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Figure 5: Design and characterization of syn-xrRNA3. A. Secondary structure representation defined
by the base pairs encoded in the Infrared  design model. The XRN1 stall position, determined by amplicon
sequencing, is indicated by a red stop symbol. B. SimRNA-based prediction of the 3D structure, shown
using a color scheme consistent with panel A. The model adopts the expected ring-like topology with the
5’-end protruding from the fold. C. In silico simulations probing the resistance of the ring-like structure to
an applied pulling force, compared with the AROAV reference (4 replicas). The construct exhibits strong
mechanical robustness with a mean unfolding force of 295.5 pN. D. In vitro XRN1 degradation assay,
with the AROAV xrRNA used as a positive control. XRN1-mediated degradation yields a stable reaction
product (P), indicating exonuclease resistance of syn-xrRNA3. S, substrate transcripts (AROAV: 102 nts;
syn-xrRNAS: 83 nts), P, resistant reaction products (AROAV: 79 nts; syn-xrRNA3: 63 nts).

linker geometry between P1 and PK2.

This new model produced sequences with no detectable similarity to known xrRNA ele-
ments when analyzed with Infernal covariance models or other state-of-the-art RNA homology
search methods [26, 7]. Thus, the resulting candidates qualify as de novo xrRNAs that share
topological and mechanical, but not sequence, ancestry with xrRNAs found in nature.

Among the resulting design candidates, we selected construct syn-xrRNA3 for detailed eval-
uation (Fig. 5). In silico folding and 3D modeling confirmed a correctly threaded ring topology
consistent with that of MBF xrRNAs (Fig. 5 A, B). Steered molecular-dynamics simulations
revealed an unfolding force of approximately 295.5 pN, exceeding both syn-xrRNA2 and the
wild-type reference (Fig. 5 C), suggesting that mechanical robustness is preserved or even
enhanced, despite the absence of recognizable sequence motifs. In accordance with these
calculations, the construct exhibited a strong resistance against XRN1-mediated degradation,
resulting in a resistant reaction product (Fig. 5 D). The corresponding stop point was charac-
terized as described and is indicated in Fig. 5 A. As observed for syn-xrRNA2, some minor
degradation intermediates are also visible for syn-xrRNAS.

Comparison of covariance model scores across all designs highlights the fundamental nov-
elty of syn-xrRNA3 (Fig. 6). CM scores of the artificial designs are compared to randomly sam-
pled sequences that fulfill only the base pair complementarity constraint. While syn-xrRNA1
and syn-xrRNA2 score within the range of natural xrRNAs, syn-xrRNAS falls within the distri-
bution of random sequences, i.e., it only satisfies structural constraints. Its slightly higher-than-
average covariance score can be explained by the tendency of secondary-structure—optimized
sequences to contain a greater proportion of C—G base pairs and adenosines at unpaired posi-
tions, which is also observed in natural xrRNAs. A detailed analysis of the proximity to biological
xrRNAs using covariance models is shown in the Supplementary Material (Fig. S8 and Tab. S5).
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Figure 6: Distribution of covariance model scores for random sequences and naturally occurring
xrRNAs. CM scores were calculated by evaluating random sequences that satisfy the structural con-
straints used in the design process (blue distribution, left), and naturally occurring viral xrRNA sequences
(green distribution, right) against a covariance model trained on MBF xrRNA sequences. The scores of
the synthetic design constructs syn-xrRNA1 (blue), syn-xrRNA2 (orange) and syn-xrRNA3 (green) are de-
picted as dots on the x-axis, indicating that they evade detection by the MBF xrRNA CM.

To the best of our knowledge, this establishes syn-xrRNAS as the first fully artificial, func-
tional xrRNA. The construct operates through the same topological mechanism as natural
xrRNAs, despite being derived entirely from rational design. These results show that mechanical
performance can be decoupled from biological ancestry and that topology-encoded resistance
is a tunable property in RNA design. Notably, our data demonstrate that force resistance is
accessible through de novo design based solely on structural and energetic constraints.

4 Discussion

In this work, we present a rational design strategy for mechanically active RNAs and demon-
strate its potential by engineering synthetic xrRNAs that match the performance of their natural
counterparts. By systematically perturbing the pseudoknot architecture of a model AROAV
xrRNA, we identified structural features and derived design rules that encode resistance to
5'—3’ exonucleolytic degradation through topological closure rather than sequence-specific in-
teractions. These rules were then implemented in a mechanics-aware design framework that
combines symbolic structural modeling, length-correlation constraints, and molecular dynamics-
based mechanical selection. Using this approach, we generated synthetic xrRNAs that repro-
duce the defining mechanical properties of their natural counterparts and, critically, a fully de
novo construct that remains functional despite lacking detectable evolutionary ancestry. The
results demonstrate that RNA mechanical resistance can be specified directly at the level of
topology and geometry, independent of sequence conservation.

The xrRNA pseudoknot perturbation experiments complement and extend earlier observa-
tions from other viruses [40], supporting a hierarchical organization that ultimately determines
ring closure. PK2 manifested as a critical gatekeeper of mechanical resistance. Gradual weak-
ening of PK2 had only moderate effects, whereas complete deletion abolished stalling of the
5 —3’-exonuclease, resulting in complete degradation. In contrast, deletion of PK1 reduced, but
did not eliminate, XRN1 resistance in the AROAV xrRNA transcript, suggesting that PK2 and
the surrounding base triples can partly compensate for the loss of PK1. This aligns with earlier
comparative studies showing that different flaviviral xrRNAs distribute functional load differently
among PK1, PK2, and associated tertiary contacts [5] [1, [25]. The perturbation experiments
support a model in which overall architecture, rather than any single motif, determines xrRNA
resistance.

Building on these mechanistic insights, we developed a symbolic model of MBFV xrRNAs
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that incorporates not only secondary structure but also element-wise length distributions and
correlations. This representation allowed us to treat xrRNA design as a constrained search over
topological architectures, rather than as a sequence-optimization problem guided by multiple
sequence alignments. Integrating the Infrared method for sequence sampling with ensemble-
defect minimization and molecular dynamics-based force profiling yielded a closed design-
validation loop in which only candidates predicted to have plausible topology and high mechan-
ical robustness were selected for experimental validation. In practice, this approach focuses
expensive experimental effort on the most promising designs.

A key implication of this study is that mechanical function can be decoupled from evolutionary
sequence ancestry. While syn-xrRNA3 was designed under minimal sequence constraints, it
scores like a random sequence under covariance models trained on known xrRNAs (Fig. [6),
and yet displays robust XRN1 stalling and simulated unfolding forces that exceed the wild-type
reference (Fig.[5). This finding demonstrates that topology and mechanical design principles are
sufficient to specify function, and that traditional homology-based approaches will systematically
miss large regions of functional RNA design space [38]34].

While the first applied design syn-xrRNA1 did not yet result in a structure sufficiently re-
sistant against XRN1, the enhanced PK2 and the improved ring geometry of syn-xrRNA2 led
to an exonuclease-resistant shape similar to the wild-type AROAV element. The exonuclease
stop point in syn-xrRNA2 is shifted one position downstream compared to the natural element
(Fig. [4), suggesting that the 3D structure of this RNA element is less rigid than that of the
AROAV xrRNA, allowing for more ring flexibility. In syn-xrRNAS3, in contrast, the stop position
is identical to the control xrRNA, indicating that this design has a stability comparable to the
natural structure (Fig. [5). This observation underlines the functionality of our novel structural
design approach.

In this work, we demonstrate that functional RNA structures can be designed rationally,
without relying on large multiple sequence alignments or high-throughput screening, provided
that the relevant mechanical and topological constraints are correctly specified and encoded.
While we focused here on xrRNAs as a benchmark for force-dependent function, the same
strategy can, in principle, be applied to other topologically defined RNA elements, such as G-
quadruplexes and kink-turns. Applying similar techniques to other RNA families would enable a
more systematic exploration of how mechanically active RNAs can be used to modulate degra-
dation or processing pathways.

Finally, the ability to engineer de novo xrRNAs has direct implications for RNA-based ther-
apeutics and synthetic biology. Natural xrRNAs and viral 3-UTR fragments have already been
used to modulate RNA stability [5], but their utility is constrained by native sequence context.
The approach presented here enables the construction of tailor-made, mechanically defined
RNA elements that can be embedded into diverse RNA contexts without relying on native viral
sequences. Such mechanically defined RNA modules may be used to enhance transcript sta-
bility or protect specific RNA regions from exonucleolytic decay. In this sense, the present study
offers a starting point for the rational incorporation of mechanically functional RNA motifs into
synthetic and therapeutic RNA constructs.
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