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ABSTRACT: G-quadruplex (GQ) structures are implicated in important physiological and pathological processes. Millions of GQ-

forming motifs are enriched near transcription start sites (TSSs) of animal genes. Transcription can induce formation of GQs which 

in turn regulates transcription. The kinetics of the formation and persistence of GQs in transcription is crucial for the role they play, 

but has not yet been explored. We established a method based on the fluorescence resonance energy transfer (FRET) technique to 

monitor in real-time the co-transcriptional formation and post-transcriptional persistence of GQs in DNA. Using a T7 transcription 

model, we demonstrate that a representative intramolecular DNA GQ and DNA:RNA hybrid GQ promptly form in proportion to 

transcription activity and, once formed, maintain for hours or longer at physiological temperature even after transcription is 

stopped. Both their formation and persistence strongly depend on R-loop, a DNA:RNA hybrid duplex formed during transcription. 

Enzymatic removal of R-loop dramatically slows their formation and accelerates their unfolding. These results suggest that a tran-

scription event is promptly read-out by GQ-forming motifs and the GQ formed can either perform a regulation in fast response to 

transcription and/or memorized in DNA to mediate time-delayed regulation under the control of RNA metabolism and GQ-

resolving activity. Alternatively, GQs need to be timely resolved to warrant success of translocating activities such as replication. 

The kinetic characteristics of GQs and its connection with R-loop may have implications in transcription regulation, signal trans-

duction, G-quadruplex processing, and genome stability. 

Guanine-rich nucleic acids can fold into a four-stranded G-

quadruplex (GQ) structure when four guanine-tracts (G-tract) 

are clustered in proximity.
1
 Millions of GQ-forming motifs are 

present in the human genome.
2-4
 The existence of GQs in both 

eukaryotic
5-9
 and prokaryotic

10
 cells has only been detected in 

several recent studies. GQ-forming motifs are significantly 

enriched near transcription start sites (TSSs),
3,11-14

 and tran-

scription has recently been shown to induce formation of GQs 

in duplex DNA under both in vitro
3,4,15-18

 and in vivo
10
 condi-

tions in the transcribed region downstream of TSS. These GQs 

fall into two types, i.e. intramolecular DNA GQs (DQ) con-

sisting of G-tracts all from the non-template DNA strand and 

DNA:RNA hybrid GQs (HQ) involving G-tracts from both the 

non-template DNA strand and RNA transcript.
4,16
 GQs play 

role in a large variety of cellular pathways.
19
 In particular, 

GQs formed in transcription can in turn regulate transcrip-

tion
4,14
 and may also be involved in replication initiation.

17,20,21
 

GQ formation in genomic DNA occurs in a unique envi-

ronment where DNAs are long base-paired duplex. Unlike in a 

single-stranded form, a GQ-forming motif in a duplex DNA is 

constrained at the two ends by flanking sequences and the 

formation of GQ, on the other hand, has to compete against 

the annealing with the complementary DNA strands during 

and after transcription. This situation does not favor GQ for-

mation. In addition, a DNA being transcribed is also in inter-

action with proteins such as RNA polymerase. In such an en-

vironment, the kinetics of the formation of a GQ and its persis-

tence in physiological processes is an essential property that 

governs the functional role of the GQ. More specifically, how 

fast a GQ forms and how long it maintain determine respec-

tively the responsiveness and duration of the effect of the GQ. 

Previously, detection and quantitation of transcriptional for-

mation of GQ in DNA solely relied on end-point measure-

ments
3,4,10,15-18

 which is difficult to provide the desired kinetic 

information. 

Here we describe a real-time method based on the FRET 

technique to investigate the kinetics of co-transcriptional for-

mation and post-transcriptional persistence of GQs in duplex 

DNA. We studied a representative DQ and HQ, respectively, 

in duplex DNA transcribed by T7 phage RNA polymerases 

(RNAP). Both the DQ and HQ displayed fast formation and 

slow collapsing in transcription. Quantitative analyses allowed 

us to establish the dependence of the rate constant of GQ ac-

cumulation on transcription activity. We further studied how 

these processes were affected by RNA transcripts, either free 

in solution or in the form of R-loop, a transcription by-product 

in which a RNA transcript hybridizes with the template DNA 

strand.
22
 Our data showed that R-loop contributed a fundamen-
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tal role in the stabilization of DQ and particularly HQ. In the 

presence of R-loop, the two GQs promptly formed and main-

tained for hours or much longer at the physiological tempera-

ture. However, a removal of R-loop by RNase H significantly 

slowed down the formation and accelerated the collapse of 

both GQs. Our results also show that free RNA transcripts had 

a minor effect on the formation and collapse of DQ and HQ. 

All these results suggested that the formation and persistence 

of both types of GQs could be affected by RNA metabolism, 

even for the DQ whose assembly does not involve a participa-

tion of RNA. The prompt formation of long-lasting GQs and 

its connection with RNA metabolism set a physical basis for 

the functionality of transcriptionally formed GQs which may 

have implications in a number of cellular processes.  

EXPERIMENTAL SECTION 

Oligonucleotides. Dual-labeled oligonucleotides were pur-

chased from Integrated DNA Technologies (IDT, U.S.A). 

Other oligonucleotides were purchased from Sangon Biotech 

(Shanghai, China). Their concentrations were determined by 

the absorbance at 260 nm using the OligoAnalyzer 3.1 from 

IDT (http://www.idtdna.com). Stock solution of double-

stranded DNA (dsDNA) was prepared by heating two com-

plementary oligonucleotides (1 µM each) at 95 °C for 5 min 
and then cooling down slowly to room temperature in a buffer 

containing 10 mM Tris-HCl (pH 7.9) and 50 mM LiCl.  

In vitro transcription. DNA in Li
+
 solution was diluted in-

to transcription buffer containing 40 mM Tris-HCl (pH 7.9), 

6.7 nM DNA (each strand), 50 mM KCl, 10 mM MgCl2, 10 

mM DTT, 2 mM spermidine, 2 mM NTPs (Fermentas, 

U.S.A.). Transcription was initiated by adding the indicated 

amount of T7 polymerase. For some experiments, transcrip-

tion was terminated by an addition of competitive DNA 

(cpDNA, 5’-GAAATTAATACGACTCACTATA-3’)
16
 to a 

final concentration of 333 nM alone or together with 6.67 U/µl 
RNase T1 or 0.33 U/µl RNase H. 

Fluorescence spectroscopy. Transcriptions were carried 

out at 37 °C in a 1.5 ml volume on a QuantaMaster 40 spectro-

fluorometer (PTI, USA). Emission spectra were recorded from 

538 to 700 nm over time with an excitation at 520 nm. 

RESULTS AND DISCUSSION 

Identification of GQ structures. We prepared two duplex 

DNAs, 4G3 and G5G7, containing a G3(AG3)3 and G5AG7 G-

core respectively on the non-template strand. The G3(AG3)3 G-

core exists in the human PAX9 gene and has been shown to 

form an intramolecular G-quadruplex which enhances the 

splicing of the PAX9 gene.
23
 The G5AG7 G-core is present in 

mitochondria genomes in the CSB II region. A GQ formed in 

the CSB II stimulates mitochondrial transcription termination 

and primer formation.
21
 We recently found that the G5AG7 

forms a HQ
16
 which is involved in the transcription termina-

tion at the CSB II.
17
 

We first tested GQ formation in the DNAs in K
+
 solution 

using an exonuclease arrest assay in which exonuclease cleav-

age of DNA from the 3’ end is arrested by a GQ.
24,25
 Figure S1 

shows a gel electrophoresis analysis of the hydrolysis prod-

ucts. As expected, the G3(AG3)3 readily formed an intramolec-

ular DNA GQ as demonstrated by a single termination band 

(lane 2) below the original DNA (lane 1). The G5AG7 also 

formed a GQ when an RNA G3 tract was supplied (lane 4). 

Without RNA, the G5G7 DNA was fully degraded (lane 5), 

indicating that the GQ formed by G5AG7 in the G5G7 with 

RNA was a HQ. 

We then transcribed the two DNAs by T7 RNAP and ana-

lyzed GQ formation by the exonuclease arrest assay. The 3’ 

end of the template DNA strand was protected by three phos-

phorothioate nucleotides such that only the non-template DNA 

strand was prone to the cleavage. In Figure S2, it can be found 

that without a prior transcription, the non-template strands in 

all DNAs were fully digested (lanes 2, 6, and 10). However, 

the digestion was arrested in the transcribed 4G3 and G5G7 

(lanes 8 and 12, open arrow), but not in the random one (lane 

4), indicating a formation of GQ in the 4G3 and G5G7 DNA. 

This assay also provided a rough estimation on the fraction of 

GQ formed which was approximately 77% in the 4G3 and 

50% in the G5G7, respectively. It should be noted that the 

quantity derived could be underestimated because of the un-

folding of the GQs during the digestion and the difficulty in 

avoiding over- or under-digestion with the enzyme. 

The G5AG7 in the G5G7 is unable to form a DQ, but HQ.
16
 

While the transcriptional formation of HQ in the G5AG7 has 

been identified in our previous studies,
16,17
 the structural nature 

of the GQ in 4G3 remained unclear. In theory, the G3(AG3)3 in 

the 4G3 is capable of forming either a DQ or HQ because G-

tracts from the RNA transcripts may jointly form a GQ with 

G-tracts from the DNA. To identify the structure, we tran-

scribed the 4G3 DNA along with a 5G3 DNA and treated 

them by the exonucleases (Figure S2, right gel). With a 

G3(AG3)4 G-core, the 5G3 DNA is able to form a DQ at two 

positions. The GQs in the two DNAs produced one and two 

termination bands, respectively (lanes 14 and 16, open ar-

rows). The number of terminations correlated with the number 

of positions at which a DQ could form in the corresponding 

DNA (scheme under gel, black arrowhead). This result sup-

ports a formation of DQ as the major form of GQ. If HQ could 

effectively form, then we would expect at least two and three 

termination bands (half-white-half-black arrowheads), instead 

of one and two for the 4G3 and 5G3 DNA, respectively. For 

this reason, we assume that DQ was the major structure 

formed in the 4G3 DNA. We recently reported that the for-

mation of a DQ on the non-template DNA strand could be 

triggered by an approaching RNAP without passing a G-

core.
15
 This fact suggests that the DNA G-core has a priority to 

form a DQ over a HQ before the G-core is transcribed.  

The formation of GQs in the 4G3 and G5G7 DNA was 

verified using DMS footprinting which detects GQ assembly 

by a protection to the guanine residues in a GQ against chemi-

cal cleavage.
26
 In Figure S3, we see that the G-tracts (brackets) 

in both 4G3 and G5G7 suffered much less cleavage in the 

transcribed than in the non-transcribed DNAs. This protection 

truly reflected GQ formation because it was not seen for the 

guanines flanking the G-cores (arrowheads). 

Real-time monitoring of transcriptional GQ formation 

by FRET. The FRET technique has been well adopted in 

studying GQ in single-stranded nucleic acids.
27,28
 To test its 

applicability in the transcription of duplex DNA, the G3(AG3)3 

and G5AG7 G-cores were both labeled with a Cy5 at the 5’ 

side and a Cy3 at the 3’ side as an acceptor and donor, respec-

tively. GQ formation brings closer the two dyes and enhances 
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the energy transfer between them, simultaneously resulting in 

a decrease in the emission of the donor and an increase in the 

emission of the acceptor (Figure 1). The DNAs were tran-

scribed in a K
+
 solution by T7 RNAP. Time-based wavelength 

scans showed that the emission intensity of the acceptor in-

creased over time while that of the donor decreased at the 

same time in both DNAs (Figures 2A and 2B). A clear isos-

bestic point near 630 nm supported a structural conversion in 

the DNAs. In contrast, little change in fluorescence was ob-

served for a random duplex DNA without a G-core to form a 

GQ (Figure 2C). We used the proximity ratio, FA/(FA+FD), as 

a measure of FRET and plotted its change with time (Figure 

2D). The increase in FRET in the 4G3 and G5G7 in compari-

son with that in the random DNA indicated that GQ formed 

during transcription in both the 4G3 and G5G7.  

 

Figure 1. GQ formation in transcribed duplex DNA and detection 

by FRET. (A) A G-core motif (red line) is flanked by two fluores-

cent dyes serving as donor (d) and acceptor (a), respectively. A 

formation of G-quadruplex (GQ) reduces the distance between the 

two dyes to enhance energy transfer between them. A nascent 

RNA transcript may anneal with the template strand forming an 

R-loop. (B) The non-template DNA strand can form either an 

intramolecular DNA G-quadruplex (DQ) when the G-core bears 

four or more G-tracts or a DNA:RNA hybrid G-quadruplex (HQ) 

by recruiting G-tracts from RNA when the G-core has less than 

four G-tracts. This leads to an increase in the emission of the ac-

ceptor and a decrease in the emission of the donor. 

FRET is a measure of distance between acceptor and do-

nor. The two dyes were separated by 23 nucleotides in the 

DNAs. It was noted that the FRET of the G5G7 was much 

smaller than that of the 4G3. We previously showed that the 

G7 tract in a G5AG7 tends to serve as two G3 tracts with the 

guanine in the middle serving as a loop.
16
 Theoretically, the 

formation of a HQ in G5G7 may involve 1-3 G-tracts from 

DNA and, in the meantime, 3-1 G-tracts from RNA. There-

fore, the smaller FRET for the G5G7 could be explained by a 

contraction of fewer DNA G-tracts in the HQ than in the 4G3 

which involves a contraction of four DNA G-tracts in a DQ. 

Due to the options of G-tract combinations, the observed 

FRET for the G5G7 would reflect the average of the FRET 

values of the corresponding HQs.  

Kinetics of GQ formation. The changes in the fluorescence 

of both donor and acceptor allowed us to follow the kinetics of 

the formation or accumulation of GQ in transcription. For 

either the acceptor or donor in a FRET pair, the total fluores-

cence intensity (F) of a fluorophore was a sum of those from 

the folded and unfolded DNA species, which could be written 

as 

,  (1) 

where θ was the fraction of folded species, Ff and Fu the mean 
fluorescence intensity when the DNAs were in the folded and 

unfolded form, respectively. The above equation was re-

written to give 

 ,   (2) 

or simply 

 ,   (3) 

where ∆F was the fractional change in fluorescence and ∆Fmax 
the maximal value of ∆F. As an empirical approach, we fitted 
the time course of ∆F to a single exponential or dual exponen-
tial kinetics

29
 and found that better results were obtained with 

the latter using the following equation,  

 , (4) 

where C was a fractional constant and kobs1 and kobs2 were two 

rate constants. For this reason, Eqs. (3) and (4) were chosen to 

fit our data which allowed us to obtain the constants ∆Fmax, 
kobs1, kobs2, and C. The mean rate constant, kobs, is given as  

 .  (5) 

 

Figure 2. Detection of GQ formation in transcribed duplex DNA 

by FRET. (A-C) Wavelength scans over time during transcription 

of (A) 4G3 capable of forming a DQ; (B) G5G7 capable of form-

ing an HQ; (C) Random DNA containing no GQ-forming se-

quence. (D) Proximity ratio as a function of transcription time for 

the DNAs in (A-C), where FD and FA are the fluorescence intensi-

ties of the donor (Cy3) and acceptor (Cy5), respectively. 

We transcribed the 4G3 DNA at different concentrations 

of T7 RNAP; each produced two time courses representing 

respectively the changes in fluorescence of the acceptor and 

donor upon the formation of GQ (Figure 3A). The two time 

courses were simultaneously fitted to Eqs. (3) and (4) using 
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kobs1, kobs2, and C as global parameters. The dependence of kobs 

on RNAP concentration was then obtained by these pair-wise 

fittings, which showed that the rate of DQ formation increased 

with the increases in RNAP concentration (Figure 3B). 

Dependence of DQ and HQ formation on transcription 

activity. When rate constants under several transcription con-

ditions were calculated, it would be more convenient to per-

form a single fitting using the fluorescence from one fluoro-

phore instead of several pair-wise fittings. In this case, the 

acceptor was preferred because of its larger relative change in 

fluorescence (Figure 3A). Figure S4A show results of such an 

analysis in which all the fluorescence traces of the acceptor 

were simultaneously fitted to Eqs. (3) and (4) using ∆Fmax as a 
global parameter. From Figure S4B, it is seen that the depend-

ence of kobs on RNAP concentration obtained was in agree-

ment with that obtained from the pair-wise fittings (Figure 

S4B versus 3B). The successful extraction of the kinetic rate 

constant kobs for the DQ in the 4G3 promoted us to perform the 

same analysis on the G5G7 DNA. We transcribed the G5G7 

under identical conditions as the 4G3. The result (Figure 4) 

showed a similar RNAP concentration dependence.  

 

Figure 3. Kinetics of GQ formation in transcribed 4G3 DNA. (A) 

Fractional Changes in fluorescence intensity of acceptor (∆FA, 
open circle) and donor (∆FD, open diamond) during transcription. 
Each pair of fluorescence traces (symbols) were fitted (solid line) 

simultaneously to Eqs. (3) and (4) using kobs1, kobs2, and C as glob-

al parameters within the pair. Numbers by the curves indicate 

concentrations (U/µl) of T7 RNAP. (B) Observed rate constant 
kobs (with SE) of GQ formation as a function of T7 RNAP concen-

tration derived from (A). 

Effect of R-loop on the formation kinetics of DQ and HQ. 

During transcription, a RNA transcript may anneal with the 

template DNA strand.
22
 This RNA:DNA hybrid, called R-

loop, forms more preferably in G/C-rich DNA due to the ex-

ceptional stability of the rG:dC base pairing.
30
 R-loop has been 

detected in the transcription of the G5G7 DNA.
16
 Apparently, 

R-loop resists the annealing between the two DNA strands in a 

duplex DNA and, as a result, is expected to stabilize both DQ 

and HQ. This expectation has not been studied because of the 

lack of proper method to monitor the formation and collapse 

of GQs in transcribed DNA. 

 

Figure 4. Kinetics of HQ formation in transcribed G5G7 DNA. 

(A) Changes in fluorescence intensity of acceptor (∆FA, circles) 
were simultaneously fitted (solid line) to Eq. (3) and (4) using 

∆Fmax as a global parameter. Numbers by the curves indicate con-
centrations (U/µl) of T7 RNAP. (B) Observed rate constant kobs 
(with SE) of HQ formation as a function of T7 RNAP concentra-

tion derived from (A). 

The FRET method allowed us to study how R-loop could 

affect GQ formation. We transcribed the 4G3 and G5G7 in the 

presence of RNase H, an enzyme that specifically degrades the 

RNA in R-loops, but not that in HQs.
16
 The RNase H signifi-

cantly reduced the rate of GQ formation in both DNAs (Figure 

5, blue circles), especially in the G5G7, suggesting that the 

removal of R-loop destabilized both the DQ and HQ. A HQ 

forms via an R-loop → ssRNA → HQ cascade in which the 
RNA in an R-loop is displaced by the following round of tran-

scription and this released RNA can jointly form a HQ with 

the non-template DNA strand.
16
 Apparently, the RNase H 

inserted an additional effect on HQ by removing R-loop at the 

first step of HQ formation. This was likely why the formation 

of HQ in the G5G7 was reduced to a much lower level than 

the DQ was in the 4G3. Unlike RNase H, RNase T1, which 

hydrolyzes free ssRNA but not that in HQ,
16
 only had a minor 

effect. Its inclusion in transcription slightly reduced the for-

mation of GQ in both DNAs (Figure 5, green circles). We 

assume that its effect might be indirect and was possibly 

achieved by reducing the free RNA concentration to speed up 

the dissociation of R-loop that might be in slow equilibrium 

with ssRNA. 

 

Figure 5. Kinetics of GQ formation in transcribed 4G3 and G5G7 

DNA in the presence of RNA hydrolysis. Changes in fluorescence 

intensity of acceptor ∆FA were plotted as a function of transcrip-
tion time. GQ formation was catalyzed by T7 RNAP (0.8 U/µl) in 
the absence or presence of RNase T1 or H. 
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Post-transcriptional persistence of DQ and HQ and ef-

fect of R-loop. How long a GQ lasts is an important factor 

determining its effect in physiological processes. Many studies 

have been carried out regarding the stability of free GQs 

formed in single-stranded nucleic acids,
1,31,32

 however, little 

has been done with those formed in transcribed duplex DNA. 

We examined the persistence of the DQ and HQ in the two 

DNAs by monitoring their collapse after transcription was 

terminated. In these assays, A DNA was first transcribed till 

the formation of GQ reached a plateau. Then excess competi-

tive double-stranded (cpDNA) was added to terminate the 

transcription by capturing the RNAP molecules.
16
 From this 

point, the persistence of GQs was monitored over time in the 

absence of transcription.  

We found that the DQ formed in 4G3 (Figure 6A, red cir-

cles) was extremely stable that little collapse could be detected 

over one hour since the fluorescence remained flat after the 

termination of transcription. The HQ formed in the G5G7 was 

less stable with a slow collapse after transcription was termi-

nated as indicated by a slow reduction in fluorescence (Figure 

6B, red circles). To evaluate the effect of R-loop, we also add-

ed RNase H along with the cpDNA. Hydrolysis of R-loop 

accelerated the collapse of both the DQ and HQ (blue circles). 

Due to its lower stability than that of DQ, HQ collapsed at a 

much faster rate than the DQ did. Its fluorescence dropped by 

approximately 70% within a few minutes which was then fol-

lowed by a slower decrease over time. In contrast, the DQ 

lasted for several tens of minutes. We also examined the effect 

of RNase T1. In this case, the collapse of DQ showed little 

change and that of HQ was moderately accelerated (green 

circles). 

 

Figure 6. Post-transcription persistence of GQs in 4G3 and G5G7 

DNA. Decays in fluorescence intensity of acceptor (∆FA, circles) 
were simultaneously fitted (solid line) to Eq. (3) and (4) using 

∆Fmax as a global parameter. GQ formation was catalyzed by T7 
RNAP (0.8 U/µl) to reach plateau before transcription was termi-
nated by cpDNA alone or accompanied by RNase T1 or H at 

which point (zero time) monitoring of fluorescence decay started. 

Numbers by the curves indicate rate constant kobs of GQ collapse. 

CONCLUSIONS 

We established a method that monitors in real-time the for-

mation or presence of GQ in transcription. Its application pro-

vides important kinetic insight into the transcriptional for-

mation of GQs and their post-transcription persistence, as well 

as their connection with R-loop for the first time. The charac-

teristics revealed of both DQ and HQ set a physical basis for 

their physiological function which may have implications in 

transcription regulation, signal transduction, G-quadruplex 

processing, and genome stability. As a regulatory element, the 

rate of GQ formation determines the responsiveness by which 

the element senses transcription activity to execute its func-

tion; the time a GQ remains determines how long the effect of 

a GQ lasts. For both the DQ and HQ we tested, their formation 

is fast and proportional to RNAP concentration, or in other 

words, dependent on transcription activity (Figures 3-4 and 

S4). This confers a prompt sensing of transcription and feed-

back for a GQ to perform regulation in response to transcrip-

tion. Our data also show that the two GQs are stable along 

with R-loop. They are able to stay for hours if undisturbed. 

This fact suggests that a transcription event in cells may be 

memorized by stable GQs in a DNA for a period of time until 

they are unfolded, either spontaneously or catalyzed by GQ-

resolving enzymes such as helicases.
33
 In such a case, a tran-

scription event may affect a cellular process that occurs later 

via a GQ at the same locus after the transcription itself has 

stopped, potentially creating a regulatory connection between 

two time points in genomic DNA.  

On the other hand, the lifetime of the GQs exceeds certain 

processes on DNA like DNA replication. For example, the 

~3,000,000 kbp human genome, which hold more than a mil-

lion GQ-forming motifs (both DQs and HQs), is replicated in 

roughly 8 hours.
34
 The 464 kbp E. coli genome, hosting nearly 

3,000 GQs, is replicated in ~40 minutes.
35
 We previously 

showed that GQs hinder the translocation of BLM helicase on 

DNA.
29
 This is likely true for other translocating proteins. 

Therefore, GQs may create serious barriers for DNA replica-

tion and lead to pathological consequences if they are not 

timely resolved. In support of this notion, several disease-

associated human helicases can bind and/or unwind different 

GQ structures,
36
 implying an association of pathogenesis with 

GQ processing. One well-known example of such diseases is 

the Werner syndrome, a genetic disorder featuring genomic 

instability and premature aging, caused by deficiency in the 

WRN protein.
37
 The WRN protein is a helicase that unwinds a 

number of structures, including GQs.
38,39
 Its activity is re-

quired for proper replication of GQ-forming telomere DNA in 

human cells, indicating a necessity of active GQ-resolving for 

DNA replication.
40,41
  

Our data revealed an essential contribution of R-loop in 

the reinforcement of DQ and HQ in both their formation and 

persistence (Figures 5 and 6). The dramatic effect of RNase H 

means that the two key features of GQs are subjected to a reg-

ulation by RNA metabolism. R-loop has been shown to form 

in the human genome
42,43
 and defects in RNase H are associat-

ed with genome instability and pathological disorders.
44,45
 

According to our data, deficiency in RNase H is expected to 

dramatically enhance the formation and delay the collapse of 

GQs in cells. Therefore, GQ structures in transcribed genes 

may contribute to diseases associated with abnormal RNA 

metabolism.  

Since our assays were conducted under in vitro conditions, 

the results may not precisely reflect the situation in cells. The 

concentration of cations, such as Mg
2+
 and K

+
, is important for 

the stability of GQs.
46
 Our assays were carried out with 10 

mM Mg
2+
 which was in the same order of magnitude as that 

(15-25 mM) in both prokaryotic and mammalian cells.
47
 The 
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50 mM K
+
 was used according to the instruction of the manu-

facturer of the T7 RNAP to avoid inhibition at higher salt con-

centration. Although it was lower than the intracellular con-

centration of K
+
 in animal (150 mM)

48
 and bacteria (180-200 

mM),
49
 previous study showed that GQ formation in duplex 

DNA reaches a plateau at ~20 mM of K
+
.
50
 Besides the cati-

ons, molecular crowding, a reality of intracellular environ-

ment, can significantly enhance the stability of GQs,
50-53
 which 

is expected to facilitate GQ formation. We intended to carry 

out measurements in the presence of PEG 200 that has been 

employed as a crowding agent. Unfortunately, the fluores-

cence was severely quenched in PEG solution although it was 

not in dilute solution (Figure S5). This prevented us to further 

investigate the effect of molecular crowding. Transcription by 

RNA polymerases can generate negative supercoiling in DNA 

in the transcribed region.
54
 Negative supercoiling facilitates 

the formation of G-quadruplex in plasmid.
55,56
 In comparison 

with the DNA in cells which is topologically constrained, the 

linear duplex is able to rotate at the time of transcription to 

relieve the generated superhelicity.
57
 In view of all these fac-

tors, the formation of the DQ and HQ might be more robust in 

cells. 

Recently, fluorescent GQ-binding ligands were used to in-

dicate the formation of GQs in RNA in transcription.
58
 The 

FRET method we described provides a simple, fast, and con-

venient tool to monitor GQs in DNA. It can not only follow 

the kinetics of co-transcriptional formation, but also the post-

transcriptional persistence of GQs, together in a single assay. 

The analysis can be carried out in either a quantitative or qual-

itative manner, depending on the transcription conditions. 

When formation is much faster than collapse, the Eqs. (3) and 

(4) can be used to extract the rate constant of GQ for-

mation/accumulation. Examples of this condition are the for-

mation of DQ and HQ in the absence of RNases (Figures 3-4 

and S4). When a formation of GQ is accompanied by a fast 

collapse of the structure, for instance in the presence of RNase 

H (Figure 5), the method can still be used to follow the chang-

es in the amount of GQs. The collapse of GQs after the termi-

nation of transcription can always be analyzed quantitatively 

since it is a single-turnover reaction in the absence of other 

reactions (Figure 6). 

For the DQ and HQ we analyzed, the fitting of GQ for-

mation to a dual exponential kinetics may reflect a presence of 

multiple pathways of GQ formation. The transcriptional for-

mation of GQs should be governed by the turnover of the en-

zymatic reaction as well as the response of the G-cores to fold 

into GQs. The rate constants we obtained for the DQ and HQ 

were much smaller than the turnover rate of T7 RNAP,
59
 

which seems to suggest the importance of the DNA sequences 

in determining the formation of the GQs. Sequences forming 

multiple GQ structures was found to fit more than one rate 

constants when unfolded by helicase.
29
 Such heterogeneity 

could also be possible for the reverse reaction in which DNA 

molecules may fold into GQs of different conformations, lead-

ing to distinctive rate constants. 

Our method used DNA internally labeled with FRET 

fluorophore at the two sides of a G-core motif. Internally la-

beled DNA with FRET fluorophores has been used in tran-

scription with T7 and other RNA polymerase to analyze con-

formational changes in DNA duplex.
60-63
 Such labeling did not 

significantly interfere with transcription.
60
 Fluorophore label-

ing may also affect the formation of GQ. Attachment at the 

ends of a G-core constrains the freedom of the DNA and af-

fects GQ folding equilibrium.
64
 We expect such an effect, if 

any, should not be significant either in DNA duplex because 

the G-core is already constrained with two much bulkier flank-

ing and one complementary DNA strands. A single molecular 

study revealed that GQ forms in sub-second time scale in tran-

scribed DNA.
65
 Gene expression in cells produces many cop-

ies of RNA molecules via multiple cycles of transcription 

events. In a single transcription event, a G-core may or may 

not form a GQ. Our ensemble FRET scheme follows the frac-

tional formation of GQs in a population of DNA molecules at 

a larger time scale during the course of multiple cycles of tran-

scription. The results obtained reflect the probability of for-

mation or collapse of GQs in a gene.  
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