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1 Introduction

1.1 Motivation and Background

Electron transfer (ET) processes are ubiquitous in chemistry, biology, and physics.™ In the
context of reaction mechanisms in chemistry the breaking of bonds as well as changes of
molecular conformation are often initiated by changes in the charge distribution due to the
polarization or ET between separated entities. Also in biochemical molecules, eectron
transfer may initiate bond breakage. Such a sequence of eventsis realized, for instance, in
DNA photolyases, where a reduced flavin coenzyme in its excited state transfers an
electron to athymine dimer which initiates bond splitting and |eads to DNA repair.?

Proteins with highly resolved X-ray structures have provided the most detailed insight
into ET mechanisms and dynamics, since they allow experimental access to electron
transfer rates. The mgjority of the experimental results were modeled within the framework
of nonadiabatic electron transfer theory. The most prominent example is the reaction center
of photosynthetic bacteria where transmembrane electron transfer proceeds sequentially
between strictly localized donor and acceptor sites on time scales between 1ps and
100 ms.*® The rates of the activationless transmembrane ET processes are essentially
determined by the distance dependence of the electronic couplings. Time-resolved
spectroscopy revealed that the electronic coupling of the first and second electron transfer
steps is determined by direct exchange interactions between donor and acceptor, whereas
the third forward step and all recombination reactions are mediated by superexchange
interactions. For the recombination processes that occur over center-to-center-distances of
about 17 A and 30 A, time scales in the nanosecond and hundred millisecond ranges,
respectively, were reported.’®

At this stage of understanding of electron transfer mechanisms in the reaction center
protein experiments on DNA duplexes were reported that postulated a distance-
independent electron transfer process between a photoexcited injector and an acceptor
species separated by more than 40 A.[® 7 This provoking concept of DNA functioning as a
molecular wire or “7eway” was based either exclusively on biochemical control of thymine
dimer splitting at a distance from a tethered rhodium metallointercalator'® or was merely
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inferred from the absence of fluorescence of the photoexcited charge injector.!® However,
other research groups reported measurements of the distance dependence of electron
transfer rates in DNA with a strong exponential fall-off behavior.”® ¥ These discrepancies
have been explained to be partly due to the complexity of and insufficient information on
the structure of some of these DNA donor—acceptor systems.!* In addition, in some cases
the evidence available was not sufficient for the conclusions drawn.

In a theoretical approach two distinct electron transfer mechanisms in DNA
donor—acceptor systems were advanced, which bear a close anaogy to the mechanisms of
ET in bacteriad photosynthesis.™ This concept is based on the hierarchy of the in vitro
oxidation potentials of the nucleobases in solution. The redox potential of adenine (A) is
about 0.4eV higher than that of guanine (G) and the potentials of the pyrimidine
nucleobases thymine (T) and cytosine (C) are approximately 0.6 eV higher than in
guanine.™® ¥ Therefore, hole transfer between guanines or between an exogenous hole
donor and a guanine occurs as a unistep process with a strong distance dependence
mediated by superexchange interaction with adenine and thymine. In this picture, the
possibility of weakly distance-dependent hole transport phenomena in DNA has been
explained by diffusive hopping processes between adjacent guanines. In the single hopping
steps the electronic coupling is mediated by superexchange interactions as in the unistep
process. The redlization of one of these two mechanisms is determined by the base
sequence within the DNA bridge.!*"

One of the central questions in DNA charge transfer research is whether conventional
ET theory is capable of modeling electron transfer processes accurately in the DNA
environment with its unique and characteristic features. Such atheoretical understanding is
relevant to oxidative damage and certain pathophysiological processes such as cancer and
ageing.l** ™ Other potential applications were expected in molecular electronics.***® The
double helix of the standard B-form of DNA consists of two antiparallel polynucleotide
chains.* Highly charged sugar—phosphate backbones spiral around a well-defined stack
of paired nucleobases (Fig. 1.1). The double helix is aso stabilized by interactions between
the stacked bases on the same strand that have a separation of 3.4 A. The average number
of base pairs per helical turn is 10.4 and the helix twist is 36°. Numerous aromatic
molecules have a high propensity to intercalate between two base pairs. Such molecules,
either randomly intercalated or covalently bound to the framework, have been used as
charge donors and acceptors.!® ® The exact location of the donor and acceptor molecules in
DNA is difficult to control. However, a structural characterization is possible applying
NMR techniques.[*>?%

The aim of the present work was to study the dynamics of charge injection and transport
in structurally defined DNA donor—acceptor systems and to answer several open questions
related to the previously proposed ET mechanisms. This has been done by means of
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Fig. 1.1: Molecular structure of B-form DNA. The double helix consists of two antiparallel
polynucleotide chains (left). Guanine:cytosine and adenine:thymine Watson—Crick base
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pairs (right). R indicates the deoxyribose C; atom of the sugar—phosphate backbone.

femtosecond time-resolved absorption spectroscopy. In addition, this technique has been
applied to identify the mechanism of the strong fluorescence quenching in a structurally

well-defined protein.

1.2 Topicof thisWork
1.2.1 ChargeTransfer in Modified DNA

For a detailled study of the charge transfer mechanisms in DNA the optima

donor—acceptor system should meet a number of requirements:

* A precise definition of the donor—acceptor distance.
* A minimal perturbation of the DNA structure by the attached molecules.
» A thorough investigation of the charge injection process.
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Additionally, an injection process that provides optimal conditions for a long-range
hopping study should take into account the following points:

» Hole injection should occur via a charge shift reaction because of the minimized
Coulomb well in contrast to charge separation.

A weak eectronic coupling between the hole donor and the bridge is required
because in this case hole hopping aong the strand is expected to favorably compete
with the backward charge transfer. For such injection systems the electronic
coupling should decrease steeply with the number of A:T base pairs between the
donor and the acceptor.

Structurally defined DNA donor—acceptor systems suitable for the investigation of the
dynamics of photoinduced charge transfer processes have become available only recently.
Whereas Lewis et a. used stilbene-linked DNA hairpins,'® Fukui and coworkers employed
a 9-amino-6-chloro-2-methoxyacridine (ACMA) derivative inserted into a specific abasic
site of a DNA duplex as hole injector.”>? In both experiments a guanine nucleobase was
used as the acceptor. By varying the number of A:T base pairs between the photoexcited
chromophore and the guanine the distance dependence of the charge injection was studied.
Whereas Lewis et al. reported a decay parameter of 8=0.7 A for photoinduced charge
separation in the stilbene-linked DNA hairpins™® a significantly larger attenuation
parameter of 8= 1.5 A™* was reported for the charge shift in acridine-modified DNA.!?- 24

Obviously, the acridine system fulfills the injection conditions, and therefore seems to
be suitable for charge transport studies. However, the results that were available at the
beginning of the present work for the acridine—DNA system were based exclusively on
emission measurements, which did not allow any intermediate state to be monitored, and
therefore could not verify the electron transfer process.

Based on these prerequisites the injection Kkinetics in 9-amino-6-chloro-2-
methoxyacridine-modified DNA duplexes has been revisited in the present work. Transient
absorption spectroscopy has been employed to elucidate the origin of the steep distance-
dependence of the rate constants for hole injection by monitoring the charge transfer
intermediate states. These experiments illustrate the potentially complex nature of
experimental £ values and identify the contribution of a prominent but rarely recognized
feature of ET theory, namely the medium reorganization energy.!?*
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1.2.2 Complex between Fluorescein and an Engineered Lipocalin Protein

Whereas in DNA research main emphasisis placed on the elucidation of details of electron
transfer processes it was the goal of this second project to investigate the underlying
mechanism responsible for the observed fluorescence quenching effect in the complex
between the pigment molecule fluorescein and an engineered protein.!?!

The high fluorescence quantum yield of the fluorescein dianion (@ = 0.93),!® its easy
synthesis, and its high chemical stability are responsible for its widespread application as a
reporter pigment in chemistry and, in particular, in the biological sciences. Fluorescein and
its chemically activated derivatives are generally used for the covaent labeling of
biomacromolecules, including nucleic acids, proteins, and, especially, antibodies.!?”
Antibodies raised against the fluorescein group often show a pronounced fluorescence
guenching efficiency upon binding of this ligand. Such antibodies with high affinity and
guenching effects on fluorescein have also been utilized in specia experimental
applications, e.g. in order to determine the orientation of transmembrane proteins that were
site-specifically labeled with fluoresceinl® or to discriminate between free and bound
states of a fluorescein-conjugated peptide ligand in biological cell surface receptor-binding
studies.

Recently, fluorescein was employed as a model target for the generation of a cognate
anticalin, i.e., an engineered protein with tailored specificities derived from the lipocalin
scaffold.[*® Lipocalins are small monomeric ligand-binding proteins that in nature play a
role in transport or storage of lipophilic or chemically sensitive physiological compounds,
for example, biliverdin IX, in the case of the bilin-binding protein.!*” Proteins of the
lipocalin family share a characteristic polypeptide fold comprising a circularly closed
eight-stranded anti-parallel -sheet. This Fbarrel is usually open to the solvent on one side
and a set of four loops, each connecting a pair of neighboring S-strands, forms the entry to
the ligand pocket. In contrast to the structurally conserved S-barrel, the loops vary
considerably in length and conformation among different lipocalins, and thus determine
their ligand specificities®™® The lipocalin architecture resembles that of immunoglobulins,
where a set of a least six hypervariable loops, which are supported on a rigid -sheet
framework, makes up the antigen-binding site.

In an attempt to reshape the ligand pocket of the bilin-binding protein via combinatorial
protein design the fluorescein group served as a target for molecular recognition.[” Using
the methods of site-directed random mutagenesis and phage display,”" an engineered
lipocalin with high affinity for fluorescein, the anticalin FIUA, was selected. In contrast to
other cognate anticalins that were chosen aong with FIUA this protein exerted an almost
complete quenching effect on the steady-state ligand fluorescence upon complexation
(Quax = 99.7 % 0.3%).[#7
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Such a guenching effect points to extremely strong and specific interactions between the
ligand and a moiety of the protein matrix at the binding pocket leading to a fast
depopulation of the excited fluorescein. The potential deactivation mechanisms considered
here, such as excited-state electron, proton, and energy transfer processes,® differ in their
intermediate states. In order to distinguish between them transient methods are required
that not only monitor the depopulation of the primary excited state but also the identity and
kinetic behavior of potential product states. In this work, the almost complete quenching
phenomenon in the complex between fluorescein and the anticalin FIUA, which surpasses
known quenching effects described so far for anti-fluorescein antibodies, and the
underlying physico-chemical mechanism are studied with femtosecond transient absorption
measurements.

1.3 Overview of the Content

The following chapters are organized as follows: In Chapter 2 the experimental setup of
the femtosecond laser system is described together with the preparation of the samples
used. Chapter 3 surveys the basic concepts of nonadiabatic electron transfer theory as far
as it is needed for data evaluation. Chapters 4-8 deal with photoinduced hole transfer in
9-amino-6-chloro-2-methoxyacridine-modified DNA duplexes. The distance dependence
of hole injection rate constants from the photoexcited acridine to guanine and its analog
7-deazaguanine is discussed in Chapter 4. The photophysics of 9-amino-6-chloro-2-
methoxyacridine in DNA in the absence of hole transfer is considered in Chapter 5. The
temperature-dependent measurements presented in Chapter 6 alow a quantification of the
influence of the activation energy on the distance dependence of the injection rates. The
activated hole transfer in these DNA duplexes is employed to investigate in situ the
hierarchy of oxidation potentials of modified purine nucleobases (Chapter 7). The topic of
Chapter 8 is the investigation of the photoinduced dynamics in the complex between
fluorescein and an engineered lipocalin protein. Finaly, the results of this work are
summarized.



2 Experimental M ethods

The temporal evolution of the photoexcited charge transfer processes investigated in this
work is followed by femtosecond transient absorption spectroscopy. An introduction to the
principle of the time-resolved measurements and the laser systems used will be given in
Section 2.1. The instrumentation utilized for the steady-state measurements and the
preparation of the modified DNA and protein samples are described in Sections 2.2 and
2.3, respectively.

2.1 Time-Resolved Absorption M easurements
211 ThePump-Probe Technique

Time-domain pump—probe techniques have been applied to study ultrafast molecular
phenomena in chemistry and biology with tempora resolution on the picosecond and
femtosecond time scale.®¥ The ultrafast resolution is achieved by beam-splitting a laser
source with a very short pulse width and recombining the beams at the sample under
investigation. The initiating pulse (pump pulse) triggers a photophysical or photochemical
process. The response of the system can be sampled by comparing the modifications of a
second pulse (probe pulse), delayed in time from the pump pulse, after crossing the sample
before and after the action of the pump pulse.*¥ By fine control of the optical paths of the
two beams using high precision trandation stages, the arrival of one beam can be delayed
relative to the other by a well-defined amount. With this technique, molecular dynamics
can be mapped at different times following the arrival of the initial excitation beam. In
genera, the temporal resolution of the pump—probe technique is limited only by the pulse
width of the pulsed laser source.**
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2.1.2 Differential Absorption Spectroscopy

In a typica transient absorption study, a strong pump pulse is used to excite molecules
from their electronic ground state to an excited electronic state at timet = 0. Any dynamic
process occurring after photoexcitation that affect the optical properties can then be
monitored by the change in absorption of the weak probe pulse through the sample at time
t + At. The quantity of interest isthe differential absorption AA:

DA = Ay ~ Avithou (2.1

In this equation, Ayith and Ayimout denote the absorption of the sample in the presence and in
the absence of the pump pulse, respectively. The absorptions A can be calculated from the
probe pulse intensity before (1) and after (1) the sample:

A=-log - (22)

0

Combination of Egs. (2.1) and (2.2) yields

I, I I,
AA:—Iog \INlth +|Og without :_log with (23)

0 l 0 I without

In principle, a measurement of the transient absorption can therefore be reduced to the
detection of the transmitted intensity of the probe beam. Since this detection scheme
cannot account for temporal changes of the intensity due to fluctuations of the laser
system, the present experiments also involve the detection of |, (see Section 2.1.4).

In general, a differential absorption signa can comprise up to three different
contributions from (1) the recovery of the ground state, (2) stimulated emission, and (3)
excited-state absorption of the molecule and/or absorption of photoproducts.

This can be illustrated by a ssimple example (Fig. 2.1). A pump pulse is used to excite
molecules from their electronic ground state to the first excited singlet state S;. Because of
the depletion of the ground-state population, the transmitted intensity of a probe pulse
tuned to the wavelength range of the ground-state absorption increases, yielding a negative
transient absorption signal. Additionally to the processes of interna conversion and
spontaneous emission, molecules in the S state may return to the ground state by
stimulated emission. The intensity of the transmitted light is increased by stimulated
emission (lwith > lwithout), Yielding a negative contribution to AA. Positive contributions to
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Fig. 2.1: Schematic reconstruction of a differential absorption signal consisting of (a) the
absorption of a photoproduct, (b) stimulated emission, and (c) the recovery of the ground
state. The observed signal (d) is the sum of the contributions (a)—(c).

the signal arise if the probe pulse induces absorptions of new electronic states created by
the pump pulse. In addition to excited-state absorption from the first excited singlet state
(S « S), these may be due to transitions from triplet states or photoproducts, e.g.
intermediate free radical or ion states.

Using the Beer—Lambert law

A= ecd (2.4)

which correlates the absorption to the sample thickness d, and the concentration of the
absorbent substance c¢ (& denotes the wavelength-dependent extinction coefficient), the
differential absorption signal can be related to the concentrations of the contributing
Species:

DA =2, Y ¢ (d + Y & (0d = T (e ~2,)c, (0)d (2.5)

The subscript g refers to the ground state, whereas i refers to states populated after
excitation. The temporal change of the concentrations ¢; is reflected by a change of the
differential absorption signal with time. Together with the wavelength dependence of the
extinction coefficients, the temporal evolution of AA allows to identify the molecular states
and speciesinvolved and to interrogate their kinetic behavior.
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2.1.3 TheTitanium:Sapphire Femtosecond L aser System

For the transient absorption measurements in this work two different amplified laser
systems were employed, both based on titanium-doped aluminum oxide (Ti:sapphire,
Ti:Al,03) as the gain medium. The optical setup of these systems is similar and both have
been described in detail elsewhere.*> *! A description of the laser system, which was used
for most of the measurements, will be given in this section. The other setup is briefly
described in Section 2.1.6.

Ultrashort pulses are generated with a commercia Ti:sapphire oscillator (Coherent
MIRA 900 Basic) employing the concept of Kerr lens mode-locking, a technique
simultaneously using the very large bandwidth of the laser medium® and its intensity-
dependent index of refraction.®*” The optical cavity is designed to utilize changes in the
spatial profile of the beam produced by self-focusing from the optical Kerr effect in the
Ti:sapphire crystal. This self-focusing results in a higher round-trip gain in the model ocked
versus continuous-wave (CW) operation due to an increased overlap between the pumped
gain profile and the circulating cavity mode. In this setup, a pair of Brewster prismsis used
to compensate for the group velocity dispersion introduced by the dispersive elements
within the laser cavity. The oscillator is pumped by a CW argon ion laser in multiline
operation (Coherent Innova 310) and produces pulses with a duration of ~100 fs (full width
at half maximum, FWHM) at a centra wavelength of 780 nm. The repetition rate f of
76 MHz is given by the length of the cavity L (f = c/2L). The average output power under
mode-locking conditions is ~500 mW. Since the energy of a single pulse is only 0.01 uJ,
the pulses must be amplified before they can be used for transient absorption experiments.

The amplification of nJ-level femtosecond pulses to the mJ range is complicated by the
extremely high peak powers involved, which exceed the damage threshold of most optical
materials. This problem is overcome by using the concept of chirped pulse amplification.
The ultrashort pulse is not amplified directly, but first stretched and then amplified, before
finally being recompressed. This technique also has the benefit of eliminating unwanted
nonlinear effectsin the amplifier materials.!*”

In the current setup, the pulses from the oscillator are temporarily broadened to ~180 ps
using a stretcher with a grating as the dispersive element introducing positive group
velocity dispersion.? Using a fast-switching Pockels cell (Medox), one out of 76 000 pulses
is selected to seed a regenerative amplifier system (BMI Alpha 1000S) based on a
Ti:sapphire crystal. Due to its large effective gain bandwidth (vide supra) this material is
well suited for the amplification of femtosecond pul ses.

! The emission spectrum of Ti:Al,O5 ranges from 650 to 1100 nm.!*”
2j.e. the red wavelengths go faster than the blue ones
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Fig. 2.2: Scheme of the setup of the amplified Ti:sapphire laser system used for the time-
resolved transient absorption measurements.

Trapping and dumping the pulse is done using the Pockels cell and a broadband
polarizer. The Pockels cell isinitially set to be equivalent to a quarter-wave plate. When a
pulse is in the resonator, the voltage of the Pockels cell crysta is switched so that it
becomes equivalent to a half-wave plate. The Pockels cell is synchronized with the
Q-switch of a Nd:YLF laser (BMI 621D), pumping the Ti:sapphire crystal of the
amplifier with ~9 W at 528 nm. The pulse passes through the regenerative cavity severa
times before the gain is saturated, and a second voltage step is applied to extract the pulse.
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Fig. 2.3: Experimental setup of optical parametric generation and amplification. The first
BBO crystal is used for both the parametric generation, as illustrated by the cone of
parametric superfluorescence, and for the first stage of amplification. The parametrically
generated light is further amplified using a second crystal. Also indicated are the
wavelengths of the signal wave used for most of the experiments in this work.

A setup consisting of a Faraday rotator, a half-wave plate and a broadband polarizer is used
to isolate the output pulse from the input. The amplified pulse train, now with a repetition
rate of 1 kHz, is split into a pump and a probe pulse (9:1). After separate recompression
with grating compressors with negative group velocity dispersion to match the dispersive
characteristics of the stretcher optical pulses at 780 nm with a pulse duration of ~100 fs are
obtained.

The pump pulses are frequency-doubled to 390 nm with a BBO crystal (B-Barium
borate, f-BaxB,0O,) and directed through an optical parametric generator (OPG) and two-
stage amplifier setup (Fig. 2.3). A part of the input beam at 390 nm is incident on another
BBO crystal cut at the correct angle to ensure phase matching. As a result of the optical
parametric effect, signal and idler waves are generated. The wavelengths of these are
determined by energy conservation and momentum conservation (through phase matching)
in the nonlinear crystal. The pump beam and the parametrically generated light coming out
of the crystal are redirected toward the crystal for a second pass, after being retimed
together. For power amplification, the parametric amplified light and the rest of the input
beam at 390 nm are directed toward a second BBO crystal.

For excitation the signal wave is selected by a band pass filter and passes through a
chopper set to 500 Hz. This provides subsequent "pump-on" and "pump-off" conditionsin
the sample needed for the calculation of the differential absorption. A small fraction of the
pump light is directed onto a detector which is used to correct fluctuations of the pump
intensity (Ipump) in the signal.
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The weaker probe pulses pass a variable delay line (up to 5ns) and are focused into a
2 mm sapphire crystal. By self-focusing and self-phase-modulation a single filament white
light continuum is produced that ranges from 450 nm to the near infrared. A chirp-
compensated stepper motor-controlled spectrometer is used to select spectral regions with
a bandwidth of 15 nm. The probe pulse intensities before (Io) and after (Is) the sample are
detected by photodiodes. Pump and probe beams are focused at a cuvette containing the
sample under a mutual angle of 10° with long focal length converging lenses. Using half-
wave plates and polarizers, the relative polarizations between pump and probe beam are set
to the magic angle (54.7°) to avoid rotational depolarization effects. The size of the pump
and probe foci at the sample position can be adjusted by changing the position of the
converging lenses. As measured by a CCD chip, the transverse profiles of the pump and
probe pulses typically had diameters of 300 um and 100 um, respectively. The CCD chip
is also used to adjust the overlap of pump and probe pulses.

The detector signals are digitalized in a 10 bit A/D converter which is connected to a
PC. The data are processed by a C-language program which also controls the stepper
motors and the translation stage.

For the measurements discussed in Chapter 4, the temperature of the samples was held
fixed to 10+x2°C wusing a home-built temperature controller that was moved
perpendicularly to the probe beam to avoid sample bleaching. Temperature-dependent
(Chapter 7) or low-temperature experiments (Chapter 8) were performed by placing the
cuvette in a continuous-flow cryostat (Cryovac KONTI-Cryostat-Spektro 4) cooled with
liquid nitrogen.

2.1.4 Calculation of the Transient Absor ption Signal

The probe pulse intensities before (Ig) and after (Is) the sample, and the pump intensity
(loump) are used to calculate the transient absorption signal AA(t). Before each measurement
the light intensity at negative delay times® is detected to correct the effects of scattering
light caused by the pump pulse. The intensity of the scattering light lsater 1S given by the
difference in intensities o and Is measured in the presence and absence of the pump light.

| =12 () — 12 (-t) (2.6)

scatter,S

| aero = 10" (1) = 13" (1) (2.7)

%i.e. the pump pulses are delayed with respect to the probe pulses
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The difference absorption AA., is calculated from the scattering light-corrected probe
pulseintensities | corr aNd | s corr @ccording to:

| with / | with

—_ S, corr 0,corr
A'Ai:orr - Iog | without /1 without (2'8)

S, corr 0,corr

The fluctuations of the incident and transmitted probe light, as measured by the detectors,
are typicaly <1%. Pump pulses produced by optical parametric generation display
fluctuations of about 10%. To increase the signal-to-noise ratio, typically 4000 single-shot
measurements were averaged for a given delay between pump and probe pulses.
Additionally, to correct for long-term fluctuations of the pump light, AAcor is normalized
with respect to the pump pulse intensity | pump.

2.1.5 Numerical Analysisof the Measurements

Apart from the intrinsic kinetics of the sample under investigation, the experimental
differential absorption signal aso contains instrumental contributions. As stated before, the
temporal resolution of the pump—probe technique is limited by the pulse width of the pump
and probe pulses. Since the laser pulses used for the experiments have a finite temporal
width, thisis aso true for the so-called instrument response function (IRF). This function
depends likewise on the pulse duration of both the pump and the probe. The measured
kinetics must be numerically corrected for the contribution from the IRF. In thiswork, this
is done by fitting the experimental data AA(t) to a multiexponentia decay function
convoluted with the instrument response function B(t-ty) centered at t, using the
Levenberg—Marquardt algorithm:

AA(t) = J;“” Eﬁ% + ZAA exp%%% B(t - t'-t, )t (2.9)

AA is the amplitude of a decay component with lifetime 7. AA is the offset due to long-
lived species. The instrument response function is modeled by a Gaussian with variable
FWHM. The IRF of the setup described above has a FWHM of 200-250 fs. For every
measurement, the residuals were calculated to assess the quality of the fit.
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216 Femtosecond Pump—-Probe Measurementswith Excitation at 390 nm

All experiments with a pump wavelength at 390 nm were performed using a different
amplified laser system. Briefly, ~150fs, 390 nm pump pulses with a pulse energy of
~100 puJ are obtained by frequency doubling the 1 kHz, 780 nm output of a home-built
amplified Ti:sapphire laser in a 2mm BBO crystal.l®™® Probe pulses are produced by
focusing a small fraction of the amplifier output at 780 nm into a 2 mm sapphire crysta
and using 10 nm band pass filters for wavelength selection. As in the other setup, the
relative polarization between pump and probe beam was set to the magic angle (54.7°).

2.1.7 Nanosecond Pump-Probe Measurements
(performed together with I. Naydenova and R. Haselsberger)

Nanosecond decay times were determined using an absorption laser system that has been
described in detail previously.®® Pump pulses at 450 nm were generated by pumping a
Coumarin 120 dye laser with the third harmonic of a Nd:YAG laser. Probe pulses were
generated by a No-laser pumped dye laser. The delay time between excitation and probing
pulse was adjusted electronically. The time resolution of this setup was ~2 ns.

2.1.8 Broadband Femtosecond Absorption Spectroscopy
(in cooperation with N. P. Ernsting, S. A. Kovalenko, J. L. Pérez Lustres, Institut flr
Chemie, Humboldt-Universitat zu Berlin)

The broadband femtosecond transient absorption spectra discussed in Chapter 5 were
measured after excitation at 396 nm with 40 fs pulses from a laser system based on a
commercial Ti:sapphire laser (Femtolasers). The optical setup has been described in detail
previously.®¥ The output of the laser was split into two parts. One part was frequency
doubled and provided pump pulses with a pulse energy of 0.2 uJ and a diameter on the
sample of 150 um. The other part formed the probe beam which was used to generate the
supercontinuum in multiple filaments. The sample was continuously flowed through a cell
with an optical path length of 650 um. The excited volume was probed with a chirped
supercontinuum with polarization parallel or perpendicular to that of the pump pulse. 200
single-shot spectra were averaged at 35 Hz for a given pump—probe delay. Additionally, a
measurement with pure solvent was performed in order to obtain the coherent solvent
signal which defines the pump—probe intensity crosscorrelation at every probe wavelength.
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These data were then used to time-correct the resonant transient spectra and obtain the
induced optical density AA(A,1).[*Y The time resolution of the experiment was 220 fs,
limited by the optical path length. For measurements up to 70 ps time steps were typically
100 fs. All measurements were performed at room temperature.

2.2 Steady-State Measurements

Steady-state absorption spectra were obtained using a UV/Vis spectrometer (Perkin-Elmer
Lambda 2S) with 2.0 nm resolution. Steady-state fluorescence spectra were recorded on a
spectrofluorometer (Spex Fluorolog-2 Model F2121) with 1.7 nm resolution or better. In
both spectrometers 1 mm path-length quartz cuvettes were used and fluorescence was
detected using a front-face geometry. To perform low-temperature experiments the cuvette
was placed in a continuous-flow cryostat (Leybold VSK 3-300) cooled with liquid
nitrogen. Circular dichroism (CD) spectra were recorded on a Janus Scientific Jasco-715
CD spectrometer. Melting points were measured on a UV/Vis spectrometer (Cary 100) at
260 nm. The melting temperatures (T, of the oligodeoxynucleotides were calculated by
determining the midpoints of the melting curves from the first-order derivatives.

2.3 Sample Preparation
231 TheDNA Oligonucleotides

All DNA strands used in this study were ordered from Eurogentec (Koln, Germany) or
Biospring (Frankfurta. M., Germany), delivered lysophilized after polyacrylamide gel
electrophoresis (PAGE) purification, and stored at —10 °C under the exclusion of light until
shortly before use. Solutions of complementary single strands were made by dissolving
each strand in a 10 MM Na,HPO4NaH,PO,4, 100 MM NaCl, pH 7.2 buffer solution.
Modified single strands, internally labeled with 9-amino-6-chloro-2-methoxyacridine (X",
see Fig. 4.1), were mixed with a 10% excess of unmodified counter strands present to help
ensure that all X* chromophores would be located in a DNA duplex. Hybridization was
performed by heating the mixed single strands to 80 °C, followed by slow cooling to room
temperature over two hours. All samples had an adenine base opposite to X* on the counter
strand. Based on the thermal stability and the fluorescence quantum yield it was reported
that this base is most suited for fixing the chromophore into the DNA helix.” The
hybridized spectroscopic samples were stored at 4 °C.

Samples had optical densities of about 0.3 at 450 nm in a 1 mm path-length quartz
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cuvette (concentration approximately 0.3 mM). The observed kinetics were independent of
the duplex concentration in the accessible range (0.05-1.5 mM). As evidenced by steady-
state absorption spectra taken before and after time-resolved measurements, the
oligonucleotide solutions were found to be very photostable. Deoxygenation of the samples
by purging with argon had no effect on the observed kinetic behavior.

In view of the complexity of the system the preparation of the samples according to the
above procedure was found to be remarkably reproducible. Time-resolved measurements
on duplexes with identical sequences but with single strands from different batches yielded
deviationsin the observed lifetimes of <20%.

To increase the temperature range for the temperature-dependent measurements
discussed in Chapter 6 buffer solutions containing sucrose were used. A sucrose stock
solution was prepared by dissolving 249 sucrose in 10ml buffer (10 mM
NaHPO4/NaH,PO,4, 100 mM NaCl, pH 7.2). Sample solutions containing sucrose were
prepared by mixing equal volumes of a buffer solution (10 MM Na,HPO4/NaH,PO,4, 1 M
NaCl, pH 7.2) containing the hybridized duplexes and the sucrose stock solution. Sucrose
acts as freezing point depression agent and maintains the samples in the liquid phase over
the temperature range studied (245-305 K).

For CD spectroscopy, the X*-DNA samples were diluted with additional buffer. For
spectra in the 190-300 nm wavelength region samples had an optical density of 1.0 at
260nm in a 10mm path-length quartz cuvette (=3 uM). CD measurements from
300-600 nm were performed on samples with a concentration of 50-100 uM in 1 mm
path-length cuvettes. CD spectra were corrected for the appropriate solvent blank. For
melting point studies DNA samples were mixed in a 1.1 ratio of modified and
complementary unmodified strands. Concentrations were ~3 UM in 10 mm path-length
cuvettes. Samples were heated to 90 °C for 30 min and then cooled to 5 °C over 120 min.

2.3.2 TheFluA Fluorescein Complex
(provided by A. Skerra, Lehrstuhl fir Biologische Chemie, Technische Universitat
Miinchen)

The anticalin FIuA was prepared as a recombinant protein by secretion into the periplasm
of E. coli and purified by means of the Srep-tag as described previously.!” Fluorescein
(FI) was purchased as sodium salt from Sigma (Deisenhofen, Germany) and a stock
solution was prepared by dissolving 36.4 mg fluorescein in 100 ml buffer solution
(phosphate-buffered saline (PBS), 1 mM EDTA, pH 8.0). The samples of fluorescein
bound to FIUA (FIuA-FI) used for all measurements contained 18 pl of fluorescein stock
solution (967 uM) added to 150 pl of the FIUA protein at 190 uM, dissolved in the same
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buffer. The concentration of the chromophore was about 100 puM. For all measurements
1 mm path-length quartz cuvettes were used.



3 Theoretical Basics

In this chapter, the theoretical basics and principles of photoinduced electron transfer will
be introduced. Since nonadiabatic electron transfer theory is the topic of numerous
comprehensive accounts,!*" “4 emphasis will be placed on the concepts required for an
understanding of the experiments presented in the following chapters.

3.1 Photoinduced Charge Transfer

In its most simple description, electron transfer is the result of the transition of a single
electron from an initial molecular orbital (MO), the donor (D) state, to a MO of the fina
acceptor (A) state!® In a photoinduced electron transfer reaction the photoexcited
molecule can act either as oxidizing or reducing species. Concentrating only on the HOMO
and the LUMO" of the donor—acceptor complex Fig. 3.1 illustrates the possible pathways
of ET. By optica excitation an electron of the donor is placed into the LUMO. The ET
proceeds between the donor and acceptor LUMOs. Alternatively, an electron may move in
the opposite direction from the acceptor HOMO to the donor HOMO. This process is
usualy caled a hole transfer since the reaction can be aternatively understood as the
motion of a missing electron (hole) from the donor to the acceptor. The ET processes
discussed in the next chapters are of this type, i.e., the chromophores employed act as
electron acceptors in their excited state.

Figure 3.1 suggests the possibility of a back reaction, where the transferred electron
moves from the acceptor LUMO into the empty donor HOMO (Fig. 3.1a) or from the
donor LUMO into the acceptor HOMO (Fig. 3.1b). In most cases the back transfer is
slower than the forward reaction, although its driving force is larger. An explanation is
given by nonadiabatic electron transfer theory which will be summarized in the next
section.

! highest occupied and lowest unoccupied molecular orbital, respectively
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Fig. 3.1: Photoinduced charge transfer in a donor—acceptor complex. (a) Photoinduced
electron transfer (ET), (b) photoinduced hole transfer (HT). Shown are the electron
configurations of the product states. Thick lines and thin lines represent electronic and
vibrational levels, respectively.

3.2 Fundamentals of Nonadiabatic Electron Transfer Theory

From the golden rule of perturbation theory, the rate constant for nonadiabatic electron
transfer, with the Condon approximation, is given by:*2

2
<rvib | Puin >‘25(ER - EP) = %VZFC (3.1)

2
ker =T |(RIH|P)

Here, the ET rate constant is given first in terms of the isolated levels of the reactant and
product. |r,,) and | p,;,) are vibrationa states, |R) and |P) electronic states of reactant
and product, respectively. ‘<R|H|P>‘ =V is the matrix element for electronic coupling
between the donor and the acceptor, with H being the Hamiltonian of the entire system. FC
denotes the density of states weighted Franck—Condon factor.

The distinction between nonadiabatic and adiabatic electron transfer is related to the
magnitude of the electronic interaction between the reactant and product potential energy
surface (Fig. 3.2). In the nonadiabatic limit the splitting at the barrier top, given by the
crossing point of the curves, is very small. The formulation given in Eg. (3.1) is only
correct in the limit of sufficiently weak coupling, i.e., for donors and acceptors at moderate
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5 ; ;

Fig. 3.2. Free energy curves for a D—A complex in harmonic approximation. q is the
reaction coordinate. The definition of the driving force AG, the reorganization energy A,
and the free energy of activation E, is indicated. Inset: The diabatic (dashed curve) as well
as the adiabatic curves (full line) are shown. The splitting has a magnitude of 2V at the
crossing point of the adiabatic curves.

to long distances. For this discussion, the presence of a nonadiabatic ET reaction will be
assumed. Depending on the treatment of the nuclear degrees of freedom that contribute to
the Franck—Condon factor, electron transfer theories can be divided into classical and
quantum mechanical approaches.?

3.21 Classical Theory

Marcus derived a general expression for the ET rate constant from a thermally equilibrated
vibronic manifold of the donor—acceptor potentia surface, involving only the low-
frequency medium modes in the high-temperature limit:1**

_2m V? 0 (AG+A)
= eXprr
hoJAmkgT O AkT

ET

O
B (3.2
[l

2 |n general, vibrational modes must be treated as quantum mechanical if #w>> ksT. When /iw = kgT, the
classical results are often reasonably accurate.!*”
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Fig. 3.3: (&) The normal region, (b) the activationless region, (c) and the inverted region of
electron transfer in aD—A complex.

In EQ. (3.2) ket is expressed in terms of the reorganization energy A and the free energy
change of the reaction AG. kg is the Boltzmann constant, and T the temperature.

In the derivation of Eq. (3.2) it is assumed that a quadratic function can adequately
describe the free-energy surfaces of the reactant and product and that these two surfaces
have identical curvature (Fig. 3.2). Importantly, Eq. (3.2) predicts that the electron transfer
rate decreases with increasing —AG for strongly exoergic reactions and advances a
universal classification of ET reactions to normal (—AG < A), activationless (-AG = A), and
inverted (-AG > A) regions (Fig. 3.3). On the basis of Eq.(3.2) the free energy of
activation E; can be described by:

g, =86 +A)° (33

44
From Fig. 3.2 a physical meaning of the reorganization energy can be deduced: A is the
change in free energy required to move the reactant atoms to the product configuration and
to move the solvent molecules as if they were solvating the products without actually
transferring the electron. A contains contributions from the vibrations of the molecules
(inner-sphere or intramolecular reorganization energy A,) and from the polarization
changes in the dielectric solvent environment (outer-sphere or medium reorganization
energy As). The standard estimate for the latter was obtained by Marcus by using a model
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in which reactants and products were modeled as conducting spheres and the medium as a
dielectric continuum:!*3

e2

_ H1 ., 1 _1fH1 1
4rE, Fr, +2rA ROE, &H (34)

In this equation rp and ra are the radii of the donor and the acceptor, respectively, and R

A

S

the distance between their centers. &, and & are the optical frequency and the static
dielectric constants of the medium, e is the charge transferred, and & is the permittivity of
free space. The difference in the inverse dielectric constants (Pekar factor) relates to the
fact that nuclear degrees of freedom cannot readjust instantaneously to the motion of the
electrons, amanifestation of the Born-Oppenheimer approximation.?

For photoinduced electron transfer reactions the free energy change AG can be
calculated using the Rehm-Weller expression:[**

AG=E, —E, ~AE,+C (3.5)

Here, Eox IS the oxidation potential of the ground-state donor, Eeq is the reduction potential
of the ground-state acceptor and AEy is the zero—zero transition energy for optical
excitation. To a first approximation, C is the Coulomb energy change resulting from ET
between the donor and the acceptor. Under the assumption that the ions are spherical and
using the Born equation to estimate the electrostatic solvation energy, the reaction free
energy is given by!*

e2

2
AG=E, -E_-ME,+ S HL 41 1ot 1 i (36)
8, r, 2r, R Eret ] AEErg R

where ¢ is the dielectric constant of the solvent in which the electron transfer reaction
OCCUr'S, &re IS the static dielectric constant of the solvent used to measure Eq and E;q. The
last term in Eq. (3.6) is the Coulomb stabilization of the product ions and the second to last
term arises from the separati on-distance-dependent solvation energy of theion pair.

It follows from Eg. (3.6) that for a charge shift reaction, with donor—acceptor charges
1,0 - 0,1 and donor and acceptor molecules of similar size and in similar
environments, the distance dependence of AG can be neglected.[



24 3 THEORETICAL BASCS

k.. [a.u]

-AG [a.u.]

Fig. 3.4: Driving force dependence of the ET rate constant, involving only low-frequency
medium modes (solid line), and in the presence of one high-frequency quantum mode
(broken line). Calculated according to Eq. (3.2) and Eq. (3.7), respectively.

3.2.2 Quantum Mechanical Theory

For many systems Eq. (3.2) has been shown to be insufficient since it treats the nuclear
system as a single effective classical degree of freedom. Therefore, theoretical models with
one or more additional high-frequency quantum mechanical degrees of freedom must be
employed. A generdization of Eg. (3.2) for nonadiabatic ET is given by the Marcus-
Levich-Jortner equation, where the contribution of the quantum modes is subsumed into a

single high-frequency mode (ca > kaT) with the frequency e

2r V? = S AG + A, +nhw, )
Ker == ———=exp(~ SC)Z exp ( ) (3.7)
h 47ﬂSkBT n= n! 4AskBT
A
where S, = — (3.8
ho

C

S is the dimensionless vibrational coupling constant (Huang—Rhys factor). Although
expressions have been proposed that include many coupled vibrations explicitly, it appears
to be generally applicable to account for the effects of the quantum behavior by treating
only a few modes quantum mechanically by mode averaging.*? For aromatic donors and
acceptors, a is often approximated by 1500 cm™, corresponding to the typical skeletal
vibration in an aromatic compound. Observations indicate that this type of vibrations is
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mostly involved in ion formation whereas high-frequency hydrogen modes seem to be of
lesser importance.®™™ Nuclear quantum effects result in a significant modification of the
free energy relations in the inverted regime (Fig. 3.4). More specifically, Eq. (3.7) leads to
a substantial slowing down of the decrease in the ET rate with increasing —AG, due to the
vibrational excitation of the quantum mode.

The vibronic theory also gives a far better representation of the temperature dependence
of ket than Eq. (3.2) since it accounts for nuclear tunneling. This quantum effect is
important for the transfer at low temperatures and in the inverted regime. Figure 3.3 shows
that the tunneling barrier is expected to be substantially smaller in the inverted region than
in the normal region. The vibrational overlap is higher and tunneling more efficient. Only a
weak temperature dependence is seen in the ET rate constant because there is little increase
in the vibrational overlap between the product vibrational states and levels above.

3.2.3 Superexchange-Mediated Electron Transfer

In a variety of environments, e.g. in proteins, the rate of long-range (>5A) electron
transfer has been shown to fall off exponentially with distance.'? If the separation exceeds
the spatial extension of the wavefunctions of D and A, their direct interaction is negligible.
Such long-range ET involves the mediation of the nonradiative process by the intervening
molecular bridges (B), which control the process via electronic and/or vibronic coupling.
For proteins and other insulating environments, there exists a large energy difference
between the electronic origin of the DBA manifold and the energy of the oxidized and
reduced states of the bridging medium (D'B"A or D"B*A). Consequently, coupling of the
donor to the acceptor involves quantum mechanical tunneling of charge between a
localized orbital on the donor and a localized orbital on the acceptor. The states D*B”A or
D B*A are virtual states that are not physically populated, i.e., the ET takes place in a
single step.®?

As described by Egs. (3.2) and (3.7), with weak donor-acceptor coupling ker is
predicted to vary with the square of the electronic coupling matrix element V. The distance
dependence of the solvent motion barrier, Eq. (3.4), is included in the Franck—Condon
factor. Due to the exponential decay of the electronic wave functions of the donor and
acceptor V is predicted to fall off exponentially with distance:

(R-R,)
2

V=V, exp% B E (3.9)
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Vo is the electronic coupling matrix element at the van der Waals separation Ry and R the
D-A center-to-center distance. Sis aconstant that reflects the decay of V with distance.

In generd, it is assumed that the distance dependence of the electronic coupling is the
dominant source of the distance dependence of the electron transfer rate constant:

Ker =Ko eXp[_ ﬁ(R_ I'_‘>o)] (3.10)

Only for systems in which the reorganization energy and the driving force vary negligibly
with R the rate constant is predicted to reflect the distance dependence of V. For different
classes of donor—acceptor systems £ can vary substantially. The distance dependence of
ET ratesis especially well characterized in proteins. Reported S values typically fall in the
range of 0.9-1.6 A%

Any detailed characterization of the distance dependence of an electron transfer reaction
must separate the decay of the electronic couplings from the distance dependence of the
reorganization energy A and the free energy change AG. In terms of Eq. (3.2), the rate
constant of the nonadiabatic electron transfer from a donor to an acceptor at a distance R is
then given by:

_2nVy expl(- BR-R,))| . H (AG(R) +A(R)’
ker (R) =5 JARA(RK, T eXE AA(R)k, T E (3.11)



4 The Apparently Anomalous Distance Dependence of
Charge Transfer Ratesin DNA Duplexes M odified by
9-Amino-6-chloro-2-methoxyacridine

In this chapter, the dynamics of photoinduced charge transfer in DNA duplexes containing
a covaently appended, protonated 9-amino-6-chloro-2-methoxyacridine (ACMA)
chromophore are investigated by means of femtosecond and nanosecond transient
absorption spectroscopy. From fluorescence quenching experiments on a similar system,
Fukui et al. have reported a steep distance dependence of the hole transfer rates.!?" ? |n
the context of utilizing the ACMA-DNA system for a study of hole hopping dynamicsin
duplex DNA, the magor focus of this study is on the origin of this steep distance
dependence. The results discussed in this chapter are the basis for the more detailed
investigation of this DNA donor—acceptor system in the following chapters. The chapter
starts with an overview of recent results on the dynamics of superexchange ET in DNA.!

4.1 Introduction

The vaue of the tunneling parameter [ for single-step superexchange electron transfer,
Eq. (3.10), is one of the most contentious points in the literature on DNA electron
transfer.[’> ® The earliest estimates of the Barton group of 3 came from experiments
utilizing DNA duplexes with hole injectors and acceptors tethered to the 5' termini with
long linkers!® The existence of ultrafast long-range ET was merely inferred from the
absence of fluorescence intensity and avalue B< 0.2 A™* was reported. Brun and Harriman
extracted £ from non-covalently attached intercalated donors and acceptors and obtained a
value of about 0.9 A™.[¥ Whereas the S values reported from these and other experiments
are in sharp disagreement, a reconciliation between them is not possible due to poor

! In addition to the single-step superexchange mechanism, which operates only over relatively short
distances, charge transport can occur over long distancesin DNA by multi-step hopping. This mechanism has
recently been studied both experimentally and theoretically.*>>
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structural definition of these ET systems. Other potential reasons leading to the observed
large discrepancies in the reported 3 values have already been discussed in detail.*”!

A more precise definition of the donor—acceptor distance has become possible in
oligonucleotides where the hole injector is either a specific ribose cation,'®™ a covaently
attached hole injecting chromophore,'® 23 or a purine nucleobase'®® % which is capable of
acting as a hole donating species. These newer assays have allowed studies on the
dependence of both thermal and photoinduced hole transfer processes on the number of
A:T pairs separating the donor and acceptor species. In the thermal hole transfer studies of
Giese and coworkers hole transfer from a guanine cation, selectively oxidized by a
deoxyribose radical cation, to a triple guanine (GGG) led to distance-dependent yields of
strand cleavage products.!®™ The dynamics of photoinduced charge transfer in duplex DNA
have recently been investigated in several structurally well-defined systems. In the work of
Tanaka and coworkers, the ACMA chromophore was covadently attached to a
sugar—phosphate backbone using a proprioamide linker and resided inside the duplex by
filling an abasic pocket.[?:%% ¢ 8 | ewis et al. have investigated the distance dependence
of photoinduced hole transfer for a family of synthetic DNA hairpins in which a stilbene
dicarboxamide (SA) forms a bridge connecting two oligonuclectide strands.'®

In spite of the different nature of the experiments reported by Giese et a. and by Lewis
et a., both the yield of strand cleavage products as well as the directly measured hole
injection rate constant have been reported to decrease exponentially with the number of
A:T base pairs between the hole donor and guanine with a decay parameter in the range
B=0.6-1.0 A1 This Brange is larger than that observed for donor-acceptor systems
connected by phenylene or alkene bridges, in which B<0.4 A" % However, it is
significantly smaller than that for non-specific electron transfer pathways in proteins® >
and rigid aliphatic bridges!® ™ where B ranges between 0.9-1.6 A, A prominent
exception to this range of S values in DNA arises in the experiments involving ACMA-
labeled DNA duplexes, where the decrease in the hole injection rate constant with
increasing distance is much steeper and 8= 1.5 A™~.[?? On the theory front, Bvalues in the
range 0.6-0.8 A™ were substantiated by recent quantum chemical calculations.[”*"

In the context of utilizing ACMA-labeled duplexes for charge hopping studies a
detailed investigation of the origin of the large decay parameter is essential. The large
value reported for the ACMA-DNA system may be system inherent and the difference in
the attenuation factors could originate from weak electronic coupling between the ACMA
hole donor and the bridging A:T base pairs. In this case, charge hopping could be expected
to favorably compete with the backward charge transfer. Moreover, the electronic
couplings may be affected by large amplitude motions of this modified duplex, and
therefore may be time-dependent. Contributions to the larger distance dependence in
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Fig. 4.1: Chemical structure of the 9-amino-6-chloro-2-methoxyacridine (X*) modification
utilized in this work and the structures of guanine (G) and 7-deazaguanine (Z).

ACMA-DNA duplexes could also result from a larger energy difference between the
initial and bridge states.” In addition, some of the energy parameters which govern the
hole transfer rate, such as AG and As, may have a distance dependence of their own.?* ™
This last hypothesis addresses an inherent problem of electron transfer theory which, in
relation to DNA, has recently been approached in an explicit way.[*®

Moreover, it must be kept in mind that ACMA and its derivatives were reported to
display complicated photophysics in agueous solution’” ™ Using steady-state and
nanosecond time-resolved fluorescence measurements, Hélene and coworkers have
reported a pronounced wavelength dependence of the fluorescence decay, i.e., a dynamic
Stokes shift which has been assigned to an environmentally sensitive excited-state
relaxation.!” The relaxation time was reported to be solvent and temperature dependent
with the fastest relaxation mode ranging from 100 ps in a mixed solvent of high viscosity
(90% glycerol, 10% aqueous buffer) at 10 °C up to 2.5 ns in aqueous solution at room
temperature. The relaxation mechanism was ascribed to the response of the polar solvent
cage to an inferred 13 D increase in the molecules's dipole moment upon excitation.[
Since in this work excited-state relaxation has been claimed to depend on the
microenvironment of the chromophore in a specific way, intercalation of ACMA in the
DNA duplex may influence the time scale of this relaxation process. Such an excited-state
relaxation in the excited singlet state of ACMA could compete with ET and lead to a time-
dependent driving force AG of the electron transfer process.

In the following, time-resolved transient absorption studies on a family of ACMA-
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Duplex 1 2 3 Duplexes X*(AT) and 5'-X*

XTAT) AR A 5'-GCG TTA TAT A(X*)1 23T TAT GCG-3
5-X*G G A A

5-X*AG A G A

5'-X*AAG A A G Duplexes 3'-X*

5'-X"Z Z A A 5'-GCG TTA T12 3(X*)A TAA TAT GCG-3
5'-X*AZ A zZ A

5-X*AAZ A A Z .

3-X*G A A G Duplex X (AT)13

3-X*AG A G A 5'-GCG TAA (X*) AAT GCG-3'
3-X*AAG G A A

3-X'Z A A Z Duplex 3'-X*G,;3

3-X*AZ A Z A

F-X*AAZ 7 A A 5'-GCG TAG (X*) AAT GCG-3

Fig. 4.2: Nucleobase sequences of the X*-modified single strands. The counter strands
utilized to produce the duplexes are not shown. However, all nucleobases were placed in a
standard Watson—Crick pair and an adenine was placed opposite to X*, similar to the
previous work by Tanaka and coworkers.!*"

labeled DNA duplexes are presented. In these systems the photoexcited acridine derivative
acts as a hole injector and guanine as the hole acceptor (Fig. 4.1). Three observables are
monitored in these experiments: (1) the decay of the excited singlet state, (2) the formation
of the hole transfer intermediate, and (3) the recovery of the ground state of the
chromophore. From this data, the hole transfer rates as well as the underlying charge
transfer mechanism will be investigated as a function of the ACMA-G distance. In
addition, the energetics of the ET reaction will be varied through replacement of the
electron donor guanine with its easier-to-oxidize analog 7-deazaguanine (2).%% 8 The
chemical structure of the 9-amino-6-chloro-2-methoxyacridine modification (from now on
denoted as X™) utilized in this work is shown in Fig. 4.1, together with the structures of G
and Z. Similar to the previous work by Tanaka et al.,* the chromophore is covaently
attached to the backbone at an artificia abasic site by a tetramethylene linker. This
modification is placed at the center of a 21 base pair oligonucleotide and hybridized to its
Watson—Crick complementary strand according to the procedure given in Chapter 2. The
sequences of the X*-modified strands employed are given in Fig. 4.2.
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Absorption/Fluorescence [a.u.]

Fig. 4.3: Normalized absorption (1), fluorescence emission (---), and fluorescence
excitation () spectra of X in duplex X*(AT) at 283 K. The fluorescence was excited at
390 nm and fluorescence excitation was probed at 500 nm.

4.2 Experimental Results
421  Steady-State Spectroscopy

The absorption and fluorescence spectra of duplex X*(AT) shown in Fig. 43 are
representative examples for all duplexes studied here. The absorption spectrum is
characteristic of an intercalated 9-amino-6-chloro-2-methoxyacridine chromophore, with
S <« & absorption vibronic bands at 452, 428, and 405 nm and S, — & vibronic bands at
344 and 328 nm.®? The absorption peaks are red-shifted by =4 nm compared to the
chromophore in solution (see Fig. 5.4). This hypochromic effect is due to stacking
interactions between the dye and the neighboring nucleobases.*?

The fluorescence spectrum of X*(AT) was obtained using excitation at 390 nm. It shows
amain peak at 499 nm and two side bands at 471 nm and 530 nm. The strong increase in
fine structure, as compared to quinacrine in solution (Chapter 5), in both the absorption and
emission spectrum is indicative of a well-defined rigid X environment. The bands are
separated by approximately 1250 cm™ in agreement with previous assignments, probably
reflecting a vibration of the polycyclic aromatic ring structure!®¥ The fluorescence
excitation spectra, both at 470 and 500 nm emission wavelengths, closely follow the X*
absorption spectrum, as shown for X*(AT).
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Fig. 4.4: Comparison of the relative fluorescence intensity in duplexes X*(AT) (O),
3-X"AG (---), and 3'-X"G (-).

The steady-state fluorescence yield from X was found to be highly dependent upon the
nucleobase sequence flanking this chromophore (Fig. 4.4). In samples containing Z alower
fluorescence intensity (vide infra) was detected compared to analog duplexes with guanine.
Independent of the direction along the helix (3' or 5') amost complete quenching of X*
fluorescence was found for the duplexes X*Z, X*G, and X*AZ, whereas X"AAZ, X*AG,
and X*AAG showed significant fluorescence yields.

The CD spectra of all X*-labeled duplexes investigated display a positive band at
~277 nm, a negative band at 250 nm, and a crossover around 260 nm, indicative of an
overal B-form DNA structure (Fig.4.5).3¥ Moreover, athough 9-amino-6-chloro-2-
methoxyacridine itself is achiral, an induced CD spectrum can be observed for the
intercalated chromophore. All duplexes have a negative CD band which is a mirror image
tothe X' S, « S absorption band and a positive CD band around 350 nm, corresponding
to the S - & trangition (Fig. 4.6). Induced CD spectra arise from strong interactions of
the electronic transition moments of X* with the chirally arranged transition moments of
the neighboring nucleobases. The induced CD bands shown in Fig. 4.6 have been reported
to be indicative for ACMA intercalation.!®

All these findings point to a well-defined rigid X™ environment in the modified DNA
duplexes, irrespective of the specific nucleobase sequence.
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Fig. 4.5: Circular dichroism spectra of representative duplexes at pH 7.2 in 10 mM sodium
phosphate buffer. The dlipticity (6) spectra show the typical B-form signature of a positive
band centered near 275 nm, a negative band near 250 nm, and a crossover at ~260 nm. For
details see Section 2.3.1.

N
o
T

w
)
 ERE.

200 250

300

350
A [nm]

400

450 500

Fig. 4.6: Circular dichroism spectrum of duplex X*(AT) a pH 7.2 in 10 mM sodium
phosphate buffer. The strong interactions between the chromophore and the chirally
arranged base pairslead to an induced CD spectrum in the visible and near-UV wavelength
range. For clarity the induced spectrum has been scaled by afactor of 15.
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Fig. 4.7: Melting curve of the duplex 3'-X"Gy3 at 260 nm, in 10 mM sodium phosphate
buffer, 100 MM NaCl at pH 7.2. The melting temperature was determined to T,, =58 °C.
Anorm 1S the absorption at temperature T normalized to the absorption intensity at low
temperatures.

Moreover, incorporation of X' into an abasic site leads to an increase in melting
temperature of the modified duplex as compared to an unmodified duplex. Since the
relative change in the melting behavior due to replacing a thymidine phosphate with the X*
modification is expected to be more pronounced in shorter sequences, this effect was
studied with the 13-base pairs duplexes X"(AT)13 and 3'-X"Gy3 (the sequences are shown
in Fig. 4.2). For X*(AT)13 amelting temperature of 54.5 °C is found, as compared to 53 °C
for an unmodified analog under identical conditions. For the duplex 3'-X'Gys the
measurement yields 58 °C in comparison to 56 °C for an identical sequence containing a
thymidine phosphate instead of X*. A representative melting curve is shown in Fig. 4.7.
The increase of 1-2 K in the melting temperature in ACMA-modified duplexes is in
accord with previous results’® and can be attributed to strong 7=7rand dipolar interactions
between the intercalated chromophore and neighboring nucleobases. Such a tight binding
situation can also be deduced from a forthcoming 2D-NMR structure.?

2 in cooperation with H. Neubauer und C. Griesinger (Max-Planck-Institut fiir Biophysikalische Chemie,
Gottingen)
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4.2.2 Transient Absorption Spectroscopy

Femtosecond pump—probe measurements were performed using two amplified Ti:sapphire
laser systems differing in time resolution and excitation wavelength (Section 2.1). For
measurements with a probe wavelength of 450 nm excitation pulses at 390 nm were used,
whereas for all other measurements the excitation was tuned to 455 nm. Both 390 and
455 nm pump pulses alow for excitation of the § ~ & transition of the chromophore
(Fig. 4.3). Unless explicitly stated otherwise the experiments presented in this section refer
to duplexes labeled by 3'-X" in Fig. 4.2.

Excited-State Dynamics of the Reference Duplex X (AT)

Upon photoexcitation of X* in the duplex X*(AT), several transient features are observed
in the spectral region between 450 nm and 850 nm. These correspond to excited-state
absorption (550—-850 nm), ground-state recovery (<460 nm), and stimulated emission
(470-530 nm). Whereas the values in brackets indicate the wavel ength range dominated by
the corresponding transition, it should be emphasized that especially the excited-state
absorption spectrum is very broad and probably has a non-negligible contribution even at
A < 500 nm. Figure 4.8a shows the kinetic traces of X*(AT) obtained at probe wavelengths
of 650 nm, 500 nm, and 450 nm. All traces are monoexponential and show lifetimes
>5ns.® Using nanosecond time-resolved absorption spectroscopy on a laser system
allowing probing in the nanosecond to millisecond time window, the monoexponential
lifetime of *(X*)", measured using 455 nm pump and 650 nm probe pulses, is 18 ns. This
value is in reasonable agreement with the fluorescence decay time of 22.8 ns reported for a
similar ACMA-labeled duplex containing only A:T base pairs in the proximity of the
chromophore.!??

3 The fast recovery features seen in the kinetics under 390 nm pump and 450 nm probe conditions are
instrument limited and seem to be an artifact. Thisis strongly supported by the broadband absorption spectra
for X*(AT) (Fig. 5.2), which do not show any indication of a femtosecond component.
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Fig. 4.8: Transient pump-probe kinetics measured in duplexes (a) X*(AT), (b) 3-X'G, and
(c) 3-X*AG. 390 nm, ~150 fs pump pulses were used for excitation when probing at
450 nm and 455nm ~200fs pump pulses were used when probing a al other
wavelengths. The probe wavelength used for each kinetic trace is noted in (a)—(c). The
solid lines are nonlinear least-squares fits to the data, whose fit parameters are listed in
Table 4.1.
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Hole Transfer Dynamicsin the Different G and Z Containing Duplexes

When a G:C base pair is placed next to X", duplex 3-X*G, a new positive feature is
observed in the stimulated emission region (Fig. 4.8b) which rises with a time constant of
3.8 ps and decays with 35 ps. In previous transient absorption measurements on other
acridine derivatives, broad radical absorption bands were observed in the visible region.
Poulos et al. have reported that the 10-methylacridinyl radical absorption spectrum in an
acetonitrile-water mixture ranges from 450 to 550 nm with a maximum around 500 nm. [
The radical of non-derivatized acridine was also found to show a broad absorption band
around 500 nm, extending into the 600 nm range in some solvents.®” Therefore, this new
band observed around 500 nm is assigned to absorption of the product state X* formed via
picosecond photoinduced hole transfer from Y(X*) to G:

XY +G - X +G™ (4.1)

This assignment is supported by the finding that the decay time of this positive band
matches the observed recovery time of the X* ground state (450 nm probe). Accordingly,
the X'—G'* radical pair recombines in areverse hole transfer process, leading to G and X*
in the ground state:

X +G" L X' +G (4.2)

It should be noted that there is no evidence for an absorption of the guanine radical cation
at 450 nm. This may be due to several reasons. The extinction coefficient of G at this
wavelength is only about 2000 Mcm 1% Compared to the cross section of the bleached
S — S ground-state absorption,* only a minor contribution from the absorption of the
guanine radical cation is expected. Additionally, the excited-state absorption band of X*
probably extends into this wavelength range® leading at |east to a partial cancellation of the
contributions of these two components to the observed signal. In X*(AT) the positive
feature at 650 nm is excited singlet state absorption. However, in the duplex 3'-X*G both
(X" and X" absorb at this wavelength, and as hole transfer occurs there is an evolution
between the two states which masks the rise characteristics of X". For probe wavelengths
tuned further to the red (>650 nm) the absorption from the excited state dominates yielding
kinetics with two decay components: a ~4 ps component corresponding to the excited-state

* €450 = 9500 M cm* for 9-amino-6-chloro-2-methoxyacridineg®®
® This can be concluded from the strong contribution of the excited-state absorption to the difference
absorption signal at wavelengths around 430 nm (see Fig. 5.2).
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lifetime and a 35 ps component corresponding to the lifetime of the radical. Another
important feature of all measurements is that both the charge shift rate and the back
transfer rate are monoexponential, and only a small fraction (<10%) of long-lived
background signal is observed in the transient kinetics.

Placement of one A:T pair between X* and guanine (3'-X*AG) changes the observed
transient absorption features back to those found for the reference system X*(AT)
(Fig. 4.8¢c). The X" band is not observed and the kinetics of the ground-state recovery of
X*, aswell as the decay of *(X*)" monitored using the stimulated emission lifetime and the
lifetime of the 540-850 nm band, are again monoexponential with lifetimes >5ns.
Nanosecond transient absorption measurements yield the kinetics listed in Table 4.1 for
this duplex. Both the ground-state recovery and the excited-state decay are faster in
3-X*AG than those measured in X*(AT), implying a guanine-specific quenching
mechanism for Y(X*)" in this duplex. When two A:T base pairs are placed between X* and
G, duplex 3-X"AAG, there is no excited-state quenching of X”, indicating the absence of
hole transfer in this duplex.

After placing a Z:C base pair next to X", duplex 3'-X'Z, the transient absorption
features resembl e those observed for 3'-X*G. The product state X, monitored at 500 nm, is
formed within 700 fs and decays with a lifetime of 6.4 ps (Fig. 4.9a).° The hole transfer
processes are analogous to those in Egs. (4.1) and (4.2), involving 7-deazaguanine as hole
acceptor instead of guanine:

XY +z X+ (4.3)
X +Z" L X"+2Z (4.4)

The ultrafast decay of (X*)" is consistent with the observation that 3-X*Z is amost
nonfluorescent in steady-state measurements. Once again, single exponentia forward
charge shift and back transfer kinetics are observed in this duplex with negligible
background signal.

Unlike in duplex 3-X*AG, the placement of a single A:T pair between X" and Z in
duplex 3'-X*AZ does not result in the disappearance of the X" signal (Fig. 4.9b). Both the
forward charge shift and the back transfer lifetimes slow down by a factor of about 15
with respect to their counterpartsin 3'-X*Z. However, placing two A:T base pairs between
X" and Z does result in transient dynamics resembling those of duplex 3'-X*AG,
(Fig. 4.9¢).

® The positive feature observed in the stimulated emission region probably also contains a contribution
from excited-state absorption.
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Fig. 4.9: Transient pump-probe kinetics measured in duplexes (a) 3-X*Z, (b) 3-X"AZ,
and (c) 3-X"AAZ. 390 nm pump pulses were used for excitation when probing at 450 nm
and 455 nm pump pulses were used when probing at all other wavelengths. The solid lines
are nonlinear least-squares fits to the kinetic data, whose parameters arelisted in Table 4.1.
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In 3-X*AAZ, there is no observation of X" and the kinetics of ground-state recovery and
excited-state decay can be characterized by lifetimes >5ns. Nanosecond transient
absorption spectroscopy shows that the kinetics of ground-state recovery and excited-state
decay of X* are monoexponential with identical rates, and faster than those observed in
XT(AT).

Directionality of the Hole Transfer Dynamics

In addition to the 3'-X" duplexes, hole transfer occurring in the opposite helical direction
(5'-X" duplexes) was also studied. In all 5'-X* duplexes spectral features identical to those
discussed above for their corresponding 3'-X* counterparts are observed. The lifetimes of

Table4.1: Numerical parameters of the fit functions displayed in Figs. 4.8 and 4.9.

Duplex Aprove | T1[ps] |AA [ps |AA i[ng° |AAs
X*(AT) 650 - - - - >5(18) | 1.00
500 - - - - >5 -1.00
450° - - - - >5 -1.00
3-X'G 650 - - 35 0.91 25 0.09
500 38 |-066 | 34 0.30 35 |-0.04
450° - - 36 -1.00 - -
3-X*AG | 650 - - - - >5(6.9) | 1.00
500 - - - - >5 -1.00
450° - - - - >5 (7.4) [-1.00
3-X*Z 650° - - 5.8 0.84 35 0.04
500 0.7 -0.34 6.4 0.65 - -
450° - -1.0 6.8 - - -
3-X*AZ | 650 9 -0.06 |[105 0.81 33 0.13
530° |11 -0.48 98 026 |[>5 -0.06
450° - - 122 -0.87 |>5 -0.13
3-X*AAZ | 650 - - - - >5 1.00
500 - - - - >5 (8.4) [-1.00
450° - - - - >5 -1.00

DA , 5 are the relative amplitudes of the time constants ;5. * Excitation wavelength: 390 nm. ® The time
constants in the nanosecond region cannot be determined precisely as the delay line is restricted to times
below 6 ns. Values in parentheses were measured with the nanosecond pump-probe setup. © Additional
unassigned time constant of 42 ps (12%). ¢ Additional unassigned time constant of 150 fs (20%).
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Fig. 4.10: Transient pump-probe kinetics measured in duplexes 3'-X*G (+) and 5-X*G (m)
using 455 nm pump pulses and 650 nm probe pulses. The different decay times, with main
components of 35 ps for 3-X*G and 57 ps for 5'-X"G, illustrate the directionality of hole
transfer in X*-modified duplexes. The solid lines are nonlinear |east-squares fits to the
kinetic data.

the excited state and the X" state measured for duplexes with the same distance between
the X hole donor and an acceptor nucleobase are of the same order magnitude, with rate
constants in the 3'-X" duplexes consistently larger than those in the 5'-X* duplexes
(Table4.2). Thisisillustrated in Fig. 4.10 for the duplexes 3-X*G and 5'-X"G.

4.3 Discussion

The kinetic data of Section 4.2 are compiled in Table 4.1. The rate constants of the forward
hole shift k; can be calculated according to Eqg. (4.5).

Kk =—-— (4.5)

In this equation, 1, is the excited-state lifetime of the reference duplex X*(AT) (18 ns), and
Tes the excited-state lifetime of a sample with hole transfer. The rate constants for the
backward charge shift k, are obtained from the radical lifetimes and the ground-state
recovery times. The rate constants k; and k; for all duplexes are summarized in Table 4.2.
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Table 4.2: Forward and backward charge shift rate constants k; and k.
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Duplex ki [$7]° ke [S7]°
3I-X'G 2.6 x 10 2.9 x 10%°
5-X'G 1.7 x 10 2.0 x 10%°
3I-X*AG 8.9 x 10’ -
5-X*AG 2.8 x 10’ -

3-X*Z 1.4 x 10* 1.6 x 10"
5-X*Z 1.1 x 10* 1.3 x 10"
3I-X'AZ 9.1 x 10%° 1.0 x 10%
5-X*AZ 8.3 x 10%° 5.9 x 10°
3-X*AAZ 7.4 x 10’ -
5-X*AAZ 3.0 x 10’ -

2 Forward hole shift rate constants calculated from excited-state lifetimes according to Eq. (4.5). ° Rate
congtants for the backward charge shift obtained from the radical lifetimes and the ground-state recovery
times.

As noted in the previous section, an important feature of all measurements is that both
the charge shift rate and the back transfer rate are monoexponential and that thereisonly a
small fraction of long-lived background signal observed in the transient kinetics.
Monoexponential electron transfer rate constants point to well-defined el ectronic couplings
in these duplexes. Since these couplings reflect short range interactions, one majority
incorporation site for the X* chromophore is highly probable. The absence of distributed
kinetics even on the subpicosecond time scale shows that structural fluctuations on any
longer time scale are not reflected by a distribution of electronic couplings between X* and
the nucleobases within the base stack. This invariance could be the result of strong 771
and dipolar interactions between the intercalated chromophore and the neighboring
nucleobases, interactions which lead to an increased rigidity of the local structure around
the intercalator and the X*-specific features observed in the visible and near-UV CD
spectrum of these duplexes. However, it is aso possible that structural inhomogeneities are
not reflected in the kinetics because variations of the electronic couplings are compensated
by concomitant changes in the energetics.

Since very similar kinetics and transient absorption spectra are observed for hole
transfer between X* and a hole acceptor at a fixed base pair separation in either helical
direction of the duplex (Table4.2), the following discussion is restricted to the
phenomenology of 3' duplexes. Moreover, preliminary information from a forthcoming
NMR structure indicates that the base pairs in 3' direction from the chromophore adopt a
structure close to standard B-form, whereas a more pronounced perturbation is detected in
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the other direction.®® This finding is in accord with the observation that the long-lived
background signal has larger amplitudesin 5 duplexes pointing to a less ordered structure.
The observation that in 3' duplexes the electron transfer rate constants tend to be by a
factor of two larger than in 3' duplexes might therefore either stem from a less favorable
geometry leading to a decrease in the electronic couplings between donor and acceptor
and/or mirror the asymmetry of the electronic interaction between the nucleobases in the
two helical directions.!™

The femtosecond time-resolved absorption experiments presented in the preceding
section provide detailed information on the phenomenology of hole injection dynamicsin
X*-modified DNA duplexes. The excitation and probing conditions given for these
duplexes allow independent access to the kinetics of (X*)" decay and X* ground-state
recovery, as well as the formation and decay times of the charge transfer product state X'.
Before entering a more detailed discussion of these experiments, it should be stated that the
crucia information on the nature of the steep distance dependence of hole injection rates
for X*-modified duplexes can be extracted directly from the data set in Table 4.2, without
any assumptions or kinetic modeling. The kinetic features of the X*—~DNA duplexes clearly
point to the interplay of two effects: the decrease in electronic couplings and a concomitant
increase in the activation energy for hole transfer with increasing distance between X* and
the electron donor species G or Z.

The following discussion of the mechanism and distance dependence of the hole
transfer rate constants has to be kept on a qualitative level since too little is known about
the basic electron transfer parameters in this specific DNA environment so far.
Nevertheless, the following interpretation of the kinetics will be based on independent
estimates of the low-frequency reorganization energy. Reorganization energies in DNA
may be rather complex reflecting the response of the nucleobases, of the backbone, and the
aqueous solvent on the change in charge distribution associated with the ET process. The
most recent experimental value of As arises from the work by Lewis et al., where data
anaysisin the framework of a semiclassical approach yields As = 0.2-0.4 eV for the charge
separation reaction in stilbene-capped DNA hairpins.®™ A values in this range also follow
from the recent analysis of reaction yields associated with hole hopping after thermal
injection.®” % In contrast, model calculations of As in duplex DNA yielded much higher
values for the solvent reorganization energy (3.0 eV at 15 A) for both charge shift and
charge separation processes.l*® These calculations were based on the explicit consideration
of the dielectric heterogeneity of the surrounding medium also taking into account the fact
that As should be distance dependent.
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431 HoleTransfer in 3-X'G and 3-X"Z

The forward hole transfer rate constants k; in the duplexes 3'-X*G and 3'-X*Z, where the
hole donor and acceptor are in direct contact, are 2.6 x 10" s* and 1.4 x 10%s™,
respectively and, as mentioned before, essentialy single exponential. Small, long-lived
background signals are attributed to a minority (<10%) of modified duplexes displaying an
unfavorable geometry for hole transfer.

For any analysis of the kinetic data within the framework of ET theory an estimate of
the driving force (Eq. 3.5) in the systems 3'-X "G and 3'-X*G is needed. However, there are
no reliable data either for the oxidation potentials of the nucleobases or for the reduction
potential of ACMA in a DNA environment. Because of the strong stacking interactions the
in situ values may differ from those reported for solution by several tenths of an
electronvolt.

In view of these uncertainties, the discussion at this stage will be based on the following
estimate of the driving force. The ultrafast rate measured for 3'-X*Z implies that hole
transfer occurs under either activationless (AG =A), or dightly inverted conditions
(AG > A). The above experimental estimates of A’ limit the driving force —AG to the range
of 0.2-0.4 eV. Assuming the oxidation potential of G to be by about 0.1-0.3 eV higher
than that of Z,1% % % it follows that ~AG = 0.0-0.3 eV in 3-X"G. For both systems the
respective back transfer rate constants k, are by a factor of 9 slower than the forward rate
constants k;. In contrast to k; the back transfer rate is characterized by alarge driving force
(<—2.3 eV) resulting from 2.7 eV excited-state energy of *(X*)" and the limits of AG for k;.
Such relatively small values for ki/k, can, in principle, be explained applying the explicit
formalism underlying Eq. (3.7).

How do the kinetic rate constants of X*-modified DNA relate to other DNA charge
transfer duplexes reported in the literature? In femtosecond absorption spectroscopy Lewis
et a. have investigated synthetic DNA hairpins containing the neutral stilbene-4-4'-
dicarboxamide as a photoexcited hole donor.!® ®® In contrast to the charge shift reactions of
the protonated acridine intercalator X™ the stilbene derivative undergoes charge separation
and recombination. In spite of the differences between X* and the stilbene derivative, the
kinetic pattern in the nearest-neighbor hairpin (ky = 1.0 x 10" s* and k, = 4.3 x 10%° )i
and in the 3-X'G duplex (k;=2.6x 10" s* and k, = 2.9 x 10°s%) can be compared
gualitatively. The different ratios of the forward to back transfer rate constants, ki/k, = 23
for the stilbene system and ki/k, = 9 for 3'-X*G can be attributed to the deeper inversion of

" The total reorganization energy in the classical limit A is assumed to be dominated by the medium
contribution A..
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k> in the case of the stilbene DNA hairpin. The replacement of G by Z in both the X*™-DNA
and the stilbene-DNA system results in an acceleration of the hole transfer rate constants
by afactor of 5. Consequently, at least in the case of nearest neighbor ET in duplex DNA,
charge shift and charge separation reactions tend to show similar kinetic behavior.

43.2 HoleTransfer in 3-X'AG and 3-X"AAG

From the data in Table4.2 it follows that the ratio of the forward rate constants
ki(3'-X"G)/ky(3-X"AG) is 2900. In the case of ignoring the mechanistic definition of S
according to Eq. (3.10) and extracting its value from these two data points, where one of
them applies to direct contact and the other one to superexchange-mediated transfer, the
result would be an unphysically large B value of 2.3 A™%. This value is even higher than the
1.5 A attenuation factor reported by Fukui et al.’?? and in more dramatic contrast to the
previously reported 3 values of 0.6-0.8 A% Sych a steep distance dependence is also
supported by the observation of identical excited-state decay times in 3'-X"AAG and
X*(AT), indicating that the hole transfer in 3'-X*AAG must be much slower than the 18 ns
excited-state lifetime of X* in X*(AT). Already at this stage of the discussion a [ value of
the order of 2 A indicates that in X*-labeled DNA duplexes the electronic coupling V
cannot be the sole factor determining the distance dependence of the injection rate. The
large B value is rather the fingerprint of two superimposed effects: a decrease in the
superexchange-mediated electronic coupling V which is accompanied by a growth of the
activation energy with increasing X'—G distance. This explanation is also consistent with
the finding that in the system 3'-X*AG the product state X' is not observed. This is
indicative of a fast (less activated) back transfer rate constant k, as compared to the
forward rate constant ky. In summary, in the X*~-DNA system there are two hole transfer
regimes which differ with respect to the activation energy of the forward rate constant kj:
for the direct-contact system 3'-X'G, and also for 3'-X*Z and 3'-X*AZ (see below) ki
exceeds kp, whereas the opposite is true for the duplexes 3'-X*AG and 3'-X"AAZ.

In order to put the concept of a distance-dependent activation energy in X*-labeled
duplexes to test, the injection reaction in the system 3'-X"AZ should be faster than in
3'-X*AG since replacing G by Z is expected to increase the driving force AG. This
expectation is also supported by the nearest neighbor behavior as discussed in
Section 4.3.1.
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433 HoleTransfer in 3-X'AZ and 3'-X"AAZ

In contrast to the large ratio ky(3'-X"G)/ky(3'-X"AG) = 2900, the replacement of G by Z
leads to ky(3'-X*Z)/ky(3-X*AZ) = 15. Together with the observation of the 3-X'AZ™"
intermediate state this ratio indeed points to a smaller activation energy as compared to the
one of the system 3'-X*AG. The reduction factor of 15 per A:T base pair between a hole
donor and acceptor in DNA is similar to that observed in the previous transient absorption
experiments by Lewis et a.l¥ and in the yield studies of Giese and coworkers.®Y In
contrast to 3'-X"AG, in 3-X"AZ the back transfer rate constant k; is observed, whereas the
dynamicsin duplex 3-X*AAZ are similar to those of 3'-X"AG and k; is not observed. This
phenomenology is to be expected from a change in the charge transfer mechanism from
(nearly) activationless hole transfer in 3'-X*AZ to thermally activated injection kinetics in
3-X'AAZ. Hence, these experiments involving nucleobase G/Z replacement
independently justify the assignment of a large £ value to a change in the mechanism
involving the energy parameters.

In the duplex 3-X*AZ the ratio of rate constants is ki/ko=10+2. As in the
direct—contact systems 3'-X"G and 3'-X"Z this ratio is expected to predominantly reflect
forward hole transfer in the activationless or dlightly activated regime of the Marcus
expression, whereas the back transfer dynamics occur under inverted conditions. Since in
contrast to the nearest neighbor systems, the hole transfer dynamics in 3-X"AZ are
mediated by superexchange interaction due to the intervening A:T base pair, this ratio may
also include a smaller superexchange coupling for kp, as compared to ki, caused by an
increased vertical energy difference between the state 3-X"AZ"* and the A:T bridge.

4.3.4 Comparison to Previous Results

The duplexes 3-X'G, 5-X'G, 3-X"AG, and 5-X"AG are direct analogs of the DNA
duplexes studied earlier by Fukui and Tanaka.!** ?? In these studies, fluorescence quantum
yields and fluorescence decay times were used to investigate the distance dependence of
electron transfer in DNA between 9-amino-6-chloro-2-methoxyacridine (covaently
attached to the DNA through a dlightly different linker from that in X", see Section 4.1)
and a guanine nucleobase. Most likely due to instrument limitation the forward charge shift
rates in the X*G duplexes have not been resolved. Importantly, the slow hole injection
rates derived from time-resolved fluorescence measurements on 3'-X*AG duplexes in the
previous work are in agreement with the pump—probe measurements in this work. In
addition, the dependence of k; on the helical direction of transfer, e.g. a comparison of
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3-X'AG and 5-X"AG, is also reproduced by the transient absorption data, athough the
structura details of the binding site of the chromophore might differ due to the different
attachment. The ratio ky(3'-X"G)/ky(3'-X"AG) from the measurements in this work is 2900,
which predicts an apparent value of 3in DNA of 2.3 A, a value even higher than the
value given by Fukui and Tanaka of 8=1.5 A% As stated in Section 4.3.2 this large
attenuation factor is attributed to the superposition of a decrease in coupling and an
increase in activation energy. This result is inaccessible by fluorescence measurements
alone which cannot detect the change in the ratio ki/k.. In the more general context of
relating fluorescence data to charge transfer dynamics and mechanisms, the discrepancy
between the conclusions of Fukui et al. and the present work demonstrates the inherent
danger of reliance on an experimental method which cannot follow the formation and
decay of an intermediate product state, e.g. X'G™".

435 Distance Dependence of the Activation Energy

According to the Marcus expression for the activation energy of an ET process, Eg. (3.3),
two intrinsically different scenarios have to be envisaged concerning the mechanism by
which distance-dependent activation energies may arise. On the one hand, the predominant
distance-dependent effect may be a loss of driving force due to excited-state relaxation of
Y(X")", as reported for ACMA in solution,'”® competing with ET. This relaxation has been
related to an inferred change of dipole moment between the ground and excited state of
13 D and, in addition, to monopole-dipole interactions due to the protonation of the
acridinium nitrogen. For a mixed solvent of high viscosity (90% glycerol, 10% aqueous
buffer), a 100 ps relaxation mode was reported..”® On the other hand, the medium
reorganization energy in this charge shift reaction could display a distance dependence on
purely electrostatic grounds (Eq. (3.4)).%? In the following discussion, the viability of such
a relaxation scenario in the X*-DNA system will be put to test by estimating the Kinetic
and energetic parameters from a simple kinetic model.

In the absence of excited-state relaxation in the system 3'-X*AG the forward rate
constant k; is expected in the time window 50-100 ps when 8=0.8 A™ is implied. In fact
ks appears to be in the nanosecond range. With the assumption that *(X*)" relaxation occurs
in this time window, the nanosecond rate constants for 3'-X*AG reflect the superposition
of two effects: (1) a decrease in the superexchange electronic coupling with increasing
X*-G distance, which slows down k; and thus allows (2) an X* -specific relaxation process
to compete with charge injection after a specific donor—acceptor separation is reached. At
larger X*-G separation the relaxation rate is assumed to be faster than the charge transfer
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Fig. 4.11. Kinetic scheme for the distance-dependent change of mechanism in case a
potential (X*)" excited-state relaxation being the origin of the increase in the activation
energy at larger distances. (a) Representing X*G which is aso a prototype for X*Z and
X*AZ, whereas (b) is valid for the dynamicsin X*AG and X*AAZ. X'A"*G actsonly as a
superexchange mediator and is not an observable intermediate.

rate out of the initial Franck—Condon state. Since the relaxation process is expected to
lower the driving force AG of charge injection, the latter becomes thermally activated. If
relaxation influenced predominantly the electronic coupling V, the ratio ki/k, would remain
fairly constant and X' should be observed in the transient absorption of 3'-X*AG, in
contrast to redlity.

In Fig. 4.11 the dynamics of activationless or dightly activated and thermally activated
glectron transfer after X* excited-state relaxation are illustrated. If the steady-state
approximation holds, the measured decay rate constant of *(X*)g" in Fig. 4.11b is given by:

(4.6)

In this equation kg is the rate constant of fluorescence from the relaxed excited state
X"R". In the following, AG denotes the difference in free energy between the states
Y X"r and X* (Fig. 4.11b):

ﬁ =exp AG 4.7
K, Ko T
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The validity of the steady-state approximation is supported by the monoexponentiality® and
by the identical time constants observed for the X* excited-state decay and ground-state
recovery in these duplexes. With the assumption that X* excited-state relaxation primarily
affects k; and not k, (due to the insensitivity of kgt to changes in the energetics in the
inverted region) and taking an experimental value of 15 for the decrease in electronic
coupling upon insertion of one A:T base pair,/ then k;=1.9x 10°s! in 3-X*AG and
ko= 6.7 x 10° s* in 3-X"AAZ. Due to the uncertainties involved, only the simplest case
will be discussed, i.e., the relaxed system is assumed to be in the steady-state limit with
ko > k-1. In this case Eq. (4.6) can be rewritten as

Ky, = ke +k (4.8)
obs F 1

where k; can be calculated according to Eqg. (4.8). With the above expectation values of k;
and using a value for the reorganization energy of A =0.4 eV (Section 4.3), an estimate for
AG dfter relaxation can be obtained. Since kops— ke is 8.9x 10" s? in 3-X*AG and
7.4x 10" stin 3-X*AAZ, after relaxation AG amounts to about +0.016 eV in the Z duplex
and +0.053 eV in the G duplex. From these values the difference in the oxidation potentials
between G and Z follows to be AE,, = 0.037 eV, which is a factor of 3 smaller than the
estimated lower limit of 0.1 eV.[®? However, the tacit assumptions of invariant electronic
couplings and reorganization energies in G and Z containing sequences and identical
relaxation patterns might not be valid.

Importantly, the above estimates can explain the steep distance dependence of the rate
constants only if the relaxation in the excited state is assumed to lead to a substantial
energy loss (=0.3 eV). Large energy losses in the excited state are difficult to reconcile
with the steady-state absorption and fluorescence spectra (Fig. 4.3). Moreover, the
monoexponential kinetics observed in the reference system X*(AT) and aso in the
duplexes 3'-X*AG and 3'-X*AAZ in the wavelength region 450-750 nm do not support a
relaxation process.

These results are in contrast to previous experiments on ACMA by Hélene and
coworkers suggesting that in viscous media nuclear relaxation and electronic redistribution
in the excited state may take place on the 100 ps time scale..”® Moreover, a dynamic
Stokes shift on this time scale has been reported for a coumarin dye incorporated into an
oligonucleotide in place of a normal purine-pyrimidine base pair..®® This shift occurs with
components near 300 ps and 13 ns as measured with 100 ps time resolution. Since the

® In general, relaxation phenomena are complex processes leading to distributed kinetic behavior.!*”
However, the kinetics observed in this work are almost monoexponential. Thus it has to be assumed that a
potential relaxation occurs within arelatively narrow temporal window.
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guestion of a potential energy loss due to excited-state relaxation is crucia for the
interpretation of the results, a dedicated study has been performed and will be presented in
the next chapter.



5 Excited-State Photophysics of ACMA Selectively
Intercalated in Duplex DNA

In this chapter broadband femtosecond transient absorption spectroscopy in the wavelength
region from 300—650 nm is employed to study quantitatively the excited-state relaxation in
9-amino-6-chloro-2-methoxyacridine-modified DNA duplexes. Upon excitation of the
chromophore, changes in its charge distribution or polarizability may cause the loca
environment to reorganize. This reorganization would reduce the energy of the system and
shift the fluorescence or stimulated emission spectrum of X™ (the latter has been resolved
in time in this work) to lower energies. The resulting energy losses would be maximal in
the presence of dipolar or charged species, such as the hydrogen-bonds in the base pairs
bases and the phosphate groups in the DNA backbone in the present X*-DNA system.
Since DNA is not per se arigid structure, these experiments might also yield information
about the time scale of structura fluctuations. The measurements were performed in the
laboratories of N. P. Ernsting (Institut fir Chemie, Humboldt-Universitat zu Berlin) in
collaboration with S. A. Kovalenko and J. L. Pérez Lustres.

The experimental results for the photophysics of X" in DNA will be compared to both
the solution-phase behavior of the free chromophore 9-amino-6-chloro-2-methoxyacridine
(ACMA) and its derivative quinacrine and to recent semiempirical calculations by A. A.
Voityuk and N. Rosch (Institut fur Physikalische und Theoretische Chemie, Technische
Universitat Minchen).

5.1 Introduction

Strong and specific interactions of many natural and artificial compounds with DNA are
crucial for their function as potent antitumor or antibiotic drugs.®® Exogenous compounds
binding to DNA by intercalation form an important class of such drug-DNA complexes.
Good intercalators are usually heteroaromatic polycyclic systems which insert between two
base pairs in a DNA duplex. ACMA derivatives are known to have the ability to intercalate
efficiently into a DNA double helix.®” This random intercalation into DNA results in
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significant unwinding of the helix and alocal increase in the base pair spacing. Binding of
the intercalator within an abasic site in DNA, as discussed in Chapter 4, forms an
dternative intercalation scenario that is advantageous since it implies a well-defined
incorporation site and a non-random localization of the intercalator in the duplex.

Such transfer of a conjugated chromophore from agueous solution to an intercalation
site in the duplex often affects the photophysics of this species significantly, resulting for
instance in a pronounced change of its fluorescence quantum yield.'®® For quinacrine at
pH 7.0 a value of @ =0.74 was reported in case of intercalation, in contrast to @=0.17
for the chromophore in solution,'® indicating that the environment inside the base stack of
DNA is very different from that in agueous solution. Indeed, the core of the duplex is
normally considered as a medium of low dielectric constant.’®® Together with the
deoxyribose—phosphate backbone the nucleobases protect the chromophore from
collisional fluorescence quenching by oxygen.’™ Although the photophysics of
intercalated chromophoresis far from being understood, it has become an important tool in
studies of DNA structure and dynamics, detection of DNA hybridization,’®? fluorescent
imaging of DNA in gels, and fluorescent staining of chromosomal DNA.[1%!

In this chapter the excited-state dynamics of protonated ACMA intercalated into a
specific abasic site in a DNA duplex (Section 4.1) will be investigated with femtosecond
broadband spectroscopy in order to clarify the entailed photophysics. The central questions
are to which extent and on which time scale changes in the charge distribution cause a
local reorganization of the environment.

5.2 Photophysicsof ACMA in DNA

In order to rule out possible charge transfer deactivation pathways, the experiments were
performed on the reference duplex X (AT) (for the sequence see Fig. 4.2). In this sequence
complete exclusion of electron transfer from guanine to the X* excited singlet state is
achieved by separating donor and acceptor by more than two A:T base pairs (Chapter 4).
Under these conditions the excited-state lifetime of *(X*)" (18 ns) is too short to oxidize
adenine in athermally activated reaction.**”

The ground-state absorption and steady-state fluorescence spectra of the X (AT) duplex
at room temperature are shown in Fig. 5.1. All experiments presented in this chapter were
performed at this temperature. In comparison to the spectra at 283 K (Fig. 4.3), increasing
the temperature leads to a less pronounced vibronic fine structure, as can be seen in the

! This value refers to a duplex containing only A:T base pairs. The quantum yield of ACMA intercalated into
an abasic site, as discussed in Chapter 4, was reported as @ = 0.655 at pH 7.2.1"
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Fig. 5.1: Steady-state absorption (0 ) and fluorescence (---) spectra of X*(AT) at 295 K.
The absorption spectrum shows S; — & absorption bands at 452 and 428nmand S « &
bands at 347 and 330 nm. The fluorescence emission has its maximum at 498 nm.

emission spectrum, e.g. in the decreased intensity of the side band at approximately
470 nm. This finding is in accord with previous measurements®? and probably points to a
less rigid chromophore binding site at higher temperatures. The peak positions of all bands
in both the fluorescence and the absorption spectra remain unchanged.

Femtosecond transient absorption spectra were measured after excitation within the
S « & transition a 400 nm with 40fs pulses and probed simultaneously in the
300-650 nm range with a supercontinuum. The optica setup of the laser system is
described in Section 2.1.8. Figure5.2 shows the transient absorption spectra obtained
directly after excitation and in a final quasi-stationary state. Importantly, there are only
very minor changes in the spectrum with time at al probe wavelengths. The analysis of 10
measurements yielded time constants ranging from 25 ps to 100 ps and a spectral change
after 60 ps which is similar to the one shown in Fig. 5.2: a small decrease in AA in the
ultraviolet and red, and no change or a small increase in the bleached band at 450 nm. The
variation of the time constants may simply reflect the fact that the evolution is close to the
detection limit. Therefore, the apparent change could aso be due to a systematic error,
such as loss of spatial overlap between pump and probe, which was optimized at small
delays. In comparison with the steady-state absorption and emission spectra and together
with the monoexponential kinetics for selected probe wavelengths discussed in the
previous chapter, the result of negligible spectral change is readily extended into the
nanosecond range.

The spectra can be understood qualitatively in comparison with the steady-state spectra
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Fig. 5.2: Transient absorption spectra of the duplex X*(AT) at 295 K obtained with 40 fs
excitation at 400 nm after 220 fs ([1 ) and 60 ps (---).

shown in Fig. 5.1. Positive AA signifies excited-state absorption. It appears prominently at
320 nm but also at wavelengths >510 nm and increases to the red edge of the observation
window. Negative difference absorption (AA) around 455 nm and 425 nm is recognized as
bleached S ~ & ground-state absorption whereas negative AA near 500 nm indicates
stimulated emission at the peak of the fluorescence band. The shoulder at 530 nm is also
seen in stimulated emission.?

At this stage an important observation can be made regarding the femtosecond transient
spectra of the X* chromophore intercalated in DNA: There is no evidence of a spectral
shift of the stimulated emission band. Rather, the stimulated emission band attains its fixed
spectral position within 220 fs, as given by the time resolution of the experiment. Thisisin
contrast to the behavior reported for free ACMA and quinacrine in low-viscosity agueous
solution which will be discussed in the next section.

5.3 Comparison to the Solution Phase

ACMA and quinacrine, differing from ACMA only by the aliphatic chain extending from
the 9-position of the middle ring (Fig. 5.3), were reported to display similar steady-state

2 Note that the fluorescence quantum distribution over the wavelength A, asin Fig. 5.1, must be scaled with
A* to obtain the corresponding cross section for stimulated emission which enters Fig. 5.2.
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Fig. 5.3: Chemical structures of ACMA (left) and quinacrine (right) in their prototropic

forms prevailing at pH 7.

spectroscopic properties.'® The steady-state spectra of quinacrine in its prototropic form

prevailing a pH ~7 are shown in Fig. 5.4.2 The absorption spectrum is characterized by a

broad band centered at 424 nm with vibronic bands at 443 and ~400 nm, which previously

have been assigned to the S, — S electronic transition.® The extinction coefficient has

been determined to be ~10 000 M cm™ at 424 nm."®¥ The emission spectrum is broad and

structureless with a peak around 510 nm.
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Fig. 5.4: Steady-state absorption ([ ) and fluorescence (---) spectra of quinacrine at 295 K,
pH 6.88. The absorption spectrum shows S — & absorption bands at 424 and 443 nm.

The fluorescence spectrum has its maximum at about 510 nm.

3 The pK, values for the deprotonation of the acridinium nitrogen have been reported as 8.6 and 8.3 for

ACMA and quinacrine, respectively.!’ 1%l



56 5 EXCITED-STATE PHOTOPHYS CS OF ACMA IN DNA

Despite the wide use of quinacrine and ACMA as fluorescence labels in various
applications their excited-state dynamics in agueous solution are not well understood. Both
molecules are known to display a complex fluorescence emission behavior.””™ For
ACMA a time-dependent Stokes shift on the 1-4 ns time scale has been reported by
several groups and different interpretations have been suggested.® ™ Sun et al. have
interpreted their experiments in terms of an unusually slow solvent relaxation around the
excited state of the chromophore,!™ whereas Fan et a. have discussed similar results
within the framework of an excited-state cis-trans isomerization involving the
chromophore’s methoxy group.[”® The slow solvent relaxation has been related to a large
change of dipole moment between the ground and excited state of 13 D and, in addition, to
monopole-dipole interactions due to the protonation of the acridinium nitrogen. As
mentioned before (Section 4.3.5), for a mixed solvent of high viscosity (90% glycerol,
10% aqueous buffer), a 100 ps relaxation mode was reported..”® The concept of cis-trans
isomerization was backed up by quantum chemical calculations on ACMA under isolated
conditions (gas phase)!*® using the semiempirical AM1 method. In the electronic ground
state the protonated ACMA was predicted to be most stable in a planar geometry. Due to a
small barrier to rotation a rapid equilibration of the cis-isomer (with the methyl moiety of
the methoxy group oriented toward the amino group, see Fig. 5.5) and the trans isomer was
expected. However, for the S, state a relatively large barrier of 5.4 kcal mol™ resulted from
these calculations, thus supporting cis-trans isomerization of the methoxy group as the
most plausible mechanism and as the explanation of the complex pattern of the
fluorescence decay of ACMA in aqueous solution.

Such quantum chemical calculations have been extended in two ways: (1) The
optimization was carried out without any constraints, and (2) for both isomers the effect of
a polar environment (water) was taken into account in the calculations of the energies and
spectroscopic characteristics.'%” According to these calculations, in aqueous solution the
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Fig. 5.5: Cis and trans conformations of the methoxy group of ACMA. The cis-isomer is
more stable than the trans-isomer in the ground and the first excited state.
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Table5.1: AM1 calculated spectroscopic properties of ACMA in water. hy, A, and f
denote the energy, wavelength, and oscillator strength of the vertical excitations. Also
given is the change of the dipole moment between the ground and excited state, Ay, for
each transition.

Isomer (hy[ev] | A[nm] | f Transition A D]

Cis 3.105 399 0.06 HOMO - LUMO+1 2.60
3.162 392 0.23 HOMO - LUMO 3.68

Trans 3.104 399 0.07 HOMO - LUMO+1 2.73
3.138 395 0.23 HOMO - LUMO 4.14

free energies of the trans- and the cis-isomers of ACMA in their monoprotonated form are
guite similar. The cis-isomer is more stable than the trans-isomer in the ground and the first
excited state: The difference in energy is found to be 0.3 kcal mol™ for the electronic
ground state and 1.5 kcd mol™? for the excited S state. Additiona B3LYP/6-31G*
calculations of the cis and trans compounds with full geometry optimization also yield
essentially isoenergetic conformers in the ground state (the difference is 0.05 kcal mol™).
As stated previously,!'® the barrier to rotation of the methoxy group changes considerably
upon electronic excitation. In aqueous solution the activation energy for cistrans
isomerization of ACMA in water is 1.0 kcal mol™ and 6.6 kcal mol™ for the § and S
states, respectively. The calculated spectroscopic properties of ACMA are compiled in
Table5.1.

A caculation of vertical, or Franck-Condon, excitations predicts two closely lying
transitions at 392—-395 nm and 399 nm. The energies of these transitions are in agreement
with the experimental spectrum which exhibits an intensive absorption band in the region
380430 nm peaking at ~408 nm.["® The adiabatic (vibrationally and configurationally
relaxed) excitation energies in water are calculated at 446 nm and 438 nm (2.78 eV and
2.83eV for the cis and trans forms, respectively). Therefore, the corresponding
reorganization energies of the ACMA excited singlet state are 0.33eV and 0.27 eV,
resulting in a Stokes shift for the system of about 0.6 eV. In agueous solution at pH 6 a
Stokes shift, as determined from the absorption and emission maxima, of about 0.55 eV
has been reported.[”® For quinacrine the spectra shown in Fig. 5.4 yield a value of 0.5 eV.
The larger part of that shift is attributed to the reorientation of the polar solvent molecules
triggered by the change of charge distribution upon excitation of ACMA. The calculations
show that this change of the dipole moment by vertical excitation amounts to only 3-4 D
in contrast to the previously inferred value of 13 D.l”®
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Due to the red shift of the absorption spectrum and the blue shift of the emission
spectrum upon intercalation (Figs. 5.1 and 5.4) the Stokes shift between the absorption and
fluorescence maxima of ~0.4 eV for X* in X*(AT) is smaller than the one observed for
ACMA and quinacrine in agueous solution. This shift is already developed within 200 fs
(Fig. 5.2) implying that the repolarization of the nuclear degrees of freedom of the DNA
pocket is ultrafast. As shown in detail for coumarin 153 in polar and non-polar
environments,'%® 1® the Stokes shift, and thus the reorganization energies in all solvents
are dominated by interactions between the different charge distribution of the solute and
the permanent charge distributions of the solvent molecules. The only distinction between
the strongly polar and non-polar solvents (and eventually media like rigid hydrogen-
bonded nucleobases forming 77 7estacks with the chromophore in DNA) is that in the
former case the electrostatics mainly involves solvent dipole-solute dipole interactions,
whereas in non-polar solvents the interactions are with quadrupole and higher-order
multipole moments of the solvent. Maroncelli et al. have shown that these interactions are

by no means negligible compared to dipole-dipole interactions.!**

5.4 Conclusions

In the present system of X™ intercalated into DNA both 77 7zinteractions between X™ and
the adjacent nucleobases, as well as polar interactions exerted for instance by the hydrogen
bonds of these base pairs, may contribute to environmental reorganization induced by the
dipole moment change of 3-4 D. The maximal Stokes shift of 0.4 €V is smaller than the
one observed in agueous solution. In contrast to agueous solution, where the Stokes shift
still develops on the nanosecond time scale, in the duplex it reaches a constant value within
200 fs and persists up to the lifetime of about 20 ns of the X* excited state. These results
indicate that the replacement of a thymidine phosphate unit by X* in DNA leads to a
structure which is fundamentally different from an aqueous environment. The invariance of
the entire difference absorption spectrum at times longer than 200 fs allows to rule out
excited-state deprotonation since this process would imply significant changes in the band
structure of the absorption spectrum.[’®® Additionally, the ultrashort time scale of the
relaxation process allows one to dismiss the role of therma fluctuations of the DNA
structure in the excited-state dynamics of 1(X*)".

Nevertheless, the constancy of the Stokes shift within the time window from 200 fs to
>5ns is extremely relevant to the interpretation of the distance dependence of the
activation energies for hole injection that was postulated in Chapter 4. Since a loss of
energy expressed in a red shift of the stimulated emission spectrum is not observed on this
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time scale, a relaxation in the excited state competing with ET can be ruled out as the
origin of the observed experimental behavior. Moreover, the results also indicate that hole
injection from X* to G or Z in the direct contact systems already occurs from the totally
relaxed excited state (Section 4.3.1), thus rendering al measurements comparable in terms
of the excited-state energetics.

In the Chapter 6, the change of activation energy with increasing donor—acceptor
separation will be quantified and related to the medium reorganization energy.
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6 Distance-Dependent Activation Energiesfor Hole
I njection into Duplex DNA

The results on the apparently anomal ous attenuation factor for photoinduced hole injection
into DNA duplexes modified by protonated 9-amino-6-chloro-2-methoxyacridine, as
presented in Chapter 4, led to the conclusion that in addition to the electronic couplings the
activation energy must also be distance dependent. In this chapter, this postulate will be
verified by direct measurements of the activation energies for a series of X*-modified
DNA duplexes which sample an appreciable range of donor—acceptor distances (~4-10 A).
It will be shown that the resulting changes in the thermal activation energy can be
explained self-consistently within the framework of a distance-dependent reorganization
energy. The full sequences of all strands considered in this chapter are shown in Fig. 4.2.

6.1 Preparationsfor the Measurements

6.1.1 Accessible Temperature Range

Transient absorption measurements on the modified DNA duplexes in aqueous solution
can only be performed in a very limited temperature range. A lower limit is imposed by the
freezing point of the aqueous solution whereas the upper limit is given by the melting point
of the DNA double strands. In order to avoid any effects related to partial unwinding of the
double helix, measurements were only performed at temperatures at least 20 K below the
melting points. Preliminary temperature-dependent experiments showed that the resulting
temperature window (273-305 K) was too small to obtain reproducible results for the
activation energies.

To increase the accessible temperature range sucrose was added to the buffer solutions
as freezing point depression agent. Sucrose is a common cryoprotectant for proteins and
has also been used for nucleic acids.**? The buffer/sucrose solutions prepared as described
in Section 2.3.1 had freezing points of ~245 K. Moreover, the addition of sucrose was
found to increase the melting point of the duplex 3'-X"Gi3 by more than 6 °C. The

temperature range studied was 245-305 K.
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Fig. 6.1: Normalized absorption () and fluorescence emission (---) spectra of X' in
duplex X*(AT) at 283 K in buffer/sucrose solution.

6.1.2 Characterization of the Samplesin Buffer/Sucrose Solution

The absorption and fluorescence spectra of the duplex X*(AT) in buffer/sucrose solution at
283 K are shown in Fig.6.1. The peak positions of both the absorption and the
fluorescence bands remain almost unchanged (AA < 2 nm), as compared to the spectrum in
pure buffer (Fig. 4.3). Especialy in the emission spectrum, but also to a smaller extent in
the absorption spectrum, addition of sucrose leads to a more pronounced vibronic structure
and a narrowing of the bands, as expected from a more viscous medium.

For proteins it is known that a change of external conditions (e.g. cryoprotector
addition) can induce structural perturbations. In time-resolved measurements multiple
binding sites will be reflected by dispersive kinetics. In the X*-DNA system, these
changes are likely to be quite minor as indicated by the following observations: The near-
invariance of the CD spectra and only minor changes of the rate constants at 283 K upon
addition of sucrose (Tables 4.2 and 6.1) indicate that the intercalation geometry of X* and
the overall B-form of the duplex are maintained. Additionaly, temperature-dependent
structural effects on the coupling are also expected to be smal, as indicated by the
monoexponentiality of the injection rates, the linearity of the Arrhenius plots, and the
invariance of the CD spectra down to 263 K (Fig. 6.2). However, it should be noted that in
some samples the addition of sucrose led to a slight increase in the amplitude of the long-
lived background signal. This signal is ascribed to a minority (<15%) of modified duplexes
displaying an unfavorable geometry for hole transfer. A comparison of experiments
performed in buffer/sucrose solution with preliminary measurements in pure buffer in the



6 DISTANCE-DEPENDENT ACTIVATION ENERGIESFOR HOLE INJECTION 63

[ —— 263K
20 ——273K | ]
[ —=—283K | ]
-30 N N B B B
200 220 240 260 280 300

A[nm]

Fig. 6.2: Temperature dependence of the CD spectra of the duplex 3-X*AAZ in
buffer/sucrose solution.

temperature range 275-305 K indicates that the activation energies do not change within
the experimental error bars upon addition of sucrose.* Finally, as will be shown in the
following sections, the experimental activation energies explain the large changes in the
observed rates (Chapter 4) in a self-consistent way.

6.2 Temperature-Dependent Measurements

The temperature dependence of the hole transfer kinetics in the G and Z containing
duplexes 3-X'G, 3-X"Z, 3-X*AG, 3-X"'AZ, and 3-X"AAZ was studied with time-
resolved absorption spectroscopy. The transient features that can be observed after
photoexcitation of the chromophore were discussed in detail in Chapter 4. For the duplexes
3-X'G, 3-X"Z, and 3-X"AZ, the formation and decay of the X intermediate could be
monitored in the 500-530 wavelength range. For these samples the singlet state }(X*)" and
the radical state X" absorb at 650 nm. The kinetics at longer times are dominated by the
decay of the radical. However, for 3-X"AG and 3'-X"AAZ, the kinetics at 650 nm reflect
the decay of the excited singlet state. The temperature-dependent measurements are shown
in Figs. 6.3-6.6.

! For example, the activation energy for the backward charge shift process in 3'-X *G was determined to be
E,=0.13 £ 0.03 eV in buffer and E; = 0.14 + 0.02 eV after adding sucrose.
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Fig. 6.3: Temperature dependence of hole transfer in the duplex 3'-X*Z. Transient
pump-probe kinetics measured using 455 nm pump and 500 nm probe pulses (top).
Arrhenius plots (according to Eq. (6.1)) for the forward (e) and backward (m) hole
transfer rate constants (bottom).
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Fig. 6.4: Temperature dependence of hole transfer in the duplex 3'-X'G. Transient
pump-probe kinetics measured using 455 nm pump and either 500 nm (&) or 650 nm (b)
probe pulses. (c) Arrhenius plots for the forward (e) and backward () hole transfer rate

constants.
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Fig. 6.5: Temperature dependence of hole transfer in the duplex 3-X*AZ. (a) Transient
pump-probe kinetics measured using 455 nm pump and 650 nm probe pulses. (b)
Arrhenius plots (according to Eqg. (6.1)) for the forward (e) and backward (w) hole
transfer rate constants.
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Fig. 6.6: Temperature dependence of hole transfer in the duplexes 3-X*AG (a) and
3-X"AAZ (b). Transient pump-probe kinetics measured using 450 nm pump and 660 nm
probe pulses. The Arrhenius plot for (b) isshownin Fig. 6.7.
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Fig. 6.7: Effect of temperature on the rate constants for the forward hole transfer in 3'-X*Z
(m), 3-X"AZ (®), and 3'-X"AAZ (A). Each successive insertion of an A:T pair between X*
and Z leadsto an increase in the activation energy of about 0.1 €V.

In the absence of hole injection, duplex X*(AT), the X* excited-state lifetime of 18 ns is
observed to be independent of temperature over the range studied.

According to Egs. (3.2) and (3.3), the temperature dependence of the ET rate constant
can be described by:

0
kET\/? = Aexprr =

6.1
0 kT )

oo™

It follows from Eq. (6.1) that a plot of In(kerT °°) versus 1/T should yield a straight line
with the dlope being proportional to the activation energy. As can be seen from
Figs. 6.3-6.6, the experimental data are indeed well described by linear Arrhenius plots
and there is no indication of processes leading to a more complicated behavior. For
example, a temperature dependence of the electron transfer kinetics that does not ssmply
follow Eg. (6.1) has been reported for donor—bridge—acceptor molecules with a tetracene
donor and a pyromellitimide acceptor.'*¥ The observed complicated behavior has been
related to torsional motions of the phenylenevinylene bridge molecules which seem to gate
the ET process. Based upon the linearity of the plots in the present system, temperature-
dependent effects on the coupling, as caused by structural changes, are expected to be
small over the investigated temperature range. The activation energies are summarized in
Table6.1.
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Table 6.1: Forward and backward hole transfer rate constants k; and k> at 283 K and the
corresponding activation energies E,. Also listed is the preexponential factor A for the
forward hole transfer.

Duplex ki [s7] @ Ea[eV]® A[s K™ | ko[s7° Ea[eV]®

3I-X'G 20x10" | 0.08+004| 9.1x10" | 1.9x10%° | 0.14+0.02
3I-X'AG 6.5 x 10’ 020+0.04 | 40x10% | - -
3-X*Z 2.0 x 10% [<0.015 <6.2x10% | 1.0x10" | 0.08+0.01

3I-X'AZ 93x10" | 009+001| 63x10" | 6.9x10° | 0.13+0.02
3I-X'AAZ | 46x10" | 020+0.02| 2.8x10% | - -

2 Forward hole shift rate constants calculated from excited-state lifetimes according to Eq. (4.5). ® Error bars
of the activation energies are estimated from the Arrhenius plots (based on the error bars of the individual
time constants) and by repetition of identical measurements. ¢ Rate constants for the backward charge shift
obtained from radical lifetimes.

As can be seen from Table 6.1, each successive insertion of an A:T pair between X* and
G or Z leads to an increase in the activation energy for forward charge shift of about
0.1eV (Fig. 6.7). In contrast, the activation energies for backward charge shift seem to
show a weaker distance dependence which explains why for 3'-X*AG and 3'-X"AAZ only
the forward charge shift can be observed (Chapter 4). Thus it can be concluded that the
anomalously steep distance dependence of hole injection rate constants in X*™-DNA
duplexes carrying zero, one, or two A:T pairs between X* and G or Z is dominated by
distance-dependent activation energies.

6.3 Discussion
6.3.1 Analysisof the Activation Energies and Rate Constants

With Eq. (6.1) the relative contributions of the activation term and the preexponential
factor to the observed rate constants can be estimated. The preexponential factor A mainly
reflects the el ectronic couplings, with aweak contribution from the reorganization energy:

2
A0V (6.2)

N

Using the vaues for E; and k; from Table6.1, it will be investigated whether the
experimental activation energies can explain the large difference in rate constants for the
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pairs 3-X*AG/3-X"AZ and 3-X*AZ/3-X*AAZ. The preexponential factors for the
injection step are also listed in Table 6.1.

For the pair 3-X*AZ and 3-X"AAZ, the ratio of the rate constants for forward hole
transfer is about 2000. From Table 6.1 it follows that hole transfer slows down by a factor
of about 90 due to activation and only by a factor of 20-25 due to the decrease in
electronic couplings (with the contribution of the reorganization energy estimated on the
basis of the results presented in the next section). The purely electronic reduction factor is
consistent with the range of 10-30 reported for other DNA-based donor—acceptor
systems.® & The large difference in the rate constants between 3-X*AZ and 3-X'AG
can be explained in an analogous way. Here, the difference in activation energies accounts
for a factor of exp(AE4/kgT) = 90. The ratio of A(3-X"AZ)/A(3-X"AG) = 15 may imply
different couplings of G and Z. However, it should be explicitly stated that due to the
uncertainties involved in estimating the preexponential factors the above vaues have to be
considered as crude estimates. Findly, it follows from Table6.1 that
A(3-X"Z)IA(3-X"AZ) = 1. The direct contact case (3'-X*Z) cannot be expected to follow
Eq. (3.10) since the exponential decay of the electronic couplings is valid only for
superexchange-mediated ET processes. Often this is not taken into account in the
interpretation of kinetic data from donor—bridge—acceptor systems.

In conclusion, independent of the energetic parameters involved the activation energy
can explain the observed large changes in rate constants in a self-consistent way.

6.3.2 Distance Dependence of the Reor ganization Ener gy

The following analysis will be restricted to the activated hole injection reactions for which
the classical Marcus expression (Eq. (3.3)), which relates E; to the thermodynamic driving
force AG and the reorganization energy A, can be employed. Equation (3.3) is a useful
starting point since quantum effects are expected to be small in the norma region
(-AG < A) near room temperature®> This behavior is in contrast to the back transfer
reactions which occur under strongly exergonic conditions (-AG > A) in the inverted
regime. For these latter reactions a quantum mechanical treatment of the vibrational
degrees of freedom is essential.

2 Entropy contributions to AG and A are assumed to be negligible. Both AG and A are free energy
parameters and therefore temperature dependent. Recently, the absolute values of the temperature derivatives
(AJAT) and (OAG/IT) for an intramolecular ET reaction were estimated to be about 0.001 eV/K ™3
implying a potential change of up to ~0.05eV over the temperature range studied. In view of the
uncertainties of AG and E, in the present system these effects will be neglected.



6 DISTANCE-DEPENDENT ACTIVATION ENERGIESFOR HOLE INJECTION 71

a ofspa%s NPY 00 e by
@ () ® Qiﬁ@a.& —»QfO-a‘e-
‘9@(3@5@, 9@QQ5@, QQQQQQ

b 020 0 ) (e8s%¢ S PY )Y

2505 [Ses [ es
QQQG @gQ@C’ 9@QQ5@,
A

RDA

Fig. 6.8: Origin of the distance dependence of the medium reorganization energy A,
illustrated for two spherical reactants in a dipolar medium. (a) The medium polarization is
frozen on the time scale of electron transfer, thus resulting in a nonequilibrium state
directly after the charge is transferred (denoted with “£”). This state is higher in energy
than the initial state. (b) This increase in energy after charge transfer is dependent on the
donor—acceptor separation Rpa.

It is known that distance-dependent activation energies of ET rates can arise from the
distance dependence of both AG and A on purely electrostatic grounds.[** ™ In the present
situation an important simplification is that, in contrast to charge separation reactions, for
charge shift reactions AG (as calculated on the basis of Eq. (3.5)) is expected to have little
or no distance dependence. Therefore, E; for charge shift reactions should normally be
distance dependent due only to As. The measurements of the temporal evolution of the
stimulated emission spectrum in the reference duplex X*(AT) on the 200 fs to 60 ps time
scale, discussed in Chapter 6, exclude any time-dependent (and therefore distance-
dependent) change of AG that may be due to specific excited-state dynamics of the
chromophore. Thus the present distance-dependent activation energies are attributed solely
to the reorganization energy.

The origin of the distance dependence of the reorganization energy is illustrated in
Fig. 6.8. The reactants and products of a hole shift reaction are modeled as spheres in a
dipolar medium. Before the hole transfer, the polar medium is fully equilibrated to the
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charge in the hole donor sphere (Fig. 6.8a). The solvent polarization is frozen on the time
scale of the transfer since the time required for electron transfer is much less than that for
nuclear motion. As a consequence, the energy of the system after hole transfer is higher
than that of the initial state. Thisincrease in energy after ET is dependent on the distance
between the reactants (Fig. 6.8b). The closer the donor gets to the acceptor, the more the
charge in the acceptor sphere begins to benefit from the frozen polarization around the
donor sphere. In short, the reorganization energy decreases as the distance between donor
and acceptor diminishes. As can be seen from Table 6.1, this behavior is reflected in the
experimental activation energies.

In the absence of absolute values for AG (see Section 4.2.1), the analysis will start from
a comparison of E, values for the systems 3'-X*AG and 3-X*AZ, assuming the in vivo
oxidation potential of the easier-to-oxidize Z to be separated from G by
AAG = AGz.x+ac — AGz.x+az = 0.2 €V. This value is based on the dynamics of hole
transport from G'*, formed via photoinduced hole transfer to a Z separated from G™* by
one A:T base pair,!®¥ and is about 0.1V smaller than the difference of the oxidation
potentials reported for the isolated nucleobases in solution.!® ®  Utilizing
AGz . x+ac =—0.15€eV and AGz.x+az = —0.35 €V, a fit of Eq. (3.3) to the corresponding E,
values in Table6.1 provides a range of permissible values. 0.85eV<A<1.10eV.
Importantly, the calculated reorganization energy seems to be mainly dependent on the
donor—acceptor distance and almost independent of the nature of the hole acceptor G or Z.
Applying the above values of AG to 3-X"G and to 3-X*AAZ yields A =0.6+ 0.1 and
A=14+0.1eV, respectively. It is problematic to extend this procedure to 3'-X*Z since
the (almost) zero activation energy does not alow to discriminate between an
activationless or (dlightly) inverted charge shift reaction. However, assuming that hole
injection in 3'-X*Z can be treated within the classical Marcus formalism A =0.6+ 0.1 eV
is obtained, which is in agreement with 3'-X"G.

In view of the uncertainties associated with the estimate of AAG = 0.2 eV, it should be
explicitly stated that only the small range of AAG values between 0.15-0.3 €V leads to
self-consistent fits of the type cited above. This range is aso in accord with the estimate
from a theoretical analysis of chemical yield experiments.®? The sensitivity of the fits to
other parameters will be discussed in the next section.

It follows from this analysis that the steep distance dependence of the hole injection rate
constants in X*-modified DNA duplexes is due to two effects; (1) a decrease in couplings,
and (2) an increase in reorganization energy with increasing donor—acceptor separation
(Fig. 6.9). The ultrafast hole transfer time and the very low E, value point to almost
activationless hole transfer in 3'-X*Z (-AG = A). In contrast, due to the higher oxidation



6 DISTANCE-DEPENDENT ACTIVATION ENERGIESFOR HOLE INJECTION 73

In ket

v

EACE,

Fig. 6.9: Schematic illustration of the dependence of electron transfer rate constants on the
donor—acceptor distance. The figure shows the combined effects of increasing As and
decreasing V. At constant values of —AGgr different distance dependences are observed for
the ET rate constant in the normal (o), activationless (®), and inverted (O0) regions.

potential of G versus Z forward hole transfer in duplexes 3'-X*G and 3'-X*AG takes place
in the normal region (-AG < A). This is consistent with the E, values observed for these
duplexes (Table6.1). For all backward hole transfer reactions in the studied duplexes
-AG >> A. At constant driving force the combined effects of increasing As (shifting the
In ket vs =AGer curves to the right) and decreasing V (shifting the curves down) give rise
to aweaker dependence of ket on distance in the activationless and inverted regions than in
the normal region. This is reflected in the observed rate constants (Tables 4.2 and 6.1). In
addition, the figure explains why the activation energies for backward charge shift show a
weaker distance dependence and why for 3'-X"AG and 3'-X*AAZ only the forward hole
transfer can be observed. Whereas Fig. 6.9 can explain the kinetic datain Table6.1 on a
qualitative level, for amore detailed treatment potential differencesin coupling between G
and Z and between the direct contact systems (3'-X*Z and 3'-X*G) and the superexchange
samples (3-X"AZ, 3-X*AG, and 3-X*AAZ) also have to be considered.

The A values estimated above contain a contribution from molecular (A,) as well as
medium (As) modes. Since A, is not expected to depend appreciably on the donor—acceptor
separation*™ and since the overall A for the contact cases studied here (3-X*G and
3-X"Z) is estimated to be rather small (about 0.6 €V), it can be concluded that A, is aso
likely to be rather small (a few tenths of an electronvolt), a result consistent with previous
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work showing that for an organic donor—acceptor pair A, can be as small as 0.1 eV .[*4

Using the semiclassical electron transfer model of Bixon and Jortner,™ the
contribution of A, to the observed overall reorganization energy can be estimated. Within
the framework of vibrational ET theory (Eg. (3.7)) the total activation energy E, can be
defined as the weighted sum of the activation energies E4(n) for each separate reaction
channel into the product vibrationa level n:

> k
E,=Y - E,(n) 6.3)
5
_(AG+ A, + mw,)?
E.(n) = ¥ (6.4)

S

In Eq. (6.3) k, istherate constant for ET into the product vibrational level n:

_2nViexp(-S,) S (AG + A, +nhw, )

— ex
" n JAmk,T n g 4A kT E

(6.5)

Since only relative values for k, are needed for the calculation of the activation energy
according to Egs. (6.3) and (6.4), the electronic coupling is set to V = 1. The calculations of
the activation energies according to Egs. (6.3)—(6.5) were performed employing an
effective vibrational frequency of 1500 cm™ (see Section 3.2.2) and A, values ranging from
0.1-0.4 eV. Theresults are illustrated in Fig. 6.10.

Even in the normal region, some degree of nuclear tunneling associated with the high-
frequency modes can be expected to reduce the activation energy relative to the classical
limit. As a result of this tunneling, the quantity A in Eqg. (3.3) may be viewed as an
effective A corresponding to the sum of As and some fraction of A,, expressed with a
fractional coefficient o

Ay = A +aA, (6.6)

A«t Can be rationalized as the reorganization energy in the classical Marcus expression
Eq. (3.3), which reproduces the semiclassica activation energies. For the systems in the
normal region (3-X*G, 3-X"AG, 3-X"AZ, and 3-X"AAZ), a values of only ~5-20% are
required to obtain equivalence between the semiclassica E, values and their classical
counterparts. Thusthe A estimates cited above are expected to be dominated by As.
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Fig. 6.10: Activation energies for hole transfer with different contributions from the
vibrational reorganization energy A,. The activation energies were calculated according to
the semiclassical model (Egs. (6.3)—(6.5)) using As = 0.8 eV and . = 1500 cm™.

This is illustrated in Fig. 6.10, which shows the semiclassical activation energies
calculated for As=0.8€eV and a varying contribution of the vibrational reorganization
energy. Based on the estimated range of permissible values for the classical reorganization
energy of 0.85eV<A<1.20eV, such a stuation should be valid for the duplexes
3-X*'AG and 3-X'AZ. Clearly, the quantum effects are small in the normal region.
However, the contribution of the vibrational modes is essential in the inverted regime, i.e.,
for the backward charge shift processes. For the backward hole transfer processin 3'-X"AZ
an activation energy of 0.13+0.01eV was found (Table6.1). An estimate for the
vibrational contribution to the total reorganization energy for this specific duplex can also
be obtained by globally applying semiclassical ET theory (Eg. (3.7)) to the forward and
backward hole transfer rate constants. Using the values for k; and k, given in Table 6.1 and
the above estimates for the medium reorganization energy As=0.7-0.8 eV, a variation of
the driving force in the range AG =-(0.4-0.6) eV vyields A, values in the range of
0.3-0.4 eV.? For these values of As and A, and a driving force of about —2.3 eV for the
backward charge transfer the semiempirical model predicts E; < 0.05 eV (Fig. 6.10). This
estimate is much lower than the observed value of 0.13 eV. Similar arguments can also be
applied for the back transfer in the duplexes 3'-X*Z and 3'-X"G. The origin of the observed

% In this treatment, the range of acceptable values for AG and As is constrained since the larger (AG + A),
the larger the value of V. E.g. using A;= 0.7 eV and AG = -0.5 eV vyields A, = 0.4 eV and V = 50 cm™.
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high activation energies for the backward charge shift in 3-X*Z, 3-X*G, and 3-X*AZ
cannot be explained yet.

6.3.3  Senditivity of the Reorganization Energy to Parameters

The values of the distance-dependent reorganization energy derived in the last section are
based on estimates for the driving force in the DNA donor—acceptor systems and also on
the difference in AG for duplexes containing guanine or 7-deazaguanine as the hole
acceptor. In the following, the sensitivity of A to changes in these parameters will be
analyzed and lower limits will be estimated for the total reorganization energy at different
donor—acceptor separations.

The main input parameter is the difference in the driving force between 3'-X*AG and
3-X"AZ, AAG = AGz.x+ac — AGz.x+az. As stated above, there are indications that the
difference between the in situ potentials of G and Z may be as low as 0.15 eV.!% % The
absolute values of A aso depend on the AG values utilized for 3'-X*AG and 3'-X"AZ.
More specifically, a variation of 0 in the AG values, maintaining the value for AAG,
yields a variation of +20 in the fitted A vaues. Using the minimum values
AGz x+ac =0.0eV and AAG =0.15¢V the following lower limits for the reorganization
energy can be estimated: A =1.1+ 0.1V for 3-X*AAZ, A1 =0.6-0.8 eV for 3-X*AG and
3-X*AZ, and A = 0.2-0.4 eV for the direct contact systems 3'-X"G and 3'-X*Z. All values
contain a contribution from A,, which is independent of the donor—acceptor separation.™***
As indicated by the small total A for 3'-X"G and 3'-X*Z this contribution must be small, in
agreement with the analysisin the previous section.

In addition to the above uncertainties, potential entropy contributions to AG and A and
the temperature dependence of these parameters have been neglected. Therefore the
absolute values of the reorganization energy have to be considered as first estimates.

6.3.4 Comparison between Theory and Experiment

As shown in the previous sections, the distance-dependent activation energies can be
explained by an increase in the medium reorganization energy as the donor—acceptor
distance in the DNA duplexes is getting larger. The magnitude of As, as well as the degree
of distance dependence, rely on a number of factors including the effective size and shape
of the donor and acceptor sites, their effective separation distance, and the effective
polarity of their surroundings.’”* ** With respect to the last point, the DNA duplex is a
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Fig. 6.11: Distance dependence of the medium reorganization energy As according to the
two-sphere-model (Eq. (3.4)). The radii of both the donor and acceptor spheres were taken
to be 4.5 A and the optical frequency dielectric constant was set to &y = 2.0.

heterogeneous dielectric environment. The combined effects of the polar stacked
nucleobases, the charged sugar—phosphate backbone, and the surrounding water have to be
taken into account. For the DNA base stack no reliable value for the static dielectric
constant & has been reported yet. Estimates range from & = 2 to 12.1 7 1% A5 can be
seen from Fig. 6.11, varying the static dielectric constant within this range yields large
changes in the magnitude of the medium reorganization energy.

The first model calculations of As in duplex DNA reported by Tavernier et a. were
based on the explicit consideration of the dielectric heterogeneity of the surrounding
medium.!*® In these calculations a DNA duplex in which two of the DNA bases served as
donor and acceptor sites was considered. The base stack was described with the dielectric
constants of pyridine (&, =2.27 and & = 12.4). The sugar—phosphate backbone regions
were assigned characteristics between those of pyridine and water, with &, =1.90 and
& = 20.0, whereas water was used as surrounding solvent (& = 1.77 and & = 78.3). These
calculations yielded very high absolute values for As (e.g. A = 3.0 eV at 15 A).[*? However,
the reported increase of about 1 eV as the donor—acceptor distance changes from 3-4 A
(contact) to about 10 A (two intervening A:T base pairs) is consistent with the observed
behavior in the X'-modified duplexes. Based on their calculations, Tavernier et al.
suggested that the main distance dependence of the rate constant for hole transfer in DNA
might be due to the distance dependence of the medium reorganization energy.*® In
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contrast, in a recent quantum chemical study the reorganization energy was found to
exhibit only a weak distance dependence, and the contribution of A to the decay parameter
B of the rate constant was estimated to be only about 0.1 A" The large difference to the
previous results were mainly related to the high dielectric constants used by Tavernier and
coworkers.

Both theoretical calculations are based on unperturbed DNA donor—acceptor systems
with two of the DNA bases serving as donor and acceptor sites, respectively. From space-
filling molecular models of DNA duplexes it is evident that within the base stack there is
no substantial amount of space for water molecules.!*® In this case, the magnitude of the
reorganization energy depends predominantly on whether the DNA base stack is assumed
to be a low or medium dielectric region. However, this situation might be different in
actual DNA donor—acceptor systems. On the one hand any modification is expected to
perturb the structure to some extent and on the other hand the attached or incooperated
donor or acceptor molecules might be accessible to the polar solvent molecules or in close
contact with the charges and dipoles on the DNA backbone.

The contribution of distance-dependent activation energies to the hole transfer kinetics
measured for other DNA-based systems is still an open question. In general, a significant
contribution of the FC factor to the observed distance dependence of the rates in molecular
donor—acceptor systems may be expected if the medium reorganization energy is
appreciable and the charge-transfer step is relatively short-range, i.e., occurring over
<10-15 A (see Fig. 6.11). In addition, the driving force should be in the normal region
(-AG < \) of the Marcus expression.* The most reliable estimates of the distance
dependence of hole transfer rates in DNA have been published by Lewis et al. and by
Giese and coworkers.®™® % In the following, the results for X*-modified duplexes will be
compared to these specific DNA-based donor—acceptor systems.

Lewis et al. have investigated the distance dependence of photoinduced hole transfer for
a family of synthetic DNA hairpins in which a stilbene dicarboxamide (SA) forms a bridge
connecting two oligonucleotide strands.”® % Base pairing between these strands results in
the formation of hairpins in which the stilbene is approximately parallel to the adjacent
base pair. In analogy to 9-amino-6-chloro-2-methoxyacridine the singlet stilbene is
selectively quenched by guanine, but not by the other nucleobases, via a charge-transfer
mechanism in which the stilbene singlet state is the hole donor and guanine is the hole
acceptor. With time-resolved fluorescence and absorption measurements the fluorescence
quenching and the formation of the stilbene anion radical SA™ was monitored as a function
of the number of A:T base pairs between the donor and the acceptor. This process shows

* Related effects in the inverted region have also been noted." 18
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an exponential decrease in the rate constant with distance described by a parameter
B=0.7+0.1 A1 % Opviously, this relatively small value mainly reflects the decay of
the electronic couplings with distance and any potential contribution of a distance-
dependent activation energy must be small. In these hairpins the end-capped chromophore
is partially surrounded by water. Therefore the medium reorganization energy may be
appreciable for the ET process. Additionally the measurements were performed at short
D-A distances (4—-17 A) where a large contribution of a distance-dependent FC factor is
expected. The fact that in these experiments there was no observable indication of an
increase in A with distance suggests an activationless or inverted injection process in the
SA-hairpins. As discussed above, a distance-dependent reorganization energy has a weaker
effect on the ET rates in the activationless and inverted regime than in the normal region.

However, the driving force for hole transfer from *SA” to G was reported to be about
—0.2 eV. Based on the estimates for the reorganization energy in Section 6.3.2, such a
driving force would be in the normal region. In the absence of in vitro potentials AG was
estimated from the redox potentials of the chromophore and the guanine nucleobase in
solution. It is known that the strong stacking interactions in the DNA hairpins may lead to
significant changes in the oxidation and reduction potentials of the donor and acceptor
molecules. A driving force that is by a few tenths of an electronvolt more negative would
place the injection process in the SA-linked hairpins into the activationless or inverted
region. Such a situation would be consistent with the ultrafast injection rate measured in
the direct contact system and the observation that the hole transfer rate is not very sensitive
to changes in the driving force. Replacing G by Z leads to changes in the observed rate of
less than a factor of two,!® whereas much larger changes are observed in the X*-labeled
duplexes (Chapter 4). Furthermore, even in the presence of a distance-dependent
reorganization energy its effect on the hole transfer rates may not be reflected in the
experimental data by Lewis and coworkers. In contrast to the charge shift occurring in
X*-DNA, in the charge separation reaction between SA and G the driving force should
display a distance dependence of its own (Eqg. 3.6). The values of AG and As may display a
much stronger dependence on the SA-G distance than the overall rate constants
because AG and As are summed to calculate E; and some of their differences may cancel
each other when the rate constant is calculated.'”® Therefore even if the reorganization
energy is appreciable the overall changes in thermal activation with increasing
donor—acceptor separation might be small.

In conclusion, the apparent discrepancy between the distance dependence of the rates
observed in the SA-hairpin system and in X'-modified DNA may be explained with
different energetics and the inherent differences between charge shift and charge
separation reactions. Additional contributions to the larger distance dependence in
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Fig. 6.12: Assays for the determination of the distance dependence of the hole transfer rate
constant used by Giese and coworkers.®™ (a) Hole transfer from a single G'* to a GGG
unit, (b) hole transfer from a deoxyribose radical cation to a Z (or G).

X*-DNA duplexes could result from a larger energy difference between the initial and
bridge states or from weaker coupling between the excited hole donor and the bridge.l”® 1!
Due to its apparent insensitivity to changes in the energy parameters stilbene-linked
hairpins seem to be well-suited for the investigation of the pure electronic Sin DNA.

A second reliable approach to the determination of the distance dependence of ET rates
in DNA are the thermal hole transfer studies by Giese and coworkers which are based on
relative strand-cleavage efficiencies®™ Through heterolytic cleavage, a deoxyribose
radical cation is generated which selectively oxidizes a nearby guanine nucleobase. The
charge shift from this guanine radical cation to a GGG unit was studied varying the
number of intervening A:T base pairs (Fig. 6.12a) and a decay parameter 3= 0.7+ 0.1 A*
was reported.®™ From a kinetic analysis of the chemical yield data provided by these
experiments a medium reorganization energy of about 0.4 eV is obtained, which indicates
a relatively low effective polarity of the surrounding medium.!®

However, Giese et al. have also investigated the distance dependence of the primary
charge transfer step from the sugar radical cation to a guanine or 7-deazaguanine acceptor
(Fig. 6.12b). Recent results indicate that an exponential distance dependence is only
observed for donor-acceptor distances >9 A.**? For these distances the relative rate
constants yield a decay parameter 8= 0.55 + 0.1 A™%. At shorter distances the hole transfer
occurs faster (by a factor of about 10) than expected for this Svalue. As in the X*-modified
duplexes this effect can be ascribed to the distance dependence of the medium
reorganization energy. The finding that the effect is smaller can be rationalized by the fact
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that the shortest D-A distance accessible is 6.1 A. Therefore, this system seems to be
insensitive to the large changes in As which occur at shorter distances (see Fig. 6.11).

A comparison of the two experimental asseys employed by Giese and coworkers
suggests that the results may be rationalized in terms of different effective polarities of the
medium surrounding the hole donor. In the G*/GGG system the guanine radical cation
donor is located within the base stack. The medium reorganization energy of about 0.4 eV,
obtained from kinetic modeling of these data, is relatively small and no contribution to the
distance dependence of the rates is observed. Since both the donor and acceptor molecules
are intrinsic DNA bases the structural perturbations can be assumed to be small. Thus the
low reorganization energy might reflect the effective polarity provided by a largely
unperturbed DNA environment. When the sugar radical cation serves as the hole donor, the
data are consistent with a contribution from a distance-dependent activation energy, and
therefore with an appreciable value of As. Such an interpretation would be in accord with
the increased solvent accessibility of a charge on the sugar—phosphate backbone and the
interaction with the phosphate ions in the immediate environment. Moreover, the method
used by Giese and coworkers for charge injection is based on the heterolytic cleavage of
the phosphate ester C,0-bond in a 4'-DNA radical.’®™ This strand breakage upon charge
generation and the resulting changes in local structure may further promote solvation of the
deoxyribose radical cation.

In analogy, the relatively large reorganization energies for the X*-labeled DNA
duplexes point to a local defect structure at the chromophore binding site that allows for a
relatively large effective dielectric constant. Such a deviation from the standard B-form
structure may lead to an increased solvent accessibility to the intercalated chromophore.
However, in the absence of detailed structural information it cannot be excluded that some
part of the 9-amino-6-chloro-2-methoxyacridine is not fully intercalated and may therefore
be exposed to the solvent.

6.4 Conclusions

The temperature-dependent measurements presented in this chapter verify the assumption
that the steep distance dependence of the hole injection rate constant in X*-modified DNA
duplexes is not solely caused by a decrease in electronic couplings, but also by a
concomitant increase in activation energy with increasing donor—acceptor separation. An
analysis of the rates and activation energies shows that the hole transfer rate constants slow
down by a factor of about 100 due to activation and by a factor of 20 due to the decrease in
electronic couplings. The latter value corresponds to an electronic tunneling parameter of
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B=0.9A" which is in agreement with estimates from the literature.®™> @ An artificial
intramolecular donor—acceptor system, in which the distance dependence of the activation
parameters is larger than that of the electronic factor, has been reported before.l**¥ There,
the large overall distance dependence of the rate constant for ET from Os' to Ru'", linked
by a polyproline bridge, was reported to be due to a superposition of the decay of the
electronic couplings (B = 0.68 A™) and that of the nuclear factor (Gec = 0.91 A™).

The increase in thermal activation energy with distance can be self-consistently
explained within the framework of a distance-dependent reorganization energy. These fits
yield lower limits for the medium reorganization energy of about 0.8eV at 10 A
donor—acceptor separation. The quantitative modeling of A for the present DNA duplexes
would require detailed information about the structure of the X' chromophore in its
binding site, including any specific perturbations of the DNA structure. This information is
expected from a forthcoming NMR structure. However, the large reorganization energy
strongly suggests the presence of highly polarizable molecular dipoles or ions in the
immediate environment of either the donor and/or acceptor species.

It is a task for the future to test different donor—acceptor systems derived from proteins
or DNA duplexes for the contribution of distance-dependent Franck—Condon factors to the
empirical attenuation factor £. In such systems S is often discussed exclusively in terms of
electronic couplings, although the potentially crucial role of the Franck—Condon factor has
been noted in the general electron transfer literature.[**" 118 121122



7 Nucleobase Oxidation Kinetics and the Role of the
Nucleobase Environment

In the previous chapters the distance and temperature dependence of the hole transfer rate
constants in  9-amino-6-chloro-2-methoxyacridine-modified DNA were studied with
duplexes of the type 3-X*(A).B and 5-X*(A).B, where B=G or Z and n=0-2.
Increasing the driving force by replacing guanine with its easier-to-oxidize analog
7-deazaguanine was found to increase the hole transfer rates substantially. Moreover, the
temperature-dependent measurements in Chapter 6 show that hole transfer over one A: T
base pair can be significantly activated.

This activated behavior and the accompanying sensitivity of the hole transfer rates to
changes in driving force are utilized in the experiments discussed in Section7.1. The
influence of the oxidation potential of the hole acceptor on the transfer rate is investigated
employing modified purine nucleobases as potential hole acceptors. Section 7.2 deals with
the role of the intervening bridge comparing the systems 3'-X*(B),Z with B = A and T.
Whereas all experiments reported so far involved hole donors and acceptors located on the
same strand of the double helix an interstrand hole transfer experiment will be presented in
Section 7.3. Finally, Section 7.4 discusses the influence of the identity of the nucleobases
bracketing a hole accepting base on the dynamics and energetics of hole transfer
(Section 7.4).

7.1 HoleTransfer to Various Purine Nucleobases

As illustrated by guanine and 7-deazaguanine, which differ only in the replacement of N-
by a CH group, subtle changes in the structure of a purine base can lead to a significant
increase or decrease in the oxidation potential. This change is reflected in the observed
hole transfer rates (Chapter 4). In this section, the modified purine nucleobases inosine (1),
7-deazaadenine (A?), 2-aminopurine (2AP), and 8-bromoguanine (8BrG) are tested as
potential hole acceptors. The chemical structures of these nucleobase analogs are shown in
Fig. 7.1. In addition to changes in the redox potentia the chemical modification of adenine
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Fig. 7.1: Chemica structures of the modified purine nucleobases and base sequences of the
X*-modified single strands utilized to produce the duplexes discussed in Sections 7.1-7.3.
The counter strands are not shown. However, all nucleobases were placed in a standard
Watson-Crick pair and an adenine was placed opposite to X*. Both the X*-modified
strands and the counter strands are shown for the duplexes 3'-X*Z and 3'-X*AZe.

or guanine can aso influence the electronic couplings due to changes in size, electronic
distribution, and even the nucleoside sugar conformation.!**!

Using time-resolved transient absorption spectroscopy the photoinduced dynamics in
the X*-modified duplexes 3'-X"P and 3'-X*AP, with P=1, 2AP, 8BrG, or A% were
studied. The sequences of the oligonucleotide strands are shown in Fig. 7.1. The results
will be compared to the systems containing A, G, and Z, which have been discussed in
Chapter 4. In the direct contact systems 3'-X P strong, base-specific el ectronic interactions
between the hole donor and acceptor will play an important role. These effects are
expected to be minimized in 3'-X*AP, where the local chromophore environment always
consists of two flanking A:T base pairs and the variable base pair is placed one A:T base
pair away from X" inthe 5' direction of the X*-modified strand.
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7.1.1 Experimental Results
Steady-State Spectr oscopy

The sequences of the duplexes 3-X*P and 3'-X*AP are shown in Fig. 7.1. The counterbase
to adenine (A), 2-aminopurine (2AP), and 7-deazaadenine (A?) is thymine (T), whereas the
counterbase for guanine (G), inosine (1), 8-bromoguanine (8BrG), and 7-deazaguanine (Z)
iscytosine (C).

The steady-state absorption spectra of all duplexes 3-X*P and 3'-X*AP are similar to
that of X*(AT). Figure7.2 shows representative absorption spectra of 3'-X*AA* and
3I-X"A(2AP). In the latter, the X™ S, — S band overlaps with the red absorption tail of the
2AP nucleobase.[***

The fluorescence spectra of 3-X*(2AP), 3-X"I, 3-X"A(2AP), and 3-X*Al are similar
in both spectral features and in overall intensity to that of X*(AT). The duplexes 3'-XAA?
and 3'-X"A(8BrG) display similar overall spectral features but a lower fluorescence
intensity comparable to the one in 3'-X'AG. Almost complete quenching of the
fluorescence is found in 3'-X*(8BrG) and 3'-X A%,

Absorption [a.u.]
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Fig. 7.2: Normalized steady-state absorption spectra of the duplexes X*(AT) (O),
3-X"AA? (--), and 3-X"A(2AP) (--) a 283 K. In 3-X"A(2AP) the X' S « & band
overlaps with the absorption of the 2A P nucleobase.
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Fig. 7.3: Transient pump-probe kinetics measured in the duplexes 3'-X*A% (+), 3-X"1 (A),
3-X*A(8BrG) (m), and 3'-X*(2AP) (¥) using 455 nm pump pulses and 500 nm probe
pulses. The solid lines are nonlinear |east-squares fits to the kinetic data, whose parameters
aregiveninTable 7.1.

Hole Transfer in Duplexes 3'-X"P and 3'-X*AP

The kinetics observed in duplexes 3'-X*P and 3-X*AP using 455 nm pump and 500 nm
probe pulses are shown in Figs. 7.3 and 7.4. Under these conditions the probe pulses
monitor both the decay of the excited state *(X*)" by stimulated emission and the
absorption of the acridine radical X* (Chapter 4). In both 3'-X*I and 3'-X*(2AP) the
excited state decays monoexponentially with a lifetime too long for the 6 ns detection
window of the femtosecond laser system (Fig. 7.3). As shown in Fig. 7.4, aimost identical
transient dynamics are observed for the duplexes 3'-X*Al and 3'-X"A(2AP). In analogy to
the reference duplex X*(AT), nanosecond absorption spectroscopy yields excited-state
decay times of 18 nsfor all these duplexes (Table 7.1).

Placing an 8BrG:C or a A%T pair next to or separated by one A:T base pair from X*
leads to fluorescence quenching and spectroscopic features similar to those observed
before in the G containing duplexes 3-X*G and 3'-X*AG. In the direct contact systems
3-X*"A% and 3-X*(8BrG) the }(X*)" excited-state decay occurs on a picosecond time scale
and the absorption of the product state X, formed via photoinduced hole transfer, is
observed (Fig. 7.3). For both duplexes the excited state and the radical state decay with
time constants a little longer than observed in 3'-X*G (Tables 7.1 and 7.2). As can be seen
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Fig. 7.4: Transient pump-probe kinetics measured in the duplexes 3'-X*A(8BrG) (v),
3-X*AA? (4), 3-X'Al (+), and 3-X"A(2AP) (m) using 455nm pump pulses and
500-530 nm probe pulses. The solid lines are nonlinear least-squares fits to the kinetic
data, whose parameters are given in Table 7.1.

from Table 7.1, an additional small component (10-20% amplitude) is needed to describe
the excited-state decay in 3-X*A” and 3'-X*(8BrG) satisfactorily. Only a small fraction
(<10%) of long-lived background signal is observed in the transient kinetics.

Placing A% or 8BrG one A:T base pair away from X* leads to quenching of *(X*)" on a
nanosecond time scale (Fig. 7.4), similar to 3-X*AG (Chapter 4). The lifetime of }(X*)" is
7.9nsin 3-X"A(8BrG) and 2.3 nsin 3-X"AAZ In both systems the ground-state recovery
occurs on a time scale identical to the excited-state lifetime. However, in analogy to the
direct contact systems the hole transfer kinetics in 3'-X*A(8BrG) and 3'-X"AAZ contain a
small additional component that is not found in the kinetics of 3-X*AG (Table7.1). In
3-X*A(8BrG) the additional component has a lifetime of ~100 ps and an amplitude of
10-15%, depending on the probe wavelength (Table7.1). In the stimulated emission
region a short time component with a lifetime of 150 ps (20%) can be observed in the
duplex 3-X*AA%,
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Table 7.1 Numerical parameters of the fit functions displayed as solid lines in Figs. 7.3
and 7.4.

Duplex rlps [AAL |1 [ps] [AA: | :z[pg] [AAs | m[ng]® [AA
3-XA? 23 |[-053 | 165 |-2.17 | 111 1.68 |>5 -0.16
3.X(8BrG) | 05 |-037 | 63 |-142 | 31 | 062 | 20 |-0.09
3-X7 - - - - - - >5 -1.00
3 X" (2aP) i i i i i T[> ~1.00
3-XTAA? - - - - 180 |-0.23 | 2.0 -0.77
3X*A(BBIG) | - i i . 42 | 013 [>5(7.9) |-1.01
3 XAl i i i i i ~ [>5(18) |-1.00
IXAQP) | - i i i i ~ [>5(18) |-1.00

DA, 3 are the relative amplitudes of the time constants 71,3 # For all measurements the probe wavelength
was set to 500 nm except for 3-X"A(8BrG), where the probe wavelength was at 530 nm. ® The time
constants in the nanosecond region cannot be determined precisely as the delay line is restricted to times
below 6 ns. Valuesin parentheses were measured with the nanosecond pump-probe setup.

7.1.2 Discussion

As can be seen from Fig. 3.4, ET reactions are not sensitive to AG near the top of the
Marcus curve (AG=A). Therefore, a thermaly activated electron transfer reaction
(AG << A) must be used to correlate changes in ET rate constants with those in the
oxidation potential of the hole donor Eox. As shown in Chapter 6, this requirement is met
by X*-modified duplexes. The forward hole transfer reactions in 3'-X*AZ and 3'-X"AG,
for instance, were found to be activated by about 0.1 eV and 0.2 eV, respectively.

The results of the transient absorption measurements on the duplexes 3'-X*P and
3-X*AP are summarized in Tables7.2 and 7.3. In the presence of only A and T
nucleobases (duplex X*(AT)) there are no hole transfer reactions from *(X*)" and the
unquenched excited-state lifetime of X* in duplex DNA of 18 ns is observed (Chapter 4).
The excited-state decay times listed in Table 7.3 indicate that neither 2AP nor | are
oxidized within the lifetime of Y(X*)". In contrast, the four purine nucleobases G, Z, A?,
and 8BrG are capable of undergoing photoinduced hole transfer with X*. This points to
favorable hole transfer free energies due to appropriately low oxidation potentials of these
nucleobases in duplex DNA. However, the oxidation potential is not the only factor
controlling hole transfer rates. As stated before, chemica modification of the purine
nucleobases may significantly influence the electronic couplings via either different
electronic distributions or structural changes.
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Table 7.2: Excited-state lifetimes and forward and backward hole transfer rate constants in
the duplexes 3'-X'P at 283 K.

Duplex Tes [ps] ke [s7T%° ko [s7]
3-X*A? 2.3 (21%)
16.5 (79%) | 6.1 x 10%° 7.1 x 10°
3'-X*(8BrG) 0.5 (19%)
6.3 (81%) | 1.6 x10% 2.0 x 10°
3-X'G 3.8 2.6 x 10 2.9 x 10°
3-X'Z 0.7 1.4 x 10% 1.6 x 10

& Forward charge shift rate constants calculated from the excited-state lifetimes according to Eq. (4.5).
b Based on the majority component of zs for 3-X*A” and 3'-X*(8BrG).

Origin of the Biexponential Kineticsin the Duplexes Containing A” and 8BrG

The biexponential kinetics observed in the duplexes containing A* or 8BrG may originate
from such structural effects. Seela et al. have reported that the replacement of A by A?
shifts the melting transition of DNA duplexes to lower temperatures.**® Upon replacement
of one A by A?in the duplex d(A-T)es the melting point was lowered by 3 °C. This effect
was explained by an altered dipole moment of A% which might influence the strength and
orientation of stacking interactions of this base within a DNA duplex. Additionally, due to
changed donor or acceptor properties of N; and the amino group because of the N,—CH
replacement, hydrogen bonding in the A%T base pair could be affected.!*®! In contrast, in a
more recent study of the same group a d(A*-T)s duplex was reported to be slightly more
stable than d(A-T)s.l*® However, the complete replacement of A by A* may affect the
overall structure of this duplex and can therefore give no reliable indication of the effect of
a single A-A” replacement, as, e.g., in the duplex 3'-X"AAZ% In this context, recent
computational results suggest that the overall structural changes are likely to be small
when an A:T base pair is replaced by A%T.l"

There is more known about the structure of 8BrG in duplex DNA. Due to the bulky
bromine substituent 8-bromoguanine adopts the syn orientation about the glycosyl link.
This is in contrast to standard B-form DNA where the nucleotides are found exclusively in
the anti configuration.l** Therefore, the incorporation of 8BrG is expected to lead to a
local defect structure, a feature which is most likely responsible for the biexponential
kinetics in 3'-X"(8BrG) and 3'-X"A(8BrG). However, the structures of the A* and 8BrG
containing X*-labeled duplexes are not known. Thus conclusions on the role of base-
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Table 7.3: Excited-state lifetimes and forward hole transfer rate constants in the duplexes
3-X"AP at 283 K and relative one-electron oxidation potentials of purine nucleobases in
solution.

Duplex Tes [nS] ki [$1]° Base Eod [eV]
3-X*(AT) 18.0 - A 0.45-0.49
3-X*Al 18.2 - | [D.2
3-X*A(2AP) | 18.2 - 2AP -
3-X*A@BBIG) | 7.9° 7.1x 10’ 8BrG [D.01
3I-X*AG 6.9 8.9 x 10’ G 0.0
I-XTAA 2.0° 4.4 x 108 A [0.01
3-X*AZ 0.011 9.1 x 10" Z -0.32

& Forward charge shift rate constants calcul ated from the excited-state lifetimes according to Eq. (4.5).
® Additional picosecond time component (see Table7.1). ¢ The value of G has been set to 0.0eV. The
references for the oxidation potentials are given in the text.

specific structural effects in the observed biexponentia hole transfer dynamics must await
future NMR structural studies. The following discussion of the hole transfer rate constants
will focus exclusively on the decay components with the largest amplitudes (>75%
amplitude) in the A? or 8BrG duplexes. These rates reflect the hole transfer dynamics of
the large majority of duplexes.

Hierarchy of the Rate Constantsfor Nucleobase Oxidation

In the following, it will be investigated whether the results obtained for the duplexes
3-X*AP and 3-X"'P (Tables 7.2 and 7.3) can be solely rationalized by differences in the
redox potentials of the purine nucleobases (Table 7.3). As the absolute values in the
literature vary considerably only differences in oxidation potentials with respect to the
value of guanine are reported in Table 7.3. Adeniné™® *¥ and inosine® 2" are the bases of
highest oxidation potentials. Thisis reflected in the dynamics, showing that A and | are not
oxidized within the lifetime of (X*)". No oxidation potential could be found for the
nucleobase analog 2-aminopurine. The experimental results strongly suggest that the
potential for this base analog is similar to those reported for A and I.

For 7-deazaguanine the ultrafast rates observed in 3-X*Z and 3'-X*AZ are consistent
with its low oxidation potential.’®® 8 The oxidation potentials of A% G, and 8BrG in
solution were reported to be almost identical .[B¥ This is reflected by the similarity of the
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injection rate constants for these bases. From this qualitative comparison of the hole
injection rate constants with the oxidation potentialsin solution, it seems that differencesin
structure and electronic coupling play aminor role.

Comparing the results for A%, G, and 8BrG in more detail, it can observed that the order
of rate constants changes upon introduction of one A:T base pair between donor and
acceptor:  ki(3-X'G) > ky(3-X'(8BrG)) > ki(3-X'A?) whereas ki(3-X'AAY) >
ki(3-X"AG) > ky(3'-X*A(8BrG)). These results cannot be rationalized solely on the basis
of changes in the driving force and therefore point to different contributions of the
electronic couplings to the hole transfer ratesin 3'-X*P and 3'-X*AP. The electronic matrix
element for any donor—acceptor system is sensitive to the relative orientation and distance
of the donating and accepting species. In the direct contact systems 3'-X*P changing the
identity of P may perturb the geometry of the X* binding site and hence perturb the
electronic matrix element for hole transfer. These base-specific perturbations of the
acridine binding site are expected to be of minor importance in duplexes 3'-X AP since the
chromophore is aways flanked by two A:T base pairs.

In summary, from the single-step hole injection rate constants in duplex DNA (duplexes
3-X*AP) the hole accepting properties of purine bases increase in the order A ~ | ~ 2AP
<8BrG ~ G < A* < Z (Table7.3). From the comparison with the in vitro oxidation
potentials reported for all bases studied in this work it can be concluded that the hierarchy
of these potentials seems to be largely conserved upon incorporation of purine bases into
duplex DNA.

For the bases A, |, G, A?% and Z these findings can be compared to experimental and
theoretical results. Nakatani et al. have performed chemical yield experiments where two
GGG triplets were separated by a TTBTT unit, with B=A, G, A% or Z.**® A theoretical
analysis of these experiments provides free energies of purine radical cations in DNA in
the order E(TA'T) > E(TA®T) = E(TG'T) > E(TZ'T).°¥ Additionally, base stacking is
expected to lower the oxidation potentials and to exert a leveling effect on the effective
oxidation potentials: For example, a G-A energy gap of about 0.2 eV was suggested,'®?
which is much smaller than the difference of the respective solution potentias
Eox(A) — Ex(G) = 0.45 eV."> ¥ Additional evidence for a lowering of the gap between
purine nucleobases in DNA was reported by Lewis and coworkers. Based on the dynamics
of hole transport from G'* formed via photoinduced hole transfer to a Z separated from G**
by one A:T base pair the Z-G energy gap in DNA was found to be only 0.19¢eV, in
contrast to the value of 0.3 eV reported for solution.*. Such a small energy gap isaso in
accord with the range of values 0.15-0.30 €V obtained from the fits of the temperature-
dependent data in Chapter 6. Recent semiempirical calculations indicate that guanine and
7-deazaadenine have amost identica ionization energies!? IP(A)=853eV >
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IP(A%) =8.07¢eV ~ IP(G)=8.06eV > IP(Z)=7.66eV. Thetrend | ~ A >G > Z for the
oxidation potentials is also in accord with time-resolved hole transfer studies in DNA. In
these experiments either a photoexcited 2-aminopurine®® or a stilbene derivative!® served
asthe hole injector.

Finally, the above discussion suggests that the magor consequence of a purine—purine
base replacement is a change in the driving force via Eq. The correlation between the ET
rates and the in situ oxidation potentials is expected to be supported by measurements of
the activation energies for the injection reactions in the duplexes 3'-X*AP. These
experiments are in progress.

7.2 HoleTransfer Acrossa(T), Bridge

In all previous experiments of this work dealing with bridge-mediated hole transfer the
hole donating 9-amino-6-chloro-2-methoxyacridine modification and the chosen hole
acceptor were separated by one or two adenine bases. In this section, the role of the
intervening bridge will be investigated using the duplexes 3'-X*TZ and 3'-X"TTZ in which
the bridging adenine nucleobases are replaced by thymine. The full sequences of the
modified oligonucleotides are shownin Fig. 7.1.

In 3-X'TZ the transient absorption features resemble those observed for 3'-X*AZ
(Table 7.4). Hole injection and backward hole shift slow down by approximately a factor
of two as compared to 3'-X*AZ. The dynamics in duplex 3'-X*TTZ are similar to those in
3-X*AAZ. Nanosecond transient absorption spectroscopy shows that the excited state
decays with a 15 ns time constant. The product state X" is not observed, which isindicative
of less activation in the back transfer rate constant k, as compared to the forward rate
constant k. From the ratio of rate constants ky(3'-X*TZ)/ky(3-X*TTZ) = 4000" an apparent
decay parameter 8>2A™ can be calculated. This ratio of is slightly larger than that
obtained for the system 3'-X*(A),Z, which points to either a steeper decrease in electronic
couplings or a stronger increase in activation energy with distance. However, in view of
the steep overall distance dependence the difference between 3'-X"(A),Z and 3'-X"(T).Z is
rather small, namely AB=0.1-0.3 A™%.

Changes in the rate constants after replacing A by T might, in principle, be due to both

L For 3-X*TTZ the excited-state decay timeis 1es = 15 ns, which is close to 75 = 18 ns for the reference
duplex X*(AT). Assuming an error bar of +10% for all decay times 75, a lower limit for the ratio of the rate
congtants ki(3'-X*TZ)/ky(3'-X"TTZ) > 2230 can be obtained from Eq. (4.5), as compared to the upper limit
for the duplexes containing bridging adenines with k;(3'-X "AZ)/k,(3'-X "AAZ) < 1800.
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Table 7.4: Excited-state decay times and forward and backward hole transfer rate
constants k; and k; in duplexes 3'-X*(B)1..Z withB = A and T.

Duplex Tes [ns] ke [S7] ko [s7]
3I-X*AZ 0.011 9.1x 10" | 1.0x 10"
3-X*AAZ | 84 74%x10" | -

3-X*TZ 0.022 45x 10" | 50x 10°
3I-XTTZ | 15 ~1.1x10" | -

& Forward charge shift rate constants calculated from the excited-state lifetimes according to Eqg. (4.5).

changes in the electronic couplings and the increase in energy difference between the
initial and the bridge states. Based on the in vitro oxidation potentials (Table 7.2) this
injection barrier is about 0.2 eV higher for thymine than for adenine."? Such an increasein
the injection barrier is expected to lead to a higher B parameter.!”™ In contrast, a recent
quantum chemical modeling study reports identical values for (A), and (T), bridges,"? in
agreement with the experimental findings for stilbene-linked DNA hairpins.[®®

The results for the X*-modified duplexes also suggest a similar decay of the rate
constant for superexchange hole transfer mediated by either A or T bases. The observed
difference in distance dependence might reflect the change in the injection barrier,
different electronic coupling matrix elements for X*-A and X*-T, or changes in the
activation energy. Whereas it is difficult to assign differences in the hole transfer rates to
either the injection barrier or the couplings, the contribution of the activation energy can, in
principle, be determined from temperature-dependent measurements, as discussed in
Section 6.3.1.

7.3 Interstrand Hole Transfer

The 9-amino-6-chloro-2-methoxyacridine modification and the hole acceptor do not
necessarily have to be placed on the same oligonucleotide strand. It is also possible to
study hole transfer in duplexes where donor and acceptor are located on different strands.
Such interstrand hole transfer was investigated with the duplexes denoted 3'-X*Z. and
3-X*AZ. (see Fig. 7.1). The coupling between X* and Z in this arrangement is strongly
dependent on the intercal ation depth and the binding geometry of the chromophore.

Placing a C:Z base pair next to X", duplex 3'-X"Z, results in transient absorption
features almost identical to those observed for 3-X*Z and 5'-X*Z (Fig. 7.5). The product



94 7 NUCLEOBASE OXIDATION KINETICS

Norm

N 1 N /V. AT | AT |
-1 0 1 10 100
t [ps]

Fig. 7.5: Comparison of the transient kinetics measured in the duplexes 3'-X*Z; () and
3-X*Z (+) using 455 nm pump pulses and 500 nm probe pulses. The solid lines are
nonlinear |least-squares fits to the kinetic data.

state X" monitored at 500 nm is formed within ~400 fs and decays with alifetime of 4.0 ps.
Single exponential forward charge shift and back transfer kinetics with negligible
background signal are observed in this duplex. With one A:T base pair between the
acridine and Z, duplex 3'-X*AZ., both the forward and backward charge shift times slow
down by a factor of about 25 relative to their counterparts in 3'-X*Z.. Hole injection and
backward hole shift reactions occur with time constants of 12 ps and 90 ps, respectively
and are very similar to the time constants observed for intrastrand transfer (Fig. 7.6).

These results point to a deeply intercalated ACMA chromophore, since similar time
constants imply comparable donor—acceptor electronic couplings when the hole transfer
direction isin either the 5’ or 3' direction, and when the donor and acceptor are located on
complementary strands. This view is consistent with preliminary information from a
forthcoming NMR structure, which indicates that the adenine base opposing the acridine
chromophore and to a lesser extent also its neighboring bases do not adopt a regular
B-form structure.!® This deviation from the standard DNA structure can be explained by
the constraints imposed by the size of the intercalated chromophore, which forces the
opposing A base out of its normal position.
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Fig. 7.6: Schematic illustration of intrastrand hole transfer in 3-X*AZ and 5'-X*AZ and
interstrand hole transfer in 3-X*AZ.. Also given are the forward and backward hole
transfer rate constants k; and k, for each duplex. Whereas all three duplexes are 21 base
pairs long (see Figs. 4.2 and 7.1) for clarity only the proximity of the chromophore is
shown.

7.4 Cooperative Effects of Adjacent Bases

The results of the experiments in the preceding chapters and sections could be well
described as hole transfer from a photoexcited donor to a localized acceptor nucleobase
separated by a number of inert bridging nucleobases. However, in view of the strong
stacking interactions in DNA, it has to be taken into account that the ET parameters for
hole transfer to a specific nucleobase acting as a hole acceptor may be sensitive to the
nucleobase environment. Ab initio and semi-empirical calculations suggest that the energy
of an oxidized base B* in DNA is influenced considerably by the chemical identity of the
adjacent bases.[*?® % |n the following, the dependence of hole transfer to a base B on its
adjacent bases will be summarized using results from this work and other studies. The
sequences of the X*-modified strands discussed in this section are given in Fig. 7.7.

X*ABA. The hole transfer processes in X*-modified DNA duplexes, presented in
Chapter 4, can be explained by a single-step hole transfer from photoexcited X* to
nucleobases B in the triplet ABA, where B =G, Z. The bridging adenine bases act as
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I-X"AG 5-GCGTTAT | AG A(X")A| TAA TAT GCG-3

3-X*AZ 5-GCGTTAT |AZ A(X")A| TAA TAT GCG-3
3-X*AP 5-GCGTTAT |AP A(X")A| TAA TAT GCG-3
3-X'TZ 5-GCGTTAA|AZ T(X")A | TAA TAT GCG-3

I-XTAGG 5-GCGTTAT |GG A(X")A| TAA TAT GCG-3

5'-X*AG 5-GCGTTA TAT | A(X")A GA | T TAT GCG-3
5'-X*AZ 5-GCG TTA TAT | A(X")A ZA | T TAT GCG-3

Fig. 7.7: Nucleobase sequences of the X*-modified single strands used to produce the
duplexes discussed in Section 7.4, with P=1, A% 2AP, and 8BrG. The counter strands are
not shown, however, all nucleobases were placed in a standard Watson—Crick pair and an
adenine was placed opposite to X,

superexchange mediators. This result can be extended to other modified purine nucleobase
analogs. As discussed in Section 7.1, in the duplexes 3'-X*AP (with P= A, |, 2AP, 8BrG,
G, Z, and A?), the hierarchy of the oxidation potentials seems to be largely conserved upon
incorporation of the different nucleobases B into duplex DNA. In addition, the changes in
the rates go along with a change in the driving force which is expected from the calculated
ionization energies of the bases.”? This qualitative comparison suggests that changes in
electronic couplings upon the replacement of a purine nucleobase, that are due to structural
effects or specific interactions with the adjacent adenines, play a minor role.

X*(A, T)B(A, T). As discussed in Section 7.2, changing the base that constitutes the
superexchange bridge element in the sequence 3-X*AZ to 3-X'TZ is expected to
influence the couplings and the injection barrier. In both cases, the 5' subsequent baseis an
A (Fig. 7.7). Additionally, the energy of the oxidation potential of Z might be influenced
by the adenine-thymine replacement. However, the hole transfer rate constants observed in
3-X*AZ and 3-X"TZ differ only by afactor of about two and thus point to a small overall
effect. Thisfinding is in accord with transient absorption measurements on stilbene-linked
DNA hairpins with either TGT or AGA motifs.[®® However, semi-empirical calculations
suggest that in 5'-(A, T)G'(A, T)-3' triplet ions the stabilization of G* is influenced
considerably by the 3'-(A, T) base, whereas the effect of the preceding base 5'-(A, T) was
found to be rather small.*¥ 5-AG*A-3, for example, was calculated to be more stable
than 5'-TG'T-3' by about 0.15 eV. These calculations cannot be compared directly to the
above experiments since it is not easy to experimentally disentangle the contributions of
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the electronic couplings and the energetics. More experiments with selective A-T
replacements are needed to resolve the discrepancy between the rather large calculated
stabilization energies and the small effects on the experimental rates.

X*AGG(A, G). From extensive photocleavage studies it is known that GG sequences
are more reactive than GA sequences. Even greater selectivity is observed for cleavage at
GGG sequences.*® The basis for this selectivity has been investigated computationally
and it has been proposed that these observations are due to alower oxidation potential of G
in GG and GGG sequences.[** Such a lowering of the oxidation potential is expected to
ater the driving force and, for a hole transfer in the normal region, lead to an increase in
the rate constant. Experiments in either X*-labeled duplexes or stilbene-linked hairpins
reported only small changes in the observed hole transfer rates.!**" ¥ For the duplex
3-X'AGG, for instance, the hole injection rate constant is ky =1.7 x 10° s in
comparison to k; =8.9x 10’ s* for 3-X*AG (Chapter 4). In contrast, recent semi-
empirical caculations predict stabilization energies of 0.13-0.3eV for (GG)'" and
(GGG)'* relative to G*!*¥ The difference between theory and experiment may be
rationalized by the fact that the calculated results refer to model duplexes in vacuum and
do not incorporate solvation effects. Recent analyses of experimental data yield lower
values for the stabilization energies. Bixon and Jortner analyzed the chemica vyield
experiments by Meggers et al.[®¥ and concluded that in these duplexes the free energy gap
between (GGG)'* and G'* is only 0.062-0.096 eV.*¥ Lewis et a. investigated the
dynamics of hole transport from G* formed via photoinduced hole transfer from
photoexcited stilbene to a GG or GGG sequence separated from G™* by one A:T base
pair.*3 From kinetic modeling of the delayed decay of the stilbene anion radical free
energy differences were derived: GG isonly 0.052 eV lower in energy than G, and GGG is
only 0.077 eV lower. These results point to GG and GGG being shallow hole traps in
duplex DNA.

The experimental charge transfer rates indicate that the hole-accepting site is the G
nucleobase proximate to the injector.™*Y The sequence selectivity observed in oxidative
strand cleavage experiments, indicating that in GGG either the 5'- or central G is the
preferred cleavage site*** ¥ may be achieved by either an intraguanine tract relaxation
process subsequent to the primary oxidation kinetics™®" or by a delocalization of the hole
over the GG or GGG sequence. Lewis et a. suggested that the rather small effects of
neighboring bases upon the dynamics and equilibria for charge transfer® 3L 132 ang
charge transport!®*3 processes indicate that hole delocalization occurs only to a limited
degreein DNA. Thisview is consistent with the simple hopping model for charge transport
in DNA™ ¥ and does not require the involvement of extensively delocalized polarons.!®
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8 Ultrafast Electron Transfer in the Complex Between
Fluorescein and an Engineered Lipocalin Protein

Whereas the last chapters focused on details of charge transfer processes in DNA, this
chapter investigates the mechanism responsible for the strong fluorescence quenching in
the complex between the pigment molecule fluorescein and an engineered protein.[*”

Anticalins are small antibody-like proteins with prescribed ligand specificities derived
from the lipocalin scaffold. Skerra and coworkers demonstrated that the ligand pocket of a
lipocalin from Pieris brassicae, the bilin-binding protein, can be reshaped by
combinatorial protein design such that it recognizes fluorescein, an established
immunological hapten.!® The anticalin FIuA complexes fluorescein with high affinity,
exhibiting a dissociation constant as low as Kp=35.2+3.2nM. In contrast to other
cognate anticalins this protein effects almost complete quenching of the ligand
fluorescence upon complexation (Qmax = 99.7 = 0.3%).

In this chapter the underlying mechanism of this fluorescence quenching will be
investigated with femtosecond transient absorption spectroscopy. The preparation of the
protein samples is described in Section 2.3.2. The anticalin protein FIuA was provided by
A. Skerra (Lehrstuhl fur Biologische Chemie, Technische Universitat Miinchen).

8.1 Resaults

8.1.1 Steady-State Spectroscopy of Free and Protein-Bound Fluorescein

Steady-state absorption, fluorescence, and fluorescence excitation spectra of free
fluorescein and of fluorescein bound to the anticalin (FIuA-FI) are compared in Fig. 8.1,
both in aqueous buffer solution at pH 8.0. The fluorescence was excited at 490 nm and
fluorescence excitation was probed at 540 nm. The maxima of both spectra are normalized
with respect to the absorption peak at 490 nm. In Fig. 8.1a the shape and peak position of
the intense absorption band at 490 nm are typical of fluorescein in its dianionic state (FI?),
which is the predominant protolytic form at pH 8.0.1*%% 3" The pK, value for protonation is
6.3. This absorption band corresponds to the 7777 transition of the xanthene ring. The
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Fig. 8.1: Normalized steady-state absorption ([I), fluorescence (--), and fluorescence
excitation (---) spectra of (a) free fluorescein and (b) FIuA-FI both in buffer, pH 8.0, at
T =295 K. Fluorescence was excited at 490 nm and fluorescence excitation was probed at
540 nm. Inset: Chemical structure of the fluorescein dianion.

shoulder at about 460-475 nm has been attributed to the 1 — O transition of the totally
symmetric ring breathing mode.[**® In the FIuA-FI complex this shoulder develops into a
pronounced peak at 460 nm, whereas the weak absorption band at shorter wavelengths
around 323 nm seems to be independent of the complexation.

The similarity of the two absorption spectra in Fig. 8.1 suggests that fluorescein is
bound to the protein in its dianionic state. The appearance of a pronounced vibronic band
progression with a typical energy separation of about 1330 cm™ reflects a reduction in the
degrees of freedom, which is typical of a tight-binding situation. In FIuA-FI the UV band at
283 nm of the ligand is superimposed by the intense absorption of the protein, which
predominantly arises from the aromatic side chains of tryptophan (Trp) and tyrosine (Tyr).
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Fig. 8.2: Normalized steady-state absorption (), fluorescence (--), and fluorescence
excitation (---) spectra of FIUA-FI in 60% glycerol/buffer, pH 8.0, at 295 K (a) and 150 K
(b). The fluorescence was excited at 490 nm for T =295 K, and at 480 nm for T = 150 K.
The fluorescence excitation was probed at 540 nm for both temperatures.

Regardless of the excitation wavelength, the fluorescence spectrum of FIUA-FI is red-
shifted as compared to the free chromophore in solution (Fig. 8.1a). In addition, the
fluorescence excitation spectrum of FIUA-FI does not follow the absorption spectrum. It is
red-shifted by 15 nm and both the vibronic shoulder at 460 nm and the protein peak at
280 nm are missing. This dramatic shift implies that the fluorescence of the majority
population of the bound fluorescein is quenched and only a small subpopulation is
responsible for the fluorescence. The fluorescence excitation spectrum with its peak at
505 nm is characteristic of the absorption spectrum of this subpopulation. The intensity of
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this minority emission is within the previously published fraction of about 0.3%.[%
Moreover, this subpopulation of bound fluorescein cannot be excited in the protein
absorption band at 280 nm, as shown in Fig. 8.1b. This points to the absence of energy
transfer from aromatic amino acids due to a larger distance and/or an unfavorable
geometry. This minority population is characterized by a Stokes shift of 680 cm™, which
reflects its complexation by the protein since it is by 310 cm™ smaller than the one
measured for the free chromophore.

To gain insight into the fluorescence quenching mechanism, steady-state and time-
resolved measurements at low temperatures are useful, even though they require the
presence of a cryoprotector. The experimental conditions of a glassy matrix that are
necessary for low temperature absorption studies were met with an agqueous protein
solution containing 60% glycerol. As shown in Fig. 8.2, the effect of glycerol on the
absorption and fluorescence spectra of FIUA-FI at room temperature is negligible. This is
not the case for the excitation spectrum, which is blue-shifted by 6-7 nm. If the
fluorescence excitation spectrum is again attributed to the absorption of a less-quenched
minority population, it becomes obvious that the addition of glycerol leads to an increase
in the fluorescing minority population. This effect is consistent with a pronounced gain in
the overall fluorescence intensity that was observed in these steady-state measurements.

An analogous set of spectra was recorded at lower temperatures ranging from 295 K to
90 K. The spectra in Fig. 8.2b, taken at 150 K, are representative for low temperatures
since further cooling had no effect. At low temperatures the shoulder in the red wing of the
fluorescence spectrum gains intensity. At the same time the appearance of a more
pronounced vibronic structure and a narrowing of the absorption bands can be observed.
The peak position of the absorption band remains grossly unchanged, whereas the
maximum of the fluorescence band shifts by 15 nm to the blue. In contrast to room
temperature (Fig. 8.2a), where the excitation spectra were invariant when probed in the
maximum or in the red wing of the fluorescence band, this was not the case at low
temperatures. When probed at, for example, 540 nm or 560 nm the peak position of the
fluorescence excitation spectrum shifted from 495 nm to 501 nm, respectively. This effect
is probably due to a loss of structural definition of the fluorescein binding site induced by
glycerol, which leads to an increased spectral dispersion and lowers the probability of
fluorescence quenching.
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8.1.2 Femtosecond Transient Absorption Spectr oscopy

FIuA-Fl in Aqueous Buffer at 295 K

The protein-fluorescein complex was excited in its absorption peak at 495 nm. The
temporal evolution of the resulting species was probed in specific spectral regions in order
to follow the excited-state dynamics and the ground-state recovery of FI* and to monitor
the rise and decay of potential product states that may evolve after photoexcitation.

The initialy excited state *(FI*)" was probed in the stimulated emission region at
550 nm (Fig. 8.3a). This wavelength in the red wing of the fluorescence band has been
chosen in order to minimize contributions of ground-state absorption. The stimulated
emission decays amost monoexponentially with a time constant of 1, =420 fs (92%)
(Table 8.1). This time constant for the decay of the excited fluorescein dianion *(FI*)" in
the protein pocket, Tes, is by four orders of magnitude faster than the known decay time of
4.1 ns of the dianion in aqueous solution (7g).l**"!

Do _q4fe (8.1)
D Tes

Using the fluorescence quantum yield of the fluorescein dianion of @, =0.93% Eq. (8.1)
resultsin avalue of @ = 1 x 10™*for the fluorescence quantum yield of FIUA-FI, which is in
agreement with the previous fluorescence quenching value of 99.7 £0.3% from
comparative steady-state measurements.”® The central question arising from this
observation of an ultrashort-lived excited state addresses the mechanism of the quenching
process. In particular, it has to be studied whether the ultrafast decay of Y(F1%)" leads to the
formation of a defined product.

In order to elucidate the mechanism underlying the ultrafast quenching of the
fluorescein excited state probing at 390 nm is of great interest since the products of a
potential charge transfer process can be detected at this wavelength. When monitoring the
absorbance at 390 nm, an instant rise followed by three decay components is observed
(Fig. 8.3b): 11 =430 fs (28%), 1> = 3.4 ps (61%) and 73 =49 ps (11%). The subpicosecond
component 77 is very similar to the time constant found for stimulated emission. Therefore,
it can be concluded that this component reflects the decay of the fluorescein excited state
Y(F1%)", which is known to absorb at this specific wavelength.l*** The main component 7
is probably due to a product state that is formed after photoexcitation. More specifically,
the one-electron redox states of the fluorescein dianion, (FI*)" and (FI*)", were reported to
have absorptions at 390 nm.!*** % This suggests photoinduced electron transfer, involving
either oxidation or reduction of the fluorescein dianion, as a probable mechanism of the
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Fig. 8.3: Transient pump-probe kinetics measured in FIUA-FI using 495 nm, ~200 fs pump
pulses. The probe wavelength used for each kinetic trace is noted in (a)-(d). The solid lines
are nonlinear least-squares fits, whose parameters are listed in Table 8.1.

observed fluorescence quenching.

Unfortunately, the extinction coefficients of (FI%)", (FI*)", and (FI*)" are of similar
magnitude in this wavelength region.!**® 2% The fact that upon probing at 390 nm no
femtosecond rise component corresponding to the formation kinetics of the product state is
observed, indicates that the extinction coefficient &0 0f *(FI*) islarger than &g of (FI%)
or &g of (FI¥)’, thus masking the rise dynamics.
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Table 8.1. Numerical parameters of the fit functions displayed in Fig. 8.3 for the different
spectral regions of probing (Aprobe)-

Aprobe[NM] | AA; i [ps] JAVAVS > [ps] AA3 3 [ps]
550 -0.93 0.42 - - -0.07 60
650 -0.57 0.45 0.76 31 0.24 37
480 -0.24 0.52 -0.67 4.0 -0.09 42
390 0.28 0.43 0.61 34 0.11 49

AA 3 are the relative amplitudes of the time constants 1,,3. The short time constants 7; have been
determined within the time window of 5 ps as depicted in the figure. The longer time constants 7, and 73 have
been fitted using the full time window of 5 ns.

The recovery of the ground-state absorption of (FI*) was probed at 480 nm (Fig. 8.3c),
i.e., in the blue wing of the main absorption band (Fig.8.1) in order to eliminate
contributions from stimulated emission. In fact, the dominant component, with 7 = 4.0 ps
(67%), resembles the decay of the product state observed above. Therefore, already at this
stage a three-level reaction cycle may be postulated (Fig. 8.4). The ultrafast component in
this recovery pattern with atime constant 7; = 520 fs (24%) is similar to the one observed
when probing the stimulated emission at 550 nm. The origin of this component has not yet
been fully understood. It may be due to a potential contribution of radical absorption to the
observed signal. Similarly to the time traces monitored at 550 nm and 650 nm the recovery
pattern contains a small slower component 73 = 42 ps.

A potentia product of the quenching process was probed at 650 nm (Fig. 8.3d). At this
wavelength, a rise component evolves with a time constant of 7; = 450 fs, which is similar
to the one observed for the stimulated emission at 550 nm. The subsequent decay can be
fitted with two exponentials. The time constant of the main component, 7, =3.1ps, isin
accord with the ground-state recovery time. This absorption is probably due to a
fluorescein radical ((FI*)" or (FI*)"). The fact that no assignment for this absorption band
could be found in the literature may be due to its low extinction coefficient.*

At al probing wavelengths the contribution of the fluorescing minority appeared to be
negligible since the kinetics did not depend on the excitation wavelength in the blue wing
of the absorption band (475 nm or 455 nm) where the contribution of the minority should
vary drastically according to its excitation spectrum depicted in Fig. 8.1. This finding
provides strong evidence against the co-existence of different prototropic forms in the

! AAmax(Aprone = 390 NM) = 50 AAac(Aprone = 650 Nm). However, changes in the setup, e.g. in the pump-
probe overlap at the different probe wavelengths, may also contribute to the observed factor of 50.
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Fig. 8.4: Kinetic scheme proposed for the mechanism of fluorescence quenching in
FIUA-FI. The experimental results did not allow a discrimination between the potential
electron donors tryptophan (Trp) and tyrosine (Tyr) (Section 8.2.1).

protein.*® Since the fluorescein dianion *(FI*)" does not carry a proton with increased
acidity, the independence of the observed kinetics from the excitation wavelength is also
evidence against an excited-state proton transfer.

Additionally, with respect to the quenching mechanism depicted in Fig. 8.4, a variety of
processes may be excluded, as e.g. ultrafast internal conversion, irreversible photochemical
bond splitting, and, considering the femtosecond time scale, also intersystem crossing.
Hence, the excited-state reaction cycle is postulated to be initiated by an ultrafast ET,
involving either oxidation or reduction of the fluorescein dianion. Since the absorption
bands of both possible products at 390 nm are superimposed with similar extinction
coefficients, ™ the redox process per se can be followed, even though its direction cannot
be determined directly from the measurements.

FIuA-Fl in a Buffer/Glycerol Glass Matrix

Figure 8.5 compares stimulated emission signals of FIUA-FI probed at 550 nm under
different conditions: in aqueous buffer (1) as well as in a 60% glycerol/buffer mixture at
295 K (2) and at 150 K (3). In the presence of glycerol the decay of the excited state at
high and low temperatures is multiexponential and must be fitted with at least three time
components in order to obtain a satisfying fit, the shortest being 7=420 fs (93%) at 295 K
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and 7=370fs (65%) a 150 K. Thus the value of the shortest component is amost
identical in all three cases, indicating a temperature-independent quenching process for the
majority population of FIUA-FI.

L o 4 1300

:
77

10

t [ps]

100

1000

Fig. 8.5: Transient pump-probe kinetics measured in FIUA-FI using 495 nm, ~250 fs pump
pulses and 550 nm probe pulses. (m) In aqueous buffer, pH 8.0, at T =295 K, () in 60%
glycerol/buffer, pH 8.0, at T=295 K, and (A) in 60% glycerol/buffer, pH 8.0, T =150 K.

The solid lines are nonlinear least-squares fits whose parameters are listed in Table 8.2.

Table 8.2.: Numerical parameters of the fit functions displayed in Fig. 8.5.

TIK] | AA; |mps] | AA, [ mps] | AAs | 1[ps] | AAs |1 [ps]
2952 |-0.93 0.42 - - -0.07 60 - -

295 | -0.66 0.35 |-0.17 3.3 -0.17 32 -0.11 2900
150° |-0.65 0.37 |-0.11 5.0 -0.16 87 -0.08 1300

DA 5 34 are the relative amplitudes of the time constants 71 »34. 2 FIUA-FI in aqueous buffer, pH 8.0. P EluA-FI
in 60% glycerol/buffer mixture, pH 8.0.
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8.2 Discussion

8.2.1 Mechanism of Fluorescence Quenching in FIuA-FI

The key feature of the quenching kinetics of the protein-bound fluorescein is its excited-
state electron transfer within 400 fs, forming an intermediate radical ion pair, which
recombines within 4 ps (Fig. 8.4). Notably, the excited-state lifetime, and thus the primary
ET rate, is monoexponential, which pointsto a highly defined binding site.

The most probable partner for the excited fluorescein dianion to undergo electron
transfer is a nearby aromatic amino acid with an appropriate redox potential. Trp and Tyr
residues are suitable candidates since their own fluorescence has been shown to be
guenched upon excitation at 280 nm when titrating FIUA with variable amounts of
fluorescein.’® The potency of Trp and Tyr as quenchers of excited fluorescein has also
been discussed in the context of other spectroscopic assays. Screening of individua
L-amino acids for the ability to quench fluorescein fluorescence in neutral aqueous solution
resulted in the finding that L-Trp and, to alesser degree, L-Tyr are effective quenchers.”®
Steady-state fluorescence quenching has also been observed in anti-fluorescein monoclonal
antibodies like 4-4-20,"*" whose combining sites are rich in Trp and Tyr residues and
which are functionally related to the FluA-FI complex. FIUA contains 15 Tyr and 6 Trp
residues (plus a further Trp as part of the Strep-tag). Several of the Trp side chains are
located close to the bound fluorescein within the S-barrel structure.

The feasibility and direction of excited-state electron transfer with respect to the change
in free energy can be tested using the Rehm-Weller expression (Eq. 3.5). The Coulombic
term is difficult to estimate as the donor—acceptor distance and orientation as well as the
local dielectric constant are unknown. Therefore, it will be neglected in the following
estimates on the directionality of the forward electron transfer.

The redox potentials are taken from electrochemical data. At pH 7.0, the oxidation
potential of Tyr in aqueous solution is E°[Tyr*/Tyr] = 0.66 VV (SCE).? It becomes less
positive at increasing pH, thereby facilitating forward electron transfer (FET), e.g.
E[Tyr"/Tyr] = 0.58 V (SCE) at pH 8.0. The analogous oxidation potentials for Trp at
neutral pH and pH 8.0 are E°[Trp™/Trp]=0.75V (SCE) and E°[Trp™/Trp] =0.69 V
(SCE), respectively.* The reduction potential of the fluorescein dianion is
E[FIZ/FI*"] = =1.19 V (SCE),™J and its S, — S0 excitation energy is 2.47 eV.

Under the assumptions that within the binding pocket the difference in redox potentials
is maintained the driving force for the electron transfer involving Trp and Tyr is
AGrer = —0.59 eV and AGrer = —0.7 eV, respectively. These AG values clearly indicate the
energetically favorable direction of photoinduced charge transfer either from Trp or from
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Tyr to the fluorescein dianion.? In anaogy to the ET processes in DNA discussed in the
previous chapters, the chromophore acts as electron acceptor (hole donor) in its
photoexcited state. Accordingly, the driving force for the back charge transfer (BET)
repopulating the ground states of the fluorescein dianion and the neutral Trp and Tyr
residues may be deduced as AGger = -1.88 €V and AGger = -1.77 €V for Trp and Tyr as
the respective electron donors.

Although there seems to exist a sufficiently negative driving force for photoinduced
hole transfer to the fluorescein excited state, its probability is determined by the relation
between driving force and reorganization energy for given electronic couplings, as
expressed in conventional ET theory. The following analysis will be based on the
nonadiabatic quantum mechanical approach (Eg. 3.7), employing an averaged molecular
mode with a frequency of 1500 cm™ (Chapter 3).

For a (nearly) barrierless forward electron transfer, as concluded from the ultrafast rate
constant of 1/400 fs, As can be assumed to be approximately equal to “AGger or dlightly
smaller. The activationless nature of this rate is also supported by the temperature-
dependent measurements (Fig. 8.5) where the ultrafast kinetic component is shown to be
temperature independent within the accuracy of the experiments. Assuming that neither
energetic nor structural parameters are grossly affected by cooling, this result is consistent
with both an activationless or aweakly inverted ket rate.l*?

Using Eq. (3.7) for an estimate of the parameters A, and V and basing this estimate on
the room temperature forward and backward rate constants, krer =1/400fs and
kser = 1/4 ps and on the assumption of activationless electron transfer the resulting values
for the electronic coupling and the molecular reorganization energy are V=170 cm™
(140cm™) and A, =0.42eV (0.32eV) for Trp (Tyr). Since the contribution of the
Coulomb term to the driving force has been neglected these values have to be regarded as
first estimates. Qualitatively the binding pocket might be best characterized by strong 7777
interactions between the xanthene ring and a nearby Trp (Tyr) residue on the one hand, and
by local electrostatic interactions between the negatively charged xanthene ring and
charged or dipolar species (e.g. local water molecules and charged or dipolar amino acid
residues) on the other hand.

The crude parameter set proposed for activationless charge transfer in the FIUA-FI
system comprising -AG = 0.6-0.8 eV, A, =0.3-0.4 eV, and V = 140-170 cm™ seems to be
reasonable. Some analogy might even exist between FIuA-FI and cyclophane-bridged

2|t is difficult to provide spectroscopic evidence for Trp and Tyr radical cations. Their absorptions in the
500 nm to 550 nm region™ have low extinction coefficients (e.g. for Trp" £=2000M™*cm? at
Amex = 510 nm™®) and coincide with the strong ground-state bleaching signal of the fluorescein dianion as
well aswith its stimulated emission.
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porphyrin-quinone systems in solution.[**®! In the latter systems, where donor and acceptor
are coplanar and in van der Waals contact, similar electron transfer rate constants in the
range of 5x 10" s* were observed. These rates were independent of the polarity of the
solution and fitted within the framework of Eq. (3.7) to A, = 0.54 eV and V=140 cm™. In
fact, a recent X-ray study confirms the structural analogy between the two D—A systems.
In FIuA-FI the aromatic amino acid side chain of a tryptophan residue and the xanthene
ring of the chromophore are coplanar with a center-to-center distance of about 3.5 A.[*4"

In contrast to the forward electron transfer, the large driving force associated with the
back transfer implies that kger is deeply buried in the Marcus inverted region (-AG > Ay)
and therefore slower (roughly by a factor of 10) as compared to keer. On the basis of
electron transfer theory this rate constant should be weakly activated. Indeed, at low
temperatures the average of slow components with lifetimes of ~8 ps at 295 K extends into
the 20 ps range, which is consistent with this expectation.

8.2.2 Characterization of the Fluorescing Minority

As shown in Table 8.1, a 40—-60 ps component appears in all spectral regions, indicating
that such long components are common to both forward and back electron transfer
processes. Although the contribution of this component to the overall kinetics is small with
a relative amplitude of about 10%, it should be emphasized that it is this minority with its
longer lifetime, which is mainly responsible for the low yield steady-state fluorescence
shown in Fig. 8.1. In spite of the large amplitude (93%) of the 400 fs component of the
stimulated emission its contribution to the steady-state fluorescence is at least by one order
of magnitude smaller than the one of the 40—-60 ps component. The spectral fingerprints of
this fluorescing minority in FIUA-FI are the red-shifted fluorescence excitation spectrum
(and correspondingly its characteristic absorption spectrum) and the relatively small Stokes
shift of 680 cm™.

Similar features have been reported for fluorescein bound to antibodies, e.g. to the
monoclonal anti-fluorescein antibody 4-4-20.1**% ! However, in contrast to FIuA-Fl,
measurements on different antibody systems revealed a pronounced red shift of the whole
fluorescein absorption band ranging from 498 to 520 nm.*****¥ This red shift in
absorption has previously been postulated as the fingerprint of antibody-bound fluorescein.
The results presented for FIuA-FI do not support this conclusion as a general rule since the
long-wavelength maxima of the absorption spectra in Fig. 8.1 coincide. Instead, a
comparison of both protein-ligand systems indicates that a red-shifted absorption spectrum
neither correlates with the fluorescence quenching efficiency nor with the thermodynamic
affinity for the fluorescein dianion.
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8.3 Conclusions

Femtosecond absorption spectroscopy applied to FIUA-FI revealed that excited-state
electron transfer is responsible for the strong fluorescence quenching effect. On the basis
of redox potentials either a tryptophan or tyrosine residue may serve as electron donor to
the bound fluorescein in its excited singlet state, thus leading to the formation of the
fluorescein trianion radical on the 400 fs time scale. This short time represents one of the
fastest electron transfer reactions resolved in a protein at physiological temperature so far.
In fact, this electron transfer time is by a factor 3—4 faster than the fastest step in
photosynthesis at ambient temperature.™> For comparison, in the bacterial reaction center
of Rh. gphaeroides electron transfer from reduced bacteriochlorophyll to
bacteriopheophytin proceeds with a time constant of ~1-2 ps.!!

As excited-state quenching via electron transfer depends in a most sensitive way on the
electronic interaction between the electron donor and acceptor, these processes are easily
affected by structural changes involving the donor—acceptor species and their environment.
Thus, unless complex compensation effects among the different parameters in electron
transfer theory play a role, the almost monoexponential ultrafast decay kinetics of the
excited fluorescein dianion that is observed for FIUA-FI points to a single, well-defined
binding site.

On the basis of conventional electron transfer theory globally applied to both fast,
activationless forward and slower back ET rate constants the electronic interaction
involved in the charge transfer process is estimated to be ~170 cm™ (~140 cm™) in the case
of Trp (Tyr) assuming a polar environment, i.e., electrostatic screening of the Coulomb
interaction. This large electronic interaction indicates a favorable geometry and a short
distance between the electron donor, tryptophan or tyrosine, and the acceptor.

The weak steady-state fluorescence is due to a 10% minority of FIUA-FI, which is
characterized by its red-shifted absorption spectrum as reflected in the fluorescence
excitation spectrum and by its excited-state lifetime of 40—60 ps.
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9 Summary

The dynamics of photoinduced charge transfer processes in modified DNA duplexes and a
protein-fluorescein complex have been investigated by means of femtosecond time-
resolved absorption spectroscopy. The results demonstrate the power of this method for the
elucidation of excited-state quenching mechanismsin complex biological systems.

Modified DNA Duplexes

The charge shift dynamics in DNA have been investigated in 21-base-pair duplexes with
specific sequences containing a covalently attached protonated 9-amino-6-chloro-2-
methoxyacridine (X*) chromophore. This acridine derivative resides in the DNA duplex at
an artificial abasic site, which seems to be highly defined, as concluded from the
monoexponentiality of the kinetics. By monitoring the three observables (1) the decay of
the excited singlet state 1(X*)’, (2) the formation of the hole transfer intermediate X°, and
(3) the recovery of the ground state X, it was found that the photophysics depends in a
sensitive way on the base sequence in the proximity of the chromophore.

In the presence of only neighboring A: T base pairs, no charge transfer occurs during the
excited-state lifetime (18 ns) of the chromophore. The presence of a G:C base pair within
two base pairs of X" results in fluorescence quenching. If a guanine nucleobase is directly
next to X*, the acridine radical is formed within 4 ps and decays on a 30 ps time scale.
Placing one A:T base pair between the chromophore and guanine slows down the forward
transfer rate by three orders of magnitude, corresponding to an apparent [ vaue of
>2.0 A%, As verified by temperature-dependent measurements for a series of duplexes that
sample an appreciable range of donor—acceptor separations (~4—10 A), this steep distance
dependence of charge injection is caused not solely by a decrease in electronic coupling,
but also by a concomitant increase in the activation energy with increasing distance.
Increasing the donor—acceptor distance leads to a change in charge transfer mechanism
from a nearly activationless to a thermally activated regime in which the forward transfer is
slower than the back transfer, and the acridine radical state is no longer observed. An
analysis of the rates and activation energies shows that the hole transfer slows down by a
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factor of about 100 due to activation and by a factor of 20 due to the decrease in electronic
couplings. Independent of the detailed contributions to the distance-dependent activation
energy, this phenomenon illustrates the potentially complex nature of experimental S
values, which are often discussed exclusively in terms of the electronic couplings.
However, these results indicate that X -modified DNA duplexes cannot be utilized for
long-range hole transport studies. Due to its activation, hole transport in this system cannot
compete with the backward charge shift of theinitially formed X"-G'* radical pair.

In principle, the observed increase in activation energy could have resulted from either
(1) the loss of driving force due to excited-state relaxation, as reported for 9-amino-6-
chloro-2-methoxyacridine in solution, competing with charge transfer, or from (2)
distance-dependent changes in the energetics, predominantly of the medium reorganization
energy in this charge shift reaction, on purely electrostatic grounds. By probing the
stimulated emission spectrum of the chromophore with femtosecond broadband absorption
spectroscopy, the Stokes shift in a duplex with only A:T base pairs was shown to reach a
constant value within 220 fs. Thus mechanism (2) can be ruled out.

It was demonstrated that the increase in thermal activation energy with distance can be
self-consistently explained within the framework of a distance-dependent reorganization
energy. Fits which are based on the experimental data for two different hole acceptors at
three different donor—acceptor distances, yield lower limits for the medium reorganization
energy of about 0.8eV a 10 A donor-acceptor separation. In the absence of detailed
structural information about the chromophore binding site, the rather large reorganization
energy indicates the presence of highly polarizable molecular dipoles or ions in the
immediate environment of either the donor and/or acceptor species.

It was shown that the activated nature of hole transfer in X-modified DNA duplexes
can be used to investigate the hierarchy of oxidation potentials of modified purine
nucleobases in situ. A comparison of the hole injection rates with the oxidation potentials
of the nucleobases in solution points to the hierarchy of the oxidation potentials being
largely conserved upon incorporation of these bases into a DNA duplex.

Apart from the detailed role of energetics and electronic couplings for electron transfer
in DNA, the charge shift processes in these modified duplexes demonstrate in a dramatic
way that the distance dependence of the Franck—Condon factor is superimposed on the
distance dependence of the electronic coupling. Such distance-dependent energetics are
expected to be relevant in all short distance (<10 A) donor—acceptor systems, in which
activated electron transfer and appreciable medium reorganization energies prevail.
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Engineered Fluorescein-Binding Protein

Anticalins are a novel class of engineered ligand-binding proteins with tailored
specificities derived from the lipocalin scaffold. The anticalin FIUA binds the fluorescein
dianion with high affinity and quenches its fluorescence. Femtosecond absorption
spectroscopy reveaed excited-state electron transfer from a tryptophan or tyrosine residue
to the bound fluorescein group in its excited singlet state on a 400 fs time scale. This short
time is one of the fastest electron transfer reactions resolved in a protein at physiological
temperature so far.

The monoexponentia ultrafast decay kinetics of the excited fluorescein dianion point to
awell-defined binding site. The temperature independence of the rate suggests an (almost)
activationless process. On the basis of conventional electron transfer theory, globally
applied to both the fast forward and slower back electron transfer rates, the electronic
interaction involved in the electron transfer process is estimated to be about 170 cm™
(140 cm™) in the case of tryptophan (tyrosine) assuming a polar environment, i.e.,
electrostatic screening of the Coulomb interaction. Electronic interactions of this
magnitude indicate a favorable geometry and a short distance between donor and acceptor.
This view is confirmed by a recent X-ray structure of the FluA—fluorescein complex
showing that the aromatic amino acid side chain of a tryptophan residue and the xanthene
ring of the chromophore are coplanar with a center-to-center distance of about 3.5 A.

The weak steady-state fluorescence is due to a 10% minority of FluA-fluorescein
complexes, which is characterized by their red-shifted absorption as reflected in the
fluorescence excitation spectrum and by an excited-state lifetime that is longer by a factor
of 100 than the lifetime of the majority species.

In principle, steady-state absorption and fluorescence excitation spectra as well as
fluorescence quantum yields cannot distinguish between heterogeneous binding sites on
the one hand and distinct binding sites with reduced quenching efficiency on the other. In
view of the strong interest in the structural characterization of hapten/antibody systems, in
particular with respect to site-directed amino acid exchange, the experiments described in
this work underline the value of time-resolved spectroscopy as a unique diagnostic tool.
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