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Single molecule conformational analysis of the biologically relevant DNA
G-quadruplex in the promoter of the proto-oncogene c-MYC+
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Single molecule fluorescence spectroscopy has been employed to
resolve the conformational heterogeneity, hybridization kinetics
and study mutational effects on the c-MYC promoter G-quad-
ruplex.

Nucleic acids comprising certain G-rich sequences can form
four stranded structures called G-quadruplexes. Such struc-
tures exist at telomeres at the chromosome ends' and telomere
binding proteins can control quadruplex formation in vivo.>
Quadruplex motifs occur throughout the genome® and are
prevalent in gene promoters,* indicative of transcription-re-
lated function, and have also been found in the 5’UTRs of
RNA suggestive of a role in translation.” A number of DNA
promoter quadruplexes have been studied that are associated
with proto-oncogenes that include c-M YC,°® KRAS,’ VEGEF,?
c-kit® and BCL-2."° The human ¢-M YC promoter quadruplex
is located within the nuclease hypersensitivity element (NHE)
II1; upstream of the P1 promoter that controls 85-90% of the
transcriptional activation of this gene. The 27-nt purine-rich
strand of the DNA in this region comprises 5 sets of G-tracts.
Shorter ¢-M YC oligonucleotides containing only four G-tracts
(Myc-2345 and Myc-1245) have each been shown to fold into
a distinct G-quadruplex by NMR spectroscopy.'! However, it
has not been shown that both quadruplexes can form from the
full native sequence. The G-quadruplex formed from the four
G-tracts at the 3’ end (i.e. Myc-2345) is considered to be
biologically relevant on the basis of its selective interaction
with a ligand that induces a decrease in ¢c-M YC transcription.®

Single molecule fluorescence resonance energy transfer
(FRET) can resolve conformational heterogeneity and dy-
namic fluctuations in nucleic acids,'? and has been used to
elucidate conformation and dynamics in DNA quadru-
plexes.'® Herein we report single molecule FRET studies on
the 35-nt purine-rich strand of ¢-MYC flanked by 30-40
nucleotides of natural sequence on both sides (Fig. 1). This
study aimed to elucidate properties of the ¢-MYC promoter
quadruplex in a natural sequence context. The dual-labeled
quadruplex system is shown in Fig. 2. The quadruplex and
flanking sequence elements are derived from the human
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c-MYC promoter sequence situated —172 to —72 bp upstream
from the P1 promoter. The centrally located 31 nucleotide
quadruplex (—142 to —107 upstream) is flanked by an acceptor
fluorophore (Cy5) on the G-rich strand and a donor (Cy3) on
the opposite strand (Fig. 2). The formation of a quadruplex
state(s) would bring the fluorophores into close proximity
leading to increased FRET, whereas duplex formation would
separate the fluorophores by 33 base pairs (~ 110 A) leading to
loss of FRET.

Single molecule FRET analysis of freely diffusing I : IT in the
presence of 100 mM K ™ revealed two subpopulations in the
FRET histogram (Fig. 3A) with medium FRET (E ~ 0.6) and
high FRET (E ~ 0.9).'%t We propose that the two FRET
conformations observed within this single natural sequence are
caused by the formation of the two quadruplex structures
reported separately for each of the 2 distinct ¢-M YC truncated
sequences Myc-2345 and Myc-1245."'§ In the absence of
added K™ both the medium and high FRET subpopulations
are absent (Fig. 3B) suggesting a strong K" dependence, as
would be expected for quadruplex structures.

Hybridization of excess (200 nM, 4000-fold) complementary
oligonucleotide III to I : II causes irreversible unfolding of
¢-MYC quadruplexes by trapping of the duplex (Fig. 2).1%!
The concomitant decrease in FRET enables the unfolding
kinetics to be monitored.'**!> The progress of the hybridiza-
tion was monitored by single molecule FRET at different time
intervals (Fig. 4A—C). The high FRET subpopulation was the
faster to unfold with apparent first order kinetics, £ = 0.213 £
0.012 min~! (ESI¥), whereas the medium FRET subpopula-
tion unfolded at a rate we estimate to be at least ~ 100 fold
slower.9 This suggests that the high FRET subpopulation is
kinetically less stable than the medium FRET conformation.
This is in agreement with hydrogen—deuterium exchange
experiments done by NMR spectroscopy, where protons in
the central tetrad Myc-2345 exchanged much slower than
Myc-1245."" When 1.5 eq. of oligonucleotide ITI was thermally
annealed|| with I : II, no medium or high FRET populations
were visible as both quadruplex states were completely trans-
formed to a duplex with undetectable FRET (Fig. 4D). A
small population of low FRET state at £ ~ 0.2 was observed
which may be due to a partially folded quadruplex structure.
Thus the duplex state predominates under slow thermal
annealing conditions.

We then carried out thermal annealing||** of I : II with 1.5
eq. of mutated derivatives of complementary strand IIIft
(Table 1, Fig. 5), designed to selectively destabilize the duplex
in regions corresponding to different guanine tracts. This
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c-MYC NHE‘* :Pn

1 5-TCT GCT TTG GGA ACC CGG GAG GGG CGC TTA ngjgn Qﬁﬁ TQQ_(EA _L T@_@A AGG TﬂﬁA GGA GAC TCA GCC GGG CAG CCG AGC ACT CTAGCT CTAG-3'

I 3-

6 T CCT CTGAGT CGG CCC GTC GGC TCG TGA GAT CGA GAT C -5’

11 3"- AGA CGA AAC CCT TGG GCC CTC CCC GCG AAT ACC CCT CCC ACC CcCT CCC ACC CCT TCC ACC CC -5

Fig. 1 DNA construct —172 to —72 bp upstream of P1 promoter of ¢-M YC gene comprising G repeats that form an intramolecular quadruplex.
The NHE is found in the sequence situated from —142 to —107 bp upstream. Bases marked with asterisks have attached fluorophorores.

»

J dT-Cy5

dT.Cy3
complementary DNA
{1
dT.Cy5
P |
i 5 I
dT-Cy3
—

Fig. 2 Unfolding of the ¢-M YC quadruplex to form duplex.

allows us to perturb the duplex—quadruplex equilibrium and
gauge the importance of specific regions. Overall, mutations in
C-tracts destabilized the duplex, which has undetectable
FRET (Fig. 4D), in favour of folded states (Fig. 6A-D).
Mutation of C-tracts towards the 5’-end (Mutl) resulted in
the formation of three subpopulations in the FRET histogram
(Fig. 6A), comprising medium and high FRET at £ ~ 0.6 and
0.9, respectively, similar to I : II system (Fig. 3A). The
additional low FRET state observed at £ ~ 0.2 may be due
to partially folded quadruplex structure, as also observed,
albeit to a lesser extent, when oligonucleotide IIl was ther-
mally annealed with I : II (Fig. 4D). Such partially folded
structures were also observed in single molecule studies with h-
telo'?” and c-kit'** quadruplexes. Comparable mutations at
the 3’end of the C-tracts (Mut2) (Fig. 6B) led to an increase in
the high FRET conformation at £ ~ 0.9. This suggests that
destabilizing the duplex opposite the 5’ G-tracts favours the
kinetically less stable high FRET conformation. In contrast,
the kinetically more stable medium FRET conformation was
observed for both types of C-strand mutations (Mutl and
Mut2) without any particular preference for contributions
from the 5’ or 3’ end. Annealing with Mut3 led to reduced
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Fig. 3 Single-molecule histograms of FRET efficiencies for DNA
quadruplex (I: IT). (A) I: I'in 100 mM KCI, (B) I : I in 0 mM KCL
All are in 10 mM sodium cacodylate (pH 7.4) at 20 °C. Solid curves are
the best fit to the Gaussian functions.
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Fig. 4 (A-C) Single-molecule histograms of FRET efficiencies for
DNA quadruplex opening kinetics (I : II : III). ‘" is in min. (D)
Thermal annealing of III to I : II. All experiments were conducted in
100 mM KCl and 10 mM sodium cacodylate (pH 7.4) at 20 °C. Solid
curves are the best fit to the Gaussian functions.

Table 1 Mutated oligo-sequences

Name Sequence 5’3’

I CCCCACCTTCCCCACCCTCCCCACCCTCCCCATA
AGC GCC CCT CCC GGG TTC CCA AAG CAG A

Mutl CTTCACCTTC GGC ACT CTC CCC ACC CTC CCC ATA
AGC GCC CCT CCC GGG TTC CCA AAG CAG A

Mut2 CCCCACCTTCCCCACCCTCGGCACT CTCTTC ATA
AGC GCC CCT CCC GGG TTC CCA AAG CAG A

Mut3 CCCCACCTTCTTCACG CTCTTC ACG CTCCCC ATA
AGC GCC CCT CCC GGG TTC CCA AAG CAG A

Mut4 C GGCACCTTC TTC ACG CTC TTC ACG CTC TTC ATA
AGC GCC CCT CCC GGG TTC CCA AAG CAG A

dT-Cy5
P |

[TTTT. 11 1.

i ' S

complementary
mutated DNA
(Mut14)

dT.Cy5
3

EDIEUJ:LDI[ :,

Mut1-4

Fig. 5 Selective destabilization of the ¢-MYC duplex to form a
quadruplex.
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Fig. 6 Single-molecule histograms of FRET efficiencies for DNA
quadruplex mutation studies (I : II : III-Mutl-4). All are in 100 mM
KCl and 10 mM sodium cacodylate (pH 7.4) at 20 °C. Solid curves are
the best fit to the Gaussian functions.

formation of G-quadruplex structures (Fig. 6C), in spite of
having six mismatched Gs, as opposed to five mismatches for
Mutl and Mut2, suggesting that G—C base pairing towards the
3’ and 5 ends compete more effectively with quadruplex
formation. The introduction of ten G-C mismatches across
all C-tracts (Mut4) significantly stabilized folded structures
(Fig. 6D) relative to duplex.

This study suggests two G-quadruplex conformations with-
in the full-length ¢-M YC promoter quadruplex motif, of which
one showed measurable opening kinetics, whereas the other
was kinetically trapped. The mutational study suggests the
trapped quadruplex involves G-tracts at both the 5’ and 3’
ends of the motif (i.e. G-tracts 1 and 5). On the basis that the
kinetically more stable medium FRET subpopulation has a
longer lifetime, we suggest that the associated folded struc-
ture(s) is likely to be involved in the ¢-MYC silencing mechan-
ism® and relates to the kinetically favoured ¢-M YC quadruplex
species that is considered to be biologically relevant.®
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Notes and references

I The zero FRET peak, which is an artifact caused by dark states of
the acceptor dye (Cy5) rather than a DNA conformation, was
removed for clarity.

§ We can not absolutely rule out other structural forms, but we are
also not aware of any data that suggest there are other structural
forms.

9| The opening kinetics for the medium FRET population was too
slow to accurately fit the data. At 300 min, less than 50% of the initial
population had been depleted. This suggests a 1, > 300 min, if we
assume the population decays with first order exponential kinetics (e.g.
ti» = 3.25 min for high FRET subpopulation). Thus we estimate the
rate constant for the opening kinetics to be at least ~ 100 fold slower
than for the high FRET population.

| The sample was annealed by heating at 95 °C for 2 min and slowly
cooling to room temperature at a linear rate of 0.1 °C min~"! to ensure
equilibration.

** We can not rule out that non-duplex formation in I is a conse-
quence of kinetically trapped quadruplex formed during annealing.
This possibility was minimized by slow annealing at linear rate of
0.1 °C min~'.

i+ To avoid generating any continuous G-stretches in the mutated
complementary strand, C was mutated to either G or T.
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