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Abstract. The importance of guanine-quadruplex (G4) is not only in protecting the ends of chromosomes for human
telomeres but also in regulating gene expression for several gene promoters. However, the existence of G4 struc-
tures in living cells is still in debate. A fluorescent probe, 3,6-bis(1-methyl-2-vinylpyridinium) carbazole diiodide
(o-BMVC), for differentiating G4 structures from duplexes is characterized. o-BMVC has a large contrast in fluo-
rescence decay time, binding affinity, and fluorescent intensity between G4 structures and duplexes, which makes
it a good candidate for probing G4 DNA structures. The fluorescence decay time of o-BMVC upon interaction with
G4 structures of telomeric G-rich sequences is ∼2.8 ns and that of interaction with the duplex structure of a calf
thymus is ∼1.2 ns. By analyzing its fluorescence decay time and histogram, we were able to detect one G4 out of
1000 duplexes in vitro. Furthermore, by using fluorescence lifetime imaging microscopy, we demonstrated an inno-
vative methodology for visualizing the localization of G4 structures as well as mapping the localization of different
G4 structures in living cells. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or

reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.18.10.101309]
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1 Introduction
A large number of guanine-rich (G-rich) sequences are found in
the human genome.1–3 The G-rich sequences can easily form a
G-quadruplex (G4) structure in the presence of salts in vitro.4,5 It
is suggested that the G4 structure is important not only in the
human telomere for protecting the ends of chromosomes but
also in the gene promoter for regulating gene expression. How-
ever, the challenging question is whether the G4 structure exists
in living cells. Although some evidences of the presence of G4
structures in vivo have been reported in the ciliate Stylonychia,6

the promoter of c-myc,7 the human telomeres,8 and the promoter
of nonselenocysteine containing phospholipid hydroperoxide
glutathione peroxidase (NPGPx),9 the actual case in human
cells is still in debate.10

It is known that the G-rich sequence can form various G4
structures and can possibly coexist in mixtures. For example,
Hurley et al. reported that the sequence d½ðTG4AG3Þ2TG4AAG2�
(PU27) in c-myc gene promoter can form both intramolecular
and intermolecular conformations in Kþ solution.7 NMR
and circular dichroism results showed that the monomeric
parallel G4 structure is a major conformation for both PU27
and d½TGðAG3TG4Þ2AA� (PU22).11 In addition, the broad
envelope from the imino proton NMR spectra of the human
telomeric sequence d½AG3ðT2AG3Þ3� (HT22) suggested the
coexistence of two different G4 structures.12,13 Moreover,
telomere sequences with slight differences can adopt different

types of G4 structures, such as a hybrid G4 structure of
d½TAG3ðT2AG3Þ3� (HT23)14 with three G-quartet layers versus
a basket antiparallel G4 structure of d½G3ðT2AG3Þ3T� (HT21-T)15
with two G-quartet layers in Kþ solution. At present, it is not
clear which type of G4 structure is predominant in living cells
if the G4 structure exists in vivo.

Fluorescence probes together with the advanced optical
methods have presented many applications in biomedical scien-
ces.16–18 We have synthesized a fluorescent molecule, 3,6-bis
(1-methyl-4-vinylpyridinium) carbazole diiodide (BMVC), to
verify the presence of G4 structure in the human telomeres
of metaphase chromosomes of nasopharyngeal carcinoma
KJ-1 cells by using fluorescence lifetime imaging microscopy
(FLIM).19 Our finding was very recently confirmed by immuno-
fluorescence for binder of G-quadruplex (BG4) on metaphase
chromosomes isolated from Hela cancer cells.20 They found
that the majoriy (∼75%) of BG4 foci were present outside
the telomeres. In addition, the study on fixed cells also sug-
gested that endogenous G4 structures are largely present outside
the telomeres, implying that more G4 structures exist in vivo.

In order to map the localizations of endogenous G4 struc-
tures in living cells using a fluorescence probe such as BMVC,
it must be able to discriminate the small amount of G4 structures
from the large amount of duplexes in living cells. Since the two
para-pyridinium groups in BMVC play a major binding role to
the duplex DNA, we hypothesize that the change from para-pyr-
idinium to ortho-pyridinium in BMVC could decrease the bind-
ing affinity to duplex DNA. Thus, a BMVC isomer, o-BMVC,
was synthesized and compared to BMVC. Previously, we shown
that both BMVC and o-BMVC are good G4 stabilizers.21 In this
work, we demonstrate that o-BMVC is indeed a better G4
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fluorescent probe with a much higher binding preference to
HT24 than linear duplex ½dðGCGCAATTGCGCÞ�2 (LD12)
compared to that of BMVC. Moreover, the fluorescence
decay time of o-BMVC is longer than that of BMVC upon inter-
action with G4 structure, and much longer than that of LD12 or
calf thymus interacting with either o-BMVC or BMVC. Thus,
it gives a wider window with better time-resolution in FLIM
imaging and is furthermore used to differentiate G4 structure
from duplex structure in living cells. Table 1 lists the DNA
sequences studied in this work.

2 Materials and Methods

2.1 Chemicals

The synthesis of o-BMVC is briefly described in Fig. 1. 3,6-
Dibromocarbazole (10 mmole, Aldrich, St. Louis, MO) was
added into a high-pressure bottle containing the mixture of pal-
ladium(II) acetate (25 mg, Strem, Newburyport, MA) and tri-o-
tolyl phosphine (250 mg, Aldrich). To this, the solvent pair
(tri-ethylamine 15 ml/acetonitrile 45 ml) and 2-vinylpyridine
(30 mmole, Merck, Darmstadt, Germany) were added. The bot-
tle was sealed after bubbling 10 min with nitrogen. After keep-
ing the system under ∼105°C for two days, the precipitant was
collected and then extracted with H2O∕CH2Cl2 twice. The
insoluble solids in the CH2Cl2 layer were filtered, collected, and
washed with hot tetrahydrofuran (THF); then the filtrates were
dried by MgSO4. Crude powder was purified by flash column
chromatography with acetone/n-hexane as eluent gradient to
collect the yellow powder, precursor of o-BMVC (compound
2, shown in Fig. 1). Yield: 72%, melting point (mp): 254 to
256°C, molecular weight (Mw): 373. 1H NMR [dimethyl sulf-
oxide (DMSO-d6)]: δðppmÞ ¼ 11.5 (s, 1H, NH), 8.57 (dd,
J ¼ 5.7, 1.38 Hz, 2H), 8.48 (s, 2H), 7.85 (d, J ¼ 16.2 Hz, 2H),
7.78 (m, 2H), 7.74 (dd, J ¼ 9.0, 1.26 Hz, 2H), 7.55
(d, J ¼ 7.5 Hz, 2H), 7.50 (d, J ¼ 7.2 Hz, 2H), 7.31
(d, J ¼ 16.2 Hz, 2H), 7.23 (dd, J ¼ 7.5, 6.4 Hz, 2H). After

refluxing compound 2 with excess CH3I in THF/dimethylfor-
mamide (DMF) (2∶1) for 4 h, the orange powder, o-BMVC, was
collected with a hot filter (Yield: 95%, mp >300°C, Mw: 657).
Data for o-BMVC: 1H NMR (DMSO-d6): δðppmÞ ¼ 11.97 (s,
1H, NH), 8.87 (dd, J ¼ 6.3, 1.2 Hz, 2H), 8.84 (s, 2H), 8.47 (d,
J ¼ 8.7 Hz, 2H), 4,42 (s, 6H), ESI/MS (m∕z∶ ½Mþ H�þ 201.68
(exclude I−), element analysis (657þ 1.5H2O): calc (obs%) C:
49.12 (49.17), H: 4.09 (4.03), N: 6.14 (6.12).

2.2 DNA Samples

All oligonucleotides were purchased from Biobasic Inc.,
Markham, Ontario, Canada. A buffer solution (pH 7.5) that
consisted of 10 mM Tris-HCl and 150 mM KCl was used for
all experiments. Buffer solutions mixed with oligonucleotides
were heated to 95°C for 5 min and cooled slowly at
1°C∕min to room temperature followed by storage at 4°C
over night before use.

2.3 Cell Cultures

CL1-0 human lung cancer cell line was kindly provided by
Prof. C. T. Chen of National Taiwan University and grown in
RPMI1640 supplemented with 10% fetal bovine serum.

2.4 Absorption and Fluorescence Spectra

Absorption spectra were taken on a UV-visible spectrophotom-
eter (HELIOS α, Thermo Fisher Scientific, USA), and fluores-
cence spectra were recorded on a spectrofluorometer (LS-55,
PerkinElmer, USA) with a 2-nm bandpass in a 1-cm cell length
at room temperature.

2.5 Fluorescence Lifetime Imaging Microscopy

The setup of FLIM consists of a picosecond diode laser emitting
at 470 nm (LDH470, PicoQuant, Germany) with ∼70 ps pulse
width to excite o-BMVC under a scanning microscope (IX-71
and FV-300, Olympus, Japan). The fluorescence of o-BMVC
was collected by a 60× NA ¼ 1.42 oil-immersion objective
(PlanApoN, Olympus, Japan), passing through a 550∕80
bandpass filter (Chorma, USA), and then detected by a fast pho-
tomultiplier tube (PMA182, PicoQuant). The fluorescence life-
time was analyzed by using a time-correlated single photon
counting (TCSPC) module and software (TimeHarp-200 and

Table 1 DNA sequences studied in this work and fluorescence decay
times of BMVC and o-BMVC upon interaction with these DNA
sequences.

Sequence DNA name BMVC (ns) o-BMVC (ns)

TAG3ðT2AG3Þ3 HT23 ∼2.3 ∼2.8

ðT2AG3Þ4 HT24 ∼2.0 ∼2.6

TAG3ðT2AG3Þ3TT HT25 ∼2.0 ∼2.6

ðG3T2AÞ3G3T HT21-T ∼1.7 ∼2.4

G2T2G2TGTG2T2G2 TBA ∼2.3 ∼4.0

TGAG3TG4AG3TG4AA PU22 ∼2.0 ∼3.0

ðTAG3Þ2TG3TAG3 GT19 ∼2.1 ∼3.0

G3ðTG3Þ3 T3 ∼2.0 ∼3.0

ðG3CÞ4 T40214 ∼2.0 ∼3.0

GCGCA2T2GCGC LD12 ∼1.3 ∼1.0

DNA from calf thymus Calf thymus ∼1.7 ∼1.2
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Fig. 1 The brief scheme of o-BMVC synthesis.
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SymPhoTime, PicoQuant). The FLIM image was constructed
from pixel-by-pixel lifetime information.

2.6 Confocal Microscopy

CL1-0 cells were incubated with 5 μM o-BMVC for 2 h and
were subsequently treated with 40 nM MitoTracker red
CMXRos (Invitrogen, Carlsbad, CA) for 30 min. Stained
cells were washed twice with phosphate-buffered saline and
visualized by confocal microscopy. Fluorescence excitation/
emission was carried out at 458∕500 to 600 nm for o-BMVC
channel and at 532∕600 to 700 nm for MitoTracker red channel.

3 Results and Discussion

3.1 Absorption and Fluorescence Spectra

Figure 2 shows the absorption and fluorescence spectra of free
o-BMVC and its complex with a number of G4 DNA of HT23,
HT21-T, TBA, PU22, GT19, and two duplex DNA, LD12 and
calf thymus, in 150 mM Kþ solution. The absorption maximum
of o-BMVC at ∼420 nm is red-shifted to ∼435 nm upon inter-
action with LD12 and calf thymus, and further red-shifted to
∼460 nm in the presence of G4 structures. In addition, the
molar absorption coefficient is decreased by 10 to 15% for
duplexes and decreased even more for G4 structures. The fluo-
rescence peak of o-BMVC shows a slight difference upon

interaction with G4 structures at ∼555 nm and with duplexes
at ∼545 nm. Moreover, Fig. 2 shows that the fluorescence of
o-BMVC increases 80 to 120 times in the presence of these
G4 structures and ∼20 times in the presence of these duplexes.
The fluorescence enhancement ratio upon o-BMVC binding to
quadruplex and duplex DNA is estimated to be ∼5∶1. In com-
parison, the enhancement of BMVC fluorescence is slightly
lower upon interaction with HT24 (quadruplex) than that of
LD12 (duplex) in our previous work.22

Fluorescence titration was carried out to measure the binding
affinities of o-BMVC to LD12 and HT24. Figure 3 shows the
fluorescence spectra of 10 μm of o-BMVC by adding DNA from
0.25 to 8 μm. The fluorescence intensity used to construct the
binding plots of γ versus Cf is shown in the inset. The binding
ratio γ is defined as Cb∕CDNA, where Cf, Cb, and CDNA are the
molar concentrations of free ligand, bound ligand, and DNA,
respectively. The difference between Ct and Cb gives the mag-
nitude of Cf, where Ct is the total concentration of ligand.
Binding parameters can be obtained by fitting the plots with
a multiple-equivalent-site model.23

γ ¼ nKCf∕ð1þ KCfÞ;

where K is the equilibrium binding constant and n represents the
average number of ligands bound per each DNA structure.
Note that this equation is identical to the Scatchard equation,
γ∕Cf ¼ Kðn − γÞ. Using the binding plots of γ versus Cf,
the problem of obtaining K and n values from slightly nonlinear
Scatchard plots becomes irrelevant.24 Here, the calculated bind-
ing parameters are K ∼ 3.43 × 105 with n ∼ 5.5 for LD12 and
K ∼ 3.0 × 107 with n ∼ 3.2 for HT24, indicating that the binding
affinity of o-BMVC to HT24 G4 DNA is much better than that
to LD12 duplex DNA. The binding preference of o-BMVC to
G4 structures over duplexes is improved by almost an order of
magnitude over that of BMVC. This difference is likely due to
the structural difference between these two isomers, i.e., the
ortho form for o-BMVC forces the two positive charges toward
outside, while the para form for BMVC shows less interference
between the two positive charges. The two positive charges on
the tip of the crescent-shaped BMVC can easily interact with the
minor groove of LD12,25 while there is no such binding mode
for o-BMVC to LD12. It is rational that the binding affinity of
BMVC to LD12 is approximately one order of magnitude higher
than o-BMVC to LD12.

Fig. 2 The absorption and fluorescence spectra of o-BMVC molecule
and its mixture with HT23, HT21-T, TBA, PU22, GT19, LD12, and
calf thymus, in 150 mM Kþ solution. Molar concentration o-BMVC∶
DNA ¼ 1∶3.

Fig. 3 Fluorescence titration of 10 μM o-BMVC by adding HT24 (a) and LD12 (b) from 0.25 to 8 μM in 150 mM Kþ solution. The inset shows the
binding plots of γ versus Cf for the titration.

Journal of Biomedical Optics 101309-3 October 2013 • Vol. 18(10)

Tseng et al.: Fluorescent probe for visualizing guanine-quadruplex DNA. . .



3.2 Fluorescence Decay of o-BMVC upon Interaction
with Various DNA Structures

o-BMVC is a molecular rotor, where the intramolecular twist of
the vinyl group in bridging the carbazole and pyridinium cation
of o-BMVC plays a major role in determining its fluorescence
behavior. Since different DNA structures may have different
binding sites to o-BMVC, it is possible to distinguish different
DNA structures by monitoring their fluorescence decay times.
Thus, we have used FLIM to measure the fluorescence decay
time of o-BMVC upon interaction with these DNA. The sample
was prepared on a cover-slip, and the decay signal was measured
by using TCSPC equipped with a 70-ps laser pulse at 470 nm.
Figure 4 shows the histograms of the fluorescence decay time of
o-BMVC upon interaction with HT25, HT21-T, TBA, PU22,
GT19, and calf thymus in 150 mMKþ solution. The peak center
of the o-BMVC decay time is measured to be ∼2.6 ns for HT25,
∼2.4 ns for HT21-T, ∼4.0 ns for TBA, ∼3.0 ns for PU22,
∼3.0 ns for GT19, and ∼1.2 ns for calf thymus. In addition,
the ∼3.0 ns decay time is also measured upon interaction
with T3 and T40214 (data not shown), whereas PU22, GT19,26

T3,27 and T4021428 are all predominated by the parallel-type G4
structure. This is probably due to the same end-quartet binding
site without the loop base that they have for o-BMVC.29 For
comparison, Table 1 lists fluorescence decay times of both
BMVC and o-BMVC upon interaction with these DNA sequen-
ces. The key finding is that the fluorescence decay time of o-
BMVC is longer than that of BMVC upon interaction with
G4 structures, while the fluorescence decay time of o-BMVC
is slightly shorter than that of BMVC upon interaction with
duplexes. The decay time difference between quadruplex and

duplex DNA is much larger for o-BMVC than for BMVC,
which is pivotal to the study of cellular imaging, i.e., 2.8 ns
in the presence of HT23 and 1.2 ns in the presence of calf thy-
mus for o-BMVC versus 2.3 ns in the presence of HT23 and
1.7 ns in the presence of calf thymus for BMVC.

In our previous work, we had used BMVC to verify the
presence of G4 structure in the human telomeres of metaphase
chromosomes.19 Here o-BMVC is a better fluorescence probe
for differentiating the G4 structures from duplexes than BMVC
because o-BMVC has a large contrast of decay time, binding
affinity, and fluorescent intensity between the G4 structures
and the duplexes. To further test the detecting limit of the G4
structure revealed by o-BMVC, we have conducted competition
analysis by mixing 30 μM of LD12 with various concentrations
of HT23 using FLIM. Figure 5 shows the histograms of the fluo-
rescence decay time of o-BMVC upon interaction with the mix-
ture of LD12 and HT23 at 0∶1, 10∶1, 100∶1, 1000∶1, 10;000∶1,
and 1∶0 molar ratios. Our results suggest that o-BMVC is able
to detect one HT23 out of 1000 LD12 and possibly one HT23
out of 10,000 LD12.

3.3 Fluorescent Bioimaging of o-BMVC in CL1-0
Cancer Cells

We now use o-BMVC as a turn-on probe to image the possible
G4 structure in human CL1-0 lung cancer cells. Our FLIM
images show that o-BMVC is mainly distributed in the cyto-
plasm of CL1-0 living cells and found less in the nucleus. In
contrast, BMVC is mainly located in the nucleus and found
less in the cytoplasm. To determine the intracellular localization
of o-BMVC, Fig. 6 shows confocal images of CL1-0 cells incu-
bated with o-BMVC for 2 h and then stained by MitoTracker
red. o-BMVC fluorescence overlaps well with MitoTracker
red (83.1� 9.9%), implying that o-BMVC mainly localizes
in the mitochondria of the CL1-0 cancer cells. Different cellular

Fig. 4 The histograms of the fluorescence decay time of o-BMVC upon
interaction with HT25 (a), HT21-T (b), TBA (c), PU22 (d), GT19 (e),
and calf thymus (f) in 150 mM Kþ solution. Molar concentration
o-BMVC∶DNA ¼ 1∶3.

Fig. 5 The histograms of the fluorescence decay time of o-BMVC upon
interaction with the mixtures of LD12 and HT23 at 1:0, 10:1, 100:1,
1000:1, 10,000:1, and 0∶1 molar ratio in 150 mM Kþ solution.
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localizations of BMVC and o-BMVC are probably due to differ-
ent lipophilicities. BMVC with low lipophilicity (log P ∼ −1.97)
localized primarily to the nucleus, while o-BMVC with
higher lipophilicity (log P ∼ −1.4) localized primarily to the
mitochondria.

Considering the large difference between the decay times of
o-BMVC upon interaction with G4 structures and duplexes
(Fig. 4), we further used FLIM for visualizing the possible
G4 structures in living cells. Figure 7(a) and 7(d) shows the
FLIM images of living CL1-0 cells incubated with o-BMVC
and BMVC, respectively. For o-BMVC, the image shows strong

fluorescence in the cytoplasm and weak fluorescence in the
nucleus of the cell. According to Table 1, we assume the decay
time region of 2.4 to 2.8 ns is mainly due to telomeric G4 struc-
tures, while the region longer than 2.8 ns is mainly due to
parallel-type G4 structures and other specific G4 structures.
For clarity, we set a certain decay time (2.4 or 2.8 ns) and
use only white and red pseudocolors to present these figures,
where the white color stands for decay times longer than that
time (designated as mode 1) and the red color stands for shorter
decay times (designated as mode 2), as shown in Fig. 7(b), 7(c),
7(e), and 7(f). Interestingly, in Fig. 7(b), we found mode 1
(white) spots in both the nucleus and cytoplasm of the cell.
Although only a small amount of o-BMVC can enter the
nucleus, this may be desirable since the much higher binding
affinity of o-BMVC to the G4 structures over the duplexes
(∼100∶1) allows this small amount of o-BMVC to target G4
structures in the nucleus. As a result, this will avoid the ensem-
ble average effect from the interaction of o-BMVC with the
large amount of duplex DNA structures in the nucleus. The
large decay time contrast of o-BMVC upon interaction between
quadruplex and duplex DNA is sufficient to differentiate the
possible G4 structures located in the nucleus. On the other hand,
since in the cytoplasm o-BMVC mainly localizes in mitochon-
dria, the observation of mode 1 in the cytoplasm may be mainly
due to possible G4 structures in mitochondrial DNA, in which
there are many repeats of G-rich motifs (NCBI Reference
Sequence: NC 001807.4).

We further observe that there are fewer mode 1 spots at 2.8 ns
time mode, and these spots almost totally disappear at 3.2 ns
time mode (data not shown). Here we assume that those mode
1 spots that appeared at 2.4 ns time mode, but disappeared at
2.8 ns, are probably not due to parallel-type G4 structures.
Considering the fluorescence decay time of o-BMVC is ∼3.0 ns
upon interaction with the parallel G4 structures, including
PU22, GT19, T3, and T40214 measured in this work, it is likely
that the nonparallel G4 structure is predominant in living cells.
The much lower signal (mode 1 spots) of CL1-0 cells incubated
with BMVC at 2.4 and 2.8 ns, shown in Fig. 7(e) and 7(f), fur-
ther confirms that the longer decay time of o-BMVC to G4

Fig. 6 CL1-0 cancer cells incubated with o-BMVC for 2 h and then
stained byMitoTracker red, shown as the bright field image (a), confocal
images at o-BMVC channel (green) (b) and at MitoTracker channel (red)
(c), and their merged image (d).

Fig. 7 FLIM images of living CL1-0 cells incubated with o-BMVC [(a), (b), (c)] or BMVC [(d), (e), (f)] for 2 h. (b) and (e) are presented in pseudocolors of
white (decay time >2.4 ns) and red (decay time <2.4 ns). (c) and (f) are presented in pseudocolors of white (decay time >2.8 ns) and red (decay time
<2.8 ns). Scale bar: 10 μm.
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structures is critical for depicting the existence of G4 structures
in living cells. These data provide “proof-of-concept” evidence
for using o-BMVC as a sensitive and specific fluorescent probe
for visualizing the possible G4 structures.

4 Conclusion
In summary, we have illustrated that an o-BMVC molecule is a
better fluorescent probe for more specific binding to G4 DNA
than BMVC. The binding preference to G4 structures over
duplexes is improved by almost an order of magnitude. In addi-
tion, the longer decay time of o-BMVC upon interaction with
G4 structures of telomeric G-rich sequences (∼2.8 ns) than with
duplex structure of calf thymus (∼1.2 ns) is sufficient to differ-
entiate these structures by using discrete time mode in FLIM
images. Considering that there are many potential G4 forming
sequences in the human genome, the interaction of o-BMVC
with some of them may have even longer decay times, such
as the ∼4.0 ns upon interaction with TBA. These longer decay
times are even better for the verification of the presence of G4
structures in living cells. At present, FLIM of CL1-0 cells
stained by o-BMVC allows us to visualize the location charac-
terized by the long decay time in living cells. We consider that
these locations with the longer decay time are likely due to the
presence of G4 structures. The potential application of o-BMVC
to map the localizations of various G4 structures deserves fur-
ther investigation.
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