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ABSTRACT. The paper deals with the fluorescence of guanine quadruplexes (G4) formed by
association of two DNA strands d(GGGGTTTTGGGG) in the presence of K cations, noted as
OXY/K" in reference to the protozoon oxytricha nova, whose telomere contains TTTTGGGG
repeats. They were studied by steady-state and time-resolved techniques, time-correlated single
photon counting and fluorescence upconversion. The maximum of the OXY/K" fluorescence
spectrum is located at 334 nm and the quantum yield is 5.8x10™. About 75% of the photons are
emitted before 100 ps and stem from nn* states, possibly with a small contribution of charge
transfer. Time-resolved fluorescence anisotropy measurements indicate that ultrafast (< 330 fs)
excitation transfer, due to internal conversion among exciton states, is more efficient in OXY/K"
compared to previously studied G4 structures. This is attributed to the arrangement of the
peripheral thymines in two diagonal loops with restricted mobility, facilitating the interaction
among them and with guanines. Thymines should also be responsible for a weak intensity
excimer/exciplex emission band, peaking at 445 nm. Finally, the longest living fluorescence
component (~2.1 ns) is observed at the blue side of the spectrum. So far, high-energy long-lived

emitting states had been reported only for double-stranded structures but not for G4.

Introduction

Guanine quadruplexes (G4) are non-canonical DNA/RNA structures playing a central role in
several biological functions, such as replication, transcription, carcinogenesis, aging, and
apoptosis.' They are also used as targets in cancer therapy.” Moreover, due to their stability and

their programmable self-assembling properties, they are extensively studied for applications in



the field of nanotechnology.® Recently, their intrinsic fluorescence has started to be investigated
for the development of biosensors.*’ In this respect, a better understanding of the factors that
affect the G4 fluorescence is necessary.

The intrinsic fluorescence of nucleic acids in general (mononucleotides, single and double
strands) is very weak, with the associated quantum yields ¢ being of the order of 10™.° because
of highly efficient non-radiative deactivation channels.” Yet, ¢ values higher by an order of
magnitude have been determined for certain G4.%*

The building blocks of G4 are the G-tetrads, composed of four guanines interconnected via
Hoogsteen hydrogen bonds (Figure 1a). Vertically stacked G-tetrads constitute the G-core. In
addition, peripheral nucleobases may be located at loops linking the G-tetrads among them, or
appear as ending groups.” The latter were found to affect the fluorescence properties of G4,
along with their topology or the type of the metal cations in their central cavity.®'®"> Another
important structural characteristic of G4 is their molecularity.” They may be formed by folding
of a single, guanine rich, DNA/RNA strand (monomolecular G4) or the association of two, three
or four strands, giving rise to bimolecular, trimolecular or tetramolecular structures, respectively.

The fluorescence studies performed up to now concern only monomolecular and tetramolecular

G4.
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Figure 1. Schematic illustration of the G-tetrad (a) and the studied bimolecular OXY/K" structure (b and
c; pdb 1K4X from reference 16). In (b) one strand is represented in blue-green colors while the other in
red-brown colors with thymines in turquoise and pink, respectively. In (c) thymines are shown in green
and two guanines nearly stacked with a thymine of each loop in violet; two pairs of nearly stacked
thymines per loop are encircled in red.

Here, we report the first fluorescence study of bimolecular G4. We focus on G4 formed by
association of two d(GGGGTTTTGGGG) strands in the presence of potassium cations,'
abbreviated as OXY/K" (Figure 1b). The “OXY” notation is derived from oxytricha nova, a
protozoon whose telomere contains repeats of the TTTTGGGG sequence. The structure of
OXY/K" has been extensively studied by X-ray diffraction,'” NMR spectroscopy,'®'® CD
spectroscopy and Raman spectroscopy19 as well as molecular dynamics simulations.”**!

Our approach, based on time-resolved fluorescence spectroscopy, goes beyond the
phenomenological approach of the steady-state fluorescence spectroscopy. It provides
information not only about the temporal features of the electronic transitions involved in photon
emission, but also about their polarization. The time-resolved study was performed using
femtosecond laser pulses at 267 nm as excitation source (indicated by a vertical line in Figure
2a). Detection from the femtosecond to the nanosecond timescales was achieved by combining
two different techniques, fluorescence upconversion (FU) and time-correlated single photon

counting (TCSPC). We recorded fluorescence decays and fluorescence anisotropies r(t) at

selected wavelengths (indicated by vertical lines in Figure 2b).
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Figure 2. Steady-state absorption (a) and fluorescence (b) spectra of OXY/K". Vertical bars indicate the
excitation (a: 267 nm) and emission (b: 315, 330, 360 and 450 nm) wavelengths probed in the time-
resolved experiments.

Femtosecond experiments are essential for the study of DNA systems because almost always
the largest percentage of photons are emitted at time-scales that cannot be resolved by TCSPC;
and inversely, weak amplitude long-lived components that could play an important role in
photoreactivity, go undetectable by FU.® So far, only two types of G4, monomolecular ones
formed by the sequence d(GGGATTGGGATTGGGATTGGG) (TEL21) and tetramolecular ones
composed of four d(TG,T) strands, have been studied by time-resolved fluorescence
spectroscopy over such a large time-domain.'***2°
The fluorescence properties of OXY/K" determined in this work are discussed in the light of

those reported for (TG4T)s/K" ten years ago;>® The two G4 structures are composed of exactly

the same nucleobases, but arranged in a different way.
Results

OXY/K" was studied in phosphate buffer (pH 7). The G4 preparation, the experimental setups
and the operating conditions are described in detail in the Supporting Information (SI). Here we
simply stress two points that are crucial for the study of DNA systems whose ¢ is extremely low.
First, the oligonucleotides were purified by reversed phase HPLC and controlled by MALDI-
TOF. In addition, the purity of the salts used for the preparation of the solutions was higher than
99.99%. Second, particular caution was taken during the experiments so that to avoid detecting
fluorescence from photodamaged G4.

The fluorescence maximum of OXY/K is located at 334 + 2 nm, the same as that reported for

the stoichiometric mixture of the constitutive mononucleotides 2’-deoxyribose guanine



monophosphate (dGMP) and TMP (33 + 2).% Yet, ¢ is clearly higher: 5.8x10™ versus 1.3x10™
for the monomer mixture.

The fluorescence decays recorded by FU over two different time-scales (Figure 3) slow down
upon increasing the emission wavelength, but the variations are not very large. Since no rise
could be observed in the red region, this trend cannot be explained as a spectral shift. Focusing
on the signal at 330 nm, close to the fluorescence maximum, we observe that at 8 ps it has lost

about 80% of its amplitude, while at 70 ps only ca. 0.02% persists.
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Figure 3. Normalized fluorescence decays recorded for OXY/K" by FU at 315 nm (violet), 330 nm
(blue), 360 nm (green) and 450 nm (red) on two different time-scales (a and b).

The fluorescence decays recorded by TCSPC (Figure 4) exhibit a more complex wavelength
dependence compared to the FU curves. The decay at 330 nm attains the zero level within about
1 ns, and hardly any photons are emitted on the ns time-scale (Figure 4a). In contrast, at the three
other wavelengths, longer components are present. However, the dynamics at shorter and longer
wavelengths are quite distinct. The decay at 315 nm starts out as fast as at 330 nm but slows
gradually down, presenting a long tail extending to several ns. Slower decays are also observed
at 360 and 450 nm (Figure 4b), but, at times longer than ~2 ns, their relative amplitude becomes

lower than that of the 315 nm signal (Figure 4c).
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Figure 4. Comparison of the normalized fluorescence decays recorded for OXY/K" by TCSPC at 315 nm

(violet, a and c), 330 nm (blue, a), 360 nm (green, b) and 450 nm (red, band c). The zero-time was
arbitrarily set at the maximum of the signals.

We fitted separately the signals obtained by FU and TCSPC using exponential model
functions (see SI for details). As explained in reference 6, the time constants derived from such
fits cannot be directly associated with specific excited states because of the anisotropic nature of

the studied system and the conformational motions occurring on the probed time-scales. Yet,

they allow making some quantitative comparisons. Average lifetimes determined by FU, (tFU),

TCSPC

as well as the longest time constants derived from the TCSPC signals, (Tlong ), are presented in

Tables S1 and S2, respectively. These corroborate the phenomenological observations made
above: (tFY) increase with the emission wavelength, with the exception that the value at 315 nm
is slightly longer than those around the fluorescence maximum. In contrast, the largest

(TZTOC;EqP ¢y value is encountered at 315 nm (2.1 ns).
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Figure 5. Percentage of photons emitted by OXY/K" at 315 nm (violet), 330 nm (blue), 360 nm (green)
and 450 nm (red) on three successive time-domains.

Using the TCSPC data, we determined the percentage (%) of photons emitted at each
wavelength per decade of time, illustrated in the form of histograms in Figure 5. For all the
probed wavelengths, at least 65% of the photons are emitted before 100 ps; 25% of the photons
emitted at 360 and 450 nm are encountered on the 0.1 ns to 1 ns range, while somewhat lower
values are found for the shorter wavelengths. Finally, between 1 and 9.5 ns (signals become too
noisy after the latter time), the largest percentage of photons (10.5 %) is found for 315 nm, which
is higher than the values determined for 360 nm (7.6 %) and 450 nm (8.5 %). The percentage of
photons emitted at 330 nm after 1 ns falls within the error bar, estimated to +0.5%. Taking into
account the percentage of photons emitted at each probed wavelength and the relative intensity
of the florescence spectrum at the considered wavelength, we estimate that 75% of the OXY/K"
fluorescence is emitted before 0.1 ns.

The histograms in Figure 5 can also be viewed as very rough time-resolved spectra. They
indicate that below 0.1 ps the maximum coincides with that of the steady state emission
spectrum. Subsequently, emission at longer wavelengths becomes preponderant. Finally, we

have an inversion on the ns time-scale, with the emission at 315 nm being more important.



Turning to the time-resolved fluorescence anisotropy (Figure 6), the following observations
can be made. First, we remark that on the sub-ps time-scale (Figure 6a) the r(t) values found for
OXY/K" are significantly lower than those corresponding to a stoichiometric mixture of dGMP
and TMP, with zero-time values (ro) being 0.14 and 0.27, respectively. This comparison
precludes the possibility that the low o value found for OXY/K" is due to physical motions of
the chromophores, since we deal with a much larger and more rigid system than the
mononucleotides. Hence, it points toward an electronic origin, which will be discussed in the
next section. On the subsequent time-scale (Figure 6b), the 330 and 360 nm signals do not seem
to evolve substantially, fluctuating between 0.04 and 0.08, while that at 450 nm goes on
decreasing till 4 ps. Due to the important noise, fluctuations are larger on the 7 - 25 ps range
where, however, it is clear that r(t) remains positive (Figure 6¢). This is also in line with the r(t)
determined by TCSPC at 0.1 ns at 360 and 450 nm (Figure 6d); at longer times, r(t)
progressively approaches zero. Even in this case, such a depolarization cannot originate only
from rotational diffusion, considering that the characteristic time for the rotational diffusion of

(TG4T)4/K+, whose size is similar to that of OXY/K", was estimated to be of 4.7 ns.”
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Figure 6. Fluorescence anisotropy traces recorded by FU (a, b and c¢) and TCSPC (d) at 315 nm (violet),
330 nm (blue), 360 nm (green) and 450 nm (red) on different time-scales. Solid lines: for OXY/K",
circles: stoichiometric mixture of mononucleotides (AGMP/TMP = 2/1). Signals that are too noisy on the
longer time-scales have been omitted. Grey lines correspond to the limiting values of 0.1 and 0.0.

Discussion

General considerations. Before discussing the OXY/K" fluorescence, we briefly recall what is
known about the excited states of G4 in general. Theoretical calculations on smaller structures

26-32
Two

reported that the Franck Condon states are delocalized over at least two guanines.
quantum chemistry studies described excited state relaxation in a G4 frame, showing that
localization of Frenkel excitons as well charge transfer (CT) between stacked nucleobases may
take place.”**’

Coming to experimental studies, we stress that fully developed CT excited states, in which an
entire atomic charge is transferred from one chromophore to the other, do not contribute to
fluorescence because the associated oscillator strength is zero. However, TCSPC is capable of

probing weak emission from excited states with a relatively important (though not total) CT

character; it is identified by its negative anisotropy, due to the presence of an out-of-plane
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component in their emission transition dipole.® We stress that FU detects only emission
associated with bright excited states, nn*, possibly containing some weak CT character.**

Bright excited states and energy transfer. Focusing on OXY/K', we saw in the previous
section that ~75% of the photons are emitted before 100 ps, suggesting that they stem mainly
from excited states with dominant ™ character. This is in line with the position of the intensity
maximum, which coincides with that of the stoichiometric mixture of non-interacting mono-
nucleotides and further supported by the fluorescence anisotropy detected by FU (see below).
However, the average lifetime <z,,> found for OXY/K" at 330 nm (4.4 ps, Table S1) is one
order of magnitude longer than the corresponding values of non-interacting monomers, 0.64 ps
of dGMP and 0.50 ps for TMP.>* We note that for all the G4 structures studied previously, the
lifetimes of the mrn* emission was found to be longer compared to their monomeric

. 13,22-26
constituents.

The ultrafast decays of the monomer fluorescence is explained by the
existence of conical intersections joining the potential energy surfaces of the first excited state
with the ground state.” Quantum chemistry calculations showed that, in the case of dGMP, the
process is accompanied by an out-of-plane movement of the amino group.”®> Within the tetrads,
the amino groups are engaged in Hoogsteen bonding (Figure 1a), which may slow down the
process. An additional reason for the longer living nm* fluorescence could be the persistent
delocalization of the excitation, due to the rigidity of the system.

The initial fluorescence anisotropy, ro, determined for both OXY/K" and the non-interacting
mononucleotides is lower than the 0.4, corresponding to the limiting value encountered when
photon absorption and emission are parallel. In the case of the monomeric chromophores, the

low r( value observed is due to a S,—S; internal conversion occurring for dGMP when excited at

267 nm.** In G4, on the other hand, the internal conversion corresponds to an evolution within
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the band formed by the numerous exciton states of the system. Transient absorption experiments
showed that intraband scattering in polyadenine strands d(A,o) occurs in less than 100 fs,*® which
is below the time-resolution of our FU setup. Given that each exciton state is characterized by its
own topography (i.e. the nucleobases over which it is delocalized; see figure 9 in reference *')
and transition moment direction, intraband scattering, occurring before the onset of chromophore
motions, gives rise to ultrafast energy transfer among nucleobases. This is reflected in the low
initial fluorescence anisotropy, ry (Figure 6a). Similar ultrafast decays of r(t) have been reported
for all the other G4 studied in this respect. However, the ry value determined for OXY/K" is the
lowest one detected so far for any G4.">72!

We note that emission associated with a large number of transition dipoles randomly
distributed within a plane (like the G-tetrad) results in a r(t) value equal to 0.1.>” This limiting
value is attained for OXY/K" within 0.5 ps (Figure 6a). The subsequent decrease of r(t) could
arise from the emission of excited states with weak CT character and/or small deviations of the
nucleobases from the average G-tetrad plane.'® Finally, we remark that r(t) remains positive,
even on the sub-ns time scale, unlike what was found for other G4 structures, (TG4T)4/Na+,23
TEL21/K",” TEL21/Na"* It is worth-noticing that no negative r(t) was detected for (TG4T)s/K"
either.”® This means that excited states with relatively strong CT character do not contribute to
the fluorescence of these systems. The reason could be that either such states are not at all
populated, or, on the opposite, they evolve very rapidly towards “ideal” CT states, which do not
emit at all. This question could be disentangled through transient absorption measurements.
Comparison between OXY/K" and (TG4T)#/K'. As mentioned in the introduction, OXY/K"
and (TG4T)4/K+ are composed of the same nucleobases, 12 guanines and 8 thymines, but

arranged in a different way. The two structures do not exhibit the same topology: the four strands
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in (TG4T)y/K" are all parallel,38 while the two strands in OXY/K" are folded in an antiparallel
way.'® These distinct topologies, imposed by the backbone in the presence of K' cations,
determine the guanine glycosidic angles (syn, anti) and, hence, the relative position of the
stacked tetrads. In the bimolecular structure, four consecutive thymines are located in each one
of the two diagonal loops, interconnected through the backbone, thymines are relatively close
each other and one of them is nearly stacked over a guanine of the G-core (Figure 1c). In
contrast, thymines in the tetramolecular G4 are located at the two ends of each strand; solution
NMR experiments on (TG4T)4/K" did not detect any sign of permanent stacking of thymines in
the G-core,”” meaning that they behave as dangling groups.

The above described geometrical differences in the arrangement of nucleobases in the two G4
structures affects the electronic coupling among them, giving rise to different Franck-Condon
states. This is reflected in their absorption spectra, which are compared in Figure 7a. The
absorption maximum of OXY/K" is red-shifted by 3 nm in respect to its tetra-molecular analog,
which, in addition, exhibits a shoulder around 288 nm.

Both the “static” geometrical arrangement and its dynamical behavior should have an
important influence on the excited state relaxation, usually requiring small structural
modifications.”” These repercussions concern in particular the excited states involving thymines,
due to their different mobility in each system. Thymines have less degrees of freedom in
OXY/K" because they are located within loops, keeping them relatively close to each other
(Figure 1c).'® As a result, the probability that thymines follow a “monomer-like” decay path is
much higher for (TG4T)s/K" compared to OXY/K'. This is in line with the early time
fluorescence anisotropy at 330 nm, corresponding to the emission maximum of this chromophore

(Figure 7b).** The intensity of the rapidly decaying r(t) signal is higher for the tetramolecular G4
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compared to the bimolecular one. However, beyond ~1 ps the two signals coincide. The ry value

found for (TG4T)4/K" (0.19) falls between the values determined for the stoichiometric mixture

of mononucleotides (0.27) and OXY/K" (0.14).
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Figure 7. Comparison of selected photophysical properties of OXY/K" (dark colors) and (TG4T)y/K"
(light colors): (a) steady-state absorption spectra, (b) fluorescence anisotropies at 330 nm and (¢) steady-
state emission spectra. The spectra in (a) and (c) are normalized in their maxima. The inset in (c)
corresponds to the difference between the black and grey spectra.

Figure 7c compares the fluorescence spectra of OXY/K' and (TG4T)4/K'. Their shapes
similar around the maximum but differ at longer wavelengths. Subtraction of the two normalized
spectra reveals an emission band peaking at ~445 nm (inset in Figure 7¢) and resembling that of
excimers and exciplexes.

We first examine if excimer emission may result from guanine-guanine interactions. Previous
experimental studies indicate that the topology has not an important influence on the
fluorescence of G4 containing K" cations in their central cavity. Thus, the fluorescence spectrum
of the parallel (TG4T)4/K" structure practically overlaps that of long guanine wires formed by
folding of a single guanine strand composed of 2800 guanines (see Figure 2 in reference >*), for
which an all-parallel arrangement is precluded.***'

At a second step, we consider the involvement of thymines in the excimer/exciplex emission.

We distinguish two possibilities: (i) between a thymine and a neighboring guanine, shown in

14



violet in Figure Ic, which are nearly stacked, and (i1) two close lying thymines, encircled in red
in Figure 1c. Quantum chemistry calculations showed that excited state relaxation in TEL21/Na"
may lead to a G"—T CT state.”® The same type of calculations also showed population of CT
excited states in stacked thymine dinucleotides.*” As mentioned previously, ideal CT states,
devoid of oscillator strength, are not detectable by fluorescence. However, deviations from the
optimal CT geometry, due to constrains imposed by the backbone and/or direct interaction with
the K" cations, reported for OXY/K",' may give rise to weakly emitting states. From the
experimental side, a study on monomolecular G4 containing just one thymine per loop, reported
a well-defined emission band peaking at 380 nm, assigned to thymine-guanine interactions.® As
far as thymine-thymine excimers are concerned, their signature should be present in the

4 Indeed, subtraction of the TMP fluorescence spectrum

fluorescence d(T,g) single strands.
from that of the single strand results in an emission band peaking at the same position as that of
the excimer/exciplex emission of OXY/K". Moreover, the fluorescence of d(T5) and OXY/K" at
450 nm exhibit the same decay pattern on the ns time-domain (Figure 8b). These similarities
strongly indicate emission from of thymine-thymine excimers. However, the two bands in Figure
8a do not thoroughly overlap. The relative shifts observed in the blue and the red sides could be
simply due to different conformational constrains in the two systems. These are expected to be
less important in the single strand, allowing evolution of the excitation toward lower energies. In

addition, the higher intensity of the OXY/K' emission at the blue side could be due to a

contribution of guanine-thymine exciplexes, appearing at shorter wavelengths.®
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Figure 8: Comparison of the low-energy fluorescence of OXY/K" (red) for and d(T,) blue (data from
reference *). The red spectrum in (a) is that of the inset in Figure 7c, while the blue is the difference
between the d(T,) and TMP fluorescence spectra.

The fluorescence quantum yield of OXY/K™ (5.8x10™) is 50% higher than that of (TG4T)s/K"
(4.0x10™). The additional “excimer” band alone cannot account for such a difference. This could
rather be due to the participation of thymines to exciton states. Moreover, it is possible that the
existence of eight 8 ends in (TG4T)4/K", instead of 4 in OXY/K", accelerates the localization of
exciton states. In this respect, we remark that the ¢ of OXY/K" falls between the values reported
for monomolecular G4 (> 6.8x10™) and tetramolecular G4 (< 5.1x10™).® However, a systematic
study performed to this end is needed before drawing a positive conclusion concerning this

effect.

High energy long-lived emission. The occurrence of a weak amplitude component at the blue
part of the spectrum decaying on the ns time-scale (Figures 4a and 4c) is surprising. This type of
emission was reported for duplexes,®* being particularly visible for d(GC),ed(GC),, completely
dominating its fluorescence spectrum.*® But this is the first time that a high-energy long-lived
emission is detected for a G4. Quantum chemistry calculations for model duplexes with
alternating guanine-cytosine®’ and adenine-thymine® sequences suggested that such an emission

may originate from mixed excitons extended at least over two base-pairs and characterized by a
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weak CT between a purine and a pyrimidine; their population has been associated with symmetry
effects. At this stage, it is difficult to speculate about the geometrical and electronic features of
the excited high energy long-lived emitting states in OXY/K'. We simply remark that two
specific structural features of its structure are absent from the G4 studied previously by the same
methodology and do not exhibit such emission. First, we deal with a symmetrical bimolecular G-
quadruplex with four tetrads characterized by syn—anti—syn—anti glycosidic torsion angles along
each strand. Second, we have two diagonal thymine loops. These observations could possibly
help to orient future calculations aiming to clarify this point.

Conclusions

The present first fluorescence study on bimolecular G4 revealed, on the one hand, trends
similar to those reported for the monomolecular and tetramolecular G4, and on the other,
properties specific to this particular structure.

As for the other G4 studied previously'****° from the femtosecond to the nanosecond time-
scales, we found that ultrafast excitation transport takes place among the nucleobases of
OXY/K", due to internal conversion among the exciton states populated by photon absorption.
The major part of the photons, stemming from nn* states, with possibly some weak charge
transfer character, are emitted before 100 ps.

A specific property detected only for OXY/K " is a weak amplitude fluorescent component
appearing on the blue side of the spectrum which decays on a ns time-scale, reported so far only
for double strands. As this component could be potentially correlated with the symmetrical
structure of OXY/K" formed by two identical DNA strands, it would be interesting to examine

whether it is also present for other G4 characterized by similar symmetry elements.
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The interaction between thymines in the loops gives rise to a weak emission peaking around
445 nm, well separated from the fluorescence maximum located at 334 nm. The location of the
thymines in loops can also be correlated with the ultrafast excitation transfer: this process is
more efficient in OXY/K" compared to previously studied G4, which all possess at least one
dangling end. Whether this specificity is exclusively related to the presence of two diagonal
loops in OXY/K", or if the location of peripheral nucleobases in other types of loops, such as

lateral or propeller,” could produce the same effect, remains to be elucidated.
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