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Unveiling structural and energetic
characterization of the emissive RNA alphabet
anchored in the methylthieno[3,4-d]pyrimidine
heterocycle core

Mohit Chawla, *a Albert Poater, b Romina Olivac and Luigi Cavallo *a

This study presents a comprehensive theoretical exploration of the fluorescent non-natural emissive

nucleobases- mthA, mthG, mthC, and mthU derived from the methylthieno[3,4-d]pyrimidine heterocycle.

Our calculations, aligning with experimental findings, reveal that these non-natural bases exert minimal

influence on the geometry of classical Watson–Crick base pairs within an RNA duplex, maintaining

H-bonding akin to natural bases. In terms of energy, the impact of the modified bases, but for mthG, is

also found to be little significant. We delved into an in-depth analysis of the photophysical properties of

these non-natural bases. This investigation unveiled a correlation between their absorption/emission

peaks and the substantial impact of the modification on the energy levels of the highest unoccupied

molecular orbitals (HOMO) and the lowest unoccupied molecular orbital (LUMO). Notably, this alteration

in energy levels resulted in a significant reduction of the HOMO–LUMO gap, from approximately

5.4–5.5 eV in the natural bases, to roughly 3.9–4.7 eV in the modified bases. This shift led to a conse-

quential change in absorption and emission spectra towards longer wavelengths, elucidating their

bathochromic shift.

Introduction

In the realm of synthetic biology, a prominent objective involves
engineering biological systems to cater to diverse applications.1–3

One such endeavor revolves around the manipulation of natural
nucleobases, traditionally devoid of fluorescence, into fluorescent
bases. These modified bases serve as invaluable labeling tags,
facilitating the investigation of nucleic acid interactions with
various biomolecules.4 Such approach has already witnessed
successful application across a spectrum of biotechnological and
biomedical domains.5–15 Fluorescent nucleobase analogues are
utilized for exploring the photophysical properties within duplex
and G-quadruplex structures,16 developing Fluorescent Molecular
Rotors (FMRs), which are crucial for investigating nucleic acids
structure and function, and designing nucleobase analogs as
multiphoton fluorescent probes.17 Additionally, they play a role
in creating antisense oligonucleotide-incorporated fluorescent
reporters for live cell imaging.18

The ideal engineered fluorescent nucleobases aim for iso-
morphism with their parent nucleobases while retaining selec-
tive base-pairing, thereby ensuring minimal disruption to the
structure of nucleic acids. These developments mark signifi-
cant strides in enabling advanced research and applications
within this domain.13,19,20 Interestingly, the scientific commu-
nity has documented over a hundred distinct fluorescent
nucleobase analogs in literature.21

One of the extensively utilized synthetically altered fluores-
cent nucleobases is 2-aminopurine, akin to natural adenine.
This compound exhibits fluorescence both in its singular form
and when integrated into duplex DNA in a solution.22 However,
its presence tends to compromise the stability of the DNA
duplex structure and prompts mispairing interactions with
thymine within the DNA framework.23 An alternative approach
revolves around modifications at the C8 or N7 positions of
adenine, involving the incorporation of a triazole functionality.
This strategy showcases fluorescent properties while inducing
only a moderate destabilization of duplex DNA structures.24

This avenue of exploration has led to the investigation of
various natural base analogs, some commercially available,
which display moderate fluorescence upon integration into
duplex DNA structures.20,25–39

In this context, Tor and colleagues devised two compre-
hensive sets of fluorescent analogs for RNA nucleosides.

a King Abdullah University of Science and Technology (KAUST), Physical Sciences

and Engineering Division, KAUST Catalysis Center, Thuwal 23955-6900, Saudi

Arabia. E-mail: mohit.chawla@kaust.edu.sa, luigi.cavallo@kaust.edu.sa
b Institut de Quı́mica Computacional i Catàlisi and Departament de Quı́mica,
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These analogs, derived from the thieno[3,4-d]-pyrimidine and
isothiazolo[4,3-d]pyrimidine heterocycle core, form a complete
alphabet and are both isomorphic and isofunctional to the
natural nucleosides.20 The first set of synthesized nucleosides
based on thieno[3,4-d]-pyrimidine core lack the N7 atom of
the purine skeleton, whose basicity and coordinating ability is
required for many biomolecular interactions.20 Therefore,
these emissive nucleosides were not expected to be fully com-
patible with the RNA function.

To tackle this challenge and strive toward the objective of
creating an emissive alphabet that closely mimics the natural
nucleosides in both structure and function, the same authors
developed a new generation of nucleosides. This updated set is
based on the isothiazolo[4,3-d]-pyrimidine heterocyclic core,
resulting in tzA, tzG, tzC, and tzU nucleosides. Notably, this
series maintains the N7 atom within the purine skeleton,
ensuring structural fidelity while enhancing their emissive
properties.19 Thus, these new emissive nucleosides are iso-
morphic and possess structural similarity to natural purines,
and have been shown to be also ‘isofunctional’ to natural
nucleosides, since the adenosine deaminase is able to deami-
nate the adenosine analogue mthA as effectively as the natural
adenosine.40 However, this alphabet is associated with a clear
disadvantage deriving from hypochromic shifts and reduced
emission quantum yields.

Hence, quite recently, third series of emissive ribonucleo-
side analogs was developed.41 This new set is based on the
methylthieno[3,4-d]-pyrimidine core and was designed to
explore the photophysical characteristics of this novel alphabet,
see Fig. 1. Intriguingly, these synthesized nucleosides exhibit
improved photophysical properties. Despite inducing struc-
tural changes at the Hoogsteen edge through the introduction
of a methyl group, this updated emissive alphabet holds
promise for advancing the biophysical analysis of specific
RNA-related processes.41

To complement this experimental information, here we
performed electronic structure calculations to evaluate the
impact of the modification on the structure and energy of the

base pairs containing the methylthieno[3,4-d]-pyrimidine ana-
logues mthA, mthG, mthC, and mthU. Following an approach that
we have used to evaluate the impact of natural and non-natural
modifications on H-bonding base pairing,42–48 we initially
focused on the effect of the modification on the geometry
and energetics of the H-bonded base pairs they participate in.
Initially, our focus was directed towards the classical cis
Watson–Crick pairing (cWW), given that the Watson–Crick
edge remains unaffected across all four modified nucleobases.
Additionally, we conducted a comparative assessment of the
aromatic characteristics between natural and non-natural
nucleobases. This investigation aimed to explore potential
effects on their stacking properties, thereby influencing the
stability of the encompassing nucleic acid structure. Further-
more, we used time-dependent density functional theory (TD-
DFT), already successfully employed in literature for similar
applications,16,49–52 to analyze the impact of these modifica-
tions on the UV-Vis properties of natural nucleosides and to
calculate the optical absorption properties of both modified
nucleobases and nucleosides. These findings were then ratio-
nalized in terms of alterations in the molecular orbitals caused
by the modifications.

Models and computational details

To investigate the geometry and stability of the non-natural
modified base pairs under examination, we conducted model-
ing of the H-bonded modified base pairs. This involved employ-
ing density functional theory (DFT) and post Hartree–Fock
methods to calculate their binding energy. To allow straightfor-
ward comparison with results previously published, we per-
formed the calculations at exactly the same level of theory.

Modeling the non-natural base pairs

We first study the impact on H-bonding of the non-natural
mthA, mthG, mthU, and mthC bases forming classical Watson–
Crick base pairs in combination with the classical A, G, C, and

Fig. 1 Structures of the natural (A/G/U/C) and fluorescent nucleobases (mthA/mthG/mthU/mthC). The sugar-phosphate backbone of the natural and non-
natural bases has been truncated at C10, notated as ‘R’ in the figure.
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U bases, by taking into account the mthA:U, A:mthU, mthG:C, and
G:mthC base pairs. Further, we also modeled the H-bonding
interactions where both the bases were modified, that is the
mthA:mthU and mthG:mthC base pairs. In addition, we also
modeled the canonical A:U and G:C base pair geometries as
well for the sake of comparative analysis. Thus, in total, we
modeled eight different combinations of the non-natural mod-
ified base pair systems along with their natural base pair
counterparts. For all the model systems described above, the
base pairs are truncated at the C10 atom of the ribose. This is
the standard approach used in literature.43,44,47,53–56

QM calculations of the modeled base pairs

Geometry optimizations were performed within a DFT
approach, based on the hybrid B3LYP functional as implemen-
ted in the Gaussian 09 package.57–59 The correlation-consistent
polarized valence triple-z cc-pvTZ basis set60 was used for all the
geometry optimizations in gas phase as well as in water,
modeled with the C-PCM continuum solvation model.61

As dispersion interactions could impact the stability of the
examined base pairs in varying degrees, we included the
Grimme D3 correction term with the Becke–Johnson damping
scheme to account for these contributions to the electronic
energy.62 Interaction energies were calculated on the B3LYP-D3/
cc-pvTZ optimized geometries at the second order Møller–
Plesset (MP2)63 level of theory using the augmented aug-cc-
pvTZ basis set. For these calculations we took advantage of the
faster RIMP264 method as implemented in Turbomole 6.1
package, with water modeled with the continuum solvation
model COSMO.61 All the interaction energies were corrected for
the basis set super position error (BSSE),65 using the counter-
poise procedure.65 Thus, the binding energy EBind is calculated
as in eqn (1):

EBind = EComplex – (EM1 + EM2) + BSSE; (1)

where EComplex is the electronic energies of the optimized
M1:M2 base pair, and EM1 and EM2 are the electronic energy
of the isolated geometries of the M1 and M2 bases, and BSSE is
the basis set superposition error calculated as proposed by Boys
and Bernardi.65 Within this approach, the deformation energy,
which is the energy required to deform the bases from the
isolated geometry to the geometry they have in the base pair, is
included in our calculations. This is a rather standard approach
used in this kind of calculations.44,47,53–55,66,67 In the present
study, we also derived the interaction energies in water, which
were calculated using the same recipe as suggested by Sponer
and coworkers.53,68 However, it is recognized that ‘‘in-water’’
calculations are inherently less accurate than gas-phase
calculations.69 Despite this, ‘‘in water’’ calculations using
COSMO are valuable for describing the perturbation of the
electrostatic field of solute molecules by the polar solvent and
the coulombic interaction between solute and solvent. This
method provides a reasonable assessment of bulk solvent
screening of the electrostatic contribution to base pairing,
especially when considering relative trends. Therefore, in this

study, we discuss both gas-phase and ‘‘in water’’ COSMO
calculations.

To have an immediate and intuitive understanding of the
impact of a specific modification, we introduced the modifica-
tion energy, EMod, defined as the energy difference between the
binding energy of the modified and of the corresponding
natural base pair (in this specific case A:U and G:C base
pair),42,43,70,71 as shown in eqn (2).

EMod = EBind (modified base pair) – EBind (natural base pair).
(2)

Within this definition, positive and negative EMod values indi-
cate modifications that decrease or increase the stability of a
specific base pair, respectively.

Absorption and emission spectra were calculated using time
dependent density functional theory (TD-DFT),72–74 with the
B3LYP functional as implemented in the Gaussian09 package.
A similar approach has already been performed on the non-
natural emissive nucleobases derived from thieno[3,4-d]-pyrimi-
dine heterocycle and isothiazolo[4,3-d]-pyrimidine heterocycle
core.75,76 Geometry optimization of the singlet ground state S0

(for adsorption) and of the first singlet excited state S1 (for
emission) were performed without symmetry constraints. For
the absorption peaks, we always assumed a transition between
the single ground state and the first excited singlet state. To
facilitate a comparison between the predicted absorption and
emission wavelengths and experimental findings, we incorpo-
rated water as an implicit solvent in our calculations.

Electron density analysis

Comparative analysis of the electron density of natural (A/U/G/C)
and modified (mthA, mthU, mthG, mthC) bases was performed as
follows. For example, first, the geometry of the mthA base was
optimized at the B3LYP/cc-pvTZ level of theory. For the sake of
easier analysis, CS symmetry with the symmetry plane coincident
with the purine plane was imposed, and the electron density
analysis was performed in the symmetry plane. After optimization,
we compared the RI-MP2/aug-cc-pvTZ electron densities of the
modified mthA base, rmthA, and that of the unmodified A base with
the geometry it has in the mthA base, rA/mthA. In other words, we
took the optimized geometry of the mthA base, and we replaced the
C9 carbon of mthA with nitrogen, plus we replaced the S8 atom of
mthA with a carbon, further, we replaced the C7 atom in mthA with
N atom and replaced the methyl group with a hydrogen atom. The
geometry of this natural and non-modified A base was optimized
by fixing the atoms of the 6-membered ring that is common
among the modified mthA and the natural A base. With this
approach, the heavy atom skeleton of the mthA and A bases is
identical and can be perfectly superimposed. This is fundamental
to avoid noise in the analysis of the electron density difference,
rmthA�A/mthA = rmthA � rA/mthA. A similar procedure was followed
for the other bases.

Aromaticity analysis

Aromaticity of the nucleobases was quantified using the
nucleus-independent chemical shifts (NICS) values proposed
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by Schleyer and co-workers,77 computed using the gauge-
including atomic orbital method78 (GIAO) and including the
solvent contribution by C-PCM. The NICS is defined as the
negative of the absolute shielding computed at specific points
around the molecular system, in particular at ring centres,
NICS(0) values, or d Å above such ring centres, NICS(d)
values.79 In the current work, NICS(1) is defined as the average
value of the shielding calculated 1 Å above and below the plane
of the overall planar bases.

Results and discussion

To investigate the influence of the fluorescent modified nucleo-
bases (mthA, mthU, mthG, and mthC) on the structure and stability
of nucleic acid base pairs, we examined eight distinct base pairs
characterized by a classical antiparallel Watson–Crick (cWW)
geometry typical of duplex structures. The optimized geometry
and binding energies were calculated for these base pairs
in both the gas phase and aqueous environments. Similarly
to our previous studies,75,76 in this work we have calculated the
modification energy, EMod, defined as the difference between
the binding energy of the modified and of the corresponding
unmodified base pair, for instance cWW mthA:U or cWW
mthA:mthU vs. cWW A:U (see Methods), which will give an
immediate effect of the impact of specific modification on
the base pair. Negative and positive EMod values delineate
whether the modified base pair exhibits greater or lesser
stability than its unmodified counterpart. Table 1 compiles
the calculated interaction energies and EMod values for the
analyzed base pairs. Additionally, Fig. 2 illustrates the optimal
geometries of the base pairs forming ‘Watson–Crick’ arrange-
ments, showcasing H-bonding distances in both gas phase and
in water.

Structure and energy impact of the modified nucleobases
on H-bonded base pairs

Eight cWW base pairs were considered, four related to the A:U
and four to the G:C pair, namely the unmodified A:U and G:C
cWW and the fully modified mthA:mthU and mthG:mthC pairs,
along with the base pairs hosting a single modified base,

i.e. mthA:U/A:mthU and mthG:C/G:mthC (see Fig. 2). The opti-
mized structure of the modified mthA:U, A:mthU and mthA:mthU
cWW base pairs is extremely similar to that of the classical A:U
cWW pair, with differences in H-bond lengths within 0.02 Å.
Similarly, the C10–C10 distances (which gives an indication of
the isostericity of H-bonded base pairs)80,81 are almost iden-
tical in the modified and unmodified A:U pairs (10.52 Å for A:U
versus 10.51/10.49/10.48 Å for A:mthU/mthA:U/mthA:mthU). An
analogous trend is observed for base pairs involving the mthG
and mthC modifications. The geometry of mthG:C, G:mthC, and
mthG:mthC base pairs closely mirrors that of the natural G:C
cWW base pair, with differences in H-bond distances
within 0.04 Å. Likewise, the C10–C10 distances are very similar
(10.71 Å for G:C versus 10.78/10.78/10.79 Å for G:mthC/mthG:
C/mthG:mthC).

The binding energy of the modified pairs involving mthA and
mthU bases have a slight destabilizing effect with an EMod of
0.67/025 kcal mol�1 for cWW A:mthU base pair in gas phase/
water. This can be attributed to the decreased electron density
around the N3 atom of mthU, making it a less effective donor
compared to the canonical U base (Fig. 3). Conversely, a slight
stabilization is observed for mthA:U, with an EMod of �0.59/
�0.47 kcal mol�1 in gas phase/water, respectively. This stabili-
zation is attributed to a slight increase in electron density
around N6 of mthA, making it a better H-bond donor, and N1
of mthA, a superior H-bond acceptor, explaining a stabilization
effect of mthA:U compared to canonical A:U base pair.

In contrast, the modified base pairs involving mthG exhibit a
significant destabilizing effect, with EMod values ranging from
+3.26/+0.61 to +2.35/+0.29 kcal mol�1 for mthG:C and mthG:mthC
in gas phase/water, respectively. Electron density difference
analysis reveals that the O6 of mthG has increased electron
density, while N1 of mthG becomes a poor H-bond donor,
leading to an overall less stable base pair compared to the
canonical G:C pair (Fig. 3). For G:mthC pairs, a slight stabili-
zation effect of �0.77/�0.51 kcal mol�1 is observed, attributed
to the enhanced electron density around O2 and N4 of mthC,
making them better H-bond acceptors and donors, respectively,
compared to the canonical G:C base pair.

In conclusion, our analysis confirms the absence of defor-
mation or strain in RNA duplexes due to modified bases.

Table 1 Energy decomposition values, measured in kcal mol�1, for cWW geometries of both modified and corresponding natural bases. EInt represents
the interaction energy of the base pair, excluding deformation energy. Edef signifies the deformation energy calculated as the difference between the
energy of the base pair’s geometry and the energy of each base’s geometry when optimized individually. EBind is the summation of interaction and
deformation energies (EBind = EInt + EDef). Emod reflects the difference between the binding energy of the modified base pair and the reference pair (A:U
and G:C). Negative or positive values of EMod indicate whether the modified base pair is more or less stable compared to the corresponding unmodified
pair. These energy values were computed using the RI-MP2/aug-cc-pVTZ//B3LYP/cc-pVTZ level of theory

System Geometry EInt EDef EBind (gas) Emod (gas) EBind (water) Emod (water)

A:U cWW �16.51 1.50 �15.01 — �7.93 —
A:mthU cWW �15.73 1.38 �14.34 0.67 �7.69 0.25
mthA:U cWW �17.37 1.77 �15.60 �0.59 �8.41 �0.47
mthA:mthU cWW �16.42 1.64 �14.78 0.23 �8.12 �0.19
G:C cWW �30.74 2.75 �27.99 — �12.49 —
G:mthC cWW �32.10 3.34 �28.76 �0.77 �13.00 �0.51
mthG:C cWW �28.04 3.32 �24.72 3.26 �11.89 0.61
mthG:mthC cWW �28.87 3.23 �25.64 2.35 �12.21 0.29
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They maintain indeed an H-bonding geometry comparable to
that of the natural bases.

Nevertheless, we observe a specific destabilization trend in
base pairs containing the mthG modification, particularly pro-
nounced in gas phase calculations. This warrants further
investigation, particularly within the context of complex RNA
structures.

Aromaticity analysis

To assess the impact of aromaticity on the 6 and 5-membered
rings in the non-natural methylthieno bases in comparison to
their natural counterparts, we utilized the nucleus-independent
chemical shift (NICS) as a metric.77 The NICS is defined as the
negative of the absolute shielding calculated at specific points
within the molecular system, specifically at the ring centers,

known as NICS(0) values, or at positions 1 Å above the ring
centers, referred to as NICS(1) values.79 Larger NICS values, i.e.,
more negative values, indicate a higher level of ring aromaticity.
In these computations, the NICS values of benzene served as
the reference point. The data presented in Table 2 highlights a
consistent trend: the NICS index for the 6-membered ring
consistently shows lower values compared to benzene. This
suggests a reduced level of aromaticity within the 6-membered
ring, observed in both natural and non-natural bases.

Comparing the NICS(1) indices between natural and non-
natural bases, we observe a further decrease in aromaticity of the
6-membered ring in purine and pyrimidine bases for the non-
natural variants. For instance, the NICS(1) value for the 6-membered
ring of mthA is only �6.06, while it is �8.01 for A. This sharp
decrease in aromaticity is notable in the non-natural base.

Fig. 2 Cis Watson–Crick base pairs. Stick representation of unmodified and modified cWW A:U base pairs (left) and of unmodified and modified cWW
G:C base pairs (right). Values in parentheses correspond to optimized H-bond distances in water and values out of parentheses correspond to optimized
distances in the gas phase. All distances are in Å.
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This trend is consistent across the other bases. Conversely, the
aromaticity of the 5-membered ring of non-natural purines
mthA/mthG, is higher, where the C8–H group in the natural base

is replaced by a S8, and N7 is replaced with C–CH3. Specifically,
the NICS(1) of the 5-membered ring of mthA is �11.63, com-
pared to �9.71 for A. A similar trend is observed for mthG and G.
In summary, this analysis indicates that in the 6-membered
ring of non-natural bases, the delocalization of electrons in
the p-conjugated aromatic system is less extensive compared
to natural nucleobases. Conversely, electron delocalization is
more pronounced in the 5-membered ring of non-natural
purines compared to natural purines.

To corroborate the findings from the NICS comparison, the
harmonic oscillator model of aromaticity (HOMA), which is
defined as the normalized sum of squared deviations of bond
lengths from the optimal value in benzene, was also calculated,
as shown in Table 2. This alternative analysis further supports
the decrease in aromaticity of the 6-membered ring in the non-
natural mthA, mthU, mthG, and mthC bases, when compared to
the natural A, U, G and C bases. Interestingly, the substitution
in the unnatural bases in the additional 7 position, with respect
to the results of our previous studies imposes an additional
destabilization of both rings of different size75 reducing the
NICS values by an amount significant but never higher than
0.1 units in the case of the 6-membered ring, but already more
pronounced up to 1.5 units in the 5-membered ring. Therefore,
the 5-membered ring has greater aromaticity if there is a N
atom in the ring, rather than a C–CH3 group. Furthermore, the
reduction in aromaticity is more pronounced for the mthU and
mthG bases. This is due to the repulsion between two pairs of
hydrogen atoms that are placed at 2.223, 2.169 Å for the bases
mthA and mthC between the C–CH3 group and one hydrogen of
the NH2 group since the whole group is placed in the same
plane of the 6-membered ring. While there are attractive H-
bonds of those two hydrogens of the methyl fragment C–CH3

and the oxygen of the keto group of the 6-membered ring of
mthG and mthU, but at a relatively long distance of 2.856 and
2.818 Å. In addition, these interactions are relevant between the
hydrogen atoms of the C–CH3 group of the 5-membered ring
with the NH2 or the O moieties of the 6-membered ring because
the decrease in aromaticity is more pronounced for in NICS(1)
instead of NICS(0) due to the hydrogen atoms of the C–CH3

group lying out of the plane of the rings.
To assess the potential changes in the aromaticity of bases

upon the formation of base pairs, we computed the NICS (1) for
individual bases when incorporated into base pairs. Analysis of

Fig. 3 Electron density maps. Electron density differences, in the base
plane, between modified and unmodified bases are shown on the struc-
tures of the four modified bases, mthA, mthG, mthC and mthU. Density
difference curves are plotted between �0.02 and 0.02 a.u., with a spacing
of 0.001 a.u. blue (red) lines refer to negative (positive) density difference
curves, i.e., to areas where the modified base presents reduced (increased)
electron density, as compared to the corresponding natural base.

Table 2 NICS(0), NICS(1) and HOMA aromaticity values for natural and
modified bases

6 membered ring 5 membered ring

NICS(0) NICS(1) HOMA NICS(0) NICS(1)

C6H6 �8.227 �10.370 0.995 — —
A �6.032 �8.006 0.978 �11.201 �9.709
mthA �2.246 �5.380 �0.693 �13.475 �11.059
C �1.347 �3.173 0.755 — —
mthC 0.320 �2.041 �0.563 �12.577 �9.276
G �2.909 �3.426 0.803 �10.611 �8.821
mthG �0.046 �1.864 �0.523 �11.848 �9.240
U �1.089 �1.786 0.640 — —
mthU 0.150 �0.891 �0.533 �12.332 �9.050

Table 3 NICS(1) values for the base pairs: A:mthU, mthA:mthU, mthA:U, G:mthC, mthG:mthC, mthG:C (between parentheses the differences with respect to the
single bases in Table 2)

Base left Base right

6 membered ring 5 membered ring 6 membered ring 5 membered ring

A:U �7.417 (�0.589) �9.618 (�0.091) �1.750 (�0.036) —
A:mthU �7.380 (�0.626) �9.550 (�0.159) �0.942 (�0.922) �8.962 (�0.088)
mthA:mthU �4.717 (�0.663) �10.736 (�0.323) �0.962 (�0.902) �9.010 (�0.040)
mthA:U �4.689 (�0.691) �10.809 (�0.250) �1.803 (0.017) —
G:C �3.519 (0.093) �8.704 (�0.117) �2.677 (�0.496) —
G:mthC �3.492 (0.066) �8.559 (�0.262) �1.770 (�0.271) �10.387 (1.111)
mthG:mthC �2.037 (0.173) �9.109 (�0.131) �1.783 (�0.258) �9.344 (0.068)
mthG:C �2.057 (0.193) �9.070 (�0.170) �2.755 (�0.418) —
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Table 3 indicates a clear trend where the aromaticity values
closely resemble those of isolated bases. However, a subtle
elevation in aromaticity is observed, averaging approximately
0.5 ppm, and reaching up to 1 ppm in agreement with our prior
studies.75 It should be noted that it is the mthU base that sees its
aromaticity most altered, and even more the mthC base in
G:mthC, but only up to a loss of aromaticity of 1.111 ppm.

Photophysical properties of methylthieno[3,4-d]-pyrimidine
nucleobase analogues

Time-dependent density functional theory (TD-DFT) has
emerged as a highly reliable technique for predicting properties
such as absorption, emission, quantum yield, and transition
dipole moment, in previous studies where various fluorescent
base analogues were characterized as monomers, as well as
inside RNA and/or DNA strands. It has also proven instrumen-
tal in the rational design of fluorescent nucleobase analogues.
For example, TD-DFT calculations conducted on nine quadra-
cyclic adenine derivatives successfully described their relative
fluorescence quantum yield and brightness, indicating the
potential for employing a TD-DFT-based rational design strat-
egy to develop bright fluorophores from a common scaffold,
thereby streamlining the otherwise costly and time-consuming
screening process.52 In a subsequent study by the same
authors, TD-DFT calculations were utilized to predict the
transition dipole moment orientation for qAN4 and qAnitro
bases, revealing an associated phase angle of 25 degrees.51

Additionally, the fluorescent base analogue tCO was success-
fully incorporated into RNA, maintaining the A-form duplex
structure, enhancing stability, and exhibiting high fluorescence
quantum yield, positioning it as a potentially valuable fluor-
escent RNA base analogue with superior brightness compared
to existing internal RNA analogues.50 Additionally, Manderville,
Wetmore, and their team investigated fluorescent donor–accep-
tor (D–A) 8-aryl-dG probes incorporated within the thrombin

binding aptamer (TBA), impacting the stability of G-quadruplex
(GQ) structures. These probes, which feature diverse moieties,
demonstrate potential in distinguishing between duplex and
GQ configurations, thus facilitating fluorescence-based appli-
cations such as molecular sensing and diagnostics. Their
ability to be selectively excited and their sensitivity to environ-
mental conditions position them as promising tools for mon-
itoring molecular interactions and structural changes.16

In this study, we also used the TD-DFT studies to calculate
the photophysical properties of natural and non-natural fluor-
escent nucleobases, see Table 4, since our previous studies
showed that TD-DFT reproduces the absorption/emission
peaks better than the RI-CC2 approach.75,76 Calculating the
energy difference between the ground (S0) and the first excited
singlet state (S1), we find the energy absorption peaks at 354,
333, 333 and 302 nm for mthA, mthG, mthC and mthU, respec-
tively, which are in good agreement with the experimentally
reported absorption peaks of 353, 327, 323 and 316 nm.41

We report all the peaks using TD-DFT in the present work.
Although S0 and S1 involve contributions from neighbor orbi-
tals, peaks are dominated by the p to p* HOMO to LUMO
transition. For comparison, we also calculated the same absorp-
tion peaks for the natural nucleobases, 251, 248, 256 and
246 nm for A, G, C and U bases, which compare with experi-
mental values of 259, 252, 271, and 262 nm, respectively.82 This
indicates that the methylthieno[3,4-d]-pyrimidine modification
results in a bathochromic shift of roughly 102/90 nm for
mthG/mthA, and of roughly 80/58 nm for mthC/mthU, as compared
to their natural counterparts. Slightly larger bathochromic
shifts were calculated in the emission spectra,83 with batho-
chromic displacements of 160, 158, 143 and 109 nm for mthA,

Table 4 In the first columns, predicted photophysical properties (wave-
length and oscillator strength), as calculated by TD-DFT are reported
(values in parentheses are the corresponding experimental values19). In
the last columns, HOMO (H), LUMO (L) and HOMO–LUMO gap energies
(DEHL) are reported. For the sake of comparison, all the values were
calculated and are reported for the methylthieno[3,4-d]-pyrimidine
nucleobase analogues, for the thieno[3,4-d]-pyrimidine bases and for
the natural bases

Base

Absorption Emission

H L DEHLlabs os. str. lem os. str.

mthA 353.9 (353) 0.168 462.6 (467) 0.195 �5.76 �1.82 �3.94
mthG 332.7 (327) 0.109 451.7 (456) 0.126 �5.96 �1.64 �4.32
mthC 332.7 (323) 0.093 465.4 (455) 0.103 �6.10 �1.88 �4.22
mthU 301.6 (306) 0.071 393.4 (427) 0.094 �6.54 �1.81 �4.73
thA 343.7 (341) 0.177 434.2 (420) 0.219 �6.05 �1.97 �4.08
thG 329.9 (321) 0.111 433.2 (453) 0.134 �6.02 �1.72 �4.30
thC 329.7 (320) 0.095 439.6 (429) 0.119 �6.19 �1.87 �4.32
thU 299.3 (304) 0.073 374.4 (409) 0.106 �6.57 �1.85 �4.72
A 251.5 0.268 302.86 0.467 �6.29 �0.91 �5.38
G 252.8 0.128 293.50 0.103 �6.25 �0.79 �5.46
C 252.9 0.197 321.97 0.202 �6.68 �1.23 �5.45
U 243.6 0.185 284.26 0.271 �7.14 �1.61 �5.53

Fig. 4 Graphic representation of the frontier molecular orbitals of the
natural bases (top) and the modified ones (bottom).
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mthG, mthC and mthU with respect to natural bases. We find the
energy emission peaks at 463, 452, 465 and 393 nm for mthA,
mthG, mthC and mthU, respectively, which are in good agreement
with the experimentally reported peaks of 467, 456, 455 and
427 nm. For the sake of comparison, we calculated here the
absorption/emission peaks also for first generation non-natural
alphabet proposed by Tor and co-workers,75,76 thA, thG, thU, thC.
As compared to thA, thG, thU, thC, the third generation mthA,
mthG, mthC and mthU, analysed here, also exhibited a batochro-
mic shift, by 10, 3, 3, 2 nm, respectively, for absorption, and by
28, 18, 26, 19 nm, respectively, for emission.41

As expected, and in light of the above results, the HOMO and
LUMO play a major role in the absorption/emission properties
of the bases featuring the methylthieno[3,4-d]-pyrimidine mod-
ification, therefore we decided to further analyse how the above

modification impacts these orbitals. Previously, we had shown
a clear correlation between the bathochromic shifts of the tz-
and ts-bases and the HOMO to LUMO energy gap.75,76

Data reported in Table 4 shows that the energy of both the
HOMO and LUMO is substantially altered by the modification,
with differences between a non-natural base and its natural
analogue within roughly 0.29–0.58 eV for HOMO and 0.37–0.91
for LUMO. This reduces the HOMO–LUMO gap from roughly
5.4–5.5 eV in the natural bases to roughly 3.9–4.7 eV in the
modified methylthieno[3,4-d]-pyrimidine bases, with the con-
sequent bathochromic shift in the absorption and emission
spectra. Considering that both the HOMO and LUMO energies
are substantially changed from the natural bases, we report
their shapes in Fig. 4. As illustrative examples, the LUMOs of
A, G, C and U are compared to those of the homologous

Fig. 5 NCI plots of the base pairs: A:U, A:mthU, mthA:mthU, mthA:U, G:C; G:mthC, mthG:mthC and mthG:C. The isosurface represents a value of 0.5 with a
color scale for the reduced density gradient (above the 3D representation and below the 2D representation).
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modified mthA, mthG, mthC and mthU in Fig. 4. Inspection of the
shape of the HOMO of the modified bases shows higher
participation of the 5-membered ring for the mthG base, with
a strong participation of the S8 atom with its low energy p
orbitals, which destabilize the HOMO. Since the LUMO is also
stabilized, less quantitatively than the destabilization of the
HOMO, the HOMO–LUMO gap reduces significantly, and thus,
the stability of the modified bases decreases. Finally, the
reduced bathochromic shift of modified pyrimidines can also
be rationalized in terms of reduced aromaticity of modified and
natural pyrimidines relative to purines, see Table 2, which
lowers the impact of the S8 atom on the absorption/emission
properties of the modified bases. In addition, we calculated the
non-covalent interaction (NCI) plots,84,85 to determine whether
the greater or lesser stability of the base pairs was due to base
modification. As can be seen in Fig. 5, these analyses allow us
to conclude that the non-covalent interaction between the
natural and non-natural pairs do not differ qualitatively. Even
though the interaction between the base pairs seems to be
identical according to the 3D NCI plots in Fig. 5, this inter-
molecular interaction means a weakening of the intramolecular
H-bonds as can be seen in the 2D NCI plots Fig. 5, particu-
larly for A:mthU and also for the mthG;mthC and mthG:C pairs.
Oppositely, the favourable interactions are especially important
for the mthA:U, and even more for and G:mthC, in perfect
agreement with results in Table 1.

Conclusions

Our investigation delved into the electronic properties and the
influence on base-pair stability of a novel emissive RNA alpha-
bet founded on methylthieno[3,4-d]-pyrimidine (mthA, mthU,
mthG, and mthC), proposed as highly isomorphic and isofunc-
tional counterparts to the natural nucleobases. Our study
demonstrated that these emissive nucleobases exert minimal
effects on the geometry of classical Watson–Crick base pairs,
suggesting that RNA duplexes can be capable to accommodate
them, especially the purine derivatives, without significant
alterations in H-bonding. However, the introduction of mthG
in particular may impact their stability. The potential steric
implications of the additional methylthieno ring in pyrimidine
derivatives also warrant further investigation.

As the stacking interactions play a significant role in the
structural stability of nucleic acids, we evaluated the aromaticity of
both non-natural emissive and natural nucleobases. Our analysis
revealed a subtle reduction in the aromaticity of the 6-membered
ring of emissive purines and pyrimidines as compared to their
natural counterparts. In contrast, non-natural purines (mthA/mthG)
exhibited a significant increase in aromaticity in the 5-membered
ring, attributed to the presence of the S8 substitution. The
influence of this modified aromaticity on relative stacking inter-
actions would need to be further inquired. Moreover, our assess-
ment of molecular orbitals facilitated a rationalization of the
absorption and emission properties of the modified nucleobases,
accounting for their fluorescence.
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