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Modeling RNA:DNA Hybrids with )
Formal Grammars Chck for

NataSa Jonoska, Nida Obatake, Svetlana Poznanovié¢, Candice Price,
Manda Riehl, and Mariel Vazquez

Abstract R-loops are nucleic acid structures consisting of a DNA:RNA hybrid and
a DNA single strand. They form naturally during transcription when the nascent
RNA hybridizes to the template DNA, forcing the coding DNA strand to wrap
around the RNA:DNA duplex. Although formation of R-loops can have deleterious
effects on genome integrity, there is evidence of their role as potential regulators
of gene expression and DNA repair. Here we initiate an abstract model based on
formal grammars to describe RNA:DNA interactions and the formation of R-loops.
Separately we use a sliding window approach that accounts for properties of the
DNA nucleotide sequence, such as C-richness and CG-skew, to identify segments
favoring R-loops. We evaluate these properties on two DNA plasmids that are known
to form R-loops and compare results with a recent energetics model from the Chédin
Lab. Our abstract approach for R-loops is an initial step toward a more sophisticated
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framework which can take into account the effect of DNA topology on R-loop
formation.

1 Introduction

RNA can have significant regulatory roles in biological processes such as gene
expression, gene inhibition and others (reviewed in the special issue [19]). Recently,
some interest has shifted towards the regulatory role of the transcript RNA, often
assumed to be just an intermediate towards the protein coding mRNA. In particular,
formation of R-loops is seen as a major factor in the RNA transcript involvement in
DNA repair [23].

R-loops are three-stranded hybrid structures consisting of an RNA:DNA duplex,
and a displaced single strand of DNA (illustrated in Fig. 1). Experimental results
indicate the prevalence of R-loops in vastly different genomes. In particular R-loops
have been shown to occur with surprising regularity at highly conserved hotspots
throughout mammalian genomes [2]. A high throughput sequencing method that
can provide genome-wide profiling of R-loops showed that up to 5% of the human
genome has the potential of forming R-loops [18]. While R-loops seem to be the
most abundant non-B DNA structures found to date (reviewed in [2]), little is known
about their function, their mechanism of formation, or their geometry and topology.
Most R-loop locations detected in [18] coincided with genes, and there is evidence
that R-loops form concurrently with transcription. In a process that is yet to be
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Fig. 1 A schematic depiction of an R-loop. Top: The DNA duplex is formed by two DNA strands
in black and green. The black strand represents the coding DNA strand, while the green represents
the DNA template (non-coding). The red strand represents the RNA transcript. The 3’-ends are
indicated with an arrowhead. The blue box assumes the polymerase reading of the template DNA,
and synthesizing the RNA. Bottom: Simplified depiction of the R-loop. We assume that this
diagram is read from left to right, with the polymerase on the left (outside the image). The region
between the two leftmost vertical dashed lines indicates the location where the RNA transcript
invades the DNA duplex, thus initiating the R-loop. Likewise, the two vertical dashed lines on the
right indicate the R-loop termination region
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understood, the RNA transcript occasionally hybridizes with the DNA template and
the second (coding) DNA strand ‘entangles’ with the RNA:DNA duplex causing the
formation of a co-transcriptional R-loop [2].

Transcription and the effect of DNA topology on R-loop formation. Transcription
is a molecular process that converts a gene encoded in a double stranded DNA
molecule into RNA transcript, which is eventually translated into a protein. The
double-stranded DNA consists of two sugar-phosphate backbones lined up by
complementary sequences of nucleotides (A,T,C,G). One of the strands is the
coding strand (i.e. it carries genetic code) and is indicated in black in Fig. 1.
The other strand, complementary to the coding strand, is the template strand
(indicated in green in Fig. 1). The DNA template is transcribed into RNA by the
RNA polymerase. The coding and template DNA strands form a double helix held
together by hydrogen bonds. Therefore the transcription machinery (blue box in
Figs. 1 and 2a) must break the bonds and open the helix before the RNA polymerase
can use the template DNA to produce the complementary RNA transcript. Because
DNA is right-handed, the opening of the helix induces an accumulation of torsional
stress due to over twisting.

Over twisting is promptly converted into positive supercoiling ahead of the RNA
polymerase and compensatory negative supercoiling behind (see twin supercoiling
domain, Fig. 2). Note that the local accumulation of supercoiling during transcrip-
tion, added to the presence of any ambient supercoiling of the DNA, increases
torsional stress on the DNA duplex. These factors play a role during the branch
migration involving DNA template dissociation from its complementary DNA
strand (the coding DNA) and hybridizing with the newly formed RNA transcript,
forming and stabilizing an R-loop. To learn more about DNA topology and the
effect of transcription in this context, the reader is referred to [1]. The field of
DNA topology studies the topology (e.g., knotting and spatial embeddings) and
geometry (e.g., twisting, supercoiling) of circular or topologically constrained DNA
molecules.

An energy-based statistical mechanical model of R-loop formation was proposed
in [21]. This model and its computer implementation (R-looper) incorporates
contributions from both sequence and DNA topology to predict the most favorable
locations of R-loop formation assuming that the system is in equilibrium. R-
looper aims to identify factors that contribute to changes in energy during R-loop
formation, and to predict genetic locations favorable for R-loops. The strong
role of DNA supercoiling in R-loop formation predicted by the simulation was
experimentally supported, as was the strong role of the intrinsic properties of the
template DNA sequence (specifically, its C-richness and CG-skew) [6,9, 15, 16,24].
Based on these results a study of R-loop formation must include a discussion of both
topology and sequence contributions [21].

In Sect. 2, we introduce a model for R-loops based on a formal grammar with
the goal of building a framework for describing the structure of the R-loops and
the spatial molecular embedding. This model sets the stage for a future, more
sophisticated grammar that could take into account topology and geometry of R-
loops (see discussion in Sect.5). In formal language theory, a grammar is a set of
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Fig. 2 Local changes in DNA topology during transcription: the twin supercoil domain. The
term DNA topology is used by biologists to refer to both topology and geometry of DNA. A
supercoil corresponds to a crossing of the axis of the DNA double-helix over itself. When the
axis is assigned an orientation, the supercoils are positive or negative depending on the sign of the
crossing (as indicated in the image). (a) As the DNA template (in green) is transcribed into RNA
(in red), positive (+) supercoils accumulate ahead of the polymerase and compensatory negative
(—) supercoils accumulate behind. The arrow on the (red) RNA strand indicates the direction of the
polymerase. (b) The duplex DNA is represented as a ribbon, omitting the helical twists, showing
only the positive and the negative supercoils

production rules that generate strings in a formal language. Applications of formal
grammars can be found in a wide range of areas from theoretical computer science,
to theoretical linguistics, to molecular biology. In molecular biology, applications
include modeling regulation of gene expression [3], gene structure prediction [4],
and RNA secondary structure prediction [17].

The formal grammar model for R-loops presented here focuses on the structure of
an R-loop as described by the braiding of the strands as illustrated in Fig. 1 (bottom),
and is informed by sequence contributions. More precisely, the proposed grammar
rules depend on the relative nucleotide sequence favorability for R-loop formation.
Several experimental results indicate that the presence of a G-rich RNA transcript
provides relatively higher thermodynamic stability of an RNA:DNA duplex over a
DNA:DNA duplex [10, 13, 14, 22]. This may lead to the breaking of the hydrogen
bonds within a topologically strained DNA:DNA duplex. Breakage can then trigger
a RNA:DNA branch migration, and the affinity for hybridization of a G-rich RNA
transcript with its DNA template may yield favorable regions for R-loop formation.
We propose a test for the sequence dependency for R-loop formation and compare
our approach with the results from R-looper whose results have been experimentally
tested with two plasmids [21].

This chapter is organized as follows. Section 2 gives the necessary background
on formal grammars. Section 3 defines the grammar that describes a language for
R-loops. Section 4 discusses incorporating the nucleotide sequence dependency into
the mathematical framework. In particular, our model takes into account sequence
contributions from C-richness and CG-skew. We conclude with an outline of future
steps, including a discussion on the contributions of DNA topology and other
entanglement considerations in Sect. 5.
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2 Formal Grammars: An Overview

In this section we give a short background on formal grammars needed for this work.
Good introductions to the different types grammars and languages as well as their
properties can be found in [8] and [20].

A finite set X' is called an alphabet and its elements are called symbols. For an
alphabet X, let X* denote the set of all finite sequences of symbols called strings
or words formed by the symbols of X'. The empty word is a word with no symbols
and is denoted €. We set X+ = X* \ {€}. For example, if ¥ = {a, b}, then the
set of words over X is X* = {e¢,a, b, aa, ab, ba, bb, aaa, aab, aba, ...} while
X+ = {a, b, aa,ab, ba, bb,aaa, aab, aba, ...}. We use lower case letters at the
beginning of the Roman alphabet (e.g., a, b, c, .. .) to indicate symbols and lower
case letters at the end of the Roman alphabet to indicate words (e.g., u, v, w, ...).

Forawordu = ajas - - - a,, where a; € X', we say that the length of u is |u| = n.
The length of the empty string € is 0. The number of symbols in u equal to a is
denoted |u|,, for example |aabl, = 2 and |aablp, = 1. Forany 1 <i < j < n, the
substring a;a; 11 - - - a; of u is denoted by uy; .

Definition 1 A grammar I' is a 4-tuple (S, N, X, P), where

* N is an alphabet whose symbols are called nonterminals,

e X is an alphabet whose symbols are called terminals,

P isafinite set of production rules of the form w — w’ for some words w, w’ €
(X U N)* provided that at least one symbol in w is nonterminal, and

e § € N is a designated nonterminal called the start symbol.

Here we adopt the standard convention where upper case Roman characters (e.g.
A, B, S) are used to denote the nonterminals, and lower case Roman characters (e.g.
a, b, ¢) to denote the terminals. Let u be a word in (¥ U N)* andr : w — w' be
arule in P. Applying the production rule r to the word (or string) # means finding
a substring w in u and replacing it with w’, while keeping the rest unchanged. For
example, if x, y, w € X*, applying rule w — w’ to the word u = xwy produces
v = xw'y. We write u = v.

We say that a word w € X* can be derived, and denote it as S = w, if
there is a sequence of production rules ry, r2, ..., r, and a sequence of words in
wi, ..., w, € (X UN)* where w,, = w, such that

r r I T,
SBuw Suwm3 .. Buw,=uw.
Such a sequence of applications of rules ry, rs, ..., r, is called a derivation of w.

The language described by the grammar I is the set of all words with only terminal
symbols that can be derived, i.e.,

LN :={weX*| S w).
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Example 1 Consider the grammar I" = (S, N, X, P) with

N ={S, A, B} Y ={a, b}
P={ri:S—>aA, rn:S—bB, r3:A— aA,

r4:B—>bB, r5:A—¢€,r6:B—>¢€ r7:S— €}
The word aaaa is in L(G) because it can be derived in the following way:

S aA B aaA B aaaA 2 aaaaA = aaaa.

Based on its production rules, the language L(I") described by this grammar I”
consists of words with a single symbol, that is

L(I') = a* Ub*.

We note that a common abuse of notation when the alphabet is just a singleton is
to replace {a} with a, and {a}* with a*.

We often remove the superscript over the arrows when rules are easily identifiable
and write u — v instead of u = v. We use the convention to shorten the description
of the rules that have the same left hand-side by using vertical bars. For example,
the expression w — w; | wz | w3 means that the set of rules P contains w —
wi, w — wy, and w — w3. With these conventions, a grammar is completely
determined by the list of production rules.

Example 2 Consider the grammar defined with rules:
S — aSh | e.

In this grammar there are two rules, S — aSb and S — €. The symbol § is the only
nonterminal, and the set of terminals is {a, b}. Then, every derivation is of the form:

S =aSb= aaSbb---=aa---aSbb---b=aa---abb---b.

Because with the application of the rules the number of a’s remains equal to the
number of b’s, the language defined by this grammar is L = {a"b" | n > 0}.

In formal language theory, the Chomsky hierarchy refers to the containment
hierarchy of four levels of languages: regular, context-free, context-sensitive and
computably enumerable languages [20].

A grammar is said to be regular if all production rules are of the type: A — a,
A —> aB,or A — €, where A, B € N and a € X. This means that with each
rule, either a nonterminal is replaced by a terminal, or it is replaced by a terminal
followed by another nonterminal, or it is erased. Regular languages are those that
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can be generated by a regular grammar. The grammar in Example 1 is regular and,
consequently it describes a regular language a* U b*.

In context-free grammars, the rules are of the type A — x, where A € N and
x is a string (possibly empty) of terminals and nonterminals. In context-sensitive
grammars, the rules are of the type xAy — xzy, where x, y, z are strings of
terminals and nonterminals. Context-free (respectively, context-sensitive) languages
are the ones that can be generated by context-free (respectively, context-sensitive)
grammars. The grammar in Example 2 and the language it generates are context-
free. One can show that this language is not regular, i.e., there is no regular grammar
that defines this language [8, 20]. Computably enumerable languages are defined by
grammars without constraints.

3 R-Loop Grammars

An R-loop is a structure consisting of a RNA:DNA hybrid and a displaced DNA
single strand (Fig.1). While here we focus on co-transcriptional R-loops, the
mathematical framework can be applied to any R-loop or other nucleic acid triplex.
First we summarize the transcription process which infers the construction of the
grammar.

During transcription, the RNA polymerase complex binds to the promoter region
of a gene in a double-stranded DNA molecule, unwinds the DNA double helix,
and transcribes the template strand into a single-stranded RNA molecule (the RNA
transcript) one nucleotide at a time in the 3’ — 5’ direction. The nucleotide
sequence of the RNA transcript is complementary to that of the DNA template,
and is identical to the sequence of the coding DNA after replacing each 7 witha U.
As transcription proceeds along the template (as the polymerase moves) the RNA
transcript exits the ‘bubble’ formed by the polymerase complex and the unwound
DNA duplex. Simultaneously, the DNA double helix reforms behind the complex.
At the end of the process the RNA transcript is released. For reasons that are still
unclear, occasionally the RNA transcript hybridizes with the DNA template thus
giving rise to a co-transcriptional R-loop.

We represent the formation of an R-loop as a string (word) over the alphabet
Y = {o,0,1,7,a, w}. Each symbol in the alphabet can be described as a 3-
stranded local structure corresponding to the length of one half turn of B-form
DNA, approximately 5 nucleotides (see Fig.3). The symbols 7 and T represent a
RNA:DNA hybrid, o and ¢ represent a DNA:DNA duplex, and « and w represent
a structure where all three strands interact. Note that in T and 7, and in o and &, the
third strand is assumed to not interact (via hydrogen bonds) with the duplex.

Presence of = on top of the symbols, such as ¢ or 7, indicates that the corre-
sponding duplex is in a stable configuration. Less stable half-turn configurations are
denoted by o and 7, without the ", are more likely to transition into one of the
3-stranded hybrids o or w via strand branch migration. The production rules will
be guided by the stability of the half-turns ¢ and © (DNA:DNA and RNA:DNA,
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N |©
N | o

Fig. 3 Interpretation of each of the symbols used in the grammar. The black strand represents
the coding DNA strand, the green strand represents the template DNA strand, and the red strand
represents the RNA transcript. Here, o and 6 are DNA:DNA hybrids, t and 7 are RNA:DNA
hybrids, and « and w are transitions between the two. The ¢ * * indicate more stable configurations.
Less stable configurations are depicted with some breakage in the hydrogen bonds to suggest that
there is more prevalent ‘breathing’ of the duplex in that region. The breakage in o and 7 is indicated
only by symbols in Fig. 4

Q>

[}

6oot1T it 1T tT1T1T 1T ® 6 66

Fig. 4 An example R-loop associated with the word --- 6oafTTTTT{Twoo - - -. Note that if the
sequence stability weakens within an R-loop then a 7 may follow after an initial string of one or
more 7’s, and this may lead into an R-loop termination region, indicated by . The three strand
sections corresponding to o and w indicate the branch migration when RNA ‘invades’ the DNA
duplex (o) and leaves the duplex (w). Observe that there may be other words that correspond to the
same R-loop, because the sequence stability may vary both within and outside the R-loop

respectively). The remaining two symbols of the alphabet, o and w, are used to
represent R-loop initiation and termination regions. The start of the R-loop, denoted
by «, is the structure formation at the moment when RNA ‘invades’ the DNA:DNA
duplex. The end of the R-loop, denoted by w, is the structure obtained when the
RNA dissociates from the RNA:DNA duplex and the DNA returns to its native state.
Figure 4 illustrates how an R-loop can be represented by a string over X.

How the different symbols are assigned to the specific genomic region will
be guided by the biology. Some nucleotide sequences that are prone to R-loop
formation have been identified experimentally and models have been proposed to
predict them. As a first approximation, in the next section we use the preliminary
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data used in a recent energetics model to assign stable vs unstable half-turn segments
in both a RNA:DNA duplex and in a DNA:DNA duplex [21]. We assume that a
DNA sequence of nucleotides is favorable for R-loop formation (i.e. the RNA:DNA
duplex is more stable) if it is C-rich and CG-skewed (see Sect. 4 for definitions of
these terms).

We assume that an R-loop necessarily starts with a short nucleotide sequence that
has an “unstable” DNA:DNA duplex, indicated by o. The three strand formation
when the RNA ‘invades’ the DNA duplex through branch migration is indicated by
« and is followed by a half-turn of a stable RNA:DNA duplex indicated by 7. Hence
the word contains the subword o« . Similarly, the end of the R-loop is obtained
from a sequence starting with at least one unstable RNA:DNA half-turn denoted by
7, followed by the three strand formation w where the RNA dissociates from the
DNA and by a stable DNA duplex (6). Hence the R-loop word must also contain
the subword Twé6 .

The following grammar I generates the words associated with R-loops. Recall
from Sect. 2 that by defining the production rules we uniquely define a grammar.

S—o6D|oD rules:start
6D — 66D | 60D rules:s — D — duplex
the grammar I : oD —> 06D |ooD |oatR rules:us — D — duplex
TR — TTR | TtR rules:s — R — duplex

TR — ttR | ttR | tw6 D' rules:us — R — duplex

D' - 6D |oD |e rules:end

The set of nonterminals in I' is N = {S, D, R, D'}, where each of the
nonterminals is associated with one of the hybrid structures. The nonterminals D
and D’ are used to generate DNA duplexes before and after the R-loop, respectively.
The nonterminal R is used to generate the symbols that correspond to the RNA:DNA
duplex within the R-loop. The symbol S is the starting symbol of the grammar. The
grammar I uses six types of rules as indicated above. Rules start are the starting
rules that generate either o D or 6 D, a half-turn DNA duplex. If the DNA duplex
represented by & is stable, then according to rules s-D-duplex (stable DNA duplex)
the next half-turn must be another DNA duplex, which could be stable (6 D), or not
(o D). If the DNA duplex represented by o is not stable (i.e. o D), then according to
the rules us-D-duplex (the unstable duplex rules) it can also be followed by a three
strand formation « and a stable RNA:DNA duplex T (e.g. 0 D — oaTR). Rules s-
R-duplex (stable RNA:DNA duplex) and rules us-R-duplex (unstable RNA:DNA
duplex) are analogous to the rules s-D-duplex and us-D-duplex, except that they
generate the string corresponding to the R-loop. The first two rules in end are
analogous to rules start, with the addition of the last rule D" — € which is used to
stop the word derivation.
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The grammar I” is context-sensitive, meaning that the rules with nonterminals
D and R on the left hand side depend on the preceding symbol. Recall that the
language derived from the grammar " is defined as the set of words with only
terminal symbols which can be derived. Describing the set of words generated by the
grammar is straightforward. Every word derivation in I” starts with S and generates
o or ¢ followed by a nonterminal D. Depending on whether o or 6 precedes D, the
next symbols that are generated are again o or & (rules s-D-duplex). In addition,
if o precedes D (rules us-D-duplex), then the next symbols could be oot which
generate the word xowT R where x € {o, 6}*. After this word one can only apply
rules s-R-duplex which generate new symbols 7 or ¢ with a non-terminal R. Rules
s-R-duplex and us-R-duplex are then applied to symbols T and/or 7 followed by
R. If at some point we use the last rule of us-R-duplex, the symbols that follow
are Two followed by a nonterminal D’, and the corresponding word has the form
xoatytws D', where y € {r, 7}*. Note that once D’ appears in a word, the rules
end are the only rules that can be applied and they generate symbols o or 6. The
derivation stops with an application of rule D’ — €. In sum, the final word generated
by the grammar has the form xoa 7 ytwé z where z € {o, 6}*. Based on this we have
the following proposition. We call the formal language specified with I" the R-loop
language.

Proposition 1 The R-loop language described by I is

L(I') ={xcatytwéz | x,z € {0, 6}, y € {r, T}*}

or equivalently, L(I')=(cU&)*ocaT(tUD)* Twd (cUG)".

As a consequence of Proposition 1, the language of the grammar I” is regular,
that is, it can be described by a regular expression [20]. Therefore, there is a regular
grammar I with the same alphabet X' that is equivalent to I". I" defines the same
R-loop language with the following production rules:

S—>0S5|6S|00;
01— aQs
02— 703
03 —>103|7031704
the grammar r: Q4 — w05
0s —> 7 Qs
Q6 —>0Q6 606 | €
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Although I is regular, i.e., it is a different grammar from the initial context-
sensitive grammar I”, the meaning of the symbols o, &, 7, T that indicate nucleotide
stability remains unchanged.

4 A Discrete Model to Estimate R-Loop Favorability

In order for the grammar I” presented in Sect. 3 to be useful, it requires information
about how favorable or unfavorable a particular stretch of DNA is for R-loop
formation. The grammar as constructed in the previous section contains no such
information. We are interested in incorporating into the grammar I information on
nucleotide sequence contributions combined with the topological changes, to detect
and predict R-loop formation. We initiate this line of work in this publication. In
this section we start with a simple discrete model for estimating R-loop favorability
based only on properties of the nucleotide sequence. More specifically, we focus
on two different measures, C-richness (cytosine-rich sequence) and CG-skew
(cytosine-guanine ratio).

Intuitively, one would expect R-loops to occur infrequently. However, they
account for up to 5% of the human genome, and represent the most common non-
B DNA structures quantified to date (reviewed in [2]). General investigations of
nucleic acid hybrid stability have measured the relative free energy of a nucleic acid
duplex (denoted by AAGY in kcal/mole) as the free energy of the given duplex
minus the free energy of the most stable duplex [13, 14]. The results of these
studies are summarized in Fig. 5 and show that a hybrid consisting of a purine-rich
RNA and pyrimidine-rich DNA (denoted r(GA).d(CT)) is significantly more stable
than the corresponding DNA:DNA hybrid (denoted d(GA).d(CT)). The stabilities
of the other two possible duplexes (denoted r(GU).d(CA) and d(GT).d(CA)) are
comparable to each other. This suggests that the strand migration initiated by an
RNA strand as it invades a DNA:DNA duplex is more likely to occur when the
template DNA is C-rich (or equivalently, when the transcript RNA is G-rich).
On the other hand, the d(GA).r(CU) stacking is significantly less stable than the
d(GA).d(CT) stacking, while the stabilities of r(CA).d(GT) and d(CA).d(GT) (not
shown in Fig.5) are comparable to each other. So, a G-rich DNA template would
result in a thermodynamically unfavorable RNA:DNA duplex. Based on this, we
expect that the R-loops are more likely to form in regions where the template DNA is
C-rich and CG-skew. In the discrete model below we focus on those two quantities.

Experimental observations suggest that C-rich regions that are also CG-skewed
are correlated with R-loop occurrence [6]. However, not all CG-skewed areas are
associated with R-loops [15]. In [21] the authors proposed a statistical mechanics
model of R-loop energetics that provides predictions of R-loop favorability for
a given nucleotide sequence. This model takes into account contributions of
both the sequence and the supercoiling. The theoretical predictions were tested
experimentally on two plasmids [2, 21].
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r(GA).r(CU) r(GA).d(CT) d(GA).d(CT) d(GA).r(CU)
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Fig. 5 Plot of the relative stability of duplexes; from the most stable duplex (r(GA).r(CU)) at the
left, to the least stable duplex (d(GA).r(CU)) at the right. Stability is determined by computing the
relative free energy (AAGP) of the duplexes in kilocalories per mole [13, 14]. The scale indicates
the relative free energy of a duplex with respect to the most stable duplex shown as reference at 0.
Other duplexes, such as r(CA).d(GT) and d(CA).d(GT) that are above 8 are not indicated in order
to keep the figure readable, and because they are not significant in our sequence analysis of R-loops

Before we proceed we introduce several definitions. The DNA alphabet is
Ypna = {A, G, C, T}, and the binary alphabet is X5 = {0, 1}. A DNA sequence
is a word w € X'}, ,. Recall that the number of symbols in w equal to a symbol a
is denoted |w/|,.

Definition 2 ([7]) The CG-skew of a DNA sequence w is a function
Csk : Zfy s — [—1, 1] where

lwlc — lwlg

for |w|c + |w|g > 0
lwlc + lwlg

Csk(w) =

0 otherwise .

The CG-skew of a DNA sequence measures the dominance in occurrences of
cytosine with respect to guanine. If Cgx(w) = 1, then the DNA segment w is
a sequence that contains cytosines but no guanines. Conversely, Csr(w) = —1
indicates a sequence that contains guanines but no cytosines. Further, a 2:1 ratio
of cytosine to guanine in a strand would result in a CG-skew value of 0.33.

Definition 3 The C-richness of a DNA sequence w is a function C, : Z‘g NA —
[0, 1] where

C(w) = 2lc.
|w]

In order to explore the contributions of C-richness and CG-skew as predictors for
R-loops, we consider the plasmids (given as template strands in the 5°-3” direction)
of the experimental analysis from the Chédin lab [21].

We compute CG-skew and C-richness using a sliding window approach. Given
thresholds 71 and 7, and a sequence of nucleotides, we associate a binary score for
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CG-skew and C-richness to each subword of length ¢; a score of 1 if the threshold is
met, and a score of 0 if the threshold is not met. We employ the following definitions.

Let f : E;N 4 — R be a function defines on the set of DNA sequences (i.e.
Z"gN 4)- The function can be measuring properties of the sequence, such as C-
richness or CG-skew. For each function f let  be a real number indicating the
threshold. A €-window t-threshold for f is the function T(’y f E$N 4 — 2B

defined with TZ”f(w) = b1by - - - by where

forl <i < |w|—¢ b = { 1 lff(w[i.,i—HZ—l]) >t
0 otherwise
forlw|—£€ <i<|wl b= { Vit f (wgi, o)) = 1
0 otherwise.

Note that as we reach the end of the string, if there are fewer than £ nucleotides
left, we consider the same thresholds but on the remaining, shorter, substrings. Thus
it becomes more difficult to meet the predetermined thresholds towards the end of
the string.

Of interest to the study of R-loops are two functions: the £-window t1 -threshold
for C G-skew, Te Cob and the ¢-window f,-threshold for C-richness, T( C,- Starting
from the first nucleotide in the template DNA we consider a substrmg of length ¢
and compute the values of 7, lc ” and TZ ¢, moving from left to right one nucleotide
at each step. If a substring is found to be both CG-skewed and C- rich, then we say it
is double-C-rich. The double-C-rich string corresponding to w is wp = Te, Co (w)A
chr(w). For two binary strings u = by ---by and u’ = b/ ---b) we define v =
uAu = cy---cgsuch that for all i = 1,...,k we have ¢; = 1 if and only if
bi =b; =1.

We create a binary string of double-C-richness for the entire nucleotide string
(called the double-C-rich string). In Examples 3—4, we illustrate these definitions
for a hypothetical string of nucleotides.

Example 3 Consider an example string of length 30 in 2$N 4 given by
w =AGAGCCCGATCCAGACCCCGACGTTACGAA and a window size £ = 10.
Suppose the CG-skew threshold is #; = 0.3 and the threshold for C-richness is
tn =0.5.

In the first ten nucleotides, there are 3 C’s and 3 G’s, so the CG-skew Cy (wy1,107)
is 6 For nucleotides 2—11 the CG-skew is Cs(w2,117) = 7 L and for nucleotides 3—
12 we have Cy (wy3,12]) = 7. Since 3 z>03, the first three symbols in the £-window

t1-threshold for Télcsk (w) are 001. The entire string is

{4, (w) = 001111111111101111000000000000.

If the threshold changes to #; = 0.35, the string becomes
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T{32,, (w) = 001110001 111101100000000000000.

In this example the threshold for C-richness is #; = 0.5, and there are only
3 C’s in the first ten nucleotides, then the C-richness is C,(wyi,10) = 13—0 <
0.5. Therefore the first ten nucleotides are not C-rich and the first symbol of
Telfcr(w) is 0. Nucleotides 3—12 have 5 C’s, so this meets the threshold of 0.5
and is considered a C-rich region. The resulting string with threshold 0.5 is
Tl%,sc, (w) = 001110001111111100000000000000. If we use a threshold of 0.6,

the string becomes Tlo(j,6c, (w) = 000000000110000000000000000000.

Only when the window of size ¢ is both CG-skewed and C-rich do we say
that it is double-C-rich, and the corresponding entry in the string wp receives a
value of 1. With thresholds 0.3 and 0.5 (for CG-skew and C-richness, respectively),
wg = T, (W) A Te (w) = 001110001111101100000000000000. Observe
that the string wp is sensitive to the thresholds chosen. With thresholds 1 = 0.3 and
t» = 0.6, for the same nucleotide sequence the string becomes wp = Tl%?cxk(w) A

Tl%,6C, (w) = 000000000110000000000000000000.

We consider that an isolated occurrence of double-C-richness does not corre-
spond to likelihood of R-loop formation. This agrees with an in vitro analysis
that showed that some accumulation of double-C-richness provides an optimal
situation for R-loop formation [15]. Therefore here we consider an accumulation
string with window j to be a function Acc/ : Xy — {l,..., j}* defined by
Acc/ (wg) = wyq = ajay - - - a; where

lwp(iitj—nh forl <i <|wp|—j
a; =

lwB i wenlt  for lwpl —j <i < |wsgl.

The string wy = Accl (wp) is obtained from the binary string wp = b1bs - - - by
such that a; gives the number of 1’s within a window of size j in the substring
bibi+1---bitj—1. For any fixed pair of thresholds #; and #; of C-richness and CG-
skew, the values of the symbols in the accumulation string can be interpreted as an
indication of R-loop likelihood.

Example 4 Consider the sequence w from Example 3. If we record occurrences
of double-C-richness within a window size j = 5, then the double-C-rich binary
string wp = 001110001111101100000000000000 has an accumulation string of
Acc®(wp) = wa = 333222345444322100000000000000. Note that a; = 3, since
the substring by - - - bs = 00111 has three 1’s.

Remark 1 The accumulation strings give a sequence-based estimate for favorable
sites for R-loop formation. Such portions of the accumulation strings with high
values help in deciding which rule of I" applies for each half turn of DNA. The
accumulation string in Example 4 has length 30 and corresponds to six half-turns of
DNA (five nucleotides per half-turn) and therefore it can be represented with a word
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containing six o,7-symbols. If, for example, we set a threshold of 4 as a minimum
requirement in the accumulation string for R-loop favorability, then the length 5
substrings in the accumulation string that contain a 4 (or larger) could correspond
to symbols o, «T, or 7, while the length 5 substrings with no values larger than 3
could correspond to symbols 7, wd, or 6. We note that symbols « and w indicate
the location of the 3-strand branch migration. For simplicity we assume that they
correspond to transitions between a DNA:DNA hybrid and a RNA:DNA hybrid,
and do not assign a number of nucleotides to them.

In Example 4 the segment ajas...as = 33322 of the string w4 does not
correspond with a favorable region. In this case the first symbol of a word in the R-
loop language corresponding to w would be 6. Since ag = 4, a9 = 5 and ajg = 4,
the second symbol of the word (corresponding to ag - - - ajg = 23454) could be o.
The string ayj - - - a5 = 44322 continues to be favorable for R-loop formation, and
could in fact indicate the start of an R-loop. Continuing in a similar manner, one
possibility for a word from the grammar corresponding to our accumulation string
would be wg = doattwsd. The use of a threshold of 4 for R-loop favorability in
this example is only for illustration purposes.

Hence, starting from a DNA string w, we apply £-window threshold functions for
Csr and C, to obtain the corresponding double-C-rich binary string wp, to which
we associate a j-window accumulation string w 4. Using an accumulation threshold
we then produce a word wg, in the R-loop language providing structural information
about the DNA:DNA and RNA:DNA hybrids and branch migration.

In order to compare the likelihood of R-loop formation for a given DNA string w
using its accumulation string w4 to the existing energetics model [21], we obtained
the template sequences (written in the 5’ to 3’ direction) for the experimentally
tested plasmids w = pFC53 of length 3906 nucleotides, and w’ = pFC8 of length
3669 nucleotides (personal communication with the authors). The window value for
Tét,lCrk and Tet,zcr for both plasmids was set to £ = 10. We examined the sequences for
both plasmids, and experimented with different £-window threshold values #; and
tp of CG-skew and C-richness. For each pair (71, t2), we created an accumulation
string w4 by recording the number of occurrences of double-C-richness in each
window of length j. We tested values of j between 5 and 100 and found that
when j is too small, the accumulation strings are not sensitive enough, and when
J s too large, the values in w4 and w’, miss fluctuations within the double-C-rich
regions. We used j = 50 (this roughly corresponds to 5 full turns of DNA) for
the strings w and w’ associated with the plasmids pFC53 and pFC8. We considered
all possible pairs of threshold values 71, #, between 0 and 1 with step size 0.05
for the functions Cg; and C, (a total of 400 accumulation strings, 20 for each
threshold), and computed the accumulation strings w4 and w’,. We then compared
accumulation string w, and w/, to the R-looper output probability string (both
indexed by nucleotide position number), and computed Spearman’s rank correlation
coefficient to find the accumulation string with optimal threshold values.
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Fig. 6 Comparison between R-looper and the accumulation string analysis for the region of
plasmid pFC53 from nucleotide position 800 to 1400. The R-looper probabilities output is
indicated by the blue curve. The accumulation string values for pFC53 with #; = 0.1 and #, = 0.8
are plotted in orange. Each entry of the accumulation string counts the number of 1’s in the
corresponding double-C-rich string in the succeeding 50 nucleotides. The region of the plasmid
not included in the figure has an R-loop probability zero, and the corresponding accumulation
string consists entirely of zeros

For plasmid pFC53 (3906 nucleotides), the correlation coefficient was maxi-
mized (at 0.799) when #; = 0.1 and t, = 0.8. This result is somewhat surprising
since it suggests that C-richness is the determining factor in approximating the R-
looper output. The result is shown in Fig. 6. In the graph the maximum accumulation
string value was normalized to the same height as a probability of 1 from R-looper.

For plasmid pFC8 (3669 nucleotides) we found optimal thresholds of #; = 0.1
and #p = 0.6, with Spearman coefficient of 0.658. Again we see that C-richness
is driving the correlation with the R-looper output, as depicted in Fig. 7. The code
used for these computations is available publicly at https://github.com/mandariehl/
rloopsplusstats.

Comparing the results for these two plasmids, one can observe that the optimal
C, thresholds 7, disagree. This suggests that C-richness is a larger driving force in R-
loop formation than CG-skew, at least when taking R-looper results as a reference.
Because the CG-skew threshold is not 0, we believe it is important to continue to
include this parameter as structure and topology is incorporated with this model.
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Fig. 7 Comparison between R-looper and the accumulation string analysis for the region of
plasmid pFC8 from nucleotide position 1 to 2170. The R-looper probabilities output is indicated
by the blue curve. The accumulation string values with 1; = 0.1 and #, = 0.6 are plotted in orange.
Each entry of the accumulation string counts the number of 1’s in the corresponding double-C-rich
string in the succeeding 50 nucleotides. The plasmid region not included in the figure has R-loop
probability zero, and its accumulation string consists entirely of zeros

5 Discussion

The study of R-loops has gained visibility in recent years due to their prevalence
and importance for the well-being of the cell. Understanding their mechanism
of formation as well as their geometry and topology is key to establishing their
biological role. In this paper we propose an abstract framework to model R-loops
based on formal grammars, as well as a simple method to assess probability of R-
loop formation based on sequence contributions.

It is of interest to obtain a stochastic grammar and a probabilistic model for
R-loop formation by attaching probabilities to the production rules in the R-loop
grammar I proposed in Sect. 3.

Proposition 1 shows that the R-loop language is regular. The class of regular
languages is the class of languages described by regular grammars, and is equivalent
to the class of languages accepted by finite state automata [20]. Finite state automata
equipped with probability measure associated with their state transitions are Markov
chain discrete dynamical systems. The framework proposed in Sect. 4 sets the base
for determining appropriate probabilities associated with each transition rule in r,
which is the subject of a future study. Such a model could supplement the predictions
based on energy minimization given by R-looper.

A potential advantage of a probabilistic modeling approach is that it can be
readily extended to include future sources of statistical information of R-loop
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formation. An example of a successful probabilistic model is Pfold [11, 12], which
combines a stochastic context-free grammar with evolutionary tree information for
a consensus secondary structure prediction of homologous RNA sequences.

The design of a probabilistic grammar affects the prediction of R-loop formation.
One advantage of ‘lightweight’ grammars such as the one proposed in this work is
the practicality in their implementation. Moreover, the simplicity of the grammar
does not necessarily imply poor predictive power, as can be seen in the case of RNA
secondary structure prediction [5].

Since our grammar I is regular and each R-loop has exactly one derivation,
the probabilities can be obtained by simple counting: one needs to determine the
frequency with which each production rule is used for a set of R-loops. On the other
hand, since in I" the symbols o and t correspond to a half-turn pairwise interaction
between the two DNA strands, for the template DNA and the RNA strand, the
derived strings from such a grammar can be used to infer the three dimensional
structure of the molecule when the R-loop initiates.

In Sect. 4, we used plasmids pFC53 and pFC8 [21] to test a simple measure of
R-loop favorability based on C-richness and CG-skew. In this way, a given sequence
is assigned optimal thresholds ¢, 7, for R-loop formation. The optimal thresholds
obtained for the two plasmids turned out to be different. Averaging them results in
a drop of the Spearman correlation coefficient to 0.634 for pFC53 and 0.345 for
pFCS8. This suggests that C, and Cg; values are not sufficient to predict R-loops.
Indeed, it has been shown that R-loops are very sensitive to changes in the topology
of the DNA template and that negative superhelicity is required for R-loop stability
[21]. The parameters of our discrete model are sensitive to the nucleotide sequence
and provide useful information about R-loop favorability in some regions and to
inform on the eventual probability assignments to grammar rules. In a refinement
of the model, one should consider supercoiling and other measures of topological
entanglement.

A discussion on entanglement and geometry must include both the topology
of the double stranded DNA before and after the formation of the R-loop, as
well as a detailed description of the wrapping of the single stranded DNA around
the RNA:DNA hybrid. Important considerations that have not been incorporated
in the current model include a description of the wrapping of the nontemplate
DNA around the RNA:DNA hybrid, and the supercoiling of DNA prior to R-loop
formation. It has been observed that superhelicity can have a dramatic effect on
R-loop formation [21]. The twin supercoiling domain model (see Fig.2) predicts
that transcription induces positive supercoiling ahead of the transcription complex,
and negative supercoiling behind it. When added to the ambient supercoiling of
the DNA template, the negative supercoiling behind the polymerase increases the
energetic favorability for R-loop formation [21]. It is of interest to use experimental
data to expand I" with probability parameters, as well as to include topological and
geometric constraints within the production rules.
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