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often represent different states of the same biological entity, such as the unbound and
bound states of a certain molecule. Hence, a pathway can be seen as a network of
interactions between entities changing state synchronously by means of reactions. We
consider such biological entities as pathway components.

Keywords:

Biochemical pathways We define a semi-automatic algorithm to infer the components from their interactions
Modular modeling described in the pathway. In case the interactions are not sufficient to resolve all the
Formal methods reactions, help from a domain expert may be needed to resolve any ambiguity that should

arise. As an example of application, we apply the algorithm to a model of the EGF signaling
pathway from the literature in order to identify its components. From the theoretical point
of view, we formally prove the correctness of the algorithm, its termination under any
input pathway and a (weak) confluence property.
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1. Introduction

Biochemical pathways are networks of interactions among biological entities such as proteins, DNA, RNA and other
molecules, taking place inside cells. The interactions constituting a biochemical pathway are typically bindings and unbind-
ings of molecular species, syntheses and degradations of proteins, conformational changes and translocations of molecules
(or complexes) from one compartment to another. Each biological entity involved in a pathway usually appears in several
different molecular species mentioned in the pathway. For instance, the same protein may appear in its initial form (as just
synthesized), but also in an activated form (e.g. phosphorylated) and as a part of some complexes. The forms that a biologi-
cal entity may take are often represented as different molecular species, namely with different names. Moreover, complexes
(that involve different biological entities) are often associated with a single name, that may not allow the originating bio-
logical entities to be easily identified. The reconstruction of the set of biological entities involved in a given pathway is the
problem we face in this paper.

In [1] we proposed a modular verification approach based on [2] that allows properties of the pathway to be verified
efficiently by applying model checking to an abstraction of the pathway semantics obtained by focusing on the behavior
of a subset of the involved biological entities. To this aim we considered a notion of molecular component that is the
counterpart in a pathway model of the notion of biological entity in the real world. In order to be able to identify molecular
components, we assumed molecular species representing complexes to be replaced by as many different species as are the
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biological entities involved in it. For instance, if a complex C is obtained by the binding of two different proteins A and B,
we assumed C to be replaced by C4 and Cg, where C4 is the part of C representing the bound form of protein A, and Cp
is the part of C representing the bound form of protein B.

According to that view, and assuming the mass conservation principle for all the reactions, the reactions of a given
pathway can be rewritten in a normal form with as many reactants as products. For example, reaction A, B — C describing
the formation of complex C can be rewritten as A, B — C4, Cg. Moreover, in each reaction obtained we can establish a
positional correspondence between reactants and products such that the reactant in the i-th position must be the same
biological entity of the product in the same position (as it happens with A and C4, and with B and Cg). The algorithm
therefore performs a syntactical transformation of the input pathway into a normal-form pathway. Note that the mass
conservation principle is needed for the successful application of our algorithm, otherwise if components could appear or
disappear in between a reaction then such a reaction could not be brought into normal form. This happens, for example, in
case of synthesis reactions of the form ¥ — A and degradation reactions of the form A — .

Once all reactions in a pathway are in normal form, it is rather easy to identify molecular components. Such components
essentially consist in sets of names of molecular species mentioned in the pathway. Each element of a molecular component
(a name) represents a different form of the same biological entity represented by the component. As a consequence, different
components do not share any element and all of the names mentioned in the pathway belong to some component. In other
words, the set of components of a pathway is a partition of the set of names of biochemical species mentioned in the
normal-form pathway.

In this paper we propose an algorithm for transforming pathways into their corresponding normal forms with molecular
components specified. A preliminary definition of the algorithm appeared in [4]. The proposed normalization algorithm
is not completely automatic, since in general there might be situations in which ambiguities on how to normalize some
reactions cannot be avoided. The algorithm is designed to invoke human intervention when one of these ambiguities occurs.
When a human intervention is necessary, the algorithm asks the human (a domain expert) to normalize a single reaction.
There might be cases in which human intervention is invoked more than once to solve different ambiguities in the same
pathway. However, we expect that in most practical cases the need of human intervention will be very limited, if not absent.
This belief is supported by the extensive tests carried out on a number of SBML models from the BioModels database [5,6].

Once the molecular components are identified it is rather easy to perform syntactic transformations aimed at simplifying
the visualization of the pathway itself by focusing on a subset of components (namely, on a subset of the biological entities
involved). The identification of molecular components also allows formal descriptions of the pathway by means of automata
or process algebra (such as those in [7-13]) to be automatically generated. This enables the application of formal methods
such as model checking [14,15] and bisimulation [16] to analyze and compare behaviors of pathways.

As an application, we consider the well-known EGF signaling pathway. In particular, we consider the computational
model developed by Schoeberl et al. in [17]. On this model we show that our algorithm (implemented in a Java prototype
tool) can be successfully applied to infer molecular components from the reactions constituting the pathway. In this case no
human intervention is needed, and the molecular components identified by the algorithm correspond to the actual biological
entities involved in the pathway. We also show how to consider component-based subpathways and how to automatically
generate a set of finite state automata, one for each molecular component.

This paper is an extended and revised version of [4]. With respect to the previous version, the definition of the algo-
rithm has been updated to deal with a corner case which was not handled in the previous version. Moreover, a section
investigating the theoretical properties of the algorithm has been added, in which we formally prove the correctness of the
algorithm, its termination under any input pathway and a (weak) confluence property.

Structure of the paper The paper is organized as follows. In Section 2, we present the notation used for describing reactions
and pathways, we formally define the concept of components, and present the problem of component identification in
pathways. In Section 3 we present the algorithm for inferring components from the interactions among species described
by reactions, then in Section 4 we discuss the results of application of the algorithm to a version of the well-known EGF
signalling pathway from the literature. In Section 5, the algorithm is studied from the theoretical point of view, in order to
prove its correctness. Finally, in Section 6 we compare our approach to related works from the literature, and in Section 7
we draw the conclusions of the paper and discuss possible future work.

2. Modelling notation for biochemical pathways

Pathways are networks of biochemical reactions occurring within a cell. Reactions can be influenced by catalysts and
inhibitors, which are molecules (proteins) which can stimulate and block the occurrence of reactions, respectively. We follow
the modelling notation for biochemical pathways introduced in [1]. Let us consider a set of species ¥, with metavariables
a,b,c,...€ ¥ and x, y € ¥, possibly endowed with subscripts. A reaction R has the form

R:ai,...,an—=>b1,....bm f{c1,...,cw,}, {d1,....dw,}

where all a;, b;, ¢j, d; are in X. Intuitively, ay, ..., a, denote the reactants, by, ..., by, denote the products, c1, ..., cw, denote
the catalysts, and dq, ...,dy, denote the inhibitors.
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