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Abstract Understanding life supposes that one will, one day, reconstruct cells. A deep analysis of what life is shows
that a cell is similar to a computers making computer. This asks for several orginal levels of organisation. First, the
cell needs to be seen as a machine separated from the genetic program, which it runs. Over generations the mechine

reproduces, while the program replicates. Reproduction is a process which is able to accumulate valuable information

over generations. Extracting valuable information from an ocean of noi

% requires an energy-dependent process which

uses energy to prevent degradation of functional entities. Analysis of bacterial genomes shows that the core set of

genes which persist in most genomes code for the functions needed to
accumulation. It also suggests that a mineral, polyphosphates, could
essential for the process.

Key words: Synthetic cell; Reproduction and replication; Information

The goal of Synthetic Biology is to try and
reconstruct life, following engineering principles' " .
The underlying assumption is that a cell is simply some
kind of automaton, constructed along principles that are
quite similar to those of electronic engineering.
However, electronic devices do not produce copies of
themselves. It is therefore essential to go deeper into
what life is to see whether we can reasonably apply
engineering principles to the building up of synthetic
cells. As pointed out by Dyson in his book Origins of
Life'”' , one should not consider that perpetuation of life
Is the result of one single process that would duplicate
individual organisms. When considering the process
permitting a cell to have a progeny, we need to separate
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perform this process of ratchet-like information
be a ubiquitbus ( and stable) energy source

between the cell and the genetic program This is
because it is necessary to separate between reproduction
of the cells machinery and replication of the cell s
program  Reproduction is a process that perpetuates
something abstract, the overall relationships between
the individual components, in space and in tine, of the
organism By contrast, replication Is an exact
duplication of the hereditary material, usually preserved
in the form of nucleic acids, best illustrated in the DNA
double helix. In this context we need to carefully
explore the meaning of words. Itis essential to remark
that the mixing up of sewveral concepts that should be
well identified and separated from each other
culminates in the widely spread vocabulary of Systems
Biology with the consequence that it is difficult to
define the borders of the discipline. Indeed, the word
“system” is remarkably vague, and cowers a variety of
sometimes contradictory concepts more or less
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associated with the idea of integrating together a variety
of processes. In contrast, " synthetic" enphasizes the
le of artifice in the construction of cells™ . In this
context we need to stress the rle of integration in the
new trends of biology. We think that the word
“ symplectic” constructed from the Greek, TTAEKTELV, tO
weawve, and ouwv, together, would be more appropriate,
while encompassing nost of what is deemed systemic or
synthetic'” . Also, this word has no connotation
associated with it, which would prevent intrusion of
iIrational discussions in a purely scientific context ( as
was the case of the unfortunate connotation associated
with Genetically Modified Organisms, http: //
WWW., normalesup. org/ adanchin/ causeries/ GMOs.
html) . And this kind of societal consideration is
important for the future of the discipline. In this fuzzy
context, most investigators tend to use alternatively
reproduction and replication as if interchageable, and
this has enormmous conceptual consequences when
reflecting about the very nature of what life is. Indeed,
while replication must be as accurate as possible to
perpetuate the same molecule over generations, it tends
to irremediably accunmulate errors. And, in the absence
of recombination or exchange with extemal sources
permitting to trace back the situation before errors
occurred, noise will invade the DNA sequence and
result in the error catastrophe described by Orgel[5’6] :
or before him, by Muller ( Muller’ s ratchet) ' . In
contrast, reproduction is not doomed to decay, and as
shown by Dyson with a simple toy model, it can even
improve over time'*’. The background idea here is that
during the reproduction process altermative entities
( molecules, conplexes, dynamics) can play the same
role, so that while they are replacing previous entities,
they may uncover novel properties ( novel interactions
in particular) . In a nutshell, reproduction permits
accumulation of useful information while nost of the
information created during replication is noise. As |
use this word here in a popular sense | will have to
begin this article with a reflection about the concept, t
see how this can be articulated with what we know
about genomes, microbial genomes in particular. A
second feature of this view is that we have to separate,
in the cell (and in the organism in general, but | will
concentrate here on prokaryotic organisms to make the
reflection simpler) between two structures: the cell
machinery, with metabolism and enwelope, and the
cell' s genetic program, with its chromosome ( s) .

Reproduction will be deeply associated with the
machine, while replication, as usual, will be associated
with the chromosome. Describing the machine in detail
Is difficult, and we lack much understanding about its
organisation ( despite progresses in recent times, which
show that contrary to expectation, the bacterial
cytoplasm is certainly not a tiny test tube, but is
extemely well organised™™ ) Fortunately, in
contrast, we have in the recent years gained much
knowledge about the chromosome, and about its
organisation, thanks to the considerable number of
genome programmes which have kept accumulating
(4213 at the time of writing) . And because
macronmolecular conponents of the cell are coded in the
genome, we begin to have a fairly conplete knowledge
of what they are, and hints about their organisation.
The second part of this article will be dewted to
analysis of this organisation. Finally, I will try to put
together this reflection about the nature of information,
and the analysis of bacterial genome content and
organisation to propose a completely nowvel wview of
living organisims. | will try to convince the reader that
information is an authentic category of reality, on the
sanme level as matter, energy, space and time, and show
that living omganisms are constructed to behawve as
information traps. And to make this conjecture nore
realistic 1 will show how some experiments may help us
to understand how infornmation is articulated with the
standard categories. In conclusion, I will suggest how
to extend this reflection to other domains of biology,
including information-processing activities such as
leaming and menory.

1 Briefly revisiting information

As stated above, we keep using the word
“information” as if we understood exactly what it
means. This is an important difficulty in biology as, if
we use a sloppy concept we can only denve sloppy
conclusions from our experimental observations. It is
therefore of the utnost importance to get more insight
In the concept. To begin with, physicists already know
that there is an intrinsic difficulty in the handling of the
physical reality with the familiar categories of matter,
energy, space and time. Indeed, as suggested by
Einstein himself, to explain the quantum world would
require the existence of “ hidden variables” pertaining
to the standard categories of reality, and he suggested
experiments to identify them Interestingly, in the past
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few decades all the predictions of Einstein have been
refuted by carefully designed experiments. And this
lead physicists such as Steane to contend that we need
to include another feature in reality, information,
whatever it is . This is the path 1 will follow here,
noting however that it cannot be question in such a
short article to provide a novel mathematical description
of an entirely new category of reality. 1 will therefore
use “ information” following the nost recent
formalisation of the concept, although | must stress that
they are certainly inadequate, as they all have been
created as if information was derived from the four
standard categories of reality. This is not too much of a
problem for us, fortunately, because, even if we cannot
state explicitly what information is, we can nevertheless
try to see how it is articulated with what we are familiar
with, matter, energy, space and time. And | will
concentrate on two features of information, its
relationships with energy, with matter and with tine.

The first quantitative mathematical description of the
concept came from the work of Claude Shannon, when
he analysed the limits of communication of strings of
symbols' ™ The theory of communication he
established was interesting only in measuring whether
the integrity of the string of symbols ( a message) was
preserved, without taking into account its meaning'™”

In the biological context, this is exactly what replication
does, when a DNA nwolecule is duplicated into an
(almost) identical molecule. This is however very far
from what we would like to say about information, and
this is certainly very far from the way information is
exploited at the level of transcription or translation. In
a short work published posthumously, interested in the
coupling between medicine and physics, the physician
( not physicist!) Henry Quastler further developed a
theory of biological organisation staring with the
enigma of the origin of life, which was further
developed, as stated in the introduction, by Dyson. As
Quastler did, | wish to enphasize here the problem of
the creation of information in sinple cells, a question of
central inportance[ ' In a nutshell, most Investigators
at the ime (and still many today) thought intuitively
that creation of information required energy ( for a
historical discussion, see' "’ ), In such large anmounts
that what we could observe in life appeared quite
mysterious. This is not so however: as demonstrated by
Landauer, working on the limits of computation in
computers, creation of information is reversible and the

In contrast,
[16]

process does not require energy.
accumulating useful information required energy
This remarkable property of the physical world, which |
will not discuss here in details ( see'”* *" for a general
presentation) , has the consequence that accumulation
of information by living organisms is not a paradox and
can be associated with explicit molecular processes, as
we shall see below. Finally, there is a wealth of other
processes Wwhere biologists contemplate a direct
involvement of information in their topic of interest or
when one deals with properties of the central nervous
system, thus substantiating information as an authentic
category of reality. This is the case of the way
molecular notors perform  their task, and ewen
molecules can act as ? molecular information
ratchets?' ™' . In the same way, analysis of the
exploration of space by insect males looking for their
female inwlves a process of infotaxis, which conmputes
ways to access the source of a specific pheronone in a
highly turbulent environment, using information as the
driving element permitting identification of the
target’” . In what follows we try to relate information
to the way bacterial genomes are organized. In
summary, when considering information as an authentic
category in the domain of life sciences, we need to see
both how accurulation of useful information can be
linked to the consumption of energy, and to the
concrete material processes that unfold in space and
time in the cell. As genreticists, this means that we
need to identify genes involved in the process. To this
aim it is an excellent approach to use comparative
genomics, with the huge number of genome sequences
We now possess, to see whether we can identify the
relevant genes and functions.

2 Cells and computers

In our man-made artificial world we have
constructed machines, the computers, which have been
as their central goal manipulation of information. Do
we find similarities between cells and conmputers, and if
S0, can we identify functions ( and genes) that make
the comparison significant? Let us first summarise what
a computer is. In a famous paper ( available on the
Internet) , Alan Turing proposed that all conputations
involving whole numbers, as well as all operations of
logic, could be performed by a simple machine reading
and modifying a tape carrying a linear sequence of
symbols, the Universal Turing Machine“” . This
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concept is at the root of the way our modermn conmputers
are constructed. The core feature of Turing’ s model is
the requirement for a physical separation between a
linear string of symbols, the data/program, and a
machine endowed with specific properties which enable
itto manipulate ( read and write on) the string of
symbols. | wish to stress here that the organisation of
the cell matches this description: the genetic program
Is carried out by the linear stnng of nucleotides that
make up the DNA molecule. If we consider a cell in
terms of Turing machines, this raises the straightforward
guestion: can we consider the program to be a separate
entity in the cell, and if so, to what extent? Many
observations support this contention. The basis of
genetic engineering is the manipulation of DNA
nmolecules ( real or artificially constructed ones) and
expression in foreign cells: this is a first proof of
concept. Pieces of a genetic program can be
transformed from one organism into another: many
bactennia now produce human proteins. Furthermore,
cells that perform logical tasks have been

RNA polymerase

[21,22]

experimentally  constructed Yet, al these
experiment make use of only a small part of the genetic
program: can the analogy be extended further? The
unexpected identification of extensive horizontal gene
transfer in the genomes of bacteria gawe further
substance to the separation between the program and
the machine, as it was clear that a large number of
genes coming from the outside can be expressed by any
type of bacterium”**" . This widespread observa-
tion'*' was of considerable importance. Yet it did not
provide final proof that the program defining an
organism could be extracted as a whole and placed in
another environment where it could act as a functional
program. The ultimate proof was provided by the recent
transplantation of an entire genome from a given
species to a different one'”". This conceptual advance
perfected the analogy of the cell as a Turing machine
by shomng a conplete separation between the cell

machinery and the program that drives its functioning
(Fig. 1) .

GTGCACATTAACAAAGGATATTGACATCTTTAACAAAGATGATACAATGCTATCTTGG.....

Translation:

Mycoplasma capricolum

S N

ribosome

I ... GUGCGUCCUGAUCCGGAUGCCUACGGAUCACAGUGUGEGECUUACGGAAAU CCUGCG...I

ribosome

I - GAUCUCGCCEUCAAUGAAGAAAACGAAGAGAGAU UGAAUGAGUAUGUU CAUGCAG.... I

ribosome

I - ACUCCUUAUGUUAAUAUCGCGACUCUNGEUGAGAAUGGACGCUAACCACAUCAAC.... I

Mycoplasma mycoides

The cell can be considered as a highly parallel Turing Machine, where transcription and translation operate as algorithms ( begin — core action — check

point — repeat — end) . In a Turing machine it is essential that the program is physically independent from the machine itself. The experiment of the

group of Craig Venter which demonstrated the feasibility of genome transplantation, starting from a Mycoplasma capricolum genome to transmute it into a

M. mycoides genome is an experimental demonstration of that separation[?”] .

Fig 1L The cell as a Turing Machine and genome trarsplantation ( modified from Figure 1 in reference

[ 29] )
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3 Giving life o a Turing Machine

A Turing Machine is just an abstract entity. It
forgets about matter and operates only within the realm
of the category information and there is no question
about where it comes from. When a Turing Machine is
made Into a concrete conmputer, it needs to be linked to
matter and energy, and placed in the standard
tmdinmensional world. Importantly, the " information™ it
manipulates is only that of the program, not that of the
machine which permits the program to run. The
machine is supposed to be pre-existing, with specific
features for reading and writing on the program, and
there is no investigation of the way it has been created:
this is why the fact that it could reproduce has not been
much explored by computer scientists ( see however the
reflection of von Neumann'* and my comments about
this situation'*” ). This lack of adequacy between the
abstract world of pure information and the material part
of reality is not without consequences as can be seen in
the following example'”’ . The operating system is an
abstract program making a computer run. To be usable
it must be carried by concrete objects, such as a
conpact disk (CD). A CD left lying for some time in
acar s rear window in the sun will be deformed, and
despite the fact that the program it carries is unaltered,
it wll no longer be read by the computer’ s laser
beam. As a consequence, the computer cannot use it to
start up. In other words, although in the abstract world
in which Turing Machines exist, the separation between
hardware and software is rigorous, in practice there
must be a physical support for each entity, so that we
cannot conpletely separate the hardware from the
software in any real implementation of the Turing
Machine. This is an important constraint, which may
create difficulties in transplantation experiments such
as those where an artificial Mycoplasma genome has
been synthesised, using Saccharomyces cereMvisiae as an
intermediary host ™ . The role of matter, space and
time is even nore conplicated for the machine itself,
and, follomng Dyson, | contend that this is where
valuable information can be progressively increased
over generations'” . Indeed this is where the
reproduction process is able to create novel
information, as is denonstrated by the paradoxical
observation, so obvious that nobody takes notice:
babies are bom very young! This means that old
"machines” can produce new ones during the

reproduction process, and this happens all the time, and
everywhere. This inplies that living organisms have
ubigquitous functions that permit them to produce novel,
useful information. In cells, functions are coded by
genes, and postulating the existence of ubiquitous
functions requires postulating the existence of
comresponding genes. This is what we shall now see.
We face a first difficulty: in living organisirs, there is
never a one to one correspondence between a function
and a gene, as different genes can code for the same
function. The consequence is that it is not possible to
infer gene ubiquity from function ubiquity. Newertheless
living organisms, when they carry a gene for a useful
function, tend to propagate them down generations.
This implies some kind of " stickiness" in genes, which
can be measured and used, and that we named
persistence[ A thorough study of gene persistence in
bacterial genomes led us to identify some 500 persistent
genes. Unexpectedly, this is approximately twice the
number of genes deemed essential for life'* . What is
the function of these extra persistent non-essential
genes? Briefly, they can be grouped into three major
classes: genes coding for metabolic " patches" , which
code functions taking care of chemical incompatibilities
between standard metabolic intermediates ( alpha-
dicarbonyl nolecules are extremely reactive, for
example[az] ); genes coding for maintenance and
repair; and genes coding for degradative functions
which work using energy.

4  Creating valuable information: Max-

well’ s demon’ s genes

This latter family provides us with a hint about the
way information can be progressively accumulated over
generations, permitting creation and reproduction of a
concrete Turing Machine. Indeed, this family is the
exact counterpart of the process described above as
essential to accumulate valuable information in a
computer' ™™ . This family of genes creates a process —
this is exactly what we name " natural selection” —
which measures what is functioning, using energy to
avoid destroying it, while it makes room for new entities
by destroying non-functional entities It is
remarkable that these genes code exactly for what is
expected from the counterpart of Maxwell’ s demon' ™',
using energy in a way somewhat similar to that
described in the model of Kkinetic proofreading

developed to account for the accuracy of the translation
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process[33’34] . The idea is that particular proteins

interact with relevant entiies and nmeasure whether they
are functioning (i. e. are actively engaged in catalysis,

properly folded, etc. ) . If this is the case, then energy
Is used to dislodge the proteins before they display their
degradative power. If not they degrade their substrate,

making room for synthesis of further, newly synthesised
(and presumably functional) entites ( RNA and
proteins in general, but this could also be membranes
or more conplex structures) . The outcome of this
process is that functional entities will progressively
accumulate, replacing the aged or non-functional ones.

An interesting feature of this degradative process is that
It does not conpare its substrate to any template, but,

rather, measure whether it is working or not working.

The consequence is that any event that gave rise to a
functional entity, from whatever source, will lead to
retaining that entity in the system, at the expense of
non-functional entities. Functional replacement, rather
than structural replacement will be the rule. Owerall
the cell of interest will progressively build up a progeny
which will be richer in valuable information that its
ancestors. And remarkably, this positive trend will
develop independently of any goal. This explains the
pervasive observation that living organisms ewlwved
constantly towards higher conplexity. The remaining
guestion, here, is therefore the nature of the energy
source that will be used to make these energy-
dependent processes work propery. ATP is an obvious
candidate, and under standard metabolic conditions,

when energy availability is not limiting, it is probably
used in the process ( as well as other energy-rich
nucleotides) . However, the nost important nonent
when a cell has to be able to generate a progeny is after
some kind of hard times, typical of the long stationary
phases of gromth witnessed by most bactena in the
environment.  Under such conditions it is likely that a
stable energy source is required. Our analysis of gene
persistence has suggested that polyphosphates might
play this essential role'"” Polyphosphates is a
mineral, and therefore resistant to all kinds of extremely
harsh environments, in particular desication, reactive
oxygen species or irradiation It will be of major
interest to explore whether the conjecture of their
involvement in the process of accumulation of
information over generation.

5 Provisional conclusion

To sum up, bacterial genomes comprise a set of

genes deweloping life along two major processes,
sustaining life, thanks to genes which form a core set of
approximately 250 genes, and a second set of persistent
genes which permit perpetuation of life, as well as
maintenance and coping with the inevitable
idiosyncrasies of the nolecules that make cells. Life, as
defined by the core essential genes is probably limited
to a few generations, as it rests on the maintenance of
the cell machinery and the replication of the genetic
program ( see references inm]) . However, when genes
aiming at collecting and accumulating novel valuable
information are included, the cell will make the nost of
what it gets, and will progressively build up an
information-richer progeny. This process is remarkable
as it is a concrete inplementation of the Maxell’ s
demon Finally, because this line of analysis of
bacterial genomes is very general in its abstract form, it
can be pursued in other domains of biology. In
particular, on the sad side, it appears to provide a
straightforward explanation for the induction of cancer,
when differentiated cells, doomed to multiply, age and
die, discover that they have the opportunity to
accumulate information In contrast, on the happy
side, the same process could well be at the root of
leaming and memory in the brain'™ , where, rather
than proteins and RNA nolecules, specific synapses are
taken into consideration: an energy-driven process,
meant to inactivate those synapses which are not
working will use energy to prevent degradation of the
functional ones. The underlying genetic processes will
probably been uncovered in the next few years.
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