and
compound 1 would remained intact upon digestion. As expected, the
molecular ion peak of G-compound-G adduct was detected by

MALDI-TOF MS (Figure 3e). These results clearly showed that the
interaction between compound 1 and G-quadruplex is through o-
quinone-mediated guanine cross-linking. Additionally, we per-
formed the MBTH(3-methyl-2-benzothiazolinone hydrazone) color
test to characterize the o-quinone-mediated oxidation mechanism in
the study29 (SI Figure S13). The dihydroxyphenyl groups were oxi-
dized by tyrosinase into o-quinones, which could react with MBTH
through a Michael reaction to form a dark-pink pigment. The formed
o-quinone intermediate could further induce and cross-link G-quad-
ruplex structure (SI Figure S14). These indicated that our compound
1 function through the active intermediate of o-quinone.

In vivo studies of compound 1 N,N9-bis(3,4-dihydroxybenzylidene)-
1,2-diaminobenzene toward tumor cells. In consideration of its
good specificity toward G-quadruplex cross-linking even in
presence of excess duplex DNA, we were encouraged to investigate
its activities in vivo. Due to inducible oxidation by tyrosinase, B16-
F1, the murine melanoma cell line with high levels of tyrosinase
could serve as an excellent host in our study34. First we carried out
the proliferation assay upon drug exposure (SI Figure S15). A

Figure 3 | a) Analysis of cross-linking G-quadruplex in the presence of complementary strand of Pu27 DNA (Pu27-c) in 10 mM Tris/HCl buffer at pH 7.0

and 10 mM KCl by 20% polyacrylamide gel. Lane 1: labeled Pu27 DNA (10 pmol) treated at 37uC for 1 h in 10 mM KCl; lane 2: control lane without

tyrosinase and compound 1; lane 3: control lane only with tyrosinase and without the compound 1; lane 4: control lane only with compound 1 and

without the tyrosinase; lane 5: compound 1 (2 mM) incubation with labeled Pu27 DNA (10 pmol) and tyrosinase (40 Uints) in the presence of excess of

Pu27-c (20 pmol). b) CD spectrum for examining the structural features of the cross-linked complex which was extracted from gel. c) CD melting curves

of the cross-linked complex as monitored by the CD intensity at 265 nm. d) MALDI-TOF MS spectrum of the cross-linked complex, calcd. [M 1 Na-2H]-

9649.77, found: 9648.32. e) MALDI-TOF MS spectrum of the cross-linked complex degradation products by DNase I, calcd. [M 1 H]1 1037.52, found:

1037.57.
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gradual dosage-dependent inhibition of cell proliferation was
observed upon 6 days treatment with compound 1. Then DNA
damage by compound 1 in the B16-F1 cells was characterized
through alkaline comet assay35,36. For negative control experiment,
HeLa cells were used and nearly no DNA damage was observed in
the even treated with higher concentrations of compound 1 (SI
Figure S16a–f), which supported the tyrosinase-stimulated cross-
linking mechanism in vivo.

To better understand the correlation between the demonstrated
cytoxicity and the G-quadruplex cross-linking activity, we extracted
the genomic DNA from 40 mM compound 1 treated B16-F1 cells.
After treatment with DNAse I, a peak corresponding to the guano-
sine-compound-guanosine was observed by MALDI-TOF MS (SI
Figure S19c). We were confident that the proliferation inhibition
and DNA damage of B16-F1 cells were resulted from tyrosinase-
induced G-quadruplex cross-linking by compound 1. Then we
studied c-myc gene expression upon incubation with compound 1.
Using the software of ChemDoc XRS1 imaging system (BioRad,
USA), quantitative analysis was done. Detailedly, the strength ratio
of c-Myc and b-actin level at each compound concentration was
calculated, and then using the value of control sample as 100%, other
inhibition percentage could be obtained as figure 4 showed. It was
indicated that when compound 1 reached 50 mM, 3 day treatment
could provide almost 80% c-myc gene expression inhibition, which
was considered to be strong inhibitive effect. Based on the above
results, we hypothesized that the selective inhibition of melanoma
cell proliferation is due to G-quadruplex cross-linking within the
oncogene promoters.

Affinity Enrichment of DNAs by compound 1a from Genomic
DNA fragments of B16-F1 cells and Further Deep-sequencing
Study. All the above demonstrated our compound could exactly
reach the genome region in mammalian system and cross-link on
guanosine. Then for purpose of characterizing corroborative G-
quadruplex cross-linking mechanism toward whole genmome in
chromosome of living cell systems was explored in depth. Biotin

tag was widely used for affinity capture and/or enrichment of tar-
gets in a complicated environment for further detection37,38. Herein,
to further study the explicit interaction between compound 1 and
chromosome DNA of melanoma cells and confirm whether the DNA
damage and downstream protein regulation were exactly referred to
the compound’s G-quadruplex-cross-linking, a biotin group was
introduced on compound 1 through amide bonds to get com-
pound 1a (structure shown in Figure 5a), which could be used as
hosts for isolation of guests DNA from cells (Figure 5a).

First we need to demonstrate the influence of the chemical modi-
fication on compound 1 for its recognition property, and compound
1a need to retain a good cross-linking activity toward G-quadruplex
DNAs. As results shown in Supplementary Information Figures S17
and S18, compound 1a still reserve good activities in induction and
cross-linking of Pu27 G-quadruplex DNA. Thus it was used in the
following pull-down experiments. Compound 1a in 40 mM was
directly added to B16-F1 cells and treated for 3 days, then genomic
DNA was extracted, with control experiment simultaneously. A soni-
cation was used to fragment the chromosome DNA and the gel assay
showed an average fragment length of 100 bp, which was suitable for
ChIP-Seq assay (Figure 5b). Then hydrophilic streptavidin magnetic
beads were used to isolate compound 1a probed target DNAs, which
was further detected by CD experiment. An evident peak represent-
ing the existing of a large quantity of parallel G-quadruplex structure
could be observed (Figure 5c), while almost no DNA was captured by
streptavidin-coated magnetic beads in the control sample without
interference of compound 1a. A huge difference has been demon-
strated from the circular dichroism spectra.

To further illustrate the exact sequences targeted by compound 1a
and their locations on chromosome, we employed a high-throughput

Figure 4 | Western Blot was used to determine the expression of c-myc
gene in the B16-F1 cells treated with compound 1. The cells were treated

with medium (Line 1) and increasing concentrations of compound 1(20,

40 and 50 mM) for 3 days, and the total protein was extracted and

subjected to Western Blot for c-Myc, and b-actin (control).

Figure 5 | a) Experimental design for detecting formation of G-

quadruplexes and sequencing in oncogene promoters in B16-F1 cells.

b)1.5% agarose gel. Lane 1: DNA ladder and lane 2: approximately 100 bp

sonicated in genomic DNA. c) CD spectrum of genomic DNA short

fragments which was extracted from B16-F1 cells in the absence or

presence of compound 1a (40 mM) for 3d.

www.nature.com/scientificreports
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deep sequencing technique to investigate small-molecule–induced
DNA damage identifies alternative DNA structures in human genes7.
The affinity purified DNA fragments by compound 1a from B16-F1
cells was detached from the strepavidin beads, and they were sub-
mitted for high throughput sequencing. As expected, 120 putative G-
quadruplex–forming sequences (PQSs) were identified from the
1294 sequences which located in the promoter regions(SI Table
S1), although not all sequences from Chip-Seq are quadruplex–form-
ing sequences. From the sequencing studies, it was shown that our
compound functioned at G-rich sequences in the gene promoter
regions, and by cross linking, the sequences could be pulled down.
To demonstrate that quadruplex–forming sequences from Chip-Seq
were undoubtedly G-quadruplex forming sequences, other than
some ones containing random guanosine sites, we synthesized the
120 putative G-quadruplex–forming sequences (PQSs)39,40 and ana-
lyzed them with CD. Among the 120 PQSs, we observed that all the
sequences adopted stable folded G-quadruplex structures. Each indi-
vidual PQS which was incubated with potassium chloride buffer
displays signals at 265 nm and/or 295 nm characteristic of parallel
G-quadruplex conformations and/or antiparallel conformations,
respectively. The parallel structure occupy the vast majority of G-
quadruplex conformations, several spectra exhibit both signals, dem-
onstrating the presence of a mixture of conformers or the presence of
mixed-type parallel/antiparallel conformation (SI Figure S20). After
incubated with compound 1a and tyrosinase in potassium chloride
containing buffer, the majority of the sequence’s G-quadruplex
structure has not changed except for sequences 4, 32, 42, 50, 53,
58, 74. For these G-rich sequences, after addition with compound
1a and tyrosinase, the conversion from antiparallel to parallel G-
quadruplex structure can be observed (SI Figure S20–4, 32, 42, 50,
53, 58, 74), which showed that compound tend to induce parallel G-
quadruplex structures for these G-rich sequences. The cases in which
that when potassium absent, only under effect of compound and
tyrosinase were also tested, giving no typical G-quadruplex peaks.
This indicated that the compound could not induce G-quadruplex
alone, so that it made us to deduce the G-quadruplex structure
enriched and pulled down from genome was preformed and existed
originally, just be captured by our compound.

Beside CD test, UV thermal difference spectrum (TDS)41 and
NMR were further used to affirm the quadruplex structure. The
UV thermal difference spectrum (TDS) was considered as the finger
print of different DNA secondary structure, in which G-quadruplex
structure’s typical TDS factor was defined to above 4 or below 2.
Since too many sequences figured out by Chip-Seq, we tried to
choose some typical ones (Sequence 1, 3, 19, 65, 97, 119) for save
of expense and time (Sequences in Table S1). The results were con-
sistent with literature report, in which the parallel structure with TDS
above 4 was the dominant. (Figure S21).

On the other hand, the NMR test also confirmed G-quadruplex
structure. The NMR was firstly done in 100 mM K1 containing tris-
buffer condition, respectively with and without compound 1 tyro-
sinaes system.1H spectrum were collected and typical peaks repre-
senting imino hydrogen around the region of 10–12ppm were
visualized, which could be a solid evidence of G-quadruplex structure
(Figure S22). The NMR was also performed in X. laevis oocytes
extracts, a condition very close to the real in-cell environment42.
To our success, imino region of hydrogen representing G-quadru-
plex was also visualized (Figure S23). These results indicated that the
PQSs figured out through Chip-Seq could indeedly have the strong
potential to form G-quadruplex structure and be further stabilized as
parallel structure by our compound both in vitro and in vivo.

Mimic of intracellular conditions using long chain DNA for G-
quadruplex cross-linking studies. So far as we know, few report had
trapped G-quadruplex structure in vivo, herein, using our G-
quadruplex cross-linking agent, we successfully captured this

structure, which could be a more direct evidence of existence of
G-quadruplex. To further affirm our proclaimation and exclude
the possibility of compound’s induction effect, we used PEG-
containing system and long DNA duplex to simulate the genome
in molecular crowd effect in cellular condition, then the compound’s
behaviour was examined through gel analysis. Of note, PEG and KCl
solution was a commonly used condition that could simulate
molecular crowd effect of cellular environment. In this condition
stable double strand could open and G-quadruplex forming
sequence could form stable quadruplex structure43. Herein, we
used this condition as literature reported to run gel for
characterization of the G-quadruplex cross-linking behaviour.
First, in 40% PEG containing gel and 100 mM KCl the 124 bp
long double strand DNA c-myc and its complementary sequence
with TAMRA labelled c-myc-c converted to G-quadruplex which
shows a much looser structure (lane 2, Figure 6a), which was
consistent with literature. In the absence of PEG, the long dsDNA
formed a well-matched duplex structure (lane 1, Figure 6a). After
incubation with compound 1a and tyrosinase, the bands became a
little bit more retard, which could be attributed to compound’s
covalently binding to DNA. Then, we tried our compound alone.
Without PEG and KCl, c-myc and c-myc-c formed a well-matched
duplex structure (lane 2, Figure 6b), in the presence of PEG but
without KCl (lane 3, Figure 6b), there is no looser structure
existence. It was also found that no G-quadruplex formed even our
compound was at high concentration up to 2 mM. That was to say,
our compound alone was not potent enough to convert G-rich
sequence in stable long DNA duplex, even in molecular crowd
situation, to G-quadruplex structure. Meanwhile, Ficol 70 was also
used for purpose of avoiding PEG condition’s potential one-
sideness42. We first anneal to prepare double strands, then gel was
ran. Results were similar to that before (Figure S24).

Figure 6 | G-quadruplex formation in long dsDNA carrying G-
quadruplex-forming sequence from the c-myc gene examined by native
gel electrophoresis. a) DNA samples were loaded on 8% polyacrylamide

gel containing 150 mM KCl, 40% (w/v) PEG 200 and electrophoresed at in

13 TBE buffer containing 150 mM KCl. Lane 1:c-myc and c-myc-c without

PEG; Lane 2: c-myc and c-myc-c with PEG; Lane 3 and 4 are control lanes,

c-myc and c-myc-c incubation with compound 1a (2 mM) or tyrosinase

(40 Units); lane 5-10 are increasing concentrations of compound 1a
(100 mM, 200 mM, 500 mM, 1 mM, 2 mM) incubation with c-myc and

c-myc-c in the presence of tyrosinase (40 Units); Lane 10: c-myc-c only. All

samples contain 150 mM KCl. b) DNA samples were loaded on 8%

polyacrylamide gel containing 40% (w/v) PEG 200 and electrophoresed at

in 13 TBE buffer. Lane 1: c-myc-c only; Lane 2: c-myc and c-myc-c without

PEG; Lane 3: c-myc and c-myc-c with PEG; Lane 4 and 5 are control lanes,

c-myc and c-myc-c incubation with compound 1a (2 mM) or tyrosinase

(40 Units); lane 6-8 are increasing concentrations of compound 1a
(500 mM, 1 mM, 2 mM) incubation with c-myc and c-myc-c in the

presence of tyrosinase (40 Units), All samples were free off KCl.
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Besides gel analysis, NMR was also use to monitor the G-quad-
ruplex in mimetic cellular condition. Since the 124 bp long chain was
too expensive to afford for NMR’s amount, here, two sequences from
the 120 G-rich sequences (Sequence 78, 119)same as that chosen in
the above were tested in absence of compound 1a (here, the
sequences were as pre-annealed double strands with their comple-
mentary sequences). To our success, imino region of hydrogen repre-
senting G-quadruplex was visualized around 10–12 ppm. These
NMR results indicated that under the X. laevis oocytes mimetic
macromolecular and ionic conditions, without compound’s func-
tion, the double strands could be detached and the G-rich segment
could form quadruplex structure. When adding compound 1a and
tyrosinase, the peaks representing imino hydrogens maintained
(Figure S25). Although 124 bp sequence did not have NMR, we
suggest their behavior and mechanism in the intracellular conditions
should be consistent, the main difference between genome in real
condition and synthetic long DNA in mimetic condition could be
that the copy number of natural G-rich sequences in genome was
much less than the synthetic ones, that’s why it was very difficult to be
directly visualized that through NMR or some other methods at in
situ level.

For further exclusion of compound’s function, For more precise
quantitative analysis, we measured the cellular uptake of the com-
pound through UV absorption. We first did work curve in cell cul-
ture medium and then calculated the concentration of compound
treated medium. As shown in Figure S27 the concentration of com-
pound in medium after 1 day treatment was 28 mM, after 2 days and
3 days, it was generally the same. That was to say, the compound
uptake by cells was quite a small amount about only 10 mM level,
which exactly could not induce G-quadruplex alone. So we suggest
that cells re-exposure to compound 1a would not induce quadruplex.
Taking all the above into account, we suggest the captured G-quad-
ruplex structure in preceding experiments was the preformed struc-
ture other than induced by compound, just that it’s transient and
difficult to be visualized in common condition.

Discussion
Known G-quadruplex inducers or stabilizers, such as porphyrins and
so on, commonly function through noncovalent binding. Due to
modest stability, the noncovalently induced G-quadruplex was
always vulnerable, especially in real complex living system, which
largely limited their practicality. In our work, a novel strategy based
on tyrosinase oxidation mediated G-quadruplex cross-linking has
been developed. Three catechol derivatives have been designed and
synthesized, and compound 1 was found to be best in G-quadruplex
cross-linking. Based on the according study, we suggested compound
19s conformation fit best with G-quadruplex structure compared to
the other two. What we want to explain was that the reason why we
did those in absence of potassium before was that the Pu27 sequence
in potassium solution had very high Tm, even at 5 mM K1, the Tm

was more than 70uC. Thus, if at physiological potassium concentra-
tion about 100 mM, the DTm between our compound treated cases
and control one would absolutely be overwhelmed, and the effect of
cross-linking could not be measured. The preliminary test provided
about 30uCDTm under compound 1 with tyrosinase compared to the
control one, which in the mass showed good cross-linking and sta-
bilizing ability and that is the premise encouraged us to do more.

The exact cross-linking mode was confirmed by double strand-
competition and complementary single-strand competition expre-
ments. Gel analysis showed exclusive results that compound 1 could
cross-link G-quadruplex DNAs even in presence of excess single
complementary strands with a Tm larger than 90uC. MS assay also
demonstrated molecular ion peaks corresponding to complex of
compound-Pu27 or dimmer of G-compound-G. These undoubtedly
proved the exact cross-linking interaction and the binding sites of
guanines. MBTH color test characterized the o-quinone mediated

oxidation, which demonstrated existance of o-quinone intermediate
in the cross-linking process.

The strong cross-linking potency and considerable G-rich
sequence preference over double strands and complementary
strands provided potential for further applications in antitumor drug
development. Since its tyrosinase-mediated oxidation mechanism,
melanoma cell with tyrosinase overexpressed, was an ideal host.
Long term cell preliferation inhibition effect other than acute toxicity
indicated that cross-linking mediated DNA damage could be major
pathway of our compound. Comet assays showed obvious DNA
damage with increasing dosage of compound. MS assay afforded
advantageous imply, which trapped molecular ion peak of dimer of
G-compound-G from genomic DNA of the compound treated cells.
Gene expression regulation was also examined, since that it’s an
important criterion for evaluation of an antitumor candidate.
Because of our compound’s preference of Pu27 sequence over other
G-rich sequences, it was chosen as the primary target in correspond-
ing downstream protein expression assay. Through Western blot,
obvious c-Myc down-regulation (about 80% c-myc gene expression
inhibition)was observed. These assays together demonstrated that
our compound could enter the cell nuclei and interact with DNA
through cross-linking to cause transcriptional inhibition of down-
stream oncogenes.

Good biological activities of compound 1 encouraged us to further
elucidate its acting mechanism. To determinate distribution of func-
tion sites and affirm G-quadruplex targeting and cross-linking abil-
ity, the most direct way was to modify the compound with an
isolating tag for use of enrichment of compound-DNA complex from
complex cellular system. We combined a biotin group with com-
pound 1 to form compound 1a. After verification of compound
1a’s G-quadruplex cross-linking ability in vitro, we replace com-
pound 1 with compound 1a for following cell treatment. Extracted
genomic DNA from compound 1a treated living cells was sonicated
and purified through biotin-strepavidin affinity. CD test showed a
direct evidence of G-quadruplex involving interaction between com-
pound 1a and chromosomal DNAs. It need to be emphasized that the
CD spectra in Figure 5c was the real sample from compound treated
cells, before extraction, extra compound in medium was washed
away, and after extraction, no extra K1 was added, the sample was
directly poured to do CD test. This indicated that the G-quadruplex
was enriched from the genomic DNA, maintained and fixed by com-
pound, rather than induced by K1 or re-exposure under compound
afterwards, otherwise, the quadruplex structure enriched from real
sample would break down because we did not add extra cations or
compounds afterwards. We considered that compound 1a could
exactly target G-quadruplex formation sequences and completely
block further biological processing, then subsequently capture the
G-quadruplex structures from living cells. Thus, we were encouraged
to pursue more corresponding information. The sequencing analysis
showed about 120 putative quadruplex-forming sequences (PQS)
from the biologically enriched DNA sample. It was shown that the
sequences figured out in Chip-Seq generally had very high amount of
guanine. Of note, under physiological condition, parallel G-quadru-
plex structure was the most potential structure of such G-rich
sequences. Thus, we investigated G-quadruplex structure of them
in vitro from the opposite side. We used CD, UV and NMR for
structural characterization, which all provided affirmative evidence
of that the sequences enriched had strong propensity to form the
quadruplex secondary structure. Detailedly, under physiological
condition, most sequences among the 120 PQSs formed parallel
conformation and could be further enhanced after addition of our
compound 1a and tyrosinase. When in absence of K1, for most G-
rich sequences, the compound 1a with tyrosinase could not induce or
stabilize G-quadruplex even at 100 mM. This also further verified our
viewpoint that at micro molar level, for most G-rich sequences, our
compound could only block and trap the preformed G-quadruplexs,
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instead of directly inducing them. That was to say, the enriched
sequences and visualized quadruplex structures were the preformed
and existed ones in vivo. All the results strongly demonstrated that
compound 1a could act on G-rich sequences in gene promoter
regions through the whole genome and further fix parallel G-quad-
ruplex through cross-linking. Another point we would like to explain
was that about the percentage of TSS from deep sequencing. The
percentage 10% was calculated on the statistically level, our focus
herein was on G-quadruplex9s existence in vivo and our compound’s
essential role in capture of the originally existed but transient G-
quadruplex structure. Through deep sequencing, what we could
claim was that our compound could target and capture the existed
G-quadruplex in vivo.

To further ascertain G-quadruplex’s preformation in vivo and
exclude compound’s effect, we chose 124 bp long chain in several
commonly used mimetic conditions, including Ficoll 70, PEG and X.
laevis oocytes, to simulate genome in real living cells, because abso-
lute real in-cell process was very hard to access. Through NMR and
gel assay in the mimetic biomacromolecular environment, G-quad-
ruplex structure in synthetic DNA sequences could be observed
without any compound’s function, which proved that the genomic
DNA could have the propensity to be unlink under effect of various
enzyme and biomacromolecules in intracellular environment and
some G-rich segments could form transient quadruplexs due to
physiological high ionic condition.

Our synthesized bis(catechol) Schiff base derivative has the ability
to capture the G-quadruplex structures from living cells unlike other
previously published molecular probes. Previous G-quadruplex
inducers or stabilizers only showed good potency in simple in vitro
systems, however, in complex intracellular conditions where there
are large amounts of double-stranded DNA and the histones protect
the chromosome, the molecule probes’ interactions toward certain
short G-rich segments were rendered ineffective. Because of these
problems, transient G-quadruplexes could not be fixed. However,
our cross-linking agent is efficient and traps transient quadruplex
structures through cross-linking.

In conclusion, a bis(catechol) Schiff-base derivative that func-
tions as a highly selective and inducible G-quadruplex cross-linking
agent was designed and synthesized. Through an integrated
approach that included CD, MALDI-TOF MS, enzymatic assay, gel
and sequencing affinity-enriched fragments from genomic DNA,
this derivative was found to cross-link G-quadruplexes in promoter
region of oncogenes. Importantly, the biotinylated derivative com-
pound 1a was able to capture G-quadruplex DNA in vivo through a
cross-linking way. Mimic of cellular condition by PEG also gave us
supportive information that G-quadruplex structure exists in cells.
To the best of our knowledge, this was the first example of G-quad-
ruplex cross-linking agent that selectively targeted G-rich sequences
in the promoter regions of the oncogenes in vivo and captured the G-
quadruplex DNA structures from in vivo systems.

Methods
General methods. Oligomers labelled with carboxytetramethylrhodamine
(TAMRA) were purchased from TaKaRa Biotech (China). Other oligomers used in
this study were purchased from Invitrogen (China). CD relating assays were all
carried out on a Chirascan CD spectrometer (Applied Photophysics, UK) equipped
with a Peltier temperature controller. Polyacrylamide gel electrophoresis products
were finally scanned with Pharos FX Molecular imager (Bio-Rad, USA) operated in
the fluorescence mode. MALDI-TOF-MS spectra were collected with an Axima-
TOF2 mass spectrometry (Shimadzu, Japan). Mass spectra were performed in
negative ion mode or positive ion reflector mode, respectively, with 3-
hydroxypicolinic acid as matrix.

DNase I degradation. DNase I was purchased from Fermentas (Canada). DNA
alkylated complex was incubated with DNase I (10 Units/mL) in 10 mM Tris-HCl
reaction buffer (pH 7.5) and 2.5 mM MgCl2 at 37uC for 1 h, and then 5 mM EDTA
was added and incubated at 65uC for 10 min. Reaction products were monitored by
MALDI-TOF-MS.

Alkaline comet assay for B16-F1 and Hela cells. Base comet assay was performed
following standard method. Drug-exposed samples together with control one were
collected and suspended at 106/mL after 72 h treating. The first layer of normal
agarose gel was performed by adding 100 mL 0.5% agarose on to slide, and then a
cellslip was covered. After it became solid, remove the cellslip, 100 mL low melting
agarose gel containing 10 mL cell solution above was add to the first layer gel. Another
cellslip was covered. After solidifying, remove cellslip, then lysis of cells was followed
by immerging the cell-containing gel in lysis buffer for 4uC 2 h. After washing, use
basic buffer to denature. The last step was electrophoresis, which was at 5 V/cm for
20 min. Confocal microscopy was used to visualize the tailing after stained with PI.
One-photon confocal images were taken by NOL-LSM 710 (Carl Zeiss, Germany).

Western Blot assay. Cells were treated same as the above for 72 h with increasing
concentrations of compound 1 (20, 40 and 50 mM), and total proteins were extracted
by lysis buffer RIPA. Then use BCA protein assay to measure concentrations of each
sample. After electrophoresis on 10% PAGE-SDS gel and blotting, anti-c-myc
antibody and corresponding secondary antibody was used to detect target protein
through standard washing and incubating steps.

Cell uptake of compound 1a. Cells were grown in T75 tissue culture flask at 105/mL.
Compound 1a in DMEM with a concentration of 40 mM was added 24 h after
seeding. Concentration of compound remained in medium was measured by UV
every day for 3 days overall, according to standard job curve done in the medium of
the control sample.

Affinity enrichment of G-quadruplex fragments from cells. Cells were grown in
T25 tissue culture flask at 105/mL. Compound 1a in DMEM with a concentration of
40 mM was added 24 h after seeding. After 3 days’ incubation, genomic DNA was
exacted by TIANamp Genomic DNA kit (TIANGEN biotech, China) and isolated
genomic DNA from B16-F1 cells was sheared with the SB-5200 DTD sonicator
(300 W, Ningbo scientz biotechnology, China) for 60 min at high power with a pulse
of 30 sec on/30 sec off, to yield the fragment sizes of approximately 100 bp
(Figure 5b). 100 mL of sonicated DNA was incubated with 10 mL hydrophilic
streptavidin magnetic beads (New England biolabs, UK) for 1 h at 37uC. The
magnetic beads was then incubated with 10 mM EDTA and 95% formamide (2.5 mL
0.2 M EDTA pH 5 8.0 and 47.5 mL formamide) at 90uC for 10 min. Collected DNA
fractions were purified by loading onto a illustraTM NAPTM-5 Columns SephadexTM

G-25 DNA Grand (GE Healthcare, UK) equilibrated with double distilled water. The
purified DNA fragments were directly used for CD and sequencing experiments.
Sequencing was collaborated with Invitrogen in China, and data were collected using
the Ion Torrent Genome Analyzer (Invitrogen, China) according to ChIP-Seq
protocol. Putative quadruplex sequences (PQS) were proposed the following Folding
Rule: A sequence of the form d(G3 1 N1–7G3 1 N1–7G3 1 N1–7G3 1 ) will fold into a
quadruplex under near-physiological conditions.

Long chain DNA for G-quadruplex cross-linking studies by native gel
electrophoresis in PEG and Ficoll 70 condition. DNA samples were made in 10 mM
Tris–HCl (pH 7.0) buffer containing the indicated concentration of KCl and PEG 200
or Ficoll 70, heated at 95uC for 5 min and then cooled down to room temperature at a
rate of 0.02uC per second. Then incubated with indicated concentration of compound
and tyrosinase at 37uC for 1 h. The DNA samples were loaded with the indicated
concentration of PEG 200 or Ficoll 70 and electrophoresed at 4uC with 8 V/cm in
13 TBE buffer with or without KCl.

Preparation of X. laevis oocytes extracts. X. laevis were cultured and the oocytes
were collected by injection of progesterone to the X. laevis 1 day in advance. The
oocytes were transferred to a petri dish on iced and washed with Ori buffer [5 mM
HEPES (pH 5 7.6), 110 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2], using
2% solution of cystine, the membrane of ooctyes could be removed. Then they were
transferred into another petri dish prefilled with 10 mL ice cold buffer mimicking the
oocyte salt environment (25 mM HEPES pH 7.5, 10.5 mM NaCl, 110 mM KCl,
130 nM CaCl2, 1 mM MgCl2,). Afterward oocytes were transferred into an eppendorf
tube and mechanically crushed, then insoluble fractions were removed by
centrifugation at 16 000 g for 20 min. The supernatant was transferred into an
eppendorf tube and heated to 95uC for 10 min. Precipitated proteins were removed
by centrifugation at 16 000 g for 10 min. The supernatant (250 mL) was used for
NMR measurements.
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