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Abstract

RNA structure design methods have grown in complexity to cover an increasing scope of applica-
tion. Recent approaches combine an initial random generation with a local optimization step, and
consider both a user-specified secondary structure and sets of mandatory and forbidden substrings.
Although these additional constraints lead to better design results, they may interfere with the local
optimization phase. Indeed, forbidden substrings may disrupt the connectivity of their underlying
search space, a key property for the success of the local search. A naive connectivity test would

explore the whole graph of candidate sequences, leading to an exponential time connectivity test.

In this work, we propose two partial algorithms based on compact graph structures - the De Bruijn
graphs and the Aho-Corasick automaton - allowing the detection of disconnectivity in time indepen-
dent from the length of RNA sequence. Tested on random instances, our tests were able to detect

the disconnectivity with sensitivity ranging between 35% and 55%, motivating further research.
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1. Introduction

First introduced in [1], the computational design of RiboNucleic Acids (RNA) design
has been studied extensively over the past decades [2] due to its successful application
in a variety of biological contexts [3, 4]. Its ultimate goal is the synthesis of molecules
to achieve a targeted biological function. In its simplest form, also called inverse
folding of RNA, the design problem consists in finding a sequence that adopts a
given secondary structure as its Minimum Free Energy (MFE) structure, typically
computed using polynomial-time dynamic programming [5]. Given the NP-hardness
of the problem [6], recent methods [7, 8, 9, 10] tackle the problem heuristically in
two phases: First, an initial seed sequence is sampled from a distribution that
captures a relaxed version of the objective function [11]; Next, the seed is iteratively
refined using a local search strategy [1], eventually inducing a Boltzmann-Gibbs
distribution with respect to the final objective function (e.g. the free-energy difference
between the sequence MFE structure and its first suboptimal structure).
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However, realistic applications of design require additional sequence con-
straints, for instance to avoid undesired interactions within a cellular context.
The seed sampling phase can be adapted to avoid a predefined set F of forbidden
motifs using formal language constructs [12] or direct dynamic programming [13].
However, to the best of our knowledge, little to no work has been done to assess
the impact of forbidden motifs on the local search. Indeed, allowing the
local search to violate sequence constraints would lead to very few valid candidate
sequences, since an overwhelming proportion of the sequences may (and will, from the
monkey /typewriter paradoz) feature some forbidden motif during the local search.

On the other hand, enforcing the avoidance of F at each step of the local search
may disrupt the search space connectivity, or equivalently the non-ergodicity of
the Markov Chain induced by the sequence space and the moves set of the local search.
For instance, while designing an RNA of length n within an alphabet ¥ = {A, U} and
F = {AU, UA}, the only two words avoiding F, A" and U", have Hamming distance n.
The search space is thus disconnected for any move set inducing changes of bounded
Hamming distance n’ < n. Such a disconnectivity prevents the convergence of the
local search, i.e. it rules out any (probabilistic) guarantee to ultimately discover
promising candidates whenever such candidates exist.

In this work, we address the efficient algorithmic detection of disconnected search
spaces for a given set F of forbidden motifs, a given RNA sequence length n and
a given moves set. We restrict our attention to k-Hamming move sets, consisting
of symmetric moves s <+ s’ where both s and s’ avoid F, and such that Hamming
distance H(s,s') = k. A brute-force solution would generate the whole search space
as a graph, and check the existence of a single connected component in a highly
impractical O(|X|") time complexity. Instead, we exploit the highly-structured nature
of the problem to propose partial algorithms, based on the De Bruijn graphs and
Aho-Corasick automata, whose complexity depend on F and k, but remain largely
independent from n.

2. Definition of the problem

Let ¥ be an alphabet, |X| > 2, and n € N;n > 2 be a sequence length. Denote by
F C X* the set of forbidden motifs, then L£r,, C 3" represents the words that do

not contain any motif in F. Let m(F) = max e r | f|, we assume that n > m(F).

General problem
Input: Length n > 2, set F of forbidden motifs, and neighborhood
function 6 : Lr, = Lry
Output: Yes if G = (Lr,,0) is (strongly) connected, No otherwise.

Here we restrict our attention to the k-Hamming neighborhood 6y, for some k € [1,n],
defined for any word w € Lz, as 0y(w) ={w’ € Lr | H(w,w') < k} where H(w,w’)
is the classic Hamming distance between two words w, w’ € X".

Since k-Hamming neighborhoods are symmetric, strong connectivity and connec-
tivity are equivalent. The central question, addressed in the following, becomes:

Is the Hamming graph Gz, 1 « (LF n,dk) connected?
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Figure 1. De Bruijn graph DBr for F = {ACA, CAAA AAC} and ¥ = {A,C}

3. Algorithms

We derive a first partial disconnectivity test from a simple property of De Bruijn
graphs. Then using an equivalence relation on the nodes of the De Bruijn graph, we
infer a similar partial disconnectivity test on a variant of the Aho-Corasick automaton
which is in linear time on the length of the desired sequence.

3.1 Detecting disconnectivity using the De Bruijn graph of m(F)-mers
We use variants of the De Bruijn graph [14] to infer the disconnectivity of Gr ,, k.

Definition 1. Given a set F of forbidden motifs, we define:

e The De Bruijn (di)graph DBr = (V,E) of F, such that V := Lr 1,(F), the
valid sequences of length m(F), and E := {(a.w,w.b) € L3 m(F) | a,b e E};

e The pruned De Bruijn graph DBr,, obtained by removing any connected
component in DBx that cannot generate any word of length n.

DBr,, can be built in O(|%|™F)*1) time, and detecting unproductive connected
components (CC) to build DBz, can be done in O(|V|) time using topological
sorting to either detect a cycle (— keep CC), or determine n’ the length of the
longest path (— keep CC only if n/ > n —m(F) —1).

Remark that DBz has O(|%|™%)) nodes, and is typically much smaller than
the Hamming graph Gp,r (O(]X]") nodes), all valid sequences of length n are
represented in DBr as paths of length n — m(F). For example in Figure 1 the valid
sequence CACCAA corresponds to the path CACC — ACCA — CCAA.

Lemma 1. Upon reading a sequence of letters aj.az...a;, j > m(F) from two
distinct nodes u,v € DB the two paths merge at some index i < m(F).

Intuitively, DB can be seen as an automaton, whose states encode the suffixes of
length m(F). Thus, after reading m(F) characters the resulting state is a1 ... ap ),
irrespectively of the starting state, so the paths either merged at index m(F) or
before. This means that if we follow two paths in different connected components
of DBr, the sequence of letters must diverge at least once every m(F) steps, which
implies an increasing Hamming distance between the corresponding valid words. This
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(a) ACr (b) DB# and the equivalence classes
Figure 2. ACr,, and DBr, when F = {ACA, AAC, CAAA} and ¥ = {A,C}.

holds for any pair of paths in DB r generated from different connected components,
leading to the following result.

Theorem 2. Vn > (k + 1) x m(F), DBr,, disconnected = Gr ) disconnected.

The implication is not an equivalence, as it is possible to build instances where
G r i is disconnected while DBr , remains connected. It nevertheless suggests a
first algorithm for a partial disconnectivity test within Gz, r: Build DBr, and
report its connectivity. It has overall time complexity in O(|%|™/)), 4.e. no longer
exponential in the sequence length n, yet remains exponential in the length of the
forbidden substrings.

3.2 Detecting disconnectivity using the Aho-Corasick automaton of F
Next we attempt to exploit the Nerode equivalence, with respect to the suffix language,
of some states in DB ,,.

Definition 3. Define the Aho-Corasick automaton ACr as the DFA having states
set Q = {u proper prefix of some f € F}, initial state qr = {€}, and accepting all
words ending in Q. Transitions are A = Ay W Ay, with:

o Ay the forward edges: {(u,a,u.a) | a € X Au,u.a € Q} (ie. prefix tree of F)
o Ay the backward edges: {(u,a,v) | ua ¢ Q Av € Q longest suffix of u.a}

With this definition of ACr, a word w is accepted iff no f € F is a substring
of w, i.e. ACr recognizes the complement language of the usual Aho-Corasick
automaton [15]. Moreover, ACx can be built in time O(|X| x |F| x m(F)).

Definition 4. We define:
o ACr from ACx by removing states that are no longer visited after m(F) steps;

o 7@;7” as the restriction of Zt?; to components producing words of length n.
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IX| m(F) n #Samples #Gr,1 discon. %Rec. DBr, %Rec. .//4?}-7”

2 5 10 100 000 36 630 49.5 47.1
2 5 11 100000 35893 48.2 46.2
3 5 10 10000 4395 53.9 49.2
4 3 6 25000 9447 37.6 34.3
4 3 7 10000 3728 37.9 35.7
4 4 8 4000 1904 54.3 50.1
Figure 3. Recall (TP/P) of our disconnectivity tests for various sets of parameters

As illustrated in Figure 2, grouping together nodes in DB r having same pre-
fix/suffix overlaps with forbidden substrings, we get exactly ACx. This equivalence
relation and Theorem 2 imply the following:

Theorem 5. Vn > (k +1) x m(F), one has
ACr p disconnected = DBr , disconnected = G, ) disconnected.

Again, the second implication is only one-way: DBr, may be disconnected
while AC F,n remains connected. Still, building AC F.n, and testing its disconnectivity
represents an additional partial disconnectivity test for Gz, ;. While this variant is
expected to detect less cases of disconnectivity, its complexity is significantly better,
with the overall construction of AC F.n now only requiring O(|X| x | F| x m(F)) time.

4. Results and Discussion

Both our partial tests were executed on randomly generated sets of forbidden
substrings with various parameters. Since the connectivity of the Hamming graph
Grnk had to be checked on every instance to establish a ground truth, tests
could only be conducted with & = 1 and small n and m(F) values. The recall
(#DetectedDisconnections/#Disconnections, or TP /P) results are given in Figure 3.
As expected, the Aho-Corasick-based test always performs slightly worse than the
De Bruijn-based one, but not by a large margin (~ 5%) in our empirical experiments.
With a trade-off in accuracy that minimal, the Aho-Corasick-based variant seems to
represent a natural first choice in most cases. Recall values range between 35% and
55% for both variants, which is already significant but could probably be improved
by exploring subtler relationships between the Aho-Corasick automaton and the
Hamming graph.

This preliminary work leaves open several questions of general interest, including:

e What are the shared properties of disconnected instances associated with
connected ACr ,? DBFr,?

e [s the problem NP-hard in general?

e How to generalize our constructs to mandatory motifs? To any general automa-
ton generating sequences?

e How to design move sets ensuring connectivity for a given F7?
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