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The C-5-methy lation of cytosine in the CpG islands is an important pattern for epigenetic modification of 
gene, which plays a key role in regulating gene transcription. G-quadruplex is an unusual DNA secondary 
structure formed in G-rich regions and is identified as a transcription repressor in some onco genes, such 
as c-myc and bcl-2. In the present study, the results from CD spectrum and FRET assay showed that the 
methylation of cytosine in the CpG islands could induce a conformat ional change of the G-quadruplex in 
the P1 promoter of bcl-2, and greatly increase the thermal-stability of this DNA oligomer. Moreover, the 
methylation of cytosine in the G-quadruplex could protect the structure from the disruption by the com- 
plementar y strand, showing with the increasing ability to arrest the polymerase in PCR stop assay. This 
data indicated that the stabilization of the G-quad ruplex structure in the CpG islands might be involved 
in the epigenetical transcriptional regulation for specific genes through the C-5-methylation modification
pattern.

� 2012 Elsevier Inc. All rights reserved. 
1. Introduction of Bcl-2 protein in colorectal cancer [5]. In addition, it has been 
The methylation of cytosine in gene CpG islands has been found 
to be a critical epigenetic modification pattern that regulates the 
gene transcriptio n and decides the chromatin architecture [1]. So 
far, it has been widely accepted that the aberrations of DNA methyl- 
ation are tightly correlated with the gene expression, and hyperme- 
thylation in the CpG islands of gene promoters can lead to gene 
silencing. However, how the methylation status of gene is involved 
in the regulation of the gene transcriptio n or expression still remains 
unclear.

Bcl-2 protein belongs to a large apoptosis -related protein family 
[2]. By interferri ng the programmed cell death [3], Bcl-2 protein 
regulates the carcinom a growth in the early stage of tumour [4].
The previous studies have reported that the anti-apoptotic protein 
Bcl-2 is overexpress ed in many solid tumors [5], and the overex- 
pression also contributes to the resistance to the radio therapy or 
the chemotherapies by inhibiting the response of cells to the apop- 
totic signals trigerred by these agents [6]. Recently, it has been re- 
ported that the CpG islands in the bcl-2 promoter are 
hypomethy lated, that subsequent ly leads to the overexpression 
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shown that the bcl-2 promoter will turn off if the dinucleotides 
in its CpG island are hypermethylated , while the mechanis m has 
still been unknown [7].

Recently , researchers have mainly focused on the influence of 
the methylation of DNA on the chromatin structures and chroma- 
tin compacti on, while the impact of hypomethylation or hyperme- 
thylation on DNA secondar y structure in CpG islands has barely 
been studied. The CpG island of bcl-2 promoter contains guanine- 
rich sequence possibly forming intramolecu lar G-quadru plex 
DNA, just like in the promoters of other oncognes , such as c-myc
[8], and c-kit [9]. The G-quadruplex can act as an repressor on 
the transcription, that resulting in the decreased rate of transcrip -
tion and expression. Moreove r, the recent study has revealed that 
the G-quadruplex formed in the telomeric end is decreased by half 
if a guanine involved in the middle G-quartet is methylated at its 
6-O position [10], indicating the introduct ion of methyl group 
has an impact on the stability of the G-quadruplex structure. There 
is another report showing that the methylat ion of cytosine greatly 
enhances the stability of intermolecular quadruplex formed in the 
oligomer d(CGCG3GCG)4 in vitro [11]. However, neither of these 
studies have revealed the real situation in vivo , since the 6-O- 
methylat ion does not occur naturally in vivo and the oligomer 
d(CGCG3GCG)4 is not a nature sequence in genome. 

Thus, we were wondering whether the methylation of cytosine 
in the CpG island within the bcl-2 promote r might influence on the 
stability of the G-quadru plex formed in the region, and ultimately 
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Table 1
Sequences of oligomers used in this study. 

Oligomer Sequence (from 50 to 30)

S-G d(CGGGCGCGGGAGGAAGGGGGCGGGAGC)
S-M-G d(CGGGCGCGGGAGGAAGGGGGCGGGAGC) C1,C5,C7,C21 were 

methylated 
S-C d(GCTCCCGCCCCCTTCCTCCCGCGCCCG)
S-G-rev d(ATCGATCGCTTCTCGTGCTCCCGCCC)
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lead to the activation or repression of the gene transcrip tion. In the 
present study, CD spectrum, FRET melting assay, duplex-strand 
competition assay, PCR stop assay, and molecular dynamic simula- 
tion were applied to investigate whether the methylation of cyto- 
sine could influence on the conformation and stability of 
intramolecu lar G-quadruplex structure formed in bcl-2 promote r. 
The results showed that the methylation of cytosine greatly en- 
hanced the stability of G-quadruplex structure and therefore in- 
creased the protection ability from competitive disruption by its 
complemen tary strand. It is the first study on the relationship be- 
tween the natural methylat ion pattern, the methylation on the 5-C 
of cytosine, with the switch of DNA secondar y structure s in human 
oncogene promote rs, implicating a hypothes is that G-quadruplex 
structures in the oncogene promoters might be involved in the epi- 
genetical regulation via the methylation of cytosine. 
2. Materials and methods 

2.1. Materials 

All the DNA oligomers used in the present study were purchased 
from Sangon Biotech (Shanghai, China). For the fluorescence spec- 
troscopy, the oligomers were labelled with 50-FAM and 30-TAMRA.
The oligomers were dissolved using ddH 2O to the stock concentra- 
tion of 100 lM and diluted to working concentration using different 
buffer. The oliogmers were heated at 95 �C for 10 min, and then 
slowly cooled to room temperature to form G-quadruplex. 

2.2. CD spectrum measurements 

CD spectrum measureme nts were performed on a chirascan cir- 
cular dichroism spectrophotom eter (Applied Photophysics) with a
0.2 mm pathlength cylindrical quartz cuvette. The oligomers S-G 
and S-M-G were diluted from stock to the correct concentr ation 
(5 lM) in Tris-HCl buffer (10 mM, containing 100 mM KCl, pH 
7.4). The temperature of the sample was maintain ed using a Quan- 
tum (Northwest) temperature controller. Data were collected from 
340 to 220 nm at 25 �C and substrated by the data of the buffer. 

2.3. Fluorescence melting assay 

Fluorescenc e melting curves were determined using a real-time 
PCR machine (Roche LightCycler 2�), with 0.2 lM of labelled oligo- 
met in the 10 mM Tris–HCl buffer (pH 7.4) containing 100 mM KCl 
of a total reaction volume of 20 lL. Fluorescence readings with exci- 
tation at 470 nm and detection at 530 nm were taken at the intervals 
of 1 �C over the range of 37–99 �C, the samples were maintained for 
30 s at specific temperature prior to each reading. Final analyses of 
the data were carried out using Origin 7.5 (OriginLab Corp.).

2.4. Fluorescence spectrum measurements 

Fluorescenc e spectrum measurements were carried out on a
Perkin Elmer LS55 fluorescence spectromete r at 25 �C. The excita- 
tion and emission slits were both 10 nm. Excitation was set at 
480 nm, and emission was collected from 490 to 650 nm. A buffer 
blank was subtracted for all the data. In all experiments, 3 ml of 
fluorophor-labelled G-rich oligomers (S-G and S-M-G) were used 
at the concentration of 10 nM in Tris-HCl buffer (10 mM, pH 7.4)
with or without 100 mM KCl, and 3 ll of unlabelled complemen- 
tary C-rich oligomer (S-C) was titrated to reach a final concentra- 
tion of 10 nM. The formation of duplex DNA was determined 
using the fluorescence intensity of the donor FAM at 518 nm. All 
the samples were incubated at 25 �C for 24 h to reach the equilib- 
rium before measureme nt. 
The ratio of the remaining G-quadruplex for both S-G (the wild 
type oligomer) and S-M-G (the methylated oligomer) were calcu- 
lated with the following equation: 

Ratio ¼ ðF1 � F2Þ=F1

F1 represents the fluorescence intensit y after the additio n of the 
complemen tary S-C at equal molarity in the buffer at the absence 
of KCl (which was set as a duplex full forma tion control). F2 repre- 
sents the fluorescence intensity after the additio n of the comple- 
mentar y S-C at equal molarit y in the buffer at the presence of 
100 mM KCl. 

2.5. PCR stop assay 

The sequences of the test oligomers used in the present study, 
including S-G, S-G-M and the corresponding complemen tary se- 
quence S-G-rev, were listed in Table 1. The reactions were per- 
formed in 20 ll of 1� PCR buffer, containing 10 lmol of each 
pair of the oligomers, 0.16 mM dNTP, 2.5 U Taq polymerase, and 
KCl or MgCl 2 at the indicated concentr ations. Reaction mixtures 
were incubated in the Eppendorf � thermocy cler, with the follow- 
ing cycling conditions: 94 �C for 3 min, followed by 10 cycles of 
94 �C for 30 s, 58 �C for 30 s, and 72 �C for 30 s. Amplified products 
were resolved on the 16% nondena turing polyacrylamid e gels in 
the 1 � TBE buffer and stained with Gel Red dye (Biotium).

2.6. Molecula r modeling 

The structure of mixed-type quadruplex was generated from 
the reported NMR structure (PDB code 2F8U [12]), by replacing 
the T15 and T16 with G15 and G16. While the structure of parallel 
quadruplex was generated from reported X-ray structure (PDB
code 1KF1 [13]), and necessary modifications were carried out 
including replacemen ts and additions of bases. The methylat ed 
quadruplex structure was then generated by replacing the appro- 
priate cytimidine residue with the methylated residue (C5-meth-
ylcytimid ine). The partial charges of 5-C-methylcyti midine were 
computed using the HF/6 �31G⁄ basis set from GAUSSIAN 03 
[14]. The other parameters for 5-C-methylcy timidine were as- 
signed by analogy with the AMBER ff99 force field [15]. Two K+

ions were placed manually in the central core of the complexes .
Every ligand–receptor system was then solvated in a truncated 
octahedron box of TIP3P water molecules with a 10.0 Å buffer 
along each dimension. Additional positively-charge d counter ions 
were added in the system to neutralize the negative charges on 
the DNA backbone. The AMBER ff99 force field [15] was applied 
for G-quadruplexes , ions, and water molecules. Periodic boundary 
condition s were applied to avoid the edge effect. The Particle Mesh 
Ewald (PME) method was used to calculate long-range electro- 
static interactions with a 10 Å residue-b ased cutoff [16]. The 
hydrogen bonds were constrained using SHAKE algorithm [17].
The final systems were subjected to initial minimization to equili- 
brate the solvent and counter cations, and were then heated from 0
to 300 K in a 100 ps simulation, and followed with a 100 ps simu- 
lation to equilibrate the density. Afterwar ds, 4 ns constant pressure 
MD simulation was performed in an NPT ensemble at 300 K. All the 
calculatio ns were carried out with the SANDER module. The MM/ 
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PBSA method was used to calculate the free energy [18]. All the 
waters and counter ions were stripped off, but the K+ ions present 
within the central channel were included. K+ radius was set to 
2.025 Å [19]. A total of 100 snapshots were taken from the last 
2 ns trajector y with an interval of 20 ps. 
3. Results 

3.1. Methylation of the cytosine induced conformation al change of G- 
quadruplex

The CD sp ectr um was ap pl ie d to eval ua te the G-q uad rup le x st ru c-
ture s of the DNA oli gome rs aft er me thy la ti on of cyt osi ne. The wil d- 
typ e G-r ic h se quenc e in the bc l-2 P1 pr omo ter , S-G (Table 1), exh ib it ed 
a sma ll ne gat iv e pea k ne ar 24 0 nm an d two po si tiv e pe aks at 27 0 an d
295 nm at the pr ese nce of pot ass iu m (Fig . 1A), whic h re pr ese nte d a
mi xe d pa ra ll el/ ant i- par al le l con for ma ti on and wa s consi st ent wit h
that in the pr evio us rep or ts [1 2]. How ever , the mo di fied seq uenc e
S-M -G (Ta ble 1) wit h four 5-m ethy l-c yt os in e sub st it uti on s dis pl ay ed 
a consp ic uou s po si tiv e pea k at 265 nm and a neg ati ve pe ak at 240 nm ,
toge the r wit h a si gnifica nt de cre as e of po sit iv e pe ak at 295 nm, in di -
cati ng the vani sh in g or de cre ase of the an ti- pa ra ll el G-q uad rup le x
conf orm atio n, and the co nver sio n of anti- pa ra ll el co nfo rm ai on to a
char acter is tic pa ra ll el con for ma ti on [2 0] .
3.2. Methylation of the cytosine enhanced the stability of G- 
quadruplex

Since it has been known that the parallel conformation of G- 
quadruplex is more stable than the anti-parallel conformation, 
the conformationa l conversion observed in the CD measurements 
suggested that the methylation of the cytosine is likely to affect 
Fig. 1. (A) CD spectrum of the S-G (wild-type) and the S-M-G (methylated) oligomers in 
the S-G and S-M-G oligomers in the Tris–HCl buffer containing 100 mM K+ monitored a
molarity in the Tris–HCl buffer containing 100 mM K+ or without K+ at the equilibriu
remaining G-quadruplex of the S-G and S-M-G oligomers at the equilibrium state. The r
the stability of the G-quadruplex forming in the bcl-2 promoter.
Hence, the fluorescence resonance energy transfer (FRET) melting 
assay was applied to study the thermodynam ic stability of the G- 
quadruplex es formed by the modified and wide-type oligomers. 
The oligomers were labelled with fluorophor FAM at the 50 end
as donor and tetramethyl rhodamine (TAMRA) at the 30 end as 
acceptor, and the emission intensity change at 530 nm was mea- 
sured to identify the unwindin g of the G-quadruplex in 10 mM 
Tris–HCl buffer containing 100 mM K+. The melting curves were 
shown in Fig. 1B, and the calculated Tm value of the S-G oligomer 
was 46.9 �C and the Tm value of S-M-G was 55.8 �C. It is clear that 
the methylation of the cytosine raised the melting temperature of 
the G-quadruplex by about 9 �C, exhibiting a great activity on sta- 
bilizing the G-quadru plex structure. 

To further investigate the effect of methylat ion on the G-quad- 
ruplex structure s, molecular dynamics (MD) simulatio ns were per- 
formed. Based on the CD results, the mixed-type and parallel 
quadruplex structures were built from the reported NMR structure 
(PDB ID: 2F8U [12]) and X-ray structure (PDB code 1KF1 [13]),
respectivel y. Necessary modifications were carried out including 
replacemen ts and additions of bases. The methylated quadruplex 
structure was then generate d by replacing the appropriate cytosine 
residue with the methylat ed residue (C-5-methylcytosine). After 
an equilibration period, each starting structure had an unstrained 
production trajector y of 4 ns at 300 K (RMSD plots were shown 
in Fig. S1 ). Fig. 2 showed the average minimized structure of the 
wide-typ e sequence S-G and the modified sequence S-M-G over 
the last 2 ns trajectories with an interval of 20 ps. MM-PBS A meth- 
od was further used to evaluate the free energy of the models 
(Fig. 2). For the mixed-type models, the estimated free energy of 
S-G was lower than that of S-M-G; while for the parallel-type mod- 
els, the estimated free energy of S-G was significantly higher than 
that of S-M-G. Because of this free energy difference, the G-quad- 
the 10 mM Tris–HCl buffer containing 100 mM K+. (B) Fluorescence melting assay of 
t 530 nm. (C) FRET spectrum of the S-G or S-M-G at 10 nM with the S-C with equal 
m state (24 h after titrated with the complementary strand S-C). (D) The ratio of 
atio were caculated using the equation in methods section. 
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ruplex in the bcl-2 promoter preferred to form the comparative ly 
stable mixed-typ e model rather than the parallel conformation in 
the hypomethy lated status. However, when the methylat ion hap- 
pened, it was difficult for this sequence to retain the mixed-type 
conformation, and experienced a transition spontaneou sly to give 
a more stable parallel-typ e conformation. This hypothesis was fur- 
ther supported by the relatively higher backbone RMSD values in 
the mixed-typ e S-M-G and parallel-typ e S-G models compared to 
those in the mixed-typ e S-G and parallel-typ e S-M-G models 
(Fig. S1 ). Importantly, the lowest free energy was found for the par- 
allel S-M-G, which was correlated with the experime ntal results, 
showing that the methylation of the cytosine made G-quadruplex 
structure more stable with a higher thermodyna mic stability. 
3.3. Methylation of the cytosine enhanced the ability on competition of 
G-quadruplex forming from duplex DNA 

Since the stability of G-quadruplex was greatly enhanced by the 
methylation from the above data, whether the methylation of the 
cytosine could alter the competition between G-quadruplex and du- 
plex formation in the presence of the complementar y strands was 
further investigated using FRET duplex competition assay. The la- 
belled oligomers, S-G and S-M-G, were titrated with the comple- 
mentary strand S-C (Table 1) at the equal molarity. All the samples 
were incubated at 25 �C for 24 h to achieve the equilibrium state 
after the addition of S-C. As shown in Fig. 1C, the final fluorescence
intensity of the modified oligomer S-M-G in a Tris–HCl buffer 
containing 100 mM K+ was obviously lower than that in a Tris–HCl
buffer without K+, while the final fluorescence intensity of the 
wide-type oligomer S-G was almost the same in these two condi- 
tions. Further calculated data indicated that a considerabl e propor- 
tion of G-quadruplex formed by the S-M-G was retained (40.8%,
Fig. 1D) in the presence of the S-C at the equilibrium state; while 
Fig. 2. Average structures from MD trajectories in K+ buffer. (A) S-G, mixed-type. (B) S
residue was drawn in stick form and marked with ‘5MC-’. The G, A, and C residues were
colour in this figure legend, the reader is referred to the web version of this article.)
for the S-G, little G-quadrulex was preserved after the addition of 
the S-C (the calculated proportion of remaining G-qudruplex was 
only 9.0%, Fig. 1D). The proportio n of the remaining G-quadru plex 
formed by the modified oligomer was significantly higher than that 
formed by the wild-type oligomer, indicating the methylation of the 
cytosine had profound impact on the competition by enhancin g the 
competit ive ability of the G-quadruplex from the disruption of the 
complemen tary strand. 
3.4. The methylated oligomer exhibited a stronger inhibitory effect on 
DNA elongation process 

PCR stop assay was performed to simulate the in vivo transcrip-
tional process catalysed by DNA polymerase based on the assump- 
tion that DNA polymerase is incapable of traversing a stable DNA 
secondar y structure [21]. The stable formation of G-quadruplex 
could block the 50 to 30 extension by the Taq polymerase and de- 
crease the amount of the final double-str anded PCR products. Espe- 
cially, the more stable the G-quadruplex is, the less PCR product is 
detected. As shown in Fig. 3, the methylated oligomer had a much 
stronger inhibitory effect on the DNA elongation process than the 
wild-type one in all three tested condition s (the PCR buffer, the 
PCR buffer containing K+ at the physiologica l concentration, and 
the PCR buffer containing both K+ and Mg 2+ at the physiologica l
concentr ation), which indicated that the stability of G-quadru plex 
induced by the methylation of the cytosine was possibly an indis- 
pensable factor for repressing gene transcription. 
4. Discussion 

In the present study, the effect of the methylation of the cyto- 
sine on the DNA quadruplex formed in the human oncogene bcl-
2 promoter was elucidated. We found that the methylation of the 
-M-G, mixed-type. (C) S-G, parallel-type. (D) S-M-G, parallel-type. The methylated 
 shown in green, pink, and red, respectively. (For interpretation of the references to 



Fig. 3. The effect for methylation of the cytosine on PCR stop assay in various 
systems (1) PCR buffer (50 mM K+ and 1.5 mM Mg 2+), (2) 100 mM K+ and 
1.5 mM Mg 2+, (3) 100 mM K+ and 2.5 mM Mg 2+. The quantitative calculation of 
the results was shown in histogram, where the optical intensity of S-G was used as 
reference and considered to be 1. 
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cytosine in the quadruplex DNA of bcl-2 promoter induced an obvi- 
ous transition from mixed parallel/a nti-parallel conformation to a
more stable parallel conformation. The calculated Tm values in 
the FRET melting assay showed good correlation with the above 
finding. DM simulations were also carried out to evaluate the free 
energies of the four possible structures of the G-quadruplex 
formed by methylated or wild-type sequences, showing that when 
the bcl-2 promote r was unmethyl ated, the DNA preferred to form 
the mixed-type G-quadru plex due to its comparative ly lower free 
energy. However, the G-rich region in the bcl-2 promoter exhibited 
an obvious conformati onal transition to the parallel form when the 
cytosine was methylated , which also showed good correlation with 
the experimental data. It has been reported that the methylation of 
the cytosine stabilized the complex primarily by producing favour- 
able entropic (base–base stacking) interactions through dipole/in- 
Fig. 4. The proposed mechanism for explaining the gene silencing induced by D
duced dipole forces [11], which might explain our finding in the 
present study. In addition, due to the enhanced stability of the G- 
quadruplex , the proportion of unwinded DNA quadruplex formed 
by the methylated oligomer was much lower than that of the 
wild-type oligomer in the competition assay. Since the initiation 
for transcriptio n in vivo involves the dissociat ion of the duplex 
DNA and subsequently the binding of polymerase to the single- 
stranded DNA, the results from our competition assay suggested 
that the methylat ion of the cytosine might increase the chance of 
G-quadru plex formation in vivo during transcriptio n. PCR stop as- 
say further showed an evidence for this hypothesis, that the meth- 
ylated oligomer displayed a stronger inhibitory effect on DNA 
elongation process compared with the wild-type oligomer. 

Basing on all the above data, we raised a hypothes is that the for- 
mation of G-quadruplex structure within the bcl-2 promote r region 
could be an important step involved in the inhibition process on 
bcl-2 transcriptio n by DNA methylat ion. The previous studies have 
shown that the aberratio ns of DNA methylat ion have tight correla- 
tions with the tumour genesis. Specifically, the hypomethy lation of 
CpG island occurs within the proto-oncogen es, notably in the pro- 
moter regions, while site-specific hypermethyl ation occurs within 
the tumour suppressor genes, indicating that the hypomet hylation 
of CpG island promotes the expression of oncogenes while hyper- 
methylat ion inactivates tumour suppressor genes [22]. Our results 
here showed that the C-5-methylati on of the cytosine was capable 
of enhancin g the stability of the intramolecu lar G-quadruplex 
structure formed in the human oncogen bcl-2 promote r, thus 
increasing its protectio n ability from competit ive formation by 
the duplex DNA. Fig. 4 showed a proposed mechanism for explain- 
ing the gene silencing induced by the DNA hypermethyl ation and 
gene activation caused by DNA hypomet hylation. The methylat ed 
promote r is more likely to keep the non-canonical structure, G- 
quadruplex , instead of being converted to single stranded or du- 
plex stranded, because the methylation of the cytosine of the G- 
quadruplex greatly enhances its stability. Subsequentl y, the G- 
quadruplex will act as a transcriptio nal obstacle resulting in an 
ineffective transcriptio n, and vice versa. 
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