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Abstract

RNA aptamers are often used as ligand-recognition modules in engineered RNA systems,
but integration into larger RNA constructs can influence stability and ligand binding. As
a result, aptamer sequences may need to be adapted to new environments while pre-
serving essential properties. Here, we examine this sequence editability problem for the
theophylline RNA aptamer. Starting from the experimentally determined structure, we
introduced targeted mutations in peripheral structural elements while leaving the recogni-
tion site unchanged. The native aptamer, mutated variants, a Mg2+-depleted system, and a
caffeine-bound control were analyzed using three independent 1 µs molecular dynamics
simulations. Binding energetics were estimated with multiple end-point as well as alchemi-
cal free energy approaches. Results were interpreted together with base pair stability, the
conformational landscape of the binding pocket, and per-nucleotide energy contributions.
This allows us to predict whether an edit is tolerated or disruptive. Some mutations re-
tained structural and energetic profiles comparable to the native aptamer, whereas others
reduced ligand affinity by propagating structural distortions into the binding pocket. These
results show that sequence changes outside the binding site can modulate ligand binding
indirectly, and that the ligand interaction network is useful for evaluating edited aptamers.
The introduced workflow provides a novel combination of established computational
strategies for efficient in silico screening of aptamer variants before experimental testing
and can be integrated into the design of larger RNA structures. This works particularly
well when an experimental structure is available and the tested mutations are small enough
not to disrupt the folding pathway.
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1. Introduction
RNA function is often linked to the formation of defined secondary and tertiary

structures, as well as to conformational changes between alternative structural states. Such
structural dynamics are central to many biological processes, including splicing, translation,
and catalysis [1]. In addition, many RNAs interact directly with small organic molecules,
which has made structured RNAs useful both as molecular targets and as components for
sensing and regulatory applications [2]. Short ligand-binding RNAs, commonly referred
to as aptamers, can be selected or engineered to recognize specific target molecules with
high affinity and selectivity. Ligand binding can stabilize particular RNA conformations or
shift conformational equilibria [3], allowing aptamers to be coupled to functional readout
domains. This principle has been used in fluorescent aptamer-based sensors [3,4], as well
as in engineered regulatory RNAs that modulate biological processes such as translation or
gene expression [5,6]. The most common method for identifying aptamers against novel
targets is SELEX [7–9], where large RNA libraries are iteratively enriched for molecules
that bind the target ligand.

Aptamers are frequently used as modular ligand-recognition domains in synthetic
RNA systems. In many applications, the aptamer is combined with an additional RNA
element that provides a functional output, for example, a ribozyme, an expression platform,
or a fluorescent reporter. This modular design strategy has been successful in many cases,
but it also introduces a practical constraint. The aptamer is no longer isolated, but becomes
part of a larger structural context which can influence folding and ligand binding. Thus,
the sequence of an aptamer domain cannot always be transferred unchanged into the
new context. In some designs, spacer elements are introduced to reduce interference
between domains, whereas in others the aptamer sequence itself has to be adapted [10–12].
The relevant design problem is therefore not only whether an aptamer binds its ligand
in the selected sequence, but also which sequence changes can be introduced without
disrupting ligand recognition. In this regard, we define sequence editability as the degree
of sequence flexibility possible without losing function, which for aptamers corresponds to
binding affinity.

This issue is usually addressed either experimentally or by rational design. In empirical
approaches, randomized sequence regions are screened or selected for retained function. In
rational approaches, sequence changes are introduced based on secondary structure models,
known structural constraints, or previous mutational data, followed by experimental
validation [10]. Computational methods are useful in this setting because they can reduce
the number of variants that need to be tested experimentally.

Several efficient algorithms are available to predict RNA secondary structures, base-
pairing probabilities, and RNA–RNA interactions [13–15]. These methods are well suited
for identifying unwanted base-pairing interactions or secondary structure changes based
on the presence of a ligand. However, they provide only limited information on whether
a sequence change preserves the three-dimensional ligand-binding architecture of an
aptamer, and therefore its binding affinity. This is particularly important for small-molecule
aptamers, where ligand recognition depends on local stacking interactions, hydrogen
bonding patterns, ion stabilization, and the precise orientation of the ligand within the
binding pocket.
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The 33-nucleotide theophylline aptamer mTCT8-4 [16] serves as an effective model
system to explore this challenge. It is one of the best characterized synthetic RNA ap-
tamers and has been used extensively as a ligand-responsive component in engineered
RNA systems [17], also due to its high selectivity for theophylline over structurally re-
lated xanthines, especially caffeine. High-resolution structural data are available for the
theophylline-bound aptamer [18], and previous structural and biochemical studies have
identified key features of the binding site, including ligand-specific hydrogen bonds,
stacking interactions, metal-ion contributions, and structural motifs that mediate dis-
crimination against caffeine [19,20]. The aptamer has also been incorporated into ligand-
responsive ribozymes [21,22] and engineered riboswitches that control translation or gene
expression [6,23,24].

Previous work has already established which residues and interactions are essential
for ligand recognition in the native theophylline aptamer. However, far less is known
about which changes in the surrounding scaffold, which makes up a large majority of the
aptamer, are tolerated without loss of binding competence. This distinction is important
for design applications. If the binding pocket is kept fixed, peripheral helices may provide
a high degree of sequence flexibility that can be used to adapt the aptamer to new RNA
contexts. While mutations in those regions are computationally more tractable, they can
still affect ligand binding indirectly by changing helix stability, ion coordination, or the
relative positioning of binding-pocket residues.

In this study, we showcase a novel combination of in silico methods to evaluate
the peripheral sequence editability of the theophylline aptamer using molecular dynam-
ics (MD) simulations and free energy calculations. We use the experimentally determined
theophylline-bound structure as a reference and introduce targeted mutations in peripheral
structural elements, while preserving the nucleotides with established ligand interactions
(Figure 1). This approach permits a higher degree of sequence variability, compared to
exclusively focusing on the binding domain. The selected variants were designed to
probe two different types of scaffold modification: sequence changes in helix 3, which
test the influence of regions adjacent to the binding pocket, and an extension of helix 1,
which tests whether local compaction can be introduced without compromising ligand
recognition. For each system, we performed three independent 1 µs all-atom MD simula-
tions. We compared the native theophylline-bound aptamer, mutated aptamer variants,
a Mg2+-depleted system, and a caffeine-bound control. Binding free energies were esti-
mated using molecular mechanics–Generalized Born surface area (MM-GBSA), molecular
mechanics–Poisson Boltzmann surface area (MM-PBSA), quantum mechanics/molecular
mechanics–Generalized Born surface area (QM/MM-GBSA), and WaterSwap [25–31]. We
further analyzed base pair probabilities, ligand contacts, per-nucleotide energy contribu-
tions, solvent accessibility, and binding pocket conformational dynamics.

The aim of this work is not to provide an exhaustive mutational map of the theo-
phylline aptamer. Instead, we ask whether we can predict the classifications of a limited set
of rationally chosen scaffold mutations based on their ability to preserve ligand recognition
by comparing structural stability, relative binding energies, and the persistence of key
ligand–pocket interactions. This provides a computational basis for evaluating edits to
the theophylline aptamer and for screening candidates for experimental validation, and
complements existing RNA design tools.
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Figure 1. Overview of the theophylline aptamer variants analyzed in this study. (a) Chemical
structures of theophylline and caffeine. (b) Secondary structure of the theophylline RNA aptamer,
with the main structural elements indicated. Asterisks (*) denote the nucleotides that directly interact
with the theophylline ligand. The binding site was kept unchanged in all designed variants. (c) Three-
dimensional structure of the theophylline-bound aptamer (PDB ID: 8D28), showing the bound ligand
and coordinating ions. The inset highlights the ligand-binding pocket. (d) Secondary structures of the
modified aptamer variants. Mutated scaffold positions are shown in red, while the ligand-recognition
site was preserved.

2. Results
2.1. Design of Peripheral Scaffold Edits

The mutations selected for further analysis were placed in structural elements adjacent
to the theophylline binding pocket, while the nucleotides directly involved in ligand
recognition were kept unchanged (Figure 1d). This design allowed us to probe sequence
variation in the aptamer scaffold without deliberately altering the established recognition
site. The introduced mutations were selected based on changes that are desirable when
designing alternative interactions of the aptamer with neighboring regions such as readout
or regulatory domains. The two helices of the native theophylline binding aptamer outside
the binding site, helix 1 and helix 3, are composed exclusively of G-C pairs. This makes
the design of competing interactions particularly challenging due to the extreme stability
of G-C helices. Therefore, we selected mutants that introduce A-U and G-U base pairs,
which generally also reduce the free energy of the native fold. Four variants, denoted
H3-M1 to H3-M4, test sequence variability within helix 3. Variants H3-M2 and H3-M4
each introduce an A-U pair, while not drastically reducing the free energy of the native
fold at the secondary structure level (−10.9 kcal mol−1 and −11.0 kcal mol−1 compared
to −13.0 kcal mol−1). The H3-M1 variant introduces two A-U pairs and retains the native

https://doi.org/10.3390/ijms27167228

https://doi.org/10.3390/ijms27167228


Int. J. Mol. Sci. 2026, 27, 7228 5 of 20

fold of the minimum free energy (MFE) structure with a noticeably lower free energy
of −9.3 kcal mol−1. Finally, H3-M3 introduces a G-U wobble pair, which is particularly
useful for designing more stable competing interactions by allowing the introduction of an
alternative G-C pair. To probe sequence editability within helix 1, the H1-M1 variant adds
one A-U pair and swaps one G-C pair. We furthermore replace the non-canonical interaction
between positions 5 and 29, classified as cis Watson–Crick/Watson–Crick (cWW) in the
Leontis–Westhof classification [32], with a canonical A-U pair, leading to an improvement
in free energy.

Before analyzing the MD trajectories, we first evaluated whether the designed se-
quences were compatible with the native secondary structure. Base pairing probability
dot plots show that the main base pairs of the native aptamer remain dominant in most
variants (Figure S1). The main deviations were observed in the edited regions themselves.
H1-M1 showed increased probability for an extended helix 1, consistent with the intended
local compaction. For the helix 3 variants, only minor and local changes could be observed.
Thus, the mutations did not globally disrupt the secondary structure, but introduced
local distortions that are expected to affect the stability of the scaffold surrounding the
binding site.

2.2. Peripheral Mutations Reveal Helix-Dependent Scaffold Stability

The structural stability of the native aptamer and the modified complexes was first
monitored by backbone RMSD over three independent 1 µs MD simulations (Figure 2a). The
native theophylline-bound aptamer, including the crystallographic Mg2+ ions, equilibrated
within the first 0.1–0.2 µs and remained stable during the remaining simulation time, with
RMSD values mainly between 1.5 and 3.5 Å. Removal of Mg2+ ions led to slightly larger
fluctuations and occasional deviations above 4 Å. This indicates a partial destabilization in
the absence of divalent ions, although part of the effect could also be attributed to a more
general ionic strength effect. The caffeine-bound system showed stronger fluctuations.
In one replicate, caffeine left the binding pocket early in the simulation and remained
associated with the terminal region of the aptamer until the end of the trajectory. Among
the modified aptamers, H1-M1 and H3-M3 showed the lowest RMSD fluctuations and
remained close to the behavior of the native theophylline-bound aptamer. H3-M1, H3-M2,
and H3-M4 showed more variable trajectories. All systems reached stable conformational
sampling by approximately 800 ns. For this reason, all subsequent structural and energetic
analyses were performed on the last 0.8–1.0 µs of each trajectory.

The distance between U24:N3 and the ligand was used as an additional measure of
ligand positioning in the binding pocket (Figure S2). In the native theophylline-bound
aptamer, the U24:N3-theophylline contact remained persistent across all three replicates,
with an average distance of approximately 3.0 Å and an occupancy above 99%. In contrast,
the corresponding U24:N3-caffeine distance fluctuated between 5 and 10 Å for the two
simulations where caffeine remained in the binding pocket, with only rare instances of
approaches below the hydrogen bond cutoff. These trajectories are consistent with a rotated
and less stable caffeine-binding mode. For the remaining trajectory, the distance increased
to 20–25 Å as caffeine exited the binding pocket and associated with the terminal region of
the stem.

Per-nucleotide RMSF values were used to identify regions in which the scaffold muta-
tions affected local stability (Figure 2b). For all systems, terminal nucleotides showed the
increased mobility expected for the closing regions of helices. The native aptamer and the
more stable modified variants showed lower fluctuations than the Mg2+-depleted system
and the more dynamic helix 3 variants. More pronounced differences were observed in the
hairpin loop region, especially around G14–G19. H3-M2 showed the largest fluctuations in
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this region, followed by the Mg2+-depleted aptamer, H3-M4, and H3-M1. Additional in-
creases were observed around helix 2 and the bulge-loop region U23-U24, most prominently
in the Mg2+-depleted system and in H3-M2. H3-M1 also showed elevated fluctuations
in helix 3 (G10–C13), suggesting that the mutations introduced into the helix reduced its
stability, with the destabilizing effects propagating toward the adjacent hairpin region.

Native                                 Native without Mg2+                               Caffeine                                          H1-M1 

H3-M1                                           H3-M2                                            H3-M3                          H3-M4 

(a)

(b)

Figure 2. Conformational stability and local flexibility of native and modified aptamer complexes.
(a) Backbone RMSD profiles from three independent 1 µs MD simulations per system. (b) Per-
nucleotide RMSF values were calculated over the final 0.8–1.0 µs and averaged over the three
replicates. The color bar above the plot indicates the corresponding secondary structure elements.
Error bars indicate standard deviations across replicates. For consistency, nucleotide numbering on
the x-axis corresponds to the native theophylline bound aptamer (PDB ID: 8D28) and is used as a
reference for all variants.

To assess whether the simulations reached equilibrium, we computed the cumulative
mean RMSD as a function of simulation time for each replicate (Figure S3a). For most sys-
tems, the running mean converged within the first 0.2–0.3 µs and remained flat through the
analyzed window, indicating that the last 0.8–1.0 µs are representative of the equilibrated
ensemble. The three systems with the largest raw RMSD fluctuations, H3-M1, H3-M2, and
H3-M4, showed correspondingly slower and less complete convergence, consistent with the
increased structural variability already noted for these variants. Notably, the single caffeine
replicate, in which the ligand dissociated from the binding pocket, is clearly distinguishable
in this analysis as a running mean that fails to plateau, independently corroborating the
ligand-escape event identified from visual inspection of the trajectory. This RMSD-based
convergence assessment was complemented by comparing per-nucleotide RMSF profiles
calculated separately for each replicate over the same 0.8–1.0 µs window (Figure S3b). The
three replicates reproduced closely overlapping flexibility profiles for most systems, with
the largest inter-replicate spread localized to the hairpin loop and helix 3 already identified
as sites of increased local flexibility (Figure 2b).
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Base pair hydrogen bond occupancies provided a complementary view of scaffold
stability (Figure S4). The overall base pairing pattern was largely preserved, with local
differences between helices. Helix 1 remained largely stable across all systems, although
the introduced A-U pair in H1-M1 exerted a slight destabilizing effect. The strongest
differences were observed in helix 3, where especially H3-M1 and H3-M4 showed reduced
hydrogen bond occupancies at the base pairs mutated to A-U. These results align with the
expected effects of the introduced mutations.

2.3. Free Energy Calculations Distinguish Tolerated and Disruptive Scaffold Edits

Binding free energies were calculated from the equilibrated 0.8–1.0 µs portion of
each trajectory using three endpoint approaches (MM-GBSA, MM-PBSA, and QM/MM-
GBSA) together with the WaterSwap method. Although all four approaches estimate the
binding free energy ∆G, including the entropy term, they employ substantially different
approximations. The endpoint methods use implicit-solvent models and include solute
entropic contributions estimated by normal-mode analysis, whereas WaterSwap evaluates
ligand–water exchange through an alchemical procedure without an explicit solute entropy
term. Consequently, the absolute ∆G values obtained from the different methods should
not be compared directly. Instead, each result was evaluated relative to that of the native
theophylline-bound aptamer, allowing trends that were reproduced across multiple com-
putational approaches to be identified (Figure 3). The corresponding absolute energies are
given in Table S1.
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Figure 3. Relative binding energy trends across free energy methods. Binding free energies obtained
from MM-GBSA, MM-PBSA, QM/MM-GBSA, and WaterSwap were normalized to the corresponding
value of the native theophylline-bound aptamer to compare relative trends across methods with
different absolute energy scales. The dashed horizontal line marks the native reference. Points
represent mean values and error bars indicate standard deviations calculated from the three in-
dependent MD replicates. To facilitate comparison across methods with different absolute energy
scales, energies on the y-axis were normalized relative to the native aptamer. A transformation of
(1− y) + 1 was then applied so that lower values indicate more favorable binding energies. Statistical
significance compared to the native reference was computed using Welch’s t-test (p < 0.05) and
marked by asterisks.

The three endpoint methods produced broadly consistent relative trends. The native
aptamer and H3-M3 showed the most favorable energetic profiles, with overlapping uncer-
tainty ranges across MM-GBSA, MM-PBSA, and QM/MM-GBSA. H3-M3 was therefore
predicted to preserve a structural and energetic binding profile comparable to that of the

https://doi.org/10.3390/ijms27167228

https://doi.org/10.3390/ijms27167228


Int. J. Mol. Sci. 2026, 27, 7228 8 of 20

native aptamer. H1-M1 and H3-M1 also showed binding free energies comparable to
the native reference, with no consistent evidence of reduced binding across the endpoint
methods. By contrast, H3-M2 and H3-M4 generally shifted toward less favorable binding
energies, although the magnitude of the change varied among methods.

The caffeine-bound system showed significantly weaker binding than the native
theophylline-bound aptamer across the endpoint calculations. In one replicate, caffeine
dissociated from the binding pocket and remained associated with the terminal region of
the RNA. Because endpoint binding free energy calculations assume a bound complex, this
replicate was excluded from the energetic analysis. The remaining two replicates neverthe-
less produced substantially less favorable binding energies than the native theophylline
complex, consistent with the altered binding orientation and reduced persistence of the
native ligand-contact network. The Mg2+-depleted control also showed a modest shift
toward less favorable binding, supporting the contribution of the crystallographic Mg2+

ions to stabilization of the ligand-bound architecture.
WaterSwap provided an independent assessment based on a substantially different

computational framework. Given the systematic uncertainties inherent in binding free
energy calculations and the sampling sensitivity of WaterSwap for flexible RNA–ligand
complexes, we use the resulting ∆G values primarily as a semi-quantitative ranking of
relative binding affinities rather than as precise estimates of absolute binding free energies.
Although its absolute ∆G values were systematically more negative than those obtained
from the endpoint methods, the relative trends were generally consistent. The caffeine-
bound and Mg2+-depleted systems, as well as H3-M2 and H3-M4, showed significantly
less favorable WaterSwap binding free energies than the native aptamer (p < 0.05), whereas
no significant differences were detected for H1-M1, H3-M1, or H3-M3. Thus, the agreement
across methods supports the predicted classification of H1-M1, H3-M1, and H3-M3 as
tolerated scaffold edits and H3-M2 and H3-M4 as disruptive edits. More detailed results
can be found in Figure S5.

Notably, H3-M1 exhibited pronounced loss of hydrogen-bond occupancy within
the modified helix 3 but retained native-comparable overall and per-nucleotide binding
energetics. This apparent discrepancy indicates that a local perturbation in the peripheral
scaffold does not necessarily propagate into the ligand-binding pocket. The preservation of
its principal ligand-facing contacts, ligand enclosure, and binding-pocket energetic profile
therefore supports the classification of H3-M1 as a tolerated edit despite the structural
changes within helix 3. Collectively, these results demonstrate that evaluation of aptamer
editability should not rely on global scaffold stability alone but should integrate binding
free energy trends with detailed analysis of the ligand-facing interaction network.

2.4. Tolerated Variants Preserve the Ligand-Recognition Interaction Network

To identify how the scaffold mutations affected ligand recognition, we decomposed
the MM-GBSA interaction energies by nucleotide for residues in and around the binding
pocket (Figure 4). The analyzed residues include the bulge-loop nucleotides C22 and
U23, the internal-loop residues A5, U6, A7, C27, A28, and G29, and the helical-interface
residues C8, U24, and G26. In the native aptamer, C22, C8, and A28 made the strongest
contributions to theophylline binding with values of −3.87, −3.75, and −3.33 kcal mol−1,
respectively. U6, A7, U23, U24, G26, and G29 contributed more moderately. C27 showed
little direct contribution, consistent with its limited contact with the ligand. The caffeine-
bound system showed a strongly reduced interaction profile. The contribution of C22
decreased to −0.34 kcal mol−1 and that of U24 to −0.60 kcal mol−1, consistent with the
loss of the native ligand-contact pattern. Among the scaffold variants, H1-M1, H3-M1, and
H3-M3 preserved the native per-nucleotide profile, retaining strong contributions from
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C22 and stacking interactions with C8 and A28. Conversely, H3-M2 and H3-M4 showed
reduced contributions around U23 and U24, although this was partly compensated by
stronger A28 and G26 contributions. These patterns further support the classification into
tolerated (H1-M1, H3-M1, H3-M3) and disruptive (H3-M2, H3-M4) mutants.

Native Native without Mg2+

Figure 4. Ligand-facinginteraction network and per-nucleotide binding energy contributions. The
upper left panel shows per-nucleotide MM-GBSA energy decomposition for nucleotides in and
around the theophylline binding pocket, calculated over the last 0.8–1.0 µs of the three independent
MD replicates. More negative values indicate more favorable ligand interactions. The structural
inset highlights the analyzed binding pocket nucleotides. Nucleotide numbering follows the na-
tive aptamer sequence and is used as a reference for all variants. The upper right panel shows a
close overview of the binding pocket nucleotides. The lower panels show ligand-interaction di-
agrams derived from the equilibrated trajectories. Green arrows indicate hydrogen bond donor
interactions, red arrows indicate hydrogen bond acceptor interactions, and purple symbols indicate
π-π stacking contacts. Percentages indicate the occupancy of each interaction during the analyzed
trajectory window.

To characterize the specific non-covalent interactions formed between theophylline
and key nucleotides within the aptamer binding pocket, LigandScout [33] 3D interaction
diagrams were generated. In the native aptamer, theophylline formed a complete interac-
tion pattern with high occupancy consisting of hydrogen bonding with C22 (99%), U24
(70%), G26 (65%), as well as π-π stacking with C8 (88%) and A28 (76%). The Mg2+-depleted
system retained much of this pattern, but showed a lower U24 acceptor occupancy and
an additional G29 stacking interaction. Caffeine adopted a rotated and less productive
interaction pattern, with reduced C22, U24, and G26 contacts and a different balance of
stacking interactions. H1-M1 and H3-M3 retained the native interaction network most
closely. Both variants preserved the principal hydrogen-bonding and stacking contacts,
explaining their near-native energetic behavior. H3-M1 retained the ligand contacts, albeit
at reduced occupancy. Together with the significant disruptions in the hydrogen-bond
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patterns of helix 3, this further substantiates that peripheral structural changes are not
always propagated into the binding pocket. Compared to that, H3-M2 showed a more
substantial rearrangement, including a shift of the acceptor contact from U24 to U23 and
reduced C8 and A28 stacking occupancies. H3-M4 also showed reduced U24 acceptor
contacts and weaker interactions with G26 as well as with stacking partners. Thus, our
simulations suggest that the variants with weaker binding signatures did not disrupt the
ligand by mutating the binding site itself, but by introducing peripheral scaffold changes
that altered the geometry and persistence of binding interactions.

2.5. Binding Pocket Conformational Landscape

To characterize how scaffold changes influence the dominant modes of conformational
motion within the theophylline recognition site, principal component analysis (PCA) was
performed on the heavy atoms of the six conserved binding pocket nucleotides (U6, C8,
C22, U24, G26, and A28) across all simulation replicates, using the last 0.8–1.0 µs of each
trajectory. The PC1 eigenvectors were visualized as porcupine plots using VMD 2.0 [34,35],
with the superimposed initial (grey, 0 µs) and final (orange, 1 µs) simulation snapshots
presented in (Figure 5) for the native aptamer and the H3-M4 mutant. In both complexes,
PC1 accounted for approximately 19 % of the total variance, with the remainder distributed
broadly across subsequent modes. The porcupine plot revealed moderately sized inward-
directed eigenvectors at C8, C22, U24, and A28 maintaining the spatial convergence of key
recognition residues around the ligand. In contrast, PC1 of the H3-M4 mutant captured
approximately 57% of the total variance, a threefold increase relative to the native aptamer,
indicating that the binding pocket dynamics are dominated by a single directional motion.
The large outward-directed eigenvectors concentrated at A28 and U24 are consistent with
the reduced ligand contacts and weakened binding free energies documented for this
mutant, providing a conformational basis for its classification as a disruptive edit.

Analysis of the remaining systems revealed a systematic relationship between PC1
dominance and binding pocket interaction integrity (Figure S6). The native complex in the
absence of Mg2+ showed a PC1 contribution of approximately 50%, with inward-directed
eigenvectors, indicating reduced but preserved pocket stability upon Mg2+ removal. In
the caffeine-bound complex, PC1 contributed approximately 55% of total variance, and
the porcupine plot reveals inward-directed eigenvectors with a clearly rotated orientation
relative to the initial structure, reflecting the rotated binding mode adopted by caffeine
within the recognition cavity. Among the helix 3 variants, H3-M1 showed a PC1 contri-
bution of approximately 40%, with outward-directed eigenvectors of small magnitude
at U24 and notable structural deviation at helix 3, suggesting partial destabilization of
the scaffold adjacent to the binding pocket with only limited impact on the ligand-facing
residues. H3-M2 displayed the highest PC1 contribution among all systems (∼65%), with
eigenvectors concentrated at C8 and U24, consistent with the shifted acceptor contact from
U24 to U23 and reduced stacking occupancies observed in the interaction analysis. In
contrast, H1-M1 displayed the most distributed variance profile (∼27% for PC1), closely
resembling the native aptamer and supporting its classification as a tolerated edit that
preserves multi-modal binding pocket sampling. H3-M3 showed an intermediate PC1
contribution (∼30%) alongside notably large eigenvector magnitudes at multiple pocket
residues, suggesting that this variant accesses a broad conformational ensemble while
retaining the key ligand-facing interaction contacts.

The modified aptamers sampled broader and more displaced pocket ensembles than
the native aptamer. The PCA analysis suggests that disruptive variants are associated
with dominant motions that increase pocket heterogeneity and displace key binding
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residues away from the native interaction geometry and further supports the already
established classification.

U6

C8

G26

U24

A28

C22

Native

U6

C8

G26

U24

A28

C22

H3-M4

At 0 µs
At 1 µs

Native

H3-M4

Figure 5. Principal component analysis (PCA) of binding pocket conformational dynamics for the
native theophylline aptamer and the H3-M4 mutant. The left and right panels show the superim-
posed porcupine plot of the first (grey, at 0 µs) and last (orange, at 1 µs) simulation snapshots of
the native theophylline-bound aptamer and H3-M4, respectively, with green arrows representing
PC1 eigenvectors, where the arrowhead indicates the direction of movement, and the arrow length
reflects the magnitude of the motion. Key binding pocket residues (U6, C8, C22, U24, G26, and
A28) are labeled in blue. The theophylline ligand is shown in stick representation at the center of
the binding pocket (0 µs and 1 µs snapshots are represented by cyan and orange colors, respec-
tively). Middle panels display the scree plots for the native aptamer (top) and H3-M4 (bottom),
showing the percentage of variance explained by each principal component (PC1–PC10) and the
cumulative variance.

Ligand contacts with core nucleotides (C8, C22, U24, and A28 with a cutoff of
3.0 Å) and solvent-accessible surface area (SASA) were used to assess how well the lig-
and remained enclosed by the binding pocket (Figure S7). The native aptamer showed
the highest average number of contacts (21.13 ± 2.63) and the lowest ligand SASA
(77.87 ± 6.23 Å2), consistent with a compact and well-shielded binding pocket. Removal
of Mg2+ slightly reduced the number of contacts (19.84 ± 2.78) and increased the SASA
(93.20 ± 6.21 Å2). The caffeine-bound system showed fewer contacts (17.67 ± 3.12) and a
much higher SASA (143.44 ± 7.50 Å2), reflecting poorer enclosure of the ligand. Among the
theophylline-bound mutants, H3-M4 showed fewer contacts (19.80 ± 4.02) and increased
SASA (104.81 ± 9.81 Å2), while the remaining variants were closer to the native aptamer.
These descriptors are consistent with the free energy, interaction analyses, and PCA, with
H1-M1 and H3-M3 retaining near-native binding signatures and H3-M1 showing more
fluctuations in the SASA while not losing ligand contacts.

2.6. Integrated Classification of Aptamer Scaffold Edits

The combined structural, energetic, and interaction analyses support a predicted
classification of the tested variants according to their compatibility with ligand recognition
(Table 1). H1-M1 and H3-M3 retained near-native scaffold structures and binding signatures,
preserved the main ligand-facing contacts, and are therefore predicted as tolerated edits.

For the H3-M1 variant, hydrogen bond analysis showed a significant distortion of
helix 3. However, this did not propagate into the binding pocket, since absolute and per-
nucleotide binding energy as well as the ligand-facing interaction network were comparable
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to the native aptamer. Furthermore, the binding pocket atom contacts were stable during
simulations, and only small-magnitude outward-directed eigenvectors were observed. We
therefore predict that the variant is tolerated despite structural deviations of the scaffold.
Meanwhile, H3-M2 and H3-M4 show weaker binding signatures and perturbations of
the ligand-facing interaction network, which can be classified as disruptive edits. The
Mg2+-depleted and caffeine-bound systems served as controls for structural destabilization
and ligand-specific disruption, respectively, resulting in lower binding affinities.

Table 1. Summary of predicted scaffold editability classes inferred from the combined structural,
energetic, and ligand-interaction analyses.

System Name System Type Main Observations Interpretation

Native Native reference
(PDB ID: 8D28)

Stable fold, favorable binding energies,
compact pocket, and complete
C22/C8/A28-centered interaction network.

Reference

Native
without Mg2+ Ion-depleted control

Increased structural variability, reduced
pocket stability, and reduced
binding strength.

Structural control

Caffeine Ligand control Rotated ligand pose, reduced native
contacts, high SASA, and weakest binding. Specificity control

H1-M1 Helix-1 scaffold edit
Stable RMSD, compact scaffold,
near-native WaterSwap energy, and
preserved ligand-facing contacts.

Tolerated edit

H3-M1 Helix-3 scaffold edit
Increased local flexibility within helix 1,
but no loss of binding stability across
all descriptors.

Tolerated edit

H3-M2 Helix-3 scaffold edit
Reduced helix/pocket stability, shifted and
reduced ligand contacts, and weaker
WaterSwap profile.

Disruptive edit

H3-M3 Helix-3 scaffold edit

Low RMSD fluctuations, binding
energetics comparable to the native
structure, and preserved C8/A28
stacking contributions.

Tolerated edit

H3-M4 Helix-3 scaffold edit
Weaker WaterSwap profile, reduced
U24/G26/A28 contacts, shifted ligand
interactions, and increased SASA.

Disruptive edit

3. Discussion
In this study, we investigated how selected sequence modifications outside the con-

served binding pocket affect the structural stability and ligand recognition properties of the
theophylline RNA aptamer. The mutations were chosen in peripheral structural elements,
while the nucleotides directly involved in theophylline recognition were kept unchanged.
This setup allowed us to examine whether the surrounding scaffold of the aptamer can be
modified without disrupting the molecular interactions that define the ligand-bound state.
The theophylline aptamer is well suited for this question, since its binding pocket, metal
ion stabilization, and discrimination against caffeine have previously been extensively
characterized [16,18–20]. Our results therefore address a complementary aspect of aptamer
design, namely the extent to which non-core nucleotides, making up a majority of the
structure, can be altered while preserving the native recognition site.

Our approach extends the design toolkit for larger RNA constructs, such as RNA
switches, where an aptamer structure is typically coupled with a regulatory domain.
Existing strategies either preserve the full aptamer sequence, thereby limiting the design of
alternative conformations in ligand-bound and ligand-free states [36], or constrain only the
binding pocket, neglecting the influence of mutations in the surrounding scaffold on ligand
recognition [37]. In contrast, the strategy presented here enables greater sequence flexibility
while providing an in silico assessment of whether individual peripheral mutations are
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likely to disrupt aptamer function, thus allowing efficient prescreening of variants prior to
experimental validation.

The use of classical MD simulations facilitates the application of this framework to a
broad range of ligand-binding systems with available experimental structures. In practice,
this prerequisite is readily satisfied for many commonly used aptamers, as experimentally
determined tertiary structures are available for systems such as the theophylline, neomycin,
and glutamine aptamers [17,38,39]. Restricting the analysis to experimentally determined
RNA–ligand complexes avoids the considerable uncertainty associated with predicting
ligand-bound RNA structures de novo. At the same time, the approach assumes that
peripheral mutations do not substantially alter the folding landscape, either by changing
the folding pathway in the ligand-bound state or by reducing the population of binding-
competent conformations in its absence. Consequently, the method is best suited for
variants containing a limited number of mutations and is not intended for designs expected
to induce major structural rearrangements.

The employed free energy approaches yielded different binding energies, as expected
from the underlying approximations of MM-GBSA, MM-PBSA, QM/MM-GBSA, and
WaterSwap. However, the relative trends were consistent across the methods. The native
aptamer, H1-M1, and H3-M3 formed the most favorable group of theophylline-bound
systems, whereas H3-M2 and H3-M4 showed reduced binding signatures and broader
energy distributions. H3-M1 showed a structural and energetic profile of the binding site
comparable to the native aptamer despite changes in the interaction network within helix 3.
These results indicate that the aptamer scaffold is not uniformly tolerant to sequence change
and that a combination of analytic approaches is necessary for proper investigations. The
classification of these variants based on the computational analyses should be interpreted
as an in silico prioritization, suitable for prescreening potential candidates, rather than as a
definitive affinity ranking.

The interaction analyses provide the molecular basis for these trends. In the native
aptamer, theophylline is stabilized by a defined network of hydrogen bonding and stacking
interactions, with C22, C8, and A28 contributing most strongly to the binding energy
and additional contacts involving U24, G26 and U6. H1-M1 preserved this interaction
pattern despite the modifications in helix 1, and H3-M1 as well as H3-M3 retained the
main C8 and A28 stacking contributions with only minor changes in the surrounding
contacts. By contrast, H3-M2 and H3-M4 showed clear perturbations of the ligand-facing
interaction network. In H3-M2, the acceptor interaction shifted from U24 to U23 and
stacking occupancies were reduced, while H3-M4 showed weakened contacts involving
C22, C8, and U24. Thus, the disruptive variants did not directly modify the binding pocket,
but affected ligand binding indirectly through changes in the scaffold that altered the
geometry and stability of the binding pocket.

The directionality of PC1 eigenvectors provides a mechanistic interpretation of how
scaffold mutations alter the theophylline recognition geometry. In the native aptamer,
inward-directed eigenvectors at C8, C22, U24, and A28 describe a concerted pocket-closing
motion that geometrically converges key recognition residues around the ligand, consistent
with the persistent hydrogen bonding and π-π stacking occupancies observed for these
nucleotides. The reversal of this directionality in H3-M4, where large outward-directed
eigenvectors dominate at A28 and U24, indicates that helix 3 mutations shift the dominant
conformational tendency of the pocket from convergent to divergent, directly disrupting the
geometric arrangement required for a stable ligand coordination. An outward displacement
of smaller magnitude was observed in H3-M1, indicating changes in the scaffold that did
not fully propagate into the binding pocket. H3-M2 showed laterally displaced eigenvectors
at C8 and U24, structurally consistent with the shifted acceptor contact from U24 to U23
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documented in the interaction analysis. In contrast, H1-M1 and H3-M3 retained inward-
directed eigenvectors closely resembling the native aptamer, providing a conformational
basis for their classification as tolerated edits. These patterns establish that the distinction
between tolerated and disruptive scaffold edits is reflected not only in conformational
amplitude but in the geometric direction of dominant pocket motion, tolerated variants
preserve inward convergence toward the ligand, while disruptive variants redirect this
motion outward, destabilizing the recognition geometry without altering the global fold.

The comparison between the structural and energetic descriptors further suggests
that preservation of the global fold alone is not sufficient to judge whether a sequence
variant will retain ligand recognition. In H3-M2, reduced hydrogen bond occupancies in
helix 3 propagated to the binding pocket, shifting ligand interactions from U24 to U23
and reducing stacking occupancies. Conversely, the destabilizing mutations of H3-M1, as
indicated by hydrogen bond occupancy, did not result in a clear reduction in stability since
the key C8/C22/A28 contacts were preserved. For the H3-M2 mutant, some shifts in the
binding conformation seem to be tolerated. In this case, reduced interactions with U24
were likely compensated by stronger interactions with G26. This indicates that a modified
aptamer does not necessarily need to reproduce the native conformational ensemble exactly,
provided that the ligand-facing interaction pattern is maintained. When perturbations do
propagate, they lead to reduced ligand enclosure and higher ligand SASA, indicating a
more solvent-exposed binding site. This is best seen for H3-M4 (Figure S7) and is consistent
with the outward directed pocket motions identified by PCA. For this reason, RMSD, RMSF,
or secondary structure preservation alone are not sufficient criteria for evaluating aptamer
variants, but need to be interpreted together with the persistence of the binding-pocket
interaction network and free energy approximations.

The Mg2+-depleted and caffeine-bound systems served as useful controls for this
interpretation. Removal of Mg2+ increased conformational variability and weakened parts
of the interaction pattern around the binding pocket. Because Mg2+ removal alters both the
specific divalent-coordination sites and the overall electrostatic screening of the system, this
destabilization should be interpreted as a combined effect rather than an isolated measure
of specific Mg2+-site contributions. This is consistent with earlier work identifying Mg2+

as important for the structural integrity of the theophylline-binding core [20]. Caffeine
binding showed a different type of perturbation. Caffeine contains an additional methyl
group at the N7 position relative to theophylline, which introduces steric clashes and alters
hydrogen-bonding capacity within the binding pocket. Consequently, we observed that
caffeine adopted a rotated binding pose compared to theophylline, lost several of the native
stabilizing contacts, and in one replicate completely escaped from the binding pocket. This
behavior is consistent with previous structural and NMR studies showing the extreme
selectivity of the theophylline aptamer [19,20,40].

In the present study, we analyzed a selected set of rationally chosen mutations using a
novel combination of in silico methods. Hence, the results do not represent a complete mu-
tational map of the theophylline aptamer. In addition, all variants were modeled from the
experimentally determined ligand-bound structure, and the simulations primarily probe
the stability of the bound architecture rather than the full folding pathway or the initial
ligand-binding event. The calculated binding energies should consequently be interpreted
as relative indicators. Within these limits, the agreement between conformational stability,
free energy trends, energy decomposition, ligand contacts, and solvent accessibility sup-
ports a consistent picture of scaffold-dependent sequence editability. The results suggest
that peripheral sequence changes can be useful for adapting the aptamer to new structural
contexts, but can modulate ligand recognition indirectly. Preservation of the ligand-facing

https://doi.org/10.3390/ijms27167228

https://doi.org/10.3390/ijms27167228


Int. J. Mol. Sci. 2026, 27, 7228 15 of 20

interaction network is a good estimator of maintained binding competence and is therefore
a useful criterion for prioritizing aptamer variants before experimental testing.

4. Materials and Methods
4.1. System Preparation

The crystal structure of the theophylline RNA aptamer in complex with theophylline,
four Mg2+ ions, and two sodium ions was retrieved from the RCSB Protein Data Bank
(PDB ID: 8D28) [41]. Crystallographic Mg2+ ions were retained in all systems except for
the ion-depleted control. For the ion-depleted control, the four crystallographic Mg2+

ions were removed and the system was re-neutralized with additional Na+ counter-ions
(30 Na+ in total). The overall ionic strength and counter-ion valency were therefore not
matched to the Mg2+-containing system. The three-dimensional structure of caffeine was
obtained from the PubChem database [42]. The protonation states of both theophylline
and caffeine were examined using MarvinSketch 24.3.0 [43]. Under physiological con-
ditions (pH 7.4), both compounds exist predominantly in their neutral forms; therefore,
neutral protonation states were used throughout all simulations. Partial atomic charges for
theophylline and caffeine were derived using the RESP (Restrained Electrostatic Potential)
fitting procedure at the HF/6-31G* level using Gaussian16 [44], consistent with the General
AMBER Force Field 2 (GAFF2) parameterization protocol [45]. Molecular docking using
AutoDock Vina 1.2.0 [46] was performed to generate the complex between caffeine and
the theophylline RNA aptamer. Mutations were introduced into the aptamer sequence by
changing the crystal structure using the Web 3DNA 2.0 webserver [47] followed by 5000
steps of energy optimizations using QRNAS 0.3 [48].

4.2. MD Simulations

The RNA aptamer was described using AMBER RNA.OL3 force field [49], which
provides improved RNA backbone and glycosidic (χ) torsional parameters compared
with earlier ff99-based force fields, resulting in more accurate and stable RNA conforma-
tional sampling during molecular dynamics (MD) simulations. Theophylline and caffeine
were parameterized using custom force field parameters, all prepared using the tLEaP
module of AMBER22 [50]. The solute was neutralized by adding 22 Na+ counter-ions,
described by the Joung–Cheatham ion parameters [51] and positioned on a Coulombic-
potential grid to offset the net negative charge of the RNA backbone. The systems were
then solvated in a rectangular TIP3P water box with a minimum 12 Å buffer between the
solute and the box edge, adding 7628 water molecules. The retained Mg2+ ions were de-
scribed using the Li–Merz 12-6 Lennard-Jones non-bonded parameters for divalent ions [52].
The added water was minimized using 1000 steps of the steepest descent method and
3000 steps of the conjugate gradient, with the solute (RNA, ligand, and ions) restrained by
a harmonic force constant of 500 kcal·mol−1·Å−2 to relax the solvent. Subsequently, the
entire system was minimized using the same procedure. All simulations assumed peri-
odic boundary conditions and a 2 fs time step. Initially, the complexes were heated from
10 K to 310 K for 100 ps, followed by three individual all-atom MD simulations in the NPT
ensemble at 310 K and 1 atm pressure, utilizing AMBER22. The SHAKE algorithm [53] was
applied to constrain bonds involving hydrogen, and long-range electrostatic interactions
were treated using the Particle Mesh Ewald (PME) [54] method with a cutoff distance of
12 Å. Three replicates of all-atom MD simulations were conducted for each system, with a
duration of 1 µs.
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4.3. Structural Stability Assessment and Binding Free Energy Calculations

To assess the structural stability of the simulated systems, backbone root mean square
deviation (RMSD), cumulative mean RMSD and per-nucleotide root mean square fluctua-
tion (RMSF) were calculated using the CPPTRAJ module [55] of AMBER22. Ligand–pocket
intermolecular contacts and ligand solvent-accessible surface area (SASA) were calculated
between all heavy atoms of the ligand and the binding pocket nucleotides using a distance
cutoff of 3.0 Å, with SASA computed using the LCPO algorithm [56]. Hydrogen bond
percentage occupancies were calculated for Watson–Crick base pairs within each helix
using a donor–acceptor distance cutoff of 3.0 Å and a donor-hydrogen-acceptor angle cutoff
of 135◦ [55]. Binding affinity was assessed through MM-GBSA, MM-PBSA, and QM/MM-
GBSA-based binding free energy calculations using the MMPBSA.py 14.0 [57,58] module of
AMBER22. For the caffeine-bound system, one replicate in which caffeine left the binding
pocket was excluded from binding free energy calculations. For MM-GBSA, MM-PBSA,
and QM/MM-GBSA calculations, 200 snapshots were extracted from the last 0.8–1.0 µs
of each replicate. The GB model 2 (igb = 2) was employed for MM-GBSA calculations,
and the dielectric constant was set to 1.0 for the solute interior. Per-nucleotide MM-
GBSA energy decomposition was performed using the pairwise decomposition scheme
(idecomp = 1) for the whole aptamer [57]. For QM/MM-GBSA calculations, the ligand
and the key interacting nucleotide C22 were defined as the QM region and treated using the
PM6 semiempirical method, while the remaining system was described at the molecular me-
chanics (MM) level. Entropy contributions for MM/GB(PB)SA, and QM/MM-GBSA were
estimated using normal mode analysis (nmode) as implemented in MMPBSA.py 14.0 [25]
leading to approximations of the binding free energy from all employed methods.

∆G = ∆H − T∆S (1)

Statistical significance of binding free energy differences between each variant and the
native theophylline bound aptamer was assessed using Welch’s t-test (p < 0.05).

4.4. WaterSwap

Absolute binding free energies ∆G of theophylline bound to the native and mutated
RNA aptamers, and of caffeine bound to the native RNA aptamer, were calculated using
the WaterSwap method as implemented in the OpenBioSim/Sire molecular simulation
framework [30]. To account for conformational sampling, 10 representative snapshots
were extracted at equal intervals from the last 0.8–1.0 µs of each MD trajectory, again
excluding one replica where caffeine left the binding pocket, using CPPTRAJ 6.29.13 [55],
yielding one snapshot every 20 ns. Each snapshot was used as the starting configuration
for an independent WaterSwap calculation, with the AMBER topology providing force
field parameters for the solvated RNA–ligand complex. WaterSwap computes the absolute
binding free energy by simultaneously decoupling the ligand from the binding site while
coupling an equivalent cluster of water molecules in its place, along a λ-pathway ranging
from λ = 0 (ligand fully bound) to λ = 1 (binding site fully occupied by water) [30]. Monte
Carlo sampling was performed at each window via a Replica Exchange Thermodynamic
Integration (RETI) scheme with ∆λ = 0.001 [59]. A flexibility cutoff of 15.0 Å around the
ligand center was applied to define the mobile region of the system. Each calculation
comprised 50,000 Monte Carlo equilibration moves followed by 1000 production iterations
at 298.15 K. Binding free energies were estimated at each snapshot using three independent
estimators: Bennett Acceptance Ratio (BAR) [60], free energy perturbation (FEP) [61], and
thermodynamic integration (TI). The final reported binding free energy per replica was
taken as the mean value ± standard deviation of all three estimators across all ten snapshots.
To quantitatively assess whether each modified aptamer differs significantly from the native
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aptamer, paired two-sample t-tests were performed comparing the ∆G distributions of
each variant against the native complex.

4.5. Principal Component Analysis

To capture the binding pocket conformational dynamics, principal component analysis
(PCA) was performed on the Cartesian coordinates of the heavy atoms of six conserved
binding pocket nucleotides (U6, C8, C22, U24, G26, and A28) across all simulation repli-
cates using the last 0.8–1.0 µs of each trajectory. These six nucleotides directly line the
theophylline recognition site and are structurally conserved across all native and modified
aptamer sequences. Prior to analysis, all frames were superimposed onto a common refer-
ence structure to remove overall translational and rotational motion. The mass-weighted
covariance matrix of atomic positional fluctuations was constructed and subsequently di-
agonalized to yield a set of orthogonal eigenvectors (principal components, PCs) and their
associated eigenvalues. Each eigenvalue represents the mean-square displacement of the
system projected along the corresponding PC, and was expressed as a fraction of the total
variance to quantify its relative contribution to the overall conformational space sampled.
The first ten PC modes were retained for analysis. The fractional variance explained by
each individual mode, together with the cumulative variance as a function of mode index,
were computed to assess the dimensionality of the dominant motions and to confirm that
the leading PCs captured a sufficient proportion of the total conformational variance. All
PCA calculations were performed using CPPTRAJ, and variance decomposition data were
extracted from the eigenvalue fraction output file (evalfrac.dat). Variance scree plots were
generated using Matplotlib 3.10.0 [62], displaying both the per-mode fractional variance
and the cumulative variance for the first ten PC modes.
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MM-GBSA Molecular Mechanics/Generalized Born Surface Area
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