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The first successes in cloning experiments and stem cell "reprogramming” have already
demonstrated the primordial role of cellular working-space memory and regulatory
mecanisms, which use the knowledge stored in the DNA database in read mode.

We present an analogy between living systems and informatics systems by considering : 1)
the cell cytoplasm as a memory device acbdssas read/write; 2/ the mecanisms of
regulation as a programmingniguage defined by a grammar, a molecular algebra; 3)
biological processes as volatile programs Wwhace executed without being written; 4) DNA

as a database in read only mode. We alsceptegpplications to two biological algorithms :

the immune response agtycogen metabolism.
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| - Introduction

1/ Biology and Infor matics, two main streams

It is noteworthy that Turing (Turing 36and Von Neumann (Von Neumann 45) were
interested in human brain function in ord&r construct the principles of computer
architecture by analogy, at a moment in hisiarwhich there was great progress in both the
electronic and the cognitive sciences. Congidier theoretical progress took place due to
development of informatics, in terms of logibeory of languages and calculability theory. It
seems only fair that these theories can, in turn, serve to model the behavior of the cell in terms
of the information flow it receives and generates.

In 1953, at about the same time that Voruiann was developing the bases for modern
computer science, Watson and Crick discedethe double helical structure of DNA, and
deduced its information storage capacityngsk-ray diffraction data produced by Rosalind
Franklin. Shortly thereafter, in 1957, ChdmgChomsky 57) was developing a classification

of formal grammars which would be wigleused in the conception of programming
languages, and in the imprawent of compilers (Hopcrof& Ullman 79). Meanwhile, in

1961, Jacob and Monod (Jacob & Monod 61 ) alisced the logic of gene regulation
mecanisms during their studies of the lactose operon.

2/ Analogies between living systems and infor matics systems

The architecture of informatics systems is based on two main concepts: memory and
programming languages. The analogy that Wwél developed between living systems and
informatics systems is based on these concepts. The cell working-space memory is the
physico-chemical space in which the procesdes péace. The elements of the active memory

or main memory are: circulating ligands, membrane receptors, cytosol molecules and
transcription factors in the nucleus, which areadd@ of catalytic and regulatory action. They

can be seen as a set of variables and positioned pointers in the volatile memory of the cell.
These elements of cell memory do not pre-exist to their meaning, i.e. to the variable that they
represent. However, these variables may thpresent several values during the process, for
instance activated or inactivated. Thesealdas may be endogenooisexogenous, local or
global.

In fact, the processes are observable when they are taking place in the intra- and inter-cellular
spaces which play the role of active memory tlu¢heir capacity to maintain and transmit
information. We are attempting to learn timederlying language for this program, including
syntax, semantics and alphabet. This molecailgebra was first devabed to describe the

series of operations: "Biological Binding Operators" (Bentolila 1996) that leads to the
expression / repression of a gene in a cell. In fact the two main mecanisms are Repressible
Systems and Activable Systems, they are symetric : the repressor or the activator is currently
expressed, and a co-factor acts as an external signal who turn off or on the mecanism. This
grammar was applied to 4 exemples : i) Lactgseron, an instance of a repressible inducible
system, moreover a repressible system may be activated. i) The regulation of
metallothionein, an instance of an alternative activable system. iii)) Yeast galactose
metabolism, a combination of repressiblel activable mecanisms. iiii) Tryptophan operon,

an instance of a repressible system. This grammar has now been expanded in two directions
of signal pathway : i) to the chain reactiwhich leads to the transmission of a signal
destined to activate (or inactivate) a metabolic pathway for the delivery of necessary
substances; ii) to the integration of therieas types of inter-cellular activities in a
multicellular organism which isnainly performed by the nervous system, the endocrine
system and the immune system. This first grammar was context-sensitive because it requires a
Turing Machine which is capable of reading and writing symbols. If we suppose that the
semantics of biological binding operators ieatly implemented (using a database language

or any other functional implementation of the compiler), it is sufficient to write a context-free



grammar. Therefore an other extension of the present paper is the description of the whole
machine including a memory device. Indeed,ithplementation of the notion of variable as
utilized by the logic of predicates and context-free grammar implies elements of memory.

3/ Data, program and engine

Since the discovery of DNA and the genetiode and the identification of a "genetic
program” of species, the questions remain: Where is the program ? Is DNA the program or
the data ? What is the engine ? Are proteins only the data of the program, or are they the
elements of the machine itself ?

H. Atlan considers the classical metaphotha genetic program (Atlan 90, 98). He asserts
that the program is located at the cellular level and consists of cellular automata networks and
biochemical networks. His goal is to findodels for the emergence of structures and
functions in the course of evolution.

A. Danchin (Danchin 98) favors the modeltbé Turing machine and the hypothesis that the
program, DNA, contains a logical description tbE machine; he considers that a precise
understanding of whole genomes will lead to tbeatusion that the plan for the cell is in the
chromosome.

Section (Il) describes the proposed model: 1/ Cell main memory or working-space memory,
2/ DNA database as storage memory, 3/ Regul mechanisms as a molecular algebra
(language : syntax, semantiaad alphabet), 4/ A minimal sef genes as the operating
system, 5/ Biochimicals as hardware, 6/ Atpt at reprogramming life 7/ Input-output cell
management.

Il - The proposed model

1/ Cell main memory or working-space memory

The elements of the active memory or main memory at the level of the organism are :
circulating ligands, membrane receptorsytosol molecules (second messengers and
molecules involved in signal transduction amizymes which catalyze metabolic reactions)
and transcription factors in the nucleus. The signal is continuous throughout the organism.
Intercellular communications are mainly conthat by secreted proteins (eg: hormones,
growth factors, cytokines, antibodies) ambgenous ligands (eg: antigen, glucose). These
circulating substances transmit a signal to competent cells using trans-membrane proteins as
intermediaries; the signal is then relayed to the interior of the cell by transduction by an
enzyme cascade (Falke et al @ichstein, Atlan 90, Artavais-Tsakonas, Matsuno, Fortini

95). The signal may be transmitted to the nuclausranscription facrs which provoke the
expression of a gene, or to the cytoplastmere a metabolic pathway may be activated.
Without the enzymes to promote a given pathwaactions would occur, but would proceed

so slowly that the products of a given reactmight be degraded before they could serve as
substrates for the next reaction of the path. The first level of regulation for signal
pathways is the transcriptional control atiee second is the activation / inactivation of
enzymes involved in a cascade or modulated byaadigin some cases transcriptional control

is a retrocontrol, inhibited by the terminaloduct of the chain of reactions or by another
metabolite. These regulatory mechanisms are extremely and directly sensitive to the exterior
environment and are modulated by exogenousitigasuch that the process is data driven.

The Genexpress system (Kolchanov 98, 99) dmnmtegrate knowledge about expression
from various sources compiled in several Hates: transcription regulatory regions and
expression patterns (TRRD), classification aefmposite regulatory elements (COMPEL),
activities of functional sites dntheir equilibrium constants (ACTIVITY), physico-chemical
properties of sites (B-DNA-VIDEO) and sembles of interdimg genes and their
transduction pathway (GeneNet).



R. Hofestadt (1995, 1998) was the first to intdgrin the same model two types of regulatory
proteins : transcription factors and metabelnzymes. He has concentrated his study on the
flow of materials in the cell; his simulator permits the detection of bottlenecks in a metabolic
pathway when there is either a deficiency or an excess of substrate, due to genetic defects.
Modes of activation of an enzyme.

Molecules interact by contact and chemical interactions; binding between two molecules may
produce activation or inhibition of one of theawnolecules. This usually involves isosteric
modification (for example: inhibon of the catalytic site by an analog of the substrate),
allosteric alteration (causing a change in conformation which will activate another site) or
covalent modificationgssentially by phosphorylation (interconversion).

Modes of activation of a membrane receptor

Transmembranous transmission of the signal leads, in one or more steps, to the activation of
one or more intracellular protein kinases. Theeptors may be protein kinases themselves;
examples include receptors for growth factors or insulin. Activation of catalytic receptors may
lead to activation of a second messenger, which stimulates the activity of a protein kinase; or
receptors may be coupled to a protein kinaseh @8 cytokine receptors; or there may be
receptors with 7 transmembrane domains for which the signal transduction mechanism
involves a G protein (the most common); or ¢haray be receptors which are coupled to an

ion channel.

Secreted proteins and circulating ligands

Hormones, growth factors and cytokines are sedretto the general circulation; they attain
their target cells by this route. They have high affinity and high specificity for their receptors.
Protein hormones as well as hydrophilic meglstof small size cannot traverse membranes

by themselves; their receptors are found on the surface of their target cells. Other hormones,
such as steroid hormones or thyroid hornsomdich are hydrophobic, traverse the plasma
membrane and bind to their receptors in the cytoplasm of their target cells.

Pheromones

Pheromones are excreted directly into the air or in a fluid emitted by the organism; the
reception of these olfactory chemical messengers occurs at the level of the nasal passages in
mammals or the antennas in insects.

2/ DNA database as storage memory

In fact, although DNA is indispensable for the Idéthe cell, outside of the context of the
living cell, DNA is a dead letter. During apogts, or programmed cell death, endonuclease
enzymes which digest the cell's own DNA are activated, thus rendering the DNA unusable.
DNA is a database which is read and intetiguteby the cell according to its own identity, its

own biochemical context and gnvironment. The DNA databaseastructured database; its
grammar is now known. The usefulnessaofjrammar is now amply acknowledged; the
deciphering of the DNA text to identify transdigm units and their stucture (ie: the motifs of

the binding sites for both general and specific transcription factors) by the utilization of
languages leads to a gobal agmio which aims to understand the complete structure of the
gene — not only the coding region but aldee upstream regulatory region and the
downstream termination signals — as a "sentence" which must be syntactically correct. This
approach has been promoted by the extensive work of D Searls (1993, 1997, 2001) and J
Collado-Vides (Collado-Vides 989, Salgado 01). The lingistic approach was also been
promoted by Trifonov (1993) in order to identify and characterize words by analysis of
biological sequences; for a review of word recognition see Gelfand (1995).

3/ Regulation mechanisms as a molecular algebra

The cell main memory is our field of observatidNeither the genotype nor the observation of
the resulting phenotype is sufficient for deciphering the program; it is the ensemble of
regulatory mechanisms in progress that aeeptivileged areas of observation. The program



IS not written, the source code does not exist — it is executed at the same time as it writes
itself virtually, it ensures its own maintert@n(evolution) dynamically. We are attempting to
learn the underlying language for this pragy; including syntax (molecular algebra),
semantics (biological processes)d alphabet (binding sites).

Syntax - a molecular algebra

The basic instruction of the langage of regulation mecanisms is the biological binding. We
define "Biological Binding Operators" as a lmcular algebra which uses two molecules as
input operands and gives as a result the modification of one of the two operands. Each
elementary binding operation is represented fgt operand, 2nd operand, operator, result.
Each operand is described by: cell, molectype, state (Figures 1 and 2). Very often a
cascade of activations leads to a propagatiahefignal and will cause the cell to progress

to the following state of the process, actingtthe expression of new genes or transforming
substrates into new products.

List of operators and their resulting action :

- BINDING : change in state of a protein (activation / inactivation);

- TRANSDUCTION : is a chain of binding;

- EXPRESSION of a gene : addition of a new protein (circulating, cytoplasmic or receptor);

- METABOLICPATHWAY : addition of a new product.

- CELLDIVISION : addition of a cell;

- CELLDESTRUCTION : suppression of a cell;

- DESTRUCTION : suppression of a circulating molecule;

Some operators are not detailed, and ref®eis made to a macro-operator such as
"transduction” which cannot be tdded in some cases because all of the binding elements of
the pathway are not yet known; or thegraar for Expression Represssiorwhich was
previously described (Bentolila, 96).

We have applied this grammar to two biological algorithms : a simplified model of the
immune response (Figure 1); and regulatiothefkey enzymes involdein sugar metabolism
(Figure 2), which is under hormonal control.

Semantics of operators - Semantics of processes

In computer science we have two levels of semantics: the semantics of the compiler which
integrates arithmetical and logical operations, and the semantics of the program with its own
rules which the programer applies which idte¢ level of unrestried language and Turing
machine.To continue the analogy we can sayttitesemantics of "biological binding" lies in
chemical interactions whereas the semantics of the program would be at the biological
processes level.

First level. - Semantics of operators. In the Arithmetic and Logic Unit (ALU) "binary
addition" is built from logical circuits. In fact the passage from the propositional logic of
logical circuits to the first order logic @grogramming languages isgEndent on: i) memory
which introduces the notion of variables andthi¢ introduction of mathematical structures
which are supported by the semantics of additioiaat the elaboration of the truth table for
binary addition constitutes the link from one level of complexity to the next. Similarly, all the
complexity of the mechanisms of regulatiamd integration is supp@d by biochemistry and
molecular interactions. But we actually do nobknhow to build the equivalent of "binary
addition", how to compute "Biological BindinQperators"; we actually do not know enough
about chemical and physical laws to predictamcompute the result of the binding, in fact
sometimes phosphorylation means activation sometimes inactivation (Ninio 86). So we
need the equivalent of the multiplication table given in extension for "Biological Binding
Operators".

Second level - biological processes or biological algorithms. Some metabolic pathways are
reversible and others are irreversible. Intra- and intercellular communication pathways permit
control and regulation of the métic pathways that all cells @n organism are engaged in.
These may be reversible metabolic pathways (generally intermediary metabolism), the



algorithm which control glycogemetabolism is an example (Figure 2), or irreversible
pathways that commit the cell to a differentiation path, induced by growth factors. In the
glycogen example, the hormones glucagon and insulin act in opposition to inactivate the
competing pathway, whereas in the casegawth hormones, cell differentiation is not
counteracted. In the control of glycogen metabolpocess, the semantics of the algorithm is
that two antagonistic hormones are required vense processes rapidly when necessary, this

is an alternative structure. In the case of the immune system (Figure 1) the algorithm is
iterative, and continues to operate as long as antigen molecules are detected.

Alphabet, terminal symbols - binding sites

This is not a program analogous to a computer program which would be coded in A, T, G, C
rather than in O and 1. The program is not coded in A, T, G, C but in sequences of
biochemical bindings between faoules: enzymes, DNA, co-enzymes, receptors, ligands and
other elements which interact in the regaatand transmission of the signal. The terminal
symbols for the grammar are the binding sitdDNA sites and the protein domains which
interact. Generally a molecule has several activation sites, at least two: a regulatory site and a
catalytic site. Whenever possible, the modg takes the site level into account. This
information is not always avalbée for the process being studied.

Digitalization of the signal

The modeling is logical and syntactic. The computer is a sequential machine with discrete
states; a study of the kinetics of reactions shows us that substrates and enzymes must be
present in sufficient quantity for the reaction to occur; this is similar to the analogic electric
signal which is converted to asdrete signal O or 1 based on a significant threshold, so it can
be interpreted by the machine.

4/ A minimal set of genes asthe operating system

One of the strong points of the Von Neumaamchitecture was to separate the control
program of the machine (presently known as the operating system), from the specific data
processing program. Although both programs use the same logic and are written in the same
language, the first one is gereno matter what specific program it executes; it belongs to the
machine. The operating system of the cell is constituted of regulation mechanisms which
ensure the maintenance of the cellular machinery for gene expression; in fact this is a
prerequisite for genomic expression: thisldar machinery is composed of proteins
(ribosomal proteins) and RNA (rRNA and tRNA) which must be expressed in both necessary
and sufficient quantities. This regulatory program is generic, and universal for all the cells of
the organism; it is the kernel of the cellular aetture. It should be noted that this operating
system program is written in the same language as the programs which are specific for each
cell, i.e. it obeys the same rules of geagulation and expressigoverned by biochemical
binding laws. Other programs and processeganeric and ensure the proper functionning of

the cell. This involves an ensemble of vitahctions which are now described as a minimal

set of genes. This minimal set of genes (Fr@8¢ Hutchinson 99, Cho 99) may be larger or
smaller depending on the complexity of the organism: it includes the DNA replication
machinery, mechanisms of transport acresembranes, entry and exit of essential
metabolites, the flux of energy and information essential for inter-cellular communication,
genes coding for the enzymes of intermediagtabolism and funans involving auxiliary
organelles such as mitochondria (which pldyradamental role in cellular respiration).

5/ Biochemicals as hardware

The information substrate is biochemical. The program, the data and the machine itself are of
the same substance—these are the biochemical constituents which obey biochemical and
physical laws. The program contains the orgatonal plan of the machine; however the
machine must pre-exist the execution of thisgpam. The machine is the cell itself; all these
constituents are reproducible, provided thatrtieehine exists. The interaction between the

cell and its DNA is intrinsic; one cannot functiathout the other. To postulate that there is

a machine and a program does not take evalutito account and the fact that the machine



constructs itself dynamically. The machine does exist before the program; not only the
program and the machine are of the same substance, but the machine and the program evolve
together.

The subtle but effective distinction that informatics makes between machine and program,
wired instructions and coded instructions, does not exist in the logic of living systems; as in
the first computers, the program is hard-wired. More correctly, only the machine exists; all
the instructions are hard-wired but this is actmne which constructs itself, or more exactly
reconstructs itself dynamically as a functiontlted program which it must execute. It is not

the program which is coded in the DNA, buthex the basic knowledge which interacts with

the volatile short term memory of the cell in a given state, using a molecular algebra which
defines biochemical binding bedé&n molecules and induces a certain dose of determinism.

The software is volatile, the reproducibility oblngical processes is due to the pre-existence

of the cell body as a machine and the DNA as a database, as well as the stability of the
internal physico-chemical context of the celdahe organism, as well as the stability of the
external environment.

6/ Attempt at reprogramming life

The year 1996 marked the first successes in animal cloning. Since 1998 biologists been
learning how to isolate and cultivate "undiffereteéd’ and "pluripotent” stem cells (Lagasse

01, Krause 01, Kehat 01, Ourednik 01, Jackson 01). In both cases, this involves obtaining the
memory of the cell cytoplasm and the nucleus in a state corresponding to the desired stage:
the initial state of the newly-fertilized egg tases of cloning and transfer of a nucleus
already containing the two strands of DNA oe ttate of a differentiated cell from a target
tissue in case of re-programming of stem cells for re-implantation. According to the analogy
that we are proposing, the problematic oaimts to loading the memory correctly, and
initializing the proper program which will reale DNA database. In order to change the
destiny of the stem cell, one has to "load the memory registers" as was done with the first
computers. In vitro, this means addinge tproducts which will lanch the desired cell
differentiation pathway; in vivo, this means putting the cell in a tissue context in which
signals from neighboring cells wilhitiate the process. In both cases one is amazed at the
plasticity and faculties of adaptation and cooperation of cells and tissues. In the case of
nuclear transfer, the cytoplasmic environment is determinant (Rideout 01). It is remarkable
that the ovum can reverse the epigenatodification imposed on the genome during
differentiation to recreate a stabf totipotency; these observations suggest that the initial
transcriptional activity of the donor nucleus controlled predominantly by the egg
cytoplasm. In the case of grafts of stem cells it is the tissue environment that is determinant
(Krause 01); indeed the local environment stirtedahe expression of an ensemble of genes,
which provokes morphologic changes, withvieonmental factors influencing the cell
proliferation and differentiation. However,etHailure of cloning experiments (Rideout 01)
demonstrates the limits and difficulties of this artificial re-programming. It is as if the hard
disk stopped by mistake: the reading heads were not necessarily correctly positioned (on the
DNA) and the information (molecules) frome ovum cytoplasm may not always be
sufficient to re-initialize the DNA pointers. Errors are often due to time factors;
gametogenesis is a complex sub-programideed, normal development depends upon a
precise sequence of changes in the conftigureof the chromatin and on the methylation
state of the genomic DNA in the maturergges, and is different for sperm and ovum.

7/ Input / output cell management

The existence of membranes is fundamentatife evolution of metaolism and for cellular
differentiation and identity: in fact, a critical concentration of matter and energy is necessary
for the establisment of a distinctive diffatmated metabolism that determines the cell's
identity. However, the cell lives by interacting with its environment; its metabolism requires
exchanges and circulation, both membrane prstand secreted proteins are necessary to
ensure communication and a dynamic state.



Discussion

The logic of living systems goes well beyond thedel of informatics systems, they allow
modeling of observable functioning, but do neplain the fact that the machine regenerates
itself; this modeling cannot answer questions abweiorigin of life and evolution of species.

The conditions which led to the origin of lifeave been lost; nature no longer knows how to
create a cell or a strand of DNA. There has been no creation of a cell for 3.5 billion years;
cells in a given tissue divide and cells diffarate in the course of development. DNA is no
longer created, instead there is replicationutation, recombination, transposition and
evolution of new proteins from old ones. We know how to synthesize a DNA straitcb,

but we do not know how to synthesize a celhigiven state with all its components (cloning
experiments use a mature ovocyte). There isoity and transmission of memory from one

cell to another. The active memory of cellsaiscontinuous process in living systems; the
machine never stops.

As in electronics in which few basic components (logical operators) are used, few
biochemical mechanisms of activation haverbebserved, although biological functions are
extremely varied. Evolution occurs by thealsbration of complex edifices from simple
components. We can observe synonyms: sewraymes may perform the same function,
and homonyms: enzymes which are very similar (sequence homology or combination of
domains) but which perform different functiori®ie large majority of mediators belong to
families of molecules which have diversified from a limited number of different types of
molecules during the course of evolution. Fatance it seems that the phylogenetic diversity

of endocrine controls has been produceddoplications and the evolution of duplicated
ancestral hormone-receptor pairs rather than by the appearance of new pairs. This is a sign
that the program is written and saved atsame time that the function takes place.
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