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How did nature create the first set of genes at the
beginning of life on Earth? One of the goals of
molecular biology is to elucidate the fundamental rules
governing how genes and, therefore, proteins were
created. Through experiments carried out in the
emerging field of “in vitro” or ‘“benchtop” evolution
studies, we are gaining new insights into the origins of
genes and proteins as well as the origins of their
functions (e.g., catalysis). In this review, I present an
overview of recent experimental approaches to the
question of the origin and evolution of genes. In
addition, I will introduce a novel in vitro protein
emergence system that was recently developed in my
laboratory.
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Introduction

All the activities of human cells are maintained by the
function of approximately 70,000 to 100,000 genes. The
precise number of our genes and their complete
classification will be known by the year 2005 when the
Human Genome Project completes its DNA sequencing of
the 3 billion base pairs that make up the human genome.
In parallel with the Human Genome Project, genome
sequencing of selected microorganisms has also been
ongoing. As a result of these efforts, we presently know all
of the genes in thirteen microorganisms from three main
taxonomic domains: Archaea, Bacteria, and Eucarya.1

By revealing their genomic structures, we learned that
Saccharomyces cerevisiae contains approximately 6500
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genes (Goffeau et al., 1996), but Mycoplasma genitalium
has no more than 500 genes (Fraser ef al., 1995). Many of
the genes found in any given organism have their orthologs
in other organisms (Tatusov et al., 1997), even if they
belong to distinct taxonomic domains. For instance,
orthologs of most aminoacyl-tRNA synthetases are found
in all 3 taxonomic domains (Brown and Doolittle, 1995;
Shiba et al., 1997). This circumstance highlights the fact
that these genes are descendants of ancient genes
comprising the primordial genome of “cenancestor” [the
common ancestor of Archaea, Eucarya, and Bacteria (Fitch
and Upper, 1987)]. Although the number of genes in Homo
sapiens is much greater than those of microorganisms,
many human genes must be categorized as paralogs that
evolved from preexisting genes through duplication. Thus,
the history of many existing genes may trace back to the
ancient genome of cenancestor. With this in mind, the
question is: how did the first genes emerge at the very
beginning of life on Earth? The first set of genes did not
have master genes from which they could evolve by
duplication or shuffling; therefore, they must have emerged
de novo. Moreover, a single gene may not be sufficient to
initiate life. Thus, a set of genes may have emerged almost
simultaneously to originate the first living creature on
Earth. The origin of the first genes may be a much more
challenging issue than the evolution of genes, because the
former resists application of the reductionist approach of
molecular phylogenetics.

In the 1990s, a group of experimental protocols was
developed which were characterized by the keywords “in
vitro evolution” (Tuerk and Gold, 1990), “in vitro
selection” (Robertson and Joyce, 1990), “in vitro genetics”
(Szostak, 1992), “combinatorial libraries” (Houghten et al.,
1991), “molecular diversity” (Geysen et al., 1995), and
“evolutionary molecular engineering” (Kumar et al.,
1995). Although these experiments belong to different

! The current status of microorganisms genome projects is shown
at web site, http://www.tigr.org/tdb/mdb/mdb.html.
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disciplines, their aims are identical. One goal is practical in
nature: development of novel molecules or molecules with
improved functionality. The other goal is to obtain basic
knowledge of the origin of genes and proteins as well as
their functions (e.g., catalysis). In this review, I focus on
the latter aspect of experimental evolution and discuss how
we can address the issue of the origin of coding sequences
(proteins).

Experimental approaches to the origin of life

Early research Aside from the very early experiments of
F. Redi (17th century), L. Spallanzani (18th century), and
L. Pasteur (19th century), who provided evidence against
the theory of the spontaneous generation of life, the first
experimental approach to the question of the origin of life
can be traced back to the classical experiment of S. L,
Miller in 1953 (Miller, 1953). In this experiment, Miller
observed the formation of amino acids (alanine, glycine,
and others) in a flask containing a mixture of methane,
water, ammonia, and hydrogen; a series of electrical sparks
was passed through the mixture for a period of one week.
Thus, inside Miller’s flask was a simulation of Earth’s
primordial atmosphere, and in contrast to earlier ideas
(17th century—19th century), the underlying concept in this
experiment is that life may have spontaneously generated
from simple chemicals (Oparin, 1938). Miller’s “spark
experiment” has been followed by many other elegant
experiments investigating the process of “chemical
evolution”. One of the principle goals of this research is
the construction of a model system that simulates
conditions of the prebiotic world in order to observe
whether self-replicating macromolecules, the most
plausible first forms of life, will spontaneously emerge (Lt
and Nicolaou, 1994; Ferris et al., 1996; Lee et al., 1996).

Molecular biologists have also shown a great interest in
constructing “in vitro evolution” systems. In particular, S.
Spiegelman and his colleagues began a series of
experiments in 1967 that they called “an extracellular
Darwinian experiment” (Mills et al., 1967). For this
procedure, they used a very simple in vitro evolution
system consisting of the RNA genome of bacteriophage
QpB, a replication enzyme (Qpf replicase), and
triphosphates. They had already shown that Q8 RNA can
be very efficiently replicated in vitro using Qf replicase.
Under the appropriate selective pressure, such as the
presence of ethidium bromide, they observed that adapted
QB RNA variants evolved in the population after serial
transfers of the reaction mixture (Kramer et al., 1974). The
molecular basis of this “Darwinian evolution” is the very
high error rate of Qp replicase (107* to 10™* per nucleotide
incorporated); this high error rate meant that variant RNA
offspring emerged at each replication step, and more
rapidly replicating variants (adapted offspring) overgrew
other RNA molecules. The spontaneous generation of

variants in offspring, and the fact that fitted variants
propagated more rapidly in the system, supported the
notion that Spiegelman’s group had constructed a model of
Darwinian evolution. In the 1970s, this work inspired M.
Eigen to conceive of “sequence space” and “quasispecies”
and to propose the “hyper cycle model” of molecular
evolution, which are now important concepts to design
benchtop evolution systems (for details, see Eigen, 1992;
Biebricher and Gardiner, 1997).

Evolution experiments in the ’90s For several decades
following Spiegelman’s excellent early work, further
development of experimental evolution was hindered,
primarily, because of practical limitations: investigators
lacked facile methods with which to carry out more
sophisticated experiments. In particular, development of
the protocols for site directed mutagenesis (Zoller and
Smith, 1982), in vitro transcription (Milligan et al., 1987),
and polymerase chain reaction (PCR) (Saiki et al., 1988)
were critical for the construction of the modern systems
introduced below. In addition, it should be pointed out that
the discovery of self-splicing RNA by T. R. Cech (Kruger
et al., 1982) revived interest in the experimental evolution
of RNA originally begun by Spiegelman. Below, I present
an overview of the experimental approaches to evolution
revived in the 1990s; they are classified into 4 fields:
“Evolving systems based on nucleic acids”, “Phage display
experiments”, “Catalytic antibodies”, and “Combinatorial
chemistry”.

Evolving systems based on nucleic acids The systems
termed “in vitro nucleic acid selection” or “in vitro nucleic
acid evolution” are regarded as the historical descendants
of Spiegelman’s experiments. For Spiegelman, the
phenotype to be selected was limited to the fitness of RNA
molecules to serve as substrates for Qf replicase. In
contrast, the systems established in the 1990s made use of
a much wider array of phenotypes including binding to
specific ligands (Ellington and Szostak, 1990; Tuerk and
Gold, 1990), altered substrate specificity (Robertson and
Joyce, 1990), and emergence of catalytic activities (Bartel
and Szostak, 1993; Breaker and Joyce, 1994).

A flow chart illustrating the steps that make up benchtop
evolution experiments is shown in Fig. 1. Experiments
entailing in vitro RNA selection usually start with pools of
random nucleic acids (Ellington and Szostak, 1990; Tuerk
and Gold, 1990). At the present time, populations
containing 10'%-10"° different DNA molecules can be
easily generated by combinatorial polymerization of four
deoxyribonucleotides using a commercially available DNA
synthesizer. These DNA pools can then be converted to
random RNA pools by in vitro transcription. Alternatively,
in evolution experiments, existing molecules (e.g., a
ribozyme) are used as starting materials (Robertson and
Joyce, 1990). In that case, variant offspring of the starting
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Fig. 1. Flow chart illustrating the steps that comprise benchtop
evolution experiments. Experiments begin with either (i) a naive
library or (i1) an existing gene, depending upon the aim of the
experiment. Naive libraries are often generated by combinatorial
polymerization of building blocks (nucleotides, amino acids,
V genes for antibodies, microgenes, chemicals), and I refer to the
strategies for generating naive libraries as “emergence systems”.
When starting with existing genes, a pool of their variants must
first be generated by (iv) “amplification” and (v) “mutation”.
Molecules possessing targeted phenotypes are enriched by
iterative processes of (iii) selection and (iv) amplification
(“selection cycle”). A mutation step can be incorporated into the
cycle resulting in an “evolution cycle” consisting of (iii)
selection, (vi) amplification, and (v) mutation. The simplest
paradigm, which entails (i) synthesis of a naive library followed
by (iii) the selection from that library, has proved very useful in
the area of combinatorial chemistry.

material must first be prepared using appropriate methods,
such as error-prone PCR (Cadwell and Joyce, 1992) or
targeted random mutagenesis (Matteucci and Heyneker,
1983). Whether simulating selection or evolution, it is
important that the starting materials have a large molecular
diversity.

Once a starting population of RNA (or DNA) is
prepared, the next step is to select the molecules that
possess the desired phenotype. If, for example, ligand
binding is the targeted phenotype, selection is performed
using affinity chromatography (Ellington and Szostak,
1990; Bock er al., 1992) or other physical separation
methods (Tuerk and Gold, 1990). RNA aptamer folds into
a specific tertiary structure and forms a complex with its
target ligand (Jiang er al., 1996). To select for the catalytic
activities of RNA or DNA, specific strategies must be
developed for each experiment (Robertson and Joyce,
1990; Bartel and Szostak, 1993). When selecting from
large numbers of starting molecules (e.g., 10°), a single
selection operation is not sufficient to yield the fittest
molecules. Each selection cycle enriches the population of
fit molecules within the pool. To obtain enough enrichment
of the pool for purposes of cloning, iterative processes of
selection and amplification are necessary (Joyce, 1989;

Ellington and Szostak, 1990). In this protocol, the selected
population of RNA is converted to DNA using reverse-
transcriptase and then amplified by PCR to the original
library size. The amplified pool is then further enriched by
the next selection operation and so on. If necessary,
mutagenesis can be incorporated into the amplification step
by employing error-prone PCR (Bartel and Szostak, 1993),
thereby constructing a Darwinian evolution cycle
composed of amplification, mutation, and selection (Joyce,
1989).

The procedure just described is often referred to as
“SELEX” (systematic evolution of ligands by exponential
enrichment) (Tuerk and Gold, 1990), and the nucleic acid
ligands that specifically bind to target molecules are called
“aptamers” (Ellington and Szostak, 1990). Generation of
aptamers by SELEX has had a great impact on areas of
applied science (Gold et al., 1995). The clinical use of
aptamers as pharmaceutical agents is currently being tested
at several biotechnology firms (Ellington and Conrad,
1995; Gold, 1995). In addition, many novel ribozymes
have been created by J. W. Szostak’s group and by others.
These include, among others, ribozymes having ligase
activity (Bartel and Szostak, 1993), kinase activity (Lorsch
and Szostak, 1994), aminoacyl-tRNA synthesis activity
(Illangasekare et al., 1995), and alkylating activity (Wilson
and Szostak, 1995).

Phage display experiments When making use of
evolving systems based on nucleic acids, RNA (or DNA)
serves both as a carrier of hereditary information
(genotype) and as an entity to execute its functional
activity (phenotype; Fig. 2). Cech’s discovery of RNA
molecules with catalytic activity (ribozymes) (Kruger
et al., 1982) made RNA the most suitable molecule for use
in molecular evolution experiments because RNA could
serve as both genotype and phenotype (Joyce, 1989). On
the other hand, if one wants to use a protein (or
polypeptide), which is the translated product of the genetic
information encoded in the DNA, as the functional moiety
in an evolution system, a physical link between the DNA
(genotype) and the encoded protein (phenotype) must be
established. In “phage display” experiments, the linkage is
mediated by a bacteriophage (Figs. 2 and 3).

The first phage display experiment was reported in 1985
by G. P. Smith (Smith, 1985). Smith inserted fragments of
DNA encoding for the “EcoRI” endonuclease/methylase
into gene III of phage fl. The f1 (or its relative M13)
phage is filamentous (6.5 nm in diameter and 600 nm long)
and carries a single-stranded DNA genome within its
particle (Fig. 3). The phage infects the F pilus of E. coli
and produces its progeny without killing the host cell. The
product of gene III is located at one end of the phage
particle as a minor coat protein and is essential for phage
infection to F pilus. Smith demonstrated that segments of
EcoRI were displayed on phage particles as a fusion
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Fig. 2. Strategies for linking phenotype and genotype. In
evolving systems based on nucleic acids, phage display protocols,
and catalytic antibody development, the carrier of hereditary
information (genotype) is always DNA (or RNA) which may be
subjected to amplification and/or mutagenesis. In contrast,
combinatorial chemistry experiments do not use heritable
molecules as the genotype since it is merely a code for the
structures of functional molecules (phenotype). Indeed, most
combinatorial chemical libraries do not contain molecules for the
genotype. In those experiments, generation of libraries containing
large molecular diversity, as well as the selection of target
molecules, are focused.

protein with pIIl. Because the phage genome is packed in
the phage particle, the physical link between phenotype (a
protein segment of EcoRI) and genotype (a DNA fragment
coding for the segments of EcoRlI) is firmly coupled in this
experiment. Smith also showed that enrichment of phage
displaying the enzyme fragment within a mixture of
displayed and nondisplayed phages can be accomplished
using an immobilized polyclonal antibody to EcoRI
(Smith, 1985). This experiment demonstrates that selection
and evolution cycles can be applied to the phage display
system as well as to an RNA evolution system.

In 1990, three groups using phage display systems
independently succeeded in selecting functional peptides
that bind either to specific antibodies (Cwirla et al., 1990,
Scott and Smith, 1990) or to streptoavidin (Devlin et al.,
1990). They inserted DNA pools into the genes coding for
coat proteins in order to make phage libraries which
display random peptide sequences and, after several
selection cycles, they isolated phages displaying specific
binders to the targets. Since this early work, large numbers
of peptides that specifically bind to target molecules have
been isolated using peptide display systems.

Another important experiment that employs the phage
display methodology is the “phagebody” system (Lerner
etal., 1992; Marks er al., 1992). The first ex vivo
generation of an immunoglobulin repertoire from the
combinatorial assembly of Vy; and V| genes was reported

Phenotype
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(b)

ATGTGTCGATGC TGCTGATGCTAGT
GGCTGATTGCGATCACGTTTGTGAT
AGCTAGCTATCTATATGCGATGCTA
TTTGCAGCACGTGCGCCCCACARAA
CCGATACAACTAGTCATCTTACAAA
AACCGAGAAAACCAGGGCGGAGACE
TTGACTATCATTCAGCAGCTAGTCG
TTGCGACGGCATCGATGCTATGCCT
CGTAATCTGATCTATATCTTAGGTC
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Fig. 3. Phage display system. (a) Schematic representation of a
phage particle. The single stranded DNA genome is encased in
coat proteins. plil is a minor coat proteins (3-5 molecules per
particle) and is located at one end of a particle. pVIII is a major
coat protein. Foreign peptides or proteins are displayed on phage
as fusion proteins with pIII or pVIIL (b) An example of peptide
selection using phage. Random DNA sequences made by a DNA
synthesizer are inserted into the gene III region and libraries of
phage displaying random peptide sequences are made. Phage are
then propagated in E. coli cells. Phage lysate is panned with
immobilized target molecules, and those that bind to the target are
enriched. Cycles of selection and re-amplification of bound phage
in E. coli yield a population of binding phage. The structures of
displayed peptides are determined by sequencing the DNA
inserted into phage genomes.

in 1989 using A phage (Huse et al., 1989). Soon thereafter,
phage display methodology was incorporated into the field,
resulting in a display of Fab and scFv on phage particles.
Currently, the methodology is routinely used to isolate V
genes for specific antigens. The phagebody system is also
used as a means to evolve high-affinity antibodies from
low-affinity ones without in vivo maturation processes
(Barbas and Burton, 1996; Hoogenboom, 1997).

Many proteins, in addition to antibodies, have been
displayed on phages for purposes of directed evolution.
These include alkaline phosphatase (McCafferty et al.,
1991), neutrophil elastase inhibitors (Roberts et al., 1992),
and growth hormones (Bass et al., 1990) among others.
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Thus, the filamentous phage display system has proven to
be a powerful tool in the investigation of peptide and
protein evolution. Now, in addition to the filamentous
phage, display systems using Qf phage (Kozlovska et al.,
1996), A phage (Sternberg and Hoess, 1995; Mikawa et al.,
1996), and baculovirus (Mottershead et al., 1997) have
been developed. Display on cells rather than phage has
also been employed using PhoE (Agterberg et al., 1990),
OmpA (Georgiou er al., 1996), and flagellin (Lu et al.,
1995) of E. coli, and Aga2p of S. cerevisiae (Boder and
Wittrup, 1997). Finally, another emerging field of study
incorporates the cell-free “polysome display” technique
(Mattheakis et al., 1994; Hanes and Pluckthun, 1997;
Nemoto et al., 1997; Roberts and Szostak, 1997) which
can accommodate much larger libraries (10"-10'%) than
the phage display system (10°).

Catalytic antibodies What is the nature of biological
catalysis, and what is the origin of catalytic activity? Can
we create novel proteins that catalyze reactions for which
no known enzymes exist? These are questions addressed
by experiments in catalytic antibodies (Lerner et al., 1991).
The history of this field goes back to the late-1940s when
L. Pauling noted that the difference between enzymes and
antibodies is that the former bind transition state
molecules, while the latter bind ground state molecules
(Pauling, 1948). So, if an antibody binds to a haptenic
group whose structure resembles the transition state of a
given reaction, the antibody could act as a catalyst for that
reaction (Jencks, 1969). Since the first experimental
demonstrations of catalytic antibodies by R. A. Lerner, P.
G. Schultz and their coworkers (Pollack et al., 1986;
Tramontano et al., 1986), antibodies catalyzing more than
50 reactions have been developed (Benkovic, 1992).
Preparation of catalytic antibodies is generally started by
immunizing mice with a hapten that is a stable analog of
a transition state molecule of the reaction of interest
(Fig. 4). During the primary immune response, antibodies
that bind to the hapten are selected from a large pool of
antibodies generated by combinatorial rearrangement of V,
D, and J gene segments. The antibodies are further evolved
during the secondary immune response when somatic
mutation provides them with higher affinity for the hapten
(Fig. 4). Thus, the immune response resembles natural
selection and evolution, and in this regard, generation of
catalytic antibodies can be viewed as being analogous to
benchtop evolution. The marriage of catalytic antibodies
and the phage display methodology has given birth to a
new field (Janda et al., 1994) in which catalytic antibodies
are generated through selection targeted to the catalytic
activities of antibodies (Janda et al., 1997).

Combinatorial chemistry In all of the experiments
described so far, biological materials such as filamentous
phage, E. coli, and mice were used. Even in the case of in

Vi genes Catalytic antibody
-HHHHH—
—HH— K
V. genes gclglotyn :tlﬁ:
L s

N

generation of
immunoglobutin repertoire
in mice

Fig. 4. Selection and evolution of catalytic antibodies in vivo.
Generation of catalytic antibodies follows a protocol of
experimental evolution. Combinatorial assembly of blocks of V,
D, and J genes generates an immunoglobulin repertoire, which in
animals, consists of approximately 107 different combinations.
The immunization of a hapten (an analog of a transition state
molecule for a given reaction) selects antibodies from the
repertoire that recognize the hapten. Expansion (amplification) of
B cells and incorporation of somatic mutations into antibody
genes improves (evolves) the affinity of the antibodies. The
process of antibody development provides an in vivo example of
directed evolution.

vitro RNA evolution, a DNA polymerase isolated from
bacteria, an RNA polymerase from a bacteriophage, and a
viral reverse transcriptase are essential components for the
experiments. Thus, as long as iterative strategies of
selection, mutation, and amplification are employed
(Fig. 1), protocols in which “genotype” = “DNA” and
“phenotype” = “RNA or protein” are the best (Fig. 2), and
biological materials that process the genetic information
must be used. If, on the other hand, the amplification and
mutation steps are not focused, the genotype can be
thought of as just a molecular “tag” recording the structure
of the phenotype. In that case, the choice of molecules that
can serve as genotype and phenotype are dramatically
extended (Brenner and Lerner, 1992; Needels et al., 1993;
Ohlmeyer et al., 1993). Furthermore, the emerging field of
combinatorial chemistry, whose historical work also dates
from the early 90s (Houghten et al., 1991; Lam et al.,
1991), can be thought of as an “in vitro selection” system
that does not have “phenotype” (Fig.1). With
combinatorial chemistry, however, the generation of a large
pool of molecular diversity and the methods for selection
are primarily focused (see reviews, Gallop et al., 1994;
Gordon et al., 1994; Ecker and Crooke, 1995; Schultz and
Schultz, 1996; Myers, 1997).

Evolution from existing genes and selection from
naive libraries

The benchtop evolution experiments introduced above can
be classified into two categories based on their starting
materials. One group starts with an existing gene and the



214 Kiyotaka Shiba

other group starts with a naive library (Fig. 1). Examples
of the former include the isolation of ethidium bromide-
resistant Q8 RNA (Kramer et al., 1974), the isolation of a
ribozyme having altered substrate specificity (Robertson
and Joyce, 1990), the affinity maturation of an antibody on
a phage (Hawkins ef al., 1992), and the alternation of the
target specificity of a DNA binding protein by phage
display (Rebar and Pabo, 1994) among others. In each of
these experiments, an existing gene was used as parental
material, and its variants pool was first generated by
mutagenesis. Starting from this variants pool, the fittest
offspring were chosen by a series of selection or evolution
cycles. Thus, these are typical Darwinian evolution
protocols consisting of amplification, mutation, and
selection.

An alternative approach has been to make use of naive
libraries as starting material. This method has enabled
investigators to isolate aptamers (Ellington and Szostak,
1990; Tuerk and Gold, 1990), to select new ribozymes
(Bartel and Szostak, 1993), and to generate catalytic
antibodies. In addition, naive libraries are used in most
experiments in the area of combinatorial chemistry. As an
example, Szostak’s group was able to select RNA aptamers
that bind to organic dyes from 10" random 100-nt RNA
sequences (Ellington and Szostak, 1990). The random
RNA pool was transcribed from random DNA sequences
that were synthesized by combinatorial polymerization of
four nucleotide blocks (A, T, G, and C) and do not result
from mutagenesis of an existing gene. They also succeeded
in selecting novel ribozymes having weak ligase activity
from 10'° random 220-nt RNA sequences. They then used
an “evolution cycle” to improve the ligase activity of the
ribozyme (Bartel and Szostak, 1993; Ekland et al., 1995).
Catalytic antibodies have also been selected from a mouse
immunoglobulin repertoire that was formed from
combinatorial assemblages of V, D, and J gene blocks.
There is no reason to believe that the immunoglobulin
repertoire contained the parental catalyst for any particular
reaction which suggests that new catalysts were selected
from a naive library.

In vitro protein evolution experiments

Investigations into directed protein evolution often begin
with existing genes. Examples include maturation of
antibody affinity (Hawkins et al., 1992), alteration of the
efficacy of bovine pancreatic trypsin inhibitor (Roberts
et al., 1992), alternation of the target specificity of a DNA
binding protein (Rebar and Pabo, 1994), and alternation of
the substrate specificity of a galactosidase (Zhang ef al.,
1997). The methodologies used in experimental protein
evolution include phage display as well as “sexual PCR”,
which was developed by W. P. C. Stemmer (Stemmer,
1994a; 1994b) and has proven to be a powerful tool for
making “sparse libraries” of a starting gene (Crameri ef al.,

1998). Sexual PCR entails fragmentation of related genes
(or of a single gene) and reassembly by primerless PCR in
order to generate a large library of chimeric genes. Such
chimeric structures result in “sparse sampling of sequence
space” (or mutation into very distant sequences); pools of
variants like these are difficult to obtain using standard
error-prone PCR (Fig. 5). Moreover, the sparse sampling of
libraries made by sexual PCR is believed to accelerate
directed evolution of proteins (Crameri et al., 1998).

The “binary code strategy” is another method used to
generate sparse libraries of a given protein (Kamtekar
et al., 1993). With this method, the locations of polar and
nonpolar residues within the protein of interest are
specified, and their identities are relaxed by using
degenerate codons (NAN for polar residues and NTN for

(b) Existing related genes

{2) An exIsting gene

‘ Mautagenesis

Shuffling
by error-prone PCR by sexual PCR

(¢) A variants library (d) A sparse llbrary

Fig. 5. Sampling spaces of starting libraries in various evolution
experiments. Sequence space is the theoretical representation of
all possible variants of a sequence (Eigen, 1992). For example, the
sequence space of a 100 amino acids protein is composed of 20'%°
(1.3 X 10130) variants; our universe has only 10%° molecules. Here,
the sequence space of theoretical polymers (DNA, RNA, or
proteins) of given length are schematically represented as square
planes; the locations of sequences included in the starting libraries
are shown as dots in the planes. (a) A single gene is located at a
single position within the sequence space. (c) Amplification with
mutagenesis of the single gene creates a variants library; the
sampling space of such a library is clustered around the parental
sequence. (d) Sexual PCR can shuffle the segments of related
genes (b) yielding a sparse sampling of sequence spaces. (e)
Random sequence libraries that are generated by combinatorial
polymerization of monomer blocks (nucleotide or amino acids)
exhibit very naive sampling of sequence space. (f) Microgene-
based libraries can also sample large portions of sequence space,
but the sampling profile is constrained by the method used to
generate the microgene polymers.



Benchtop Evolution Experiments 215

nonpolar locations, where N is A, T, G, or C). Using the
binary code strategy, novel heme proteins were
successfully selected from pools of sequences that were
targeted to fold into four-helix bundles (Rojas er al., 1997).

In contrast to directed evolution started from existing
proteins, experiments using naive libraries are very limited.
Random DNA sequences that were successfully used in
RNA/DNA evolution can not simply be applied to protein
evolution experiments. The reading frames of random
DNA sequences contain many translation termination
codons (TAA, TAG, and TGA) which prevent such
libraries from coding for larger proteins. Repeats of NNK
(where K is G or T) eliminate two thirds of the termination
codons in one reading frame and are frequently used as a
library source for peptide selection experiments (Cwirla
etal., 1990; Scott and Smith, 1990). Codon-based
polymerization is another solution for preparation of a stop
codon-free single frame (Glaser et al., 1992; Davidson and
Sauer, 1994; Auld and Schimmel, 1995). In addition, a
degenerated 16-mer oligonucleotide has been designed,
which can be translated into highly randomized protein
sequences and is devoid of any termination codons in all
reading frames (Prijambada er al., 1996). All of these
methods generate libraries for proteins having nearly-
random sequences. Nevertheless, some of these random
sequence proteins exhibit properties similar to those of
native proteins (Davidson et al., 1995; Yamauchi et al.,
1998), supporting the hypothesis that proteins emerged
from random sequences (White and Jacobs, 1993).

Sequence space and sampling space

Sequence space is the theoretical representation of all
possible variants of a sequence of equal length (Eigen,
1992). For instance, the sequence space of a S amino acids
oligopeptide is 5% = 10'*. Related sequences are clustered
in sequence space by its definition. Sequence space is an
important concept to consider when conducting in vitro
evolution experiments (Kauffman, 1993; Stemmer, 1995).
This is because the sequence spaces of large polymers are
huge, and we can search only limited portions of the space
(which is called sampling space). For example, the
sequence space of 100-nt random RNA sequences contains
1.6 X 10% possible variants which means that, using
standard methodologies, we can search only 6 X 10749,
of that space by synthesizing 10" RNA sequences. Thus,
we must be careful about the results of the evolution
experiments. Although data from both experimental and
theoretical approaches to the problems of sampling space
have been accumulating (Aita and Husimi, 1996; Joyce,
1997; Crameri et al., 1998), we are still far from
completely understanding the problems. In Fig. 35, I
schematically show conceptual views of the sampling
spaces under various evolution experiments. The sampling
space of the experiment starting with an existing gene is

clustered around the parental sequence (c). This type of
sampling profile would be fit for optimizing a parental
activity. The sampling space is rather scattered using
powerful mutagenesis methods such as sexual PCR or
binary code strategy (d). Sparse sampling may avoid a trap
in local minimum in optimization. Random sequence
libraries exhibit very naive sampling of sequence space (e).
Experiments from Szostak have showed that many
functional RNAs whose sequences were not related to each
other were selected from this type of naive sampling,
indicating that sequences possessing a given function
scatter here and there in sequence space (Ellington and
Szostak, 1990; Bartel and Szostak, 1993).

Emergence of coding sequences from
polymerization of microgenes.

Experiments to attempt to generate proteins from random
sequences were introduced above. However, as mentioned,
random DNA sequences are not the best source for protein
emergence Systems, because random nucleotide sequences
contain many termination codons. Did nature create genes
from random sequences of nucleic acid? If there were
termination codons in a primordial genetic code system, it
might be impossible that larger genes have emerged from
random sequences. Here, I introduce alternative views to
the hypothesis of the random origin of genes.

The “exon theory of genes” was proposed by W. Gilbert
who postulated that novel genes could emerge from the
assembly of exons (microgenes) (Gilbert, 1987). The fact
that an existing gene can be dissected into multiple
minigene units without loss of its activity (Shiba and
Schimmel, 1992a; 1992b) supports the idea that
microgenes serve as building blocks for generating larger
genes (Seidel et al., 1992; Shiba, 1995). Several in vitro
protein emergence systems which mimic this “exon
shuffling” have been developed (Nord et al., 1995; 1997;
Fisch et al., 1996; Mikheeva and Jarrell, 1996; Shiba et al.,
1996). With these methods, short stretches of DNA (RNA),
but not nucleotide blocks, are polymerized in a
combinatorial manner. However, while the involvement of
exon shuffling in the generation of new genes late in
eukaryotic evolution is evident, its role in the generation of
primordial genes is questionable (Palmer and Logsdon,
1991).

In the 1980s, S. Ohno published a series of papers that
pointed out the repetitious nature of coding sequences
(Chno, 1981; Ohno and Matsunaga, 1982). From these
observations, Ohno suggested that coding frames had
emerged from repeats of short oligonucleotides (Ohno and
Epplen, 1983; Ohno, 1987). This hypothesis proposes that
nucleotide oligomers, which arose in the prebiotic world
and were internal doubles, have progressively elongated as
a result of unequally primed replication processes (Ohno,
1987). These oligomeric repeats may have served as
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templates for the emergence of the first set of coding
frames on Earth. Primordial coding sequences may have
been filled with a multitude of repeats, and present day
coding sequences would therefore be in the process of
periodic-to-chaotic transition (Ohno, 1989). One advantage
of this hypothesis is that, if a starter sequence is devoid of
termination codons, oligomeric repeats of the sequence
could contain rather large open reading frames and would
be relatively tolerant to insertions and deletions; a second
advantage is that translated proteins from such repeated
sequences have periodic amino acid sequences and,
consequently, might be expected to have higher
propensities to form secondary structures (Ohno and
Epplen, 1983). Since Ohno’s proposal, numerous studies
have confirmed the repetitious nature of not only coding
sequences (Tsonis et al., 1991; Korotkov and Korotkova,
1995; Tsonis and Tsonis, 1997) but also the genomic
structure (Wolfe and Shields, 1997) and tertiary structures
of many proteins (Yura et al., 1993; Kobe, 1996).

We recently established a novel in vitro protein
emergence system that mimics Ohno’s scenario for the
birth of coding sequences (Shiba et al., 1997). In this
system, a short stretch of DNA (microgene) is tandemly
polymerized using a newly developed microgene
polymerization reaction (MPR) (Shiba et al., 1997). At the
junctions where microgenes were joined, nucleotide
insertions and deletions occurred randomly. Consequently,
the generated microgene polymers were able to serve as
combinatorial libraries of 2 X 3 reading frames from a
single microgene (Fig. 6a). As long as the starting
microgene is devoid of stop codons, the sequences could
have long open reading frames whose products had a
repetitious nature (Fig.6b). The MPR-based
polymerization of a microgene should serve as a new
protein emergence system for protein evolution
experiments. Also, repetitive polypeptides have been
receiving attention in materials science (Tirrell, 1991; Ball,
1994; Brown, 1997). The MPR system would be used as a
new methodology in this field. Attempts to select
functional proteins from the microgene polymers are
currently in progress in our laboratory.

The sequence space that can be sampled by the
microgene based libraries described above is biased by the
choice of microgene sequences, and has an alternative
sampling profile (Fig. 5f), which may not be obtained from
libraries of existing genes or from libraries of random
sequences. The unique profile would modify the outcome
of evolution experiments. Furthermore, we should bear in
mind that nature did not search all sequence spaces during
the emergence of genes. All possible sequence spaces of
100 base nucleotide polymers would include 1.6 X 10%
species and would weight 8 X 10°" kg by synthesizing all
variants for one molecule each; in contrast, the weight of
the Earth is only 6 X 10% kg. Thus, nature did not search
all sequence space for creating genes. The creation of

(a) Q S T A G S Y G K P A 5 G
AR Y COR VIV W KT C KR
K L BacSorRarircE E
ARG TAETeRACE TR GTATGEARAACETGRARCGEAG
GCGTTTCATAACGTCCCAGCATACCTTTTGGACGTTCGCCTC
AF Y Q L T T H_F_V_Q L R -L
€, L I A P D Y P F_G A L.°%
i:-;r‘ N'CP RIS F R C-AS

1-6

Microgene Polymerization
Reaction (MPR)

GCAGTCCACALCMG AVHTR

GGGGCTCGARTGTACGCORACTCOTATCGACCCAAMICTCCACICCACKCAG.  GLECTRSRMDAKSAVHTR

CAOANCTCCAGIOGAA  GLECTRS. . . . KICSPHQ

mcrmmmmmmmmmmmm GAGMYAESYGRKICSPHQ
TGCAGTCCACACCAG GAGNVRGWWTQNLQSTPG

MGC GWNVRG. VHTR

GGGCTGRAATCTACGOGG- --=----~ COCARMPCICCACTCCAONCAS  GLECTR. . RKICSPHQ

IGTCCACHCCAG GAGMYAESYGRKICSPHQ

GOGOCTOGAATGTACGCGRAGTCGTANGRMGCARMICTGCAGTOCACACCMS  GAGMYAESYGRKICSPHQ

COMMICICACTOCANAXCAS  GAGMYA, . . AQNLESTPG

GWNVR

CRRGCTGRARTSIACECG

Fig. 6. Construction of a protein library from polymerization of
a microgene. (a) A single short stretch of DNA provides 6 reading
frames. The MPR method makes tandem polymers of the
microgene. Random insertions or deletions at microgene
junctions and within the microgene sequence mean that the
resultant polymers are comprised of combinatorial libraries of
reading frames. Polypeptides produced from such libraries have
periodic amino acid sequences with a higher propensity to form
secondary structures. (b) An example of a microgene polymer.
The left-hand panel shows the DNA sequence, and the right-hand
panel shows the translated sequence of 1 reading frame.

genes must have proceeded under certain constraints such
as the elongation of oligomeric repeats (Ohno, 1987).

Perspective

Miller’s experiment (Miller, 1953) was a constructive
approach to the origin of life and contrasts with the
reductionist approach of molecular biology. Although
benchtop evolution protocols emerged from the field of
molecular biology, these experiments can, nevertheless, be
thought of as constructive approaches to the origin of
genes. Rapid progress in the genome projects and in
structural biology should help elucidate the fundamental
grammar governing the structure of genes and proteins
(Ohno, 1989; 1992; 1994; Solovyev, 1993; Tsonis, 1997).
The construction of in vitro gene or protein emergence
systems based on these grammars would then provide
additional insight into the origins and evolution of genes.
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