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DNA is a dynamic molecule whose canonical double-helix are separated by 22 bp in the duplex form. Quadruplex formation
conformation must be disrupted to assume alternative structuralwould reduce their separation leading to an increase in FRET. The
forms to fulfill certain functional roles in nature. Sequence motifs 38 nucleotide double-stranded DNA either side of the quadruplex
containing stretches of tandem Gs can form four-stranded structuresmotif ensures that the two strands in the system do not dissociate
called G-quadruplexes that comprise stacked tetrads of mutuallyand may introduce constraints that reflect the native sequence
hydrogen-bonded guaniné3G-quadruplex motifs occur through-  context of this quadruplex motifkit-1, Figure 2A). We also
out the human genonferaising the possibility of associated designed a similar dual-labeled system comprising 96 nucleotides
function. The single-stranded G-rich overhang of telomeres in but lacking a complementary strand opposite to the quadruplex
various species can form G-quadruple’késand their formation motif (kit-2, Figure 2B) to address the relevance of the comple-
in cilliates is regulated by telomere binding protelrQuadruplex mentary strand on quadruplex conformation. As a control we have
motifs are prevalent in nontelomeric parts of the gendme, also studied a dual-labeled control duplex of same length but lacking
particularly in gene promotefsywhere quadruplex formation must  a quadruplex forming sequence (Figure 2C). Single-molecule FRET
necessarily compete with the DNA duplex. This would appear to analysis was carried out either in free solution, using confocal
be a formidable challenge given the high thermal stability normally microscopyt? or by first encapsulating single DNA molecules in
associated with G-C-rich duplex DNA. A particularly well-studied |ipid vesicles that could then be immobilizé¥.
case is the S1 nuclease hypersensitive element within the promoter The single-molecule analysis either of freely diffusing (see
of the proto oncogene c-MYC. This region contains a sequence Supporting Information (SI)) or of immobilizekit-1 revealed three
proposed to form a G-quadrupléxwhose structure has been  subpopulations as judged by FRET (Figure 3). The zero FRET
elucidated by NMR studies on the corresponding single-stranded species is caused by missing or inactive accefstdhe low FRET
DNA sequencé? Chemical biology studies suggest that quadruplex species (D) is the duplex statekif-1, consistent with the control
formation within this element is coupled to transcriptional down duplexdup which shows only one low FRET structure (Figure 5).
regulation of c-MYC!'aThere have been numerous reports on the The high FRET subpopulation (S2) is consistent with quadruplex
incidence of quadruplex forming motifs in promoters, and it has fgrmation® The medium FRET structure (S1) suggests an ad-
been proposed that quadruplex formation may be functionally ditional conformation, which may be a partially folded structure.
related to gene transcriptiér! All three subpopulations were observable in the absence*of K

An understanding of quadruplex conformation and dynamics is (Figure 3A) as well as in presence of 100 mM I(see SI), but the
central to the question of function. Single-molecule fluorescence population of the high FRET species increased in 100 niMrigm
resonance energy transfer (FRET) can resolve conformational 2395 to 30% (see Sl for quantification method). This suggests only
heterogeneity and dynamic fluctuations in nucleic aétdBrevi- a moderate dependence of quadruplex formation 6A%nalo-
ously, we probed the conformational heterogeneity and dynamics gous single-molecule studies &it-2, which lacks a DNA strand
of single-strandedhuman telomeric DNA by single-molecule  complementary to the G-quadruplex motif, showed greater structural
FRET:314 Herein we report on the single-molecule analysis of 8 peterogeneity tharkit-1 with three folded structures and one
conserved DNA quadruplex element found in the transcriptional nfolded structure in the presence of 100 mM (Eigure 4B). In
activation site of the promoter of the proto-oncogene ¢Rifhe the presence of 100 mM ¥ the folded conformations comprise
dual-labelediouble-strandead-kit quadruplex system was designed o high FRET populations (S2 and S3), while one population is
as shown in Figure 1. The quadruplex and flanking sequence at an intermediate FRET efficiency (S1) and the other is at a low
elements are from the native human c-kit promoter sequence Situateq-ReT efficiency (UF). We hypothesize that the two high FRET
—102 to —197 bp upstream of the transcription initiation Sfte.  gpecies are due to two distinct quadruplex structures, while the
The sequence from 140 to—159 bp contains the conserved c-kit  eqium FRET species may be due to partially folded structure and
quadruplex motifi’® within a site required for transcriptional e |0 FRET species is due to unfolded structures. There are
activation;®and known to form a quadruplex in the corresponding gjstinctions betweetit-1 andkit-2 suggested by the data. First,
single-stranded deoxyoligonucleotiti. The centrally located 20 the single-stranded quadruplex syst&ih2 adopts a different
nucleotide quadruplex motif is flanked by a covalently attached ) sfiie of structures as compared to the same sequence motif in
donor fluorophore (Cy3) on the C-rich strdficind an acceptor 6 presence of its complementary strand (kit-1). Second, the
fluorophore (Cy5) on the G-rich strand such that the fluorophores positive influence of K on quadruplex formation is more pro-

nounced in the absence of the complementary strand and flanking

Iﬂﬂ:xg:z:g o fﬁﬁ{ggiggﬁ-rban&(:hampaign duplex kit-1) than in the presence of a native duplex environment
§ Imperial College London. (kit-2). The control duplex showed only one low FRET structure
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gagcaggggccagacgccgccgggaagaagcgagacc-cgcgggcgaggaggggcgtggccggegcgeagagggagggc
I 5- GAG CAG GGG CCA GAC GCC GCC GGG AAG AAG CGA GAC* CCG GGC GGG CGC GAG GGA GGG GAG GCG AGG AGG GGC GTG GCC GGC GCG CAG AGG GAG GGC -3'
11 3-CTC GTC CCC GGT CTG CGG CGG CCC TTC TTC GCTCTG GGC CCG CCC GCG CTC CCT CCC CT*C CGC TCC TCC CCG CAC CGG CCG CGC GTC TCC CTCCCG -5

Figure 1. DNA construct—102 to —197 bp upstream of the C-kit transcription start site comprising G repeats that form an intramolecular quadruplex
(boxed @) found in the sequence situated froni40 to—159 bp upstream; the bases with asterisks are attached to fluorophorores through a C6 linker.
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Figure 2. C-kit intramolecular quadruplex system: (A) schematic repre-
sentation of the quadruplex interconversigit-( ), (B) C-kit intramolecular
guadruplex single-stranded systekit-@ ), (C) control duplex systend(ip).
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Figure 3. Single-molecule histograms of FRET efficiencies for immobilized
DNA quadruplex kit-1): (A) in 0 mM KClI, (B) in 100 mM KCI. All are
in 10 mM sodium cacodylate (pH 7.4) at 2G. The “zero” peak is largely
due to Cy5 dark state.
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Figure 4. Single-molecule histograms of FRET efficiencies for immobilized
DNA quadruplex kit-2): (A) in 0 mM KCI, (B) in 100 mM KCI with a
Gaussian fit to show subpopulations. All are in 10 mM sodium cacodylate
(pH 7.4) at 20°C. The “zero” peak is largely due to Cy5 dark state.
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Figure 5. Single-molecule histograms of FRET efficiencies for immobilized
DNA duplex @up) in 100 mM KCI and 10 mM sodium cacodylate (pH
7.4) at 20°C. The “zero” peak is largely due to Cy5 dark state.

in the presence of 100 mM K(Figure 5) and did not show any
structural dependence ontKsee Sl).

Studies on freely diffusingit-1 (see Sl) showed similar FRET
values without any dynamic changes during the time a molecule
spends in the excitation volume of a confocal microscopk ifns).
Single-molecule fluorescence time trajectories on immobilized
vesicle encapsulatddt-1 revealed that 1% of the molecules show

real dynamic fluctuations for an observation time~80 min (data
not shown), suggesting that dupteguadruplex interconversion is
a relatively rare event under the conditions employed. kB2
we also observed that1% of the molecules show dynamic
fluctuations in the same time window (data not shown).

These studies demonstrate that the C-kit quadruplex motif is able
to fold into nonduplex states within a natural extended DNA duplex.
There are apparent differences in putative quadruplex structures
and the K dependence on quadruplex formation that appear to
result when studying this quadruplex motif in natural duplex, as
opposed to the single-stranded form. The rarity of dynamic
fluctuation in the c-kit quadruplex, even in single-stranded form,
contrasts with the dynamics observed for the human intramolecular
quadruplex* The dynamic behavior of intramolecular DNA
quadruplexes is likely to be an intrinsic property of each sequence
and may thus vary significantly between different quadruplexes.
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