
C O M M U N I C A T I O N

O
BC

w
w

w
.rsc.o

rg
/o

b
c

Detection of single base mismatches and abasic sites using
phenanthridinium as an artificial DNA base and charge donor†

Linda Valis, Nicole Amann and Hans-Achim Wagenknecht*
Technical University Munich, Chemistry Department, Lichtenbergstr. 4, D-85747, Garching,
Germany. E-mail: Wagenknecht@ch.tum.de; Fax: 49 89 289-13210; Tel: 49 89 289-13303

Received 22nd September 2004, Accepted 28th October 2004
First published as an Advance Article on the web 18th November 2004

Combining the fluorescence properties of phenanthri-
dinium as an artificial DNA base together with DNA-
mediated charge transfer processes allows the homogeneous
detection of DNA base mismatches and abasic sites.

Fluorescent probes that are sensitive to the local environment
within DNA duplexes represent important tools for the detec-
tion of physiologically important DNA base mismatches or
lesions.1 One important way to create such DNA assays is to
replace DNA bases by suitable chromophores.2 The resulting
artificial DNA bases are very sensitive to structural perturba-
tions and allow the detection of single base mismatches by their
fluorescence properties.3 Ethidium (E) has been widely used as a
non-covalently bound chromophore in fluorescence assays with
nucleic acids.4 Furthermore, E represents an important donor
for photoinduced charge transfer processes (CT) in DNA.5–8

Based on the relative redox potentials, E in the photoexcited
state is not able to oxidize DNA in order to initiate a CT
process.9 Hence, 7-deazaguanine (Z) has to be provided as a
suitable charge acceptor.9 It is known that Z quenches the E*
emission in DNA10 as a result of a DNA-mediated CT.5–8

Recently, we described the synthesis and fluorescence prop-
erties of oligonucleotides bearing the phenanthridinium hete-
rocycle of E as an artificial DNA base11,12 Herein, we want to
describe our results using E and Z as a distinct donor–acceptor
couple in order to detect DNA base mismatches and the abasic
site as a major DNA lesion. By using CT processes in addition to
the emission properties of E*, the detection of base mismatches
does not rely solely on the small differences of the hybridization
energies between matched and mismatched duplexes.

Using our recently published DNA building block for
E-modified oligonucleotides,11,13 we prepared four arrays of
modified DNA duplexes DNA1-XY-DNA4-XY via automated
phosphoramidite chemistry (Scheme 1). In DNA2-XY and
DNA4-XY, the charge acceptor (Z) is placed three base pairs
away from the photoexcitable charge donor (E). A cytosine
(C) is placed opposite to E in the complementary strand.
Our recent experiments using optical spectroscopy showed
that the counterbase has only a very little influence on the
intercalation properties of E.11 DNA1-XY and DNA3-XY lack
Z as the charge acceptor and hence provide the control for the
assignment of CT effects. All melting temperatures were between
70 and 79 ◦C. The UV/Vis spectra of all synthesized DNA
duplexes exhibit a typical absorption band with a maximum at
∼530 nm, which shows clearly that the phenanthridinium moiety
is intercalated in the DNA base stack.12,14 In comparison, the
absorption spectrum of “free” ethidium in aqueous solution has
its maximum at ∼480 nm.15 Hence, the successful DNA duplex
formation can be followed by changes in the absorption of the
E chromophore.

† Electronic supplementary information (ESI) available: experimental
information, MS data, melting temperatures and fluorescence spectra.
See http://www.rsc.org/suppdata/ob/b4/b414672g/

Scheme 1 DNA duplex arrays DNA1-XY-DNA4-XY.

Our assay is based on the measurement of the fluorescence
intensities of E-modified DNA bearing a base mismatch or
abasic site (S) either one base pair away (DNA1-XY and
DNA2-XY) or two base pairs away (DNA3-XY and DNA4-XY)
from the E chromophore. First, we measured the steady-state
fluorescence of the DNA control arrays DNA1-XY and DNA-
3XY lacking Z as the charge acceptor, as representatively shown
for DNA1-CY and DNA3-CY (Fig. 1, dashed lines). When
excited at 530 nm, the corresponding emission spectra exhibit
maxima at ∼628 nm, which is typical for intercalated ethidium.14

The emission of “free” ethidium in water has a maximum
at ∼635 nm and is significantly quenched by protonation
of the excited state.15 Accordingly, E-modified single-stranded
oligonucleotides show a similar behaviour and nearly quan-
titative fluorescence quenching.12 Within experimental error,
the five duplexes of the DNA sets DNA1-CY and DNA3-
CY show a similar high fluorescence intensity. Obviously, the
E chromophore exhibits no fluorescence sensitivity towards
adjacent base mismatches, which would be expected especially
in the case of DNA1-XY.

The emission of E* is significantly lower when Z is present
in the duplex. The observed emission quenching in the matched
duplexes of DNA2-XY and DNA4-XY (with XY = AT, CG,
GC, or TA) can be attributed to the different CT efficiencies
between E* and Z. Most remarkably, the emission spectra of
the DNA duplexes bearing a base mismatch or abasic site
(S) show an enhanced fluorescence quenching compared to
the matched duplexes, as representatively shown for DNA2-CY
and DNA4-CY (Fig. 1, solid lines). It is important to point
out that the emission of E* is quenched most significantly
only (i) when the charge acceptor Z is present and (ii) when
a base mismatch or abasic site is located between the charge
donor and acceptor. These characteristic emission properties
can be observed within each set of the duplex arrays DNA2-XY
and DNA4-XY. The value F q quantifies the relative amount of
fluorescence quenching of the mismatched duplexes compared
to the corresponding matched duplexes (Table 1 and Fig. 2).

With respect to the similar fluorescence intensities of the
reference duplexes DNA1-XY and DNA3-XY, it is evident that
the observed emission differences in the array DNA2-XY andD
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Fig. 1 Fluorescence spectra of DNA1-CY/DNA2-CY (left) and
DNA3-AY/DNA4-CY (right) (12.5 lM), Na–Pi-buffer (10 mM), pH =
7, 25 ◦C, excitation at 530 nm.

Table 1 Fraction quenched (F q) of the emission of the duplexes with
mismatched or abasic sites, respectively, in comparison to the fully
matched duplexes.a

Y = A Y = C Y = G Y = T Y = S

DNA2-AY 0.53 0.54 0.58 — 0.64
DNA2-CY 0.78 0.78 — 0.77 0.71
DNA2-GY 0.35 — 0.38 0.53 0.56
DNA2-TY — 0.50 0.49 0.48 0.51
DNA4-AY 0.58 0.56 0.57 — 0.67
DNA4-CY 0.89 0.89 — 0.88 0.88
DNA4-GY 0.60 — 0.68 0.69 0.68
DNA4-TY — 0.59 0.61 0.62 0.64

a F q = 1 − I(mismatch)/I(match), where I = integrated fluorescence
intensity.

Fig. 2 Graphical representation of the amount Fq within the DNA
arrays DNA2-XY and DNA4-XY.

DNA4-XY have to be attributed to different CT efficiencies.
Hence, the differences can not be solely a result of structural
pertubations such as partial vs. complete intercalation of the
E chromophore. Interestingly, the assay works better if the
base mismatches are located two base pairs away from the E
chromophore (DNA4-XY) and not adjacent to E (DNA2-XY).

It is remarkable to note that in this DNA system, base
mismatches do enhance the CT efficiency. In contrast, it is known
from various studies that DNA mismatches or lesions usually
interrupt the CT efficiency.16 Time-resolved studies showed
that the covalently tethered and intercalated E needs time to
reorientate to a conformation which is perfectly stacked for
the CT process. It could be that in our DNA system, such
reorientation is inhibited as a result of the incorporation of E
as an artificial DNA base. In the presence of base mismatches
the conformational flexibility could be regained. Surprisingly,

the observed CT differences are bigger if the base mismatch
is located two bases away rather than being directly adjacent.
Hence, in addition to such structural considerations, the CT
mechanism has to be taken into consideration. Since E* can not
oxidize DNA, the CT follows the superexchange mechanism
which depends on the DNA bridge between charge donor and
acceptor and which is different in matched and mismatched
duplexes.

In conclusion, it is evident that combining the fluorescence
properties of E as an artificial DNA base together with DNA-
mediated CT processes represents a new method for the homoge-
neous detection of DNA base mismatches and abasic sites. The
method has the advantage that the changes of fluorescence are
not limited to the directly adjacent bases and allow scanning a
sequence of two base pairs. Experiments are on the way to scan
whole codons (3 base pairs). Existing DNA arrays which are
based on CT processes require the attachment of DNA duplexes
as self-assembled monolayers on gold electrodes combined with
electrochemical measurements as the readout.17 Our results
could lead to new DNA microarrays which are based on CT
processes and can be analyzed by commonly used fluorescence
readout techniques.
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