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Abstract. The past five decades of molecular genetics have produced many discoveries
about genome structure and function that can only be understood from an informatic
perspective:

— distinct sequence codes to mark the individual steps in packaging, expression, repli-
cation, transmission, repair and restructuring of DNA molecules;

— modularity of data files for RNA and protein products;

— combinatoric organization of signals to format the genome for differential function-
ing during cellular and organismal cycles;

— direct participation of DNA in the execution of biological algorithms (formation of
highly structured nucleoprotein complexes);

— hierarchical organization of genomic subsystems to form higher level system archi-
tectures.

This review will discuss aspects of genome organization and genome change that
require a more formal computational analysis. We will see how modern results indi-
cate that genome evolution has many similarities to computer system engineering.
The ability of cells to control the function of natural genetic engineering systems is
central to the genome’s potential as a Read—Write information storage system.

Key words: adaptive mutation, genome system architecture, mobile genetic elements,
natural genetic engineering, retrotransposon, transposon

Abbreviations: CSR — class switch recombination; DGR — diversity generating retroel-
ement; DSB — double-strand break; DTE — DNA transposable element; HERV —
human endogenous retrovirus; LINE — long interspersed nucleotide element; MGE —
mobile genetic element; MLV — murine leukemia virus; NHEJ — non-homologous end
joining; V(D)J, the repeated protein cassettes of the vertebrate immune system; RSS —
recombination signal sequence; RTE — RNA transposable element or retrotransposon;
SINE - short interspersed nucleotide element

1. Introduction: thinking about DNA as a data storage medium

It is widely recognized that DNA sequences contain information
about protein and RNA structure. By interacting with other molecules
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in the cell, DNA stores information for various periods. We can dis-
tinguish three time scales for data storage by DNA molecules:

— many organismal generations (genetic storage in primary
sequence);

— multiple cell generations (epigenetic storage or “imprinting” via
DNA modifications and chromatin configurations);

— within a single cell cycle (short-term regulatory storage in meta-
stable nucleoprotein complexes).

Genome sequencing examines the long-term primary structure of
DNA. Analysis of epigenetic inheritance deals with intermediate-term
storage that is critical for maintaining patterns of cellular differentia-
tion and multicellular development (Jenuwein, 2002; Van Driel et al.,
2003). Epigenetic inheritance relies upon chemical modification of
DNA in ways that do not alter sequence content but which affect
access to specific regions of the genome. Short-term storage of data
about physiology, DNA replication, or progress through the cell cycle
involves DNA-protein-RNA complexes that are subject to rapid mod-
ification by transient changes in cellular signaling molecules.

The core argument of this paper is that information storage at all
three time scales can best be viewed from a computational perspec-
tive. By “computational,” I refer to processes that involve the evalua-
tion of multiple inputs and the subsequent working out of decisions
leading to outputs that may be predictable but are not automatic.
Cellular computing operates through networks of stereospecific
molecular interactions and employs combinatorial principles to arrive
at its decisions (c¢f. Bray, 1990, 1995; Hartwell et al., 1999). We are
rapidly accumulating knowledge about individual interactions and the
detailed structure of some networks (Milo et al., 2004), but it is clear
that we do not yet have a developed conceptual understanding of
overall network architectonics or the basic principles of cellular com-
putation.

In terms of understanding genome organization as a cellular data
storage system, we need to distinguish between the content of data
files (RNA and protein coding sequences) and the signals needed to
format the genome for involvement in many cellular functions: data
file access, genome replication and transmission to progeny cells,
packaging and physical organization of DNA, repair and error cor-
rection, and genome restructuring. Although a large majority of biol-
ogists would currently argue that genome restructuring is not a
cellular function, the informatics metaphor tells us that a read-write
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storage system is vastly more powerful than a read-only memory.
There is overwhelming evidence that cells possess multiple natural
genetic engineering systems to restructure their genomes (Bukhari
et al., 1977; Shapiro, 1983, 1992; Craig et al., 2002). As we shall see
below, these systems have the potential to write new information in a
biologically regulated manner.

2. Generic formatting signals and the repetitive component
of the genome

In order to function in concert with the cellular apparatuses for
general genomic processes such as transcription, replication, packag-
ing and repair, DNA formatting signals need to have a much smal-
ler information content than the data files. The signals must be
generic in nature and used repeatedly for the same function. This
is the computational reason that genomes contain repetitive DNA
(Sternberg and Shapiro, 2005; Shapiro and Sternberg, 2005). As is
well known from studies of transcriptional regulation, tremendous
computational specificity can be achieved through different combi-
nations of generic signals (Arnone and Davidson, 1997; Yuh et al.,
1998; Bolouri and Davidson, 2002).

A complementary fundamental reason for repetitive DNA signals
resides in the way cells carry out most stereospecific molecular
interactions involving the genome. Our understanding of this pro-
cess is based upon the pioneering studies of bacterial regulation
and DNA replication. The definition of cis-acting sites like opera-
tors, promoters and replication origins added a new class of deter-
minant to genetics, distinct from the ‘“‘structural genes” that encode
a specific product (Jacob and Monod, 1961; Jacob et al., 1963).
Over the years, we have learned how these sites are iterated so
that weak individual protein-DNA binding interactions can syner-
gize with protein-protein binding (Ptashne, 1986). Such repetition
and cooperativity provide the thermodynamic stability for nucleo-
protein machines to operate effectively in transcription and replica-
tion. The algorithmic (computational) details of cooperativity
between related and different cis-acting signals in the paradigmatic
lac operon system have already been described (Shapiro, 2002b;
Shapiro and Sternberg, 2005). The same principles of cooperativity
apply in other classic bacterial examples, such as phage lambda
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regulation and control of the SOS DNA repair system, and they
can be generalized to more complex eukaryotic cells (Ptashne,
1986).

Small cis-acting signals (<100 base pairs) constitute only one class
of genomic repeats. Virtually all genomes contain repetitive DNA
comprising from 5% to over 80% of the total genome (tabulated in
Shapiro and Sternberg, 2005). Much of this DNA is larger repeat
elements that range in size from hundreds to tens of thousands of
base pairs. These larger repeats have defined structures. Detailed
study of any particular repeat has inevitably revealed that it con-
tains multiple generic signals, and many also contain coding
sequences. In the genomes of animals and plants so far sequenced,
the repetitive component exceeds the protein-coding component, of-
ten by more than an order of magnitude. The human genome, for
example, contains less than 3% protein-coding exons but over 50%
repetitive DNA. About 40% of the human genome consists of mo-
bile genetic elements (MGEs) and their remnants dispersed through-
out the chromosome arms (International Human Genome
Consortium, 2001). Another 18% of human DNA consists of tan-
demly repeated elements that cluster around the centromeres of each

>

Figure 1. Some rearrangements of external DNA by mobile genetic elements. (a)
DNA transposons that undergo replicative transposition in bacteria (Shapiro, 1979)
can form deletions and excisions and can then fuse the excised circle with another
region of the genome. The resulting segment of DNA flanked by two copies of the
transposon is itself mobile and can insert, along with its flanking transposons, into
yet another site in the genome, They can also generate reciprocal translocations, with
each recombinant duplex carrying a copy of the replicated transposon. (b) DNA
transposons that undergo non-replicative transposition in diploid organisms, such as
P factors in Drosophila (http://engels.genetics.wisc.edu/Pelements/index.html), can
sometimes cause rearrangements that involve two ends of different elements on sister
chromatids. In such cases, the two ends can carry out strand transfer reactions at a
site on a homologous chromosome to generate deletions and tandem duplications. (c)
Long interspersed nucleotide elements (LINEs) can promote the target-primed reverse
transcription of a spliced messenger RNA molecule to insert an intron-free copy of
the coding sequence into a new genomic location. Sometimes transcription from a
LINE element passes the normal polyA addition site and extends into 3’ flanking
DNA. This extended transcript can be partially reverse-transcribed, and the 5’ trun-
cated cDNA copy can be inserted into a new genomic location. If the transduced
adjacent sequence carries an exon, and if the insertion occurs in a genetic locus, then
the transduced exon has been added to the coding sequences of the target locus, pro-
viding a mechanism for domain accretion, as illustrated by Figure 42 in International
Human Genome Consortium (2001).
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chromosome and contain signals for binding centromere-specific
proteins.

3. Mobile genetic elements and non-random genome restructuring

MGEs can be categorized in several ways (Shapiro, 1983; Craig et al.,
2002; Shapiro and Sternberg, 2005). The diversity is important
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because different MGE classes restructure the genome in different
ways (e.g. Figure 1). The most important categories relate to whether
MGEs are capable of encoding their own mobility from one genomic
location to another (transposition) and to their mechanism of mobil-
ity (c¢f. Figure | of Kazazian, 2004). If they encode the necessary
proteins, they are said to be “autonomous” elements. “Non-autono-
mous” MGEs depend upon related autonomous elements for move-
ment to new genomic locations. The mobility mechanisms break
down into DNA-based transposition (DNA transposable elements or
DTEs) and transposition through an RNA intermediate via reverse
transcription (retrotransposons or RTEs). Both the DTEs and RTEs
can be further subdivided by their particular mechanisms of transpo-
sition and retrotransposition (reviewed in Craig et al., 2002). DTEs
can transpose by a replicative mechanism, found in a subset of bacte-
rial elements, or by non-replicative mechanisms involving double-
strand breaks at the ends of the DTE. Retroviral-like RTEs depend
upon flanking structures called long terminal repeats (LTRs) for their
reverse transcription, while other RTEs have no terminal repeats
(cf. Figure 2 of Kazazian, 2004). The non-LTR RTEs are divided into
autonomous ‘“long interspersed nucleotide elements” (LINEs) and
non-autonomous ‘‘short interspersed nucleotide elements™ (SINEs).
LINE and SINE reverse transcription is a promiscuous process
because it does not depend upon any feature of the RNA other than
the poly-A tail found at the end of many transcripts (Kazazian, 2000,
2004; Figure 1).
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Figure 2. Consequences of ectopic homologous recombination between dispersed
repeats.
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For the purposes of thinking computationally about genome orga-
nization and reorganization, there are two general points to empha-
size about MGEs:

1. Each element constitutes a defined ensemble of signals that can
affect various aspects of genome function, such as transcription,
chromatin formatting and/or DNA replication. Wherever a partic-
ular MGE is located, it consequently influences the structure and
function of the surrounding DNA in a complex but reproducible
fashion. Thus, MGEs can be considered mobile regulatory mod-
ules capable of acting at diverse locations throughout the genome
(Shapiro, 2005b). There is considerable evidence that distribution
of MGEs has served to establish novel regulatory configurations at
individual loci (Britten, 1996; Brosius, 1999; Jordan et al., 2003) or
at sets of coregulated loci (Peaston et al., 2004). In addition,
MGE:s also provide a source of new sequence components for pro-
tein evolution (Nekrutenko and Li, 2001).

2. Genetic mobility does not only apply to MGEs but also to other
regions of the genome. From the earliest days of studying mobile
genetic elements, it was apparent that they could serve as general
agents of genome restructuring (Shapiro, et al., 1977). Each class of
MGE has its own characteristic modality of mobilizing external
DNA (Figure 1). DTEs, for example, rearrange large genome seg-
ments, often in the megabase range, to generate deletions, duplica-
tions, inversions, and insertional translocations (Shapiro, 1979,
2005a; http://engels.genetics.wisc.edu/Pelements/index.html; Harden
and Ashburner, 1990). LINE elements, on the other hand, mobilize
short segments of adjacent 3’ sequence, a process that has probably
played a key role in domain shuffling during protein evolution
(Moran et al., 1999; Kazazian, 2000). In addition, LINE element
functions can reverse transcribe and integrate mRINA sequences
into the genome to generate retrogenes, as in the amplification of
olfactory receptors (Brosius, 1999; Figure 1). Naturally, distributed
copies of all MGEs can also play the roles of dispersed sequence
homologies and lead to chromosome rearrangements by ectopic
homologous recombination (Kazazian, 2000, 2004; Bailey et al.,
2003; Figure 2).

Informatically, these two aspects of MGE action can be
expressed as (1) the ability to attach pre-programmed control rou-
tines to new execution functions and (2) the capacity to amplify
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and/or join together any two portions of the genomic program.
MGEs thus represent an important part of the cellular capacity for
genome system engineering. Like its human analogues, natural ge-
netic engineering involves trial and error but is definitely not a ran-
dom process. Movement of well-defined MGE structures to new
locations and rearrangement of external DNA in predictable ways
by particular MGEs, as illustrated in Figure 1, are non-random
activities. Moreover, as we shall see below, cellular computing net-
works regulate when MGEs become active and where they act in
the genome.

4. Cellular capacities for natural genetic engineering at short time
scales — the ciliate example

A key issue in evolutionary theory is the time needed to effect signifi-
cant genome restructuring to encode the expression of novel adaptive
functions. With the realization that cells contain MGEs and other
biochemical agents of DNA restructuring (nucleases. ligases, polyme-
rases, etc.), we can conceive rapid genomic changes when those func-
tions act at high levels. Do they actually do so, or (as conventional
theory assumes) is the process of DNA restructuring so destructive
that it can only proceed in small steps? The answer is that many
organisms display short-term bursts of MGE activity or rapid genome
rearrangement. The most spectacular examples are found among the
ciliated protozoa (Prescott, 2000).

Ciliated protozoa (ciliates) are single-celled eukaryotic organisms
that have separate germ-line and somatic genomes in two morpholog-
ically and functionally distinct nuclei: the micronucleus and the mac-
ronucleus. The small micronucleus undergoes meiosis to form haploid
gametes prior to mating, while the much larger macronucleus encodes
cellular RNA and protein molecules. The micronuclear genome com-
prises a small number of long chromosomes containing many DNA
sequences absent from the macronuclear genome, which consists of
many copies of numerous small telomere-capped fragments, each
mini-chromosome containing a single genetic locus. We know the
macronucleus encodes all essential functions because some species of
ciliates have no micronucleus and reproduce in a strictly vegetative
manner. Although the ciliate macronuclear genome system architec-
ture is radically different from that of most eukaryotes, it does
share some key features, such as telomerase and self-splicing RNA
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molecules, both of which were discovered in these fascinating organ-
isms (Kruger et al., 1982; Greider and Blackburn, 1987).

When ciliates encounter starvation conditions, they undergo meio-
sis and conjugal mating to produce cells containing new zygote
micronuclei. In a process that takes several hours but is complete
before any cell division occurs, the zygote macronucleus divides, the
old micro- and macro-nuclei degenerate, and one sibling zygote
micronucleus develops into a new functional macronucleus. This
process involves massive natural genetic engineering, including eno-
dreplication of micronuclear chromosomes, excision and degradation
of over 90% of the micronuclear genome, formation of DNA seg-
ments encoding individual RNA and protein molecules, and capping
of these mini-chromosomes with telomeres.

Some of the massive DNA excision events in macronucleus devel-
opment resemble double-strand breakage steps at specific signals also
observed in the movement of DNA transposons (Jahn and Klobutch-
er, 2002). But macronuclear development is more than just a series of
DNA cleavage events. It involves true genetic engineering; separate
DNA fragments join to construct protein coding sequences. The
micronuclear genome contains the coding information for certain pro-
teins in discrete, scrambled segments (sometimes more than 40 for a
single protein). These segments must be excised, aligned and joined
precisely to form functional macronuclear mini-chromosomes.
Accomplishing this task reliably for many different protein-coding
segments after each mating cycle demands thousands of highly con-
trolled DNA cleavage, recognition and subsequent ligation steps. The
biocomputational implications of DNA unscrambling have been dis-
cussed by Landweber and her colleagues (Landweber and Kari, 1999;
Ruben and Landweber, 2000).

We are still ignorant of many aspects of how ciliates control DNA
rearrangements during macronuclear development. However, one
experimental finding deserves special mention because it reveals an
unexpected capacity for communication and memory in DNA restruc-
turing. DNA segments present in the “old” macronucleus before mat-
ing can determine the structure of the corresponding segments that
develop in the “new” macronucleus (summarized in Meyer and Gar-
nier, 2002; Jahn and Klobutcher, 2002). Two types of effects have
been documented. In one case, DNA deleted from the old macronu-
cleus but present in the zygote micronucleus is also missing from the
new macronucleus. In the other case, presence of a normally excised
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segment in the old macronucleus leads to retention of that segment in
the new macronucleus. Somehow, the degenerating old macronucleus
communicates its DNA structure to the developing new macronu-
cleus. The micronuclear (germ-line) genome does not change, but the
macronuclear (somatic) genome retains modifications from one gener-
ation to the next. This is a kind of “epigenetic”’ inheritance, but it
likely is quite different in mechanism from chromatin-based epigenetic
inheritance in multicellular eukaryotes.

Ciliate macronuclear development provides a striking counter-
example to the limits placed on processes of DNA change by conven-
tional evolutionary theories. In particular, the ciliates show how cells
can completely disassemble the micronuclear genome and efficiently
reassemble thousands of fragments into a functional macronuclear
genome in a single cell generation. This process also demonstrates
capacities for tight regulation of natural genetic engineering functions
(they are only active after mating) and for communicating genome
structural information between different cell compartments.

5. Cellular capacities for natural genetic engineering at intermediate
time scales — rapid protein evolution in the immune system

There are many cases where genome rearrangements occur in defined
ways linked to cellular differentiation over the course of multicellular
development (Muller and Tobler, 2000; Goday and Esteban, 2001;
Redi et al., 2001). The most intensively studied are the highly orches-
trated changes that assemble and then optimize the DNA sequences
encoding antigen recognition molecules, particularly antibodies, in dif-
ferentiating lymphocytes (Bassing et al., 2002; Gellert, 2002; Mosto-
slavsky et al., 2003).

The lymphocytes have to solve an extremely difficult computa-
tional/evolutionary problem: how to evolve a virtually infinite array
of recognition molecules based on finite coding sequence resources.
This limitless array is needed to detect and destroy an unpredictable
variety of foreign invaders. Lymphocytes accomplish this task with a
sequence of non-random but flexible DNA rearrangements coupled to
a positive feedback loop amplifying those individual cells that have
succeeded in producing the right antigen-binding specificity (clonal
selection; Burnet, 1964). Once amplified, these cells undergo further
non-random DNA changes to improve their binding specificity
(somatic hypermutation; Kinoshita and Honjo, 2001; Franklin and
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Blanden, 2004) and to alter the antibody class so that the antigen rec-
ognition molecules are directed to the right place in the body (class
switch recombination or CSR; Kinoshita and Honjo, 2001; Chaudh-
uri and Alt, 2004).

Lymphocyte DNA rearrangements are full of important lessons
about cellular natural genetic engineering capabilities and how cells
regulate them (Shapiro, 2005a). Readers interested in the molecular
and cellular details should consult the reviews cited above. The most
important lesson is that particular cells, lymphocytes, have evolved to
evolve specific adaptations rapidly. Thus, there can be no fundamen-
tal barrier to the evolution of more efficient evolution mechanisms.
Among the other lessons we can draw from antibody formation are
the following:

1. Lymphocytes can direct DNA rearrangements to specific sites in
the genome by several different mechanisms:

— Combinatorial diversity in antibody synthesis results from a
DNA transposon-related activity making double-strand breaks
(DSBs) at specific recombination signal sequences (RSSs). The
RSSs are located next to variable (V), diversity (D), and joining
(J) coding segments so that V-J and V-D-J joining events can
occur.

— In CSR, specific switch (S) regions are activated for breakage
and rejoining by transcription from lymphokine-regulated pro-
moters. Different lymphokine signals thus lead to the formation
of different classes of antibody with a particular binding speci-
ficity. It is important to emphasize that the connection between
transcription and DNA rearrangement provides a mechanistic
basis for computational (signal transduction) control over where
changes occur in the genome.

— In somatic hypermutation, only the DNA segment encoding the
antigen-binding region of the antibody molecule is mutagenized.
This specificity appears to be determined by specific transcrip-
tion signals.

2. The specificity of immune system DNA rearrangements is compati-
ble with flexibility in the DNA sequences produced by each rear-
rangement. While this is easy to understand in the case of somatic
hypermutation, it also applies to V(D)J joining events. The mecha-
nism of rejoining broken V, D and J coding segments is such
that many different nucleotide sequences can occur at each novel
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junction. In the process of V-D and D-J joining, the lymphocyte
can even add extra untemplated nucleotides using the enzyme ter-
minal transferase. These additional sources of coding sequence
flexibility raise combinatorial diversity from the ~ 3x10° different
molecules achieved by accessing available V, D and J segments to
over 10'? different molecules, providing the magnitude of diversity
needed to recognize all possible foreign antigens. While the rear-
rangement specificity dictated by RSSs ensures that changes are
limited to the antigen-binding region of the antibody molecule,
joining flexibility permits the formation of an unlimited variety of
binding specificities. This is how lymphocytes generate non-random
diversity.

3. The computational and signaling networks that control lymphocyte
differentiation also control the highly stereotyped sequence of dif-
ferent DNA engineering steps: V-D joining preceeds D—J joining
of immunoglobulin heavy chain exons followed by V-J joining of
light chain exons. An as yet undiscovered intracellular mechanism
also limits productive VDJ and VJ joining to a single homologue
of each chromosome pair carrying immunoglobulin coding
sequences (Mostoslavsky et al., 2004). The resulting “virgin” B cell
carries IgM molecules on its surface and can be stimulated to pro-
liferate when a surface IgM molecule binds antigen. Only after the
B cell undergoes mitogenic stimulation and clonal expansion does
somatic hypermutation become active. Further signaling by T cell-
derived lymphokines is needed for class switch recombination to
differentiate the already amplified and hypermutated B cells into
producers of 1gG, IgE and IgA antibodies.

The immune system exemplifies two critical features of natural
genetic engineering: (i) tight control lasting many cell generations over
the activity of DNA rearrangement functions and (ii) targeting mech-
anisms to localize changes to appropriate sites in the genome. Like
the ciliate example, lymphocytes also demonstrate cellular capacity to
coordinate different modes of DNA restructuring to achieve a func-
tional objective.

6. Cellular capacities for natural genetic engineering at evolutionary
time scales

Even before we had the ability to sequence DNA, it was clear that nat-
ural genetic engineering is critical to evolution. The most widespread
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evolutionary episode documented by direct scientific observation re-
sulted from the massive application of antibiotics in medicine and
agriculture following World War II. As a consequence, antibiotic-resis-
tant strains emerged in numerous bacterial species. When antibiotic
application began, we had a robust -- and experimentally confirmed —
theory of how resistance would evolve: chromosomal mutations would
cause gradual changes in cell structure that rendered the bacteria
impermeable or the cellular targets insensitive to each antibiotic
(Hayes, 1968). Such mutations could easily be observed in the laboratory.
Nonetheless, when the molecular basis of natural antibiotic resistance
was analyzed, it turned out that existing theory was completely incor-
rect. Resistance was due to the acquisition of new biochemical func-
tions inactivating or removing antibiotics from the cell, and these
functions were encoded by a series of DNA mobility systems: trans-
missible plasmids (Watanabe, 1963), transposons (Bukhari et al.,
1977), and integrons (Stokes and Hall, 1989). The role of natural
genetic engineering in the most extensively investigated case of con-
temporary evolution was impossible to ignore.

Whole genome sequencing has revealed a host of genomic features
in all organisms that can only be products of natural genetic engineer-
ing. Repeats fall into this category because they cannot arise by grad-
ual accumulation of small changes. Repeats found in genomes include
the virtually ubiquitous occurrences of paralogue families (multiple
copies of related protein coding sequences in a single genome; Jordan
et al., 2001), segmental duplications (Arabidopsis Genome Initiative,
2000; Eichler, 2001), and the appearance of related domains in many
different proteins (International Human Genome Consortium, 2001).
There are various mechanisms by which duplications can arise
through MGE, DSB repair and/or homologous recombination func-
tions (Figures 1 and 2; Kazazian, 2000, 2004; Bailey et al., 2003;
Shapiro, 2005a). In all cases, duplications require the coordinated
action of multiple proteins and DNA sequence elements. The impor-
tance of duplicated paralogues for overall system robustness has
recently been documented (Kafri et al, 2005).

It is important to recognize that current knowledge requires a hierar-
chical systems view of genetic determinants at all levels. Since proteins
are viewed as composites of interchangeable structural and functional
domains (Doolittle, 1995), each coding sequence is, in essence, a modu-
lar system composed of smaller components. Each individual genetic
locus comprises coding sequences, transcriptional signals (often quite
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complex in structure), and post-transcriptional processing information.
The signal complexes in individual loci can confer both a high degree of
specificity (e.g. developmental timing; Yuh et al., 2000; Arnone and
Davidson, 1997) and also flexibility (e.g. alternative splicing; Black,
2003). By sharing common transcriptional or RNA processing signals,
dispersed groups of loci can be integrated into coregulated multifunc-
tional suites, and genomic analysis provides accumulating evidence that
MGEs have played a key role in establishing these suites (Britten, 1996;
Brosius, 1999; Jordan et al., 2003; Peaston et al., 2004; Shapiro, 2005b).

Molecular genetic studies and genomics have also informed us
about the existence in genomes of higher-level complexes (van Driel
et al., 2003). These complexes comprise more than one genetic locus
under coordinated regulation, such as the mammalian globin determi-
nants (de Laat and Grosfeld, 2003) and the Hox complexes which
organize multicellular morphogenesis along different body axes (Patel
and Prince, 2000; Wagner et al., 2003). It is well known that such
higher-level functional complexes are subject to amplification and
modification for increased functional specialization as evolution pro-
ceeds (Peterson and Davidson, 2000; Prince and Patel, 2000; de Laat
and Grosfeld, 2003). Not only does the mechanism of amplification
require natural genetic engineering, but the principle of taking an
established routine and re-using it (sometimes in modified form) for
similar tasks is basic to human engineering practice as well as to evolu-
tion. Each functional adaptation does not have to be reinvented anew.

Sometimes clusters of co-regulated determinants extend megabases
in length and are visualized genomically as ‘“‘syntenic” regions in which
the chromosomes of related species share extended segments displaying
a common order of multiple genetic loci (Mouse Genome Sequencing
Consortium, 2002; Zdobnov et al., 2002; Eichler and Sankoff, 2003).
For these larger complexes, much of coordinate regulation appears to
occur at the level of chromatin formatting over extensive domains (van
Driel et al., 2003). We know from both classical and modern studies
that repetitive elements, including MGEs, play important roles in
nucleating and delineating extensive chromatin domains (Spofford,
1976; Gerasimova et al., 2000; Schotta et al., 2003; Schramke and All-
shire, 2003; Lippman et al., 2004; Shapiro and Sternberg, 2005).

The picture that emerges from current genomics is one where
MGESs and other repeats are essential both to restructuring and to
formatting the genome system architectures of different taxonomic
groups. Another genome characteristic, overall size, appears to be an
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important determinant of cell-cycle and organismal life-cycle duration
(Cavalier-Smith, 1985; Jakob et al.,, 2004), and whole genome
sequencing indicates that expansion occurs chiefly by the accumula-
tion of MGEs in dispersed and tandem arrays (Kentner et al., 2003;
Ma and Bennetzen, 2004; Zhang and Wessler, 2004). In agreement
with this view of MGEs as central actors in evolutionary diversifica-
tion is the fact that repetitive DNA is a far better indicator of taxo-
nomic specificity than are coding sequences (summarized in Sternberg
and Shapiro, 2004).

7. Impact of cellular computation on activation of natural genetic
engineering functions (temporal control)

A basic aspect of computational control over natural genetic engi-
neering functions is the ability to turn them on and off in response to
appropriate inputs. There is abundant evidence that MGEs and other
agents of genome restructuring are responsive to a wide variety of
biological challenges, a point that Barbara McClintock emphasized in
her Nobel Prize address (McClintock, 1984).

One of the most thoroughly studied situations is activation of
DNA transposable elements and point mutations in bacteria by star-
vation stress, a phenomenon called ‘“adaptive mutation” (Shapiro,
1997; Rosenberg, 2001). Although many authors try to limit the dis-
cussion of this phenomenon to frameshifts and base substitutions, the
fact is that it was first documented with coding sequence fusions
(domain joining) mediated by a transposable element (Shapiro, 1984),
and there are several examples in different genera of MGE activation.
In the coding sequence fusion case in E. coli, oxidative starvation
stress increases the frequency of rearrangements by over 5 orders of
magnitude (Shapiro, 1984; Maenhaut-Michel and Shapiro, 1994) and
involves multiple signal transduction networks (Shapiro, 1997; Lamra-
ni et al., 1999). The same complexity of regulation is true of transpo-
son activation in Pseudomonas putida (Ilves et al.,, 2001) and of
frameshifts in E. coli (Rosenberg, 2001; Lombardo et al., 2004). In
yeast, adaptive mutation also involves signal transduction networks
(Storchova et al., 1998; Storchova and Vondrejs, 1999) and includes
the non-homologous end-joining (NHEJ) system central to many
eukaryotic DNA rearrangements (Heidenreich and Eisler, 2004).
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The first indications that MGEs are subject to stress activation
were in maize, where McClintock found that repeated cycles of chro-
mosome breakage led to the recovery of function by previously
silenced DNA transposons (McClintock, 1987). She called the chal-
lenges that turn on MGEs ‘“genome shock.” Extensive work by her
successors in maize and other plant systems has documented a wide
array of stress conditions that activate both DNA- and RNA-based
MGESs (Dellaporta et al., 1984; Wessler, 1996; Grandbastien, 1998;
Hashida et al., 2003; Kovalchuk et al., 2003; Arnholdt-Schmitt, 2004;
Madlung and Comai, 2004). In addition to chromosome breakage,
activating conditions include changes in ploidy, hybridization between
different species, temperature change, desiccation, high salt, tissue
culture, and infection by fungal and bacterial pathogens. An impor-
tant case of environmental differences in retrotransposon activity
related to changes in genome size has been reported in wild barley
(Kalender et al., 2000). The involvement of specific signaling networks
in activation is clear because different tobacco retrotransposons
respond to distinct stress signals (Beguiristain et al., 2001). Moreover,
it has recently been demonstrated that genome destabilizing signals
can be transmitted systemically through a tobacco plant by damage
signals from a single grafted leaf (Filkowski et al., 2004).

McClintock observed in her studies that active MGEs are generally
silenced within a few generations. Molecular studies in plants have
documented important roles for methylation, heterochromatinization
and RNA interference (RNAI) in the silencing of newly introduced or
newly activated MGEs (Okamoto and Hirochika, 2001; Hashida
et al., 2003). In fact, plant studies were among the first to identify the
role of RNAI in silencing and led to the idea that MGE regulation is
linked to heterochromatin nucleation and the establishment of epige-
netic inheritance patterns (Matzke et al., 1999, 2001). Genetic studies
in Arabidopsis thaliana have shown that various MGEs respond in
characteristic ways to mutations affecting methylation, heterochroma-
tin structure and RNAIi (Lippman et al., 2003). Plant geneticists have
been among the most advanced in thinking of the relationship
between stress and the reprogramming of cellular computation
networks maintaining genome stability (Arnholdt-Schmitt, 2004;
Madlung and Comai, 2004).

In animals, studies of MGE activation have focused on the phe-
nomenon known as ‘“hybrid dysgenesis” (literally, abnormal repro-
duction in hybrids). Hybrid dysgenesis occurs when normal mating
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patterns are disrupted and sperm carrying active MGEs fertilize an
egg lacking them. The MGEs are latent in their original populations
but become highly active in the developing germ line of a hybrid
embryo, where they cause chromosome rearrangements, mutations,
and insertions into new locations (Bregliano and Kidwell, 1983;
Engels, 1989). Initially described in Drosophila melanogaster, hybrid
dysgenesis has also been observed in mammals (O’Neill et al., 1998;
Vrana et al., 2000). The most interesting aspect of hybrid dysgenesis
is that a number of transposition and chromosome rearrangements
events occur during the pre-meiotic or mitotic development of the
germ line. At meiosis, clones of germ cells produce clusters of gametes
that carry a constellation of multiple (non-independent) genome alter-
ations (Woodruff and Thompson, 2002). These gametes can then par-
ticipate in several fertilization events to generate a small (potentially
interbreeding) population of progeny sharing complex genome rear-
rangements. By virtue of MGE activation during mitotic develop-
ment, multiple genomic changes in sexually reproducing organisms do
not have to be independent of each other nor do they have to occur
in single individuals. In other words, there is a reasonable probability
for the survival and proliferation of major genome reorganizations.

8. Impact of cellular computation on genome localization
of natural genetic engineering activities

Contrary to the widespread assertion that cells cannot determine the
sites of genetic change, there is a growing body of evidence that target-
ing can occur by a variety of well-defined molecular mechanisms
(Shapiro, 2005a). We have already discussed some of these in looking
at lymphocyte rearrangements and somatic hypermutation. Once we
recognize that natural genetic engineering involves the action of nucle-
oprotein complexes on DNA, there is no reason to think that these
complexes cannot interact with other molecular systems capable of
recognizing specific DNA sequences or being directed to particular
regions of the genome. There is common agreement that cellular com-
puting networks can target transcriptional and chromatin formatting
complexes to particular regions in the genome in response to the
appropriate inputs. Otherwise, regulation of metabolism, the cell cycle,
cellular differentiation and multicellular morphogenesis would not be
possible.
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The best way to understand how natural genetic engineering activi-
ties can be targeted is to consider the four mechanisms documented
to date. It is almost certain that other mechanisms will be discovered
in the years to come because there are cases where specificity has been
documented but molecular details are unknown (Shapiro, 2005a).

1. Sequence recognition by proteins. Just as transcription and replica-
tion proteins can recognize specific DNA sequences, so do the pro-
teins involved in genome restructuring. This is the basis for the
specificity of DNA breakage in transposition events and in the mech-
anistically related case of V(D)J joining reactions. The important
point is that only part of the system has to be specific. Specific
sequence recognition can be combined with other DNA restructuring
biochemical events that may be non-specific. This, in fact, happens
in V(D)J joining when the non-specific NHEJ complex joins together
exons broken at the RSS targets (Gellert, 2000; Bassing et al., 2002).
Similarly, in budding yeast, the sequence-specific HO endonuclease
targets non-specific homologous recombination functions to replace
regulatory cassettes at the expressed mating-type (MAT) locus
(Haber, 1998). Another comparable situation occurs in arthropods,
where a sequence-specific endonuclease targets non-specific reverse
transcription functions to insert the R1 and R2 LINE elements into
particular sites in the spacer region of 28S ribosomal RNA coding
repeats (Burke et al., 1999).

2. Sequence recognition by RNA. We are beginning to learn how
important DNA recognition by RNA molecules is in transcrip-
tional regulation and heterochromatin formatting. We know from
two bacterial examples that RNA can also direct DNA restructur-
ing to complementary sequences. One case involves the well-stud-
ied RNA-guided reverse splicing of a Lactobacillus lactis intron
back into its target exon as a cDNA (Mobhr et al., 2000). This tar-
geting system has already been modified for use as an in vivo
genetic engineering tool (Kahrberg et al., 2001). The other case
was recently discovered in a bacterial virus that uses reverse tran-
scription to diversify the structure of a protein that recognizes sur-
face receptor molecules on strains of Bordetella bronchiseptica and
B. pertussis (Liu et al., 2002). A diversity generating RNA targets
the coding sequence by complementarity to a 21 mucleotide seg-
ment and then replaces the rest by directing reverse transcription
and cDNA insertion. This appears to be a general strategy for pro-
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tein diversification in bacteria because homologies to the reverse
transcriptase and other components of the diversity-generating ret-
roelement (DGR) can be recognized in a variety of prokaryotic
genomes (Doulatov et al., 2004).

. Connections to transcriptional apparatus. Natural genetic engineer-
ing activities and the transcriptional apparatus can interact in at
least three different ways. The example we have already seen at
work in immunoglobulin class switch recombination (CSR)
depends on transcription rendering sites susceptible to cleavage
and subsequent NHEJ joining (Kinoshito and Honjo, 2001; Chau-
dhuri and Alt, 2004). A different mechanism involves complex
formation between a Pollll transcription initiation factor and the
integrase of the yeast Ty3 LTR retrotransposon (Yieh et al., 2000).
This second mechanism applies to all promoters that use that
particular transcription factor and appears to place the inserted
retrotransposon at a tightly defined distance from the start of tran-
scription (Kim et al., 1998). Analogous preferences for Polll pro-
moters are seen with various yeast retrotransposons and Murine
Leukemia Virus (MLV) insertions into the human genome (Wu
et al., 2003). A third mechanism involves regional targeting of
genetically engineered P factor DNA transposons in Drosophila. 1f
a binding site for a particular transcription factor is included in the
P factor construct, it acquires a new insertion specificity and dis-
plays a high degree of “homing” to chromosome regions where
that factor controls one or more genetic loci (Hama et al., 1990;
Kassis et al., 1992; Fauvarque and Dura, 1993; Taillebourg and
Dura, 1999; Bender and Hudson, 2000). P factor homing is partic-
ularly interesting because the insertions into a particular region
have a rather broad distribution over thousands of base pairs. This
means that MGEs can be targeted to suites of coregulated func-
tions and still have the flexibility to modify those functions in dif-
ferent ways, such as altering transcriptional regulation, chromatin
formation, or coding sequence content.

. Connections to chromatin formatting. A notable feature of many
MGE:s is their tendency to accumulate in heterochromatic regions
of the genome (e.g. Peterson-Burch et al., 2004). This phenomenon
has been analyzed in the case of the Ty5 LTR retrotransposon in
budding yeast. In that case, insertion is regional and is mediated
by interactions between an identified targeting domain (TD) of the
integrase protein and the SIR4 heterochromatin binding protein
(Zou et al., 1996; Xie et al., 2001). Connecting TD to other DNA
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binding proteins has been used to engineer the insertion specificity
of the Ty5 element (Zhu et al., 2003).

9. Discussion: A 21st Century/computational view of genome evolution
and its consequences

The many molecular genetic details summarized and discussed above
lead to a set of basic genomic and evolutionary principles best incor-
porated into a computational perspective (Shapiro, 2002a, 2005a;
Shapiro and Sternberg, 2005):

— Genomes are formatted by repetitive elements and organized
hierarchically for multiple information storage and transmission
functions;

— Major evolutionary steps occur by DNA rearrangements carried
out by diverse natural genetic engineering systems operating
non-randomly;

— Significant evolutionary changes results from altering repetitive
elements formatting genome system architecture as well as from
altering protein and RNA coding sequences;

— Evolutionary changes are responsive to cellular computing net-
works with respect to timing and location of DNA rearrange-
ments.

These principles are computational in two complementary ways.
The first is that evolutionary change by activation of natural genetic
engineering results from cellular computation and decision-making in
crisis situations. This aspect of evolutionary computation is well doc-
umented and ever more widely accepted in the genomics community.
The second way is that natural genetic engineering can reprogram
stored genomic routines as an integral part of the computational
response to crisis. In other words, the ability to evaluate challenges
and target natural genetic engineering functions can be integrated to
optimize the chance for a successful response.

The second optimizing aspect of evolutionary computation is not
documented and remains intensely controversial. It is not difficult to
imagine the ways that computational targeting of genome restructur-
ing can optimize evolutionary efficiency by reutilizing existing func-
tional modules (domains, proteins, promoter-enhancer combinations)
and by targeting functional suites that already operate coordinately
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(e.g. Hox complexes, syntenic complexes, signaling pathways, distrib-
uted suites of coregulated loci; Duboule and Wilkins, 1998; Ray
et al., 2004, and other articles the same issue of Science). It is also
rather easy to see how the mobilization of existing genomic subsys-
tems can generate the internally duplicated and hierarchic genome
system architectures that we continue to discover.

The computational perspective outlined above presents challenges
to two groups of scientists interested in developing a deeper, more
modern view of evolution. For the computer scientists, it asks that
they convert the molecular interaction data into a manageable set of
formalisms and computer simulations that will allow us to investigate
analytically how effective known natural genetic engineering processes
are in promoting evolutionary novelties. For the molecular geneticists,
it asks that we develop more sophisticated experimental protocols to
investigate the generation of complex genome circuits and test the
importance of targeting mechanisms in their origins. These challenges
should be high on the research agenda for the 21st Century. It is like-
ly that meeting them will lead us to new computing paradigms of
great creative power, like evolution itself.
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