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Abstract—RNA plays an important role in various biological processes; hence, it

is essential when determining the functions of RNA to research its secondary

structures. So far, the accuracy of RNA secondary structure prediction remains an

area in need of improvement. This paper presents a novel method for predicting

RNA secondary structure based on an RNA folding simulation model. This model

assumes that the process of RNA folding from the random coil state to full

structure is staged and in every stage of folding, the final state of an RNA is

determined by the optimal combination of helical regions, which are urgently

essential to dynamics of RNA formation. This paper proposes the First Large Free

Energy Difference (FLED) in order to find the helical regions most urgently needed

for optimal final state formation among all the possible helical regions. Tests on the

datasets with known structures from public databases demonstrate that our

method can outperform other current RNA secondary structure prediction methods

in terms of prediction accuracy.

Index Terms—Free energy, ribonucleic acid, RNA folding, RNA secondary struc-

ture prediction
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1 INTRODUCTION

RNA molecules are an important component of biological sub-
stance; they are not only the carriers of genetic information
between DNA molecules and proteins [1], but they also play an
important role in many biological processes, such as catalysis [2],
protein synthesis [3], [4], [5], immunity [6], development [7]
and many other important biological processes. RNA molecules
have a three-tier hierarchy structure, beginning with the primary
sequence, then the secondary structure (Fig. 1), i.e., the set of base
pairs, and ultimately the tertiary structure, i.e., the full three-
dimensional structure. The functions of RNA molecules mainly
rely on their tertiary structures. Because the time is much shorter
and the free energy change is much larger during RNA secondary
structure formation than during its tertiary structure formation,
the secondary structure can be predicted independently of the ter-
tiary structure [8]. Furthermore, secondary structure prediction is
an important intermediate step needed to predict RNA tertiary
structure [9]. Therefore, obtaining accurate RNA secondary struc-
ture is crucial to determining the functions of RNAs and the biolog-
ical processes they are involved in.

At present, the experimental techniques for RNA structure
determination, such as X-ray crystallography and Nuclear Mag-
netic Resonance (NMR), remain difficult, costly and time consum-
ing. So capturing images of RNA secondary structure with the
help of biological computing is still the preferred method.

Comparative sequence analysis is the most accurate method
[10], and the positive predictive value (PPV) of this method
exceeds 97 percent [11] when a group of homologous sequences
are available. However, this method is not only time-consuming
but also requires a plurality of homologous sequences and inten-
sive human monitoring [12].

A free energyminimizationmethod based on dynamic program-
ming is the most common method used to predict the RNA second-
ary structure of a single sequence [12], [13], such as mfold [14]. This
method assumes that under certain conditions, an RNA molecule
adjusts itself to the structure with the minimum free energy (MFE),
which is thermodynamically the most stable structure [15]. There-
fore, the MFE structure is the native structure of an RNA. A
dynamic programming algorithm can guarantee locating the global
MFE structure, and it requiresOðN3Þ time. The result of this method
is better for predicting short sequences, but for long sequences such
as full-length small subunit rRNA (ribosomal RNA) and large sub-
unit rRNA, the sensitivity of this method is not satisfactory [16]. In
addition, biological experiments have shown that the native RNA
structures are not usually the MFE structures [17], and also the cal-
culationmethod for free energy is not perfect [18].

Only the thermodynamic factor is taken into account in the free
energy minimization method and MFE structure is assumed to be
the native structure, while the process of RNA structure formation
is overlooked. Studies have shown that differences between the pre-
diction results of long RNAs secondary structures and their native
structures cannot be simply classified as an error in thermodynamic
parameters, which led to the conclusion that RNA folding is related
to formation dynamics [19]. Proctor and Meyer improved the free
energy minimization method by taking into account the kinetic fac-
tors during RNA folding [20]; moreover the sensitivity and PPV of
the improvedmethod has proven superior to RNAfold [15].

Methods based on a dynamic programming algorithm take the
base pair as the basic unit of RNA secondary structure, but the for-
mation of a helical region is the rate limiting step. In other words,
once a few base pairs of a helical region are formed, the rest of the
base pairs will be formed quickly [21]. Therefore, taking the helical
region as the basic unit of RNA secondary structure is more theo-
retically feasible. Helical region distribution is used in these kinds
of methods [22], [23], [24] to search for all possible helical regions
from an RNA sequence, which compose the candidate helical
region set. Any compatible non-empty subset of the candidate heli-
cal region set can be a secondary structure. In fact, the empty set
refers to the RNA primary structure. The problem of an RNA sec-
ondary structure is then converted into the problem of how to
select a subset from candidate helical region set. Among the possi-
ble solutions, [22] is the most typical method used for subset selec-
tion. This algorithm takes RNA folding as an iterative process, but
it is also a greedy algorithm designed to simply choose the helical
region that can reduce the most free energy of the structure in each
iteration. However, the result of this algorithm is not satisfactory.
The reason may be that it simply tries to find the thermodynami-
cally minimum free energy, so that its result is often trapped in
local minima.

Based on the problems of RNA secondary structure prediction,

this paper proposes a new method based on the folding simulation

model, which combines both thermodynamics and kinetics factors

of the RNA secondary structure. Another novel approach adopted

in this method is to not assume that the native structure of an RNA

is always the MFE structure. This approach recongnizes that a

native structure must be thermodynamically stable [17], and that

the need for stability is closely related to the formation process.

Hence, the RNA folding process from the random coil state to full

structure is staged and in every stage of folding, the final state of

an RNA is determined by the optimal combination of helical

regions which urgently need to form under the current RNA state.

This paper presents the First Large Free Energy Difference (FLED)

in order to find these helical regions in urgent need of formation

among all the possible helical regions. Tests on the datasets with

known structures from public databases demonstrate that our

method can outperform other current RNA secondary structure

prediction methods in terms of prediction accuracy.
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2 METHODS

2.1 Some Definitions

It is necessary to establish some definitions before proceeding.
An RNA sequence is composed of L (L � 1) bases; then, the

length of the RNA is L. Number the bases of the RNA consecu-
tively from 1 to L beginning at the 5ʹ end of the RNA and it can be
expressed as:

sequence ¼ b1b2 . . . bL; bi 2 fA;C;G;Ug; 1 � i � L:

ðn;mÞ is called a region indicating the nucleotide sequence from
bn to bm, where 1 � n < m � L. Actually, region ð1; LÞ represents
the primary sequence of an RNA. For region ði; jÞ and regionðp; qÞ,
they do not intersect if j > p or q > i.

bi � bj denotes bi paired with bj, where bi � bj 2 fA � U;U �A;G �
C;C �G; G � U;U �Gg; 1 � i < j � L bi � bj and bp � bq are compat-

ible if i 6¼ p; i 6¼ q; j 6¼ p; j 6¼ q.
If all the bases of two regions which are of equal length and do

not intersect each other can be paired reversely, the set of such
base pairs is called a helical region, namely, for the region ði; jÞ and
region ðp; qÞ (assuming j > p), if j� i ¼ p� q; biþa � bq�a;

a ¼ 0; 1; . . . ; j� i, then the set fbiþa � bq�ag; a ¼ 0; 1; . . . ; j� i is a

helical region. And it can also be expressed as a triplet:
h ¼ ði; q; lengthÞ; hence, bi is the base closest to the 5ʹ end, bq is the
base closest to the 3ʹ end and length ¼ j� iþ 1 is the number of
base pairs, namely the length of the helical region. The number of
bases between two regions of a helical region is called helical
region interval with interval ¼ i� q � 2lengthþ 1. Apparently, the
helical region interval of a hairpin structure is equal to the number
of bases on its hairpin ring. If 8bi � bj 2 h1 is compatible with

8bp � bq 2 h2, the helical region h1 and h2 are compatible.

The set composed of all possible helical regions in terms of an
RNA sequence is a candidate helical region set H. So the RNA sec-
ondary structure can be defined as a non-empty compatible subset
of H, namely, Structure � H, 8hi and 8hj are compatible,
hi; hj 2 Structure; i 6¼ j;H 6¼ ;.

2.2 Rules for Searching All the Maximum Helical Regions

For a helical region h, usually the contact matrix CL�L can be con-
structed by helical region distribution, where L is the length of h.
Contact matrix CL�L is initialized to be an empty matrix and Ci;j is

marked if bi is paired with bj. Then by searching the matrix CL�L,

all the possible helical regions can be obtained and they compose
the original candidate helical region set H. We then make further
restrictions on the original candidate helical region setH.

8hi 2 H; hi ¼ ðstart; end; lengthÞ; intervali is the helical region
interval of hi and hi should comply with:

1. length � 3;
2. Both base pairs at the end of hi, bstart � bend 6¼ G � U ,

bstartþlength�1 � bend�lengthþ1 6¼ G � U ;

3. intervali � 3;
4. No other helical region, which complies with rules 1-3,

contains all the base pairs in hi.
All the rules above are derived from the native RNA secondary

structures and some appropriate simplifications are made. In fact,
these rules are designed to pick out the helical regions which are
most likely to exist in their native structures, and the number of
them should be as small as possible to speed up the execution of the
program. The fourth rule is to pick up the maximum helical regions
in all the possible helical regions. If the length of the maximum heli-
cal region isL, the helical regionmay contain ðL2 � 3LÞ=2 other heli-
cal regions. Obviously, selecting only the maximum helical regions
greatly reduces the number of helical regions.

After screening as per the above limitations, the final candidate
helical region set can be obtained. Of course, in the native structures,
some helical regions do not exist as themaximumhelical regions.

2.3 The RNA Folding Simulation Model

For the RNA secondary structure, base stacking between base pairs
is one of the main factors that make the RNA structures stable. Base
stacking is determined by the interaction between the neighboring
base pairs. This kind of strong, short range force makes RNA fold-
ing non-synergistic, and once a relatively stable structure is formed
during the formation of RNA, it is difficult to destroy [25]. Such a
structure is in a metastable intermediate state; moreover, the inter-
mediate state is often a local optimum structure [26]. Therefore, we
assume that the process of a dynamic RNA secondary structure
formation can be divided into several stages and in each stage, the
thermodynamically most stable local structure should be formed,
and the structure cannot be opened. Following each change of
stage, the RNA structure is gradually formed. When the RNA
structure cannot be changed, it’s native full structure is finally
formed. Within a stage, only the helical regions with advantages in
thermodynamics may be formed. They compete with each other
and will be combined into the thermodynamically optimal local
structure at the end of this stage. Competition for helical region
bases occurs only within a stage but does not occur between stages.

As shown in Fig. 2, the folding of an RNA from the initial ran-
dom coil to the full structure goes through intermediate states and
Hi denotes the helical region set composed of the helical regions,
which have already formed in the structure under the ith
(0 � i � m) state. H0 presents the initial sequence obviously,
H0 ¼ � and Hm presents the final secondary structure. Therefore,
the transition process of the RNA state is just the transition process
of H0; H1; H2; . . . ; Hm. The structure transforms from the ith state
to the (iþ 1)th state through stage Siþ1; 0 � i � m� 1. In the Siþ1,
the helical regions competing with each other will form the ther-
modynamically optimal local structure.

2.3.1 Stage Division of RNA Folding

An RNA is a single-stranded nucleotide sequence; thus, forming a
double-stranded helical region would inevitably lead to the forma-
tion of a ring. To form a helical region, the factors affecting free
energy of the RNA are energy released by pairing, stacking

Fig. 1. RNA secondary structure diagram. Each circle represents a base whose
number is indicated beside it. The length of this RNA is 21. Thick lines connect
paired bases. (5, 8), (14, 17) represent two regions, and they can be paired
reversely, so that (5,17,4) is a helical region whose helical region interval is 5.

Fig. 2. State transition in the staged folding process.
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(negative energy, increasing stability) and energy absorbed by clos-
ing the loop structure (positive energy, reducing stability). So the
energy contribution to the entire RNA for forming the helical
region should be the sum of the positive energy and negative
energy and the sum is represented by e. Then attach e as another
item in each h of set H, so the elements in H can be expressed as
ððstart; end; lengthÞ; eÞ. The set of such elements is denoted by
Hcurrent. When e < 0, the smaller the value is, the more stability
can be brought to the current RNA by forming the corresponding
helical region, so the possibility of forming the helical region is
greater. In other words, the more stable the RNA, the more urgency
for formation of a helical region.

At the end of each stage, the helical regions which can be
formed are the helical regions most urgent to form at the current
stage, and these helical regions are more stable than others accord-
ing to thermodynamics. So item e of the elements in Hcurrent can be
seen as the criteria of the urgency degree of helical region forma-
tion. So the elements inHcurrent can be ranked as ascending in terms
of item e; then the group of helical regions, which are in front of the
rank with similar e, are the helical regions most urgent to form. If
corresponding item e of element in Hcurrent is greater than 0, it
means that assembling the helical region to current structure will
make the structure unstable, so it will be removed from Hcurrent. In
fact, usually the stability conditions made possible by e correspond
to elements inHcurrent, which are in front of the rank, and their sim-
ilarities suggests these helical regions must form at the same time.
Then, these helical regions work to compete as they construct the
set H�

current, H
�
current � Hcurrent. The item e of the elements in H�

current

should be significantly different from the other elements in
Hcurrent. In order to describe the elements belonging to H�

current con-

veniently, the First Large Energy Difference (FLED) is defined.
The first step is to rank elements in Hcurrent in terms of item e in

ascending order and mark the free energy items consecutively
with ei, where i is from 1 to Hcurrentj j. And then calculate the differ-
ence d between adjacent e, i.e., di ¼ eiþ1 � ei. Obviously the num-
ber of di is Hcurrentj j � 1. We set a parameter a, 0 � a � 1. The
process of calculating FLED is as follows:

j0 ¼ Hcurrentj j; (1)

D ¼ fdjmg; djm ¼ max
i¼1...jm�1

fdig;m ¼ 1; 2; . . . ; (2)

D� ¼ fdjmg;a 	 djm > djmþ1
; (3)

jx ¼ minfjmg; djm 2 D; if D� ¼ �
minfjmg; djm 2 D�; if D� 6¼ �:

�
(4)

The initial j0 can be got by (1) and it is just the number of di. The
D set is derived by (2) using the method of recurrence and it is
composed by djm which is the largest one between dj1 to djm�1

;

therefore, the change of corresponding e is most obvious. Restrict
the elements in D further by (3) to get D�, the elements of which
satisfy the condition a 	 djm > djmþ1

and so the elements in D� are

ones with a large change compared to the next element. The
parameter a in (3) is a scale parameter which measures the degree
of change of two adjacent elements. Section 2.2.3 will discuss this
degree of change and its effect in detail. At last, jx can be obtained
by (4) and it is the minimum subscript in all the subscripts of ele-
ments in D� (if D� 6¼ �). The corresponding djx is the FLED; that is,

in the current state of RNA folding, jx elements in the front of the
rank of elements in Hcurrent are the helical regions urgent to form.
These elements constitute the set H�

current and change the state of

RNA by competing with each other. If Hcurrent ¼ �, the RNA fold-
ing is finished.

2.3.2 Search for the Optimal Structure in a Stage

The helical regions in H�
current will compete with each other in each

stage. The RNA structure should always be a thermodynamically
local optimal structure at the end of each stage; that is, these helical
regions reduce mostly free energy during each stage of their struc-
ture through competition, fragmentation and recombination. So the
final structure in each stage represents the most thermodynamic
and stable local structure formed by each particular helical region.

It is possible that the helical regions in H�
current are incompatible,

and that the competition will occur among the incompatible helical
regions. The helical regions’ success in the competition depends on
which structure is most stable to keep the maximum length of this
helical region, which means it can reduce the most amount of
energy. Meanwhile, the failed helical regions in the competition
will lose several base pairs. This suggests that the initial set of can-
didate helical regions does not have to contain all the helical
regions, but only the maximum-length helical regions.

The final result of the helical region competition is a thermody-
namic optimal local structure formed by these helical regions. So
the simple in-depth manipulation can be used to find the optimal
structure in all possible structures formed by the helical region
competition. Assuming there are k elements in H�

current, it is easy to
divide them into two parts:

H�
current ¼ fhi i ¼ 1; 2; . . . ;mj g [ fhj j ¼ mþ 1;mþ 2; . . . ; kj g

8hn is compatible with hi, hn 2 H�
current; i 6¼ n

9hn is incompatible with hj, hn 2 H�
current; j 6¼ n

The first m helical regions do not conflict with any other helical
regions in H�

current, and each of the other k�m helical regions has

at least one base which is occupied by other helical regions.
Extend the hi into the non-maximum helical regions (including

the maximum helical region and the empty helical region) in accor-
dance with candidate helical region selection Rules 1-3 and these
helical regions compose the set Ei. If the energy of the RNA con-
taining incompatible helical regions is regarded as infinity, the
local structure which has the local minimum free energy
minffFEð[1�i�mhi [

Q
mþ1�i�k EiÞg is the thermodynamically opti-

mal local structure and will be formed at the end of the stage. fFE
is the function used to calculate the free energy of a given second-
ary structure.

Only nested structures which do not contain pseudoknots are
considered, which will be covered in the discussion section.

Fig. 3 shows the folding process of a real tRNA (PDB，
ID:2DET) predicted by our method. The a-d illustrations show the
four states of this RNA according to their order of appearance dur-
ing the folding process. The regions marked by the curves in
Figs. 3a, 3b, and 3c are parts of the helical regions which will win
in the helical region competition in the next stage, and they will be
formed before the end of next stage. Fig. 3d shows the clover struc-
ture eventually formed by our method. Fig. 3e is the MFE structure
predicted by mfold. The mfold only correctly predicted two helical
regions and the results were quite different from the clover struc-
ture which is the structure tRNAs should form.

2.3.3 The Choice of the Parameter

The accuracy of RNA secondary structure prediction is usually
measured by sensitivity and PPV [13], which are defined as:

Sensitivity ¼ True positive pairs=ðTrue positive pairs
þ False negative pairsÞ; (5)

PPV ¼ True positive pairs=ðTrue positive pairs
þ False positive pairsÞ: (6)
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As shown in (5) and (6), sensitivity measures the ratio of cor-
rectly predicted base pairs with native base pairs, and PPV meas-
ures the ratio of correctly predicted base pairs using all of the
predicted base pairs. These two indexes are widely used in various
prediction algorithms.

The selected helical regions at each stage have more advantages
than others based on their thermodynamic stability, and parameter
a is used to measure to what extent the selected helical regions are
better than others. If a 	 djm > djmþ1

, it shows djm was significantly

greater than djmþ1
so it may become FLED. In all such djm , the one

with the smallest jm will become the final FLED. The value of a is
between [0,1]. According to (1) to (4), if a ¼ 0, there is only one heli-
cal region in H�

current at each stage, and this helical region can most

reduce the free energy of the current structure. If a ¼ 1, all the heli-
cal regions before the maximum free energy difference will be
selected intoH�

current.

Different values of a have different effects on the prediction
accuracy. Because a is the only parameter in our method, we can
test each possible value to select the one which can make our
method perform best. We randomly selected 500 sequences
(including tRNA, 5S rRNA, RNase P, tmRNA, GI intron and each
one of these types included 100 sequences) as test set. We gave a

different values between [0,1] every 0.05 and recorded the sensitiv-
ity and PPV. Fig. 4 shows the trend of the average sensitivity and
average PPV is almost the same; When a ¼ 0:8, sensitivity and
PPV reached their highest points (sensitivity ¼ 0.637, PPV ¼ 0.624)
at the same time. As a increased to 1, both the sensitivity and PPV
dropped down quickly. As the a gradually reduces to zero, both
the sensitivity and PPV declined generally except for some individ-
ual points. In addition, in the extreme case a ¼ 0, our method
degenerated into a greedy algorithm [22], and the accuracy in this
case was not satisfactory. Therefore, the default value of a is 0.8 in
our method.

3 RESULTS

The results of our method are presented in this section and our
method will be compared with the RNAfold [15], mfold [14], cofold
[20] and Sfold [27]. For RNAfold, mfold and Sfold, we only selected
the predicted structures with the minimum free energy.

3.1 Free Energy Model and Date Set

We used the NN model [28] to calculate the free energy of an RNA
secondary structure. NN model assumes that the total free energy
of an RNA is the sum of individual structural units (helical regions,
loops), and neglects the interaction between them. Turner and
Mathews [28] in 1999 established the thermodynamic parameters
for the NN model most widely used in many RNA secondary
structure prediction algorithms, which still hold true for current
NN model. Hence, our method also used their 1999 thermody-
namic parameters. In order to even out the effect of the thermody-
namic parameters on the results, we also used Turner and
Mathew’s 1999 thermodynamic parameters for mfold, RNAfold,
cofold.

All RNA sequences in the data set we used for testing came
from tRNA DB 2009 [29], tmRNA Database [30], Nucleic Acid
Database [31], RNase P Database [32], and the RNA STRAND
Database [33], which are the databases most widely used currently.
Testing sequences included tRNA, 5S rRNA, tmRNA, RNase P, GI
intron, and the length of them ranged from 70 to 1058. The

Fig. 3. The folding process of anRNApredicted by fledFold. FledFold is developed to find helical regionsmost urgently seeking formation among all the possible helical regions.

Fig. 4. The relation between the value of a and prediction accuracy.
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sequences of tRNA, 5S RNA, tmRNA, RNase P and GI intron came
from tRNA DB 2009, RNA STRAND, tmRNA Database, RNase P
Database, and Nucleic Acid Database, respectively. All secondary
structures of these sequences are known and can be viewed as
native structures.

3.2 Accuracy Comparison

Tables 1 and 2 compare the results of our method (fledFold) with
the other algorithms. The test set of each kind of RNA includes 100
sequences selected randomly from the databases. The value of
parameter a of fledFold is 0.8.

Table 1 compares the prediction results of fledFold and other
algorithms on tRNA and 5S rRNA. Obviously, the sensitivity and
PPV of our method on the tRNA and 5S rRNA are higher than the
other algorithms. On tRNA, the sensitivity and PPV of fledFold are
4.7 and 5.8 percent higher, respectively than other algorithms,
which perform best. On 5S rRNA, the sensitivity and PPV of fled-
Fold is 1.2 and 1.0 percent higher, respectively, than any other
high-performance algorithm. Therefore, our method has more
advantages than others on short sequences without pseudoknots.

Table 2 compares the prediction results of fledFold and other
algorithms on the longer sequences including tmRNA, RNase P,
and GI intron. The accuracy declines for all of the algorithms in
predicting these sequences. However, the sensitivity on tmRNA
and the PPV on RNase P are 0.3 and 0.9 percent lower than mfold.
When predicting tmRNA, fledFold output less true positive pairs
and the false positive, but more false negative pairs and when pre-
dicting RNase P, fledFold output more false positive pairs but less
true positive pairs and false negative pairs. The remaining items in
the table shows our method achieving a higher accuracy than the
other algorithms, but the accuracy of fledFold is not satisfactory
enough. This may be because a long RNA sequence usually folds
into a pseudoknoted structure and the pseudoknots may affect the
folding state. Our method does not consider the pseudoknots,
which may affect the accuracy of the prediction.

4 DISCUSSION

Our RNA structure prediction method takes into account the
dynamic process of the RNA folding from random coil to full struc-
ture, combines thermodynamics and kinetics, and improves pre-
diction accuracy to some extent. After testing experiments,
sensitivities of our method on tRNA, 5S rRNA and GI intron were
4.7, 1.2 and 1.3 percent higher than the best performance of other
algorithms respectively; PPVs were 1.9, 1 and 1.2 percent higher
than the best performance of other algorithms respectively. The
sensitivity on tmRNA and PPV on RNase P of our method was not
the best among all the testing algorithms but the gaps were not
wide. The PPV on tmRNA and the sensitivity on RNase P of our
method was 1.2 and 2.1 percent higher than the best performance
of other algorithms, respectively.

The improved prediction accuracy can be due to that the micro-
environment where the RNA folds are very different and do not

produce traditional paths. Consequently, these differences may
cause RNAs to not fold along the fixed paths toward optimal struc-
tures. This means that the probabilities which accompany the more
common folding paths are not expected to the same for RNAs.
Energy traps encountered in the folding process can hinder the for-
mation of an RNA and negatively affect the thermodynamics opti-
mal structure along one or several paths. Nature’s RNAs may
differ substantially from random sequences in their folding pat-
tern, and would be valuable to understand how they fold into their
native structures accurately. However, we are trying to explore the
folding pattern of RNAs. Our method does not determine the path-
ways, but finds the relatively stable key statuses, which avoids the
differences on the folding pathway caused by microenvironments.

Our method found all the helical regions complying with the
rules in advance based on helical region distribution which greatly
reduced the search space and made subsequent calculations simple
and fast. Some steps could even be executed concurrently on multi-
ple machines. But these rules may exclude some native helical
regions, which could have affected the accuracy of the prediction.
So how to restrict candidate helical regions reasonably is another
problem that needs to be solved in order to improve our method.

From the program execution point of view: for the longer
RNAs, local structures are usually formed by the regions nearest to
each other at the beginning of the execution. Along with the forma-
tion of such local structures, the helical regions with larger inter-
vals are dragged together and formed. Actually, along with such
progress, RNAs transform from their disordered, unstable states to
stable, ordered states.

Although the energy parameters Turner and Mathews estab-
lished in 1999 [28] arewidely used, they are still not perfect. AsHud-
son et al. found, the c �A (c represents pseudouridine) base pair
have significant difference with the traditional U �A base pair on
free energy [34]. So energy parameters may also be a limiting factor
in the accuracy of our method. At present, energy parameters for
pseudoknots have not been experimentally determined [13] and to
the best of our knowledge, no good pseudoknot energymodels exist.
We used the same pseudoknot model in our method as that used for
hotknots [35] to predict pseudoknoted structures, but the results
were not satisfactory. There are many false negative pseudoknots in
predicted structures, which affect the prediction process; subse-
quently, the prediction accuracy is reduced. Even though our
method does not currently consider pseudoknots, we acknowledge
that pseudoknots may affect the folding state. Overlooking pseudo-
knots may affect the accuracy of predictions, especially when pre-
dicting the structure of a long RNA sequence. A reliable pseudoknot
energymodelwould further improve the accuracy of ourmethod.

Besides the factor of dynamic folding, other important factors
can directly affect the results of RNA folding, such as co-transcrip-
tional folding, transcription pausing, protein-RNA interactions,
RNA-ligand interactions etc. These factors are likely to cause the
energy of local structures to change, thereby causing a change in
the process of folding and sometimes—even causing RNAs to fold
into different structures and perform different functions [36], [37].

TABLE 1
The Comparison on tRNA and 5S rRNA

Method
tRNA 5S rRNA

SEN PPV SEN PPV

mfold 0.654 0.609 0.693 0.704
RNAfold 0.660 0.607 0.694 0.704
cofold 0.640 0.596 0.585 0.591
Sfold 0.587 0.650 0.703 0.733
fledFold 0.707 0.708 0.715 0.743

The items in bold are the highest sensitivity or PPV among all the algorithms.
SEN indicates sensitivity.

TABLE 2
The Comparison on tmRNA, RNase, and GI intron

Method
tmRNA RNase P GI intron

SEN PPV SEN PPV SEN PPV

Mfold 0.529 0.486 0.596 0.594 0.599 0.504
RNAfold 0.526 0.490 0.594 0.589 0.596 0.500
Cofold 0.474 0.448 0.563 0.569 0.610 0.534
Sfold 0.488 0.524 0.582 0.590 0.576 0.548
fledFold 0.526 0.536 0.617 0.575 0.623 0.560

The items in bold have the highest sensitivity or PPV among all the
algorithms. SEN indicates sensitivity.
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At present, in our lab’s research on drug resistance to gastric
cancer, we have used our fledFold method to predict the local
structures of 500 lncRNAs differentially expressed in drug resistant
gastric cancer cells. Using structural information, we successfully
screened the lncRNAs related to drug resistance. Moreover,
screened lncRNAs have been confirmed by biological experiments,
which also supports the practical value of our method.
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