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INTRODUCTION

The possibility of comprehending a large class of biologiecal
processes within the conceptual framework of Darwinian theory is one
which has occurred to meny biologists since 1859. Roux was probably
the first to introduce into cnhryology the ideas of competition
and survival when he talked of a struggle between the different
parts of a developing embryoe. Physiological and developmental
regulation bhave often been deseribed (e.g. Waddington, 1940; Raven,
1088; Weiss, 1039) as the result of an underlying competitive
interaction between organs and tissues for nutriemts or, more
genoraliy. for 'physiological spase’ (i.e. the proper environment
for survival and growth). More recently, these conecepts have
been applied to the analysis of the learning process (Pringle, 1951),
and to problems of cultural development (Gerard, Kluckholn and

Rapoport, 1958).

Underlying these extensions of Darwin's eriginal theory
there is tho idea of a genmeralised uylto- which, because of its
fundamental properties, is subject to a particular type of nni-
directional change. In different areas o£~gnqniry, this change
has been called evolution, development, learning, and the general
theory seeks to describe these as particular instances of what has

been called a Darwinian process (Ruesell, 1958).

The central phenomenon for which an explanation is sought



in all of these disciplines and which is the distinctive feature of
Darwinian systems is the emergence of discrete states of 'orgenic
stability' (Bateson, 1894; Waddington, 1957) vhich arise during their
motion and are characterised by the property of being 'adapted' to
the existing environmental conditions. Discontinuities occur between
different parts of such systems as they expand into slightly differing
environments, and these discontinuities lead to the appearance of
discrete entities which are called epecies in evolution, cell typu
in embryology, behaviour patterns in learning, and cultures in
anthropology. The problem is to sccount for the process which brings
these entities 1n§o existence.

The expanding pofontial of Darwinian systeme is due to &
replicative mechanism whereby their components are multiplied, allowing
for exponent ial inerease under !'favourable' condit ions (by which is
meant the sbsenee of any limiting terms in the equations of the system
whieh could prevent unbounded increase). However, under real conditions,
this replicative potential is not realised beceuse the components are
dependent for their replication upon a common and limited amount of
'biological space' (conditions mllowing for replication) for which they
are in competition. The interactions between the components will
therefore be defined by the conditions in this spece, which is regarded
as the 'eniironment' of the bioclogical system.

Darwinien analysis is concerned primarily with changes wherein
the relative numbers of the different species of component are altered,
Such changes of state are caused by disturbances which may be external
to the system (changing its external parameters), or internal (changing

the species of component present). If neither of tlese change, the
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system will approach a steady state in which the relative numbers of
the species of components remains constant. This steady state may
involve unbounded motion, such as balanced exponent ial growth in a
bacterial population in a‘aonttant environment and without mutation.
Although such a population 'moves', the only changes which occur in
it are quantitative ones, the relative values of the component 8
remaining constant,

The disturbances acting on Darwinian systeme are usually
defined as random, but this description is very relative to the
gsort of knowledge we hove of the proeuc.‘ and the type of observation
which can be made on it. The system responds in some manner to the
disturbances, which may be taﬁporary or permanent . When the response
involves a change in the composition of the system (changes in the
relative numbers of different species of component 8), then it is said
to chenge ite state. The process whereby differemt stable states
of the system arlse following the application of a certain set of
disturbances has been called selection. Darwin first used this word
because he was led to some of his ideas through an analogy with
domestic breeding procedure, where selection has a clear connotation.
But he came to regret his use of the term netural ‘selection, and
indeed the phrase is confusing in ite implications. Any system
subjected to a suffieient disturbance will move to a new state,
which is then 'selected! by the disturbance. In the present
study, selection will be used in this sense, but applied to a Darvini;n

system. It will mean no more tian that under & particular set of



disturbances, such a system will undergo a particular process of

change leading to some new steady state.

Darwinian analysis is dominated by a certain point of
view, Given a system as complex as a biological omne, the appropriate
question to ask is not What is the detailed motion of the parts?,
but What stable states (if any) will survive the application of
a given set of disturbances or stimuli? The analysis is a statistiecal
one which seeks to desecribe the behaviour of the whole system without
assuming more than is necessary about the interastions of the
components (either because detailed knowledge is mot available, or
because only certain interactions are important in determining the
statistical properties of the whole), This is exactly the position
whieh one is in when attempting to deseribe the p;opertiou of a gas
in terms of the motion and interactions of its molecules, This
physical problem has been solved by the elegant mathematical
apparatus of statistical noqhaniol. In the present study, an
exactly analagous method will be used in an attempt to oxpiain
the fundamental behaviour of embryonic cells during development

in terms of the interactions of their components.

The pa?tioular model appropriate to a given field of
biological study will be determined by the type of observation which
can be made, and the sort of behaviour investigated. The distinetion
between a system and its enviromment (i.e. which variables are te
be treated a dependent and which as independent, respectively) ie
not always an obvious one in biological contexts, and must be made

on the basis of the experiments which define the subjeet. Even in



the most familiar case of individual organisms and their external
‘environment' there are interactions which make an analysis of the
evolutionary process much more complicated than is uaually assumed

to be the case (see, e.g. Waddington, 1987). The organism may

chanku its environment, and this changed environment may then change
the organism, If these changes are in any way correlated, there

will oceur a spiral-type of process whereby organism and environment
are carried through a series of changes which must really be looked
upon as unitary, the distinction between the two parts being artificial.
The environmental parameters then become ahsorbed into the system as

variables.

When one comes to.tho analysis of developmental processes,
which will be our primary concern, this problem becomes acute, Neo
distinction between system and emviromment within the developing
embryo can be made which allows of a complete causal analysis of
the form: The onvironuentalyparamoters have eertain values at a
gertain time, and the 'system' responds by moving to a new state.
This new state induces certain changes in the parameters, which then
remain constant at their new values until the system has responded
by moving to a further state, etc. However, this is in fact the
pattern of classical analysis, and it has been extensively used in
experimental eabryoloéy. One speaks of inducers which aect upeu.
competent tissue, causing a particular response, This tissue in
turn interacts with others to produce a new environment characterised
by a further set of determining conditions. Needham's (1951) series

of cones is a geometrical model of this resolution of development



into sequences of transient motion between points of 'stable
equilibrium!, the transients being 'caused' by the inductive
stimuli of organisers.

This method of causal anslyeis is valid only if it can be
shown that the changes of state in the system can occur much more
rapidly than the changes which occur in its environment. This
important question is discussed in section II, and again more fully
in section XI.

Darwinian system are in general open: they exchange matter
and energy with the environment. This is because the components
of such systems are themselves open, requiring a flow of matter and
energy for their own maintenance and replication. Egquilibration in
such systems occurs when there is a balance between the rate of production
and the rate of destruction of each different species; this is the
steady state. The changes which may occur in these systems are
therefore not restricted to those allowed in closed systems by the
second law of thermodynamics. The final state is not completely
determined by the initial conditions in open systems (i.e. the
initial values of certain variables are unimportant in determining
their final values), and a decrease of entropy is no longer forbidden.
At the same time, 'opening'! the system seems to make inapplicable
the powerful and elegant analytical tools which have been developed
for the study of sysfeu which conserve energy and obey the classical

requirement of weak energy interaction between components. Certainly



biological systems are not comservative in the energy semnse, and

there is strong interaction between the components.

However, it will be found that under certain assumptions
concerning the interactions of the components in embryonic cells,
a set of differential equations may be derived for their synthesis
and interactions which have the important property of possessing
an integral, This integral is regarded as analagous to the
Hamiltonian (total emergy) of physical systems, and with it o
new statistical mechanics may be constructed (the necessary conditions
for this will be shown to be satisfied)., Feor this purpose, much
use will be made of the very important studies made by Volterra
(1931) in the mathematical theory of the -stiugglo for Life' im
ecological groupa, and the recent extensions of this theory in two
very fine papers by Kerner (1957, 1959) who used, as we do, Volterra's
integral as the starting point of a statistical mechanies., [Kerner's
interest, like Volterra's, is demographical, Ours is embryological,
80 that the resulte of the theory will have qnfte different
interpretations in the different contexts, However, it is the
great power of a statistical mechanics that it gives gualitative
predictions of great gemerality, shewing the main features of a
statistical ensemble by smoothing out the enormous variety of individual
motions, so that systems with the same fundamental 'microscopie’
structure will show similar 'macroscopie' properties. There is
no reason why the same general gqualitative features should not be
observed in different biological contexts. Indeed, it is precisely

the assumption of general Darwinian analysis that such similarities



are to be observed at different levels of organisation in
biological systems, The two subjects which are concerned with
relatively short time-changes (fractions of individual lifo-tino:),
embryology and learming, have the advantage over evelution and
anthropology (time-changes of the order of many individual
life-times) in that the macroscopic properties of the systems

are diiectly observable experimentally, In embryology these
maeroscopic phenomena are observed as the behaviour of developing
cells, and an extensive language has been formnlatcd to describe

the causal relationships batvocn the ro-ponael of these cells

and the forces which operate upon them in onbryonic tissues. It

is thc languagc of classical embryology: .conpotonce, determination,
individuation, organiser, inducer, etc.‘ The present study attempts
to acoounf for ubn. of these phenomena as statistical properties
arising from certain types of interactions assumed to occur between
molecular componentz of embryonic cells., The ecell thus bccomoc

a systemic unit whese boh@vionr is described by variables of state
analogous to the temperature, entropy, free energy, pressure, etec.,
of statietical thermodynamics. Analozuoi of all th‘se variables
will be found for the embryonic cell; and it wili be shown how
many of the concepts of classical embryology may be reformulated

in terms of ‘epigenetic temperature', ‘epigenetic free emergy', ete.
The epigenetic temperature will be found to occupy a particularly
important place in discussing systems of the type defined in Section IV
(obeying 'Volterra dynamics', whose statistical properties were first

studied by Kermer). The chief concerns of the present study will be:



(1) The demonstration that embryonie cells may obey Volterra

dynamics at the molecular level,

(2) the study of the comsequences of this for the statistical

behaviour of the system, and

(3) the interpretation of this behaviour in the embryological

context,

There is a final feature of general Darwiniam theory
which requires mention. The fundamental assumption underlying
this way of analysing biological systems is the coatinuity of the
living process within itself and with matter, The variables in
Darwinian systems are always functional (they define an aetivity
rather than a structure). Now the discreteness of the points
of organic stability which arise in evolution and embryology are
observed at the structural level, and so all attempts to explain
their appearance must invelve the reduction of structure to function.
This resolution of substance into process is the program of
contemporary science and the foundation of modern cosmolegy,
(see e.g. Whitehead, 1920) so it is entirely consistent to assume
the validity of this prineciple in biological theory. However,
we are a very long way from achieving a sufficiently complete
deseription of the forces operating in cells to account for their
structural and functional features, There must be many spatial
parameters and historical properties entering as initial conditions

before morphogenesis can be even approximately accounted for amalytically.

In this study, we shall assume that the perpetuation of
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function during the replicative procese implies a perpetuation

of structure. The interdependence of etructure and function

in enzymes goes some way towards resolving the probleme whiech
underly the duality encountered im the description of biological
systems, And the properties of macromolecules in general must

be expected to account ultimately for much of the hetergemeity

and complexity of the cell interior. However, our primary concern
will be to consider the functional relations within a particular
set of macromolecular comstituents of the e¢ell, and to show how
they give rise to a process which may underly major developmental
changes. Such a study can define some of the necessary conditions
for morphogenesis, perhaps the main ones; but this isstill far

from defining the sufficient conditions,

The point of view taken inm this work, then, is that
development is to be understood as a particular type of Darwimian
process. The components of the system will be defined in suech
a way that they satisfy the conditions necessary for participation
in such a process (replication and competitive interaction), and
then the exast type of interactions assumed teo cccur between them
will be given. From these assumptions a set of differemntial
equations will be derived expressing the 'motion' of the system.
An integral will be derived for these equations, and with this
integral a statistical mechanics of the embryonie cell will be
constructed. The properties of the system so ebtained will be
studied with a view to explaining the characteristie behaviour of

developing cells in terms of the new variables of state deriving
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from the statistical mechanics: epigenetic temperature, entropy,

free energy, etc. The epigenetic temperature will be shown to be a
measure of the 'excitation' of the embryonic system (i.e., the sigze
and the nature of the fluctuations oeccurring in the macromolecular
synthetic activities of embryonic cells), The main result of the
analysis will be that the intracellular aspects of development may

be described as a process of slow 'cooling' in ean initially excited
system, which brandes into a number of parts whose states diverge
progressively until they become stabilised at low epigenetic temperature
in matually exclusive epigenetic states. The gradusl 'cooling' of the
system is a result of the 'frictional' forces whichnecessarily
accompany irreversible change in a complex dynsmic system. Finmally,
the use of the Darwinlan concept of adaptability in the embryological
context is discussed, and a relationship between the epigenetic
temperature and the adaptive properties of the theoretical epigenetie
system is examined. The 'cooling' of the developmental system is then
found to correspond to a gradual change in the responsiveness of
embryonic cells, such that as the epigenetic temperature decregses
towards gero, the epigenetic system loses its cepacity for adaptive
response to environmental stimuli and becomes stabilised in some
different iated condition which is determined by its developmental

history.
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SECTION I

THE EPIGENETIC VARIABLES

Classical embryology regards the cell as ite unit of
structure and fumction, The concopgn of differentiation,
individuation, induction, competence, are all defined in terms
of the movements and responses of cells and cell masses, We
have seen that the first application of Darwinian ideas to
embryological phenomena was by Roux, and this view-point has
been taken up more recently by others (e.g. Waddingten, 1948)
who speak of a struggle or competition between the various
tendencies of cells in a piece of developing tissue., The idea
of competitive interactions between cells underlies many theories
about the forces which operate in differentiating tissues, such
as those which use the concepts of gradient and field, and speak
of physiological competition and dominance (Child, 1941; Weiss,
1939). No doubt a more complete statement of the process could
be given in these terms, pursuing the evolutionary analogy and
looking upon tissues, organs, and cell-types as families, genera
and species. However, it is becoming inereasingly clear that
development muest be understood in molecular terms if it is to
satisfy the stringeant requirement of continuity between the
organic and the inorganic realms. Weiss (1950) has strongly

emphasised this view, and has correctly insisted that cellular

differentiation must be considered in terms of populations of
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chemical substances and their 'molecular ecology' within cells.

The cell from this view-point becomes a system rather
than an 'atomic unit', its properties being sought in the
statistical behavicur of large numbers of small components.
However, in studying the behaviour of large cell masses, a
different order of statistics is appropriate, and the cell does
become a unit, an atom, with its own pattern of interactions
with adjacent cells, Thus, difforoﬁt levels of organisation
give rise to different types of statistical behaviour, higher
order phenomena not appearing significantly in lower level
behaviour, For example, in development, certain processes of
differentiation are not observed unless there is an aggregate
of cells above a certain critical size (Grobstein and Zwilling,
1953). However, we shall be primarily concerned in the present
study with the behaviour of single cells in the developmental
process, and for this purpose we require a theory which begins

at the molecular level.

Weiss and Kavanau (1957) have recently propesed a medel
which treats two levels simultaneously, cell and erganism, in
terme of molecular properties. Their primary interest is growth
regulation in development, and their model puts physiolegical
competition into molecular terms, Competition is for ‘physioleogical
space' (the proper conditions for development), defined in terms
of the density of 'antitemplates®, specifiec inhibitors of the
templates which are responsible for growth and differentiationm.

Whenever ‘spase' becomes available by the concentraticen of



antitemplates in the environment dropping belew a particular
value, tissues will grow into it until, by their own synthetie
activities, they fill up their environment with a critical

density of antitemplates again. This medel treats embryoniec
growth as a unitary process, whose only point of stability ise

the adult organism, The equations and curves describing such

a process are already fairly complex ones with negative feed-
back characteristics, whose prototype is the familiar logistie
equation, No attempt is made to provide am explanatiom for the
differentiation process which occurs 'within' the general equation
of growth which they derive. In terme of their model, this
would have to be done by distinguishing different species of
template, and studying the changing spatial distributions eof

these templates and their antitemplates in various parts of the
developing embryo. Such a programme may be possible, But the
complete solution of any set of equations seeking t§ describe the
whole of embryonic development as a single transient would be
unmanageably complicated. It is in the faee bf such difficﬁltioa
that one is forced to divide the organism into organisational
loveli of cells and tissues, and also ﬁé break down the time
process of development into a‘loquenco of relativolj short transients
between quasi-equilibrium states. Classiecal embryology has

itself followed this method of analysis.

An epigenetic theory in molecular terms which uses a
thoroughly Darwinian argument is that of Spiegelman (1948), He

suggested that the enzymes should be regarded as the primary



observables or variables of the differentiation process within
cells, and that the subeellular replicative components are the
‘plasmagenes', different speciea of which synthesise different
enzymes., The plasmagenes compete for precursors for their own
replication, and the developmental process is the 'selection' of
different species of plasusgenes (hence synthesis of different
enzymes) by different cytoplasmic enviromments in various parts

of the embryo. There are many details of this proeess which
Spiegelman does not go into, and current evidemece indicates

that some of his assumptions require modification. Waddingtom's
(1948) analysis now seems to be a more accurate representation

of the epigenetic proeess in these terms. It is not sufficient
to take only the enzymes into account in defining the developmental
-t#to of a eell. Rather, this definition must be made in terme
of the concentratioms of all the different proteins preseant in

a cell at a particular stage of development, so that epigenesis
becomes 'the ontogeny of the proteins' (Shem, 1955). The term
'plaliugcn.' would then be replaced by a particle or system
reaponsible for protein synthesis. The present hypothesis

is that the protein synthetie activities are carried out by

the microsomes or ribosomes, These may be looked upon as a

type of gene-initiated plasmagene (Waddingtom, 1056). As to
their replicative eapacity, the evidence at present available
indicates that this is not a property of the particles themselves,
but of the coupled system of ribosomes and protein, which together

show autesynthetie activity.



There are many different types of autosynthetic
system (Hinshelwood, 1053), but the essentials of the process

are given by the simplest case, where the eguations are,

ap
— R
dt kP
secs s (1)
dR
oo = P
dt kn

The equations mean that some species of molecule R
is required for the synthesis of another species P (R is a
necessary but not a sufficient condition for synthesis of P,
i.e. R is a catalyst), and P is required for the synthesis of

R. The solutions are,

it _«xt

P = Qe + @, €
“{- _‘x'f i «.—-"Jk?kf
B B /gce ’{"gze

After a long time ( © — °© ), the negative exponential
terms will be very small, and the equations will approach the

conditions of exponential increase:

dt

ap
-"'.J &= MP’ 9;} = “R Seeae s e (2)
t >0 t

If, now, P represents protein and R ribonucleic acid
(RNA), the above solution should hold for these components. Such

evidence as there is in single cell studies (Mitchison, 1957)



= 17 =

indieates that the selution (2) is never quite reached, or

that the ‘constant' o« takes different values during the
period of one cell division, It is, however, clear that

the deviation from equations (2) is a periodic one sinee the
value of each cellular component is doubled after each divisien
interval, A more accurate form of these equations will be

derived in Section IV.

A further important feature of a system which generally
obeys equations (2) is that the ratio of P to R remains constant.
That this is in fact roughly the case for RNA and protein in
many different types of cells has frequently been observed.
Brachet (1959) has aecﬁnnlatod evidence that an increase inm
protein synthesis is always accompanied by increased RNA synthesis
in embryonie dcvelopneﬁtz and we may cite Maalge (1960) for a
particular example of this in microorganisms. Maalge's
obssrvations show that ENA and protein vary together in rough
proportion to the growth rate under a variety of environmental
conditions as we expect in an autosynthetic system. The close
coupling between BNA - and protein-synthesis has been demonstrated
by Sands and Roberts (1956) and by Pardee and Prestidge (1956)
while Ycas (1959) has put forward a particular model to account
for these and his own observations on the intimate connections
between the two synthetic mechanisms., His model does not imply
a strict stoichiometry between the guantities of RNA and protein
syntheeized, the coupling being via a common nuclei¢ acid-amine

acid precursor complex, But the autosynthetiec process does not



- 18 -

imply stoichiometry at the primary synthetic level either,
there being enly an asymptotic correlation between the
soneentrations due to some eyclie feed-back system whereby
the synthesis of each depends upon some aetivity of the other.
The significant observations for our purpose are those of
Brachet (1959) cited above, and of Dalq (1957), for example,
on the correlation between RNA and protein gradients in
mammalian cells during develepment. Although these are
perhaps only suggestive experiments, it is difficult to aveid
the eqnolusion that RNA and protein are mutually dependent
for their aynthesis and that they always show comparable
concentrations in developing cells, These species of macro-
molecule have become the primary observables in biocchemical
embryelogy. They c¢an be regarded as the biochemical indices
of development, and in the subsequent study the epigenetiec

variables will be defined in these terms.



SECTION II

SYSTEM ENVIRO

We must consider now the most useful way in which te
draw a distinction between system and environment in a
developmental theory conceived as a Darwinian process,
Mathematically there is no criterion whereby environmental
parameters and system variables can be distinguished. The
mathematical deseription merely states certain functional
relationships between a set of symbols, and we are at liberty
to transform the functions so that any set of symbols are
independent variables (parameters), while the others are dependent

variables (system variables),

The individual cell is in some sense a single system,
and its surroundings are the environment whose properties can
be in some degree altered independently of the state of the
cell, However, there are certain cellular constituents which
fall most naturally into the cetegory of external parameters,
insofar as they conform to certain conditions of relative
constancy and furthermore may in a particular class of experiments
be manipulated independently. Among these are the genes, and
the associated experimental studies concerned are those of
developmental geneties, The genes are, essentially, a partial

set of initial conditions for the developmental system, defining



a eertain range of potential catalytic activity. Genetic methods
can be used to alter these initial conditions resulting in altered

patterns of development,

There are many other essential determinants of development
which enter the system as initial conditions, The embryo starts
with a very complex functional architecture built into the egg,

a microscopic morphology whose basic organisaticnal features are
perpetuated in descendant cells (see Kacser, 1060), These initial
conditions must be accommodated within any set of equations

seeking to describe development, and we vili connider how they

may enter a thooretiéal scheme in later pages, The genes, however,
occupy a somewhat different position as external parameters of

the developmental system, and must be considered as inportént
determinants throughout the epigenetie process, Exaetly what
their relationship is to.tho developmental system will be a |
primary concern of this section, Our argument will begin with a
consideration of how the cell is organised metabolically and

what the pattern of interactions ie among its various constituents.

It has been argued that protein and ribonucleoprotein
(RNP) are the essential variables of the embryological eystem,
and that together they have autesynthetic properties. However,
as well as the oyecle of synthetie activities deécribcd roughly
by equations (1), an embryenie cell may be synthesising protoin‘
which has no direét funetional relationbto the mot#bolic activities
leading to growth., These proteins, with the associated species of
RNP, constitute the 'differentiated mass' of a cell which Weiss (1957)

has distinguished from the 'generative mass' or reproductive part.
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We shall extend this distinetion slightly

using Swann's important gemeralisation, which follows from the
dissociability of growth and division (Swann, 1957), that
a cell may become differentiated for division or for some

other particular function.

The 'generative mass' is that set of protein and
RNA species which defime a closed catalytic cycle of synthetie
activities having the autosynthetic property. This system,
which brings about its own replication, we call the autosynthetie
system of the cell, All other specialised synthetic activities,
inecluding those directly involved in cell divieion, fall into
the category of heterosynthetiec processes, as we shall call them,
The relationship between autosynthetic and heteresynthetie

processes may be represented as follows (Figure 1).

> -
: ~ . - -~ 2
7 -

@ ; {Q} + {1?,,} \

o {B} —i——%{”’}

Figure 1.

{ha) and {ba} are the different species of RNA and
protein which form the autosynthetic system. Their catalytie
activities are shown as wavy lines, {R&} catalysing the synthesis
of Pa} from precursors A, and fba} involved catalytically
in the formation of {ha} from precursors B, These substances

B are also used in the synthesis of RNA species {kh} which
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produce 'heterosynthetic protein’ {P‘k « Thus the
autosynthetic system is that enclosed in the left circle, and
the heterosynthetic system is that enmclosed in the right.

They both compete for precursors A and B, a point which will

be discussed later; Together they form what we shall call

the epigenetic system, The important distinction between the
two is that there is ne direct feed-back from {bhj onto {1&3
in the heterosynthetic process, This does not imply that {nh}
may not synthesise more of itself simultaneously with the
synthesis of {Ph} » a8 has been suggested by Pardee (1956).

It means only that {bh} is 'sterile' protein from the poimt

of view of replication.

Heterosynthetie activities are dependent upon the
autosynthetic system, but in the 'ideal' steady-state of growth
(e.g. as (2)) all components increase at the same exponential
rate. This follows from the argument given below. If B, is
any BNP-species belonging to the heterosynthetie system, its

rate of synthesis is given by

ot
4?3 - #A7} = &{7P], -
4

ka ({‘?R)o {?“"}o (L t
/‘2_“ = —_— £
tre &
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The autosynthetic system can thus support exponential
inerease in both parts of the epigenetic system, This may
be observed in tissue culture, in a culture of cells taken
from the periosteal tissue of the chick, for example (Willmer,
1953)., Even when these cells are growing and dividing rapidly,
they lay down fibres between and within the cells in a manner
characteristic of partially differentiated bone cells. The
full exponential potential of the system can only be demonstrated
in such tissues whem optimal conditions are maintained in the
culture medium, and it will be necessary to enquire into the
factors which control the autosynthetie potential and lead to

steady state conditions in embryonic cells.

It is the heterosynthetic system whose activity leads
to the dramatic morphelogical changes which occur during
dif!erenfiation. Ph may be myosin, collagen, haemoglobin,
fibrin, lens protein, cholinesterase, ete. -protein characteristie
of the differentiated state of a particular eell, They are

involved in some specialised activity whose immediate result
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is not an increase in the cell's 'survival potemtial' (i.e.

this activity does net feed-back directly onto the basie
replicative cyele of the autosynthetic system, which is the
'1ife' of a cell). In fact, these activities are often

such as to lead ultimately to the death of the cell. Thus

the contractability of an isolated muscle cell in no way extends
ite own life-time; the deposition of a collagenous matrix

about a bone cell eannot serve its own immediate advantage;

and the erythrocyte eventually leses ite autosynthetie mechanism

altogether, ensuring its early death.

The feed-back from heterosynthetic activities to the
fundamental synthetic processes of cell survival and growth is
slow and indirect compared with the immediate eycle of
autosynthesis,. The distinetion between auto- and helerosynthetie
systems ie not an absolute one, but is relative to the time
intervals for these fooed-back cycles. Cell division may be
looked upon as the specialised activity of a differentiated cell
only if we agree to take time-periods of seconds or a few minutes,
definitely less than the time between successive cell divisionms,
as significant intervals for observations on the epigenetie
system. [For if we extend the interval beyond the divisiom
time, then growth and division becomes a unitary proeess, the
intimate coupling of the two activities preventing any reasonable
separation between them. But if the processes which we decide
to follow take plaee over a sufficiently small time interval,

then our equations ean describe the synthesis of spindle preotein,
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for example, as part of a heterosynthetic activity, with ne
significant feed-back in time intervals less than those between

successive cleavages.

The specialised activities of differentiated cells
tend to be mutually exclusive. Thus there are groups of
heterosynthetie proc¢esses which lead to a particular differentiated
state of a cell, and differentiation is the gradual emergence
of one such group of processes, to the exclusion of others.
Autosynthetioc processes are also modified during differentiation,
but the major discontinuities occur between the heterosynthetie

activities of developing cells,

Consider now the 1ntracoliu1ar localisation of the
epigenetic system. This system must be shown to have some
degree of automomy in its replicative aetivitios. There is
some evidence that the cytoplasm of many cell £ypel has an
autonomous capacity for synthesis and growth in the absence
of the nucleus. The most striking case of this is probably
the giant alga Acetabularia whose enucleated cytoplasm showed
active sunthesis of protein and RNA 14 days after nuclear removal
(Brachet, et al., 1955). However, there are other cases where
enucleation immediately results in a cessation of normal eytoplasuie
activities, as in amoebae. And in all cases, the removal of
the nucleus interferes with the synthetie processes of the cytoplasm
sooner or lator, so that there is certainly a quoation‘of indirect
nuclear influence over cytoplasmic activities, if not immediate

participation in them. It must therefore be concluded that the
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cytoplasm is not entirely self-sufficient, although it may
have a considerable synthetic autonomy in many cases, Its
continued funetion always depends to some extent upon synthetie

activities taking place within the nucleus,

There is the further fact that some heterosynthetic
processes occur in the nucleus, For example, haemoglobin is
synthesised in the nuclei of erythroblasts. Therefore, although
the cytoplasm may be the primary site of autesynthetic activities,
it certaeinly cannot be taken always to contain the whole of the

epigenetic system.

We come now to the genes, There is a fundamental
difference between the metabolic activities of the deoxyribo-
nucleoprotein (DNP) of embryomic cells and those of the protein-
RNP fraction. Whereas the latter species of macromolecule vary
greatly in concentration between different types of cell im
the developing organism, and within the same cell at different
stages of dovilopnent, the concentration of DNP per cell remains
remarkably constant (Brachet, 1057). The metabolic stability
of DNP as contrasted with the lability of RNP and protein has
been further shown with the use of radio-isotopes (Brown and
Rell, 1985). There is also a considerable amount of evidence
for the view that the replicative mechanism for DNP, which brings
about a doubling of the genetic material for each cell division,
is independent of the 'epigemetic' replicative mechanism for RNP

and protein (see e.g. Schaecter et al., 1958).

These biochemical facts show that the genetie



determinants, which are assumed to consist of DNP, do neot

form an integral part of the synthetic processes of the
epigenetic system. However, it is known that the genes

play an essential role in the controel of developmental processes
(Waddington, 1040), and so they must somehow influence the
synthetiec activities of the epigenetic system.  The metabolic
inertness of DNP relative to RNP and protein does not mean that
different genetic determinents may not have differential
‘activities' at different developmental stages within a eell.
(The nature of this *activity' and ite changes will be discussed
later). Some such hypothesis is a necessary feature of any
theory of geme action during development. There is in fact
direct evidence that some kind of chromosomal differentiation
does occur in differentiating cells (Daly, Allfrey and Mirsky,
1952). Pavan (1954) has shown interesting polyteme chromosomes
differences at different stages of development; while the
experiments of Briggs and King (1955) have also been cited in
favour of some kind of nuclear differentiation during development,
These observations are interpreted to mean changes in gene
activities, which somehow eaulg changes in.tho concentrations
of dit!cront‘npoeios of RNP and protein,

The mechanism whereby changes in gene activity are
transmitted to the epigenetic system renains thoroughly obscure.
It is usually assumed that a genetic determinant, ci. carries
potential information which is expressed by the catalytic synthesis

of an RNP template, Ri , whose base sequence is somehow determined



by that of ci. Ri belongs to a class of ribosomal particles,
all having the same base sequence, which is catalytically active

in the synthesis of specifie protein Pi’

We have seen that the epigemetic system, consisting of
the classes ni and Pi’ is not entirely independent of nuclear
components for its own maintenance, This observation is an
important one. It shows that the replicative system of the
eytoplasm is always subjeet to some decay and eventually dies
when isolated from the nucleus., This means that the
autoaynthetic system, as we have defined it, is not in fact
capable of indefinite replication in the manner described roughly
by equations (2), even when all the normally required nutrients

are made abundantly available (optimal conditions for growth).

One factor which might be expected to account for this
is that there is always some destruction of the protein and RNP
by inactivation and hydrolysis, so that these are removed from
the autosynthetic system at finite rates: their instantaneous
concentrations depend upon a balance between synthesis and
degradation. However, it can be shown (Appendix 2) that the
addition of destruction terms to the autesynthetic equations (2)
is not a sufficient condition for the eventual decay of the
system, Only if the decay rate is 'larger' in a particular
sense than the autesynthetie coefficients will the system die
out. The inequality which determines this decay of the auto-
synthetic system impeses a rather artificial restriction upon

the coefficients, and it seems unlikely that this is the real



solution of the problem.

It is clear that equations (1) are enly the roughest
of approximations to the complete equations of the self-replicating
eytoplasmic mechanism, expressing no mere than its overall
capacity for exponemtial inerease under the proper conditions
and over long time periods (greater than the division time).
One of these conditions is now seen to be the presence of the
nucleus. Therefore the smallest autonomous unit in the
organism would seem really to be a single cell, and the proper
representation of the self-perpetuating metabolic system is
not Figure 1, but a dsukle eyclic schkeme such as the one which
Waddington (1956) has econsidered in a discussion of nucleo~
cytoplasmic interactions: ome eycle is confined to the cyteplasm,
and has direct feed-back on itself; the other cycle includes the
genes in its feed-back loop. The ‘eystem' thus becomes the
whole cell, which ecertainly has a much greater degree of autonomy
than the cytoplasm alone., However, there is no fully autonomous
unit in the organism, and we face here the problem which was
anticipated in the introduction: what is the biological system,
and what is the environment?  The findingythat the autosynthetie
system, as we havo defined it, does not have complete autonomy,
and that the degree of autonomy may vary greatly among different
cell types, does not mean that we must redefihc the epigenetic
system so that it includes those factors on which its continued
survival depends. In order to treat the genes as controlling

parameters of the epigenetic system, as all the evidence
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indicates we should, it is necessary to show that changes
occurring in the epigenetic system are o'onuidorably more rapid
than those occurring in gene activities. Thus the feed-back
loop froh the epigenetic system through the genes must involve
a time lag many times greater than the 'relazation time' of the
epigenetic syatem. (The relaxation or charscteristic time of the
epigenetic system is defined in terms of the mean frequency of
oscillations which the epigenetic system undergoes about its
equilibrium state (ste&dy state). It determines the observation
time required in order to obtain goqd time averages for the
epigenetic varisbles of atatc.) There are good reasons for
believing that this condition may be satisfied in embryonic cells,
a8 will be discussed in Section XI. It will then be possible to
treat the two cycles of the cellular system independently, the
first (not including the genes) defining the interactions within
the epigenetic system, and the second (contoining the genes) as
tinformat ion feed-back' from system to perameters. Such & treetment
will require a very extensive modification of the original equations (1).
This procedure allows one to analyse in some detail the
relations between the genes and the rest of the cell. There is
compelling evidence, both biochemical and genetic, for the view
that the genes are indeed distinct in some manner from other
cellular constituents. They represent, essentialiy, a very
stable source of specifiec 'information*' (i.e. stable and specifie
catalytic potential) for the cell. The inability of an enucleated

cell to maintain itself over prolonged time periods indicates



some intrinsic instability in the cytoplasmic replicative
mechanism, such that there is an information 'leak' of some
kind, making it dependent upon a flow of information from the
nucleus, This information is usually assumed to be in the
form of RNP-species, n‘. as stated above,. It is presumably
by controlling the flow of information to the ecytoplasm that
the genes can influenece the composition and metabolic activity

of a cell.

The cell membrane is a natural outer boundary of the
molecular system which we are defining by protein and RNP
concentrations, These macromolecular species include the
catalytic elements which order the complex chemical substratum
of the cell interior into characteristic metabolic patterms.
Certain chemical substances will be entering a cell at particular
rates, and othérl will be leaving and the cell membrane will
determine what substances these may be. With their flow rates
fixed, and the proteim and RNA concentrations held constant
(steady state of the epigenetic system), there will be established
within the cell a particular steady state of metabolites. It
is this steady state which is usually considered in studies
of open metabolic systems, where the rate constants (enzyme
aetivities) are regarded as the external parameters and the
netabolie intermediates the variables, S8uch systems have been
the objeect of much interesting study (e.g. Kacser, 1957) and they
provide analogiecal explanations for many biological phenemena

(overshoot, equifinality, variation in size with temperature,
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- ete.). However, this type of study gives no indication of
how the rate constants themselves will vary, whieh must be
one of the primary concerns of a developmental theory. The
properties of the metabolic system avre nevertheless of
considerable importance in ianterpreting the consequencss of
changes in the epigenetic system, and how it interacts with

its environment,

The embryonie cell has thus been divided into three
major categories of comstituents. One we have called the
epigenetie syatem, consisting of different species of RNA and
protein, This has been taken teo determine the basie structural
and funectional properties of a cell at any moment of its
development., It is dependent for its survival upon a complex
subastratum of chemical substances, an internal milieu, which
is defined by gemeral factors such as inorganic ions, sugar,
amino agids, nucleie acids, and other intermediary metabolites.
This substratum is metabolically ordered by the satalytie and
structural properties of the epigenetiec system into the 'metabolie
system'. Some of the constituents of the metabolic system are
continuous with the external miliew, outside the cell membrane,
and thus become part of the emviromment of the epigenetic system,
affecting its compoesition. Besides these general environmental
factors, there are specific factors such as the matrix in whiech
the cells grow, hormones, inductive substrates, organisers and
exbryonie indueers. The final set of environmental parameters,

the genes, are the third major category of Cellular constituents,
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The epigenetic system, the metabolic system, and the genes
do not by any means exhaust the enormous molecular spectrum of the
cell. There are many important constituents such as fatty aecids,
sterols, lecithins, polysaecharides, etc., substances which are
neither proteins ner nucleo-proteins nor metabolic intermediates
of relatively small molecular weight, However, their concentrations
are determined by the concentrations of the enzymes responsible for
their synthesis and degradation, and by the concentrations of
metabolites such as 'gctivc acetate', ATP, glucoese, amino acids, etec.
They are therefore derivative constituents whose concentrations are
in principle calculable frem a complete knowledge of the boundary
conditions of the cell (supply of nutrients), the state of the
epigenetic system (which includes all the enzymes), and the initial
conditions, We need not, then, include thcqc biochemical species

in a definition of the epigenetic state of the cell.

We turn‘now to the much discussed but little understood
question of gene 'activities®. The metabolic system is a part of
the environment of the genes, and it is normally assumed that gene
activity depends largely on the metabolic composition of the cell.
There are many possible mechanism, all consistent with orthodox
kinetic prineciples, whereby the quantity of gene product can be varied
continuouely or discontinuously, in a manner dependent upon the
state of the metabolic system, and hence, ultimately, upon the state
of the epigenetic system and the boundary conditioms et the cell
surface (external milieu of the cell). As catalysts, the genes

depend upon a supply of substrate for the expression of their
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catalytiec potential, and the metaboliec system will determine the
rate and the nature of this supply. Waddington (1957) has
considered in detail how a competition betwcen different genes

for a common precursor can lead to a progressive divergence of their
relative activities so that eventually the products of some genes
will be produced at a much higher rate than others. This is a

case of continuous and divergent changes in the activities of groups
of genes, arising from differential rates of supply of dif ferent
substrates from the cytoplasm,.

A quite different model suggesting discontinuous gene activity
has been proposed by Jacob, Schaeffer, and Wollman (1960). This
model arises from a comparison of the properties of a class of
genetic elements which have been called episomes (Ibid., 1960),
and those of repressible and non-repressible metabolic mutants,

both observed in microorganisms (E. coli, Salmonella). Without

going into detail, the essentials of the hypothesis are that certain
biochemical entities exist (episomes, repressors) whieh have a
specific affinity for some part of the genome, These elements

can exist in one of two states, either joined to‘a gpecific site

on the genetic material, or free in the cytoplasm., In the first
state they block the activity of certain gemes or groups of genes,
while in the second they do not interfere with gene activity. Gene
control would in this case be not via substrate but vie catalytic
surface, However, the state of the episomes must be determined

by the metabelic state of the cell, and so we are led once again



- 35 =

to the conclusion that gene activity is ultimately dependent upon the

state of the epigenetic system and the boundary conditions of the cell,
We have now a complete cycle of interactions between the

three major categories of cellular constituent, the epigenetic system

determining the metabolic system, which determines the state of

the genes, which affects the epigenetic system. There may also be

feed-back cycles between any two of these, such as the direct

(non=genetic) repression mechanisms that have been postulated for

feed-back control of ensymes by the metabolites they produce.

Our main concern will be with one part of this cyecle : the intrinsiec

praperties of the epigenetic system which account for its

characteristic behaviour in response to stimuli from the genes and

from the external milieu.
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SECTION III

THE COMPONENTS

Within the epigenetic system there may be groups of
protein species which form a functional metabolic unit, wherein
the concentrations of the individual protein species are always
adjusted to the same level, An example of such a 'functional
unit' could be the enzymes of the Krebs cycle. These enzymes
are involved in the generation of ATP from ADP and 'active acetate'
(acetyl-coenzyme A). They form one of the primary energy generating
systems of the cell, It is possible that there is some regulatory
mechanism within this set of proteins which keeps their concentrations
(more accurately, their enzyme activities) im rough proportiomn te
one another throughout changes in the physioclogical state of the
cell, In this case they are to be regarded collectively as
defining a single component of the epigenetic system, In general,
then, the proteins of the epigenetic system are to be partitioned
into groups of species in such a way that the 'concentration' of
each group can be varied independently of the others; while within
a group the protein concentrations always increase or decrease
together, These functienal groups, consisting of one or more
protein species (and the associated species of RNP), are the epigenetiec
components. The 'concentration' of a composite component will be

an average over the concentrations of the component protein species,



whose concentrations are in any case assumed to be maintained

at roughly similar values,

The Krebs cycle enzymes have never been shown to vary
together in the manner suggested above. The fact that they
are involved in one primary metabolie aetivity, the production
of ATP, does not necessarily imply an intermal regulatory mechanism
which adjusts all enzyme activities to about the s ame level.
However, the discovery of feed-back repression of enzyme activities
by the terminal produet of am enzyme sequence in miéro—orzanisms
shows that such metabolic control devices do exist imn certain
cells, and provide a very efficient method of adjusting the
concentrations of groups of enzymes to their rnduirod levels (i.e.
to the required level of enzyme product). By the strategie
placing of repression points, the complex metabolic network of
living cells can be partitioned into functional units concerned
with particular metabolic activities which can be independently
varied to produce different physiological states (see, e.g.

Magasanik, 1959).

Whether or not such a mechanism is used in metazoomn embryos
for the control of enzyme activities remains to be demonstrated,
It may be that each protein can be independently varied im
concentration, there being no functional unite within which all
members hnvo approximately the same activity. However, in order
to accommodate the possible existence of composite functional units,

which on circumstantial grounds seems quite likely, we shall define

components in the general sense given above. They are groups of
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protein species forming functional metabolic units within which

the concentrations of the constituent proteins are not independently
variable, but whose average concentrations may vary independently

of those of other groupe. Some of these may, of course, consist

of a single protein species,

Out of these components the !unotional‘algebra of the
cell is constructed; i.e. these are the units with whieh we may
sonstruct a 'block diagram' showing the flow pattern of matter and
energy through the epigenetie system. There is a close formal
similarity between this representation of cellular organisation
and that which Rosen (1959) ealls an M,R system. M is a
metabolie unit in Rosen's formulation, correspording to our mere
general functional unit of protein, P; while R is a 'repair unit',
which we associate with a species of ribosrome. However, Rosen's
self-reproducing or self-repairing automaton is a statiec or
algebraic representation of ecellular organisation, and our primary
concern is with the dymamics of its change. We must therefore
congider now the differemtial equations which deseribe the~synth¢sis

and interactions of the epigemetic components,



SECTION IV

THE DIFFERENTIAL EQUATIONS

We donate by Xi the concentration of the ith. component
of our epigenetic system., Under optimal conditioms, with no
limitations on precursors, all componenets will inerease

exponentially, and we can write

B, ¥ e e
4t

(C:‘,?,- .- - "‘\)

o¢ being the exponential coefficient.

However, there are many types of interactioms in embryomnie
cells which prevent the full realisation of the autosynthetie
potential se that o will vary in some way dependent upon the
environment and the concentrations of the components.

o s e i)
the ai's being the extermal parameters,

We are interested mow in the possible steady state solutions
which the equations (3) may have (defined by o (X,, - Xay @4y R ) = 0)
when we make different assumptions about the interactions cccurring
between the components, and about the manner in which the parameters
a, enter the function o ., These steady states are the points

of 'stable equilibrium' (Needham, 1950) which are assumed to occur

in embryoniec tissues between the transient motion caused by the
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action of 'organisers', 'inducers', and other stimuli. They
are therefore of primary importance, giving the epigenetic state
of the tissue at such points. And the way the genes enter the
function o as external parameters shows to what extent the

occurrence of different steady states is under gene control.

For example, we coﬁld assume that the components compete
for a limited supply of precursors for their own synthesis in
such a way that an inecrease in any one reduces the synthetie
activity of all, by reducing the available supply. Then o« would

take the form

a = (Q,,a,,--- a,)
o = Xi(a) - £(X;a)
A G LA )

where o(;(a) is a different function of the a,'s for each component,

i
but £(X;a) is the same funetion of X and a for all,
This is a sort of generalised logistic equation for many

variables, its prototype being

& .3 (=X ) where £(X ) =X

dt

However, it is shown readily that a system deseribed by

equations of the form

ﬁ-;. X;[O(:.(a.) - £(X; a)] (x«.‘<°°)

is unstable in the sense that the components cannot coexist: one
will always increase and eliminate the others. For, considering

any two, we have,
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the function, f, being eliminated between them, Integrating,

this gives,

log > - (xX:= &)t +0, or 3 . Ae.(’('”-"‘“)'lS
- : X

If  (ec: — %, )<0, then % ~> 0 as t>°°, and so we see

that Xi — 0, (X, +> < because of limited precursors).

By considering all pairs of components, we find that the
one with the largest o« , say «, , will eliminate all the others.
Which one thie may be is dependent upon the choice of (a,,Q,, ---a.);
but this sytem c¢learly does not describe the behaviour of an
embryonie cell, wherein steady states occur with many components
coexisting. Only if all the o 's are equal will there be such

steady states, given by solutions of the equation,
f(x. ¥ Ry joscivT X.“,‘a”a.,_' s C‘M) 2l ra e )

This equation (4) defines some n-dimensional surface with
an infinite number of steady states, and no means of discriminating
between them by different values of external parameters. Suppose,
for example, that £ is a linear funetion and that equation (4)

takes the form,
aX, + a, X%+ - FTUN=wL

Then the steady states all lie in a hyperplane whieh is

determined by the external parameters. But the particular point



on the hyperplane representing a steady state solution (i:,f;,"' }: )
will depend upon the initial conditions of'thc system, so that

there is no possibility of the system travelling to some point

which is independent of the starting point; there is no.

regulation. Sueh equations cannot, therefore, represent

the motion of the epigenetie system whieh is known to be regulatory.

Williamson (1957) has discussed in the ecological context
the general problem of obtaining points of stability for
populations of many different species competing for limited
food supply., Mathematically, it is necessary to find a set
of n equations which will allow of discrete solutions for
the Xi's, One w#y,ot doing this is to add a set of 'controelling
factors' or 'preference factors' & to the equation (8) so that

we get equations of the form, |
At 2 Xl - 7.-(%.-.«){()(,&)] i)

The funetions ?;(Y},G) are monotonic inereasing inm Xi
such that when Xi is small the bracketed expression is positive,
while when Xi is large it is negative, This funetion therefore
controls the sign of i%%$: in a manner depending upon the
sige of Xi and upon the parameters ay. In general there must
be as many controlling factors as there are species (components)

in the system. The steady states are now defined by the equations,

X (a) —?;(X; ,a) {(X' a)—_—. e ([:l,l, b



The solutions of these esquations will be isolated if the
functions gi and £ are analytie, and the parameters ai will
then determine what those solutions are. The genes would
therefore, in such a system, define a disecrete set of points
(steady states) to which the system could move, each point being
surrounded by a region under its domination ('confluent set'
Ashby, 1957). Regulation now occure within a confluent set
so that when the state of the system falls within such a set,
it will eventually reach the corresponding steady state.  This
is much more like the behaviour of a developing cell, the genes
determining a certain number of possible steady states, the one
to which the system moves being determined by its initial
conditions., However, a further analysis of the system could
not proceed without specifie knowledge of the nature of the
functions gi4f, and this we do not have at present. Thus,
the representation of the epigemetic system in the above manner,
with a whole set of centrel factors superimposed upen the equations
expressing competition for the raw material of protein synthesis,
does not give any cbvious way into a general statistical treatment
of the system's behaviour analogous to that of statistical
meehanice in the physical sciences. There are many other pessible
representations of the manner in which components and external
parameters enter differential equations of the general type (3)
consistent with what we knew of interactions and environmental
influences in embryonic cells (which is very little). However,

there is one gemeral method of analysis which leads us directly



into a situation just like that in statistical mechanics,

and this we will now investigate.

Consider the possibility of a 'binary analysis' of the
interactions between epigenetic components. By this we mean
taking any two components of the system, xl 4-12, say, and
considering their effects to one another, ignoring all the other
components for the moment. It is important to remember here
how the components have been defined: they are functional units
which ar¢41nd0pendantly variable and in competition for precursors
for their own replication. We now argue that under any given
set of environmental conditions, there will be & dominance relation
between any two components, such thut one will be synthesised at
the expense of the other when precursors becoming limiting for
protein and RNA synthesis. The direction and the magnitude of
this dominance (which may be zero) will be determined by the genmes
and by the ether envivonmental factors. Supposing that x1
dominates x2 in thie manner, the effect of x1 on x2 ean be

written, in a first order approximation, as

/
% - (0(1' - X, X, )xg ( X > O )
where c(z( X., X, ----X.; @, %e,---- A ) has been replaced
by (ol B i ,,  being still a funetionm

of the ai's and of the components other than X, , while &, is
now determined by the ai's only (i.e. we have expanded o, to the

firat order in X, ). Since whatever reduction has oceurred in
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the rate of X, -synthesis iz added to X, -synthesis, we have,

. TEEEE SO X, X,
dt
o, being inereased by the factor X,z X, » where again <x;
is a function of the parameters ay and components other than
12, while ), is the same term as appears in the expresasion
X, . These equations imply that if some xz is added to
dt

the system when precursors are in limited supply, then some

of it will be converted to xlg while if X, 1is added to the

1

system, it will bring about a further conversion of X, inmto X,:

2 1
the system is ‘'weighted' in favour of xl-nyntholil. The quadratic
terms occur because of the autosynthetic nature of the underlying

synthetie activities.

If we extend fho above arguments to all pairs of components,
expanding the tuncfionn o{; to the first order im all the
variablon‘and assuming a dominance relation between each pair,
we get equations of the form,

-3-}:-‘; = XL[O‘;‘., +;°‘:J‘XJ] ———— i b€

(ee i, na-md
Koy = Kiola)
iy = —ote
This analysis seleets a particular type of interaetion

between pairs of co-ponedts as primary for the description of how

the whole system behaves, It assumes that the interactions which

occur between components can be reduced to effects of the type



deseribed by equations (8). If no such dominance relation
holds between a pair of components, then they are said to show
no binary interaction, and the binary coefficient o(,5 for
this pair will be 0. In this case there is no conversion of
component r into componont 8. (or vice vcrad). This does
not mean that these components ean have no other effects within
the system. The binary coefficients c(ﬁ' may themselves be
functions of the components, as will be seen later. But the
implication is that, whatever the influence whieh one component
may have upom another, that influence can be represented as

affecting binary interactions of the type deseribed.

This argument is valid only if ome nrotein or RNA species
can be converted into another im embryonie cells, The dynamie
state of these macromolecular species in living cells is a well
known fact, a given concentration being maintained eonly by
constant synthesis and degradation. The guestion now is whether
or not the amino-acids and nueleic acids derived from the hydrelysis
of protein and RNA are recyeled through the poel of precursors
for new syntheses, or whether they are discarded by the cell as
waste products. In rapidly growing eells such as those in
bacterial cultures there seems to be little or no conversion
of one proteim species inte another, the synthesis being almest
irreversible (e.g. Spiegelman and Halvorsom, 1987). However,
Dubnoff (1955) has produced evidence that there is a reversible
cyele of synthesis, inactivation, and hydrolysis in some

adaptive enzymes of E. coli (maltase, lactase, /3 ~galactosidase



and others), the enzymes being stabilised by the presence of the
appropriate substrate, with a resulting increase in its
concentration., This is precisely the sort of labile behaviour
which is here postulated for the proteins of the ombxyonio cell.
These cells grow and divide aiowly compared with bacteria, and
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