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Chemical modifications to RNA play essential roles in regulating structure, stability, and biological
function, yet a unifying physicochemical framework for understanding how these structural modifi-
cations perturb the underlying electronic landscape and influence intrinsic reactivity remains lacking.
Here, we apply density functional theory to compute electronic-structure descriptors for a
comprehensive set of naturally occurring modified ribonucleosides. By analyzing HOMO-LUMO gaps as
measures of global electronic softness and Wiberg bond indices as local descriptors of glycosidic bond
strength, we establish systematic relationships linking stereoelectronic substitution patterns and nucleo-
base m-conjugation to molecular reactivity and hydrolytic stability. We find that sulfur and selenium
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incorporation and major-groove substitutions tend to narrow HOMO-LUMO gaps and weaken glycosi-
dic bonds, whereas C-glycosides (as in pseudouridines) confer electronic stabilization. These results
DOI: 10.1039/d6cp01428¢ reveal physical principles governing the intrinsic reactivity of modified RNA building blocks and provide a

predictive framework for anticipating modification-dependent behavior relevant to RNA stability,

rsc.li/pcecp

1 Introduction

RNA occupies a central position in biological information
transfer and regulation." Beyond its classical role as an inter-
mediary between DNA and proteins, RNA functions as a
catalyst, regulator, sensor, and structural scaffold.> Moreover,
RNA is now known to be both the cause of (via RNA viruses like
SARS-CoV-2) and the cure for (via RNA-based vaccines) some of
humanity’s most formidable challenges.

The chemical versatility of RNA is expanded by post-
transcriptional modifications that diversify the four canonical
ribonucleosides—adenosine (A), guanosine (G), cytidine (C),
and uridine (U)—into a chemically rich repertoire. Since the
identification of pseudouridine as the “fifth ribonucleoside” in
1951, the catalog of known RNA modifications has grown to
more than 170 distinct chemical entities distributed across all
domains of life.*™""

In recent years, the biological significance of RNA modifica-
tions has become increasingly apparent. Modified nucleosides
are known to regulate the folding, localization, decay, and
translational fidelity of RNA and to play critical roles in devel-
opment, stress responses, and disease.” ! Their importance is
underscored by the success of nucleoside-modified mRNA
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degradation, and next-generation sequencing technologies used to characterize the epitranscriptome.

vaccines, enabled by discoveries showing that base modifica-
tions suppress innate immune recognition while enhancing
translational efficiency and stability."*™*®> These advances have
renewed interest in RNA chemistry across biomedicine, bio-
technology, agriculture, and information storage, and have
inspired the “Human RNome Project”.'®'” From a physical
chemistry perspective, these diverse post-transcriptional
modifications constitute a vast, naturally occurring library of
stereoelectronic perturbations to the canonical nucleobase
architecture.

Despite their functional importance, the physicochemical
principles that govern the intrinsic reactivity of modified ribo-
nucleosides remain incompletely understood. Experimental
studies have provided valuable insights into enzymatic recogni-
tion and biological outcomes, but a general quantum mechan-
ical framework that connects chemical modifications to
fundamental electronic structure—such as frontier molecular
orbital (FMO) topologies and localized bond orders—is lacking.
This gap is particularly evident for the glycosidic bond linking
the nucleobase to the ribose sugar. Cleavage of this bond
produces abasic RNA, altering molecular integrity and function
and complicating analytical methods such as RNA sequen-
cing.'®?! Understanding how specific modifications affect
glycosidic bond stability is therefore essential for both funda-
mental RNA chemistry and biology, as well as the rational
design of sequencing technologies and reference standards.
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Here, we address this challenge by using quantum chemical
calculations to systematically evaluate electronic descriptors
across a broad set of naturally occurring modified ribonucleo-
sides. We focus on two complementary quantities: the HOMO-
LUMO gap, which reflects the ease of electron redistribution
and orbital mixing, and the Wiberg bond index (WBI) of the
glycosidic bond, which provides a quantitative measure of local
bond strength. By correlating these descriptors with the mod-
ification type, nucleobase identity, and substitution topology,
we identify the physical principles governing modification-
dependent reactivity. These insights establish a predictive
framework for understanding RNA stability at the molecular
level and lay the groundwork for future experimental and
technological advances in epitranscriptomics.

2 Methods

We focused on 147 naturally occurring modified ribonucleo-
sides (Fig. 1 and 2).° Each ribonucleoside was modeled as a
3/,5'-bis(methylphosphate) (Me-pNp-Me) to mimic the electro-
nic influence of terminal phosphates while avoiding artificial
charge delocalization associated with extended polyanionic
backbones. This capping strategy provides a chemically realistic
yet computationally tractable representation of RNA building
blocks for comparative electronic analysis. We also assigned
charges to amino, amidino, guanidino, carboxyl, phosphoryl,
and sulfonyl groups expected at near-neutral pH.

The geometry of each modified nucleoside was optimized
using density functional theory (DFT) with the MO06-2X
exchange-correlation functional and the 6-31+G(d,p) basis
set, incorporating aqueous solvation via the SMD implicit
solvent model (SMD-H,0).>>** This level of theory provides a
reliable treatment of heterocyclic systems, noncovalent inter-
actions, and the heavier main-group elements (e.g, sulfur and
selenium) relevant to modified nucleobases. Full geometry
optimizations were performed without symmetry constraints.

Within conceptual DFT, the maximum hardness principle
states that molecules naturally evolve their electronic structures
to achieve maximum stability, which corresponds to maximum
absolute hardness, or equivalently, minimum softness.**°
Because chemical softness is inversely proportional to the
HOMO-LUMO energy gap, a larger gap corresponds to lower
chemical reactivity. Thus, the HOMO-LUMO gap serves as a
global electronic descriptor of molecular softness, indicating
the ease of electron redistribution and orbital mixing, and
thereby providing a comparative measure of intrinsic chemical
reactivity.>**> HOMO-LUMO gaps were obtained directly from
the converged Kohn-Sham orbital energies. Although Kohn-
Sham eigenvalue differences do not correspond rigorously to
excitation energies, they provide reliable relative trends across
structurally homologous series when computed at a consistent
level of theory.

The WBI is a measure of electron density shared between
atoms A and B in an A-B bond, determined as the sum of the
off-diagonal square of the density matrix D, where p and g are
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atomic orbitals localized on atoms A and B, respectively, as
in eqn (1).%***

WBIxg = > D,/ (1)

pA ¢B

WBIs were calculated for the bond between C1’ of ribose
and the nitrogen (or carbon) of the nucleobase using Natural
Bond Orbital (NBO) analysis (version 7.0) as implemented in
Gaussian 16.%*2%3° NBO analysis transforms delocalized Kohn-
Sham orbitals into localized, Lewis-like bonding patterns,
providing a well-defined quantum mechanical analogue to
classical bond order.

3 Results and discussion
3.1 Electronic structure of modified ribonucleosides

RNA modifications encompass a wide range of chemical trans-
formations, including methylation, thiolation, oxidation,
reduction, ring closure, and conjugation to bulky substituents
(Fig. 1 and 2). These modifications perturb the electronic
structure of the nucleobase and, in turn, influence its reactivity.
Although HOMO-LUMO gaps do not constitute quantitative
predictors of absolute reaction rates, they provide a consistent
and internally comparable measure of intrinsic electronic soft-
ness across a chemically diverse yet structurally homologous set
of nucleosides.

Across all four nucleobases, larger and more electronically
diverse substituents generally reduce the HOMO-LUMO gap,
indicating increased electronic softness and reactivity (Table S1
and Fig. 3A). This effect is particularly pronounced for mod-
ifications that disrupt base planarity or introduce low-lying
acceptor orbitals, such as the incorporation of highly polariz-
able, diffuse sulfur or selenium atoms. In contrast, simple
methylations at many positions tend to increase the HOMO-
LUMO gap relative to the unmodified nucleoside, consistent
with the inductive electron-donating character of methyl
groups, which raise occupied orbital energies without introdu-
cing low-lying vacant orbitals. Dihydrouridines exhibit the
largest HOMO-LUMO gaps in the entire dataset (Fig. 3A), as
saturation of the C5-C6 bond eliminates n-conjugation within
the pyrimidine ring, confining electron density to c-bonding
frameworks and markedly decreasing electronic softness.

Substitutions oriented toward the major groove (e.g:, at the
5 position of a pyrimidine nucleoside) often lead to smaller
gaps than analogous minor-groove substitutions, consistent
with stereoelectronic interactions with the ribosyl and phos-
phoryl groups in the backbone. Purine nucleosides exhibit
systematically smaller HOMO-LUMO gaps than pyrimidines
(Fig. 3B), reflecting the greater polarizability and extended
n-conjugation of the fused bicyclic system. These trends sug-
gest that global electronic descriptors can serve as useful
predictors of modification-dependent reactivity in RNA.
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Fig. 1 Chemical structures of purine nucleosides in natural RNA.° The nucleosides are depicted with 5'-and 3’-methylphosphates and in the charge
state used for calculations. Post-transcriptional modifications are indicated in red.

3.2 Glycosidic bond stability

RNA can undergo hydrolysis of the glycosidic bond linking the
ribose sugar to the nitrogenous base, producing abasic sites
that alter RNA stability, processing, and biological activity."*>"
Modified bases can be especially labile: wybutosine (3483G) at
position 37 of phenylalanine tRNA is readily lost, leaving an
abasic site adjacent to the anticodon,'® and 7-methylguanosine
(7G) can be removed reductively with sodium borohydride."®
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The reactivity of 7G (Exgomo-rumo = 7-31 eV; WBI = 0.8764) was
exploited in early RNA sequencing methods,*° illustrating how
glycosidic bond instability can be both a natural consequence
of RNA modification and a useful experimental tool. Purine
glycosidic bonds are generally more labile than those of pyri-
midines, because the bicyclic purine scaffold enhances charge
delocalization, stabilizing the cationic intermediate formed
upon bond cleavage.?” Abasic sites in RNA can also arise from

This journal is © the Owner Societies 2026
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Fig. 2 Chemical structures of pyrimidine nucleosides in natural RNA.° The nucleosides are depicted with 5’- and 3’-methylphosphates and in the charge
state used for calculations. Post-transcriptional modifications are indicated in red.

methylation-induced hydrolysis, radical damage, or enzymatic
depurination and are emerging as key intermediates in cellular
signaling and transcriptional regulation.*'*%*!

To assess how chemical modifications influence glycosidic
bond strength, we calculated WBIs for the C1’-nucleobase
linkage in each modified ribonucleoside (Table S2). Because
glycosidic bond cleavage necessarily involves redistribution of
electron density from this linkage, the WBI provides a direct
electronic measure of local bond integrity that complements
global reactivity descriptors. C-Glycosidic bonds, characteristic
of pseudouridines (e.g., 39U, 9U, 09U, 309U, 19U, and 1309U),
display markedly higher WBIs than do N-glycosidic bonds

This journal is © the Owner Societies 2026

(Fig. 3A), consistent with their enhanced resistance to hydro-
lysis and the greater covalent character of the C-C linkage
relative to the C-N linkage. The C-glycosidic linkage in pseu-
douridines confers stability not only to the glycosidic bond
itself but also to the adjacent phosphodiester bond. We pre-
viously showed that the C-for-N substitution at the glycosidic
position diminishes the inductive effect that acidifies the
2'-hydroxy group, thereby attenuating nucleophilic attack on
the P-0° bond in both spontaneous and ribonuclease-
catalyzed pathways.** That finding was corroborated indepen-
dently by Kool and coworkers using complementary experi-
mental approaches.*® Thus, the electronic consequences of
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C-glycosidic connectivity manifest in the stability of two dis-
tinct bonds: the glycosidic bond (this work) and the phospho-
diester bond.**** Pyrimidine N-glycosidic bonds tend to exhibit
lower WBIs than their purine counterparts (Fig. 3C). Modifica-
tions that introduce sulfur or selenium or that are directed
toward the major groove tend to weaken the glycosidic bond
(Table S2).

3.3 Coupling between global reactivity and local bond
strength

Although HOMO-LUMO gaps and glycosidic bond indices
probe distinct aspects of molecular stability, they reveal comple-
mentary facets of modification-dependent reactivity. In several
chemically important classes of RNA modifications, particularly
sulfur-containing purines and heavily substituted nucleosides,
reduced HOMO-LUMO gaps are accompanied by lower glycosidic
WRBISs, consistent with enhanced electronic reactivity occurring
alongside local glycosidic bond weakening (Tables S1 and S2).
Across the broader landscape of naturally occurring RNA
modifications, however, these descriptors capture distinct con-
tributions to stability rather than exhibiting a universal one-to-
one relationship. Together, they provide a molecular framework
for interpreting experimental observations of modification-
dependent depurination and RNA lability.

20876 | Phys. Chem. Chem. Phys., 2026, 28, 20872-20878

Paper

4 Conclusion

Quantum chemical analysis reveals clear physical principles
governing the intrinsic reactivity and hydrolytic stability of
modified ribonucleosides. By combining global electronic
descriptors with local measures of glycosidic bond strength,
we establish a unified framework that rationalizes how nucleo-
base identity, substitution topology, and functional group
chemistry dictate modification-dependent behavior. Inherently
predictive, these results provide a foundation for future experi-
mental validation and offer practical guidance for developing
next-generation RNA sequencing technologies and reference
standards. Moreover, the computational design of hydrolyti-
cally stable RNA molecules could enhance the utility of RNA-
based therapeutic agents. In that context, the electronic con-
sequences of C-glycosidic connectivity in pseudouridines,
which are the most abundant modified nucleosides in natural
RNA, extend to both glycosidic bond integrity (this work) and
phosphodiester bond stability.*>**> We speculate that this elec-
tronic protection helps to preserve natural RNA structures,
particularly those vulnerable to spontaneous cleavage, and
may constitute one biological rationale for the evolutionary
prevalence of modified RNAs. Taken together, these results
demonstrate how simple quantum chemical descriptors can
anticipate modification-dependent vulnerabilities in RNA with-
out recourse to experiment. More broadly, this work provides a
physical framework for understanding structure-reactivity rela-
tionships in functionalized heteroaromatic biopolymers.
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