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Abstract—The fluorescent base 2-aminopurine (2Ap) was incorporated into the human telomeric DNA sequence d[AGGG(TTAGGG);]. The
substitution of 2Ap for A in the TTA loops did not affect the G-quadruplex stability. Interestingly, a significant change in the fluorescence
intensity of 2Ap between the G-quadruplex and duplex was observed. Therefore, we demonstrated that 2Ap can be used to monitor the duplex
to quadruplex conformational change in the human telomeric DNA sequence. This mechanism is explained by the difference in the base stack-
ing in the TTA loop region. Moreover, these probes distinguished between the basket-type and propeller-type G-quadruplexes. We also dem-
onstrated the detection of the telomerase inhibitor agent, such as TMPyP4, using a 2Ap modified telomeric DNA. The formation of the
G-quadruplex—ligand complex was observed by the fluorescence titration of TMPyP4.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Telomeres, which are the ends of the linear chromosome of
eukaryotes, contain tandem repeats of short G-rich DNA se-
quences that form structures based on the G-quartet.'> An
intramolecular basket-type quadruplex was observed by
the folding of the human telomeric sequence, d[AGGG(T-
TAGGG);].> Half of the Gs possess the anti conformation
about glycosidic bond, and the other half Gs possess the
syn conformation. Recent discoveries suggest that telomeres
exist in at least two different states or architectures; i.e.,
‘open’ and ‘closed’ complexes.* The ‘closed’ quadruplex
form seems to represent the state that caps and protects the
chromosome end. For direct observation of the quadruplex
folding, the fluorescence resonance energy transfer (FRET)
between the fluorophores attached at each end of the telo-
meric DNA was measured.””’ FRET efficiently occurs in
the ‘closed’ state, in which two fluorophores are in close
proximity. In the ‘open’ structure, the two fluorophores are
separated and no FRET is observed. However, a bulky sub-
stituent, such as a fluorophore, may inhibit the DNA struc-
tural transitions, making it difficult to study the dynamics
of the telomeric DNA.8

Parkinson et al. reported that DNA oligomers with a human
telomeric sequence form not only an intramolecular basket-
type G-quadruplex structure, but also an intramolecular
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propeller-type G-quadruplex structure in the presence of po-
tassium ion.® All Gs possess the anti conformation, and all
four DNA strands are parallel with three linking trinucleo-
tide loops positioned on the exterior of the intramolecular
propeller-type G-quadruplex.

The cationic porphyrin, 5,10,15,20-tetrakis(N-methyl-4-
pyridyl)porphyrin (TMPyP4), has been shown to inhibit
telomerase activity in cancer cells.!® It is known that the
complexation of the G-quadruplex-TMPyP4 occurs between
a central diagonal loop and the adjacent G-quartet.'!

The specific properties of DNA structures has been investi-
gated using the fluorescent dye-modified DNA.'>"'* Our
previous work demonstrated probing the microenvironment
of DNA grooves of B-DNA, A-DNA, and Z-DNA using fluo-
rescence dye, 6-dimethylamino-2-acyl-naphthalene-modi-
fied oligomers.'>'® 2-Aminopurine (2Ap) is a fluorescent
adenine isomer able to form a Watson—Crick base pair
with T.!7-!8 The fluorescence properties of 2Ap in the singlet
excited state ('2Ap*) in DNA are strongly influenced by the
electron transfer quenching process by G.!°22 Hence, 2Ap
has also been widely employed as a fluorescence probe
of the protein-induced local conformational changes in
DNA.?*25 In this study, 2Ap was incorporated into the
human telomeric DNA sequences in order to investigate
the properties of the G-quadruplex. The fluorescence change
of 2Ap in the DNA was observed in the conformational tran-
sition of the duplex to the G-quadruplex. Moreover, 2Ap can
discriminate between different structures of the G-quadru-
plex. Subsequently, the binding of TMPyP4 to the G-quadru-
plex was also detected. On the other hand, no change in the
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2Ap fluorescence was observed in the presence of a comple-
mentary strand or other porphyrins. These results show that
2Ap probes the specific interaction between the G-quadru-
plex and TMPyP4.

2. Results and discussion

2.1. 2Ap in human telomeric DNA detects the confor-
mational transition duplex to the G-quadruplex

To test the possibility of using 2Ap as a probe for the human
telomeric quadruplex, we have prepared a set of human telo-
meric DNA sequences containing a site-specific 2Ap substi-
tution (Fig. 1A, Table 1). First, the effects of the 2Ap
substitution on the stability of the G-quadruplex were eval-
uvated by measuring the melting temperature (7,,) of the
oligodeoxynucleotides (ODNs) by UV thermal denaturation
and the CD spectra (Table 1, Fig. 2). The T, values of the
2Ap modified quadruplexes were not significantly lower
than that of the unmodified one. The CD spectra of the
2Ap modified quadruplexes showed two peaks around 240
and 290 nm, and a negative band near 260 nm, which are
typical for an anti-parallel quadruplex structure.?®2” There-
fore, the quadruplex can also form in the presence of 2Ap.
We then measured the fluorescence intensities for the steady-
state fluorescence emission of 2Ap in duplexes (Fg,p) and
quadruplexes (Fguaq)- An important observation was that
Fquaa Was consistently higher than Fy,, for all the studied se-
quences. Because T-stacking within the loop by the TTA
segments in a quadruplex is highly distorted, the electron
transfer quenching of '2Ap* by G in the quadruplex seems
to occur less efficiently. In P7 ODN, a significant increase
in the fluorescence intensity of 2Ap was over 30-fold for
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Figure 1. (A) Schematic diagram of the human telomeric quadruplex in
which the numbers correspond to the positions of As that were individually
replaced by Ap in this study. (B) Schematic top view indicating the position
of Ap and G-quartet groove widths.
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Figure 2. CD spectra of the PO, 7, 13, and 19 quadruplexes at 8 °C. Sample
solutions contained 100 uM (base concn) ODN, 50 mM sodium-phosphate
buffer (pH 7.0), and 100 mM sodium chloride.

the conformational change from the duplex to the G-quadru-
plex (Table 1). Interestingly, in the quadruplex form, the
fluorescence intensity of 2Ap at the A7 position (P7) was
2-3 times higher than that at the other positions. It is known
that the human telomeric quadruplex is stabilized by three
stacked G-quartets, which are connected by two lateral loops
and a central diagonal loop.> Among the four grooves that
are formed, one is wide, two are of medium width, and
one is narrow. Figure 1B shows that 2Ap at the A7 position
of the quadruplex faces one wide and one medium grooves
(P7). On the other hand, 2Ap at the A13 (P13) and A19
(P19) positions of the quadruplexes face one narrow and
one medium grooves. Therefore, 2Ap at the A7 position is
likely to be more hydrated compared with 2Ap at the other
positions. Thus, the solvent accessible surface area of 2Ap
may also be responsible for the fluorescence properties of
2Ap, since the fluorescence quantum yield of 2Ap is higher
in polar solvents.?®?° To test the microenvironment depen-
dency of the 2Ap fluorescence properties, fluorescence
quenching of '2Ap* by the water-soluble antioxidant ascor-
bic acid®*3! was investigated. In Figure 3, the ratio F/F
was plotted versus the concentration of ascorbic acid where
F° and F are the fluorescence intensities of 2Ap in the pres-
ence and absence of ascorbic acid as the quencher. The
slopes (K) of these plots can be assumed to reflect the solvent
accessibility of 2Ap. The K values were in the order
P7uaa>>>P19quaa>P13quaa > P74yp. Therefore, 2Ap in the
P7 quadruplex is more exposed to solvent than 2Ap at the

Table 1. Relative fluorescence intensities® at 370 nm (F’ )b, lifetimes (7) and melting temperatures (7},,) of 2Ap modified duplexes and G-quadruplexes

Sequences Fau'  Faua  KACM™)  Tiuy 08) (@) Togaup @) (42)  Tigquany 18) T (°C)
PO AGGGTTAGGGTTAGGGTTAGGG 62
P7 AGGGTT2ApGGGTTAGGGTTAGGG 1 32 4.25/0.95f 0.043 (0.82) 0.64 (0.18) 0.53 56
P13 AGGGTTAGGGTT2ApGGGTTAGGG 0.93 11 2.0°/0.88" 0.048 (0.76) 0.53 (0.24) 0.34 58
P19 AGGGTTAGGGTTAGGGTT2ApGGG 1.0 13 2.4%1.0° 0.052 (0.81) 0.64 (0.19) 0.35 57

? Relative fluorescence intensities were evaluated based on the fluorescence intensity of P7 duplex. The fluorescence quantum yields of 2Ap in duplex and

quadruplex were up to 0.005 and 0.06, respectively.
® Measurement conditions are similar to Figure 2.

¢ 2Ap modified telomeric sequences were hybridized with the complementary DNA strand (5'-CCCTAACCCTAACCCTAACCCT-3').
4 Thermal denaturation profiles were recorded using a Jasco V-530 UV—vis spectrophotometer with a thermoelectrical controlled sample holder. Absorbance of
the samples was monitored at 260 nm from 2 to 80 °C at a heating rate of 1 °C/min.

¢ Measured for quadruplex structure.
 Measured for duplex structure.
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Figure 3. Fluorescence quenching of 12Ap* in the quadruplexes and duplex
by ascorbic acid. Fo/F was plotted versus the concentration of ascorbic acid,
where Fy and F are the fluorescence intensities at 370 nm (4.,=300 nm) of
Ap in the presence and the absence of ascorbic acid; P7gyaq (@), P19gaa
(A), P13g,,q (M), P74, (V). Sample concentration: 100 uM (base concn)
ODN, 50 mM sodium-phosphate buffer (pH 7.0), and 100 mM sodium
chloride at 8 °C.

other positions in the quadruplex, or 2Ap in the duplex,
resulting in a high fluorescence intensity.

Time-resolved fluorescence measurements with a femtosec-
ond laser were also performed to measure the fluorescence
lifetime of '2Ap*, showing results consistent with the steady-
state fluorescence measurements. The lifetime of '2Ap*
was significantly different in the duplex and quadruplex. In
the case of P7 ODN, the lifetime of '2Ap* in the quadruplex
(T1(quaa)) Was 14-fold longer than that in the duplex (7} gup))-
The lifetime of '"2Ap* in the P7 quadruplex (Tjquaq)) Was
over 1.5-fold longer than that in the other 2Ap containing
quadruplexes. The longer lived components (75qyp)) in the
duplexes are attributed to the poorly stacked minor con-
formers.>?

2.2. 2Ap modified telomeric DNA sequences can
discriminate between different base stacking in the
basket-type and propeller-type structures

It is known that significant changes in the TTA loop orienta-
tions occur on the G-quadruplex between the basket-type
and propeller-type structures.”>* While the basket-type G-
quadruplexes have anti-parallel strands, the propeller-type
structures have parallel arrangement. Thus, we prepared
the 2Ap modified G-quadruplexes in the presence of potas-
sium ion. Regardless of the 2Ap incorporation, the CD spec-
tra displayed positive peaks at 270 and 290 nm, which are
typical for a parallel quadruplex structure (Fig. 4).3* Nota-
bly, the fluorescence intensities of the 2Ap modified propel-
ler-type G-quadruplexes were very low compared with that
of basket type. The intensity ratios of the propeller type/
basket type at the corresponding position of 2Ap were appr-
oximately 0.072-0.12 (Table 2). Moreover, fluorescence
intensities of the 2Ap modified G-quadruplexes with the pro-
peller-type structure were almost the same. In contrast to the
2Ap fluorescence of the basket-type structure, the propeller
type did not depend on the position of 2Ap. The A in each
TTA trinucleotide loop of propeller-type structure is swung
back so that it intercalates between the two Ts. Jean and Hall
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Figure 4. CD spectra of the PO, 7, 13, and 19 quadruplexes at 8 °C. Sample
solutions contained 100 uM (base concn) ODN, 50 mM potassium caco-
dylate buffer (pH 6.5), and 100 mM potassium chloride. The condition of
PO (Na*) is similar to Figure 2.

Table 2. Relative fluorescence intensities (F) of Ap modified telomeric
sequences in the presence of sodium or potassium ion

Sequences F(Nah)*  FEKH®
P7 AGGGTTApGGGTTAGGGTTAGGG 18 1.4
P13 AGGGTTAGGGTTApGGGTTAGGG 9.2 1
P19 AGGGTTAGGGTTAGGGTTApGGG 10 1.3

DNA samples have concentration of 3.6 pM (single strand conc.) at 8 °C.

? Sodium chloride of 100 mM, and pH 7, buffered by 5 mM sodium-phos-
phate solution.

" Potassium chloride of 100 mM, and pH 6.5, buffered by 50 mM potas-
sium cacodylate solution.

predicted that 2Ap fluorescence is quenched by stacking
with pyrimidines, because of formation of an exciplex be-
tween '2Ap* and pyrimidine in a low-lying dark excited
state.>* Therefore, '2Ap* in each TT2Ap loop is quenched
by the adjacent Ts. Moreover, the dependency on the posi-
tion of 2Ap in the propeller-type structure is lower than
that of the basket type. This may reflect the fact that the ori-
entation of the three TT2Ap units in these sequences are
quite similar. Therefore, 2Ap in the human telomeric DNA
can not only monitor the conformational transition of the du-
plex to the G-quadruplex, but also discriminate between the
different base stacking in the basket-type and propeller-type
G-quadruplexes.

2.3. 2Ap and 7-deazaguanine (“*G) modified PZ13
is much more sensitive to TNPyP4 binding to the
G-quadruplex

To test the possibility of using 2Ap as a probe for the
G-quadruplex-ligand interactions, we used the cationic
porphyrin TMPyP4 (Fig. 5) as G-quadruplex-interactive
agents to form a specific G-quadruplex—porphyrin complex.
TMPyP4 was reported to be a telomerase inhibitor.!? It is
known that TMPyP4 selectively interacts with the G-quadru-
plex.'! We prepared a set of 2Ap modified G-quadruplexes
(Table 3, P7, P13, and P19). The titration of TMPyP4 into
a solution of the 2Ap modified G-quadruplexes showed a
relative increase in the 2Ap fluorescence. The estimated satu-
ration concentration of TMPyP4 based on fluorescence
titration studies was approximately 4 pM (Fig. 6A). This
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Figure 5. (A) Schematic diagram of the G-quadruplex-TMPyP4 complex in
which the numbers correspond to the positions of As that were individually
replaced by 2Ap in this study. (B) The structure of TMPyP4.

Table 3. Sequences and melting temperatures® (T,,) of the 2Ap modified
G-quadruplexes and the 2Ap and %G modified G- quadruplexes

Sequences T CC)
PO AGGGTTAGGGTTAGGGTTAGGG 62
P7 AGGGTT2ApGGGTTAGGGTTAGGG 56
P13 AGGGTTAGGGTT2ApGGGTTAGGG 58
P19 AGGGTTAGGGTTAGGGTT24pGGG 57
PZ7 AGGGTTZAdeGGGTTAGGGTTAGGG 55
PZ13 AGGGTTAGGGTTZApd"GGGTTAGGG 54
PZ19 AGGGTTAGGGTTAGGGTT2AdeGGG 54

? Thermal denaturation profiles were recorded on a Jasco V-530 UV-vis

spectrophotometer. Absorbance spectra of the samples were monitored
at 260 nm from 10 to 80 °C. DNA samples have concentration of
3.6 uM (single strand concn), sodium chloride of 100 mM, and pH 7, buff-
ered by 5 mM sodium-phosphate solution, at 7 °C.

result indicates that TMPyP4 forms a 1:1 complex with the
2Ap modified G-quadruplex (single strand concn 3.6 pM).
Notably, a significant increase in the fluorescence intensity
of 2Ap at P13 of the G-quadruplex was observed in the pres-
ence of TMPyP4. The fluorescence intensity of 2Ap at P13
was enhanced over 3-fold higher than those at P7 and P19
in the G-quadruplex-TMPyP4 complex. Hurley et al.* re-
ported the binding mode of the G-quadruplex—-TMPyP4
complex. The complex was constructed by inserting
TMPyP4 between a central diagonal loop and G-quartet
for d(AG;3[T>AGs]3), and removing the counter-ion closest
to the pyrimidium groups of TMPyP4. Therefore, 2Ap at
P13 in the diagonal loop adjacent to the porphyrin may be
significantly affected by the TMPyP4 stacking, leading to
the increase in the 2Ap fluorescence intensities at P13 be-
cause of the decrease in the efficiency of the electron transfer
quenching of 2Ap at P13 by neighboring bases (Fig. 5A).

In order to elucidate the denaturation profiles of the G-quad-
ruplex, we performed a fluorescence melting study using the
2Ap modified G-quadruplexes. A melting-induced decrease
of the fluorescence intensities of 2Ap in the G-quadruplexes
was clearly observed with an increase of the solution temper-
ature (Fig. 6B). Electron transfer quenching of '2Ap* by
neighboring G may be enhanced in the linear single strand
compared with that in the G-quadruplexes, since distortion
of the strand in the G-quadruplexes was relaxed by thermal
denaturation to produce an efficient interaction between
12Ap* and the neighboring nucleobases.>®3

To design a more sensitive probe of the G-quadruplex—
TMPyP4 complex, 7-deazaguanine (““G) was incorporated
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Figure 6. (A) Fluorescence titration (A.,=305 nm) of the 2Ap modified G-
quadruplex; P7, P13, and P19 with TMPyP4 (0, 1, 2, 4, and 8 pM). DNA
samples have concentration of 3.6 pM (single strand concn), sodium chlo-
ride of 100 mM, and pH 7, buffered by 50 mM sodium-phosphate solution
at 5 °C in the following conditions. (B) Thermal melting profiles of the 2Ap
modified G-quadruplexes. Fluorescence of the samples was monitored at
370 nm, from 5 to 70 °C.

into the G-quartet adjacent to 2Ap (Table 1, PZ7, PZ13,
and PZ19). %G has a much lower oxidation potential than
G, and is expected to amplify the effects of electron transfer
during the 2Ap fluorescence quenching.?? First, effects of the
42G substitution on the stability of the G-quadruplexes were
examined by measuring Ty, and CD spectra (Fig. 7). The re-
sults showed that the 9“G substitution does not significantly
destabilize the G-quadruplex structure. The incorporation
of %G resulted in a decreased fluorescence intensity of
2Ap, showing that '2Ap* was efficiently quenched by %G
(Fig. 8A). Therefore, we confirmed that the fluorescence in-
tensity of 2Ap in the loop of the G-quadruplex is affected by
the G-quartet. The titration of TMPyP4 into a solution of
PZ13 resulted in approximately 2.5-fold increase in the fluo-
rescence intensity of 2Ap, showing that PZ13 serves as a bet-
ter probe than P13. In contrast, as for the other %G substituted
ODNs (PZ7 and PZ19), the fluorescence intensity of 2Ap was
not affected by the presence of TMPyP4 (Fig. 8B). Thus, the
results clearly demonstrate that the increase in the fluores-
cence intensity of 2Ap is due to the TMPyP4 binding between
the diagonal loop and adjacent G-quartet.

In order to examine the ability of PZ13 to detect the G-quad-
ruplex—-TMPyP4 complex formation, fluorescence titration
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Figure 7. CD spectra of the PO, 7, 13, and 19 quadruplexes at 8 °C. Sample
solutions contained 100 uM (base concn) ODN, 50 mM sodium-phosphate
buffer (pH 7.0), and 100 mM sodium chloride.
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Figure 8. (A) Fluorescence spectra of the 2Ap modified G-quadruplexes and
the 2Ap and %G modified G-quadruplexes. (B) Fluorescence titration of the
2Ap and %G modified G-quadruplex; PZ7, PZ13, and PZ19 with TMPyP4
(0, 1,2, and 4 uM).

experiments were performed with a number of transition-
metal complexes of porphyrins (5,10,15,20-tetrakis(4-meth-
oxyphenyl)-21H,23H-porphyrin cobalt(I)—TMP-Co and
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin iron(III)—
TPP-Fe). In results, no change in the 2Ap fluorescence was
observed in the presence of the transition-metal porphyrin
complexes (Fig. 9). The fluorescence intensity of 2Ap was

PZ13q + TMPyP4 135

P13q + TMPyP4 76

PZ13q + TMP-Co |[ 1.7
PZ13q + TPP-Fe || 3.7

PZ13d + TMPyP4 || 2.2

1

1 1
0 30 60 90 120 150
Increased ratios of fluores. intensity (%)

Figure 9. Specific recognition of TMPyP4 by PZ13 G-quadruplex (PZ13q).
The concentrations of free and metal porphyrins (TMPyP4, TMP-Co, and
TPP-Fe) are 4 mM. PZ13d is hybridized with the complementary strand.

also unaffected by the addition of TMPyP4 when PZ13 forms
a duplex (PZ13d) with the complementary strand. These re-
sults clearly showed that PZ13 can be used for the detection
of the G-quadruplex—-TMPyP4 complex.

3. Conclusions

In this study, our results showed that 2Ap can be used to
monitor the duplex to quadruplex conformational change
of the human telomeric DNA sequence. The substitution
of 2Ap for A7 in the sequence was effective for the detection
of conformational transition. Therefore, fluorescence prop-
erties of 2Ap in G-quadruplexes depended on the base-
stacking interactions and solvent accessibility. The human
telomeric DNA has two G-quadruplex structures such as
basket type or propeller type. We also demonstrated that
2Ap can recognize these two structures. The fluorescence in-
tensity of 2Ap in the propeller-type structure was lower than
that of basket-type one. These results are explained by the
differences of the base stacking of TT2Ap trinucleotide
loops of G-quadruplexes. In propeller-type G-quadruplex,
the fluorescence quenching of 2Ap occurs by intercalating
between two Ts. Moreover, the fluorescence intensities of
2Ap in this G-quadruplexes were closely similar because
of widths of four phosphate grooves and the orientations of
three protruding loops are equivalent.

The specific complex formation of G-quadruplex and
TMPyP4 could be effectively monitored by the 2Ap and
4G modified human telomere sequences. This detection
method of telomerase inhibitor is based on the quenching
inhibition with the G-quadruplex-ligand interaction. The
increase in the fluorescence intensity of 2Ap is due to the
TMPyP4 binding between the diagonal loop and the adjacent
G-quartet. These probes are not only useful to provide infor-
mation about the G-quadruplex structures, but also detect the
G-quadruplex—TMPyP4 complex formation. It will be use-
ful for studying the biological role of the G-quadruplexes.

4. Experimental
4.1. Preparation of oligonucleotides

Phosphoramidite monomers and 2-aminopurine-CE-phos-
phoramidite were purchased from Glen Research Co., Ltd.
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ODN s were synthesized on an Expedite 8909 DNA synthe-
sizer (Applied Biosystems) in the 1.0 uM scale. After the
automated synthesis, the ODNs were treated with aqueous
ammonia solution overnight at 40 °C. Crude ODNs were
purified by reverse phase HPLC and lyophilized. Purity and
concentrations of all ODNs were determined by complete
digestion with snake venom PDE, nuclease P1, and alkali
phosphatase enzymes to 2’-deoxymononucleosides.

4.2. CD, fluorescence, and UV measurement

The circular dichroism (CD) spectra were recorded using
a Jasco J-700 spectrophotometer. The CD spectra of the
ODN solutions were recorded 1nm steps (sensitivity
5 mdeg; band width 2 nm; scanning rate 50 mV/s) from
320 to 230 nm by using an 1 cm path length cell at 2 °C.
Fluorescence spectra were measured on a Hitachi 850 spec-
trofluorometer. Ultraviolet (UV) spectra were recorded with
a JASCO V-530 spectrophotometer.

4.3. Time-resolved fluorescence spectral measurement

Time-resolved fluorescence spectra were measured by the
single photon counting method using a streakscope (Hama-
matsu Photonics, C4334-01) equipped with a polychromator
(Acton Research, SpectraPro150). Ultrashort laser pulse was
generated with a Ti:sapphire laser (Spectra-physics, Tsu-
nami 3941-M1BB, FWHM 100 fs) pumped with a diode-
pumped solid state laser (Spectra-physics, Millennia VIIIs).
For excitation of the sample, the output of the Ti:sapphire
laser was converted to third harmonic generation (300 nm)
with a harmonic generator (Spectra-physics, GWU-23FL).
The emission was monitored with a streak camera at wave-
length 370 nm. The more details about measurement method
has been previously reported.>8°
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