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5-aza-7-deazaguanine (5N7C-G), also known as P, is an unnatural nucleic acid base (NAB) closely
related in structure to the natural NAB guanine. It forms a Watson—-Crick base pair with the unnatural
NAB Z synthesized by Benner and co-workers. We study the ultrafast decay pathways for this modified
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NAB with high-level multireference methods. We observe from both static and dynamic studies that
there are multiple deactivation channels with significant differences in energetics and, therefore,
timescales. The nonradiative deactivation mechanisms at sub-picosecond timescales are remarkably
similar to those of the natural NAB guanine. These findings explain the experimental observations of Krul
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1. Introduction

Deoxyribonucleic acid (DNA) contains all the genetic informa-
tion in an organism. The genetic alphabet in an organism is
written with the help of 4 letters or nucleic acid bases, namely-
adenine (A), thymine (T), cytosine (C), and guanine (G)." In
RNA, thymine is replaced by uracil. Intermolecular hydrogen
bonding between these nucleobases contributes to the stability
of the double helical structure of DNA.>* Adenine forms a base
pair with thymine via two hydrogen bonds, and cytosine pairs
with guanine via three hydrogen bonds. To understand the
carcinogenic effects of UV radiation in DNA, the photophysics
of nucleic acid bases (NABs) have been studied. The mecha-
nism of self-repair and ultrafast non-radiative decay in these
molecules make them resistant to damage by solar radiation.*”

However, in recent decades, significant effort has been made
to expand the genetic alphabet by artificially synthesizing
nucleobases that are stable in the DNA structure and can be
replicated efficiently with minimal mispairing.®*° The idea was
initially started by Alexander Rich in 1962."* It was proposed
that by incorporating small changes in the structures of the
natural nucleobases, the genetic alphabet could be increased.
However, the creation and incorporation of artificial or unna-
tural base pairs into DNA can present several challenges, such
as chemical stability, replication fidelity, etc. Despite these
challenges, the expansion of the genetic code is a promising
field of research.'® One can expect the synthesis of new amino
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acids and proteins™® leading to the creation of semi-synthetic
organisms."*'*> Of late, DNA based approaches are also being
used to store data and expansion of the genetic code will
increase the ability to store large amount of data more afford-
ably. In 1989, Steven A. Benner and co-workers synthesized the
IsoG-IsoC base pair.*® Due to keto-enol tautomerization in isoG
(which led to the formation of enol isoG, which eventually
mispaired with thymine'”), it showed 98% selectivity per repli-
cation in PCR,'® and further improvements were required in
this base pair. A thio-derivative of thymine was synthesized,
and it was expected to reduce the stability of the enol IsoG-T
mispair.’® In 2007, they successfully synthesized the P-Z base
pair.?® The structure of the P-base is shown in Fig. 1. Its [UPAC
nomenclature is 2-aminoimidazo[1,2-a][1,3,5]triazin-4(1H)-one.
It has significant structural similarity with guanine and can be
found by replacing the 5-C with N and 7-N with C. Therefore,
this base is also referred to as 5-aza-7-deazaguanine (5N7C-G).
5N7C-G does not show mispairing due to the absence of keto-
enol tautomerization, and the base pair showed improved
selectivity (>99%).>"

The stability of the nucleobase pair comes from not only
hydrogen bonding but also other non-covalent interactions
such as van der Waals forces, shape fitting, etc.”>* This led to
the development of Ds-Pa and 5SICS-NaM unnatural base pairs
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Fig. 1 Structures of guanine and 5-aza-7-deazaguanine (P), respectively.
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by the Hirao and Romesberg groups, respectively.
tical studies have been conducted on these non-covalently
stabilized unnatural base pairs.'>***> However, for the best
performance of these unnatural NABs (uNABs), along with
these ground state properties, they should also be stable upon
irradiation.

Here, it should be mentioned that the photoprocesses in
natural NABs have been extensively studied over the last few
decades. Efficient ultrafast nonradiative decay channels have
been identified for all the NABs from both experimental and
theoretical studies. Ring puckering and nonplanarity induced
conical intersections between the ground and lowest excited
states form the basis of these nonradiative channels.**>® How-
ever, similar studies on unnatural NABs are few, and therefore,
the photoactivities of these molecules are relatively unknown.
Understanding these processes is expected to be crucial to
estimate their photostability and provide design principles to
improve their robustness.

In a recent study from our group, we found that the excited
state processes in nucleobase Z (the complementary base of P)
are governed by the rotation of the electron-withdrawing nitro
group,”® contradictory to its natural counterpart cytosine®® or
any natural NAB that decays to the ground state non-radiatively
via ring puckering.”® In another study, the P-Z base pair was
investigated, and it was concluded that photo-decay depends
significantly on the nitro group.®" These results give us a hint
that the P base has less contribution toward the photo-decay of
the base pair as a whole. Also, since it has a structure very
similar to that of its natural analog, guanine (P is also known as
5-aza-7-deazaguanine), its deactivation pathway is not expected
to be much different from that of guanine.>**® Hence, we have
elucidated the entire photo-deactivation pathway of the P
molecule, involving the low-lying singlet and triplet states.

2. Computational details

The geometry of the ground state molecule is optimized using
the MP2/cc-pVDZ, ®B97x-D/cc-pVDZ and «©B97x-D/6-31+G(d)
levels of theory. The optimized geometries are similar (given
in the ESIf), and we have used the MP2/cc-pVDZ optimized
geometry for further calculations.

The vertical excitation energies of the optimized geometry
were calculated using EOM-CCSD/cc-pVDZ,*”*® TD-CAM-B3LYP/
ce-pVDZ,* SOS-CIS(D)/cc-pVDZ*® and CASPT2/cc-pVDZ.*"*> The
effect of the basis set is also determined at the EOM-CCSD level
by comparing the excited states at the basis sets cc-pVDZ, 6-
311++G(d,p), 6-31G(d,p) and 6-31G. Calculations are done with
the Q-Chem 5.1 quantum chemistry package.*?

To understand the molecule away from the Franck-Condon
(FC) region, one needs to employ multi-reference approaches.
Complete active space self-consistent field (CASSCF) was used
to incorporate the static correlation and second-order perturba-
tion at the CASPT2 level was used to include dynamic correla-
tion. For CASSCF calculations, a four state averaged calculation
was performed for singlet and triplet states. The dynamic
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correlation was incorporated by CASPT2 (rs2c) calculation with
0.2 a.u. level shift. An active space of 12 orbitals and 16
electrons at cc-pVDZ basis was used. The active space com-
prises five m orbitals, four n* orbitals, one lone pair on the N of
the triazine ring, and two nonbonding orbitals of ¢ symmetry
(given in the ESIT). The singlet and triplet-optimized CASSCF
orbitals in the active space are also shown in the ESL{ The
active space-based calculations are performed with Molpro-
2015** and Molpro-2024 software.*®

The optimized geometries at the excited states (singlet and
triplet) are calculated along with conical intersections, minimum
energy crossing points, and singlet-triplet crossing points at the
SA(4)-CASSCF(120,16€)/cc-pVDZ level of theory. With the help of
these stationary points, the potential energy surface is recon-
structed with linearly interpolated internal coordinates (LIIC).
The minimum energy pathways are then constructed to estimate
the energy barriers along those pathways. The pathways are
calculated at state-specific CASPT2(120,16¢)/cc-pVDZ. At the sing-
let-triplet crossing points, spin orbit couplings (SOCs) are calcu-
lated at CAM-B3LYP/cc-pVDZ.

Dynamic calculations with surface hopping®® and the
CASSCEF level of theory are performed at the interface of SHARC
3.0"” and Molpro-2012*® to ascertain the fate of the excited state
molecule and calculate the timescales of the nonradiative path-
ways. Fewest switches surface hopping (FSSH) dynamics is
performed for 37 trajectories with the CASSCF/6-31G level of
theory. Initial conditions are obtained using the Wigner dis-
tribution along the normal modes calculated at the MP2/6-31G
level of theory. A reduced active space (60,8¢) was used for SA-
CASSCF/surface hopping. In this reduced active space, there are
three m orbitals, two n* orbitals, and one non-bonding orbital of
o symmetry. These orbitals were retained since the static
calculations showed that they were predominantly responsible
for the lowestlying excited states. The orbital transitions
involved in the first bright state (S;) and the lowest four triplet
states (T,-T,) are included in the ESLf} The time step used for
generating the trajectories was 0.5 fs, while the trajectories were
run for a total time of 500 fs.

3. Results and discussion
3.1. Vertical excitation energies

The ground state optimized geometries at the MP2/cc-pVDZ,
wB97x-D/cc-pVDZ, and wB97x-D/6-31+g(d) levels of theory are
quite similar (shown in ESIt) and the MP2/cc-pVDZ optimized
geometry that is used for the later calculations is shown in
Fig. 2. The molecule is mostly planar with non-planarity at the
amine group.

The vertical excitation energies (VEEs) of the singlet and
triplet states at different levels of theory are given in Table 1.
The nature of the excited states and the most important orbitals
involved are also shown, along with the oscillator strengths.

The lowest singlet state is an optically bright n-n* state,
which involves a HOMO — LUMO excitation. This is akin to the
L, excited state in guanine.*** The experimental absorption of
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Fig.2 MP2/cc-pVDZ optimized geometry of 5N7C-G: front and side
views, respectively.

5N7C-G shows a maximum at 255 nm or 4.86 eV.*” This is in
good agreement with our calculated value of S; (4.62 eV or
268 nm) at the CASPT2/cc-pVDZ level of theory. However, unlike
in the case of guanine, the next two excited states are both
optically dark and predominantly n-n* in nature. It should be
noted that at the SOS-CIS(D) level of theory, the S; state is also
n-m* in nature with significant oscillator strength. The effect of
the basis set is also determined at the EOM-CCSD level of
theory (shown in ESIY). It is observed that while different levels
of theory and basis sets can show quantitative differences in
excitation energies, the qualitative ordering and nature of the
excited states are similar at these different levels of theory.
There are several low-lying triplet states below or near the S;
state. They are all formed by excitation in the m and =n*
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manifold. The T, state has similar orbitals that are involved
in the formation of the S; state and lies significantly below the
S, state energy due to large exchange correlation. The T,, T; and
T, states are very closely spaced, lying close to the S; state and
are near degenerate at the CASPT2 level of theory.

3.2. Stationary points and excited state manifold

The minima at the low-lying singlet and triplet excited states
are shown in Fig. 3a and b. The S; minimum undergoes a half-
chair type ring puckering with a significant angle between the
fused imidazole and triazine rings (34.15°). There are more
changes to the bond lengths in the triazine ring as opposed to
the imidazole ring (shown in ESIt). The planarity of the rings is
broken mainly due to the reduced aromaticity of the triazine
ring, which leads to its puckering and movement out of plane.
The T; minimum, on the other hand, is very close in geometry
to the Franck-Condon region and is almost planar.

We obtained two CIs between the S; and S, states, referred
to as CI-1 and CI-2 (shown in Fig. 3c and d). CI-1 is energetically
much more favorable than CI-2 (61.68 kcal mol ' lower in
energy). The CI-1 geometry is similar to the S; minimum with a
chair-type ring puckering. Here, the angle between the imida-
zole and triazine rings is 42.16°. The CI-2 shows a small chair-
type distortion and, therefore, a small amount of non-planarity

Table 1 Vertical excitation energies (in eV) of 5N7C-G at various levels of theory. The oscillator strengths are given in parentheses, and the most
important orbitals involved in this excitation are also shown. The CASSCF optimized orbitals are shown here. For the rest of the levels of theory, the

important orbitals are shown in the ESI

VEEs (in eV)

State EOM-CCSD TD-CAM-B3LYP CASPT2 S0S-CIS(D) Orbitals involved
S; (m-m%) 5.40 (0.18) 5.41 (0.14) 4.62 (0.22) 5.20 (0.18) —
v
S, (n-n%) 5.98 (0.00) 5.71 (0.00) 5.49 (0.00) 6.03 (0.00) ,(O —
) 4
S; (n-n*) 6.18 (0.00) 5.92 (0.00) 5.55 (0.00) 6.30 (0.20) ,<<] — _
7
T, (n-n*) 4.27 3.73 3.99 4.29 —)
7 7
T, (n-1*) 4.98 4.52 4.58 5.16
T, (n-1*) 5.21 4.70 4.64 5.27
T, (n-1*) 5.52 5.00 4.65 5.74
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(c) Si/Sp CI-1 (d) S1/Sp CI-2

M‘%@#k@?

(e) S;/T; STC-1 ® S,/T, STC-2

(g) T1/Sy STC-1 (h) T,/Sy STC-2

Fig. 3 Optimized geometries of stationary points in the excited state manifold.

in the rings. However, here, the major difference from the
Franck-Condon region is the large out-of-plane degree of free-
dom of the amine group (62.0°).

Two STCs are obtained between the S; and T; states (shown
in Fig. 3e and f), referred to as S;/T; STC-1 and STC-2. The STC-
2 is lower in energy than the STC-1 by 2.33 kcal mol™". The
former is similar in geometry to the CI-1 geometry. The half-
chair conformation leads to a non-planarity of 39.16° between
the two fused rings. The STC-2 geometry is a twist boat-type
ring puckered structure. At the Franck-Condon region, the S;
state is in near degeneracy with the T,, T; and T, states, and
therefore, the STCs between these states were not explicitly
calculated. The FC geometry is considered as the STC between
the S; and these triplet states.

Two STC points between the S, and T; geometry are
obtained (shown in Fig. 3g and h). The STC-1 has a chair-type
conformation; however, here, the angle between the fused rings
is even more (43.30°). On the other hand, STC-2 shows both
chair and twist boat-type deformation. The energy difference
between these STCs is 4.34 kcal mol .

LIIC is employed along the twist angles with these stationary
points to recreate the excited state (singlet and triplet) manifold
along the important degrees of freedom. Here, it is important
to note that STC-1 and CI-1 have marked similarities in their

41.81
kcal/mol

Energy (eV)

Reaction coordinate- Il  .59-6-0o—€ Reaction coordinate- I
(a) PES of singlet manifold

geometries. Minimum energy paths along these coordinates are
constructed to estimate the energy barriers. The excited state
manifold in this reaction coordinate-1 is shown in the right half
of Fig. 4a. As can be noticed, CI-1 is energetically favorable and
has a minimum energy path with minimal barriers with respect
to the FC energy. The S, and S; states are significantly higher in
energy than the S; state at the FC region and continue to be so
for the reaction coordinate-1, ie., the CI with a chair-type
deformation. The same profile along the reaction coordinate-2
is shown in the left half of Fig. 4a. CI-2 between S,-S; is
energetically unfavorable and, therefore, involves a significant
energy barrier. On the other hand, there is a crossover between
the S; and S, states (along reaction coordinate-2), and it is the S,
state that can lead to a conical intersection or near degeneracy
at lower energies than the previously mentioned CI-2. It should
be noted that the energy of this crossing is also quite higher
than the FC region, and therefore, this pathway is expected to be
the minor channel.

Here, we should note some similarities and significant
differences between our results and those obtained by Crespo-
Hernandez and co-workers.*> The S; minimum geometry that
we obtain is in good agreement with their results. However,
unlike this previous study we have obtained two CIs that are
significantly different from each other.

STC2 “ %5 Buge o
S$1/Ty-
- STC-2
S ™ PR
= O N
T /‘\\ S
oSN
PP e S P
= 10.24 ~f_>=-
kcal/mol Ty kcal/mol

S(l

Energy (eV)

Reaction coordinate- IT Reaction coordinate- I

B )
(b) PES of singlet and triplet manifold

Fig. 4 Minimum energy pathways along the excited state manifold for the nonradiative decay channels: (a) singlet pathway, and (b) singlet—triplet

pathway.
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The CI-2 in our study is similar to the CI obtained in ref. 49.
The small differences in the geometry between these two CIs
are in the chair-like deformation that we observe. Both the
studies have found that the amine group is out of plane. There
are also differences in the energetics. The barrier from the S;
minimum that Crespo-Hernandez and co-workers obtain is
19 keal mol ™" while we notice a barrier of 48 kcal mol ™" for
the same. The conical intersection calculated by Crespo-
Hernandez and co-workers is a planar ring structure with the
amine group perpendicular to it. It shows a barrier height of
19 kecal mol™". The CI-2 we have calculated also shows out-of-
plane movement of the amine group but some amount of ring
puckering is also present. This makes CI-2 a more distorted
geometry compared to their conical intersection. So CI-2 shows
a larger barrier height (48 kcal mol ). When compared to the
energy at the FC region, their CI is almost similar in energy
while our CI-2 is quite high in energy. However, due to the
barriers from the S; minimum, our CI-2 (and the CI obtained in
ref. 49) are energetically unfavorable. Furthermore, in their study
on continuum and explicit solvent effects this barrier does not
reduce significantly. This points to this CI being energetically
unfavorable in realistic environments. We, therefore, do not expect
this to be a major nonradiative decay channel.

We have, however, obtained another CI, denoted as CI-1,
which is significantly different in geometry and quite energeti-
cally favorable. In this CI, there is puckering of the imidazole
ring and this CI along with the pathway from the FC region is
barrierless. Given the difference in the energetics in the two
CIs, we expect this CI to be the major pathway in nonradiative
decay processes.

The triplet-mediated pathways are shown in Fig. 4b. The
right panel shows the manifold along the half-chair configu-
ration STC-1. The S;/T; STC-1 is 12.57 kcal mol™* higher in
energy than the FC region. The T,/S, STC-1 is an STC at the
CASSCEF level of theory but shows an energy gap between the
states at the CASPT2 level of theory, as shown in Fig. 4b.
However, this pathway is expected to be unfeasible due to a
large barrier to the initial STC point (S;/T; STC-1). Furthermore,

the SOC values calculated at these STCs are small (16 cm ™" and
1 : : .
Singlet 0 —
Singlet 1
0.8 1
£
=
2
S 04r .
=
02 -
o : s ‘ s
0 100 200 300 400 500

Time (fs)

(a) Population of lowest singlet states
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18 cm™', respectively). In the left panel, the triplet pathway
towards the twist boat puckered structure is shown. This shows
that the T;/S, STC-2 is similar in energy to the FC region, but S,/
T, STC-2 remains energetically unfavorable (10.24 kcal mol !
higher than the FC region).

We further note that the S; state is near degenerate with the
T,, T3 and T, states near the FC region. Therefore, SOC values are
calculated between these states, and for all cases, small values are
obtained. Details of the SOC values are included in the ESL.{ The
topology near the CIs is also calculated by estimating the tilt,
pitch, etc. measures™ and is given in the ESLY

3.3. Dynamic studies

Fewest switches surface hopping (FSSH) dynamics is performed
for 37 trajectories with the CASSCF/6-31G level of theory.
Wigner distribution was used to generate the starting geome-
tries of these structures. For the trajectories, a 0.5 fs time step
was used, and it was propagated for 500 fs as described in the
previous section. 35% of the trajectories deactivated into the
ground S, state within 500 fs. The population of the states S,
and S; only for singlet-mediated trajectories is shown in Fig. 5a.
Fig. 5b shows the population when both singlet and triplet
mediated trajectories are allowed. As expected from static
potential energy calculations, triplet-mediated pathways are
relatively less probable and are not important.

The geometries from which surface hopping is observed can
be classified into 2 types. The CI-1 type of geometry is the
predominant hopping geometry (70%), while the CI-2 type is
observed for only 3 trajectories. Representative trajectories of
these two types are shown in the ESL{ Furthermore, the time-
scales for these hopping geometries are quite different - ~120 fs is
the average time taken for the hops with the CI-1 type of
geometry and x285 fs is the average time taken to reach the
CI-2 type geometry for a trajectory to hop from the S; to S, state.
Here, it should be noted that experimental results also show
two or more different timescales for these deactivation
processes,” and they might correspond to these different
classes of events.

T
Singlet 0 ——
Singlet 1
Triplet 1
0.8 Triplet 2 —— |
Triplet 3 =——
Triplet 4
= - =3
2 0.6
=
=
=
= 04 4
3
A
0.2 - 8
0 100 200 300 400 500

Time (fs)

(b) Population of lowest singlet and triplet states

Fig. 5 Surface hopping dynamics: population vs. time (fs) plots involving: (a) singlet states, and (b) singlet and triplet states.
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3.4. Discussions

As expected, guanine®*® and 5N7C-G show significant simila-

rities in their excited state processes. The most noteworthy of
these similarities is that both these molecules show multiple
low-lying CIs and at least one of these CIs provides a barrierless
or near barrierless pathway. The two CIs obtained by Borin and
co-workers for guanine®® show significant similarities with
5N7C-G - one CI with significant out of plane movement of
the amine group, and the other CI with ring puckering. The
difference is in the kind of puckering observed in guanine
versus 5N7C-G. In guanine, an envelope-like puckering of both
the rings is observed®****® while in 5N7C-G there is a chair-like
puckering where the imidazole ring moves out of plane.

Another difference between these two molecules is that in
guanine the CI with out-of-plane amine is significantly lower in
energy than the ring puckered CIL It is important to note that in
5N7C-G, the out-of-plane amine CI is higher in energy than the
ring puckered CI. However, this does not affect the final pathway
of guanine as noted in ref. 32. They have shown that the two CIs
fall in the same seam, but when the MEP is constructed between
the FC and the CI regions, the path of steepest descent takes the
molecule to the ring puckered CI. In the case of the out-of-plane
amine CI (although the CI is lower in energy), there is a barrier that
must be climbed to reach this CI. Therefore, the nonradiative
deactivation in guanine is expected to follow the ring puckered CI
and here the pathway is completely downhill. The degree of
downhill nature of the MEP in guanine is probably steeper than
what we observed in 5N7C-G.

From the existing literature on spectroscopic measurements
on guanine and 5N7C-G, there are some similarities in their
behavior. Both these species have been known to exhibit multi-
ple timescales of nonradiative decay. While the timescales
measured for guanine are 0.6, 0.7, and 2.7 ps,>* those for
5N7C-G are 0.3, 0.8, and 18.1 ps in phosphate buffer.** There-
fore, at sub-ps, these species have comparable timescales of
deactivation processes. The long timescale process might be
markedly different. In our theoretical work, we can mainly
comment on the shorter timescale phenomena and therefore,
we try to compare those with the experimental observations.

The average timescales for surface hops observed in 5N7C-G
are 0.1 ps and 0.3 ps, respectively, which are in good agreement
with the experimental observations.*® It is important to note
that since we can only attempt to run a few trajectories, the
correct statistical estimate is difficult to obtain. Furthermore,
we observe that these different timescales are due to entirely
different pathways taken by the trajectories. The major pathway
is via CI-1, and the minor pathway is via the almost planar (with
out-of-plane amine) CI-2. Along the latter pathway, there might
be degeneracies with higher singlet states, which is similar to
the observations in guanine. It is important to note that Thiel
and co-workers have observed two different types of geometries
for surface hops in guanine.>® They observe a low timescale
(150 fs) surface hop from puckered geometry and higher time-
scale (>300 fs) for out of plane amine geometry. The longer
timescales could not be observed in most of these studies as
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well as ours due to computational limitations, i.e., inability to
run more than ps time scale trajectories.

We have also observed from both static and dynamic calcu-
lations that triplet-mediated pathways are rarely feasible for the
nonradiative deactivation process of this molecule. This is due
to the somewhat unfavorable energetics and also quite low
values of SOC. Here it is important to note that the triplet state,
especially T; is due to orbital transitions between the HOMO
and LUMO, which is similar to S;. In such a situation, it is
expected to have low SOC values, obeying El-Sayed’s rule. Our
observations are in line with these expectations.

4. Conclusions

In this work, we have studied the nonradiative deactivation
mechanism of the uNAB 5N7C-G, which is also referred to as P.
Due to its similarities with the guanine molecule we have also
compared our results with that of guanine.

We have observed that ultrafast deactivation pathways of
5N7C-G are feasible, especially via a CI that shows a half chair
configuration. Another CI that shows a small chair-type puck-
ering with an out-of-plane amine group is also obtained. These
CIs and similar geometries are also obtained in the dynamical
studies as surface hopping geometries. They form the major
and minor deactivation channels with markedly different time-
scales, and we conjecture that these pathways are indeed
responsible for the experimentally obtained sub-picosecond
timescales in these molecules. Our claim is also based on the
fact that the ratios of these two timescales from experiment
(0.38) and theory (0.43) are in excellent agreement. We further
ascertain that the triplet-mediated pathways for these deactiva-
tion processes are quite unlikely in the molecules, and this is
also quite unsurprising from El-Sayed’s rule.

In summary, the theoretical observations are in good agree-
ment with the experimental findings, and the pathways of
nonradiative deactivation in 5N7C-G that we observe are similar
to guanine. The timescales for the early events are in the same
orders of magnitude as that of the natural NAB guanine. This
points towards the uNAB 5N7C-G as a suitable candidate for
expanding the genetic alphabet from the standpoint of
photostability.
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