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Abstract. RNA secondary structures, determined by non-crossing base pairs,
capture many of the salient features of RNA molecules, explain the free energy
of structure formation very accurately, and can be computed efficiently given
the sequence information only. G-quadruplexes are compact local structures
that have been shown to have important biological function and can be inte-
grated into secondary structure prediction. In recent years circular RNAs have
gained considerable interest as a biological relevant subclass of RNAs. While
algorithms and tools are available that extend secondary structure prediction
from linear to circular RNAs, no support is provided for G-quadruplexes. In this
contribution we close this gap and describe how the ViennaRNA package has
been extended to include this increasingly relevant case.

1. Introduction
RNA G-quadruplexes (GQs) are non-canonical structures forming stable four-stranded
conformations composed of stacks of guanine tetrads that form Hoogsteen hydrogen
bonds. In contrast to DNA, RNA GQs appear to fold into a monomorphic parallel confor-
mation [Zhang et al. 2010, Pandey et al. 2013]. Specialized sequencing approaches such
as rG4-seq [Kwok et al. 2016] and G4RP-seq [Yang et al. 2022], makes it possible to map
GQs at transcriptome-wide scales [Kwok et al. 2016]. The G4Atlas [Yu et al. 2023]
collects GQs at transcriptome-wide scales.

Surprisingly, GQs are globally unfolded in vivo in many eukaryotic cells coun-
teracting their formation in vitro [Guo and Bartel 2016]. Nevertheless, their associ-
ation with untranslated regions and non-coding RNAs [Li and Zhou 2023], as well
as evidence for negative selection [Lee et al. 2020] suggest regulatory functions. In
Arabidopsis and Oryza, an enrichment of G-quadruplexes with two G-quartets and
a function in translation regulation have been reported [Yang et al. 2020]. GQs



have been implicated in the regulation of splicing, transcription, and chemical mod-
ifications, see [Fay et al. 2017, Dumas et al. 2021, Lyu et al. 2021, Cueny et al. 2022,
Sahayasheela and Sugiyama 2023] for recent reviews.

Circular RNAs have been a topic of intensive research during the last decade. By
far the most abundant subclass, usually referred to as circRNAs, is produced by back-
splicing from many eukaryotic transcripts. Current versions of dedicated databases report
millions of circRNAs. A recent careful benchmarking study showed, moreover, that cir-
cRNAs are identified reliably in RNA-seq data [Vromman et al. 2023]. The secondary
structures of circRNAs appear to play an important role in particular in their interactions
[Liu et al. 2019].

GQs have been available as a feature in RNA secondary structure prediction in the
ViennaRNA package for more than a decade [Lorenz et al. 2012, Lorenz et al. 2013].
The prediction of circular RNAs has also been a long-standing feature in ViennaRNA
package [Hofacker and Stadler 2006]. However, due to a lack of demand, the combination
of the two capabilities has not been implemented so far. Although there is at present no
direct evidence for a functional link between circular RNAs and GQs, this is a plausible
hypothesis because of the impact of GQs on splicing regulation and the role of splicing in
circRNA biogenesis. In order to enable a systematic study of GQs in circular RNAs, we
report here on an improved implementation of the of GQ-related features in ViennaRNA.

2. Theory and Implementation

2.1. Recursions for Folding Circular RNAs with G-Quadruplexes

RNA secondary structures can be computed exactly by means of dynamic pro-
gramming given the loop-based standard energy model, which distinguishes hair-
pin loops, interior loops (including stacked base pairs), and multi-branched loops
[Turner and Mathews 2010]. For the latter, a linear approximation is used that depends
on both the branching degree, i.e., the number of helices emanating from it and the num-
ber of unpaired bases. A detailed benchmarking showed that more sophisticated energy
models for multiloops does not improve structure prediction [Ward et al. 2017]. GQs,
by definition, are self-enclosed local elements that cover a contiguous sequence interval.
Consequently, they can be treated in the same way as substructures enclosed by a base
pair when embedded in a larger secondary structure context. In other words, GQs can be
incorporated into folding recursion as a straightforward extension [Lorenz et al. 2012].
More precisely, it suffices to introduce extra cases in which a GQ replaces as substructure
that is enclosed by a base pair. Fig. 1 summarizes these extensions to the core recursions.

RNA folding distinguishes three types of loops: hairpin loops, in which the closing
pair (i, j) is connected by an unpaired stretch of sequence, interior loops, in which the
closing pairs (i, j) and a unique base pair (k, l) immediately interior to (i, j) with i <
k < l < j are connected by unpaired stretches between i and k, and l and j, respectively,
and multiloops in which there are two or more base pairs immediately interior to the
closing pair (i, j). Each of these pairs delimits a component of the multiloop.

As noted above, GQs can be formally treated just like components, i.e., a GQ
from k to l corresponds to a base pair (k, l) immediately interior to the closing pair. Thus,
GQs are appended as additional structural alternative wherever the recursions in Fig. 1
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Figure 1. Grammar for the decomposition of “loops”. Every structure enclosed by a
base pair, C, is either a hairpin loop, an interior loop, or a multi-branch loop. In addition, we
need to consider an interior-loop-like conformation in which the inner structure in the loops
is a GQ. The linear energy model for multiloops requires two auxiliary variables, referring
to arbitrary substructures of a multiloop, M , and to substructures of multiloops with at least
two components, M2. The auxiliary variable M1 referring to a substructure with exactly one
component (last line) is only required for evaluating the external loop, which is treated separately
in Fig. 2 below.

explicitly call for contributions deriving from a single component. In particular, a GQ may
take on the role of the inner substructure in an interior loop (first line). Similarly, GQs
may replace single-component parts within multiloops thus leading to additional cases in
the recursions for unconstrained multiloops (M ) and multiloop components with at least
two substructures M2. As a consequence, the GQ contributions are accounted for in the
C, M , and M2 arrays. We note that this part of the grammar in Fig. 1 is slightly different
from (but equivalent to) the implementation of GQs as described in [Lorenz et al. 2013].
We shall return to this point below.

Linear and circular structures differ only with respect to the exterior loop, i.e., the
part of the structure containing positions 1 and n. In the case of linear RNAs, the exterior
loop is considered unconstrained and itself incurs no energy contribution. That is, it can
be decomposed stepwisely, into an unpaired base, a substructure enclosed by a base pair,
or a GQ, followed by the remainder of the exterior loop. In grammatical form, this can
be expressed as F → •F | CF | GF , where • denotes unpaired base, C is a substructure
enclosed by a base pair, and G denotes a GQ.

In the circular case, however, the exterior loop, F ◦ contains the covalent bond
between the last nucleotide n and the first nucleotide 1 in the input sequence, which we
will refer to as n, 1-junction. Incorporating GQs entails several additional cases to retain
sufficient flexibility in the scoring. We distinguish two cases: (1) decompositions where
the n, 1-junction is exposed and (2) decompositions where the n, 1-junction is covered by
a quadruplex.

For case (1), there are eight alternatives, the first four of which arise in the same
form in circular folding algorithms without GQs [Hofacker and Stadler 2006], namely the
completely unpaired structure, the hairpin, interior loop, and multiloop case. The latter is
handled here differently from earlier grammars. Since an exterior multiloop has at least
three components, it can be composed of single component described by M1 array in
Fig. 1 and a part with at least two components, M2 (see below). The remaining four cases
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Figure 2. Grammar for the decomposition of the exterior loop of circular struc-
ture with GQs. The first four cases are the unpaired structure, and the hairpin, interior loop,
and multiloop case. The next four cases explicitly describe structures exclusively composed of
one or two GQs not overlapping the n, 1-junction. The remaining four alternatives deal with
a quadruplex covering the n, 1-junction, distinguishing the hairpin, interior loop and multiloop
cases.

correspond to a hairpin- and interior-loop-like arrangement comprising structures that are
unpaired except for one or two quadruplexes.

The last four alternatives pertain to structures in which the n, 1-junction is covered
by a GQ. These do not have analogs in either linear folding with GQs or circular folding
without GQs. Again, however, they correspond to the three loop types. There are two
variants for the interior-loop-like case, since the interior component is either a structure
enclosed by a base pair, C, or GQ. In the multiloop case, the GQ covering the n, 1-junction
counts as a component, thus the remainder of the sequence is covered by multiloop part
with at least two components, M2.

The full set of recursion equations is shown in Tab. 1 for the computation of the
minimum free energy structure. Each variable denotes the optimal energy over all struc-
tures of a particular type over the sequence interval indicated by the indices. For example,
Cij is the energy of the optimal secondary structure on the subsequence from position i to
j subject to the condition that (i, j) forms a base pair. A value of +∞ appears whenever
a structure is impossible, i.e., Cij = ∞ if the bases at position i and j cannot form a base
pair. All terms that involve GQs are highlighted in color. Throughout, we write Gp,q for
the free energy of a GQ with first base p and last base q. The optimal energy of the com-
plete structure is denoted by F ◦. For ease of presentation, is is given as the minimum over
the four alternatives F ◦

E , F ◦
H , F ◦

I , and F ◦
M depending on the type of the exterior loop. The

cases with exposed and covered n, 1-junction are collected by loop type in the recursion
equations.

Analogous expression for the corresponding partition functions are obtained by
replacing the minima by sums, the sums by multiplications, and parameter values such as
H(i, j) by the corresponding Boltzmann factor exp(−H(i, j)/RT ). Outside recursions



Table 1. Complete recursion for minimum energy folding of circular RNAs with
G-quadruplexes. See text for explanation of the variables; calligraphic symbols H, I refer
to energy parameters, superscript G indicates values for G-quadruplexes. Entries in color are
extensions due to the inclusion of G-quadruplexes.

Ci,j = min


H(i, j),

mini<k<l<j (I(i, j, k, l) + Ck,l) ,

a+ b+M2
i+1,j−1

mini<k<l<j

(
IG(i, j, k, l) +Gk,l

) (1)

M2
i,j = min

{
M2

i,j−1 + c,mini<u<j Mi,u + Cu+1,j + b,

mini<u<j Mi,u +Gu+1,j + b
(2)

Mi,j = min



Mi,j−1 + c,

mini<u<j (Mi,u + Cu+1,j + b) ,

mini≤u<j ((u− i) · c+ Cu,j + b) ,

mini<u<j (Mi,u +Gu+1,j + b),

mini≤u<j ((u− i) · c+Gu,j + b)

(3)

M1
j = min

{
Mj−1 + c,min1≤i<j ((i− 1) · c+ Ci,j)

min1≤i<j ((i− 1) · c+Gi,j)
(4)

F ◦ = min {F ◦
E, F

◦
H , F

◦
I , F

◦
M} (5)

F ◦
E = ∆Gcyc (6)

F ◦
H = min

{
min1≤i<j≤n (H(j, i) + Ci,j)

min1≤i<j≤n

(
HG(i, j) +Gi,j

)
,min1<i≤n,1≤j<i

(
HG(i, j) +Gi,j

) (7)

F ◦
I = min



min1≤i<j<k<l≤n (I(i, j, k, l) + Ci,j + Ck,l)

min1≤i<j<k<l≤n

(
I(i, j, k, l)G +Gi,j + Ck,l

)
min1≤i<j<k<l≤n

(
I(i, j, k, l)G + Ci,j +Gk,l

)
min1≤i<j<k<l≤n

(
I(i, j, k, l)G +Gi,j +Gk,l

)
min1<i≤n,1≤j<i,j<k<l<i

(
IG(i, j, k, l) +Gi,j + Ci,j

)
min1<i≤n,1≤j<i,j<k<l<i

(
IG(i, j, k, l) +Gi,j +Gi,j

)
(8)

F ◦
M = min

{
min1<u<j

(
a+M1

u +M2
u+1,n

)
,

min1<i≤n,1≤j<i,j<k<l<i

(
a+ b+Gi,j +M2

j+1,i−1

) (9)



for the partition functions, furthermore, can be derived from the “inside grammar” dis-
played in Figs. 1 and 2 as described in [Höner zu Siederdissen et al. 2015]. Due to space
restrictions, we omit the details here. Importantly, the grammar in Figs. 1 and Fig. 2 is
unambiguous, i.e., each structure has a unique parse. This is a key requisite for the correct
computation of partition functions or the counting of structures [Giegerich 2000].

2.2. Implementation Details

Version 2.7.0 of the ViennaRNA package implements both the minimum free energy
and the partition function version of circular RNA folding with GQs for single sequences
and multiple sequence alignments. Beyond the presentation above, so-called dangling
end and terminal mismatch contributions are considered as in other components of the
ViennaRNA package, see [Lorenz et al. 2011] for details.

There are some changes in the RNA folding grammar compared to previous imple-
mentations, which however generate the same language of RNA structures, and thus give
the same results. Previously, multiloop contributions were stored in two triangular arrays:
(i) an array M1

i,j referring to parts of a multiloop starting with a base pair at position i and
covering exactly one component, and (ii) an array Mi,j referring to a substructure com-
prising at least one component. Instead of M1

i,j , we now use the array M2
i,j describing a

multiloop component with at least two components. This variant of the folding recursions
was introduced in [Bernhart et al. 2011] in the context of efficient accessibility computa-
tions and will replace the previous decompositions of most of algorithms implemented in
ViennaRNA. The M1 array is required here only as a contribution to the exterior loop.
Since only entries of the form M1

1,j are used here, a linear array suffices. This modification
on the grammar thus does not come at a noticeable addition in memory cost.

The inclusion of GQs spanning the n, 1-junction introduces a complication that
affects the output format. So far, GQs were presented as four runs of + signs in ASCII
output. In linear sequences this can be easily parsed. In the circular case, however, it leads
to ambiguities since the start of the first GQ can no longer be identified unambiguously.
We therefore extended the representation by introducing a dedicated stop character, the
tilde sign ˜, denoting the most 3’-base of the GQ, i.e. its actual end. This stop character
is mandatory for a GQ that spans the n, 1-junction, but is optional for GQs anywhere else
in the structure.

2.3. Computational Complexity

By definition, GQs are local structural elements with finite size of at most g. The addi-
tional effort in each of the interior-loop-like case in Fig. 1 is therefore bounded by O(ng)
assuming that arbitrary lengths and position is allowed. As in the other RNA folding al-
gorithms, unpaired stretches in interior loops are limited to a total length of 30. Since
g ≤ 65, this limits the effort for this case to a constant. The other terms in Fig. 1 only
require O(g) effort for each of the O(n2) matrix entries.

For the exterior loop the addition terms with explicit quadruplexes require O(ng),
O(n2g2), O(g2), O(g2n2), O(g2ng) and O(g2) effort, where the factor O(g2) accounts
for the placement of the GQ that covers the n, 1-junction. Overall, the complexity in both
space and time is the same as the usual RNA folding recursions.
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Figure 3. Comparison of RNAfold running time and memory requirements for ran-
dom input sequences of different lengths. Shown are predictions of MFE, partition function and
base pair probabilities for linear RNAs (Default), circular RNAs (circRNA), linear RNAs with
GQ-support (G-Quadruplex), and circular RNAs with GQ-support (circRNA + G-Gquadruplex).

The ViennaRNA Package already supports GQs for linear RNAs and imple-
ments predictions without GQ support for circular RNA sequence input. When compared
against these existing implementations, the novel support for circular RNAs with GQs
as described above does not impose any mentionable overhead in terms of running time
and memory requirements (see Fig. 3). The additional cases in the grammar required to
compute probabilities for GQs and base pairs that reside in a loop with at least one GQ
(red entries in Tab. 1), however, result in a small but noticeable increase in running time.
Nevertheless, this overhead for circular RNAs virtually vanishes for longer sequences.
Our transition to use the M2 matrix instead of the previously implemented decomposition
scheme even renders computations slightly faster compared to versions prior to 2.7.0 (data
not shown). For linear RNA sequences, we make use of a proper interleaving scheme for
the recursions such that only two lines of the quadratic M2 matrix have to be held in
memory. In contrast, structure prediction for circular RNAs (with GQs) actually does
require the full M2 and M1 matrices, hence some memory overhead can be observed in
these cases.

2.4. Energy Parameters

The inclusion of GQs requires an extension of the standard energy model in two respects.
First, energies need to be assigned to the GQs themselves. As in [Lorenz et al. 2012,
Lorenz et al. 2013], we use a very simple energy function of the form G = a(L − 1) +
b ln(ℓ − 2), where L is the number of G-quartets (tetrads) and ℓ is the total length of the
three linker sequences. The default values a = −18 kcal/mol and b = 12 kcal/mol were
obtained by fitting the data from [Zhang et al. 2011].

Due to the lack of available data we currently limit the number of stacking layers
(G-quartets) to at least two and at most five. The linker lengths connecting the individual
runs of Gs can adopt values from 1 to at most 15. This imposes the following limits to the



minimum and maximum span of a GQ: 11 ≤ g ≤ 65.

In order to assign energies for loops that include GQs as an interior component
we used the following approximations: Multiloop-like cases are scored in the same way
as multiloops, i.e., a GQ is treated like any other component of the multiloop. In cases
where a GQ is the only component enclosed by a base pair, i.e. the interior loop-like case,
a (stabilizing) terminal mismatch contribution for the enclosing base pair and its adjacent
nucleotides as well as an entropic penalty for the number of unpaired bases surrounding
the GQ is added, similar to regular interior loops composed of two base pairs.

For circular RNAs, two more special configurations arise, where the structure does
not consist of any regular base pairs but exactly one or two GQs. We score both similar
to the hairpin- and interior-loop-like cases, respectively, but omit the terminal mismatch
contribution(s) due to the lack of any supporting data.

Finally, we introduce a change in the energy computation for circular RNAs. The
structure without base pairs conceptually corresponds to the open chain in the linear
case. Biophysically, the latter is interpreted as a random coil and used as reference state
with free energy 0. In the circular case, however, the ends are constrained by the n, 1-
junction. Jacobson-Stockmeyer theory implies an asymptotic entropy for circularization
of Scyc ∼ −3/2 lnn. Corrections for steric hindrance can be taken into account in lattice
models by setting Scyc ∼ ln pn/wn, where pn and wn are the the number of self-avoiding
polygons and walks, respectively, which yields prefactors different from 3/2, see e.g.
[Freed 2012] and the references therein. A pragmatic estimate is taken from equ.(6) in
[Kimchi et al. 2019],

∆Gcyc = RT (α0 + (3/2) lnn) . (10)

For the additive constant, a value of α0 ≈ 6.33 has been estimated from simulations using
hairpins. We suspect that this is an overestimate for the entropy loss due to the rigid
geometry of the closing base pair. In order to obtain a more plausible estimate we assume
that a circular sequence of length 12 can form a helix of length 3 that is at least marginally
stable compared to the unpaired structure. The most stable among such structures has
an energy of about +5.0 kcal/mol in the standard energy model. We therefore choose
α0 = 4.385 kcal/mol, which shifts the unpaired circle of length 12 to 5.0 kcal/mol.

3. Examples and Applications
Due to the lack of circRNA sequences with known GQs we resort here to an artificial ex-
ample to demonstrate the new features of the ViennaRNA package. The precursor of the
microRNA miRNA-92B is known to harbor a three-layer GQ that regulates miRNA matu-
ration in dependence of the potassium ion (K+) concentration [Arachchilage et al. 2015].
At sufficiently high concentrations of K+ the GQ becomes more stable than the canonical
stem-loop structure that is processed by Dicer, leading to partial unwinding of the stem-
loop and inhibition of Dicer-mediated maturation. We circularly rotated the sequence
by −12 nt to move the GQ across the n, 1-junction to demonstrate the modified output
style that is required in such cases. Fig. 4 shows the MFE-, centroid-, and maximum ex-
pected accuracy (MEA) structures, as well as base pair- and GQ probabilities. With our
parametrization, the GQ is predicted to have a very high equilibrium probability and it
is present in all three structure representatives as part of a three component multibranch
loop.



$ RNAfold -g -p -c --MEA pre-miRNA92B.fasta
>NR_030281.1 MIR92B [organism=Homo sapiens] [GeneID=693235] rotation=-12
GGGCGGGAGGGACGGGACGCGGUGCAGUGUUGUUUUUUCCCCCGCCAAUAUUGCACUCGUCCCGGCCUCCGGCCCCCCCGGCCCCGGGCCCCGGGC
+++.+++.++~..((((((.((((((((((((.............))))))))))))))))))(((((..((((.....))))..)))))..+++. (-72.10)
..........)..((((((.((((((((((((.............))))))))))))))))))(((((..((((.....))))..)))))..(... [-72.43]
+++.+++.++~..((((((.((((((((((((.............))))))))))))))))))(((((..((((.....))))..)))))..+++. {-72.10 d=0.92}
+++.+++.++~..((((((.((((((((((((.............))))))))))))))))))(((((..((((.....))))..)))))..+++. {-72.10 MEA=94.52}
 frequency of mfe structure in ensemble 0.586712; ensemble diversity 1.65  

A

B C

Figure 4. Example output for a short artificial circular RNA sequence that forms
a GQ. RNAfold output for the pre-cursor miRNA-92B as if it were circular, i.e., with a co-
valently linked 5’ and 3’ end. (A) Output of the command line call. The first structure in
dot-bracket notation is the MFE structure, the second structure output represents the pairing
tendency, and the last two structures are the centroid and maximum expected accuracy (MEA)
structures, respectively. (B) Circular plot of the MFE structure. (C) Base pairing and GQ prob-
abilities shown as dot-plot. In the latter, the n, 1-junction spanning GQ is highlighted in green.

As a real-life application we re-computed the structures of the circRNAs studied
by [Liu et al. 2019] with our new GQ support. To this end, we retrieved the 827 high-
confidence circRNAs described in the supplemental data Table S1. From this set, we
selected all 649 sequences with a length of at most 20, 000 nt. The resulting data set
consists of sequences from 208 nt to 19, 863 nt and an average length of about 6, 500 nt.
MFE predictions for these sequences resulted in 193 sequences (≈ 30%) that harbor at
least one GQ, while the total number of GQs predicted among the entire data set is 298.
Many circular RNA sequences thus show the potential to form more than one GQ that
can compete against canonical base pairing. The majority of predicted GQs consist of
two layers (254). However, there are also 33 three-layer GQs and 11 four-layer GQs.
One sequence even showed a stable GQ with two layers spanning the n,1 junction. This
analysis shows, that naturally occurring circRNAs seem to frequently have the potential
to form stable GQs. Whether or not those are functional in vivo remains to be shown. To
our knowledge, no studies exist so far that investigate putative GQs in circRNAs.

4. Concluding Remarks
We introduced an exact dynamic programming algorithm that predicts secondary struc-
tures with G-quadruplexes in circular RNAs. To this end, the standard grammar describ-
ing RNA secondary structure was extended making use of the fact that GQs are local
structures that can be handled formally like closed substructure. The most extensive
changes concern the exterior loop. The variant of RNA folding as presented here has been
implemented in the ViennaRNA package and is available from version 2.7.0 onwards.

At present, only a very simple energy model for RNA quadruplexes is avail-
able. It entails a very simple energy function for the GQs themselves, depending only



on the total lengths of the linkers and number of stacked layers. Since the publication
of the simple energy model [Lorenz et al. 2012], only a small number of energy mea-
surements are available [Matsumoto et al. 2020]. Melting temperatures measured e.g. in
[Pandey et al. 2013], on the other hand, cannot readily be used to gauge energy parame-
ters. The stability of G-quadruplexes moreover depends strongly on the potassium con-
centration [Joachimi et al. 2009]. It would therefore be of significant interest to include
both the general dependence of monovalent ions (see [Yao et al. 2023] for regular sec-
ondary structures) and the specific dependence on K+. This remains a question for future
research, however.

The ViennaRNA package provides partial support for co-axial stacking of adja-
cent helices in its MFE computations. Partition function computations in ViennaRNA
neglect such potentially stabilizing interactions. An extended grammar handling the full
diversity of coaxial stacking recently has been described in [Courtney et al. 2023] for the
memerna software. It is not unreasonable to assume that multiple adjacent GQs exhibit a
similar stacking behavior. To our knowledge, however, no data is available in this regard,
hence we did not attempt to include such effects in our current model.

To-date GQs and circRNAs have been studied independently of each other. The
extension of the ViennaRNA package described here makes it possible to systematically
consider the interplay of these two important features of transcripts.
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