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Abstract—S8-(Pyren-1-yl)-2’-deoxyguanosine (Py-G) was incorporated synthetically as an optical probe into oligonucleotides. The
Py-G group in DNA does not discriminate between any of the four natural nucleosides as a counterbase and exhibits altered optical
properties in single strands versus double strands. Thus, the duplex hybridization of Py-G-modified DNA can be observed by both
fluorescence and absorption spectroscopy. Moreover, Py-G in DNA can be applied as photoinducable donor for charge transfer

processes with small peptides.
© 2006 Elsevier Ltd. All rights reserved.

Important analytical problems in biotechnology as well
as for molecular diagnostics in biomedicine require pow-
erful DNA labels for optical spectroscopy. Various
organic dyes have been applied as covalently attached
probes for DNA analytics.! ® Especially the detection
of single nucleotide polymorphisms by fluorescent
DNA base analogs or surrogates has been successfully
achieved using ethidium,” thiazole orange derivatives®
or pyrene.’ Additionally, there is an increasing demand
for optical DNA labels that change not only their emis-
sion but also their absorption properties as a result of
the duplex formation.'® One important way to create
the desired optical properties is to attach suitable organ-
ic chromophores covalently to DNA bases. Recently, we
applied this modification strategy for the investigation
of DNA-mediated electron transfer processes.!'!!?
Moreover, we introduced similarly the 1-ethynylpyrene
moiety as a versatile and tunable fluorescent probe for
DNA.!3-14 Herein, we want to describe our recent stud-
ies of 8-(pyren-1-yl)-2’-deoxyguanosine (Py-G) as a du-
plex-sensitive optical probe for DNA and as a
fluorescent donor for the investigation of charge transfer
processes between DNA and peptides.

We chose this fluorescent probe since we expected based
on literature'® and our own experience!®!” that it exhib-
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its an exciplex-type fluorescence with a strong solvent
dependence that we could apply as a DNA duplex-
sensitive emission. The modified nucleoside Py-G was
prepared via a Suzuki-Miyaura-type cross-coupling
strategy from 8-bromo-2’-deoxyguanosine and 1-pyre-
nyl boronic acid as the starting materials.!” It is impor-
tant to point out that according to NMR measurements
(NOESY) the attachment of the pyrene moiety forces
the Py-G nucleoside into the syn-conformation.!’
Hence, it is expected that the local DNA conformation
is perturbed in such a way that the pyrene moiety is par-
tially intercalated. Using the phosphoramidite DNA
building block strategy we prepared a range of four
Py-G-modified duplexes DNA1-DNA4 (Scheme 1).
The sequences of the four DNA duplexes are identical
except for the base pairs that are placed adjacent to
the Py-G modification site.

First, we measured the UV/Vis absorption of the
hybridized Py-G-modified DNA1-DNA4 at eight differ-
ent temperatures between 20 and 90 °C (Fig. 1, top). At
low temperatures the maximum of the pyrene absorp-
tion range (320-430 nm) can be found at ca. 370 nm.
This indicates a strong stacking interaction of the pyrene
chromophore with the adjacent base pairs inside the
DNA duplex since at high temperatures the absorption
maximum is shifted by approximately 20 nm to ca.
350 nm. The latter absorption of the DNA samples is
similar to that of the corresponding single-stranded
Py-G-modified oligonucleotide at rt. Remarkably, the
pyrene absorption of all four duplexes DNA1-DNA4
is very similar with a maximum at 370 nm that does
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Scheme 1. Sequences of the Py-G-modified DNAla-DNAlc, DNA2-
DNAZ2c, DNA3, and DNA4.
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Figure 1. Temperature-dependent UV/Vis spectra of the single-
stranded (ss) and duplex DNAI, and melting curves of DNAI-
DNA4 (5 uM DNA in buffer: 5 mM Na,HPO,, 5 mM NaH,PO,, and
250 mM NaCl, pH 7.0).

not depend significantly on the different neighboring
base pairs.

The isosbestic point at ca. 360 nm indicates a single tran-
sition between the pyrene in duplex DNA and the dehy-
bridized chromophore in the single strand. According to
the absorption spectra, this thermal dehybridization of
the DNA duplexes occurs between 50 and 60 °C, and
seems to be correlated to the DNA melting temperature
(Ty). Thus, we measured the absorption changes at two
characteristic wavelengths (350 and 370 nm, Fig. 1,
bottom) in a temperature-dependent way, and compared
the results to the DNA melting behavior at 260 nm
(Table 1). Interestingly, the dehybridization tempera-
tures observed at 350 and 370 nm track very well with

Table 1. Melting curves and temperatures (7,,) of DNAI-DNA4
(buffer: 5mM Na,HPO,4, 5mM NaH,PO,, and 250 mM NacCl, pH
7.0) at three different wavelengths

Duplex Tm (°C)
DNALI 58.1 (260 nm)
57.0 (350 nm)
56.5 (370 nm)
DNAla 57.0 (260 nm)
DNAIlb 56.1 (260 nm)
DNAlc 59.5 (260 nm)

DNA3 63.1 (260 nm)
65.5 (350 nm)
63.5 (370 nm)
DNA2 52.2 (260 nm)
53.5 (350 nm)
54.0 (370 nm)

DNA2a 53.1 (260 nm)
DNA2b 52.5 (260 nm)
DNA2c 55.5 (260 nm)

DNA4 59.2 (260 nm)
60.0 (350 nm)
60.5 (370 nm)

the DNA denaturation profiles and are nearly identical
with the Ty, values at 260 nm. As mentioned previously,
the syn-conformation of Py-G intercalates the pyrene at
least partially and forces the guanine part of Py-G and/
or the counterbase C into a perturbed position outside
the helix. The Py-G modification decreases the thermal
stability of the DNA duplex significantly.'® In fact, this
structural scenario can explain the significant absorption
differences of the pyrene which are observed in compar-
ison between the full duplex (at 20 °C), the dehybridized
DNA (at 90 °C), and the single-stranded oligonucleotide
(at rt).

We measured the steady-state fluorescence of all four
duplexes at excitation wavelengths between 350 and
410 nm. As expected, all fluorescence spectra of the
Py-G-modified duplexes DNA1-DNA4 display an exci-
plex-type emission profile. The different fluorescence
intensities of the duplexes DNA1-DNA4 reflect the dif-
ferent exciplex stabilization and the charge transfer
influence by the adjacent base pairs. Remarkably, at
all excitation wavelengths the emission quantity of the
duplexes is significantly higher than the emission of
the corresponding single-stranded oligonucleotide. In
order to elucidate the fluorescence abilities of the Py-G
label more detailed, we measured the relative fluores-
cence intensity as a ratio between the integrated emis-
sion of the double-stranded DNA and the integrated
emission of the single-stranded oligonucleotides
(Fig. 2). The recorded ratio is highest (up to 25) in the
excitation range between 390 and 410 nm where also
the absorption differences between duplex DNA and
single-stranded oligonucleotide are highest. It must be
pointed out that the ratio of the integrated emission
intensities behaves very similar as the ratio of the emis-
sion maxima. Quantum yield (®) measurements support
this result. Representatively, at an excitation wavelength
of 360 nm P4, pna:Pss.Dna 18 0.34:0.11 for DNA2 and
0.25:0.08 for DNA4. Hence in both cases the ratio is
3.1 that is nearly identical to the corresponding ratio
of emission intensities.
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Figure 2. Relative fluorescence intensity (duplex vs single-stranded) of DNA1-DNA4 (5 uM DNA in buffer: 5 mM Na,HPO,, 5 mM NaH,PO,, and

250 mM NaCl, pH 7.0) at different excitation wavelengths.

With respect to the potential applicability of Py-G as
both a base analog and an optical label for DNA
hybridization, the influence of the counterbase to the
Py-G modification site represents an important parame-
ter. Hence, we varied representatively in DNA1 and
DNAZ2 the base that is opposite to Py-G. In both duplex
series the relative emission intensity of the ‘matched’
duplexes (DNA1 or DNA?) is similar compared to that
of the ‘mismatched’ duplexes (DNAla-DNAlc or
DNA2a-DNA2c, Supporting Information). From these
experiments it becomes clear that the counterbase seems
not to have any significant influence on the fluorescence
of Py-G indicating that there is no significant interaction
via hydrogen bonding to the counterbase. This interpre-
tation is supported by the T}, values of the ‘mismatched’
duplexes which are in the same range as the ‘matched’
ones (Supporting Information).

In recent investigations, we applied pyrene-modified
nucleosides as models for electron transfer in DNA
due to their charge-separated character in the excited
state'”2! and we studied charge transfer processes be-
tween DNA and small interacting peptides.??> Similar
fluorescence titration experiments with the Py-G-modi-

fied DNAT are shown in Figure 3. The photoexcitation
of Py-G initiates the ultrafast formation of the charge-
separated state Py~ G™.!° A crude estimation of the
driving force for this process (using Eyy = 3.25eV for
Py" and E,.q = —2.1 V (vs NHE) for Py-G/Py -G (mea-
sured by cyclic voltammetry) and E,, = +1.3 V for dG™/
dG)? reveals a AG value of —0.15eV. The 4-nitro-
benzoyl (Nb) moiety represents a suitable electron trap
due to its potential of E,q= —0.46V for Nb/Nb 24
and due to the synthetically simple attachment to the
N-terminus of peptides. The smallest possible DNA-
binding peptides represent tripeptides, for example,
Lys-Trp-Lys,? binding primarily through the electro-
static interactions of the positively charged amino
groups of the lysine side chains with the negatively
charged phosphodiester backbone. The binding
constants can be found in the range of 2-6 x 10~* M.
Both Nb-modified peptides Nb-Lys-Lys-Lys and
Nb-Lys-Trp-Lys quench the fluorescence significantly.
In analogy to our previous results this quenching can
be interpreted as an electron transfer from the pyrene
moiety of the DNA to the Nb group in the peptides.
An additional amount of quenching is observed with
Nb-Lys-Trp-Lys that can be attributed to a transfer of
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Figure 3. Fluorescence quenching titration experiments of the Py-G-modified DNA1 in the presence of Lys-Lys-Lys, Lys-Trp-Lys, Nb-Lys-Lys-Lys,
and Nb-Lys-Trp-Lys (5.0 uM DNA in buffer: 5 mM Na,HPO,, 5 mM NaH,PO,, and 250 mM NaCl, pH 7.0).
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the positive charge from dG™ to the more easily oxidiz-
able indole side chain of Trp. Interestingly, this oxida-
tive-type charge transfer is also observed in the
presence of the Nb-unmodified peptide Lys-Trp-Lys.
Consequently, Nb-Lys-Trp-Lys exhibits the strongest
fluorescence quenching and thus is able to trap both
the negative and positive charges from the Py "G moi-
ety in the DNA.

In conclusion, 8-(pyren-1-yl)-2’-deoxyguanosine modifi-
cation represents an interesting and promising optical
label for DNA analytical and electron transfer studies.
Remarkably, the DNA duplex hybridization can be
observed by both fluorescence and absorption spectro-
scopy since the Py-G group exhibits altered properties
of single strands versus double strands for both types
of spectroscopy methods. Hence, it can be envisioned
that the Py-G group represents an important label for
time-resolved studies of DNA dynamics and stacking
interactions,?® and could be applied especially for assays
in which conformational changes or base-flipping pro-
cesses are crucial to be observed, such as the investiga-
tion of DNA-protein complexes with DNA repair
proteins.
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