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Abstract

Evolutionary biotechnology applies the principles of molecular evolution to biotechnology, leading to novel techniques
for the creation of biomolecules with a great variety of functions for technical and medical purposes. Several basic principles
for the application of evolutionary strategies can be derived from a comprehensive theory of molecular evolution. Prerequi-
sites for evolutionary biotechnology are summarized with respect to the different classes of biomolecules and a few, seiected
applications are described in detail. Concepts for the technical implementation of evolutionary strategies are presented which

allow automatized, high throughput processes. © 1997 Published by Elsevier Science B.V.
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1. Introduction

Nature is itself a demonstration of the versatile
capabilities of biomolecules. Even in cells that are
seemingly primitive, biomolecules simultaneously
control hundreds of different and complex chemical
reactions under mild conditions. These molecules
play a key role in the life sciences and are a nearly
infinite source for biotechnological and medical
purposes. Unfortunately, nature does not provide
molecules for every desired feature, and the activities

of natural molecules are often reduced when they are
used for technological or medical purposes.

In the past 20 years, the utilization of bio-
molecular functions has grown at a rapid pace due to
innovations in biotechnology, particularly in genetic
engineering. Nucleic acids, peptides, proteins and a
wide variety of secondary metabolites are exploited
for a tremendous number of applications, such as
drug design, diagnostics, chemical and biotech-
nological synthesis. Most of these molecules were
discovered in nature and their utilization for technica
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purposes often leads to non-optimal functions.
Evolutionary molecular engineering which was
proposed by Eigen and Gardiner more than a decade
ago [1], overcomes these drawbacks. Today there is
an increasing need in the life sciences to create new
functions, as well as to alter the functions of bio-
molecules such that they are more efficient and better
suited for particular purposes. These demands lead to
two technologies which have the potential to create
biomolecules with desired features, namely rational
design and evolutionary biotechnology. Rational
design assumes precise knowledge of quantitative
structure-function relationships for designing a
molecule. This approach must struggle with insuffi-
cient insights into the biophysics of such complex
systems which do not allow the precise prediction of
structures or structure-function relationships. It has
been shown to be successful for the case of minor
changes in biomolecules of known structures, as well
as in combination with evolutionary strategies in
small-molecule design based on peptides.

In contrast, evolutionary biotechnology creates
molecules with complex functions without any
knowledge of its structures. The prerequisites for the
successful implementation of evolutionary biotech-
nology are the amplification of genotypes by an in
vitro or in vivo reproduction mechanism, the varia-
tion of genotypes, either by replication errors or
synthetic randomization, and a selection strategy to
select phenotypes with the desired features from a
large pool of related phenotypes. Nucleic acids are
the only molecules that possess all the prerequisites
of a genotype, whereas phenotypes can be realized
by all biomolecules, such as nucleic acids, peptides,
proteins, enzymes, antibodies, as well as secondary
metabolites. Due to the great variety of applications
that have utilized the principles and methods of
evolutionary biotechnology, this article puts his focus
on only a few applications that demonstrate the basic
techniques and underlying general concepts for the
design of biomolecules from different substance
classes.

2. Implications of the theory

With the aim of basing Darwinian evolution on
solid physical principles, Manfred Eigen, together
with others, developed a theory of evolution at the
molecular level [2-4]. By analyzing the kinetics of
competing replicators, natural selection was found to
be a direct physical consequence of self-reproduction
under conditions far from thermodynamic equilib-
rium and not an a priori property of states of matter.
The theory was influenced by the increasing know-
ledge concerning nucleic acid structure and function,
and by the pioneering experiments of Spiegelman
and coworkers who made use of the Qf replicase
system for studying for the first time in vitro evolu-
tion [5-7]. The inherent auto-catalytic replication
mechanism of nucleic acids via template copying is a
particularly important prerequisite for evolution:
Every replicator unit replicates solely its own geno-
type, unless there are mistakes which result in closely
related replicator units. Thus, a model for popula-
tions of self-amplifying and competing nucleic acid
molecules was derived [2]. This theory, including the
concepts of the quasispecies and the hypercyclic
coupling has been described in detail and reviewed
several times [4,8-11]. Rather than delving into the
details, some of the major implications of the theory
for the technological utilization of evolutionary
principles are pointed out below.

First of all, the theory has indeed redefined the
view of the object of evolution. According to the
quasispecies concept, the target of selection is not a
single sequence, but rather a distribution of related
sequences occupying a region in sequence space. The
expansion of this so-called quasispecies is deter-
mined by the error rate of the self-replication mecha-
nism. Its appearance is defined by the underlying
fitness landscape: The population density at every
point in sequence space is determined by its fitness
value and by the densities of the neighboring posi-
tions. In contrast to earlier conceptions that mutants
appear completely spontaneously, a stable quasispe-
cies already includes a large spectrum of more and
less adapted individuals. Therefore, when selection
pressures alter, better adapted variants are likely to
be present already, and hence need not be created by
mutation. Thus, selection is by no means a random
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drift, but a shift of the quasispecies distribution
towards regions of higher fitness, guided by the
underlying fitness landscape. The rapidity of adapta-
tion depends largely on the mutation rate. Mathe-
matical analysis, however, demonstrated that beyond
a certain error threshold - which is inversely related
to the sequence length - the information content of
the quasispecies is lost [4,8,12]. Consequently, the
highest rate of evolutionary adaptation is found at an
error rate slightly below the error threshold. Another
important point refers to the relationship between
sequence space and function. Schuster and coworkers
have shown that (i) a particular function is coded by
several sequences distributed equally over the se-
quence space and (i1) within a relatively small radius
around a particular sequence all common functions
are coded [13,14]. These facts have been obtained by
modeling studies with short RNA sequences con-
cerning RNA based evolutionary optimization [15].
However, examples for relatively unrelated se-
quences realizing a function by the same structural
motif, such as the catalytic triad of chymotrypsin,
subtilisin [3] and similar structures of catalytic
antibodies [16] indicate that this may be a common
feature of biomolecules.

Evolution means the generation of information -
which refers to a set of functions - by self-
organization. Evolutionary biotechnology makes use
of this information-generating principle to create
biomolecules with desired functions. In order to set
up an experimental system for evolutionary biotech-
nology, first it must be decided which particular class
of molecules should be chosen. A second decision
concerns the question how the basic features of
molecular evolution - variation, amplification and
selection - are realized and linked together. There are
two extremes conceivable: A completely natural
selection system with selection linked to amplifica-
tion and variation introduced by erroneous copying,
and, in contrast, a completely artificial system, where
all these features are substituted by in vitro tech-
niques and where all steps are controlled separately.
For both extremes, and for almost all intermediate
stages, applications already exist. Manipulations of
the three basic features - (i) variation, (ii) amplifica-
tion, and (iii) selection - shall be discussed separately
in more detail.

Variation can be introduced either during ampli-
fication or independently. Since every copying
process occurs with limited accuracy, all amplifica-
tion techniques introduce mutations. If error-prone
amplification is achieved through cellular or viral
reproduction, it is called in vivo mutagenesis; if it is
based on nucleic acid in vitro amplification, it is
called random-point mutagenesis. In both cases the
level of variation can be enhanced artificially over
the background mutation rate through the use of
mutator strains, error-prone polymerases, base
analogs or base-modifying reagents [17,18].

Alternatively, mutations may be introduced inde-
pendently from the amplification step. The technique
to produce a synthetic random RNA library for
selection of functional RNA molecules was invented
by Biebricher and Orgel 25 years ago [19]. Today,
the technical possibilities of synthesizing completely
or partially randomized oligonucleotides make it
possible to achieve almost every level of variation. A
second advantage of this method refers to the par-
ticular target of variation. Depending on our know-
ledge of the genetic organization it is possible to
introduce mutations at specific sites of interest,
whereas amplification-coupled mutagenesis usually
introduces mutations that are randomly distributed
over the whole replicating unit. Target sites can be
distinct genes coded on a plasmid, or certain se-
quences within a gene as small as a particular set of
amino acid positions. The latter applications need
detailed information and they are usually called
random-cassette mutagenesis techniques [20-22].
Whereas the condition of error threshold usually
strictly limits the level of variation, the selective
manipulation of only part of a replicator allows much
higher levels of variation.

Methods for amplification are of great importance
in the case of peptides, proteins and several seconda-
ry metabolites. They do not fulfill the requirements
for inherent self-replication. Therefore, information
must be stored, varied and amplified by another
molecule, i.e. by RNA or DNA. In all these cases, a
tight linkage of any genotype to its particular pheno-
type must be realized by technical means.

Whereas nature achieves selection by coupling
fitness to amplification, evolutionary biotechnology
allows to uncouple these two processes. In principle,
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there are three different categories for introducing
selective pressure: (i) natural selection by coupling
fitness to amplification as nature does, (ii) selection
by physical separation, usually for the search of
binders, and (iii) selection by screening, i.e. spatially
separating a population, analysing individual clones
by using some detection device, and selecting those
that match the predefined condition.

Combinations of different variation, amplification
and selection strategies are possible, resulting in a
variety of different applications individually suited
for a particular class of biomolecule and a particular
desired function.

3. Biomolecules for evolutionary biotechnology

The suitability of different classes of biomole-
cules in evolutionary biotechnology depends largely
on the nature of desired functions. If the aim is to
find novel ligands which are specific binders, activa-
tors or inhibitors of a given target, promising candi-
dates are peptides, oligonucleotides, as well as
secondary metabolites. On the other hand, enzymes,
antibodies, as well as single-stranded oligonucleo-
tides can serve as molecules with novel catalytical
functions.

3.1 Oligonucleotides

Nucleic acids are unique among all known classes
of biopolymers due to their ability to act as both,
information carriers and functional molecules. Their
potential for folding into complex structures and their
intrinsic base-pairing properties enable them to carry
out certain functions as well as to store information
and to be copied by self-replication {23,24]. The
capability of replication allows cell-free evolutionary
systems to be designed; whereas the transformation
of cells usually reduces the number of molecules that
can be worked with, the completely in vitro tech-
niques increase the theoretical complexity of the
population by at least five orders of magnitude.
Although double-stranded molecules were also used
for in vitro selection procedures, only single-stranded
oligonucleotides have the potential for building
structures that are sufficiently complex, e.g. to bind

specifically to a given target. Furthermore, because
RNA is more chemically reactive, it is the more
versatile oligonucleotide in finding novel functions.

Oligonucleotide-based  evolutionary  biotech-
nology provides a tool useful for two separate tasks:
(1) finding a binding partner or a substrate for a given
target, and (ii) finding a catalyst for a given reaction
[25-28]. The techniques for both tasks are very
similar. As a starting point, completely randomized
RNA, as well as existing RNA motifs that are rando-
mized either at certain positions or all over the
molecule may be used. Even the combinatorial
assembly of known RNA motifs, combined with
partial randomization, may provide a good starting
point. Using a standard DNA oligonucleotide synthe-
sizer a library consisting of up to 10" molecules is
generated. By applying a certain mixture of the four
monomers at defined positions almost every kind of
variation may be introduced at this level. With the
aim of finding DNA binders or catalysts, the result-
ing single-stranded DNA molecules may be used
directly after amplification via PCR and subsequent
strand separation. For RNA studies, usually a T7-
promotor is introduced into one of the amplification
primer binding sites in order to produce single-
stranded RNA by transcription of one of the two
DNA strands. Details of the selection protocols
depend mainly on the intended feature and are given
in some examples below. In general, they enrich the
fraction of those molecules in the population that
show a higher fitness under applied conditions
compared to the average. Selected fractions are
amplified by any in vitro nucleic acid amplification
protocol  [29-32]. Additionally, variation by
mutagenic PCR or recombination may be introduced
at this level. The resulting populations, with en-
hanced fitness under the applied conditions, are used
as the starting point for additional rounds of selection
trying to approach the highest possible level of
fitness.

There are many more or less different protocols
for directed evolution of oligonucleotides described
in the literature, especially with respect to the intro-
duction of genetic variation. Most interest has been
concerned with the diversity of the starting library.
Compared with other biopolymers, oligonucleotide
libraries can reach enormous complexities: Chemical
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synthesis of DNA oligonucleotides leads to popula-
tion sizes up to 10". Nevertheless, only for a maxi-
mum of 25 completely randomized positions a
library of this size includes all possible variants.
However, the smallest known natural ribozyme, the
hammerhead ribozyme, requires a minimum of about
40 nucleotides in order to be functional [33]. To find
a single sequence in a library of random 40mers
would mean that one individual must be selected
from a pool of 10” sequences. Therefore, despite
their large complexity, oligonucleotide libraries
cover only a vanishing portion of this sequence
space. It is this inherent relation between the infor-
mation content (given by the number of monomers in
one molecule) and the complexity of the intended
function that provides the challenge facing all ap-
proaches to this problem. Therefore, it seems to be
impossible (or at least very unprobable) to find
oligonucleotides that fulfill complex functions - such
as specific and efficient catalysis - only by selecting
from a pool of the highest achievable complexity.
Several approaches exist for dealing with this limita-
tion; these include starting with a natural function
and changing it by evolutionary means, or rationally
dissecting the targeted function into parts and genera-
ting them separately via selection; both methods are
discussed in examples below.

3.1.1 Oligonucleotides as binders

Selecting oligonucleotides from a random pool
that bind to a given target was originally an extension
of techniques that were used to determine promotor
sites and other protein-recognizing sequences on
genomic DNA or RNA. The technique is now called
SELEX (Systematic Evolution of Ligands by EXpo-
nential enrichment) [34]; the selected oligonucleotide
molecules that are capable of cognate binding to a
target substance are usually called aptamers [35]. In
recent years, a large repertoire of these aptamers was
developed which bind specifically to small-molecule
targets, such as organic dyes, nucleotides and co-
factors, amino acids and derivatives, biotin, cyano-
cobalamin, theophyllin and antibiotics, as well as to
peptides, nucleic-acid-binding proteins, e.g. trans-
lation inhibitors, transcription termination factors,
ribosomal proteins, tRNA synthetases, retroviral
proteins, and other proteins as, for instance, prote-

ases, phospholipases, growth factors and antibodies.
Selection of aptamers to these targets has been
reviewed in detail [28,36-38]. Selection of binders
can be achieved by any method that enables the
separation of specific binders from non-binding and
unspecifically binding molecules. For this purpose,
well-known separating techniques, such as band-shift
assays, filter-binding methods or affinity chromato-
graphy, have been used [39]. In every case where the
target molecule is immobilized on a solid support,
specific elution steps with a soluble target and addi-
tional counterselection steps with unmodified resin
have been proposed in order to omit unspecific
binders [36,40].

Small molecules were one of the first targets for
in vitro selection of aptamers. Szostak and coworkers
reported several basic studies with the goal of se-
lecting binders to organic dyes, nucleotides, and
several other small biomolecules [35,41-44]. In an
interesting comparison they selected for RNA as well
as for DNA aptamers binding to ATP. In the case of
RNA, the completely randomized region had a length
of 120 bases, in the case of DNA of 72 bases, each
flanked by constant primer binding sites. The initial
complexities of the library (around 10") and the
number of selection rounds (six and eight for RNA
and DNA respectively) were comparable. The
resulting aptamers showed no sequence homologies
and they folded into completely different secondary
and tertiary structures: the RNA aptamer formed a
stem-bulge-stem structure, whereas the DNA apta-
mer was composed of two stacked G-quartets. As
shown already for dye-binding aptamers, the DNA
version of the RNA aptamer was nonfunctional, and
vice versa. Despite these differences the dissociation
constants of both aptamers (1-10 pM) and the sizes
of minimal functional structures (32 and 25 nt) were
similar. Therefore, the potential for RNA and DNA
to form complex, ligand-binding structures does not
seem to differ much, although the ways of achieving
the functional role differ considerably. Furthermore,
the information content required to build a certain
function, as measured by the minimal length, also
seems to be similar for DNA and RNA. Accordingly,
the additional 2’-OH group in each monomer of an
RNA strand seems neither to improve nor to impair
the polymer’s general functional potential.
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Gold and coworkers have focused their SELEX
studies to more complex targets, such as poly-
merases, transcription factors and viral proteins [36].
For instance, HIV-1 reverse transcriptase was used to
find specific inhibitors of cDNA synthesis [45-47].
IN SEveral approaches RNA as well as DNA apta-
mers were obtained that bound HIV-1 RT with high
affinity (K, of 1 nM) and inhibited cDNA synthesis
specifically as tested by cross-reactivity assays with
reverse transcriptases. These oligonucleotides, as
well as others that are targeted to different viral
proteins, may be useful directly as therapeutics or as
lead structures for the design of small-molecule
drugs.

Among the proteins that do not carry a natural
recognition site for nucleic acids, the first and proba-
bly the most intensively studied target was the serine
protease thrombin. Bock and coworkers reported the
selection of a single-stranded DNA aptamer that
binds to thrombin [48]. A library of 10” ssDNA
molecules comprising a thoroughly randomized 60 nt
region was used to select for thrombin binding
aptamers. Clones isolated after five SELEX cycles,
including counterselection, exhibited a 15 nt consen-
sus sequence that was shown to be responsible for
thrombin binding and to block specifically fibrinogen
cleavage in vitro. NMR and X-ray crystallography
studies revealed a novel structural motif of the
thrombin DNA aptamer, consisting of a G-quartet,
and provided detailed information of the binding site
[49]. An RNA thrombin aptamer with anticoagulat-
ing activity was described by Kubik and coworkers
[50]; it shares no homology with the DNA aptamer,
neither the sequence nor the structure. This result
agrees with the DNA/RNA differences in small-
molecule aptamers as discussed above.

3.1.2 Oligonucleotides as catalysts

Since the discovery of self-splicing introns
[51,52] there has been a substantial interest in finding
new or altered catalytic activities of RNA molecules.
Inspired by the hypothesis of an RNA-world [53]
prior to the present protein-based world much effort
has been expending on finding catalytic RNAs
(termed ribozymes) working as kinases, ligases,
polymerases, isomerases, etc. In general, two sepa-
rate approaches can be distinguished: (i) the altera-

tion of existing ribozymes, and (ii) the selection of
RNA molecules with catalytic activities from com-
pletely random pools.

Existing ribozymes can be used and modified
with respect to their tolerance for environmental
conditions, as well as to their substrate specificity.
One of the most successful keys for selecting for
catalytical activity is to allow the ribozyme to change
its structure by tagging itself in a way that can be
used to apply selective pressure. For example, Joyce
and coworkers used the well-known Tetrahymena
ribozyme, altered its substrate specificity from RNA
to DNA, thereby inventing a ribozyme able to cleave
ssDNA site-specifically [54]. They used the reverse
exon-ligation step of the self-splicing mechanism
resulting in an additional tag at the 3’ end of the
ribozyme that was then used as a primer binding site
for subsequent PCR amplification steps. Therefore,
the desired feature (substrate cleavage) was linked
directly to amplification, allowing several cycles of
selection to be performed with no need for physically
separating or screening for fitter variants. In later
studies, Joyce and his group have selected DNA-
cleaving ribozymes with 10°-fold better activity by
applying successively stronger selection pressures
[55,56]. Although linking fitness directly to amplifi-
cation is the most powerful method of selection [2],
this linkage is very hard to find and until now has
been limited only to special applications.

Alternatively, different groups have tried to find
ribozymes de novo from a library of random RNAs.
In contrast to the selection of simple binders, the
functional complexity for catalyzing specifically a
distinct reaction is rather high. The probability for
finding such a catalyst directly in a pool with an
average size of 10" molecules is accordingly low.
Therefore, Szostak and coworkers have proposed a
step-wise strategy to evolve a ribozyme able to act as
a kinase [57]. The catalyst’s functions were dissected
into several parts and selected sequentially for these
simpler features. Because one indispensable feature
of polynucleotide kinases is to recognize specifically
ATP as one of the substrates, they divided the selec-
tion procedure into two main parts: (i) selection for
ATP binding, and (ii) selection for kinase activity. A
minimal RNA aptamer with a length of 40 nt, which
binds to ATP with a K, of 0.7 uM, was designed
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using the consensus sequence obtained after six
SELEX rounds [58]. This 40 nt sequence was used as
the core structure in the initial library for the second
selection [59]. Partial mutagenesis of the core struc-
ture, together with completely randomized sur-
rounding regions, led to a new pool of RNAs with a
strong bias for ATP-binding capability. Selection
was achieved by self-phosphorylation of the ri-
bozyme with a modified ATP that allowed the
separation of tagged from untagged molecules via
covalent binding to a solid support. During the
subsequent cycles of selection and amplification,
mutagenic PCR was used to introduce further varia-
tion, and selective pressure was successively in-
creased (by shortening the incubation time and
decreasing the substrate concentration). The experi-
ment resulted in several classes of novel kinase
ribozymes with k_ ranging between 0.03 and
0.37 min" and K_ values for the oligonucleotide
substrate between 41 and 456 uM [59]. At least one
of the selected ribozymes was able to catalyze the
intermolecular reaction as well, thereby acting as a
true catalyst.

The principle of creating catalytic antibodies by
using transition-state analogs (TSAs) as immunogens
[60,61] has also been applied to random RNA li-
braries. Schultz and coworkers [62] have found a
ribozyme with isomerase activity by using the
corresponding TSA as a target. The isolated ribo-
zyme accelerated the isomerisation reaction by about
two orders of magnitude. In contrast to this, Gold and
coworkers [63] found RNA aptamers binding to a
Diels-Alder TSA with affinities in the submillimolar
range, but failed to create a ribozyme catalyzing the
corresponding Diels-Alder reaction. There is no
doubt that RNA molecules have catalytic activities;
but it remains to be shown, whether the transition-
state methodology is generally applicable for the de
novo creation of ribozymes.

3.2 Peptides

Peptides are short oligomers of amino acids, that
are distinguished from proteins by their lack of
higher order structures. In contrast to oligonucleo-
tides with four monomers, peptides are usually
synthesized from a set of 20 different amino acids.

The greater number of building blocks, together with
the wider range of physicochemical properties of
amino acids compared to nucleotides, allows a much
greater chemical diversity for the same molecule
length. This diversity corresponds to the great num-
ber of biologically active peptides that have been
discovered, acting as hormones, cytokines, inhibitors,
antibiotics, etc. Therefore, it is quite reasonable to
use peptides as the chemical basis in the search for
novel drugs with various targets. Identified peptides
with biological activities may act directly as pharma-
ceuticals or as lead structures for the rational design
of synthetic compounds. Not surprisingly, drug
development on the basis of peptides has grown
tremendously during the last decade [64], including
rational design, as well as the application of evolu-
tionary biotechnology.

Randomized pools of peptide molecules are usu-
ally called combinatorial peptide libraries and then
constitute just a special case of combinatorial chemi-
cal libraries. Several recent reviews describe princi-
ples and applications of combinatorial synthesis of
peptides as well as of a variety of other polymers in
detail [64,65]. This article focuses only on biological
expression systems for peptides which inherently
include amplification and mutation possibilities.
Nevertheless, there are certainly several analogies
between chemical and biological peptide libraries,
and evolutionary strategies for optimization can be
applied to both.

Up to now, there is no known biological peptide
amplification system, that works without the instruc-
tion of nucleic acids. This limitation may be over-
come someday because there are reports of self-
replicating peptides [66]. However, at present, a
nucleic acid expression system is required and the
expressed peptide must be coupled to the coding
nucleic acid in order to link function to information.
Expression of peptides can be achieved in vivo by
employing cells and phages, or in vitro with cell-free
translation systems; both methods allow different
coupling strategies:

A physical linkage between a peptide (or a pro-
tein; see section 3.3) and the coding nucleic acid
sequence is usually obtained during expression by
fusing it to a host protein. Such expression systems
are called display systems. Phage display systems
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that use fusions to coat proteins of filamentous
phages are now the most popular display systems
[67-69]. Phage particles displaying different peptides
on their surfaces can easily be separated by their
affinity to a given target, a technique termed bio-
panning. Since the DNA coding for the peptide is
contained in the phage particle, the corresponding
information is accessible. The selected phages can be
applied directly to further rounds of amplification
and selection. This technique was invented by Smith
[70] and since then it has been applied to peptides,
protein fragments, and proteins. A variety of phage
vectors based on filamentous phages, as well as on
other phages, have been described for different
purposes. Particularly, the expression of antibody
fragments gave rise to a novel antibody production
method without the need for immunization [71,72]
(see also section 3.4).

Bacterial display systems use proteins on the sur-
face of cells as fusion partners, such as receptors,
pili, or engineered translocation systems, e.g. the IgA
protease [73-75]. Applications have been reviewed in
detail [76-78)]. Selection can be achieved by affinity
separation as is done with phage display systems; in
addition, techniques, such as fluorescence-activated
cell sorting (FACS), may be employed to detect and
isolate cells that express the desired peptide.

Cull and coworkers used an intracellular ap-
proach which they called peptide-on-plasmids. In this
method a peptide is fused to a DNA-binding protein
in order to link it to the coding gene [79]. A similar
effect can be achieved through the use of cell-free
translation systems and the display of nascent pep-
tides on polysome complexes [80].

A biological linkage between a phenotype and a
genotype is realized by any correlation between the
expressed peptide and the amplification of the
corresponding gene. For instance, yeast-based
transactivation systems with growth coupling have
been engineered, where only those cells which are
stimulated through activation of their native G-
protein coupled receptor can grow. The receptor-
activating peptide agonist can be secreted either by
the same cell (autocrine system) [81,82], or by
another cell (endocrine system) [83]). With such a
strong growth coupling, peptide agonists can easily
be selected from large libraries. Furthermore, selec-

tion through receptor activation goes beyond simple
methods for selecting binders, providing a method
for directly detecting molecules with biological
activities. A second approach with a biological
linkage uses the phage display principle for coupling
peptide function to amplification [84-86]. Instead of
selecting binders by affinity separation on a solid
support, the expression of a cognate binding partner
allows the restoration of the phage infection protein,
leading to the restored infectivity of otherwise non-
infectious phage particles. Since in both approaches,
the yeast and the phage system, selection is linked to
amplification, no physical separation is required.
Therefore, large populations may be screened, and
the integration into a closed system based on natural
selection in the Darwinian sense becomes possible.
Applications of peptide displays have recently
been reviewed for bacterial [78] and for phage
display systems [68,87]. Peptide libraries are mostly
used to identify antibody epitopes, but the possible
range of target molecules is much larger. One of the
most intensively studied targets is streptavidin.
Devlin and coworkers [88] were the first to publish
peptide sequences with an affinity for streptavidin.
The sequences were selected from a library of 15
random residues, and beared the consensus motif
HPQ (Histidine-Proline-Glutamine). This study was
followed by others resulting in the same motif and a
bias for an odd number of cystein residues in the
displayed peptide [89]. This led to the development
of conformationally constrained peptide libraries
with varying numbers of random positions flanked
by two cystein residues. The disulfide bridge formed
between the two cysteins seems to lead to a more
rigid structure of the peptide, resulting in binding
affinities at least two orders of magnitude higher than
the linear peptides [90]. The crystal structure of
cyclic peptides containing the HPQ motif binding to
streptavidin have recently been determined [91].

3.3 Enzymes and other proteins

Due to their catalytical and regulatory functions,
proteins are one of the most interesting targets for
optimization by evolutionary biotechnology. Here,
strategies only for the creation of novel or altered
enzymes are discussed, but most of the techniques
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are transferable to the design of other proteins as
well. All mutagenesis techniques described below
have already been applied to improve other proteins,
such as the antifreeze protein or the green fluores-
cence protein (GFP) [92-94].

Enzymes are nature’s choice for the execution of
almost every biological function. They are polypep-
tide chains, typically with hundreds of amino acids,
and exhibit a multitude of catalytic functions, such as
oxydoreductases, transferases, hydrolases, lyases,
isomerases and synthetases. Enzymes are very
efficient catalysts (enhancing reactions by factors of
10° to 10") with catalytic specificity and highly
sensitive regulation mechanisms. These unique
properties allow controlled and simultaneous proc-
essing of hundreds of different reactions within
living cells. The ability of enzymes to work under
mild reaction conditions and to catalyze very com-
plex chemical reactions with stereospecificity and
without undesired by-products makes them ideal
tools for a variety of medical and technical applica-
tions. Unfortunately, the use of natural enzymes
under conditions useful for biotechnological applica-
tions or with unnatural substrates often leads to a
dramatic reduction of catalytic efficiency or no
activity at all. To overcome these limitations there
are basically two approaches: (i) rational design and
(i1) application of evolutionary strategies for the
creation of enzymes with desired properties.

Rational design requires extensive knowledge of
the structure and the function of the enzyme as well
as detailed information about the catalytic mecha-
nism. If such data are available, directed modifica-
tions by exchanging one or a few amino acids at
specific positions may result in an enzyme with
desired properties. A recent successful example was
the conversion of papain into a peptide nitrile hy-
dratase by the exchange of a single amino acid
residue [95]. Rational design is a highly sophisticated
and time-consuming process providing a great
challenge for structure prediction by protein crystal-
lography, construction of transition-state analogs and
other tools of molecular structural biology. Progress
in this discipline will certainly make more and more
classes of enzymes accessible to rational design, such
as proteases and their inhibitors [96].

Evolutionary strategies do not require structural
information. Even in cases without knowledge of the
structure and the reaction mechanism of an enzyme,
evolutionary biotechnology can create molecules
with desired properties by means of directed mole-
cular evolution. Prerequisites are suitable systems for
carrying out mutation, reproduction and amplifica-
tion, as well as selection (screening) on the molecular
level. Theoretically, in vitro as well as in vivo strate-
gies can be designed for these purposes. The expres-
sion of polypeptides by in vitro translation is limited.
In vivo expression systems have been commonly
used on bacteriophages [97], as well as on procary-
otic and eucaryotic organisms (see section 3.2).

3.3.1 Invivo mutagenesis

All techniques based on in vivo mutagenesis nec-
essarily require coupling between enzyme function
and cell growth [98,99]. Examples for directed
evolution in vivo are the modification of the acid
phosphatase pH optimum in Saccharomyces cere-
visiae [100] and the spontaneous single-point muta-
tions in the evolved B-galactosidase A (ebgA gene)
of E. coli K12 (lacZ deletion mutant) to permit
growth by metabolized lactose [101-103]. Many
directed evolution strategies were reported, for
example, the utilization of cellobiose in E. coli K12
[104,105] and a second xylitol catabolic pathway in
Klebsiella pneumoniae [106] by activation of a
cryptic gene [107] in order to obtain new catalytic
activities under selective pressure. Recently, a mutant
of Rhodobacter sphaeroides Si4 was selected by
continuous cultivation under selective pressure
utilizing galactitol [108]. The galactitol dehydroge-
nase that evolved has not been identified in the wild-
type strain and it is believed to result from an activa-
tion of the cryptic gene. Although ir vivo selection
shows the potential for discovering new activities, it
is inherently limited to only a few functions, such as
metabolic activities or resistance. In addition, the
rather low mutation rates when compared to in vitro
systems leads to only very slow variation. Accelera-
tion may be achieved, for example by using a muta-
tor strain. For instance thermostable kanamycin
nucleotidyltransferases have been created by several
rounds of passaging a shuttle plasmid from an E. coli
mutator strain to a Bacillus stearothermophilus
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strain, which can grow at 63°C [109]. However,
every in vivo mutagenesis technique which requires
the whole genome is limited to rather moderate
mutation rates by the error threshold condition.

3.3.2 Applying in vitro mutagenesis

In order to overcome the limitations of in vivo
mutation it is replaced by in vitro mutation. The
selective manipulation of only one gene or a se-
quence of interest is not restricted to the in vivo
mutation rate. If oligonucleotides are used, the error
rate corresponds to that of total randomization
because the oligonucleotides can be synthetically
produced. If gene fragments or genes were used, the
randomization depends on the error rate introduced
by mutagenic PCR or chemical mutagenesis. Basi-
cally, there exist three different strategies for in vitro
mutagenesis which were discussed by means of
recent examples:

(i) Random-cassette mutagenesis

Alteration in substrate specificity of an enzyme
can be achieved by the introduction of a synthetic
randomized oligonucleotide cassette into the active
site of a structural gene or by its replacement. The
first examples were reported by Dube and Loeb on
the PB-lactamase gene; they replaced five base pairs
near the active site of serine-70 by random oligo-
nucleotides. This led to approximately 10° different
amino acid substitutions in Phe XXXSer, XXLys.,
of the PB-lactamase enzyme. By transforming an E.
coli population with plasmids containing the random
inserts, several active-site mutants were isolated by
screening, rendering E. coli that were resistant to
carbenicillin and a series of related analogs [110].
Oliphant and Struhl reported the insertion of a semi-
randomized (doped) cassette with 80 % of wild-type
nucleotides and a mixture of the three (mutagenesis
rate 20 % per base pair) which code a 17 amino acid
portion in the active site of the B-lactamase gene.
From a collection of approximately 10° altered B-
lactamases with amino acid substitutions from Arg,,
to Cys,,, 2000 colonies of E. coli were able to confer
ampicillin resistance. Several isolated clones were
examined in detail; clones with altered specificity
against different antibiotics were found, and specific

suicide inhibitors, as well as different temperature-
dependent activities, were obtained [111].

The potential of random-cassette mutagenesis
was impressively demonstrated by Loeb and co-
workers who recently reported several developments,
such as the creation of drug-specific Herpes simplex
virus type 1 thymidine kinase mutants [112-119],
novel human DNA alkyltransferases [120], func-
tional mutants of human immunodeficiency virus
type 1 reverse transcriptase (HIV-1 RT) [121] and
functional mutants of Thermus aquaticus (Taq) DNA
polymerase I [122]. Furthermore, a novel polymerase
screening system was introduced by functional
polymerase activity complementation in E. coli strain
recA718 polA12. This strain contains a temperature-
sensitive DNA polymerase I that is unable to repli-
cate its genome at 37°C in rich media at low density
[123-126]. Functional complementation by transfor-
mation with a variety of different polymerase genes,
such as DNA polymerase 3 [124], HIV-1 reverse
transcriptase [123] and Taq DNA polymerase I
[122], demonstrated that this system is a suitable tool
for polymerase manipulations based on evolutionary
biotechnological principles. Recently, these results
have been summarized [127-129]. They demonstrate
the potential of random-cassette mutagenesis, and it
should be noted that this method can also be applied
to other classes of substances, for example to ribo-
zymes [22].

(ii) Random-point mutagenesis

Whenever knowledge is lacking concerning an
active site or other coding regions, random-point
mutagenesis can be applied. Random-point mutations
are introduced a gene of interest by mutagenic PCR
or chemical modifications. The library found thereby
can be transformed into cells, yielding in a popula-
tion of clones that express individual variations of an
enzyme. Selection can be carried out either by
coupling to growth or by screening. Several sequen-
tial rounds of in vitro mutagenesis, amplification of
transformed clones, and selection will lead to an
enzyme with desired features.

Among the first enzymes subjected to random-
point mutagenesis were subtilisin and related pep-
tidases. Selection was applied in order to obtain
higher catalytic activity [130], tolerance to organic
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solvents [131-134] and extreme pH [135], as well as
thermostability [136]. In the presence of organic
solvents subtilisin can catalyze acylations regioselec-
tively [137,138] and stereoselectively [139]. Subtil-
isin also catalyzes peptide synthesis in organic
solvents [140]. There is an increasing need to obtain
such enzymes with high catalytic activity in organic
solvents for synthetic applications [141). Arnold and
her group has made rapid progress in developing an
evolved subtilisin adapted to high concentrations of
dimethylformamide (DMF) [131-133,142]. Random-
point mutations were introduced into the subtlilisin
gene via mutagenic PCR, and Bacillus subtilis was
transformed by means of the randomized subtilisin
library. A large number of different clones was
isolated and individually selected by screening for
enhanced activity in the presence of organic solvents.
Clones showing higher proteolytic activity were
tested in detail and transferred to the next evolution
round. After several rounds, Arnold and coworkers
{131,142] achieved an adapted subtilisin which
exhibited in the presence of 60 % DMF a catalytic
efficiency (k. /K ) 471-fold higher than the wild-type
subtilisin, whereas the stability was not affected
(mean life-time, T, around 460 h, both in adapted
and in wild-type subtilisin).

Recently, by applying the same technique, Moore
and Arnold [143] reported randomization and rapid
screening of an esterase for deprotection of an
antibiotic p-nitrobenzyl ester in aqueous-organic
solvents. The use of a chromogenic substrate analog
to mimic the original substrate of the desired reaction
allows fast and efficient screening for the desired
features. Applying this assay, mutants with higher
resistance to the organic solvent can be prescreened,
selected and finally tested with the desired substrate.
After four generations with population numbers of
around 10° to 10° per round, an enzyme that was 24
times more efficient than the wild-type was evolved.
The recombination of different forward mutations of
the fourth generation by cleaving the different genes
at specific restriction sites, shuffling the fragments
and ligating them again, resulted in a further en-
hancement of catalytic activity by a factor of 50 - 60
(compared to the wild-type) [143]. Both examples,
subtilisin and esterase optimization demonstrated the

requirement for sensitive detection of enzyme activi-
ties and for well-designed screening strategies.

(iii) DNA shuffling

DNA shuffling or sexual PCR refers to the in
vitro homologous recombination of a pool of genes
with different mutations. Even when the mutation
frequency within amplified genes is only slightly,
homologous in vitro recombination allows combina-
torial accumulation of mutations.

DNA shuffling was first applied by Stemmer
[144,145]. The method involves the digestion of
mutagenic copies of a gene with DNase I, resulting in
a pool of DNA fragments with different sizes. These
fragments can be reassembled into full-length genes
by repeated cycles of annealing in the presence of
DNA polymerase. The fragments prime each other
based on their complementarity; recombination
occurs when two fragments from different copies
prime each other. The results are combinations of
mutations from different copies.

The first approach was carried out with E. coli
that contains a plasmid with a gene that encodes j-
lactamase. Amplification via PCR with a point
mutation rate of 0.7 % leads to a pool of different
genes, each containing few mutations. Genes were
digested and reassembled into full-length genes using
a process similar to PCR. After transformation,
several hundred colonies from the highest level of
antibiotic exposition (cefotaxime) were chosen for
the next round. After three rounds, increasing the
exposition of the concentration of the antibiotic,
some colonies achieved an antibiotic resistance
16,000 times higher than the wild-type. A f-
lactamase gene of a selected colony exhibits nine
base substitutions, including four silent mutations.
Finally, an enhancement of antibiotic resistance up to
32,000 times higher than the wild-type resistance was
achieved through removing all non-essential muta-
tions by backcrossing, i. e. shuffling the evolved [3-
lactamase gene with 40-fold excess of the wild-type
B-lactamase gene for two rounds [144,145).

3.4 Catalytic antibodies

Antibody catalysis provides a novel tool to mimic
enzyme catalysis and exhibits the potential to create
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de novo catalytic activity. Early ideas that enzymes
lower the activation barrier of a reaction by stabiliz-
ing the transition states were suggested by Pauling
[146]. These ideas led to the theoretical consideration
concerning the possibility to design new enzymes by
creating transition-state binders by Jencks [147].
Because the transition-state conformation of a reac-
tion is too instable to be used as an effective vaccine,
Lerner and his group used chemical analogs of this
state to make antibodies [60]. The creation of cata-
lytic antibodies for a given reaction requires the
correct anticipation of the reaction mechanism and
the chemical synthesis of a stable analog of the
predicted transition conformation. Lerner and co-
workers immunized animals with a transition-state
analog (TSA) and produced monoclonal antibodies
using the hybridoma technology. After a first
screening for transition-state analog binding, positive
antibodies were tested for the desired catalytic
activity. There are several examples of successful
catalytic antibody development, such as the hydroly-
sis of esters [60], stereospecific cyclization [148],
hydrolysis of amide bonds [149] or stereoselective
lipase activity [150]. A variety of different catalytic
activities have been reported in reviews [151,152].

The time-consuming process of in vivo immuni-
zation for producing antibodies can be replaced by
the in vitro generation of combinatorial antibody
libraries. Expression systems for F,, fragments, such
as bacteria [153,154] and phages [71,155,156] have
been reported (see also section 3.2). Naive combina-
torial antibody libraries from non-immunized ani-
mals, as well as from preselected libraries from TSA
immunized animals, were used. Further optimization
of TSA antibody binding were carried out by evo-
lutionary biotechnology or affinity maturation. After
an in vitro selection of antibody libraries for pre-
determined binding specificity, an increased affinity
of the selected antibody binding site can be achieved
by random mutagenesis [157]. This affinity matura-
tion utilizes the same concepts as those for evolving
enhanced peptide binders (see section 3.2). Basic
strategies for engineering catalytic antibodies have
been discussed and reviewed in detail [158-161].

It should be emphasized that the use of TSA as
targets for protein binding has the potential to create
catalytic activity de novo. Limitations are set by the

requirement for knowledge of the mechanism of the
catalyzed chemical reaction and the need for a
chemical synthesis of a stable TSA. Nevertheless,
combining this method with evolutionary biotech-
nology using naive combinatorial immunoglobulin
libraries derived from bacteria or phages, makes in
vitro optimization of catalytic antibodies possible.
Furthermore, principles for enhancing catalytic
activities, such as those described in this section, will
be suitable tools for further optimization.

3.5 Secondary metabolites

Primary metabolites of living organisms, such as
carbohydrates, lipids, nucleic acids and proteins are
ubiquitous and essential. In contrast, secondary
metabolites are non-essential substances for growth
and can be produced by a living cell during a defined
growth phase or by certain specialized cells of higher
organisms. Secondary metabolites are structurally
very heterogeneous and can be classified by its
anabolic or amphibolic synthesis, such as polyace-
tylenes, polyketides, isoprenoids, phenylpropane
derivates, alkaloids, glycosides and cyclic oligopep-
tides. Functions of secondary metabolites cover a
wide range including antibiotics, vitamins, carotines,
exotoxines, and many others.

The pharmaceutical impact of secondary metabo-
lites is enormous. Isolated secondary metabolites or
mixtures of them, obtained from a multitude of
organisms, for example plants, animals or micro-
organisms have been screened for drug discovery for
more than 50 years. Screening programs for dis-
covering pharmacologically active compounds for a
large number of human targets are being carried out
in high throughput screening systems. Setting up a
library with natural compounds is a highly time-
consuming and very costly process. It requires the
collection of soil samples from all over the world,
subsequent isolation of naturally occurring micro-
organisms, cultivating them under a variety of
defined conditions, separation of different substances
from the cultivation broth, and finally the application
of a pharmaceutical test system. Genetic engineering
techniques applied to manipulate molecular diversity
of secondary metabolites provide an alternative.
Different principles for molecular diversity by
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genetically engineered microorganisms have been
described [162].

Molecular diversity can be achieved when an en-
zyme of a secondary metabolite pathway changes or
looses its substrate specificity and becomes able to
catalyze the formation of different products within a
given structural class. This can be done in several
ways: mutagenesis strategies can be applied to a
structural gene involved in a specific pathway, where
each clone contains an individual randomized en-
zyme with altered function (see section 3.3); or an
enzyme can be created which looses its substrate
specificity so that a single organism can produce a
broad spectrum of different products in a specific
structural family, such as the formation of radical
intermediates leading to a large number of different
products formed from one substrate. This has been
reported for Isopenicillium N synthase [163,164].

Molecular diversity will also arise if different en-
zymes act on a class of substances that are already
synthezised by a cell, or if enzymes modify precur-
sors in a biosynthetic pathway. Therefore, enzyme
expression from an inserted heterologous structural
gene that can alter the spectrum of secondary me-
tabolites is necessary. This strategy has been reported
for heterologous structural genes introduced in
different Streptomyces species [165,166] and has
been extended, for example to cytochrome P,
hydroxylases [167], O-methyltransferases [168-171]
and terpene cyclases [172,173]. The molecular
diversity achieved in this manner depends strongly
on the number of different enzymes and their sub-
strate specificities. If the genes that are introduced
can fulfill the requirements of biotransformation, or
have a rather broad substrate specificity within the
desired substance class, a large diversity can be
created. For instance, the molecular diversity from
starting with one substrate is given by 2", where the
base 2 stands for the fact that one enzyme can be
introduced or not, and m is the number of different
enzymes with a substrate specificity to the modifying
substrate class.

Alternatively, molecular diversity can be
achieved by shuffling different biosynthetic path-
ways which start by using the same substrate. This
principle, which was called combinatorial biosynthe-
sis by Khosla [174], includes the recombination of

naturally occurring and related biosynthetic pathways
by shuffling involved genes or gene modules from
different species in the order corresponding to the
catabolic pathway. Molecular diversity arises ac-
cording to the number of different genes or modules
(R) that are involved in each biosynthetic pathway
and the quality of the different allelic forms (n). The
theoretical value of molecular diversity is R". By
linearly increasing n (e. g., finding a novel related
biosynthetic pathway), the molecular diversity will
grow exponentially. Homology searches in genes for
secondary metabolism from different species by
DNA hybridization and sequence analysis may
facilitate the discovery of related biosynthetic path-
ways.

The first approach to combinatorial biosynthesis
was reported by Khosla and coworkers in order to
achieve molecular diversity from polyketides. Inten-
sive research was required before an experimental
set-up could be realized. First, identification, mo-
lecular cloning and characterization of genes or gene
clusters were necessary. This pioneering research on
the microbial genetics of the polyketide synthesis
was done by Hopwood and colleagues [175-178].
Further progress was achieved in manipulating genes
for polyketide synthase [179].

An early manipulation of the aromatic polyketide
biosynthetic pathway through introducing a related
enzyme was successfully carried out by Hopwood
[180]. For the creation of large-scale, so-called in
vivo libraries, where each clone encodes a novel
biosynthetic combination of a possible polyketide, a
novel host-vector strategy in Streptomyces coelicolor
was introduced [181]. This technique can be used to
express gene clusters for entire polyketide pathways.
In addition to high-frequency mutagenesis technolo-
gies [181-183] these system are able to create in vivo
libraries based on the idea of combinatorial biosyn-
thesis for aromatic polyketides. Recently, an in vivo
library of aromatic polyketide derived from five
naturally occurring shuffled gene clusters was
reported, and progress has been made in the de-
velopment of combinatorial biosynthesis of macro-
cyclic polyketides [174].

The introduction of combinatorial biosynthesis in
evolutionary biotechnology is very promising.
Secondary metabolites play an important role in drug
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discovery and development. It has been hardly
discussed, and is still under investigation, whether
the principle of combinatorial biosynthesis can be
applied to other secondary metabolic pathways, too.
Aminoglycoside, oligopeptide antibiotics and ter-
penes may serve as sources for further combinatorial
biosyntheses. With increasing molecular diversity of
secondary metabolites derived from combinatorial
biosyntheses, evolutionary strategies for screening
and optimizing very large numbers of different
targets will become feasible.

4. Technological implementation

Evolutionary strategies for creating molecules
with desired features may require elaborate technical
equipment. For biotechnological applications, where
active molecules for a variety of similar purposes are
searched for, it is necessary to achieve a higher
degree of automatization. Different concepts can be
pursued with the help of automated, computer-
controlled devices [1,11].

Technical requirements for the integration of
evolutionary strategies depend on the particular
principles that are applied, for example on the kind
of selection method that is used (amplification-
coupled selection, physical separation or screening)
or on the control of the amplification conditions
(continuous systems or serial transfer). These differ-
ences allow to classify the technical design of de-
vices depending on basic concepts and purposes for
evolutionary  biotechnology. Highly automated
machines have been described, designed and con-
structed for almost every concept.

4.1 The flow reactor concept

The flow reactor concept is a continuous cultiva-
tion method which allows to apply in principle every
selection strategy, either in vitro or in vivo. The
underlying concept is to retain constant growth
conditions by a continuous flow of specific sub-
stances through a reactor. In the steady state, the
amplification rate of a replicating system in the
reactor is adjusted to the dilution rate. Selection can
be applied in several ways: (i) amplification-coupled

or natural selection favors the variants with higher
amplification rates, (ii) physical separation selects
those variants which have a higher retention time in
the reactor, or (iii) screening by a feedback loop will
accumulate variants with desired proporties in the
reactor.

A flow reactor system, termed cellstat, has been
developed for the continuous propagation of phages
[184-186]. In a small reactor, phages grow under
controlled conditions with a continuous flow of fresh
host cells that allows them to reproduce by infection.
Various selection pressures can be applied and
controlled by changing the environmental conditions.
Furthermore, exploiting the phage display principle,
such a device can be used to select for high-affinity
binding of peptides or proteins that are fused to the
phage particle. Selection experiments using the
cellstat system have shown, that even mutants with
slightly higher over-all amplification rates supersede
the original population [187]. In addition, selection
by physical separation can be introduced into this
system, for example by an external affinity enrich-
ment device. With its potential for continuous selec-
tion from large phage populations, the cellstat and
further developments based on the cellstat tech-
nology provide a powerful means for evolutionary
biotechnology.

4.2 Plug amplification reactor concept

The plug amplification or capillary reactor con-
cept is another method to achieve continuous culti-
vation. This is accomplished by a traveling amplifi-
cation front in a tube or capillary; ideally, the front
moves in the form of a plug towards fresh substrate.
In contrast to the flow reactor, where the solution is
homogeneously mixed and the conditions are held
constant by dilution, conditions in a plug amplifica-
tion reactor are only constant in a plane perpendicu-
lar to the tube length. The velocity of the wave and
the particular concentrations at the traveling front are
a function of the rate of amplification. This type of
reactor selects inherently for rapid amplification.
Examples for the realization of a plug amplification
reactor and evolution studies using the QP replicase
in an in vitro amplification system have been de-
scribed [188,189].
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4.3 The serial transfer concept

The serial transfer concept is a quasi-continuous
cultivation method for in vitro as well as in vivo
applications. Again, all selection strategies can be
applied, such as amplification-coupled selection,
physical separation and screening. Often, several
reactors - usually with very small dimensions - are
used for serial batch amplifications. Before the
termination of the exponential growth phase, a
fraction of the solution is transferred from one
reactor to a next reactor that contains fresh sub-
strates. Quasi-continuous conditions are realized by
keeping the population in the exponential growth
phase. An automated machine has been developed
for in vitro methods, e. g. the QP replicase system
and other isothermal amplification systems
[190,191]. This device allows the fully automated
on-line monitoring of the nucleic acid concentration
and the concentration-triggered transfer to the next
reaction vessel.

4.4 The multi-channel serial transfer concept

All concepts discussed above are systems where
usually one variant is selected out of a mixed pool
due to its higher fitness. Only a parallel experimental
design can overcome the limitations of these meth-
ods. Extending the serial transfer concept in a paral-
lel fashion leads to the multi-channel serial transfer
concept. A pool of variants, usually called random
libraries, can either be derived from natural quasis-
pecies, or created artificially by in vitro DNA ma-
nipulations. Compartmentalization of single mem-
bers or parts of such pools by spatial separation leads
to a distribution where fitness can be investigated on
each separate channel. With this in mind, Eigen and
coworkers developed a highly automated machine
with large numbers of parallel sample-handling and
sensitive detection units [192,193]. This machine
allows the realization of evolution experiments based
on the quasispecies concept where any kind of serial
transfer cultivation and selection can be applied. One
of the first published experiments was an in vitro QB
RNA replication experiment with 960 microreactors
in parallel (30 pl each) and on-line detection [193].

Because amplification-coupled selection was applied,
this experiment was the first demonstration of high
throughput selection, in contrast to high throughput
screening. Further developments extended these
approaches down to nano-technology. Highly auto-
mated machines based on wafer technology are able
to process highly numbers of very small samples in
parallel. Recently, pharmaceutical screenings showed
the successful application of this technology where
throughputs up to 100,000 samples per day were
achieved.

5. Future Prospects

Nature is a source for a large variety of biomole-
cules. Pharmaceutical and biotechnological compa-
nies are finding more and more ways to explore and
utilize this source. However, every natural substance
is a result of the evolution on this planet during the
past 4.6 billion years. Therefore, although this source
is certainly very large, it is not unlimited. It is very
likely that there are potential molecules with useful
properties and functions which have simply not been
realized on earth. For instance, the whole mass of the
earth (5.98:10”" kg) would not suffice to produce
only one molecule of each possible variant of a
peptide molecule with a chain length of 37 amino
acids. In addition, nature only selects for those
functions that are important for the survival of the
particular organism. This purpose may differ largely
from current technological or medical purposes. A
suitable way for overcoming these problems is to
optimize biomolecules by evolutionary strategies.
The examples reported in this article demonstrate the
potential of evolutionary biotechnology for fulfilling
these demands. In the future, this technology will
probably lead to a multitude of different applications.
Present limitations will be overcome by improve-
ments in different fields:

Evolutionary strategies, such as hierarchical and
genetic algorithms, as well as theoretical predictions
of fitness landscapes, will lead to faster and more
efficient optimization strategies.

Biological developments, especially in vivo as-
says, functional complementation assays and novel
transactivation systems will focus on novel targets.
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Faster and more sensitive, cell-based assays will
shorten the time required to screen a large library.
New library techniques, including doped positions or
constrained conformations, will extend the popula-
tion sizes, and progress in the development of large
combinatorial biosynthesis libraries will explore new
substance classes.

Technological developments, such as high de-
grees of automation and massive parallel processing
for fast and efficient sample handling in the nano-
scale range are being developed. Nano-bioreactors
combined with highly sensitive detection methods,
for instance the technology of fluorescence correla-
tion spectroscopy (FCS) [194-196] will make ultra
high throughput selection as well as ultra high
throughput screening feasible in evolutionary bio-
technology [197,198].

Acknowledgements

The authors gratefully thank Prof. Manfred Eigen
for the opportunity to work in his group, for his
always innovative ideas and for the stimulating
discussions. They are grateful to Prof. Peter Schuster
for his excellent advices, as well as to Prof. Christof
K. Biebricher and Dr. Andreas Schwienhorst for their
heipful comments. This work was supported by the
German Bundesministerium fiir Bildung, Wissen-
schaft, Forschung und Technologie, and Evotec
Biosystems GmbH, Hamburg, Germany.

References

[1] M. Eigen and W. Gardiner, Pure. Appl. Chem., 56 (1984)
967.

[2] M. Eigen, Naturwissenschaften, 58 (1971) 465.

[3] M. Eigen, Chemica Scripta, 26B (1985) 13.

[4] M. Eigen, J. McCaskill and P. Schuster, Adv. Chem. Phys.,
(1989) 149.

[51 D.R. Mills, R.L. Peterson and S. Spiegelman, Proc. Natl.
Acad. Sci. USA, 58 (1967) 217.

[6] R. Levisohn and S. Spiegelman, Proc. Natl. Acad. Sci.
USA, 63 (1969) 805.

[7]  R. Saffhill, H. Schneider-Bemloehr, L.E. Orgel and S.
Spiegelman, J. Mol. Biol., 51 (1970) 531.

(8]
(91
[10]
(11]

(12]
(13]

[14]
(15]
[16]
[17]

(18]
(19]

(20]
[21]
[22]

(23]
(24]

[25]
[26]
(271
[28]
(291
[30]
[31]
[32]
(33]
[34]
(35]
{36]
(37]
(38]
(39]

[40]
(41]

(421

M. Eigen and P. Schuster, Naturwissenschaften, 64 (1977)
541.

M. Eigen and P. Schuster, Naturwissenschaften, 65 (1978)
7.

M. Eigen and P. Schuster, Naturwissenschaften, 65 (1978)
341.

M. Eigen, Gene, 135 (1993) 37.

P. Schuster, Chemica Scripta, 26 (1986) 27.

P. Schuster, W. Fontana, P.F. Stadler and L. Hofacker,
Proceedings of the Royal Society of London - Series B:
Biological Sciences, 255 (1994) 279.

P. Schuster, J. Biotechnol., 41 (1995) 239.

P. Schuster, Orig. Life. Evol. Biosph., 23 (1993) 373.

G.W. Zhou, J. Guo, W. Huang, R.J. Fletterick and T.S.
Scanlan, Science, 265 (1994) 1059.

R.C. Cadwell and G.F. Joyce, PCR Methods Appl., 2
(1992) 28.

S. Brakmann, this issue.

CK. Biebricher and L.E. Orgel, Proc. Natl. Acad. Sci.
USA, 70 (1973) 934.

J.A. Wells, M. Vasser and D.B. Powers, Gene, 34 (1985)
315.

M.S. Horwitz, D.K. Dube and L.A. Loeb, Genome, 31
(1989) 112.

B. Borrego, A. Wienecke and A. Schwienhorst, Nucleic.
Acids. Res., 23 (1995) 1834.

C.K. Biebricher, this issue.

C.K. Biebricher, M. Eigen and W.C. Gardiner, Jr. Bio-
chemistry, 22 (1983) 2544,

J. Putz, J. Wientges, M. Sissler, R. Giege, C. Florentz and
A. Schwienhorst, Nucleic. Acids. Res., (in press).

K. Harada and L.E. Orgel, Proc. Natl. Acad. Sci. USA, 90
(1993) 1576.

L. Gold, J. Biol. Chem., 270 (1995) 13581.

J.W. Szostak, Trends. Biochem. Sci., 17 (1992) 89.

K. Mullis, F. Faloona, S. Scharf, R. Saiki, G. Horn and H.
Erlich, Cold. Spring. Harb. Symp. Quant. Biol.,, 51 Pt 1
(1986) 263.

E. Fahy, D.Y. Kwoh and T.R. Gingeras, PCR Methods
Appl., 1 (1991) 25.

M. Gebinoga and F. Oehlenschlager, Eur. J. Biochem., 235
(1996) 256.

N. Rohde, H. Daum and C K. Biebricher, J. Mol. Biol., 249
(1995) 754.

S.T. Sigurdsson and F. Eckstein, Trends. Biotechnol., 13
(1995) 286.

C. Tuerk and L. Gold, Science, 249 (1990) 505.

A.D. Ellington and J.W. Szostak, Nature, 346 (1990) 818.
L. Gold, B. Polisky, O. Uhlenbeck and M. Yarus, Annu.
Rev. Biochem., 64 (1995) 763.

S.J. Klug and M. Famulok, Mol. Biol. Rep., 20 (1994) 97.
A.D. Ellington, Curr. Biol., 4 (1994) 427.

E.M. Phizicky and S. Fields, Microbiol. Rev., 59 (1995)
94,

A.D. Ellington and J.W. Szostak, Nature, 355 (1992) 850.
H. Ellegren, C.R. Primmer and B.C. Sheldon, Nat. Genet.,
11 (1995) 360.

D.E. Huizenga and J.W. Szostak, Biochemistry, 34 (1995)
656.



(43]
(44]
[45]
[46]
[47]
(48]
(49]
[50]
(51
[52]
(53]
(54]
[55]
[56]
(57
(58]
[59]
[60]
[61]
(62]

[63]

(64]
{65]
[66]

[67]
[68]

[69]
{701
(71]
(72]
[73]
(74

[75]
[76]

A. Koltermann, U. Kettling/Biophysical Chemistry 66 (1997) 159-177 175

JR. Lorsch and J.W. Szostak, Biochemistry, 33 (1994)
973.

C.T. Lauhon and J.W. Szostak, J. Am. Chem. Soc., 117
(1995) 1246.

D.H. Burke, L. Scates, K. Andrews and L. Gold, J. Mol.
Biol., 264 (1996) 650.

D.J. Schneider, J. Feigon, Z. Hostomsky and L. Gold,
Biochemistry, 34 (1995) 9599.

C. Tuerk, S. MacDougal and L. Gold, Proc. Natl. Acad.
Sci. USA, 89 (1992) 6988.

L.C. Bock, L.C. Griffin, J.A. Latham, E.H. Vermaas and
1.J. Toole, Nature, 355 (1992) 564.

K.Y. Wang, S.H. Krawczyk, N. Bischofberger, S. Swami-
nathan and P.H. Bolton, Biochemistry, 32 (1993) 11285.
M.F. Kubik, A.W. Stephens, D. Schneider, R.A. Marlar
and D. Tasset, Nucleic. Acids. Res., 22 (1994) 2619.

K. Kruger, P.J. Grabowski, A.J. Zaug, J. Sands, D.E.
Gottschling and T.R. Cech, Cell, 31 (1982) 147.

T.R. Cech and B.L. Bass, Annu. Rev. Biochem., 55 (1986)
599.

W. Gilbert, Nature, 319 (1986) 618.

D.L. Robertson and G.F. Joyce, Nature, 344 (1990) 467.
A.A. Beaudry and G.F. Joyce, Science, 257 (1992) 635.

J. Tsang and G.F. Joyce, Biochemistry, 33 (1994) 5966.
J.R. Lorsch and J.W. Szostak, Nature, 371 (1994) 31.

M. Sassanfar and J.W. Szostak, Nature, 364 (1993) 550.
JR. Lorsch and J.W. Szostak, Biochemistry, 34 (1995)
15315.

A. Tramontano, K.D. Janda and R.A. Lemer, Science, 234
(1986) 1566.

S.J. Pollack, JW. Jacobs and P.G. Schultz, Science, 234
(1986) 1570.

J.R. Prudent, T. Uno and P.G. Schultz, Science, 264 (1994)
1924.

K.N. Morris, T.M. Tarasow, C.M. Julin, S.L. Simons, D.
Hilvert and L. Gold, Proc. Natl. Acad. Sci. USA, 91 (1994)
13028.

M.A. Gallop, R.W. Barrett, W.J. Dower, S.P. Fodor and
E.M. Gordon, J. Med. Chem., 37 (1994) 1233.

E.M. Gordon, R.W. Barrett, W.J. Dower, S.P. Fodor and
M.A. Gallop, J. Med. Chem., 37 (1994) 1385.

D.H. Lee, J.R. Granja, J.A. Martinez, K. Severin and M.R.
Ghadri, Nature, 382 (1996) 525.

G. Cesareni, FEBS Lett., 307 (1992) 66.

J.B. Burritt, CW. Bond, K.W. Doss and A.J. Jesaitis, Anal.
Biochem., 238 (1996) 1.

D. Mcgregor, Mol. Biotechnol., 6 (1996) 155.

G.P. Smith, Science, 228 (1985) 1315.

J. McCafferty, A.D. Griffiths, G. Winter and D.J. Chiswell,
Nature, 348 (1990) 552.

G. Winter, A.D. Griffiths, R.E. Hawkins and H.R. Hoogen-
boom, Annu. Rev. Immunol., 12 (1994) 433.
C. Buta, Dissertation, Technische
Braunschweig (1996).

T. Klauser, J. Kraemer, K. Otzelberger, J. Pohlner and T.
Meyer, F. J. Mol. Biol., 234 (1993) 579.

J. Pohlner, personal communication.

G. Georgiou, H.L. Poetschke, C. Stathopoulos and J.A.
Francisco, Trends. Biotechnol., 11 (1993) 6.

Universitit

(77

[78]

(79]
(80]
[81]
(82]
(83]
[84]
(85]
[86]

(87]
[88])

(89]
[90]

(91]
[92]

[93]
(941
{95]
[96]
[97]
(98]
(991

[100]
[1on

[102]
[103]
[104]
[105]
[106]
(107
[108]
(109]

[110]

J.A. Francisco and G. Georgiou, Ann. N. Y. Acad. Sci.,
745 (1994) 372.

G. Georgiou, C. Stathopoulos, P.S. Daugherty, A .R. Nayak,
B.L. Iverson and R. Curtiss, Nat. Biotechnol., 15 (1997)
29.

M.G. Cull, J.F. Miller and P.J. Schatz, Proc. Natl. Acad.
Sci. USA, 89 (1992) 1865.

L.C. Mattheakis, R.R. Bhatt and W.J. Dower, Proc. Natl.
Acad. Sci. USA, 91 (1994) 9022.

J.P. Manfredi, C. Klein, J.J. Herrero, D.R. Byrd, J.
Truehart, W.T. Wiesler, D.M. Fowlkes and J.R. Broach,
Mol. Cell. Biol., 16 (1996) 4700.

G. Gonzaliz-Gil, personal communication.

A. Koltermann, unpublished results.

M. Duenas and C.A. Borrebaeck, Biotechnology (N Y), 12
(1994) 999.

K. Gramatikoff, O. Georgiev and W. Schaffner, Nucleic.
Acids. Res., 22 (1994) 5761.

C. Krebber, S. Spada, D. Desplancq and A. Pliickthun,
FEBS Lett., 377 (1995) 227.

1. Winter, Drug Development Research, 33 (1994) 71.

J.J. Devlin, L.C. Panganiban and P.E. Devlin, Science, 249
(1990) 404.

B.K. Kay, N.B. Adey, Y.S. He, J.P. Manfredi, A.-H.
Mataragnon and D.M. Fowlkes, Gene, 128 (1993) 59.

LB. Giebel, R.T. Cass, D.L. Milligan, D.C. Young, R.
Arze and C.R. Johnson, Biochemistry, 34 (1995) 15430.
B.A. Katz, Biochemistry, 34 (1995) 15421.

P.J. Meijer, N. Holmberg, G. Grundstrom and L. Bulow,
Protein Eng., 9 (1996) 1051.

A. Crameri, E.A. Whitehom, E. Tate and W.P.C. Stemmer,
Nat. Biotechnol., 14 (1996) 315.

B.P. Cormack, R.H. Valdivia and S. Falkow, Gene, 173
(1996) 33.

E. Dufour, A.C. Storer and R. Menard, Biochemistry, 34
(1995) 16382.

W. Bode and R. Huber, Eur. J. Biochem., 204 (1992) 433.
P. Soumillion, L. Jespers, M. Bouchet, J. Marchand-
Brynaert, G. Winter and J. Fastrez, J. Mol. Biol., 237
(1994) 415.

P.C. Clarke, Chemica Scripta, 26B (1986) 337.

R.P. Mortlock, Microorganisms as Model Systems for
Studying Evolution (Plenum Press, New York, 1984).

J.C. Francis and P.E. Hansche, Genetics, 70 (1972) 59.

J.H. Campbell, J.A. Lengyel and J. Langridge, Proc. Natl.
Acad. Sci. USA, 70 (1973) 1841.

B.G. Hall, J. Bacteriol., 129 (1977) 540.

B.G. Hall, Biochemistry, 20 (1981) 4042.

M. Kricker and B.G. Hall, Mol. Biol. Evol., 1 (1984) 171.
M. Kricker and B.G. Hall, Genetics, 115 (1987) 419.

R.C. Doten and R.P. Mortlock, J. Bacteriol., 159 (1984)
730.

B.G. Hall, S. Yokoyama and D.H. Calhoun, Mol. Biol.
Evol., 1 (1983) 109.

K.H. Schneider, G. Jakel, R. Hoffmann and F. Giffhorn,
Microbiology, 141 (1995) 1865.

H. Liao, T. McKenzie and R. Hageman, Proc. Natl. Acad.
Sci. USA, 83 (1986) 576.

D.K. Dube and L.A. Locb, Biochemistry, 28 (1989) 5703.



176

(11
[12]
[113]
[114)
[115]
[116)
[117)
[118)

[119]

[120)
(121
[122]
[123]
[124]
[125]
[126]
(127

[128]
[129]

[130]
[131]
[132]
[133]

[134]}

[135]

[136]

[137]
[138]

[139]

A. Koltermann, U. Kettling/Biophysical Chemistry 66 (1997) 159-177

A.R. Oliphant and K. Struhl, Proc. Natl. Acad. Sci. USA,
86 (1989) 9094.

M.E. Black, T.G. Newcomb, H.M. Wilson and L.A. Loeb,
Proc. Natl. Acad. Sci. USA, 93 (1996) 3525.

KM. Munir, D.C. French, D.K. Dube and L.A. Loeb,
Protein Eng., 7 (1994) 83.

D.K. Dube, M.E. Black, K.M. Munir and L.A. Loeb, Gene,
137 (1993) 41.

M.E. Black and L.A. Loeb, Biochemistry, 32 (1993)
11618.

K.M. Munir, D.C. French and L.A. Loeb, Proc. Natl. Acad.
Sci. USA, 90 (1993) 4012.

K.M. Munir, D.C. French, D.K. Dube and L.A. Loeb, J.
Biol. Chem., 267 (1992) 6584.

K. Munir, M, D. French, C, D. Dube, K and L. Loeb, A. J.
Biol. Chem., 267 (1992) 6584.

D.K. Dube, 1.D. Parker, D.C. French, D.S. Cahill, S. Dube,
M.S. Horwitz, K.M. Munir and L.A. Loeb, Biochemistry,
30 (1991) 11760.

F.C. Christians and L.A. Loeb, Proc. Natl. Acad. Sci. USA,
93 (1996) 6124.

B. Kim, T.R. Hathaway and L.A. Loeb, J. Biol. Chem., 271
(1996) 4872.

M. Suzuki, D. Baskin, L. Hood and L.A. Loeb, Proc. Natl.
Acad. Sci. USA, 93 (1996) 9670.

B. Kim and L.A. Loeb, Proc. Natl. Acad. Sci. USA, 92
(1995) 684.

J.B. Sweasy, M. Chen and L.A. Loeb, J. Bacteriol.,, 177
(1995) 2923.

J.B. Sweasy and L.A. Loeb, Proc. Natl. Acad. Sci. USA, 90
(1993) 4626.

E.M. Witkin and V. Roegner-Maniscalco, J. Bacteriol., 174
(1992) 4166.

M.E. Black and L.A. Loeb, Methods Mol. Biol., 57 (1996)
33s.

L.A. Loeb, Adv. Pharmacol., 35 (1996) 321.

M. Suzuki, F.C. Christians, B. Kim, A. Skandalis, M.E.
Black and L.A. Loeb, Molecular Diversity, 2 (1996) 111.
L.D. Graham, K.D. Haggett, P.A. Jennings, D.S. Le
Brocque, R.G. Whittaker and P.A. Schober, Biochemistry,
32 (1993) 6250.

L. You and F.H. Amold, Protein Eng., 9 (1996) 77.

K. Chen and F.H. Arnold, Proc. Natl. Acad. Sci. USA, 90
(1993) 5618.

K.Q. Chen and F.H. Amold, Biotechnology (N Y), 9
(1991) 1073.

K.Q. Chen, A.C. Robinson, M.E. Van Dam, P. Martinez,
C. Economou and F.H. Amold, Biotechnol. Prog., 7 (1991)
125.

B.C. Cunningham and J.A. Wells, Protein Eng., 1 (1987)
319.

P.N. Bryan, M.L. Rollence, M.W. Pantoliano, J. Wood,
B.C. Finzel, Gilliland, GL, A.J. Howard and T.L. Poulos,
Proteins, 1 (1986) 326.

S. Riva and A. Klibanov, M. J. Am. Chem. Soc., 110
(1988) 3291.

S. Riva, J. Chopineau, A. Kieboom, P G and A. Klibanov,
M. J. Am. Chem. Soc., 110 (1988) 584.

A.L. Margolin, P.A. Fitzpatrick, P.L. Dubin and AM.
Klibanov, J. Am. Chem. Soc., 113 (1991) 4693.

[140]
[141]
[142]
[143]

[144]
[145]

[146]
(147]
[148]
[149]
[150]
[151]

[152]
[153]

[154]
[155]

[156]
(157]
[158]
[159]
[160]
{161]
[162]
[163]
[164]
[165]
(166]
[167]
[168]
[169]

[170]

C.H. Wong and K.T. Wang, Experientia, 47 (1991) 1123.
F.H. Amold, FASEB J., 7 (1993) 744.

L. You and F.H. Amold, Protein Eng., 9 (1996) 719.

J.C. Moore and F.H. Amold, Nat. Biotechnol., 14 (1996)
458.

W.P. Stemmer, Nature, 370 (1994) 389.

W.P. Stemmer, Proc. Natl. Acad. Sci. USA, 91 (1994)
10747.

L. Pauling, Chem. Eng. News, 24 (1946) 1375.

W.P. Jencks, in: Catalysis in Chemistry and Enzymology,
(McGraw-Hill Book Company, New York, USA, 1969) p.
288.

A.D. Napper, S.J. Benkovic, A. Tramontano and R.A.
Lerner, Science, 237 (1987) 1041.

K.D. Janda, D. Schloeder, S.J. Benkovic and R.A. Lemer,
Science, 241 (1988) 1188.

K.D. Janda, S.J. Benkovic and R.A. Lerer, Science, 244
(1989) 437.

R.A. Lemer and A. Tramontano, Sci. Am., 258 (1988) 58-
60, 65.

P.G. Schultz and R.A. Lerner, Science, 269 (1995) 1835.
A. Plickthun and A. Skerra, Methods Enzymol., 178
(1989) 497.

A. Pliickthun, Nature, 347 (1990) 497.

T. Clackson, H.R. Hoogenboom, A.D. Griffiths and G.
Winter, Nature, 352 (1991) 624.

W.D. Huse, L. Sastry, S.A. Iverson, A.S. Kang, M. Alting-
Mees, D.R. Burton, S.J. Benkovic and R.A. Lemer, Sci-
ence, 246 (1989) 1275.

H. Gram, L.A. Marconi, C.F. Barbas, 3d, T.A. Collet, R.A.
Lerner and A.S. Kang, Proc. Natl. Acad. Sci. USA, 89
(1992) 3576.

R.A. Lerner and K.D. Janda, EXS, 73 (1995) 121.

J.R. Jacobsen and P.G. Schultz, Curr. Opin. Struct. Biol,, 5
(1995) 818.

A. Tramontano, Appl. Biochem. Biotechnol., 47 (1994)
257.

A. Pliickthun, in: Methods of Immunological Analysis, eds.
R.F. Masseyeff, W.H. Albert and N.A. Staines (VCH-
Verlag, Weinheim, 1993) p. 414.

C.R. Hutchinson, Biotechnology (N Y), 12 (1994) 375.
G.W. Huffman, P.D. Gesellchen, J.R. Tumer, R.B.
Rothenberger, H.E. Osborne, F.D. Miller, J.L. Chapman
and S.W. Queener, J. Med. Chem., 35 (1992) 1897.

JE. Baldwin, G.P. Lynch and J. Pitlik, J. Antibiot., 44
(1991) 1.

O. Hara and C.R. Hutchinson, J. Bacteriol.,, 174 (1992)
5141.

J.K. Epp, M.L. Huber, J.R. Turner, T. Goodson and B.E.
Schoner, Gene, 85 (1989) 293.

D. Stassi, S. Donadio, M.J. Staver and L. Katz, J. Bacte-
rol., 175 (1993) 182.

R.G. Summers, E. Wendt-Pienkowski, H. Motamedi and
C.R. Hutchinson, J. Bacteriol., 174 (1992) 1810.

H. Decker, H. Motamedi and C.R. Hutchinson, J. Bacte-
riol., 175 (1993) 3876.

K. Madduri, F. Torti, A.L. Colombo and C.R. Hutchinson,
J. Bacteriol., 175 (1993) 3900.



171]

[172]
[173]
[174]
[175)
[176]
(177]

[178]
[179]

[180]

[181]

[182]
[183]

[184]
{185]
[186]

[187]
[188]

[189]
[190]
[191]
{192]

[193]

[194)

(195]
[196]

[197]
[198]

A. Koltermann, U. Kettling/Biophysical Chemistry 66 (1997) 159-177

S.F. Haydock, J.A. Dowson, N. Dhillon, G.A. Roberts, J.
Cortes and P.F. Leadlay, Mol. Gen. Genet., 230 (1991)
120.

R.H. Proctor and T.M. Hohn, J. Biol. Chem., 268 (1993)
4543,

D.E. Cane, Z. Wu, J.S. Oliver and TM. Hohn, Arch.
Biochem. Biophys., 300 (1993) 416.

C. Khosla and R. Zawada, J X. Trends. Biotechnol., 14
(1996) 335.

D.A. Hopwood and D.H. Sherman, Annu. Rev. Genet., 24
(1990) 37.

L. Katz and S. Donadio, Annu. Rev. Microbiol., 47 (1993)
875.

D.A. Hopwood and C. Khosla, Ciba. Found. Symp., 171
(1992) 88.

D.A. Hopwood, Curr. Opin. Biotechnol., 4 (1993) 531.
C.R. Hutchinson and 1. Fujii, Annu. Rev. Microbiol., 49
(1995) 201.

D.A. Hopwood, F. Malpartida, H.M. Kieser, H. Ikeda, J.
Duncan, I. Fujii, B.A. Rudd, H.G. Floss and S. Omura,
Nature, 314 (1985) 642.

R. McDaniel, S. Ebert-Khosla, D.A. Hopwood and C.
Khosla, Science, 262 (1993) 1546.

L.R. Kao, L. Katz and C. Khosla, Science, 265 (1994) 509.
D.J. Bedford, E. Schweizer, D.A. Hopwood and C. Khosla,
J. Bacteriol., 177 (1995) 4544.

Y. Husimi, K. Nishigaki, Y. Kinoshita and T. Tanaka, Rev.
Sci. Instrum., 53 (1982) 517.

Y. Husimi and H.-C. Keweloh, Rev. Sci. Instrum., 58
(1987) 1109.

A. Schwienhorst, B. Lindemann, F and M. Eigen, Biotech-
nol. Bioeng., 50 (1996) 217.

U. Kettling, unpublished results.

J.S. McCaskill and G.J. Bauer, Proc. Natl. Acad. Sci. USA,
90 (1993) 4191.

G.J. Bauer, J.S. McCaskill and H. Otten, Proc. Natl. Acad.
Sci. USA, 86 (1989) 7937.

N. Walter, G and G. Strunk, Proc. Natl. Acad. Sci. USA, 91
(1994) 7937.

G. Strunk and T. Ederhof, this issue.

A. Schober, N.G. Walter, U. Tangen, G. Strunk, T.
Ederhof, J. Dapprich and M. Eigen, Biotechniques, 18
(1995) 652.

A. Schober, R. Giinther, U. Tangen, G. Goldmann, T.
Ederhof, A. Koltermann, A. Wienecke, A. Schwienhorst
and M. Eigen, Rev. Sci. Instrum., (1997) (in press).

M. Eigen and R. Rigler, Proc. Natl. Acad. Sci. USA, 91
(1994) 5740.

P. Schwille, J. Bieschke and F. Ochlenschliger, this issue.
M. Brinkmeier, K. Dérre, K. Riebeseel and R. Rigler, this
issue.

J.R. Broach and J. Thorner, Nature, 384 (1996) 14.

S. Sterrer and K. Henco, J. Recept. Signal. Transduct. Res.,
17 (1997) 511.

177



