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The photophysics of pyrene attached to an adenine base within RNA single strands and duplexes is examined
with respect to the position of the pyrene within the strand and the number of pyrenes attached to one duplex.
Compounds with pyrenes intercalating sequence specifically are examined, as well as a doubly modified
compound, where the two pyrenes are located close enough to each other for significant excimer interaction.
Femtosecond transient absorption measurements and time correlated single photon counting measurements
allow a thorough examination of the local influences on the pyrene photophysics. Our results suggest that
optical excitation establishes an equilibration between two molecular states of different spectroscopic properties
and lifetimes that are coupled only via the excited state as a gateway. One of them is a neutral pyrene—adenine
excited state, S*, while the second one is connected to an excited charge transfer state, S*cr. In all compounds,
an ultrafast sub-ps decay from a higher excited state into the lowest excited state S* occurs, and an excited
charge transfer species S*cr is formed within picoseconds. The fluorescence behavior of the pyrene-modified
adenine, however, is strongly dependent on RNA conformation. Both S* and S*¢r states are fluorescent, and
decay within hundreds of picoseconds and ~2 ns, respectively. The ratio between S* and S*cr fluorescence
depends strongly on pyrene intercalation, and it is found that the S* state is quenched selectively upon
intercalation of the pyrene into RNA. The doubly modified duplex exhibits an additional fluorescent state
with a lifetime of 18.7 ns, which is associated with the pyrene excimer state. This state coexists with a
significant population of the pyrene monomer, since the characteristic features of the latter can still be observed.
Formation of the excimer occurs on femtosecond time scales. The pyrene label thus provides a sensitive tool

to monitor the local structural dynamics of RNA with the chromophore acting as a molecular beacon.

Introduction

Fluorescent molecules have proven useful in a wide variety
of biomolecular assays both in vivo and in vitro.'? They are
established over the whole visible spectral range and can be
applied site-specifically.® Fluorescence is generally highly
dependent on environmental factors* and is therefore a well
suited parameter for molecular properties of the fluorophore and
its direct surroundings. Additionally, the sensitivity of the
detection level reaches down to single photon events.

Pyrene and its derivatives are among the most prominent
fluorescent labels, especially in the context of nucleic acids. The
high sensitivity of pyrene to solvent effects’® and its capability to
form excited state complexes both homogeneously® and heterogene-
ously'®!" has opened up many possibilities in the fields of RNA
recognition,'>!? electron injection,'*!> bioengineering,'®!” structure
stabilization,'8 structure determination,'® 2! as well as nucleobase
photophysics.?>" The photophysics of the pyrene or pyrene
derivatives is extremely sensitive to the extension of the pyrene
aromatic system.’®~2® Therefore, if pyrene and the corresponding
base are closely connected, strong interactions between the dye
and the base are to be expected. Presently, pyrene residues are
attached to the 8-position of purines, the 5-position of pyrim-
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Figure 1. Chemical structure of the parent 2-(1-ethynylpyrene)-
adenosine (PyrA).

idines, or the sugar. In contrast, we attached the pyrene to the
2-position of a purine (adenosine) for our investigation.

In a previous study, we exploited 2-(1-ethynylpyrene)-
adenosine (PyrA, Figure 1) as a general RNA folding probe.?
We recently reported a sequence dependence of the intercalation
of this label,*® where we could distinguish between duplexes
with intercalated pyrene and duplexes with the pyrene located
outside of the double strand via temperature dependent pyrene
fluorescence. In the same study, we tested the suitability of
excimers as local probes for RNA dynamics. The photophysics
of the 2-(1-ethynylpyrene)-adenosine in methanol provides clear
evidence for the formation of a charge transfer state and a dual
fluorescence decay of the excited state.’!

We now aim to investigate the connection between of the
above-mentioned structural differences and the photophysics of
the PyrA label. We thus use a combination of femtosecond
transient absorption spectroscopy and time correlated single
photon counting to shed light on the ultrafast spectroscopic
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TABLE 1: Overview of Synthesized Compounds, Where 1
and 2 Represent the Two Complementary RNA Strands and
the Letters P and X Denote the Pyrene-Modified or
Unmodified Compounds, Respectively

strand sequence T

1P 5’-CUUUUCA»UUCUU-3’

1X 5-CUUUUCAUUCUU-3

2P 3’-GAAAACUAMAGAA-5

2X 3-GAAAAGUAAGAA-5

1P2X 5’-CUUUUCAPUUCUU-3’ 359°C
3-GAAAAGUAAGAA-5

1X2P 5-CUUUUCAUUCUU-3 30.0°C
3’-GAAAAGUAMYAGAA-5

1P2P 5’-CUUUUCAPUUCUU-3’ 45.5°C

3-GAAAAGUAMAGAA-5

properties of the pyrene-modified adenine within RNA strands
and thus the dynamics of the RNA itself.

Experimental Methods

Sample Preparation. Synthesis of oligonucleotides followed
standard procedures using the well established ACE-Chemis-
try.3? Site specific modification with 1-ethynyl-pyrene was
accomplished by Sonogashira cross-coupling to an iodinated
nucleobase (adenine) within the strand while still on solid
support®® exploiting the general advantages of solid-phase
synthesis (high yield, ease of purification, etc.). 2-(1-Ethyn-
ylpyrenyl)-3’,5’-O-(tetraisopropyldisiloxano)-N°®-(NV',N’-dimethy-
lamino-methyleno)-adenosine (a lipophilic pyrene-adenosine
derivative as model compound) was also synthesized by
Sonogashira cross-coupling of the protected, iodinated nucleo-
side and 1-ethynyl-pyrene.

As a prerequisite, first, 2-iodo-adenosine had to be synthesized
starting with guanosine using literature procedures.’*3¢ Sub-
sequent conversion to the ACE-phosphoramidite and automated
RNA synthesis yielded the solid-support bound oligonucleotide.
This iodinated oligonucleotide was then reacted two times with
1-ethynyl-pyrene in a Pd-catalyzed Sonogashira cross-coupling
reaction under exclusion of oxygen at room temperature for 3 h.
After deprotection and cleavage from the solid support, the
oligonucleotide was purified by anion-exchange HPLC. After
desalting, the oligonucleotides were analyzed using MALDI-
TOF mass spectrometry (see ref 29 for experimental details).

Two complementary strands were synthesized in modified
and unmodified form and later hybridized to form the duplexes.
An overview of the complexes and the terminology used can
be found in Table 1 together with the melting temperatures.
The single RNA strands are numbered; the suffix P indicates
the attachment of pyrene, and the suffix X indicates the absence
of pyrene. The specific sequence was chosen to provide good
helix formation. It was found in a previous study™ that the two
duplexes 1P2X and 1X2P show significant structural differences.
In 1P2X, the pyrene was at least partially intercalated into the
RNA duplex, while, in 1X2P, the dye was located mostly outside
of the strand.

All spectroscopic measurements of oligonucleotides were
performed in phosphate buffer containing 10 mM NaH,PO,,
10 mM Na,HPO,, and 140 mM NaCl adjusted to pH 7.

Steady-State Spectroscopy. Absorption spectra were taken
on a Jasco V670 (Jasco GmbH, Gross-Umstadt, Germany)
absorption spectrometer using a fused silica cuvette with 1 mm
optical path length. All absorption spectra were corrected for
solvent absorption. Fluorescence spectra measurements were
performed on a Perkin-Elmer LS 50 fluorimeter (Perkin-Elmer,
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Waltham, Massachusetts) at an excitation wavelength of 380
nm. The concentration was adjusted to ~10 uM for all samples.

Vis-Pump/Vis-Probe Spectroscopy. A detailed description
of the vis-pump/vis-probe spectroscopy setup has been given
elsewhere.?” In short, the source for the ultrashort laser pulses
was a CLARK CPA 2001 (Clark-MXR, Dexter, MI). It provided
laser pulses of a pulse energy of 800 uJ at 775 nm with a pulse
duration of 170 fs. The excitation pulses of 180 uJ at 387 nm
were generated by frequency doubling of the laser fundamental
in a BBO crystal cut to 29.5° for optimal phase matching. Single
filament supercontinuum white light pulses were generated in
a CaF, plate and then split into two beams for probe and
reference detection. Two identical 42-segment diode arrays were
used for spectrally broad detection of the absorption and
reference signal.

A fused silica cuvette with 1 mm optical path length was
moved perpendicular to the incident beam to avoid excessive
photobleaching.

UV —vis absorption spectra were taken before and after the
measurement. These spectra could give assurance that the
photodamage to the chromophores was low and also indicated
that little degradation of the modified RNA occurred during
measurement.

Time Correlated Single Photon Counting Fluorescence
Spectroscopy (TCSPC). A detailed description of the combined
TCSPC/upconversion setup has been given elsewhere.?! In short,
a Spectra Physics Tsunami-Spitfire-system (Newport Spectra
Physics, Irvine, California) served as the fs-pulse source,
yielding 100 fs pulses with a pulse energy of 1.2 mJ at 800
nm. The excitation pulses of 120 uJ at 400 nm were generated
in a manner similar to the transient absorption experiment by
frequency doubling of the laser fundamental. Emission was
detected after spectral selection via a Jobin-Yvon D3-180
Gemini double monochromator (Horiba Jobin-Yvon, Unter-
haching, Germany) by a Becker & Hickl MSA 1000 counting
system (Becker & Hickl, Berlin, Germany) using a cooled single
photon counting detector head PMC 100-4 (Becker & Hickl,
Berlin, Germany). The time resolution of the counting card was
1 ns. Like in the absorption experiment, a fused silica cuvette
with 1 mm optical path length was used and moved perpen-
dicular to the incident beam. Fluorescence spectra were taken
before and after measurement to estimate the photoinduced long-
term bleach.

Data Analysis. Transient absorption measurements: Several
corrections of the raw data set are necessary prior to the
application of a fitting procedure to the absorption data: solvent
signals have to be subtracted and the transients have to be
corrected for group velocity dispersion using a procedure
introduced by Kovalenko et al.,*® which takes the temporal
evolution of the coherent signal of pure buffer solution into
account.

For the quantitative analysis of the absorption data, we used
a kinetic model that describes the data as a sum of n exponential
decays with the associated lifetimes 7;, convoluted with the
system response function. The model assumes Gaussian pump
and probe pulses with a 1/e cross correlation width ..

A Levenberg—Marquardt algorithm optimizes a number of
time constants simultaneously to the whole spectrum, yielding
wavelength dependent amplitudes A;(1), so-called decay associ-
ated spectra (DAS) corresponding to the different time constants
applied.
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TCSPC Measurements. TCSPC measurements were cor-
rected for stray light from the excitation beam. Then, the same
global fit analysis method as described above for the transient
absorption scheme was also applied for the TCSPC measure-
ments. A cross correlation of 1.2 ns, resulting from a Gaussian
fit of the instrument response function of the system, was used
for deconvolution.?!

Results and Discussion

Steady-State Characterization. Absorption spectra were
taken for all five pyrene-modified compounds (Figure 2A). The
spectra exhibit similar shapes including two absorption maxima
of the pyrene—adenine moiety located roughly at 380 and 410
nm, respectively, and a shoulder at 360 nm. An additional
shoulder associated with pyrene is located around 320 nm but
is partially covered by the RNA absorption centered at 260 nm.
The overall spectra are very similar to the ones of 1-ethy-
nylpyrene linked to the 5-position of DNA bases as examined
by Rist et al.** The shape of the pyrene absorption band is similar
to that of 1-ethynylpyrene in solution;** however, the band is
red-shifted by almost 50 nm with respect to both pyrene and
1-ethynylpyrene and spectrally broadened significantly. This
leads to the conclusion that the electronic coupling of the
1-ethynylpyrene dye with the adenine base is quite strong.’!
The region between 330 and 440 nm can therefore be associated
with the transition into the first allowed excited state, while the
band situated around 320 nm is associated with the absorption
into higher excited states.

A small red-shift can be seen in 1P2X compared to 1P; this
effect however is absent in 1X2P (and the corresponding pyrene-
modified single strand 2P). The ratio between the two major
pyrene bands changes upon hybridization of the RNA; however,
these effects have already been discussed in ref 30 and are not
a subject of this study.

The pyrene absorption spectrum of the doubly modified
duplex is slightly red-shifted with respect to the singly modified
duplexes, indicating that a pyrene—pyrene complex is partially
present already in the ground state of the compound. Such a
complex would commonly lower the energies of both the ground
state and the excited state. Due to the usually higher polarity
of the excited state, the effect of dimerization is often more
prominent in the excited state, leading to an overall red shift of
the absorption band. The observation of a red-shifted absorption
is in contrast to the common notion of an excimer complex,
which is usually encountered in pyrenes at close proximity,
where the interaction between the two pyrenes is limited to the
excited state.” The reason for this substantial difference may
be found in the fact that the two pyrenes are connected directly
to the RNA and are thus fixed at a distance of roughly 4 A. A
classic excimer, on the other hand, is usually found in solution,
where the mean distance of two pyrene dyes is considerably
larger. As a result, in solution, even at high concentration,
ground-state interaction is not seen.

Figure 2B shows the fluorescence spectra of the pyrene-
modified single and double strands. The spectra were taken at
equal concentrations and corrected for absorption at the excita-
tion wavelength. They therefore represent an estimate of the
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relative quantum efficiency. All compounds exhibit broad, nearly
featureless spectra that can be distinguished mostly by their
shape and central wavelength. Compared to the 1-ethynylpyrene
fluorescence, which shows a variety of characteristic bands
located around 400 nm,* the observed fluorescence is strongly
red-shifted by 50 nm, losing almost all vibrational fine structure,
as already observed in several similar systems.!!!44142 This
strongly indicates the presence of a partial charge transfer
between the pyrene and the adenine into an excited charge
transfer state S*cr and the formation of intramolecular
exciplexes.!>?2643 The quantum efficiencies of the singly
modified duplexes vary strongly. In previous studies, similar
variations have been attributed to different conformations of
the pyrene within the RNA."'*!* Previous studies conducted
in our group allowed us to conclude via temperature dependent
fluorescence measurements that, in the 1P2X duplex, pyrene is
intercalated into the RNA base stack, while, in 1X2P, pyrene
is located outside of the double strand.*® Intercalation into the
strand leads to substantial quenching of the pyrene fluorescence
due to stacking interactions,''** resulting in an overall lower
quantum efficiency of 1P2X compared to 1X2P.*

The doubly modified RNA duplex exhibits an additional
fluorescence red-shift of 35 nm with respect to the singly
modified duplexes. This is due to the pyrene—pyrene interaction
in the excited state, which leads to excimer-like fluorescence,
as observed in similar systems before.'®?*#46 A pyrene—pyrene
ground state interaction could already be observed in the
absorption spectra. The effect on the absorption spectrum,
however, is relatively small compared to the 35 nm shift of the
pyrene fluorescence. This leads to the conclusion that, in addition
to the ground state dimer, excited state complexes are formed.
The large shift of the fluorescence wavelength shows that the
excited state interaction is the dominating contribution of the
pyrene dimer formation.

UV—vis Transient Absorption Measurements. Figure 3
shows the time-resolved transient absorption of all five pyrene-
modified compounds. The general spectral features are very
similar. A broad positive absorbance change is observed between
530 nm and the red end of the spectral observation window,
which can be interpreted as the excited state absorption band
(ESA). It is blue-shifted by ~20 nm in 1P2P with respect to
the other compounds. As discussed above, this effect can be
attributed to the presence of an exciplex-like state in the doubly
modified compound.

A ground state bleach (GSB) exhibiting two maxima can be
seen up to 420 nm, corresponding well to the bands of the
steady-state absorption spectra. Around 450 nm, stimulated
emission appears. This band is red-shifted in 1P2P with respect
to the singly modified compounds, as already mentioned in the
previous paragraph. Therefore, it strongly overlaps with the
excited state absorption and cannot be resolved. It can be
concluded from the simultaneously occurring shifts of ESA and
fluorescence in 1P2P that the higher excited states are less
affected by the presence of the second pyrene than the first
excited state.

In all compounds, a dynamic blue shift of the ESA of about
10 nm can be observed, which occurs on the order of a few
picoseconds and corresponds to a similar red-shift in the
stimulated emission region. Prior to quantitative analysis, it can
already be seen that all compounds exhibit a relatively long
general recovery time of >1 ns, with the notable exception of
1P2X, which shows a significantly faster overall recovery. On
the other hand, the temporal characteristics of 1P2P suggest a
recovery time which clearly exceeds the experimental observa-
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Figure 2. (A) Absorption spectra of modified single and double stranded RNA. The lowest pyrene transition ranges from 350 to 430 nm; pyrene
So—S,, absorption is located around 300—330 nm and is significantly weaker than the lowest transition. Nucleobase absorption can be found around
260 nm. All spectra were taken at a concentration of ~10 umol in buffer solution at room temperature. (B) Fluorescence spectra of modified single
and double stranded RNA. Spectra were corrected for absorption at an excitation wavelength of 385 nm and are therefore allowing a relative
estimate of the samples’ quantum efficiency. All spectra were taken at a concentration of ~10 umol in buffer solution at room temperature.
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Figure 3. Transient absorption spectra of all pyrene-modified com-
pounds. Spectra are color-coded, with red indicating positive relative
absorption and blue indicating negative relative absorption. The time
axis is linear up to 1 ps and logarithmic for longer delay times. All
spectra were taken at a concentration of ~5—10 #mol in buffer solution
at room temperature.

tion window. It can already be concluded at this stage that, apart
from the spectral differences between 1P2P and the singly
modified compounds, the changes in the overall recovery time
of the system appear to reflect most directly the structural
differences of the examined compounds.

All five data sets have been analyzed by the global fit routine
as described above. For each of the five pyrene-modified
compounds, four time constants were required for an optimized
fit and are shown in Table 2. The corresponding wavelength-
dependent amplitudes (DAS) are depicted in Figure 4.

The shortest decay constant 7, ranges from 85 to 210 fs, and
is thus in the range of the temporal resolution of the system. Its
general features are also obstructed by coherent effects,
especially around the excitation wavelength, due to the overlap
of pump and probe pulses.*’ Nonetheless, a tentative discussion
of the long wavelength range of the DAS, which shows several
common features, is possible. All DAS contain a positive

TABLE 2: Time Constants of Pyrene Labeled RNA Model
Compounds Obtained by Global Fit Analysis of the
Transient Absorption Measurements

T (%) T3 T4
1P 120 fs 2.7 ps 270 ps 2 ns
2P 85 fs 2.8 ps 295 ps 2.1 ns
1P2X 114 fs 3.7 ps 350 ps 2.1 ns
1X2P 160 fs 3.6 ps 550 ps 2.4 ns
1P2P 210 fs 5ps 275 ps 5ns

contribution in the red wing and a negative contribution at the
blue wing of the excited state absorption. In addition to this, a
positive contribution in the range of the stimulated emission
can be seen for the singly modified compounds. While, as
already mentioned, the DAS of 7; for all compounds are
certainly perturbed by coherent effects (such as wavepacket
motion),*’ they show some general characteristics of relaxation
into the lowest level of the S* state. It is a commonly accepted
feature of the photophysics of pyrene and many of its derivatives
that excitation mostly occurs into the S, state, followed by a
fast S; population.?®2748=50 However, the comparatively fast
overall recovery time of the system observed in this study
suggests an allowed S;—S, transition, and thus the directly
excited state is presumed to be the S; state. The deexcitation
process seems to be slightly faster if the pyrene modification is
located on strand 2.

For the doubly modified compound 1P2P, the DAS look
slightly different. This can partially be explained by the fact
that the ESA is blue-shifted for the pyrene—pyrene dimer. In
addition to this, non diffusion controlled excimer formation
should occur on this time scale, and is superimposed to the other
processes, obscuring the dynamics of the decay into S*.

The second decay constant 7, ranges from 2.7 to 5 ps. It
corresponds to a dynamic shift, which is visible in both the
excited state absorption and the stimulated emission. A similar
behavior has been observed in pyrenyl biphenyl esters,? 5-(1-
ethynylypyrene)-uracil,'* and the modified base used in this
study,®' and has been assigned to a charge-transfer process,
forming an excited pyrene—adenine charge-transfer state
(S*cr).2> The charge-transfer process is slower in the duplexes,
compared to the single strands in solution. Possibly, the
mt-stacking interactions within the base stack render charge
transfer into the RNA slightly more unfavorable. The transition
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Figure 4. Decay associated spectra (DAS) for 1P, 1P2X, 1X2P, and 1P2P as obtained by a global fitting procedure. Four time constants were

sufficient to describe the data in each case.

is even slower in the doubly modified duplex, where the pyrene
excimer is probably less likely to transfer an electron into the
base stack than the monomer.

The third and fourth decay constants 73 and 74, ranging from
270 to 550 ps and from 2 to 5 ns, respectively, both show a
strong positive signal in the range of the excited state absorption,
and negative signals in the stimulated emission band and in the
range of the ground state absorption. The spectral characteristics
can therefore be attributed to the S*cr and S* decays. Here,
the largest differences between the individual compounds
become evident. In the singly modified compounds, the central
wavelengths of both the excited state absorption and the
fluorescence differ by about 15 nm, and can thus be attributed
to two different states. Since a S*cr state, which is slightly lower
in energy than the S* state, is likely to be present in the
compound, the lower-energy transition (z74) can be attributed to
the fluorescence of the S*cr state, while the higher-energy
transition (73) corresponds to the fluorescence of the S* state.
It should be noted that both fluorescence contributions are broad
and featureless. While for the S*¢r state this was to be expected,
the featureless characteristics of the excited state fluorescence
allow the conclusion that the excitation in S* is delocalized over
both the pyrene and the adenine part, thus broadening the
fluorescence spectrum significantly.

The ratio between the longer and shorter lifetimes varies
from compound to compound. While a direct comparison of
the DAS amplitudes is difficult due to the different spectral
characteristics for 73 and 74, the ratio of the ESA maximum
amplitudes can be used for a qualitative discussion. For the
single strands, the A3/A4 ratio was found to be small (0.10
for 1P, 0.18 for 2P) and higher in 1X2P (0.31). However,

the relation between the S*cr and S* fluorescence components
is reversed in 1P2X, where the As/A; ratio is 2.2. A
quantitative comparison of the fluorescence amplitudes
derived from the DAS and a correlation to the samples’
quantum efficiencies is not possible due to variations in the
experimental conditions and the overlap of the ESA and the
stimulated emission bands. However, connection of the
amplitude ratios to the steady-state quantum efficiencies of
the pyrene-modified RNA strands (as shown via the steady-
state fluorescence spectra, and, in more detail, in ref 30)
allows a qualitative discussion of the lifetime distribution.
1P2X shows a considerably smaller quantum efficiency than
any of the single strands or the other singly modified duplex
1X2P. As mentioned before, the reason for this can be found
in the intercalation of pyrene, and thus efficient quenching
of the pyrene fluorescence.’** Comparison of the As/A, ratio
of 1P and 1P2X shows that the long-lived fluorescence state,
which is associated with the S*cp state, is quenched
selectively. The single strands in general show a smaller A,/
Ay ratio than the duplexes. Thus, in single strands, the
fluorescence of the S*cr state is generally more pronounced
with respect to the S* state. This might be explained by the
energy distribution along a base-paired stack, which could
render fluorescence from the S*cr state more unfavorable
with respect to other decay paths. The higher fluorescence
quantum efficiency in 1X2P compared to its single strand
1P in solution results from a selective enhancement of the
fluorescence of the S* state.

For the doubly modified compound, fluorescence lifetimes
of 275 ps and 5.1 ns were found. However, the latter time
constant is well beyond the experimental delay time range and
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Figure 5. Left: 2-D fluorescence spectra of strand 1P2P. The spectrum is color-coded, with blue indicating no fluorescence and red indicating
maximum fluorescence. Right: Global fit analysis of the measurement that shows two decay times associated with two separate spectra.

is difficult to determine directly in a pump—probe experiment.
The spectral features of 753 are nearly identical to those of the
corresponding components in the singly modified compounds.
This leads to the conclusion that the S* fluorescence is not
disturbed by the presence of the second pyrene but coexists with
the exciplex state. A TCSPC experiment, which is better suited
for this time regime, was thus carried out to further analyze the
long-lived fluorescent state.

TCSPC Measurements. Figure 5 shows the TCSPC mea-
surements on the doubly modified duplex 1P2P. It can be readily
seen that, in the shorter wavelength range, the fluorescence
decays significantly faster than for longer wavelengths. A global
fit, carried out as described above, yields two different decay
constants of 2.5 and 18.7 ns, which are spectrally well separated
from one another. The decay associated spectra (Figure 5, right)
underline the spectral differences of the two components. The
amplitude of the smaller time constant exhibits the spectral
features of the monomer pyrene S*cr fluorescence known from
the singly modified compounds. The additional second com-
ponent of 18.7 ns was not found in the TCSPC measurements
of any of the singly modified strands or duplexes (data not
shown) and can therefore be unambiguously associated with
the pyrene excimer. The doubly modified compound thus
exhibits three fluorescence decay times in total: 275 ps (which
is not visible in the TCSPC experiment due to the time resolution
of 1 ns), 2.5 ns, both being associated with the monomer
complex, and 18.7 ns, associated with the pyrene excimer. The
pyrene population of the doubly modified compound can
therefore be divided into a monomer component, which exhibits
all characteristics of the monomer photophysics, and an excimer
component, which shows a significantly different behavior. The
separation into these two populations occurs very early after
excitation, since no mutual influences of monomer and excimer
fluorescence can be observed. Another explanation might be
found in the heterogeneity of the sample, thus a superposition
of different populations.

Conclusions

On the basis of the structural conclusions drawn in ref 30
for the same system, we investigated the structural influences
of intercalation and dimerization of pyrene attached to RNA
with femtosecond pump—probe absorption spectroscopy and
time correlated single photon counting. The observation of the
ultrafast photodynamics of the pyrene in various positions

5
™
s, |
\\;

Figure 6. Reaction scheme for the singly modified RNA strands.

relative to the duplex allows us to draw conclusions on the
interactions between the label and its local environment.

Examination of two singly modified duplexes—one with
pyrene intercalated and the other one with pyrene located outside
of the duplex—and a doubly modified compound as well as the
comparison to singly modified single strands allowed us to
examine the influence of various RNA surroundings on the
photophysics of pyrene.

Figure 6 summarizes the conclusions for the photophysics
of the singly modified RNA strands. Excitation probably occurs
into a hot S; state, even though an excitation into a higher
excited state cannot be completely excluded. Within a time
frame of 85—210 fs, the system reaches the lowest excited state
S*. While results in this time regime have to be interpreted
carefully due to the limited time resolution of the setup, it can
be stated that in the doubly modified duplex this process exhibits
the longest lifetime of all compounds. Presumably, in 1P2P,
the observed spectral characteristics originate not only from an
ultrafast decay from a higher excited state to the S* state but
also from excimer formation, which, for densely packed pyrenes,
may occur on the same time scale.

From the S* state, a charge transfer state S*cr can be
reached. The formation time of the charge transfer state is
on the order of a few picoseconds. It is slower in duplexes,
presumably due to the sr-stacking between the RNA bases,
and slowest in 1P2P.

From both S*¢7 and S* states, fluorescence into the ground
state occurs. The S* state exhibits a lifetime of a few hundred
picoseconds, while the decay time of the S*cr state occurs
on the order of 2 ns. The ratio between the two decay
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channels is dependent on the position of the pyrene within
or outside the RNA strand. For intercalated pyrene, the S*
state fluorescence dominates the emission behavior. This
allows the conclusion that upon intercalation the S*cr state
is quenched selectively, due to the greater overlap of the
m-system of the excited molecule with the z-system of the
surrounding bases.

In the doubly modified compound, an additional fluorescence
lifetime of 18.7 ns could be detected and associated with pyrene
excimer emission. It was found, however, that the ultrafast
dynamics of the pyrene-base compound remains otherwise
nearly unchanged, which leads to the conclusion that formation
of the pyrene complex must occur from higher excited states
and thus within the time resolution of the system.
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