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Figure 4. Single molecule FRET assay to visualize GQ formation in dsDNA. (A) Schematic of DNA substrate with two dyes, Cy3 (green) and Cy5 (red)
located on either side of GQ-forming sequence in dsDNA. (B) FRET histograms from five GQ-forming DNA annealed presence of molecular crowding
reagent, PEG. (C) Quantitation of GQ folding by smFRET (black) and NMM fluorescence (red). (D) Representative single molecule trace obtained for five
DNAs tested here. (E) smFRET traces of 1–4–4 and 1–5–5 exhibiting dynamic FRET fluctuations. (F) Quantitation of percent of molecules that display
dynamic FRET.

low FRET due to a long distance between the two dyes.
We tested five of the previously tested DNAs, CMYC, 1–
3–3, 1–4–4, 1–5–5 and (TTA)3 by smFRET. We chose these
DNAs based on their NMM/CV profiles (Figure 3E) rep-
resenting highly parallel (CMYC), somewhat parallel (1–3–
3, 1–4–4, 1–5–5) and no GQ folding ((TTA)3). One end of
DNA is biotinylated for immobilization of the DNA onto
a single molecule imaging surface coated with NeutrAvidin
(42). Once immobilized, one field of view yields approxi-
mately 400–500 single molecules of DNA displaying FRET.
Typically, we imaged 10–20 fields of view (5–10 s movies) to
collect FRET values from over 5000 molecules to generate
a FRET histogram. We first tested the sequences annealed
in the absence of PEG. As expected, the FRET histogram
for all five DNAs yielded uniformly low FRET peaks, con-
sistent with the formation of duplexed DNA (Supplemen-
tary Figure S5). The FRET peak for CMYC is slightly
higher than the peak for 1–4–4 and (TAA)3 because the to-
tal length of CMYC (16 bp) is shorter than that of the 1–
3–3 (19 bp), 1–4–4 (21 bp), 1–5–5 (23 bp) and (TTA)3 (21
bp). We note that the FRET peak values are lower than ex-

pected from separation distances of 16 and 21 bp, (∼0.5 and
∼0.275 FRET values), because both dyes are located 3–4 bp
away from the GQ-forming sequence boundary. To avoid
molecules with only Cy3 fluorophore (donor-only), we se-
lected only molecules that possess both Cy3 (donor) and
Cy5 (acceptor) for all FRET histograms. This was achieved
by a short pulse of red laser illumination in the beginning
of the data acquisition to mark out the molecules that have
red dye. In data processing, we can select out the molecules
that possess both dyes. Therefore, the low FRET peak arises
from the DNA molecules that are duplexed rather than the
leakage signal from donor-only molecules.

Next, the DNAs were annealed in 40% PEG-containing
buffer and immobilized onto a single molecule imaging
surface. After immobilization, we applied PEG-free buffer
to remove any PEG-induced effect. In this condition, the
FRET peaks for CMYC showed a nearly complete shift
to high FRET, consistent with the stable formation of GQ
(Figure 4B). This result confirms that the high NMM flu-
orescence induced by CMYC does not depend on the pres-
ence of 4% PEG in the buffer (Figure 3B, E). In the case
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Figure 5. Summary of GQ-forming propensity. (A, B) The loop composition governs the GQ-forming potential differently in ssDNA and dsDNA.

of 1–3–3, 1–4–4 and 1–5–5, the FRET peak shows two dis-
tinct populations. We interpret the high FRET peak (0.8) as
GQ folded and a low FRET peak (0.3) as duplexed DNA
molecules. We note that the FRET peaks obtained for all
five DNAs are highly similar i.e high FRET at 0.8 and low
FRET at 0.3. The pattern of FRET distribution between
the folded and duplexed DNA for 1–3–3, 1–4–4 and 1–5–5
is in agreement with the intermediate values of NMM fluo-
rescence obtained for this set of DNAs (Figure 3B, E). The
quantification of Gaussian fitted area under the high FRET
peak is plotted in black bars (Figure 4C). There is a de-
scending pattern of high FRET peak from CMYC (92%),
1–3–3 (86%), 1–4–4 (66%), 1–5–5 (58%) and (TTA)3 (0%).
This displays that the increasing loop size substantially low-
ers the propensity for GQ formation in dsDNA. (TTA)3
does not exhibit a high FRET peak, in agreement with the
negligible NMM fluorescence (Figure 3C, E). This verifies
that (TTA)3 cannot form into a GQ structure within a ds-
DNA setting. (Figure 4B, C). To compare the NMM and
FRET method for testing GQ formation, we plotted the
two sets of data side by side (Figure 4C; black = FRET,
red = NMM). The similar pattern between the two data
sets confirms that the ensemble fluorescence of NMM al-
lows quantitative measurements of GQ folding status. The
lack of non-parallel folding GQs within a duplex construct
allows for the use of NMM as the sole GQ probing com-
pound. The same DNA strands annealed in the absence of
PEG produced only a low FRET peak corresponding to
completely duplexed DNA configuration (Supplementary
Figure S5).

Next, we looked into single molecule traces obtained the
five DNAs. To obtain long traces, we recorded traces for 1–2
min with 100 ms exposure time. From one movie, we obtain
approximately 100–200 single molecule traces that display
both dyes without photobleaching for over 1 min. All traces
of CMYC exhibit constantly high FRET value whereas all
(TTA)3 molecules exhibit constant low FRET as expected
from the FRET histogram peaks. 1–3–3, 1–4–4 and 1–5–
5 show both high FRET (shown) and low FRET traces
(not shown), reflecting GQ folded and duplexed DNA pop-
ulations, respectively (Figure 4D). In addition, 1–4–4 and
1–5–5 DNAs exhibits small percentage (3–5%) of traces
that show dynamic FRET fluctuations (Figure 4E, F). Such
FRET fluctuations are specific to these DNAs as it is com-
pletely absent in CMYC and (TTA)3. The unique dynamics
exhibited in 1–4–4 and 1–5–5 suggest that the GQ folding is
likely less stable than in CMYC, and such weak structure al-
lows it to spring back and forth between folded and partially
unfolded conformations even in the context of dsDNA. In
contrast, the steady FRET value seen for CMYC indicates
that it is tightly locked in a stably folded structure.

DISCUSSION

We sought to develop a simple and reliable ensemble assay
to test the folding and conformational state of GQ in both
ss- and dsDNA. We have utilized two GQ-interacting lig-
ands, NMM and CV, which are known to bind selectively
to parallel and antiparallel GQs, respectively (34,35). We
were able to validate the method by comparing the fluo-
rescence to the previously reported quenching results (10).
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When the NMM fluorescence assay was applied to the set
of sequences previously examined by NMM quenching, CD
and smFRET, the result showed high correlation, further
validating the use of NMM fluorescence as a GQ folding as-
sessment method (Figure 2A) (10). The distinct fluorescence
peaks produced by GQ bound NMM and CV correspond-
ing to the expected conformational state of GQ confirms
the validity of this dual-color fluorescence assay.

The NMM fluorescence of 3–3–3, 4–3–3 and 5–3–3 which
was slightly lower than the degree of quenching (Figure 2B)
is likely due to these DNAs undergoing rapid folding and
unfolding transitions as we previously reported (10). While
the short-lived interactions between NMM and GQs may
be sufficient for quenching of Cy3 dye, the induced fluores-
cence of NMM may require more stable and long-lived in-
teractions between NMM and GQ structures.

After our initial validation, NMM and CV fluorescence
was tested on an expanded list of 23 GQs in ssDNA and five
non-GQ-forming negative controls. All 23 GQ-forming se-
quences showed an anti-correlated pattern (i.e. high NMM
coupled with low CV or high CV coupled with low NMM)
(Figure 2C). There are two patterns seen in both parallel
(orange) and antiparallel (light blue) groups of DNAs. The
CV fluorescence for parallel sequences (orange) and NMM
fluorescence for antiparallel DNAs (light blue) exhibit a
narrow distribution, suggesting a uniformly low binding of
the non-matching ligand. In contrast, the fluorescence of
the matching ligand, NMM for parallel and CV for an-
tiparallel, displays a broad distribution, representing a wide
range of stability in GQ within each conformation. Se-
quences such as 1–7–7 and 1–9–9 induce lower NMM fluo-
rescence than CMYC, likely due to the presence of the un-
folded molecules as shown before (10). As discussed below,
such differences become substantially more pronounced in
dsDNA (Figure 3E).

It is evident that the length of loop plays a critical role in
determining GQ folding and conformation (Figure 2C). In
general, longer length promotes antiparallel (non-parallel)
and unfolded configurations. Nevertheless, there are clear
exceptions in ssDNA, such as 1–5–5, 1–7–7, 1–9–9, 1–11–11
and their permutations, which form primarily parallel GQ.
Although, these sequences possess a longer total length of
loop than 3–3–3, 4–3–3, 5–3–3, (TTA)3 and (TAA)3, they
do not fold into antiparallel GQ. This is consistent with
our previous finding that the presence of a single nucleotide
loop triggers parallel folding despite the greater sum of all
three loop lengths (10). Based on these results, we conclude
that the distribution of the loop length governs GQ folding
more than the sum of the total loop length and that one nu-
cleotide loop has a dominant effect in driving the parallel
GQ formation.

Our data clearly show that the GQ with limited loop
length can form in dsDNA in the presence of a molecu-
lar crowding condition (41). Interestingly, once folded, these
structures stay folded for a long duration even after the re-
moval of the molecular crowding reagent. Furthermore, in-
creasing the loop length of these structures results in de-
creased NMM binding without increased CV binding, sug-
gesting that in dsDNA, lengthening the loop does not in-
duce a transition to an antiparallel state. Our results reveal
that the antiparallel folding may only exist in the context of

ssDNA, and such folding is not supported in dsDNA (Fig-
ure 5). The sequences that form into an antiparallel con-
formation in ssDNA cannot be held as folded structures in
duplex. It is likely that the folding (thermodynamic) stabil-
ity of the antiparallel GQ is weaker than that of Watson–
Crick base pairing. It is plausible that the weak antiparallel
GQ can be supported if GQ binding proteins or chemical
ligand stabilize such structures in cells.

The smFRET approach enabled a direct and quantita-
tive analysis in determining the fraction of GQ folded (high
FRET) and unfolded/dsDNA (low FRET) molecules.
We removed the low-FRET background provided by
donor-only (acceptor-photobleached) molecules, by select-
ing molecules that contained both FRET pair dyes. The
folded GQ quantified by smFRET matched the result ob-
tained by the NMM ensemble fluorescence assay, thus val-
idating the ensemble approach as a quantitative GQ de-
tection method in both ss- and dsDNA. In addition, the
smFRET revealed dynamic fluctuations in GQ structures
formed by 1–4–4 and 1–5–5 DNAs, indicating that these
sequences are able to spring back and forth between less
folded and more folded conformations. If such dynamic
property is exhibited in genomic DNA, the GQ may act like
a flexible switch that opens and closes to control replication
or transcription activity.

Taken together, we established a reliable fluorescence as-
say that can be readily applied to any types of DNA se-
quence for assessing its GQ-forming propensity and con-
formational specificity. Based on our mapping, we conclude
that the GQ-forming pattern is: (i) significantly different be-
tween ssDNA and dsDNA; (ii) governed by loop length dis-
tribution and (iii) predictable based on the sequence com-
position and DNA context (Figure 5A). The GQ-forming
potential outlined for ssDNA and dsDNA here (Figure 5B)
will serve as a useful index for future studies.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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