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Abstract

Motivation: In a previous paper, we presented a polyno-
mial time dynamic programming algorithm for predicting
optimal RNA secondary structure including pseudoknots.
However, a formal grammatical representation for RNA
secondary structure with pseudoknots was still lacking.
Results. Here we show a one-to-one correspondence
between that algorithm and a formal transformational
grammar. This grammar class encompasses the context-
free grammar s and goes beyond to gener ate pseudoknotted
structures. The pseudoknot grammar avoids the use of
general context-sensitive rules by introducing a small
number of auxiliary symbols used to reorder the strings
generated by an otherwise context-free grammar. This
formal representation of the residue correlations in RNA
structure is important because it means we can build
full probabilistic models of RNA secondary structure,
including pseudoknots, and use them to optimally parse
sequences in polynomial time.
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I ntroduction

Biological sequence analysisalgorithmstreat DNA, RNA,
and protein molecules as strings of nucleotide or amino
acid residues. Most biological sequence analysis algo-
rithms further assume uncorrelated strings of residues, in
which theidentity of aresidue at one position has no effect
on theidentity of another residue. This second assumption
breaks down most dramatically in RNA sequence analysis.
RNA secondary structure significantly constrains RNA
sequence, because it produces strong long-distance pair-
wise correlations between Watson—Crick base pairs. RNA
secondary structure prediction algorithms (Zuker and
Stiegler, 1981) and RNA sequence/structure aignment
agorithms (e.g. recognizing homol ogues of aknown RNA
structure in a sequence database) (Eddy and Durbin, 1994;
Sakakibara et al., 1994; Lefebvre, 1996) are applications
which must adopt models that deal with long-distance
pairwise correlations between residues.

*To whom correspondence should be addressed.

Computational linguistics is a rich source of ideas for
how to model strings with correlated symbols (Searls,
1992). A central concept is the Chomsky hierarchy of
forma transformational grammars (Chomsky, 1959).
The assumptions of most biological sequence algorithms
correspond to those of the regular grammars, the lowest
level in the Chomsky hierarchy. In order of increasing
power to describe higher-order correlations, the other
levels of the Chomsky hierarchy are the context-free, the
context-sensitive, and the unrestricted grammars. Polyno-
mial time algorithms are available to optimally parse (e.g.
align, or recognize) strings generated by the regular gram-
mars or the context-free grammars. In contrast, parsing
context-sensitive languages is NP-complete, and there is
no parser for unrestricted languages that is guaranteed to
halt. There is thus a line in the sand somewhere between
the context-free and the context-sensitive languages;
beyond it, efficient, optimal general parsing algorithms
are not available.

From a computational linguistics standpoint, the
language of RNA is dominated by nested pairwise corre-
lations (asin RNA stem-loops, Figure 1) which are easily
generated by the context-free grammars (Searls, 1992).
Stochastic context-free grammars have explicitly been
used to create probabilistic models that describe RNA
secondary structure (Sakakibara et al., 1994; Eddy and
Durbin, 1994). The popular MFOLD RNA secondary
structure prediction algorithm (Zuker and Stiegler, 1981)
seeks minimal energy structures using thermodynamic
parameters, rather than seeking maximum likelihood
structures using probabilities, but the dynamic program-
ming algorithm that MFOLD uses is essentially identical
to the CYK algorithm used to parse sequences with
stochastic context-free grammars.

However, the language of RNA also includes important
non-nested (crossed) correlations known as pseudoknots
(Figure 1). RNA pseudoknots are functionally important
in severa known RNAs (ten Dam et al., 1992). For
example, by comparative analysis, RNA pseudoknots are
conserved in ribosomal RNAs (Zimmerman and Dahlberg,
1996), the catalytic core of group | introns, and RNase P
RNAs (Cech, 1993). Pseudoknotted structures have been
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Fig. 1. Left: a stem-loop composed of three nested interactions.
Right: A simple pseudoknot constructed from the previous nested
stem-loop by introducing additional correlations between nu-
cleotidesinside the hairpin loop and nucleotides outside the original
stem-loop.

observed by structure determination of the 3’ end of plant
vird RNAs (Kolk et al., 1998), where pseudoknots are
apparently used to mimic tRNA structure, and for two
ribozymes of the hepatitis delta virus (Ferre-D’ Amare et
al., 1998). In vitro RNA evolution (SELEX) experiments
have yielded families of RNA structures which appear
to share a common pseudoknotted structure, such as
RNA ligands selected to bind HIV-1 reverse transcriptase
(Tuerk et al., 1992; Burke et al., 1996).

Pseudoknots (non-nested correlations) are more difficult
to model than palindromic (nested) correlations. Pseu-
doknots cannot be generated using a single context-free
grammar, nor can they be predicted by MFOLD. The
next category of languages in the Chomsky hierarchy, the
context-sensitive languages, are unattractive because for
them parsing is an NP-complete problem. Some attempts
to model the language of RNA pseudoknots involve
using intersections of context-free grammars (Brown and
Wilson, 1996; Lefebvre, 1996). However, the intersecting
grammar approach is a heuristic, and guaranteed opti-
mality of the resulting parse is unfortunately sacrificed.
Similarly, most ‘conventional’ approaches (i.e. not based
on ideas borrowed from linguistics) to the prediction of
pseudoknotted RNA structures are also heuristic (Abra-
hams et al., 1990; Gultyaev et al., 1995; van Batenburg et
al., 1995).

It is now clear that pseudoknotted RNA structures can
be parsed using optimal polynomia time parsing algo-
rithms. Stormo’s group (Cary and Stormo, 1995; Tabaska
et al., 1998) has showed that polynomial-time maximum
weighted matching agorithms can deal with pseudo-
knotted RNA structures. Subsequently, we described a
polynomial-time dynamic programming algorithm for
minimum energy RNA secondary structure prediction
(Rivas and Eddy, 1999), which mirrors the essential
features of the MFOLD agorithm while extending it to
pseudoknotted structures. However, in that paper, we only
developed the recognition algorithm, and did not develop
the formal grammar that corresponded to it.

A forma pseudoknot grammar, in stochastic form,
would alow us to develop full probabilistic models of

pseudoknotted RNA structures. This means we could
deal with pseudoknots not only in the problem of single-
sequence structure prediction by minimum energy (Rivas
and Eddy, 1999), but also in the essentially statistical
problems of consensus secondary structure prediction
by comparative analysis, or of structural homology
recognition in database searches (Eddy and Durbin,
1994).

In this paper we describe a formal transformational
grammar that corresponds to the pseudoknot folding
algorithm described in (Rivas and Eddy, 1999). The
approach we take is to develop a grammar formalism
that extends and includes the context-free grammars.
Comparable approaches in the computational linguistics
literature include the mildly context-sensitive grammars
(Joshi et al., 1991), string variable grammars (Searls,
1993), indexed grammars (Aho, 1968), or cut grammars
(Searls, 1999). The key feature of our grammar is the
use of special nonterminal symbols which dictate specific
rearrangements of substrings in a derivation, an idea
that has long been used in problems concerning natural
language processing (Gazdar et al., 1985).

The paper is organized as follows. First, we specify
the components of this class of grammars. Then we give
a simple example grammar that deals with the classical
example of acopy language. This language requires more
power than the one provided by context-free grammars.
We then give a generalized form of the grammar class,
and point out the specific approximations that lead to the
particular grammar instances that generate the copy lan-
guage and the RNA folding including pseudoknots. The
recognition algorithm for these two particular grammars
works in polynomia time. Finaly, we give the specific
grammar that corresponds to the parsing algorithm in Ri-
vas and Eddy (1999) for single-sequence RNA secondary
structure prediction including pseudoknots. This grammar
closely captures the main features of the accepted thermo-
dynamic model for RNA secondary structure (Turner et
al., 1987; Zuker and Stiegler, 1981), extended to include
pseudoknotted structures.

Crossed-inter action grammar
Components of the grammar

A grammar G that includes crossing interactions (pseudo-
knots) can be defined by the sextuple

G={V,T,S1,P, R} (0]
e Visthefinite set of nonterminal symbols.

e T isthe finite set of terminal symbols (the alphabet).
T*, the set of al strings over T, includes the empty
string €, and an additional empty string, A, the ‘hole
string, which also has length zero.
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e Sisthestart nontermina (S e V).

e | isthefinite set of extra nonterminal symbols. These
symbols, together with the hole string (which acts as a
marker), will differentiate thisgrammar from aconven-
tional context-free grammar.

e P isthe finite set of productions. The | symbols can
only appear in theright-hand side of these productions.

e R is the finite set of rearrangement rules. The re-
arrangements are applied after the productions P,
when al the conventional nonterminals have been
eliminated. The extra symbols | are then used to
rearrange (according to R) the strings generated by the
productions P.

A simple example: copy-language grammar
A simple example of a language that includes crossing
interactions is a copy language. A copy language for the
alphabet T = {a, b} consists of a set of patterns (such as
ab, or aba, etc.) that are duplicated. The apparently simple
string abab in which both as and both bs are correlated is
an example of a crossed interaction.

A grammar of thetype described in (1) that generatesthe

copy language
L={c,wAw]|we (@b} 2

reguires only two nonterminals V. = {W, Wy }, of which
W is the start nonterminal. To take care of the crossed
interactions we require three extra symbols

I ={(), x}. ©)
The productions P are given by

W — WW | (W x Wy) | € 4
Wy —analbab| (Wy x Wy) | A. (5)

Thevertical barsindicate digunction. ¢ isthe usual empty
string. We also introduce a second empty string A (which
we call the ‘hole’ string). The hole string also has length
zero but it is different from ¢ because it determines the
possible point of insertion of another string. Note that the
| symbols (3) can only appear in the right-hand side of the
P productions (4) and (5).
In this example we use only one rearrangement R,

(M1 A M} X Mp A M) R—> mimy A mym,,  (6)

for any string of terminals my, m}, mp, and m, in the
alphabet T. The parentheses indicate that a rearrangement
has to be performed once the strings of terminals have
been generated. That is, rearrangements take place only
after al conventional nonterminals have been eliminated.

Rearrangements in inner parentheses are performed first.
Once al rearrangements have been performed, and the
extra symbols | have been eliminated, the A hole string
becomes just equivalent to the empty string e.

There is a simple diagrammatic representation associ-
ated with this grammar. None of the productions for W
in (4) includes the A string, and in the derivations from
W the final step has to produce a e string. Therefore, the
nonterminal W is diagrammatically represented by a no-
hole diagram (or no-gap matrix). On the other hand, some
of the productions for Wy (5) include the A string, and in
the derivations from Wy the final step has to include a A
string. Therefore the nonterminal Wy isdiagrammatically
represented by a diagram with a hole (or gap matrix).
The extra symbol x represents the crossing necessary to
put together two Wy gap matrices. The diagrammatic
representation of productions in (4) and (5) in which we
observe how the rearrangements take place is as follows:

’ ‘\ — ' ,‘\\ /"\ ’ /, _\\\
" /
N
W
W.-W (Wa x Wy)
/_\\
/. RN \\ - m ‘ m ‘ /‘,:\\\
— = \_.._—, ;
\\’/
Wy alNa bADb (WHXWH)

Adopting the conventions introduced in Rivas and Eddy
(1999), awavy line represents the coordinated emission of
two terminal's; a discontinuous line indicates no emission.
(In RNA language, the wavy line represents the emission
of two paired nucleotides.)

With this grammar we can generate the toy ‘knotted’
sequence

apap
in the following way

W = (Wy x Wy)
%5 (@araxbab) 7

— abAab.
R

When we apply a production A — «, we cal that

a derivation and it is represented by a double arrow.

Similarly a single derivation for a rearrangement gets

represented by — . (Steps that include a multiple (but
R

finite) number of derivations are represented by == and
==, respectively.)
R
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Schematically, the rearrangement derivation can be visual-
ized as

(6rd * 6ab) 7 by ndo

The use of parentheses allows us to create more compli-
cated pseudoknotted structures. For example, the sequence

bl

can be parsed with the previous grammar in the following
way:

W —= (WH x Wy)
= (WH x (WH x WR))
= (@rax((bArbxana)) (8)
— (aAnaxbanba)
R
— aba A aba.
R

Schematically the two rearrangement derivations corre-
spond to

(53 - (5 - )

= ()

R

~ il

From the diagrammatic representation of the grammar,
it isan easy observation that the recognition agorithm has
a worse-case complexity of @(n®) in time and O(n) in
space, for astring of length n.

General formalism

Inthegeneral formalismfor acrossed-interaction grammar
givenanaphabet T = {ay, - - -, an}, we define T* the set
of al stringsover T as

T = {e, A, a1, ...,a1a1, 18y, ..., a1a1a1, 11y, .. .}.

Where ¢ is the empty string, and A is the “hole’ string
which aso has length zero but it is different from ¢
because it acts as a marker of the possible splice point for
the insertion of another string. Nonterminals that do not

includethe A string intheir derivation are the * non-gapped
nonterminals’. Nonterminals that include the A string in
their derivation are the gapped nonterminals.

e The set of productions P have the general form

P={A>a|AcV, ac(VIV)'UT)*}. (9

Derivations are similar to those of context-free
grammars except that extra symbols | may appear
interspersed in between nonterminals V in the right-
hand side of the productions. Weintroduce the notation
IV={ia|laeV ad iecl}.

e Therearrangements R are of the general form,

R={(y) > m|ye(TUl)*, meT*. (10)
R

The rearrangements are applied after the productions
P, when al the conventional nonterminals have
been eliminated. In the rearrangement rules the extra
symbols | are used to reorder the strings generated by
the productions (9). In the absence of extrasymbols |,
the A empty string becomes equivalent to the e empty
string.

e Thelanguage generated by this grammar L (G) is
L(G)={m|meT* suchthat S=7y = m,
R
for y e (TUD*}. (12)

We say that a1 => ao if o can be derived from oy
in a finite number of derivations. Therefore, a string
belongsto L(G) if it consists only of terminals (extra
symbols are not allowed), and it can be generated from
the start nonterminal S.

In the particular case | = @, thena € (V U T)* in (9).
The rearrangement rules then turn into an identity, the
wedge string becomes equivalent to the empty string, and
the grammar becomes a standard context-free grammar.

In general, for unrestricted transitions A — « witha €
(V(V)* U T)* parsing using this grammar is non-trivial
and probably an NP-complete problem. The key to make
the grammar tractableisto realize that

VAV*UT* = U ,(VAVTUT* . (12)

If we truncate this infinite sum by using only the term of
lowest order (n = 0) we have again a context-free gram-
mar (A - o, o € (VUT)*).Forn > 0we deviate
from acontext-free grammar. The copy language grammar
presented in the previous section corresponds to truncat-
ing the infinite sum keeping only thefirst two terms (A —
a, ae(VUT*U NIV UT)*) (with aspecific set of
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extrasymbols| = {(,), x}). For RNA pseudoknots, aspe-
cific grammar adhering to the same approximation is quite
adequate to describe a large number of pseudoknot struc-
tures. Thisrestrictionisequivalent to the oneintroduced in
Rivasand Eddy (1999) in the diagrammatic representation,
and corresponds to not allowing more than two gap matri-
ces to come together at a given time. For the specific case
of the RNA pseudoknot grammar (below) we have devel-
oped arecognition algorithm (Rivas and Eddy, 1999) that
works in polynomial time.

RNA pseudoknot grammar

The grammar to describe RNA pseudoknots has the fol-
lowing specifications:

e Thegrammar has the following nonterminals,
V = {W, Wg, V& Wy, V3 1S1,1S2).  (13)

W, Wg, and V@ are non-gapped nonterminals.
Wy and V3™ are the gapped nonterminals, for
a,b,c,d e T. 1Sl and | S2 are the nonterminals that
create hairpin loops and loops closed by two interac-
tions (stems, bulges and internal 1oops) respectively.

e Thealphabet isthe RNA aphabet

Trna = {a,C, 0, U} (14)

e Therearesix extrasymbols
I ={(), x, XL, xR, D}. (15)

These specia nonterminals are specific for pseu-
doknots and model the different types of knotted
bifurcations present in RNA.

e Production rules.

The nonterminal W is the start nonterminal. [The
nonterminal Wg has similar productions to W (just
substitute Wg for W in the following recursions), but
it appears only in enclosed structures after a pair has
already been emitted (i.e. multiloops).] The production
rules for W are (excluding coaxials or danglings):

/, \\ — (16)

/¢~\ ,¢~\

\ \
. . v J 1 7
L J i+1 J-1

s; VEisis; s;W Ws;

NN Ve ’\\\ ’

e AN

\\’
W.-W WH X WH

where s € T stands for the termina (nucleotide)
emitted in position i .

V@b jsthe nonterminal we are at after apaired emission

a,b € T has occurred. The production rules for
nonterminal V0 are,

S w

l J
Vsisj

lr =, =
’z‘ 4 J

mj ’ i(r,k;:;‘l‘sj

2 +1 k g-1
IS1 (IS2 D) skVSkS‘sl) Wg - Wpg
‘ .
i N7
WH X WH

Wy and V@ are nonterminals specific for pseudo-
knots and correspond to the gap matrices whx and vhx
described in Rivas and Eddy (1999). Wy isthe nonter-
minal that introduces pseudoknots, and itsrecursion is
given by

/. -~ — (18)
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Was; (Wa D skh) (Ww D Asy) (Wg AWg)
o~ /’::\ -~ RN
N I S TNV RV
A A A A A A L A kis j
Wg - Wi (W D WgA) Wg-Wp (Wi D AWg)
/’,-_\\ -~ Pl P
7NN ’//‘\\\ l’_l"\\ ‘ /770
; = : e ; 7 AL
PRl s ] TNt A o N2k
(Wg D Wg) (Wg x Wg) (Wu xr Wh)  (Wa x, Wh)

V2Ped s the nonterminal we are in after emitting two
parsa,b € T andc,d € T in apseudoknot. The

recursion for nonterminal V3° is

Y -

ok I J
VSiSjSkSI
H
iklj‘ imgin j ’iklj
152 (Vioismen 5 g Vimsasisig ) Wa

Moreover, the RNA language requires nonterminals
to take care of length distributions for hairpin loops

(19)

(IS1s), and internal loops (bulges, stems, and internal

loops that we collect under the name of 1S2s).

the nonterminals required to take care of loop-length

distributions, we have for hairpin loops,
ISI — €|s1|$19]...]S1...Smaxloop-
For stems, bulges and internal loops,
1S2 — NSy - SKA | ASL-- -S|
with1l <i <kandl < k < maxloop.
The rearrangement rules are
(M1 A M} x Mp A M) — mmz A m;my,
(M A M} X M2 A M) R—> memim, A mj,
(M1 A M} xR M2 A M) R—> my A mpmjmy,
(M1 A mM] D mp A M) R—> mimy A mmy,

for any sequence my, m7, mp, and m, € T*.

For

(20)

(21)

(22)

A recognition agorithm for the grammar presented
here (with some additional features such as danglings
and coaxias) has been implemented in Rivas and Eddy
(1999) as a non-stochastic model using thermodynamic
parameters (Turner et al., 1987) to describe the different
transitions. The dynamic programming algorithm has a
time complexity of O(L%) and a storage complexity of
O(L%), for a RNA sequence of length L. The agorithm
is able to predict alarge number of the RNA pseudoknots
found—either confirmed or proposed—in the literature
(Rivas and Eddy, 1999).

ThisRNA pseudoknot grammar a so permitsusto define
aprobabilistic model similar to thosethat have been devel -
oped for context-free grammars (Eddy and Durbin, 1994).
In this way we can implement a full probabilistic model
for RNA folding with pseudoknots. The pseudoknot gram-
mar described hereisaso ambiguous (in theformal sense)
and, therefore, it is able to capture alternative secondary
structures when the parser isimplemented as an Inside al-
gorithm (Searls, 1999).

Conclusion

Previously, we described a polynomial-time dynamic pro-
gramming a gorithm for optimal RNA structure prediction
including pseudoknots. The RNA pseudoknot algorithm
was implemented in a non-stochastic form using free
energies to estimate the energetically optimal folding.
This recognition algorithm is more complicated than a
context-free parser, but aformal grammar associated with
the algorithm had not yet been developed. In this paper we
have specified such agrammar for RNA pseudoknots. We
have introduced a general grammar class (for which we do
not specify a parser), and a specific grammar instance that
corresponds to our RNA pseudoknot parsing algorithm.
The pseudoknot grammar has an equivalent diagrammatic
representation interms of Feynman diagramsthat provides
a systematic means for its implementation. With a formal
pseudoknot grammar in hand, it will be straightforward to
produce a stochastic version of the recognition algorithm
that would alow us to include pseudoknots in statistical
problems such as homology recognition and consensus
secondary structure prediction.
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