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Abstract

In this paper, we apply our artificial chemistry to
describing a real chemical system. The subject of de-
scription is a metabolic pathway: the oxidation of fatty
acids. We modelled the pathway using straightforward
design of molecules and reaction rules in the artificial
chemistry. The description was executed by a simula-
tor and correct behavior was observed. The qualitative
modelling and simulation are a promising application
of artificial chemistries.
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1 Introduction

Artificial chemistry is becoming one of the most
active research areas in artificial life field, and vari-
ous artificial chemistry systems have been built [1].
An artificial chemistry is an abstract chemical model.
It is usually used to construct virtual systems in or-
der to study behavior of various living systems and/or
necessary conditions for virtual systems to show such
behavior. We proposed an artificial chemistry based
on string pattern matching and recombination [2] and
have constructed several virtual systems including an
imaginary cell with cell cycle [3].

Recently, artificial chemistries are becoming applied
to natural chemical systems. For example, Benko et al.
used an artificial chemistry based on graphs to produce
chemically expected reaction pathways [4]. We ap-
plied our artificial chemistry to modelling DNA com-
puting [5]. The capability of modelling natural chemi-
cal or biochemical systems will be a good property for
artificial chemistries to broaden their applicable area.

Although DNA computing uses natural molecules
(i.e., DNA) and their properties, modelling it does not
contribute directly to understanding living systems,
for it is performed in test tubes in laboratory. In this

paper, we attempt to model a system in natural or-
ganisms — the metabolic pathway of the oxidation of
fatty acids — to explore possibilities of using the arti-
ficial chemistry as a tool to model such a system.

2 An Artificial Chemistry Based on
Pattern Matching and Recombina-
tion

This section briefly explains a simple artificial
chemistry based on pattern matching and recombina-
tion of stacks of strings [2], which we are going to use
in the following discussion.

2.1 Elements and Objects

An element is denoted by an upper-case character,
or a capitalized sequence of alphabetical characters.
For example, A, B and Coa are elements. An element
corresponds to an atom or a group of atoms in nature.

An object (corresponds to a molecule or a com-
pound of molecules) is a character string or a stack
of strings, such as those depicted below.

A[5[c] [A]B[A?Dl [a[B]c]

Coa

These objects are denoted by the string notations
O#ABC/, O#ABAB/3#CD/, O#ABC/1#Coa/ respectively;
the numbers represent displacements of the line (in
numbers of elements) relative to the first line. A dis-
placement can be positive, zero or negative.

2.2 Patterns

A pattern matches (or does not match) an object,
and it can utilize two kinds of wildcards. An element
wildcard, which is denoted by a number such as 1,
matches any element. A sequence wildcard, denoted by
a number and an asterisk such as 2* and *2, matches



any sequence of zero or more elements; the position
of an asterisk represents the direction in which the
sequence can extend.

A pattern is denoted in a similar way to an object.
For example, the pattern O#A1C/ matches the object
O#ABC/; the pattern O#x1AB/1#CD/ matches the ob-
ject O#ABAB/3#CD/. Note that the displacements are
meaningful and that the length of a sequence wildcard
is treated as zero in the notation for patterns.

2.3 Recombination Rules

A recombination rule transforms a group of objects
into a group of objects, conserving elements just like
a chemical reaction does. It is expressed in a manner
similar to chemical formulae, but in terms of patterns.
An example rule is

O#*1AB/1#CD/ + O#AB2*/ — O#x1ABAB2*/1#CD/

which is illustrated as follows.

[A[B [A]B] . _|A[B]A[B]

c|p] c|p

If this rule is applied to the objects 0#ABAB/3#CD/ and
O#ABC/, the object O#ABABABC/3#CD/ is produced and
the reactants disappear.

2.4 Sources and Drains

Objects are kept in the working multiset. A source
is defined as an object, and it supplies objects of the
specified form to the multiset one at a time without
limit. A drain is defined as a pattern, and it eliminates
objects matched by the pattern, one at a time, from
the multiset.

2.5 Dynamics

A system is a construct (3,5, D, R, Py) where X is
a set of elements, S is a multiset of sources, D is a
multiset of drains, R is a set of recombination rules,
and Py is the initial working multiset, which specifies
objects in the working multiset at the initial state. The
system is interpreted nondeterministically as follows.

1. Initialize the working multiset to be Pj.
2. Do one of the following operations.

e Apply one recombination rule to a collection
of objects.

e Operate one source.

e Operate one drain.

3. Go to Step 2.

3 Modelling a metabolic pathway

In this section, we are going to describe a metabolic
pathway in natural organisms using the artificial
chemistry explained in the previous section. The path-
way to describe is the oxidation of fatty acids. Fat pro-
vides energy for organisms that do not perform pho-
tosynthesis. Fat is decomposed to glycerol and fatty
acids, and fatty acids are degraded to acetyl CoA in
mitochondria [6, Chapter 2].

3.1 The oxidation of fatty acyl CoA

The pathway of the oxidation of fatty acids to acetyl
CoA is depicted in Figure 1. Shown at the top of
the figure is a molecule of fatty acyl CoA, which is
activated form of fatty acid. It has a long hydrocarbon
chain; R in the figure stands for the tail of it.
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Figure 1: The oxidation cycle of fatty acids.

The pathway is cyclic. One cycle oxidizes the fatty
acyl CoA and produces one molecule of acetyl CoA
(at the top left of the figure). The acyl CoA loses two
carbon atoms from its chain in one cycle and finally it
becomes acetyl CoA itself.

The cycle comprises four steps of reactions ((1) to
(4) in the figure); let us look at each step.

e Step 1: Acyl CoA reacts with FAD (flavin ade-
nine dinucleotide; activated carrier). FAD gets
two hydrogen atoms from the acyl CoA and be-
comes FADH,.

e Step 2: Hydration. The product of Step 1 is hy-
drated.

e Step 3: Dehydrogenation. NAD™T (nicotinamide
adenine dinucleotide; activated carrier) removes
two hydrogen atoms from the product of the pre-
vious step, making NADH and a proton (H™).



e Step 4: Thiolysis. The product of Step 3 reacts
with CoA-SH and becomes acyl CoA with shorter
chain, producing one acetyl CoA. If no tail is left
(i.e., Ris H), two acetyl CoA are produced in this
step, and the oxidation completes.

3.2 Atoms and Molecules

We design elements in our artificial chemistry as
follows. For the atoms C, H, O and S, we provide
corresponding elements C, H, 0 and S. The activated
carriers CoA, FAD and NAD are represented by the el-
ements Coa, Fad and Nad, respectively. Using these
elements, NADH is represented by an object O#NadH/,
for example. We use the element Po to denote pos-
itive charge so that NADT and H* are expressed as
O#NadPo/ and O#HPo/. Furthermore, we introduce a
dummy element, X, to represent vacancy.

Depicted below are example objects: fatty acyl CoA
CH3-CH3-CH2-CO-S-CoA (left) and a product of Step 1
CH3-CH=CH-CO-S-CoA (right) assuming R is H in Fig-
ure 1. Because the latter has a double bond, two
hydrogen atoms are missing compared to the former.
The vacancies are denoted by the element X.

H[H[H]O H[H[H]O
[H][c][c]c]c [H[c][c]c]c
H|H[H]S]e H|X[X]S]en

3.3 Recombination rules

The designed recombination rules are shown in Fig-
ure 2. The numbers given to the rules correspond to
the numbers of steps in Figure 1.

The hydrocarbon chain of the acyl CoA changes
its length during the process. In the rules, this part
is represented by wildcards so that they can match a
chain of any length.

Because we introduced the dummy element X to
represent a vacancy, the rules do not conserve elements
in the artificial chemistry (i.e., we relaxed a restriction
imposed by the definition of our artificial chemistry
given in Section 2.3); however, they are designed to
conserve atoms in real reactions.

The oxidation cycle described in terms of our arti-
ficial chemistry is shown in Figure 3.

3.4 Initial working multiset

We give the following objects in the initial work-
ing multiset. A number in brackets is the number
of objects of the form, determined empirically so that
the simulator (discussed in the next section) effectively
shows the process.
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Figure 3: The oxidation cycle described by the artifi-
cial chemistry.

e Fatty acyl CoA [10]: below is an example object:
O#HHHHHHHHHO/-1#HCCCCCCCCCC/O#HHHHHHHHHSCoa/

e FAD [100]: objects of the form O#Fad/.
e NADT™ [100]: objects O#NadPo/.

e CoA-SH [100]: objects 0:#CoaSH/.

e H50 [100]: objects O#HOH/.

4 Execution

We developed a simulator for our artificial chem-
istry.  The current simulator is implemented in
Objective-C and runs on the Cocoa framework of Mac
OS X. Figure 4 shows the window of the simulator
running the description given in the previous section.
The table shows molecular species and their numbers,
and the molecule window (bottom right) shows the
form of specified species (by mouse click). In this fig-
ure, the product of the oxidation cycle, acetyl CoA, is
shown. The execution of the above description con-
sumed all the given acyl CoA molecules and produced
acetyl CoA molecules, which is the correct behavior.

5 Discussion

As Figures 1 and 3 show, this artificial chemistry
modelled the pathway in a straightforward manner.
The elements correspond atoms and molecules natu-
rally, and the recombination rules can be designed in-
tuitively from the chemical formulae and the pathway
graph. Describing chemical pathways using the artifi-
cial chemistry has significant benefits. First, a path-
way is expressed as a mathematical system, so there is



O#+1HHHO/O0#+2CCCC/0#+3HHHSCoa/ + O#Fad/ — O#*1HHHO/O#*2CCCC/0#*3HXXSCoa/ + O#HFadH/ (

O#*1HHHO/O#*2CCCC/0#*3HXXSCoa/ + O#HOH/ — O#H/-1#*1HOHO/-1#*2CCCC/-1#+3HHHSCoa/ (
O#H/-1#*1HOHO/-1#+2CCCC/-1#+3HHHSCoa/ + O#NadPo/ — O#*1HOHO/O0#*2CCCC/0#*3HXHSCoa/ + O#NadH/ + O#HPo/ (3
O#+1HOHO/0#*2CCCC/0#*3HXHSCoa/ + 0#CoaSH/ — O#HO/-1#HCC/O0#HSCoa/ + O#*1HO/0#*2CC/0#*3HSCoa/ (

Figure 2: Recombination rules for the oxidation pathway.
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Figure 4: The simulator window.

no ambiguity. Second, it is executable on a simulator.
Although the current simulator does not deal with con-
centrations or energy, it still can perform qualitative
simulation. Furthermore, one can choose an arbitrary
level of abstraction: for example, CoA can be repre-
sented by an element Coa like in the description given
in this paper, or can be treated as composed of many
atoms of C, H, O, etc.; the designer of the system can
choose any level.

Other than the oxidation of fatty acids, we have
described the following metabolisms: glycolysis, the
citric acid cycle, the catabolism of amino acids, and
the urea cycle. One more useful property of the artifi-
cial chemistry is that when the union of all the systems
above (i.e., the union of the initial working multisets
and the recombination rules) is given to the simulator,
the execution shows the behavior of the composite sys-
tem.

6 Concluding remarks

In this paper, we presented a description of a
metabolic pathway described in terms of an artificial
chemistry, and thereby showed possibility for the arti-
ficial chemistry to be applied to qualitative modelling

and simulation of chemical pathways. While there is
room for improvement in the expressive power of the
artificial chemistry, we think this is a promising appli-
cation of artificial chemistries in general.
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