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A NEW METHOD FOR THE BINARY ENCODING AND HARDWARE
IMPLEMENTATION OF METABOLIC PAHTWAYS
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Abstract: In this paper we introduce a new method for the binary encoding of metabolic pathways. Our method
assigns a 5-bit word to the functional groups of the molecules or metabolic intermediates, sorting the functional
groups by its redox potential. We illustrate our approach modelling two very well known metabolic pathways,
glycolysis and the Krebs cycle, showing how sugars and other glycolytic molecules could be modeled as binary
matrices as well as LED dot matrices. The method enables the design of 'metabolic hardware' which may be
useful in the study of the optimization of metabolic pathways as well as in the area of molecular and natural
computing.
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Introduction

Metabolic pathways are series of biochemical reactions occurring within a cell. In each pathway an enzyme
catalyzes a reaction transforming a molecule or substrate to a new molecule or product. Modelling and simulation
of self-organization in metabolic pathways (Fig. 1) has been addressed under different approaches. In fact the
simulation of biochemical reactions is related to the history of computers and biomathematics [Mendes and
Kell, 1996]. For instance, in the context of game theory [Melendez-Hevia, 1990; Melendez-Hevia et al., 1994]
introduced ‘the game of the pentose phosphate cycle’, a mathematical game that gives a simple explanation of
how the metabolic reactions of the pentose cycle find an optimal configuration. The authors found an optimal
solution to the problem of transforming six pentoses in five hexoses applying the principle of Darwinian natural
selection [Lahoz-Beltra and Perales-Gravan, 2010] and the simplicity theorem. The study of metabolic pathways
is also required for the design of virtual cellular systems [Sipper, 1990; Takahashi et al., 2002] e.g. MCell, VCell
and E-Cell, as well as in the field of molecular and natural computation [Stefanovic, 2008].

In all these studies, there are two main ‘ingredients’, metabolites or metabolic molecules and enzymes (Fig. 1).
However, taken together these two components enzymes have received much attention since they are very
important in the metabolic pathways by enabling the biochemical reactions take place to a reasonable speed.
From a historical perspective, the application of the theory of finite automata has enabled the modelling of
important biological molecules such as proteins (enzymes are a particular type of proteins). During the decade of
the 90s several researchers in the area of molecular computing considered the possibility that future computers
arise based upon an architecture composed of proteins [Hameroff et al., 1992]. However, and although there is
currently a lack of studies on protein-inspired computers we believe that this is a promising field that will give
interesting results in the future. To date most of the proposals has been based on studies with enzymes, proteins
with catalytic function responsible for the thousands of chemical reactions that sustain life on Earth. In the
scientific literature are described theoretical models [Birge, 1995; Bray, 1995] with no practical implementations
as well as experimental devices using real enzymes [Hiratsuka et al., 1999].
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Theoretical models of proteins and enzymes can be classified into two main groups. On the one hand, some
models assume an analogy between an enzyme and a transistor, due to the computational and electronic
characteristics of enzymatic processing. For instance, [Di Paola et al., 2004] proposed a model wherein the
bacterial chemotaxis proteins are implemented as hardware using an operational amplifier (Fig. 2). On the other
hand, there are a number of models that assume that an enzyme is a finite automaton with two or more states
which correspond to conformational states of the enzyme. For example, [Marijuan, 1991] introduced a
probabilistic model of an enzyme with its state table and transition probabilities. Within this group there are also
models in which an enzyme is considered as a McCulloch-Pitts neuron [Okamoto et al., 1999; Di Paola et al.,
2004]. In other instances it is possible to find models of protein assemblies. For instance, [Lahoz-Beltra et al.,
1993] introduced a model bio-inspired in the microtubules of cellular cytoskeleton showing the possibility of
molecular computation via Boolean operations in microtubules. In microtubules protein subunits are assembled
and behaving according the theory of coherent excitations introduced by [Frohlich, 2012] and in consequence like
automata which conformational changes occurring in an orchestrated fashion. Moreover, in 2008 [Lin and Chen,
2008] developed evolvable hardware bio-inspired in cytoskeleton. Therefore, in the models of this second group a
network of proteins or enzymes is a network of finite automata capable of performing Boolean operations. Based
on this approach [Lahoz-Beltra, 2001] introduced a model of electronic enzyme (Fig. 3) which is under Spanish
patent [Lahoz-Beltra, 2003].

Figure 1. (Left) Metabolic pathways are series of biochemical reactions occurring within a cell. In each pathway
an enzyme Ej, (lines or edges) catalyzes a reaction transforming a molecule or substrate Sy, (vertices or nodes)
to a new molecule or product Py, (vertices or nodes). A set of metabolic pathways is called a metabolic network,
e.g. glycolysis and the Krebs cycle [Source of the biochemical circuit diagram: Molecular Biology of the Cell.
Alberts et al. Fourth edition]. (Right) Biochemical reaction: Sy, + Enm — Pn.
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Figure 2. Modelling and simulation of bacterial taxis using operational amplifiers [Di Paola et al., 2004]

In this paper we did not study the computational role of enzymes in metabolic pathways, but we explored the
possibility of using metabolic networks as hardware in the field of molecular and natural computing. We call to
these biosinpired architectures as metabolic hardware. In particular, adopting as an example the intermediate
molecules of two very well known metabolic pathways, glycolysis and the Krebs cycle, we introduce the
methodology to translate the molecular structure or topology of their metabolic intermediates to a binary matrix.

Methods

From a historical perspective one of the first procedures to translate the molecular topology to a matrix was
introduced by [Randic, 1974], taking an element a; the value 1 when the vertices are adjacent or 0 otherwise.
Figure 4 illustrates an example of this method for vitamin A or retinol [Lahoz-Beltra, 2012)].

Our method assigns a 5-bit word to the functional groups of the molecule. For that purpose we define a table or
Rosetta stone (Table 1) that includes the most frequent functional groups in metabolic intermediates, which were
ordered by its redox potential (tendency of a functional group to acquire electrons).
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Figure 3. An enzyme Ey(cy, Cg..., Com, 01}, 02,..., Onm) has been defined as an automaton with a finite number of
internal ‘conformational’ states represented by an n-bit word cy;, ¢,..., Cam @and a set of operations or instructions
modelling the ‘active groups’ of the active site and given by 04, 03,..., 0nm Boolean operators (e.g. AND, XOR).
We define an enzymatic reaction as Sm + En — Pn Where Sy, S,..., Sam @nd py;, p3j,..., Pam are the n-bit words
representing the substrate S, and product Py, respectively of the enzymatic reaction performed by enzyme En.
Based on above definitions the electronic enzyme ‘catalyzes’ a biochemical reaction conducting the Boolean
operations given by: py = S4; 04 C1j, P2 = S2j 02 C2,...., Pam = Snm Opm Pom [LANOZ-Beltra, 2001].
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Figure 4. The molecule of vitamin A or retinol represented as a binary matrix [Lahoz-Beltra, 2012] (Transl:
Polish).
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Let S and P be two binary matrices which represent respectively the substrate S, and product P, of a
biochemical reaction catalyzed by an enzyme E,. Since that glycolysis and Krebs cycle all metabolites or
metabolic intermediates are molecules of 3, 4, 5 or 6 carbon atoms, we will define the (1), (2), (3) and (4)
matrices respectively:

Cs= Qy Ay Ay3 Gy Ay (1) Ce= (2)

Note that given a value i, (a“ iz aiS) is a row vector representing the functional group of the
substrate s; or product p; molecules. Thus, each row in the matrices Cs, C4, Cs and Cg represents a carbon atom
in the molecule, having a total of 32 possible binary vectors from 00000 to 11111 (Table I). Using as a criterion
the redox potential vectors were classified from its most reduced (addition of hydrogen or the removal of oxygen)
form or alkyl group to the most oxidized (addition of oxygen or the removal of hydrogen) or CO.. However, since
the metabolites of glycolysis and the Krebs cycle are the result of assembling functional groups among a total of
22 combinations of carbon, then 10 binary vectors are without chemical meaning. In order to perform future
simulation experiments, molecules of CO,and acetyl-CoA were represented as a row vector (5) and 2x5 matrix
(6) shown below:

Co=(1 1 1 1 1) 5 wcoas| L L L0 6
= acetyl-CoA =
2 (®) y 01000 (6)

Results

Applying the technique described above sugars and other glycolytic molecules were modeled as binary matrices
as well as hardware (Fig. 5). The hardware representation was conducted implementing molecules as LED dot
matrices using CEDAR Logic Simulator program [Sprague, 2007]. The route of glycolysis was modeled as shown
below:

11000 11000 10000 10100
1000 1 1000 1 1101 1 1101 1
10010 10010 10010 10010
1000 1 1000 1 1000 1 1000 1
1000 1 1000 1 1000 1 1000 1
10000/ 0100/ 10100 10100
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representing each matrix the following metabolites of glycolysis:

Glucose ™ Glucose-6-phosphate — Fructose-6-phosphate — Fructose-1,6-biphosphate —
Glyceraldehyde-3-phosphate = 1,3-biphosphateglycerate — 3-phosphoglycerate — 2-phosphoglycerate
— phosphoenolpyruvate — pyruvate

Using the same method the Krebs cycle was modeled as follows:

1 110 0 1110 0 11100 I 1100
0100 1 01 00 1 01001 010 01
1 001 1, 01 01 0, 010 0 1 01001
0100 1 1 001 0 1101 1 11101
1 110 0 1 110 0 1110 0
(11100 5 (11100 _ N J
11100 1 1100 1 1100 11100
11011 01 0 01 01101 01001
01001 1 0010 01101 01001
1 11 0 0)e{1 1 1 0 0)e{1110 0Jell 1100

where each matrix stands for one of the following metabolites:

Citrate = Iso-citrate = & -Ketoglutarate = Succinyl-CoA —
Oxalacetate € Malate € Fumarate <~ Succinate

Note that we have used special notation for citrate and iso-citrate matrices, because the third carbon atom is
bonded to three others (Fig. 6).
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Figure 5. Glucose molecule (Left) and its hardware version as a matrix of LEDs (Right) simulated with CEDAR
Logic Simulator.

Figure 6. Citrate molecule

Conclusion

This paper presents a novel method to represent the topology of a molecule as a binary matrix. The method
enables the design of 'metabolic hardware', developing an example with two well-known metabolic pathways,
glycolysis and the Krebs cycle. In our opinion the binary representation of molecules or metabolites is a first step
that will lead in a future to study the metabolic pathways in search of bioinspired architectures with special
interest in the field of molecular and natural computing.
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TABLE I. Rosetta stone for the hardware implementation of metabolic pathways
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