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ABSTRACT

The DNA polarity, i.e. the order in which nucleobases are connected together via the
phosphodiester backbone, is crucial for several biological processes. But, so far, there has not
been experimental evidence regarding its effect on the relaxation of DNA electronic excited
states. Here we examine this aspect for two dinucleotides containing adenine and guanine: 5’-
dApdG-3’ and 5’-dGpdA-3’ in water. We used two different femtosecond transient absorption
setups, one providing high temporal resolution and broad spectral coverage (330-650 nm)
between 30 fs and 50 ps, the other recording decays at selected wavelengths till 1.2 ns. The
transient absorption spectra corresponding to the minima in the potential energy surface of the
first excited state were computed by quantum chemistry methods. Our results show that the
excited charge transfer state in 5’-dGpdA-3’ is formed with a quantum yield ~75% higher and
slower decay (170+10 ps vs 112£12 ps) compared to 5’-dApdG-3°.
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The polarity of nucleic acids, that is the order according to which two adjacent nucleobases are
linked together within a strand via the phosphodiester backbone, from the 5’ end to the 3’end,’
determines the adopted conformations,” and play a key role in biological functions depending
on structural features.”™® Among others, it has been reported that the DNA/RNA strand polarity
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has an influence on processes involving various redox reactions,

as well as hole transport in
DNA." A transfer of an electrical charge takes also place between stacked nucleobases
following absorption of UV radiation by DNA, leading to population of excited charge transfer
(CT) states. Femtosecond transient absorption studies showed that, in DNA multimers, an
important part of the initially excited state population evolves toward CT states.'*?? The latter
survive much longer, up to several hundreds of ps, while the monomer excited states decay
within, at most, 10 ps.

Theoretical studies predicted that CT states should be affected by the strand polarity,”>
which determines the relative orientation of the stacked nucleobases and, hence, the associated
orbital overlap (Figure 1a). Here, focusing on dinucleotides composed of adenine and guanine,
we provide the first experimental evidence for such an asymmetrical behavior. We show that the
spectral and dynamical features determined for 5°’-dApdG-3° (abbreviated as AG) differ from
those of 5°-dGpdA-3’ (abbreviated as GA), the latter configuration favoring the formation of CT
states and slowing down their decay rate. These observations are supported by quantum
chemistry computations performed for the same systems.

AG and GA, purified by reversed phase HPLC and tested by MALDI-TOF (Figure S1 in the
Supporting Information, SI), were purchased from Eurogentec. They were dissolved in high
concentration phosphate buffer (~0.12 molL”, pH 7.0), so as to promote stacking, and
subsequently excited at 266 nm (Figure 1b). Their transient absorption spectra were recorded
from 330 to 650 nm for delays reaching 50 ps by means of a homemade pump-probe setup (I)
with a time resolution of 30 fs, already used for the study of DNA.?® The long-time decays were
determined in the visible by means of a second setup (II) allowing measurements till 1.2 ns with
a time resolution of 100 fs, after checking that the signals obtained with both setups overlap in
the 0.1 — 50 ps range (Figure S2). To avoid photodegradation, 6 mL of the solution were kept
flowing through a quartz cell whose optical path-length was 1 mm. The concentration of

absorbed photons (8x10°° molL™") was much lower than the dinucleotide concentration (2-3x107*



molL™"), making two-photon excitation highly improbable. More experimental details are given

in the SI.
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Figure 1. (a) Schematic representation of the geometrical arrangement adopted by the adenine
(red) and guanine (green) moieties in the ground state of AG and GA. (b) Steady-state absorption
spectra of AG (blue), GA (red) and an equimolar mixture of dAMP and dGMP (black).’" The
vertical violet line indicates the excitation wavelength used for the transient absorption

experiments, 266 nm, at which the spectra have been normalized.

The dinucleotide steady-state absorption spectra are slightly blue-shifted with respect to that of
an equimolar mixture of the mononucleotides AMP and dGMP*' (Figure 1b), suggesting some
chromophore interaction in the ground state. Thus, their time-resolved behavior should result
from an ensemble of configurations, ranging from unstacked chromophores to fully stacked ones.
In the limiting case of non-interacting nucleobases, monomer-like decays are expected. The
transient absorption spectra of the adenosine and guanosine chromophores are shown in Figure
Ic. The former,zl’ 39 exhibits two well defined peaks, at 375/380 and 640/685 nm.'” % In contrast,
only one intense band, peaking around 300 nm, is present in the latter.”>>> Adenosine decays
much faster than guanosine, with the time needed for the intensity of their UV transient
absorption band to decrease by a factor of 10 being, respectively, 1 and 8 ps.>**

The behavior of the AG and GA dinucleotides considered here, in which the nucleobases are
stacked in the ground state was rationalized with the help of quantum chemistry calculations in a
previous publication.” In that theoretical study the entire system (two nucleobases, the

connecting backbone and the counter ion), embedded in water through a polarizable continuum

model, was taken into account. The relative position of the nucleobases in the ground state of



each system, derived from geometry optimization, is depicted schematically in Figure la. The
stacking distance is comparable in both systems, around 3.2 A. Computations provided various
minima in the potential energy surface of the first excited state.”” For both systems, a nn* state
(La) localized on the guanine as well as a G® — A% CT state were identified, with & being equal
to 0.5 a.u. for AG and 0.7 a.u. for GA.” Furthermore, a nn* exciton state, delocalized over the

adenine and the guanine, was found only for AG.”
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Figure 2. Transient absorption spectra computed for the minima identified in the potential
energy surface of the first excited state of AG (a) and GA (b); green: nn* state localized on G;
cyan: exciton state delocalized over A and G; blue: CT state in AG; red: CT state in GA; the

spectra of the CT states are compared in (c¢) after normalization of their intensity at the UV peak.



In the present study, we computed the transient absorption spectra corresponding to the
above-mentioned minima (Figures 2a and 2b). To this end, we used a multifunctional analyzer
(multiwfn prograrn)34 to obtain the excited-excited state transition dipole moments. Additional
computational details are provided in the SI. The spectra computed for the nn* localized excited
states are characterized by an intense peak in the UV, a shoulder around 400 nm and a weak
intensity band peak above 600 nm. Despite these similarities, subtle differences among the
spectra of the two systems can be observed: the UV band of AG is slightly red-shifted
(Amax = 338 nm) compared with that of GA (Amax = 312 nm), while the red band is more intense
for the former system. The spectrum of the AG exciton is very broad, extending all over the
examined spectral domain, its intensity peaking in the 400 — 450 nm region. Regarding the
spectra of the CT states, the UV band is more intense for AG and is located at shorter
wavelengths (337 nm vs 367 nm) compared to the one of GA; in addition, the AG band in the
visible is less intense and blue shifted with respect to that of AG. The spectra of the CT states,
normalized at their maximum, are compared in Figure 2c.

Based on the observations on the excited state relaxation of the non-interacting adenosine and

21, 30, 32-33 U -
S and considering the theoretical

guanosine chromophores in neutral aqueous solution,
predictions for the excited state relaxation of dinucleotides with fully stacked chromophores, we
examine below the experimental transient absorption spectra obtained for AG and GA. The
spectral evolution is shown in Figure 3 and, not surprisingly, it is quite complex. The spectra
recorded between 100 fs and 1 ps exhibit an intense UV band and a second broader and less
intense one peaking in the 580 — 600 nm region (Figures 3a and 3b). During this time interval,
the UV band shifts to shorter wavelengths. The same thing happens with the band in the visible,
with the exception of an initial red shift between 100 and 200 fs. To better distinguish
subsequent changes, which are not accompanied by an important modification of the signal
intensity, the spectra obtained between 0.5 and 15 ps have been normalized at their maximum
(Figures 3¢ and 3d). In this time window, it appears that the UV band is composed in fact of two
components. The high energy one, located below 350 nm, disappears within ~15 ps. In parallel,
the relative intensity of the band in the visible increases and eventually it becomes preponderant.

At longer times, no further spectral changes, within the experimental error, could be detected.
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Figure 3. Transient absorption spectra recorded for AG (a and c) and GA (b and d); the spectra
in (a) and (b) are recorded from 100 fs to 1 ps with 100 fs steps; the spectra in (c) and (d) are
normalized in their maximum. The spectra of AG (blue) and GA (red) at 100 fs and 15 ps,

normalized at the UV peak, are compared in (e) and (f), respectively.

We assign the blue shift of the bands in the UV and the visible occurring before 1 ps to the decay

of the adenosine mn* state (La),>" *% 3°-°

whose photo-induced absorption spectrum peaks at
longer wavelengths compared to that of guanosine (Figure 1c). The disappearance of the high
energy component in the UV band, taking place within a few ps, is associated with the decay of
the guanosine nn* state (Figure 1¢).”*>® The small, albeit detectable, red shift of the band in the

visible between 100 and 200 fs is tentatively attributed to exciton states associated with various



configurations. In general, they are expected to undergo fast localization in such flexible
systems.

Although the trends described in the previous paragraph are common for AG and GA, there are
noticeable differences in both the spectral and the dynamical features of the two systems. Their
spectra recorded at 100 fs, expected to correspond mainly to mm* states, look quite similar
(Figure 3e). The largest difference is observed around 450 nm, where the relative intensity of the
AG spectrum is higher. We are tempted to correlate this specific feature with the absorption of
the exciton state identified only for AG, exhibiting a characteristic band in this spectral range
(Figure 2a). However, as numerous transients enter into play, we cannot be conclusive about this
assignment.

At 1 ps the high-energy peak is located at 353 nm for AG vs 349 nm for GA, in line with the
relative position of the computed spectra for the excited states localized on the guanosine
chromophore (Figures 2a and 2b). The difference between the transient absorption spectra of the
two dinucleotides increases with time.

Focusing on the dynamical aspects, the signal at 330 nm, associated mainly with the decay of the
guanosine nnt* state, is faster for AG than for GA (Figure 4a). This could be attributed to a faster
formation of the CT state in the former system. This difference in the dynamics is also reflected
in the spectra shown in Figures 3¢ and 3d: the inversion in the relative intensity of the two bands
takes place earlier for AG compared to GA.

We judge that, at short times, fits of the decays with multiexponential functions are
inappropriate, due to the structural inhomogeneity of the studied systems and the anisotropic
reactions taking place. In this respect, we recall that the decays of the free adenosine or
guanosine in aqueous solution have been fitted with two or three exponentials each, the time
constants depending on the probing wavelength and differing from one study to the other.*'?% **
33.37 I any way, it is safe to consider that at 15 ps, all ™ states, both localized and excitonic,
have disappeared and only the CT states are left. The signals recorded for AG and GA at selected
wavelengths between 500 and 645 nm are well described by mono-exponential functions
(Figures 4b and 4c). The time constants derived from these fits fall, respectively, in the range of
112 £ 12 ps and 170 = 10 ps. The former value is in good agreement with the lifetimes reported
previously for AG exciplexes (105 + 30 ps®® and 124 + 12 ps®®) by transient absorption
experiments probing in the UV/visible. A more recent study, performed for both AG and GA



probing in the infrared spectral domain, provided much longer lifetimes: 420 = 120 ps for AG
and 280 + 160 ps for GA.** As the error bars were quite large, the authors concluded that they

could not discriminate between the two systems.
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Figure 4. Decays recorded for AG (blue) and GA (red) at 330 nm (a) and 500 nm (b) and (c).
The signals in (a) are normalized at their maximum and those in (b) and (c) at 15 ps. Yellow

lines correspond to fits with mono-exponential functions.

From the above-described dynamical behavior, we conclude that the spectra at 15 ps, shown in
Figure 3f after normalization at their UV peak, correspond to a single transient species, attributed
to the CT state. Both spectra exhibit a UV band, peaking at 379 and 390 nm for AG and GA,
respectively, and a broader and more intense one appearing at wavelengths longer than 500 nm.
The determination of the exact position of the latter band is hampered by a bandpass filter (300 —
630nm) used to eliminate the scattered pump light. Despite this caveat, it is clear that the GA
band is red-shifted in respect with that of AG. The relative position of both bands determined



experimentally for the two dinucleotides is reminiscent of what is observed for the computed
spectra of their CT states (Figure 2c): both bands of AG are located at shorter wavelengths
compared to those of GA.

Although the present measurements do not allow the determination of absolute quantum yields
associated with the formation of CT states in each dinucleotide, it is possible to estimate the
relative quantum yields of their formation in the two systems. Considering that, under our
experimental conditions, the same number of photons is absorbed by either system, the CT
concentration in each system is determined by the intensity of the corresponding “zero-time”
transient absorption spectrum. The latter are obtained from the transient absorption spectra at 15
ps and the lifetimes of the CT states, as explained in the SI. These “zero-time” spectra of the CT
states are shown in Figure S3a. We remark that the intensity of the UV band, for which the
experimental error is smaller compared to that of the band in the red, is ca. 75% higher for GA
than for AG. This difference is unlikely to arise from larger values of the molar extinction
coefficients. As a matter of fact, according to the computed spectra (Figure S3b), the maximum
oscillator strength of the UV peak is 20% smaller for GA than for AG. Therefore, it appears the
CT state is formed with a significantly higher quantum yield in the former system. The relative
values of quantum yields can be explained, in part, by the more efficient coupling between CT
and mr* states in the Franck-Condon region in GA,” as well as by the presence of an additional
relaxation pathway in AG leading to the exciton.

In conclusion, our joint experimental and theoretical study provided clear evidence about the
different behavior of the excited state relaxation in the AG and GA dinucleotides, highlighting
the influence of the DNA polarity on the CT states. The CT state in AG is formed faster and with
a significantly lower quantum yield, absorbs at shorter wavelengths and decays faster compared
to what is observed for its counterpart in GA. From a methodological point of view, this is the
first time that computed spectra have been used to discriminate among transient species in DNA
multimers determined by femtosecond spectroscopy.

It is worth-noticing that our results obtained upon DNA excitation are in line with those
observed for redox reactions between ground state DNA and an external oxidant: they are all

9, 12

favored when guanines are located at 5’ ends. Moreover, the catalytic activity of G4-

10-11

DNAzymes increases with the availability of guanines at 5’ ends. Finally, the present study

shed light on the multistep mechanism underlying low-energy photoionization of DNA, proposed



to involve formation of CT states, charge separation and electron ejection by the nucleobase
bearing the negative charge.”®’ The ca. 30% higher photoionization quantum yield determined
at 266 nm for guanine quadruplexes composed of four DNA strands 5°-GGGGA-3" (12.6x107)
compared to 5’~AGGGG-3’ strands (9.9 x107),’ can be explained by the formation of higher
concentration of G* — A” CT states in the former system, accompanied by a longer lifetime,

favoring charge separation and trapping of the electron hole by the stacked guanines.*’

Supporting Information. Sample details; transient absorption setups; relative quantum yields of
CT states; computational details.
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