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• Purpose:
- Ease of interaction and 

design
- Aid in validating designs

• Representations might 
include
- GUI input
- Rendered results
- Back-end data structures
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Input string (upper or lower case); @ to quit 
......... I ......... 2 ......... 3 ......... 4 ......... 5 ......... 6 ......... 7 ......... 
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Fig. 1. Interactive example run of RNAfold for a random sequence. When the base pairing probability 
matrix is calculated by symbols ,, [ { } ( ) are used for bases that are essentially unpaired, weakly 
paired, strongly paired without preferred direction, weakly upstream (downstream) paired, and 
strongly upstream (downstream) paired, respectively. Apart from the console output, a, the two 
postscript files rna.ps, b, and dot.ps, c, are created. The lower left part of dot.ps shows the minimum 
energy structure, while the upper right shows the pair probabilities. The area of the squares is 
proportional to the binding probability 
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Fast folding and comparison of RNA secondary structures. Monatshefte für Chemie/Chemical 
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2. ISO
ISO notation describes nucleic acid secondary structure as a list

of triples (index, stem, opening), where each triple defines a distinct
hybridization region within a single oligonucleotide, or between
multiple oligonucleotides bound together as a complex.

Definition 1. Let P= {p0, p1, . . .} be a set of n nucleotide strings,
drawn from Σ = {A,C,G,T,U}, and let d ̸∈ Σ be a neutral spacer
symbol. Form concatenated string c by ordering 5′ to 3′ all strings
p j ∈P, separating each two p j by d such that c= p0dp1d . . .dpn−1.
Let t be a list of m triples, t = [(i,s,o)0,(i,s,o)1, . . . ,(i,s,o)m−1].
Then, t is a unique representation of secondary structure features in
c where for each feature:

1. i defines the (zero-based) indexing location relative to the p0
5′ end.

2. s defines the length of the binding stem.

3. o defines the length of the opening enclosed by s, equal to the
number of bases, paired or unpaired, which are intermediate
between the last opening base and first closing base of the
feature.
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Figure 1: Folding for a 55 base DNA sequence. The first hybridiza-
tion feature starts at base 0, has a 10 bp stem, and encompasses a
15 base opening. The second feature starts at base 35, has a 2
bp stem, and a smaller 5 base opening. The ISO representation is
[(0,10,15),(35,2,5)].

Figure 1 exemplifies this notation for an oligonucleotide designed
to fold into a conformation with two stem-loops. The dot-parenthesis
representation is ((((((((((...............))))))))))((.....))........... in com-
parison. A complex of two or more oligonucleotides requires spacer
characters between sequences which are counted as part of the in-
dexing scheme. The length of the sequence, or sequences and
spacer characters, is not captured in this representation and must
be supplied separately when needed.
A more challenging form to express is a pseudoknot. A struc-

ture is pseudoknotted wherever there are regions of intercalated,
or non well-nested, hybridization. Considering bindings relative to
the 5′ end, for bases located at indices a, b, c, and d hybridized as

a−b and c−d, and where a and c are opening base indices and b
and d mark their respective closing bases, if a < c < b < d, then
the opening of c− d occurs before the closing of a− b and these
pairs are said to be pseudoknotted. RNA found in nature folds into
pseudoknots [10] as a result of additional stacking plane hydro-
gen bond opportunities, which yield stability benefits despite the
asymmetric and jumbled appearance. RNA has evolved its use of
pseudoknots for a variety of cellular functions including ribozyme
self-cleavage, frameshifting of coding regions, telomerase activi-
ties, and viral gene expression autoregulation[1]. Figure 2 shows
how we can describe pseudoknotted structure using ISO.
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Figure 2: Hepatitis Delta Virus (HDV) ribozyme structure.
The 74 base sequence segment folds into several pseudo-
knots with five stem regions. We describe this structure as
[(0,7,23),(9,7,50),(16,3,8),(20,2,15),(42,5,10)], where two base-
pairs of stem P4, and the 10 base opening, are not shown and in-
stead abbreviated as UA1-RBD. c⃝Staple and Butcher [10].

3. ISO EXPRESSIVE POWER
Nucleic acids may naturally, or as synthetically directed, prefer

to fold into a variety of motifs including bulges, internal loops, hair-
pins, stem-loops, multibranches and pseudoknots. ISO expresses
all structure information exactly for each of these forms by virtue
of relationships between the triples. Consider a structure with m
features, [(i,s,o)0,(i,s,o)1, . . . ,(i,s,o)m−1]. A motif anchored at
feature j within the list is identified in the following ways. In each
of these we can recognize existence of the specific motif, locate it
precisely, and infer the size exactly by arithmetic over the triples
defining the structure.

1. Bulges. A bulge is one or more unpaired bases on one side
of two stem regions. A bulge is recognized within the list of triples
where features (i,s,o) j and (i,s,o) j+1 satisfy one of the following
variations, but not both:

i j+1− (i j+ s j) > 0, and (i j + s j+o j)− (i j+1+2s j+1+o j+1) = 0

i j+1− (i j+ s j) = 0, and (i j + s j+o j)− (i j+1+2s j+1+o j+1) > 0

We see an example of a bulge in Figure 3, conforming to the first
variation, in triples 4 ((24,3,32)) and 5 ((29,7,16)), since i5−(i4+
s4) = 29− (24+3) > 0 and (i4+ s4+o4)− (i5+2i5+o5) = (24+
3+32)− (29+14+16) = 0.
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Figure 3: 104 base RNA segment with two stem-loops, five
internal loops and one three-way multi-branch [2]. The
ISO representation, starting from the marked 5′ end, is
[(2,5,92),(8,7,57),(17,3,46),(21,2,40),(24,3,32),(29,7,16),
(40,4,3),(82,6,4)].

2. Internal loops. An internal loop is formed by unpaired open
regions surrounded by exactly two stems, where at least one un-
paired base must occur on both sides. An internal loop is recog-
nized within the list of triples where features (i,s,o) j and (i,s,o) j+1
satisfy:

i j+1− (i j+ s j) > 0, and (i j+ s j+o j)− (i j+1+2s j+1+o j+1) > 0

One internal loop example in Figure 3 is found between the stems
represented by triples 1 ((8,7,57)) and 2 ((17,3,46)), since i2−
(i1+ s1) = 17− (8+7) > 0 and (i1+ s1+o1)− (i2+2s2+o2) =
(8+7+57)− (17+6+46) > 0.

3. Hairpins. Hairpins are terminal stems with no unpaired bases
intervening. Hairpins are recognized as a triple with a size zero
opening, o j = 0.

4. Stem-loops. Stem-loops are hairpins with at least one un-
paired base between the opening and closing paired bases of the
stem. Stem-loops are recognized as a triple with an opening greater
than zero, o j > 0. An example stem-loop is seen in Figure 3 as the
last triple ((82,6,4)), where a binding stem of six base pairs sur-
rounds four unpaired bases.

5. R-way multibranches. An r-way multibranch is an inter-
nal loop formed by r surrounding stems. An r-way multibranch
is recognized within the list of triples where exactly r−1 features
(i,s,o) j+1, . . . ,(i,s,o) j+r−2 are enclosed by feature (i,s,o) j , but
not enclosed by each other:

∀ik, k > j, i j + s j < ik < i j + s j + o j , and ik + 2sk + ok > ik−1 +
2sk−1+ok−1

The first constraint tracks binding openings and stipulates that each
triple defining a multibranch stem follows the initiating 5’-most
stem, and is completely enclosed by the opening and closing bind-
ings of this stem. The second constraint tracks binding closings
and stipulates that subsequent stems not be enclosed by any pre-
vious defining one. For example, in Figure 3, triple 0 ((2,5,92))
initiates a 3-way branch, and triples 1-7 are enclosed by this triple.
However, triples 2-6 are excluded since each of their extents is en-
closed by triple 1 ((8,7,57)), and therefore they fail to satisfy the
second constraint. Hence, the 3-way branch is represented by sub-
list [(2,5,92),(8,7,57),(82,6,4)], incorporating triples 0, 1, and 7.

6. Pseudoknots. A pseudoknot is recognized where features
(i,s,o) j and (i,s,o)k, k > j, satisfy:

ik < i j + s j +o j , and ik + sk +ok ≥ i j +2s j +o j

The first constraint places the opening bases of feature (i,s,o)k
within the unpaired open region of feature (i,s,o) j . The second
constraint places the corresponding closing bases of (i,s,o)k out-
side feature (i,s,o) j , hence the features are crossing. We see an ex-
ample in Figure 2, with three areas of intercalated bindings. First,
P1 (0,7,23) and P2 (9,7,50) qualify, since 9 < 0+ 7+ 23 and 9+
7+50≥ 0+14+23. Second, P3 (16,3,8) and P1.1 (20,2,15) qual-
ify, since 20 < 16+ 3+ 8 and 20+ 2+ 15 ≥ 16+ 6+ 8. Finally
P1 (0,7,23) and P1.1 (20,2,15) qualify, since 20 < 0+ 7+ 23 and
20+ 2+ 15 ≥ 0+ 14+ 23. This final binding intercalation is not
usually described in the literature as a pseudoknot, however the
bindings are distinct and not well-nested. An additional filter equa-
tion for recursive pseudoknots can be written in similar fashion to
check for structure within the opening of a pseudoknot.

4. ALTERNATIVE REPRESENTATIONS
The earliest non-tabular secondary structure representation, the

dot-parenthesis (dot-bracket) notation, was introduced in 1984 [5].
Thermodynamic modeling programs such as Vienna [4], Mfold [6],
and Nupack [13], all use the basic dot-parenthesis notation as ei-
ther output for predicted conformations, or input for determination
of energy parameters associated with a desired conformation. This
notation nominally uses a three-character alphabet {.,(,)}, where
full stop (“dot”) symbols indicate unpaired bases, and matching
parentheses indicate paired bases. Strings with nested parenthe-
ses describe structure patterns in which all hybridization regions
are non-crossing. Location information for interesting folding fea-
tures such as multibranching, stem-loops, or hairpins, can only be
accomplished by overlaying a numeric index. Expression of pseu-
doknots requires additional symbols, separate annotation, or use
of colors, to distinguish between each new intercalated binding re-
gion.
Zuker and Sankoff [14], and Fontana [2], used rooted trees to

represent secondary structure where nodes denote base level in-
formation. Shapiro [9] also used rooted trees, but introduced the
notion of only describing structural features and their connectivity,
while leaving off specific base information. Shapiro additionally
showed a mapping from trees to nested feature lists in the style of
the programming language LISP. Rather than rooted trees, Gan [3]
introduced planar graphs to describe structural features and how
they are connected, and again left out specific base information.
Ramlan [8] extended the dot-parenthesis notation with a larger set
of symbols. Structure is represented by non-unique strings requir-
ing reduction techniques to show equivalence, and readability is
complex.

4.1 Equivalence to dot-parenthesis notation
ISO and dot-parenthesis notation are equivalent by inspection,

except for sequence length. ISO indexing (i), stem length (s), and
loop opening (o), for each hybridization region, are directly in-
ferred from dot-parenthesis notation by starting at the 5′ end of a
structure string and noting the index location of each opening base
pair, the number of base pairs before a loop opening, and the inter-
vening unpaired bases encountered before the first closing base pair
is reached. Sequence length is implicit in dot-parenthesis simply by
counting the total number of structure characters.
We show algorithms to transform dot-parenthesis notation into

ISO and the reverse direction, from ISO into dot-parenthesis. First,

Another Example of a Nucleic Acid Nanostructure 
that can be specified by Dot-parenthesis Notation



Matches parenthesis and dots to denote paired and free bases, respectively. 

Advantage: string denoting the secondary structure of a nucleic acid is of the same length as the 
string denoting the nucleotide sequence with a single character for each nucleotide.

Disadvantages:

• the secondary structure is of importance, but the detailed sequence that yields the structure is over large stretches 
arbitrary. 

• In such a scenario the dot-bracket notation is often cumbersome, it leads to large expressions with information 
that is partially obscured for human readers, because it would require counting identical characters. 

• While the sequence is typically arbitrary in most positions, as long as the structure of the molecule is preserved, 
nucleic acids with functional properties, such as catalytic activity, often require specific bases in a few positions. 

• If in a few places the nucleotide sequence (i.e. the primary structure) is given, two strings are required: one to 
specify the structure in dot-bracket-notation and a second string to represent the type of the immutable 
nucleotides. 

• Furthermore, for communicating structural features among humans a two-dimensional rendering of the one-
dimensional dot- bracket notation is often desirable. It would be convenient if specific features in the sequence 
could be communicated to the rendering software. 

Extended Dot Bracket Notation 
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Table 1: New symbols introduced in the extended dot-bracket-notation

Description Usage Comment
[ ] Grouping of base

positions
[.8]@{label A} Eight unbound bases marked as “label A”.

{ } Parameter delimiter see example above
{ } Set delimiter .:{A,C} A single unbound base that can be either

A or C.
{ } Repetition delimiter A{10} Always optional.
_ Line width ((([.5]_1))) Stem-loop structure with bold loop
$ Colour (3[.2]$1(3.4)3)3 A buldge in red.
~ Line decoration .24~1(3.3)3 Binding site marked as crinkled line.
@ Annotation marker See first row.
+ Multi-molecule binding (24+1(3.3)3 Sticky end of 24 bases, will bind to site

marked 1 on other molecule.
: Base assignment )):A Two binding bases, the second one of

which is A; See also set delimiter.
^ Base exclusion (((..^U.))) Stem loop where the central base in the

loop is not a uracil.
% Clevage point (((..%..((( Between bases, i.e., not a base position.

is no unique string to describe a given structure. The equivalence of two structures denoted
in the extended form, however, can be established by translating both into the standard form,
which is easily accomplished.

Specifications for individual base positions, repetitions of these, as well as groups (marked by
square brackets) of individual positions and repetitions can be arguments for operators. The
operator follows its argument and precedes its parameters. More than one operator/parameter
combination may follow an argument and all will be applied to the argument. Table 3 provides
a few examples of operator use—some of them taken from the structures rendered in Figs. 3
and 4. Note that in all cases the argument itself, which precedes the operator, is not shown.

The acceptable parameters that follow an operator and their semantics are not specified by the

Table 2: The extended dot-bracket-notation allows for run-length encoding to achieve a compact
representation

Standard notation Extended notation Part of Fig.

...(((((....))))).)))))))) .3(5.4)5.)8 3A
(((....))).....(((((((( (3.4)3.5(8 3B
(((((....))))).)))))))). (5.4)5.)8. 4A
..)).)))........ .2)2.)3.8 4C


