
Deconvoluting the Structural and Drug-Recognition
Complexity of the G-Quadruplex-Forming Region Upstream of

the bcl-2 P1 Promoter
Thomas S. Dexheimer,† Daekyu Sun,† and Laurence H. Hurley*,†,‡,§,⊥

Contribution from the College of Pharmacy, UniVersity of Arizona, Tucson, Arizona 85721,
Arizona Cancer Center, 1515 North Campbell AVenue, Tucson, Arizona 85724, and

Department of Chemistry, UniVersity of Arizona, Tucson, Arizona 85721

Received September 16, 2005; E-mail: hurley@pharmacy.arizona.edu

Abstract: The human bcl-2 gene contains a GC-rich region upstream of the P1 promoter that has been
shown to be critically involved in the regulation of bcl-2 gene expression. We have demonstrated that the
guanine-rich strand of the DNA in this region can form any one of three distinct intramolecular G-quadruplex
structures. Mutation and deletion analysis permitted isolation and identification of three overlapping DNA
sequences within this element that formed the three individual G-quadruplexes. Each of these was
characterized using nondenaturing gel analysis, DMS footprinting, and circular dichroism. The central
G-quadruplex, which is the most stable, forms a mixed parallel/antiparallel structure consisting of three
tetrads connected by loops of one, seven, and three bases. Three different G-quadruplex-interactive agents
were found to further stabilize these structures, with individual selectivity toward one or more of these
G-quadruplexes. Collectively, these results suggest that the multiple G-quadruplexes identified in the
promoter region of the bcl-2 gene are likely to play a similar role to the G-quadruplexes in the c-myc promoter
in that their formation could serve to modulate gene transcription. Last, we demonstrate that the complexity
of the G-quadruplexes in the bcl-2 promoter extends beyond the ability to form any one of three separate
G-quadruplexes to each having the capacity to form either three or six different loop isomers. These results
are discussed in relation to the biological significance of this G-quadruplex-forming element in modulation
of bcl-2 gene expression and the inherent complexity of the system where different G-quadruplexes and
loop isomers are possible.

Introduction

Thebcl-2 (B-cell CLL/lymphoma 2) gene product is a mito-
chondrial membrane protein that exists in delicate balance with
other related proteins and is involved in the control of pro-
grammed cell death, functioning as an apoptosis inhibitor.1,2 The
bcl-2 gene was originally discovered for its involvement in the
t(14;18) chromosomal translocation frequently found in lym-
phomas.3 This translocation causes deregulated expression of
the bcl-2 gene, leading to elevated levels ofbcl-2 mRNA and
protein.4 Since its initial discovery, thebcl-2gene has been class-
ified as a proto-oncogene because of its overexpression in a
wide range of human cancers, including B-cell and T-cell lym-
phomas,5 breast,6 cervical,7 nonsmall cell lung,8 prostate,9 and

colorectal.10 However, in contrast to other proto-oncogenes, the
oncogenic potential ofbcl-2 is not achieved by promoting cell
proliferation but by reducing the rate of cell death. In addition,
bcl-2overexpression has been found to interfere with the thera-
peutic action of current cancer treatment regimes, which act by
inducing apoptosis in tumor cells.11 Its broad expression in a
variety of tumors, together with its function in the resistance to
chemotherapy-induced apoptosis, makesbcl-2 a rational target
for anticancer therapy.

In contrast,bcl-2 has also emerged as an attractive target for
neuroprotective therapy to prevent apoptotic neuronal cell death
in neurodegenerative disorders of aging, such as Alzheimer’s
disease, Parkinson’s disease, and stroke. For instance, in
neuronal cells the overexpression ofbcl-2 has been shown to
prevent cell death induced by diverse apoptotic stimuli.12,13

Likewise, the overexpression ofbcl-2 in transgenic mouse
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models results in an excess of neurons in selected regions of
the brain, indicating thatbcl-2 protects neurons from naturally
occurring cell death during development.14,15Conversely,bcl-2
knockout mice have significant degeneration of motor, sensory,
and sympathetic neurons, suggesting thatbcl-2 is necessary for
the maintenance of neuronal populations.16 Thus far, targeted
delivery treatments are being sought that increase intracellular
levels and function ofbcl-2 by employing the use of nonpatho-
genic viral vectors constructed to transport plasmids encoding
bcl-2 inside neurons of affected brain regions.17,18 Although
encouraging, the neuroprotection observed by means of targeted
delivery ofbcl-2 is limited in that the treatments employ dosing
regimens that may be unrealistic for human use.19

The humanbcl-2gene has two promoters, designated P1 and
P2, that control its transcriptional initiation (Figure 1A). The
major promoter, P1, located 1386 to 1423 base pairs upstream
of the translation start site, is a TATA-less, GC-rich promoter
containing multiple transcription initiation sites.20 The P2
promoter contains both a canonical TATA element and a
CCAAT box yet is only responsible for a minor fraction of the
bcl-2 transcripts in most cell types.21 Thus far, the mechanisms
involved in the transcriptional regulation of thebcl-2 gene are
not well understood, although a number oftrans-acting andcis-
acting elements that take part have been identified. For example,
one major contributor to P1 promoter activity is a cAMP
response element, which is necessary forbcl-2 deregulation in
t(14;18) cells, the activation of mature B cells, and the rescue

of immature B cells from calcium-dependent apoptosis.22,23 In
addition, NF-κB has been shown to act through interactions with
the cAMP response element site and activatebcl-2 in t(14;18)
lymphoma cells.24 The P1 promoter also contains WT1 binding
sites, which function to silence the normalbcl-2allele in t(14;18)
cells,25 as well as repressbcl-2 transcription in HeLa cells.26

C/EBPR and A-Myb have been demonstrated to act through a
binding site for the homeodomain protein Cdx and activate P2
promoter activity in t(14;18) cells.27,28 Also described is the
existence of a negative response element upstream of the P2
promoter through which p53 may either directly or indirectly
transcriptionally downregulatebcl-2 expression.29

One region of particular interest is the GC-rich region located
adjacent to the 5′-end of thebcl-2 P1 promoter (Figure 1A).
Multiple transcription factors have been described to bind or
regulatebcl-2gene expression through this region, such as Sp1,20

WT1,25 E2F,30 and NGF (nerve growth factor).31 Additionally,
deletion or mutation of this region has been shown to increase
promoter activity 2.1-fold or 2.6-fold compared with the full-
length wild-type promoter, respectively.25 This GC-rich element
is located in the proximity of a nuclease hypersensitive region.32

These regions have been shown to be dynamic in nature and
capable of adopting paranemic structures or non-B-DNA
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Figure 1. (A) Promoter structure of the humanbcl-2 gene; shown ininset is the 39-mer sequence of the purine-rich strand upstream of the P1 promoter.
Runs of guanines are underlined and numbered. (B) Examples of intramolecular G-quadruplex structures: (a) parallel, (b) antiparallel, (c) mixed parallel/
antiparallel.
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conformations.33 In particular, guanine-rich sequences can adopt
specific intramolecular DNA secondary structures termed G-
quadruplexes (Figure 1B).34 Guanine-rich DNA sequences
predisposed to the formation of G-quadruplexes have been
identified in the telomeres of virtually all eukaryotic organisms,35

in immunoglobulin switch regions,36 and in the promoter regions
of several growth-related genes.37,38 Interestingly, the guanine-
rich DNA strand in thebcl-2P1 promoter region contains seven
runs of at least two contiguous guanines separated by two or
more bases (Figure 1A), which is consistent with the general
motif capable of folding into at least one intramolecular
G-quadruplex structure.

In the present study, we demonstrate that the guanine-rich
DNA strand of the GC-rich region,-58 to -19 base pairs
upstream of thebcl-2 P1 promoter, has the ability to form
multiple G-quadruplex structures in vitro. We also isolate and
characterize three separate DNA sequences within this region
that are consistent with the formation of the three individual
G-quadruplex structures. In addition, we establish that G-
quadruplex-interactive agents, such as TMPyP4, Se2SAP, and
telomestatin (Figure 2), can further stabilize these structures with
a type of individual selectivity to one or more of these
G-quadruplexes.

Experimental Procedures

Enzymes and Drugs.T4 kinase andTaq DNA polymerase were
purchased from Promega. TMPyP2 (four conformational isomers),
TMPyP4, and Se2SAP were synthesized in our laboratory. Telomestatin
was kindly provided by Dr. Kazuo Shin-ya (University of Tokyo,
Japan).

DNA Oligonucleotides.All synthetic DNA oligonucleotides were
supplied by Operon. Oligonucleotide extinction coefficients were
calculated using the nearest neighbor method.39 Since this calculation
produces a theoretical value for single-stranded DNA, the resulting
nearest neighbor extinction coefficients were optimized for higher order
structural hyperchromicity using UV/vis thermal denaturation tech-
niques.40 Oligonucleotides were heated to 20°C above their respective
Tm, and the absorbance atλmax was extrapolated back to 25°C to correct
for structural hyperchromicity. The structural hyperchromicity of the
quadruplexes was nominally 25%. The nearest neighbor extinction
coefficient was corrected using the following relation:ε260(Quad))
ε260(NN)/(1 + (%Hyperchromicity/100)). The correctedε260 values were
as follows: Pu39WT, 309 040 M-1 cm-1; 5′G4, 196 480 M-1 cm-1;
MidG4, 207 840 M-1 cm-1; and 3′G4, 230 400 M-1 cm-1.

Preparation and End-Labeling of Oligonucleotides.The 5′-end-
labeled single-strand DNA oligonucleotides were obtained by incubating
the oligomer with T4 polynucleotide kinase and [γ-32P] ATP for 1 h at
37 °C. Labeled DNA was purified with a Bio-Spin 6 chromatography
column (BioRad) after inactivation of the kinase by heating for 5 min
at 95 °C. Labeled oligonucleotides were then purified by denaturing
gel electrophoresis (16% PAGE).

Polymerase Stop Assay.The 5′-end [γ-32P]-labeled primer
d[TAATACGACTCACTATAGCAATTGCGTG] was annealed to a
cassette DNA, d[TCCAACTATGTATAC(G-quadruplex-forming in-
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Figure 2. Structures of the G-quadruplex-interactive compounds TMPyP4, telomestatin, and Se2SAP, and the control compound TMPyP2.
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sert)TTAGCGGCACGCAATTGCTATAGTGAGTCGTATTA], con-
taining the G-quadruplex-forming sequence of interest. DNA formed
by annealing the primer to the template sequence was purified using
gel electrophoresis on an 8% native polyacrylamide gel. The assays
were carried out as described previously.41 Briefly, the purified DNA
was mixed with a reaction buffer (50 mM Tris-HCl, pH 7.6,10 mM
MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 1.5 g/L BSA), 0.2 mM
deoxynucleotide triphosphates, and KCl (as specified in the figures).
The reaction was incubated for 1 h at 25°C. Taq DNA polymerase
was then added (5 U/reaction) and allowed to extend the primer for 30
min at 37°C. The reactions were stopped by adding an equal volume
of stop buffer (95% formamide, 10 mM EDTA, 10 mM NaOH, 0.1%
xylene cyanol, 0.1% bromphenol blue) and loaded on a 16% sequencing
PAGE gel. For the drug stabilization experiments, drugs were added
and incubated an additional 1 h at 25°C before primer extension by
Taq DNA polymerase.

Dimethyl Sulfate Footprinting. The 5′-end [γ-32P]-labeled DNA
oligonucleotides were denatured by heating to 95°C for 5 min and
then slowly cooled to 4°C in 10 mM Tris-HCl with or without 100
mM KCl. The reactions were then subjected to preparative gel
electrophoresis (16% polyacrylamide in 1× TBE and 10 mM KCl for
15 h at 4°C). Briefly, each band of interest was excised, and the DNA
species eluted by soaking in running buffer (1× TBE and 10 mM
KCl) overnight at 4°C. DNA solutions were then used to perform the
DMS footprinting, as outlined previously.37 In brief, following the
addition of 1µg of calf thymus DNA, the DNA solutions were subjected
to dimethyl sulfate (0.5% DMS in 50% ethanol) for 10 min. Each
reaction was quenched by adding 18µL of stop buffer. After ethanol
precipitation and treatment with piperidine, the cleaved products were
separated on a 16% sequencing PAGE gel.

Circular Dichroism. CD spectra were recorded on a Jasco-810
spectropolarimeter (Jasco, Easton, MD), using a quartz cell of 1 mm
optical path length and an instrument scanning speed of 100 nm/min,
with a response time of 1 s, over a wavelength range of 200-320 nm.
All DNA samples, TBA d[GGTTGGTGTGGTTGG],Tetrahymena
d[GGGTTGGGTTGGGTTGGGTT],c-mycPu27-mer d[TGGGGAG-
GGTGGGGAGGGTGGGGAAGG], andbcl-2 Pu39WT (sequence
shown in Table 1), were dissolved in Tris-HCl buffer (50 mM, pH
7.6) containing 100 mM KCl or 100 mM NaCl to a strand concentration
of 5 µM. The DNA oligonucleotides were then denatured by heating
to 95°C for 5 min and slowly cooled to 25°C over several hours. The
CD spectra herein are representations of three averaged scans taken at
25 °C and are baseline corrected for signal contributions due to the
buffer.

Imaging and Quantification. The dried gels were exposed on a
phosphor screen. Imaging and quantification were performed using a
Storm 820 PhosphorImager and ImageQuant 5.1 software (Molecular
Dynamics).

Results

Formation of G-Quadruplex Structures by the Guanine-
Rich Strand in the bcl-2 P1 Promoter Region.To initially

test our hypothesis of the occurrence of intramolecular G-
quadruplex structures within the guanine-rich strand of thebcl-2
P1 promoter region, a DNA polymerase stop assay was used.
This assay provides a straightforward approach to identifying
guanine-rich DNA sequences that have the ability to form stable
G-quadruplex structures in vitro, based on the assumption that
a DNA polymerase is incapable of traversing a stable DNA
secondary structure.42,43 A cassette DNA sequence containing
the G-quadruplex-forming sequence of interest, or in this case,
the 39-mer guanine-rich strand (Pu39WT, Table 1) from the
bcl-2 P1 promoter region, was annealed with a [γ-32P]-labeled
primer, which subsequently was extended withTaq DNA
polymerase in the presence of increasing concentrations of KCl.
A full-length product was synthesized in the absence of KCl
(Figure 3A, lane 3); however, upon the addition of KCl to the
reaction, three premature primer arrest sites were produced
(Figure 3A, lanes 4-6). The DNA polymerase arrest sites (1,
2, and 3) occurred directly upstream of G1, G5, and G8,
respectively (see numbering in Figure 1). All three arrest sites
increased in a K+-dependent manner. In addition, the G-
quadruplex-interactive agent TMPyP4, a cationic porphyrin, had
the ability to stabilize the three G-quadruplex structures formed
in the Pu39WT sequence in the presence of minimal K+ (20
mM), whereas TMPyP2 (Figure 2), a structural isomer of
TMPyP4, which lacks the ability to interact with G-quadruplex
structures,44 had a negligible effect on the arrest products (Figure
3B). Taken together these results suggest that the Pu39WT
sequence has the capacity to form three separate intramolecular
G-quadruplex structures, which are stabilized by K+ or TMPyP4.

Further evidence for the presence of multiple intramolecular
G-quadruplex structures in thebcl-2 P1 promoter region was
obtained from native polyacrylamide gel electrophoresis of the
5′-end-labeled Pu39WT in the presence of 100 mM KCl. This
gel showed a more rapidly moving band than the expected
electrophoretic mobility of an unstructured oligonucleotide (band
2 in Figure 3C). Several minor bands of slower electrophoretic
mobility were also seen, likely corresponding to two- or four-
stranded higher-order G-quadruplex structures. The broadness
of the high mobility band is likely attributable to the potential
of this sequence to form an equilibrium mixture of multiple
intramolecular G-quadruplex structures, as observed previously
in the DNA polymerase stop assay (Figure 3A). The guanine
bases involved in the formation of the G-tetrads can be deduced
by dimethyl sulfate (DMS) footprinting, which probes the
accessibility of the N7 position of guanines to alkylation by
DMS. Since the N7 position of guanine is involved in Hoogsteen
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Table 1.

name sequence (5′−3′)

Pu39WT AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG
5’G4 AGGGGCGGGCGCGGGAGGAAGGGGGC
MidG4 CGGGCGCGGGAGGAAGGGGGCGGGAGC
3’G4 CGCGGGAGGAAGGGGGCGGGAGCGGGGCTG
MidG4-mut1 CGGGCGCGGGAGGAATTGGGCGGGAGC
MidG4-mut2 CGGGCGCGGGAGGAAGGGTTCGGGAGC
MidG4-mut3 CGGGCGCGGGAGGAATGGGTCGGGAGC

G-Quadruplex-Forming Region of the bcl-2 P1 Promoter A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 16, 2006 5407



bonding to form the G-tetrad of a G-quadruplex structure, the
guanine bases are inaccessible to DMS methylation.37 Therefore,
bands 1 and 2 corresponding to the species formed without and
with KCl were isolated and subjected to DMS treatment and
piperidine cleavage (Figure 3D). The N7 guanine methylation
pattern produced by band 1 was consistent with a single-
stranded, unstructured form of DNA (Figure 3D, lane 2). For
band 2, several guanine bases within the G-quadruplex forming
region were either partially or fully protected from DMS
methylation; however, the cleavage pattern was fairly indefinite
in that no specific structure prevailed (Figure 3D, lane 3). It is
significant to note that the run of two guanines (G13 and G14)

in the middle of Pu39WT was hypersensitive to methylation,
suggesting that they are in an external loop region and not
involved in the G-tetrads. In addition, the run of five guanines
(G8-G12) provides some evidence for sequence ambiguity in
that only partial DMS protection is observed in the two guanines
at the 5′-end of this guanine tract, compared to full protection
of the remaining three guanine bases.

CD provides additional support for the existence of intramo-
lecular G-quadruplex structures, also specifically assisting in
the determination of DNA strand orientation and the conforma-
tion of the guanine glycosyl bonds within a given G-quadruplex
structure. However, caution is advised when analyzing CD

Figure 3. Determination of the ability of the Pu39WT sequence (Table 1) to form multiple G-quadruplex structures. (A) DNA polymerase stop assay
showing three K+-dependent DNA polymerase arrests. Lane 1 shows a guanine sequencing reaction, lane 2 is a negative control containing no Taq DNA
polymerase, and lanes 3-6 contain 0, 25, 50, and 100 mM KCl, respectively. Arrows point to the positions of the full-length product of DNA synthesis, the
DNA polymerase arrest sites (1, 2, and3), and the free primer. (B) Concentration-dependent inhibition ofTaq polymerase DNA synthesis by stabilization
of the bcl-2 G-quadruplex structures with TMPyP4 (0.5, 1, 2.5, 5µM) compared to TMPyP2 (0.5, 1, 2.5, 5µM). All lanes contain 20 mM KCl. (C)
Nondenaturing gel analysis of Pu39WT sequence preincubated in the absence or presence of 100 mM KCl. (D) DMS footprinting of band 1 (lane 2) and
band 2 (lane 3) from (C). Lane 1 shows a purine sequencing reaction. The protected guanines from DMS are indicated with filled circles, partial protection
is indicated with half-filled circles, no protection is indicated with open circles, and hypersensitive guanines are indicated with arrowheads. (E) Comparative
CD spectra of three known G-quadruplex-forming sequences with the unknownbcl-2 promoter Pu39WT sequence. Line colors: green) c-mycpromoter
sequence (parallel G-quadruplex in 100 mM KCl); blue) thrombin binding aptamer (TBA) sequence (antiparallel G-quadruplex in 100 mM KCl); red)
Tetrahymenatelomeric repeat sequence (mixed parallel/antiparallel G-quadruplex in 100 NaCl); black) Tetrahymenatelomeric repeat sequence (100 mM
KCl); orange) bcl-2 promoter Pu39WT sequence (100 mM KCl). All CD data were obtained with a 5µM strand concentration at 25°C.
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spectra since oversimplification of structure-spectrum relation-
ships may lead to misinterpretation of G-quadruplex CD
spectra.45 Signature CD spectra have been determined for several
novel G-quadruplex structures in the presence of monovalent
cations.46,47 In general, antiparallel-type G-quadruplexes con-
taining alternatingsyn- andanti-glycosyl bond conformations
have been shown to have a CD spectrum characterized by a
positive ellipticity maximum at 295 nm and a negative minimum
at 265 nm, whereas parallel-type G-quadruplexes composed of
all anti-glycosyl bond conformations have a positive maximum
at 264 nm and a negative minimum at 240 nm.47 Comparative
CD analysis was performed among different types of known
G-quadruplex structures, thec-mycpromoter NHE III1 region
(“a” in Figure 1B), the thrombin binding DNA aptamer (“b” in
Figure 1B), the telomeric repeat ofTetrahymena(“c” in Figure
1B), and the unknown Pu39WT sequence in the presence of
100 mM KCl or 100 mM NaCl. The CD spectrum for the
Pu39WT resembles most closely that of theTetrahymena
sequence by displaying an absorption maximum at 264 and a
shoulder at 295 nm. These results infer the formation of a mixed
parallel/antiparallel G-quadruplex structure in thebcl-2 P1
promoter sequence (Figure 3E); however, based upon the results
from the electophoretic mobility analysis, DMS footprinting,
and the polymerase stop assay, these two undefined peaks most
likely appear because there is a mixture of more than one
G-quadruplex structure in solution.

Mutational Analysis of the Seven Guanine Tracts Identi-
fies the Sequences Involved in the Formation of Each of the
Three G-Quadruplex Structures. To extend the study and
evaluate which of the seven G-tracts are responsible for the
formation of the three different G-quadruplex structures within
the bcl-2 P1 promoter region, oligomers containing mutations

within each of the seven G-tracts were designed and synthesized.
The actual mutations selected were devised with the intention
of knocking-out each tract of guanines independently and thus
preventing their participation in G-quadruplex formation. For
this reason, single or double G-to-T base mutations were made
to the central guanine base(s) of each G-tract of Pu39WT (see
asterisks in Figure 4) based on the assumption that the central
guanine base(s) participate(s) in the formation of the critical
core G-tetrad of any G-quadruplex produced. Use of these
G-tract knockout sequences in the DNA polymerase stop assay
resulted in reduced or complete disappearance of one or more
of the three polymerase arrest sites (Figure 4). Mutation of any
of the three 5′-end G-tracts (A, B, and C) inhibited the formation
of the 5′-end G-quadruplex structure at arrest site3. Arrest sites
1 and2 were only eliminated upon mutation of the two 3′-end
G-tracts (G and F, respectively). Knocking-out the run of five
guanines (E) was detrimental to all three of the G-quadruplex
structures, while mutation of the central G-tract (D) consisting
of a run of only two guanines produced a small but comparable
reduction of all three of the DNA polymerase arrest sites. This
result is in agreement with the hypersensitivity of these two
guanines to DMS methylation and an indication of their
peripheral involvement in all three G-quadruplex structures
formed. Overall the mutational analysis strengthens the hypoth-
esis that three intramolecular G-quadruplex structures can form
in the guanine-rich region of thebcl-2P1 promoter. In addition,
it provides insight for a more focused deletion study in order
to isolate and identify the three individual G-quadruplex-forming
sequences within thebcl-2 P1 promoter region.

Isolation and Identification of the Guanine Tracts In-
volved in the Formation of Each of the Three Different
G-Quadruplex Structures and Comparison of Their CD
Signatures. A. Isolation of Three Individual G-Quadruplex-
Forming Sequences.In general, an intramolecular G-quadru-
plex structure can arise from a DNA sequence that contains
four runs of at least two or more contiguous guanines separated
by one or more bases ([Gg2Nn]4). In the case of the Pu39WT

(45) Dapic, V.; Abdomerovic, V.; Marrington, R.; Peberdy, J.; Rodger, A.; Trent,
J. O.; Bates, P. J.Nucleic Acids Res.2003, 31, 2097-2107.

(46) Petraccone, L.; Erra, E.; Esposito, V.; Randazzo, A.; Mayol, L.; Nasti, L.;
Barone, G.; Giancola, C.Biochemistry2004, 43, 4877-4884.

(47) Miyoshi, D.; Nakao, A.; Sugimoto, N.Nucleic Acids Res.2003, 31, 1156-
1163.

Figure 4. DNA polymerase stop assay to analyze the effect on stability of the three individual G-quadruplex structures formed by the Pu39WT sequence
by knocking-out each G-tract with mutations. In the sequence below the gel, letters (A-G) indicate which G-tract contains the mutation(s), and asterisks
indicate G-to-T mutations. The three DNA polymerase arrest sites (1, 2, and3) are identified with arrows. KCl concentrations are 0, 50, and 100 mM.
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sequence, there are a total of six runs of three or more
uninterrupted guanines, each with an equal likelihood to
participate in G-quadruplex formation. Basic combination
probability analysis reveals the possibility of 15 different
G-quadruplex structures consisting of any four G-tracts without
regard to their position in the Pu39WT sequence. However, the
majority of these hypothetical G-quadruplex structures are
formed from four nonconsecutive G-tracts, which would gener-
ate an unstable structure in view of the existence of lengthy
external loops.48 If the locality of the G-tracts is taken into
consideration, given that only arrangements of four successive
G-tracts are allowed, then the number of potential G-quadruplex
structures is decreased to three, two external and one internal
located at the 5′-end, 3′-end, and middle of the Pu39WT
sequence, respectively.

As a result of the mutational and sequence examination, three
truncated sequences were designed (5′G4, MidG4, and 3′G4;
Table 1) consisting of each of the four consecutive G-tracts

existing in the Pu39WT sequence and placed in the primer
extension cassette sequence for analysis using the DNA poly-
merase stop assay. Figure 5A’-C’ shows the results ofTaq
DNA polymerase primer extension using these substrates in the
presence of increasing concentrations of KCl. Each of the three
substrates gave rise to a single premature primer arrest site in
the presence of K+. The individual arrest sites in the three
truncated sequences, 5′G4, MidG4, and 3′G4, occurred at G8,
G5, and G1, respectively, which is in full agreement with the
three arrest sites observed using the Pu39WT sequence (Figure
3A). In addition, the internal four G-tracts (MidG4) produces a
G-quadruplex structure that is remarkably more stable than either
the 3′G4 or 5′G4 based on the minimal amount of K+ required
to produce a DNA polymerase arrest, suggesting that it could
be the predominant structure within thebcl-2P1 promoter region
(Figure 5B′′).

B. DMS Footprinting Identifies the Guanines Involved in
Each G-Quadruplex Structure. To determine the guanines
involved in each of the G-tetrads of these three isolated
G-quadruplex structures, electrophoretic mobility shift and DMS

(48) Hazel, P.; Huppert, J.; Balasubramanian, S.; Neidle, S.J. Am. Chem. Soc.
2004, 126, 16405-16415.

Figure 5. Characterization of the three individual G-quadruplex-forming sequences. (A′-C′) DNA polymerase stop assays utilizing the 5′G4, MidG4, and
3′G4 sequences (see Table 1). Arrows point to the positions of the K+-dependent DNA polymerase arrest sites (G8, G5, and G1). KCl concentrations are
0, 25, 50, and 100 mM. (A′′-C′′) DMS footprinting and graphical representation of autoradiograms of isolated bands from the nondenaturing gels shown
in the inset. Nondenaturing gel analysis of 5′G4, MidG4, and 3′G4 sequences preincubated under the conditions specified in the figure are shown in panel
insets. The guanines protected from DMS are indicated with filled circles, partial protection is indicated with half-filled circles, no protectionis indicated
with open circles, and hypersensitive guanines are indicated with arrowheads. (D) The top panel shows comparative CD spectra of thebcl-2 promoter
full-length and truncated sequences in the presence of 100 mM KCl. Line colors: orange) Pu39WT; red) 5′G4; blue) MidG4; black ) 3′G4. The
bottom panel compares theTetrahymenatelomeric repeat sequence with thebcl-2 MidG4 sequence. Line colors: red) Tetrahymenatelomeric repeat
sequence (mixed parallel-antiparallel G-quadruplex in 100 NaCl); black) Tetrahymenatelomeric repeat sequence (100 mM KCl); blue) MidG4 (100
mM KCl); orange) bcl-2 promoter Pu39WT sequence (100 mM KCl). All CD data were obtained with a 5µM strand concentration at 25° C.
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footprinting methods were used. The three oligonucleotides
5′G4, MidG4, and 3′G4 were denatured at 95°C for 5 min and
slowly cooled to 4°C over several hours in the presence or
absence of 100 mM KCl. The samples were then subjected to
native polyacryamide gel electrophoresis to separate the in-
tramolecular G-quadruplexes from unstructured single-stranded
DNA. Incubation of the oligonucleotides 3′G4 and MidG4 in
the absence of K+ resulted in the formation of one primary band
(band 1 in insets of Figure 5, B′′ and C′′); however, two discrete
bands were produced in the presence of K+, one major band
(band 2 in insets of Figure 5, B′′ and C′′) with a faster mobility
than that of band 1 and one minor band that ran similar to the
K+-deficient DNA, suggesting that not all the DNA was
converted to the higher mobility species. In the case of the 5′G4
oligonucleotide, two bands were seen in the absence (bands 1
and 2 in inset of Figure 5A′′) and the presence of K+ (bands 3
and 4 in inset of Figure 5A′′), with band 4 shifting to a more
rapid mobility than all the other bands. All the numbered bands
in the insets of Figure 5A′′-C′′ were excised, subjected to DMS
treatment and piperidine cleavage, and then separated on
sequencing gels. The results of DMS footprinting are shown in
Figure 5 (A′′-C′′), as well as graphical illustrations of the
relative band intensities for each lane. The internal MidG4
sequence, which is the most stable, based on low K+-
dependence, was the only sequence to conform to a specific
intramolecular G-quadruplex structure derived from its cleavage
pattern, in which four runs of three guanines were partially or
fully protected from DMS methylation (Figure 5B′′). Derivations
of the G-tetrads formed in sequences 5′G4 and 3′G4 are not so
straightforward. The 3′G4 N7 methylation pattern showed
protection of at least three guanines in the three 3′-end G-tracts;
however, the fourth G-tract displayed protection of only two
guanines (Figure 5C′′). This suggests that the adjacent adenine
or the central run of two guanines, which did show some degree
of DMS protection, may contribute to the formation of a unique
intramolecular G-quadruplex structure in the 3′G4 sequence. For
the 5′G4 sequence, the footprinting patterns of bands 2 and 4
were compared, since a mobility shift was observed, whereas
no appreciable shift occurred between bands 1 and 3. Several
guanine bases within the G-tracts were either partially or fully
protected from DMS methylation in the 5′G4 sequence (Figure
5A′′); however, the unclear N7 methylation pattern did not allow
for determination of specific G-tracts involved in G-quadruplex
formation. Significantly, this is the only sequence to show full
protection of the run of two guanines, which may be attributable
to another unique G-quadruplex structure reminiscent of the
3′G4 sequence.

C. Circular Dichroism Analysis Shows the Three G-
Quadruplexes Are Mixed Parallel/Antiparallel Structures.
Comparative circular dichroism studies were also carried out
on the three truncated sequences and the full-length Pu39WT
sequence. As shown in Figure 5D (top panel), all the sequences
had similar CD signatures, each comprising a major and minor
positive peak at 264 and 295 nm, respectively. Based on the
intensity and sharpness of the peaks at 264 and 295 nm, the
5′G4 and 3′G4 sequences had more parallel character with less
defined antiparallel character. In contrast, a well-defined peak
at 295 nm was observed in the CD spectrum of the MidG4
sequence, which is quite analogous to that of the Na+- and K+-
stabilizedTetrahymenatelomeric sequence (Figure 5D, bottom

panel). However, of these two apparently similar forms (at least
by CD), only the structure of that form in Na+ is known.49 This
implies that the G-quadruplex formed in the MidG4 sequence
has a similar folding topology to theTetrahymenaG-quadruplex
structure in Na+, which consists of two lateral loops and one
double-chain reversal. This was subsequently determined by
NMR.50 Overall, these results are consistent with the presence
of mixed parallel/antiparallel G-quadruplex structures for all the
sequences; however, the most convincing evidence is seen with
the MidG4 sequence.

Comparison of Stability of the Three Possible Loop
Isomers in the MidG4 Sequence.Even though three specific
G-quadruplex-forming sequences were isolated, it is possible
for each of these sequences to have the ability to form alternative
loop isomers. For example, because the MidG4 sequence has
three G-tracts, each consisting of only three guanines, this limits
the G-quadruplex to having three G-tetrads; therefore, only three
guanines are needed from the run of five guanines to participate
in the formation of the three G-tetrads, and the remaining two
guanines are forced into loop regions. There are three possible
loop isomers due to the different combinations of three adjacent
guanines in the run of five guanines. To test our hypothesis of
loop isomers within the MidG4 sequence, dual G-to-T mutations
were designed within the run of five guanines (Table 1; MidG4-
mut1, -mut2, and -mut3) to determine the selection of guanines
involved in the G-tetrads. These unambiguous mutated se-
quences were then compared for stability to the wild-type
sequence using the DNA polymerase stop assay. The results
revealed that the mutant sequences were less stable than the
wild-type sequence based on arrest site intensities (Figure 6).
Moreover, utilization of the three guanines at either the 5′-end
or 3′-end (mut1 and mut2) of the run of five guanines in
G-quadruplex formation appeared to be more favorable than
the central three guanines (mut3). Mutation of the two 5′-end
guanines generated the most stable structure based on the
minimal amount of K+ required to produce a DNA polymerase

(49) Wang, Y.; Patel, D. J.Structure1994, 2, 1141-1156.
(50) Dai, J.; Dexheimer, T. S.; Chen, D.; Carver, M.; Ambrus, A.; Jones, R.

A.; Yang, D.J. Am. Chem. Soc.2005, 127, 1096-1098.

Figure 6. DNA polymerase stop assay showing the difference in stability
of the three possible loop isomers in the MidG4 sequence in comparison to
the wild-type sequence. The wild-type MidG4 sequence is shown below
the gel. MidG4-mut1, MidG4-mut2, and MidG4-mut3 contain dual G-to-T
mutations within G5 (see Table 1). KCl concentrations are 0, 25, 50, and
100 mM.
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arrest. These results indicate that loop isomerization can occur
within the MidG4 sequence, and since this run of five guanines,
as well as an additional run of four guanines, is also present in
the 5′G4 and 3′G4 sequences, this phenomenon is likely to be
even more exaggerated in these G-quadruplexes.

Three Different G-Quadruplex-Forming Sequences Bind
G-Quadruplex-Interactive Drugs with Different Affinities.
We have demonstrated that three individual G-quadruplex
structures can form in the G-rich strand of thebcl-2P1 promoter
region. However, the long-term goal of this study is to identify
small molecules with the ability to modulatebcl-2 gene
expression through the stabilization and/or modification of these
unique G-quadruplex structures. Therefore, we next examined
the ability of three well-known G-quadruplex-interactive agents
(TMPyP4, Se2SAP, and telomestatin) to selectively interact and
stabilize the three individual G-quadruplex structures character-
ized in our preceding studies. While TMPyP4 is able to bind to
and stabilize a variety of G-quadruplex structures, TMPyP2 lacks
the ability to interact with these structures44 and served as our

negative control compound. Se2SAP is a synthetic, core-
modified, expanded porphyrin that was first synthesized in our
laboratory with the specific aim of targeting a subset of
G-quadruplex structures.41 Telomestatin is a natural product,51

which has been shown to inhibit telomerase through its strong
G-quadruplex interaction with the human telomeric sequence.52

DNA polymerase stop assays were performed with this series
of compounds together with the three individual G-quadruplex-
forming sequences (5′G4, MidG4, and 3′G4) to test whether
selective stabilization of specific G-quadruplexes was achievable
(Figure 7). Surprisingly, the results revealed that two of the
compounds (TMPyP4 and Se2SAP) did have sequence or
structural selectivity for the different G-quadruplexes. The
negative control, TMPyP2, was unable to stabilize any of the
three G-quadruplex structures, whereas telomestatin had the

(51) Shin-ya, K.; Wierzba, K.; Matsuo, K.; Ohtani, T.; Yamada, Y.; Furihata,
K.; Hayakawa, Y.; Seto, H.J. Am. Chem. Soc.2001, 123, 1262-1263.

(52) Kim, M.-Y.; Vankayalapati, H.; Shin-ya, K.; Wierzba, K.; Hurley, L. H.J.
Am. Chem. Soc.2002, 124, 2098-2099.

Figure 7. Stabilization of the three individual G-quadruplex structures formed by the 5′G4, MidG4, and 3′G4 sequences with the addition of increasing
concentrations of TMPyP2 (0.1, 0.25, 0.5, 1, and 2.5µM), TMPyP4 (0.1, 0.25, 0.5, 1, and 2.5µM), Se2SAP (0.05, 0.1, 0.25, 0.5, and 1µM), and telomestatin
(0.05, 0.1, 0.25, 0.5, and 1µM) in the presence of 20 mM KCl. Quantification of autoradiograms is shown inright panels.
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ability to interact quite strongly with all sequences, increasing
the arrest sites 4- to 6-fold above the no-drug control at the
maximum concentration tested. In addition, telomestatin induced
the formation of another arrest site (2 in lower-panel gel of
Figure 7) or G-quadruplex structure in the 3′G4 sequence.
TMPyP4 (Figure 3B) and Se2SAP (data not shown) intensified
all three arrest sites when employing the Pu39WT sequence,
yet when their binding to the individual G-quadruplexes was
examined, they were selective to the 3′G4 and MidG4 se-
quences, respectively. These results suggest that it is possible
to selectively target with different G-quadruplex-interactive
molecules the three constitutive G-quadruplexes within thebcl-2
promoter, which could lead to different biological outcomes.

Discussion

Deregulation of thebcl-2 proto-oncogene is responsible for
neoplastic cell growth in many types of cancer. In addition,
overproduction of thebcl-2 protein has been associated with a
poor response to chemotherapy in several tumors, due to its
role in blocking drug-induced apoptosis.53 As a consequence
of these properties, the interest in blockingbcl-2 activity has
strongly increased in recent years, leading to multiple approaches
to discover selectivebcl-2 inhibitors. Two current strategies
include the use of antisense oligonucleotides54 or peptidomi-
metics55 and small molecules, both of which recognize the
hydrophobic surface pocket of thebcl-2 protein and interfere
with its protein-protein interactions.56,57 Recently, ABT-737,
a small molecule inhibitor ofbcl-2protein-protein interactions,
was identified using NMR-based screening and structure-based
design, which exhibits activity alone and in combination with
chemotherapy or radiation in vivo.57

There is accumulating in vitro evidence of the importance of
G-quadruplex structures in promoter regions; however, direct
confirmation for the existence of these G-quadruplexes in vivo
is still to be obtained. While a bioinformatics search of the
human genome for the simplest G-quadruplex-forming motif
reveals an impressive number of possible G-quadruplex struc-
tures,58 a search for the more complex motifs actually found in
gene promoter regions has not been performed. To date, the
presence of G-quadruplex structures functioning as transcrip-
tional regulators has been implicated in at least three genes.
The most well-studied example is the specific intramolecular
G-quadruplex structure formed in the G-rich region upstream
of the humanc-mycgene promoter, which has been shown to
be stabilized by G-quadruplex-interactive agents and to act as
a c-myctranscriptional repressor.37,38 In contrast, the presence
of G-quadruplex structures within the insulin-linked polymorphic
region of the human insulin gene has been associated with high

gene transcription, specifically functioning as enhancer ele-
ments.59,60Finally, and most recently, the promoter and enhancer
regions of several muscle-specific genes have been shown to
adopt multiple DNA secondary structures in vitro, including
bimolecular G-quadruplexes.61,62This sequence motif not only
is exclusive to the examples mentioned but also has been found
in the upstream promoter regions of several other cellular genes
(see ref 38 for a partial list). With the exception of telomeres,
all of these sequence motifs are in duplex regions of the genome.
Thus, a major limitation to the formation of G-quadruplexes is
the stability of duplex DNA. However, unwinding of DNA and
the formation of single-stranded tracts during transcription or
replication could provide the necessary conditions for the
formation of G-quadruplexes.63-65

In this study we explored a candidate G-quadruplex-forming
sequence located in the proximity of a nuclease hypersensitive
element within the promoter region of the humanbcl-2 gene
that may possibly function as a regulator ofbcl-2 transcription.
We demonstrate that the G-rich strand within this region, which
contains seven runs of two or more contiguous guanines (Figure
1A), has the propensity to form three individual intramolecular
G-quadruplex structures (Figures 3 and 5). Isolation of the three
individual G-quadruplex-forming sequences within this G-rich
region revealed that the structure formed from the central four
runs of guanines was the most stable (Figure 5B’). Comparison
of this bcl-2 core sequence with an NMR-determined G-
quadruplex structure of a mutantc-mycpromoter sequence,66

as well as with the wild-typec-mycpromoter sequence and two
other promoter sequences with the potential to form G-
quadruplexes, HIF-1R73 and VEGF,74 revealed an apparent
sequence similarity (Figure 8). However, one notable difference
is observed in the 5′-end loop region, wherein thebcl-2sequence
contains three nucleotides instead of one. The mutantc-myc
sequence (Figure 8) has been shown to produce a parallel
G-quadruplex structure containing three double-chain-reversal
loops of 1, 6, and 1 nucleotide in length (“a” in Figure 1B).66

DMS footprinting (Figure 5B′′) and CD spectroscopy (Figure
5D) suggest that the corebcl-2sequence forms a mixed parallel/
antiparallel G-quadruplex similar to that of the Na+-stabilized
Tetrahymenatelomeric sequence, consisting of three G-tetrads,

(53) Desoize, B.Anticancer Res.1994, 14, 2291-2294.
(54) Klasa, R. J.; Gillum, A. M.; Klem, R. E.; Frankel, S. R.Antisense Nucleic

Acid Drug DeV. 2002, 12, 193-213.
(55) Tzung, S. P.; Kim, K. M.; Basanez, G.; Giedt, C. D.; Simon, J.; Zimmerberg,

J.; Zhang, K. Y.; Hockenbery, D. M.Nat. Cell. Biol.2001, 3, 183-191.
(56) Enyedy, I. J.; Ling, Y.; Nacro, K.; Tomita, Y.; Wu, X.; Cao, Y.; Guo, R.;

Li, B.; Zhu, X.; Huang, Y.; Long, Y. Q.; Roller, P. P.; Yang, D.; Wang, S.
J. Med. Chem.2001, 44, 4313-4324.

(57) Oltersdorf, T.; Elmore, S. W.; Shoemaker, A. R.; Armstrong, R. C.; Augeri,
D. J.; Belli, B. A.; Bruncko, M.; Deckwerth, T. L.; Dinges, J.; Hajduk, P.
J.; Joseph, M. K.; Kitada, S.; Korsmeyer, S. J.; Kunzer, A. R.; Letai, A.;
Li, C.; Mitten, M. J.; Nettesheim, D. G.; Ng, S.; Nimmer, P. M.; O′Connor,
J. M.; Oleksijew, A.; Petros, A. M.; Reed, J. C.; Shen, W.; Tahir, S. K.;
Thompson, C. B.; Tomaselli, K. J.; Wang, B.; Wendt, M. D.; Zhang, H.;
Fesik, S. W.; Rosenberg, S. H.Nature2005, 435, 677-681.

(58) Todd, A. K.; Johnston, M.; Neidle, S.Nucleic Acids Res.2005, 33, 2901-
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(59) Hammond-Kosack, M. C.; Dobrinski, B.; Lurz, R.; Docherty, K.; Kilpatrick,
M. W. Nucleic Acids Res.1992, 20, 231-236.

(60) Lew, A.; Rutter, W. J.; Kennedy, G. C.Proc. Natl. Acad. Sci. U.S.A.2000,
97, 12508-12512.
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Figure 8. Comparison of truncated G-quadruplex-forming sequences within
selected gene promoters.
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one double-chain-reversal loop of one nucleotide in size, and
two lateral loops comprising three and seven nucleotides (“c”
in Figure 1B). This difference in folding pattern between the
bcl-2 sequence and thec-myc mutant sequence has been
determined by NMR50 and is likely caused by the variation in
the number of nucleotides present in the 5′-end loop region. In
addition, it is important to note that the 3′-ends of all five
sequences in Figure 8 are composed of an identical motif (G3-
NG3) capable of forming a single nucleotide double-chain-
reversal loop, which may serve as a stable foundation for the
formation of each G-quadruplex structure. The commonality of
the G3NG3 motif extends also to two of the three constitutive
G-quadruplexes in thebcl-2 promoter (Table 1). In the MidG4,
the most stable mutant (MidG4-mut1) has a G5NG3 at the 3′-
end, which is presumably common to the 3′G4 (see DMS
footprinting in Figure 5C′′). The 5′G4 quadruplex is the least
stable of the three constituentbcl-2 promoter structures, and
although it contains this motif at the 5′-end, DMS footprinting
(Figure 5A′′) shows incomplete protection of the appropriate
guanines.

Comparison of putative G-quadruplex-forming sequences
reveals variable degrees of complexity based on sequence
composition. Both thebcl-2 andc-mycG-quadruplex-forming
sequences are composed of more than four G-tracts and are
capable of forming multiple G-quadruplex structures, based on
the assumption that each G-tract has an equal probability of
participating in G-quadruplex formation. Specifically, the wild-
typec-mycpromoter sequence is composed of five G-tracts and
theoretically has the potential to form five different G-
quadruplex structures, based on the number of combinations of
four G-tracts; however, nondenaturing gel analysis shows only
two intramolecular species.37 These are most likely two distinct
parallel intramolecular G-quadruplex structures that can exist
within the c-myc promoter sequence. The first predominant
structure determined by NMR involves three G-tetrads, two
single nucleotide double-chain-reversal loops, and a central
double-chain-reversal loop containing two nucleotides utilizing
the four 3′-end G-tracts.66 Even though the minor species, which
utilizes the two 5′- and 3′-end G-tracts, has not been shown by
NMR to be a similar all-parallel structure, a mutant (Mutc-myc
in Figure 8) in which the middle G-tract is substituted by a
T-tract does form a parallel structure with three double-chain
reversal loops.66 When an additional G-tract is present, such as
in thebcl-2 promoter sequence, the number of combinations of
four G-tracts significantly increases to 15 and continues to
rapidly increase with more G-tracts. This concept of multiple
combinations of four G-tracts within a given sequence represents
the first level of complexity within G-quadruplex-forming
sequences. A second level of complexity occurs when a
G-quadruplex-forming sequence is composed of G-tracts con-
taining unequal numbers of guanines. This is represented by
the bcl-2 MidG4 sequence in Figure 6, in which an individual
G-quadruplex structure has the ability to form three different
loop isomers. Similarly, the G-quadruplex structure formed by
the four 3′-end G-tracts in thec-mycpromoter sequence has
been shown to exist as a mixture of four different loop isomers.67

Therefore, besides the choice of G-tracts, there is an option
among the guanines within a given G-tract that ultimately leads

to the complexity found in most G-quadruplex-forming se-
quences. These layers of complexity for the G-quadruplex-
forming regions in thebcl-2 promoter are illustrated in Figure
9. This unexpected degree of complexity is probably important
from at least two perspectives. First, it gives rise to an enhanced
degree of stability, and second, it provides alternative G-
quadruplex structures and duplex regions for differential binding
of proteins and drugs. Intriguingly, in both thec-mycandbcl-2
promoter regions in which multiple runs of guanines occur, there
is only one predominant G-quadruplex species in each case,
i.e., the parallel 1:2:1 loop isomer forc-mycand the MidG4-
mut1 sequence forbcl-2.

The inability to selectively target a specific G-quadruplex
structure was one of the initial criticisms of G-quadruplexes as
drug targets. However, a number of studies have established
that small molecules can be designed that have varying degrees
of selectively to different G-quadruplex structures.41,68-70 For
example, cationic porphyrins and sapphyrins have been shown
to bind to and stabilize a number of different types of
G-quadruplexes.41,44,71,72Specifically, the cationic porphyrin and
sapphyrin used in this study, TMPyP4 and Se2SAP, have been
shown to have variable selectivity for G-quadruplex structures.
TMPyP4 is less discriminating compared to Se2SAP, which has
been shown to specifically stabilize one of thec-myc G-
quadruplexes,41 as well as the K+ form of the human telomeric
G-quadruplex.71 In addition, TMPyP4 and Se2SAP at low salt
concentrations have been shown to convert thec-mycparallel
G-quadruplex to a double- or single-loop hybrid G-quadruplex
structure, respectively. In this study these two cationic ligands
demonstrated selective stabilization of two of the three G-
quadruplex structures formed within thebcl-2promoter (Figure
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2003, 125, 4732-4740.
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Figure 9. Proposed equilibrium between the multiple G-quadruplex
structures formed within thebcl-2promoter region (red) anti conformation;
green ) syn conformation). The G-quadruplex folding pattern is as
determined by an NMR study.40
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7); however, whether similar drug-induced structural conversion
occurs has yet to be determined.

Although the biological relevance of this G-quadruplex-
forming region upstream of thebcl-2 P1 promoter is unknown,
we speculate that it may function to modulatebcl-2 transcription.
Depending on which of the three G-quadruplex structures is
present in vivo, this will provide different binding sites for
transcriptional factors. Targeting these preexisting paranemic
secondary structures separately with selective small molecules
may result in variable biological consequences. Studies are
ongoing to investigate the effect of G-quadruplex-interactive
agents onbcl-2 gene transcription.

Overall, we provide in vitro evidence for the formation of
three separate intramolecular G-quadruplex structures in the
proximal P1 promoter region of the humanbcl-2 gene, which
are selectively stabilized by different G-quadruplex-interactive

agents. Our results also reveal another proto-oncogene, besides
c-myc, that may possibly be regulated by the presence of
G-quadruplex structures within its promoter. This study strength-
ens the idea that G-quadruplexes may play a role in biological
processes and that selective targeting of individual G-quadruplex
structures is achievable.
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