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ABSTRACT

The biological role of quadruplexes and polyamines
has been independently associated with cancer.
However, quadruplex-polyamine mediated tran-
scriptional regulation remain unaddressed. Herein,
using c-MYC quadruplex model, we have attempted
to understand quadruplex–polyamine interaction
and its role in transcriptional regulation. We initially
employed biophysical approach involving CD, UV
and FRET to understand the role of polyamines
(spermidine and spermine) on conformation,
stability, molecular recognition of quadruplex
and to investigate the effect of polyamines
on quadruplex–Watson Crick duplex transition.
Our study demonstrates that polyamines affect
the c-MYC quadruplex conformation, perturb its
recognition properties and delays duplex formation.
The relative free energy difference (""G8) between
the duplex and quadruplex structure indicate that
polyamines stabilize and favor c-MYC quadruplex
over duplex. Further, we investigated the influence
of polyamine mediated perturbation of this equilib-
rium on c-MYC expression. Our results suggest that
polyamines induce structural transition of c-MYC
quadruplex to a transcriptionally active motif with
distinctive molecular recognition property, which
drives c-MYC expression. These findings may
allow exploiting quadruplex–polyamines interaction
for developing antiproliferative strategies to combat
aberrant gene expression.

INTRODUCTION

Polyamines are ubiquitous low molecular weight aliphatic
cations, which are involved in a large number of cellular
processes including functioning of ion channels, nucleic
acid packaging, DNA replication, apoptosis, transcription
and translation (1–5). These multivalent cations also act as

electrostatic bridges between the phosphate charges of
DNA and RNA as well as a variety of other highly
charged linear chains, e.g. filaments and microtubules.
Cells have evolved mechanisms to ensure the tight regula-
tion of intracellular polyamine pools. The total intracellu-
lar concentration of polyamines is in millimolar range.
However, the free polyamine concentrations are consider-
ably lower, as they are bound to anionic groups in DNA,
RNA, proteins and phospholipids (6–8). Insufficient
levels of polyamines result in suboptimal growth and
high levels of polyamines can lead to malignant transfor-
mation (9,10). The naturally occurring polyamines include
putrescine, spermidine and spermine, which are involved
in signal transduction. Different polyamines preferentially
activate protein kinases (tyrosine kinases and MAP
kinases), which accelerate the expression of nuclear
proto-oncogenes (11–14). One of such proto-oncogenes
codes for a nuclear transcription factor c-MYC, which
play a central role in the regulation of cell cycle progres-
sion. Polyamine-induced nuclear c-MYC interacts with
MAX, and this complex binds to E-box sequence CAC
GTG to activate transcription of target genes. The
enzyme ornithine decarboxylase (ODC) involved in
polyamine biosynthesis harbors two conserved CACGT
G elements. MYC–MAX complex activates ODC by
binding to these elements, thus accelerating polyamine
biosynthesis (15–17).
The transcriptional regulation of c-MYC gene is com-

plex, and involves multiple promoters (P0, P1 and P2)
(17). The nuclease hypersensitivity element (NHE III)
upstream of P1 promoter controls c-MYC transcription
and has been a subject of considerable research over the
past few decades (18). The NHE III of c-MYC region
contains pyrimidine-rich coding strand and a purine-
rich noncoding strand. The purine (guanine)-rich strand
can adopt intramolecular fold back structure called
G-quadruplexes, which contains a planar array of
G-quartets paired by Hoogsteen bonds (19). Such
guanine-rich sequences are also found in other promoter
elements (VEGF, c-KIT and BCL2, etc.), telomeres, cen-
tromeres, immunoglobulin switch regions and mutational
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hot spot regions (19–21). Recently, a genome-wide search
has shown as many as 376 000 potential quadruplexes
could exist in the functionally important regions of
genes (22,23). The increasing evidence of quadruplexes
being implicated in disease has kindled interest in devel-
oping synthetic ligands that can bind selectively to these
structures, affect their molecular recognition properties,
which allows exploiting them as therapeutic target
(24,25). However, the potential existence of these struc-
tures is relevant only if they are investigated in presence
of other competing structures. In the genome, the guanine
stretches are present along with their C-rich complemen-
tary strand, which generates competition between
Hoogsteen-bonded quadruplex structure and Watson–
Crick hydrogen-bonded duplex structure. The structural
transition amongst these secondary structures may in turn
modulate the gene function. This quadruplex–duplex com-
petition is influenced by pH, temperature, salt concentra-
tion and complementary strand concentration (26–35).
We have previously reported the influence of natural
(molecular crowding) and pharmacological (cationic
porhyrin) agent on quadruplex–duplex equilibrium, these
perturbants stabilize the quadruplex and shift the equilib-
rium to quadruplex formation (33).
Quadruplexes are implicated in cancer (19–21) and

an increase in cellular polyamines concentration leads
to cancer progression (9,10). This suggests the existence
of an elemental link between these two independent
events, which may mutually result in oncogenesis.
Herein, we attempt to establish an association between
these phenomena using c-MYC quadruplex as a model.
The target sequence used in this study is a 22-mer
purine-rich sequence of NHE III of c-MYC promoter
located from –143 to –110 bp upstream of P1 promoter.
It has been shown that there is a facile transformation of
this purine-rich sequence of the NHE III in the c-MYC
promoter to a kinetically favored parallel G-quadruplex
that acts as a transcriptional switch in gene expression
(18). We adopted biophysical approach Circular
Dichroism (CD), Ultraviolet (UV) and Fluorescence
Resonance Energy Transfer (FRET) to understand the
role of polyamines (spermidine and spermine) in influen-
cing the conformation, stability, molecular recognition of
quadruplex and quadruplex–Watson Crick transition. Our
study demonstrates that polyamines affect the conforma-
tion of c-MYC quadruplex, modulates its molecular rec-
ognition and delays hybridization to its complementary
strand for duplex formation. This modulation of molecu-
lar recognition of c-MYC quadruplex in the promoter
consequently affects the downstream c-MYC expression.
This work provides insight into role of polyamines–quad-
ruplex interaction that may affect probable biological
function of quadruplexes and lead to disease condition.

MATERIALS AND METHODS

Oligonucleotides

Single-labeled (50-fluorescein) and dual-labeled (50-fluores-
cein and 30-TAMRA) sequence d(GGGGAGGGTGG
GGAGGGTGGGG) were obtained from Microsynth.

Unlabeled G-rich and C-rich strands were obtained
from Sigma. All the oligonucleotides were High
Performance Liquid Chromatography (HPLC) purified.
The concentrations of unlabeled oligonucleotides were
calculated by extrapolation of tabulated values of the
monomer bases and dimers at 258C using procedures
reported earlier (36,37).

CD study

CD spectrum of c-MYC 22-mer quadruplex (5 mM) was
recorded using a Jasco 715 spectropolarimeter at 258C.
The sample was prepared by slow annealing in 10mM
sodium cacodylate buffer, pH 7.4 and 100mM NaCl
and 100mM KCl. Spectra were recorded with increasing
concentrations of spermidine (0–0.75mM) and spermine
(0–50mM) in NaCl and KCl buffers. Duplex sample was
prepared by heating mixture of G-rich (5 mM) and its
C-rich complementary strand (50mM) in 10mM Tris
buffer, pH 7.4 at 958C, followed by slow cooling. The
duplex samples (5 mM) were incubated with 0.75mM sper-
midine and 50 mM spermine for 3 h in 10mM Tris buffer,
pH 7.4 at 258C and CD spectra were recorded from
200 nm to 350 nm.

Nondenaturing gel electrophoresis

Quadruplex was prepared using 50-fluorescein-GGGGAG
GGTGGGGAGGGTGGGG-30 by heating at 958C, fol-
lowed by slow annealing in 100mM NaCl. Preformed
quadruplex (2 mM) was incubated with 0.75mM spermi-
dine and 50 mM spermine for 3 h in 10mM sodium caco-
dylate buffer pH 7.4, 100mM NaCl at 258C. Duplex
sample was prepared by heating the mixture of G-rich
(1.5 mM) and its C-rich complementary strand (30 mM) in
10mM Tris buffer, pH 7.4 at 958C, followed by slow cool-
ing. The duplex samples (2 mM) were incubated with
0.75mM spermidine and 50 mM spermine for 3 h in
10mM Tris buffer, pH 7.4 at 258C. All the samples were
electrophoresed on 15% polyacrylamide nondenaturing
gel and gel was run in 1� Tris borate EDTA (TBE), pH
7.4 at 48C at constant voltage of 100V. The gel was visua-
lized in Fujifilm phosphorimager using 480 nm laser and
520 nm filter. Gel experiment was also performed using
nonquadruplex-forming sequences and their respective
duplex in the absence and presence of polyamines
(0.75mM spermidine and 50 mM spermine). The sequences
used were: Sequence 1: 50-GCTTGCTTCCTTCG-30 and
Sequence 2: 50-CGAAGGAAGCAAGC-30. The samples
of 5 mM concentration were prepared in 10mM Tris
buffer, pH 7.4 for T15 marker, single strand and duplex.
All the samples were electrophoresed on 15% polyacryla-
mide nondenaturing gel and gel was run in 1� TBE, pH
7.4 at 48C at constant voltage of 100V. After electrophor-
esis, gel was stained with ethidium bromide and was visua-
lized through BioRad Gel Doc XR.

UV melting study

c-MYC quadruplex sample was prepared by heating
the oligonucleotides in 10mM sodium cacodylate buffer,
pH 7.4, 100mM NaCl and 100mM KCl followed by
slow cooling. The melting profile of c-MYC quadruplex
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(2 mM) was recorded in absence and presence of 0.75mM
spermidine and 5 mM spermine in Cary 100 (Varian) spec-
trophotometer equipped with Hitachi SPR-10 thermopro-
grammer with a heating/cooling rate of 0.28C/min and
data were collected at 295 nm. Tm was calculated
from the peak value of the first derivative of the absor-
bance profile. Thermodynamic parameters were deter-
mined using method reported previously (38). We also
performed concentration-dependent UV experiments
(2 mM to 75 mM) to check concentration-independent
melting temperature for unstructured–structured transi-
tion to differentiate between intra- and intermolecular
system.

UV–vis absorption titration study

Absorption spectra were measured on a Cary100 UV–vis
spectrophotometer with a 1-cm path length quartz cell.
UV–vis absorption titrations were carried out by the
stepwise addition of quadruplex solution to a cell contain-
ing 1.0mM TMPyP4 (porphyrin) and absorption spectra
were recorded in the 350–550 nm range at 258C. The
experiments were performed in 10mM sodium cacodylate
buffer, pH 7.4, 100mM NaCl and 100mM KCl. The data
were analyzed with both single- and double-binding
models using Equations (1) and (2), respectively, as
described previously (47).

r ¼ ðn1 � CfÞ=ðKd � CfÞ 1

r ¼ ðn1 � CfÞ=ðKd1 þ CfÞ þ ðn2 � CfÞ=ðKd2 þ CfÞ 2

where r is the number of moles of TMPyP4 bound to
1mol of G-quadruplex, n1 and n2 are the stoichiometries
of TMPyP4-quadruplex interaction, Cf is the free
TMPyP4 concentration and Kd1 and Kd2 are the quadru-
plex–TMPyP4 equilibrium dissociation constants. Origin
7.0 was used for all the fitting analysis.

Fluorescence study

FRET experiments were performed using sequence
50 fluorescein-GGGGAGGGTGGGGAGGGTGGGG-30

TAMRA and data were recorded in Nanodrop fluoro-
spectrometer (ND-3330). The samples were prepared
with fixed concentration of preformed quadruplex
(0.15 mM) and with increasing concentrations of comple-
mentary strand (0–30mM) and incubated for 24 h at 258C.
The experiment was performed in the absence and pres-
ence of 0.75mM spermidine and 50 mM spermine in
10mM sodium cacodylate buffer, pH 7.4, 100mM NaCl
and 100mM KCl. Data were analyzed for fluorescein
signal at 520 nm as reported previously (27).

Kinetic experiments were also performed in fluorospect-
rometer (ND-3300). The solution containing equimolar
concentrations (0.15 mM) of preformed quadruplex and
its complementary strand were prepared in the absence
and presence of 0.75mM spermidine and 50 mM spermine
in 10mM sodium cacodylate buffer, pH 7.4, 100mM
NaCl at 258C and aliquots of samples were read at differ-
ent time intervals. The fluorescence signal of fluorescein at

520 nm was fitted to mono-exponential kinetic equation to
obtain hybridization kinetics for duplex formation.
Fluorescence-annealing experiments were performed in

LC 480 (Roche). The annealing profile of the equimolar
mixture of quadruplex (0.15 mM) and its complementary
strand in the absence and presence of spermidine
(0.75mM) and spermine (50 mM) in 10mM sodium caco-
dylate buffer, pH 7.4, 100mM NaCl was recorded with
a cooling rate of 0.28C/min. Normalized Donor (fluores-
cein) emission (I520 nm=Ft/F95) at 520 nm was plotted as
a function of temperature, where Ft is the fluorescence
of donor at any temperature and F95 is the fluorescence
of donor at 958C.

RNA isolation and real time Polymerase Chain Reaction
(PCR)

Exponentially growing 1� 106 HeLa cells in Dulbecco’s
Modified Eagle Medium (DMEM) media supplemented
with 10% Fetal Calf Serum (FCS) were seeded in six-
well plate on Day 1. The cells were treated with different
concentrations of spermidine (0–15mM) and spermine
(0–15mM) on Day 2. After 24 h of polyamines treatment,
cells were lysed for RNA isolation. In another experiment
to investigate the influence of polyamines on the efficacy of
quadruplex-interacting ligand TMPyP4 (porphyrin), the
cells were given pre-treatment of spermidine (15mM)
and spermine (15mM) on Day 1. On Day 2, the media
was changed and cells were treated with different concen-
trations of porphyrin (0–30mM). The control sample
included cells, which were not given any polyamine or
porphyrin treatment. After 24 h of porphyrin treatment,
the cells were lysed using Trizol reagent (Invitrogen) (39).
The Trizol reagent (1ml) was added in a six-well plate and
continuous pipetting was done for 5min. After homoge-
nization, 200 ml of chloroform was added to the samples
followed by vortexing for 30 s and incubation at room
temperature for 5min. The samples were then centrifuged
at 12 000 r.p.m. for 15min at 48C and the obtained aque-
ous phase was transferred to fresh tube. Isopropanol
(500ml) was added in the samples and these were incu-
bated at �208C for 60min. The samples were again cen-
trifuged at 12 000 r.p.m. for 15min at 48C and followed by
2 washes by 70% ethanol and centrifugation. The pellet
was air dried and dissolved in 20 ml of double autoclaved
MQ water. Quantification of RNA was done using
Nanodrop (ND-1000) spectrometer. The samples were
then given DNase I treatment to remove DNA contami-
nation and RNA quality was checked by running a 1.5%
agarose gel. cDNA was synthesized using High Capacity
kit (ABI) as per manufacture’s protocol. cDNA quality
was checked by performing PCR with respective primers
and observing the desired band for PCR product. This
was followed by real time PCR in LC 480 (Roche) using
SYBER green master mix as per manufacture’s protocol
to assess the transcript level of target gene (c-MYC) with
respect to internal reference genes B2m and b-actin.
Data analysis was done to obtain fold change by Paffl’s
method (51). The primers used for real time PCR were:
c-MYC primers (forward primer: TGAGGAGACACCG
CCCAC; reverse primer: CAACATCGATTTCTTCCTC

Nucleic Acids Research, 2009, Vol. 37, No. 10 3323



ATCTTC); B2m primers (forward primer: TGCTGTCTC
CATGTTTGATGTATCT, reverse primer: TCTCTGCT
CCCCACCTCTAAGT) and b-actin primers (forward
primer: AAGAGAGGCATCCTCACCCT, reverse
primer: TACATGGCTGGGGTGTTGAA).

Transfection and luciferase assay

Exponentially growing 1� 106 HeLa cells in DMEM
media supplemented with 10% FCS were seeded in a
six-well plate on Day 1. The plasmids used for transfection
were Del 4 which harbors the 22-mer c-MYC quadruplex-
forming sequence in the P1 promoter upstream of the
luciferase reporter (a gift from Bert Vogelstein) and Del
4 mutant plasmids that had substitutions in the quadru-
plex-forming sequence, which destabilizes the structure
(a gift from Shantanu Chowdhury) (40). The quadru-
plex-forming sequences upstream of luciferase reporter
gene in the plasmids used in the current study are follow-
ing: Del 4: 50-GGGGAGGGTGGGGAGGGTGGGG-30;
Mut 1: 50-GGGGAGGGTGAGGAGGGTGGGG-30 and
Mut 2: 50-GGGGAGGGTGAAGAGAGTGGGG-30,
where substitutions are underlined. One microgram plas-
mid was transfected in HeLa cells growing at 75% con-
fluency using Lipofectamine 2000 as per manufacture’s
protocol. After 5 h of transfection, the cells were given
1� PBS wash and fresh media was added in each well
and cells were given subsequent polyamines (0–15mM
spermidine and spermine) treatment for 24 h. The cells
were lysed with 1� Cell Culture Lysis Reagent (CCLR)
buffer (Promega Luciferase Assay System Cat no #E1500)
with continuous pipetting at 48C for 30min. The homo-
genate was centrifuged for 2min at 10 000g. The super-
natant is used for protein estimation by Bicinchoninic
Acid (BCA) method. Luciferase assay was performed in
Orion Microplate Luminometer (Berthold Detection
System) for three biological replicates and luciferase activ-
ity was normalized by total protein concentration.

RESULTS AND DISCUSSION

The CD spectrum recorded for 22-mer purine-rich
sequence of NHE III of c-MYC promoter in 100mM
NaCl buffer depicts an intense positive peak at 265 nm,
a small positive peak at 295 nm and a negative peak at
240 nm, thus suggesting the existence of a predominant
parallel quadruplex population along with a small antipar-
allel population (Figure 1). The increasing concentrations
of polyamines (0–0.75mM spermidine and 0–50 mM sper-
mine) lead to a prominent increase in the magnitude of
positive peak at 265 nm and a moderate increase in the
negative peak at 240 nm with a concomitant decrease in
the magnitude of positive peak at 295 nm. This suggests
that polyamines induce structural transitions which result
in decrease in antiparallel population and a simultaneous
increase in parallel population. Similar experiments were
performed in KCl buffer, and only a moderate effect for
the structural transition from antiparallel to parallel con-
formation was observed (Supplementary Figure 1). In KCl
buffer, c-MYC quadruplex displays very high thermal sta-
bility (Tm=758C, Supplementary Figure 3) and this

structure might resist the induction of any further struc-
tural transitions by polyamines. A further increase in con-
centration of spermidine (>0.75mM) and spermine
(>50 mM) resulted in precipitation of DNA both in
NaCl and KCl buffers. Therefore, the working concentra-
tion was restricted to 0–0.75mM spermidine and 0–50mM
spermine in our subsequent experiments. Since, this
22-mer G-rich sequence has potential to adopt more
than one conformation, the difference in their mobility
would allow resolving these populations through native
gel electrophoresis. We performed native gel electropho-
resis to observe the structural transitions induced by poly-
amines, as shown in Figure 2 (lanes 2–4). The presence of
two discrete bands for quadruplex signifies existence of
mixed conformers in NaCl buffer, and is in concordance
with our CD observations. However, in presence of both
0.75mM spermidine and 50 mM spermine, we observed
decrease in the intensity of lower band and an increase
in the intensity of upper band suggesting the shift towards
one type of conformer, probably the parallel population as
observed in the CD study.

For quadruplex formation, G-rich regions must be
released from the duplex DNA, which hints towards the
existence of an interconversion between intramolecular
quadruplex and intermolecular Watson–Crick duplex
structure for execution of various cellular processes like
replication, recombination, transcription, etc. The 22-mer
G-rich element used in this study belongs to the NHE III
region of c-MYC gene, and it adopts intramolecular

240 260 280 300 320
–60

–30

0

30

60

90

–90

–60

–30

0

30

60

90

0 mM spd
0.5 mM spd
0.75 mM spd

q,
 m

d
eg

(a)

(b)

0 mM spm
5 uM spm
50 uM spm

q,
 m

d
eg

Wavelength, nm

Figure 1. CD spectra recorded for c-MYC quadruplex (5 mM) in
absence and presence of (a) spermidine and (b) spermine in 10mM
sodium cacodylate buffer, 100mM NaCl, pH 7.4 at 258C.
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secondary structure, which may control multiple rounds
of transcription before it switches back to the usual
B-DNA conformer. However, during the onset of cancer-
ous condition, intracellular concentration of
polyamines increases, which may affect the nucleic acid
structures and their dynamic transitions between intercon-
verting alternative secondary structures. As polyamines
stabilize quadruplex structure and induce structural tran-
sition to predominant one type of conformer, they might
also influence the hybridization of the G-rich structured
strand to its complementary strand and thereby, modulate
the structural transition between usual Watson–Crick
duplex and quadruplex structure. We used native gel elec-
trophoresis to monitor the effect of polyamines on duplex
formation and to resolve the quadruplex and duplex
populations. Duplex DNA in the absence of polyamines
gave a sharp single band thereby suggesting presence of
predominant duplex population. However, in presence of
polyamines, we observed emergence of an extra band with
higher mobility, which corresponded to quadruplex for-
mation, thereby suggesting structural transition from the
usual Watson–Crick duplex to unusual quadruplex struc-
ture (Figure 2, lanes 5–7). We also confirmed these results
through CD experiment under similar conditions
(Supplementary Figure 4). The CD spectrum of duplex
in absence of polyamines exhibits a positive peak at
278 nm and negative peak at 250 nm. However, in pres-
ence of polyamines we observe a broad peak at 274 nm
and a negative peak at 242 nm. The shoulder peak at
262 nm signifies the contribution of the induced quadru-
plex population. Thus, both gel and CD study show that
polyamines drive structural transition from duplex to
quadruplex. We also performed gel study to monitor the
influence of polyamines on the mobility of a nonquadru-
plex-forming sequence and its duplex. The data show
that polyamines does not have any effect on the mobility
of both single-stranded oligonucleotides and their corre-
sponding duplex (Supplementary Figure 5).

Next, we evaluated the effect of polyamines on the
thermal stability of c-MYC quadruplex by monitoring

the melting profile at 295 nm. The thermal melting was
observed to be independent of quadruplex concentration
both in absence and presence of polyamines, thereby
suggesting formation of intramolecular structure
(Supplementary Figure 2). The UV melting profile shows
that this element forms a stable quadruplex with Tm

of 62.58C in 100mM NaCl buffer. The increase in the
concentration of spermidine (0–0.75mM) and spermine
(0–50mM) resulted in increase in the stability of quadru-
plex structure. The maximum increase in thermal stability
was obtained at 0.75mM spermidine and 50 mM spermine
with Tm of 71.58C and 708C, respectively (Figure 3 and
Table 1). The enthalpy change associated with quadruplex
melting was �24.3 kcal/mol in absence of polyamines,
�54.0 kcal/mol and �67.0 kcal/mol in presence of
0.75mM spermidine and 50 mM spermine, respectively.
Similar experiments were also performed in potassium
buffer. Quadruplex formed in potassium buffer is highly
stable (Tm=758C, Supplementary Figure 3), but in
presence of polyamines we did not obtain characteristic
melting domain, as c-MYC quadruplex–K+ in presence
of polyamines melts at temperatures >908C
(Supplementary Figure 3). Through UV melting study, it
is difficult to dissect out the contributions from the par-
ticipating populations: quadruplex, duplex and random
coil. Therefore, we performed fluorescence-annealing
experiments to understand the contribution of these
populations and comprehend the fate of equilibrium
(30,34). Annealing the system slowly from 958C to 378C
containing both the G-rich and its complementary strand
generates a competing environment that allows the G-rich
oligonucleotide to either exist as quadruplex and/or hybri-
dize to its complementary strand to form duplex depend-
ing on relative thermodynamic stabilities of these two
secondary structures. We monitored the annealing profile
of donor fluorescence intensity at 520 nm for c-MYC
G-rich sequence with equimolar concentration of comple-
mentary strand in the absence and presence of polyamines
(Figure 4). The annealing profile obtained for the equimo-
lar mixture of G-rich and C-rich strand in absence of
polyamines, initially showed a marginal decrease in fluo-
rescence intensity upon decrease in temperatures from
958C to 768C. But at �768C, a change in fluorescence
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profile was observed which showed increase in fluores-
cence with further decrease in temperature (76–378C).
The initial decrease and subsequent increase in fluores-
cence in the cooling profile corresponds to quadruplex
and duplex formation, respectively. The fluorescence
intensity change at different temperatures is reflective of
these contributing populations. The fluorescence profile
of donor intensity monitored for the equimolar mixture
of G-rich and C-rich strand in presence of 0.75mM sper-
midine and 50 mM spermine shows a prominent decrease
in fluorescence intensity upon decrease in temperature
from 958C to 768C and the profile shifts to higher tem-
perature, as shown in Figure 4. Upon further decrease in
temperature (76–378C), the fluorescence intensity
increased indicating duplex formation. The extent of

increase in fluorescence intensity of donor is lesser in pres-
ence of polyamines, suggesting lesser amount duplex for-
mation in comparison to absence of polyamines. The first
derivative of these melting curves shows two peaks corre-
sponding to quadruplex and duplex melting domains at
higher and lower temperatures, respectively. The intensity
and peak position of derivative curve reflect the amount of
each participating population and their corresponding Tm

values (34). We observed only a moderate shift in the
duplex melting domain to higher temperatures in presence
of polyamines. However, a prominent shift of quadruplex
melting domain to higher temperatures was observed. This
can be attributed to the competing secondary structures,
quadruplex and duplex adopted by the G-rich sequence.
Polyamine-induced stabilization of quadruplex facilitates
greater quadruplex formation, and results in decrease in
effective G-rich strands required for duplex formation,
leading to a marginal increase in duplex stability in pres-
ence of polyamines. Polyamines show remarkable stabiliz-
ing effects on DNA–RNA hybrids, stem-loop structures
and triplexes (41,42). Numerous studies have shown that
polyamines interact with DNA anionic phosphate back-
bone, condense the DNA and induce B–Z transitions.
More direct evidences have been obtained by NMR stu-
dies, which support the existence of nonspecific electro-
static interactions between DNA backbone and cationic
polyamines. These studies also revealed that association of
polyamines with B-DNA is weak, whereas their associa-
tion with the folded quadruplex structure is stronger
(43,44). Literature findings suggest that high affinity of
polyamines toward non-B-DNA secondary structures is
governed by both secondary structure and its base com-
position (45,46).

Next, we investigated the role of polyamines on the
thermodynamics and kinetics of duplex formation. We
determined the binding affinity of the preformed quadru-
plex to its complementary strand in absence and presence
of the 0.75mM spermidine and 50 mM spermine. We
observed the binding affinity of c-MYC quadruplex to
its complementary structure in absence of polyamine
was 3.3� 106M�1. However, in presence of 0.75mM sper-
midine and 50 mM spermine the binding affinity reduced
by an order to 3.6� 105M�1 and 5.6� 105M�1, respec-
tively (Figure 5, Table 1). We also investigated the kinetics

Table 1. Thermodynamic parameters obtained from UV and fluorescence experiments performed in 10mM sodium cacodylate buffer, 100mM NaCl,

pH 7.4 at 258C

Quada Duplexb

Tm (8C) �H8
(kcal/mol)

�G825
quad

(kcal/mol)
�25 (h) KA (106M�1) �G825

duplex

(kcal/mol)
��G825
(kcal/mol)

Quad 62.5 �24.30 (�0.80) �2.60 (�0.35) 5.20 (�0.5) 3.30 (�0.2) �8.86 �6.25
Quad + 0.75mM spermidine 71.5 �53.0 (�0.70) �7.11 (�0.22) 9.20 (�0.6) 0.56 (�0.4) �7.81 �0.70
Quad + 50 mM spermine 70.0 �67.00 (�0.56) �7.40 (�0.78) 10.70 (�0.8) 0.36 (�0.6) �7.55 �0.14

aUV experiments were performed with 1 mM quadruplex concentration. Tm values are within �0.58C error.
bFluorescence experiments were performed with dual labeled (50-fluorescein and 30-TAMRA) preformed quadruplex (0.15 mM concentration). �25 is
time constant for duplex formation, KA is binding affinity for duplex formation. �G825 was determined using the relation �G8=�RT ln KA, where
R is universal gas constant, T is temperature. ��G8 is relative free energy difference between duplex and quadruplex.
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of hybridization of preformed quadruplex to its comple-
mentary strand in absence and presence of polyamines.
The fluorescence change was fit to single exponential
fit with good residuals. The time constant obtained for
hybridization in absence of polyamines was 5.2 h.
However, in presence of 0.75mM spermidine and 50 mM
sperimine the time constant for duplex formation doubled
(Table 1 and Supplementary Figure 6). To check the inter-
ference of polyamines on fluorescence properties of fluor-
ophore, we also recorded the spectra of fluorescein-labeled
C-rich strand in absence and at experimental concentra-
tions of polyamines. As observed in Supplementary
Figure 7, the fluorescence spectra were similar in absence
and presence of polyamines. Similar experiments were
also performed in KCl buffer; however, as quadruplex is
extremely stable in KCl buffer, and polyamines further
stabilize this structure, it becomes difficult to extract ther-
modynamic and kinetic parameters with reasonable accu-
racy. Risitano and Fox (30) have shown that the sequence
from c-MYC promoter preferentially adopts quadruplex
structure in potassium-containing buffers and requires
the presence of 50-fold excess of complementary strand
for duplex formation. As hybridization of preformed
c-MYC quadruplex–K+ suffers from thermodynamic
and kinetic barrier, the presence of polyamines would fur-
ther hinder the association between the two strands in
potassium buffers. Our biophysical experiments indicate
that c-MYC quadruplex under physiological conditions
is stable and predominates in quadruplex–Watson–Crick
duplex equilibrium in both sodium and potassium buffers.
The important parameter that would dictate the predom-
inance of either of the population (duplex or quadruplex)
is the relative free energy difference, the ��G8 between
duplex and quadruplex structure. ��G8 obtained under
experimental conditions was �6.25 kcal/mol, �0.70 kcal/
mol and �0.14 kcal/mol in the absence, presence of
0.75mM spermidine and 50 mM spermine, respectively.
The significant decrease in the magnitude of ��G8 in
presence of polyamines highlights the prominent contribu-
tion from competing quadruplex structure. Polyamines
induce structural transition to one type of conformer in

c-MYC quadruplex, stabilize this structure and delay its
hybridization to its complementary strand. We have
reported similar observations for delay in hybridization
of telomeric quadruplex to its complementary strand in
presence of natural and pharmacological agents (33).
Since quadruplexes are involved in molecular recogni-

tion and function, polyamines-induced structural changes
increase the predominance of a particular conformer over
another, and consequently affect recognition by the pro-
tein/ligand. To investigate this, we assessed the binding
affinity of a pharmacological agent (cationic porphyrin,
TMPyP4) to quadruplex in absence and presence of
polyamines. Binding of TMPyP4 to c-MYC quadruplex
resulted in �76% hypochromicity and 20 nm bathochro-
mic shift of peak at 421 nm (Supplementary Figure 8).
These spectral changes of porphyrin obtained upon titra-
tion with quadruplex are indicative of intercalative mode
of binding. This is in agreement with a recent study that
demonstrated two binding modes for c-MYC quadruplex–
TMPyP4 interaction using spectroscopic and calorimetric
techniques (47,48). In presence of 0.75mM spermidine
and 50 mM spermine, the hypochromicities obtained were
72% and 68%, respectively. Data analysis showed that the
c-MYC quadruplex has two independent sites with differ-
ent binding affinity for porphyrin (Figure 6). In absence
of polyamines, porphyrin binds to c-MYC quadruplex
at these independent sites with a binding affinity of
2.6 (�0.4)� 108M�1 and 1.5 (�0.3)� 106M�1. In pres-
ence of 0.75mM spermidine, the binding affinity obtained
for porphyrin binding to quadruplex was 2.0
(�0.5)� 107M�1 and 2.4 (�0.3)� 105M�1. Similar obser-
vations were obtained in 50 mM of spermine, where the
binding affinity obtained for this interaction was 2.5
(�0.2)� 107M�1 and 7.6 (�0.3)� 105M�1. We also deter-
mined the binding affinity for quadruplex–porphyrin in
presence of polyamines in KCl buffer. In the absence
of polyamines, porphyrin binds to independent sites
with binding affinity of 1.5 (�0.4)� 107M�1 and 1.0
(�0.5)� 106M�1 in KCl buffer. In presence of poly-
amines, porphyrin binding significantly reduces by one
order for both the binding sites. The binding affinity
obtained was 4.0 (�0.2)� 106M�1 and 3.5 (�0.6)�
105M�1 in 0.75mM spermidine, and 3.5 (�0.5)�
106M�1 and 2.0 (�0.6)� 105M�1 in 50 mM spermine,
respectively, in KCl buffer (Supplementary Figure 9).
The binding sites showed an order decrease in binding
affinity for quadruplex–porphyrin interaction in both
NaCl and KCl buffers, hence suggesting the critical role
of polyamines in modulating the molecular recognition
and interaction with binding partners. This explains the
observed ineffectiveness of quadruplex-interacting phar-
macological agents in cancer, which demonstrate promis-
ing in vitro results.
The interesting biophysical observations prompted us

to perform molecular assay to extrapolate the findings
of polyamines-induced structural transition, stabilization
and modulation of molecular recognition properties of
c-MYC quadruplex structure to c-MYC transcription.
Literature cites independent observations of both quadru-
plex and increased polyamine concentrations being
involved in uncontrolled cellular proliferation. This hints
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Figure 5. Normalized fluorescence of quadruplex (0.15 mM) at 520 nm
as a function of complementary strand concentrations in absence and
presence of 0.75mM spermidine and 50 mM of spermine in 10mM
sodium cacodylate buffer, 100mM NaCl, pH 7.4 at 258C.
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toward the existence of an underlying phenomenon, which
may associate physical interaction between quadruplex
and intracellular polyamines to ensue cancer progression.
The aberrant gene expression observed during cancer pro-
gression can be attributed to modulation of molecular
recognition, physical interaction and function of nucleic
acid structures upon interaction with polyamines. c-MYC
is an important proto-oncogene which is involved in
growth differentiation of cells and regulation of other
proto-oncogenes (15,17). The aberrant expression of
c-MYC is associated with broad range of cancers.
Further, the quadruplex element in the promoter region
of c-MYC proto-oncogene is structurally and functionally
well characterized, and this motif is believed to play a role
in c-MYC expression (18,49). We have previously estab-
lished that quadruplex–duplex equilibrium has important
role in modulating gene expression (50). As quadruplex in
c-MYC promoter serves as a structural target for gene
regulation, any perturbation in quadruplex–duplex equi-
librium induced by polyamines would affect downstream

c-MYC expression. To ascertain this belief, we assessed
c-MYC transcript levels in absence and presence of poly-
amines in cell culture system. We performed real time
PCR experiment to analyze the relative changes in
c-MYC gene expression with respect to the internal
reference gene. c-MYC transcript levels were assessed
after treating the cells with increasing concentrations
(0–15mM) of spermidine and spermine and data were
analyzed by mathematical model for relative quantifica-
tion of target (c-MYC) versus internal reference gene
(B2m) expression (51). We obtained a concentration-
dependent increase in c-MYC transcript levels upon treat-
ing the cells with increasing concentrations (0–15mM) of
spermidine and spermine (Figure 7). These experiments
were also performed using b-actin gene as internal refer-
ence gene. It is noteworthy to mention that b-actin har-
bors the quadruplex forming sequence potential in its
promoter region, whereas B2m lacks this potential in its
promoter. Interestingly, polyamine does not significantly
affect the gene expression of both B2m and b-actin genes,
thereby resulting in similar trend in c-MYC activation
(Figure 7 and Supplementary Figure 10). Polyamine
interaction with this c-MYC quadruplex motif affects its
stability, molecular recognition and induces structural
transition into a transcriptionally active conformer,
which drives c-MYC activation. This implies that the
quadruplex–polyamine interaction will translate into
molecular consequences, where the quadruplex in the pro-
moter region serves as functional regulatory motif and
controls the expression of the downstream gene.

We were also interested in investigating whether poly-
amines can interfere with the efficacious response of the
quadruplex-interacting ligand. We assessed the transcrip-
tional activity of c-MYC gene upon treatment of cells with
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porphyrin (TMPyP4) and data shows a dose-dependent
decrease in c-MYC transcript levels (Supplementary
figure 11A) which is in agreement with the previous
reports (18,40). However, a pre-treatment of polyamines
(spermidine and spermine) followed by porphyrin treat-
ment does not lead to significant transcriptional suppres-
sion of c-MYC gene (Supplementary Figure 11B).
Although porphyrin is also associated with nonspecific
effects (48), the observed ineffective biological response
of promising quadruplex-interacting ligands is due to the
induced structural transition and perturbation of molecu-
lar recognition of DNA structures by small molecules in
cancerous condition.

Quadruplex has been previously demonstrated as
a repressor element (18). However, recent genome-wide
analysis of regulatory role of quadruplex motifs reveal
quadruplex-mediated stimulation of transcription (52).
Quadruplex formation allows maintenance of open chro-
matin state and facilitates multiple rounds of transcrip-
tion. This is supported by new reports where the
activator role of c-MYC quadruplex (50) and dual role
(activator and repressor) for c-MYB has been demon-
strated (53). We observed that both polyamines and por-
phyrin (TMPyP4) stabilize quadruplex but mediate
different biological consequence of c-MYC transcription.
Polyamines induce structural transition of c-MYC quad-
ruplex to a transcriptionally active motif with distinctive
molecular recognition property for transcription factor
binding, which drives c-MYC expression. On the other
hand, porphyrin (TMPyP4) binding to c-MYC quadru-
plex does not induce any structural change in quadruplex
conformation (54,55); however, it masks or competes
with the transcription factor binding leading to c-MYC
downregulation. Studies have shown that promoter
regions harboring G-quadruplex potential have binding
sites for one or more transcription factors (53). These pro-
tein factors may compete for same or exclusive binding
sites. As a consequence, the co-existence of events of sec-
ondary structure formation and protein–DNA interaction
may influence each other to either activate or repress gene
expression. Therefore, our observation is in concordance
with growing body of evidences where quadruplexes have
been associated with both activator and repressor roles
(20,50,52,53,56,57).

To further affirm that the observed c-MYC activation is
governed by quadruplex–polyamine interaction, we per-
formed reporter assay using plasmids having native
target c-MYC quadruplex-forming sequence (Del 4) and
its mutated sequence (Mut 1 and Mut 2) in the promoter
upstream of reporter luciferase gene (‘Materials and
Methods’ section). We observed that increase in poly-
amine (0–15mM spermidine and spermine) concentration
induces increase in luciferase activity in the cells trans-
fected with these plasmids. This increment in reporter
activity was more pronounced in Del 4 plasmid as com-
pared to the mutated plasmids, which harbored mutation
in the quadruplex forming sequence that destabilized the
quadruplex motif (Supplementary Figure 12). Polyamines
exhibit stabilizing effects on mutated quadruplex
motifs also, but are able to drive only moderate increase
in reporter activity. However, in case of the native

sequence, polyamines induce remarkable stabilization
and structural transition to a transcriptionally active
motif, which drives increased luciferase reporter expres-
sion. In the current experiment, the complete truncation
of the quadruplex-forming sequence would result in loss of
reporter activity as the sequence harbors protein factor
binding sites; therefore, we restricted the study to native
and mutated sequence harboring plasmids. In summary,
our results from the real time PCR and reporter assays
convincingly emphasize the importance quadruplex–
polyamine interaction-mediated perturbation of c-MYC
expression.
Polyamines have influence on chromatin structure (7,8),

and numerous studies have demonstrated that changes
in chromatin structure modulates c-MYC expression
(15,17,18). Previous literature reports have shown the
molecular associations of polyamines with other proto-
oncogenes like c-JUN, c-FOS, NF-�B and tumor suppres-
sor genes like p53 and Rb (9–12). Recently, it has been
identified that these genes harbor the potential of quad-
ruplex-forming regulatory elements in the promoter
region and these structures are believed to serve as recog-
nition motifs, which modulate the downstream gene
expression (22,23). Taken together the literature evidences
and our current observations suggest that quadruplex–
polyamine interaction perturbs the transcription of genes
that are under the transcriptional control of quadruplex
motif and not for genes having the mere existence of
quadruplex-forming sequence in its promoter region.
Our biophysical and molecular observations provide an
explanation to the literature evidences, which discernibly
establish that polyamines stimulate c-MYC expression.
Polyamines cause structural transition and stabilization
of parallel conformer and delay its hybridization to its
complementary strand. This conformer displays distinc-
tive molecular recognition property, which might fabricate
it into more transcriptionally active motif to drive aber-
rant c-MYC expression.

CONCLUSION

The study emphasizes the role of aliphatic cations like
spermidine and spermine in affecting the quadruplex
conformation, stability and molecular recognition by a
pharmacological agent. These aliphatic cations also per-
turb the dynamic equilibrium between the multistranded
structure and Watson–Crick duplex structure, and con-
sequently affect the gene expression by trapping quadru-
plex in transcriptionally active conformer. With both
quadruplexes and polyamines being implicated in cancer,
a thorough understanding of polyamine and nucleic acid
structure interaction would reinforce the interest in adopt-
ing strategy for antiproliferation, which would interfere in
polyamine–quadruplex interaction.

SUPPLEMENTARY DATA

Supplementary Data is available at NAR Online.
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