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RNA:RNA interactions



An RNA molecule is more than a duplex.

Secondary structure

Tertiary structure



Experiment: Not all loops are the same.

Experiments in 1 M NaCl, 0.01 mM EDTA, pH 7.0 to match conditions of 

thermodynamics parameters

WHY?



Nozinovic S, Fürtig B, Jonker HR, Richter C, Schwalbe H. High-resolution 

NMR structure of an RNA model system: the 14-mer cUUCGg tetraloop 

hairpin RNA. Nucleic Acids Res. 2010;38(2):683-94.

THE cUUCGg tetraloop is unique





Alternative secondary structures

Many RNA sequences can be folded into different structures. AND, given 

that transcription is linear, RNAs can misfold.

Not all structures are isoenergetic, and the assumption is that those that are 

thermodynamically most stable will be the most populated states in vivo/in 

vitro.

This is a good assumption in the absence of other factors that influence 

structural formation such as divalent ions, proteins, other RNAs, or small 

ligands.



Tertiary interactions fold RNA molecules.

1. TETRALOOP/TETRALOOP RECEPTOR

2. KISSING LOOPs

3. PSEUDOKNOTS



This is a tertiary interaction, one of the RNA:RNA interactions that 

staple large RNAs together.

1. TETRALOOP/TETRALOOP RECEPTOR

GAAA tetraloop

GNRA



How do you study the thermodynamics and kinetics of an RNA tertiary 

interaction?

Here a tetraloop docks with its receptor. (Note – this is not rigid body 

docking)

Fluorescence

Tether the RNA to a surface via 

biotin/streptavidin

Cy5 is a FRET acceptor

Cy3 is a FRET donor

In the undocked state, the dyes (fluorophores) can be up to 70 Ǻ apart, 

but in the docked state, their separation is  ~35 Ǻ. 

Hodak et al., 2005 PNAS 105:10505 – 10510.



Electronic excitation energy is transferred through transition 

dipole-dipole interactions, and like any dipole-dipole 

interaction, it has a distance and orientation dependence.

Ro is the distance at which energy transfer is 50% efficient. It 

varies with dye pair, but typically ranges from 30 – 100 Ǻ

FRET: FÖRSTER RESONANCE ENERGY TRANSFER



In practice: The efficiency of energy transfer is given by

% FRET = 100 [ 1/(1 + (R/Ro)
6)]

But,

Because we typically don’t know the quantum yields of donor and 

acceptor fluorophore, FRET values are approximated by

% FRET = 100 [ IA/(ID + IA)]

Where ID is the donor fluorescence and IA is the 

acceptor fluorescence

Or alternatively, Efficiency = IA/(ID + IA) 



FRET experiments can be done in ensemble mode.

Fluorescence spectra as a 

function of Mg2+.

λEx = 500 nm
Mg2+

Mg2+, □Ca2+, 

●Mn2+, 

♦Co(NH3)6
3+

○Na+,  K+

Downey et al., 2006 Biochemistry 45:3664-3673.



FRET experiments can be done in ensemble mode.

λEx = 500 nm

Kinetics of docking by stopped-

flow fluorescence.

Mg2+

Arrhenius plot for temperature 

dependence of kobs at 10 mM Mg2+.

Ea (docking) = 12.7 ± 2.6 kcal/mol

Downey et al., 2006 Biochemistry 45:3664-3673.

ln(kobs)= - (Ea/R)(1/T) + lnA



FRET experiments can be done in single molecule mode.

- Mg2+ +Mg2+



G°= -RTlnKeq,

T=22 °C or 295 K, 

R = 1.98 cal/K-M -

What is the free energy of 

docking?

0 Mg2+ 0.5 mM Mg2+ 5 mM Mg2+

What do you think the Mg2+

ions are doing?



Are there any receptors?



Kissing loops.



In more detail, you can see the bases juxtaposed to 

form hydrogen bonds. 

Two base pairs are enough to make a stable kissing 

interaction.



Rueda et al., 2004. PNAS 101:10066-10071

LOOP:LOOP INTERACTIONS ARE COMMON TERTIARY STRUCTURES

Interactions are 

exquisitely 

sensitive to 

hydrogen bonding



C3-linker

dC

dA



PSEUDOKNOTS

Typically do not require divalent cations to correctly fold.

Loop1 and Loop2 lengths are highly variable; as short as 1 nucleotide.



Butcher & Pyle, 2011 Acc Chem Res. 44(12):1302-11.

Triple strands



Butcher & Pyle, 2011 Acc Chem Res. 44(12):1302-11.

Burge et al., 2006. Quadruplex DNA: sequence, topology and 

structure.Nucleic Acids Res. 2006;34(19):5402-15.

G quartets 



COMMON THEMES

 Role of ions in structure and stability

 Structural dynamics, hydrogen bonding, and water

 Common motifs vs idiosyncratic interactions

 Predictions of tertiary structure


