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ABSTRACT

The t(14;18) translocation in follicular lymphoma is
one of the most common chromosomal transloca-
tions. Most breaks on chromosome 18 are located
at the 30-UTR of the BCL2 gene and are mainly
clustered in the major breakpoint region (MBR).
Recently, we found that the BCL2 MBR has a
non-B DNA character in genomic DNA. Here, we
show that single-stranded DNA modeled from the
template strand of the BCL2 MBR, forms secondary
structures that migrate faster on native PAGE in the
presence of potassium, due to the formation of
intramolecular G-quadruplexes. Circular dichroism
shows evidence for a parallel orientation for
G-quadruplex structures in the template strand
of the BCL2 MBR. Mutagenesis and the DMS
modification assay confirm the presence of three
guanine tetrads in the structure. 1H nuclear
magnetic resonance studies further confirm the
formation of an intramolecular G-quadruplex and
a representative model has been built based on
all of the experimental evidence. We also provide
data consistent with the possible formation of a
G-quadruplex structure at the BCL2 MBR within
mammalian cells. In summary, these important
features could contribute to the single-stranded
character at the BCL2 MBR, thereby contributing
to chromosomal fragility.

INTRODUCTION

The t(14;18) translocation is the most common chromo-
somal translocation in human lymphoma. It is charac-
teristically associated with follicular lymphoma (FL),
which is a sub-type of non-Hodgkin’s lymphoma (1).
The t(14;18) translocation results from recombination
between the BCL2 gene and the J subexons of the
immunoglobulin heavy chain (IgH) during V(D)J recom-
bination in pre-B cells. This translocation juxtaposes
the BCL2 locus on chromosome 18 to the enhancer
element of the IgH locus on chromosome 14 (2–4). This
results in the overexpression of the antiapoptotic protein,
BCL2 and thereby leads to FL. Although the BCL2 gene
is >200 kb in length, in the majority of FL patients, the
breaks at chromosome 18 occur within a small 150-bp
region located in the 30-untranslated region (30-UTR) of
the third exon, known as the major breakpoint region
(MBR) (5–7). Within the 150-bp MBR, there are three
peaks of breakpoints, each �15–20 bp in size (6,8). The
analysis of patient breakpoint junctions indicates a V(D)J
recombination-mediated mechanism for generation of
breaks on chromosome 14 (9,10). At the IgH locus, DH

and JH subexons are typically cleaved at a pair of signal
sequences (12- or 23-RSS) by the RAG complex (11).
However, the mechanism of breakage at the BCL2 MBR
remains a subject of active investigation. Recently, we and
others showed that the RAG complex can misrecognize
the BCL2 MBR but not as a cryptic RSS (12,13). We
also found that the BCL2 MBR adopts a non-B DNA
structure in genomic DNA, which could be recognized
and cleaved by RAGs (13,14). The structure at the
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150-bp BCL2 MBR contains distinctive regions of
single-stranded character, as shown previously based on
bisulfite reactivity (13).

The precise non-B DNA conformation at the BCL2
MBR has been a subject of active investigation (15,16).
The large number of consecutive cytosines at many
locations throughout the MBR, are associated with
rapid opening kinetics (15). This might permit them to
transiently open and assume a number of possible
conformations on the non-template or template DNA
strands. During transcription and DNA replication, the
two DNA strands are transiently separated and this
might permit either of them to assume a non-B DNA
structure or result in the two DNA strands reannealing
in a transiently alternative conformation [e.g. triplexes
(17) or quadruplexes]. Bulk DNA structural studies
often do not clearly distinguish among the various
conformational possibilities. Multiple methods are
required to arrive at a picture of the possible conform-
ations. Moreover, more than one conformation might be
possible involving either one or both of the DNA strands.
Bisulfite reactivity can be not only due to transient or
stable single-strandedness but also due to formation of
B/A-intermediate duplexes (15,17), which have rapid
opening kinetics, as mentioned earlier.

Both triplexes and quadruplexes have similar require-
ments for purine-rich DNA and Hoogsteen hydrogen
bonding for stability (18). Since the region near peak I of
the BCL2 MBR is abundant in guanines, we investigated
the possibility that the template strand could fold into a
quadruplex structure. Here, we describe a G-quadruplex
structure formed by the template strand upstream of
peak I of the MBR. Using various assays, we show that
the intramolecular G-quadruplex formed at the MBR is
parallel and dependent on potassium. Mutagenesis and
DMS protection assays show the presence of three
guanine quartets, which was further verified by nuclear
magnetic resonance (NMR) studies. We also show that
such a structure can form in the context of the whole
MBR on a plasmid. Finally, we provide evidence for
the ability of such a structure to decrease transcription in
mammalian cells.

MATERIALS AND METHODS

Oligomeric DNA

The oligonucleotides used in the current study are listed
in Supplementary Table S1. These oligomers were gel
purified as described (19).

Plasmid construction

The 300-bp wild-type and mutant BCL2 MBR fragments
were obtained after SalI digestion of the plasmids, pXW5
and pSCR41, respectively (14). The mutant plasmid,
pSCR41, was generated using site-directed mutagenesis
as described earlier (14). It contains a 3-nt mutation
within the G-quadruplex forming sequence of the MBR,
wherein one stretch of guanines is converted to cytosines
(GGG!CCC). The 300-bp wild-type and mutant
MBR fragments were then cloned into SalI digested

pIRES2-EGFP (BD Biosciences, Clontech) and named
as pMN11 (wild-type) and pMN12 (mutant). The orien-
tation of the cloned insert was confirmed by DNA
sequencing.

50-end-labeling of oligomers

The 50-end-labeling of the oligomeric DNA was done
using T4 polynucleotide kinase as described earlier (20).
The labeled substrates were purified using Qiagen quick
nucleotide removal kit and stored at �20�C until used.

Gel mobility shift assay

The radiolabeled oligomers were incubated either in
the presence or absence of 100mM KCl in Tris–EDTA
(TE) buffer (pH 8.0) at 37�C for 1 h. The different
forms of the G-quadruplexes were then resolved on
15% native polyacrylamide gels in the presence or
absence of 100mM KCl, both in the gel and the buffer,
at 150V at room temperature. The gels were dried and
exposed to a screen, and the signal was detected using
PhosphorImager FLA9000 (Fuji, Japan).

DMS protection assay

The radiolabeled oligomers were incubated in TE in the
presence of 100mM KCl at 37�C for 1 h. Dimethyl sulfate
(DMS) was added to the reaction mixture (1/200 dilution)
and incubated for 15min at room temperature. An equal
volume of piperidine (10%) was added to each tube, and
the reaction mixture was incubated at 90�C for 30min.
The reaction was diluted to double the volume and
vacuum dried. The pellet was further washed with water
thrice and dried using a speedvac concentrator. The
reaction products were resolved on a 15% denaturing
polyacrylamide gel, which was further dried and visualized
as described earlier. For DMS on the larger fragment, the
300-bp BCL2 MBR was PCR amplified from pXW5 using
primers SCR21 and SCR57 and gel purified. The frag-
ments were heat denatured and slow annealed in the
absence or presence of 100mM KCl, and incubated at
37�C for 2 h. A 1/200 dilution of stock DMS was added
to the DNA and incubated for 20min at room tempera-
ture. The DNA was then precipitated and resuspended in
50 ml of TE buffer. An equal volume of piperidine (10%)
was added to each tube and incubated at 90�C for 30min.
The DNA was again precipitated, washed with water twice
and dried using speedvac concentrator. The pellet was
resuspended in TE and subjected to 18 cycles of primer
extension using radiolabeled MN96, with the following
conditions, denaturation 94�C for 45 s, annealing 58�C
for 45 s and extension 72�C for 25 s. The reaction
products were mixed with formamide dye and resolved
on a 10% denaturing PAGE.

Circular dichroism

The MBR wild-type, mutant and HIF-1� G-rich oligo-
mers were incubated either in the presence or absence of
100mM KCl, in TE at 37�C for 1 h. The circular dichro-
ism (CD) spectra were recorded at room temperature from
220 to 300 nm and 10 cycles were accumulated for every
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sample, using a JASCO J-810 spectropolarimeter at a
scan speed of 50 nm/min. Separate spectrum was
measured for the buffer alone for 30 cycles and this was
subtracted from all the experimental spectra. For the
destruction of the structure, the spectra were recorded
for the samples incubated with KCl at different tempera-
tures. Furthermore, CD spectrum was recorded after
the structure was reformed by incubating the same
sample overnight at 37�C. The ellipticity was calculated
using the software, Spectra Manager, and plotted as a
function of wavelength.

NMR spectroscopy

The oligomers, MN77 (GS) and MN79 (G2 loop) were
synthesized on 1 mM scale in multiples and gel purified. A
total of 1mM DNA was dissolved in TE in the presence of
100mMKCl in a total volume of 540ml along with 60 ml of
D2O (9 : 1). The spectra were recorded on a Bruker Avance
800MHz spectrometer with cryoprobe and TOPSPIN
2.0 software. 1D proton spectra were recorded at 5, 25,
40 or 50�C with 1024 scans each and water suppression
was done using excitation sculpting. The chemical shifts
were analyzed by external referencing with the help of
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) in D2O.
2D NOESY (with excitation sculpting) was performed for
MN77 at 5�C with a mixing time of 250ms on the same
probe with 512 t1 increments of 96 scans each.

Model building

Intramolecularly folded parallel G-quadruplex was built
using the graphics interface of Insight II (21) on an O2
SGI workstation. Loops were modeled on to the G-tetrad
using the Biopolymer module within Insight II. The
modeled structure was then energy minimized using
Sander Module of Amber 6.0 (22). Figures were
prepared using PyMOL (http://www.pymol.org).

Taq polymerase stop assay

The oligomers, MN115, MN116, MN117, MN118 or the
plasmids, pXW5 and pSCR41, were heat denatured and
slowly reannealed in the absence or presence of KCl or
LiCl, in a buffer containing 10mM Tris–HCl and 1.5mM
MgCl2 and radiolabeled MN96, till it reached room tem-
perature. After addition of 200 mM dNTPs and 1U Taq
polymerase, the reactions were incubated at 47�C for
30min. The reaction was stopped by addition of dye
containing formamide and the products were resolved
on 12% (for oligomeric DNA) and 8% (for plasmid
DNA) denaturing PAGE and visualized as described.

Test for altered DNA structure (G-quadruplex)
within cells

293T human embryonic kidney epithelial cells were trans-
fected with pMN11 and pMN12 by calcium phosphate
precipitation along with pCMV-b gal (a kind gift from
Prof. K.N. Balaji, IISc, Bangalore). The number of GFP
positive cells in each case was analyzed by flow cytometry
and the transfection efficiency was calculated by counting
X-gal stained cells (see below). The percentage GFP

expression was normalized with that of the b gal express-
ing cells for both wild-type and mutant DNA. The data
was analyzed using Graph Pad Prism software and plotted
as bar diagram with standard error of mean. The experi-
ments were repeated at least three independent times with
five replicates each.

X-gal staining

The transfected cells were harvested and washed once
in PBS. The cells were then incubated in PBS with 0.2%
glutaraldehyde at 37�C for 15min. The cells were washed
twice with PBS containing 2mMMgCl2 and 0.02% NP40.
Finally, the cells were incubated with PBS containing
5mM potassium ferrocyanide, 5mM potassium ferri-
cyanide, 2mM MgCl2 and 1mg/ml X-gal, overnight
at 37�C. The X-gal stained cells were counted and the
transfection efficiency was calculated.

RESULTS

The G-rich template strand at peak I of the MBR can
form a G-quadruplex structure

Previously, we have shown that the region upstream of
peak I of the BCL2 MBR possessed bisulfite reactivity
and hence a non-B DNA structure (13). Since the comple-
mentary region was rich in stretches of guanines, we
wondered whether it could contribute to the formation
of a G-quadruplex structure. In order to test this hypoth-
esis, we designed an oligomeric DNA corresponding to the
region of interest, representing either the sense
(non-template) or antisense strand (template), referred to
as C and G, respectively (Figure 1A). Increasing concen-
trations (5, 12.5, 25, 50, 125 and 250 nM) of [g-32P] labeled
oligomers were incubated in TE buffer (1 h, 37�C) both in
the presence and absence of K+, which is known to sta-
bilize the formation of G-quadruplexes. Products were
resolved on native polyacrylamide gels both with and
without KCl in the gel and buffer (Figure 1B and C).
Results showed that both C and G substrates migrated
according to the molecular weight, when no KCl was
added in the reaction and gel (Figure 1B, lanes 1–6 and
7–12). Interestingly, when the same substrates were
incubated in the presence of KCl and then
electrophoresed, we observed G-rich strands migrating
much faster than the C-rich strands (Figure 1C, compare
lanes 7–12 to 1–6). The faster moving species could be due
to formation of compact intramolecular G-quadruplexes
(Figure 1C, lanes 7–12) (23–26). Apart from these, we also
observe a number of additional higher molecular weight
bands, which could be due to the formation of
intermolecular G-quadruplexes (Figure 1C, lanes 7–12).

The HIF-1� promoter region has been previously
shown to form G-quadruplex structures (23). We
synthesized the G-rich (GP) and its complementary
sequence (CP) from this region and subjected it to native
gel electrophoresis in the presence of 100mM KCl, as a
positive control. Results showed that a major fraction of
both the GP and G (as before) strands migrated much
faster (intramolecular G-quadruplexes) compared to
their respective complementary strands in presence of
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100mM KCl (Figure 1D). However, in the case of
HIF-1� promoter region, interestingly the intermolecular
species were observed even in the absence of KCl in the
reaction, unlike the G-strand of MBR (Figure 1D, lanes 3,
4 and 7, 8).

Furthermore, shortened BCL2 MBR sequences
(obtained by deletion of bases from the 50- and 30-ends),
Gs and Cs, were designed to test their potential to fold into
G-quadruplexes (Supplementary Figure S1A). Gel
mobility shift assays showed the formation of intramo-
lecular G-quadruplex on a native gel, similar to G, in
the presence of KCl (Supplementary Figure S1B and C,
lanes 3, 4, 7, 8). As expected, C and Cs strands did not
show any shift in the mobility (Supplementary Figure S1B
and C). We also performed similar reactions in the
presence of 100mM LiCl, which is known to lower the
stability of G-quadruplex structures (24,27–30). As
expected, we could not find the intramolecular
G-quadruplex in the presence of Li+ ions in case of Gs

strand (Supplementary Figure S1D and E, lanes 3, 4).
Altogether, these results indicate the propensity of the
BCL2 MBR template strand to form an intramolecular
G-quadruplex, stabilized by K+ ions.

To further verify the above observations, CD was per-
formed. The CD spectra vary depending on the specific
conformation of the quadruplex. Parallel G-quadruplexes
have been shown to have a peak at �260–265 nm and a
trough at 240 nm whereas anti-parallel quadruplexes
exhibit a peak at 290 nm and a dip at 260 nm (31–36).
When CD spectra was acquired for the BCL2 MBR
G-strand in the presence of K+, a characteristic peak at
�263–265 nm and dip at 240 nm was observed, indicating
that the G-quadruplex structure at MBR is parallel

(Figure 2A). A similar pattern for the CD spectra
obtained for HIF-1� (positive control) further confirms
the presence of a parallel G quadruplex (Figure 2A).
Furthermore, we recorded the CD spectra of the DNA
in the presence of KCl, at increasing temperatures to
determine whether the structure gets destroyed at higher
temperature. We observed that at temperatures above
37�C, the spectrum began to slowly collapse and became
more parallel to the X-axis at 90�C, indicating the destruc-
tion of the quadruplex structure (Figure 2B). More
importantly, incubation of the heat denatured (90�C)
sample at 37�C, overnight, restored the structure
(Figure 2C). These findings further indicate that
the template strand upstream of peak I in the BCL2
MBR can fold into an intramolecularly folded parallel
G-quadruplex.

Mutation at peak I of the BCL2 MBR abolishes the
intramolecular G-quadruplex

In order to test the role of the four stretches of three
guanines in the G-quadruplex formation at BCL2 MBR
template strand, we designed oligomers containing muta-
tions in one (G3), two (G6), three (G9) and four (G12)
stretches of guanines (Figure 3A). The [g-32P] labeled
oligomers were incubated in the presence of KCl and
electrophoresed as described. In the absence of K+, all
the oligomeric sequences migrated at the same position
except for a very slowly migrating band at the top for
G, G3 and G6 (Figure 3B, marked as Inter G). However,
in the presence of KCl, we observed the formation of
the faster migrating intramolecular G-quadruplex, in the
case of G (Figure 3C, lanes 3 and 4), whereas none was
observed for C or mutant sequences (Figure 3C, lanes 1,

A

B C D

Substrate

Intra G

Inter G

1   2     3  4    5  6     7  8

1   2      3   4       5   6     7   8

- +      - +      - +     - + KCl
C G CP GP

Inter G
Inter G

Substrate

Intra G

Inter G

Inter G

C G

1  2 3 4  5 6    7 8 9 101112

1  2 3 4  5 6    7 8 9 101112

1 2  3 4 5  6    7 8 9101112

Substrate

C G

1 2  3 4 5  6     7 8 9101112

G 5’-G1AAG4G5AG7G8G9CAG12G13AG15G16G17CTCTG22G23G24TG26G27G28TCTG32T-3’
C 5’-ACAGACCCACCCAGAGCCCTCCTGCCCTCCTTC-3’
Gp 5’-GCGCGGGGAGGGGAGAGGGGGCGGGAGCGGC-3’
CP 5’-GCCGCTCCCGCCCCCTCTCCCCTCCCCGCGC-3’

Figure 1. Formation of G-quadruplex structure in the template strand of the BCL2 MBR. (A) The oligomeric sequence of the G-rich strand
(indicated by ‘G’), and the complementary C-rich strand (indicated by ‘C’) are derived from the upstream region of peak I of the BCL2 MBR.
GP and CP are G-rich strand and the complementary C-rich strand from the HIF-1� promoter region, which is used as a control. The stretches of
guanines are in bold and have been numbered for BCL2 MBR oligomer. (B and C) Increasing concentrations (5, 12.5, 25, 50, 125 and 250 nM) of the
G and C-rich strands were resolved on 15% native polyacrylamide gels in the absence (B) or presence (C) of 100mM KCl. In case of (C), the
concentration of KCl in the reactions, gel and buffer was 100mM. (D) The G and C-rich strands from both the BCL2 MBR and HIF-1� promoter
region were incubated in the absence or presence of KCl (100mM) and resolved in the presence of KCl (100mM). In (B–D), the substrate,
intramolecular (denoted as intra G) and intermolecular (denoted as inter G) quadruplex structures are shown by arrows.
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2 and 5–12). As expected, the absence of even one
stretch of guanines (G3) prevented the formation of intra-
molecular G-quadruplexes (Figure 3C, lanes 5, 6). In
contrast, all of the sequences except C and G12, could
form intermolecular G-quadruplex species (Figure 3C,

lanes 3–10). In addition, CD studies were also carried
out on all of the mutants and results showed that in case
of G12, the spectra resembled that of the C strand and the
characteristic peak at �265 nm was absent (Figure 3D).
Interestingly, the pattern for G9 was similar to that of G,
but the peak intensity at 265 nm was low and shifted
towards the right (Figure 3D). This may be due to the
fact that as the number of available guanines decreases,
the structure preference changes from the intra to the
intermolecular form (Figure 3D). Thus our results
suggest a clear dependence of the intramolecular
G-quadruplex at the template strand of the MBR on the
four stretches of guanine nucleotides.

The BCL2 MBR sequence folds into a 3G plate
G-quadruplex

A DMS protection assay is used for determining the
guanines involved in formation of G-quadruplex struc-
tures. DMS methylates the guanine residues present in
single-stranded and duplex DNA, at the N7 position.
However, if the guanines are involved in Hoogsteen base
pairing, which is required for G-quadruplex formation,
the N7 position is not free for methylation and therefore,
would not react with DMS (18). We performed the pro-
tection assay with G, G3 and G6 strands, in the presence
and absence of KCl (Figure 4A). We observed that in the
case of G-strand, except for G12 and G13, all of the other
guanines were involved in the G-quadruplex formation,
when KCl was present (Figure 4A, lane 3), while all
guanines showed equal reactivity when KCl was not
added (Figure 4A, lane 2). Low level DMS protection
was observed for guanines at positions G7, G8, G9 and
G12, G13 and G15, G16, G17 in the case of the mutants.
This suggests the formation of intermolecular
G-quadruplex by the mutants (Figure 4A, lanes 4–7).

A

DCB

1 2   3 4   5 6   7 8  910  1112

1 2   3 4   5 6   7 8  910 1112
KCl    - +   - +   - +  - +   - +   - +

C     G     G3 G6 G9 G12

Substrate

Intra G

Inter G

Inter G

Inter G

Substrate

KCl    - +   - +   - +  - +   - +   - +
C      G    G3 G6 G9 G12

1 2   3 4   5 6   7 8  910 1112

1 2   3 4   5 6   7 8  910 1112

Inter G

G3 5’-GAAGGAGGGCAGGAGGGCTCTATATGGGTCTGT-3’
G6 5’-GAAGGAGGGCAGGAGGGCTCTATATAAATCTGT-3’
G9 5’-GAAGGAGGGCAGGATATCTCTATATAAATCTGT-3’
G12 5’-GAAGGACCACAGGATATCTCTATATAAATCTGT-3’

Figure 3. Mutations in the G-quadruplex forming sequence of BCL2 MBR template strand abolishes structure formation. (A) Mutations in the
G-rich strand were generated such that three (indicated as G3), six (G6), nine (G9) and 12 (G12) Gs from the 30-end were altered to other bases
(changed bases are in red color). (B and C) Different oligomeric DNA were incubated either in the presence or absence of KCl and resolved on a
15% native PAGE either in the absence (B) or presence (C) of KCl in the electrophoretic conditions. (D) CD spectra showing the effect of mutations
on G-quadruplex formation. Oligomers depicted in panel A (Figure 1) were incubated with 100mM KCl and TE at 37�C and the CD spectra were
recorded as described earlier. For other details refer Figure 2 legend.

Figure 2. CD studies on the MBR show formation of parallel,
G-quadruplex structure on the template strand. (A) The BCL2 MBR
and HIF-1� promoter G-strand (positive control) were incubated in
presence of 100mM KCl and TE at 37�C for 1 h and the CD spectra
was taken using JASCO J-810 spectropolarimeter with a scan range of
220–300 nm. (B) CD spectra for the MBR template strand in TE with
KCl at different temperatures. The various temperatures used are 25,
37, 50, 65, 80 and 90�C. (C) CD spectra for the MBR template strand
in TE with (G+KCl) or without KCl (G�KCl), or same after heating
to 90�C (G+KCl+heating) and then incubation at 37�C overnight
(G+KCl after reforming), in order to reform the structure.
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Furthermore, the intramolecular G-quadruplex species
and substrate DNA were gel purified and subjected to the
DMS modification assay. Results showed that all the
guanines were modified and hence cleaved by piperidine
in the substrate (Figure 4B, lanes 2, 3). However, in case
of the purified intramolecular G-quadruplexes, except
for G4, G5, G12 and G13, all of the other guanines
showed protection from modification by DMS, suggesting
that all of these were involved in the structure formation
(Figure 4B, lanes 4, 5). Therefore, the DMS modification
assay reinforces that the template strand at the BCL2
MBR has the ability to form an intramolecular
G-quadruplex (Figure 4C).

NMR spectroscopy confirms the formation of an
intramolecular G-quadruplex at the BCL2 MBR
template strand

1H NMR spectroscopy was performed on the shorter
wild-type G-strand (GS, Supplementary Figure S1A).
NMR spectrum of Gs showed chemical shifts between
10.8 and 12.2 ppm, which resulted from the resonance of
imino hydrogen groups characteristic of G-quadruplex
(Figure 5A) (37–40). Broad peaks �9.5–10.4 ppm were
also seen, which arise from the amino protons in the
G-tetrads. The peak count shows that this sequence
indeed folds into an intramolecular G-quadruplex and
that the structure is asymmetrical. Each peak in the
region 10.8–12.2 ppm represents one imino proton and
for an asymmetrical quadruplex with three G-tetrads,
one should expect 12 peaks. However, the presence of
more than 12 peaks suggests that more than one
quadruplex conformation may be formed among the
intramolecular species, where the interconversion rate is

BA

1          2   3       4  5

- +  +     +  +DMS

Sub
str

at
e

G28
G27
G26
G24
G23
G22

G17
G16
G15

G13
G12

G9

G8

G7

G5

G4

1         2   3       4   5

In
tra

 G

G          G3 G6

Mutants

KCl       - - +      - +      - +
1       2   3      4   5       6   7

G28
G27
G26
G24
G23
G22

G17
G16
G15

G13
G12

G9

G8

G7

G5

G4

1       2   3      4   5       6   7

C

Figure 4. A DMS protection assay on BCL2 G-quadruplex structure. (A) G-strand (G), 3-nt (G3) and 6-nt (G6) mutants were treated with DMS in
the presence of 100mM KCl, cleaved by piperidine and resolved on 15% denaturing gel. Lane 1, G-strand treated with piperidine alone. Lanes 2,
4 and 6, G, G3 and G6, respectively incubated in TE without KCl, treated with DMS and piperidine. Lanes 3, 5 and 7, G, G3 and G6, respectively
treated with DMS and piperidine after incubating with 100mM KCl. (B) The substrate DNA and intramolecular G-quadruplex (in duplicates), were
gel eluted, treated with DMS, cleaved by piperidine and resolved on a 15% denaturing PAGE. The positions of guanines are marked.
(C) Representative 2D model of the intramolecular G quadruplex structure formed at the BCL2 MBR. The position of guanines and other
nucleotides involved are marked. Arrows indicate the orientation of the strands.

B

50o C

40o C

25o C

A
GS 5’-GGGCAGGAGGGCTCTGGGTGGGT-3’

5oC

C
G2 loop 5’-GGGCAGGAGGGCTCTGGGTTGGGT-3’

5oC

Figure 5. 1H NMR spectroscopy on the G-quadruplex at BCL2 MBR.
(A) NMR spectrum of the wild-type sequence (23 mer, GS) at 5

�C. The
spectrum was recorded on a Bruker Avance 800MHz spectrometer
with a cryo probe and analyzed by TOPSPIN 2.0 software.
(B) NMR spectra recorded at different temperatures for GS.
(C) NMR spectrum of the mutant with a 2-nt loop (G2 loop) at 5�C.
In all the panels A–C, the resonance peaks between 10.8 and 12.2 ppm
represent those resulting from the imino hydrogen present in the
G-quadruplex structure. The resonance peaks at �13 and 14.5 ppm
result from A. . .T and G. . .C Watson–Crick base pairing.
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comparable to the NMR time scale, as has been reported
before (41). This was further supported by the 2D NOESY
spectrum, which was unable to resolve the detailed struc-
ture (Supplementary Figure S3). An interesting observa-
tion was the presence of two isolated peaks at 13 and
14.5 ppm (Figure 5A), which correspond to the G . . .C
and A. . .T Watson–Crick hydrogen bonding scheme
(42). These hydrogen bonds can be envisaged in the loop
region of the G-quadruplex structure between A14 and
T21 and G33 and C18. Temperature gradient studies on
Gs strand showed the persistence of the imino peaks at
the tested temperatures (Figure 5B). Interestingly, the
Watson–Crick pairing was absent at 40 and 50�C
(Figure 5B).
NMR studies were also carried out on another sequence

containing a 2 nt loop (G2 loop) instead of the one nucleo-
tide loop discussed above, and it showed the formation of
an intramolecular G-quadruplex similar to the wild-type
on native PAGE (data not shown). However, the 1H
NMR spectrum (Figure 5C) for this sequence was much
more resolved than that of the wild-type sequence,
perhaps indicating a more stable conformation. Here
also the NMR spectrum showed the presence of
Watson–Crick base pairs. Hence, NMR results point
towards the formation of an intramolecularly folded
G-quadruplex.

3D model of the G-quadruplex structure at the BCL2
MBR template strand

Taking into consideration, all the experimental data
discussed above and the possible multiple conformations
of the intramolecular G-quadruplex at the BCL2 MBR,
one representative model was built for both the wild-type
(Gs) and mutant (G2 loop) sequence (Figure 6A and B).
The model was built using an Insight II (21) software
package on an O2 SGI workstation. Energy-minimization
was performed using Sander Module of Amber 6.0 (22).
The proposed intramolecular G-quadruplex structure
comprises three G-tetrads, G7*G15*G22*G26,
G8*G16*G23*G27 and G9*G17*G24*G28 in the wild-type
(Figure 6A) and G7*G15*G22*G27, G8*G16*G23*G28 and
G9*G17*G24*G29 in the mutant (Figure 6B). Guanines in
the G-tetrad favor anti glycosyl conformations except G15
(syn) of the second strand. The G-tetrads are intercon-
nected by three loops. The 5-nt loop (C10, A11, G12, G13

and A14) connects strand 1 with strand 2 and the 4-nt
(C18T19C20T21) loop connects second and third strand.
The 1-nt (T25)/2-nt (T25, T26) loop connects third and
fourth strand. Loop. . .loop interactions favor Watson–
Crick pairing between T21 (4-nt loop) and A14 (5-nt
loop) and C18 (4-nt loop) with G33 of the 30-overhang,
consistent with NMR observations. The two pairs are
located above and below the G-tetrad respectively.
Partial stacking involves C10 and A11 and G12 and G13

of the 5-nt loop. An extended phosphodiester conform-
ation between A11 and G12 is necessitated to reach the
50-end of the second strand. T19 and C20 of 4-nt loop
protrude out.
A single nucleotide in the 1-nt loop (T25) allows the

third strand to fold back to facilitate G26 to pair with

G7 (strand 1) and G22 (strand 3) to form the first
G-plate. In the mutant with 2 nt in the loop (2-nt), T26

forms a Watson–Crick pair with A6 of the 50-overhang
to lie above the G-plate. Interestingly, it is possible to
visualize G5 . . .A3 (of the 5

0-overhang) pairing. A2 partial-
ly stacks on this. These together with loop . . . loop
Watson–Crick pairing may contribute to the overall sta-
bility of the structure. It may be for these reasons that the
2-nt mutant structure is more stable and displays a better
resolved NMR spectrum.

Taq polymerase arrest and DMS protection at the
G-quadruplex forming region at BCL2 MBR

G-quadruplexes on a template strand have been shown
previously to arrest progression of DNA polymerases
(23,26,43). We performed a Taq DNA polymerase stop
assay on an oligomeric single-stranded DNA containing
the BCL2 MBR G-quadruplex forming sequence
(Figure 7A). We found a major pause site in the
wild-type sequence at �50 nt, corresponding to the
G-quadruplex forming region upstream of peak I, and
the pause was dependent on K+ ions (Figure 7B, lanes
2–4). Consistent with the above data, the mutant
sequence did not cause any arrest in the polymerase pro-
gression (Figure 7B, lanes 5–7). More importantly, no
polymerase stop was detected when a random sequence
designed with an identical GC content was used for the
study (Figure 7B, lanes 8–10). We have also used the
G-quadruplex forming region from the HIF1� promoter
as a positive control for the polymerase stop assay
(Figure 7B, lanes 11–14) (23). In order to further
confirm whether the observed polymerase stop was
indeed due to formation of a G-quadruplex at the BCL2
MBR, the assay was also performed in the presence of
increasing concentrations of KCl and LiCl. The results
showed a concentration dependent increase in the inten-
sity of the pause site in the presence of K+ions (Figure 7C,
lanes 2–5). Interestingly, when increasing concentrations
of LiCl were used instead of KCl, the pause sites were
absent (Figure 7C, lanes 6–9), suggesting that these were
due to the formation of the G-quadruplex.

Furthermore, G-quadruplex formation on a double-
stranded plasmid DNA was studied using two plasmids,
pXW5 and pSCR41, in which wild-type and mutant (3-nt
mutation of one of the four tracts of three guanines) BCL2
MBR fragment were cloned, respectively. Results showed
the presence of distinct polymerase pause sites in
the presence of K+ ions for the wild-type DNA, whereas
it was weaker by 6-fold when mutant plasmid DNA was
used (Figure 7D, compare lanes 3, 4 and 10, 11).
Although, bands were visible at the G-quadruplex
forming region in the absence of K+ ions, the intensity
was weaker (Figure 7D, lanes 1, 2), which could also be
due to the K+ ions present in the Taq polymerase storage
buffer. As observed above, in presence of Li+ ions, the
pause sites were reduced by �11-fold, compared to
buffer containing K+ ions (Figure 7D, lanes 5, 6). Thus
the polymerase stop assay shows that the G-quadruplex
formed at the template strand of the BCL2 MBR can act
as a DNA polymerization block.
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In order to further confirm the formation of the
G-quadruplex at the region upstream of peak I, in
the context of the whole MBR, we performed a DMS
protection assay on a 300-bp MBR fragment derived
from a plasmid, pXW5. Results showed a complete
protection of the guanines when the DNA was incubated
in the presence of 100mM KCl as compared to buffer
without KCl (Figure 7E, lanes 3 and 4). All of the
other guanines both upstream and downstream of the
MBR were not affected by the DMS modification
followed by piperidine cleavage. Overall, the above
studies suggest the formation of a G-quadruplex at
the region upstream of peak I in the context of the
entire BCL2 MBR.

Furthermore, we also tested whether RAGs could
cleave the G-quadruplex forming region at peak I of the
BCL2 MBR. Upon RAG cleavage on the wild-type
plasmid (pXW5), we observed the presence of distinct

bands at 40–50 nt, which is upstream of peak I corres-
ponding to the G-quadruplex forming region on the
template strand (Supplementary Figure S4A, lanes 1, 2).
RAG cleavage was also observed in the MBR at peak II
and peak III regions of the template strand, consistent
with previous observations (13). Interestingly, the RAG
induced cleavage at the G-quadruplex forming region
produced multiple bands as opposed to single bands for
peak II and peak III. This could be attributed to RAG
nicking at the multiple single/double-stranded DNA tran-
sitions of possible additional non-B DNA structures at
those locations. RAG nicking at a broad range of
single-/double-strand transitions has been previously
demonstrated (14,44). However, RAG cleavage was
much weaker (�1.5-fold) at the 3-nt mutant of peak I
(GGG!CCC) (Supplementary Figure S4A, lanes 1–4
and S4B). We also tested for cleavage on the non-template
strand for both the wild-type and the mutant plasmids.

Figure 6. Proposed 3D model of a representative G-quadruplex structure adopted by the BCL2 MBR G-rich template strand. Stereo view of the
proposed intramolecular G-quadruplex for wild-type (A) with 1-nt loop and mutant (B) with 2-nt loop. G-tetrad core is colored blue. Loops
comprising 5, 4, and 1 or 2 nt are colored, pink, orange and green, respectively. Bases involved in WC paring are colored yellow (carbon atoms).
The model was built using Insight II software package on an O2 SGI workstation (21). The model was energy-minimized using Sander module of
Amber 6.0 (22).
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However, we could not find any detectable cleavage
(Supplementary Figure S4C and D), which was consist-
ent with our previous results (13). We also tested the
RAG induced DSB formation in both wild-type and
mutant plasmids on a native gel. However, consistent
with the primer extension data on the non-template
strand, no bands corresponding to DSB formation were
observed (Supplementary Figure S4E). Hence, RAG
cleavage on the bottom strand could be a secondary
event independent of structure formation and RAGs.
Replication/transcription across RAG induced nick or
involvement of other enzymes like AID could result in a
nick on the opposite strand within the cells to induce a
DSB. However, this needs to be studied further.

The BCL2 MBR sequence affects transcription in vivo
when located upstream of a coding sequence

We examined the potential of the BCL2 MBR to fold into
a non-B DNA conformation within mammalian cells by
analyzing expression of a reporter gene, GFP. We cloned
the wild-type and mutant (3-nt mutation of one of the four
stretches of guanines) MBR containing genomic frag-
ments upstream of the EGFP gene in the episome,
pIRES2-EGFP, and used for transfecting of 293T epithe-
lial cells (Figure 8A). pCMV-b gal was also cotransfected
with the MBR constructs to determine the transfection
efficiency. Upon flow cytometric analysis, we observed a
significant decrease in the GFP expression in the wild-type
construct compared to the mutant (Figure 8B). X-gal
staining of the cells showed that there was no major
difference in transfection efficiency between wild-type
and mutant BCL2 MBR constructs. After normalization,
the reduction in the GFP expression due to the wild-type
MBR was determined to be �5-fold (Figure 8B). Though,
this is not direct evidence for the G-quadruplex formation
at the BCL2 MBR within the genome, this reporter assay
implicates some forms of non-B DNA structure including
a G-quadruplex at the BCL2 MBR as one plausible
explanation.

DISCUSSION

The G-quadruplex structure at BCL2 MBR

In the present study, we find that the template strand of
the region upstream of peak I of BCL2 MBR adopts a
parallel, intramolecular G-quadruplex structure. The
structure formation was dependent on potassium, dis-
favored by lithium and could be destroyed and recreated.
One of the most interesting features of the G-quadruplex
at the MBR was the presence of a single nucleotide loop.
Our results showed that one nucleotide loop did not de-
stabilize the quadruplex. Previously such G-quadruplex
structures containing 1-nt loops have been described
(45–50). Mutations in the guanine nucleotides adjacent
to the loop completely abolished the structure, suggesting
that the quadruplex formation at MBR requires the
presence of at least three guanine tetrads.
Even though the gel shift assays showed the presence

of a major, faster migrating species of intramolecular
G-quadruplex, 1H NMR spectrum revealed that the

template strand of the BCL2 MBR may adopt multiple
conformations. This heterogeneity may arise due to the
flexibility in the three different loops. In fact, a mutant
with an extra nucleotide in the single nucleotide loop
dramatically improved the resolution of the imino peaks
in the 1D NMR spectra indicating that perhaps such a
change favors one particular conformation. This further
raises another interesting question, whether a subset of FL
patients possess any mutation at the MBR. Based on our
results it appears that such mutations, if present, may
stabilize G-quadruplex structure formation which could
make this region more susceptible to breaks induced by
nucleases like the RAG complex.

One may wonder how often the BCL2 MBR could melt
into a single-stranded region. Earlier studies suggested
that the BCL2 MBR has a non-B DNA conformation,
although the basis was not clear (13). One possible mech-
anism could be the random breathing of DNA, especially
at G-tract rich sequences or on supercoiled DNA (51).
However, it is important to point out that the conditions
used in this study may not reflect an in vivo environment
for DNA. During replication and transcription, DNA
undergoes unwinding and thus it is possible that before
reannealing some of the molecules could fold into a non-B
DNA structure like a G-quadruplex. Our studies also
show the ability of the BCL2 MBR to block replication
in vitro as seen by the Taq polymerase stop assay. We
observed that this structure can be formed within cells
and can reduce the expression of a reporter gene
implying that formation of a quadruplex structure can
prevent the progression of RNA polymerase II and
thereby lower the expression of a gene. This assay has
been frequently used for demonstrating the biological rele-
vance of such a structure formation within cells and has
mostly been assessed for G-quadruplex forming sequences
in the promoter regions of several genes (23,26,34,52). In
our study, we have used this assay for testing the ability of
the BCL2 MBR to fold into a G-quadruplex within cells.
However, more detailed studies are required at the
genomic level to further prove this.

Our earlier studies have also suggested formation of a
triplex conformation at BCL2 MBR at peak I and its
upstream sequences (17). The sequence at this region
does not contain a perfect poly-purine.pyrimidine tract
with mirror repeat symmetry, a feature typical of triplex
formation. Because the proposed triplex was on a
quasimirror repeat sequence, efforts to characterize it at
the NMR level were unsuccessful. Both triplexes and
G-quadruplexes share common features such as
Hoogsteen hydrogen bonding and GC richness. Thus, it
is possible that the BCL2 MBR may form multiple types
of non-B DNA conformations.

How often are G-quadruplexes formed in the genome?

The whole genome is interspersed with sequences that
have the potential to form various non-B DNA structures.
Among such altered DNA structures, the estimated
average incidence of quadruplex forming sequences is
one per 10 000 bases (53,54). However, there is limited
evidence to show that such structures exist in vivo.
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Figure 7. G-quadruplex formation at the BCL2 MBR. (A) Oligomeric DNA containing the BCL2 MBR G-quadruplex forming sequence, MBR
mutant G-strand sequence, random sequence with identical GC content and positive control sequence from HIF1� promoter region. The quadruplex
forming sequence is marked in bold and the primer sequence is italicized. (B) Taq DNA polymerase stop assay on the single-stranded DNA shown in
(A) in the absence of K+ ions (lanes 2, 5, 8, 12) and presence of 50mM KCl (lanes 3, 6, 9, 13) and 100mM KCl (lanes 4, 7, 10, 14). (C) Polymerase
stop assay on the MBR wild-type G-strand in presence of increasing concentrations of KCl (lanes 2–5) and LiCl (lanes 6–9), as indicated on top of
the lanes. (D) Taq DNA polymerase stop assay on plasmids containing wild-type (pXW5) and a 3-nt mutant (pSCR41) BCL2 MBR G-quadruplex
forming sequence (underlined). The GGG!CCC mutation is boxed. The plasmids were heat-denatured and slowly reannealed without any salt
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Telomeres are the only regions to be shown to have
G-quadruplex structures in vivo. Both inter- and intramo-
lecular structures were reported in these cases, which were
shown by probing with fluorescent compounds or specific
antibodies (55,56). The role of quadruplexes within the
cells in regions other than telomeres is largely unclear.
Recent studies have revealed that promoters of genes
like BCL2, MYC, KRAS, VEGF, KIT and HIF-� may
possess sequences having a potential to fold into
quadruplexes. It is possible that such structures may
play roles in modulating the expression of these onco-
genes, both by enhancing transcription as in the case of
insulin, or by repressing the expression, as for c-MYC
(26,57). G-rich sequences are also present in the immuno-
globulin heavy chain switch regions and ribosomal DNA
(53,54,58). Many proteins have been shown to interact
directly with G-quadruplexes and stabilize it, which
further support the hypothesis that such structures may
be formed under normal physiological conditions (59).
Although the quadruplex structure observed at the MBR
may require a physiological process such as replication or
transcription for initial unwinding of the DNA strands in
the context of genome, it is not clear whether other
proteins help in stabilizing the observed structure.
Further studies are required to examine this.
The roles of G-quadruplex structures in other human

diseases, besides that observed in the present study, are

also being investigated by various groups. CGG repeats
in FMR-1 gene associated with the human neurodegener-
ative disease, fragile X syndrome, are shown to form a
G-quadruplex structure, resulting in the expansion and
silencing of the FMR-1 gene (43,60).

Connection between BCL2 MBR G-quadruplex and FL

Previously we have shown that the non-B DNA at the
BCL2 MBR can be recognized by the RAG complex
and result in the formation of breaks, which is a
pre-requisite for the t(14;18) translocation (13,14). In the
present study, we demonstrate that the template strand of
this region could adopt an intramolecular G-quadruplex
structure, which could be stabilized by the high concen-
tration of K+ ions present within cells. One may wonder
how often such structures are formed inside cells and
whether every cell will have such structures at this
location. Previously, we found that �25% of the human
chromosomal alleles have sensitivity to bisulfite at the
BCL2 MBR in B cells (14). This bisulfite sensitivity
appears to reflect non-B DNA, which may be B/A inter-
mediate DNA, transient single-strandedness or a more
stable slipped DNA structure (15). G-quadraplex forma-
tion on one strand may contribute to the stability of such a
slipped structure. AID action at methyl CpG sites within
regions of single-stranded character may then result in
T:G mismatches that are cut by the RAG complex (16).

Figure 7. Continued
(lanes 1, 2, 8, 9), in 50mM KCl (lanes 3,4, 10, 11) and in 50mM LiCl (lanes 5, 6, 12, 13). Lane 7 is the primer alone. The pause sites at the region
upstream of the peak I corresponding to the G-quadruplex forming region is boxed and indicated by an arrow. Quantification of the pause sites due
to the polymerase halt is shown as a bar diagram. Quantitation was done using Multi Gauge V3.0 software and the intensity is represented in PSL
units. (E) A DMS protection assay on the 300-bp BCL2 MBR containing fragment. The DNA was heat denatured and reannealed in the absence
(lane 3) and presence (lane 4) of 100mM KCl and treated with DMS followed by piperidine cleavage. Lanes 1 and 2 indicate primer alone and DNA
without DMS treatment, respectively. In all panels, ‘M’ is a radiolabeled 50 nt molecular weight ladder and the molecular sizes are marked.
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Figure 8. Non-B structure formation at the BCL2 MBR sequence within cells. (A) Plasmid constructs, pMN11 and pMN12, were prepared as
described in ‘Materials and Methods’ section. The wild-type or mutant (GGG!CCC mutation in one of the G tracts, indicated in a small box)
300-bp fragments containing the MBR were placed between the EGFP gene and its promoter. If the altered structure is formed, it may interfere with
transcription through the EGFP gene and thereby result in a reduced expression of the same. (B) 293T cells were cotransfected with pMN11 or
pMN12 and pCMV-b gal. The percentage of GFP expressing cells was analyzed by flow cytometry and the transfection efficiency was determined by
X-gal staining for the b gal expressing cells. The percentage GFP expression was normalized with the respective percentage of transfection efficiency
and plotted as a bar diagram with error bars. The experiment was repeated three independent times, each containing five replicates.
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But, what makes this region so specific a target for t(14;18)
translocation is still not entirely clear.

Even though the G-quadruplex formed at the template
strand of BCL2 locus can be cleaved by RAGs, it may not
always result in a translocation. This is because the avail-
ability of the partner chromosome could also play a role
and therefore, the positioning of the chromosomes within
the nucleus may be important (61).

SUPPLEMENTARY DATA
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