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Abstract—Alanyl peptide nucleic acids have been designed to generate linear and rigid pairing complexes. Femtosecond time
resolved electron transfer dynamics studies of alanyl–PNA double strands where both strands contain an intercalated 9-amino-6-
chloro-2-methoxy-acridine in its protonated state reveal a strong similarity to nearest neighbor interstrand/intrastrand guanine
oxidation in the corresponding B-DNA fragment. This observation implies that the combined influence of electronic couplings and
energetic parameters, driving force and reorganization energy, on electron transfer dynamics is similar in both structures. With
respect to the alanyl–PNA structure, this result is consistent with the notion of stacking distances in the nucleobase staple similar to
the one in B-DNA and thus provides additional structural evidence for nucleobase stacking in alanyl–PNA double strands.
# 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Charge transfer and transport in DNA is still a lively
research area,1�4 even though there was significant pro-
gress towards understanding of mechanisms within past
years. The observation of long range (�200 Å) hole
transport in duplex DNA5 led to descriptions within
models resting on incoherent, thermally activated hop-
ping steps. With a few exceptions,6 so far direct dynamic
information has been accessible only for unistep, short
range (<12 Å) hole injection. These experiments are
based on modified helical DNA double strands, where
excited chromophores, intercalated or capped, are used
to oxidize guanine or its analogues separated from the
injector by one or more A–T base pairs which serve as
superexchange mediators. Depending on the nature and
binding conditions of the chromophore, attenuation
parameters for the unistep oxidation rate of guanine or
its analogues vary from 0.6–0.8 Å�1 to 1.5 Å�1 and
values exceeding 2.0 Å�1.1d,3a,e This large span has been
shown to be caused by the increase of activation energy
and, in particular, of the reorganization energy with
increasing donor/acceptor distance.3f These insights into
the combined effects of distance dependent electronic
couplings and energetic parameters are complemented
by the recent discussion of the role of gating these
parameters by structural fluctuations.2c,7 Since fluctua-
tions are expected to depend on the conformational
freedom of the duplex, it is one of the goals of this paper
to study hole injection into artificial oligonucleotide like
double strands which form linear and rigid pairing
complexes. Since such systems allow at the same time
for a unique variation of structural parameters, their
potential qualification for electron transfer studies is of
major interest.

In recent years such an artificial system has been intro-
duced with the alanyl peptide nucleic acid (alanyl–PNA)
which is structurally based on a regular alanyl peptide
backbone with alternating configuration of the amino
acids.8 Nucleobases are covalently linked to the side
chains in b-positions (Fig. 1). Consequently, all nucleo-
bases are oriented on one side of the backbone with a
distance of about 3.6 Å, which is close to the stacking
distance of 3.4 Å in a B-DNA double helix. Due to this
geometry alanyl–PNA forms linear and rigid pairing
complexes based on electrostatic and p–p interactions
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and hydrogen bonding.9,10 Furthermore, the linear
topology allows a variety of pairing modes like Watson–
Crick, Hoogsteen and their respective reverse base pair-
ing modes.

In this paper, synthesis and steady state characterization
of a variety of self pairing alanyl–PNA oligomers is
presented as well as time resolved electron transfer
experiments using a widely studied covalently attached
acridine derivative as electron acceptor.3a,d�f
2. Synthesis and characterization

In order to allow defined stacking of the acridine
chromophore within the nucleobase stack, without con-
formational reorganization of the double strand,
9-amino-6-chloro-2-methoxyacridine (Acr+) covalently
linked to an ornithine side chain was incorporated into
alanyl–PNA oligomers instead of one nucleo amino
acid.11 This substitution of nucleobases with Acr+ leads
to further stabilization of the double strands: Double
strand formation of self pairing hexamer H-(AlaG-
AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 (1)12 with a
stability of Tm=39

�C (15% hyperchromicity (H), 6
mM) measured by temperature dependent UV-spectro-
scopy is based on six G–C base pairs in the reversed
Watson–Crick mode (Fig. 2). Substitution of a central
guaninyl nucleo amino acid with Acr+ leads to the
selfpairing oligomer H-(AlaG-AlaG-AlaC-Acr-AlaC-
AlaC)-Lys-NH2 (2) with an increased stability of
Tm=52

�C (35% H, 6 mM). A comparable stabilization
was observed for the A–T pairing oligomers H-(AlaA-
AlaA-AlaT-AlaA-AlaT-AlaT)-Lys-NH2 (3, Tm=25

�C,
14% H, 6 mM) and H-(AlaA-AlaA-AlaT-Acr-AlaT-
AlaT)-Lys-NH2 (4, Tm=37

�C, 30% H, 6 mM).
In order to study distance dependence of guanine oxi-
dation in analogy to previous work on the DNA
duplex,3e,f other alanyl–PNA oligomers, H-(AlaT-
AlaA-AlaT-AlaG-Acr-AlaT)-Lys-NH2 (5) and H-
(AlaT-AlaA-AlaG-AlaA-Acr-AlaT)-Lys-NH2 (6), were
synthesized. The stabilities of the respected self pairing
complexes of oligomers 5 (Tm=31

�C, 20% H, 6 mM)
and 6 (Tm=30

�C, 32% H, 6 mM) turned out to be
already so high that pairing with complementary
strands was prohibited. Even self pairing of oligomers 5
and 6 is strong, the binding conditions are undefined.

Figure 3 shows absorption, fluorescence and fluores-
cence excitation spectra of Acr+ in the self-pairing
complex 2. The characteristics are maintained in the
complexes 4, 5 and 6. The maxima of the absorption at
425 nm and 445 nm are nearly at the same wavelength
as reported for analogous DNA duplexes (13 bp and 21
bp).3d�f Although the two Acr+ are adjacent, there is
indication of dimer formation.
3. Charge transfer dynamics

Electron transfer from guanine to the singlet excited
state of Acr+ in earlier work has been shown to reduce
the fluorescence lifetime.3a,d�f Similarly, guanine oxida-
tion is responsible for the fast decay of time resolved
fluorescence in strand 2 as compared to strand 4 (Fig. 4).
Whereas the fluorescence lifetime (�10 ns) of the A–T
oligomer 4 is attributed to the lifetime of the unquen-
ched dye, the decay of the G–C oligomer 2 is much fas-
ter (strong component of 290 ps), consistent with
electron transfer from guanine to 1(Acr+)*.

Since these time correlated single photon counting
measurements only possess a time resolution of 30 ps
and, in addition, cannot follow the population of pro-
duct states, femtosecond transient absorption experi-
ments have been performed as shown in Figure 5. In
these experiments oligomer 2 was excited by a pump
pulse at 450 nm with a duration of 150 fs. A second,
equally short, laser pulse (probe pulse) with a different,
Figure 1. Model of a linear guanine–cytosine pairing alanyl–PNA
double strand.
Figure 2. G–C and A–T pairing alanyl–PNA double strands with and
without 9-amino-6-chloro-2-methoxy-acridine modification (Acr). The
letters G, A, C and T symbolize the respective nucleo amino acids.
Figure 3. Normalized steady state absorption (solid), fluorescence
(dashed), and fluorescence excitation (dotted) spectra of Acr+ in
oligomer 2.
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adjustable wavelength and a variable temporal delay
was used to follow the absorbance of the sample at well
defined time intervals after excitation. Thus, it is possi-
ble to follow the decay of the excited state, the forma-
tion of transients, and the recovery of the ground state.

Three different processes contribute to the signals
shown in Figure 5: (a) Stimulated emission from 1(Acr+)*
leading to a negative difference absorption signal. (b)
Excited state absorption of 1(Acr+)* giving rise to a
positive signal with the same dynamic features as sti-
mulated emission. (c) Absorption of the neutral radical
Acr�, also leading to a positive signal. Monitoring at 500
nm, the signal is dominated by stimulated emission as
concluded from its negative sign. Although it is super-
imposed by both Acr� and 1(Acr+)* absorption. At 550
nm, the contribution of stimulated emission signal is
weak and the signal is dominated by both excited state
and radical absorption, whereas at 600 nm, 1(Acr+)*
and Acr� absorptions occur.

Global fitting of the multiexponential traces presented
in Figure 5 revealed three time constants: t1 with 3 ps, t2
with 46 ps and t3 with 4 ns. The amplitudes related to
these time constants depend on the wavelength of the
probe pulse. Probing at 500 nm yields A1=�2.3,
A2=0.5 and A3=�1.1, probing at 550 nm A1=�1.2,
A2=1.7 and A3=�0.3 as well as additional component
at the limit of time resolution which is an experimental
artifact, probing at 600 nm A1=�0.5, A2=3.0 and
A3=1.5. The time constants t1 and t2 can be assigned to
the formation and decay of the radical pair state and are
a fingerprint of the forward and back hole transfer rates
(k1=(t1)�1) and (k2=(t2)�1) as shown in Figure 6. The
long component (4 ns, A: 30%) indicates a subpopula-
tion of 1(Acr+)* which is due to a defect structure with
a hole transfer rate on the order of the lifetime of
1(Acr+)* based on the fluorescence decay pattern of
oligomer 2 in Figure 4.

In contrast to strands 2 and 4, time traces of femtose-
cond difference absorption on oligomers 5 and 6 could
not be fit by a multiexponential pattern. This observa-
tion supports the notion of undefined self pairing as
concluded from the low melting temperatures.

In principle, the predominant ET transfer times of 3 ps
and 46 ps in oligomer 2 may reflect forward and back
electron transfer between an excited acridine chromo-
phore and either (i) a guanine located on the counter-
strand or (ii) a guanine on the same strand with a
cytosine as superexchange mediator. We examine both
of these possibilities below.

(i) Since these rates resemble the kinetic pattern of gua-
nine oxidation in nearest neighbor Acr+-G DNA
sequences, interstrand nearest neighbor oxidation of
guanine seems to also prevail in alanyl–PNA 2. In fact,
depending on the transfer direction (higher rates for
transfer in 50-direction) the nearest neighbor oxidation
rates in B DNA range from (3.8 ps)�1 to (5.9 ps)�1 for
k1 and from (34 ps)

�1 to (50 ps)�1 for k2.
3f In addition,

due to the almost symmetrical intercalation of the
injector into DNA, the rates for nearest neighbor gua-
nine oxidation are almost invariant for intra- and inter-
strand processes. The assignment of the kinetic pattern
in Figure 6 to interstrand guanine oxidation implies that
the combined influence of electronic interactions, driv-
ing force and reorganization energy yields identical ET
rates in alanyl–PNA and B-DNA.

(ii) With respect to the probability of intrastrand ET in
2 across cytosine, both intra- and interstrand electron
transfer from guanine to excited Acr+ across one A–T
base pair (or hypothetically across C which is almost
isoenergetic in B-DNA)13,14 is by three orders of mag-
Figure 5. Time resolved absorption traces of oligomer 2 after excita-
tion at 450 nm (logarithmic scale after axis break at 1 ps).
Figure 6. Hole injection and recombination after photoexcitation of
Acr+.
Figure 4. Time resolved fluorescence decay measured by time corre-
lated single photon counting (TCSPC) at 500 nm of Acr+ containing
oligomers 2 and 4 after excitation at 445 nm.
D. Weicherding et al. / Bioorg. Med. Chem. Lett. 14 (2004) 1629–1632 1631



nitude slower than the direct nearest neighbor process.3e

This drastic distance dependence has been shown to be
due to the superposition of two effects, the distance
dependent decrease of the superexchange mediated
electronic couplings and, far more important in the case
of B-DNA, the distance dependent increase of the acti-
vation energy caused by an increase of the medium
reorganization energy with increasing donor/acceptor
separation.3f Thus, in case the ET kinetics observed for
system 2 would predominantly reflect intrastrand gua-
nine oxidation involving cytosine as superexchange
mediator, this interpretation would necessarily imply
larger intrastrand electronic couplings and driving force
accompanied by smaller reorganization energy as com-
pared to B-DNA. However, even in the limit of the
fastest possible electron transfer process (activationless),
the measured rate k1 would be approximately by a fac-
tor of 10 too fast as compared with a rate in the hypo-
thetical system Acr+-C-G in B-DNA. An electronic
interaction between Acr+* and guanine in alanyl–PNA
which is by at least a factor of 3 larger than in B-DNA
appears to be rather improbable as it would need a sig-
nificantly denser packing of the nucleobase stack as
compared to B-DNA.
4. Summary

Oxidation dynamics of guanine in alanyl–PNA struc-
tures initiated by intercalated Acr+ in its excited singlet
state is similar to nearest neighbor intra- and interstrand
processes in B-DNA. This observation implies that the
combined influence of electronic couplings and energetic
parameters, driving force and reorganization energy, is
similar in both structures modified by intercalated pro-
tonated 9-amino-6-chloro-2-methoxy-acridine. With
respect to the alanyl–PNA structure this result is con-
sistent with a nucleobase staple of double strands
showing similar stacking distances as in B-DNA.
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