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biologically meaningful information. The number of possible altemative
sequences is a measure ofthe complexity ofthe bacterial blueprint, and shows

clearly where the issue of the origin of life really lies. The question to be

answered is how, in the initial phase of evolution, some specific DNA
sequences could have been selected out of an unimaginable number of
chemically equivalent molecular variants. Here we presuppose that molecules

with the complexity of a nucleic acid could have arisen at all, under the
reaction conditions of the prebiotic earth. This is a major issue in prebiotic
chemistry, and can be regarded, since the classical experiments of the
American biochemist Stanley Miller, as solved in principle.

The central question with regard to the problem of the origin of biological
information Iies on a higher level: how did the generation of specfc DNA
sequences come about? Generation by chance is excluded, by reason of its
extremely low expectation probability. Equally improbable is the existence of
hidden natural laws that are specific for life processes and have directed the
synthesis of biologically meaningful DNA sequences.

The Principle of Molecular Evolution
In contrast, the approach suggested by Manfred Eigen runs entirely within the
boundaries of traditional science. Eigen describes the process of the origin of
biological information as a material "learning process", in the course of which
the structures and functions of biological macromolecules are optimised step

by step. The basic principle of such zoleculqr evolution can be explained with
the aid of a thought experiment, as follows.

Consider any carrier of biological information. Let this carry the
information needed for the construction of a primitive organism, a bacterial
cell for example. On the basis of present-day vaiues, at least four million
molecular symbols (nucleotides) are needed for this. As already mentioned, a

DNA molecule of this capacity altemative sequences. The
probability of obtaining a defined sequence by means of a "blind" random
synthesis is as 10w as that of creating a complete textbook of biology by taking
a random sequence of letters.

However, we can instead proceed systematically. In this case, we would start
from an arbitrary, random sequence and allow the symbol at each of the four
million positions to vary (i.e., mutate) until it is occupied in a way optimal for
the "target sequence". A "correct" building-block would be fixed, and its
position in the sequence excluded from further mutation. With four types of
DNA building-blocks, roughly every fourth experiment would be successful,
so that even a target sequence with the complexity of a bacterial bluepdnt
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and non-living systems set up by the natural error threshold, could only have

been overcome by co-operative reaction mechanisms between biological
macromolecules. A kinetically simple system that possesses such properties is

the so-called "hypercycle" (cf. p. XX). This is a special functional unit, made up
of nucleic acids and proteins, by means of which a quantity of information
exceeding the limit of the information threshold can be passed on
reproducibly. The hypercycle arises through the cyclical connection of
individual reaction cycles. Each single cycle represents a complementary pair
of nucleic acids that reproduces itself by cross-catalysis. The reproduction is

promoted by coupling factors, which increase the rate and/or accuracy of
reproduction and/ or lower the rate of decay of their respective target cycles.

The coupling factors are enzymes, that is, catalytically active proteins. Each
ensemble of nucleic acids contains the coded information for at least one

coupling factor, which influences the next reaction cycle.

The cyclical connection forces the individual cycles, that otherwise would
compete, to co-operate with each other. Although the length at the seperate

nucleic acids, and thus their individual information content, is limited, th€ co-
existence of all n individual cycles provides for the reproducible transmission
of n times as much information as that contained in a single cycle. The

hypercycle must be seen as a fore-runner of the biosynthetic cycle of the Iiving
cell. It bridges the gap between dead and living matter.

At the Threshold of the LiYing
The principal features of the theory of molecular evolution developed by

Manfred Eigen and his colleagues can today be tested expedmentally.
Evolution experiments have been carried out on bacteriophage QB, a virus

that attacks only bäcteria. The genetic material of this virus consists of a

substance that both chemically and biologically is closely related to DNA: it is
called ribonucleic acid or. for short, RNA. After the infection of bacteria with

QB phages, the host cell synthesizes a new protein that is encoded by the viral
RNA and that leads to a many-fold replication of this RNA. The protein.

known to biochemists as replicase, operates by running along the viral RNA
and, as it goes, reading the viral nucleotide sequence and constructing a copy

from energy-rich nucleotides. For physical reasonsi a certain number of
erroneous copies (mutants) occurs.

In 1965, the American molecular biologist Sol Spiegelman succeeded in
isolating replicase from infected bacteria. This step led to a series ofspectacular
experiments. For example: In a suitable nutrient solution containing, besides

other ingredients, energy-rich RNA building-blocks and the catalytic
replicase, viral RNA could be replicated at will and thus could "come to life"
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With experiments ol this kind, it was shown lor the first time that, under
certain conditions, natural selection in the Darwinian sense appears on the pre-
biological levei of macromolecules, and that this leads to precisely the kinds of
adaptiYe behaviour that are postulated by the theory of molecular evolution.


