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ABSTRACT

Prolonged ultraviolet exposure results in the formation of cyclobutane pyrimidine dimers (CPDs)
in RNA. Consequently, prebiotic photolesion repair mechanisms should have played an important
role in the maintenance of the structural integrity of primitive nucleic acids. 2,6-Diaminopurine
(2,6DAP) is a prebiotic nucleobase that repairs CPDs with high efficiency when incorporated into
polymers. We investigate the electronic deactivation pathways of 2,6-diaminopurine-2’-
deoxyriside (2,6DAP-d) and 9-methyl-2,6-diaminopurine (9Me2,6DAP) in acetonitrile and
aqueous solution to shed light on the photophysical and excited state properties of the 2,6-
diaminopurine chromophore. Evidence is presented that both are photostable compounds
exhibiting similar deactivation mechanisms upon population of the Si(nn* La) state at 290 nm. The
mechanism involves deactivation through two reaction coordinates (C2- and C6-coordinates) and
>99% of the excited state population decays through non-radiative pathways involving two conical
intersections with the ground state. The radiative and nonradiative lifetimes are longer in aqueous
solution compared to acetonitrile. While 77 is similar in both derivatives, 2 is ca. 1.5-fold longer
in 2,6-diaminopurine-2’-deoxyriside due to a more efficient trapping in the Si(nn* La) minimum.
Therefore, 2,6-diaminopurine could have accumulated in significant quantities during prebiotic

times to be incorporated into non-canonical RNA and play a significant role in its photoprotection.



INTRODUCTION

The investigation of the electronic relaxation mechanisms and photostability/photoreactivity
of nucleobases and their derivatives is essential for understanding the molecular origins of life.!-?
As such, extensive research has been conducted over the years to explore the electronic relaxation
pathways that are responsible for the inherent photostability of the pyrimidine and purine
derivatives.>!! It has been shown that the photostability of these derivatives cannot be solely

12,13

attributed to the pyrimidine and purine chromophores; instead, the substituents present at the

C2 and C4/C6 positions of the nucleobases play a crucial role at regulating their photostability

when exposed to ultraviolet radiation (UVR).!4-22

The genetic alphabet we witness today is a testament to the continuous refinement processes
that have shaped prebiotic organic molecules on Earth. These evolutionary processes, constantly
influenced by sunlight radiation, have underscored the utmost significance of photochemistry in
the emergence of the current genetic code. Despite the established photostability of the nucleic
acids, prolonged ultraviolet radiation exposure results in the photoinduced formation of adducts
such as cyclobutane pyrimidine dimers (CPDs) and other photoproducts.!?*?* Mechanisms like
photolyase-mediated repair and nucleotide excision repair (NER) can repair these photoadducts in
modern organisms, however, they were not available during the prebiotic era when the first nucleic
acid polymers and life forms emerged.?>2® Therefore, prebiotic photolesion repair mechanisms
should have played an important role in the maintenance of the structural integrity of primitive

nucleic acids.

Recent studies have shown that the purine derivative 2,6-diaminopurine (2,6DAP) has the
ability to repair CPDs through electron transfer with high efficiency when incorporated into

nucleic acid strands due to its excellent electron-donating properties,” hinting at the possibility



that 2,6DAP may have been involved in RNA repair during the prebiotic period. The discovery
that 2,6DAP could have been transported to Earth through meteorites like Murchison and
LON94102 further emphasizes its potential significance during prebiotic times.*° Additionally, the
presence of 2,6DAP in other biological contexts, such as its replacement of adenine in the genome
of phage S-2L of the cyanobacteria Synechococcus elongatus, further suggests its important role

during the prebiotic era.’! 33

In a recent study, the electronic relaxation mechanisms of 2,6 DAP and 2,6-diaminopurine-2'-
deoxyribose (2,6DAP-d) were investigated in aqueous solutions.'> It was proposed that 2,6DAP
could have accumulated in large enough quantities during the prebiotic era due to its high
photostability.!> Those results support the notion that 2,6DAP may have been involved in the
formation of prebiotic oligomers, acting as photoprotective components for the prebiotic genetic
code and potentially enhancing the photostability of higher-order nucleic acid structures.?” In this
contribution, we extend those investigations by studying the electronic deactivation pathways of
2,6DAP-d and 9-methyl-2,6-diaminopurine (9Me2,6DAP) in acetonitrile (MeCN) and in
phosphate buffer solution at pH 7.4. 2,6DAP-d and 9Me2,6DAP were selected to block N7H and
NOH tautomerization observed in 2,6DAP!® and to investigate how the substitution of a methyl
versus a 2’-deoxyribose at the N9 position affects the excited state dynamics of the 2,6DAP
chromophore. Steady-state absorption and emission spectroscopies, femtosecond broadband
transient absorption, and electronic-structure calculations are employed to elucidate their
electronic deactivation mechanisms. In addition of aqueous solution, we have also chosen MeCN
for investigation because it has been proposed that the polarity of this solvent (E7(30)) more closely
resemble the polarity experienced by the nucleobases when they are incorporated in nucleic acid

strands than an aqueous environment.>* Therefore, the effect of the solvent environment on the



photophysics and excited state relaxation pathways of both nucleobase derivatives is also

investigated.
MATERIALS AND METHODS

Chemicals and steady-state measurements. 9-Methyl-9H-purine-2,6-diamine (9Me2,6DAP,
95% purity) and 2,6-diaminopurine-2’-deoxyribose (2,6 DAP-d, 99% purity) were purchased
from Enamine and Chem-Impex International, Inc. and were used as received. Acetonitrile

(MeCN, HPLC grade) was purchased from Fisher Scientific.

A Cary 300 spectrophotometer and a Cary Eclipse spectrofluorimeter were used to
measure the steady-state absorption and emission spectra, respectively. A scan rate of 120
nm/min and a PMT voltage of 600 V were used to record the emission spectra with 5 nm slit

widths.

Phosphate buffer solutions were prepared with a concentration of 16 mM to ensure its
precise performance. The composition of this buffer involved a balanced mixture containing
0.402 g of 10 mM monobasic potassium phosphate (KH2PO.) and 0.345 g of 6 mM dibasic
potassium phosphate (K-HPO.). These salts were thoughtfully measured and dissolved in a total
volume of 250 mL of ultra-pure water. To attain the desired pH of 7.4, a methodical approach
was taken. A solution of 2 M sodium hydroxide (NaOH) was employed in conjunction with a
precise pH meter. Gradual additions of the sodium hydroxide solution allowed for a controlled
elevation of the pH to the target value of 7.4, ensuring the buffer's effectiveness for its intended

application.

Electronic-structure calculations. ORCA 5.0 was used to perform all the quantum chemical

calculations.”® Ground- and excited state optimizations were performed using the B3LYP*®



functional and the cc-pVDZ basis set.’” Minimum-energy crossing points between the lowest-
energy singlet states were optimized using spin-flip time-dependent density functional theory (SF-
TDDFT).>®¥ Implicitly solvent effects were modeled using the conductor-like polarizable
continuum model (CPCM).*’ To increase the efficiency of the calculations, the RIJCOSX density
fitting approximation was utilized.*! Vertical excitation energies and potential energy profiles were
calculated at the TD-BP86**/CPCM/def2-TZVPD?’//B3LYP/CPCM/cc-pVDZ level of theory in
MeCN. The magnitude of the oscillator strength and by visual inspection of the Kohn—Sham

orbitals were used to determine the character of the excited states.

Femtosecond broadband transient absorption spectroscopy. The excited state relaxation
mechanisms of 9Me2,6DAP and 2,6DAP-d in MeCN and phosphate buffer at pH 7.4 were studied
using broadband transient absorption spectroscopy. The experimental setup has been discussed in
detail elsewhere.* Briefly, a 1 kHz, 100 fs laser pulse at 800 nm was generated using a regenerative
amplifier (Coherent Libra-HE), which is seeded with a Ti:Sapphire oscillator (Vitesse, Coherent).
An optical parametric amplifier (TOPAS, Quantronix/Light Conversion) was used to generate the
excitation wavelength at 290 nm and the white light continuum from 320 to 700 nm was generated
with a continuously moving 2 mm calcium fluoride (CaF2) crystal. Fresh solutions were used under
continuous stirring in fused silica cells with a 2 mm path length to guarantee sample homogeneity
and that a fresh sample volume was always excited. Absorption spectroscopy was used to monitor
the possibility of photodegradation during laser experiments. The samples were replaced with fresh
solutions if the absorbance maximum of the lowest energy absorption band decreased by more
than 3%. Global and target analyses of the transient absorption data were performed using the

Glotaran graphical user interface to the R-package TIMP software.**



RESULTS
Steady-state photophysics

9Me2,6DAP and 2,6DAP-d consists of the purine nucleobase substituted with two amino groups
at the C2 and C6 positions and a methyl group and a 2’-deoxyribose at the N9 position for
OMe2,6DAP and 2,6DAP-d, respectively (Scheme 1). The substitution at the N9 position
effectively prevents N9H and N7H tautomerization, resulting in the biologically relevant single
tautomer for both derivatives. The steady-state photophysical properties collected in this study for
9Me2,6DAP and 2,6DAP-d are summarized in Table 1. In Figure 1, the molar absorption spectra
of 9Me2,6DAP and 2,6DAP-d in MeCN and phosphate buffer at pH 7.4 are depicted. Notably,
both compounds display three distinct absorption bands around 280, 256, and 215 nm. In MeCN,
2,6DAP-d has molar absorption coefficients of (9.1 £0.1) x 10> M™' cm™ at 280 nm, (8.2 £ 0.1) x
10° M cm™ at 256 nm and (2.4 £ 0.1) x 10* M! cm™ at 217 nm. For 9Me2,6DAP in phosphate
buffer at pH 7.4, molar absorption coefficients at the absorption maxima of (9.5 + 0.1) x 10° M"!
cm at 280 nm, (7.4 £ 0.1) x 10> M! em™ at 257 nm, and (2.6 £ 0.1) x 10* M"! cm™ at 215 nm
were measured. For 9Me2,6DAP in MeCN, molar absorption coefficients at the absorption
maxima of (9.4 £ 0.1) x 10°* M"! cm™ at 280 nm, (8.0 £ 0.1) x 10° M cm™ at 257 nm, and (2.8 +
0.1) x 10* M! cm™ at 217 nm were measured. The replacement of 9N-methyl group for 2’-
deoxyribose induces a minor hyperchromic effect in the absorption spectrum, and the molar
absorption coefficients slightly change to (9.6 £ 0.1) x 10> M™! cm™ at 280 nm, (8.6 £ 0.1) x 10

M1 cem'at 256 nm and (2.3 £0.1) x 10* M™! cm at 215 nm in phosphate buffer solutions.
<Scheme 1>

<Figure 1>



<Table 1>

The emission spectra of 9Me2,6DAP and 2,6DAP-d in MeCN are also shown in Figure 1a.
The excitation spectrum collected at the 330 nm emission wavelength satisfactorily match the
absorption spectrum of 9Me2,6DAP in MeCN (Figure S1). This evidence that the fluorescence
emission is an intrinsic property of 9Me2,6DAP. The emission spectra of both 9Me2,6DAP and
2,6DAP-d exhibit maxima at 335 = 2 nm. The fluorescence quantum yields of 9Me2,6DAP and
2,6DAP-d in MeCN were determined to be practically similar upon excitation at 290 nm, 0.0020
£ 0.0001 and 0.0025 + 0.0001, respectively, using tryptophan as a standard.*’ In addition, a 0-0
energy of the lowest-energy excited singlet state of 4.13 eV was estimated for both molecules from
the crossing point between the absorption and emission spectra in MeCN (Figure 1). Figure 1b
shows the emission spectra of 9Me2,6DAP and 2,6DAP-d recorded in phosphate buffer at pH 7.4.
The emission spectra of both 9Me2,6DAP and 2,6DAP-d exhibit maxima at 352 £+ 2 nm or a 17
nm redshift compared to the MeCN solutions. The fluorescence quantum yields were determined
in phosphate buffer upon excitation at 290 nm to be 0.0042 £+ 0.0001 for 9Me2,6 DAP and 0.0058
+ 0.0008 for 2,6DAP-d, respectively, also using tryptophan as a standard.*> A 0-0 energy of the
lowest-energy excited singlet state of 4.09 eV was estimated for both molecules from the crossing

point between the absorption and emission spectra in phosphate buffer (Figure 1b).
Electronic-structure calculations of 9Me2,6DAP

The ground-state geometry of 9Me2,6DAP at the B3LYP/CPCM/cc-pVDZ level of theory in
MeCN is mostly planar with only the hydrogen atoms of the amino group out of the molecular
plane of the purine chromophore (Figure 2a). Vertical excitation energies were used to characterize

the excited states available for deactivation upon excitation with 290 nm. Upon excitation with



290 nm (4.3 eV), the lowest-energy excited singlet state is populated. As shown in Table 2 and
Figure 2b, this state has nn* character (f= 0.17) and is dominated by a main (0.82) HOMO —
LUMO electronic transition. Hence, from this point forward, we will refer to this state as Si(nmn*
L.), using the nomenclature of Platt-Murell,* where the La label represents the state with the
highest contribution of the HOMO — LUMO single electron transition. The calculated vertical
energy for the Si(nn* La) in acetonitrile is in good agreement with the experimental value reported
in Table 1, further supporting the appropriateness of the level of theory used in this study. The
vertical excitation energies reported in Table 2 for 9Me2,6DAP are also in line with those reported
previously for the N9H tautomer of 2,6DAP in water.!> Below the Si(nn* L), there are two excited
triplet states of an* character with energies of 3.34 and 4.13 eV in MeCN. Because the triplet states
are also of mn* character, intersystem crossing from the Si(n* La) to these two triplet states is not

expected to be favorable according to El-Sayed propensity rules.*’#®

<Table 2>

The Si(nn* La) excited state minimum was also optimized at the TD-B3LYP/CPCM/cc-
pVDZ level of theory in MeCN. At this level of theory, the minimum is mostly planar with only
the hydrogen atoms of the amino group out of the molecular plane of the purine chromophore
(Figure 2a) and is 3.96 eV adiabatically from the ground-state. In addition, two Si(nn* La)/So
minimum-energy crossing points or conical intersections were located, which are labeled as C6-
CI and C2-CI in Figure 2a. The optimization of these minimum-energy crossing points was done
using SF-TDDFT instead of LR-TDDFT, because LR-TDDFT cannot correctly describe the
dimensionality of conical intersections (CI) between excited states and the ground-state.*’ The SF
approach has been used extensively to overcome the problem with the conical intersections

38,39,50

between the ground and excited states, and it has been shown to provide the correct



dimensionality of the Cls.>"? Furthermore, we note that the conical intersections identified in this
work are similar to those reported by Szabla et al.,?” and Oliveira et al.,>* at the ADC(2) and MS-
CASPT?2 level of theories, respectively, providing additional support for the use of SF-TD-DFT in

this study.

As shown in Figure 2, the C6-CI is characterized by significant out-of-plane distortion on
the C6 atom and complete out of the molecular plane displacement of the amino group attached to
this atom. Similarly, the C2-Cl is characterized by significant out-of-plane distortion of the amino
group on the C2 atom. To gather a general understanding of the topology of the state potential
energy surface and to investigate the accessibility to the minimum-energy crossing points, we also
performed optimizations along the N6C6C5C4 and N2C2N3C4 dihedral angles coordinates
(a.k.a., relaxed surface scans) to capture the transition from the mostly planar structure of the
excited state minimum to the C6-CI and C2-CI, respectively. Figure 3 shows the potential energy
profiles constructed along the C6- and C2-puckering coordinates for 9Me2,6DAP at the TD-
BP86/CPCM/def2-TZVP//TD-B3LYP/CPCM/cc-pVDZ level of theory in MeCN. On the one
hand, the C6-CI can be accessed by surmounting a small energy barrier of 0.08 eV. On the other
hand, the population that reaches the Si(nn* La) minimum needs to overcome an energy barrier of
0.35 eV to access the C2-CI. Similar energy barriers of 0.4 eV to access the C2-CI and of 0.05 eV
to access the C6-CI were obtained for the N9H tautomer of 2,6DAP in water at the TD-
BP86/CPCM/def2-TZVP//TD-B3LYP/CPCM/cc-pVDZ level of theory.!® In vacuum, Oliveira et
al.>® reported upper-limit energy barriers of 0.83 and 0.57 eV to access the C2-CI and C6-CI from
the Si(nn* La) minimum at the MS(3)-CASPT2(14,11)/cc-pVDZ level of theory, which are in

qualitative agreement with those reported in this study in MeCN. Therefore, the calculations



predict that the Si(nn* La) state population should decay significantly faster to the ground state

through the C6-coordinate than through the C2-coordinate both in solution and in the gas phase.

<Figure 3>

Femtosecond broadband transient absorption measurements in MeCN

Femtosecond transient absorption measurements covering a spectral range from 350 to 700 nm,
and a temporal window of up to 3 ns, were performed to elucidate the electronic deactivation
pathways of 9Me2,6DAP and 2,6DAP-d in MeCN upon 290 nm excitation. Contour plots,
representative decay traces with best kinetic fits, and the two-dimensional transient absorption
spectral for 9Me2,6DAP and 2,6DAP-d are reported in Figures 4 and 5, respectively. Upon 290
nm excitation, three transient absorption bands are observed within the cross-correlation of the
pump and probe beams in both molecules. These bands are centered at 651, 482 and 387 nm for
9Me2,6DAP and at 652, 488 and 385 nm for 2,6 DAP-d. After reaching their maximum amplitude,
all three transient absorption bands decay monotonically within 90 ps time delays. Lifetimes
obtained from global and target analyses using a two-component or two exponential sequential
kinetic model are reported in Table 3. As shown in Table 3, 11 has the same magnitude in
9Me2,6DAP than in 2,6DAP-d, while 12 is 1.5-fold longer in 2,6DAP-d than in 9Me2,6DAP. The
evolution-associated difference spectra corresponding to the extracted lifetimes in MeCN are

reported in Figures S2 and S3 for 9Me2,6DAP and 2,6DAP-d, respectively.

<Figure 4>

<Table 3>

<Figure 5>



Femtosecond broadband transient absorption measurements in phosphate buffer at pH 7.4

Transient absorption experiments for IMe2,6DAP and 2,6 DAP-d were also performed in aqueous
phosphate buffer solutions at pH 7.4 upon 290 nm excitation. Contour plots, representative decay
traces with best kinetic fits, and the two-dimensional transient absorption spectral for 9Me2,6DAP
and 2,6DAP-d are reported in Figures 6 and 7, respectively. Similar to the transient spectra in
MeCN, three transient absorption bands are observed within the cross-correlation of the pump and
probe beams in both molecules. The transient bands for 9Me2,6DAP and 2,6DAP-d in aqueous
phosphate buffer exhibit different relative amplitude and are slightly blue shifted compared to
those in MeCN. After reaching their maximum amplitude, all three transient absorption bands
decay monotonically within ca. 300 ps time delays. Lifetimes obtained from global and target
analyses using a two-component sequential or two exponential kinetic model are reported in Table
3. As shown in Table 3, 7; has the same magnitude in 9Me2,6DAP than in 2,6DAP-d, while 72 is
1.4-fold longer in 2,6DAP-d than in 9Me2,6DAP. The evolution-associated difference spectra
corresponding to the extracted lifetimes in MeCN are reported in Figures S4 and S5 for

9Me2,6DAP and 2,6DAP-d, respectively.

<Figure 6>

<Figure 7>

DISCUSSION

Proposed electronic relaxation mechanism for 9Me2,6 DAP and 2,6DAP-d in MeCN

Considering the similarities in the steady-state properties reported in Figure 1 and the transient
absorption spectra reported in Figures 4 to 7, the general electronic relaxation mechanism for both

9Me2,6DAP and 2,6DAP-d in MeCN and in phosphate buffer at pH 7.4 should be the same. As



reported in Section 3.2, excitation of 9Me2,6DAP at 290 nm results in population of the Si(n*
La) state. Hence, we assign the first lifetime to a competitive process in the Si(nn* La) potential
energy surface, where a fraction of the excited state population internally converts to the ground
state through the near-barrierless C6-CI and another fraction populates the Si(mn* La) minimum
(see, Figure 3). The second lifetime is assigned to fluorescence emission from the Si(nn* La)
minimum and the simultaneous internal conversion to the ground state after surmounting the C2-
CI. These assignments are supported by the observation that the EADS associated to the first
lifetime can be assigned to a linear combination of the excited state absorption of the Si(nn* La)
minimum and the absorption spectrum of C6-CI, while the EADS associated to the second lifetime
can be assigned to a linear combination with equal contribution of the individual Si(nn* La)
minimum and C2-CI excited absorption spectra (Figure S2). We remark, however, that the spectra
of both CIs and the EADSs are very similar. In agreement with the vertical excitations energies
reported in Table 2 in Section 3.2, and with the El-Sayed selection rules, population of longer-lived

singlet or triplet states with nn* or nn* character is not observed.

In a recent investigation, the excited state dynamics of 2,6DAP and 2,6DAP-d were
examined in aqueous solution.'® It was proposed that the excited state population in the Franck-
Condon region of the Si(nn* La) state also branches in ultrafast timescales via the C2- and C6-
puckering relaxation coordinates following excitation at 287 nm. !> Herein, we have also identified
both coordinates for 9Me2,6DAP-d. On the one hand, we propose that in 9Me2,6DAP and
2,6DAP-d, the population following the C6-coordinate internally converts to the ground state in
an ultrafast fashion considering the small energy barrier (<0.1 eV) associated with the C6-CI. On
the other hand, we propose that the fraction of the population that branches into the C2-coordinates

decays by a combination of internal conversion through the C2-CI and radiative decay due to the



associated larger energy barrier (0.35 eV) to access the C2-CI. Therefore, as recently shown for
2,6DAP and 2,6DAP-d in aqueous solution,'> we propose that 7; corresponds to a competition of
the excited state population in the Franck-Condon region to either internally convert to the ground-
state through the C6-CI or to populate the Si(nn* La) minimum in the C2-coordinate. We assign 12
to simultaneous internal conversion through C2-CI and fluorescence emission (~0.60 to 0.20%)
from the Si(mn* La) minimum. This electronic relaxation mechanism is also supported by the
transient absorption data reported in Figures 6 and 7 for 9Me2,6DAP and 2,6DAP-d in aqueous
phosphate solution at pH 7.4. Therefore, the deactivation of the Si(nn* La) population in both
9Me2,6DAP and 2,6DAP-d is driven by a combination of non-radiative and radiative internal
conversion decay pathways to the ground state, resulting in the high photostability for both 2,6DAP
derivatives in both MeCN and phosphate buffer solution. The proposed electronic relaxation

mechanism is presented in Scheme 2.
<Scheme 2>
Role of the solvent on the excited state dynamics of 2,6DAP

The fluorescence data and transient absorption lifetimes obtained in back-to-back experiments for
9Me2,6DAP and 2,6DAP-d in MeCN and in phosphate buffer at pH 7.4 evidence that the Si(nm*
La) minimum is stabilized in aqueous solution compared to MeCN. For both 9Me2,6DAP and
2,6DAP-d, the fluorescence maximum redshifts by 17 nm, while the fluorescence quantum yield
and 7 increase in phosphate buffer compared with MeCN by 1.2 to 1.3-fold and 1.4 to 1.5-fold,
respectively. The increase in 7 in going from MeCN to phosphate buffer suggests that a larger

energy barrier needs to be surmounted to access the C2-CI in both 9Me2,6DAP and 2,6DAP-d in



phosphate buffer. Similarly, a larger energy barrier needs to be surmounted to access the C6-CI in

phosphate buffer relative to in MeCN for both molecules.

We note that the z; and 72 for 9Me2,6 DAP and 2,6DAP-d are 2.2- and 2.7-fold and 2.2- and
2.5-fold, respectively, longer in aqueous solution than in MeCN. We propose that one factor that
could be contributing to the longer lifetimes when going from MeCN to aqueous solution is the 3-
fold higher viscosity of water relative to MeCN, which can slow down the dynamics by hindering
the out-of-plane nuclear relaxation process to access the C2 and C6 ClIs. This can be also supported
by the 2.1- and 2.3-fold higher fluorescence quantum yield obtained for 9Me2,6 DAP and 2,6 DAP-
d in aqueous solution relative to MeCN (Figure S1). Yet, another factor that could explain the
observed solvent effects is explicit solute-solvent hydrogen bonding interactions in aqueous
solution that may also slowdown the dynamics relative to in acetonitrile. Therefore, in general, the
radiative and nonradiative lifetimes for both 9Me2,6DAP and 2,6 DAP-d slowdown in phosphate
buffer compared to MeCN, but the magnitudes are still long enough (i.e., tens of picoseconds) to

allow the photorepair of CPDs when incorporated in prebiotic RNA oligomers.?’
Role of the N9 substituent on the excited state dynamics of 2,6DAP

The fluorescence quantum yields and transient absorption lifetimes obtained in back-to-back
experiments for 9Me2,6DAP and 2,6DAP-d in MeCN and in phosphate buffer at pH 7.4 evidence
that the substituent in the N9 position has a significant effect in the excited state dynamics of
2,6DAP. While the first lifetime for both 9Me2,6DAP and 2,6DAP-d has the same magnitude on
each solvent, the second lifetime is 1.4 and 1.5-fold longer for 2,6DAP-d compared to that of
9Me2,6DAP in phosphate buffer and MeCN, respectively. A small energy barrier in the Si(wn* La)
potential energy surface to access the C6-CI with the ground state can explain the similar z;

observed in both molecules. The longer z2 observed for 2,6DAP-d compared to that of 9Me2,6DAP



can be explained by a more efficient trapping of the Si(nn* La) population in its minimum before
it can decay radiatively or nonradiatively through the C2-CI to the ground state. This is supported
by the observation that the fluorescence quantum yields of 2,6DAP-d are ca. 1.4 and 1.3-fold larger
than those of 9Me2,6DAP in phosphate buffer and MeCN, respectively. The more efficient
trapping of the population in the Si(nn* La) minimum of 2,6 DAP-d could be due to an increase in
the energy barrier to access the C2-CI. It could also be due to the more efficient relaxation of the
excess vibrational energy in the Si(nn* La) state in 2,6DAP-d compared to 9Me2,6DAP given the
additional degrees of vibrational freedom imparted by the 2’-deoxyribose at the N9 position
compared to the methyl group. The presence of a 2’-deoxyribose substituent introduces additional
degrees of freedom compared to the methyl group, which allows the excess of vibrational energy
in the Si(n* La) state to dissipate more efficiently. This in turns could trap the population in the
Si(zn* La) minimum more efficiently and slow down internal conversion to the ground state
through the C2-CI or fluorescence emission. Intramolecular hydrogen bonding between the 2’-
deoxyribose and the 2,6DAP nucleobase could also be another factor affecting this lifetime in
2,6DAP-d compared to 9Me2,6DAP. Importantly, the longer 7 lifetime of 2,6DAP-d in both
phosphate buffer and MeCN is expected to increase the probability of photorepair of CPDs when

incorporated in prebiotic RNA oligomers.?’
CONCLUSION

The photophysics, electronic structure, and excited state dynamics of the prebiotic
candidates 9Me2,6DAP and 2,6DAP-d have been investigated in MeCN and in phosphate buffer
at pH 7.4. It is demonstrated that both 9Me2,6DAP and 2,6DAP-d are photostable compounds that
exhibit nearly identical electronic relaxation mechanisms upon population of the Si(nn* La) state

at 290 nm. The electronic relaxation mechanism involves the competitive nonradiative



deactivation of >99% of the population through two conical intersections and less than 1%
fluorescence emission from the Si(n* La) minimum. The Cls are characterized by significant out-
of-plane distortion of the C2 and C6 atoms and complete out of the molecular plane displacement
of the corresponding amino groups. Relaxation of the Si(nn* La) population through the C6-CI to
the ground state has a very small energy barrier of ca. 0.05 to 0.08 eV in solution, while relaxation
through the C2-CI to the ground state requires the surmounting of an energy barrier of ca. 0.4 eV.
Both the solvent and the functional group at the N9 position modulate relaxation through the C2-
coordinate, with both 2’-deoxyribose and aqueous solution increasing the t2 lifetime relative to
MeCN and 9-methyl, respectively. Collectively, the experimental and computational results
presented in this study and elsewhere!” support the idea that the 2,6DAP chromophore should have
accumulated in significant quantities during prebiotic times to participate in the formation of non-
canonical RNA and play a significant role in the photorepair of CPDs in prebiotic RNA

oligonucleotides.”’
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Table 1. Steady-state photophysical properties of 9Me2,6DAP and 2,6DAP-d.

Aabs (nm) e(x10°M'em™)  hem(nm) OrL
9Me2,6DAP? 280,257,215 9.5,7.4,2.6 352 0.0042 +0.0001
9Me2,6DAP® 280,257,217 9.4,8.0,2.8 335 0.0020 = 0.0001
2,6DAP-d* 280, 256,215 9.6,8.6,2.3 352 0.0058 +0.0008
2,6DAP-d° 280,256,217 9.1,8.2,2.4 335 0.0025 +0.0001

a. Aqueous phosphate buffer at pH 7.4 solution

b. MeCN solution

Table 2. Vertical excitation energies (in eV) for 9Me2,6DAP in MeCN calculated at the TD-
BP86/CPCM/def2-TZVPD level of theory together with those reported previously for the NOH
tautomer of 2,6DAP in water.!> Energy values in wavelengths are also shown in brackets and

oscillator strengths are shown in parentheses.

State 9Me2,6DAP in MeCN  2,6DAP in water®
Si(nr* La) 4.33 [286] (f=0.17) 4.46 [278] (f=0.20)
Ti(nm*) 3.34 [371] 3.41 [364]

Ta(nm*) 4.13 [300] 4.20 [295]

a. Reported in ref. 1°. Note that the vertical excitation energies reproduced herein from ref, 3

were performed for geometries optimized in vacuum.



Table 3. Lifetimes extracted from global and target analyses of the femtosecond transient
absorption data of 9Me2,6DAP and 2,6DAP-d in MeCN and phosphate buffer at pH 7.4 upon

excitation with 290 nm.

Compound 71 (ps) 12 (ps)
9Me2,6DAP (MeCN) 0.5+0.1 20+ 1
2,6DAP-d (MeCN) 0.5+0.2 30+ 1
9Me2,6DAP (pH 7.4) 1.1£03 53+3

2,6DAP-d (pH 7.4) 1.1£03 T4+5




Figure Captions

Scheme 1. Molecular structure of 2,6-diaminopurine derivatives investigated in this study. R is a
methyl group in 9-methyl-2,6-diaminopurine, or a 2’-deoxyribose in 2,6-diaminopurine-2’-

deoxyribonucleoside.

Figure 1. Molar absorption and emission spectra (Aexe = 290 nm) of 9Me2,6DAP (blue) and
26DAP-d (magenta) in a) MeCN and b) phosphate buffer at pH 7.4. Bottom x-axis in nm and top
x-axis in cm™. The Eoo energy corresponding to the point of overlap between the two spectra is
highlighted in the figure. Profile of excitation laser pulses used in the transient absorption

measurements is shown in purple.

Figure 2. a) Representative optimized geometries of relevant points of the potential energy
surfaces of 9Me2,6DAP at the B3LYP/CPCM/cc-pVDZ level of theory in MeCN. The geometry
of the Si(nn* La) minimum was optimized using LR-TD-DFT and the minimum-energy crossing
points between the Si(an* La) and the ground-state were optimized with SF-TD-DFT. b) Main
(0.82) electronic transition of the lowest-energy excited single state Si(nn* La) at the TD-

BP86/CPCM/def2-TZVPD// B3LYP/CPCM/cc-pVDZ level of theory in MeCN.

Figure 3. Ground and the Si(nn* La) states potential energy profiles along the C2-puckering and
C6-puckering reaction coordinates for 9Me2,6DAP at the TD-BP86/CPCM/def2-TZVP//TD-
B3LYP/CPCM/cc-pVDZ level of theory in MeCN. The energy barrier to access the conical
intersections are shown as AE on the figure. See Figure 3 in ref. ' for analogous the potential

energy profiles for N9H tautomer of 2,6DAP in water at the same level of theory.

Figure 4. Transient absorption spectra of 9Me2,6DAP in MeCN upon excitation with 290 nm. The

x-axis denotes the wavelength on a linear scale and the y-axis denotes the delay times in a linear-



log scale. The break on the y-axis represents when the scale changes from linear to logarithmic
scale. (Right) Representative decay traces at 390, 474 and 665 nm probe wavelengths with best
fits obtained using a two-component sequential kinetic model. (Bottom) Two dimensional transient
spectral evolution covering the time delays from -0.80 ps to 85 ps. The break on the x-axis is

masking the scattering of the pump beam overtone reaching the detector.

Figure 5. Transient absorption spectra of 2,6DAP-d in MeCN upon excitation with 290 nm. The
x-axis denotes the wavelength on a linear scale and the y-axis denotes the time delays in a linear-
log scale. The break on the y-axis represents when the scale changes from linear to logarithmic
scale. (Right) Representative decay traces at the 390, 474 and 665 nm probe wavelengths and best
fits using a two-component sequential kinetic model. (Bottom) Two dimensional transient spectral
evolution covering the time delays from -0.96 ps to 89 ps. The break on the x-axis is marking the

scattering of the pump beam reaching the detector.

Figure 6. Transient absorption spectra of 9Me2,6DAP in phosphate buffer at pH 7.4 upon
excitation with 290 nm. The x-axis denotes the wavelength on a linear scale and the y-axis denotes
the delay times in a linear-log scale. The break on the y-axis represents when the scale changes
from linear to logarithmic scale. (Right) Representative decay traces at 390, 474 and 665 nm probe
wavelengths with best fits obtained using a two-component sequential kinetic model. (Bottom)
Two dimensional transient spectral evolution covering the time delays from -1.3 ps to 507 ps. The

break on the x-axis is masking the scattering of the pump beam overtone reaching the detector.

Figure 7. Transient absorption spectra of 2,6DAP-d in phosphate buffer at pH 7.4 upon excitation
with 290 nm. The x-axis denotes the wavelength on a linear scale and the y-axis denotes the time
delays in a linear-log scale. The break on the y-axis represents when the scale changes from linear

to logarithmic scale. (Right) Representative decay traces at the 390, 474 and 665 nm probe



wavelengths and best fits using a two-component sequential kinetic model. (Bottom) Two
dimensional transient spectral evolution covering the time delays from -1.36 ps to 1059 ps. The

break on the x-axis is marking the scattering of the pump beam reaching the detector.

Scheme 2. Proposed general electronic relaxation mechanism for 9Me2,6DAP and 2,6DAP-d in
MeCN and in phosphate buffer solution at pH 7.4 according to the experimental and theoretical

results reported in this study.



