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In this paper we discussthe entropy and information aspects of the living state. Particular
attention is paid to the information gain on assmbling and maintaining a living cell.
Numericd estimates of the information and entropy reduction are given and dscussed in the
context of the cell’s metabolic adivity. Difference between information and instruction are
given. Finaly, abrief overview is provided of the possbilities of bio-computing.

1 Introduction

The aurrent explosion of interest in the future of computing is grongly
motivated by an imminent approach of the limit of classcd computing as
extrapolated from Moore's Law stating that the number of transistors that can be
fabricaed on commercially available silicon integrated circuit doubles every 18-24
months. This amazingly fast trend towards miniaturization has been valid in the
microeledronics dor for close to four decales. Today, the smallest available
silicon chips contain yp to 10 million transistors on a few cm? of a wafer
trandating into linear dimensions on the order of 200 M or less To read the
dimensions of small clusters of several atoms, approximately 2 nm in length
reguires a 10,000-fold miniaturizaion of micro-circuitry, and acording to Moore's
Law, is expeded to occur some time between 2019 and 2028 However, there is a
growing concern heretofore unexplored technologies will have to be found even
before this limit is readed. There is already substantial effort underway in an area
referred to as quantum computation since nanometer-size objeds read into the
redm of quantum mechanics and entirely different physical laws apply.
Unfortunately, pradica considerations such as the so-cdled entanglement of the
system’s wave function with the environment pose a serious challenge to any
pradicd appli cations of quantum computing.

Simultaneously with an effort to build the first quantum computer, a quest has
been pursued to use biological materials provided to us by nature itself, or perhaps
in combination with sili con-based technology, to come up with not only smaller
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eledronic devices but also with devices that are more flexible structuraly and
functionally. It is hoped that one day soonabiological computer will be built that is
fast, small and evolvable. Of course, we ae dready intimately familiar with its
prototype, our brain, which can be held as proof of concept. The human brain is
composed of 10 Hllion rerve cdls interconneded with as many as 1000
neighboring neurons communicaing a signals in the form of eledric potential
differences that travel along axons, with speeds in the m/s range. We know that
waves of eledric adivity are arrelated with the brain’s cognitive functions but do
not know which structures and/or processare responsible for consciousnessor even
what constitutes memory. This is sometimes referred to as the mind-body problem.
Without getting too far into this hotly debated topic these days, we might just add
that there is a camp of researchers galvanized by the Oxford mathematician Sir
Roger Penrose who beli eves that the fundamental nature of the mental processslies
in quantum medanics. If true, this would, in a way, provide anea conceptual link
between the two routes towards a new type of computing: nano-scde in-silico
computing and also nano-scale biologicd or in vivo computing. The process of
nerve excitation involves a passage of the dedricd signa from one nerve cdl to
another in the form of synaptic transmisson. Synapses are @mnnedions between
nerve cdls, their axons or dendrites and form nanometer size gaps which are
crossed by neurotransmitter moleaules gored in vesicles that open when stimulated.
Here ayain isa paint of contact with quantum mechanics. In addition there is a very
intricate structure of protein filaments filling both the nerve cédl’s body and its
axons. Inside the axons one finds a parallel architecure of microtubular bundles
interconneded with other proteins, a structure that resembles paralel computer’s
wiring (Hameroff, 1987 leading to the hypathesis that this microtubular structures
may beinvolved in aubcdlular (nano-scde, possbly quantum) computation. Brown
and Tuszynski (1999 demonstrated theoreticdly their feasibility as information
storing and processng devices. There is a grea promise that protein networks are
strongly involved in both information processng and storage.

This then suggests that living cdls perform significant computational tasks. If
s0, can we remncile laws of thermodynamics and information theory with our
knowledge of cdl biology? Furthermore, can we gain insights into the inner
workings of the cdl such that in the future hybrid computers can be designed that
harness the power of biologicd computational elements being integrated with
sili con technology? We addressthese issues in the remainder of this pager.

2 Cell Energetics- The Cell asa Machine

In order to function, every machine requires gedfic parts interconneded in an
intelligent fashion in order to perform the desired function. In addition, a steady
supply of energy must be provided to convert it, with some level of efficiency, into
useful work. Likewise, al biologicd cdls, like maciines, must have many well-
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engineaed parts to work. Indeed, cdls are constructed from yet smaller machines
known as organelles. Cell organelles include mitochondia, Golgi complexes,
endopasmic reticulum and the protein filaments of the cytoskeleton. Even below
this level there ae madine-like parts of the cdl, such as motor proteins and
enzymes, that perform spedfic functions involving energy input and power output,
e.g. transport (Alberts et a, 1994). A critically important maacomolecule is ATP
that is a complex nano-machine that serves as the primary energy currency of the
cdl. ATP is used to build complex molecules, provide energy for nealy all living
processes such that it powers virtually every adivity of the cél. Nutrients contain
numerous low-energy covalent bonds but unfortunately these ae not very useful to
do most type of work in the cdl. Thus, low energy bonds must be trandated into
high-energy bonds using ATP energy by removing one of the phosphate-oxygen
groups, turning ATP into ADP. Subsequently, ADP is usually immediately recycled
in the mitochondria where it is recharged and re-emerges again as ATP. At any
instant each cdl contains about one billi on ATP molecules. Because the amount of
energy released in ATP hydrolysis is very close to that needed by most biologica
readions, little energy is wasted in the process Generaly, ATP is coupled to
another readion such that the two readions occur neaby utilizing the same enzyme
complex. Release of phosphate from ATP is exothermic while the mupled readion
is endothermic. The terminal phosphate group is then transferred by hydrolysis to
another compound, via a process cdled phosphorylation, producing ADP,
phosphate (Pi) and energy. Phosphorylation often takes place in cascades becoming
an important signalling mechanism within the cél. Importantly, ATP is not
excessively unstable, but it is designed so that its hydrolysisis dow in the @sence
of acatlyst. Thisinsures that its stored energy isreleased only in the presenceof an
appropriate enzyme. The mitochondrion, where ATP is produced, itself functions to
produce a eledro-chemicd gradient—similar to a battery—by acawmulating
hydrogen ions between the inner and outer membrare. This eledro-chemicd energy
comes from the estimated 10000 enzyme chains in the membranous sacks on the
mitochondrial walls. As the charge builds up, it provides an eledricd potential that
releases its energy by causing a flow of hydrogen ions aaossthe inner membrane
into the inner chamber. The energy causes an enzyme to be attached to ADP which
caalyses the addition of athird phogphorusto form ATP

3 Entropy Reduction in Living Systems

Living cdls are dissipative, open and far-from-equili brium systems that lower
the entropy utilizing an influx of energy and molecular material in a multi-
compartment structure with spedfic functional charaderistics. Entropy reduction
was discussed ealy on by Schroedinger (1967 and it relies on bah energy supply
to creae ametastable non-equili brium state and electricd, presaure and chemicd
potential gradients aaoss semi-permeable membranes. Eledric potential differences
also assst in the process As an open system, a cell operates cyclically exchanging
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material and hea with the environment. High-energy moleaules are asorbed
through pores in the membrane and their energy used to synthesize mmponents of
the cdl and maintain ambient temperature. Hea is dissipated and waste products
excreted so that excess entropy in the environment is balanced by structure- and
information-production lowering the entropy inside the cél. This, of course, leads
overall to a net entropy change in the cdl fluctuating quasi-periodicdly close to the
zeo value. Cell deagh would manifest itself in the breakdown of structures and
functions leading to a cntinuous entropy production. Overall, the entropy changes
in the cél can be dtributed to: (a) chemicd readions, (b) masstransport in and out
of the cdl, (c) hea generation and (d) information processing. Morowitz (1995
estimated that approximately 2 x 10" bits of information are cntained in the
structure of E.coli baderia, the smplest and best documented organism, a number
which agrees with cdorimetric data (Gilbert, 1966). However, the etimated
information capagty in the E.coli’s genome is only 10” (Johnson, 1970) which is at
first surprising but on closer examination, to be expeded, as will be argued below.

Living cdls, as all matter, must obey the energy conservation principle which in
this case takes the form of the first law of thermodynamics, i.e.

du = DQ + DW D

In this thermodynamic sense, cdls can be viewed as a machine, exadly the way we
discuss the thermodynamics of a combustion engine engaged in a Carnot cycle,
performing work and generating hed, thus requiring constant supply of energy and
matter, more predsely, energy-giving molecules like glucose (see below). A more
appropriate formulation of the energy balance is therefore through the Gibbs free
energy that acounts for a change in the numbers of moleaules and the presence of
several molecular spedes.

G=U-TS+PV=pN or dG=-SdT + V dP +udN 2

Hence, the entropy differential can be written as:
dS=dU/T+PdV/T-pdN/T (3)
which indicates that entropy changes can be adieved through hea production,
change of volume or a flux of moleaules. All of the dove is relevant in the context

of acdl.

Sincethe entropy of an ided gas of N particles with total energy E, of massm each,
is(Landau and Lifshitz, 1969

SIk=N{In(V/N)+ 3/2 In (mE/3Tt / 2N) + 5/2} 4)
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this means that confining moleaules within space as is the cae with building a
cdlular structure reduces the exploration volume V and thus reduces the entropy of
the system acordingly. Conversely, mixing two molecular spedes with nunmbers N
and N, in a fixed volume V by opening a partition between their compartments V
and V,, increases the entropy by the amount given below:

AS=N1|n(N/N1)+N2 |n(N/N2) (5)

Therefore, keegping various moleaular spedes sparated in individual compartments
(such as the mitochondria, the nucleus, the endodasmic reticulum, etc) is an
entropy reducing process $nce our information about the system’s internal
distribution is enhanced.

Enzymatic caaysis against the energy barrier is a process that typicdly helps
adhieve such a deli berate separation of molecular spedes. In fad, avariety of solute
moleaules are mntained within cdls. The célular fluid (cytosol) has a chemicd
composition of 140 mM K*, 12 mM Na’, 4 mM CI" and 148 mM A" where the
symbol A stands for protein. Cell walls are semipermeable membranes and permit
transport of water but not of solute molecules. We use Dalton’s Law to determine
the osmotic pressure inside a c. A mixture of chemicals, with concentrations c,,
Cy, Cg,... dissolved in water has the total osmotic pressure equal to the sum of the
partial osmotic pressures, 1, of ead chemicd. The total osmotic presaure inside a
cdl, Ny, , istherefore

MN=M,;+M0,+MN3+...=RT(c; +C, +c3+...)
(140+12+4+148x10"°mol __1Lliter

My, = RT :
1liter 103m

n

~=7.8x10"Pa (6)

The cél exterior is composed of 4mM K*, 150mM Na“, 120mM ClI" and 34mM
A’. Asa monsequence the total osmotic pressure of the cdl exterior, M, iSgiven

by

+150+120+34)x10°mol _Lliter

Moy = RT (@ :
1liter 103m

out

~=79x10'Pa  (7)

Because I, and M, are quite dose in values, the osmotic presaure difference

between the exterior and interior part of the cdl is very small, as it is the net
presare exerted on the cel wall that matters. For fragile animal cdls, it therefore
becomes vitally important to kee their interior and exterior osmotic pressures
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closely matched. The cdl therefore has a sophisticated control mechanism to do
this. This can, again, be seen as an entropy reduction mechanism.

Looking degoer into the issue of entropy reduction by the cdlular process in the
production of maaomolecules sich as proteins, naturally the aoms that are
asembled lose their degrees of freedom by being joined together. In the simplest
case of a peptide chain viewed as a semi-flexible rod, eat amino-acid prior to the
asembly process posesses three trandational and three rotational degrees of
freedom, in addition to some internal degrees of freedom which by and large
survive the asembly process. After a peptide has been assembled, only small
rotations around the backbonre ae permitted effecively wiping out five degrees of
freedom per amino-add. Consequently, one can view this as an entropy reduction
process This negative ettropy, cdl it structural for want of a better word, is creaed
in addition to the combinatorial contribution that described the probability of
seleding a particular sequence of amino-adds in the peptide, let's say k In (207
where n is the number of amino-adds in a peptide. The folding of a chain into a
globular protein restricts the motion of its member groups eliminating some
rotations altogether and limiting others. This, again, can be seen as a reduction d
the phase space whose volume changes from Q to Q' with an attendant entropy
reduction of AS=k In(Q/Q"). For illustration purposes, we have used here a
somewhat simplistic goproach via amicro-canonicd ensemble where dl states in
the phase space have the same probability while in redity, due to the interadions
between molecules, a anonical ensemble should be used leading to amore acurate
but also a more complicated formula, namely:

s=kT L Inz+kinz 8)
aT

Ei

Where Z= ze KT is the partition function of the system (treded as an isolated
|

one). Indedl, since the system is open (albeit the openness is not complete), a grand

canonicd ensemble technique should be used in the evaluation of the resultant

entropy change.

Much has been said about the dfect of the second law of thermodynamics on living
systems snce the latter seem to defy it. However, the second law of
thermodynamics is valid for closed systems and it basicdly states that in closed
systems irreversible processes such as hea generation lead to entropy increases
while and reversible processes involve no hea and no entropy change. No provision
is made for entropy reduction kut once again, a living cdl is an open system and
taken together with its surroundings the total entropy change will never be negative.
In closed systems conditions for equilibria ae expressd as either minima of the
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appropriate thermodynamic potentials (e.g. Gibbs freeenergy) or maximum entropy
requirements (Landau and Lifshitz, 1969. In open systems, there is no such rule
except one looks for stability conditions of a given state, i.e. whether under a small
perturbation the state will evolve or retan its equili brium value.

Another way of discusdng entropy is in terms of order and dsorder. The most
pertinent physical transformations between states of matter that are ordered and
disordered are cdled phase transitions. Continuous (secnd order) phase transitions
involve no entropy change & the aiticd point and ordering in the system sets in
gradually as sen through the hifurcation of an associated order parameter. In first
order phase transitions, on the other hand, an entropy jump is always present at the
trangition point. Since Q = T ASisthe latent heat of transition, this entropy jump is
proportional to the latent hea of transition. Phase transitions with both positive and
negative latent heds exigt, i.e. entropy creaion or reduction takes placein the
system on supplying or withdrawing hed, but always AG =0 at the transition point.
This does not violate the second law of thermodynamics snce the system is not
isolated thermally from the environment that may receve excesshea. This example
is, of course, relevant to aliving cdl, if one were to speculate aout jump-starting a
living processby physicd means.

In ron-equili brium systems such as auto-caalytic chemicd readions of the
Brusslator type (Prigogine, 1980, order is creaed and sustained spontaneously by
means of nonlinea interadions. Since these ae open and driven systems, the
seond law of thermodynamics does not need to be invoked. Another important
properties of non-linea systems is the possbhility of self-assembly, for example in
pattern forming crystal growth. This provides an example where there is no
necessity for an instruction-driven credion of order and structure. Sometimes, when
discussing the asembly of bio-matter, concern is unduly given to the need for
instruction in putting the building blocks of matter together. While there ae dea
instructions for the amino-add sequences in the genome, the detail s of higher order
structure formation need no spedal encoding. They may emerge spontaneously as
an attrador in non-linea dynamica system that we cdl aliving cdl as a result of
biologicd self-organization (Kauffmann, 1993.

As emphasized ealier, a living cdl constantly consumes energy to maintain its
structure and vital functions. The energy comes basically in two forms: photons (in
plants) and glucose-containing compounds (in animals). Glucose is easily utili zed to
synthesize ATP that, together with its analog GTP, is the cmmmon currency of
biologicd energy as discussed in Sec2. An ATP moleaule, under standard
conditions caries 7.3 kcd/mol of energy and its less common analog GTP
somewhat less. Each ducose moleaule gives rise to approximately N=30 ATP
moleaules and the asociated entropy production is given by the equation (Daut,

1987)
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dS/dt=A G(glucose) JATP)/NT (9

Where A G(glucose)=3x 10° Jmol is the free energy of glucose oxidation and
JATP)= 10mol/hr is the flux if resultant ATP for a single cdl (Kim et al,
1991).Taking T=310K results in roughly an entropy rate of change for a single cdl
in the range of 10™* JK s. This can be mmpared to only 0.7x 10* JK s of entropy
reduction due to DNA transmitted information, i.e. less than one thousandth. Thisis
not surprising since many other processes are & work to keep the cdl in its
metastable (low entropy) state. First of al, the membrane itself consisting of
phospho-lipids comprises some 60% of the cél’s mass and presents a highly
ordered structure requiring an entropy reduction to be put in place Likewise,
proteins and peptidesare composed of up to several thousand atoms ead with fairly
well spedfied pasitions leading to a net entropy drop compared to a non-living
state. Finaly, approximately 50% of the metabalic energy of a cdl is utilized in the
processof ion pumping aaoss the membrane (Rolfe and Brown, 1997), mainly as a
result of trans-membrane potential and the work of ion pumps. The latter resemble
in its function the Maxwell demon, except of course, they do not passessa thinking
function. Instead, they rely on molecular recognition mechanisms. These
medhanisms, when a pump is adivated, lower the entropy by binding the two
moleaules together. The subsequent placement of an ion a a maaomolecule within
the onfines of a membrane permanently lowers the entropy by volume of
exploration reduction as discussed above. A relesse of a waste product into the
environment resultsin apredsely oppdsite effect.

Chemicd readions may either absorb or release hea much like first order phase
transitions, i.e. they may be either exothermic or endothermic. Since amost all
living processes are in esence chemical readions or cascades thereof, it is worth
analysing them from the point of view of entropy. The most interesting readions
from the viewpaint of information theory are cdalytic readions of the spedal types
of functional proteins cdled enzymes. Enzymes use a fine-tuned seledion
medhanism of molecules that have shapes complementary to a recognition pocket.
Thisis cdled a lock-and-key medhanism and , by forcing particular orientations of
the caalyticdly reading moleaules, enzymes increase the readion rates by severa
orders of magnitudes. Consequently, this process can be viewed as information
processng whereby the shapes of binding domains are recognized, the moleaules
are optimally positioned for binding and in some caes particular bonds are broken
and athers creaed. Some enzymes belonging to the class of all osteric proteins may
adopt two or more stable anformations ading like switches, being adivated in one
conformation and inadive in some others. Following a binding and a caalysis
event, enzymes return to their original conformation thereby participating in their
adive promotion of a particular readion cyclicdly. From the point of view of
information and entropy reduction, they do not overall deaease the entropy of the
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cdl (Lowenstein, 1999. At best, they bresk even since any pieceof information
that an enzyme invests in a catalytic readion is re-colleded at the end of a cycle.
Furthermore, it is important to stress that the information necessary to perform a
particular function (moleaular reaognition) is not entirely contained in an enzyme.
In order for an enzyme to be dfective, it must be adivated by the environment in
which it resides: the water, the inorganic ions, etc. Thus, one may say that the
information is contained in the entire system, i.e. the cdl.

4 Biological Information
Shannon defined information as negative entropy given by the formula
I=kInW =-k Z p; In(p) 0

Its introduction has enabled the resolution of the long-standing paradox referred to
as Maxwell’s demon. The problem involved a aedure that operated a small door
between two compartments of a cntainer with two types of gas molecules, for
example high- and low-energy ones. The end result would be a gparation of thegas
into hot and cold with no energy expenditure thus contradicting the second law of
thermodynamics. Szilard's solution (Szilard, 1929 of the problem endowed the
demon with information, i.e. Shannon’s information which is negative entropy
balancing out the changes in the entropy of the gas. In quantitative terms, the energy
cost of 1 hit of information at physiologicad temperature is In2 kT=3x 10%.J = 185
meV which should be kept in mind discussng biologicd functions that are replete
with information content. Information about the structure and composition to be
developed, such as protein sequences and folding patterns, is of major importancein
this context.

Production of DNA takes place even in nonreplicating cdls. A typicd mammalian
cdl polymerizes approximately 2x 10° nucleotides of DNA a minute into hnRNA
(Brandhorst and McConkey, 1974) out of which only 5% end up in the cytoplasm
coding for protein synthesis (Dreyfuss et a, 1993. Since there is redundancy in
coding of nucleotide triplets for the 20 amino adds, the original 6 hts of
information in DNA trandate into log »(20) = 4.2 bits in a protein. Consequently, on
the order of 0.7x 10° bitg/s are transmitted form the nucleus to the cytoplasm. This
isaugmented by a small fradion of information due to mitochordrial DNA (Alberts
et a 199). As we have shown above, this is but a small fradion of the total
information production (understood as negative entropy) of a living cdl. The vast
majority of information is contained in the organized structure of the cél and its
components.
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Since the Shannon information formula employs probabiliti es of particular states,
there ae inherent dangers of seleding these probabiliti es, espedally when this is
done purely combinatorially as is often the cae, for example in an amino-add o
nuclei add sequence determination. This is not necessarily a random choice
Situation akin to tosgng a min. This means that taking p=1/W for a single dement
seledion, where W is the number of passble dhoices, may not be @rred giving an
excessively improbable (or high information) estimate. This would be the cae if the
choices of elements in a sequence ae not of the same statisticd weight, but instead
are biased statisticaly, so that a more gpropriate probability value is given by the
canonicd ensemble Boltzmann distribution formula pi=peexp(-Ei/kT). Of course, in
order to make this estimate, one neals to know the energies E; and hence the
Hamiltonian for the system. Therefore, the gparent information estimate of
I=(kInN)" where n is the number of membersin a string may be significantly larger
than the true value of -S from thermodynamic estimates of a given state- a
maximum entropy state for equili brium and hence aminimum information content.
For a string of choices (e.g. amino add sequence in a peptide or a nucleic add
segquencein a DNA or RNA), this may leal to “basins of attradion” favoring some
combinations grongly over others. There muld be evolutionary retention of favored
choices and the establishment of hierarchies of order. An immense number has been
defined as 1=10"° and represents a clear computational barrier even from the point
of view of caaloguing such an enormous number of objects. Immense numbers
commonly appea in biology: both DNA and protein sequences are immense
numbers arising from the sheer numbers of passhle cmmbinations in which these
maaomolecules may be formed. However, in view of the agument above,
restricting the phase space by forming basins of attradion due to intra-moleaular
interadions may result in a hugely reduced number of combination one would
encounter in pradice

Another comment we wish to make is that regarding a clea distinction between
information and instruction. While the former was introduced on purely statistical
grounds as a measure of the number of choices possble when making a selection
for a string of elements, instruction implies the existence of a message, a messenger
and a reader who would the exeaute the message. A classic example of this would
the synthesis of amino-adds contained in the triples of DNA and RNA base pairs.
While there is the same information value in every triplet, namely k In(4%)=6 bits,
some amino-adds are cded uniquely by a single triplet, some by two different ones
and some triplets do not encode anything. Thisis obvious in view of the fact that
there are 64 pasble triplets of base pairs while only 20 dstinct amino-adds, hence
the redundancy. A similar difference between information and instruction can be
found in the genome where in addition to the mding sequences of DNA, some of
which are of vital importanceto the very survival of a given organism, one finds -
cdled junk DNA that has apparently no coding value but represents a vast majority
of the DNA sequence The main thing to stress here is that information is often
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confused with instructions. However, in the sense of Shannaon’s information, it isa
more general concept that includes purely structural aspeds such as combinatorial
entropy reduction and chemicd entropy changes. Instruction, on the other hand,
impli es a message and a message reader that executes a command. In this sense, this
is gmilar to computer commands and operations. DNA and RNA are thoudht to be
such biologicd messengers and so are hormones and various sgnaling molecules.
However, as diown in previous ctions, it appeas that a vast majority of
information content is not instructional in neture. This is akin to simple dgorithms
like the logistic map o frada reaursive relations which gve rise to grea
mathematicd complexity of the results that follow. Similarly, DNA can be viewed
as an algorithm that spans an awe-inspiring complexity of a living cdls. While
coding for protein synthesis is contained in the genetic code, it is most improbable
that details of structure formation need speda coding. They most likely unfold due
to self-organizaion inherent in the dynamics of the synthesized products

In view of the discusgon presented in this paper regarding information content and
procesdng in a living cdl, we wish to pcstulate the eistence of two types of
information in biological systems: (@) structural information- i.e. negative entropy
and (b) functional information. The former is smply related to a nea and tight
padking of the various molecules into maaomolecules and maaomolecules into
organelles that comprise the cdl. The latter on the other hand, pertains to the
functioning of the cél and hence the rate and amount of chemicd readions taking
place The two forms are somewhat related but not identicd. Imagine the
construction of a ca as an analogy. It may look perfectly good hut if the gaslineis
cut, it won't function. The same holds true of aliving cdl. Some key readions like
synthesis of tubulin, if not properly exeauted, will leal to the cdl deah. While
structural information should be maximized meaning entropy reduction by the cdl,
functional information is concerned with how rapidly information is being
exchanged. Therefore, the cell’s tendency should be to increase the speal of
biochemicd readions and the amount of molecular interadions if possble. Living
proceses are gyclicd in nature, so one is expeding to maximize the rate of
information (or entropy) change over time for maximum functionality. In order to
optimize both aspeds: structure and functionality, a living system such as a cdl,
should strive to maximizethe product of the two quantities, i.e. achieve:

Max {13(t) (dI(t)/dt)?} (11)

where we have sguared the quantities in the product due to the gyclicity of life's
processes. Note that some apeds of this distinction between structural information
and functional information in biologicd systems were dready emphasized more
than three decales ago by H. Froehlich (1968 who coined the term biologicd
coherence to draw attention to bah the holistic and functional integration of the
information flow in living matter.
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5 Conclusions

The various paints of reference regarding the nature of the living state undoubtedly
refled the prevailing Zeitgeist of the period in which a given theory has been
creaed. The viewpoint of representing the cél as a machine, or even a fadory,
closely mirrors the worldview of the industrial revolution of the 19" century.
Likewise, the currently popular opinion that living cells are intensely engaged in
some type of computation is closely linked with the technologicd revolution
ushered into in the late 20" century as a result of the proliferation of computer
technology. Both pdnts of view have merits, i.e. the cdl obeys the laws of physics
such as the first law of thermodynamics and hence @n be viewed as a
thermodynamic machine and simultaneously it ads against the second law of
thermodynamics by creding structural and functional order. In other words, it
cregdes and maintains information. Furthermore, it most certainly processes
information and engages in signaling thereby adively performing computation. It is
safe to say that living cdls can be viewed as both micro-fadories (with nano-
madhines performing individual tasks) and biologicd computers whose nano-chips
are the various proteins and peptides in addition to DNA and RNA. Most of the cdl
is what we might cdl hardware while a small fradion is software (for example the
genetic code in the DNA that instructs for the synthesis of proteins). Probably only
a smal fradion d the cdl can be seen as pure information content. |s there
something else in living systems that neither machines nor computers possess?
Probably yes. At least two properties distinguish animate matter from inanimate
objeds: procredaion and autonomy expressed by free will (to move against the
whims of thermal noise, in the very least)

On a more pradicd note, can biomimetics be used to enhance our computational
cgpabiliti es? The answer is yes, although progressin this area has been slow. In
general terms, a chemicd computer is one that processes information by making
and bre&king chemical bonds, and it stores logic states or information in the
resulting chemica (i.e., molecular) structures. A chemicd nano-computer would
perform such operations sledively among molecules taken just a few at atimein
volumes only a few nanometers on a side. An alternative diredion has been to adapt
naturally occurring biochemicals for use in computing processes that do not occur in
nature. Important examples of this are: Adleman's DNA-based computer, Birge's
baderiorhodopsin-based computer memories as briefly discussed bel ow.

Adleman first used DNA, to solve asimple version of the “traveling salesman”
problem where the task is to find the most efficient path through several cities.
Adleman (1994 demonstrated that the billi ons of molecules in a drop d DNA
contained significant computational power. Digital memory can be seen in the form
of DNA and proteins. Exquisitely efficient editing machines navigate through the
cdl, cutting and pesting moleaular data into the stuff of life. Has evolution
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produced the smallest, most efficient computers in the world? Even if this is an
exaggeration, the innate intelligence built into DNA molecules could help fabricae
tiny, complex structures using computer logic not to crunch numbers but build
things. Furthermore, DNA computers may use a billion times less energy than
eledronic computers, while storing data in a trilli on times less space Moreover,
computing with DNA is highly parallel: in principle there could be billi ons upon
trillions of DNA or RNA moleaules undergoing chemical readions, performing
computations, simultaneously. Moleaular biologists have dready established a
toolbox of DNA manipulations, including enzyme aitting, ligation, sequencing,
amplification, and fluorescent labeling. The idea behind DNA computing springs
from a simple analogy between the following two processes. (a) the complex
structure of a living organism ultimately derives from applying sets of simple
instructed operations (e.g. copying, marking ,joining, inserting, deleting, etc.) to
information in a DNA sequence, (b) any computation, is the result of combining
very simple basic aithmetic and logicd operations. Eric Winfreeintends to creae
nanoscopic building blocks out of DNA that are designed—to cary out
mathematicd operations by fitting together in spedfic ways. DNA is not the only
candidate for a biologicd computer chip. Birge (1994 proposed to use of the light-
sensitive protein dye baderiorhodogsin, that is produced by some baderia. He and
his collaborators have shown that it could provide a very high density opticad
memory that could be integrated into an eledronic computer to yield a hybrid
device of much geaer power than a wnventional, purely eledronic computer. In
conclusion, electronic computers asembled using DNA and run on aganic
nutrients instead of eledricity are another sciencefiction idea that may soon
become redity.
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