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ABSTRACT: Dramatic fluorescence quenching of small heterocyclic ligands trapped
in the abasic site (AP) of DNA has been implemented as an unprecedented strategy
recognizing single-base mutations in sequence analysis of cancer genes. However, the
key mechanisms governing selective nucleobase recognition remain to be disentangled.
Herein, we perform fluorescence quenching dynamics studies for 2-amino-7-methyl-
1,8-naphthyridine (AMND) in well-designed AP-containing DNA single/double
strands. The primary mechanism is discovered, showing that AMND only targets
cytosine to form a pseudo-base pair, and therefore, fluorescence quenching of AMND
arises through the DNA-mediated electron transfer (ET) between excited state
AMND* and flanking nucleobases, most favorably with flanking guanines. Subtle
dynamic conformational variations induced by different flanking nucleobases are
revealed and found to modulate efficiencies of electron transfer and fluorescence
quenching. These findings provide critical mechanistic insights for guiding the design
of photoinduced electron transfer (PET)-based fluorescent ligands as sensitive single-
base recognition reporters.

The abasic site (AP), as one of the most common forms of
DNA damages while naturally occurring,1 can provide the

DNA duplex with a unique binding pocket, which allows for a
direct contact of ligands with the target nucleobases.2−5 By
incorporation of a chemically stable AP site in a probe DNA to
orient the AP site toward a target nucleobase, Teramae et al.
implemented an unprecedented strategy of the ligand-based
fluorescence assay for the single-nucleotide polymorphism
(SNP) type for the first time.2 Since then, studies on the
nucleobase recognition based on interactions of the target
nucleobases with the small fluorescent ligands trapped in the
abasic site have attracted much attention.4−11 The key idea of
this method is that different fluorescence response signals will
be generated after the pairing of the fluorescent ligand with
different target nucleobases opposite the abasic site. For
instance, 2-amino-7-methyl-1,8-naphthyridine (AMND, seen
in Figure 1) shows significant fluorescence quenching when a
cytosine base is placed opposite the abasic site, in comparison
to the negligible fluorescence quenching when guanine is on
the opposite.2 The fluorescence emission behavior dependent
upon the target nucleobase endows AMND with an ability to
detect the cytosine/guanine mutation, which has been
applicable to the sequence analysis of the cancer repression
gene p53.2,12 Until now, a set of heterocyclic compounds has
been successfully developed to recognize target adenine,6,7

thymine,4,5,9 guanine,13 and cytosine,2,3,9 respectively.

The striking features of the fluorescent ligand in nucleobase
recognition have posed particular interest in understanding the
underlying molecular mechanisms. Structural characterization
of nuclear magnetic resonance (NMR) experiments proved
that the formation of hydrogen bonds between AMND and C
is likely the reason for the highly selective binding.14
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Figure 1. Schematic illustration of nucleobase recognition via
interactions between AMND and the abasic-site-containing DNA
duplexes.
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Meanwhile, the melting temperature experiments indicated
that the stacking of AMND with the flanking G base at the AP
site also plays an important role in the binding stability.2

However, the key aspects governing the nucleobase recog-
nition mechanism, i.e., why the fluorescence quenching
depends upon the target nucleobase, is still unclear. Therefore,
investigations of the fluoresence quenching dynamics through
time-resolved spectroscopy measurements become indispen-
sable for the establishment of target nucleobase recognition
methods based on the AP-site-containing DNA/fluorescence
ligand probe.
Here, we perform fluorescence dynamic studies for AMND

trapped in abasic-site-containing DNA by means of the time-
correlated single photon counting (TCSPC) method. A
tetrahydrofuranyl residue (dSpacer) is used to incorporate
the abasic site in the 11-mer oligodeoxynucleotides (ODNs, 5′-
TCCANXNCAAC-3′, where X = dSpacer and N = flanking
bases).2 The fluorescence quenching lifetimes of AMND in
response to the altering of nucleobases opposite the abasic site
and the flanking nucleobases at the abasic site have been
thoroughly examined. A primary mechanism of DNA-mediated
electron transfer between the excited state AMND (AMND*)
and the flanking nucleobases, most favorably for AMND* with
guanines, is established unambiguously. Moreover, the pseudo-
base-pairing interaction of AMND with cytosine is shown to be
the origin of target C base recognition, which accommodates
AMND into the AP cavity to stack with flanking guanine bases
and then facilitates the occurrence of electron transfer. Subtle
dynamic conformational variations induced by the different
flanking nucleobases are revealed and found to modulate the
interactions between the electronic donor and the acceptor,
thereby affecting efficiencies of electron transfer and
fluorescence quenching. These investigations reveal not only
the mechanism of nucleobase recognition through fluorescence
quenching of small ligands, such as AMND, but also how
conformational heterogeneity within such DNA/ligand com-
plexes affects the key electron transfer dynamics, thus
providing a core foundation for developing photoinduced
electron transfer (PET)-based fluorescence ligands as dual
reporters of the DNA base sequence and base dynamics.
First, the steady-state fluorescence quenching of AMND by

four different nucleotides in bulk solution is examined, as
shown in Figure 2. To avoid reabsorption and re-emission
(inner filter effects),15 the concentration of AMND is kept low
at micromolar level. Free AMND in solution exhibits a strong
fluorescence peak at 403 nm. There is no obvious change in
the fluorescence intensity after adding dAMP, dTMP, and

dCMP with the concentration in the range of 0.0−0.1 mM.
However, the fluorescence intensity of AMND is obviously
reduced upon the addition of dGMP, which strictly follows a
linear concentration dependence in the Stern−Volmer plot
(Figure 2). In general, excited state energy transfer or electron
transfer is responsible for the fluorescence quenching.15

Because the emission spectrum of AMND (λmax = 403 nm)
does not overlap with the absorption spectra of nucleobases
(λmax = 260 nm), in other words, the emission energy of
AMND is below the absorption energy of nucleobases, energy
transfer between excited state AMND* and nucleobases can be
ruled out immediately.
The possibility of electron transfer from the nucleobase to

AMND* is further assessed by calculating the standard free
energy change (ΔG0) (Table S1 of the Supporting
Information) using the Rehm−Weller equation (eq 1).16

Cyclic voltammogram experiments were performed to obtain
the redox potential of AMND (Figure S1 of the Supporting
Information). The oxidation potentials of nucleobases guanine
(G, +1.49 V), adenine (A, +1.96 V), thymine (T, +2.11 V),
and cytosine (C, +2.14 V) are from ref 17. ΔE00 is the energy
difference between the ground state and excited electronic
state obtained from the intersection of the normalized
absorption and fluorescence emission spectra. ΔHsolv is a
coulombic term relating the energy of the separated ions
(∼0.06 eV in buffer solution).16,18

= •+ •G E E E A H( )0
D /D
0

A/A
0

00 solv (1)

Given that dGMP has the lowest redox potential and exhibits
the most obvious quenching effect among the four
nucleobases, the electron donor should be the nucleobase
and the electron acceptor is the excited state AMND*.
Obviously, ΔG0 is negative (−0.17 eV) only for G but
becomes positive for A (+0.30 eV), T (+0.45 eV), and C
(+0.48 eV), which agrees with the fluorescence quenching
experiments. Hence, electron transfer can be regarded as the
key to the fluorescence quenching of AMND, and guanine
bases are the only thermodynamically feasible electron donor.
Second, time-resolved fluorescence responses of AMND in

AP-containing DNA duplexes hybridized by 5′-TCCANXN-
CAAC-3′ (X = dSpacer and N = flanking bases) with its
counterpart oligomer sequences (detailed sequences shown in
Table S2 of the Supporting Information) were further
investigated by TCSPC. The AP-containing duplexes abbre-
viated as ds-(GXG)/d(CCC) and ds-(GXG)/d(CGC) are
examined in comparison to the single strands of ss-(GXG), ss-
(CCC), and ss-(CGC) and the fully paired duplex of ds-
(GGG)/d(CCC). The fluorescence decay dynamics of free
AMND in solution and AMND in various DNA was
monitored at its peak wavelength of 403 nm upon 370 nm
ps laser excitation (Figure 3). For free AMND alone, the
fluorescence follows a single-exponential decay, with a lifetime
of 5.45 ns.
For AMND in the presence of various DNAs, some

pertinent observations and facts are obtained. (i) Upon the
addition of the single-strand ss-(GXG), ss-(CCC), and ss-
(CGC), the fluorescence decay curves remain essentially
unchanged relative to that for AMND alone, indicating that
AMND does not bind with the single strands, not even with
the ss-(GXG) with an AP site. Therefore, the single strands
alone have no interaction with AMND and have little effect on
the fluorescence behavior. (ii) For the double strands, efficient
fluorescence quenching of AMND as evidenced by the

Figure 2. (a) Fluorescence spectra of AMND in the absence (black
line) and presence (chromatic lines) of an increased concentration of
dGMP. (b) Stern−Volmer plots of AMND quenched by dNMP in
water (N = adenine, thymine, guanine, and cytosine). [AMND] = 1
μM, [dNMP]max = 0.1 mM, excitation wavelength λex = 343 nm, and
emission wavelength λem = 403 nm.
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dramatic decay acceleration is exclusively observed with
d(GXG)/d(CCC), when cytosine is opposite the AP site (as
the target base). In sharp contrast, the fluorescence decay
remains unchanged when adding d(GXG)/d(CGC), with the
target base being guanine. Obviously, there is a highly selective
binding interaction of AMND with d(GXG)/d(CCC) as a
result of the hydrogen bond formation of AMND solely with
the target C base,2,14 thus accommodating AMND into the AP
cavity of d(GXG)/d(CCC). Then, AMND behaves like a
paired base with C, overlapping with the two flanking guanine
bases (Gs) of the AP-containing strand by the π-stacking
interaction. Under such a binding configuration, the
thermodynamically favorable electron transfer between excited
state AMND* and flanking Gs thus occurs, leading to dramatic
fluorescence quenching acceleration of AMND. As for
d(GXG)/d(CGC), the target base guanine cannot pair with
AMND through hydrogen bonds and, thus, cannot incorporate
AMND into the AP cavity, causing no stacking with flanking
Gs to allow for electron transfer and fluorescence quenching,
although the heterocyclic guanine base is quite suitable for π
stacking with the AMND molecule.2 Therefore, the selective
hydrogen-bonding interaction of the target C base with
AMND is the prerequisite to promote the binding of
AMND into the abasic cavity, which then facilitates the π
stacking of AMND with flanking Gs in the AP-containing
strand to cause their electronic coupling and ultimate
fluorescence quenching by the electron transfer pathway. (iii)
A further comparative experiment was performed, showing that
the fluorescence decay kinetics of AMND is not affected at all
when adding the fully paired double-strand ds-(GGG)/
d(CCC). Although some planar π-conjugate fluorescent
molecules can intercalate into base pairs of DNA duplexes
by π-stacking interactions,19,20 our results here reveal that the
AMND molecule cannot intercalate into base pairs in common
dsDNA without abasic sites. Thus, there is a lack of electron
transfer and lack of fluorescence quenching when adding
common ds-DNA. Altogether, these results indicate that
AMND, as a probe for cytosine, can only function in ds-

DNA with abasic sites and electron transfer from flanking
guanine bases to excited state AMND* plays essential roles.
Upon complexation of AMND via hydrogen bonds with the

target cytosine, fluorescence of AMND is quenched by
electron transfer from flanking guanine bases. In comparison
to guanine, which owns the lowest oxidation potential of 1.49
V,17,21 other nucleobases, such as thymine, are not susceptible
to offer electrons, as assessed by the ΔG0 calculation above.
The question arises concerning how the fluorescence of
AMND would respond to the variation of nucleobases flanking
the abasic site when the target base is C and AMND can be
incorporated into the AP cavity. Figure 4a shows the

absorption spectra of AMND upon the addition of the
abasic-site-containing DNA duplexes with different flanking
bases at 5 °C in pH 7.0 buffer solutions. The broad absorption
band of AMND at 343 nm undergoes peak splitting, while the
intensity decreases and the band becomes narrower, as a result
of π-stacking interactions of AMND with flanking bases. The
stacking geometry may result in a weaker oscillator strength
responsible for the absorption reduction and formation of new
absorption peaks that are related to a new electronic state
transition.20,22 Moreover, the decrease of absorption intensity
of AMND follows the order d(GXG)/d(CCC) duplex >
d(GAXAG)/d(CTCTC) duplex > d(GTXTG)/d(CACAC)
duplex, implying that the degree of π-stacking interactions of
AMND with flanking bases also follows the order guanine >
adenine > thymine. Meanwhile, the steady-state fluorescence
spectra were performed. As shown in Figure 4b, the
fluorescence quenching of AMND upon the addition of
abasic-site-containing DNA duplexes depends upon the
flanking bases: the largest decrease is obtained for d(GXG)/
d(CCC), and the quenching extent follows the order
d(GXG)/d(CCC) > d(GAXAG)/d(CTCTC) > d-
(GTXTG)/d(CACAC). The fluorescence decay dynamic
measurements (Figure 4c) show the same quenching order.
It is not surprising that d(GXG)/d(CCC) exhibits the
strongest quenching effect, owing to the closest distance

Figure 3. Normalized fluorescent decay curves of AMND in the
absence (black lines) and presence (chromatic lines) of various DNA.
[AMND] = 15 μM, [DNA] = 30 μM, λex = 370 nm, λem = 403 nm,
and 10 mM sodium cacodylate buffer containing 100 mM NaCl and 1
mM ethylenediaminetetraacetic acid (EDTA) at pH 7.0. Note that on
the basis of the melting temperature analysis of abasic-site-containing
DNA duplexes (Figure S2 of the Supporting Information), the
experiments were performed at a low temperature (5 °C) to ensure
the DNA stability.

Figure 4. (a) Absorption spectra. (b) Fluorescence spectra of AMND
in the absence and presence of abasic-site-containing DNA duplexes.
(c) Normalized fluorescence decay profiles of the corresponding
samples. [AMND] = 15 μM, [DNA] = 30 μM, λex = 370 nm, λem =
403 nm, and 10 mM sodium cacodylate buffer containing 100 mM
NaCl and 1 mM EDTA at pH 7.0 and 5 °C. (d) Fitting results for the
fluorescence decay kinetics of AMND in d(GXG)/d(CCC).
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between electron donor guanine and acceptor AMND as well
as the largest degree of π-stacking interactions of AMND with
guanine.
For d(GAXAG)/d(CTCTC) and d(GTXTG)/d(CACAC),

when the flanking base in the AP site is adenine or thymine,
how does fluorescence quenching occur? Generally, it has been
accepted that charges could migrate rapidly and over a
significant distance through the DNA π stacking, and the
extent of π stacking affects the electron transfer processes.23−26

Inside DNA, nucleobases are regularly π-stacked with each
other; therefore, the DNA-mediated electron transfer may
exist. In the case of d(GAXAG)/d(CTCTC), although
adenine cannot directly donate an electron to AMND* at
the abasic site, the electrons could transfer from G to AMND*
through the bridge base A. This also occurs in the case of
d(GTXTG)/d(CACAC). Here, both the flanking adenine and
thymine bases that have been exemplified as an excellent
electron transfer channel23−26 can bridge the guanine base
(donor) and AMND* (acceptor), resulting in the fluorescence
quenching of AMND* in d(GAXAG)/d(CTCTC) or d-
(GTXTG)/d(CACAC). Majima et al. reported that electron
transfer along the DNA strand is strongly affected by the
highest occupied molecular orbital (HOMO) energy gap
between G and the bridging bases.26 The lower the gap, the
faster the electron transfer rate. Considering the much smaller
HOMO energy gap between G and A (0.26 eV) than that for
G and T (0.78 eV), adenine is more efficient than thymine for
bridging the electron transfer for guanine and AMND*. Thus,
the observed fluorescence quenching of AMND in d-
(GTXTG)/d(CACAC) is much weaker than that in d-
(GAXAG)/d(CTCTC), and this difference is also reflected
in the electron transfer rates (Table 1) for these two
sequences.
Furthermore, the electron transfer in the DNA duplexes can

be modulated by not only the static base stacking but also the
base conformation dynamics (dynamic base motions). It was
reported that the fluorescence decay of 2-aminopurine had a
clear response to the base flipping, which largely increased the
amplitude of the long-lifetime component of 2-aminopurine
complexed in the M.HhaI DNA.27,28 Enlightened by this, we
dissect the fluorescence decay dynamics of AMND in the
abasic-site-containing DNA duplexes. As shown in panels c and
d of Figure 4 and Figures S3 and S4 of the Supporting
Information, the most satisfactory fitting results can be
obtained by convoluting the instrument response function
(IRF) with a three-exponential function [I(t) = A1e−x/t1 +
A2e−x/t2 + A3e−x/t3]. The fitting parameters are summarized in
Table 1. Obviously, AMND showed three fluorescence lifetime
components in the presence of a basic-site-containing DNA
duplexes. The longest lifetime components for the three

duplexes are all 5.38 ns, which is identical to the fluorescence
lifetime for the free AMND (5.45 ns). The shortest lifetime
component equals 0.12 ns with d(GXG)/d(CCC), 0.34 ns
with d(GAXAG)/d(CTCTC), and 0.86 ns with d(GTXTG)/
d(CACAC). The intermediate lifetime component is 1.63 ns
with d(GXG)/d(CCC), 3.2 ns with d(GAXAG)/d(CTCTC),
and 4.96 ns with d(GTXTG)/d(CACAC). The multiple
fluorescence decay lifetimes are the sensitive reports of the
heterogeneous DNA environment, showing the existence of at
least three conformational states around the abasic site for
emitting AMND. Moreover, from the fitted pre-exponential
factors, the relative amplitude of each conformational state can
be obtained.
In the case of d(GXG)/d(CCC), the shortest component

presents an emission lifetime of 120 ps, of which the relative
amplitude is 92%. This dominant component could be
identified as the well-stacked conformation of AMND with
flanking G bases, in which the fluorescence is efficiently
quenched by electron transfer. The 120 ps lifetime corresponds
to the electron transfer from the guanine base to AMND*. To
support such assignment, we performed time-dependent
density-functional theory [(TD)DFT] calculations and orbital
analysis as adopted before for a similar DNA system.10,29 As
shown in Figure 5, we optimized the structure of AMND
stacking with two adjacent G bases (G-AMND-G) in a planar

Table 1. Fluorescence Lifetimes of AMND in Three AP DNA Duplexes Obtained through Multi-exponential Fitting
Analyzationa

t1 (ns) percentage (%) t2 (ns) percentage (%) t3 (ns) percentage (%)

DNA1b

5.38 (±0.23)
5 1.63 (±0.02) 3 0.12 (±0.01) 92

DNA2c 18 3.20 (±0.15) 23 0.34 (±0.01) 59
DNA3d 49 4.96 (±0.18) 36 0.86 (±0.01) 15

aThe fluorescence lifetimes of AMND in abasic-site-containing DNA duplexes are obtained from the fitting of convoluting the IRF with a triple-
exponential decay function [I(t) = A1e−x/t1 + A2e−x/t2 + A3e−x/t3]. Pre-exponential factors for the three lifetime components yield the respective
percentages of three conformation states. The experimental condition is 10 mM sodium cacodylate buffer containing 100 mM NaCl and 1 mM
EDTA at pH 7.0 and 5 °C. bDNA1 = d(GXG)/d(CCC), where flanking nucleobases are G. cDNA2 = d(GAXAG)/d(CTCTC), where flanking
nucleobases are A. dDNA3 = d(GTXTG)/d(CACAC), where flanking nucleobases are T.

Figure 5. Jablonski diagram for singlet excited state transitions of G-
AMND-G as determined by (TD)DFT calculations at the B3LYP/6-
311+G* level with the solvent effect simulated by the polarizable
continuum model (PCM). Carbon, oxygen, nitrogen, and hydrogen
atoms are denoted with gray, red, blue, and white balls, respectively.
Orbital amplitudes for HOMO-2 (H-2), HOMO-1 (H-1), HOMO
(H), and LUMO (L) are also given.
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geometry, which could simplistically represent the well-stacked
conformation of AMND in d(GXG)/d(CCC). For G-AMND-
G, the ground state (S0) to the third excited state (S3) vertical
transition [from HOMO-2 to lowest unoccupied molecular
orbital (LUMO)] possesses a strong oscillator strength ( f =
0.1781). This HOMO-2 to LUMO transition is similar to that
of AMND alone (Figure S5 of the Supporting Information),
and corresponds to the bright state emitting fluorescence.
However, in G-AMND-G, strikingly, there are two lower lying
states (S2 and S1), corresponding to the transitions of HOMO
or HOMO-1 (with electron density mainly on flanking G) →
LUMO (with electron density solely on AMND). These two
transitions will result in electron transfer from G to AMND,
which defines these (S2 and S1) as charge transfer (CT) states.
Interestingly, our (TD)DFT calculations using the optimized
geometry of AMND stacked between two adenines (A-
AMND-A) or thymines (T-AMND-T) show that the
HOMO and LUMO orbitals solely reside on the AMND
moiety and there exists no CT state (Figure S5 of the
Supporting Information). This corroborates our interpretation
above that no direct electron transfer can occur for A with
AMND or T with AMND upon excitation, and in −GAXAG−
or −GTXTG− sequences, A or T serves as a bridging base for
the electron transfer between G and AMND*.
For G-AMND-G, the two CT states are of a dark state

character as a result of the small oscillator strength ( f = 0.0030
for S1 and 0.0013 for S2). Besides, AMND is not a natural
nucleobase, its insertion into the AP cavity may not enable the
kind of weak intrinsic fluorescence of DNA duplexes as a result
of collective nucleobase interaction.30 The emission probability
of the CT state for G-AMND-G must be extremely little. The
observed fluorescence emission (λmax = 403 nm) should stem
from the bright state S3 rather than the CT state. The
relaxation of the S3 state to the CT state, i.e., the electron
transfer process, decreases the population in the S3 state and
results in the fluorescence decay with time. Thus, the
accelerated fluorescence decay kinetics correspond to the
electron transfer process.
Furthermore, using the orbital composition and energy, we

calculated the electronic coupling (V = 0.0248 eV) between
the electron acceptor (AMND) and donor (G) under well-
stacked conformation on the basis of the fragment charge
difference (FCD) method.31 On the basis of the Marcus theory
that has been extensively applied to understand inter- or
intramolecular ET and ET in restricted hydrogen-bonded
complexes,32−37 using the obtained V (0.0248 eV), free energy
change for electron transfer ΔG = −0.17 eV, and λ = 1 eV (a
typical value of the reorganization energy in a polar
solvent),34,38 we estimated the electron transfer rate to be 93
ps for AMND with G in the well-stacked conformation of G-
AMND-G. This predicted value is qualitatively consistent with
the measured rate (120 ps) in d(GXG)/d(CCC), supporting
the assignment of electron transfer from the guanine base to
AMND*. It is worthwhile to mention that in d(GXG)/
d(CCC), although AMND can form a pseudo-base pair with
cytosine and insert into the AP cavity to stack with adjacent
flanking G bases, AMND is not linked with other nucleobases
by the sugar−phosphate backbone. Without the backbone
alignment, the electronic interaction of AMND with G could
be small. Thus, the electron transfer for 1AMND* with G in
AP-containing DNA can proceed much slower than the highly
π-stacked collective behavior of the nucleobase−multimer
system of a natural DNA duplex.39,40 With the visualization of

G-AMND-G as a chromophore fragment associated with the
CT behavior, the energy of CT states could be stabilized
further by solvation within the duplex structure, where the
sequence and order of nucleobases along a given strand can
determine the stability of this CT state in the whole duplex.41

This leaves an open question for a professional theoretician to
address.
Meanwhile, in d(GXG)/d(CCC), the longest component

with a fluorescence lifetime of 5.38 ns similar to that of free
AMND occupies only 5%, which should be assigned to AMND
in an extra-helical environment: flipped-out AMND has a
negligible stacking interaction with adjacent guanine bases and,
thus, behaves as free AMND. Considering the high affinity of
AMND pairing with target cytosines in abasic-site-containing
DNA duplexes, the flipped-out AMND conformation hence
makes a negligible contribution. Moreover, the third conforma-
tional state with an intermediate lifetime (around 1.63 ns) may
belong to AMND imperfectly stacked with flanking bases, with
also a negligible contribution to the fluorescence decay
dynamics (less than 5%).
Similarly, the shortest lifetime component of 0.86 ns in

d(GTXTG)/d(CACAC) should also be attributed to the well-
stacked conformation of AMND with adjacent thymine bases.
As a result of the longer electron transfer distance through the
thymine bridge and the reductions of the stacking extent
between AMND and thymine, this fluorescence lifetime is
much longer than that in d(GXG)/d(CCC). Meanwhile, the
relative amplitude of such a well-stacked conformation is
reduced to 15%, while the longest lifetime component as a
result of the flipped-out conformation turns out to be
dominant (49%). These results indicate that AMND molecules
are inclined to flip out of the abasic site pocket in d(GTXTG)/
d(CACAC), preventing the efficient fluorescence quenching of
AMND by electron transfer. Obviously, the less favorable π-
stacking effects between AMND and thymine cannot render a
rigid helix for AMND with thymine in the abasic site compared
to that with guanine. Instead, flexible base motions are
expected to be more favorable, and thus, the flipped-out
conformation of AMND becomes dominant in d(GTXTG)/
d(CACAC).
For AMND with d(GAXAG)/d(CTCTC), three compo-

nents are also assigned to ET processes of the well-stacked,
intermediate, and poorly stacked (flipped-out) conformations,
respectively. Moreover, the double aromatic rings of flanking
adenine are similar to guanine, which can enable the
propensity of the well-stacked conformation with AMND for
electron transfer to be dominant (59%), despite the substantial
percentages of the intermediate (23%) and poorly stacked
conformations (18%). Altogether, our time-resolved measure-
ments reflect changes in not only electron transfer rates of
AMND in different abasic-site-containing DNA duplexes but
also dynamic conformational heterogeneity induced by the
different flanking nucleobases, both of which are key aspects
affecting efficiencies of fluorescence quenching behavior of
AMND in recognizing target bases and should be considered
when designing such nucleobase probe methodology.
In conclusion, we have systematically studied the fluo-

rescence quenching dynamics of AMND in the abasic-site-
containing DNA duplexes and ascertained the nucleobase
recognition mechanism of the AP-site-containing DNA/
fluorescence ligand probe. The experiments show that
AMND selectively targets the cytosine base through pseudo-
base pairing in the abasic site, and it cannot intercalate into
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common fully matched GC base pairs without abasic sites.
Therefore, the fluorescence quenching of AMND can be
successfully utilized for the detection of a single-base
alternation related to cytosine, functioning as a DNA sequence
probe. Meanwhile, we find that it is the electron transfer from
flanking guanine bases to excited state AMND* that plays
essential roles leading to such fluorescence quenching of
AMND and the flanking bases have a great influence on
electron transfer efficiencies. The flanking guanine base can
undergo direct electron transfer to AMND*, with the largest
propensity to form the π-stacking conformation with AMND,
thus leading to the most efficient electron transfer (120 ps)
and fluorescence quenching, whereas the flanking adenine and
thymine bases can act as an electron transfer channel for
bridging the guanine base (donor) and AMND* (acceptor)
and have poorer π-stacking interaction with AMND, thus
causing less efficient electron transfer pathways. Our time-
resolved measurements reveal that, in abasic-site-containing
DNA duplexes, the fluorescence response of excited AMND
depends upon both the static π-stacking effects and dynamic
conformation states related to the interactions between
AMND and the flanking bases. To our knowledge, it is the
first time that dynamics studies of fluorescence ligands have
been reported in abasic-site-containing DNA duplexes. More-
over, our experimental results demonstrate that conformational
diversities caused by base motions play an important role in
fluorescence quenching of the AMND moiety. At any rate, our
results clearly emphasize the importance of carefully
considering the redox property and π-stacking conformation
of flanking nucleobases in addition to their pseudo-base-pairing
capability when rationally designing the PET-based fluorescent
ligands as single-base recognition reporters.
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