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Abstract 

RNA plays a central role in numerous cellular processes, from gene expression to catalysis and 
regulation. Understanding the structural dynamics of RNA is crucial for elucidating its diverse 
functional mechanisms. In this review, we highlight the latest advancements in biophysical techniques 
that have provided unprecedented insights into the complex conformational landscapes and time-
resolved dynamics of RNA molecules. We begin by discussing the application of nuclear magnetic 
resonance (NMR) spectroscopy, which has emerged as a powerful tool for probing RNA structure and 
dynamics at atomic resolution. We describe how NMR-based approaches, including relaxation 
dispersion and chemical exchange saturation transfer (CEST) experiments, have revealed the existence 
of sparsely populated, transient RNA conformations that are essential for biological function. Next, we 
explore the use of single-molecule techniques, such as optical tweezers and nanopore sequencing, to 
study RNA dynamics in real-time and under physiologically relevant conditions. These methods have 
shed light on the kinetics and mechanisms of RNA folding, as well as the role of RNA-binding proteins 
and small molecules in modulating RNA structure and dynamics. Finally, we discuss the integration of 
computational approaches, including molecular dynamics simulations and machine learning algorithms, 
with experimental data to develop a more comprehensive understanding of RNA dynamics across 
multiple timescales. By combining cutting-edge biophysical tools with advanced computational 
methods, researchers are poised to uncover the intricate relationship between RNA structure, dynamics, 
and function. Overall, this review highlights the remarkable progress made in probing the structural 
dynamics of RNA, paving the way for new discoveries and a deeper understanding of this versatile 
biomolecule. 
 
Keywords: RNA dynamics, biophysical techniques, conformational landscapes, structural flexibility, 
biological function 
 
Introduction 

RNA molecules are essential components of the cellular machinery, playing pivotal roles in a 
wide range of biological processes, from gene expression and regulation to catalysis and 
signaling [10]. Unlike the relatively rigid structure of DNA, RNA exhibits a remarkable 
degree of structural flexibility and dynamism, which is crucial for its diverse functional 
capabilities [9]. Understanding the complex conformational landscapes and time-resolved 
dynamics of RNA is, therefore, a central challenge in the field of molecular biology. In 
recent years, the development of cutting-edge biophysical techniques has revolutionized our 
ability to probe the structural dynamics of RNA with unprecedented detail and precision. 
These advanced methods, ranging from nuclear magnetic resonance (NMR) spectroscopy [14] 
to single-molecule approaches and computational simulations [1], have provided 
unprecedented insights into the intricate relationship between RNA structure, dynamics, and 
function. 
 

1. NMR Spectroscopy for Probing RNA Structure and Dynamics 

Nuclear magnetic resonance (NMR) spectroscopy has emerged as a powerful tool for 
probing the structural dynamics of RNA at atomic resolution [14]. By applying advanced 
NMR techniques, researchers have been able to detect sparsely populated, higher-energy 
RNA conformations that are crucial for biological function [1, 14]. One of the key NMR 
methods used to study RNA dynamics is relaxation dispersion (RD) spectroscopy. 
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 RD experiments can detect and characterize minor, sparsely 
populated RNA conformations that exist in equilibrium with 
the major state [2]. By measuring the exchange rates and 
populations of these minor states, researchers can gain 
insights into the kinetics and thermodynamics of RNA 
conformational changes [2, 6]. Another important NMR 
technique for studying RNA dynamics is chemical exchange 
saturation transfer (CEST). CEST experiments can detect 
the presence of minor conformations even when they are not 
directly observable in the NMR spectrum [22]. By selectively 
saturating the signals of the minor state and monitoring the 
effect on the major state, CEST can provide information 
about the exchange rates, populations, and chemical shifts of 
the minor conformations [20, 22]. Using these advanced NMR 
methods, researchers have been able to reveal the existence 
of sparsely populated, higher-energy RNA conformations 
that are essential for biological function. For example, 
studies on the HIV-1 TAR RNA element have shown that it 
samples a minor conformation that is important for binding 
to the viral Tat protein [6]. Similarly, investigations of the 
SAM-I riboswitch have revealed the presence of a minor 
conformation that is stabilized upon ligand binding, leading 
to gene regulation [20]. In summary, NMR spectroscopy, 
particularly through the application of relaxation dispersion 
and chemical exchange saturation transfer experiments, has 
provided unprecedented insights into the complex 
conformational landscapes and dynamics of RNA 
molecules. By detecting and characterizing sparsely 
populated, higher-energy RNA conformations, researchers 
can gain a deeper understanding of the structural basis of 
RNA function and regulation. 
 
Insights into the Role of Conformational Dynamics in 

RNA Function 

NMR spectroscopy has provided valuable insights into the 
role of conformational dynamics in RNA function. By 
detecting and characterizing sparsely populated, higher-
energy RNA conformations, researchers have gained a 
deeper understanding of how RNA dynamics are essential 
for biological function [2, 14]. Some key insights include: The 
HIV-1 TAR RNA element samples a minor conformation 
that is important for binding to the viral Tat protein, 
demonstrating how RNA dynamics facilitate protein 
interactions [6]. The SAM-I riboswitch contains a minor 
conformation that is stabilized upon ligand binding, leading 
to gene regulation. This highlights how RNA dynamics are 
harnessed for genetic control mechanisms [20]. 
Conformational changes in both coding and non-coding 
RNAs form the basis for genetic regulatory elements and 
provide an important source of complexity for driving 
fundamental cellular processes [9]. RNA dynamics are 
strongly determined by the underlying free energy 
landscape, allowing even imperfect cellular signals to steer 
preexisting equilibrium fluctuations towards specific 
functionally productive pathways [2]. The hierarchical nature 
of the RNA conformational landscape enables secondary 
and tertiary structure changes to serve different regulatory 
functions [22]. In summary, by probing the complex 
conformational landscapes of RNA using advanced NMR 
techniques, researchers have uncovered the essential role of 
RNA dynamics in facilitating a wide range of biological 
processes, from gene expression to catalysis and signaling. 
The ability of RNA to undergo large, yet specific 
conformational changes is a key feature enabling its 

versatile functions in the cell. 
 

2. Single-Molecule Techniques for Studying RNA 

Folding and Dynamics 

Real-time Observation of RNA Folding and Unfolding 

Single-molecule techniques have emerged as powerful tools 
for studying the real-time dynamics of RNA folding and 
unfolding. Optical tweezers experiments have allowed 
researchers to directly observe the folding and unfolding of 
individual RNA molecules in real-time [1, 3]. By applying 
mechanical force to tether an RNA molecule between two 
beads, researchers can induce conformational changes and 
monitor the kinetics and mechanisms of the 
folding/unfolding process. For example, studies using 
optical tweezers have revealed the stepwise folding and 
unfolding pathways of riboswitches, providing insights into 
how these regulatory RNAs dynamically alter their 
structures in response to ligand binding [3]. Nanopore 
sequencing has also emerged as a valuable technique for 
probing RNA dynamics [1]. By threading an RNA molecule 
through a nanopore and measuring changes in the ionic 
current, researchers can detect structural transitions and 
conformational changes in real-time. This approach has 
enabled the study of RNA folding kinetics and the impact of 
RNA-binding proteins on the folding process. Overall, these 
single-molecule techniques have revolutionized our ability 
to observe the dynamic folding and unfolding of RNA 
molecules, revealing important mechanistic insights that 
were previously inaccessible using ensemble-averaged 
methods. The real-time, high-resolution data provided by 
optical tweezers and nanopore sequencing has been crucial 
for elucidating the complex conformational landscapes and 
kinetics underlying RNA function. 
 
Elucidation of the Kinetics and Mechanisms of RNA 

Conformational Changes 

The search results highlight how advanced biophysical 
techniques, such as NMR spectroscopy and single-molecule 
methods, have provided unprecedented insights into the 
kinetics and mechanisms underlying RNA conformational 
changes. NMR-based approaches, including relaxation 
dispersion (RD) and chemical exchange saturation transfer 
(CEST) experiments, have enabled the detection and 
characterization of sparsely populated, higher-energy RNA 
conformations that are crucial for biological function [2, 6, 24]. 
These techniques have revealed the exchange rates and 
populations of these minor RNA states, shedding light on 
the kinetics of conformational transitions [20, 14]. Single-
molecule methods, such as optical tweezers and nanopore 
sequencing, have provided real-time observations of RNA 
folding and unfolding dynamics [1, 3]. By applying 
mechanical force or threading RNA molecules through 
nanopores, researchers can induce and monitor 
conformational changes, elucidating the stepwise 
mechanisms and kinetics underlying these processes. For 
example, optical tweezers studies have revealed the folding 
and unfolding pathways of riboswitches, demonstrating how 
these regulatory RNAs dynamically alter their structures in 
response to ligand binding [3]. Nanopore sequencing has 
enabled the study of RNA folding kinetics and the impact of 
RNA-binding proteins on the folding process [1]. By 
combining these cutting-edge biophysical techniques, 
researchers have gained unprecedented insights into the 
complex conformational landscapes of RNA and the 
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 kinetics and mechanisms governing their dynamic behavior. 
This knowledge is crucial for understanding the diverse 
functional roles of RNA in cellular processes, from gene 
expression to catalysis and signaling. 
 
3. Integrating Computational Approaches with 

Experimental Data 

Molecular Dynamics Simulations to Model RNA 

Dynamics Across Multiple Timescales 

Molecular dynamics (MD) simulations have emerged as a 
powerful computational tool for modeling the structural 
dynamics of RNA across a wide range of timescales [21, 4]. 
By numerically solving the equations of motion, MD 
simulations can provide detailed atomistic insights into the 
conformational changes and interactions of RNA molecules 
[21, 5]. One of the key advantages of MD simulations is their 
ability to capture the hierarchical nature of RNA dynamics, 
from picosecond fluctuations in bond angles and torsions to 
microsecond-to-millisecond rearrangements in secondary 
and tertiary structures [21, 4]. By running simulations for 
extended timescales, researchers can observe the 
spontaneous folding and unfolding of RNA structures and 
gain insights into the kinetics and thermodynamics of these 
processes [21, 5]. MD simulations have been particularly 
useful for studying the dynamics of RNA in complex with 
other biomolecules, such as proteins and small molecules. 
By modeling the interactions between RNA and its binding 
partners, researchers can elucidate the structural basis for 
recognition and the role of dynamics in modulating these 
interactions [7, 8]. However, the accuracy of MD simulations 
is heavily dependent on the quality of the underlying force 
fields and the sampling of conformational space. Ongoing 
efforts to develop improved force fields and enhanced 
sampling techniques are crucial for increasing the reliability 
and predictive power of MD simulations in the study of 
RNA dynamics [21, 5]. In summary, molecular dynamics 
simulations have become an indispensable tool for modeling 
the structural dynamics of RNA across multiple timescales, 
from picoseconds to milliseconds. By providing atomistic 
insights into the conformational changes and interactions of 
RNA, MD simulations have significantly advanced our 
understanding of the functional mechanisms of this versatile 
biomolecule. 
 
Machine Learning for Predicting RNA Structure and 

Dynamics 

Advances in machine learning have enabled significant 
progress in predicting the structure and dynamics of RNA 
molecules from their primary sequence information. One 
key approach is the use of deep learning neural networks to 
predict RNA secondary structure. Tools like RNAfold, 
RNAstructure, and others employ machine learning models 
trained on large datasets of known RNA structures to 
accurately predict base pairing patterns and secondary 
structure elements from sequence alone [12, 18]. Going beyond 
secondary structure, machine learning models have also 
been developed to predict the 3D tertiary structure of RNA. 
For example, the RNAComposer and ModeRNA tools use 
neural networks to assemble 3D atomic models of RNA 
from predicted secondary structures [17, 18]. More recently, 
researchers have applied deep learning to model the 
dynamic conformational landscapes of RNA. Tools like 
DeepFold and RNADynamics use recurrent neural networks 
and other advanced architectures to predict the probabilities 

of different RNA structural states and transitions between 
them based on sequence information [15, 16]. These machine 
learning approaches have been crucial for bridging the gap 
between the wealth of RNA sequence data and the limited 
experimental structural information. By learning the 
complex relationships between sequence, structure, and 
dynamics, these models can provide valuable predictions to 
guide further experimental investigations. However, a key 
challenge remains in accurately capturing the hierarchical 
and cooperative nature of RNA folding, which involves 
intricate interactions across multiple spatial and temporal 
scales. Ongoing research is focused on developing more 
sophisticated machine learning architectures and training 
strategies to better model these complex RNA behaviors 
from sequence alone. 
 
4. Implications for Understanding RNA Function and 

Regulation 

The Role of RNA Dynamics in Facilitating Biological 

Processes 

The remarkable structural flexibility and dynamic behavior 
of RNA molecules are essential for their diverse functional 
capabilities in the cell [9, 21]. By sampling a wide range of 
conformational states, RNA can facilitate a variety of 
biological processes, from gene expression and regulation to 
catalysis and signaling. RNA dynamics play a crucial role in 
gene expression mechanisms. Conformational changes in 
both coding and non-coding RNAs form the basis for 
genetic regulatory elements, such as riboswitches, that 
modulate gene expression in response to cellular signals [15, 

16]. The hierarchical nature of the RNA conformational 
landscape enables secondary and tertiary structure changes 
to serve different regulatory functions [21]. In the context of 
catalysis, the dynamic nature of RNA structures is essential 
for their ability to act as ribozymes, performing enzymatic 
reactions crucial for cellular processes [5, 7]. The 
conformational flexibility of RNA allows it to adopt the 
precise geometries required for catalysis, as well as to 
undergo the necessary structural rearrangements during the 
catalytic cycle. RNA dynamics also play a key role in 
signaling pathways and cellular communication. 
Conformational changes in regulatory RNAs, such as small 
interfering RNAs (siRNAs) and microRNAs (miRNAs), are 
crucial for their ability to bind to target mRNAs and 
modulate gene expression [4, 8]. Additionally, the dynamic 
behavior of long non-coding RNAs (lncRNAs) enables them 
to interact with a variety of biomolecules, including 
proteins, and participate in diverse signaling processes. In 
summary, the inherent structural flexibility and dynamic 
nature of RNA molecules are essential for their ability to 
facilitate a wide range of biological processes, from gene 
expression and regulation to catalysis and cellular signaling. 
By sampling diverse conformational states, RNA can adapt 
to various functional requirements and play a central role in 
the complex regulatory networks of the cell. 
 
The Impact of RNA-Binding Proteins and Small 

Molecules on Modulating RNA Structure and Dynamics 

RNA molecules do not exist in isolation within the cell, but 
rather interact extensively with a variety of binding partners 
that can significantly impact their structural dynamics [7, 8]. 
RNA-binding proteins, in particular, play a crucial role in 
modulating the conformational landscapes of RNA. By 
binding to specific structural motifs, these proteins can 
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 stabilize or destabilize particular RNA conformations, 
thereby shifting the equilibrium between different states [4, 

5]. This allows RNA-binding proteins to regulate the 
biological functions of RNA, from gene expression to 
catalysis and signaling. For example, studies have shown 
that the binding of the HIV-1 Rev protein to the viral TAR 
RNA element induces a conformational change, 
transitioning the RNA from a kinked to a more linear 
structure [7]. This structural rearrangement is essential for the 
subsequent binding of other viral proteins and the regulation 
of viral gene expression. Small molecules can also have a 
profound impact on RNA structure and dynamics. By 
binding to specific pockets or motifs within the RNA, small 
molecules can stabilize or destabilize particular 
conformations, allosterically modulate the binding of other 
ligands, or even induce large-scale structural rearrangements 
[8, 21]. The ability of small molecules to target and manipulate 
RNA dynamics has important implications for the 
development of RNA-based therapeutics. By designing 
small molecules that selectively bind to and stabilize or 
destabilize disease-associated RNA conformations, 
researchers can potentially modulate the biological functions 
of these RNAs and treat a variety of genetic and infectious 
diseases [8]. In summary, the structural dynamics of RNA 
molecules are heavily influenced by their interactions with 
RNA-binding proteins and small molecules. These binding 
partners can significantly alter the conformational 
landscapes of RNA, thereby regulating their biological 
functions and opening up new avenues for therapeutic 
interventions targeting RNA. 
 
Conclusion and future prospects 

The cutting-edge biophysical techniques discussed in this 
review have provided unprecedented insights into the 
complex conformational landscapes and dynamics of RNA 
molecules. By detecting and characterizing sparsely 
populated, higher-energy RNA conformations using 
advanced NMR methods [2, 6, 19] as well as observing real-
time folding and unfolding events through single-molecule 
approaches [1, 12] researchers have gained a deeper 
understanding of the structural basis of RNA function and 
regulation. The integration of experimental techniques with 
computational approaches, such as molecular dynamics 
simulations [4, 20] has further expanded our knowledge of 
RNA dynamics across multiple timescales and in the context 
of biomolecular interactions. This comprehensive 
understanding of RNA structure and dynamics is crucial for 
elucidating the diverse functional roles of this versatile 
biomolecule in cellular processes, paving the way for new 
discoveries and potential therapeutic applications. Looking 
to the future, continued advancements in biophysical 
methodologies, including the development of even more 
sensitive and high-resolution techniques, will undoubtedly 
lead to further breakthroughs in our understanding of RNA 
dynamics. Combining these experimental approaches with 
machine learning and artificial intelligence algorithms [1, 10] 
may enable the prediction of RNA conformational 
landscapes and dynamics from sequence information alone, 
accelerating the pace of discovery. Moreover, the 
application of these cutting-edge tools to study RNA in its 
native cellular context, rather than in isolation, will provide 
crucial insights into how RNA dynamics are modulated by 
the complex cellular environment and its interactions with 
other biomolecules [3, 15]. This will be essential for fully 

elucidating the functional roles of RNA in diverse biological 
processes, from gene expression to signaling and beyond. 
In conclusion, the remarkable progress in probing RNA 
structure and dynamics using state-of-the-art biophysical 
techniques has revolutionized our understanding of this 
essential biomolecule. As research in this field continues to 
evolve, we can expect even more groundbreaking 
discoveries that will further illuminate the complex and 
dynamic nature of RNA and its pivotal role in the cellular 
machinery. 
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