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Abstract: Many biological functions of RNA molecules are re-
lated to their pseudoknot structures. It is significant for predicting 
the structure and function of RNA that learning about the stability 
and the process of RNA pseudoknot folding and unfolding. The 
structural features of mouse mammary tumor virus (MMTV) RNA 
pseudoknot in different ion concentration, the unfolding process of 
the RNA pseudoknot, and the two hairpin helices that constitute 
the RNA pseudoknot were studied with all atom molecule dynam-
ics simulation method in this paper. We found that the higher 
cation concentration can cause structure of the RNA molecules 
more stable, and ions played an indispensable role in keeping the 
structure of RNA molecules stable; the unfolding process of hair-
pin structure was corresponding to the antiprocess of its folding 
process. The main pathway of pseudoknot unfolding was that the 
inner base pair opened first, and then, the two helices, which 
formed the RNA pseudoknot opened decussately, while the folding 
pathway of the RNA pseudoknot was a helix folding after forma-
tion of the other helix. Therefore, the unfolding process of RNA 
pseudoknot is different from the antiprocess of its folding process, 
and the unfolding process of each helix in the RNA pseudoknot is 
similar to the hairpin structure’s unfolding process, which means 
that both are the unzipping process. 
Key words: RNA pseudoknot; molecular dynamics simulation; 
stability; unfolding; pathway 
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0  Introduction 

RNA is a kind of important biological macromole- 
cules. The biological functions of RNA are very complex 
and rich, covering almost all aspects of gene’s storage, 
replication, expression, and regulation[1,2]. To realize 
these functions, the chain-like RNA molecules often 
form a more complex structure through the processes of 
pairing, shrinkling, and folding[3,4]. 

Many biological functions of RNA are related to 
their pseudoknot structures[5-15]. For instance, the psue-
doknot in the central of catalytic domain forms the core 
structure motif in the telomerase RNA[16-18]. Moreover, 
many viruses regulate retroviral gene expression by ri-
bosomal frameshifting, while the pseudoknot plays an 
indispensable role in promoting ribosomal frameshift-
ing[19-28]. In addition, the pseudoknot mutation, which is 
caused by strengthening or weakening it stability ther-
mally or mechanically, can lead to the change of ribo-
somal frameshifting efficiency[29,30]. For these and other 
problems of RNA, it is essential to reveal the mechanism 
of RNA function and design therapeutic strategies for the 
diseases in order to quantitatively predict the structure 
and stability of pseudoknot. The structural feature of 
pseudoknot provide a very favorable model to further 
study the folding and unfolding of complex biological 
molecules. Some excellent works about RNA pseudok-
not have been studied, such as the folding/unfolding 
process of a pseudoknot in human telomerase RNA was 
researched using optical tweezers at different loads[31,32], 
which give direct evidence of the formation of nonnative 
structures and complex folding pathways. However, the 
folding/ unfolding pathways for other RNA pseudoknots 
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and how the pathways would change under different con-
ditions are still not clear. 

Mouse mammary tumor virus (MMTV) is a complex 
retrovirus that uses the host immune system, which can 
insert the gene into the host chromosome and keep hiber-
nation in the breast cells for many years[33-36]. Moreover, 
MMTV will be active again when the female rats become 
sexual maturity and pregnancy. Previous studies[33-36] have 
shown that over 90% incidences of the mouse breast can-
cer are related to the MMTV. In this paper, the unfolding 
process of MMTV RNA molecule (protein data bank 
(PDB) ID: 1KPD) is studied with all atom molecule dy-
namics simulation methods, from which we can obtain 
structure transition at the atomistic scale. To study the 
factors that affect the stability and the unfolding pathways 
of the pseudoknots, the MMTV RNA was studied by 
all-atom molecule dynamics simulation methods under 
different ion concentrations and temperatures. 

1  Methods 

In this paper, all simulations were performed using 
NAMD[37] molecule dynamics simulation software, which 
is considered as one of the best and has been widely 
applied to the simulation of biological macromolecules, 
such as RNA[38-40] and others, with CHARMM27 all atom 
force field[41-43]. The TIP3P water model is adopted, and 
Na ions are added to maintain the whole system’s 
electrical neutrality. Using periodic boundary conditions, 
a rectangular water box is established as the distance 
between the box boundary and the atoms of the RNA 
molecule in the box is at least 25 Å. The long-range 
electrostatic interactions are calculated by the particle 
mesh Ewald method. The system uses isothermal 
isobaric ensemble, and the time step is set as 1 fs. 

The initial structures are obtained from the protein 
data bank (PDB). These structures may contain 
extremely distorted, stretched, or deformed bonds and 
angles. Therefore, the structures need to be further 
optimized to obtain a most stable and minimum energy 
structure. Simulations first run 5 000 steps for the energy 
minimization of the entire RNA-aqueous solution and 
then run different steps of molecular dynamics to make 
the system equilibrium at certain temperature.  

The secondary structure and tertiary structure of 
MMTV are showed in Fig. 1. The pseudoknot has 32 
nucleotides (nt) and is constituted by two double helices 
(helix 1 and helix 2). The two helices stack coaxially on 
each other and form a long quasi-continuous helix in 

space. The pseudoknot is denoted by five parts: stem1, 
stem 2, loop 1, loop 2, and loop 3 (see Fig.1(b)). Stem 1 
contains 5 base pairs, loop 1 contains 3 unpaired 
nucleotides, while stem 2 contains 4 base pairs, loop 2 
contains 8 unpaired nucleotides, loop 3 contains two 
unpaired nucleotides. 

 

Fig. 1  Three-dimensional structure (a) and 
tertiary structure (b) of MMTV 

RNA structure is characterized by the formation of 
base pairs, and the criterion of forming a base pair is the 
relevant atoms forming hydrogen bonds. If the bond and 
angle are in the specified range (bond length≤3.5 Å, bond 
angle≥120°), the base pair is formed. For base pair G—C, 
the three pairs of atoms which form hydrogen bond are  
G (O6)—C (N4), G (N1)—C (N3), and G (N2)—C (O2); 
and for AU base pair, they are A (N6)—U (O4) and    
A (N1)—U (N3). 

2  Results and Discussion 

2.1  Effects of Ion Concentration on the 
Structure of RNA Pseudoknot 

Each phosphate group in the main chain of RNA 
molecules has a unit of negative charge, so there is a 
strong electrostatic repulsion between the main chains 
due to the strong negative charges of the main chain. If 
the RNA will form a stable structure, it should be in the 
salt solution, in which the metal ions are critical for 
RNA tertiary structural formation because the ions can 
neutralize backbone charge repulsion[44-46]. To study the 
effects of the ion concentration on the structure of RNA, 
the pseudoknot structures were studied in the NaCl so-
lution with two ion concentrations 0.1 mol/L and 0.5 
mol/L at the same temperature (290 K) and same pres-
sure (1atm); meanwhile, 32 Na+ ions were mingled 
within water in order to make the total charge of the 
RNA become zero. The hydrogen bonds of the two heli-
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ces of the RNA pseudoknot during the simulation time 
at the two ion concentrations of 0.5 mol/L and 0.1 
mol/L are shown in Figs. 2 and 3, respectively. It shows 
that at the concentration of 0.5 mol/L, all the hydrogen 

bond lengths of the base pairs are within the range of 
3.5 Å and keep stable, while at the concentration of 0.1 
mol/L, the hydrogen bond of the base pairs are not quite 
stable.

 

Fig. 2  Distribution of hydrogen bond at the concentration of 0.5 mol/L 

 

Fig. 3  Distribution of hydrogen bond at the concentration of 0.1 mol/L

The above results indicate that the ions played an 
indispensable role in keeping the structure stable for 
RNA molecules, the higher cation concentration will 
cause the more stable structure of the RNA molecules. 
As the main chain of RNA has strong negative charge, 
forming the base pair between different nucleotides must 
overcome the strong electrostatic repulsion between the 
main chains. The positive ions in the salt solution could 
neutralize the negative charge of the RNA, and the 
higher ion concentration makes it easier to form a 
compact structure. 
2.2  Unfolding Process of RNA Pseudoknot 

The free energy of pseudoknot[47] can be calculated by 

stem loopG G G= +               (1) 

where stemG  is the free energy of the two helices, which 
can be calculated by the nearest neighbor model, stemG =

  
stackG , and stackG  is the free energy[48-51] of a base 

stacking. loopG  is the free energy of the loops of the 

pseudoknot, which can be approximated as follows: 

loop secondary f p0.83 0.2 0.1G G n n= × + +       (2) 
where secondaryG  is the sum of the free energies of the 
loop that are formed by the pseudoknot performed as 
secondary structure containing only helix 1 or helix 2; fn  
is the number of unpaired nucleotide (14 nt); and pn

 
is 

the number of paired nucleotides (18 nt). The melting 
temperature Tm of the pseudoknot can be approximated as 

m /T H S= Δ Δ , which is about 360 K[52]. 
The unfolding process of MMTV RNA pseudoknot is 

studied at the temperature of 400 K and 450 K in 0.5 
mol/L NaCl solution. At these temperatures, the unfolding 
process can be achieved within a short time. 

Figure 4(a) shows the probability of the paired 
bases accounting for the total number of paired bases of 
the native structure (base pairs retaining probability) 
during unfolding process at 400 K. It can be found that 
the base pairs retaining probabilities of helix 1 and helix 
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2 are all oscillating decreasing, which indicates that helix 
1 and helix 2 are unfolding at the same time. The two 
helices unfold entirely in about 20 ns. 

Figure 4(b) displays some important structures 
during the unfolding process of MMTV molecule in the 
temperature of 400 K. At 0.5 ns, the base pair 5C-15G of 
helix 1 is opened; at 6.5 ns, the 12C-28G base pair of 

helix 2 is opened; at 8.0 ns, the base pairs 5C-15G, 
4G-16C of helix 1 and 12C-28G of helix 2 are opened; at 
10.8 ns, 1G-19C of helix 1 is opened; and at 12.2 ns, 
2C-18G is opened. Then, the base pairs 9G-31C, 
10G-30C, and 11G-29C of helix 2 are opened in turn. 
The total base pairs of this RNA molecule are opened at 
22.5 ns. 

 

Fig. 4  MMTV RNA pseudoknot at 400 K 
(a) Base pairs retaining probability of helix 1 and helix 2. The black curve characterizes the base pairs retaining population of helix 1, and the black bold curve is its 
fast Fourier transform filter (FFT-filter) curve. The light gray curve characterizes the base pairs retaining population of helix 2, and the grey dashed curve is its fast 
Fourier transform filter curve. (b) Some structural changes during the unfolding process.

Figure 5(a) indicates that the base pairs retaining 
probability during unfolding process at 450 K. As can be 
seen from the figure, helix 1 and helix 2 are unfolding 
almost at the same time, and the two helices that formed 
the RNA pseudoknot open decussately. At 1.5 ns, the 
base pair retaining the probability of helix 2 decreases to 
0.5, while that of helix 1 decreases to 0.6. At 2.5 ns, the 
base pairs of helix 1 and helix 2 are totally opened, and 
the whole RNA molecule is unfolded. 

Figure 5(b) shows some important intermediate 
structures during the unfolding process of MMTV 
molecule in the temperature of 450 K. At 0.5 ns, the 
base pair 5C-15G of helix 1 opens first, which make the 
pseudoknot form a bulge. At 1.5 ns, the opened base 
pairs include 5C-15G, 9G-31C, and 11G-29C; helix 1 
and helix 2 are nearly opened at 2.5 ns, but the main 
chain conformation of the RNA molecule does not show 
enormous changes during the period. As the bases 
swing or reverse, base pairs show the characteristics of 
open-close switching. To 6.5 ns, the base pairs are all 
opened and RNA main chain would branch out, the 
structure of the RNA becomes loose gradually, and the 
entire RNA molecule transforms into a complete long 

chain. 
From the above simulation results, we can find that 

the basic unfolding path of the pseudoknot at 400 K is 
similar to that at 450 K; the innermost base pair 5C-15G 
opens first, which is not difficult to understand, for the 
formation of this base pair results in structure distortions 
due to its innermost location, rendering the maximum 
entropy increase. The entropy change is about 37.08 
cal/(K • mol) when the 5C-15G base pair is opened, 
which is greater than the entropy change of opening a 
single base pair. Next, the base pairs of the two helices 
open decussately, while RNA pseudoknot folding path 
was a helix folding after formation of the other helix. 
Therefore, the unfolding process of RNA pseudoknot 
differed from the antiprocess of its folding process. The 
unfolding process of each helix is an unzipping process 
and begins with each end of the helix. 
2.3  Unfolding Processes of RNA Pseudoknot’s 
Two Helices 

To study the similarities and differences of the 
unfolding process of the pseudoknot molecule and isolate 
hairpin molecule, we simulated the unfolding process of 
the two helices (Fig. 6), which constitute the RNA  
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Fig. 5  MMTV RNA pseudoknot at 450 K 
(a) The base pairs retaining population of helix 1 and helix 2 over time, The black curve characterizes the base pairs retaining population of helix 1, and the black bold 
curve is its fast Fourier transform filter (FFT-filter) curve. The light gray curve characterizes the base pairs retaining population of helix 2, and the gray dashed curve 
(dashed line) is its fast Fourier transform filter curve. (b) Some structural changes during the unfolding process 

 

Fig. 6  Three-dimensional structure and secondary structure of the helices 

pseudoknot in 0.5 mol/L NaCl solution at 400 K and 450 
K, respectively. From the nearest neighbor model, the 
entropy and enthalpy of helix 1 are –164.4 cal/(K • mol) 
and –58.9 kcal/mol, respectively. The melting temperature 
is 358 K. For helix 2, the entropy and enthalpy are –190.5 
cal/(K • mol) and –67.5 kcal/mol, respectively. The melting 
temperature is 354 K. The two melting temperatures are 
similar with that of the pseudoknot molecule. 

Figure 7(a) displays the base pairs retaining 
probability of helix 1 during unfolding process at 400 K. 
We find that the base pairs of helix 1 completely open in 
about 3 ns. Figure 7(b) shows some important structures 
during the unfolding process. At 0.55 ns, the base pairs 
of 1G-19C, 2C-18G at the end of the helix open in turn; 
at 1.6 ns, the base pair 5C-15G near the loop opens; to 
2.0 ns, 3C-17G opens; at 2.4 ns, the last remaining paired 
base pair 4G-16C opens, and then, the entire helix of the 
hairpin completely opens in less than 3.0 ns. 

Figure 8(a) shows the base pairs retaining 
probability of helix 1 during unfolding process at 450 K, 

which indicates that the base pairs of helix 1 
completely open in about 2.5 ns. Figure 8(b) shows 
some important structures during the unfolding 
process. At 0.5 ns, the base pair of 1G-19C in the end 
of the helix opens, followed by the opening of 2C-18G 
base pair at 0.6 ns, then at 1.0 ns, the base pair 
5C-15G near the loop opens, at 1.6 ns, 4G-16C opens, 
and at 1.7 ns, the last base pair 3C-17G opens. Thus, 
the RNA is unfolded completely. 

Figure 9(a) shows the base pairs retaining 
probability of helix 2 during unfolding process at 400 K. 
The base pairs of helix 2 are completely open in about  
5 ns as the figure shows. Figure 9(b) displays some 
representative structures during the unfolding process of 
helix 2. The base pair 2G-24C at the end of helix 2 opens 
first at 2.2 ns, and at 2.8 ns, the base pair 6U-20G near 
the loop opens, when it is at 3.4 ns, 4G-22C opens, the 
base pair 5C-21G opens at 4.4 ns. The unfolding process 
of helix 2 is an unzipping process, which begins with the 
two ends of the helix.  
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Fig. 7  Helix 1 at 400 K 
(a) Relationship of base pair retaining population over time; (b) Some important intermediate structures during the unfolding process 

 

Fig. 8  Helix 1 at 450 K 
(a) Relationship of base pair retaining population over time; (b) Some important intermediate structures during the unfolding process

Figure 10(a) indicates the base pairs retaining 
probability of helix 2 during unfolding process at 450 K, 
which indicate that the base pairs of helix 2 are 
completely open in about 1.5 ns. Figure 10(b) displays 
some representative structures during the unfolding 
process of helix 2. The base pair 6U-20G, which is near 
the loop, opens first at 0.7 ns, then 5C-21G follows at 
0.9ns, at 1.2 ns, 2G-24C opens, and after the opening of 
4G-22C at 1.5 ns, the whole RNA is full opened. 

Comparing the unfolding process of the RNA 
pseudoknot and its two constituent hairpin helices, it can 
be seen that the unfolding process of RNA is a complex 

process, and the unfolding process of a pseudoknot is 
different from that of a hairpin structure. The main 
unfolding path of a hairpin structure is given as follows: 
the base pair at the two ends of the helix opens first, and 
then it is unfolded by an unzipping process. The unfolding 
process is corresponding to the antiprocess of its folding 
process. While RNA pseudoknot folding path was a helix 
folding after formation of the other helix, the unfolding 
process of RNA pseudoknot differed from the antiprocess 
of the folding process. The unfolding process of each helix 
in the RNA pseudoknot is similar to the hairpin structure’s 
unfolding process, and both are the unzipping process.



GUO Yun et al : Molecular Dynamics Simulation of RNA Pseudoknot … 

 

139

 

Fig. 9  Helix 2 at 400 K 
(a) Base pair retaining probability during unfolding; (b) Some important intermediate structures during the unfolding process 

 

Fig. 10  Helix 2 at 450 K 
(a) Base pair retaining probability during unfolding; (b) Some important intermediate structures during the unfolding process 

3  Conclusion 

The structural features of MMTV RNA pseudoknot 
in different ion concentration, the unfolding process of 
RNA pseudoknot, and two hairpin helices that 
constituted the RNA pseudoknot were studied with all 
atom molecular dynamics simulation method in this 
paper. We found that the higher cation concentration can 
cause more stable the structure of the RNA molecules 
and that the unfolding process of hairpin structure was 
corresponding to the antiprocess of its folding process. 
The main path of pseudoknot unfolding was that the 

inner base pair opened first, and then, the two helices 
that formed the RNA pseudoknot opened decussately. 
The unfolding process of RNA pseudoknot is different 
from the ant-process of its folding process. The 
unfolding process of each helix in the RNA pseudoknot 
was similar to the hairpin structure’s unfolding process; 
both were the unzipping processes. 
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