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Abstract: Single-stranded DNA with G-rich sequences can fold into secondary structures, G-quadruplexes,
via intramolecular hydrogen-bonding interactions. This conformational change can be detected by a
homogeneous assay method based on fluorescence resonance energy transfer (FRET) from a water-
soluble cationic conjugated polymer (CCP) to a fluorescein chromophore labeled at the terminus of the
G-quadruplex DNA. The space charge density around the DNA controls the efficiency of FRET from the
CCP to the fluorescein. The higher FRET efficiency for the CCP/G-quadruplex pair is correlated to the
stronger electrostatic interactions between the more condensed G-quadruplex and the CCP in comparison
to the CCP/ssDNA pair. Since the potassium ion can specifically bind to the G-quadruplex DNA, the
G-quartet-DNA/CCPs assembly can also be used as a platform to sense the potassium ion in water with
high selectivity and sensitivity.

Introduction It also provides one a chance to design and develop a selective
d and sensitive fluorescent sensor for the potassium ion using the
same assay system that could probe the G-quadruplex struc-
turel® Potassium ions play a key role in biological systems,
such as the maintenance of extracellular osmolarity and the
regulation of the concentration of other ions in the living cell,

h and an unbalance of Kions is associated with arrythmia
has been shown to directly inhibit telomerase activity in d's_e_a_Sé'z'ls Although many quorescz_antKassays based on
immortalized and most cancer cell&fficient recognition of artificial receptors, such as quoromnophqres PBFI, [222]
the G-quadruplex structure is a key requirement for the rational cryptand, BlSC?Gcrown ether, z.mebyclod.egtrln Q"CD) haye
design and development of telomerase inhibitors for cancer, been reported}*° the lack of high selectivity against sodium

HIV, and other diseasés.UV melting curves analysis, circular 10"S O the nonaqueous assay requirements for most of these
dichroism, gel electrophoresis, and NMR methods are widely SYStems prevents their clinical application.
used and serve as direct G-quadruplex folding prdbes;

It is well-known that the backbone of the conjugated polymers
however, they require large DNA quantities and lack sensitivity. (CPs) consists of a large number of chromic repeat units. The
Fluorescent methods based on fluorescence resonance ener

dsz@itation energy transferring to the reporter chromophore along
transfer (FRET) require the difficult process of dual tagging f

e whole CPs backbone results in the amplification of fluor-
. . . . 8 i 7,18 —23 24-27
the same DNA strantf. These considerations provide motivation €SCent signalsit® Recently, wé®™2 and other$ have
for developing new assay methods that probe the DNA (12) He, H.; Mortellaro, M. A.; Leiner, M. J. P.; Fraatz, R. J.; Tusa, JJK.
) Am. Chem. So003 125, 1468-1469.
G quadrUpleX structure§. . (13) Kuo, H.-C.; Cheng, C.-F.; Clark, R. B.; Lin, J. J.-C,; Lin, J. L.-C;
G-quadruplex formation is known to be promoted by the Hoshijima, M.; Nguyen-Tran, Van T. B.; Gu, Y.; Ikeda, Y.; Chu, P.-H.;
presence of monovalent cations, especially by potassiuntions. Ross, J., Jr.; Giles, W. R, Chien, K. Rell 2001, 107, 801-813.

(14) Minta, A.; Tsien, R. Y.J. Biol. Chem.1989 264, 19449-19457.
(15) Crossley, R.; Goolamali, Z.; Sammes, P.JGChem. Soc., Perkin Trans.

Single-stranded DNA with G-rich sequences is able to fol
into secondary structures via intramolecular hydrogen-bonding
interactions, and such structures are named G-quadrdiplex.
Among these G-quadruplex sequences, the G-rich human
telomere strand is of special interést. The G-quadruplex is
an unusual tetraplex conformation of the telomere DNA, whic
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utilized this optical property of CPs for developing novel

fluorescent biosensors based on water-soluble cationic conju-

RUs. Measurements are performed in pure water. The spectra are normalized
with respect to the emission of PF.

results in stronger G-quartet-DNA/PF electrostatic interactions,
relative to ssDNA-FI/PF. In situation B, the CCP resides in
closer proximity to fluorescein, and therefore efficient FRET
from CCP to fluorescein is observed.

Poly(9,9-bis(6-N,N,N-trimethylammonium)hexyl)fluoren-
ylene phenylene (PP is used as CCP in energy-transfer
experiments (see Scheme 1 for the molecular structure).
Fluorescein, with an absorption maximum at 488 nm and an
emission maximum at 518 nm, was chosen since its absorption
overlaps with the emission of PF. Irradiation at 380 nm
selectively excites PF, and FRET from PF (donor) to fluorescein
(acceptor) is favored’

Figure 1 compares the emission spectra observed upon

gated polymers (CCPs) to detect DNA and RNA in aqueous gqdition of PF ([PF}= 2.5 x 108 M in repeat units (RUS)) to
media. In this contribution we demonstrate a new FRET-based, 5g|utions of sSDNA-FI ([sSDNA-FIE= 1.0 x 107 M) in the
homogeneous technique to recognize the guanine quadmp'e)bresence of 50 mM KCI or NaCl. The DNA resumes a
structure of the DNA that couples the conformation of a G_quadruplex and random coil structures in the presence of KCI

guanine-rich oligonucleotide strand with the optical amplifica-

and low concentration of NaCl, respectivéfjin these experi-

tion of CCPs. The G-quartet-DNA/CCPs assembly can also be ments the ssDNA-FI was premixed with 50 mM KCI or NaCl
used as a platform for sensing the potassium ion in water with gt 4°C, respectively. Addition of PF and subsequent comparison

high selectivity and sensitivity.

Results and Discussion

Our new DNA G-quadruplex and Kassays are illustrated

of the resulting fluorescence from fluorescein obtained by
excitation at 380 nm reveals a significantly higher turn-on signal
for the ssDNA-FI/KCI, relative to the ssDNA-FI/NaCl pair.

These FRET differences demonstrate the specificity for G-

in Scheme 1. The G-rich single-stranded DNA was labeled with quadruplex structure of the detection method. Furthermore, the

a fluorescein at the'S8erminus (ssDNA-FI, see Scheme 1 for
the molecular structure). The ssDNA-FI exhibits random coil
conformation in the absence of 'K® The relatively weak
electrostatic interactions of ssDNA-FI with CCP keep the
fluorescein far away from CCP, and FRET from CCP to
fluorescein is inefficient (Scheme 1A32° The formation of a

fluorescein emission using 380 nm excitation is more than 10
times larger than that obtained by direct excitation at the ssSDNA-
Fl absorption maximum (480 nm). The increased ssDNA-FI
emission by the FRET (Scheme 1, situation B) shows the optical
amplification by the CCP macromolecule.

In additional experiments energy-transfer optimization by

more condensed G-quadruplex upon adding KCl increases thevarying the concentration of KCl was examined. Figure 2 shows

space charge density around the DNA macromolégtigéand

(23) Wang, S.; Liu, B.; Gaylord, B. S.; Bazan, G. &lv. Funct. Mater.2003
13, 463-467.

(24) Ho, H. A.; Boissinot, M.; Bergeron, M. G.; Corbeil, G.; Dpke; Boudreau,
D.; Leclerc, M.Angew. Chem., Int. ER002 41, 1548-1551.

(25) Dore K.; Dubus, S.; Ho, H. A.; Le'vesque, |.; Brunette, M.; Corbeil, G.;
Boissinot, M.; Boivin, G.; Bergeron, M. G.; Boudreau, D.; Leclerc, M.
Am. Chem. So004,126, 4240-4244.

(26) Ho, H. A.; Bea-Abaem, M.; Leclerc, M.Chem. Eur. J2005 11, 1718-
1724.

(27) Nilsson, K. P. R.; Ingdisa O.Nat. Mater.2003 2, 419-424.

(28) Gaylord, B. S.; Heeger, A. J.; Bazan, G.JCAm. Chem. So@003 125,
896-900.

(29) Lakowicz, J. RPrinciples of Fluorescence Spectroscpidjuwer Academic/
Plenum Publishers: New York, 1999.

(30) Manning, G. SQ. Re. Biophys. 111978 2, 179-246.

(31) zhang, Y.; Zhou, H. J.; Ou-Yang, Z. 8iophys. J2001, 81, 1133-1143.
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that at a concentration of [ssSDNA-F¥ 1.0 x 1077 M and
[PF] = 2.5 x 1076 M, addition of KCI causes a concomitant
increase in the energy transfer from PF to ssDNA-FI with an
equilibrium shift from the random coil structure of ssDNA-FI
toward the G-quadruplex conformation. The FRET ratio of the
intensity at 527 nm to that at 422 nnis41425) is about 16,
3.4, and 2 times higher for the PF/ssDNA-FI in the presence of
50 mM KClI, relative to those in the presence of 0, 8.5, and 30
mM KCI, respectively. Because the dominant interaction

(32) Alberti, P.; Mergny, J. LProc. Natl. Acad. Sci. U.S.2003 100, 1569~
1573

(33) Stork, M.; Gaylord, B. S.; Heeger, A. J.; Bazan, G Adv. Mater. 2002
14, 361.
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3 15x10° d Figure 3 shows the emission spectra and FRET ragg/ (

s A l429) of the ssSDNA-F1/PF in the presence of various metal ions.

2 1.2x10° i For Na', Li*, and NH" FRET is very weak due to their weak

g " '\.‘ inducing abilities to form G-quadruplé®,and therefore, less

‘3 9.0x10°1 i fluorescence of fluorescein is observed. For the divalent cations

= e ‘~,‘ Cat and Mg, only a small increase in fluorescence of fluores-

g  6.0x10° li 5 cein is observed (Figure 3a) since’Cand Mg+ can also stabi-

8 e ilb \\ lize the G-quadruplex structure. However, their binding to G-

§ 3.0x10° . /NN quartet-DNA is also much weaker than that of.K The value

) SRR of the FRET ratio (5271425 for K+ is approximately 16 times

i 0.0 r : r —== = higher than those for Na Li™, and NH;" and 6 times higher
400 4%0 500 550 600 650 700 than those for Ca& and M@ (Figure 3b). High selectivity for

Wavelength (nm) K* over Na, Li*, NHs*, C&*, and M¢" is observed.

Figure 2. Emission spectra of solutions of PF/ssDNA-FI with addition of For the K detection, one of the essential requirements is

KCI. The concentration of KCI ranges from 0 to 50 mM wih= 0 mM, minor or no interference from Na2 To Study the Na
b= 8.5 mM,c =30 mM,d =50 mM. [ssDNA-FI]= 1.0 x 10~7 M, [PF] . .

= 2.5 x 107% M in RUS, lex = 380 nm. Measurements are performed in interference, the dﬁpe”denc_e of the FRET ragﬁ_)/(@?) of the
pure water. The spectra are normalized with respect to the emission of PF.Sensor was examined at different concentrations of hiad

) ) ) K* in pure water (Figure 4). With an increase in the concentra-
Scheme 2. Schematic Representation of the Persistence Lengths

of G-Quadruplex DNA and Random Coil ssDNA 20
~ 1.1 nm St :f s
e — —=—KCl &
oY, N o4l g 10
iK%/ ) G-quartet DNA =" v--NaCl s
—_— ™ g 05
'_'IO
= 3t N A ——
jr g 0 10 20 30 40 50
[K* or Na'] (mM)
ss-DNA E 2| or j"'"
P N N P P a i )
- . E v’
15x0.41 nm=6.2 nm Tt
Y
. o . 0 g . . .
between PF and DNA is electrostatic in natéfté3to explain 0 0 200 %00 400 00

this behavior one may consider that G-quadruplex DNA has a
much higher space charge density than single-strand DNA since [K" or Na'] (mM)
the persistence length of random coil ssDNA with 15 bases is Figure 4. The dependence of the FRET ratlgx{/1422) on the concentration
about 6.2 nm (the base spacing value is 0.41 nm at the neutralf K* and N& in pure waterie, = 380 nm, [SSDNA-FI= 1.0 x 10" M,

2031 . [PF] = 2.5 x 1078 M in RUs. (Insert) Low K and N& concentration
pH)**=*and that of more condensed G-quadruplex DNAis only g 50 mm) profiles.
about 1.1 nn¥2 while they possess same charge numbers

. . 9

(Scheme 2). According to the"Fader theorys® Forster energy o of KCI from 0 to 50 mM, the FRET ratidg»712) increases
transfer has a 19 distance dependence; thus, as the electrostatic dramatically; for NaCl almost no increase in the valudpf/
interactions between the oppositely charged DNA and PF |, is opserved in this concentration range (Figure 4 insert).
become stronger (decreasing the average distance), the efficiencythese results show that the sensor responds only*tinKhe
the importance of electrostatic interactions in determining the to the N& at a concentration of beyond 200 mM. It is

success of Scheme 1.

Figure 3. (a) Emission spectra from solutions containing PF, ssDNA-FI, and 50 mM metal ions. The spectra are normalized with respect to the emission

Wavelength (nm)

noteworthy that our sensor can achieve high selectivity for K

-~ 1.5x10° 20
= + ] b
EN — £
3. 110 Na' 5 16
= NH, -
S go0x10°] —u SNPY
= — g s
S 60010 Ca® s
g & 08
5§ =
S 30x10° =,
S e E 04
= 0.0k i : . ——
400 450 500 550 600 650 700 ool I N HE .

Na" NH, L

K

Mg™ Ca™

of PF. (b) The dependence of FRET ratigfl422) on the various metal iondex = 380 nm, [metal ion}= 50 mM, [ssDNA-FI]= 1.0 x 1077 M, [PF] =
2.5 x 1075 M in RUs. Measurements are performed in pure water.
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Figure 5. Emission spectra of solutions of PF/ssDNA-FI in: (a) 50 mM NaCl, and 50 mM KCI with the presence or absence of 50 mM NacCl, respectively;
(b) 200 mM NaCl, and 20 mM KCI with the presence of 200 mM NaCl, respectively. [ssSDNA=FI]0 x 1077 M, [PF] = 2.5 x 1076 M in RUS, lex =
380 nm. Measurements are performed in pure water. The spectra are normalized with respect to the emission of PF.

Assay for G-Quadruplex Folding of the DNA. To two 1.5 mL
Eppendorf cups were respectively addedul0of ssDNA-F1 (1.0x
1075 M) and then 0.5.L of 1.0 M KCl into one Eppendorf cup (sample
1) and 0.5«L of 1.0 M NaCl into the other one (sample 2). The two
cups were incubated for 48 h at°€. After incubation, 5uL of PF
(5.0 x 104 M) was added, respectively. The samples were treated at
0 °C for 1 h toform complexes; 94@L of water and 5Q:L of 1.0 M
KCl were added to sample 1, and 94D of water and 5Q:L of 1.0 M

in the presence of Na Figure 5a shows that the FRET ratio
(Is271422) gives similar value to 50 mM Kin the presence and
absence of 50 mM Na More importantly, our sensor can still
detect 20 mM K in the presence of 200 mM Nawhere the
FRET ratio (5271422 is 2.5 times higher than that for 200 mM
Na' only (Figure 5b). The minor interference from Nelearly
shows the PF/ssDNA-FI assembly can be used as arkbe

in water. NaCl were added to sample 2. The fluorescence spectra were measured
in a 3-mL quartz cuvette at 2C.
Conclusion K* Sensor.Into a 1.5 mL Eppendorf cup were added 2D of

. sSDNA-F1 (1.0x 1075 M) and 0.5uL of 1.0 M KCI. The cup was
) In.summary, we report a homogeneous fluorescence .ampl"incubated for 48 h at 4C. After incubation, %L of PF (5.0x 1074
fication assay for G-quadruplex structures of DNA that inter- ) was added. The samples were treated &COfor 1 h to form
faces DNA association with the light-harvesting properties of complexes. Then the fluorescence spectra were measured in a 3-mL
conjugated polymers. The higher FRET efficiency for the CCP/ quartz cuvette at 4C after adding 94@iL of water and 5QuL of 1.0
G-quadruplex pair is correlated to the stronger electrostatic M KCI. The assay procedures for sodium, ammonium, lithium, calcium,
interactions of G-quadruplexes with CCP in comparison to the and magnesium ions are same as that for the potassium assay, except
CCP/ssDNA pair. Alternatively, our technique is able to detect for using NaCl, NHCI, LiCl, CaCk, and MgC} instead of KCI.
potassium ion in aqueous solution with high sensitivity and Sensitivity for K™ Sensor.Into seven 1.5 mL Eppendorf cups was
selectivity, combining the binding specificity of G-quadruplex 2dded 10uL of sSDNA-F1 (1.0x 107> M), respectively. And then
DNA and signal transduction of CCPs. In principle, the 0.3,0.5,0.8, and 1,01 of 0.1 M KCl and 0.2, 0.3, and 0L of 1.0

. . . . ..M KCI were added into the cups, respectively (sample¥)Yl The
technique shows the potential to detect G-rich aptamer-binding samples were incubated for 48 h a1@. After incubation, 5L of PF
proteins.

(5.0 x 104 M) was added. The samples were treated & Gor 1 h
to form complexes. Then the fluorescence spectra were measured in a
3-mL quartz cuvette at 4C after the samples-17 were diluted to

The oligonucleotides (ssDNA-F1) were purchased from Shanghai 1000xL with 3, 5, 8, 10, 20, 30, and 50 mM KCI aqueous solution,
Sangon Biological Engineering Technology & Service Co., Ltd. The respectively.
ssDNA-F1 concentration was determined by measuring the absorbance Acknowledgment. We are grateful for the financial supports
at 260 nm in a 250 quartz cuvette. U¥-vis absorption spectrawere  from the “100 talents” program of Chinese Academy of Sciences

taken on a Hitachi U-3010 spectrophotgmeter. The fluorescence and Institute of Chemistry, Chinese Academy of Sciences.
measurements were recorded on a Hitachi F-4500 spectrophotometer

equipped with a Xenon lamp excitation source at abofiC4 All JA0515071
fluorescence spectra were measured at an excitation wavelength of 38Q34) Miyoshi, D.; Nakao, A.; Sugimoto, Nlucleic Acids Re003 31, 1156
nm. The water was purified using a Millipore filtration system.
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