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Supplementary Tables

Table S1: List of viral pseudoknotted RNA’s being assessed

	[bookmark: _Hlk157417497]Organism 
	Length
	NCBI No.
	RNA Type
	RNA Class
	Supported by

	Ononis yellow mosaic virus
	40
	J04375
	Viral tRNA-like
	H 
	Sequence comparison

	Satellite tobacco mosaic virus
	31
	M25782
	Viral 3 UTR
	H 
	Sequence comparison

	Simian retrovirus-1
	52
	M11841
	Viral Frameshift
	H 
	Mutagenesis; NMR; Sequence comparison; Structure probing

	Clitoria yellow vein virus
	42
	AF035200
	Viral tRNA-like
	H 
	Sequence comparison

	Calopogonium yellow vein virus
	42
	U91413
	Viral tRNA-like
	H 
	Sequence comparison

	Brome mosaic virus
	137
	V00099
	Viral tRNA-like
	HLout,HLin
	Sequence comparison; Structure probing; 3D Modeling

	Cucumber green mottle mosaic virus
	69
	D12505
	Viral tRNA-like
	LL
	Sequence comparison

	Odontoglossum ringspot virus
	71
	U34586
	Viral tRNA-like
	LL
	Sequence comparison

	Barley stripe mosaic virus
	32
	X03854
	Viral 3 UTR
	HLout,HLin
	Sequence comparison; Structure probing

	Bovine leukemia virus
	47
	AF033818
	Viral ribosomal frameshifting
	H
	Sequence comparison

	Infectious bronchitis virus
	57
	M27472
	Viral Frameshift
	H
	Mutagenesis; Sequence comparison; Structure probing

	Beet virus Q
	24
	AJ223596
	Viral 3 UTR
	H
	Sequence comparison

	Beet soil-borne virus
	24
	Z97873
	Viral 3 UTR
	H
	Sequence comparison

	Wild cucumber mosaic virus
	40
	AF035633
	Viral tRNA-like
	H
	Sequence comparison

	Satellite tobacco necrosis virus 1
	26
	J02399
	Viral 3 UTR
	H
	Sequence comparison

	Equine arteritis virus
	122
	Y07862
	Viral Frameshift
	H
	Mutagenesis; Sequence comparison

	Berne virus
	118
	X52374
	Viral Frameshift
	H
	Sequence comparison

	Tobacco rattle virus
	40
	X03686
	Viral tRNA-like
	H 
	Sequence comparison; Structure probing

	Broad bean mottle virus
	116
	K01778
	Viral tRNA-like
	H
	Sequence comparison

	Cowpea chlorotic mottle virus
	134
	M28818
	Viral tRNA-like
	HLout,HLin
	Sequence comparison

	Barley stripe mosaic virus
	96
	X03854
	Viral tRNA-like
	HLout,HLin
	Sequence comparison; Structure probing

	Andean potato latent virus
	40
	AF035402
	Viral tRNA-like
	H
	Sequence comparison

	Tobacco mild green mosaic virus
	70
	M34077
	Viral tRNA-like
	LL
	Sequence comparison; Structure probing

	Pepper mild mottle virus
	71
	M81413
	Viral tRNA-like
	LL
	Sequence comparison

	Eggplant mosaic virus
	41
	J04374
	Viral tRNA-like
	H
	Sequence comparison

	Poa semilatent virus
	96
	M81486
	Viral tRNA-like
	HLout,HLin
	Sequence comparison

























Table S2: List of MFE values derived from MFE folding engines

	Organism 
	pKiss
	Kinefold
	NUPACK 3.0
	Vienna

	Ononis yellow mosaic virus
	-18.1
	-12.4
	-11.4
	-11.86

	Satellite tobacco mosaic virus
	-15.7
	-11.7
	-8
	-8.11

	Simian retrovirus-1
	-27.6
	-23.9
	-18.8
	-19.22

	Clitoria yellow vein virus
	-12.5
	-11.6
	-12.1
	-11.15

	Calopogonium yellow vein virus
	-14.8
	-13.9
	-14
	-14.76

	Brome mosaic virus
	-56.3
	-60.7
	-51
	-56.14

	Cucumber green mottle mosaic virus
	-19.8
	-18.1
	-17.53
	-16.89

	Odontoglossum ringspot virus
	-19.9
	-20.9
	-19.94
	-19.62

	Barley stripe mosaic virus
	-36.7
	-39.2
	-7.13
	-36.47

	Bovine leukemia virus
	-18.9
	-12.8
	-13.67
	-13.8

	Infectious bronchitis virus
	-23.5
	-20.7
	-16.81
	-16.2

	Beet virus Q
	-7.1
	-7
	-7.02
	-5.8

	Beet soil-borne virus
	-12.9
	-11.5
	-11.47
	-10.4

	Wild cucumber mosaic virus
	-18.3
	-12.8
	-13.33
	-11.8

	Satellite tobacco necrosis virus 1
	-10.4
	-10.5
	-7.58
	-6.1

	Equine arteritis virus
	-36.9
	-30.4
	-25
	-26.5

	Berne virus
	-29.8
	-23
	-18.7
	-23.5

	Tobacco rattle virus
	-15.2
	-23.4
	-13.54
	-12.2

	Broad bean mottle virus
	-45.6
	-45.9
	-43.06
	-41.39

	Cowpea chlorotic mottle virus
	-65.4
	-35.3
	-58.3
	-61.79

	Barley stripe mosaic virus
	-36.7
	-39.2
	-37.24
	-34.49

	Andean potato latent virus
	-15.5
	-12.2
	-11.97
	-11

	Tobacco mild green mosaic virus
	-19.6
	-20.2
	-17.3
	-16.6

	Pepper mild mottle virus
	-18.9
	-20.3
	-16.53
	-16.3

	Eggplant mosaic virus
	-21
	-16.8
	-13.6
	-13.2

	Poa semilatent virus
	-35.4
	-35.3
	-34.14
	-30.4















Table S3: Natural Structure of viral pseudoknotted RNA dataset

	Organism
	Structure

	Ononis yellow mosaic virus
	[image: ]

	Satellite tobacco mosaic virus
	[image: ]

	Simian retrovirus-1
	[image: ]

	Clitoria yellow vein virus
	[image: R-chie output arc diagram]

	Calopogonium yellow vein virus
	[image: ]

	Brome mosaic virus
	[image: ]

	Cucumber green mottle mosaic virus
	[image: ]

	Odontoglossum ringspot virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Bovine Leukemia Virus
	[image: ]

	Infectious bronchitis virus
	[image: R-chie output arc diagram]

	Beet virus Q
	[image: R-chie output arc diagram]

	Beet soil-borne virus
	[image: R-chie output arc diagram]

	Wild cucumber mosaic virus
	[image: R-chie output arc diagram]

	Satellite tobacco necrosis virus 1
	[image: R-chie output arc diagram]

	Equine arteritis virus
	[image: R-chie output arc diagram]

	Berne virus
	[image: R-chie output arc diagram]

	Tobacco rattle virus
	[image: R-chie output arc diagram]

	Broad bean mottle virus
	[image: R-chie output arc diagram]

	Cowpea chlorotic mottle virus
	[image: R-chie output arc diagram]

	Barley stripe mosaic virus
	[image: R-chie output arc diagram]

	Andean potato latent virus
	[image: R-chie output arc diagram]

	Tobacco mild green mosaic virus
	[image: R-chie output arc diagram]

	Pepper mild mottle virus
	[image: R-chie output arc diagram]

	Eggplant mosaic virus
	[image: R-chie output arc diagram]

	Poa semilatent virus
	[image: R-chie output arc diagram]









Table S4: Structure of viral pseudoknotted RNA dataset derived from Vsfold 5:

	Name
	Structure 

	Ononis yellow mosaic virus
	[image: ]

	Satellite tobacco mosaic virus
	[image: ]

	Simian retrovirus-1
	[image: ]

	Clitoria yellow vein virus
	[image: ]

	Calopogonium yellow vein virus
	[image: ]

	Brome mosaic virus
	[image: ]

	Cucumber green mottle mosaic virus
	[image: ]

	Odontoglossum ringspot virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Bovine Leukemia Virus
	[image: ]

	Infectious bronchitis virus
	[image: ]

	Beet virus Q
	[image: R-chie output arc diagram]

	Beet soil-borne virus
	[image: R-chie output arc diagram]

	Wild cucumber mosaic virus
	[image: R-chie output arc diagram]

	Satellite tobacco necrosis virus 1
	[image: ]

	Equine arteritis virus
	[image: ]

	Berne virus
	[image: R-chie output arc diagram]

	Tobacco rattle virus
	[image: ]

	Broad bean mottle virus
	[image: R-chie output arc diagram]

	Cowpea chlorotic mottle virus
	[image: R-chie output arc diagram]

	Barley stripe mosaic virus
	[image: R-chie output arc diagram]

	Andean potato latent virus
	[image: ]

	Tobacco mild green mosaic virus
	[image: ]

	Pepper mild mottle virus
	[image: R-chie output arc diagram]

	Eggplant mosaic virus
	[image: ]

	Poa semilatent virus
	[image: R-chie output arc diagram]

































Table S5: Structure of viral pseudoknotted RNA dataset derived from pKiss:

	Name
	Structure 

	Ononis yellow mosaic virus
	[image: ]

	Satellite tobacco mosaic virus
	[image: ]

	Simian retrovirus-1
	[image: ]

	Clitoria yellow vein virus
	[image: ]

	Calopogonium yellow vein virus
	[image: ]

	Brome mosaic virus
	[image: ]

	Cucumber green mottle mosaic virus
	[image: ]

	Odontoglossum ringspot virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Bovine Leukemia Virus
	[image: R-chie output arc diagram]

	Infectious bronchitis virus
	[image: ]

	Beet virus Q
	[image: ]

	Beet soil-borne virus
	[image: ]

	Wild cucumber mosaic virus
	[image: ]

	Satellite tobacco necrosis virus 1
	[image: ]

	Equine arteritis virus
	[image: ]

	Berne virus
	[image: ]

	Tobacco rattle virus
	[image: ]

	Broad bean mottle virus
	[image: ]

	Cowpea chlorotic mottle virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Andean potato latent virus
	[image: ]

	Tobacco mild green mosaic virus
	[image: ]

	Pepper mild mottle virus
	[image: ]

	Eggplant mosaic virus
	[image: ]

	Poa semilatent virus
	[image: ]

























Table S6: Structure of viral pseudoknotted RNA dataset derived from Vienna:

	Name
	Structure 

	Ononis yellow mosaic virus
	[image: ]

	Satellite tobacco mosaic virus
	[image: ]

	Simian retrovirus-1
	[image: ]

	Clitoria yellow vein virus
	[image: ]

	Calopogonium yellow vein virus
	[image: ]

	Brome mosaic virus
	[image: ]

	Cucumber green mottle mosaic virus
	[image: ]

	Odontoglossum ringspot virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Bovine Leukemia Virus
	[image: ]

	Infectious bronchitis virus
	[image: ]

	Beet virus Q
	[image: ]

	Beet soil-borne virus
	[image: ]

	Wild cucumber mosaic virus
	[image: ]

	Satellite tobacco necrosis virus 1
	[image: ]

	Equine arteritis virus
	[image: ]

	Berne virus
	[image: ]

	Tobacco rattle virus
	[image: ]

	Broad bean mottle virus
	[image: ]

	Cowpea chlorotic mottle virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Andean potato latent virus
	[image: ]

	Tobacco mild green mosaic virus
	[image: ]

	Pepper mild mottle virus
	[image: ]

	Eggplant mosaic virus
	[image: ]

	Poa semilatent virus
	[image: ]

































Table S6: Structure of viral pseudoknotted RNA dataset derived from Kinefold:

	Name
	Structure 

	Ononis yellow mosaic virus
	[image: ]

	Satellite tobacco mosaic virus
	[image: ]

	Simian retrovirus-1
	[image: ]

	Clitoria yellow vein virus
	[image: ]

	Calopogonium yellow vein virus
	[image: ]

	Brome mosaic virus
	[image: ]

	Cucumber green mottle mosaic virus
	[image: ]

	Odontoglossum ringspot virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Bovine Leukemia Virus
	[image: ]

	Infectious bronchitis virus
	[image: ]

	Beet virus Q
	[image: R-chie output arc diagram]

	Beet soil-borne virus
	[image: ]

	Wild cucumber mosaic virus
	[image: ]

	Satellite tobacco necrosis virus 1
	[image: ]

	Equine arteritis virus
	[image: ]

	Berne virus
	[image: ]

	Tobacco rattle virus
	[image: ]

	Broad bean mottle virus
	[image: ]

	Cowpea chlorotic mottle virus
	[image: ]

	Barley stripe mosaic virus
	[image: ]

	Andean potato latent virus
	[image: ]

	Tobacco mild green mosaic virus
	[image: ]

	Pepper mild mottle virus
	[image: ]

	Eggplant mosaic virus
	[image: ]

	Poa semilatent virus
	[image: ]
































Table S7: Structure of viral pseudoknotted RNA dataset derived from NUPACK 3.0:

	Name
	Structure 

	Ononis yellow mosaic virus
	[image: R-chie output arc diagram]

	Satellite tobacco mosaic virus
	[image: R-chie output arc diagram]

	Simian retrovirus-1
	[image: R-chie output arc diagram]

	Clitoria yellow vein virus
	[image: R-chie output arc diagram]

	Calopogonium yellow vein virus
	[image: R-chie output arc diagram]

	Brome mosaic virus
	[image: R-chie output arc diagram]

	Cucumber green mottle mosaic virus
	[image: R-chie output arc diagram]

	Odontoglossum ringspot virus
	[image: R-chie output arc diagram]

	Barley stripe mosaic virus
	[image: R-chie output arc diagram]

	Bovine Leukemia Virus
	[image: R-chie output arc diagram]

	Infectious bronchitis virus
	[image: R-chie output arc diagram]

	Beet virus Q
	[image: R-chie output arc diagram]

	Beet soil-borne virus
	[image: R-chie output arc diagram]

	Wild cucumber mosaic virus
	[image: R-chie output arc diagram]

	Satellite tobacco necrosis virus 1
	[image: R-chie output arc diagram]

	Equine arteritis virus
	[image: R-chie output arc diagram]

	Berne virus
	[image: R-chie output arc diagram]

	Tobacco rattle virus
	[image: R-chie output arc diagram]

	Broad bean mottle virus
	[image: R-chie output arc diagram]

	Cowpea chlorotic mottle virus
	[image: R-chie output arc diagram]

	Barley stripe mosaic virus
	[image: R-chie output arc diagram]

	Andean potato latent virus
	[image: R-chie output arc diagram]

	Tobacco mild green mosaic virus
	[image: R-chie output arc diagram]

	Pepper mild mottle virus
	[image: R-chie output arc diagram]

	Eggplant mosaic virus
	[image: R-chie output arc diagram]

	Poa semilatent virus
	[image: R-chie output arc diagram]

































Supplemental Information:

Experimental parameters/input options for RNA folding software. 

Note:

The temperature and salt concentrations are parameters adjustable in all RNA folding software and are necessary for computing the thermodynamics of a system (the RNA structure). The standard value for this auxiliary parameter was always set to 37oC (or physiological pH), to better mimic how the virus/structure would behave in vivo. The salt concentration was set to 1.0 M. 


S1 (Chiba Institutes Vsfold 5) 

1.1- Kuhn Length 

Kuhn Length (an integer number with a value between 4-15 which corresponds to the number of nucleotides) was allocated based on RNA type, and environment. The Kuhn length (or persistence length) refers to the elasticity/stiffness of a polymer (incorporating beam theory) and is often applied to Gaussian polymer chains. It is a value that represents the extent to which individual monomers within a given polymer are similar/coordinated. 

Table S8: Typical values of Kuhn lengths with respect to RNA type are shown below:

	Length of nucleotides
	RNA type 

	4-6 nucleotides
	tRNA-like

	6-9 nucleotides
	Functional RNA & riboswitches

	10-15 nucleotides
	rRNA and ribozyme-like



If the Mg2+ concentration to maintain charge neutrality is high, if sequences are larger, and if stiffness is high/elasticity is low, then larger Kuhn lengths should be inputted into Vsfold 5 software. Kuhn lengths were inputted corresponding to RNA type (Table S1). 

1.2- Minimum stem length. 

In the context of RNA folding and pseudoknots, the term "minimum stem length" refers to the shortest length or number of base pairs required for a region of the RNA molecule to be considered part of a stem within a pseudoknot structure. Stem lengths as large, or larger than 5 base pairs may require a much longer time to compute and are not advised. The minimum stem length is limited to 6 base pairs. No minimal stem length was inputted.

1.3- Selected Polymer model option (Jacobson-Stockmayer parameter)

By selecting the Jacobson-Stockmayer polymer model option, the expansion of the Jacobson-Stockmayer (JS) equation will be applied to the inputted structure. This expansion starts with the familiar probability function, the Gaussian polymer chain equation:



And:




Where b is the distance from monomer to monomer,  is the Kuhn length, and N is the length of the RNA structure. In this equation, the Kuhn length is expressed in units of b, and is often greater than 1. The root mean-square (RMS) end-to-end distance of a native state linear polymer chain, averaged over all possible conformations of a chain with N segments is traditionally denoted as:





However, in this expression, the RMS value of end-to-end separation distance (r2) has been amended to give:



Where the RMS value is:



The final variable expressed within the Jacobson-Stockmayer formalism is that of the probability of the two ends (5’ and 3’) of the RNA strand (polymer chain length N) localizing within the same volume (, which is expressed as:



And because , (Eqn. 5) can be simplified to:




With parameters  and  set, we solve for the entropy of the system. By inputting values in the isothermal expansion of a perfect gas (rather than inputting values for the change in temperature of a system of constant heat capacity C, given that there is no explicit temperature dependence):




The following equation is derived: 




Where the Boltzmann constant replaces R, and the  replaces the volume of a gas.

And therefore:







Vsfold 5 uses the Jacobson-Stockmayer model by simplifying the McKenzie-Moore-Domb-Fisher distribution function with the general form:

 


And again, when there is no implicit temperature dependence, and the value for , the entropy becomes the natural log of Eqn (11):

	


In the Jacobson-Stockmayer model,  is measured from the RMS separation of distances i and j of the native state of the structure  (Eqn. 3) to the denatured structure  where  represents a scaler constant proportional to the separation between two monomers. This results in the final folding from the denatured state to the native state:




Where  is a constant.

Here is where this series of computations ends in the Jacobson-Stockmayer model, with Gibbs free energy for a structure :


Or


Resembling the following:




This is the leading contribution to the free energy because of entropy loss, within the underlying partition function (for computing the MEA).

All variables:

b = distance from monomer to monomer

 = is the Kuhn length

N = the length of the RNA sequence 

r2 = Root-mean-square end-to-end separation distance

vs = polymer volume 

 Change in entropy 

kB = Boltzmann constant 

rij = end-to-end separation distance between two residues of index i and j. 

 factor in the self-avoiding weight (excluded volume)

 the weight of the exponential function 

 dimensionless scaling parameter

 spherically symmetric solid angle weight

 the normalization constant for the distribution function 

 the separation of monomers i and j 


1.4 Minimum linkage stem length: 

The pseudoknotted bases are often referred to as the linkage stems, and are generally noted as “ [ ] { }” in the dot and bracket notation. Given that the 3D structure of an RNA sequence can be viewed at any angle, it can be argued that the “linkage stem” could be any section of base pairs on a given plane (e.g. could be either the “bright blue”, or “dark blue” bases on Table S3) However, it is generally posited that the linkage stem, refers to the section that has fewer base pairs in a given plane. This is an important metric to consider, for when a sequence of pseudoknotted bases (linkage stems), is longer than 5 base pairs, and when it contains many G or C residues. In these cases, the probability of linkage stems attaching elsewhere in the sequence becomes much higher. Under the remit of this investigation, the inputted value for the minimum linkage stem was always that which corresponded to the reference structure (Table S3).

1.5 Leading edge: 

The leading edge refers to the distance ahead of the final base pair formation that is being scanned for pseudoknots (measured in units of nitrogenous bases). That is, the number of bases downstream (5’ to 3’) after the last base pair of the structure, that are still being assessed by the RNA engine (MFE or MEA). No value was inputted for all structures. 

1.6 Mg2+ or, [Mg(H2O)6]2+ binding:

By selecting yes to this parameter option, it quite simply considers Mg2+ interactions when computing the MEA of a structure. This element of RNA folding was always considered given that this binding does occur physiologically (though not often, given RNA’s large free energy ∆G). This auxiliary parameter was set for all structures however, it will most likely have only a minor effect (if any at all) to the overall structure. In nature, Mg cations provide minor stability to the finalized secondary (or tertiary) RNA structure. 

1.7 Number of contiguous stems:

The contiguous stem is itself a sequence of stems (consecutive base pairs), that are linked together by short bulges, or internal loops. This integer value has no set threshold and will decide the number of short stems permitted in the final computed sequence. This auxiliary parameter was not used in this investigation, noting that the developers of Vsfold 5 have warned not to use it unless sufficient evidence is provided to do so. This is because the Jacobson-Stockmayer polymer model option discounts many different types of non-Watson-Crick base pairs, which are often found in these contiguous stems.

S2 (pKiss) 

2.1 pKiss functions: 

The pKiss MFE folding software (provided by the Universität Bielefeld), has within it many different functions. There is the simple “MFE”, which computes the most energetically stable secondary/ tertiary structure, or “eval”, which evaluates the free energy of a predetermined RNA based on its secondary structure. However, this investigation used the “enforce” function, which predicts the MFE (as well as its energetically suboptimal structures), with the assumption that a pseudoknot will form.

2.2 Strategy function:

This pKiss program implements different strategies to compute the final RNA structure, and they are based on computational complexity. The five strategies and their descriptions are as follows:

- pKiss A: fast but sloppy
- pKiss B: buying thoroughness by memory
- pKiss C: slow, low memory but thorough
- pKiss D: very slow, but thorough
- pknotsRG: no kissing hairpins at all

These strategies function on different orders of time and space, denoted using big O notation. In this particular notation, O(N) represents the asymptotic linear upper bound of a folding engine/algorithm/partition function for an input size N (which in this case represents the length of the RNA structure in base pairs). For example, pKiss A computes at a time O(N4) and space O(N2), whereas pKiss B computes at a time O(N4) and space O(N3). All structures computed using this software were done using pKiss C (computing at a time O(N5) and space O(N2), to ensure computational validity and consistency.

2.3 H-type penalty: 

The H-type penalty employed by pKiss is a floating-point number that is reflective of an increase in the final free energy of the structure (measured in kcal/mol). All pseudoknots used in the dataset contained H-type knots (refer to Table S1), and therefore, the default for each was set to 9 kcal/mol. 

2.4 K-type penalty: 

Much like the H-type penalty, this parameter is also reflective of an increase in the final free energy of the structure (measured in kcal/mol). The default (set to 12 kcal/mol) was employed for each computation.

2.5 Maximal pseudoknot size:

This value is representative of the limit of pseudoknot sizes measured in base pairs. This includes pseudoknotted base pairs (linkage stems), and bases within loop regions. No value was inputted into this auxiliary parameter. 

2.6 Minimal hairpin length: 

This length correlates with the minimum number of stacked base pairs within a given linkage stem. While these knotted bases are pre-computed in O(N2) time, filtering out pseudoknots that have shorter linkage stems can expiate the run time. However, this rules out more pseudoknotted structures and may make the final result less accurate. For this reason, no minimal hairpin length was set. 

2.7 Thermodynamic model parameters:

Within the pKiss folding engine, several polymer model options are offered, they are the following:

- Turner model, (2004)
- Turner model, (1999)
- Andronescu model (2007)
- Mathews model (2004)
- Mathews model (1999)

Each model implements its own set of constraints to whatever RNA sequence is placed in the program. However, for the purposes of this investigation, the Turner model (2004) was used. 

2.8 Lonely base pairs:

Lonely base pairs are those that do not stack atop another pair, increasing the folding volume (, while at the same time destabilizing the structure. This value can be set to 1 (which allows lonely pairs) and 0 (which does not allow lonely pairs). The default is to forbid them within the structure, so this value was set to 0 for all RNA structures. 

S3 (Vienna RNAfold)

3.1 Folding constraints:

This auxiliary parameter allows you to manually add structure constraints into the RNA structure, using one of the five inputs described below:

| = paired with another base
X = base must not pair
. = no constraint at all
>  = base i is paired with a base j > i 
< = base i is paired with a base j<i matching brackets ( ): base i pairs base j 

Within these functions, the “Enforce constrained pairing pattern” option is also available, which enforces base pairs and pairing preferences within the structure constraints.

3.2 Fold algorithms and basic options:

Within this section, two methods of prediction are available, in addition to four auxiliary folding parameters. 

3.2.1 Methods of Prediction:

Firstly, it is possible to choose either the minimum free energy (MFE) of a structure only, which solely predicts the most optimal secondary structure. Secondly, it is possible to compute the MFE, as well as the partition function, which accounts for the base pairing probability matrix that correlates with minimum expected accuracy (MEA) methodologies. For the purposes of this investigation, the first option (MFE only) was applied to the 26 pseudoknots within our dataset. 

3.2.2 Auxiliary folding parameters

Firstly, there is the “no GU pairs at the end of helices” option, which simply removes the weaker non-canonical, non-Watson-Crick base pairs from the ends of helices in the final computed structure. This option was not selected.

Secondly, there exists the “avoid isolated base pairs” option. This is similar to the “Lonely base pairs” option, where final structures may contain isolated base pairs (helices of length 1). These structures do not occur often in nature and destabilize the structure. To eliminate confounding variables, because these base pairs were avoided in the pKiss folding engine, they were likewise avoided here. 

The third parameter was the “assume RNA molecule to be circular” option. This parameter is axiomatic and was not applied to the dataset. 

The fourth parameter was the “Incorporate G-Quadruplex formation into the structure prediction algorithm” option. G-quadruplexes (or G4s) are sections within an RNA structure that are made up of two or more G-quartets stacked atop one another, all connected via hydrogen bonding. Though this may sound destabilizing, evidence has been collected showing that this formation may stabilize adjacent monovalent cations (K+, Na+, Mg2+). Though this has been shown to occur in certain instances in nature, this review focuses solely on ab initio topological predictions based on traditional RNA secondary structures, and thus, this option was not implemented.

3.3 Dangling end options:

The Vienna RNAfold engine allows for four different dangling end options:

- No dangling end energies.
- Unpaired bases can participate in at most one dangling end (MFE folding only).
- Dangling energies on both sides of a helix in any case.
- Allow coaxial stacking of adjacent helices in multi-loops (MFE folding only).

For reference, dangling end energies are given to unpaired bases that lie i + 1, or i – 1 from a helix, in multi-loops, or at the 5’ or 3’ end of a sequence length N. They offer a stabilizing effect to the RNA structure and occur often in nature. For this reason, the fourth option “allow coaxial stacking of adjacent helices in multi-loops (MFE folding only)” was selected. 

3.4 Energy Parameters:

Vienna RNAfold contains four different energy parameters, or “Thermodynamic model parameters” as referenced in the original paper (Table 1), and are somewhat analogous to those allowed in the pKiss folding engine: 

- Turner model, (2004)
- Turner model, (1999)
- Andronescu model, (2007)
- Mathews model, (2004)

3.5 Modified bases:

The three options available in this facet of the Vienna RNAfold engine pertain to non-traditional bases (those that are not A, U, C, or G). They are the following:

- Apply energy corrections for modified bases: inosine (I), pseudouridine (P), dihydrouridine (D), N6-Methyladenosine (6), 7-deaza-adenosine·uridine (7), and nebularine (9). 

- Consider modified bases in the input sequence using tRNA db one-letter-encoding.

These options apply energy corrections for noteworthy, modified bases found in natural RNAs. These modified bases can be placed into the input sequence section of this program, but because none of the natural structures contain these bases, this section is not applicable. 

S4 (InstitutCurie’s Kinefold)
	
4.1 Sequence to fold:

This folding engine allows for both RNA and DNA to be placed in the sequence. Moreover, a restriction of helices with less than 60 base pairs (<60 bp) is placed onto structures generated by the engine. 

4.2 Type of stochastic simulation:

The Kinefold engine operates by populating the RNA structures with base pairs, and then removing RNA helices based on stability, and free energy (with a minimum of 3 base pairs (no lonely pairs), and a maximum of 25 base pairs), which of course includes pseudoknots and entanglements. The two forms of stochastic simulation used to accomplish this, are the “Co-transcriptional fold”, and the “Renaturation Fold”. 

4.2.1 The “Co-transcriptional fold” folds the RNA while the program is populating the strand N with bases (going from 5’ to 3’), set to a tunable rate (where a base can be added every “set” number of milliseconds). Recommended times vary depending on the species, as demonstrated in the table below: 

	Recommended time (ms)
	Species

	3
	T7 bacteriophage (virus)

	20
	Prokaryote

	200
	Eukaryote RNA Pol



4.2.2 The “Renaturation Fold” option is similar to Nussinov’s original tracebacking approach, where you begin with an RNA secondary structure with no base pairings/ pseudoknots, and then fold the structure from there.

Because all pseudoknots expounded in this report are of viral origins, a co-transcriptional fold of 3 milliseconds was selected. 

Though this software claims that the thermodynamics used do not aim “a priori” at solving for the lowest free energy of the structure, the software does indeed result in the “lowest free-energy structure” it can muster and is therefore placed under the category MFE. The lower the simulated molecular time the lower the MFE may be. The options to allow/ not allow pseudoknots and entanglements are given, which our study allowed for obvious reasons. 

4.3 Simulated molecular time:

The simulated molecular time refers to the lapsing of time the RNA structure would experience in vivo (rather than the actual computing time). Inputs for this time can be anywhere between 1 millisecond, to 2.77 hours (10 million milliseconds). Though this time can be manipulated/enforced, the suggested default was chosen. 

S5 (NUPACK 3.0)

The authors of this work refer to the “NUPACK 3.0 User Guide” (Brain R. Wolfe, Justin S. Bois, Niles A. Pierce) for further information regarding the NUPACK 3.0 folding engine.
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