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h 20, 2007Information a
quiring 
an be 
onsidered a three{step or three{
om-ponent pro
ess, in whi
h a pro
essor, a regulator, and a de
ider areinvolved. Biologi
al systems are 
onstituted through the integrationof these three aspe
ts. In parti
ular, organisms 
onsist of a proteinfeedba
k web involving a geneti
 pro
essor, a regulating metaboli
system, and a membrane, separating self and non{self. These threesubsystems 
an also be regarded as biologi
al systems. The di�er-en
e between a true organism and other forms of biologi
al systems
onsists in their ability to integrate two opposite tenden
ies: the au-tonomy of the parts and the uniformity of the whole.KEYWORDS: Infomation, entropy, 
yberneti
s, pro
essor, regulator,de
ider, geneti
 system, metabolism, membrane.1 Introdu
tionThis paper should be understood as an exer
ise in 
yberneti
s applied to biolog-i
al system. This means that I try to 
onsider biologi
al systems under a veryspe
i�
 point if view: As systems aiming at a
quiring negentropy by 
ontrollingenvironmental information. This means essentially two things:� This work presupposes mole
ular biology as the sour
e of data and inputs.A system theory as that proposed here 
an only be a se
ond{level teorythat 
annot substitute the fundamental theory.� For this reason, no new s
ienti�
 data are presented, but only di�erentlyinterpreted. This interpretation 
an be in so far justi�ed, if it provides newand interesting insights about already known problems.1



By doing this, I take advantage of the way information is a
quired at thephysi
al level, and try to develop some generalizations that 
ould also be appliedto biologi
al systems.2 Information{A
quiring From a Physi
al Pointof ViewPhysi
ally speaking, there are three general aspe
ts or steps in any information{a
quisition pro
ess.� Firstly, a pro
essor is ne
essary, as a sour
e of possible variety. The pro-
essor is the 
omponent that gives the input so that information 
an bea
quired. It is not ne
essary that su
h a pro
essor be random. What isne
essary is that the algorithm produ
ing the input be unknown.� The next 
omponent is represented by a regulator, that is, a system able towork as the interfa
e between the pro
essor and the �nal dete
tion event. Inother words, the regulator provides the ne
essary 
oupling, without whi
hwe 
ould not speak of information a
quiring. I shall return to this point,but let me add here that we never have dire
t a

ess to any sour
e ofvariation, we only a

ess its (delayed) e�e
ts. This is already true from arelativisti
 point of view.� Finally, we need a de
ider, that is, a devi
e that, given a 
ertain 
oupling,is able to give rise to a de
ision among a given set (in the simplest 
ase,between two alternatives). In prin
iple, this de
ision event 
an have no re-lation with the initial pro
essor. It is only the 
oupling (se
ond step) thatguarantees that the �nal event says something about the state of the pro-
essor. In this way, we say that the de
ider has sele
ted some informationfrom among the di�erent possibilities to whi
h the pro
essor gives rise.I note here several things. First of all, there is no irreversibility in the wholepro
ess, apart from the �nal step of de
ision and sele
tion. A

ording to atheorem of Landauer and Bennett [13, 14℄ [6, 7℄, it is only information sele
tionthat gives rise to irreversibility in any information a
quiring. For this reason,information pro
essing 
an be 
ompletely reversible if there is no sele
tion. Itfollows from this that the pro
essor here 
an be 
onsidered as reversible. It istrue that 
lassi
al information theory [15℄ started from the presupposition thatinformation sele
tion is at the sour
e of the pro
ess, in terms of the 
hoi
e ofthe spe
i�
 message to be sent. However, this is a 
ir
ular way to 
onsiderthe problem: We know nothing about the sour
e if not through a regulator (a2




hannel, in information{theory terms), and anything we do know, we know itthrough a �nal de
ision. Why should we predate this �nal a
t of de
ision to aninitial one? This would only deprive the whole information{a
quiring pro
ess ofany meaning. At present, this 
alssi
al formulation 
an only work in situationswhere we have te
hnologi
al 
ontrol over the 
lassi
al sour
e and over the re
eiver,but 
annot provide an adequate general model of how information is a
quired,espe
ially with regard to quantum{me
hani
al systems. Finally, I note that asimilar remark was made by the father of 
yberneti
s, Nobert Wiener, about
lassi
al systems. A

ording to Wiener [17℄, in all 
lassi
al phenomena where
onsiderations of probability and predi
tion enter into play, the answers be
omeasymmetri
al. One 
an, in fa
t, bring a system from the past into the presentin su
h a way that one �xes 
ertain quantities (this is 
alled preparation) andassumes that the other quantities have known statisti
al distributions. One thenobserves the statisti
al distribution of results after a given time (that is, oneperforms a measurement on the system). This pro
ess 
annot be reversed, sin
e,in order to do so, one would have to sele
t from the start a fair distribution ofsystems, whi
h, with no intervention on our part, would end up within 
ertainstatisti
al limits, and thus �nd out what the ante
edent 
onditions were after agiven time. However, for a system starting from an unknown position to end upwithin a small statisti
al range is su
h a rare o

urren
e that it may be regardedas a mira
le. Summing up, one 
an prepare a system in a 
ertain way and thenmeasure it, but not vi
e versa: In other words, sele
tion 
omes after prepaation ofthe initial pro
essor and after regulation. The reason for this is that the very a
tof sele
tion always 
onsists of an a
tual redu
tion from a spa
e of possibilities.Se
ondly, for these reasons, the whole information{a
quiring pro
ess 
an beunderstood as a 
onne
tion between the initial reversible information pro
essingand a �nal irreversible a
quiring event. This means that any pro
ess of informa-tion a
quiring is also an entropi
 pro
ess, through and during whi
h the three
omponents be
ome more disordered than before the pro
ess started. One of thebiggest mistakes is to mix the 
on
epts of entropy and information (or even to
onsider information as negentropy). In reality, we have information when thereis neither too mu
h order, nor too mu
h disorder [12℄. Moreover, pure quantumsystems are in a zero{entropy state but show a potentially in�nite amount ofinformation and at least one bit of information 
an be obtained from them [3, 4℄.In all physi
al pro
esses these three 
omponents are separate, that is, ea
h oneis instantiated by a di�erent physi
al system. Even 
omplex systems behave inthe same way. Let us take the simple example of B�enard 
ells. To a 
ertain extentthey show a 
apa
ity of endogenous self{regulation, provided there are long{term
orrelations that \
oordinate" the motion of the single 
ells. Moreover, su
h anetwork is also able to a
t as a de
ider, provided ea
h 
ell be either levorotatoryor dextrorotatory. However, this network has no 
ontrol at all on the pro
essor,3



(the sour
e of variety), that lies outside of the system and 
onsists of a sour
eof heat, whi
h here is both an entropi
 me
hanism (allowing the system rea
hmore ordered 
on�gurations) and an informational one (able to generate 
ertainspe
i�
 
ouplings and de
isions of the system). As we shall see later on, biologi
alsystems behave di�erently.3 Some General Prin
iplesHere and in the following se
tions, I try to 
onsider biologi
al systems as sys-tems that emerge from a 
ertain physi
al stru
ture. In parti
ular, they are
hara
terized by their pe
uliar ability to integrate the above three 
omponentsof information a
quiring. This is possible if we take into a

ount some generalprin
iples indi
ated by George Ellis so that a system 
an be 
onsidered as trulyemergent [10, 11℄. They 
an be summarized as follows:� There are modular hierar
hi
al stru
tures. These are ne
essary, sin
e we
annot have the integration of di�erent subsystems without some form ofmodularity, that is, of (relative) independen
e of the subsystems, as well asa form of hierar
hy, that is, the submission of the systems to the stru
turaland fun
tional 
onstraints of the whole. A modular hierar
hy representsthe de
omposition of a 
omplex problem in 
onstituent parts and pro
essesto handle these parts, ea
h requiring less data and pro
essing, as well asmore restri
ted operations than does the whole.� There are 
yberneti
 systems. These are systems in whi
h the dynami
sare governed by general formal 
onstraints, and there is a stri
t 
onne
tionbetween informational and entropi
 aspe
ts. This is true for the whole aswell as for the subsystems. Ellis in general stressed [9℄ the importan
e ofinformational 
onsiderations when dealing with true emergent systems.� There are the dynami
s of adaptive modi�
ation and evolution. This in-tegration is ne
essarily a dynami
 one. I shall 
ome ba
k later to thispoint.4 The Most Elementary ComponentsLet me �rst 
onsider the most 
ommon and 
lear example of biologi
al systems,the organism, whose most elementary form is the 
ell when dealing with uni-
ellular organisms. There are four di�erent building blo
ks of organisms thatare relatively 
ommon in our galaxy [ 8, pp. 6{9℄: nitrogenous bases, sugars,fatty a
ids, and amino a
ids. it is not by 
han
e that these 
ompounds are the4



building blo
ks of organisms. I will not go as far as to say that any eventualextraterrestrial form of life must ne
essarily have these 
ompounds exa
tly, but,it is my opinion that it should show an analogous stru
ture. My reasons are thefollowing:� Nitrogenous bases are 
hemi
als that are espe
ially useful for storing, pro-
essing, and transferring information. Let us 
onsider the 
ase of RNA (asis well known, RNA was probably the main information pro
essor in the�rst steps of life). RNA has four bases, 
ytosine (C), guanine (G), ura
il(U), and adenine (A). Sin
e in the template{dire
ted RNA assembly, C isalways 
onne
ted with G, and U with A, we see that the four bases rep-resent a double binary 
ode that is parti
ularly apt for the transferral ofinformation by 
reating \negative" images of the original string.� Sugars enter in all the metaboli
 pro
esses of a

umulation and transferralof free energy. Sugars are the prin
ipal food 
ompound of many 
ells. In the
ourse of glu
ose breakdown through a series of oxidations, energy (in theform of adenosine triphosphate: ATP) and redu
ing power (in the form ofNADH) are saved and stored [1, pp. 43{45℄. A 
hemi
al be
omes oxidizedwhen it loses ele
trons, and is redu
ed when it be
omes ele
tron{ri
h. Thenet result 
an be writtenC6H12O6 + 6O2 ! 6CO2 + 6H2O+ energy : (1)Metabolism is the true regulator of an organism, sin
e it is the me
hanismwhi
h, thanks to the thermodynami
 openness of the organism (i.e. thefa
t that the organism downloads entropy into the environment), allowsfor the preservation of the stru
tural order of the organism, that is, of thestru
tures that are built a

ording to the geneti
 pro
essor.� Fatty a
ids pertain to the family of lipids and have originally 
onstitutedthe 
ompounds that give rise to the 
ellular membrane. It is the 
ellularmembrane that sharply separates a self from a non{self, and therefore pro-vides a �rst de
ider that sele
ts what is allowed to enter into or leave a 
ell,eventually giving the metaboli
 system all that is ne
essary for its working.� Amino a
ids are the building blo
ks of proteins. Proteins are often either
onsidered as enzymes or valued for their spe
i�
 fun
tions. There is,however, a more general fun
tion that is of outmost importan
e: Proteinsguarantee all the fundamental passages in the organism's ma
hinery, and
onstitute, in this way, the vehi
les of all feedba
k intera
tions within theorganism. 5



membrane

metabolism genetic processor

proteinsFigure 1: S
hemati
 representation of the relationships between the di�erent subsys-tems of an organism.I wish to stress that what enters into the 
ell from the outside is treatedat �rst in informational terms. Any ele
tron that is a
quired, for instan
e, isallowed to enter sin
e it is previously sele
ted as member of an equivalen
e 
lass(for example, as a high{level ele
tron). This is an informational pro
edure. Theele
tron that has passed the test a
quires an entropi
 meaning only when it en-ters the 
ell, sin
e it is inserted into the metaboli
 web of the system. This alsorespe
ts the fundamental 
yberneti
 prin
iple a

ording to whi
h 
yberneti
 sys-tems are entropi
ally open and informationally 
losed [2℄[4℄. Moreover, proteinsas a whole do not 
onstitute a system apart in the organism, but parti
ipatein any work done by the organism: As enzymes in the geneti
 and metaboli
system, and as elements (mostly re
eptors) helping in the sele
tion pro
eduresof the membrane. Finally, I wish to stress the feedba
k role of proteins: they areprodu
ed a

ording to the instru
tions of the geneti
 system and enter into thema
hinery of the metaboli
 system and the membrane. However, a

ording tothe needs of the latter two systems, they also rea
t ba
k into the geneti
 systemby silen
ing and expressing parts of the genome [see Fig. 1℄.Why are organisms built in this way? Be
ause, it is only by integratingthe informational and entropi
 aspe
t that they 
an 
ontrol environmental in-formation in order to a
quire free energy for maintaining and improving theirstru
ture. As well as this, the intrinsi
 formal 
onstraints are the me
hanismthat determines the dynami
 of the organism. The need for free energy is obvi-ous, due to thermodynami
 
onsiderations. However, an organism 
annot havea

ess to free energy (and pursuing in having that a

ess), without the 
ontrol6



of environmental information, espe
ially 
onsidering that the environment 
an
hange in an unpredi
table way. Aristotle already understood that organismsare built through a 
ombination of a informational and metaboli
 dimensions.Having integrated the pro
essor inside the system (as a geneti
 system), therelations between the three systems are deeply modi�ed, sin
e the regulator isno longer 
oupled with an external unknown sour
e of variations (even if, due tomodularity, the geneti
 system is somehow unknown to the metaboli
 system).However, the whole is still dependent on external free energy and is thereforealso reliant on external information (
ellular transdu
tion), so that the wholeautar
hy of an organism is, in reality, illusory. This is espe
ially evident when
onsidering the organism from an ontogeneti
 point of view, as we shall see.I think that this way to 
onsider organisms 
an be seen as a form of moderatefun
tionalism. As a matter of fa
t, the di�erent subsystems of an organism havea fun
tional role, and, for this reason, we 
an assume that, on other planets, there
ould be forms of life that are 
hara
terized by other organi
 mole
ules, but play-ing the same role (for instan
e, they 
ould present other forms of lipids or evenother 
hemi
als, having the fun
tion of a membrane, espe
ially in environmentswithout water). On the other hand, the metaboli
 system ne
essarily ex
er
ise a
onstraint on a pure fun
tional ar
hite
ture, sin
e it 
onne
ts the organism withits spe
i�
 environment. This is another way to express the dependen
e of theorganism on its environment.Su
h a model 
an a

ount for one of the main problems of present resear
hin explaining the development of the �rst forms of life [ 8, 149{51℄: the so{
alledpremetaboli
 phase without RNA. As a matter of fa
t, the integration pro
essof the building blo
ks 
ould have lasted a long time, during whi
h proteins ofthe type known today, and RNA may not ne
essarily have been formed. Morerudimentary and partial forms of these two organi
 
ompounds 
ould have workedwell, if integrated with sugars and membranes. One of the most 
ommonly madeerrors is to assume that sele
tion only begins with RNA, whereas that is �rstlya 
onsequen
e of the 
ell membrane, as I have already pointed out.5 The Con
ept of Biologi
al SystemOrganisms represent only the most 
ommon example of biologi
al systems. Infa
t, ea
h of the three systems 
onstituting the organism (the geneti
, metaboli
,and membrane systems) also show general features that are similar to those ofthe organism. Let me de�ne a biologi
al system as any system that is able tointegrate a pro
essor, a regulator, and a de
ider. Let me �rst 
onsider the geneti
system of a
tual organisms. This 
an be s
hemati
ally depi
ted as follows:� The DNA 
odes the information. This 
orresponds to a pure pro
essing7
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Figure 2: Geneti
 system. It is a true information{transferring system.stage and the random mutation to message variations.� The RNA (mRNA, tRNA, and rRNA) assures the ne
essary bridge (theregulator{step) so that this information 
an be used further.� The outgoing protein together with the RNA polymerase is the feedba
kthats sele
t whi
h part of the DNA will 
ontinue to be a
tive.In this way, a single gene 
an a
t on many genes, a
tivating and dea
tivatingthem. The whole system 
onstitutes a feedba
k 
ir
le [see Fig. 2℄.As well as this, the whole metaboli
 pro
ess 
an be 
onsidered as a three-system or three-step pro
ess:� First of all, the energy is a
quired through some mole
ular me
hanisminside the membrane. One of the most important ways in whi
h this isdone is by 
apturing or produ
ing ele
trons in ex
ited state. High{energyele
trons 
an be a
quired through food for heterotrophi
 organisms or frommineral donors, in the 
ase of 
hemotrophy, or 
an even be powered toex
ited levels thanks to sun energy in phototrophy (allowing, in this way,the same ele
trons to be used 
y
li
ally).� Se
ondly, this energy is stored in the ATP mole
ules. As we have seen,high{energy ele
trons 
an somehow be a
quired. By bringing them toground state, one 
an use the di�erential energy for building ATP [see Fig.3℄ [ 8, pp. 41{53℄. Another me
hanism that is mu
h more widely usedis represented by the protonmotive for
e [ 8, pp. 133{48℄: two reversible8
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 electrons

ATP

ADP + Pi
work

Figure 3: The use of high{levels ele
trons for building ATP. Inspired to [ 8, p. 44℄.proton (H+) pumps are 
oupled, one driven by the transfer of ele
tronsbetween two 
arriers and the other by ATP hydrolysis [see Fig. 4℄. The�rst pump transfers protons making use of ele
trons that are given �rstto a 
arrier that be
omes redu
ed, i.e. ele
tron ri
h (Cred, whi
h be
omesthereafter the oxidized Cox), and from this to another 
arrier C0, subje
tto an analogous pro
edure. The se
ond pump transfers protons by thehydrolysis of ATP. When, as is often the 
ase, the ele
tron{driven pumpbuilds a higher proton potential than the ATP{driven pump, the latterfun
tions in reverse mode and synthesizes ATP [see Fig. 5℄.� Finally, ATP is used for building polynu
leotides, DNA, and RNA, sele
t-ing a spe
i�
 destination from among many possible ones. In general, more
omplex mole
ules are built by dehydrating 
ondensation, whi
h, in orderto work, is 
oupled with ATP hydrolysis (a pro
ess known as group trans-fer). ATP undergoes hydrolysis to release inorgani
 phosphate (Pi) andADP (
onstituted by a diphosphate, adenine, and ribose) [see Fig. 6℄:triphosph:�adenine�ribose! in:phosph:+diphosph:�adenine�ribose :(2)This transformation provides energy for work and for 
hemi
al synthesisallowing for the storage of stru
tural information. In this way, the organ-ism, in a
quiring free energy from the environment and dis
harging it inentropy, is able to build itself as a stru
tured and ordered system.9
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Figure 4: Me
hanism of the protonmotive for
e. Inspired to [ 8, p. 134℄.It is true feedba
k, a self{in
reasing, 
ir
le [see Fig. 7℄. The smallest organismsto present a metabolism are ba
teria.Let us now 
onsider the membrane system. The membrane itself is a lipid bi-layer 
onstituted by the hydrophobi
 tails sti
king together while the hydrophili
heads remain in 
onta
t with water [see Fig. 8℄. Membranes spontaneously gen-erate sa
k{like vesi
les, that is, (relatively) 
losed systems. I have mentionedabove that this system allows things to enter the 
ell from outside. Often, how-ever, nothing enters, but an external input, with the help of additional proteins,gives rise to a 
as
ade rea
tion inside the 
ell. In order that su
h a me
hanismmay work, it is �rst of all ne
essary that there be a re
eptor me
hanism 
apableof identifying the external 
hemi
al. A 
omparator is then ne
essary in order toestablish what kind of signal this 
hemi
al represents. In the most elementary
ases, the re
eptor is tuned to spe
i�
 signals, and therefore, is itself a 
ompara-tor as well [see Fig. 9℄. Finally, a mole
ular me
hanism a
ts as a de
ider bygiving rise to the appropriate rea
tion (in the most elementary 
ase, a

eptan
eor reje
tion). This is a true informational 
ontrol system.10
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Figure 9: A me
hanism of signal transdu
tion during epigeny. The signal (a 
hemi
al)binds to an appropriate re
eptor that sets in motion a 
as
ade of protein phosphory-lations. First, a Ras protein is a
tivated with the result that a Raf proteins bindsto it, whi
h in turn results in the phosphorylation (P represents a phosphore atom)and a
tivation of the protein kinase MEK, whi
h phosphorylates another kinase, ERK,whi
h �nally enters the nu
leus and a
tivate gene expression.Taken from [ 18, p. 299℄.The 
on
ept of a biologi
al system is of wide appli
ability. From the point ofview of its reprodu
tion (phylogeny), the organism may be regarded as a system
onsisting of a genotype (the pro
essor), a rybotype (the 
oupling whi
h ensuresthe ne
essary building blo
ks [proteins℄ a

ording to geneti
 instru
tions), and aphenotype, (the �nal output sele
ted) [ 5℄. From an ontogeneti
 point of view,the phenotype is stru
tured as a signal transdu
er (the pro
essor), the metaboli
system (the regulator), and a de
ision system. Here, dependen
e on the externalenvironment is evident. Even if the organism tries to 
ontrol it 
ompletely, it
annot entirely su

eed. It is interesting to note that the brain, whi
h is thede
ider organ in higher animals, is built during epigeny by invagination of theepidermis1.1I owe this remark to Terren
e Dea
on, who also helped me to individuate in the membranethe true de
ider of the 
ell. 13



6 Final ConsiderationsThe stru
ture of biologi
al systems is a true fra
tal one, sin
e there are no a priorilimits in building biologi
al systems as parts of previous ones or in 
olle
tingbiologi
al systems that already exist. An example of the latter is to be found in ane
osystem, in whi
h the di�erent spe
ies are the pro
essor (sour
e of variation),the e
ologi
al ni
he or ni
hes, the regulator, (that is, the ground upon whi
hdi�erent spe
ies en
ounter ea
h other and somehow establish relations), andnatural sele
tion is the de
ider.This explains an important aspe
t of life: biologi
al systems at any levelhave the tenden
y to autar
hy, that is, to be
ome true organisms. If they arepart of a bigger biologi
al organism, this tenden
y manifests itself as an anar
hi
one, as happens, for example, with 
an
er 
ells. On the other hand, when thewhole tries to be
ome an organism, we have the tenden
y to \totalitarism", assometimes happens in human so
iety or even with so
ial inse
ts. This tenden
y
annot su

eed, however, as human so
iety, for instan
e, 
annot provide a truemetabolism, but is dependent on the metabolism of its members. In general, abiologi
al system 
an exist in dynami
 equilibrium between these two oppositetenden
ies. This is the reason why biologi
al systems are evolvable and devel-opmentable, that is, are intrinsi
ally dynami
. It is worth mentioning that eventhe so{
alled homeostasis, that is, the equilibrium of an organism, should beinterpreted instead in dynami
al terms as a homeorhesis [16℄.Obviously, as I have already remarked, even the autar
hy of an organism is,to a 
ertain extent, illusory, sin
e it always relies on external free energy, andtherefore on external sour
es of information.From the above 
onsiderations, the fa
t also emerges that viruses are notbiologi
al systems, sin
e although they are provided with at least some geneti
material and a (non{lipidi
) membrane, they have no regulatory me
hanism (andthis is also the reason why they proliferate ad in�nitum).Referen
es[1℄ Alberts, B./Bray, D./Lewis, J./Ra�, M./Roberts, K./Watson, J. D., TheMole
ular Biology of the Cell, New York, Garland P., 1983, 2d ed. 1989; 3ded. 1994.[2℄ Ashby, W. Ross, Introdu
tion to Cyberneti
s, London, Chapman and Hall,1956, 1957, 1999.[3℄ Auletta, Gennaro, \Quantum Information as a General Paradigm", Foun-dations of Physi
s 35 (2005), pp. 787{815.14
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eedings of the I Workshop on the Relationships Between S
i-en
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an City, Libreria Editri
e Vati
ana, 2006), pp.109{127.[ 5℄ Barbieri, Mar
ello, The Organi
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