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Summary

In order to carry out biological functions, RNA molecules must fold into specific three-
dimensional (3D) structures. Current experimental methods to determine RNA 3D structures are
expensive and time consuming. With the recent advances in computational biology, RNA structure
prediction is becoming increasingly reliable. This chapter describes a recently developed RNA
structure prediction software, Vfold, a virtual bond-based RNA folding model. The main features
of Vfold are the physics-based loop free energy calculations for various RNA structure motifs and
a template-based assembly method for RNA 3D structure prediction. For illustration, we use the
yybP-ykoY Orphan riboswitch as an example to show the implementation of the Vfold model in
RNA structure prediction from the sequence.
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1. Introduction

Current experimental methods, such as X-ray crystallography (1), NMR (2) and electron
microscopy (3), can determine RNA 3D structures in high or low resolutions. However,
using experimental methods to determine RNA structures can be expensive and time
consuming. With the rapid advances of RNA sequencing technology (4), experimental
methods may not catch up the demands for high resolution RNA 3D structures. Therefore,
computational structure prediction becomes a highly needed tool for RNA biology.

An RNA structure can be described at 2D and 3D levels. A 2D structure is defined by the
base pairs contained in the structure, which provides structural constrains for 3D structure
folding. Current RNA 2D structure prediction algorithms can be classified into two major
categories (5, 6, 7, 8, 9, 10): sequence alignment-based methods and free energy-based
methods. In general, sequence alignment software, such as Dynalign (11), gives reliable 2D
structures if homologous sequences are available. However, many alternative structures,
which may not be predicted by the comparative sequence analysis method, can also be
functionally important. For example, riboswitches undergo a conformational change in
response to binding of a regulatory molecule (12). Free energy-based methods, such as
Mfold (13), RNAstructure (14), and RNAfold (15), calculate the free energies for an
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ensemble of structures and find the minimum free energy structure or the most probable
(average) structure. One of the key ingredients of these methods is the availability of
thermodynamic parameters for loops and helices. The thermodynamic parameters for helices
and simple loops (i.e. small-size hairpin, internal/bulge loops) have been determined
systematically and compiled as the Turner’s parameters (16). However, free energy
parameters of other more complicated loops remain unknown and need to be determined
through a computational model.

Knowing RNA 2D structure is not sufficient to obtain high resolution 3D structure. In
general, a 2D structure can correspond to a large number of 3D structures due to the
multiplicity of flexible loop conformations. We still need methods to model the structures of
the unpaired nucleotides and the relative orientations of helices. There are many different
ways to predict RNA 3D structures from given 2D structure. For example, one such method
is to use knowledge-based force field and predict RNA 3D structures from coarse-grained
discrete molecular dynamics (DMD) simulations (17, 18, 19, 20). Here the coarse-grained
representation for RNA conformations can dramatically decrease the number of freedoms of
an RNA system, and thus increase the completeness of the conformational sampling. One of
the major issues in the simulations is that the sampled conformations often remain close to
the initial starting model, which requires the use of various special simulation techniques to
achieve effective sampling of conformational space. One of the attempts to circumvent this
problem is to use template-based structure prediction algorithm (21, 22, 23, 24). For the
template-based approaches, one of the common limitations is the limited degree of
divergence of the template library. Given the limited number of known RNA structures,
structural motif templates with the required high sequence similarity are difficult to attain.
The lack of reliable structural motifs for many loops and junctions has greatly hampered our
effort for successful 3D structure prediction. Nevertheless, as more and more RNA
structures are experimentally determined, we can realistically expect the continuous
improvements in the accuracy of structure prediction using template-based prediction
algorithms.

The recently developed Vfold model (23, 24, 25, 26) is a free energy-based RNA folding
model to predict RNA structures and thermodynamic stabilities from the sequence.
Compared with other RNA structure prediction software (13, 14, 15, 22), Vfold uses a
coarse-grained representation (24, 25) for RNA conformations. The model enumerates all
the possible loop conformations in 3D space to calculate loop entropy and free energy
parameters. For the 3D structure prediction, Vfold uses template-based method to assemble
RNA 3D structures from maotifs. In this chapter, we illustrate the application of the Vfold
software/web server (24) in RNA structure prediction.

2. Algorithms

2.1 Computation of loop entropies and prediction of 2D structure (Vfold2D)

Vfold model uses two virtual bonds (P-C4” and C4’-P) per nucleotide to represent RNA
backbone configurations (see Fig. 1). By enumerating all the possible virtual-bond
conformations in the 3D space (see Note 1), Vfold estimates the loop entropy parameters
from the probability of loop closure (24, 25). The model has the advantage of accounting for
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chain connectivity, excluded volume (between loops and helices), and the completeness of
virtual-bonded loop conformational ensemble. Vfold2D (24) is a free energy-based model
that predicts RNA 2D structures using the above Vfold-derived entropy and free energy
parameters

Here, we use the pseudoknotted loop structure to illustrate the calculation for the Vfold
entropy parameters. A pseudoknotted motif, as shown in Fig. 1c, consists of two helical
stems and three loops. The relative orientation of the two helices can be configured by the
3D conformation of the L, loop. Loops and helices can be correlated. For example, the loop
conformations are constrained by the loop-helix volume exclusion, and the helix orientations
can be determined from the coordinates of the nucleotides (&, 4, ¢, d, e, and fin Fig. 1c) in
the loop. Therefore, the free energy change, especially the entropic decrease, for the
formation of the pseudoknotted loop structure depends not only on the lengths of the single-
stranded loops L4, L, and L3 but also on the lengths of the helices Hq, and Hy. Since the
two virtual bonds per nucleotide used in Vfold model describe only the backbone structures,
the Vfold-derived loop entropy parameters do not account for the sequence dependence per
se (see Note 2). However, by explicitly enumerating the sequence-dependent intraloop
structures (such as mismatches) for the loops, the VVfold2D model can (partially) account for
the sequence-dependence of the loop free energy. The computation of the loop entropy
parameters in the Vfold2D model involves the following three steps.

1 We sample helix configurations by enumerating the virtual-bond conformations
of loop L,. The connection between the A-form helices and the discrete loop
conformations is realized through an iterative optimized algorithm (27). Helices
are modeled as the all-atom A-form (28) helix structures (see Note 3).

2. For each helix orientation, with the given (a, ) of the starting and ending
nucleotides for loop L and (e, # of the starting and ending nucleotides for loop
L3, we sample loop conformations as self-avoiding walks of the virtual bonds on
the diamond lattice to sample loops/junctions 3D conformations (see Note 4).

3. We estimate the loop entropy parameter as the logarithm of the probability of
loop formation: ASjgop = AB IN(Q00p/Qcoil) (se€ Note 2). Here Qjoop and Qe are
the conformational counts of the loop and the coil structures, respectively and kg
is the Boltzmann constant.

With the Vfold-derived loop entropy parameters (25, 29, 30, 31, 32) and the experimentally
determined base stacking thermodynamic parameters (16), Vfold2D (24) gives the free
energy for each 2D structure and hence predicts the minimum free energy structure and the
possible alternative metastable structures.

Ia survey of the known structures suggests that the virtual bonds (P-C4” and C4’-P) have bond length of ~3.9 A and bond angle in
the range of 90° — 120°.

By enumerating all the possible (sequence-dependent) intra-loop mismatches considered in the Vfold2D algorithm, the Vfold model
can partially account for the sequence-dependence of the loop free energy.

The usage of all-atom helices can better account for the exclude volume effects between helices and between helices and loops in the
loop entropy calculations.

The length of each loop is limited to 8 nt for the complete loop virtual-bonded structure ensemble, due to the long computational
time for the exhaustive self-avoiding walks.
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2.2 VfoldMTF: a database of RNA 3D motifs

To predict the 3D structure from the 2D structure using the knowledge about the known
structures, we need to construct a database for all the known structural motifs. We have
complied a database “VfoldMTF” (see http://rna.physics.missouri.edu/vfoldMTF/) for the
3D structural motifs, including hairpin loops, internal/bulge loops, N-way junctions (2 < N <
8), H-type pseudoknots, hairpin/hairpin kissing motifs, and 2-way/hairpin kissing motifs
(see Fig. 2). The database shows the sequence of each motif as well as the PDB IDs of all
the PDB entries that contain the motif. Currently, the raw database for the 3D motifs is built
from 2626 known RNA 3D structures, including all the structures involving RNA (except for
RNA/DNA hybrids). With the increasing number of PDB entries, the VVfold(MTF database
will be continuously updated.

Here are the methods to extract motif templates from known RNA 3D structures and build a
non-redundant 3D motif database:

1 For a given RNA 3D structure (see Note 5), extract the A-form helices (see Note
6).
2. Determine the corresponding 2D structure for the given 3D structure based on

the helices and loops.

3. Identify all the non-helix 2D structure motifs (such as hairpin loop, internal loop,
three-way junction, H-type pseudoknot, ...).

4 Remove the redundant templates for those with RMSD (Root Mean Square
Deviation) < 1.5 A for the same motif type and same sequence.

5. Collect all the non-redundant templates to construct an RNA 3D motif database.

This new database distinguishes itself from other database (33, 34, 35, 36) in the treatment
of mismatches and other non-canonical interactions. For example, we consider nucleotides
involved in the non-canonical base pairs (mismatches) as unpaired nucleotides. In addition,
we classify motifs according to loop types (such as hairpin loops, N-way junctions, hairpin-
hairpin kissing motifs, ...) and their sizes instead of the type of intra-loop interactions (see
Fig. 2). The database can be used not only for the motif template-assembly method for RNA
3D structure prediction, but also for the analysis of structure-function relationships.

2.3 3D structure prediction through motif-template assembly (Vfold3D)

Vfold3D, a package of Vfold for RNA 3D structure prediction, uses the template-based
method to build RNA 3D structures (23, 24). Compared with other similar approaches, such
as FARNA (21) and MC-Sym (22), Vfold3D uses motif-based templates instead of
fragment-based templates. The method can account for the intra-motif interactions (see Note
7). Predicting the 3D structures from the sequence and the 2D structure (base pairs) involves
the following steps.

SEor the RNA 3D structures solved by NMR, only the first model is used to extract motifs for the database.

6An RMSD cutoff of 1.2 A (between the standard A-form helix and the helices in real RNA structures) is used for the helix extraction.
The fragment assembly-based method only considers the intra-loop structural features. While the motif assembly-based method

conserves both the intra- and inter loop interactions within the motifs.
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1 Vfold3D first extracts motifs (such as helices (see Note 8), hairpin loops,
internal/bulge loops, N-way junctions, ...) from the given 2D structure.

2. Helices are modeled as the A-form virtual-bonded helix structures.

3. For the non-helix motifs, Vfold3D searches for the best templates from the
VfoldMTF database to identify the appropriate template structures. The search
criteria are based on the size (first) and sequence (second) matches (see Note 9).
If necessary, this step may involve sequence replacement and base pair(s)
insertion or deletion in order to match the templates in the database.

4. Vfold3D assembles the helix and loop 3D virtual-bonded structures to construct
the 3D scaffold of the whole RNA.

5. Vfold3D adds all atoms to the virtual-bonded structure. For nucleotides in each
helix, atoms are added according to the A-form helix atomic structure. The all-
atom nucleotides in loops are generated by adding atoms according to the
templates for base configurations.

6. The assembled all-atom structures are refined by the all-atom energy
minimization (see Note 10).

3. Methods

To predict RNA 3D structures, Vfold first predicts the 2D structures from the sequence
through the Vfold2D package. Using the 2D structures as constraint, the model then predicts
the corresponding 3D structures from the Vfold3D package. The Vfold web server is freely
accessible at http://rna.physics.missouri.edu.

3.1 To predict RNA 2D structures with Vfold2D

Vfold2D uses the Vfold-derived pre-tabulated loop entropy parameters (25, 29, 30, 31, 32)
(see Note 11) to evaluate loop stability for each of the sampled structure. Currently, the
Vfold2D server can predict RNA 2D structures for (a) secondary (non cross-linked)
structure ensemble of sequence length less than 300 nucleotides and (b) H-type
pseudoknotted structure ensemble of length less than 150 nucleotides, due to the long
computational time. In addition to the lowest free energy structure, Vfold2D can also predict
alternative structures.

1 Visit the Vfold2D server at (http://rna.physics.missouri.edu/vfold2D).

2. The input of VVfold2D (see Fig. 3a) contains RNA sequence (A,a,U,u,G,g,C,c
letters only), temperature in Celsius and the choice of the energy parameters for

8Each helix should contain at least 2 base pairs. The helices with single base pair are treated as the intra-motif interactions.

\fold defines the sequence distance /=X ;A to find the optimal templates. Here, // is the hamming distance between nucleotide /
in the selected template and the corresponding nucleotide in the target sequence through the following substitution cycles:
A—G—C—U,C—>U—A—G, G>A—U—C, U—>C—>G—A.
10The MD minimization, such as AMBER and NAMD, only causes small RMSD change in 3D structure. Currently, the energy
minimization has not been automated in the Vfold3D server.
11\we have pre-tabulated Vfold-derived parameters for the different types of the loops (25, 29, 30, 31, 32).
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base stacks (including mismatched stacks), which can be either from the Turner’s
parameters (04 version) (16) or the MFOLD (2.3 version) (13) (see Note 12).

3. The computational time of Vfold2D depends on the length of input sequence
(see Note 13). We recommend users to provide emails before submission, so the
Vfold2D predictions can be delivered when the computation is finished.

4. Once the calculation is finished, users can retrieve the Vfold2D predictions either
from the job-specific result page, as shown in Fig. 3, or from the email.
Depending on the length of the input sequence, Vfold2D outputs up to two sets
of predictions (for secondary and H-type pseudoknotted structures, respectively),
with a list of predicted alternative structures and the base pairing probabilities
(see Note 14).

5. Users can also check the top 5 (if available) 2D structures, plotted by VARNA
(37), for each set of the predicted structures on the result page (see Fig. 3).

We use the yybP-ykoY orphan riboswitch (38) (PDB:4y1i) as an example to illustrate the
Vfold2D prediction. As shown in Fig. 3a, the input of VVfold2D is the 100-nucleotide long
sequence (see Note 15), with the temperature of 37°C and the helix energy parameters from
the Turner’s (04 version) parameters. Vfold2D outputs two sets of predicted results. The
most probable 2D structure is the top 1 prediction from the secondary structure ensemble, as
shown in Fig. 3c, which has the free energy of —30.14 kcal/mol. Compared with the native
2D structure (38) (see Note 16), Vfold2D correctly predicts 28 of 33 (84.8%) canonical base
pairs in the native one.

3.2 To predict RNA 3D structures with Vfold3D

With the predicted 2D structure by Vfold2D (see Note 17), users can predict the 3D
structures using the Vfold3D web server. Due to the limited divergence of the current
VfoldMTF database, the current version of Vfold3D can only predict RNA 3D structures
with hairpin loops, junctions, and limited number of pseudoknotted motifs.

1 Vfold3D web server is accessible at (http://rna.physics.missouri.edu/vfold3D).

2. The input of Vfold3D is the RNA sequence and the corresponding 2D structure
(base pair information) in dot-bracket format (see Fig. 4a).

3. Users can also leave their email addresses to receive the Vfold3D results through
email.

12There are minor differences between these two sets of energy parameters.

The computational time scales with the chain length AVas O(/\ﬁ) and the memory scales as 0(/\/2).

RNAs often have multiple, heterogeneous conformational distributions with the formation of multiple stable and metastable
structures. Therefore, the predicted minimum free energy structures may not always correspond to the native structures, due to the
conformational flexibility and the uncertainty in the energy parameters derived by the experiments and theories.
15The sequence of yybP-ykoY orphan riboswitch is: 5’ AAAGGGGAGUAGCGUCGGGAAACCGAAACAAAG
UCGUCAAUUCGUGAGGAAACUCACCGGCUUUGUUGACAUACGAAAGUAUGUUUAGCAAGACCU UUCC3'.
16The native 2D structure: (.. (CC(C M- DM DM-)-+-D)--
170ther RNA secondary structure prediction models, such as Mfold (13), RNAstructure (14), RNAfold (15), and MC-Fold (22) can
also be used.
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4, Vfold3D may predict multiple all-atom 3D structures if multiple optimal
templates are available in the database.

5. An error message will be given, if Vfold3D cannot find proper templates for at
least one motif.

6. On the result page, Vfold3D outputs the predicted all-atom 3D structure(s) in the
PDB format (see Fig. 4b).

We use yybP-ykoY orphan riboswitch as an example to show how Vfold predicts 3D
structures. The Vfold2D predicted 2D structure shows seven helices, one four-way junction,
three internal/bulge loops, three hairpin loops, and one 5’-unpaired loop. For the 2D
structure from Vfold2D, which contains incorrectly predicted 5 (out of 33) canonical base
pairs, the RMSD to the experimentally determined native structure is 6.9 A (Fig. 4c),
indicates that VVfold3D predicted structure can indeed capture the global fold of the
structure, even for 2D structures with minor inaccuracies.

If the (fully correct) native 2D structure (see Note 16) of the yybP-ykoY orphan riboswitch
is used as the input for Vfold3D, the RMSD of the predicted 3D structure would be reduced
to 3.3 A. The usage of the A-form helices in VVfold3D, which is slightly different from the
helices in the experimentally determined RNA structures, may cause a notable contribution
to the RMSD.
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Figurel.
The Vfold model uses two bonds (P-C4” and C4’-P) to represent each nucleotide and

computes loop entropies by sampling virtual-bonded conformations in 3D space. (a) Virtual-
bonded representation of an RNA nucleotide. (b) The bond angles (4, 5,) and the torsional
angles (6, n) for the virtual bonds. Vfold enumerates RNA backbone conformations on a
diamond lattice with bond length of 3.9 A, bond angle of ~109.5° and three equiprobable
torsional angles (60°, 180°, 300°). (c) A schematic diagram for a pseudoknotted loop. (d) A
virtual-bonded pseudoknotted loop structure with all-atom helices.
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VfoldMTF: RNA 3D motif database

Select motif type and specify loop size(s) to search for the RNA 3D motifs in the database. Currently, the
database was built based on the PDB structures released before Jan. 2016.

Motif annotation:

Motif type:

Hairpin loops
Internal/bulge loops FWHETLATY LIS
3-way junctions L22) (0-2-1-1-2)
4-way junctions

6-way junctions

7-way junctions

H-type pseudoknots
Hairpin-hairpin kissing motifs
2way-hairpin kissing motifs [

Sequence:
CA-UGGG-CUA-UAA-UCCG

Specific loop size(s) (Lmax = 19; List all motifs if not specified.):

B
[ Search®}| Reset

‘%
X
Search results: 2 hits in our database.

Index |Motif name [PDB  [Sequence \Strand(s)
E.65 to E.66
E.7 to E.10
E.25 to E.27
E.43 to E.45A

[Exists in other PDB(s)

1 5-way 0-2-1-1-2 2nr0  [UC-GUGG-CGC-GUG-CUUA

E.46L to E.49
B.65 to B.66
B.7 to B.10
B.25 to B.27
B.43 to B.45
B.471 to B.49

2 5-way 0-2-1-1-2 3zjv |CU-AUGG-CAA-UCG-UGUG 4as1 4cqn 3zgz

Figure 2.
Snapshot of the VfoldMTF database. “Motif annotation” denotes the definition of the motifs.

Users can search for motifs (with given loop sizes, optional) within the database. The output
of VfoldMTF gives the information about the sequences and the strand(s), as well as the
PDB id(s). For example, the 5-way junction with loop sizes 0-2-1-1-2 in the structure 3zjv
(PDB id) can also be found in 4asl, 4cqn, and 3zgz. The information may be helpful for
structure-function analysis.
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Vfold2D (version 2.0): Predicting RNA 2D structures

(1) Temperature 37 | °C

(2) Energy paramters for base stacks, including mismatched base stacks:
® from the Turner parameters (04 version)
’ from the MFOLD (2.3 version)

(3) Enter sequence (A,a,U,u,G,g,C,c):
[SAAACAAAGUCGUCAAUUCGUGAGGAAACUCACCGGCUUUGUUGACAUACGAAAGUAUGUUUAGCAAGACCUL

(4) Job name (alphanumeric characters only): |test

(5) Your email address (optional, you will receive the results by email, if provided):

|example@mail.com
a

| Fold it Reset

Vfold2D result:
< LCCCCCCOCCOCCC e MMECCCCCCCCCennnnnn CCCCCIMMMMIMIMMNUCC--00)IN)-))N)) -30.14 kcal/mol

=
=
(1) Top 5 prediction among secondary structure ensemble. i

Top 1 Top2 || Top3 || Top4 || Top 5

List of predicted structures
Predicted base pairing probabilities

bl

(1) Top 5 prediction among H-type p: doknotted e
Top 1 Top2 || Top3 || Top4 || Top 5

List of predicted structures (b)
Predicted base pairing probabilities

Figure 3.

An example of the VVfold2D prediction. (a) Input interface of VVfold2D server. Users have
options to input sequence, temperature and choose base stack parameters for helices. (b)
Output interface of Vfold2D server. Depending on the length of the input sequence, there are
up to two sets of predictions (secondary and H-type pseudoknotted structures, respectively),
with a list of predicted structures and the base pairing probabilities, included in the result
page. For clarity, the 2D structure of the top 1 prediction is shown in (c).
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Vfold3D: predicting RNA 3D structure (a)

To avoid long computational time, we restrict the sequence length <= 200 nt.

(1) Enter sequence(A,a,U,u,G,g,C,c):
[AAAGGGGAGUAGCGUCGGGAAACCGAAACAAAGUCGUCAAUUCGUGAGGAAACUCACCGGCUUUGUUGACAL|

(2) Input 2D structure, without cross-linked base pairs, in dot-bracket format:
[ MM e - DDIMMIMDC(e))N-))-D) ) )

(3) Job name (alphanumeric characters only):
[test

(4) Your email address (optional, you will receive the results by email, if provided):
|example@mail.com

| submit || Reset -

Vfold3D result:
Please download the vfold3D Bre&icﬁed structure(s) from the following link.
-

3d_struct.pdb

‘We will keep the file available for 30 days. (b)

Figure 4.
An example of the Vfold3D prediction. (a) Input interface of VVfold3D server. Users have

options to input sequence, and 2D structure in dot-bracket format. (b) Output interface of
Vfold3D server. Users can download predicted 3D structures from the result page. An error
message will be displayed if VVfold3D cannot find proper templates for at least one motif. (c)
The comparison between the predicted and native structures (RMSD = 6.9 A).
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