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Toward a molecular mechanism of complementary RNA duplexes denaturation

RNA duplexes are relatively rare but play very important biological roles. As an end-product of template-based RNA replication, they also have key implications for hypothetical primitive forms of life. Unless they are specifically separated by enzymes, these duplexes denature upon a temperature increase. However, mechanistic and kinetic aspects of RNA (and DNA) duplex thermal denaturation remain unclear at the microscopic level. We propose an in silico strategy that probes the thermal denaturation of RNA duplexes and allows for an extensive conformational space exploration along a wide temperature range with atomistic precision. We show that this approach first accounts for the strong sequence and length dependence of the duplexes melting temperature, reproducing the trends seen in the experiments and predicted by nearest-neighbor models. The simulations are then instrumental at providing a molecular picture of the temperature-induced strand separation. The textbook canonical "allor-nothing" two-state model, very much inspired by the protein folding mechanism, can be nuanced. We demonstrate that a temperature increase leads to significantly distorted but stable structures with extensive base-fraying at the extremities, and that the fully-formed duplexes typically do not form around melting. The duplex separation therefore appears as much more gradual than commonly thought.

Introduction

In modern life, ribonucleic acid (RNA) is an essential biomolecule involved at many stages of the complex machinery that translates genetic information, most often carried by desoxyribonucleic acid (DNA), into proteins. RNA is also the direct genetic information carrier for some viruses. Although it is chemically very similar to DNA, RNA usually does not adopt the typical, canonical double-stranded duplex structure of DNA. In particular, singlestranded RNA can fold into three-dimensional structures that are much more diverse and complex in comparison. [START_REF] Miao | RNA Structure: Advances and Assessment of 3D Structure Prediction[END_REF] These structures are crucial to their function, in particular for noncoding RNAs. [START_REF] Cech | The noncoding RNA revolution -Trashing old rules to forge new ones[END_REF][START_REF] Wan | Understanding the transcriptome through RNA structure[END_REF] Although not very common among RNA structures, duplexes play important roles in many biological phenomena. Through RNA interference, eukaryotes regulate gene expression with small RNA molecules, such as micro RNA (miRNA) or short interfering RNA (siRNA). [START_REF] Setten | The current state and future directions of RNAi-based therapeutics[END_REF][START_REF] Wilson | Molecular mechanisms of RNA interference[END_REF] Once assembled to specific proteins, they can bind and form duplexes with the complementary sequences of messenger RNA (mRNA), allowing to silence gene expression by blocking translation of the mRNA into proteins. [START_REF] Wilson | Molecular mechanisms of RNA interference[END_REF] While miRNAs typically adopt hairpin structures, siRNA forms short duplexes that are separated before one strand can bind to mRNA. [START_REF] Elbashir | Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells[END_REF][START_REF] Fire | RNA-triggered gene silencing[END_REF] In RNA-based viruses, the genetic information is stored into long RNA duplexes. The replication of this genetic material, allowing virus proliferation, is done by RNA-dependent RNA polymerases, whose product is also (transciently) another RNA duplex between a parent and a daughter strand. Within the framework of the RNA World hypothesis in the context of the origins of life, where RNA would have preceded the appearance of DNA and protein, RNA duplexes would be the necessary end-products of template-based replication. [START_REF] Szostak | The eightfold path to nonenzymatic RNA replication[END_REF] Finally, hybrid RNA-DNA duplexes and R-loops in particular, that are formed during transcription, are duplex chimeric, nucleic acid structures whose regulatory role is starting to be recognized. [START_REF] Hegazy | The balancing act of Rloop biology: The good, the bad, and the ugly[END_REF][START_REF] Niehrs | Regulatory R-loops as facilitators of gene expression and genome stability[END_REF] Unless they are specifically separated by enzymes, RNA duplexes, and more generally, the base-paired regions of RNA threedimensional structure that rely on RNA selfcomplementarity, can denature upon a temperature increase, which leads to the strands separation. [START_REF] Borer | Stability of ribonucleic acid double-stranded helices[END_REF][START_REF] Freier | Improved freeenergy parameters for predictions of RNA duplex stability[END_REF][START_REF] Mergny | Analysis of Thermal Melting Curves[END_REF] RNA duplexes are typically very stable against temperature denaturation, and significantly more so as compare to their DNA counterparts. [START_REF] Kankia | RNA, and DNA/RNA Oligomer Duplexes: A Comparative Study of Their Stability, Heat, Hydration, and Mg2+ Binding Properties[END_REF] While this is partly sensitive to the nucleic acid sequence, with A-U base-pairs being more fragile than G-C ones, this leads to a paradox in the context of the RNA World, since the end-product of template-based replication would be a very stable biomolecular assembly. [START_REF] Szostak | The eightfold path to nonenzymatic RNA replication[END_REF] Temperature-induced strand separation has intriguing and fascinating in vivo applications. For example, temperature can locally alter the structure, including specific base-paired motifs of RNA thermoswitches, which in turn regulate translation. [START_REF] Narberhaus | RNA thermometers[END_REF][START_REF] Rinnenthal | Direct observation of the temperature-induced melting process of the Salmonella fourU RNA thermometer at base-pair resolution[END_REF][START_REF] Kortmann | Translation on demand by a simple RNAbased thermosensor[END_REF][START_REF] Weber | RNA thermometer controls temperature-dependent virulence factor expression in Vibrio cholerae[END_REF] The molecular mechanism of these RNA "thermometer" is intrinsically linked to the molecular stability and opening mechanisms of its thermosensitive motifs. [START_REF] Narberhaus | RNA thermometers[END_REF][START_REF] Rinnenthal | Direct observation of the temperature-induced melting process of the Salmonella fourU RNA thermometer at base-pair resolution[END_REF] However, while nucleic acid (de)hybridization is well understood, mechanistic and kinetic aspects of RNA (and DNA) duplex thermal denaturation remain unclear at the microscopic level. [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Zhang | Predicting DNA hybridization kinetics from sequence[END_REF][START_REF] Yin | Kinetics and Dynamics of DNA Hybridization[END_REF] A better characterization of the associated molecular mechanisms would help to better understand their occurrence in vivo as well as to design artificial structures with tailored properties, e.g. within the framework of the rising world of RNA origami and nanotechnology. [START_REF] Guo | The emerging field of RNA nanotechnology[END_REF][START_REF] Jabbari | Computational Approaches to Nucleic Acid Origami[END_REF] Historically, optical melting experiments have been interpreted assuming a two-state model for nucleic acid unfolding, [START_REF] Borer | Stability of ribonucleic acid double-stranded helices[END_REF][START_REF] Freier | Improved freeenergy parameters for predictions of RNA duplex stability[END_REF][START_REF] Mergny | Analysis of Thermal Melting Curves[END_REF][START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF] reminiscent of the typical interpretation of protein melting curves. [START_REF] Hawley | Reversible pressuretemperature denaturation of chymotrypsinogen[END_REF][START_REF] Becktel | Protein stability curves[END_REF][START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF] From a thermodynamic perspective, it is assumed that the biomolecule is either completely folded or unfolded, and that melting is a first-order transition. [START_REF] Kafri | Why is the DNA denaturation transition first order?[END_REF] In such a picture, temperature affects the relative free-energy difference between these two states, which is eventually reflected in their respected populations: the biomolecule goes from being mainly folded at low temperatures to being mainly unfolded as temperature increases. [START_REF] Hawley | Reversible pressuretemperature denaturation of chymotrypsinogen[END_REF][START_REF] Becktel | Protein stability curves[END_REF] Over the years, it has also been shown that the RNA melting curves could be understood and even predicted using nearest neighbors models, [START_REF] Freier | Improved freeenergy parameters for predictions of RNA duplex stability[END_REF][START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF][START_REF] Mathews | Using an RNA secondary structure partition function to determine confidence in base pairs predicted by free energy minimization[END_REF][START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] which use tabulated freeenergy parameters for any Watson-Crick basepair depending on the nature of nearest bases. These models were refined to account for mismatches, dangling ends or loops (see e.g. ref. [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] for a recent discussion).

A central assumption that typically allows the determination of these parameters based on the comparison of duplexes with varying sequences, is that the duplex formation can be described by a two-state approach. This also allows for the estimation of the enthalpic and entropic components of the base pair formation. [START_REF] Schroeder | Optical melting measurements of nucleic acid thermodynamics[END_REF] However, a body of experimental [START_REF] Patel | Proton Nuclear Magnetic Resonance Investigations of Fraying in Double-Stranded d-ApTpGpCpApT in H2O Solution[END_REF][START_REF] Moe | Proton exchange and base-pair opening kinetics in 5'-d(CGCGAATTCGCG)-3' and related dodecamers[END_REF][START_REF] Snoussi | Imino proton exchange and base-pair kinetics in RNA duplexes[END_REF] and theoretical [START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF][START_REF] Mathews | Using an RNA secondary structure partition function to determine confidence in base pairs predicted by free energy minimization[END_REF][START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] evidence has suggested that RNA duplex formation could deviate from this twostate behavior, with the presence of stable intermediates, [START_REF] Wienken | Thermophoretic melting curves quantify the conformation and stability of RNA and DNA[END_REF] in particular due to base fraying at the extremities. [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF][START_REF] Pinamonti | The mechanism of RNA base fraying: Molecular dynamics simulations analyzed with core-set Markov state models[END_REF][START_REF] Zgarbová | Base pair fraying in molecular dynamics simulations of DNA and RNA[END_REF][START_REF] Colizzi | RNA unwinding from reweighted pulling simulations[END_REF][START_REF] Xu | Understanding the kinetic mechanism of RNA single base pair formation[END_REF] This is for example inferred from NMR experiments. [START_REF] Patel | Proton Nuclear Magnetic Resonance Investigations of Fraying in Double-Stranded d-ApTpGpCpApT in H2O Solution[END_REF][START_REF] Moe | Proton exchange and base-pair opening kinetics in 5'-d(CGCGAATTCGCG)-3' and related dodecamers[END_REF][START_REF] Snoussi | Imino proton exchange and base-pair kinetics in RNA duplexes[END_REF] In addition, and quite puzzlingly, such deviations are also predicted when writing the partition function of the duplex using nearest-neighbor parameters (leading to a contradiction between the assumptions of the model and some of its possible applications). [START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF][START_REF] Mathews | Using an RNA secondary structure partition function to determine confidence in base pairs predicted by free energy minimization[END_REF][START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] The presence of (de)hybridization intermediates, and the study of the associated kinetics, have in fact received comparably much more attention for DNA duplexes, using experimental and simulation approaches (see e.g. ref. [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF] for a recent and detailed discussion of the vast literature for DNA). But while chemically very similar to DNA, RNA forms structurally different duplexes, and is significantly more stable with temperature. [START_REF] Rauzan | Kinetics and thermodynamics of DNA, RNA, and hybrid duplex formation[END_REF] A second limitation is that previous computational studies of DNA melting mostly employed coarse-grained models, [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Hinckley | Coarse-grained modeling of DNA oligomer hybridization: Length, sequence, and salt effects[END_REF][START_REF] Ouldridge | DNA hybridization kinetics: zippering, internal displacement and sequence dependence[END_REF][START_REF] Xiao | Energy Landscapes and Hybridization Pathways for DNA Hexamer Duplexes[END_REF][START_REF] Maciejczyk | DNA duplex formation with a coarse-grained model[END_REF] which allow to access longer lengthand timescales as compared to atomistic models, [START_REF] Piana | Atomistic Simulation of the DNA Helix-Coil Transition[END_REF][START_REF] Perez | Real-time atomistic description of DNA unfolding[END_REF][START_REF] Wong | The Pathway of Oligomeric DNA Melting Investigated by Molecular Dynamics Simulations[END_REF] but at the expense of the loss of (perhaps important) molecular details.

Here, we use all-atom molecular dynamics in explicit solvent to unravel the molecular mechanism of RNA duplexes thermal denaturation. Because conventional equilibrium simulations ran at several temperatures would be kinetically trapped and would not efficiently sample the biomolecular conformational space, we deploy an enhanced sampling strategy that we have previously shown to be successful in tracking protein thermal induced changes [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF][START_REF] Katava | Stability and Function at High Temperature. What Makes a Thermophilic GTPase Different from Its Mesophilic Homologue[END_REF][START_REF] Katava | Critical structural fluctuations of proteins upon thermal unfolding challenge the Lindemann criterion[END_REF][START_REF] Maffucci | Differences in thermal structural changes and melting between mesophilic and thermophilic dihydrofolate reductase enzymes[END_REF][START_REF] Maffucci | Thermal Adaptation of Enzymes: Impacts of Conformational Shifts on Catalytic Activation Energy and Optimum Temperature[END_REF] and that was readily used on RNA systems of varying sizes. [START_REF] Roder | Structural transitions in the RNA 7SK 5 hairpin and their effect on HEXIM binding[END_REF][START_REF] Röder | Computer-aided comprehensive explorations of RNA structural polymorphism through complementary simulation methods[END_REF][START_REF] Mlýnský | Toward Convergence in Folding Simulations of RNA Tetraloops: Comparison of Enhanced Sampling Techniques and Effects of Force Field Modifications[END_REF] We demonstrate here that the obtained melting curves and melting temperatures are in very good agreement with available experimental data and nearest-neighbor based models for the studied experimental or artificial strands. Our simulations can quantitatively reproduce the critical effect of the duplex sequence on its melting temperature.

The simulations are then instrumental in gaining a molecular picture of the thermal denaturation of the duplexes, which is not easily accessible by most experiments. In particular, we show that the duplex unfolding significantly departs from a two-state mechanism in that sense that base separation at the extremities, that is already present at ambient temperature, propagates toward the duplex core before melting as temperature increases. When these extremities are made of weak base-pair interactions, this can result in significantly distorted but stable intermediates. Our study sheds light on these mechanisms, which are in agreement with recent experimental observations as well as theoretical considerations and provides a molecular understanding of the duplex separation in in vivo contexts.

Methods

Systems and molecular models

We first considered two self complementary palindromic double stranded sequences with known experimental structures and melting temperatures: 5'-U(UA) 6 A-3' (PDB ID: 1RNA, 57 called exp-14 AU in the following; and 5'-CCGGCGCCGG-3' (PDB ID: 4MS9, 58 exp-10 GC ). In order to assess the size-dependence of the duplex melting temperature over a wider temperature range, we also considered three additional structures for which melting temperatures (but not three dimensional structures) were experimentally determined: 5'-ACGCA-3' (exp-5), [START_REF] Xia | Thermodynamic parameters for an expanded nearestneighbor model for formation of RNA duplexes with Watson -Crick base pairs[END_REF] 5'-AUCGGUA-3' (exp-7), [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] and 5'-UCUAUAGA-3' (exp-8). [START_REF] Xia | Thermodynamic parameters for an expanded nearestneighbor model for formation of RNA duplexes with Watson -Crick base pairs[END_REF] For these five duplexes, the "exp" prefix indicates that melting temperatures were available. We then compared artificial dodecamer duplex systems ("art" prefix). We generated two random sequences and their complementary strands: 5'-UAGGAGGCUAGA-3' (art-RND 1 ) and 5'-GAACUGUAUGAU-3' (art-RND 2 ). For those strands for which experimental structures were not available, initial configurations were generated using the X3DNA web interface. [START_REF] Lu | 3DNA: a software package for the analysis, rebuilding and visualization of three-dimensional nucleic acid structures[END_REF] Missing hydrogens were added using the Pdb2gmx module from Gromacs package [START_REF] Abraham | GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF] based on the residue templates of the employed forcefield (see below). Each double-stranded RNA was solvated with about 6,700 water molecules using the TIP3P water model geometry such that to fit in a box of 60x60x60 Å 3 and Na + cations were added to neutralize each system.

Simulations were propagated using a robust and widely-used RNA/ion forcefield, combining the parameters of the ff99 forcefield with bsc0 and χOL3 corrections, [START_REF] Zgarbová | Nucleic acids force field based on reference quantum chemical calculations of glycosidic torsion profiles[END_REF] and for sodium, to the Joung-Cheatham parameters. [START_REF] Joung | Determination of alkali and halide monovalent ion parameters for use in explicitly solvated biomolecular simulations[END_REF] Water was modelled using the TIP3P forcefield. [START_REF] Jorgensen | Comparison of simple potential functions for simulating liquid water[END_REF] All simulations employed a timestep of 2 fs, a cut-off of 1.2 Å for Lennard-Jones interactions, and a short-range electrostatic cut-off of 1.2 Å. Longrange electrostatic interactions were treated using the Ewald summation 65 on a 1.2 Å grid. Simulations employed the Gromacs 2019.2 ver-sion. [START_REF] Abraham | GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF] We tested five other forcefield combinations, as discussed in the results section: the same setup as described above but with the SPC/E 66 or the OPC 66 water models instead of TIP3P. [START_REF] Jorgensen | Comparison of simple potential functions for simulating liquid water[END_REF] We also tested the addition of additional corrections to the RNA forcefield, with either the addition of the ζ OL1 -β OL1 corrections to the original setup, [START_REF] Zgarbová | Toward Improved Description of DNA Backbone: Revisiting Epsilon and Zeta Torsion Force Field Parameters[END_REF][START_REF] Zgarbová | Refinement of the Sugar-Phosphate Backbone Torsion Beta for AMBER Force Fields Improves the Description of Z-and B-DNA[END_REF] in TIP3P water, or that of the very recent gHBfix21 potentials [START_REF] Fröhlking | Automatic Learning of Hydrogen-Bond Fixes in the AMBER RNA Force Field[END_REF] with the original χ OL3 forcefield 62 including vdW phosphate corrections, [START_REF] Steinbrecher | Revised AMBER Parameters for Bioorganic Phosphates[END_REF][START_REF] Mlýnský | Reactive Conformation of the Active Site in the Hairpin Ribozyme Achieved by Molecular Dynamics Simulations with ε/ζForce Field Reparametrizations[END_REF] in OPC. [START_REF] Izadi | Building Water Models: A Different Approach[END_REF] Before productions runs were launched, each system was first minimized using a steepest decent algorithm, and then equilibrated using a Berendsen thermostat (target: 300 K) and barostat (target:1 atm) for 2 ns (during the first 1 ns, the biomolecule positions were restrained using force constants of 1000 kJ.mol -1 .nm -1 ). [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] Unless otherwise specified, productions runs were performed in the NPT ensemble using a Nose-Hoover 74 thermostat and a Parrinello-Rahman barostat [START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] with time constants of 5 ps. In all cases, the target pressure was fixed to 1 atm.

Unbiased, brute-force simulations

Regular simulations of exp-14 AU and exp-10 GC were carried out at 300 K, 350 K and 400 K. Following the generic equilibration (see above), an additional step of equilibration was performed at the simulation target temperature when this differed from the one of the previous equilibration. Production runs were then propagated for 500 ns each.

Hamiltonian replica exchange with solute scaling (REST2)

Following the generic equilibration, each system was first propagated for 100 ns in an unbiased simulation at 300 K and 1 atm. This was to ensure that artificially-generated structures could locally relax before an enhanced sampling strategy was considered, as now detailed, using Plumed 2.5.2 76 and Gromacs 2019.2. [START_REF] Abraham | GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF] The central idea is to run simultaneously multiple copies of the solvated duplexes that dif-fer in one control parameter mimicking a temperature change, and by periodically attempting to exchange the control parameter values among the replicas while obeying thermodynamic rules. An obvious choice for a control parameter affecting temperature would be to exchange temperature; this is the most conventional instance of this approach, temperature replica-exchange molecular dynamics (T-REMD). [START_REF] Abrams | Enhanced sampling in molecular dynamics using metadynamics, replica-exchange, and temperatureacceleration[END_REF] In practice, this alone is not conveniently used for all-atom descriptions in explicit solvent of biomolecules that are larger than a handful of residues. [START_REF] Kührová | Force-field dependence of chignolin folding and misfolding: Comparison with experiment and redesign[END_REF] Indeed, the exchange rate among replicas scales exponentially with the difference in energy between these replicas, and as the system size increase, so does the energy of the system, and thus the overlap between the energies of adjacent replicas. [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF] In practice, an efficient T-REMD implementation at an allatom level for a protein containing a few tens of residues would require hundreds of replicas, which would be computationally too expensive.

Here, we propose to use potential energy as a control parameter, instead of temperature, using the scheme provided by the Replica Exchange with Solute Tempering (REST2). [START_REF] Wang | Replica exchange with solute scaling: A more efficient version of replica exchange with solute tempering (REST2)[END_REF] By only rescaling the terms corresponding to the biomolecule interactions with itself and its environment, such an approach is much less sensitive to the system size, which is dominated by the large number of solvent molecules. [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF] Instead of increasing temperature to cross the free-energy barriers, these barriers are made smaller by rescaling the biomolecule potential energy.

Each system was duplicated into 16 replicas that are simultaneously simulated with the same isothermal-isobaric ensemble (β ref = 300 K and 1 bar) using the Hamiltonian replica exchange with solute scaling (REST2) sampling method 79 for 1 µs. During a MD simulation with REST2 sampling method, a progressive scaling factor λ i (spanning from 1 for the first replica to λ max < 1 for the 16-th replica) is applied on the potential energy of each phase space configuration X of replica "i" (see Eq. 1):

E i (X) = λ i E rr (X)+ λ i E rs (X)+E ss (X), (1) 
where E rr (X) denotes the RNA-RNA interactions of configuration X, E rs (X) the RNAsolvent interactions, and E ss (X) the solventsolvent interactions. Here, the solvent corresponds to both water molecules and sodium cations. The scaling factor lowers the potential energy of the biomolecule, thereby mimicking the effect of a temperature increase but ensuring a much better energetic overlap between adjacent replicas as compared to the regular temperature replica-exchange strategy: it is typically convenient to think about λ i in terms of a corresponding temperature β i such that λ i = β ref /β i , not to be confused with the replica effective temperature, as now detailed.

We have indeed previously shown 27 that an effective temperature β i can be attributed to the i-th replica evolving on a rescaled potential energy surface with a λ i scaling factor, as follows:

β i = β i * 1+ β ref β i -1 E rs (X) E rr (X) + +E rs (X) (2) 
In practice, the determination of E rr and E rs in Gromacs is not straightforward because of the RNA charges when the different terms are decoupled. However, we noticed that for these duplexes, E rs E rr , such that Eq. 2 simplifies into

β i = β ref β i . (3) 
At regular time intervals, attempts are made to exchange configurations between adjacent replicas in order to increase the conformational sampling. This is typically done every 5 ps in our setup. With the employed number of replicas and a chosen λ max = 0.5, the success rate for these exchanges typically lies between ≈ 5 -20% along the rescaling factor ladder that was mostly used for this work. Because attempts are frequently made, this means that even the lowest exchange rates correspond to thousands of exchanges at each λ i value during the simulations (Tab. SI1).

We pause to discuss the impact of the exchange rate on our results. We repeated our simulations using thinner temperature ladders (changing both the λ max and the λ i distribu-tions) for exp-14 AU , which (because of its larger size) is most affected by low exchange rates in the original distributions. We note that having more replicas at lower effective temperatures (especially below melting) may however result in a less efficient phase space exploration, but it is probably less critical for this specific duplex that melts at relatively low temperatures, suggesting that even with the lowest investigated λ max = 0.6, about half of the replicas correspond to unfolded structures. Changing the temperature ladder results in much higher exchange rates and more uniformly distributed, with ≈ 15 -25% (Tab. SI1), but this does significantly affect the simulated melting temperature (328 K, 323 K and 335 K for λ max = 0.5, 0.55 and 0.6, respectively). Most importantly, the nature denaturation mechanism remains completely unchanged (Fig. S1).

Since all replicas start from a duplex conformation, there is a finite timescale corresponding to the system equilibration at a given temperature. Not surprisingly, analyzing the data into 5 blocks of 200 ns each results in denaturation curves that progressively shift to lower temperature, although they appear to stabilize over the last half of the trajectories (Fig. S2). Therefore, we typically discarded the first half of the simulations and analyzed the last 500 ns. While the convergence over much longer timescales cannot be assessed by such analysis, it demonstrates that, on the employed timescale, the simulations reach a regime where the conformational space exploration converges. For the experimentally available structures, we verified that extending our simulations up to 2 µs per replica did not affect at all the resulting melting curves (Fig. S3).

We finally note that other seminal work had proposed to use a replica exchange scheme to study the thermal denaturation of DNA duplexes, [START_REF] Piana | Atomistic Simulation of the DNA Helix-Coil Transition[END_REF][START_REF] Zerze | Thermodynamics of DNA Hybridization from Atomistic Simulations[END_REF] but enforcing the sampling along one specific collective variable: in our case, conformational exploration is less guided. Very recently, some doubts were raised about the ability of the REST2 approach to achieve complete conformational sampling of the folding/unfolding of RNA tetraloops, even when propagated on dozens of µs. [START_REF] Mlýnský | Toward Convergence in Folding Simulations of RNA Tetraloops: Comparison of Enhanced Sampling Techniques and Effects of Force Field Modifications[END_REF] For the present RNA duplexes (or more generally, for any decent-size biomolecular system), we do not see the REST2 strategy as a way to provide a complete characterization of the folding freeenergy landscape, as it is clear that such an all-atom strategy, even propagated on several dozens of µs, would not be able to observe multiple, complete strand separation and association events. [START_REF] Tan | RNA force field with accuracy comparable to state-of-the-art protein force fields[END_REF] However, we consider it as a valuable strategy to track the biomolecular weak points against thermal denaturation and meso-(if not thermodynamically) stable conformations at increasing temperatures, as we have recently done on proteins, [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF][START_REF] Maffucci | Differences in thermal structural changes and melting between mesophilic and thermophilic dihydrofolate reductase enzymes[END_REF][START_REF] Maffucci | Thermal Adaptation of Enzymes: Impacts of Conformational Shifts on Catalytic Activation Energy and Optimum Temperature[END_REF] and to give reliable information about the conformations adopted by the formed duplexes before melting.

Data analyses

Fraction of HB contacts

An average fraction of hydrogen-bond (HB) contacts was determined for each duplex conformation in each replica. In order to give identical weights to G-C and A-U base pairs, that respectively contain 3 and 2 base pairs, the calculation was performed for each base pair, then averaged over the entire duplex:

Q = 1 N bp N bp i=1 1 N c (i) Nc(i) j=1 1 1 + exp 10 Å-1 [d ij -(d 0 ij +1)]
(4) which was inspired by analogous determinations of native contacts in proteins. [START_REF] Lindorff-Larsen | How Fast-Folding Proteins Fold[END_REF] Here, N bp is the number of possible complementary basepairs in the duplex (from 10 to 14 for the investigated systems), N c (i) the number of possible HB contacts in the i-th base pair (2 for A-U and 3 for G-C), d ij the distance (in Å) between the donor hydrogen and the acceptor for each HB j involved in the base-pair i, and d 0 ij the same distance averaged over the contacts found in the experimental structures for exp-10 GC (1RNA) and exp-14 AU (4MS9), and that are given in Tab. 1.

Following this definition, Q varies between 0 and 1, with 1 being a completely hybrized double-stranded RNA and 0 corresponding to Table 1: Average hydrogen-bond (HB) distances found in the experimental structures of exp-10 GC (1RNA) and exp-14 AU (4MS9).

Uridine-Adenine

O4-H61 1.968 Å H3-N1 1.863 Å Cytosine-Guanine H42-O6 1.908 Å N3-H1 1.880 Å O2-H22 1.800 Å separated single strands. In the following, we will sometimes use the notation Q to denote the ensemble-average value over all configurations of a given replica, and we will consider as well the distributions of Q among the configurations of a given replica.

Simulated melting curves and melting temperature

In addition to the average fraction of contacts at a given temperature, Q(T ) , we determined the melting curves by calculating the fraction of bound duplex conformations f A (T ) as those corresponding to a value of Q larger than 0.1 at a given temperature (we have verified that varying this cut-off did not change the melting curves, see Fig. S4). In simulations of a single duplex, the melting temperature T m corresponds to the temperature at which f A (T ) < 2/3 (and not 1/2 as in experimental bulk measurements, because of differences in the fluctuations of the local duplex concentrations, as nicely discussed in ref. [START_REF] Ouldridge | Extracting bulk properties of selfassembling systems from small simulations[END_REF] ).

Experimental melting temperatures and nearest-neighbor model

The experimental melting temperatures of exp-14 AU and exp-10 GC were reported before, [START_REF] Dock-Bregeon | Crystallographic structure of an RNA helix: [U(UA)6A]2[END_REF][START_REF] Sheng | Structural insights into the effects of 2'-5' linkages on the RNA duplex[END_REF] in slightly different conditions of ion and duplex concentrations. For the artificial sequences that lacked experimentally-determined melting temperatures, we used the parameters of the latest version of a nearest-neighbor model dedicated to the prediction of the temperature of denaturation of double-stranded RNA [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] to compare the simulated melting temperatures found through our REST2 simulations. These models are based on experimental data in aqueous ionic buffer solutions typically containing around 1 M of NaCl and other salts at lower concentrations. The effect of salt concentration on the melting temperature has been shown to be noticeable but quite limited, typically a 5-10 K increase as the ion concentration increases from 0 to 1 M. [START_REF] Chen | Effect of sodium ions on RNA duplex stability[END_REF] The effect of duplex concentration can be taken into account explicitly in the model as an additional entropic factor. [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] Our simulations were performed in neutralizing conditions, without any additional finite salt concentration. This means that the simulated melting temperatures are expected to be 5-10 K lower than the model predictions; however, we are not seeking for a quantitative agreement with experimental results and models, in particular because there are many other sources of discrepancies and errors that could in particular arise from the forcefield. The presence of ions or not does not affect the trends observed with the length and the sequence., [START_REF] Chen | Effect of sodium ions on RNA duplex stability[END_REF] which our simulations can fully reproduce. However, an important validation of our approach is to demonstrate its ability to reproduce the ion concentration dependence of the melting temperature, which we verified for the 5'-GAACUGUAUGAU-3' (art-RND 2 ) sequence, for which we measured T m = 342 K at 0 M, 346 K at 0.15 M and 348 K at 1 M, therefore lying in the experimentally-measured range.

Local melting properties

In order to determine 2d distributions of base pairing along the sequence as a function of temperature, each base pair was analyzed separately. For a given base-pair, the fraction of formed HBs was determined using a threshold of 3 Å. For the 2d distributions of base stacking along the sequence as a function of temperature, the distance between 2 adjacent bases j and j + 1 was determined as the distance between the centers of mass of the heterocycles present in each nitrogenous bases. The intrastrand distance between 2 bases is read from the 5'-end to the 3'-end. The 6-atoms heterocycle is always chosen on the 5'-end. The 3'-end cycle chosen is either the 5-atoms purinic heterocycle or the 6-atoms pyrimidinic heterocyle depending on the base present. In all cases, a threshold of 5.5 Å was used.

Results

Brute-force all-atom molecular dynamics simulations Experimental structures of complementary RNA duplexes are few. Knowing that A-U base pairs are significantly weaker than G-C ones, we initially selected two duplexes that exemplify "weak/strong" types of sequences: 4MS9, 58 a decamer made of 10 G-C base pairs (termed exp-10 GC ), and 1RNA, 57 a 14-mer containing with A-U base pairs only (exp-14 AU ). Their sequences are shown in Table 2, together with their experimental melting temperatures (note that these are concentration-dependent, and subsequent comparison with MD simulation results will explicitly account for this dependence).

A rather simple but naive approach to gain microscopic information about the thermal denaturation of RNA duplexes would be based on the propagation of atomistic molecular dynamics (MD) simulations at several, increasing temperatures; and then to follow, in each trajectory, the molecular mechanisms leading to the disassembly/assembly of the duplexes and to track how the respective population of hybridized to separated strands changes with temperature. [START_REF] Perez | Real-time atomistic description of DNA unfolding[END_REF][START_REF] Wong | The Pathway of Oligomeric DNA Melting Investigated by Molecular Dynamics Simulations[END_REF] In Fig. 1A, we show the behavior of both exp-10 GC and exp-14 AU at a temperature of 350 K. Over 1 µs, unfolding of the weakly-associated exp-14 AU is observed once while that of the strongly-bound exp-10 GC is not observed. This is in fact expected and a known limitation of MD simulation approaches, that can typically access timescales that are well-below experimental ones. Even provided with a suitable forcefield, strand separation could occur on timescales that are well out-of-reach of regular simulations. This effect is perhaps better exemplified for the protein folding problem, as the folding/unfolding timescale can range from the microsecond to the second. As a consequence, even fast-folders are observed to make a few transitions only over the course of exceptionally-long simulations at the melting temperature spanning hundreds of microseconds, which are currently not routinely accessible. [START_REF] Lindorff-Larsen | How Fast-Folding Proteins Fold[END_REF] Such a naive approach thus does not appear suitable to study the thermal denaturation of nucleic acid duplexes, but solutions exist. One can try to decrease the computational cost of such simulations by using simpler molecular models, [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF] for example by coarse-graining the description of the system and of its interactions, and by using continuum solvent models. [START_REF] Roder | Structural transitions in the RNA 7SK 5 hairpin and their effect on HEXIM binding[END_REF][START_REF] Cragnolini | Coarse-Grained HiRE-RNA Model for ab Initio RNA Folding beyond Simple Molecules, Including Noncanonical and Multiple Base Pairings[END_REF][START_REF] Šulc | Sequence-dependent thermodynamics of a coarse-grained DNA model[END_REF][START_REF] Šulc | A nucleotide-level coarse-grained model of RNA[END_REF] Albeit very successful in reproducing the experimental melting temperatures, [START_REF] Šulc | Sequence-dependent thermodynamics of a coarse-grained DNA model[END_REF] this is typically at the expense of atomistic details, lost during coarse-graining and the use of implicit solvents. An alternative strategy would be to keep the atomistic description in explicit solvent, but to somehow speed up the timescale of the associated/dissociated transitions by increasing temperature beyond what is experimentally possible. [START_REF] Wong | The Pathway of Oligomeric DNA Melting Investigated by Molecular Dynamics Simulations[END_REF][START_REF] Stirnemann | How force unfolding differs from chemical denaturation[END_REF] However, raising temperature above the experimentally-accessible regime poses some issues, as the separation mechanism may be temperature-dependent, the employed forcefield typically calibrated to reproduce ambient temperature data, and because of the stochastic nature of molecular transitions, this needs to be repeated several times in order to get an average mechanistic, dynamic and thermodynamic picture. Here, raising the simulation temperature to 400 K did not even led to the unfolding of the exp-10 GC duplex (Fig. 1B).

Here, we adapt another simulation strategy to the question of RNA strand separation upon temperature, inspired by our recent work on protein melting. [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF][START_REF] Katava | Stability and Function at High Temperature. What Makes a Thermophilic GTPase Different from Its Mesophilic Homologue[END_REF][START_REF] Katava | Critical structural fluctuations of proteins upon thermal unfolding challenge the Lindemann criterion[END_REF][START_REF] Maffucci | Differences in thermal structural changes and melting between mesophilic and thermophilic dihydrofolate reductase enzymes[END_REF][START_REF] Maffucci | Thermal Adaptation of Enzymes: Impacts of Conformational Shifts on Catalytic Activation Energy and Optimum Temperature[END_REF] The central idea is to run simultaneously multiple copies of the solvated duplexes that differ in one control parameter mimicking a temperature change, and by periodically attempting to exchange the control parameter values among the replicas while obeying thermodynamic rules. This strategy allows to (at least partially) overcome the large barriers that prevent separation on simulation timescales by benefiting from the exploration under higher temperature conditions, while at the same time gathering information about the system at increasing temperature. [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF] Here, we propose to use potential energy as a control parameter (and not directly the temperature, as this leads to an unreasonably large number of replica, see Methods) using the scheme provided by the Replica Exchange with Solute Tempering (REST2). [START_REF] Wang | Replica exchange with solute scaling: A more efficient version of replica exchange with solute tempering (REST2)[END_REF] We recently demonstrated that this potential energy rescaling could be translated into an effective temperature felt by the biomolecule, [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF] and this strategy was applied with great success to the protein melting and more generally, to the study of temperature-induced conformational changes. [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF][START_REF] Katava | Stability and Function at High Temperature. What Makes a Thermophilic GTPase Different from Its Mesophilic Homologue[END_REF][START_REF] Katava | Critical structural fluctuations of proteins upon thermal unfolding challenge the Lindemann criterion[END_REF][START_REF] Maffucci | Differences in thermal structural changes and melting between mesophilic and thermophilic dihydrofolate reductase enzymes[END_REF][START_REF] Maffucci | Thermal Adaptation of Enzymes: Impacts of Conformational Shifts on Catalytic Activation Energy and Optimum Temperature[END_REF] These encouraging results motivated us to apply such a strategy to the melting of RNA duplexes, as now discussed.

Duplex melting with Hamiltonian replica-exchange

In Fig. 2A, we show the results of 1-microsecond long simulations using 16 replicas. In order to quantify the strand separation, we first use a collective variable Q reporting on the normalized and smoothed fraction of hydrogenbonds (HBs) formed between the complementary bases of the duplex. When Q = 1, all pairs are formed, while Q = 0 corresponds to a duplex lacking all its native HBs. As seen in Fig. 2A, increasing the effective temperature along the replica ladder progressively leads to the loss of native contacts, and thus, to the duplex separation.

The progressive loss of native contacts between the two strands shown in Fig. 2A readily illustrate the strong differences between the two duplex sequences. Logically, exp-10 GC is (A) Fraction of native HB contacts (Eq. 4) between base-pairs averaged over all structures at a given temperature. (B) Melting curves, i.e., the fraction of associated duplex conformations f A (see main text for definition) as a function of temperature. The 2/3 limit is indicated in gray; its intersection with the melting curves gives the respective simulated melting temperatures. much more stable than exp-14 AU , which contains weaker base-pairs. This is consistent with experimental observations, since their melting temperatures differ by 35 K (when considered at the same concentration), see Tab. 2. However, a quantitative comparison requires some additional considerations, as now discussed.

Extracting melting temperature from the simulations

In order to determine the melting temperature, we first need to estimate actual melting curves, that slightly differ from the data presented so far. Instead of the average Q at each temperature, we now show that we can estimate the associated duplex (A) as well as the dissociated (D) populations from the distributions of Q in each replica (and thus, at each effective temperature). We consider that a duplex is formed as long as there is at least 10% of the base pair HBs that are formed (note that the melting temperature below are little sensitive to the specific choice of this threshold, see Fig. S4). Since the investigated strands typically span 10-14 residues, this corresponds to the formation of at least 1 base pair. We then estimate the fraction of associated duplexes f A at each temperature, leading the the melting curves shown in Fig. 2B, which eventually allow for the determination of melting temperature.

By doing so, we obtain simulated melting temperatures of T sim m = 328 K for exp-14 AU and T sim m = 364 K for exp-10 GC . In order to compare these values to experimental measurements, we need to account for the different strand concentrations used in the simulations and in the experiments, which bring an additional entropic contribution to the melting free-energy. Simulations are typically performed at higher effective concentrations. Extrapolating the experimentally measured values leads to melting temperatures of T exp m = 326 K for exp-14 AU and T exp m = 362 K for exp-10 GC (Tab. 2). Note that at discussed in the Methods section, simulations and experiments are performed at different ionic concentrations, but this has a limited impact on the melting temperature and we verified that the simulations could reproduce the ion concentration dependence of the melting temperature. These large differences between exp-14 AU and exp-10 GC are due to their sequences that contain respectively weakly-bound and stronglybound base pairs. In order to test the ability of our approach to capture the relative thermal stability of duplexes of varying size, we repeated our simulations for three smaller structures for which the melting temperature was experimentally available. In addition to sequence effects, thermal stability overall increases with duplex size. [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF][START_REF] Xia | Thermodynamic parameters for an expanded nearestneighbor model for formation of RNA duplexes with Watson -Crick base pairs[END_REF] The results of our simulation on three additional duplexes, exp-5, exp-7 and exp-8 (see Methods), demonstrate that the trend obtained in the simulations follows the experimental one (Tab. 2). For example, the two sequences of exp-5 and exp-7 share the same type of strongly-bound core with weaker extremities, and our simulations reproduce the 20-K increase in thermal stability when adding one residue at each extremity. Although longer, exp-8 is less stable than exp-7, because it contains mostly weakly-bound base-pairs, a feature that is also quantitatively accounted for in the simulations.

More than the agreement between the absolute melting temperatures, which is unexpected, method-(the effective temperature is only a very rough approximation of what would be an equivalent physical temperature) and forcefield-dependent (this point is more directly addressed later in this article), our approach is able to capture the strong differences between weakly-bound and strongly-bond RNA duplexes, as well as the size dependence of the duplexes denaturation temperatures.

There are a priori several key approximations/limitations in our current approach. First, biomolecular and molecular forcefields are typically not calibrated to reproduce the system properties over a wide range of temperatures. Second, our strategy relies on the reconstruction of an effective temperature, which is not the physical temperature of the system. Third, and perhaps most important, our simulation scheme using an all-atom description in explicit solvent would be unable to characterize the full hybridization/dehybridization equilibrium of nucleic acid duplexes, that would probably require hundreds of microsecond of simulation time in each replica (for example, only a handful of such events were observed in 180 µs long simulated tempering simulation of a much shorter duplex 81 ). Our point is not to extract thermodynamic quantities that would require much better sampling, but rather to gain a molecular picture of the duplex separation.

Two-state picture vs partially separated intermediates

The validity of the two-state model can be directly tested using the enhanced sampling simulations presented above, and the distributions of Q. In Fig. 3, we show these distributions for both exp-14 AU (Fig. 3A) and exp-10 GC (Fig. 3B) for four different replicas below and above melting, 300 K, at T sim m -10 K, T sim m and T sim m + 10 K (see Fig. S5 for all temperatures).These distributions exhibit the presence of peaks with intermediate values of Q. This is stark contrast with the expectations of a 2state model, which would manifest itself in a bimodal distribution, with two peaks centered around Q ≈ 0 and Q ≈ 1 whose respective heights would change with temperature.

Close to melting, a population of separated strands exist (very small values of Q), but a peak close to Q ≈ 1 is not present. Instead, we see a broad distribution of structures, centered around intermediate values of Q ≈ 0.5. While the melting of exp-14 AU is much less abrupt as compared to that of exp-10 GC (Fig. 2), they exhibit similar behavior prior to melting, with significant distortion of the duplex structures. We have checked that these intermediates are not artefacts of the employed simulation methodologies. In particular, we have considered two different conformations with a Q value close to the maximum of the distribution for the formed duplexes in the replica closest to the REST2 effective T m , and we propagated them for 1 µs at a physical temperature corresponding to T m . They remained stable and their conformations did not fall in either a fully denatured or fully formed duplex basins over this microsecond timescale (Fig. S6). Considering the long timescales involved for full (de)dehybridization, we cannot exclude that these conformations would not further evolve, but they appear as very stable intermediates at the corresponding physical temperatures.

We now show that these partially-melted structures, that exist well before melting, are due to significant base fraying at the extremities, spanning several bases.

Local duplex melting

In order to characterize the local duplex melting, we have first determined, for each Watson-Crick base-pair, the respective populations of associated and dissociated geometries as temperature increases, resulting in 2-dimensional histograms shown in Fig. 4A andB. At ambient temperature, both structures exhibit some base fraying at their extremities. Not surprisingly, the effect is much more pronounced for the weakly-bound A-U base pairs of exp-14 AU (Fig. 4A). 2-3 base pairs at each extremity are formed less than 50% of the time. The G-C based construct of exp-10 GC is much more robust (Fig. 4B), but the 2 base-pairs at each extremity are clearly less stable than the core interactions, and are typically broken 5-10% of the time.

As temperature increases, the extremities of exp-10 GC become more and more unstable, but the perturbations remain limited to the 2 basepairs at each extremity. Close to melting, these interactions are almost always absent from the structure. In contrast, as temperature increases, base fraying propagates closer to the duplex core for exp-14 AU , with base-pairing becoming less and less stable along 4 consecutive residues at each extremity. When melting occurs, the duplex is thus significantly distorted. This idea of progressive melting is also confirmed by the analysis of the π-stacking distributions along the sequence of each strand in the duplex, as a function of temperature. The loss of Watson-Crick base pairing interactions coincides with an opening the strands at the extremities and a significant drop in the π-stacking between two consecutive bases (Fig. 5A andB). Not surprisingly, the spatial extent of the temperature-induced distortions coincides with what was observed for the Watson-Crick base-pair distributions. Interestingly, our results also support the conclusions of recent computational studies, themselves in agreement with experimental results, suggesting that dangling bases at the 3' extremity were more stable than those at the 5' end. [START_REF] Pinamonti | The mechanism of RNA base fraying: Molecular dynamics simulations analyzed with core-set Markov state models[END_REF] While the loss of base-pairing is similar at the two duplex extremities, this asymmetry is clearly evidenced in the π-stacking propensities of both duplex strands, with a loss of stacking interactions being much more prominent at the 5' extremities. Our simulations on these two experimental structures, that are very different in their basepairing stability, thus reveal a scenario where partially melted intermediates, with dangling extremities spanning 2 to 4 residues depending on the sequence, are present around melting (Fig. 6). However, these two duplexes are quite peculiar (each is formed by one type of base-pair only). We now investigate whether these results can be generalized to strands random sequences, but of a controlled, intermediate length. A first hint that this melting behavior is quite a general feature of RNA duplexes is that the local melting properties of the shorter duplexes that were investigated, that contain a mixed proportion of A-U and G-C base pairs (Tab. 2), is similar to that of exp-10 GC and exp-14 AU (Fig. S7). However, these duplexes are maybe too small to be representative of the RNA duplex behavior, and we now investigate two dodecamer with random sequences (and thus mixed G-C/A-U content). For these, experimental data is not available, but predictive algorithms can be used to generate initial structures and obtain estimates of the melting temperatures that can then be compared to the simulation results.

Artificial strands with controlled properties

The two duplexes discussed so far have very specific and uncommon sequences containing only weak A-U or strong G-C base pairs. To test whether the denaturation mechanism observed above was not a consequence of these two extreme types of sequences, we repeated our replica-exchange simulations for two additional duplex structures of identical length (12 residues in each strand), but with random sequences (art-RND 1 and art-RND 2 ) and therefore random A-U/G-C content (Tab. 3).

For these artificial sequences, experimental melting data is not available. However, nearest neighbor models can usually provide predictions of the melting temperatures with great accuracy. In Tab. 3, we report the melted temperatures expected with a state-of-the-art, recent instance of a nearest neighbor model. [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] The values were determined for a strand concentration equal to that of the simulation. Not surprisingly, the expected melting temperatures increases with the ratio of strong (G-C) to weak (A-U) base pairs. In particular, the melting temperature of art-RND 2 , rich in A-U base pairs, is noticeably smaller than that of art-RND 1 which contains an equal ratio of strong and weak base pairs. Both exhibit melting temperatures that are intermediate to those of exp-14 AU and exp-10 CG .

From the distributions of base-pairing in the simulations (Fig. S8-10), we can now compare the simulated T m to the expectations from the model (Tab. 3). These results confirm the good agreement between simulated and expected T m for these artificial duplexes, as already seen for experimentally-available structures. In particular, simulations can very well reproduce the gradual increase in the melting temperature with the fraction of G-C base-pair in the sequence. As already discussed for the experimental structures, the observed intermediates do not seem to be artefacts of the employed enhanced sampling strategies, as they are stable when propagated at real physical temperatures (Fig. S10).

Based on our simulations on experimental duplex structures, either with weak or with strong base-pairs only, we concluded that the deviations from a two-state behavior originated from a progressive local melting of the strands extremities as temperature increased; the main difference between the two duplexes being that the A-U based duplex unfolded at significantly lower temperatures as compared to the G-C based duplex. We now conduct the same analysis for the artificial strands of controlled or random structures (Fig. S7-11). We again find that the denaturation is progressive and the extremities are destabilized as temperature increases, with significant base fraying spanning up to 3 residues at each extremity before full denaturation occurs (Fig. 7 and Fig. 8). This thus suggests that the gradual denaturation mechanism is not specific to strands containing either only G-C or A-U base pairs, as in the experimental structures, but it is a general feature of duplexes with random G-C and A-U content and sequential ordering. This extensive loss of HB interactions from the duplex extremities as it denatures is not likely to be a forcefield artefact. Indeed, we reproduced our simulations varying either the RNA or the water forcefield, or both. For example, we tested the OPC water model, [START_REF] Izadi | Building Water Models: A Different Approach[END_REF] which is gaining popularity in the field, or another standard model, SPC/E; 66 we also tested more recent nucleic acid reparametrization, including the ζ OL1 -β OL1 corrections, [START_REF] Zgarbová | Toward Improved Description of DNA Backbone: Revisiting Epsilon and Zeta Torsion Force Field Parameters[END_REF][START_REF] Zgarbová | Refinement of the Sugar-Phosphate Backbone Torsion Beta for AMBER Force Fields Improves the Description of Z-and B-DNA[END_REF] which are supposed to provide a better characterization of some key backbone dihedral angles; and finally, the very recent gHBfix21 potentials [START_REF] Fröhlking | Automatic Learning of Hydrogen-Bond Fixes in the AMBER RNA Force Field[END_REF] with the original χ OL3 forcefield 62 including vdW phosphate corrections, [START_REF] Steinbrecher | Revised AMBER Parameters for Bioorganic Phosphates[END_REF][START_REF] Mlýnský | Reactive Conformation of the Active Site in the Hairpin Ribozyme Achieved by Molecular Dynamics Simulations with ε/ζForce Field Reparametrizations[END_REF] which more finely describe the HB interaction between the base pairs. [START_REF] Fröhlking | Automatic Learning of Hydrogen-Bond Fixes in the AMBER RNA Force Field[END_REF] Not surprisingly, the absolute melting temperature is sensitive to the RNA forcefield (and to some limited extent, to the employed water model), but the melting mechanism, the extensive fraying at the duplex extremities when melting is approached, and thus the nature of the very distorted unfolding intermediates, are unchanged when varying the forcefields (Fig. S12).

Discussion and Conclusions

Here, we study the thermal denaturation of RNA duplexes using all-atom molecular dynamics simulations in explicit solvent, which allow to get a molecular picture of the strand hybridization and dehybridization mechanisms, and of how they depend on the duplex sequence. Addressing these questions with experimental approaches is challenging: singlemolecule force spectroscopy techniques, albeit powerful tools, [START_REF] Woodside | Direct measurement of the full, sequence-dependent fold-ing landscape of a nucleic acid[END_REF] probe unfolding along a reaction coordinate that is probably very different from that relevant for temperature induced unfolding, [START_REF] Stirnemann | How force unfolding differs from chemical denaturation[END_REF][START_REF] Stirnemann | Recent Advances and Emerging Challenges in the Molecular Modeling of Mechanobiological Processes[END_REF][START_REF] Stirnemann | Molecular interpretation of single-molecule force spectroscopy experiments with computational approaches[END_REF] FRET requires to use bulky optical probes, [START_REF] Li | How RNA unfolds and refolds[END_REF][START_REF] Hairong | DNA folding and melting observed in real time redefine the energy landscape[END_REF] and most bulk approaches cannot resolve the detailed kinetic aspects, [START_REF] Schroeder | Optical melting measurements of nucleic acid thermodynamics[END_REF][START_REF] Chalikian | A more unified picture for the thermodynamics of nucleic acid duplex melting: A characterization by calorimetric and volumetric techniques[END_REF] unless specific strategies involving e.g. temperature-jumps are employed. [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Sanstead | Sequence-Dependent Mechanism of DNA Oligonucleotide Dehybridization Resolved through Infrared Spectroscopy[END_REF] On the other hand, while they can in principle be very helpful and instrumental in gaining a molecular picture of the experimental results, simulations are not straightforwardly applied. They require good molecular models, they need to be able to access the very long timescales of (de)hybridization, and to accumulate data over a large number of molecular events to get an average mechanistic picture. [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF] Most simulation work so far have relied on coarse-grained molecular models in implicit solvent, [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Hinckley | Coarse-grained modeling of DNA oligomer hybridization: Length, sequence, and salt effects[END_REF][START_REF] Ouldridge | DNA hybridization kinetics: zippering, internal displacement and sequence dependence[END_REF][START_REF] Xiao | Energy Landscapes and Hybridization Pathways for DNA Hexamer Duplexes[END_REF][START_REF] Maciejczyk | DNA duplex formation with a coarse-grained model[END_REF] and together with an accumulation of new experimental results, [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Zhang | Predicting DNA hybridization kinetics from sequence[END_REF][START_REF] Li | How RNA unfolds and refolds[END_REF][START_REF] Sanstead | Sequence-Dependent Mechanism of DNA Oligonucleotide Dehybridization Resolved through Infrared Spectroscopy[END_REF] they have recently provided unprecedented details about the kinetic and mechanistic aspects of the formation and breakage of DNA duplexes. However, the coarse- graining of biomolecular interactions, and the use of implicit solvent, result in the loss of important atomistic aspects, and in a more approximate description. These problems are in principle alleviated when using all-atom MD simulations; but these are computationally much more expensive and cannot routinely access to timescales exceeding ≈ a few µs. As a consequence, the molecular mechanisms of duplex separation have been studied using very high temperatures in long equilibrium simulations, [START_REF] Perez | Real-time atomistic description of DNA unfolding[END_REF][START_REF] Wong | The Pathway of Oligomeric DNA Melting Investigated by Molecular Dynamics Simulations[END_REF] allowing to observe at best one separation event, which considerably limits the statistics.

As compared to these previous work, our approach provides two key novelties: first, it focuses on RNA duplexes, which have comparatively received less attention, although they are structurally different from DNA duplexes, [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF] and also a much less frequent RNA conformation 1 (but of crucial importance for a number of biological phenomena). Second, we propose a simulation strategy that allows to track the temperature-induced conformational changes using an all-atom description and an extensive sampling of the biomolecular conformational space. As such, our approach provides unprecedented molecular details about the melting of RNA duplexes.

Building upon previous successful results regarding the thermal-induced changes in proteins, [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Stirnemann | Mechanics of protein adaptation to high temperatures[END_REF][START_REF] Katava | Stability and Function at High Temperature. What Makes a Thermophilic GTPase Different from Its Mesophilic Homologue[END_REF][START_REF] Katava | Critical structural fluctuations of proteins upon thermal unfolding challenge the Lindemann criterion[END_REF][START_REF] Maffucci | Differences in thermal structural changes and melting between mesophilic and thermophilic dihydrofolate reductase enzymes[END_REF][START_REF] Maffucci | Thermal Adaptation of Enzymes: Impacts of Conformational Shifts on Catalytic Activation Energy and Optimum Temperature[END_REF] we use an enhanced sampling simulation scheme based on Hamiltonian replica exchange, propagated at an all-atom level of description for both the RNA and the solvent, [START_REF] Stirnemann | Recovering protein thermal stability using all-atom Hamiltonian replica-exchange simulations in explicit solvent[END_REF][START_REF] Wang | Replica exchange with solute scaling: A more efficient version of replica exchange with solute tempering (REST2)[END_REF] that allows to scan the duplexes' conformational landscapes at several increasing temperatures at the same time, and at a reasonable computational cost. Using a state-of-theart atomistic forcefield together with this enhanced sampling scheme on two RNA duplexes whose structures are experimentally available, three shorter duplexes with available melting temperatures, as well as two dodecamer duplexes with artificial random sequences, we first note that the simulated melting temperatures are in very good agreement with the melting temperatures measured in the experiments or predicted with state-of-the-art nearest-neighbor models, [START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF] which validates the suggested strategy. Reproducing melting temperatures is not an objective per se, as nearest-neighbor models provide accurate predictions without requiring any simulations; this is also a quite unexpected outcome considering the many limitations of our approach, including forcefield imperfections. However, our key point is the ability of the current approach to finely account for the length and sequence dependence of the melting temperature. This is an important first step in our workflow that justifies the use of these simulations to obtain a molecular picture of the thermally-induced strand separation, which cannot be provided by these models, and which is not directly accessed in the experiments.

The formation/separation of nucleic acid duplexes has long been seen as a "all-or-nothing" 2-state process, [START_REF] Borer | Stability of ribonucleic acid double-stranded helices[END_REF][START_REF] Freier | Improved freeenergy parameters for predictions of RNA duplex stability[END_REF][START_REF] Mergny | Analysis of Thermal Melting Curves[END_REF][START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF] with a first-order transition between a fully associated state and fully separated strands. [START_REF] Kafri | Why is the DNA denaturation transition first order?[END_REF] Such a behavior is compatible with the measured optical melting curves, and simplifies their interpretation and their use to derive nearest-neighbor models. However, a number of experimental and theoretical results [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Dimitrov | Prediction of hybridization and melting for doublestranded nucleic acids[END_REF][START_REF] Mathews | Using an RNA secondary structure partition function to determine confidence in base pairs predicted by free energy minimization[END_REF][START_REF] Spasic | Improving RNA nearest neighbor parameters for helices by going beyond the two-state model[END_REF][START_REF] Patel | Proton Nuclear Magnetic Resonance Investigations of Fraying in Double-Stranded d-ApTpGpCpApT in H2O Solution[END_REF][START_REF] Moe | Proton exchange and base-pair opening kinetics in 5'-d(CGCGAATTCGCG)-3' and related dodecamers[END_REF][START_REF] Snoussi | Imino proton exchange and base-pair kinetics in RNA duplexes[END_REF][START_REF] Ouldridge | DNA hybridization kinetics: zippering, internal displacement and sequence dependence[END_REF][START_REF] Xiao | Energy Landscapes and Hybridization Pathways for DNA Hexamer Duplexes[END_REF][START_REF] Sanstead | Sequence-Dependent Mechanism of DNA Oligonucleotide Dehybridization Resolved through Infrared Spectroscopy[END_REF] suggested that this view was at least partly incorrect, in particular due to base fraying at the extremities of the duplex. [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF][START_REF] Pinamonti | The mechanism of RNA base fraying: Molecular dynamics simulations analyzed with core-set Markov state models[END_REF][START_REF] Zgarbová | Base pair fraying in molecular dynamics simulations of DNA and RNA[END_REF][START_REF] Colizzi | RNA unwinding from reweighted pulling simulations[END_REF][START_REF] Xu | Understanding the kinetic mechanism of RNA single base pair formation[END_REF] In the last years, evidence has been mounting pointing toward the presence of long-lived intermediate states, [START_REF] Sanstead | Sequence-Dependent Mechanism of DNA Oligonucleotide Dehybridization Resolved through Infrared Spectroscopy[END_REF] and complex kinetic and mechanistic pathways [START_REF] Jones | Determining Sequence-Dependent DNA Oligonucleotide Hybridization and Dehybridization Mechanisms Using Coarse-Grained Molecular Simulation, Markov State Models, and Infrared Spectroscopy[END_REF][START_REF] Ouldridge | DNA hybridization kinetics: zippering, internal displacement and sequence dependence[END_REF][START_REF] Xiao | Energy Landscapes and Hybridization Pathways for DNA Hexamer Duplexes[END_REF] with a strong sequence-dependence. However, it remained unclear to which extent these intermediates are kinetically or thermodynamically stable, or whether they are only mildly metastable along the association/dissociation pathways.

Our simulations confirm that a 2-state model is typically not completely accurate when considering the thermal melting of RNA duplexes, as schematically recapitulated in Fig. 9. In particular, as the melting temperature is approached, the duplexes explore conformations where only a fraction of the native HB contacts are formed. Depending on the strand sequence, up to half of the native interactions are lost close to melting for the investigated dodecamer duplexes. In contrast, no significant population of fully-formed duplexes is observed at such temperatures. After melting, the strands are predominantly fully separated, in agreement with recent experimental measurements that will be more extensively discussed below. The conformational space exploration is probably far from perfect in these simulations, despite extensive sampling, and it is hard to conclude whether these intermediates are thermodynamic minima or simply metastable states. However, we can still conclude that their lifetime is at least several microseconds, as they are stable on hundreds of nanoseconds in simulations in which unfolding barriers are made easier to cross. But a clear indication that these are the most stable conformations at these temperatures is that crucially, fully formed duplexes are never observed close to melting. Analogous observations could be made using another enhanced sampling scheme on DNA duplexes. [START_REF] Zerze | Thermodynamics of DNA Hybridization from Atomistic Simulations[END_REF] A detailed investigation of the positiondependent Watson-Crick and π-stacking interactions formed inside the duplexes reveals that these partially-melted structures correspond to significantly-frayed structures. For all investigated sequences, regardless of their G-C content, 2-3 base pairs at each extremity of the dodecamer duplexes are significantly : Schematic representation of the fraction of formed base-pairs at ambient temperature (300 K, gray) and 10 K below the melting of each sequence (color scale). In these plots, the distance between two complementary bases is proportional to the fraction of structures that do not base-pair at each temperature (scale on the right hand side). From top to bottom: experimental structures, artificial structures with random sequences). distorted and partly broken close to melting, supporting the interpretation of previous experimental measurements. [START_REF] Sanstead | Sequence-Dependent Mechanism of DNA Oligonucleotide Dehybridization Resolved through Infrared Spectroscopy[END_REF] Interestingly, the distributions of π-stacking interactions reveal that dangling bases at the 3' extremity are more stable than those at the 5' end, as recently stressed based on simulations of shorter duplexes. [START_REF] Pinamonti | The mechanism of RNA base fraying: Molecular dynamics simulations analyzed with core-set Markov state models[END_REF] We demonstrate that this is a very general characteristics for all types of duplexes, independently of their sequence. While forcefield deficiencies cannot be ruled out, we note that we have specifically selected models allowing a good description of the fraying propensities. [START_REF] Sponer | RNA structural dynamics as captured by molecular simulations: A comprehensive overview[END_REF] We also tested several other forcefield combinations, which varied by their obtained melting temperatures, but which all exhibited the same molecular mechanism and the same type of distorted duplex conformations when approaching melting, therefore suggesting that our conclusions are not forcefield dependent or even artefacts from the employed models.

Despite some limitations, our simulation strategy thus appears as a unique tool complementing previous simulation and experimental approaches, deciphering the molecular mecha-nisms of RNA duplexes melting with temperature, and demonstrating that 2-state models are not adequate. In the future, it could be interesting to investigate whether the melting behaviors of DNA and RNA duplexes is different or not at the molecular level; optical melting experiments suggest that RNA duplexes are significantly more stable with temperature, [START_REF] Kankia | RNA, and DNA/RNA Oligomer Duplexes: A Comparative Study of Their Stability, Heat, Hydration, and Mg2+ Binding Properties[END_REF] the duplex form is different, but it is very likely that the mechanical details identified above would be analogous for DNA. Another promising direction and extension of the current work would be to investigate the sequence-dependence of duplex melting, in particular, to see whether the ordering of the G-C and A-U base pairs has any impact on this denaturation mechanism, which would eventually help design strands with tailored association/dissociation characteristics.
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Figure 2 :

 2 Figure2: REST2 simulation results for exp-10 GC (orange) and exp-14 AU (blue). (A) Fraction of native HB contacts (Eq. 4) between base-pairs averaged over all structures at a given temperature. (B) Melting curves, i.e., the fraction of associated duplex conformations f A (see main text for definition) as a function of temperature. The 2/3 limit is indicated in gray; its intersection with the melting curves gives the respective simulated melting temperatures.

Figure 3 :

 3 Figure 3: Partially separated intermediates. Distributions of the fraction of HB contacts observed at 300 K (light blue), ≈ 10 K below melting (dark blue), at melting (purple) and ≈ 10 K above melting (red), for (A) exp-14 AU (blue) and (B) exp-10 GC .

Figure 4 :

 4 Figure 4: Local duplex melting. 2D distributions representing the fraction of formed basepairs (color scale) between the two complementary strands of (A) exp-14 AU (blue) and (B) exp-10 GC along the sequence (x axis) and at increasing temperature (y axis).

Figure 5 :

 5 Figure 5: Local duplex melting. 2D distributions representing the fraction of π-stacked neighbors (color scale) in the two complementary strands (top and bottom) of (A) exp-14 AU (blue) and (B) exp-10 GC along the sequence (x axis) and at increasing temperature (y axis).

Figure 6 :

 6 Figure 6: Local duplex melting. Representative duplex structures taken in replicas at increasing temperatures for exp-14 AU and exp-10 GC . These were randomly selected as those structures exhibiting a Q value in the same decile of the maximum of Q for the formed duplex distribution.

Figure 7 :

 7 Figure 7: Local duplex melting of artificial constructs. 2D distributions representing the fraction of formed base-pairs (color scale) between the two complementary strands of (A) art-RND 1 and (B) art-RND 2 .

Figure 8 :

 8 Figure 8: Local duplex melting. Representative duplex structures taken in replicas at increasing temperatures for art-RND 1 and art-RND 2 . These were randomly selected as those structures exhibiting a Q value in the same decile of the maximum of Q for the formed duplex distribution.

Figure 9

 9 Figure9: Schematic representation of the fraction of formed base-pairs at ambient temperature (300 K, gray) and 10 K below the melting of each sequence (color scale). In these plots, the distance between two complementary bases is proportional to the fraction of structures that do not base-pair at each temperature (scale on the right hand side). From top to bottom: experimental structures, artificial structures with random sequences).

Table 2 :

 2 Complementary RNA duplexes with experimental data. From left to right: abbreviation used in the current work; sequence ; experimental melting temperature (at the experimental concentration) ; nearest neighbor model 31 melting temperature at the experimental concentration ; experimental melting temperature at the simulation concentration ; simulated melting temperature (at the simulation concentration).

	Name	Sequence	Exp. Tm (Exp. CC.)	Pred. Tm (Exp. CC.)	Projection: Exp. Tm (Sim. CC.)	Sim Tm (Sim. CC.)
	exp-5	5'-ACGCA-3'	302.6 K	305.5 K	318.0 K	321.6 K
	exp-7	5'-AUCGGUA-3'	319.2 K	317.6 K	330.2 K	340.4 K
	exp-8	5'-UCUAUAGA-3'	316.7 K	318.4 K	328.0 K	328.9 K
	exp-10 GC	5'-CCGGCGCCGG-3'	347.3 K	344.3 K	361.7 K	363.5 K
	exp-14 AU 5'-UUAUAUAUAUAUAA-3'	316.2 K	317.1 K	325.6 K	328.3 K

Table 3 :

 3 Artificial double-stranded RNAs. rom left to right: abbreviation used in the current work; sequence ; nearest neighbor model 31 melting temperature at the simulation concentration ; simulation melting temperature (simulation concentration).

	Name	Sequence	Pred. Tm (Sim. CC.)	Sim Tm (Sim. CC.)
	art-RND 1 5'-UAGGAGGCUAGA-3'	351.5	363.6
	art-RND 2 5'-GAACUGUAUGAU-3'	338.6	342.3
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