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Abstract

Accumulating evidence suggests that human genome can fold into non-B DNA structures, when

appropriate sequence and favourable conditions are present. Among these, G-quadruplexes

(G4-DNA) are associated with gene regulation, chromosome fragility and telomere maintenance.

Although several techniques are used in detecting such structures in vitro, understanding their

intracellular existence has been challenging. Recently, an antibody, BG4, was described to study

G4 structures within cells. Here, we characterize BG4 for its affinity towards G4-DNA, using

several biochemical and biophysical tools. BG4 bound to G-rich DNA derived from multiple

genes that form G-quadruplexes, unlike complementary C-rich or random sequences. BLI studies

revealed robust binding affinity (Kd ¼ 17.4 nM). Gel shift assays show BG4 binds to inter- and

intramolecular G4-DNA, when it is in parallel orientation. Mere presence of G4-motif in duplex

DNA is insufficient for antibody recognition. Importantly, BG4 can bind to G4-DNA within

telomere sequence in a supercoiled plasmid. Finally, we show that BG4 binds to form efficient

foci in four cell lines, irrespective of their lineage, demonstrating presence of G4-DNA in

genome. Importantly, number of BG4 foci within the cells can be modulated, upon knockdown

of G4-resolvase, WRN. Thus, we establish specificity of BG4 towards G4-DNA and discuss its

potential applications.
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1. Introduction

Since its discovery, deoxyribo nucleic acid (DNA) was popularly
thought to be in canonical B-form within cells and has been attrib-
uted to influence majority of functions of DNA such as replication,
transcription and repair.1 In silico analyses of eukaryotic genome
have revealed the existence of non-B DNA motifs including
cruciform, triplexes and G-quadruplexes.2,3Genome-wide studies
revealed that G-quadruplex motifs are conserved across different
eukaryotic organisms and are enriched in promoters of genes.4–6

Telomeric DNA repeats were also shown to adopt triplex and

G-quadruplex structures.7–9 Z-DNA motifs have been abundantly
observed in 50 ends of human genes.10 Some eukaryotic intergenic
regions and 30 regions of genes have been reported to harbour
cruciform-forming sequences.11 Such non-B DNA structures have
been suggested to impart chromosomal fragility, leading to translo-
cations amongst other outcomes, and eventually predisposing a cell
to an oncogenic state.12–20

G-quadruplexes (G4) are helical structures of stacked G-quartets,
resulting in four stranded DNA structures. Guanines in the G-quar-
tets are connected through Hoogsteen hydrogen bonding in a square
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planar arrangement, with extruded loops of 1–7 nucleotides.21

These loops in turn determine the parallel, antiparallel or mixed ori-
entation. Various cations, particularly Kþ, influence the topology
and stability of G-quadruplexes.22 Quadruplexes can be formed by
one (intramolecular G4), two or four separate strands (bi-/tri-/tetra-
molecular G4) of DNA (or RNA).21–23. Most G-quadruplexes follow
an empirical formula G�3X G�3X G�3X G�3, where X is loop
length, ranging from one to seven.24 Recent studies suggest that even
the interrupted G stretches, and loops longer than seven nucleotides
can be accommodated in G-quadruplex structures, if they fold into
duplex hairpins.25,26 Almost all bimolecular (dimeric) G4 are formed
by association of two identical sequences, whereas tetramolecular
G4 may be formed by four G-rich strands associating together.24

Over 375,000 putative classical G4 motifs have been reported to
exist in human genome through computational analyses.3,27 In geno-
mic context, retention of G4 motifs is observed in several functional
regions and is conserved across species.28 Recent studies have dem-
onstrated many non-conformities in G-quadruplex formation21,29–31

by virtue of GNG motifs within guanine stretches increasing the
number of potential G4 motifs in vivo. G-quadruplex formation
could be promoted by superhelical stress, molecular crowding32 or
by specific G-quadruplex binding proteins.33

Biological relevance of G4 structures is an active area of research.
Maximum number of G4 structures are expected to be at the
telomeric regions, given the presence of 5 to 10,000 bp of tandemly
arranged T2AG3 repeats, wherein G4 structures have been suggested
to play a critical role in telomere stability.34,35 G4 motifs are abun-
dantly present in gene promoters, borders between introns and
exons, and in several human DNA replication origins, indicating
their potential role in gene regulation.36

G-quadruplex DNA structures have been extensively studied
in vitro using various biophysical techniques like nuclear magnetic
resonance (NMR) spectroscopy, circular dichroism (CD) spectros-
copy, X-ray crystallography25,26,37 and small molecule probes.38,39

However, in vivo existence and function of G4 structures have been
controversial. In an important observation, high-affinity single-chain
antibodies, Sty3 (for parallel G4) and Sty49 (for antiparallel and par-
allel G4), were generated by ribosome display, to visualize telomeric
G4 of Stylonychia lemnae macronuclei.40 These were followed up by
identification of several G4 structure-specific antibodies such as HF1,
BG4, hf2, and 1H6 against G4 for imaging in cells and tissues.3,41–43

Among these, BG4, a monoclonal single chain antibody generated by
phage display with high affinity and specificity for G43 is being used
by several groups to investigate presence of G4 structures in the ge-
nome.19,29,44,45 BG4 has been raised for a broader range of G4 struc-
tures with an impressive Kd (�2.0 nM).3 Immunostaining with BG4
in human cells showed the presence of G-quadruplex structures in all
cell cycle phases, with maximum foci in S phase, which corroborates
the replication-dependent formation of G4.3 Treatment of live cells
with G4-intercalator pyridostatin (PDS), before immunostaining,
increased the number of BG4 foci. The same group reported an im-
pressive study where G4 ChIP-seq with BG4 led to detection of over
10,000 G4 in regulatory, nucleosome-depleted regions of human
chromatin.46 Recently, a real-time detection of G4 in live cells using
G4-specific fluorescent probe (SiR-PyPDS) was also shown.47

Collectively, such studies have provided insights into G4 formation
in the nuclear context.

Although ELISA has been used to study BG4 specificity towards
G-quadruplexes previously, several aspects of its specificity are less
understood. In the present study, we establish that BG4 specifically
binds to both inter- and intramolecular G4 DNA, particularly when

it is in parallel orientation. Double-stranded DNA did not show any
BG4 binding despite the presence of G4 motif, confirming structural
specificity. Also consistent with robust binding observed for G4
DNA when present in oligomeric DNA (Kd¼17.4 nM), BG4 exhib-
ited specific binding to G4 structure, when formed in a plasmid or in
genome.

2. Materials and methods

2.1 Enzymes, chemicals and reagents

Chemical reagents were obtained from Sigma Chemical Co. (USA),
Amresco (USA) and SRL (India). DNA modifying enzymes were
from New England Biolabs (USA) and Fermentas (USA).
Radioisotope-labeled nucleotides were from BRIT (India) and
American Radiolabelled Chemicals (ARC) (USA). FBS and PenStrep
were from Gibco BRL (USA).

2.2 Plasmids

Plasmid expressing BG4, pSANG10-3F-BG4 was a gift from
Shankar Balasubramanian (Addgene plasmid # 55756). Plasmids
harbouring the human telomere repeat sequences were from
Addgene. pSXneo 135(T2AG3) (Addgene plasmid # 12402) with a
0.8-kb TTAGGG repeat sequence and pSXneo 270(T2AG3)
(Addgene plasmid # 12403), with a 1.6-kb repeat were gifts from
Titia de Lange (USA).54 To generate mutant plasmid lacking the telo-
mere sequence with same plasmid backbone, pSXneo270 was double
digested using BglII and XbaI and used for cloning a 1.19-kb frag-
ment containing random sequence to generate pSV4. shRNA against
WRN was used in the study and was purchased from shRNA
Resource Center at Division of Biological Science, IISc, Bangalore
(funded by DBT: BT/PR4982/AGR/36/718/2012), Indian Institute of
Science (India).

2.3 Cell culture

HeLa and HEK 293 T (human kidney) cell lines were purchased
from National Centre for Cell Science, Pune, India. Nalm6 and REH
(B-cell leukemia) were from Dr. M.R. Lieber (USA). REH and
Nalm6 were cultured in RPMI1640 (Lonza) containing 10% FBS
(Gibco BRL, USA), 100mg/ml penicillin and 100mg/ml streptomycin
(Sigma-Aldrich, USA). HEK 293 T cells were cultured in DMEM me-
dium (Gibco) with L-glutamine, supplemented, while HeLa in MEM
with 10% FBS and PenStrep. Cells were grown at 37�C in a humidi-
fied atmosphere containing 5% CO2.

2.4 Antibodies

Anti-AID (SC14680), anti-GFP (SC9996), anti-PAX5 (SC55515),
anti-MBP (SC13912), anti-GAPDH (SC137179) and IgG (SC2027)
were used for EMSA studies.

2.5 Preparation of BG4

BG4 was purified as described earlier.29 BL21(DE3) E. coli cells were
transformed with pSANG10-3F-BG4 at 37�C using LB medium
(30 lg/ml kanamycin). BG4 expression was induced at OD600 (0.4)
in presence of IPTG (0.5 mM) and by incubation at 16�C (180 rpm,
overnight). Cells were spun down at 4�C (7000 rpm for 10 min),
resuspended in lysis buffer [20 mM Tris-Cl (pH 8.0), 400 mM NaCl,
5% glycerol, 1 mM PMSF, 2 mM MgCl2 and 1 mM b-mercaptoetha-
nol] and incubated on ice for 10 min. Cells were sonicated, superna-
tant was collected by centrifugation at 4�C (14,000 rpm for 20 min)
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and loaded onto Ni-NTA column (Novagen). Column was washed
in 10 mM imidazole, followed by 20 mM imidazole in phosphate-
buffered saline (PBS) (pH 8.0). Purified BG4 antibody was eluted us-
ing an imidazole gradient (100–1,000 mM imidazole). Fractions of
interest were dialysed against dialysis buffer [25 mM Tris (pH 8.0),
100 mM NaCl, 0.1 mM EDTA, 2 mM DTT, 10% glycerol] after
pooling the pure ones. Aliquots of BG4 were stored at 4�C for imme-
diate use and the stock fractions at �20�C.

2.6 Oligomeric DNA

All oligomers were gel purified as described earlier.66 The oligomers
used in the present study are listed below. RT17, 50-GCGCGG
GGAGGGGAGAGGGGGCGGGAGCGGC-30; MN89, 50-GCCGC
TCCCGCCCCCTCTCCCCTCCCCGCGC-30; BTM6, 50-GAAGGA
CCA-CAGGATATCTCTATATAAATCTGT-30; KD50, 50CTCCGC
CCCGCCGGGACCCCGCCCCCGGCCCG 30; KD49, 50 CGGGC
CGGGGGCGGGGTCCCGGCGGGGCGGAG 30; KD51, 50CGGG
CCGGGGGCGGGGTCCCGGCGTTTCGGAG 30; KD53, 50-GC
TCCGCCCCGCGCCCCCGGAAACCTCC-30; KD52, 50-GGAGG
TTTCCGGGGGCGCGGGGCGGAGC-30; KD16, 50-ACTGGGGC
TGGGGTGGGGGGTAATCCAGAACTGGATCGGGGT-30; KD17,
50-ACCCCG-ATCCAGTTCTGGATTACCCCCCACCCCAGCCCC
AGT-30; KD80, 50GCCCCGGCCCCTAGCGCGCGACTCCT 30;
KD81, 50 AGGAGTCGCGCGCTAGGGGCCGGGGC 30; KD83,
50AGGCCGGAGGGTGGGCGGCGCGCGG 30; KD85, 50 CG
GGGCGGGGCTGCGGTTGCGGT 30; SMJ36, 50-GTCCCAATTC-
CCATATTGAAATCCCCAATCCCAA-30; SMJ37, 50-CAGGGTTA
AGGGTATAACTTTA-GGGGTTAGGGTT-30; SMJ50, 50TCGGG
TTGCGGGCGCAGGGCACGGGCG 30; SMJ51, 50GTGGGGTT
AGGGGTTAGGGGTTAGGGG 30; SMJ52, 50TTGGGGCCGGGG
CCGGGGCCGGGGTT 30; SMJ53, 50 GTAGGGTTAGGGTTAG
GGTTAGGG 30; SMJ56, 50 TGGGTTTGGGTTTGGGTTTGGGT
30; SMJ58, 50GGGGAGTAAAAGGGAGCGGGGTGCTGGG 30;
SMJ59, 50GGGCCTTGTGGGCCTTGTGGGCCTTGTGGG 30;
SMJ61, 50 GGGGTTTTGGGGTTTTGGGGTTTTGGGG 30; DG1,
50-GATCCCTCTAGACCGGTACTACTCGAGCTTGGTTGCAGA
TTAAGAGAGGCTCCTG-30; SV23, 50 GGGTTAGGGTTAGGG
TTAGGG 30; SV24, 50 CCCTAACCCTAACCCTAACCC 30; SV25,
50 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG 30; SV26,
50 CCCTAACCCTAACCCTAACCCTAACCCTAACCC 30; SV27,
50 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG
GTTAGGG 30; SV28, 50 CCCTAACCCTAACCCTAACCCT
AACCCTAACCCTAACCCTAACCC 30; AKN11, 50 GACCTGA
GGGCGAGCTTTTTTCGAGTAACTTAACAG 30; AKN18, 50

CTGTTAAGTTACTCGAAAAAAGCTCGCCCTCAGGTC 30.

2.7 50 End labelling of oligomers

50 end labelling of oligomeric DNA was done using T4 polynucleo-
tide kinase and [c-32P] ATP as described earlier.67 The labelled sub-
strates were purified using Sephadex G25 (Sigma, USA) columns and
stored at �20�C until further use.

2.8 Preparation of G4 DNA and other DNA substrates

For preparation of single-stranded substrates containing G-quadru-
plex DNA, radiolabelled oligomer (20 nM) was heat denatured in
Tris-EDTA (TE) buffer (pH 8.0) containing 100 mM potassium chlo-
ride (KCl) at 95�C for 10 min and allowed to cool down to room
temperature overnight. In order to prepare double-stranded DNA,
radiolabelled oligomeric DNA (20 nM) was annealed with unlabelled

complementary strand (5-fold excess) in 100 mM NaCl and 1 mM
EDTA in boiling water for 10 min followed by gradual cooling as de-
scribed earlier.68 For preparation of single-stranded substrates con-
taining i-motifs, radiolabelled oligomer (20 nM) was heat denatured
in 100 mM potassium acetate (pH 5.2) at 95�C for 10 min and
allowed to cool down to room temperature for 2 h. These substrates
were then utilized for gel mobility shift assays.

2.9 Gel mobility shift assay

Radiolabelled oligomers (20 nM) forming G-quadruplexes were in-
cubated either in the presence or absence of 100 mM potassium chlo-
ride in Tris–EDTA (TE) buffer (pH 8.0) at 37�C for 1 h. In case of
i-motifs, radiolabelled substrates (20 nM) were annealed either in the
presence or absence of 100 mM potassium acetate (pH 5.2) at 95�C
for 1 h. Reactions were incubated with BG4 or antibodies at 4�C for
1 h and the products were resolved on 6% native polyacrylamide
gels containing 25 mM KCl at 100 V, at 4�C. The gels were dried, ex-
posed to a screen, and the signal was detected using PhosphorImager
Typhoon (GE, USA) as described previously.29,69

For competition assays, radiolabelled oligomers (20 nM) were in-
cubated in presence of 100 mM KCl in Tris–EDTA (TE) buffer (pH
8.0) at 37�C for 1 h, followed by incubation with BG4 (1.28mg) at
4�C for 1 h. Increasing concentrations (0, 05, 10, 20, 40, 80, 100,
150, 200 nM) of unlabelled (cold) oligomeric DNA substrates (RT17
or DG1) were incubated simultaneously at 4�C for 1 h. Reaction
products were resolved on 6% native polyacrylamide gels containing
25 mM KCl (100 V, at 4�C). The gels were dried, exposed to a screen
and the signal was detected using PhosphorImager Typhoon (GE,
USA).

For quantification of BG4-bound complexes on native PAGE,
area corresponding to the band of interest was selected from each
lane. An identical box was selected in an area with no band from re-
spective lane of the gel and was subtracted. Intensity measured in
each lane was indicated as photostimulated luminescence (PSL) units
(PSLU) and plotted using GraphPad Prism (ver 5.01, San Diego, CA,
USA). For statistical analyses, intensities of positive control and com-
petitor oligomer added samples have been compared by unpaired
Student’s t-test. Values were considered statistically significant, if the
P�0.05.

2.10 DMS protection assay

Radiolabelled oligomers (RT17, KD49, KD83) were incubated in TE
in presence of 100 mM KCl (37�C for 1 h), followed by incubation
with BG4 (1.5mg) at 4�C for 1 h. Dimethyl sulphate (DMS) was
added to the reaction (1/200 dilution) and incubated for 15 min at
room temperature as described previously.18 An equal volume of
piperidine (10%) was added to each tube, and the reaction was
incubated at 90�C for 30 min. Reaction was diluted to double the
volume and dried under vacuum. Resultant pellet was washed thrice
with water and dried under vacuum. Reaction products were re-
solved on an 18% denaturing polyacrylamide gel, which was further
dried and the signal was detected using PhosphorImager Typhoon
(GE, USA).

2.11 Bio-layer interferometry (BLI)

ForteBio Octet RED 96 (Forte Bio, USA) and streptavidin-coated
high-precision (SAX) sensors (Forte Bio, USA) were used to study
the interaction between Hif1a G4-DNA and BG4 as described ear-
lier.48–50 PBS (1�) was used as assay buffer for BLI studies and the
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study was conducted at 30�C. SAX sensor tips were hydrated in
buffer for 30 min prior to use. Wells in 96-microwell plates were
filled with 200 ll buffer or sample as the case and agitated at
1000 rpm. Hydrated sensors were immobilized and saturated with
biotinylated DNA. A reference sensor without biotinylated DNA
subjected to the same protocol as the DNA-loaded sensors served as
a background control. Following immobilization with biotinylated
DNA, binding interaction with different concentrations of BG4 was
carried out, which consisted of baseline (60 s), association (150 s),
dissociation (150 s), baseline (60 s). Kd value was calculated using
global curve fit (1:1) model, using Octet data analysis (v 8.0).

2.12 Circular dichroism studies

G4-forming oligomers were annealed in TE in presence or absence of
potassium chloride or lithium chloride (100 mM) in TE at 37�C for
1 h. For double-stranded random sequences, oligomers were
annealed in TE in presence of sodium chloride (100 mM) followed
by gradual cooling at room temperature. Sequences forming i-motif
were annealed in presence or absence of potassium acetate (pH 5.2)
(100 mM) for 10 min at 90�C and then cooled down to room tem-
perature. Plasmids, pSXneo135, pSXneo270 and pSV4 were incu-
bated in presence of potassium chloride (100 mM) in TE at 37�C for
1 h. All CD spectra were recorded at room temperature at wave-
length range of 200–300 nm (10 cycles) for every sample, using a
spectropolarimeter (JASCO J-810) at a scan speed of 50 nm/min.
Separate spectrum was measured for buffer alone (15 cycles) and
was subtracted from all the experimental spectra. Ellipticity was cal-
culated using Spectra Manager and plotted as a function of
wavelength.

2.13 Gel mobility shift assay on plasmids

Plasmids pSXNeo135, pSXNeo270 and pSV4 were incubated in
presence of 100 mM KCl in TE (37�C for 1 h), followed by BG4 (0,
1.5, 2.3, 3mg) at 4�C for 1 h. Products were resolved on 1.2% aga-
rose gels containing 25 mM KCl at 100 V, at room temperature. The
gels were stained with ethidium bromide (0.5mg/ml) and photo-
graphed under transilluminator (UVItec, Cambridge).

2.14 Immunoblotting

For immunoblotting analysis, �30 lg of protein was resolved on 8–
10% SDS-PAGE as described earlier.70 Briefly, following gel electro-
phoresis, proteins were transferred to PVDF membrane (Millipore),
blocked with 5% skimmed milk powder, and probed with appropri-
ate primary antibodies against BG4, WRN and Actin; and secondary
antibodies. The blots were developed using chemiluminescent detec-
tion solution (ImmobilonTM Western, Millipore) and scanned using
a gel documentation system (LAS 3000, Fuji). For quantifying the
bands of interest, the area was selected in each lane, and identical
rectangle was selected in an area with no band from each lane of the
membrane for subtracting the background. Intensity measured in
each lane was indicated as PSLU. Normalization of the protein of in-
terest was done with loading control, b-actin and plotted using
GraphPad Prism (ver 5.01).

2.15 WRN knockdown in human cells

HeLa cells (4�105) were transfected with shRNA cocktail against
WRN using a stable cationic polymer, linear polyethylenimine (PEI)
(10mg/ml). Cells were harvested after 48 h, washed with PBS, resus-
pended in RIPA buffer [25 mM Tris, pH 7.6, 150 mM NaCl, 1%

NP-40 (SRL, India), 1% sodium deoxycholate (Sigma-Aldrich, USA)
and 0.1% SDS] containing protease inhibitors and incubated on ice.
The cell suspension was sonicated and the supernatant containing
proteins were collected by centrifugation. The protein concentration
was determined by Bradford method.71 Efficiency of knockdown
was confirmed using immunoblotting and cells were further proc-
essed for immunofluorescence.

2.16 Immunofluorescence

HeLa cells grown on glass coverslips were fixed in 2% paraformalde-
hyde and permeabilized using 0.1% Triton-X100 in PBS. Blocking
was performed using 0.1% bovine serum albumin and 10% FBS.
Immunofluorescence was performed using standard method with
BG4, anti-FLAG (PRB-132C, Biolegend), anti-RAG1 (SC363) and
anti-rabbit (62111028001 A, Millipore), followed by development
using Streptavidin-FITC.72 Coverslips were mounted with DABCO/
DAPI (40,6-diamidino-2-phenylindole) (Invitrogen). Digital images
were recorded using Zeiss Apotome and analyzed with ImageJ soft-
ware. Data were analyzed and plotted with standard mean of error
using GraphPad Prism (ver 5.01, GraphPad Software, Inc.).

HeLa cells were seeded in presence and absence of 10% fetal bo-
vine serum in culture medium. Cells were harvested after 48 h, proc-
essed for immunofluorescence and BG4 foci were analyzed.

3. Results

3.1 Purified fractions of BG4 antibody show efficient

binding to single-stranded DNA containing G4 motif

BG4 was overexpressed and purified using affinity column chroma-
tography. Imidazole fractions were analyzed on a denaturing PAGE,
all fractions showed enrichment for BG4 (Supplementary Fig. S1A).
Among that, selected fractions (800 mM to 1 M imidazole) were
pooled, dialysed and used for experiments. Identity of the protein
was confirmed by western blotting (Supplementary Fig. S1B). In or-
der to test whether the fractions collected after purification from dif-
ferent batches of proteins were active, purified proteins (�500 ng)
were incubated with single-stranded oligomeric DNA, RT17, derived
from Hif1a gene, possessing G-quadruplex motif (Supplementary
Fig. S1C). Results showed specific binding of BG4 to RT17, when
different batches of proteins were analyzed (Supplementary Fig. S1C,
lanes 5–10 and data not shown). However, binding was absent when
complementary C-rich sequence (MN89) derived from Hif1a was
used (Supplementary Fig. S1C, lanes 1, 2). Thus, our results reveal
that BG4 overexpressed and purified from bacteria was pure and
functional.

3.2 DNA substrate titrations and competition assays

reveal that binding of BG4 to G4 DNA is specific

Titration of BG4 with G4 containing single-stranded oligomeric
DNA derived from Hif1a (RT17) and its complementary C-rich se-
quence (MN89) showed that the antibody binds to the G4-forming
DNA from lowest concentration (150 ng) onwards (Fig. 1A, lanes
10–18). Efficiency of binding improved with increase in BG4 concen-
tration (Fig. 1A and B). Unlike RT17, the complementary C-rich
oligomer, did not show BG4 binding even at the highest concentra-
tion tested (1.3 mg) (Fig. 1A, lanes 1–9). We also observed an increase
in efficiency of BG4 binding, when concentration of RT17 was in-
creased, further confirming the preference of BG4 to G-quadruplex
forming DNA (Supplementary Fig. S2).
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To evaluate the specificity of antibody interaction with the sub-
strate, competition experiments were conducted wherein fixed con-
centration of BG4 antibody (1.3mg) was incubated with
radiolabelled RT17 (20 nM). For competition studies, increasing
concentration (5, 10, 20, 40, 80, 100, 150, 200 nM) of either unla-
belled RT17 or random unlabelled oligomer, DG1 was added and in-
cubated to the mix (Fig. 1C and E). Results showed significant
reduction in BG4 binding when unlabelled RT17 was used for com-
petition studies (Fig. 1C and D). The extent of decrease in bound
complex with increasing concentrations of cold RT17 demonstrated
that antibody binding is indeed specific towards G4-forming se-
quence (Fig. 1D). However, upon addition of random unlabelled

sequence, the band formed due to RT17-BG4 bound complexes
stayed unchanged (Fig. 1E and F), reiterating the fact that BG4 rec-
ognizes G4-forming motif in a highly specific manner. To further test
the specificity of BG4 to G4 DNA, we incubated RT17 with various
antibodies against AID, GFP, PAX5, MBP, GAPDH, and IgG
(Fig. 1G and H). It was observed that none of the antibodies tested
could bind to RT17, thus underlining the specificity of BG4 towards
G4 motif (Fig. 1G, lanes 4–10; Fig. 1H, lanes 3–5).

To quantitate BG4-binding specificity with G4 DNA, BLI experi-
ments were performed.48–50 50-biotinylated oligomeric DNA derived
from Hif1a DNA was synthesized, immobilized to high precision
streptavidin sensor surface, and allowed to interact with different

Figure 1. Evaluation of specificity of BG4 antibody towards G-quadruplex DNA. (A) Gel image showing BG4 binding to G4 DNA. Radiolabelled Hif1a oligomeric

substrate, RT17* (lanes 10–18), was incubated in KCl at 37�C, followed by incubation with no or increasing concentrations of BG4 (0.15, 0.3, 0.5, 0.6, 0.7, 0.9, 1.0

and 1.3 mg). Bound DNA was then electrophoresed on a 6% native PAGE and indicated using an arrow. Complementary C-rich sequence, MN89*, fails to show

any binding (lanes 1–9). Asterisk represents radiolabelled substrate. (B) Bar diagram showing increase in formation of bound complex for RT17 with an increase

in BG4 concentration (P< 0.05). (C) Competition assay using radiolabelled RT17, in presence of increasing concentration of unlabelled (cold) RT17, as the specific

competitor. Briefly, radiolabelled RT17* was allowed to form G4 structure at 37�C, followed by incubation with BG4. Simultaneously, unlabelled RT17 (0, 05, 10,

20, 40, 80, 100, 150, 200 nM) was added to the reaction mixture, incubated and the products were resolved on a 6% native PAGE. Bound complex is indicated by

an arrow. (D) Bar diagram showing reduction in bound complex when incubated with increasing concentration of unlabelled oligomer RT17 (P<0.05), indicating

specificity of antibody towards G4 DNA. (E) Competition assay to evaluate BG4 binding to radiolabelled RT17* in presence of cold random oligomeric DNA, DG1.

Radiolabelled RT17* was allowed to form G4 at 37�C, followed by BG4 incubation. Unlabelled DG1 (0, 05, 10, 20, 40, 80, 100, 150, 200 nM) was added to reactions,

and the products were resolved on a 6% native PAGE. (F) Bar diagram showing BG4 bound complex (P<0.05), when cold random DNA substrate was added to

the mixture confirming the specificity of antibody towards G4 DNA. (G, H) Gel images showing specificity of BG4. Various antibodies (200 ng) were incubated

with RT17 in the same conditions as that of BG4, and the products were resolved on 6% native PAGE. Bound complex and substrate have been indicated in the

gel images.
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concentrations (50, 80, 160, 320 nM) of BG4. Upon binding of anti-
body to sensors, the thickness of the sensor tip layer increases, and
this difference was measured by the BLI machine as interference in
wavelength shift. Sensors immobilized with 50 biotinylated DNA
were transferred to wells containing assay buffer and then to the
wells with both buffer and BG4 to measure interaction. Reference
probe with no antibody served as background signal. Results showed
a significant shift in association curve upon BG4 binding in a
concentration-dependent manner (Supplementary Fig. S1D) and con-
firm the ability of BG4 to interact with G4 DNA. Binding curves
were fit globally to a 1:1 binding model, and equilibrium dissociation
constant (Kd) was calculated. Importantly, robust binding of BG4 to
G4 DNA was observed with a Kd value of 17.4 6 0.588 nM
(mean 6 SD), further demonstrating the BG4-binding specificity to
G4 structures.

3.3 BG4 binds to both inter- and intramolecular G4

We have compared binding efficiency of BG4 towards different DNA
substrates (Fig. 2A). Previous studies have reported that G-quadru-
plex structures can be either inter- or intramolecular in nature.28 We
observed that oligomeric DNA derived from Hif1a (RT17) can fold
into both inter- and intramolecular G-quadruplexes (Fig. 2B, lane
1).15,18,29 Incubation with increasing concentrations of BG4 revealed
a concentration-dependent binding of BG4 to inter- and intramolecu-
lar G-quadruplexes (Fig. 2B, lanes 2–4) suggesting that BG4 can
bind to G4 DNA when formed within a strand of DNA molecule or
between different strands of DNA (Supplementary Fig. S3).
However, complementary C-rich strand (MN89) of RT17, or a ran-
dom sequence of comparable length, but devoid of any non-B DNA
motifs (BTM6) did not show any BG4 binding (Fig. 2B, lanes 5–12).
Importantly, incubation of increasing concentration of heat dena-
tured BG4 with RT17 or of BG4 with MN89, did not show any
binding (Fig. 2C, lanes 5–12).

3.4 Mere presence of G4 motif in double-stranded DNA

is not sufficient for BG4 binding

Further, BG4 binding to oligomeric DNA containing G-quadruplex
motifs was compared with that of corresponding double-stranded
DNA (Fig. 3A). For this, CD studies were performed using single-
stranded DNA containing G4 motif (RT17, KD16 and KD52) to en-
sure G4 structure formation in the DNA sequence (Fig. 3B). In con-
trast, an oligomeric DNA containing random sequence (AKN11/
AKN18) resulted in a spectra characteristic of B-DNA (Fig. 3B). To
compare BG4 binding to G4 DNA and corresponding sequence
when present as double-stranded B-DNA, G4 motifs containing
oligomers were annealed with their C-rich complementary sequences
and used for BG4 binding assay. Results showed that unlike single-
stranded DNA derived from Hif1a, c-MYC and SHOX containing
G4 structures, double-stranded DNA from corresponding sequences
did not show any binding to BG4 (Fig. 3C and D). These results sug-
gest that mere presence of G-quadruplex motif on double-stranded
DNA is not sufficient for BG4 binding, in all the three regions tested;
rather, it requires formation of G4 structures. A random single-
stranded DNA (AKN11) and duplex B-DNA (AKN11/18) were also
analyzed for BG4 binding (Fig. 3C, lanes 13–16, 3 D). BG4 showed
no binding to either random single-stranded DNA or B-DNA duplex,
further underscoring its specificity towards G4 motifs.

3.5 BG4 binds to parallel G4 structures

Previous studies have shown that based on orientation of the DNA
strand involved, G-quadruplexes can be either parallel or antiparallel
in nature.24 To test the BG4 binding preference with respect to orien-
tation of G4 DNA, oligomeric DNA were designed from different
regions of human genome that is known to form G-quadruplex

Figure 2. Assessment of BG4 binding to different single-stranded oligomeric

DNA containing G-quadruplex motifs, random sequences. (A) Sequences of

DNA substrates used for binding studies to test specificity of BG4. (B)

Comparison of BG4 binding to oligomer containing G4 motif (RT17; lanes

1–4), its complementary sequence (MN89; lanes 5–8), and a random se-

quence (BTM6; lanes 9–12). Three different antibody concentrations (0.4, 0.6,

0.8 mg) were used in each case. (C) Evaluation of binding efficiency of active

BG4 and heat-inactivated (95�C) BG4 to RT17 (lanes 1–4, 9–12) and MN89

(lanes 5–8). In all panels, oligomeric DNA was incubated at 37�C with BG4 or

heat-inactivated BG4 and products were then electrophoresed on a 6% native

PAGE. Bound complex is indicated in the images.
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Figure 3. Assessment of BG4 binding to different single-stranded and double-stranded DNA. (A) Sequences of DNA substrates (single-stranded, double-stranded)

used for binding studies. (B) CD spectra were recorded for G4-forming sequences in presence of 100 mM KCl, and for B-DNA duplex, at room temperature, within

wavelength range of 220–300 nm (10 cycles), using a spectropolarimeter (JASCO J-810) at scan speed of 50 nm/min. Absorption spectrum measured for buffer

alone (15 cycles) was subtracted from each sample and resulting spectra were plotted. KD16 (c-MYC), KD53 (SHOX) and RT17 (HIF1a) showed a parallel orienta-

tion with a negative dip at 240 nm and a positive peak at �270 nm. In all cases ‘X’-axis denotes wavelength (nm) and ‘Y’-axis denotes molar ellipticity (mdeg). (C)

Comparison of BG4-binding efficiency between single-stranded DNA containing G4 structures, RT17 (Hif1a; lanes 1, 2), KD16 (c-MYC; lanes 5, 6), KD52 (SHOX;

lanes 9, 10), random DNA (AKN11) and double-stranded DNA containing G4 motifs, RT17/MN89 (Hif1a; lanes 3, 4), KD16/KD17 (c-MYC; lanes 7, 8), KD52/53

(SHOX; lanes 11, 12) and B-DNA duplex (AKN11/18). In all cases, BG4 (1.3mg) was incubated with ssDNA or dsDNA and bound complexes were resolved on a 6%

native PAGE. (D). Bar diagram showing BG4 binding across single-stranded and double-stranded DNA substrates derived from Hif1a, c-MYC and SHOX. Y-axis

denotes radioactivity intensity depicting the BG4-bound complexes.
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DNA structures (Figs 3A and 4A). CD studies confirmed formation
of parallel G4 DNA in case of oligomers derived from SHOX gene
(KD52), C-MYC (KD16) and Hif1a (RT17). In contrast, oligomers
derived from UpsB-Q-151 (SMJ37), SMJ50 (HRAS-1), SV23
(TELO), SV25 (TELO), and SV27 (TELO) showed G4 formation

in antiparallel orientation (Fig. 4B). Oligomers SMJ51 (X region 1/
T7 promoter), SMJ52 (C9ORF72), SMJ53 (X region 2/T7 pro-
moter), SMJ56 (BU-1), SMJ58 (B-GLOBIN), SMJ59 (ndhA) and
SMJ61 (OXY) showed G4 DNA in hybrid orientations, with promi-
nent antiparallel peak (Fig. 4B).

Figure 4. Evaluation of BG4 binding to different orientations of G-quadruplex DNA structures. (A) Sequences of oligomeric DNA substrates used for the study. (B)

CD spectra showing G4 formation in parallel, antiparallel and hybrid orientation. DNA sequences used for studying G4 in parallel orientation were, SMJ50

(HRAS-1), KD49 (VEGF), KD51 (VEGF), KD81 (C9ORF72) and KD83 (C9ORF72). G4 structures studied in antiparallel orientation (in presence of 100 mM NaCl) were,

oligomeric DNA-containing telomeric sequences SV23, SV25 and SV27. Oligomers SMJ37 (UpsB-Q-1), SMJ51 (X Reg1/T7 promoter), SMJ52 (C9ORF72), SMJ53

(X Reg2/T7 promoter), SMJ56 (BU-1), SMJ58 (B-GLOBIN), SMJ59 (ndhA), SMJ61 (OXY) showed more of hybrid G4 structures with dominant antiparallel orienta-

tion (in presence of 100 mM NaCl). For other details, refer Fig. 3B. (C) CD spectra showing i-motif formation in presence of 100 mM potassium acetate (pH 5.2),

Tris buffer (pH 6.8) and Tris buffer (pH 8.8), at room temperature. Reading was taken from wavelength range of 220–320 nm (10 cycles), using a spectropolarime-

ter (JASCO J-810) at scan speed of 50 nm/min. Absorption spectrum measured for buffer alone (15 cycles) was subtracted from each sample and resulting spec-

tra were plotted. In case of all the sequences (KD80, KD50, SV24, KD53, MN89), acidic pH of 5.2 promoted i-motif formation, as seen from positive peak at

�285 nm and dip at �255 nm. (D) Comparison of BG4-binding efficiency between oligomeric DNA that can form parallel and antiparallel G-quadruplexes. Parallel

G-quadruplex forming oligomers RT17 (Hif1a; lanes 8-10), KD52 (SHOX; lanes 3-5) and antiparallel G-quadruplex-forming oligomers SMJ37 (UpsB-Q-1; lanes

13-15) were incubated with increasing concentrations of BG4 (0.0, 0.4, 0.8 mg) and resolved on PAGE. In every case complementary DNA (KD53, lanes 1, 2; MN89,

lanes 6, 7; SMJ36, lanes 11, 12) was used as control for BG4 binding. (E) Comparison of BG4-binding efficiency between oligomeric DNA that can form antiparal-

lel G-quadruplexes. Antiparallel G-quadruplex forming oligomers SMJ50 (HRAS-1; lanes 1–2), SMJ51 (X Reg1/T7 promoter, lanes 3–4), SMJ52 (C9ORF72, lanes

5–6), SMJ53 (X Reg2/T7 promoter, lanes 7–8), SMJ56 (BU-1, lanes 11–12), SMJ58 (B-GLOBIN, lanes 13–14), SMJ59 (ndhA, lanes 15–16), SMJ61 (OXY, lanes

17–18) were incubated with BG4 (1.0 mg) and resolved on 6% native PAGE. (F) Assessment of BG4 binding to oligomers containing antiparallel G4 structures

(SV23, lanes 3–4; SV25, lanes 7–8; SV27, lanes 9–10) and their complementary sequences (SV24, lanes 1–2; SV26, lanes 5–6; SV28, lanes 11–12). Substrates were

incubated at 37�C in presence of 100 mM sodium chloride, followed by incubation with 1.5 mg of BG4 at 4�C, and the resulting complexes were resolved on a 6%

native PAGE containing 100 mM NaCl. (G) Evaluation of binding efficiency of G4 DNA derived from VEGF and C9ORF72 regions, containing GNG motifs.

Oligomers were incubated at 37�C in presence of 100 mM KCl, followed by incubation with 1.0 mg of BG4 at 4�C, and products were resolved on a 6% native

PAGE. (H) Comparison of BG4-binding efficiency between DNA substrates containing G4 structure, RT17 (HIF1A; lanes 1-3) and DNA containing i-motifs, MN89

(HIF1a; lanes 4–6), KD80 (C9ORF72; lanes 7–9), KD52 (SHOX; lanes 10-12), KD50 (VEGF; lanes 13–15) and SV24 (telomeric region; lanes 16–18). RT17 was incu-

bated at 37�C, in presence of 100 mM KCl, whereas i-motif substrates were incubated with 100 mM potassium acetate (pH 5.2) at 95�C for 2 h and cooled to room

temperature.
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Incubation of increasing concentrations of BG4 with single-
stranded substrates, KD52, RT17, SMJ37, and their respective com-
plementary single-stranded C-rich oligomers revealed a
concentration-dependent binding of BG4 to KD52 and RT17 unlike
SMJ37. These results suggest that while BG4 efficiently binds to par-
allel G-quadruplexes but failed to do so with antiparallel structures
(Fig. 4D, lanes 3–5, 8–10, 13–15). Consistent with above observa-
tions, BG4 failed to bind complementary C-rich sequences KD53,
MN89, and SMJ36 (Fig. 4D, lanes 1–2, 6–7, 11–12). Further BG4
binding was also tested on oligomeric DNA that contain G4 motifs
with GNG sequences KD49, KD81, KD83 and KD85 (Fig. 4A). CD
studies confirmed formation of parallel G4 DNA confirmation on
these oligomers (Fig. 4B). EMSA studies using BG4 antibody on
these oligomers revealed that all G4 structures exhibited detectable
binding to these oligomeric DNA except KD85 (Fig. 4G).
Surprisingly, oligomers assuming hybrid and antiparallel orienta-
tions (SMJ50-61; Fig. 4A and B) consistently did not show any BG4
binding (Fig. 4A, B and E). Antiparallel G4 structures derived from
the human telomeric regions (SV23, SV25, SV27) also did not show
BG4 binding (Fig. 4A, B and F) Thus, it appears that BG4 recognizes
primarily parallel G-quadruplexes and the collective observations
suggest a possible preference of the antibody for parallel over anti-
parallel conformations.

3.6 BG4 does not bind to i-motifs

Since i-motif is a multi-stranded DNA structure formed by cytosines at
acidic pH (intercalated motifs),52,53 we tested whether BG4 can bind to
these DNA structures. We examined propensity of multiple telomeric
and non-telomeric C-rich sequences to form intercalated motifs at acidic
pH of 5.2 and compared these with structures assumed at pH 6.8 and
8.8 (Fig. 4A). CD analyses of these DNA revealed robust i-motif forma-
tion across all the sequences tested, at acidic pH (Fig. 4C). BG4-binding
assays revealed no significant binding when DNA substrates containing
i-motif structures were tested except in the case of C-strand derived
from Hif1a (Fig. 4H). BG4 binding to G4 structure present in RT17
served as positive control (Fig. 4H, lanes 1–3).

3.7 DMS protection assay reveal formation of G4

structures on oligomeric DNA and interference on DMS

reactivity due to BG4 binding

DMS probing is generally used to determine formation of Hoogsteen
hydrogen bonding within G-quadruplex structures as they cannot
get methylated by DMS and hence are resistant to piperidine cleav-
age.18 First, formation of G4 structure was confirmed using DMS
probing on an oligomeric DNA that was derived from Hif1a contain-
ing the G4 motif (RT17) by incubating in presence of KCl (Fig. 5A).

Figure 5. DMS probing of BG4-bound G-quadruplex DNA substrates. (A) DMS protection assay of RT17 (HIF1a) in presence or absence of KCl and BG4 antibody.

Since G-quadruplex structure does not form in the absence of KCl on RT17, all guanines react to DMS resulting in specific bands (lane 1, guanine residues marked

in grey). Addition of potassium stabilizes the G-quadruplex DNA, and those G residues are protected and indicated in brown (lane 2). BG4 binding shields the se-

quence from DMS leading to additional protection and footprint (lane 3, protected guanine residues are indicated in blue). RT17 was incubated at 37�C in pres-

ence of KCl, and then incubated with BG4. DMS probing was performed at 37�C on both samples, followed by piperidine cleavage and purification. The reaction

products were resolved on 18% denaturing PAGE. Brown ovals indicate the guanine residues protected in presence of potassium and in the absence of BG4. Blue

ovals indicate the protected residues in presence of both potassium and BG4. (B, C) DMS probing of KD49 (VEGF) and KD83 (C9ORF72) in presence of KCl and

BG4 antibody. BG4 antibody was added (lane 2) to potassium-stabilized G4 (lane 1) and subjected to DMS protection assay. Guanine residues are marked and

those protected are indicated in green.
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Gel profile revealed DMS protection in guanine residues following
incubation with KCl suggesting formation of G4 structures (Fig. 5A).
Interestingly, incubation of BG4 with RT17 in KCl containing
buffer, further shielded the structures from DMS reactivity and
resulted in a pattern of differential protection in the guanine residues
of G4 that are free of and bound by BG4 (Fig. 5A). Two other
sequences, VEGF (KD49) (Fig. 5B) and C9ORF72 (KD83) (Fig. 5C)
were also probed following G4 structure formation in presence of
KCl. Both revealed a similar pattern of protection upon antibody
binding (Fig. 5B and C). This result further suggests an interaction of
the antibody with stacked G4 structure across the three plates.

3.8 BG4 can bind to G4 structures when present on a

plasmid DNA

It has been shown that telomeric repeats, when present on a plasmid
DNA can fold into G-quadruplex DNA structures.54 In order to test
BG4 affinity to plasmid DNA-bearing G4 structures, telomeric plas-
mids, pSXneo135 and pSXneo270, containing 0.8 kb and 1.6 kb
long telomeric repeats (T2AG3)n (Fig. 6A) were first tested for their

ability to form G4 structures by CD (Fig. 6B). Results showed a posi-
tive peak at 265 nm and negative trough at 240 nm when
pSXneo135 and pSXneo270 plasmids were incubated in KCl sug-
gesting the formation of parallel G4 structure (Fig. 6B), which was
consistent with previous studies.54 Further, pSXneo135 or
pSXneo270 was incubated with increasing concentrations (1.5, 2.3,
3 mg) of BG4 antibody and resolved on an agarose gel to evaluate
BG4 binding to G4 structures (Fig. 6C). Results showed a shift in the
mobility of supercoiled forms of both the plasmid DNA (pSXneo135
and pSXNeo270), when incubated with BG4 antibody (Fig. 6C and
D). The open circular form, which does not have G4 structures,
remained unbound by the antibody (Fig. 6C, Supplementary Fig.
S4). It is also important to note that control plasmid, pSV4 (Fig. 6A),
with random sequence did not exhibit such a distinct shift even at the
highest antibody concentration (Fig. 6C, Supplementary Fig. S4).
Interestingly, although the shift was marginal when the plasmids
were electrophoresed for a period of 3 h, the mobility shift across
various concentrations of BG4 was more prominent when electro-
phoresed for 5 h (Fig. 6D). Thus, our results suggest that BG4 is able
to bind to G4 structures when present even on plasmid DNA.

Figure 6. Evaluation of BG4 binding on a plasmid containing telomeric DNA sequences that have the ability to fold into G-quadruplexes. (A) pSXneo135(T2AG3)

and pSXneo270(T2AG3) contain 0.8 and 1.6 kb long telomeric repeats [(T2AG3)n], respectively and is shown to have the ability to form G-quadruplexes.54 pSV4

contains 1.19 kb long region containing random sequence, devoid of any non-B DNA motifs. (B) CD spectra recorded for pSXneo135, pSXneo270 and pSV4 in

presence and absence of 100 mM KCl, at room temperature, within wavelength range of 200–300 nm (10 cycles), using a spectropolarimeter (JASCO J-810) at a

scan speed of 50 nm/min. Absorption measured for buffer alone (15 cycles) was subtracted from each sample and the resulting spectra was plotted. (C)

Comparison of BG4-binding efficiency between pSXneo135 (lanes 1–4), pSXneo270 (lanes 5–8) and pSV4 (lanes 9–12) as determined by shift in mobility of super-

coiled form of the plasmid, indicated using dotted box. In each case, plasmid DNA was incubated with 100 mM KCl at 37�C for 1 h, followed by BG4 (0, 1.5, 2.3,

3mg) at 4�C for 1 h, and resolved on 1.2% agarose gel containing 25 mM KCl at 100 V, at room temperature. BG4-bound supercoiled forms of pSXneo135 shift sub-

stantially (lanes 1–4) as do those of pSXneo270 (lanes 5–8), unlike the control plasmid pSV4 (lanes 9–12), when electrophoresed for longer time periods (5 h com-

pared to 3 h). (D) Bar diagram showing quantification of shift in the mobility of supercoiled plasmids upon addition of BG4 (0.00, 1.5, 2.3, 3mg). Y-axis denotes the

mobility shift of the supercoiled form.
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3.9 BG4 binding within the cells reveal that G4

structures across different human cell types are

comparable

Formation of endogenous G4 structures in nuclei was examined by
fluorescence microscopy using BG4 antibody.19 Cell lines of different
origins, REH and Nalm6 (B cells), HEK293T (human embryonic
kidney epithelial cells), and HeLa (cervical cells) were incubated with
BG4, which was further detected using FLAG antibody, using bioti-
nylated anti-rabbit secondary antibody tagged with FITC. Nuclei
were counterstained with DAPI.19 Visualization of cells under
Apotome fluorescence microscope revealed that BG4 foci were pri-
marily restricted to the nuclear region. The foci pattern was of

distinct punctate nature (Fig. 7). Cells treated with secondary anti-
body (FLAG antibody followed by anti-rabbit antibody) alone, did
not result in any foci formation. RAG1 is known to be expressed in
pre-B cells and is localized in the nucleus. Therefore, we used anti-
RAG1 antibody in Nalm6 cells as a control to check for foci forma-
tion. It was observed that the foci formation is specific to BG4,19

whereas RAG1 showed complete fluorescence throughout the nu-
cleus (Supplementary Fig. S5). Foci were specific to BG4 antibody
addition in all cell types tested (Fig. 7). In case of each cell line, �50
cells were counted, and results showed that maximum number of
foci was seen in Nalm6 cells, which was 26 foci per cell (Fig. 7B). In
case of REH cells, average BG4 foci per cell were 12. Number of foci

Figure 7. Evaluation of BG4 foci in various cell lines to determine occurrence of G-quadruplex DNA structures within cells. (A) Evaluation of ability of BG4 binding

to G4 structures within different human cell lines, REH, Nalm6, 293 T and HeLa. Cells were fixed in 2% paraformaldehyde and permeabilized with 0.1% Triton-

X100, followed by blocking. Immunofluorescence was performed by incubating cells with BG4 at 4�C, followed by anti-FLAG, and anti-rabbit secondary antibody.

Following streptavidin-FITC, coverslips were mounted with DABCO/DAPI and images were recorded using Zeiss Apotome, and analyzed with ImageJ. Data were

analyzed and plotted as scatter plots using GraphPad Prism. BG4 was tagged with FLAG antibody and observed in FITC channel (green). Nuclei were counter-

stained with DAPI (blue). First row of every panel is secondary control (only anti-FLAG, anti-rabbit). Second row depicts the representative BG4-stained image.

BG4 foci can be observed within cells in the nuclear region, in punctate form. (B) Scatter plots depict the quantification of BG4 foci for REH, Nalm6, HEK293T and

HeLa cells.
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per HEK293T cell was 16, while it was 15 in case of HeLa cells
(Fig. 7B). The difference in the number of foci observed in different
cell lines could be due to multiple factors. Possibilities include the
transcription and replication status of the cell, level of supercoiling
of the genome, higher order chromatin structures, and the difference
in the origin of the cell type. Although the number of foci observed
can be an under-representation, our results reveal that BG4 antibody
can be used in determining G4 structures within the cells, which was
consistent with previous reports3,19 and they are mostly comparable
among different cell types.

3.10 Levels of WRN helicase can modulate

G-quadruplex formation within cell

It is known that Werner’s helicase (WRN) acts as a G-quadruplex
resolvase.55 Thus, we wondered whether knock-down of WRN ex-
pression in cells will have an impact on BG4 foci formation. In order
to address this, HeLa cells were transfected with WRN-shRNA and
the knockdown was assessed by immunoblotting after equalization
of the protein (Fig. 8A and B). Scrambled shRNA treated cells served
as the control. Immunofluorescence studies following incubation
with BG4 antibody, as described above revealed a significantly

higher number of BG4 foci per cell following knockdown of WRN in
the cellular population (Fig. 8C and D). The average number of foci
seen per cell was �20 following WRN knock down, while it was
only �10 in scrambled shRNA-treated cells (Fig. 8D) suggesting
presence of more number of G-quadruplexes as compared to control
(Fig. 8D). This also indicates that in a cell, helicases such as WRN
may play a significant role in maintaining balance of the number of
G4 structures, thus ensuring proper cellular functions and maintain-
ing genomic integrity.

3.11 Nutrition deficiency can alter the extent of

G-quadruplex formation within cellular regions

Absence of serum in the culture medium presents a form of nutrition
deficiency to the cells. Under such conditions, we were interested in
studying the formation of G4 structures within cells. HeLa cells were
harvested after 48 h of serum starvation and then assessed by immu-
nofluorescence following incubation with BG4 antibody (Fig. 9A
and Supplementary Fig. S6). BG4 foci per cell in the nuclear region
in presence of serum was significantly higher than that in cytoplasmic
region (Fig. 9B and Supplementary Fig. 6); whereas in case of serum-
starved cells, this count dropped in the nuclear region and

Figure 8. Modulation of G-quadruplex formation within cells following depletion of G4 resolvase, WRN in HeLa cells. (A) shRNA-mediated knockdown of

Werner’s helicase, WRN was performed in HeLa. Ponceau-stained blot reveals equal loading of the proteins. (B) Immunoblotting to determine extent of WRN

knockdown in cells incubated with shRNA. ACTIN served as loading control and was used for normalization. Bar diagram showing extent of knockdown is also

shown. (C) Representative images after immunofluorescence studies showing BG4 foci following WRN knockdown in HeLa cells compared to cells transfected

with scrambled shRNA controls. Cells were counterstained with DAPI and scored for G4 structure formation by quantifying BG4 foci, as described above. For

other details refer Fig. 7 legend. (D) Scatter plot illustrating the comparison of G4 structure formation determined as a measure of BG4 foci in WRN knockdown

cells.
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significantly high for the cytoplasmic region (Fig. 9B and
Supplementary Fig. S6). The presence of foci in the cytoplasm could
be because of RNA G-quadruplexes.56,57 Higher number of foci in
the nucleus of non-starved cells is understandable due to size of the
genome being much greater than the RNA. The increase in cytoplas-
mic BG4 foci may also be attributed to increase in stress granules,
which are formed upon stress induction owing to nutrition defi-
ciency, suggesting presence of more G-quadruplexes in the cytoplasm
(Fig. 9). This observation of BG4 localization in a serum-dependent
manner warrants further investigation in future.

4. Discussion

Formation of non-canonical DNA structures that differ from
Watson–Crick B-form has been investigated for past several years,
albeit in more depth in in vitro conditions. Among different non-B
DNA structures, G4 structures have gained significant attention due
to their role in several biological processes. Although techniques like
CD, NMR and X-ray crystallography have helped decipher several
properties of the polymorphic G4 outside cell, its detection inside nu-
cleus had been a challenge, given the limitations of available meth-
ods. Discovery of antibodies that can bind to G4 structures have
provided a great momentum to intracellular studies associated with
G-quadruplexes (Fig. 10). Particularly, the recent discovery of BG4
and its use in ChIP genome-wide sequencing, and evaluation of
G-quadruplex formation in a cell-cycle dependent manner is
important.3,58

Other antibodies and probes reported so far have been incorpo-
rated in high-throughput studies as seen in case of hf243 and
PDS.47,59 hf2 was used to enrich for genomic DNA fragments con-
taining folded G-quadruplex structures from mechanically frag-
mented DNA derived from MCF7 breast cancer cells.43 These were
experimentally mapped in sections of sub-telomeres, gene bodies and
gene regulatory sites. DNA-damaged sites (cH2AX foci) induced by
treatment with PDS were mapped by deep sequencing.59 These iden-
tified regions were enriched for computationally predicted G-quadru-
plex motifs. Staining of chromosomes and DNA fibres, higher foci
count in FANCJ-depleted cells was demonstrated using 1H6
recently.42

In the present study, we overexpressed and purified BG4 antibody
to homogeneity for further characterization. We have employed mul-
tiple biochemical and biophysical techniques to characterize BG4
binding preferences against, single-, double-stranded DNA sequen-
ces, G-quadruplexes (when present in different conformations) in the
context of shorter oligomeric DNA, plasmid DNA and genome.
Previously, BG4 specificity has been demonstrated primarily by
ELISA, using oligomeric DNA substrates.3 We have resorted to gel
mobility shift assays to demonstrate the nature of BG4 binding with
oligomeric sequences. A titration of BG4 with G4 forming Hif1a
substrate demonstrated a concentration-dependent increase of BG4-
bound complexes. Importantly, we demonstrate that throughout the
range of antibody concentrations tested, C-rich substrate remains un-
bound to BG4, confirming the antibody specificity towards G-rich
sequences (Table 1 and Fig. 10). This holds true for random DNA
substrates devoid of any non-B DNA motifs as well. DMS protection

Figure 9. Localization of BG4 binding within HeLa cells in nutrition proficient and deficient conditions. (A) Evaluation of BG4 binding to G4 structures in HeLa un-

der nutrition proficient (presence of FBS) and deficient (absence of FBS, incubated for 48 h) conditions. Immunofluorescence was performed for BG4 as described

above. BG4 foci are marked in both nuclear and cytoplasmic regions. Serum starvation of cells for 48 h, followed by BG4 staining, revealed more localization of

the antibody towards the cytoplasm. (B) Scatter plot illustrates the comparison of G4 structure formation in nutrition proficient and deficient conditions in HeLa

cells.
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assay in presence of KCl confirmed that the G-rich DNA sequence
(RT17) indeed folds into G-quadruplex structure. DMS footprinting
further revealed protection towards DMS sensitivity upon incubation
with BG4.

Competition experiments confirmed BG4 specificity towards G4
structures. Further assessment of the interaction using BLI showed ro-
bust binding (Kd¼ 17.4 6 0.588 nM). This was comparable to a pre-
vious study (Kd ¼ 0.5–1.6 nM, and 2.0 nM for intramolecular and
intermolecular DNA G-quadruplexes, respectively using ELISA).3

While we observed that oligomers that can fold into parallel G-
quadruplexes bound efficiently to BG4, their respective double-
stranded DNA counterparts did not bind with BG4 at all, which is in
agreement with the observation that BG4 does not bind to dsDNA
(Fig. 3C and D and Table 1). More importantly, we report that mere
presence of G4 motifs within the double-stranded DNA sequence is not
sufficient for recognition by BG4. This observation holds considerable
significance in vivo, as it is possible that several G4 motifs, may not be
in G4 conformation at a given time, when present in the genome.

Parallel, inter- and intramolecular structures show robust BG4
binding in our studies (Table 1). In a different study, it was observed
that even a parallel G4 with a hairpin bulge was recognized by the
BG4 antibody.29 Although previous studies suggest that BG4 may
not have binding preference for any particular G4 DNA tested,3 in
the panel of substrates investigated in the current study, we were un-
able to detect any BG4 binding to antiparallel and hybrid G-quadru-
plexes (Table 1). We also observed that BG4 can bind to GNG G4

structures. This finding is of interest as it suggests that the antibody
could help identify structures that are not predicted by software,
such as Non-B DNA Database and QGRS Mapper that use the clas-
sical empirical G4 formula.

Interestingly, we observed that the G4 structures of telomeric re-
gion in plasmid context can cause a shift in plasmid mobility, when
electrophoresed on an agarose gel. However, such a shift was absent
when the telomeric region was replaced with a random sequence in
the same plasmid backbone, suggesting that formation of G4 com-
plexes within plasmid DNA was responsible for BG4 binding and
hence the mobility shift. Interestingly, in case of the supercoiled
forms, the negative supercoiling and torsional stress promotes persis-
tence of G4 in the telomeric repeats, and this form shifted signifi-
cantly in presence of increasing amounts of BG4. This is
understandable as G4 DNA formation requires energy for unwind-
ing/melting of the DNA and hence such structures cannot be present
on a nicked relaxed DNA.

Using cell lines derived from different lineages, we observed signif-
icant number of BG4 foci within the cells suggesting the formation of
G4 DNA (Fig. 10). This was consistent with previous studies.3

Within the genome, G4 structures tend to form in conditions that
cause single-strandedness in template or non-template strand. Thus,
presumably, to a higher extent these would be intramolecular G4,
though the occurrence of intermolecular G4 structures cannot be
completely ruled out.60,61 These G4 structures act as epitopes for the
antibody. In addition to the chromosomal G4 structures, RNA

Table 1. Sequence of the oligomers used for the study and their propensity to fold into G-quadruplex or i-motif structures

Oligomer Sequence (50! 30) Structure formation G4 orientation BG4 binding

RT17 GCGCGGGGAGGGGAGAGGGGGCGGGAGCGGC G4 PARALLEL þþþþ
MN89 GCCGCTCCCGCCCCCTCTCCCCTCCCCGCGC i-motif — —
BTM6 GAAGGACCACAGGATATCTCTATATAAATCTGT NA — —
KD53 GCTCCGCCCCGCGCCCCCGGAAACCTCC i-motif — —
KD52 GGAGGTTTCCGGGGGCGCGGGGCGGAGC G4 PARALLEL þþþ
SMJ36 GTCCCAATTCCCATATTGAAATCCCCAATCCCAA NA — —
SMJ37 CAGGGTTAAGGGTATAACTTTAGGGGTTAGGGTT G4 HYBRID —
KD16 ACTGGGGCTGGGGTGGGGGGTAATCCAGAACTGGATCGGGGT G4 PARALLEL þþ
KD17 ACCCCGATCCAGTTCTGGATTACCCCCCACCCCAGCCCCAGT NO — —
DG1 GATCCCTCTAGACCGGTACTACTCGAGCTTGGTTGCAGATTAAGAGAGGCTCCTG NA — —
KD50 CTCCGCCCCGCCGGGACCCCGCCCCCGGCCCG i-motif —
KD49 CGGGCCGGGGGCGGGGTCCCGGCGGGGCGGAG G4 PARALLEL þþ
KD80 GCCCCGGCCCCTAGCGCGCGACTCCT i-motif —
KD81 AGGAGTCGCGCGCTAGGGGCCGGGGC G4 PARALLEL þþþ
KD83 AGGCCGGAGGGTGGGCGGCGCGCGG G4 PARALLEL þ
SV23 GGGTTAGGGTTAGGGTTAGGG G4 ANTIPARALLEL —
SV24 CCCTAACCCTAACCCTAACCC i-motif — —
SV25 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG G4 ANTIPARALLEL —
SV26 CCCTAACCCTAACCCTAACCCTAACCCTAACCC i-motif — —
SV27 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG G4 ANTIPARALLEL —
SV28 CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCC i-motif — —
SMJ50 TCGGGTTGCGGGCGCAGGGCACGGGCG G4 PARALLEL —
SMJ51 GTGGGGTTAGGGGTTAGGGGTTAGGGG G4 HYBRID —
SMJ52 TTGGGGCCGGGGCCGGGGCCGGGGTT G4 HYBRID —
SMJ53 GTAGGGTTAGGGTTAGGGTTAGGG G4 HYBRID —
SMJ56 TGGGTTTGGGTTTGGGTTTGGGT G4 HYBRID —
SMJ58 GGGGAGTAAAAGGGAGCGGGGTGCTGGG G4 HYBRID —
SMJ59 GGGCCTTGTGGGCCTTGTGGGCCTTGTGGG G4 ANTIPARALLEL —
SMJ61 GGGGTTTTGGGGTTTTGGGGTTTTGGGG G4 HYBRID —
AKN11 GACCTGAGGGCGAGCTTTTTTCGAGTAACTTAACAG NA — —
AKN18 CTGTTAAGTTACTCGAAAAAAGCTCGCCCTCAGGTC NA — —
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molecules have also been demonstrated to form G4 structures, which
could additionally be potential epitopes for BG4 antibody.56,62

Helicases, a large family of ATP-dependent nucleic acid resolvases,
play a critical role in G4 DNA formation and subsequent resolution
within cells. Loss-of-function mutations in any distinct family of
DNA resolvases are linked to various cancers and genetic disorders,
thus linking G4 sequences and genome instability.63,64 It is emerging
that G-quadruplex helicases play important roles in DNA replication
and telomere maintenance.55,64 Knockdown of one of the helicase
family members, WRN, revealed a significant increase in G4 struc-
tures, as determined from the foci counts. This observation is consis-
tent with a recent study showing the role of WRN helicase in
modulating gene expression in a discrete subpopulation of G4 DNA
structures at many chromosomal sites. This population differs from
that of Bloom syndrome RECQ helicase.65 Inflicting stress on cells
can alter the gene expression pattern in many ways. Along these
lines, serum starvation of the cells showed more localization of the
antibody in the cytoplasm, which was over and above those in the
nuclei, suggesting higher levels of G-quadruplexes, possibly of RNA
origin, within the cytoplasm. Implications of this observation needs
to be investigated further. It would be of interest to study how G-
quadruplex structures regulate processes like transcription, replica-
tion, and how such antibodies could aid their presence within the
cell. Additionally, it would be useful if such antibodies could be

harnessed as tags for determining the existence of G4 within certain
areas of interest in the genome, rendering them as probable diagnos-
tic tools, and more ambitiously, as therapeutic agents.
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