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This paper is the first part of a trilogy, which comprises a detailed
study of a special type of functional organization and demonstrates
its relevance with respect to the origin and evolution of life.

Self-replicative macromolecules, such as RNA or DNA in a suit-
able environment exhibit a behavior, which we may call Darwinian
and which can be formally represented by the concept of the quasi-
species. A quasi-species is defined as a given distribution of macro-
molecular species with closely interrelated sequences, dominated
by one or several (degenerate) master copies. External constraints
enforce the selection of the best adapted distribution, commonly
referred to as the wild-type. Most important for Darwinian behav-
ior are the criteria for internal stability of the quasi-species. If
these criteria are violated, the information stored in the nucleotide
sequence of the master copy will disintegrate irreversibly leading
to an error catastrophy. As a consequence, selection and evolution
of RNA or DNA molecules is limited with respect to the amount
of information that can be stored in a single replicative unit. An
analysis of experimental data regarding RNA and DNA replication
at various levels of organization reveals, that a sufficient amount
of information for the build up of a translation machinery can
be gained only via integration of several different replicative units
(or reproductive cycles) through funcrional linkages. A stable func-
tional integration then will raise the system to a new level of
organization and thereby enlarge its information capacity consider-
ably. The hypercycle appears to be such a form of organization.

Preview on Part B: The Abstract Hypercycle

The mathematical analysis of dynamical systems using methods
of differential topology, yields the result that there is only one
type of mechanisms which fulfills the following requirements:
The information stored in each single replicative unit (or reproduc-
tive cycle) must be maintained, ie., the respective master copies
must compete favorably with their error distributions. Despite their
competitive behavior these units must establish a cooperation
which includes all functionally integrated species. On the other
hand, the cycle as a whole must continue to compete strongly
with any other single entity or linked ensemble which does not
contribute to its integrated function.

These requirements are crucial for a selection of the best adapted
functionally linked ensemble and its evolutive optimization. Only
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hypercyclic organizations are able to fulfil these requirements. Non-
cyclic linkages among the autonomous reproduction cycles, such
as chains or branched, tree-like networks are devoid of such prop-
erties.

The mathematical methods used for proving these assertions are
fixed-point, Lyapunov- and trajectorial analysis in higher-dimen-
sional phase spaces, spanned by the concentration coordinates of
the cooperating partners. The self-organizing properties of hypercy-
cles are elucidated, using analytical as well as numerical techniques.

Preview on Part C: The Realistic Hypercycle

A realistic model of a hypercycle relevant with respect to the origin
of the genetic code and the translation machinery is presented.
It includes the following features referring to natural systems:

1) The hypercycle has a sufficiently simple structure to admit an
origination with finite probability under prebiotic conditions.
2) Tt permits a continuous emergence from closely interrelated
(t-RNA-like) precursors, originally being membres of a stable RNA
quasi-species and having been amplified to a level of higher abun-
dance.

3) The organizational structure and the properties of single func-
tional units of this hypercycle are still reflected in the present
genetic code in the translation apparatus of the prokaryotic cell,
as well as in certain bacterial viruses.

I. The Paradigm of Unity and Diversity in Evolution

Why do millions of species, plants and animals, exist,
while there is only one basic molecular machinery
of the cell: one universal genetic code and unique
chiralities of the macromolecules?

The geneticists of our day would not hesitate to give
an immediate answere to the first part of this ques-
tion. Diversity of species is the outcome of the tremen-
dous branching process of evolution with its myriads
of single steps of reproduction and mutation. It in-
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volves selection among competitors feeding on com-
mon sources, but also allows for isolation, or the
escape into niches, or even for mutual tolerance and
symbiosis in the presence of sufficiently mild selection
constraints. Darwin’s principle of natural selection
represents a principle of guidance, providing the dif-
terential evaluation of a gene population with respect
to an optimal adaptation to its environment. In a
strict sense it is effective only under appropriate
boundary conditions which may or may not be
fulfilled in nature. In the work of the great schools
of population genetics of Fisher, Haldane, and Wright
the principle of natural selection was given an exact
formulation demonstrating its capabilities and restric-
tions. As such, the principle is based on the prerequi-
sites of living organisms, especially on their reproduc-
tive mechanisms. These involve a number of factors,
which account for both genetic homogeneity and het-
erogeneity, and which have been established before
the detailed molecular mechanisms of inheritance be-
came known (Table 1).

Table 1. Factors of natural selection (according to S. Wright [1])

Factors of genetic
homogeneity

Factors of genetic
heterogeneity

Gene mutation
Random division of aggregate

Gene duplication
Gene aggregation

Mitosis Chromosome aberration
Conjugation Reduction (meiosis)
Linkage Crossing over

Restriction of population
size

Environmental pressure(s)

Crossbreeding among
subgroups

Individual adaptability

Hybridization

Individual adaptability
Subdivision of group

Yocal environment of subgroups

Realizing this heterogeneity of the animate world
there is, in fact, a problem to understand its homogen-
eity at the subcellular level. Many biologists simply
sum up all the precellular evolutionary events and
refer to it as ‘the origin of life’. Indeed, if this had
been one gigantic act of creation and if it—as a unique
and singular event, beyond all statistical expectations
of physics —had happened only once, we could satisfy
ourselves with such an explanation. Any further at-
tempt to understand the ‘how’ would be futile.
Chance cannot be reduced to anything but chance.

Our knowledge about the molecular fine structure
of even the simplest existing cells, however, does not
lend any support to such an explanation. The regula-
rities in the build up of this very complex structure
leave no doubt, that the first living cell must itself
have been the product of a protracted process of
evolution which had to involve many single, but not
necessarily singular, steps. In particular, the genetic
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code looks like the product of such a multiple step
evolutionary process [2], which probably started with
the unique assignment of only a few of the most
abundant primordial amino acids [3]. Although the
code does not show an entirely logical structure with
respect to all the final assignments, it is anything
but random and one cannot escape the impression
that there was an optimization principle at work. One
may call it a principle of least change, because the
structure of the code is such that consequences of
single point mutations are reduced to minimum
changes at the amino acid level. Redundant codons,
1.e., triplets coding for the same amino acids, appear
in neighbored positions, while amino acids exhibiting
similar kinds of interaction differ usually in only one
of the three, preferentially the initial or the terminal
position of the codon. Such an optimization, in order
to become effective during the evolutionary process,
requires by trial and error the testing of many alterna-
tives including quité a number of degenerated assign-
ments. Hence, precellular evolution should be charac-
terized by a similar degree of branching as we find
at the species level, provided that it was guided by
a similar Darwinian mechanism of natural selec-
tion.

However, we do not encounter any alternative of the
genetic code, not even in its fine structure. It is quite
unsatisfactory to assume that it was always acci-
dentally the optimal assignment which occurred just
once and at the right moment, not admitting any
of the alternatives which, undoubtedly, would have
led to a branching of the code into different fine
structures. On the other hand, it is just as unsatisfac-
tory to invoke that the historical route of precellular
evolution was uniquely fixed by deterministic physical
events.

The results of our studies suggest, that the Darwinian
evolution of species was preceded by an analogous
stepwise process of molecular evolution leading to
a unique cell machinery which uses a universal code.
This code became finally established, not because it
was the only alternative, but rather due to a peculiar
‘once-forever’-selection mechanism, which could
start from any random assignment. Once-forever se-
lection is a consequence of hypercyclic organizatton
[4]. A detailed analysis of macromolecular reproduc-
tion mechanism suggests that catalytic hypercycles
are a minimums requirement for a macromolecular
organization that is capable to accumulate, preserve,
and process genetic information.

II. What Is a Hypercycle?

Consider a sequence of reactions in which, at each
step, the products, with or without the help of addi-
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tional reactants, undergo further transformation. If,
in such a sequence, any product formed is identical
with a reactant of a preceding step, the system resem-
bles a reaction cycle and the cycle as a whole a cata-
lyst. In the simplest case, the catalyst is represented
by a single molecule, e.g., an enzyme, which turns
a substrate into a product:

s-E,p

The mechanism behind this formal scheme requires
at least a three-membered cycle (Fig. 1). More
involved reaction cycles, both fulfilling fundamental
catalytic functions are presented in Figures 2 and 3.
The Bethe-Weizsdcker cycle [5] (Fig. 2) contributes
essentially to the high rate of energy production in
massive stars. It, so to speak, keeps the sun shining
and, hence, is one of the most important external
prerequisites of life on earth. Of no less importance,
although concerned with the internal mechanism of
life, appears to be the Krebs- or citric acid cycle
[6), shown in Figure 3. This cyclic reaction mediates
and regulates the carbohydrate and fatty acid metabo-

N
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S k ﬁ
E

Fig. 1. The common catalytic mechanism of an enzyme according
to Michaelis and Menten involves (at least) three intermediates:
the free enzyme (E), the enzyme-substrate (ES) and the enzyme-
product complex (EP). The scheme demonstrates the equivalence
of catalytic action of the enzyme and cyclic restoration of the
intermediates in the turnover of the substrate (S) to the product
(P). Yet, it provides only a formal representation of the true mecha-
nism which may involve a stepwise activation of the substrate
as well as induced conformation changes of the enzyme.

4'H\Ni \5{;1

‘He

Fig. 2. The carbon cycle, proposed by Bethe and v. Weizsicker,
is responsible —at least in part —for the energy production of mas-
sive stars. The constituents: 2C, 3N, 13C, *N, 150, and !N
are steadily reconstituted by the cyclic reaction. The cyclic scheme
as a whole represents a catalyst which converts four 'H atoms
to one *He atom, with the release of energy in the form of y-quanta,
positrons (¢*) and neutrinos (v).
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Fig. 3. The tricarboxylic or citric acid cycle is the common catalytic
tool for biological oxidation of fuel molecules. The complete
scheme was formulated by Krebs; fundamental contributions were
also made by Szent-Gydrgyi, Martius, and Knoop. The major
constituents of the cycle are: citrate (C), cis-aconitate (A), isocitrate
(D), a-ketoglutarate (K), succinyl-CoA (S*), succinate (S), fumarate
(F), I'malate (M) and oxaloacetate (O): The acetate enters in acti-
vated form as acetyl-CoA (step 1) and reacts with oxaloacetate
and H,O to form citrate (C) and CoA (4+H™). All transformations
involve enzymes as well as co-factors such as CoA (steps 1, 5,
6), Fe?" (steps 2, 3), NAD™ (steps 4, 5, 9), TPP, lipoic acid (step 5)
and FAD (step 7). The additional reactants: H,O (steps 1, 3, 8),
P, and GDP (step 6) and the reaction products: H,O (step 2),
H* (steps 1, 9), and GTP (step 6) are not explicitly mentioned.
The net reaction consists of the complete oxidation of the two
acetyl carbons to CO, (and H,0). It generates twelve high-energy
phosphate bonds, one formed in the cycle (GTP, step 6) and 11
from the oxidation of NADH and FADH, [3 pairs of electrons
are transferred to NAD™ (steps 4, 5, 9) and one pair to FAD
(step 7)].

N.B.: The cycle as a whole acts as a catalyst due to the cyclic
restoration of the substrate intermediates, yet it does not resemble
a catalytic cycle as depicted in Figure 4. Though every step in
this cycle is catalyzed by an enzyme, none of the enzymes is formed
via the cycle

CoA =coenzyme A, NAD =nicotine amide adenine dinucleotide,
GTP=guanosine triphosphate, FAD =flavine adenine dinucleo-
tide, TPP=thiamine pyrophosphate, GDP=guanosine diphos-
phate, P=phosphate

lism in the living cell, and has also fundamental func-
tions in anabolic (or biosynthetic) processes. In both
schemes, energy-rich matter is converted into energy-
deficient products under conservation, ie., cyclic
restoration of the essential material intermediates.
Historically, both cycles, though they are little related
in their causes, were proposed at about the same
time (1937/38).

Unidirectional cyclic restoration of the intermediates,
of course, presumes a system far from equilibrium
and is always associated with an expenditure of en-
ergy, part of which is dissipated in the environment.
On the other hand, equilibration occurring in a closed
system will cause each individual step to be in detailed
balance. Catalytic action in such a closed system will
be microscopically reversible, i.e., it will be equally
effective in both directions of flow.

Let us now, by a straight forward iteration procedure,
build up hierarchies of reaction cycles and specify
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Fig. 4. The catalytic cycle represents a higher level of organization
in the hierarchy of catalytic schemes. The constituents of the cycle
E, — E, are themselves catalysts which are formed from some en-
ergy-rich substrates (S), whereby each intermediate E; is a catalyst
for the formation of E,,,. The catalytic cycle seen as an entity
is equivalent to an autocatalyst, which instructs its own reproduc-
tion. To be a catalytic cycle it is sufficient, that only one of the
intermediates formed is a catalyst for one of the subsequent reac-
tion steps.

their particular properties. In the next step this means
we consider a reaction cycle in which at least one,
but possibly all of the intermediates themselves are
catalysts. Notice that those intermediates, being cata-
lysts, now remain individually unchanged during reac-
tion. Each of them is formed from a flux of energy-
rich building material using the catalytic halp of its
preceding intermediate (Fig. 4). Such a system, com-
prising a larger number of intermediates, would have
to be of a quite complex composition and, therefore,
is hard to encounter in nature. The best known exam-
ple is the four-member cycle associated with the tem-
plate-directed replication of an RNA molecule
(Fig. 5). In vitro studies of this kind of mechanism
have been performed using a suitable reaction me-
dium, buffered with the four nucleoside-triphos-
phates, as the energy-rich building material and a
phage replicase present as a constant environmental
factor [7, 8], (A more detailed description will be given
by B.-O. Kiippers [9]). Each of the two strands acts
as a template instructing the synthesis of its comple-
mentary copy in analogy to a photographic reproduc-
tion process.

The simplest representative of this category of reac-
tion systems is a single autocatalyst, or—in case of
a whole class of information carrying entities I; —the
self-replicative unit. The process can be formally writ-
ten as:

x—1,1

Reactions of this type will be considered frequently
in this paper, we characterize them by the symbol

@
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Fig. 5. 4 catalytic cycle of biological imporiance is provided by
the replication mechanism of single-stranded RNA. It involves
the plus and minus strand as template intermediates for their mu-
tual reproduction. Template function is equivalent to discriminative
catalysis. Nucleoside triphosphates (NTP) provide the energy-rich
building material and pyrophosphate (PP) appears as a waste in
the turnover. Complementary instruction, the mechanism of which
will be discussed in connection with Figure 11, represents inherent
autocatalytic, i.e., self-reproductive function

Double-stranded DNA, in contrast to single-stranded
RNA, is such a truely self-reproductive form, i.e.,
both strands are copied concomitantly by the poly-
merase [10] (cf. Fig. 6). The formal scheme applies
to the prokaryotic cell, where inheritance is essentially
limited to the individual cell line.

Both plain catalytic and autocatalytic systems share,
at buffered substrate concentration, a rate term which
is first order in the catalyst concentration. The growth
curve, however, will clearly differentiate the two sys-
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Fig. 6. 4 true self-reproductive process exemplified by a one-member
catalytic cycle can be found with DNA replication. The mechanism
which is quite involved (cf. Fig. 12), guarantees that each daughter
strand (D) is associated with one of the parental strands (P)
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tems. Under the stated conditions, the product of
the plain cytalytic process will grow linearly with time,
while the autocatalytic system will show exponential
growth.

In strict terminology, an autocatalytic system may
already be called hypercyclic, in that it represents
a cyclic arrangement of catalysts which themselves
are cycles of reactions. We shall, however, restrict
the use of this term to those ensembles which are
hypercyclic with respect to the catalytic function. They
are actually hypercycles of second or higher degree,
since they refer to reactions which are at least of
second order with respect to catalyst concentra-
tions.

Fig.7. A catalytic hypercycle consists of self-instructive units I;
with two-fold catalytic functions. As autocatalysts or—more gener-
ally —as catalytic cycles the intermediates I; are able to instruct
their own reproduction and, in addition, provide catalytic support
for the reproduction of the subsequent intermediate (using the
energy-rich building material X). The simplified graph (b) indicates
the cyclic hierarchy

A catalytic hypercycle is a system which connects
autocatalytic or self-replicative units through a cyclic
linkage. Such a system is depicted in Figure 7. The
intermediates I; to I, as self-replicative units, are
themselves catalytic cycles, for instance, combinations
of plus- and minus-strands of RNA molecules as
shown in Figure 5. However, the replication process,
as such, has to be directly or indirectly furthered,
via additional specific couplings between the different
replicative units. More realistically, such couplings
may be effected by proteins being the translation pro-
ducts of the preceding RNA cycles (Fig. 8). These
proteins may act as specific replicases or derepressors,
or as specific protection factors against degradation.
The couplings among the self-replicative cycles have
to form a superimposed cycle, only then the total
system resembles a hypercycle. Compared with the
systems shown in Figures 4 and 5, the hypercycle is
self-reproductive to a higher degree.
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E;

Fig. 8. A4 realistic model of a hypercycle of second degree, in which
the information carriers I; exhibit two kinds of instruction, one
for their own reproduction and the other for the translation into
a second type of intermediates E; with optimal functional prop-
erties. Each enzyme E; provides catalytic help for the reproduction
of the subsequent information carrier I, ;. It may as well comprise
further catalytic abilities, relevant for the translation process, meta-
bolism, etc. In such a case hypercyclic coupling is of a higher
than second degree

The simplest representative in this category is, again,
the (quasi)one-step system, i.e., the reinforced autoca-
talyst. We encounter such a system with RNA-phage
infection (Fig. 9). If the phage RNA (+strand) is
injected into a bacterial cell, its genotypic information
is translated using the machinery of the host cell

“(,nslmio,7 5,
Cot sty

host fact®*

a b

Fig. 9. RNA-phage infection of a bacterial cell involves a simple
hypercyclic process. Using the translation machinery of the host
cell, the infectious plus strand first instructs the synthesis of a
protein subunit (E) which associates itself with other host proteins
to form a phage-specific RNA-replicase. This replicase complex
exclusively recognizes the phenotypic features of the phage-RNA,
which are exhibited by both the plus and the minus strand due
to a symmetry in special regions of the RNA chain. The result
is a burst of phage-RNA production which ~owing to the hypercy-
clic nature —follows a hyperbolic growth law (cf. part B, Fig. 17)
until one of the intermediates becomes saturated or the metabolic
supply of the host cell is exhausted. Graph (b) exemplifies that
it is sufficient if one of the intermediates possesses autocatalytic
or self-instructive function presuming that the other partners feed
back on it via a closed cyclic link
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One of the translation products then associates itself
with certain host factors to form an active enzyme
complex which specifically replicates the plus and
minus strand of the phage RNA, both acting as tem-
plates in their mutual reproduction [11]. The replicase
complex, however, does not multiply —to any consid-
erable extent—the messenger RNA of the host cell.
A result of infection is the onset of a hyperbolic
growth of phage particles, which eventunally becomes
limited due to the finite resources of the host cell.

Another natural hypercycle may appear in Mendelian
populations during the initial phase of speciation, as
long as population numbers are low. The reproduc-

tion of genes requires the interaction between both

alleles (M and F), i.e., the homologous regions in
the male and female chromosome, which then appear
in the offsprings in a rearranged combination. The
fact that Mendelian population genetics [12] usually
does not reflect the hypercyclic non-linearity in the
rate equations (which leads to hyperbolic rather than
exponential growth), is due to a saturation occurring
at relatively low population numbers, where the birth
rate (usually) becomes proportional to the population
number of females only.

As is seen from the comparative schematic illustration
in Figure 10, hypercycles represent a new level of or-
ganization. This fact is manifested in their unique

A

B

'r‘;x
K----_

Catalyst E

el
fi)
Egtss: Eq

Autocatalyst @
{Self-replicative unit)

Catalytic @
Hypercycle
Fig. 10. The hierarchy of cyclic reaction networks is evident from

this comparative representation (— chemical transformation, -»
catalytic action)
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properties. Non-coupled self-replicative units guar-
antee the conservation of a limited amount of infor-
mation which can be passed on from generation to
generation. This proves to be one of the necessary
prerequisites of Darwinian behavior, i.e., of selection
and evolution [13]. In a similar way, catalytic hypercy-
cles are also selective, but, in addition, they have
integrating properties, which allow for cooperation
among otherwise competitive units. Yet, they compete
even more violently than Darwinian species with any
replicative entity not being part of their own. Further-
more, they have the ability of establishing global
forms of organization as a consequence of their once-
forever-selection behavior, which does not permit a
coexistence with other hypercyclic systems, unless
these are stabilized by higher-order linkages.

The simplest type of coupling within the hypercycle
is represented by straight-forward promotion or de-
repression introducing second-order formation terms
into the rate equations. Higher-order coupling terms
may occur as well and, thus, define the degree p
of the hypercyclic organization.

Individual hypercycles may also be linked together
to build up hierarchies.. However, this demands inter-
cyclic coupling terms which depend critically on the
degree of organization. Hypercycles H; and H,, hav-
ing the degrees p, and p, of internal organization,
require intercyclic coupling terms of a degree p; +Da,
in order to establish a stable coexistence.

It is the object of this paper to present a detailed
theoretical treatment of the category of reaction net-
works we have christened hypercycles [4] and to dis-
cuss their importance in biological self-organization,
especially with respect to the origin of translation,
which may be considered the most decisive step of
precellular evolution.

IIl. Darwinian Systems
III. 1. The Principle of Natural Selection

In physics we know of principles which cannot be
reduced to any more fundamental laws. As axioms,
they are abstracted from experience, their predictions
being consistent with any consequences that can be
subjected to experimental test. Typical examples are
the first and second law of thermodynamics.

Darwin’s principle of natural selection does not fall
into the category of first principles. As was shown
in population genetics [14], natural selection is a con-
sequence of obvious, basic properties of populations
of living organisms subjected to defined external con-
straints. The principle then makes precise assertions
about the meaning of the term fittest in relation to
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environmental conditions, other than just uncovering
the mere tautology of ‘survival of the survivor.’
Applied to natural populations with their variable
and usually unknown boundary conditions, the prin-
ciple still provides the clue for the fact of evolution
and the phylogenetic interrelations among species.
This was the main objective of Charles R. Darwin
[15] and his contemporaty Alfred R. Wallace [16],
namely, to provide a more satisfactory foundation
of the tenet of descendence.

Actually, most of the work in population genetics
nowadays is concerned with more practical problems
regarding the spread of genetic information among
Mendelian populations, leaving aside such academic
questions as whether ‘being alive’ really is a necessary
prerequisite of selective and evolutive behavior. The
fact that obvious attributes of living organisms, such
as metabolism, self-reproduction, and finite life span,
as well as mutability, suffice to explain selective and
evolutive behavior under appropriate constraints, has
led many geneticists of our day to believe that these
properties are unique to the phenomenon of life and
cannot be found in the inanimate world [14]. Test-
tube experiments [7], which clearly resemble the ef-
fects of natural selection and evolution in vitro, were
interpreted as post-biological findings rather than as
a demonstration of a typical and specific behavior
of matter. Here one should state that even laser modes
exhibit the phenomenon of natural selection and an
analysis of their amplification mechanism reveals
more than formal analogies. Yet, nobody would call
a laser mode ‘alive’ by any standard of definition.
Wsuch questions may not have much appeal to those
who are concerned with the properties of actual living
organisms, they become of utmost importance in con-
nection with the question of the origin of life. Here
we must, indeed, ask for the necessary prerequisites
in order to find those molecular systems which are
eligible for an evolutionary self-organization. The un-
derlying complexity we encounter at the level of mac-
romolecular organization requires this process to be
guided by similar principles of selection and evolution
as those which apply to the animated worled.
Recent work (loc. cit.), both theoretical and experi-
mental, has been concerned with these questions. In
the following we shall give a brief account of some
previous results concerning Darwinian systems.

IIl. 2. Necessary Prerequisites of Darwinian Systems

What is the molecular basis of selection and evolution?
Obviously, such a behavior is not a global attribute
of any arbitrary form of matter but rather is the conse-
quence of peculiar properties which have to be specified.
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The essential requirement for a system to be self-
selective is that it has to stabilize certain structures
at the expense of others. The criteria for such a stabil-
ization are of a dynamic nature, because it is the
distribution of competitors present at any instant that
decides which species is to be selected. In other words,
there is no static stability of any structure, once
selected; it may become unstable as soon as other
more ‘favourable’ structures appear, or in a new envi-
ronment. The criteria for evaluation must involve
some feedback property, which ensures the indentity
of value and dynamic stability. An advantageous mu- -
tant, once produced as a consequence of some fluctua-
tion, must be able to amplify itself in the presence
of a large excess of less advantageous competitors.
Therefore, advantage must be indentical with at least
some of those dynamic properties which are responsi-
ble for amplification. Only in this way can the system
selectively organize itself in absence of an ‘external
selector’. The feedback property required is rep-
resented by inherent autocatalysis, i.e., self-reproduc-
tive behavior.

In a general analysis using game models [18], we have
specified those properties of matter which are neces-
sary to yield Darwinian behavior at the molecular
level. They can be listed as follows:

1) Metabolism. Both formation and degradation of
the molecular species have to be independent of each
other and spontaneous, i.e., driven by positive affin-
ities. This cannot be achieved in any equilibrated sys-
tem, in which both processes are mutually related
by microscopic reversibility yielding a stable distribu-
tion for all competitors once present in the system.
Complexity, ie., the huge multiplicity of alternative
structures in combination with time and space limita-
tions simply doesn’t allow for such an equilibration,
but rather requires a steady degradation and forma-
tion of new structures. Selection can become effective
only for intermediate states which are formed from
energy-rich precursors and which are degraded to
some energy-deficient waste. The ability of the system
to utilize the free energy and the matter required
for this purpose is called metabolism. The necessity
of maintaining the system far enough from equili-
brium by a steady compensation of entropy produc-
tion has been first clearly recognized by Erwin
Schrédinger [19].

2) Self-reproduction. The competing molecular struc-
tures must have the inherent ability of instructing
their own synthesis. Such an inherent autocatalytic
function can be shown to be necessary for any mecha-
nism of selection involving the destabilization of a
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population in the presence of a single copy of a newly
occurring advantageous mutant. Furthermore, sclf-
copying is indispensable for the conservation of infor-
mation thus far accumulated in the system. Steady
degradation, a necessary prerequisite with respect to
condition 1) and 3), would otherwise lead to a
complete destruction of the information.

3) Mutability. The fidelity of any self-reproductive
process at finite temperature is limited due to thermal
noise. This is especially effective if copying is fast,
more precisely, if it requires for each elementary step
an energy of interaction not too far above the level
of thermal energy. Hence mutability is always physi-
cally associated with self-reproducibility, but it is also
(logically) required for evolution. Errors of copying
provide the main source of new information. As will
be seen, there is a threshold-relationship for the rate
of mutation, at which evolution is fastest, but which
must not be surpassed unless all the information thus
far accumulated in the evolutionary process is to be
lost.

Only those macromolecular systems which fulfil these
three prerequisites are eligible as information carriers
in a virtually unlimited evolutionary process. The
properties mentioned have to be inherited by all
members of the corresponding macromolecular class,
i.e., by all possible alternatives or mutants of a given
structure and, furthermore, they have to be effective
within a wide range of concentration, i.e., from one
single copy up to a macroscopically detectable abun-
dance. The ‘ prerequisite of realizibility’ excludes sys-
tems of a complicated composition and structure, in
which the features mentioned would result from a
particular coincidence of molecular interactions
rather than from a general principle of physical inter-
action. As an example, consider the nucleic acids as
compared with proteins. Reproduction in nucleic
acids is a general property based on the physical
forces associated with the unique complementarities
among the four bases. Proteins, on the other hand,
have a much larger functional capacity, including in-
structive and reproductive properties. Each individual
function, however, is the consequence of a very spe-
cific folding of the polypeptide chain and cannot be
attributed to the class of proteins in general. It might
even be lost completely by a single mutation.

Systems of matter, in order to be eligible for selective
self-organization, have to inherit physical properties
which allow for metabolism, i.e., the turnover of energy-
rich reactants to energy-deficient products, and for
( ‘noisy’) self-reproduction. These prerequisites are in-
dispensible. Under suitable external conditions they also
prove to be sufficient for selective and evolutive behav-
ior.
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II1. 3. Dynamics of Selection

The simplest system in accordance with the quoted necessary prere-
quisites can be described by a system of differential equations
of the following form [4] (X=dx/d¢; t=time):

% =(A4;0i—D)x;+ Y. wyx, + &, 1

k*i

where / is a running index, attributed to all distinguishable self-
reproductive molecular units, and hence characterizing their partic-
ular (genetic) information. By x; we denote the respective popula-
tion variable (or concentration). The physical meaning of the other
parameters will become obvious from a discussion of this equation.
The set of equations first of all involves those self-reproductive
units 7, which are present in the sample under consideration and
which may be numbered 1 to N. It may be extended to include
all possible mutants, part of which appear during the course of
evolution.
In these equations describing an open system, metabolism is
reflected by spontaneous formation (4;Q;x;) and decomposition
(D;x;) of the molecular species. ‘Spontaneous’ means that both
reactions proceed with a positive affinity and hence are not mu-
tually reversible. The term 4; always contains some stoichiometric
function fi(m;, m, ... m;) of the concentrations of energy-rich
building material (A classes) required for the synthesis of the molec-
ular species i, the precise form of which depends on the particular
mechanism of reaction. This energy-rich building material has to
be steadily provided by an influx of matter as have the reaction
products to be removed by a corresponding outflux (@;). For a
spontaneous decomposition, the D;-term is linearly related to x;
reflecting a common first-order-rate law. In more complex systems
both 4; and D; may include further concentration functions if
the corresponding reactions are enzyme-catalyzed or if further
couplings among the reactions are present.
Self-reproduction, the second prerequisite, manifests itself in the
x;~dependence of the formation rate term. A straightforward linear
dependence represents only the simplest form of inherent autocata-
Iysis. Other more complicated, yet still linear mechanisms, such
as complementary instruction or cyclic catalysis, can be treated
in an analogous way as will be shown Nonlinear autocatalysis,
on the other hand, is the main object of this paper.
Mutability is reflected by the quality factor Q,, which may assume
any value between zero and one. This factor denotes the fraction
of reproductions that take place at a given template i and result
in an exact copy of i. There is, of course, a complementary term
related to imprecise reproduction of the template i; 4;(1—0)) x;.
It means the production of a large variety of ‘error copies’ which
in most cases are quite closely related to the species 7. The produc-
tion of error copies of i will then show up with corresponding
terms in the rate equations of each of its ‘relatives’ k. Correspond-
ingly, the copy i will also receive contributions from those relatives
due to errors in their replication. These are taken into account
by the sum term; Y. wyX;. The individual mutation rate parameter
i¥k
wy;, will usually be small compared with the reproduction rate
parameter A4;Q;—the smaller the more distant the ‘relative’ k.
If all species present and their possible mutants are taken into
account by the indices 7 and k (running from 1 to N), the following
conservation relation for the error copies holds:

ZAi(l“Qi)xi=Z Z Wik Xy, 2

i k¥i

The individual flow or transport term &, finally, describes any sup-
ply or removal of species i other than' by chemical reaction. It
is required due to the metabolic turnover (cf. above). In most
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cases each species contributes to the total flow &, in proportion
to.its presence:

: €)

Tn evolution experiments the overall flow can be adjusted in order
to provide reproducible global conditions, such as constant overall
population densities:

> x=const=c, (4)
x

In this case, the flow @, has to be steadily regulated in order
to compensate for the excess overall production, i.e.

=Y A, —Y D=y Eix, : G
k k k

where we call E;= 4;— D, the ‘excess productivity’ of the template
i. Notice that the error production does not show up explicitly
in this sum as a consequence of the conservation relation (2).
If, in addition, the individual fluxes of the energy-rich building
material are also regulated, in order to provide for each of the
/4 classes a constantly buffered level (m; ... my), the stoichiometric
functions fi(m4 ... m;) appearing in the rate parameters A4; are
constant and as such do not have to be specified explicitly,. We
shall refer to this constraint, in which, via flux control, both the
non-organized, as well as the total organized material is regulated
to a constant level, as ‘constant overall organization’. It is usually
maintained in evolution experiments, ¢.g., in a flow reactor [9],
or—on average —in a serial transfer experiment [7]. An alternative
straightforward constrajnt would be that of ‘constant fluxes’. In
this case, the concentration levels are variable, adjusting to the
turnover at given in- and outfluxes. Both constraints will cause
the system to approach a steady state with sharp selection behavior.
The quantitative results may show differences for both constraints,
but the qualitative behavior turns out to be very similar [4]. It
is, therefore, sufficient to consider here just one of both limiting
cases. The constraints to be met in nature may vary with time
and, hence, will usually not correspond to either of the simple
extremes —just as little as weather conditions usually resemble sim-
ple thermodynamic constraints (e.g., constant pressure, tempera-
ture, etc.). However, the essential principles of natural selection
can only be studied under controlled and reproducible experimental
conditions.

For the constraint of constant overall organization the rate equa-
tions (1) in combination with the auxiliary conditions (2) to (5)
reduce to:

Fo= (W — E(9) %, + 3 WX (®)
k¥i

where

I/Vii=AiQi _Di (7)

may be called the (intrinsic) selective value and
E@ =Y Exfy %, ®)
k k

the average excess productivity, which is a function of time. Only

when the population variables x,(7) become stationary, will E(?) .

reach a constant steady-state value which is metastable since it
depends on the population of the spectrum of mutants. For con-
stant (ie., time-invariant) values of W} and wy the non-linear
system of differential equations (6) can be solved in a closed form.
Approximate solutions of the selection problem have been reported
in earlier papers. In recent years, an exact solution has been worked
out by C.J. Thompson and J.L. McBride [20] and independently
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by B.L. Jones, R.H. Enns, and S.S. Rangnekar [21, 22]. The explicit
expressions obtained from the exact solutions by second-order per-
turbation theory are in agreement with the formerly [4] reported
approximations*. The following discussion is based on the exact
solutions given by B.L. Jones et al. {21] which offers an elegant
quantitative representation of the selection problem.

II1. 4. The Concept “Quasi-Species”

The single species is not an independent entity because
of the presence of couplings. Conservation of the total
population number forces all species into mutual
competition, while mutations still allow for some co-
operation, especially among closely related species
(i.e., species 7 and k£ with non-vanishing wy and wy;
terms).

Let us, therefore, reorganize our system in the follow-
ing way. Instead of subdividing the total population
into N species we define a new set of N quasi-species,
for which the population variables y; are linear combi-
nations of the original population variables x;,
whereby, of course, the total sums are conserved:

N N
;zﬁ Xg= kzl Y ]

How to carry out this new subdivision is suggested
by the structure of the differential equations (6). It
corresponds actually to an affine transformation of
the coordinate system, well known from the theory
of linear differential equations. One obtains a new
set of equations for the transformed population vari-
ables y; which reads:

yi=(—E(@®) y; (10)

An application of this procedure to the non-linear
equations (6) is possible because the term causing
the non-linearity, E(7) according to Eq. (8), remains

*  Jones et al. [21] pointed out that a neglection of the backflow

term Y w;.x, in [4] is not valid for the approach to the steady
[ £33

state because the term W,,,— E(?) becomes very small. They re-
ferred to Eq. II-49 in [4], where any error rate was deliberately
neglected (i.e. @=1) for the purpose of demonstrating the nature
of solutions typical for selection. They overlooked, however, our
explicit statement (p. 482 in [4]) that such an assumption may
apply approximately only to a dominant species with a well estab-
lished selective advantage, while cell mutants owe their existence
solely to the presence of the wy, terms. The approximations ob-
tained previously (Eq. 11-33a; I1-43; 11-59; 11-69; I1-72 in [4]; <f.
also [22]) indeed agree guantitatively with those following from
the exact solution by application of perturbation theory (Eq. (21)
and (22) in [21] and Eq. (13), (18) and (19) in this paper).

On the other hand, we should like to state that we appreciate
very much the availability of the exact solutions, as obtained by
Thompson and McBride [20] as well as by Jones et al. [21] which
aid tremendously the presentation of a consistent picture of the
quasi-species.
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invariant in the transformation and can be expressed
now as the average of the A,’s.

E(’f):zk:lkyk/zk:yk (11)

The ;s are the eigen-values of the linear dynamic
system. They—as well as the eigen-vectors which
correlate the x;’s whith the y;’s—can be obtained
from the matrix, consisting of the coefficients W
and wy.

The solutions of the system (10) are physically ob-
vious. Any quasi-species (characterized by an eigen-
value J; and a population variable y;), whose A;-value
is below the threshold represented by the average,
E(@), will die out. (Its rate is negative!) Correspond-
ingly, each quasi-species with a 4; above the threshold
will grow. The threshold E(?), then, is a function of
time, and —due to equation (11)—will increase, the
more the system favours quasi-species associated with
large eigen-values. This will continue until a steady
state is reached:

E(t) = Aax (12)

i.e., the mean productivity will increase until it equals
the maximum eigen-value. By then all quasi-species
but one, namely the one associated with the maximum
eigen-value —will have died out. Their population
variables have become zero.

Darwinian selection and evolution can, thus, be charac-
terized by an extremum principle. It defines a category
of behavior of self-replicative entities under stated selec-
tion constraints.

Such a process, for instance, can be seen in analogy
to equilibration, which represents a fundamental type
of behavior of systems of matter under the constraint
of isolation and which is characterized by a general
extremum principle. The extremum principle (12) is
related to the stability criteria of I. Prigogine and
P. Glansdorff [23]). As an optimization principle it
holds also for certain classes of non-linear dynamical
systems [21]. Furthermore, the validity of the solu-
tions of the quasi-linear system (10) is not restricted
to the neighborhood of the steady state.

What is the physical meaning of a quasi-species?

In biology, a species is a class of individuals character-
ized by a certain phenotypic behavior. On the genoty-
pic level, the individuals of a given species may differ
somewhat, but, nevertheless, all species are rep-
resented by DNA-chains of a very uniform structure.
What distinguishes them individually is the very se-
quence of their nucleotides. In dealing now with such
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molecules, being the replicative units, we just use these
differences of their sequences in order to define the
(molecular) species. The differences are, of course,
expressed also by different phenotypic properties,
such as replication rates, life times, error rate, etc.

The single (molecular) species, however, is not the
true target of selection. Eq. (10) tells us that it is
rather the quasi-species, i.e., an organized combination
of species with a defined probability distribution which
emerges via selection. As such it is selected against
all other distributions. Under selection strains the popu-
lations numbers of all but one quasi-species really will
disappear. The quasi-species is closely correlated fo
what is called the “wild-type”’ of a population.

The wild-type is often assumed to be the standard-
genotype representing the optimally adapted pheno-
type within the mutant distribution. The fact that
it is possible to determine a unique sequence for the
genome of a phage supports this view of a dominant
representation of the standard copy. Closer inspection
of the wild-type distribution of phage O, (in the labo-
ratory of Ch. Weissmann) [24], however, clearly de-
monstrated that only a small fraction of the sequences
actually is exactly identical with that assigned to the
wild-type, while the majority represents a distribution
of single and multiple error copies whose average
only resembles the wild-type sequence. In other
words, the standard copies might be present to an
extent of (sometimes much) less than a few percent
of the total population. However, although the pre-
dominant part of the population consists of non-stan-
dard types, each individual mutant in this distribution
is present to a very small extent (as compared with
the standard copy). The total distribution, within the
limits of detection, then exhibits an average sequence,
which is exactly identical with the standard and,
hence, defines the wild-type. The quasi-species, in-
troduced above in precise terms, represents such an
organized distribution, characterized by one (or more)
average sequences. Typical examples of distributions
(related to the RNA-phage Qp) are given in Table 2.
One unique (average) sequence is present only if the
copy which exactly resembles the standard is clearly
the dominant one, i.e., if it has the highest selective
value within the distribution. Mutants, whose W;; are
very close to the maximum values, will on average
be present in correspondingly high abundance (cf.
Table 2). They will cause the wild-type sequence to
be somewhat blurred at certain positions. If two
closely related mutants actually have (almost) identi-
cal selective values, they may both appear in the
quasi-species with (almost) equal statistical weights.
How closely the W;-values have to resemble each
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Table 2.

The abundance of the standard sequence in the wild-type distribution is determined by its quality function @, and its superiority oy.
At given number of nucleotides v,, the quality function can be calculated from the average digit quality g,, of the nucleotides referring to
a particular enzymic read-off mechanism. Both G, and o,, also determine the maximum number of nucleotides vy, Which a standard
sequence must never exceed, otherwise the quasi-species distribution becomes unstable. The data refer to RNA sequences consisting of

4500 nucleotides (phage Qﬁ).

The values in the dark fields (a) show the relative abundance of
the standard sequence within the wild-type distribution (in per-
cent) according to Eq. (18) and (25). Negative values mean that the
distribution is unstable. The light fields show the threshold numbers
Vmax fOT given g, and o,, values. The data clearly demonstrate
the sensitivity of vy,, towards the parameter g,,. For a well-adapted
species, 1 —g,, should be slightly larger than 1/v, (e.g, =1—@d,=
0.0005 for v,,=4500 nucleotides requiring o, values >10).

average digit copying quality

superiority Om
[
o

200

a

In part b a more realistic example of a quasi-species distribution
comprising 1-10° individuals is presented. A sequence of 4500
nucleotides would have 13500 one-error mutants, supposed that
for each correct nucleotide (A, U, G, or C) there are three incorrect
alternatives. Experiments with RN A-replicases, however, show that
purine — purine and pyrimidine — pyrimidine substitutions are
by far more frequent than any cross-type substitutions: purine
< pyrimidine. Hence —in order to be more realistic—we have
assumed only one incorrect alternative for any position. Accord-

ingly the multiplicity of any k-error copy is just (Z) The total

of 4500 different one-error mutants have been subdivided with
respect to their degenerate (average) selective values into five
classes. There is one mutant in class My, which resembles the
standard quite closely. Its selective value (W) diff