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Abstract

We present an artificial chemistry that supports
molecules that make copies of themselves and
also produce specific enzymes. As part of the
replication process the sequence of bases is first
transcribed onto a non-replicating molecule which
then transforms itself into one or more enzymes
using a base 3 encoding. The aim of the system
is to give replicators control over their environ-
ment with the intention that complexity might
evolve, however this is not yet achieved. Simu-
lation runs show that the naked replicators are
highly vulnerable to parasites, and thus obtain no
survival benefit from their enzymes. We speculate
that membranes together with an enzyme produc-
tion mechanism might be necessary for replicating
molecules to evolve towards greater complexity.
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1 Introduction

In the search for an artificial system that recre-
ates the creativity of biological evolution, many
different approaches have been investigated. The
two key concepts of information-replication and
competition have been implemented in machine-
code systems [14, 13, 22, 10|, cellular automata
(CA) [15], artificial chemistries [7] and individual-
based models [16, 20, 4].

While there is not a clear consensus on what
creativity means in the context of evolution [3], a
working definition is that the system should pass
the test proposed in [2]. This ‘ALife test’ was
refined in [4] using Geb, which remains the only

artificial system that has actually passed the test.
However, the nature of Geb as currently imple-
mented means that any innovation is hard to ap-
preciate other than numerically. If evolutionary
creativity could be recreated in a system that was
closer to our own biology then not only might it
be more comprehensible but it may also stand a
better chance of allowing biologically relevant con-
clusions to be drawn. Towards this goal, spatially-
explicit artificial chemistries seem to be a good
medium in which to work.

Achieving the evolutionary growth of complex-
ity in an artificial system has so far proved to be a
most difficult challenge. Various suggestions have
been made as to the features that a system must
have in order to pass the ALife test [6, 19, 17] and
this is an important open question [1].

In von Neumann’s venerable self-replicating CA
machine [21] evolvability is assured through the
use of a universal constructor, a device capable
of transcribing any configuration of cells from a
sequence of instructions stored on a linear tape.
When the instructions for the constructor itself are
encoded on the tape, the machine will proceed to
make a functional copy of itself, and with a large
enough array of cells this could continue indefi-
nitely. It is clear however [11] that von Neumann’s
intention was not just self-replication but in fact
evolution, since any mutation to the tape would
be inherited, if it were not deleterious. The use of
a universal constructor is a powerful guarantee of
future evolutionary capability since it allows phe-
notypes of any complexity to be produced. How-
ever, von Neumann’s machine is currently of only
theoretical interest because without a massively-
parallel architecture on which to implement the
CA the computational demands of its operation



are too great to run even a single cycle of self-
replication.

While DNA does not have the same kind of ex-
plicitly universal constructor as von Neumann’s
machine, it does have a similarly powerful de-
coding mechanism for converting stored informa-
tion into functional structure. A section of DNA
(a gene, delimited by start and stop markers)
is copied onto a free-floating length of messen-
ger RNA, which is then converted into a chain
of amino acids (a protein) by a ribosome. This
protein then folds itself into a complex three-
dimensional shape that allows it to catalyse spe-
cific chemical reactions; it becomes an enzyme.
Together, such enzymes direct the chemical reac-
tions that keep the organism alive, such as bio-
chemical synthesis and transportation. Addition-
ally, the enzymes can interact with the process by
which enzymes are produced, either by triggering
other genes to transcribe, or by inhibiting them.
Clearly then, enzymes play a central role in giv-
ing modern information-replicators the power to
survive in complex and varied environments.

In this paper we explore some possible ways
of implementing these ideas in a simple artificial
chemistry, where they can be studied with re-
gard to the question of evolvability of information-
replicators.

2 Background

In [7] we introduced Squirm3, a simple artificial
chemistry environment in which molecules that
could make copies of themselves were possible.
These molecules could exist in different forms and
this led to a rapid evolution from longer molecules
to shorter ones, since the shorter ones could repli-
cate faster and thus use up the available atoms.
Regarding creativity, however, this system was a
failure since only degeneration was observed. (The
same result is seen in vitro with simple replicating
molecules [12].)

In [8] the artificial chemistry was extended to
give the bases on the replicating molecules some
simple catalytic properties, and it was found that
these were sufficient to give longer replicators a
survival advantage over shorter ones in certain
chemical environments. However, the catalytic
possibilities were severely limited and so no evo-
lution beyond length 4 was observed.

In this paper we present a further extension,
inspired by modern DNA and the mechanism by
which enzymes are produced. We consider univer-
sal enzymes in the hope that this might guarantee
evolvability. Our conclusions are only speculative,
however, since significant evolution is not yet ob-
served.

Simple information-carrying molecules are
thought to have been the earliest forms of life,
at least according to the ‘RNA World’ hypothe-
sis [5, 9]. It is not clear, however, how the RNA
molecules evolved in complexity, since ‘naked’
replicators — those without a surrounding mem-
brane — have no choice but to share anything they
produce (through catalysis) with their neighbours.
Thus, the survival benefit to naked replicators of
producing enzymes (or of being enzymes them-
selves) is minimal [18]. Our experiments in silico
confirm this and seem to indicate that membranes
are necessary if replicating molecules are to in-
crease in complexity through evolution.

3 System Description

Our artificial chemistry (AC) consists of a set of
atoms, each with a type € {a, b, c,d, e, £} that can-
not change, a state€ {0,1,2...} that can, and
an exclusive position on a 2D grid. Bonds be-
tween two atoms are created and destroyed by
reactions. A set of bonded atoms is called a
molecule. Atoms move to neighbouring (unoccu-
pied) squares at random but must remain near to
any atoms with which they have bonds.

In addition to the reactions necessary for repli-
cation, we also introduce some extra ones to imple-
ment a reasonably close analogy of the biological
process of firstly transcribing the bases and then
producing an enzyme. For the first part of this
we can take advantage of the existing ‘zippering’
mechanism that moves up and down a sequence
first copying the bases and then separating the
two copies. The modified reactions for the main
replication loop are shown in Fig. 1.

For example, with these reactions and a
supply of atoms in state 0, the molecule
el-al-bl-c1-d1-f1 will first duplicate its bases
using reactions R1-R4. The two copies will
then separate (using reactions R5-RR), leaving
two molecules in the form e3-al-bl-ci-di1-f1.
Each of these will then duplicate their bases



R1:

R2:

R3:

R4:

R5:

R6:

R7:

R8:
R9:

R10:

Figure 1: The main reactions for molecular repli-
cation and gene-sequence transcription. The sym-
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bols z and y stand for any type (a—f).

again (starting with R9) but without the lead-
ing e atom. When each of these duplex
molecules separates (ending with R10), it leaves
one el-al-bl-c1-d1-f1 (which is ready to begin
the whole process from the beginning) plus one
a7-bl-c1-d1-£f1, which will become our enzyme.
The process is illustrated in Fig. 5.

For the second part, the production and op-
eration of enzymes, we consider how something
approaching universality might be achieved. En-
zymes in nature work by having a specific shape
that fits only the target molecules. When the tar-
get molecules drift into place the enzyme catal-
yses a reaction between them. Since simulating
shape is computationally demanding, especially
in 3D, we instead utilize a more amenable rep-
resentation in our AC: the state of each atom.
Figure 2 shows how every two-atom reaction (in-
volving atoms with states 0-6) can be encoded
into a unique number. Reaction R11 says that
an enzyme with such a number as its state and
d as its type catalyses a single specific reaction.
For example, the enzyme d8 catalyses the reac-
tion a0+a0—a0a0.

R11: 91_@ - @92@

where g, h, j, k € {0,1,2,3,4,5,6} and
b1 and by represent whether the atoms
are bonded (=1) or not (=0). The values
of g, h, j, k, x, y, by and by are specified
by the value of i:

i=2(2(6(6(7(7(7Tg+h)+J)+k)+z)+vy)
+b1) + b+ 7

and for x and y: a=0, b=1, ...£f=5.

Figure 2: Reaction R11 specifies how an enzyme
di catalyses a specific two-atom reaction, whose
properties are encoded in the enzyme’s state, 1,
where 7 > 7.

To create these enzymes, a decoding scheme is
required that transforms a sequence of bases into
an enzyme. The idea we have adopted here is to
use the three bases a, b and c to represent a base 3



number, with the mapping a=0, b=1 and c=2.
Figure 3 shows the reaction that implements this
scheme. For example, the sequence c7-b1-al-d1
would reduce first to b9-a1-d1, then to al4-d1,
and then to d28 (as shown in Fig. 5). With enough
bases a, b and ¢, any number > 7 could be en-
coded.

Riz (D) — @ O

where :

i—T)+ value(z) + 7
=0

1

2

Figure 3: Reaction R12 decodes a sequence of
bases into a single number which is assigned to
an atom as a state value.

The final reaction is shown in Fig. 4. When
the decoding process reaches a d atom a new se-
quence is started and the d atom is left in its pro-
grammed state. This allows multiple enzymes to
be encoded on a string of bases, giving the replica-
tors the power to control different aspects of their
environment.

Rz (@) — @ @

where 7>7

Figure 4: Reaction R13 separates a prepared en-
zyme di from the rest of the sequence and also
triggers the sequence to continue decoding. This
allows multiple enzymes to be encoded on a single
string of bases.

An illustration of the replication process includ-
ing the production of an enzyme is shown in Fig. 5.

4 Experiments

Having created a system in which a degree of con-
trolled action is possible, we now explore whether
in a competitive situation the replicators are able
to make use of it. A similar situation was faced
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Figure 5: An illustration of the main replica-
tion loop, showing how enzymes are produced
from a transcription of the bases of the replicat-
ing molecules. The molecule el-c1-bl-al-d1-f1
is used as an example.

in [8], albeit with a much simpler level of enzy-
matic action. The solution there was to have dif-
ferent chemical environments in which different
configurations of replicator were optimal. While
obviously a great deal of novelty can be attained
through adaptation to different but fixed environ-
ments in this way, true creativity can surely only
be attained by replicators finding new ways of get-
ting a competitive edge over the others in a given
environment (although partly this may consist of
replicators altering that environment).

We seeded a world with one molecule:
ebaaacbacbaccdf (where all the atoms are in
state 1). When this molecule replicates using
the reactions given above, it produces the enzyme
d182454, which is the catalyst for the reaction:
£3f4—15f6 (see Figs. 2 and 3). Note that this
is reaction R5, one of the ones necessary in the
replication sequence. We disable R5 (as is possi-
ble when working in an artificial chemistry), thus
making the enzyme d182454 the only way that
molecules can replicate.

The simulated world was 70x70 in size, and was
additionally initialised with six copies of the nec-
essary enzyme to get things started (one would
be sufficient but the simulation run would take
longer in the initial stages). We used a mutation
reaction (see [8]) to allow occasional (P=0.000001)



base insertion or deletion. Additionally, since it
was found that longer molecules had a greater
propensity to get stuck against each other (an
effect imposed by our use of a square grid) we
found it necessary to increase the permissible bond
length from the Moore neighbourhood to the 5x5
neighbourhood less the corners. This gave the
molecules some ability to move while replicating.

The results of a typical run are shown in
Fig. 6. As the ebaaacbacbaccdf molecule repli-
cates it produces more copies of the enzyme
d182454. However, at 50000 iterations or so
mutations start appearing, and the shorter ones
come to dominate because they can replicate
faster, using the d182454 enzymes that are float-
ing around. However, as they drive the population
of ebaaacbacbaccdf molecules down, the number
of enzymes present also drops as a result of the
periodic floods [7] with Tgeoq = 20000. The even-
tual outcome is a global extinction event. This has
been the outcome of every run that we observed.
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Figure 6: A typical simulation run, showing how
many of the enzyme d182454 are present against
time. Overlaid on the graph are the timesteps
at which different molecules managed to replicate,
with ebaaacbacbaccdf molecules in the top row
and all others in the bottom row. As the other
molecules came to dominate the world this led to a
gradual drop in the number of enzymes since they
were no longer being produced. This in turn led to
a global extinction since the remaining molecules
were no longer able to replicate without the nec-
essary enzyme.

These results are not surprising, since the
ebaaacbacbaccdf molecules are very vulnerable
to parasites - replicators that hijack other organ-
isms (in this case the d182454 enzyme) to benefit

themselves. Enclosing a replicator in a membrane
would allow it to retain sole use of any enzymes
that it produces but if parasites could somehow
pass through the membrane then they would again
be able to take advantage of the replication ma-
chinery, as viruses do in nature.

5 Conclusions

We have presented an artificial chemistry contain-
ing molecules that replicate information and can
program enzymes to catalyse specific reactions.
With the correct sequence of bases, any two-atom
reaction (involving states 0-6) can be catalysed in
this way. The eventual goal is that the replica-
tors should be able to use these enzymes to con-
trol their environment and improve their own sur-
vival chances but this is not yet achieved. A likely
reason for this is that naked replicators are un-
able to derive any survival advantage from the en-
zymes they produce since these enzymes and their
reaction-products diffuse away.

It must be noted that in one sense the enzymes
are not universal since they cannot catalyse reac-
tions between themselves, for example. However,
note that this is also true in nature, where only a
limited number of reactions have catalysts. Com-
pare also von Neumann’s ‘universal’ constructor
which is only capable of writing an array of cells
in a non-active state. It seems likely that this is
not a limiting factor with regards to evolvability,
however, and that control over some aspects of the
environment is sufficient.

Our system differs from genes in DNA that have
promoter regions that can make them transcribe
individually rather than all at once. It seems in-
evitable that this sophistication is a highly evolved
ability; an adaptation to the need to respond to
chemical stimuli in different ways. It might be
interesting to see if this kind of ability can be
evolved in our AC from some simpler mechanism
such as the one presented in this paper.

Another interesting observation is that the de-
coder in DNA (the ribosome and associated ma-
chinery) is a highly complex construction that can
only be the result of evolution — some simpler
mechanism for converting stored information into
functional structure must have existed. In this
paper we have supplied a ready-made decoder in
the form of purpose-built reactions but this was



in order to show that decoders are possible in this
form of AC. If we could find the requirements for
different decoders to evolve then this might shed
some light on how complex life evolved on Earth.

If the replicators could exist inside a mem-
brane then this would make enzyme-production
much more useful to them. Not only would the
replicators get the sole benefit of the enzymes
but also there would be a greater concentration
of them, allowing reaction-sequences to proceed
faster [18]. However, successful living inside a
membrane is not a trivial task, requiring both
membrane growth and membrane splitting to be
controlled. Showing how naked replicators can
make the transition to living inside membranes is
another important question that might be studied
using this form of artificial chemistry.
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