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Abstract: Autocatalyticself-construction in macromoleculaystems requirethe existence of a
reflexive relationship between structural components and the functional operations they perform to
synthesisghemselves. The possibility oéflexivity depends on formal features thle catalytic
structure-function relationshighat is, theembedding ofcatalytic functions in the space of
polymeric structures. Reflexivity is a formal property of some genetic sequences. Thessrvaay

as the basis for the evolution of coding as a resudiutiicatalyticself-organisation in a population

of assignment catalysts. Autocatalytic selection is a mechanism whereby matter becomes
differentiated in primitive biochemicalsystems. Inthe case of coding self-organisation it
corresponds to the creation of symbolic information.
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1. Introduction

Patteg(1995; 1996; 1997) hashallenged theoreticdliologists toelaborate the deep connection
between alternativeonceptions of biologicgbrocesses amaterialmechanisms and agemiotic
operations of informationsymbols and codes. He urges usineestigate the organizational
requirements that would allow molecules to function as descriptions. In esseace lyging sent

back to look at the question "What is Life?" anew. The current trend in experimental biology is to
claim that theprocesses used thissect, analyse aralenalter organismscan be explained solely

on the basis of mechanistic physical principles. This reductionist enterpnselléxtually closed,

so one must look to its marginghere anomalies may be found, ander to find away of
expanding the conceptual horizon and illustrating the intrusion of semiotiaghatastaken to be

the purely material world of biology.

The closesthat wehavecome recently tany real dispute as tavhat is possible inmolecular
biology, has been controversy about the natungriohs. Argumentationfocused orthe character
of the replicating agent active in prion diseases, or of prion disease s$teaitisistrated that terms
like "agent" and "strain" do nohave rigorously defined meanings, either theoretically or
operationally. Thus, reductionist molecular bioldg@sbeen unable to emulate thiesciplines of
physics and chemistry mhich elementary quantities likéength” and“force” and entitiedike
"electron” and "moleculehave unambiguous definitions both as concepts angrasitives of
observation. The existence fions challenges th@resumptiorthat our knowledge of molecular
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geneticshas given us an irreducibleclosed definition of something as basic hsritable
information.

In spite of our impressionthat the genome of aorganism provides a "blueprintfor its
construction, we find on reflection that we have b#eceived by the overwhelming generality, near
universality, of themechanisms of genetic informatigorocessing. Infact, the means of
interpreting genetic information are as vital to molecular biological systems as the information itself.
Although we talk in familiar terms about "tigene” (or genes) for sonphenotypiccharacteristic,
andevenfind that characteristics can often tansferred by means tie transposition of genes
between diverséaxa, it isquite impossible talemarcate completely either the peripheral genetic
context or the biochemicalreconditionsthat must beremain approximately constamor the
perceivedassociatiorbetweengenes and traits to bmaintained. Our knowledge of the cellular
componentsnvolved in the interpretation of genetic informatioribosomal RNA and proteins,
amino-acyl tRNAsynthetases and son, and the manner invhich the construction of those
components depends on genetic information, allows gsrttusethe physical and semiotlevels

of description and say that the structure of those componegeaesically encodedHowever it is
equally true tosay that genetic information would be meaningless, thaho coding would be
possible, without the prior construction of those very components.

This paper is an exploration tfie dual aspects, physical asemiotic, of selection in prebiotic
evolution: the differentiation of moleculéorms that isnecessary fothe definition of information
in physical systems; anthe self-organisation of codingecessary forthe interpretation of
information into functional form. The role of autocatalysis iboth the replication of genetic
information and the maintenance of operational functwitidoe emphasised, illustrating that there
is no solely physical basis for the separation of information and function.

2. Prion Replication
The most elementary possible form of autocatalysis is represented by the chemical equation
A+B - 2A (1)

which describesthe replication of the proteinaceous infectious ag@mt®ns) responsible for
spongiformencephalopathies in mammals (Will®89; Eigen 1996), asell asvariousforms of
non-Mendelian inheritance in yeast afithgi. One ofthe most interesting aspects of the
spongiform encephalopathies is the strain behaviour of transmissible prion agents. Distinguishable
stable strains of prion disease arise as a restifteodiiversity of infectious moleculdorms A of

PrP, the prion protein,and theircapacity accurately tsequestethe normal cellular protein PYP

into an autocatalyticallyactive form, PrP°. These proteinaceous infectious agents display
phenomenasuch asmutation, selectiorand strainstability, typical of more complex biological
agentsthat carryand reproducegenetically encoded information in nucleic acid form, like viruses
and bacteria.

The infectious, replicating entityesponsible fothe transmission of prion diseaseriew believed
to be no more than a stable conformational state of PrP. Therefore, it is not sutipaisthg idea
of prionswas widely rejected by moleculbrologistswhen it was mooted ifis modern form by



Peter R Wills, Autocatalysis, Information and Coding page 3

Prusiner (1982).According to the Centrdbogma andhe demands of Darwiniafas opposed to
Lamarckian)evolution, theinformation specifying stable phenotypic differendesgween similar
entities must be encoded mucleic acidgenes(Crick, 1976). But such is nathe case. The
existence of prions demands that we generalise our notions of how biological information is stored.
While knowledge ofthe kinetic constants governinghe autocatalytiqgorocesses described by
Equation(1) suffices toestimate the information content pfion strainsrelative toone another

(Wills, 1989), the mode whereby prion strain information is encoded will not be elucidated until the
mechanism of replication is understood in detail.

In the meantime it is instructive to consider the difficulty in defining the relationship between strains
of prion disease in differergpecies, like the new varia@reutfeldt-Jakob disease (nvCJD) in
humans andbovine spongiformencephalopathyBSE) in cattle. What may be identified as two
separate strains ianimal X may beexpressed as a single straumen transmitted to animal Y.

Strain differences in one animal host may not survive passage through a different animal, or a strain
A, in X may betransformed into strain An X as a result of passage througfmal Y. Prion

strain informationthough sometimes transmissible from one speciesdther, asappears to be

the casewith BSE andnvCJD, resides toquite someextent in other phenotypic features of the
cellular environment in which replication proceeds. In contrast to genetic information, for which the
existence of a biologically universal means of coding serves to define the character of the symbolic
alphabet, there is subtle interplaybetween what we take to lpgion strain information and the
means whereby it is encodedlrionsremind us that the phenomenaloblogy arise from the
simultaneous existence of information and its means of interpretaticihatritie division between

the two is more arbitrary than we normally take it to be.

3. Macromolecular Self-Construction

If we were to consider, in purely material terms, any replicating biological system, fpoionao a
human, then the simplest description we cane would refer only tahe molecular components
and mechanicaloperations required for its construction amdintenance. Thelost significant
feature we would expect to emergeour description othe systemwould be the capacity for
reproduction of the originaorm, but this would probablyinvolve the reproduction of various
smaller components along theay. If weignore thefact that the differentomponents of a&ell
require very specialised spatial ordering and that different regions ohaedisverydifferent kinds
of processes going on them,some progressan be made. It ipossible to specifyhe formal
relationshipghat must be satisfied for a group cdmponent molecule®r physical states) to be
able to reproducethemselves, especially in thmeanner of cooperativeross-catalysighat one
imagines took place early in the prebiotic phase of evolution.

Consider, quite generally, the class of operationsi{© 1, 2, 3 ..N } and molecular components
{M;:]j=1,2 3 .. M}constituting a biological system, frotime point ofview of a material,
mechanicablescription. Any operation @nust be carried out by a component or components of
the system, no immaterialgency being admitted. Thus, theailablefunctional capacity of the
system, representing the rates= (w,, w,, .... W,) at whichoperations Qcan be carriedut, are
functions of the population numbets: (x;, X,, ... x,) of the various components:

w =f (X) (2)
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Also, any component caonly be synthesised as a result of a number of operatieimg
performed:

dx/dt = g, (w) 3)

While thef: represent the embedding of functional operationis @ field of materiacomponents

M;, theg, represent sequencetknk = 1, 2, ) of operations needed to construct the components.
Detailed consideration has been given to the special case of a field comprising polymers of length
assigning w= Z w; X, and dxdt = Nw,,, with n(k) O {1, 2, ...N} and k =(1, 2, ...v) ligation

steps. With wO {0, 1} assigned according to some probabititye, thethreshold forselection in

a homogeneoukiochemicalsystem iswell characterisedor autocatalytic ligatiorsystems (Wills

& Henderson, 1997) and coding syste(iWgills, 1993; Wills, 1994). Beyondthe dynamic
instability the system comprises a subset of components and a subset of opbeitanesrelated

to one another reflexively: all of the components required to carry out the selected operations can be
constructed by carrying out operations fravithin the selectedubset of operationgll of the
operations required to construct the selected components can be carried out by components from
within the selectedubset of componentsThe existencea priori, of the semiotic relationship of
reflexivity between operations and components is a necessary coffalitthe emergencehrough

a dynamicprocess ofselection, of aself-constructing moleculasystem. Kauffman (1986) has
arguedthat reflexivity is an inevitable collectiveroperty of sufficiently complesets ofprotein
catalysts.

Whether ecollectively autocatalytiset of molecular components can emeirgen a system and
maintain itselfstably dependprimarily on the embedding of functional operations inrtregerial

field. If the field of materiacomponents is the sequence space of proteins, then deéitadygtic
functionalities may be seen to be embedded at different locatitns the space. This embedding

is better known as the protein "structure-function relationship”. Any particular functional operation
within a system, such as the capability to catalyse a particular reactexafople, can iprinciple

be determined from fundamental physical principles, that is, from quantum mechanics. However the
possibility of self-constructioderivesfrom aformal, semioticrelationship ofreflexivity between
structures and functions, which is at most aniplicitly dependent on thphysical principleghat
underlie the structure-function relationship. The mathematical forfiaradg might becalculable

from quantummechanicsput a dynamicsystem described bff and g will evolve into a self-
constructing system only f andg impose aselective advantage ssome subsets afperations

and components that are related to one ano#fiexively. This is seen most easily the case of
molecular component$at areconstructed out of a class of makementary components, like a
few amino acids or nucleotides (Wills & Henderson, 1997).

4. Coding Systems

A genome encodes an organism owghin the context of well-specified molecular biological
functions and no organism can be generdéedovosolely fromthe symbolically encodegenetic
information that is utilised in reproduction. This raises the question of what must beagiviemi,
besides genetic information, in order to make a living organism.
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Consider a system iwhich specific macromolecules agenstructed on théasis of agenetic
information source, akin to the manner in wharbteinsare synthesized by ribosomes by using
information encoded in messenger RNA molecules. In thinking about the orilifey ofe have a
“bootstrap problem”. The amino-acyl -tRNAsynthetasethat assignamino-acids tacodons are
themselves proteins whose sequences are encoded in genes. Rilmasomeproduce functional
proteins fromgenetic informatiorunlessthe tRNAs are chargedvith the correct amino-acids, so
wheredid thefirst functional synthetasesple accurately talistinguishwithin classes ofamino
acids and codons, come from? The correct genetic information encodsynthetases needed to
make the assignments defining a specified code is useless without the proteins themselves.

Onepart of this prebiotic bootstrap problémas asimple solution. Someeneticsequences are
reflexive with respect to the mechanism of their interpretation: when they are interpreted by a certain
subset ofall the proteinsthat can act aassignmentatalysts, the result is the construction of just
that subset of assignment catalysts. Such reflexive genetic sequences create a dynamic instability in
the synthesis of catalysts that enables the selective construction of a minute subseefyolarge

class of polymers (Wills, 19931994). Polymers fromthe selectedsubset make coding
assignments that lead to their osynthesis. However,there is no intrinsic feature of a particular
genetic sequence that confers on it the property of reflexivity. The differential equations describing
the dynamics okuch systemsequire specification of the embedding cdtalytic functions in
polymer sequence space gffiect, thestructure-function relationshifor the polymeric assignment
catalysts. Only within the context of @pecifiedcatalytic structure-function relationship can it be
determined which genetic sequences have the semiotic property of reflexivity.

Consider a representation of coding relationships in terms of a set of assigeawtions, for

example, {A-a, A -b, B-a, B - b} between two alphabets, of codons {A, B} and amino acids {a,

b}. Underthe assumptiorthat there exist linear polymengroteins comprised of a and that

constitute a set of catalyssach of whichcarries out just one athe assignmenteactions, a
requirement for thevolution ofcoding isthat theassignment catalysts be distinguished from one
another in a minimum of two positions. A representation wiramal set of assignment catalysts

would be {-a-a-, -a-b-, -b-a5b-b-} and anyembedding can be represented as a one-to-one
mapping between these assignment catalysts and the assignment reactions. Take, as an example, the
following embedding:

-a-a- catalyses the assignment A
-a-b- catalyses the assignment. A
-b-a- catalyses the assignment B
-b-b- catalyses the assignment. B

The exclusive presence of the genes -A-A- and -B-B- will allow selection of the proteins -a-a- and -
b-b- to occur, leading to the establishment of the codedAB- b], because the gene&-A- and -

B-B- constitute aeflexive representation of the catalysts -a-a- andb- within the context othis
embedding. Similarly, exclusivepresence of thalternativepair of genes -A-B- and -B-Awill

allow selection of theroteins -a-b- and -b-a- toccur, leading to the establishment of the code
[A-b, B-al.

The verypossibility of dynamically stable coding is constrained by fimen of the structure-
function relationship of the relevant assignment catalysts. Some embeddaagalyaic functions
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(amino-acid to codorassignments) in polymer sequence spgse rise to a situation of
"ambiguity" in which competingcodesthat have noassignments in common requiigentical
genetic information for the specification of their respectissignment catalysts (Nieselt-Struwe &
Wills, 1997). Stable coding is ngbossible in such a systebecause the genetic information
neededfor a code is ambiguousvith respect to thesubset of possible assignmecutalysts
specified by and specifyintpat code. The salient point is that thieysical instantiation of any
symbolic encoding of protein sequence information in genes is constrained by founedy
features of the way in which tteatalytic properties of proteinare related to thegsequences. For
coding to beable toevolve it isnot enough foguantum mechanics tlow that aset of proteins
that execute the rules of a genetic code cacobstructed. Stability also demarttiat theredoes
not exist any other subset of possible assignment catétgstsanspecify its ownsynthesis from
the same genetic information. Treflexive geneticsequences required Ipotentially competing
codes must be distinct. This is@miotic rulewith which any physical system must comply for
genetic coding to be possible.

5. Functional and Structural Decompaosition

A physical systentan besaid to contain information only afteertainpossible statekave been
defined as constituting a class, accordingséme criterion of membership. lihe case of
information which is stored in linear polymers like nucleic acids or proteins, there is an elementary
class of distinguishable states known asakothabetof monomers, either nucleotides or amino
acids, small molecules comprised of covalently bonded atoms. The critario@mbership of the
alphabet is that a molecybmssess ahemically definedset of "functionalgroups”. All members

of the alphabebavethese features inommon,but their structures showndividuality elsewhere.
The members of an alphabet cangbeuped together as a class because #fleyndergocertain
reactions on which their individualithas nogreat effect. On the othdrand, thehyper-
astronomical number opossible polymers oéven modestlength, all with certain individual
properties, isvhat provides the extraordinamariability in protein function. In the sameay, the
existence of the recognitiggrocesseimvolved inmolecular biological translation and replication
provides the means whereby nucleic acid sequences constitute heritable genetic information.

If we set aside the arbitraperspective of the means that use to represerthemicalstructures
and askhow aclass oralphabet of molecules is defined intrinsicalithin a biochemicakystem
we must do so in terms of a relationship between components and operations. Moleuwtles on
a common operation is performadespective of their individuality can ksaid to form a class
relative to thabperation. However, inorder tomakethis definition stick we stilhave todraw an
arbitrary boundary circumscribintpe physicalsphere beingonsidered, asvell asthe level of
precision beyondvhich any differenceswithin the sphereare to be regarded as insignificant.
Herein lies the fundamental probldor anyoneinterested in the evolution of molecular biological
functionality. It is precisely the apparently progressive increase in the preegigiowhich entities
that are otherwise identical come to Histinguished from one anothéhat is in need of
explanation.

The decomposition of functions and structures resulting from the selectarioohtalyticallyself-
constructing systems providds necessary explanatidiwills & Henderson, 1997). Bway of
illustration, consider a class of polymeavkich areconstructed by ligation from a binagyphabet
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of monomers {a, b}. Suppose that polymars synthesised by operation tife ligation reactions
{a-a, a-b, b-ap-b} wherex-y representshe reaction ...x + y..~ ...x-y... between the terminal
monomers otwo directed polymers ...x and y.for x, y O {a, b}. If some ofthe polymers
constructed by concatenation of a and b catadgssh ligation reaction in thgystem then it is
possible for a self-constructing subsystem tedlectedunderthe condition thasome subsets of
reactions and polymers bear a reflexive relationship to one another. How might it thessiie
for one letter of the alphabet, b for example, to be differentiatedwotoecognisable forms3 and
y? Should sucHdifferentiation occur, thévinary alphabefa, b} would be decomposed into the
ternary alphabefa, B, y} according to the mapping-aa and b- {3, y. Such adecomposition
could occur only if a relationship akflexivity prevailed betweersome subset of structures
involving {B, 4 and selectivecatalysis of reactions fromwithin one of thesets {o-3, a-y, { 3-

a, y-a} or {B-B, By, ¥B, v¥}. Decomposition of the alphab, b} into {a, B, y} and the
concomitant selection of reactions framthin the enlargedetscan be regarded as a re-enactment
of the initial selection,from within an initially undifferentiated population, of eollectively
autocatalyticset of polymers comprised of differentiated monomers a andthedasis oftheir
reflexive relationship with a subset of reactions from the set {a-a, a-b, b-a, b-b}.

6. Evolution of Molecular Symbolism

Having outlined the conditions undehich theprecision of recognitionvithin a self-constructing
systems of polymers can potentially increase, it is pertinent to ask how such an increase in precision
might be represented arstioredgenetically. The problem is by no meansial. We simply

ignored itwhen wediscussedow a codingsystemcanevolve when a certairsubset ofsuitably
embedded assignment catalysts aisle to catalyseits own formation by interpreting an
appropriately reflexive genetic sequence. We did not disghasconditions must be satisfied for

the initial selection, let alone the stable maintenance, of a reflexive genetic sequence.

Eigen (1971) describedhe process ofDarwinian selection in a population ahdividually
replicating macromolecular genetic information carriéngt the more elaborate theory of the
"hypercycle" (Eigen and Schuster, 1979) did not give a satisfactory account of the establishment of
the genotype-phenotype relationship in prebiotic evolutiowhile this second problem is
addressed by theories of coding based on information-depemderdmolecular self-construction

(Wills 1993; Nieselt-Struwe &Nills, 1997; Wills & Henderson,1997), theway in whichcoding
self-organisation can stabilise the selection araintenance of the reflexive genetic information
neededor an orderly genotype-phenotypaationship remains something of a puzzle. We can
highlight the problem by applying thilea of functionaland structural decomposition to the
evolution of coding.

Consideragain the phenomenon of coding self-organisation among a population of assignment
catalysts whose structure-function relationship is specified by the embedding of reactions in an {a,
b} sequence-space as discussed in Section 3, above. The protein catalysts made of monomers from
the alphabet {a, b} could be regarded as being made of monomers from an enlarged aiplfabet {

Wt if there existedchemicalprocesseshat differentiated between tifeandy forms of b. Within

the context of coding this would also require the alphabet of codonsetadrged from{A, B} to

{A, B, '} in which there could bé& and/ forms of the codon B. Let us suppose that a subset of -

B-B- genes;B-B- and-I-I-, were reproduced more rapidly than the other forB$,- and-I-B- ,
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and came to dominate the population as a result of natural selection. We ceatayutulate the
argument concerning the relationship reflexivity between thdanformation and the functional
embedding made previously in respect of the alphabets {A, B} and {a, b}. Provided the embedding
were such that the -B-3- and -y forms of the -b-b- proteinscatalysedB- 3 and -y
assignments, then a furtherocess of coding self-organisaticould result in the binary coding
assignment B.b being replaced by the differentiatadsignments8- (3 and I’ y. The final
outcome would be the decomposition of the binary. A B- b] code into the ternaryA- a,

B- [, -} code. This entire process is depicted pictorially in Figure 1.

Figure 1
CODE GEMES AREIGNMENT
CATALYSTE
Binary . tran=iatior .
& —a, B —I | Aeh B-E — P | b=t |
i Iy ‘. -
| | I
Diecomparkion Junebic selechan Canetic palnchion
|=8=F= and == 8= alaningked [= gt and =3 G- elranatbed)
Temary i BT EES B Lo o v
A= Bl 5= | -A-d- -H-B- | -r= = —-. R | - | I |

Figure 1. Decomposition of a binary code into a ternary code . Selection of a subét, {/-
-} of the genepool -B-B- allows correspondingselection of asubset {3-3- , -y~ } of the
protein pool {-b-b-}

What is missing from this analysis is aayplanation of the natural selection of genstquences
possessing the special property of reflexivity in respect of the embedding of coding assignments in
the polymer sequence space. Why should genetic sequeititeise property ofreflexivity vis-a-

vis the protein structure-function relationshipve higher reproductivditness than othegenetic
sequences? One could propose two quite different answers to this quéskdirst would be to

invoke a biological version of thanthropic principle andsay that the coincidence between
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reflexivity and high reproductive fitness is a necessary condition for the evolution of coding. In any
world in which thenecessary conditiowas not fulfilled there would be no molecular biological
coding and no organisms whose biochemisigded explaining. Thgecond approach to the
guestion would bé&ased orthe assumptiorthat the reproductivéitness of anyentity, including
prebiotic genesjepends on aetwork of interactions betweddifferent species in theystem and

that there is a mechanistic connection, all@ibbably indirect andexcursive, between the
reproduction of genetic sequences and the products of their translation. In that case weawould

to propose a dynamic coupling, perhaps as simple as that which the compartmentalizatadzadof
processesmposes, between the kinetically driveelf-organisation of coding and thate of
replication of the associated genes. It is reasonable tottlankhe improved functional specificity
achievable through more highly differentiate coding could allow for the more efficient replication of
associated genes, but it may becessary talemarcate aet of physically boundeentities,
constituting something morkke individual organismsthan abstract conglomerates of quasi-
biochemical processes, before the connection between reflexivity and fitness dbefmes really
plausible. As yet these speculations remain unelaborated.

In spite of incompleteness wur understanding adll the relatedmechanisms that underlie the
evolution of precise molecular biological coding, Wwave outlined two preconditions for the
spontaneous emergence and storage of useful symbolic information in self-consinadéiaigiar
systems. The first requirement idor reflexivity in respect of the mappinfyjom "information
carriers” to "functional catalysts" siat the particular catalysts needed to defineoederly
mapping can be selected. Témcondrequirement idor an associatiometween thgroperty of
reflexivity and reproductive fitness in the population of information-carrying molecules.

7. Concluding Remarks

Autocatalysis, byirtue of its very definition,requiresthe identification ofsomeentity asboth the

product and the effector of a physigabcess. In its simpleshanifestation, autocatalysis is the
mechanism of macromolecular replication. Replicaipgtemsare subject to Darwiniagelection,

the dynamics with which we are familimom studies ofnheritance. How autocatalysigvesrise

to genetic inheritance isvell understood (Eigen, 1971). Detailed features of complex
macromolecules may be said to carry information because molecules with many alternative forms of
those features may be replicated. Perhaps we should not then be surprised that entities as simple as
single protein molecules appear to be able to carry their own heritable biological definition, as in the
case of prions and their strains.

Whenthe mechanism of autocatalygiwolvesmany different operations and components we are
usually at a loss tdelineate hovandwhere informatiorper seis at play,but a self-constructing
system may emerge as a result of a selegtioness inwhich the idea of individudifitness" has

no definition. What is required ishat theoperations and components aetated to one another
"reflexively”, a term whose definition belongs to the realm of semiotics rathepthgsics. Pattee
(1995) hasoted therelevance oftheories of the origin ofjeneticcoding to the matter-symbol
distinction. Indeed, when the synthetperations required foautocatalysis are conditionally
dependent on an ordered set of molecular features, as in the case of assignmentforattdgsts
formation of linear polymers, the selection of a self-constructing set of catatystsponds to the
emergence of a code. The ordered set of molecular feaipoeswhich molecularsynthesis is
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dependent can be regarded asoarce ofinformation, but selection of a codequiresthat the
information be reflexiveis-a-visthe structure-function relationship of the catalysts.

An increase in the precision with which features of components in a self-constructing system can be
differentiateddepends onhere being a relationship oéflexivity between moleculasub-features

and their role in the mechanism of autocatalysis. When suelateonship exists it is possible for
autocatalysis to lead to the decomposition of recognition operatiothaitsthesub-features of the
molecules can be differentiatédm one another. Ithe case of coding operations, information
carriers with the property of reflexivityis-a-visthe more precisely differentiated structure-function
relationship of assignment catalysts must replicate at a higteethan their competitors. There is
currently no satisfactory explanation of the conditions umdech selective replication of reflexive
information is likely to occur. The emphasis which Pattee (1997) places on "the interdependence of
the semiotic domain of the heritable genetic menaony the dynamic domain of construction and
function” is highly apposite for those interested in this fundamental problem in theoretical biology.
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